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Abstract 

A displacement-based design of buildings for seismic forces is better able to meet the 

desired performance criteria than a force-based design. In the present work 

Displacement-Based Seismic Design (DBSD) procedures are developed for reinforced 

concrete wall-frame structures and structures with asymmetry in their plan. The buildings 

are designed to meet three performance criteria: the ductility demand should not exceed 

the ductility capacity, global P-A instability should not occur, and the drifts should 

remain within the limits that would minimize structural and non-structural damage. These 

performance criteria are satisfied by imposing limits on the ultimate displacement of the 

structures. 

In the DBSD for reinforced concrete wall-frame structures simple empirical relations are 

used to estimate the yield curvature of the wall and yield and ultimate displacements of 

the structure. These estimates are refined during subsequent iterations through moment 

curvature and pushover analyses. 

A parametric study of the seismic behaviour of single-storey systems forms the basis for 

the proposed DBSD for asymmetric plan buildings. It is shown that depending on the 

level of torsional stiffness in a structure, the first mode alone or the first two modes are 

sufficient to obtain reasonable estimates of the global yield and acceptable ultimate 

displacements. 
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Both DBSD procedures employ inelastic response spectrum in A-D format constructed 

for the acceptable ductility to represent the seismic demand. The demand spectrum is 

entered at the acceptable ultimate displacement in an equivalent single-degree-of-

freedom system for obtaining an estimate of the design base shear. Further design 

iterations are required to get better estimates of the global yield and ultimate 

displacements. Such iterations are carried out until convergence is achieved in the design 

base shear. A multi-mode pushover analysis is then carried out to improve the estimates 

of internal forces in different structural elements. These estimates are used to design the 

structural elements. 

The proposed DBSD procedures are applied in the seismic design of several wall-frame 

structures and plan asymmetric buildings. Nonlinear time-history analyses of the 

designed structures are carried out for their response to a series of spectrum compatible 

ground motions to assess the performance of the proposed DBSD procedures. 

in 



Acknowledgement 

I would like to express my deepest appreciation to many people without whose support 

this work could not have been completed. 

I owe my deepest gratitude to Professor Jag Mohan Humar. He supported me in many 

ways during my research. I am thankful for the opportunity to work with one of the elites 

in the field of Earthquake Engineering. This work has been enriched by his guidance, and 

has benefited by his many years of experience. 

I would like to thank Carleton University for supporting me financially and providing me 

with a peaceful environment to study. Also I am thankful to the sponsors of "Indira 

Gandhi Fellowship" which helped me to alleviate some of my financial burdens. 

My fellow researchers and friends made all these years a memorable chapter of my life. I 

appreciate their moral supports and wish them all great health, happiness and prosperity. 

I would like to dedicate this thesis to my parents whose love, support, and blessings 

encouraged me all along this path from the very first day of my elementary school. 

Farrokh Fazileh 

Spring 2011, Ottawa, Canada 

iv 



Table of Contents 

Abstract ii 

Acknowledgement iv 

Table of Contents v 

List of Tables ix 

List of Figures xi 

Notations xvi 

Acronyms xxii 

Chapter 1. Introduction 1 

1.1 General 1 

1.2 Performance based seismic design 1 

1.3 Displacement-based seismic design 5 

1.3.1 Nonlinear Static Procedures 6 

1.3.2 Capacity Spectrum Method (ATC-40) 7 

1.3.3 Coefficient method (FEMA 356) 10 

1.4 Literature on displacement-based seismic design 13 

1.5 Literature on DBSD of reinforced concrete structures 15 

1.6 Literature on torsional behaviour in asymmetric plan buildings 18 

1.7 Previous studies at Carleton University 23 

1.8 Objective and scope 25 

1.9 Layout of the Report 27 

Chapter 2. Displacement-based design of hybrid wall-frame structures 40 

2.1 Introduction 40 

2.2 Estimation of yield and ultimate displacements 40 

2.2.1 Yield displacement 40 

2.2.2 Ultimate displacement 45 

2.3 Inflection height estimate 46 

2.4 Equivalent SDOF model 48 

2.5 Determination of inelastic response spectrum 49 

v 



2.6 Capacity diagram and pushover analysis 51 

2.7 Modal Pushover analysis 53 

2.8 Displacement based seismic design procedure 55 

Chapter 3. Application of DBSD procedure for wall-frame structures 66 

3.1 Introduction 66 

3.2 Problem definition 66 

3.3 DBSD of the five buildings 67 

3.3.1 Inflection height 68 

3.3.2 Wall yield and ultimate curvatures 69 

3.3.3 Yield and ultimate displacement 70 

3.3.4 Equivalent SDOF systems 71 

3.4 Structural model 73 

3.5 Pushover analysis 75 

3.6 Multi-mode pushover analysis 76 

3.7 Verification of DBSD for wall-frames structures 78 

3.7.1 Selection of ground motions 78 

3.7.2 Nonlinear time history analysis 79 

3.7.3 Results 80 

3.7.4 Verification 81 

3.8 Summary and conclusions 82 

Chapter 4. Nonlinear seismic response of single-storey asymmetric plan buildings ..110 

4.1 Introduction 110 

4.2 Asymmetric plan buildings 110 

4.3 Analytical tools 112 

4.3.1 BST ultimate surface 112 

4.3.2 Incremental dynamic analysis (IDA) 115 

4.4 Torsionally unrestrained and restrained systems 116 

4.5 Modal decomposition 118 

4.6 Different torsional systems 119 

4.6.1 Torsionally stiff system Tl 120 

4.6.2 Torsionally similar system T2 121 

VI 



4.6.3 Torsionally similar system T3 122 

4.6.4 Torsionally very flexible system T4 122 

4.7 Angle of twist 123 

4.8 Summary and conclusion 125 

Chapter 5. Displacement based seismic design of asymmetric plan buildings 145 

5.1 Introduction 145 

5.2 Angle of twist 146 

5.2.1 Twist within the elastic limit 147 

5.2.2 Twist within inelastic range 148 

5.2.3 Effect of rotational mass 150 

5.2.4 Proposed angle of twist 154 

5.3 Equivalent yield displacement estimates 155 

5.4 Equivalent ultimate displacements 156 

5.4.1 Equivalent ultimate displacement as governed by ductility limit 157 

5.4.2 Equivalent ultimate displacement estimate as controlled by drift limit 157 

5.4.3 Equivalent ultimate displacement estimate as governed by the stability limitl59 

5.5 Capacity Spectrum Method (CSM) 159 

5.6 Modal pushover analysis 162 

5.7 DBSD for asymmetric plan buildings 164 

Chapter 6. Case studies on DBSD of asymmetric plan buildings 172 

6.1 Introduction 172 

6.2 Torsionally stiff building 172 

6.2.1 Problem definition 172 

6.2.2 DBSD of torsionally stiff building 173 

6.2.3 Multi-mode pushover analysis 176 

6.3 Verification of DBSD for torsionally stiff system 177 

6.3.1 Ground motions 177 

6.3.2 Structural model 178 

6.3.3 Results 180 

6.4 Torsionally flexible Building 181 

6.4.1 Problem definition 181 

vn 



6.4.2 DBSD for torsionally flexible building 182 

6.4.3 Multi-mode pushover analysis 186 

6.5 Verification of DBSD for torsionally flexible system 187 

Chapter 7. Summary and conclusions 203 

7.1 Summary 203 

7.1.1 Summary of DBSD for wall-frame structures 203 

7.1.2 Summary of DBSD for asymmetric plan buildings 204 

7.2 Conclusions 206 

7.2.1 Concluding remarks for DBSD of wall-frame structures 206 

7.2.2 Concluding remarks related to DBSD of asymmetric plan buildings 207 

7.3 Recommendations for future research 209 

Appendix A. Case Study 12-storey wall-frame structures 211 

Appendix B. Supplementary data on multi-mode pushover and nonlinear time-history 

analyses 274 

Appendix C. Case studies for asymmetric plan buildings 292 

References 333 

vm 



List of Tables 

Table 1.1: Design earthquake levels proposed by Vision 2000 & FEMA 273 30 

Table 1.2: Improved effective parameters to be used in CSM 31 

Table 1.3: Coefficients for use in equations for effective damping 32 

Table 1.4: Coefficients for use in equations for effective periods 33 

Table 2.1: Values of n for different steel and reinforced concrete sections suggested 

by Paulay (2000) 57 

Table 3.1: Characteristics of the wall-frame buildings 84 

Table 3.2: Estimates of DBSD parameters in different iterations of the five 

buildings 85 

Table 3.3: Design parameters of the walls for the five buildings 86 

Table 3.4: Details of the equivalent SDOF systems in the DBSD of the five 

buildings 87 

Table 3.5: Acceptable ultimate displacements based on different design limits 88 

Table 3.6: Modal characteristics for multi-modal pushover analyses 89 

Table 3.7: Results of multi-mode pushover analyses for the five buildings studied90 

Table 3.8: Ground motions proposed by SAC for a probability of exceedance of 

10% in 50 years for Los Angeles 91 

Table 4.1: Characteristics of torsional restrained and unrestrained systems 127 

Table 4.2: Characteristics of different torsional systems 127 

Table 4.3: Dynamic properties of different torsional systems 128 

Table 6.1: Details of the equivalent 2DOF systems for torsionally stiff building 189 

Table 6.2: Dynamic parameters in multi-mode pushover analyses 189 

ix 



Table 6.3: Modal response parameters and their combination 189 

Table 6.4: Specifications of the selected ground motions 190 

Table 6.5: Nonlinear time history response parameters 190 

Table 6.6 Details of the equivalent 2DOF systems for the first mode of torsionally 

flexible building 190 

Table 6.7 Details of the equivalent 2DOF systems for the second mode of 

torsionally flexible building 191 

Table 6.8: Dynamic parameters in multi-mode pushover analyses 191 

Table 6.9: Modal response parameters and their combination 191 

Table 6.10: Nonlinear time history response parameters 192 

x 



List of Figures 

Figure 1.1: Minimum performance objectives (Vision 2000) 34 

Figure 1.2: Inelastic seismic analysis procedures for various structural models and 

ground motion characterization (FEMA 440) 35 

Figure 1.3: Bilinear idealization of pushover curve 36 

Figure 1.4: ADRS showing effective period and damping parameters of equivalent 

linear system along with the capacity curve, as described in FEMA 440 37 

Figure 1.5: Types of Behaviour considered in improved CSM (FEMA 440) 38 

Figure 1.6: Effective post yield stiffness (FEMA 356) 39 

Figure 2.1: Components of the total displacement of wall 58 

Figure 2.2: Different plastic hinge length relations for walls 59 

Figure 2.3: Bilinear simulation a) moment-curvature relation b) capacity diagram 60 

Figure 2.4: Idealized stress-strain relationships for A) unconfined concrete, B) 

reinforcing steel (Yavari 2001) 61 

Figure 2.5: Capacity Spectrum Method Chopra and Goel (1999) 62 

Figure 2.6: Ry-ju-T„ relations according to Krawinkler and Nassar for elasto-plastic 

force deformation relationship 63 

Figure 2.7: Inelastic response spectrum for El Centra ground motion for u=2.9.... 64 

Figure 2.8: Wall-Frame plastic mechanism, and internal force distribution 65 

Figure 3.1: Typical plan view of the wall-frame buildings 92 

Figure 3.2: Design response spectrum and average of the spectra of 20 selected 

earthquakes 93 

Figure 3.3: Normalised inflection height of the 5 wall-frame buildings 94 

xi 



Figure 3.4: Details of the longitudinal reinforcements for the final design of shear 

wall for the 12-storey building 95 

Figure 3.5: Global yield displacement estimates 96 

Figure 3.6: Ultimate displacement estimates 96 

Figure 3.7: Capacity and demand diagrams for the 6-storey building for first and 

last iterations 97 

Figure 3.8: Capacity and demand diagrams for the 9-storey building for the first 

and last iterations 97 

Figure 3.9: Capacity and demand diagrams for the 12-storey building for the first 

and last iterations 98 

Figure 3.10: Capacity and demand diagrams for the 15-storey building for the first 

and last iterations 98 

Figure 3.11: Capacity and demand diagrams for the 20-storey building for the first 

and last iterations 99 

Figure 3.12: Structural model for the 20-storey building and development of plastic 

hinges 100 

Figure 3.13: Pushover curve and its bi-linear idealization for the 6-storey building 

101 

Figure 3.14: Pushover curve and its bi-linear idealization for the 9-storey building 

101 

Figure 3.15: Pushover curve and its bi-linear idealization for the 12-storey building 

102 

xn 



Figure 3.16: Pushover curve and its bi-linear idealization for the 15-storey building 

102 

Figure 3.17: Pushover curve and its bi-linear idealization for the 20-storey building 

103 

Figure 3.18: Distribution of the maximum storey shear in the five buildings 

subjected to twenty ground motions 104 

Figure 3.19: Distribution of the maximum inter-storey drifts in the five buildings 

subjected to twenty ground motions 105 

Figure 3.20: Distribution of the maximum storey displacements in the five 

buildings subjected to twenty ground motions 106 

Figure 3.21: Comparison of storey shears in multi-modal pushover analyses with 

the Mean of twenty Nonlinear Time-history Analyses 107 

Figure 3.22: Comparison of inter-storey drift in multi-modal pushover analyses 

with the Mean of twenty Nonlinear Time-history Analyses 108 

Figure 3.23: Comparison of storey displacements in multi-modal pushover analyses 

with the Mean of twenty Nonlinear Time-history Analyses 109 

Figure 4.1: BST surface for a symmetric plan, from De La Llera et al (1995) 129 

Figure 4.2: Typical BST surfaces for plan asymmetric building 130 

Figure 4.3: Typical IDA curves by Vamvatsikos and Cornell (2002) 131 

Figure 4.4: BST surface and IDA results for torsionally unrestrained system (SI) 

132 

Figure 4.5: Base shear IDA curves for torsionally unrestrained system (SI) 132 

Figure 4.6: BST surface and IDA results for torsionally restrained system (S2).. 133 

xiii 



Figure 4.7: Base shear IDA curves for torsionally unrestrained system (S2) 133 

Figure 4.8: BST surface and IDA results for torsionally restrained system (S3).. 134 

Figure 4.9: Base shear IDA curves for torsionally unrestrained system (S3) 134 

Figure 4.10: Modal response contributions for system Tl 135 

Figure 4.11: Modal response contributions for system T2 136 

Figure 4.12: Modal response contributions for system T3 137 

Figure 4.13: Modal response contributions for system T4 138 

Figure 4.14: Modal contribution of response of system T4 at flexible and stiff side 

edges of the building 139 

Figure 4.15: Flexible plane response and the estimates based on angle of twist for 

system SI 140 

Figure 4.16: Flexible plane response and the estimates based on angle of twist for 

system S2 141 

Figure 4.17: Flexible plane response and the estimates based on angle of twist for 

system S3 142 

Figure 4.18: Uncoupled frequency ratios 143 

Figure 4.19: Angle of twist for translation dominant mode 144 

Figure 5.1: Plan view of torsionally balanced, system 1, and torsionally 

unrestrained, system 2 (Castillo et al 2001) 168 

Figure 5.2: System rotation and nominal rotations (Castillo et al 2001) 168 

Figure 5.3: Torsion factor as a function of normalized stiffness eccentricity and 

normalized stiffness ratio (Sommer and Bachmann 2005) 169 

xiv 



Figure 5.4: Normalized modified eccentricity as a function of normalized stiffness 

eccentricity and normalized stiffness ratio (Sommer and Bachmann 2005) 169 

Figure 5.5: Deformed shape corresponding to the first and second normalised mode 

shapes 170 

Figure 5.6: DBSD procedure for asymmetric plan buildings 171 

Figure 6.1: Plan layout of torsionally stiff system 193 

Figure 6.2: Translational and normalised rotational components of the first six 

modes 194 

Figure 6.3: Pushover curves for the first six modes 195 

Figure 6.4: Target spectrum and the scaled spectra for five ground motions 195 

Figure 6.5: Displacement-time histories 196 

Figure 6.6: Base shear time histories 197 

Figure 6.7: Plan view of torsionally flexible system 198 

Figure 6.8: Translational and rotational components of the mode shapes 199 

Figure 6.9: Pushover curves for the first six modes 200 

Figure 6.10: Displacement-time histories 201 

Figure 6.11: Base shear time histories 202 

xv 



Notations 

1 Unit vector 

a Post-yield stiffness ratio 

Ratio of frame contribution to the base shear 

Strength ratio of the orthogonal planes 

Modification factor for plan rotation 

at Response modal contribution in ith mode 

/? Strength ratio parameter for parallel planes 

(leq Equivalent damping ratio 

T Mass participation factor 

A C M Displacement at center of mass 

Ajyr Yield displacement of the frame at roof 

A, Displacement of plane i 

St Maximum total displacement at roof level 

8U Ultimate displacement of SDOF 

Au Ultimate displacement 

A u c m Maximum displacement at the center of mass 

AU 1 Maximum displacement of element i 

A*UI Equivalent ultimate displacement of plane / at center of mass 

Awy Yield displacement of the wall 

Awyr Yield displacement of the wall at roof 

Sy Yield displacement of SDOF 

Ay Global yield displacement 

xvi 



Equivalent yield displacement of plane i at center of mass 

Yield strain of steel 

Correction factor for effective yield curvature 

Inter-storey yield rotation of the frame 

Nominal rotation in the plan 

Inter-storey drift ratio at nth storey 

Nominal rotation for element i 

Plastic rotation in the wall plastic hinge 

Angle of twist resulting from stiffness eccentricity 

Angle of twist resulting from strength eccentricity at ultimate 

state 

Adjustment factor for hysteretic behaviour 

Ductility 

Mass radius of gyration 

Dynamic torque at time step i 

Mode shape 

Curvature capacity of the wall 

Effective yield curvature of the wall 

Nominal yield curvature of the wall 

First yield curvature of the wall 

Translational component of the mode shape at nth storey 

Rotational component of the mode shape at nth storey 

xvii 



„ Translational component of the nth mode shape 
T yn 

m Rotational component of the nth mode shape 

*¥ Angle of twist 

Q. Uncoupled torsional to translational frequency ratio 

coy Uncoupled translational frequency 

coe Uncoupled torsional frequency 

A Elastic spectral acceleration 

a. Stiffness coefficient for ith element 

Ay Spectral acceleration from inelastic design spectrum 

fy Strength coefficient ith element 

Co Modification factor to relate maximum displacement of SDOF 

with MDOF 

Cj Modification factor for to account for inelastic behaviour 

C2 Modification factor to represent the effect of hysteretic shape 

C3 Modification factor to account for P-A effect 

D Peak spectral displacement of the inelastic system 

d Effective depth of the beam 

D(t) Response vector 

Db Depth of the beam 

ec R. Strength eccentricity 

emax Maximum strength eccentricity 

emin Minimum strength eccentricity 

xvm 



&rx > &Sx Stiffness eccentricity in x direction 

Strength eccentricity in the x direction 

F 

fi 

H 

he 

H„ 

± On 

J 

JR,I>L 

K 

^-dynamic 

Ke 

Kt 

^•static 

Kt 

lb 

tp 

l\V 

M, m 

* 
M 

Mn 

Strength of the plane 

Lateral load at /"" floor 

Height of the wall 

Total height of the structure 

Wall inflection height 

Heigh of nth storey 

Modal static response for base torque 

Total rotational inertia 

Ductile rotational stiffness 

Stiffness of the plane 

Dynamic rotational stiffness 

Post-yield effective stiffness 

Elastic initial stiffness 

Static rotational stiffness 

Torsional stiffness 

Length of the beam 

Wall plastic hinge length 

Wall length 

Mass matrix 

Effective modal mass 

Nominal flexural strength of the wall 

XIX 



My 

n 

R ,Ry 

rk 

T 
1 asym 

Te 

T 
1 eq 

T T 

imax 

T 

Tn 

Torth 

Um 

W(pJ 

l^ylmax 

I^Slmax 

vb, vbn 

vb„ 

VEy 

Vf 

Vi 

' w 

w 

Strength of the wall at first yield 

Number of storeys 

Elastic strength ratio 

Stiffness radius of gyration 

Torque arising from asymmetry 

Effective period 

Equivalent period 

Fundamental period of the structure 

Maximum torque 

Minimum torque 

Natural period 

Total torque to be resisted by orthogonal planes 

Maximum displacement 

Rotation at time step i 

Maximum translational response 

Maximum rotational response 

Base shear 

Base torque 

Design base shear in y direction 

Shear strength of the frame 

Storey shear at ith floor 

Shear strength of the wall 

Distance between the flexible and stiff planes 



x, Distance of plane / from the center of mass 

z Distance between the critical section and the point of 

contraflexure of the beam 

xxi 



Acronyms 

2DOF Two-Degree Of Freedom 

ABSSUM Absolute Summation 

A-D Acceleration-Displacement 

ADRS Acceleration Displacement Response Spectra 

ATC Applied Technology Council 

BST Base Shear Torque 

CM. Center of Mass 

CQC Complete Quadratic Combination 

CSM Capacity Spectrum Method 

DBSD Displacement-Based Seismic Design 

DDBD Direct Displacement-Based Design 

EPP Elastic Perfect Plastic 

FEMA Federal Emergency Management Agency 

xxn 



IDA Incremental dynamic Analysis 

MCE Maximum Considered Earthquake 

MDOF Multi-Degree Of Freedom 

MPA Modal Pushover Analysis 

NBCC National Building Code of Canada 

NEHRP National Earthquake Hazards Reduction Program 

NSP Nonlinear Static Procedure 

SDOF Single-Degree Of Freedom 

SEAOC Structural Engineers Association of California 

SRSS Square root of sum of squares 

UHS Uniform Hazard Spectrum 

xxm 



1 

Chapter 1. Introduction 

1.1 General 

The force-based method of seismic design of structures, which is the basis of the seismic 

design provisions of most building codes, is considered as being unable to ensure a 

uniform level of protection against earthquakes. This is because damage is related to the 

induced displacements rather than the level of forces. Consequently, interest in a 

performance based method of design, which would ensure that the structure achieves a 

specified level of performance under specified earthquake hazard, is increasing. A 

displacement-based method of design is an important component of a more broad-based 

performance based design. The present work focuses on the displacement-based design of 

certain classes of structures. The essential concepts of performance based methods are 

described in the following sections. Also presented is the current state of the art on the 

displacement-based design procedures. 

1.2 Performance based seismic design 

Since the late 1980's and early 1990's and following the extensive economical loss due to 

structural and non-structural damage caused by a few moderate earthquakes in United 

States and Japan, performance based engineering has seen considerable development and 

has come to be recognized as the preferred methodology for the seismic design of 

structures. In seismic design, performance based engineering provides methods for the 

design, construction, and maintenance of all kinds of engineering structures, such that 
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their structural and non-structural elements are capable of achieving a defined level of 

performance when affected by a specified level of hazard due to earthquake. 

In contrast with conventional seismic design, performance based seismic design -

a component of performance-based engineering - is a general design philosophy in which 

the design criteria are expressed in terms of the achievement of stated performance levels 

when the structure is subjected to stated levels of seismic hazard. These design criteria, 

involving a combination of performance levels and earthquake levels, are called 

performance objectives. Minimum performance objective includes Basic Objective, 

which is the minimum acceptable performance for typical new buildings, and Essential, 

and Safety critical objectives which are minimum objectives for facilities such as 

hospitals, and nuclear processing facilities. Minimum performance objectives have been 

outlined in the Vision 2000 report produced by Structural Engineers Association of 

California SEAOC (1995) and are presented in Figure 1.1. 

Performance level is stated in terms of the amount of acceptable damage sustained 

by a building when affected by earthquake ground motion. Collapse prevention, life 

safety, operational, and fully operational are the four performance levels as defined by 

Vision 2000 report. These levels are discrete points on a continuous scale describing the 

building's expected performance, or alternatively, how much damage, economic loss, and 

disruption may occur due to earthquake ground motion. FEMA 273 (1997) report, 

Guidelines for the Seismic Rehabilitation of Building, expresses the four performance 

levels and the corresponding state of damages as follows: 



1) Operational: negligible structural and non-structural damage, occupants are safe 

during event, utilities are available, facility is available for immediate re-use 

(some cleanup required), and total loss is less than 5% of replacement value 

2) Immediate occupancy: negligible structural damage, occupants safe during event, 

minor non-structural damage, building is safe to occupy but may not function, 

limited interruption of operations, and total loss is less than 15% of replacement 

value 

3) Life safety, significant structural damage, some injuries may occur, extensive 

non-structural damage, building is not safe for reoccupancy until repaired, and 

total loss is less than 30% of replacement value 

4) Collapse prevention, extensive (near complete) structural and non-structural 

damage, significant potential for injury but not wide scale loss of life, extended 

loss of use, repair may not be practical, and total loss is more than 30% of 

replacement value 

These performance levels need to be quantified with some measurable response 

parameters like global displacement, inter-storey drift ratio, storey forces, or global 

ductility demand ratios. Structural and non-structural damages due to strong ground 

motion have strong correlation with inter-storey drift ratio. It is widely accepted that 

0.2%, 0.5%), 1.5%, and 2.5% inter-storey drift limits should be imposed to ensure 

operational, immediate occupancy, life safety, and collapse prevention performance 

levels, respectively. 
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In performance based design, seismic hazard level is estimated by a probabilistic 

seismic hazard analysis based on the seismicity of the building location. Seismic hazard 

analysis describes the potential for dangerous earthquake-related natural phenomena such 

as ground shaking, fault rupture, or soil liquefaction. The design level of seismic hazard 

obtained by such an analysis is represented by Uniform Hazard Spectrum (UHS). In 

probabilistic approach to seismic hazard analysis, the hazard is expressed in terms of the 

value of a given design parameter, such as the peak ground acceleration or a spectral 

acceleration having a specific probability of exceedance in a given period of time. This is 

done after taking the three main sources of uncertainty into account, namely a) what is 

the distance of the epicentre of the earthquake from the site, b) what is the probability of 

occurrence of the maximum considered earthquakes (MCE), c) how does the ground 

motion attenuate as it propagates from the source to the site? 

The MCE ground motion is defined as the maximum level of earthquake shaking 

that is considered as a reasonable value of hazard that normal structures should be 

designed to resist. The MCE ground motion maps developed by NEHRP 1997 provision 

for United States are based on seismic hazard maps, which are (1) 2%/50 year earthquake 

ground motion hazard maps for regions that have different ground motion attenuation 

relationships, and (2) deterministic ground motion maps in regions of high seismicity 

with the appropriate ground motion attenuation relationships for each region. There are 

four levels of earthquake ground motions considered for performance based design of 

structure; Frequent, Occasional, Rare, and Very Rare. Table 1.1 presents the chance of 
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exceedance and the return period for different earthquake levels as proposed by Vision 

2000 report and FEMA 273. 

Geological Survey of Canada has developed the MCE ground motion maps of 

Canada for 2% chance of exceedance in 50 years. The UHS constructed from spectral 

acceleration at 0.2, 0.5, 1.0 and 2.0 second periods forms the basis of the seismic 

provisions of the 2005 National Building Code of Canada (NBCC 2005). 

1.3 Displacement-based seismic design 

Seismic performance of a structure is strongly dependent on the damage suffered by it 

under the design earthquake. Since damage in structures results from inelastic 

displacement, assessment of the performance of an existing or new structure requires 

inelastic structural analysis to determine the magnitude of demand parameters in the 

structures. These demand parameters are used to compare the performance against the 

acceptance criteria. 

There are five major demand parameters which can be predicted and controlled in 

performance based design: 1) storey forces, 2) global displacement, 3) inter-storey drift, 

4) component distortion (e.g., deformation or curvature) 5) component forces. The first 

three are global parameters, and the latter two are local. Among these parameters, global 

displacement (e.g., roof level displacement) and inter-storey drift have been commonly 

used by the researchers and engineers. A design methodology which specifies acceptable 

level of displacements and/or drifts to measure performance is referred to as 
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displacement-based design. It is in fact a component of the performance based design 

methodology. 

1.3.1 Nonlinear Static Procedures 

As referred to above, displacement-based seismic deign (DSBD) is a design procedure in 

which the structure is designed to resist the inelastic displacement demand which is 

estimated by an inelastic seismic analysis. As summarized in Figure 1.2 extracted from 

FEMA 440 (2005), based on the level of details in the structural model and 

characterization of the design ground motions used in the analysis, several inelastic 

analysis procedures have been defined. Nonlinear dynamic analyses of the structural 

response to several ground motion records in which the structure is modeled as an 

assembly of nonlinear elements is assumed to provide the value of response parameters 

with a low level of uncertainty. However, on account of the high cost of computation, and 

difficulties in modelling, inelastic dynamic analysis is not often used in designing the 

structures. 

Nonlinear static procedures (NSPs) have been widely used as the tools for 

estimating the inelastic seismic demand parameters. In general, these procedures use an 

equivalent single degree of freedom (SDOF) system to represent the actual MDOF 

system, and response spectra to represent the seismic ground motion. The NSP 

procedures provide estimate of the maximum global displacement demand (see Figure 

1.2). NSPs can be categorized in two groups: 
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1) Equivalent linearization methods, which are based on the assumption that the 

maximum total displacement of a SDOF system can be estimated by the elastic 

response of a SDOF system with a longer period and a higher damping ratio. 

2) Coefficient methods, which estimate the maximum total displacement by 

multiplying the elastic response by one or more coefficients derived empirically 

from a series of nonlinear dynamic analyses. 

A version of Capacity Spectrum Method (CSM), which is documented in ATC-40 

(1996) and belongs to the first category, and a coefficient method presented in FEMA 

356 (2000) and its improved form in FEMA 440, which belongs to the second category, 

are discussed briefly here. 

1.3.2 Capacity Spectrum Method (ATC-40) 

The capacity spectrum method uses the secant stifmess at maximum displacement, um, to 

compute the period and relates the effective damping to the area under the hysteresis 

curve shown in Figure 1.3. An equivalent elastic SDOF system is used to estimate the 

maximum displacement of the actual structure. The equivalent period (Teg) and damping 

ratio (fieq) of the equivalent SDOF are obtained from: 

r,=r f—£— (i.i) 
y 1 + aju — a 

2Qj-l)(l-a) 
7rju(l + aju —a) 

A , =0.05 + * ^ ^ : (1.2) 
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where, T„ is the fundamental period of the structure, a is the post-yield stiffness ratio of 

idealized pushover curve (see Figure 1.3), n is the ductility factor, JJL = um/uy, and K is an 

adjustment factor to approximately account for characteristics of the hysteretic behaviour 

of reinforced concrete structures. The 0.05 on the right hand side of Equation 1.2 is the 

initial elastic viscous damping suggested for reinforced concrete buildings. As expressed 

in Equations 1.1 and 1.2, the effective parameters of equivalent SDOF system are 

functions of ductility, and since ductility is the object of analysis, the solution is to be 

found by iteration or graphical techniques. 

Calculation of the maximum displacement demand consists of the following steps 

as illustrated in Figure 1.4: 

1) Develop a relation between the base shear and the roof displacement under a 

selected lateral force distribution (pushover cure). 

2) Convert the pushover curve to a capacity curve, by dividing the force by effective 

first mode mass, and the roof displacement by first mode participation factor 

times the value of first mode shape at roof. 

3) Construct the Acceleration Displacement Response Spectra (ADRS) from elastic 

design spectra for 5% damping. 

4) Plot the capacity curve and the demand spectrum together and find the 

displacement demand from the intersection of capacity and demand curves. 

Iterations are involved in this step based on the updated values of Teq, and peq and 

are carried out until convergence is achieved. 
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5) Convert the displacement obtained in step 4 to the roof displacement and compare 

the component deformations against the limiting values for the specified 

performance level. 

Several approximations are involved in the steps outlined above. These are related 

to the assumptions regarding section properties used in calculating Tn and the use of a 

very large viscous damping ratio, which according to Chopra and Goel (2000) can lead to 

significant underestimation of the maximum displacement when compared with that 

obtained from a nonlinear response history analysis for a wide range of periods. 

Moreover, iteration is time consuming and may sometimes lead to no solution or multiple 

solutions. Iwan et al. (2000) have reported that equivalent viscous damping defined as 

above gives satisfactory results only for a limited period range where a resonance type of 

response occurs. 

FEMA 440 presents an improved procedure for equivalent linearization as a 

modification to the CSM according to ATC-40. In the improved CSM, the effective 

period and effective damping ratio of equivalent SDOF system are determined so that the 

difference between the maximum response of an actual inelastic system and its equivalent 

linear counterpart is minimized. The equations used to find the effective period, Teff, and 

effective viscous damping, peff, are tabulated in Table 1.2, where To and Po are elastic 

period and elastic viscous damping as shown in Figure 1.4. 



10 

Two sets of equations are presented in Table 1.2 to estimate the effective period 

and damping parameters, as defined in Figure 1.4, for different levels of the ductility of 

the system, one set for the cases where the hysteretic behaviour of the actual inelastic 

system is known and the other set in which it is unknown. When the hysteretic behaviour 

is known coefficients A to L can be found from Table 1.3 and Table 1.4 based on the 

behaviour of the system (bilinear behaviour, stiffness degrading, and strength degrading 

behaviour, see Figure 1.5). 

1.3.3 Coefficient method (FEMA 356) 

In contrast with CSM which uses secant stiffness to find the equivalent period, the 

coefficient method uses an effective stiffness which gives a much smaller effective period 

as obtained from: 

Te=Tj§~ (1-3) 

where Ti is the elastic fundamental period, Kj is the elastic initial stiffness, and Ke is the 

yield related effective stiffness shown in Figure 1.6. The maximum total displacement at 

roof level, called target displacement in FEMA 356, can be estimated from: 

S^C&C&^g (1.4) 
4K 



where, Co is modification factor to relate spectral displacement of an equivalent SDOF 

system to roof displacement of the MDOF system, which can be taken as the first modal 

participation factor. Cj is modification factor to relate the expected maximum 

displacements of an inelastic SDOF oscillator with elastic perfect plastic (EPP) behaviour 

to the displacement calculated for a linear elastic response. Factor Ci is expressed as a 

function of the ratio (R) of the elastic strength demand to the calculated strength capacity, 

characteristics of the response spectrum, and the effective period. C2 is modification 

factor to represent the effect of pinched hysteretic shape, stiffness degradation, and 

strength deterioration on maximum displacement response. The factor is obtained for 

different framing systems and structural performance levels. C3 is modification factor to 

represent increased displacements due to second order geometric nonlinearity (P-A 

effect). For buildings with positive post yield stiffness C3 is set equal to 1.0 and for 

buildings with negative post yield stiffness it is calculated from: 

C3 =1.0+' |V (1.5) 
e 

Coefficient method has been evaluated in FEMA 440 for a large number of SDOF 

systems with a wide range of periods of vibration, lateral strength, and hysteretic 

behaviour. The systems were subjected to relatively large number of earthquake ground 

motions (including near-field and far-field ground motions), and the errors in estimating 

the maximum displacement were quantified through statistical analysis. Some 

improvement has been proposed for the coefficients, based on the empirical data obtained 

for the mean value of the maximum displacement of the SDOF oscillators subjected to 
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ground motion records. It is suggested that coefficient C; can be calculated from the 

following simplified expression: 

R — 1 
C,=1.0 + — j - (1.6) 

aT 

where a is equal to 130, 90, and 60 for site classes B, C, and D, respectively. For periods 

less than 0.2 sec, the value of the coefficient C/ for 0.2 sec may be used, and for periods 

greater that 1.0 sec, C/ may be assumed to be 1.0. According to FEMA 440 coefficient C2 

is to be calculated from the following regardless of the performance objective of the 

structure: 

C, =1.0 + - l 

800 
R-\ 

V T. J 

(1.7) 

For periods less than 0.2 sec, the value of the coefficient C2 for 0.2 sec may be 

used, and for periods greater that 0.7 sec, C2 may be assumed to be 1.0. The coefficient 

C2 need only be applied where significant degradation of stiffness and/or strength exists 

in the structure. Coefficient Cj is recommended to be eliminated and replaced with a limit 

on minimum strength required (maximum R) to avoid dynamic instability. 
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1.4 Literature on displacement-based seismic design 

DBSD is a recent tool used in performance based design methodology. The concept of 

displacement-based seismic design has received much attention in recent years because 

such design focuses on displacement instead of force as the indicator of performance or 

damage indicator. Researchers have taken advantage of NSPs to estimate the maximum 

global displacement demand in structures, and the corresponding local effects on 

structural elements to design them properly. 

Fajfar and Gaspersic (1996) developed a performance evaluation method, called N2 

method, in which they used a simplified pushover analysis based on pre-assumed 

displacement shape to represent the MDOF system with an equivalent SDOF system and 

used an elastic demand spectrum to estimate the roof demand displacement and to 

calculate the cumulative damage index in reinforced concrete structures. In the N2 

method, the effective period obtained from pushover analysis is used in the calculation of 

spectral acceleration and Newmark and Hall (1982) empirical Ry-[i-T relationship are 

utilized to estimate the inelastic displacement demand. The authors reported that the 

estimates of global responses for structures that vibrate primarily in their fundamental 

mode are reasonable, and predictions of local demand parameters (component 

deformations, energy dissipations, and damage indices) are adequate for design purposes. 

However, when the higher mode effects are important, the N2 method underestimates 

some response parameters. 
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Priestley, MJN. Kowalsky, MJ (2000) have implemented the CSM in their "Direct 

Displacement-Based Design" (DDBD), in which a limit on maximum displacement is 

used to determine the required properties of concrete buildings. The acceptable limit is 

obtained from a displacement profile and is selected to limit material strains or code 

specified drift limits. They show that the target displacement from DDBD for multi

storey frame building and wall structure are acceptable when compared with results from 

inelastic time-history analysis. DDBD overestimates the effective damping ratio, but at 

the same time the uncracked properties make structural components stiffer than is 

considered in this method; as a result, the higher damping ratio compensates for the use 

of more flexible structure, and reasonable displacement estimate is obtained. 

Fajfar (1999) employed the inelastic demand spectra in CSM to estimate the 

seismic displacement demand on structures. Using a graphical procedure, Fajfar (1999) 

showed that displacement demand of a SDOF system can be obtained from the 

intersection of the idealized capacity diagram and the inelastic demand spectrum which is 

plotted either by using the Vidic et al. (1994) Ry-\i-T relationship or directly from time-

history analysis of inelastic SDOF system. The N2 method was also formulated in the 

capacity spectrum format and it was shown that by reversing the steps in N2 method, a 

direct displacement-based design method can be obtained (see Fajfar 2000). 

Chopra (1999) also recommends the use of constant-ductility design spectrum in 

CSM. He used the three well-known Ry-\x,-T relationships: Newmark and Hall (1982), 

Krawinkler and Nassar (1992), and Vidic et al. (1994), in estimating the deformation 
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demand. All of the relationships provided similar results. Chopra reported that ATC-40 

underestimated the deformation for a wide range of periods and ductility. 

Chopra and Goel (2003) report that the use of linear elastic spectra with increased 

damping ratio (as recommended in DDBD) does not work well in comparison with an 

inelastic design spectrum derived using the Newmark-Hall relations. They demonstrate 

that the use of an inelastic design spectrum provides accurate values of the displacement 

and ductility demand and also a structural design that satisfies the design criteria for 

allowable plastic rotation. A similar approach is recommended by Xue (2001) and also by 

Xue and Chen (2003), namely to modify the DDBD to a non-iterative capacity-spectrum 

method without the linear approximation of hysteretic behaviour. 

1.5 Literature on DBSD of reinforced concrete structures 

Paulay (1998) presented the concept of strength dependent stiffness in reinforced 

concrete components. In contrast with the conventional assumption for stiffness of a 

reinforced concrete component which assumes the stiffness to be proportional to the 

component's cross-sectional dimensions, the stiffness is assumed to be equal to the slope 

of an equivalent bilinear simulation of force-displacement curve of the component. In the 

moment-curvature analysis of the rectangular walls, Paulay showed that the yield 

curvature is only related to the wall's length and the yielding strain of the reinforcements. 

Moreover, it is more or less independent of the reinforcement content and layout, 

concrete properties, and the intensity of axial load. 
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Priestley and Kowalsky (1998) also showed that for cantilever shear walls the yield 

curvature and ultimate curvature are insensitive to variations in axial load ratio, 

longitudinal reinforcement ratio, and distribution of reinforcement. The yield curvature 

can be defined as a function of wall length and the yield strain of reinforcing steel. They 

noted that generally the displacement ductility capacity of the wall structure is limited by 

the code drifts limit rather than by the curvature ductility capacity of the wall section. 

Paulay (2001a) presented a new design procedure based on strength dependant 

stiffness. He showed that the yield displacement of different reinforced concrete elements 

can be calculated when the yield curvature of its section is known. It was postulated that 

the designer had the freedom to assign the strength to different lateral force-resisting 

components. This was in contrast to the conventional method in which the strength 

required in each of the lateral force-resisting elements was obtained based on stiffness 

calculated from cross-sectional dimensions. 

Paulay (2001b) presented a displacement-based design method in which the 

maximum earthquake-induced displacement demand was obtained based on the 

maximum displacement capacity of the global structure. It was shown that the maximum 

displacement ductility capacity of a wall could be obtained from the acceptable drift ratio, 

maximum allowable steel strain, and the aspect ratio of the wall. Paulay noted that the 

displacement limit for the global structure would be determined before the design started. 

It was also shown that the freedom to assign the strength to the lateral force-resisting 



12 

components enabled the designer to choose the locations of the centres of strength and 

stiffness for a system. Therefore, the adverse effects of torsional phenomena could be 

mitigated or even eliminated. 

Aschheim (2002) proposed a new seismic design method based on the yield 

displacement, which, he argued, was a more stable and more useful parameter in seismic 

design than the fundamental period of the structure. It was shown that the yield 

displacement of a structure responding in flexural mode was a function of the yield strain 

of the material, the height of the structure, the depth of the yielding members, the shape 

of the predominant mode of response, and the distribution of mass and stiffness 

throughout the structure. It was noted that the yield displacement was almost independent 

of strength and could be calculated early in the design process. Entering the equivalent 

SDOF yield displacement on the yield point spectra with allowable ductility the required 

strength could be calculated. 

Paulay (2002a) presented a displacement-based design focused on wall-frame 

reinforced concrete structures. He showed that the displacement limits for ductile system 

to satisfy the performance criteria, could be estimated precisely before the design of the 

structure started. However, the displacement capacity of the critical elements could 

control the maximum acceptable displacement demand on the structure. 

Sullivan et al. (2006) presented a direct displacement-based design procedure for 

frame-wall structures. Taking the interaction of the frame and the wall into account, a set 
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of expressions was proposed for displacement shape and equivalent viscous damping of 

frame-wall structure at maximum response. The authors stated that although the strength 

could be assigned arbitrary to the frame and wall, one could improve the design by 

altering the proportions of the shear assigned to the two segments. If a large fraction of 

the shear was assigned to the wall, one would have a heavily reinforced wall and lightly 

reinforced beams and columns at the end of design. On the other hand, if a large fraction 

of the shear was assigned to the frame, the height of the point of inflection would be 

lower. A low height for the point of inflection could impose a higher curvature ductility 

demand on the wall. When this was unacceptable, either the design storey drift would 

have to be reduced or a larger fraction of strength assigned to the wall. 

1.6 Literature on torsional behaviour in asymmetric plan buildings 

Asymmetric plan buildings experience torsional motion as well as translational motion 

when excited by ground motion. This coupled motion causes non-uniform seismic 

demand on structural elements that makes them highly vulnerable to damage due to 

earthquake forces. Therefore, study of the inelastic torsional behaviour in asymmetric 

plan building has been a subject of interest to many researchers. Elastic torsional seismic 

behaviour of asymmetric plan building has been investigated exhaustively and there is a 

consensus among the researcher on how asymmetric plan buildings respond to strong 

ground motion. Nevertheless, that is not the case for inelastic seismic response of 

asymmetric plan buildings. 
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In general, the elastic torsional response of asymmetric plan buildings to strong 

ground motions are governed by 1) eccentricity between the center of mass and center of 

stiffness, and 2) the ratio of uncoupled torsional to translational frequencies. The inelastic 

torsional response, on the other hand, is affected both by the stiffness and strength 

distribution in plan of the building; also the response is sensitive to how the structure 

enters into the inelastic range (Castillo et al 2001, Humar and Kumar 1999, and Myslimaj 

and Tso 2002). As a result, inelastic torsional response of asymmetric plan is strongly 

dependent on the characteristics of the input ground motion with a greater dispersion than 

the elastic response. Depending on the frequency content and the intensity of the input 

ground motion the inelastic rotation in the plan may be smaller or larger than the elastic 

rotation (Perus and Fajfar 2002). 

One-storey models have been used widely as the main tool to investigate the 

inelastic torsional coupling in asymmetric plan buildings. Recently multi-storey buildings 

have been used to study more realistic behaviour of plan asymmetric buildings; however 

they are limited to only a few cases of real buildings. Several review papers (Rutenberg 

1992 and 2002, and De Stefano and Pintucchi 2008) have summarized the state-of-the-art 

of inelastic torsional behaviour of structures. Here some of the most important works on 

the seismic response of asymmetric plan buildings are reviewed and their results are 

discussed. 

The base shear and torque surface (BST) was introduced by De La Llera and 

Chopra (1995) as a useful tool to understand the behaviour of asymmetric plan buildings. 
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BST surface represents all combinations of shear and torque that applied statically lead to 

collapse of the structure. The shape of BST surface is a function of lateral and torsional 

strength of the system, the plan-wise strength distribution, and the strength eccentricity. It 

is shown that the nonlinear response of the building does not change if the global elastic 

properties and the global resisting capacities of the system remain the same. The BST 

surface and the use of it in understanding the behaviour of asymmetric plan buildings are 

discussed in more details in Chapter 4. 

Trombetti and Conte (2005) developed a procedure, called "alpha method", to 

estimate the maximum rotational response of single-storey base isolated structure under 

free and forced vibration. Alpha is a dimensionless parameter that is defined as being the 

product of the mass radius of gyration of the structure and the ratio of the maximum 

rotational to the maximum longitudinal displacement response developed by a one-storey 

eccentric system. It has been reported that alpha is weakly dependent on the excitation 

and strongly dependent on the stiffness eccentricity and the ratio of lateral to rotational 

uncoupled frequencies. 

Pettinga et al (2006) studied the seismic response of a series of torsionally 

unrestrained and restrained single-storey structures under unidirectional earthquake 

loading focusing on the residual deformation due to torsional response. They report that 

for torsionally restrained systems, a reduction in the residual rotation of the plan can be 

obtained with a decrease in the level of torsional restraint. Moreover, it has been pointed 
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out that the ratio of the residual rotation in plan to the maximum rotation is a function of 

the ratio of lateral to rotational uncoupled frequencies 

Perus and Fajfar (2005) investigated the response of torsionally stiff single storey 

structures with eccentric mass under bi-axial excitation. In general they found that the 

inelastic torsional response was qualitatively similar to elastic torsional response, and the 

displacement demand increased on the flexible side but decreased slightly with increasing 

plastic hinge deformation. It was shown that the displacement on the stiff side was 

dependent on several modes of vibration and the influence of the transverse ground 

motion. It was also mentioned that the reduction of the displacement on the stiff side due 

to torsion decreased with increasing plastic deformations. 

Chopra and Goel (2004) extend the modal pushover analysis procedure to estimate 

the seismic demand on asymmetric plan buildings. In modal pushover analysis the 

displacement-controlled nonlinear static analysis of the structure is carried out for the 

effective earthquake forces obtained from the modal inertia force distribution, which in 

contrast to a symmetric plan building, includes two lateral forces and torque at each floor 

level. It has been reported that the accuracy of estimated seismic demand using the modal 

pushover analysis for unsymmetric plan building is similar to that for symmetric 

buildings. However, the same is not true when the elastic torsional and translational 

frequencies are close to each other. 
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Myslimaj and Tso (2005) studied the asymmetric plan buildings with strength 

dependent stiffness. They pointed out that if the strength in the plan is assigned in a way 

that the center of mass locates between the center of stiffness and center of strength, the 

inelastic rotation in the plan is minimized. They proposed a design-oriented strength 

allocation procedure to achieve such strength and stiffness eccentricities. Since this 

procedure will assign more strength to the flexible side of the structure rather than to the 

stiff side of the structure, it might not be feasible or economical in many real structures. 

For instance in wall structures the walls on the flexible side should be highly reinforced, 

while the walls on the stiff will have low axial reinforcement ratios. Aziminejad and 

Moghadam (2008) pointed out that the balanced location proposed by Myslimaj and Tso 

optimizes the response when all the lateral resisting elements are yielded, i.e. at life 

safety performance level. They reported that the proper distribution of strength is 

dependent on the ground motion level and the strength in a multi-storey structure can be 

properly assigned similar to one-storey system. 

Sommer and Bachmann (2005) studied the dynamic torsional response of multi

storey asymmetric plan reinforced concrete wall structures with strength dependent 

stiffness. It was suggested that the strength could be assigned to the walls in proportion to 

the wall length powered by a factor between 1/2 and 2.0. The authors proposed a method 

to estimate the dynamic response of the building and the displacement profile of the 

building. This deformed shape along with a few empirical relations obtained from 

extensive numerical calculations of the dynamic torsional response of wall systems was 

used to propose a deformation-based seismic design method. 
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Fajfar et al. (2005) extended the N2 design method to asymmetric plan buildings, 

proposing that the results of 3D pushover analysis be combined with the results of a 

linear dynamic (spectral) analysis. It was stated that the linear dynamic analysis gave an 

upper limit estimate for torsional effects, which controls the target displacement, whereas 

the pushover analysis results defined the torsional amplifications. The MDOF system was 

transformed to equivalent SDOF system using the same deformed shape as in the case of 

planar systems. The result of the test structure suggested that the proposed method led to 

conservative results when compared with dynamic analysis. 

De Stefano and Pintucchi (2010) conducted an extensive parametric study of a 

series of single-storey systems with moderate to large torsional stiffness. They pointed 

out that the procedure proposed by Fajfar to employ the elastic torsional response with 

pushover analysis results in the design of asymmetric plan building was valid only for a 

system with moderate torsional stiffness. That was mainly because for torsionally very 

stiff systems the inelastic torsional response was almost always greater than the elastic 

response and the displacement demand on the flexible side of the structure was much 

larger than the one obtained from the pushover analysis. 

1.7 Previous studies at Carleton University 

In the previous studies carried out at Carleton University, displacement-based seismic 

design procedure have been developed for symmetric concrete frame buildings, 

symmetric steel frame buildings and symmetric buildings with concrete shear walls. 



24 

These procedures employ a variant of the capacity spectrum method in which the demand 

is represented by an inelastic response spectrum plotted in the acceleration displacement 

format for a ductility that is determined from estimates of the yield displacement and 

acceptable ultimate displacement. Details of the procedures have been presented by 

Ghorbanie-Asl (2007), Humar and Ghorbanie-Asl (2005, 2006) and Humar et al (2006, 

2010). 

Humar and Ghorbanie-Asl (2005) introduced a practical displacement-based design 

procedure in which the maximum acceptable displacement demand on building structures 

was limited to the least of displacement capacity of the critical component, displacement 

dictated by performance criteria, and displacement limit to prevent P-A instability. 

Through examples of the design of several reinforced concrete, and steel moment-

resisting frames as well as braced frames Ghorbanie-Asl (2007) showed that within a few 

iterations one could estimate the yield and ultimate displacement capacities of the system 

accurately. 

Pina Burgos (2006) introduced a displacement-based design procedure with 

emphasis on reinforced concrete shear walls buildings having symmetric layout. In the 

proposed procedure empirical relations were used to estimate the yield displacement of 

the wall. The acceptable ultimate displacement was determined on the basis of the same 

three criteria as referred to in the preceding paragraph. At the preliminary design stage, a 

triangular shape was assumed for the first mode, while in further iterations the first mode 
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shapes calculated from an eigen value analysis was used to construct the equivalent 

SDOF system for the structure. 

Elrodesly (2008) introduced a displacement-based design procedure for torsionally 

stiff reinforced concrete shear wall structures. The target displacement was calculated 

based on the code drift limit and ductility limit, and the higher mode effect was taken into 

account using the modal pushover analysis (MPA), as extended by Chopra and Goel 

(2004) for asymmetric plan buildings. The P-A effect was not considered. It was shown 

that the square root of sum of squares (SRSS) combination rule underestimated the base 

shear when compared to nonlinear time history analyses while the absolute summation 

(ABSSUM) led to a conservative estimate. 

1.8 Objective and scope 

The present study extends the DBSD procedure to the design of wall-frame buildings and 

torsionally unsymmetric buildings. The wall-frame buildings have not been studied 

earlier at Carleton and only a limited amount of work has been carried out on torsionally 

unsymmetric buildings. Studies related to wall-frame buildings exist in the literature but 

they are based on the equivalent linearization procedure and not on the capacity spectrum 

method proposed in this study. To the knowledge of the author, detailed studies on the 

DBSD of torsionally unsymmetric buildings have not been reported in the literature. 

The wall-frame buildings studied here are symmetric in the plan area and are 

designed for the effect of earthquake loading in one direction. Torsional effects are 
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neglected in the development of DBSD for wall-frame buildings. The studies on 

torsionally unsymmetric buildings are limited to the case of independent rectangular 

shear walls. Walls of other shape, such as C-shaped walls or I-shaped walls have not been 

covered. Also, the study does not extend to core wall, buildings. In principle, the DBSD 

procedure developed here could be applied in the seismic design of a wide range of plan 

asymmetric buildings, however, further studies would be required to assess the 

effectiveness of the proposed method in the design of plan asymmetric plan buildings 

with different type of lateral resisting systems. 

The following objectives are identified for the present study: 

1. Review the performance based design philosophy and the guidelines for 

displacement-based design 

2. Develop a displacement-based design procedure for reinforced concrete wall-

frame structures that could be implemented in a design office. 

3. Review the inelastic torsional response of asymmetric plan buildings in order to 

propose a straightforward procedure to estimate the maximum displacement 

demand on different structural and non-structural elements of such buildings. 

4. Develop a displacement-based design procedure for plan irregular buildings 

specially for torsionally flexible structures 

5. Evaluate the effectiveness of the proposed displacement-based design method for 

wall-frame structures and plan irregular structures by comparing the inelastic 

response of designed structures to a series of spectrum compatible ground 

motions. 
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1.9 Layout of the Report 

An outline of this thesis is presented in the following: 

Chapter 1 provides an overview of the existing performance based design 

philosophy and the displacement-based seismic design procedures, and their application 

in reinforced concrete structures. A review of the literature on inelastic torsional 

behaviour of asymmetric plan buildings is presented and some of the proposed design 

procedures are discussed. 

Chapter 2 presents the theoretical background to the proposed approach for 

displacement-based design of wall-frame structures. Some empirical relations are 

employed to estimate the yield and ultimate displacement of reinforced concrete wall-

frame structures. Also a simple procedure is proposed for estimating the inflection height 

at the preliminary design stage. Finally the step by step procedure for seismic design of 

wall-frame systems is presented. 

In Chapter 3 the design of five reinforced concrete wall-frame buildings, 6, 9, 12, 

15, and 20 storeys in height, according to the proposed DBSD is presented. Different 

design parameters that are evaluated within iterations of design are presented and 

discussed. Using nonlinear time-history analyses of the response of designed buildings to 

twenty spectrum compatible ground motions, the estimates of the maximum roof 
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displacement, maximum inter-storey drift ratio, and the base shear demand obtained by 

the proposed DBSD are evaluated. 

Chapter 4 contains an overview of the tools available for investigating the inelastic 

torsional response of asymmetric plan buildings, such as the BST surface, incremental 

dynamic analysis, and modal decomposition method. Through several parametric studies 

the torsional behaviour of different torsionally unbalanced systems is studied and a 

simple procedure for estimating the maximum twist in the plan and the maximum 

displacement demands on structural members is proposed. 

In Chapter 5 a DBSD procedure for asymmetric plan building is presented. The 

theoretical background for the proposed expressions for determining the maximum twist 

in the plan of the system and its comparison with some other proposals are discussed. 

Also, details related to the estimation of the equivalent yield and ultimate displacements 

for different design criteria are presented. 

Chapter 6 describes two case studies. One torsionally stiff system and one 

torsionally flexible system are designed according to the proposed DBSD. Different 

iterations of the design are presented for both cases. The global response parameters for 

both the flexible and the stiff edge as well as at the center of mass of the systems are 

compared with the results obtained from nonlinear time-history analyses for a series of 

spectrum compatible ground motions. 
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Summary and conclusions of this work, as well as some recommendations for 

future works are presented in Chapter 7. Appendix A. of this report includes the details of 

the step-by-step design of 12-storey wall-frame building. Appendix B. presents 

complementary information for multi-mode pushover and nonlinear time history analyses 

of 6, 9, 15, and 20-storey wall-frame buildings. Details of the step-by-step design of both 

torsionally stiff and torsionally flexible buildings are presented in Appendix C. 
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Table 1.1: Design earthquake levels proposed by Vision 2000 & FEMA 273 

Vision 2000 FEMA 273 
Design Earthquake 

Level Chance of ^ . , Chance of ,_ . , 
, return period , return period 

exceedance exceedance 

Frequent 50% in 30 years 43 years 50% in 50 years 72 years 

Occasional 50% in 50 years 72 years 20% in 50 years 225 years 

Rare 10% in 50 years 475 years 10% in 50 years 475 years 

Very rare 5% in 50 years 970 years 2% in 50 years 2475 years 
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Ductility 

1.0 < 11 < 4.0 

4.0 < n < 6.5 

Table 1.2: Improved effective parameters to be used in CSM 

Hysteretic model known 

Effective viscous damping 

A ( u - 1 ) 2 + B 0 i - 1 ) 3 + P0 

C + D ( u - 1 ) + P0 

Effective period 

[ G 0 i - 1 ) 2 + H ( u - 1 ) 3 + 1]T0 

[I + J ( H - 1 ) + 1]T0 

u > 6.5 
F ( u - 1 ) - 1 

[ F ( u - l ) ] 2 m2^ K 

V L 

Q * - l ) 
l + L Q i - 2 ) 

- 1 + 1 T0 

Ductility 
Hysteretic model unknown 

Effective viscous damping Effective viscous damping 

1.0 </* < 4.0 4 . 9 ( u - l ) 2 - l . l ( | a - l ) 3 + p0 4.9(u. - l ) 2 - l.lfji - l ) 3 + p0 

4 . 0 < / * < 6 . 5 14.0 + 0.32(|a - 1) + p0 14.0 + 0 .32(u- 1) + p0 
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Table 1.3: Coefficients for use in equations for effective damping 

Model 

Bilinear 

Bilinear 

Bilinear 

Bilinear 

Bilinear 

Stiffness 

Stiffness 

Stiffness 

Stiffness 

Stifmess 

Strength 

Strength 

hysteretic 

hysteretic 

hysteretic 

hysteretic 

hysteretic 

degrading 

degrading 

degrading 

degrading 

degrading 

degrading 

degrading 

<x(%) 

0 

2 

5 

10 

20 

0 

2 

5 

10 

20 

-3 

-5 

A 

3.2 

3.3 

4.2 

5.1 

4.6 

5.1 

5.3 

5.6 

5.3 

4.6 

5.3 

5.6 

B 

-0.66 

-0.64 

-0.83 

-1.1 

-0.99 

-1.1 

-1.2 

-1.3 

-1.2 

-1.0 

-1.2 

-1.3 

C 

11 

9.4 

10 

12 

12 

12 

11 

10 

9.2 

9.6 

14 

14 

D 

0.12 

1.1 

1.6 

1.6 

1.1 

1.4 

1.6 

1.8 

1.9 

1.3 

0.69 

0.61 

E 

19 

19 

22 

24 

25 

20 

20 

20 

21 

23 

24 

22 

F 

0.73 

0.42 

0.4 

0.36 

0.37 

0.62 

0.51 

0.38 

0.37 

0.34 

0.9 

0.9 
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Table 1.4: Coefficients for use in equations for effective periods 

Model 

Bilinear 

Bilinear 

Bilinear 

Bilinear 

Bilinear 

Stiffness 

Stiffness 

Stiffness 

Stiffness 

Stiffness 

Strength 

Strength 

hysteretic 

hysteretic 

hysteretic 

hysteretic 

hysteretic 

degrading 

degrading 

degrading 

degrading 

degrading 

degrading 

degrading 

a(%) 

0 

2 

5 

10 

20 

0 

2 

5 

10 

20 

-3 

-5 

G 

0.11 

0.1 

0.11 

0.13 

0.1 

0.17 

0.18 

0.18 

0.17 

0.13 

0.18 

0.2 

H 

-0.017 

-0.014 

-0.018 

-0.022 

-0.015 

-0.032 

-0.034 

-0.037 

-0.034 

-0.027 

-0.033 

-0.038 

I 

0.27 

0.17 

0.09 

0.27 

0.17 

0.1 

0.22 

0.15 

0.26 

0.11 

0.17 

0.25 

J 

0.09 

0.12 

0.14 

0.1 

0.094 

0.19 

0.16 

0.16 

0.12 

0.11 

0.18 

0.17 

K 

0.57 

0.67 

0.77 

0.87 

0.98 

0.85 

0.88 

0.92 

0.97 

1 

0.76 

0.71 

L 

0 

0.02 

0.05 

0.1 

0.2 

0 

0.02 

0.05 

0.1 

0.2 

-0.03 

-0.05 
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Chapter 2. Displacement-based design of hybrid wall-frame structures 

2.1 Introduction 

A wall-frame system, also referred to as dual or hybrid system, is a structural system that 

uses both frames and walls to resist the earthquake induced actions in the structure. The 

seismic behaviour of a wall-frame structure is considerably different from that of a wall 

structure and a frame structure. The wall structures have flexural behaviour like a 

cantilevered beam and they can control the drifts at lower floor levels, while pure frame 

structures restrain deformation at upper floors. On combining these two systems a very 

efficient and economical system for resisting the earthquake forces is obtained. 

Displacement-based seismic design method proposed earlier for reinforced concrete 

and steel frame structures by Humar and Ghorbanie-Asl (2005) is modified here for wall-

frame structures. The method is based on approximate estimates of the ultimate and yield 

roof displacements and the related ductility capacity of the structure. However, if the 

code recommends a lower value for ductility capacity, it should be the one to be used in 

design. The details of the method are described in the following sections. 

2.2 Estimation of yield and ultimate displacements 

2.2.1 Yield displacement 

The maximum permissible global displacement of a structural system can be estimated by 

using empirical relations, based on the mechanism of failure of that system. For instance, 

a shear wall forms a plastic hinge at its base when it is subjected to extensive lateral load. 
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Therefore, the maximum displacement demand of the wall can be estimated by 

decomposing the maximum displacement into yield displacement and inelastic 

displacement (see Figure 2.1) to obtain 

\=Ky + (h-lp/2)x6p (2.1) 

where h is the height of the wall, 6P is the plastic rotation at the plastic hinge at the base, 

Awyr is the roof level yield displacement of the wall and lp is the length of plastic hinge in 

the wall. Several recommendations exist in the literature for the length of the plastic 

hinge in the walls; some relate it to both the length and the height of the wall, others 

suggest it is a function of the wall length alone. Various expressions for plastic hinge 

length are plotted in Figure 2.2 as a function of the aspect ratio of the wall. In this study 

the plastic hinge length of a wall is assumed to be half the length of the wall. 

Since in frame-wall systems the ultimate lateral displacement is controlled by the 

wall, the lateral displacements at base yield are obtained by assuming that the curvature 

as well as moment in the wall varies in the shape of a triangle from zero at inflection 

height, he, to a maximum at the base, and that for h > he the moment can be taken as 

negligible (see Figure 2.8). The displacements at the instant of the yielding at the base of 

the wall are then given by (Sullivan et al 2006): 



ah2 m h3 

A ~ = — " - ^ - for k<K 

(Pyhehl cpyh
2

e 

A ^ , = ^ - y— for h>he 
Z o 

where h, is the height of ith storey, and <py is the effective yield curvature of the wall. As 

mentioned in the previous chapter the yield curvature of a section is a function of only the 

yield strain of steel, ey, and the length of the wall, lw. At the preliminary design stage, the 

yield curvature is thus estimated using the following empirical equation: 

ry=Vj- (2.3) 

The value of rj is not significantly affected by the ratio of the reinforcement or the 

arrangement of bars in a reinforced concrete section. It has been shown by Priestley 

(1998) that the values of rj, summarized in Table 2.1, do not differ from exact ones by 

more than 10 to 15 percent. In this study the value of r\ = 1.8 is assumed as recommended 

by Paulay (2000). 

Published research (Priestley 2003) has shown that the most appropriate 

linearization of moment-curvature relationships is by an initial elastic segment passing 

through "first yield" extrapolated to nominal flexural strength, Mn, and a post-yield 

segment connected to a point at the intersection of ultimate strength and the 

corresponding curvature. "First yield" of the section is defined as the moment, My and 
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(2.2) 
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curvature <p' when the reinforcement attains its tensile yield strain of sy, or the concrete 

extreme compression fibre attains a strain of 0.002, whichever occurs first. The nominal 

flexural strength Mn develops when the extreme compression fibre strain reaches 0.004, 

or the reinforcement tension strain reaches 0.015, whichever occurs first. Figure 2.3a 

shows a moment curvature relationship and the nominal yield curvature cpy corresponding 

to nominal flexural strength. In this study the moment curvature relation for the wall is 

obtained using a MATLAB program developed by Yavari (2001). 

In this program, Hognestad's model is used to define the idealized stress-strain 

relationship for unconfined concrete. As shown in Figure 2.4, the stress-strain curve 

follows the following equation up to a strain so = 0.002. 

/ c = / c ' 
1e, 

£0 

rs.^ 

\£o J 
(2.4) 

For sc>£0the stress decreases linearly with strain reaching a value of O.S5fc at 

s = 0.0038.The stress-strain relationship for reinforcement steel uses a trilinear model, 

consisting of a straight line from 0 strain to the yield strain sy, a yield plateau from ey, to 

the strain at onset of strain hardening, ss, and another straight line from the yield strength 

at ss to the ultimate strength. 

The yield displacement of the frame at roof, A/yr, may be taken as 
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Aj*=H*°jy (2-5) 

where H is the total height of structure, and inter-storey yield rotation of the frames, Bfy is 

obtained assuming that all the beams have yielded at both ends and the curvature varies 

linearly from one end of the beam to the other. As recommended by Priestley (1998) 0fy 

may be obtained from 

0*=~jf- (2-6) 

where 4 is the length of the beam, and Db its depth. 

The designer has the freedom to select the relative strengths of the wall and the 

frame to withstand the demand base shear Vb. The strength of the components may be 

assigned arbitrarily, and this freedom can be exploited to achieve more rational and 

economical design (Paulay 2002b). Once such assignment is made, the global yield 

displacement of the wall-frame system can be obtained from 

V 
Ay = V/A +VJA, ( 2 ' 7 ) 

W v / / Jyr 

where Vw, and Vf are the wall and frame strengths, respectively, and Awyr is the wall yield 

roof displacement (see Figure 2.3b). 
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2.2.2 Ultimate displacement 

The acceptable ultimate displacement is the least of the following: 

1) The roof displacement corresponding to inter-storey drift limit which is expected 

to prevent excessive non-structural damage. Rewriting Equation 2.1, the total 

displacement at level /' is given by 

K =K>,+ (K - iP /2) xepl ep= 0.025 - ^ (2.8) 

where as shown in Equation 2.8, 8 , the plastic rotation at the base of the wall, is 

estimated by taking the difference between the maximum inter-storey drift limit 

and the yield rotation of the wall calculated from the assumption we made for the 

distribution of curvature in the wall (see Figure 2.1) 

2) The roof displacement at which the ductility demand in any element of the 

structure reaches its ductility capacity. For instance, the displacement at roof at 

which the curvature demand in the wall reaches its capacity can be calculated as: 

Kr = Ky, +{H-lp/2)x{<pu -<py)xlp (2.9) 

where q>u is the wall curvature capacity, and <py the yield curvature obtained from 

bilinear simulation of moment curvature analysis of the section (see Figure 2.3a). 
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3) The roof displacement limit beyond which P-A instability may result. The gravity 

loads on the structure tend to apply additional moment and shears on the structure 

when it experiences the earthquake induced lateral displacement; this is known as 

P-A effect. The P-A effect reduces the capacity of structures to withstand the 

earthquake forces and may lead to instability, therefore the lateral displacement 

should be limited so as to mitigate the risk of instability (Humar et al. 2006). It 

has been shown that P-A instability is prevented if the maximum displacement 

produced by the design earthquake lies in the region of positive slope of the 

pushover curve. 

In preliminary design only the first of the above three limits is generally available; 

however, for subsequent design iterations more accurate ultimate displacement estimates 

can be calculated taking into account the ductility capacity of the system, and the P-A 

instability. 

2.3 Inflection height estimate 

An estimation of inflection height of the building is needed in Equation (2.2) to estimate 

the yield displacement of the wall-frame structure. At the preliminary design stage 

inflection height is estimated according to the following simple procedure. Assume that 

the contribution of the frames, in resisting the lateral loads has been assigned a value a Ft,. 

Thus, the shears resisted by the walls and the frames is given by: 
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"frames ~ °- * b 

^ = 0 - « ) x ^ 
(2.10) 

where the Vb is the base shear. The distribution of the lateral loads along the height of the 

building is assumed to be triangular. In that case, the lateral loadyj, at the ith floor, of an 

rc-storey building with equal storey heights will be: 

/ / 
2x/ 

n (n +1) 
(2.11) 

Based on the assumption that the shear is constant along the height of the frames, 

the storey shear is given by: 

K 
i ( z - l ) 

n(n + \) 
Vk (2.12) 

The inflection height is the height where the moment in the wall becomes zero; 

therefore taking the moment of the lateral loads on the system and the resistant offered by 

the frames, which is represented by a point load at the top of the wall, we have 

1=1 

2 (w - i +1) [x — (/ — 1) x ht ] Vb —aVbx = 0 (2.13) 
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where m is the number of storeys above the inflection point, and x is the distance from 

inflection point to the roof, which should lie in the range (m-1)xht ^x^mx^ The, 

solution of Equation 2.13 gives the value of x from which the inflection height he is found 

as: 

he=H-x (2 

where H is the total height. 

For subsequent iterations, the inflection height is determined when the base shear is 

distributed along the height in proportion to M<p, where M is the mass matrix and (p is 

mode shape. 

2.4 Equivalent SDOF model 

For the design of a MDOF system it must first be represented by an equivalent SDOF 

system. For that purpose a deformed shape for the structure should be selected. In 

preliminary design this is taken as the ultimate displacement estimate at each level as 

obtained from Equation 2.2; however, for subsequent iterations the first mode shape of 

structure may be used. Assuming vector <p to be the normalised deformed shape the 

dynamic parameters can be calculated from 
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r = ̂ l (2,5) 

(p M<p 

Z = / M 1 (2-16) 

( / M l ) 2 (2-17) 
M = 

(pTM(p 

where 1 is a unit vector, T is the participation factor and M is the effective mass. The 

ultimate displacement 8U, and yield displacement Sy of the SDOF system are obtained by 

dividing the ultimate and yield displacements of MDOF by T to give 

Sy=-+ (2.18) 

S = ̂ L ( 2 ' 1 9 ) 

where it is assumed that <p has been normalized such that its roof level element is 1. 

2.5 Determination of inelastic response spectrum 

As shown in Figure 2.5c, the methodology described here uses the inelastic response 

spectrum in acceleration displacement format to represent the seismic demand on an 

equivalent SDOF system. Such a spectrum can be obtained by carrying out a nonlinear 

response analysis or by a suitable modification of the elastic response spectrum (see 

Figure 2.5d). 
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Starting from a uniform hazard spectrum for the site, the peak spectral displacement 

of the inelastic system can be determined from 

A/ f r Y (2-20) 

Ry\2n 

where A is the elastic spectral acceleration at natural period T„, and Ry is the yield 

strength reduction factor. Using Equation 2.20 the inelastic spectrum can be plotted in the 

Acceleration versus Displacement (A-D) format provided a relationship between Ry-/u-Tn 

is available 

Several recommendations regarding the Ry-/u-Tn relations to be used in the 

calculation of inelastic response spectrum are available in the literature. In the present 

study we use Krawinkler-Nassar relations to obtain the inelastic demand spectrum 

(Krawinkler and Nassar 1992). These relations are given by 

T° b (2.21) 
• + • 

l + T . ^ 

* - [ < & - i ) + i r 

where T„ is the period of the SDOF system and a and b are parameters that depend on the 

force-displacement relationship for the system. For an elasto-plastic force-displacement 

relationship a = 1, and b = 0.42. Figure 2.6 shows the relationship between Ry and the 
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period for different values of//. It would be noted that for long periods and low values of 

fj, Ry becomes very close to /u. 

The relationships developed by Krawinkler and Nassar as well as other similar 

relationships provide good results only when averaged over a number of ground motions. 

Considerable scatter may exist between the true inelastic spectrum of an individual 

ground motion and the spectrum obtained by modifying the elastic spectrum by one of 

the recommended relationships. As an example Figure 2.7 shows two inelastic response 

spectra for El Centro ground motion for a ductility ratio of 2.9, one obtained by nonlinear 

analysis and the other by modifying the elastic spectrum using Krawinkler Nassar 

relationships. As can be seen the inelastic response spectrum obtained from the modified 

elastic response spectrum provides a good match only in the low period range. However, 

generating the inelastic response spectrum in each iteration of design for the ductility 

obtained in that iteration is very time consuming and not practical for use in design. In 

addition, the design spectrum itself is not obtained from a single event but is an average 

of several ground motions that are representative of the seismicity of the site. Thus, even 

though the inelastic response spectrum obtained by modifying the elastic spectrum is 

approximate, it is appropriate for use in design. 

2.6 Capacity diagram and pushover analysis 

Having determined the acceptable ultimate displacement of the SDOF system the 

corresponding spectral acceleration (Ay) is obtained from the inelastic acceleration-
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displacement response spectrum by entering the latter at displacement 8U. The base shear 

is then given by 

V = M*Ay (2.22) 

This base shear is distributed over the height of building in proportion to M<p. 

Assuming that the shear assigned to the frame acts as a point load at the roof level on the 

wall, the resulting moment demand on the wall is determined. The design of the walls 

and the frames sections are then updated, also, a new estimate for the inflection height of 

the structure is obtained. 

Next, a nonlinear pushover analysis including the P-A effect is carried out for a 

lateral force distribution proportional to the first mode inertial forces, Mtpi. Pushover 

analysis is a nonlinear multi-step static analysis of structure. In such an analysis the 

structure is subjected to a selected lateral load pattern. The load magnitude is increased in 

steps until the target displacement at specific height of structure is reached. With the 

increase in the magnitude of the loading, weak links and failure modes of the structure 

are found. Plotting the base shear of structure in such an analysis, versus the target 

displacement a force-deformation relationship for the structure is obtained which is called 

pushover curve (see Figure 2.5a). 

The resulting pushover curve is idealized as recommended by FEMA 356 to 

estimate the yield displacement. The ultimate displacement limit to preclude P-A 
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instability may be assumed to be that corresponding to a 5% to 10% decrease in strength 

of the structure. Based on the updated displacement estimates and hence the ductility 

capacity, a new inelastic spectrum is constructed and a new base shear estimate is 

obtained. If the difference between the updated base shear and the one from the previous 

iteration is small, the design process is assumed to have converged. If that is not the case, 

the new base shear is distributed along the height to update the member forces and their 

reinforcements, and the remaining steps repeated. 

2.7 Modal Pushover analysis 

Modal pushover analysis (MPA) is now used to obtain better estimates of the seismic 

demand parameters. In such an analysis the seismic demand is determined by a 

superposition of the demand in a number of lower order modes. The modal demand is in 

turn determined by a pushover analysis using the inertia force distribution for the given 

mode. It is assumed that the higher modes remain elastic, and the target displacement for 

each of the higher modes is obtained using: 

D = T^A (2.23) 
4TI2 

where r is the modal participation factor, T is the period, and A is the elastic spectral 

acceleration. Combining these 'modal' demands in the first two or three modes using the 

standard square root of the sum of squares (SRSS) provides an estimate of the total 

seismic demand in the inelastic systems, (Chopra 2002). When applied to elastic systems, 

the MPA procedure is shown to be equivalent to standard response spectrum analysis. 
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Theoretically, modal superposition and SRSS are not valid methods of analysis for 

a nonlinear structure, but the results obtained by MPA provide reasonably accurate 

estimates of the true response, provided certain conditions are satisfied. The SRSS rule is 

used when the frequencies of the MDOF system are spaced apart, however, for closely 

spaced frequencies where there is more chance of coupling between modes complete 

quadratic combination (CQC) rule is used. For two adjacent modes, if the ratio between 

them lies between 0.5 and 2.0 those modes are assumed to be coupled. 

Using the results of MPA, an estimate of shear forces in the wall and frame 

components is obtained. In addition, the curvature ductility demand on the plastic hinges 

at the base of the walls and columns as well as at the end of beams can be calculated. For 

this purpose, plastic hinge length of the beams and columns are needed. Several 

recommendations for the plastic hinge length of beams and columns are available in the 

literature; most suggest it is a function of the effective depth of the section, d, and the 

distance between the critical section and the point of contraflexure, z, which can be 

assumed to be half of the span. In the present study the following relation suggested by 

Mattock (1967) will be used. 

7^=0.5^ + 0.05^ (2.24) 
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2.8 Displacement based seismic design procedure 

The steps involved in the displacement-based design of a structure can be summarized as 

follows: 

1) Based on the selected ratio of the base shear carried by the frames to the total base 

shear, estimate the inflection height from Equations 2.10 through 2.14. 

2) Calculate the yield displacement of the walls and the frames and the 

corresponding global yield displacement using Equations 2.1 through 2.3 and 

Equations 2.5 through 2.7 for a preliminary design of the wall-frame structure. 

3) Calculate the acceptable ultimate displacement of the roof considering the three 

limiting criteria - inter-storey drift, ductility demand, and instability prevention -

using Equations 2.8 and 2.9, (instability criteria is not available at preliminary 

design stage). 

4) Form the equivalent SDOF system based on the ultimate deformed shape and 

calculate its yield and ultimate displacements. 

5) Construct the inelastic response spectrum for the ductility determined from the 

yield and ultimate displacements determined in step 4. Obtain the spectral 

acceleration corresponding to the acceptable ultimate displacement of SDOF 

using Equations 2.18 and 2.19 and calculate the base shear. 

6) Design the structural elements for the induced base shear, and update their 

sectional properties. 
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7) Carry out nonlinear pushover analysis for first mode inertial force distribution. 

Update the yield and ultimate displacement estimates based on the results of 

pushover analysis, and moment curvature relations of the designed sections. 

8) Repeat steps 2 through 7 until the design base shear converges. 

9) At this stage, the calculated base moment in the wall can be used as an acceptable 

estimate for design, however a modal pushover analysis is needed to estimate the 

shear and ductility demand in the walls and frames accurately. 
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Table 2.1: Values of n for different steel and reinforced concrete sections suggested by 
Paulay (2000) 
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Figure 2.1: Components of the total displacement of wall 
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Figure 2.5: Capacity Spectrum Method Chopra and Goel (1999) 
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Chapter 3. Application of DBSD procedure for wall-frame structures 

3.1 Introduction 

In order to assess the performance of the design process outlined in Chapter 2 it is 

implemented in the design of a series of reinforced concrete wall-frame buildings. A 

symmetric plan is selected to enable two-dimensional analysis and to focus on the wall-

frame interaction. The structure is assumed to be located in the city of Los Angeles, 

where extensive research has been carried out to evaluate the seismic hazard and to 

develop appropriate ground motions. However, the method is effective irrespective of the 

nature of seismic hazard as long as a design response spectrum is available or can be 

developed. In this chapter the results of these designs and their verification based on 

nonlinear dynamic analysis of the structures for their response to 20 spectrum compatible 

ground motions are presented and discussed. A detailed step-by-step DBSD of the 12-

storey building is presented in Appendix A. 

3.2 Problem definition 

A series of 6, 9, 12, 15, and 20-storey hybrid wall-frame buildings whose plan is shown 

in Figure 3.1 are designed based on the proposed DBSD procedure to examine the 

effectiveness of the method. For all of the buildings studied here, the height of first storey 

is 4.85 m; the other stories are each 3.65 m in height. There are six equal 8-meter bays 

along the East-West direction, and three equal 8-meter bays along the North-South 

direction. The lateral resistance in the North-South direction is provided by two shear 

walls and two frames as shown in Figure 3.1. Dimensions of the walls, columns and 
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beams for all five buildings are shown in Table 3.1. The dead load on all floors and the 

roof is 5.8 kN/m2. The live load on the floors is 2.4 kN/m2. The snow load on roof is 

taken as 2.2 kN/m2. The load combination of D+0.5L is used to calculate the gravity 

loads at the base of columns and walls given in Table 3.1. The strength of concrete is 30 

MPa and the steel yield strength is 400 MPa. 

The buildings are designed for an earthquake having a 10% chance of exceedance 

in 50 years for the city of Los Angeles represented by the target response spectrum 

shown in Figure 3.2. The structures are designed for earthquake forces in the N-S 

direction neglecting the accidental torsion effect. 

3.3 DBSD of the five buildings 

The iterative DBSD procedure described in the previous Chapter is implemented to 

design the five aforementioned wall-frame buildings. For all five cases, the preliminary 

design process started with the use of empirical relations for estimating the wall yield 

curvatures, yield displacement and ultimate displacement of the wall-frame system for 

the 2.5% drift limit, which leads to a base shear estimate and a design for structural 

elements. For all cases studied, the design converges after two iterations, i.e. the 

difference in the estimated base shear in two consecutive iterations became very small. 

After the DBSD using empirical deformed shape has converged another iteration of 

design is carried out with pushover analysis using the first mode force distribution, from 

which the ultimate displacement for P-A instability limit and drift limits are obtained. 
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The equivalent SDOF system is constructed using the first mode shape rather than the 

empirical deformed shape. 

In the following sections DBSD parameters in different iterations of each of the 

buildings are discussed in detail. 

3.3.1 Inflection height 

As mentioned earlier, estimating the inflection height is the first step in the DBSD of 

wall-frame systems. Equation 2.2 shows that the yield displacement of the walls depends 

on the height of the inflection point in the walls. At preliminary design stage the height of 

the inflection point is calculated by the procedure described in Chapter 2 and using 

Equations 2.10 through 2.14. However, in subsequent iterations where the lateral loads 

are distributed along the height in proportion to the floor displacements according to the 

assumed deformed shape or the first mode shape, the inflection height is obtained from 

the moment diagram for the walls. 

Figure 3.3 shows the inflection height as a fraction of the total height for each of 

the five wall-frame systems. As can be seen from this figure, and the third column of 

Table 3.2, the inflection height varies from 65% to 80% of the total height of the 

structures. It is interesting to note that with an increase in the number of storeys the 

normalised inflection height decreases, which indicates that the negative moment region 

covers a larger portion of the wall for tall buildings than for short buildings. 
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3.3.2 Wall yield and ultimate curvatures 

At the preliminary design stage, the yield curvature of the walls is obtained from simple 

empirical relations as described in Chapter 2. However, in subsequent iterations, the 

ultimate and yield curvatures of the walls are obtained using moment-curvature analyses 

of the designed sections. In the design process, it is assumed here that the concrete is 

unconfined and the ultimate capacity of a section is reached when concrete strain is 

0.004. This is a design choice and the proposed DBSD can be implemented for any other 

value of ultimate concrete strain. 

Table 3.3 shows the details of the wall design for the five buildings in each iteration 

of design. The third column in the table shows the concentrated and distributed 

reinforcements in the wall in mm2. The minimum distributed reinforcement in the walls is 

shown as 200@200 representing two layers of 100 mm2 each at a spacing of 200 mm. 

Figure 3.4 shows the detail of the designed wall for 12-storey building at the last iteration 

of the design. The fourth column shows the nominal flexural strength as described in 

Chapter 2. The fifth and sixth columns of Table 3.3 show the yield and ultimate 

curvatures of the walls for different design iterations. It will be noted that the variation in 

these parameters from one iteration to the next iteration is negligible. Moreover, the yield 

curvature as estimated using the empirical relation at the beginning of preliminary stage 

is quite accurate, the difference between the estimated yield curvature in the preliminary 

design stage and the second iteration being less than 6% for all buildings, and even 

smaller for taller buildings with longer walls. 



70 

3.3.3 Yield and ultimate displacement 

The estimated yield and ultimate displacements are presented in the fourth and fifth 

columns of Table 3.2, respectively. The global yield displacement at the preliminary 

design stage and in the first and second iterations is estimated from Equation 2.7, where 

the yield displacement of wall and frames are calculated using the empirical relations 

presented in Equations 2.2 through 2.4 and 2.6. However, when a pushover analysis is 

carried out the yield displacement is obtained from the pushover curve. This is discussed 

further in Section 3.5. The yield displacement estimates in the second iterations, and 

those obtained from the pushover analyses are plotted in Figure 3.5 against the number of 

storeys for the five different wall-frame structures. As can be seen the two values are very 

close. 

As explained in Chapter 2, the ultimate displacement of wall-frame systems are 

controlled by the ultimate displacement of the wall and the latter is estimated using 

Equation 2.1. At the preliminary design stage the plastic rotation of the wall, 9P, is 

determined from the code-prescribed drift limit of 0.025. In subsequent iterations 

estimates of acceptable plastic rotations based on the ductility limit are also available and 

are seen to govern the design. Ductility capacity remains the critical criterion in 

estimating the ultimate displacement even when pushover analyses are carried out and the 

ultimate displacement limit that would preclude P-A instability and the ultimate 

displacement below which the code-prescribed drift limit would not be exceeded are 

found. 
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Figure 3.6 shows the ultimate displacement estimates in the second iteration and 

those obtained from pushover analyses. In calculating the ultimate displacement of the 

wall from Equation 2.1 an estimate of the yield displacement is needed. At the stage of 

preliminary design and in the subsequent iterations this is obtained from Equation 2.2. 

However, after a pushover analysis is carried out the yield displacement of the wall 

element as determined from such an analysis is used. The ultimate displacements 

estimated by empirical relations are about 1% to 9% different from those obtained from 

the pushover analyses, the difference being smaller for low-rise building than for high-

rise ones. 

3.3.4 Equivalent SDOF systems 

The equivalent SDOF systems are constructed using an assumed deformed shape for the 

structure and Equations 2.15 through 2.19. In the preliminary design and the first two 

iterations, the displaced shape is assumed to be the ultimate displacement of the wall 

given by Equation 2.1. In the final iteration the displaced shape is assumed to be that 

given by the first mode shape. 

The main parameters of the equivalent SDOF for the five buildings are tabulated in 

Table 3.4 for different iterations. The mass participation factors, F, are listed in the first 

column, and the modal masses, M , in the second column. As can be seen the mass 

participation factor increases as the height of structure increases. It would also be noted 

that for each building, there are only small variations in the participation factors and 

modal masses from one iteration to another; however, in the final iteration in which a 
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pushover analysis is carried out and the first mode shape is used to determine the 

equivalent SDOF system there is a change of about 5%. This shows that the deformed 

shapes assumed in the preliminary and the first two iterations are acceptable design 

choices. 

In Table 3.4, Sy and Su are, respectively, the yield and ultimate displacements of 

SDOF calculated using Equation 2.18 and 2.19. The ductility demand, n, is the same as 

that obtained by dividing the acceptable ultimate displacement of the system by the 

global yield displacement. It would be noted that the ductility demand and the ultimate 

displacement of the equivalent SDOF system have the most pronounced effect on the 

spectral acceleration, Sa, and the estimated base shear demand, V. 

Figure 3.7 through 3.10 show the capacity demand diagrams for the first and last 

design iterations for the five buildings. It may be noted that the last iteration uses the 

information obtained from pushover analysis. In general, the estimates for spectral 

acceleration and the base shear demand increase from the preliminary design to 

consecutive iterations for all five cases, while the ductility demand decreases (see Table 

3.4). This can be mainly due to decrease in acceptable ultimate displacement estimate in 

consecutive iterations where the ductility limit governs the design while in the 

preliminary design stage the design is dictated by the code prescribed drift limit. 

It is also interesting to note that as the number of stories increases within the five 

case studies, DBSD converges with a smaller ductility demand. In each case the design 



73 

ductility is governed by the ultimate concrete strain limit of 0.004 on the compression 

fibres of the wall sections. It is evident that in order to achieve the high ductility values 

recommended by seismic design codes for moderately ductile and ductile wall sections, 

confinement is required to increase the acceptable ultimate strain of concrete. It is also 

noted that while confinement will increase the value of ductility capacity, the full code 

prescribed values for ductile wall sections would not be realized because the drift limit 

and P-A instability limit would start to govern. 

3.4 Structural model 

As shown in the plan view of the building in Figure 3.1 the buildings being studied are 

symmetrical about an axis parallel to the N-S direction. This permits the building 

structures to be modeled as a two-dimensional model in program DRAIN 2DX. The 

model consists of one frame and one wall that are constrained to each other at each floor 

level. This model is used for pushover analysis, multi-modal pushover analyses, and the 

nonlinear dynamic analyses. 

The walls and the columns are modeled with element TYPE 2 in program D2DX 

(Prakash et al 1993) which is a beam column element with plastic hinges at both ends and 

is capable of including the P-A effect. Based on the concept of strong columns and weak 

beams, the columns should be designed to remain elastic except at their base where they 

will yield. The walls are also expected to yield only at their base. Therefore, in modeling 

both the walls and the columns the moment capacity at the base is assigned based on the 

moment curvature analyses of the sections while for the higher levels large values are 
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assigned to the capacities of the wall and the columns so that plastic hinges will form 

only in the beams. The beams are modeled with element TYPE 1 (Prakash et al 1993) 

which has zero-length plastic hinges at both ends. 

In both elements TYPE 1 and 2 the interaction of axial load and bending moment 

is not considered, i.e. the flexural resistance of the element is independent of the 

magnitude of axial load. However, the flexural resistance assigned to an element is 

determined from a moment-curvature analysis which includes the effect of gravity load 

incident from the tributary area of the element. Gravity loads applied on the models 

consist of two parts: 1) gravity load from the tributary areas of the frames which is 

directly applied on the frames, and 2) the remaining portion of the total floor gravity 

loads, which is applied on the walls to account for the secondary moment or P-A effects. 

The structural model of the 20-storey building is shown in Figure 3.12 which 

indicates the plastic hinge patterns at seven steps of a pushover analysis of the building. 

The plastic hinges are shown with filled circles when yielding happens at them. As can be 

seen from the figure, the base of the wall and the roof beams are the first to yield, 

followed by the bases of the columns. Next to yield are the plastic hinges at the ends of 

the beams on the side away from the direction in which the building is being pushed. 

Finally, the plastic hinges of the beams at the near side yield. 
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3.5 Pushover analysis 

For each of the five buildings a pushover analysis using a first mode force distribution is 

carried out after the base shear obtained from an assumed deformed shape has converged. 

When a pushover analysis is carried out, the ultimate displacements corresponding to all 

three limiting criteria can be obtained as explained in Chapter 2. Such ultimate 

displacements corresponding to ductility limit, 0.025 drift limit, and 5% drop in 

maximum base shear due to P-A effect, are shown in the second, third and fourth 

columns of Table 3.5, respectively. In all cases the ductility limit governs the design with 

a large margin. 

The pushover curves are shown in Figure 3.13 through 3.16 in red lines. Bi-linear 

idealizations of the pushover curves are shown in blue lines in the same set of figures. 

The idealized curve is obtained by drawing a horizontal line through the 95% value of the 

maximum strength and then connecting it by a straight line to the origin such that the 

positive and negative areas between the idealized curve and the actual pushover curve are 

equal. The intersection of these two straight lines is used as the global yield displacement 

of the system. The ultimate displacements to prevent P-A instability, displacement 

corresponding to the maximum base shear, and the global yield displacements are 

indicated by dashed lines in Figure 3.13 through 3.16. 

The governing ultimate displacement, the global yield displacement and the 

corresponding ductility demand are shown in Table 3.2. Comparing these results with the 

ones obtained from iterations using the empirical deformed shape one can conclude that 
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the empirical relations are capable of estimating the yield and ultimate displacements of 

wall-frame structures fairly accurately. A similar conclusion can be drawn by reviewing 

the characteristic parameters of SDOF systems within iterations and after running the 

pushover analyses, as tabulated in Table 3.4. 

3.6 Multi-mode pushover analysis 

Multi-mode pushover analyses are carried out to obtain a better estimate of the element 

forces. Table 3.6 shows dynamic characteristics of the first four modes. Multi-mode 

pushover analyses are carried out for the first four modes, where the summation of the 

modal masses covers more than 90% of the total mass. The first mode pushover is carried 

out up to the ultimate displacements for each building. It is first assumed that the building 

remains elastic in higher modes; as a result the target displacement for each of the higher 

modes is obtained using Equation 2.23. 

During analyses it was found that for all of the five buildings studied, the structure 

in fact, became inelastic in the second mode when pushed to the target displacement 

determined under the assumption of elastic response. In addition, the roof displacement 

was observed to change direction as the structure was pushed under the second mode load 

distribution. In order to capture the response of structure in the second mode, target 

displacement at a lower storey was therefore used. This displacement increases 

monotonically with the lateral load. An iterative procedure must be used to determine the 

target displacement, as explained in the following paragraph. 
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The first estimate of target displacement for the lower storey is obtained based on 

the elastic deformed shape of structure under lateral loading of M<p2. The obtained 

pushover curve is then transformed to equivalent SDOF space by dividing the base shear 

by M"2g and the displacement at the selected lower storey by second mode participation 

factor as well as by the value of the second mode shape at that storey. This transformed 

pushover curve is plotted on inelastic demand spectrum in A-D format with u=l. From 

the intersection of the two curves, i.e. the performance point, a new value for ductility is 

estimated. Now a new inelastic demand spectrum is plotted with the transformed 

pushover curve to estimate the ductility demand from the performance point. This 

process is repeated till the ductility calculated for the performance point obtained 

graphically is close enough to the ductility used to construct the inelastic demand 

spectrum. Table 3.6 lists the inelastic target displacement for second mode pushover 

analyses as well as the elastic target displacements for third and fourth mode pushover 

analyses. Ductility demands for second modes and other dynamic characteristics of the 

higher modes for all five cases are also tabulated in Table 3.6. 

The results obtained from these multi-mode pushover analyses are given in Table 

3.7. The modal values of the response parameters are combined using the SRSS rule. 

Such combinations for maximum roof displacements, base shears, and inter-storey drift 

ratios for first three and four modes are shown in Table 3.7. There is negligible difference 

between the three-mode combination and four-mode combination for maximum roof 

displacement and inter-storey drifts, where the first mode makes dominant contribution to 

the total response. However, higher modes make significant contribution to the base 
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shear. The change in the base shear estimate by adding the fourth mode is about 0.05% 

for the 6-storey building and 7.07% percent for the 20-storey building. 

3.7 Verification of DBSD for wall-frames structures 

In order to verify the accuracy of the design procedure proposed for wall-frame 

structures, nonlinear time history analysis of the designed structure are carried out for its 

response to a set of ground motions. Nonlinear response of structures is highly dependent 

on the characteristics of the input ground motion, such as, frequency content, duration, 

and phase angle. Therefore, a set of ground motions that are representative of the 

seismicity of the building location is needed to compare the response of the designed 

structures with the estimated demands in DBSD. 

3.7.1 Selection of ground motions 

Two types of ground motions are usually employed in the time history analyses of the 

structures: 1) scaled ground motions obtained from earthquake shaking, and 2) synthetic 

ground motions obtained from probabilistic seismic hazard analysis of seismically active 

zone. Ground motions from large earthquakes that are recorded on a site condition similar 

to that of the building location are preferred because attenuation of large ground motions 

is strongly dependent on the site condition and also on the magnitude, while the 

attenuation relations that are used in generating ground motions from seismic hazard 

analysis are normally developed from data obtained during small earthquakes. 
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In this study, a set of 20 ground motion records developed by Somerville et al. 

(1997) that are compatible with the uniform hazard spectrum having 10 % chance of 

exceedance in 50 years for Los Angeles are used. The ground motions and their scaling 

factors are listed in Table 3.8. The ground motions are scaled so as to minimize the 

weighted squared error between the spectral acceleration of the scaled ground motion and 

target spectrum at four different periods, namely 0.3, 1.0, 2.0, and 4.0 seconds with 

weighting factors of 0.1, 0.3, 0.3, and 0.3, respectively. The response spectra of these 

ground motions and the target design response spectrum are shown in Figure 3.2. 

Although the response spectrum for an individual ground motion is not close to the target 

design spectrum, the average of all twenty response spectra is quite compatible with the 

design spectrum (see Figure 3.2) 

3.7.2 Nonlinear time history analysis 

One hundred nonlinear time history analyses are carried out for the set of twenty ground 

motions on the five models developed in Drain 2DX for pushover analyses of the five 

wall-frame structures. As explained in Section 3.4, elastic properties of beams, columns 

and the walls are found using a simple bilinear elasto-plastic model based on properties 

determined through a moment-curvature analysis of the section. Potential plastic hinges 

in all structural elements are concentrated at the end of the elements, and the properties of 

the hinges are also based on the moment-curvature analyses of the sections. Rayleigh 

damping is employed to achieve 5% damping in the first two modes of each building, 

using the corresponding coefficients for the mass and stiffness matrices. Structures are 

analyzed using the same time step as that of the input ground motion record as tabulated 
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in Table 3.8. In each analysis envelopes of the element forces, storey shears, storey 

displacements, and inter-storey drift ratios are recorded for further processing and 

comparison. 

3.7.3 Results 

The maximum storey shears, maximum inter-storey drift ratios, and maximum storey 

displacements response of all five buildings to the twenty ground motions are presented 

in Appendix A. Figure 3.18 through 3.19 show the box plot distributions of the maximum 

storey shears, maximum inter-storey drift ratios, and maximum storey displacements 

along the height. The red lines in the box represent the median value for each storey and 

the box extends from the upper quartile to the lower quartile of the responses. In cases 

where the red line is not located in the middle of the box there is an indication of 

skewness in the distribution of response. The whiskers - the lines extending beyond the 

boxes - extend up to 1.5 times the upper and lower quartiles and a red plus sign identifies 

an outlier. An outlier is defined as data point that lies beyond 1.5 times the upper or lower 

quartiles. 

When compared to the storey displacements and inter-storey drifts, shown 

Figures 3.18 and 3.19 there is less dispersion in the storey shears that are presented in 

Figure 3.18. For all three global parameters shown in Figure 3.18 through 3.19 the 

dispersions in the responses increase as the number of stories increase. This is mainly 

because of the nonlinear behaviour of the structure and different contribution of the 

higher modes for different ground motions. It is noted that there exist one or two outliers 
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out of the range of 1.5 times the upper quartile in the responses, which is due to the high 

dispersion in the input ground motions (see Figure 3.2) 

3.7.4 Verification 

In order to compare the results of the nonlinear time history analyses with the results 

obtained from the proposed DBSD procedure, the ratio between the estimated parameter 

and the Mean of the Nonlinear Time-history Analyses (MNTA) of the twenty ground 

motion is calculated. If this ratio is greater than one, it means that the proposed procedure 

is over-estimating that parameter, and if the value of this ratio is less than one that 

parameter is under-estimated by the proposed DBSD. 

Figures 3.20 through 3.22 show the distribution of the aforementioned ratios for 

storey shears, inter-storey drifts, and storey displacements along the height of the 

buildings. In these figures the ratios calculated for first mode pushover analyses are 

shown with dashed lines, while the ratios calculated for the SRSS of four modes are 

shown with solid lines. It can be seen in Figure 3.21 that first mode pushover analyses 

under-estimates the storey shears while the SRSS of four modes accurately predicts the 

storey shear along the height of the buildings. 

The inter-storey drifts are over-estimated at the mid-height of the buildings as 

shown in Figure 3.22, and slightly under-estimated at roof levels. It is also interesting to 

note that for fifteen and twenty-storey buildings higher modes make significant 

contribution to the inter-storey drifts, especially at the roof level, while higher modes 
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have negligible contribution at lower floors and for shorter buildings. Storey 

displacements are over-estimated in all five buildings, and the over-estimation increases 

as the number of stories increases (see Figure 3.23). This over-estimation is mainly due to 

nonlinear nature of the response of wall-frame structure to different ground motions. 

Note that, in general, higher modes make almost no contribution to the roof 

displacements however for tall building they make a small contribution in the lower 

storey displacements. 

3.8 Summary and conclusions 

It has been shown that simple empirical relations can be used to estimate the yield and 

ultimate displacement of wall-frame systems in the seismic design of such structures. The 

estimated design parameters, such as ductility and base shear demands, obtained from 

these relations are quite close to the ones obtained from the first mode shape of the 

structure. 

When comparing with nonlinear time-history analyses, the proposed DBSD 

provides a conservative estimate of the storey displacements and acceptable estimates for 

inter-storey drift ratios which are needed for detailed design of the structural members. 

The storey shear estimates are fairly accurate all along the height of the structures while 

the inter-storey drifts are slightly under-estimated at roof levels and over-estimated at the 

lower floors. The inter-storey drifts are accurate around the point of inflection, where the 

maximum inter-storey drifts of wall-frame structures are recorded. 



83 

In general, the storey displacements are over-estimated when comparing with 

dynamic analyses. The over-estimation of storey displacements is rooted in the 

uncertainty inherent in the use of empirical equations to estimate the maximum 

displacements. This phenomenon has been reported by other researchers as summarized 

in FEMA 440, and is a common attribute of nonlinear static procedures. There is also 

approximation embedded in employment of R-u-T relations to construct inelastic 

response spectra, as was discussed in Chapter 2 in detail. 

In conclusion, the proposed DBSD for wall-frame structure is a fast converging 

procedure and requires only a few design iterations. It shows good promises to be use in 

the design office, where the use of nonlinear dynamic analysis in the design of a structure 

would not be the preferred choice of the designers. Also, use of simple empirical relations 

in a straightforward procedure makes the proposed DBSD a practical tool in the seismic 

design of wall-frame structures. 
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Table 3.1: Characteristics of the wall-frame buildings 

6-storey 9-storey 12-storey 15-storey 20-storey 

Beams, width x depth (mm) 

Interior columns (mm) 

Exterior columns (mm) 

Walls, length (mm) 

Walls, thickness (mm) 

Interior columns, gravity 

load DL+0.5LL (kN) 

Exterior columns, gravity 

load DL+0.5LL (kN) 

Walls, gravity load 

DL+0.5LL (kN) 

400x500 400x550 400x600 400x650 

600x600 650x650 700x700 750x750 

600x600 650x650 700x700 750x750 

5000 5500 6000 7000 

400 400 400 400 

2846.4 

1531.7 

3708.3 

4341.77 

2352 

5903.6 7535.3 

3222.9 4148.36 

5501.32 7856.4 10378 

400 x 700 

800 x 800 

800 x 800 

8000 

400 

10258.2 

5695.4 

14571.3 
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Table 3.2: Estimates of DBSD parameters in different iterations of the five buildings 

Normalised Yield Ultimate Ductility 
inflection displacement displacement demand 

height Ay (m) Au (m) p. 

preliminary 0.7836 0.147 0.515 3.498 

1st iteration 0.7983 0.143 0.463 3.246 
6 -Storey 

2nd iteration 0.7991 0.141 0.460 3.256 

Pushover - 0.157 0.464 2.954 

preliminary 0.7142 0.259 0.763 2.942 

1st iteration 0.7345 0.254 0.624 2.460 
9- Storey 

2nd iteration 0.7383 0.253 0.622 2.458 

Pushover - 0.238 0.612 2.573 

preliminary 0.6756 0.381 1.009 2.650 

1st iteration 0.7042 0.387 0.772 1.993 
12- Storey 

2nd iteration 0.7127 0.391 0.773 1.977 

Pushover - 0.37 0.734 1.984 

preliminary 0.6638 0.502 1.253 2.497 

1st iteration 0.6865 0.501 0.913 1.822 
15 Storey 

2nd iteration 0.6958 0.509 0.920 1.809 

Pushover - 0.531 0.989 1.862 

preliminary 0.6469 0.691 1.654 2.393 

1st iteration 0.6690 0.713 1.194 1.675 
20 Storey 

2nd iteration 0.6786 0.724 1.207 1.667 

Pushover - 0.708 1.106 1.563 
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Table 3.3: Design parameters of the walls for the five buildings 

6-storey 

9-storey 

12-

storey 

15-

storey 

Preliminary 

1st iteration 

2nd iteration 

Preliminary 

1st iteration 

2nd iteration 

Preliminary 

1st iteration 

2nd iteration 

Preliminary 

1st iteration 

2nd iteration 

Reinforcement (mm2) 

200@200 

2 layers 1200 + 200@200 

2 layers 1200 + 200@200 

200@200 

2 layers 2000 + 200@200 

2 layers 2000 + 200@200 

200@200 

3 layers 2000 + 200@200 

3 layers 2000 + 200@200 

200@200 

2 layers 2000 + 200@200 

2 layers 2000 + 200@200 

Mn (kNm) 

12830 

16520 

16520 

13526 

26320 

26320 

26310 

38003 

38003 

43930 

53520 

53520 

<py (1/m) 

6.862E-04 

6.770E-04 

6.770E-04 

6.249E-04 

6.202E-04 

6.202E-04 

5.924E-04 

5.988E-04 

5.988E-04 

5.013E-04 

5.059E-04 

5.059E-04 

(pa (1/m) 

7.203E-03 

7.152E-03 

7.152E-03 

5.335E-03 

5.311E-03 

5.311E-03 

4.017E-03 

4.000E-03 

4.000E-03 

3.125E-03 

3.126E-03 

3.126E-03 

20- Preliminary 200@200 57410 4.586E-04 2.320E-03 

1st iteration 3 layers 2800 + 200@200 80630 4.642E-04 2.319E-03 
storey 

2nd iteration 3 layers 2800 + 200@200 80630 4.642E-04 2.319E-03 
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Table 3.4: Details of the equivalent SDOF systems in the DBSD of the five buildings 

6 Storey 

9 Storey 

12 

Storey 

15 

Storey 

20 

Storey 

preliminary 

1st iteration 

2nd iteration 

Pushover 

preliminary 

1st iteration 

2nd iteration 

Pushover 

preliminary 

1st iteration 

2nd iteration 

Pushover 

preliminary 

1st iteration 

2nd iteration 

Pushover 

preliminary 

1st iteration 

2nd iteration 

Pushover 

r 
1.395 

1.396 

1.396 

1.407 

1.434 

1.437 

1.437 

1.444 

1.456 

1.462 

1.463 

1.459 

1.470 

1.476 

1.477 

1.449 

1.485 

1.492 

1.493 

1.472 

M* (tonne) 

4077.9 

4068.9 

4069.4 

3680.9 

6034.7 

5990.1 

5989.3 

5460.7 

8120.6 

79885 

7982.8 

7426.9 

10357.0 

10167.7 

10154.6 

9712.3 

14053.1 

13686.0 

13662.0 

13070.2 

<5y(m) 

0.106 

0.102 

0.101 

0.112 

0.181 

0.176 

0.176 

0.165 

0.262 

0.265 

0.267 

0.254 

0.342 

0.34 

0.344 

0.367 

0.466 

0.477 

0.485 

0.481 

<Su(m) 

0.369 

0.332 

0.329 

0.329 

0.532 

0.434 

0.432 

0.423 

0.693 

0.528 

0.528 

0.503 

0.853 

0.619 

0.623 

0.682 

1.114 

0.800 

0.808 

0.751 

(̂  

3.498 

3.246 

3.256 

2.954 

2.942 

2.460 

2.458 

2.573 

2.650 

1.993 

1.977 

1.984 

2.497 

1.822 

1.809 

1.862 

2.393 

1.675 

1.667 

1.563 

Safe) 

0.0658 

0.0863 

0.0869 

0.0977 

0.0357 

0.0677 

0.0698 

0.0702 

0.031 

0.0552 

0.0557 

0.0581 

0.0271 

0.0521 

0.0521 

0.0462 

0.0219 

0.0442 

0.0439 

0.0506 

V(kN) 

2632.2 

3444.7 

3469.1 

3527.9 

2113.45 

3978.3 

4099.9 

3760.6 

2469.6 

4325.9 

4361.9 

4233.1 

2753.4 

5196.7 

5190 

4405.9 

3012.2 

5928.9 

5890.4 

6487.9 
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Table 3.5: Acceptable ultimate displacements based on different design limits 

6 Storey 

9 Storey 

12 Storey 

15 Storey 

20 Storey 

Ductility limit 

0.464 

0.612 

0.734 

0.989 

1.106 

Ultimate roof displacement, m 

0.025 Drift limit P-

0.56 

0.82 

1.05 

1.27 

1.71 

-A for 5% drop 

0.93 

0.92 

1.04 

1.36 

1.80 
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Table 3.6: Modal characteristics for multi-modal pushover analyses 

First 
mode 

Second 
mode 

Third 
mode 

Fourth 
mode 

6 Storey 

M*/Mtotal 

r 
T (sec) 

Dtarget ( m ) 

0.708 
1.406 
2.111 
2.954 
0.464 

0.1961 
0.5996 
0.3770 

1.58 

0.0200 

0.0625 

0.3286 

0.1370 

1.00 

0.0012 

0.0237 

0.2204 

0.0700 

1.00 

0.00013 

9 Storey 

M*/Mtotal 

r 
T (sec) 

Dtarget ( m ) 

0.687 

1.444 

3.123 

2.573 

0.611 

0.1862 

0.6493 

0.5897 

1.80 

0.0510 

0.0661 

0.3488 

0.2177 

1.00 

0.0040 

0.0314 

0.2437 

0.1117 

1.00 

0.00058 

12 Storey 

M*/Mtotal 

r 
T (sec) 

D, target (m) 

0.681 

1.459 

4.150 

1.984 

0.734 

0.1768 

0.6856 

0.8250 

1.70 

0.0900 

0.0656 
0.3670 
0.3100 

1.00 

0.0092 

0.0331 
0.2590 
0.1600 

1.00 

0.0015 

15 Storey 

M*/Mtotal 

r 
T (sec) 

Dtarget ( m ) 

0.689 
1.449 
5.491 
1.862 
0.989 

0.1603 

0.6885 

1.1930 

1.40 

0.1491 

0.0634 

0.3879 

0.4664 

1.00 

0.0205 

0.0331 

0.2668 

0.2434 

1.00 

0.0039 

20 Storey 

M*/M,0,al 

r 
T (sec) 

D, target (m) 

0.673 

1.472 

6.347 

1.563 

1.106 

0.1648 

0.7262 

1.3200 

1.47 

0.1786 

0.0636 

0.4169 

0.5080 

1.00 

0.0255 

0.0334 

0.2763 

0.2640 

1.00 

0.0051 



Table 3.7: Results of multi-mode pushover analyses for the five buildings studied 

(I) (2) (3) (4) (5)~~ ( 6 ) ~ 

First Second Third Fourth SRSS 3 SRSS 4 

Mode Mode Mode Mode Modes Modes 

Base shear (kN) 3409.8 6826.6 2987.6 256.6 8194.8 8198.8 

6 Storey Roof Disp. (m) 0.460 0.014 0.0012 0.00013 0.460 0.460 

Maximum drift 0.02096 0.00122 0.00036 0.00001 0.021 0.021 

Base shear (kN) 3829.4 7817 5593 3644 10346.2 10969.1 

9 Storey Roof Disp. (m) 0.611 0.051 0.004 0.001 0.613 0.613 

Maximum drift 0.01903 0.00347 0.00007 0.00026 0.01935 0.01935 

Base shear (kN) 

12 Storey Roof Disp. (m) 

Maximum drift 

Base shear (kN) 

15 Storey Roof Disp. (m) 

Maximum drift 

Base shear (kN) 

20 Storey Roof Disp. (m) 

Maximum drift 

4329.0 9003.4 7581.2 

0.730 0.054 0.0092 

0.01773 0.00308 0.00088 

5207.8 9404 9107 

0.989 0.149 0.021 

0.02006 0.00161 0.00239 

6415.6 11682.0 11340.4 

1.100 0.111 0.0255 

0.01654 0.00281 0.00175 

4126.8 12541.0 13202.5 

0.0015 0.732 0.732 

0.0004 0.01802 0.01802 

5302 14089.3 15053.9 

0.004 1.000 1.000 

0.00053 0.02027 0.02027 

6954.8 17499.5 18830.9 

0.0051 1.106 1.106 

0.00049 0.01686 0.01687 



Table 3.8: Ground motions proposed by SAC for a probability of exceedance of 10% in 50 years for Los Angeles 

EQ code 

LaOl 
La02 
La03 
La04 
La05 
La06 
La07 
La08 
La09 
LalO 
Lall 
Lal2 
Lai 3 
Lal4 
Lai 5 
Lai 6 
Lal7 
Lai 8 
Lai 9 
La20 

Description 

fn Imperial Valley, 1940, El Centro 
fp Imperial Valley, 1940, El Centro 
fn Imperial Valley, 1979, Array #05 
fp Imperial Valley, 1979, Array #05 
fn Imperial Valley, 1979, Array #06 
fp Imperial Valley, 1979, Array #06 
fn Landers, 1992, Barstow 
fp Landers, 1992, Barstow 
fn Landers, 1992, Yermo 
fp Landers, 1992, Yermo 
fn Loma Prieta, 1989, Gilroy 
fp Loma Prieta, 1989, Gilroy 
fn Northridge, 1994, Newhall 
fp Northridge, 1994, Newhall 
fn Northridge, 1994, Rinaldi RS 
fp Northridge, 1994, Rinaldi RS 
fn Northridge, 1994, Sylmar 
fp Northridge, 1994, Sylmar 
fn North Palm Springs, 1986 
fp North Palm Springs, 1986 

M 

6.9 
6.9 
6.5 
6.5 
6.5 
6.5 
7.3 
7.3 
7.3 
7.3 
7.0 
7.0 
6.7 
6.7 
6.7 
6.7 
6.7 
6.7 
6.0 
6.0 

Distance 
(km) 

10.0 
10.0 
4.1 
4.1 
1.2 
1.2 

36.0 
36.0 
25.0 
25.0 
12.0 
12.0 
6.7 
6.7 
7.5 
7.5 
6.4 
6.4 
6.7 
6.7 

Scale 
Factor 

2.01 
2.01 
1.01 
1.01 
0.84 
0.84 
3.20 
3.20 
2.17 
2.17 
1.79 
1.79 
1.03 
1.03 
0.79 
0.79 
0.99 
0.99 
2.97 
2.97 

Number of 
Points 

2674 
2674 
3939 
3939 
3909 
3909 
4000 
4000 
4000 
4000 
2000 
2000 
3000 
3000 
2990 
2990 
3000 
3000 
3000 
3000 

Time Step 
(sec) 

0.020 
0.020 
0.010 
0.010 
0.010 
0.010 
0.020 
0.020 
0.020 
0.020 
0.020 
0.020 
0.020 
0.020 
0.005 
0.005 
0.020 
0.020 
0.020 
0.020 

PGA 

(g) 

0.46 
0.68 
0.39 
0.49 
0.30 
0.23 
0.42 
0.43 
0.52 
0.36 
0.67 
0.97 
0.68 
0.66 
0.53 
0.58 
0.57 
0.82 
1.02 
0.99 

IVO 
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24 m 

Figure 3.1: Typical plan view of the wall-frame buildings 
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Figure 3.2: Design response spectrum and average of the spectra of 20 selected 
earthquakes 
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-B— 9-storey 
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"V— 15-storey 
•A— 20-storey 

2nd iteration 

Figure 3.3: Normalised inflection height of the 5 wall-frame buildings 
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Figure 3.4: Details of the longitudinal reinforcements for the final design of shear wall 
for the 12-storey building 
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Figure 3.5: Global yield displacement estimates 
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Figure 3.6: Ultimate displacement estimates 
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Figure 3.7: Capacity and demand diagrams for the 6-storey building for first and last 
iterations 
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Figure 3.8: Capacity and demand diagrams for the 9-storey building for the first and last 
iterations 
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Figure 3.9: Capacity and demand diagrams for the 12-storey building for the first and last 
iterations 
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Figure 3.10: Capacity and demand diagrams for the 15-storey building for the first and 
last iterations 
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Figure 3.11: Capacity and demand diagrams for the 20-storey building for the first and 
last iterations 
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Figure 3.13: Pushover curve and its bi-linear idealization for the 6-storey building 
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Figure 3.14: Pushover curve and its bi-linear idealization for the 9-storey building 
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Figure 3.15: Pushover curve and its bi-linear idealization for the 12-storey building 
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Figure 3.16: Pushover curve and its bi-linear idealization for the 15-storey building 
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Figure 3.17: Pushover curve and its bi-linear idealization for the 20-storey building 
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Figure 3.18: Distribution of the maximum storey shear in the five buildings subjected to twenty ground motions 
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Figure 3.19: Distribution of the maximum inter-storey drifts in the five buildings subjected to twenty ground motions 
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Figure 3.20: Distribution of the maximum storey displacements in the five buildings subjected to twenty ground motions 
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Figure 3.21: Comparison of storey shears in multi-modal pushover analyses with the Mean of twenty Nonlinear Time-history 
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Chapter 4. Nonlinear seismic response of single-storey asymmetric plan 
buildings 

4.1 Introduction 

Asymmetry in the plan of a structural system has been a subject of study for the past few 

decades and researchers have paid significant attention to the effect of torsion in the 

response of structural systems. Even though designers prefer symmetrical structural 

layout, irregularity and asymmetry may be dictated by functional and aesthetic demands, 

or may result from irregularity in mass distribution due to occupancy needs. In practice, 

unsymmetry in structural layout and/or distribution of mass is quite common. 

Currently, building codes contain forced-based design provisions to account for the 

effect of torsion in the structure when it is subjected to lateral excitation. These 

provisions are based on the studies on elastic response of asymmetric plan systems. A 

limited amount of work has been done on the performance based design of asymmetric 

plan buildings based on inelastic response of such structures. In this chapter, inelastic 

seismic response of asymmetric plan is studied for different torsionally unbalanced 

systems and a suggested method of estimating the maximum rotation in the plan of such 

structures due to torsional response is presented. 

4.2 Asymmetric plan buildings 

Asymmetric plan buildings experience coupled translational and torsional motion, when 

excited laterally. Such response of the system causes non-uniform demand on different 

resisting element of the structure, which makes a building with asymmetric plan 
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vulnerable to damage. Therefore, a study of the inelastic torsional behaviour of such 

systems is essential for developing a performance based design procedure. 

Asymmetric plan buildings can be categorized into three groups based on the level 

of coupling between the translational and torsional contributions to the seismic response. 

1) Torsionally stiff: It is a system in which the first torsion dominant mode has a 

period that is considerably shorter than the first translation dominant mode. First 

mode dominates the lateral displacement motion of such a system and is weakly 

coupled with torsion. 

2) Torsionally similar: In such system the translation and torsion dominant modes 

have close modal periods. The lateral and torsional motions are similar in 

magnitude and they are strongly coupled. 

3) Torsionally flexible: It is a system in which the first mode is torsion dominant, 

and the period of the second mode which is translation dominant is considerably 

shorter than that of the torsion dominant mode. 

The presence of resisting planes perpendicular to the planes in the direction in 

which the response of the structure is being studied has a marked influence on the 

response. Systems in which orthogonal resisting planes exist are usually referred to as 

torsionally restrained systems. A system in which such planes do not exist is called 

torsionally unrestrained. The response of an asymmetric plan building is strongly 

dependent on whether the system is torsionally restrained or unrestrained. 
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In this chapter, base shear torque (BST) surface, incremental dynamic analysis 

(IDA), pushover analysis, and modal decomposition technique are used to investigate the 

inelastic response of asymmetric plan buildings to lateral excitation. First, these tools are 

briefly described, and then using such tools the responses of single-storey torsionally 

restrained and unrestrained systems are investigated. Finally, three different types of 

torsionally unbalanced systems are studied. 

4.3 Analytical tools 

4.3.1 BST ultimate surface 

The in-plane strength distribution has significant effect on the nonlinear response of 

asymmetric plan buildings. De La Llera et al (1995) showed that a surface representing 

the base shear versus torque relationship at collapse is an effective means of describing 

the effect of in-plane distribution of the strengths. This surface can be generated by the 

set of base shear and torque combinations that correspond to different collapse 

mechanisms. 

Figure 4.1 shows the plan view of a system consisting of a total of 5 resisting 

planes in x, and y direction. Since all the planes have identical strengths and stiffness the 

system is symmetric in plan in both directions. On the right side of Figure 4.1 the BST 

surface for this system is shown for excitation in y direction. The outer surface shows the 

sets of base shear and torque combinations that can cause a mechanism, while the inner 

surface separates the elastic domain from the inelastic domain. Point PI represents a 
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mechanism in which all walls in the y direction have yielded but there is no rotation in 

the system. On the other hand, point P2 represents failure of the system due to pure 

torsion while the base shear is zero. For points along the line AB three planes in the y 

direction have yielded in the same direction. For points lying on the line CD both 

orthogonal planes have yielded, but in opposite directions. For points on line BC some 

planes have yielded while others have not. 

The BST surface is point symmetric with respect to the origin of the base shear and 

torque axis. In other words similar mechanism can be developed by changing the 

direction of the pair of base shear and torques in the first quadrant. Several parameters 

can affect the shape of a BST surface as explained briefly here: 

1) Lateral capacity: Lateral capacity in y direction, is provided by only the three 

planes in the y direction. With an increase in the lateral capacity, while the 

torsional capacity remains constant, line CD in Figure 4.1 will be longer and the 

BST surface will be skewed along the Vy axis. 

2) Torsional capacity: Torsional capacity of the system arises from two sources, a) 

strength of the orthogonal walls, and b) strength of the edge planes. With an 

increase in either of these two sources, line AB in Figure 4.1 will be longer and 

the BST surface will be skewed along the T axis. 

3) Strength distribution: The planar distribution of strength can also affect the shape 

of the BST surface. If the strengths are distributed symmetrically the BST will be 

a hexagon similar to the one shown in Figure 4.1. In cases where there is 
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unsymmetry in the distribution of strengths the BST surface will be skewed along 

a line parallel to the line AH. A typical BST surface for a plan asymmetric 

building is shown in Figure 4.2. 

Let us consider an asymmetric plan building as shown in Figure 4.2. The building 

has 5 planes providing lateral resistance in X and Y directions. The stiffness of plane "i" 

is defined as a^k, where k = 5961.3 kN/m and its strength is b^f, where/is set to be 

44.4 kN. It is assumed that strength is dependent on stiffness, a! = bl5 and the center of 

rigidity (CR) coincides with the center of strength (CS). The distance between the center 

of mass (CM) and the center of strength is denoted as ec R. Assuming that b3 = bs and b2 is 

greater than both bi and b4, ec R can be obtained as follows (see Figure 4.2): 

*cR= A ~ + h / w / 2 (4-1) 
(b i+b 2 +b 4 ) 

where, w is the distance between the flexible and stiff planes as shown in Figure 4.2. 

When the maximum base shear is developed (due to yielding of the three planes in 

y direction) based on the direction of the floor twist two different torques can be 

developed at which the orthogonal planes have also yielded (namely Tmm and Tmax), 

where, 
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Tmin=(b2-b3-b4)*f*w/2 -> emm = lb2 ^ b^*w/2 ^ 
™n V 2 3 4J ml" ( b ! + b 2 + b 4 ) 

Tmax = (b2 + b3-b4)*f*w/2 -* e m a x = & ^ - ^ * w / 2 ( 4 ' 3 ) 

(bj + b 2 + b 4 ) 

Let b2 and b4 be given and b3 varied. Then based on the value of b3, Tmm can be 

positive, zero, or negative. When Tmm is zero, the corresponding eccentricity, emin, will be 

zero. Therefore if the strength of orthogonal walls is assigned so that Tmin= 0, we have: 

^ = 0 -> ( b 2 - b 3 - b 4 ) = 0 -> b 3 = b 2 - b 4 (4-4) 

4.3.2 Incremental dynamic analysis (IDA) 

Incremental dynamic analysis is a powerful tool in understanding the nonlinear behaviour 

of structural systems. The use of IDA has become feasible because the computer 

processing power has grown during the last decade. IDA involves nonlinear dynamic 

analysis of the structure for a series of ground motion intensities. IDA can be run for one 

or multiple records to get a better understanding of the nonlinear behaviour of the system. 

IDA can provide good understanding of the variation of response and the nature of 

structural response as the intensity of ground motion increases. The most important 

advantage of IDA over pushover analysis is that it provides an estimate of the dynamic 

capacity of the global structural system. Recently, FEMA guidelines have adopted IDA 

as the state-of-the-art method for evaluating the collapse capacity of the structures. A set 

of typical IDA curves for 30 ground motions is shown with solid and dashed lines in 

Figure 4.3. IDA curves plot a response parameter versus the intensity of the ground 
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motion; in this case the maximum inter-storey drift ratio is used as the monitoring 

response parameter. 

4.4 Torsionally unrestrained and restrained systems 

Consider the system shown in Figure 4.2(a). When b^ = b^ = 0 the system is torsionally 

unrestrained, and the BST surface is the one shown with dashed line in Figure 4.2(b). 

Such a system would exist if the X direction resisting planes lie at the center of mass. 

Torsionally unrestrained systems are very vulnerable to seismic damage. This is mainly 

because when the flexible plane yields the center of rotation moves to the stiff edge and 

this greatly increases the displacement demand on the flexible plane. 

Table 4.1 shows the characteristics of one torsionally unrestrained (SI) and two 

torsionally restrained systems (S2-S3) studied here. Use of Equation (4.1) gives ec.R= b/8 

for all three systems. The value of b3 which makes Tmin equal to zero works out to 0.75 

(system S2). In order to investigate the torsional behaviour of the selected systems, 

incremental dynamic analyses are carried out for 0.1, 0.2, 0.4, 0.6, .8, 1.0, 1.5, 2.0, 2.5, 

and 3.0 times the El Centro ground motion. 

Figure 4.4 shows the BST surface for SI and the values of Vy-Torque pairs, while 

Figure 4.5 shows the IDA curves for base shear. The data points Figure 4.4 show the base 

shear-torque pair, at the instant maximum displacement demand is reached in the flexible 

edge plane, stiff edge plane, and the center plane, while, the data points in Figure 4.5 

show the base shear at those instants. As the intensity of the ground motion increases the 
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response moves from elastic to inelastic. In the elastic domain, the maximum 

displacement demands for all three planes correspond to the same Vy-Torque pair, which 

means that the maximum displacement demand is achieved at the same deformed 

configuration. However, in the inelastic domain maximum displacement demand for each 

plan corresponds to a different deformed configuration. It is interesting to note that the 

maximum displacement demand on the flexible plane as well as the center plane occurs 

when the maximum lateral strength of the system has not been mobilized, i.e. the stiff 

plane has not yielded. On the other hand, the maximum displacement demand in the stiff 

plane corresponds to the state when all three planes have yielded. 

The strength of the orthogonal plane in system S2 has been selected to make Tmin 

equal to zero. This strength is also the minimum orthogonal strength required to keep the 

orthogonal walls in the elastic range at the instant when the maximum lateral strength is 

reached. For orthogonal wall strengths that make Tmin negative, the orthogonal walls 

remain elastic, when the maximum lateral strength in the y direction is reached. For 

orthogonal wall strengths that make T^n positive, the orthogonal walls yield when the 

maximum strength in the y direction is reached. By examining the BST surface and IDA 

curves for system S2, shown in Figure 4.6, and Figure 4.7 it can be noted that with an 

increase in the intensity of ground motion the maximum displacement demands in all 

three planes are reached in the same displacement configuration, the one corresponding 

to Tnun. The maximum displacement demand in the stiff plane always corresponds to the 

Tmin configuration, as can be seen for the numbers assigned to the different ground 

motion scale factors and entered in Figure 4.6 and 4.7. 
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In system S3, the strengths of orthogonal planes as well as their stiffnesses are 

twice as much as in system S2. Figure 4.8 shows the BST surface and the IDA results and 

Figure 4.9 shows the corresponding IDA curves for the base shear of this system. It can 

be seen that as in the case of system S2, the base shear torque pairs at the instant of 

maximum displacement demand in each of the three planes merge at the configuration 

corresponding to Tmm However, in contrast to system S2, for the system S3 this 

configuration is the defining configuration for maximum displacement demand in all 

three planes, the flexible edge, the central and the stiff edge (see Figure 4.9). 

In summary, if we provide sufficient orthogonal resistance to make Tmm to be non-

positive, the maximum lateral capacity of the system can be achieved and the deformed 

shaped corresponding to the development of Tmm can be taken as the ultimate deformed 

shape. 

4.5 Modal decomposition 

As mentioned earlier, the torsional and lateral responses of an asymmetric plan building 

are coupled. The relative contribution of the different modes to the total response does, 

however, vary with the characteristics of the system. In order to investigate the 

contribution of individual modes in the lateral seismic response of asymmetric buildings, 

we take advantage of modal decomposition method. Let D(t) be the time dependent 

global response vector of order 2 (containing the lateral and torsional component of the 

response). The system is strained into the inelastic range hence the modal responses are 
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coupled. Even then, the predominant response may be in a single mode. To verify this we 

decompose the response into modal components as follows: 

D(t) = «i(t)Pi+a2(0P2 

where ^ is the ith mass orthonormal elastic mode shape. Coefficients on the right hand 

side are obtained from: 

«,(t) = ^ r MD(t ) ( 4 6 ) 

and represent the modal contributions to the response. We use this modal decomposition 

process to investigate different torsional systems. 

4.6 Different torsional systems 

As mentioned in Section 4.2, a torsional system can be categorized as torsionally stiff, 

torsionally flexible or torsionally similar. Here we define four systems each with a plan 

similar to the plan shown in Figure 4.2. For all these systems k ~ 5961.3 kN/m; m 

=113.25 tonne; / = 3950.0 tonne.m2; f = 44.4 kN, and a, = b, for all values of i. The 

characteristics of these systems are shown in Table 4.2. Parameter w defines the distance 

of edge resisting planes in y direction from the center of mass; for systems Tl and T2 it is 

equal to the parameter, b, but for systems T3 and T4 it is reduced to 12.0 m, and 6.0 m, 

respectively, to represent systems with central cores. 
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Table 4.3 shows the dynamic properties of systems Tl to T4, including the 

eigenvalues and mode shapes. The first component of each mode shape is the 

translational element while the second represents the torsional element. The mode shapes 

are also shown schematically in the last row of the table. System Tl is torsionally stiff 

since its eigenvalues are well separated, and its first mode is predominantly translational. 

System T2 is torsionally similar since its eigenvalues for the first and second modes are 

fairly close. System T3 is also a torsionally similar system since its first and second mode 

shapes are very similar to each other. System T4 is torsionally very flexible system 

because its first and second eigenvalues are well separated and the first mode is 

torsionally dominant. 

Nonlinear time history analyses are carried out on these systems for El Centro 

ground motion to examine their nonlinear response histories and the modal components 

of the response. 

4.6.1 Torsionally stiff system Tl 

The first and second mode components of global Y direction displacement at the centre, 

stiff, and flexible planes of system Tl are shown in Figure 4.10. It can be seen that the 

first mode makes the major contribution to the response, while the second mode has 

negligible contribution in the response. For the flexible edge, the signs of the two terms 

of the first mode are opposite which makes the displacement caused by them at the 

flexible edge to be additive. For the stiff edge, the contribution to the displacement from 

the first two terms of mode 1 are opposite in sign, yet the lateral displacement from the 
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first term is so much larger than that from the second term that the first mode still 

dominates the response. 

4.6.2 Torsionally similar system T2 

An examination of the global displacement in y direction at the centre plane shown in 

Figure 4.11 reveals that the first mode, which is torsional in this case, makes a small yet 

significant contribution, while the second mode, which is translational, makes the major 

contribution. The contributions of the two modes to the displacement of flexible edge are 

also shown in Figure 4.11. In this case, the predominant contribution is from the first 

mode. This is because the shape of mode vector is such that the sign of torsion term is 

opposite to that of the translational term. Thus, the translational and torsional components 

add up at the flexible edge. For the stiff edge displacements both modes make significant 

contributions. It is evident from these examples that if one wants to represent the 

response of the structure by just one mode, the first mode will usually give fairly 

reasonable results for a structure that is torsionally stiff. For a structure that is torsionally 

more flexible the error in using just one mode is larger. Also, for some planes the 

torsional mode controls the maximum displacement while the translational mode controls 

the displacement for other planes. 

4.6.3 Torsionally similar system T3 

The displacements contributions of first and second mode for flexible, central and stiff 

planes are shown in Figure 4.12. It can be noticed that both modes contribute equally in 

the response of the center plane. While the response of the stiff plane is dominated by the 
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second mode, the first mode dominates the response of the flexible plane. Therefore, the 

response in first mode does not provide an appropriate representation of the system's 

response. Evidently, for torsionally similar systems the first two modes should be 

considered simultaneously. 

4.6.4 Torsionally very flexible system T4 

The contributions of first and second modes to the displacement responses are shown in 

Figure 4.13. In this case, all displacements are controlled by the second mode. In fact, the 

magnitudes of first mode contribution in the displacements are quite small for all planes. 

It may be noted that the displacements are measured at the wall locations not at the edges 

of the plan. The displacement limit of 0.025 may also apply to the edges to prevent non

structural damage as well as distress to structural components that are not considered part 

of the SFRS. The edge displacements are shown in Figure 4.14. Mode 2 still dominates 

the response, although for the flexible edge the contribution from the torsional mode is 

quite significant. 

In summary, the displacement response of central, flexible and stiff planes is 

generally dominated by the response of the translation dominant mode. For a torsionally 

stiff system, the first mode is translation dominant while for a torsionally flexible system 

the second mode is usually translation dominant. However, for a torsionally similar 

system both modes should be considered in estimating the displacement demand in each 

plane. 
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4.7 Angle of twist 

We define the angle of twist Q¥) as the torsional component of the mode shape when it is 

normalized by the mode's translational component. The displacement of each plane can 

then be derived from the simple formula: 

where, A, is the displacement of plane i, xt is the distance of plane / from the center of 

mass and AC.MIS the displacement at center of mass. 

Consider again the systems SI, S2, and S3. The flexible edge responses of these 

systems to 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 2.5, and 3.0 times the El Centro ground 

motion are compared with the estimates obtained from Equation (4.7) in Figure 4.15 

through 4.17. It is observed that for different ground motion levels and different systems, 

Equation (4.7) provides estimates that are very close to their response values and in all 

cases are greater than the actual response. It is worth mentioning that for scale factors 

(SF) up to 1.0, the estimates are very accurate, however the accuracy of the estimates 

decreases as the SF increases and as the system becomes less torsionally restrained. 

In order to investigate the changes in the angle of twist, VP, as defined above for 

the translational dominant mode, with changes in the characteristics of the plan 

asymmetric systems, a parametric study for the system shown in Figure 4.2 is carried out. 

It is assumed that bj = b4 = (1-/0 , &2 = (1+2/?), and 65 = 65 = a where, a varies from 0 to 
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3.0 in steps of 0.25 and /? from 0.05 to 0.5 in steps of 0.05. For an asymmetric system, the 

uncoupled frequency ratio is calculated as follows: 

<Qy (4.8) 

where, cog and coy are uncoupled torsional and translational frequencies, respectively. If Q, 

is much greater than 1 the system is torsionally stiff, if it is much smaller than 1, the 

system is torsionally flexible, and if it is close to 1 the system is torsionally similar. 

Figure 4.18 shows the values of Q. for different values of a and /?. As will be seen from 

Figure 4.18, all cases with £2 ranging from 0.63 to 1.67 have been covered, and the region 

with Cl close to one is shown with green contour. 

The variation of the angle of twist is shown in Figure 4.19, from which it is noted 

that the value of ¥ increases significantly in the region where Q. is close to 1. In regions 

away from Q = 1, the value of *F is less than 0.1, while in the region where Q. is close to 1 

it goes up to 0.25. The importance of the value of *F becomes evident when reference is 

made to Equation (4.7); the greater the value of *P, the greater will be the amplification of 

the displacement at the edge planes. For instance, if *P = 0.1, and a plane is located at the 

edge in Figure 4.2 where x,= 9.15, the displacement demand on such a plane as obtained 

from Equation (4.7) will be 1.915 times the displacement demand of the plane located at 

the center of mass. For a value of Q greater than 1.2, which represents a torsionally stiff 

system, the value of *F is less than 0.05 (see Figure 4.19). 
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4.8 Summary and conclusion 

Using BST surfaces it is shown that there are two ultimate deformed shape configurations 

when the total capacity of the resisting plane of an asymmetric plan building is mobilized 

during its seismic response to strong ground motions. These two configurations 

correspond to two points on the BST surface called the Tmax and Tmm. Simple relations 

are developed for the required orthogonal strength for which the response of the structure 

in IDA for response to strong ground motion converges to a configuration corresponding 

to the Tmin on BST surface. 

Modal decomposition of torsional response of several torsionally unbalanced 

systems reveals the contributions of the first and second modes to the displacement of the 

flexible and stiff edges as well as of the center of mass of these structures. It is observed 

that the first mode dominates the response for all three planes in torsionally stiff system. 

However for torsionally similar and flexible systems the second mode contributes 

significantly in the response and in some cases dominates the response. Therefore, it is 

recommended that for seismic design of torsionally similar and flexible structures both 

the first and second mode deformed shapes should be considered in estimating the 

displacement demand on different resisting planes. 

The angle of twist in the plan of asymmetric plan building is defined as the 

rotational component of the design mode shape when normalized by the mode's 

translational component. This angle can be used to estimate the response of the flexible 

and the stiff planes from the response of the central plane. Through a few case studies for 
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torsionally restrained and unrestrained system subjected to increasing intensity ground 

motion, it is shown that the estimates based on the use of the angle of twist are fairly 

accurate. 

It is observed that for a wide range of 2DOF systems, the defined angle of twist for 

the translational dominant mode has its highest value for 2DOF systems in which the 

uncoupled rotational frequency is close to the uncoupled translational frequency. 

Torsionally stiff systems and torsionally very flexible systems have relatively small 

angles of twist for their translational dominant modes. These observations are used in the 

DBSD procedure for torsionally unbalanced structures described in the next Chapter. 
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Table 4.1: Characteristics of torsional restrained and unrestrained systems 

Systems 
Unrestrained S1 
Restrained S2 
Restrained S3 

b; 
0.75 
0.75 
0.75 

b2 

1.50 
1.50 
1.50 

bj?=b 5 

0.00 
0.75 
1.50 

b4 

0.75 
0.75 
0.75 

Table 4.2: Characteristics of different torsional systems 

Systems 
Tl 
T2 
T3 
T4 

b; 
0.75 
3.00 
0.75 
0.75 

b2 

1.50 
1.00 
1.50 
1.50 

b j = b j 

1.00 
0.00 
1.00 
1.00 

b4 

0.75 
0.75 
0.75 
0.75 

w, m 
18.3 
18.3 
12.0 
6.0 
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Table 4.3: Dynamic properties of different torsional systems 

Tl 
Torsional stiff 

T2 
Torsional Flex. 

T3 
Torsional Similar 

T4 
Torsional very Flex. 

139.89 365.49 210.63 
^2 

260.58 113.3 194.0 34.1 161.2 

9i 
-0.0901 
0.0045 

92 
0.0266 
0.0153 

9i 
0.0432 
-0.0141 

92 
-0.0835 
-0.0073 

9i 
0.0628 
-0.0118 

92 
-0.0699 
-0.0106 

9i 
0.0150 
-0.0157 

92 
-0.0928 
-0.0025 

Yi 
-0.05 

^ 2 

0.575 
¥1 

-0.326 
^ 2 

0.087 
^ 1 

-0.188 
^ 2 

0.152 
¥1 

•1.05 
T 2 

0.027 

<P. 
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Figure 4.3: Typical IDA curves by Vamvatsikos and Cornell (2002) 
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Chapter 5. Displacement based seismic design of asymmetric plan 
buildings 

5.1 Introduction 

Force-based seismic design of asymmetric plan buildings commonly takes into account a 

combination of stiffness eccentricity due to asymmetry in the layout of the lateral 

resisting members, mass eccentricity due to non-uniform mass distribution, and 

accidental eccentricity due to variation in stiffness and/or mass from that assumed in the 

design. Accidental eccentricity is considered to provide protection against uncertainty in 

locating the center of mass and center of stiffness. This consideration appears to be 

inconsistent with other aspects of seismic design where higher uncertainties exist when 

compared to that in the distribution of the mass and stiffness in the plan of structures. In 

force-based design a building is considered asymmetric if the center of mass and the 

center of stiffness do not coincide. However, even when the centers of mass and stiffness 

coincide, there may be strength eccentricity in the plan. In such a case, the building will 

experience torsion beyond the first yield in the lateral resisting elements. 

It has been shown by many researchers that dynamic elastic torsional response of 

structures is mainly controlled by stiffness eccentricity, while the inelastic torsional 

response, especially close to ultimate limit state, is dominated by the strength eccentricity 

(Humar and Kumar 1998, Castillo et al 2001). It is known that the designer has the 

freedom to assign the strength within the resisting elements; therefore, if the strength 

eccentricity is reduced or eliminated the stiffness eccentricity may have only limited 

effect on the inelastic response of the structure. It may, however, be noted that the 

designer may not always have the freedom to reduce or eliminate completely the strength 
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eccentricity. For instance, when designing reinforced concrete members, one must 

respect the code restrictions on the maximum reinforcement ratios, which place a cap on 

the maximum strength that can be assigned to a member. 

In summary when accounting for torsion the role of accidental eccentricity is minor 

as compared to the effect of eccentricity in strength and this fact should be accounted for 

in design. In this chapter, some recent recommendations for estimating the torsional 

response of structures with asymmetry in their plan are discussed. Also, a new 

displacement based seismic design procedure based on the use of angle of twist proposed 

in the previous chapter is presented. 

5.2 Angle of twist 

The inelastic torsional response of structures to strong ground motion has been of great 

interest. This is mainly because the ability of a structural system to withstand strong 

ground motion depends on its ductility and its capacity to dissipate energy. The demand 

on these capacities is related to the displacements and drifts experienced by the system. 

At the same time, when the translational response to strong motions is highly coupled 

with the torsional response, the displacements in the lateral resisting elements increase 

significantly. 

The challenge in DBSD for asymmetric plan building is to estimate the 

displacement demand on different lateral resisting elements or planes. In order to 

estimate the displacement demands on different resisting planes, one needs to calculate 
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the maximum twist in the structure caused by asymmetry in plan. Attempts to estimate 

the maximum twist of an asymmetric plan building due to its seismic torsional vibration 

have been reported in the literature and many of such studies are based on the analysis of 

a SDOF system. Following is a brief review of these attempts and also a recommendation 

to be implemented in the proposed displacement based seismic design (DBSD) for 

asymmetric plan buildings. 

5.2.1 Twist within the elastic limit 

The conventional approach to assess the torsional effect in asymmetric plan building is to 

calculate the member force taking into account the stiffness eccentricity. The angle of 

twist resulting from stiffness eccentricity is obtained from: 

e V 
0 t = ~ ^ (5.1) 

Kt 

where 8t is the angle of twist in the plan, VEY is the design base shear in y direction, erx is 

the stiffness eccentricity in x direction, and Kt is the torsional stiffness. Torsional stiffness 

comprises two components: one contributed by orthogonal planes and another by parallel 

planes, as given by the following expression 

*, = !(*,-0**„ + 5>X (52) 

where kyi is the stiffness of the ith plane parallel to the y axis and x, its x distance from the 

origin of the x and y coordinates, usually taken as the center of mass. Similarly kXJ is the 
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stiffness of the ith plane parallel to the x axis and y} its y distance from the origin. 

Equations (5.1) and (5.2) are strictly valid only for a static analysis. 

5.2.2 Twist within inelastic range 

A common approach for estimating the twist at ultimate state is to calculate the induced 

torque due to strength eccentricity divided by the torsional stiffness contributed by 

orthogonal planes. This is based on the assumption that when all the resisting elements in 

the direction of ground motion have reached their ultimate strength, their stiffness will be 

zero, while the orthogonal planes are still elastic. The angle of twist is given by (Paulay 

1998) 

a evxVEy (5.3) 
vt -r-i 2 j 

where e^ is the strength eccentricity in the x direction and the ground motion is assumed 

to act parallel to the y axis. Both equations (5.1) and (5.3) are valid for static loading. 

Dynamic response of the structure may lead to larger rotations in the plan. 

In the Direct Displacement-based design (DDBD) procedure proposed by Priestley 

(2007) a nominal rotation in plan, #N, is calculated from a relation similar to the equation 

(5.1): 

n _ e^Ey (5.4) 
N~ J 
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where, the J ^ is the ductile rotational stiffness, modified from the elastic rotational 

stiffness using the system ductility of jusys for systems with eccentricity in both directions 

as: 

JR,=x—(*, - o 2 + z * , 0 ' , - ^ ) 2 (5'5) 

u 

Note that while the elastic stiffness of orthogonal elements, namely those parallel to 

the x direction is used, only the effective (secant) stiffness of elements in the y direction 

is used, since the latter are subjected to significant ductility demand. The nominal 

rotation that is obtained from the above relation is then used to estimate the displacement 

demand on different elements using: 

Az = A C M + # ; V O ; - 0 (5.6) 

where, ACM is the displacement at center of mass, and evx is the strength eccentricity in 

the x direction. It is worth mentioning that in the calculation of ductile rotational stiffness 

in DDBD, stiffness eccentricity is used, while in estimating the displacement demands on 

different elements the strength eccentricity is used. Also equation (5.6) is based on the 

assumption that the plan rotates about the center of strength. 
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5.2.3 Effect of rotational mass 

Beside the strength eccentricity, rotational mass of the asymmetric plan building also 

affects the rotation response of the system. When the mass is uniformly distributed over 

the plan area, an assumption commonly made, the rotational mass is only a function of 

total mass and plan dimensions. 

Castillo et al (2001) studied the response of a torsionally unrestrained system, 

system 2, shown in Figure 5.1b to a generated ground motion seeded from the N-S 

component of El Centro earthquake of 1940 and matched to the New Zealand standard 

design spectrum. In Figure 5.1 CM, CV, and CR stand for center of mass, center of 

strength, and center of stiffness, respectively. The results of a parametric study on system 

2 showed that the maximum rotation in plan of the torsionally unbalanced system was 

dependent on strength eccentricity and rotational mass. Figure 5.2 a, shows the variation 

of the maximum rotation in plan of system 2 with different rotational mass, marked as 

0.85 r0, ro, and 1.2 r0 where, ro is the mass radius of gyration for a square plan system. It 

can be seen that with increase in the rotational mass while the lateral mass remained 

constant, the rotation in plan decreased (see Figure 5.2 a). 

The authors noted that the maximum displacements of elements 1 and 2 and the 

center of mass (Figure 5.1), did not occur at the same instant of time, nor were these 

displacements reached when the maximum system rotation developed. Noting this 

behaviour they proposed that the nominal rotation for element i, 6ni which relates the 
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displacements of element i to the displacement developed at the center of mass be 

calculated from: 

n ucm ui 

Vm = (5.7) 

where, Aucm is the maximum displacement at the center of mass, and Am is the maximum 

displacement of element i. As can be seen in Figure 5.2 b and c, the calculated nominal 

rotations, according to equation (5.7), are less than the system rotation obtained from the 

dynamic analysis, shown in Figure 5.2a. 

Pettinga et al (2008), noted that, as demonstrated by Humar and Kumar (1999) and 

Castilo et al (2001), the rotational mass inertia provides the plan with significant resistant 

against the rotation. Using an energy balance method they proposed to make allowance 

for dynamic restraint by adjusting the rotational stiffness of the system. The rotation of 

the system could thus be found from: 

K + K (5-8) 
static dynamic 

where, Kstatlc is the static rotational stiffness, and the Kaynamw is the dynamic rotational 

stiffness, and ev is the strength eccentricity. The dynamic rotational stiffness is then 

calculated using the time history response of the system to a half sine excitation as: 
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2 

where, T, is dynamic torque at time step /, u^ is rotation at time step i, r^ is stiffness 

radius of gyration, er is the stiffness eccentricity, and Kx is lateral stiffness. It was also 

noted that Adynamic w a s generally positive, and therefore added to the static stiffness, 

however, it was quite feasible that dynamic stiffness as expressed above could produce 

negative values. Physically this can be interpreted as the rotational inertia acting to 

increase the diaphragm twist. 

Sommer and Bachmann (2005) defined a torsion factor, y/, corresponding to the 

ratio of the element of first coupled eigenmode of the building in direction which 

earthquake was considered to the corresponding element of the fictitious uncoupled 

eigenmode. The torsional factor is obtained from: 

w = — r 2 

r n — N\ 

1 + 221^ + -Sx' 

KJ J KJ J 
4K'm 

(5.10) 

in which, Kt is the torsional stiffness at the center of stiffness, Kx is the total stiffness in x 

direction, J is the total rotational inertia about the center of mass, and esx is the stiffness 

eccentricity in x direction. Figure 5.3 shows the values of torsion factor versus 

normalized stiffness eccentricity. Based on this torsion factor, an eccentricity, eayn with 

respect to center of mass is defined for earthquake equivalent lateral force as: 
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^-VA where _f^L< i ( 5 . n ) dyn 

™eSx
 esx 

The corresponding displacement profile obtained from a static analysis when 

applying the design based shear at e^„, relates the displacement profile to the first 

eigenmode and is most important. When the second eigenmode is as important as the first 

eigenmode, or it is more important than first eigenmode -e^le^X is used, see Figure 

5.4. The negative sign is to show that eayn is on the opposite direction of the center of 

stiffness. 

Trombetti and Conte (2005) carried out an extensive analytical and numerical study 

on linear elastic single storey building with three degrees of freedom and eccentricity in 

both directions. They proposed a method called ALPHA method, in which the maximum 

rotation in plan is calculated as: 

\ua\ =a 
a max 

max (5.12) 
P 

where, p is the mass radius of gyration and |we|max and |%|max are, respectively, the 

maximum rotational and lateral response of the system. They found that the upper bound 

for a is unity. Therefore, the maximum rotational response due to free vibration caused 

by an imposed initial deformation is limited to the maximum lateral response divided by 

the mass radius of gyration. In the case of un-damped free vibration, a can be found from 
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V48F2 

"„ = / = (5-13) 
V1 + 48F2 

The subscript w stands for un-damped free vibration, and F is defined as 

F = —J— (5.14) 
Q 2 - l ^ 

where, er is the stiffness eccentricity and Q. is the ratio of the uncoupled rotational 

frequency to the uncoupled translational frequency. 

5.2.4 Proposed angle of twist 

Prediction of maximum angle of twist is required in DBSD to estimate the maximum 

displacement demand on different structural elements. As evident from the literature 

review presented in the previous sections, developing a simple closed-form relation for 

the maximum angle of twist is impractical, when both the nonlinear behaviour and the 

dynamic rotational mass effect are considered. This is mainly because the maximum 

rotation of the building under earthquake excitation does not occur at the same time as 

the maximum lateral displacement at the center of mass. However, use of the maximum 

twist as obtained from an elastic analysis is reasonable because it has been shown by 

many researchers that the ratio between the maximum rotation in the plan to the 

displacement at center of mass is almost always smaller in the case of a dynamic 

nonlinear response than in the case of a dynamic linear response, (Perus and Fajfar 2002, 

and 2005, Sommer and Bachmann 2005). 
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Based on the foregoing, in this study, the angle of twist Q¥) is defined as being 

equal to the torsional component of the translation dominant elastic mode shape when it 

is normalised by its translational component, an approach similar to what was proposed 

for a SDOF system in the previous chapter. For a MDOF system the translational and 

rotational components of the mode shapes at roof level are used to define the angle of 

twist. Figure 5.5 shows the deformation shapes corresponding to normalised first and 

second mode. For a torsionally unbalanced system, the first mode shape deforms in such 

a way that the flexible side of the building has a larger displacement than the stiff side, 

while in the second mode the displacement at stiff edge is greater than that at the flexible 

side. In the proposed design process for torsionally stiff system the angle of twist based 

only on the first mode will be used, but for torsionally similar and flexible systems the 

angle of twist calculated for both the first and the second mode will be considered in 

estimating the displacement demands. In other words for torsionally stiff system the 

design mode is the first mode, whereas the design mode for the torsionally similar and 

flexible structures is the more critical of the first two modes. This is explained in more 

details in the following sections. 

5.3 Equivalent yield displacement estimates 

The yield displacement of different resisting elements (walls or frames) in an asymmetric 

plan building can be estimated using empirical relations as was discussed in the DBSD of 

wall-frame systems. Since the lateral and torsional responses are coupled in asymmetric 

plan buildings, the yield displacements of individual walls will be reached at different 



156 

displacements of center of mass. The displacement at the center of mass at the instant 

plane i yields, A , is obtained from: 

A* = ^ i - (5.15) 
yi 1 + x/F V ' 

where, Ayi is the yield displacement of plane /, and xx is the distance of plane i, from the 

center of mass. Based on the proportion of the base shear that is assigned to the 

individual planes, the global yield displacement can be estimated as follows: 

A, ZK 
y SC^/A;) (5.16) 

where, Vx is the shear assigned to plane /. This yield displacement estimate will be used in 

the preliminary design. During subsequent iterations the global yield displacement will be 

obtained from the pushover analysis. 

5.4 Equivalent ultimate displacements 

As in the case of wall-frame systems, the ultimate displacement of an asymmetric plan 

buildings is assumed to be the minimum of the lateral displacements under which 1) the 

compressive strain in concrete would not exceed 0.004, 2) the maximum drift ratio along 

the height would not exceed the code specified limit of 0.025, and 3) the reduction in 

shear capacity of the system due to P-A effect would not be more than 5% of the 

maximum shear capacity, so as to prevent instability in the system. 
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5.4.1 Equivalent ultimate displacement as governed by ductility limit 

The ultimate displacement of a plane that can be attained without exceeding its ductility 

limit can be calculated using simple empirical relations. The corresponding displacement 

at the center of mass is given by: 

A* = — — (s n) 

where, Aul is the ultimate displacement of plane i, as controlled by its ductility 

capacity. The ultimate displacement of the system as governed by the ductility capacities 

of the resisting planes will be the minimum of all A*U1. 

5.4.2 Equivalent ultimate displacement estimate as controlled by drift limit 

In asymmetric plan buildings, the maximum drift occurs at the edge of the building. For 

minimizing the damage to non-structural components this drift should be limited to the 

value prescribed in the codes. In those cases where a lateral resisting element is located at 

the edge of the building, the drifts can be estimated using empirical relations similar to 

those for wall-frame systems. However if the lateral resisting elements are not located at 

the boundary of the building, the maximum acceptable displacement to prevent the drifts 

from exceeding the drift limit is calculated using the mode shapes at the stage of 

preliminary design, and from a pushover analysis in the subsequent iterations. 
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At the stage of preliminary design, mode shapes are obtained from the relative 

stiffness of the resisting elements. When the mode shapes become available, the 

displacements at the edge of the building for each floor can be calculated. The drift ratio 

at nth storey, @„ , is then obtained by taking the difference between the displacements of 

nth and (n-l)th floors divided by the nth storey height, Hn as: 

(V; + x (pn
g) - {cpT1 + x <p"~l) 

where x is the distance of the edge of the building from the center of mass, cp" is 

translational component of the mode shape at n storey, and q>n
e is the rotational 

component of the mode shape at nth storey. The ultimate displacement at the center of 

mass that would produce a drift ratio of 0.025, is then calculated from: 

0.025 „ 
A » = - ^ — *y ( 5 - 1 9 ) 

For torsionally stiff systems, the maximum drift always occurs at the flexible edge 

of the building, and the first mode shape is used to calculate the equivalent ultimate 

displacement as controlled by the drift limit. For torsionally similar and flexible systems, 

ultimate displacement at which the drift at the flexible edge will reach its acceptable limit 

is calculated using the first mode, while the ultimate displacement at which the drift at 

the stiff edge will reach its acceptable limit is calculated using the second mode shape. 
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In subsequent iterations where pushover analyses are carried out, the drifts are 

recorded for both the flexible and the stiff edges of the building. The equivalent ultimate 

displacement at center of mass is the minimum displacement where the recorded drift in 

any plane reaches the code specified drift limit. 

5.4.3 Equivalent ultimate displacement estimate as governed by the stability limit 

The ultimate displacement to prevent instability caused by P-A effect is obtained from a 

pushover analysis, in which the controlling parameter is the displacement at the center of 

mass of the system. The equivalent ultimate displacement as controlled by the stability 

limit is the displacement at which a 5 to 10% drop in the base shear capacity of the 

system is observed. A value of 5% has been used in the present study. 

5.5 Capacity Spectrum Method (CSM) 

As in the DBSD procedure for wall-frame systems, the capacity spectrum method which 

employs the inelastic spectrum to estimate the seismic demand is used in the design of 

asymmetric system as well. The first step in CSM is to construct an equivalent SDOF 

system which represents the MDOF system. For asymmetric plan building an equivalent 

2-degree-of-freedom (2DOF) system which considers the rotational inertia is used to 

represent the MDOF system. The equivalent 2DOF system for nth mode is constructed 

using the lateral components, (pyn , and rotational components, (pdn , of n mode shape. 

The dynamic properties of equivalent 2DOF are calculated from 
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J Ln = p ' m l (5.20) 

Mn =[<pT
yn <pi] 1o\{9yn) 

r „ = ^ (5,2) 

(L )2 

I*on=r
n<PLIo1 (5.24) 

where, for a system with N storeys, 1 is a unit vector of size Nxl, m is an N by N matrix 

containing the storey masses, and \o is an N by N matrix containing the storey rotational 

masses. 10n is the modal static response for base torque. The ultimate lateral 

displacement du, and yield displacement Sy of the 2DOF system for nth mode are obtained 

by dividing the ultimate and yield displacements of MDOF by r n to give 

Syn 

Snu 

_ A U 

(5.25) 

(5.26) 

Having determined the ultimate displacement of the 2DOF system for nth mode the 

corresponding spectral acceleration (Ayn) is obtained from the inelastic acceleration 

displacement response spectrum for ductility calculated for the ultimate and yield 

displacements obtained from (5.25) and (5.26). The base shear and the base torque for nth 

mode are then given by 
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Vbn=M*nAyn 

T -f A 
lbn ~10n/1yn 

where, An is spectral acceleration for nth mode. 

The design base shear is distributed among the resisting planes in proportions 

determined by the designer. The resulting actions of these lateral forces and the 

accompanying gravitational loads are used to design the resisting planes along the axis of 

asymmetry. The base torque on the other hand is assumed to be resisted by orthogonal 

planes. The demand on orthogonal planes is thus calculated from 

Krth ~*bn +*asym (5-29) 

where, rorth is the total torque to be resisted by orthogonal planes, and rasym is the torque 

arising from asymmetry created when assigning the base shear to resisting planes. 

It should be noted here that for torsionally stiff system, the base shear and base 

torque based on the first mode shape are used, however, for torsionally similar and 

flexible systems both the first and second modes are determined and the structure 

designed for the more critical case. This design leads to an updated estimate of section 

properties and global displacements. 

(5.27) 

(5.28) 
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5.6 Modal pushover analysis 

Modal pushover analysis for asymmetric plan building is carried out according to the 

method proposed by Chopra and Goel (2004). A pushover analysis is carried out for each 

mode for the modal force distribution sn given by 

,._.M-r.{",M (5,0) 
[Sen] \Jon(Pen) 

where, Syn is a Nxl vector containing the lateral forces along the y axis at each floor 

level, and sen is a Nxl vector containing the rotational torques at each floor level. These 

forces and torques are applied at the center of mass and displacement control is also 

applied at the center of mass. 

First mode pushover analysis is carried out in each iteration of design using the 

updated section properties to obtain the global yield displacement, as well as the ultimate 

displacement that will not cause instability in the structure, and the ultimate displacement 

at which the drift will still remain within the code prescribed drift limit. The global yield 

displacement and the ultimate displacement that will preclude instability are obtained 

from a pushover curve which provides a relationship between the total base shear and the 

roof displacement at the center of mass. The drift ratios at the boundaries of the structure 

are recorded at each step of the pushover analysis, so that one can obtain the 

displacement at center of mass when the first recorded drift ratio reaches the code drift 

limit of 0.025. 
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Multi-mode pushover analysis is carried out after the design process has converged 

to get better estimates of the element internal forces. The results of first mode pushover 

analysis when pushed up to the ultimate displacement obtained in the last iteration of the 

design are combined with the results of the higher mode pushover analysis when at the 

instant the elastic displacement demands calculated from the following expression is 

reached. 

D =T --^A (5.31) 

where, Dn is the target displacement for nth mode, and Tn is the period of the nth mode. It 

is assumed that the structure remains elastic in the higher modes pushover analysis and 

this assumption is verified within the analysis. If this assumption is found not to be valid, 

an iterative process similar to the one explained in DBSD of wall-frame structure is used 

to find the performance point from inelastic capacity demand curves. 

Although in the first mode pushover analysis the structure is pushed deep into the 

nonlinear zone, the results obtained from multi-mode pushover analysis can be combined 

using either the SRSS rule or the CQC rule. The CQC rule is more reliable when periods 

of different modes are close to each other. It is apparent that this combination would 

provide only an approximate estimate of the coupled response of the higher modes; 

however, comparison of the results from a nonlinear dynamic analysis with combined 

results of multi-mode pushover analysis shows that the multi-mode pushover analysis can 
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provide an acceptable estimate of the seismic demand on asymmetric plan building as 

well. 

5.7 DBSD for asymmetric plan buildings 

The proposed DBSD procedure for asymmetric plan buildings is shown in Figure 0.6. 

The design procedure starts with the design of the planes along the axis of symmetry also 

referred to here as the orthogonal direction. Since the structure is assumed to be 

symmetric in the orthogonal direction there is no torsion induced due to lateral vibration 

in that direction. The orthogonal planes can therefore be designed by using a procedure 

similar to that proposed for wall-frame structures. The structure is next designed along 

the axis of asymmetry. During iterations for the design of planes along the axis of 

asymmetry, the demand on orthogonal planes due to rotation of the floor is calculated. If 

the capacities of the designed orthogonal planes are less than the calculated demand on 

them, they are re-designed, if not the iterations continue until convergence is achieved in 

the design of planes along the axis of asymmetry. The steps in the DBSD of planes along 

the axis of asymmetry are outlined in the following: 

1) Estimate the yield curvature, and corresponding yield displacement for each 

resisting plane. 

2) Select the proportions in which the base shear will be assigned to each 

resisting plane. 



3) Calculate the angle of twist based on the design mode shape(s) obtained 

from an eigen value analysis of the structure based on the relative 

stiffness of various planes. 

4) Calculate equivalent yield displacement for each plane at the center of mass 

using equation (5.15). 

5) Estimate the global yield displacement according to the calculated 

equivalent yield displacements and the base shear assigned to each 

resisting plane using equation (5.16). 

6) Obtain the deformed shape of structure for the design mode shape(s), and 

calculate the drift ratio at critical edge of the building associated with 

each design mode shape using equation (5.18). 

7) Calculate the equivalent ultimate displacement at the center of mass using 

equation (5.17) for each resisting plane so that the drift at that resisting 

plane reaches the code specified drift limit. The ultimate displacement 

is the least of ultimate displacement for each plane. 

8) Calculate the ductility demand for design mode shape(s) by dividing the 

ultimate displacement calculated in step 7 by yield displacement 

calculated in step 5. 

9) Construct the 2DOF system using equations (5.20) through (5.26) for each 

design mode. 

10) Construct the inelastic demand spectrum in A-D format for the ductility 

calculated in step 8, and find the corresponding spectral acceleration for 

ultimate displacement calculated by equation (5.26). 



11) Estimate the base shear and the base torque using the spectral acceleration 

obtained in step 10 for each design mode using the equations (5.27) and 

(5.28). 

12) Design the structure for the design mode which has the most critical 

combination of base shear and base torque. 

13) Assign the design base shear to resisting planes, and calculate the shear 

demand on orthogonal planes. The shear demand on orthogonal planes 

is calculated for the total torque to be resisted by orthogonal planes that 

is calculated from equation (5.29). 

14) Check if the orthogonal walls need to be re-designed. 

15) Estimate the yield and ultimate displacements as controlled by the 

ductility limit of each plane now using the designed section properties. 

16) Obtain the mode shapes and the corresponding angles of twists. 

17) Calculate the equivalent yield and ultimate displacements at the center 

of mass. 

18) Estimate the global yield displacement and the ultimate displacement as 

controlled by the ductility limit. 

19) Run push over analysis for design mode(s). Then find the global yield 

displacements and the ultimate displacement to prevent P-A instability 

as well as the ultimate displacements at the center of mass at which the 

drifts at the boundaries would not exceed the drift limit for each of the 

design mode. 
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20) Calculate the ductility demand by selecting the ultimate displacement 

which is the least of the three limits described above and dividing it by 

the global yield displacement obtained from the pushover curve for 

each design mode pushover analysis. 

21) Construct the 2DOF system using equations (5.20) through (5.26) for each 

design mode. 

22) Construct the inelastic demand spectrum in A-D format for the ductility 

calculated in step 20, and find the corresponding spectral acceleration 

for ultimate displacement calculated by equation (5.26). 

23) Estimate the base shear and the base torque using the spectral acceleration 

obtained in step 22 for each design mode. 

24) If the calculated design base shear is not close to the one calculated in 

step 11, continue the iteration from step 12 to step 23 until convergence 

is achieved. 

On achieving convergence in the design of planes along the axis of asymmetry a 

multi-mode pushover analysis is carried out for first few modes to cover at least 90% of 

the total mass of the building in order to get a better estimate of the shear demand on the 

structural elements., Shear reinforcement in the planes is determined from these shear 

estimates.. This concludes the DBSD of asymmetric plan buildings. 
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Chapter 6. Case studies on DBSD of asymmetric plan buildings 

6.1 Introduction 

This chapter presents the DBSD of two 12-storey buildings with asymmetry in their 

plans. The design is carried out according to the proposed DBSD procedure for 

asymmetric plan buildings. The lateral resisting elements in these two systems are 

distributed in plan in such a way that one of the systems falls into the torsionally stiff 

category and the other into the torsionally flexible category. The DBSD for both the 

torsionally stiff and the torsionally flexible systems are presented. In each case the 

presentation includes the results of nonlinear dynamic analyses to verify the ability of the 

proposed method in predicting the seismic demands on structural elements at both the 

local and global levels. A detailed step-by-step DBSD of the two buildings is presented in 

Appendix C. 

6.2 Torsionally stiff building 

6.2.1 Problem definition 

Plan view of 12-storey torsionally stiff building is shown in Figure 6.1. The floor 

dimension is 36 meter along the X axis, and 24 meter along the Y axis. The lateral 

resistance is provided by two 6.0 m by 0.4 m walls in the X direction and three walls in 

the Y direction. Of the Y direction walls the west and center walls are 5.0 m by 0.4 m, 

while the east wall is 7.0 m by 0.4 m. The building is located in the city of Vancouver 

and the design spectrum is obtained from the uniform hazard spectrum for 2% chance of 

exceedance in 50 years for Vancouver, which is provided in NBCC 2005. 
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6.2.2 DBSD of torsionally stiff building 

6.2.2.1 DBSD of the planes along the axis of symmetry 

The orthogonal planes have significant effect on the behaviour of asymmetric plan 

buildings, since they contribute to rotational strength and stiffness of the system. 

Therefore a comprehensive design procedure for asymmetric plan buildings should 

include the design for orthogonal planes as well as the planes in the principal direction of 

design earthquake. As explained in previous Chapter, DBSD of asymmetric plan 

buildings starts with the design of orthogonal planes using DBSD procedure for 

symmetric buildings. After the orthogonal planes are designed, the planes along the axis 

of unsymmetry will be designed. 

During iterations for the design of planes along the axis of unsymmetry, demand on 

orthogonal walls is calculated and compared with their capacity. Orthogonal planes are 

re-designed if the calculated demand on orthogonal plane is greater than the designed 

capacity. For torsionally stiff building studied here, the calculated demands in different 

iterations remain less than the capacity of the 6.0 m walls in the orthogonal direction and 

the initial design of these walls is found to be adequate. 

6.2.2.2 DBSD of planes along the axis of unsymmetry 

Once the orthogonal resisting planes have been designed, planes along the axis of 

asymmetry can be designed according to the procedure proposed in Chapter 5. The 
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preliminary design process starts with the use of empirical relations to estimate the yield 

and ultimate displacements of the individual walls for the 2.5% drift limit. Relative 

stiffness of the walls is used to find the first mode shape of the building. For torsionally 

stiff building, the first mode shape alone is considered to be the design mode shape. The 

angle of twist corresponding to the first mode shape is employed to estimate the global 

yield and ultimate displacements at the center of mass. The base shear and base torque 

are then estimated using an equivalent 2DOF system constructed for the first mode. The 

structural walls are designed for the combined action of the base shear and base torque. 

Further iterations are carried out using the updated estimates of the yield and 

ultimate displacements. DBSD of torsionally stiff building along the axis of unsymmetry 

converged after two iterations. In the following sections DBSD parameter values 

obtained in different iterations are discussed in detail. 

6.2.2.2.1 Yield and ultimate displacements 

The first step in estimating the global yield displacement is to obtain the yield 

displacement of each wall using empirical relations for the wall yield curvature, and yield 

displacement. The global yield displacement is then estimated using the equivalent yield 

displacement of individual walls at the center of mass. For torsionally stiff building, the 

angle of twist corresponding to first mode shape of the building is used to obtain the 

equivalent yield displacement of each wall at the center of mass. At the preliminary 

design stage, it is assumed that the base shear is distributed in proportion to the walls 

length. As a result, relative stiffness of the walls are related to the square of their lengths. 
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Using initial values of stiffnesses relative to 6-m orthogonal wall, the mode shapes are 

obtained and the equivalent yield displacement at the center of mass determined for each 

wall. The global yield displacement is calculated from these equivalent yield 

displacements. 

In further iterations, global yield displacements are calculated using both the 

empirical relations and the first mode pushover curves. The global yield displacements 

estimated from empirical relations in the preliminary, first and the second iterations are 

0.509 m, 0.459 m and 0.456 m compared to the global yield displacement obtained from 

the pushover curve that is 0.445 m for both the first and the second iterations. The yield 

displacement obtained from the pushover curve is used in the calculation of ductility 

demand of the building. 

At the preliminary design stage, acceptable ultimate displacement can only be 

calculated using the code prescribed drift limit. The ultimate displacement for each 

resisting plane along the axis of unsymmetry is calculated, then using the angle of twist 

for the first mode shape, the equivalent ultimate displacement at the center of mass is 

found. The least of the calculated equivalent ultimate displacements is used to find the 

ductility demand on the buildings. 

Further iterations of design are carried out using the results of pushover analysis of 

the building for lateral forces and torques distributed along the height in accordance with 

the first mode shape. Such an analysis provides the ultimate displacements corresponding 
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to the P-A instability limit and drift limits. For both the first and the second iterations, it 

is observed that ultimate displacement of the torsionally stiff building is controlled by the 

P-A instability limit. 

6.2.2.2.2 Equivalent 2DOF systems 

The equivalent 2DOF systems are constructed using the first mode shape for the building. 

The values of the main parameters of the equivalent 2DOF obtained during preliminary 

design and further iterations are tabulated in Table 6.1. As can be seen, the DBSD has 

converged in two iterations, and the base shear estimate of 2550.8 kN in the second 

iteration, is very close to the base shear capacity of 2586 kN. Also the shear demand on 

each of the orthogonal walls, Vorth, is smaller than the shear capacity of 734.85 kN. 

6.2.3 Multi-mode pushover analysis 

In order to get a better estimate of the shears a multi-mode pushover analysis is carried 

out next. Figure 6.2 shows the first 6 mode shapes of the system. The first, third, and the 

fifth modes are translation dominant while the second, fourth and sixth modes are torsion 

dominant. The first mode mass participation is only 60.20% of total mass, therefore 

higher modes should be considered as they may contribute significantly to the structural 

response. 

We carry out a multi mode pushover analysis to investigate the higher mode 

contribution for the first six modes, for which the sum of modal masses is 92.21% of the 

total mass. The first mode pushover is carried out up to the maximum target displacement 
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of 0.594 m as calculated earlier. It is assumed that the structure remains elastic for higher 

modes, however this assumption will be verfied during the pushover analysis for each 

mode. The target displacements in the pushover analysis for higher modes are obtained 

from Equation (5.29) and are shown in Table 6.2. Other dynamic properties for the first 

six mode are also shown in Table 6.2. 

For each of these six modes a pushover analysis using the force distribution 

proportional to M<p is carried out to reach the target displacement. The pushover curves 

for these analyses are shown in Figure 6.3. As was expected the first mode pushover 

causes the structure to be displaced into the nonlinear range, but the structure remains 

elastic as it is pushed to the target displacement in the higher modes. It should be noted 

that the odd numbered modes contribute significantly to the base shear while the even 

numbered modes do not. We combine the modes to get the estimate of the base shear, 

roof displacement at the center of mass, angle of twist at roof level, and the maximum 

inter-storey drift ratio (see Table 6.3). 

6.3 Verification of DBSD for torsionally stiff system 

6.3.1 Ground motions 

Nonlinear time history analyses are carried out to validate the design procedure. Five 

ground motions are selected from a set of ground motions that are compatible with the 

uniform hazard spectrum specified in the National Building Code of Canada 2005 for the 

west coast of Canada. The ground motions are selected from a group of 30 ground 

motions for site class C developed by Atkinson (2009). The process used for selecting the 
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ground motions is also the same as suggested by Atkinson (2009). In this process, the 

ratios of the target spectrum value to the elastic spectrum value for each of the 30 records 

are calculated over the period interval of 0.8 to 6.0 seconds, for every 0.005 second. Then 

the average and standard deviation of these ratios for every ground motion are calculated. 

The five ground motions that have the smallest standard deviations in their ratios are 

selected. Each is then scaled by the mean of its sampled ratios. Table 6.4 shows the 

specifications of the selected ground motions. As can be seen from Table 6.4 all scaling 

factors are within the acceptable range of 0.5 to 2.0. The peak ground accelerations 

reported in Table 6.4 are after scaling. The spectra of the five ground motions and their 

average are shown in Figure 6.4. It can be noticed that the spectra of the five records as 

well as their mean are quite close to the target design spectrum. The dispersion between 

the spectra of the individual records and the design spectrum is greater in the low period 

ranges, while there is a better match for longer periods. 

6.3.2 Structural model 

Reinforced concrete is a composite material with a very complex nonlinear behaviour. 

That is mainly because the concrete has completely different stress-strain relationships in 

compression and tension. Steel on the other hand, has varying nonlinear behaviour as it 

enters the yield plateau and then the stress hardening region. Moreover, the effect of 

cracked section, stress concentration at the tip of the cracks and the bar slip of 

reinforcements introduce additional nonlinearity in a reinforced concrete section. A 

number of different models have been described in the literature to model the response of 

reinforced concrete sections. Some of these models take into account the 
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strength/stiffness degradation experienced during cyclic loading. In the present study, 

nonlinear dynamic analyses of the buildings designed according to the DBSD procedure 

for their response to spectrum compatible ground motions are carried out primarily for 

comparing the results of such analyses with the corresponding estimates obtained during 

DBSD. For this purpose a simple bilinear elasto-plastic model based on properties 

determined through a moment-curvature analysis of the section is used in the nonlinear 

dynamic analysis. Nonetheless, more detailed model of the studied structure could be 

implemented in future studies. 

The nonlinear dynamic analyses of the torsionally stiff building studied here are 

carried out using the OpenSees program (Mazzoni et al, 2007). The shear walls in both X 

and Y directions shown in Figure 6.1 are modeled using the elastic beam-column element 

available in OpenSees. The elastic moments of inertia of these elements are set to be 

equal to the effective moments of inertia of the walls found from the moment curvature 

analyses of the walls taking the effect of the gravity axial load into account. The potential 

plastic hinges in the walls are placed at the base of the walls and are modeled using zero-

length elements with elasto-plastic behaviour. The properties of the zero-length elements 

are also specified using the results of moment curvature analyses of the walls, which 

provide the yield curvatures and yield moments of the walls. 

The effect of second order forces, also referred to as P-A effect, is included in 

nonlinear dynamic analyses. The gravity loads from the self weight of the floors and 

structural elements are applied on the walls in both the X and Y directions in proportion 
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to the plan tributary areas of the walls. OpenSees updates the stiffness matrices of the 

walls taking the P- A effect at each step of the analysis. 

Damping ratio has significant effect on the dynamic response of the structures to 

strong ground motions. In this study a Rayleigh damping is used and the value of the 

critical damping is set at 5% for the first and the third modes. 

6.3.3 Results 

The roof displacement response of the system to these ground motion is shown in Figure 

6.5. It will be noted that during the first 20 seconds of the response there is not much 

movement, which is because the generated records have a 20 second lag. In general the 

flexible edges displacements are larger. There are some instances when the stiff edge 

displacement is greater than the flexible edge displacement but the maximum 

displacement always occurs on the flexible edge. This implies that the assumption we 

have made about the response of the system being dominated by the first mode is a valid 

assumption. 

Figure 6.6 shows the time history of the base shear of the system for different 

ground motions. As can be observed from Figure 6.6 and Table 6.5 the record M7C1N5 

which has the smallest PGA produces the smallest base shear demand. 

The main global response parameters of the system are summarised in the Table 

6.5. The CQC combination of base shear estimate of 10,286 kN is about 8% greater than 
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the average of the values obtained from five ground motion nonlinear time history 

analyses, namely 9,520.72 kN. The roof displacement estimate of 0.5983 m obtained 

from the multi-mode analysis is about 3% smaller than the average of five nonlinear time 

history analyses, which is 0.6161 m. 

The maximum drifts at the flexible edge of the buildings are also shown in Table 

6.5. The CQC combination of six modes estimates the maximum drifts to be 2.449% 

which is 4% more than the average of five nonlinear time history analyses of 2.358%. 

Moreover, the mean value of drift at flexible edge for nonlinear time history analyses is 

less than the code limit of 2.5%. In conclusion, the results of nonlinear time history 

analyses show that the proposed DBSD estimates the response parameters fairly well for 

a torsionally stiff system. 

6.4 Torsionally flexible Building 

6.4.1 Problem definition 

Consider the 12 storey building, whose plan view is shown in Figure 6.7. This building is 

similar to the torsionally stiff system in respect of all the dimensions, applied gravity 

loads, and material properties. However, the edge walls are located closer to the center of 

the mass, so that the torsional stiffness is reduced and the structure becomes torsionally 

flexible. The torsionally flexible building is also assumed to be located in the city of 

Vancouver. The design spectrum is obtained from the uniform hazard spectrum for 2% 

chance of exceedance in 50 years for Vancouver, which is provided in NBCC 2005. 
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6.4.2 DBSD for torsionally flexible building 

A detailed step-by-step DBSD of the torsionally flexible building is presented in 

Appendix C. In this section, highlights of the design procedure as well as some of the 

important assumptions and findings are discussed. 

6.4.2.1 DBSD of the planes along the axis of symmetry 

As explained in Chapter 5, the proposed DBSD of asymmetric plan buildings starts with 

the design of orthogonal planes. The orthogonal planes for torsionally flexible system are 

identical to the ones for torsionally stiff system. The only difference is that the axial 

gravity loads on the walls in the torsionally flexible building are smaller than those in the 

torsionally stiff building. This is because of a change in the plan layout and tributary 

areas of the walls. As a result of these changes, the orthogonal walls in torsionally 

flexible system end up with slightly more concentrated reinforcement at the end of the 

DBSD of resisting planes along the axis of symmetry. 

Moreover, at the end of the preliminary design of planes along the axis of 

unsymmetry of torsionally flexible building, it is found that the demand on orthogonal 

wall to resist the combination of the dynamic torque and the torque induced due to 

assignment of the base shear to different resisting planes is greater than the capacity 

provided during initial design. As a consequence, the orthogonal walls have to be re

designed. 
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6.4.2.2 DBSD of planes along the axis of unsymmetry 

DBSD of resisting planes along the axis of unsymmetry for torsionally flexible building 

is similar to that for torsionally stiff building as discussed in Section 6.2.2.2, with the 

following exceptions: (1) the design mode shape may be different and (2) the ultimate 

displacement as governed by the code prescribed drift limit is calculated to ensure that 

drifts at the periphery of the plan are less than the drift limit. 

As explained in Chapter 4, for a torsionally stiff building only the first mode shape 

is used to estimate the displacement demand on the different resisting planes. However 

for a torsionally flexible building both the first and the second mode are considered in the 

design process. The DBSD of the torsionally flexible building converged after one 

iteration of design. In the following sections the various parameter values obtained in a 

DBSD are discussed in more details. 

6.4.2.2.1 Yield and ultimate displacements 

The first mode of the torsionally flexible building is found to be torsion dominant and the 

second mode is translation dominant. The deformed configuration based on the first 

mode shape imposes larger relative displacement on the flexible side while that in the 

second mode imposes larger relative displacement on the stiff side. The angles of twist 

calculated from the first mode and the second mode shape are different in sign. This 

influences the calculation of equivalent yield and ultimate displacements at the center of 

mass. 
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In preliminary design, empirical relations are used to estimate the yield curvature 

and the yield displacement of each individual wall and its equivalent at the center of mass 

for both the first mode and second mode deformed configurations. Global yield 

displacements for the two mode shape configurations are then calculated. It should be 

noted that at the preliminary stage, the mode shapes are obtained using the relative 

stiffnesses of the walls, as in the case of the torsionally stiff building. 

In the first iteration, the global yield displacements for the first and second modes 

are obtained from the first and second mode pushover curves of the building rather than 

from empirical relations. The pushovers are carried out for the modal distribution of 

lateral forces and torques along the height of the building. 

At the preliminary design stage the acceptable ultimate displacement can be found 

only for the code prescribe drift limit. Since the lateral resisting planes are not located at 

the edge of the building, the ultimate displacements for the first and second modes are 

calculated to ensure that drifts at the edge of the building would not exceed the 0.025. It 

is of interest to note that the ultimate displacement for the first mode is governed by the 

drift at the flexible edge, while the ultimate displacement for the second mode is dictated 

by the drift at the stiff edge. 

In the first iteration, the ultimate displacement is obtained so as to satisfy all three 

criteria considering both the first and second modes. The ultimate displacement as 

governed by the ductility limit is found for each wall and its equivalent at the center of 



185 

mass is calculated for each mode shape deformed configuration. The least of the 

equivalent ultimate displacements for the three walls as governed by their ductility 

capacity is taken as the ductility related ultimate displacement for the mode being 

considered. The ultimate displacement limit to prevent P-A instability is obtained from 

the pushover curves for the first and second modes. The ultimate displacement dictated 

by the drift limit is also found from the pushover analysis. Again drifts at the flexible 

edge are found to dictate the acceptable ultimate displacement in the first mode while the 

ultimate displacement in the second mode is dictated by the drifts at the stiff edge. 

6.4.2.2.2 Equivalent 2DOF systems 

The equivalent 2DOF systems are constructed using the first and the second mode shapes 

for the building. The main parameters of the equivalent 2DOF for the preliminary design 

and further iterations are tabulated in Table 6.6 and 6.7 for the first and the second 

modes, respectively. As can be seen, the DBSD has converged in one iteration, and the 

base shear and base torque for the first mode govern the design since they are much 

larger than the base shear and torque for the second mode. The ductility demand 

calculated for the first mode, which is torsion dominant, is very close to one. That means 

the structure is designed to be very close its elastic state. 

The demand on each of the orthogonal walls calculated in the preliminary design 

for the first mode is 1020.7 kN, which is greater than the orthogonal wall capacity of 

734.85 kN. Therefore, the orthogonal walls are re-designed at the end of the preliminary 

design to resist this demand. The demand on orthogonal walls calculated in the first 
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iteration is very close to the re-designed section capacity, and the base shear and base 

torque have converged, therefore the DBSD of resisting planes along the axis of 

unsymmetry is assumed to have converged. 

6.4.3 Multi-mode pushover analysis 

Figure 6.8 shows the first 6 mode shapes of the system. The first, third, and the fifth 

modes are translation dominant while the second fourth and sixth modes are torsion 

dominant. The first mode mass participation is only 44.21% of the total mass, therefore 

higher modes should be consider as they would make significant contribution to the 

structural response. 

We carry out a multi mode pushover analysis to investigate the higher mode 

contribution. The first mode pushover is carried out to the maximum target displacement 

of 0.430 m, and the second mode to the maximum displacement of 0.30 m, as calculated 

earlier. It is assumed that the structure remains elastic for higher modes, however this 

assumption will be verfied during the pushover analysis for such modes. The target 

displacements for pushover analysis for modes three and higher are obtained from elastic 

design spectrum. For each of these six modes a pushover analysis using the force 

distribution proportional to Mq> is carried out to reach the target displacement as 

calculated in Table 6.8. 

As will be noted from Figure 6.9 the structure remains elastic as it reaches the 

target displacement in the 3rd, 4th, 5th, and the 6th mode pushover analyses. The structure 
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has lower capacity in the second mode as compared to that in the first mode. 

Combination of modes up to the eighth mode covers 95.89% of total mass. SRSS and 

CQC combination rules is used to get the estimates of the base shear, roof displacement 

at the center, angle of twist at roof level and the maximum inter-storey drift ratio (see 

Table 6.9). Higher modes have significant effect in the estimate of the base shear, while 

the effect of higher mode on drifts and displacements are negligible. 

6.5 Verification of DBSD for torsionally flexible system 

Nonlinear time history analyses are carried out to verify the accuracy of the proposed 

DBSD for torsionally flexible structures. The same set of ground motions as selected in 

Section 6.3 is used as the input. The characteristics of these ground motions are shown in 

Table 6.4 and the response spectra for the individual ground motions as well as the target 

design spectrum are shown in Figure 6.4. 

The roof displacement response of the system to these ground motion is shown in 

Figure 6.10. It will be noted that during the first 20 seconds of the response there is not 

much movement, which is because the generated records have a 20 second lag. In general 

the flexible edges displacements are larger; however, there are instances when the stiff 

edge displacement is larger. This implies that the assumption we made that the response 

of the system is dominated by one or other of the first two modes is a valid assumption. 
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Figure 6.11 shows the time history of the base shear of the system for different 

ground motions. As can be seen in Figure 6.11 and Table 6.10 the record M7C1N5 which 

has the smallest PGA produces the smallest base shear demand. 

The main global response parameters of the system are summarised in the Table 

6.10. The CQC combination of base shear estimate of 9,681.3 kN is very close to the 

average of five ground motion nonlinear time history analysis of 9,266.3 kN. Also, the 

roof displacement of 0.6012 m as estimated by multi-mode pushover analyses is close to 

the average of five nonlinear time history analyses, namely 0.6732 m (see Table 6.9 and 

Table 6.10). 

The maximum drifts at the flexible and stiff edges of the buildings are also shown 

in Table 6.10. It will be noted that, in general, the drifts at flexible edge are larger than 

those at the stiff edge. However for M7C1N5 and M7C1N7 where the maximum 

rotations in the plan are smaller than those for the other three records, the maximum drifts 

at the flexible and stiff edges are close to each other. Finally, it is of interest to note that 

the average drifts at both the flexible and the stiff edges are less than the code limit of 2.5 

percent. 
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Table 6.1: Details of the equivalent 2DOF systems for torsionally stiff building 

r iZc) *<m> *<m> " S ' ® Vb(kN) <Jbm) £$ 
Preliminary 1.488 5118.5 0.342 0.413 1.207 0.06474 3250.8 10,659.1 687.94 

1st iteration 1.363 4677.7 0.326 0.403 1.234 0.0646 2964.4 11,241.6 690.73 

2nd iteration 1.370 4701.9 0.325 0.434 1.335 0.0553 2550.8 9,373.74 581.88 

Table 6.2: Dynamic parameters in multi-mode pushover analyses 

Dynamic 
Parameters 

M*/Mtotai 

r 
T (sec) 

Sa(g) 

Dtarget ( m ) 

First 
mode 

0.6020 

1.3702 

4.22 

0.0553 

0.594 

Second 
mode 

0.0521 

0.1186 

2.74 

0.1466 

0.0325 

Third 
mode 

0.1841 

0.6624 

0.67 

0.5990 

0.0446 

Fourth 
mode 

0.0159 

0.0574 

0.44 

0.8083 

0.0022 

Five 
mode 

0.0624 

0.3377 

0.24 

1.0511 

0.0051 

Sixth 
mode 

0.0054 

0.0292 

0.16 

1.1000 

0.0002 

Table 6.3: Modal response parameters and their combination 

1 st mode 

2nd mode 

3rd mode 

4th mode 

5th mode 

6th mode 

SRSS 

Base shear 
(kN) 

2,586.9 

565.4 

7,558.2 

972.3 

6,172.9 

489.31 

8,008.6 

Roof displacement 
at CM (m) 

0.594 

0.0325 

0.0446 

0.0022 

0.0051 

0.0002 

0.59656 

Rotation at roof 
level 

0.0112 

0.0093 

0.0010 

0.0006 

1.17xl0"4 

5.13xl0"5 

0.01459 

Maximum 
drift (%) 

2.2677 

0.4191 

0.7187 

0.1052 

0.1930 

0.0178 

2.4155 

CQC 10,286 0.59826 0.01496 2.4486 
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Table 6.4: Specifications of the selected ground motions 

Record ID 

M7clNl 

M7clN5 

M7clN7 

M7clN26 

M7clN30 

Distance, km 

16.4 

17.1 

10.2 

18.1 

15.2 

Scaling factor 

0.87581 

1.3239 

0.76673 

0.818 

0.72668 

PGA,g 

0.4571 

0.3185 

0.4596 

0.4219 

0.3726 

Table 6.5: Nonlinear time history response parameters 

Maximum Maximum Maximum 
base shear roofdisp. rotation at 

(kN) at CM (m) roof 

Maximum 
drift (%) 

M7C1N1 

M7C1N5 

M7C1N7 

M7C1N26 

M7C1N30 

7,770.6 

5,469.8 

11,498 

9,732.2 

13,133 

0.5997 

0.3745 

0.7386 

0.7531 

0.6144 

0.01576 

0.01006 

0.01474 

0.01963 

0.01658 

2.571 

1.557 

2.746 

2.960 

2.093 

Average 9,520.72 0.6161 0.01535 2.358 

Table 6.6 Details of the equivalent 2DOF systems for the first mode of torsionally 
flexible building 

M* 
(tonne) 

<Sy(m) <Su(m) u Safe) Vb(kN) Tb 
(kN.m) 

Vorth 

(kN) 

Preliminary 0.9893 3326.1 0.372 0.397 1.070 0.0755 2,463.5 -22,527 1020.7 

1st iteration 1.0062 3452.6 0.417 0.427 1.023 0.0735 2,489.4 -21,536 1084.0 
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Table 6.7 Details of the equivalent 2DOF systems for the second mode of torsionally 
flexible building 

M* 
(tonne) 

<5y(m) du(m) [i Sa(g) 
Vb 

(kN) 
Tb 

(kN.m) 
Vorth 

(kN) 

Preliminary 0.5196 1782.9 0.398 0.523 1.320 0.0467 819.79 13,934 642.07 

1st iteration 0.4827 1656.3 0.518 0.622 1.200 0.0432 701.93 12,658 580.05 

Table 6.8: Dynamic parameters in multi-mode pushover analyses 

Dynamic 
Parameters 

First 
mode 

Second 
mode 

Third 
mode 

Fourth 
mode 

Five 
mode 

Sixth 
mode 

M*/Mtotal 

r 
T (sec) 

Sa(g) 

Dtarget ( m ) 

0.4421 

1.0062 

4.613 

0.0735 

0.430 

0.2121 

0.4827 

3.999 

0.0432 

0.300 

0.1352 

0.4864 

0.734 

0.6322 

0.0360 

0.0649 

0.2334 

0.637 

0.8409 

0.0147 

0.0458 

0.2479 

0.262 

1.0703 

0.0043 

0.022 

0.119 

0.227 

1.1000 

0.0016 

Table 6.9: Modal response parameters and their combination 

Base shear Roof displacement Rotation at 
(kN) atC.M(m) roof level 

Maximum 
drift flexible. 

edge 

Maximum 
drift stiff 

edge 

1st mode 

2nd mode 

3rd mode 

4th mode 

5 th mode 

6th mode 

7th mode 

8th mode 

2179 

1657 

5262 

2950 

4527 

2155 

1520 

887.4 

0.43 

0.30 

0.036 

0.015 

0.0043 

0.0016 

0.0007 

0.0003 

-2.14x10 -2 

-2 3.16x10 

-1.93x10" 

1.65xl0~3 

-2.63x10"' 

2.09xl0"4 

-3.64x10 

3.18x10" 

-5 

0.025 

-0.0077 

0.0083 

-0.0018 

0.0024 

-0.00047 

0.0004 

-9.45E-05 

0.0013 

0.025 

6.99E-05 

0.0053 

-9.76E-06 

0.0013 

1.52E-06 

0.000272 

SRSS 8492.4 0.52578 0.03825 0.027615 0.025623 

CQC 9681.3 0.60124 0.03190 0.025026 0.026051 



Table 6.10: Nonlinear time history response parameters 

M7C1N1 

M7C1N5 

M7C1N7 

M7C1N26 

M7C1N30 

Base 
shear 
(kN) 

6,987.6 

6,531.4 

10,220 

8,218.4 

14,374 

Roof 
disp. at 

CM (m) 

0.5779 

0.4048 

0.7012 

0.8763 

0.8056 

Maximum 
rotation at 

roof 

0.01475 

0.01072 

0.01193 

0.01670 

0.02001 

Maximum 
drift at 

flexible edge 

0.02187 

0.01505 

0.02388 

0.03245 

0.02762 

Maximum 
drift at 

stiff edge 

0.01498 

0.01261 

0.02024 

0.01797 

0.01973 

Average 9,266.3 0.6732 0.01482 0.02418 0.01711 
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Figure 6.1: Plan layout of torsionally stiff system 
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Figure 6.2: Translational and normalised rotational components of the first six modes 
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Figure 6.4: Target spectrum and the scaled spectra for five ground motions 
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Figure 6.7: Plan view of torsionally flexible system 
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Figure 6.8: Translational and rotational components of the mode shapes 
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Chapter 7. Summary and conclusions 

7.1 Summary 

Two iterative DBSD procedures are presented: one for symmetric plan reinforced 

concrete wall-frame structures and the other for asymmetric plan reinforced concrete 

shear wall buildings. The study related to the DBSD of asymmetric plan buildings is 

limited to the case of individual reinforced concrete shear walls of rectangular section. 

Although, in principle the proposed method could be extended to structural systems 

consisting of shear walls with different cross-section shapes and core walls, further study 

need to be carried out to enhance this procedure for application to the design of such 

systems. The proposed DBSD procedures presented here are suitable for designing 

structures for different performance objectives, which is a step towards the performance 

based design of building structures. 

7.1.1 Summary of DBSD for wall-frame structures 

The proposed DBSD for wall-frame structures is based on the assumption that 

displacements in the seismic response of such structures are dominated by their first 

mode shape configuration. However, after the design procedure has converged a multi-

mode pushover analysis is used to investigate the effects of the higher modes. 

Simple empirical relations are employed to represent the deformed shape of 

reinforced concrete wall-frame structures in their first mode shape configuration, in order 

to estimate the yield displacement and ultimate displacement. Three different limits are 

imposed on the ultimate displacement to ensure that the design meets the performance 
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criteria. These limits are ductility capacity limit, drift limit, and P-A instability limit. 

Acceptable ultimate displacement is calculated so as not to exceed either of these limits. 

The ductility demand in the wall-frame system is calculated based on the estimated 

yield and ultimate displacements. An equivalent SDOF system is developed and is used 

to estimate the base shear demand on the structure from an inelastic design spectrum in 

the A-D format for the site where the building is located. Once an estimate has been 

obtained for the base shear, the structural elements are designed for corresponding forces 

imposed on them. Moment curvature analyses are carried out for the designed elements to 

obtain their section properties. Based on these section properties, the displacement 

estimates are updated and iterations are continued until the base shear has converged. 

To assess the proposed DBSD, it is applied in the seismic design of five wall-frame 

structures of different heights. Nonlinear time-history analyses of the response of the 

designed structures to twenty spectrum compatible ground motions are carried out to 

provide a basis for comparison of the estimated seismic demands. 

7.1.2 Summary of DBSD for asymmetric plan buildings 

A new DBSD procedure suitable for the seismic design of asymmetric plan building is 

presented for both torsionally stiff and torsionally flexible structures. This procedure is 

based on parametric study of torsional seismic response of asymmetric plan buildings. 
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Base shear torque (BST) surfaces and the response of 2DOF systems to increasing 

intensity ground motions are employed to study the behaviour of torsionally restrained 

and unrestrained systems. In addition, the behaviour of torsionally stiff, torsionally 

flexible and torsionally similar systems is investigated using modal decomposition of the 

response of such systems at their flexible edge, at the center of mass and at the stiff edge. 

Rotational component of the elastic mode shape when normalized by the 

translational component is called angle of twist. It is shown that this parameter can be 

used to provide a conservative estimate of the seismic response of asymmetric plan 

buildings. The angle of twist for the first mode shape is used in the DBSD of torsionally 

stiff structures. For torsionally flexible structures, the angles of twist for both the first and 

the second mode should be considered in the DBSD. 

The proposed DBSD for asymmetric plan buildings is applied in the seismic design 

of two 12-storey torsionally unbalanced systems, one being torsionally stiff and the other 

torsionally flexible. The buildings are assumed to be symmetric in one direction but 

unsymmetric in the perpendicular direction. In contrast to DBSD for wall-frame systems, 

both base shear and base torque demands are calculated in each iteration of design using 

the 2DOF system and inelastic design spectrum. The iterations of design are carried out 

using only the first mode for torsionally stiff system, while for torsionally flexible system 

both the first and the second modes are employed. The limits on ultimate displacements 

are similar to those for wall-frame system, however, the drift limits are evaluated at the 

periphery of the plan not at the location of the lateral resisting planes. 
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Lateral resisting planes in the symmetric direction of the plan are designed at the 

beginning of the DBSD for asymmetric plan buildings. The demands on these orthogonal 

planes are re-evaluated within the iterations for the design of the asymmetric direction 

and the orthogonal structural elements are re-designed if the increased demands due to 

rotation of the plan exceed the current capacity of the orthogonal planes. 

7.2 Conclusions 

The proposed DBSD procedures for both wall-frame and torsionally unbalanced 

structures are quite straightforward and easy to implement. Although further refinement 

would be needed before these procedures are ready for use in a design office, they show 

good promises for such application. The procedures also permit designing for different 

performance objectives to ensure reliable performance of structural and non-structural 

elements based on several local and global design criteria. 

7.2.1 Concluding remarks for DBSD of wall-frame structures 

It is shown that simple empirical relations can be used instead of the first mode shape of 

the structure to estimate the deformed shape of wall-frame-structures. This simplifies the 

DBSD procedure. 

The DBSD of the five wall-frame structures that have been studied reveals that 

when unconfined concrete sections are used for the walls the ductility capacity limit may 

at times govern the design. Use of confined concrete at the potential hinge locations 
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including the base of the wall and column sections, which would increase the ductility 

capacity of the system, would improve the performance of such structures. It should 

however be noted that the full ductility capacity of confined concrete as provided in the 

codes could rarely be mobilized since the code prescribed drift limits and the limits to 

preclude P-A instability would start to govern. 

Multi-mode pushover analyses of wall-frame structures show that higher modes 

make significant contributions to the storey shears, but have negligible effect on the 

displacements and inter-storey drift ratios. 

Nonlinear dynamic analyses illustrate that the displacement and inter-storey 

responses of wall-frame structures have greater dispersion as compared to the storey 

shear responses. The proposed DBSD for wall-frame systems estimates the storey shear 

quite accurately all along the height of the structure. However, the displacements are 

over-estimated, especially for taller buildings. Inter-storey drift ratios are slightly under

estimated at the upper levels, but over-estimated at the lower levels; nevertheless they are 

quite accurate around the point of inflection where the maximum inter-storey drifts are 

expected. 

7.2.2 Concluding remarks related to DBSD of asymmetric plan buildings 

The two case studies of the torsionally stiff and torsionally flexible systems showed that 

the estimated global yield displacement, obtained from the equivalent yield 

displacements of resisting planes when transferred to the center of mass using the 
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proposed angle of twist, is very close to the yield displacements obtained from the 

pushover analysis. 

For torsionally stiff system, the ultimate displacement is controlled by the 

instability limit, while the ductility and the drift limits allow greater acceptable ultimate 

displacements. However, for torsionally flexible system the ultimate displacement is 

controlled by the drift limits. 

In the case of torsionally flexible system, the acceptable ultimate displacement in 

the second mode is less than that in the first mode, however, the acceptable ductility 

demand in the first mode is smaller than that in the second mode ductility and is very 

close to one. Therefore, the base shear and base torques on the structure in the first mode 

are greater and govern the design. 

The realized ductility in both torsional systems are less than two, which indicates 

that the designed torsionally unbalanced systems are not expected to dissipate as much 

energy due to inelastic behaviour, when compared to symmetrical systems. 

Dynamic response of the designed torsionally stiff system to spectrum compatible 

ground motions showed that the maximum displacement occurs at the flexible edge and 

the assumption that the response of torsionally stiff system will be dominated by the first 

mode is valid. When comparing the results of multi-mode pushover analyses with the 

nonlinear time-history analyses, it is seen that the base shear, roof displacement, 
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maximum twist in the plan and maximum inter-storey drifts are estimated quite 

accurately. 

Nonlinear time-history analyses of torsionally flexible system showed that the 

estimated base shears are quite accurate while the displacements and inter-storey drift 

estimates are conservative. 

7.3 Recommendations for future research 

The present study and other previous studies in the field have addressed the 

displacement-based design of symmetric concrete and steel frame buildings, symmetric 

and unsymmetric concrete shear wall buildings, and symmetric wall-frame buildings. 

These studies need to be further refined before they provide a robust method for design 

office use. Related to the present work the following issues merit further study 

> Nonlinear response analyses show that in the proposed DBSD the displacements 

are generally overestimated. A parametric study may be carried out to introduce 

correction factors for displacement estimates of wall-frame structures 

> Studies may be carried out to verify that the proposed method could be extended 

to the design of structures having walls with a cross-section other than rectangular 

and/or core walls. The application of the method to the design of doubly 

unsymmetric structures also needs to be studied. Work needs to be done to extend 

the method for application in the design of buildings with irregularity along the 

height 
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> Work may be carried out to develop application of the DBSD to buildings 

incorporating passive dampers 
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A. Case study 12-storey wall frame structure 

A.l Problem definition 

The plan view of the twelve storey reinforced concrete building is shown in Figure A. 1. 

The building is 48 m by 24 m. The first storey is 4.85 m high, the other stories are 3.65 m 

each. The structural framing consists of 200 mm RC slab. The lateral resistance in the 

North-South direction is provided by two 6-meter shear walls and 2 frames. All columns 

are assumed to be 700 mm by 700 mm. The beams are 400 mm wide by 600 mm deep. 

The shear walls are assumed to be 6000 mm by 400 mm thick. The superimposed dead 

load plus floor and roof self weight on all floors and the roof is 5.8 kN/m2. The live load 

is 2.4 kN/m2. The snow load on roof is 2.2 kN/m2. The strength of concrete is 30 MPa 

and the steel yield strength is 400 MPa 

A.2 Gravity Load Calculations 

The self weight of structural components are calculated as follows 

Floor columns 
24x0.7x0.7x24x3.45 

48x24 
= 0.845 kN/m2 

Is level columns 
24x0.7x0.7x24x4.45 

48x24 
= 1.09 kN/m2 

Roof columns 
24x0.7x0.7x24x1.725 

48x24 
= 0.423 kN/m2 
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Floor walls 
12x0.4x24x3.45 

48x24 
-0.345 kN/m2 

1st level wall 
12x0.4x24x4.45 

48x24 
= 0.445 kN/m2 

Roof walls 
12x0.4x24x1.725 

48x24 
= 0.1725 kN/m2 

North-south beams 
2x(24-3x0.7)x0.4x0.4x24 _ 

48x24 
= 0.146 kN/m2 

East-west beams 
4x(48-5x0 .7 -2x0 .4 )x0 .4x0 .4x24 n c o „ 1 X T / 2 

- '- = 0.583 kN/m 
48x24 

The inertial masses assigned to individual floors are calculated as follows: 

Roof dead load 0.25x2.2 + 0.423 + 0.1725 + 0.146 + 0.583 + 5.8 = 7.675 kN/m2 

Total roof load 841.6 kN 

Roof mass 901.3 tonne 

Floor dead load 0.845+0.345+0.729+5.8 = 7.719 kN/m2 

Total floor load 8892.3 kN 

Floor mass 906.5 tonne 
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1st level dead load 1.09+0.445+0.729+5.8 = 8.064 kN/m2 

Total 1st level load 9289.7 kN 

1st level mass 947 tonne 

Total dead load 8841.6 + 88923.0 + 9289.7 = 107054.3 kN 

Total mass 901.3 + 9065.0 + 947.0 = 10913.3 tonne 

A.3 Gravity Load on lateral resisting elements 

Assuming that the slab is one-way, the tributary areas or width for gravity loads on 

columns, walls and beams are determined and are given in Table A.l. The self weights of 

one storey height of columns and walls are as follows: 

Typical floor column: 0.7 x 0.7 x 24 x 3.45 = 40.57 kN 

First floor column: 0.7 x 0.7 x 24 x 4.65 = 54.68 kN 

Typical floor wall: 6.0 x 0.4 x 24 x 3.45 = 198.72 kN 

First floor wall: 6.0 x 0.4 x 24 x 4.65 = 267.84 kN 

The calculated axial forces on walls and columns are shown in Table A.2 through 

Table A.4. In these tables an entry against floor / gives the load at the base of that floor. 
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The gravity load combination of D+0.5L produces axial loads of 5903.6 kN, 3222.9 kN, 

and 7856.4 kN at the base of interior columns, exterior columns and the walls, 

respectively. Assuming that the slab is one way, fixed end forces and moments produced 

by the gravity load combination D+0.5L on the floor beams is calculated. 

Tributary area for each beam : 8 *24 = 192 m2. 

J 9 8 
—— =0.5259 
192 

Floor level load including slab dead load and live load:.5 x 2.4 x 0.5259 + 5.8 

6.431 kN/m2 

Load per unit length including self weight 6.431 * 8 + 24 x 0.4 x 0.4 = 55.29 

kN/m 

Fixed end reaction: 0.5 x 55.29 x 8 = 221.2 kN 

Fixed end moment: 55.29 x 64/12 = 294.9 kNm 

The fixed end reactions and moments for the gravity load combination D+0.5L on 

the roof beams are calculated as follows 
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Floor dead load, slab live and snow load: 0.25 x 2.2 + 5.8 = 6.35 

kN/m2 

Load per unit length including self weight: 6.35 x 8 + 24 x 0.4 x 0.4 = 54.64 

kN/m 

Fixed end reaction: 0.5 * 54.64 x 8 = 218.56 kN 

Fixed end moment: 54.64 x 64/12 = 291.41 kNm 

To determine the P-Delta effect in modal pushover, and dynamic analysis, we need 

the total gravity loads on the entire building produced by the combination D+0.5L. Part 

of this load has been applied in the analysis as distributed beam load. In determining the 

remaining load we take the live load reduction factor corresponding to the total area: 

48x24=1152. m2 

9.8 
LLRF =0.3 + J =0.392 

V1152 

Additional gravity load combination D+0.5L for first floor, typical floor, and roof 

floor levels are calculated as shown in Table A.5 through Table A.7. 
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A.4 Preliminary design 

A.4.1 Inflection height estimate 

Assuming the contribution ratio of the frames, a, in resisting the lateral loads we find that 

V =aV 
r frames u v b 

*U=(l-«)*n 

th 

where the Vb is he base shear. Assuming triangular distribution, the lateral load at i 

floor, f, of an n-storey building will be 

Jl ( , n b 
n(n +1) 

Therefore the storey shear can be obtained as 

V. = 
n(n +1) vb 

The inflection height is the height where the moment in the wall becomes zero, 

therefore taking the moment of the lateral load and the contribution of the frames which 

is represented by a point load at the top of the wall we will have 
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*LJ±P-[x-(i-V)xh,yb-aVbx 
n(n +1) 

= 0 

where m is the number of storeys above the inflection point, and x is the distance from 

inflection point to the roof, which should be (m -1) x ht < x < m x fy , therefore, inflection 

height he is 

he=H-x 

where H is the total height. For the 12-storey building and assigning 35% of the base 

shear to be resisted by the frame, the inflection height works out to 30.6 m. Here it is 

assumed that the point of inflection at the moment when the wall base reaches yield is at 

0.6755 of the total height (floor level 8), giving 

he=0.6755H = 30.40 m 

The yield curvature can be obtained from the empirical expression given as: 

l-8e, 1.8x0.002 . , , . , , , , 
(pv = = = 0.0006 l/m 

/, 

The lateral displacements at base yield are obtained by assuming that the moment 

varies in the shape of a triangle from zero at he to a maximum at the base, and that for h > 
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he the moment can be taken as negligible. The displacements are then obtained from 

Equation 2.2. The maximum storey drift at yield is at the height of Aeand is given by 

e = f A = Q-0006 x 30.40 ^ a Q Q 9 1 2 

Assuming that the maximum storey drift should not exceed 0.025, the limit on 

plastic drift is given by 

0p =0 .025-0 , =0.01588 

The total displacement at level i is given by 

\,=Ay.Hh,-Ip/2)xep 

where lp is the plastic hinge length. Assuming lp - 0.5 lw the storey level displacements 

are calculated and are shown in Table A. 8. 

The inter-storey yield rotation of the frames is obtained from 

0 5 ^ = 05x0002x8 
fy Db 0.6 

The corresponding yield displacement at roof is given by 
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A ^ = / / x ^ = 0 . 6 m 

We now assume that 65% of the base shear will be resisted by the shear walls and 

the remaining by the two frames. The stiffness of the walls and frames is thus obtained 

from 

* . . 5 ^ = 2.044^ 
yr 

0 T>W 

= ^ 1 = 0 5 8 3 3 F 
fyr 

The yield displacement of the wall frame system is given by 

TV V 
A =^— = b- = 0.381 m 

y J > 2.044F,+0.5833F, 

Ductility demand is obtained from the roof displacements 

A L M O S T = 1 6 J 

Â , 0.381 

We assume the displacement shape as being equal to Aul normalized so that the 

displacement at roof is 1. Thus we have 
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/ = [0.0594, 0.1297, 0.2057, 0.2865, 0.3711, 0.4585, 0.5479, 0.6382, 0.7286, 

0.8191,0.9095, 1.0000] 

The properties of the SDOF are given by 

r = £ * » = M 5 6 4 
<p M<p 

M = 0.7441x10913.3 = 8120.6 tonne 

The ultimate and yield displacements of the SDOF system are 

5U = ^ = 0.693 
u r 

8 = -^- = 0.262 y r 

A.4.2 Demand and capacity diagrams 

The elastic spectrum is obtained from the design spectrum for 10% chance of exceedance 

in 50 years in LA and is shown in Figure A.2. It should be mentioned that for periods 

greater than 4 second the spectral acceleration is assumed to decay inversely with respect 

to period. 
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The elastic and inelastic spectra, the latter for ductility of 2.65, are plotted in Figure 

A.3. The inelastic spectrum is entered with the ultimate displacement calculated above to 

obtain the spectral acceleration from which the design base shear is obtained as follows 

Vb =0.031gxM* -0.031x9.81x8120.6 = 2469.55 kN 

A.4.3 Lateral loads 

We distribute the base shear along the height in proportion to M.cp, where M is the mass 

matrix and cp is the vector of ultimate storey displacements calculated earlier. The floor 

level forces are shown in Column 2 of Table A.9. Of the total base shear of 2469.55 kN, 

35% or 864.3 kN is assigned to the frames. Based on our assumption that frame shear is 

constant across the height, the frames carry a single lateral force of 864.3 at the roof 

level. The balance of the forces is carried by the walls; they are shown in Column 3 of 

Table A.9. The wall shears and moments are shown in Columns 4 and 5, respectively. 

The shear and moment distributions are also shown in Figure A.4 and Figure A.5, 

respectively 

Form Figure A.5, inflection height is seem to be 32.0 meter, and the base moment 

on each wall is 20,367 kNm. We need to design the wall to withstand this moment in 

combination with the axial load. The axial force due to the combination D+0.5L works 

out to 7856.35 kN. We assume that the concrete is unconfined and £cu = 0.004. The 

minimum reinforcement in the wall with two layers of 100 mm at 200 mm spacing gives 
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-4 a resisting moment of 26,310 kNm, yield curvature of q>y = 5.924 x 10" per m, and 

-3 ultimate curvature of <pu = 4.017 x 10" per m (see Figure A.6). 

The corresponding value of 6P is: 

9p =((Pu-(py)x!p =(4.017xl(T j-5.924xl(r t)x3.0 = 0.01027 

This plastic rotation is less than plastic rotation calculated based on the 0.025 inter-

storey drift at the base of the wall earlier, therefore the ductility capacity governs. 

A.5 Second iteration 

The new yield and ultimate displacements obtained based on the new plastic rotation, 

yield curvature, and inflection height, are given in Table A. 10. The stiffness of the walls 

and frames are obtained from 

Ayr 0.3254 * 

035V, = 035V, 

A, r 0.6 

The yield displacement of the wall frame system is given by 

YV V 
Av = ±*— = h~ = 0.3875 m 

y Xk 1.997F6+0.5833F6 
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Ductility demand is obtained from the roof displacements 

A 0 7722 
(i = _3»LJ±llf± = 1.993 

Ay 0.3875 

The properties of the SDOF obtained from <p equal to the normalized ultimate 

displacement that is shown in Table A. 10, are given by 

r = 4M = 1.4622 
tp Mtp 

M = 0.732x10913.3 = 7988.5 tonne 

The ultimate and yield displacements of the SDOF system are 

5U = ^ = 0.528 
U p 

A 
5 = - ^ = 0.265 y r 
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A.5.1 Demand and capacity diagrams 

The elastic and inelastic spectra, the latter for ductility of 1.993, are plotted in Figure A.7. 

For the calculated ultimate displacement of SDOF, the design base shear is obtained from 

the following (see Figure A.7) 

Vb= 0.0552x9.81x7988.5 = 4325.86 kN 

A.5.2 Lateral loads 

We distribute the new base shear along the height in proportion to Mp, where M is the 

mass matrix and <p is the vector of ultimate storey displacements calculated from Table 

A. 10. The floor level forces are shown in Column 2 of Table A.l 1. Of the total base shear 

of 4325.86 kN, 35% or 1514.05 kN is assigned to the frames. The balance of the lateral 

forces are carried by the walls; they are shown in Column 3 of Table A.l l . The wall 

shears and moments are shown in Columns 4 and 5, respectively. 

The base moment on each wall is 36,174.7 kNm. The wall is designed with three 

layers of 2000 mm2 on each edge and vertical distribution steel consisting of two layers 

of 100 mm2 bars spaced at 200 mm. This gives a resisting moment of 38,003 kNm. The 

yield curvature is 5.988x 10'4 per m, while the curvature at a concrete strain of 0.004 is 

4.00 x 10"3 per m. The effective moment of inertia is 0.3598 Ig. The moment curvature 

relationship is shown in Figure A. 8. The corresponding value of 6P is obtained from 

0p =((pu-(py)xlp = (4.0x 10"3 -5.988x 10^)x3.0 = 0.0102 
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A.6 Subsequent iterations 

The new yield and ultimate displacements obtained for plastic rotation of 0.0102 are 

given in Table A. 12. The stiffness of the walls and frames are thus obtained from 

Ayr 

0 35V 

fyr 

The yield displacement of the wall frame system is given by 

A„=^=—= * = 0.3907 m 
y 2 > 1.976^+0.5833^ b 

Ductility demand is obtained from the roof displacements 

K= 07726 

A^ 0.3907 

The properties of the SDOF are given by 

T = ^- = 1.4625 
qTMtp 
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M* = 0.73147x10913.3 = 7982.75 tonne 

The ultimate displacement of the SDOF system is 

8 = ^ = 0.528 
U r 

A 
5 = ^ = 0.267 

y r 

A.6.1 Demand and capacity diagrams 

The elastic and inelastic spectra, the latter for ductility of 1.977, are plotted in Figure A.9. 

The design base shear is then obtained from the following 

1^=0.0557x9.81x7982.75 = 4361.9 kN 

The difference between this base shear and the previous one is less than 1%. The 

iterations may be assumed to have converged. 

A.7 Pushover analysis 

The lateral load of 1526.66 kN is carried equally by the two frames. An elastic analysis is 

now carried out for a single frame subjected to a lateral load of 763.33 kN at roof level, 

and gravity load combination D+0.5L applied as fixed end reaction, and fixed end 

moment at the ends of the beams calculated earlier for typical floor beams and roof 

beams. 
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On the basis of this analysis we set the beam moment capacity as 955 kNm. The 

column base moment capacity is set as 955 kNm. In the analysis other sections of the 

column are given large moment capacity, so that they remain elastic. The moments of 

inertia for beams and columns are set as 50% of the gross moment of inertia. The base 

moment capacity of the wall is set as 38003 kNm and the moment of inertia as 0.36 times 

the gross moment of inertia. 

A pushover analysis is now carried out with and without considering the P-A effect. 

An idealized bilinear curve gives a yield displacement equal to 0.37 meter, the ultimate 

displacement based on 5 percent decrease in the maximum base shear is 1.045 meter, and 

the maximum shear capacity 4328.8 kN is achieved at roof displacement of 0.63 m, see 

Figure A. 10. 

As shown in Figure A.l 1 and Figure A. 12 the 0.025 drift occurs first at storey 7 at a 

roof displacement of 1.05m. The ultimate displacement is the least of the ultimate 

displacement based on ductility capacity of the wall, 5% decrease in maximum shear 

strength due to P-A effect, and 0.025 drift limit. 

For the 6 meter wall shown in Figure A.8 the yield curvature is 5.988x 10"4 per m, 

and the curvature at a concrete strain of 0.004 is 4.00 x 10"3 /m. The yield displacement of 

the wall is at the displacement at first yield in the wall. The ultimate displacement at the 

limit of ductility is calculated as follows 
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Aul=Ayi+(hl-lp/2\(pu-(py)xlp 

= 0.29 + (45-3/2)(4.00xl0-6-5.988xl0"7)x3000 = 0.734 m 

Therefore the ductility capacity governs. Ductility demand is obtained from the 

roof displacements 

A„ 0.37 

The dynamic properties of the system for equivalent SDOF system for first mode 

are: 

Ti= 4.15 sec 

/ i = [0.024, 0.069, 0.132, 0.210, 0.298, 0.394, 0.495, 0.597, 0.700, 0.801, 0.901, 

1.000] 

(Pi M«p. 

Mi = 0.68054x10913.3 = 7426.94 tonne 
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5U, = ^ = 0.503 
1 1 

A 
8vl=—^ = 0.2536 

y r, 

A.7.1 Demand and capacity diagrams 

The elastic and inelastic spectra for ductility of 1.984 are plotted in Figure A. 13. The 

design base shear based on the first mode shape is obtained from the following 

Vb = 0.0581gxM* =0.0581x9.81x7426.94 = 4233.07 kN 

This base shear demand of 4233.07 kN is 2.26 percent less than the maximum base 

shear capacity of 4328.8 kN, thus the design is satisfactory. 

A.8 Multi-mode pushover analysis 

The first mode mass participation is 68.05% of total mass, therefore higher modes should 

be considered as they may contribute to structural response. We carry out a multi mode 

pushover analysis to investigate the higher mode contribution. The first mode pushover is 

carried out to the maximum target displacement of 0.73 m as calculated earlier. It is 

assumed that the structure remains elastic for higher modes, however this assumption will 

be verfied during the pushover analysis for each mode. Therefore, the target displacement 

for pushover analysis is obtained from elastic design spectrum. 
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T2 = 0.825 sec 

<pT
2 = [-0.123, -0.319, -0.536, -0.721, -0.832, -0.840, -0.734, -0.519, -0.210, 0.165, 

0.576, 1.000] 

M*2 = 0.17677x10913.3 = 1929.14 tonne 

T2 = 0.6856 

From elastic design spectrum shown in Figure A.2, displacement of SDOF system 

haing a period of 0.825 second is obtained and then the demand roof displacemnt is 

calculated, 

5(0.825) = Sa(0.825)x(0.825)2/47i2 = 0.776x9.8 1X(0.825)2/4TI2 = 0.1312 m 

Aroof
2 = 0.1312x0.6856 = 0.09 m 

Similarly for mode 3 we have, 

T3 = 0.31 sec 

<pT
3 = [0.334, 0.744, 1.000, 0.952, 0.589, 0.031, -0.519, -0.857, -0.846, -0.465, 

0.194,0.985] 
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M*3 = 0.0656x10913.3 = 715.9 tonne 

T3 = 0.367 

5(0.31) = Sa(0.31)x(0.31)2/47i2 = 1.065x9.8 1X(0.31)2/4TI2 = 0.0254 m 

Aroof
3 = 0.0254x0.367x0.985 = 0.0092 m 

For the first 3 modes effective modal masses add up to 92.29% of the total mass, 

and it seems no additional modes need to be included. For each of these three modes a 

pushover analysis using the force distribution proportional to M<p is carried out. 

Second mode pushover analysis shows that the structure becomes inelastic at roof 

displacement of 0.056 m. In order to capture the response of structure in second mode, 

we determine the displacement at the fifth floor level. This displacement increases 

monotonically with the lateral load. On the other hand roof displacement is observed to 

change direction as the structure is pushed under second mode load distribution. The first 

estimate of target displacement for fifth floor is obtained based on the elastic deformed 

shape of structure under lateral loading of M ^ : 

AMh
2 = Aroot2 x (p2

Dtn= 0.09x0.832 = 0.075 m 
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Now we carry out the pushover analysis to the fifth floor target displacement of 

0.075. The pushover curve for second mode is shown in Figure A. 14. The wall yields at 

fifth floor displacement of 0.042 m. We transform the pushover curve to equivalent 

SDOF space by dividing the base by M*2g and the fifth floor displacement by r2(p25t • The 

target displacement is obtained iteratively by using the demand capacity diagram to find 

the performance point (see Figure A. 15). The target displacement at fifth floor works out 

to < V W h = 0.1245x0.6856x0.832=0.071 m, and the second mode ductility is 1.7. 

The third mode analysis shows that the structure remains elastic as expected. In 

order to investigate the higher mode effect further, fourth mode pushover analysis is also 

carried out. The dynamic parameters of the fourth mode are: 

T4 = 0.16 sec 

<pJ
A = [-0.562, -1.000, -0.870, -0.186, 0.605, 0.965, 0.649, -0.113, -0.777, -0.851, -

0.216,0.847] 

M*4 = 0.0331x10913.3 = 361.2 tonne 

T4 = 0.2591 

<5(0.159) = Sa(0.16)x( 0.16)2/4TT2 = 1.07X9.81X(0.16)2/4TI2 = 0.0068 m 
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Aroot4 = 0.0067x0.2591x0.847 = 0.0015 m 

The target displacement for these four modes can be combined to calculate 

maximum roof displacement as: 

A;OO/ = ^(A\00f)2 + (AT1)2 + ( A T 7 ) 2 + (A;OO/)2 = 0.7322 m 

It should be mentioned that the second mode target displacement at roof level is 

0.056 m, which is the maximum roof displacement at the yield of the wall, after the 

yielding the roof displacement decreases as we push the structure. The estimate of 

ultimate roof displacement in our last iteration was 0.7726 m, which is quite close to 

0.7322 m. 

A.1.1 Results and design check 

Table A. 13 and Table A. 14 show the section shears and inter-storey drifts for the first 

four modes, square root of sum of squares (SRSS) of the first 3 and 4 modes, and the 

difference between the latter two. Columns (3) and (4) in Table A. 13 show the 

significance of higher mode participation in storey shears. Adding mode 4, which has a 

mass participation factor of 3.31% of total mass, increases the storey shear as much as 

14.22 and 13.062% in 8th and 9th storey; and 10.07% and 11.61% in the 5th and 12th 

storey, respectively. On the other hand, higher modes have negligible effect on the inter-

storey drifts, and drifts can be estimated quite accurately by considering the first mode 

only. 
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A.8.1.1 Walls 

Table A. 16 shows the moment in the wall along the height. The wall yields at the base in 

the mode 1 and 2 pushover analyses. The corresponding inelastic rotations at the base are 

0.0102, and 0.0017. In order to find the maximum ultimate curvature demand, the total 

curvature demand of the wall for each mode should be calculated. For the first and 

second modes we have: 

m\=m +mx
d =(PV+ — = 5.97 x l 0 " 7 + ^ ^ = 3.997 xlO 6 1/mm 

Vu Yy Y,J Yy ^ 3 Q 0 0 

tf=w +ml=<p +?*- = 5.97x10 7 + a° 0 1 7=1.164xl0- 6 1/mm 
Yu Yy Yld Yy ^ 3 ^ 

For the third and fourth modes since the wall has not yielded the ultimate curvature 

is obtained from moment curvature relationship for the wall. For the moment of 

22030 kNm in the 3rd mode (Table A.16) the curvature works out to 3.47xl0"7l/mm, and 

for the 4th mode moment of 8755 kNm (Table A.16) to 1.37xl0"7l/mm, respectively. 

Since the gravity load curvature for the wall is zero the maximum ultimate curvature is 

obtained by taking the SRSS of the ultimate curvature for each mode: 

<PU =M)2+(<P2U)2+(<P1)2+(<P4
U)2 = 4 . 1 8 X 1 0 " 6 1 /mm 
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Although ultimate curvature demand is slightly more than the ultimate curvature 

capacity of the wall which is 4.00x10"6 1/mm, the design is considered satisfactory. 

A.8.1.2 Beams 

We need to ensure that the local ductility demands in the beams do not exceed the 

ductility capacity. Figure A. 16 and Figure A. 17 show the moment curvature relations for 

the roof and floor beams with yield curvatures of 5.935xl0"6 per mm and 7.526xl0"6 per 

mm respectively. In the roof beams, the ultimate curvature corresponding to 0.004 strain 

in the concrete is 5.64xl0"5 per mm therefore, the local ductility capacity for roof beams 

equals 9.5. Similarly for the floor beams, the ultimate curvature corresponding to 0.004 

strain of concrete is 3.124xl0"5 and the local ductility capacity works out to 4.15. 

Maximum negative and positive inelastic rotations of plastic hinge of the floor 

beams, and corresponding bending moments for the first four modes and gravity loads are 

shown in Table A. 17 and Table A. 18. In order to find the curvature demand in the beams, 

plastic hinge length in the beams is needed. The plastic hinge length of beams is 

calculated as: 

lp =0.05z + 0.5d = 0.05x4000 + 0.5x550 = 475 mm 

We will check the seventh floor beam, which has the greatest inelastic rotation in 

the first mode, and the roof beams. 
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A.8.1.2.1 Roof beam 

The maximum ultimate curvature demand is calculated by taking the sum of gravity 

curvature and SRSS of the ultimate curvature demand in each mode without the gravity 

effect. From the moment curvature relation in Figure A. 16 for roof beams, the 

corresponding curvature for gravity moment of 317.2 kNm is 3.983><10"6l/mm. The 

ultimate curvature demand of each mode is calculated as follows 

«,'=«, +<p], = f f + ^ - = 5.936xl(r6 + a 0 1 9 7 = 4 . 7 4 1 x l ( r 5 1/mm 
Yu Yy Y,J Yy ^ 4 7 5 

12 01 „ , 0.0032 
(pl

u =<py+<p^ =<py+^L = 5.936 x 10 b + " = 1.267 x 10"5 1/mm 
l p 4 / D 

Ml =393.1 kNm => ^==4.94*10~ 6 1/mm 

M"u =320.2 kNm => <p4
u ==4.03*10"6 1/mm 

The maximum ultimate curvature demand is given by 

(P total = Vera, + 4^u ~ ^GravY + tfu ~ ^GravY + til ~ foravf + (<Pu ~^Gravf 

= 4.828xl0"5 1/mm 

The local ductility demand works out to 4.828xl0~5/5.936xl0~6 = 8.13 which is less 

than the ductility capacity of 9.5. 
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A.8.1.2.2 Floor beams 

From Figure A. 17, the gravity curvature corresponding to moment of 313.1 kNm is 

2.48xlO"6, therefore the maximum ultimate curvature demand in the 7th floor for each 

mode is calculated as follows 

<Pl =<Py+<Plid = < P V + — = 7 . 5 2 6 x l O 6 + 0 0 0 8 7 = 2.584 xl(T5 1/mm 
l p 4/D 

M2
U =438.2 kNm => <p\ ==3.44xl(T6 1/mm 

Ml =381.9 kNm => ^ ==3.00x10 6 1/mm 

Ml =330.9 kNm => ^ ==2.54xl0"b 1/mm 

The maximum ultimate curvature demand will be: 

9 total = <PGrav + JOPI ~ Voravf + Wu ~ Vera*)2 + (<pl ~ <P Gravf + (<pt ~ 9GraVf 

= 2.587xl0"5 1/mm 

The local ductility demand work out to 2.587xl0"5/7.526xl0~6 = 3.437 which is less 

than local ductility capacity of 4.15. Therefore the beam designs are satisfactory. 

A.8.1.3 Columns 

Moment curvature relation of the interior column with 12M25 for axial load of 

5903.55 kN is shown in Figure A. 18. We check for the base of the columns. In the first 

mode pushover analysis, bases of all four columns yield. The maximum inelastic rotation 
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of plastic hinge at the base of columns, and corresponding bending moments for the first 

four modes and gravity loads are shown in Table A. 19.The plastic hinge length of column 

is calculated as 

/ . = 0.05z + 0.5rf = 0.05x2425 + 0.5x560 = 401.25 mm, Say400mm. 

From the moment curvature relation in Figure A. 18, the curvature for gravity 

moment of 51.0 kNm is l.OxlO"7. The ultimate curvature demand in each mode is 

calculated as 

^ ^ ^ v + ^ = n + ^ L = 7.72*10-6 + a 0 0 6 8 3 ^ 2 . 4 7 9 x l 0 - 5 1/mm 
Yu Yy Y,d Yy ^ 4 0 Q 

M2
U =522.1 kNm => <p2

u ==1.044x10 6 1/mm 

M3
U =146.3 kNm => <p3

u ==2.926xl0 - 7 1/mm 

MH
4=51.0 kNm => (pA

u ==1.0xl0"7 1/mm 

The maximum ultimate curvature demand is given by 

<Ptotal = (Pcrav + Jfal ~ ^Gravf + Wl ~ Voravf + (<Pl ~ 9(lravf + (vt ~ Vdravf 

= 2.481xl0"5 1/mm 
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which is greater than the curvature at concrete strain of 0.004. UBC 1997 allows up to 

1.5% of concrete strain for well confined concrete. Therefore we need to provide enough 

confinement for first storey columns to satisfy the local ductility limit. Assuming the 

confined concrete for the column core, and unconfmed concrete for column cover, the 

moment curvature relation for interior column obtained using program OpenSees 

(Mazzoni et al. (2007)) is presented in Figure A. 19. The ultimate curvature capacity is 

much more than the total curvature demand, therefore the design is satisfactory. 

A.9 Dynamic analysis 

In order to verify the accuracy of the design process, we run time history analysis of the 

designed structure for 20 ground motion records developed by Somerville et al. (1997) 

that are compatible to the uniform hazard spectrum with 10 % chance of exceedance in 

50 years for Los Angeles. The ground motions and their scaling factors are the same as 

those explained in Chapter 3. 

Twenty nonlinear time history analyses have been carried out for the ground 

motions described. Figure A.21 shows the distribution of storey shears and their average. 

Maximum base shear at the base of structure is 13,769.6 kN which is quite close to 

13,202.0 kN estimated by the proposed design procedure. The kink in the average storey 

shear between 8th storey and 11th storey is due to wall frame interaction. Figure A.22 

shows the accuracy of the multi-modal pushover estimates of the storey shears when 

compared to the average results of nonlinear time history analyses. It is also shown that 
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four modes SSRS combination gives very close results to time history analyses. 

However, first mode storey shears estimates significantly underestimate the actual shears. 

Figure A.23 shows the storey drift ratios. As expected the behaviour of the structure 

is controlled by the wall, and the drifts increase along the height of structure. It is 

interesting to mention that the drifts increase linearly between first floor and eleventh 

floor. The drift ratios show much greater disperses than the storey shears. It is also the 

case for lateral displacement profile (see Figure A.24). 

The storey drift ratios as well as the lateral displacements at the roof level -as 

shown in Figure A.25 and Figure A.26, respectively- are estimated accurately by multi

modal pushover analyses and are close to the results of nonlinear time history analyses. 

However, they are overestimated at the lower floor levels, and the overestimation is 

greater for the lowest floor levels. In both Figure A.25 and Figure A.26 the difference 

between first mode estimates and four modes SSRS combinations are very small, which 

shows that the higher modes make only small contribution to displacements and drift 

ratios estimates. 
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Table A. 1: Tributary areas for gravity loads on columns, walls and beams 

Columns, tributary area, m2 Beams, Walls, 

interior exterior tributary width, m tributary area, m2 

64 32 8 64 
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Table A.2: Axial gravity forces in an interior column 

_, Dead Dead load „ , . Cumulativ LLRF Cumulative Reduced 
Floor , , el , Cumulative . ., . . T . T , , . 
, , load, Floor + e tnbutary type Live Load Live 
level .-. T/ 2 , , XT D e a d k N 2 „ ,-vT T •,, XT 

kN/m column kN area, m B kN Load kN 

~~12 7.079 493.6 493.6 () 0̂  0̂  () 

11 6.529 458.4 952.1 64 0.691 153.6 106.1 

10 6.529 458.4 1410.5 128 0.577 307.2 177.3 

9 6.529 458.4 1868.9 192 0.526 460.8 242.4 

8 6.529 458.4 2327.3 256 0.496 614.4 304.7 

7 6.529 458.4 2785.8 320 0.475 768 364.8 

6 6.529 458.4 3244.2 384 0.46 921.6 423.9 

5 6.529 458.4 3702.6 448 0.448 1075.2 481.7 

4 6.529 458.4 4161.0 512 0.438 1228.8 538.2 

3 6.529 458.4 4619.5 576 0.43 1382.4 594.4 

2 6.529 458.4 5077.9 640 0.424 1536 651.3 

1 6.529 472.6 5550.4 704 0.418 1689.6 706.3 



243 

Table A. 3: Axial gravity forces in an exterior column 

„, Dead „, , „ .... Cumulative T T „ „ Cumulative Reduced 
Floor , . Floor + Cumulative , ., , LLRF 
level 

load, , _. , , , T tnbutary ^ „ Live Load Live 
"olumn Dead kN i type B , xT _ , , x XVJL,,̂  , , , area, m kN Loadkr" 

kN [ 

12 7.079 267.1 267.1 0 0 0 0 

11 6.529 249.5 516.6 32 0.8534 76.8 65.5 

10 6.529 249.5 766.1 64 0.6913 153.6 106.2 

9 6.529 249.5 1015.6 96 0.6195 230.4 142.7 

8 6.529 249.5 1265.1 128 0.5767 307.2 177.2 

7 6.529 249.5 1514.6 160 0.5475 384 210.2 

6 6.529 249.5 1764.1 192 0.5259 460.8 242.3 

5 6.529 249.5 2013.6 224 0.5092 537.6 273.7 

4 6.529 249.5 2263.1 256 0.4957 614.4 304.5 

3 6.529 249.5 2512.6 288 0.4845 691.2 334.9 

2 6.529 249.5 2762.1 320 0.475 768 364.8 

1 6.529 263.6 3025.7 352 0.4669 844.8 394.4 
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Table A.4: Axial gravity forces on a wall 

F1 Dead Dead load „ , . Cumulative LLRF Cumulative Reduced 
, , load, Floor + _ , , , T tributary type Live Load Live 
level , x T/ 2 , U T DeadkN i „ ,.. T . , . . , 

kN/m column kN area, m B kN Load kN 

~~12 7.079 651.8 651.8 0 0 0 0 

11 6.529 616.6 1268.4 64 0.691 153.6 106.1 

10 6.529 616.6 1884.9 128 0.577 307.2 177.3 

9 6.529 616.6 2501.5 192 0.526 460.8 242.4 

8 6.529 616.6 3118.1 256 0.496 614.4 304.7 

7 6.529 616.6 3734.7 320 0.475 768 364.8 

6 6.529 616.6 4351.2 384 0.46 921.6 423.9 

5 6.529 616.6 4967.8 448 0.448 1075.2 481.7 

4 6.529 616.6 5584.4 512 0.438 1228.8 538.2 

3 6.529 616.6 6201.0 576 0.43 1382.4 594.4 

2 6.529 616.6 6817.5 640 0.424 1536 651.3 

1 6.529 685.7 7503.2 704 0.418 1689.6 706.3 
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Table A.5: Gravity load calculation of roof level for P-A analysis 

Roof Total D + 0.5L load, kN Already accounted for, kN 

Columns 24x40.57= 973.68 

Walls 2x198.72= 397.44 

Slab 5.8x24x48= 6681.60 5.8x16x24= 2227.20 

Snow 0.25x2.2x24x48= 633.60 0.25x2.2x16x24= 211.20 

East-West beams 0.583x24x48= 671.62 

North-South beams 24x2x0.4x0.4x24= 184.32 24x2x0.4x0.4x24= 184.32 

Total = 10084.2 kN Total = 2865.1 kN 

Remaining portion of load combination D +0.5L for roof level = 6919.5 kN 
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Table A.6: Gravity load calculation of a typical floor level for P-A analysis 

Typical Floor Total D + 0.5L load, kN Already accounted for, kN 

Columns 24x40.57= 973.68 

Walls 2x198.72= 397.44 

Slab 5.8x24x48= 6681.60 5.8x16x24= 2227.20 

Live 0.5x0.392x2.4x24x48= 541.90 0.5x0.5259x2.4x16x24= 242.33 

East-West beams 0.583x24x48= 671.62 

North-South 
24x2x0.4x0.4x24= 184.32 24x2x0.4x0.4x24= 184.32 

beams 

Total = 9450.6 kN Total = 2653.9 kN 

Remaining portion of load combination D+0.5L for a typical floor = 6796.7 kN 
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Table A.7: Gravity load calculation of first floor level for P-A analysis 

First Floor Total D + 0.5L load, kN Already accounted for, kN 

Columns 24x54.68= 1312.32 

Walls 2x267.84= 535.68 

Slab 5.8x24x48= 6681.60 5.8x16x24= 2227.20 

Live 0.5x0.392x2.4x24x48= 541.90 0.5x0.5259x2.4x16x24= 242.33 

East-West beams 0.583x24x48= 671.62 

North-South 
24x2x0.4x0.4x24= 184.32 24x2x0.4x0.4x24= 184.32 

beams 

Total= 9927.4 kN Total = 2653.9 kN 

Remaining portion of load combination D +0.5L for first floor = 7273.6 kN 



248 

Table A. 8: Yield and ultimate displacements of the wall 

Yield Ultimate 
Floor i- , ,• , 

, displacement, displacement, 
level 

Ayty, m Au, m 

1 0.0067 0.0599 

2 0.0197 0.1308 

3 0.0384 0.2075 

4 0.0619 0.2890 

5 0.0893 0.3743 

6 0.1195 0.4625 

7 0.1517 0.5527 

8 0.1848 0.6438 

9 0.2181 0.7350 

10 0.2514 0.8263 

11 0.2847 0.9175 

12 0.3180 1.0087 



Table A.9: Lateral forces, and the actions in the wall 

Shear Moments 
on the on the 
walls walls 

kN kNm 

0 0.0 0.0 1605.25 40733.7 

1 24.9 24.9 1605.25 32948.3 

2 52.1 52.1 1580.3 27180.1 

3 82.6 82.6 1528.3 21601.9 

4 115.0 115.0 1445.7 16325.2 

5 149.0 149.0 1330.7 11468.3 

6 184.1 184.1 1181.7 7155.2 

7 220.0 220.0 997.6 3514.0 

8 256.2 256.2 777.6 675.7 

9 292.5 292.5 521.4 -1227.3 

10 328.9 328.9 228.9 -2062.7 

11 365.1 365.1 -100.0 -1697.7 

12 399.2 -465.1 -465.1 0.0 

Lateral 
Lateral force 

Floor „ 
lorce on 

level „ 
walls 

kN kN 



Table A. 10: Displacements at the yield of wall and at ultimate, in m 

Floor Yield Ultimate 

level displacement displacement 

1 0.0066 0.0410 

2 0.0195 0.0914 

3 0.0382 0.1476 

4 0.0618 0.2086 

5 0.0894 0.2737 

6 0.1200 0.3419 

7 0.1529 0.4122 

8 0.1871 0.4839 

9 0.2216 0.5559 

10 0.2562 0.6280 

11 0.2908 0.7001 

12 0.3254 0.7722 



Table A. 11: Lateral forces, and the actions in the wall 

Lateral 
Shear Moments 

Lateral force 
Floor _ on the on the 

force on ,, „ 
level „ walls walls 

walls 

kN kN kN kNm 

~~0 OO OO 2811.81 72349.4 

1 39.8 39.8 2811.81 58712.1 

2 85.0 85.0 2772.0 48594.3 

3 137.2 137.2 2687.0 38786.7 

4 193.9 193.9 2549.9 29479.8 

5 254.4 254.4 2355.9 20880.7 

6 317.7 317.7 2101.5 13210.3 

7 383.1 383.1 1783.7 6699.6 

8 449.7 449.7 1400.6 1587.4 

9 516.8 516.8 950.9 -1883.2 

10 583.7 583.7 434.1 -3467.7 

11 650.8 650.8 -149.6 -2921.5 

12 713.6 -800.4 -800.4 0.0 



Table A. 12: Displacements at the yield of wall and at ultimate, in m 

Floor Yield Ultimate 

level displacement displacement 

1 0.0067 0.0409 

2 0.0197 0.0911 

3 0.0386 0.1472 

4 0.0624 0.2083 

5 0.0903 0.2734 

6 0.1213 0.3416 

7 0.1545 0.4121 

8 0.1891 0.4839 

9 0.2240 0.5560 

10 0.2590 0.6282 

11 0.2940 0.7004 

12 0.3289 0.7726 



Table A. 13: Multi-modal pushover analysis section shears, in kN 

(2) (3) (4) (5) (6) (7) difference 
l ' Mode Mode Mode Mode SRSS 3 SRSS 4 (6) and 
° r C y 1 2 3 4 modes modes (7)% 
1 4329.0 9003.4 7581.2 4126.8 12541.0 13202.5 528 

2 4289.4 8630.2 6351.6 2552.4 11542.2 11821.0 2.42 

3 4204.8 7704.0 3729.6 129.1 9536.3 9537.2 0.01 

4 4068.0 6157.6 205.6 2462.0 7382.9 7782.6 5.41 

5 3874.4 4064.2 3149.2 2960.8 6437.9 7086.1 10.07 

6 3620.2 1648.4 5224.8 1338.5 6566.7 6701.7 2.06 

7 3302.4 790.5 5334.0 1249.2 6323.2 6445.4 1.93 

8 2919.2 2921.6 3505.2 2989.6 5417.0 6187.2 14.22 

9 2469.0 4428.6 485.0 2686.6 5093.5 5758.6 13.06 

10 1951.6 5038.4 2496.4 603.0 5952.0 5982.5 0.51 

11 1366.9 4559.2 4135.0 1679.1 6305.0 6524.7 3.49 

12 715.0 2886.8 3451.2 2258.2 4555.8 5084.8 11.61 
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Table A. 14: Multi-modal pushover analysis, inter-storey drifts 

,(1) M ? , M(3,\ M
(4.\ J5L « S B S R

( s L d * r r 
Storey Model Mode 2 Mode 3 Mode 4 , , \Ln, 

modes modes (7) % 

1 0.01163 0.00295 0.00065 0.00022 0.01201 0.01201 O02 

2 0.01382 0.00435 0.00106 0.00023 0.01452 0.01453 0.01 

3 0.01526 0.00454 0.00066 0.00007 0.01594 0.01594 0.00 

4 0.01635 0.00393 0.00013 0.00036 0.01681 0.01682 0.02 

5 0.01710 0.00270 0.00094 0.00041 0.01733 0.01734 0.03 

6 0.01755 0.00105 0.00145 0.00019 0.01764 0.01764 0.01 

7 0.01774 0.00153 0.00143 0.00017 0.01786 0.01786 0.00 

8 0.01773 0.00308 0.00088 0.00040 0.01802 0.01802 0.03 

9 0.01758 0.00438 0.00002 0.00035 0.01811 0.01812 0.02 

10 0.01735 0.00531 0.00098 0.00004 0.01817 0.01817 0.00 

11 0.01712 0.00584 0.00171 0.00033 0.01817 0.01817 0.02 

12 0.01697 0.00603 0.00205 0.00055 0.01813 0.01814 0.05 



Table A. 15: Multi-modal pushover analysis, wall shear forces in kN 

(2) (3) (4) (5) (6) (7) difference 
l ) Mode Mode Mode Mode SRSS 3 SRSS 4 (6) and 
° r e y 1 2 3 4 modes modes (7)% 
1 1711.0 4153.0 3733.0 2033.0 5840.4 6184.1 5^89 

2 1940.0 4144.0 3075.0 1243.0 5512.9 5651.3 2.51 

3 1604.0 3584.0 1809.0 60.1 4323.2 4323.7 0.01 

4 1511.0 2847.0 106.8 1195.0 3224.9 3439.2 6.64 

5 1345.0 1858.0 1500.0 1435.0 2740.7 3093.6 12.88 

6 1149.0 749.3 2489.0 648.2 2842.0 2915.0 2.57 

7 917.2 346.7 2537.0 604.1 2719.9 2786.2 2.44 

8 656.5 1278.0 1666.0 1444.0 2200.0 2631.5 19.62 

9 419.7 1908.0 238.6 1297.0 1968.1 2357.1 19.76 

10 179.8 2105.0 1152.0 294.4 2406.3 2424.3 0.75 

11 357.0 1829.0 1919.0 805.4 2674.9 2793.5 4.43 

12 726.6 823.3 1444.0 1041.0 1814.1 2091.6 15.30 



Table A. 16: Multi-modal pushover analysis wall moments in kN.m 

(1) (2) (3) (4) 
Storey Mode 1 Mode 2 Mode 3 

1 38000.0 38000.0 22030.0 

2 31230.0 18230.0 7305.0 

3 24190.0 10350.0 13910.0 

4 18710.0 20740.0 14300.0 

5 13870.0 27520.0 14300.0 

6 9551.0 30260.0 8821.0 

7 5836.0 30260.0 9522.0 

8 2784.0 28990.0 15600.0 

9 3912.0 24320.0 16480.0 

10 3955.0 17360.0 16480.0 

11 3955.0 9679.0 12270.0 

12 2652.0 3005.0 5269.0 

Hinge 
0.0102 0.0017 0.0000 

rotation 

(5) (6) (7) difference 
Mode SRSS3 SRSS 4 (6) and 

4 modes modes (7) % 
8755.0 38430.0 38430.0 O00 

5643.0 36891.9 37320.9 1.16 

5643.0 29761.8 30292.1 1.78 

5423.0 31380.0 31845.1 1.48 

4177.0 33973.8 34229.6 0.75 

6543.0 32934.8 33578.4 1.95 

6543.0 32255.2 32912.1 2.04 

4338.0 33038.3 33321.9 0.86 

5665.0 29637.1 30173.6 1.81 

6740.0 24261.1 25179.9 3.79 

6740.0 16120.7 17473.0 8.39 

3800.0 6620.1 7633.2 15.30 

0.0000 



Table A. 17: Maximum negative moments in kN.m and inelastic hinge rotations in storey 
beams 

(1) 
Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

(2) 
Mode 1 
955.0 

(0.0017) 

955.0 

(0.0038) 

955.0 

(0.0058) 

955.0 

(0.0071) 

955.0 

(0.0080) 

955.0 

(0.0085) 

955.0 

(0.0087) 

955.0 

(0.0085) 

955.0 

(0.0083) 

955.0 

(0.0079) 

955.0 

(0.0076) 

477.5 

(0.0197) 

(3) 
Mode 2 
523.6 

548.7 

543.0 

494.4 

416.5 

321.6 

312.8 

315.1 

317.5 

317.1 

325.5 

291.6 

(4) 
Mode 3 
351.9 

347.7 

314.2 

302.6 

306.4 

309.8 

312.8 

315.1 

345.9 

393.6 

436.0 

393.1 

(5) 
Mode 4 
297.1 

294.7 

310.6 

326.4 

324.9 

310.2 

312.8 

315.1 

317.5 

325.2 

352.7 

320.2 

(6) 
Gravity 
297.1 

294.8 

297.8 

302.8 

306.6 

310.1 

313.1 

315.5 

317.9 

317.4 

327 

317.2 

1 Inelastic hinge rotation values are in parentheses 
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Table A. 18: Maximum positive moments in kN.m and inelastic hinge rotations2 in storey 
beams 

(1) 
Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

(2) 
Mode 

1 
297.1 

294.8 

297.8 

302.8 

306.6 

310.1 

313.1 

315.5 

317.9 

317.4 

327.0 

317.2 

(3) 
Mode 2 

297.1 

294.7 

297.7 

302.6 

306.4 

346.3 

438.2 

520.9 

586.2 

625.6 

656.0 

477.5 

(0.0032) 

(4) 
Mode 3 

297.1 

294.7 

297.7 

334.1 

377.4 

395.5 

381.9 

341.5 

317.5 

317.1 

325.5 

291.6 

(5) 
Mode 4 

313 

300.6 

297.7 

302.6 

306.4 

309.8 

330.9 

339.0 

330.1 

317.1 

325.5 

291.6 

(6) 
Gravity 

297.1 

294.8 

297.8 

302.8 

306.6 

310.1 

313.1 

315.5 

317.9 

317.4 

327 

317.2 

2 Inelastic hinge rotation values are in parentheses 



Table A. 19: Maximum moments in kN.m and inelastic hinge rotation at the base of 
columns 

(I) (2) (3) (4) (5) (6)~~ 
Column Mode 1 Mode 2 Mode 3 Mode 4 Gravity 

955.0 522.1 146.3 5L0 5L0 
Base 

(0.0068) 

3 Inelastic hinge rotation values are in parentheses 
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Figure A. 1: Plan view of frame wall building 
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Figure A.2: Design spectrum for LA 
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Figure A.3: Capacity and demand diagrams 
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Figure A. 5: Total overturning moment in the two walls 
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Figure A. 6: Moment curvature relation for 6-meter wall 
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Figure A.7: Demand capacity diagram 
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Figure A. 8: Moment-curvature relationship for 6-meter wall 
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Figure A.9: Demand capacity diagrams 
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Figure A. 10: Pushover curves with and without P-A effect 
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Figure A. 11: Inter-storey drifts storey 1 to 6 
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Figure A. 12: Inter-storey drifts storey 7 to 12 
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Figure A. 13: Demand capacity diagram 



267 

10000.0 < 

8000.0 

6000.0 

g 4000.0 
QQ 

2000.0 

0.0 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

5th Floor displacement, m 

Figure A. 14: Second mode pushover curve 

Figure A. 15: Demand capacity diagram for second mode 
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Figure A. 16: Moment curvature relation of roof beams 
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Figure A. 17: Moment curvature relation of floor beams 
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Figure A. 18: Moment curvature relation for unconfined interior column 
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Figure A. 19: Moment curvature relation for confined interior column 
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Figure A.20: Response spectra for 20 ground motions and the design spectrum 
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Figure A.21: Storey shears obtained from 20 dynamic analyses and their average 
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Figure A.22: Comparison of the modal and first mode base shears with the results of 
nonlinear time history analyses (NL-TH) 
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Figure A.23: Storey drift ratios obtained from 20 dynamic analyses and their average 
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Figure A.24: Displacement profiles obtained from 20 dynamic analyses and their average 
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Figure A.25: Comparison of the modal and first mode inter-storey drifts with the results 
of nonlinear time history analyses (NL-TH) 
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Figure A.26: Companson of the modal and first mode displacements with the results of 
nonlinear time history analyses (NL-TH) 
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8. Supplemental data on multi-mode pushover and nonlinear time-

history analyses 

This appendix supplements Chapter 3 on DBSD of wall-frame structures. 

Supplemental data for 6, 9, 15, and 20-storey buildings are presented. 

Table B. 1: Multi-modal pushover analysis section shears, in kN 

(1) 

Storey 

1 

2 

3 

4 

5 

6 

(2) 

Mode 1 

3409.8 

3323.8 

3093.2 

2666.8 

2018.0 

1134.1 

(3) 

Mode 2 

6827 

5341 

2384 

1067 

3437.0 

3328.8 

(4) 

Mode 3 

2988 

659 

1939.1 

2078.4 

232.0 

1892.7 

(5) 

Mode 4 

256.6 

156.9 

193.0 

186.6 

169.7 

184.5 

(6) 

SRSS3 

modes 

8194.8 

6325.2 

4360.0 

3545.4 

3992.4 

3993.7 

(7) 

SRSS4 

modes 

8198.8 

6327.1 

4364.3 

3550.3 

3996.0 

3997.9 

difference 

(6) and (7) 

% 

0.05 

0.03 

0.10 

0.14 

0.09 

0.11 

Table B.2: Multi-modal pushover analysis, wall shear forces in kN 

(1) 

Storey 

1 

2 

3 

4 

5 

6 

(2) 

Mode 1 

1168.0 

1336.0 

959.8 

737.1 

449.5 

203.9 

(3) 

Mode 2 

3267.0 

2550.0 

1125.0 

489.7 

1597.0 

1404.0 

(4) 

Mode 3 

1462.0 

317.7 

935.1 

1003.0 

112.1 

885.9 

(5) 

Mode 4 

125.8 

76.4 

93.7 

91.0 

82.5 

88.2 

(6) 

SRSS3 

modes 

3765.0 

2896.3 

1749.6 

1337.6 

1662.8 

1672.6 

(7) 

SRSS4 

modes 

3767.1 

2897.3 

1752.1 

1340.7 

1664.9 

1674.9 

difference 

(6) and (7) 

% 

0.06 

0.03 

0.14 

0.23 

0.12 

0.14 
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Table B.3 Multi-modal pushover analysis, inter-storey drifts 

(1) 

Storey 

1 

2 

3 

4 

5 

6 

(2) 

Mode 1 

0.01736 

0.01947 

0.02050 

0.02096 

0.02104 

0.02097 

(3) 

Mode 2 

0.00192 

0.00236 

0.00112 

0.00122 

0.00277 

0.00355 

(4) 

Mode 3 

0.00026 

0.00006 

0.00037 

0.00036 

0.00011 

0.00055 

(5) 

Mode 4 

0.00001 

0.00002 

0.00002 

0.00001 

0.00001 

0.00003 

(6) 

SRSS3 

modes 

0.01747 

0.01962 

0.02053 

0.02100 

0.02122 

0.02127 

(7) 

SRSS4 

modes 

0.01747 

0.01962 

0.02053 

0.02100 

0.02122 

0.02127 

difference 

(6) and (7) % 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Table B.4 Multi-modal pushover analysis wall moments in kNm 

(1) 

Storey 

1 

2 

3 

4 

5 

6 

Hinge 

rotation 

(2) 

Mode 1 

16520.0 

12210.0 

7410.0 

4210.0 

1729.0 

744.3 

0.0158 

(3) 

Mode 2 

16520.0 

8633.0 

12740.0 

12740.0 

10950.0 

5123 

0.0007 

(4) 

Mode 3 

4819.0 

3432.0 

3432.0 

3643.0 

3643.0 

3233 

(5) 

Mode 

4 

309.7 

309.7 

311.0 

311.0 

322.0 

322.0 

(6) SRSS 

3 modes 

16520.0 

15342.5 

15132.6 

13903.4 

11668.9 

6103.4 

(7) SRSS 

4 modes 

16520.0 

15345.6 

15135.8 

13906.8 

11673.3 

6111.9 

difference 

(6) and (7) % 

0.00 

0.02 

0.02 

0.03 

0.04 

0.14 
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(1) 

Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Table B.5 Multi-modal pushover analy: 

(2) 

Mode 1 

3829.4 

3794.4 

3698.2 

3515.6 

3229.8 

2829.2 

2307.4 

1662.0 

893.62 

(3) 

Mode 2 

7817 

7162 

5634 

3297 

552.2 

2017.4 

3788.8 

4237.6 

3023.6 

(4) 

Mode 3 

5593 

3792 

521.3 

2730.2 

4172.8 

3041.0 

146.1 

2546.0 

2984.4 

(5) 

Mode 4 

3644.0 

1005.4 

2114.0 

2625.6 

61.4 

2611.8 

2356.0 

438.8 

2254.2 

sis section shears, in kN 

(6) SRSS 

3 modes 

10346.2 

8948.1 

6759.8 

5539.0 

5305.5 

4617.6 

4438.5 

5215.5 

4341.4 

(7) SRSS 

4 modes 

10969.1 

9004.4 

7082.6 

6129.8 

5305.9 

5305.0 

5025.1 

5233.9 

4891.7 

difference 

(6) and (7) 

% 

6.02 

0.63 

4.78 

10.67 

0.01 

14.89 

13.21 

0.35 

12.68 

Table B.6 Multi-modal pushover analysis, inter-storey drifts 

(1) (2) (3) (4) 

Storey Mode 1 Mode 2 Mode 3 

(5) (6) SRSS 

Mode 4 3 modes 

(7) SRSS difference (6) 

4 modes and (7) % 

1 0.01459 0.00245 0.00049 

2 0.01672 0.00352 0.00058 

3 0.01797 0.00319 0.00001 

4 0.01876 0.00199 0.00069 

5 0.01915 0.00046 0.00099 

6 0.01921 0.00209 0.00068 

7 0.01903 0.00347 0.00007 

8 0.01873 0.00436 0.00085 

9 0.01845 0.00473 0.00130 

0.00019 

0.00006 

0.00026 

0.00030 

0.00000 

0.00030 

0.00026 

0.00009 

0.00040 

0.01480 

0.01709 

0.01825 

0.01888 

0.01918 

0.01933 

0.01935 

0.01925 

0.01909 

0.01480 

0.01709 

0.01825 

0.01888 

0.01918 

0.01934 

0.01935 

0.01925 

0.01909 

0.01 

0.00 

0.01 

0.01 

0.00 

0.01 

0.01 

0.00 

0.02 
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Table B.7 Multi-modal pushover analysis, wall shear forces in kN 

(6) (7) difference 

(1) (2) (3) (4) (5) SRSS3 SRSS 4 (6) and (7) 

3rey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Mode 1 

1461.0 

1633.0 

1360.0 

1223.0 

996.8 

738.0 

446.4 

237.6 

1055 

Mode 2 

3689.0 

3433.0 

2644.0 

1538.0 

274.4 

918.4 

1692.0 

1878.0 

1074.0 

Mode 3 

2749.0 

1838.0 

257.6 

1312.0 

2004.0 

1459.0 

77.4 

1209.0 

1342.0 

Mode 4 

1792.0 

489.1 

1028.0 

1277.0 

30.0 

1267.0 

1143.0 

213.4 

1068.0 

modes 

4827.0 

4222.6 

2984.4 

2362.7 

2255.0 

1875.3 

1751.6 

2246.1 

2016.8 

modes 

5148.9 

4250.8 

3156.5 

2685.7 

2255.2 

2263.2 

2091.5 

2256.2 

2282.1 

% 

6.67 

0.67 

5.77 

13.67 

0.01 

20.68 

19.41 

0.45 

13.16 

Table B.8 Multi-modal pushover analysis wall moments in kNm 

Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

(2) Mode 1 

26320.0 

20830.0 

15040.0 

10790.0 

7011.0 

3815.0 

3391.0 

3850.0 

3850.0 

(3) Mode 2 

26320.0 

8817.0 

13750.0 

19370.0 

20300.0 

20300.0 

16950.0 

10770.0 

3921 

(4) Mode 3 

12580.0 

7460.0 

8400.0 

8400.0 

3706.0 

9031.0 

9314.0 

9314.0 

4899 

(5) Mode 4 

6074.0 

4403.0 

4403.0 

4013.0 

4122.0 

4122.0 

4677.0 

4677.0 

3898.0 

Hinge rotation 0.0131 0.0012 
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Table B.9 Multi-modal pushover analysis section shears, in kN 

(1) 

Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

(2) 

Mode 1 

5207.8 

5194.2 

5156.6 

5084.2 

4968.2 

4803.0 

4582.8 

4305.4 

3968.6 

3572.2 

3116.4 

2602.0 

2030.2 

1402.6 

721.46 

(3) 

Mode 2 

9404 

9175 

8586 

7552 

6075.2 

4231.0 

2149.6 

1.2 

2029.4 

3745.6 

4971.6 

5560.6 

5404.6 

4434.6 

2619.6 

(4) 

Mode 3 

9107 

8250 

6278.4 

3279.4 

218.0 

3486.4 

5798.4 

6640.6 

5846.4 

3652.8 

650.2 

2356.0 

4509.2 

5089.0 

3630.2 

(5) 

Mode 4 

5302.0 

4104.2 

1731.3 

1113.9 

3267.6 

3799.8 

2505.2 

7.1 

2513.6 

3882.2 

3472.6 

1512.2 

1005.7 

2749.8 

2589.6 

(6) SRSS 

3 modes 

14089.3 

13387.4 

11820.4 

9676.3 

7851.0 

7288.7 

7697.0 

7914.2 

7351.8 

6335.1 

5903.5 

6575.8 

7325.6 

6894.3 

4534.4 

(7) SRSS 

4 modes 

15053.9 

14002.4 

11946.5 

9740.2 

8503.9 

8219.7 

8094.5 

7914.2 

7769.6 

7430.0 

6849.1 

6747.5 

7394.3 

7422.4 

5221.8 

difference 

(6) and (7) 

% 

6.85 

4.59 

1.07 

0.66 

8.32 

12.77 

5.16 

0.00 

5.68 

17.28 

16.02 

2.61 

0.94 

7.66 

15.16 
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(1) 

Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Table B.10 Multi-modal pushover analysis, inter-storey drifts 

(2) 

Mode 1 

0.01197 

0.01474 

0.01662 

0.01807 

0.01911 

0.01976 

0.02006 

0.02005 

0.01979 

0.01933 

0.01873 

0.01807 

0.01742 

0.01685 

0.01646 

(3) 

Mode 2 

0.00318 

0.00523 

0.00595 

0.00581 

0.00494 

0.00347 

0.00161 

0.00102 

0.00290 

0.00462 

0.00606 

0.00722 

0.00795 

0.00828 

0.00833 

(4) 

Mode 3 

0.00099 

0.00187 

0.00166 

0.00081 

0.00038 

0.00156 

0.00239 

0.00267 

0.00229 

0.00135 

0.00005 

0.00131 

0.00247 

0.00321 

0.00352 

(5) 

Mode 4 

0.00038 

0.00054 

0.00021 

0.00030 

0.00071 

0.00080 

0.00053 

0.00001 

0.00051 

0.00079 

0.00069 

0.00025 

0.00033 

0.00082 

0.00107 

(6) 

SRSS3 

modes 

0.01243 

0.01576 

0.01773 

0.01900 

0.01974 

0.02012 

0.02027 

0.02025 

0.02013 

0.01992 

0.01969 

0.01950 

0.01931 

0.01905 

0.01878 

(?) 

SRSS4 

modes 

0.01243 

0.01576 

0.01773 

0.01900 

0.01975 

0.02014 

0.02027 

0.02025 

0.02014 

0.01993 

0.01970 

0.01951 

0.01931 

0.01907 

0.01881 

difference 

(6) and (7) 

% 

0.05 

0.06 

0.01 

0.01 

0.06 

0.08 

0.03 

0.00 

0.03 

0.08 

0.06 

0.01 

0.01 

0.09 

0.16 
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Table B.l 1 Multi-modal pushover analysis, wall shear forces in kN 

(1) 

Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

(2) 

Mode 1 

2081.0 

2304.0 

1932.0 

1880.0 

1755.0 

1596.0 

1397.0 

1165.0 

904.8 

623.7 

360.1 

139.1 

445.6 

547.3 

2041 

(3) 

Mode 2 

4287.0 

4326.0 

3894.0 

3384.0 

2678.0 

1843.0 

933.2 

62.2 

807.2 

1479.0 

1918.0 

2074.0 

1867.0 

1434.0 

63.5 

(4) 

Mode 3 

4466.0 

3939.0 

2996.0 

1561.0 

83.5 

1607.0 

2674.0 

3054.0 

2681.0 

1674.0 

311.7 

1036.0 

1960.0 

2205.0 

1220.0 

(5) 

Mode 4 

2600.0 

1978.0 

838.5 

529.7 

1558.0 

1810.0 

1191.0 

3.5 

1190.0 

1834.0 

1639.0 

715.1 

458.6 

1276.0 

1097.0 

(6) 

SRSS 3 

modes 

6531.0 

6288.0 

5279.4 

4174.0 

3202.9 

2920.0 

3158.0 

3269.3 

2942.4 

2319.2 

1976.2 

2322.5 

2743.3 

2686.6 

2378.7 

(7) 

SRSS 4 

modes 

7029.5 

6591.7 

5345.6 

4207.5 

3561.7 

3435.5 

3375.1 

3269.3 

3174.0 

2956.7 

2567.5 

2430.1 

2781.4 

2974.2 

2619.5 

difference 

(6) and (7) 

% 

7.63 

4.83 

1.25 

0.80 

11.20 

17.65 

6.88 

0.00 

7.87 

27.49 

29.92 

4.63 

1.39 

10.71 

10.12 
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Table B.12 Multi-modal pushover analysis wall moments in kNm 

(1) Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

(2) Mode 1 

48190.0 

40180.0 

31800.0 

24900.0 

18990.0 

13620.0 

8826.0 

4650.0 

7801.0 

10050.0 

11140.0 

11140.0 

11070.0 

9445.0 

7449.0 

(3) Mode 2 

48190.0 

27430.0 

12860.0 

14920.0 

24700.0 

31430.0 

34830.0 

34920.0 

34920.0 

31970.0 

26570.0 

19570.0 

12000 

5188 

231.8 

(4) Mode 3 

32000.0 

10340.0 

14970.0 

20670.0 

20670.0 

20360.0 

14500.0 

6407.0 

16190.0 

22300.0 

23440.0 

23440.0 

19660 

12500 

4454 

(5) Mode 4 

13600.0 

6228.0 

9289.0 

9289.0 

7356.0 

4937.0 

9284.0 

9296.0 

9296.0 

4953.0 

7724.0 

10330.0 

10330.0 

8660.0 

4004.0 

Hinge rotation 0.0102 0.0015 
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Table B.13 Multi-modal pushover analysis section shears, in kN 

(1) 

Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

(2) 

Mode 1 

6415.6 

6408.4 

6388.0 

6348.0 

6283.2 

6188.4 

6060.8 

5896.8 

5693.4 

5449.4 

5164.0 

4835.0 

4463.4 

4048.2 

3590.4 

3090.4 

2549 

1966.3 

1343.6 

681.56 

(3) 

Mode 2 

11682 

11554 

11215 

10590 

9650.0 

8390.6 

6843.6 

5062.8 

3122.6 

1115.5 

858.1 

2695.6 

4294.0 

5558.4 

6403.8 

6761.0 

6578.6 

5818.0 

4461.0 

2497.8 

(4) 

Mode 3 

11340 

10843 

9615.2 

7548.6 

4762.0 

1537.7 

1745.9 

4673.4 

6866.2 

8042.4 

8055.6 

6927.6 

4842.4 

2126.4 

797.4 

3457.8 

5405.8 

6248.0 

5702.6 

3606.2 

(5) 

Mode 4 

6954.8 

6199.2 

4502.2 

1988.2 

825.0 

3264.2 

4717.0 

4817.8 

3560.8 

1299.9 

1334.9 

3621.8 

4933.4 

4921.8 

3607.4 

1380.9 

1090.0 

3037.4 

3765.0 

2795.8 

(6) SRSS 

3 modes 

17499.5 

17092.3 

16094.6 

14471.9 

12461.0 

10538.6 

9306.8 

9068.9 

9450.4 

9778.6 

9607.1 

8867.6 

7861.9 

7197.6 

7384.8 

8198.7 

8888.1 

8760.9 

7363.8 

4439.4 

(7) SRSS 

4 modes 

18830.9 

18181.8 

16712.4 

14607.8 

12488.3 

11032.6 

10433.9 

10269.2 

10099.0 

9864.6 

9699.4 

9578.8 

9281.6 

8719.5 

8218.8 

8314.1 

8954.7 

9272.5 

8270.5 

5246.4 

difference 

(6) and (7) 

% 

7.61 

6.37 

3.84 

0.94 

0.22 

4.69 

12.11 

13.24 

6.86 

0.88 

0.96 

8.02 

18.06 

21.14 

11.29 

1.41 

0.75 

5.84 

12.31 

18.18 
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(1) 

Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Table B.14 Multi-modal pushover analysis, inter-storey drifts 

(2) 

Mode 1 

0.00940 

0.01124 

0.01257 

0.01369 

0.01461 

0.01534 

0.01591 

0.01630 

0.01655 

0.01666 

0.01665 

0.01654 

0.01634 

0.01608 

0.01578 

0.01546 

0.01515 

0.01487 

0.01466 

0.01453 

(3) 

Mode 2 

0.00243 

0.00390 

0.00467 

0.00500 

0.00492 

0.00449 

0.00374 

0.00274 

0.00156 

0.00040 

0.00161 

0.00281 

0.00392 

0.00491 

0.00572 

0.00635 

0.00677 

0.00702 

0.00714 

0.00715 

(4) 

Mode 3 

0.00066 

0.00139 

0.00155 

0.00133 

0.00082 

0.00011 

0.00065 

0.00135 

0.00187 

0.00213 

0.00209 

0.00175 

0.00115 

0.00037 

0.00049 

0.00133 

0.00204 

0.00256 

0.00287 

0.00298 

(5) 

Mode 4 

0.00027 

0.00049 

0.00041 

0.00015 

0.00018 

0.00049 

0.00067 

0.00067 

0.00050 

0.00018 

0.00018 

0.00049 

0.00066 

0.00065 

0.00045 

0.00012 

0.00026 

0.00061 

0.00084 

0.00095 

(6) 

SRSS3 

modes 

0.00973 

0.01198 

0.01349 

0.01463 

0.01544 

0.01599 

0.01635 

0.01659 

0.01673 

0.01680 

0.01686 

0.01686 

0.01684 

0.01681 

0.01679 

0.01676 

0.01672 

0.01664 

0.01655 

0.01646 

(7) 

S R S S 4 

modes 

0.00973 

0.01199 

0.01350 

0.01463 

0.01544 

0.01600 

0.01637 

0.01660 

0.01674 

0.01680 

0.01686 

0.01687 

0.01685 

0.01683 

0.01680 

0.01676 

0.01672 

0.01666 

0.01657 

0.01649 

difference 

(6) and (7) 

% 

0.04 

0.08 

0.05 

0.01 

0.01 

0.05 

0.08 

0.08 

0.04 

0.01 

0.01 

0.04 

0.08 

0.07 

0.04 

0.00 

0.01 

0.07 

0.13 

0.17 
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Table B.15 Multi-modal pushover analysis, wall shear forces in kN 

(1) 

Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

(2) 

Mode 1 

2433.0 

2928.0 

2497.0 

2437.0 

2281.0 

2137.0 

2006.0 

1852.0 

1676.0 

1480.0 

1263.0 

1027.0 

803.4 

609.8 

405.9 

189.2 

409 

745.2 

1050 

1646 

(3) 

Mode 2 

5437.0 

5620.0 

5281.0 

4953.0 

4459.0 

3840.0 

3103.0 

2277.0 

1398.0 

526.9 

350.1 

1129.0 

1786.0 

2281.0 

2578.0 

2648.0 

2475.0 

2008.0 

1396.0 

176.3 

(4) 

Mode 3 

5621.0 

5286.0 

4681.0 

3660.0 

2307.0 

754.8 

815.4 

2207.0 

3242.0 

3791.0 

3790.0 

3254.0 

2274.0 

1007.0 

345.5 

1562.0 

2435.0 

2764.0 

2494.0 

1190.0 

(5) 

Mode 4 

3447.0 

3038.0 

2208.0 

974.4 

397.5 

1583.0 

2287.0 

2333.0 

1723.0 

628.4 

643.1 

1744.0 

2372.0 

2365.0 

1732.0 

667.2 

510.3 

1425.0 

1768.0 

1193.0 

(6) 

SRSS 3 

modes 

8190.0 

8252.2 

7485.7 

6623.2 

5514.3 

4458.9 

3783.9 

3672.3 

3908.2 

4103.6 

4010.2 

3594.1 

3001.1 

2566.9 

2632.5 

3080.2 

3496.0 

3496.7 

3044.9 

2038.7 

(7) 

SRSS 4 

modes 

8885.8 

8793.7 

7804.5 

6694.5 

5528.6 

4731.6 

4421.3 

4350.7 

4271.1 

4151.5 

4061.5 

3994.9 

3825.3 

3490.3 

3151.2 

3151.6 

3533.1 

3775.9 

3521.0 

2362.1 

difference 

(6) and (7) 

% 

8.50 

6.56 

4.26 

1.08 

0.26 

6.11 

16.85 

18.47 

9.29 

1.17 

1.28 

11.15 

27.46 

35.97 

19.70 

2.32 

1.06 

7.98 

15.64 

15.86 
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Table B.16 Multi-modal pushover analysis wall moments in kNm 

(1) Storey 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

(2) Mode 1 

80630.0 

72080.0 

61500.0 

52740.0 

44730.0 

37400.0 

30500.0 

24050.0 

18110.0 

12700.0 

7858.0 

8970.0 

11790.0 

13630.0 

14400.0 

14400.0 

14060.0 

12560.0 

9843.0 

6009.0 

(3) Mode 2 

80630.0 

54360.0 

35210.0 

16830.0 

19780.0 

33800.0 

45120.0 

53440.0 

58540.0 

60390.0 

60390.0 

59110.0 

54990 

48470 

40140 

30730 

21070 

12030 

4706 

643.4 

(4) Mode 3 

53180.0 

25910.0 

10470.0 

23830.0 

32250.0 

35000.0 

35000.0 

32030.0 

23970.0 

12140.0 

15530.0 

27410.0 

35710 

39380 

39380 

38120 

32420 

23540 

13450 

4344 

(5) Mode 4 

23630.0 

6917.0 

12230.0 

15790.0 

15790.0 

14340.0 

8557.0 

8307.0 

14590.0 

16890.0 

16890.0 

14540.0 

8176.0 

9114.0 

15440.0 

17870.0 

17870.0 

16010.0 

10810.0 

4355.0 

Hinge rotation 0.0083 0.0014 
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Figure B.l Storey drift ratios obtained from 20 dynamic analyses and their average for 6-
storey building 
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Figure B.2 Displacement profiles obtained from 20 dynamic analyses and their average 
for 6-storey building 
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Figure B.4 Storey shears obtained from 20 dynamic analyses and their average for 9-
storey building 
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Figure B.5 Storey drift ratios obtained from 20 dynamic analyses and their average for 9-
storey building 
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for 9-storey building 
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Figure B.10 Storey shears obtained from 20 dynamic analyses and their average for 20-
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Figure B.l 1 Storey drift ratios obtained from 20 dynamic analyses and their average for 
20-storey building 
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Figure B.12 Displacement profiles obtained from 20 dynamic analyses and their average 
for 20-storey building 
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C. Case studies for DBSD of asymmetric plan buildings 

C.l Torsionally stiff system 

Consider the 12 storey system located in Vancouver (Ladner), whose plan is shown in 

Figure C.l. The floor dimension is 36 meter along the X axis, and 24 meter along the Y 

axis. The first storey is 4.85 m in height and the rest are 3.65 m high. The structural 

framing consists of 200 mm thick RC flat slab on 500 mm by 500 mm RC columns. The 

lateral resistance is provided by two 6.0 m by 0.4 m walls in the X direction and three 

walls in the Y direction. Of the Y direction walls the west and center walls are 5.0 m by 

0.4 m, while the east wall is 7.0 m by 0.4 m. Floor dead load is 5.8 kPa, the live load is 

assumed to be 2.4 kPa, and the snow load is considered to be 2.2 kPa. The ultimate 

strength of concrete is assumed to be 30 MPa and the yield strength of the reinforcing, 

steel is taken as 400MPa. The modulus of elasticity of concrete is assumed to be 24,500 

MPa. 

Using the D+0.25S load case the first floor mass works out to 675.3 tonne and its 

mass moment of inertia as 105,347.2 tonne.m . The typical floors have a mass of 650.94 

tonne with mass moment of inertia of 101,546 tonne.m2; the roof mass is 629.32 tonne 

and its mass moment of inertia is 98,174.1 tonne.m . The gravity loads at the base of each 

wall for D+0.5L+0.25S are shown in Table C.l. These loads will be used in the design of 

the walls sections. 
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C.l.l Design of orthogonal planes 

C. 1.1.1 Yield and ultimate displacements 

In the present study the orthogonal walls are assumed to be 6 meter in length. The 

ductility demand imposed on these walls by the code-prescribed drift limit is calculated 

as follows: 

Wall yield curvature 
2.0e. 

<Pv = 0.000667 1/m 

Roof level drift at yield 

Limit on plastic rotation 

Wall yield displacement at roof 

Total displacement at the roof level 

0y=<pyH/2 = 0.015 

0p =0 .025-0 , =0.01 

<PVH2 

A=— = 0.45 m 
y 3 

&u=*y+(H-lpl2)xOp=M&5 m 

Ductility demand 

Displacement at level i 

« = -2 - = 1.967 
A.. 

AB l=Ay+(A r-/ | > /2)x(9 / , 

In the above, A, is the height above base to level i, H=45 m is the total height of the 

building and lp is the length of the plastic hinge of the wall assumed as being located at 

the base of the wall and having a length equal to half of the length of the wall. For 

preliminary design, we assume the displacement shape <p as being equal to Auj normalized 
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so that the displacement at roof is 1. Using this deformed shape the properties of the 

SDOF can be obtained: 

Participation factor 

Modal mass 
.Tn./H\2 

r ^ = 1.523 

M* = ^ T
M1^ = 0.697M, = 5448.1 tonne 

<pJM(p 

Ultimate displacement of SDOF 8U = ^ = 0.581 
U j . 

Yields displacement of SDOF 3 = -^ = 0.2954 
y r 

C.l.1.2 Demand and capacity diagrams 

The elastic design spectrum is obtained from the uniform hazard spectrum for 2% chance 

of exceedance in 50 years for Vancouver, which is provided in NBCC 2005. It should be 

mentioned that for periods greater than 4 second the spectral acceleration is assumed to 

decay inversely with period. The elastic and inelastic spectra, the latter for ductility of 

1.967, are plotted in Figure C.2 in the acceleration-displacement format. The inelastic 

spectrum is entered with the ultimate displacement calculated above to obtain the spectral 

acceleration from which the design base shear is obtained as follows 

Vb =0.0275gxM* =0.0275x9.81x5448.1 = 1469.7 kN 
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We distribute this base shear along the height in proportion to M<p, where M is the 

mass matrix and cp is the vector of ultimate storey displacements calculated earlier. These 

forces induce a moment of 24,290 kN.m at the base of each 6.0 m wall. We need to 

design the wall to withstand this moment in combination with the axial load. 

The axial force due to the combination D+0.5L works out to 6074.3 kN. The 

minimum reinforcement in the wall with two layers of 100 mm at 200 mm spacing and 2 

layers of 800 mm at each edge, gives a resisting moment of 25,050 kNm, yield curvature 

of <py = 5.77 x 10"4 per m, ultimate curvature at the concrete strain of 0.004, as cpu = 4.851 

x 10" per m, and the effective moment of inertia as 24.61% of the gross moment of 

inertia. The corresponding value of 6P is: 

0p =(<pu -<py)xlp =(0.004851-0.000577)x3.0 = 0.01282 

The limit on plastic rotation works out to 6 = 0.025 — - — = 0.012 
2 

The limit on plastic rotation based on ductility limit is greater than plastic rotation 

at the base of the wall calculated for 0.025 inter-storey drift limit, therefore the drift limit 

governs. We will assume that the 6-m wall as designed is adequate and will continue 

further design process with 6-m orthogonal walls. 
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C.1.2 Design of planes along the axis of unsymmetry 

After the orthogonal planes have been designed, planes along the axis of asymmetry can 

be designed according to the proposed procedure. The first step is to estimate the yield 

and ultimate displacements of the resisting planes. 

C. 1.2.1 Yield and ultimate displacements 

The yield displacement of each wall can be obtained using the same empirical relations as 

presented earlier. Note that the calculations for 5-m wall represent both the center and the 

flexible walls while the 7-m wall is for the stiff wall. 

Yield curvature of 5-m wall 

Roof level yield displacement of 5-m wall 

2.0ev 

<p= ^ = 0.0008 1/m 
y I 

<PVH2 

A „ = - ^ = 0.54 m 

Yield curvature of 7-m wall 

Roof level yield displacement of 7-m wall 

2.0ev 
<p= ^ = 0.000571 1/m 

y L 

<PVH2 

A = - ^ = 0.386 m 

Ultimate displacement of each wall can be estimated using the code-prescribed drift 

limit at the preliminary design stage as follows: 

Plastic rotation of 5-m wall 0 =0 .025- -^ 
2 

0.007 
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Roof level ultimate displacement of 5 -m wall A„ = Ay + (H - lp /2) x 0p = 0.846 m 

Plastic rotation of 7-m wall Q = 0 0 2 5 - — = 0.012 
" 2 

Roof level ultimate displacement of 7-m wall A„ = A ̂  + (H - lp /2) x 0p = 0.911 m 

It may be noted that at this stage the limit on ultimate displacement as imposed by 

the other two criteria: (1) ductility capacity, and (2) stability under P-A effect is not 

available, therefore, the preliminary design will be carried out only for the ultimate 

displacement dictated by the code-prescribe drift limit. 

C. 1.2.2 Equivalent 2DOF system 

In order to construct the equivalent 2DOF system, an eigenvalue problem needs to be 

solved to determine the mode shapes. The stiffness of the planes along the axis of 

asymmetry is unknown at the preliminary design stage; however, one can estimate the 

relative stiffness of different elements according to their relative strength. Here it is 

assumed that the base shear is distributed proportional to the length of the walls, 

therefore, 30 percent of the total base shear along the Y axis is assigned to each of the 5-

m walls and 40 percent of the total base shear to the 7-m wall. Based on this assumption, 

the relative stiffnesses of the 7-m wall and 5-m walls will be related to the square of their 

length. Initial values of stiffnesses relative to the 6-m orthogonal wall are assigned on the 

same basis, and these relative stiffnesses are used to find the mode shapes. The first mode 

shape is obtained as follows: 
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q>i = [ 0.000368, 0.001078, 0.002108, 0.003412, 0.004946, 0.006668, 0.008536, 

0.010512, 0.012565, 0.014664, 0.016787, 0.018918, -0.000007706, -0.000023, -

0.000044, -0.000072, -0.000104, -0.00014, -0.000179, -0.000221, -0.000264, -0.000308, 

-0.000353, -0.000398]1 

It should be mentioned that in the mode shape presented here the first twelve values 

are the components of the mode shape in the Y direction and the next twelve are the 

rotational components with counter-clockwise direction considered positive. The angle of 

twist Yi for the first mode determined from the first mode shape is calculated at the roof 

level as -0.000398 / 0.018918 which works out to -0.021. Note that for torsionally stiff 

system only the first mode is used as the design mode. The equivalent yield and ultimate 

displacements at the centre of mass that correspond to the similar parameters for the edge 

walls are now obtained according to Equations (5.15) and (5.17) and are shown in Table 

C.2, where A*̂  and A*H denote the equivalent yield and ultimate displacements at the 

center of mass. For example, the equivalent yield and ultimate displacements at the center 

of mass for the 5-m wall are obtained from: 

0 54 
Equivalent yield displacement of flexible wall A^ = -— — = 0.392 

1 + (—18) x (—0.021) 

0.846 . , . . 
Equivalent ultimate displacement of flexible wall Au - -— — = 0. o 14 

Note that while the yield and ultimate displacements of flexible and center walls are 

the same, their equivalent yield and ultimate displacements at the center of mass are 
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different. Next, the global yield displacement is calculated from the A* values for 

individual walls as follows: 

Global yield displacement &} 
Zv = i 
2 > 0.3/0.392 + 0.3/0.54 + 0.4/0.620 

0.509 m 

The global ultimate displacement will be the minimum of the equivalent ultimate 

displacements for three walls as entered in Table 1.2 (0.614, 0.846, 1.465) that is 0.614 

m. The corresponding ductility is given by: 

Ductility demand u = -s- = 1.207 

The ultimate and yield displacement of the equivalent 2DOF system can be 

obtained from the first mode shape as: 

Participation factor 

Modal mass 

Ultimate displacement of SDOF 

r, = Vyi m l 
= 1.488 

< M ^ 

M* = ^-4 — = 5118.52 tonne 
<P[ M?! 

S., = - * - = 
A„ 0.614 

E 1.488 
0.4126 

Yields displacement of SDOF 
A i = a 5 0 9 = o 4 2 1 

'y\ T, 1.488 
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where <pyj is the lateral component of the first mode shape. 

C.l.2.3 Capacity demand diagram 

The inelastic spectrum shown in Figure C.3 is entered with the ultimate displacement 

calculated above to obtain the spectral acceleration from which the design base shear and 

base torque are obtained as follows: 

Vb = 0.06474 g x M\ = 3250.77 kN 

T6 = 0.06474 g x / *, =10659.06 kNm 

Forty percent of this base shear is assigned to 7-m wall and the rest equally to the 

two 5-m walls. Based on this assignment the moment demand at the base of 7-m wall 

works out to 43,885.4 kNm and at the base of 5-m walls to 32,914.0 kNm. We design the 

walls for these base moments acting together with the axial loads due to gravity. The 

details of the design are shown in the Table C.3. Minimum distributed reinforcement is 

found to be 200 mm2 every 200 mm which is shown as 200@200 in Table C.3 and the 

concentrated reinforcements at the edge of the walls are expressed in mm . The elastic 

parameters entered in Table C.3 are based on moment-curvature analyses of the wall 

sections; Ie is the effective moment of inertia and Ig is the gross moment of inertia. 

The demand torque and the additional torque due to asymmetry caused by the 

assignment of base shear to 5-m and 7-m walls, as shown in Figure C.4, are to be resisted 
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by the orthogonal walls. The shear demand on each of the orthogonal walls can be 

calculated as: 

Shear demand = [10659.06 + (0.4 - 0.3) x 3250.77 x 18]/24 = 687.94 kN 

This shear demand on the orthogonal walls causes a base moment of 23,217.8 

kNm, which is smaller than the current capacity of the orthogonal walls that is 25,050 

kNm. Therefore, the orthogonal walls do not need to be re-designed. 

C.l.2.4 First iteration 

The yield and ultimate displacements of the walls as well as their equivalent values at the 

center of mass are updated according to results of moment-curvature analysis of wall 

sections and the new angle of twist of ¥1=0.0243 obtained from the eigenvalue analysis 

of the structure. Such an analysis is carried out with the new values of the effective 

section moments of inertia as shown in Table C.4. The corresponding global yield 

displacement is calculated as: 

Global yield displacement Ay ~ ^ " 0.3/0.335 +0.3/0.504+ 0.4/0.582 " ° - 4 5 9 m 

The ultimate displacement as governed by ductility capacity is the minimum of 

those determined for the three walls, that is 0.673 meter. The limiting values of the 
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ultimate displacement as governed by P-A stability and code-prescribed drift limit are 

presented in the following section. 

C.l.2.5 Pushover analysis 

A pushover analysis is now carried out with lateral forces and torques applied at the 

center of mass using the first mode load shape. Figure C.5 shows the resulting pushover 

curves with and without the P-A effect. Total base shear goes up to 2806 kN at the global 

yield displacement of 0.445 meter; which is close to our estimate of 0.459 meter. The 95 

percent decay in the base shear is reached at roof displacement of 0.549 meter which is 

assumed to be the ultimate displacement to prevent P-A instability. 

The equivalent ultimate displacement at the center of mass based on drift limit 

works out to 0.557 meter, where the roof at the flexible side reaches the 2.5% limit first. 

Therefore, among the ductility limit, drift limit and the stability limit; the ultimate 

displacement of the structure is controlled by the stability limit which is 0.549 meter. 

C.l.2.6 Equivalent 2DOF system 

The next step is to construct the equivalent 2DOF system. The dynamic properties of the 

system are as follows: 

A„ 0.549 
Ductility demand V = — = =1.234 
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Participation factor 

Modal mass 

Ultimate displacement of SDOF 

Yields displacement of SDOF 

r , = - ^ = i.; 
<p[ M f t 

363 

M v/ yl 

i = — 7 
( ? > 1 ) 2 

<p( M ^ > , 
= 4677.7 tonne 

A^ = a 5 4 9 = 0 4 ( ) 3 

T, 1.363 

A 0 445 
S. =-21 = ^ ^ = 0.326 y T, 1.363 

The inelastic spectrum as shown in Figure C.6 is entered with the ultimate 

displacement calculated above to obtain the spectral acceleration from which the design 

base shear is obtained as follows 

Vb = 0.0646g x M* = 2964.38 kN 

T6=0.0646gx/*, =11241.6 kNm 

Forty percent of this base shear is assigned to 7-m wall and the rest equally to the 5-

m walls. Based on this assignment the moment demand at the base of 7-m wall works out 

to 40,019 kNm and at the base of 5-m walls to 30,014 kNm. We design the walls for 

these base moments in association with the axial loads due to gravity. The details of the 

design are shown in the Table C.5. 
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The demand torque and the additional torque caused by the assignment of base 

shear to 5-m and 7-m walls must be resisted by the orthogonal walls. The resulting shear 

demand on each of the orthogonal walls is calculated as follows: 

Shear demand = [11241.6 + (0.4 - 0.3) x 2964.38 x 18]/24 = 690.73 kN 

This shear demand causes a base moment of 23,312 kNm, which is smaller than the 

current capacity of the orthogonal walls, 25,050 kNm. Therefore, the orthogonal walls do 

not need to be re-designed. 

C.l.2.7 Second iteration 

The updated value of the yield and ultimate displacements of the walls and their 

equivalent values at the center of mass for the first mode angle of twist of ¥1=0.0236 are 

calculated and are shown in Table C.6. The global yield displacement of the system is 

obtained from: 

Global yield displacement ^ = ^ = a 3 / 0 . 3 3 4 + 0.3/0.502+ 0.4/0.574 = ^ m 

The ultimate displacement as governed by the ductility capacity is the minimum of 

those for the three walls, which is 0.690 meter. 
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C. 1.2.8 Pushover analysis 

We run a pushover analysis for lateral forces and torques applied at the center of mass, 

using the first mode load shape. Figure C.7 shows the resulting pushover curves with and 

without the P-A effect. Total base shear goes up to 2586 kN at the global yield 

displacement of 0.445 meter. The 5 percent decay in the base shear is traced at roof 

displacement of 0.594 meter. The ultimate displacement at the center of mass based on 

the code-prescribed drift limit works out to 0.709 meter, where the roof of the flexible 

side reaches the limit first. 

Among the ductility limit, drift limit and the stability limit (0.690, 0.709, 0.594); 

the ultimate displacement of the structure is controlled by the stability limit which is 

0.594 meter. 

C. 1.2.9 Equivalent 2DOFsystem 

Based on the updated values of the ultimate and yield displacement new estimate for 

system ductility is obtained and the dynamic properties of the equivalent 2DOF system 

are updated as follow: 

_A„ 0 . 5 9 4 , . . . 
Ductility demand P - ~r~ ~ 7T7T7 ~ 1 • ̂  •*3 

3 Ay 0.445 

Participation factor r , = — = 1.370 
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Modal mass 

Ultimate displacement of SDOF 

Yields displacement of SDOF 

. _ ( ^ > 1 ) : 

M ; = 
<p?M*p1 

= 4701.9 tonne 

A ^ a 5 9 4 = 0 4 3 4 

E 1.370 

A 0 445 ^ L = U 1 4 4 ^ = a 3 2 5 

'y\ 1.370 

New inelastic spectrum is constructed as shown in Figure C.8. The spectrum is 

entered at the ultimate displacement as calculated above, to estimate the spectral 

acceleration from which the design base shear is obtained as follows: 

r f t=0.0553gxM* =2550.75 kN 

Tb = 0.0553gx/*, =9373.74 kNm 

This demand base shear of 2550.75kN is very close to base shear capacity of 2586 

kN, therefore the design is assumed to have converged. 

C.2 Torsion flexible system 

Consider the 12 storey building located in Vancouver (Ladner), whose plan is shown in 

Figure C.9. This building is similar to the torsionally stiff system respecting all the 

dimensions, applied gravity loads, and material properties. However, the edge walls are 

located closer to the center of the mass, so that the torsional stiffness is reduced and the 

structure becomes torsionally flexible. 
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The floor masses and mass moments of inertia are also the same as for the 

torsionally stiff building for the load case of D+0.25S. The gravity loads at the base of 

each wall for D+0.5L+0.25S are shown in Table C.7 and have been calculated on the 

basis of the tributary areas of individual walls. 

C.2.1 Design of orthogonal planes 

The initial design of the orthogonal planes is identical to that for the torsionally stiff 

system presented in Section C.l.l and the design base shear is found to be 1469.7 kN. 

This design base shear induces a moment demand of 24,290 kN.m when distributed in 

proportion to Mcp along the height. We need to design the wall to withstand this moment 

in combination with the axial load. 

The axial force on each of the orthogonal walls due to the combination D+0.5L is 

different from that for torsionally stiff system and works out to 5173.43 kN. The 

minimum distributed reinforcement in the wall consists of two layers of 100 mm at 200 

mm spacing. Concentrated reinforcement consists of 2 layers of 1200 mm at each edge. 

This reinforcement gives a resisting moment of 24,720 kNm, yield curvature of <py = 

5.653 x 10"4 per m, ultimate curvature at the concrete strain of 0.004 of <pu = 5.404 x 10"3 

per m, and effective moment of inertia equal to 24.79% of the gross moment of inertia. 

The corresponding value of 9P is: 

0 =(<pu -<py)xlp =(0.005404-0.0005653)x3.0 = 0.0145 
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The limit on plastic rotation works out to 6 = 0.025--^— = 0.0123 

The plastic rotation based on ductility capacity is greater than the plastic rotation 

calculated for 0.025 inter-storey drift limit, therefore the latter governs. We will therefore 

assume that the 6-m wall is adequate as designed and will continue further design process 

with 6-m orthogonal walls. 

C.2.2 Design of planes along the axis of unsymmetry 

C. 2.2.1 Yield and ultimate displacements 

The yield displacement of each wall can be obtained using the same empirical relations as 

employed earlier. Note that the calculations for 5-m wall represent both the center and the 

flexible walls while the 7-m wall is for the stiff wall. 

Yield curvature of 5-m wall 
2.0* 

m= ^ = 0.0008 1/m 
y L 

Roof level yield displacement of 5-m wall A = - ^ = 0.54 m 

Yield curvature of 7-m wall 

Roof level yield displacement of 7-m wall 

2.0ev 
m= ^ = 0.000571 1/m 

r2 

A.. = ^ - = 0.386 m 
3 
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At this preliminary design stage, the ultimate displacement of each wall can be 

estimated using the code-prescribed drift limit as follows: 

Plastic rotation of 5-m wall 0 = 0 0 2 5 - — = 0007 
p 2 

Roof level ultimate displacement of 5-m wall Au=Ay+(H- lp /2) x $p = 0.846 m 

Plastic rotation of 7-m wall 0 = 0.025--^— = 0.012 
p 2 

Roof level ultimate displacement of 7-m wall Au=Ay+(H-lp/2)x0p =0.911 m 

C. 2.2.2 Equivalent yield and ultimate displacements 

In order to construct the equivalent 2DOF system, an eigenvalue problem needs to be 

solved and mode shapes determined. The stiffness of the planes along the axis of 

asymmetry is unknown at the preliminary design stage, but one can estimate the relative 

stiffness of different elements according to their relative strength. Here it is assumed that 

30 percent of the total base shear along the Y axis is assigned to each of the 5-m walls 

and 40 percent of the total base shear to the 7-m wall. Based on this assumption, the 

relative stiffnesses of the 7-m wall and 5-m walls will be related to the square of their 

length. Initial values of stiffnesses relative to the 6-m orthogonal wall are assumed to find 

the mode shapes. 

The angles of twist XF1 and ¥2 based on modal analysis are found to be -0.0586 and 

0.1094 for first and second modes, respectively. The deformed configuration based on 
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normalized mode shapes at roof level is shown in Figure C.12. As observed from that 

figure, the first mode imposes larger relative displacement demand on the flexible side 

and the second mode causes larger relative displacement demand on the stiff side of the 

plan. 

The yield and ultimate displacements at the center of mass that correspond to the 

similar displacements of the edge walls are determined according to the procedure 

described earlier, and are shown in Table C.8. It will be noted that for the flexible plane 

the ultimate displacement is controlled by the first mode, while the displacement for the 

stiff plane is controlled by the second mode. The ultimate displacement corresponding to 

the code-prescribed limit should be selected such that the inter-storey drift ratio does not 

exceed 0.025 on the edges of the building. This displacement is calculated based on the 

drift ratio at the roof level using an appropriate mode shape from Equations (5.18) and 

(5.19). The second mode governs for the stiff edge, which reaches the drift limit when the 

displacement at the center of mass is 0.2717 m. The first mode shape governs for the 

flexible side edge, which reaches the drift limit of 0.025 when the displacement at the 

center of mass is 0.3925 m. 

The ductility demand related to the flexible plane based on first mode = 

03925 

0.368 

The ductility demand related to the stiff plane based on the second mode = 

0.2717 , „„ 
= 1.32 

0.206 
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Two design base shears will be calculated for the first two modes and the structure 

will be designed for the greater of the two. 

C. 2.2.3 Equivalent 2DOF system for the first mode 

Dynamic properties of equivalent 2DOF system for the first mode shape are calculated as 

follows: 

Participation factor 

Modal mass 

r , m l m ,1 

T, = - ^ = 0.9893 

M, = ^-4 — = 3326.1 tonne 
<Pl Mp, 

Ultimate displacement of SDOF dul=^ = 0.3967 

Yields displacement of SDOF 
A 

<SV, = — = 0.372 

The inelastic spectrum for the ductility corresponding to the first mode is shown in 

Figure C.13 and it is entered with the ultimate displacement calculated above to obtain 

the spectral acceleration from which the design base shear and base torque are obtained 

as follows: 

Vbl = 0.0755x9.81x3326.1 = 2,463.5 kN 

Tbi = 0.0755x9.81x-30415 = -22,527 kNm 
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C. 2.2.4 Equivalent 2DOF system for the second mode 

Dynamic properties of equivalent 2D0F system for the second mode shape are calculated 

as follows: 

Participation factor 

Modal mass 

r , = - ^ — = 0.5 2 j 

tp2NL(p2 

196 

. O^ml) 2 

<p2NL<p2 

= 1782.9 tonne 

Ultimate displacement of SDOF <5H2 =—*- = (). 523 
* 2 

Yields displacement of SDOF <Sv2 = - ^ = 0.398 
yi. -p 

The design base shear and base torque are obtained from the spectral acceleration 

that is found by entering the ultimate displacement calculated above in the inelastic 

spectrum for the ductility corresponding to the second mode shown in Figure C.14, as: 

Vb2 = 0.0467x9.81x1782.9 = 816.79 kN 

Tb2 = 0.0467x9.81x30415 = 13,934 kNm 

The first mode design shear and torque are much greater than the second mode; 

therefore the structure will be designed for the first mode base shear and torque demand. 



313 

C.2.2.5 First iteration 

Forty percent of the design base shear is assigned to 7-m wall and the rest is assigned 

equally to the two 5-m walls. Based on this assignment the moment demand at the base 

of 7-m wall works out to be 33,257.25 kNm and at the base of 5-m walls to be 

24,942.9 kNm. We design the walls for these base moments accompanied by the axial 

loads due to gravity. The details of the design are shown in the Table C.9. The demand 

torque and the additional torque due to asymmetry of assigning base shear are to be 

resisted by the orthogonal walls. Therefore the shear demand on each of the orthogonal 

walls is calculated from: 

Shear demand = [22527 + (0.4 - 0.3) * 2463.5 * 8]/24 = 1020.7 kN 

This shear demand causes a base moment of 34448.9 kN, which is greater than the 

current capacity of the orthogonal walls therefore, they need to be re-designed. The 

revised design of the orthogonal walls is also shown in Table C.9 and Figure C.15. 

Having the properties of all five walls, the periods and angles of twist for the first 

two modes are determined and are shown in Table CIO. Based on the updated estimates 

of the angles of twist and walls section properties, yield and ultimate displacements of the 

walls and their equivalents at the center of mass are calculated as shown in Table C.l 1. 



314 

C. 2.2.6 Pushover analysis 

Pushover analyses for the first two modes are carried out next for lateral forces and 

torques applied at the center of mass to obtain the ultimate displacements based on code-

prescribed drift limit and the limit to prevent global instability under P-A effect. The first 

mode pushover shows that the flexible edge reaches the drift limit for a displacement of 

0.43 at the center of mass. The second mode pushover indicates that stiff edge reaches the 

drift limit of 0.025 when the displacement at the center of mass is 0.30. 

Figure C. 16 shows the pushover curves for the first two modes with and without the 

P-A effects. In the first mode, the ultimate displacement for 5% decrease in shear 

capacity due to P-A effect is 0.61 m, while in the second mode the capacity drops by 5% 

at a displacement of 0.77 m at the center of mass. 

The ultimate displacement for the first mode is the least of (0.601, 0.43, 0.61), 

while the ultimate displacement for the second mode is the least of (0.484, 0.30, 0.77). It 

will be noted that for both modes the drift limit governs the ultimate displacements. From 

Figure C.16 it is seen that the yield displacement for first mode is 0.42 m, while it is 0.25 

for the second mode. 

0.43 , - „ 
The ductility demand for the first mode = ——- = 1.023 3 0.42 

0.30 . o n 
The ductility demand for the second mode = - — = 1.20 y 0.25 
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Two design base shears will be calculated, one for each of the first two modes and 

the structural elements will be designed for the effect of the greater of the two. 

C. 2.2.7 Equivalent 2DOF system for the first mode 

Dynamic properties of equivalent 2DOF system for the first mode shape are calculated as 

follows: 

Participation factor 

Modal mass 

Ultimate displacement of SDOF 

Yields displacement of SDOF 

r\ = 

. ( ^ > i ) 2 

1 tfMVx 

(pT
y!ml 

<pT
lMq>l 

= 3452.6 

S.,=^ 

= 1.0062 

tonne 

= 0.427 

= 0.417 
r, 

The spectral acceleration for the first mode is determined from the inelastic 

spectrum curve shown in Figure C.17. The design base shear and base torque are then 

calculated as follows: 

Vbi = 0.0735x9.81x3452.6 = 2,489.44 kN 

Tbi = 0.0735x9.81x-29868 = -21,535.9 kNm 
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C. 2.2.8 Equivalent 2D0F system for the second mode 

Dynamic properties of equivalent 2D0F system for the second mode shape are calculated 

as follows: 

Participation factor 

Modal mass 

T2=-^f = 0.4827 
<p2M(p2 

M: = 
o^miy 

<p2M(p2 

= 1656.3 tonne 

Ultimate displacement of SDOF ^ 2 = ^ = 0.6215 

Yields displacement of SDOF <$„,= — = 0.5179 

The spectral acceleration for the second mode is determined from the inelastic 

spectrum curve shown in Figure C.18. The design base shear and base torque are then 

calculated as follows: 

Vb2 = 0.0432x9.81x1656.3 = 701.93 kN 

Mb2 = 0.0432x9.81x29868 = 12657.82 kNm 

The first mode design shear and torque are much greater than those in the second 

mode. Also they are very close to those determined in the last iteration, the difference 

being about 1 percent in shear and 4 percent in the torque. The design may therefore be 

assumed to have converged. 
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Table C.l: Axial loads due to the gravity load combination D+0.5L+0.25S 

7 m stiff 5m center 5m flexible 6m orthogonal 

Loads at the base level 6506.32 kN 9281.43 kN 5688.4 kN 6074.32 

Table C.2: Ultimate and yield displacements of walls and equivalent values at the mass 
center 

Parameter 

§y 1/m 

Ay m 

Au m 

A*y m 

A*u m 

5-m Flexible 

8E-04 

0.540 

0.846 

0.392 

0.614 

5-m Center 

8E-04 

0.540 

0.846 

0.540 

0.846 

7-m Stiff 

5.71E-4 

0.385 

0.911 

0.620 

1.465 

Table C.3: Details of the design of the walls 

5-m Flexible 5-m Center 7-m Stiff 

Axial load (kN) 

Reinforcements 

<t>y 

<|>u 

Wig 

5688.4 

2 lavers of 3700 + 1 layer 
of 2800+ 2000,200 

7.136E-04 

5.151E-03 

0.4645 

9281.43 

2 lavers of 3 000 + 
200(3)200 

7.465E-04 

3.652E-03 

0.4345 

6506.32 

2 lavers of 3 000 + 
200(3)200 

4.849E-04 

4.39E-03 

0.3216 

My (kNm) 33,840 33,110 43,680 
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Table C.4: Wall yield and ultimate displacements as governed by ductility capacity 

Parameter 

(|>y 1/m 

<|>u 1/m 

Ay m 

Au m 

A*y m 

A*u m 

5-m Flexible 

7.14E-04 

5.15E-03 

0.482 

0.967 

0.335 

0.673 

5-m Center 

7.47E-04 

3.65E-03 

0.504 

0.822 

0.504 

0.822 

7-m Stiff 

4.85E-04 

4.39E-03 

0.327 

0.918 

0.582 

1.632 

Table C.5: Details of the design of walls 

Axial load (kN) 

Reinforcements 

<t>y 

<t>u 

Wig 

My (kNm) 

5-m Flexible 

5688.4 

2000,200 + 2 layers of 
4000 

7.051E-04 

5.336E-03 

0.4284 

30,830 

5-m Center 

9281.43 

2000,200 + 2 layers of 
2400 

7.433E-04 

3.651E-03 

0.4069 

30,880 

7-m Stiff 

6506.32 

2000,200 + 2 layers of 
2400 

4.891E-04 

4.397E-03 

0.2956 

40,500 

Table C.6: Walls yield and ultimate displacements 

Parameter 

<|>y 1/m 

<|>u 1/m 

Ay m 

Au m 

A*y m 

A*u m 

5-m Flexible 

7.05E-04 

5.34E-03 

0.476 

0.982 

0.334 

0.690 

5-m Center 

7.43E-04 

3.65E-03 

0.502 

0.820 

0.502 

0.820 

7-m Stiff 

4.89E-04 

4.40E-03 

0.330 

0.922 

0.574 

1.602 
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Table C.7: 

Loads at the base 

Axial load produced by gravity load combination D+0.5L+0.25S 

7-m Stiff 

8304.36 

5-m Center 

7638.84 

5-m Flexible 

7486.44 

6-m Orthogonal 

5173.43 

Table C.8: Equivalent ultimate and yield displacements of the walls at CM 

mode 1 

mode 2 

Parameter 

(|)y 1/m 

Ay m 

Au m 

A*y m 

A*u m 

A*y m 

A*u m 

5-m Flexible 

8.00E-04 

0.540 

0.846 

0.368 

0.576 

4.327 

6.781 

5-m Center 

8.00E-04 

0.540 

0.846 

0.540 

0.846 

0.540 

0.846 

7-m Stiff 

5.71E-04 

0.385 

0.911 

0.726 

1.715 

0.206 

0.486 

Table C.9: Details of the design of the walls 

Axial load (kN) 

Reinforcements 

(j)y 

<)>U 

My (kNm) 

5-m Flexible 

7486.44 

2 lavers of 2000 
+ 2000,200 

7.28E-04 

4.34E-03 

26,600 

5-m Center 

7638.84 

2 lavers of 2400 
+ 200(2)200 

7.26E-04 

4.28E-03 

26,850 

7-m Stiff 

8304.36 

2000,200 

5.00E-04 

3.71E-03 

33,620 

6-m Orth. 

5173.43 

2 lavers of 3400 
+ 2000,200 

5.66E-04 

5.363E-03 

34,620 



Table CIO: First and second mode angles of twist and periods 

Mode 1 Mode 2 

Angle of twis ts -0.0555 0.1156 

Period (sec) 4.613 3.999 

Table C.l 1: Yield and ultimate displacements as governed by the ductility capacity 

Parameter 

<j>y 1/m 

(j)u 1/m 

Ay m 

Au m 

A*y m 

A*u m 

A*y m 

A*u m 

5-m Flexible 

7.28E-04 

4.34E-03 

0.491 

0.868 

0.340 

0.601 

6.535 

11.549 

5-m Center 

7.26E-04 

4.28E-03 

0.490 

0.869 

0.490 

0.869 

0.490 

0.869 

7-m Stiff 

5.00E-04 

3.71E-03 

0.338 

0.932 

0.607 

1.677 

0.175 

0.484 
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Figure C.l: Plan layout of torsionally stiff system 



322 

Sd, m 

Figure C.2: Capacity and demand diagrams 
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Figure C.3: Capacity and demand diagrams 
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Figure C.4: Distribution of base shear among the resisting planes 
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Figure C.6: Capacity and demand diagrams 
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Figure C.9: Plan view of torsionally flexible system 
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328 

Translational components 
12 

10 

0 

1st mode 

2nd mode 

12 

10 

Rotaional components 

0 
-0.02 -0.015 -0.01 -0.005 0 -2 

x 10" 

Figure C.l 1: Translational and torsional components of the first two modes 

— IV]0fie 1 
-.'•'Mode 2 

Flex Edge Flex Plane Center Plane Stiff Plane Stiff Edge 

Figure C.12: Displacement configurations based on normalized mode shape at roof level 
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Figure C.13: Capacity and demand diagrams for the first mode 
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Figure C.14: Capacity and demand diagrams for the second mode 
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Figure C.15: Details of re-designed longitudinal reinforcements of 6-m orthogonal walls 
for torsionally flexible building 
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Figure C.16: Pushover curves with and without P-A for the first two modes 
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