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ABSTRACT

f

Very little research has been done on the nonlinear
. .

response of asymmetric structures although real buildings may

undergo plastic deformations in response to strong ground

excitation. Also, it is a'common design philosophy to permit

.
I

inelastic behaviour since lower design forces may be, used .

In this analysis, the nonlinear response of a torsion-

ally coupled single-story model consisting of a rigid diaghram
\

resting on three equally spaced frames i~ investigated. T~e

main concern herein is the peak ductility demand especially

at edges.
:/l-

A,limited parametric study is undertaken ~o identify

trends in peak ductility demand. The effects, of torsional"

coupling in nonlinear systems are also investigated. Real

earthquake records as well,-as an idealized sinusoidal excitation

are used as 'ground motion'. Two types of load-deformation

'relation are used: (1) the simple bilinear type which can !/

'.
•

, " !
adequately simu~ate the.dynamic response of steel'structural

i ,
ele~ents, (ii) the Clought~ degrading stiffness model to si~J

~ Ii:
ulate the hysteretic behaviouJ? of reinforced concrete .struc~Jr9:l '

. '.' ;' I

elements •. A gompar1son between both types is made to'asse1s!
• . I '

the sigr-l;:!-ficance of the type, of loa{i-defoJ:!1lation relation.,! I

,:1/
iI/'I.
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"

! I I

/

I

'/ '.



ACKNOWLEDGEMENTS

I would like to express my sincere ~ppreciation to

Dr. W.K. Tso for his consistant guidance and invaluable

suggestions. Also, I would like to express my'gr.atefulness

to Dr. A.C. Heidebrecht for his assistance and generous
~

guidance.
~

Special thanks are also due to the Civil Engineering

~ Department for providing financial support during this

research work.

, 0

,.' .

1

J
I
l
I'
,

" .

:,

I .,
iv

.' /
/

I,



t.

TABLE OF CONTENTS

Page

CHAPTER I INTRODUCTION 1

1.·1 General 1

~.2 Review of Previous Research 2

~.2.~ Single-Story Models

1.2.2 Multistory Models

3

5

1.3 Objectives, and Scope
or
6

CHAPTER II EFFECT OF llIMPERFECTIO~lt ON $TRENGTH 8

9

9

8

11

.,
Introduction r
Formulation,o~ t~e Model

• I

2.2.1 Imperfection

2.2.2 Equilibri,m Equations
f

Solution of ,the quilibrium EquationsO 162.3

CAPACITY

2.1

2.2

2.~ Results and Disc ssion ,18

2.5 Difficulties of Adopting the

I
i

Continuous Mode in Dynami~ AnaJysis

2.6 Conclusions.

22

23'

PEAK DUCTILITY DEMAN OF, SY$rEMS WITH

,

24

---------..

v

~

BILINEAR RESTO~ING FReE.
I 3.l Introdu~tiQn

. ~ ...
3.2 Mathemat~ca~.Mo elling.

""I't •

I

. ,

CHAPTER III
N /



,I
!
I •
I

I
I •
1

Page

3.2.l Assumptions

3.2.2 Equations of Motion

27

28

3.2.2.1 Damping 31

3.2.2.2 Forcing Function 32
,
3.2.3 Controlling Parameters 33

, .
3.2.3.1 Variation and Selected 34

Values of the Para-

meters'

"

70

78

78

85

43

4~

47

47

68

P~rametric Studies

3.2.4 Hysteresis Loops

3.2.5 Numerical Integration

3.3

I.

3.3.1 Discussion of Results

3.3.2 Code Provisions

3.3.3, ASymmetry Effect,S

3.4 Sinusoidal Excitation

3.4.1 Study Cases

~ '3.4.2 Analysis of Results

.
~ith the ,Bilinear Model

CHApTER IV _'l P.D.D. IN STRUCTURES WITH DEGRADING

,S,+IFFNESS

4.1 Introduction

,'.,

86

"111

~86

89

90
, "

Compa~is'on

Model

1

\
"

'vi
, ,

4.2, Nonlinear Model

~"~:~.'~, Descrip,tion or 'the

4.3 Discussion of Results and
, "

, ' ..: /

'/". ..)
I
\
i



~ /'..-- --

Page ~

.' CHAPTER Y CONCLUSIONS

5 ..1 General

5.2 Bilinear Model

5.3· Degrading Stiffness Model

118

118

118

120

REFERENCES

5.4 Recommendations and Research Needs 120

122

.. '

APPENDIX I

....

SUBROUTINE "DEGRAD"

..'

"

.-

'.

.. '

125

' ..

'. '"

,
"

i

f



f .

Table

LIST OF TABLES

Title
"

Page

, I
~ )

3.1

3.2

4.1 ­

4.2

R~latfve Values of Elem~nts Stiffness

Values of Parameter at

Upper and Lower Bounds of the Rat10 rDB

Average Upper and Lower Bounds of rDB

37

42

115

116

"

..
, "

.',

.'

i..
!
l
1
I

!.;

1
!
I,

,
1
I
J
1
"

,"" '

, '

1

i
).

, .

.'

"
-.' '~

, • . 'd

( ~":'~l~~~:rr;,,:::"f,:'-\ >-~-'t_. :,,,~~:,,,,,,, :... ..............,~_ ...... -

, "

" ~, viii
, " ~ ,

iI • • '~

,
, ' ." <tI-

l

..> .' "

~ , I •

t

'II ,

~: ...... "" ~...... . ... "'... ... . ~



.Figure

2.1.a

Title

Plan and Isometric of the Idealized Single

Story Model

Page

10

.'

2.1.b Static Load-Deformation Relation of Perfect and~10
!

Imperfect Elements

2.2 Different S~ages of Loading 'and the Associated. -
Regibns of Elastic and Inelastic Forces

V~riation of'~-and ~ with Ihcreasing the Load
~ .

13

, 19

for Systems with a=0.8

2.4 Variation of Z and ~ with Increasing the Load 20

21

c·

and Par,ameter' .8

f~ystems w::? ~=0.6

Relation ,between the Reduced Strength Capacity
/""

'2.5

3.1.
3.2

·3.3.a

3.3.b

3.4
o

3.5

Idealized Single-Story.Mod~l

Forces. Acting on,the Model

Constant Yield Displacement (CASE 1)

Constant Strength Level (CASE'2)

Bilihear Model

/ Overshootilag' or 1tesponse away from the
'"\ I) , •

26

26

39.

39

39

46

Prescribed.LOad~Deformation Relation,
Relation. between P.D.D. and' a for structures 4-8

3.7

with T~O.5 and n~=~.&

~elation b~tween ~~D.D. and a for Structures

f••

49

w!th T=O. 5' and S1 =1,.0. ' .. r. \
I

I

ix ..
",

,.f "



Figure ~ Title Page

~' i. 3.8 Relation between P.D.D. and ex Structures 50

with T=O.5 9-nd Qr=1.4

3.9 Relation between P.D.D. and a. 51
, ,

with T=1.0 and g "0.8 -)
.

~

, 3.10 Relation betweenl'P.D.D. ~d a. for structures 52
- ; :t

wL .. 7=1.0 and ~t =1. ar

3.11 Relation between P.D.D. and ex .for Structures 53

with T=1. 0 and Q =1.lJ
C' r

/

I' 3.12 Relation between P.D.D. and ex for Structures 54

with T=2.0 ahaQ =0'.8l' .

3.13 Relation- betlveen P.D.D. and Q for Structures 55
r

with T=2.0 and Q =1.0
l' •, ,

3.1:4 ~Relation between P.D.D. and a for Structures / 56
/

with T=2.0 =1.4and IIr
t 3.15 Relation between P.D.D. and a for' Structures 57..

,
=0.8, :with T=0.5 and II,J 1:'

j .H~ Re;ation between P.D.D. and a for Structures 58

with T=O.5 and n =1. 0
r

3.17 Relation between P.D.D. and CL for S~ructures. 59 ' i, ;
•

with T=O.5 and G =1.4'
I'

3.18 Relation between P.D.D. and a for Structures 60' .,

with T=1.0 ~nd. Ql'~O. 8
\

"- 3.1,9 Relation between P.D;D. and CL for Structul"es 61,

J with 'T=i.o and 0r=1.0 )

I
<. . '

I

I I

l l-L ')
~ \, " j{- 'v

~j c- t

\

. - ,

I-
,

'", ~ '~

, . ',. ~"..
'~, \ ..... -.~ - , '- ....- -~. - . ',' ~ . ".



Figure

3.20

3.21

3.22
-'

3.23

. Title

Relation between Ffn.D. and a ror Structures.

with T=l.O and Qr=1.4

Relation ~€tween P.D D. and a for Structures

with T=2.0 and Qr=O 8

Relation between P D.~. and a for StrucT;ures

.. with T=2.0 and Qr=~:O

Relatro~ between J.D.D. and a for Struct~res
\>

Page

62

63

64

65

with T=2.0 and n Jl~4
~-' ---~- r , ~

3.25

Variation of

w~th T=O.5

Va:r'lation of

~rwith Increasing a for Structures
, .~. .
\ ..

A witih'Increasing a for Structures
r . \. '.

Iricreasing.a·~or Structures

71

72

73

.75

Upper'and bower Bounds of the Variation of AI'

and ~I (CASE r)" flI'=O ~~.

and a' Q( 9ASE 1)) ,Slr=l.,O
~

~l1d cr (C.~.SE ~y) .n~~J. •4 ,

,
I •
I

I
I

~.29

3.30

·3 .. 31

3.3'2 ,

3.3.3

.with T=l.O

Variation of A wi~h Increasing a for Structures
r,

with ·T=2 .'C}'

. '!

from,its.Elastic Values 0
JI' " ~• . I

I

Relation b(etwe~n P:D!D.

R;lation t1et\'leen. :P·•.D.D.·
. ~ ~ ,i .'. ~ .. ~ ,.

, .Relation, ~~tt~een p,.n;n·.
I

..... x..i

77

79

80

8.1.

I

I
I
1

•



• 6

, .

7 "
•

Figure Tit)e Page

~

3.3~ Relation between P.D:D. and, <:4
\ (CASE 2) , S"lr=0.8 82

3.35 Relation behreen P.'D.D. and
,

(CASE 2) , S11"=l.O 83a.

3.36
. \ / 84Relation between P.D.D. and a. (QASE 2) , Q =1 41" .'

4.1 Glough ',s Degradi0g Stiffness Model 87

4.2
,

Takeda's Hysteresis Rules, 87

4.3 Takayangi's Model, 88

~" 4 Degrading Stiffness Hodel with 'a Bilinear Spine 91

.. Curve,.
f 4.5 A Complete Yield Deformation Cycle 91;?..

4.6 Relation between P.D.D. and a, T=0.5 and S"l1"=O.8 93, '
4

4.7 Relation-between P.D.D. and a, T=0.5 and Q =1 0 94. , 1" .

4.8 Relation between
P~D.

and a, T=0.5 and n =1 4 951" .

,,' 4.9 Relation bet\'leen P D:D. and ex, T=1.0 and 111"=0.8 96

4.10 Relation between P~D.D. and a., T=1.0 and Q =1 0 971" .

4.11 Rel'ation bet\'leen P.D.D. and a, ,T=l.O and Q =1. 4 98
1"

4.12 Relation between P.D.D. a'nd a., T=2.0 ,and n =0.8 99
r

4.13 Relation between P.D.D. and a, T=2.0 and Q =1.0 '/ 1001"
4.14 'Relation beti-leen P.D.D. and a, T=2.0 and '\1 =,1.4 101

r
./ "4.15 Relation between P.D;D. and <:4, T=O.5 and Q =0.8 102/

r

4.16 Relation ',between P.D.D. and a, T=0.5 and Q =1.0 '103
r

4.17 ' Re'lat;Lon between P.D.D. and <:4, T=0.5 and Q =1. 4 104
1"

;
I

4.18 Relation P.D.D'yd T=I.0 and 11 =0.8 105, bet\'1een <:4".
, } r
1

/i 11 .19 Relation bet\'leen P.D.D. and <:4, T=1.0 and Q =1.0 106
i, r'.

Q =1.4J 4.20 Relation betl'leen P.'D.D. and a, T=I.0 and 107
,L r'j

1 4.21 R€lat~?n between P.D.D. and 'a; T=2.q and n ='0.8 10'8
I
I r
I
{
t "

xii -:' -t

\
j

~ ~



..
112

II

, '

~

~ ..
f£,'

Title
~ , .

between P.D.D. and ~, T=2.0 and.Qr=1.0

bet\'leen P.D.D. 'and a,. T=2.cr and Qr=1.~·
.

Upper and Lower Bounds of the Variation of 'AI'

Figure

4.25

from its Elastic

Variation of r'DB

Eccentricities

Values !-or both ,Models
~ /'

vII th! eriop ':or Different

"-..J

113

" '
" ..

'..~

----- '".
"

,) . .
"

.' ,

/' '.~, , ... " ,.-
\ fof"

~ . .,..
.1 ~

'" ~ .
". .....

.,...

•,.. ,/ (

I \ .
V;

,
~,

y-

o', ('I " , ,,
\ ~;
\ I,

\' rj

"i
) J' .--

\

,

!
<:. , xiii

(?' , ,



.'

I •

.
..r

.
'CHAPTER I,

INTRODUCTION

.'

'\

-

.' \1.1 General'
,

In asy~etr~c buildings in which centers of mass and
I

stiffness do no~ coincide, lateral and torsional motions are

coupled even in ~esponse to pure lateral excitation.

. Numer~us Rtudies have been conducted to investigate

. ~', ~vihe linea:l' .elas~ic respo~se of asymmetric systems. For this
~. ,j .,,'

j" .... l~ ~

ty.pe of behavior, the nature of the problem has become well

understood and the controlling parameters and their effects
~ .. -, ~ .

are clearly kiefihed, ~

However~ there is a strong need to investigate the

~ hO~linear respo~ ,of asymmetric buildings since real build­

_, :ngs undergo .~Yielding defo~ns in response to strong

,.' gi'ou.Qd excitations.- Also, it is a common design philosophy
_ J ~. .. f

'.

: to perm~t inelastic behavior even in case of moderate excit-

at1~~" becaus~ des1gn forces may be used. Hence, an

analysis whi9h includes plastic do/formations is required.

This is pa:ticularly necessary because ~e results and the
...
'1nformation available concerning th~ elastic respGnse can

\

not be extrapolated)kto the nonline~r case,
, . .

In this thesis, ,the nonlinear response of partially
;{.-

. asymmetric single-story struQtures with oilinear resisting. .
.elements is,investigated in respon~e to real earthquakes as

well ~s id~alized sinusoidal excitation. The main concern

. 1
"..



2

herein is the effect of different parameters.on the~peak

ductility demand .

In addition,to the simple load-detormation relations

(i,e" elasto-plastic and bilinear) whic~ can adequately sim-
J

,
ulate the dynamic response of structural s~el elements, more

complicated load-deformation relations h~~n ~eveloped in
. .

order to describe the properties~of structural reinforced

concrete elements. In order to assess the significance of
J . ~

the load-peformation relation type, a comparison of the
/

response of systems with bo~h types is very useful; such com-

parison is und~rtaken in_~his thesis.

Torsional ormations arise also in the symmetric

sJstems that include orne fiimpeifect" resisting' elements
~

(strength imperfecti n in wh±ch the onset of yi~lding pro-

duces some eccentric Tnis special problem is investigated

herein on static basis with particular attention to the

resulting loss of strength capacity of such systems.

l.i Review ~f Previous Research

vfuile "linear asymmetric structural systems have been

investigat~d in numerous studies, verY,little research has

been done on the nonlinear resp,0nse of such systems.

, The majorit~ of the .studies reported in·the literature

{

- ,.
have adopted an idealized single-story building as the mecban-

ieal model while a very. limited number have investigated the

,

rnult~story building case~
.,

<
1
4
\




























































































































































































































































