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ABSTRACT 

A non-linear seismic a n a l y s i s of a one-storey box-type 
precast concrete b u i l d i n g with d i s c r e t e connections between 
precast elements i s presented. The b u i l d i n g i s i d e a l i z e d as a 
single-degree spring-mass-damper system. The i n e l a s t i c s p r i n g 
represents the* t o t a l l a t e r a l r e s i s t a n c e provided by the shear 
w a l l s , which are i n turn i d e a l i z e d as s e r i e s of r i g i d panels 
connected together by non-linear connection s p r i n g s . H y s t e r e t i c 
models for connections are d e r i v e d based on r e s u l t s from 
experiments i n which simulated earthquake loading was a p p l i e d to 
various i s o l a t e d connections. The response of the b u i l d i n g to 
various earthquake ground motions i s determined using a time-
step c a l c u l a t i o n method. 

The e f f e c t s of d i f f e r e n t connection c h a r a c t e r i s t i c s on 
the seismic response of the b u i l d i n g are s t u d i e d , and the 
bahaviour of the b u i l d i n g as p r e d i c t e d by the non-linear 
a n a l y s i s i s compared with the behaviour implied by the 
assumptions that underly the code p r o v i s i o n s . R esults of t h i s 
study i n d i c a t e that a one-storey precast concrete b u i l d i n g 
designed using the q u a s i - s t a t i c force method can r e s i s t a major 
earthquake without s e r i o u s d i s t r e s s in the connections. In 
order to reduce the seismic f o r c e s , base connections with high 
t e n s i l e s t r e n g t h across the connecting i n t e r f a c e and 
overdesigned v e r t i c a l connections between w a l l panels must be 
avoided. 
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CHAPTER 1 

INTRODUCTION . . . . 

1 .1 G e n e r a l 

C o m b i n i n g t h e economy o f s t a n d a r d i z a t i o n of d e s i g n and 

m a n u f a c t u r i n g w i t h i n c r e a s i n g f l e x i b i l i t y and s p e e d of e r e c t i o n , 

p r e c a s t c o n c r e t e p a n e l i z e d c o n s t r u c t i o n has e x p e r i e n c e d 

phenomenal g r o w t h i n t h e p a s t d e c a d e . A l t h o u g h p r e c a s t 

b u i l d i n g s were i n i t i a l l y d e v e l o p e d f o r use i n e s s e n t i a l l y 

n o n s e i s m i c r e g i o n s , t h e i r use were soon s p r e a d t o z o n e s o f h i g h 

s e i s m i c r i s k i n E u r o p e , t h e S o v i e t U n i o n , J a p a n and A m e r i c a l o n g 

b e f o r e t h e i r s e i s m i c b e h a v i o u r has e x t e n s i v e l y been s t u d i e d . 

The c o n t i n u a l l y e x p a n d i n g use o f p r e c a s t c o n c r e t e b u i l d i n g s i n 

s e i s m i c r e g i o n s i s , i n f a c t , p r e s e n t i n g new c h a l l e n g e s i n t h e 

a r e a o f e a r t h q u a k e - r e s i s t a n t d e s i g n . 

R e s e a r c h on p r e c a s t c o n c r e t e b u i l d i n g s d u r i n g r e c e n t 

y e a r s has a c h i e v e d s i g n i f i c a n t a d v a n c e s t o w a r d a b e t t e r 

u n d e r s t a n d i n g of b o t h component and s y s t e m b e h a v i o u r d u r i n g 

e a r t h q u a k e s . D e s p i t e t h i s p r o g r e s s , numerous q u e s t i o n s r e m a i n 

t o be a n s w e r e d and s i g n i f i c a n t gaps s t i l l e x s i s t i n t h e s e i s m i c 

d e s i g n p r o v i s i o n s of c o d e s i n Canada and e l s e w h e r e when a p p l i e d 

t o p r e c a s t c o n c r e t e b u i l d i n g s t r u c t u r e s . P r e s e n t s e i s m i c d e s i g n 
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g u i d e l i n e s for p r e f a b r i c a t e d concrete s t r u c t u r e s i n many 
b u i l d i n g codes are considered ambigious and not re p r e s e n t a t i v e 
of the state-of-knowledge because they are mainly based on 
e x t r a p o l a t i o n s of t e s t data and experience obtained from c a s t -
i n - p l a c e concrete c o n s t r u c t i o n , which may not be d i r e c t l y 
a p p l i c a b l e to precast concrete b u i l d i n g s . In general, most 
current b u i l d i n g codes s p e c i f y that precast concrete 
c o n s t r u c t i o n must comply with a l l seismic p r o v i s i o n s p e r t a i n i n g 
to c a s t - i n - p l a c e r e i n f o r c e d concrete c o n s t r u c t i o n . The lack of 
d e t a i l e d seismic design p r o v i s i o n s and experience with r e a l 
s t r u c t u r e s i n earthquakes has often discouraged the use of 
precast concrete as an a l t e r n a t i v e to c a s t - i n - p l a c e concrete. 

1.2 Scope and Objectives of t h i s Study 

This t h e s i s presents a d e t a i l e d a n a l y t i c a l study of 
the seismic behaviour of a t y p i c a l one-storey precast panelized 
b u i l d i n g , which i s constructed of precast concrete double tees 
connected together by d i s c r e t e welded connections. The response 
of t h i s b u i l d i n g to various earthquake ground motions i s studied 
by means of a time s e r i e s a n a l y s i s method. Non-linear 
connection behaviour i s modelled using r e s u l t s from a s e r i e s of 
t e s t s i n which simulated earthquake loading was a p p l i e d to 
various i s o l a t e d precast connections. The main o b j e c t i v e s of 
t h i s study are : 

( i ) To study the e f f e c t s of d i f f e r e n t connection 
c h a r a c t e r i s t i c s on the seismic response of the s t r u c t u r e ; 
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( i i ) To e v a l u a t e t h e s e i s m i c p e r f o r m a n c e o f t h e s t r u c t u r e 

d e s i g n e d i n c o n f o r m a n c e w i t h b u i l d i n g code r e q u i r e m e n t s ; and 

( i i i ) B ased on t h e a n a l y t i c a l r e s u l t s , make recommendations 

f o r t h e g e n e r a l d e s i g n p r o c e d u r e s t o be u s e d i n t h e e a r t h q u a k e -

r e s i s t a n t d e s i g n of t y p i c a l o n e - s t o r e y p r e c a s t p a n e l i z e d 

s t r u c t u r e s . 

1 .3 Format 

In c h a p t e r 2, some of t h e c u r r e n t s e i s m i c d e s i g n 

p r o v i s i o n s o f t h e N a t i o n a l B u i l d i n g Code of Canada a r e 

d i s c u s s e d , and a d e s i g n example i s i n c l u d e d t o i l l u s t r a t e t h e 

a p p l i c a t i o n s of t h e s e p r o v i s i o n s and t h e c o n v e n t i o n a l d e s i g n 

p r o c e d u r e s f o r a o n e - s t o r e y p r e c a s t s t r u c t u r e . A r e v i e w o f t h e 

c y c l i c b e h a v i o u r o f p r e c a s t c o n n e c t i o n s and t h e d e r i v a t i o n o f 

h y s t e r e t i c models t o be u s e d i n t h e n o n - l i n e a r dynamic a n a l y s i s 

a r e p r e s e n t e d i n c h a p t e r 3. Then t h e d e t a i l e d m o d e l l i n g 

p r o c e d u r e s of a o n e - s t o r e y p r e c a s t s t r u c t u r e f o r t h e p u r p o s e o f 

computer a n a l y s i s , t o g e t h e r w i t h t h e d e r i v a t i o n o f s t i f f n e s s 

e q u a t i o n s f o r t h e s t r u c t u r e , a r e e x p l a i n e d i n c h a p t e r 4 . 

R e s u l t s o f t h e dynamic a n a l y s i s a r e g e n e r a l l y d i s c u s s e d i n 

c h a p t e r 5, w h i l e t h e i m p l i c a t i o n s o f t h e s e r e s u l t s i n r e l a t i o n 

t o code p r o v i s i o n s and t h e e a r t h q u a k e - r e s i s t a n t d e s i g n of one-

s t o r e y p r e c a s t p a n e l i z e d s t r u c t u r e s a r e e x p l o r e d f u r t h e r i n 

c h a p t e r 6 . F i n a l l y , a b r i e f summary and c o n c l u s i o n s of t h e 

whole s t u d y a r e p r e s e n t e d i n c h a p t e r 7. 
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CHAPTER 2 

EARTHQUAKE-RESISTANT DESIGN OF A ONE-STOREY PRECAST PANELIZED 

STRUCTURE 

2.1 I n t r o d u c t i o n 

D u r i n g e a r t h q u a k e s , g r o u n d m o t i o n o c c u r s i n a random 

f a s h i o n i n a l l d i r e c t i o n s . In g e n e r a l , e a r t h q u a k e s g e n e r a t e 

h o r i z o n t a l and v e r t i c a l g r o u n d v i b r a t i o n s . The h o r i z o n t a l 

m o t i o n i s u s u a l l y much g r e a t e r t h a n t h e v e r t i c a l , a l t h o u g h c a s e s 

have been r e c o r d e d where v e r t i c a l and h o r i z o n t a l m o t i o n s have 

been o f t h e same m a g n i t u d e . However, b e c a u s e o f t h e 

c o n s i d e r a b l y g r e a t e r s t r e n g t h and s t i f f n e s s o f b u i l d i n g s i n t h e 

v e r t i c a l d i r e c t i o n , t h e e f f e c t of v e r t i c a l g r o u n d m o t i o n has 

g e n e r a l l y n ot been c o n s i d e r e d i n d e s i g n ; and i t i s w e l l 

r e c o g n i z e d t h a t t h e most d e s t r u c t i v e f o r c e i s c a u s e d by t h e 

h o r i z o n t a l components o f g r o u n d m o t i o n . 

When t h e e a r t h q u a k e p a s s e s b e n e a t h a s t r u c t u r e , t h e 

f o u n d a t i o n w i l l t e n d t o move w i t h t h e g r o u n d , w h i l e t h e 

s u p e r s t r u c t u r e w i l l t e n d t o r e m a i n i n i t s o r i g i n a l p o s i t i o n . 

The l a g between f o u n d a t i o n and s u p e r s t r u c t u r e movement w i l l 

c a u s e d i s t o r t i o n s and t h u s d e v e l o p f o r c e s i n t h e s t r u c t u r e . As 

g r o u n d s h a k i n g c o n t i n u e s , t h e s t r u c t u r e t h e n r e s p o n d s i n a 
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v i b r a t o r y manner, w i t h d i s t o r t i o n s and f o r c e s p r o d u c e d 

t h r o u g h o u t i t s h e i g h t . A good i n d i c a t i o n of t h e f o r c e s and 

d i s t o r t i o n s c a n b e s t be d e t e r m i n e d by a dynamic a n a l y s i s , w i t h 

c o n s i d e r a t i o n g i v e n t o t h e c h a r a c t e r o f t h e s o i l , t h e t y p e and 

d u r a t i o n of i n p u t g r o u n d m o t i o n , and t h e p h y s i c a l p r o p e r t i e s o f 

t h e s t r u c t u r e . However, i n l i e u of dynamic a n a l y s i s , b u i l d i n g 

c o d e s g e n e r a l l y t a k e a c c o u n t of t h e e a r t h q u a k e - i n d u c e d f o r c e s by 

s p e c i f y i n g some f o r m u l a e f o r e q u i v a l e n t s t a t i c f o r c e s and f o r c e 

d i s t r i b u t i o n w h i c h p e r m i t an a c c e p t a b l e a l t e r n a t i v e f o r t h e 

a n a l y s i s of t h e m a j o r i t y o f c o n v e n t i o n a l s t r u c t u r e s . The 

i n t e n t i o n of t h e e q u i v a l e n t s t a t i c l o a d a p p r o a c h i s t o use a s e t 

of s t a t i c l a t e r a l l o a d s t o p r o d u c e t h e same e f f e c t s , o r same 

s t r e s s e s i n p a r t i c u l a r , a s t h e r e a l dynamic l o a d s c a u s e d by t h e 

e a r t h q u a k e . T h e s e e q u i v a l e n t s t a t i c l o a d s , m u l t i p l i e d by t h e 

a p p r o p r i a t e l o a d f a c t o r s , a r e t r e a t e d i n t h e same manner as any 

o t h e r d e s i g n l o a d s i n t h e a c t u a l d e s i g n p r o c e s s . T h e r e b y , t h e 

dynamic p r o b l e m has a c t u a l l y been c o n v e r t e d t o a p r o b l e m o f 

s t a t i c a n a l y s i s . 

W h i l e t h e e v a l u a t i o n of d e s i g n e a r t h q u a k e l o a d s by 

means of some c o d e - s p e c i f i e d f o r m u l a e may sound s i m p l e enough, 

t h e e a r t h q u a k e - r e s i s t a n t d e s i g n o f a s t r u c t u r e i s c e r t a i n l y n ot 

a s t r a i g h t f o r w a r d p r o b l e m . T h i s i s m a i n l y b e c a u s e of t h e 

complex i n t e r a c t i o n between g r o u n d m o t i o n and t h e dynamic 

c h a r a c t e r i s t i c s o f a s t r u c t u r e , p a r t i c u l a r l y i n t h e n o n - l i n e a r 

i n e l a s t i c r a n g e . The d e s i g n p r o b l e m becomes even more d i f f i c u l t 

t o d e a l w i t h i n t h e c a s e of p r e c a s t c o n c r e t e b u i l d i n g s b e c a u s e 
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c u r r e n t s e i s m i c d e s i g n c o d e s u s e d i n t h e U n i t e d S t a t e s o r Canada 

were n o t d e v e l o p e d f o r p r e c a s t c o n s t r u c t i o n . The d e s i g n f o r c e s 

and t h e i r d i s t r i b u t i o n a r e b a s e d upon a s s u m p t i o n s o f f l e x u r a l 

d u c t i l i t y ( e n e r g y d i s s i p a t i o n ) and e x p e r i e n c e n o t d i r e c t l y 

a p p l i c a b l e t o p r e c a s t p a n e l i z e d c o n s t r u c t i o n . F u r t h e r m o r e , t h e 

d e s i g n o f c o n n e c t i o n s , w h i c h a r e c r i t i c a l t o t h e s t r u c t u r a l 

i n t e g r i t y and s e i s m i c p e r f o r m a n c e of a p a n e l i z e d s t r u c t u r e , i s 

o f t e n b a s e d on e m p i r i c a l methods, w i t h l i t t l e c o n s i d e r a t i o n 

g i v e n t o t h e dynamic c h a r a c t e r i s t i c s of t h e c o n n e c t i o n s . 

B e c a u s e of l i m i t e d e x p e r i e n c e w i t h p a n e l i z e d c o n s t r u c t i o n i n 

major e a r t h q u a k e s , th e a b i l i t y t o d e s i g n a s e i s m i c p r e c a s t 

s t r u c t u r e s i s o f t e n d e p e n d e n t upon t h e d e s i g n e r ' s t h o r o u g h g r a s p 

of t h e i r p o t e n t i a l s e i s m i c r e s p o n s e and h i s b e s t e n g i n e e r i n g 

j udgement. 

In t h i s c h a p t e r , t h e e a r t h q u a k e - r e s i s t a n t d e s i g n o f 

p r e c a s t p a n e l i z e d s t r u c t u r e s u s i n g t h e p r o c e d u r e s g i v e n i n t h e 

b u i l d i n g c o d e w i l l be e x a m i n e d . Some of t h e c u r r e n t s e i s m i c 

d e s i g n p r o v i s i o n s of t h e N a t i o n a l B u i l d i n g Code of Canada w i l l 

be c o n s i d e r e d , and t h e i r a p p l i c a t i o n s t o t h e d e s i g n of one-

s t o r e y p r e c a s t p a n e l i z e d b u i l d i n g s w i l l be d i s c u s s e d and 

i l l u s t r a t e d w i t h a d e s i g n example. 

2.2 B u i l d i n g Code R e q u i r e m e n t s 

The r e q u i r e m e n t s f o r t h e s e i s m i c d e s i g n o f p r e c a s t 
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c o n c r e t e p a n e l b u i l d i n g s a r e m a i n l y g o v e r n e d by two c o d e 

a u t h o r i t i e s : t h e N a t i o n a l B u i l d i n g Code o f Canada (NBC) [ 1 ] a n d 

t h e CSA S t a n d a r d CAN3-A23.3-M77, "Code f o r t h e D e s i g n o f 

C o n c r e t e S t r u c t u r e s and B u i l d i n g s " [ 2 ] , I n g e n e r a l , t h e d e s i g n 

e a r t h q u a k e f o r c e s and t h e i r d i s t r i b u t i o n s s h o u l d be d e t e r m i n e d 

a c c o r d i n g t o t h e NBC, w h i l e t h e d e s i g n s h o u l d be d e t a i l e d i n 

c o m p l i a n c e w i t h t h e c o n c r e t e c o d e . 

The N a t i o n a l B u i l d i n g Code o f Canada 1980 s p e c i f i e s 

two a p p r o a c h e s f o r t h e e v a l u a t i o n o f t h e d e s i g n e a r t h q u a k e l o a d 

on a b u i l d i n g , n a m e l y , 

( i ) q u a s i - s t a t i c s e i s m i c a n a l y s i s , a n d 

( i i ) d y n a m i c a n a l y s i s , u s i n g e i t h e r a v e r a g e r e s p o n s e s p e c t r a 

o r s t e p - b y - s t e p c a l c u l a t i o n i n t h e t i m e d o main o f t h e 

r e s p o n s e o f t h e s t r u c t u r e s u b j e c t e d t o a p a r t i c u l a r 

d i s t u r b a n c e . 

I t i s s t a t e d i n Commentary J o f t h e NBC t h a t for. c o n v e n t i o n a l 

m u l t i - s t o r e y b u i l d i n g s o f r e g u l a r s h a p e s , t h e q u a s i - s t a t i c 

a p p r o a c h i s u s u a l l y q u i t e s a t i s f a c t o r y . F o r some t a l l o r 

u n u s u a l b u i l d i n g s , s u c h a s t h o s e w i t h i r r e g u l a r l a y o u t s , l a r g e 

s e t b a c k s o r u n u s u a l t a p e r , o r c r i t i c a l i n d u s t r i a l s t r u c t u r e s , 

t h e c o d e r e q u i r e s t h a t d e s i g n s be b a s e d on d y n a m i c a n a l y s i s . 

O b v i o u s l y , f o r t h e d e s i g n o f r e g u l a r l o w r i s e p r e c a s t p a n e l 

s t r u c t u r e s , t h e a d o p t i o n o f t h e q u a s i - s t a t i c a n a l y s i s t o 

d e t e r m i n e t h e e a r t h q u a k e l o a d i n g i s r e a d i l y j u s t i f i e d on t h e 

b a s i s o f c o d e p r o v i s i o n s . 

A l t h o u g h C l a u s e '14 o f CAN3-A23.3-M77 c o n t a i n s 
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p r o v i s i o n s f o r t h e d e s i g n o f p r e c a s t c o n c r e t e s t r u c t u r e s , i t i s 

more o f a v e r y g e n e r a l g u i d e l i n e t h a n a s e t o f s p e c i f i c 

i n s t r u c t i o n s , p a r t i c u l a r l y i n t h e a r e a o f s e i s m i c d e s i g n . The 

g e n e r a l r u l e i s t h a t a l l p r o v i s i o n s o f t h e c o n c r e t e c o d e a p p l y 

t o p r e c a s t c o n c r e t e e l e m e n t s e x c e p t f o r s p e c i f i c v a r i a t i o n s 

g i v e n i n C l a u s e 1 4 . 

I n o r d e r t o p r e s e n t a b r o a d a n d c o m p l e t e p i c t u r e o f 

t h e v a r i o u s r e q u i r e m e n t s o f t h e c o d e s , t h e f o l l o w i n g d i s c u s s i o n 

w i l l be k e p t g e n e r a l a n d w i l l a p p l y t o m u l t i - s t o r e y a s w e l l a s 

s i n g l e - s t o r e y b u i l d i n g s . 

(A) S p e c i f i e d L a t e r a l S e i s m i c F o r c e 

U s i n g t h e q u a s i - s t a t i c s e i s m i c a n a l y s i s , t h e m i n i m u m 

l a t e r a l s e i s m i c f o r c e , V , f o r w h i c h a s t r u c t u r e h a s t o be 

d e s i g n e d i s g i v e n by : 

V=ASKIFW 

w h e r e A = a c c e l e r a t i o n r a t i o = t h e r a t i o o f t h e s p e c i f i e d 
h o r i z o n t a l g r o u n d a c c e l e r a t i o n t o t h e a c c e l e r a t i o n due 
t o g r a v i t y . • The v a l u e o f A d e p e n d s on t h e l o c a t i o n o f 
t h e s t r u c t u r e , a s d e t e r m i n e d f r o m t h e z o n i n g map shown 
i n F i g . 2 . 1 . 

z o n e 0 1 2 3 
A 0 . 0 0 0 . 0 2 0 . 0 4 0 . 0 8 

S = s e i s m i c r e s p o n s e f a c t o r f o r t h e s t r u c t u r e . 
= 0 . 5 / / T < 1.0 

T = f u n d a m e n t a l p e r i o d o f v i b r a t i o n o f t h e s t r u c t u r e i n 
t h e d i r e c t i o n u n d e r c o n s i d e r a t i o n , s e c o n d s . 

S i m p l i f y i n g f o r m u l a : T = 0 . 0 9 h n / / D 
w h e r e 
h n = h e i g h t a b o v e t h e b a s e t o t h e u p p e r m o s t l e v e l " n " . 
D = d i m e n s i o n o f s t r u c t u r e i n a d i r e c t i o n p a r a l l e l t o 

t h e a p p l i e d f o r c e s . 
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K = n u m e r i c a l c o e f f i c i e n t t h a t r e f l e c t s t h e m a t e r i a l and 
t y p e of c o n s t r u c t i o n , damping, d u c t i l i t y a n d / o r 
e n e r g y - a b s o r p t i v e c a p a c i t y o f t h e s t r u c t u r e as g i v e n 
i n T a b l e 2.1. 

I = i m p o r t a n c e f a c t o r o f t h e s t r u c t u r e ( T a b l e 2 . 2 ) . 

F = f o u n d a t i o n f a c t o r as g i v e n i n T a b l e 2.3, e x c e p t t h a t 
t h e p r o d u c t FS need n o t e x c e e d 1.0. 

n 

W = w e i g h t of t h e s t r u c t u r e = .£ W; 

where 
W; = t h a t p o r t i o n o f W w h i c h i s l o c a t e d a t o r i s 

a s s i g n e d t o l e v e l " i " . 
n = uppermost l e v e l . 
The code f u r t h e r s p e c i f i e s t h a t : 
W = d e ad l o a d i n c l u d i n g t h e f o l l o w i n g : 

25% of t h e d e s i g n snow l o a d s p e c i f i e d i n 
s u b s e c t i o n 4.1.7 o f NBC; f o r a r e a s u s e d f o r 
s t o r a g e , t h e f u l l d e s i g n l i v e l o a d m o d i f i e d 
a c c o r d i n g t o S e n t e n c e 4 . 1 . 6 . 3 . ( 5 ) ; t h e f u l l 
c o n t e n t s of any t a n k . 

W h i l e t h e v a l u e s o f t h e s e i s m i c f a c t o r s , A, S, I and 

F, a r e c l e a r l y d e f i n e d i n t h e b u i l d i n g c o d e , t h e v a l u e of K i s 

n o t e x p l i c i t l y s p e c i f i e d f o r p r e c a s t c o n c r e t e s t r u c t u r e s . 

N e v e r t h e l e s s , i n Commentary J o f NBC, i t i s s t a t e d t h a t p r e c a s t 

c o n c r e t e w i t h n o m i n a l c o n n e c t i o n s " l a c k a d e q u a t e d u c t i l i t y f o r 

e f f e c t i v e s e i s m i c p e r f o r m a n c e " and _ t h e K v a l u e s h o u l d 

c o r r e s p o n d i n g l y be i n c r e a s e d . In common p r a c t i c e , p r e c a s t 

p a n e l i z e d s t r u c t u r e s a r e c o n s i d e r e d as " s t r u c t u r e s w i t h o u t 

s p e c i a l p r o v i s i o n s f o r d u c t i l i t y i n t h e l o a d - c a r r y i n g s t r u c t u r a l 

s y s t e m " , and a K v a l u e of 1.3 i s u s u a l l y c o n s i d e r e d t o be 

a p p r o p r i a t e . 



10 

(B) D i s t r i b u t i o n o f S e i s m i c F o r c e V 

The t o t a l l a t e r a l s e i s m i c f o r c e , V, i s t o be d i v i d e d 

i n t o two p a r t s : a c o n c e n t r a t e d l o a d , F*, a p p l i e d a t t h e t o p of 

t h e s t r u c t u r e , and t h e r e m a i n d e r , (V-F t ), t o be d i s t r i b u t e d o v e r 

t h e e n t i r e h e i g h t o f t h e b u i l d i n g , g e n e r a l l y a s c o n c e n t r a t e d 

l o a d s a t e a c h f l o o r l e v e l s . The l a t t e r i s d i s t r i b u t e d i n a 

" t r i a n g u l a r " manner, i n c r e a s i n g l i n e a r l y f r o m z e r o a t t h e base 

t o a maximum a t t h e t o p . The t o p l o a d , F^ , i s g i v e n by : 

F t = 0 . 0 0 4 V ( h n / D s ) 2 < 0.15V 
0.0 f o r ( h n / D s ) < 3 

where D s= t h e d i m e n s i o n o f t h e l a t e r a l f o r c e - r e s i s t i n g 
s y s t e m i n a d i r e c t i o n p a r a l l e l t o t h e a p p l i e d 
f o r c e s . 

The l a t e r a l f o r c e , F x , a p p l i e d t o any l e v e l x i s g i v e n by : 

F* = (V-F t )W xh» 
i l w ; h > 

where 
W. ,W x=the p o r t i o n o f W w h i c h i s l o c a t e d a t or i s 

a s s i g n e d t o l e v e l " i " o r "x", r e s p e c t i v e l y . 
h ; , h x = t h e h e i g h t above t h e base ( i = 0 ) t o l e v e l " i " o r 

"x", r e s p e c t i v e l y . 

At e a c h l e v e l of t h e s t r u c t u r e , t h e t o t a l h o r i z o n t a l 

s h e a r i s d i s t r i b u t e d t o t h e v a r i o u s e l e m e n t s o f t h e l a t e r a l 

f o r c e - r e s i s t i n g s y s t e m i n p r o p o r t i o n t o t h e i r r i g i d i t i e s . A 

t y p i c a l d i s t r i b u t i o n o f t h e d e s i g n s e i s m i c f o r c e s i n a m u l t i 

s t o r e y b u i l d i n g h a v i n g a u n i f o r m l y d i s t r i b u t e d mass a l o n g i t s 

h e i g h t i s i l l u s t r a t e d i n F i g . 2 . 2 . 
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Fig.2.1 Seismic p r o b a b i l i t y map, from Commentary J of NBC 1980. 

Fig.2.2 T y p i c a l d i s t r i b u t i o n of c o d e - s p e c i f i e d s t a t i c 
forces and storey shears 
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Case Type or Arrangement of Resisting Elements Value 
of K 

1 Buildings with a ductile moment-resisting space frame 
with the capacity to resist the total required force. 0.7 

2 Buildings with a dual structural system consisting of a com
plete ductile moment-resisting space frame and ductile 
flexural walls designed in accordance with the following 
criteria: 

The frames and ductile flexural walls shall resist the total 
lateral force in accordance with their relative rigidities 
considering the interaction of the flexural walls and 
frames. In this analysis the maximum shear in the frame 
must be at least 25 per cent of the total base shear. 0.7 

3 Buildings with a dual structural system consisting of a com
plete ductile moment-resisting space frame and shear walls 
or steel bracing designed in accordance with the following 
criteria: 

(a) The shear walls or steel bracing acting independently 
of the ductile moment-resisting space frame shall re
sist the total required lateral force. 

(b) The ductile moment-resisting space frame shall have 
the capacity to resist not less than 25 per cent of the 
required lateral force, but in no case shall the ductile 
moment-resisting space frame have a lower capacity 
than that required in accordance with the relative 
rigidities. 0.8 

4 Buildings with ductile flexural walls and buildings with 
ductile framing systems not otherwise classified in this Ta
ble as Cases 1, 2,3 or 5. 1.0 

5 Buildings with a dual structural system consisting of a com
plete ductile moment-resisting space frame with masonry 
infilling designed in accordance with the following criteria: 

(a) The wall system comprising the infilling and the con
fining elements acting independently of the ductile 
moment-resisting space frame shall resist the total 
required lateral force. 

(b) The ductile moment-resisting space frame shall have 
the capacity to resist not less than 25 per cent of the 
required lateral force. 1.3 

6 Buildings (other than Cases 1, 2. 3, 4 and 5) of continu
ously reinforced concrete, structural steel or reinforced 
masonry shear walls. 1.3 

7 Buildings of unreinforced masonry and all other struclural 
systems except Cases 1 to 6 inclusive and those set forth in 
Table4.1.9.C. 2.0 

8 Elevated tanks plus full contents, on 4 or more cross-
braced legs and not supported by a building, designed in 
accordance with the following criteria: 

(a) The minimum and maximum value of the product 
SKI shall be taken as 1.2 and 2.5, respectively. 

(b) For overturning, the factor J as set forth in Sentence 
4.1.9.1.(19) shall be 1.0. 

(c) The torsional requirements of Sentence 4.1.9.1.(21) 
shall apply. - 3.0 

Col. 1 2 3 

Table 2.1 Values of the "K" f a c t o r , from Ref. 1. 
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(C) T o r s i o n a l Moments and D e s i g n E c c e n t r i c i t y 

In a d d i t i o n t o t h e l a t e r a l s e i s m i c f o r c e s as 

c a l c u l a t e d i n p a r t (A) and p a r t ( B ) , a b u i l d i n g must a l s o be 

d e s i g n e d f o r h o r i z o n t a l t o r s i o n a l moments, w h i c h s h o u l d be 

computed i n e a c h s t o r e y u s i n g t h e f o l l o w i n g f o r m u l a : 

M i x= (V - Z (F. ) e x 

where M t x = t o r s i o n a l moment a t l e v e l x. 
e x = d e s i g n e c c e n t r i c i t y a t l e v e l x, g i v e n by one of 

t h e f o l l o w i n g e q u a t i o n s , w h i c h e v e r p r o v i d e s 
g r e a t e r s t r e s s e s . 

1.5e + 0.05D n , o r 

0.5e - 0.05D n 

e  

Z F. 
i =x 1 

F ; = l a t e r a l f o r c e a p p l i e d a t l e v e l i . 
e i x = d i s t a n c e between t h e c e n t r e o f mass a t f l o o r i and 

t h e c e n t r e of r i g i d i t y a t f l o o r x. 
D n =plan d i m e n s i o n of t h e b u i l d i n g i n t h e d i r e c t i o n of 

t h e computed e c c e n t r i c i t y . 
N = t o t a l number o f s t o r e y s above e x t e r i o r g r a d e t o 

l e v e l "n". (N i s u s u a l l y n u m e r i c a l l y e q u a l t o n.) 

F o r a b u i l d i n g p e r f e c t l y s y m m e t r i c a l a b o u t two 

h o r i z o n t a l a x e s and w i t h mass u n i f o r m l y d i s t r i b u t e d a l o n g i t s 

h e i g h t , t h e v a l u e o f e w i l l be z e r o f o r e v e r y f l o o r . However, 

even i n s u c h c a s e , t h e d e s i g n e c c e n t r i c i t y , ex , s t i l l h a s a 

minimum v a l u e e q u a l t o 0.05D n. T h i s means t h a t s t r u c t u r a l 

e l e m e n t s a t any f l o o r l e v e l x must be d e s i g n e d f o r t h e d i r e c t 

s h e a r s p l u s t o r s i o n a l s h e a r s c o r r e s p o n d i n g t o a minimum 

e c c e n t r i c i t y o f t h e l a t e r a l s e i s m i c l o a d s above l e v e l x o f 5% 

t h e p l a n d i m e n s i o n a t l e v e l x i n t h e d i r e c t i o n of t h e computed 

e c c e n t r i c i t y . 
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(D) Non-Load R e s i s t i n g E l e m e n t s 

A l t h o u g h f a i l u r e of n o n s t r u c t u r a l e l e m e n t s , s u c h as 

o r n a m e n t a t i o n s , a r c h i t e c t u r a l p a n e l s and o t h e r appendages, 

s e l d o m a f f e c t s s t r u c t u r a l i n t e g r i t y , i t r e p r e s e n t s a s e r i o u s 

menace t o t h e s a f e t y o f o c c u p a n t s and o f p a s s e r s b y . B e c a use of 

t h i s , a l l p r e c a s t n o n - l o a d b e a r i n g , n o n - s h e a r w a l l p a n e l s and 

t h e i r s u p p o r t i n g c o n n e c t i o n s must be d e s i g n e d f o r a l a t e r a l 

f o r c e V p s p e c i f i e d i n t h e c o d e as f o l l o w s : 

V p= ASpWp 

where S p = h o r i z o n t a l f o r c e f a c t o r ( T a b l e 2 . 4 ) . 
Wp= t h e w e i g h t o f p a r t or p o r t i o n of a s t r u c t u r e . 

As shown i n column 3 of T a b l e 2.4, t h e d e s i g n f o r c e on 

w a l l s and c a n t i l e v e r p a r a p e t s i s t o be a p p l i e d n o r m a l t o t h e 

p l a n e of s u c h members, w h i l e f o r o t h e r p a r t s o r a p pendages th e 

l a t e r a l f o r c e may be a p p l i e d from any d i r e c t i o n . In a l l c a s e s , 

t h e i n t e n t i s t o d e s i g n t h e p a r t and i t s a n c h o r a g e f o r t h e most 

u n f a v o u r a b l e l o a d i n g c o n d i t i o n . F o r c e s on c o n n e c t i o n s a r e 

t r e a t e d l o c a l l y ; t h a t i s , t h e r e a c t i o n s a r e c a r r i e d t o t h e 

s u p p o r t but not t h r o u g h t h e e n t i r e s t r u c t u r e . 

In a d d i t i o n , p a n e l s s h o u l d accommodate movement of t h e 

s t r u c t u r e . A c c o r d i n g t o C l a u s e 14 of CAN3-A23.3-M77, 

c o n n e c t i o n s and j o i n t s between p a n e l s s h o u l d a l l o w f o r a 

r e l a t i v e movement 1.5 t i m e s t h e d e f l e c t i o n c a u s e d by s e r v i c e 

l o a d s o t h e r t h a n e a r t h q u a k e , o r 3 t i m e s t h e d e f l e c t i o n due t o 

s p e c i f i e d e a r t h q u a k e l o a d s . A l s o , c o n n e c t i o n d u c t i l i t y and 

r o t a t i o n c a p a c i t y s h o u l d be s u f f i c i e n t t o p r e v e n t f r a c t u r e of 



Type of Occupancy I 
P o s t - d i s t a s t e r b u i l d i n g s and schools 1 .3 
Other b u i l d i n g s 1 .0 

Table 2.2 Importance f a c t o r s 

Type and Depth of Soil Measured from the 
Foundation or Pile Cap Level F 

Rock, dense and very dense coarse-grained soils, very stiff and hard 
fine-grained soils; compact coarse-grained soils and firm and stiff 
fine-grained soils from 0 to IS m deep 1.0 

Compact coarse-grained soils, firm and stiff fine-grained soils with a 
depth greater than 15 m; very loose and loose coarse-grained soils 
and very soft and soft fine-grained soils from 0 to 15 m deep 1.3 

Very loose and loose coarse-grained soils, and very soft and soft fine
grained 501/5 with depths greater than 15 m (See Appendix A.) 1.5 

Column 1 2 

Table 2.3 Foundation f a c t o r s , from Ref. 1. 

Cate
gory Part or Portion of Building Direction of 

Force 
Value 
o f S p 

1 All exterior and interior walls except 
those of category 2 and 3 

Normal to flat 
surface 2 

2 Cantilever parapet and other canti
lever walls except retaining walls 

Normal to flat 
surface 10 

3 Exterior and interior ornamentations 
and appendages Any direction 10 

4 
Machinery, fixtures and equipment, 
pipes, and tanks plus contents when 
connected to or forming part of a 
building (See Appendix A.) 

Any direction 10 

5 
Towers, chimneys, smokestacks and 
penthouses when connected to or 
forming part of a building (See Ap
pendix A.) 

Any direction 3 

6 Tanks plus contents when resting on 
the ground within a building Any direction 2 

7 Floors and roofs acting as diaphragms Any direction 1 

8 
Connections for exterior and interior 
walls and elements, except those 
forming part of the main structural 
system 

Any direction 25 

Column 1 2 3 4 . 

Table 2.4 H o r i z o n t a l force f a c t o r s , from Ref. 1 
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t h e c o n c r e t e o r b r i t t l e f a i l u r e s a t o r n e a r w e l d s when s u b j e c t e d 

t o f o r c e V . 

(E) L o a d F a c t o r s And L o a d i n g C o m b i n a t i o n s 

The NBC 1980 e d i t i o n p e r m i t s t h e use of b o t h "Working 

S t r e s s D e s i g n " and " L i m i t S t a t e s D e s i g n " f o r t h e s t r u c t u r a l 

d e s i g n of b u i l d i n g s t r u c t u r e s . C l e a r l y , w h i c h e v e r method i s 

u s e d , the b a s i c p u r p o s e i s a l w a y s t o d e s i g n a s t r u c t u r e and i t s 

components t o have s u f f i c i e n t s t r e n g t h and s t a b i l i t y so t h a t t h e 

r e s i s t a n c e i s g r e a t e r t h a n or a t l e a s t e q u a l t o t h e e f f e c t s of a 

number o f l o a d i n g c o m b i n a t i o n s t h a t may r e a s o n a b l y be e x p e c t e d 

d u r i n g t h e l i f e of t h e s t r u c t u r e . However, b e c a u s e of t h e f a c t 

t h a t l i m i t s t a t e s d e s i g n p r o v i d e s a u n i f i e d r a t i o n a l b a s i s f o r 

d e s i g n c a l c u l a t i o n s of s t r u c t u r e s of a l l m a t e r i a l s , i t i s b e i n g 

a d o p t e d f o r i n t e r n a t i o n a l s t a n d a r d i z a t i o n and i s w i d e l y 

p r a c t i c e d by t h e d e s i g n p r o f e s s i o n i n Canada. F o l l o w i n g t h e 

l i m i t s t a t e s d e s i g n a p p r o a c h , t h e g e n e r a l f o r m of s a f e t y and 

s e r v i c e a b i l i t y c r i t e r i a c a n be e x p r e s s e d as f o l l o w s : 

4>R > e f f e c t o f [ a0H+-r\p{aLL+aa Q+a TT) ] 

where D = d e ad l o a d s . 
L = l i v e l o a d s . 
Q = wind or e a r t h q u a k e l o a d s , w h i c h e v e r p r o d u c e s t h e more 

u n f a v o u r a b l e e f f e c t s . 
T = l o a d s c a u s e d by t e m p e r a t u r e c h a n g e s , s h r i n k a g e o r 

d i f f e r e n t i a l s e t t l e m e n t . 
a = l o a d f a c t o r s . 
7 = i m p o r t a n c e f a c t o r . 
\p = l o a d c o m b i n a t i o n f a c t o r . 
R = c a l c u l a t e d r e s i s t a n c e b a s e d on s p e c i f i e d m a t e r i a l 

p r o p e r t i e s 
.<£ = p e r f o r m a n c e f a c t o r . 

F o r c o n c r e t e b u i l d i n g s , t h e NBC s p e c i f i e s t h a t l o a d 
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f a c t o r s and load combination f a c t o r s should be determined i n 
accordance with CSA Standard CAN3-A23.3-M77. The load f a c t o r s 
(Table 2.5) and the r u l e s f or load combinations s p e c i f i e d i n 
CAN3-A23.3-M77 are d i f f e r e n t from those p r e s e n t l y i n use for 
other m a t e r i a l s i n the NBC. Following the CSA p r o v i s i o n s , 
concrete s t r u c t u r e s must be designed for the most unfavourable 
e f f e c t s of the f o l l o w i n g load combinations : 

( i ) D 
( i i ) D+L 
( i i i ) D+Q 
(i v ) D+T 
(v) D+L+Q 
(v i ) D+L+T 
( v i i ) D+Q+T 
( v i i i ) D+L+Q+T 

The l i v e load, L, includes loads due to intended use or 
occupancy, snow, i c e and r a i n , l a t e r a l earth and h y d r o s t a t i c 
pressure, and h o r i z o n t a l components of s t a t i c or i n e r t i a f o r c e s . 
Each of the loads i n the above equations must be m u l t i p l i e d by 
the appropriate load f a c t o r given i n Table 2.5. Then the t o t a l 
of the combined e f f e c t s may be reduced by the f o l l o w i n g load 
combination f a c t o r s : 

(1) 1.0 f o r combinations ( i ) to ( i v ) , 
(2) 0.75 for combinations (v) to ( v i i ) , and 
(3) 0.66 for combination ( v i i i ) . 

When load r e v e r s a l occurs with dead load only, a c t i n g 
in combination with seismic f o r c e s , the fac t o r e d load 
combination i s : 

0.9D + 1.4E 
but the strength of the member or s t r u c t u r e should not be l e s s 
than that required by other load c o n d i t i o n s . 
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Load Type Load Factor 

D, T and F 1.4 

L and W 1.7 
E 1.8 

1.7* H 

* The factor to be applied to lateral earth pressure at rest may be reduced to 
1.4 provided that H is the maximum pressure to be expected during the 
life of the building, as determined by a complete soils investigation. 
Where Dor L reduces the effect of H the corresponding coefficients shall 
be taken as 0.9 for D and zero for L. 

where 
D = dead l o a d s . 
E = l o a d e f f e c t s of e a r t h q u a k e . 
H = l a t e r a l e a r t h p r e s s u r e . 
F = l a t e r a l or v e r t i c a l p r e s s u r e of l i q u i d s . 
L = l i v e l o a d s . 
T = c u m u l a t i v e e f f e c t s of t e m p e r a t u r e , c r e e p , s h r i n k a g e , 

and d i f f e r e n t i a l s e t t l e m e n t . 
W = wind l o a d . 

T a b l e 2.5 Load f a c t o r s , from Ref. 2. 
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The c a p a c i t y reduction f a c t o r s (or performance f a c t o r s 
i n NBC), <p, as s p e c i f i e d i n CAN3-A23.3-M77 for concrete 
c o n s t r u c t i o n are : 

( i ) f l e x u r e and a x i a l tension alone 0.9 
( i i ) a x i a l compression - s p i r a l r e i n f o r c e d members 0.75 

- other r e i n f o r c e d members 0.7 
( i i i ) shear and t o r s i o n 0.85 
( i v ) bearing on concrete 0.7 
(v) p l a i n concrete 0.65 

I t must be noted that a l l these c a p a c i t y reduction f a c t o r s do 
not apply to the design of connections. The appropriate 
reduction f a c t o r to be used i n such case i s 0.7, which should be 
ap p l i e d to the c a l c u l a t e d r e s i s t a n c e of the connection for a l l 
load e f f e c t s . 

2.3 Design Example 

In t h i s s e c t i o n , the a p p l i c a t i o n s of various seismic 
design p r o v i s i o n s w i l l be i l l u s t r a t e d through the design of a 
one-storey precast panelized b u i l d i n g . The example b u i l d i n g i s 
adopted from Reference 3. 

(A) General 
The one-storey b u i l d i n g considered here i s a box-type 

s t r u c t u r e , which t y p i c a l l y c o n s i s t s of a roof diaphragm and 
shear w a l l s on four s i d e s . Box-type s t r u c t u r e s very often o f f e r 
the most economical earthquake-resistant system for l o w r i s e 
p a n e l i z e d b u i l d i n g s because, by tak i n g advantage of the w a l l s 
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a l r e a d y p r e s e n t , t h e s e b u i l d i n g s c a n be d e s i g n e d t o r e s i s t 

l a t e r a l e a r t h q u a k e l o a d s by s h e a r w a l l and d i a p h r a g m a c t i o n . 

The p l a n and e l e v a t i o n s o f t h e b u i l d i n g a r e shown i n 

F i g . 2 . 3 . The b u i l d i n g , w h i c h i s e n t i r e l y p r e c a s t above t h e 

f l o o r , i s assumed t o - h a v e been d e s i g n e d f o r s t a t i c l o a d s , w i t h 

f o o t i n g s a d e q u a t e f o r s t a t i c l o a d s p l u s t h e i n c r e a s e d p r e s s u r e 

due t o e a r t h q u a k e . I t i s 38400 mm x 48000 mm i n p l a n , and has 

4800 mm c l e a r h e i g h t i n s i d e . I t u s e s 2400 mm x 400 mm d o u b l e 

t e e s f o r t h e w a l l s and 2400 mm x 600 mm d o u b l e t e e s f o r t h e r o o f 

( F i g . 2 . 4 ) . The d o u b l e t e e s a r e 2400 mm wide, w i t h stems 1200 mm 

on c e n t r e s . The f l a n g e s on t h e r o o f t e e s a r e 50 mm t h i c k , and 

on t h e w a l l t e e s , 100 mm t h i c k . 

B e c a u s e a l l l o a d s must be t r a n s f e r r e d t h r o u g h t h e 

c o n n e c t i o n s , g r a v i t y and l a t e r a l l o a d s must be c o n s i d e r e d 

t o g e t h e r . I t i s assumed t h a t e a r t h q u a k e l o a d s , r a t h e r t h a n wind 

l o a d s , g o v e r n i n t h i s c a s e . E a r t h q u a k e r e s i s t a n c e i s p r o v i d e d 

by i n s u r i n g a d e q u a t e s t r e n g t h o f t h e p r e c a s t e l e m e n t s and by 

t y i n g t h e e l e m e n t s t o g e t h e r so t h a t t h e b u i l d i n g f u n c t i o n s as a 

u n i t . 

(B) L o a d A n a l y s i s 

The example b u i l d i n g i s a n a l y z e d h e r e f o r t h e N-S 

e a r t h q u a k e o n l y . In a r e a l d e s i g n s i t u a t i o n , i t w o u l d a l s o have 

t o be a n a l y z e d f o r t h e E-W d i r e c t i o n . 

The l a t e r a l f o r c e s t o be u s e d f o r e a r t h q u a k e d e s i g n 
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are found using the q u a s i - s t a t i c a n a l y s i s procedure. H o r i z o n t a l 
forces due to earthquake are assumed to o r i g i n a t e p r i m a r i l y i n 
the diaphragm, due to i t s heavy mass. For earthquake a c t i n g i n 
the N-S d i r e c t i o n , the north and south w a l l s , which are attached 
to the ends of the roof diaphragm and responsible for supporting 
i t s g r a v i t y load, a l s o c o n t r i b u t e to the earthquake forces i n 
the diaphragm. Consequently, the seismic force a c t i n g on the 
roof diaphragm i s found using the weights of the roof i t s e l f and 
the upper h a l f of the north and south w a l l s . The earthquake 
forces i n the diaphragm are t r a n s f e r r e d by connections to the 
east and west w a l l s , which act as shear w a l l s i n t h i s load case. 
The east and west w a l l s must t r a n s f e r shear from the roof, plus 
a small a d d i t i o n a l shear force due to t h e i r own mass. Hence, 
the t o t a l base shear i s c a l c u l a t e d using the weights of the roof 
and the upper h a l f of a l l four surrounding w a l l s . 

( i ) Seismic Factors 
A = 0.08, for zone 3. 
K = 1.3 , for s t r u c t u r e without s p e c i a l p r o v i s i o n s for 

d u c t i l i t y . 
I = 1.0 , for n o n - e s s e n t i a l b u i l d i n g . 
SF= 1.0 , maximum. 

( i i ) Lumped Weights 
• Roof 

- u n i t weight =3.5x10"6 KN/mm2 

- t o t a l weight=(38400)(48000)(3.5x10' 6)=6450 KN 
• N-S Walls (above mid-storey height) 

- u n i t weight =3.8xl0" 6 KN/mm2 

- h a l f height + parapet = 5400/2 + 750 =3450 mm 
t o t a l length = 2(48000) =96000 mm 

- t o t a l weight =(3450)(96000)(3.8x10" 6)=1260 KN 
• E-W Walls (above mid-storey height) 



23 

- u n i t w e i g h t = 3 . 8 x l 0 " 6 KN/mm2 

- h a l f h e i g h t + p a r a p e t = 5400/2 + 750 =3450 mm 
t o t a l l e n g t h = 2(38400) =76800 mm 

- t o t a l w e i g h t = ( 3 4 5 0 ) ( 7 6 8 0 0 ) ( 3 . 8 x 1 0 " 6 ) = 1 0 0 7 KN 

• 25% D e s i g n Snow L o a d 
- d e s i g n l o a d (assumed) =1.5x10" 6 KN/mm2 

- t o t a l w e i g h t = ( 0 . 2 5 ) ( 3 8 4 0 0 ) ( 4 8 0 0 0 ) ( 1 . 5 x 1 0 " 6 ) 
=700 KN 

• T o t a l Lumped W e i g h t s 
- roof+N-S walls+snow W r=8410 KN 
- roof+N-S walls+E-W walls+snow W b=9417 KN 

( i i i ) S p e c i f i e d L a t e r a l S e i s m i c F o r c e s 

• At Roof 
V r = A S K I F W r = (0.08) ( 1 .3) ( 1 .0) ( 1 .0) (8410) =874.6 KN 

• At Base 
V b = A S K I F W b = ( 0 . 0 8 ) ( 1 . 3 ) ( 1 . 0 ) ( 1 . 0 ) ( 9 4 1 7 ) =979.4 KN 

The d e s i g n e a r t h q u a k e l o a d V r i s a p p l i e d a t t h e r o o f 

d i a p h r a g m w h i c h a c t s l i k e a s t i f f beam or p l a t e g i r d e r l a i d 

f l a t , t r a n s m i t t i n g s h e a r f o r c e s t o t h e e a s t and west w a l l s . The 

g e n e r a l f o r c e d i s t r i b u t i o n , s h e a r and moment d i a g r a m s a r e shown 

i n F i g . 2 . 5 . To g u a r d a g a i n s t a c c i d e n t a l h o r i z o n t a l t o r s i o n 

e f f e c t s , a minimum 5% e c c e n t r i c i t y must be assumed between t h e 

c e n t r o i d o f r e s i s t a n c e and t h e c e n t r e of mass as shown i n 

F i g . 2 . 6 . W i t h t h i s i n mind, t h e f o r c e s i n t e r n a l t o t h e r o o f 

d i a p h r a g m a r e : 

max. s h e a r r e a c t i o n , R o=0.55V =0.55(874.6) =481.0 KN 

av g . s h e a r i n t e n s i t y , V 0=481.0/38.4 =12.5 KN/m 

max. b e n d i n g moment, M 0=V rl/8= (874.6) ( 48/8) =5247.6 KN.m 

max. c h o r d f o r c e s , C 0=T 0=M 0/d=5247.6/38.4 =136.7 KN 

S i m i l a r l y , t h e ba s e s h e a r a c t i n g on e a c h s h e a r w a l l i s : 

max. s h e a r p e r w a l l , R,=0.55V|, =0.55(979.4) =538.7 KN 
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a v g . s h e a r i n t e n s i t y , V,=538.7/38.4 =14.0 KN/m 

The e q u i l i b r i u m o f t h e r o o f i s m a i n t a i n e d by t h e 

r e a c t i o n s R 0 from t h e t o p s of t h e s h e a r w a l l s , w h i l e t h e s h e a r 

w a l l s t h e m s e l v e s c a n be i n e q u i l i b r i u m o n l y i f s u f f i c i e n t 

s l i d i n g r e s i s t a n c e and o v e r t u r n i n g c a p a c i t y a r e p r o v i d e d . — T h e 

f o r c e s w h i c h must be r e s i s t e d by e a c h s h e a r w a l l a r e : 

s l i d i n g f o r c e , R!=538.7 KN 

o v e r t u r n i n g moment, R!h=(538.7)(6.6)=3555.4 KN.m 

The w e i g h t o f t h e s h e a r w a l l , t r i b u t a r y r o o f , f l o o r , b a c k f i l l , 

e t c . , i s assumed t o be N=1800 KN. The a v a i l a b l e r e s i s t a n c e t o 

o v e r t u r n i n g , t h e n , i s : 

N ( d / 2 )=(1800)(38.4/2)=34560 KN.m 

The s l i d i n g f o r c e i s r e s i s t e d by f r i c t i o n i n t h e b o t t o m o f t h e 

w a l l f o o t i n g . A s s u m i n g a g r a n u l a r s o i l , t h e c o e f f i c i e n t o f 

s l i d i n g f r i c t i o n i s a b o u t 0.5. Hence, s l i d i n g r e s i s t a n c e i s 

( 0 . 5 )(1800)=900 KN. The f a c t o r s of s a f e t y f o r o v e r t u r n i n g and 

s l i d i n g a r e seen t o be s u f f i c i e n t : 
o v e r t u r n i n g = 34560/3555.4 = 9.72 
s l i d i n g = 900/538.7 = 1.67 

(C) R e s i s t a n c e A n a l y s i s 

The r e s i s t a n c e a n a l y s i s o f t h e s t r u c t u r e i s d i v i d e d 

i n t o two p a r t s . The f i r s t p a r t d e a l s w i t h t h e d e s i g n of t h e 

r o o f d i a p h r a g m , and t h e s e c o n d p a r t i s d e v o t e d t o t h e d e s i g n of 

t h e s h e a r w a l l s . E m p h a sis w i l l be p l a c e d on t h e d e s i g n of 

c o n n e c t i o n s , w h i c h s e r v e t h e i m p o r t a n t f u n c t i o n o f t r a n s m i t t i n g 

f o r c e s and h o l d i n g t h e whole s t r u c t u r e t o g e t h e r . 
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T h e d i a p h r a g m i s f i r s t a n a l y z e d f o r s h e a r . T h e 

m a x i m u m f a c t o r e d s h e a r i n t e n s i t y i n t h e d o u b l e t e e f l a n g e s , 

a d j a c e n t t o t h e s h e a r w a l l s , i s : 

V u = 1 . 8 V 0 = ( 1 . 8 ) ( 1 2 . 5 ) = 2 2 . 5 K N / m 

A s s u m i n g c o n c r e t e s t r e n g t h f e ' e q u a l s 4 0 M P a , t h e d e s i g n s h e a r 

r e s i s t a n c e o f t h e r e i n f o r c e d c o n c r e t e i n t h e d o u b l e t e e f l a n g e s 

c o u l d b e c o n s e r v a t i v e l y t a k e n a s : 

4>Vn = ( 0 . 1 7 0 / f c * ) t = ( 0 . 1 7 X 0 . 8 5 X / 4 0 X 1 0 3 ) ( 0 . 0 5 ) = 4 5 . 7 K N / m 

T h i s i s g r e a t e r t h a n r e q u i r e d , t h e r e f o r e s a t i s f a c t o r y . H o w e v e r , 

t h e e m p i r i c a l l y d e r i v e d f o r m u l a u s e d a b o v e i s i n t e n d e d t o b e 

u s e d f o r b e a m s h a v i n g s p a n t o d e p t h r a t i o s o f 5 o r m o r e , a n d i s 

n o t n e c e s s a r i l y a p p l i c a b l e h e r e . A m o r e r a t i o n a l a n a l y s i s m a y 

b e m a d e u s i n g t h e s h e a r f r i c t i o n p r i n c i p l e . F i g . 2 . 7 ( a ) s h o w s 

t h e f a c t o r e d s h e a r i n t e n s i t y V u a c t i n g a l o n g t h e e x t e r i o r 

e d g e ( 1 m ) o f a t y p i c a l r o o f d o u b l e t e e a d j a c e n t t o a s h e a r w a l l . 

B y s h e a r f r i c t i o n p r i n c i p l e s , t h e s t e e l a r e a r e q u i r e d t o r e s i s t 

V u c a n b e d e t e r m i n e d a s f o l l o w s : 

V n = * i A 6 ty 

V d = 0 V n = 0 M A S ty 

w h e r e 
n - 1 . 4 , f o r c o n c r e t e c a s t m o n o l i t h i c a l l y . 
<t> = 0 . 8 5 
ty = 4 0 0 M P a , y i e l d s t r e n g t h o f r e i n f o r c i n g s t e e l . 
A s = s t e e l a r e a p e r p e n d i c u l a r t o a s s u m e d s h e a r c r a c k , 

m m 2 / m . 

I f V a > V u , t h e n 

A 8 ^ V U / U M f r ) = ( 2 2 . 5 X 1 0 3 ) / ( 0 . 8 5 x 1 . 4 x 4 0 0 ) = 4 7 . 3 m m 2 / m 

T h e d o u b l e t e e f l a n g e s a r e r e i n f o r c e d w i t h a 1 5 2 x 1 5 2 M W 1 8 . 7 X M W 

1 8 . 7 w e l d e d w i r e f a b r i c 1 w h i c h p r o v i d e s a s t e e l a r e a A 5 = 1 2 3 

m m 2 / m i n b o t h l o n g i t u d i n a l a n d t r a n s v e r s e d i r e c t i o n s . 

1 S e e P . 3 4 
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T h e r e f o r e , s h e a r r e s i s t a n c e i s d e f i n i t e l y a d e q u a t e i n t h e d o u b l e 

t e e f l a n g e s . 

I t i s a p p a r e n t t h a t t h e s h e a r f o r c e i n t h e d i a p h r a g m 

must be t r a n s f e r r e d between a d j a c e n t d o u b l e t e e s and t o t h e 

s u p p o r t i n g w a l l s . A l s o , t h e "web" s h e a r must be t r a n s f e r r e d t o 

t h e c h o r d e l e m e n t s . T h e r e f o r e , t h e d e s i g n of t h e d i a p h r a g m i s 

e s s e n t i a l l y a c o n n e c t i o n d e s i g n p r o b l e m . A t y p i c a l c o n n e c t i o n 

t o be used i n t h i s example i s shown i n F i g . 2 . 8 . T h i s w e l d c l i p -

t y p e c o n n e c t i o n i s u s u a l l y a n a l y z e d by t h e t r u s s a n a l o g y , 

i l l u s t r a t e d i n F i g . 2 . 8 ( d ) , w i t h t h e a s s u m p t i o n t h a t t h e u l t i m a t e 

s t r e n g t h i s a t t a i n e d when t h e s t e e l b a r s y i e l d . T a k i n g t h e 

y i e l d s t r e n g t h o f t h e r e b a r s a s 300 MPa, t h e s h e a r r e s i s t a n c e o f 

th e c o n n e c t i o n c a n be c a l c u l a t e d as f o l l o w s : 

0C T 1 = 0T T 1 = O.7f y A s = (0.7) (300) (200)x1 0" 3 =42 KN 

4>Vn = ( 0 C n + 0 T n )cos45° =(42 + 42) (0.707) =60 KN 

Hence, a t t h e j u n c t i o n w i t h t h e e a s t and west w a l l s t h e s p a c i n g 

between c l i p s must be no more t h a n : 

S =0V n/V u=6O/22.5 = 2.7 m 

2500 mm i s a r e a s o n a b l e maximum s p a c i n g . 

However, d u r i n g e a r t h q u a k e s t h e d o u b l e t e e n e x t t o t h e s i d e w a l l 

i s s u b j e c t t o v e r t i c a l b o u n c i n g . T h i s c o u l d d e s t r o y t h e 

e s s e n t i a l c o n n e c t i o n o f d i a p h r a g m t o s h e a r w a l l , u n l e s s t h e 

c o n n e c t i o n i s s t r e n g t h e n e d s u f f i c i e n t l y t o y i e l d t h e d o u b l e t e e 

f l a n g e a s a c a n t i l e v e r i n b e n d i n g where i t j o i n s t h e f i r s t 

i n t e r i o r stem. The f l a n g e s of t h e d o u b l e t e e s u s e d h e r e a r e 

r e i n f o r c e d w i t h w e l d e d w i r e f a b r i c , A s=123 mm2/m and 13 mm c l e a r 



(b) Section AA 

Fig.2.7 Shear and moment c a p a c i t i e s of roof 
double tee flange 
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top. The nominal moment ca p a c i t y of the flange i s (Fig.2.7(b)) 

A 5 = 12 3 mm2/m 
ty = 400 MPa 
fc'=40 MPa 
a =(A sf 7 )/(0.85f c'b) = ( 123x400/(0. 85x40x1000) 

=1.45 mm 
M„=AS f y (d-0.5a) = (123x400)(15.44-0.5x1.45)x10" 3 

=724 N.m/m 
If standard weld c l i p s are placed at 1200 mm on centres (2 per 
w a l l p a n e l ) , they w i l l e a s i l y force uniform y i e l d i n the flange. 
Hence, the connections are spaced : 

S = 2500 mm on centres t y p i c a l l y , and 
S = 1200 mm on centres at side w a l l s 

The roof double tee flanges must a l s o be connected to 
the north and south w a l l s i n order to t r a n s f e r the "VQ/Ib" type 
of web shears to the chords. This i s analogous to the 
connection between web and flange of a p l a t e g i r d e r . This same 
connection must a l s o f u n c t i o n as a tension t i e to hold the w a l l 
panels onto the roof against earthquake forces ( F i g . 2 . 9 ) . In 
order to achieve the l a t t e r f u n c t i o n , the connection must be 
designed for an earthquake f o r c e , Vp, equal to ASPWp, a c t i n g 
normal to the plane of the panel. The t r i b u t a r y weight, WP, of 
a 2400 mm wide w a l l panel i s assumed to include h a l f height plus 
the parapet, thus g i v i n g : 

WP=(5400/2 + 750)(2400)(3.8x10- 6) =31.5 KN 
Sf=25 , category 8,Table 2.4 i n NBC 
Vp=AS rW p=(0.08)(25)(31.5) =63.0 KN 
or 31.5 KN per double tee stem. 

The w a l l panel-to-roof connection i s then designed for a 



30 

6 mm nom. 

15Mtyp. 

(a) Plan, typical 

(b) Section, typical 

I 

Headed stud 

(c) Section at end walls 

*Cn' 
(d) Truss analogy 

Fig.2.8 Connections between flanges of roof 
double tees 
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h o r i z o n t a l p u l l o u t force of 31.5 KN. The amount of s t e e l 
r equired for t h i s purpose i s : 

Tu = 1 . 8 ( V P/2) = (1 .8 ) (31 .5) =56.7 KN 
Ay, =TU /<j>iy =(56.7x1 0 3 )/(0. 7x300) =270 mm2 

A d d i t i o n a l s t e e l i s required to r e s i s t the diaphragm shear. By 
shear f r i c t i o n p r i n c i p l e s , c o n s i d e r i n g s l i d i n g of the angle 
against the adjacent concrete i n the end of the double tee, the 
s t e e l area required i s : 

u =0.7 for concrete placed against s t e e l 
Vu =(22.5)(2.4/2) =27 KN 
A v n =VU /<t>u£y =(27X10 3 )/(0. 7x0. 7x300) =184 mm2 

T o t a l s t e e l area required i s thus : 
A T = kn+ A v n = 270 + 184 =454 mm2 

Two #20M (As=600 mm2) would be s u f f i c i e n t . 
These rebars must extend a f u l l development length i n t o the 
double tee stems, i n order to be able to develop the f u l l 
t e n s i l e strength of the rebars. However, the roof double tee 
stem i s too narrow for two #20M bars. Therefore, i t i s more 
appropriate to use one #25M bar (As=500 mm2) i n the roof double 
tee and two #20M bars i n the w a l l double tee as shown i n 
Fig.2.10. Checking the development lengths required f o r the 
rebars : 

l d = 0 . 0 l 9 A b f r / / f c ' 
f y =300 MPa 
fc'=40 MPa 
For #20M bars, 

Ab=300 mm2 

U = (0.019) (300) ( 3 0 0 / ^ 4 0 =271 mm 
Use 300 mm (minimum). 
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Fig.2.10 D e t a i l s of connections between roof double 
tees and end w a l l s 



33 

For #25M bars, 
Ab=500 mm2 

m o d i f i c a t i o n f a c t o r for top bars =1.4 
l d =( 1 .4) (0.01 9) (500) (300)//40 =631 mm 
Use 635 mm. 

These development lengths can e a s i l y be accomodated by the 
double tee stems. 

The panels of the north or south w a l l must be t i e d 
together to r e s i s t the chord f o r c e , T 0, shown i n Fig.2.6. The 
flange or "chord" bar i s s i z e d f or tension as f o l l o w s : 

Tu=C u=1.8T 0=(1.8)(136.7) =246.1 KN 
As=Tu/0fy =(246. 1X1 0 3 )/(0 . 7x300) =1 1 72 mm2 

Two #30M (As=1400 mm2) are re q u i r e d . 

These bars are located at the top of the w a l l panels, and should 
be s p l i c e d at the v e r t i c a l j o i n t s as "suggested i n Fig.2.11. The 
#10M h a i r p i n s provide enough shear f r i c t i o n c a p a c i t y to transmit 
the maximum shear i n t o the two #30M chord bars. The h a i r p i n 
bars should extend an anchorage length below the double tee-to-
w a l l tension t i e s . This provides a load-path for the diaphragm 
shears between the chord bars and the roof weld c l i p s . 

To complete the design of the diaphragm, c o n t i n u i t y i n 
shear over the c e n t r e l i n e ledger beam must be provided. This 
can be done by s p l i c i n g the welded wire f a b r i c from the ends of 
the roof double tees over the ledger beam and f i l l i n g the gap 
with concrete (Fig.2.12(a)) . By shear f r i c t i o n , the required 
diaphragm c o n t i n u i t y s t e e l area i s : 

n =1.0 , for concrete placed against hardened concrete 
f y=400 MPa , y i e l d strength of wire 
Vu=22.5 KN/m 



34 

A v n = V u / W f = ( 2 2 . 5X 1 0 3 )/(1 .0x0.7x400) =80.4 mm2/m 
.-. A v n =(80.4) ( 2 . 4) = 1 93 mm2 p e r d o u b l e t e e 

The c o n n e c t i o n s h o u l d a l s o have a h o r i z o n t a l t e n s i l e c a p a c i t y , 

as was r e q u i r e d a t t h e e x t e r i o r w a l l . The amount of t e n s i o n 

s t e e l r e q u i r e d p e r d o u b l e t e e i s : 

Tu = 1.8V P =(1.8) (63) =113.4 KN 
A n = T u / 0 f y = ( 1 1 3 . 4 X 1 0 3 ) / ( 0 . 7 x 3 0 0 ) =540 mm2 

Hence, t h e t o t a l s t e e l a r e a i s : 

A T= A v n + A n =193 + 540 =733 mm2 

S e l e c t a 152x152 MW18.7xMW18.7 we l d e d w i r e f a b r i c , A s=123 mm2/m, 

f o r t h e f l a n g e s . T h i s w i l l g i v e (123x2.4)=295 mm2 p e r d o u b l e 

t e e . Two a d d i t i o n a l #20M (A s=600 mm2) b a r s , one a t eac h stem, 

would be s u f f i c i e n t t o p r o v i d e t h e r e s t o f t h e r e q u i r e d s t e e l 

a r e a . In o r d e r t o d e v e l o p r e l i a b l e t e n s i l e s t r e n g t h , b o t h t h e 

w i r e f a b r i c and r e b a r s from t h e ends of a d j a c e n t d o u b l e t e e s 

must be s p l i c e d by w e l d i n g o v e r t h e l e d g e r beam. D e t a i l s o f t h e 

c o n n e c t i o n a r e shown i n F i g . 2 . 1 2 . ( b ) . 

F o l l o w i n g t h e l o a d p a t h , t h e s h e a r w a l l s a r e a n a l y z e d 

n e x t . F o r s i m p l i c i t y , i t i s assumed t h a t t h e w a l l s have no 

o p e n i n g s . 

An i n t e r i o r p a n e l ( F i g . 2 . 1 3 ( a ) ) w h i c h h as c o n n e c t i o n s 

on b o t h v e r t i c a l e d g e s , i s a n a l y z e d f i r s t . The h o r i z o n t a l s h e a r 

V,=14 . 0 KN/m i s assumed t o a p p l y a t t h e r o o f l e v e l and i s 

r e s i s t e d by t h e d i s t r i b u t e d s h e a r s from t h e o t h e r t h r e e e d g e s , 

V 2 , V 3 and V f t. The d i s t r i b u t e d s h e a r s have r e s u l t a n t s P,, P 2 , 

P 3 and p „ . F o r s i m p l i c i t y , t r e a t i n g t h e p a n e l a s a f r e e body of 



35 

2-3 O M ® T y p i c a l 

cont 

II n 
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m r -ii n ii 
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Fig.2.11 Flange or "chord" reinforcement at top of w a l l panels 

f u l l tension s p l i c e 
of W.W.F. and rebars 

C.I.P. concrete f i l l 

*10M bars 

face of beam 
end of D.T. 

roof double tee 
#20M at stem only 

welded wire f a b r i c 

ledger beam 

(b) 
Fig.2.12 Connection between ends of roof double tees 

at ledger beam 
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z e r o w e i g h t : 

Z F x = 0 : P2 = Pi ? V 2 b = V 1 b ; V 2 = V , 
Z F y =0 : P 3 = P « ; V 3 h = V M h ; V 3 = V „ 
ZM =0 : P a h = P , b ; V u b h = V , b h ; V „ = V , 

.-. v 1 = V 2 = V 3 = V a = 1 4 . 0 K N / m 

W e l d c l i p s s i m i l a r t o t h a t shown i n F i g . 2 . 8 ( a ) a r e 

u s e d a t t h e v e r t i c a l j o i n t s . The number r e q u i r e d a t e a c h j o i n t 

i s d e t e r m i n e d by d i v i d i n g t h e f a c t o r e d s h e a r f o r c e by t h e d e s i g n 

r e s i s t a n c e o f t h e c l i p : 

P„ = V „ h = ( 1 4 . 0 ) ( 5 . 4 ) = 7 5 . 6 KN 
Pi,u=1 . 8 P , = ( 1 . 8 ) ( 7 5 . 6 ) =136 .1 KN 
n = P « U / 0 V n = 1 3 6 . 1 / 6 0 . 0 = 2 . 2 7 
U s e 3 m i n i m u m . 

The s h e a r a t t h e p a n e l b o t t o m i s t a k e n by p r o j e c t i n g 

d o w e l s . T h e s e d o w e l s a r e a n c h o r e d i n t o g r o u t e d s l e e v e s , 

s u f f i c i e n t t o d e v e l o p f u l l t e n s i l e y i e l d , a n d a c t i n s h e a r 

f r i c t i o n . The s h e a r - f r i c t i o n s t e e l r e q u i r e d p e r d o u b l e t e e s t e m 

i s : 

V 2 U = 1 . 8 V 2 = ( 1 . 8 ) ( 1 4 . 0 ) = 2 5 . 2 K N / m 
P u ' = P 2 U / 2 = ( 2 5 . 2 x 2 . 4 ) / 2 = 3 0 . 2 KN 

f y =400 MPa , a s s u m e d y i e l d s t r e n g t h o f d o w e l s 
M = 0 . 4 , f o r c o n c r e t e t o c o n c r e t e , s m o o t h i n t e r f a c e . 

T h i s s h e a r - f r i c t i o n c o e f f i c i e n t i s s u g g e s t e d 
by C P C I d e s i g n m a n u a l b u t i s n o t c o n t a i n e d 
i n C A N 3 - A 2 3 . 3 - M 7 7 . 

A v f =PU'/Mtf>fy = ( 3 0 . 2 X 1 0 3 ) / ( 0 . 4 x 0 . 7 x 4 0 0 ) = 2 6 9 . 6 mm 2 

U s e one #20M ( A 6 = 3 0 0 mm 2 ) a t e a c h s t e m , t y p i c a l l y . 

An e x t e r i o r , o r c o r n e r , p a n e l i s a n a l y z e d n e x t 

( F i g . 2 . 1 3 ( b ) ) . T h i s p a n e l d o e s n o t h a v e c o n n e c t i o n s on one 

v e r t i c a l e d g e a n d t h e r e f o r e l a c k s t h e c a p a b i l i t y f o r s h e a r 

t r a n s f e r on one s i d e . To o b t a i n r e l i a b l e s t r e n g t h , t h e a n c h o r 
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rebars are located at the double tee stems, rather than at the 
flange edge. Again t a k i n g the panel as a free body of zero 
weight : 

ZFX =0 : P 2 = P 1 =V i b= ( 1 4 . 0 ) ( 2 . 4) = 33 . 6 KN 
ZF y =0 : C =T-P„=T-7 5.6 
ZM =0 : Tml=Plh+Cm2=P1h+(T-75.6)(m2) 
T=(P 1h-75.6)/(m 1-m 2) 
=[(33.6)(5.4)-(75.6)(0.6)]/(1.8-0.6) 
=113.4 KN 

C=113.4 - 75.6 
=37.8 KN 

The rebar required to take T i s determined as fo l l o w s : 
TU=1.8T =(1 .8)(113.4) =204. 1 KN 
A s=T u/0fy =(204. 1X10 3 )/(0. 7x400) =729 mm2 

One #35M (AS=1000 mm2). 
Hence, at each double tee stem, use one #20M t y p i c a l l y and one 
#35M at corners. See Figs.2.14 and 2.15. 

This completes the r e s i s t a n c e a n a l y s i s of the 
st r u c t u r e f or the N-S earthquake. In t h i s example, the w a l l 
panels are coupled by the weld c l i p s to functi o n as a u n i t . In 
l o c a t i o n s subject to severe volume change deformations, the weld 
c l i p s might cause l o c a l c r a c k i n g . To avoid t h i s problem, the 
designer may choose to u t i l i z e only those panels located near 
the middle of the w a l l to r e s i s t shear f o r c e s . These panels 
could be t i e d together with weld c l i p s , but other panels would 
be fastened only at the top and bottom. For those i s o l a t e d w a l l 
panels, shear forces from the roof and the r e s u l t i n g overturning 
moments must be r e s i s t e d by the dowels. In such case, the s i z e 
of the dowels can be determined by s i m i l a r procedures as shown 
above, t r e a t i n g the panel as an e x t e r i o r panel with no shear 
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forces along the v e r t i c a l edges. 

F i n a l l y , i t must be pointed out that the design of 
connections using conventional s t a t i c s approach, as shown i n 
t h i s example, i s not based on e i t h e r research or experience with 
r e a l s t r u c t u r e s i n earthquakes. While the i n i t i a l strength of 
the connection may c o r r e c t l y be estimated, i t s dynamic 
c h a r a c t e r i s t i c s are t o t a l l y ignored. As w i l l be seen i n chapter 
3 , under severe c y c l i c l o a d i n g , strength and s t i f f n e s s 
degradation w i l l occur and w i l l g r e a t l y reduce the r e s i s t a n c e of 
the connection. 
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CHAPTER 3 
Review of Dynamic C h a r a c t e r i s t i c s of Connections and D e r i v a t i o n 

of H y s t e r e t i c Models 

3.1 Introduct ion 

In many precast box-type b u i l d i n g s , such as the 
example b u i l d i n g shown in chapter 2, w a l l panels, f l o o r and roof 
u n i t s are connected together to act as shear w a l l s and 
diaphragms to r e s i s t l a t e r a l loads due to earthquakes. The 
basic i n t e n t of the design i s to construct precast panelized 
s t r u c t u r e s with connections ensuring behaviour s i m i l a r to 
monolithic cast i n s i t u systems. 

The design of connections i n t h i s type of b u i l d i n g i s 
u s u a l l y based on s t a t i c a n a l y s i s and conventional design 
methods, with strength being the sole design parameter, and 
l i t t l e or no c o n s i d e r a t i o n i s given to t h e i r d u c t i l i t y 
c a p a c i t i e s and dynamic c h a r a c t e r i s t i c s . Precast b u i l d i n g s with 
d i s c r e t e connections are assumed to be able to perform 
adequately when subjected to the dynamically induced earthquake 
f o r c e s , a c t i n g i n combination with the l i v e and dead loads. 
However, observations of earthquake damage i n panelized 
c o n s t r u c t i o n have always i n d i c a t e d c r a c k i n g i n connection areas 
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and seldom any signs of d i s t r e s s i n the panels [ 4 ] . This i s 
mainly because the design d e t a i l of a connection r a r e l y allows 
for the development of strength comparable to that of the 
surrounding panel and the d e t e r i o r a t i o n of the whole connection 
region under c y c l i c loading f u r t h e r c o n t r i b u t e s to the reduction 
i n r e s i s t a n c e . In f a c t , connections are ge n e r a l l y the weak 
poi n t s i n terms of o v e r a l l bending, a x i a l and shear behaviour 
for p a n e lized shear w a l l s [ 5 ] , By the very nature of the 
c o n s t r u c t i o n process, j o i n t s between precast elements introduce 
n a t u r a l planes of low s t i f f n e s s and weakness i n which large 
l o c a l i z e d deformations would occur i n . the connections when 
subjected to severe seismic v i b r a t i o n . 

Because of the in f l u e n c e of the connections, i n terms 
of t h e i r s t i f f n e s s and strength, precast p a n e l i z e d b u i l d i n g s 
behave q u i t e d i f f e r e n t l y from m o n o l i t h i c s t r u c t u r e s during 
earthquakes. I t i s g e n e r a l l y accepted that the dynamic response 
of a panelized s t r u c t u r e depends l a r g e l y upon the nonlinear 
i n e l a s t i c p r o p e r t i e s of the connections. Therefore, a 
q u a n t i t a t i v e knowledge of the dynamic c h a r a c t e r i s t i c s of 
connections i s necessary for the basic understanding and 
a n a l y s i s of the seismic response of precast panelized 
s t r u c t u r e s . 

In t h i s chapter, a b r i e f review of the c y c l i c 
behaviour of some common connections w i l l be presented. For 
convenience, connections w i l l be d i v i d e d i n t o two general 
c a t e g o r i e s according to t h e i r l o c a t i o n s i n a s t r u c t u r e : 
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v e r t i c a l and h o r i z o n t a l connections. A t t e n t i o n w i l l be 
concentrated on the d i s c u s s i o n of "dry" or mechanical 
connections(using b o l t e d or welded metal d e t a i l s ) , while "wet" 
connections(using r e i n f o r c e d or unreinforced c a s t - i n - p l a c e 
concrete) w i l l not be considered i n the present study. Based on 
the observed behaviour of the connections, s p e c i f i c h y s t e r e t i c 
models w i l l be deri v e d for each category. 

3.2 V e r t i c a l Connection 

V e r t i c a l connections g e n e r a l l y r e f e r to those 
connections l o c a t e d along v e r t i c a l j o i n t s . A t y p i c a l example i s 
the connections between the w a l l panels of a precast shear w a l l . 

The basic f u n c t i o n of a v e r t i c a l connection i s to 
t r a n s f e r shear force between adjacent precast elements. 
Embedded s t e e l p l a t e s or s t r u c t u r a l shapes from adjacent precast 
u n i t s are welded or bolt e d together to provide the required 
shear t r a n s f e r mechanism. Anchorage may be provided by shear 
studs or by embedded r e i n f o r c i n g bars. Some mechanical v e r t i c a l 
connections are shown i n Fig.3.1. Other connections w i l l be 
presented along with the d i s c u s s i o n i n the next s e c t i o n . 

3.2.1 C y c l i c Shear Behaviour 

Before the e a r l y s e v e n t i e s , t e s t s and reports on dry 



43 

F i g . 3 . 1 M e c h a n i c a l p r e c a s t c o n n e c t i o n s , from Ref. 3 
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connections were very r a r e . C y c l i c t e s t i n g data was even harder 
to f i n d . Some e a r l y i n v e s t i g a t i o n s , which e s s e n t i a l l y c o n s i s t e d 
of s t a t i c or monotonic t e s t s on a number of connections, have 
been reported i n References [ 6 ] , [7] and [ 8 ] , 

In 1976 Spencer and N e i l l e [9] reported c y c l i c 
t ests(displacement c o n t r o l l e d ) on s i x welded headed stud 
connections. D e t a i l s of t h e i r specimens are shown in Fig.3.2. 
Reversed c y c l i c shear forces were a p p l i e d i n the l o n g i t u d i n a l 
d i r e c t i o n of the connection angle, as shown i n Fig.3.2, at a 
distance 7/8 i n . from the face of the angle. Connection A1 was 
loaded monotonically to f a i l u r e , while the other f i v e 
connections were loaded at frequencies i n the range of 0.01 to 
0.02 Hz. 

Shown i n Fig.3.3(a) are the h y s t e r e s i s loops for a 
t y p i c a l c y c l i c a l l y loaded connection. For c y c l i c l o ading below 
about 80 to 85 percent of the expected monotonic s t r e n g t h , 
h y s t e r e t i c damping and strength degradation were e f f e c t i v e l y 
n e g l i g i b l e . For c y c l i n g above t h i s force l e v e l , the s t i f f n e s s 
of the connection began to f a l l and the width of the h y s t e r e s i s 
loops increased r a p i d l y , t a k i n g on a c h a r a c t e r i s t i c s-shape. 
A f t e r each increase i n displacement, the displacement amplitude 
of the jack was held constant for three or four c y c l e s ( e . g . , 
c y c l e s 10, 11, 12 and 13 i n F i g . 3 . 3 ( b ) ) . I t was observed that 
under constant amplitude c y c l i n g , both the s t i f f n e s s and 
strength decreased for a few c y c l e s before the h y s t e r e s i s loops 
s t a b i l i z e d . At t h i s l e v e l of l o a d i n g , i d e n t i f i e d as the 
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" s t a b i l i t y l i m i t " , no fu r t h e r degradation occurred. Based on 
the observed strength i n the f i r s t c y c l e i n each s e r i e s when the 
jack displacement was increased(e.g., c y c l e 14, F i g . 3 . 3 ( b ) ) , 
approximate y i e l d strength envelops were constructed. 
Fig.3.3(c) shows the h y s t e r e t i c behaviour of connection B1, 
which was a l s o loaded up to y i e l d , but with much bigger increase 
i n d e f l e c t i o n i n each successive c y c l e than for other 
connections. The strength of the connection decreased very 
r a p i d l y under t h i s loading c o n d i t i o n , and i t f a i l e d a f t e r only 
seven c y c l e s . 

The f i r s t observable damage i n each connection was 
crushing of concrete at the ends of the connection, angle. As 
c y c l i c loading progressed, there was continued crushing and 
s p a l l i n g of the concrete above and below the angle, and growth 
of t e n s i l e cracks. Although no observations could be made, i t 
was presumed that the concrete f a i l e d around the studs, a l l o w i n g 
the studs to deform. This would e x p l a i n i n part both the 
s t e a d i l y f a l l i n g s t i f f n e s s and the hardening s p r i n g behaviour 
observed i n every c y c l i c t e s t . F a i l u r e f i n a l l y occurred at 
about o n e - t h i r d of the displacement and o n e - t h i r d of the 
ca p a c i t y of the monotonically loaded specimen. Ac t u a l values 
for f a i l u r e of i n d i v i d u a l c y c l i c a l l y loaded specimens v a r i e d 
widely, being dependent on t h e i r l o a d i n g h i s t o r i e s . 

From F i g s . 3 . 3 ( a ) , (b), (c) and (d), i t can be seen 
t h a t , under c y c l i c l o a d i n g , welded headed stud connections 
e x h i b i t t y p i c a l c y c l i c shear behaviour, with pinched h y s t e r e s i s 
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loops, hardening at the end of each c y c l e , and progressive 
degradation of strength and s t i f f n e s s as the c y c l i c deformation 
in c r e a s e s . As c y c l i c loading progresses, the h y s t e r e s i s loops 
become much t h i n n e r , s i g n i f y i n g a considerable reduction i n 
energy absorption c a p a c i t y . The r e l a t i v e l y small number of 
c y c l e s to f a i l u r e under c o n t i n u a l l y overloaded c o n d i t i o n , as was 
the case for connection B1, suggests that t h i s type of 
connection may lose a large part of i t s strength i f subjected to 
a few consecutive r e v e r s a l s of large shear displacements. 

Aswad [10] conducted a s e r i e s of t e s t s on connections 
using f u l l - s i z e double tees and w a l l panels. The experiment d i d 
not cover a wide range of c y c l i c t e s t s because the main 
o b j e c t i v e s were to derive the f a i l u r e c a p a c i t i e s of the 
connections and measure the r e l a t i v e s l i p between adjacent 
precast elements. In the ma j o r i t y of the cases the load was 
a p p l i e d monotonically to f a i l u r e i n several steps. In some 
t e s t s , the load was c y c l e d three times between ±P, where P was a 
value smaller than the a c t u a l maximum load, and then the 
connection was brought to f a i l u r e . D e t a i l s of some of the 
connections and t h e i r s h e a r - s l i p curves are shown i n Fig.3.4. 
Connections D-34, D-36 and D-40 were t e s t e d as double tee(2 i n . 
flange thickness) connections, while P-9 was t e s t e d as a precast 
w a l l (6 . i n . t h i c k ) connection. However, the c y c l i c t e s t s were 
not c a r r i e d f a r enough to give much i n s i g h t i n t o the dynamic 
behaviours of the connections. The main observation was that 
connections subjected to c y c l e d loads showed no major s t i f f n e s s 
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Fig.3.4 Continued 
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d e t e r i o r a t i o n a f t e r three c y c l e s . This was somewhat an expected 
r e s u l t because, by examining the ranges of the force and 
displacement l e v e l s , the c y c l i c t e s t s remained e s s e n t i a l l y i n 
the e l a s t i c range and the corresponding h y s t e r e s i s loops were 
very s i m i l a r i n nature to the f i r s t three c y c l e s of connection 
A2(see Fig.3.3(a)) i n Spencer and N e i l l e ' s experiment. 

Another i n v e s t i g a t i o n by Spencer at the U n i v e r s i t y Of 
B r i t i s h Columbia c o n s i s t e d of c y c l i c shear t e s t s 1 on a v a r i e t y 
of connections anchored i n t o concrete panels which t y p i c a l l y had 
dimensions of 4 f t . x 2 f t . x 5.5 i n . . Some t y p i c a l h y s t e r e s i s 
loops are shown i n Fig.3.5. Since the d e t a i l s of the 
connections were d i f f e r e n t from one another and from those 
described. above, a d i r e c t comparison between any s p e c i f i c c y c l i c 
behaviour would not be very appropriate or u s e f u l . However, 
t h i s s e r i e s of c y c l i c t e s t s o f f e r f u r t h e r evidence to confirm, 
to a c e r t a i n extent, the general pattern of the c y c l i c 
behaviours of precast connections anchored with headed studs or 
r e i n f o r c i n g bars. From analyses and comparisons of the various 
t e s t r e s u l t s , the f o l l o w i n g dynamic c h a r a c t e r i s t i c s can be 
e s t a b l i s h e d : 

(1) During the i n i t i a l c y c l i n g below some l i m i t , presumably 
the e l a s t i c l i m i t , s t i f f n e s s and strength degradation are 
i n s i g n i f i c a n t and the load-displacement curve remains q u i t e 
s t r a i g h t . 

(2) C y c l i n g beyond the e l a s t i c l i m i t would introduce more 

Resu l t s Unpublished. 
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Fig.3.5 C y c l i c behaviours of connections anchored with 
s t e e l bars 
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Fig.3.5 Continued 
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F i g . 3 . 5 C o n t i n u e d 
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n o t i c e a b l e n o n l i n e a r b e h a v i o u r . Some d e g r e e of s t i f f n e s s 

d e g r a d a t i o n c a n be o b s e r v e d , i n d i c a t e d by t h e w i d e n i n g of 

h y s t e r e s i s l o o p s . The u n l o a d i n g s t i f f n e s s i s a p p r o x i m a t e l y 

e q u a l t o t h e i n i t i a l l o a d i n g s t i f f n e s s w i t h i n t h e e l a s t i c r a n g e . 

(3) I f l o a d i n g i s c o n t i n u e d f a r enough i n one d i r e c t i o n i n 

any c y c l e , t h e f o r c e l e v e l w i l l i n c r e a s e t o some maximum v a l u e , 

p r e s u m a b l y t h e y i e l d l i m i t , b e f o r e s l o w l y f a l l i n g o f f and 

f o r m i n g t h e d e s c e n d i n g b r a n c h of t h e c u r v e . 

(4) As c y c l i c d e f o r m a t i o n i n c r e a s e s , s t i f f n e s s and s t r e n g t h 

d e g r a d a t i o n become p r o g r e s s i v e l y s i g n i f i c a n t . The h y s t e r e s i s 

l o o p s g e t t h i n n e r and more h o r i z o n t a l , showing a g r e a t d e a l of 

" p i n c h i n g " b e h a v i o u r . The u n l o a d i n g p o r t i o n o f any c y c l e s t i l l 

r e m a i n s r o u g h l y p a r a l l e l t o t h e o r i g i n a l e l a s t i c c u r v e . A t 

f a i l u r e , t h e s t r e n g t h of t h e c o n n e c t i o n d r o p s t o o n l y a s m a l l 

f r a c t i o n o f t h e i n i t i a l s t r e n g t h , a c c o m p a n i e d by f a i r l y l a r g e 

d e f o r m a t i o n s . 

I t i s i m p o r t a n t t o n o t e t h a t t h e above d i s c u s s i o n i s 

g e n e r a l l y t r u e f o r welded d r y c o n n e c t i o n s o n l y . F o r b o l t e d 

c o n n e c t i o n s , t h e c y c l i c b e h a v i o u r s c a n be v e r y d i f f e r e n t . P a l l 

and M a r s h [11] have p r o p o s e d t h e use of a d d i t i o n a l c l e a r a n c e i n 

t h e s l o t t e d h o l e s of b o l t e d c o n n e c t i o n s f o r t h e 

" D e s c o n / C o n c o r d i a " s y s t e m [ 8 ] , T h i s t y p e of c o n n e c t i o n c o n s i s t s 

of a s t e e l p l a t e o r s e c t i o n w i t h s l o t t e d h o l e s w h i c h i s f r i c t i o n 

b o l t e d t o s t e e l i n s e r t s a n c h o r e d i n t o c o n c r e t e p a n e l s . 

F i g s . 3 . 6 . ( a ) and (b) show t h e d e t a i l s f o r two w a l l t o w a l l 

j o i n t s . The l e n g t h o f t h e s l o t a c c o m o d a t e s t h e n o r m a l 
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f a b r i c a t i o n and e r e c t i o n tolerances with an a d d i t i o n a l clearance 
to absorb energy by s l i p p i n g . P r o v i s i o n of c o n t r o l l e d slippage 
i n the connection i s the main feature of such l i m i t e d - s l i p 
b o l t e d j o i n t s . Shown in F i g . 3 . 7 are the experimental r e s u l t s 
from s e v e r a l monotonic and c y c l i c t e s t s conducted on connection 
specimens having d i f f e r e n t f a y i n g surface treatments. For 
monotonic l o a d i n g , the behaviour i s e s s e n t i a l l y r i g i d p l a s t i c , 
with strength and s t i f f n e s s increase a f t e r the b o l t reaches the 
end of the s l o t t e d hole. Under c y c l i c l o a d i n g , with 
deformations l e s s than the a v a i l a b l e clearance, the h y s t e r e t i c 
behaviour i s b a s i c a l l y e l a s t o - p l a s t i c , but with strength 
changing from c y c l e to c y c l e . I f the deformation exceeds the 
clearance, the subsequent behaviour would presumably be s i m i l a r 
to that observed by Spencer and N e i l l e . These t e s t s i n d i c a t e 
that f r i c t i o n b o l t e d j o i n t s have d e s i r a b l e d u c t i l i t y 
c h a r a c t e r i s t i c s with good c a p a c i t y f o r energy d i s s i p a t i o n . I t 
should be p o s s i b l e to c o n t r o l the strength and energy 
d i s s i p a t i o n c h a r a c t e r i s t i c s by an appropriate choice of j o i n t 
surface and clearance for the s l o t t e d holes. 

As a concluding remark f o r the present d i s c u s s i o n , i t 
should be pointed out that the types of connection i n use vary 
widely and most of them are designed e m p i r i c a l l y and have not 
been studied experimentally or t h e o r e t i c a l l y . Their u l t i m a t e 
strength and l i k e l y seismic loading behaviour are g e n e r a l l y 
unknown. The experimental work on precast connections discussed 
in t h i s s e c t i o n c o n s t i t u t e s only a small f r a c t i o n of the large 
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angles > t 

bolts 
(ASTM A325) 

connecting angles 

i nsert. 
wall panel I nsert 

SECTION 
wall panel— y~rr*» ^ 

SECT I ON 

(b) CORNER WALL-TO-WALL JOINTS 

F i g . 3 . 6 L i m i t e d - s l i p b o l t e d c o n n e c t i o n s , from R e f . 



59 

120 . 

100 . 

80 . 

60 . 1 \ 

40 -it 
20 > 

0 

1. H i l l Scale 
2. Grit blasted 
3. Zinr.-rich paint 
4. Me tol l zed 
5. Sand blasted 

expected shear 
fai1ure ot bolt 

I • 1 i 
2 4 i i i I . I i i i 12 mm 0 2 4 6 fl 10 

Displacement, mm 

(a) LOAD-DISPLACEMENT CURVE, WALL-TO-WALL JOINT 

a) M i l l S c a l e 

©QOO(i)(:)(j><|> 

. ._«n 

S 
I t 4 i 

» 
o-i * » * 

E 
c) I n o r g a n i c 

T6-

!Z1nc-R1ch P a i n t d) M e t a l f t e d 

(b) HYSTERESIS LOOPS, WALL-TO-WALL JOINT 

Fig.3.7 Monotonic and c y c l i c b e h a v i o u r s of l i m i t e d - s l i p 
b o l t e d c o n n e c t i o n s , from Ref. 11 



60 

volume of research that should be done i n t h i s area. In view of 
current Canadian and American p r a c t i c e , research i s p a r t i c u l a r l y 
d e s i r a b l e on the dynamic p r o p e r t i e s of connections u t i l i z i n g 
embedded s t e e l s e c t i o n s . 

3.2.2 H y s t e r e t i c Model for the V e r t i c a l Connection 

In order to a p p r o p r i a t e l y model the e f f e c t s of 
v e r t i c a l connections i n the a n a l y t i c a l study of the seismic 
response of p a n e l i z e d s t r u c t u r e s , i t i s f i r s t necessary to 
develop a h y s t e r e t i c model which can c l o s e l y simulate the 
observed behaviour. 

The e l a s t o - p l a s t i c model(Fig.3.8) has frequently been 
used by researchers to model the h y s t e r e t i c behaviour of s t e e l 
and r e i n f o r c e d concrete. This . b i l i n e a r model was adopted by 
Aswad [12] to model the connection behaviour i n h i s computer 
study of a s i n g l e - s t o r e y precast panelized b u i l d i n g with 
connections s i m i l a r to those shown i n Fig.3.4. Although the 
e l a s t o - p l a s t i c model i s very simple and easy to be implemented 
in a computer program, i t has the drawback of being unable to 
simulate the degradation of s t i f f n e s s and strength with 
i n c r e a s i n g displacement amplitude r e v e r s a l s , and i t introduces 
too much h y s t e r e t i c damping per c y c l e beyond y i e l d i n g . In 
general, t h i s model i s not s u i t e d f o r a proper r e p r e s e n t a t i o n of 
connection behaviour (except for the l i m i t e d - s l i p b o l t e d 
connection) in a r e f i n e d nonlinear a n a l y s i s . 
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N e i l l e [13] modelled the behaviour of welded headed 
stud connections [9] by combining a t r i l i n e a r load-deformation 
m o d e K a n extension of c l a s s i c a l e l a s t i c - p l a s t i c behaviour with 
s t r a i n hardening) with a s t r e s s - s t r a i n model f o r concrete 
adopted from the work by Karsan and J i r s a [14]. A degrading 
strength c h a r a c t e r i s t i c was implemented using a quadratic 
f u n c t i o n for the r e l a t i o n s h i p between load decrement and maximum 
d e f l e c t i o n , f i t t e d to experimental data p o i n t s by the method of 
l e a s t squares. N e i l l e obtained very good agreement between the 
c a l c u l a t e d bahaviour of h i s a n a l y t i c a l model and the measured 
c y c l i c behaviour. Mueller and Becker [15] used a simpler 
degrading force-displacement r e l a t i o n s h i p to roughly match the 
same t e s t data [ 8 ] , S t i f f n e s s and strength degradation were 
achieved by d e f i n i n g two y i e l d curves, as shown i n F i g . 3 . 9 ( a ) . 
They a l s o used an e l a s t o - p l a s t i c and an extremely degrading 
model(Fig.3.9(b)) i n t h e i r a n a l y t i c a l study, i n order to 
i n v e s t i g a t e the e f f e c t s of d i f f e r e n t connection c h a r a c t e r i s t i c s 
on the response of coupled precast shear w a l l s . 

S c h r i c k e r and Powell [16] developed a v a r i e t y of 
force-deformation r e l a t i o n s h i p s for the j o i n t elements i n t h e i r 
seismic a n a l y s i s of large panel b u i l d i n g s using a f i n i t e element 
approach. Each j o i n t element i s ' a s s i g n e d a f a i r l y simple f o r c e -
displacement r e l a t i o n s h i p , and complex r e l a t i o n s h i p s are 
obtained by p l a c i n g two or more elements i n p a r a l l e l i n a j o i n t . 
The shear f r i c t i o n element has been developed f o r modelling 
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Fig.3.9 Degrading connector models, from Ref. 
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r e i n f o r c e d wet c o n n e c t i o n s and d r y c o n n e c t i o n s , w h i c h b o t h 

e x h i b i t " s h e a r f r i c t i o n " b e h a v i o u r c h a r a c t e r i z e d by p i n c h e d 

h y s t e r e s i s l o o p s , s t i f f e n i n g a t t h e end o f e a c h c y c l e , and 

d e g r a d a t i o n o f s t i f f n e s s and s t r e n g t h as t h e number of l o a d 

c y c l e s i n c r e a s e s . The e l e m e n t c o n s i s t s o f two components i n 

p a r a l l e l , w i t h f o r c e - d e f o r m a t i o n r e l a t i o n s h i p s shown i n 

F i g s . 3 . 1 0 ( a ) and ( b ) . Component 1 has an e l a s t i c - p l a s t i c 

r e l a t i o n s h i p ( F i g . 3 . 1 0 ( a ) ) , t o a c c o u n t f o r s i m p l e f r i c t i o n due 

t o a p p l i e d c o m p r e s s i v e l o a d on t h e c o n n e c t i o n . Component 2 

a c c o u n t s f o r t h e " s h e a r f r i c t i o n " mechanism, d e v e l o p i n g 

" p i n c h e d " h y s t e r e s i s l o o p s ( F i g . 3 . 1 0 ( b ) ) • a f t e r s e v e r a l l o a d i n g 

c y c l e s . The s t r e n g t h of component 1 can be v a r i e d t o a c c o u n t 

f o r d i f f e r e n t l e v e l s of f r i c t i o n a l f o r c e . S t i f f n e s s d e g r a d a t i o n 

i s a c h i e v e d by m u l t i p l y i n g t h e s t i f f n e s s K, of l i n e 1 

( F i g . 3 . 1 0 ( b ) ) by a f a c t o r w h i c h i s d e p e n d e n t upon t h e maximum 

d e f o r m a t i o n S 2 i n t h e K 2 and K 3 r e g i o n s i n t h e p r e v i o u s c y c l e . 

The new s t i f f n e s s ( F i g . 3 . 1 0 ( c ) ) i s g i v e n by : 

( K 1 \iew = 4J K 1 

(A,+aS 2 ) 

The f a c t o r a c a n be s p e c i f i e d t o be z e r o f o r no d e g r a d a t i o n . I t 

i s assumed t h a t under c y c l i c l o a d i n g w i t h c o n s t a n t s h e a r f o r c e 

t h e s t i f f n e s s d e c r e a s e s , w h i l e t h e f o r c e F, ( F i g . 3 . 1 0 ( b ) ) 

r e m a i n s u n c h a n g e d . A t r i l i n e a r " s t r e n g t h e n v e l o p e " , as shown i n 

F i g . 3 . 1 0 ( d ) , has been assumed t o d e f i n e t h e s t r e n g t h 

d e g r a d a t i o n . D e t a i l e d e x p l a n a t i o n and examples on t h e 

p r o p e r t i e s of t h e model c a n be f o u n d i n R e f e r e n c e 16. 

W h i l e t h e above b r i e f d i s c u s s i o n i s by no means a 
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( b ) SHEAR FRICTION 

( c ) STABILIZED HYSTERESIS LOOPS AFTER ( d ) STRENGTH ENVELOPE 
STIFFNESS DEGRADATION 

Fig.3.10 S h e a r - s l i p r e l a t i o n s h i p s f o r shear f r i c t i o n element, 
from Ref. 16 



65 

complete a n a l y s i s of the l i t e r a t u r e , i t serves the purpose of 
i n t r o d u c i n g some of the approaches that may be adopted d i r e c t l y , 
or modified to some extent, for the modelling of v e r t i c a l 
connections i n the present study. However, the c o m p l e x i t i e s of 
s o p h i s t i c a t e d models, such as the ones developed by N e i l l e and 
S c h r i c k e r et a l . , often render programming q u i t e d i f f i c u l t .or 
tedious. A l s o , as w i l l be explained i n chapter 4, the degree of 
s o p h i s t i c a t i o n of these models may exceed the l e v e l of accuracy 
of the o v e r a l l modelling of the s t r u c t u r e i n the present study 
and the use of them i s thus not n e c e s s a r i l y j u s t i f i e d . Instead, 
a simple yet f l e x i b l e h y s t e r e t i c model w i l l be proposed here for 
the v e r t i c a l connection, based on the general c y c l i c shear 
behaviour described i n s e c t i o n 3.2.1. 

The a n a l y t i c a l model operates on a m u l t i l i n e a r primary 
curve with ascending and descending p o s t - y i e l d branches. Once 
the connection has been loaded beyond some p r e s c r i b e d l i m i t s , 
s t i f f n e s s and strength degradation w i l l be introduced during 
load r e v e r s a l s . A primary curve f o r i n i t i a l l o ading and a set 
of r u l e s for load r e v e r s a l s w i l l be described i n the next two 
s e c t i o n s . Since there are many p o s s i b l e a l t e r n a t i v e s at each 
point i n the loading h i s t o r y , i t i s cumbersome to provide a 
continuous d e s c r i p t i o n of the l o a d - d e f l e c t i o n curve. For 
convenience, every d i f f e r e n t type of l i n e a r branch w i l l be 
assigned a somewhat a r b i t r a r y number, and the loading or 
unloading paths w i l l be traced by l i s t i n g the numbers of the 
corresponding branches i n the proper sequence. I t has to be 



66 

e m p h a s i z e d t h a t e a c h number r e p r e s e n t s one t y p e of l i n e a r 

segment w h i c h c a n o c c u r many t i m e s d u r i n g t h e whole l o a d i n g 

h i s t o r y , t h u s f o r m i n g t h e h y s t e r e s i s l o o p s . F o r t h e p r e s e n t 

m o d e l , a t o t a l o f t h i r t e e n p o s s i b l e t y p e s of b r a n c h e s a r e 

i d e n t i f i e d , and t h e numbers a s s i g n e d a r e 0 t o 7 p l u s 13, 24, 

134, 135 and 136. E x c e p t b r a n c h 0, a l l o t h e r t w e l v e b r a n c h e s 

have t h e i r n e g a t i v e " c o u n t e r p a r t s " . Those n e g a t i v e l y numbered 

b r a n c h e s a r e i n f a c t s i m i l a r t o t h e p o s i t i v e ones e x c e p t t h a t 

t h e y go i n o p p o s i t e d i r e c t i o n s . C o n s e q u e n t l y , any r u l e s 

s p e c i f i e d f o r t h e p o s i t i v e b r a n c h a l s o a p p l y t o t h e n e g a t i v e 

b r a n c h . 

(A) P r i m a r y C u r v e 

F o u r l i n e a r segments d e f i n e t h e p r i m a r y c u r v e i n t h e 

p o s i t i v e and n e g a t i v e d i r e c t i o n s ( F i g . 3 . 1 1 ) . The f i r s t b r e a k i s 

assumed t o be a s s o c i a t e d w i t h c r a c k i n g i n t h e c o n c r e t e and i s 

d e f i n e d by t h e c o o r d i n a t e s of t h e e l a s t i c l i m i t ( f e , d e ) . The 

i n i t i a l l o a d i n g s t i f f n e s s k, i s t h e r e b y a u t o m a t i c a l l y s p e c i f i e d . 

Then t h e y i e l d d i s p l a c e m e n t d y and t h e y i e l d l o a d ty d e f i n e t h e 

b e g i n n i n g o f t h e a s c e n d i n g segment, b r a n c h 3, w h i c h has a s l o p e 

k 3 s p e c i f i e d i n terms of k, : 

k 3 = (a)(k,) 0<a<1 

The maximum r i s e Af of b r a n c h 3 i s s p e c i f i e d a s a f r a c t i o n of 

t h e y i e l d l o a d f y , t h u s g i v i n g : 

Af = ( b ) ( t y ) 0<b<1 

The d e s c e n d i n g segment, b r a n c h 4, i s d e f i n e d by t h e n e g a t i v e 

s l o p e k a w h i c h i s g i v e n by : 
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kfl = - ( c ) ( k 3 ) 0<c<1 

(B) Response Due To Load Reversals 
A s e r i e s of r u l e s w i l l now be described for 

c o n s t r u c t i n g the load-displacement curve corresponding to load 
r e v e r s a l s . As a general r u l e , i n i t i a l unloading s t i f f n e s s i s 
always equal to the i n i t i a l s t i f f n e s s k,. 

( i ) Before y i e l d i n g Refer to Fig.3.12. 
Unloading from any point on branch 0 i s along that branch. 
Unloading from any point on branch 13 w i l l i n i t i a l l y be along a 
l i n e with s t i f f n e s s k, (branch -134). When the load reaches 
zero at B, the s t i f f n e s s w i l l change. I f no previous c y c l e of 
loading i n the current d i r e c t i o n has exceeded the e l a s t i c l i m i t , 
l o a d i n g proceeds along -135, which connects B to the point 
( - f e , - d e ) , the e l a s t i c l i m i t . I f , on the other hand, the load 
i n a previous c y c l e i n t h i s d i r e c t i o n has exceeded the e l a s t i c 
l i m i t (but not the y i e l d p o i n t ) , then loading proceeds along a 
d i f f e r e n t branch -135, from B to the point on -13 corresponding 
to the maximum displacement i n a previous c y c l e . I f , when 
unloading along -13, a load r e v e r s a l occurred at C, the 
re l o a d i n g path would f o l l o w branches 134 and 135 as shown i n 
Fig.3.12. Unloading from 135 would be along a new branch -136, 
p a r a l l e l to -134. A f t e r the l o a d ; f a l l s to zero, loading would 
continue along branch -135, which would go from the point where 
the load i s zero to point C. I f the load reversed before 
f a l l i n g to zero, r e l o a d i n g would ret u r n along -136 and then 
135. 
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( i i ) A f t e r y i e l d i n g R e f e r t o F i g . 3 . 1 3 . I f 

l o a d i n g i s c o n t i n u e d i n one d i r e c t i o n , t h e y i e l d l i m i t w i l l soon 

be e x c e e d e d . Once y i e l d i n g has o c c u r r e d , s t r e n g t h d e g r a d a t i o n 

w i l l be i n t r o d u c e d d u r i n g l o a d r e v e r s a l s from t h e a s c e n d i n g and 

d e s c e n d i n g b r a n c h e s . E v e r y t i m e u n l o a d i n g t a k e s p l a c e from 

t h e s e b r a n c h e s , a r e d u c e d y i e l d l i m i t i s d e f i n e d f o r t h e n e x t 

c y c l e by m u l t i p l y i n g t h e l o a d a t r e v e r s a l by a f a c t o r <j> w h i c h i s 

g i v e n by : 

<j> = R n 

where R = 
Id| + f. y J 

d = d i s p l a c e m e n t a t r e v e r s a l 
f = f o r c e a t r e v e r s a l 

n = p o s i t i v e c o n s t a n t < 1 

A l s o , two o t h e r f a c t o r s /3 and a a r e d e f i n e d i n t e r m s o f R as 

f o l l o w s : 

/3 = R r 0<r<1 

a = 1/RS 0<s<1 

The v a l u e s o f t h e c o n s t a n t s n, r and s have t o be d e f i n e d 

e x p l i c i t l y f o r e a c h c o n n e c t i o n , b a s e d on i t s c y c l i c b e h a v i o u r . 

The s l o p e s o f t h e c u r r e n t a s c e n d i n g and d e s c e n d i n g b r a n c h e s , k 3 

and k„, r e s p e c t i v e l y , w i l l be m u l t i p l i e d by p and a, i n o r d e r t o 

o b t a i n t h e new s l o p e s f o r t h o s e b r a n c h e s d u r i n g l o a d i n g i n t h e 

next c y c l e . To i l l u s t r a t e what r e a l l y happens i n one c y c l e , 

c o n s i d e r l o a d r e v e r s a l a t p o i n t D from b r a n c h 3 ( F i g . 3 . 1 3 ) . 

U n l o a d i n g f i r s t f o l l o w s b r a n c h -1, w h i c h has t h e s t i f f n e s s k 1 f 

and t h e n goes a l o n g b r a n c h -2, w h i c h j o i n s t h e p o i n t E a t z e r o 

l o a d and t h e i n i t i a l y i e l d l i m i t i n t h e o t h e r d i r e c t i o n , and 
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Fig.3.11 H y s t e r e t i c model : primary curve 
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f i n a l l y f o l l o w s b r a n c h - 3 . I f u n l o a d i n g s t a r t s a t p o i n t F on 

b r a n c h - 3 , s i m i l a r b e h a v i o u r s o c c u r i n t h e r e v e r s e d i r e c t i o n , a s 

shown i n F i g . 3 . 1 3 . However, b r a n c h 2 i s now t h e l i n e j o i n i n g 

t h e p o i n t G a t z e r o l o a d t o t h e new y i e l d p o i n t A 1 f t h e 

c o o r d i n a t e s o f w h i c h a r e d e t e r m i n e d a s f o l l o w s : 

tM = U ) ( f d ) = ( R " ) ( f d ) 

cUi = d d 

where R d y , I f J 

|ddl f y J 

The new s l o p e s o f b r a n c h e s 3 and 4 i m m e d i a t e l y f o l l o w i n g A, a r e 

t h e n g i v e n by : 

k' 3 = ( 0 ) ( k 3 ) = ( R r ) ( k 3 ) 

k' 4 = (a)(k„) = (1/R S ) ( k a ) 

where k 3 a n d ktt were t h e s l o p e s o f t h o s e b r a n c h e s i n t h e 

p r e v i o u s c y c l e when l o a d r e v e r s a l o c c u r r e d a t p o i n t D. S i m i l a r 

p r o c e d u r e s a r e r e p e a t e d when l a r g e a m p l i t u d e c y c l i n g i s 

c o n t i n u e d t o t h e n e g a t i v e s i d e o f t h e c u r v e . A c c o r d i n g l y , t h e 

new y i e l d p o i n t B, i n t h e n e g a t i v e d i r e c t i o n h a s t h e c o o r d i n a t e s 

g i v e n by : 

f 8 i = U ) ( f F ) = ( R * ) ( f F ) 

dBI = d F 

where R r dy + IfF 
|dF| fy 

L i k e w i s e , t h e s l o p e s o f b r a n c h e s -3 a n d -4 i m m e d i a t e l y f o l l o w i n g 

B, a r e : 

k'_3 = ( 0 ) (k _ 3) 

k'_a = ( a ) ( k _ a ) 

By r e d u c i n g t h e s l o p e o f b r a n c h 3 and k e e p i n g t h e r i s e A f 
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constant, the ascending segment becomes longer and more 
h o r i z o n t a l as the number of c y c l e s increases. However, since a 
i s greater than 1, the absolute value of the slope kfl of branch 
4 a c t u a l l y i n c r e a s e s , and hence the descending segment w i l l 
become steeper, c o n t r i b u t i n g more to the reduction of strength. 
By repeating the.whole procedure for each large amplitude c y c l e , 
a s e r i e s of y i e l d p o i n t s w i l l be obtained for the p o s i t i v e and 
negative d i r e c t i o n s , r e s p e c t i v e l y , such as the p o i n t s A,, A 2, B, 
and B 2 shown i n Fig.3.13. Strength degradation i s l i m i t e d by 
the s p e c i f i e d minimum strength ±f 0. Once the strength i n one 
d i r e c t i o n drops to t h i s lowest l e v e l (branch 6 or -6) , e i t h e r 
through the degradation process or from the descending branch, 
i t w i l l then remain constant at f 0 (or - f 0 ) , and the ascending 
and descending branches i n a l l subsequent c y c l e s w i l l become 
h o r i z o n t a l . However, strength degradation and the m o d i f i c a t i o n 
of slopes k 3 and k 4 can s t i l l take place i n the other d i r e c t i o n 
u n t i l the minimum strength l e v e l there has a l s o been reached. 

Unloading from an intermediate branch, at point H on 
branch 2 f o r example, w i l l f o l l o w branch -24, which has the 
slope k,, and then branch -2 which connects the point at zero 
load to the l a t e s t predefined y i e l d point B 2. S i m i l a r type of 
behaviour occurs i n the opposite d i r e c t i o n when unloading s t a r t s 
from branch -2. 

The r e l a t i v e l y simple model described above provides 
the user with a f a i r amount of c o n t r o l over the general c y c l i c 
c h a r a c t e r i s t i c s . Not only does i t include the d e s i r a b l e feature 
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of s t i f f n e s s and strength degradation, i t a l s o has s e v e r a l 
parameters, 0, j3 and a, that can be defined by the user to 
c o n t r o l how r a p i d l y the strength should degrade and how post-
y i e l d i n g behaviour should change as the number of load c y c l e s 
increases. . ... _ 

3.3 H o r i z o n t a l Connection 

In large panel b u i l d i n g s , h o r i z o n t a l connections occur 
at f l o o r l e v e l s and at the t r a n s i t i o n to foundation or t r a n s f e r 
beams. For a one-storey panelized b u i l d i n g , h o r i z o n t a l 
connections e x i s t along the bottom of w a l l panels, connecting 
the panels to the f o o t i n g . A few common w a l l to foundation 
connections are shown i n Fi g . 3 . 14. These connections must be 
capable of t r a n s f e r r i n g a l l v e r t i c a l and shear f o r c e s . As was 
the case for v e r t i c a l connections, h o r i z o n t a l connections are 
u s u a l l y designed e m p i r i c a l l y , and t e s t data on t h e i r u l t i m a t e 
strengths or c y c l i c behaviours are g e n e r a l l y u n a v a i l a b l e . 

For the purpose of the present study, only the dowel 
connection w i l l be considered. To construct a dowel connection, 
r e i n f o r c i n g bars from the bottom of a w a l l panel are embedded 
and grouted i n t o dowel holes i n the foundation. S t r i c t l y 
speaking, t h i s type of h o r i z o n t a l connection i s not a "dry" 
connection. In dowel connections subjected to t e n s i l e loads, as 
would be the case f o r w a l l to foundation connections during 
earthquake, the bond between the concrete and grout i s 
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u n r e l i a b l e and the dowel holes are u s u a l l y f a b r i c a t e d using a 
f l e x i b l e m e t a l l i c conduit i n the form, as shown i n Fig.3.15. As 
i l l u s t r a t e d i n the design example i n chapter 2, the dowel 
connection was designed using the shear f r i c t i o n p r i n c i p l e , with 
the assumption that the h o r i z o n t a l shear was the only design 
f o r c e , and no overturning moment was taken i n t o account. 
However, as w i l l be discussed i n more d e t a i l i n subsequent 
chapters, the rocking of panels on the foundation i s l i k e l y to 
be the most dominant mode of response for a one-storey panelized 
b u i l d i n g subjected to earthquake v i b r a t i o n s . As such, each w a l l 
panel rocks about i t s base corners, inducing an approximately 
a x i a l force i n the dowels as i t tends to r o t a t e (Fig.3.16). 
Because of thi s , ' the dowel w i l l be considered as an a x i a l l y 
loaded element, and i t s c y c l i c behaviour w i l l be modelled along 
t h i s l i n e . 

3.3.1 C y c l i c T e n s i l e Behaviour of the Dowel Connection 

No c y c l i c t e s t s have been reported on the kind of 
dowel connection shown i n Fig.3.15. Because of the lack of 
d i r e c t experimental data, r e s u l t s from experiments of s i m i l a r 
loading nature w i l l be adopted as basi s for d e r i v i n g a 
h y s t e r e t i c model for the dowel connection subjected to a x i a l 
c y c l i c l o a d i n g . 

Hawkins and L i n [17] have presented a summary report 
on t e s t s c a r r i e d out at the U n i v e r s i t y of Washington on a 



Fig.3.14 W a l l t o f o u n d a t i o n c o n n e c t i o n s , from Ref.3 
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F i g . 3 . 1 5 G r o u t e d tube c o n n e c t i o n , from Ref. 3 



Fig.3.16 T e n s i l e loading on dowels due to r o t a t i o n 
of w a l l panels 
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v a r i e t y of specimens for determining the e f f e c t s of l o a d i n g 
h i s t o r y , bar s i z e , concrete s t r e n g t h , end anchorage and bar 
surface geometry on the l o a d - s l i p c h a r a c t e r i s t i c s of r e i n f o r c i n g 
bars subjected to large a x i a l displacements that s t r e s s the bars 
i n e l a s t i c a l l y . The experiments were designed to simulate 
embedment and seismic loading c o n d i t i o n s for beam bars extending 
i n t o beam-column j o i n t s . The study c o n s i s t e d of three phases, 
with each having specimens of d i f f e r e n t dimensions and bar s i z e s 
to model s p e c i f i c prototype c o n d i t i o n s . In the f i r s t phase, 
t e s t s were performed on 23 specimens having the proportions 
shown i n Fig.3.17. A x i a l c y c l i c load was a p p l i e d by p u l l i n g or 
pushing on the beam bar through a cadweld s p l i c e . The a p p l i e d 
force and the r e l a t i v e displacement between the point X at the 
"attack" end of the bar and a point Y about mid-way along the 
length of the specimen were measured. Shown i n Fig.3.18(a) i s 
the load-displacement curve obtained with a #10, grade 40 
s t r a i g h t bar subjected to c y c l i c t e n s i l e l o a d i n g . The behaviour 
was almost i d e n t i c a l to that for monotonic loading and there was 
l i t t l e change i n s t i f f n e s s with c y c l i n g . Shown i n Figs.3.18(b) 
and (c) are the load-displacement curves for two s i m i l a r 
specimens subjected to f u l l y reversed c y c l i c l o a d i n g . I t was 
observed that f a i l u r e s occurred due to s l i p along the e n t i r e 
lengths of the bars at displacements equal to about h a l f that 
for s l i p of monotonically loaded bar. Although the s t i f f n e s s 
degenerated continuously with c y c l i n g , strength degradation was 
not very s e r i o u s before f a i l u r e . Also shown i n Fig.3.18 are the 
load h i s t o r i e s defined in terms of d u c t i l i t y r a t i o s for 
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FIGURES 3 . l8(a)-(c), 3-19, 3 . 2 0(a)-(d), 3.21, & 3-22 (leaves 78-8*0 
FROM REF. 17 WERE NOT FILMED; PERMISSION WAS NOT OBTAINED. 
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Fig.3.17 Test specimen - Phase 1, from Ref. 17 

Fig.3.18(a) Load-displacement curve, * 10 s t r a i g h t bar, 
bamboo-type deformations, fy=48 K s i , fc' = 31 00 p s i , 
from Ref. 17 
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Fig.3.18(b) Load-displacement curve, #10 s t r a i g h t bar, 
bamboo-type deformations, f,= 48 K s i , fc'=3200 p s i , 
from Ref. 17 

Fig.3.18(c) Load-displacement curve, #10 s t r a i g h t bar, 
bamboo-type deformations', f,= 48 K s i , fc'=4200 p s i , 
from Ref. 17 
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s u c c e s s i v e h a l f c y c l e s . The d u c t i l i t y r a t i o was t a k e n as t h e 

r e l a t i v e d i s p l a c e m e n t a t t h e a t t a c k end between t h e d i s p l a c e m e n t 

f o r t h e p r e v i o u s z e r o l o a d and t h e d i s p l a c e m e n t f o r t h e maximum 

l o a d d i v i d e d by t h e r e l a t i v e d i s p l a c e m e n t f o r y i e l d i n g i n t h e 

f i r s t i n e l a s t i c h a l f c y c l e . 

In t h e s e c o n d phase o f t h e s t u d y , t e s t s were c a r r i e d 

o u t on 16 s p e c i m e n s h a v i n g t h e p r o p o r t i o n s shown i n F i g . 3 . 1 9 . 

T h i s t e s t s e t - u p was i n t e n d e d t o b e t t e r s i m u l a t e r e s t r a i n t 

e f f e c t s p r o v i d e d by c o l u m n s . No. 10 b a r s w i t h bamboo-type 

d e f o r m a t i o n s were u s e d f o r a l l s p e c i m e n s . Shown i n F i g . 3 . 2 0 a r e 

t h e l o a d - d i s p l a c e m e n t r e l a t i o n s h i p s f o r f o u r s p e c i m e n s , e a c h 

h a v i n g a d i f f e r e n t c o n c r e t e s t r e n g t h a n d / o r s t e e l y i e l d 

s t r e n g t h . T h i s s e t o f r e s u l t s showed more s i g n i f i c a n t bond 

d e t e r i o r a t i o n as t h e c y c l i c d e f o r m a t i o n i n c r e a s e d . The s t r e n g t h 

of c o n c r e t e had a marked e f f e c t on t h e l o a d - d i s p l a c e m e n t c u r v e s . 

The d i s p l a c e m e n t c o r r e s p o n d i n g t o t h e maximum l o a d c a p a c i t y 

i n c r e a s e d i n d i r e c t p r o p o r t i o n t o t h e c o n c r e t e c o m p r e s s i v e 

s t r e n g t h . 

In t h e t h i r d p h a s e of t h e s t u d y , a #6 b a r was u s e d and 

t h e w i d t h and o v e r a l l v e r t i c a l d i m e n s i o n of t h e s p e c i m e n s were 

r e d u c e d ( F i g . 3 . 2 1 ) . O n l y one o f t h e n i n e s p e c i m e n s t e s t e d was 

r e p o r t e d , and i t s l o a d - d i s p l a c e m e n t c u r v e under c y c l i c l o a d i n g 

i s shown i n F i g . 3 . 2 2 . T h i s t e s t showed l i t t l e bond 

d e t e r i o r a t i o n , w i t h h y s t e r e s i s l o o p s r e m a i n e d wide and had 

s h apes r e f l e c t i n g t h e s t r e s s - s t r a i n p r o p e r t i e s o f t h e s t e e l b a r . 

When c y c l i n g was d i s c o n t i n u e d and t h e s p e c i m e n l o a d e d t o f a i l u r e 
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F i g . 3 . 1 9 T e s t s p e c i m e n - P h a s e 2 , f r o m R e f . 17 
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F i g . 3 . 2 0 ( a ) Load-displacement curve, #10 s t r a i g h t bar, 
bamboo-type deformations, f,= 48 K s i , fc'=2640 p s i , 
from Ref. 17 
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Fig.3.20(b) Load-displacement curve, #10 s t r a i g h t bar, 
bamboo-type deformations, fy=60 K s i , "f c '=3760 p s i , 
from Ref. 17 
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Fig.3.20(c) Load-displacement curve, #10 s t r a i g h t bar, . 
bamboo-type deformations, ^ 6 0 K s i , f e'=4l00 p s i , 
from Ref. 17 

Fig.3.20(d) Load-displacement curve, #10 s t r a i g h t bar, 
bamboo-type deformations, ^=60 K s i , fc' = 51 20 p s i , 
from Ref. 17 
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Fig.3.21 Test specimen - Phase 3, from Ref. 17 
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Fig.3.22 Load-displacement curve, #6 straight bar 
bamboo-type deformations, ^=67 Ksi, f c -3400 p s i , 
from Ref. 17 
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in t e n s i o n , the maximum load and the corresponding displacement 
were s i m i l a r to those for a specimen loaded monotonically to 
f a i l u r e . 

From comparisons and analyses of the t e s t r e s u l t s , 
Hawkins and L i n concluded that t h e - — c h a r a c t e r i s t i c s - o f the 
loading h i s t o r y had a marked e f f e c t on the rate of bond 
d e t e r i o r a t i o n and the mode of f a i l u r e . The rate of bond 
d e t e r i o r a t i o n increased as the peak compression to peak t e n s i l e 
load increased. When the bar was reversed c y c l i c a l l y loaded to 
y i e l d i n g in tension and compression, f a i l u r e due to bond 
d e t e r i o r a t i o n occurred at an u l t i m a t e load considerably l e s s 
than and at an ultimate deformation as l i t t l e as one - t h i r d of 
those for a s i m i l a r specimen loaded monotonically to f a i l u r e . 
I f , however, reversed c y c l i c loading was discontinued before 
f a i l u r e and the specimen then loaded monotonically to f a i l u r e , 
the ultimate load and deformation c a p a c i t i e s a t t a i n e d were about 
the same as those obtained f o r a monotonically loaded specimen. 
Dowel connections at the base of a pan e l i z e d s t r u c t u r e are 
l i k e l y to have the l a t t e r type of behaviour because the rocking 
of panels on s t i f f foundation would e s s e n t i a l l y y i e l d the dowels 
in tension but not i n compression. 

Viwathanatepa et a l . [18] conducted monotonic and 
c y c l i c t e s t s on seventeen specimens of s i n g l e bar embedded i n 
wel l - c o n f i n e d column studs using push-pull or p u l l only 
loadings. Because of the fundamental d i f f e r e n c e i n loading 
c o n d i t i o n s , the r e s u l t s of the c y c l i c t e s t s , i n which push and 
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p u l l were a p p l i e d together, are not d i r e c t l y a p p l i c a b l e to 
dowels subjected to c y c l i c force at only one end. However, i t 
was a l s o observed i n t h i s study that s t i f f n e s s degradation 
oc c u r r i n g i n the response of an embedded bar was very s e n s i t i v e 
to the loading h i s t o r y . The r e s u l t s of the monotonic t e s t s 
might be of some i n t e r e s t for the present study because they 
provide information on the monotonic behaviour and the s t i f f n e s s 
at i n i t i a l l o a d i n g . Shown i n Fig.3.23 are the l o c a l 
displacement d i s t r i b u t i o n diagrams, obtained with a #8 s t r a i g h t 
bar at the i n i t i a l and f i n a l stages of l o a d i n g . Also shown i s 
the s t r e s s versus displacement r e l a t i o n s h i p at the loaded end. 
Note that p r i o r to p u l l - t h r o u g h the only p o r t i o n of the rebar 
that moved was near the p u l l e d end where the rebar was s t r a i n e d 
i n t o the i n e l a s t i c range. 

3.3.2 H y s t e r e t i c Model for the Dowel Connection 

As mentioned e a r l i e r , there i s no a c t u a l experimental 
data a v a i l a b l e to s u b s t a n t i a t e the development of a r a t i o n a l 
h y s t e r e t i c model for a dowel connection subjected to 
approximately a x i a l c y c l i c l o a d i n g . Consequently, by using an 
i n d i r e c t approach, only the d e r i v a t i o n of an approximate model 
i s p o s s i b l e . The main idea i s to model the o v e r a l l c y c l i c 
behaviour of the dowel connection based on the general behaviour 
observed i n experiments of s i m i l a r l oading c o n d i t i o n s . 

A mathematical model capable of p r e d i c t i n g the load-
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F i g . 3 . 2 3 L o c a l d i s p l a c e m e n t d i s t r i b u t i o n d i a g r a m s ( p u l l o n l y ) 
from R e f . 18 
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displacement curves measured i n the f i r s t phase of the 
experiment reported i n Reference 17 has been developed by Hassan 
and Hawkins [19]. This r e l a t i v e l y complicated model took i n t o 
account y i e l d i n g of the r e i n f o r c i n g s t e e l , Bauschinger e f f e c t s , 
the n o n - l i n e a r i t y of the bond s t r e s s d i s t r i b u t i o n and the 
m o d i f i c a t i o n of that d i s t r i b u t i o n caused by c y c l i c l o a d i n g . 
Reference 17 presented a s i m p l i f i e d model that could be used to 
determine reasonable values for bond-s l i p e f f e c t s for s l a b - t o -
column j o i n t s t r a n s f e r r i n g r e v e r s i n g moments. Because both 
models were developed mainly to match experimental data, d i r e c t 
adoption of these models without m o d i f i c a t i o n for the present 
study i s i n a p p r o p r i a t e . Viwathanatepa et a l . [18] developed a 
f i n i t e element model for p r e d i c t i n g the bond behaviour that l e d 
to the p u l l out or push i n of a rebar. A s o p h i s t i c a t e d model 
for the h y s t e r e t i c behaviour of a bond element when sujected to 
gen e r a l i z e d loading h i s t o r i e s was e s t a b l i s h e d from the 
experimental r e s u l t s . Very good agreement was obtained between 
the p r e d i c t e d response and the experimental response. While 
t h e i r approach i s e x c e l l e n t for the a n a l y t i c a l study of the 
microscopic d e t a i l s of bond behaviour, i t i s f a r too complex f o r 
the general modelling of the o v e r a l l load-displacement 
r e l a t i o n s h i p of the dowel connection, p a r t i c u l a r l y with respect 
to the degree of s o p h i s t i c a t i o n required in the present 
i n v e s t i g a t i o n . In view of the approximate nature of the 
modelling process, a simple and conservative model i s now 
proposed, based l a r g e l y on the experimental r e s u l t s reported by 
Hawkins and L i n [17]. 
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The loading and unloading patterns of the h y s t e r e t i c 
model are shown i n Fig.3.24. The model operates on a b i l i n e a r 
primary curve with h o r i z o n t a l p o s t - y i e l d i n g branch. Once the 
dowel has y i e l d e d , unloading i s a s s o c i a t e d with the i n i t i a l 
s t i f f n e s s k. When the load i s reversed, the s t i f f n e s s i s 
reduced. The s t i f f n e s s f or t h i s stage i s determined by 
co n s i d e r i n g the slope of a l i n e connecting the l o a d - r e v e r s a l 
point to the y i e l d p o i n t , or, i f the connection has already 
y i e l d e d i n the new d i r e c t i o n , the point on the p o s t - y i e l d i n g 
branch corresponding to the maximum deformation experienced. 
H y s t e r e t i c energy d i s s i p a t i o n for small amplitude deformations 
i s not "taken i n t o account, and no p r o v i s i o n s for strength 
degradation are included i n the model. 
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Fig.3.24 H y s t e r e t i c model for the dowel connection 
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CHAPTER 4 
NON-LINEAR DYNAMIC ANALYSIS 

4. 1 In t r o d u c t i o n 

The dynamic response of a s t r u c t u r e to strong 
earthquake ground motion may be i n v e s t i g a t e d by two d i f f e r e n t 
methods. One of these methods is. formulated i n a manner which 
permits separation of the c h a r a c t e r i s t i c s of p a r t i c u l a r 
s t r u c t u r e s from those of the earthquake, the l a t t e r being given 
by the "response spectra". This approximate approach i s 
c u r r e n t l y used f o r the design of many earthquake r e s i s t a n t 
s t r u c t u r e s , and i t i s often the main t o o l for p r e l i m i n a r y 
design. The second method i s to construct a t h e o r e t i c a l model 
of a s t r u c t u r e and c a l c u l a t e i t s exact dynamic response for some 
known ground motion. This approach permits a more d e t a i l e d and 
p r e c i s e d e s c r i p t i o n of the behaviour of a s t r u c t u r e subjected to 
a p a r t i c u l a r ground e x c i t a t i o n , and i t i s f r e q u e n t l y used to 
examine and t e s t the seismic performance of the f i n a l design of 
a s t r u c t u r e . 

In t h i s chapter, the seismic response of the one-
storey precast b u i l d i n g designed i n chapter 2 w i l l be analyzed 



92 

using the second approach. A mathematical model w i l l f i r s t be 
developed, incoporating the nonlinear p r o p e r t i e s of both the 
v e r t i c a l and h o r i z o n t a l connections, and the corresponding 
dynamic response to ground v i b r a t i o n w i l l then be determined by 
means of a step-by-step c a l c u l a t i o n method . „.__ 

4.2 A v a i l a b l e I d e a l i z a t i o n Techniques 

A lar g e panel s t r u c t u r e can be considered as a shear 
w a l l s t r u c t u r e with pre-cracked planes at the h o r i z o n t a l and 
v e r t i c a l j o i n t s . Based on the analogy between shear w a l l type 
s t r u c t u r e s and panelized systems, Becker and Ll o r e n t e [5] have 
o u t l i n e d four p o s s i b l e modelling techniques for an a l y z i n g 
pa n e l i z e d s t r u c t u r e s : beam model, continuous medium method, 
frame analogy and f i n i t e element method. These techniques 
represent d i f f e r e n t degrees of refinement, and the f o l l o w i n g i s 
a b r i e f summary : 

(a) Beam Model -- This model provides the simplest means of 
analyzi n g p a n e l i z e d systems i n which l a t e r a l r i g i d i t y i s f a i r l y 
uniform [20]. The s t r u c t u r e i s modelled as a c a n t i l e v e r with 
mass uniformly d i s t r i b u t e d or lumped at the f l o o r l e v e l s . Both 
f l e x u r a l and shear deformations may be considered. F l e x i b i l i t y 
i n h o r i z o n t a l j o i n t s can be accounted for by in t r o d u c i n g short, 
f l e x i b l e beams to model the j o i n t regions. The beam model can 
al s o be used to ca r r y out some degree of nonlinear i n e l a s t i c 
a n a l y s i s of multi-degree-of-freedom p a n e l i z e d systems [21], 
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(b) Continuous Medium Method -- This method i s u s u a l l y 
employed as an a l t e r n a t i v e for the a n a l y s i s of shear w a l l s where 
i r r e g u l a r i t i e s make i t impossible to use the simpler beam model. 
In t h i s method, d i s c r e t e coupling elements between shear w a l l s , 
such as spandrel beams or coupling g i r d e r s , are evenly smeared 
over the j o i n t l e n g t h, forming a continuous medium which i s 
assumed to be subjected to pure shear force when the shear w a l l s 
deform l a t e r a l l y . The s i m p l i f i c a t i o n enables a h i g h l y 
indeterminate problem to be reduced to a r e l a t i v e l y simple one 
i n which the indeterminate shearing forces across the connecting 
beams are obtained from a continuous f u n c t i o n . The continuous 
medium theory i s equally a p p l i c a b l e to precast shear w a l l s with 
v e r t i c a l j o i n t s . For grouted v e r t i c a l j o i n t s the basic 
s i m p l i f i c a t i o n of the theory, i . e . , the replacement of the 
d i s c r e t e c o u p l i n g elements by a continuous shear medium, i s 
exact. .For j o i n t s with d i s c r e t e mechanical connections, the 
approximation involved i s u s u a l l y w e l l w i t h i n the acceptable 
l i m i t because of the c l o s e spacings of the connections. A 
disadvantage of the method i s that i t leads to a high order 
d i f f e r e n t i a l equation of motion for coupled w a l l s . A simple 
c l o s e d form s o l u t i o n i s not always p o s s i b l e . However, Mueller 
and Becker [15] have s u c c e s s f u l l y used an extended v e r s i o n of 
t h i s method and developed an expression f o r the fundamental 
per i o d of simple precast w a l l s and coupled shear w a l l s . 

(c) Frame Analogy Method -- Using the frame model, the 
s t r u c t u r e being analyzed i s broken i n t o an equivalent frame 
system. This system allows f o r greater f l e x i b i l i t y i n modelling 
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d i v e r s e system geometries, aspects of nonlinear behaviour and 
c e r t a i n connection d e t a i l s . The procedure i s e f f i c i e n t i n large 
s c a l e programs for three dimensional a n a l y s i s of shear w a l l 
s t r u c t u r e s . I t has been s u c c e s s f u l l y a p p l i e d to obtain the 
nonlinear s t a t i c [22] and dynamic [11] responses of large panel 
s t r u c t u r e s , by using i n e l a s t i c m a t e r i a l c h a r a c t e r i s t i c s for the 
members. 

(d) F i n i t e Element Method — Being the most v e r s a t i l e 
modelling technique used i n a n a l y z i n g the behaviour of 
s t r u c t u r a l systems, f i n i t e element i d e a l i z a t i o n s with 2D or 3D 
elements can be used i f frame i d e a l i z a t i o n with 1D members i s 
inadequate. The method i s b a s i c a l l y a d i s c r e t i z a t i o n process i n 
which the behaviour of the a c t u a l s t r u c t u r e i s expressed i n 
terms of the response of a s p e c i f i e d s e r i e s of nodal 
coordinates. In the modelling process, the panels are u s u a l l y 
assumed to remain l i n e a r e l a s t i c , while a l l the nonlinear 
i n e l a s t i c behaviours are assumed to occur i n the connection 
regions. The s i z e of the problem can be reduced by modelling 
the w a l l panels as substructures and e l i m i n a t i n g a l l nodes not 
i n c i d e n t to the connections through s t a t i c condensation. A 
number of s t u d i e s on p a n e l i z e d s t r u c t u r e s using the f i n i t e 
element method have been reported i n References 16, 23, 24, 25 
and 26. 

As f o r the present study, a somewhat d i f f e r e n t 
approach, which does not r e a l l y f a l l i n t o any of the above 
c a t e g o r i e s , i s used. D e t a i l s of the modelling procedures w i l l 
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be described i n the f o l l o w i n g s e c t i o n s . 

4.3 I d e a l i z a t i o n Procedure For The Present Study 

As discussed i n previous chapters, precast box-type"^ 
s t r u c t u r e s are designed to r e s i s t earthquake-induced l a t e r a l 
loads by shear w a l l and diaphragm a c t i o n . Because of the lower 
s t i f f n e s s and strength of the connections between precast 
elements, precast shear w a l l s behave very d i f f e r e n t l y from 
monolithic c a s t - i n - p l a c e shear w a l l s . Therefore, the probable 
response mechanism must f i r s t be i d e n t i f i e d so that the 
predominant s t r u c t u r a l behaviour can a p p r o p r i a t e l y be modelled. 

Using a s e r i e s of computer analyses, Becker and 
Llo r e n t e [25] have examined the r o l e of ( c a s t - i n - p l a c e ) 
h o r i z o n t a l connections i n the seismic response of m u l t i - s t o r e y 
precast w a l l s . Across the panel-connection i n t e r f a c e a coulomb 
f r i c t i o n shear t r a n s f e r mechanism was assumed. I t was found 
that for a l l w a l l s with a high f r i c t i o n c o e f f i c i e n t (y=0.4) 
along h o r i z o n t a l j o i n t s , rocking of panels dominated the basic 
response. Global shear s l i p ( i . e . , movement between e n t i r e 
p a n e l s ) , when i t occurred, was only observed i n the upper f l o o r 
l e v e l s . Walls with much lower f r i c t i o n c o e f f i c i e n t (M=0.2) 
experienced g l o b a l s l i p along a l l connection l e v e l s without 
rocking. 

As i l l u s t r a t e d i n the design example i n chapter 2, the 
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h o r i z o n t a l or base connections were designed using the shear 
f r i c t i o n p r i n c i p l e , with a shear f r i c t i o n c o e f f i c i e n t of 0.4. 
Based on the r e s u l t s reported by Becker and L l o r e n t e , i t i s 
expected t h a t , with the high l e v e l of f r i c t i o n a l force a v a i l a b l e 
along the base, shear s l i p between the w a l l panels and the 
foundation, i f i t does occur, i s u n l i k e l y to be s i g n i f i c a n t . 
Under the continuous a c t i o n of the c y c l i c l a t e r a l force at the 
roof l e v e l , i t i s a n t i c i p a t e d that w a l l panels i n a precast 
shear w a l l w i l l be forced to respond simultaneously i n a rocking 
fashion, a s s o c i a t e d with s l i p p i n g between panels and opening and 
c l o s i n g of h o r i z o n t a l j o i n t s at the base (see Fig.3.16). This 
assumed rocking response of the panels on the foundation forms 
the conceptual b a s i s for d e r i v i n g the l a t e r a l s t i f f n e s s of the 
precast shear w a l l system i n s e c t i o n 4.3.2. 

4.3.1 Single-Degree-Qf-Freedom Model 

For the a n a l y s i s of the o v e r a l l response, a one-storey 
panelized s t r u c t u r e can be i d e a l i z e d as a c l a s s i c a l s i n g l e -
degree-of-freedom system, with a s i n g l e mass M supported on 
r o l l e r s and connected to the ground through a weightless 
nonlinear spring and a viscous damper, as shown i n Fig.4.1. The 
concentrated mass i s assumed to include the mass of the roof 
diaphragm and the mass of the surrounding w a l l s above mid-storey 
height (shaded area i n F i g . 4 . 1 ) . The s p r i n g and damper 
represent, r e s p e c t i v e l y , the r e s i s t a n c e provided by the shear 
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w a l l s and a v e l o c i t y - p r o p o r t i o n a l type of r e s i s t a n c e that i s 
inherent i n the s t r u c t u r e . The displacement x of the model 
corresponds to the l a t e r a l displacement of the roof r e l a t i v e to 
the ground. The w e l l known general equation of motion for such 
a system subjected to h o r i z o n t a l ground a c c e l e r a t i o n i s given as 

Mx + Cx + F(x) = -MXg (4.1) 
where dots denote d i f f e r e n t i a t i o n with respect to time, and 

x = displacement r e l a t i v e to the ground, 
x = v e l o c i t y r e l a t i v e to the ground, 
x = a c c e l e r a t i o n r e l a t i v e to the ground. 
C = damping constant. 
F = force i n the nonlinear s p r i n g , f u n c t i o n of x. 
x<j = h o r i z o n t a l ground a c c e l e r a t i o n , f u n c t i o n of time. 

For a given time h i s t o r y of ground a c c e l e r a t i o n , the 
response of the system can be determined by s o l v i n g equation 
(4.1) using a step-by-step c a l c u l a t i o n method. In order to do 
tha t , the equation must f i r s t be w r i t t e n i n an incremental form 

MAx + CAx + AF(x) = -MAx3 (4.2) 
Then, by assuming a constant sp r i n g s t i f f n e s s K (Fig.4.2) and a 
l i n e a r v a r i a t i o n of r e l a t i v e a c c e l e r a t i o n (Fig.4.3) i n one time 
step At, two more equations can be obtained : 

AF = K(Ax) (4.3) 
x 2 = x, + S(At) (4.4) 

where K i s the tangent s t i f f n e s s of the spring at the s t a r t of a 
time increment; Ax i s the incremental displacement; S i s the 
rate of change of r e l a t i v e a c c e l e r a t i o n i n the same time 
i n t e r v a l ; and the s u b s c r i p t s , 1 and 2, denote r e s p e c t i v e l y the 
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Fig.4.2 Assumed constant 
s t i f f n e s s over Ax 

Fig.4.3 Assumed l i n e a r v a r i a t i o n 
of r e l a t i v e a c c e l e r a t i o n 
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beginning and the end of the time i n t e r v a l . I n t e g r a t i n g 
equation (4.4) twice with respect to At gives : 

x 2 = x, + x,At + (SAt 2)/2 (4.5) 
x 2 = x, + x,At + (x , A t 2 ) / 2 + (SA t 3 ) / 6 (4.6) 

From equation (4.6), 
S = 6 ( x 2 - x , ) / A t 3 - 6x,/At 2 - 3x,/At (4.7) 

S u b s t i t u t i n g equation (4.7) i n t o equations (4.4) and (4.5), 
noting that (x 2-x,)=Ax and (x 2-x,)=Ax, gives a f t e r some 
manipulation : 

Ax = (6Ax)/At 2 - 3x, - (6x,)/At (4.8) 
Ax = (3Ax)/At - (x,At)/2 - 3x, (4.9) 

Now s u b s t i t u t i n g equations (4.3), (4.8) and (4.9) i n t o (4.2) 
y i e l d s a f t e r some manipulation a simple expression f o r Ax : 

Ax = 
-MAx3 + (3M+CAt)x, + (6M+3C)x, 
: 2 At 

6M + 3C + K 
A t 2 At 

(4.10) 

I t i s c l e a r that the incremental displacement Ax 
depends on the v a r i a t i o n of ground a c c e l e r a t i o n , s t i f f n e s s of 
the s t r u c t u r e and the i n i t i a l values of the r e l a t i v e 
a c c e l e r a t i o n , r e l a t i v e v e l o c i t y and r e l a t i v e displacement at the 
beginning of the time i n t e r v a l being considered. Once Ax i s 
known, the corresponding changes of r e l a t i v e a c c e l e r a t i o n Ax and 
r e l a t i v e v e l o c i t y Ax can e a s i l y be c a l c u l a t e d using equations 
(4.8) and (4.9). Then the st a t e of the system at the end of the 
time step i s completely d e f i n e d . By repeating the c a l c u l a t i o n 
using equations (4.10), (4.8) and (4.9) for a s e r i e s of time 
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increments, a complete h i s t o r y of the response of the system can 
thus be determined. 

So f a r the SDOF model for the o v e r a l l response of the 
st r u c t u r e has been mathematically e s t a b l i s h e d . The next step of 
the i d e a l i z a t i o n procedure i s to der i v e an expression for the 
s t r u c t u r e s t i f f n e s s through a more d e t a i l e d modelling of the 
various s t r u c t u r a l components. 

4.3.2 D e r i v a t i o n Of L a t e r a l S t i f f n e s s 

The l a t e r a l r e s i s t a n c e of a panelized s t r u c t u r e i s 
provided by the shear w a l l s . For a n a l y s i s , a precast shear w a l l 
i s i d e a l i z e d as a s e r i e s of panels connected to each other and 
to the foundation by nonlinear springs ( F i g . 4 . 4 ) . The 
s t r u c t u r a l i d e a l i z a t i o n and c o n f i g u r a t i o n are intended to model 
the east-west shear w a l l s designed i n chapter 2. To reduce the 
complexity of the problem and to i s o l a t e and examine the most 
important behavioural mechanisms, the f o l l o w i n g assumptions are 
made : 

(a) Precast panels are r i g i d and non-load bearing. Because 
of the assumed rocking response mechanism, the c o n t r i b u t i o n of 
the e l a s t i c deformation of the panels to the o v e r a l l " d e f l e c t i o n 
i s i n s i g n i f i c a n t . The assumption of r i g i d panels i s therefore 
reasonable and can g r e a t l y s i m p l i f y the formulation process. 

(b) A l l nonlinear and i n e l a s t i c behaviours occur i n v e r t i c a l 
and h o r i z o n t a l connections. 
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(c) The foundation underneath a w a l l panel i s modelled by 
two l i n e a r e l a s t i c s p r i n g s , one at each base corner. These 
springs are not connected to the panels. Since each w a l l panel 
i s assumed to rock about i t s base corners, r e p l a c i n g the 
concrete foundation below i t by two springs can approximately 
simulate the i n t e r a c t i o n between the panel and the foundation. 
Although the assumption of e l a s t i c property i s questionable, i t 
has been made to allow the study to concentrate on the e f f e c t s 
of connections on the seismic response of the s t r u c t u r e . 

(d) Wall panels always respond simultaneously. This implies 
that no normal r e a c t i o n e x i s t s between adjacent panels. 

(e) T r a n s l a t i o n a l and r o t a t i o n a l i n e r t i a s of the w a l l panels 
are ignored. 

With these assumptions, i t becomes p o s s i b l e to i s o l a t e 
a w a l l panel from the e n t i r e shear w a l l and de r i v e i t s l a t e r a l 
s t i f f n e s s using s t a t i c a n a l y s i s and c o m p a t i b i l i t y c o n d i t i o n s . 
Since the two springs representing the foundation are not 
connected to the panel, three d i f f e r e n t s i t u a t i o n s can a r i s e 
when the panel rocks about i t s base corners : 

( i ) Both springs are i n contact with the panel. 
( i i ) Only one spring i s in contact with the panel. 
( i i i ) Neither spring i s i n contact with the panel. 

These s i t u a t i o n s are i l l u s t r a t e d and numbered as shown i n 
F i g . 4 . 5 , and the p o s s i b l e t r a n s i t i o n s from one case to the other 
are i n d i c a t e d by the arrows. Case 1 and case -1 are b a s i c a l l y 
the same except that they represent r o t a t i o n s i n opposite 
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d i r e c t i o n s . Case 2 can occur only a f t e r both dowels have 
y i e l d e d and sustained permanent deformations. 

Equations for the l a t e r a l s t i f f n e s s and r e s i s t a n c e of 
a t y p i c a l i n t e r i o r panel w i l l now be derived separately for each 
case. The t o t a l l a t e r a l s t i f f n e s s of the s t r u c t u r e i s obtained 
by summing the c o n t r i b u t i o n s from a l l panels. This summing 
process w i l l be discussed i n greater d e t a i l s at the end of t h i s 
s e c t i o n . For convenience, the f o l l o w i n g n o t a t i o n s w i l l be used 

x - h o r i z o n t a l displacement of the roof, 
y - deformation of foundation s p r i n g s , 
z - deformation of dowel s p r i n g s . 
v - r e l a t i v e shear displacement between v e r t i c a l connections, 
w - weight of a w a l l panel, 
f - force i n a spring element, 
k - spring s t i f f n e s s . 

S u b s cripts : 
3 = v e r t i c a l connection. 
4 = dowel at l e f t . 
5 = dowel at r i g h t . 
91= foundation spring at l e f t . 
92= foundation spring at r i g h t . 

(A) Case 0 
The free body diagram of a t y p i c a l i n t e r i o r panel 

corresponding to case 0 i s shown i n F i g . 4 . 6 ( a ) , with a l l the 
deformations g r e a t l y exaggerated. Level 1 i s the o r i g i n a l 
surface of the foundation. Level 2 represents the i n i t i a l 
deformation due to the dead load of the panel, while l e v e l 3 
represents the t o t a l deformation due to r o t a t i o n of the panel. 
The deformations of the dowels are always measured from l e v e l 2. 
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(b) Negative displacement (a) P o s i t i v e displacement 

F i g . 4 . 6 Free body diagrams of an i n t e r i o r panel 
corresponding to case 0 
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Forces i n v e r t i c a l connections on the l e f t edge are assumed to 
be equal and opposite to those on the r i g h t . 

( i ) Geometric r e l a t i o n s h i p s : 
sine = ( y 2 - y 1 )/a 
sin0 -=-x-/c~-
y 2-y,= ax/c (4.11) 

( i i ) Force e q u i l i b r i u m i n the v e r t i c a l d i r e c t i o n : 
f 9 2 + f 9 1 = W + ( f a + f 5 ) C O S 0 
cos0=1 , for small 0, and 
f 9 1 = k 9 y 1 
f 9 2 = k gy 2 

y 2 + y i = ( w + f a + f 5 ) / k 9 (4.12) 
So l v i n g eqts. (4.11) and (4.12) f o r y, and y 2 gives : 

y, = (0.5)[(w+f,+f 5)/k 9 - ax/c] (4.13) 
y 2 = (0.5)[(w+f„+f5)/k9 + ax/c] (4.14) 

( i i i ) Taking moment about point 0 gives : 
Ft (ccos0+O.5asin0)=3af 3+O.5w(acos0-bsin0)+ f„(a-e)cos0 + 

f 5ecos0 - f 9 ! acos0 
where F-( i s the shear force a c t i n g on the panel at the roof 
l e v e l . S u b s t i t u t i n g sin0=x/c, cos0=1 and f g ^ k g y , i n t o t h i s 
equation gives a f t e r some manipulation : 

F; (c+ax) = 3 a f 3 + ( a - e ) ( f u - f 5 ) + ( a 2 k 9 - w b ) x (4.15) 
2c 2 2c 

In order to obtain the r e l a t i o n s h i p between force and 
displacement i n one time step, i t i s necessary to w r i t e equation 
(4.15) i n an incremental form. At the end of a time i n t e r v a l , 
the roof displacement w i l l have a value (x+Ax). Replacing x 
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with (x+Ax), equation (4.15) then becomes : 

:+ a(x+Ax) 
2c 

=3af3+(a-e)(£q-f5)+(a2k9-wb)(x+Ax) (4.16) 
2 2c 

where the apostrophe denotes v a r i a b l e s at the end of a time 
step. S u b t r a c t i n g equation (4.15) from equation (4.16) y i e l d s : 

AF, c+_§_( x+Ax) 
2c 

+F; aAx = 3aAf 3 + (a-e) (Af t-Af 5 ) + (a 2k 9-wb) Ax 
2c 2 2c 

where A denotes small changes of the v a r i a b l e s . For a small 
time increment, Ax i s very small and thus the term (aAx/2c) i s 
extremely small r e l a t i v e to the other terms i n the brackets on 
the l e f t hand s i d e . Neglecting (aAx/2c) and rearranging other 
terms in the l a s t equation gives : 

AF- = 3a Af 3 + U-e) (Af a-Af 5 ) + ( a 2 k 9-wb-aFj )Ax 2 2c 
2c (4.17) 

,2cz+axy 

( i v ) The r e l a t i v e shear displacement v between adjacent 
panels for a l a t e r a l displacement x at the roof l e v e l i s given 
by (Fig.4.7) : 

v = (a+s)sin0 = [(a+s)/c](x) 
Av = [(a+s)/c](Ax) 

Assuming a constant s t i f f n e s s i n one time step, A f 3 can then be 
expressed i n terms of Ax as fol l o w s : 

A f 3 = k 3(Av) = k 3[(a+s)/c](Ax) (4.18) 

(v) The deformations of the dowels can be determined by 
co n s i d e r i n g the geometric c o m p a t i b i l i t y c o n d i t i o n at the bottom 
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Fig.4.7 Shear displacement v between adjacent panels 
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of the panel (Fig.4.6(a)) 

Hence, 

= (a-e) sint9-y 0 = (a~e)x - y 0 

c 
z 5 = e s i n 0 - y o = ex - y 0 

c 
Az„ = (a-e)Ax - Ay 0 

c 
Az 5 = _e_Ax - Ay 0 

c 
Then, 

Af„ = ka(Az„) = k a 

A f 5 = k 5 ( A z 5 ) = k 5 

(a-e)Ax - Ay 0 

c 
e_(Ax) - Ay 0 

c 

(4.19) 

(4.20) 

Now y 0 = y 2
 - w/(2k 9) 

where w/(2k 9) i s the i n i t i a l deformation of the foundation due 
to the weight of the panel. From equation (4.14), 

Ay o = Ay 2 = /J_\ Af „+Af 5 + _aAx 
\2J|_ k 9 c 

S u b s t i t u t i n g f or Af„ and A f 5 using equations (4.19) and (4.20) 
y i e l d s : 

Ay 0 
(a-e)kj, + ek 5 + ak 9 

c(k„ + k 5 +2k 9) 
(Ax) 

S u b s t i t u t i n g (4.21) back i n t o (4.19) and (4.20), 
1 Af «=(k4) 

Af 5 = ( k 5 ) 
i _ 

(a-2e)(k 5+k 9) (Ax) 
c ( k 4 + k 5 + k 9) 
(2e-a)(k„+k9) (Ax) 
c (k,, +k 5 + k 9 ) 

(4.21) 

(4.22) 

(4.23) 

( i v ) F i n a l l y , s u b s t i t u t i n g equations (4.18), (4.22) and 
(4.23) i n t o (4.17) gives the governing equation r e l a t i n g AF, and 
Ax : 
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AF; =/ Ax 
\2c 2+ax, 

6a(a + s ) k 3 + (a-2e) 2 ( 2 k 4 k 5 + k,,k9 + k 5 k 9 )+a 2 k 9-wb-aF, 
(k a + k 5 + 2k 9 j 

Then, by d e f i n i t i o n , the tangent s t i f f n e s s of an i n t e r i o r panel 
at the s t a r t of a time step i s given by : 

K; =AFi 

Ax 
1 

12c 2+ax 
Dk 3+E (2kak 5 + k a k g + k 5 k 9 )-aF, +G 

(k ( (+k 5 + 2k ! 

(4.24) 

where D 
E 
G 

6a(a+s) 
(a-2e) 2 

(a 2k 9-wb) 

The above d e r i v a t i o n i s v a l i d as long as both 
foundation springs are in contact with the bottom of the panel 
and x i s p o s i t i v e . When the panel r o t a t e s about the l e f t 
corner, g i v i n g r i s e to a negative displacement, some of above 
equations need to be modified s l i g h t l y . I t i s assumed that the 
shear f r i c t i o n force P between the panel and the foundation 
always acts at the base corner about which the panel i s 
r o t a t i n g . Therefore, when x i s negative, the f r i c t i o n force P 
would act at the l e f t corner instead of the r i g h t . Shown i n 
Fig. 4 .6(b) i s the free body diagram of the panel when i t has 
dis p l a c e d to the l e f t . F o llowing the above procedures, the 
s t i f f n e s s equation corresponding to a negative displacement i s 
derived as fo l l o w s : 

( i ) 

( i i ) J 
( i i i ) Now, x i s negative, so sin#=x/c i s a l s o negative. To 

account f o r the negative value of s i n 0 , a change of sign for 
every sinfl term i s necessary to give supposedly p o s i t i v e 

Equations (4.11) to (4.14) are s t i l l v a l i d , 
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d i s t a n c e s . Hence, the moment equation a b o u t p o i n t 0 becomes 
F;(ccos0+O.5asin0)-Pasin0 = 3 a f 3 + O.5w(acos0-bsin0) + 

fu(a-e)cos0 + f 5 e c o s 0 - f 9acos0 
Making the necessary s u b s t i t u t i o n as before, noting that P=Fl (by 
h o r i z o n t a l force e q u i l i b r i u m ) , gives a f t e r some manipulation : 

Fjtc-ax) = 3a f 3 + (a-e)(f„-f5) + (a 2k 9-wb)x (4.25) 
2c 2 2c 

Replacing x by (x+Ax) and using the apostrophe to denote 
v a r i a b l e s at the end of a time step, equation (4.25) can then be 
w r i t t e n as : 

F.' c-_a(x+Ax) 
2c 

= 3af 3 + (a-e)(f„-f5) + (a 2k 9-wb)(x+Ax) (4.26) 
2 2c 

Subt r a c t i n g equation (4.25) from equation (4.26) then gives the 
expression for AF; : 

AF; = 3aAf 3 + (a-e) (Af ,-Af 5) + (a 2k 9-wb-aF t )Ax 
2 2c 

2c 
2c 2-ax 

(4.27) 

( i v ) Equation (4.18) i s s t i l l v a l i d . 
(v) Again, change of sign i n front of the sin0 term i s 

necessary to account for the negative value of x, thus g i v i n g : 

Afj, = k 4(Az f t) = k« 
A f 5 = k 5 ( A z 5 ) = k 5 

Now, y 0 = y, - w/(2k 9) 
From equation (4.13), Ay 0 i s then given by 

- eAx - Ay o 
L C -
(e-a)Ax - Ay 0 

L c 

(4.28) 
(4.29) 

Ay 0 = Ay, = h Af ft+Af 5 -a_(Ax) 
kg c 

S u b s t i t u t i n g equations (4.28) and (4.29) i n t o the l a s t equation 
gives : 

Ay 0 = (e-a)k 5-ekn-akg 
c(k 4+k 5+2k 9) 

(Ax) (4.30) 
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S u b s t i t u t i n g Ay 0 i n t o equations (4.28) and (4.29) then y i e l d s : 
(Ax) Af ,=(k„) 

Af 5 = ( k 5 ) 

(a-2e)(k 5+k 9) 
c(k„+k5+2kg)j 
(2e-a)(ka+k„) 
c(k a+k 5+2k g) 

(Ax) 

( v i ) F i n a l l y , s u b s t i t u t i n g A f 3 , Af „ and.Af 5 i n t o equation 
(4.27) gives the expression for Ki : 

1 K, =AFL = / 
Ax \2c 2-ax 

Dk 3+E(2kttk 5 + k a k s + k5k 9 )+aF. +G 
(k«+ks+2k9) 

(4.31) 

where D, E and G are constants as defined for equation (4.24). 

Comparing equations (4.31) and (4.24), i t i s obvious 
that the only d i f f e r e n c e i s the sign for the terms i n v o l v i n g F; 

and x. When x i s negative, (2c 2-ax) i s i n fa c t equivalent to 
(2c 2+aixi). For computational convenience, these two equations 
are combined i n t o one equation, as f o l l o w s : 

Ki = 1 
2c2+a|x| 

Dk 3+E(2k„k 5+k uk 9 + k 5 k 9 )-aF, (sgnx)+G 
(k„+k5+2k9) 2c 

(4.32) 

where (sgnx) denotes the sign of x. Using the absolute value of 
x i n the denominator, equations (4.15) and (4.25) can a l s o be 
combined i n t o one equation : 

F. = [6acf 3+c(a-2e) ( f , - f 5 ) + (a 2 k 9-wb) x ] 
(2c z + alxi) 

(4.33) 

With known deformation at the s t a r t of each time step, 
the force and tangent s t i f f n e s s of each spring element can be 
determined from i t s h y s t e r e t i c curve. Using equations (4.32) 



1 12 

and (4.33), the l a t e r a l s t i f f n e s s and shear r e s i s t a n c e for case 
0 c o n t r i b u t e d by an i n t e r i o r panel can then be c a l c u l a t e d . 

(B) Case 1 
The s t i f f n e s s equation for case 1 ( F i g . 4 . 8 ( a ) ) , which 

corresponds to the s i t u a t i o n where only the r i g h t foundation 
s p r i n g i s i n contact with the w a l l panel, w i l l be derived next. 
The d e r i v a t i o n f o l l o w s e x a c t l y the same procedure as before. 
However, equations obtained i n each step w i l l be presented for 
completeness. 

( i ) sint9 = x/c 
( i i ) ! F ( v e r t i c a l ) = 0 : 

f 9 2 - w - ( f 4 + f 5 ) c o s 0 = 0 
cosf9=1 , f o r small 6, and 
f 9 2 = k 9 y 2 

y 2 = (w +• f„ + f 5 ) / k 9 (4.34) 

( i i i ) ZM0 = 0 gives : 
F; = [ 6acf 3 + 2c(a-e)f a+2cef s-wbx+acw ] 

(2c 2 + ax) 
W r i t i n g the equation i n incremental form gives 

AFj = 6acAf 3 + 2c (a-e) Af g + 2ceAf 5- (aF, +wb) Ax 
( 2 c i ; + a x ) 

(4.35) 

(4.36) 

( i v ) A f 3 = (k 3)(a+s)(Ax)/c 
(v) Af, = ( k B ) [ ( a - e ) ( A x ) / c - Ay 0] 

A f 5 = ( k 5 ) [ ( e / c ) ( A x ) - Ay 0] 
Now, y 0 = y 2 - w/(2k 9) 

Using equation (4.34), Ay 0 i s then given by : 

(4.18) repeated. 
(4.19) repeated. 
(4.20) repeated. 
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Fig.4.8 Free body diagrams of an i n t e r i o r panel 
corresponding to case 1 and case -1 
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Ay 0 = Ay 2 = (Af 4 +Af 5 )/k 3 

S u b s t i t u t i n g Af„ and A f 5 i n t o t h i s equation y i e l d s : 

Ay 0 = (a-e)k t t + ek 5 

c(k^+kg+kg) 
(Ax) (4.37) 

S u b s t i t u t i n g (4.37) back i n t o (4.19) and (4.20) then gives : 
Af„ = ( k J 

A f 5 = (k 5) 

(a-2e)k 5+(a-e)k 9 

: (k„ + k 5 + k 9) 
(2e-a)k„ + ek 9 

c(k a+ks+k 9) 

(Ax) 

(Ax) 

(4.38) 

(4.39) 

( v i ) S u b s t i t u t i n g (4.18),(4.38) and (4.39) i n t o (4.36) gives 
the expression for K-, : 

1 
2c 2+ax 

Dk 3+2[Ek 1 )k5 + (a-e) 2 k g k 9 + e 2 k s k 9 ]-aF-, -wb 
(k„+k5+kg) 

(4.40) 

where D and E are constants as defined for equation (4.24). 

(C) Case -1 
In case -1, only the l e f t foundation s p r i n g i s i n 

contact with the w a l l panel and the roof displacement i s 
negative ( F i g . 4 . 8 ( b ) ) . As shown i n part (A) for case 0, a 
change of sign for every sin0 term i n the moment equation i s 
necessary to account for the negative value of x. Since the 
d e r i v a t i o n procedure i s e x a c t l y the same as for case 1, d e t a i l s 
of the algebra w i l l not be repeated. The f i n a l equations 
obtained i n each step are l i s t e d below for reference. 

( i ) sinf? = x/c 
( i i ) y, = (w+f„+f5)/k9 

( i i i ) F; = 6acf 3-2cef tt-2c(a-e)f 5-wbx-acw (4.41) 
(2c 2 - ax) 
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AF; = 6acA£3-2ceAf „-2c (a-e) Af 5 + (aFt -wb)Ax 
(2c 2 - ax) 

( i v ) A f 3 = (k 3)(a+s)(Ax)/c 

(v) Ay 0 

Af , 

•ek „ - (a-e ) k 
c(k„+k5+k, 

(Ax) 

= (k«) (a-2e)k 5-ek, 
c(k 4+k 5+k 9) 

(Ax) 

( v i ) S t i f f n e s s equation for case -1 : 
K, = 

l2c 2-ax 
Dk 3 + 2 [ E k g k 5 + e 2 k f l k 9 + (a-e) 2 k 5 k 9 ]+aF; -wb 

(k u+k 5+k 9) 
(4.42) 

(D) Case 2 
Shown i n Figs.4.9(a) and (b) are the free body 

diagrams corresponding to a p o s i t i v e and a negative r o t a t i o n of 
a w a l l panel in case 2, i n which n e i t h e r foundation s p r i n g i s i n 
contact with the panel. In order to base the d e r i v a t i o n 
c o n s i s t e n t l y on the rocking mechanism, i t i s necessary to assume 
that the dowels are able to provide enough h o r i z o n t a l r e s i s t a n c e 
to maintain a n o n - s l i p c o n d i t i o n at the base. This implies that 
any l a t e r a l deformation of the dowels w i l l be ignored. The 
required h o r i z o n t a l r e s i s t a n c e at the base i s assumed to be a 
concentrated force a c t i n g at the r i g h t (Fig.4.9(a)) or l e f t 
(Fig.4.9(b)) dowel depending on the d i r e c t i o n of the r e l a t i v e 
displacement x at the roof l e v e l . Considering a p o s i t i v e x 
( F i g . 4 . 9 ( a ) ) , the s t i f f n e s s and force equations can be derived 
using procedures s i m i l a r to part (A). 



F i g . 4 . 9 Free body diagrams of an i n t e r i o r panel 
corresponding to case 2 
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( i ) sint9 = x/c 
( i i ) Z F ( v e r t i c a l ) = 0 gives : 

f 5 + f» + w = 0 
A f 5 = -Af„ (4.43) 

( i i i ) Taking moment about point 0 and s u b s t i t u t i n g 
sin#=(x/c), cos0=1 and f 5 = (-w-f,,) gives a f t e r some manipulation 

F; = [6acf , + 2c (a-2e)f a+c(a~2e)w-wbxJ (4.44) 
[2c 2+(a-2e)x] 

Expressing F; i n incremental form y i e l d s : 
AF; = 6acAf 3 + 2c (a-2e)Af u - [ (a-2e)F, +wb] (Ax) (4.45) 

[2c 2+(a-2e)x] 

( i v ) A f 3 = (k 3)(a+s)(Ax)/c (4.18) repeated. 
(v) C o m p a t i b i l i t y c o n d i t i o n at the bottom of the panel 

y i e l d s : 
( z 4 - z 5 )/(a-2e) = sine9 = x/c 

W r i t i n g t h i s equation i n incremental form and s u b s t i t u t i n g 
Az„=(Af„/k„) and A z 5 = ( A f 5 / k 5 ) then gives : 

A f 4 / k 4 - A f 5 / k 5 = (a-2e)(Ax)/c 
S u b s t i t u t i n g equation (4.43) i n t o t h i s equation y i e l d s the 
expression for Af„ : 

Af„ =(a-2e)( k 4k s\(Ax) (4.46) 
\ c /\k,,+k5/ 

( v i ) F i n a l l y , the equation for K; i s obtained by 
s u b s t i t u t i n g (4.18) and (4.46) i n t o (4.45) : 

2c z+(a-2e)x 
Dk 3 + 2Ek i Lk A - (a-2e)Fi - wb 

kfl + k 
(4.47) 
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Equations (4.44) and (4.47) for F ; and K ;, r e s p e c t i v e l y , are 
v a l i d for p o s i t i v e x. As has been discussed above, when the 
displacement goes negative (Fig.4.10(b)), s l i g h t changes have to 
be made to some of the above equations to account for the 
negative value of x and the s h i f t of the point of a p p l i c a t i o n of 
the h o r i z o n t a l r e s i s t a n c e at the base. Using the same argument 
and d e r i v a t i o n procedures as i n part (A) for case 0, i t can 
e a s i l y be shown that the equations for F-t and K; , which are 
v a l i d f or both p o s i t i v e and negative x, are r e s p e c t i v e l y : 

F; = [6 a c f 3 + 2 c ( a 2e)fu +c(a~2e)w~wbx] (4.48) 
[ 2 c 2 + (a-2e) | x | ] 

K: =/. 1 
,2c 2 + (a-2e)|x| 

Dka+^Ekaks )~(a-2e) (F) (sgnx)-wb 
(k,+k 5) 

(4.49) 

(E) L a t e r a l S t i f f n e s s of the s t r u c t u r e 
I t i s important to note that a l l the equations 

obtained above f o r F ;'s and K 4's are derived by c o n s i d e r i n g the 
e q u i l i b r i u m and c o m p a t i b i l i t y c o n d i t i o n s of an i n t e r i o r panel 
which has connections on both v e r t i c a l edges. S t r i c t l y 
speaking, a d i f f e r e n t set of equations should be derived for 
e x t e r i o r panels with connections on one side only. However, 
instead of going through the whole d e r i v a t i o n process and making 
other assumptions, the o v e r a l l e f f e c t s of the e x t e r i o r panels 
can approximately be accounted for by combining the f i r s t and 
l a s t panels together and t r e a t i n g them as a s i n g l e i n t e r i o r 
panel. That i s to say, a shear w a l l with n panels can be 
replaced by one with (n-1) panels, each being i d e n t i c a l to an 
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i n t e r i o r panel and having the same response mechanism, as shown 
in Fig.4.10. The t o t a l weight of the shear w a l l i s spread 
evenly over the panels i n the equivalent system, thus i n c r e a s i n g 
the weight of each panel to (n/n-l)w. A l s o , the s t i f f n e s s of 
the foundation spring and the i n i t i a l s t i f f n e s s and y i e l d 
strength of the dowel must be increased by the f a c t o r (n/n-1) so 
that the equivalent sp r i n g system w i l l have the same deformation 
as the a c t u a l system for a given load (Fig.4.11). However, no 
adjustment to the p r o p e r t i e s of the v e r t i c a l connection i s 
necessary because the number of v e r t i c a l connections i n the 
equivalent system i s e x a c t l y the same as i n the prototype. 1 

Based on t h i s equivalent shear w a l l system, the t o t a l l a t e r a l 
s t i f f n e s s , K, and shear r e s i s t a n c e , F, for a s t r u c t u r e with two 
shear w a l l s are then equal to the sum of the corresponding 
c o n t r i b u t i o n s from each w a l l , thus g i v i n g the general formulas : 

K = 2 (n-1 )K, (4.50) 
F = 2 (n-1 )F, (4.51 ) 

where K; and F; are the s t i f f n e s s and shear r e s i s t a n c e for an 
i n t e r i o r panel, the equations of which are summarized below : 

case 0 K; = eqt. (4.32) 
F, = eqt. (4.33) 

case 1 = eqt.(4.40) 
F; = eqt. (4.35) 

case -1 Kj = eqt. (4.42) 
F; = eqt. ( 4 . 41 ) 

See appendix A. 
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1 1 
'1 

- o r i g i n a l s p r i n g 
s t i f f n e s s = k 

n springs 

T 

e q u i v a l e n t s p r i n g 
s t i f f n e s s = k' 

(n-1) springs 

A c t u a l s p r i n g system Equivalent s p r i n g system 

Fig.4.11 Equivalent spring system for dowels 
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case 2 K; = eqt.(4.49) 
F. = eqt. (4.48) 

4.4 Damping 

Any s t r u c t u r a l system possesses some energy 
d i s s i p a t i n g mechanisms, for example : (a) i n e l a s t i c h y s t e r e t i c 
energy d i s s i p a t i o n ; (b) r a d i a t i o n of k i n e t i c energy through 
foundation; (c) k i n e t i c f r i c t i o n ; (d) v i s c o s i t y i n m a t e r i a l s ; 
and in some s i t u a t i o n s (e) aerodynamic e f f e c t . Such c a p a c i t y of 
energy d i s s i p a t i o n i s g e n e r a l l y termed "damping", which i s most 
often assumed to be of the viscous type ( i . e . , v e l o c i t y 
p r o p o r t i o n a l ) because of i t s mathematical s i m p l i c i t y . 

For the present study, viscous damping i s used i n 
a d d i t i o n to the h y s t e r e t i c damping c o n t r i b u t e d by the 
connections. No t h e o r e t i c a l method i s a v a i l a b l e for determining 
the damping c a p a c i t y based on the m a t e r i a l p r o p e r t i e s and 
geometrical c h a r a c t e r i s t i c s of a s t r u c t u r e , nor i s there any 
t e s t information on viscous damping r a t i o s of panelized 
b u i l d i n g s . I t i s assumed that the damping constant C i s r e l a t e d 
to the e l a s t i c p r o p e r t i e s of the system at a l l times and i s then 
given by : 

C = 2$/(K eM) (4.52) 
where M = mass of the system 

$ = percentage of c r i t i c a l damping 
Ke= e l a s t i c s t i f f n e s s of the system 
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Because of the p o s s i b l e t r a n s i t i o n from one case to the other, 
as shown i n Fig.4.5, and the dependence of the s t i f f n e s s 
equations upon the displacement and force l e v e l at the s t a r t of 
each time step, the i n i t i a l s t i f f n e s s of the s t r u c t u r e i s not 
e x a c t l y l i n e a r . P r e l i m i n a r y runs showed that a good estimate of 
the e l a s t i c s t i f f n e s s of the system could be obtained by using 
the s t i f f n e s s equation corresponding to case 1 (eqt.4.40), with 
a l l s p r i n g s t i f f n e s s e s set equal to t h e i r i n i t i a l values and F 
and x set equal to zero. 

4.5 Time Step I n t e g r a t i o n Scheme 

As discussed i n s e c t i o n 4.3.1, the response of the 
i d e a l i z e d SDOF model to ground e x c i t a t i o n can be determined i n a 
s t r a i g h t f o r w a r d manner using the time step i n t e g r a t i o n method. 
The value of the g l o b a l s t i f f n e s s used for each time step i s 
c a l c u l a t e d based on the s t i f f n e s s e s of the connections at the 
s t a r t of the time step. 

The h y s t e r e t i c r e l a t i o n s h i p s used to model the 
nonlinear behaviour of the connections are piecewise l i n e a r and 
thus a change of s t i f f n e s s occurs suddenly rather than 
p r o g r e s s i v e l y as i n a r e a l connection. If one or more of these 
abrupt changes occur i n a time step, the c a l c u l a t e d incremental 
displacement and thus other deformations and forces w i l l not be 
s t r i c t l y c o r r e c t because they have been computed on the basis of 
l i n e a r behaviour w i t h i n the time i n t e r v a l . A l s o , dynamic 
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e q u i l i b r i u m w i l l not be s a t i s f i e d at the end of the time 
increment. Two s o l u t i o n s t r a t e g i e s can be used to reduce or 
t o t a l l y e l i m i n a t e t h i s e r r o r . The one used i n the basic Drain-
2D program [27] i s the e q u i l i b r i u m c o r r e c t i o n strategy 
( F i g . 4 . 1 2 ( a ) ) . In t h i s s t r a t e g y , any unbalanced load R at the 
end of each load increment i s c a l c u l a t e d and added to the load 
increment AR f o r the f o l l o w i n g step. Unless very small load 
increments and hence small At's are used, i t i s p o s s i b l e for the 
s o l u t i o n path to depart s u b s t a n t i a l l y from the true load-
displacement path. An a l t e r n a t i v e s t r a t e g y (Fig.4.12(b)) i s to 
subdivide the time increments i n t o subincrements, so that the 
s o l u t i o n proceeds from "event" ( i . e . s t i f f n e s s change) to 
event. There i s never any unbalanced load, and the s o l u t i o n 
f o l l o w s the exact l o a d - d e f l e c t i o n r e l a t i o n s h i p . However, t h i s 
method has the disadvantage of being much more expensive 
computationally, e s p e c i a l l y when the number of events i s l a r g e . 

A combination of the e q u i l i b r i u m c o r r e c t i o n and event-
to-event s t r a t e g i e s are used i n the computer program 'for the 
present study. At the end of each time step an e q u i l i b r i u m 
balance check i s made. Any e r r o r i n dynamic e q u i l i b r i u m i n the 
SDOF model w i l l be c o r r e c t e d for during the f o l l o w i n g time step. 
If there i s a t r a n s i t i o n from one case to the other, say during 
time step t to t+At, t h i s time step w i l l be d i v i d e d i n t o two 
p a r t s . Using the s t i f f n e s s equation v a l i d at t , the exact time 
t ' , t<t'<t+At, at which the t r a n s i t i o n occurs i s determined by 
an i t e r a t i v e procedure. Then the s t i f f n e s s equation for the 



(a) EQUILIBRIUM CORRECTION (b ) EVENT-TO-EVENT 

Fig.4.12 S o l u t i o n s t r a t e g i e s , from Ref. 16 
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next case w i l l be used over the time i n t e r v a l t ' to t+At and 
subsequent time i n t e r v a l s u n t i l another t r a n s i t i o n occurs. 

4.6 Energy C a l c u l a t i o n s 

In order to study the d i s t r i b u t i o n of energy i n the 
system and the energy d i s s i p a t i o n demand on v a r i o u s s t r u c t u r a l 
components, the f o l l o w i n g energies are c a l c u l a t e d cumulatively 
at the end of each time step throughout the whole time h i s t o r y . 

(a) Energy i n h y s t e r e t i c springs -- The net energy input to 
the s p r i n g s , comprising the instantaneous stored energy plus the 
accumulated d i s s i p a t e d energy, i s c a l c u l a t e d separately for 
v e r t i c a l and h o r i z o n t a l connections. 

(b) P o t e n t i a l energy i n foundation springs -- Since the 
foundation springs are assumed to be e l a s t i c , energy stored i n 
these springs i s recoverable and hence no energy i s d i s s i p a t e d 
by them. 

(c) P o t e n t i a l energy due to v e r t i c a l motion of the e.g. of 
the panels -- This i s r e l a t i v e l y small but becomes s i g n i f i c a n t 
when permanent u p l i f t occurs due to permanent elongations in the 
dowels. 

(d) Energy d i s s i p a t e d i n viscous damping. 
(e) K i n e t i c energy i n system -- This i s c a l c u l a t e d at the 

i n s t a n t of the end of each time step. 

These energies are summed to produce the t o t a l energy 
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stored w i t h i n the system at the end of each time i n t e r v a l plus 
the t o t a l energy d i s s i p a t e d up to that time. 

The net input energy to the system from the ground i s 
a l s o c a l c u l a t e d continuously using Newton's second law : 
Input Energy = Mass * t o t a l a c c e l e r a t i o n * ground displacement 
In the s i t u a t i o n where the i n e r t i a forces and ground 
displacement are of opposite s i g n , energy i s being r a d i a t e d from 
the s t r u c t u r e back i n t o the ground. Hence, at the end of the 
c a l c u l a t i o n s , the t o t a l net energy input to the system from the 
ground should be equal to the net energy stored i n the system at 
that time plus the t o t a l energy that has been d i s s i p a t e d by the 
system. 

Comparison of the sum of the net energies stored and 
d i s s i p a t e d w i t h i n the system with the net energy input to the 
system from the ground provides a u s e f u l check on the accuracy 
of c a l c u l a t i o n s . A p r a c t i c a l t o l e r a b l e l i m i t of 5% e r r o r for 
t h i s check i s set i n the computer program. However, as w i l l be 
discussed i n the f o l l o w i n g chapter, at no point was t h i s 
exceeded i n the a n a l y s i s . 
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CHAPTER 5 

RESULTS OF DYNAMIC ANALYSIS _. . 

5.1 Scope of S t u d y 

U s i n g t h e a n a l y t i c a l SDOF model d e v e l o p e d i n c h a p t e r 

4, t o g e t h e r w i t h t h e h y s t e r e t i c m o d e l s d e r i v e d f o r t h e 

c o n n e c t i o n s i n c h a p t e r 3, a s e r i e s o f computer a n a l y s e s have 

been c a r r i e d o u t t o examine t h e s e i s m i c r e s p o n s e of t h e one-

s t o r e y b u i l d i n g d e s i g n e d i n c h a p t e r 2. The computer s t u d i e s 

c o n s i s t e d of a t o t a l of twenty two computer r u n s . E i g h t e e n o f 

them r e p r e s e n t e d d i f f e r e n t c o m b i n a t i o n s o f c o n n e c t i o n 

c h a r a c t e r i s t i c s and e a r t h q u a k e r e c o r d s . F o u r o f t h e s e r u n s were 

t h e n r e p e a t e d u s i n g a h y s t e r e t i c c u r v e w i t h h o r i z o n t a l 

" d e s c e n d i n g " b r a n c h f o r t h e v e r t i c a l c o n n e c t i o n . In a l l c a s e s , 

e a r t h q u a k e g r o u n d a c c e l e r a t i o n was assumed t o o c c u r o n l y i n t h e 

N-S d i r e c t i o n o f t h e s t r u c t u r e . D e t a i l s of t h e p r o p e r t i e s o f 

t h e s t r u c t u r e , c o n n e c t i o n s and e a r t h q u a k e r e c o r d s u s e d a r e 

p r e s e n t e d i n t h e f o l l o w i n g . 

(a) S t r u c t u r e d a t a 

The p h y s i c a l p r o p e r t i e s of t h e s t r u c t u r e were t a k e n 

from t h e example i n c h a p t e r 2. A l l r e l e v a n t d a t a a r e summarized 
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as f o l l o w s 

- mass o f s t r u c t u r e 
- d i m e n s i o n s of p a n e l : w i d t h , a 

959762.3 Kg 
2.4 m 
6.15 m 
5.4 m 
0.01 m 
1 6 

h e i g h t , b 
- h e i g h t of r o o f l e v e l 
- s e p a r a t i o n between p a n e l s , s 
- number of p a n e l s p e r s h e a r w a l l 
- w e i g h t of e a c h p a n e l 5 6 0 0 0 N 

As r e c a l l e d i n c h a p t e r 4, t h e number of p a n e l s p e r 

s h e a r w a l l i n t h e " e q u i v a l e n t " s y s t e m i s one l e s s t h a n t h e 

a c t u a l s y s t e m . Hence, f o r a n a l y s i s , t h e s t r u c t u r e was 

c o n s i d e r e d t o have f i f t e e n p a n e l s i n e a c h s h e a r w a l l , w i t h e a c h 

p a n e l w e i g h i n g (56000x16/15)=59733 N. 

(b) V e r t i c a l c o n n e c t i o n 

No t e s t i n f o r m a t i o n on t h e m o n o t o n i c o r dynamic 

b e h a v i o u r o f t h e t y p e o f v e r t i c a l c o n n e c t i o n ( s e e F i g . 2 . 8 ) u s e d 

i n t h e example s t r u c t u r e i s a v a i l a b l e . However, c o n n e c t i o n D-36 

( s e e F i g . 3 . 4 ( b ) ) r e p o r t e d i n R e f e r e n c e 10 has a maximum s h e a r 

c a p a c i t y between 76.5 KN (17.2 K i p s ) and 66.7 KN (15 K i p s ) . 

U s i n g t h i s t y p e of c o n n e c t i o n between w a l l p a n e l s and a s s u m i n g 

an a v e r a g e y i e l d s t r e n g t h o f 68.95 KN (15.5 K i p s ) , t h e number of 

c o n n e c t i o n s r e q u i r e d f o r e a c h v e r t i c a l j o i n t i s a l s o t h r e e . 

Hence, t h e m o n o t o n i c c u r v e o f c o n n e c t i o n D-36 was u s e d as b a s i s 

f o r e s t a b l i s h i n g t h e p r i m a r y c u r v e of t h e h y s t e r e t i c model. 

U s i n g t h e same n o t a t i o n s as i n c h a p t e r 3 ( s e e F i g s . 3 . 1 1 and 

3.12), t h e v a l u e s o f t h e p a r a m e t e r s a r e : 

k, = 35025354.0 N/m d e = 0.00150 m 
f y = 68950.0 N 
d y = 0.00305 m 
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k 3 Af 
k 4 

0.0267k 
0.045fy 
-0.65k 3 

.-; a=0.0267 

.-. b=0.045 

.-. c=0.65 

By comparing r e s u l t s from p r e l i m i n a r y runs with some 
experimental h y s t e r e s i s curves, such as those obtained by 
Spencer (see F i g . 3 . 5 ( a ) - ( g ) ) , i t was found that the degradation 
behaviours could g e n e r a l l y be simulated by s e t t i n g the three 
c o n t r o l parameters n, r and s equal to 0.3, 0.3 and 0.4, 
r e s p e c t i v e l y . These values were used i n a l l computer runs. 

In order to study the e f f e c t of overdesigned v e r t i c a l 
connection on the seismic response of the s t r u c t u r e , a strong 
v e r t i c a l connection was a l s o used i n the analyses. I t s 
p r o p e r t i e s , which were d e r i v e d from the s h e a r - s l i p curve for 
connection P9 (see Fig.3.4(d)) reported i n Reference 10, are as 
f o l l o w s : 

k, = 43096990.0 N/m 
d e = 0.0018 m 
f y = 107228.3 N 
dy = 0.0042 m 
k 3 = 0.0422k, , .'. a = 0.0422 
Af = 0.045fy , .-. b=0.045 
k u = -0.54k 3 , .-. c = 0.54 

(c) Base connection 
A l l base or dowel connections were assumed to be 

i d e n t i c a l i n the equivalent shear w a l l system. Two dowel s i z e s 
were used, #20M and #10M, both having a y i e l d s trength of 400 
MPa. The i n i t i a l s t i f f n e s s e s of the dowels subjected to a x i a l 
l oading were estimated by assuming that they followed the 
stress-deformation r e l a t i o n s h i p shown i n Fig.3.23(a). At a 
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s t r e s s l e v e l o f 400 MPa ( 5 8 . 3 k s i ) , t h e e l o n g a t i o n a t t h e a t t a c k 

e n d was a b o u t 0.533 mm. S i n c e t h a t p o r t i o n o f t h e d o w e l 

embedded i n t h e w a l l p a n e l w o u l d d e f o r m t h e same amount a s t h e 

o t h e r p a r t i n t h e f o u n d a t i o n , t h e t o t a l d e f o r m a t i o n between t h e 

f o u n d a t i o n a n d t h e p a n e l w o u l d be t w i c e a s much, t h u s g i v i n g t h e 

t o t a l y i e l d d i s p l a c e m e n t d e q u a l t o 1.066 mm. I t was r e p o r t e d 

by H a w k i n s and L i n [ 1 7 ] t h a t t h e d i s p l a c e m e n t s a t t h e a t t a c k end 

f o r f i r s t y i e l d were a p p r o x i m a t e l y t h e same f o r ( a x i a l l y l o a d e d ) 

embedded b a r s o f d i f f e r e n t s i z e s . I t was t h u s assumed h e r e t h a t 

b o t h t y p e s o f d o w e l c o n n e c t i o n s had t h e same y i e l d d i s p l a c e m e n t 

a n d t h e p r o p e r t i e s o f t h e i r h y s t e r e t i c c u r v e s were t h e n g i v e n a s 

• #20M d o w e l 

f y = (400 N/mm 2)(300 m m 2 ) ( l 6 / l 5 ) = 128000.0 N 
k = ( 1 2 8 0 0 0 . 0 ) / ( 1 . 0 6 6 X 1 0 " 3 ) = 1 . 2 x 1 0 s N/m 

• #10M d o w e l 

f y = (400 N / m m 2 ) ( l 0 0 m m 2 ) d 6 / l 5 ) = 42666.7 N 
k = ( 4 2 6 6 6 . 7 ) / ( 1 . 0 6 6 x 1 0 - 3 ) = 0 . 4 x 1 0 s N/m 

(d) F o u n d a t i o n s p r i n g s 

The s t i f f n e s s o f t h e f o u n d a t i o n was e s t i m a t e d u s i n g 

t h e e q u a t i o n k = ( A E c ) / l , where E c was t h e m o d u l u s o f e l a s t i c i t y o f 

c o n c r e t e and 1 was t h e d e p t h o f t h e f o u n d a t i o n . A was t a k e n a s 

t h e c r o s s s e c t i o n a l a r e a o f t h e f o u n d a t i o n u n d e r n e a t h a p a n e l , 

w h i c h was a p p r o x i m a t e l y e q u a l t o ( 2 4 0 0 x 1 5 0 ) = 3 . 6 x 1 0 5 mm2. W i t h E c 

assumed t o be 22000 MPa a n d 1 e q u a l t o 1200 mm, k was t h e n e q u a l 

t o 6 . 6 x 1 0 s N/m. S t r i c t l y s p e a k i n g , o n l y one h a l f o f t h i s v a l u e 

s h o u l d be a s s i g n e d t o e a c h s p r i n g b e c a u s e , i n t h e s h e a r w a l l 
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m o d e l , t h e f o u n d a t i o n u n d e r a w a l l p a n e l was r e p l a c e d by two 

s p r i n g s , one a t e a c h b a s e c o r n e r . H o w e v e r , when a p a n e l r o c k s 

on t h e f o u n d a t i o n , t h e c o m p r e s s i o n i n t h e f o u n d a t i o n d e p e n d s on 

t h e a c t u a l p h y s i c a l p r o p e r t i e s r i g h t b e l o w t h e p a n e l c o r n e r . 

H e n c e , r a t h e r t h a n d i v i d i n g k i n t o two h a l v e s , i t was f e l t t h a t 

i t w o u l d be more a p p r o p r i a t e t o u s e t h e f u l l v a l u e o f 6 . 6 x 1 0 9 

N / m a s t h e s t i f f n e s s o f e a c h f o u n d a t i o n s p r i n g . H o w e v e r , i t 

mus t be r e a l i z e d t h a t t h i s v a l u e i s l i k e l y t o be an u p p e r b o u n d 

o f t h e a c t u a l p r o p e r t y o f t h e f o u n d a t i o n , e s p e c i a l l y when t h e 

s o i l i s t a k e n i n t o a c c o u n t . 

A g a i n , t h e o r i g i n a l s t i f f n e s s was m u l t i p l i e d by 

( 1 6 / 1 5 ) t o y i e l d t h e c o r r e s p o n d i n g s t i f f n e s s o f t h e s p r i n g s i n 

t h e e q u i v a l e n t s y s t e m , t h u s , g i v i n g k' 9 = 7 . 0 4 x 1 0 9 N / m . 

( e ) D a m p i n g 

I n a l l c o m p u t e r r u n s , a v i s c o u s d a m p i n g o f 1% o f 

c r i t i c a l d a m p i n g was a s s u m e d . The d a m p i n g c o n s t a n t C f o r e a c h 

d i f f e r e n t c o m b i n a t i o n o f v e r t i c a l a n d b a s e c o n n e c t i o n s was 

c a l c u l a t e d i n a s t r a i g h t f o r w a r d manne r u s i n g e q u a t i o n ( 4 . 5 2 ) a s 

e x p l a i n e d i n s e c t i o n 4 . 4 . 

( f ) E a r t h q u a k e r e c o r d s 

T h r e e e a r t h q u a k e r e c o r d s w e r e u s e d i n t h i s s t u d y : 

P a c o i m a Dam S 1 6 E 1 9 7 1 , P a r k f i e l d N 6 5 E 1956 a n d E l C e n t r o SOOE 

1 9 4 0 . The f i r s t two r e c o r d s a r e n e a r f i e l d i m p u l s i v e 

e a r t h q u a k e s , w h i l e t h e t h i r d i s s i n u s o i d a l i n n a t u r e . 
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The Pacoima Dam r e c o r d h as a peak a c c e l e r a t i o n of 

11.48 m/s 2 ( I . l 7 g ) w h i c h o c c u r s 7.74 s e c o n d s a f t e r t h e s t a r t of 

th e r e c o r d . P a r k f i e l d has a peak a c c e l e r a t i o n of 4.796 m/s 2 

(0.49g) w h i c h o c c u r s 3.74 s e c o n d s a f t e r t h e s t a r t of t h e r e c o r d , 

and t h e E l C e n t r o e a r t h q u a k e has a peak a c c e l e r a t i o n of 3.417 

m/s 2 (0.35g) w h i c h o c c u r s 2.12 s e c o n d s a f t e r t h e s t a r t of t h e 

r e c o r d . 

F o r a l l t h e c a s e s s t u d i e d , t h e f i r s t t wenty s e c o n d s of 

the e a r t h q u a k e r e c o r d was u s e d . T h i s d u r a t i o n was c h o s e n t o 

e n s u r e t h a t a l l major g r o u n d e x c i t a t i o n , i n c l u d i n g t h e peak 

a c c e l e r a t i o n , and t h e maximum s t r u c t u r e r e s p o n s e would o c c u r . 

(g) Time i n c r e m e n t 

Some t e s t r u n s were i n i t i a l l y made w i t h 0.02, 0.01, 

0.002 and 0.001 s e c o n d t i m e s t e p s . The r e s u l t s of t h e 0.002 

s e c o n d and 0.001 s e c o n d a n a l y s e s were f o u n d t o be v e r y c l o s e , 

w h i l e t h o s e o f 0.02 s e c o n d and 0.01 s e c o n d a n a l y s e s d i f f e r e d 

q u i t e c o n s i d e r a b l y from t h e f o r m e r two i n some c a s e s . F u r t h e r 

e x a m i n a t i o n o f t h e e r r o r i n e n e r g y b a l a n c e showed t h a t t h e e r r o r 

was s m a l l e s t i n t h e 0.001 s e c o n d a n a l y s e s . Hence, i n o r d e r t o 

m i n i m i z e t h e n u m e r i c a l e r r o r and o b t a i n a c o n s i s t e n t d e g r e e of 

a c c u r a c y , t h e t i m e i n c r e m e n t u s e d f o r a l l a n a l y s e s was 0.001 

s e c o n d . 

(h) S c h e d u l e o f computer r u n s 

W i t h two t y p e s o f v e r t i c a l c o n n e c t i o n s , t h r e e t y p e s of 



134 

base connections and three earthquake records, a t o t a l of 
eighteen d i f f e r e n t combinations could be obtained. For 
convenience, the f o l l o w i n g system of notations are used to 
describe the various components involved i n each computer run : 

C1 , C2 -- V e r t i c a l connections... C1 r e f e r s to the weaker 
connection. — 

D20, D10, D00 The f i r s t two r e f e r to base connections 
with #20M and #1OM dowels, r e s p e c t i v e l y . D00 
represents a base connection which has zero t e n s i l e 
strength across the connecting i n t e r f a c e . 

P a c , Park. and E11940 -- These a b b r e v i a t i o n s stand for the 
three earthquake records used. 

For example, the combination C1/D20/Pac. represents a s t r u c t u r e 
which has C1 as v e r t i c a l connection, D20 as base connection and 
the Pacoima Dam earthquake as base e x c i t a t i o n . 

The four cases which were repeated using a h y s t e r e t i c 
curve with h o r i z o n t a l descending branch for the v e r t i c a l 
connection were C l / D l 0 / P a c , C1/D00/Pac, Cl/DlO/Park. and 
Cl/D00/Park. . 

5.2 D i s c u s s i o n Of Results  

5.2.1 General 

Based on the r e s u l t s of the twenty two computer runs 
performed in t h i s study, the d i s c u s s i o n i n t h i s chapter i s 
mainly concentrated on the e f f e c t s of d i f f e r e n t connection 
c h a r a c t e r i s t i c s on the seismic response of the s t r u c t u r e , while 
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the i m p l i c a t i o n s of the analyses i n r e l a t i o n to the b u i l d i n g 
code and design w i l l be discussed i n greater d e t a i l s i n the next 
chapter. 

For the purpose of a n a l y s i s and comparison, f i v e 
v a r i a b l e s have been chosen to represent the c h a r a c t e r i s t i c 
response of the s t r u c t u r e . These f i v e v a r i a b l e s include : 

x = maximum r e l a t i v e displacement at the roof l e v e l , 
x = maximum absolute v e l o c i t y at the roof l e v e l , 
x = maximum absolute a c c e l e r a t i o n at the roof l e v e l . 
F = maximum base shear. 
t 2= t o t a l d u ration of case 2 i n seconds. 

The duration of case 2 i s the t o t a l length of time during which 
the panel rocks on the two dowels. The values of these f i v e 
v a r i a b l e s f or the f i r s t eighteen computer runs are summarized i n 
Table 5.1. 

In a d d i t i o n to the above f i v e r e p r e s e n t a t i v e 
v a r i a b l e s , the h y s t e r e s i s loops of the s t r u c t u r e , the v e r t i c a l 
connection and the l e f t dowel connection at the base were 
p l o t t e d f or each run. Also p l o t t e d were the time h i s t o r i e s of 
the roof displacement and the energy d i s t r i b u t i o n s i n the 
system. A l l computer p l o t s are grouped i n appendix B . 

5.2.2 E f f e c t Of V e r t i c a l Connection 

The f u n c t i o n of v e r t i c a l connections i n precast w a l l s 
i s s i m i l a r to that of coupling beams i n c a s t - i n - p l a c e s t r u c t u r a l 
w a l l s . Not only do they t r a n s f e r shear between w a l l panels and 



C I / D 2 0 C 1 / D 1 0 C 1 / D O 0 C 2 / D 2 0 C 2 / D 1 0 C 2 / D 0 0 
x mm 5 7 . 0 1 3 2 . 6 2 4 2 . 0 5 4 . 2 5 2 . 7 5 1 . 9 

DA
M x m/s 1 . 2 8 5 1 . 2 7 1 1 . 2 5 3 1 . 3 3 8 1 . 3 1 2 1 . 2 9 2 

< x m/s2 5 . 1 6 4 4 . 0 6 2 3 . 6 1 7 6 . 8 8 2 5 . 6 7 8 5 . 2 2 7 

AC
O: F K N 4 9 1 8 3 8 0 5 3 2 7 5 6 5 6 3 5 3 6 7 4 8 4 7 

t 2 s e c . 1 3 . 5 0 . 3 0 . 0 1 4 . 1 0 . 2 0 . 0 
x mm 7 . 0 9 0 . 6 1 3 0 . 2 5 . 6 9 . 0 2 5 . 6 

n j x m/s 0 . 8 1 2 0 . 8 2 2 0 . 6 6 6 0 . 8 5 6 0 . 8 1 2 0 . 7 6 2 

PA
RK

FI
E x m/s2 4 . 7 4 3 4 . 0 5 4 3 . 5 8 3 5 . 4 6 3 5 . 3 3 2 5 . 1 3 2 

PA
RK

FI
E 

F K N 4 5 5 1 3 8 4 4 3 2 7 5 5 2 4 1 5 1 3 3 4 8 4 3 PA
RK

FI
E 

12 sec . 1 . 5 0 . 1 0 . 0 0 . 2 0 . 0 0 . 0 
x mm 9 . 4 1 0 . 7 1 4 . 5 7 . 0 8 . 7 9 . 7 

O 
X r-i x m/s 0 . 4 8 0 0 . 5 0 1 0 . 4 8 0 0 . 5 2 0 0 . 4 4 5 0 . 4 6 8 

CE
N'

 

x m/s2 4 . 9 7 5 3 . 8 8 0 3 . 3 9 5 5 . 7 7 0 5 . 2 3 8 4 . 9 1 7 
iJ F K N 4 7 6 0 3 7 0 4 3 2 2 1 5 5 3 4 5 0 6 9 4 6 9 4 

1 2 sec. 4 . 0 0 . 0 0 . 0 3 . 1 0 . 0 0 . 0 

Table 5 . 1 Results of dynamic a n a l y s i s 
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thus increase the o v e r a l l l a t e r a l r e s i s t a n c e of a shear w a l l , 
they a l s o provide a mechanism for energy d i s s i p a t i o n through 
i n e l a s t i c deformations. In t h i s s e c t i o n , the e f f e c t s of 
v e r t i c a l connections on the seismic response of the s t r u c t u r e 
w i l l be discussed i n terms of maximum roof displacement and 
maximum base shear, while the question of energy d i s s i p a t i o n 
w i l l be addressed comprehensively l a t e r . 

Two d i f f e r e n t v e r t i c a l connections, designated as C1 
and C2, were used i n the analyses. The i n i t i a l s t i f f n e s s and 
y i e l d strength of C2 were r e s p e c t i v e l y 23% and 55.5% higher than 
those of C1. The v a r i a t i o n s of maximum roof displacement and 
base shear with the y i e l d strength of the v e r t i c a l connection, 
for d i f f e r e n t combinations of base connections and earthquake 
records, are shown i n Figs.5.1(a) and (b). For a given 
combination of earthquake and base connection, the general trend 
was that the s t r u c t u r e with the stronger C2 v e r t i c a l connection 
always had smaller l a t e r a l displacement and higher shear f o r c e . 
This i s an expected r e s u l t because a stronger v e r t i c a l 
connection would mean a stronger coupling e f f e c t between w a l l 
panels and thus a stronger shear w a l l system. The amount of 
reduction i n l a t e r a l d e f l e c t i o n due to the use of C2 v e r t i c a l 
connection v a r i e d considerably from case to case. For a given 
base e x c i t a t i o n , the l a r g e s t reduction always occurred i n the 
s t r u c t u r e with D00 base connections. This r e s u l t i n d i c a t e s 
t h a t , even i f base connections do not have any t e n s i l e strength 
and hence do not c o n t r i b u t e to the t o t a l l a t e r a l r e s i s t a n c e of 
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Fig.5.1 V a r i a t i o n s of maximum roof displacement and base shear 
with the y i e l d strength of v e r t i c a l connection 
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the shear w a l l system, v e r t i c a l connections alone can 
e f f e c t i v e l y couple the w a l l panels to provide enough strength 
and s t i f f n e s s to reduce the o v e r a l l d e f l e c t i o n of the s t r u c t u r e 
to an acceptable l i m i t . 

The adverse e f f e c t of i n c r e a s i n g the streng t h of the 
v e r t i c a l connection i s the associated increase i n earthquake-
induced shear f o r c e s . Fig.5.1(b) shows the v a r i a t i o n s of 
maximum shear force a c t i n g on the shear w a l l s . Depending on the 
strength of the base connections, r e p l a c i n g C1 by C2 could cause 
an increase i n maximum shear by as much as 48.8% (compare 
Cl/D00/Pac. with C2/D00/Pac.). As i n the case of l a t e r a l 
d e f l e c t i o n , the l a r g e s t increase i n shear occurred i n the 
s t r u c t u r e with D00 base connections. Table 5.2 presents a 
comparison between the reduction of l a t e r a l d e f l e c t i o n and the 
increase i n base shear when C2 was used i n place of C1. In 
general, there i s no d i r e c t r e l a t i o n s h i p between these two 
q u a n t i t i e s , and the amount of changes depended p a r t l y on the 
i n t e n s i t y of ground shaking. For instance, changing the 
Cl/D20/Pac. combination to C2/D20/Pac. r e s u l t e d i n 3.8 mm 
(6.7%) reduction i n roof displacement and 1645 KN (33.4%) 
increase i n base shear. However, changing the Cl/D20/Park. to 
C2/D20/Park. caused a 1.4 mm (20%) decrease i n roof 
displacement but only 690 KN (15.2%) increase i n shear. A clo s e 
examination of the r e s u l t s i n d i c a t e d t h a t , f or a given base 
e x c i t a t i o n , i f a s t r u c t u r e with C1 v e r t i c a l connections d i d not 
y i e l d , or barely y i e l d e d but d i d not reach the descending 



C I C 2 Reduction of d e f l . C1 C 2 Increase i n shear 

< 
x, mm x 2 mm Ax =(x 2-x , ) mm F, K N F 2 K N AF=(F 2-F, ) K N 

p D 2 0 5 7 . 0 5 4 . 2 - 3 . 8 ( - 6 . 7 % ) 4 9 1 8 6 5 6 3 1 6 4 5 ( 3 3 . 4 % ) 

PA
CO

IW
 

D1 0 1 3 2 . 6 5 2 . 7 - 7 9 . 9 ( - 6 0 . 3 % ) 3 8 0 5 5 3 6 7 1 5 6 2 ( 4 1 . 1 % ) 

PA
CO

IW
 

D 0 0 2 4 2 . 0 51 . 9 - 1 9 0 . 1 ( - 7 8 . 6 % ) 3 2 7 5 4 8 7 4 1 5 9 9 ( 4 8 . 8 % ) 

EL
D D 2 0 7 . 0 5 . 6 - 1 . 4 ( - 2 0 . 0 % ) 4 5 5 1 5 2 4 1 6 9 0 ( 1 5 . 2 % ) 

:K
FI

 

D 1 0 9 0 . 6 9 . 0 - 8 1 . 6 ( - 9 0 . 1 % ) 5 1 3 3 51 3 3 1 2 8 9 ( 3 3 . 5 % ) 
< D 0 0 1 3 0 . 2 2 5 . 6 - 1 4 0 . 6 ( - 8 0 . 3 % ) 4 8 4 3 4 8 4 3 1 5 6 8 ( 4 7 . 9 % ) 

TR
O D 2 0 9 . 4 7 . 0 - 2 . 4 ( - 2 5 . 5 % ) 4 7 6 0 5 5 3 4 7 7 4 ( 1 6 . 3 % ) 

CE
N D1 0 1 0 . 7 8 . 7 - 2 . 0 ( - 1 8 . 7 % ) 3 7 0 4 5 0 6 9 1 3 6 5 ( 3 6 . 9 % ) 

u D 0 0 1 4 . 5 9 . 7 - 4 . 8 ( - 3 3 . 1 % ) 3 2 2 1 4 6 9 4 1 4 7 3 ( 4 5 . 7 % ) 

Table 5 . 2 Reduction of l a t e r a l roof displacement and increase 
in base shear due to the use of C 2 v e r t i c a l connection 
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branch, the increase i n shear by using C2 would always exceed 
the decrease i n l a t e r a l d e f l e c t i o n by a large p r o p o r t i o n . This 
e f f e c t i s i l l u s t r a t e d by the r e s u l t s of the l a s t two rows i n 
Table 5.2. On the other hand, i f a s t r u c t u r e y i e l d e d and 
underwent very large i n e l a s t i c deformations, the b e n e f i c i a l 
e f f e c t of reducing d e f l e c t i o n by using the stronger C2 v e r t i c a l 
connection could i n some cases g r e a t l y outweigh the unfavourable 
e f f e c t of shear increase. These r e s u l t s suggest that whether an 
overdesign of v e r t i c a l connection would be detr i m e n t a l to a 
st r u c t u r e r e a l l y depends on i t s a c t u a l response to the l e v e l of 
ground e x c i t a t i o n that i t i s i n i t i a l l y designed f o r . I f the 
st r u c t u r e responds c l o s e l y around the y i e l d l i m i t when subjected 
to the design earthquake, any increase i n l a t e r a l s t i f f n e s s and 
strength through the use of overdesigned v e r t i c a l connections 
may push the maximum response below the y i e l d l i m i t but, at the 
same time, a t t r a c t a much higher shear force i n t o the s t r u c t u r e . 
This point i s q u i t e c l e a r l y i l l u s t r a t e d when, for instance, the 
response of C1/D10/E11 940 i s compared to that of C2/D10/E11940. 
The v e r t i c a l connections i n the former case barely y i e l d e d , 
while the ones i n the l a t t e r case remained below the y i e l d 
l i m i t . A 2 mm (18.7%) decrease i n roof displacement was 
achieved at a cost of 1365 KN (36.9%) increase i n base shear. 
This e x t r a , undesigned force might cause serious damage or even 
f a i l u r e i n other s t r u c t u r a l elements, such as the connections 
between roof double tees. As w i l l be explained l a t e r , the 
response of the example s t r u c t u r e to the design earthquake i s 
approximately given by the C1/D20/E11940 combination. The 
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v e r t i c a l connections i n t h i s case deformed j u s t beyond the y i e l d 
l i m i t . Therefore, an overdesign of the v e r t i c a l connection i n 
such case i s h i g h l y undesirable. 

In the computer analyses, no l i m i t has been set for 
the maximum deformation c a p a c i t y of the connections. However, 
t e s t datas on the c y c l i c behaviour of v e r t i c a l connections, such 
as those shown i n Fig.3.5, i n d i c a t e that the maximum deformation 
c a p a c i t i e s for most precast connections are i n the range of 12.7 
mm (0.5 in.) to 17.8 mm (0.7 i n . ) . This i m p l i e s that r e l a t i v e 
shear displacement of 25.4 mm (1 in.) to 35.6 mm (1.4 in.) 
between connections are l i k e l y to be the maximum deformations 
that can be achieved before f a i l u r e . With the present 
c o n f i g u r a t i o n and dimensions of the panels, the l a t e r a l 
displacement at the roof l e v e l i s about double the shear 
displacement between panels. With t h i s i n mind, an examination 
of the maximum roof displacements given i n Table 5.1 shows t h a t , 
subjected to the Pacoima Dam earthquake, v e r t i c a l connections i n 
a l l s i x d i f f e r e n t combinations e i t h e r f a i l e d completely or on 
the verge of f a i l i n g . However, when subjected to the P a r k f i e l d 
earthquake, which was about h a l f as strong as the Pacoima Dam 
record i n terms of peak a c c e l e r a t i o n , the three cases using the 
stronger C2 v e r t i c a l connection survived with l i t t l e or no 
y i e l d i n g i n the connections, while two of the other three cases 
using the C1 v e r t i c a l connection experienced e x c e s s i v e l y large 
deformations and thus f a i l u r e s i n both v e r t i c a l and base 
connections would r e s u l t . When subjected to the E l Centro 
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earthquake, which has the lowest peak a c c e l e r a t i o n (0.35g) among 
the. three earthquakes, no f a i l u r e of v e r t i c a l connections 
occurred. I t w i l l be shown i n chapter 6 t h a t , using the s t a t i c 
procedure given i n the current b u i l d i n g code (NBC 1980), the 
design peak ground a c c e l e r a t i o n for s t r u c t u r e s i n zone 3 i s 
a c t u a l l y i n the neighbourhood of 0.32g. Therefore, the E l 
Centro earthquake represents approximately the major event for 
which the example s t r u c t u r e was designed. From Table 5.1 and 
Fig.B.12 (appendix B), i t can be seen that the example 
s t r u c t u r e , designated as the C1/D20 combination, y i e l d e d but had 
r e l a t i v e l y small i n e l a s t i c deformation when subjected to the E l 
Centro earthquake. I t i s s u r p r i s i n g that the same s t r u c t u r e 
could withstand the P a r k f i e l d earthquake with even l e s s l a t e r a l 
d e f l e c t i o n , and-that the v e r t i c a l connections barely f a i l e d due 
to excessive deformations when the s t r u c t u r e was subjected to 
the Pacoima Dam earthquake, which has a peak a c c e l e r a t i o n nearly 
four times the design peak value. These r e s u l t s suggest that a 
s i n g l e - s t o r e y p a nelized shear w a l l s t r u c t u r e , designed using 
code formulae and s t a t i c procedures, may have l a t e r a l strength 
and s t i f f n e s s much higher than i s a n t i c i p a t e d . This problem 
w i l l be explored f u r t h e r i n chapter 6. 

The above d i s c u s s i o n has been concentrated on the 
maximum response of the s t r u c t u r e with d i f f e r e n t combinations of 
connection c h a r a c t e r i s t i c s . However, i t i s a l s o important to 
r e a l i z e t h a t , under severe c y c l i c l o a d i n g , v e r t i c a l connections 
showed s i g n i f i c a n t s trength and s t i f f n e s s degradation. 
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P a r t i c u l a r l y , when the s t r u c t u r e was subjected to the Pacoima 
Dam earthquake, where the number of y i e l d excursions was l a r g e , 
the strength and s t i f f n e s s of the v e r t i c a l connection degraded 
to as l i t t l e as t w o - f i f t h and one-tenth of the i n i t i a l values, 
as shown by the h y s t e r e s i s loops of connection C1 i n F i g . B . 1 ( c ) . 
The coupling e f f e c t of the connections between w a l l panels has 
p r a c t i c a l l y vanished i n t h i s case. The r e s u l t here suggests 
t h a t , i n areas of severe s e i s m i c i t y , precast panelized 
s t r u c t u r e s that r e l y on diaphragm and shear w a l l a c t i o n to 
r e s i s t earthquake load should not be designed to behave l a r g e l y 
in the i n e l a s t i c range because the d e t e r i o r a t i o n of v e r t i c a l 
connections, through large displacement r e v e r s a l s , can d i m i n i s h 
the e f f e c t i v e n e s s of the shear w a l l system to v i r t u a l l y zero. 

5.2.3 E f f e c t Of Base Connection 

For the one-storey precast b u i l d i n g being analyzed, 
the dowel connections were i n i t i a l l y designed to r e s i s t shear at 
the base. However, because of the unique rocking response 
mechanism of the panels, the dowels are subjected to t e n s i l e 
loads and may y i e l d i n tension during severe earthquakes. 
Because of t h e i r c o n t r i b u t i o n s to the l a t e r a l r e s i s t a n c e and 
energy d i s s i p a t i n g c a p a c i t y of the precast shear w a l l system, 
dowel connections a l s o play an important r o l e i n determining the 
seismic response of the s t r u c t u r e . 

The t e n s i l e strengths of the three types of dowel 
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connections, D00, D10 and D20, were r e s p e c t i v e l y 0 KN, 40 KN and 
120 KN. Since the y i e l d displacements for D20 and D10 were 
assumed to be the same, the i n i t i a l s t i f f n e s s of D20 was three 
times higher than that of D10. 

The maximum roof displacements are p l o t t e d against the 
y i e l d strengths of the dowel connection i n Fig.5.2. As 
expected, an increase i n dowel strength g e n e r a l l y r e s u l t s in a 
decrease i n roof displacement. However, the degree of reduction 
of l a t e r a l displacement v a r i e d considerably between d i f f e r e n t 
cases, depending to a great extent on the strength of the 
v e r t i c a l connection and the l e v e l of earthquake e x c i t a t i o n . The 
inter-dependent behaviour between base and v e r t i c a l connections 
i s most c l e a r l y i l l u s t r a t e d by the C1 and C2 curves of the 
Pacoima Dam and P a r k f i e l d earthquakes i n Fig.5.2. Using the C1 
v e r t i c a l connection, the maximum roof displacement decreased 
d r a s t i c a l l y with increase i n strength i n the dowel connection. 
Using the stronger C2 v e r t i c a l connection, however, the 
i n f l u e n c e of d i f f e r e n t dowel connections on the response became 
q u i t e i n s i g n i f i c a n t . The r e s u l t s suggest that i f the v e r t i c a l 
connections have enough strength and s t i f f n e s s to couple the 
w a l l panels to form a strong shear w a l l system, the dowel 
connections w i l l have l i t t l e e f f e c t on the o v e r a l l s t r u c t u r a l 
response. The major f u n c t i o n of the dowel connection i n t h i s 
case i s to provide enough shear r e s i s t a n c e to prevent s l i d i n g at 
the base. On the other hand, however, when the v e r t i c a l 
connections alone cannot develop the required r e s i s t a n c e , the 
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max. 242.0 mm 

20 40 60 80 100 120 
Y i e l d s t r e n g t h of dowel (KN) 

Fig.5.2 V a r i a t i o n s of maximum roof displacement with the y i e l d 
s t r e n g t h of dowel connection 
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base or dowel connections w i l l be c a l l e d upon to increase the 
l a t e r a l r e s i s t a n c e of the shear w a l l system by t y i n g the w a l l 
panels down to the foundation. Under these circumstances, the 
top d e f l e c t i o n can g r e a t l y be reduced by i n c r e a s i n g the streng t h 
of the dowels. . 

As can be seen i n Fig.5.2, the C1 curve for the E l 
Centro earthquake i s nearly h o r i z o n t a l , i n d i c a t i n g that the 
dowel connection d i d not s i g n i f i c a n t l y a f f e c t the l a t e r a l 
d e f l e c t i o n of the s t r u c t u r e . The a c t u a l roof displacements were 
very s m a l l , ranging from 9.4 mm to 14.5 mm. What t h i s r e a l l y 
means i s that the C1 v e r t i c a l connection, which had been 
designed on the basi s of code s p e c i f i e d forces and s t a t i c 
a n a l y s i s , d i d provide adequate co u p l i n g between w a l l panels, 
without r e l y i n g on the strength c o n t r i b u t i o n from the dowel 
connections, to r e s i s t earthquake v i b r a t i o n of the design 
i n t e n s i t y . The p r a c t i c a l i m p l i c a t i o n i s t h a t , as far as the 
l a t e r a l d e f l e c t i o n of the s t r u c t u r e i s concerned, base 
connections do not need to have t e n s i l e strength normal to the 
connecting i n t e r f a c e . 

As i n the case of the v e r t i c a l connection, the adverse 
e f f e c t of i n c r e a s i n g the t e n s i l e strength of the base connection 
i s to a t t r a c t l a r g e r shear force i n t o the s t r u c t u r e . As shown 
in Fig.5.3, i n c r e a s i n g the y i e l d s trength of the dowel from 0 to 
120 KN would g e n e r a l l y increase the maximum base shear i n a 
p r o p o r t i o n a l manner. C l e a r l y , the increase i n shear i s 
j u s t i f i e d only i f i t r e s u l t s i n a s i g n i f i c a n t reduction i n 
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F i g . 5 . 3 V a r i a t i o n s of maximum base shear w i t h the y i e l d 
s t r e n g t h of dowel c o n n e c t i o n 
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l a t e r a l d e f l e c t i o n . However, as j u s t discussed, the response of 
the example s t r u c t u r e to the design ground motion d i d not 
e x t e n s i v e l y depend on the strength of the dowel connection. 
Comparing the r e s u l t s of C1/D00/E11940 with C1/D20/E11940 (Table 
5.1), i t can be seen that a 5.1 mm decrease i n l a t e r a l 
d e f l e c t i o n r e s u l t e d i n a 1539 KN increase i n shear. Increasing 
the strength of the dowels would a c t u a l l y cause damage i n such 
case. The above r e s u l t s suggest t h a t , for a one-storey precast 
shear w a l l s t r u c t u r e designed i n conformance with the b u i l d i n g 
code standard, base connections with minimal t e n s i l e strength 
should be used i n order to minimize the t o t a l shear that may be 
induced i n t o the s t r u c t u r e during an earthquake. 

No s i g n i f i c a n t permanent l a t e r a l deformation was 
observed i n s i x t e e n out of the eighteen computer runs. The only 
exceptions were Cl/D20/Pac. and C2/D20/Pac, which had 
permanent sets of about 17 mm and 19 mm a f t e r the 20-second 
c a l c u l a t i o n s . I t i s b e l i e v e d that the D20 dowel played an 
important r o l e here because, a f t e r they had y i e l d e d , permanent 
elongations of the dowels tended to prevent the panels from 
rocking back. This e f f e c t was f u r t h e r a m p l i f i e d when the 
v e r t i c a l connections were a l s o very s t i f f , since la r g e force was 
then required to overcome the a d d i t i o n a l r e s i s t a n c e when the 
s t r u c t u r e s t a r t e d r e v e r s i n g i t s d i r e c t i o n of motion. I t i s 
important to r e a l i z e , however, that even i f the s t r u c t u r e might 
return to an approximate upright p o s i t i o n a f t e r the earthquake, 
s i g n i f i c a n t u p l i f t due to permanent elongations of the dowels 
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could occur. Permanent damage of t h i s kind was most serious 
when the D20 dowel connection was used (as i n Cl/D20/Pac. and 
C2/D20/Pac.), where w a l l panels were p a r t l y supported by dowels 
a f t e r the earthquake. Hence, strong dowels should be used with 
caution because high t e n s i l e s trength may lead to undesirable 
permanent u p l i f t i n severe earthquakes. In f a c t , the f i n d i n g 
here f u r t h e r supports the idea of using base connections with 
minimal t e n s i l e s t r e n g t h . 

Although the Pacoima Dam earthquake has a peak 
a c c e l e r a t i o n (1.l7g) much higher than the design peak 
a c c e l e r a t i o n (~0.32g), r e s u l t s using t h i s earthquake record as 
base e x c i t a t i o n give much i n s i g h t i n t o the ult i m a t e seismic 
behaviour of p a n e l i z e d s t r u c t u r e s . By comparing the h y s t e r e s i s 
loops for d i f f e r e n t combinations of connections ( F i g s . B . i ( a ) to 
B.5(a)), i t can be seen that the s t r u c t u r e g e n e r a l l y e x h i b i t e d a 
somewhat pinched h y s t e r e s i s behaviour resembling that of a shear 
f r i c t i o n mechanism. The increase i n s t i f f n e s s at the end of 
each loop was due to the large c o n t r i b u t i o n from the dowels to 
the l a t e r a l r e s i s t a n c e of the shear w a l l system when the panels 
rotated about t h e i r corners and thus s t r e t c h e d the dowels i n 
ten s i o n . However, i f the base connection had no t e n s i l e 
strength across the connecting i n t e r f a c e ( i . e . D00 type base 
connection), the response of the panels became more of a "pure 
rocking" motion. This was s i g n i f i e d by the abrupt changes of 
s t i f f n e s s near the upright p o s i t i o n as the force reversed i t s 
d i r e c t i o n or increased i t s magnitude when the roof displacement 
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began to switch sign from p o s i t i v e to negative or v i c e versa, as 
shown i n Figs. B . 5 ( a ) , B.8(a) and e t c . . Without the dowels to 
provide a smoother t r a n s i t i o n as the panels rock back and f o r t h 
about the v e r t i c a l p o s i t i o n , more damage would be l i k e l y to 
occur in the corners of the panels due to d i r e c t impact between 
the panels and the foundation. 

Under the present geometric c o n f i g u r a t i o n of the 
st r u c t u r e and the p r o p e r t i e s of the connections, y i e l d i n g would 
f i r s t occur i n the dowel connections when the panels r o t a t e 
about t h e i r base corners. Unlike h o r i z o n t a l connections i n a 
m u l t i - s t o r e y precast b u i l d i n g , h o r i z o n t a l or base connections in 
a s i n g l e - s t o r e y p a nelized s t r u c t u r e are not r e a l l y load-bearing. 
Y i e l d i n g of these connections i n tension does not a f f e c t the 
s t r u c t u r a l s t a b i l i t y and i s thus u n l i k e l y to pose any major 
problems. As discussed i n s e c t i o n 5.2.2, the maximum 
pe r m i s s i b l e r e l a t i v e displacements between adjacent v e r t i c a l 
connections are about 25 mm to 35 mm. Using the geometric 
r e l a t i o n s h i p s , i t can e a s i l y be c a l c u l a t e d that the 
corresponding t e n s i l e deformations required i n the dowel 
connections are approximately 18 mm to 25 mm. With no a c t u a l 
t e s t data a v a i l a b l e , i t i s not q u i t e c l e a r whether the D20 dowel 
connection used i n the design example can provide such 
deformations without f a i l u r e . However, while i t i s conceivable 
that dowels can have r e l a t i v e l y high a x i a l deformation, other 
types of base connections, such as those constructed by welding 
embedded s t e e l shapes together from adjacent precast u n i t s (see 
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Fig.3.14), would probably not be able to undergo large 
deformations i n the d i r e c t i o n normal to the connecting 
i n t e r f a c e . Should t h i s be the case, i t i s l i k e l y t h a t , under 
severe ground shaking, f a i l u r e would f i r s t occur i n the base 
connections before the u l t i m a t e deformation c a p a c i t i e s of the 
v e r t i c a l connections are reached. Once the base connections 
have f a i l e d , i t i s a n t i c i p a t e d that both s l i d i n g and rocking can 
occur. I f s t a t i c f r i c t i o n between the panels and foundation i s 
very high and hence s l i d i n g i s not too s i g n i f i c a n t , then the 
subsequent response would resemble that of a s t r u c t u r e with D00 
base connections. Consequently, l a t e r a l roof displacement 
obtained from combinations with D00 base connections can be 
considered roughly as upper bounds for those cases i n which 
f a i l u r e of base connections occur. Nevertheless, when the 
example s t r u c t u r e was subjected to the E l Centro earthquake, the 
maximum roof displacement was only 9.4 mm, which was f a r below 
the deformation that could lead to f a i l u r e i n the D20 dowel 
connections. Even i f dowel connections d i d f a i l f or any reason, 
the maximum roof displacement r e l a t i v e to the bottom of the w a l l 
panels would probably be about 15 mm (see the r e s u l t of 
C1/D00/E11940 i n Table 5.1), thus posing no danger to the 
v e r t i c a l connections. Therefore, the r e s u l t s of the computer 
a n a l y s i s s t r o n g l y suggest that the one-storey precast s t r u c t u r e 
designed i n chapter 2 can withstand a major earthquake with no 
serious d i s t r e s s i n the shear w a l l s . 
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5.2.4 Energy D i s s i p a t i o n 

There are two p r i n c i p a l energy d i s s i p a t i n g mechanisms 
i n the system considered i n the present study. These are the 
energy d i s s i p a t e d by the h y s t e r e t i c behaviour of the connection 
elements and the energy d i s s i p a t e d by viscous—damping. - The 
d i s t r i b u t i o n of the t o t a l energy d i s s i p a t e d to these mechanisms, 
and the manner and extent to which the d i s t r i b u t i o n i s a f f e c t e d 
by changes i n the input parameters i s studied i n t h i s s e c t i o n . 

Except for Cl/D00/Pac, the time h i s t o r y of the 
d i s t r i b u t i o n of energy i n the system was p l o t t e d for each 
computer run and was included i n appendix B. The f o l l o w i n g 
notations are used to l a b e l the curves : 

E i n = t o t a l net energy input. 
E v c = net input energy ( t o t a l d i s s i p a t e d energy plus 

instantaneous stored energy) for v e r t i c a l connections. 
E d c = net input energy ( t o t a l d i s s i p a t e d energy plus 

instantaneous stored energy) for dowel connections. 
E v = energy d i s s i p a t e d by viscous damping. 
K.E.= instantaneous k i n e t i c energy i n the system. 

At the end of the 20-second earthquake e x c i t a t i o n , the 
v i b r a t i o n of the s t r u c t u r e became extremely small i n most cases. 
I t i s thus reasonable to assume that net energy input to the 
connections has mostly been d i s s i p a t e d and the amount of 
recoverable s t r a i n energy i s i n s i g n i f i c a n t . A good estimate of 
the net energy input to the system and the energy d i s s i p a t e d by 
each component can then be obtained from the appropriate curves 
at the 20-second p o i n t . A summary of the r e s u l t s i s presented 
in Table 5.3. Numbers i n brackets r e f e r to the percentages of 
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the corresponding energies with respect to the net input energy. 

As f a r as energy d i s s i p a t i o n i s concerned, the whole 
system could be thought of as a s i n g l e mass connected to the 
ground through three r e s i s t i n g elements i n p a r a l l e l , as shown 
sc h e m a t i c a l l y i n Fig.5.4. The two springs represent 
r e s p e c t i v e l y the t o t a l e f f e c t s of the v e r t i c a l and dowel 
connections. Generally speaking, as shown i n Table 5.3 and the 
energy p l o t s i n appendix B, most of the energy fed i n t o the 
s t r u c t u r e was d i s s i p a t e d by the v e r t i c a l connections, and 
r e l a t i v e l y l i t t l e was d i s s i p a t e d by the other two types of 
r e s i s t i n g elements, although the a c t u a l amount of energy 
d i s s i p a t e d by each component v a r i e d considerably between 
d i f f e r e n t cases, depending on the i n t e n s i t y of the earthquake 
and the corresponding response of the s t r u c t u r e . The dowel 
connection, i f i t e x s i s t e d , served as a secondary source for 
energy d i s s i p a t i o n . 

A general understanding of the d i s t r i b u t i o n of energy 
d i s s i p a t e d to the three r e s i s t i n g elements can be obtained by 
co n s i d e r i n g the r e s u l t s using the Pacoima Dam earthquake as base 
e x c i t a t i o n . Connections i n a l l s i x combinations experienced a 
larg e number of c y c l e s of y i e l d deformations. The net amount of 
energy fed i n t o the s t r u c t u r e was p r o p o r t i o n a l to the maximum 
s t r u c t u r a l response. For a given type of v e r t i c a l connection, 
the p r o p o r t i o n of energy d i s s i p a t e d by viscous damping v a r i e d 
only s l i g h t l y with the change i n strength i n the dowel 
connections. The ma j o r i t y of the input energy was d i v i d e d 
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Table 5.3 D i s t r i b u t i o n s of energy at the end of the 20-second c a l c u l a t i o n 
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unevenly between the v e r t i c a l and dowel connections. Increasing 
the strength and s t i f f n e s s of the dowel connections would 
increase the amount of energy d i s s i p a t e d by them. Consequently, 
the proportion of energy that had to be d i s s i p a t e d by the 
v e r t i c a l connections was reduced. The e f f e c t of using the D00 
base connection was l i k e removing one of the r e s i s t i n g springs 
i n Fig.5.4. This would r e s u l t i n a higher energy d i s s i p a t i n g 
demand on the v e r t i c a l connection. For instance, i n 
C2/D00/Park. , over 94% of the input energy was d i s s i p a t e d by the 
v e r t i c a l connections. I t i s important to r e a l i z e that large 
energy d i s s i p a t i o n i n connections i s a c t u a l l y a s s o c i a t e d with 
large i n e l a s t i c deformations and/or large number of response 
c y c l e s . These behaviours can lead to s e r i o u s d e t e r i o r a t i o n or 
even f a i l u r e i n connections. 

When strong systems were subjected to l e s s intense 
earthquakes, most of them responded e s s e n t i a l l y i n the e l a s t i c 
range, with only some y i e l d i n g i n the connections. In such 
cases, the viscous damping mechanism played a more s i g n i f i c a n t 
r o l e i n d i s s i p a t i n g energy. For example, i n C2/D20/Park., the 
proportions of energy d i s s i p a t e d by viscous damping and the 
dowel connections were equal, adding up to a t o t a l of about 50% 
of the net input energy. This i s an expected r e s u l t because 
viscous damping i s the p r i n c i p a l energy d i s s i p a t i n g mechanism 
before s i g n i f i c a n t y i e l d i n g occurs i n connections. 

T h e o r e t i c a l l y , the p r o p o r t ion of energy d i s s i p a t e d by 
h y s t e r e s i s can be reduced by i n c r e a s i n g the amount of viscous 
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clamping i n the system. However, as mentioned i n chapter 4 , 
damping of the "viscous" type i s a c t u a l l y a c o l l e c t i v e term for 
some inherent energy d i s s i p a t i n g p r o p e r t i e s i n a s t r u c t u r e and 
i s b a s i c a l l y constant for a given type of c o n s t r u c t i o n . In the 
event of severe earthquakes, i t i s doubtful that a s t r u c t u r e can 
r e l y on the viscous damping mechanism to d i s s i p a t e a s u b s t a n t i a l 
amount of energy. For t h i s reason, connections should always be 
designed as the major energy d i s s i p a t i n g devices i n a precast 
s t r u c t u r e , when the s t r u c t u r e i s allowed to deform i n t o the 
i n e l a s t i c range. 

As mentioned e a r l i e r , i r r e s p e c t i v e of the r e l a t i v e 
strengths between the v e r t i c a l and dowel connections, the 
v e r t i c a l connections always d i s s i p a t e d the l a r g e s t proportion of 
energy i n each of the computer runs. This was due to the fact 
that the rocking motion of the panels on the foundation 
introduced a much l a r g e r deformation i n the v e r t i c a l connections 
than i n the dowel connections. A l s o , while dowel connections 
could only undergo i n e l a s t i c deformations i n one d i r e c t i o n , 
v e r t i c a l connections could deform i n both p o s i t i v e and negative 
d i r e c t i o n s with respect to the n e u t r a l p o s i t i o n , thus producing 
large h y s t e r e s i s loops. Hence, the amount of energy d i s s i p a t e d 
by v e r t i c a l connections, as given by the t o t a l area i n s i d e the 
h y s t e r e s i s loops, was much greater than that d i s s i p a t e d by dowel 
connections. The r e s u l t here i n d i c a t e s t h a t , for a t y p i c a l one-
storey precast p a n e l i z e d b u i l d i n g s i m i l a r to the one analyzed i n 
t h i s study, the v e r t i c a l connections between w a l l panels are 
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always the major sources for energy d i s s i p a t i o n . Hence, when 
t r y i n g to design a precast s t r u c t u r e with good energy 
d i s s i p a t i n g c a p a c i t y , not only should the designer design 
v e r t i c a l connections to s a t i s f y the strength requirement, he 
should a l s o make sure they possess a s a t i s f a c t o r y degree of 
d u c t i l i t y . 

While the base connection can be u t i l i z e d as a 
secondary source for energy d i s s i p a t i o n , i t s e f f e c t i v e n e s s 
depends h e a v i l y on the connection d e t a i l s . Energy d i s s i p a t i o n 
can occur only i f the base connection i s capable of deforming 
i n e l a s t i c a l l y under p u l l - o u t force normal to the connecting 
i n t e r f a c e . As pointed out before, many common w a l l to 
foundation connections are u n l i k e l y to be able to meet t h i s 
requirement. However, the dowel connection appears to be a good 
s o l u t i o n because dowels can provide considerable amount of a x i a l 
deformation without d i m i n i s h i n g the shear r e s i s t a n c e of the 
connect i o n . 

I t was mentioned i n s e c t i o n 4.6 that the d i f f e r e n c e 
between the sum of energies w i t h i n the system and the energy 
input to the system provided a u s e f u l check on the accuracy of 
c a l c u l a t i o n s . In a l l twenty two computer runs performed i n t h i s 
study, the maximum e r r o r was about 0.25%. This i m p l i e s that a 
high degree of accuracy was achieved i n the computation. 

F i n a l l y , i t i s of i n t e r e s t to note that there was a 
no t i c e a b l e permanent increase i n p o t e n t i a l energy i n Cl/D20/Pac. 
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and C2/D20/Pac, as shown i n Figs.B. 1(b) and B.3(b) i n appendix 
B. This was due to u p l i f t caused by the permanent elongations 
of the dowels. 

5.2.5 S e n s i t i v i t y Of Mathematical Model 

The o v e r a l l seismic response of a s t r u c t u r e i s 
b a s i c a l l y a f u n c t i o n of the p r o p e r t i e s of i t s s t r u c t u r a l and, i n 
some s i t u a t i o n s , n o n s t r u c t u r a l components and the i n t e r a c t i o n s 
between them. This i s p a r t i c u l a r l y evident when the e f f e c t of 
the v e r t i c a l connection on the seismic response of the s t r u c t u r e 
i s s t u d i e d . Comparing the h y s t e r e s i s loops of the whole 
s t r u c t u r e with that of the v e r t i c a l connection shows that the 
general behaviour of the s t r u c t u r e followed c l o s e l y the 
behaviour of the v e r t i c a l connection. I t was observed that the 
maximum i n e l a s t i c deformations i n the v e r t i c a l connection, which 
corresponded to the maximum l a t e r a l d e f l e c t i o n of the s t r u c t u r e , 
occurred on the descending branch i n q u i t e a few cases with 
large deformations. In order to determine the e f f e c t of 
changing the slope of the descending branch on the computed 
maximum response, four computer runs were repeated using a 
h o r i z o n t a l descending branch i n the h y s t e r e t i c model for the 
v e r t i c a l connection. The four cases s e l e c t e d for t h i s purpose 
were C l / D l O / P a c , Cl/D00/Pac, Cl/DlO/Park. and Cl/D00/Park. 
because they a l l had very large deformations i n the i n i t i a l 
runs. 
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Results of these runs are shown i n Table 5.4. As 
expected, they a l l showed a decrease i n maximum displacement. 
The most d r a s t i c decrease occurred i n C1/D00/Pac, while the 
l e a s t change occurred i n C1/D10/Park.. Three conclusions can be 
drawn- from these comparisons. - F i r s t , from-a p r a c t i c a l point of 
view, i t i s advantageous to use v e r t i c a l connections with 
minimum negative s t i f f n e s s i n the i n e l a s t i c range. Second, 
unless the h y s t e r e t i c behaviour of the connections can be 
modelled with a high degree of accuracy and c e r t a i n t y , i n e l a s t i c 
seismic a n a l y s i s cannot be depended upon to give p r e c i s e 
q u a n t i t a t i v e r e s u l t s . The computed r e s u l t s w i l l g e n e r a l l y 
provide a r e l i a b l e i n d i c a t i o n of the q u a l i t a t i v e e f f e c t of an 
earthquake, but only an approximate i n d i c a t i o n of the 
q u a n t i t a t i v e e f f e c t . F i n a l l y , the r e s u l t s here imply that i t i s 
i n a p p r o p r i a t e to use conventional h y s t e r e t i c models, such as the 
e l a s t o - p l a s t i c model, i n a r e f i n e d nonlinear a n a l y s i s of precast 
s t r u c t u r e s i n which a l l nonlinear i n e l a s t i c behaviour i s assumed 
to concentrate i n the connection regions. 
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h y s t e r e t i c damping provided 
by v e r t i c a l connections 

h y s t e r e t i c damping provided 
-by dowel connections 

F<t) 

viscous damping 

Fig.5.4 Schematic of energy d i s s i p a t i n g machanism 

Ci/DiO/Pac. C1/D00/Pac. Cl/DlO/Park. Cl/D00/Park. 

X 112.7 151.9 8 1 . 1 109.7 
mm 

Table 5.4 Re s u l t s of reruns with h o r i z o n t a l descending branch i n 
the h y s t e r e t i c model for the v e r t i c a l connection 
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CHAPTER 6 
DESIGN IMPLICATIONS OF ANALYTICAL RESULTS 

6. 1 Introduct ion 

One of the main o b j e c t i v e s of t h i s research p r o j e c t i s 
to study the seismic performance o f . t y p i c a l one-storey precast 
p a n e l i z e d s t r u c t u r e s , designed i n conformance with NBC seismic 
design p r o v i s i o n s , to earthquakes of magnitude comparable to 
that implied by the code. The technique employed was a time 
s e r i e s a n a l y s i s , as explained in chapter 4. Results for a l l 
d i f f e r e n t combinations of connection c h a r a c t e r i s t i c s and 
earthquake records have been presented and discussed g e n e r a l l y 
i n chapter 5. In t h i s c h a p t e r , a t t e n t i o n i s focused on part of 
the r e s u l t s that can be used as b a s i s to evaluate the seismic 
performance of the precast s t r u c t u r e designed i n chapter 2. The 
behaviour of the s t r u c t u r e as p r e d i c t e d by the non-linear 
a n a l y s i s i s compared with the behaviour implied by the 
assumptions that underly the design code p r o v i s i o n s . On the 
basis of these' comparisons and other c o n s i d e r a t i o n s of the 
general design p r i n c i p l e s , recommendations are made for code 
p r o v i s i o n s and general design procedures to be used i n the 
earthquake-resistant design of one-storey p a n e l i z e d s t r u c t u r e s . 
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6.2 Design Earthquake 

To evaluate the seismic performance of s t r u c t u r e s 
designed according to the q u a s i - s t a t i c procedures, i t i s f i r s t 
necessary to i d e n t i f y the major earthquake for which the 
s t r u c t u r e s are designed. 

A b r i e f review of the development of the seismic 
design p r o v i s i o n s of the N a t i o n a l B u i l d i n g Code of Canada shows 
that the term "major earthquake" has never been e x p l i c i t l y 
d e fined. Since 1970 the code has used the peak ground 
a c c e l e r a t i o n that would be exceeded with a p r o b a b i l i t y of 0.01 
per annum, termed the 100-year a c c e l e r a t i o n and denoted by A 1 0 0 , 
as a means of d i v i d i n g the country i n t o seismic zones. Since 
1975 the a c c e l e r a t i o n r a t i o A, which i s equal to the peak 
a c c e l e r a t i o n of the 100-year earthquake, as a f r a c t i o n of 
g r a v i t y , has been introduced i n t o the base shear formula for 
c a l c u l a t i n g the design l a t e r a l force in the q u a s i - s t a t i c 
a n a l y s i s . Consequently, many have been misled i n t o the b e l i e f 
that the procedures given i n the code imply the 100-year 
earthquake, which corresponds to a 40% p r o b a b i l i t y of exceedence 
i n 50 years, i s the major earthquake that a s t r u c t u r e should be 
designed to r e s i s t . However, i t has been c l e a r l y pointed out i n 
References 28 and 29 that the a c c e l e r a t i o n of the 100-year 
earthquake i s used to l i n k the design force l e v e l to a 
s i g n i f i c a n t ground motion parameter and the 100-year earthquake 
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i t s e l f i s not the b a s i s of the s p e c i f i e d force l e v e l s . The 
a c t u a l design loads that r e s u l t from the s t a t i c p r o v i s i o n s of 
the NBC were o r i g i n a l l y set or c a l i b r a t e d e m p i r i c a l l y based on 
b u i l d i n g p r a c t i c e i n C a l i f o r n i a . The p r o b a b i l i t y l e v e l that can 
be a s s o c i a t e d with these design loads i s not known p r e c i s e l y but 
i s much lower than that now used as the basis for seismic zoning 
maps. 

It has been discussed i n a recent paper by Heidebrecht 
and Tso [30] t h a t , while i t i s not yet p o s s i b l e to l i n k the 
p r o b a b i l i t y l e v e l of seismic ground motion to the design loads 
in a t o t a l l y r a t i o n a l process, current experience suggests that 
a p r o b a b i l i t y of 10% exceedence i n 50 years i s more nearly 
appropriate to the e f f e c t i v e design l e v e l s provided by the 
current code. This l e v e l of seismic a c t i v i t y , which corresponds 
to an A 4 7 5 a c c e l e r a t i o n , i s being adopted for the new seismic 
zoning map i n a f u t u r e code. The A U 7 5 a c c e l e r a t i o n w i l l a l s o be 
used i n formulas f o r c a l c u l a t i n g the design l a t e r a l f o r c e s , with 
other f a c t o r s i n the formulas c a l i b r a t e d so that the proposed 
new code i s e s s e n t i a l l y equivalent to the present code. The 
i m p l i c a t i o n i s that s t r u c t u r e s should be designed so that they 
w i l l not c o l l a p s e when subjected to the A a 7 5 a c c e l e r a t i o n . The 
maximum A „ 7 5 a c c e l e r a t i o n i n current zone 3 area i s over 0.32g, 
which represents some extreme cases. Consequently, i t i s 
reasonable to assume that the maximum ground a c c e l e r a t i o n that 
the s t r u c t u r e ( i n chapter 2) has been designed to r e s i s t i s 
around 0.32g. Hence, the E l Centro 1940 earthquake, which has a 
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peak a c c e l e r a t i o n of 0.35g, can be considered approximately as 
the l a r g e s t design earthquake implied by the q u a s i - s t a t i c 
a n a l y s i s . 

6.3 Comparison of Seismic Performance and Design Philosophy 

Generally speaking, the main purpose of using a 
computer a n a l y s i s to i n v e s t i g a t e the seismic performance of a 
s t r u c t u r e , which has been designed according to code p r o v i s i o n s , 
i s to seek answers to two fundamental questions: 

(1) Does the a c t u a l seismic behaviour of the s t r u c t u r e 
s a t i s f y the general design philosophy and requirements ? 

(2) What changes can be made to improve the earthquake-
r e s i s t a n t design of the s t r u c t u r e ? 

The f i r s t question w i l l be discussed i n t h i s s e c t i o n , 
while the second w i l l be addressed in the next s e c t i o n . 

In order to answer the f i r s t q u estion, i t i s necessary 
to compare the dynamic response of the s t r u c t u r e with the 
seismic design philosophy of the b u i l d i n g code. 

The o b j e c t i v e s of the earthquake-resistant design 
p r o v i s i o n s of NBC 1980 are described i n Commentary J " E f f e c t s of 
Earthquakes". Two o b j e c t i v e s are s p e c i f i e d in the Commentary : 

(1) To r e s i s t moderate earthquakes without s i g n i f i c a n t 
damage. 

(2) To r e s i s t major earthquakes without c o l l a p s e . 
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The term "moderate earthquake" i s not defined but can reasonably 
be assumed to be an earthquake which would r e s u l t i n s t r u c t u r a l 
response such that y i e l d i n g i s i n c i p i e n t i n the primary 
s t r u c t u r a l system. Resistance to moderate earthquakes without 
s i g n i f i c a n t damage implies that the s t r u c t u r e must have 
s u f f i c i e n t strength to prevent s t r u c t u r a l damage. A rough 
estimate of the l e v e l of ground motion corresponding to a 
"moderate earthquake" can be made by f o l l o w i n g some of the 
p r o v i s i o n s described i n Commentary K . Sentence (35) of 
Commentary K allows the s p e c t r a l a c c e l e r a t i o n of an e l a s t i c -
p l a s t i c system to be c a l c u l a t e d by d i v i d i n g the e l a s t i c s p e c t r a l 
a c c e l e r a t i o n by \/'(2p.-]) for pe r i o d l e s s than 0.5 second(equal 
energy assumption), where M i s the s t r u c t u r a l d u c t i l i t y f a c t o r . 
Since the code assumes that s t r u c t u r a l response i s d i r e c t l y 
p r o p o r t i o n a l to peak ground a c c e l e r a t i o n , i t f o l l o w s that the 
ground a c c e l e r a t i o n A ^ that would produce y i e l d i n g i n the 
s t r u c t u r e i s given by A U / I / ( 2 M _ 1 ) , where A U i s the ul t i m a t e 
ground a c c e l e r a t i o n that the s t r u c t u r e has been designed to 
r e s i s t . The s t r u c t u r a l d u c t i l i t y f a c t o r u for precast 
c o n s t r u c t i o n i s not e x p l i c i t l y defined i n the Commentary. 
However, based on the equal energy assumption, the d u c t i l i t y 
f a c t o r implied by the code can be c a l c u l a t e d as f o l l o w s : 

K = K E / »/(2M-1 ) 
M = [ ( K E / K ) 2 + 1 ] / 2 

where K E = s t r u c t u r a l type c o e f f i c i e n t for e l a s t i c structure=2.0 
K = s t r u c t u r a l type c o e f f i c i e n t for the s t r u c t u r e i n 

question. 
Since the precast panelized s t r u c t u r e was designed for a K 
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f a c t o r of 1.3, the implied d u c t i l i t y f a c t o r i s ther e f o r e about 
1.7. As explained i n s e c t i o n 6.2, the value of A u i s 
approximately 0.32g for the present s i t u a t i o n . Hence, the 
ground a c c e l e r a t i o n Ay i s given by 0 . 32g/j/( 2n~ 1 ) = 0.2g. This 
l e v e l of earthquake a c c e l e r a t i o n can then be considered roughly 
as the "moderate earthquake" that the s t r u c t u r e has to r e s i s t 
without s i g n i f i c a n t damage. However, i t must be emphasized that 
the above a n a l y s i s i s not intended to serve as a rigorous proof 
of what the moderate earthquake should be i n zone 3 of the 
current code. The main purpose i s to deduce, by employing 
assumptions and c a l c u l a t i o n methods that are c o n s i s t e n t with the 
code p r o v i s i o n s , the approximate l e v e l of ground a c c e l e r a t i o n 
that may be as s o c i a t e d with a moderate earthquake, given that 
the u l t i m a t e design ground a c c e l e r a t i o n i s taken to be 0.32g. 

In order to t e s t the performance of the s t r u c t u r e 
(C1/D20 connection combination) under a moderate earthquake, a 
computer run has been made with the E l Centro earthquake record 
s c a l e d down to 0.2g maximum. The r e s u l t s of t h i s run are as 
fo l l o w s : 

max. roof displacement = 4.55 mm 
max. absolute v e l o c i t y = 0.31 m/s 
max. absolute a c c e l e r a t i o n = 4.28 m/s2 

max. base shear = 4107 KN 
Based on the p r o p e r t i e s of the connections used i n the a n a l y s i s , 
a maximum roof displacement of 4.55 mm would cause a small 
amount of y i e l d i n g i n the dowel connections but not the v e r t i c a l 
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connections. Under small amplitude c y c l i c l o a d i n g , some 
cr a c k i n g of concrete around the v e r t i c a l connections and the 
dowels i s expected, although t h i s i s u n l i k e l y to be s i g n i f i c a n t . 
The o v e r a l l response of the s t r u c t u r e i s p r e t t y much e l a s t i c , 
and i t can be concluded that the s t r u c t u r e has enough strength 
to prevent s t r u c t u r a l damage i n a moderate earthquake. This 
i m p l i e s that the f i r s t o b j e c t i v e of the design requirements i s 
s a t i s f i e d . 

The term "major earthquake" i s again not defined i n 
the code. However, as has been discussed i n s e c t i o n 6.2, the 
magnitude of the major earthquake can be taken as 0.32g in the 
present case. Therefore, the r e s u l t s obtained by using the 
o r i g i n a l E l Centro earthquake as base e x c i t a t i o n can be used as 
b a s i s for e v a l u a t i n g the seismic performance of the s t r u c t u r e i n 
a major earthquake. As shown i n Table 5.1 , the maximum roof 
displacement of the structure(C1/D20/EL1940) was 9.4 mm. This 
d e f l e c t i o n was due to the rocking motion of the panels about 
t h e i r base corners. Under the present geometric c o n f i g u r a t i o n , 
the corresponding shear displacement(v) (see Fig.4.7) between 
adjacent panels i s a l i t t l e l e s s than h a l f of the roof 
displacement(x). Using the equation that r e l a t e s v and x i n 
subsection ( i v ) on p.106, i t can e a s i l y be c a l c u l a t e d that the 
maximum r e l a t i v e shear displacement between v e r t i c a l connections 
was about 4.4 mm. Consequently, the absolute deformation on one 
side was 4.4/2=2.2 mm. Although no c y c l i c t e s t data i s 
a v a i l a b l e for the kind of v e r t i c a l connection being modelled, an 
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examination of i t s monotonic curves (see Fig.3.4(b)) and 
h y s t e r e s i s curves of other precast connections, such as those 
shown i n Fig.3.5, shows that a shear s l i p of 2.2 mm i s w e l l 
w i t h i n the deformation c a p a c i t y of most connections constructed 
with embedded s t e e l s e c t i o n s . Therefore, f a i l u r e i n v e r t i c a l 
connections was u n l i k e l y to happen. Using the geometric 
r e l a t i o n s h i p , i t can a l s o be c a l c u l a t e d that the maximum 
elongation of the dowel connections was approximately 3.1 mm. 
Based on the l i m i t e d amount of information on the c y c l i c 
behaviour of dowels under a x i a l l o a d i n g , as presented i n s e c t i o n 
3.3.1, i t seems that t h i s l e v e l of deformation can gen e r a l l y be 
achieved long before the ultimate l i m i t i s reached. I t then 
f o l l o w s that the chance of having f a i l u r e i n dowel connections 
was q u i t e remote. Therefore, as fa r as the p a n e l i z e d shear w a l l 
system i s concerned, the s t r u c t u r e i s capable of r e s i s t i n g 
l a t e r a l loads induced by an earthquake of i n t e n s i t y comparable 
to the design l e v e l . This means that the second but most 
important o b j e c t i v e of assuring an acceptable l e v e l of p u b l i c 
s a f e t y i n major earthquake i s s a t i s f i e d . 

However, the above d i s c u s s i o n should not be considered 
to be e n t i r e l y c o n c l u s i v e . Any a n a l y t i c a l r e p r esentation of a 
r e a l s i t u a t i o n i s r a r e l y complete or p e r f e c t , and there are 
u s u a l l y many assumptions, e i t h e r e x p l i c i t or i m p l i c i t , involved. 
A n a l y t i c a l r e s u l t s must therefore be examined w i t h the r e a l 
s t r u c t u r e and assumptions i n mind. In the present study, the 
pa n e l i z e d diaphragm has been assumed to be a r i g i d body 
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connected to the shear w a l l s through " p e r f e c t " connections. 
That i s , the a n a l y t i c a l model has assumed that no connection 
f a i l u r e i n the diaphragm or between the roof diaphragm and shear 
w a l l system would occur. However, as w i l l be discussed in the 
f o l l o w i n g s e c t i o n , i t turns out that these assumptions are 
h i g h l y questionable when the a c t u a l strengths of the shear w a l l s 
are much greater than t h e i r t h e o r e t i c a l strengths. 

6.4 Design I m p l i c a t i o n s of A n a l y t i c a l Results 

In order to i n v e s t i g a t e what p o s s i b l e changes can be 
made to improve the earthquake-resistant design of one-storey 
panelized b u i l d i n g s , some basic design p r i n c i p l e s and r e l a t e d 
problems w i l l be explored f u r t h e r i n t h i s s e c t i o n . 

To ensure safety against c o l l a p s e during strong 
earthquakes, a s t r u c t u r e can be designed e i t h e r to remain 
completely e l a s t i c or to provide enough d u c t i l i t y to undergo an 
acceptable degree of i n e l a s t i c deformation. The f i r s t approach 
requires a s t r u c t u r e to be designed for very l a r g e l a t e r a l 
forces and i s obviously uneconomical for most design s i t u a t i o n s . 
The second approach, however, r e q u i r e s a s t r u c t u r e to s u s t a i n 
only a f r a c t i o n of the l a t e r a l forces that would develop i n a 
completely e l a s t i c s t r u c t u r e and allows i t to deform 
i n e l a s t i c a l l y once the s p e c i f i e d force l e v e l i s reached. Being 
considered economically p r a c t i c a l , t h i s l a t t e r approach i s 
adopted as ba s i s for the NBC seismic design p r o v i s i o n s and i s 
contained w i t h i n the s p e c i f i c a t i o n of the l a t e r a l force V, 
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p r i m a r i l y i n the s p e c i f i c a t i o n of a numerical c o e f f i c i e n t K 
which v a r i e s with the type of c o n s t r u c t i o n . A small value of K 
i s assigned to the most d u c t i l e systems and K increases as the 
systems become l e s s d u c t i l e i n nature. This c o e f f i c i e n t i s i n 
r e c o g n i t i o n that the a c c e l e r a t i o n response of y i e l d i n g systems 
decreases as the amount of p o s t - y i e l d i n g deformation increases, 
and i t s value i s intended to r e f l e c t design and c o n s t r u c t i o n 
experience, as w e l l as the e v a l u a t i o n of the performance of 
s t r u c t u r e s i n major and moderate earthquakes. As mentioned i n 
chapter 2, the value of K for precast c o n s t r u c t i o n with d i s c r e t e 
connections i s not e x p l i c i t l y s p e c i f i e d i n the 1980 NBC. The 
only guidance i n choosing K i s given i n sentence (20) of 
Commentary J , which s t a t e s : 

B u i l d i n g i n c o r p o r a t i n g inadequately designed shear 
w a l l s , unreinforced or inadequately r e i n f o r c e d 
masonry, precast concrete with nominal 
connections , lack adequate d u c t i l i t y for 
e f f e c t i v e seismic performance and the K values are 
corresponding increased. 

C l e a r l y , the code recommends that precast s t r u c t u r e s be 
considered e s s e n t i a l l y as s t r u c t u r e s with nominal d u c t i l i t y , 
and, based on t h i s presumption, the most appropriate K that can 
chosen from the s i x values s p e c i f i e d i n Table 4.1.9.A of the 
b u i l d i n g code would be 1.3. The i m p l i c a t i o n of using K equal 
1.3 i s that the maximum s t r u c t u r a l d u c t i l i t y f a c t o r u would be 
about 1.7, as c a l c u l a t e d above i n s e c t i o n 6.3. 

For the one-storey p a n e l i z e d b u i l d i n g being analyzed 
i n the present study, the r a t i o between the roof displacement 
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and the r e l a t i v e shear s l i p between v e r t i c a l connections i s 
constant, being governed only by the dimensions of the panels 
and the spacing between them. Hence, the d u c t i l i t y of the 
s t r u c t u r e in terms of roof d e f l e c t i o n i s b a s i c a l l y a fu n c t i o n of 
the d u c t i l i t y of connections between panels. A review of the 
deformation c a p a c i t y of precast connections, such as those 
presented in chapter 3, c l e a r l y i n d i c a t e s that d u c t i l i t y f a c t o r s 
of much higher than 1.7 can be achieved i n connections with 
d i f f e r e n t d e t a i l s . This s t r o n g l y suggests that the maximum 
system d u c t i l i t y f a c t o r implied by the code i s too low for 
t y p i c a l one-storey panelized s t r u c t u r e s . As a consequence of 
t h i s observation, a question i s immediately r a i s e d : does the 
use of K=1.3 lead to a very conservative design ? I t turns out 
that i t i s very d i f f i c u l t to give an o b j e c t i v e answer to t h i s 
question because the a c t u a l design force l e v e l i s a l s o governed 
by other f a c t o r s , such as the load f a c t o r 1.8 and the strength 
reduction f a c t o r 0 . 7 for connections, and the appropriateness of 
these f a c t o r s are eq u a l l y questionable. Instead of con s i d e r i n g 
each of the f a c t o r s involved, i t i s more u s e f u l f o r the purposes 
of t h i s study to determine whether the force l e v e l c a l c u l a t e d 
according to the code formula, i n c l u d i n g a l l a p p l i c a b l e f a c t o r s , 
would lead to a conservative design. To answer t h i s q uestion, 
the r e s u l t s of the C 1 / D 0 0 / E 1 1 9 4 0 combination, i n s t e a d of 
C 1 / D 2 0 / E 1 1 9 4 0 , should be examined. This i s because the C1/D00 

combination represents the s t r u c t u r e a c t u a l l y i m p l i e d by the 
design procedure i n chapter 2, i n which the base connections 
were o r i g i n a l l y designed for shear only and were not supposed to 
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c o n t r i b u t e to the f l e x u r a l strength of the shear w a l l s . As 
shown i n Table 5.1, the maximum roof displacement(x) increased 
to 14.5 mm. The corresponding maximum r e l a t i v e s l i p between 
v e r t i c a l connections was then about 6.76 mm. This implied that 
the absolute deformation was only 3.38 mm on each side,...a 
deformation w e l l below the ulti m a t e c a p a c i t i e s of common precast 
connections. The r e l a t i v e l y small response of the s t r u c t u r e 
when subjected to the E l Centro earthquake, which has a peak 
a c c e l e r a t i o n even higher than the extreme design a c c e l e r a t i o n 
l e v e l , seems to suggest that the design i s indeed too 
conservative. In other words, a lower design force l e v e l seems 
to be acceptable for one-storey precast c o n s t r u c t i o n . Whether 
t h i s reduction of the a c t u a l force l e v e l should be implemented 
by using a smaller K value or by in c r e a s i n g the strength 
reduction f a c t o r for connections r e q u i r e s f u r t h e r study of the 
inf l u e n c e of each of these f a c t o r s and thus cannot be i n f e r r e d 
from the r e s u l t s of the present a n a l y s i s . However, because most 
precast connections e x h i b i t a s i g n i f i c a n t degree of s t i f f n e s s 
and strength degradation under la r g e displacement r e v e r s a l s , 
p a nelized s t r u c t u r e s with d i s c r e t e connections should not be 
designed to undergo very large i n e l a s t i c deformations, and hence 
large reduction of current design force l e v e l i s not 
recommended. By a l l o w i n g the s t r u c t u r e to be designed for a 
smaller f o r c e , higher d u c t i l i t y demand i s put on the v e r t i c a l 
connections between panels. Based on the present r e s u l t s , a 
minimum d u c t i l i t y f a c t o r on the order of 3 seems to be 
necessary. 
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To design an earthquake-resistant p a n e l i z e d b u i l d i n g , 
i t i s not n e c e s s a r i l y a simple question of using higher or lower 
design f o r c e s , but rather a question of developing a fundamental 
understanding . of how p a n e l i z e d s t r u c t u r e s behave and how they 
should be designed. As r e c a l l e d i n the design example i n 
chapter 2, each shear w a l l was o r i g i n a l l y designed for a 
factored shear of (538.5x1.8)=969.3 KN. Because of the strength 
reduction f a c t o r 0.7 for connections, the a c t u a l design force 
l e v e l was increased to (969.3/0.7)=1385 KN. Consequently, the 
t h e o r e t i c a l l a t e r a l strength of the dual shear w a l l system 
should be about 2770 KN. However, the r e s u l t of the dynamic 
a n a l y s i s showed that the maximum r e s i s t a n c e provided by the two 
shear w a l l s was 4760 KN (see combination C1/D20/E11940 i n 
Table 5.1), which was over 72% higher than the design value. A 
c l o s e examination of the response mechanism of the p a n e l i z e d 
shear w a l l system reveals that the e x t r a strength was due to the 
c o n t r i b u t i o n of the dowels at the base. As explained i n 
previous chapters, when panels rocked back and f o r t h under the 
continuous a c t i o n of the l a t e r a l load t r a n s m i t t e d from the roof, 
dowels between panels and foundation were loaded i n t e n s i o n , 
thus p a r t i c i p a t i n g i n the load r e s i s t i n g mechanism and 
i n c r e a s i n g the o v e r a l l strength and s t i f f n e s s of the panelized 
shear w a l l s . However, i t i s very important to understand t h a t , 
as f a r as earthquake-resistant design i s concerned, an increase 
in s t i f f n e s s and strength i n part of a s t r u c t u r e i s not 
n e c e s s a r i l y b e n e f i c i a l to the whole s t r u c t u r e . This i s 
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p a r t i c u l a r l y true i n the present s i t u a t i o n . Because of the 
higher r e s i s t a n c e of the shear w a l l s , the earthquake-induced 
l a t e r a l load on the roof diaphragm was correspondingly 
increased. This e x t r a and undesigned shear force would pose 
serious t h r e a t s to the safety of the s t r u c t u r e because i t could 
lead to f a i l u r e s , f i r s t , i n the connections between roof double 
tees, and second, i n connections between the roof diaphragm and 
shear w a l l s . Should any of these f a i l u r e s happen, the 
consequence could be a c a t a s t r o p h i c c o l l a p s e of the whole roof. 

There are two a l t e r a t i v e s to solve t h i s problem. The 
f i r s t one i s to avoid the development of unnecessary strength i n 
the shear w a l l s by using base connections that can provide 
enough shear r e s i s t a n c e but have no t e n s i l e s t r e n g t h across the 
connecting i n t e r f a c e . The connection d e t a i l has yet to be 
designed. However, a conceptual p o s s i b i l i t y i s to use a b o l t e d -
type connection with v e r t i c a l s l o t s that can accomodate v e r t i c a l 
movement due to r o t a t i o n of the panels. The second s o l u t i o n i s 
to take the e x t r a force i n t o account and design the diaphragm to 
r e s i s t t h i s f o r c e . In order to do so, the f o l l o w i n g procedures 
are recommended : 

(1) Design the panelized shear w a l l s using common 
procedures, assuming that base connections have zero t e n s i l e 
strength normal to the connecting i n t e r f a c e . 

(2) Estimate the a c t u a l shear r e s i s t a n c e of each shear w a l l 
as f o l l o w s : 

F s = n(F; ) 
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where Fs = estimated a c t u a l r e s i s t a n c e of a shear w a l l 
F| = estimated a c t u a l r e s i s t a n c e of an i n t e r i o r panel 
n = number of panels per shear w a l l 

F; can be c a l c u l a t e d with reasonable accuracy by using 
equation (4.35) i n chapter 4, with f 3 , f„ and f 5 set 
r e s p e c t i v e l y equal to t h e i r nominal y i e l d strengths and the roof 
displacement set equal to zero. 

(3) Put Fs on the two edges of the roof diaphragm and design 
connections between roof precast u n i t s and between the roof 
diaphragm and shear w a l l s based on a l i n e a r v a r i a t i o n of shear 
as shown i n Fig.6.1, with no load f a c t o r or strength reduction 
f a c t o r a p p l i e d . 

Since each shear w a l l s has (n-2) i n t e r i o r panels and 2 
e x t e r i o r panels, the t o t a l shear r e s i s t a n c e given by n(F t ) i s 
a c t u a l l y a l i t t l e too high. However, t h i s i s j u s t i f i e d because 
the basic idea i s to design strong connections between roof 
u n i t s and between the roof diaphragm and shear w a l l s so that the 
diaphragm-shear w a l l mechanism can always be maintained during 
earthquakes. 

Comparing the two s o l u t i o n s , the f i r s t one i s 
p r e f e r a b l e to the second because i t i s e a s i e r and more 
economical to apply and i s c o n s i s t e n t with the i n i t i a l design 
concept. I f t h i s approach i s used, i t i s extremely important 
not to overdesign v e r t i c a l connections between panels so that 
a l l sources of overstrength are e l i m i n a t e d . However, i n 
p r a c t i c e , i t i s q u i t e conceivable that ordinary base connections 
(besides the dowel connection) do have some t e n s i l e strength 



177 

t o t a l load = 2FS 

F, 
roof 

diaphragm 

Ft = estimated a c t u a l r e s i s t a n c e 
of a shear w a l l . 

Fig.6.1 Design of roof diaphragm against overstrength 
of shear w a l l s 
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normal to the connecting i n t e r f a c e , and overdesign of v e r t i c a l 
connections i s not uncommon. In such cases, the procedures 
o u t l i n e d i n the second approach should be used to check the 
adequacy of the design. 

In a d d i t i o n to o v e r a l l a n a l y s i s and design, one of the 
most important aspects of earthquake-resistant design i s the 
d e t a i l i n g of s t r u c t u r a l components. Being responsible for 
t r a n s m i t t i n g shear between w a l l panels and p r o v i d i n g an 
e f f e c t i v e source for energy d i s s i p a t i o n during earthquakes, 
connections between w a l l panels are the most c r u c i a l elements i n 
a panelized s t r u c t u r e . A problem often encountered with these 
connections i s the development of tension forces due to 
temperature and shrinkage movements. These forces are often 
strong enough to cause seri o u s c r a c k i n g i n the panels and thus 
g r e a t l y reduce the shear r e s i s t a n c e of the connections. When 
the earthquake does occur, there i s v i r t u a l l y no v a l i d 
connection to r e s i s t loads and f a i l u r e of the shear w a l l system 
becomes i n e v i t a b l e . As pointed out i n chapter 2, one way to 
avoid t h i s problem i s to u t i l i z e only those panels l o c a t e d near 
the middle of the w a l l to r e s i s t shear f o r c e s . Obviously, t h i s 
method has the disadvantage of c o n c e n t r a t i n g a l l forces on a few 
connections and i s not a r e l i a b l e approach i n earthquake-
r e s i s t a n t design. In order to e f f e c t i v e l y u t i l i z e a l l v e r t i c a l 
connections, both for load t r a n s f e r and energy d i s s i p a t i o n , 
development of a simple connection d e t a i l which would permit 
s l i g h t opening to r e l i e v e tension f o r c e s , w h i l s t p r o v i d i n g 
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adequate shear t r a n s f e r c a p a c i t y across the j o i n t , i s necessary. 

Another p r a c t i c a l c o n s i d e r a t i o n i s the force 
concentration at corners of panels. Because of the rocking 
response of the panels on foundation, very high load may be 
placed on t h e i r base corners as the g r a v i t y load of the 
s t r u c t u r e ( f o r load-bearing p a n e l s ) , the compressive block due 
to overturning and the l a t e r a l shear force are a l l concentrated 
w i t h i n a narrow p o r t i o n of a panel. To avoid f a i l u r e i n the 
panel, a greater amount of r e i n f o r c i n g s t e e l must be placed 
around the corners, and the d e t a i l should be designed using 
s h e a r - f r i c t i o n p r i n c i p l e s . 

6 .5 Conclusion 

The foregoing d i s c u s s i o n has g e n e r a l l y i n d i c a t e d that 
the earthquake-resistant design of precast p a n e l i z e d s t r u c t u r e s 
requires much more than j u s t dimensioning precast u n i t s and 
determining the number of connections for some given f o r c e s . I t 
should include e x p l i c i t c o n s i d e r a t i o n of design assumptions, 
assessing t h e i r i m p l i e d consequences and a thourough 
understanding of the p o s s i b l e dynamic response during 
earthquakes. Based on the r e s u l t s of t h i s study, the f o l l o w i n g 
conclusions regarding the earthquake-resistant design of one-
storey precast p a n e l i z e d s t r u c t u r e s are e s t a b l i s h e d : 

(1) The a c t u a l design force l e v e l obtained by using the 
current code formula, load f a c t o r and strength reduction f a c t o r 
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would l i k e l y lead to a conservative design. A small reduction 
of the force l e v e l i s acceptable provided that v e r t i c a l 
connections have a minimum d u c t i l i t y f a c t o r on the order of 3. 

(2) Connections i n roof diaphragm and between roof diaphragm 
and shear w a l l s should._ be designed to remain e s s e n t i a l l y 
e l a s t i c . 

(3) Connections between w a l l panels should be designed to 
deform i n t o the i n e l a s t i c range so that energy can be d i s s i p a t e d 
through h y s t e r e t i c damping. 

(4) I f p o s s i b l e , base connections should be designed to 
provide only shear r e s i s t a n c e and possess no t e n s i l e strength 
across the connecting i n t e r f a c e . However, i f t h e i r t e n s i l e 
strength i s s i g n i f i c a n t , an e v a l u a t i o n of the a c t u a l shear 
r e s i s t a n c e of the shear w a l l i s necessary so that connections i n 
the roof diaphragm can be redesigned to provide the same l e v e l 
of r e s i s t a n c e . 
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CHAPTER 7 
CONCLUSIONS 

This t h e s i s has presented a computer study on the 
seismic response of a one-storey precast p a n e l i z e d b u i l d i n g . 
The b u i l d i n g was i d e a l i z e d as a single-degree spring-mass-damper 
system. A l l non-linear behaviour was assumed to concentrate i n 
d i s c r e t e connections, the o v e r a l l e f f e c t s of which were 
represented by the i n e l a s t i c s p r i n g i n the i d e a l i z e d model. The 
h y s t e r e t i c models f o r connections were deri v e d based on 
experimental r e s u l t s from other s t u d i e s . The dynamic response 
of the model to various ground motions was determined using a 
step-by-step c a l c u l a t i o n method. Based on the a n a l y t i c a l 
r e s u l t s and e x p l i c i t c o n s i d e r a t i o n s of the conventional design 
method and code p r o v i s i o n s , the f o l l o w i n g conclusions can be 
e s t a b l i s h e d . 

1. Results of the dynamic a n a l y s i s i n d i c a t e that a one-storey 
precast concrete b u i l d i n g designed using the q u a s i - s t a t i c 
force method, with the K f a c t o r equal to 1.3, can withstand 
a major earthquake without serious damage. A small 
reduction of the design force l e v e l appears to be 
acceptable, provided that v e r t i c a l connections between w a l l 
panels have a minimum d u c t i l i t y f a c t o r on the order of 3. 
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2 . During earthquakes, v e r t i c a l connections are subjected to 

c y c l i c shear l o a d i n g . The design of these connections based 

s o l e l y on t h e i r monotonic s t r e n g t h s i s thus i n a p p r o p r i a t e . 

In order to maintain e f f e c t i v e c o u p l i n g between w a l l panels, 

connections which e x h i b i t f u l l and s t a b l e h y s t e r e t i c 

behaviour under c y c l i c l o a d i n g are p r e f e r a b l e . 

3. D u c t i l e v e r t i c a l connections can serve as major sources f o r 

energy d i s s i p a t i o n i n a p a n e l i z e d shear w a l l . Base 

conn e c t i o n s , however, do not u s u a l l y d i s s i p a t e much energy, 

unless they have s i g n i f i c a n t t e n s i l e s t r e n g t h and are able 

to undergo l a r g e deformations normal to the connecting 

i n t e r f a c e . 

4. Overdesign of v e r t i c a l connections can be d e t r i m e n t a l to a 

p r e c a s t b u i l d i n g because the higher earthquake-induced 

l a t e r a l f o r c e s that would a r i s e as a r e s u l t can l e a d to 

f a i l u r e s i n connections between p r e c a s t u n i t s i n the roof 

diaphragm or connections between the roof diaphragm and the 

shear w a l l s . 

5. In order to a v o i d the development of unnecessary 

o v e r s t r e n g t h i n a shear w a l l , base connections with no or 

very low t e n s i l e s t r e n g t h a c r o s s the connecting i n t e r f a c e 

should be used. 

In the course of t h i s study, i t has been evident that 

more experimental work on the c y c l i c behaviours of connections 

and•assemblages of p r e c a s t u n i t s i s r e q u i r e d . T h i s would 

i n c r e a s e our understanding of the seismic response of precast 
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s t r u c t u r e s and would a l s o provide information for developing 
more r e f i n e d h y s t e r e t i c models. Shaking t a b l e t e s t s on f u l l 
s c a le precast shear w a l l s would be p a r t i c u l a r l y u s e f u l for the 
c a l i b r a t i o n of r e s u l t s of computer s t u d i e s . 



184 

References 
1. "National B u i l d i n g Code of Canada 1980", Associate 

Committee on the N a t i o n a l B u i l d i n g Code, N a t i o n a l Research 
Co u n c i l of Canada, Ottawa. 

2. "Code for the Design of Concrete Structures for B u i l d i n g s , 
CAN3-A23.3-M77", Canadian Standards A s s o c i a t i o n , 1977. 

3. "Metric Design Manual", Canadian Prestressed Concrete 
I n s t i t u t e , Ottawa, 1st E d i t i o n , 1982. 

4. Polyakov, S. V., et a l . , " I n v e s t i g a t i o n s i n t o Earthquake 
Resistance of Large Panel B u i l d i n g s " , Proceedings of the 
Fourth World Conference on Earthquake Engineering, Vol.1, 
Santiago, C h i l e , 1969. 

5. Becker, J . M., L l o r e n t e , C , "Seismic Design of Precast 
Concrete Panel B u i l d i n g s " , Proceedings, Workshop on 
Earthquake R e s i s t a n t Reinforced Concrete B u i l d i n g 
C o n s t r u c t i o n , U n i v e r s i t y of C a l i f o r n i a , Berkeley, J u l y 
1977. 

6. PCI Committee on Connection D e t a i l s , "Summary of Basic 
Information on Precast Connections", PCI J o u r n a l , Vol.14, 
No.6, December 1969. 

7. V e n u t i , W. J . , "Diaphragm Shear Connections between Flanges 
of P r e s t r e s s e d Concrete T-beams", PCI J o u r n a l , Vol.15, 
No.1, February 1970. 

8. Shemie, M., "Bolted Connections i n Large Panel System 
B u i l d i n g s " , PCI J o u r n a l , Vol.18, Jan./Feb. 1973. 

9. Spencer, R. A., N e i l l e , D. S., " C y c l i c Tests of Welded 
Headed Connections", PCI J o u r n a l , Vol.21, No.3, May/June 
1976. 

10. Aswad, A., "Selected Precast Connections : Low-cycle 
Behaviour and Strength", Proceedings of the T h i r d Canadian 
Conference on Earthquake Engineering, Vol.2, Montreal, 
1 979. 

11. P a l l , A. S., Marsh, C , "Seismic Response of Large-panel 
S t r u c t u r e s Using L i m i t e d - s l i p Bolted J o i n t s " , Proceedings 
of the T h i r d Canadian Conference on Earthquake Engineering, 
Vol.2, Montreal, 1979. 

12. Aswad, A., "Seismic Design and In-plane Behaviour of S i n g l e 
Panel Coupled W a l l s " , Proceedings, Workshop on Design of 
P r e f a b r i c a t e d Concrete B u i l d i n g s f o r Earthquake Loads, 
Conducted by Applied Technology C o u n c i l , Berkeley, A p r i l 
1981 . 



185 

13. N e i l l e , D. S., "Behaviour of Headed Stud Connections for 
Precast Concrete Panels Under Monotonic and Cycled Shear 
Loadings", Ph.D Thesis, U n i v e r s i t y of B r i t i s h Columbia, May 
1977. 

14. Karsan, I . D., J i r s a , J . 0., "Behaviour of Concrete Under 
Compressive Loadings", J o u r n a l of the S t r u c t u r a l D i v i s i o n , 
ASCE, Dec. 1969. 

15. M u e l l e r , P., Becker, J . M. , "Seismic C h a r a c t e r i s t i c s of---- -
Composite Precast Walls", Proceedings of the T h i r d Canadian 
Conference on Earthquake Engineering, Vol.2, Montreal, 
1 979. 

16. S c h r i c k e r , V., Powell, G. H., " I n e l a s t i c Seismic A n a l y s i s 
of Large Panel B u i l d i n g s " , Report No. UCB/EERC-80/38, 
Earthquake Engineering Research Centre, College of 
Engineering, U n i v e r s i t y of C a l i f o r n i a , Berkeley, 
Sept. 1980. 

17. Hawkins, N. M., L i n , I. J . , "Bond C h a r a c t e r i s t i c s of 
R e i n f o r c i n g Bars for Seismic Loadings", Proceedings of the 
Th i r d Canadian Conference on Earthquake Engineering, V o l . 
2, Montreal, 1979. 

18. Viwathanatepa, S., Popov, E. P., Bertero, V. V., " E f f e c t s 
of Generalized Loadings on Bond of R e i n f o r c i n g Bars 
Embedded i n Confined Concrete Blocks", Report No. UCB/EERC-
79/22, Earthquake Engineering Research Centre, College of 
Engineering, U n i v e r s i t y of C a l i f o r n i a , Berkeley, Aug. 1979. 

1 9 . Hassan, F. M., Hawkins, N. M., " P r e d i c t i o n of Seismic 
Loading Anchorage C h a r a c t e r i s t i c s of R e i n f o r c i n g Bars", 
Reinforced Concrete S t r u c t u r e s i n Seismic Zones, Sp-53, 
American Concrete I n s t i t u t e , D e t r o i t , 1977. 

20. Park, R. and Pauley, T., Reinforced Concrete S t r u c t u r e s , 
John Wiley and Sons, London, 1975. 

21. Brankov, G., S a c h a n i s k i , S., "Response of Large-panel 
B u i l d i n g s for Earthquake E x c i t a t i o n i n N o n e l a s t i c State", 
Proceedings of the S i x t h World Conference on Earthquake 
Engineering, New D e l h i , I n d i a , Jan. 1977. 

22. P o l l e r , E., Tso, W. K., Heidebrecht, A. C , " A n a l y s i s of 
Shear Walls i n Large-panel C o n s t r u c t i o n " , Canadian Journal 
of C i v i l Engineering, Vol.2, No.3, Sept. 1975. 

23. Djabua, Sh. A., Chachava, T. N., Abashidze, G. G., 
D j i s h k a r i a n i , N. M., Kemoklidze, G. S., "Research on 
Seismic Resistance of Large-panel Apartment B u i l d i n g s " , 
Proceedings of the S i x t h World Conference On Earthquake 
Engineering, New D e l h i , I n d i a , Jan. 1977. 



186 

24. Burnett, E., Rajendra, R., "Influence of J o i n t s i n 
Panelized S t r u c t u r a l Systems", Journal of the S t r u c t u r a l 
D i v i s i o n , ASCE, Vol.98, NO.ST9, Sept. 1972. 

25. Becker, J . M., L l o r e n t e , C , "The Seismic Response of 
Simple Precast Concrete Panel Wal l s " , Proceedings of the 
Second U.S. N a t i o n a l Conference on Earthquake Engineering, 
Stanford, C a l i f o r n i a , 1979. 

26. Velko, M., "Earthquake Resistant-Design of Twenty-one 
Storey P r e f a b r i c a t e d Large Panel B u i l d i n g " , Proceedings of 
the S i x t h World Conference on Earthquake Engineering, New 
D e l h i , I n d i a , Jan. 1977. 

27. Powell, G. H., "Drain-2D Users Guide", Report No. UCB/EERC-
73/22, Earthquake Engineering Research Centre, U n i v e r s i t y 
of C a l i f o r n i a , Berkeley, Oct. 1973. 

28. Uzumeri, S. M., Otani, S., C o l l i n s , M. P., "An Overview of 
Canadian Code Requirements f o r Earthquake R e s i s t a n t 
Concrete B u i l d i n g s " , CJCE, Vol.5, No.3, Sept. 1978. 

29. Anderson, D. L., Nathan, N. D., Cherry, S., " C o r r e l a t i o n of 
S t a t i c and Dynamic Earthquake A n a l y s i s of the N a t i o n a l 
B u i l d i n g Code of Canada 1977", Proceedings of the T h i r d 
Canadian Conference on Earthquake Engineering, Vol.1, 
Montreal, 1979. 

30. Heidebrecht, A. C , Tso, W. K., "Proposed Seismic Loading 
P r o v i s i o n s - N a t i o n a l B u i l d i n g Code of Canada 1985", 
Proceedings of the Fouth Canadian Conference on Earthquake 
Engineering, Vancouver, 1983. 



187 

Appendix A 
D e t a i l s of C a l c u l a t i o n for P r o p e r t i e s of Equivalent System with 

(n-1) Panels 

The two systems shown in Fig.4.10 can be shown to be 
approximately equivalent as f o l l o w s . 
Actual Shear Wall System 

Taking moments about the lower r i g h t corner of each 
panel and using the notations i n Fig.A.1, the fo l l o w i n g , 
equations can be obtained for the shear force on each panel : 

F», = [ wd+ (a-e) f „+ef 5e] /h 
F; =[wd+(a-e)f ,+ef 5 + 3af 3 ] / h 
Fea = [wd+(a-e)f «e +ef se +3af 3 ]/h 

The t o t a l shear force a c t i n g on the shear w a l l i s given by : 
F =Fe, + ( n - 2 ) F i + F e 2 

= [nwd+2(a-e)f fte+2ef 5e+(n-2) (a-e)f,+(n-2)ef 5+3a(n-1)f 3]/h 
The dowel forces on the e x t e r i o r panels are d i f f e r e n t from those 
on the i n t e r i o r panels because rebars of d i f f e r e n t s i z e s were 
used i n the design example. Assuming that f, e and f 5 e a r e 
approximately equal to f, and f 5 , r e s p e c t i v e l y , then the 
equation f o r F becomes : 

F =[nwd+n(a-e)f,+nef 5+3a(n-1)f 3]/h (A.1) 
Equivalent Shear Wall System 

S i m i l a r l y , by ta k i n g moment about the lower r i g h t 
corner of a t y p i c a l " i n t e r i o r " panel, the equation for shear i s 
given as : 

F'=[Wd+(a-e) f',+ef '5 + 3af ' 3]/h 
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The t o t a l shear a c t i n g on the equivalent shear w a l l with (n-1) 
panels i s then equal to : 

F = (n- 1 ) Fj' 

=[(n-1)w'd+(n-1)(a-e)f;+(n-1)efs+3a(n-1)f3]/h (A.2) 
I f equations (A.1) and (A.2) are e q u i v a l e n t , the 

f o l l o w i n g c o n d i t i o n s must be s a t i s f i e d : 
w'=(n/n-1)w 
f,=(n/n-1)f, 
f'5 = (n/n-1 )f 5 

f a - f a 
Therefore, the weight of each panel and the p r o p e r t i e s of the 
dowels i n the equivalent system have to be increased by the 
f a c t o r (n/n-1), and the p r o p e r t i e s of the v e r t i c a l connection 
remain unchanged. 

I t must be emphasized that the main motivation to 
replace the o r i g i n a l shear w a l l system by an equivalent one i s 
to e l i m i n a t e a d d i t i o n a l equations f o r e x t e r i o r panels so that 
the g l o b a l s t i f f n e s s and base shear of the s t r u c t u r e can simply 
be obtained by m u l t i p l y i n g the corresponding s t i f f n e s s and shear 
equations for an i n t e r i o r panel by a constant as given i n 
equations (4.50) and (4.51). 
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e quivalent shear w a l l systems 
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Appendix B  
O r i g i n a l Computer P l o t s 

Results of the same earthquake record are grouped 
together in the f o l l o w i n g order : 

Pacoima Dam Fig.B.1 to Fig.B.5 
P a r k f i e l d Fig.B.6 to Fig.B.11 
E l Centro 1940 Fig.B.12 to Fig.B.17 

For meanings of n o t a t i o n s , see p.134 and p.153. 
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Fig.B.1 (c) H y s t e r e t i c behaviour of connections for Cl/D20/Pac. 



Fig.B . 2 (a) Roof displacement vs. base shear for C1/D1Q/Pac. 
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i Fig.B.2 (c) H y s t e r e t i c behaviour of connections for C1/Dl0/Pac. 
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Fig.B.4 (c) H y s t e r e t i c behaviour of connections for C2/D1Q/Pac 



r- _ l 

Fig.B.5 (a) Roof displacement vs. base shear for C2/D00/Pac 
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T y p i c a l v e r t i c a l connection 

Fig.B.5 (c) H y s t e r e t i c behaviour of connections f o r C2/D00/Pac. 



Fig.B.6 (a) Roof displacement vs. base shear f o r C1/D20/Park. 





Fig.B.6 (c) H y s t e r e t i c behaviour of connections for C1/D20/Park. 



Fig.B . 7 (a) Roof displacement vs. base shear f o r Cl/DlO/Park. o 
KD 





F i g . B . 7 (c) H y s t e r e t i c behaviour of connections for Cl/D.O/Park. 
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Fig.B.8 (c) H y s t e r e t i c behaviour of connections for C1/D00/Park. 
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Fig.B.9 (b) Time h i s t o r i e s of roof displacement and energy d i s t r i b u t i o n for C2/D20/Park. 



Pig.B.9 (c) H y s t e r e t i c behaviour of connections for C2/D20/Park. 
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Fig.B.10 (b) Time h i s t o r i e s of roof displacement and energy d i s t r i b u t i o n f o r C2/D1Q/Park. 
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Fig.B.10 (c) H y s t e r e t i c behaviour of connections for C 2 / D l 0/Park. 







223 

a 
Csl _ , Z r-* 

•XL 

t 

T y p i c a l v e r t i c a l connection 

Fig.B.11 (c) H y s t e r e t i c behaviour of connections for C2/D00/Park. 







Fig.B.12 (c) H y s t e r e t i c behaviour of connections for C1/D20/EL1940 



Fig.B.13 (a) Roof displacement vs. base shear f o r C1/D10/EL1940 
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Fig.B.13 (b) Time h i s t o r i e s of roof displacement and energy d i s t r i b u t i o n f o r C1/D10/EL1940 
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Fig.B.13 (c) H y s t e r e t i c behaviour of connections f o r C1/D10/EL1940 
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Fig.B.14 (b) Time h i s t o r i e s of roof displacement and energy d i s t r i b u t i o n f o r C1/D00/EL1940 
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T y p i c a l v e r t i c a l connection 

Fig.B.14 (c) H y s t e r e t i c behaviour of connections for C1/D00/EL1940 
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Fig.B.15 (c) H y s t e r e t i c behaviour of connections f o r C2/D20/EL1940 







Fig.B.16 (c) H y s t e r e t i c behaviour of connections for C2/D10/EL1940 
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Fig.B. 17 (b) Time h i s t o r i e s of roof displacement and energy d i s t r i b u t i o n f o r C2/D00/EL1940 
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T y p i c a l v e r t i c a l connection 

Fig.B.17 (c) H y s t e r e t i c behaviour of connections f o r C2/D00/EL1940 


