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A B S T R A C T . 

T h i s r e s e a r c h a i m e d at i n i t i a t i n g a c o n s i s t e n t a c c u m u l a t i o n 
of d a t a on the l o a d - d e f o r m a t i o n b e h a v i o u r of b o t h the 
c o n n e c t i o n s and j o i n t s u n d e r p u r e s h e a r i n g and p u r e 
r o t a t i o n a l l o a d i n g that w i l l be useful to e n g i n e e r s and o t h e r 
r e s e a r c h e r s i n f u t u r e . T h e e x p e r i m e n t s w e r e d e s i g n e d t o 
p r o v i d e d a t a for the b o l t s as w e l l as the j o i n t s a n d u s e non-
linear m a t h e m a t i c a l m o d e l s t o d e s c r i b e this b e h a v i o u r . T h e 
p r i n c i p l e of s u p e r p o s i t i o n w a s a l s o a p p l i e d to the 
e x p e r i m e n t a l d a t a o b t a i n e d t o d e t e r m i n e the r e l a L i v e 
c o n t r i b u t i o n of the b o l t and c o n n e c t e d m a t e r i a l to the 
o v e r a l l j o i n t d e f o r m a t i o n . 

T h e n o n - l i n e a r m a t h e m a t i c a l m o d e l s u s e d t o m o d e l the j o i n t 
b e h a v i o u r and e x p e r i m e n t a l l o a d s w e r e : 

(i) the e x p o n e n t i a l m o d e l , and 

(ii) the i n v e r s e R a m b e r g - O s g o o d m o d e l . 

T h e s e m o d e l s , w h i c h h a v e b e e n u s e d i n o t h e r r e l a t e d r e s e a r c h 
w o r k , w e r e m o d i f i e d for use d u r i n g t h i s r e s e a r c h . T h e 
p r e d i c t i v e l o a d - d e f o r m a t i o n c u r v e o b t a i n e d b y u s e o f these 
m o d e l s w e r e c o m p a r e d t o the e x p e r i m e n t a l d a t a b y u s e o f load-
e r r o r a n a l y s i s a v e r a g i n g t e c h n i q u e s from the c o m p a r a t i v e 
s t u d i e s of these two s e t s of d a t a . T h e I n v e r s e Rauiberg-Osgood 
m o d e l w a s f o u n d t o d e s c r i b e the 1 o a d - d e f o r m a t i o n and m o m e n t -
r o t a t i o n of b o t h the c o n n e c t o r s and j o i n t s l o a d e d in p u r e 
s h e a r and p u r e r o t a t i o n r e s p e c t i v e l y b e t t e r . T h e j o i n t 
b e h a v i o u r w a s a l s o found to be s e m i - r i g i d as o p p o s e d to the 
fully rigid a s s u m p t i o n s used i n d e s i g n c o d e s . 

T h e i n f o r m a t i o n u s i n g p r i n c i p l e o f s u p e r p o s i t i o n w a s n o t 
c o n c l u s i v e in that n o t e n o u g h d a t a on Lhe r e l a t i o n s h i p 
b e L w e e n b o l t a n d j o i n t m a t e r i a l load-deforiuation b e h a v i o u r 
w a s a v a i l a h l e . 
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C H A P T E R O N E . 

I N T R O D U C T I O N . 
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1.1 G E N E R A L 

W i t h a d v a n c e s i n t e c h n o l o g y o v e r the y e a r s , the p e r f o r m a n c e 
o f s t r u c t u r a l s y s t e m s i n t h e i r s e r v i c e s t a t e s h a s r e c e i v e d 
i n c r e a s i n g a t t e n t i o n . I n p a r t i c u l a r , the u d v e n t o f c o m p l e x 
f u n c t i o n a l a s p e c t s o f s t r u c t u r a l s y s t e m s h a s led t o t h e 
a d o p t i o n of the c o n c e p t of o p t i m i z a t i o n in s t r u c t u r a l 
d e s i g n . T h i s m e a n s that a m o n g o t h e r f a c t o r s t o b e 
c o n s i d e r e d , c o s t is o n e of the m a j o r c r i t e r i o n in m o s t of 
the d e s i g n s . H o w e v e r , o n e d o e s n o t o p t i m i z e c o s t t o s t r e n g t h 

a l o n e , b e c a u s e a e s t h e t i c and i n - s e r v i c e d e f l e c t i o n m u s t b e 
c o n s i d e r e d in so far as t h e s e i m p o r t a n t c h a r a c t e r i s t i c s may 
be i n f l u e n c e d by the s t r u c t u r a l f r a m e w o r k . O p t i m i z a t i o n 
a l s o c a n n o t b e a c h i e v e d w i t h o u t c o n s i d e r a t i o n o f c e r t a i n 
a s p e c t s o f f a b r i c a t i o n and e r e c t i o n s u c h a s s i m p l i c i t y o f 
j o i n t s and i m p o r t a n c e of s h o p - f a b r i c a t e d a s s e m b l i e s as a 
m e a n s o f s p e e d i n g u p e r e c t i o n , t o r e d u c e the c o s t o f filed 
l a b o u r . 

F o u n d a t i o n s , m e c h a n i c a l and e l e c t r i c a l s y s t e m s , and n o n -
s t r u c t u r a l e l e m e n t s h a v e t o b e c o n s i d e r e d w h e n o p t i m i s i n g 
the d e s i g n of a s t r u c t u r a l s y s t e m . T h u s o p t i m i s i n g d e s i g n 
i n c l u d e s c o n s i d e r a t i o n o f s t r u c t u r a l c o m p o n e n t s . 

T h e s t r u c t u r a l c o m p o n e n t s s o d e s i g n e d a r e j o i n e d t o g e t h e r b y 
c o n n e c t i o n s of a s u i t a b l e n a t u r e to p r o d u c e a c o h e r e n t 
s t r u c t u r a l s y s t e m . T h e q u a n t i f i c a t i o n o f the b e h a v i o u r o f 
the c o n n e c t ion is a pre — r e q u i s i t e in o r d e r to e m p l o y the 
a n a l y t i c a l t o o l s o f s t r u c t u r a l a n a l y s e s and d e s i g n s . T h e s e 
c o n n e c t i o n s m i g h t be w e l d e d , r i v e t t e d , b o l t e d , n a i l e d , 
g l u e d e t c . 

T h e c h o i c e o f the c o n n e c t i o n t y p e d e p e n d s u p o n the 
c o n s i d e r a t i o n that s o m e p a r t i c u l a r c o n n e c t i o n a s s e m b l y u s e d 
is m o r e e c o n o m i c a l than o t h e r s in s a t i s f y i n g b a s i c 
r e q u i r e m e n t s for e f f e c t i v e p e r f o r m a n c e . T h e s e r e q u i r e m e n t s 
are u s u a L l y s u f f i c i e n t s t r e n g t h , a d e q u a t e r o t a t i o n a l 
c a p a c i t y and c o n n e c t i o n s t i f f n e s s . (1) C o n v e n t i o n a l 
p r o c e d u r e s for the a n a l y s i s and d e s i g n o f f r a m e s t r u c t u r e s 
d e p e n d s o n the b a s i c a s s u m p t i o n s that the m e m b e r end-
c o n n e c t i o n s are e i t h e r fully p i n n e d o r fully r i g i d . T h i s i s 
d o n e d e s p i t e the k n o w l e d g e that few c o n n e c t i o n s , if a n y , 
b e h a v e in e i t h e r f a s h i o n and t h a t s i g n i f i c a n t m a t e r i a l 
s a v i n g s may be o b t a i n e d if the t r u e c o n n e c t i o n b e h a v i o u r is 
r e p r e s e n t e d . T h e p r i m a r y r e a s o n t h e s e a s s u m p t i o n s h a v e been 
a d o p t e d (2) a r e that i n f o r m a t i o n c o n c e r n i n g a c t u a l 
c o n n e c t i o n b e h a v i o u r (both a n a l y t i c a l and e x p e r i m e n t a l ) i s 
limited and the a n a l y t i c a l m e t h o d s d e v e l o p e d t o i n c o r p o r a t e 
s e m i - r i g i d b e h a v i o u r are c u m b e r s o m e and o f t e n c o m p l e x . 
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C o n n e c t i o n s p l a y an i m p o r t a n t role in s t r u c t u r a l s y s t e m s as 
they c o n s t i t u t e one of the m o s t i m p o r t a n t c o m p o n e n t s in the 
o v e r a l l e c o n o m i c s of the s t r u c t u r e . T h e perf oroiance of 
e v e r y s t r u c t u r a l a r r a n g e m e n t is d e p e n d e n t au m u c h on the 
c o n n e c t i o n s as on the p h y s i c a l size and shape of the 
s t r u c t u r a l m e m b e r s . O L h e r factors a f f e c t i n g the p e r f o r m a n c e 
o f s t r u c t u r a l s y s t e m s are the m a t e r i a l p r o p e r t i e s , c l i m a t i c 
c o n d i t i o n s and the intended f u n c t i o n s . B o l t e d c o n n e c t i o n s 
are c o m p l e x in t h e i r b e h a v i o u r (1) in both the e l a s t i c and 
p o s t - e l a s t i c c o n d i t i o n s . T h e i r e c o n o m y and s i m p l i c i t y m a k e s 
them p o p u l a r i n s t r u c t u r a l s t e e l w o r k . T h i s a s p e c t h e n c e 
w o u l d r e q u i r e that the s t r u c t u r a l b e h a v i o u r of b o l t e d 
c o n n e c t i o n s be well u n d e r s t o o d . 

1.2 Effects of connections on structural behaviour 

T h e e c o n o m i c s o f s t r u c t u r a l s t e e l w o r k frame c o n s t r u c t i o n are 
s t r o n g l y i n f l u e n c e d by the forms of j o i n t s s e l e c t e d b e c a u s e 
the r e s p o n s e u n d e r load of the r e s u l t i n g s t r u c t u r e is 
c r u c i a l l y a f f e c t e d by the b e h a v i o u r of the j o i n t s . The 
p a r t i c u l a r a s p e c t of c o n n e c t i o n b e h a v i o u r t h a t is of 
interest in the c o n t e x t of the p e r f o r m a n c e of the s t r u c t u r a l 
frame is the r o t a t i o n a l s t i f f n e s s . 

T h i s is m o s t c o n v e n i e n t l y d i s c u s s e d in t e r m s of the 
r e l a t i o n s h i p b e t w e e n the m o m e n t t r a n s m i t t e d by the 
c o n n e c t i o n , M, and the a n g u l a r in-plane r o t a t i o n of the 
c o n n e c t i o n , 0 . T y p i c a l M - 0 c u r v e s s i g n i f y i n g the t h r e e 
c o n v e n t i o n a l c o n n e c t i o n types are s h o w n in F i g u r e 1 . 1 . In 
the f i g u r e , the m o m e n t r o t a t i o n c u r v e for a h y p o t h e t i c a l l y 
fully rigid c o n n e c t i o n w o u l d c o i n c i d e w i t h the v e r t i c a l a x i s 
w h i l e for a h y p o t h e t i c a l l y fully p i n n e d c o n n e c t i o n w o u l d 
c o i n c i d e w i t h the h o r i z o n t a l a x i s . The m o m e n t - r o t a t i o n 
b e h a v i o u r of any real c o n n e c t i o n is i n t e r m e d i a t e b e t w e e n the 
two e x t r e m e s and e v e r y c o n n e c t i o n is c a p a b l e of d e v e l o p i n g 
a t l e a s t some m o m e n t r e s i s t a n c e . 

C o n n e c t i o n m o m e n t r e s i s t a n c e d o e s a f f e c t the beam f i x e d - e n d 
m o m e n t s w h i c h in turn a f f e c t s the beam w e i g h t . T h i s also 
a f f e c t s the e f f e c t i v e length and the l o a d - c a r r y i n g c a p a c i t y 
of the c o l u m n s as both factors are d e p e n d e n t on the a m o u n t 
of end r e s t r a i n t p r o v i d e d by the b e a m s framing into the 
c o l u m n e n d s . A l s o i n m o m e n t - r e s i s t a n t u n b r a c e d f r a m e s , 
c o n n e c t i o n d e f o r m a t i o n can c o n t r i b u t e s u b s t a n t i a l l y to the 
hox-izontal d r i f t of the s t r u c t u r e u n d e r l a t e r a l l o a d . The 
F - D e f f e c t in such f r a m e w o r k s tends to a m p l i f y the 
c o n n e c t i o n m o m e n t s and l a t e r a l d i s p l a c e m e n t s . (4) A l t h o u g h 
e a c h p a r t i c u l a r type o f j o i n t e x h i b i t s c e r t a i n s p e c i a l 
f e a t u r e s , the g e n e r a l p i c t u r e is as s u m m a r i s e d in figui-e 
1 . 1 . M o m e n t r o t a t i o n c u r v e s are t y p i c a l l y n o n - l i n e a r , a s 
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a r e the load-deforination c u r v e s . F r o m f i g u r e 1 . 1 . it is 
seen that, all p r a c t i c a l m o m e n t r e s i s t i n g c o n n e c t i o n s do 
p o s s e s s some r o t a t i o n a l s t i f f n e s s . T h u s all c o n n e c t i o n 
b e h a v i o u r w o u l d m o r e p r o p e r l y b e d e s c r i b e d a s s e m i - r i g i d . 
T h u s in o r d e r to d e t e r m i n e the e f f e c t a c o n n e c t i o n w o u l d 
h a v e on a s t r u c t u r a l s y s t e m , the c o r r e c t m o d e l l i n g of the 
c o n n e c t i o n s h o u l d b e c a r r i e d o u t . 

c o n v e n t i o n a l c o n n e c t i o n t y p e s ( 3 . 4 . 5 ) (a) 
i d e a l l y p i n n e d c o n n e c t i o n . (b) fully rigid 
c o n n e c t i o n . (c) v a r y i n g d e g r e e s o f p a r t i a l 
c o n n e c t i o n r i g i d i t y . 

In g e n e r a l , the f o r c e - d e f o r m a t i o n b e h a v i o u r of c o n n e c t i o n s 
d e p e n d s u p o n the f o l l o w i n g f a c t o r s , (6,7):-

(i) type and size of f a s t e n e r s 

(ii) S i z e , s h a p e and type o f c o n n e c t e d e l e m e n t s 
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(iii ) m a t e r i a l p r o p e r t i e s o f c o n n e c t o r s a n d c o n n e c t i o n 
m a t e r i a l s 

(iv ) f a s t e n e r a r r a n g e m e n t s 

(v) t y p e and m a g n i t u d e o f load t r a n s m i t t e d a t the 
c o n n e c t i o n . 

T h u s i n v e s t i g a t i o n s , t a k i n g into a c c o u n t t h e f a c t o r s l i s t e d 
a b o v e a s the p a r a m e t e r s , a r e n e c e s s a r y i n o r d e r t o 
a d e q u a t e l y d e s c r i b e the e f f e c t s that c o n n e c t i o n s h a v e o n t h e 
o v e r a l l b e h a v i o u r o f s t r u c t u r a l s y s t e m s . 

1.3 N e e d f o r f u r t h e r r e s e a r c h 

B e f o r e the e f f e c t s o f b o l t e d c o n n e c t i o n b e h a v i o u r c a n b e 
a d e q u a t e l y a c c o u n t e d for i n s t e e l s t r u c t u r a l s y s t e m s , 
a d d i t i o n a l r e s e a r c h s h o u l d b e c a r r i e d o u t i n s e v e r a l inter-
d e p e n d e n t a r e a s , s o m e o f w h i c h are b r i e f l y d i s c u s s e d b e l o w . 

1.3.1 L o a d - d e f o r m a t i o n b e h a v i o u r 

C o n n e c t i o n b e h a v i o u r is a f u n c t i o n of j o i n t g e o m e t r i c and 
m a t e r i a l p r o p e r t i e s . T h e r e i s n e e d t o r e s e a r c h into and 
e v a l u a t e the p e r f o r m a n c e o f j o i n t s u n d e r v a r i o u s l o a d i n g 
c o n d i t i o n s . R e a l 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 a s r e l a t e s t o 
s t r e n g t h and d e f o r m a t i o n m a y b e a s s e s s e d o n c e t h e a c t u a l 
r e s i s t a n c e f a c t o r s h a v e been e s t a b l i s h e d . 

T h e p r o b l e m c a n b e d e u l t w i t h a t two l e v e l s n a m e l y ; -

(i) i d e n t i f y the m o s t c o m m o n l y u s e d j o i n t g e o m e t r i e s 
a n d to s t a n d a r d i s e the n u m b e r of g e o m e t r i c 
v a r i a b l e s , and 

(ii) m o d e l and t e s t the j o i n t c o m p o n e n t s . 

1.3.2 N o n - l i n e a r m a t h e m a t i c a l m o d e l l i n g 

S e m i - r i g i d c o n n e c t i o n b e h a v i o u r i s c o m p l e x and n o n - l i n e a r 
r i g h t from the o n s e t o f l o a d i n g . M o s t o f the m a t h e m a t i c a l 
m o d e l l i n g t e c h n i q u e s t h a t have b e e n u s e d a r e b a s e d o n 
e l a s t o - p i a s t i c a n a l y s i s o f c o n n e c t i o n s , w h i c h a r e e i t h e r 
b i l i n e a r o r a p p r o x i m a t e l y s o . But d u e t o t h e n o n - l i n e a r 
b e h a v i o u r o f the c o n n e c t i o n s from the e a r l y l o a d i n g s t a g e s , 
the m o d e l s have b e e n i n c a p a b l e o f p r o v i d i n g r e a l i s t i c 
r e p r e s e n t a t i o n o f c o n n e c t i o n b e h a v i o u r . T h u s m a t h e m a t i c a l 
m o d e l s b a s e d o n c u r v e fitting t e c h n i q u e s s h o u l d b e 
r e s e a r c h e d u p o n m o r e in o r d e r to p r o p e r l y a n a l y s e the 
n o n - l i n e a r b e h a v i o u r o f t h e s e c o n n e c t i o n s . 
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1 . 3 . 3 A n a l y s i s and d e s i g n 

T h e r e is need to d e v e l o p a c c u r a t e a n a l y t i c a l t e c h n i q u e s to 
a c c o u n t for the e f f e c t s o f c o n n e c t i o n b e h a v i o u r . T h i s w i l l 
lead t o m o r e e f f i c i e n t and e c o n o m i c a l d e s i g n s . B u t t h e s e 
a s p e c t s a r e b e s t c o v e r e d w h e n e n o u g h d a t a h a s b e e n 
a c c u m u l a t e d t o a c c u r a t e l y d e f i n e the l o a d - d e f o r m a t i o n 
b e h a v i o u r and p r o p e r n o n - l i n e a r m a t h e m a t i c a l m o d e l s h a v e 
b e e n d e v e l o p e d . 

1.4 O b j e c t i v e s 

T h e o b j e c t i v e s o f t h i s r e s e a r c h a r e : 

1. To d e v e l o p a m a t h e m a t i c a l m o d e l to be u s e d in the 
p r e d i c t i o n o f a c t u a l c o n n e c t i o n b e h a v i o u r u n d e r the 
f o l l o w i n g l o a d i n g c o n d i t i o n s : 

(i) p u r e s h e a r i n g l o a d , and 

(ii) p u r e r o t a t i o n a l load 

2 . T o d e s i g n and t e s t b o l t e d c o n n e c t i o n s and c o m p a r e the 
a n a l y t i c a l m o d e l s and e x p e r i m e n t a l r e s u l t s o f the 
b e h a v i o u r o f steel j o i n t s . 

I n a d d i t i o n t o the a b o v e m a i n o b j e c t i v e s , the r e s e a r c h set 
t o e s t a b l i s h w h e t h e r the s t r u c t u r a l b e h a v i o u r o f b o l t e d 
c o n n e c t i o n c a n b e d e s c r i b e d a s e i t h e r f u l l y p i n n e d o r fully 
rigid a s set o u r i n d e s i g n c o d e s o r m o r e a p p r o p r i a t e l y a s 
s e m i - r i g i d , i . e . i n t e r m e d i a t e b e t w e e n f u l l y p i n n e d and fully 
r i g i d , i n b e h a v i o u r . T h e r e s e a r c h a l s o set o u t t o 
i n v e s t i g a t e the p o s s i b l e a p p l i c a t i o n o f s u p e r p o s i t i o n t o 
the e x p e r i m e n t a l d a t a b y s e p a r a t i o n o f i n d i v i d u a l 
c o n t r i b u t i o n s o f the c o n n e c t o r s and c o n n e c t e d m a t e r i a l t o 
the o v e r a l l l o a d - d e f o r m a t i o n b e h a v i o u r o f b o l t e d 
c o n n e c t i o n s . 

I n o r d e r t o a c h i e v e t h e s e o b j e c t i v e s , t h i s r e s e a r c h p r o j e c t 
h a s d e a l t w i t h v a r i o u s but r e l a t e d s u b j e c t s a s f o l l o w s : 

C h a p t e r 2 d e a l s w i t h a b r i e f look at the m a n u f a c t u r e s t e e l 
of and its u s e s in the C o n s t r u c t i o n I n d u s t r y . 

C h a p t e r 3 d e a l s w i t h a r e v i e w of r e l a t e d w o r k as d o n e by 
o t h e r r e s e a r c h e r s . 



C h a p t e r 4 e x a m i n e s the s u b j e c t of m a t h e m a t i c a l m o d e l l i n g and 
the b a s i s on w h i c h the m o d e l s used in the r e s e a r c h w e r e 
s e l e c t e d . 

C h a p t e r 5 d e a l s w i t h the 
i n v e s t i g a t i o n p r o c e d u r e s . 

C h a p t e r 6 is c o n c e r n e d w i t h the 
b e t w e e n the e x p e r i m e n t a l d a t a 
m a t h e m a t i c a l m o d e l . 

e x p e r i m e n t a l d e s i g n and 

s c h e m e s of a n a l y s i s of d a t a 
and that p r e d i c t e d by the 

C h a p t e r 7 is the d i s c u s s i o n of the e x p e r i m e n t a l r e s u l t s in 
r e l a t i o n to the o b j e c t i v e s and l i t e r a t u r e r e v i e w . 

C h a p t e r 8 c a r r i e s the c o n c l u s i o n s and r e c o m m e n d a t i o n s of the 
r e s e a r c h wox'k. 

1.5 Relevances of Research to structural Engineering 

B a s i c a l l y this r e s e a r c h was c a r r i e d out w i t h the u l t i m a t e 
aim of d e s c r i b i n g as well as p r e d i c t i n g the s t r u c t u r a l 
b e h a v i o u r o f b o l t e d c o n n e c t i o n s u n d e r v a r i o u s loading 
c o n d i t i o n s . B u t due to time and f i n a n c i a l c o n s t r a i n t s , the 
r e s e a r c h l i m i t e d the p a r a m e t e r s a f f e c t i n g c o n n e c t i o n 
b e h a v i o u r as set out in s e c t i o n 1 . 2 . The e x p e r i m e n t a l d a L a 
o b t a i n e d from the i n v e s t i g a t i o n w o u l d serve as a b a s i s for 
f u r t h e r r e s e a r c h w o r k , that will p r o g r e s s i v e l y i n c o r p o r a t e 
o t h e r p a r a m e t e r s on a w i d e r scope of r e s e a r c h . 

With t i m e , the r e s e a r c h e r e n v i s a g e s a stage w h e n e n o u g h d a t a 
w o u l d h a v e been a c c u m u l a t e d and a c c u r a t e p r e d i c t i v e m o d e l s 
d e v e l o p e d to have some kind of s t a n d a r d to w h i c h s t r u c t u r a l 
d e s i g n e n g i n e e r s c a n refer to in the a n a l y s i s and d e s i g n of 
bolted c o n n e c t i o n s g i v e n all the n e c e s s a r y p a r a m e t e r s . 

1.6 Summary of Results 

T h i s r e s e a r c h w a s c a r r i e d o u t in line w i t h the o b j e c t i v e s as 
set out in s e c t i o n 1.4 and the e x p e r i m e n t a l d e s i g n arid 
i n v e s t i g a t i o n in c h a p t e r 5 . 0 . From the e x p e r i m e n t a l r e s u l t s , 
iL w a s c o n c l u d e d that these c o n n e c t i o n s u n d e r p u r e s h e a r i n g 
and pure r o t a t i o n a l loading b e h a v e in a n o n - l i n e a r m a n n e r . 
T h e 1 o a d - d e f orniat ion c h a r a c t e r i s t i c s as d e r i v e d in c h a p t e r 
7.0 are b e s t d e s c r i b e d as s e m i - r i g i d , being i n t e r m e d i a t e 
between the fully p i n n e d and fully rigid c a s e s . T h e two 
n o n - l i n e a r m a t h e m a t i c a l m o d e l s a d o p t e d in p r e d i c t i n g the 
l o a d - d e f o r m a t i o n c h a r a c t e r i s t i c s of the bolted c o n n e c t i o n s 
were ranked and the I n v e r s e R a m b e r g - O s g o o d m o d e l w a s found 
Lo give b e t t e r results as c o m p a r e d to the p o l y n o m i a l m o d e l . 
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O v e r a l l , the load d e f o r m a t i o n c h a r a c t e r i s t i c s a s o b t a i n e d 
w e r e s u b s t a n t i a l l y a f f e c t e d by the r e s i d u a l s t r e s s e s as a 
r e s u l t o f the m a n u f a c t u r i n g p r o c e s s . 
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C H A P T E R 2 

S T E E L AS A C O N S T R U C T I O N M A T E R I A L 
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2 . 1 . I N T R O D U C T I O N 

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

i ) S t r u c t u r a l m a t e r i a l s w h i c h m u s t r e s i s t e x t e r n a l l o a d s 
or f o r c e s w h e n they a r e i n c o r p o r a t e d into a s t r u c t u r e 
e . g . r e i n f o r c i n g s t e e l , s t e e l b e a m s , s t e e l c o l u m n s , 
s t e e l p l a t e s , t r u s s e s , c o n c r e t e , m a s o n r y , w o o d e n 
e l e m e n t s etc;., and 

ii) a n o t h e r g r o u p o f m a t e r i a l s w h i c h a r e e m p l o y e d 
p r i n c i p a l l y for n o n - s t r u c t u r a l p u r p o s e s s u c h a s 
p r e s e r v a t i o n , d e c o r a t i o n , i n s u l a t i o n and o t h e r b u i l d i n g 
p u r p o s e s . T h e s e i n c l u d e r u b b e r , m a r b l e , w o o d p r o d u c t s , 
pai.nL e t c . 

T h e e n g i n e e r e n g a g e d i n a n y a c t i v i t y p e r t a i n i n g t o 
c o n s t r u c t i o n is m o r e i n t e r e s t e d in the u s e s of m a t e r i a l s , 
their p r o p e r t i e s and t h e i r b e h a v i o u r i n s e r v i c e . T h e d e s i g n 
e n g i n e e r n e e d s t o know the p r o p e r t i e s o f the m a t e r i a l s and 
the c o n d i t i o n s u n d e r w h i c h the m a t e r i a l s will be u s e d in 
o r d e r to be a b l e to d e s i g n s t r u c t u r a l s y s t e m s . A l s o a 
c o m p r e h e n s i v e k n o w l e d g e o f the p r o d u c t i o n and f a b r i c a t i o n o f 
some m a t e r i a l s is n e c e s s a r y in o r d e r to p r o v i d e for s a f e 
e c o n o m i c a l d e s i g n . 

2 . 2 . C h o i c e o f m a t e r i a l 

T h e c h o i c e of a s u i t a b l e m a t e r i a l is f r e q u e n t l y o n e of the 
m o s t d i f f i c u l t t a s k s facing the d e s i g n e n g i n e e r , s i n c e o n l y 
by c a r e f u l c o n s i d e r a t i o n of a i l the a s p e c t s i n v o l v e d in the 
p r o d u c t i o n and f a b r i c a t i o n o f m a t e r i a l c a n the m o s t s u i t a b l e 
be s e l e c t e d . T h e m a i n f a c t o r s i n v o l v e d in s e l e c t i n g a 
m a t e r i a l a r e : -

i ) m e c h a n i c a l and c h e m i c a l p r o p e r t i e s 

ii) m e t h o d o f m a n u f a c t u r i n g a n d / o r f a b r i c a t i o n 

i i i ) c o s t 

iv) a v a i l a b i l i t y 

v ) c o n s t r u c t i o n p r o g r a m m e 

E a c h o f t h e s e f a c t o r s i s b r i e f l y d i s c u s s e d b e l o w : 
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2.2.1. Mechanical properties 

E n g i n e e r i n g d e s i g n i s p r i m a r i l y c o n c e r n e d w i t h the 
d e v e l o p m e n t o f m a c h i n e s , s t r u c t u r a l s y s t e m s and v a r i o u s 
o t h e r p r o d u c t s . T h e s e e l e m e n t s are u s u a l l y s u b j e c t e d t o 
internal forces and d e f o r m a t i o n s . T h e d e s c r i p t i o n of the 
b e h a v i o u r o f t h e s e s y s t e m s u n d e r t h e s e forces c o n s t i t u t e the 
m e c h a n i c a l p r o p e r t i e s of the m a t e r i a l s of the c o m p o n e n t s 
u s e d . The m o s t i m p o r t a n t d e f i n i t i o n o f the m e c h a n i c a l 
p r o p e r t i e s of m a t e r i a l s is the s t r e s s - s t r a i n c u r v e . 
A l t h o u g h there may be a large v a r i a t i o n of the s h a p e s of the 
s t r e s s - s t r a i n d i a g r a m s for d i f f e r e n t m a t e r i a l s , the m a j o r i t y 
of e n g i n e e r i n g m a t e r i a l s e x h i b i t a r e a s o n a b l y l i n e a r 
v a r i a t i o n of s t r e s s w i t h s t r a i n d u r i n g the initial loading 
p e r i o d upto the limit of p r o p o r t i o n a l i t y (point A, Fig 2 . 1 ) . 

m a t e r i a l e.g steel (9). 

P o i n t B is the e l a s t i c l i m i t , p o i n t C the y i e l d p o i n t and 
p o i n t D the u l t i m a t e s t r e n g t h . ( 1 0 ) . A f t e r p o i n t D, 
e x t e n s i o n c o n t i n u e s w i t h an a p p a r e n t d e c r e a s e in s t r e s s 
u n t i l fracture e v e n t u a l l y o c c u r s a t E . T h e u l t i m a t e and 
yield s t r e n g t h s are two f a c t o r s that are m o s t c o m m o n l y 
r e f e r r e d to in d e s i g n of s t r u c t u r a l s y s t e m s . T h e l a t t e r is 
o f t e n of m o r e use since only rarely is it i n t e n d e d to s t r e s s 
a c o m p o n e n t b e y o n d the y i e l d p o i n t b e c a u s e of the d a n g e r of 
p e r m a n e n t s e t . T h e only p r o b l e m being that the yield 
s t r e n g t h is d i f f i c u l t to l o c a t e , since some m a t e r i a l s such 
as c a s t iron do not e x h i b i t d e f i n i t e yield p o i n t s . From the 
s t r e s s - s t r a i n c u r v e r e l e v a n t d e s i g n p r o p e r t i e s like m o d u l u s 
of e l a s t i c i t y , E, and p l a s t i c i t y c a n be d e f i n e d . [ 9 , 1 0 , 11 J. 
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2 . 2 . 2 . Manufacturing p r o c e s s 

A p a r t from a material satisfying the m e c h a n i c a l , p h y s i c a l 
and other required p r o c e s s e s , the t e c h n o l o g i c a l and 
e c o n o m i c a l aspects of p r o d u c t i o n are a l s o i m p o r t a n t . The 
m e t h o d s of manufacture are divided into two m a i n g r o u p s : 
[8]. 

i) Primary manufacturing method which g i v e s t h e b a s i c form 
of the component from the o r e , and 

ii) secondary m a n u f a c t u r i n g m e t h o d s w h i c h i n c l u d e all the 
machining p r o c e s s . 

T h e choice of steel to be used for s t r u c t u r a l p u r p o s e s d e a l s 
m o r e with the primary m a n u f a c t u r i n g m e t h o d s . T h e r e are two 
b a s i c classifications of these methods: 

i) Hot rolling in w h i c h steel sections are m a d e in r o l l i n g 
mill by passing hot steel b a r s , or b i l l e t s t h r o u g h 
pairs of massive s t e e l r o l l s , and 

ii) Cold rolling in w h i c h there is cold b e n d i n g of steel 
sheet from 1.5 to 5mm thick to make v e r y light 
structural sections such as channels and a n g l e s [ 1 1 ] . 

M o s t sections of wide s t r u c t u r a l a p p l i c a b i l i t y a r e p r o d u c e d 
in large quantities by h o t r o l l i n g . T h i s p r o c e s s is 
g e n e r a l l y carried out by e x t r u s i o n at t e m p e r a t u r e s high 
e n o u g h to prevent h a r d e n i n g and b r i t t l e n e s s . The cold 
r o l l i n g process involves shaping of m e t a l s at room 
temperature by cold d r a w i n g . This latter p r o c e s s l e a d s to 
w o r k hardening w h i c h involves a g e n e r a l i n c r e a s e in 
strength". Steels p r o d u c e d by this m e t h o d find use as 
stressing wires. For an e c o n o m i c d e s i g n , the m a n u f a c t u r i n g 
p r o c e s s by which a c o m p o n e n t is produced should have an end 
p r o d u c t which , apart from satisfying all the m e c h a n i c a l 
p r o p e r t i e s specified, also be easy to w o r k in o r d e r to 
m i n i m i s e the cost of l a b o u r . 

2 . 2 . 3 . Cost and A v a i l a b i l i t y 

W i t h the advent of the c o n c e p t of o p t i m i z a t i o n , c o s t has 
b e c o m e one of the m a i n c r i t e r i a in t h e s e l e c t i o n of 
m a t e r i a l s , their design and f a b r i c a t i o n of s t r u c t u r a l 
s y s t e m s . The e c o n o m y of the s t r u c t u r e , w h i l e being 
d e p e n d e n t on the d e s i g n a p p r o a c h u s e d , is also a f f e c t e d by 
the cost of the m a t e r i a l . This cost in t u r n d e p e n d s on the 
manufacturing p r o c e s s , sources of the m a t e r i a l , and the 
m a t e r i a l availability. 

14 



W h e r e a s other materials can be found locally in K e n y a , steel 
has to be imported from p r o d u c e r c o u n t r i e s . T h i s m e a n s t h a t 
the c o n t r o l l i n g factor is not the cost of the m a t e r i a l , but 
the m a t e r i a l price which d e p e n d s on the l e v e l s of i n f l a t i o n . 

2 . 2 . 4 . The c o n s t r u c t i o n p r o g r a m m e 

The e c o n o m y of any c o n s t r u c t i o n p r o j e c t r e v o l v e s a r o u n d the 
d u r a t i o n of the w o r k i n g s c h e d u l e s . The longer the p r o j e c t 
t a k e s , the more costly it is l i k e l y to become in t e r m s of 
b o t h fixed and variable o v e r h e a d s . T h u s it is i m p o r t a n t 
w h e n choosing construction m a t e r i a l s t o c o n s i d e r the o v e r a l l 
t i m e taken to complete the p r o j e c t . 

2 . 3 . F a c t o r s affecting m e c h a n i c a l p r o p e r t i e s o f s t e e l 

The d e f o r m a t i o n and fracture of m a t e r i a l under l o a d s are the 
p r i n c i p l e phenomena associated w i t h the m e c h a n i c a l b e h a v i o u r 
of m a t e r i a l s . O t h e r i n t e r a c t i v e p h e n o m e n a are the the 
t h e r m a l , e l e c t r i c a l , m a g n e t i c , c h e m i c a l and o p t i c a l e f f e c t s . 
T h e s e interactions and e f f e c t s depend on s e v e r a l f a c t o r s 
w h i c h c a n be traced to m a n u f a c t u r i n g process and f a b r i c a t i o n 
m e t h o d s , f u n c t i o n a l design and detail d e s i g n of the 
s t r u c t u r a l systems and e l e m e n t s . These factors are b r i e f l y 
d i s c u s s e d in the following s u b s e c t i o n s . 

2 . 3 . 1 . Chemical composition 

The c h e m i c a l composition is one of the m o s t i m p o r t a n t 
f a c t o r s in determining the p r o p e r t i e s of s t e e l . T h e 
p r o p e r t i e s of the common s t r u c t u r a l steels are g r e a t l y 
i n f l u e n c e d by the amount of m a n g a n e s e and c a r b o n p r e s e n t . 
T h e s e two elements control s t r e n g t h , d u c t i l i t y and 
w e l d a b i l i t y . [15]. 
H i g h c a r b o n content increases s t r e n g t h b u t a f f e c t s d u c t i l i t y 
and w e l d a b i l i t y . P h o s p h o r o u s and sulphur a f f e c t the i m p a c t 
s t r e n g t h of s t e e l s . G e n e r a l l y some d u c t i l i t y is s a c r i f i c e d 
to o b t a i n increased s t r e n g t h . 

2 . 3 . 2 . G e o m e t r y , T e m p e r a t u r e and S t r a i n 

In t h e usual rolling p r o c e s s , the cooling r a t e s , f i n i s h i n g 
t e m p e r a t u r e and reduction in c r o s s - s e c t i o n a l a r e a a f f e c t the 
f i n a l yield and tensile s t r e n g t h of s t e e l . D i f f e r e n t i a l 
c o o l i n g rates and cold-working p r o d u c e r e s i d u a l s t r e s s e s 
w h o s e e f f e c t s on structural b e h a v i o u r are d i s c u s s e d in 
c h a p t e r 3 . 0 . Residual stress is d e f i n e d as the s t r e s s t h a t 
r e m a i n s in a m a t e r i a l from the m a n u f a c t u r i n g p r o c e s s . [ 1 1 ] . 
The final size and shape of the s t r u c t u r a l e l e m e n t p r o d u c e d 
i n f l u e n c e s the stress d i s t r i b u t i o n and the s t r u c t u r a l 
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b e h a v i o u r . G e n e r a l l y , smaller elements tend to give h i g h e r 
failure stresses than large e l e m e n t s , e s p e c i a l l y in fatigue 
failure and brittle fracture c a s e s . The t e m p e r a t u r e and 
strain rates to which an e l e m e n t is s u b j e c t e d to tend to 
a f f e c t the yield and tensile s t r e n g t h , and p o s s i b l y the 
d u c t i l i t y . [15] . 

2.3.3. Fabrication E f f e c t s 

Fabrication of structural steelwork includes the p r o d u c t i o n 
of the sections ready for erection from the c o m p o n e n t or 
p a r e n t parts as they come from the rolling m i l l . The 
principal operation involved in the f a b r i c a t i o n p r o c e s s 
are: -

i) cutting to l e n g t h , and 

ii) drilling and w e l d i n g . 

Cutting to length is u s u a l l y affected by the e q u i p m e n t u s e d . 
Rough cutting is done by friction s a w s , w h e r e a s accurate 
cutting is done by high speed cold saws w h i c h cut to e x a c t 
l e n g t h . The same p r o c e s s can be a c c o m p l i s h e d by use of 
blowpipe or flame c u t t i n g . W i t h more superior e q u i p m e n t 
hole drilling has been automated and is of c o n s i d e r a b l e 
accuracy.The other fabrication technique used is w e l d i n g . 
T h e s e fabrication p r o c e s s e s do affect the b e h a v i o u r of the 
final product. The cutting p r o c e s s involves rough handling 
of the structural steel both in the w o r k s h o p s and in the 
f i e l d . 

The drilling p r o c e s s may lead to holes w h i c h are not 
p e r f e c t l y lined, and during bolting there w i l l be need to 
pull them into line forcibly in a p r o c e s s known as 
" d r i f t i n g " . Welding may cause warping and b u c k l i n g of the 
section leaving high levels of residual s t r e s s e s . Thus the 
fabrication processes will lead to a s t r u c t u r e having the 
elastic limit over small a r e a s . This m a k e s the s t r u c t u r e 
u n s a f e , considering the high ductility of s t e e l . [ 1 7 ] . 

2.3.4. Erection effects 

One of the great a d v a n t a g e s of steel c o n s t r u c t i o n lies in 
the speed with w h i c h the structure can be e r e c t e d . The 
erection process n o r m a l l y p r o c e e d s in planned s e q u e n c e based 
on working s c h e d u l e s . The p r o c e s s involves:-

i) delivery of s t e e l w o r k s 

ii) cranage and h o i s t i n g , and 

iii) setting out 
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D e l i v e r e d steelwork is n o r m a l l y i n s p e c t e d for c o m p l e t e n e s s 
w i t h the delivery s c h e d u l e and w e i g h t v e r i f i c a t i o n . T h e 
m e m b e r s with accidental d a m a g e a r e then d i s c a r d e d . A l s o the 
s t e e l w o r k s are c l e a r l y m a r k e d a c c o r d i n g t o the w o r k i n g p l a n . 
T h i s is to avoid m i s p l a c e m e n t of m e m b e r s by the c o n t r a c t o r 
w h i c h would affect the b e h a v i o u r o f t h e f i n i s h e d s t r u c t u r e . 
S e t t i n g out is done p r e c i s e l y also to avoid c a s e s w h e r e 
f o u n d a t i o n bases are n e i t h e r l e v e l n o r in l i n e . C r a n a g e 
i n v o l v e s the method of h o i s t i n g s e c t i o n s to h i g h e r l e v e l . 
L o w - r i s e frameworks u s e m o b i l e h y d r a u l i c c r a n e s , w h e r e a s 
large structures use tall m o b i l e c r a n e s and t o w e r c r a n e s . 
T h e hoisting method is i m p o r t a n t b e c a u s e some m e t h o d s m a y 
i n t r o d u c e t o r s i o n a l b u c k i n g or c a m b e r i n g in t h e s t e e l 
s e c t i o n s . The e r e c t i o n p r o c e s s itself i n v o l v e s u s e o f f u l l y 
b r a c e d "box" which e n s u r e s g r e a t e r s a f e t y a g a i n s t a c c i d e n t a l 
c o l l a p s e . A d d i t i o n a l b r a c i n g is a l s o r e q u i r e d to o b v i a t e 
t o r s i o n a l instability and to e n s u r e the s t r u c t u r a l s t a b i l i t y 
o f the partly c o m p l e t e d s t r u c t u r e . [ 1 9 ] . T h e p r e c a u t i o n s 
m e n t i o n e d are important b e c a u s e w i t h the f a b r i c a t i o n - i n d u c e d 
s t r e s s e s , failure can o c c u r d u r i n g e r e c t i o n if t h e r e is no 
a d h e r e n c e . 

2 . 3 . 5 . I m p e r f e c t i o n e f f e c t 

O n e of the major d i s a d v a n t a g e s w i t h s t r u c t u r a l s t e e l w o r k is 
the imperfection that o c c u r s d u r i n g e a c h of the f o l l o w i n g 
p r o c e s s e s : -

i) m a n u f a c t u r e 

ii) f a b r i c a t i o n , and 

iii) erection 

T h e o v e r a l l a c c u r a c y o f c o n s t r u c t i o n d e p e n d s o n m i l l r o l l i n g 
t o l e r a n c e s , f a b r i c a t i o n t o l e r a n c e and the t o l e r a n c e of 
e r e c t i o n . For each of t h e s e p r o c e s s e s there are a c c e p t a b l e 
l i m i t s from the stated d i m e n s i o n s or s t r a i g h t n e s s . [ 8 ] . 
T e m p e r a t u r e v a r i a t i o n s d u r i n g e r e c t i o n m u s t also b e 
a c c o u n t e d for as they a l s o c a u s e i m p e r f e c t i o n s . O n e of the 
m o s t notable i m p e r f e c t i o n s is i n t r o d u c t i o n of l a c k of fit 
w h i c h m a y cause c h a n g e s i n the a s s u m e d b e h a v i o u r . 
I m p e r f e c t i o n s may also c a u s e d i s t o r t i o n s of the s t r u c t u r e 
d u r i n g e r e c t i o n . For e x a m p l e , d i f f e r e n t i a l s h o r t e n i n g o f 
i n t e r n a l columns m a y o c c u r in a h i g h r i s e s t r u c t u r e due to 
the fact t h a t internal c o l u m n s c a r r y h i g h e r a x i a l load t h a n 
the e x t e r n a l c o l u m n s . T h i s s h o r t e n i n g c o u l d c a u s e 
c o n n e c t i n g beams to be fixed in p o s i t i o n out of l e v e l . S u c h 
c h a n g e s in structure a l i g n m e n t m a y t u r n o u t to be 
d i s a s t r o u s . T h u s it is n e c e s s a r y to u s e m e t h o d s of 
m a n u f a c t u r e , f a b r i c a t i o n a n d e r e c t i o n t h a t are p r e c i s e . 
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2 . 4 . Steel c o n s t r u c t i o n i n d e v e l o p i n g c o u n t r i e s 

T h e p o p u l a t i o n o f d e v e l o p i n g c o u n t r i e s c u r r e n t l y r e p r e s e n t s 
t h r e e - q u a r t e r s of the wor ld p o p u l a t i o n . In o r d e r to s a t i s f y 
the e n o r m o u s r e q u i r e m e n t s of the p o p u l a t i o n , e s p e c i a l l y in 
the p r o v i s i o n of s h e l t e r and o t h e r i n f r a s t r u c t u r e s , t h e s e 
d e v e l o p i n g c o u n t r i e s need to c r e a t e a p r o p e r c o n s t r u c t i o n 
i n d u s t r y . Steel c o n s t r u c t i o n is one of the w e l l k n o w n 
t e c h n o l o g i e s in a n u m b e r of d e v e l o p i n g c o u n t r i e s e.g 
V e n e z u e l a , I r a n , M e x i c o and C h i n a . [ 1 9 ] . A l t h o u g h some 
c o u n t r i e s have not had much in t e r m s of steel c o n s t r u c t i o n , 
the d e v e l o p m e n t of t h i s t e c h n o l o g y in such c o u n t r i e s can 
o n l y take place in c o n j u n c t i o n w i t h the p r o d u c t i o n of 
s t r u c t u r a l c o m p o n e n t s . T h u s there is a need to e x p l o i t the 
e f f e c t i v e n e s s of steel c o n s t r u c t i o n and the a s s o c i a t e d 
t e c h n i q u e s t h r o u g h c o - o p e r a t i o n and i n n o v a t i o n . 

D e v e l o p i n g c o u n t r i e s w h i c h are in the p r o c e s s of 
i n d u s t r i a l i z a t i o n need m a s s c o n s t r u c t i o n t e c h n i q u e s . S i n c e 
the p o p u l a t i o n is g r o w i n g r a p i d l y , u r b a n i z a t i o n is 
p r o c e e d i n g at u n p r e c e d e n t e d rates and the rise in living 
s t a n d a r d s c r e a t e s a need for a new type of c o n s t r u c t i o n 
t e c h n i q u e at c o m m u n i t y l e v e l . T h u s speed of c o n s t r u c t i o n is 
a p r i m e c o n s i d e r a t i o n in any c o n s t r u c t i o n t e c h n i q u e s to be 
a d o p t e d . Steel c o n s t r u c t i o n is itself an o f f s h o o t of 
i n d u s t r y , forming a n e c e s s a r y link b e t w e e n i n d u s t r y and 
p r o v i d i n g an area for e x p e r i m e n t in i n d i v i d u a l c o n s t r u c t i o n . 

M o s t of d e v e l o p i n g c o u n t r i e s m a y tend toward steel 
c o n s t r u c t i o n as a c o m p l e m e n t or an a l t e r n a t i v e to c o n c r e t e 
c o n s t r u c t i o n . T h e r e are a d v a n t a g e s a s s o c i a t e d w i t h t h e use 
of steel in c o n s t r u c t i o n n a m e l y : -

i) " ease of f a b r i c a t i o n as t h i s p r o c e s s c a n be 

i n d u s t r i a l i s e d 

ii) ease of e r e c t i o n 

iii) e n o r m o u s s a v i n g s in c o n s t r u c t i o n t i m e , and 

iv) lighter and t a l l e r s t r u c t u r e . 

2 . 5 . S t r u c t u r a l c o m p o n e n t s 

The structural c o m p o n e n t s of any system m a y be g r o u p e d into 
b a s i c types w h i c h c o n t r i b u t e to the s e r v i c e a b i l i t y of the 
s t r u c t u r e b y s a t i s f y i n g some f u n c t i o n a l r e q u i r e m e n t s . T h e s e 
m a y include:-
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i) b u i l d i n g s 

i i) bri d g e s 

iii) s p e c i a l s t r u c t u r e s . 

T h e s e s t r u c t u r a l forms share some c o m p o n e n t s w h i l e o t h e r s 
h a v e only s p e c i f i c c o m p o n e n t s a s s o c i a t e d w i t h t h e m . 
G e n e r a l l y , t h e s e c o m p o n e n t s a r e c l a s s i f i e d into the 
f o l l o w i n g : -

i ) s t r u c t u r a l f r a m e w o r k 

ii) floor s y s t e m s 

iii) roof s y s t e m s 

iv) w a l l s and p a r t i t i o n s 

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

E a c h of these c o m p o n e n t s has a u n i q u e f u n c t i o n w h i c h it 
c o n t r i b u t e s in the o v e r a l l p e r f o r m a n c e s of the u n i f i e d 
s t r u c t u r a l s y s t e m . T h e c o n t i n u i t y in p e r f o r m a n c e is 
a c h i e v e d only w h e n there e x i s t s a l i n k t h a t e f f e c t i v e l y 
t r a n s m i t s the s e r v i c e l o a d s , r e d i s t r i b u t i n g them in the 
d e s i r e d p r o p o r t i o n s a s per d e s i g n . T h i s f u n c t i o n a l 
r e q u i r e m e n t s is the o n u s of c o n n e c t i o n s . 

2 . 5 . 1 . S t r u c t u r a l r e q u i r e m e n t s 

S t r u c t u r a l f r a m e w o r k s m a y b e f a b r i c a t e d from r o l l e d s h a p e s 
o r b u i l t u p s e c t i o n s w i t h b o l t e d o r w e l d e d c o n n e c t i o n s . 
O v e r the y e a r s , c o n s t r u c t i o n u s i n g s t e e l has tended t o w a r d s 
the rigid f r a m e . The v a r i o u s c o m p o n e n t s are r i g i d l y fixed 
to one a n o t h e r to form a c o n t i n u o u s s y s t e m w h i c h s u p p o r t s 
l o a d s in s h e a r , b e n d i n g and t h r u s t . In case of h i g h rise 
b u i l d i n g s the s t r u c t u r a l f r a m e w o r k is a s y s t e m of b e a m s , 
g i r d e r s or t r u s s e s and c o l u m n s d e s i g n e d to c a r r y all g r a v i t y 
l o a d s of the s t r u c t u r e and to r e s i s t w i n d and e a r t h q u a k e 
f o r c e s . The p l a n n i n g of s t r u c t u r a l f r a m e w o r k c a t e r s for 
s p e c i a l f a c i l i t i e s to be i n c o r p o r a t e d into the b u i l d i n g . 

T h e A m e r i c a n I n s t i t u t e o f s t e e l C o n s t r u c t i o n [ A . I . S . C . ] 
s p e c i f i c a t i o n a l l o w s three t y p e s of c o n s t r u c t i o n in s t e e l 
f r a m e s based on the t y p e s and b e h a v i o u r of the c o n n e c t i o n s . 
[20] . 
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(i) Type 1: C o m m o n l y referred to as rigid frame or 
c o n t i n u o u s f r a m e . It a s s u m e s that beam to 
column co nn ec t ion have s u f f i c i e n t r i g i d i t y to 
hold v i r t u a l l y u n c h a n g e d the o r i g i n a l a n g l e s 
b e t w e e n intersecting m e m b e r s . 

(ii) Type 2: C o m m o n l y designed as simple framing 
( u n r e s t r a i n e d , f r e e - e n d e d ) w h i c h a s s u m e s that 
in so far as gravity l o a d i n g is c o n c e r n e d , 
the end of the b e a m s and g i r d e r s are 
c o n n e c t e d for shear o n l y and are free to 
r o t a t e . 

(iii) Type 3: D e s i g n a t e d semi-rigid f r a m i n g ( p a r t i a l l y 
r e s t r a i n e d ) , w h i c h a s s u m e s t h a t c o n n e c t i o n s 
of the beams and g i r d e r s p o s s e s s a d e p e n d e n t 
and known moment c a p a c i t y i n t e r m e d i a t e in 
degree b e t w e e n c o m p l e t e r i g i d i t y of type 1 
and the complete f l e x i b i l i t y of type 2. 

The behaviour of the types c o n n e c t i o n s is p r e s e n t e d in 
c h a p t e r 3 . 0 . The type of s t r u c t u r e f r a m i n g c h o s e n d e p e n d s 
on the a n a l y t i c a l m e t h o d s at the d i s p o s a l of the d e s i g n e r 
and also on the intended use of the s t r u c t u r e , w h e t h e r 
i n d u s t r i a l , r e s i d e n t i a l , r e c r e a t i o n a l e t c . The s t r u c t u r a l 
f r a m e w o r k chosen should satisfy the c a r d i n a l r e q u i r e m e n t s of 
e q u i l i b r i u m , s t r e n g t h , and s t a b i l i t y . 

2 . 5 . 2 . Floor s y s t e m s 

The floor systems like the s t r u c t u r a l f r a m e w o r k d e p e n d s on 
the intended use of the s t r u c t u r e . For a one s t o r e y e d 
i n d u s t r i a l or r e s i d e n t i a l b u i l d i n g , the f l o o r is u s u a l l y a 
c o n c r e t e slab laid d i r e c t l y on the g r o u n d . T h e c o n s t r u c t i o n 
of such a system pays p a r t i c u l a r a t t e n t i o n to c o n s t r u c t i o n 
d e t a i l to avoid cracking due to f r e e z i n g , s h r i n k a g e , 
e x p a n s i o n or e x c e s s i v e l o a d i n g . [15] T h e floor system in 
h i g h rise b u i l d i n g s is more e l a b o r a t e and i n c l u d e s a framing 
of g i r d e r s and b e a m s w h i c h s u p p o r t the floor d e c k . S e v e r a l 
t y p e s of floor d e c k s are available w i t h v a r y i n g d u r a b i l i t y , 
fire r e s i s t a n c e , w e i g h t and a d a p t a b i l i t y to the a p p l i c a t i o n 
of finished floors and ceilings and to the i n s t a l l a t i o n of 
u t i l i t i e s . The s e l e c t i o n of a s u i t a b l e type of floor d e c k 
d e p e n d s o n the o c c u p a n c y r e q u i r e m e n t s , s t r u c t u r a l a d e q u a c y 
and cost c o n s i d e r a t i o n s . 
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2 . 5 . 3 . Roof systems 

The roof system includes t h e roof f r a m i n g , the roof deck and 
the roof covering ( c l a d d i n g ) . The roof itself m i g h t be 
p i t c h e d or flat. A p i t c h e d roof is c o m p o s e d of t r u s s e s or 
r a f t e r s which form the m a i n roof f r a m i n g . The p u r l i n s act 
as secondary framing s y s t e m spanning the d i s t a n c e b e t w e e n 
the trusses or r a f t e r s . P u r l i n s e c t i o n s are u s u a l l y 
c h a n n e l s , junior b e a m s or cold formed s e c t i o n s . 

The roof deck is the s t r u c t u r a l a s s e m b l y d i r e c t l y r e s t i n g on 
the purlins and p r o v i d i n g the enclosing e l e m e n t to the top 
surface of the b u i l d i n g . A roof covering ( c l a d d i n g ) m a y be 
of the single u n i t type or m a d e up of f a c t o r y - p r o c e s s e d 
m u l t i p l e u n i t s . The type of roof cladding c h o s e n should be 
e f f e c t i v e in as far as being l e a k - p r o o f . T h u s it is 
n e c e s s a r y to take s p e c i a l care in making the j o i n t w a t e r -
p r o o f . Flat roof s y s t e m s are c o m m o n l y u s e d in m u l t i - s t o r e y 
s t r u c t u r e s although t h e i r a p p l i c a t i o n is now to be 
discouraged due to the h i g h m a i n t e n a n c e c o s t and l e a k a g e 
p r o b l e m s . 

A p a r t from the f u n c t i o n a l planning and o v e r a l l s t r u c t u r e 
d e s i g n of the s t r u c t u r a l m e m b e r s , o t h e r d e t a i l s w h i c h 
require attention are fire p r o t e c t i o n , s e r v i c e s h a f t s , 
fabrication and e r e c t i o n p l a n s for future e x p a n s i o n e t c . In 
m o s t cases large s t r u c t u r a l m e m b e r s are p r o v i d e d w i t h field 
splicing at several p o i n t s to facilitate h a n d l i n g d u r i n g 
f a b r i c a t i o n . The m a n n e r of erection d o e s i n f l u e n c e the 
d e s i g n of the m e m b e r s and the type of c o n n e c t i o n s to be 
u s e d . 

2.5.4 Bridges 

B r i d g e s can be c l a s s i f i e d e i t h e r according to the s e r v i c e 
they perform or a c c o r d i n g to t h e i r structural a r r a n g e m e n t s . 
The majority of them are e i t h e r h i g h w a y or r a i l w a y b r i d g e s . 
T h e r e are also b r i d g e s c a r r y i n g a c o m b i n a t i o n of t r a f f i c 
such as highway b r i d g e s with p e d e s t r i a n s i d e w a l k s , or 
r a i l w a y bridges w i t h h i g h w a y t r a f f i c at the same t i m e . The 
m o s t important of these b r i d g e c l a s s i f i c a t i o n s are:-

i) Span type (simple s p a n , rigid f r a m e , c a n t i l e v e r , 
c o n t i n u o u s , a r c h , s u s p e n s i o n , m o v a b l e ) 

ii) c r o s s - s e c t i o n (deck, h a l f - t h r o u g h , t h r o u g h ) 

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

iv) span length ( s h o r t , i n t e r m e d i a t e , l o n g ) 
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v) degree of r e d u n d a n c y ( d e t e r m i n a t e , i n d e t e r m i n a t e ) 

T h e most significant of these is c l a s s i f i e d by span t y p e , 
t h o u g h exception ought to be m a d e for m u l t i - s p a n b r i d g e s 
w h i c h contain several d i f f e r e n t t y p e s . A l s o the type of 
floor system might also be a b r i d g e s u b - c l a s s i f i c a t i o n , as 
t h i s controls the m a n n e r in w h i c h loads are t r a n s m i t t e d to 
the longitudinal e l e m e n t s and the l o c a t i o n and f u n c t i o n of 
b r a c i n g . [21.22]. 

2 . 5 . 5 . Special s t r u c t u r e s 

T h e s e are structural s y s t e m s , w h i c h t h o u g h f i n d i n g e v e r y d a y 
a p p l i c a t i o n , employ special t e c h n i q u e s in t h e i r a n a l y s i s , 
d e s i g n and construction. T h e r e are m a n y s t r u c t u r a l s y s t e m s 
a n s w e r i n g to the d e f i n i t i o n and only a few of them are 
d i s c u s s e d in the following s u b s e c t i o n s . 

2 . 5 . 5 . 1 . Towers and p y l o n s 

T r a n s m i s s i o n line p y l o n s and other t o w e r s y s t e m s are 
e x a m p l e s of these special s t r u c t u r e s . T h e s e are t h r e e 
d i m e n s i o n a l space structures and are a n a l y z e d as s u c h . The 
d e s i g n loads on transmission line towers or p y l o n s a r e , in 
a d d i t i o n to normal d e a d l o a d s , wind on the c a b l e s and 
t o w e r s , imbalanced c a b l e t e n s i o n resulting from h o r i z o n t a l 
c h a n g e s of direction of a l i n e . Large l a t e r a l f o r c e s a c t i n g 
on the relatively l i g h t t o w e r s m a y c a u s e u p l i f t at the 
s u p p o r t s , which requires that the s u p e r s t r u c t u r e be s e c u r e l y 
tied to heavy f o u n d a t i o n s . The combined e f f e c t of t h e s e 
f o r c e s makes the a n a l y s i s and d e s i g n of t o w e r s and p y l o n s a 
s p e c i a l branch of structural e n g i n e e r i n g [22]. 

2 . 5 . 5 . 2 . Stressed-skin s t r u c t u r e 

A l t h o u g h most of the s t r u c t u r a l systems d i s c u s s e d a b o v e m a y 
be grouped together as framed s t r u c t u r e s , t h a t is s t r u c t u r e s 
m a d e up of discrete e l e m e n t s , there e x i s t s a n o t h e r l a r g e 
g r o u p of structures in w h i c h the load c a r r y i n g e l e m e n t s are 
c o n t i n u o u s . These m a y be c o n t i n u o u s s h e e t s or p l a t e s , 
r e i n f o r c e d as necessary for s t r e n g t h and s t i f f n e s s . T h i s 
c a t e g o r y includes storage t a n k s , b o i l e r s , w i n d t u n n e l s , 
p i p e l i n e s and penstocks (pressure v e s s e l s ) as w e l l as s h i p 
h u l l s , aircraft e t c . These are stressed skin s t r u c t u r e s . 
R e c e n t developments in stressed skin d e s i g n h a v e e n a b l e d 
a p p l i c a t i o n of the same p r i n c i p l e in the d e s i g n of 
industrial portal frames and r o o f i n g s y s t e m s . In such c a s e s 
the cladding strength is t a k e n into a c c o u n t in the o v e r a l l 
frame design and d e f l e c t i o n of such s y s t e m s are a p p r e c i a b l y 
reduced by the cladding due to stressed skin e f f e c t s . The 
c h i e f reason for the s t r u c t u r a l e f f i c i e n c y of s t r e s s e d skin 
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systems lies in their curved shapes w h i c h e n a b l e s them to 
resist distributed loads normal to the s u r f a c e p r i m a r i l y by 
m e m b r a n e action. [ 2 3 , 2 4 ] . In their a n a l y s i s b e n d i n g e f f e c t s 
are neglected and specialised m a t h e m a t i c a l t e c h n i q u e s are 
u t i l i s e d . 

2 . 5 . 5 . 3 . Cranes 

C r a n e w a y s represent special d e s i g n p r o b l e m s r e l a t e d to c r a n e 
g i r d e r s and crane c o l u m n s . [21]. For a c r a n e of a g i v e n 
c a p a c i t y which includes h o i s t , trolley and c r a n e b r i d g e s or 
a roller truck, the type of crane g i r d e r s and c o l u m n 
arrangement may be selected from the f o l l o w i n g 
consideration:- m a g n i t u d e of v e r t i c a l , l a t e r a l and 
longitudinal forces for w h i c h the s t r u c t u r e is to be 
d e s i g n e d , girder span b e t w e e n c o l u m n s , c l e a r a n c e h e i g h t s 
a b o v e the floor and below the r o o f . T h e b e h a v i o u r of the 
c r a n e rails is treated as beams on e l a s t i c f o u n d a t i o n s in 
t h e i r analysis, a s p e c i a l i s e d e n g i n e e r i n g a n a l y t i c a l 
t e c h n i q u e . 

2 . 5 . 6 . Connections 

In order to obtain a structure t h a t w i l l f u n c t i o n p r o p e r l y , 
all the four-mentioned structural c o m p o n e n t s have to a c t in 
complementary r o l e s . T h i s role is a t t a i n e d o n l y w h e n t h e r e 
is continuity in the structural system to e n a b l e it act as a 
c o h e r e n t unit. To achieve t h i s , c o n n e c t i o n s of a s u i t a b l e 
type are employed. T h e c o n n e c t i o n s thus act as l i n k s in the 
structure and do a f f e c t the o v e r a l l b e h a v i o u r of the 
structural systems and the stress in the m a i n m e m b e r s . 

T h e s e connections m i g h t e i t h e r be of the w e l d e d type or 
t h o s e employing m e c h a n i c a l fasteners such a s n a i l s , b o l t s , 
r i v e t s e t c . In order to u n d e r s t a n d the b e h a v i o u r of 
structural systems, an u n d e r s t a n d i n g of the c o n n e c t i o n s 
u n d e r various loading c o n d i t i o n s is v i t a l and a r e v i e w of 
t h i s aspect of c o n n e c t i o n s forms the b a s i s of the n e x t 
c h a p t e r . The c o n n e c t i o n types are b r o a d l y c l a s s i f i e d a s : - . 

i) fully pinned 

ii) semi-rigid, and 

iii) fully rigid 

The fully pinned c o n n e c t i o n a s s u m e s no j o i n t m o m e n t 
t r a n s f e r , though it u n d e r g o e s relative m e m b e r r o t a t i o n at 
the joint, in it's b e h a v i o u r u n d e r l o a d . T h e fully r i g i d 
conn ecti on is assumed to have full j o i n t m o m e n t t r a n s f e r 
w i t h o u t relative m e m b e r r o t a t i o n at a j o i n t . The s e m i - r i g i d 
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c o n n e c t i o n is assumed i n t e r m e d i a t e in b e h a v i o u r , b e t w e e n t h e 
two types in that,

; V

 it w i l l t r a n s f e r the full j o i n t m o m e n t 
w i t h relative r o t a t i o n of the m e m b e r s at a j o i n t . In 
r e a l i t y , fully pinned c o n n e c t i o n s do p o s s e s s some r o t a t i o n a l 
s t i f f n e s s due to f r i c t i o n of m e m b e r s e i t h e r from t h e use of 
f r i c t i o n grip type of c o n n e c t o r s or o v e r t i g h t e n i n g of 
o r d i n a r y b o l t s . A l s o the fully rigid c o n n e c t i o n s h a v e some 
d e g r e e of flexibility p o s s i b l y due to lack of t i g h t f i t t i n g 
of the members as a j o i n t d u r i n g f a b r i c a t i o n . T h u s t h e 
t e n d e n c y in structural a n a l y s i s and d e s i g n is t o w a r d s an 
a s s u m e d semi-rigid c o n n e c t i o n b e h a v i o u r . [24]. 
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C H A P T E R 3.0 

L I T E R A T U R E R E V I E W 
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3 . 1 . Introduction 

R e s e a r c h into c o n n e c t i o n b e h a v i o u r started as e a r l y as the 
1900's [26] and the r e s u l t s obtained c o u p l e d w i t h o t h e r 
l a t t e r research f i n d i n g s have provided c u m u l a t i v e k n o w l e d g e 
a i m e d at an attempt to e x p l a i n actual c o n n e c t i o n b e h a v i o u r . 

R i g i d connection d e s i g n , w h i c h m i g h t i n c l u d e the u s e o f 
w e l d e d end p l a t e s , c a l l s for f a b r i c a t i o n m e t h o d s of m e m b e r s 
to be in close c o n t a c t . T h i s is to e n s u r e t h a t b o t h force 
and stiffness are a d e q u a t e l y t r a n s f e r r e d from m e m b e r to 
m e m b e r . Such design a s s u m e s full c o n t i n u i t y in the s y s t e m . 
S i m i l a r assumptions of full c o n t i n u i t y h a v e b e e n m a d e in 
reinforced concrete d e s i g n w i t h tragic c o n s e q u e n c e s . C a s e s 
in point are the B e d f o r d C o u n t y H a l l and R o n a n p o i n t 
d i s a s t e r s . [27,28]. T h i s is an i n d i c a t i o n of w e a k n e s s in 
a p p r e c i a t i n g the f u n d a m e n t a l p r o p e r t i e s of the m a t e r i a l . 
S t r u c t u r a l steelwork is in itself d i s c o n t i n u o u s and c h a n g e s 
in assumed behaviour such as d i s p l a c e m e n t s o c c u r i n g d u e to 
l a c k of fit may p r o v i d e a h i n d r a n c e to rigid d e s i g n w h i c h 
a s s u m e s full c o n t i n u i t y of the s t r u c t u r a l s y s t e m . I n s p i t e 
of such s h o r t c o m i n g s , f u l l y - r i g i d d e s i g n s h a v e found 
a p p l i c a t i o n in portal frame and m u l t i - s t o r e y b u i l d i n g s w i t h 
s a t i s f a c t o r y r e s u l t s . [28] The design r e c o m m e n d a t i o n s for 
f u l l y rigid frameworks have been found to be b a s e d on 
m a t h e m a t i c a l analysis r a t h e r than e x p e r i m e n t a l e v i d e n c e . 

P i n n e d conncetions are a p p r o x i m a t e d to j o i n t s w i t h t o p and 
b o t t o n angle cleats b e t w e e n beam f l a n g e s and c o l u m n s . They 
have been adopted by d e s i g n e r s in p r e f e r e n c e to f u l l y rigid 
d e s i g n s mainly due to t h e i r s i m p l i c i t y . In r e a l i t y the 
s a v i n g s in material by w e i g h t are m i n i m i s e d . T h i s is m a i n l y 
b e c a u s e in fully p i n n e d d e s i g n , the b e a m s a r e for the m o s t 
p a r t laterally r e s t r a i n e d by the floors t h e y s u p p o r t . T h i s 
introduces continuity and there is t r a n s f e r of m o m e n t s from 
beam to c o l u m n s . T h i s t r a n s f e r relieves m o m e n t s in the 
b e a m s and increases m o m e n t s in the c o l u m n s w h i c h a r e u s u a l l y 
u n r e s t r a i n e d . This l e a d s to h e a v i e r c o l u m n and l i g h t e r beam 
s e c t i o n s , whereas in rigid design the two c o m p o n e n t s are of 
intermediate size. 

In r e a l i t y , fully p i n n e d c o n n e c t i o n s do o f f e r some d e g r e e of 
m o m e n t restraint and fully rigid c o n n e c t i o n s do h a v e some 
f l e x i b i l i t y . T h e s e f a c t o r s d e s e r v e c o n s i d e r a t i o n i n 
d e s i g n . With this r e a l i z a t i o n and the fact t h a t m o s t 
p r a c t i c a l c o n n e c t i o n s a r e the field bolted t y p e , t h e r e is an 
increasing tendency t o w a r d s a c o n n e c t i o n i n t e r m e d i a t e in 
b e h a v i o u r between the t w o , n a m e l y the s e m i - r i g i d j o i n t . 

The adoption of s e m i - r i g i d c o n n e c t i o n d e s i g n m e a n s t h e r e is 
n e e d t o examine p a s t d e s i g n m e t h o d s and c o m e u p w i t h m o r e 
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a c c e p t a b l e ones. T h e r e are several f a c t o r s w h i c h n e e d 
c o n s i d e r a t i o n , some of w h i c h are; -

(i) the need to d e v e l o p methods of a s s e s s i n g s e m i -
rigid c o n n e c t i o n b e h a v i o u r a c c e p t a b l e to 
d e s i g n e r s . D e s p i t e the c o m p l e x i t y o f the p r o b l e m , 
the s o l u t i o n m u s t be in the form of s i m p l e 
e x p r e s s i o n s r e a d i l y usable in d e s i g n . 

(ii) the e v a l u a t i o n , by t e s t s , of all c o l u m n t y p e s of 
joints to make p o s s i b l e r a t i o n a l i z a t i o n of t h o s e 
type c a p a b l e of d e v e l o p i n g s u f f i c i e n t m o m e n t to be 
considered v i a b l e in the s e m i - r i g i d r a n g e s , and 
the e s t a b l i s h e m e n t of upper and lower b o u n d s of 
such r a n g e s . 

(iii) t h e c o n s i d e r a t i o n of material c o s t s , w h i c h i n c l u d e 
labour and f a b r i c a t i o n c o s t s . A s l a b o u r c o s t s 
c o n t i n u e t o i n c r e a s e , a u t o m a t i o n a n d 
s t a n d a r d i z a t i o n of f a b r i c a t i o n m e t h o d s are 
necessary for e c o n o m i c p r o d u c t i o n . Such a t r e n d 
leads to the f o l l o w i n g b e n e f i t s : -

(a) A s s i s t s f a b r i c a t o r s , and 

(b) R e d u c e s the p a r a m e t e r s to be d e a l t w i t h in 
r e s e a r c h . 

A n o t h e r need for s e m i - r i g i d design is b a s e d on t h e 
r o t a t i o n a l c h a r a c t e r i s t i c s . Fully p i n n e d c o n n e c t i o n s 
u n d e r g o large angles o f r o t a t i o n , t r a n s m i t t i n g n e g l i g i b l e 
m o m e n t s , [fig. 3 . 1 ] . D e f o r m a t i o n s and m o m e n t s in b e a m s w i t h 
f u l l y pinned (flexible) c o n n e c t i o n s are t a k e n as for an 
i d e a l l y 'simply s u p p o r t e d c a s e . S e m i - r i g i d c o n n e c t i o n s 
p e r m i t some e n d - r o t a t i o n b u t in so d o i n g t r a n s m i t 
a p p r e c i a b l e end m o m e n t . [fig. 3 . 2 ] . A f u l l y rigid 
c o n n e c t i o n permits r e d i s t r i b u t i o n of m o m e n t s in t h e 
f r a m e w o r k , which often r e s u l t s in r e d u c t i o n of m a x i m u m 
m o m e n t s values and use of lighter sections for t h e b e a m s , 
[ f i g . 3.2 and 3 . 3 ] . But two p r o b l e m s a r i s e in the a n a l y s i s 
and design of s t r u c t u r a l frameworks w i t h s e m i - r i g i d 
c o n n e c t i o n s . [21]. One p r o b l e m is the d e t e r m i n a t i o n of 
m o m e n t s for a given s t r u c t u r a l system w i t h k n o w n l o a d s and 
the other deals w i t h t h e d e t e r m i n a t i o n of m o m e n t - r o t a t i o n 
c h a r a c t e r i s t i c of a p a r t i c u l a r c o n n e c t i o n . T h e s e p r o b l e m s 
of analysis are treated in c h a p t e r four. 

3 . 2 . Loading effects o n s e m i - r i g i d l y c o n n e c t e d s y s t e m s 

In o r d e r to perform the i n t e n d e d f u n c t i o n s , all m e c h a n i c a l l y 
f a s t e n e d connections u n d e r g o d e f o r m a t i o n u n d e r l o a d . T h u s 
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to understand the behaviour of s e m i - r i g i d l y c o n n e c t e d 
s y s t e m s , information concerning deformation c h a r a c t e r i s t i c s 
of the connections is a p r e - r e q u i s i t e . 

Semi-rigid c o n n e c t i o n s possess some p r o p e r t i e s , as p e r t a i n 
to stiffness and f l e x i b i l i t y , intermediate b e t w e e n those of 
equivalent fully pinned and fully rigid c a s e s . The 
behaviour of these c o n n e c t i o n s is often c o m p l e x and w i t h the 
exception of fully pinned joints, all m e c h a n i c a l l y fastened 
joints are highly statically indeterminate. T h i s is b e c a u s e 
d i s t r i b u t i o n of forces and stresses d e p e n d s u p o n the 
relative deformation of the component p a r t and the 
f a s t e n e r s . The situation is further c o m p l i c a t e d by stress 
c o n c e n t r a t i o n s . [15,29]. Also the e n t i r e m o m e n t 

distribution is affected by changes in m o m e n t s at any p o i n t s 
in the structure. 

The moments cause some rotation in the c o n n e c t i o n , w h i c h 
p e r m i t s redistribution of member end m o m e n t s due to the 
load-slip p h e n o m e n o n . [30] Moment resistance b u i l d s on as 
the joint rotation proceeds while the m e m b e r end m o m e n t s 
decrease as the m e m b e r tries to relieve itself of the m o m e n t 
build up due to the applied loading. The m e m b e r end m o m e n t s 
eventually balance resisting m o m e n t , when the s t r u c t u r e has 
deformed to a state of static equilibrium. A h y p o t h e t i c a l 
visualization of the moment distribution is t r e a t e d by 
M u t u k u et al [30] as shown in figure 3.4. C u r v e I in figure 
3.4 represents the moment-rotation r a l a t i o n s h i p of a m e m b e r 
end 1 framed into a rigid connection in s p a c e , [figure 3.4 
(a)]. Curve II represents the m o m e n t - r o t a t i o n r e l a t i o s h i p 
of the same member end if this is framed into a s e m i - r i g i d 
j o i n t in space, [figure 3.4 (b)]. If i n i t i a l l y the m e m b e r 
is loaded along curve I until point A, the r o t a t i o n 0j, is 
due to an applied end moment Mj . If the c o n n e c t i o n is now 
made semi-rigid, m e m b e r end moment r e d i s t r i b u t i o n would 
o c c u r along curve III to a point B on c u r v e II t h e r e b y 
reducing member end m o m e n t to Mj ' and i n c r e a s i n g r o t a t i o n to 
Ĝ '. Increasing m o m e n t leads to a m o m e n t - r o t a t i o n c u r v e 
following curve II from p o i n t B. The m o m e n t v a l u e s on this 
c u r v e represent the equilibrium of m e m b e r end m o m e n t s 
(resisting m o m e n t s in semi-rigid joints) due to m o m e n t 
redistribution from curve I. 

3.2.1 M o m e n t s - r o t a t i o n characteristics of s e m i - r i g i d 
c o n n e c t i o n s . 

Moment-rotation r e l a t i o n s h i p s are the b a s i c d e s c r i p t i o n of 
flexural connection b e h a v i o u r . This r e l a t i o s h i p e x p r e s s e s 
the moment transmitted by a connection as a f u n c t i o n of the 
relative rotation of the two or more m e m b e r s framing into a 
j o i n t . [3,4,5,29]. The moment-rotation c h a r a c t e r i s t i c s of 
connections are b e s t depicted as moment- r o t a t i o n (M-0) 
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c u r v e s ("connection" c u r v e s ) as shown in figure 3 . 5 . w i t h 
r o t a t i o n , 0 as the a b s i c c a and m o m e n t , M as the o r d i n a t e . 
In this graphical f o r m a t , the v e r t i c a l (M) and the 
h o r i z o n t a l (0) axis represents the p e r f e c t l y rigid and 
p e f e c t l y pinned (flexible) connection r e s p e c t i v e l y . Real or 
p r a c t i c a l connections fall within the q u a d r a n t b e t w e e n the 
two axes. The moment rotation r e l a t i o n s h i p s are n e e d e d in 
the following s i t u a t i o n involving bolted m o m e n t r e s i s t i n g 
c o n n e c t i o n s in structural systems:-

(i) in the d e s i g n of semi-rigid c o n n e c t i o n s w i t h 
limiting d e f l e c t i o n , drift or r o t a t i o n 
c o n s i d e r a t i o n s , and 

(ii) in the a n a l y s i s of "rigid" f r a m e s w i t h n o n - r i g i d 
c o n n e c t i o n s . [29]. 

For structural a d e q u a c y of a framework in a c c o r d a n c e w i t h 
a c c e p t a b l e limit states for both ultimate and s e r v i c e a b i l i t y 
c o n d i t i o n s , the c o n n e c t i o n should have s u i t a b l e s t r e n g t h 
d u c t i l i t y c h a r a c t e r i s e s . Bridge et al [31] did some 
r e s e a r c h on a high rise building and p l o t t e d the m o m e n t -
r o t a t i o n curves shown in figure 3.6(a). T h e frame w a s 
a n a l y s e d for a range of joint f l e x i b i l i t i e s and m o m e n t 
c a p a c i t i e s . This w a s achieved by varying the v a l u e s of 
m o m e n t of inertia of j o i n t s , Ij and the t h e o r e t i c a l u l t i m a t e 
m o m e n t capacity at j o i n t M •. The model used was s u c h t h a t 
the moment capacity of trie joint was less than t h a t of 
e i t h e r the column or the beam framing into t h a t p a r t i c u l a r 
j o i n t . The models are shown in figure 3 . 6 ( b ) . 
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F i g u r e 3.1 Fully pinned c o n n e c t i o n 
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SPAN 

igure 3.2 Semi-rigid c o n n e c t i o n 
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Figure 3.4 M o m e n t - r e d i s t r i b u t i o n in s e m i - r i g i d j o i n t s 
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F i g u r e 3.5 T y p i c a l m o m e n t - r o t a t i o n r e l a t i o n s h i p s . 

(a) ideally rigid c o n n e c t i o n 

(b) fully p i n n e d c o n n e c t i o n 

(c) v a r y i n g d e g r e e of p a r t i a l c o n n e c t i o n r i g i d i t y . 
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F i g u r e 3.6 C o m p u t e r m o d e l for semi-rigid j o i n t s . [31] 
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F i g u r e 3.7 M o m e n t - r o t a t i o n d e m a n d [31] 

Mpj = theoritical u l t i m a t e m o m e n t c a p a c i t y 

O p j s = rotation c a p a c i t y at s e r v i c e a b i l i t y 

0pju = rotation c a p a c i t y at u l t i m a t e . 
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F i g u r e 3.8 M o m e n t - r o t a t i o n c u r v e s of s e m i - r i g i d c o n n e c t i o n s 
[32] 

The maximum rotation of the j o i n t s in the frame w a s c o m p u t e d 
for each semi-rigid m o d e l used at b o t h u l t i m a t e and 
s e r v i c e a b i l i t y limt s t a t e s . T h e y found out t h a t for a n y 
g i v e n value of m o m e n t c a p a c i t y M

p
j, the t o t a l m a x i m u m 

c a p a c i t y (summation o f c o l u m n s , b e a m s , and j o i n t s ) r e q u i r e d 
to satisfy the u l t i m a t e l i m i t state was i n d e p e n d e n t of t h e 
e l a s t i c stiffness of the c o n n e c t i o n s . F i g u r e 3.7 s h o w s t h e 
a c c e p t a b l e c r i t e r i a for b o t h t h e ultimate and s e r v i c e a b i l i t y 
l i m i t s t a t e s . In a r e l a t e d r e s e a r c h , B i j l a a r d [32] c a m e up 
w i t h the curves shown in figure 3 . 8 . He found out t h a t w h e n 
r e d i s t r i b u t i o n of m o m e n t s is r e q u i r e d , the c o n n e c t i o n s 
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c o r r e s p o n d i n g to case B and C have to be r e j e c t e d b e c a u s e of 
lack of sufficient r o t a t i o n a l c a p a c i t y . T h o s e c o r r e s p o n d i n g 
to c u r v e s A and D p o s s e s s s u f f i c i e n t r o t a t i o n a l c a p a c i t y . 
W h e r e a s curve A is a c c e p t a b l e , c u r v e D is n o t . 

T h i s is because c o n n e c t i o n s c o r r e s p o n d i n g to c u r v e A can 
t r a n s m i t full d e s i g n m o m e n t w h e r e a s c o n n e c t i o n s 
c o r r e s p o n d i n g to curve D do not transmit the full m o m e n t . 
C o n n e c t i o n s to t r a n s m i t full m o m e n t capacity in m o s t c a s e s 
need to be stiffened and are t h e r e f o r e e x p e n s i v e . 

A l m o s t all metal c o n n e c t i o n s exhibit n o n - l i n e a r m o m e n t -
r o t a t i o n c h a r a c t e r i s t i c s c a u s e d by very c o m p l e x b e h a v i o u r . 
[ 3 , 3 9 ] , Flexible c o n n e c t i o n s b e h a v e l i n e a r l y u n t i l local 
y i e l d i n g effects in the c o n n e c t o r s and c o n n e c t i o n p a r t s 
c a u s e non-linear b e h a v i o u r . T h e main p r o b l e m s a s s o c i t e d 
w i t h semi-rigid design and w h i c h arise from their m o m e n t 
r o t a t i o n relations are: -

(i) complexities in f i n d i n g and u s i n g the r e q u i s i t e 
m o m e n t - r o t a t i o n c u r v e s asking the s i m p l e s t 
approximate m e t h o d s too cumbersome for r o u t i n e 
d e s i g n , 122] 

(i) when the m o m e n t - r o t a t i o n relations are l i n e a r , the 
problems m a y be solved by m o d i f i e d slope-
deflection o f m o m e n t - d i s t r i b u t i o n m e t h o d s . W h e n 
the relations are non-linear or w h e n they v a r y 
with m a g n i t u d e , the general a n a l y t i c a l p r o b l e m 
becomes d i f f i c u l t to h a n d l e 121]. 

In addition to the m o m e n t - r o t a t i o n r e l a t i o n s d i s c u s s e d 
a b o v e , load-deformation c u r v e s c a n also b e o b t a i n e d . T h e s e 
c u r v e s are influenced by c o n n e c t i o n b e h a v i o u r w h e n the 
c o n n e c t i o n s are loaded in pure s h e a r or c o m b i n e d l a t e r a l and 
s h e a r i n g loads in three s t a g e s : -

(i) elastic 
(ii) e l a s t o - p l a s t i c , and 

(iii) a stage w h e r e p l a s t i c hinge f o r m a t i o n has 
occurred in s u f f i c i e n t locations to d e f i n e the 
load carrying c a p a c i t y of the s t r u c t u r e . 

Load deformation c u r v e s , like m o m e n t - r o t a t i o n r e l a t i o n s m a y 
e i t h e r be linear or n o n - l i n e a r [figure 3 . 9 ] . The n o n - l i n e a r 
b e h a v i o u r may be due to one of the follwoing r e a s o n s : -

(i) local yielding of the metal c o m p o n e n t s in the 
joint which m i g h t c a u s e end-action r e d i s t r i b u t i o n s 

(ii) the m a t e r i a l s m a y p o s e s s non-linear s t r e s s - s t r a i n 
behaviour 
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(iii) the residual stress effects in the 
c o m p o n e n t s , and 

(iv) progressive d e f o r m a t i o n due to r e d i s t r i b u t i o n of 
forces in the s t r u c t u r e . 

Load-deforamtion curves for r i g i d , semi-rigid and p i n n e d 
(flexible) connections are similar in shape to the m o m e n t 
rotation curves, [see figurs 3.9 (b) and 3.5] [ 3 0 ] . T h u s 
the main task is to e s t a b l i s h whether the c o n n e c t i o n 
b e h a v i o u r nearly approaches either the rigid or the p i n n e d 
t y p e s , [see figure 3 . 5 ] . If this is so, then e i t h e r of them 
c a n be used as a basis for linear s e m i - r i g i d c o n n e c t i o n 
b e h a v i o u r , [figure 3.9 (a)] [28]. It is e s s e n t i a l t h a t non-
l i n e a r behaviour of any given joint or c o n n e c t i o n t y p e be 
modelled correctly and hence analysed for a more d e f i n i t e 
d e s c r i p t i o n of semi-rigid connection b e h a v i o u r . 

3.2.2 Moment-rotation r e l a t i o n s for dynamic l o a d i n g 

Dynamic analysis of framed structures u s u a l l y i n v o l v e the 
a s s u m p t i o n of rigid c o n n e c t i o n s but in r e a l i t y the 
c o n n e c t i o n s exhibit some flexibility. In n o n - r i g i d l y 
connected frames the ability to resist l o a d s m a y be 
determined more exactly by the properties of the m e m b e r s 
t h e m s e l v e s . In dynamic analysis the n o n - r i g i d c o n n e c t i o n s 
are modelled as rotational springs [see figure 3 . 1 0 ] and the 
moment-rotation relationship obtained has a g e n e r a l form of 
figure 3 . 1 1 . [33]. From the m o m e n t - r o t a t i o n c u r v e s [figure 
3 . 1 1 ] it is seen that at low values of m o m e n t , the M - 0 
relationship is a p p r o x i m a t e l y l i n e a r , but at h i g h e r m o m e n t s 
the relatioship is n o n - l i n e a r . Unloading of the s t r u c t u r a l 
system is traced by the d o t t e d lines on figure 3.11 j u s t as 
in the case of static l o a d i n g , the moment c a p a c i t y of the 
j o i n t M'" is not exceeded in the M- 0 relation of f i g u r e 3.11 
[see also fig. 3 . 6 a ] . W e a v e r etal [33[ did some w o r k on 
dynamic response of a 10-storey frame w i t h n o n - r i g i d 
c o n n e c t i o n s and concluded that:-

(i) connection stiffness can influence b o t h l a t e r a l 
and end m o m e n t s 

(ii) the amount of p e r m a n e n t d e f o r m a t i o n s u s t a i n e d in 
columns of a frame subjected to d y n a m i c l o a d i n g 
can be s i g n i f i c a n t l y affected by the p r o p e r t i e s of 
the c o n n e c t i o n s . Thus special a t t e n t i o n o u g h t to 
be paid to co nn e ction behaviour of s t r u c t u r a l 
systems in areas where dynamic loading such as 
earthquakes and typhoons o c c u r . 
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Figure 3.9 Typical load-d e f o r m a t i o n c u r v e s in 
c o n n e c t i o n s [30]. 
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F i g u r e 3.10 A n a l y t i c a l model for n o n - r i g i d l y c o n n e c t e d 
f r a m e s . 

S 

F i g u r e 3.11 A c t u a l M - 0 c u r v e for n o n - r i g i d c o n n e c t i o n s . 
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3.3 Load transfer m o d e s 

O n e important aspect in the d e s i g n of bolted ( s e m i - r i g i d ) 
c o n n e c t i o n s is the load d i s t r i b u t i o n in the b o l t s . T h i s 
load distribution d e p e n d s on the loading c o n d i t i o n s , i.e 
w h e t h e r the connection is loaded in t e n s i o n , s h e a r , c o m b i n e d 
t e n s i o n and shear, bending or s e v e r a l o t h e r c o m b i n a t i o n s . 
S i n c e most connections are s t a t i c a l l y i n d e t e r m i n a t e , the 
d i s t r i b u t i o n of forces and s t r e s s e s d e p e n d s u p o n the 
r e l a t i v e deformations of the c o m p o n e n t p a r t s and the 
f a s t e n e r s . [21,25] The m o d e of load t r a n s f e r or 
d i s t r i b u t i o n also helps to i d e n t i f y the type of c o n n e c t i o n s 
to deal with in d e s i g n . C o n n e c t i o n s loaded in a m a n n e r t h a t 
tends to shear the fasteners are shear c o n n e c t i o n s a n d t h o s e 
c o n n e c t i o n s loaded in a m a n n e r in w h i c h f a s t e n e r s tend to 
fail in rotation are m o m e n t c o n n e c t i o n s . For c o n n e c t i o n s 
loaded in shear, the load t r a n s f e r may be t h o u g h t of in 
t e r m s of two modes:-

( i ) friction, and 

(ii) shear and b e a r i n g . 

Initially the load is t r a n s f e r r e d by f r i c t i o n forces 
concentracted near the end of the j o i n t . As the load is 
i n c r e a s e d , the zone of friction e x t e n d s t o w a r d s the c e n t r e 
of the joint. E v e n t u a l l y , the m a x i m u m v a l u e of s t a t i c 
friction is exceeded at the e n d s and p a r t i a l slip o c c u r s . 
F i n a l l y , the limiting value of s t a t i c f r i c t i o n is e x c e e d e d 
over the whole c o n t a c t surfaces and r e l a t i v e slip of the 
inner and outer plate o c c u r s , taking up the hole c l e a r a n c e . 
W h e n the frictional r e s i s t a n c e of the j o i n t is e x c e e d e d , 
m a j o r slip occurs b e t w e e n the c o n n e c t e d e l e m e n t s . M o v e m e n t 
is stopped when the w h o l e c l e a r a n c e is t a k e n up and the 
b o l t s are in b e a r i n g . From t h i s stage o n , the load is 
m a i n l y transferred by m e a n s of s h e a r and b e a r i n g . T h i s has 
led to the concept of "bearing-type" j o i n t s in w h i c h the 
shear strength of the fasteners is the c r i t i c a l p a r a m e n t e r , 
u n l i k e the bolt p r e l o a d for f r i c t i o n type j o i n t s . [21]. 
W h e n major slip occurs only the end bolts c o m e into b e a r i n g 
a g a i n s t the main plate and the splice p l a t e s as s h o w n in 
figure 3.12. As the load i n c r e a s e s , t h e s e f a s t e n e r s d e f o r m 
u n t i l the next interior bolts are in b e a r i n g . The p r o c e s s 
continues until all the bolts b e a r a g a i n s t the p l a t e s on 
both sides. This d o e s not m e a n that e a c h f a s t e n e r is 
carrying an equal share of the t o t a l l o a d . As load is 
i n c r e a s e d , the fastener f o r c e s c h a n g e as s h o w n 
diagrammatically by the h e i g h t of the b a r s in f i g u r e 3.12 
and finally an end fastener fails b e c a u s e of o v e r s t r a i n i n g . 
[5,21]. 
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A p a r t from hanger c o n n e c t i o n s and some s p e c i f i c beam to 
column connections, joints loaded in t e n s i o n are rarely 
u s e d . This is mainly due to the c o n c e r n a t t a c h e d to 
additive effects of bolt tension p r e - s t r e s s and a p p l i e d 
tensile stress. These factors combined w i t h the c o m p l e x 
nature of load t r a n s m i s s i o n make the a n a l y s i s of t e n s i o n 
connections d i f i c u l t . [21]. 

For moment c o n n e c t i o n , it is generally a c c e p t e d t h a t the 
m o s t realistic bolt load d i s t r i b u t i o n at low m o m e n t in the 
j o i n t is that depicted in figure 3.13 (a), as the m o m e n t 
increases towards it's d e s i g n value, the d i s t r i b u t i o n 
changes to that of figure 3.13 (b). [ 3 4 ] . E x p e r i m e n t a l 
evidence [34] indicates that the latter d i s t r i b u t i o n g i v e s a 
good estimate of bolt force at design l o a d . T h i s m o d e is 
compatible with true structural a p p r e c i a t i o n of c o n n e c t i o n 
b e h a v i o u r . Figure 3.13 (c) shows plastic load d i s t r i b u t i o n , 
though generally the d i s t r i b u t i o n s used f r e q u e n t l y a s s u m e 
e l a s t i c connection b e h a v i o u r . 

3.3.1 Failure m o d e s 

T h e strength of a m e c h a n i c a l l y fastened c o n n e c t i o n is 
related to the type of failure that o c c u r s u n d e r l o a d i n g . 
The failure mode is in i t s e l f , a direct r e f l e c t i o n of the 
loading mode to w h i c h the connection is s u b j e c t e d . The 
overall design of bolted joints is based on the 
consideration of the failure m o d e s that are l i k e l y to o c c u r , 
t h e s e might be one or more of the following: [15]. 

(i) tension failure in the side p l a t e s 

(ii) shearing failure in the fastener 

(iii bearing failure b e t w e e n the p l a t e and the 
fastener 

(iv) shear tear-out failure in the p l a t e 

T h e s e failure modes are illustrated in figure 3.14 

A p a r t from the loading m o d e , the f a i l u r e m o d e of a 
connection d e p e n d s upon several other f a c t o r s . T h e s e are 
mainly due to m a t e r i a l and geometrical p r o p e r t i e s of the 
c o n n e c t i o n . 

J o i n t length is an important parameter i n f l u e n c i n g the 
ultimate strength of the j o i n t . Depending on the l e n g t h and 
o t h e r factors such as m a t e r i a l type and f a s t e n e r d e f o r m a t i o n 
c a p a c i t y , a c o n n e c t i o n may fail by s i m u l t a n e o u s s h e a r i n g of 
all the bolts. The fastener length is d e p e n d e n t u p o n the 
fastener spacing (pitch). 
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T h e m i n i m u m spacing to avoid joint failure is n o t an 
i m p o r t a n t variable w h e n it c o m e s to c o n n e c t i o n f a i l u r e m o d e s 
but the m a t e r i a l type is. T h i s is b e c a u s e the yield s t r e s s 
of the c onnection m a t e r i a l i n f l u e n c e s the u l t i m a t e s t r e n g t h 
of the j o i n t . For a g i v e n loading and n u m b e r of b o l t s , the 
m a t e r i a l p r o p e r t i e s i n f l u e n c e the net a r e a , A n , and the 
g r o s s a r e , A g , o f the bolt hole p a t t e r n s . O f t e n s i m p l e 
r e c t a n g u l a r p a t t e r n s are u s e d , t h o u g h s t a g g e r e d hole 
p a t t e r n s may be a d o p t e d , [see figure 3 . 1 5 ] Such p a t t e r n s , 
w h i l e satisfying the r e c o m m e n d e d A n / A g r a t i o r e q u i r e m e n t s , 
m a y still fail e i t h e r at the n e t or g r o s s s e c t i o n . 
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F i g u r e 3.12 Bolt forces for butt splice j o i n t s [51] 
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Figure 3.13 Bolt load d i s t r i b u t i o n model in b e n d i n g [34] 
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Figure 3.14 Types of c o n n e c t i o n failure 

(a) tension failure in p l a t e 

(b) shearing failure in fastener 

(c) shear tear-out failure in the plates 

(d) bearing failure in plate [15] 
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Figure 3.15 Staggered fastener pattern [15] 

For the rectangular b o l t hole patterns [figure 3 . 1 5 ] f a i l u r e 
is likely to occur along A - A . If the p a t t e r n is s t a g g e r e d 
[figure 3.16] failure may occur along C - C , f i g u r e 3.15 (b) 
is intermediate between the patterns s h o w n in figure 3.16 
(a) and figure 3.15 (c) as far as r e d u c t i o n in j o i n t 
c a p a c i t y is c o n c e r n e d . The reduction in area h e n c e c a p a c i t y 
of the connected components is a function of the s t a g g e r , S 
and the gauge, g. [see figure 3.16] 

M o s t of the empirical relation development b e t w e e n g and s 
hold for a given fastener t y p e . This is b e c a u s e a n y c h a n g e 
in fastener type may increase or decrease the j o i n t l e n g t h 
for a given design l o a d , which in turn a f f e c t s b o t h the 
p i t c h and ultimate load as well as the f a i l u r e m o d e . 
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3.3.2 Stress distribution in bolted c o n n e c t i o n s 

Though the design of bolted connections is based on 
postulated failure modes, design codes and s p e c i f i c a t i o n s 
use stresses as design guides. The a c t u a l s t r e s s e s in 
connections subjected to service l o a d s , d e p e n d s on the 
amount of friction between the p l a t e , the m e c h a n i c a l 
properties of the fasteners and the c o n n e c t e d p a r t s , 
fastener sizes, connected part thickness, fastener hole 
patterns, extent of hole filling by the f a s t e n e r s and the 
type of loading. 

If the applied load on a connection is less than the 
frictional resistance, it is transimitted e n t i r e l y t h r o u g h 
friction between the connected parts, and there e x i s L s no 
shearing or bearing stress on the bolts. W h e n the load just 
exceeds the frictional resistance, an i n i t i a l s l i p o c c u r s . 
Any further load increment will fee r e s i s t e d p a r t l y by 
friction and partly by shearing and b e a r i n g s t r e s s e s on 
bolts. After slippage has occarred, b e a r i n g stresses 
develop in the material adjacent to the h o l e and in the 
fastener as shown in figure 3.17 (a) An i n c r e a s e in load 
causes yielding and the embendment of the b o l t on a l a r g e r 
area of contact resulting in larger a r e a of stress 
distribution [figure 3.17 (b) and figure 3.17 (c)]. 

Nominal bearing stresses are computed based on half the 
circumferences of the punched or drilled h o l e . But since 
the bolt does not fill the hole c o m p l e t e l y , the actual 
stress distribution and hence the maximum b e a r i n g s t r e s s 
maybe different from the assumed nominal v a l u e s . [figure 
3.17 (c)]. [21] 

The actual failure mode depends on such g e o m e t r i c a l factors 
as the end-distance, bolt diameter and the t h i c k n e s s of the 
co nnec t ed pa rt s. 

In bearing failure, either:-

(i) the fastener splits out through the end of the 
plate because of insufficinet end d i s t a n c e , or 

(ii) excessive deformations are d e v e l o p e d in the 
material adjacent to a fastener hole [1,34] [see 
figure 3-18(a) and figure 3.18 ( c ) ] . 

Failure may also occur as a combination of (i) and (ii) 
above. 
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3.3.3 Residual stresses. 

Residual stresses might be due to deliberate i n t r o d u c t i o n 
of stresses to improve the stress distribution of 
possibly as a consequences of a manufacturing or 
fabrication process. When rolled or welded e l e m e n t s are 
cooled, the areas that cool first become s t i f f e r , r e s i s t 
contraction and develop compressive stresses, w h i l e the 
remaining regions continue to cool and contract in the 
plastic condition and develop tensile stresses. T h e s e 
stresses are referred to as residual stresses and v a r y 
approximately as shown in figue 3.19. Other e f f e c t s that 
lead to residual stresses are force fitting of i n d i v i d u a l 
components, lifting and transportation and m a c h i n i n g to 
particular geometry. In any structural s y s t e m , t h e r e 
are two kinds of residual stresses:-

(i) large scale residual stresses, and 

(iij small scale residual stresses. 

The latter are stresses which are a p p r o x i m a t e l y self-
balancing in regions of infinitesimal dimesions c o m p a r e d to 
that of the member, and the former are t h o s e w h i c h are not 
self-balancing. [21,35,36,37,38}. Tbe p r e s e n c e of r e s i d u a l 
stresses in structural components and systems m i g h t e i t h e r 
be beneficial or detrimental. These effects are i l l u s t r a t e d 
below in the discussion of residual s t r e s s e f f e c t s on 
stress-strain curves, moment- curvature, b u c k l i n g , load-
capacity and plastic moment. 
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F i g u r e 3.16 P o s s i b l e failure p a t h s f o r d i f f e r e n t h o l e s 
p a t t e r n s 

(a) rectangular p a t t e r n 

(b) and (c) staggered 
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Figure 3.17 Bearing stresses 

(a) elastic 

(b) elasto-plastic 

(c) nominal 
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Figure 3.18 Failure modes in bearing 

(a) bolt splits out through end zone 

(b) large hole deformation 
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E^ THICK SECTION-

Figure 3.19 T y p i c a l residual s t r e s s p a t t e r n s 
[21,35,36,37,38] 
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3.3.3.1. Residual stress effects on stress-strain r e l a t i o n s 

The net effects of residual stresses is to a l t e r the s t r e s s -
strain diagram for the shape as compared to ideal m a t e r i a l 
specimens [see figure3.20]. An alteration in the s t r e s s -
strain curves also affects important p a r a m e t e r s like the 
yield strengths, fy and youngs a o d u l u s (modulus of 
elasticity), E. Since most of the design v a l u e s are r e s u l t s 
of test on ideal specimens knowledge of the r e s i d u a l s t r e s s 
effects on other important design variables is an a d d e d 
advantages in the design of steel s t r u c t u r a l s y s t e m s . 
[21,36,37]. 

3.3.3.2. Effects on load capacity and yield 

Equilibrium requires that the summation of r e s i d u a l f o r c e s 
produced by the residual stresses be zero at a n y s e c t i o n 
along the length of the loaded member. [35]. T h i s m e a n s 
that residual stresses have no detrimental e f f e c t s on load-
capacity for reasons of equilibrium. T h i s is b e c a u s e the 
residual stresses have zero resultant force and z e r o 
resultant moment. Therefore their total e f f e c t n e i t h e r a d d s 
nor subtracts from that of the external l o a d s . 

Until yield occurs, the total stresses in a s t r u c t u r e m a y be 
derived by algebraic summation of the residual s t r e s s e s and 
the elastic stresses due to linear loads. If the r e s i d u a l 
stresses are on a small scale, of linear d i m e n s i o n , any 
area subjected to a stress (say tensile) w i l l also have an 
initial tensile stress and in all s»ch c a s e s the r e s i d u a l 
stresses cause yield to occur at loads lower than the y i e l d 
load in elements initially free from residual s t r e s s e s . In 
the case of large scale residual stresses, yield m a y o c c u r 
either at a lower or higher load than in a s t r e s s - f r e e 
structure. In some instances, it is t h e o t e t i c a l l y p o s s i b l e 
to delay yield as a result of residual s t r e s s e s of the l a r g e 
scale type. [37]. 
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F i g u r e 3.20 Influence of residual stresses on t h e 
s t r e s s - s t r a i n c u r v e [ 2 1 , 3 6 ] 
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3.3.3.3. Effects on moment-curvature 

To examine the residual stress effect on m o m e n t - c u r v a t u r e in 
rolled beams, an idealization of a wide flange shape as 
shown in figure 3.21 (a) is used. [35], A s s u m e the r e s i d u a l 
stress pattern in the flange tips of-Ty/2 and t e n s i o n at the 
flange centres of +(Ty/2. The total force in one flange at 
one stage is given by:-

P =f G"dA 

J area [3.1] 

For equilibrium , P = 0 before application of any e x t e r n a l 
moment. When uniform strain is applied a c r o s s the f l a n g e s 
as the member is bent by pure m o m e n t , the s t r e s s 
distribution will change from (1) [M=0] to (2) at w h i c h 
point extreme fibre stress reaches the yield s t r e s s l e v e l , 
[figure 3.21 (c)]. Beyond stage (2) the b e h a v i o u r is 
inelastic as shown in figure 3.21 (d). Stage (3) r e p r e s e n t s 
a partially plastic case. The flange being y i e l d e d h a l f - w a y 
to the centerline. At stage (4) the entire flange has 
yielded and the moment is given by:-

M=[ edA = Pd 

J Area [3.2] 

From which we get 

M = <Jy Ad [3.3] 

The quantity in equation [3.3] is equal to the full p l a s t i c 
moment of the idealised wide flange s h a p e . T h u s the 
residual' stress has no effect on the m o m e n t c a p a c i t y . 
Generally the residual stress effect is to cause an e a l i e r 
departure from elastic linearity (OCD) (see figure 3.22 
(d)). But whatever the initial state of s t r e s s , the M - 0 
relationship returns close to that for an i n i t i a l l y stress-
free system by the time the curvature r e a c h e s a b o u t 2.5 
times the curvature at first yield. Since in p l a s t i c 
collapse mechanisms, such curvatures are r e a c h e d at and n e a r 
plastic load, residual stresses normally have no e f f e c t on 
collapse load. [35]. 

3.3.3.4. Effects on deflections 

Small scale residual stresses always lead to a d e c r e a s e in 
the load at which a structure begins to y i e l d . T h i s 
consequently leads to an increase in the d e f l e c t i o n s a b o v e 
the load at which yield first occurs. 
Large scale residual stresses can cause e i t h e r a d e c r e a s e or 
an increase in the load at which yield first o c c u r s , 
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d e p e n d i n g on the stress d i s t r i b u t i o n . C o n s e q u e n t l y they c a n 
lead to either an increase or d e c r e a s e in d e f l e c t i o n s as 
c o m p a r e d with structural systems which are i n i t i a l l l y free 
from residual s t r e s s . T h e residual s t r e s s d i s t r i b u t i o n 
g i v i n g the highest bending m o m e n t at yield for a beam is 
presented in figure 3 . 2 2 . 

Figure 3.22 Residual stress d i s t r i b u t i o n giving g r e a t e s t 
e l a s t i c range in bending for a rectangular beam [ 3 7 ] . 
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The same stress distribution would also give the least 
curvature under any applied »o«ent upto the full p l a s t i c 
mouent, Mp. 

Similar residual stress distribution giving reduced 
curvature under applied moments as compared with initially 
stress-free members can be derived for beams of any cross-
section, the minimum attainable curvature at any m o m e n t 
being that corresponding to the elastic bending of a similar 
bean with a higher yield stress. [37], 

3.3.3.5. Effects on plastic collapse load 

For materials which can undergo pure p l a s t i c d e f o r m a t i o n 
after yield, it is possible to calculate the u l t i m a t e 
collapse load of a structure. The plastic theory is thus 
applicable to mild steel structures with an idealised 
stress-strain curve as shown in figure 3 . 2 3 , w h i c h d e s c r i b e s 
with sufficient accuracy the behaviour of steel upto a 
strain from 8 to 20 times the yield strain. If a state can 
be found for a structure under load satisfying the 
conditions of yield and the equilibrium, the structure would 
support the given loads, even though the a p p l i c a t i o n of such 
loads to the actual structure would act produce the state of 
stress stipulated. 

The plastic collapse load is the highest for which such a 
state of stress can be derived. It follows then that 
residual stresses can have no effect on p l a s t i c c o l l a p s e 
loads, be they small or large scale residual s t r e s s e s . The 
main reason being that residual stresses have a n e g l i g i b l e 
effect on the useful life of such structural systems u n d e r 
static loads. [37]. 

The insensitivity of ductile structural systems to residual 
stresses as far as ultimate load is concerned may be 
exlained by reference to the redistribution of stress w h i c h 
occur when loads sufficient to cao.se local yielding are 
applied. To explain the phenomenon, let us c o n s i d e r a 
theoretical case of an I-beam with an initial r e s i d u a l 
stress, [figure 3.24]. The flanges, w h i c h each have an 
equal area to that of the web, have an initial tensile 
stress of 0.35y, where C y , is the material yield s t r e s s . 
The web has a uniform initial comprelensive stress of 0.66~y. 
As a bending moment is applied about an axis p e r p e n d i c u l a r 
to the web, yield first occurs in compression in the w e b . 
[figure 3.24 (b)J, then in one of the flanges [figure 3.24 
(c)], then in tension in the web [figure 3.24 (d) ] , and 
finally in compression in the remaining flange [figure 3.25 
(e)]. At this stage, the stress d i s t r i b u t i o n b e c o m e s 
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symmetrical and the beam goes on to develop the full p l a s t i c 
m o m e n t of resistance, [figure 3.25 (f ) ]. 

T h u s residual stress have no effect on the p l a s t i c m o m e n t of 
the structure. This is exemplified by c o n s i d e r i n g the 
stress-strain curves due to residual s t r e s s e f f e c t s , 
[figure 3.21]. Both curves converge at the same v a l u e of 
y i e l d stress, 6y and this means that the p l a s t i c m o m e n t 
v a l u e , Mp is m a i n t a i n e d . This is e s s e n t i a l l y b e c a u s e the 
theoretical build up is within the plane s e c t i o n s r e m a i n 
p l a n e limits. 
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Figure 3.24 Development of plastic zones d u r i n g the b e n d i n g 
of an I beam with residual stresses [37] 
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Figu re 3.25 Total d e f o r m a t i o n f a simply s u p p o r t e d b e a m . 

(a) elastic d e f o r m a t i o n 

(b) plastic d e f o r m a t i o n 

(c) total d e f o r m a t i o n 
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3.3.3.6. Effects on shake down loads 

Complications do arise in structural s y s t e m s w h e n v a r i o u s 
load distributions are applied successively to the same 
structure. The alterations of load may n o t be s u f f i c i e n t l y 
numerous to cause failure by fatigue, but may c a u s e t r o u b l e 
either by incremental collapse or by t h e a l t e r a n a t e 
straining of the same fibres first to y i e l d in t e n s i o n t h e n 
to yield in compression. This could be a v o i d e d by 
determining a residual stress value or s t a t e s u c h t h a t such 
change of stress due to external load c o u l d o c c u r w i t h o u t 
causing further yield. The structural s y s t e m is t h e n said 
to "shakedown" under "shakedown loads". It is i m m a t e r i a l 
whether or not the stress state postulated c o u l d be r e a c h e d 
in an actual structure, hence residual s t r e s s e s have no 
effect on the theoretical shakedown load of d u c t i l e 
structural systems.[37]. 

3.3.3.7. Effects on buckling 

Buckling occurs in structural systems t h a t a r e u n d e r 
predominantly compressive loads. The b e h a v i o u r of any 
m e m b e r under compression depends on it's h o m o g e n e i t y and on 
the eccentricity of the applied loads. T h e m e m b e r d e f o r m s 
as the load is increased until yield o c c u r s at a c r i t i c a l 
section. Design formulae for compression m e m b e r s are 
derived by use of two basic approaches.[37] . 

(i) Assumptions of either an initial lack of s t r a i g h t n e s s 
or an eccentricity of load and then c a l c u l a t i o n , based 
on elastic behaviour of the load at w h i c h s o m e safe 
stress is reached. Residual stresses w i l l a f f e c t such 
calculations in several w a y s . Residual s t r e s s e s are 
commonly accompanied by c o n s i d e r a b l e l a c k of 
straightness, necessitating use of h i g h e r v a l u e s for 
the assumed eccentricities. Also if the m e m b e r is to 
remain elastic, the "safe stress" as u s u a l l y c a l c u l a t e d 
cannot be allowed to be greater t h a n t h e d i f f e r e n c e 
between the maximum residual stress a n d the yield 
stress. As soon as the member b e g i n s to y i e l d , the 
material has to be regarded as lacking h o m o g e n e i t y and 
very high lateral deflections may r a p i d l y d e v e l o p . 
Thus it becomes essential to assume a c o n s i d e r a b l y 
increased eccentricity or initial lack of s t a i g h t n e s s . 

(ii) By use of the Shanley and Engesser l o a d s . T h e S h a n l e y 
load being that at which an initially s t r a i g h t a x i a l l y 
loaded strut can first begin to assume an e q u i l i b r i u m 
deflected position, the deflection i n c r e a s e as the load 
itself is increased. 
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The Engesser load is that at w h i c h an i n i t i a l l y 
straight axially loaded member could i n s t a n t l y a s s u m e 
a finite deflection without further i n c r e a s e of l o a d . 
Experimental evidence based on these l o a d s h a s s h o w n 
that small scale residual stresses c a n c a u s e d e c r e a s e 
of at least 50% in the Shanley load and 32% in the 
Engesser load, while potential decrease due to l a r g e 
scale stresses are greater than these f i g u r e s . [37]. 

Thus for flanged sections with initial r e s i d u a l s t r e s s e s 
carrying compressive loads yielding of some p a r t s e a r l i e r 
than the others, say the flanges, reduces t h e e f f e c t i v e 
flexural rigidity of the member, which in turn i n f l u e n c e s 
the bucking load. 

3.3.4. Effects of strain-hardening on b e h a v i o u r of 
structural systems 

T h e plastic theory for design and analysis of s t r u c t u r a l 
systems estimates the load at which collapse of a s y s t e m 
takes place. When the system becomes a m e c h a n i s m by 
formation of a sufficient number of hinges at w h i c h l o c a t i o n 
rotation takes place without changing t h e v a l u e of t h e 
plastic moment, Mp. But this theory does not p r o v i d e for 
determination of deflection at the collapse l o a d , h e n c e it 
w a s initially considered incomplete. E x p e r i m e n t a l e v i d e n c e 
indicates that the collapse load gives a good e s t i m a t e of 
the ultimate carrying capacity of a structural s y s t e m . [ 3 0 ] , 
But simple plastic theory which neglects s t r a i n h a r d e n i n g 
effects does not give a very good estimate of d e f l e c t i o n 
n e a r the ultimate carrying capacity of the s t r u c t u r a l 
system. A good agreement between the theory a n d e x p e r i m e n t 
can be obtained if strain hardening is i n c l u d e d . 

T h e basi-c assumptions for including strain h a r d e n i n g is to 
replace the actual load deformation curve by a s t r i g h t l i n e 
until a lower plastic m o m e n t , Mo is r e a c h e d and by a 
polynomial for the non-linear and strain h a r d e n i n g r a n g e . 
T h u s for any value of a moment M>Mo, the c e n t r a l d e f o r m a t i o n 
of a structural system is made up of two c o m p o n e n t s n a m e l y : -

(i) the elastic deformation, 6e corresponding to m o m e n t M, 
and 

(ii) the post-elastic or plastic d e f o r m a t i o n , 6p 
corresponding to a rigid body rotation of 0 at t h e 
plastic hinge, [see figure 3.26] 

T h e moment, M is also made up of two parts:-

(i) the lower plastic moment M o , and 
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(ii) the strain h a r d e n i n g p a r t w h i c h is a s s u m e d to be 
p r o p o r t i o n a l to the relative r o t a t i o n at the p l a s t i c 
h i n g e . Thus the m o m e n t can be e x p r e s s e d as 

M = Mo + <x0 [3.4 ] 

where «x = s t r a i n h a r d e n i n g f a c t o r 

0 = the angle of r o t a t i o n in r a d i a n s , and 

M and Mo and <x being in Knm u n i t s . 

T h u s when strain h a r d e n i n g e f f e c t s are c o n s i d e r e d t h e 
i m p l i c a t i o n s on the o v e r a l l s t r u c t u r a l s y s t e m are:-

(i) c o n c e p t of p l a s t i c hinge is r e t a i n e d 

(ii) spread of p l a s t i c h i n g e s a l o n g l e n g t h s if 
m e m b e r s is n e g l e c t e d , and 

(iii) the strain h a r d e n i n g f a c t o r <x h a s the e f f e c t 
of a spring p r o d u c i n g a m o m e n t , p r o p o r t i o n a l 
to the r o t a t i o n at the h i n g e . It is p o s s i b l e 
to use a more g e n e r a l r e l a t i o n s h i p for the 
m o m e n t g i v e n by:-

M = Mo + F («x) 0 [3.5] 

W h e r e F(tx) is any p o l y n o m i a l . T h i s m i g h t be n e c e s s a r y 
for material such as r e i n f o r c e d c o m c r e t e or a l u m i n i u m 
a l l o y s w h i c h d o n o t e x h i b i t d e f i n i t e s t r a i n h a r d e n i n g 
r a n g e s . H o m e e t a l [39] and S a w k o ' s [38] e x p e r i m e n t a l 
investigation led to the c o n c l u s i o n t h a t : -

(i) the c o l l a p s e load o b t a i n e d by u s i n g s t r a i n -
hardening c o n c e p t did n o t d i f f e r m u c h from t h a t 
given by the simple p l a s t i c t h e o r y , h o w e v e r t h r e e 
was a marked d i f f e r e n c e in d e f l e c t i o n . 

(ii) the concept of s t r a i n - h a r d e n i n g f a c t o r s at e l a s t i c 
hinges is n o t limited to b e a m s of g r i l l a g e s b u t 
can be a p p l i e d e q u a l l y w e l l to s t r u c t u r a l 
f r a m e w o r k s . The c o n c e p t s l i m i t a t i o n t o c a s e s 
where d i s c r e t e p l a s t i c h i n g e s form at e n d s of 
m e m b e r s also a p p l i e s to p l a s t i c t h e o r y . 

(iii) the s t r a i n - h a r d e n i n g t h e o r y can be d i r e c t e d t o w a r d 
d e f l e c t i o n s of the structure in the n o n - e l a s t i c 
s t a t e . 
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3.4 Design c o n s i d e r a t i o n s . 

T h e manner in w h i c h structural m e m b e r s are to be c o n n e c t e d 
d e p e n d s upon w h e t h e r the fastening is to be p e r m a n e n t or 
d e t a c h a b l e . 

T h e connection so designed m u s t be able to w i t h s t a n d s e r v i c e 
loads as well as u l t i m a t e l o a d s . This c a l l s for s u f f i c i e n t 
strength in the design t h e r e b y e n a b l i n g t h e s u s t e n a n c e of 
the moments and shear forces being t r a n s f e r r e d b e t w e e n t h e 
m e m b e r s . The c o n n e c t i o n should also h a v e a d e q u a t e r o t a t i o n 
c a p a c i t y to allow r e d i s t r i b u t i o n of b e n d i n g m o m e n t s a s s u m e d 
in the analysis and stiffness m u s t be such t h a t the r e l a t i v e 
angles between the connected m e m b e r s is m a i n t a i n e d d u r i n g 
s e r v i c e . But w h i l e trying to satisfy the main design 
r e q u i r e m e n t s for c o n n e c t i o n s , the cost of f a b r i c a t i o n s is a 
c r i t e r i a e q u a l l y important as compared to s t r e n g t h , a d e q u a t e 
rotation c a p a c i t y and s t i f f n e s s . This m e a n s the c o n n e c t i o n 
designed must be e c o n o m i c a l . A m e c h a n i c a l l y f a s t e n e d 
con nect ion w i l l g e n e r a l l y include the f a s t e n e r , the 
connected parts and e i t h e r c o m p o n e n t s such as p l a t e s , a n g l e 
cleats e t c . G e n e r a l l y the size of the f a s t e n e r w i l l d e p e n d 
u p o n the space l i m i t a t i o n s of the c o n n e c t i o n s , d e s i g n load 
and the allowable s t r e s s e s . For e c o n o m y and c o m p a c t n e s s , it 
is general p r a c t i c e to space the f a s t e n e r s as c l o s e as 
p o s s i b l e . This also reduces the a m o u n t of a d d i t i o n a l 
con nect ion m a t e r i a l r e q u i r e d . M i n i m u m s p a c i n g s are stated 
in design s p e c i f i c a t i o n s and they are b a s e d on the 
clearances of the t o o l s required to i n s t a l l the f a s t e n e r s 
and avoid loacal buckling of c o m p r e s s i v e m e m b e r s 
r e s p e c t i v e l y . 

3.4.1 Bolt t y p e s and sizes 

B o l t s are among the many types of f a s t e n e r s e m p l o y e d in 
m e c h a n i c a l l y fastened c o n n e c t i o n s . A b o l t is d e f i n e d as a 
m e t a l pin with a h e a d , formed at o n e end and the s h a n k 
threaded at the o t h e r in o r d e r to r e c e i v e a n u t . [11] 
Structural bolts are used for joining p i e c e s of m e t a l by 
inserting them through h o l e s and t i g h t e n i n g the nut at the 
threaded e n d s . The bolts in c o m m o n u s e a r e c l a s s i f i e d as 
follows:-

(i) type of shank - e i t h e r u n f i n i s h e d or t u r n e d . 

(ii) material and s t r e n g t h - o r d i n a r y s t r u c t u r a l b o l t or 
high strength structural b o l t . 

(iii) shape of head and nut square ot h e x a g o n a l , r e g u l a r 
or h e a v y , and 

(iv) pitch and fit of thread - s t a n d a r d , c o a r s e or f i n e . 
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T h e structural bolts u s u a l l y have square or h e x a g o n a l h e a d s 
and are available in regular or heavy s i z e s . T h e nuts are 
a l s o either square of h e x a g o n a l and a v a i l a b l e in heavy or 
hexagonal s i z e s . 

S t e e l washers are used under the bolt head and the nut in 
o r d e r to distribute the c l a m p i n g pressure on the b o l t from 
bearing on the connected p a r t s . For e f f i c i e n c y , the p a r t s 
m u s t be clamped tightly b e t w e e n the bolt head and the n u t , 
figure 3.27 shows a t y p i c a l b o l t a s s e m b l y . 

The American and British system of c l a s s i f y i n g the t y p e s of 
b o l t s used in connecting s t r u c t u r a l systems are g i v e n b e l o w . 

3.4.1.1 A m e r i c a n c l a s s i f i c a t i o n system 

The American c l a s s i f i c a t i o n system is based on t h e A m e r i c a n 
Standards of Testing M a t e r i a l s [A.S.T.M]. The t y p e s of 
b o l t s are categorised as follows:- [34] 

(i) low carbon steel b o l t s and other f a s t e n e r s A S T M A 3 0 7 , 
Grade A . 

(ii) high strength m e d i u m c a r b o n steel b o l t s A S T M A 3 2 5 , 
plain finish, w e a t h e r i n g steel finish or g a l v a n i s e d 
finish. 

(iii) Alloy steel bolts, ASTM A 4 9 0 . 

(iv) special types of high strength b o l t s , and o t h e r 
interference body b o l t s , swedge b o l t s and o t h e r 
externally threaded f a s t e n e r s of n u t s w i t h s p e c i a l 
locking d e v i c e s . ASTM 449 and ASTM A 354 G r a d e B D . 

A S T M A307 bolts require no head markings o t h e r than t h e 
manufacturers i d e n t i f i c a t i o n m a r k to a p p e a r on t h e head of 
this bolt. They are also c o m m o n l y made w i t h b o t h s q u a r e and 
hexagonal heads with nuts to m a t c h . In a p p l i c a t i o n they a r e 
tightened to some axial force to prevent m o v e m e n t in the 
connected members in the axial direction of the b o l t and 
p r e v e n t loosening of the n u t . Because of s m a l l a x i a l 
f o r c e s , little friction r e s i s t a n c e is d e v e l o p e d and in m o s t 
c a s e s the bolt will slip into b e a r i n g . [34] H i g h s t r e n g t h 
b o l t s are heat treated by quenching and t a m p e r i n g . M o s t 
w i d e l y used are the ASTM A325 high s t r e n g t h m e d i u m c a r b o n 
b o l t s and A4 90 alloy s t e e l b o l t s . Both these b o l t s are h e a v y 
hexagonal structural b o l t s used with plain h a r d e n e d w a s h e r s 
and heavy hexagonal n u t s . 
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A m o n g the special t y p e s of fasteners or f a s t e n e r c o m p o n e n t s 
are the interference b o d y b o l t s , swedge b o l t s and n u t s w i t h 
locking d e v i c e s . T h e interference b o d y b o l t m e e t s the 
strength r e q u i r e m e n t s of the A325 b o l t and has an a x i a l 
ribbed shank that d e v e l o p s an i n t e r f e r e n c e fit in the h o l e 
and prevents e x c e s s i v e slip [34,21] A s w e d g e b o l t [see 
figure 3.28] c o n s i s t s of a fastener p i n from m e d i u m c a r b o n 
steel and a locking c o l l a r of low carbon s t e e l . The p i n h a s 
a series of anrular l o c k i n g g r o o v e s , a b r e a k - n e c k g r o o v e and 
p u l l - g r o o v e s . [ 3 4 ] . 
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F i g u r e 3.26 T y p i c a l b o l t a s s e m b l y . [21] 
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BREAKNECK GROOVE 

Figure 3.27 H i g h t e n s i l e swedge bolt 

3.4.1.2 B r i t i s h c l a s s i f i c a t i o n 

The B r i t i s h c l a s s i f i c a t i o n system g r a d e s s t r u c t u r a l 
fasteners by their s t r e n g t h . T h e r e are two b a s i c g r a d e s : -
G r a d e 4.6 and G r a d e 8 . 8 . The first figure is one tenth of 
the u l t i m a t e s t r e s s in N / m m and the s e c o n d figure is o n e 
t e n t h of the p e r c e n t a g e of the ratio of m i n i m u m y i e l d s t r e s s 
to m i n i m u m u l t i m a t e . T h u s " 4 . 6 Grade" m e a n s the u l t i m a t e 
stress is 400 N/mm

2

 and the yield stress 60% of t h i s . T h e 
b o l t s u s e d in this s y s t e m , t o g e t h e r w i t h the n u t s and 
w a s h e r s m u s t c o m p l y w i t h BS 4395 [40] d e a l i n g w i t h h i g h 

72 



strength friction g r i p b o l t s . O t h e r w i s e b l a c k b o l t s are 
c o m m o n l y u s e d , conforming to either BS 4190 [41 or BS 3692 
[42}. The normal d e s i g n a t i o n of the b o l t s i n c l u d e s [43] 

(i) general p r o d u c t d e s c r i p t i o n , e . g . high t e n s i l e or 
black, h e a d s h a p e d , bolts or nuts as a p p r o p r i a t e . 

(ii) the nominal length in m i l l i m e t r e , if a p p l i c a b l e . 

(iii) the number of appropriate BS e.g B S 3 8 9 2 , 

BS4190 etc to w h i c h the f a s t e n e r c o n f o r m s . 

(iv) the strength grade s y m b o l , and 

(v) details of the p r o t e c t i v e coating if r e q u i r e d . 

T h e 4.6 Grade bolts to BS4190 are general p u r p o s e m i l d s t e e l 
fasteners which may be employed e c o n o m i c a l l y in l i g h t e r 
structures w h e r e loads are m o d e r a t e . In the a b s e n c e of 
controlled p r e - s t r e s s , change of load on the j o i n t w i l l be 
communicated to the bolt as a change in s t r e s s and b o l t 
failure can o c c u r . Black bolts are not s u i t a b l e w h e r e t h e r e 
is fatigue or stress r e v e r s a l , except w h e r e t h i s r e v e r s a l is 
due to w i n d . 

The 8.8 Grade p r e c i s i o n High tensile b o l t s to B S 3 6 9 2 are 
made by hardening and tempering m e d i u m c a r b o n or a l l o y 
s t e e l . The standard head and nut size is as shown in G r a d e 
4.6 bolts. The bolts are used in c l o s e t o l e r a n c e h o l e s . 
Due to the same reason as for Grade 4.6 b o l t s , G r a d e 8.8 
bolts in clearance h o l e s may not be u s e d in fatigue or 
stress reversal c o n d i t i o n s . 

The High strength friction grip bolts to BS 4 395 are a p p l i e d 
w h e n the load t r a n s f e r modes are to be by f r i c t i o n and a l s o 
to approximate rigid c o n n e c t i o n highly r e s i s t a n t to m o v e m e n t 
and fatigue. Some p r o p e r t i e s of the more c o m m o n l y u s e d 
bolts are shown in table 3.1 
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T A B L E 3.1 GRADE 4.6 BLACK MILD STEEL ; A N D G R A D E 8.8 H I G H 
B O L T S AND N U T S - M E C H A N I C A L P R O P E R T I E S [43] 

G R A D E 4.6 G R A D E 8.8 

SIZE TENSILE U L T I M A T E P R O O F U L T I M A T E P R O O F 
STRESS LOAD (KN) LOAD (KN) LOAD (KN) LOAD 
AREA (KN) 
(MM 2 ) 

M6 
M8 
Ml 0 
Ml 2 84 .3 33.1 18.7 66.2 48.1 
Ml 6 157 61 .6 34 .8 123 89.6 
M20 245 96.1 54 .3 192 140 
M22 303 118.3 67.3 238 173 
M24 353 138 78.2 277 201 
M27 459 180 102 360 262 
M30 561 220 124 439 321 
M36 817 321 181 641 466 

A l l o w a b l e stresses: A l l o w a b l e s t r e s s e s : 
(N/mm2) Shear: 80 (N/mm2) 
B e a r i n g : 250 Shear: 187 
T e n s i o n : 120 B e a r i n g : 250 

T e n s i o n : 280 

3.4.2 Behaviour of individual fasteners. 

C o n n e c t i o n s are g e n e r a l l y c l a s s f i e d according to the m a n n e r 
of stressing the f a s t e n e r , that i s , t e n s i o n , s h e a r , c o m b i n e d 
tension and shear, r o t a t i o n , or combinations of all the 
above stressing m o d e s . The behaviour of a single b o l t 
subjected to typical loading conditions of t e n s i o n and s h e a r 
is discussed below: 

3.4.2.1 B o l t s subjected to t e n s i o n 

Since the behaviour of an axially loaded b o l t is g o v e r n e d by 
the performance of the threaded p a r t , l o a d - e l o n g a t i o n 
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c h a r & e ^ r i s t i c s are more significant than the s t r e s s - s t r a i n 
c u r v e s of the fastener metal itself. [34,44] To d e t e r m i n e 
the actual mechanical p r o p e r t i e s of a b o l t , d i r e c t t e n s i l e 
t e s t s of most sizes and l e n g t h s of full size b o l t s is 
n e c e s s a r y . There are two v e r s i o n s of these t e s t s , n a m e l y : -

(i) direct t e n s i o n , and 

(ii) torqued tension test 

In the latter t e s t , as the torque is a p p l i e d to the n u t , the 
p o r t i o n not resisted by friction between the nut and the 
gripped material is t r a n s m i t t e d to the b o l t . T h a t d u e to 
friction between the bolt and the n u t - t h r e a d i n g , i n d u c e s 
torsional stresses into the shank. T h i s t i g h t e n i n g 
procedux^e results in a combined t e n s i o n - t o r s i o n a l s t r e s s 
c o n d i t i o n in the b o l t . T h u s the l o a d - e l o n g a t i o n c u r v e s 
o b t a i n e d in a torqued test d i f f e r from t h o s e of a d i r e c t 
t e n s i o n test. Typical load-elongation c u r v e s for d i r e c t -
t e n s i o n as veil as torqued tension tests are s h o w n in figure 
3 . 2 9 . 

A bolt loaded to failure in direct t e n s i o n has m o r e 
d e f o r m a t i o n capacity than that for a bolt f a i l e d in t o r q u e d 
t e n s i o n . T o d e t e r m i n e whether s p e c i f i e d t e n s i l e 
requirements are m e t , s p e c i f i c a t i o n s require d i r e c t t e s t on 
full size bolts.[43] T e s t s have illustrated t h a t the a c t u a l 
t e n s i l e strengths of p r o d u c t i o n bolts e x c e e d s the m i n i m u m 

Figure 3.28 Load-elongation c u r v e s for b o l t s t e s t e d in:-

(a) direct tension (b) torqued t e n s i o n 
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Loading a bolt in direct tension a f t e r p r e - s t r e s s i n g by 
tightening the nut does not significantly d e c r e a s e the 
ultimate tensile strength of the bolt, [see figure 3 . 3 0 ] 

The torsional stresses induced by t o r q u i n g the b o l t 
apparently have negligible effect on the t e n s i l e s t r e n g t h of 
the bolt. This means that bolts installed by t o r q u i n g can 
withstand or sustain direct tension l o a d s w i t h o u t any 
appparent reduction in their ultimate t e n s i l e s t r e n g t h . 
O t h e r invetigations [34,44] indicate that w i t h i n the e l a s t i c 
r a n g e , the elongation increases slightly w i t h an i n c r e a s e in 
g r i p . As the load is increased beyond the e l a s t i c l i m i t , 
the threaded portion which is of a p p r o x i m a t e l y u n i f o r m 
length behaves p l a s t i c a l l y while t h e shank r e m a i n s 
essentially e l a s t i c . H e n c e when there is a s p e c i f i c a m o u n t 
of thread under the nut, grip length h a s little e f f e c t on 
the load-elongation relationship b e y o n d the e l a s t i c 
limit.[34] For short bolts nearly all d e f o r m a t i o n o c c u r s in 
the threaded length and causes a d e c r e a s e in r o t a t i o n a l 
capacity, since most of the elongation b e t w e e n the t h r e a d 
run out and the face of the nut w i l l a f f e c t the load 
elongation r e l a t i o n s h i p . 

3.4.2.2 Bolts subjected to shear 

The main objective of testing fasteners in shear is to 
investigate the effect of a number of v a r i a b l e s such as b o l t 
lenghts, failure p l a n e , mode of loading, g r i p and loading 
spans etc on the shear strength and d e f o r m a t i o n at u l t i m a t e 
l o a d . 

i 

OEFoaWvAfioK-
Figure 3.29 Reserve tensile strength t o r q u e d b o l t s . 

(i) direct tension (ii) direct t e n s i o n a f t e r 5/8 t u r n 

(iii)torqued t e n s i o n . [34] 
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D E F O R M A T I O N 

Figure 3.30 T y p i c a l s h e a r d e f o r m a t i o n c u r v e s for b o l t s 

(i) H i g h s t r e n g t h b o l t s (ii) Mild steel b o l t s [34] 

The second o b j e c t i v e is to e s t a b l i s h m e n t of the c o m p l e t e 
l o a d - d e f o r m a t i o n r e l a t i o n s h i p of the f a s t e n e r s . [34,45] 
d e f o r m a t i o n r e l a t i o n s h i p s are o b t a i n e d by s u b j e c t i n g 
fast e n e r s to shear i n d u c e d by p l a t e s e i t h e r in t e n s i o n or 
c o m p r e s s i o n . Figure 3.31 shows typical l o a d - d e f o r m a t i o n 
c u r v e s for shear l o a d i n g . 
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G e n e r a l l y an i n c r e a s e in t e n s i l e s t r e n g t h i n c r e a s e s the 
s h e a r s t r e n g t h w i t h a s l i g h t d e c r e a s e in d e f o r m a t i o n 
c a p a c i t y [ f i g u r e 3 . 3 0 ] T h e s h e a r s t r e n g t h i s a l s o 
i n f l u e n c e d by t y p e of t e s t . T h e r e are two b a s i c t e s t s , i.e 
c o m p r e s s i v e and t e n s i l e . T h e t e n s i l e type o f s h e a r t e s t 
e x h i b i t l o w e r s h e a r s t r e n g t h v a l u e s than the c o m p r e s s i v e 
type o f t e s t s , [see f i g u r e 3 . 3 1 ] T h e l o w e r s h e a r s t r e n g t h 
of a b o l t o b s e r v e d in a t e n s i l e t y p e t e s t is as a r e s u l t of 
lap p l a t e p r y i n g a c t i o n , a p h e n o m e n o n t h a t t e n d s to bend the 
lap p l a t e of the t e n s i o n jig o u t w a r d . [ 3 4 , 4 5 ] B e c a u s e of 
the u n e v e n b e a r i n g d e f o r m a t i o n o f the t e s t b o l t , the 
r e s i s t i n g f o r c e s do not act at the c e n t e r l i n e of the lap 
p l a t e , w h i c h p r o d u c e s a m o v e m e n t t h a t t e n d s to bend the lap 
p l a t e a w a y from the m a i n p l a t e . T h i s m o m e n t c a u s e s t e n s i l e 
f o r c e s in the b o l t . 

T h e t e n s i o n jig i s , h o w e v e r , r e c o m m e n d e d as a b e t t e r t e s t i n g 
d e v i c e to be u s e d so as to o b t a i n a l o w e r bound s h e a r 
s t r e n g t h . T h e c l a m p i n g force has been found [45] to have no 
s i g n i f i c a n t e f f e c t o n the u l t i m a t e s h e a r s t r e n g t h , t h o u g h 
for h i g h - s t r e n g t h b o l t s the s h e a r s t r e n g t h h a s been found t o 
b e d i r e c t l y p r o p o r t i o n a l t o the a v a i l a b l e s h e a r a r e a . T h e 
l o c a t i o n of the s h e a r p l a n e h a s a l s o been found to 
i n f l u e n c e the l o a d - d e f o r m a t i o n b e h a v i o u r o f the b o l t s , 
[see f i g u r e 3 . 3 2 ] . 

W h e n both s h e a r p l a n e s p a s s t h r o u g h the bolt s h a n k 
the s h e a r load and d e f o r m a t i o n c a p a c i t y are m a x i m i s e d 
w h e r e a s w h e n both s h e a r p l a n e s p a s s t h r o u g h t h e t h r e a d e d 
p o r t i o n , t h e l o w e s t s h e a r load and d e f o r m a t i o n c a p a c i t y are 
o b t a i n e d . [ 4 5 ] 
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DEFORMATION 

Figure 3.31 T y p i c a l shear d e f o r m a t i o n c u r v e s for 

(a) c o m p r e s s i o n , and (b) t e n s i l e j i g s . [34,45] 
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V 

Figure 3.32 Shear d e f o r m a t i o n c u r v e s for d i f f e r e n t f a i l u r e 

P l a n e s [34,45] 
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3.4.2.3 Bearing properties 

B o l t s subjected to shear forces develop e n c l o s e d b e a r i n g 
stresses between the bolt and the plate as s h o w n in figure 
3 . 1 8 . The real distribution of bearing s t r e s s e s is non-
uniform for a bolt in double shear [figure 3.18 ( b ) ] , but 
t h i s is too complicated for design and the u n i f o r m 
distribution of figure 3.18 (c) is assumed. 

B a h i a and Martin [45] determined an e x p e r i m e n t a l 
relationship between average bearing stress and d e f o r m a t i o n 
for a bolt failing in single shear. T h e s c h e m a t i c 
representation is shown in figure 3.33. T h e h i g h e r the 
bearing stresses, the greater the e l o n g a t i o n of the b o l t 
h o l e . The bearing stresses at failure of the bolt in s i n g l e 
shear are greater than the yield stress of the p l a t e , h e n c e 
allowable stresses normally are of high v a l u e s . 

3.4.3 Spacing of bolts 

In the consideration of bolt spacing in a c o n n e c t i o n , t h e r e 
are standard terms used as shown in figure 3.34 and d e f i n e d 
b e l o w . 

(i) pitch:- centre to centre spacing of f a s t e n e r s a l o n g 
length of a member of connection. 

(ii) bolt distance:- centre spacing of s t a g g e r e d f a s t e n e r s 
measured obliquely on the member. 

(iii) edge distance:- distance between c e n t r e of b o l t 
hole and adjacent edge of p l a t e . 

T h e r e are some limitations based on net s e c t i o n a r e a , A n , 
edge distance and construction clearance in the d e s i g n 
c o d e s . For a given m a t e r i a l , there is an o p t i m u m s p a c i n g 
w h i c h yields highest strength for a p a r t i c u l a r j o i n t . 
Optimum joint strength is achieved when the t e n s i l e s t r e n g t h 
of the plates connected equals the combined b o l t s h e a r i n g 
and bearing strength. Table 3.2 shows the s t a n d a r d b o l t 
spacings and edge distances currently in u s e . 
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T A B L E 3.2 S T A N D A R D E N D - D I S T A N C E FOR V A R I O U S H O L E S I Z E S 

^ 
D I S T A N C E TO SHEARED E N D O R H A N D D I S T A N C E T O R O L L E D 
FLAME C U T EDGE M A C H I N E F L A M E C U T . SAWN 

O R P L N N E D E D G E ( M M ) 

D I A M E T E R 

OF H O L E (a) (b) (a) (b) 

39 68 117 62 117 
36 62 108 56 108 
33 56 99 50 99 
30 50 90 44 90 
26 42 78 36 78 
24 38 72 32 72 
22 34 66 30 66 
20 30 60 28 60 
18 28 54 26 54 
16 26 48 24 48 
14 24 42 22 42 
12 or less 22 36 20 36 

(a) British (b) A m e r i c a n 
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T O T A L S H E A R DEFORAMTION 

Figure 3.33 R e l a t i o n s h i p b e t w e e n b e a r i n g 
deformation for tensile type s h e a r . 

s t r e s s and 
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Figure 3.34 B o l t spacing (a)staggered ( b ) r e c t a n g u l a r 
hole pattern [ 2 1 , 3 4 ] 
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T h e r e are two e d g e d i s t a n c e s c o n s i d e r e d in b o l t e d 
connections namely:-

(i) perpendicular to line of s t r e s s , i.e u n l o a d e d edge 
distance, e l , and 

(ii) loaded edge d i s t a n c e , e 2 . [see figure 3.35] 
The edge d i s t a n c e s e l , is needed to p r e v e n t p r e m a t u r e 
yielding at the u n l o a d e d edge B. U n d e r load and w i t h 
e2 inadequate shearing and normal stress w i l l be 
induced in the p l a t e s [ 2 1 ] . If e2 is i n a d e q u a t e , 
yielding m a y d e v e l o p along lines at an angle d i a m e t e r 
to the line of l o a d i n g . This c a u s e s e x c e s s i v e 
distortion in the hole and p r e m a t u r e f a i l u r e . A v a l u e 
of e2 needed to p r e v e n t t e a r - o u t w h e n edge off p l a t e 
fails is n o r m a l l y t a k e n as: [8] 

e = 2D [3.6] 

Where D is the b o l t hole d i a m e t e r . 

3 . 4 . 4 . Use of w a s h e r s . 

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

p r a c t i c e to serve the following p u r p o s e s : - - [ 3 4 ] 

(i) to protect the o u t e r surface of the c o n n e c t e d m a t e r i a l 
from damage or g a l l i n g as the bolt or nut w a s t o r q u e d 
or turned, 

(ii) provide s u r f a c e s of c o n s i s t e n t h a r d n e s s so t h a t 
corrosion in the t o r q u e - t e n s i o n r e l a t i o n s h i p c o u l d be 
maihtained. 

fc 

Figure 3.36 Edge d i s t a n c e to p r e v e n t s h e a r out f a i l u r e s . 
[34] 
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W h e n the turn-of nut method of tightening b o l t s w a s a d o p t e d 
r e l i a n c e upon t o r q u e - t e n s i o n to d e t e r m i n e r e q u i r e d b o l t 
t e n s i o n was r e d u c e d . Investigations [34] showed t h a t 
h a r d n e s s washers w e r e not required, t h o u g h they are s t i l l 
used mainly to o f f - s e t lack of p a r r a l l e l i s m e s p e c i a l l y for 
sloping members and d i s t r i b u t e clamping f o r c e s u n i f o r m l y . 
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C H A P T E R F O U R 

M A T H E M A T I C A L M O D E L L I N G O F S E M I - R I G I D 

C O N N E C T I O N S . 
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I N T R O D U C T I O N . 

S i n c e the realization that fully pinned c o n n e c t i o n s do 
p o s s e s s some rotational stiffness and t h a t fully rigid 
connections have some d e g r e e of f l e x i b i l i t y , the c o n c e p t of 
semi-rigid restraints in structural s y s t e m s has been 
increasingly researched u p o n . The t o t a l study has b e e n 
d i v i d e d into two separate by related a r e a s : - a n a l y t i c a l and 
e x p e r i m e n t a l . The main e m p h a s i s has been on the a n a l y t i c a l 
e f f o r t with the results of the experimental p o r t i o n s being 
u s e d for verification of the analytical r e s u l t s . In o r d e r 
for the knowledge derived from such studies to be u s e f u l to 
structural analysts, there is need to have fairly a c c u r a t e 
m e t h o d s of m a t h e m a t i c a l l y describing the c o n n e c t i o n 
b e h a v i our, namely m a t h e m a t i c a l modelling. 

The use of m a t h e m a t i c a l modelling t h o u g h c o n v e n i e n t , 
p r e s e n t s some limitations in describing n a t u r a l p h e n o m e n a . 
T h e r e will always be e r r o r s between the p r e d i c t e d r e s u l t s 
and the experimentally m e a s u r e d results. T h i s is m a i n l y 
b e c a u s e mathematical m o d e l s are i d e a l i s a t i o n s using the 
techniques of constructed l o g i c , not n e c e s s a r i l l y n a t u r a l 
and certainly not c o m p l e t e . In addition , in o r d e r to 
p r o p e r l y analyse the e x p e r i m e n t a l results, t h e r e is n e e d to 
e m p l o y specific m a t h e m a t i c a l techniques. T h i s e n a b l e s the 
presentation of logical comparative c o n c l u s i o n s . Such 
s p e c i a l techniques e x i s t for structural s y s t e m s as w e l l as 
for structural c o m p o n e n t s . 

4.2 Behaviour of s t r u c t u r a l systems 

Structural systems respond to loads in t h e i r own u n i q u e 
w a y s . These responses m a y be linear w i t h r e s p e c t to 
g e o m e t r y and elastic or inelastic w i t h r e s p e c t to the 
m a t e r i a l - p r o p e r t i e s . The a b i l i t y to p r e d i c t t h i s r e s p o n s e 
of behaviour enables p r o p e r analysis of the s t r u c t u r a l 
s y s t e m s and hence p r o p e r design. M o s t s t r u c t u r a l 
engineering analysis is based on linear e l a s t i c m e c h a n i c s . 
The concepts involved are straight f o r w a r d and e n a b l e 
prediction of b e h a v i o u r of even h i g h l y i n d e t e r m i n a t e 
s y s t e m s . Before analysis of structural s y s t e m s is m a d e , 
there is need to formulate appropriate m a t h e m a t i c a l m o d e l s . 
Such models ought to be in line w i t h true s t r u c t u r a l 
behaviour as concerns m a t e r i a l properties, L o a d i n g m o d e s and 
envisaged diplacements. Real life physical a s p e c t s of any 
structure are important w h e n it comes to p r o p e r m a t c h i n g of 
the mathematical m o d e l and actual s t r u c t u r a l s y s t e m 
b e h a v i o u r . 
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M o s t aspects of s t r u c t u r a l behaviour are r e l a t e d to 
experimental e v i d e n c e . A n a l y s i s , and in p a r t i c u l a r 
c o m p a r i s o n of a n a l y t i c a l results with e x p e r i m e n t a l e v i d e n c e 
is an important tool of understanding s t r u c t u r a l b e h a v i o u r 
at all functional l e v e l s . O v e r a l l the s t r u c t u r a l b e h a v i o u r 
of any system is d e p e n d e n t on the b e h a v i o u r of the 
c o m p o n e n t s . These b e h a v i o u r modes have been found to be 
m o r e dependent on the type of structural c o n n e c t i o n s used 
than on the individual m e m b e r s . [ 3 5 ]. 

4 . 2 . 1 Behaviour of b o l t e d connections 

The behaviour of c o n n e c t i o n s in structural s t e e l w o r k s is a 
function of the g e o m e t r i c configurations of the c o n n e c t e d 
m e m b e r s , the type of f a s t e n e r s u s e d , and the d u c t i l i t y of 
the steel . Two m a j o r c l a s s e s of fasteners are u t i l i s e d in 
m o d e r n steel c o n s t r u c t i o n : - welds and b o l t s . B o l t e d 
connections depend on the t r a n s f e r of load from one p a r t to 
a n o t h e r through the f a s t e n e r , which p a s s e s t h r o u g h h o l e s 
drilled or punched in the individual p a r t s or by f r i c t i o n 
a c r o s s the clamped s u r f a c e . In welded c o n n e c t i o n s the p a r t s 
are fused t o g e t h e r by acetylene or arc w e l d i n g , n o r m a l l y 
w i t h the addition of some weld metal in the c o n n e c t i o n . 

A c t u a l design of the c o n n e c t i o n is a s p e c i a l i s e d o p e r a t i o n 
making considerable u s e of empirical r u l e s d e r i v e d from 
extensive testing p r o g r a m m e s . Some of t h e s e e m p i r i c a l 
relations have been d i s c u s s e d in chapter 3. 

T h i s research d e a l s w i t h bolted connections w h o s e b e h a v i o u r 
has been described as c o m p l e x and is not w e l l u n d e r s t o o d . 
The complex nature of t h e i r structural b e h a v i o u r m a k e s their 
structural a n a l y s i s e v e n more d i f f i c u l t . T h i s a r i s e s 
mainly due to the following reasons:-{29] 

(i) the connection is made up of a n u m b e r of small 
components e . g . b o l t s , n u t s , washers e t c 

(ii) the bending s p a n s b e t w e e n the f a s t e n e r s and the 
connected p a r t s a r e of the same order of m a g n i t u d e a s , 
and often s m a l l e r than the thcikness of the c o n n e c t e d 
parts. 

(iii) details such as bolt h e a d s have a g r e a t s t i f f e n i n g 
influence on the t o t a l deformation p a t t e r n . 

(iv) the forces and r e a c t i o n s on the c o n n e c t e d p a r t s or 
building e l e m e n t s d i s p e r s e out t h r o u g h it's 
thicknesses c o n s i d e r a b l y smoothing c u t the m o m e n t and 
stress v a r i a t i o n s . 
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(v) the forces are applied and the r e a c t i o n s are d e v e l o p e d 
in more than one p l a n e , introducing b i a x i a l b e n d i n g . 

(vi) pre-tensioned bolts compress the plate a r o u n d them and 
tend to curl surrounding regions away from the s u p p o r t 
and 

(vii) the contact regions between the p l a t e s and t h e i r 
supports vary with changing load c o n d i t i o n s and c a n n o t 
be precisely p r e d i c t e d . 

The factors mentioned above make the c o n n e c t i o n s r e s p o n s e 
basically and intrinsically non-linear. T h i s h a p p e n s e v e n 
w h e n all the components remain stressed w i t h i n t h e i r e l a s t i c 
l i m i t s . Also the large number of variables to be d e a l t w i t h 
make a quantitave d e s c r i p t i o n of the b e h a v i o u r of the 
c o n n e c t i o n s even more difficult .But with i d e a l i s a t i o n s , an 
a t t e m p t at describing the behaviourcan be m a d e and the 
results obtained would be applied in the a n a l y s i s of 
structural systems. 

4 . 3 . Analysis of structural systems 

Structural analysis is normally carried out in o r d e r to 
determine the internal forces and often the f a i l u r e l o a d s of 
a s y s t e m . Knowledge of these quantities and the p r o p e r t i e s 
of the material in the structure can be used to m a k e d e s i g n s 
w i t h sensible margins of safety. Like good d e s i g n , g o o d 
analysis is based on the accurate p r e d i c t i o n s of the 
b e h a v i o u r of the structure under s e r v i c e c o n d i t i o n s . 
A c c u r a c y also comes up when idealising s t r u c t u r a l s y s t e m s 
for purposes of a n a l y s i s . The large n u m b e r of a s s u m p t i o n s 
made in structural idealization erodes t h e t r u e a c c u r a c y 
achieved in subsequent calculations. E v e n t h e n , n o t a l l 
structure's can be analysed accurately b e c a u s e some a r e so 
complex and render available analytical m e t h o d s i n a d e q u a t e . 
Though the evolution of complex structural s y s t e m s s e e m e d to 
have been overtaking the analytical c a p a b i l i t i e s , 
introduction of computer-aided analysis h a s m a d e p o s s i b l e 
the analysis of highgly non-linear structural s y s t e m s . 

4.3.1 Analysis of elastic framed structures 

Joints of framed structures are usually i d e a l i s e d as e i t h e r 
fully pinned or fully r i g i d . H o w e v e r , the c o n n e c t i o n s 
themselves may have significant degree of s t i f f n e s s a n d 
flexibility w h i c h is important in the a n a l y s i s of t h e 
frameworks. Such connections may be assumed to be e i t h e r 
linearly elastic or n o n - l i n e a r l y elastic in b e h a v i o u r . T h e 
r

o n n e c t i o n s used are chosen according to the r e l a t i v e 
translations and rotations w h i c h can occur at t h e j o i n t s of 
the structure. 
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Such connections which may e i t h e r be w e l d e d or b o l t e d are 
assumed to be e l a s t i c . Early attepts at a n a l y s i n g semi-
rigidly connected frames were useful in o n l y a few s i m p l e 
cases.[49 J 

Later on matrix m e t h o d s , assuming l i n e a r c o n n e c t i o n s 
behaviour were e m p l o y e d . E s s e n t i a l l y the m e t h o d is used in 
the determination of the structural d i s p l a c e m e n t s , [6], and 
the forces,[F], under loads c a u s i n g f i x e d - e n d f o r c e s [ F E M ] . 
In linear elastic f r a m e s , the a n a l y s i s is a c c o m p a n i e d by 
solving the following e q u a t i o n . 

{F} = {FEM] + [KE] [6} .. [4.1] 

and 

{F} = {ks} {6s} [4.2] 

W h e r e 

{F} is the applied load vector 

{FEM} is the fixed end member force v e c t o r 

{KE} is the plane beam m e m b e r stiffness m a t r i x 

[see fig. 4.1 (b)] 

{6E} is the m e m b e r end d i s p l a c e m e n t v e c t o r w i t h o u t e l a s t i c 
end restraints. 

[ks] is the e l a s t i c m e m b e r end spring s t i f f n e s s m a t r i x [see 
f i g . 4.2] 

{6s} is" the member end d i s p l a c e m e n t v e c t o r d u e to the 
presence of e l a s t i c m e m b e r end c o n n e c t i o n s . 

The total member end d i s p l a c e m e n t {a^} are o b t a i n e d thus:-

{6
t
 } = { 6

e
} + {6

E
 } [4.3] 

A typical beam element modelling is shown in figure 4.1 (a) 
with the ends subjected to a x i a l , s h e a r i n g and b e n d i n g 
forces. These forces c o r r e s p o n d to t h r e e d e g r e e s of 
freedom. The r e l a t i o n s h i p between m e m b e r end f o r c e s . { F } , 

as a function of fixed-end m e m b e r f o r c e s , {FEM} and end 
displacements {6E} is indicated in e q u a t i o n 4 . 1 . T h e 
corresponding s t i f f n e s s m a t r i x , [KE] is p r e s e n t e d in 
figure 4.1 (b) as a 6x6 m a t r i x . If the n o d e s on the 
beam element are m o d e l l e d as flexible m a t r i x c o n n e c t i o n s 
using linear e l a s t i c springs, a s t i f f n e s s m a t r i x [ k s ] , 
can be represented as in figure 4.2 (b). [30] 
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In n o n - l i n e a r a n a l y s i s , element stiffness m a t r i c e s , [KE] and 
s t r u c t u r e stiffness matrix [k] may vary as f u n c t i o n s of load 
and loading h i s t o r y . T h e s e variations m a y be a n a l y s e d 
by the use of iterative t e c h n i q u e s , the n o n - l i n e a r c a n be 
c o r p o r a t e d into already existing linear t e c h n i q u e s in o r d e r 
to evaluate systems subjected to s p e c i f i c d e s i g n l o a d s . 
T h e r e are a wide range of such iterative t e c h n i q u e s some of 
w h i c h are readily adopted to computer a n a l y s i s [49] and are 
c o n s i d e r e d in section 4.4 

(a) Bar element 1n load and global co-ordinate systems. 

kE = 

sa 0 0 

0 12%/L* 6S b /L 

0 6SW/L 4Sb 

-Sa 0 0 

0 -12Sb/L* - 6 S b / L 

0 6Sb/L 2Sv 

-Sa 

0 

0 

Sa 

0 

0 

-12Sw/r 

-6Sw'L 

0 

12S
W
/L* 

-6S b /L 

0 

6Sw/L 

2S
k 

0 

-6S
b
/L 

4S> 

(b) stiffness matrix , b 
>b = EI/L Sa = EA/L 

Figure 4.1 Member s t i f f n e s s matrix for b e a m e l e m e n t [30] 
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(a) Analytical model for beam with semi-rigid connection 

R1 - axial spring stiffness 

k2 - transverse spring stiffness 

k3 - rotational spring stiffness 

k1 0 0 -k1 0 0 

0 k2 0 0 -k2 0 

0 0 k3 0 0 -k3 

-kl 0 0 k1 0 0 

0 -k2 0 0 k2 0 

0 0 -kg 0 0 k3 
^ > 

(b) Joint e l e m e n t spring stiffness 

Figure 4.2 Semi-rigid joint element [30] 
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4 . 3 . 2 Analysis of semi-rigid connections, 

T h e analysis of s e m i - r i g i d i l y connected or b o l t e d m e m b e r s is 
analogous to that of a hauched b e a m w i t h rigid 
connections.[50.51] D e s p i t e the problems a s s o c i a t e d w i t h 
the analysis of bolted c o n n e c t i o n s . , two a n a l y t i c a l m e t h o d s 
are commonly used namely:-

(i) the slope deflection m e t h o d , and 

(ii) the cross method 

4.3.2.1 The slope d e f l e c t i o n method 

The application of the slope deflection m e t h o d r e q u i r e s use 
of a factor, Z in conjuc tion with given v a l u e s of m o d u l u s of 
E l a s t i c i t y , E and m o m e n t of Inertia, I.[51] The f a c t o r , Z 
is normally referred to as the semi-rigid c o n n e c t i o n f a c t o r . 
U n d e r load, semi-rigid c o n n e c t i o n s undergo r o t a t i o n and w h e n 
yielding of some part o c c u r s , there is a d d i t i o n a l angle 
change denoted by 0. For a beam to column c o n n e c t i o n this 
is defined as the a d d i t i o n a l rotation of the end of the beam 
o v e r that of the c o l u m n . The value of 0 is a f u n c t i o n of 
end moment, M increasing with it. The rate of c h a n g e 
depends upong the s t i f f n e s s or rigidity of the s e m i - r i g i d 
connection and is a u n i q u e v a l u e for every c o n n e c t i o n . T h u s 
Z is defined in terms of 0 and M as [52]:-

Z = 0/M [4.4 

The functional r e l a t i o n s h i p between Z, 0 and M is s h o w n in 
figure 4 . 3 . The c o n n e c t i o n factor, v a r i e s i n v e r s e l y w i t h 
the rigidity of the s e m i - r i g i d connections b e c o m i n g z e r o for 
a rigid connection and i n f i n i t y for a p i n n e d c o n n e c t i o n . 
The reciprocal of this factor is the s l o p e of the m o m e n t 
rotation curve, [see figure 4 . 4 . ] 

Before analysis of any c o n n e c t i o n can take p l a c e , Z m u s t be 
determined either by m o m e n t - r o t a t i o n r e l a t i o n s h i p or 
computed by standard f o r m u l a e . From figure 4.4 it is seen 
that the value of Z v a r i e s , and for a given m o m e n t c a p a c i t y 
w h i c h a connection can w i t h s t a n d , there is an u n i q u e v a l u e 
of Z. This relation is shown in curve (a) of f i g u r e 4.4 
curves (b) and (c) show the region of v a r i a t i o n in w h i c h 
there exists a c c e p t a b l e v a l u e s of Z. It is b e t w e e n t h e s e 
limiting curves that the d e s i g n range of the c o n n e c t i o n 

94 



The permissible v a r i a t i o n of Z is n o r m a l l y t a b u l a t e d in 
d e s i g n standards [ 5 0 . 5 2 ] . Curve (d) is for rigid 
c o n n e c t i o n s . By d e f i n i t i o n there is no r o t a t i o n at a rigid 
c o n n e c t i o n when a m o m e n t is a p p l i e d . T h i s i m p l i e s t h a t the 
intersection lines of the c o n n e c t e d m e m b e r s do not u n d e r g o 
any change in their o r i e n t a t i o n . Curve (e) is for the fully 
p i n n e d connection w h i c h by d e f i n i t i o n u n d e r g o e s i n f i n i t e 
rotation under i n f i n i t e s i m a l l y small m o m e n t s . In the 
application of the slope d e f l e c t i o n m e t h o d , the sign 
conve ntio n adopted is such that when the c o l u m n c o n n e c t i o n 
t w i s t s in a c l o c k w i s e d i r e c t i o n on the end of the b e a m , the 
m o m e n t at the end of the beam is p o s i t i v e and vise v e r s a . 
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Figure 4.3 Functional r e l a t i o n s h i p for c o n n e c t i o n f a c t o r Z 



F i g u r e 4.4 M-0 c u r v e s for s e m i - r i g i d c o n n e c t i o n s (a) t e s t 
b e h a v i o u r of s p e c i m e n , (b) t a n g e n t s l o p e at o r i g i n = 1 / Z , 
(c) m i n i m u m p e r m i s s i b l e s l o p e , (d) M - 0 for rigid c o n n e c t i o n , 
Z = 0, (e) M-0 for p i n n e d c o n n e c t i o n , Z =

 e >

"[52] 
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LOADI NG 

^ t t t T T T T T J I T T T T T N 

Figure 4.5 Conjugate beam method for semi-rigid c o n n e c t i o n s 
[3,5,2] 
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T h e conjugate beam method is utilised in o r d e r to o b t a i n the 
required relationship b e t w e e n moment, M, r o t a t i o n , -6-, the 
span of connected m e m b e r s , L and the a n g l e of r e l a t i v e 
d e f l e c t i o n s , R. [see figure 4.5], Based on the sign 
convention mentioned a b o v e and referring to figure 4.5 (a), 
it is seen that moment at both ends of the b e a m are 
p o s i t i v e . Figure 4.5 (a), represents the total angle 
b e t w e e n the tangent to the end of the l o a d e d beam and it's 
original direction (before loading). I n c l u d e d in 0 is the 
relative angle of d e f l e c t i o n , R which is as a r e s u l t of the 
relative deflections of the two ends of the b e a m . A l s o 
included are -0A,-6-B and . -0 represents the d e v i a t i o n of the 
t a n g e n t from the origin to the relative d e f l e c t i o n l i n e . 
The net end slope of the loaded beam, t h e r e f o r e is (-^-R). 

T h u s (0J-R) and (6£-R) are the end r e a c t i o n s of the 
conjugate beam at the left and right supports r e s p e c t i v e l y , 
[see figure 4.5 (b)]. T h e s e end reactions can be e v a l u a t e d 
by taking the sum of m o m e n t s about B to get (G^-R) and 
a b o u t A to get (Q^-R). T h e s e summations give rise to two 
necessary equations for finding M. T h u s taking m o m e n t s 
a b o u t B:-

M
B

 = 0 [4.5] 

M,L
2

 - M„L?. • • A ^ l - j t ^ * ! " * H'
6

) 

sfei "IEI 

From which the following e q u a t i o n s can be o b t a i n e d . 

M
b
 = 2M

a
 + 6EIM

A
 Z. _6AB -6EI (^ - R) [4.7 

L L» L 

M
r
 = 2M. • (L+3EIZ.) - 6Aj? " MI («-. - R) [ 4 . 7 ] ( b ) 

Setting L
a
 = L + 3 E 1 Z

A
, we o b t a i n from Eq 4. 7 (b) 

M
b
 = 2M

A
L 

L' r * "" z 
H - 611 - B) - r 4.8} 

Similarly by setting Lg = L+3EIZj, and f o l l o w i n g the same 
p r o c e s s as a b o v e , the following e q u a t i o n for M

A
 is 

obtained:-

M
A
 = 2H

E
 L

c
 - 6EI (-Oj - R ) + M i [4.9 

L L L 

In equations [4.8] and [4.9], A represents the area of the 

M/EIdiagram, w h e r e a s a and b are the c e n t r o i d s of 
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the M/EI diagram from the left and r i g h t h a n d sides 
r e s p e c t i v e l y . [52,53]. 

E q u a t i o n s [4.8] and [4.9] may be solved s i m u l t a n e o u s l y by 
the method of substitution to o b t a i n the r e q u i r e d s l o p e 
deflection equation, i.e 

M, = 6EI. 21^ (6. - R) + L(6
r
 - R) - 6A 2bL:-aL [4.10) 

h f . A V tJ LJ 

4L
a
 L

e
 - 1/ L 4L^ L^-L 

and 

M
b
 = 6EI ,2'Lk (-e

L
 - R) + L(£

a
 - R ) + 6A. 2aL -bL 

L 4L
a
 L,-L

2

 . . . ( 4 , 3 1 ) 

The equations derived above show t h a t a c h a n g e of end 
connec tion behaviour from rigid to s e m i - r i g i d is e q u i v a l e n t 
to lengthening the m e m b e r span by 3 E I Z . T h e e f f e c t s at the 
restrained ends c o n s i s t s of the f o l l o w i n g c o n t r i b u t o r y 
sources: [3] 

(i) fixed end moments 

(ii) rotation at member e n d s , and 

(iii) relative d i s p l a c e m e n t at m e m b e r e n d s , R 

The semi-rigid connection factor,Z a l s o c o n t r i b u t e s to t h e 
end moment effects. This last e l e m e n t is i n t e r d e p e n d e n t on 
the preceding three s o u r c e s . For t h i s r e a s o n , it is n o t 
possible to apply the m e t h o d of s u p e r p o s i t i o n in d e r i v i n g 
the force and 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 w h i c h is t h e 
customary procedure for the case of rigid c o n n e c t i o n s . [ 3 ] . 

4.3.2.2 The cross method 

The application of this m e t h o d to s e m i - r i g i d l y c o n n e c t e d 
systems is similar to t h a t for r i g i d l y c o n n e c t e d s y s t e m s 
w i t h corrections in:- [52] 

(i) the fixed end m o m e n t s 

(ii) the stiffness or r e d i s t r i b u t i o n f a c t o r s , and 

(iii) the carryover f a c t o r . 

All these factors can be d e t e r m i n e d by the slope d e f l e c t i o n 
m e t h o d . Incase of rigid c o n n e c t i o n s , n o t h i n g y i e l d s u n d e r 
load and the true fix^d end m o m e n t is d i s t r i b u t e d a b o u t t h e 
end joints. In the fixed end for s e m i - r i g i d j o i n t s , n o t h i n g 
yields except the c o n n e c t i o n i t s e l f . As a r e s u l t , t h e f i x e d 
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end moment is reduced somewhat below that of a rigid 
c o n n e c t i o n with the same l o a d i n g , [see figures 3.2, 3.3 and 
3 . 4 ] . Thus for any beam AB [see figure 4.6] c o n n e c t e d at 
the ends in a s e m i - r i g i d m a n n e r , the fixed m o m e n t s are given 
as : -

FEM
a
 = ± 6A ( 2b" Lj. - a~L ) [4.12] 

L(4L
a
 L

b
 - L

2

) 
and 

FEM
b
 = + -6A(2a'L

/
 - b L ) [4.13] 

L(4L
a
 L

a
 - L

2 

W h e r e FEM denotes fixed end m o m e n t s and the other symbols 
have the same meaning as in section 4 . 3 . 2 . 1 . 

The stiffness or d i s t r i b u t i o n factor is a function of the 
p r o p e r t i e s of the c o n n e c t i o n as veil as of the c o n n e c t e d 
m e m b e r s in a s e m i - r i g i d l y connected e l e m e n t or m e m b e r . In 
p r a c t i c e some of the c o n n e c t i o n s may be rigid and o t h e r s 
semi-rigid as shown in figure 4 . 6 . By statics and by 
referring to figure 4 . 6 . 

M
a b
 + MAC = 0 [4.14] 

For the given c o n d i t i o n s of loading and r e s t r a i n t s , we 
obtain:-

4E1
AC
_^-

A
 = r6EI

A f c
^2L

f c
 0

;
1

 %
 [4.15] 

L
a c
 4L

a
 L

e
 - L 

(4E-9-
a
)I

A C
 = -(4E3t) 3L, I

a e
 [4.16 

L
a c
 '4L

a
 t

B
 -L

2

AB 

•j. 
Dividing through b y the common t e r m , ( , ) , i t i s 
e v i d e n t t h a t , since is the relative d i s t r i b u t i o n 
factor for the A end of the rigidly c o n n e c t e d m e m b e r A C , 
then the d i s t r i b u t i o n f a c t o r for the s e m i - r i g i d l y c o n n e c t e d 
AB is 3LJs X^/CA-L^Ln- As m e n t i o n e d in section 
4.3.2.1 LA = E + zjj and LB = L + Z^ 

thus for a given m e m b e r A B , , the d i s t r i b u t i o n factors 
(D.F) are given by:-

D.F
a b
 = 3L.I [4.17 

4L
a
 L

b
 - L

2 

and 

D

'
f

AE = — A — — 
4L

a
 L

fi
 -L 
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The carry over factors for m e m b e r A B , semi-rigidly c o n n e c t e d 
are given as:-

C a r r y o v e r factor A to B = L/2Lg 

C a r r y o v e r factor B to A = L/2L^ 

[4.19] 

[4.10] 

But L
A
 = L + 3EIZ,, and L

g
 = L + 3EIZ

E
, thus for r i g i d l y 

connected members Z = 0 , and equations [4.19 and [4.20] 
reduce to 1/2. [52] 

4.4 Analysis of l o a d - d e f o r m a t i o n c u r v e s . 

4.4.1 Linnear elastic a n a l y s i s 

T h i s technique is applied to structural s y s t e m s subjected to 
proportionally increasing quasistatic l o a d i n g . L o a d i n g 
patterns which may cause cyclic or i n c r e m e n t a l c o l l a p s e 
phenomena are not c o n s i d e r e d . This a s s u m p t i o n is w i d e l y 
used in perfoming a n a l y s i s of structural systems and may 
thus be appropriate for the loading carried by s e m i - r i g i d 
c o n n e c t i o n s , exhibiting n o n - l i n e a r loading d e f o r m a t i o n 
r e s p o n s e s . 

L i n e a r elastic tangent techniques in w h i c h the load 
increments are p r o p o r t i o n a l to the observed d e f o r m a t i o n can 
be e m p l o y e d . These t e c h n i q u e s become inapropriate w h e n the 
behaviour of the structural system is n o n - l i n e a r . This 
arises due to u n d e r - e s t i m a t i o n of deformation under finite 
applied loads, (see figure 4 . 7 ) . This m a k e s the t e c h n i q u e 
inapropriate to n o n - l i n e a r elastic analysis[53 ] . 

SEMI RIGID JOINT 

A C 

S I 

Kt>-

RIGID JOINT-

8 
-e-^o 

i 
/ FIXED £ 

Figure 4.6 Relative d i s t r i b u t i o n for rigid and 
rigid c o n n e c t i o n s . 

semi-
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Figure 4.7 N o n - l i n e a r d e f o r m a t i o n and it's a p p r o x i m a t i o n 
by t a n g e n t [30] 
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4 . 4 . 2 . Non-linear e l a s t i c a n a l y s i s . 

T h o u g h linear f o r m u l a t i o n s of problems are u s e d to o b t a i n 
e n g i n e e r i n g s o l u t i o n s , m o s t of the p h e n o m e n a d e a l t w i t h are 
n o n - l i n e a r . These n o n - l i n e a r i t i e s may be due to:- [54, 55] 

(i) non-linear e l a s t i c and plastic or v i s c o - e l a s t i c 
behaviour of the structural m a t e r i a l referred to as 
material n o n - l i n e a r i t y , and 

(ii) large d e f o r m a t i o n and geometrical c h a n g e s in the 
structure and the e l e m e n t s referred to as g e o m e t r i c 
non-1i n e a r i t y . 

T h e r e are p o s s i b i l i t i e s of c o m b i n a t i o n s o f these non-
l i n e a r i t i e s in any one s y s t e m . These n o n - 1 i n e a r p r o b l e m s 
m a y be solved by c a r r y i n g o u t s u c c e s s i v e l i n e a r a n a l y s i s 
u s i n g either i n c r e m e n t a l d e f o r m a t i o n a p p r o a c h e s a t d e s i r e d 
l o a d - l e v e l s e.g N e w t o n - R a p h s o n m e t h o d s . The b a s i s of the 
i n c r e m e n t a l procedure is the subdivision of the load into 
m a n y small partial l o a d s or i n c r e m e n t s . T h e s e i n r e m e n t a l 
l o a d s are applied one at a t i m e , d u r i n g w h i c h t i m e , 
l i n e a r i t y is a s s u m e d . T h e d e f o r m a t i o n 6, (see figure 4 . 8 ) , 
as p r e d i c t e d by l i n e a r a n a l y s i s initialy is used as the 
v a l u e in a second a n a l y s i s to predict a new d e f o r m a t i o n , 62 
and so o n . For s i m p l i c i t y , only the n o n - l i n e a r e q u i l i b r i u m 
e q u a t i o n for a single e l e m e n t is c o n s i d e r e d , i.e 

{P} = {K} {5} [4.21] 

W h e r e the n o n - l i n e a r i t y is the stiffness m a t r i x , {K}. T h i s 
s t i f f n e s s matrix is a function of n o n - l i n e a r m a t e r i a l 
p r o p e r t i e s and is shown in figure 4 . 8 . T h e flow c h a r t in 
figure 4.9 is used in c o m p u t e r a p p l i c a t i o n s of the basic 
i n c r e m e n t a l (secant m e t h o d ) p r o c e d u r e . 

The iterative p r o c e d u r e is a sequence of c a l c u l a t i o n s in 
w h i c h the structural s y s t e m is fully loaded in each s e c t i o n . 
Due to a p p r o x i m a t i o n s , equilibrium is n o t s a t i s f i e d and 
after each iteration, the p o r t i o n of the t o t a l l o a d i n g that 
is not balanced is c a l c u l a t e d and used in the n e x t s t e p to 
c o m p u t e additional i n c r e m e n t s of d i s p l a c e m n t . T h i s p r o c e s s 
is r e p e a t e d until e q u i l i b r i u m is a p p r o x i m a t e d to a c c e p t a b l e 
d e g r e e . [see 4 . 1 0 ] , T h i s p r o c e s s c a n be a d o p t e d for 
c o m p u t e r analysis and the flow c h a r t is s h o w n in figure 
4.11 . 

The choice of a n a l y t i c a l m e t h o d to be u s e d d e p e n d s on the 
d e s i r e d a c c u r a c y . D e s a i et al [59] has p r e s e n t e d a 
c o m p a r a t i v e analysis of the two m e t h o d s u s e d in s o l v i n g non-
linear p r o b l e m s . 
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The i n c r e m e n t a l ( s e c a n t ) m e t h o d is of g e n e r a l a p p l i c a b i l i t y 
and p r o v i d e s r e l a t i v e l y c o m p l e t e d e s c r i p t i o n of the load-
d e f o r m a t i o n b e h a v i o u r of the m a t e r i a l . It's d i s a d v a n t a g e is 
that it is more time c o n s u m i n g and it is d i f f i c u l t to know 
in a d v a n c e the i n c r e m e n t of loads n e c e s s a r y to give a good 
a p p r o x i m a t i o n of the e x a c t s o l u t i o n . 

F i g u r e 4.8 I n c r e m e n t a l [secant] m e t h o d for non-1i 
a n a l y s i s 130,56 
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Figure 4.9 Flow c h a r t for incremental [ s e c a n t ] m e t h o d 
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F i g u r e 4.10 N e w t o n - R a p h s o n method [30,56] 
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F i g u r e 4.11 N e w t o n - R a p h s o n m e t h o d flow c h a r t [30,56] 
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F i g u r e 4.12 M e c h a n i c a l l y fastened s t e e l j o i n t s u n d e r 
a c t i o n s . 
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T h e iterative (tangent) method is e a s i e r to use and p r o g r a m 
and it is also f a s t e r , w h e n dealing w i t h a few d i f f e r e n t 
l o a d i n g s . The main d i s a d v a n t a g e of the m e t h o d lies in the 
u n c e r t a i n t y of c o n v e r g e n c e to the e x a c t s o l u t i o n . T h e 
t e c h n i q u e is also not a p p l i c a b l e to d y n a m i c p r o b l e m s . In 
o r d e r to offset the d i s a d v a n t a g e s of e i t h e r m e t h o d and 
c o m b i n e their a d v a n t a g e s , use is i n c r e a s i n g l y being m a d e of 
s t e p - i t e r a t i v e m e t h o d s . 

4.5 Modelling of semi-rigid bolted c o n n e c t i o n s 

T h o u g h conventional design m e t h o d s assume l i n e a r c o n n e c t i o n 
b e h a v i o u r , the actual b e h a v i o u r is n o n - l i n e a r due to r e a s o n s 
o u t l i n e d in sections 4.2.1 and 4 . 4 . T h u s in m o d e l l i n g semi-
r i g i d c o n n e c t i o n s , t h e n o n - l i n e a r d e f o r m a t i o n 
c h a r a c t e r i s t i c s are taken into a c c o u n t in a d d i t i o n to the 
e f f e c t s of p a r t i a l r i g i d i t y at the j o i n t . 

A m e c h a n i c a l l y fastened joint is s h o w n in f i g u r e 4.12 
s u b j e c t e d to internal forces and m o m e n t s . The n o n - l i n e a r 
and partial rigidity e f f e c t s can be m o d e l l e d by i n t r o d u c t i o n 
of e l a s t i c r e s t r a i n t s as shown in figure 4 . 1 3 . T h e s p r i n g s 
c o n s t r a i n e l a s t i c a l l y the ends of the m e m b e r s a g a i n s t a x i a l 
f o r c e s , shear forces and m o m e n t s . Two t y p e s of e l a s t i c 
r e s t r a i n t s can be a s s u m e d , namely:-

(i) linear elastic r e s t r a i n t s , and 

(ii) N o n - l i n e a r e l a s t i c r e s t r a i n t s . 

In linear elastic r e s t r a i n t s , the a x i a l , t r a n s v e r s e and 
r o t a t i o n a l springs are a s s u m e d to p o s s e s c o n s t a n t e l a s t i c 
s t i f f n e s s k l , k2 and k3 r e s p e c t i v e l y . The l o a d - d e o r m a t i o n 
r e l a t i o n s are linear as s h o w n in figure 3.9 (a) h e n c e the 
g o v e r n i n g e q u a t i o n s for end forces d e f o r m a t i o n are:-

Nj = Kl Uj 

Vj = K2 Vj 

Mj = K3-frj 

W h e r e U j , Vj are the m e m b e r end d i s p l a c e m e n t s c o m p o n e n t s 
w i t h respect to the m e m b e r end local c o - o r d i n a t e s due to the 
p r e s e n c e of the axial and t r a n s v e r s e s p r i n g s and -6-j is the 
m e m b e r end rotation due to the p r e s e n c e of the r o t a t i n a l 
s p r i n g s . 

N o n - l i n e a r elastic r e s t r a i n t s d o p o s s e s n o n - l i n e a r load-
d e f o r m a t i o n c h a r a c t e r i s t i c s . For small d i s p l a c e m e n t s , the 
relationships are l i n e a r , b u t the d e f o r m a t i o n b e c o m e l a r g e r 
for the same r e l a t i v e increase of load as t h e l o a d i n g 
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p r o g r e s s e s , [see figure 3.10 (b)). T h e s e r e l a t i o s h i p s c a n 
be approximated by i t e r a t i v e m e t h o d s , a s s u m i n g l i n e a r r i t i e s 
d u r i n g each i t e r a t i o n . B u t due to high d e v i a t i o n s in 
d e f o r m a t i o n with c o r r e s p o n d i n g load i n c r e a s e s , t h e r e a r e 
e r r o r s in the a p p r o x i m a t i o n s . 

T h e s e d e v i a t i o n s are m a i n l y due to the fact t h a t the s p r i n g 
s t i f f n e s s is not c o n s t a n t at all load l e v e l s w i t h i n t h e 
e l a s t i c limit but c h a n g e s w i t h increasing l o a d . 

T h i s n o n - l i n e a r b e h a v i o u r of the c o n n e c t i o n u n d e r load m a y 
be expressed in s e v e r a l w a y s . 

(i) p o l y n o m i a l a p p r o x i m a t i o n (Maclaurins s e r i e s ) 

Nj = kj Uj + aj Uj
2

 + a
2
 Uj

3

 + 

Vj = k
2
 Vj + bj Vj

2

 + b, Vj
3

 + [4.23] 

Mj = k
3
 -e-a + cj -e-j

2

 + c
2
 -e-j

3

 + 

W h e r e a i , b i , ci (i = 1 , 2 , 3 , n) are u n k n o w n p o l y n o m i a l 
Kj, K

2
, Kj are a x i a l , t r a n s v e r s e and r o t a t i o n a l s p r i n g 

s t i f f n e s s at small d e f o r m a t i o n r e s p e c t i v e l y [i.e i n i t i a l 
t a n g e n t v a l u e s to the f o r c e - d e f o r m a t i o n c u r v e s in f i g u r e 
3.10 (b)]. 

Uj , Vj and 9j are the a x i a l , t r a n s v e r s e and r o t a t i o n a l 
spring d e f o r m a t i o n a t m e m b e r - e n d s r e s p e c t i v e l y . 

(ii) T r i g o n o m e t r i c (or F o u r i e r ) series 

oCs 

m r Nj = a. Cos m r Uj 
Ii 

DO 

Vj = b Cos nTT Vj Vj = 
*\z I n 

G O 

nTT Mj = "2E1 s C o s nTT -e-j 
n-s-i 

W h e r e a,, b , c , L . k„ , and m
r
 are u n k n o w n p a r a m e t e r s to be 

, B B B D IL B 

d e t e r m i n e d e x p e r i m e n t a l l y . 

T h e use of the a b o v e a p p r o x i m a t i o n for each of the t h r e e 
n o n - l i n e a r elastic r e s t r a i n t s would t h e o r e t i c a l l y r e q u i r e 
the e x p e r i m e n t a l d e t e r m i n a t i o n of an i n f i n i t e n u m b e r of 
p a r a m e t e r s . H o w e v e r , it may be p o s s i b l e to e x p e r i m e n t a l l y 
d e t e r m i n e a s u f f i c i e n t n u m b e r of the a b o v e e q u a t i o n s in t h e 
p r e d i c t i o n of the l o a d - d e f o r m a t i o n and m o m e n t - r o t a t i o n 
response c u r v e s . 
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F i g u r e 4.13 I d e a l i s e d e l a s t i c r e s t r a i n t m o d e l l i n g of a 
jointf 30] 
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F i g u r e 4.14 G r a p h i c a l d e t e r m i n a t i o n o f m o d e l p a r a m e t e r s . 
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4.6 Development of a n o n - l i n e a r m a t h e m a t i c a l m o d e l f o r 
bolted c o n n e c t i o n s 

For an accurate analytical form of the l o a d - d e f o r m a t i o n or 
moment-rotation c u r v e s , m a t h e m a t i c a l m o d e l s t h a t are s i m p l e 
to use ought to be a d o p t e d . M a t h e m a t i c a l m o d e l s t h a t h a v e 
been put to use in the p a s t were on the a s s u m p t i o n t h a t t h e 
load-deformation response of the f a s t e n e r s w a s n o n - e l a s t i c 
and that the yield stress was not e x c e e d e d . [ 5 7 ] . H o w e v e r , 
it has been shown that the l o a d - d e f o r m a t i o n r e l a t i o n s h i p s of 
individual fasteners is not elastic and t h a t i n d i v i d u a l 
fasteners do not have well defined yield s t r e s s e s . In t h e 
d e v e l o p m e n t of the m a t h e m a t i c a l model that is p r e s e n t e d 
h e r e i n , it has been assumed that the c o n n e c t e d p a r t s r e m a i n 
rigid during load a p p l i c a t i o n and that c o n s t r a i n t s on t h e 
m e m b e r s of the connecti on do not force d e f o r m a t i o n to o c c u r 
in any other direction other than that e n v i s a g e d . 

4 . 6 . 1 Non-linear m a t h e m a t i c a l m o d e l r e q u i r e m e n t s [lj36] 

D i f f i c u l t y in modelling c o n n e c t i o n b e h a v i o u r a r i s e s b e c a u s e 
a l m o s t all c o n n e c t i o n s behave inelastically and t h e r e f o r e 
n o n - 1 i n e a r l y . It is p o s s i b l e to a p p r o x i m a t e t h i s b e h a v i o u r 
l i n e a r l y , or with b i - , tri- or q u a d r i - 1 i n e a r m o d e l s . 
Polynomial models and p o w e r function m o d e l s can a l s o b e 
u s e d . Models based on the a f o r e m e n t i o n e d t e c h n i q u e s 
n o r m a l l y fail because they do not meet the r e q u i r e m e n t s of a 
n o n - l i n e a r m a t h e m m a t i c a l m o d e l for t h e l o a d - d e f o r m a t i o n 
r e l a t i o n s . 

Y e e Leong et al [57] e n u m e r a t e d some of the r e q u i r e m e n t s of 
m o m e n t - r o t a t i o n c u r v e s some of w h i c h have been used in t h i s 
r e s e a r c h . By c o s i d e r i n g the p r o p e r t i e s of a l o a d -
d e f o r m a t i o n c u r v e , it is evident t h a t a n o n - l i n e a r 
m a t h e m a t i c a l model m u s t s a t i s f y the following r e q u i r e m e n t s : -

(i) R = 0 a t A = 0 and M = O a t 0 = 0 , i.e t h e c u r v e m u s t 
pass through the o r i g i n . R,M are load and m o m e n t v a l u e s 
respectively, w h e r e a s A and 0 are the c o r r e s p o n d i n g 
displacements and r o t a t i o n s . 

(ii) dR = Ki at = 0 Or dM = Ki at 0 = 0 , i.e t h e 

dA dA 

slope of the curve at the origin is e q u a l to t h e 
initial elastic s t i f f n e s s of the c o n n e c t i o n s , K i , 

(iii) dR = kp as A or dM = kp as 0 Q O 
dA * d0 
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i.e a s d e f o r m a t i o n b e c o m e s v e r y l a r g e , the s l o p e o f t h e 
c u r v e a p p r o a c h e s the s t r a i n - h a r d e n i n g s t i f f n e s s o f t h e 
c o n n e c t i o n . If kp = 0, the c u r v e s a s y m p t o t e s to t h e 
u l t i m a t e load o r u l t i m a t e m o m e n t o f t h e c o n n e c t i o n . 

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

4 . 6 . 2 . E x p o n e n t i a l m o d e l for l o a d d e f o r m a t i o n c u r v e s 

A n o n - l i n e a r m a t h e m a t i c a l m o d e l for l o a d - d e f o r m a t i o n c u r v e s 
s a t i s f y i n g r e q u i r e m e n t s i n s e c t i o n 4 . 6 . 1 h a s the g e n e r a l 
form of :-

T = aj {1 - e x p [ - ( a
2
 - a

(
 + a

;
 A) A ]} + A [ 4 . 2 5 ] 

a

l 

In w h i c h aj, a.^, a^ and a^ are m o d e l p a r a m e t e r s . T is t h e 
a c t i o n and A is t h e r e s u l t a n t r e a c t i o n or d i s p l a c e m e n t . 

S u b s t i t u t i o n of A = 0 , y i e l d s T = 0 w h i c h m e a n s the c u r v e 
p a s s e s t h r o u g h t h e o r i g i n . W h e n A i s l a r g e , the c u r v e 
a p p r o a c h e s the s t r a i g h t l i n e d e f i n e d b y the f o l l o w i n g 
e q u a t i o n : -

T = aj + a
4
 A [4 .26] 

T h e p a r a m e t e r a ^ r e p r e s e n t s t h e s t r a i n h a r d e n i n g s t i f f n e s s , 
K p . W h e n no s t r a i n - h a r d e n i n g is a s s u m e d (kp = o ) , as t h e 
c a s e i s i n the r e s e a r c h , the c u r v e a s y m p t o t e s t o t h e 
h o r i z o n t a l l i n e g i v e n b y : -

T = aj [4 .27] 

H e n c e aj r e p r e s e n t s the u l t i m a t e load or m o m e n t ( a c t i o n ) 
c a p a c i t y o f the c o n n e c t o r o r t h e c o n n e c t i o n , T

fi
. 

D i f f e r e n t i a t i n g E q [ 4 . 2 5 ] and s e t t i n g = 0 y i e l d s : — 

a
2
 [4.28 

d A A-o 

T h u s the p a r a m e t e r a j r e p r e s e n t s t h e i n i t i a l s t i f f n e s s , K i 
o f t h e c u r v e . 
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T h e p a r a m e t e r a, is introduced to c o n t r o l the rate of d e c a y 
of t h e slope of the e x p r e s s i o n . T h i s p a r a m e t e r w a s r e p l a c e d 
by C, in this r e s e a r c h and the m o d e l e x p r e s s e d as:-

T = T
0
 {1- expt-fkj -k

p
 tC A )A 1) + k

p
 A [4.29] 

In o r d e r to use the m o d e l , p a r a m e t e r s T O , Ki and Kp m u s t be 
e v a l u a t e d . The v a l u e of C was d e t e r m i n e d e m p i r i c a l l y from 
e x p e r i m e n t a l d a t a since the r e s e a r c h a s s u m e d no s t r a i n -
h a r d e n i n g in the l o a d - d e f o r m a t i o n c u r v e s , (Kp = 0) the m o d e l 
a d o p t e d for use w a s the g e n e r a l form:-

T = Tq { 1 - e x p [ - (kj t C A) A1 } [ 4 . 3 0 ] 
T

0 

4 . 6 . 2 . 1 E v a l u a t i o n o f m o d e l p a r a m e t e r s 

T h e m o d e l expressed in e q u a t i o n [ 4 . 3 0 ] w a s a d o p t e d for b o t h 
p u r e s h e a r l o a d - d e f o r a m t i o n c u r v e s as w e l l as the pure-
r o t a t i o n m o m e n t - r o t a t i o n c u r v e s . 

T h e m o d e l for the p u r e - s h e a r was of the form:-

R = R
0
 {1 - exp[ -(ki + CA )A 1) [4.31] 

R

0 

In w h i c h 

R = fastener load at any given d e f o r m a t i o n 

R
0
 = U l t i m a t e shear load a t t a i n a b l e by f a s t e n e r or 

c o n n e c t i o n 

A = S h e a r i n g , and b e a r i n g d e f o r m a t i o n of f a s t e n e r and 
local b e a r i n g d e f o r m a t i o n of the c o n n e c t i o n 
p l a t e s . 

k- = initial t a n g e n t of the l o a d - d e f o r a m t i o n c u r v e at o r i g i n 

C = f a c t o r c o n t r o l l i n g rate of d e c a y of the s l o p e of the 
c u r v e . 

In c a s e of pure r o t a t i o n , the m o d e l w a s of the form:-

M = MO (1- exp[ -(ki -l- C0 )01) [4.32 
M

0 

In w h i c h M = f a s t e n e r or c o n n e c t i o n m o m e n t at any r o t a t i o n . 

Mq = U l t i m a t e m o m e n t a t t a i n a b l e by f a s t e n e r or 
c o n n e c t i o n 
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0 = E f f e c t i v e rotation due 
f a s t e n e r d e f o r m a t i o n 

C arid kj same as d e f i n e d for E [4.31] 

to j o i n t or 

4 . 6 . 2 . 1 . 1 E v a l u a t i o n of Rq and Mq 

T h e u l t i m a t e load c a p a c i t y is given as the u l t i m a t e load or 
m o m e n t (Rq or Mq) that c a n be t r a n s m i t t e d by c o n n e c t i o n or 
f a s t e n e r w i t h o u t s t r a i n h a r d e n i n g o c c u r i n g . T h i s also 
a s s u m e s that the axial f o r c e s acting in the m e m b e r s u n d e r 
c o n s i d e r a t i o n is s m a l l . F i g u r e 4.14 s h o w s t h e l o c a t i o n of 
Rq or Mq on a l o a d - d e f o r m a t i o n c u r v e . 

4 . 6 . 2 . 1 . 2 E v a l u a t i o n of Kj 

The r o t a t i o n a l or d e f o r m a t i o n s t i f f n e s s of the c o n n e c t i o n is 
d i r e c t l y related to t h e d e f o r m a t i o n of the i n d i v i d u a l 
c o n n e c t i o n e l e m e n t s . I n f o r m u l a t i n g the i n i t i a l s t i f f n e s s , 
it is assumed t h a t the m a t e r i a l b e h a v i o u r is l i n e a r l y 
e l a s t i c , the d i s p l a c e m e n t s are s m a l l , and the beam b e n d i n g 
f o r m u l a e are a p p l i c a b l e to d e s c r i b e the d e f o r m a t i o n of the 
c o n n e c t i o n e l e m e n t s w h e r e a p p r o p r i a t e . For s i m p l e 
c o n n e c t i o n s like t h o s e d e a l t with in t h i s r e s e a r c h , the 
v a l u e of initial s t i f f n e s s is given as:-

Ki = Mj ~ M- = M 

0- - 0j - j 0 
or 

Ki = R. - R
t
 = R 

Aj -A, , A J 
T h i s holds for a t a n g e n t t h a t starts from t h e o r i g i n and 
t o u c h i n g at l e a s t one p o i n t of the initial c u r v e . F i g u r e 
4.14 shows the e v a l u a t i o n of Kp g r a p h i c a l l y . 

[4.33] 

4 . 6 . 2 . 1 . 3 E v a l u a t i o n o f C . 

P a r a m e t e r C w h i c h c o n t r o l s the rate of d e c a y of the c u r v e 
could be d e t e r m i n e d by a t r i a l and error a p p r o a c h . But t h i s 
w a s found a l a b o r i o u s e x e r c i s e . I n s t e a d , e q u a t i o n [4.30] 
was r e - a r r a n g e d m a k i n g C the subject:-

C I = - I
2
 [ T j t „ ( 1 - T / T q ) + K I A " J [ 4 . 3 4 3 
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W h e r e 

Cj is the value for a g i v e n set of d a t a (A ; and T, ) 

n is the sets of data on a given c u r v e . 

B a s e d on the e x p e r i m e n t data o b t a i n e d , the v a l u e of A » Tp, 
T and K; were s u b s i t u t e d into E [4.54] to o b t a i n v a l u e of C 
for each set of load and d e f o r m a t i o n ( A and T) d a t a . T h e n 
t h e value of C used in the m o d e l l i n g w a s o b t a i n e d as :-

C = (n Ci )/ [4.35] 
2 
i = 1 

4 . 6 . 3 Inverse R a m b e r g - O s g o o d m o d e l for l o a d - d e f o r m a t i o n 
c u r v e s , 

T h i s m a t h e m a t i c a l m o d e l w a s i n i t i a l l y d e v e l o p e d for a n a l y s i s 
of n o n - l i n e a r s t r u c t u r a l s y s t e m s u s i n g the m e t h o d of 
d i s p l a c e m e n t s . [ 5 8 ] T h e model for m o s t flexural m e m b e r s 
c o m p r i s e s of a beam of any i n t e r m e d i a t e loading that is 
l i n e a r l y elastic in b e h a v i o u r e v e r y r w h e r e e x c e p t at the 
c o n n e c t i o n s . The n o n - l i n e a r b e h a v i o u r o f the s t r u c t u r a l 
s y s t e m c a n then be a s s u m e d to be at the c e n t r e of the 
c o n n e c t i o n because m o s t of the n o n - l i n e a r i t i e s occur h e r e , 
[see section 4 . 2 . 1 ] . Based on this a s s u m p t i o n this m o d e l 
w a s adopted for the b o l t e d c o n n e c t i o n u n d e r i n v e s t i g a t i o n . 
T h e basic formulae used for the m o d e l l i n g w a s of the form:-

KA_ 
[l + (KA )"1 

TO 

rni/i 

In which. 

[4.36] 

T is the action (force or m o m e n t ) 

A is the strain ( d i s p l a c e m e n t or r o t a t i o n ) 

K is the initial linear r e l a t i o n b e t w e e n T and A 

TO is the m a x i m u m f o r c e or m o m e n t a t t a i n a b l e by t h e 
c o n n e c t i o n and 

n is the parameter d e f i n i n g g e n e r a l n o n - l i n e a r r e l a t i o n s h i p 
b e t w e e n T and A- By c h o o s i n g an a p p r o p r i a t e v a l u e of n, Eq 
[4.36] may be used to r e p r e s e n t a n a l y t i c a l l y a w i d e r a n g e 
o f l o a d - d e f o r m a t i o n c u r v e s w i t h a c c e p t a b l e degree o f 
a c c u r a c y . 
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The model equation [4.36] c o r r e s p o n d s e s s e n t i a l l y to the 
i n v e r s e of the R a m b e r g - O s g o o d functioin of the form:-

E + k [4.37] 

In w h i c h is the s t r e s s , E the s t r a i n , E Y o u n g s s ' s m o d u l u s , 
the stress at secant m o d u l u s 0.7E and n the p a r a m e t e r 
d e f i n i n g the shape of the stress-strain c u r v e . 

E q u a t i o n [4.36] also m e e t s the basic r e q u i r e m e n t s set out 
for n o n - l i n e a r m o d e l s in s e c t i o n 4.6 

4 . 6 . 3 . 1 E valuation of m o d e l p a r a m e t e r s 

The m o d e l expressed in Eq [4.36] was also a d o p t e d for use in 
both the pure shear and p u r e rotation c a s e s of the j o i n t s 
u n d e r i n v e s t i g a t i o n . 

For the c o n n e c t i o n s that were axially l o a d e d (pure shear 
E q u a t i o n 

[4.38 took the form:-

In w h i c h R is the a x i a l load in c o n n e c t i o n . 

K is the initial linear r e l a t i o n between R and 

A is the d e f o r m a t i o n of the c o n n e c t i o n 

RO is the m a x i m u m axial (shear) load c a p a c i t y of the 
c o n n e c t i o n 

n is the p a r a m e t e r d e f i n i n g the shape of the load-
d e f o r m a t i o n c u r v e . 

For the c o n n e c t i o n u n d e r rotational l o a d i n g , Eq [4.36] 
b e c o m e s : -

R = KA 
d+(KA)

n

] 
"n-il/n 

(4.38) 

M = km 
[1 4-(km )n11/n 

MO [4.39] 

In w h i c h M is the m o m e n t at c o n n e c t i o n 

km is the initial l i n e a r r e l a t i o n between M and 0 

G is the effective r o t a t i o n of the joint 
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MO is the maximum m o m e n t c a p a c i t y of the c o n n e c t i o n , and 

n is the parameter d e f i n i n g the shape of the M - c u r v e . 

The evaluation of p a r a m e t e r s RO and MO w a s s i m i l a r to t h a t 
in section 4 . 6 . 2 . 1 . 1 . and e v a l u a t i o n of p a r a m e t e r ks and km 
as similar to the e v a l u a t i o n of ki in s e c t i o n 4 . 6 . 2 . 1 . 2 . , as 
i n d i c a t e d in figure 4 . 1 4 . P a r a m e t e r n w a s e v a l u a t e d by a 
t r i a l and error p r o c e d u r e . The v a l u e g i v i n g the b e s t fit 
c u r v e being taken for u s e in the m o d e l . 
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C H A P T E R FIVE 

E X P E R I M E N T A L D E S I G N A N D I N V E S T I G A T I O N . 
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5.1 INTRODUCTION 

The extensive use of e x p e r i m e n t a l s t u d i e s p r e l i m i n a r y to the 
a n a l y s i s , design and c o n s t r u c t i o n of new w o r k s and the 
t e s t i n g procedure for c o n t r o l of e s t a b l i s h e d p r o c e s s e s of 
m a n u f a c t u r e and c o n s t r u c t i o n are w e l l r e c o n g n i s e d and 
s i g n i f i c a n t features o f t e c h n i c a l d e v e l o p m e n t . P r a c t i c a l l y 
all branches of e n g i n e e r i n g , e s p e c i a l l y t h o s e d e a l i n g w i t h 
s t r u c t u r a l systems and m a c h i n e r y are u l t i m a t e l y c o n c e r n e d 
w i t h the c o n s t r u c t i o n m a t e r i a l , the p r o p e r t i e s of w h i c h are 
d e t e r m i n e d b y e x p e r i m e n t a l i n v e s t i g a t i o n . E n g i n e e r i n g 
r e s e a r c h and d e v e l o p m e n t function l a r g e l y on an e x p e r i m e n t a l 
b a s i s and call for c a r e f u l l y p l a n n e d and w e l l d e v i s e d 
testing p r o c e d u r e s . 

C o n s t r u c t i o n m a t e r i a l s are f u n t i o n a l l y r e q u i r e d to d e v e l o p 
s t r e n g t h , rigidity and a d e q u a t e d u r a b i l i t y in s e r v i c e . 
S e r v i c e a b i l i t y , is b r o a d l y the u l t i m a t e c r i t e r i o n in the 
c h o i c e of the m a t e r i a l for u s e . In a c t u a l s e l e c t i o n of 
m a t e r i a l s , the p r o b l e m of q u a l i t y , d e s i g n and a p p l i c a t i o n 
are i n t e r r e l a t e d . The m a j o r s o u r c e s of i n f o r m a t i o n in 
m a t e r i a l selection a r e : - [ 1 0 ] 

(i) knowledge of r e c o r d of p e r f o r m a n c e of m a t e r i a l s in 
s e r v i c e , and 

(ii) results of tests made to supply data on m a t e r i a l 
p e r f o r m a n c e . 

The data used in this r e s e a r c h was based on the first s o u r c e 
of i n f o r m a t i o n . The e x p e r i m e t a l w o r k u n d e r t a k e n was m a i n l y 
to v e r i f y the m a t h e m a t i c a l m o d e l s d e v e l o p e d in c h a p t e r 4.0 
sections 4.6.2 and 4.6.3 as per o b j e c t i v e s in s e c t i o n 3.5 of 
c h a p t e r 3.0. 

The investigations w e r e d i v i d e d into two c a t e g o r i e s n a m e l y : -

(i) material p r o p e r t y t e s t s 

(ii) bolted joint b e h a v i o u r t e s t s 

5.2 Material testing 

These tests b a s i c a l l y involved t e n s i l e t e s t i n g of the 
m a t e r i a l used in the f a b r i c a t i o n of test j o i n t s to be used 
in the second stage of the r e s e a r c h w o r k . The m a i n 
objectives of the tests w e r e : -

(i) to supply r o u t i n e i n f o r m a t i o n on t h e m a t e r i a l 
p r o p e r t i e s , and 
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(ii) to obtain accurate m e a s u r e of f u n d a m e n t a l p r o p e r t i e s of 
physical c o n s t a n t s . 

T h e s e objectives are b r o a d l y c l a s s i f i e d into c o m m e r c i a l or 
c o n t r o l testing, m a t e r i a l research and d e v e l o p m e n t , and 
s c i e n t i f i c testing r e s p e c t i v e l y . T h i s r e s e a r c h p r o j e c t fell 
w i t h i n the last c a t e g o r y whose m a j o r aim w a s the 
a c c u m u l a t i o n of orderly and reliable fund of i n f o r m a t i o n on 
the fundamental and u s e f u l p r o p e r t i e s of the m a t e r i a l s to be 
u s e d in the i n v e s t i g a t i o n , namely the b o l t s , steel p l a t e s 
and rectangular hollow s e c t i o n s (RHS). T h i s w a s d o n e w i t h 
the u l t i m a t e aim of supplying data for a c c u r a t e a n a l y s i s of 
s t r u c t u r a l behaviour and efficient d e s i g n . 

5.2.1 Scope and a p p l i c a b i l i t y of m a t e r i a l t e s t s 

T h e static tensile test was aimed at f u r n i s h i n g s t a t i c 
c h a r a c t e r i s t i c s of the m a t e r i a l . P r e p a r e d s p e c i m e n s w e r e 
s u b j e c t e d to gradually increasing s t a t i c loads u n t i l f a i l u r e 
o c c u r r e d . The tensile t e s t is one of the m o s t c o m m o n l y m a d e 
and simplest of all m e c h a n i c a l b e h a v i o u r t e s t s . P r o p e r l y 
c o n d u c t e d tests on the specimen of r e p r e s e n t a t i v e p a r t s c a n 
be v a l u a b l e in indicating directly the p e r f o r m a n c e of such 
p a r t s under loads in s e r v i c e . 

The tensile test w a s chosen because of the large range of 
u s e s to which a s t r e s s - s t r a i n curve thus o b t a i n e d c a n be p u t 
to in terms of explain ing overall s t r u c t u r a l b e h a v i o u r . In 
c h o o s i n g the tensile t e s t , factors t h a t w e r e c o n s i d e r e d 
included:-

(i) suitability to the material to p e r f o r m u n d e r the 
tensile load a p p l i e d , 

(ii) relative d i f f i c u l t i e s and c o m p l i c a t i o n s i n d u c e d by the 
gripping or end b e a r i n g s on the test s p e c i m e n s . 

A l t h o u g h most static tensile test are on p r e p a r e d s p e c i m e n s , 
their application can be extended to full size m a n u f a c t u r e d 
s p e c i m e n s , fabrication p a r t s and s t r u c t u r a l c o m p o n e n t s . 

The tests used specimen from:-

(i) machined b o l t s , and 

(ii) machined joint m a t e r i a l . 

In both cases the test specimens w e r e s u b j e c t e d to a x i a l 
t e n s i l e forces by m e a n s of a UTS m a c h i n e (see p l a t e 5.1 and 
5.2) 
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5.3 Loaded j o i n t b e h a v i o u r t e s t s . 

T h e s e e x p e r i m e n t a l i n v e s t i g a t i o n s were c a r r i e d out w i t h the 
u l t i m a t e aim of v e r i f y i n g functional r e l a t i o n s h i p s b e t w e e n 
load and d e f o r m a t i o n for both the c o n n e c t i o n s and the j o i n t s 
as predicted by the m a t h e m a t i c a l m o d e l s in c h a p t e r 4.0 The 
e x p e r i m e n t a l p r o c e d u r e w a s based on the loading m o d e s 
n a m e l y : -

(i) pure shearing l o a d , and 

(ii) pure rotational load 

T h e tests w e r e d e s i g n e d w i t h the aim of p r o v i d i n g d a t a on 
t h e c o n n e c t o r p r o p e r t i e s as well as the j o i n t p r o p e r t i e s 
(connector and c o n n e c t e d p a r t s c o m b i n e d ) . W i t h i n f o r m a t i o n 
from both these t e s t s and using the p r i n c i p l e of 
s u p e r p o s i t i o n , the b e h a v i o u r of the b o l t s and the j o i n t 
m a t e r i a l were d e r i v e d s e p a r a t e l y . 

5.3.1 Scope and a p p l i c a b i l i t y of the t e s t s 

T h e importance of bolted c o n n e c t i o n s in the d e t e r m i n a t i o n of 
t h e l o a d - d e f o r m a t i o n b e h a v i o u r of steel s t r u c t u r a l s y s t e m s 
w a s recognised about 75 years ago and r e s e a r c h has been done 
on a varying range of c o n n e c t i o n s , [ 5 9 ] . 
Y e t steel d e s i g n s p e c i f i c a t i o n s still t r e a t c o n n e c t i o n s as 
e i t h e r fully p i n n e d or fully rigid and p r e s c r i b e a p p r o x i m a t e 
d e s i g n a s s u m p t i o n s . Even from the l o a d - d e f o r m a t i o n data 
a v a i l a b l e , it is not p o s s i b l e to a d e q u a t e l y d e f i n e 
c o n n e c t i o n b e h a v i o u r w i t h o u t resorting to some m a t h e m a t i c a l 
f o r m u l a t i o n s . 

T h e s e e x p e r i m e n t s aime d at providing d a t a n e c e s s a r y to 
c h o o s e & m a t h e m a t i c a l m o d e l that could b e s t d e s c r i b e such 
c o n n e c t i o n b e h a v i o u r in real s t r u c t u r a l s y s t e m s . 
I d e n t i f i c a t i o n of such a m o d e l would save the c o s t s i n v o l v e d 
in the r a t h e r e x p e n s i v e e x p e r i m e n t a l p r o c e d u r e s u n d e r t a k e n 
t o d e t e r m i n e c o n n e c t i o n b e h a v i o u r under l o a d . T h e s e d a t a 
c o u l d also be used in c o n j u c t i o n w i t h the p r i n c i p l e of 
s u p e r p o s i t i o n in p r e d i c t i n g b o l t and j o i n t p r o p e r t i e s at 
v a r i o u s load l e v e l s , R-, bolt d i a m e t e r s , m a t e r i a l t h i c k n e s s , 
t- and m a t e r i a l t y p e . The r e l a t i o n s h i p s thus o b t a i n e d could 
s e r v e a wide range of p r a c t i c a l cases in t e r m s of p r e d i c t i n g 
b e h a v i o u r for s t a n d a r d i s e d c o n n e c t i o n s b a s e d on t h e s e 
p a r a m e t e r s . 

5 . 3 . 2 Pure s h e a r i n g t e s t s 

The o b j e c t i v e s of these tests was to s t u d y the b e h a v i o u r of 
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(i) single bolt in p u r e s h e a r , and 

(ii) two member single bolt joints l a t e r a l y loaded in p u r e 
shear. 

T h e concept of pure shear is in itself a m i s n o m e r , b e c a u s e 
it is diffucult to a c c o m p l i s h under e x p e r i m e n t a l c o n d i t i o n s 
w i t h o u t the i n t r o d u c t i o n of m o m e n t s . The m o m e n t s a r i s e d u e 
to joint load e c c e t r i c i t i e s . But a p u r e shear case w a s 
still assumed based on the premise t h a t r e s u l t a n t j o i n t 
loads acting in o p p o s i t e directions at c o n n e c t e d m e m b e r 
interfaces provide a t h e o r e t i c a l case of p u r e s h e a r . B a s e d 
on this p r i n c i p l e , a pure shear testing rig w a s d e s i g n e d for 
u s e in this r e s e a r c h , [see section 5.4] M u t u k u et al [30] 
u s e d a rig design based on the same p r i n c i p l e of o p e r a t i o n 
to provide pure s h e a r . 

O n loading the j o i n t a x i a l l y , l o a d - d e f o r m a t i o n c u r v e s w e r e 
obtained and p a r a m e t e r s in the non-linear m o d e l s of c h a p t e r 
4.0 [see E^ 4.31] e v a l u a t e d . The p r e d i c t e d j o i n t b e h a v i o u r 
c u r v e s were then o b t a i n e d using these e q u a t i o n s w i t h t h e 
d e r i v e d p a r a m e t e r s . 

T h u s essentially these tests were aimed at:-

(i) determining a c t u a l l o a d - d e f o r m a t i o n c u r v e s for the 
connectors and j o i n t s . 

(ii) predicting l o a d - d e f o r m a t i o n curves for the same u s i n g 
the non-linear m o d e l s of equations [4.31] and [4.38] 

(iii) comparison of a c t u a l l o a d - d e f o r m a t i o n c u r v e s to the 
predicted l o a d - d e f o r m a t i o n curves at the a c t u a l load 
levels, R

t
 and the predicted l o a d s , R

p
 and s e l e c t e d a 

model d e s c r i b i n g the joint b e h a v i o u r w i t h the b e s t 
degree of a c c u r a c y . 

5.3.3 Pure rotation t e s t 

The main objective of these tests was to d e t e r m i n e t h e 
m o m e n t - r o t a t i o n c h a r a c t e r i s t i c s of both the c o n n e c t o r s and 
j o i n t . The joints t e s t e d comprised of two m e m b e r s f a s t e n e d 
w i t h two b o l t s . T h e pure rotational load w a s o b t a i n e d by 
torquing the test s p e c i m e n s by a p p l i c a t i o n of a t e n s i l e load 
t h r o u g h a system of p u l l e y s . The r o t a t i o n a l load-
deformation c h a r a c t e r i s t i c s were o b t a i n e d as the l o a d i n g 
progressed and l a t t e r on analysed to p r o v i d e the r e q u i r e d 
moment-rotation c u r v e . The tests aimed at:-

(i) obtaining r o t a t i o n a l l o a d - d e f o r m a t i o n c u r v e s for the 
connectors and the j o i n t s . 
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(ii) converting the data in ( 1 labove into the required 
moment-rotation c u r v e s . 

(iii) prediction of the moment-rotation curves using the 
models of E^ [4.32] and [4.39] with p a r a m e t e r s 
obtained from (ii) above. 

(iv) comparison of actual moment v a l u e s , M
£
 and the 

predicted, M at specific rotation v a l u e s and select a 
model describing this behaviour with the best a c c u r a c y . 

5.4 MATERIALS 

5 . 4 . 1 . Bolts and washers 

The bolts used in the determination of the m a t e r i a l , 
connector as well as joint behaviour were high tensile b l a c k 
hexagon head bolts Grade 8.8. They were two lengths:-

(i) M (6,8,10) X 75 to BS 3692, grade 8.8 for the c o n n e c t o r 
properties 

(ii) M (6,8,10) X 125 to BS 3 6 9 2 , grade 8.8 for the joint 
properties. 

All the bolts and nuts were zinc plated to BS 1706: class B. 
[60,61]. 

The bolt holesfor the 6,8,and 10mm bolts were of s u c h 
dimensions that when the bolts were inserted they fitted 
s n u g l y . The bolt lengths were chosen such that the t h r e a d s 
were always outside the connected p a r t s . The w a s h e r s u s e d 
in conjunction with the bolts were in a c c o r d a n c e to BS 4320 
[62] . 

5.4.2 Steel plates and rectangular hollow s e c t i o n s 

Since the behaviour of a given connection is a function of 
several geometric and material p a r a m e t e r s , the c o n n e c t e d 
parts were chosen with the aim of minimising the e f f e c t s of 
some of these parameters on the final r e s u l t s . 

The steel plates that were used in the d e t e r m i n a t i o n of 
connnector pr o p e r t i e s , had the thickness c h o s e n such t h a t 
the effect due to plate failure in bearing were m i n i m i s e d . 
The test pieces were obtained from a grade 43,1800 X 25mm Pj 
(steel plate ) . 

For the RHS that were used in the d e t e r m i n a t i o n of j o i n t 
properties, the sections were chosen d e p e n d i n g on 
availability in the m a r k e t and the fact that they did n o t 
undergo distortion or warping on l o a d i n g . T h i s limited t h e 
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w a l l thickness of the R H S . Those u s e d w e r e g r a d e 4 3 , 150 X 
50 X 4mm R H S . 

5 . 5 . CONDUCT O F T E S T S 

5 . 5 . 1 . Material t e s t s 

T h e major aim of these t e s t s as w a s p o i n t e d o u t in s e c t i o n 
5.2 w a s the a c c u m u l a t i o n of an o r d e r l y a n d r e l i a b l e fund of 
i n f o r m a t i o n on the f u n d a m e n t a l and u s e f u l p r o p e r t i e s of the 
b o l t s , plates and R H S . The tests c a r r i e d out were 
d e s t r u c t i v e in n a t u r e , and the c o s t i n v o l v e d n e c e s s i t a t e d 
u s e of sampling t e c h n i q u e s . Before c o m m e n c e m e n t of the 
t e s t s , the s p e c i m e n s w e r e v i s u a l l y inspected t o d e t e r m i n e 
c o r r e c t n e s s of d i m e n s i o n s , e x a m i n a t i o n for s u r f a c e d e f e c t s , 
and the p r e s e n c e or a b s e n c e of u n d e r s i r a b l e c o n d i t i o n s such 
a s e x c e s s i v e m o i s t u r e o r t e m p e r a t u r e . 

5 . 5 . 1 . 1 . Tensile t e s t s 

In these t e s t s , specimen were subjected to an a x i a l t e n s i l e 
f o r c e by means of a R u e l l + K o r t h a u s KG UTM m a c h i n e [see 
p l a t e 5.1] At v a r i o u s increments of the a x i a l l o a d , R 
c h a n g e s in length,Al of the s p e c i m e n for an i n i t i a l gauge 
l e n g t h Lp were m e a s u r e d and r e c o r d e d . T h e d a t a thus 
o b t a i n e d was u s e d to p l o t s t r e s s - s t r a i n d i a g r a m s for the 
d e t e r m i n a t i o n of the m a t e r i a l p r o p e r t i e s s u c h as e l a s t i c 
s t r e n g t h , elastic l i m i t , m o d u l u s o f e l a s t i c i t y e t c . 

5 . 5 . 1 . 2 . R e q u i r e m e n t s for s p e c i m e n s 

T h e m o s t c o m m o n l y used s p e c i m e n s are e i t h e r of r o u n d , square 
or rectangular c r o s s - s e c t i o n s . T h e c e n t r a l p o r t i o n of the 
s p e c i m e n " i s thinned out in order to cause f a i l u r e to occur 
at a section w h e r e the stresses are n o t a f f e c t e d by the 
g r i p p i n g devise e m p l o y e d . The e n d s a r e r e q u i r e d to be 
p l a i n , shouldered or t h r e a d e d d e p e n d i n g on the g r i p p i n g 
d e v i s e . Figures 5.1 s h o w s the general f e a t u r e s of a t y p i c a l 
t e n s i l e s p e c i m e n . The t r a n s i t i o n from the ends to the 
c e n t r a l p o s i t i o n are m a d e by an a d e q u a t e f i l l e t in o r d e r to 
r e d u c e the stress c o n c e n t r a t i o n caused by the a b r u p t c h a n g e 
in s e c t i o n . The l e n g t h of the c e n t r a l p o r t i o n w a s m a d e 
s u f f i c i e n t to allow a normal b r e a k , i.e d r a w i n g out or 
n e c k i n g down w a s i n h i b i t e d by the mass e n d s . The s p e c i m e n 
d i m e n s i o n s were a d o p t e d from the B r i t i s h s t a n d a r d s 
s p e c i f i c a t i o n s . [ 6 3 ] . 

G e n e r a l l y , the shape and d i m e n s i o n of t h e t e s t p i e c e depend 
on the form and d i m e n s i o n of the m a t e r i a l of w h i c h the 
t e n s i l e p r o p e r t i e s are to be d e t e r m i n e d . T h e b o l t s t h a t 
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w e r e used had c i r c u l a r c r o s s - s e c t i o n , and t h o u g h not 
m a c h i n e d , were t r e a t e d a s p r o p o r t i o n a l s p e c i m e n s . 

B a s e d on s p e c i f i c a t i o n s [63] the v a r i o u s p a r a m e t e r s shown in 
f i g u r e 5.1 were c a l c u l a t e d as follows:-

(i) initial gauge l e n g t h , Lj 

Lq = 5.65/A [5.1] 

W h e r e A is the c r o s s - s e c t i o n a l a r e a of the m a c h i n e d 
p a r t , a l t e r n a t i v e l y , 

L
0
 = 5D [5.2] 

W h e r e D is d i a m e t e r of machined p a r t [gauge d i a m e t e r ] 

(ii) minimum p a r a l l e l l e n g t h , L
c 

L
c
 = L

0
 + 2D [5.3] 

(iii) Gauge d i a m e t e r or w i d t h of s t r i p , D 

D > = 6mm [5.4] 

The test p i e c e s were prepared in a m a n n e r m e a n t to c a u s e 
m i n i m u m d e f o r m a t i o n and heating of the t e s t p i e c e . T h i s w a s 
by e l e c t r i c m a c h i n i n g w i t h a c o o l a n t l i q u i d b e i n g used to 
k e e p the t e m p e r a t u r e s d o w n . T h i s was to avoid e r r o r s in 
p r o o f stress or yield stress v a l u e s . 

5 . 5 . 1 . 3 T e s t i n g p r o c e d u r e 

B e f o r e the testing c o m m e n c e d there was the i m p o r t a n t a s p e c t 
of f a m i l i a r i s i n g with the m a c h i n e and it's c o n t r o l s . T h i s 
i n c l u d e d g r a d u a t i o n s on the load i n d i c a t o r . T h e r e w a s a l s o 
need to c e r t i f y t h a t the gripping d e v i c e was fully 
f u n c t i o n a l . The speed of the t e s t i n g m a c h i n e w a s n o t 
g r e a t e r that that at w h i c h load and o t h e r r e a d i n g s can be 
made with the desired d e g r e e of a c c u r a c y . 

P r i o r to fixing the s p e c i m e n into the g r i p s , the d i m e n s i o n s 
w e r e taken and i n s p e c t e d . The specimen w a s t h e n fixed and 
the n e c e s s a r y m a c h i n e a d j u s t m e n t s m a d e b e f o r e l o a d i n g 
c o m m e n c e d . The s t r e s s - s t r a i n p l o t w a s o b t a i n e d from the 
i n b u i l t X - Y p l o t t e r as well as a c o m p u t e r o u t p u t of the 
u l t i m a t e l o a d , and the e x t e n s i o n . 
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5 . 5 . 2 . Loaded joint b e h a v i o u r tests 

F u n c t i o n a l a s p e c t s of structural e l e m e n t s are b e s t 
i l l u s t r a t e d when the s y s t e m s are l o a d e d . The e x p e r i m e n t a l 
w o r k carried out w a s aimed at v e r i f y i n g the a c t u a l 
f u n c t i o n a l r e l a t i o n s h i p s o f l o a d - d e f o r m a t i o n c h a r a c t e r i s t i c s 
u n d e r an actual load as c o m p a r e d to the r e s u l t s p r e d i c t e d 
u s i n g the n o n - l i n e a r m o d e l s d e v e l o p e d in c h a p t e r 4 . 0 . T h e 
e x p e r i m e n t a l p r o c e d u r e s w e r e based on two l o a d i n g m o d e s , 
n a m e l y : -

(i) pure shear, and 

(ii) pure r o t a t i o n . 

5 . 5 . 2 . 1 Pure shear t e s t s 

The o b j e c t i v e s of t h e s e t e s t s w a s to study the b e h a v i o u r of 
two m e m b e r single b o l t s l a t e r a l l y loaded in s h e a r . T h o u g h 
the c o n c e p t of p u r e s h e a r is d i f f i c u l t to a c c o m p l i s h u n d e r 
e x p e r i m e n t a l c o n d i t i o n s , the a s s u m p t i o n s of s e c t i o n 5.5.2 
w e r e adopted in a p p r o x i m a t i n g a pure shear case u s i n g the 
t e s t i n g rig d e s c r i b e d in the n e x t s e c t i o n . 

The test were c a r r i e d o u t in two 
p r o v i s i o n of l o a d - d e f o r m a t i o n data for 
w h e r e a s the other i n v o l v e d p r o v i s i o n 
j o i n t a s s e m b l i e s . 

I ^ 

+ + 

F i g u r e 5.1 T y p i c a l t e n s i o n specimen 

D= g a u g e d i a m e t e r or b r e a d t h 

L
fl
 = i n i t i a l gauge length 

L
c
 = total p a r a l l e l gauge l e n g t h 

L^ = t o t a l s p e c i m e n length 

r = t r a n s i s t i o n f i l l e t r a d i u s 

stages: one i n v o l v e d 
the c o n n e c t o r s a l o n e , 
of the same d a t a for 
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5 . 5 . 2 . 1 . 1 S p e c i m e n d i m e n s i o n s arid t e s t j o i n t a s s e m b l y 

The pure shear test s p e c i m e n also d o u b l e d up as the t e s t i n g 
r i g . [see figure 5.2 and 5 . 3 ] The s p e c i m e n s i z e s w e r e 
a r r i v e d at a f t e r c o n s i d e r a t i o n of the c o n n e c t o r end and e d g e 
d i s t a n c e s and s p a c i n g . [ 5 0 ] T o s a v e o n m a t e r i a l c o s t s , o n e 
t e s t i n g rig was d e s i g n e d to c a r r y o u t t h r e e t e s t s u s i n g 
d i f f e r e n t b o l t sizes for the c o n n e c t o r p r o p e r t y t e s t . F o r 
the j o i n t p r o p e r t y t e s t s , five r e p l i c a t i o n s of the same rig 
for each b o l t d i a m e t e r w e r e f a b r i c a t e d . 

In both c a s e s the c o n n e c t o r h o l e s w e r e s p a c e d in a c c o r d a n c e 
w i t h the m i n i m u m s t i p u l a t e d i a m e t e r r e q u i r e m e n t s b a s e d o n 
the l a r g e s t hole d i a m e t e r . For each t e s t , one b o l t 
(complete w i t h nut and w a s h e r ) w a s u s e d . 

5 . 5 . 2 . 1 . 2 . P u r e shear t e s t i n g rig 

F i g u r e s 5.2 , 5.3 and 5.4 show the a s s e m b l y and g e n e r a l 
f e a t u r e s and the a p p l i c a t i o n of s h e a r r e s p e c t i v e l y . As it 
w a s m e n t i o n e d in s e c t i o n 5.3.2 p u r e s h e a r c o n d i t i o n s a r e 
e x t r e m e l y d i f f i c u l t t o a c c o m p l i s h u n d e r e x p e r i m e n t a l 
c o n d i t i o n s . Even the a s s u m p t i o n s m a d e d u r i n g the d e s i g n of 
the pure shear rig are not e a s y to r e a l i s e in p r a c t i c e . An 
a d d i t i o n a l a s s u m p t i o n w a s t h a t the j o i n t l o a d s are a p p l i e d 
v e r y close to the i n t e r f a c e of the j o i n t m e m b e r s and h e n c e 
the r e s u l t a n t d e f o r m a t i o n due t o the j o i n t load e c c e n t r i c i t y 
is n e g l i g i b l e w h e n c o m p a r e d to s h e a r d e f o r m a t i o n . Based on 
p r i n c i p l e s o f o p e r a t i o n o f s h e a r t e s t i n g e q u i p m e n t d e s i g n e d 
and used by M u t u k u et al [30] the t e s t i n g r i g s of figure 5.2 
and 5.3 were d e s i g n e d . 
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Figure 5.2 D i m e n s i o n s and configuration of p u r e shear rig 
for c o n n e c t o r p r o p e r t y test. 
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T h e rig comprises two h a l v e s . By applying t h e l o a d , R at 
the m i d p o i n t of the s p e c i m e n as shown in figure 5.4 u s i n g a 
600KN load capacity u n i v e r s a l testing m a c h i n e (UTM) (see 
p ] a t e 5.4) pure shearing force w a s t r a n s m i t t e d to the 
interface of the j o i n t m e m b e r s . T h e a v e r a g e j o i n t 
d e f o r m a t i o n was o b t a i n e d from a p l o t on the i n b u i l t X - Y 
p l o t t e r and c o m p u t e r o u t p u t . E a c h half of the s p e c i m e n h a d 
r o l l e r wheels fixed on it to act as a g u i d e and p r e v e n t 
e i t h e r half from b e n d i n g o u t w a r d s during l o a d i n g . T h e 
m a t e r i a l r equirements for the testing rig f a b r i c a t i o n s are 
shown in Appendix A. 

5 . 5 . 2 . 2 . Pure r o t a t i o n t e s t s 

U n l i k e the case of s h e a r , p u r e rotation c o n d i t i o n s a r e 
e a s i l y accomplished by use of a couple of f o r c e s . F i g u r e 
5.5 shows how a c o u p l e of p u r e r o t a t i o n a l f o r c e s can be 
a p p l i e d to a bolted c o n n e c t i o n . M e m b e r A was c l a m p e d 
rigidly at the ends shown in figure 5.5, w h i l e a c o u p l e w a s 
a p p l i e d to member B by use of a system of c a b l e s and 
p u l l e y s . The two m a j o r p r o b l e m s a s s o c i a t e d w i t h load 
a p p l i c a t i o n were:-

(i) difficulty in r i g i d l y c l a m p i n g A to m a k e if free of a n y 
lateral or r o t a t i o n a l m o v e m e n t s , and 

(ii) proper a l i g n m e n t of c o u p l e forces in t e r m s of d i s t a n c e 
from the c e n t e r l i n e . 

Since the rotation or m o v e m e n t of m e m b e r B is m e a s u r e d 
r e l a t i v e to m e m b e r A, m o v e m e n t in A w i l l n o t a f f e c t t h e 
m o v e m e n t of B. The c o u p l e of forces a p p l i e d to the t e s t 
s p e c i m e n ' c o s t i t u t e d true r o t a t i o n a l joint b e h a v i o u r 

5.5.2.2.1 M e a s u r e m e n t of j o i n t rotation 

The objective of the pure r o t a t i o n tests was to g e n e r a t e 
data for a plot of m o m e n t - r o t a t i o n c u r v e s . T h e m o m e n t 
a p p l i e d to the j o i n t w a s e a s i l y o b t a i n e d by u s i n g the 
following relation:-

M = R X L , [5.5] 

In w h i c h M = m o m e n t acting at the joint 

R = load l e v e l at a g i v e n d e f o r m a t i o n 

L
&
 = lever arm s e p a r a t i n g the c o u p l e of f o r c e s , 

[see figure 5.5] 
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F i g u r e 5.6 shows the schematic outline a b o e f o for the 
u n d e r formed state of member B and a' b' o e' f' o for the 
deformed state relative to the centraline 0-0 of m e m b e r A. 
T h e horizontal m o v e m e n t s a - a ' , b - b ' , e - e ' and f - f ' o f m e m b e r 
B at a, b, e, and f r e s p e c t i v e l y were r e c o r d e d as v e r t i c a l 
m o v e m e n t s of the u p p e r m a c h i n e c r o s s - h e a d . B e f o r e the 
t e s t i n g c o m m e n c e d , c h e c k s were made to ensure that the 
j o i n t s were tight and the cables t a u t , implying that 
recorded movements could only be due to j o i n t d e f o r m a t i o n as 
a result of applied load. 

To explain d e t e r m i n a t i o n of joint r o t a t i o n , let us c o n s i d e r 
t h e deformed state of o a a ' on a larger scale as shown in 
figure 5.7. The d e f o r m a t i o n recorded on the X - Y p l o t t e r and 
c o m p u t e r is indicated as in figure 5 . 7 . It is a c t u a l l y 
an arc subtended at centre o, by a circle of radius L.

;
. The 

a n g l e subtended is the rotation that o c c u r s in t h e ' j o i n t . 
B a s e d on standard formulae as derived in A p p e n d i x C, the 
a n g l e throguh w h i c h the joint rotates u n d e r load w a s 
calculated as follows: 

0 = A _ [5.6] 

W h e r e 0 is angle of rotation in radians 

A is the deformation recorded at a given load level 

L- is the distance from joint centerline to p o i n t of c o u p l e 
a p p l i c a t i o n . 

In the above c a l c u l a t i o n it is assumed t h a t : -

( i ) the rotational angle is small such t h a t tan = sin = 
in radians 

(ii) member A is fixed and hence the j o i n t r o t a t i o n is a 
consequence of m o v e m e n t s in member B and the p o s s i b l e 
yielding in both member A and B at b o l t h o l e s , as w e l l 
as bolt d e f o r m a t i o n . 

(iii) shear d e f o r m a t i o n , if any are n e g l e g i b l e c o m p a r e d 
to rotations m e a s u r e d . 

H e n c e the rotation c a l c u l a t e d for m e m b e r B r e l a t i v e to 
m e m b e r A may be assumed to be equal to the joint r o t a t i o n s 
of members about the joint c e n t e r l i n e . 
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P l a t e 5.2 Pure r o t a t i o n test s e t u p s h o w i n g l o a d i n g b e a m 
and test s p e c i m e n 
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F i g u r e 5.5 A p p l i c a t i o n of a pure c o u p l e of f o r c e s to b o l t e d 
connection (a) f r o n t v i e w (b) s i d e v i e w 
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Plate 5.4 Pure shear test rig for joint p r o p e r t y 
tests 
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i f t a 

F i g u r e 5.6 M e a s u r e m e n t of j o i n t rotation in b o l t e d 
connection 

Figure 5.7 G e o m e t r i c c o n s t r u c t i o n s h o w i n g 
m e a s u r e m e n t . 
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The arrangements of the b o l t s on the test s p e c i m e n m e a n t 
t h a t each bolt size resisted the rotational e f f e c t s in a 
u n i q u e manner, but g e n e r a l l y along s i m i l a r p r i n c i p l e s w i t h 
one another. The b o l t s w e r e a r r a n g e d on the s p e c i m e n as 
s h o w n in figure 5.8 in such a w a y that they were on the 
circumference of a circle of r a d i u s 50mm a b o u t the j o i n t 
c e n t e r l i n e . The rotational e f f e c t is resisted by each b o l t 
by a couple acting on the b o l t s as shown in f i g u r e s 5 . 9 , 
5.10 and 5.11 for the 6 m m , 8mm and 10mm b o l t s r e s p e c t i v e l y . 
The forces acting on the b o l t s can be resolved into v e r t i c a l 
and horizontal c o m p o n e n t s by c o n s i d e r i n g the e q u i l i b r i u m of 
the force, i.e EV = 0 and m o m e n t s ZM = 0 in the j o i n t . T h e 
j o i n t rotation may then be c a l c u l a t e d using t h e s e c o m p o n e n t s 
as shown in Appendix E. 

5 . 5 . 2 . 2 . 2 . Specimen d i m e n s i o n s 

Figures 5.12 and 5.13 show the d i a g r a m m a t i c r e p r e s e n t a t i o n 
of the test joint a s s e m b l i e s used in pure r o t a t i o n t e s t s . 
The specimen dimensions were a r r i v e d at a f t e r c o n s i d e r a t i o n 
of the specifications g o v e r n i n g the d e s i g n in s t a n d a r d 
m a n u a l s and codes of p r a c t i c e . [20.50] A p p e n d i x B gives the 
m a t e r i a l requirements for the pure r o t a t i o n a l t e s t 
s p e c i m e n s . 

5 . 5 . 2 . 3 . 3 . Procedure for r o t a t i o n a l tests 

The general set up is shown in figures 5.12 and 5 . 1 3 . 
M e m b e r A of the test joint a s s e m b l y was c l a m p e d a g a i n s t 
rotational and t r a n s l a t i o n a l m o v e m e n t s by b o l t i n g it down on 
the lower machine p l a t t e n at the two ends as s h o w n in f i g u r e 
5 . 1 4 . Member B was p u l l e d at the ends as shown in figure 
5.14 and 5.15 and p l a t e 5.5 u s i n g steel c a b l e s abc and 
a ' b ' c ' passing under the p u l l e y s y s t e m s at b and b' 
respectively. The m e t a l p i n s (c and d ' ) p r e v e n t e d 
tranlational movement in the p u l l e y s . The c a b l e s w e r e 
attached to the upper t e s t i n g m a c h i n e c r o s s - h e a d and l o a d i n g 
beam at a and a ' . A d i a l gauge was m o u n t e d at the 
centerline of the j o i n t to d e t e r m i n e w h e t h e r any s l i p 
occurred so as to eliminate d i s c r e p a n c i e s in c a l c u l a t i n g the 
actual rotations. The p r e d i c t e d rotaions w e r e c a l c u l a t e d by 
a

P P l y i n g the n o n - l i n e a r m o d e l s d e v e l o p e d in c h a p t e r 4.0 as 
applied to the forces acting on the b o l t s . A p p e n d i x E g i v e s 
the detailed analysis of the p u r e rotation t e s t p e r f o r m a n c e . 
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F i g u r e 5.8 B o l t a r r a n g e m e n t on test s p e c i m e n 

(i) 6mm b o l t , 

(ii) 8mm b o l t s , 

(iii) 10mm b o l t 

(iv) 25mm d i a m e t e r hole 
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Figure 5.9 Forces acting on 6mm diameter b o l t s . 
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F i g u r e 5.10 F o r c e s a c t i n g o n 8mm d i a m e t e r b o l t s . 
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F i g u r e 5.11 F o r c e s a c t i n g o n 10mm d i a m e t e r b o l t s 
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DEFORMATION, A 

Figure 5.15 L o a d - d e f o r m a t i o n curve c o m p o n e n t ' 
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5.6 L o a d - d e f o r m a t i o n curve c o m p o n e n t s 

During the testing of the j o i n t s in both p u r e s h e a r and p u r e 
r o t a t i o n , the load d e f o r m a t i o n c u r v e s o b t a i n e d had s e v e r a l 
c o n t r i b u t o r y c o m p o n e n t s to the d e f o r m a t i o n and e v e n the 
l o a d s . These c o m p o n e n t s were:-

(i) d e f o r m a t i o n in the c o n n e c t i o n m a t e r i a l of t h e t e s t 
jointAj. This o c c u r s d e s p i t e the a s s u m p t i o n t h a t the 
connected p a r t s w e r e rigid 

(ii) the d e f o r m a t i o n in the b o l t ^ t h u s the t o t a l 
d e f o r m a t i o n , as r e c o r d e d can be a p t l y p r e s e n t e d as:-

A t = A
b
 + A

b 

T h i s relation is shown in figure 5 . 1 4 . C u r v e (b) r e p r e s e n t s 
a typical l o a d - d e f o r m a t i o n curve for an i d e a l joint w h e r e no 
m a t e r i a l d e f o r m a t i o n o r y i e l d i n g o c c u r s . T h u s the 
d e f o r m a t i o n is solely due to the b o l t . C u r v e (a) r e p r e s e n t s 
the l o a d - d e f o r m a t i o n c o m p r i s i n g of. that d u e to the b o l t and 
c o n n e c t e d m a t e r i a l . 

By the p r i n c i p l e of s u p e r p o s i t i o n , the d a t a o b t a i n e d from 
the two tests , that is c o n n e c t o r p r o p e r t y t e s t s and j o i n t 
p r o p e r t y t e s t s , could be u s e d to o b t a i n s e p a r a t e lcad-
d e f o r a m a t i o n relation:-

A l
 =A

 T
 "A

 b
 [5.8] 
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A N A L Y S I S O F E X P E R I M E N T A L D A T A . 
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6.1 INTRODUCTION. 

A n a l y s i s of experimental data provides a b a s i s by w h i c h the 
s u c c e s s or failure of an e x p e r i m e n t a l p r o g r a m m e m a y be 
e v a l u a t e d . The k n o w l e d g e derived from such an a n a l y s i s 
h e l p s in making proper d e c i s i o n s as c o n c e r n s the p r o b l e m 
being investigated. The c r e d i b i l i t y of the basic d e s i g n of 
the experiment and r e l i a b i l i t y of the m e a s u r e d d a t a c o m e s to 
t h e fore during such a n a l y s i s . This also p r o v i d e s force for 
c r i t i c a l review of basic a s s u m p t i o n s m a d e d u r i n g the 
original design and e x e c u t i o n of the p r o g r a m m e . 

C o m p e t e n t experimental data analysis m a k e s use of c e r t a i n 
m a t h e m a t i c a l tools whose d e v e l o p m e n t leads to a p p l i c a t i o n of 
specific techniques to d a t a , and errors a c c o m p a n y i n g such 
m e a s u r e m e n t s . 

A major goal of this chapter is to c o m p a r e the e x p e r i m e n t a l 
d a t a with that predicted using the n o n - l i n e a r m a t h e m a t i c a l 
m o d e l s of chapter 4 . 0 . This w i l l involve the f o l l o w i n g 
a s p e c t s of data analysis:-

(i) utilization of m e t h o d s , logic and t o o l s of d a t a 
analysis. 

(ii) determination of the r e l a t i o n s h i p b e t w e e n the m e a s u r e d 
data and the p r e d i c t e d data v i s - a v i s the e x p e r i m e n t a l 
program design and e x c u t i o n . 

(iii) evaluation of the v a l i d i t y of the a s s u m p t i o n s 
made at both the e x p e r i m e n t a l and p r e d i c t i v e 
stage. 

6.2 Schemes of analysis of e x p e r i m e n t a l d a t a 

T h e scheme of analysis of e x p e r i m e n t a l d a t a for p u r e shear 
t e s t joints is outlined in A p p e n d i x D. T h i s a p p e n d i x also 
c o n t a i n s the analyzed test data and c o r r e s p o n d i n g g r a p h i c a l 
p l o t s of these data for e a c h of the five t e s t j o i n t s as w e l l 
as the averaged d a t a . 

A scheme of analysis of data obtained from p u r e r o t a t i o n 
t e s t joints is given in A p p e n d i x E. Also i n c l u d e d are the 
graphical plots of the individual joints t e s t e d as well as 
the averaged data. 

A p p e n d i x F contains the a b s o l u t e error c o m p a r i s o n by 
averaging technique as outlined in section 6 . 4 . A p p e n d i x 
G contains the analysis using the p r i n c i p l e of 
superposition as a p p l i e d to the data o b t a i n e d from 
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c o n n e c t o r property tests and joint p r o p e r t y t e s t s , as 
o u t l i n e d in Equation 5.4 of c h a p t e r 5.0. 

6.3 Failure modes in the test joints 

T h e experimental work c a r r i e d out was at two l e v e l s of 
i n v e s t i g a t i o n : -

(i) connector property t e s t s , and 

(ii) j o i n t property t e s t s . 

In the former, yielding w a s allowed to take p l a c e , o n l y in 
t h e c o n n e c t o r s , thus failure occured in the b o l t s by b e n d i n g 
of the bolt shafts as a result of the s h e a r i n g a c t i o n of 
the a p p l i e d joint l o a d . P l a t e 6.1 shows t y p i c a l failure 
m o d e s of the connectors in both loading c a s e s . 

In the latter c a s e , joint specimen failed p r i m a r i l y due to 
the c o m b i n e d action of : 

(i) crushing of the c o n n e c t e d material in the v i c i n i t y of 
the bolt hole as a r e s u l t of the b e a r i n g a c t i o n of the 
bolt; and 

(ii) bending of the b o l t shafts as a r e s u l t of s h e a r i n g 
action of the applied j o i n t l o a d . 

T y p i c a l joint failure are shown 
j o i n t failure patterns and the 
o c c u r r e n c e are discussed in the 

in plate 6.2 to 6 . 7 . T h e s e 
c o n d i t i o n s leading to t h e i r 
next c h a p t e r . 

6.4 C o m p a r i s o n s of p r e d i c t i v e model data and e x p e r i m e n t a l 
d a t a . 

In the analysis of the l o a d - d e f o r m a t i o n and or m o m e n t -
r o t a t i o n experimental d a t a for the c o n n e c t o r s and j o i n t s 
t e s t e d under pure shear and pure r o t a t i o n , two n o n - l i n e a r 
m a t h e m a t i c a l models were u s e d to p r e d i c t the e x p e r i m e n t a l l y 
o b t a i n e d data. The m o d e l s were:-

(i) exponential n o n - l i n e a r m o d e l , and 

(ii) inverse R a m b e r g - O s g o o d n o n - l i n e a r m o d e l . C o m p a r i s o n of 
the experimental data and model p r e d i c t e d data w a s d o n e 
according to a scheme used by Mutuku et al [ 3 0 ] . 

T h e closeness of the p r e d i c t i v e m o d e l d a t a and 
e x p e r i m e n t a l l y generated data was analyzed by u s e of an 
e r r o r function, Ej(%). T h i s function m a y be d e f i n e d for 
e a c h m o d e l as shown in figure 6 . 1 . 
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T h e error E^(%), is the a b s o l u t e d e v i a t i o n of the p r e d i c t e d 
j o i n t load," P- (load or m o m e n t ) , from t h e e x p e r i m e n t a l l y 
m e a s u r e d load, P m i , at a given j o i n t d e f o r m a t i o n 
(displacement or rotation).Ai> i.e 

E- (%) = 100 ABS (P,- - P
p i
) 

P j [6.1] 

T h e e r r o r , E
;
 , a s s o c i a t e d w i t h the fitting of e a c h m o d e l to 

the entire e x p e r i m e n t a l d a t a may be c a l c u l a t e d by a v e r a g i n g 
a b s o l u t e e r r o r s . 

E:(%) = IE: {%)} 
N [6.2] 

W h e r e E^(%) is the s u m m a t i o n of a b s o l u t e e r r o r at 
d i s p l a c e m e n t . 

N is the n u m b e r of d i s p l a c e m e n t levels in the e n t i r e t y of 
t h e experimental d a t a . 

T h e non-linear m o d e l s used had the e r r o r s a s s o c i a t e d w i t h 
t h e m at each d e f o r m a t i o n level calculated and c o m p a r e d . 
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Plate 6.1 Bolt failure in tests on c o n n e c t o r s 
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P l a t e 6.2 T y p i c a l bolt d e f o r m a t i o n for j o i n t s i n p u r e 

s h e a r . 

Plate 6.3 S i d e v i e w o f p u r e shear• " . t ri« s h o w i n g i o c a t l o n 
of s h e a r p l a n e s and r o l l e r g u i d e s . 
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p u t . 6.4 P u r e s h e a r t e s t rig s h o w i n g l o c a t i o n s o f test b o l t 

Plate 6.5 P u r e - r o t a t i o n t e s t rig showing p u l l e y and c a b l e 

s y s t e m . 
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\ AJ DEFORMATION, A ' 

Figure 6.1 S c h e m a t i c r e p r e s e n t a t i o n o f e r r o r s b e t w e e n : 

(a) e x p e r i m e n t a l d a t a and (b) f i t t e d 
m a t h e m a t i c a l m o d e l [30] 

1 5 8 



T h e c o m p a r i s o n of the e r r o r a n a l y s i s in f i t t i n g the 
m a t h e m a t i c a l m o d e l s to e x p e r i m e n t a l d a t a are shown in 
A p p e n d i x F . 

T h e load p e r c e n t a g e e r r o r s c a l c u l a t e d u s i n g e q u a t i o n [6.1] 
and [6.2] m a y e x a g e r a t e the a c t u a l j o i n t load e r r o r s in 
r e l a t i v e p e r c e n t a g e r a t i s , e s p e c i a l l y a t low j o i n t 
d i s p l a c e m e n t l e v e l s a s s h e w n i n f i g u r e 6 . 1 . 

C o n s i d e r e r r o r s E
;
 and E: w h i c h are a b s o l u t e d e v i a t i o n s of 

the p r e d i c t e d j o i n t l o a d s , P j from e x p e r i m e n t a l l y m e a s u r e d 
j o i n t l o a d s , P • and P • at two

1 1

 d e f o r m a t i o n s • and i.e 
m tj l j 

E
i
( % ) = 100 A B S ( P

g
: - P • ) 

V 16.3] 

Ej(%) = 100 A B S ( P
| ;
 - P ) 

P

.j I
6

-
4 ] 

If it is a s s u m e d t h a t the a b s o l u t e j o i n t l o a d s , 
A B S (P

B i
 - p . ) and A B S (P^ - P ) at t h e s e two 

displacement's are e q u a l and f u r t h e r t h a t ; is g r e a t e r 
t h a t •, then the e x p e r i m e n t a l load l e v e l P

(
 w i l l be 

g r e a t e r t h a t P . It f o l l o w s f r o m e q u a t i o n s [ 6 . 3 ] and 
[6.4] t h a t the p e r c e n t a g e e r r o r E. for t h e same r e l a t i v e 
j o i n t load m a g n i t u d e A B S ( P ^ - P p i ) a n d A B S (Pmj - P p j ) 
r e s p e c t i v e l y . 

I n o r d e r t o a f f o r d a n a l t e r n a t i v e t e c h n i q u e for c o m p a r i n g 
the e r r o r s b e t w e e n the p r e d i c t i v e m o d e l s and the 
e x p e r i m e n t a l l y g e n e r a t e d d a t a , the f o l l o w i n g a l g o r i t h m w a s 
u s e d t o c a l c u l a t e the a b s o l u t e e r r o r s i n f i g . 6 . 1 . 

E (% ) , A B S (P
t i
 - P p j ) [ 6 - 5 ] 

n 
E

c c
 (2 E i ) 

ici [ 6 - 6 ] 

The term in e q u a t i o n s 6.5 and 6.6 h a v e t h e same m e a n i n g s as 
i n e q u a t i o n s 6.1 and 6 . 2 . T h e r e s u l t s o b t a i n e d u s i n g 
e q u a t i o n s 6 . 5 . and 6.6 are p r e s e n t e d i n t a b l e s 6 . 1 t o 
6.4 . 
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Plate 6.6 P u r e s h e a r s e t u p s h o w i n g p u l l i n g s y s t e m 

a t t a c h e m e n t . 
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T a b l e 6.1 L o a d e r r o r s , K n , i n f i t t i n g m o d e l s t o d a t a 
f o r c o n n e c t o r s l o a d e d i n s h e a r . 

BOLT MODEL 

DIAMETER 

(MM) EXPONENTIAL MODEL INVERSE RAMBERG-OSGOOD 

6 0.64 0.92 

8 0.47 0.45 

10 0.95 0.46 
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1.2, ri.2 

i EXPONENTIAL NOPEL 

Ik 

.e 

i 

.4 
tr 

BOLT DIAMETER (mm) 

I 

H RAKBFRC-OSGOOD MODEL 

6 Id 

F i g u r e 6.2 A v e r a g e c u m u l a t i v e load e r r o r s , E", 

for c o n n e c t o r s l o a d e d i n p u r e s h e a r . 
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T a b l e 6.2 
d a t a 

M o m e n t e r r o r s , E
:

, K
N I 

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

BOLT MODEL 

DIAMETER 

(MM) EXPONENTIAL MODEL INVERSE RAMBERG-OSGOOD 

6 0.141 0.100 

8 0.632 0.54 

10 0.369 0.179 
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i exponential model 

D KAMBERC-OSGOOD model 

n 
vCK 

BOLT CI ft METER (hk) 

u 

I 4 
i 

•at 

19 
10 

A v e r a g e c u m u l a t i v e m o m e n t e r r o r s , E
v 

for c o n n e c t o r s l o a d e d in p u r e r o t a t i o n , 
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T a b l e 6.3 L o a d e r r o r s , K*" in f i t t i n g m o d e l s to d a t a 
f o r c o n n e c t i o n s l o a d e d i n p u r e s h e a r 

BOLT 

DIAMETER 

(MM) 

MODEL BOLT 

DIAMETER 

(MM) EXPONENTIAL MODEL INVERSE RAMBERG-OSGOOD 

6 0.520 0.160 

8 0.830 0.276 

10 0.872 0.373 
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1 EXPONENTIAL MODEL 

D RAMBERG-OSGOOD MODEL 

BOLT DIAMETER <hh> 

' c 
Figure 6.4 A v e r a g e c u m u l a t i v e l o a d e r r o r , E , 

for c o n n e c t i o n l o a d e d in p u r e s h e a r , 
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Table 6.4 M o m e n t e r r o r s , E
:

c K
N l

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

BOLT MODEL 

DIAMETER 

(MM) EXPONENTIAL MODEL INVERSE RAMBERG-OSGOOD 

6 0.184 0.122 

8 0.080 0.168 

10 0.325 0.153 
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1.2, 

k IWONENTJAL KOI>EL 

Q RAMBFRG-OSGOOD MODEL 

A t 
I 

a 
o 
t 
t 
hi 

fL-

16 
BOL1 DIAMETER (hh) 

Pitfure 6 5 A v e r a g e c u m u l a t i v e m o m e n t e r r o r s , E
c

, 
Figure 6.5 A v e

 l o a d e d i n p u r e
 r o t a t i o n , 
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The g r a p h i c a l p l o t s of t h e s e a b s o l u t e e r r o r v a l u e s as s h o w n 
in f i g u r e s 6.2 to 6.5 w e r e then u s e d , in c o n j u c t i o n w i t h the 
p e r c e n t a g e e r r o r v a l u e s o b t a i n e d b y use o f e q u a t i o n 6 . 1 , t o 
rank the n o n - l i n e a r m o d e l s in t e r m s of t h e i r s u i t a b i l i t y to 
p r e d i c t the l o a d - d e f o r m a t i o n / m o m e n t - r o t a t i o n c u r v e s for the 
6 m m , 8mm and 10mm b o l t s . 
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C H A P T E R S E V E N 

D I S C U S S I O N 
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7.1 I N T R O D U C T I O N 

D e s p i t e the i m p o r t a n c e o f b o l t e d c o n n e c t i o n s i n the o v e r a l l 
e c o n o m y o f s t r u c t u r a l s y s t e m s , t h e i r a p p l i c a t i o n has been 
c o n s t r a i n e d by lack of k n o w l e d g e on t h e i r real b e h a v i o u r and 
o f d a t a r e l a t i n g t o c o n n e c t i o n s t r e n g t h a n d s t i f f n e s s . 
S t r u c t u r a l a n a l y s i s w i l l o n l y a d e q u a t e l y d e s c r i b e real 
s t r u c t u r a l b e h a v i o u r w h e n t h e r e i s a n i n c o r p o r a t i o n o f 
a c t u a l b e h a v i o u r o f t h e s t r u c t u r a l s y s t e m s i n t e r m s o f the 
c o n n e c t i o n s e m p l o y e d . A g a i n s t t h i s b a c k g r o u n d , this 

r e s e a r c h a i m e d at i n i t i a t i n g a c o n s i s t e n t a c c u m u l a t i o n of 
d a t a o n the real b e h a v i o u r o f b o l t e d c o n n e c t i o n s w h i c h could 
b e l a t t e r i n c o r p o r a t e d into s t r u c t u r a l a n a l y s i s . T h i s w a s 
d o n e b y u s e o f n o n - l i n e a r m a t h e m a t i c a l m o d e l s t o p r e d i c t the 
c o n n e c t i o n b e h a v i o u r and t h e n c o m p a r e the r e s u l t s with 
e x p e r i m e n t a l l y o b t a i n e d d a t a f o r c o n n e c t o r s and j o i n t s u n d e r 
p u r e s h e a r i n g and p u r e r o t a t i o n a l l o a d i n g . 

7.2 B a s i s for s e l e c t i n g m a t h e m a t i c a l m o d e l s 

T h e b a s i c c h a r a c t e r i s t i c d e s c r i b i n g t h e s t r u c t u r a l b e h a v i o u r 
of b o l t e d c o n n e c t i o n s is t h e l o a d - d e f o r m a t i o n c u r v e . In the 
p r o c e s s o f d e t e r m i n i n g the l o a d d e f o r m a t i o n c h a r a c t e r i s t i c s 
o f b o l t e d c o n n e c t i o n s two m a t h e m a t i c a l m o d e l s could have 
b e e n u s e d . T h e f i r s t of t h e s e is n o r m a l l y c a r r i e d out in 
c o n j u c t i o n w i t h an e x p e r i m e n t a l i n v e s t i g a t i o n of a 
p a r t i c u l a r c o n n e c t i o n t y p e . A n e l a s t i c o r p l a s t i c a n a l y s i s 
o f the t y p i c a l c o n n e c t i o n n e e d s t o b e c o n d u c t e d , o f t e n 
i n c o r p o r a t i n g p h e n o m e n a o b s e r v e d d u r i n g t h e e x p e r i m e n t a l 
i n v e s t i g a t i o n . T h i s c o u l d h a v e led to o n e or more 
e x p r e s s i o n s i n v o l v i n g f a c t o r s s p e c i f i c t o t h e c o n n e c t i o n s 
t e s t e d b e i n g d e r i v e d a s a p p r o x i m a t e r e p r e s e n t a t i o n s o f the 
c u r v e s d e p i c t i n g the l o a d - d e f o r m a t i o n r e l a t i o n s h i p s . 

The s e c o n d a p p r o a c h is a m o r e g e n e r a l o n e w h i c h finds 
a p p l i c a t i o n t o any c o n n e c t i o n t y p e f o r w h i c h a p p p r o p r i a t e 
e x p e r i m e n t a l l o a d - d e f o r m a t i o n d a t a a r e a v a i l a b l e . The 
g e o m e t r i c f a c t o r s t h a t m o s t s t r o n g l y a f f e c t t h e load-
d e f o r m a t i o n b e h a v i o u r are f i r s t i d e n t i f i e d , and then 
c o m p a r a t i v e e x p e r i m e n t a l d a t a u s e d t o i s o l a t e t h e e f f e c t o f 
e a c h p a r a m e t e r in t u r n . A c o n v e n i e n t form of n o n - l i n e a r 
m a t h e m a t i c a l f u n c t i o n i s t h e n c h o s e n t o m o d e l the a c t u a l 
l o a d - d e f o r m a t i o n b e h a v i o u r and a r e g r e s s i o n a n a l y s i s 
p e r f o r m e d t o fit the f u n c t i o n t o t h e a v a i l a b l e e x p e r i m e n t a l 
d a t a . T h i s l a t t e r m o d e l l i n g a p p r o a c h w a s u s e d d u r i n g this 
r e s e a r c h . B u t the m o d e l for u s e w a s o n l y c h o s e n r f t e r i t 
had b e e n p r o v e d t h a t i t s a t i s f i e d t h e n o n - l i n e a r m o d e l 
r e q u i r e m e n t s as set out in s e c t i o n 5 . 4 . 1 . 
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The m a t h e m a t i c a l m o d e l s c h o s e n h a d o n l y t h r e e p a r a m e t e r s t o 
b e i n v e s t i g a t e d . T h e s e p a r a m e t e r s w e r e f o u n d t o b e 
d e p e n d e n t o n : 

(i) f a s t e n e r t y p e a n d s i z e , a n d 

(ii) t y p e o f m a t e r i a l . 

For t h e e x p o n e n t i a l m o d e l ( E q u a t i o n 4 - 3 0 ) , 

T = T
0
 { 1 - e x p t - (Ki + CA )A )/T„]} [ 7 . 1 ] 

the p a r a m e t e r T
c
 i s d e p e n d e n t o n t h e m a t e r i a l i n t h e j o i n t , 

s t e e l p l a t e or ( R H S ) . P a r a m e t e r s Kj a n d C a r e a l s o 
d e p e n d e n t o n t h e s a m e . F o r t h e R a m b e r g - O s g o o d m o d e l 
( e q u a t i o n 4 . 3 6 ) , 

T = KA /[ 1 + (KA / T
0
O )

n

] T ( l / n ) [ 7 . 2 ] 

p a r a m e t e r s T , K, a n d n a r e d e p e n d e n t on t h e m a t e r i a l t y p e . 
T h u s t h e m a t h e m a t i c a l m o d e l s c h o s e n h a d o n l y t w o p a r a m e t e r s 
t o b e i n v e s t i g a t e d , n a m e l y m a t e r i a l t y p e a n d m a t e r i a l s i z e . 
A s i n i d i c a t e d i n s e c t i o n 4 . 6 . 2 . 1 a n d 4 . 6 . 3 . 1 t h e s e m o d e l 
p a r a m e t e r s w e r e e a s i l y o b t a i n e d f r o m t h e e x p e r i m e n t a l d a t a . 

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

7.3 M a t e r i a l s t r e s s - s t r a i n c h a r a c t e r i s t i c s . 

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

7.3.1 B o l t s 

F i g u r e s 7 . 1 , 7.2 a n d 7.3 a r e g r a p h i c a l p l o t s o f t h e a v e r a g e d 
s t r e s s - s t r a i n d a t a for t h e 6 , 8 a n d 1 0 m m b o l t s r e s p e c t i v e l y . 
T a b l e 7.1 g i v e s t h e i m p o r t a n t m a t e r i a l p r o p e r t i e s w h i c h h a v e 
been d e r i v e d f r o m t h e g r a p h i c a l p l o t s a c c o r d i n g t o 
p r o c e d u r e s o f s e c t i o n 2 . 2 . 1 . A p p e n d i x G c o n t a i n s t h e 
a v e r a g e d d a t a f r o m w h i c h t h e s e p l o t s h a v e b e e n m a d e . 
C o m p a r e d t o t h e t h e o r e t i c a l p l o t s o f i d e a l c o u p o n s o f m i l d 
s t e e l s t r e s s - s t r a i n c u r v e , t h e t h r e e c u r v e s ( f i g . 7 . 1 , 7 . 2 
and 7 . 3 ) e x h i b i t n o d e f i n i t e y i e l d p o i n t . T h i s m e a n s t h a t 
the r e s i d u a l s t r e s s e f f e c t s d u e t o e i t h e r t h e m a n u f a c t u r i n g 
P r o c e s s o r t h e s p e c i m e n f a b r i c a t i o n p r o c e s s h a v e a f f e c t e d 
the f i n a l s t r e s s - s t r a i n c u r v e b y r e m o v i n g t h e h u m p e d 
P o r t i o n . T h i s c a n b e s e e n b y c o m p a r i n g f i g u r e s 2 . 1 , 7 . 1 , 
7.2 a n d 7 . 3 . 
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T a b l e 7.1 C h a r a c t e r i s t i c v a l u e s from s t r e s s - s t r a i n c u r v e s . 

TEST 

B O L T D I A M E T E R (MM) 

6 8 10 

young's m o d u l u s 205 193.3 197.0 

E ( k N / s q . m m ) 
Tensile s t r e n g t h ( N / s q . m m ) 490 541 550 
0.2% proof s t r e s s ( N / s q . m m ) 325 375 455 
% e l o g a t i o n 21.5 21 . 5 22.5 

The e l a s t i c m o d u l u s v a l u e s o b t a i n e d c o m p a r e f a v o u r a b l y w i t h 
the a v e r a g e v a l u e s in c o d e s of p r a c t i c e . T h e low v a l u e s for 
the 8 and 10mm b o l t s c a n be a t t r i b u t e d to the i m p e r f e c t i o n 
e f f e c t s due t o m a n u f a c t u r i n g p r o c e s s e s o n the s t r e s s - s t r a i n 
c u r v e . 

T E N S I L E 
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4 4.5 5.5 6 

F i g u r e 7.1 S t r e s s - s t r a i n c u r v e for 6mm b o l t , (data 
a p p . G , T a b . G . l ) 
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F i g u r e 7.2 S t r e s s - s t r a i n c u r v e for 8mm b o l t 
T a b . G.2 ) 

( d a t a a p p . G , 
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Fig(jgure 7.3 S t r e s s - s t r a i n c u r v e for 10mm b o l t , (data 
G , T a b . G . 3 ) 
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7.3.2 J o i n t m a t e r i a l ( R H S ) 

F i g u r e 7.4 s h o w s the s t r e s s - s t r a i n c u r v e for the t e s t c o u p o n 
o b t a i n e d from the the RHS u s e d d u r i n g the r e s e a r c h . T a b l e 
G.4 g i v e s the e x p e r i m e n t a l d a t a o b t a i n e d d u r i n g the t e s t s . 
From f i g u r e 7 . 4 , the e l a s t i c m o d u l u s of t h e R H S c o u p o n is 
204 K N / s q . m m w h i c h c o m p a r e s w e l l w i t h t h e g i v e n r a n g e o f 
this v a l u e of 200 - 210 K N / s q . m m in c o d e s of p r a c t i c e . T h e 
0.2% p r o o f s t r e s s v a l u e o f 285 N / s q . m m i s s l i g h t l y h i g h e r 
than the r e c o m m e n d e d v a l u e o f 275 N / s q . m m . T h e u l t i m a t e 
t e n s i l e s t r e n g t h v a l u e o f 485 N / s q . m m i s a l s o s l i g h t l y 
h i g h e r t h a n the r e c o m m e n d e d v a l u e o f 430 N / s q . m m . T h e s h a p e 
of the c u r v e is s u c h t h a t t h e r e is no p r o n o u n c e d y i e l d 
p o i n t , i n d i c a t i n g a p o s s i b l e r e s i d u a l s t r e s s e f f e c t . 
G e n e r a l l y the s t r e n g t h c h a r a c t e r i s t i c s o f s t e e l d e p e n d o n 
the c a r b o n c o n t e n t . M i l d s t e e l is e x p e c t e d to h a v e a c a r b o n 
c o n t e n t of 0 . 2 5 % and an u l t i m a t e t e n s i l e s t r e n g t h of 450 
N / s q . m m . O n the w h o l e , the d a t a o b t a i n e d from the c o u p o n 
test i n d i c a t e t h a t t h e m a t e r i a l i s b r i t t l e t o some e x t e n t 
m a k i n g it u n s u i t a b l e for u s e in the p l a s t i c d e s i g n a p p r o a c h . 
This i s m a i n l y b e c a u s e t h e s t r e s s - s t r a i n c u r v e s o b t a i n e d c a n 
be i d e a l i s e d to the form g e n e r a l l y a d o p t e d for p l a s t i c 
d e s i g n . T h e r e s u l t s o b t a i n e d are a r e f l e c t i o n of t h e q u a l i t y 
of s t e e l a v a i l a b l e on the m a r k e t w h i c h is n o t to B . S . 4 3 6 0 
s p e c i f i c a t i o n , a s m o s t of it is r e c y c l e d . 

7.4 Pure s h e a r l o a d - d e f o r m a t i o n c u r v e s . 

The m a i n o b j e c t i v e o f t h e s e t e s t s w a s t o e s t a b l i s h the l o a d -
d e f o r m a t i o n r e l a t i o n s h i p s o f b o t h t h e c o n n e c t o r s and j o i n t s . 
The n o n - l i n e a r m a t h e m a t i c a l m o d e l s o f c h a p t e r 4.0 ( e q u a t i o n 
4.30 and 4 . 3 6 ) w e r e u s e d t o p r e d i c t the l o a d - d e f o r m a t i o n 
c u r v e s o f the same and c o m p a r i s o n s m a d e b e t w e e n the 
e x p e r i m e n t a l and p r e d i c t e d r e s u l t s . T h e p r i n c i p l e o f 
s u p e r p o s i t i o n w a s t h e n a p p l i e d t o t h e d a t a o b t a i n e d 
e x p e r i m e n t a l l y t o d e t e r m i n e the r e l a t i v e c o n t r i b u t i o n o f t h e 
joint m a t e r i a l u n d e r l o a d . 

7.4.1 C o n n e c t o r l o a d - d e f o r m a t i o n c u r v e s 

F i g u r e s 7 . 5 , 7.6 and 7.7 show t h e g r a p h i c a l p l o t s of t h e 
e x p e r i m e n t a l and n o n - l i n e a r m o d e l l o a d - d e f o r m a t i o n c u r v e s 
for th 6,8 and 10mm b o l t s l o a d e d in p u r e s h e a r . D u r i n g t h e 
r e s e a r c h , t h e r e w e r e some r e l a t e d o b s e r v a t i o n s for e a c h b o l t 
size w h i c h are d i s c u s s e d b r i e f l y i n the f o l l o w i n g s e c t i o n s . 

7.4.1.1 I n i t i a l s l i p 

Each of the five t e s t s p e c i m e n s for the 6,8 and 1 0 m m b o l t s 
u n d e r w e n t some i n i t i a l s l i p on a p p l i c a t i o n of l o a d to the 
testing r i g . T h u s b e f o r e the e x p e r i m e n t a l d a t a w a s a n a l y s e d 
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and the m o d e l s f i t t e d , the v a l u e of i n i t i a l s l i p for e a c h 
t e s t s p e c i m e n w a s c o r r e c t e d for b y a s s u m i n g t h a t a c t u a l l o a d 
r e s i s t a n c e by the bolt s t a r t e d a f t e r the i n i t i a l s l i p had 
t a k e n p l a c e . T h i s p h e n o m e n a of slip c o u l d be t r a c e d to t h e 
r a e l i g n m e n t of the t e s t i n g rig c o m p o n e n t s on l o a d 
a p p l i c a t i o n s , so that they lie in the same p l a n e as t h e 
a p p l i e d l o a d . A n o t h e r c o n t r i b u t o r y a s p e c t t o t h i s s l i p i s 
the f a c t t h a t the bolts w e r e only h a n d t i g h t e n e d in o r d e r to 
o f f s e t the e f f e c t s o f f r i c t i o n i n t h e i r a p p l i c a t i o n . T h i s w a s 
so b e c a u s e t h e m o d e l s used in the r e s e a r c h did n o t t a k e 
a c c o u n t o f f r i c t i o n i n t h e i r a p p l i c a t i o n . T h e b o l t s w e r e 
a l s o o n l y h a n d t i g h t e n e d so as n o t to i n t r o d u c e i n i t i a l p r e -
load i n t h e m . The t i g h t e n i n g w a s s u c h t h a t t h e r e w a s 
s u f f i c i e n t c l a m p i n g f o r c e being t r a n s m i t t e d b y the b o l t o n t o 
the c o n n e c t e d p a r t s . T h u s o n l o a d i n g , a n d w i t h the e n s u i n g 
a l i g n m e n t , some p l a y w a s i n t r o d u c e d a s t h e s y s t e m s o u g h t a n 
e q u i l b r i u m s t a t e o f the c l a m p i n g f o r c e b e f o r e l o a d 
r e s i s t a n c e b y the bolt s t a r t e d . 

A f t e r t h i s a l i g n m e n t and c l a m p i n g f o r c e , the s u b s e q u e n a t 
d e f o r m a t i o n w a s due t o the a p p l i e d load a c t i n g o n the b o l t s . 
T a b l e 7.2 s h o w s the r e l a t i v e i n i t i a l s l i p s for e a c h b o l t 
size t e s t e d . 

T a b l e 7.2 I n i t i a l slip v a l u e s for 6,8 and 10mm b o l t s t e s t e d 
in p u r e s h e a r . 

BOLT DIAMETER (mm) SLIP(mm) LOAD LEVEL(kN) 

6 0.2 2 

8 0.1 3 

10 - -

The 6 and 8mm b o l t s u n d e r w e n t a p p r e c i a b l e s l i p . U s u a l l y 
a f t e r s l i p the load in the test s p e c i m e n t s t a r t s b e i n g 
t r a n s m i t t e d by bothe s h e a r and b e a r i n g . T h i s is b e c a u s e 
i n i t i a l l y m o s t o f the a p p l i e d load g o e s i n t o r e s i s t i n g the 
f r i c t i o n a l f o r c e s b e t w e e n the c o n n e c t e d p a r t s . T h u s lack 
of i n i t i a l s l i p in the 10mm b o l t s p e c i m e n i n d i c a t e s t h a t 
the b o l t w e n t into b e a r i n g soon a f t e r a p p l i c a t i o n o f l o a d . 
The s i g n i f i c a n c e of s l i p and it's i m p o r t a n c e of f a i l u r e 
l o a d s is d e a l t w i t h in the n e x t s e c t i o n . The m a g n i r u d e s of 
the s l i p v a l u e s and the l o a d s a t w h i c h t h e y o c c u r r e d i n t h e 
6 and 8mm b o l t s w e r e n e a r l y the same s i g n i f y i n g t h a t the 
two b o l t s i z e s w e r e b e a r i n g a g a i n s t the t e s t r i g s a t 
same l o a d l e v e l s . 
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SIEESS-SIRfilN CD RUE FOR RHS COUPON 

F i g u r e 7.4 S t r e s s s t r a i n c u r v e s for R H S c o u p o n 

(dats a p p . G , T a b G . 4 ) 
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A EXPONENTIAL MODEL 
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DEFORMATION.D (mk) 

F i g u r e 7.5 L o a d - d e f o r m a t i o n c u r v e s for 6mm b o l t s t e s t e d i n 
p u r e s h e a r (data a p p . D , T a b . D . l ) 
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LOAD-DEFORMAI1 OH CURVES FOR 8 *n BOLTS IN SHEAR 

H-
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A EXPLRI MENTAL 

A EXPONENTIAL MODEL 
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DEFORHhTION.D (km) 

F i g u r e 7.6 L o a d - d e f o r m a t i o n c u r v e s f o r 8 m m b o l t s 
t e s t e d i n p u r e s h e a r . ( d a t a a p p . D , T a b . D . 2 ) 
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LOftD-HFORHATJOH CURVES FOR 10 mm BOLTS IN SHIM 

D RftKBERG-OSGOOD MODEL 

f "I .4 ,8 1 l!
2
 l V j T T l l e i 2.' 1 — 1 — r 

2 2.4 2.6 2.1 3.2 3.45 
DEFORMfilI ON ,D (*h) 

F i g u r e 7.7 L o a d - d e f o r m a t i o n c u r v e s f o r 1 0 m m b o l t s , 
( d a t a a p p . D , T a b . D , 3 ) 
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7 . 4 . 1 . 2 F a i l u r e l o a d s 

T a b l e 7.3 s h o w s the f a i l u r e s h e a r l o a d s and c o r r e s p o n d i n g 
s t r e s s e s a t w h i c h the b o l t s f a i l e d . 

T a b l e 7.3 F a i l u r e l o a d s / s t r e s s e s for the b o l t s 

BOLT D I A M E T E R (mm) F A I L U R E 

LOAD (kN) S T R E S S ( N / s q . m m ) 

6 
8 
10 

19.08 
2 9 . 30 
43 . 91 

675 
578 
559 

A l l the b o l t s t e s t e d failed by s u d d e n s n a p p i n g , but on 
e x a m i n a t i o n o f the f a i l u r e s u r f a c e e x h i b i t e d t y p i c a l s h e a r 
f a i l u r e m o d e s . T h i s a s p e c t o f b o l t f a i l u r e c o u l d b e t r a c e d 
to the fact t h a t e v e n the s p e c i m e n s t e s t e d in s t a t i c t e n s i o n 
failed in a s i m i l a r m a n n e r . A n o t h e r a s p e c t c o n t r i b u t i n g to 
this c o u l d be the fact that the t e s t rig c o m p o n e n t s did n o t 
allow a n y d e f o r m a t i o n a r o u n d the b o l t h o l e s , t h u s y i e l d i n g 
o f the b o l t s w a s l o c a l i s e d a t the f a i l u r e p l a n e . 

C o n s i d e r i n g the f a i l u r e l o a d s as s h o w n in T a b l e 7 . 3 , it is 
seen t h a t for e a c h b o l t size t h e v a l u e o b t a i n e d is h i g h e r 
than t h a t c o n v e n t i o n a l l y u s e d i n d e s i g n . B a s e d o n the 
a l l o w a b l e s h e a r s t r e s s v a l u e of 234 N / s q . m m in s i n g l e s h e a r 
the 6,8 and 10mm b o l t s are e x p e c t e d to h a v e f a i l u r e l o a d s of 
6 . 6 , 1 1 . 7 6 , and 18.38 kN r e p e c t i v e l y . T h e h i g h f a i l u r e shear 
l o a d s c o m p a r e m o r e f a v o u r a b l y w i t h the t e n s i l e f a i l u r e l o a d s 
of T a b l e 7 . 1 . T h e s e l o a d s (Table 7 . 3 ) lead to s h e a r s t r e s s 
v a l u e s h i g h e r than t h o s e for s i n g l e s h e a r of 234 N / s q . m m and 
c l o s e r t o the b e a r i n g s t r e s s v a l u e o f 701 N / s q . m m . T h i s 
i n d i c a t e s t h a t b e a r i n g f a i l u r e had a g r e a t e r c o n t r i b u t i o n 
than s h e a r in t h e s e t e s t s . T h i s is e v e n r e f l e c t e d in m o d e 
of load r e s i s t a n c e of c o m b i n e d s h e a r and b e a r i n g soon a f t e r 
slip o c c u r s . The c h a n c e s of e i t h e r of t h e s e load r e s i s t a n c e 
m o d e s c a u s i n g f a i l u r e d e p e n d s o n b o t h the c o n n e c t o r and 
c o n n e c t e d m a t e r i a l . I n t h i s c a s e n o y i e l d i n g w a s a l l o w e d t o 
take p l a c e i n the c o n n e c t e d p a r t s h e n c e the b o l t r e s i s t e d 

183 



the load a p p l i e d b y b e a r i n g a g a i n s t the c o n n e c t e d p a r t s . 
T h i s a s p e c t m i g h t have c o n t r i b u t e d s i g n i f i c a n t l y t o t h e high 
f" o 2 n o P f r » g £ e g r rSCC ̂ d cd • 

C o n s i d e r i n g f i g u r e 7.8 and T a b l e 7 . 3 , it is o b s e r v e d t h a t 
the f a i l u r e s h e a r l o a d s i n c r e a s e d w i t h b o l t d i a m e t e r . T h e 
same t r e n d c a n be seen from T a b l e 7.1 as p e r t a i n s to the 
f a i l u r e t e n s i l e l o a d s . T h e o r e t i c a l l y a n i n c r e a s e i n b o l t 
d i a m e t e r or t e n s i l e s t r e n g t h is s u p p o s e d to c a u s e o n l y a 
s l i g h t i n c r e a s e in f a i l u r e s h e a r l o a d s w i t h a c o r r e s p o n d i n g 
d e c r e a s e i n d e f o r m a t i o n . The b o l t d e f o r m a t i o n a t w h i c h 
f a i l u r e o c c u r r e d a l s o i n c r e a s e d w i t h b o l t s i z e , (see F i g . 
7 . 8 ) 

B u t c o n s i d e r i n g the f a i l u r e s h e a r load r a t i o s , t h a t for the 
10mm b o l t is 2.3 t i m e s and 1.5 t i m e s t h a t of the 6 and 8mm 
b o l t s r e s p e c t i v e l y . The c o r r e s p o n d i n g d e f o r m a t i o n r a t i o n s 
a r e : 0 . 4 6 : 0 : 6 : 1 for the 6,8 and 10mm b o l t s r e s p e c t i v e l y . 
The a r e a r a t i o s of the 10mm b o l t to the 6 and 8mm b o l t s is 
2.8 and 1.6 r e s p e c t i v e l y . T h u s t h e r e is c l o s e r 
c o r r e l a t i o n b e t w e e n the s h e a r a r e a and t h e f a i l u r e load 
r a t i o s t h a n the t e n s i l e load r a t i o s . T h i s i m p l i e s that the 
d i f f e r e n c e s i n the s h e a r s t r e s s e s o r l o a d s r e c o r d e d are not 
as a r e s u l t of the b o l t d i a m e t e r v a r i a t i o n but due to the 
v a r i a t i o n i n the s h e a r a r e a r a t i o s . 

7 . 4 . 1 . 3 M o d e l l i n g o f e x p e r i m e n t a l d a t a 

T h e two n o n - l i n e a r m a t h e m a t i c a l m o d e l s o f e q u a t i o n s 4.30 and 
4.36 w e r e u s e d in the p r e d i c t i o n of the e x p e r i m e n t a l load-
d e f o r m a t i o n d a t a from w h i c h the p r e d i c t i v e d a t a c u r v e s w e r e 
p l o t t e d . U s i n g the s c h e m e s o f e r r o r a n a l y s i s o f c h a p t e r 
6 . 0 , the c l o s e n e s s of fit of the p r e d i c t t e d r e s u l t s to the 
e x p e r i m e n t a l d a t a w a s e v a l u a t e d . A l l the m o d e l p a r a m e t e r s 
w e r e d e t e r m i n e d from the e x p e r i m e n t a l l o a d - d e f o r m a t i o n 
c u r v e s as o u t l i n e d in s e c t i o n s 4 . 6 . 2 . 1 and 4 . 6 . 3 . 1 of 
c h a p t e r 4 . 0 . 

7 . 4 . 1 . 3 . 1 E x p o n e n t i a l m o d e l 

The b a s i c r e l a t i o n s h i p used in the a p p l i c a t i o n of t h i s m o d e l 
w a s : 

R = R
0
 { 1 - e x p [- (K

t
 + CA ) A /R

0
]} [7.3] 

For the 6mm b o l t , the e m p r i c a l form o f t h i s e q u a t i o n w a s 
(see T a b . D . 1 ) A p p . D): 

R = 1 9 . 0 8 { l - e x p [ - (19 + 26.07 A )A / 1 9 . 0 8 } [7.4] 

And for the 8 m m b o l t (see T a b . D . 2 , A p p . D ) 
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R = 29.3 {1-exp[ - (45 +23.7A )A J/29.3) 17.5] 

^ ^ J f 1 « -P ~ 4- V 1 W ~ T 4- I rp "n O A ^ T>\ 

a i i u i x n a x x i ux u n c i. v»» unit u u x t i o c c i au • j-» • o j n p p • d ; 

R = 43.91 {1 - e x p L-(30 +13.06A )A 3 / 4 3 . 9 1 } [7.6] 

The two i m p o r t a n t p a r a m e t e r s in the d e s c r i p t i o n of the load-
d e f o r m a t i o n c u r v e s are K

1
 and C. E s s e n t i a l l y , K i , w h i c h is 

the initial t a n g e n t s t i f f n e s s , is an i n d i c a t o r of 
t h e r e s i s t a n c e o f f e r e d to the a p p l i e d load by the b o l t s . 
High values of t h i s p a r a m e t e r i n d i c a t e high r e s i s t a n c e to 
load and less d e f o r m a t i o n for g i v e n load l e v e l s . But this 
only applies to the i n i t i a l l i n e a r p o r t i o n of the c u r v e . 
P a r a m e t e r C e n c o m p a s s e s b o t h the l i n e a r and n o n - l i n e a r 
p o r t i o n s of the l o a d - d e f o r m a t i o n c u r v e . H i g h v a l u e s of 
this p a r a m e t e r i n d i c a t e a more f l e x i b l e s y s t e m , w h e r e a s low 
values indicate a s t i f f e r s y s t e m . T h i s value is seen to 
increase with b o l t d i a m e t e r as shown by e q u a t i o n s 7.4,7.5 
and 7.6 for the 6,8 and 10mm b o l t s r e s p e c t i v e l y . Figure 7.8 
shows the bolt load r e s i s t a n c e , w i t h the 10mm b o l t s having 
higher load r e s i s t a n c e and less d e f o r m a t i o n , 

From the data on c u m m u l a t i v e load e r r o r a n a l y s i s of T a b l e 
6.1 and F i g . 6 . 2 , it is seen t h a t this m o d e l p r e d i c t e d the 
8mm bolt l o a d - d e f o r m a t i o n c u r v e b e t t e r w i t h and e r r o r of 
0.47, followed by 6mm w i t h and e r r o r of 0 . 6 4 , and 10mm with 
an error of 0 . 9 5 . 

7.4.1.3.2 Inverse R a m b e r g - O s g o o d m o d e l 

The Inverse R a m b e r g - O s g o o d m o d e l of the form: 

R = KA /[I + (KA /R
0
) n]T (1/n) [7.7] 

was used to model the n o n - l i n e a r l o a d - d e f o r m a t i o n c u r v e s for the 
bolts tested in pure s h e a r . B a s e d on the m e t h o d o l o g y of 
parameter e v a l u a t i o n of s e c t i o n 4 . 6 . 3 . 1 , the v a l u e of K and n 
"ere obtained from the e x p e r i m e n t a l d a t a for each of the b o l t s . 
K gave an i n d i c a t i o n of the load r e s i s t a n c e of the b o l t . 
Parameter n showed the rate of d e c a y of the c u r v e . Thus 
Parameter n was a b e t t e r i n d i c a t o r of load r e s i s t a n c e as it w a s 
capable of d e s c r i b i n g b o t h the l i n e a r and n o n - l i n e a r load-
deformation c u r v e . 

ĥe empirical f o r m u l a t i o n of this m o d e l for the 6mm b o l t w a s (see 
T a b

- D.l, A p p . D): 

R = 19A / [1 + (19A /19 . 08 )T 8 . 5 ) T (1/8.5) [7.8] 

For the 8mm bolt (see T a b . D . 2 , A p p . D): 
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R = 45A / [1 _ (45A /29.3 ) T 2.5]? (1/2.5) [7.9] 

A n d lor the 10mm bolt (See T a b . D. ii, A p p . D) : 

R = 30A / [1 + ( 3 0 A / 4 3 . 9 1 ) T (4.5)]T ( 1 / 4 . 5 ) [7.10] 

T h e v a r i a t i o n of the v a l u e of p a r a m e t e r n, from 8.5 to 2.5 
to 4.5 for the 6 , 8 , and 10mm b o l t s is an i n d i c a t o r to the 
r e s i s t a n c e o f f e r e d and the d e f o r m a t i o n u n d e r g o n e b y e a c h 
b o l t a t g i v e n load l e v e l s . B a s i c a l l y , t h e h i g h e r the v a l u e 
of n the h i g h e r the d e f o r m a t i o n and the l o w e r the r e s i s t a n c e 
o f f e r e d at a given load l e v e l , w h e r e a s t h e l o w e r the v a l u e 
n , t h e h i g h e r the r e s i s t a n c e o f f e r e d and the lower the 
d e f o r m a t i o n . T h i s is r e f l e c t e d in the g r a p h i c a l p l o t s of 
f i g u r e 7.8 for the b o l t s i z e s t e s t e d . T h e b r e a k w i t h the 
g e n e r a l tren d for the 10mm b o l t is t r a c e d to the fact t h a t 
th o u g h the b o l t s t e s t e d f a i l e d in s h e a r , t h e r e was a 
h a i r l i n e s p l i t along the b o l t a x i s in t h r e e of the t e s t 
p i e c e s . T h i s s i g n i f i e d a w e a k n e s s in the b o l t s t r u c t u r e 
and t h e t o t a l e f f e c t w a s t o r e d u c e the a v e r a g e d e f o r m a t i o n 
at g i v e n load l e v e l s as c o m p a r e d to t h e 8mm b o l t (also see 
s e c t i o n 7 . 8 ) . 

From T a b l e 6.2 and f i g . 6 . 2 , the i n v e r s e R a m b e r g - O s g o o d 
m o d e l p r e d i c t e d the 8mm b o l t c u r v e w i t h a n e r r o r o f 0 . 4 5 , 
c l o s e l y f o l l o w e d by the 10mm b o l t w i t h 0 . 4 6 and the 6mm b o l t 
w i t h an e r r o r of 0 . 9 2 . 
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F i g u r e 7.8 C o m p a r a t i v e l o a d - d e f o r m a t i o n c u r v e s for 
b o l t s t e s t e d i n p u r e s h e a r . 

7.4.2 J o i n t l o a d - d e f o r m a t i o n c u r v e s 

F i g u r e s 7 . 9 , 7 . 1 0 and 7.11 show t h e g r a p h i c a l p l o t s of t h e 
e x p e r i m e n t a l and n o n - l i n e a r m o d e l p r e d i c t i v e d a t a for t h e 
6 , 8 , and 10mm b o l t e d j o i n t l o a d - d e f o r m a t i o n c u r v e s . F i g u r e 
7.12 s h o w s t h e c o m p a r a t i v e p l o t s of the d a t a for the t h r e e 
j o i n t s t o g e t h e r . 
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7 . 4 . 2 . 1 I n i t i a l s l i p 

U n l i k e in the c a s e of t h e p u r e s h e a r t e s t s on the 
c o n n e c t o r s , t h e r e w a s n o i n i t i a l s l i p r e c o r d e d d u r i n g all 
t e s t s o n the j o i n t s . The p o s s i b l e r e a s o n for this w a s 
b e c a u s e o f the i n i t i a l t e n s i o n a p p l i e d t o the c a b l e s that 
w e r e b e i n g u s e d t o load the t e s t j o i n t s . T h i s i n i t i a l 
t e n s i o n c o u l d have r e a l i g n e d t h e t e s t i n g r i g , and o n 
r e s e t t i n g the l o a d i n g d e v i c e s for the a c t u a l t e s t i n g t o 
c o m m e n c e the j o i n t s t a r t e d r e s i s t i n g load i m m e d i a t e l y . The 
same m o d e of load r e s i s t a n c e , i.e by s h e a r and b e a r i n g as in 
the case o f c o n n e c t o r t e s t s w a s a s s u m e d . 

7 . 4 . 2 . 2 . F a i l u r e l o a d s 

T a b l e 7.4 s h o w s the l o a d s a t w h i c h the t e s t j o i n t a s s e m b l i e s 
f a i l e d . 

T a b l e 7.4 J o i n t f a i l u r e l o a d s in p u r e s h e a r 

B O L T D I A M E T E R ( m m ) F A I L U R E L O A D ( k N ) 

6 14.2 
8 2 5 . 14 
10 33.4 

C o m p a r e d t o the s h e a r f a i l u r e l o a d s for t h e c o n n e c t o r s (see 
table 7 . 3 ) , i t is o b s e r v e d t h a t in all c a s e s j o i n t m a t e r i a l 
f a i l u r e o c c u r r e d . T h e c o r r e s p o n d i n g d e f o r m a t i o n s a t 
p a r t i c u l a r l o a d l e v e l s for the c o n n e c t o r and the j o i n t are 
a p p r e c i a b l y d i f f e r e n t . T h i s m e a n s t h a t t h e j o i n t m a t e r i a l 
had a s i g n f i c a n t c o n t r i b u t i o n to o v e r a l l j o i n t d e f o r m a t i o n 
(see s e c t i o n 7 . 1 0 ) . A l t h o u g h the g e n e r a l c o n c l u s i o n is t h a t 
the j o i n t m a t e r i a l f a i l e d b e f o r e the b o l t for the t e s t 
j o i n t s , t h e o b s e r v a t i o n s d u r i n g t h e t e s t i n g i n d i c a t e d t h a t 
the b o l t s had y i e l d e d by the t i m e t e s t i n g s t o p p e d for the 6 
and 8mm b o l t f a s t e n e d j o i n t s . T h e 6 and 8mm b o l t f a s t e n e d 
joint b e h a v i o u r i n d i c a t e s a c o m b i n e d a c t i o n of the b o l t and 
j o i n t m a t e r i a l in load r e s i s t a n c e , as a r e s u l t of w h i c h 
there w a s l o w e r i n g o f the j o i n t f a i l u r e l o a d s b e l o w t h a t o f 
the i n d i v i d u a l f a s t e n e r s . T h e f a i l u r e load of the j o i n t s in 
shear for the 8mm b o l t f a s t e n e d j o i n t w a s c l o s e to that of 
the i n d i v i d u a l b o l t (29.3 for b o l t and 25.14 for the j o i n t ) , 
w h e r e a s t h a t for t h e 6mm b o l t f a s t e n e d j o i n t w a s 14.2 as 
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c o m p a r e d to 19.08 for the b o l t a l o n e . A l t h o u g h the 
d i f f e r e n c e s in the f a i l u r e l o a d s for t h e two c a s e s is t h e 
I uii^c Ox i cO ii.' t uu ouuoLaiiLivc C A p i a u a u lun Lai] 

a d v a n c e d to e x p l a i n the r e d u c t i o n in the f a i l u r e l o a d s for 
the j o i n t . T h i s i s m a i n l y b e c a u s e the i n t e r r a c t i o n b e t w e e n 
the f a s t e n e r s and the j o i n t m a t e r i a l is so c o m p l e x t h a t it 
c a n n o t be e x p l a i n e d by the s i m p l e p r i n c i p l e of the 
m c c h a n i c a l b e h a v i o u r o f s t r u c t u r a l e l e m e n t s u n d e r l o a d . 

In c o n t r a s t to the 6 and 8mm b o l t f a s t e n e d j o i n t s , the 10mm 
b o l t f a s t e n e d j o i n t f a i l e d at a l o a d v a l u e c l o s e to t h a t for 
the b o l t a l o n e . T h i s i n d i c a t e s t h a t t h e r e w a s f a i l u r e o f 
the j o i n t m a t e r i a l long b e f o r e t h e b o l t f a i l e d . T h i s i s 
b o r n e o u t b y the fact t h a t n o a p p r e c i a b l e y i e l d i n g w a s 
o b s e r v e d in the 10mm b o l t s in t h e s e j o i n t s . It w a s a l s o 
o b s e r v e d t h a t the j o i n t m a t e r i a l h a d f a i l e d i n b e a r i n g 
s i n c e t h e r e w a s p i l i n g o f m a t e r i a l a r o u n d t h e b o l t h o l e s . 
C o n s i d e r i n g 

T a b l e 7.4 and F i g . 7 . 1 2 , t h e r e w a s a t e n d e n c y of i n c r e a s e d 
d e f o r m a t i o n o f the j o i n t w i t h i n c r e a s e i n b o l t d i a m e t e r . 
T h i s c a n be e x p l a i n e d in t e r m s of i n c r e a s e d b e a r i n g a c t i o n 
o f the b o l t a g a i n s t the j o i n t m a t e r i a l g i v e n t h e s m a l l w a l l 
t h i c k n e s s of the RHS u s e d as j o i n t m a t e r i a l ( 4 m m ) . 

7 . 4 . 2 . 3 M o d e l l i n g o f e x p e r i m e n t a l d a t a 

The two n o n - l i n e a r m a t h e m a t i c a l m o d e l f o r m s o f e q u a t i o n s 
4.30 and 4 . 3 6 w e r e u s e d t o m o d e l t h e j o i n t l o a d - d e f o r m a t i o n 
c u r v e s o b t a i n e d e x p e r i m e n t a l l y . The a c c u r a c y o f m o d e l 
p r e d i c t i o n o f the e x p e r i m e n t a l d a t a w a s a s s e s e d b y use o f 
the load e r r o r a n a l y s i s t e c h n i q u e s o f c h a p t e r 6.0 

7 . 4 . 2 . 3 . 1 E x p o n e n t i a l m o d e l 

The b a s i c form of t h i s n o n - l i n e a r m o d e l as i n d i c a t e d in 
e q u a t i o n 7.3 w a s used t o p r e d i c t the e x p e r i m e n t a l load-
d e f o r m a t i o n c u r v e s for the 6, 8 and 10mm f a s t e n e d j o i n t s 
loaded in p u r e s h e a r . 

For the 6mm bolt f a s t e n e d j o i n t , the e m p i r i c a l f o r m of t h e 
m o d e l w a s fo und to be as (see t a b l e D . 4 , a p p . D ) 

R = 14.2 {l-exp[ 1 . 4 + 0 . 17A )A/14 . 2] } [ 7 . 1 1 ] 

From the d a t a o f table D . 5 , A p p . D , the e m p i r i c a l m o d e l for 
the 8mm b o l t f a s t e n e d j o i n t w a s t a k e n as: 

R = 2 5 . 1 4 { 1 - exp [ - ( 2 . 2 5 + 0 . 2 5 9 A )A/25.14 ] } [ 7 . 1 2 ] 
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For the 10mm bolt joint the m o d e l took the form (see table 
D . 6 , A p p . D): 

R = 3 3 . 4 { 1 - e x p [ - ( 2 . 3 5 + 0 . 1 9 4 ^ ) 4 / 3 3 . 4 ] } 17.13] 

In terms of c l o s e n e s s of fit (see t a b . 6.3 and f i g . 6 . 4 ) , 
the m o d e l p r e d i c t e d the 6mm b o l t j o i n t b e t t e r w i t h an 
averaged load e r r o r of 0 . 5 2 , f o l l o w e d by the 8mm bolt joint 
with an e r r o r of 0.830 and the 10mm bolt j o i n t had an error 
of 0 . 8 7 2 . Of i m p o r t a n c e to the m o d e l l i n g and e x p l a n a t i o n of 
joint b e h a v i o u r are the two m o d e l p a r a m e t e r s Kj and C. 
C o n s i d e r i n g t a b l e s in a p p e n d i x D g i v i n g the n u m e r i c a l v a l u e s 
of these p a r a m e t e r s , it is s e e n that a p a r t from the 
d i s c r e p a n c y in the value of K- for the 10mm b o l t j o i n t there 
is an increase of this v a l u e w i t h the b o l t d i a m e t e r . 

The v a l u e of p a r a m e t e r C w a s found to d e c r e a s e w i t h b o l t 
d i a m e t e r for the b o l t s alone but no c o n s i s t e n t p a t t e r n could 
be d i s c e r n e d for the j o i n t s . T h i s lack of c o n s i s t e n c y can 
be a t t r i b u t e d to the fact t h a t the c o m b i n e d a c t i o n of the 
bolts and the m a t e r i a l in r e s i s t i n g the a p p l i e d loads w a s 
unique and c o m p l e x as stated in s e c t i o n 7 . 4 . 2 . 1 . 

The d e c r e a s e in the a b s o l u t e v a l u e s of K; and C for the 
c o n n e c t o r s and j o i n t s r e s p e c t i v e l y can be traced to the 
increased d e f o r m a t i o n in the j o i n t s at the same load levels 
as for the f a s t e n e r s . 

7 . 4 . 2 . 3 . 2 . The Inverse R a m b e r g - O s g o o d m o d e l 

Table 6.3 and figure 6.4 show t h a t the R a m b e r g - O s g o o d m o d e l 
of the basic form of e q u a t i o n 7 . 7 , p r e d i c t e d the load-
d e f o r m a t i o n b e h a v i o u r of the 6mm bolt j o i n t b e t t e r with an 
averaged c u m m u l a t i v e load e r r o r of 0 . 1 6 0 , followed by 0.276 
for the 8mm bolt joint and 0.373 for the 10mm bolt j o i n t . 

The e m p i r i c a l f o r m u l a t i o n s of the m o d e l for the 6 , 8 , and 
10mm bolt j o i n t s , based on the p a r a m e t e r v a l u e s in t a b l e s 
D.4, D . 5 , and D.6 of a p p e n d i x D w e r e : 

Based on the data in the same t a b l e s in a p p e n d i x D for both 
the c o n n e c t o r s and j o i n t s , the p a r a m e t e r s are seen not to 

R = 1.4A/[1 + ( 1 . 4 A / 1 4 . 2 ) 13.5] ( 1 / 1 3 . 5 ) [7.14] 

R = 2.25A /[I + ( 2 . 2 5 A / 2 5 . 1 4 ) 15] (1/15) ... 

R = 2.35A /[I + ( 2 . 3 5 A / 3 3 . 4 ) 1 1 . 5 ] ( 1 / 1 1 . 5 ) 

[7.15] 

[7.16 
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o f f e r any c o n s i s t e n t p a t t e r n , e s p e c i a l l y the v a l u e of n 
w h i c h is an i n d i c a t o r of the rate of d e c a y of the c u r v e . 
B a s i c a l l y the h i g h e r the v a l u e of n, the l o w e r the rate of 
d e c a y of the l o a d - d e f o r m a t i o n c u r v e . B a s e d on this p r e m i s e 
and the values in the t a b l e s in a p p e n d i x D, it is seen that 
the value of n for the 8mm b o l t joint w a s the l o w e s t w h e r e a s 
it is the h i g h e s t for the same b o l t t e s t e d a l o n e . But 
w i t h i n limits of e x p e r i m e n t a l error the v a l u e s of p a r a m e t e r 
n are close enough i n d i c a t i n g the same s h a p e of c u r v e for 
the j o i n t s . The r e d u c t i o n in the v a l u e of K is due to the 
increased d e f o r m a t i o n in the j o i n t , w h e r e a s the same f a c t o r 
t e n d s to increase the v a l u e of n. It is i m p o r t a n t to p o i n t 
out now that the v a l u e s of the m o d e l are u n i q u e for e a c h 
b o l t size, since t h e m o d e of load r e s i s t a n c e t h o u g h 
g e n e r a l l y the same for all bolt s i z e s , is a l s o u n i q u e to 
e a c h individual b o l t (see s e c t i o n s 2.4.2.1 and 7 . 9 ) . 

7.5 Pure rotation M o m e n t - R o t a t i o n c u r v e s . 

T h e flexural m o m e n t - r o t a t i o n r e l a t i o n s h i p s are the m o s t 
i m p o r t a n t aspect of c o n n e c t i o n b e h a v i o u r and p r a c t i c a l l y all 
c o n n e c t i o n tests h a v e c o n c e n t r a t e d on the d e t e r m i n a t i o n of 
t h e s e p r o p e r t i e s . D u r i n g this r e s e a r c h , i d e a l i s e d pure 
r o t a t i o n load a p p l i c a t i o n m o d e s w e r e a s s u m e d in o r d e r to 
r e d u c e the many p a r a m e t e r s a f f e c t i n g the m o m e n t - r o t a t i o n 
c u r v e s of bolted c o n n e c t i o n s (see s e c t i o n 1 . 2 ) . T h e m a i n 
o b j e c t i v e of these t e s t s was to d e t e r m i n e the m o m e n t -
r o t a t i o n c h a r a c t e r i s t i c s of both the c o n n e c t o r s (bolts) as 
w e l l as the j o i n t s in p u r e r o t a t i o n . T h e n o n - l i n e a r 
m a t h e m a t i c a l m o d e l s as g i v e n by e q u a t i o n -1.32 and 4.39 w e r e 
u s e d to predict the e x p e r i m e n t a l m o m e n t - r o t a t i o n c u r v e s for 
e a c h bolt size and c o m p a r a t i v e a n a l y s i s of a c c u r a c y of 
p r e d i c t i o n done as o u t l i n e d in c h a p t e r 6 . 0 . T h e p r i n c i p l e 
of superposition w a s a p p l i e d to the d a t a o b t a i n e d to a s s e s s 
t h e relative c o n t r i b u t i o n s of both the b o l t and j o i n t 
m a t e r i a l to the o v e r a l l j o i n t r o t a t i o n . 

7.5.1 Connector m o m e n t - r o t a t i o n c u r v e s 

F i g u r e s 7.13, 7 . 1 4 , and 7.15 show the e x p e r i m e n t a l and non-
l i n e a r model p r e d i c t i v e m o m e n t - r o t a t i o n c u r v e s for the 6 , 8 , 
and 10mm bolts t e s t e d in pure r o t a t i o n . F i g u r e 7.16 is the 
p l o t of the m o m e n t - r o t a t i o n c u r v e s of the t h r e e b o l t s s i z e s 
t o g e t h e r . The g e n e r a l s h a p e of the c u r v e s o b t a i n e d is the 
same for each bolt s i z e , e x h i b i t i n g both the l i n e a r and non-
l i n e a r p o r t i o n s , w i t h a w e l l rounded c r e s t at the f a i l u r e 
l o a d s . 
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7 . 5 . 1 . 1 . Failure m o m e n t s 

T a b l e 7.5 shows the f a i l u r e m o m e n t s and c o r r e s p o n d i n g l o a d s 
b e i n g resisted by the b o l t s at f a i l u r e . The m o m e n t and b o l t 
r e s i s t a n c e loads w e r e c a l c u l a t e d b a s e d on the s c h e m e s of 
a n a l y s i s of a p p e n d i x E. 

T a b l e 7.5 Failure m o m e n t s and bolt load r e s i s t a n c e v a l u e s 

p= 
B O L T D I A M E T E R (mm) M O M E N T (kNm) BOLT LOAD (kN) 

6 1 0 . 94 109.4 

8 14 . 06 140.6 

10 17 .2 172.0 

The observed trend is t h a t of i n c r e a s i n g f a i l u r e m o m e n t w i t h 
b o l t s i z e . The c o r r e s p o n d i n g loads b e i n g r e s i s t e d by t h e 
b o l t s are c o n s i d e r a b l y high compared to t h o s e for the b o l t s 
loaded in pure s h e a r , as shown in t a b l e 7 . 4 . I d e a l l y t h e s e 
two v a l u e s are supposed to be the same b e a r i n g in m i n d t h a t 
the mode of load r e s i s t a n c e is by shear in b o t h c a s e s . B u t 
the load r e s i s t a n c e by the bolts in e i t h e r m o d e of l o a d i n g 
is not l i n e a r , h e n c e the p r i n c i p l e of s u p e r p o s i t i o n c a n n o t 
b e l i b e r a l l y a p p l i e d h e r e . 

The ultimate failure m o m e n t v a l u e s are c l o s e l y r e l a t e d to 
the bolt d i a m e t e r s . T h e b o l t d i a m e t e r r a t i o s for the 6, 8, 
and 10mm bolts are 1: 1.33: 1.67 r e s p e c t i v e l y , w h e r e a s the 
u l t i m a t e m o m e n t v a l u e r a t i o s are 1: 1.28: 1.57 for the 6, 8, 

192 



16_ 

c « 
0 

LWiIV-MrORKATION CliKi'ES I OK (. hh J0JH1 JH SHLAK 

J t 

r'/P' 
/ / f i 

t 

/ / 
s/ 

/ J A KFEBlKLNIfiL 

IS L DffONEKTJAL KO&EL 

0 RAKEERC-OSGOOD KOl'EL 

• i 4 I i 18 
.... j 

12 J' 

DEFORMATION, I) (n*> 

Figure 7.9 L o a d - d e f o r m a t i o n c u r v e s for the 6mm j o i n t s 
t e s t e d in pure s h e a r (data a p p . D , T a b . D . 4 ) 
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F i g u r e 7.11 Load-deforroation c u r v e s for 10mm j o i n t s 
tested i n p u r e s h e a r ( d a t a a p p . D , T a b D . 6 ) 
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COMPARATJUE LOAD-DEFORMATION CURUES JOINTS SHEAR 

F i g u r e 7.12 C o m p a r a t i v e l o a d - d e f o r m a t i o n c u r v e s for j o i n t s 
t e s t e d in p u r e s h e a r . 
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F i g u r e 7.13 M o m e n t - r o t a t i o n c u r v e s for 6 m m b o l t s i n p u r e 
r o t a t i o n . ( d a t a A p p . E , T a b . E . l ) 
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KOMEKJ-ROlftTJOH CURVES FOR 8 m BOLTS IK ROTATION 

F i g u r e 7.14 M o m e n t - r o t a t i o n curves for 8mm b o l t s in p u r e 
r o t a t i o n . (data A p p . E , T a b . E . 2 ) 
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a
n d 10mm b o l t s r e s p e c t i v e l y . T h o u g h the r a t i o s are n o t e x a c t l y 
the s a m e , they are c l o s e e n o u g h to serve as g u i d e l i n e s as to the 
kind of ultimate m o m e n t v a l u e s to e x p e c t w i t h o t h e r b o l t 
s i z e s , b u t this is a p o i n t t h a t m i g h t need f u r t h e r i n v e s t i g a t i o n . 

The two n o n - l i n e a r m a t h e m a t i c a l m o d e l s of e q u a t i o n s 4.32 and 4.39 
were u s e d t o predict t h e e x p e r i m e n t a l m o m e n t - r o t a t i o n c u r v e s 
after d e t e r m i n i n g the m o d e l p a r a m e t e r s as o u t l i n e d in s e c t i o n s 
4.6.2.1 and 4 . 6 . 3 . 1 . T h e a c c u r a c y of p r e d i c t i o n of e a c h m o d e l 

w a
s a s s e s s e d b y the s c h e m e s o f a n a l y s i s o f c h a p t e r 6 . 0 . 
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IB. 

-4=4 

h EXrEKlKEKifiL 

i EXPONENTIAL MODEL 
Q RAK8ERG-OSGOOD MODEL 

i — i — T ~ X 28 25 38 35 48 45 58 55 68 65 ?8 7$ 

ROTATION.8 <*,881 Radians) 

F i g u r e 7.15 M o m e n t - r o t a t i o n c u r v e s for 10mm b o l t s in p u r e 
r o t a t i o n . 
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F i g u r e 7.16 C o m p a r a t i v e m o m e n t - r o t a t i o n c u r v e s for bolts in 
pure r o t a t i o n . 
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7 . 5 . 1 . 2 . 1 . E x p o n e n t i a l m o d e l 

T h e b a s i c equation u s e d in t h e p r e d i c t i o n of the 
e x p e r i m e n t a l m o m e n t - r o t a t i o n c u r v e s for the c o n n e c t o r s 
l o a d e d in pure rotation w a s : 

M = M
0
 { 1 - exp [ - ( K + C0 ) 0 /Mq ]} [7.17] 

F r o m table 6.1 and figure 6 . 2 , it is s e e n t h a t t h i s m o d e l 
fitted the data for the 6mm b o l t b e t t e r w i t h an a v e r a g e d 
c u m m u l a t i v e m o m e n t error of 0 . 1 4 1 , f o l l o w e d by 0.369 for the 
10mm b o l t and 0.632 for the 8mm b o l t . F i g u r e s 7.13 to 7.15 
a l s o show g r a p h i c a l l y the c l o s e n e s s of fit of the m o d e l s to 
the e x p e r i m e n t a l d a t a . 

T h e b a s i c model p a r a m e t e r s (K and C) v a r i e d in such a w a y 
t h a t K increased w i t h b o l t d i a m e t e r : 5 0 0 , 600 and 890 for 
the 6, 8, and 10mm bolts r e s p e c t i v e l y , w h e r e a s the v a l u e of 
C s h o w e d no c o n s i s t e n t p a t t e r n of v a r i a t i o n b e i n g 2 4 0 9 0 , 
1 1 0 1 4 , and 13700 for the 6, 8, and 10mm b o l t s r e s p e c t i v e l y . 

T h e g r a p h i c a l p l o t s of f i g . 7.16 i n d i c a t e t h a t the p a r a m e t e r 
K for the 6 and 8mm b o l t s are c l o s e , as t h e s e s l o p e s are 
n e a r l y the s a m e , while that for the 10mm b o l t is h i g h . 
S i n c e the v a l u e of p a r a m e t e r C c a n n o t r e l a t e c o n s i s t e n t l y 
for e a c h bolt it can only be a t t r i b u t e d to the u n i q u e n e s s of 
load r e s i s t a n c e by each b o l t (see s e c t i o n 2 . 4 . 2 . 1 and 7 . 1 0 ) . 

G i v e n t h e model p a r a m e t e r s as s h o w n in t a b l e s E.l to E.3 in 
a p p e n d i x E , the c o r r e s p o n d i n g e m p i r i c a l r e l a t i n s for the 6 , 
8, and 10mm bolts in that order are: 

M = 10.94 { 1- exp [ - ( 5 0 0 + 24900 )0 / 1 0 . 9 4 } [7.18 

M = 14 .06{ l-exp[ -.(600 + 11014 0) 0 / 1 4 . 0 6 } [7.19] 

M = 17.20 { 1- 3xp [890 + 13700 0) 0 / 1 7 . 2 0 } [7.20 

7 . 5 . 1 . 2 . 2 . Inverse R a m b e r g - O s g o o d m o d e l 

T h e b a s i c form of this n o n - l i n e a r m a t h e m a t i c a l m o d e l u s e d in 
the p r e d i c t i o n o f the e x p e r i m e n t a l m o m e n t - r o t a t i o n c u r v e s 
for the c o n n e c t o r s in p u r e rotation w a s : 

M = K 0 /[I + (K0 /M
fl
)T n] T ( 1 / n ) [7.21] 
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Based on the p a r a m e t e r s d e t e r m i n e d from the e x p e r i m e n t a l 
data and shown in t a b l e s E.l to E.3 of a p p e n i d x E, the 
corresponding empirical r e l a t i o n s for the model for the 6, 8 
and 10mm bolts loaded in pure r o t a t i o n in that o r d e r are: 

M = 5000 /[I + (5000 /10.94 )T 6]T (1/6) [7.22 

M = 6000 /[I + (6000 /14.06)T 2.5]? (1/2.5) ..[7.23] 

M = 8900 /[I + (8900 /17.20 )T 2.5 ] T (1/2.5) ...[7.24] 

W h e r e a s the initial t a n g e n t s t i f f n e s s value increased w i t h 
bolt diameter that for p a r a m e t e r n d e c r e a s e d . For the 8 and 
10mm b o l t s , the value of p a r a m e t e r n was the same indicating 
that the general shape of the m o m e n t - r o t a t i o n c u r v e s to be 
the s a m e . This can be a s c e r t a i n e d from f i g . 7 . 1 6 . From 
table 6.1 and fig. 6 . 2 , the r a n k i n g of the model for e a c h 
bolt size was such that the a v e r a g e c u m m u l a t i v e m o m e n t e r r o r 
was least for the 6mm bolt at 0 . 1 0 0 , followed by 0.179 for 
the 10mm bolt and 0.540 for the 8mm b o l t . T h i s ranking 
c o m p a r e s well with t h a t for the e x p o n e n t i a l m o d e l . But in 
absolute terms the Inverse R a m b e r g - O s g o o d model had a b e t t e r 
fit than the e x p o n e n t i a l m o d e l . 

7.5.2 Joint m o m e n t - r o t a t i o n c u r v e s . 

Figures 7.17,7.18 and 7.19show the e x p e r i m e n t a l and non-
linear model p r e d i c t i v e m o m e n t - r o t a t i o n c u r v e s for j o i n t s 
loaded in pure r o t a t i o n . C o m p a r a t i v e p l o t s of the three 
joints are shown in figure 7.20.The g r a p h i c a l plots e x h i b i t 
the same general shape for the m o m e n t - r o t a t i o n c u r v e s . 
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MOKEKT-ROTATJON CURVES FOR £hh JOINT IN ROTATION 
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F i g u r e 7.17 M o m e n t - r o t a t i o n curves for the 6mm b o l t j o i n t s 
i n p u r e r o t a t i o n , (data A p p . E , T a b . E . 4 ) 
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H0KENT-R0TAT10H CURVES FOR 8MM JOINT IN HOT fill OH 

t EXPERIKDfTAL 
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ROTATION,0 <*.00i Radians) 

F i g u r e 7.18 M o m e n t - r o t a t i o n c u r v e s for 8mm b o l t j o i n t s in 
pure r o t a t i o n ( d a t a A p p . E, T a b . E . 5 ) 
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KOKEHT-BOTATIOH CUJRUES FOP, 10mk JOINT IN ROTATION 
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F i g u r e 7.19 M o m e n t - r o t a t i o n for 10mm b o l t j o i n t s in p u r e 
r o t a t i o n , (data A p p . E , T a b . E . 5 ) 
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IB. 
COKPARAHVE KOKEKI-FOIATIOH CURVES JOINTS ROTATION 
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F i g u r e 7.20 C o m p a r a t i v e m o m e n t - r o t a t i o n c u r v e s for j o i n t s in 
pure r o t a t i o n . 
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7 . 5 . 2 . 1 F a i l u r e m o m e n t s 

T a b l e 7.6 shows the u l t i m a t e m o m e n t s for the 6, 8 and 10mm 
b o l t j o i n t s and the c o r r e s p o n d i n g b o l t r e s i s t a n c e l o a d s 
a c t i n g on the joint at f a i l u r e . T h e v a l u e s w e r e c a l c u l a t e d 
b a s e d on the s c h e m e s of a n a l y s i s of a p p e n d i x E. C o m p a r e d to 
the u l t i m a t e m o m e n t s for the c o n n e c t o r s in t a b l e 7 . 7 , is is 
o b s e r v e d that the f a i l u r e m o m e n t for the 6mm bolt joint is 
h i g h e r that that for the i n d i v i d u a l b o l t , t h e same a p p l i e s 
for t h e 8mm bolt j o i n t . 

T a b l e 7.6 U l t i m a t e m o m e n t and j o i n t l o a d s 

B O L T D I A M E T E R (mm) M O M E N T (kNm) L O A D (kN) 

6 12.34 123.4 

8 14 .96 149.6 

10 14 .50 145.0 

T h e 10mm bolt joint f a i l e d at a load lower than t h a t for 
t h e i n d i v i d u a l b o l t . W h e r e a s the initial d e f o r m a t i o n for 
the 6 and 8mm b o l t j o i n t is n e a r l y the same for the 10mm 
b o l t j o i n t is d i f f e r e n t . T h e r e is more d e f o r m a t i o n in the 
10mm j o i n t than in the o t h e r two j o i n t s for a g i v e n load 
l e v e l . Due to the i n c r e a s e d d e f o r m a t i o n in the 10mm j o i n t , 
t h e j o i n t is likely to h a v e y i e l d e d e a r l i e r than the b o l t . 
T h i s w a s o b s e r v e d d u r i n g the t e s t i n g , in t h a t by the time 
l o a d i n g stopped t h e r e w a s c o n s i d e r a b l e d e f o r m a t i o n i n the 
j o i n t (see section 7 . 6 ) , as c o m p a r e d to the b o l t . I n f a c t in 
two of the tests t h e r e w a s a s i z e a b l e s p l i t along the c e n t r e 
of the R H S . This w a s a l o n g the p o i n t w h e r e the s e c t i o n w a s 
j o i n e d by w e l d i n g d u r i n g m a n u f a c t u r e . For the 6mm b o l t 
j o i n t , yielding w a s o b s e r v e d in b o t h the b o l t and the j o i n t 
m a t e r i a l , w h e r e a s for the 8mm b o l t j o i n t , t h e y i e l d i n g w a s 
m o r e p r o n o u n c e d in the j o i n t m a t e r i a l in two of the five 
t e s t s c a r r i e d o u t . 

A p a r t from the f a i l u r e of the j o i n t m a t e r i a l in the 10mm 
b o l t j o i n t , no t a n g i b l e e x p l a n a t i o n c a n be o f f e r e d for the 
h i g h m a g n i t u d e s of f a i l u r e l o a d s in o t h e r j o i n t s . The 
o b s e r v a t i o n here is at v a r i a n c e w i t h t h a t for the p u r e shear 
c a s e s w h e r e the j o i n t s f a i l e d at l o a d s lower than t h o s e for 
the i n d i v i d u a l b o l t s . 



T h e increased d e f o r m a t i o n w i t h b o l t d i a m e t e r can be 
a t t r i b u t e d to increased bearing a c t i o n of the b o l t s a g a i n s t 
t h e joint m a t e r i a l , an aspect e x e m p l i f i e d by the f a i l u r e 
m o d e s as outlined in s e c t i o n 7.6 . 

7.5.2.2 M o d e l l i n g of e x p e r i m e n t a l d a t a 

T h e n o n - l i n e a r m a t h e m a t i c a l m o d e l s of c h a p t e r 4.0 ( e q u a t i o n 
4 . 3 2 and 4 . 3 9 ) , w e r e used to p r e d i c t the e x p e r i m e n t a l d a t a 
for the joints loaded in pure r o t a t i o n . T h e c l o s e n e s s of 
fit of these m o d e l s to the e x p e r i m e n t a l d a t a w a s d o n e by u s e 
of the schemes of a n a l y s i s of c h a p t e r 6 . 0 . 

7.5.2.2.1 E x p o n e n t i a l m o d e l 

T h e same basic form of e q u a t i o n 7.17 w a s u s e d to p r e d i c t t h e 
e x p e r i m e n t a l m o m e n t - r o t a t i o n c u r v e s for the j o i n t s . T a b l e 
6.4 and figure 6.5 indicate t h a t t h e 8mm b o l t j o i n t 
e x p e r i m e n t a l data w a s p r e d i c t e d w i t h l e a s t c u m m u l a t i v e 
m o m e n t error of 0 . 0 8 0 , f o l l o w e d by 0.184 for the 6mm b o l t 
j o i n t , and then the 10mm bolt j o i n t w i t h an e r r o r of 0 . 3 2 5 . 
T h i s closeness of fit can also be a s s e s s e d from f i g u r e s 7.17 
to 7.19, for the j o i n t s . Based on the p a r a m e t e r s d e t e r m i n e d 
from the e x p e r i m e n t a l data and shown in t a b l e s E.4 to E.6 in 
a p p e n d i x E , the c o r r e s p o n d i n g e m p i r i c a l f o r m u l a t i o n s o f t h i s 
m o d e l for the 6, 8 and 10mm bolt in t h a t o r d e r w e r e : 

M = 12.34 {1-exp [ - ( 3 5 0 + 7 7 7 3 0 )0 /12.34 ]} [7.30 

M = 14.96 {1-exp [ - ( 3 3 3 . 3 + 6 0 2 9 0 )0 / 1 4 . 9 6 ] } [7.31 

M = 14.5 {1-exp [ - ( 2 4 0 + 3 1 8 4 0 )0 / 1 4 . 5 ] } [7.32 

C o n s i d e r i n g the p a r a m e t e r v a l u e s as s h o w n in the t a b l e s in 
a p p e n d i x E for both the c o n n e c t o r s and the j o i n t s , it is 
s e e n that the i n i t i a l t a n g e n t s t i f f n e s s v a l u e K , i n c r e a s e s 
w i t h the bolt d i a m e t e r for the c o n n e c t i o n p r o p e r t i e s w h e r e a s 
it decreases w i t h the b o l t d i a m e t e r for the j o i n t t e s t s . 
T h i s indicates that there was i n c r e a s e d d e f o r m a t i o n in t h e 
c a s e of joints as c o m p a r e d w i t h the c o n n e c t o r s a l o n e . T h e 
i n c r e a s e d joint d e f o r m a t i o n o f f s e t the b o l t d i a m e t e r e f f e c t 
on this p a r a m e t e r . The a b s o l u t e v a l u e s for the j o i n t s a r e 
l e s s than for the b o l t s also i n d i c a t i n g i n c r e a s e d 
d e f o r m a t i o n . 

F o r the c o n n e c t o r s p a r a m e t e r C s h o w e d no c o n s i s t e n c y w h e r e a s 
for the joint d a t a , there was a d e c r e a s e w i t h i n c r e a s e in 
b o l t d i a m e t e r . The c l o s e n e s s in the K and C c a l u e s for t h e 
6 and 8mm bolt j o i n t s c a n also be s e e n from figure 7.20 
w h i c h shows the two j o i n t s to have n e a r l y the same p r o f i l e 
for most of the m o m e n t v a l u e s . 
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7 . 5 . 2 . 2 . 2 . Inverse R a m b e r g - O s g o o d m o d e l 

E q u a t i o n 7.21 gives the basic form of the model as applied 
to the p r e d i c t i o n of the e x p e r i m e n t a l d a t a for the joints in 
pure r o t a t i o n . From table 6.4 and figure 6.5, this model 
p r e d i c t e d the 6mm bolt joint b e t t e r with an average 
c u m m u l a t i v e moment error of 0 . 1 2 2 , followed by 0.153 for the 
10mm bolt joint and 0.168 for the 8mm bolt j o i n t . Based on 
the model p a r a m e t e r s of appendix E, t a b l e s E.4 to E . 6 , the 
c o r r e s p o n d i n g empirical forms of the m o d e l for the 6, 8 and 
10mm bolt joints respectively w e r e : 

M = 3500 /[I + (3500 /12.34 )T 4.5JT (1/4.5) [7.33] 

M = 333.30 /[1+ (333.30 /14.96)T 4 .5 ] T (1/4.5) ...[7.34] 

M = 2400 /[I + (2400 /14 .5) T 5.0JT (1/5.0) [7.35] 

The p a r a m e t e r K follows the same trend as for the 
e x p o n e n t i a l m o d e l . G e n e r a l l y p a r a m e t e r n d e c r e a s e d for the 
6mm bolt joint and increased for the 8 and 10mm bolt joint 
as compared to the v a l u e s for the i n d i v i d u a l b o l t s , as shown 
in the relevant tables in a p p e n d i x E. The d i f f e r e n c e s 
indicate that there was increased d e f o r m a f i o n in the 8 and 
10mm bolt joints as compared to the individual b o l t s , 
w h e r e a s for the 6mm bolt j o i n t there was decreased 
d e f o r m a t i o n for given m o m e n t l e v e l s . The close numerical 
v a l u e s for p a r a m e t e r n for the j o i n t s indicates that the 
rate of decay or load resistance is t y p i c a l l y the same for 
all the joint types t e s t e d , more so for the 6 and 8mm bolt 
j o i n t s as shown in figure 7.20. 

7.6 F a i l u r e of test p i e c e s . 

The structural b e h a v i o u r of bolted c o n n e c t i o n s in cold 
formed steel c o n s t r u c t i o n is s o m e w h a t d i f f e r e n t from that in 
h o t rolled heavy c o n s t r u c t i o n m a i n l y b e c a u s e of the t h i n n e s s 
of the connected parts in the f o r m e r . During the conduct of 
the r e a s e r c h , there were three failure modes that were 
o b s e r v e d with c o m b i n a t i o n s of the three in some i n s t a n c e s . 
T h e s e were: 

(i) bearing or pilling up of m a t e r i a l infront of the bolt 
h o l e , 

(ii) tearing of the sheet in the net section of the joint 
m a t e r i a l , and 

(iii) Shearing of the b o l t . 
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Some of these m o d e s of f a i l u r e are r e v i e w e d in s e c t i o n 3 . 3 , 
and b r i e f l y d i s c u s s e d b e l o w as t h e y o c c u r r e d during the 
r e s e a r c h . 

7.6.1 S h e a r i n g of the b o l t s 

F i g u r e 3 . 1 5 ( b ) shows s c h e m a t i c a l l y the s h e a r i n g p r o c e s s in a 
b o l t e d j o i n t . T h i s m o d e o f f a i l u r e w a s o b s e r v e d d u r i n g the 
t e s t i n g of the c o n n e c t o r s and j o i n t s in b o t h p u r e s h e a r and 
p u r e r o t a t i o n . Plate 6.1 s h o w s t h e s e f a i l u r e m o d e s . The 
j o i n t s tested in pure s h e a r f a i l e d by s h e a r i n g of the bolt 
w i t h little d e f o r m a t i o n in the j o i n t m a t e r i a l for the 6 and 
8mm b o l t j o i n t s . No s h e a r f a i l u r e of t h e b o l t o c c u r r e d for 
the 10mm bolt j o i n t . T h e same t r e n d w a s o b s e r v e d for the 
j o i n t s tested in pure r o t a t i o n . 

A l t h o u g h some r e s e a r c h w o r k (71) i n d i c a t e s t h a t shear 
f a i l u r e in the bolt is e x p e c t e d to o c c u r at a s h e a r load 
e q u a l to 0.6 t i m e s the t e n s i l e s t r e n g t h of t h e b o l t , such a 
r e l a t i o n could not b e e s t a b l i s h e d d u r i n g t h i s r e s e a r c h w o r k . 

As in some i n s t a n c e s t h e u l t i m a t e s h e a r l o a d s o b s e r v e d were 
m u c h h i g h e r than the u l t i m a t e t e n s i l e l o a d s . 

7.6.2 B e a r i n g f a i l u r e 

T h i s kind o f failure n o r m a l l y o c c u r s w h e n the edge d i s t a n c e 
is not s u f f i c i e n t , and is a c c o m p a n i e d by c o n s i d e r a b l e j o i n t 
m a t e r i a l d e f o r m a t i o n . T h i s f a i l u r e w a s o b s e r v e d i n m o s t o f 
the j o i n t p r o p e r t y t e s t s , t h o u g h it w a s m o r e p r o n o u n c e d in 
the 10mm bolt j o i n t s . F i g u r e 7.21 s h o w s a d i a g r a m a t i c 
r e p r e s e n t a t i o n of the f a i l u r e . 

B e a r i n g failure can o c c u r d e p e n d i n g o n s e v e r a l p a r a m e t e r s , 
i n c l u d i n g the t e n s i l e s t r e n g t h , and t h i c k n e s s of the 
c o n n e c t e d p a r t s , the t y p e o f j o i n t , and the r o t a t i o n a l 
c a p a c i t y o f the j o i n t s . G e n e r a l l y h i g h t e n s i l e s t r e n g t h o f 
the c o n n e c t e d p a r t s , t h i c k s h e e t s , and h i g h l y f l e x i b l e b o l t s 
p r e v e n t b e a r i n g failure o f the c o n n e c t e d m a t e r i a l . 

In the 10mm b o l t j o i n t s , b e a r i n g f a i l u r e o c c u r r e d b e c a u s e of 
the low d e f o r m a t i o n c a p a c i t y of t h e b o l t s , the t h i n n e s s of 
the c o n n e c t e d m a t e r i a l ( 4 m m ) , and t h e low u l t i m a t e t e n s i l e 
s t r e n g t h o f the c o n n e c t e d m a t e r i a l ( 3 3 . 8 1 K N ) . 
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7.6.3 Tearing out of c o n n e c t e d m a t e r i a l 

T h i s kind of f a i l u r e w a s o b s e r v e d in the 10mm bolt j o i n t 
l o a d e d in pure r o t a t i o n . T h i s f a i l u r e m o d e is related to 
the stress c o n c e n t r a t i o n c a u s e d by: 

(i) p r e s e n c e of ' h o l e s ' , ' f l a w s ' , and ' p i p e s ' , in the 
connected m a t e r i a l . 

(ii) the c o n c e n t r a t e d l o c a l i s e d force t r a n s m i t t e d by the 
bolt to the c o n n e c t e d s h e e t s . 

T h i s failure o c c u r r e d b e c a u s e of the m o d e of m a n u f a c t u r e of 
the R H S (see s e c t i o n 7 . 1 0 ) w h i c h i n d u c e s r e s i d u a l s t r e s s e s , 
and also because of f a c t o r (ii) a b o v e . T h e l o c a t i o n of the 
10mm bolt h o l e s on the test j o i n t p i e c e s for the p u r e 
r o t a t i o n case was a l o n g the c e n t r e l i n e of the R H S , and it 
w a s along this same line w h e r e the RHS w a s w e l d e d d u r i n g the 
c o l d forming m a n u f a c t u r i n g p r o c e s s . The c o n c e n t r a t e d s t r e s s 
a c t i n g along this w e l d a m e n t from the b o l t s c o u p l e d w i t h the 
a l r e a d y exsisting r e s i d u a l s t r e s s e s in the j o i n t m a t e r i a l 
c o u l d have led to the o b s e r v e d f a i l u r e in the 10mm b o l t 
j o i n t test p i e c e s in p u r e r o t a t i o n , as s h o w n in figure 7 . 2 2 . 

7.7 E f f e c t s of i n i t i a l b o l t p r e - l o a d . 

R e s u l t s from s e v e r a l e x p e r i m e n t a l w o r k s c a r r i e d o u t indicate 
t h a t there is c o n s i s t e n t p a t t e r n of v a r i a t i o n of the b o l t s 
'or j o i n t s ' u l t i m a t e s t r e n g t h s w i t h i n i t i a l b o l t p r e - l o a d 
( 3 4 ) . The reasons for t h i s being that: 

(i) w h e n a bolt is t o r q u e d to a c e r t a i n p r e - l o a d , m o s t of 
the inelastic d e f o r m a t i o n d e v e l o p in the t h r e a d e d 
portion of the b o l t . T h u s it is e x p e c t e d that the 
internal b o l t t e n s i o n has less i n f l u e n c e on the 
u l t i m a t e s t h r e n g t h . 

(ii) at u l t i m a t e s t r e n g t h there is little i n i t i a l c l a m p i n g 
force remaining in t h e b o l t . 

D u r i n g this r e s e a r c h all t h e b o l t s w e r e hand t i g h t e n e d . 
T h i s was to ensure t h a t no p r e - l o a d was i n t r o d u c e d , as the 
n o n - l i n e a r m o d e l s u s e d did n o t take a c c o u n t o f t h i s a s p e c t 
as a research p a r a m e t e r . T h i s w a s a i m e d at a v o i d i n g the 
i n t r o d u c t i o n of f r i c t i o n a l f o r c e s in the t e s t p i e c e s . But 
an a s p e c t observed d u r i n g the r e s e a r c h t h a t could be l i n k e d 
to the absence of i n i t i a l b o l t p r e - l o a d w a s the i n i t i a l 
s l i p . Absence o f c l a m p i n g force a g a i n s t the c o n n e c t e d p a r t s 
b e c a u s e of hand t i g h t e n i n g could h a v e had an added e f f e c t on 
the m a g n i t u d e of the i n i t i a l slip o b s e r v e d . a l t h o u g h a f t e r 
s l i p , this lack of b o l t p r e - l o a d b e c a m e i n s i g n i f i c a n t as the 
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b o l t s started to r e s i s t the applied l a o d s in m o d e s akin 
t h o s e of joints t h a t had no p r e - l o a d . 

7.8 L o c a t i o n of shear p l a n e s and faying s u r f a c e c o n d i t i o n . 

F i g u r e 3.33 shows the e f f e c t of shear p l a n e l o c a t i o n on the 
l o a d - d e f o r m a t i o n c u r v e s for b o l t s and j o i n t s in s h e a r . The 
t e s t s of this r e s e a r c h w e r e designed such t h a t the shear 
p l a n e s of the test p i e c e s w e r e t h r o u g h the b o l t s h a n k . B u t 
the s h e a r stress d i s t r i b u t i o n w h i c h is n o n - u n i f o r m has a 
p e a k v a l u e at the c e n t r e of the s h a n k , at w h i c h p o i n t the 
b o l t b e a r s d i r e c t l y on the c o n n e c t e d p a r t s (refer to figure 
3.18 and section 3 . 3 . 2 ) . W h e n b o l t e d c o n n e c t i o n s are 
s u b j e c t e d to s h e a r , it is u s u a l l y a s s s u m e d in the 
c a l c u l a t i o n s that t h e r e is no friction b e t w e e n the faying 
s u r f a c e s , and t h a t the force a p p l i e d is r e s i s t e d by shear 
a l o n e and bearing of t h e b o l t s and c o n n e c t e d p a r t s . 

K u l a k et al (34) r e p o r t from their r e s e a r c h f i n d i n g t h a t 
f a y i n g surface c o n d i t i o n s a f f e c t the u l t i m a t e l o a d s of the 
j o i n t s . The faying s u r f a c e of the c o n n e c t e d p a r t s d u r i n g 
t h i s research were u n m i l l e d , hence some of the a p p l i e d load 
w e n t into o vercoming t h e f r i c t i o n b e t w e e n t h e m . T h i s c o u l d 
have b e e n the r e a s o n w h y such h i g h u l t i m a t e load and m o m e n t 
v a l u e s were o b s e r v e d . In normal c o n d i t i o n s , the faying 
s u r f a c e o f c o n n e c t e d p a r t s are n e i t h e r c l e a n m i l l n o r 
l u b r i c a t e d , but u s u a l l y u n m i l l e d . Thus the f a i l u r e loads 
o b t a i n e d during this r e s e a r c h m i g h t be i n d i c a t i v e of the 
e x p e c t e d load r e s i s t a n c e s and failure l o a d s in a c t u a l 
c o n n e c t i o n types w i t h t h e same loading c o n d i t i o n s . 
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r \ n _ I 

F i g u r e 7.21 Bearing f a i l u r e c o n n e c t e d m a t e r i a l 
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BOLT HOLE 

F i g u r e 7.22 F a i l u r e by 
m a t e r i a l . 

t e n s i o n t e a r - o u t o f c o n n e c t e d 
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7.9 I m p e r f e c t i o n e f f e c t s . 

S e c t i o n 2.3.5 of c h a p t e r 2.0 has a g e n e r a l r e v i e w of t h e 
i m p e r f e c t i o n e f f e c t s of the m e c h a n i c a l b e h a v i o u r of 
s t r u c t u r a l m a t e r i a l s . The s t r e s s - s t r a i n c u r v e s o b t a i n e d f o r 
the m a t e r i a l s used in the r e s e a r c h (see f i g u r e 7.1 to 7 . 4 ) . 

S e c t i o n 7 . 4 ) , i n d i c a t e t h a t there w a s c o n s i d e r a b l e r e s i d u a l 
s t r e s s e f f e c t on t h i s p o r p e r t y (see s e c t i o n 3 . 3 . 3 . 2 ) . 

A d d e d to the r e s i d u a l stress e f f e c t s d u e to t h e 
m a n u f a c t u r i n g p r o c e s s w e r e those due to the f a b r i c a t i o n of 
the t e s t joint a s s e m b l i e s . S e c t i o n 3 . 3 . 3 . 2 r e v i e w s t h e 
r e s i d u a l stress e f f e c t s on load c a p a c i t y and yield of 
u l t i m a t e load c a p a c i t y , i nd icating that y i e l d i n g may o c c u r 
at e i t h e r a lower or h i g h e r load level t h a n in a s t r e s s free 
s y s t e m for large scale r e s i d u a l s t r e s s e s . A s l o the p r e s e n c e 
of r e s i d u a l s t r e s s e s of the large s c a l e type m a y c a u s e 
a c t u a l decay o f y i e l d . The o b s e r v a t i o n s d u r i n g the r e s e a r c h 
i n d i c a t e d failure l o a d s that w e r e h i g h e r than t h o s e 
i n i t i a l l y a n t i c i p a t e d , i nd icating a p o s s i b l e p r e s e n c e of 
l a r g e scale r e s i d u a l s t r e s s e s in the m a t e r i a l s u s e d . 

7.10 A p p l i c a b i l i t y of s u p e r p o s i t i o n to t e s t d a t a . 

A p p e n i d x H c o n t a i n s d a t a to w h i c h t h e p r i n c i p l e of 
s u p e r p o s i t i o n has b e e n a p p l i e d . T h i s w a s d o n e in o d e r to 
e v a l u t e the r e l a t i v e c o n t r i b u t i o n s of the b o l t s and j o i n t 
m a t e r i a l t o the o v e r a l l j o i n t d e f o r m a t i o n . T h i s p r i n c i p l e 
of s u p e r p o s i t i o n w a s limited in that it c o u l d only be 
a p p l i e d w i t h i n the e l a s t i c range of both the b o l t and j o i n t 
m a t e r i a l . T h i s m e a n s that i t can o n l y b e v a l i d i n 
s t r u c t u r a l a n a l y s i s w h e n e v e r the q u a n t i t y to be d e t e r m i n e d 
is a l i n e a r f u n c t i o n of the a p p l i e d l o a d s . S u p e r p o s i t i o n is 
not v a l i d if the g e o m e t r y of the s t r u c t u r e c h a n g e s 
a p p r e c i a b l y during l o a d i n g . I n a d d i t i o n , H o o k e ' s law m u s t 
hold for the m a t e r i a l of the s y s t e m . T h u s , t h o u g h 
s u p e r p o s i t i o n can be a p p l i e d to the e x p e r i m e n t a l d a t a in the 
l i n e a r range of the l o a d and d e f o r m a t i o n of the t e s t j o i n t 
s p e c i m e n s , the same c a n n o t be said of the n o n - l i n e a r r a n g e . 
The o t h e r snag e n c o u n t e r e d in the a p p l i c a t i o n of t h i s 
p r i n c i p l e was the fact t h a t the l i n e a r r a n g e s of the b o l t s 
and the joint m a t e r i a l w e r e not the s a m e , as the two 
m a t e r i a l s y i e l d e d at d i f f e r e n t load l e v e l s . T h u s a g r e a t 
d e a l of the w o r k n e e d s to be done on t h e s e a s p e c t s b e f o r e 
any t a n g i b l e c o n c l u s i o n s c a n b e m a d e . 
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7.11 Rank ing of the mathematical m o d e l s . 

The main objective of this research w a s to i d e n t i f y s u i t a b l e 
m a t h e m a t i c a l m o d e l s that could b e s t d e s c r i b e t h e n o n - l i n e a r 
b e h a v i o u r of bolted connections l o a d e d in p u r e s h e a r and 
pure r o t a t i o n . Two non-linear m a t h e m a t i c a l m o d e l s n a m e l y , 
E x p o n e n t i a l model and the R a m b e r g - O s g o o d m o d e l , w e r e used to 
p r e d i c t the e x p e r i m e n t a l l o a d - d e f o r m a t i o n and m o m e n t -
rotation data for the loading c a s e s a d o p t e d . The m o d e l s 
were applied to the connector as w e l l as t h e j o i n t d a t a . 
The model ranking was arrived at b a s e d on t h e s c h e m e s of 
a n a l y s i s as outlined in chapter 6 . 0 . T a b l e s 7.7 and 7.8 
show the model ranking for pure s h e a r and pure r o t a i o n 
loading cases for the connectors and j o i n t 

Table 7.7 Model ranking for pure s h e a r l o a d i n g 

BOLT D I A M E T E R (mm) RANKING 

BOLT J O I N T 

1 2 1 2 

6 E x p Ram Ram E x p 
8 Ram Exp Ram E x p 
10 Ram Exp Ram E x p 

Key: 

Ram = Inverse R a m b e r - O s g o o d m o d e l 

Exp = Exponential m o d e l 
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T a b l e 7.8 R a n k i n g o f m o d e l s for p u r e r o t a t i o n 

B O L T D I A M E T E R (mm) R A N K I N G 

BOLT J O I N T 

1 2 1 2 

6 Exp Ram Ram E x p 
8 Ram Exp R a m Exp 
10 Ram Exp Ram Exp 

T h u s o v e r a l l , the I n v e r s e R a m b e r g - O s g o o d model w a s b e t t e r 
a t p r e d i c t i n g the n o n - l i n e a r b e h a v i o u r o f b o l t e d c o n n e c t i o n s 
in b o t h p u r e shear and pure r o t a t i o n , for the m a t e r i a l s , 
l o a d i n g and e x p e r i m a n t a l c o n d i t i o n s o f t h i s r e s e a r c h . 
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C H A P T E R E I G H T 

C O N C L U S I O N S A N D R E C C O M E N D A T I O N S 
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8.1 C O N C L U S I O N S 

T h i s r e s e a r c h p r o j e c t set out to i n v e s t i g a t e the load-
d e f o r m a t i o n and m o m e n t - r o t a t i o n c h a r a c t e r i s t i c s of b o l t e d 
c o n n e c t i o n s loaded in p u r e s h e a r and pure r o t a t i o n 
r e s p e c t i v e l y , and to d e v e l o p m a t h e m a t i c a l m o d e l s that c o u l d 
b e s t d e s c r i b e this b e h a v i o u r . 

F r o m t h i s i n v e s t i g a t i o n it w a s c o n c l u d e d that r e s i d u a l 
s t r e s s e s of the large scale type w e r e p r e s e n t in the 
m a t e r i a l s used during t h e r e s e a r c h . Some of the r e s i d u a l 
s t r e s s e s could be t r a c e d to the m e t h o d of m a n u f a c t u r e w h i l e 
o t h e r s could be t r a c e d to the f a b r i c a t i o n a s p e c t s of the 
t e s t j o i n t a s s e m b l i e s . 

B a s e d of the e x p e r i m e n t a l d a t a o b t a i n e d d u r i n g the r e s e a r c h , 
it is c o n c l u d e d that b o l t e d c o n n e c t i o n s l o a d e d in pure s h e a r 
and p u r e r o t a t i o n b e h a v e in a n o n - l i n e a r m a n n e r and t h a t 
t h e y are not s u b j e c t to the simple p r i n c i p l e s of 
s u p e r p o s i t i o n in t e r m s of load r e s i s t a n c e as this is 
e s s e n t i a l l y c o m p l e x . T h e c o n n e c t i o n b e h a v i o u r was also 
found to be best d e s c r i b e d as s e m i - r i g i d and c a n n o t as such 
be s u b j e c t to the c o n v e n t i o n a l a s s u m p t i o n s of fully rigid or 
f u l l y p i n n e d as found in the d e s i g n c o d e s . The d e g r e e of 
s e m i - r i g i d i t y of these j o i n t s c o u l d not be assesed owing to 
the l i m i t e d amount o f e x p e r i m e n t a l w o r k c a r r i e d o u t . T h e 
I n v e r s e R a m b e r g - O s g o o d m o d e l w a s ranked as the b e s t in 
p r e d i c t i n g the b e h a v i o u r of b o t h the b o l t s and joints l o a d e d 
in p u r e shear and p u r e r o t a t i o n , using the m a t e r i a l s 
a v a i l a b l e and the p r e v a i l i n g r e s e a r c h c o n d i t i o n s . 

As c o n c e r n s the a p p l i c a b i l i t y of the p r i n c i p l e of 
s u p e r p o s i t i o n to the e x p e r i m e n t a l d a t a , it is c o n c l u d e d t h a t 
the r e s u l t s o b t a i n e d c a n n o t b e a p p l i e d g e n e r a l l y u n t i l 
s u f f i c i e n t w o r k has been done o n the r e l a t i o n s h i p b e t w e e n 
the b o l t and j o i n t m a t e r i a l yield l o a d s , and t h e i r 
d e f o r m a t i o n in b o t h the l i n e a r and n o n - l i n e a r r a n g e s . 

T h u s the r e l a t i v e c o n t r i b u t i o n of the b o l t s and j o i n t 
m a t e r i a l to the o v e r a l l j o i n t d e f o r m a t i o n as shown in 
a p p e n d i x H c a n n o t be r e c o m m e n d e d for i n c o r p o r a t i o n in the 
a n a l y s i s and d e s i g n o f s t r u c t u r a l s y s t e m s . 

Of i m p o r t a n c e to the d e v e l o p m e n t of s t r u c t u r a l a n a l y s i s 
t e c h n i q u e s is the fact t h a t in m o s t b o l t e d c o n n e c t i o n s u s e d 
in s t r u c t u r a l s y s t e m s t h e r e m a y be c o n s i d e r a b l e j o i n t 
m a t e r i a l d e f o r m a t i o n w h i c h are n o r m a l l y o v e r l o o k e d and w h i c h 
c o u l d e c o n o m i z e the w h o l e d e s i g n p r o c e s s if t h e y w e r e to be 
a c c o u n t e d for a t the a n a l y s i s s t a g e . A l s o such c o n n e c t i o n s 
s h o u l d b e s t be t r e a t e d as s e m i - r i g i d , and the n o n - l i n e a r 
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a s p e c t s of their V l o a d r e s i s t a n c e i n c o r p o r a t e d in t h e i r 
a n a l y s i s and d e s i g n . 

W i t h m o r e research w o r k r e l a t i o n s c a n be d e v e l o p e d for 
v a r i o u s bolt size and m a t e r i a l t y p e s and t h i c k n e s s e s to 
e n a b l e m o r e realistic a n a l y s i s and d e s i g n i n c o r p o r a t i n g each 
c o m p o n e n t s c o n t r i b u t i o n t o the r e s u l t i n g s t r u c t u r a l 
b e h a v i o u r of a given s y s t e m . T h e s e a r e a s p e c t s that w i l l be 
of g r e a t importance to s t r u c t u r a l e n g i n e e r s in t h a t they 
w i l l a p p r e c i a t e real s t r u c t u r a l b e h a v i o u r in t e r m s of the 
t y p e and g e o m e t r y of the c o n n e c t i o n s e m p l o y e d . 

8.2 R E C O M M E N D A T I O N S 

T h e scope of research on the b e h a v i o u r of b o l t e d c o n n e c t i o n s 
is w i d e , and it m i g h t take a l o n g t i m e b e f o r e s u b s t a n t i v e 
c o n c l u s i o n s and v i a b l e data on the f o r c e d e f o r m a t i o n 
c h a r a c t e r i s t i c s are o b t a i n e d . b a s e d on the r e s e a r c h 
f i n d i n g s , the following r e c o m m e n d a t i o n s are m a d e : 

(i) m o r e research w o r k be done on the m a t e r i a l p r o p e r t i e s 
of both the b o l t s and RHS a v a i l a b l e on the m a r k e t . 
T h i s is to give i n f o r m a t i o n on the s t a t i c b e h a v i o u r of 
these m a t e r i a l s in t e n s i o n , c o m b i n e d t e n s i o n and s h e a r , 
d o u b l e s h e a r , t o r s i o n and c o m b i n a t i o n s of these loading 
m o d e s . This is b a c a u s e m o s t m a t e r i a l s used in 
s t r u c t u r a l systems are loaded in v a r i o u s c o m b i n e d m o d e s 
of these c a s e s . 

(ii) u s i n g the same r e s e a r c h c o n d i t i o n s an i n v e s t i g a t i o n of 
e f f e c t s of the f o l l o w i n g f a c t o r s on the load-
d e f o r m a t i o n c u r v e s b e d o n e . 

(a) initial bolt p r e - l o a d 
(b) c o n d i t i o n s of the faying s u r f a c e 
(c) bolt d i a m e t e r 
(d) bolt type and g r a d e 
(e) c o n n e c t e d m a t e r i a l size and type 

(iii) i n v e s t i g a t e the p o s s i b i l i t y of u s i n g o t h e r 
m a t h e m a t i c a l m o d e l s in d e s c r i b i n g the load-
d e f o r m a t i o n c u r v e s o b t a i n e d . A l s o a n a s s e s m e n t 
of the e f f e c t of including the s t r a i n - h a r d e n i n g 
e f f e c t factor in the E x p o n e n t i a l m o d e l to asses 
the e f f e c t on the a c c u r a c y of fit to the 
e x p e r i m e n t a l d a t a . 
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A P P E N D I X A 

M A T E R I A L R E Q U I R E M E N T F O R P U R E S H E A R T E S T S 

A . 1 B O L T S I Z E S A N D N U M B E R S 

T h e b o l t s u s e d i n t h i s r e s e a r c h w e r e o f t w o d i f f e r e n t l e n g t h s , 
t h o s e for c o n n e c t o r p r o p e r t y t e s t s a n d t h o s e for the j o i n t 
p r o p e r t y t e s t s . T h r e e d i f f e r e n t d i a m e t e r s w e r e u s e d for e a c h s e t 
o f t e s t . T h e b o l t s w e r e h i g h t e n s i l e h e x a g o n h e a d e d t y p e t o B S 
3 6 9 2 , G r a d e 8 . 8 Z i n c p l a t e d t o B S 1 7 0 6 : c l a s s B , and s u p p l i e d b y 
G F K e n y a l i m i t e d . F i v e t e s t s w e r e c o n d u c t e d for e a c h b o l t 
d i a m e t e r . 

T a b l e A . l N u m b e r s , s i z e s a n d l e n g t h s o f b o l t s f o r p u r e t e s t s 

B o l t c o n n e c t o r p r o p e r t y t e s t s joints property test 
d i a m e t e r 
m m l e n g t h n u m b e r l e n g t h n u m b e r 

6 75 5 125 5 
8 75 5 125 5 
10 75 5 125 5 

E a c h b o l t w a s p r o v i d e d w i t h t w o (2) w a s h e r s t o B S 4 3 2 0 . 

A . 2 . 1 C o n n e c t o r p r o p e r t y t e s t s . 
T h e t e s t i n g rig u t i l i z e d s t e e l p l a t e s 2 5 m m t h i c k . O n l y o n e 
s e t o f e q u i p m e n t w a s d e s i g n e d a n d f a b r i c a t e d , and i t w a s 
u s e d f i v e t i m e s for e a c h b o l t s i z e t e s t e d . 
(a) S t e e l p l a t e s : (i) 2 N o s 25 by 100 by 225 

( i i ) 2 N o s 25 b y 100 b y 75 
(b) S i d e s t r i p s : 4 N o s f l a t 6 by 25 by 75 
(c) r o l l e r g u i d e s : 4 N o s 6mm 0 by 75 b o l t s c o m p l e t e w i t h 

w a s h e r s 

A . 2 . 2 J o i n t p r o p e r t y t e s t s . 
T h e s e t e s t s u s e d r e c t a n g u l a r h o l l o w s e c t i o n s ( R H S ) o f 
s i z e 150 b y 5 0 b y 4 m m . E a c h b o l t s i z e r e q u i r e d f i v e 
(5) n u m b e r s t e s t i n g r i g s . T h e r o l l e r g u i d e , s i d e 
s t r i p , and h o l d i n g b o l t r e q u i r e m e n t s w e r e a s i n A . 2 . 1 , 
e x c e p t i n g t h e l e n g t h o f t h e s t r i p s b e i n g 1 2 5 m m . T h e 
R H S r e q u i r e m e n t s w e r e a s f o l l o w s : 
(a) 30 N o s 150 b y 50 by 4 b y 225 
(b) 30 N o s 150 b y 50 by 4 75 
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A P P E N D I X B 
M A T E R I A L R E Q U I R E M E N T S FOR R O T A T I O N A L T E S T I N G E Q U I P M E N T 

(a) P u l l e y system a s s e m b l y A and B 

(i) 2 No 0 100 by 75 mm steel w i r e rope p u l l e y s w i t h 20 mm 
b o r e . 

(ii) 2 No 0 20mm by 100 s h a f t s 

( i i i ) 4 No 75 by 50mm s u p p o r t b l o c k s w i t h 20mm b o r e 

( iv) 4 No 0 12.5mm by 100 b o l t s c o m p l e t e w i t h n u t s and 
w a s h e r s . 

(v) 2 No 350 by 150 by 12.5mm s t e e l p l a t e s . 

H a l f of these c o m p o n e n t s w e r e u s e d for e a c h of the p u l l e y 
s y s t e m s A or B in b o t h the c o n n e c t o r and j o i n t p r o p e r t y 
t e s t s . 

(b) C a b l e p u l l i n g s y s t e m s c or c 

(i) 2 No 10mm 0 by 3 500mm long steel w i r e r o p e s . 
(ii) 1 No 102 by 64 by 7.44kg j o i s t used as l o a d i n g b e a m . 

(c) C o n n e c t o r p r o p e r t y t e s t i n g r i g . 

(i) 1 No 840 by 200 by 25mm steel p l a t e d r i l l e d w i t h 6, 8, 
and 10mm 0 h o l e s on a 100mm 0 c i r c l e c o n c e n t r i c w i t h 
plate c e n t r e . 

(ii) 1 No 500 by 200 by 25mm steel p l a t e d r i l l e d w i t h 6, 8, 
and 10mm h o l e s on a 100mm 0 c i r c l e c o n c e n t r a t e w i t h 
plate centre to m a t c h t h o s e on p l a t e in (i) a b o v e 

(d) J o i n t p r o p e r t y t e s t i n g r i g . 

(i) 15 N o . 150 by 50 by 4 by 840 RHS 
(ii) 15 No 150 by 50 by 500 R H S 

T h e s e R H S w e r e d r i l l e d w i t h h o l e s as in (c) a b o v e i n d i c a t e d in 
f i g u r e 5 . 8 . 
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A P P E N D I X C 

C A L C U L A T I O N O F J O I N T R O T A T I O N 

L e n g t h of arc r u l e . 

The l e n g t h of an arc d e p e n d s on the angle it s u b t e n d s at the 
c e n t r e of the circle; the t o t a l a n g l e s u b t e n d e d at the c e n t r e 
b e i n g 3 6 0 , this being the a n g l e s u b t e n d e d by t h e c i r c u m f e r e n c e . 
In g e n e r a l , 

arc length = angle in d e g r e e (C.l) 

c i r c u m s t a n c e 360 
or 

arc length = 2xnxrx a n g l e in d e g r e e 

360° 

th u s l
c
 = r x 0 / 5 7 . 3 ( C . 2 ) 

w h e r e 1, is the arc length c> 

r the r a d i u s of the c i r c l e 

0 is the a n g l e in d e g r e e s 

If the arc is e x a c t l y e q u a l in l e n g t h to the r a d i u s , the angle 
then s u b t e n d e d ought to s e r v e as a u s e f u l u n i t of m e a s u r e m e n t , 
for one a l w a y s e x p r e s s e s c i r c u m f e r e n c e in t e r m s of the r a d i u s . 
This a n g l e is known as the r a d i a n . 

If the c h o r d 'were equal to the r a d i u s , the c e n t r a l a n g l e would 
be 60°, so that when the a r c is i n v o l v e d in t h e same w a y the 
angle m u s t be slightly less than 60

c

' 

A c t u a l l y the radius is c o n t a i n e d 2n t i m e s in the c i r c u m f e r e n c e , 
h e n c e . 

2u r a d i a n s = 360° (C . 3 ) 
i . e . 1 radian =360° = 5 7.3° (C . 4 ) 

2n 

Thus to c o n v e r t from d e g r e e s to r a d i a n s d i v i d e by 57.3°. R a d i a n 
as c i r c u l a r m e a s u r e is t h e m o s t n a t u r a l s y s t e m of a n g u l a r 
m e a s u r e m e n t . A simple rule for the l e n g t h of an arc now be 
e s t a b l i s h e d . 
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L e n g t h of arc 
1 

= 2irr x angle in d e g r e e s 
3 6 0 ° 

= 2nr x a n g l e in d e g r e e s 

l
c
 = r x a n g l e s u b t e n d e d by t h e arc 

e x p r e s s e d in r a d i a n s 

l
c
 = r x 0 (C. 5) 

w h e r e l
c
 = arc length 

r = r a d i u s 
0 = a n g l e in r a d i a n s 

F I G U R E C.l G e o m e t r i c D e t e r m i n a t i o n of a n g l e of arc 
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APPENDIX D 

SCHEME OF A N A L Y S I S OF PURE S H E A R T E S T DATA 

D.l Scheme of analysis 

(a) Proposed m o d e l s 

(i) R = R
0
 {l-exp[-(i+C A) A / R o ] } 

(ii)R = K A/{1+(K A/Ro)Tn)T(1/n) 

(b) Fit the models to c o n n e c t o r p r o p e r t y t e s t data for the 
bolt diameter 6mm, 8mm and hence d e t e r m i n e p a r a m e t e r s : 
(i) Ki and C 
(ii ) K and n 

(c) For each bolt d i a m e t e r at g i v e n d e f o r m a t i o n D 
determine the loads from the m o d e l s a b o v e . 

(d) Fit the models to the e x p e r i m e n t a l data and the 
accuracy of p r e d i c t i o n of e a c h m o d e l as laid down in 
chapter 6 . 0 . 

(f) By principle of s u p e r p o s i t i o n o b t a i n the relative 
contribution of the joint m a t e r i a l and bolt to the 
overall joint d e f o r m a t i o n . 
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T A B L E D.l Load - d e f o r m a t i o n data f o r 6mm d i a m e t e r b o l t t e s t e d 
in pure s h e a r . 

j T E S T T Y P E P U R E S H E A R 

M A T H E M A T I C A L 1. R = K A L I N E A R 
M O D E L S 2. R 

s

 Rn U -e x p [ - ( i + C ,A/Ro] } E X P O N E N T I A L 
3. R = K

s
A/{l + (K

f
A/Ro)

n , 1 / n

' R A M B E R G 

C O N S T A N T S 1 . K = 19 kN/mrn 
2. R

n
 = 19. 68 k N , K; = 19 k N / m m , C = 2 6 . 07 

3. R

c = 1 9 ' 08 k N , K = 19 k N / m m , n = 8. r 

D E F O R M A T I O N L O A D S , R kN 
A mm 

E X P E R I M E N T A L L I N E A R E X P O N E N T I A L R A M B E R G 

0.0 0.0 0.0 0.0 0.0 
0.2 4.34 3.8 4 .28 3.5 
0.4 9.3 7.6 8.78 7.60 
0.6 13.92 11.4 12.66 11 . 38 
0.8 16.44 15.2 15.49 14 . 96 
1.0 17.86 19.0 17.28 17.55 
1.2 18. 76 22.8 18.27 18.64 
1.4 19.08 26.4 18.75 18. 95 
1.6 18. 76 30.4 18.96 19.04 
1.8 18.22 34.2 19.04 19.06 
2.0 17.8 38.8 19.07 19.07 
2.2 

• •a 
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T A B L E D . 2 L o a d - d e f o r m a t i o n d a t a for 8 m m d i a m e t e r b o l t t e s t e d i n 
p u r e s h e a r 

T E S T T Y P E P U R E S H E A R 

M A T H E M A T I C A L 1. R = K& L I N E A R 
M O D E L S 2. R = R

0
 { 1 - e x p [ - ( j + C A) A/R°]} E X P O N E N T I A L 

3. R = K A/ { 1+ ( K A / R o )
n

 R A M B E R G 

C O N S T A N T S 1 . K = 4 5 k N / m m 
2. R

fl
 = 29.3 k N , Kj = 4 5 k N / m m , C = 2 3 . 7 3 

3. R„ = 29.3 k N , K
g
 = 4 5 k N / m m , n = 2 . 5 

D E F O R M A T I O N L O A D S , R kN 
A m m 

E X P E R I M E N T A L L I N E A R E X P O N E N T I A L R A M B E R G 

0 . 0 0.0 0.0 0.0 0.0 
0 . 2 9.14 9.0 8.44 8 . 8 2 
0.4 16.64 18.0 2 5 . 3 5 1 6 . 2 3 
0 . 6 2 0 . 8 8 27.0 2 0 . 59 21 . 27 
0 . 8 2 3 . 6 3 36.0 24 .19 24 .29 
1.0 2 5 . 6 1 45.0 2 6 . 4 9 2 6 . 0 4 
1.2 27.21 54.0 2 7 . 8 5 2 7 . 0 9 
1 .4 2 8 . 4 9 63.0 2 8 . 6 0 27.7 
1.6 29.11 72.0 2 8 . 9 8 28.14 
1 . 8 2 9 . 2 9 81.0 2 9 . 1 7 2 5 . 4 3 
20 . 0 29.02 90.0 2 9 . 2 5 28 . 62 
2.2 2 9 . 0 0 99.0 2 9 . 2 8 2 8 . 75 
2.4 
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T A B L E D.3 L o a d - d e f o r m a t i o n d a t a for 10mm d i a m e t e r b o l t tested in 
pure shear 

T E S T T Y P E P U R E SHEAR 

M A T H E M A T I C A L 1. R 
M O D E L S 2. R 

3. R 

= K A 
= R

0
 {1 -exp[ - ( i + C 

= K
E
A/{i + (K

s
A/Ro)

n

) 

L I N E A R 
A.) A / R o ] } E X P O N E N T I A L 
'

T1/n)

 R A M B E R G 

C O N S T A N T S 1. K 
2. R

c
 = 

3

-
 R

P = 

= 30 k N / m m 
= 43.91 k N , Kj = 

4 3.91 k N , K = 
30 k N / m m , C = 13.06 
30 k N / m m , n = 4.5 

D E F O R M A T I O N 
A mm 

L O A D S , R kN 

E X P E R I M E N T A L L I N E A R E X P O N E N T I A L R A M B E R G 

0.0 
0 . 2 
0.4 
0 . 6 
0.8 
1.0 
1.2 
1 .4 
1 
1 
2 
2 
2 
2 
2 
3 
3 
3 
3 

0 . 0 
5.6 
12.2 
19.5 
24 .8 
29 
33 
37 
39.42 
40 
41 
42, 
42 
43 
43, 

0.0 
6.0 
12.0 
18.0 
24.0 
30.0 
36.0 
42.0 
48.0 
54.0 
60.0 

0.0 
6 . 0 6 
12.05 

0.0 
6.00 
11 .99 

43.91 
43.1 

17 
22 
27, 
31 
34 
37 , 
39, 
40, 
41 , 
42, 
42, 
43, 
43. 
43 , 

73 
9 
44 
31 
49 
09 
01 
50 
59 
37 
91 
28 
68 
77 

17 
23 
28 
33 
36 
39 
40 
41 
42 
42 
43, 
43, 
43 
43, 

93 
66 
92 
36 
77 
18 
78 
82 
49 
92 
21 
40 
53 
63 
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T A B L E D. 4 L o a d - d o f o r m a t i o n data for 6mm d i a m e t e r b o l t f a s t e n e d 
joint in p u r e s h e a r 

T E S T T Y P E PURE SHEAR 

M A T H E M A T I C A L 
M O D E L S 

1 • R = KA, L I N E A R 
2. R = R

0
 {l-exp[-(i + C A, A / R o ] } E X P O N E N T I A L 

3. R = K
K
A/{l-HK

B
A/Ro)")

T 1 / n l

 R A M B E R G 

C O N S T A N T S 1. K = 1 . 4 0 k N / m m 
2 . R = 1.40 k N , 
3 . R = 1.40 k N , 

Kj = 14.2 k N / m m , C = 0 . 1 7 0 
K

6
 = 14.2 k N / m m , n = 13.5 

D E F O R M A T I O N L O A D S , R kN 
A mm 

E X P E R I M E N T A L L I N E A R E X P O N E N T I A L R A M B E R G 

0.0 0.0 0.0 0.0 0.0 
1.0 1.2 1.4 1.49 1.4 
2.0 2.8 2.8 3.09 2.8 
3.0 4.0 4.2 4 . 71 4.2 
4 . 0 5.4 5.6 6.30 5.60 
5.0 7.2 7.0 7 .80 7 .00 
6.0 8.4 8.4 9.10 8.40 
7.0 10.2 9.8 10.23 9.80 
8 . 0 11.4 11.2 11.20 11.17 
9.0 12.4 12.6 11 .98 12.43 
10.0 13.4 14.0 12.60 13.90 
11.0 14.0 15.4 13.07 14.10 
12.0 14 .2 16.8 13.42 14.20 
13.0 13.8 18.2 13.68 
14.0 
15.0 
16.0 
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T A B L E D.5 Load-deformation data for 8mm d i a m e t e r bolt fastened 
joint loaded in pure shear 

TEST TYPE P U R E SHEAR " 1 

M A T H E M A T I C A L 1. R = = K A LINEAR 
M O D E L S 2. R : R {l-exp[ - ( i + C -i }L),A/RO]} E X P O N E N T I A L 

n / n )

 R A M B E R G 3. R = K
s
A/{i + (K

s
A/Ro)

n

) 
}L),A/RO]} E X P O N E N T I A L 
n / n )

 R A M B E R G 

C O N S T A N T S 1. K 
2 . R. 

= 2.05 kN/mm 

3. R = 
2.25 k N , K- = 25.14 k N / m m , C = 0.259 
2.25 k N , K

c
 = 25.14 k N / m m , n = 15.0 

D E F O R M A T I O N 
A mm 

L O A D S , R kN 

E X P E R I M E N 1 A L LINEAR E X P O N E N T I A L RAMBERG 

0.0 
, 0 
,0 
, 0 
, 0 

,0 
. 0 

,0 
, 0 

.0 
10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 

0.0 
2.4 
4.6 
7.14 
9.10 
11.08 
13.8 
16.00 
18.90 
19.54 
21.64 
23.28 
24.2 
25.06 
25.14 

0 
2 
4 
6 , 

9, 

0 
25 
5 
75 
0 

11 .25 
13.5 
15.75 
18.0 
20.25 
22.5 
24.75 
27.0 
29.25 
31.5 

0 .0 
2.38 
4 . 96 
7.62 
10.29 
10.29 
12.71 
14 .99 
17.02 
18.8 
20 . 26 
21.47 
22.43 
23 . 20 
23.76 
24 .2 

0 . 0 
2.25 
4 .50 
6.75 
8.99 
11.25 
13.49 
15. 75 
17.99 
20.24 
23.81 
24 .65 
24. 98 
25.08 
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T A B L E D.6 L o a d - d e f o r m a t i o n data for 10mm d i a m e t e r b o l t f a s t e n e d 
j o i n t loaded in p u r e s h e a r 

T E S T T Y P E P U R E S H E A R 

M A T H E M A T I C A L 1. R = K A L I N E A R 
M O D E L S 2. R = R

r
 (1-e x p [ - ( - • L\ ,A/R o]} E X P O N E N T I A L 

3 . R = K sA/{l + (K
f i
A/Ro)

n

)
l l / n | 

R A M B E R O 

C O N S T A N T S 1. K = 2.35 k N / m m 
2 . R. = 2.35 k N , K i = 33.4 k N / m m , C = 0 . 194 
3. Rc = 2.35 k N , K, = 33.4 k N / m m , n = 11 . 5 

D E F O R M A T I O N L O A D S , R kN 
A mm 

E X P E R I M E N T A L L I N E A R E X P O N E N T I A L R A M B E R G 

0.0 0.0 0.0 0.0 0.0 
1 . 0 2.4 2 . 35 2.36 2.25 
2.0 4.8 4 . 7 4.88 4 . 50 
3.0 7.0 6. 75 7.50 6.75 
4.0 9.1 9.0 10.20 8.99 
5.0 11.4 11 .25 12.77 11.25 
6.0 13.8 13.5 15.31 13.49 
7.0 16.2 15.75 17.71 15.74 
8 . 0 18.6 18.0 19. 96 17.99 

: 9.0 21.0 20.25 22 . 02 20.24 
10.0 23.3 22.5 2 5 . 51 22.49 
11.0 25.2 24 . 75 27.0 24 .71 

i 12.0 27.0 27.0 28.2 26.80 
13.0 28.8 29.25 29.2 28.75 
14.0 30.0 31 .5 30.11 30.39 
15.0 31.2 33.75 30.82 31.60 
16.0 32.0 36.0 31 .90 32.39 
17.0 32.6 38.25 32.3 32.85 
18.0 33.1 40.5 32.54 33.10 
19.0 > 33.4 42.75 33.23 
20.0 33.4 45.0 33.30 
2 1 . 0 
2 2 . 0 
23 .0 
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A P P E N D I X E 

SCHEMES OF A N A L Y S I S FOR PURE ROTATION DATA 

(a) Bolt forces in pure rotational j o i n t s . 
F i g u r e E.l shows the forces acting on the bolts in a joint 
s u b j e c t e d to pure r o t a t i o n a l f o r c e s . P. Summing up m o m e n t s 
a b o u t the joints centre of rotation 0 in figure E.l (a) 
e x t e r n a l applied c o u p l e , M = bolt resisting couple 

P x La =Pr x 2 x r (E.l) 
or M = P x La = 2xr x Pr (E.2) 

FIGURE E. 1 Forces acting on bolts in a joint in pure 
rotation (a) bolt resisting couple an force 
components p a r a l l e l and p e r p e n d i c u l a r to 
direction of applied load (b) force v e c t o r 
c o m p o n e n t s . 

Q is the force component p e r p e n d i c u l a r to applied f o r c e , P is the 
c o m p o n e n t parallel to d i r e c t i o n of applied force Pr is the 
resultant of the two c o m p o n e n t s to be resisted by the b o l t . 

From fig E. 1(b) 
P = Pr Cas0 
Q = Pr sin 

Pr = SQRT (P
2

 + Q
2

 ) 

Expressed in terms of the m o d e l s used: 

Pr = Pto {[ exp L - (KjB + C B A B ) 1 ) — [E.3] 
P

ro 

for the exponential m o d e l w h e r e Pro is the m a x i m u m bolt 
resistance 

KiB,C|3 is the p a r a m e t e r to be determined e x p e r i m e n t a l l y 
Af3 is the bolt d e f o r m a t i o n in direction of Pr and 
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Pr = KP AP . 
[1 + < Kf3AP )

nti

) 1 1/nP [E.4] 
Pro 

For the inverse Ramberg-Osgood model where 
Pro is the maximum bolt r e s i s t a n c e 
K P ,

 n

P p a r a m e t e r s be d e t e r m i n e d 

AP d e f o r m a t i o n in direction P r . 
From t r i a n g l e o b c , 

tan <x = ac 
ob 

or tan « = A 
ob 

) ) 
j [ E . 5 ] 
) 
) 

C o n s i d e r triangle o a ' c ' ) 

oa' ) 
or tan « = A P ) [E. 6] 

r ) 

T h u s M = A 
r ob 

But ob = oc - Asin« 

ob - 200 - Asin* 

• A£ = A 
r (200-Asin«) 

T h u s A = A.r 

(200-Asin«) [ E . 7 ] 

But tan « = sin « = <x in radius 

T h u s AP = A . r 

(200-A.cc) [ E. 8 ) 

E q u a t i o n E.8 gives the a c t u a l b o l t d e f o r m a t i o n from recorded 
total d e f o r m a t i o n A> bolt s e p a r a t i o n r and angle of rotation «. 
In the case of connector p r o p e r t i e s , AP is due to bolt a l o n e , 
w h e r e a s in the joint p r o p e r t y test it m i g h t include joint 
m a t e r i a l d e f o r m a t i o n . T h i s e x p r e s s i o n for AP could then be 
substituted into e x p r e s s i o n [ E.3] and [E.4] to d e t e r m i n e the 
v a l u e s of load resistance of the individual b o l t s . 
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X. 

Fig . E.2 R o t a t i o n a l j o i n t d e f o r m a t i o n (a) m e m b e r and b o l t 
d e f o r m a t i o n , (b) bolt d e f o r m a t i o n p r o p e r t i e s - t h i s v a l u e is d u e 
to the b o l t d e f o r m a t i o n a l o n e , w h e r e a s in the j o i n t t e s t s t h i s 
Value is due to joint m a t e r i a l d e f o r m a t i o n . 
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Fig E.2 s h o w s how the j o i n t m e m b e r and the b o l t in the lower 
q u a r t e r of the joint in figure E . l ( a ) d e f o r m s t h e o r e t i c a l l y a b o u t 
the j o i n t c e n t r e of r o t a t i o n 0, due to the acting e x t e r n a l 
a p p l i e d c o u p l e , M Small d i s p l a c e m e n t s t h e o r y is a s s u m e d to a p p l y . 
B o l t in the u p p e r quarter of the j o i n t d e f o r m in a s i m i l a r but 
a n t i s y m m e t r i c a l m a n n e r . The e x p e r i m e n t a l joint d e f o r m a t i o n s w e r e 
c a l c u l a t e d at position c as shown in figure E . 2 ( a ) . In figure 
E . 2 ( a ) O A B C is the u n d e r f o r m e d lower q u a r t e r . 

a ' b ' = b o l t translation p a r a l l e l to a p p l i e d load 

b ' c ' = b o l t t r a n s l a t i o n p e r p e n d i c u l a r to a p p l i e d load 

a'c* = a c t u a l bolt d e f o r m a t i o n due to a p p l i e d c o u p l e in the 
d i r e c t i o n of the b o l t r e s i s t a n c e Pr 

b ' c ' = the t r a n s n a t i o n a l d e f o r m a t i o n due to the action of the 
a p p l i e d couple as i n d i c a t e d on the c o m p u t e r p l o t . 

a'c = the c o m p o n e n t of be p a r a l l e l to the line of a c t i o n of 
P r . 

o a ' = r the distance from j o i n t c e n t r e of r o t a t i o n to each 
of the b o l t s . 

a. = j o i n t rotation a b o u t the j o i n t c e n t r e of r o t a t i o n 0. 
The bolt d e f o r m a t i o n is g i v e n by 

a ' c ' = bc-r/ (200-bcc<) (E.3) 

Thus the b o l t d e f o r m a t i o n d e p e n d s on the total d e f o r m a t i o n b o l t 
s e p a r a t i o n and angle of r o t a t i o n . In the c a s e of c o n n e c t o r 
p r o p e r t i e s , this value is d u e to the b o l t d e f o r m a t i o n a l o n e , 
w h e r e a s in the joint t e s t s this v a l u e is due to j o i n t m a t e r i a l 
d e f o r m a t i o n as well as b o l t d e f o r m a t i o n . 



e

 E.l M o m e n t - r o t a t i o n data for 6mm b o l t tested in pure 
rotation. 

j T E S T T Y P E 

1 •• 

PURE ROTATION ! 
|| M A T H E M A T I C A L 
S M O D E L S 

1 . M 
2. M 
3. M 

= K0 

= M
0
 { l-exp[ - { Kj 

= M)/[I-MK„4)/MJ 
+ C(j)) (J) / M ] } 
D

] 1/n 

| C O N S T A N T S 1 . 
2. 
3. 

K = 500 
M

0
 = 10. 

M
0
 = 10. 

k N m / R a d 
94 k N m , K

l
 = 500 

94 k N m , K,, = 500 
k N m / R a d , C = 2 4 0 9 0 
k N m / R a d , n = 0 . 0 

R O T A T I O N 
d)xl-*

3

Rad 
M O M E N T S , M kNm R O T A T I O N 

d)xl-*
3

Rad 
E X P E R I M E N T A L L I N E A R E X P O N E N T I A L R A M B E R G 

0.0 
5.0 
10.0 
20.0 
25.0 
30.0 

J 35.0 
j 40.0 
j 45.0 

0.0 
2.27 
5.17 
7.6 
9.22 
10.23 
10.73 
10.87 
10.94 
10.88 

0.0 
2.6 
5.0 
7.5 
10.0 
12.5 
15.0 
17.5 
20.0 
22.5 

0.0 
2.70 
5.38 
7.58 
9.12 
10.06 
10. 56 
10. 79 
10.89 
10.92 

0.0 
2.5 
4 .99 
7.38 
9.26 
10.28 
10.69 
10.83 
10.89 
10.92 

F i g u r e E.2 _ R o t a t i o n a l j o i n t d e f o r m a t i o n (a) m e m b e r and b o l t 
d e f o r m a t i o n , (b) b o l t d e f o r m a t i o n 
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T a b l e E.2 M o m e n t - r o t a t i o n d a t a for 8mm b o l t t e s t e d in p u r e 
r o t a t i o n . 

T E S T T Y P E P U R E R O T A T I O N 

[ M A T H E M A T I C A L 
il M O D E L S 

1. M 
2. M 
3. M 

K(J) 
M

0
 {l-exp[ -{K: + C<J))(J)/M

0
]} 

M 1/n 

C O N S T A N T S 1. K = 
2 . M

0
 = 

3 . M = 

600 k N m / R a d 
14.06 k N m , K: 
14.06 k N m , Kj 

600 k N m / R a d , C = 1 1 0 1 4 
600 k N m / R a d , n = 2 . 5 

| R O T A T I O N L O A D S , R kN 

<|)xl -'"'Rad <|)xl -'"'Rad 
E X P E R I M E N T A L L I N E A R E X P O N E N T I A L R A M B E R G 

, 0 . 0 0.0 0.0 0.0 0.0 
5.0 2.74 3.0 2.92 2.90 
10.0 5.65 6.0 5.58 5.74 
15.0 7.42 9.0 7.85 8.04 
20.0 8.97 12.0 9.68 9.71 

! 25.0 10.00 15.0 11 .09 10.99 
30.0 10.82 18.0 12.13 11 .83 
35 .0 11.81 21.0 12.85 12.41 
4 0 . 0 12.43 24.0 13.33 12.81 
45.0 13.10 27.0 13.64 13.29 
50.0 13.48 30.0 13.83 13.44 
55.0 13.96 33.0 13.93 13.56 
60.0 14.06 36.0 14.00 13.64 
65.0 13.81 36.0 14.03 13.71 
70.0 13.78 42.0 14.04 
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Table E.3 Moment-rotation data for lOmra bolt tested in pure 
rotation. 

T E S T T Y P E PURE ROTATION 

M A T H E M A T I C A L 1. M 
M O D E L S 2. M 

3. M 

K(J) LINEAR MODEL 
M

0
 { l-exp[ ~{K: + C^) )A/M

fl
]}EXPONENTIAL MODEL 

K ^ / l l + C K ^ / M )
 n

] 1/n R A M B E R G 

C O N S T A N T S 1. K = 890 kNm/Rad 
2. M

fl
 =890 k N m , K

i
 = 1 7 . 2 k N m / R a d , C=13700 

3. M
0
 =890 k N m , K, = 17.2 k N m / R a d , n = 2.5 

R O T A T I O N L O A D S , R kN 
I (})x 1 - Rad 

EXPERIMENTAL LINEAR E X P O N E N T I A L RAMBERG 

0.0 0.0 0.0 0.0 0.0 
ii 5.0 4.4 4.45 4 .20 4 . 39 
j 10.0 8.9 8.9 7.73 8.29 
15.0 11.4 13.35 10.60 11 .26 
20.0 13.2 17.8 12.80 13.25 
25.0 14.3 22.25 14.33 14 . 52 
30.0 15.1 2 6 . 7 15.42 15.33 

! 35.0 15. 7 31 .15 16.14 15.55 
! 50.0 16.05 35.6 16.59 16.20 
i 45.0 16.4 40.05 16.86 16.43 
50.0 16.6 44.5 17.02 16.60 
55.0 16.9 48.95 17.11 16.72 

! 60.0 17.0 53.4 17.15 16.81 
! 65.0 17.15 57.85 17.17 16.88 
70.0 17.20 62.3 17.20 16.93 
75.0 
80.0 
85.0 
90.0 
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Table E.4 Moment-rotation data for 
tested in pure s h e a r . 

6mm bolt fastened joint 

T E S T TYPE 

M A T H E M A T I C A L 1 . M 
M O D E L S 2. M 

3. M 

PURE ROTATION 

K(J) 
M„ {1 -exp[ — {K- + Cd) )(J)/M ] } 

= K
1
^ / I 1 + ( K

B
^ / H

0
)

 N

] 1 / n 

C O N S T A N T S 1. K 
2 . M 
3. M 

: 350 kNm/Rad 

0
 =350 k N m , Kj = 12.34 k N m / R a d , C = 7 7 7 3 
= 350 k N m , Kj = 17.2 k N m / R a d , n=4 .5 

R O T A T I O N 
(j)xl-"

3

Rad 
L O A D S , R kN 

EXPERIMENTAL LINEAR E X P O N E N T I A L RAMBERG 

0.0 
5 . 0 
10.0 
15.0 
2 0 . 0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 

0.00 
I.65 
3.50 
5.24 
6.50 
8.32 
10.46 
II.14 
11.66 
11.96 
12.24 
12.34 
12.2 

0, 
1, 
3 , 
5 , 
7 , 
8 

0 
75 
5 
25 
0 
75 

10.5 
12.05 
14.0 
15. 75 
17.5 
19.25 
21.0 
22.75 

0.0 
I.75 
3.61 
5.35 
6.90 
8.24 
9.35 
10.23 
10.89 
II.38 
11.72 
11.95 
12.11 
12.20 

0. 
1. 
3. 
5. 
6. 
8 . 
9. 
10 
11 
11 
11 
12 
12 
12 

0 
74 
49 
22 
88 
28 
62 
. 54 
.17 
.58 
.83 
.00 
.10 
.17 
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T a b l e E.6 Moment-rotation data for 10mm bolt fastened joint 
tested in pure r o t a t i o n . 

T E S T T Y P E P U R E R O T A T I O N 

M A T H E M A T I C A L 1 . M 
M O D E L S 2. M 

3. M 

K(J) 
M
0
 {l-exp[ - {K: + C(J) )(J) /M ] } 

Kg (J) / [ 1 + ( K (J) /M )
 r

'] 1/n 

C O N S T A N T S 1. K = 3 3 3.3 k N m / R a d 
2. M

fi
 =333.3 k N m , 

3. M
c
 =333.3 k N m , K, 

14.96 k N m / R a d , C=6029 
14.96 k N m / R a d , n=4.5 

R O T A T I O N L O A D S , R kN 
0 x 1 - Rad 

EXPERIMENTAL L I N E A R E X P O N E N T I A L R A M B E R G 

0.0 0.0 0.0 0.0 0.0 
5.0 1.62 1.67 1.71 1 .66 
10.0 3.30 3.33 3.46 3.33 
15.0 5.36 5.00 5.18 4.99 
20.0 6.70 6.6 6.81 6.62 
25.0 8.52 8.25 8.30 8.20 
30.0 9.88 10.0 9.62 9.67 
35.0 10.80 11 .66 10.77 10.95 
40.0 11.80 13.32 11. 74 12.01 

1 45.0 12.48 14.99 12.53 12.54 
50.0 13.18 16.65 13.17 13.45 
55 . 0 13.60 18.32 13.66 13.88 
60. 0 14 .04 19.98 14 .04 14 .18 
65.0 13.34 21.65 14.31 14.39 
70.0 14.76 23.31 13.52 14 . 54 
75.0 14.90 24 .98 14.67 14 .65 
80.0 14.96 62.69 14.77 14.72 
85.0 28.31 14.84 14.79 
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Table E.6 Moment-rotation data for 10mm bolt fastened joint 
tested in pure r o t a t i o n . 

T E S T T Y P E PURE ROTATION 

M A T H E M A T I C A L 1 . M 
M O D E L S 2. M 

3. M 

K(j) 
M. { l-exp[ -{K: + C0 )<Jl/M ]} 

= Kj^/f 1 + ( K.(J)/M
0
 )

 l

] 1/n 

C O N S T A N T S 1. K = 240 kNm/Rad 
2. M

0
 =24 0 k N m , Kj = 14.5 kNm/Rad, C=3184 

3. M
0
 =240 k N m , K, = 14.5 kNm/Rad, n=5.0 

R O T A T I O N 
A ̂  1 "3 D „. 

L O A D S , R kN 

EXPERIMENTAL 

0.0 0.0 
5.0 1.0 
10.0 2.3 
15.0 3.5 
20.0 4.9 
25.0 6.1 
30.0 7.3 
35 .0 8.4 
40.0 9.35 
45.0 10.3 
50.0 11.1 
55.0 11.9 
60.0 12.5 
65.0 13.5 
70.0 13.9 
75.0 14.2 
80.0 14.4 
85.0 14 .5 
90.0 
100.0 

LINEAR EXPONENTIAL RAMBERG 

0 . 0 0.0 
1 .22 
2 
3, 
4 , 
6 
7, 

48 
73 
96 
14 
26 

8.29 
9.24 
10.09 
10.83 
11.50 
12.06 
12.54 
12.95 
13.30 
13.55 
13.77 
13.95 

0 . 0 
1 .19 

39 
59 
79 
98 
15 

8.29 
9.37 
10.36 
11 .24 
11 .98 
12.58 
13.05 
13.41 
13.68 
13.88 
14 .02 
14.13 
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A P P E N D I X F 

A B S O L U T E ERROR C O M P A R I S O N S B Y T H E A V E R A G I N G T E C H N I Q U E U S I N G 
E Q U A T I O N S 6-2 A N D 6-6 
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T a b l e F.l Comparison of load e r r o r s , E c , (kN) and Ec (%) in 
fitting models to data for bolts in s h e a r 

, - . 
B O L T D I A M E T E R (mm) M O D E L 

E X P O N E N T I A L R A M B E R G O S G O O D 

Ec (kN) Ec (X) Ec (kN) Ec (X) 

6 0.64 4.2 0 . 92 7.4 

8 0.47 2.5 0.45 2.2 

10 
1 • ' - -— - -

0.95 5.6 0.46 2.0 

1.2, 

.6 . 

t 
X .4 
V 

is? £ 
0 
i 
ft 
» 

ft « 
J fi 

ABSOLUTE EfiROR COMPARISONS BOMS IK SHEAR 

h EXPONENTIAL KODEL FU 6-2 

i EXPONENI IAL KODEL U 6- 3 

o RAKFERC-OSGOOD KOI'EL EC 6-2 

| RfiKBERG-OSGOOD HODEL EQ 6-3 j 

\ 
\ 

N, 

\ 
V 

"-w'X 

ii 
mn DIAMETER 
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T a b l e F.2 Comparison of M o m e n t e r r o r s , Ec (kN) and Ec (%) in 
fitting models to data for bolts in r o t a t i o n . 

B O L T D I A M E T E R (mm) M O D E L 

E X P O N E N T I A L R A M B E R G O S G O O D 

Ec (kN) Ec (%) Ec (kN) Ec (%) 

6 0.141 3.2 0.10 2.1 

8 0.632 7.3 0.54 6.6 

10 0.469 5.2 0.20 2.0 

J .2, 
ABSOLUTE EM OS COMPARISONS BOLTS IN ROTATION 

A 
I 
I 
X 
v 
P 
0 
K 
P 
K 

H 
r 
K 
J 
0 
X 

A EXPONENTIAL KOI
1

 LI. |:Q 6 H 

i exponential h o w l eq 6-3 

D kakserg-OSCOOB MODEL Et! £.-2 

{ RA KLERG-OS GOOD MODEL Ell 6-3 

BOLT ITAKETER <kh> 
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Table F.3 Comparison of Load e r r o r s , Ec (kN) and Ec (%) in 
fitting models to data for joints in s h e a r . 

BOLT D I A M E T E R (mm) MODEL 

EXPONENTIAL RAMBERG O S G O O D 

Ec (kN) Ec {%) Ec (kN) Ec (%) 

6 0.52 8.08 0.160 3.02 

8 0.83 6.6 0.276 2.2 

10 0.872 4 . 78 0.313 7 .1 

ABSOLUTE ERROR COMPARISONS FOB JOINTS IN SHEM 
J. 2

n 

A EXPONENTIAL KOMI EC fc-2 
A EXPONENTIAL H')i>EL EC fc-3 
D RAM8ERC-0SC00S N0I>EL Etl f-2 
£ RfiKBERC-OSCOOD NOPFL EO f - 3 

BOLT DIAKEILR (hk) 
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A P P E N D I X G 

S T R E S S - S T R A I N D A T A FOR T E S T M A T E R I A L S 
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Table G.3 Stress-strain data for 10mm Bolt 

S T R A I N , e (x.001) S T R E S S , 0 (N/sq.mm) 

0.0 0.0 

0.31 60.0 

0.75 157.5 

1
 1 , 1 3 242.5 

1.50 306.0 

1 .88 360.0 

2.31 394 .0 

2.81 432.5 

4 .06 460.0 

4.38 490.0 
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T a b l e G.3 Stress-strain data for 10mm Bolt 

S T R A I N , e (x.001) S T R E S S , 0 (N/sq.mm) 

0.0 0.0 

0.31 45.0 

0.75 132.0 

1.13 215.0 

1.50 297.5 

1 .88 373.2 

2.31 420.0 j 

3.00 467.5 

3.75 502.5 

| 5.0 541.0 j 
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Table G.3 Stress-strain data for 10mm Bolt 

S T R A I N , e (x.001) STRESS, 0 (N/sq.mm) 

0.0 0.0 

0.36 74.5 

0.74 151 .0 

1.13 226.0 

1.47 302.5 

1.86 377.4 

2.29 453.0 

3.00 488.0 

3.82 525.0 

5.5 550.0 
1) 
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T a b l e G.4 tress-strain data for RHS coupon 

S T R A I N , e (x.001) STRESS, 0 ( N / s q . m m ) 

0.0 0.0 

0.50 95.0 

1 .00 195.0 

1 .50 305.0 

2.00 362.0 

2.50 397.0 

3.00 422.5 

3.50 442.5 

4.00 4 5 7 . 5 

4.5 470.0 

5.0 480.0 

5.5 4 8 5 . 0 
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A P P E N D I X H 

A P P L I C A B I L I T Y O F S U P E R P O S I T I O N T O J T E S T J D A T A 
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There are three principles of superposition concerned 
r e s p e c t i v e l y with statics, kinematics and with the linking of 
both in linearly elastic s t r u c t u r e s . These are p r i n c i p l e s of 
s u p e r p o s i t i o n of forces, d i s p l a c e m e n t and e l a s t i c i t y (66). The 
p r i n c i p l e of displacement superposition was applied in this c a s e . 
The p r i n c i p l e state that if a Series of small internal 
d e f o r m a t i o n s is applied to a statically determinate s t r u c t u r e , 
then the displacement at some point due to all the internal 
d e f o r m a t i o n s applied simultaneously is equal to the sum of the 
d i s p l a c e m e n t s at that point due to the d e f o r m a t i o n s applied 
s e p a r a t e l y . This implies that if small d e f o r m a t i o n , 6 1 , 6 2 , 
--,6n applied separately produce deflections A l » A 2 , An at a 
p o i n t A in a structural s y s t e m , where Ai=bi*61 and w h e r e bi is 
a c o n s t a n t , then the deflection when all the d e f o r m a t i o n s are 
applied together is 

A = bix61 + b2x62 + bn x 6n (G.l) 

This p r i n c i p l e only holds for small d i s p l a c e m e n t s . In this 
r e s e a r c h there were two contributory sources to the total joint 
d e f o r m a t i o n , Dt; that due to the bolt alone, Db and that due to 
the joint m a t e r i a l , D m . Thus Equation (G.l) in this case w a s of 
the form: 

Since Ab had been determined from the connector p r o p e r t y t e s t s , 
and A from the joint property tests, Am could be obtained by 
superposing the two as: 

This w a s applied within the elastic range of both the c o n n e c t o r s 
and j o i n t m a t e r i a l . 

At = A b + Am (G.l) 

Am = A t - A ( G . 3 ) 
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T a b l e H.l Superposition of L o a d - d e f o r m a t i o n c o m p o n e n t s for j o i n t 
in pure shear (6mm b o l t ) 

L O A D (kN) D E F O R M A T I O N , D (mm) 

A t (mm) A b (mm) Am (mm) 

1.0 0.8 0.06 0.74 

2.0 1.6 0.12 1.48 j 
| 3.0 2.2 0.16 2.84 

4.0 3.6 0.20 3.80 

5.0 4.3 0.24 4 . 76 

6.0 4.3 0.28 5.72 

7.0 5.0 0.32 6. 68 

8.0 5.7 0.36 7.64 

9.0 6.4 0.40 8.60 
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T a b l e H.l S u p e r p o s i t i o n of L o a d - d e f o r m a t i o n c o m p o n e n t s for joint 
in pure shear (6mm b o l t ) 

| L O A D (kN) ! D E F O R M A T I O N , D (mm) \ 

A t (mm) A b (mm) A m (mm) 

1.0 0.8 0.06 0 . 74 

2.0 1.6 0.12 1.48 

3.0 2.2 0.16 2.84 

4.0 3.6 0.20 3.80 

5.0 4.3 0.24 4 . 76 

6.0 4.3 0.28 5. 72 

7.0 5.0 0.32 6.68 

8.0 5.7 0.36 7.64 

9.0 6.4 0.40 8.60 
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T a b l e H.2 S u p e r p o s i t i o n of L o a d - d e f o r m a t i o n d a t a for j o i n t in 
pure shear (8mm b o l t ) 

1 — — 
: L O A D (kN) D E F O R M A T I O N , D (mm) 

A t (mm) A b (mm) Am (mm) 

1.0 0.4 0.02 0.38 

2.0 1.0 0. 05 0. 95 

3.0 1.2 0.08 1.12 

4.0 1.6 0.10 1.50 

5.0 2.0 0.11 1 .89 

6.0 2.4 0.14 2.26 

| 7.0 3.0 0.16 2.89 

8.0 3.2 0.18 3.02 

9.0 4.0 0.20 3.80 

10.0 4.4 0 . 22 4.18 

11.0 4.8 0 . 24 4.56 

12.0 5.4 0.28 5.12 

13.0 5.8 0 . 30 5.50 
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T a b l e H . 3 S u p e r p o s i t i o n of L o a d - d e f o r m a t i o n d a t a for j o i n t in 
pure shear (10mm b o l t ) 

| L O A D (kN) D E F O R M A T I O N , D (mm) 

A t ( m m ) A h ( m m ) A m ( m m ) 

1 i - o 0.4 0.04 0.38 

| 2.0 1.0 0.07 0 . 36 

3.0 1.3 0.10 0.39 

4.0 1 .8 0.14 1 .20 

5.0 2.2 0.18 1 .66 

6.0 2.6 0.21 2.02 

7.0 3.0 0.24 2.39 

8.0 3.6 0.28 2.76 

1
 9

'
0 

4.0 0.30 3.70 

10.0 4.4 0.33 4 .07 

11.0 5.0 0.36 4 .64 
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Table H.4 Superposition of M o m e n t - rotation data for joint in 
pure rotation (6mm b o l t ) 

M O M E N T (kNm) R O T A T I O N , D (x.001 R a d i a n s ) 

Ot (mm) 0 b (mm) 0m (mm) 

1.0 3.0 2.0 1 .0 

2.0 6.0 4.0 2.0 

3.0 9.0 6.0 2.0 

4.0 12.0 7.5 4 . 5 

5.0 14.0 9.0 5.0 

6.0 18.0 12.0 6.0 
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Table H.4 Superposition of M o m e n t - rotation data for joint in 
pure rotation (6mm b o l t ) 

M O M E N T (kNm) R O T A T I O N , D (x.001 R a d i a n s ) | 

0t (rad) 0b (rad) 0m (rad) 

1.0 3.0 2.0 1 .0 

2.0 6.0 3.5 2.5 

| 3.0 9.0 5.5 3.5 

4.0 12.0 12.0 4.1 

5.0 14.5 14.5 5.5 
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