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ABSTRACT

Twelve sim ply  supp o rted  p re te n s io n e d  p r e s t r e s s e d  c o n c re te  

r e c ta n g u la r  beams and 18 L-beams were t e s t e d  to  co llapse  u n d e r combined 

to r s io n ,  sh e a r  and b end ing . The specim ens were d iv id e d  in to  th r e e  

s e r i e s .  S e r ie s  A had a r e c ta n g u la r  c r o s s - s e c t io n  o f  3"x6" and an e f ­

f e c t iv e  p r e s t r e s s  o f  0 p s i  com pression  in  th e  to p  f i b e r s  and 1 .75  k s i  

com pression  in  th e  bottom  f i b e r s .  S e r ie s  B and C had a l" x 6 "  f la n g e  

added t o  one s id e  o f  th e  to p  o f  th e  b a s ic  3"x6" c r o s s - s e c t io n .  S e r ie s  

C had th e  same i n i t i a l  p r e s t r e s s  as S e r ie s  A w h ile  S e r ie s  B had 300 p s i  

te n s io n  in  th e  to p  f i b e r s  and 1 .95 k s i  com pression in  th e  bo ttom  f i b e r s .

The p rim ary  v a r ia b le  was th e  e c c e n t r i c i t y  o f  th e  lo a d  which 

v a r ie d  from 0" to  31" m easured from th e  c e n te r l in e  o f  th e  web. The 

e c c e n t r i c i t y  dom inated th e  lo a d -d e fo rm a tio n  re sp o n se  o f  th e  spec im ens, 

c rac k  p a t t e r n ,  c rac k in g  and u l t im a te  lo ad  c a p a c i t i e s .  In c re a s e d  e c ­

c e n t r i c i t y  reduced  th e  c rac k in g  and u l t im a te  lo a d s ,  tran sfo rm e d  th e  

c ra c k  p a t t e r n  from f le x u r e - to - s h e a r  to  to r s io n a l  and fo rc e d  th e  c o l la p s e  

to  move tow ard th e  su p p o rts  and caused  th e  u l t im a te  c a p a c ity  to  approach  

th e  i n i t i a l  c ra c k in g  lo a d .

A u n i t l e s s  th re e -d im e n s io n a l in t e r a c t io n  s u r fa c e  was developed  

w ith  th e  a id  o f  r e g re s s io n  a n a ly s i s .  T h ree -d im en sio n a l p lo t s  o f  th e  

su rfa c e  and th e  r e s id u a ls  in d ic a te  a good c o r r e l a t i o n  w ith  th e  t e s t  d a ta  

o f  t h i s  in v e s t ig a t io n  as w e ll as  th a t  o f  p a s t  r e s e a r c h .
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COMBINED TORSION, SHEAR AND MOMENT ON PRETENSIONED PRESTRESSED 

CONCRETE SIMPLY SUPPORTED RECTANGULAR AND L-BEAMS

CHAPTER I 

INTRODUCTION

The combined lo a d in g  o f  t o r s i o n ,  sh e a r  and moment has become a  

m ajor d es ig n  c o n s id e ra t io n  in  th e  c o n c re te  in d u s try  in  r e c e n t  y e a rs . 

S m alle r f a c to r s  o f  s a f e ty  have r e s u l t e d  from f u r th e r  r e s e a rc h  and the 

a p p l ic a t io n  o f  th e  com puter in  th e  s o lu t io n  o f  more p r e c i s e ,  b u t h ere­

to f o r e  im p ra c t ic a l ly  cumbersome, e q u a tio n s  o f  s t r u c t u r a l  and m a te ria l 

b e h a v io r . Added c o n fid e n c e  in  s k i l l  and knowledge has le a d  to  more 

complex s t r u c tu r e s  b e in g  d es ig n ed  and b u i l t .  Refinem ent in  th e  design  

f o r  sh e a r  and moment h a s  a ls o  r e s u l t e d  from e x te n s iv e  t e s t i n g  o f  th e se  

ty p e s  o f  lo a d in g s . U n ti l  re c e n t y e a rs  f a c to r s  o f  s a f e ty  were s u f f i c ­

i e n t ly  la rg e  i n  most c a s e s  to  p e rm it th e  d e s ig n e r  to  n e g le c t  th e  second­

a ry  to r s io n a l  e f f e c t s .  This o m itta n c e  i s  v e r i f i e d  by n o tin g  t h a t  the 

1963 ACI B u ild in g  Code g iv e s  th e  d e s ig n e r  no in fo rm a tio n  on to r s io n a l  

d e s ig n .

Many r e s e a r c h e r s  have r e c e n t ly  tu rn e d  t h e i r  e f f o r t s  to  under­

s ta n d in g  th e  u l t im a te  c a p a c ity  o f  members loaded  w ith  t o r s io n ,  shear 

and moment. The two most com prehensive s tu d ie s  a re  by Kemp, Sozen and 

S ie s s  (1961) and ACI SP-18 (1968) . These two s tu d ie s  p r im a r i ly  deal 

w ith  p la in  and r e in f o r c e d  c o n c re te  and w il l  n o t be d is c u s se d  in  d e t a i l  

h e re .  Z ia  (1970) p re s e n te d  a  summary o f  r e c e n t  work on to r s io n  in  p la in

1
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and re in fo rc e d  c o n c re te  members. However, th e  re a d e r  has  o n ly  a l im ite d  

amount o f  in fo rm a tio n  [Cowan, 1957], [Humphreys, 1957], [Z ia , 1960] on 

pure to r s io n  o f  e c c e n t r i c a l l y  p r e s t r e s s e d  c o n c re te  members.

E xperim ental r e s e a r c h  on p r e s t r e s s e d  specim ens loaded  w ith  

sh e a r  and moment has  r e s u l t e d  in  f a i r l y  w e ll accep ted  d e s ig n  e q u a tio n s  

as p re s e n te d  in  th e  1963 AC I  B u ild in g  Code. As p re v io u s ly  n o te d , no 

in fo rm a tio n  i s  g iven  in  t h i s  code to  a llo w  th e  d e s ig n e r to  c o n s id e r  

to r s io n a l  e f f e c t s .

The p re s e n t t r e n d  in  th e  r e in fo rc e d  c o n c re te  in d u s try  i s  to  

c o r r e l a te  th e  th re e  p rim ary  v a r ia b le s  ( to r s io n ,  shear and moment) by a 

th r e e  d im ensional i n t e r a c t io n  d iag ram . T h is  te ch n iq u e  ap p ea rs  to  be 

no t o n ly  a j u s t i f i a b l e  approach  b u t a  p r a c t i c a l  means f o r  th e  d e s ig n e r  

to  o b ta in  th e  re q u ire d  d a ta .  The two m ain l im i ta t io n s  a t  p re s e n t  appear 

to  be th e  la c k  o f  s u f f i c i e n t  t e s t  r e s u l t s  to  d e s c r ib e  th e  in t e r a c t io n  

su r fa c e  a d e q u a te ly  and th e  co m p lex ity  o f  th e  s u r fa c e . These s u r fa c e s  

range  from a q u a r te r  o f  a sp h e re  [ N a v a r a tn a r a ja h ,  1968] to  a su r fa c e  

composed o f  s e v e ra l in t e r s e c t i n g  p la n e s  [C o ll in s ,  Walsh, and H a ll ,  1968], 

[M irza and McCutcheon, 1968], to  t h a t  o f  double curved s u r fa c e s  [B ehera, 

1970].

The p rim ary  re a so n  f o r  th e  wide v a r ia n c e  in  th e  t j 'p e s  o f  i n t e r ­

a c t io n  s u r fa c e s  fo r  r e in f o r c e d  c o n c re te  specim ens i s  th e  number o f  

v a r ia b le s  t h a t  a re  in v o lv e d . A few o f  which a r e  c o n c re te  s t r e n g th ,  

c r o s s - s e c t io n a l  sh ap e , ty p e  o f  lo a d in g , sequence o f  lo a d in g , ty p e  and 

p lacem ent o f  re in fo rc e m e n t, sh e a r-sp a n  to  dep th  r a t i o ,  e t c .  When th e  

a d d i t io n a l  v a r ia b le  o f  p r e s t r e s s  i s  added to  th e  s u r f a c e , i t  i s  even 

more complex and th e  t e s t  d a ta  i s  alm ost n o n -e x is te n t .



Three D im ensional I n te r a c t io n  S u rfa c e s

The fo llo w in g  d is c u s s io n  g iv e s  a  d e t a i l  c o r r e la t io n  o f  p a s t  

re s e a rc h  on p r e s t r e s s  specim ens and a  g e n e ra l c o r r e l a t i o n  w ith  th a t  

o f  r e in fo rc e d  c o n c re te  spec im ens.

The p re s e n t  t r e n d  in  p re s e n tin g  th e  d a ta  f o r  specim ens loaded 

w ith  to r s io n ,  s h e a r  and moment i s  shown in  F ig u re  1 .1 .  In  o rd e r  to  

make th e  s u r fa c e  more g e n e ra l and e l im in a te  p a r t  o f  th e  s c a le  e f f e c t s ,  

a  non-d im ensional in t e r a c t io n  s u r f a c e  as shown in  F igu re  1.2 i s  being  

adopted by some o f  th e  most r e c e n t  r e s e a rc h e r s  [Hsu, 1968] where

Ty = u l t im a te  to rq u e

My = u l t im a te  bending  moment

Vy = u l t im a te  s h e a r  fo rce

Tuo = u l t im a te  to rq u e  w ith o u t bend ing  o r  sh ea r

= u l t im a te  bending  moment w ith o u t sh ea r o r  to r s io n

Vuo “ u l t im a te  s h e a r  w ith o u t to r s io n

The moment and sh e a r  a x e s ,  as  w e ll as th e  m om ent-shear p la n e  

have been e x te n s iv e ly  re se a rc h e d  and a c c e p ta b le  d e s ig n  e q u a tio n s  a re  

g iven  in  th e  1963 ACI B u ild in g  Code fo r  r e in fo rc e d  and p r e s t r e s s e d  con­

c r e te  members.

The to r s io n  a x is  has been  p a r t i a l l y  s tu d ie d  f o r  p la in  [ACI-SP18], 

r e in fo rc e d  [ACI-SP 18] and p r e s t r e s s e d  members [Cowan, 1955], [Z ia , 1960], 

[Hsu, 1968].

R esearchers  have a tte m p te d  to  ap p ly  th e  c l a s s i c a l  to r s io n a l  

a n a ly s is  as p re s e n te d  by Coulomb (1787), S a in t-V en a n t (1853), P ra n d tl  

(1903) (s o a p -f ilm  a n a lo g y ) , and th e  sand heap analogy  w ith  no g e n e ra l
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Figure 1.1 In te rac tio n  Surface of Combined Toraion» Shear and Bending 

fo r  a Symmetrically Reinforced Beam (CcUina, Walsh and H all, 1968)

1.0u ' uo1.0

1.0

(a) General Forma 
(Hau, 1968)

(b) Sim plified Form 
(Mirza and MoCutcheon, 1968)

Figure 1.2 U nitleaa In te rac tio n  Surface o f Combined Toraion, Shear 

and Bending of Reinforced Concrete Beams
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method b e in g  found a c c e p ta b le  f o r  a l l  c o n c re te  c r o s s - s e c t io n s  and 

s t r e n g th s .  The p rom inen t o b je c t io n  to  each o f  th e s e  m ethods i s  t h a t  

c o n c re te  does n o t s a t i s f y  th e  b a s ic  assum ptions o f  th e  m ethods i . e . ,  

c o n c re te  i s  no t homogeneous, i s o t r o p i c ,  l i n e a r  e l a s t i c  o r  e l a s t i c -  

p e r f e c t - p l a s t i c .

The f a i l u r e  c r i t e r i a  commonly used f o r  th e  a n a ly s is  o f  p r e ­

s t r e s s e d  c o n c re te  in  to r s io n  a re  shown in  F ig u re  1 .3 .  I t  shou ld  be 

no ted  th a t  Cowan's th e o ry  i s  a d u a l c r i t e r i o n  w hich com bines R an k in e 's  

maximum s t r e s s  th e o ry  f o r  c leav ag e  f a i l u r e  and th e  in t e r n a l  f r i c t i o n  

th e o ry  f o r  s h e a r  f a i l u r e .  The m o d ified  Cowan th e o ry ,  a s  su g g es ted  by 

Z ia (1960) may be  re g a rd e d  as a c lo s e r  ap p rox im ation  to  M ohr's g e n e r a l ­

iz ed  in t e r n a l  f r i c t i o n  th e o ry .  A com parison o f  th e s e  th e o r ie s  can  be 

seen from th e  in t e r a c t io n  cu rv es  in  F igure  1 .3 b . C o n s id e ra b le  d i f f e r ­

ence among th e  th e o r ie s  i s  obv ious a lth o u g h  each c l e a r ly  in d ic a te s  

th a t  up to  an a x ia l  com pressive  s t r e s s  o f  0 .60  f ^ ,  which i s  a p r a c t i c a l  

l im it  and i s  c o n s id e ra b ly  above th e  1963 ACI B u ild in g  Code o f  0 .4 5  fg ,  

may r e s u l t  in  a s u b s t a n t i a l  in c re a s e  in  th e  a p p a re n t t o r s io n a l  s t r e n g th  

o f  p r e s t r e s s e d  c o n c re te .

Hsu (1968) d ev e lo p ed  th e  fo llo w in g  r e la t io n s h ip s  f o r  th e  t o r ­

s io n a l  c a p a c ity  o f  r e c ta n g u la r  specim ens w ith  a un ifo rm  p r e s t r e s s  o f  

a w ith o u t web re in fo rc e m e n t by m odify ing  a skewed b end ing  f a i l u r e  

(F ig u re  1 .4 ) :

^uo “ ^uo p la in  *̂ 1+ lO o /fg  .

I t  should  be n o ted  th a t  th e  m o d if ic a t io n  f a c t o r  d e r iv e d  by th e  skewed 

bending mode o f  f a i l u r e  f o r  p r e s t r e s s e d  members r e s u l t s  in  th e  same
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m o d if ic a tio n  f a c to r  as th a t  d e riv e d  by c o n s id e r in g  th e  e f f e c t  o f  th e  

p r e s t r e s s  on th e  p r in c ip a l  t e n s i l e  s t r e s s .  F ig u re  1 .5  shows th e  e f ­

f e c t iv e n e s s  o f  a x ia l  p r e s t r e s s  on th e  to r s io n a l  c a p a c ity  p e r  Hsu (1968). 

T h is  method o f  skewed bending  f a i l u r e  mode has been re p o r te d  by many 

re c e n t r e s e a r c h e r s  [L e s s ig , 1959], [Y udin, 1962], [Gesund, 1964], [Hsu, 

1968], [C o ll in s , 1968] f o r  to r s io n ,  s h e a r  and moment o f  re in fo rc e d  con­

c re te  members.

T here  have b een  on ly  a r e l a t i v e l y  few t e s t s  made in  th e  to r s io n -  

moment p la n e  f o r  p r e s t r e s s e d  c o n c re te  members. Reeves (1962), Rowe 

(1958) and G ardner (1960) t e s t e d  e c c e n t r ic a l l y  p r e s t r e s s e d  T-beams, 

r e c ta n g u la r  beams and I-beam s, r e s p e c t iv e ly ,  in  combined bending and 

to r s io n .  The g e n e ra l r e s u l t s  a re  shown in  F ig u re  1 .6  which i s  a two- 

d im ensional i n t e r a c t i o n  diagram  s in c e  th e r e  was no sh e a r  fo rc e  in  th e  

t e s t  r e g io n . The g e n e ra l t e s t i n g  p ro ced u re  c o n s is te d  o f  d evelop ing  a 

c o n s ta n t moment re g io n  w ith  a tw o -p o in t load  system  and th e n  loaded 

w ith  in c rem en ts  o f  t o r s io n  u n t i l  th e  u l t im a te  load  was o b ta in e d .

I t  sh o u ld  be n o te d  t h a t  in  th e  to rsion-m om ent p la n e  th e  a d d i­

t io n  o f  moment in c re a s e d  th e  to r s io n a l  c a p a c ity  o f  th e  T-beams and th e  

r e c ta n g u la r  beams b u t had no a p p re c ia b le  e f f e c t  upon th e  I-beam s. In  

th e  h ig h  moment ran g e  a  d e c re a se  in  t o r s io n a l  c a p a c ity  was observed .

Cow an's (1955) e c c e n t r ic a l ly  p r e s t r e s s e d  beams showed th e  same 

b a s ic  tr e n d  in  th e  h ig h  moment reg io n  b u t he had no specim ens in  th e  

low moment re g io n  f o r  com parison . H is c o n c e n tr ic a l ly  p r e s t r e s s e d  beams 

showed o n ly  s l i g h t  in c re a s e  in  to r s io n a l  c a p a c i ty  due to  th e  a p p l ic a ­

t io n  o f  a sm a ll moment.
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M ukherjee and Warwaruk (1971) have p re s e n te d  a th r e e  dimen­

s io n a l s u r fa c e  (F ig u re  1 .7 ) fo r  p r e s t r e s s e d  r e c ta n g u la r  beams con­

ta in in g  re in fo rc e m e n t in  b o th  th e  t r a n s v e r s e  and th e  lo n g i tu d in a l  d i ­

r e c t io n s .  The fo llo w in g  b a s ic  assum ptions were used to  a llo w  th i s  

s u r fa c e  to  th e  developed :

1. The t r a c e  o f  th e  s u r fa c e  on th e  to r s io n - s h e a r  p la n e  i s  

a s t r a i g h t  l i n e  as  proposed by N ylander (1945).

2. I f  sh e a r  re in fo rc e m e n t i s  u se d , th e re  i s  no in t e r a c t io n  

betw een s h e a r  and moment, th e  r e s u l t  o f  which i s  a sq u a re  

p lo t  on th e  m om ent-shear p la n e .

3. The t r a c e  o f  th e  in t e r a c t io n  s u r fa c e  on th e  to r s io n -

moment p la n e  was o b ta in e d  by s t a t i s t i c a l  r e g re s s io n

a n a ly s is  o f  t h e i r  t e s t  d a ta .

4. The t r a c e  o f  th e  in t e r a c t io n  s u r fa c e  on th e  p lan e  My/MuQ=l 

i s  a s t r a i g h t  l i n e  BC, p a r a l l e l  to  LE.

5. The t r a c e  o f  th e  in t e r a c t io n  s u r fa c e  on th e  p la n e  Vy/Vyg=l 

i s  a s t r a i g h t  l i n e  CD, p ass in g  th rough  p o in t  D on th e  

sh e a r  a x is .

6 . The shape o f  th e  l in e  FG on any c r o s s - s e c t io n a l  p la n e ,

such as FGHK p a r a l l e l  to  th e  to rq u e - s h e a r  p la n e  i s  a

s t r a i g h t  l i n e  bounded a t  i t s  e x t r e m it ie s  by curve AFB 

and l i n e  CD.

The e q u a tio n  f o r  th e  curved in t e r a c t io n  s u r fa c e  AFBCGD deduced 

by assuming an e q u a tio n  f o r  th e  s t r a i g h t  l i n e ,  FG, and th e n  e v a lu a tin g  

th e  unknown c o e f f i c i e n t s  from th e  d e f in e d  end c o n d itio n s  a t  F and G i s  

g iven  by
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T - -  - (2 ] f -  = 1 -0uo c uo uo uo uo
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T /T
-  (2 I T  + %) .

The s p e c i f i e d  l im i t  o f  t h i s  eq u a tio n  was b ased  on th e  c o n s id e r ­

a t io n  th a t  th e  p o in ts  on th e  cu rved  in t e r a c t io n  s u r fa c e  must be s i t u ­

a te d  above p la n e  OBCD. Below t h i s  p la n e , th e  i n t e r a c t i o n  s u r fa c e  may 

be th e  r e c ta n g le  BCEL, o r  t r i a n g le  CED, th e  e q u a tio n s  f o r  which a re

^  = 1 .0  i f  ^  < 1 .0
Muo Vuo

Vu^  = 1 .0  i f  < 1 .0  .
Vuo Muo

O b je c tiv e  and Scope o f  S tudy 

S in ce  to r s io n  in  com bination  w ith  bending  and s h e a r  i s  becoming 

more and more o f  a p r a c t i c a l  d e s ig n  c o n s id e ra tio n  due to  th e  type  o f  

p re s e n t  day c o n s tru c t io n  and a n a ly s i s ,  i t  seems a p p a re n t from th e  

m eager amount o f  in fo rm a tio n  p r e s e n t ly  e x i s t in g  t h a t  more re s e a rc h  in  

t h i s  f i e l d  i s  needed .

S in c e  p r e s e n t  day c o n s tru c t io n  p ro ced u res  o f  m o n o lith ic  con­

c r e te  c o n s tr u c t io n  r e s u l t  in  T-beams and L-beams, th e  b a s ic  c r o s s - s e c t io n  

f o r  th e  s tu d y  r e p o r te d  h e re in  was determ ined  to  be L-beams w ith  a s e r ie s  

o f  r e c ta n g u la r  beams to  be used  as a  b a s is  o f  com parison  as shown in
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F igure  1 .8 . D e ta i ls  o f  th e  specim ens a re  d isc u sse d  in  Chapter I I  and 

shown in  F igure  2 .1 .  E c c e n tr ic a l ly  p r e s t r e s s e d  specim ens were chosen 

because o f  t h e i r  p r a c t i c a l  u sage  in  in d u s try  e s p e c ia l ly  when bending 

is  one o f  th e  p rim ary  d es ig n  f a c to r s .

A sim ply su p p o rted  span o f  6 f e e t ,  c e n te r  o f  su p p o rt to c e n te r  

o f s u p p o r t ,  w ith  th e  load  a t  m id-span was used as th e  p rim ary  t e s t  s e t ­

up w ith  to r s io n  r e s u l t in g  from th e  load  b e ing  p la c e d  a t  an e c c e n t r i c i ty  

o f " e "  from th e  c e n t e r l i n e  o f  th e  web. F igu re  1 .9  shows s c h e m a tic a lly  

the  lo a d in g  along w ith  th e  to r s io n ,  s h e a r  and moment d iagram s.

The p rim ary  o b je c t iv e  o f  th e  s tu d y  was to  e x p lo re  e x p e rim e n ta lly  

the lo a d -d e fo rm a tio n  re sp o n se  o f  e c c e n t r ic a l ly  p re te n s io n e d  p r e s tr e s s e d  

co n c re te  beams loaded  in  combined to r s io n ,  sh e a r  and moment w ith e f ­

f e c t iv e  p r e s t r e s s ,  to r q u e - to - s h e a r  r a t i o ,  to rque-to-m om ent r a t i o  and 

over-hang ing  f la n g e  b e in g  th e  im p o rtan t v a r ia b le s .  Care was a lso  ta k e n  

to  o b ta in  th e  c rack  p a t t e r n s  o f  th e  specim ens.
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CHAPTER I I

TEST SPECIMENS AND LABORATORY TECHNIQUE 

In t ro d u c t io n

Twelve s im ply  supported  p r e te n s io n e d  p r e s t r e s s e d  c o n c re te  r e c ­

ta n g u la r  beams and 18 L-beams were t e s t e d  to  collapse under combined 

t o r s i o n ,  s h e a r  and bending . A ll o f  th e  specim ens were composed o f  th e  

b a s ic  r e c t a n g u la r  s e c t i o n  (3"x6") w ith  t h e  p r im ary  v a r i a b l e  being  t h e  

a d d i t io n  o f  a  ( l"x 6 " )  f la n g e  to  one s id e  o f  th e  b a s i c  c ro s s  s e c t i o n .

The o th e r  v a r i a b l e s  were e f f e c t i v e  p r e s t r e s s ,  t o r q u e - t o - s h e a r  and 

torque-to-m om ent r a t i o s .

T es t  Specimens

The specimens t e s t e d  have been p r e v io u s ly  d isc u s s e d  and are  

shown in  F ig u re  2 .1 .  T es t specimens were d iv id e d  in to  th r e e  groups a c ­

cord ing  t o  t h e  a d d i t io n  o f  a  f la n g e  and th e  amount o f  e f f e c t i v e  p r e ­

s t r e s s .  S e r i e s  A had no f la n g e  and an e f f e c t i v e  p r e s t r e s s  p roducing  0 

k s i  t e n s io n  in  th e  to p  f i b e r s  and 1 .75 k s i  com pression  in  th e  bottom 

f i b e r s .  The overhanging  f la n g e  f o r  s e r i e s  B and C was l" x 6 " .  The e f ­

f e c t i v e  p r e s t r e s s  f o r  s e r i e s  B was 0 .3  k s i  t e n s i o n  in  the  to p  f i b e r s  

and 1 .90  k s i  com pression in  th e  bottom f i b e r s ,  w h i le  s e r i e s  C had 0 k s i  

te n s io n  i n  t h e  to p  f i b e r s  and 1.75 k s i  com pression  in  th e  bottom  f ib e r s .  

In s e r i e s  B and C l / 2 " x l / 2 "  f i l l e t s  were p ro v id ed  a t  th e  ju n c t io n  o f  

th e  f l a n g e  and th e  web in  o rd e r  to  red u ce  t h e  s t r e s s  c o n c e n t r a t io n .

16



17

0 pel

«VI
VO

1750 psi

A-Serles

c
vO
VO South Face

EkSerles

— '--------- .
South Pace —̂

1 “ #  """

300 p s i

1900 pel

0 p si

1750 p si
C-Series

Bean Gross Sections E ffec tive  A restress

Figure 2,1 Test Speeinens



18

A ll o f  th e  beams con ta in ed  one 3 /8 "  d ia m e te r ,  7 w ire ,  270 kips 

s t r a n d  lo c a te d  as shown in  F igure  2 .1 .  The l o a d - s t r a i n  curve  f o r  the 

p r e s t r e s s in g  s t e e l  i s  g iven  in  Appendix C. Only specim ens A-7, B-8, 

and C-7 c o n ta in ed  web re in fo rc em en t  (F ig u re  2 . 2 ) .  These were t e s t e d  

w ith  a tw o -p o in t  load  system to  o b ta in  t h e  pure  moment c a p a c i ty  o f  the 

s e c t io n  and d id  no t c o n ta in  web re in fo rc e m e n t  in  th e  pure  moment t e s t  

r e g io n .

The g e n e ra l  d im ensions o f  th e  t e s t  specimens along w ith  th e  

re in fo rc em en t o f  th e  diaphragms a re  shown in  F igu re  2 .3 .  The v e r t i c a l  

s t i r r u p s  used in  th e  lo ad  and suppo rt diaphragms were made o f  e i t h e r  

3/16" <j) w ire ( fy  = 40 k s i ) .  The load  and sup p o r t  diaphragms were cast 

m o n o l i th ic a l ly  w ith  t h e  beams and were o f  uniform  d e p th .

Throughout t h i s  t e x t ,  th e  web on th e  overhanging  f la n g e  s id e  

( in  th e  d i r e c t i o n  o f  th e  e c c e n t r i c i t y )  w i l l  be r e f e r r e d  to  as  th e  "south 

face "  and th e  web o p p o s i te  t o  th e  d i r e c t i o n  o f  th e  e c c e n t r i c i t y  as  the 

" n o r th  f a c e " .  A lso ,  t h e  e c c e n t r i c i t y  o f  th e  load  a t  m id-span measured 

from th e  c e n t e r l i n e  o f  th e  web w i l l  be r e f e r r e d  to  as  th e  " e c c e n t r i c i t y " .

C as ting  and Curing

The c o n c re te  mix was designed  to  p ro v id e  a seven day s t re n g th  

o f  5500 p s i .  A 1 :1 .5 :1 .7  (ce m e n t:sa n d :g ra v e l)  mix by w eight w ith  a 

w ate r  cement r a t i o  o f  0 .5  was used th ro u g h o u t th e  i n v e s t i g a t i o n .  The 

la rg e  s ized  a g g re g a te  was a graded cru shed  rock  which passed  a 3 /4"  

s c r e e n .  The sand was a  w ell graded r i v e r  sand w ith  a  s ie v e  a n a ly s i s  

as shown in  Appendix C.
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The formwork f o r  th e  specimens was made o f  plywood w ith  an 

epoxy c o a t in g  used a s  w a te rp ro o f in g .  The b a s ic  form was a plywood 

p l a t e  suppo rted  by f o u r  3 /4 "  th rea d ed  ro d s  (F igure  2 ,4 )  which allow ed 

th e  forms to  be p o s i t i o n e d  i n  p ro p e r  a lignm ent w ith  th e  p r e s t r e s s  

c a b le .  F ig u re  2 .4 shows t y p i c a l  formwork fo r  t h r e e  specim ens.

The n o r th  f a c e  o f  each specimen was formed by b o l t i n g  a trimmed 

2"x8"xS' board  a t ta c h e d  to  a 3 l / 2 " x l / 4 "  angle  to  th e  plywood. The 

sou th  fa c e  o f  each specim en was formed by b o l t in g  two 5" deep  box s e c t io n s  

to  th e  plywood w ith  1" th i c k  s t r i p s  o f  wood screwed to  t h e  box s e c t i o n s  a t  

p ro p e r  d i s t a n c e s  to  g iv e  th e  overhanging  f la n g e .  The box s e c t i o n s  were 

ta p e re d  t o  allow them t o  be p u l l e d  from between th e  lo a d in g  arm and th e  

sup p o r t  diaphragm, b u t  w ith  th e  la rg e  f la n g e s  o f  s e r i e s  B and C i t  was 

found t h a t  th e  forms needed t o  b e  more f l e x i b l e .  A 3 /4 "  gap was c u t  in  

t h e  box s e c t i o n s  which was covered  w ith  a l i g h t  gage aluminum s t r i p  

du r in g  th e  c a s t i n g  o p e r a t i o n .

A f t e r  the  forms were assembled and p laced  in  approx im ate  p o s i ­

t i o n ,  th e  c ab le  was th re a d e d  th rough  t h e  p r e s t r e s s i n g  bed and th e  forms 

and te n s io n e d  w ith  3 k ip s  to  remove th e  s la c k .  The forms were th e n  po­

s i t i o n e d  and anchored . The p r e s t r e s s  c a b le  was then  removed and th e  

j o i n t s  o f  t h e  forms w ere ta p e d  t o  p re v e n t  th e  m o rta r  from le a k in g .  The 

forms were o i l e d  to  p r e v e n t  t h e  c o n c re te  bonding to  them. A f te r  th e  

re in fo rc e m e n t  fo r  t h e  d iaphragm s was p o s i t i o n e d ,  t h e  p r e s t r e s s  c a b le  

was th rea d ed  th rough  th e  forms and th e  diaphragm r e in f o r c e m e n t . Care 

was taken  to  keep t h e  o i l  o f f  th e  c a b le  and a rag  soaked w ith  ace to n e  

was used to  wipe th e  c a b le  b e f o r e  th e  c o n c re te  was p la c e d .
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Figure 2.4 Formwork
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The g en e ra l  p r e te n s io n in g  p ro cess  c o n s is te d  o f  anchoring  th e  

e a s t  end o f  th e  cab le  to  th e  p r e s t r e s s i n g  bed a llow ing  a  chuck to  b ea r  

on a p l a t e  (F igure  2 .5 ) .  The w est end was th rea d ed  th rough  a chuck, a 

c h a i r ,  a c e n t e r - h o le  h y d r a u l i c  c y l in d e r ,  a load  c e l l  and a chuck, r e ­

s p e c t iv e ly .  The c a b le  was te n s io n e d  by expanding th e  c y l in d e r  between 

th e  c h a i r  and th e  chuck on t h e  west end w ith  th e  load  being  m onitored  

by the  load c e l l .  S pacers  were added between th e  second chuck on th e  

west end and th e  p r e s t r e s s i n g  bed . The p r e s s u r e  was r e le a s e d  from th e  

c y l in d e r  th e re b y  t r a n s f e r r i n g  th e  load t o  th e  second chuck.

The c o n c re te  was th e n  p la ced  in  t h e  forms w ith  a s e p a r a te  b a tch  

being  made fo r  each specimen. C ontro l c y l in d e r s  were c a s t  a t  th e  same 

tim e as th e  specimens i n  acco rdance  w ith  ASTM C 192-54 ex cep t t h a t  nomi­

n a l  3"x6" paper molds were u sed .

The to p s  o f  th e  specim ens were f i n i s h e d  and allow ed to  ga in  

enough s t r e n g th  so t h a t  th e  co v e r in g  m a te r i a l  would n o t  mar th e  s u r f a c e .  

Wet b u r lap  sacks were p la c e d  o v e r  th e  specimens and th e  c y l in d e r s  and 

i n t e r m i t t e n t l y  w etted  f o r  tw e n ty - fo u r  hou rs  (F igure  2 . 6 ) .  A f te r  tw en ty -  

fo u r  h o u rs ,  th e  sou th  f a c e  o f  t h e  forms and th e  p ap e r  c y l in d e r s  were 

removed and th e  wet b u r la p  sack s  re p la c e d  and i n t e r m i t t e n t l y  w etted  f o r  

a n o th e r  tw e n ty -fo u r  h o u rs .  S e r i e s  B and C were allow ed to  rem ain in  

th e  forms f o r t y - e i g h t  ho u rs  b e f o r e  th e  box s e c t io n s  were removed to  a l low  

th e  overhanging f la n g e  to  g a in  more s t r e n g t h .  The b u r la p  sack s  were th e n  

removed to  l e t  th e  specimens a i r  cu re  f o r  tw e n ty -fo u r  hours b e fo re  th e  

p re te n s io n  fo rc e  i n  th e  c a b le  was t r a n s f e r r e d  to  th e  specim ens.

The t r a n s f e r  o f  th e  p r e s t r e s s  t o  th e  specimens was accom plished 

by reassem bling  th e  c h a i r ,  h y d r a u l i c  c y l in d e r  and w est chuck and ja c k in g
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Figure 2 .5  E restre sslrg  System
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Figure 2 .6  Curing of Specimens

Specimen Movement

Figure 2 ,7  Specimen Movement 
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a g a in s t  th e  west chuck and the  c h a i r  j u s t  s u f f i c i e n t  t o  allow  th e  

sp a c e rs  to  be removed. The p re s s u re  was r e l e a s e d  s lo w ly  from th e  cy­

l i n d e r  which th e n  t r a n s f e r r e d  th e  te n s io n  i n  th e  c a b le  to  th e  specimens 

du r in g  a tim e i n t e r v a l  o f  approx im ate ly  1 t o  2 m in u te s .

The specimens were allow ed to  s i t  f o r  a p p ro x im a te ly  fo u r  hours  

and th e n  th e  c a b le  between th e  specimens was c u t  w ith  a to r c h .  The 

specimens were th e n  removed and s to re d  under am bient c o n d i t io n s  u n t i l  

t e s t e d .

The f i r s t  m o d i f ic a t io n  to  th e  te n s io n in g  p ro c e s s  was t h e  a d d i ­

t i o n  o f  a sp a c e r  between th e  e a s t  chuck and th e  p r e s t r e s s i n g  bed . When 

th e  te n s io n  in  th e  c a b le  was r e le a s e d  from th e  w est end o n ly ,  th e  s p e c i ­

mens tended  to  s l i d e  on th e  forms (F igure  2 .7 )  b u t  t h e  f r i c t i o n  between 

the  forms and th e  specimens allow ed some t e n s i o n  to  rem ain  between th e  

specimens and, i n  p a r t i c u l a r ,  between th e  e a s t  chuck and th e  e a s t  s p e c i ­

men. With th e  removal o f  th e  a d d i t io n a l  s l o t t e d  s p a c e r s ,  th e  t e n s io n  on 

th e  e a s t  end o f  th e  c a b le  could  be removed.

The second m o d i f ic a t io n  to  the  t e n s io n in g  p ro c e s s  was a r e s u l t  

o f  th e  cab le  te n d in g  to  u n tw is t  during  th e  t e n s i o n in g  p ro c e s s .  Two ty p e s  

o f  b e a r in g s  were used  to  allow  th e  cab le  to  have freedom o f  t w i s t .  The 

f i r s t  s e t  c o n s i s te d  o f  p l a t e s  w ith  b a l lb e a r in g s  p la c e d  between them.

These were p la c e d  on each end o f  t h e  c a b le .  The second s e t ,  which were 

f r o n t  p in io n  b e a r in g s  f o r  a Buick au tom ob ile ,  was adop ted  m ostly  fo r  

convenience i n  h a n d l in g  (Item 6 o f  F igure  2 .5 ) .

The t h i r d  m o d i f ic a t io n  to  th e  p r e te n s io n in g  p ro c e s s  was th e  

a d d i t io n  o f  a n o th e r  h y d ra u l ic  c y l in d e r  to  a llow  com plete  te n s io n in g  

w ith o u t an in te r m e d ia te  adding o f  sp ace rs  and p r e s s u r e  r e l e a s e .
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Test Procedure  

P r e p a r a t io n

S ince the  n o r th  face  o f  each specimen was formed us ing  a r i g i d  

s e c t i o n ,  i t  was used a s  a  base  l i n e  f o r  a l l  n o r th - s o u th  measurements 

d u r in g  th e  assembling and t e s t i n g  o f  th e  specimens.

Although th e  n o r th - s o u th  d im ensions were re fe re n c e d  to  th e  n o r th  

face  o f  th e  specimen d u r in g  t e s t i n g ,  th e  e c c e n t r i c i t y  o f  th e  load was 

converted  t o  the  d i s t a n c e  from th e  c e n t e r l i n e  o f  th e  web r a t h e r  th a n  t o  

th e  e l a s t i c  sh e a r  c e n t e r .  Measurements from th e  c e n t e r l i n e  r a t h e r  th a n  

from t h e  sh ea r  c e n te r  were used  f o r  two re a s o n s .  F i r s t ,  in  p r a c t i c e  

t h e  d es ig n  eng in ee r  w i l l  u s u a l ly  u s e  th e  c e n t e r l i n e  o f  th e  web r a t h e r  

th a n  t h e  sh e a r  c e n te r .  Secondly , i t  has  been shown [Ersoy, 1965] f o r  

c ro s s  s e c t io n s  o f  th e  d im ensions used  in  t h i s  in v e s t ig a t io n  t h a t  th e  

sh e a r  c e n te r  o f  r e in f o r c e d  c o n c re te  s e c t i o n s  i s  ve ry  c lo se  t o  th e  c e n te r -  

l i n e  o f  th e  web. Ersoy a l s o  p o in te d  o u t  t h a t  t h e  shear  c e n te r  i s  n o t  a 

unique p o in t  fo r  a  c o n c re te  beam d u r in g  load ing  a f t e r  c rac k in g .

The c o n ta c t  p o i n t s  o f  th e  d e f l e c t i o n  gages were m odified  in  one 

o f  th r e e  genera l ways depending on th e  i n i t i a l  t e x t u r e  o f  th e  c o n c re te  

s u r f a c e .  I f  th e  s u r f a c e  was f a i r l y  smooth, th e  c o n ta c t  p o in t  was 

sanded. I f  th e  s u r f a c e  was rough , i t  was made smooth by app ly ing  a 

sm all pa tch  o f  p l a s t e r  o f  P a r is  a t  t h e  c o n ta c t  p o in t  o r  a sm all p ie c e  

o f  p le x ig la s s  was g lued  t o  th e  c o n c re te  a t  th e  p o in t .  This p re c a u t io n  

was used to  e l im in a te  d i a l  gage r e a d in g  e r r o r s  due to  th e  roughness o f  

th e  s u r fa c e .
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Loading System

The g e n e ra l  lo a d in g  c o n d i t io n  i s  shown in  F igure  2 .8 a .  The 

load to  th e  specimen was d i s t r i b u t e d  by a sm all p l a t e  which was cushioned 

by a t h i n  l a y e r  o f  p l a s t e r  o f  P a r i s .  The load was a p p l ie d  to  th e  p l a t e  

through  a  b ea r in g  system which gave a  p o in t  lo ad  c o n d i t io n .  The magni­

tu d e  o f  a p p l ie d  load  was m on ito red  by a load  c e l l  and was ap p l ie d  

through a  l e v e r  system su p p o r ted  by a  h inge  co n n ec tio n  as shown in  Figure 

2 .8 b .  The h y d ra u l ic  c y l in d e r  p ro v id ed  t h e  a c t i v e  fo rc e  t o  the  le v e r .

In  o rd e r  t o  keep th e  dead load  o f  th e  system to  a minimum and 

f o r  s a f e t y  rea so n s  th e  l e v e r  system was co u n te rb a lan c ed  w ith  a weight 

and p u l l e y  system as shown i n  F ig u re  2 .8 a .

For l a rg e  e c c e n t r i c i t i e s ,  two m o d i f ic a t io n s  were made t o  th e  

load  system as shown in  F ig u re  2 .8 c .  F i r s t ,  an e x te n s io n  to  th e  load ing  

diaphragm was adop ted . The load  on t h e  e x te n s io n  was t r a n s f e r r e d  to  th e  

c o n c re te  load ing  arm by b e a r in g  and f r i c t i o n .

The second m o d i f ic a t io n  was t h e  a d d i t io n  o f  c o l l a r s  around th e  

su p p o r t  d iaphragm s. These c o l l a r s  had a  round b a r  p laced  p a r a l l e l  to  

and between th e  su p p o r t  diaphragms and th e  top  p l a t e  o f  th e  c o l l a r  to  

allow  freedom o f  moment b u t  t o  g iv e  th e  c o l l a r  t h e  a b i l i t y  to  r e s i s t  

t o r s i o n .

The load ing  system f o r  specim ens A-7, 8 -8 ,  and C-7 was r e v is e d  

to  produce a pu re  moment r e g io n  as shown in  F ig u re  2 ,9 .  The load was 

t r a n s f e r r e d  from th e  l e v e r  system  th ro u g h  th e  load  c e l l  t o  th e  aluminum 

I-beam which d iv id e d  i t  e q u a l ly  between two p o in t s  symmetrical w ith  r e ­

s p e c t  to  mid-span g iv in g  a pu re  moment t e s t  r e g io n .
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Figure 2,8a General Loading System
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1. lever System 2. Load Cell 3* R oller Support

Figure 2.8b Small and Interm ediate E ccen tric ity  Loading System

1. R oller Support
2. Support Diaphragm Collar

3, Loading Arm Extension 
4". Load Cell

Figure 2.8c large E ccen tric ity  Loading System
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Figure 2 ,9  Two-Point Loading System
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An i n i t i a l  load o f  ap p ro x im a te ly  100 pounds was a p p l ie d  t o  each 

specimen to  ho ld  the  lo ad  c e l l  and b e a r in g  system in  p o s i t i o n .

In s t ru m e n ta t io n

The number of d i a l  gages v a r ie d  from e lev en  t o  f i f t e e n  d e ­

pending on th e  ty p e  o f  lo a d in g .  The gages were supported  from a sm all  

s t r u c t u r a l  frame th a t  was a t ta c h e d  t o  t h e  la rg e  t e s t  frame (F igu re  2 .1 0 ) .  

Due to  the s t r u c t u r a l  r i g i d i t y  o f  t h e  l a r g e  t e s t  fram e, i t s  d e f l e c t i o n  

was n e g l ig ib l e  f o r  the  sm all  loads  used  in  t h i s  s tu d y .

Three d i a l  gages were p la c e d  on each diaphragm . Two were used  

to  measure v e r t i c a l  d e f l e c t i o n  and one was used to  measure th e  h o r i ­

z o n ta l  d e f l e c t i o n  o f  each diaphragm . The v e r t i c a l  gages were a l s o  used  

to  measure th e  t w i s t  o f  th e  specim ens.

Two gages were a t ta c h e d  t o  th e  c a b le  o f  each specimen as shown 

in  F igure  2 .10  to  check f o r  d raw -in  of th e  c a b le  d u r in g  t e s t i n g .

Two gages were mounted on t h e  web e x te n s io n  o f  most o f  th e  beams 

t o  a l low  th e  s lo p e  o f  t h e  ends o f  t h e  beams to  be m easured. As a check 

on t h e  c e n t e r l i n e  d e f l e c t i o n ,  a gage was mounted a t  t h e  west q u a r t e r -  

p o i n t  on most o f  th e  beam s.

I t  was no ted  d u r in g  t e s t i n g  o f  some o f  th e  specimens t h a t  th e  

lo a d in g  diaphragm developed sm all  t e n s i o n  c ra c k s  in  th e  to p .  S ince  t h e  

d i a l  gage used t o  measure th e  tw is t  was mounted on th e  load ing  diaphragm, 

an a t tachm ent and gage was added as a  check on th e  t w i s t  measurement.

T e s t in g

I n i t i a l  re a d in g s  were tak en  and checked by a n o th e r  r e a d e r  w i th  

th e  i n i t i a l  load a p p l ie d  a s  p r e v io u s ly  e x p la in e d .  The load was a p p l ie d



2 _ _ _ _ 2
M O

Section A - A

I -

FLan View

Figure 2.10 General Test Instrum entation



35

in  in c rem en ts  th e  magnitude o f  w hich v a r i e d  depending upon th e  e s t i ­

mated u l t i m a t e  c a p a c i ty  o f  th e  specim en . A f te r  each inc rem en ta l lo a d in g  

was a p p l ie d  and h e ld  c o n s ta n t ,  t h e  d i a l  gages re a d  and reco rd ed ,  t h e  

specimen was th e n  checked f o r  any new c ra c k s  and i f  found they  were 

marked. A m agnify ing  g la s s  was used  t o  h e lp  f i n d  new c rac k s  and e x ­

te n s io n s  o f  form er ones and m i r ro rs  were used  t o  observe th e  bottom o f  

t h e  beam. The c ra c k s  were marked w ith  c o n t in u o u s  l i n e s  w ith  a h a tc h  

mark a t  th e  v i s i b l e  end and a number c o r re sp o n d in g  to  th e  load l e v e l .

Any c ra c k s  t h a t  formed during  a c t u a l  co l lapse  were marked w ith  dashed 

l i n e s .

A f te r  a l l  c racks  had been  m arked , th e  lo ad  was a d ju s te d  to  p ro p e r  

v a lue  and th e  c r i t i c a l  d i a l  gages a t  midspan m easuring  c e n t e r l i n e  d e ­

f l e c t i o n  and an g le  o f  tw is t  were checked  f o r  c r e e p .  I f  s i g n i f i c a n t  

changes i n  th e  d i a l  read in g  had ta k e n  p l a c e ,  an a d d i t io n a l  s e t  o f  d a t a  

was ta k e n .  O therw ise ,  th e  load was inc rem en ted  t o  th e  next load  l e v e l  

and th e  p ro ced u re  re p e a te d .

When t h e  load  approached th e  f a i l u r e  r a n g e ,  th e  c r i t i c a l  gages 

were m on ito red  c a r e f u l l y  to  t r y  t o  o b ta in  th e  re a d in g s  a t  co llq jse .  For 

s a f e t y  r e a s o n s ,  t h e  load  was a llow ed  t o  c ree p  o f f  approx im ate ly  one t h i r d  

o f  th e  p r e v io u s  lo ad  increm ent w h i le  t h e  c ra c k s  were being marked.

The above g en e ra l  lo a d in g  p ro c e d u re  was fo llow ed  w ith  b u t  few 

e x c e p t io n s  which a r e  d iscu ssed  i n  Appendix A where a d e t a i l e d  d e s c r i p ­

t i o n  o f  each  sp ec im e n 's  re sponse  i s  p r e s e n te d .
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The p r im ary  o b je c t iv e  o f  t h i s  exp e r im en ta l  i n v e s t i g a t i o n  was 

to  s tu d y  t h e  b e h a v io r  o f  s im ply  suppo rted  e c c e n t r i c a l l y  p r e te n s io n e d  

p r e s t r e s s e d  c o n c re te  r e c t a n g u la r  and L-beams w ithou t web re in fo rc e m e n t  

under th e  combined lo a d in g  o f  t o r s i o n ,  sh e a r  and bending. T h is  

c h a p te r  i s  devo ted  t o  a d i s c u s s io n  o f  th e  r e s u l t a n t  b eh av io r  o f  th e  

t e s t  specim ens and t h e  e f f e c t s  o f  f l a n g e  w id th ,  e f f e c t i v e  p r e s t r e s s ,  

t o r q u e - t o - s h e a r  r a t i o  and torque-to-m om ent r a t i o  on beam b e h a v io r .

T h is  d i s c u s s i o n  i s  p r e s e n te d  as  g e n e ra l  r e s u l t s  w ith  emphasis p la c e d  

upon u l t i m a t e  c a p a c i t y ,  lo a d -d e fo rm a tio n  re sp o n ses  and c rack  p a t t e r n s .

A d e t a i l e d  d i s c u s s io n  o f  th e  re sp o n se  o f  each specimen i s  p r e s e n te d  in  

Appendix A.

The e c c e n t r i c i t y ,  i n i t i a l  c ra c k in g  s h e a r ,  to rq u e  and moment, 

ty p e  and l o c a t i o n  o f  i n i t i a l  c racks  a r e  shown i n  Table 3 .1 .  The 

u l t im a te  s h e a r ,  t o r q u e ,  and moment, ty p e  and lo c a t io n  and symmetry o f  

t h e  u l t i m a t e  c rac k  p a t t e r n  and load defo rm ation  responses  o f  each 

specimen a r e  shown i n  Table  3 .2 .

The c o n c re te  s t r e n g t h  was an  u n i n t e n t i o n a l  v a r i a b l e  in  t h i s  i n ­

v e s t i g a t i o n  and was accoun ted  f o r  by m u l t ip ly in g  to r s i o n  and sh e a r  by 

/sSOO/fg and moment by  ( 5 5 0 0 / f ^ ) . T h is  has been s tandard  p r a c t i c e  f o r  

many p a s t  r e s e a r c h e r s  [E rsoy , 1965],  [Farmer and Ferguson, 1967].

36
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TABLE 3 .1 .  INITIAL CRACKING CAPACITY AND CRACK PATTERNS

Cracking C ap ac ity I n i t i a l  Cracking
BEAM

(in ) (p s i) Shear
(k ip)

Moment
( in - k ip )

Torque
( in -k ip )

Type* Location^

A-1 0 .0 5036 1.38 49.5 0.06 A B
A-2-1 6.38 5490 No crack - - - -

A-2-2 6.38 5490 1.11 40 .0 6.72 A B

A-3 10.0 4833 1.07 21.4 10.16 B 20E

A-4 31.0 5671 0.44 0 .0 11.33 B OE-OW
A-5 1.5 5054 1.28 46 .0 1.88 A B

A-6 21.5 6013 0.59 0 .0 11.23 B OE-OW

A-7-1 0.0 5360 No Crack - - - -

A-7-2 0 .0 5360 1.83 44.0 .06 A B
A-8 3.5 5371 1.33 43.0 4.48 A B

A-9 0 .0 5481 1.53 55.0 .06 A B

A-10 26.5 5551 .56 3 .4 13.09 B 6E-6W

A-11 16.5 5676 .84 20.0 12.87 B OE-24W

A-12 1.5 6247 1.53 55.0 2.25 A B

B-1 0.0 4995 2.10 75.5 .14 A B

B-2 6.38 4608 1.60 57.5 9.80 A B
B-3 31 .0 4347 2.56 1.1 14.55 B 0W-4E

B-4 26.5 6147 0.46 1.4 10.38 B 0E-6W

B-5 3.5 5787 1.84 66.2 6.29 A B
B-6 1.5 4300 1.84 66.2 2.78 A B

B-7 10.0 5369 1.25 35.0 11.84 A 0E-28.5W

B-8 0.0 5536 2.42 58.0 .14 A B

B-9 21.5 4502 0.57 0 .0 10.52 B OW

C-1 3.5 5575 1.54 55.5 5.26 A B

C-2 6.38 6075 1.54 55.5 9.47 A B
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TABLE 3 .1  (C o n t 'd .)

BEAM Ecc.
( in)

%
(p s i)

Cracking C apac ity I n i t i a l  Cracking

Shear
(kip)

Moment
( in -k ip )

Torque
( in -k ip )

Type& Location^

C-3-1 0 .0 5135 1.54 55.5 .14 A B

C-3-2 0 .0 5135 - - - - -

C-4 31.0 7596 0.57 3.4 14.96 B 0E-12W
C-5-2 10.0 6687 1.54 55.5 14.77 A B

C-6 1.5 5438 ] .54 55.5 2.34 A B

C-7 0 .0 5145 1.84 44.2 .14 A B

C-8 21.5 5109 0.80 8 .0 15.55 B 18E-0W

C-9 6.38 5072 1.54 55.5 9.47 A B

a (A) im p lie s  t h a t  th e  i n i t i a l  c rack  was a  v e r t i c a l  t e n s io n  

c rack  w h ile  (B) im p lie s  t h e  i n i t i a l  c rack  was t o r s i o n a l .

^The lo c a t io n  o f  th e  i n i t i a l  c rack  i n  th e  e a s t  h a l f  o f  th e  beam

i s  given as " "  inches from th e  c e n t e r l i n e  o f  th e  su p p o r t  d i ­

aphragm w h ile  th e  i n i t i a l  c rack  in  th e  west h a l f  o f  th e  beam i s  

r e fe re n c e d  to  th e  c e n t e r l i n e  o f  th e  west support diaphragm.

(B) im p lie s  t h a t  i n i t i a l  c ra c k in g  o ccu rred  near-m id -span  and 

u s u a l ly  more than  one c ra c k  was observed .



TABLE 3 .2 .  ULTIMATE CAPACITY, ULTIMATE CRACK PATTERN AND LOAD DEFORMATION RESPONSE

Ecc. U lt im a te  C apac ity#
BEAM , .  . '  S hea r  Moment ( in ) Torque U lt im a te  Cracks Load D eform ation Response^

(k ip )  ( in - k i p )  ( in - k i p )  Typeb L o ca tio n ^  S h ea r -g  Def. Torque-T w ist

A-1 0 .0 1.73 49.71 .06 B 2 / . 5  a 
None W 1 -

A-2-2 6 .38 1.24 37.57 7.50 B 27.5  E 
30 W 3 3

A-3 10.0 1.14 29.76 10.82 D 24.5  E 
None W 2 2

A-4 31.0 .43 2 .85 11.15 D 8.5  E
4 .5  W 2 2

A-5 1.5 2 .48 73.37 3 .69 B 28.5  E 
0 W I 1

A-6 21.5 .57 2 .74 10.73 D 4 .5  E
4 .5  W 2 2

A-7-2 0 .0 0 .0 84.79 .06 A Two P t .  
Load 1 -

A-8 3 .5 1.97 60 .33 6.75 C 29 .0  E 
31 .5  W 1 3

A-9 0 .0 2.17 53.22 .06 B None E 
29 .5  W 1 -

A-10 26.5 .57 9 .29 13.52 D 15.0  E
18 .0  W 2 2

A-11 16.5 .86 24.40 13.21 D 29.5  E
28.5  W 2 2

A-12 1.5 2 .06 50 .99 3 .06 B 24 .0  E
24 .0  W 1 3



TABLE 3 .2 .  ULTIMATE CAPACITY, ULTIMATE CRACK PATTERN AND LOAD DEFORMATION RESPONSE (C on t’d .)

Ecc.
U lt im a te  C ap ac ity *

BEAM Shear Moment Torque
(k ip )  ( in - k i p )  ( in - k ip )

B-l

B-2

B-5

B—6

B-8

C-1

C-2

U lt im a te  Cracks Load D eform ation Response*^
Typeb L o ca tio n ‘S S h e a r -£ Def. T orque-T w ist

0 .0  2 .86  89 .93

6 .38  2 .11 67.12

B-3 31 .0

B-4 26.5

.62

B-9 21.5

8.19

.59 5.64

3 .5  2 .28  65 .66

1.5  2.91 94 .49

B-7 10 .0  1 .37  40 .43

0 .0  0 .0  102.03

.77 5 .97

3 .5  2 .26  64 .39

6 .38  1 .64  44.21

C-3-2 0 .0  2 .62  72.35

.15

12.99

16.20

13.00

7.83

4 .83  

13.02

.14

14.86

7.76

10.13

.14

B

C

D

D

C

C

C

A

D

C

C

B

None E 
30 W

24.5  E
28 W

16.5  E
7 W
6 E

13.5  W

31.5  E
27 .5  W

None E
28 .5  W

None E
28 .5  IV

Two P t .  
Load

6 E
8 W

29 E 
29 W

28 E
28 .5  W

None E 
27 W

1

3

2

2

1

1

3

1

3

1

2

1

3

1

3

3

1

3

3

1

2



TABLE 3 . 2 .  ULTIMATE CAPACITY, ULTIMATE CRACK PATTERN AND LOAD DEFORMATION RESPONSE (Cont'd. )

BEAM Ecc. U lt im a te  C ap ac ity * U lt im a te  Cracks Load D eform ation  Response^
( in ) Shear

(k ip )
Moment 

( in - k ip )
Torque

( in -k ip ) Type^ L oca tion^ S h e a r -£  Def. Torque-T w ist

C-4 31.0 .54 6 .00 14.22 D 9 E 
18 W 2 2

C-5-2 10.0 1.43 32.78 13.72 C 24 E 
28 .5  W 2 2

C-6 1.5 2 .47 64.80 3.72 B None E 
26 W 1 1

C-7 0 .0 0 .0 97.05 .14 A Two P t . 
Load 1 -

C-8 21.5 .83 4 .9 16.10 D 28 E 
6 W 2 2

C-9 6 .38 1.94 54 .27 12.00 C 31 E 
31 W 3 3

^ S h e a r ,  moment and to rq u e  v a lu e s  co n v e r ted  t o  = 5500 p s i  by m u l t ip ly in g  by /5 5 0 0 /fA , 5500/fA 
and v /5 5 0 0 /f ',  r e s p e c t f u l l y .

^(A) im p l ie s  a  v e r t i c a l  f l e x u r a l  ty p e  c ra c k ,  (B) im p lie s  a f l e x u r a l - t o - d i a g o n a l  t e n s i o n  c ra c k ,
(C) im p l ie s  f l e x u r a l - t o - d i a g o n a l  t e n s io n  w i th  t o r s i o n a l  e f f e c t s  n o t i c e a b l e  and (D) im p l ie s  t o r ­
s io n a l  w ith  secondary  sh e a r  c ra c k s .

^The l o c a t i o n  o f  th e  u l t i m a t e  c rack  in  th e  e a s t  h a l f  o f  th e  beam i s  g iven  as " " in c h e s  from
th e  c e n t e r l i n e  o f  th e  s u p p o r t  diaphragm w h ile  th e  u l t im a te  c rack  in  th e  w est h a l f  o f  th e  beam 
i s  r e f e r e n c e d  t o  th e  c e n t e r l i n e  o f  th e  w est s u p p o r t  diaphragm.

^(1) im p l ie s  i n i t i a l l y  l i n e a r  load  d e fo rm a tio n  re sp o n se  up t o  f i r s t  c rac k in g  w ith  long n o n l in e a r  
p o r t i o n  a f t e r  f i r s t  c r a c k in g ,  (2) im p l ie s  i n i t i a l l y  l i n e a r  re sp o n se  up to  f i r s t  c ra c k in g  w ith  
r e d u c t io n  i n  c a p a c i ty  a t  f i r s t  c ra c k in g  and (3) im p lie s  a t r a n s i t i o n  between th e  two re s p o n s e s .
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S h e a r - c e n t e r l i n e  d e f l e c t i o n ,  sh e a r - s lo p e  o f  ends and to rq u e -  

t w i s t  curves a re  g iv en  in  Appendix B. I n  th e s e  f i g u r e s  no ad justm ent 

was made f o r  any v a r ia n c e  o f  co n c re te  s t r e n g t h ,  b u t  th e  dead load due 

to  th e  web, f l a n g e ,  lo a d in g  diaphragm and th e  lo a d in g  system was i n ­

cluded i n  th e  r e c o rd e d  v a lu e s .  The shear and to rq u e  was c a l c u la te d  

a t  th e  support  in  o r d e r  t o  g iv e  a c o n s is te n t  c a l c u l a t i o n .

The tw i s t  o f  t h e  specimen a t  each diaphragm was c a l c u la te d  by 

d iv id in g  th e  d i f f e r e n c e  between th e  d e f le c t io n s  o f  th e  two v e r t i c a l  

d i a l  gages by th e  h o r i z o n t a l  d is ta n c e  between them. The n e t  tw i s t  o f  

th e  load ing  diaphragm was c a l c u la te d  by a l g e b r a i c a l l y  s u b t r a c t in g  th e  

average o f  th e  end t w i s t s . The u n i t  tw is ts  were o b ta in e d  by d iv id in g  

th e  n e t  tw i s t s  by th e  d i s t a n c e  between m id-span and t h e  end o f  th e  span.

The r e l a t i v e  c e n t e r l i n e  d e f le c t io n  was c a l c u l a t e d  by a lg e b r a ­

i c a l l y  s u b t r a c t in g  th e  average o f  th e  end d e f l e c t i o n s  from t h a t  measured 

by th e  d i a l  gage p la c e d  a t  m id-span .

Most o f  th e  specim ens were equipped w ith  a d i a l  gage a t  th e  

q u a r t e r  p o in t  to  a l low  th e  v e r t i c a l  d e f le c t io n  a t  th e  q u a r t e r  p o in t  to  

be measured. These q u a r t e r  p o in t  d e f le c t io n s  were u sed  as  a check on th e  

c e n t e r l i n e  d e f l e c t i o n s .

The s lo p e  a t  each end o f  most of th e  specimens was c a l c u l a t e d  

by d iv id in g  th e  d i f f e r e n c e  between the d e f l e c t i o n  o f  t h e  support and 

the  d e f l e c t i o n  o f  th e  web e x te n s io n s  by th e  d i s t a n c e  between th e  gages .
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These s lo p e s  were measured to  g iv e  an in d i c a t i o n  o f  th e  symmetry o f  

the  collapse o f  th e  specimen and a check on th e  c e n t e r l i n e  d e f l e c t i o n .

U lt im a te  S tren g th

In f lu e n c e  o f  E c c e n t r i c i ty  

The e c c e n t r i c i t y  ( th e  p e rp e n d ic u la r  d is ta n c e  from th e  c e n te r -  

l i n e  o f  th e  web to  th e  p o in t  o f  a p p l i c a t io n  o f  th e  load) had a  d e f i n i t e  

e f f e c t  upon th e  u l t im a te  c a p a c i ty  o f  th e  specimens p r im a r i ly  because  

the  magnitude o f  th e  e c c e n t r i c i t y  had an e f f e c t  upon th e  f a i l u r e  mode. 

With sm all e c c e n t r i c i t i e s ,  th e  f a i l u r e  mode was s i m i l a r  to  t h a t  o f  a 

f l e x u r e - t o - s h e a r  type  f a i l u r e .  The specimens t e s t e d  w ith  sm all eccen ­

t r i c i t i e s  had r a t h e r  l a r g e  load c a p a c i t i e s  compared to  th o se  o f  th e  

la rg e  e c c e n t r i c i t i e s  which caused  to r s io n a l  type  f a i l u r e s .

S ince  th e  s h e a r  was d i r e c t l y  r e l a t e d  to  th e  load  ( th e  l i v e  load 

was equal to  tw ic e  th e  l i v e  sh ea r)  and th e  moment was d i r e c t l y  r e l a t e d  

to  th e  sh e a r  ( th e  specimens were simply supported) f o r  th e  p a r t i c u l a r  

t e s t  s e t - u p  t h a t  was u sed  in  t h i s  s tu d y ,  th e  sh e a r  and moment c a p a c i t i e s  

appeared to  d e c re a se  as th e  e c c e n t r i c i t y  was in c re a se d  as shown by th e  

i n t e r a c t i o n  s u r fa c e s  and th e  p r o je c t io n s  on th e  torque-moment and the  

to rq u e - s h e a r  p la n e s  o f  F ig u res  3 .1  a, b and c.

The t o r s i o n a l  c a p a c i ty  o f  th e  specim ens, however, appea red  to  

in c re a s e  as th e  e c c e n t r i c i t y  was in c re a s e d  because th e  to rq u e  was r e ­

l a t e d  to  th e  p ro d u c t  o f  sh e a r  and e c c e n t r i c i t y .

I n f lu e n c e  o f  th e  Overhanging Flange 

Two f la n g e  w id th s  were used  as ex p la in ed  in  C hap te r  I I .  These 

overhanging f la n g e  w id ths  were ze ro  inches  f o r  s e r i e s  A and 6 inches
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fo r  s e r i e s  B and C. S ince  th e  e f f e c t i v e  p r e s t r e s s  o f  s e r ie s  C was com­

p a ra b le  to  t h a t  o f  s e r i e s  A, th e  in f lu e n c e  o f  th e  overhanging f lange  

was made by comparing th e s e  two s e r i e s .

The i n t e r a c t i o n  s u r f a c e s  o f  s e r i e s  A and s e r i e s  B a re  shown in  

F igure  3 .2 .  The m ost ap p a re n t  e f f e c t  o f  th e  overhanging f l a n g e  can be 

observed by n o t in g  t h a t  th e  s u r f a c e  fo r  s e r i e s  A l i e s  t o t a l l y  in s id e  

th a t  o f  s e r i e s  C i n d i c a t i n g  t h a t  th e  c a p a c i ty  o f  s e r i e s  C was l a rg e r  

than t h a t  o f  s e r i e s  A f o r  a l l  e c c e n t r i c i t i e s  t e s t e d .

I n f lu e n c e  o f  E f f e c t iv e  P r e s t r e s s  

S ince  th e  o n ly  v a r i a b l e  between s e r i e s  B and C was th e  e f f e c ­

t i v e  p r e s t r e s s ,  th e  in f lu e n c e  o f  th e  e f f e c t i v e  p r e s t r e s s  can b e  observed  

by comparing th e  i n t e r a c t i o n  s u r f a c e s  o f  s e r i e s  B and s e r ie s  C. The 

cab le  f o r  s e r i e s  B was lo c a te d  low er than  t h a t  o f  s e r i e s  C (F igu re  2 .1 ) 

g iv in g  more i n i t i a l  com pression in  the  bottom f i b e r s  o f  s e r i e s  B.

F igure  3 .3  shows t h e  two i n t e r a c t i o n  s u r f a c e s  from which i t  can  b e  ob­

se rved  t h a t  each can be r e p r e s e n te d  by a s e p a r a t e  smooth c u rv e .

The second b a s i c  o b s e rv a t io n  i s  t h a t  th e  two su rfaces  i n t e r s e c t .

This i n t e r s e c t i o n  im p l ie s  t h a t  a t  approx im ate ly  20 inches o f  e c c e n t r i c ­

i t y  th e  two s e r i e s  had th e  same u l t im a te  c a p a c i t i e s .  This can be ex­

p la in e d  p a r t l y  by n o t in g  t h a t  s e r i e s  C had a g r e a t e r  i n i t i a l  com­

p re s s io n  s t r e s s  a t  t h e  c e n te r  o f  th e  v e r t i c a l  f a c e  th an  d id  s e r i e s  B. 

This gave s e r i e s  C more r e s i s t a n c e  to  p r in c i p a l  t e n s i l e  s t r e s s  due to  

t o r s io n  which was t h e  p r im ary  f a i l u r e  mode f o r  l a rg e  e c c e n t r i c i t i e s .

The l a r g e r  com pression  s t r e s s  i n  th e  bottom f i b e r s  o f  s e r i e s  B as com­

pared  to  s e r i e s  C gave  s e r i e s  B more u l t im a te  f l e x u r a l  c a p a c i ty  than  

s e r i e s  C.
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S ince  s e r i e s  C was more e f f i c i e n t  i n  t o r s i o n  than  s e r i e s  B and 

s e r i e s  B was more e f f i c i e n t  in  f l e x u r e  th a n  s e r i e s  C, th e  two i n t e r ­

a c t io n  s u r fa c e s  should  i n t e r s e c t  as  in d i c a te d .

Crack P a t t e r n

A d e t a i l e d  d e s c r ip t io n  o f  i n i t i a l  c ra c k in g  and u l t im a te  c rac k in g  

f o r  each specimen i s  p re s e n te d  in  Appendix A. The purpose  o f  t h i s  

s e c t i o n  i s  t o  p r e s e n t  a com posite p i c t u r e  o f  t h e  c rack  p a t t e r n s  o f  th e  

d i f f e r e n t  s e r i e s  and how some o f  t h e  most im p o r ta n t  p a ram eters  a f f e c t e d  

th e  c rack  p a t t e r n s .

I t  shou ld  be kep t i n  mind t h a t  th e  t o r s i o n a l  s t r e s s e s  and th e  

s h e a r  s t r e s s e s  were o f  an a d d i t i v e  n a tu r e  on t h e  sou th  f a c e  w h ile  th e y  

te n d e d  to  can ce l  each o th e r  on th e  n o r th  f a c e .

I t  shou ld  a l s o  be remembered t h a t  th e  specimens o f  t h i s  s tudy  

d id  no t  c o n ta in  web re in fo rc e m e n t  which would i n d i c a t e  t h a t  c e r t a i n  

ty p e s  o f  c racks  would cause immediate collapse upon t h e i r  fo rm a t io n ,  

namely t o r s i o n a l  and d iagona l t e n s i o n  c r a c k s .

In f lu en c e  o f  E c c e n t r i c i t y  

The e f f e c t  o f  th e  e c c e n t r i c i t y  was observed  by th e  d i f f e r e n t  

f a i l u r e  modes t h a t  were o b ta in e d  w ith  a l l  t h r e e  s e r i e s  showing th e  same 

g e n e ra l  t r e n d .  The f a i l u r e  modes and t h e  c ra c k  p a t t e r n s  v a r ie d  between 

two d i s t i n c t  ty p e s .
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F igures  3 .4 ,  3 .5  and 3 .6  show th e  t h r e e  t y p i c a l  c rack  p a t t e r n s  

o f  specimens t e s t e d  w ith  s m a l l ,  l a rg e  and in t e r m e d ia te  e c c e n t r i c i t y ,  

r e s p e c t f u l l y .  On each p ag e ,  s t a r t i n g  from th e  b o tto m , th e  f i r s t  p i c ­

t u r e  i s  th e  g e n e ra l  view o f  th e  t e s t e d  specim en; th e  second, th e  sou th  

view; th e  t h i r d ,  th e  top  v iew; th e  f o u r th ,  th e  n o r th  view; th e  f i f t h ,  

th e  bottom view , r e s p e c t f u l l y .  The p i c t u r e s  a re  p o s i t i o n e d  in  such a 

way in  each view th a t  th e  e a s t  end o f  th e  specimen i s  on th e  r i g h t -  

hand s id e  o f  th e  page to  a llow  th e  c rack s  t o  be t r a c e d  from one view 

to  th e  n e x t .  The w h ite  marks on th e  su p p o r t  t a b l e  were p la ced  a t  an  

equal spac ing  o f  6" t o  a l low  r e l a t i v e  d i s t a n c e s  t o  be v i s i b l e .

When th e  e c c e n t r i c i t y  was sm a l l ,  th e  f a i l u r e  mode was a f l e x u r e -  

t o - s h e a r  type  collapse as shown in  F igure  3 .4 .  T h is  mode in  g e n e ra l  had 

f i r s t  c rack s  o f  v e r t i c a l  t e n s io n  ty p e  in  th e  bottom  o f  th e  web w ith  an 

i n i t i a l  l i n e a r  lo a d -d e fo rm a t io n  re sp o n se .  When th e  load was in c re a s e d ,  

th e  f l e x u r a l  c ra c k s  ex tended  and new ones developed  u n t i l  a d iagona l 

t e n s io n  c rack  developed  and p rop ag a ted  th ro u g h  th e  com pression zone.

Large e c c e n t r i c i t i e s  r e s u l t e d  in  th e  o th e r  d i s t i n c t  ty p e  o f  

f a i l u r e  mode which u s u a l l y  c o n s i s te d  o f  on ly  a v e ry  few c ra c k s  n e a r  th e  

su p p o r t  diaphragms as shown in  F igure  3 .5 .  These were th e  t y p i c a l  

s p i r a l  c rac k s  up th e  so u th  f a c e  and over th e  to p  o f  th e  web. In  most 

o f  t h e  specimens secondary  sh e a r  caused th e  c ra c k s  a t  th e  to p  o f  th e

n o r th  face  to  t u r n  back tow ard th e  support  r a t h e r  th a n  co n t in u e  on 

t h e i r  s p i r a l  p a t h .  S ince  no web re in fo rc e m e n t  was used i n  th e  s p e c i ­

mens o f  t h i s  s tu d y ,  t h i s  ty p e  o f  c o l la p se  o c c u rre d  a t  the  i n i t i a l  cracking 

load  which was a l s o  th e  u l t im a te  c a p a c i ty .
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Figure 3 .4  Topical Crack Pattern  fo r  Zero E ccen tric ity  (A-9)
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Figure 3,6 ty p ica l Crack P attern  fo r  Hhtermedlate E ccen tric ity  (B-2)
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The c rack  p a t t e r n s  o f  th e  specim ens t e s t e d  w ith  in te rm e d ia te  

e c c e n t r i c i t i e s  were made up o f  a com bination  o f  th e  two d i s t i n c t i v e  

c rack  p a t t e r n s  w ith  t h e  dom inating one depending upon th e  magnitude o f  

th e  e c c e n t r i c i t y  (See F ig u re  3 .6 ) .  Most o f  th e  in te rm e d ia te  c rack  p a t ­

t e rn s  appeared  t o  be f l e x u r e - t o - s h e a r  ty p e  f a i l u r e s  when only  th e  sou th  

face  was obse rved .  The e f f e c t  o f  t h e  e c c e n t r i c i t y  could  be seen  by 

n o t in g ,  f i r s t ,  t h a t  t h e  v e r t i c a l  c ra c k s  in  th e  n o r th  face  d id  not p ro ­

p ag a te  as f a r  as  t h e i r  companions i n  t h e  so u th  f a c e ,  and second, t h a t  

many o f  th e  f a i l u r e  c ra c k s  d id  no t r e a c h  th e  top  o f  th e  specimen in  th e  

n o r th  fa c e  as  th e y  d id  in  th e  sou th  fa c e .

H o r iz o n ta l  bend ing  was n o te d  in  specimens o f  s e r i e s  B and C 

loaded w ith  sm all and in te rm e d ia te  e c c e n t r i c i t i e s  by  th e  fo rm ation  o f  

t e n s io n  c rack s  in  th e  so u th  edge o f  th e  overhanging  f la n g e  n e a r  mid­

span (see  F igu re  3 .6 )  . These c ra c k s  o c c u rre d  i n  t h e  upper range  o f  th e  

lo ad in g  h i s t o r y  and p ro p ag a ted  p e r p e n d ic u la r ly  t o  th e  lo n g i tu d in a l  a x is  

o f  the  specim en. S in c e  s e r i e s  A d id  n o t  have t h e  overhanging f la n g e ,  

th e  h o r i z o n ta l  bending was no t d i r e c t l y  o b se rv a b le  by n o tin g  th e  crack  

p a t t e r n .

S h e a r - C e n te r l in e  D e f le c t io n  

The s h e a r - c e n t e r l i n e  d e f l e c t i o n  curve f o r  each o f  the  beams i s  

g iven  in  Appendix B. A d e t a i l e d  d i s c u s s io n  o f  th e  s h e a r - c e n t e r l i n e  d e ­

f l e c t i o n  fo r  each i n d i v id u a l  specimen can be found in  Appendix A. The
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purpose  o f  t h i s  s e c t i o n  i s  to  d is c u s s  t h e  s h e a r - c e n t e r l i n e  d e f l e c t i o n  

as i t  was in f lu e n c e d  by th e  most im p o r tan t  p a ram e te rs  o f  t h i s  s tudy .

In f lu e n c e  o f  E c c e n t r i c i t y  

The e c c e n t r i c i t y  o f  th e  load  was th e  p r im ary  cause  o f  the  d e v i ­

a t i o n s  o f  th e  g e n e ra l  shapes o f  th e  s h e a r - c e n t e r l i n e  d e f l e c t i o n  cu rv es .  

The cu rves  f a l l  in  a t r a n s i t i o n  zone between t h a t  o f  zero  e c c e n t r i c i t y  

and t h a t  o f  l a rg e  e c c e n t r i c i t y .  F ig u re  3 .7  shows th e  two extrem e curves  

f o r  each s e r i e s .  The s h o r t  l i n e a r  cu rv es  a re  th o s e  f o r  t h e  specimens 

t e s t e d  w ith  an e c c e n t r i c i t y  o f  31 .0  inches  and a re  l i n e a r  up t o  th e  u l t i ­

mate load o f  th e  specim ens.

The cu rves  w ith  th e  long n o n - l i n e a r  p o r t i o n s  a re  th o s e  f o r  th e  

specimens t e s t e d  w ith  zero e c c e n t r i c i t y  and show an i n i t i a l  l i n e a r  p o r ­

t i o n  up to  th e  i n i t i a l  c rac k in g  s h e a r  a t  which p o in t  th e y  te n d  to  show 

th e  n o n l i n e a r i t y  o f  th e  c racked  s e c t i o n ’s re sp o n s e .  The u l t im a te  de­

f l e c t i o n  o f  th e  specimens loaded w ith  zero  e c c e n t r i c i t y  had a magnitude 

o f  from 8 t o  10 t im es  t h a t  o f  th e  e l a s t i c  d e f l e c t i o n .

The s h e a r - c e n t e r l i n e  d e f l e c t i o n  cu rves  f o r  in t e r m e d ia te  eccen­

t r i c i t i e s  f a l l  i n s i d e  the  two extrem es w ith  the  g e n e ra l  shape depending 

upon the  m agnitude o f  the  e c c e n t r i c i t i e s .

The m agnitude o f  th e  e c c e n t r i c i t y  had no e f f e c t  upon th e  i n i ­

t i a l  r i g i d i t y  o f  th e  specimens as shown by th e  i n i t i a l  s lo p e s  o f  each 

s e r i e s  o f  th e  s h e a r - c e n t e r l i n e  d e f l e c t i o n  curves  b e in g  th e  same f o r  zero  

and la rg e  e c c e n t r i c i t i e s  (F igu re  3 .7 ) .
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In f lu e n c e  o f  th e  Overhanging Flange

The in f lu e n c e  o f  th e  f la n g e  upon the  s h e a r - c e n t e r l i n e  d e f l e c t i o n

is  shown in  F igure  3 .8  which i s  a composite p l o t  o f  the  two extrem e e c ­

c e n t r i c i t i e s  (0 in c h es  and 31.0  inches)  f o r  s e r i e s  A and C. S e r ie s  A 

and C a re  compared s in c e  th e  e f f e c t i v e  p r e s t r e s s  o f  th e s e  two s e r i e s  was

th e  same. The i n i t i a l  s lo p e  o f  th e  s e r i e s  C i s  l a r g e r  th a n  t h a t  o f

s e r i e s  A due to  th e  in c re a s e d  moment o f  i n e r t i a  o f  s e r i e s  C r e s u l t i n g  

from th e  a d d i t io n  o f  th e  f la n g e .

The m agnitude o f  th e  c rac k in g  and u l t im a te  s h e a r  was a l s o  larger 

f o r  s e r i e s  C f o r  sm all and la rg e  e c c e n t r i c i t i e s  as  shown by th e  h e ig h ts  

o f  th e  curves  in  F ig u re  3 .8 .

In f lu e n c e  o f  E f f e c t iv e  P r e s t r e s s  

The in f lu e n c e  o f  th e  e f f e c t i v e  p r e s t r e s s  can be seen in  Figure 

3.9 by comparing s e r i e s  B to  t h a t  o f  s e r i e s  C f o r  common e c c e n t r i c i t i e s .

At low e c c e n t r i c i t i e s ,  th e  s h e a r - c e n t e r l i n e  d e f l e c t i o n  curves 

f o r  s e r i e s  B i n d i c a t e  a l a r g e r  u l t im a te  sh ea r  c a p a c i ty  th an  t h a t  o f  

s e r i e s  C. The t r e n d  i s  j u s t  th e  r e v e r s e  fo r  l a r g e r  e c c e n t r i c i t i e s  w ith  

th e  t r a n s i t i o n  zone a t  an e c c e n t r i c i t y  o f  approx im ate ly  10 in c h e s .

The s lo p e  o f  th e  i n i t i a l  l i n e a r  p o r t io n s  o f  s e r i e s  C i s  s l i g h t l y  

l a r g e r  th a n  t h a t  o f  s e r i e s  B. This a d d i t io n a l  s lo p e  can be ex p la in ed  

by n o t in g  t h a t  th e  specim ens o f  s e r i e s  B had sm all te n s io n  c ra c k s  in  th e  

top due to  th e  i n i t i a l  p r e s t r e s s .  These i n i t i a l  c rac k s  d ec re ase d  the  

i n i t i a l  moment o f  i n e r t i a  o f  th e  specimens o f  s e r i e s  B.
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T orque-T w ist Curves 

The t o r q u e - t w i s t  curve  f o r  each o f  th e  beams i s  g iv e n  in  Appen­

d ix  B. A d e t a i l e d  d i s c u s s io n  o f  th e  t o r q u e - t w i s t  curve  f o r  each i n d i v ­

id u a l  specimen can be found in  Appendix A. The purpose  o f  t h i s  s e c t i o n  

i s  t o  d is c u s s  th e  t o r q u e - t w i s t  curve as i t  was in f lu e n c e d  by th e  most 

im portan t p a ram eters  o f  th e  s tu d y .

I n f lu e n c e  o f  E c c e n t r i c i t y  

The e c c e n t r i c i t y  o f  th e  load was th e  prim ary  cause o f  th e  d e ­

v ia t io n s  o f  th e  g e n e ra l  shapes o f  th e  to r q u e - t w i s t  cu rv e s .  The cu rves  

f a l l  in  a t r a n s i t i o n  zone betw een t h a t  o f  a small e c c e n t r i c i t y  and 

t h a t  o f  a l a rg e  e c c e n t r i c i t y .  F igure  3 .10  shows th e  two extrem e cu rves  

fo r  each s e r i e s .

Large e c c e n t r i c i t y  r e s u l t e d  in  l a r g e  to rq u e  b u t  th e  i n i t i a l  

c rack ing  load was a l s o  th e  u l t im a te  c a p a c i ty  o f  th e  specimen as can 

be noted  by th e  shape o f  th e  t a l l e r  a lm ost l i n e a r  cu rves  f o r  a l l  t h r e e  

s e r i e s  o f  F igure  3 .1 0 .  These cu rves  e x h i b i t  only  a s l i g h t  amount o f  

n o n - l i n e a r  re sp o n se  b e fo re  a d r a s t i c  d e c re a s e  in  th e  c a p a c i ty  o f  th e  

specimens o ccu rred .

The s h o r t e r  cu rves  f o r  a l l  th r e e  s e r i e s  f o r  an e c c e n t r i c i t y  o f  

1 .5  inches  had a long n o n - l i n e a r  response  b e fo re  th e  u l t im a te  c a p a c i ty  

o f  th e  specimen was o b ta in e d .  T h is  long n o n - l i n e a r  p o r t i o n  o f  th e  

curve can be e x p la in e d  by n o t in g  t h a t  sm all e c c e n t r i c a l l y  loaded  s p e c i ­

mens f a i l e d  in  a f l e x u r e - t o - s h e a r  type  o f  c o l la p s e .  With t h i s  ty p e  o f  

c o l l a p s e , th e  specimen had s e v e r a l  v e r t i c a l  c racks  in  th e  web which r e ­

duced th e  t o r s i o n a l  r i g i d i t y  o f  th e  specimen r e s u l t i n g  in  l a r g e  t w i s t s  

f o r  small to rq u e s .



I
§

I

2 0

18
ecc = 31

16

ecc = 3114

12 ecc = 31

10

8

6

ecc = 1.5
ecc = 1.52

0
S eries B Series CSeries A

Twist (Scale: 1 Tick = 0.0004 ra d /in )

Figure 3.10 Influence of E ccen tric ity  on the  Torque-Twist Response



63

The i n i t i a l  curves f o r  a l l  o f  th e  specimens o f  a p a r t i c u l a r  

s e r i e s  had th e  same s lo p e  i n d i c a t i n g  t h a t  th e  amount o f  th e  e c c e n t r i c ­

i t y  had no e f f e c t  upon th e  i n i t i a l  t o r s i o n a l  r i g i d i t y  o f  th e  specim en.

In f lu e n c e  o f  th e  Overhanging Flange 

The in f lu e n c e  o f  th e  overhang ing  f lange  upon th e  t o r q u e - t w i s t  

curve i s  shown in  F ig u re  3.11 which i s  a composite p l o t  o f  th e  sm all 

and la rg e  e c c e n t r i c i t i e s  f o r  s e r i e s  A and C. The p r im ary  v a r i a b l e  b e ­

tween th e s e  two s e r i e s  was th e  overhanging  f lan g e  s in c e  th e  

i n i t i a l  p r e s t r e s s  was th e  same f o r  th e  two s e r i e s .

The i n i t i a l  s lo p e  o f  th e  t o r q u e - t w i s t  curves f o r  s e r i e s  C a re  

g r e a t e r  th an  t h a t  o f  s e r i e s  A i n d i c a t i n g  t h a t  s e r i e s  C had a g r e a t e r  

i n i t i a l  t o r s i o n a l  r i g i d i t y  th a n  t h a t  o f  s e r i e s  A. F ig u re  3.11 i n d i ­

c a te s  th e  i n i t i a l  c r a c k in g ,  as  w e ll  a s ,  th e  u l t im a te  c a p a c i ty  o f  s e r i e s  

C was g r e a t e r  than  t h a t  o f  s e r i e s  A as was exp la ined  p re v io u s ly  i n  t h i s  

c h a p te r .

In f lu e n c e  o f  E f f e c t i v e  P r e s t r e s s  

The e f f e c t  o f  th e  p r e s t r e s s  can  be seen in  F ig u re  3 .12 which 

i s  a com posite  p l o t  o f  th e  t o r q u e - t w i s t  curves o f  la rg e  and sm all e c ­

c e n t r i c i t i e s  fo r  s e r i e s  B and C. The s lo p e  o f  th e  i n i t i a l  l i n e a r  p o r ­

t io n s  o f  th e  curves f o r  s e r i e s  C i s  s l i g h t l y  g r e a t e r  th a n  t h a t  f o r  

s e r i e s  B i n d i c a t i n g  t h a t  s e r i e s  C had a  s l i g h t l y  g r e a t e r  t o r s i o n a l  

r i g i d i t y  th a n  th e  s e r i e s  B.

F ig u re  3 .12 a l s o  i n d i c a t e s  t h a t  th e  c rack ing  to rq u e  and th e  

u l t im a te  to rq u e  f o r  s e r i e s  C lyere greater th an  t h a t  o f  s e r i e s  B f o r  la rg e  

e c c e n t r i c i t i e s .
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S hear-S lope  a t  th e  Ends 

The prim ary re a s o n s  f o r  m easuring th e  s lo p e  a t  th e  ends was to  

have some means o f  check ing  th e  symmetry o f  th e  re sp o n se  o f  th e  s p e c i ­

mens and as a check on th e  c e n t e r - l i n e  d e f l e c t i o n .  A d e t a i l e d  d e s c r ip ­

t i o n  o f  th e  s h e a r - s lo p e  a t  th e  ends cu rves  f o r  each specimen i s  p r e ­

sen ted  in  Appendix A and th e  cu rves  a re  co n ta in e d  in  Appendix B.

The genera l c h a r a c t e r i s t i c s  o f  th e  cu rves  f o r  th e  t h r e e  s e r i e s  

a re  p re s e n te d  in  t h i s  s e c t i o n  as w ell as how th e  most im p o rtan t  v a r i ­

ab le s  a f f e c t e d  th e  g e n e ra l  shapes  o f  th e  cu rves .

In f lu e n c e  o f  E c c e n t r i c i t y  

Since th e  s lo p e  a t  th e  ends was d i r e c t l y  r e l a t e d  to  th e  f l e x u r a l  

re sp o n se  o f  th e  specim en , t h e  e c c e n t r i c i t y  had a  d e f i n i t e  e f f e c t  upon 

th e  g e n e ra l  s lo p e  o f  th e  curve as i s  shown in  F ig u re  3 .1 3 .

The i n i t i a l  p o r t i o n s  o f  th e  cu rves  a re  l i n e a r  and th e  i n i t i a l  

s lo p es  o f  th e  curves appea r  t o  be independen t o f  th e  e c c e n t r i c i t y .

With la rg e  e c c e n t r i c i t i e s  th e  specimens cracked and f a i l e d  w h ile  s t i l l  

in  th e  l i n e a r  range o f  th e  c u rv e .  The sm all e c c e n t r i c a l l y  loaded 

specim ens, on th e  o th e r  hand, e x h ib i t e d  a n o n - l i n e a r  response  b e fo re  

f a i l u r e  as shown in  F ig u re  3 .1 3 .  Specimens t e s t e d  w ith  in te rm e d ia te  

e c c e n t r i c i t y  showed a  re sp o n se  between th e  two ex trem es .

When th e  specim ens responded v e ry  sy m m e tr ica l ly ,  th e  s h e a r -  

s lope  a t  th e  end cu rve  o f  th e  w est end was alm ost i d e n t i c a l  t o  t h a t  o f  

th e  e a s t  end, f o r  example see  C-6 o f  Appendix B. When th e  sp ec im en 's  

co llapse was u n sy m m e tr ica l , t h e  two cu rves  show th e  d is c re p a n c y ,  f o r  

example see C-3 o f  Appendix B.
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In f lu e n c e  o f  t h e  Overhanging Flange

The in f lu e n c e  o f  th e  overhanging  f la n g e  can be seen in  F ig u re  

3 .14 which i s  a  com posite p l o t  f o r  th e  extrem e e c c e n t r i c i t i e s  f o r  s e r i e s  

A and s e r i e s  C. The two s e r i e s  have th e  same genera l  shaped cu rv es .

The curves f o r  s e r i e s  C have a g r e a t e r  i n i t i a l  s lo p e  than  th o se  

o f  s e r i e s  A i n d i c a t i n g  t h a t  t h e  f la n g e  in c re a s e d  the  r i g i d i t y  o f  s e r i e s  

C compared to  t h a t  o f  s e r i e s  A. A lso ,  th e  u l t im a te  c a p a c i t i e s  o f  th e  

specimens o f  s e r i e s  C was g r e a t e r  th a n  t h a t  o f  s e r i e s  A.

In f lu e n c e  o f  E f f e c t iv e  P r e s t r e s s

F igure  3.15 i s  a com posite  p l o t  o f  t h e  s h e a r - s lo p e  a t  th e  ends 

curves  fo r  s e r i e s  B and C. The cu rves  o f  s e r i e s  C have a g r e a t e r  i n i t i a l  

s lo p e  than  th o s e  o f  s e r i e s  B i n d i c a t i n g  t h a t  s e r i e s  C had a l a r g e r  i n i ­

t i a l  moment o f  i n e r t i a .  F ig u re  3 .15  shows t h e  c a p a c i ty  o f  s e r i e s  B a t  

sm all e c c e n t r i c i t i e s  was g r e a t e r  th a n  t h a t  o f  s e r i e s  C b u t  t h a t  f o r  

la rg e  e c c e n t r i c i t i e s  s e r i e s  C had g r e a t e r  c a p a c i ty  than  t h a t  o f  s e r i e s  

B.

Summary

The g en e ra l  b e h a v io r  o f  th e  t e s t  specim ens can be summarized as

fo llo w s :

1. In c re a se d  e c c e n t r i c i t y  i . a ,  t o r s i o n  caused the  in itia l c rac k in g  

and th e  u l t im a te  load  t o  d e c re a s e  f o r  a l l  t h r e e  s e r i e s .

2. The lo a d -d e fo rm a t io n  re sp o n se  was l i n e a r  up to  f i r s t  

c ra c k in g  f o r  a l l  o f  th e  specim ens. In c rease  in  e c c e n t r i c ­

i t y  caused th e  lo a d -d e fo rm a t io n  cu rves  to  show le s s  non­

l i n e a r  re sp o n se  w i th  th e  t o t a l  cu rve  being l i n e a r  fo r  

l a rg e  e c c e n t r i c i t i e s .
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3. The e c c e n t r i c i t y  had no e f f e c t  upon th e  i n i t i a l  to r s io n a l

o r  f le x u r a l  r i g i d i t y  o f  th e  specim ens.

4. With an in c re a s e  in  e c c e n t r i c i t y ,  th e  c rac k  p a t t e r n  was 

changed from  a f le x u r e - to - s h e a r  ty p e  to  a  to r s io n a l  ty p e .

An in c re a se  in  e c c e n t r i c i t y  moved th e  p o in t  o f  c o l la p s e  

th e  su p p o rts  where th e  moment approached ze ro .

5. The s h e a r - c e n te r l in e  d e f le c t io n  cu rves f o r  th e  specim ens

w ith  and w ith o u t th e  f la n g e  had s im i la r  shapes ex ce p t th e

flan g e d  specim ens had  s te e p e r  s lo p e s  and showed more 

c a p a c ity . These two e x c e p tio n s  in d ic a te  t h a t  th e  t o r s io n a l  

and moment r i g i d i t i e s ,  c rac k in g  lo a d s  and u l t im a te  cap ac­

i t i e s  were in c re a s e d  w ith  th e  a d d i t io n  o f  th e  f la n g e .

6 . An in c re a se  in  th e  e f f e c t iv e  p r e s t r e s s  in c re a s e d  th e  

crack ing  and u l t im a te  lo ad s f o r  sm all e c c e n t r i c i t i e s  b u t 

th e  re v e rse  was t r u e  f o r  th e  la rg e  e c c e n t r i c i t i e s .

7. The f a i l u r e  mode was sym m etrica l w ith  r e s p e c t  t o  m id-span

f o r  most o f  th e  specim ens e s p e c ia l ly  up to  th e  f i n a l  

lo ad in g  s ta g e s .



CHAPTER IV

DEVELOPMENT OF AN INTERACTION SURFACE FOR PRESTRESSED RECTANGULAR 
AND L-BEAMS LOADED WITH TORSION, SHEAR AND MOMENT

The in t e r a c t io n  s u r fa c e  f o r  to r s io n ,  s h e a r  and moment on a 

p r e s t r e s s e d  c o n c re te  beam i s  a m u lti-d im e n s io n a l s u r fa c e  depending 

on th e  number o f  v a r ia b le s  c o n s id e re d , i . e . ,  c r o s s - s e c t io n a l  sh ap e , 

c o n c re te  s t r e n g th ,  t o r s io n - t o - s h e a r  r a t i o ,  to rs io n -to -m o m en t r a t i o ,  

shear-to -m om ent r a t i o ,  lo a d in g  h i s t o r y ,  s iz e  e f f e c t ,  e f f e c t iv e  p r e ­

s t r e s s ,  s t e e l  p e rc e n ta g e , web re in fo rc e m e n t, ty p e  o f  s t r u c t u r e ,  e t c .

C hap ter I I I  p re s e n te d  in  F ig u re s  3 .1  a ,  b and c th re e -d im e n ­

s io n a l  p lo t s  o f  th e  t e s t  r e s u l t s  o f  s e r ie s  A, B and C, r e s p e c t iv e ly .  

T h ree -d im en sio n a l p lo t s  were a p p ro p r ia te  s in c e  th e  v a r ia b le s  were 

l im i te d  in  t h i s  in v e s t ig a t io n  to  t o r s io n ,  s h e a r  and moment w ith in  a 

s e r i e s ,  and c r o s s - s e c t io n a l  shape and e f f e c t iv e  p r e s t r e s s  betw een th e  

s e r i e s .  The shear-to -m om ent r a t i o  was n o t a c o n t ro l le d  v a r ia b le  in  

th a t  c o l la p s e  was no t fo rc e d  to  be a t  a p a r t i c u l a r  lo c a t io n ,  b u t th e  

r a t i o  was e s s e n t i a l l y  c o n s ta n t  f o r  t h i s  in v e s t ig a t io n  due to  th e  s p e c i ­

mens f a i l i n g  in  one o f  two zones. At z e ro ,  sm all and in te rm e d ia te  e c ­

c e n t r i c i t i e s  th e  specim ens f a i l e d  i n  a zone ap p ro x im ate ly  28 in ch es  

from th e  c e n te r l in e  o f  th e  su p p o rt w h ile  specim ens loaded  w ith  la rg e  

e c c e n t r i c i t i e s  f a i l e d  n e a r  th e  s u p p o r ts .  The lo a d in g  c o n d it io n s  caused  

a  c o n s ta n t s h e a r  o ver th e  span (a s  shown i n  F ig u re  1 .9 ) excep t f o r  a 

sm all l i n e a r  v a r ia t io n  due to  th e  un ifo rm  w eight o f  th e  specim en. The
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com bination o f  a c o n s ta n t  d is ta n c e  to  th e  f a i l u r e  zone and a  uniform  

sh e a r  diagram  r e s u l t e d  i n  a c o n s ta n t shear-to -m om ent r a t i o ,  i . e . ,  th e  

in t e r s e c t io n  o f  a  p la n e  p a s s in g  th ro u g h  th e  to r s io n a l  a x is  and th e  

in te r a c t io n  d iag ram . A lthough th e  d a ta  p o in ts  f o r  la rg e  e c c e n t r i c i t i e s  

d id  no t have th e  same shear-to -m om ent r a t i o ,  th e y  f e l l  app ro x im ate ly  on 

t h i s  in te r s e c t io n  f o r  th e  fo llo w in g  re a so n s . F i r s t ,  th e  zones o f  c o l la p s e  

w ere a t  o r  c lo se  to  th e  su p p o r ts  which p roduced  zero  o r  sm all moments 

a t  th e  c r i t i c a l  zones and se c o n d ly , th e  sh e a rs  cau s in g  c o l la p s e  f o r  la rg e  

eccen tric ities  were sm a ll which a ls o  produced sm a ll moments (F ig u re  1 .9 ) .  

Each o f  th e s e  c o n d it io n s  fo rc e d  th e  d a ta  p o in t s  f o r  la rg e  e c c e n t r i c i t i e s  

to  f a l l  c lo se  to  th e  to r s io n a l  a x is .

The o n ly  p o in t s  t h a t  d id  n o t f a l l  ap p ro x im ate ly  on th e  d e ­

s c r ib e d  in t e r s e c t i o n s  w ere th e  p u re  moment specim ens A -7, B-8 and C-7 

which f e l l  on th e  moment a x i s .

T hree-D im ensional I n te r a c t io n  o f  T o rs io n , S h ear and Moment

The m a th em a tica l model used  f o r  th e  r e g re s s io n  a n a ly s is  d e ­

velopm ent o f  th e  th re e -d im e n s io n a l in t e r a c t io n  s u r fa c e s  i s  g iven  by

Y = 3 i + 62%! + •••  + GqXq + e

where

Y = th e  dependen t v e c to r  (T o rsion )

= th e  i t h  in d ep en d en t v e c to r  

e = th e  e r r o r  term  

3i  = th e  i t h  l i n e a r  c o e f f i c i e n t .
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The independen t v a r ia b le s  (X^) w ere assumed to  be as fo llo w s

Xi = moment

X2 = sh e a r

X3 = XiCXg)

X4 = X!

X5 = X2

^6 = XiCXg)

X7 = X4(X2)

*8 =

Xg = X3

The o r ig in a l  model in c lu d e d  te rm s o f  h ig h e r  o rd e r  b u t  was r e ­

duced f o r  p r a c t ic a l  reaso n s  due to  th e  f lu c tu a t io n s  in  th e  s u r fa c e s  

when th ey  were e x tra p o la te d  o u ts id e  th e  t e s t  d a ta  s e t s .

The model was tran sfo rm ed  in t o  u n i t l e s s  term s to  a llow  u n i t l e s s  

th re e -d im e n s io n a l in t e r a c t io n  s u r f a c e s  to  be developed  and to  p roduce 

d a ta  t h a t  could be more c o n v e n ie n tly  p ro c e sse d  by com puter m ethods.

The fo llo w in g  d a ta  tr a n s fo rm a tio n  to  a u n i t l e s s  s e t  has  been 

su g g es ted  by p a s t  r e s e a r c h e r s  i n  th e  r e in fo rc e d  c o n c re te  in d u s try  

[ACI SP-18, 1968]:

Y = V T u o  

“ l  =

X2 = V ^ u o

where

Tuo = u l t im a te  to rq u e  c a p a c i ty  w ith o u t sh e a r  o r  moment

MyQ = u l t im a te  moment c a p a c i ty  w ith o u t s h e a r  o r  to rq u e  

Vuo = u lt im a te  sh e a r  c a p a c ity  w ith o u t to r s io n .
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T ab le  4 .1  shows th e  v a lu e s  fo r  MyQ, Tyg and used  i n  th e  

fo llow ing  a n a ly s is  f o r  s e r ie s  A, B and C. The ex p e rim en ta l v a lu e  o f  

Tyq fo r  t h i s  in v e s t ig a t io n  was n o t ob ta in ed  s in c e  i t  would have taken  

m ajor r e v is io n s  o f  th e  t e s t i n g  arrangem ent th u s  add ing  a n o th e r  v a r ia b le  

o f  t e s t  s e t-u p  to  th e  in v e s t ig a t io n .  The va lue  o f  Tyq fo r  each  s e r ie s  

was o b ta in ed  by e x t r a p o la t in g  th e  curves o f  F ig u res  3 .1 a , b and c , r e ­

s p e c t iv e ly .  T h is method ap p ea rs  to  be j u s t i f i a b l e  due to  th e  extrem e 

e c c e n t r i c i t i e s  (o v e r 30*') u sed  in  t e s t in g  re s p e c t iv e  specim ens (see  

T ab le 3 .1 ) .  T h is method has a ls o  been used by p a s t  r e in fo rc e d  c o n c re te  

re s e a rc h e rs  [E rso y , 1965 ], [Farm er, 1967].

The v a lu e  o f  was de term ined  from r e s u l t s  o f  specim ens A-7,

B-8 and C-7, r e s p e c t iv e ly .  T hese specimens were t e s t e d  such th a t  to r s io n  

and s h e a r  d id  n o t e x i s t  in  th e  f a i l u r e  zone (F ig u re  2 .9 ) .

The v a lu e  o f  has been  o b ta in ed  by d i f f e r e n t  means by p a s t

r e s e a rc h e r s .  I t  sh o u ld  be n o te d  th a t  sh e a r  in  th e  absence o f  moment i s  

ex trem ely  d i f f i c u l t  t o  o b ta in  in  a t e s t  f a c i l i t y  e x c e p t a t  an i n f l e c t i o n  

p o in t .  Pure s h e a r  c o n d itio n s  co u ld  no t p h y s ic a l ly  o ccu r u nder th e  

load in g  c o n d itio n s  o f  t h i s  in v e s t ig a t io n ,  excep t a t  th e  su p p o rt w ith 

zero  le n g th . With th e s e  two c o n d itio n s  in  mind and remembering th a t  th e  

specim ens f a i l e d  w ith  la rg e  v a lu e s  o f  sh e a r  d id  so a t  app ro x im ate ly  28" 

from th e  s u p p o r t ,  th e  v a lu e  o f  V^Q was determ ined  by th e  specim ens loaded  

w ith  zero  e c c e n t r i c i t y .

The a c tu a l  com pu ta tions f o r  th e  re g re s s io n  a n a ly s is  w ere p e r ­

formed on an IBM 360-50 com puter u s in g  "BMD02R STEPWISE REGRESSION", a 

sub-program  o f  th e  B iom edical Computer Programs package [D ixon, 1970] 

from th e  U n iv e rs i ty  o f  C a l i f o r n ia .
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TABLE 4 .1 .  PURE MOMENT, SHEAR AND TORQUE CAPACITIES

S e r ie s Muo
( in -k ip )

^uo
(k ip )

Tuo
(k ip )

A 8 4 .8 2 .0 13 .5

B 102 .0 2 .8 5 14 .5

C 97 .1 2 .6 0 15 .5
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"T h is  program  computes a sequence o f  m u ltip le  
l i n e a r  r e g re s s io n  e q u a tio n s  in  a s tep w ise  m anner.
At each  s te p  one v a r ia b le  i s  added to  th e  re g re s s io n  
e q u a tio n . The v a r ia b le  added i s  th e  one which makes 
th e  g r e a te s t  r e d u c t io n  in  th e  e r r o r  sum o f  sq u a re s . 
E q u iv a le n tly  i t  i s  th e  v a r ia b le  which has h ig h e s t  
p a r t i a l  c o r r e l a t i o n  w ith  th e  dependent v a r ia b le  
p a r t i a l e d  on th e  v a r ia b le s  which have a lre a d y  been 
added; and e q u iv a le n t ly  i t  i s  th e  v a r ia b le  w hich , 
i f  i t  were added, would have th e  h ig h e s t  F v a lu e ."

The o u tp u t o f  th e  com puter program c o n s is te d  o f  th e  fo llo w in g  

s t a t i s t i c a l  q u a n t i t i e s :  m u l t ip le  c o r r e l a t i o n  c o e f f i c i e n t ,  s ta n d a rd

e r r o r  o f  e s t im a te ,  a n a ly s i s -o f - v a r ia n c e  t a b l e ,  r e g re s s io n  c o e f f i c i e n t s ,  

s ta n d a rd  e r r o r s ,  th e  c o v a ria n c e  m a tr ix ,  th e  c o r r e la t io n  m a tr ix ,  and 

p lo t s  o f  th e  r e s id u a l s .

S ev e ra l com puter t r i a l s  w ere made w ith  v a r i a t io n s  in  th e  in p u t 

d a ta .  The f i r s t  c o n s is te d  o f  th r e e  d a ta  s e t s  which were s e r i e s  A (12 

p o i n t s ) , s e r ie s  B (9 p o in ts )  and s e r i e s  C (9 p o i n t s ) . The r e s u l t s  o f  

t h i s  a ttem p t were p lo t t e d  by a  program  w r i t t e n  by th e  w r i t e r  t h a t  p r e s ­

e n ts  a th re e  d im ensional v i s u a l i z a t i o n  o f  th e  s u r f a c e .  In  a d d itio n  to  

co n to u rs  on th e  s u r f a c e ,  th e  t e s t  d a ta  and th e  c a lc u la te d  v a lu e s  are 

p lo t t e d  g iv in g  an in d ic a t io n  o f  th e  r e s id u a l  in  th e  dependent v a r ia b le .  

These p lo ts  showed th a t  th e  s u r f a c e s  shou ld  no t be e x tra p o la te d  to  o b ta in  

in t e r s e c t io n s  w ith  th e  p la n e s  o f  th e  ax es , e s p e c ia l ly  th e  to r s io n - s h e a r  

p la n e s . The in t e r s e c t i o n  in  th e  to r s io n - s h e a r  p la n e  d id  n o t co rrespond  

to  e i t h e r  th e  s t r a i g h t  l in e  approach  o r  th e  c i r c u l a r  approach su g g ested  

by p a s t  r e s e a rc h e r s  [Cowan, 1 9 5 3 ], [M ukherjee, 1971]. I t  sh o u ld  be 

remembered a t  t h i s  p o in t  t h a t  th e  t e s t  d a ta  f e l l  ap p ro x im ate ly  on th e  

in t e r s e c t i o n  o f  a v e r t i c a l  p la n e  c o n ta in in g  th e  v e r t i c a l  to r s io n a l  a x is  

and th e  in t e r a c t io n  s u r fa c e  o f  to r s io n ,  s h e a r  and moment.
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In o rd e r  to  fo rc e  th e  d a ta  s u r fa c e  to  have a p r a c t i c a l  i n t e r ­

s e c t io n  w ith  th e  to r s io n - s h e a r  p la n e , two b a s ic  app roaches w ere s tu d ie d . 

The f i r s t  approach assumed th e  in t e r s e c t i o n  o f  th e  i n t e r a c t io n  s u r fa c e

and th e  to r s io n - s h e a r  p la n e  t o  be a  q u a r te r  c i r c l e  T /T  = [ l- fV  /V^ ^ u uo  ̂ u  uo ■'

T h is  c i r c u l a r  i n t e r a c t io n  has been su g g es ted  by many p a s t  r e s e a rc h e r s  

[ACI S P -1 8 ]. The p r o je c t io n  o f  th e  w r i t e r ' s  t e s t  d a ta  on to  th e  to r s io n -  

sh e a r  p la n e  a t = 0 a ls o  in d ic a te s  a smooth d e c re a s in g  cu rv e .

Three s e t s  o f  e q u a l ly  spaced d a ta  w ere ta k e n  from t h i s  assumed q u a r te r  

c i r c l e  c o n ta in in g  tw en ty , te n  and f iv e  p o in t s ,  r e s p e c t iv e ly .  Each o f  

th e s e  s e r i e s  were u sed  as a d d i t io n a l  d a ta  p o in ts  w ith  s e r i e s  A, B and 

C and new s tep w ise  r e g re s s io n  s u r fa c e s  were com puted.

The second approach was th e  same as th e  one p r e v io u s ly  d e­

s c r ib e d  excep t th e  in t e r s e c t i o n  in  th e  to r s io n - s h e a r  p la n e  was assumed

to  be  a  s t r a i g h t  l i n e  T^/T^^ = N ylander (1945) su g g es ted  a

l i n e a r  r e la t io n s h ip  in  th e  to r s io n - s h e a r  p la n e  a t  = 0 and

M ukherjee a lso  ad op ted  th e  s t r a i g h t  l i n e  approach as d is c u s s e d  in  

C h ap te r I .

The r e s u l t s  o f  th e s e  t r i a l s  w ere s tu d ie d  b o th  from th e  s t a t i s ­

t i c a l  and p r a c t i c a l  view p o in t .  F ig u re s  4 .1 ,  4 .2  and 4 .3  show p lo t s

o f  th e  in t e r a c t io n  s u r fa c e s  f o r  th e  r e g re s s io n  a n a ly s i s  c o e f f i c i e n t s  

u s in g  te n  p o in ts  from th e  assumed q u a r te r  c i r c l e  in  th e  to r s io n - s h e a r  

p la n e  a t  My/M^g = 0 and th e  t e s t  d a ta  o f  s e r ie s  A, B and C, r e s p e c t iv e ly .  

The r e s id u a l s  in  th e  d ep en d e n t, t o r s i o n a l ,  v a r ia b le  a r e  shown in  th e se  

f ig u r e s  a ls o .  S in ce  many o f  th e  p lo t s  o f  th e  r e g re s s io n  a n a ly s i s  s u r ­

fa c e s  o b ta in e d  by u s in g  th e  d a ta  and th e  s e le c te d  p o in t s  from th e  assumed



79

Observed

(R esid u a l)

4- C a lc u la te d

(0 , 0 , 1 )

V T u o  = .9 8 3 -.8 2 2

I n te r s e c t io n  o f  
th e  su r fa c e  and 
th e  to rs io n -m o ­
ment p la n e  a t  

V ^ u o  = 1

U O

(1 , 0 , 0 )

F ig u re  4 .1  U n it le s s  I n te r a c t io n  S u rface  f o r  S e r ie s  A by R eg ress io n

A n a ly s is .
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O bserved

s-(R es id u a l)

C a lc u la te d

Tu/T,uo

T. (0 , 0 , 1)u uo1.004 + 1.172(j-ji^)
uo

uo uo

(0 . 1 . 0)

I n te r s e c t io n  o f  
th e  s u r f a c e  and 
th e  to rs io n -m o ­
ment p la n e  a t  

V u/^uo “ 1
(1 , 0 . 0)

F ig u re  4 .2  U n it le s s  I n t e r a c t i o n  S u rface  fo r  S e r ie s  B by R e g re ss io n

A n a ly s is
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O bserved

(R esid u a l)

C a lc u la te d

.994 + .466
uouo

'uo

(0 , 1 , 0)
v„/v,

I n te r s e c t io n  o f  
th e  s u r f a c e  and 
th e  to rs io n -m o ­
ment p la n e  a t

(1,0 ,0)

F ig u re  4 .3  U n it le s s  I n te r a c t io n  S u rfa c e  for S e r ie s  C by R eg ress io n

A n a ly s is
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l i n e a r  i n t e r a c t io n  in  th e  to r s io n - s h e a r  p la n e  a t  = 0 showed a

curve in  t h a t  p la n e ,  th e  c i r c u l a r  in te r a c t io n  was im p lie d .

These r e g re s s io n  s u r fa c e s  appear to  have re a so n a b le  i n t e r ­

s e c t io n s  w ith  th e  torsion-m om ent p la n e  a t  = 0 and th e  to r s io n -

sh e a r  p la n e  a t  = 0 and s u f f i c i e n t  c u rv a tu re  to  f i t  th e  d a ta .

The in t e r s e c t i o n s  o f  th e  s u r fa c e s  and th e  to r s io n - s h e a r  p la n e  a t  

Vu/Vuo = 1 and th e  torsion-m om ent p lan e  a t M^/M^q = 1 ap p ea r to  be 

q u e s tio n a b le  in  view o f  th e  l im i te d  amount o f  p a s t  ex p erim en ta l d a ta  

a v a i la b le .

Proposed U n it le s s  I n te r a c t io n  S u rfa c e

The fo llo w in g  p roposed  u n i t l e s s  in t e r a c t io n  s u r fa c e  f o r  to r s io n ,  

s h e a r  and moment i s  b ased  on th e  r e s u l t s  o f  th e  p re v io u s ly  d e s c r ib e d  r e ­

g re s s io n  a n a ly s is  o f  th e  w r i t e r 's  t e s t  d a ta  and th e  assum ption  t h a t  th e  

developed  e q u a tio n  o f  th e  s u r fa c e  must n o t o n ly  b e  m anageable b u t g ive  a 

c o n se rv a tiv e  e s t im a te  o f  th e  a c tu a l  c a p a c ity  o f  th e  member b e in g  con­

s id e re d .

The fo llo w in g  i s  a  l i s t  o f  th e  b a s ic  assum ptions u sed  in  th e  

developm ent o f  th e  proposed  u n i t l e s s  in te r a c t io n  s u r f a c e .

1. The in t e r a c t io n  s u r fa c e  i s  governed by th e  non -d im ensional

p a ram e te rs  T ^/T ^p, V^/V^q and (see  F ig u re  4 .4 )  and p a s s e s  th rough

th e  p o in ts  ( 0 ,0 ,1 ) ,  (0 ,1 ,0 )  and ( 1 ,0 ,0 ) .

2. The in t e r s e c t i o n  o f  th e  in te r a c t io n  s u r fa c e  and th e  to r s io n -

sh ea r p la n e  a t  My/Myg = 0 (curve AB o f  F ig u re  4 .4 )  i s  a q u a r te r  c i r c l e  

V T u o  =  [ l - ( V u / V u o ) 2 ] l .

3. The in t e r s e c t i o n  o f  th e  in te r a c t io n  s u r fa c e  and th e  to r s io n -  

moment p la n e  a t  Vy/VuQ = 0 i s  g iv e n  by a smooth d e c re a s in g  c u rv e , AD,
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V T u o  = l-[M u /M u o )^ -

4. The i n t e r s e c t i o n  o f  th e  in t e r a c t io n  s u r fa c e  and th e  s h e a r -

moment p la n e  a t  T^/T^q = 0 i s  a  s q u a re , OBCDO.

5. The i n t e r s e c t i o n  o f  th e  in t e r a c t io n  s u r fa c e  and a p la n e

p a r a l l e l  to  th e  to r s io n - s h e a r  p la n e  a t  a  d is ta n c e  o f  from th e

o r ig in ,  i j ,  i s  a q u a r te r  o f  an e l l i p s e  w ith  a m ajo r a x is  o f  =1

and a m inor a x is  o f  (Ty/T^g)^ [see  F ig u re  4 .4 ) .  The eq u a tio n  o f  a 

ty p ic a l  p o in t ,  a ,  i s  g iv en  by (Ty/Tj_,o)^ = (T u A u o ^ x ^ ^ V ^ u o ^ a  •

C oncerning th e  p ro ceed in g  l i s t  o f  a ssu m p tio n s , th e  f i r s t  ap ­

p ea rs  to  be a  re a so n a b le  approach  and h a s  been su g g es ted  by p a s t  r e ­

se a rc h e rs  [ACI SP-18, 1968].

The second assum ption  h as  been t e n t a t i v e l y  adop ted  by ACI Com­

m itte e  318 in  t h e i r  p roposed  B u ild in g  Code R equirem ents f o r  R e in fo rc ed  

C o n cre te , 1971. The r e g re s s io n  a n a ly s i s  p r e d ic t s  an e q u a tio n  o f  a  

smooth d e c re a s in g  cu rv e  which approx im ates a q u a r te r  c i r c l e  in  t h e  t o r ­

s io n -s h e a r  p la n e  a t  My/My^ = 0 . A d d itio n a l r e s e a rc h  i s  needed in  th i s  

p lan e  (My/MyQ = 0) to  end th e  p r e s e n t  c o n tro v e rsy  in  th e  l i t e r a t u r e .

The t h i r d  assum ption  i s  th e  r e s u l t  o f  th e  re g re s s io n  a n a ly s i s  

o f th e  w r i t e r 's  d a ta .  The smooth d e c re a s in g  fu n c tio n  has th e  d is a d v a n t­

age o f  n o t a llo w in g  th e  a d d i t io n  o f  a sm all moment to  in c re a s e  th e  

to r s io n a l  c a p a c i ty .  A lthough th e r e  i s  d a ta  in  th e  to rsion -m om ent p la n e  

(Reeves, 1962], [Rowe, 1 9 6 8 ] ,[M ukherjee, 1971] t o  j u s t i f y  th e  in c re a s e  

in  c a p a c ity  in  t h a t  p la n e ,  th e  w r i t e r  has  n e g le c te d  i t  on th e  fo llo w in g  

grounds: f i r s t ,  th e r e  i s  no d a ta  a v a i la b le  in  th e  re g io n  o f  sm a ll

moment and la rg e  s h e a r  and la rg e  t o r s io n  to  a llo w  th e  assum ption th a t

th e  in c re a s e  c a p a c i ty  w i l l  e f f e c t i v e l y  c a r ry  o v e r in to  th e  i n t e r a c t io n
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uo

D e ta i l  o f  i j k

( r )‘uo 'uo

^u/T uq

P o in t

(1 ,0 ,0)
C

(1 , 1 , 0)

(0 , 1 , 0)

Vu/Vuo

F ig u re  4 .4  B asic  A ssum ptions o f  th e  Proposed U n it le s s  I n te r a c t io n  

S u rface  fo r  T o rs io n , Shear and Moment
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s u r fa c e ;  second , th e  t e s t  d a ta  a v a i la b le  in  th e  torsion-m om ent p lan e  

does n o t in c lu d e  th e  b a s ic  v a r ia b le  o f  load  h i s to r y  and u n t i l  t h i s  has 

been  s tu d ie d  th e  w r i t e r  q u e s tio n s  th e  proposed in c re a s e  in  to r s io n a l  

c a p a c ity  due to  th e  a p p l ic a t io n  o f  moment. T h ird , th e  specim ens s tu d ie d  

in  t h i s  in v e s t ig a t io n  su g g es ted  t h a t  co llap se  due to  la rg e  to r s io n a l  

lo ad in g  was w ith  b u t l i t t l e  w arn ing  in d ic a t in g  th e  need fo r  a  more con­

s e rv a t iv e  e s t im a te  a t  t h i s  tim e .

The f o u r th  assum ption  i s  th e  p ro d u c t o f  th e  p re s e n t method o f  

d e s ig n in g  fo r  members r e s i s t i n g  moment and s h e a r ,  i . e . ,  d e s ig n  fo r  

moment and check and d e s ig n  f o r  s h e a r  i f  needed . T h is sq u a re  i n t e r ­

a c t io n  in  th e  moment s h e a r  p la n e  appea rs  to  be a re a so n a b le  approach 

fo r  p r e s t r e s s e d  spec im en s, e s p e c i a l l y  when th e  sh ea r  i s  c o n t ro l le d  by 

t h a t  which o ccu rs  a f t e r  f le x u r a l  c ra c k in g  as i t  was in  t h i s  in v e s t ig a ­

t i o n .  T h is  i n t e r a c t i o n  was a l s o  su g g es ted  by M ukherjee (1971).

The f i f t h  assum ption  i s  based  on th e  g e n e ra l shape o f  th e  p r e ­

v io u s ly  d isc u sse d  r e g re s s io n  a n a ly s is  in t e r a c t io n  s u r fa c e  (F ig u re s  4 .1 , 

4 .2  and 4 .3 )  and th e  second assum ption  which r e q u ire s  th e  in t e r s e c t i o n  

o f  th e  i n t e r a c t io n  s u r fa c e  and th e  to r s io n - s h e a r  p la n e  a t  M^/M^q = 0 to  

be a  q u a r te r  c i r c l e .  A lthough th e  assum ption  ap p ea rs  to  be re a so n a b le , 

i t  may need r e v is io n  when a d d i t io n a l  t e s t  d a ta  a re  a v a i la b l e ,  e sp ec ia lly  

when a d d i t io n a l  v a r ia b le s  a re  c o n s id e re d .

With th e s e  a ssu m p tio n s, th e  e q u a tio n  fo r  th e  in t e r a c t io n  s u r fa c e  

in  te rm s o f  th e  n o n -d im en sio n a l p a ram e te rs  i s  o b ta in ed  by s u b s t i tu t in g  

th e  t h i r d  assum ption  in to  th e  e q u a tio n
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The eq u a tio n  o f  th e  i n t e r a c t io n  s u r fa c e  i s ,  dropping th e  s u b s c r ip ts ,  

th e n :

V T u o  = [ l - ( V « u o ) ^ H l - C V u / V u „ ) ^ ) i  

w here th e  p o s i t i v e  q u a d ra n t i s  th e  boundary c o n d itio n .

F ig u re  4 .5  shows a  p lo t  o f  th e  proposed  u n i t l e s s  in t e r a c t io n

s u r f a c e .

A p lo t  o f  th e  p roposed  in t e r a c t io n  s u r fa c e , th e  w r i t e r 's  t e s t  

r e s u l t s  and th e  p r e d ic te d  r e s u l t s  u s in g  th e  in t e r a c t io n  s u r fa c e  a re  

shown in  F ig u re  4 .6 .  Due to  th e  s c a t t e r  in  th e  d a ta ,  th e  r e s t r i c t i o n  

o f  Ty/T^o = 0 i f  e i t h e r  M^/M^q o r  V^/V^g> 1 was adopted . T h is  r e s t r i c ­

t i o n  w il l  n o t be n e c e s s a ry  in  th e  a p p l ic a t io n  o f th e  in t e r a c t io n  s u r ­

fa c e  to  a  d es ig n  problem  s in c e  th e  v a lu e s  o f  V^/V^Q and w il l  be

le s s  th an  o r  eq u a l to  1.

F ig u re  4 .6  in d i c a te s  th a t  th e  p roposed  in te r a c t io n  s u r fa c e  

p r e d ic t s  th e  t e s t  d a ta  w ith  th e  p r e d ic te d  v a lu e s  b e in g  s l i g h t l y  con­

s e r v a t iv e  f o r  m ost o f  th e  p o in t s .

F ig u re  4 .7  shows th e  t e s t  r e s u l t s  o f  M ukherjee ( l 9 7 l )  a p p lie d  

t o  th e  p roposed  i n t e r a c t i o n  s u r f a c e .  The proposed s u r fa c e  g iv e s  a r e a ­

so n ab le  p r e d ic t io n  o f  h i s  d a ta .  A lthough th e  p r e d ic t io n s  a r e  r a th e r  

c o n s e rv a tiv e  in  th e  ran g e  o f  la rg e  moment w ith  sm all to r s io n  and s h e a r ,  

i t  ap p ea rs  t h a t  th e  p ro p o sed  s u r fa c e  can be used f o r  h i s  specim ens 

w hich co n ta in ed  seco n d ary  web re in fo rc e m e n t .

Comparison o f  P roposed I n te r a c t io n  Surfaces

M u k h erjee 's  p ro p o sed  in t e r a c t io n  s u rfa c e  and h i s  b a s ic  assump­

t i o n s  were d is c u s se d  i n  C h ap te r I .  F ig u re  4 .8  shows h i s  proposed i n t e r ­

a c t io n  s u r fa c e  a p p l ie d  to  th e  w r i t e r 's  t e s t  d a ta .
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(0 , 0 , 1)

T,u
T,uo

(1 , 0 , 0)

F ig u re  4 .5  Proposed U n it le s s  I n te r a c t io n  S u rface  fo r  T o rs io n , S hear 

and Moment
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Observed

(R esid u a l)

+  C a lc u la te d

F ig u re  4 .6  Proposed U n it le s s  I n te r a c t io n  S u rface  w ith  S e r ie s  A, B, 

and C



89

tj O bserved

(R esid u a l)

T  C a lc u la te d

(0 , 0 , 1)

u
] [i -0

uo uo uo

(1 , 0 , 0)

F ig u re  4 .7  Proposed I n te r a c t io n  S u rface  w ith  M ukherjee 's  (1971) D ata
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F ig u re  4 .8  M u k h erjee 's  P roposed  I n te r a c t io n  S u rfa c e  w ith  S e r ie s  A, B 

and C
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The most s ig n if ic a n t d iffe ren ces  between the  in te ra c tio n  su r­

face proposed by Mukherjee and th e  w r i te r 's  propose in te ra c tio n  surface  

shown in  Figure 4.6 a re  l i s te d  below. Each o f  th e  following a re  assumed 

to  have the p o s itiv e  quadrant o f  th e  in te ra c tio n  su rface  as the  bound­

ary cond itions.

1. M ukherjee's in te ra c t io n  su rface  in te re s te d  the  to rs io n - 

shear plane in  a s tr a ig h t  l in e  versus a q u a r te r  c ir c u la r  in te rs e c tio n .

2. Mukherjee’s in te ra c t io n  su rface  has two in te rsec tio n s  in  

the  torsion-moment plane a t = 0 versus a smooth curve.

3. M ukherjee's in te ra c t io n  has a l in e a r  r e la t io n  in  th e  to rs io n -  

moment p lane a t V^/V^q = 1 versus an in te rs e c tio n  of = 0 .

4. M ukherjee's in te ra c t io n  surface  shows a s l ig h t  increase in  

the  to rs io n a l cap acity  with th e  a p p lic a tio n  o f a small amount o f  moment 

versus a continuous decrease in  th e  to rs io n a l capacity  w ith the a p p lic ­

a tio n  o f moment.

5. The in te rs e c tio n  o f M ukherjee's in te ra c tio n  surface and th e  

to rs io n -sh e a r  plane a t  My/M̂ Q = x i s  a s tr a ig h t  l in e  versus th a t o f  a 

q u a rte r  o f  an e l l ip s e .

6 . The in te rs e c tio n  o f M ukherjee's in te ra c tio n  surface and th e  

to rs io n -sh e a r  plane a t  M̂ /MyQ = 1 i s  a rec tan g le  versus the lin e  o f 

^ u /^u o  ~

7. M ukherjee's in te ra c t io n  surface  gives more conservative 

values fo r  most o f th e  d a ta .

I t  should be remembered th a t  M ukherjee's t e s t  specimens contained 

secondary web reinforcem ent while th e  w r i te r 's  specimens contained only 

th e  p re s tre ss in g  s te e l .  With th is  in  mind, severa l o f  the  d iffe ren ces
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can  be e x p la in e d . F or exam ple, when a p r e s t r e s s e d  c o n c re te  beam w ith ­

o u t seco n d ary  re in fo rc e m e n t i s  t e s t e d  w ith  la rg e  to r s io n a l  lo a d in g , 

th e  c o l la p s e  i s  u s u a l ly  sudden w ith  th e  fo rm a tio n  o f  i n i t i a l  c ra c k in g  

w h ile  one w ith  secondary  web re in fo rc em en t w i l l  r e s i s t  a d d i t io n a l  lo ad  

a f t e r  i n i d i a l  c ra c k in g . T h is  would p a r t l y  e x p la in  i t a n s  two and fo u r .  

Item  th r e e  can  be p a r t l y  e x p la in e d  by n o tin g  in  F ig u re  4 .7  t h a t  

M u k h erjee 's  t e s t  d a ta  was a c tu a l ly  very  c lo s e  to  th e  torsion-m om ent 

p la n e  r a th e r  th a n  f a r th e r  o u t on th e  i n t e r a c t io n  s u r fa c e . He assumed 

th e  r e c ta n g u la r  p o r t io n  o f  h i s  s u r fa c e  on th e  to r s io n - s h e a r  p la n e  a t  

Mu/M^o ~ 1 from  th e  r e s u l t s  o f  specim ens t h a t  were n o t  very  d i f f e r e n t  

from th o s e  t e s t e d  in  th e  to rsion-m om ent p la n e .

S in ce  th e  to rsion-m om ent p la n e  i s  p re s e n te d  by th e  to r s io n a l  

a x is  i n  a  tw o-d im ensional p lo t  o f  to r s io n  and s h e a r .  F igure  4 .9  f u r th e r  

in d ic a te s  t h a t  M u k h erjee 's  th re e -d im e n s io n a l t e s t  d a ta  was v e ry  c lo se  

to  th e  to rsion -m om ent p la n e  s in c e  i t  f a l l s  c lo s e  to  th e  to r s io n a l  a x i s .

The p roposed  u n i t l e s s  i n t e r a c t io n  s u r f a c e  f o r  to r s io n ,  sh e a r  

and moment f o r  e c c e n t r i c a l l y  p r e s t r e s s e d  r e c ta n g u la r  and L-beams p ro ­

posed  by th e  w r i t e r  p r e d ic t s  w ith  re a s o n a b le  accu racy  th e  w r i t e r ' s  t e s t  

d a ta  as  w ell as  th e  t e s t  d a ta  o f  M ukherjee (1971) which c o n ta in e d  

seco n d ary  web re in fo rc e m e n t.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Twelve sim ply  su p p o rted  p re te n s io n e d  p r e s t r e s s e d  c o n c re te  r e c ­

ta n g u la r  and e ig h te e n  L-beams w ith o u t web re in fo rc em en t were te s te d  

w ith  combined t o r s io n ,  sh e a r  and moment. The m ain o b je c t iv e s  o f  t h i s  

experim en ta l in v e s t ig a t io n  were to  s tu d y  th e  lo a d -d e fo rm a tio n  re sp o n se , 

g en e ra l c rac k  p a t te r n s  o f  th e  specim ens and th e  e f f e c t  o f  f la n g e  w id th , 

to rq u e - to - s h e a r  r a t i o  and e f f e c t iv e  p r e s t r e s s .

The fo llo w in g  c o n c lu s io n s  a re  su b m itted  w ith  c o n s id e ra t io n  g iven  

to  th e  s iz e  and ty p e  o f  specim ens t e s t e d .

1. The e f f e c t s  o f  each  v a r ia b le  on th e  c ra c k  p a t te r n  and u l t im a te  

c a p a c ity  a re  summarized below .

a .  The m agnitude o f  th e  e c c e n t r i c i ty  was th e  m ost i n f l u e n t i a l  

v a r ia b le  o f  t h i s  in v e s t ig a t io n .  The i n i t i a l  as w e ll as th e  u l t im a te  

c rack  p a t te r n  was d i r e c t l y  r e l a t e d  to  th e  m agnitude o f  th e  e c c e n t r i c i ty  

as th e  load  in c re a s e d .

b .  The f la n g e  showed i t s  m ajor in f lu e n c e  by in c re a s in g  th e  

c rac k in g  and u l t im a te  c a p a c i t i e s .

c .  The e f f e c t iv e  p r e s t r e s s  had very  l i t t l e  e f f e c t  upon th e  

c rac k  p a t t e r n .  The moment c a p a c ity  was in c re a se d  due to  th e  e f f e c t iv e  

p r e s t r e s s  b u t th e  t o r s io n a l  c a p a c ity  was d ec reased  s l i g h t l y .

94
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2. The lo a d -d e fo rm a tio n  resp o n se  and e f f e c t s  o f  each  v a r ia b le  

a re  summarized below.

a . The e c c e n t r i c i t y  o f  th e  load  p lay ed  a  p rom inen t r o le

on th e  shape in  each o f  th e  lo a d -d e fo rm a tio n  c u rv e s . They were i n i ­

t i a l l y  l i n e a r  up to  f i r s t  c ra c k in g  where th e y  im m ed ia te ly  dropped due 

to  lo s s  in  c a p a c i ty  w ith  la r g e  e c c e n t r i c i t i e s  o r  became n o n lin e a r  w ith  

sm all e c c e n t r i c i t i e s .  In te rm e d ia te  e c c e n t r i c i t i e s  r e s u l t e d  in  a t r a n s i ­

t i o n  betw een th e  two ex trem es.

b . The f la n g e s  ten d ed  to  in c re a s e  th e  s lo p e s  o f  th e  i n i t i a l

p o r t io n s  o f  th e  lo a d -d e fo rm a tio n  cu rves due to  th e  in c re a s e d  r i g i d i t y  o f

th e  flan g ed  specim ens. The in c re a s e  c ra c k in g  c a p a c i ty  and u l t im a te  

c a p a c ity  te n d ed  to  in c re a s e  th e  le n g th  o f  th e  l i n e a r  p o r t io n  a s  w ell as 

th e  o v e r - a l l  h e ig h t  o f  th e  c u rv e s .

3 . The fo llo w in g  u n i t l e s s  i n t e r a c t io n  s u r fa c e  f o r  to r s io n ,  

sh e a r  and moment was developed  w ith  th e  a id  o f  r e g r e s s io n  a n a ly s is  and 

s e v e ra l  s im p lify in g  assu m p tio n s.

V T u o  = [ l - ( M u /M u o ) 3 ] [ l - ( V u /V u o ) ^ ] *

A lthough t h i s  p roposed  i n t e r a c t io n  s u r fa c e  p r e d i c t s  th e  t e s t  

d a ta  o f  th e  w r i t e r 's  in v e s t ig a t io n  and th o se  o f  M u k h e rje e 's  i t  shou ld  

be remembered t h a t  s e v e ra l assum ptions w ere made t h a t  w i l l  need a d d i­

t i o n a l  e x p e rim en ta l j u s t i f i c a t i o n .

4 . More r e s e a rc h  i s  d e f i n i t e l y  needed in  th e  a r e a  o f  to r s io n ,  

s h e a r  and moment on p r e s t r e s s e d  c o n c re te  members.

a .  The p o in ts  t h a t  need  im m ediate in v e s t ig a t io n  appear to  

be lo a d in g s  i n  th e  re g io n  o f  la r g e  sh e a r  and m oderate to  la rg e  moment
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w ith  vary ing  amounts o f  to r s io n  on r e c ta n g u la r  p r e s t r e s s e d  beams to  

supplem ent M u k h erjee 's  d a ta .

b .  E xperim en ta l d a ta  a re  u rg e n t ly  needed f o r  T and L beams 

i n  a l l  ran g es  o f  th e  lo a d in g  f o r  specim ens w ith  and w ith o u t web r e i n ­

forcem ent .

c .  The to r s io n - s h e a r  p la n e 's  i n t e r s e c t io n  w ith  th e  i n t e r ­

a c t io n  s u r fa c e  sh o u ld  be  s tu d ie d  in  d e t a i l  to  end th e  c o n tro v e rsy  o f  th e  

q u a n t i f i c a t io n  o f  t h i s  r e l a t i o n  f o r  p r e s t r e s s e d  c o n c re te  r e c ta n g u la r ,  T 

and L beam s, e s p e c i a l l y  e c c e n t r i c a l l y  p r e s t r e s s e d  specim ens.

d . The e f f e c t  o f  th e  lo a d in g  h i s to r y  upon th e  in te r a c t io n  

s u r fa c e  i s  v i r t u a l l y  un touched  and shou ld  re c e iv e  im m ediate a t te n t io n .

e .  A th e o r e t i c a l  in v e s t ig a t io n ,  as w e ll a s ,  an ex p erim en ta l 

in v e s t ig a t io n  o f  th e  p u re  t o r s io n a l  c a p a c ity  o f  e c c e n t r i c a l l y  p r e s tr e s s e d  

T , L and r e c ta n g u la r  specim ens i s  u rg e n t ly  neeeded f o r  specim ens w ith  and 

w ith o u t web re in fo rc e m e n t.
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S e r ie s  A

A ll o f  th e  beams o f  s e r i e s  A w ere o f  th e  same s i z e  (3"x6") and 

had th e  same e f f e c t i v e  p r e s t r e s s .  The p rim ary  v a r ia b le  o f  t h i s  s e r ie s  

was th e  e c c e n t r i c i t y  o f  th e  lo a d ,  i . e . ,  th e  s h e a r - to rq u e  r a t i o .

Beam A-1

Beam A-1 was t e s t e d  a t  z e ro  e c c e n t r i c i t y  w ith  a  p o in t  lo ad  a t  

m id-span  to  o b ta in  th e  c a p a c i ty  o f  th e  A s e r i e s  loaded  w ith  s h e a r  and 

f le x u r e .

The f i r s t  c rac k  o c c u rre d  a s  a v e r t i c a l  f le x u r a l  c rack  a t  a l iv e  

load  o f  2 .63  k ip s  a t  m id -sp an . The c rac k  p a t t e r n  was v e ry  sym m etrica l 

w ith  a  new c ra c k  on e i t h e r  s id e  o f  th e  c e n t e r l i n e  and e x te n s io n s  o f  

e x i s t in g  c ra c k s  u n t i l  a  lo ad  o f  3 .13  k ip s .  With a p p l ic a t io n  o f  t h i s  

lo a d , th e  p re v io u s  c ra c k s  ex tended  and a  new one form ed ap p ro x im ate ly  

a t  th e  e a s t  q u a r t e r  p o in t  and p ro p ag a ted  ap p ro x im ate ly  o n e -h a lf  th e  

dep th  o f  th e  web and a t  an  i n c l in a t io n  o f  60 d eg ree s  tow ard th e  lo ad . 

A f te r  th e  c ra c k s  w ere m arked, e x te n s io n  o f  th e  lo a d in g  ram was re q u ire d  

to  com pensate f o r  c re e p . When th e  load  was in c re a s e d  to  3.09 k ip s ,  th e  

to p  o f  th e  q u a r t e r  p o in t  c rac k  p ro p ag a ted  4 in c h es  a t  an ang le  o f  about 

20 d e g re e s  tow ard  th e  lo a d . Upon a p p l ic a t io n  o f  th e  n e x t load  o f  3 .18  

k ip s ,  th e  e a s t  q u a r t e r  p o in t  c ra c k  on th e  so u th  fa c e  p ro p ag a ted  h o r i ­

z o n ta l ly  tow ard m id-span  and a  new c rac k  formed on th e  n o r th  f a c e  a t  

th e  i n t e r s e c t i o n  o f  th e  i n i t i a l  q u a r te r  p o in t  c rac k  and th e  lo c a t io n

102



103

o f  th e  c a b le  and made an a n g le  o f  45 degrees tow ard th e  lo a d . The s p e c i­

men behaved l i n e a r l y  up to  th e  f i r s t  c rack in g  lo a d  as can be seen  in  th e  

s h e a r - c e n te r l in e  d e f le c t io n  cu rv e  g iv en  in  Appendix B.

Beam A-2

Beam A-2 was t e s t e d  a t  an e c c e n t r ic i ty  o f  6 .38 in ch es  in  two 

c y c le s . The specim en was lo ad ed  w ith  increm en ts up to  a  l i v e  lo a d  o f  

1,86 k ip s  and th e n  th e  lo ad  was removed in  in c rem en ts  w ith  d a ta  ta k e n  

on th e  com plete lo a d -u n lo ad  c y c le .  No crack s were observed  in  t h i s  

load  c y c le .

The second lo ad  c y c le  was con tinued  u n t i l  collapse o f  th e  s p e c i­

men o ccu rred . The f i r s t  c ra c k  o ccu rred  in  th e  to p  o f  th e  lo a d in g  arm 

a t  i t s  in t e r s e c t i o n  w ith  th e  web a t  a  load  o f  1 .37  k ip s .  The f i r s t  

c rack  in  th e  p rim ary  specim en o ccu rred  a t a load  o f  1.86 k ip s  as  a  v e r ­

t i c a l  f le x u re  c rac k  in  th e  bottom  o f  th e  n o r th  web a t  m id -span .

The f a i l u r e  c rack  p a t t e r n  w i l l  now be d e s c r ib e d  to  g iv e  an  i n ­

d ic a t io n  o f  th e  r e s u l t a n t  c ra c k s  b u t not th e  manner o f  t h e i r  fo rm a tio n . 

The f a i l u r e  p a t t e r n  on th e  n o r th  fa c e  was unsym m etrical w ith  re s p e c t  

to  m id-span . The w est s id e  had  a c rack  th a t  s t a r t e d  a t  th e  bottom  o f  

th e  web and p ro p ag a ted  a t  an ang le  o f  45 d eg rees  fo r  ap p ro x im ate ly  2 

inches where i t  tu rn e d  h o r iz o n ta l ly  to  6 in c h es  w est o f  th e  lo ad in g  

diaphragm . I t  tu rn e d  a t  t h i s  p o in t  tow ard th e  to p  o f  th e  web a t  an 

ang le  o f  ap p ro x im ate ly  30 d e g re e s .

The e a s t  s id e  o f  th e  n o r th  fa c e  had a  s im i la r  c ra c k  b u t i t  

s ta r t e d  ap p ro x im ate ly  10 in c h e s  from m id-span r a t h e r  th a n  th e  q u a r te r -  

p o in t .
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The sou th  face  was a l i t t l e  more sym m etrica l. The w est s id e  

had a crack  from th e  bottom  a t  10 in ch es  from m id-span to  2 in ch es  b e ­

low th e  top  a t  m id -span . The e a s t  s id e  had a  s im i la r  crack  excep t i t  

s t a r t e d  app rox im ate ly  6 in c h es  from m id -span . j

Although no cracks w ere observed  in  cy c le  one, th e  s h e a r - c e n te r -  

l i n e  d e f le c t io n  cu rv e  in d ic a te s  th a t  th e  beam had s ta r t e d  in to  i t s  non­

l i n e a r  re g io n . The second c y c le  s h e a r - c e n te r l in e  curve has an i n i t i a l l y  

l i n e a r  p o r t io n  up to  th e  f i r s t  c rack in g  s h e a r  s im ila r  to  cy c le  one i n ­

d ic a t in g  th a t  no s ig n i f i c a n t  c ra c k s  had formed in  th e  f i r s t  c y c le .  The 

to rq u e - tw is t  curve  f o r  c y c le  one does n o t show any d e v ia tio n  from 

l i n e a r i t y  and th a t  o f  c y c le  two i s  s im i la r  up to  th e  f i r s t  c rac k in g  a t  

which p o in t  i t  d e v ia te s  from l i n e a r i t y .

Beam A-3

Due to  u n in te n s io n a l  m is lo c a t io n  o f  th e  so u th e a s t b o x -se c tio n  o f  

th e  fo rm s, beam A-3 was c a s t  w ith  an e a s t  web th ic k n e s s  o f  3 i  in ch es  

r a th e r  th an  th e  d e s ir e d  3 in c h e s .  T h is specim en was te s te d  w ith  an e c ­

c e n t r i c i t y  o f  10.0 in c h e s .

The crack  p a t te r n  was unsym m etrical w ith  co llapse being  in  th e  

e a s t  s id e  where th e  e f f e c t iv e  p r e s t r e s s  was l e s s  due to  th e  in c re a se d  

web th ic k n e s s .

When th e  lo a d  reach ed  2 .0 2  k ip s ,  a c rack  formed in  th e  so u th  

e a s t  fa c e  o f th e  web a t  16 in c h e s  from m id-span  and p ropagated  o v e r th e  

to p  a t an angle o f  ap p ro x im ate ly  30 d eg rees  tow ard m id-span. When th e  

c ra c k  reached  th e  n o rth  f a c e ,  secondary  s h e a r  f a i l u r e  caused i t  to  p ro ­

p ag a te  back tow ard  th e  e a s t  su p p o rt r a th e r  th a n  co n tin u e  on i t s  s p i r a l  

p a th .  The collapse o ccu rred  as  one co n tin u o u s c rack  w ith  a minimum amount
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o f w arning , b u t i t  was n o t an e x p lo s iv e  f a i l u r e  p r im a r i ly  becau se  o f  

th e  low load  le v e l  a t  w hich i t  f a i l e d .

The s h e a r - c e n te r l in e  d e f le c t io n  curve shows a  l i n e a r  resp o n se  

up to  th e  f i r s t  observed  c rac k in g  a t  which p o in t  th e  load  c a p a c ity  

dropped c o n s id e ra b ly  and th e  m easured d e f le c t io n  d e c re a se d . T h is  d e­

c re a se  in  th e  m easured d e f le c t io n  can be e x p la in ed  by n o tin g  t h a t  th e  

specim en f a i l e d  unsy m m etrica lly  on th e  e a s t  s id e  w hich reduced  th e  

c a p a c ity  o f  th e  s e c t io n  b u t a llow ed  th e  m id-span to  come back up .

The to r q u e - tw is t  curve shows th e  l i n e a r  re sp o n se  up to  f i r s t  

c rack in g  b u t shows lo s s  o f  c a p a c ity  and an in c re a s e  i n  th e  m easured 

t w i s t .

Beam A-4

Beam A-4 was t e s t e d  a t  an e c c e n t r i c i ty  o f  3 1 .0  in ch es  which r e ­

q u ired  th e  u se  o f  th e  lo a d in g  arm a ttachm en t and th e  c o l l a r s  a t  th e  

suppo rt d iaphragm s. The c rac k  p a t t e r n  was sym m etrica l w ith  re s p e c t  to  

th e  m id-span o f  th e  beam.

With th e  a p p l ic a t io n  o f  0 .71  k ip s ,  a c rack  form ed a t  th e  bottom  

o f th e  sou th  web a t  each su p p o rt and p ro pagated  in  a s p i r a l  p a th  up th e  

web a t  an ang le  o f  45 d eg ree s  and o v er th e  to p  a t  an an g le  o f  40 d e ­

g rees  due to  th e  to r s io n a l  e f f e c t .  When th e  c rac k s  reac h ed  th e  n o r th  

web, th e  secondary  sh e a r  f a i l u r e  caused  them to  p ro p a g a te  back tow ard  

th e  su p p o rts  r a th e r  th a n  co n tin u e  on t h e i r  s p i r a l  p a th .  With f u r th e r  

e x te n s io n  o f  th e  lo a d in g  ram , b u t a  d e c re a se  in  lo a d , th e  c ra c k s  in  

th e  n o r th  face  ex tended  tow ard th e  bottom  o f  th e  n o r th  fa c e  a t  th e  su p ­

p o r ts .  The s h e a r - c e n te r l in e  d e f le c t io n  and th e  to r q u e - tw is t  cu rv es
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in d ic a te  a l i n e a r  re sp o n se  up to  th e  f i r s t  c rac k in g  a t  which p o in t  

lo s s  o f  c a p a c ity  o ccu rred  and an e x c e ss iv e  amount o f  d e f le c t i o n  and 

tw is t  o c c u rre d .

Beam A-5

Beam A-5 was t e s t e d  a t  an e c c e n t r i c i t y  o f  1 .5  in c h e s . The 

crack  p a t t e r n  o f  t h i s  specim en was v ery  sym m etrica l w ith  r e s p e c t  to  

m id-span o f  th e  beam up t o  th e  u l t im a te  lo a d  which cau sed  a ty p i c a l  

f le x u r e - to - s h e a r  ty p e  f a i l u r e  c rac k  to  form on th e  e a s t  s id e .

The f i r s t  c rack  form ed as  a v e r t i c a l  f l e x u r a l  te n s io n  c rac k  in  

th e  bottom o f  th e  web a t  a  load  o f  2.42 k ip s .  As th e  lo a d  was in c re a se d , 

v e r t i c a l  f l e x u r a l  te n s io n  c rac k s  formed in  th e  web and p ro p a g a te d  v e r t i ­

c a l ly  f o r  a s h o r t  d is ta n c e  and th e n  tu rn e d  tow ard th e  lo a d . At th e  

load  o f  3.34 k ip s  th r e e  o f  th e se  ty p ic a l  c ra c k s  had form ed on each  s id e  

o f  th e  c e n t e r l i n e  o f  th e  specim en a t  a sp ac in g  o f  ap p ro x im a te ly  4 in ch es. 

With th e  a p p l ic a t io n  o f  a  lo a d  o f  4 .65  k ip s ,  th e  to p  o f  th e  c e n te r  c rack  

on th e  e a s t  s id e  ex tended  to  th e  lo ad  and th e  bottom  ex tended  tow ard  th e  

su p p o rt u n t i l  i t  reached  th e  bottom  o f  th e  specim en r e s u l t i n g  i n  com­

p le te  co llapse  o f  th e  specim en.

The s h e a r - c e n te r l in e  d e f le c t io n  and th e  to r q u e - tw is t  cu rv es  i n ­

d ic a te  a  l i n e a r  re sp o n se  up to  f i r s t  c ra c k . T h is beam was p r im a r i ly  a 

f le x u r e - to - s h e a r  ty p e  f a i l u r e  as can be seen  by th e  long  n o n lin e a r  t a i l  

on th e  s h e a r - c e n te r l in e  d e f l e c t i o n  cu rv e .

Beam A-6

Beam A- 6 was t e s t e d  a t  an e c c e n t r i c i t y  o f  2 1 .5  in c h e s  which r e ­

q u ired  th e  use o f  th e  lo a d in g  arm a ttach m en t and th e  c o l l a r s  a t  th e  

su p p o rt d iaphragm s.



107

The f i r s t  ob serv ed  c ra c k s  in  th e  p rim ary  specim en were th e  

collapse c ra c k s  w hich form ed a t  a l i v e  load  o f  1.01 k ip s  sy m m etrica lly  

a t  each end o f  th e  beam. The lo c a t io n  o f  th e  f a i l u r e  s u r fa c e  i s  d e ­

s c r ib e d  as fo llo w s  w ith  th e  p o in t  o f  i n i t i a t i o n  no t o bserved  s in c e  th e  

f a i l u r e  o c c u rre d  w ith o u t w arning  and a l l  eyes were on th e  gages i n  an 

e f f o r t  to  o b ta in  th e  re a d in g s  a t  th e  i n s t a n t  o f  f a i l u r e .  The f a i l u r e  

c rac k  ra n  from th e  bottom  o f  th e  so u th  web a t  th e  su p p o rt up th e  web a t  

an ang le  o f  45 d eg ree s  and o v e r th e  to p  a t  an ang le  o f  45 deg rees in  a 

s p i r a l  p a th  s im i la r  to  A -4. When th e  c rac k  reached  th e  to p  o f  th e  

n o r th  fa c e ,  seco n d ary  sh e a r  caused  i t  to  tu r n  back tow ard  th e  su p p o rt 

r a th e r  th a n  c o n tin u e  on i t s  s p i r a l  p a th .  With f u r th e r  e x te n s io n  o f  th e  

lo ad in g  ram, b u t a d e c re a se  in  lo a d , th e  c ra c k s  on th e  n o r th  fa c e  ex ­

ten d ed  down th e  fa c e  tow ard  th e  su p p o r ts  r e s u l t in g  in  reduced  c a p a c i ty .

The s h e a r - c e n te r l i n e  d e f le c t io n  and th e  to r q u e - tw is t  cu rv es  i n ­

d ic a te  a l i n e a r  re sp o n se  up to  th e  c ra c k in g  lo ad  and t h a t  th e  c a p a c ity  

o f  th e  specim en dropped c o n s id e ra b ly  a t  th e  fo rm a tio n  o f  th e  f i r s t  

c ra c k .

Beam A-7

Beam A-7 was t e s t e d  w ith  a  tw o -p o in t lo ad  system  sym m etrical 

w ith  th e  m id -span  to  g iv e  a p u re  moment re g io n  over th e  c e n te r  t h i r d  

o f  th e  sp an . V e r t ic a l  s t i r r u p s  were p la ced  o u ts id e  o f  th e  pure  moment 

re g io n  to  fo rc e  f a i l u r e  to  o ccu r in  th e  p u re  moment r e g io n .

The specim en was lo ad ed  in  two c y c le s  w ith  th e  f i r s t  c y c le  being  

stopped  a t  a maximum v a lu e  o f  2.02 k ip s  and th e n  reduced  to  ze ro . 

R eadings w ere ta k e n  to  a llo w  th e  lo a d  d e fo rm a tio n  re sp o n se  o f th e  f i r s t  

c y c le  to  be o b se rv ed . No c ra c k s  w ere ob serv ed  in  th e  f i r s t  cy c le  o f
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lo ad in g  and th e  s h e a r - c e n te r l in e  d e f le c t io n  cu rve v e r i f i e s  t h i s  by i t s  

l i n e a r  v a r i a t io n .

C ycle two to o k  th e  specim en up to  c o lla p s e . The f i r s t  c ra c k  

o ccu rred  a t  a l i v e  lo ad  o f  3 .53  k ip s  as a v e r t i c a l  f le x u r a l  te n s io n  

crack  in  th e  bottom  o f  th e  web. The f a i l u r e  lo ad  o f  6 .7 7  k ip s  caused  

cru sh in g  o f  th e  c o n c re te  in  th e  to p  f ib e r s  i n  th e  pure moment re g io n  

w ith  v e r t i c a l  c rac k s  e q u a lly  spaced over th e  c e n te r  h a l f  o f  th e  span .

The s h e a r - c e n te r l in e  d e f le c t io n  curve in d ic a te s  a  l i n e a r  r e ­

sponse up t o  th e  f i r s t  c ra c k in g  lo a d . The f le x u r a l  ty p e  f a i l u r e  can 

be seen by n o tin g  th e  long  n o n lin e a r  t a i l  o f  th e  cu rv e .

Beam A- 8

Beam A-8 was t e s t e d  a t  an e c c e n t r i c i ty  o f  3.5 in c h e s .  The 

c rac k  p a t t e r n  was v e ry  sym m etrica l w ith  re s p e c t  to  th e  m id-span  o f  the  

specim en.

The crack  p a t t e r n  on th e  so u th  fa c e  gave th e  g e n e ra l appearance

o f  a  f l e x u r e - to - s h e a r  ty p e  f a i l u r e  w ith  th e  i n i t i a l  c rac k in g  in  th e

bottom  o f  th e  web a t  a  lo ad  o f  2 .52  k ip s  and w ith  in c re a se d  load  th e y  

p ro p ag a ted  tow ard th e  c o n c e n tra te d  lo a d . The f i n a l  c o l la p s e  a t  3 .7 9  

k ip s  was a s h e a r  ty p e  e x te n s io n  o f  b o th  ends o f  p rev io u s  c ra c k s  lo c a te d  

ap p ro x im ate ly  12 in c h e s  on e i t h e r  s id e  o f  th e  m id-span .

The crack  p a t t e r n  o f  th e  n o r th  fa c e  was very  s im i la r  to  t h a t  o f

th e  sou th  fa c e  a t  low lo ad  le v e ls  ex cep t th e  c rac k s  in  g e n e ra l had p ro ­

pag ated  f a r t h e r  in  th e  sou th  fa c e . However, th e  f in a l  f a i l u r e  p a t te r n  

o f  th e  two fa c e s  was s i g n i f i c a n t l y  d i f f e r e n t .  The c racks in  th e  n o rth  

fa c e  d id  n o t reach  th e  to p  o f  th e  web. The f a i l u r e  s u rfa c e  s lo p e d  from
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th e  top  o f  th e  so u th  fa c e  a t  m id-span to  a p o in t  approx im ate ly  2 inches 

below th e  to p  o f th e  n o rth  f a c e ,  b u t a t  th e  q u a r te r  p o in ts  th e  su rfa c e  

connected  th e  bottom  o f  th e  sou th  fa c e  t o  a p o in t approx im ate ly  2 in ch es  

from th e  bottom  on th e  n o r th  fa c e .

The s h e a r - c e n te r l in e  d e f l e c t i o n ,  th e  s h e a r - s lo p e  a t  the  ends 

and th e  to rq u e - tw is t  curves in d ic a te  t h a t  th e  re sp o n se  was l i n e a r  up 

to  th e  f i r s t  c ra c k in g  lo ad .

The s h e a r - s lo p e  a t  th e  ends cu rv es  show no v a r ia t io n  o f  th e  

s lo p e  a t  th e  west end as compared to  th e  e a s t  end which im p lie s  th a t  

th e  load  d efo rm atio n  response  was sy m m etrica l.

Beam A-9

Beam A-9 was te s te d  a t  zero  e c c e n t r i c i t y  a t  m id-span  w ith  one 

c o n c e n tra te d  load  to  o b ta in  th e  f le x u re - s h e a r  c a p a c ity  o f  th e  s e r i e s  

T his was a companion to  specim en A-1. A lthough th e  c a p a c ity  o f  t h i s  

specim en was c o n s id e ra b ly  l a r g e r  th a n  A -1, th e  c ra c k  p a t te r n  and c o l ­

la p se  mode was s im i la r .

The c rack s  were v e r t i c a l  f l e x u r a l  te n s io n  c rac k s  in  th e  bottom  

o f  th e  web a t  a lo a d  o f  2 .92 k ip s .  The c ra c k  p a t t e r n  was sym m etrical 

w ith  r e s p e c t  to  m id-span  u n t i l  th e  c rac k  cau s in g  c o l la p s e  developed .

T h is  was a ty p ic a l  f l e x u r e - to - s h e a r  ty p e  p a t t e r n  up to  a  load  o f  4 .21 

k ip s . When th e  lo a d in g  ram was ex ten d ed , th e  to p  o f  th e  west q u a r te r  

p o in t c ra c k  p ro p ag a ted  to  th e  load  w h ile  th e  bottom  e x te n s io n  s p l i t  

th e  specim en from th e  q u a r te r  p o in t  to  th e  w est su p p o rt along  th e  c a b le . 

The specim en c o lla p s e d  co m p le te ly  and sudden ly .
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The s h e a r - c e n te r l in e  d e f le c t i o n  curve in d ic a te s  a l i n e a r  r e ­

sponse up to  a load  o f  2 .34  k ip s  w hich was th e  n ex t lo ad  p re v io u s  to  

t h a t  which c rac k s  w ere observed  in d ic a t in g  th a t  a c tu a l ly  th e  f i r s t  

c rac k s  o ccu rred  betw een th e  two lo a d  l e v e l s .

The s h e a r - s lo p e  a t  th e  ends in d ic a te  t h a t  th e  re sp o n se  was n o t 

sym m etrica l w ith  r e s p e c t  to  th e  m id -span .

Beam A-10

Beam A-10 was t e s t e d  a t  an e c c e n t r i c i ty  o f  26 .5  in c h es  which 

r e q u ir e d  th e  u se  o f  th e  lo ad in g  arm a ttachm en t and th e  c o l l a r s  a t  th e  

su p p o rt d iaphragm s. The crack  p a t t e r n  was sym m etrica l w ith  r e s p e c t  to  

th e  m id -span .

C ollapse o f  th e  specim en o ccu rred  w ith o u t w arning  in  one c o n t in ­

uous c rack  a t  a l iv e  lo a d  o f  1 .04 k ip s .  The crack  p a t t e r n  was s im i la r  

t o  A-4 ex cep t th e  c rac k  were d is p la c e d  6 in c h e s  from th e  s u p p o r ts .  The 

f a i l u r e  mode was p r im a r i ly  to r s io n a l  on th e  sou th  fa c e  and th e  to p  o f  

th e  web w ith  secondary  s h e a r  d ev e lo p in g  in  th e  n o r th  f a c e .

The s h e a r - c e n te r l in e  d e f l e c t i o n ,  th e  s h e a r - s lo p e  a t  th e  ends 

and th e  to rq u e - tw is t  cu rv es  in d ic a te  a l i n e a r  re sp o n se  up to  f i r s t  

c ra c k in g  and lo s s  o f  c a p a c ity  a t  f i r s t  c ra c k in g .

The s h e a r - s lo p e  a t  th e  ends cu rves in d ic a te  t h a t  th e  specim en 

resp o n d ed  f a i r l y  sym m etrica l w ith  r e s p e c t  to  m id-span  b u t th e r e  i s  a 

d e v ia t io n  in  th e  shape o f  th e  two c u rv e s . The w est end appeared  s l ig h t ly  

more l i n e a r  th an  th e  e a s t .

Beam A-11

Beam A-11 was t e s t e d  a t  an e c c e n t r i c i t y  o f  16 .5  in c h e s .  Due to  

i l l n e s s  o f  th e  pump o p e ra to r  d u r in g  th e  t e s t ,  t h i s  specim en had a



I l l

p a r t i c u l a r  v a r i a t io n  in  th e  t e s t i n g  p ro c e d u re . The lo ad  was a p p lie d  

in  in c rem en ts  up to  a load  o f  1.41 k ip s  which was allow ed to  rem ain  on 

th e  specim en f o r  45 m in u te s . The load  was r e - e s ta b l i s h e d  and a  second 

s e t  o f  re a d in g s  were ta k e n . Then th e  load  was inc rem en ted  u n t i l  f a i l ­

u re  in  th e  same p ro ced u re  as th e  o th e r  specim ens. No c ra c k s  w ere ob­

se rv ed  in  th e  specim en e i t h e r  b e fo re  o r  a f t e r  th e  tim e in t e r v a l  and 

th e  re a d in g s  in d ic a te d  o n ly  a m inor amount o f  c reep  to o k  p la c e .

The w est end f a i l e d  w ith  a  s p i r a l  c ra c k  which had i t s  bottom  

a t  a p p ro x im a te ly  th e  q u a r te r  p o in t  on th e  so u th  fa c e  and in t e r s e c t e d  

th e  to p  a t  th e  p o in t  o f  a p p l ic a t io n  o f  th e  lo a d  and appeared  a s  a 

secondary  s h e a r  c rack  on th e  n o r th  fa c e . The e a s t  s id e  o f  th e  specim en 

f a i l e d  in  a s p i r a l  ty p e  cu rve s im i la r  to  th e  w est s id e  b u t i t  had i t s  

i n i t i a l  p o in t  a t  th e  bottom  o f  th e  web a t  th e  e a s t  su p p o rt and i n t e r ­

s e c te d  th e  to p  a t  an an g le  o f  30 d e g re e s  w ith  th e  h o r iz o n ta l .  The 

s p i r a l  c rack  c ro s s e d  th e  to p  o f  th e  beam a t  which p o in t  seco n d ary  sh e a r  

caused  i t  to  tu r n  back tow ard th e  su p p o r t.

The s h e a r - c e n te r l i n e  d e f l e c t i o n  and th e  to r q u e - tw is t  cu rv es  

show a l i n e a r  re sp o n se  up to  1.11 k ip s  which i s  ap p ro x im ate ly  tw o - th i rd s  

o f  th e  c ra c k in g  lo a d .

The s h e a r - s lo p e  a t  th e  ends cu rves in d ic a te  a l i n e a r  re sp o n se  

up to  c ra c k in g  lo a d  and symmetry up to  th e  c ra c k in g  lo ad  a l s o .

Beam A-12

Beam A-12 was a companion to  A-5 w ith  an e c c e n t r i c i t y  o f  1.5 

in c h e s .  The c ra c k  p a t te r n  was v e ry  sym m etrica l w ith  r e s p e c t  t o  m id-span  

up to  th e  lo ad  ca u s in g  c o l la p s e .
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The f i r s t  c ra c k s  ap p ea red  a s  v e r t i c a l  f l e x u r a l  te n s io n  c rac k s  

in  th e  bottom  o f  th e  web a t  a lo ad  o f  2 .92 k ip s .  At a lo ad  o f  3 .88  

k ip s ,  s ix  i n i t i a l l y  v e r t i c a l  c rac k s  which p ro p a g a te d  tow ard  th e  load  

had formed a t  an equ a l sp ac in g  o f  4 in c h e s . W ith th e  a p p l ic a t io n  o f 

a lo ad  o f  4 .2 7  k ip s ,  th e  to p  o f  th e  crack  a t  th e  e a s t  q u a r te r  p o in t  ex­

tended  to  th e  p o in t  o f  lo a d in g  and w ith  th e  same a n g le  o f  ap p ro x im ate ly  

25 d eg rees  t o  th e  bottom  o f  th e  web r e s u l t in g  in  com plete  c o l la p s e  o f  

th e  beam.

The s h e a r - c e n te r l in e  d e f le c t io n  and th e  to r q u e - tw is t  cu rv es  in ­

d ic a te  a l i n e a r  re sp o n se  up to  th e  load  p re v io u s  to  th e  one t h a t  c rac k s  

were ob serv ed  in d ic a t in g  th a t  th e  c rack s  a c t u a l l y  o c c u rre d  betw een th e  

two load  le v e l s  and p ro b ab ly  c lo s e r  to  th e  p re v io u s  lo a d  o f  2 .34  k ip s .  

The s h e a r - s lo p e  a t  th e  ends cu rv es  in d ic a te  t h a t  th e  re sp o n se  was 

sym m etrical w ith  r e s p e c t  to  m id -sp an .

S e r ie s

S e r ie s  B had  two b a s ic  m o d if ic a tio n s  from  s e r i e s  A. The f i r s t  

was t h a t  a l " x 6" f la n g e  was added to  th e  to p  o f  th e  so u th  s id e  o f  th e  

web which r e s u l t e d  in  an L-beam.

The second m o d if ic a t io n  was in  th e  e f f e c t i v e  p r e s t r e s s  o f  th e  

s e c t io n .  The p r e s t r e s s  o f  t h i s  s e r i e s  caused  te n s io n  c ra c k s  in  th e  top  

n o rth  c o rn e r  o f  th e  web e q u a l ly  spaced  (4") o v e r most o f  th e  span . They 

extended  v e r t i c a l l y  down th e  n o r th  fa c e  a p p ro x im a te ly  1 in ch  h o r iz o n ­

t a l l y  a c ro s s  th e  to p  about 2 in c h e s .
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Beam B-1

Beam B-1 was te s t e d  a t  zero  in c h e s  e c c e n t r i c i t y  to  o b ta in  th e  

f le x u r e - s h e a r  in t e r a c t io n  c a p a c ity .

The f i r s t  c ra c k s  were o bserved  a t  a l i v e  lo a d  o f  4 .04  k ip s  as 

v e r t i c a l  f l e x u r a l  te n s io n  c rack s  in  th e  bottom  o f  th e  web. With a d d i­

t i o n a l  lo a d , new v e r t i c a l  c rack s  and e x te n s io n  o f  th e  e x i s t in g  c rac k s  

o c c u rre d . The c ra c k  p a t te r n  was unsym m etrical w ith  more c rac k s  on th e  

e a s t  s i d e ,  b u t th e  ones on th e  w est s id e  p ro p ag a ted  f u r th e r .  At a 

lo a d  o f  4 .5 5  k ip s  2 had formed on th e  w est s id e  and 3 on th e  e a s t  s id e  

and 1 a t  m id -span  in  th e  n o rth  face  e q u a l ly  spaced  a t  ap p ro x im ate ly  4 

in c h e s .

W ith th e  a p p l ic a t io n  o f  5 .30  k ip s ,  a d ia g o n a l te n s io n  c rack  

caused  c o l la p s e  on th e  w est s id e  a t  ap p ro x im ate ly  th e  q u a r te r  p o in t  on 

th e  bottom  and th e  p o in t  o f  a p p l ic a t io n  o f  th e  lo a d  a t  m id -span . The 

c o l la p s e  was sudden as expected  fo r  a  d iag o n a l te n s io n  to  com pression  

mode w ith  a la rg e  segment o f  th e  w est web below th e  c a lb e  f a l l i n g  o f f  

and c ru sh in g  o f  th e  c o n c re te  in  th e  com pression zone.

The s h e a r - c e n te r l in e  d e f le c t io n  and th e  s h e a r - s lo p e  a t  th e  

ends cu rv es  in d i c a te  a l i n e a r  re sp o n se  up to  a lo a d  o f  3 .03  k ip s  w hich 

i s  c o n s id e ra b ly  below th e  observed  c ra c k in g  lo ad  le v e l  o f  4 .04  k ip s .

The s h e a r - s lo p e  a t  th e  ends cu rv es  in d ic a te  a sym m etrical r e ­

sponse up to  th e  l a s t  th r e e  load  le v e ls  which show t h a t  th e  w est end 

had  le s s  s lo p e  th a n  th e  e a s t  end.

Beam B-2

Beam B-2 was te s t e d  a t  an e c c e n t r i c i t y  o f  6 .38  in c h e s .  The 

i n i t i a l  c ra c k in g  appeared  as v e r t i c a l  f le x u r a l  te n s io n  c ra c k s  in  th e



114

c e n te r  o f  th e  span a t  3 .03  k ip s .  With a p p l ic a t io n  o f  a d d i t io n a l  lo a d , 

th e  c rack s  on th e  so u th  fa c e  resem bled  th o se  o f  f le x u r e - to - s h e a r .  The 

e f f e c t  o f  to r s io n  was o bserved  by n o tin g  th e  c ra c k s  on th e  bottom  were 

n o t p e rp e n d ic u la r  to  th e  lo n g i tu d in a l  a x i s ,  b u t p ro p ag a ted  s l i g h t ly  

tow ard th e  s u p p o r ts .

At th e  u l t im a te  lo ad  o f  3 .69 k ip s ,  2 q u a r te r  c i r c u l a r  segments 

were formed in  th e  f la n g e  on e i t h e r  s id e  o f  th e  lo a d in g  arm w ith  th e  

lo a d in g  arm form ing one s id e  and th e  so u th  edge o f  th e  f la n g e  form ing 

th e  o th e r  s t r a i g h t  edge.

The n o r th  fa c e  a ls o  showed th e  e f f e c t  o f  to r s io n  when th e  h e ig h t 

o f  th e  f le x u r a l  c ra c k s  were compared w ith  t h e i r  lo n g e r companion c rack s  

on th e  so u th  fa c e .  The c ra c k s  cau sin g  c o l la p s e  on th e  n o r th  face  d id  

n o t fo llow  any o f  th e  e x i s t in g  f le x u r a l  c rack s and d id  n o t reach  th e  top  

o f  th e  web b u t  jo in e d  th e  e a s t  and w est spans a t  2 in c h es  below th e  to p . 

The bottom s o f  th e  c ra c k s  on th e  n o rth  fa c e  in t e r s e c te d  th e  bottom  o f  

th e  n o rth  web a t  th e  q u a r te r  p o in t s .

The s h e a r - c e n te r l in e  d e f l e c t i o n ,  th e  s h e a r - s lo p e  a t  th e  ends 

and th e  to r q u e - tw is t  cu rv es  in d ic a te  a l i n e a r  re sp o n se  up to  th e  

c ra c k in g  lo a d .  The s h e a r - s lo p e  a t  th e  ends cu rv es  in d ic a te  th a t  th e  

specim en responded  sy m m e trica lly  by th e  c lo se  agreem ent betw een th e  

s lo p e  a t  th e  e a s t  end compared to  th a t  o f  th e  w est end.

Beam B-3

Beam B-3 was t e s t e d  a t  an e c c e n t r i c i ty  o f  31.0  in c h es  which r e ­

q u ire d  th e  u se  o f  th e  lo ad in g  arm a ttach m en t and th e  c o l l a r s  a t  th e  sup­

p o r t  d iaphragm s. Except f o r  some te n s io n  c rac k s  in  th e  to p  o f  th e  

lo ad in g  arm , th e  specim en c o lla p se d  w ith o u t w arning in  th e  t e s t  p o r t io n .



115

The c rac k  p a t te r n  was sym m etrica l w ith  th e  e x c e p tio n  th a t  th e  west 

c ra c k  o ccu rred  a t  th e  su p p o rt w h ile  th e  e a s t  c rack  was d is p la c e d  ap ­

p ro x im a te ly  4 in c h es  tow ard m id-span .

The c ra c k s  were s p i r a l  i n  n a tu re  w ith  th e  g e n e ra l lo c a t io n  as 

fo llo w s a lth o u g h  th e  a c tu a l  fo rm a tio n  cou ld  n o t be reco rd ed  s in c e  th e  

c rac k  formed w ith o u t w arning and as one f a i l u r e  mode. The w est c rac k  

was lo c a te d  w ith  an i n i t i a l  p o in t  a t  th e  bottom  o f  th e  so u th  edge o f  

th e  web and p ro p ag a ted  up th e  web a t  an an g le  o f  30 d e g re e s  to  th e  i n ­

t e r s e c t io n  o f  th e  web and f la n g e . A c ra c k  was v i s i b l e  on th e  to p  o f  

th e  f la n g e  and web and p ro p ag a ted  down th e  n o r th  edge o f  th e  web to

th e  bottom  a t  an an g le  o f  40 d e g re e s .

The e a s t  c rac k  was v e ry  s im i la r  ex ce p t t h a t  i t  was d isp la y e d  ap ­

p ro x im a te ly  4 in c h es  tow ard m id-span  and th a t  th e  c rac k  on th e  n o rth  

fa c e  p ro p ag a ted  o n ly  ap p ro x im ate ly  5 in c h es  r a th e r  th an  co m p le te ly  to  

th e  bo ttom . With f u r th e r  e x te n s io n  o f  th e  lo ad in g  ram, th e  f a i l u r e  

mode became t h a t  caused  by secondary  s h e a r .

The s h e a r - c e n te r l in e  d e f le c t i o n  and th e  to r q u e - tw is t  cu rves i n ­

d ic a te  a  l i n e a r  re sp o n se  up to  th e  f i r s t  c ra c k in g  lo a d  which was th e  

c o l la p s in g  lo ad  a l s o .

Beam B-4

Beam B-4 was t e s t e d  a t  an e c c e n t r i c i t y  o f  2 6 .5  in c h e s  which r e ­

q u ire d  th e  u se  o f  th e  lo a d in g  arm a ttach m en t and th e  c o l l a r s  a t  th e  su p ­

p o r t s .  T h is  specim en f a i l e d  in  to r s io n  w ith  seco n d ary  s h e a r  being  e v i ­

d e n t on th e  n o r th  e a s t  f a c e .  S im ila r  c rac k s  form ed on each  end ex ce p t the 

ones on th e  w est end were d is p la c e d  ap p ro x im ate ly  6 in c h es  tow ard  th e  

lo a d in g  arm.
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With th e  a p p l ic a t io n  o f  a  l i v e  load  o f  0 .74 k ip s ,  a  c rack  was 

formed on th e  so u th  web which connected  th e  i n t e r s e c t i o n  o f  th e  flan g e  

and th e  bottom  o f  th e  web w ith  an an g le  o f  ap p ro x im ate ly  45 d e g re e s .

The n o rth  w est f a c e  o f  th e  beam showed t h i s  s p i r a l  ty p e  c ra c k  to  be 

from th e  to p  o f  th e  specim en to  th e  bottom  w hile  th e  n o r th  e a s t  face  

d id  n o t t r a v e l  co m p le te ly  to  th e  bottom  and i t  a ls o  showed s ig n s  o f  

sh e a r  w ith  a sm a ll c rack  formed a t  th e  to p  th i r d  o f  th e  fa c e  and tu rn e d  

tow ard th e  s u p p o r t .

The to p  o f  th e  specim en showed one crack  on th e  w est end a t  t h i s

load  le v e l  t h a t  had p ropagated  about 2 in ch es  b u t t h e  to p  o f  th e  e a s t

end d id  n o t show any c ra c k s .

With th e  a p p l ic a t io n  o f  0 .66  k ip s ,  e x te n s io n  o f  th e  e x i s t in g  

c rac k s  caused co llapse . The c ra c k  on to p  o f  th e  w est end p ro p ag a ted  

th ro u g h  th e  f la n g e  in  a s p i r a l  n a tu re  jo in in g  th e  c ra c k  in  th e  sou th  

web. The c rac k  in  th e  to p  o f  th e  e a s t  end a ls o  c ro s s e d  th e  to p  and

connected th e  c ra c k  in  th e  sou th  fa c e .

The c ra c k  in  th e  n o r th  w est f a c e  ex tended in  a s h e a r  ty p e  crack  

tow ard th e  s u p p o r t .  With a d d i t io n a l  e x te n s io n  o f  th e  lo a d in g  ram , a 

f a i l u r e  p la n e  jo in e d  th e  c rack  a t  th e  ju n c t io n  o f  th e  f la n g e  and th e  

web to  th e  low er p a r t  o f  th e  lo ad in g  arm.

The s h e a r - c e n te r l in e  d e f le c t io n  and th e  to r q u e - tw is t  cu rv es  in ­

d ic a te  a l i n e a r  re sp o n se  up to  th e  f i r s t  c rac k in g  lo a d  w ith  th e  f i r s t  

c rack in g  load  b e in g  th e  same as th e  maximum reco rd ed  lo a d . I t  should  be 

no ted  th a t  i t  was n o t p o s s ib le  to  ta k e  th e  re a d in g s  o f  th e  gages a t  th e  

maximum lo ad  s in c e  th e  collapse was in s ta n ta n e o u s  and w ith o u t w arning.
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The maximum lo ad  was ob serv ed  and reco rd ed  and was used  in  th e  p lo t s  

and c a lc u la t io n s  in  th e  p re v io u s  p o r t io n s  o f  t h i s  p ap e r.

Beam B-5

Beam B-5 was t e s t e d  w ith  an e c c e n t r i c i t y  o f  3 .5  in c h e s . The 

ccdlapse was v e ry  sym m etrica l w ith  re s p e c t  to  th e  lo a d in g  arm in  th e  

e a s t  and w est s id e s  and v e ry  d e s t r u c t iv e  w ith  p o r t io n s  o f  th e  f la n g e s  

on e i t h e r  s id e  o f  th e  lo a d in g  arm, a s  w ell a s ,  p o r t io n s  o f  th e  web 

f a l l in g  o f f  o f  th e  specim en.

The f i r s t  c rac k  o ccu rred  a t  a load  o f  3 .51  k ip s  and up u n t i l

th e  f i n a l  load  o f  4 .5 2  k ip s  th e  c ra c k  p a t te r n  appeared  to  be a  f l e x -

u r e - to - s h e a r  ty p e  f a i l u r e .  T o rs io n a l e f f e c t s  were n o t ic e d ,  how ever, by

th e  h e ig h t  o f  th e  c ra c k s  on th e  so u th  fa c e  b e in g  s l i g h t l y  h ig h e r  th a n

t h e i r  companions on th e  n o r th  fa c e  and th e  c ra c k s  on th e  bottom  w ere n o t 

p e rp e n d ic u la r  to  th e  lo n g i tu d in a l  a x i s .

The f i n a l  f a i l u r e  resem bled  t h a t  o f  B-2 w ith  th e  c rac k s  i n  th e  

n o r th  fa c e  n o t re a c h in g  th e  to p  o f  th e  specim en b u t c o n n ec tin g  abo u t 

two in c h e s  below th e  to p .  The c ra c k s  on th e  so u th  fa c e  d id  re a c h  th e  

top  w ith  q u a r t e r - c i r c u l a r  segm ents f a l l i n g  o u t o f  th e  f la n g e .

The s h e a r - c e n te r l in e  d e f l e c t i o n ,  s h e a r - s lo p e  a t  th e  ends and 

th e  to r q u e - tw is t  cu rv es  in d ic a te  a  l i n e a r  re sp o n se  up to  a load  o f  2 .92  

k ip s . T h is  i s  th e  load  p re v io u s  to  th a t  a t  w hich c ra c k s  w ere a c t u a l l y  

ob served  in d ic a t in g  t h a t  c ra c k in g  o ccu rred  betw een th e  two load  l e v e l s .

The s h e a r - s lo p e  a t  th e  ends was l i n e a r  and in d ic a te d  th a t  th e  

specim en responded sy m m e tric a lly  w ith  r e s p e c t  to  m id-span  by th e  a g re e ­

ment betw een th e  s lo p e s  a t  th e  en d s.
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Beam B-6

Beam B-6 was t e s t e d  w ith  an e c c e n t r i c i t y  o f  1 .5  in c h e s . The 

f i r s t  c rack  appeared  as a v e r t i c a l  f l e x u r a l  te n s io n  c rack  a t  a load  o f  

3.51 k ip s . The crack  p a t te r n  was sym m etrical w ith  re s p e c t  to  th e  

load ing  arm u n t i l  th e  f i n a l  crack  o c c u rre d . The g e n e ra l c rack  p a t te r n  

resem bled t h a t  o f  a f le x u r e - to - s h e a r  ty p e  f a i l u r e .

W ith a p p l ic a t io n  o f  4 .09  k ip s ,  c ra c k s  formed a t  th e  sou th  

ju n c tio n  o f  th e  flan g e  and each s id e  o f  th e  lo a d in g  arm. With an in ­

c rea se  in  th e  lo a d , th e  c rac k s  in  th e  web p ro g re s se d  up and tow ard th e  

p o in t o f  th e  a p p l ic a t io n  o f  th e  load w h ile  th o s e  in  th e  f la n g e  p ro g re ssed  

s l i g h t l y  tow ard  th e  web. A new c rack  formed a t  a  load o f  4 .97 k ip s  in  

th e  fla n g e  ap p ro x im ate ly  6 in ches to  th e  e a s t  o f  th e  lo ad in g  arm p ropa­

g a tin g  from th e  sou th  edge about 4 in c h e s  tow ard th e  web. When th e  load 

was in c re a se d  to  5.01 k ip s ,  com plete c o l la p s e  to o k  p la c e .  The d e s c r ip ­

t io n s  o f  th e s e  c rac k s  a re  in ten d ed  to  lo c a te  them r a th e r  th a n  e x p la in  

how th e y  w ere form ed. On th e  south  fa c e  a c rac k  formed from th e  i n t e r ­

s e c tio n  o f  th e  to p  o f  th e  web and th e  lo a d in g  arm to  th e  s t e e l  lo c a t io n  

a t  th e  w est su p p o r t.  A s im i la r  c rac k  was formed on th e  n o r th  fa c e  ex­

cep t i t  was app rox im ate ly  3 in ch es  below  th e  to p  o f  th e  web a t  m id-span . 

The n o r th - e a s t  fa c e  o f  th e  web had a  f le x u r a l  c ra c k  ap p ro x im ate ly  a t  

th e  q u a r te r - p o in t  a t  th e  bottom  which developed  in to  a sh e a r  c rack  a t  

th e  to p  and p ro p ag a ted  a lm ost h o r iz o n ta l ly  u n t i l  i t  reach ed  m id-span 

where i t  p ro p ag a ted  th ro u g h  th e  com pression  zone.

The s h e a r - c e n te r l in e  d e f le c t io n  and th e  to r q u e - tw is t  cu rv es  i n ­

d ic a te  a f a i r l y  l in e a r  re sp o n se  up t o  a lo a d  o f  2 .34  k ip s .  With a d d i­

t io n a l  lo a d in g , th e  to rq u e - tw is t  curve  in d ic a te s  c o n s id e ra b ly  more tw is t
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in d ic a t in g  a re d u c t io n  in  th e  to r s io n a l  r i g i d i t y  o f  th e  specim en. The 

s h e a r - s lo p e  a t  th e  ends in d ic a te s  an alm ost l i n e a r  resp o n se  up 

to  c o l la p s e .  The good agreem ent betw een th e  s lo p es  o f  th e  ends i n ­

d ic a te s  a  sym m etrical re sp o n se  o f  th e  specim en.

Beam B-7

Beam B-7 was t e s t e d  w ith  an e c c e n t r i c i ty  o f  10 in c h e s . The 

f i r s t  c rac k  o ccu rred  in  th e  bottom  o f  th e  sou th  edge o f  th e  f la n g e  a t  

i t s  i n t e r s e c t i o n  w ith  th e  w est s id e  o f  th e  lo a d in g  arm a t  a l i v e  load  

o f  1 .4 6  k ip s .  At a lo a d  o f  2.34 k ip s ,  th e  o r ig in a l  c rack  had p ropagated  

to  th e  web on th e  bo ttom  o f  th e  f la n g e  and app rox im ate ly  2 in c h e s  on 

th e  to p  o f  th e  f la n g e .

W ith th e  a p p l ic a t io n  o f  th e  u l t im a te  load  o f  2 .55  k ip s  s e v e ra l  

new c ra c k s  were o b se rv ed . The in te r s e c t io n  o f  th e  w est s id e  o f  th e  

lo a d in g  arm and th e  so u th  edge o f  th e  f la n g e  showed a crack  a p p ro x i­

m a te ly  2 in c h es  in  le n g th  on th e  to p . The sou th  face  had two d iag o n a l 

te n s io n  c ra c k s  on e i t h e r  s id e  o f  th e  lo ad in g  arm. The n o rth  fa c e  had 

one s h o r t  c rack  in  th e  bottom  o f  th e  web on e i t h e r  s id e  o f  th e  lo a d in g  

arm.

W ith a d d i t io n a l  e x te n s io n  o f  th e  load in g  ram , a  d ia g o n a l te n s io n  

c rack  formed in  th e  n o r th  fa c e  and th e  so u th  fa c e  and ra n  from th e  

bottom  a t  th e  w est q u a r te r  p o in t  to  th e  to p  o f  th e  web a t  th e  lo ad in g  

arm.

The s h e a r - c e n te r l in e  d e f le c t io n  and th e  to rq u e - tw is t  curves i n ­

d ic a te  a l i n e a r  re sp o n se  up to  a load  o f  2.05 k ip s  which in d ic a te s  a 

lo s s  o f  s t r u c t u r a l  r i g i d i t y  th a t  can be ex p la in ed  by th e  fo rm atio n  o f  

th e  f i r s t  c rack  betw een th e  f la n g e  and th e  lo ad in g  arm.
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The s h e a r  s lo p e  a t  th e  ends cu rv es  in d ic a te  a  sym m etrica l r e ­

sponse up to  th e  l a s t  two load  le v e ls .

Beam B-8

Beam B-8  was t e s t e d  w ith  a  tw o -p o in t load system  sym m etrica l 

w ith  th e  m id-span  to  g iv e  a  pu re  moment re g io n  over th e  c e n te r  t h i r d  

o f  th e  span. V e r t ic a l  s t i r r u p s  were p la c e d  o u ts id e  o f  th e  c e n te r  t h i r d  

o f  th e  span to  fo rc e  f a i l u r e  to  occu r in  th e  pure moment re g io n .

The f i r s t  c rac k s  were observed  w ith  the  a p p l ic a t io n  o f  4 .68  

k ip s  a t  3 in c h es  on e i t h e r  s id e  o f  th e  m id-span a s  v e r t i c a l  f l e x u r a l  

te n s io n  c ra c k s .

When th e  lo ad  was in crem en ted , new cracks formed in  th e  bottom  

o f  th e  web a s  v e r t i c a l  te n s io n  c rack s  e q u a l ly  spaced a t ap p ro x im ate ly  

4 in c h es  and th e  e x i s t in g  c rac k s  p ro p ag a ted  v e r t i c a l l y  tow ard  th e  com­

p re s s io n  zone. When th e  l iv e  lo ad  had reach ed  6 .43  k ip s ,  h o r iz o n ta l  

bending was n o te d  by th e  o b se rv a tio n  o f  c ra c k s  in  th e  so u th  edge o f  th e  

f la n g e . With an  in c re a s e  in  lo a d , th e  c ra c k  in  th e  web and th e  f la n g e  . 

p ro p ag a ted  tow ard  th e  to p  o f  th e  web. F in a l  c o l la p s e  o ccu rred  w ith  

c ru sh in g  o f  th e  c o n c re te  on th e  to p  n o r th  edge of th e  specim en in  th e  

pure moment r e g io n .  The c rac k s  in  th e  f la n g e  had progressed ^ r o x im a te ly  

4 in ch es  and w ere spaced  app rox im ate ly  8 in ch es  a p a r t .

The s h e a r - c e n te r l i n e  d e f le c t io n  curve in d ic a te s  a l i n e a r  r e ­

sponse up to  a l i v e  load  o f  3 .51 k ip s  w hich was t h e  load  p re v io u s  to  

th e  c rack in g  lo a d  in d ic a t in g  t h a t  th e  c ra c k in g  took p la c e  betw een th e  

two load  l e v e l s .
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Beam B-9

Beam B-9 was t e s t e d  w ith  an e c c e n t r i c i ty  o f  2 1 .5  in c h es  which 

r e q u ire d  th e  u se  o f  th e  lo ad in g  arm a ttach m en t and th e  c o l l a r s  a t  th e  

su p p o rt d iaphragm s. The f a i l u r e  mode was p r im a r i ly  t o r s io n a l  w ith  th e  

secondary  sh ea r  cau s in g  f a i l u r e  a f t e r  th e  c a p a c ity  had been  reduced  

due to  to r s io n .

The f i r s t  c rack  was o bserved  in  th e  so u th  fa c e  a t  th e  w est sup­

p o r t  a t  a l iv e  lo a d  o f  1 .05  k ip s .  With th e  a p p l ic a t io n  o f  th e  n e x t 

load  in c re m e n t, a new c rac k  formed in  th e  sou th  web a t  th e  e a s t  end. 

With th e  a p p l ic a t io n  o f  1 .21  k ip s  w hich was th e  u l t im a te  c a p a c i ty  o f  

th e  specim en, a  c rac k  formed in  th e  sou th  fa c e  a t  th e  e a s t  s u p p o r t.

The s h e a r - c e n te r l in e  d e f le c t i o n  and th e  to r q u e - tw is t  cu rv es  

in d ic a te  a l i n e a r  re sp o n se  up to  th e  f i r s t  c ra c k in g  lo a d . The s h e a r -  

s lo p e  a t  th e  ends cu rves in d ic a te  a l i n e a r  sym m etrica l re sp o n se  up to  

th e  i n i t i a l  c ra c k in g  load  a t  which p o in t  th e  s lo p e s  a r e  no lo n g e r equal. 

The s lo p e  o f  th e  w est end was le s s  th a n  th a t  o f  th e  e a s t  end.

S e r ie s  C

S e r ie s  C c o n s is te d  o f  th e  same b a s ic  c r o s s - s e c t io n  as s e r i e s  B 

b u t th e  e f f e c t iv e  p r e s t r e s s  was com parable to  th a t  o f  s e r i e s  A. The 

p rim ary  v a r ia b le  c o n s id e re d  in  t h i s  s e r ie s  was th e  e c c e n t r i c i t y  o f  th e  

lo a d .

Beam C-1

Beam C-1 was t e s t e d  w ith  an e c c e n t r i c i ty  o f  3 .5  in c h e s . V e r t i ­

c a l te n s io n  c ra c k s  were observed  in  th e  bottom  o f  th e  web a t  m id-span  

w ith  th e  a p p l ic a t io n  o f  2 .9 2  k ip s .  The v e r t i c a l  c ra c k s  became in c l in e d  

tow ard th e  load  when i t  was in c re a se d  to  3 .51 k ip s .
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The e f f e c t  o f  to r s io n  was observed  by  com paring th e  le n g th  o f  

th e  c rac k s  on th e  sou th  fa c e  w ith  th e  s h o r te r  ones on th e  n o rth  fa c e . 

T ension  c ra c k s  w ere observed  in  th e  so u th  edge o f  th e  f la n g e  a t  a load  

o f  4 .09  k ip s .  When th e  lo ad  reached  4 .4 3  k ip s ,  com plete  c o l la p s e  oc­

c u rre d  w ith  q u a r t e r - c i r c u l a r  segm ents b e in g  form ed in  th e  f la n g e s  on 

e i t h e r  s id e  o f  th e  lo ad in g  diaphragm , as  w ell a s ,  com plete  c o l la p s e  o f  

th e  web sy m m e tr ic a lly  on e i t h e r  s id e  o f  th e  lo a d in g  d iaphragm .

The to r s io n a l  e f f e c t  on th e  u l t im a te  f a i l u r e  mode was observed  

by n o tin g  on th e  n o rth  fa c e  th e  f a i l u r e  s u r f a c e  on e i t h e r  s id e  o f  th e  

lo a d in g  d iaphragm  jo in e d  each o th e r  2 in c h e s  below  th e  top  o f  th e  web 

w h ile  th e  c ra c k  a t  c o l la p s e  on th e  so u th  fa c e  ex tended  to  th e  to p  o f  

th e  web a t  th e  ju n c tio n  o f  th e  lo ad in g  d iaphragm  and th e  web.

The s h e a r - c e n te r l in e  d e f le c t io n ,  s h e a r - s lo p e  a t  th e  ends and 

to r q u e - tw is t  cu rv es  in d ic a te  an i n i t i a l  s t r a i g h t  l i n e  p o r t io n  up to  th e  

load  p ro c e e d in g  th e  one a t  which i n i t i a l  c ra c k in g  was o b se rv ed . The 

s h e a r - s lo p e  a t  th e  ends cu rves in d ic a te  a  sy m m etrica l re sp o n se  up to  

c o l la p s e .

Beam C-2

Beam C-2 was t e s t e d  a t  an e c c e n t r i c i t y  o f  6 .38  in ch es  and f a i l e d  

v e ry  s y m m e tr ic a lly  r e l a t i v e  to  m id-span . The c o l la p s e  was n o t v e ry  

sudden b u t d id  o ccu r w ith  a  minimum o f  w arn ing .

The f i r s t  crack  was observed a t  a  lo a d  o f  2 .92  k ip s  and appeared  

as a  v e r t i c a l  f le x u r a l  te n s io n  c rac k  a t  m id -sp an  b u t ex tended  ap p ro x i­

m a te ly  ha lfw ay  up th e  web. When th e  lo a d in g  ram was ex tended  b u t th e  

lo ad  was d e c re a se d  to  2 .74 k ip s ,  a c rac k  on e i t h e r  s id e  o f  th e  lo ad in g  

diaphragm  formed an e l l i p t i c a l  shaped c rack  in  th e  f la n g e .  A new
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f a i l u r e  c rac k  was a lso  formed in  th e  bottom  a t  th e  web. The n o r th  face  

s t a r t e d  a t  th e  q u a r te r  p o in ts  and p ro p ag a ted  in  an e l l i p t i c a l  p a th  to  2 

in c h e s  below th e  to p  a t  m id-span .

The so u th  face  had a  s im i la r  c ra c k  b u t was d is p la c e d  a p p ro x i­

m a te ly  3 in c h e s  tow ard m id-span  and reac h ed  th e  in t e r s e c t i o n  o f  th e  

f la n g e  and th e  web a t m id -span .

The s h e a r - c e n te r l i n e  d e f le c t io n ,  s h e a r - s lo p e  a t  th e  ends and 

th e  to r q u e - tw is t  cu rv es  in d ic a te  a l i n e a r  re sp o n se  up to  th e  f i r s t  

c ra c k in g  lo ad  w hich was th e  u lt im a te  c a p a c ity  o f  th e  specim en. The 

s h e a r - s lo p e  a t  th e  ends cu rv es  in d ic a te  a  sym m etrical re sp o n se  w ith  th e  

s lo p e  o f  th e  e a s t  end be in g  th e  same as  th a t  o f  th e  w est end.

Beam C-3

Beam C-3 was te s t e d  w ith  an e c c e n t r i c i t y  o f  ze ro  in c h e s .  I t  

was te s te d  in  two c y c le s  w ith  th e  f i r s t  c y c le  re a c h in g  a maximum o f  

4 .3 9  k ip s  and th e n  be ing  un loaded  in  fo u r  in c re m e n ts . The second cy c le  

to o k  th e  specim en to  com plete  c o l la p s e .

The c ra c k  p a t t e r n  was sym m etrical r e l a t i v e  to  m id-span  w ith  th e  

f i r s t  c ra c k s  o c c u rr in g  as  v e r t i c a l  f l e x u r a l  te n s io n  c ra c k s  a t  a lo a d  o f  

2 .9 2  k ip s .  W ith an in c re a s e  in  load  th e  f le x u r a l  c ra c k s  ex tended  t o ­

ward th e  load  and new ones formed ap p ro x im ate ly  e q u a l ly  spaced  on e i th e r  

s id e  o f  m id -sp an . At a  lo ad  o f  4 .89  k ip s ,  th e  f l e x u r a l  c rac k  on th e  

w est s id e  a t  ap p ro x im ate ly  12 in ch es  from m id-span  developed  in to  a d i ­

agonal te n s io n  f a i l u r e  c rac k  a t  approx im ate ly  30 d e g re e s .

Cracks p e rp e n d ic u la r  to  th e  lo n g i tu d in a l  a x is  in  th e  so u th  edge 

o f  th e  f la n g e  form ed a t  3 .74  k ip s  and 4 .6 8  k ip s  on th e  e a s t  and w est 

span  r e s p e c t iv e ly  w hich in d ic a te d  th e  beam had h o r iz o n ta l  ben d in g .
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The s h e a r - c e n te r l in e  d e f le c t io n  cu rv es  f o r  th e  two c y c le s  have 

th e  same b a s ic  shape w ith  th e  second c y c le  having a s h o r te r  l in e a r  

r e g io n . The f i r s t  c y c le  was l i n e a r  up to  2.34 k ip s  which was th e  load 

p rev io u s  to  the one at which c ra c k in g  was observed .

The s h e a r - s lo p e  a t  th e  ends shows unsym m etrical re sp o n se  w ith  

th e  e a s t  end s lo p e  b e in g  s ig n i f i c a n t l y  d i f f e r e n t  from th a t  o f  th e  w est 

end th ro u g h o u t th e  lo ad  h i s to r y  o f  th e  two c y c le s .

Beam C-4

Beam C-4 was loaded  w ith  an e c c e n t r ic i ty  o f  31 .0  in c h es  which

re q u ire d  th e  u se  o f  th e  lo a d in g  arm a ttachm en t and th e  c o l l a r s  a t  th e

su p p o rt d iaph ragm s. The f a i l u r e  mode was p r im a r ily  to r s io n a l  w ith  sh ea r 

cau s in g  a seco n d ary  s h e a r  f a i l u r e  a f t e r  th e  c a p a c ity  had been  reduced  

due to  th e  t o r s io n .  The f a i l u r e  modes o f  each end was th e  same excep t 

th e  c r i t i c a l  s e c t io n  on th e  w est end was d isp la y e d  ap p ro x im ate ly  to  th e  

q u a r te r  p o in t  o f  th e  span w h ile  t h a t  o f  th e  e a s t  end was a t  th e  su p p o rt.

The e a s t  end had a c r i t i c a l  c rack  th a t  formed in  th e  sou th  web

a t  th e  su p p o rt and p ro p ag a ted  a t  an ang le  o f  30 d eg rees  to  th e  ju n c tio n  

o f  th e  web and th e  f la n g e .  An a d d i t io n a l  crack  formed from th e  ju n c ­

t i o n  o f  th e  so u th  edge o f  th e  f la n g e  and th e  su p p o rt arm a t  an an g le  o f 

30 d eg ree s  m easured from th e  so u th  edge o f  th e  f la n g e  a c ro s s  th e  to p  o f  

th e  specim en. At th e  n o r th  edge o f  th e  to p ,  th e  c rack  co n tin u ed  on i t s  

s p i r a l  p a th  ap p ro x im a te ly  h a lfw ay  down th e  n o rth  fa c e . With a d d it io n a l  

e x te n s io n  o f  th e  lo a d in g  ram b u t a  re d u c tio n  o f  a c tu a l  lo a d , th e  crack  

p ro p ag a ted  to  w i th in  2 in c h e s  o f  th e  bottom  o f  th e  n o r th  fa c e .
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With th e  n ex t a p p l ic a t io n  o f  lo a d , th e  c rac k  p ropagated  to  ap p ro x im a te ly  

1 in c h  o f  th e  bottom  o f  th e  n o r th  fa c e  in  i t s  s p i r a l  p a th  b u t  a second­

ary sh e a r  c rac k  developed  ab o u t 2 in c h es  from th e  top o f  th e  n o r th  fa c e  

a t th e  e x i s t in g  c rac k  and ex ten d ed  tow ard th e  su p p o rt.

The w est end had a s im i la r  f a i l u r e  mode excep t th e  c r i t i c a l

s e c tio n  was d is p la c e d  12 in c h e s  from th e  w est su p p o rt. The s p i r a l  crack 

on th e  w est end d id  re a c h  th e  bottom  o f  th e  n o rth  face  a t  a lo ad  o f  .91 

k ^ s  and vith add itiona l lo a d in g  a secondary  sh e a r  c rac k  developed  a t  2 1/2 

inches from th e  to p  o f  th e  n o r th  face  a t  th e  e x is t in g  s p i r a l  and ex­

tended  tow ard  th e  w est s u p p o r t .

The s h e a r - c e n te r l i n e  d e f l e c t i o n ,  s h e a r - s lo p e  a t  th e  ends and th e  

to rq u e - tw is t  cu rves i n d i c a te  a l i n e a r  re sp o n se  up to  th e  f i r s t  observed  

c ra c k in g . The s h e a r - s lo p e  a t  th e  ends cu rv es  in d ic a te  a sym m etrica l

response  up to  c rac k in g  lo a d .

Beam C-5

Beam C-5 was loaded  w ith  two c y c le s .  The f i r s t  c y c le  had an e c ­

c e n t r i c i t y  o f  31 .0  in c h e s  which re q u ire d  th e  use o f  th e  lo a d in g  arm a t ­

tachm ent and th e  c o l l a r s  a t  th e  su p p o rt d iaphragm s. When th e  load  was 

in c re a se d  to  0 .8 2  k ip s ,  th e  so u th  end o f  th e  c o n c re te  lo a d in g  arm c o l ic s e d  

along th e  a rm 's  re in fo rc e m e n t a llo w in g  th e  lo ad in g  arm a ttach m en t to  r o ­

t a t e  and reduce  th e  lo ad in g  on th e  specim en. No c rac k s  were observed  in  

th e  p rim ary  t e s t  s e c t io n  o f th e  specim en. The reason  fo r  th e  c o l la p s e  

appeared to  be  th a t  th e  lo ad  from th e  a ttach m en t was be ing  t r a n s f e r r e d  

to  th e  c o n c re te  lo a d in g  diaphragm  by b e a r in g  o f th e  b o l t  r a t h e r  th a n  by 

f r i c t i o n .
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The lo ad in g  a ttach m en t was removed and th e  berju was te s t e d  

w ith  a new e c c e n t r i c i ty  o f  10.0 in c h e s  w ith  th e  c o l l a r s  on th e  su p p o rt 

d iaphragm s.

The s h e a r - c e n te r l in e  d e f le c t i o n  and th e  to rq u e - tw is t  cu rv es  

f o r  th e  f i r s t  c y c le  in d ic a te  a l i n e a r  re sp o n se  up to  th e  l iv e  lo ad  o f  

.82 k ip s  which seems to  be o f  q u e s t io n a b le  v a lu e  as  s ta te d  above. The 

s h e a r-s lo p e  a t  th e  ends cu rv es  in d i c a te  a  l i n e a r  and sym m etrical r e ­

sponse.

The c rack  p a t te r n  o f  th e  second c y c le  was sym m etrical w ith  r e ­

sp ec t to  m id -sp an . The f i r s t  c ra c k  in  th e  p rim ary  t e s t  specim en o c­

cu rred  a t  m idspan in  th e  n o r th  fa c e  as  a  v e r t i c a l  f le x u r a l  te n s io n  

crack  a t  a  lo ad  o f  2 .92  k ip s .  When th e  lo a d  was in c re a se d  to  2 .99  k ip s ,  

a new c rack  formed on e i t h e r  s id e  o f  m id -span  and th e  c a p a c ity  o f  th e  

specimen d ro p p ed . The new c ra c k s  resem bled  d ia g o n a l te n s io n  ty p e  c ra c k s  

on th e  so u th  fa c e  w ith  th e  r e s u l t a n t  c ra c k s  b e ing  from th e  bottom  o f  th e  

sou th  face  a t  ap p ro x im ate ly  12 in c h e s  from m id-span  to  th e  in t e r s e c t i o n

o f  th e  web and th e  f la n g e  ap p ro x im ate ly  4 in ch es  on e i th e r  s id e  o f  mid­

span.

The n o rth  face  had a s im i l a r  c ra c k  p a t t e r n  ex cep t th e  p re sen ce  

o f  th e  to r s io n  d is p la c e d  th e  bo ttom  o f  th e  c ra c k s  tow ard th e  su p p o rts  

and th e  to p s  o f  th e  c ra c k s  jo in e d  ap p ro x im ate ly  1 in ch  below th e  top  o f  

th e  web. W ith th e  a d d i t io n a l  e x te n s io n  o f  th e  lo a d in g  ram, a la rg e  

e l l i p t i c a l  s e c t io n  o f  th e  f la n g e  was formed by th e  c rac k  a t  c o l la p s e  with 

m id-span b e in g  th e  c e n te r  o f  symmetry and th e  c rack  being  from th e

q u a r te r  p o in t s  a c ro s s  th e  to p  o f  th e  web.
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The s h e a r - c e n te r l in e  d e f le c t io n  and th e  to r q u e - tw is t  cu rv es  i n ­

d ic a te  a l i n e a r  re sp o n se  up to  2 .63  k ip s  which was th e  one p re v io u s  to  

th a t  a t  which c rac k in g  was f i r s t  ob serv ed .

The s h e a r -s lo p e  a t  th e  ends curves in d ic a te  a  sym m etrical r e ­

sponse up to  a c tu a l c o l la p s e  o f  th e  specim en.

Beam C-6

Beam C-6 was t e s t e d  w ith  an e c c e n t r i c i ty  o f  1 .5  in c h e s .  The 

c rack  p a t te r n  was v e ry  sym m etrica l up to  th e  lo ad  cau s in g  c o l la p s e .  Ver­

t i c a l  f le x u r a l  te n s io n  c ra c k s  were observed  in  th e  bottom  o f  th e  web a t  

m id-span  w ith  the  a p p l ic a t io n  o f  2 .92  k ip s .  When th e  lo ad  was in c re a s e d ,  

th e  e x i s t in g  f le x u r a l  c rac k s  ex tended  v e r t i c a l l y  u n t i l  th e y  were app rox ­

im a te ly  m id -h e ig h t a t  which p o in ts  th e y  ex tended  tow ard th e  lo ad  and new 

c ra c k s  formed a t a  sp ac in g  o f  ap p ro x im ate ly  6 in c h e s .

Bending i n  th e  h o r iz o n ta l  p la n e  was observed  by n o tin g  t h a t  a t  

a  load  o f  4 .3 8  k ip s  te n s io n  c ra c k s  in  th e  so u th  edge o f  th e  f la n g e  a t  6 

in c h es  on e i th e r  s id e  o f  th e  lo ad in g  diaphragm  had form ed.

When the lo a d  reach ed  4 .6 8  k ip s ,  secondary  sh e a r  caused th e  i n ­

c l in e d  p o r t io n  of th e  e x is t in g  c ra c k s  a t  10 in c h es  on e i t h e r  s id e  o f  

m id-span to  p ro p ag a te  n o t on ly  upward b u t downward. The symmetry o f  th e  

c ra c k s  was d es tro y ed  w ith  th e  fo rm atio n  o f  a new c ra c k  on th e  w est wide 

a t  approx im ate ly  m id -h e ig h t ex ten d in g  from th e  secondary  s h e a r  c rac k  

j u s t  d e sc r ib e d  to th e  w est s u p p o r t.

The s h e a r - c e n te r l in e  d e f le c t io n ,  th e  s h e a r - s lo p e  a t  th e  ends and 

th e  to rq u e - tw is t  c u rv e s  in d ic a te  a  l i n e a r  re sp o n se  up to  i n i t i a l  c ra c k in g . 

The s h e a r - s lo p e  a t  th e  ends cu rv es  in d ic a te  a sym m etrica l re sp o n se  up to  

th e  c o l la p s e  o f  th e  specim en.
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Beam C-7

Beam C-7 was te s te d  w ith  a tw o -p o in t load  system  sym m etrical 

w ith  th e  m id-span to  g iv e  a p u re  moment r e g io n  o v e r  th e  c e n te r  t h i r d  

o f  th e  span . V e r t ic a l  s t i r r u p s  were p la c e d  o u ts id e  o f  th e  c e n te r  th i r d  

o f  th e  span to  fo rc e  co llapse t o  occur in  th e  pu re  moment re g io n .

The f i r s t  c rack  was observed  as a  v e r t i c a l  f le x u ra l  te n s io n  

crack  in  th e  bottom  o f  th e  web a t m id -sp an . With a d d it io n a l  lo a d in g , 

new c rac k s  formed in  th e  bottom  o f  th e  web app ro x im ate ly  e q u a lly  spaced 

a t  3 in c h es  and th e  e x is t in g  ones p ro p a g a te d  v e r t i c a l l y .

H o rizo n ta l bending  was no ted  by o b se rv in g  f le x u ra l  te n s io n  

crack s  in  th e  sou th  edge o f th e  f la n g e  on e i t h e r  s id e  o f  m id-span a t  a 

l i v e  lo ad  o f  5.55 k ip s .  At a load  o f  7 .02  k ip s  two c racks had form ed 

on e i t h e r  s id e  o f  m id-span  a t  a  spac in g  o f  6 in c h es  and had p ro p ag a ted  

app ro x im ate ly  3 in c h e s  tow ard th e  web. At a  load  o f  7.41 k ip s ,  th e  

f i r s t  c rac k  on th e  w est s id e  had  p ro p a g a te d  to  th e  in t e r s e c t io n  o f  th e  

f lan g e  and th e  web.

C rushing o f  th e  c o n c re te  in  th e  com pression  zone caused c o l la p s e

a t  a  lo a d  o f  7.41 k ip s .  Seven v e r t i c a l  c ra c k s  had  formed in  th e  web

sy m m e trica lly  on e i t h e r  s id e  o f  m id-span .

The s h e a r - c e n te r l in e  d e f le c t io n  and th e  s h e a r -s lo p e  a t  th e  ends 

cu rves in d ic a te  a l i n e a r  resp o n se  up to  th e  i n i t i a l  c rack in g  l i v e  load  

o f  3.51 k ip s .  The s h e a r - s lo p e  a t  th e  ends cu rves  in d ic a te  a  sym m etrica l

re sp o n se  up to  th e  lo a d  o f  6 .4 4  k ip s  a t  w hich p o in t  th e  e a s t  end s lo p e

was le s s  f o r  each o f  th e  rem aining lo ad  l e v e l s .

Beam C-8

Beam C-8 was te s te d  w ith  an e c c e n t r i c i t y  o f  21.5 inches w hich
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re q u ire d  th e  u se  o f  th e  lo a d in g  arm a ttach m en t and th e  c o l l a r s  a t  th e  

s u p p o r ts .  The f a i l u r e  mode was p r im a r i ly  t o r s io n a l  w ith  secondary  

s h e a r .

The crack  p a t t e r n  was s im i la r  on each s id e  excep t th e  e a s t  

f a i l u r e  c rack  was lo c a te d  app ro x im ate ly  a t  th e  q u a r te r  p o in t  r a th e r  

th a n  a t  th e  su p p o rt as  th e  w est one w as. The ty p e  o f  c rac k  on e i th e r  

s id e  was o f  a s p i r a l  n a tu re  which ex tended  up th e  so u th  fa c e  over th e  

to p  and down th e  n o r th  fa c e  w ith  th e  d i r e c t i o n  o f  t r a v e l  from th e  sup­

p o r t  tow ard  m id-span a t  an an g le  o f  35 d e g re e s . The c rack  on th e  west 

end reach ed  th e  bo ttom  o f  th e  n o rth  fa c e  w h ile  th e  one on th e  e a s t  s id e  

o n ly  p ro p ag a ted  3 in c h e s  from th e  to p  b e fo re  secondary  sh e a r  f a i l u r e  

developed . H o riz o n ta l bending  was observed  by  n o tin g  th e  te n s io n  crack s 

on th e  so u th  edge o f  th e  f la n g e  a t  a lo a d  o f  1 .39  k ip s .

The s h e a r - c e n te r l in e  d e f le c t io n  and th e  to r q u e - tw is t  cu rv es  in ­

d ic a te  a  l i n e a r  re sp o n se  up to  th e  load  p ro cee d in g  th e  observed  c rack in g  

lo ad  in d ic a t in g  t h a t  th e  c rac k in g  o ccu rred  betw een th e  two load  l e v e l s .

The s h e a r - s lo p e  a t  th e  ends cu rv es  in d i c a te  t h a t  th e  specim en 

responded  sy m m e trica lly  up to  th e  load  c au s in g  c o l la p s e  a f t e r  which th e  

s lo p e s  w ere no lo n g e r  e q u a l .

Beam C-9

Beam C-9 was t e s t e d  w ith  an e c c e n t r i c i t y  o f  6 .3 8  in c h e s . A l­

though th e  c rack  p a t t e r n  was n o t as  sym m etrica l as  most o f  th e  o th e r  

specim ens, th e  a c tu a l  co llap se  was th e  same ty p e  on e i t h e r  s id e  o f m id­

sp an .

The f i r s t  c ra c k s  o ccu rred  as v e r t i c a l  f l e x u r a l  c rac k s  a t  a  load 

o f  2 .92 k ip s  in  th e  n o r th  fa c e . The one on th e  w est s id e  was lo c a te d
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ap p ro x im ate ly  3 in ch es  from m id-span  w h ile  th e  one on th e  e a s t  s id e  o c­

c u rre d  a t  approx im ate ly  6 in c h e s  from m id -span . At a  lo ad  o f  3 .5  k ip s ,  

two more c ra c k s  had formed on th e  w est s id e  on th e  n o r th  fa c e  w hile  on 

th e  e a s t  s id e  th e  f i r s t  c rac k  had  ex tended  bu t no new c rac k s  had o c­

c u rre d  .

The c rac k  p a t te r n  o f  th e  sou th  f a c e  o f th e  web ap peared  more 

sym m etrical th an  th a t  o f  th e  n o r th  face  w ith  c o l la p s e  o c c u rin g  in  only  

one zone on e i t h e r  s id e  o f  m id -span  w ith  th e  w est s id e  b e in g  d isp la y e d  

s l i g h t l y  tow ard th e  w est s u p p o r t .

The s h e a r - c e n te r l in e  d e f l e c t i o n ,  th e  to r q u e - tw is t  and sh e a r-  

s lo p e  a t  th e  ends curves in d i c a te  a  l i n e a r  re sp o n se  up to  th e  i n i t i a l  

c ra c k in g  lo a d .
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