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C H A P T E R  1 

INTRODUCTION



CHAPTER 1 , INTRODUCTION

One o f  th e  most im portan t a sp e c ts  o f  th e  d esig n  o f p re s tr e s s e d  co n cre te  
beams i s  th e  d esig n  o f  i t s  ends* These a re  more s u sc e p tib le  to  d i f f i c u l t i e s  
i n  m anufacture, e r e c t io n , and s e rv ic e  th a n  any o th e r p a r t .  Anchorage 

* s t r e s s e s  i n  p o s t- te n s io n e d  beams, t r a n s f e r  s t r e s s e s  i n  p re te n s io n e d  beams, 
and beam re a c tio n s  a l l  produce r e l a t i v e ly  h ig h  s t r e s s - c o n c e n tr a t io n  

a t  th e  ends.
The d i s t r ib u t io n  o f s t r e s s  i n  th e  ends o f  a  p re s tr e s s e d  co n c re te  beam 

i s  a th r e e - d ime n s io n a l problem  and i s  o f  co n s id e rab le  com plexity . T h is i s  
due t o  th e  lo c a l i s a t io n  o f p re s tr e s s in g  fo rc e s  which r e s u l t s  i n  t e n s i l e  

s t r e s s e s  i n  p lan es  p e rp e n d ic u la r  to  th e  w ire s .
W ith a  p re - te n s io n e d  member, th e  p re s tr e s s in g  fo rc e  i s  p ro v id ed  by a  

number o f se p a ra te  w ire s , and i t  i s  n ecessa ry  t o  c o n s id e r  each o f th e s e  as 

in d iv id u a l  p o in t lo a d s . The c o n d itio n s  a t  th e  end o f a p re te n s io n e d  beam 
d i f f e r  from th o se  a t th e  end o f a p o s t- te n s io n e d  one i n  t h a t  th e  p re s t r e s s in g  
fo rc e , in s te a d  o f be ing  a p p lie d  a b ru p tly  on th e  end fa c e , i s  developed over 
th e  tra n sm is s io n  le n g th , o r  p r e s t r e s s  t r a n s f e r  le n g th , o f  th e  w ire .

The s t r e s s - d i s t r i b u t io n  i s  a f fe c te d  by th e  arrangem ent and grouping  o f 
th e  c a b le s  or w ire s , th e  shape and s iz e  o f th e  member, jack in g  p ro ced u res , 
re le a s in g  methods, form r e s t r a i n t  a t  r e le a s e ,  cu rin g  and hand ling  m ethods, 
th e  d iam eter and tra n sm is s io n  le n g th  o f  th e  w ire s .

The knowledge o f  th e s e  s t r e s s e s  i s  im p o rtan t, because s e v e ra l  c a se s  o f 
c rack in g  a t  th e  ends o f p re s tr e s s e d  co n cre te  beams have been  re p o r te d  ( 39)* 
The m a jo r ity  o f th e se  beams were p la n t- c a s t  and were u s u a lly  p re te n s io n e d , 
a lthough  some were e n t i r e ly  p o s t- te n s io n e d  and o th e rs  combined b o th  
p re te n s io n in g  and p o s t- te n s io n in g . I n  most o f th e  c a se s , th e se  c rack s  
appeared e i th e r  n ear th e  c e n tr o id a l  ax is  o r  n e a r one o f  th e  w eb-flange 

ju n c tio n s  i n  I - s e c t io n  and i n  in v e r te d  T -se c tio n  beams.
I t  i s  known from th e  a v a ila b le  in fo rm atio n  th a t  th e se  c ra ck s  ex ten d  

\ /  only  a  few in ches in to  th e  beam and a re  no th ing  b u t v e ry  f in e  h a i r - c r a c k s ,  • 
These do not open up w ith  th e  a p p l ic a t io n  o f  dead and l iv e  lo ad s  on th e  

y/ member and have no e f f e c t  on th e  u lt im a te  load  c a r r ie d  o r  th e  ty p e  o f  f a i l u r e .
A lthough a p p aren tly  th e se  may appear harm less , th e re  i s  every  p o s s i b i l i t y  o f

^  m o istu re  p e n e tr a t io n  th rough  them, th e  r e s u l t  o f which i s  th e  c o rro s io n  o f

th e  ten d o n s. And, above a l l ,  one o f  th e  m ajor c la im s o f p re s t r e s s e d  co n cre te
i s  th e  e lim in a tio n  o f  a l l  c rack s from re in fo rc e d  c o n c re te ; th e  p re sen ce  o f 
th e se  c racks w i l l ,  th e re fo re ,  go a g a in s t th e  p r in c ip le  o f  p re s t r e s s e d  co n cre te  

and peop le  w i l l  s t a r t  lo s in g  f a i t h  i n  t h i s  o u ts tan d in g  s t r u c tu r a l  developm ent,
-  1 -



The p o s s ib le  rem edies a re :  (a )  th e  p ro v is io n  o f  end-b locks t o  a s s i s t

N/~ th e  d i s t r ib u t io n  o f th e  e n d -fo rc e s , and (b ) th e  p ro v is io n  o f s u i ta b le  
e n d - s t i r ru p  re in fo rcem en t.

As re g a rd s  th e  p ro v is io n  o f end -b locks i n  th e  anchor age-z ones o f th e  
p r e s t r e s s e d  co n cre te  beams, a lthough  th e se  a re  alm ost in d isp e n sa b le  i n  th e  
case  o f p o s t- te n s io n e d  beams, th ey  have n o t proved com pletely  s u c c e ss fu l in  

p re te n s io n e d  beams, as  c rack s  have a ls o  b een  re p o r te d  i n  beams w ith  such 
en d -b lo c k s . The advantages and d isad v an tag es  o f th e  use o f end-b locks 
a re  d isc u sse d  i n  d e t a i l  i n  a  l a t e r  c h a p te r .

A p re fe ra b le  remedy i s  th e  use o f  s t i r r u p s  in  th e  ends o f  p re s t r e s s e d  
co n c re te  beams. The Codes o f  P r a c t ic e  on p re s tre s s e d  co n c re te  i n  v a r io u s  

c o u n tr ie s  make no s u i ta b le  d e s ig n  recommendation f o r  such end-zone s t i r r u p  
re in fo rc e m e n t.

Many en g in eers  have ta k e n  an i n t e r e s t  i n  t h i s  problem , b u t most o f  th e  
re c e n t works d e a l w ith  th e  d esig n  o f th e  anchorage zone i n  p o s t- te n s io n e d  

p re s t r e s s e d  co n cre te  beams. Of th e  ve ry  few a ttem p ts  made on th e  desig n  

o f  th e  t r a n s fe r -z o n e s  in  p re te n s io n e d  p re s tr e s s e d  co n cre te  beams th o se  o f 
Guy on (10) and M arsh a ll & M attock ( 28, 35) re q u ire  m ention, and a re  
d iscu ssed  in  d e t a i l  i n  one o f th e  fo llow ing  c h a p te rs .

T h is  p ro je c t  d e a ls  w ith  th e  in v e s t ig a t io n  o f end-zone s t r e s s e s  in  
p re te n s io n e d  p re s tre s s e d  co n cre te  beams a t  t r a n s f e r .  The w orst c o n d itio n  
o f s t r e s s e s  i n  th e se  end-zones occur a t  th e  tim e o f t r a n s f e r  o f  th e  p r e s t r e s s .  
A knowledge o f  th e se  s t r e s s e s  i s ,  th e re fo re ,  a b so lu te ly  e s s e n t i a l  f o r  design ing  
th e  ends o f such beams. S e v e ra l th e o r ie s  and a n a ly se s  about t h i s  s t r e s s  
s e t-u p  and e m p ir ic a l methods f o r  d e s ig n  have been  p u t forw ard f o r  th e  
anchorage zones o f  p o s t- te n s io n e d  co n cre te  beams. But v e ry  few o f  th e se  
a re  a p p lic a b le  t o  th e  p re te n s io n e d  p re  s t r e s s e d  c o n c re te  beams.

O bject o f  th e  p re se n t in v e s t ig a t io n

The o b je c t o f th e  p re sen t in v e s t ig a t io n  i s  th e  s tudy  o f th e  n a tu re  o f 
s t r e s s e s  th a t  occur a t  t r a n s f e r  i n  th e  ends o f p re te n s io n e d  p re s t r e s s e d  
co n cre te  beams under d i f f e r e n t  c o n d itio n s , and th e  com parison o f  th e  r e s u l t s  

o b ta in ed  from th e  experim ents w ith  th e  t h e o r e t i c a l  r e s u l t s  b ased  on v a rio u s  
th e o r ie s  a v a ila b le  and th e r e a f t e r  recommendation o f  a  sim ple , a n a ly t ic a l  
method fo r  f in d in g  out th e se  s t r e s s e s ;  th e  in v e s t ig a t io n  o f  th e  v a r io u s  
causes o f c rack in g  and i t s  rem ed ies. The d e s ig n  o f  th e  e n d - s t i r ru p  

re in fo rcem en t has a lso  been  d isc u sse d .

Scope o f th e  work

The in v e s t ig a t io n  was c a r r ie d  out i n  th e  C oncrete  L abora to ry  o f  th e  
Departm ent o f C iv i l  E ng ineering  a t  th e  U n iv e rs ity  o f Glasgow.
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Tw enty-th ree  beams were t e s t e d ,  o f  which f iv e  were fo r  th e  

-4 p re lim in a ry  e x p lo ra to ry  work. The r e s t  were d iv id e d  in to  two s e r i e s ,  
i . e .  S e r ie s  A, c o n s is tin g  o f beams w ith  th e  p re s t r e s s in g  w ire s  m ainly 
c o n c e n tra te d  in  th e  bottom  o f  th e  s e c t io n  and S e r ie s  B c o n s is tin g  o f 
beams w ith  th e  p re  s t r e s s in g  w ire s  e q u a lly  d iv id e d  betw een th e  to p  and 
th e  bottom  o f  th e  s e c t io n .

-  3 -



C H A P T E R  2

DISCUSSION ON PREVIOUS WORKS 

AND INVESTIGATIONS



CHAPTER 2* PREVIOUS WORKS AM? INVESTIGATIONS

Very l i t t l e  work has been  c a r r ie d  out on th e  problem o f 

s t r e s s - d i s t r i b u t i o n  in  th e  ends o f  p re te n s io n e d  p re s tr e s s e d  co n cre te  
beams a t  th e  tim e o f  a p p lic a t io n  o f p r e s t r e s s .  Some u s e fu l  d a ta  a re  
a v a ila b le  from s tu d ie s  on re le v a n t f i e ld s ,  th e  d is c u s s io n  o f  which w i l l  be 
o f  c o n s id e ra b le  im portance here*

P h o to e la s t ic  models were u sed  t o  in v e s t ig a te  th e  bond s t r e s s e s  and 
th e  s t r e s s  along th e  fa c e s  o f a  p re te n s io n e d  p re s tr e s s e d  co n cre te  beam 
due to  th e  a p p l ic a t io n  o f  p re s tr e s s in g  fo rc e s ,  by  H. H. Raeke ( 15,  16 ), 

and to  f in d  out th e  s t r e s s e s  i n  th e  end-anchorages o f p o s t- te n s io n e d  

beams by S . P . C h ris to d o u lid e s  (l3> 17, 18, 2 0 ). A lthough v ery  l i t t l e  
in fo rm atio n  i s  a v a ila b le  from Racke* s experim en ts, he has p o in te d  out th a t  

th e  zone o f  h e a v ie s t  s t r e s s  c o n c e n tra tio n s  i n  th e  ends o f  a  beam i s  th a t  
surrounding  th e  w ire s . He has a lso  n o tic e d  th a t  th e  t h e o r e t i c a l  peak 
bond s t r e s s e s  a re  e lim in a te d  by a  r e d i s t r i b u t io n  o f  s tre s s *

C h ris to d o u lid e s  c a r r ie d  out h is  t e s t s  on models o f a c tu a l  end-b locks 
o f  v a r ie d  s e c t io n s .  The p r in c ip a l  s t r e s s e s  i n  tw o-d im ensional and 
th re e -d im e n s io n a l models were c a lc u la te d  from v a lu e s  o f  th e  sh ea rs  and th e  
d i r e c t io n s  o f  th e  p r in c ip a l  s t r e s s e s  observed  p h o to e la s t ic a l ly .  T h is  was 
ach ieved  by u s in g  th e  equations o f e q u ilib r iu m  t o  in te g r a te  along a l in e  
s ta r t in g  frcm  a  p o in t  where a s t r e s s  was known. The co n c re te  su rfa ce  
s t r a in s  around th e  end-anchorages o f a co n c re te  beam, which was one o f  th e  
p re c a s t  members used in  th e  e r e c t io n  o f  a  ra ilw ay  overhead t r a v e l l in g  
g a n try , were m easured by a  m echanical s t r a i n  gauge, and by e l e c t r i c a l  
r e s is ta n c e  s t r a i n  gauges stuck  on th e  concrete*  The thra^-dim ensional 

s t r e s s e s  computed frcm  th e  s t r a in s  ag reed  reaso n ab ly  w e ll w ith  th o se  

o b ta in ed  p h o to e la s t ic a l ly *  H is main co n c lu s io n s  frcm  th e se  experim ents 

can be summarised a s  fo llo w s : -
The s t r e s s  d i s t r i b u t io n  o b ta in ed  by usin g  s im p lif ie d  tw o-d im ensional 

p h o to e la s t ic  m odels re p re se n tin g  end -b locks o f p re  s t r e s s e d  c o n c re te  beams 
d id  no t agree w ith  p rev io u s  experim en tal work and th e  th e o re t ic a l ,  s o lu t io n s  

by Magnel and G-uyon. I n  th e  case  o f two anchorages th e  p h o to e la s t ic  r e s u l t s  

a re  confirm ed by  a  s im p lif ie d  m athem atical s o lu t io n .
The use  o f  p h o to e la s t ic  models t o  re p re se n t p re s tr e s s e d  c o n c re te  

end-blocks was j u s t i f i e d  and th e  e f f e c t  o f P o isso n 1 s  r a t i o  was found t o  be 
n e g lig ib le  by  comparing th e  r e s u l t s  o f  th e  th re e -d im e n sio n a l p h o to e la s t ic  

a n a ly s is  c a r r i e d  out by th e  ■ fro ze n  s t r e s s ” techn ique  and th e  f u l l  s c a le  
t e s t s  on c o n c re te  beams where su rfa ce  and in te r n a l  s t r a in s  were m easured, 

and used  t o  c a lc u la te  th e  s tre s s e s*



The tra n s v e rs e  t e n s i l e  s t r e s s e s  around th e  end anchorages o f th e  

th re e -d im e n sio n a l models were found co n sid e ra b ly  g re a te r  th a n  th e  
co rresponding  s t r e s s e s  o b ta in ed  by Guy on and M agnel.

The in f lu e n c e  o f  d i f f e r e n t  ty p e s  o f  c ab le  d u c ts  and embedded anchorages 
used  i n  d i f f e r e n t  p o s t- te n s io n in g  system s on th e  anchorage zone s t r e s s -  
d i s t r i b u t io n  was n e g lec te d  by C h ris to d o u lid e s  because o f  te c h n ic a l  d i f f i c u l t i e s .  

But th e  Im portance o f  i t  was r e a l i s e d  by Ban, Nuguruma and Ogaki (2 1 ) , so 
th e y  co n fin ed  t h e i r  work t o  Lee-McCall system  on ly , and t r i e d  t o  s tu d y  th e  
in flu en c e  o f  some s p e c i f ic  f a c to r s  upon th e  s t r e s s - d i s t r i b u t io n  as  w e ll  a s  
upon c rack in g  and u lt im a te  lo a d . I n  th e  t e s t s  c a r r ie d  out on sm all 
re c ta n g u la r  co n cre te  en d -b lo ck s, th e  s t r a i n  d i s t r ib u t io n  showed f a i r  agreement 
w ith  th a t  g iv en  by B le ich -S iev ers*  th e o iy  b u t d e v ia ted  frcm  th o se  g iv en  by 

Guyon* s and Magnel* s  th e o r ie s .  The agreem ent seemed v e ry  much in f lu e n c e d  by 
th e  va lu e  o f Poisson* s  r a t i o .  Ban, Nuguruma and Ogaki a re  o f  op in ion  th a t  
th e  amount o f  tra n s v e rs e  re in fo rcem en t has a co n sid e ra b le  e f f e c t  on th e  

c rack in g  and u ltim a te  lo a d s .
The Cement and C oncrete  A sso c ia tio n , London, has c a r r ie d  out seme 

f u l l - s c a l e  in v e s t ig a t io n s  i n  o rd e r t o  throw  seme more l i g h t  on th e  problem  
o f th e  s t r e s s - d i s t r i b u t io n  in  th e  anchorage zones o f p o s t- te n s io n e d  p re s tr e s s e d  
co n cre te  members and to  p rep a re  a s im p lif ie d  procedure  f o r  th e  d e s ig n  o f  th e  

ends o f such members. In  t h i s  t e s t  programme, Z ie l in s k i  and Rowe (2 9 , 31, 33, 
36) have d e a l t  w ith  (a )  th e  s t r e s s - d i s t r i b u t io n  i n  s in g le ,  a x ia l ly  loaded  
en d -b locks, (b ) th e  behav iou r o f r e c ta n g u la r  and I - s e c t io n  end-b locks su b je c te d  
to  up to  f iv e  c o n ce n tra te d  lo a d s , and (c ) th e  t e n s i l e  s t r e s s - s t r a i n  

c h a r a c te r i s t i c s  o f c o n c re te  under complex s t r e s s  c o n d itio n s .
I n  ( a )  only  th re e  ty p es  o f  re c ta n g u la r  p rism  co n cre te  specim ens were 

used and a l l  o f  th e  p o s t- te n s io n in g  system s a v a ila b le  i n  G reat B r i ta in  a t  th e  

tim e o f  t e s t s  were co n sid e re d .
I n  ( b ) ,  ( i )  e lev en  t e s t s  w ith  sym m etrical and e c c e n tr ic  load ing  were 

c a r r ie d  out on fo u r I - s e c t io n  specim ens; ( i i )  n ine  t e s t s  w ith  sym m etrical 

and e c c e n tr ic  load ing  were c a r r ie d  out on th re e  r e c ta n g u la r  s e c t io n  en d -b lo ck s.
The p r in c ip a l  co n c lu s io n s , drawn by Z ie l in s k i  and Rowe, from th e se  t e s t s  

are a s  fo llo w s:
I n  in d iv id u a l  end-b locks w ith  s in g le  sym m etrically  a p p lie d  lo ad s  -

( 1) The d i s t r ib u t io n  o f  th e  tra n s v e rse  s t r e s s  and th e  u lt im a te  lo ad  o f  
an end-b lock  a re  no t s ig n i f ic a n t ly  a f f e c te d  by  th e  anchorage being  e i th e r  

embedded o r  e x te rn a l ,  by th e  m a te r ia l  o f th e  anchorage, o r  by th e  method 

o f  anchoring  th e  ten d o n s.
( 2 ) The dominant f a c to r  in  th e  d i s t r i b u t io n  o f tra n s v e r s e  s t r e s s  and 

th e  u l t im a te  lo ad  i s  th e  r a t i o  o f th e  loaded  a re a  to  th e  g ro ss  c ro s s -  
s e c t io n a l  a re a , b u t th e  l a t t e r  does not a f f e c t  th e  p o s i t io n s  a t  which 
th e  maximum t e n s i l e  s t r e s s  and th e  ze ro  tra n s v e rse  s t r e s s  o ccu r.
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( 3) The maximum tra n s v e r s e  s t r e s s e s ,  w hich always occur on th e  c e n t r a l  
a x is  o f th e  p rism , a re  c o n s id e ra b ly  g r e a te r  th a n  th o se  p re d ic te d  by any 
e x is t in g  th e o r ie s ,  b u t th e  v a lu e s  o f  t r a n s v e rs e  t e n s i l e  fo rc e  are  i n  
agreem ent w ith  th o se  found ex p e rim en ta lly  by C h ris to d o u lid e s .

(4) The p e rcen tag e  o f re in fo rcem en t has a  s ig n if ic a n t  e f f e c t  on th e  
b e a r in g  c a p a c ity  o f en d -b lo ck s. Of th e  ty p e s  o f  re in fo rcem en t commonly 
recommended, h e l ic e s  were found t o  be more e f f i c i e n t  th a n  m ats.

In  end-b locks w ith  groups o f anchorages —
( 3 ) The c r o s s - s e c t io n  o f th e  end-b lock  and th a t  o f  th e  beam ad jo in in g  

th e  end-b lock  have a s ig n i f ic a n t  e f f e c t  on th e  s t r e s s - d i s t r i b u t io n  by 
v i r tu e  o f  th e  deep beam b eh av io u r.

( 6 ) T e n s ile  zones e x is t  betw een th e  a p p lie d  lo ad s  and n e a r  th e  loaded  
fa c e  o f th e  en d -b lo ck ; th e se  a re  a  fu n c tio n  o f th e  d is ta n c e  a p a r t  o f
th e  a p p lie d  lo a d s .

(7 ) I n  a r e c ta n g u la r  end-block  w ith  a d e p th -le n g th  r a t i o  o f u n i ty ,  on 
an I - s e c t io n  beam loaded  w ith  a s in g le  e c c e n t r ic a l ly  a p p lie d  fo rc e , 
th e  t e n s i l e  fo rc e  in  th e  t e n s i l e  zone n e a re r  th e  loaded  face  in c re a s e s  
w ith  d ec rea sin g  v a lu e s  o f th e  r a t i o  o f  th e  loaded  a re a  t o  th e  c ro s s 
s e c t  i c n a l  a re a  o f  th e  p rism .
( 8) I n  en d -b lo ck s , by v ir tu e  o f th e  complex s t r e s s  system  th a t  e x i s t s ,  
th e  s t r e s s - s t r a i n  r e l a t i o n  o f  th e  co n cre te  i n  te n s io n  i s  m od ified , 
th e  s t r a i n  c a p a c ity  p r io r  t o  c rack in g  be ing  g r e a te r  th a n  i n  normal 
bending te n s io n .  I n  th e se  c ircu m stan ces , i t  would seem lo g ic a l  to  
in c re a s e  th e  apparen t p e rm iss ib le  s t r e s s e s  in  te n s io n .
(9 ) A com parison betw een v a rio u s  deep beam th e o r ie s  and th e  ex p erim en ta l 
r e s u l t s  in d ic a te s  th a t  th e re  i s  re a so n ab le  agreement w ith  re g a rd  t o  th e  
p o s i t io n  o f  th e  upper and low er t e n s i l e  zones b u t no t w ith  re g a rd  t o  th e  
m agnitude o f  th e  t e n s i l e  s t r e s s e s .

Z ie l in s k i  and Rowe have made recommendations f o r  th e  d e s ig n  o f  th e  
end-b locks and f i n a l l y  th e y  have su g gested  seme f u r th e r  ex p erim en ta l work
( a )  t o  c l a r i f y  th e  problem  o f th e  most e f f i c i e n t  type  and arrangem ent o f 
r e in fo rc in g  s t e e l  to  meet th e  wide v a r ie ty  o f p o s s ib le  c o n d itio n s ;  and

(b )  t o  in v e s t ig a te  th e  e f f e c t  o f  d i f f e r e n t  le n g th s  o f end-b lock  on th e  

s t r e s s - d i s t r i b u t i o n .
D ouglas and T ra h a ir  (3 0 ) , i n  an a ttem p t to  determ ine th e  e f f e c t  o f  

h ig h  c o n c e n tra tio n s  o f s t r e s s  i n  th e  anchorage zone o f  a  p re  s t r e s s e d  c o n c re te  

beam, id e a l iz e d  t h e i r  problem  a s  th a t  o f  a  c i r c u la r  c o n c e n tra te d  lo ad  a c tin g  
a t  one end o f a co n cre te  c y lin d e r .  They have d e sc rib e d  a g e n e ra l method fo r
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e v a lu a tin g  th e  com plete e l a s t i c  s t r e s s  d i s t r ib u t io n ,  and in  o rd e r t o  v e r i f y  
th e  s t r e s s  d i s t r ib u t io n  th u s  o b ta in ed , th e y  c a r r ie d  out t e s t  S e r ie s  A and B 
on c o n c re te  c y lin d e rs ,  loaded  by s t e e l  p lu n g e rs  and found th a t  th e  f a i lu r e  

lo ad s  were about fo u r tim es g r e a te r  th a n  th o se  p re d ic te d  on th e  b a s is  o f  th e  
c u rre n t th e o r ie s  o f f a i l u r e .  Hence th ey  in v e s t ig a te d  i n  a  more d i r e c t  way 

( s e r i e s  C) by  m easuring th e  su rfa ce  s t r a in s  w ith  e l e c t r i c a l  r e s i s ta n c e  s t r a i n  

gauges. These observed s t r a in s  agreed  w e ll  w ith  th e  th e o r e t i c a l l y  p re d ic te d  
ones. The: la rg e  d is c re p a n c ie s  betw een th e  p re d ic te d  u lt im a te  lo ad s  and th e  

t e s t  r e s u l t s  suggest th e  inadequacy o f th e  th e o r ie s  o f f a i l u r e  u sed . The 
c o r re c tn e s s  o f th e  developed th e o ry  i s  proved as  th e re  i s  good agreement 
betw een m easured su rfa c e  s t r a in s  and th o se  found by t h i s  a n a ly s is .  No 
ev idence e i t h e r  th e o r e t i c a l  o r ex p erim en ta l was found o f  th e  s p a ll in g  s t r e s s e s  
p o s tu la te d  by Guyon, The e f f e c t  o f  th e  c e n t r a l  p re s tr e s s in g  h o le  was t o  
reduce  s ig n i f ic a n t ly  th e  u lt im a te  s t r e s s  c a r r ie d  by th e  c y l in d r ic a l  t e s t  

specim en,
Rydzewski and W hitbread (37) have suggested  an a n a ly t ic a l  method f o r  

e v a lu a tin g  th e  t e n s i l e  s t r e s s e s  p re se n t w ith in  a  sh o r t  end-b lock  and i n  th e  
web o f  th e  a d jac e n t I-beam  s e c tio n . They have d e fin e d  * s h o r t en d -b lo ck s1 
as  end-b locks w ith  a  le n g t t /d e p th  ( i /D )  r a t i o  somewhat le s s  th a n  one; to  
d is t in g u is h  them frcm  longer en d -b lo ck s, f o r  w hich d e s ig n  methods a re  
a v a i la b le .  T h e ir  in v e s t ig a t io n  d e a l t  p r im a r i ly  w ith  two shapes o f en d -b lo ck . 
The f i r s t  was g e o m e tr ic a lly  sym m etrical, c a r ry in g  a sym m etrical arrangem ent o f 

p re  s t r e s s in g  fo rc e s , and had an i /D  r a t i o  o f  0 ,5 6 , The second was an a c tu a l  
asym m etrical end-b lock  used  a t  Narrows B ridge , P e r th .  P h o to e la s t ic  models 
o f  th e se  two b lo ck s  were made and model t e s t s  were c a r r ie d  o u t. The r e s u l t s  
o b ta in ed  from th e se  were compared w ith  th e  a n a ly t ic a l  r e s u l t s  and were found 
to  be in  rea so n ab le  agreement w ith  each o th e r . They have a ls o  p re se n te d  a 
s im p lif ie d  p rocedure  fo r  th e  d e s ig n  o f  th e  s h o r t end -b lo ck s,

Evans ( 6 , lif) and some o f  h is  c o lle ag u e s  a t  th e  U n iv e rs ity  o f Leeds, 
c a r r ie d  out in v e s t ig a t io n s  on th e  bond s t r e s s  d i s t r i b u t io n  i n  p re te n s io n e d  

p re s tr e s s e d  c o n c re te  columns and beams. Evans has suggested  a  sim ple form ula 
to  g iv e  th e  tra n s m is s io n  le n g th  f o r  w ire s . One o f  h is  most im portan t rem arks 
i s  th a t  bond r e s i s ta n c e  r e s u l t s  frcm  f r i c t i o n .  He i s  o f o p in io n  th a t  th e  s l i p ,  

s t e e l  s t r a in s ,  c o n c re te  s t r a in s  and bond s t r e s s e s  fo r  a  p re te n s io n e d  member a re  
d i s t r ib u te d  i n  th e  tra n sm is s io n  le n g th  accord ing  t o  an e x p o n en tia l r e l a t i o n  
on re le a s e  o f  th e  p re  s t r e s s in g  fo rc e .  The tra n s m is s io n  le n g th  has been  
observed to  in c re a se  w ith  tim e as  a  r e s u l t  o f  c reep  and sh rin k ag e .
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A ccording to  G. M arshall*s ( 4 ) o b se rv a tio n s , th e  tra n sm is s io n  le n g th  
f o r  p re  s t r e s s in g  w ire s  depends a lso  on th e  p la c in g  o f  c o n c re te . He has 
recommended th e  use o f  some form o f m echanical lo ck in g  dev ice when s t ru c tu re s

o f  s h o r t le n g th  a re  to  be p re s tr e s s e d  by 0 .2  in .  diam. w ire s .
Janney (1 1 , 12) s tu d ie d  th e  n a tu re  o f bond n ea r th e  ends o f a

p re te n s io n e d  p re s tr e s s e d  co n cre te  member ju s t  a f t e r  th e  r e le a s e  o f  th e  w ire
te n s io n , u sing  p r is m a tic  specim ens. The p r in c ip a l  v a r ia b le s  co n sid e red  were 
d iam e te r, su rfa ce  c o n d itio n , and th e  degree o f  p re te n s io n  o f th e  w ire . He 

has n o tic e d  a  v a r ia t io n  in  th e  anchorage le n g th  and th e  g e n e ra l shape o f  th e  

s t r e s s  t r a n s f e r  d i s t r ib u t io n  f o r  w ire s  o f  d i f f e r e n t  d iam e te rs , f o r  d i f f e r e n t  

su rfa c e  c o n d itio n s  ran g in g  frcm  r u s te d  to  lu b r ic a te d ,  and f o r  c o n c re te s  o f 
d i f f e r e n t  s t r e n g th s .  He p o in ts  out th a t  th e  p r e s t r e s s  t r a n s f e r  bond i s  
la rg e ly  a  r e s u l t  o f f r i c t i o n  betw een co n cre te  and s t e e l .  T h is  has been  

confirm ed by an e l a s t i c  a n a ly s is  o f  th e  deform ations occu rrin g  when 
p re te n s io n e d  s t e e l  i s  re le a s e d . The e f f e c t s  o f tim e , f a t ig u e ,  im pact and 
v ib r a t io n  may c o n s id e ra b ly  a l t e r  th e  p ic tu re ,  as h i s  co n c lu s io n s  are  based  
on r e s u l t s  o b ta in ed  im m ediately a f t e r  th e  pre s t r e s s  was t r a n s f e r r e d  to  

th e  c o n c re te .
As most o f th e  p rev io u s  in v e s t ig a t io n s  to  a sse ss  th e  tra n s m is s io n  

le n g th  in  p re te n s io n e d  p re s tre s s e d  co n cre te  u n i t s  have been  c a r r ie d  out under 
la b o ra to ry  c o n d itio n s , Base (2 2 , 26 , 32) made an a ttem p t to  determ ine th e  
v a r ia t io n  i n  tra n sm iss io n  le n g th s  th a t  occurs i n  norm al s i t e  o r fa c to ry  
p r a c t ic e .  H is in v e s t ig a t io n  was based  on a  la rg e  number o f  p re s t r e s s e d  u n i t s  

produced i n  d i f f e r e n t  f a c to r ie s  and la b o ra to r ie s  . The ty p e s  o f  p re  s t r e s s in g  
s t e e l  used  in  th e  members were h ig h - te n s i le  s t e e l  w ire s , s tra n d s ,

M acalloy b a rs  o f d i f f e r e n t  d iam eters  and w ith  v a rio u s  su rfa c e  c o n d itio n s .
H is  main concluding  rem arks a re  as  fo llo w s : -

The im portan t f a c to r s  i n  o b ta in in g  a  ra p id  b u ild -u p  o f  s t r a i n  a re  th e  
s tre n g th  o f  c o n c re te  and th e  com paction o f c o n c re te  a t  th e  ends o f th e  a c tu a l  
u n i t .  The use o f a d d i t io na l  poker v ib r a to r s  , n e a r th e  ends o f  th e  u n i t s  

has been  su g g ested . An in s u f f i c i e n t  com paction due t o  to o  g re a t  agg reg ate  

s iz e  o r  to o  g re a t a number o f  w ire s , may le a d  to  honeycombing a t  th e  ends o f 

u n i t s  w hich r e s u l t s  i n  g r e a te r  tra n sm is s io n  le n g th s .
Most o f  th e  bond i s  due to  f r i c t i o n  caused  by  th e  sw e llin g  w ire  e x e r tin g

a r a d i a l  fo rc e  on th e  w a lls  o f a  h o le .   —

I n  term s o f d ia m e te rs , th e  tra n sm is s io n  le n g th s  o f  0 .0 8 , 0 .2  and 0.276 
i n  d iam e te r p la in  and in d en ted  w ire  i n  th e  fa c to ry  produced u n i t s  were th e  
same w ith  a  range betw een 50 and l 6o d iam eters  and an average o f  100 d iam e te rs .



Too g re a t  a  c o n c e n tra tio n  o f  th e  p re s tr e s s in g  w ire s  can  le a d  t o  
th e  fo rm atio n  o f  h o r iz o n ta l  sh ea r c rack s  im m ediately above th e  w ire s , 

p a r t i c u l a r l y  in  I  o r in v e r te d  T -s e c t io n s . In  such s e c t io n s , i t  may 
be a d v isa b le  t o  d i s t r ib u te  some o f  th e  w ire s  in  th e  low er p a r t  o f  th e  

web.
W hile d iscu ss in g  th e  secondary e f f e c t s  a s so c ia te d  w ith  th e  b u i ld 

up o f  s t r e s s  a t th e  ends o f th e  beams, Base p o in ts  out th a t  th e  fo rm ation  

o f  peak s t r e s s e s  n ear th e  ends o f  th e  u n i t s  having heavy c o n c e n tra tio n s  o f  
w ire s  o r  sh o rt tra n sm iss io n  le n g th s  le d  t o  co n s id e ra b le  c rack in g  along th e  

bottom  o f  th e  web i n  seme o f h is  in v e r te d  T-beams even when heavy 
re in fo rcem en t was p rov ided  along seme le n g th  i n  th e  end .

The w ire s  n ea r th e  to p  o f a  u n i t  sometimes have g r e a te r  tra n sm is s io n  

le n g th s  th a n  th e  w ire s  n ear th e  bottom , and te n s io n  c rack s  may th e n  occur 
n e a r  th e  end o f  th e  u n i t .

These were commonly found p a r t i c u la r ly  i n  I  and in v e r te d  T-beams 
w ith  en d -b lo ck s. I f  th e re  i s  z e ro  p re s t r e s s  in  th e  to p  f ib r e s  o f  an  I  
o r  in v e r te d  T -se c tio n , th e re  i s  l i k e ly  to  be t e n s i l e  s t r e s s  i n  th e  to p  b f 

th e  end-b lock  which combined w ith  th e  e f f e c t s  o f  unequal tra n sm iss io n  
le n g th s  o f  th e  to p  and bottom  w ire s , may be s u f f ic ie n t  t o  cause tra n s v e rse  
c ra ck s  in  th e  to p  o f th e  en d -b lo ck s.

The sudden r e le a s e  o f w ire s  by f la m e -c u ttin g  o r o th e r  means le a d s  t o  
a  g re a t  in c re a se  i n  th e  tra n sm iss io n  le n g th  i n  th e  u n i t s  n ea r th e  r e le a s in g  
end o f  th e  bed*

Base has recommended th e  use o f  h is  method o f  de term in ing  th e  b u ild -u p  

o f  s t r a in s  a t  th e  ends o f p re te n s io n e d  u n i t s  i n  f a c to r ie s  and s i t e s  to  p rov ide  

a  quick  check fo r  t h e i r  p ro d u c ts . T h is i s  suggested  because th e  
tra n sm is s io n  o r t r a n s f e r  le n g th  i s  o f  c o n s id e ra b le  im portance t o  th e  
" t r u c tu r a l  en g in ee r, s in ce  i n  sh o r t members th e  working bending  moments and

le n g th . I t  i s  im p o rtan t, to o , when p re te n s io n e d  u n i t s  a re  jo in e d  to  form 

continuous s t r u c tu r e s .
M arsh a ll and M attock (2 8 , 34, 33) r e c e n t ly  in v e s t ig a te d  th e  cause o f  

h o r iz o n ta l  c ra ck s , which r e s u l t  due t o  th e  s t r e s s e s  o ccu rrin g  in  th e  ends 
o f  p re te n s io n e d  p re s tre s s e d , co n c re te  g ird e r s  a t  th e  tim e o f  t r a n s f e r  o f 

p r e s t r e s s .  The t e s t s  c a r r ie d  out on I - s e c t io n  beams were d iv id e d  in to  two 
g ro u p s :-  S e r ie s  A, f o r  th e  measurement o f  th e  end-zone c o n c re te  s t r e s s e s  a t  
t r a n s f e r  c o n s is te d  o f te n  s h o r t I - g i r d e r s  o f  same c ro s s - s e c t io n  and p re s tr e s s e d  

by th e  sam e-size  s tra n d ; th e  v a r ia b le s  b e in g  web th ic k n e s s , arrangem ent o f 
p re  s t r e s s in g  s tra n d , and su rfa ce  c o n d itio n  o f  th e  s trand*  S e r ie s  B was f o r

i n  sane t h i n  s e c tio n s  th e  sh ea r r e s is ta n c e  may depend upon th e  tra n sm iss io n
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th e  measurement o f th e  s t r e s s e s  s e t  up a t  t r a n s f e r  i n  th e  v e r t i c a l  
s t i r r u p  re in fo rcem en t p rov ided  n e a r th e  ends o f  th e  g i r d e r s ;  i n  t h i s  
s e r i e s  tw e n ty -f iv e  g i rd e r s  were t e s t e d  having two b a s ic  c ro s s - s e c tio n s  
and c o n ta in in g  two s iz e s  o f  v e r t i c a l  s t i r r u p  re in fo rcem en t, th e  o th e r  
v a r ia b le s  be ing  th e  s iz e  and lo c a t io n  o f  th e  p re s tr e s s in g  s tra n d s  and 
th e  m agnitude o f th e  p re s tr e s s in g  fo rc e .

M arsh a ll used an a d a p ta tio n  o f  S ievers*  th eo ry  f o r  th e  d i s t r ib u t io n  
o f  s t r e s s  in  th e  end-zones o f  p o s t- te n s io n e d  p re s tr e s s e d  g ir d e r s  to  

c a lc u la te  th e  maximum v e r t i c a l  t e n s i l e  s t r e s s  f o r  each specim en a t  
v a r io u s  s ta g e s  o f t r a n s f e r  and th e se  v a lu e s  were compared w ith  th o se  
o b ta in ed  from experim en ta l r e s u l t s .  In  case  o f th e  g i r d e r s  i n  which th e  
p re  s t r e s s in g  s tra n d s  were e q u a lly  d i s t r ib u te d  a t  to p  and bottom  f la n g e s , 
th e  e s tim a ted  and th e  observed s t r e s s e s  were i n  reaso n ab le  agreem ent.

But fo r  th e  g ird e r s  having more s tra n d s  i n  th e  bottom  f la n g e , th e  

e s tim a te d  s t r e s s e s  were much le s s  th a n  th e  observed s t r e s s e s .  T h is  may 
be due to  th e  f a c t  th a t  th e  in f lu e n c e  o f  a  c o n sid e ra b le  h o r iz o n ta l  sh ea r 
w hich e x is t s  a t  th e  e .g .  le v e l  o f  th e  s e c t io n  i n  th e  l a t t e r  arrangem ent, 
was no t ta k e n  in to  c o n s id e ra tio n  when developing  th e  e x p re ss io n  fo r  
v e r t i c a l  t e n s i l e  s t r e s s e s .

The maximum v e r t i c a l  t e n s i l e  s t r e s s  e x is te d  n ear th e  m id-depth  o f th e  
web and i n  a l l  c a se s , i n  w hich no c rack s  appeared , became z e ro , a t  a 
d is ta n c e  frcm  th e  en d -face  no t g r e a te r  th a n  about o n e - th ird  o f  th e  g i r d e r  
dep th , in d ic a t in g  th a t  th e  most e f f e c t iv e  p o s i t io n  fo r  th e  s t i r r u p s  t o  
c o n tro l  c rack in g  should be as c lo se  to  th e  end face  o f  th e  g i r d e r  as  i s  
p r a c t ic a b le .

M arsh a ll ( 28) a lso  c a r r ie d  out a  s e r i e s  o f experim ents on sm all 

re in fo rc e d  co n cre te  end b lo c k s  to  p rov ide  some more in fo rm a tio n  about th e  
problem  o f s t r e s s  d i s t r i b u t io n  i n  th e  end zones o f p re te n s io n e d  co n cre te  

beams. A ll  o f  h i s  specim ens were 20 in ches h ig h , re in fo rc e d  w ith  b a r s  on . 
one o r  b o th  fa c e s  p la ce d  w ith  va ry in g  e c c e n t r i c i t i e s .  The lo ad  was a p p lie d  

to  each  o f  th e se  b lo ck s  th rough  a  system  o f  beams i n  a  t e s t i n g  m achine. The 
lo ad  i s  t r a n s f e r r e d  to  th e  co n c re te  by th e  deform ations on th e  b a r  and th e  
l a t e r a l  ex p re ss io n  due to  th e  Poisson* s R a tio  e f f e c t  i s  n e a r ly  th e  same 

manner as s tra n d s  in  a p re te n s io n e d  p re s tr e s s e d  beam. The in fo rm atio n  

o b ta in ed  frcm  th e se  t e s t s  confirm ed th e  r e s u l t s  o f  th e  t e s t  S e r ie s  A.
The o b je c t of th e  t e s t  S e r ie s  B was th e  measurement o f  th e  s t r e s s e s  

i n  th e  v e r t i c a l  re in fo rcem en t p rov ided  n e a r th e  ends o f  th e  p re te n s io n e d  
p re s tr e s s e d  g ird e r s  a t th e  tim e o f  t r a n s f e r .  From th e  r e s u l t s  o b ta in ed  

frcm t h i s  s e r i e s ,  M arsh a ll e s ta b l is h e s  an e m p ir ic a l fo rm ula f o r  th e  d e s ig n  

of th e  end-zione re in fo rcem en t.

-  10 -



H is m ain con clu sio n s and recommendations a r e ; -
(1 )  G re a te r  t e n s i l e  fo rc e s  a re  s e t  up and th e re  i s  a  g r e a te r  tendency  o f  
c rack in g  when th e  s tra n d s  a re  d i s t r ib u te d  e q u a lly  i n  th e  to p  and bottom  
f la n g e s .

The magnitude o f  th e  maximum t e n s i l e  s t r e s s  s e t  up under th e se  c o n d itio n s  

i s  approx im ate ly  ^ 2  where M = th e  moment ta k e n  about th e  n e u tr a l

a x is  o f th e  p re s t r e s s in g  fo rc e s  and 
th e  r e s u l t in g  p r e s t r e s s ,  

b = w id th  o f  th e  r i b .  
d = dep th  o r h e ig h t o f th e  u n i t .

( 2 ) T h is  maximum te n s i l e  s t r e s s  i s  approx im ately  when th e  tendons a re  
la rg e ly  co n ce n tra te d  i n  th e  bottom  o f  th e  beam.

(3 ) Draped s tra n d s  when used  a re  not re sp o n s ib le  f o r  th e  fo rm atio n  o f  c ra c k s , 
as  th e  d e ten s io n in g  fo rc e s  frcm  in c l in e d  tendons a re  le s s  th a n  frcm  th e  
h o r iz o n ta l  ones.

(4 )  E nd-blocks may be em itted  as th e y  do n o t se rv e  a t  a l l  i n  th e  p re v e n tio n  
o f  th e  c ra ck s  and a re  a t th e  same tim e c o n s id e ra b ly  expensive .

(5 )  As th e  c rack s  under c o n s id e ra tio n  a re  v e ry  f in e  and sh o r t  and th e y  w i l l  
no t a f f e c t  th e  perform ance o f  th e  g i r d e r ,  i t  would b e  s u f f i c i e n t  t o  prov ide 
s u i ta b le  end re in fo rcem en t t o  s to p  c rack in g .
( 6) As th e  d i s t r ib u t io n  and arrangem ent o f th e  p re  s t r e s s in g  w ire s  p la y  a  
v e ry  im portan t r o le  i n  th e  phenomenon o f  s t r e s s  d i s t r i b u t io n  o f  t r a n s f e r ,  
th e  lay o u t o f  th e  w ire s  should  be such th a t  th e  moment ta k e n  about th e  
n e u tr a l  a x is  o f  th e  p re  s t r e s s in g  fo rc e s  and th e  r e s u l t in g  p r e s t r e s s  w i l l  be 
as  sm all a s  p o s s ib le .  E qual c o n c e n tra tio n  o f  w ire s  a t  to p  and bottom  
f la n g e s  shou ld  be avoided. They should be as  u n ifo rm ly  d i s t r ib u te d  over 
th e  whole s e c t io n  as p o s s ib le .
(7 ) Care should  be ta k en  i n  d e ten s io n in g  th e  w ire s . The w ire s  shou ld  be 
c u t beg inn ing  w ith  th e  one n e a re s t  t o  th e  n e u tr a l  a x is ,  and working outwards 

above and below i t .
A c o -o p e ra tiv e  in s p e c tio n  (39) o f  88 e x is t in g  p re s tr e s s e d  c o n c re te  

highway b r id g e s  was c a r r ie d  out i n  d i f f e r e n t  s t a t e s  o f  th e  U .S .A ., t o  s tu d y  
th e  s e rv ic e  perform ance o f  t h i s  r e l a t i v e l y  new c o n s tru c tio n  tech n iq u e  o f 

p r e s t r e s s in g  and c rack s  were found i n  many o f  th e  beams a t  t h e i r  en d s. The 

m a jo r ity  o f  th e se  beams were p la n t - c a s t ,  and were u s u a l ly  p re te n s io n e d , 
a lth o u g h  some were e n t i r e ly  p o s t- te n s io n e d  and o th e rs  combined b o th  
p re te n s io n in g  and p o s t- te n s io n in g . Beams e n t i r e ly  p re te n s io n e d  had 
s t r a ig h t  s t e e l  only  or had s t r a ig h t  s t e e l  combined w ith  d e f le c te d  s t e e l .

58 o f th e s e  were I-beam s and 12 were T-beams. I n  h i s  concluding  rem arks, 

F o u n ta in  (39) says t h a t  h o r iz o n ta l  c rack s  observed  a t  th e  beam ends should



be expected  in  beams w ith  w idely  spaced c o n c e n tra tio n s  o f  p re s t r e s s in g  

s t e e l .  V e r t ic a l  re in fo rcem en t should  be p laced  a s  c lo se  to  th e  
end o f  th e  beam as  p r a c t i c a l ,  t o  r e s i s t  th e  t e n s i l e  s t r e s s e s .  The
v e r t i c a l  c ra ck s  w hich were found i n  th e  bottom  fla n g e s  n ear th e  ends o f  
a  few beams, a re  a t t r ib u te d  t o  r e s is ta n c e  by th e  forms to  e l a s t i c  
sh o rte n in g  o f th e  c o n c re te  when p re s tre s s in g  was a p p lie d . They may 

be e lim in a te d  by  use  o f a  form c o n s tru c tio n  and m anufacturing  p rocedu res 

w hich a llow  movement o f  th e  beam d u ring  a p p l ic a t io n  o f  th e  s t r e s s in g  
fo r c e .  C racks found along th e  ju n c tio n  o f  th e  webs and f la n g e s  a re  
th o u g h t t o  be caused  by v o lu m etric  changes i n  th e  co n c re te  o r  forms 
d u rin g  m anufacture o f  th e  g i r d e r s .  They can  be e lim in a te d  by c o n tro l le d  

c a s t in g  p ro ced u res  and th e  use o f  low slump c o n c re te s  w ith  w e ll-g rad ed  
a g g re g a te s .

Ramaswamy and G oel (23) t r i e d  t o  so lve  th e  problem  o f  th e  e v a lu a tio n  
o f s t r e s s e s  i n  end b lo c k s  o f p re s tr e s s e d  beams, by t r e a t i n g  th e  end-b lock  
as  a  deep beam and u sin g  a 64-sq u are  l a t t i c e  i n  case  o f  a  s in g le  
c o n c e n tra te d  lo ad  ac ting  sym m etrically  on i t .  On canparing  th e  r e s u l t s  
o b ta in ed  frcm t h e i r  study  w ith  Guyon*s r e s u l t s ,  th e  au th o rs  rem ark th a t :

The " B u rs tin g ” Zone i n  t h i s  a n a ly s is  i s  la r g e r  i n  e x te n t th a n  th a t  o f 
Guyon*s.

The maximum t e n s i l e  s t r e s s  i n  th e  b u rs tin g  zone i s  10fi> h ig h e r th a n  
t h a t  o f Guyon.

The maximum t e n s i l e  s t r e s s  i n  th e  s p a ll in g  zone i s  much sm a lle r  th a n  

th a t  accord ing  t o  Guyon* s th e o ry .
Ramaswamy and G oel in d ic a te  th e  p o s s ib i l i t y  o f  ex tend ing  th e  method 

t o  cover th e  case  o f  a  n o n -c e n tra l load  and hence drawing in f lu e n c e  l in e s  

f o r  s t r e s s e s  i n  a l l  d i r e c t io n s .
V arious o th e r  deep-beam th e o r ie s  have been  p u t forw ard by  Chow, Conway 

and W inter ( 9 ,2 4 ) ,  Geer (2 7 ) , Knar (2 5 ) , e t c .
I n  on ly  one in s ta n c e  (2 8 ) , measurements o f th e  e n d -s tr e s s e s  a t  th e  

tim e o f t r a n s f e r  w ere ta k en  i n  p re te n s io n e d  p re s t r e s s e d  co n cre te  beams*

But M arsh a ll c a r r ie d  out th e  d e ten s io n in g  p ro c e ss  by c u t t in g  th e  w ire s  i n  

p redeterm ined  groups which i s  n o t th e  p ra c t ic e  i n  B r i ta in .  I n  t h i s  
co u n try , th e  p r e s t r e s s - t r a n s f e r  p ro cess  i s  u s u a l ly  done by  re le a s in g  th e  

w ire s  to g e th e r  slow ly  and g ra d u a lly  up to  th e  s ta g e  o f  com plete t r a n s f e r  

to  th e  u n i t .  The l a t t e r  method h as been  adopted i n  a l l  th e  t e s t s  c a r r ie d  

out under th e  p re s e n t in v e s t ig a t io n .
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I n  most o f th e  cases concerned w ith  th e  s t r e s s  d i s t r ib u t io n  i n  

th e  anchorage zones o f p o s t- te n s io n e d  beams, none o f  th e  e x is t in g  th e o r ie s  
gave a s a t i s f a c to r y  assessm ent o f  th e  s t r e s s e s .  Those due t o  B le ic h  and 

S iev e rs  gave th e  c lo s e s t  approxim ation . I t  i s  n o t d e f in i t e ly  known w hether 
t h i s  i s  a ls o  t ru e  w ith  p re te n s io n e d  beams.

R e fe rr in g  t o  th e  p ap ers  33 araL 36, th e  comments made by  th e  au th o rs  
Z ie l in s k i  and Rowe, t h a t ,  i n  th e  ends o f  p r e s t r e s s e d  beams, due t o  th e  
complex s t r e s s  se t-u p , th e  s t r e s s - s t r a i n  r e l a t i o n  o f  th e  c o n c re te  in  

te n s io n  i s  m odified , th e  s t r a i n  c a p a c ity  p r io r  t o  c rack in g  b e in g  g r e a te r  
th a n  in  norm al bending te n s io n , seem t o  be q u ite  i n te r e s t in g .

F o u n ta in ’ s (3) comments on th e  end-zone c rack in g  i n  p r e s t r e s s e d  
co n cre te  beams, seems to  be reaso n ab le  and t o  be  s tu d ie d  c a r e f u l ly  i n  
th e  p re se n t in v e s t ig a t io n .
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CHaFEER 3 EXISTING THEORIES

N o ta tio n
f  = v e r t i c a l  t e n s i l e  s p l i t t i n g  s tre s s *

M = r e s u l ta n t  moment o f p re s tr e s s in g  fo rce  and p r e s t r e s s
produced, about n e u tr a l  a x is .

S = sh ea rin g  fo rce  t o  be r e s i s t e d  a t  a  h o r iz o n ta l  p la n e .

s  = sh ea rin g  s t r e s s  due to  th e  sh ea rin g  fo rc e  ’’S” •

P  = c o n ce n tra te d  fo rc e  imposed on th e  b eam -sec tio n  by
a  s in g le  p re s t r e s s in g  w ire .

T = t o t a l  fo rce  a p p lie d  by a l l  th e  p re s t r e s s in g  w ire s .

e = e c c e n t r ic i ty  o f th e  fo rce  P , measured from th e  n e u tr a l
a x is .

f  a lo n g itu d in a l  s t r e s s .

t  =• bonding fo rc e  betw een p re s tr e s s in g  w ire  and c o n c re te
p e r  u n i t  le n g th .

t  = maximum v a lu e  o f bonding fo rc e .

x  ss a b s c is s a  measured along th e  l in e  o f  p re s t r e s s in g  w ire .

TV = th e  c h a r a c te r i s t i c  le n g th  o f  th e  e l a s t i c  anchorage zone*

1 = le n g th  o f  th e  anchorage zone =

d -  o v e ra l l  dep th  o f  beam,

b = b re a d th  o f  beam a t  n e u tr a l  a x is .

s* = d is ta n c e  along th e  a b sc is s a , between th e  o r ig in  and th e
p o in t M* i n  " f  n -  diagram  i n  Guyon* s theory*

y
F =* A iry  s t r e s s  fu n c tio n  i n  Bleich* s th e o ry .

sM a  h a l f  o f  th e  dep th  o f th e  beam i n  B leich* s th e o ry .

h  = h a l f  o f  th e  le n g th  o f  th e  end b lo ck  in  B leich* s th e o ry .

r  = o rd in a te  ■ o f  th e  l in e  o f  th r u s t  i n  S iever* s th e o ry ,
dm = e -  —
4

a  =

= c o n s ta n t i n  S ievers* form ula.

» c o n s ta n ts  in  M agnel's  fo rm u la .
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x* = d is ta n c e  from th e  e n d -se c tio n  o f "beam to  a s e c t io n

X '-X 1 along th e  l in e  o f  th e  p re  s t r e s s in g  w ire  in  

M arshall* s theory*

K = co n stan t i n  M arshall* s formula*

= c o - e f f ic ie n t  o f  f r i c t i o n  betw een p re  s t r e s s in g  w ire  

and c o n c re te ,

= P o isson*s r a t i o  f o r  w ire ,

= P oisson*s r a t i o  f o r  c o n c re te ,

E & E = Young* s modulus f o r  w ire  and c o n c re te  re sp e c tiv e ly *S C
r  = ra d iu s  o f p re  s t r e s s in g  w ire  u sed ,

S* = t o t a l  s t i r r u p  fo rc e ,

1^ =s tra n sm is s io n  le n g th  o f  th e  w ire  u sed ,

( l )  S tr e s s e s

The problem o f  h ig h  s t r e s s  c o n c e n tra tio n  over a sm all a rea  
su b je c te d  to  fo rc e s , has drawn th e  a t t e n t io n  o f  m athem aticians and 
te c h n o lo g is ts  f o r  a  long tim e . The a p p lic a t io n  o f  i t  t o  th e  
com p arativ e ly  newly developed s t r u c tu r a l  techn ique  o f p re s tr e s s e d  
c o n c re te  has s ta r te d  only  re c e n t ly , w ith  th e  work o f  th e  l a t e  

P ro fe s s o r  Magnel i n  1949* From th e n  onwards, up t o  th e  p re se n t day, 
s e v e ra l  th e o r ie s  have been  pu t forw ard , s e v e ra l  in v e s t ig a t io n s  have 
been  c a r r ie d  o u t. Of a l l  th e  th e o r ie s  a v a ila b le  on t h i s  su b jec t th o se  
o f  M agnel, G-uyon, B le ic h -S ie v e rs  and M arsh a ll a re  th e  m ajor ones and 
have been  recommended as  a b a s is  f o r  th e  d esig n  o f  th e  ends o f 
p re s t r e s s e d  co n cre te  beams. An attem pt w i l l  be made i n  t h i s  c h a p te r  
t o  p re s e n t those  th e o r ie s  i n  a  sim ple and ex p lan a to ry  way,

Magnel* s Theory (3 .  5)

I n  h is  th e o ry  fo r  th e  com putation o f  th e  t e n s i l e  p r in c ip a l  s t r e s s e s  
i n  th e  ends o f a  p re s tr e s s e d  co n c re te  beam, Magnel co n sid e red  a p lane  

AB [ P ig ,  1 (a ) ] i n  th e  r e c ta n g u la r  end b lo ck  o f a  beam. The p lan e  AB i s  
p a r a l l e l  t o  th e  a x is  o f th e  beam and norm al t o  th e  d i r e c t io n  o f a c tio n  

o f  th e  lo a d .
I n  developing  t h i s  theoxy he assumed a  bending moment ."M*1 and a 

sh ea rin g  fo rc e  11 Sw t o  be r e s i s t e d  a t  t h i s  p lan e  and th a t  th e  t e n s i l e  

s t r e s s  diagram  due t o  **MJ* i s  o f  th e  shape o f  a  cub ic  p a ra b o la  [ P ig .  1(b) ] , 
The main two axes being  Ox and Qy, th e  e q u a tio n  o f  th e  cu b ic  p a rab o la  i s
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2 3f  = A + Bx + Cx + Dx . . . . .  (1 )#  The v a lu e s  o f  th e  c o e f f ic ie n ts
y

A, B, C and D may he o b ta ined  frcm th e  fo llow ing  c o n d i t io n s :-

■5^  = o and f  = o. when x  = -  ~  : dx 7  2cxj■ 2  2
f  • b • dx = o ; and I f  • x • b * d = M.

y  L  y  x
2 2 

where Mb" i s  th e  w id th  o f th e  beam.

Hence, A = - ^ 2 ,  B = o ,  0 = | ^  and D = | ® 5

T h ere fo re , f y  = | | 2 ( - 1  + = ~ 2 -3) =  ( l a ) . *

QlT h is  curve i s  h o r iz o n ta l  a t  x  = o and x  = -  — and th e  p o in t o f
£Lin f l e c t i o n  i s  a t  x  = -  7  ,
4

When th e  law o f  v a r ia t io n  o f M f  w i s  known, th e  sh ea rin g  s t r e s sy
” sM can  be e v a lu a ted  from th e  e q u ilib riu m  c o n d itio n  f o r  an  in f in i te s im a l  

e lem ent, as shown in  F ig . 2 .

Hence, s  = | §  + f  -  ̂ ......................... ( 2 ) .

The v a lu es  o f com pressive s t r e s s e s  ” f x” on p la n es  norm al to  Of^. 
must be determ ined t o  have a  com plete knowledge about th e  s t r e s s  
d i s t r ib u t io n ,  b u t th e  exac t v a lu e s  f o r  th o se  cannot be determ ined .

I n  o rd e r to  g iv e  a  reaso n ab le  e v a lu a tio n , Magnel assumed th a t  
th e  p re s su re  under th e  anchorages o f th e  c ab le s  d is p e r s e s  a t  an 

ang le  o f 45° in to  th e  end o f th e  beam and th a t  a t  each  v e r t i c a l  p lan e  

th e  o rd in a ry  laws o f  e c c e n tr ic  com pression ap p ly . I n  F ig . 3* th e  
t o t a l  fa rc e  imposed by th e  c ab le  i s  P and CDFE re p re s e n ts  th e  diagram  
of th e  corresponding  com pression under th e  anchorages . I f  EG- and FH 

are  drawn a t  45 °> FHJIGE re p re se n ts  th e  end b lo c k . I n  a  p lan e  KL,
11P” a c ts  w ith  an e c c e n t r ic i ty  n ett where ’’M" i s  th e  c e n tro id  o f  th e  

p lan e  KL.
A ll  p la n es  betw een NH and U  have th e  same diagram  o f  s t r e s s e s  

except th o se  c lo se  t o  U ,  because th e  beam on th e  r ig h t-h a n d  s id e  o f 

U  i s  g e n e ra l ly  I-sh ap ed , w hereas th e  end-block  i s  r e c ta n g u la r .  Thus 

on U  th e  s t r e s s - d i s t r i b u t io n  i s  l ik e  t h a t  on th e  I - s e c t io n  and only  
a t  some d is ta n c e  t o  th e  l e f t  o f  U  th e  s t r e s s  has d isp e rse d  th rough  th e  
end-b lock  and become th e  same as on th e  p lane  KH. A ccording to  Magnel 
th e  knowledge o f  th e  exact s t r e s s  d i s t r ib u t io n  i s  no t so im port an t as 
he assumed th a t  th e  d is p e rs io n  ta k e s  p lace  i n  th e  r ig h t-h a n d  q u a r te r  o f 
th e  end-block  and i n  t h i s  q u a r te r " f  ” and "s "are  not im p o rtan t.y
* See page 23 f o r  a u th o r ’s e x te n s io n  o f  M agnel’ s T heory .
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Frcm th e  fo reg o in g  th e  s t r e s s e s ' f   ̂ f  * and*s"at any p o in t iny "%■

th e  end b lo ck  can  be determ ined  and Mohr*s c i r c l e s  f o r  th e se  p o in ts  
can  be drawn t o  determ ine th e  t e n s i l e  p r in c ip a l  s t r e s s e s ,  o r  th e  

p r in c ip a l  s t r e s s e s  can  be c a lc u la te d  frcm  th e  o rd in a ry  fo rm ulae ,
A m o d if ic a tio n  o f th e  above th e o ry  can  be done by  assuming th a t

th e  d i s t r i b u t io n  o f  tra n s v e rse  s t r e s s e s  along th e  c e n t r a l  a x is  i s
* //

according  t o  a  p a ra b o la  o f a  second degree and by ex p ress in g  f  n o t a s
o ^d is t r ib u te d  a t  45 as Magnel d id , b u t as a fu n c tio n  o f  th e  Hf  "y

d i s t r ib u t io n ,  C haikes (7 ) assumed
f  = iix2 + Bx + C ............. ( 3 ) .

From th e  boundary c o n d itio n s ,

g  = o , when X = -  |

f y  = ^  ( “  1 + 1?  “  ) ...........( 3 a ) .
Again th e  sh e a r  s t r e s s  Ms,f from th e  e q u ilib riu m  c o n d itio n s  fo r  th e
elem ent, shown i n  F ig , 2

12S r x  2x2 x3
a  = —  ( - I  - p ) ...............(*■)•

The lo n g i tu d in a l  s t r e s s  = q  -  ( q  -  f  ) ) ..............( 5 ) ,
o o a

P Pwhere f^  = and & b ^  be ing  th e  anchorage p la te
o i l  a

dim ensions,

Guyon* s Theory (10)
Guyon* s  i n t e r p r e ta t io n  o f  th e  s t r e s s - d i s t r i b u t io n  i n  th e  anchorage 

zones o f  p o s t- te n s io n e d  beams i s  d i f f e r e n t  from th a t  i n  th e  ends o f  

p re te n s io n e d  beams a t t r a n s f e r .  I n  t h i s  c h a p te r , on ly  th e  l a t t e r  has 
been d is c u s se d .

A ccording to  Guyon, th e  s t r e s s e s  t h a t  come in to  p la y  in  th e  

t ra n s fe r -z o n e s  o f  p re te n s io n e d  beams c o n s is t  o f th e  fo llo w in g :-  (R ef, F ig ,4)

( i )  In ter*-w ire te n s io n s  w hich a re  made up o f  b u rs t in g  te n s io n s  i n  th e  

mass o f  th e  beam (maximum on th e  a x is  o f each w ire ) and s p a ll in g  te n s io n s  
a c tin g  on s e c t io n s  v e ry  n ear th e  su rfa c e  (maximum a t th e  m iddle o f th e  

spaces betw een th e  w ire s)
( i i )  In te r -g ro u p  te n s io n s  which a re  due to  th e  a c t io n  o f  each group o f  

w ire s , r e l a t i v e  t o  th e  g e n e ra l e q u ilib riu m  in  th e  same manner, as th e  
cone anchorage , excep t th a t  th e  fo rc e s  are  d i s t r ib u te d  i n  dep th  along 
th e  anchorage le n g th .
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V/hen th e  w ire s  a re  d i s t r ib u te d  in  th e  e n d -se c tio n  in  th e  same 

way as i s  r e q u ire d  th roughou t th e  le n g th  o f  th e  beam, th e  only  t e n s i l e  
fo rc e s  t h a t  come in to  p lay  a re  th e  in te r -w ire  te n s io n s . But when th e  

w ire s  a re  grouped i n  bund les th e  in te r-g ro u p  te n s io n s  a ls o  e x is t  i n  
a d d it io n  to  th e  in te r -w ir e  te n s io n s .

There a re  a ls o  th e  e f f e c t s  o f  th e  sw e llin g  o f  th e  w ire s  (Poisson* s 

e f f e c t )  . R e fe rr in g  to  P ig . i n  o rd er to  d isco v e r th e  law accord ing  
to  which th e  tra n s v e r s e  s t r e s s e s  " f  " v a ry  along th e  x -a x is ,  Guyony
assumes t h a t  " f  " on a  h o r iz o n ta l  s e c tio n  th rough  th e  w ire  i s  uniform

y
i n  a  g iv en  y z -p la n e , over th e  whole w id th  o f th e  beam.

As th e  d i s t r i b u t io n  o f 11 f  M along Ox depends on th e  anchorage
y

le n g th  in  th e  case  o f e l a s t i c  bond w ith  p la in  w ire s ,
-  xAv

t  = t Q e ^   ( 6)

where t  =r bonding fo rc e  p e r u n i t  le n g th .
t Q= maximum value  o f  bonding fo rc e , 
x  = d is ta n c e  along O x -ax is .

Tl = th e  c h a r a c te r i s t i c  le n g th  o f  th e  e l a s t i c  anchorage zone. 
Guyon re p la c e s  th e  above eq u a tio n  by th e  fo llow ing  s im p le r l in e a r  
e g r e s s io n ,  g iv in g  approxim ately  th e  same a re a  under th e  curve,

t  = f - ( i  - f  ) ............ (7)

where T = t o t a l  fo rce  a p p lie d  by th e  w ire .
1 = le n g th  o f  th e  anchorage zone = 2Tu .

Row i n  determ in ing  th e  d i s t r i b u t io n  o f nf  M, Guyon co n sid ered  th e
y

t!f  w -diagram  f o r  a  co n cen tra ted  fo rce  " P 1 a c tin g  along th e  a x is  o f  th e
y

prism  o f  h e ig h t wdw and w id th  ttbH (R e f. P ig . 6) .
I t  can  be seen  i n  P ig . 7 th a t  th e  t e n s i l e  s t r e s s  wf  M a t  M* on th ey

w ire  i s  g iv en  by th e  sum o f  e lem en ta l s t r e s s e s  s e t  up by th e  e lem en ta l 
fo rc e s  n t .d x ” a c tin g  betw een th e  end and th e  p o in t M*. M oreover, th e  
t o t a l  fo rc e ,  M f  ** a t M' w i l l  be due to  th e  fo rc e s  t .d x  i n  th e  le n g th

y
d . I f  a  fo rc e  MP* s e t s  up a s t r e s s  wf  M a t  a  d is ta n c e  frcm th e

y  P
p o in t o f  a p p l ic a t io n  o f  ”P ' and on i t s  a x is  th e n  f ^  ~  f (x )  where
f(x )  i s  some fu n c tio n  o f *x*, " f  " a t  M due to  th e  fo rce  " t.dx?’ i s
d f  = ££5 f ( x ») 7

y  db >
*  / /  ,The t o t a l  f ^  a t  M1 i s  th e  sume o f  th e se  e lem ents f o r  a l l  p o s i t io n s

o f t .d x ,  betw een x  = s '- d ,  and x  = s ' .

I f ,  d  <  s '( < 1

fy  = S * d  = i i  ^  “ !  > * * ............ (9)

fy  = d l l   ̂ C1 -  •§-) f ( x ')  dx ' + i  x * f ( x ')  dx ]
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i

How> d H  l a  f ( x ’ )a x ‘ = a  L  f ydx’ = 0
( ta k in g  in to  account th e  c o n ce n tra te d  com pressive s t r e s s  a t  o r ig in )

( °  f (x» )  dx* = 0 ................... (a )

A lso  c o n s id e rin g  th e  g e n e ra l eq u ilib riu m  o f  moments about N (R ef. F ig . Qi°  f  . dx*. b * x* = f  ’ Td y 2 4

0 r ’ d J j  x *’ = f ^5 o r ,  (  x l f ( x , ) d x l -  .......... (b)
d  d

dFrom (a )  and (b ) . f  « p ^72 ~ (c )

where p = un ifo rm  com pression, HT!I e x e r ted  by  th e  w ire  on th e  a re a  o f
db

concrete a s s o c ia te d  w ith  i t .  ,ff  w i s  th u s  a  uniform  t e n s i l e  s t r e s s  a c tin g
y

over th e  le n g th  frcm x=d to  x = l-d .

When s* <  d [ F ig . 7(b) ] *f 1 a t  o r ig in  i s  a  com pressive s t r e s sy
being  ex p ressed  a s ,

f  = -  p 7  ..........( 11)y  t t  r  1 v '
I f  s* > 1, th e  s t r e s s  d ecreases  r a p id ly  and becomes z e ro , when s  = 1+d.

The s t e s s e s  due to  s p a l l in g  te n s io n s  as  G-uyon has p o in te d  out a re  o f
le s s  im portance in  bonded-w ire p re s tr e s s e d  u n i t s .  The re a so n  b eh in d  t h i s
i s  th a t  th e  su rfa ce  te n s io n  and end su rfa ce  w i l l  be v e ry  sm all as th e

anchorage fo rc e  has a  lo n g itu d in a l  d i s t r ib u t io n .
The q u e s tio n  o f  th e  sw ellin g  o f th e  w ire  by  Poisson* s e f f e c t  a r i s e s

in  case o f  p l a in  smooth w ire s  on ly . A lthough th e  sw e llin g  i s  v e ry  sm all,
i f  th e  c o n c re te  i s  s u f f i c i e n t ly  hardened and th e  w ire s  are  c lo s e ly  arrange^
th e  r e s u l t in g  s t r e s s  i s  no t n e g l ig ib le .  However, i n  p r a c t ic e ,  i n  most o f

th e  c a se s , t h i s  sw elling  i s  a u to m a tic a lly  b a lanced  by th e  decrease  i n
c ro s s - s e c t io n  which occurs due to  i n i t i a l  te n s io n in g  o f  th e  w ire s .

As each  group o f w ire s  a c ts ,  and i n t e r a c t s  w ith  o th e rs ,  i n  much
th e  same way as  th e  cone anchorage does i n  case  o f  p o s t- te n s io n e d  beams,
a group e f f e c t  i s  o b ta in ed  and s t r e s s e s  r e s u l t  frcm i t .

B le ich * s  and S ievers*  T h eo ries  ( l .  8 . 19)
B leich* s ( l )  approach t o  th e  th e o ry  o f s t r e s s  a n a ly s is  under 

c o n ce n tra te d  lo ad s  i s  b ased  on an A iry  s t r e s s  fu n c tio n  '  f* such t h a t  ( F ig .8)

{  . f  _ £ *  . t  .  £ j .
7  6 x * x  6 y 2 * ~ bx. by

s u b je c t t o  th e  governing eq u a tio n  
bA F 2 b* F £*F
T x 2 + £ x ^ y 2 + <Sy4 " 0  (12)
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He g iv e s  f  = 2& y s"  2_ pPnTV=1

(13)

For th e  case  o f  sym m etrical lo ad , shown in  F ig , 8 ,  ' being
n + nT r equal t o  — t i t  

0

The m odified  e q u a tio n  s a t i s fy in g  th e  boundary c o n d itio n s , which 

should be used  fo r  p lan e  y=0 . i s  n
~  ~ -P>n Lh '* )

f y - 2 l  S i  [ ' - ^ H  en--j ,5.5

(14)

U sing Bleich* s r e s u l t s  o f  th e  a n a ly s is  o f  deep beams and fo llow ing  
MSrsch* s  (2) assum ptions and l in e s  o f though t S ie v e rs  ( 8 ,  19) 
approxim ated a  form ula fo r  th e  tra n s v e rse  s t r e s s  c a lc u la t io n s  which 
f u l f i l l e d  th e  re q u ire d  boundary c o n d itio n .

I n  h is  case  a  re c ta n g u la r  beam i s  p re s tr e s s e d  un ifo rm ly  by two 
equal fo rc e s  "P*, th e  e c c e n t r ic i ty  o f  th e  l in e s  o f  a c t io n  o f  each o f  th e se  
fo rce s  from th e  n e u tr a l  a x is ,  be ing  •e*.  A lthough th e  r e s u l ta n t  th r u s t  
i s  a p p lie d  a t  th e  l i n e  o f a c tio n  o f  "F* a t  th e  e n d -se c tio n  due t o  uniform  
p r e s t r e s s  d i s t r ib u t io n  th e  l i n e  o f th r u s t  must ta k e  such a  shape th a t  i t  
f in is h e s  a t  a  d is ta n c e  above th e  n e u t r a l  a x is  a t  th e  end o f  th e
le a d - in  zone, (R ef. Fig.- 9)* The cu rv a tu re  o f  t h i s  r e s u l ta n t  l in e  o f 
th r u s t  must be governed by th e  f a c t  th a t  as  th e  s p l i t t i n g  te n s io n s  must 
be b a lan ced  by equal com pressions, th e  t o t a l  fo rc e  along th e  n e u tr a l  a x is  
i s  z e ro .

T h is  l in e  o f th r u s t  can  be p re sen ted  by  th e  fo llow ing  e q u a tio n , one 
o f  th e  axes o f  re fe re n c e  be in g  th e  h o r iz o n ta l  l i n e  th rough  " 6/ £ .

r  « m (1 + e < ) e " ^

(15)

where r  = o rd in a te  o f  th e  l in e  o f  th r u s t  
m = (e  -  d / , )

X x  b e in g  a b sc is sa , 
o(. s  a  c o n s ta n t.

NcW» fy = - |  = m Z  ^  2 11 ' ..........( 16)

where f  = th e  s t r e s s  normal to  th e  n e u tr a l  a x is
y

and b  = th e  v a r ia b le  w id th  at' which th e  lo a d  a c ts  i n  th e  d i r e c t io n  o f 2 ,

-  20



Now, in  o rd e r t o  make th e  v a lu e  o f M f  ” approx im ate ly  eq u a l toy
th e  more a ccu ra te  d e te rm in a tio n  o f  B le ic h -S ie v e rs  ta k e s  = 2*5 and 

cK = 8 , and hence,

f y  = ^ 1  (1 -  2 . 5 ^  ) .  - 2*5 r!  (17)

o r , f  
9 7

(1 - 2.5 n ) 8 -2*5n  (17a)

nW  h e in g  th e  r e s u l ta n t  o f th e  moments o f  th e  ap p lied  fo rc e  ” P* and th e  
r e s u l t in g  p r e s t r e s s  about th e  n e u tr a l  a x is  and i s  eq u a l t o  (P .m .) i . e .

We " f  )]
When x = o, i . e .  » f  » on th e  end face  i s  g iv e n  by

' .  kxBU 33£ 
f y  = b ^ "  = bd2  ( 17b>

M a rsh a ll1 3 Theory ( 28)
M arsh a ll ( 28) has used  S ievers* th e o ry  f o r  p o s t- te n s io n e d  beams 

in  de term in ing  th e  b u rs tin g  s t r e s s  in  p re te n s io n e d  beams and h is  

m o d if ic a tio n  o f S ievers* th e o ry  i s  d e sc rib e d  as fo llo w s :-
x* i s  ta k e n  as th e  d is ta n c e  from th e  e n d -se c tio n  to  th e  s e c t io n  

X*-X*, along th e  l i n e  o f  th e  p re s tr e s s in g  w ire  (Ref .  P ig . 9)*
He ex p resses  th e  eq u a tio n  o f  th e  l in e  o f  th r u s t  due t o  th e  fo rce  

tra n s m itte d  t o  th e  co n cre te  by th e  elem ent o f w ire  a t  x* by

'LA
rn 2<=< t ,\T  (x-X 1 )

r  _ m [ + ^  (x -x  ) ]  £ where x ^ x *   (18)

Then i l l = ~ t i *  ) t1 ~ ..........
oj)

Now, P , = t— (1  -  — ) . dx* from G-uyon*s expre s s io n  (7 ) whereX x x
P , = th e  fo rce  due t o  th e  elem ent o f w ire  a t  x* .x« ^  2̂

•■•f y =  L 1 - f W ' ) ]  e  d  . ( x - x ')
. . . . .  (19a)

The above ex p re ss io n  must be in te g ra te d  betw een o t o  x* w ith  e< = 2 .5
q_

and << = 8 ,  as g iv en  by S ie v e rs , in  o rd e r t o  g e t th e  v a lu e  o f  *f * a ty
any o rd in a te  *y* and proceeding  in  th e  above way f i n a l l y ,  we g e t

,  -  8* 5x
.f oijPm 0  oi r dx d2 d d i ( i cst-A
f y = baZ l €  [x  + 5 1 + 2 5 l  " 2 5 1 ® ] ............ ( 9 >

T h is  g iv e s  * f  1 a t  any o rd in a te  l e s s  th a n  k* •y
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M arsh a ll now assumes th a t  th e  maximum v a lu e  o f *f * w i l l  occury
as w ith  th e  p o s t- te n s io n e d  “beams, v iz ,  when x 1 -  x = 0 , o r x  = x 1,

Thus, f y  = §1(8  e d [ * '  * f f ’ + § | j  -  §1 e T  ]   (19o)

Equating  th e  f i r s t  d i f f e r e n t i a l  eq u a tio n  o f  th e  above ex p re ss io n  (19c) t o  
ze ro

x 1 = ■“ 'l— which i s  th e  c o n d itio n  f o r  maximum *f *d+51 y  •

D enoting a  p o r t io n  o f th e  above ex p re ss io n  (19c) by "K™, i t  can  be
sim ply s ta t e d  a s ;

f  = , *K* depending on *1* and th e  b re a d th  o f  th e  beam,

••• f y  = I 2 ............ ^
” 1” can  be o b ta in ed  from th e  fo llo w in g  ex p re ss io n s , as adapted  by 

M arsh a ll frcm  Janney*s ( l l )  and Guyon* s (10) th e o r ie s :

I _________________ _________

tT  ~  [ ,  + o + M c ) -^ ; ]
and 1 = 2 Tv- . • • • • •  ( 21)

where T t  = ” c h a r a c te r i s t i c  len g th ” o f  th e  e l a s t i c  anchorage zone,
= c o e f f ic ie n t  o f f r i c t i o n  betw een s t e e l  and c o n c re te ,
= Poisson* s r a t i o  fo r  th e  w ire ,

Mc = Poisson* s  r a t i o  f o r  th e  co n c re te ,
E & E = Young*s modulus f o r  th e  w ire  and th e  c o n c re te , r e s p e c t iv e ly ,s  c

r  = ra d iu s  o f th e  w ire , w

A lthough S ievers*  th eo ry  i s  based  on sym m etrical lo ad s  producing 
a u n ifo ra  p r e s t r e s s ,  M arsh a ll has su ggested  th a t  t h i s  method may a lso  
be u sed  i n  th e  case  o f  asym m etrical lo ad s  producing  a  va ry in g  p r e s t r e s s ,  
by c a lc u la t in g  th e  c o rre c t v a lu e  f o r  M and th e n  s u b s t i tu t in g  i t  i n  
e x p re ss io n  (19<3.) where *M* i s  th e  moment o f p re s t r e s s in g  fo rc e s  and 
r e s u l ta n t  p r e s t r e s s  about th e  n e u tr a l  a x is .

I n  th e  equation, (1 9 c ) , when x  = x* = 0

y  _ 1 bd2  (22)
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A u t h o r ' s  E x ten s io n  o f  M agnel's  Theory

M agnel's  th e o ry , which i s  d is c u s s e d  e a r l i e r  in  t h i s  c h a p te r  
i s  a p p l ic a b le  o n ly  to  p o s t - te n s io n e d  p r e s t r e s s e d  c o n c re te  beams*
The a u th o r  s u g g e s ts  t h a t  i t  can  be m o d ified  fo r  u se  in  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  beam s, i f  "a" in  M ag n e l's  e x p re s s io n  ( l a )  i s  
ta k e n  as  th e  t ra n s m is s io n  le n g th  o f  th e  p r e s t r e s s in g  ten d o n s u sed  

in  p re te n s io n e d  beam s.

Hence, from ( l a )
.  5M , I2 x 2 I 6i 3, Kim 
f y  “ ¥12  ' -1  + + ) “ t a ?

where 1 . = t r a n s m is s io n  le n g th  o f  th e  p r e s t r e s s in g
’2 u

KiMm
b l^ ^  w ten d o n s  u sed  ............ . .  ( l b )

Prom now onw ards, th e  above e x p re s s io n  w i l l  be r e f e r r e d  to  as  th e  
a u t h o r ' s  e x te n s io n  o f  M agne l ' s  theory*
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( 2 ) C o n t^ o l^ f E n d ^ s o n ^ C r a c k i^

The two rem edies which have u s u a lly  heen  a p p lie d  t o  e lim in a te  th e  

c rack s  i n  th e  ends o f p re te n s io n e d  p re s tre s s e d  c o n c re te  beams a re : 
f i r s t l y ,  th e  use o f end b lo ck s  and second ly , th e  p ro v is io n  o f v e r t i c a l  
s t i r r u p - r e  i n f  orcement in  th e  ends o f th e  members.

I t  has  been  n o tic e d  i n  p re te n s io n e d  co n cre te  beams t h a t ,  th e  

end b lo c k s , i f  p rov ided , do no t o f f e r  much h e lp  in  m inim ising th e  h ig h  
c o n c e n tra tio n  o f s t r e s s e s  th a t  occur a t  th e  tim e o f  t r a n s f e r .  On th e  
o th e r  hand, th e y  add to  th e  t o t a l  c o s t o f  th e  s t r u c tu r e .

A b e t t e r  remedy i s  to  p rov ide  p ro p e r ly  designed  m ild  s t e e l  
re in fo rcem en t i n  th e  ends o f th e  beams th a n  to  p rov ide  end b lo c k s . Two 
methods o f  de term in ing  th e  amount o f th e  e n d -s t i r ru p  re in fo rcem en t i s  

d e sc rib e d  as fo llo w s:
Method I t

A sim ple r u le  f o r  design ing  th e  e n d -s t ir ru p  re in fo rcem en t can  be 
o b ta ined  b ased  on th e  g e n e ra l ex p re ss io n  fo r  maximum te n s i l e  s t r e s s  :
t  - S o  
y  " bd

I f  i t  i s  assumed th a t  th e  average te n s io n  eq u a ls  h a l f  th e  maximum
and th a t  th e  te n s io n  only  occurs over a d is ta n c e  d /.  frcm th e  end, th e  

f  dbt o t a l  te n s io n  = y  o r KM .

8(1 KMThe a re a  o f w eb-re i n f  orcement re q u ire d  i n  a  d is ta n c e  d / , , A = ^  ^
w

• • • • •  (23)

where f  = s t r e s s  in  th e  s t i r r u p s  = 20, 000p .s * i .

Method 2 ( 3 5 ) :
The a n a ly t ic a l  s tudy  d iscu ssed  e a r l i e r  in  t h i s  c h ap te r  shows th a t  

f o r  a g iv e n  c r o s s - s e c t io n  th e  m agnitude o f  th e  v e r t i c a l  t e n s i l e  s t r e s s e s  

b e fo re  c rack in g  i s  a  fu n c tio n  o f  th e  tra n sm iss io n  le n g th  o f  th e  s t e e l  used  
and th e  p r e s t r e s s  fo rc e . M arsh a ll and M attock c a r r ie d  out a  s e t  o f t e s t s  

to  de term ine  w hether th e se  same p aram eters  a lso  in f lu e n c e d  th e  te n s io n  in  
th e  s t i r r u p  re in fo rcem en t a f t e r  c rack in g  and i t  was observed by them th a t  
fo r  th e  range o f tra n sm is s io n  le n g th s  covered by th o se  t e s t s ,  th e  r a t i o  

o f th e  t o t a l  s t i r r u p  fo rce  t o  th e  p re  s t r e s s in g  fo rc e  cou ld  be ta k e n  as 

in v e rs e ly  p ro p o r t io n a l  t o  th e  tra n sm is s io n  le n g th  o f  th e  s tra n d  f o r  a 

g iv en  c ro s s - s e c t io n  and d i s t r ib u t io n  o f p re s tr e s s in g  s t r a n d . The way 
i n  which th e  s tra n d s  were d is t r ib u te d  ac ro ss  th e  s e c t io n  was seen  t o  have
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in f lu e n c e  on th e  s t i r r u p  s t r e s s e s .  But ig n o rin g  th e  in flu en c e  o f  th e  

manner o f d i s t r ib u t io n  o f th e  s tra n d , th e  fo rce  i n  th e  s t i r r u p s  i s  seen  

to  be fu n c tio n  o f  p r e s t r e s s  fo rc e , s t r a n d  tra n sm iss io n  le n g th , and d ep th  
o f  s e c t io n . The r a t i o  o f th e  t o t a l  s t i r r u p  fo rc e  and p re  s t r e s s  fo rce
was n o ted  t o  be 0*0106 tim es th e  r a t i o  betw een th e  dep th  o f  g i rd e r  and

S* d »" v " * " »■ //tra n sm iss io n  le n g th , i . e .  rr = 0.0106 — where S f , P , d and 1, a re  th e

t o t a l  s t i r r u p  fo rc e , p r e s t r e s s  fo rc e , dep th  o f  g i r d e r ,  and tra n sm iss io n
le n g th  r e s p e c tiv e ly  (R e f. P ig . 1 0 ).

S e v e ra l checks were made by M arsh a ll and M attock on th e  p o s s ib le  
in f lu e n c e  on th e  s t i r r u p  fo rc e s  o f th e  manner o f  d i s t r ib u t io n  o f  th e  
s tra n d  and i t  appeared th a t  th e  above eq u a tio n  can  be used  to  c a lc u la te  
th e  t o t a l  s t i r r u p  fo rce  re g a rd le s s  o f  th e  p e rcen tag e  o f  p re s tr e s s in g  
s tra n d  p re sen t a t th e  to p  o f th e  e n d -se c tio n  o f  th e  beam.

The amount o f s t i r r u p  re in fo rcem en t can th u s  be c a lc u la te d  by u sin g  
th e  eq u a tio n

Aw = FT - °*021 f  r   MW/g w t

where "A^1’ i s  th e  t o t a l  c r o s s - s e c t io n a l  a re a  o f s t i r r u p s  n ecessa ry , 
and f  i s  th e  maximum a llow ab le  s t r e s s  i n  th e  s t i r r u p s ,  th e  average 
s t r e s s  be in g  n t ^  ” , s in ce  th e  s t i r r u p  s t r e s s e s  can  be assumed t o  v a ry  
l in e a r ly  frcm  a maximum c lo se  t o  th e  end face  o f th e  g i r d e r ,  t o  z e ro  
near th e  end o f th e  c ra ck .

F or d e s ig n  purposes " l^ "  may be assumed t o  be 50 tim es th e  d iam eter 
o f th e  p re s t r e s s in g  s t e e l .

While d isc u ss in g  th e  l im i ta t io n s  o f  th e  a p p l i c a b i l i ty  o f  th e  
ex p ress io n , i t  should  be p o in te d  out t h a t  i t  has been  j u s t i f i e d  
ex p erim en ta lly  only f o r  v a lu e s  o f th e  r a t i o  betw een d ep th  o f g i rd e r  and 

tra n sm iss io n  le n g th  o f  up to  about *2*. As th e  r a t i o  in c re a s e s  beyond 
' 2 * th e  ex p re ss io n  w i l l  te n d  to  become c o n se rv a tiv e , th e  degree o f  
conservatism  in c re a s in g  as th e  r a t i o  in c re a s e s .

F u r th e r  a t t e n t io n  has t o  be g iv en  to  th e  p o in t th a t  th e  d e sig n  
eq u a tio n  w i l l  te n d  to  be c o n se rv a tiv e  f o r  beams in  w hich th e  groups o f  
p re s tr e s s in g  s t e e l  a re  spaced more c lo s e ly , o r i n  which th e ' p r e s tr e s s in g  

s t e e l  i s  d i s t r ib u te d  u n ifo rm ly  over th e  end s e c t io n  o f  th e  beam.

T h is  i s  sim ply because th e  eq u a tio n  had b een  developed frcm  

measurements made on beams i n  which th e  p re  s t r e s s in g  s t e e l  was d iv id e d  
in to  two groups p laced  i n  th e  to p  and bottom  o f  th e  s e c tio n . I f  th e  
groups were p laced  over th e  end face  th e n  th e  s t i r r u p  fo rc e s  would be 
le s s  th a n  th o se  i n  th e  case co n sid ered  in  M arsh a ll and M attock’ s s tu d y .
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CHAEEER 4 .  EXBSRMENTAL WORK

T est Beams
The t e s t s  were c a r r ie d  out i n  two s e r ie s :  S e r ie s  A and S e r ie s  B.
The c ro s s - s e c tio n s  o f  th e  t e s t  beams a re  shown i n  F ig s .  11 & 12.

A ll  t e s t  beams were 9 f t .  6 in ch es  lo n g .
I n  th e  S e r ie s  A beams, th e  p re  s t r e s s in g  w ire s  were m ainly  

c o n ce n tra te d  i n  th e  bottom  o f  th e  s e c tio n , th e  w ir e - d i s t r ib u t io n  being  

two a t  th e  to p  and seven a t  th e  bottom . Each w ire  was s t r e s s e d  to  
67 to n s / s q . i n .  te n s io n  to  g iv e  an average i n i t i a l  p r e s t r e s s  on th e  

c r o s s - s e c t io n  o f  975 l b s / s q . i n .
I n  th e  S e r ie s  B beams, th e  t o t a l  p re s tr e s s in g  fo rc e  was kep t

th e  same a s  i n  th e  S e r ie s  A beams b u t th e  p re s tr e s s in g  w ire s  were
e q u a lly  d iv id ed  betw een th e  to p  and th e  bottom  o f  th e  s e c t io n , i . e . ,  
fo u r w ire s  a t  th e  to p  and four a t bo ttom , th e  te n s io n  a p p lie d  to  each 

w ire  b e in g  75 t o n s / s q . i n .
The f i r s t  beam which was c a s t  t o  check th e  method o f  t e s t in g  had 

re c ta n g u la r  end b lo c k s , b u t th e  r e s t  o f  th e  beams were o f  I - s e c t io n  
w ithou t end b lo c k s .

The p re s tr e s s in g  s t e e l  used  i n  a l l  th e  t e s t  beams was 0 .2 in .  
d iam eter in d en ted  (B e lg ian  p a t te rn )  h ig h - te n s i le  s t e e l  w ire  having a 

c r o s s - s e c t io n a l  a re a  o f 0.0314  s q . i n . ,  an u lt im a te  s tre n g th  o f 109 
t o n ^ s q . i n .  and an i n i t i a l  ta n g en t modulus o f e l a s t i c i t y  o f  28 x 10^ lb s /  
s q . in .  I n  a l l  th e  beams, th e  w ire s  were f r e e  o f  r u s t ,a n d  were c leaned  
o f su rfa ce  o i l  and g rease  b e fo re  te n s io n in g .

The s t i r r u p s ,  w herever used , were 0 .2  in .  d iam eter m ild  s t e e l
b a r s .

F a b r ic a t io n  and T est Procedure

The t e s t  beams were m anufactured and t e s t e d  one a t  a  tim e in  a  
sh o rt s t r e tc h in g  bed s e t  up on th e  co n cre te  la b o ra to ry  f lo o r .  The 

d e t a i l s  o f  th e  p re te n s io n in g  frame and th e  arrangem ent o f th e  t e s t  

se t-u p  a re  shown i n  th e  F ig s . 13 & 14*
B efore th e  a c tu a l  te n s io n in g  s la c k s  were removed from th e  w ire s  

by  s t r e s s in g  them by a  G -ifford-4Jdall-C .C .L . 1954 model s in g le -w ire  
ja c k , th e  s t r e s s  range was 0-100p s . i .  The w ire s  were th e n  te n s io n ed  
a l l  to g e th e r  by two Tangye 15- to n  ja ck s  (R ef. F ig . 1 5 ), b u i l t - i n  w ith  
th e  p r e s t r e s s in g  bed . The amount o f  e x te n s io n  ap p lie d  was m easured on 
two d ia l-g a u g e s  f i t t e d  t o  th e  two s id e s  o f th e  movable anchorage-block*
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F i g .  1 4 .  A v ie w  o f  t h e  t e s t  s e t - u p

F i g .  1 5 . Two T a n g y e  1 5 - t o n  p r e s t r e s s i n g  j a c k s .



The w ire s  were o v e rt ensioned  by approx im ately  5 p e rc e n t, i . e .  by 

3 t . s . i ,  T h is o v e r s tr e s s  was m ain ta ined  f o r  two to  th re e  m inutes 
and th e n  reduced  to  th e  re q u ire d  i n i t i a l  p r e s t r e s s  in  o rd e r to  
minimise th e  lo s s  i n  p re  s t r e s s  due to  th e  r e la x a t io n  o f  th e  s t e e l .

The te n s io n  a p p lie d  i n  th e  w ire s  was checked by  m easuring th e  s t r a in  
on an 8 -in c h  gauge le n g th  on a l l  a c c e s s ib le  w ire s  u sing  a Demec gauge 

read in g  on c o l l a r s  a tta c h e d  t o  th e  w ire s  ( F i g . l 6 ) .

The c o n c re te  used  had an aggregate/cem ent r a t i o  o f  4*3^ and a 
w ater/cem ent r a t i o  o f  0.475 th e  sand: co arse  agg reg ate  r a t i o  was
1:318. The c o n c re te  was made w ith  F e rro c re te  rap id -h a rd en in g  p o r tla n d  
cement and §  i n .  co arse  ag g reg a te . Mid-Ross sand and g ra v e l were used 
as a g g reg a te s . The co n cre te  was c a s t  th e  day a f t e r  th e  s t r e s s in g  o f 

4 ^  th e  w ire s . The c o n c re te  in  th e  beam was compacted by a  Tremix v ib r a to r  
b o l te d  to  th e  base  o f  th e  mould and th e  average compacting f a c to r  was

0 .8 6 . A Kango hammer was used  to  compact th e  s ix  4“in .  cubes w hich were 
c a s t  along w ith  each beam. The s id e - s h u t te r s  were removed a f t e r  10 
h o u rs . Each beam was m o is t-cu red  under c o n s ta n tly  w atered  ju te  bags 
f o r  th e  f i r s t  th re e  days a f t e r  c a s t in g .  The cubes were cured under 
w a ter a t  c o n tro lle d  tem peratu re  accord ing  t o  B .S . 1881*

On th e  f i f t h  day a f t e r  c a s t in g , th e  m echanical s t r a i n  gauge p o in ts  
were mounted on th e  beam, th e  d i s t r i b u t io n  o f  which i s  shown in  th e  

F ig s . 16, 17 & 18,
When th e  beams were seven d ay s’ o ld , th e  p r e s t r e s s  was t r a n s f e r r e d  

slow ly in  sm all eq u a l s te p s . The amount o f d e te n s io n  was measured by 
th e  r o ta t io n  o f  th e  p o in te r s  o f  two d ia l-g a u g e s  f ix e d  a t  th e  jack in g  end 
o f  th e  p re te n s io n in g  fram e. The c o n c re te  mix was designed  so t h a t  th e  
cube s tre n g th  a t  t h i s  age was approxim ate ly  5300 p . s . i .  The co n cre te  
cube s tre n g th s  a t  t r a n s f e r  and a t an age o f  tw e n ty -e ig h t days a re  l i s t e d  
i n  Table B. These co n cre te  s tre n g th s  a re  i n  each case  th e  average o f 

th re e  4 - in .  cubes.
The i n i t i a l  s tra in -g a u g e  re a d in g s  on th e  beams were tak en  b e fo re  th e  

t r a n s f e r ,  re a d in g s  were tak en  a t  every  s te p  o f d e ten s io n in g , and th e  
f i n a l  read in g  was ta k e n  when th e  t r a n s f e r  was o v e r. I n  a d d itio n , i n  
A2 and B2 beams, th e  v e r t i c a l  s t r a in s  were m easured tw en ty -fo u r and 
f o r ty - e ig h t  hours a f t e r  th e  t r a n s f e r  to  no te  th e  e f f e c t  o f tim e on th o se  

s t r a i n  v a lu e s . R eadings were ta k e n  o f th e  v e r t i c a l  s t r a in s  on th e  
e n d -faces  and th e  s id e - fa c e s  and th e  h o r iz o n ta l  s t r a in s  along s e v e ra l  

l in e s  on each  o f th e  s id e - fa c e s .
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F i g ,  1 6 ,  A t y p i c a l  a r r a n g e m e n t o f  t h e  ’’Demec” g a u g e  p o i n t s  
i n  t h e  e n d s  o f  t h e  b e a m s .

I
F i g .  17* A rra n g em en t o f  t h e  ’’Demec” g a u g e  p o i n t s  o n  t h e

s i d e - f a c e s  o f  t h e  b e a m s .
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C H A P T E R  5 

TEST RESULTS



CHAPTER 5 . TEST RESULTS

T h ir te e n  team s were t e s t e d  in  S e r ie s  A, o f which th re e  were o f th e  
A1 ty p e , an o th er th re e  o f th e  A2 ty p e  and th e  r e s t  o f  th e  A3 type 
(se e  F i g . l l ) .  S e r ie s  B c o n s is te d  o f  te n  beams, th r e e ,  each o f  th e  

B1 and B2 ty p es  and four o f  th e  B3 ty p e  ( s e e  P ig . 1 2 ).

a 3 (1 ) , A3(2),  A3(3),  A 3(4), and. B 3 (l) were p r e l in in a ry  beams made 
to  ex p lo re  th e  t e s t  p ro ced u re . The beams A 3 (l) , A3(2) and A3(A) were 
p rov ided  w ith  v e r t i c a l  s t i r r u p s  i n  th e  ends, w h ile  a l l  th e  o th e r  beams 

te s t e d  i n  t h i s  p ro je c t  had no e n d -s t i r ru p  re in fo rce m e n ts . The spacing 

o f  th e  s t i r r u p s  i n  th e  beams A 3 ( l ) ,  A3(2) and A3(4) i s  shown in  P ig . 19#
The fo llow ing  f a c to r s  were s tu d ie d  from th e  experim en ts:

1. B u ild -up  o f h o r iz o n ta l  s t r a i n  along th e  s id e s  o f  th e  beams and th e  
tra n sm iss io n  le n g th  o f  th e  w ire s  used .

2 . V e r t ic a l  s t r a in - d i s t r i b u t i o n  on th e  s id e  and th e  e n d -face s  o f  th e  
beams and th e  e f f e c t  o f tim e on th e se  v e r t i c a l  t e n s i l e  s t r a i n s .

3. The mechanism o f w eb-cracking due t o  t r a n s f e r - s t r e s s e s ,  V arious 
o th e r cau ses  o f  c rack ing  and t h e i r  re s p e c tiv e  rem ed ies.

P ig s . 20 to  25 a re  p lo ts  o f  th e  r e s u l t s  o b ta in ed  in  cases  1, 2 and

3.

1. H o riz o n ta l s t r a in  b u ild -u p  on th e  s id e s  o f  th e  beams (Ref .  P ig s .2 0 a -d )
A la rg e  number o f  gauge le n g th s  were p laced  along h o r iz o n ta l  l in e s ,

A, B, C, D and E , on each s id e  o f  th e  beams (Ref .  P ig s . 17 & 18 ). Readings 
were tak en  on th e  gauge le n g th s  im m ediately b e fo re  and a f t e r  th e  re le a s e  
o f th e  s t r e s s in g  w ire s  and th e  s t r a in s  were th e n  c a lc u la te d . Curves were 
th e n  p lo t te d  th rough  th e  s e r ie s  o f  p o in ts  o b ta in ed  a t  2 - in .  c e n tr e s  and 
th e se  gave an in d ic a t io n  o f th e  b u ild -u p  o f  s t r e s s  in  th e  c o n c re te .

I t  i s  c l e a r  from P ig . 20a th a t  th e  peak s t r a i n  and th e  minimum s t r a in  
a re  o ccu rring  a t  th e  le v e l  o f  th e  main group o f  p re s tr e s s in g  w ire s  and th e  
to p  la y e r  o f  s t e e l  re s p e c t iv e ly ,  i n  th e  S e r ie s  A beams. W hile t e s t i n g  th e  

f i r s t  few beams, v iz .  A 3(l) to  A3(6),  th e  b u ild -u p  o f  h o r iz o n ta l  s t r a i n  
was reco rd ed  fo r  a l l  th e  l in e s  A, B, C, D & E, b u t a s  th e  s t r a i n  v a lu e s  
along th e  l in e s  B & D were n o tic e d  to  l i e  betw een th o se  along  A and C, and, 
C and E , r e s p e c tiv e ly , i t  was decided  l a t e r  to  can c e l th e  l in e s  B and D and 

to  no te  th e  s t r a in - d i s t r i b u t i o n  along th e  l in e s  A, C and P on ly . The 
s t r a i n  v a lu es  on a l l  th e  fo u r s id e s  o f  th e  beams were i n  agreement w ith  
each o th e r .
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The n a tu re  o f  th e  h o r iz o n ta l  s t r a i n  b u ild -u p  i n  th e  S e r ie s  B 
beams was d i f f e r e n t .  The b u ild -u p  o f h o r iz o n ta l  s t r a i n  was found 
to  be a f fe c te d  by th e  change in  th e  d i s t r ib u t io n  o f  th e  p re s tr e s s in g  
w ire s  on th e  s e c t io n  o f  th e  beam. The s t r a i n  v a lu e s  a t  one p o in t 
along a l l  th e  l i n e s  A , C and E were approxim ately  eq u a l due t o  th e  

eq u al d i s t r i b u t io n  o f  th e  p re s tr e s s in g  w ire s  a t  th e  to p  and th e  bottom  
o f th e  s e c t io n  (R e f. F ig . 20 b ). The v a lu es  o f  th e  h o r iz o n ta l  s t r a in s  
m easured on th e  s id e s  o f  th e  S e r ie s  B beams were q u ite  d i f f e r e n t  from 
th e  co rrespond ing  v a lu e s  i n  th e  S e r ie s  A beams.

The average  o f  th e  maximum v a lu es  o f  a l l  th e  s t r a in s  i n  S e r ie s  A 
beams was 85 x  10 ^ ± n /ln , th e  co rresponding  value  i n  S e r ie s  B beams 
being  42 x  10 ^ i i / i n .

An in te r e s t in g  b eh av io u r o f  th e  s t r a in s  was n o tic e d  i n  two cases 
w hile making t h i s  s tu d y . The t o t a l  p r e s t r e s s  a p p lie d  on th e  s e c tio n , 
when sev e re  c rack in g  took  p la c e  a t  th e  le v e l  o f  th e  n e u tr a l  a x is  o f  th e  
beam, was tr a n s m it te d  along th e  l in e s  A and E on ly  and th e  s t r a in s  along 
th e  l in e  C were n e a r ly  z e ro  (R ef. F ig s . 20c & 20 d ) .  I n  th e  beams, 
where c ra ck in g  was no t so  sev e re , th e  s t r a i n s  d id  no t behave in  a  manner 
m entioned above*

The h o r iz o n ta l  s t r a in s  were found to  be a f fe c te d  by th e  p ro v is io n  
o f  s t i r r u p s  i n  th e  ends o f some o f  th e  beams, v iz .  A 3 (l) , A3(2) and 
■43(3)* The s t r a i n s  on th e  s id e s  o f th e  beams A 3(l) and A3(2) had v ery  
much s c a t te r e d  v a lu e s  due to  th e  f a c t  th a t  th e  e l a s t i c i t y  o f  co n cre te  was 
no t c o n s ta n t a l l  along th e  end-zone as th e  ends o f th o se  beams were 
re in fo rc e d  w ith  s t i r r u p s .  The s c a t t e r  was f a r  le s s  i n  th e  case  o f  th e  
beam A3(3) a s  l e s s e r  amount o f s t i r r u p s  were p rov ided  in  i t .

I n  alm ost a l l  th e  beams, th e  f i r s t  f la t te n in g  o f  th e  curve o f  th e  

b u ild -u p  o f  s t r a i n  was g e n e ra l ly  q u ite  c l e a r ly  d e fin e d  and so  t h i s  was 
ta k en  a s  th e  l im i t  o f  th e  tra n sm is s io n  le n g th . The tra n sm iss io n  le n g th  
o f th e  0*2” diam. in d e n te d , r u s t l e s s ,  h ig h - te n s i le  s t e e l  w ire  used  was 
observed to  l i e  betw een 18 and 21*5 in ch es  ( i . e .  90 and 107 d ia m e te rs ) , 
w ith  an average o f  19#5 in c h es  in  th e  S e r ie s  A beams and betw een 18 and 
19 in ch es  ( i # e .  90 and 93 d iam eters) w ith  an average o f  18.5  in ch es  i n  
th e  S e r ie s  B beams (R e f. Table B a t  page*©). The in f lu e n c e  o f  th e  w id th  
o f  th e  web o f  th e  s e c t io n  on th e  tra n sm iss io n  le n g th  o f  th e  w ire  used  was 
n e g l ig ib le .

W ith seme u n i t s  th e  cu rv es  d id  not r e a d i ly  in d ic a te  th e  tra n sm iss io n  

le n g th  because o f  th e  s c a t t e r  which were presumably due to  th e  v a r ia t io n s  
in  th e  e l a s t i c  modulus o f  th e  c o n c re te , and i t  was sometimes im possib le  
to  dec id e  where tra n s m is s io n  was com plete.



The e f f e c t  o f  f r i c t i o n  "between th e  beam and th e  foimwork o f  i t s  

s o f f i t  was found to  be n e g lig ib le  a t  t r a n s f e r ,  l i t t l e  d if fe re n c e  
o ccu rrin g  in  th e  s t r e s s e s  when th e  beam was l i f t e d  s l i g h t ly  and re p la c e d .

The tra n sm iss io n  le n g th  i s  a  m easure o f  th e  ab rup tness w ith  which 
th e  p r e s t r e s s  i s  t r a n s f e r r e d  from th e  p re s t r e s s in g  s t e e l  to  th e  c o n c re te .
The s h o r te r  th e  tra n sm iss io n  le n g th , th e  more a b ru p tly  i s  th e  p r e s t r e s s  
t r a n s f e r r e d  to  th e  co n cre te  and th e  h ig h e r a re  th e  v e r t i c a l  t e n s i l e  
s t r e s s e s  in  th e  end zone. An a n a ly t ic a l  s tudy  by M arsha ll and M attock (35) 
in d ic a te d  th a t  f o r  th e  more g e n e ra l case  o f  beams o f  d i f f e r e n t  s iz e ,  th e  

r e l a t i v e  ab rup tness  o f  t r a n s f e r  o f  p r e s t r e s s ,  exp ressed  a s  a  fu n c tio n  o f 
b o th  th e  tra n sm iss io n  le n g th  and th e  dep th  o f th e  beam i s  a  more c o r re c t  
pa ram ete r to  c o n sid e r th a n  th e  tra n sm is s io n  le n g th  a lo n e .

2 . V e r t ic a l  s t r a i n  d i s t r ib u t io n  (R e f. P ig s . 21a-h  & Table A)
The in v e s t ig a t io n  o f  th e  v e r t i c a l  s t r a i n - d i s t r i b u t i o n  c o n s is te d  o f 

s tu dy ing  th e  s t r a in - d i s t r i b u t i o n  along th e  l in e s  (a )  P, G-, H and I ,  
r e s p e c t iv e ly  ■§• in* 1^ ins* 2^ in s .  and 32 in s .  d i s ta n t  from th e  end on each 
s id e - fa c e  o f th e  beam (R ef. P ig s . 17 & 18) and (b ) X, Y and Z on each 
en d -face  o f  th e  beam, Z being  th e  v e r t i c a l  a x is  6 f  th e  beam, and X and Y 
b e in g  p laced  1 in ch  a p a r t on e i t h e r  s id e  o f  i t  (R e f. P ig s . 16 and 18 ). 
Measurements o f  s t r a i n  were ta k e n  a t  s e v e ra l  d i f f e r e n t  le v e l s  on each l in e  
a t  every  s te p  o f  r e le a s e  du ring  th e  t r a n s f e r .

The maximum v e r t i c a l  te n s io n  norm ally  occurred  a t  o r n ea r th e  l e v e l  
o f  th e  n e u tr a l  a x is  d ecreasin g  on e i th e r  s id e  o f  i t .  The s t r a i n  v a lu es  
showed a  l in e a r  in c re a se  w ith  th e  p r e s t r e s s in g  fo rc e  a p p lie d  on th e  s e c t io n  
d u ring  th e  t r a n s f e r .  In  th e  beams where c rack in g  took  p la c e , t h i s  r a t e  o f  
in c re a s e  was g r e a te r ,  frcm th e  v e ry  beg inn ing  th a n  th a t  in  th e  uncracked 
ones.

On th e  s id e - fa c e s  th e  v e r t i c a l  s t r a in s  were t e n s i l e  up to  a  d is ta n c e  
o f about 4  inches from th e  end. Beyond t h i s  d is ta n c e , th e y  tended  to  
become com pressive. I n  th e  m a jo r ity  o f  th e  t e s t s ,  s t r a in s  were measured 
on a l l  th e  l in e s  P , G-, H and I ,  b u t l a t e r  on re a d in g s  were ta k e n  on l in e  P 
on ly , as  th e  maximum v e r t i c a l  s t r a i n  w hich was th e  c r i t i c a l  fe a tu re  was 
found to  occur a t th e  le v e l  o f  th e  n e u tr a l  a x is  on l in e  F .

I n  th e  S e r ie s  A beams, sometimes th e  s t r a in s  a t  le v e ls  below th e  
n e u t r a l  a x is  showed a  co n s id e ra b le  s c a t t e r  i n  t h e i r  v a lu e s , as th o se  were 

n e a re r  t o  th e  main group o f p re s tr e s s in g  w ire s . But i n  most o f  th e  S e r ie s  
B beams th e  s t r a in s  a t  le v e ls  below th e  n e u tr a l  a x is  were o f  approxim ately  
th e  same v a lu es  as th o se  o f  th e  s t r a in s  a t  correspond ing  le v e ls  above th e  
n e u t r a l  a x is ,  as  th ey  were p laced  sym m etrically  w ith  re s p e c t to  th e  to p  
and th e  bottom  la y e r s  o f s te e l*

-  30 -
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TABLE A . VERTICAL STRAIN DISTRIBUTION ON END-FACES

Series A Beams

NO
CRACKING CRACKING

Beam
No.

End
Pace

Maxm. 
V e r t. 

S t r a in  
a t  P u l l  
R elease

iry^in.

Maxm.
V e rt.

S t r a in
when

C racking
took

p lace

i r / in *

% o f  
f u l l  
fo rc e  

a t
bracking

End
of

Crack
ing

m
Remarks

A l( l)

N

S 58 x  10~5

32 x  10"5 37.5 N: No v i s ib le  
crack  a t  
S.End i n  
s p i te  o f 
h ig h  s t r a in s

A l(2)
N

S 65 x 10"5

35 x 10“5 43.75 11
-d o -

A l(3)
N 38 x  1Q~5 37.5 N S.End

read in g s
l o s t .

A 2(l)
N

S

20 x 10“5 

26 x 10 ^

No crack in g  
-  low s t r a i n  
re a d in g s .

A2(2)
N

S

40 x  10“5 

25 x 10”5
- d o 

A2(3)
N

S

30 x 10~5

34 x 10~5 43.75 S

st r a in
read in g s
low.

A3(5)
N

S

45 x  10~5 

35 x IO**5

31.25

43.75

Both
ends

A3(6)
N

S

90 x 10~5

35 x io "5 31.25 S

No cracking 
at N.End in  
sp ite  of  
high stra in s .

A3(7)
N

S

35 x 10~5 

35 x 10“5

31.25

31.25

Both
ends
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TABLE A . VERTICAL STRAIN DISTRIBUTION ON END-FACES

( c a n t 'd )

S e r ie s  B Beams

no
CRACKING- CRACKING-

Beam
No.

End
Pace

Maxm* 
V e rt, 

S t r a in  
a t  P u l l  
R elease

I r / i n ,

Maxm,
V e r t,

S t r a in
when

C racking
took

p la ce

i r / i n .

fo o f  
f u l l  
fo rce  

a t
C racking

End
o f

C rack
in g

Remarks

B l( l )
N

S 32 x 10~5

42 x 10“5 36.25 N

B l(2 )
N

S

40 x  10~5 

13 x 10“5

No c rack  — 
low s t r a in s

B l(3 )
N.

S

32 x  10~5 

30 x 10“5

31.25

68.75

Both
ends

B 2(l)
N

S

17 x 10“^ 

25 x  10~5

No c rack  ** 
low s t r a in s

B2(2)
N

S

40 x  10~5 

40 x  10~5

B2(3)
N

S

40 x  10~5

35 x  10~5 43.75 S

B 3(l) N
S

44 x IO-5  
47 x  10~5

56.25
31.25

Both
ends

B3(2)
N

S

74 x IO”5 

44 x 10~5

100

56.25

Both
ends

B3(3)
N

S

37 x  10“5 

27 x 10“5

No cracks -  
low s t r a in s

B3(4)
N

S

32 x  10~5

44 x  10 37.5 S
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I n  th e  beams where c rack ing  took  p lace  th e  average o f  th e  maximum
-5s t r a in s  was found to  be 37 x  10 i r / i n ,  a t  th e  tim e o f  c ra ck in g . At 

th e  same tim e, i n  seme c a se s , th e re  was no s ig n  o f  c ra ck in g , even when 
th e  s t r a i n  had. a much h ig h e r v a lu e .

The number o f  s te p s  o f r e le a s e  a t  th e  tim e o f  t r a n s f e r  d id  no t seem 
t o  have any s ig n i f ic a n t  e f f e c t  on th e  v e r t i c a l  s t r a in - d i s t r ib u t i o n .
No co n c lu s io n  cou ld  be drawn frcm th e  o b se rv a tio n s  about w hether (a )  th e  
change o f  web th ic k n e ss  and (b ) th e  change o f  th e  p r e s t r e s s in g  w ire -  
d i s t r ib u t io n  have any d i r e c t  in flu en c e  on th e  s t r e s s - d i s t r ib u t io n .

On sane o ccasio n s, th e  s t r a in s  were s c a t te r e d  and th e  n a tu re  o f  th e  
b u ild -u p  o f v e r t i c a l  s t r a i n  cu rves were found to  be no t in  agreement w ith  
th e  t h e o r e t i c a l  c ase , presum ably because o f  v a r ia t io n s  i n  th e  co n cre te  in  

th e  ends o f th e  beams.
The v a lu e s  o f  v e r t i c a l  s t r a i n  on th e  l in e s  X, Y, Z were u n ifo m  and 

were g r e a te r  th a n  th o se  on th e  l in e  F .
T y p ica l cu rves o f v e r t i c a l  s t r a in - d i s t r i b u t i o n  on en d -face s  have 

been shown i n  th e  F ig s . 2 la -h .  F ig s . 2 lg  & 2 lh  show cu rves o f  v e r t i c a l  
s t r a i n  on th e  en d -faces  o f  beams where c rack in g  had occu rred .

E f fe c t  o f  tim e on th e  v e r t i c a l  t e n s i l e  s t r a in s
T h is  s tudy  was made on s ix  beams w ith  2-g” webs, th re e  belong ing  t o  

S e r ie s  A and th e  rem aining th re e  be in g  o f  S e r ie s  B. V e r t ic a l  te n s i le  
s t r a in s  along th e  s id e s  and th e  en d -faces  o f  th e  beams we re  recorded  24 
and 48 hours a f t e r  th e  f u l l  t r a n s f e r .  These were compared w ith  th o se  
tak en  ju s t  a f t e r  th e  t r a n s f e r  was ov er.

I t  was n o tic e d  th a t  th e  t e n s i l e  s t r a in s  d ecrease  and te n d  to  become 
com pressive w ith  tim e and th e  maximum change ta k e s  p la c e  w ith in  48 h o u rs .
The g e n e ra l n a tu re  o f th e  cu rves o f v e r t i c a l  s t r a i n  d i s t r ib u t io n  rem ained 

th e  same as b e fo re , th e  change i n  th e  v a lu es  o f  s t r a i n  b e in g  unifoim .
The amounts o f decrease  i n  th e  s t r a i n  v a lu e s  were about 2 x  10 ^ i r / i n .

and 10 x 10 ^ i r / i n . ,  reco rded  r e s p e c tiv e ly  a t  24 &nd 48 hours a f t e r  

t r a n s f e r .
At p la c e s , where w eb-cracking had ta k e n  p la c ^  th e  t e n s i l e  s t r a in s ,  

in s te a d  o f  decreasin g  i n  v a lu e , were no ted  t o  in c re a se  w ith  tim e .
I t  was im possib le  t o  conclude w hether th e  e f f e c t  o f  tim e on th e

v e r t i c a l  t e n s i l e  s t r a in  depends on f a c to r s  such as  th e  dep th  and s iz e  o f
th e  beam, th e  w id th  o f  web, th e  amount o f p re s tr e s s  and th e  e l a s t i c  

modulus o f c o n c re te .
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3 . S tudy o f  th e  Mechanism o f  Y/eb-cracking (R e f. Table B)
O bserva tion  o f  th e  mechanism o f w eb-cracking was made very  

c a r e f u l ly  th roughout th e  p r o je c t .
One o f  th e  main o b je c ts  o f  t h i s  p ro je c t  was to  f in d  out th e  

v a lu e  o f  th e  maximum v e r t i c a l  t e n s i l e  s t r e s s  occuring  a t  th e  tim e 

o f  th e  t r a n s f e r  o f  p r e s t r e s s  from th e  s t e e l  to  th e  c o n c re te . T h is  
was no t p o s s ib le  in  some o f th e  p re lim in a ry  t e s t  beams w ith  end- 
s t i r r u p  re in fo rcem en t as th e  s t i r r u p s  would c o n tro l  th e  v a lu e  o f  th e  
s t r e s s .  So, a fte rw a rd s , beams w ith o u t any s t i r r u p  re in fo rcem en ts  in  

th e  ends were made and te s ted *
I n  t e s t in g  beams w ithou t e n d - s t i r ru p s ,  i t  was no ted  th a t  web- 

c rack in g  was bound to  occur du rin g  th e  t r a n s f e r  p ro c e ss , once th e  s a fe  
l im i t  o f  co n cre te  t e n s i l e  s t r e s s  i s  exceeded. And once c ra ck s  have 
opened up, s t r a i n  re a d in g s  to  measure th e  l im i ta t io n s  o f  such s t r e s s  
cannot be ta k e n . The t e s t  p rocedure was th u s  m od ified  by t r a n s f e r r in g  

th e  p r e s t r e s s  from th e  s t e e l  t o  th e  co n cre te  slow ly  in  a  number o f  eq u a l 

sm all s te p s .  T h is  way, th e  exac t p o in t ,  when th e  c rack  becomes v i s ib l e  
t o  th e  naked eye, co u ld  be e a s i ly  d e te c te d , and th e  c rack  phenomenon 
co u ld  be s tu d ie d  more th o ro u g h ly .

The proposed f i n a l  t o t a l  fo rce  in  th e  tendons was no t v a r ie d  during  
th e  experim ents as e v id e n tly  i t  had no in f lu e n c e  over th e  co n cre te  
c rack in g  because th e  w ire s  were r e le a s e d  in  eq u a l s te p s .

Average v e r t i c a l  s t r a i n  a t  n e u tr a l  a x is  l e v e l  v s .  p e rc e n ta g e  o f  
i n i t i a l  p re s tr e s s in g  fo rce  a p p lie d  was p lo t te d  to  make a tho rough  study  
o f  th e  mechanism o f  c rack in g . T y p ica l curves a re  shown i n  th e  F ig s . 2 2 a -f .

I n  most o f  th e  c racked  beams th e  w eb-cracking s t a r t e d  somewhere 
betw een th e  s te p s  3 and 5 ( th e  corresponding  p e rcen tag es  o f  i n i t i a l  
p re s tr e s s in g  fo rce  a p p lie d  t o  th e  beam be in g  31*25 and 56. 25) ,  a lthough  
th e  c rack s  were v i s ib le  to  th e  naked eye only  a t  a  l a t e r  s te p ,  when t h e i r  
th ic k n e ss e s  exceeded 0 .001 in c h .

I n  many o f  th e  cracked  beams, c rack s  appeared n e a r  th e  le v e l  o f th e  

c e n tr o id a l  a x is  (R ef. F ig .23) and, i n  some c a se s , c rack in g  took  p la ce  
n ear th e  ju n c tio n  o f  th e  web and e i th e r  o f  th e  f la n g e s  (R ef. F ig .23)*

In  beams A3(3)* A3(5)> A 3(6), B 3(l) and B3(4)> c rack in g  occurred  n ea r th e  
ju n c tio n  o f th e  web and th e  to p  f la n g e , w hereas i n  beam B l(3 ) > i t  was n ear 
th e  ju n c tio n  o f th e  web and th e  bottom  flange#
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TABLE B. WEB-CRACKING-

S e r ie s  A Beams

Con
c re te
S t r .

a t
Trans

f e r
p . s . i

Con
c re te  
S t r .  

a t  
- 28 

days
, p . s . i .

Ec = 
60,000

Transm, 
Length 
o f  th e  
w ire  
used 

( i n  
term s 

o f
w ire

diam .)

End
o f

Crk
♦

fo o f 
f u l l  

> force 
a t  

C rk -
in g

Pos
i t i o n  

‘0 f  crk 
on th e  

End- 
face

Length 
o f Crk 
.v is 
ib le  

a t
P u l l

R elease
i

Beam
No.

t /0 .8  fc  

p . s . i .

Remarks

A l( l) 3950 5700 3*4 x 
K,6

97d N 37.5 5§"
below

to p

1"

A l(2) 4-900 6400 3.75 x  
106

97a N 43.75
below

to p

1* Honey
combing 
i n  N. 
End
concrete

A l(3) 5400 6900 3 .9 4  x 
106

lOOd N 37.5 54"
below

to p

l* -0"

A 2(l) 5300 6700 3.92 x
106

104d No v i s 
ib le  Crk 
-  low 
S tr a in s

A2(2) 4890 5-950 3 .8  x
106

97a -d o -

A2(3) 4650 6200 3 .7  x 
106

93a S 43.75 6-̂ *
below

to p

Min
u te
h a i r
c rk .

low
s t r a in s

A3(5) 5^50 6800 4 .0 4  x
106

97a Both
ends

31.25
(N)

43.75
(s)

Juncn  
o f  
to p  
f l 
ange 

& web

severe
c rack

A3(6) 5350 7500 3 .9 4  x 
IO6

9 4 i S 31.25 3 f
below

to p

1* -6" -d o -

A3(7)

1

2250 5700 2 .5 4  x 
106

90d Both
ends

31.25 
(N)

31.25
(s)

d*
below

to p
(N)
6”

below

S

2* -0" 
(N) 

None 
(S )

* N -  F ixed  end. S -  Jack in g  end. -  35 -



S eries B, Beams

Con
c r e te

S t r .
a t

T rans
f e r

P . S.ZL.

Con
c re te

S t r .
a t
28

days

p . s . i .

Ec = 
60,000

Transm. 
Length 
o f th e  
w ire s  

used 
( i n  
term s 

o f w ire  
d iam .)

End
of

C rk4

❖

fo o f 
f u l l  

force 
a t  

C rk- 
ing

Pos
i t i o n  

o f  c rk . 
on th e  

End- 
face

Length 
o f  Crk. 
v i s 

ib le  
a t 

F 'u ll  
R elease

Beam
No.

^ 0 ,8  fc  

p . s . i .

Remarks

B l( l ) 5650 6550 4 .0 4  x 
2D6

92d N 56.25 5"
below

to p

None M inute
C racking

B l(2 ) 5000 6230 3 .8  x
106

95* No C rk. -  
low
s t r a in s

B l(3) 4000 5200 3 .4  x 
106

90d Both
ends

31.25
(N)

68.75
(s)

Top
f l a -
ange
Bot
tom
f l a -
ange

None Crk. 
v i s ib le  
b e fo re  
de ten 
s io n in g

B 2(l) 4930 5750 3 .77  x  
io 6

90d No C rk . -  
low s t m s .

B2(2) 3050 655 0 3.85 x  
IO6

90d -d o -

B2(3) 5050 6000 3.85 x 
IO6

90d S 43.75 9”
below

to p

1* -6"

B 3 (l) 6200 6720 4.23 x 
106

95^ Both
ends

56.25 
(N)

31.25
(s)

Ju n c
t i o n

o f
to p

f l a 
nge
&
web

4"(H)

2*-2’
(s)

B3(2) 3930 6750 4 .15  x 
106

95a Both
ends

100
(M)

56.25
(S)

—do—

5”
above

bottom

1"(H)

3"(S)

B3(3) 5600 6950 4# 15 x 
106

95a No C rk . -  
low s tm s i

B3(4) 3900 6550 3.36  X
IO6

95a S 37.5 Ju n c
t i o n  
o f to p  
flan g e
& web

Minute
h a i r
c ra c k .

* N -  F ixed  en d : S -  J  acking end . ~ 36
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Most o f  th e  tim e , c rack in g  took  p la c e  a t one end o f  th e  beam 

only , v iz .  a t  th e  f ix e d  end in  beams A l ( l ) ,  A l(2 ) , A l(3 ) , A 3 (l) , A 3(2), 
and B l( l )  and a t  th e  jack in g  end in  beams A 2(3), A 3(6), B3(4) and B 2(3).

In  beams A3(3)> A3(7) ,  B l(3 ) , B 3(l) and B 3(2), c rack in g  occu rred  a t  
b o th  ends.

The end -crack , i n  average, t r a v e l le d  l* -2 ” in s id e  th e  beam, along 
th e  s id e - fa c e s ,  b u t in  some cases  i t  was q u ite  severe  (R ef. P ig s . 24a and

2:4b).

I n  beams A3(5) and A 3(6), h a ir -c ra c k s  were found a t  th e  le v e l  o f  tb s  
to p  flange-w eb ju n c tio n  on b o th  th e  en d -faces  b e fo re  d e ten s io n in g  
(R ef. P ig . 23a)* I n  A3(3)> th e se  c rack s  s ta r te d  opening up in  course  
o f  th e  d e ten s io n in g , bu t in  A 3(6), l i t t l e  change occu rred  during  th e  
t r a n s f e r  p ro c e ss . The p o s s ib le  causes o f  such c rack in g  a re  d iscu ssed  
in  a l a t e r  chapter*

I n  beams A 3(l) and A 3(2), w hich had s t i r r u p s  a t  t h e i r  ends, c rack ing  
d id  no t ta k e  p lace  a t  th e  tim e o f  t r a n s f e r ,  b u t w eb-cracks were n o tic e d  a t 
th e  n o r th  end o f b o th  th e  beams, 32*- below  th e  to p  s u rfa c e , when examined 
th re e  months a f t e r  t r a n s f e r .  These were presum ably due t o  th e  c reep  and 
shrinkage o f  c o n c re te . S im ila r  c a se s  were re p o r te d  from some o f  th e  
p re c a s t  p re s tr e s s e d  c o n c re te  m anufacturers*

In  beams A 2 (l) , A2(2) and B l(3)> v e r t i c a l  c ra ck s  were observed in  
th e  bottom  f la n g e , 24 hours a f t e r  t r a n s f e r  (R ef. P ig . 23a) • These were 
obv iously  due to  h ig h  lo c a l is e d  s t r e s s e s  a t  th o se  re g io n s , and s t r e s s e s  
r e s u l t in g  from fo ra  r e s t r a i n t .

The tra n sm iss io n  le n g th  o f  th e  0 .2  in c h  d iam eter in d en ted  h ig h - te n s i le  
s t e e l  w ire  used was f a i r l y  c o n s ta n t th roughout th e  whole t e s t  s e r i e s .  That 
makes i t  c le a r  th a t  th e  phenomenon o f  c rack in g  was no t a f f e c te d  by th e  
tra n sm iss io n  le n g th  o f  th e  w ire s  used .

I t  was f e l t  w hile  c a rry in g  out th e  d e ten s io n in g  th a t  th e  amount o f 
p r e s t r e s s  ap p lie d  on th e  e n d -se c tio n  o f th e  beam in  each s te p  had seme 
in flu en c e  on th e  w eb-crack ing . I n  beams where th e  d e ten s io n in g  was c a r r ie d  
out slow ly  i n  e ig h t o r  s ix te e n  eq u al s te p s , the c rack in g  was no t as severe  
as i t  was in  beams A3(3) B 3(l) where th e  d e ten s io n in g  was c a r r ie d  out

^  i n  th re e  s te p s  on ly . T h is  su g g es ts  th a t  th e  more ab rup t i s  th e  a p p lic a t io n  

o f fo rc e s  on th e  e n d -se c tio n  th e  more a re  th e  chances o f  c ra ck in g . I t  

should , however, be confirm ed from fu r th e r  re s e a rc h  work by study ing  th e  
e f f e c t  o f th e  p rocess  o f  d e ten s io n in g  on th e  v e r t i c a l  t e n s i l e  s t r e s s e s  and 
th e  mechanism o f cracking*
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«n nrrrn wfta

F i g .  24& . S e v e r e  c r a c k in g  i n  beam  ii3 (  3 )  •

F i g .  2 4 b . S e v e r e  c r a c k in g  m  beam  B 3( l )  .



No d e f in i te  r e la t io n s h ip  betw een th e  7-day  cube s t r e n g th  o f 
c o n c re te  and c rack in g  cou ld  be made as a l l  th e  co n cre te  was o f  th e  
same p ro p o r tio n . F u r th e r  re s e a rc h , u s in g  d i f f e r e n t  co n c re te  q u a l i t i e s  
would perhaps show a re la t io n s h ip *

C racking due to  causes o th e r  th a n  t r a n s f e r  s t r e s s e s  

A c lo se  in s p e c tio n  was made o f each beam to  see  w hether th e re  was 
c rack in g  due to  any cause o th e r  th a n  th e  t r a n s f e r  s t r e s s e s ,  and th e  
fo llo w in g  c a se s  o f  c rack in g  were no ted :
^  l )  H o riz o n ta l c rack in g  along th e  Ju n c tio n  o f  th e  to p  f lan g e  and 

web n e a r th e  c e n tre  o f  th e  span  i n  beams A3(3) &n& A 3(6), b e fo re  

th e  d e ten s io n in g  (R ef. F ig . 23a ) ;
2) V e r t ic a l  c rack s  in  bottom  fla n g e  in  beams A 2(l) and A2(2) a f t e r  

t r a n s f e r  (R ef. F ig . 23a )J
3) H o riz o n ta l w eb-cracks n o tic e d  about th re e  months a f t e r  th e

A t r a n s f e r  i n  beams A 3(l) and A 3(2).
l )  H o riz o n ta l C racking along th e  .junction  o f  th e  to p  flan g e  and web:

These c rack s  were d isco v e red  i n  two o f  th e  beams w h ile  making a 
c lo se  in s p e c tio n  o f them b e fo re  de tension ing*  They were found n e a r th e  
c e n tre  o f th e  span, on b o th  s id e s  o f  th e  web, and were ragged and 
d isco n tin u o u s  having le n g th s  o f  about 2 to  6 in c h e s . I t  i s  d o u b tfu l 
t h a t  they  extended  th rough  th e  f u l l  web th ic k n e s s . R e la t iv e ly  s t r a ig h t  
c ra c k s , con tinuous over an a p p re c ia b le  le n g th  would have been  observed , 
had th e  c rack s  been  th rough  th e  web. The p ro b ab le  causes o f such 
c rack in g  and t h e i r  rem edies a re  d iscu ssed  as  fo llo w s : -

( a )  S e ttlem en t -  th e  amount o f  s t r e s s  b u ild -u p  o f th e  ju n c tio n  o f  

A  th e  web and th e  to p  flan g e  i s  a fu n c tio n  o f  th e  se ttle m e n t and th e  
r e s is ta n c e  t o  c o n c re te  flow  caused  by th e  form c o n f ig u ra tio n .

The use o f f la n g e  f i l l e t s  red u ces  th e  r e s is ta n c e  t o  flow  o f c o n c re te  
by a llow ing  th e  co n cre te  t o  move tow ard th e  base o f s o f f i t  form . The 

g r e a te r  th e  f i l l e t  ang le  r e l a t i v e  t o  th e  h o r iz o n ta l ,  th e  sm a lle r  w i l l  be 
th e  r e s is ta n c e  and th e  sm a lle r  w i l l  be th e  b u ild -u p  o f  s t r e s s .

The fo rm atio n  o f  such c rack s  can  be avoided  by p ro p er agg regate  
g ra d a tio n , c o n tro l l in g  th e  w a te r-co n ten t and reducing  th e  slump th u s  
m inim ising  th e  co n cre te  s e tt le m e n t.  The placem ent o f  c o n c re te  i n  th re e  

s e p a ra te  s ta g e s ;  th e  bottom  f la n g e , web and to p  fla n g e s  has a lso  been  
p roved t o  be a  s u c c e ss fu l method fo r  th e  e lim in a tio n  o f  such c ra ck s .
T h is  i s  a p p lic a b le  p a r t i c u la r ly  to  deep beams w ith  narrow w ebs.



(b) Shrinkage -  S hrinkage, th ro u g h  lo s s  o f  m o istu re  frcm co n cre te  

during  th e  cu rin g  o f a  p re s tr e s s e d  beam, i f  allow ed to  occur, may a lso  
a f f e c t  s t r e s s  b u ild -u p  a t  th e  r e - e n t r a n t  c o rn e rs  o f th e  web and th e  

f la n g e s . The tendency  o f  th e  beam to  sh rin k  in  a  v e r t i c a l  d i r e c t io n  
i s  r e s t r a in e d  by th e  s id e  form s. T his w i l l  obviously  r e s u l t  i n  c rack in g  
a t  th e  ju n c tio n  o f  th e  webs and th e  f la n g e s .

Shrinkage can  be reduced f o r  a  g iv en  aggregate  g ra d a tio n  by u s in g  
minimum w ater p e r u n i t  volume o f  c o n c re te . I n  o rd e r t o  reduce th e  

chance o f  c rack s  fo rn in g  due t o  sh rinkage th e  web forms were s t r ip p e d  
as  e a r ly  a s  was p r a c t ic a b le ,

2) V e r t ic a l  C racks i n  bottom  f la n g e :
V e r t ic a l  c rack s  i n  th e  bottom  flan g e  were d e te c te d  a t  th e  tim e o f  

d e ten s io n in g  in  one beam, and, a  day a f t e r  s t r e s s in g ,  i n  two beams. The 
on ly  obvious rea so n  o f  c rack in g  i s  lo c a l i s a t io n  o f  h ig h e r s t r e s s e s  i n  th a t  
re g io n  during  th e  p rocess o f  t r a n s f e r .

Such c rack s  can  be avoided i f  th e  d e ten s io n in g  i s  c a r r ie d  out slow ly  
w ith  much ca re  and a t te n t io n ,

3) H o rizo n ta l c rack s  about th re e  months a f t e r  th e  t r a n s f e r :

These h o r iz o n ta l  w eb-cracks were d isco v e red  i n  beams A 3 (l) and 
A3(2) w ith  e n d - s t i r ru p s  w hile  examining them about th re e  months a f t e r  th e  
t r a n s f e r  o f p r e s t r e s s  from s t e e l  to  th e  c o n c re te . The c rack s  were v e ry  
m inute h a ir -c ra c k s ,  v i s ib le  t o  th e  naked eye, i f  in sp e c te d  c a r e f u l ly ,  and 
th ey  extended along b o th  th e  s id e s  fo r  a  d is ta n c e  o f 6 inches*

These c ra ck s  were p robab ly  due t o  h ig h  t e n s i l e  s t r e s s e s  r e s u l t in g  
frcm th e  c reep  and th e  sh rinkage  o f  c o n c re te .

A ll  th e se  c rack s  due to  secondary causes changed v e ry  l i t t l e  during  

th e  p ro cess  o f d e ten s io n in g  and rem ained u n a ffe c te d  by tim e .
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DISCUSSION



CHATTER 6 . DISCUSSION.

Comparison betw een th e o ry  and experim ents (R ef. Table C)

(a )  V alues o f n f y f
The v a lu e s  o f *’ f  ** , i . e .  th e  maximum v e r t i c a l  t e n s i l e  s t r e s s e s  f o r  y *

each t e s t  beam a t  every  s te p  o f d e ten s io n in g  were found from th e
m easured v e r t i c a l  t e n s i l e  s t r a in s  u s in g  f o r  th e  modulus o f e l a s t i c i t y
o f co n c re te  th e  ex p re ss io n  (60 ,000  V^0.8fc *) p . s . i .  The mean v a lu es  o f
th e se  s t r e s s e s  were compared to  t h e i r  co rresponding  v a lu e s  found by

th e  author* s e x ten s io n  o f Magnel* s th e o ry ; and by B le ic h -S ie v e rs* , G uyon's and
M arshall* s m ethods.

Guy on* s method u n d erestim ated  and B le ich -S iev ers*  method ov erestim ated , 
w h ile  M arshall* s method and th e  author* s ex ten s io n  o f  Magnel* s method gave 
th e  n e a re s t  v a lu es  (R ef. T able  C ).

I n  u sin g  S ievers*  th eo ry , th e  ex p re ss io n  he g iv e s  fo r  th e  te n s io n  due 
to  a  s in g le  asym m etrioal load  has been  used  and n o t h i s  eq u a tio n  f o r  
sym m etrical lo ad s  w hich cannot app ly  i n  t h i s  case  due t o  th e  la c k  o f 
symmetry o f th e  lo a d s . S ievers*  ex p re ss io n  f o r  an asym m etrical lo ad  i s  
i n  e r r o r  s in ce  i t  om its s p l i t t i n g  fo rc e s  which r e s u l t  from unbalanced 
h o r iz o n ta l  sh ea rs  along th e  n e u tr a l  a x is .  T h is  may account f o r  th e  very  
la rg e  d if fe re n c e  betw een th e o r e t i c a l  and ex p erim en ta l v a lu e s .

A ccording t o  Magnel* s th e o ry  f o r  p o s t- te n s io n e d  p re s tr e s s e d  co n c re te
, n 5M / n 12x2 16x3\ M_ T +i. • ^beams, f  = *^2 ( - 1  + ^ r -  + ^  In  t h i s  e x p re ss io n ,
** f  !t i s  in v e rs e ly  p ro p o r t io n a l  to  ** a^" where 11 a” i s  th e  le n g th  o f  th ey
anchorage zone. wa** i s  g e n e ra lly  ta k en  as eq u a l to  th e  d ep th  o f th e  beam.
I n  th e  p re se n t in v e s t ig a t io n ,  i f  "a** i s  ta k e n  as eq u al t o  th e  dep th  o f  th e  

beams used , i . e .  12 in c h es , th e  v a lu e s  o f ttf  ** ob ta ined  by u s in g  th e  abovey
ex p ress io n  a re  g re a te r  th a n  th e  observed ones, w h ile  Chaikes* (7 ) m o d if ic a tio n
o f  Magnel* s th e o ry  g iv e s  v a lu es  o f  **f ” th a t  a re  l e s s e r  th a n  th e  observed

y  KlMones. But when th e  author* s e x te n s io n  o f Magnel* s th e o ry , i . e .  f ^  =

(R ef. C hapter 3) i s  u sed , i t  g iv e s  th e  n e a re s t v a lu e s  in  b o th  o f  th e  

S e r ie s  A and S e r ie s  B beams (R e f. Table C) . So th e  author* s assum ption 
th a t  in  p re te n s io n e d  beams **aM o f Magnel* s th e o ry  i s  eq u a l t o  th e  

tra n sm iss io n  le n g th  o f  th e  p re s t r e s s in g  w ire s  used  i s  j u s t i f i e d .

M arshall* s method gave b e t t e r  r e s u l t s  in  th e  case  o f  S e r ie s  B beams 
on ly . I n  th e  p re se n t p ro je c t  M arshall*  s method d id  not g ive  as  s a t i s f a c to r y  
r e s u l t s  as were expected  because i t  was noted th a t  M arshall* s s tu d y  was 
d i f f e r e n t  from th e  p re se n t in v e s t ig a t io n  in  c e r t a in  r e s p e c ts .

-  hO -



TABLE C . VALUES OP " f " AMD "K?T
______________ I __________

|

Beam
No.

2
bd
M

in 2
lb .

f y
obs.

XSin

Mean « f  ** f o r  P / l6  l b / i n 2 T h e o re tic a l  

K =

K =

f  bd2
y

Mean
"K”

»

Obs. G-an- 
g u l-  

i* s 
ex ten  
- t i o n  

o f 
Mag- 
nel* s

Guy- 
on* s

B le - 
i c h -  
S ie -  
ver* s

Mars
h a ll*  s

When

0 .2

When

0 .6

M
Obs.
from

E xpts

A l( l )

A l(2 )

A l(3)
0.09

106

104

107

106 86 53 365 204

3 .4

3.65
3.85

10.3 
11.0

11 .4

10.0
9 .8

10 .1
9 .5

A 2(l)
A2(2)

A2(3)
a.075

72

94
69

79 102 55 435 2 kh
3.85

3.75
3.65

1 1 .4
11.2
11.0

5 .4

7 .1
5 .2

5 .9

A3(5)
A3(6)

A3(7)

0.06
125

77
89

97 127 55 535 300
3.95
4
2 .7

11.9
1 1 .4

8 .1

8 .0

4 .9
5 .7

5 .8

B l( l )

B l(2 )

B l(3 )

0.17
57
68
80

69 50 61 187 55
3.95
3.75
3 .4

11.9
11.2
10.2

9 .7
11.6

13.6
11.7

B 2(l)
B2(2)

B2(3)

0.15
85
82

69

78 60 61 224 66
3.70
3 .8
3 .8

11.0

11 .4
1 1 .4

12.7
12.5
10.5

11.7

B 3(l)
B3(2)

B3(3)
B3(4)

0 .12

85
117

85
80

92 75 59 280 82

4.15
4.05

4.05
3.05

12 .1
12.0

12.0

9 .2

1 0 .4  
14.2

1 0 .4
9 .8

11.0
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The b a s ic  p o in ts  o f d if fe re n c e  no ted  betw een M arsh a ll1 s  study and 

th e  p re se n t in v e s t ig a t io n  can  be d isc u sse d  as fo llo w s:
I n  th e  p re se n t in v e s t ig a t io n , th e  maximum v e r t i c a l  t e n s i l e  s t r e s s

always occurred  on th e  en d -face  o f th e  beam w hereas in  M arshall*  s p ro je c t
i t  occu rred  a t  a  d is ta n c e  o f  no t le s s  th a n  1 in c h  from th e  edge o f th e
beam. I n  o th e r  words, i n  h is  experim ents nx" o f th e  e x p re ss io n  19b always

had a v a lu e , w hereas in  th e  p re se n t in v e s t ig a t io n  ” x?f was always z e ro .
T h is  m ight be because he used s tra n d s  in s te a d  o f  h ig h - te n s i le  s t e e l  w ire s
as were used  in  th e  p re se n t p r o je c t .  Or, perhaps th e  maximum v e r t i c a l

t e n s i l e  s t r e s s  was o ccu rring  a t  a d is ta n c e  le s s  th a n  1 / 2  in c h  from th e
edge, and i t  cou ld  not be m easured i n  th e  p re s e n t in v e s t ig a t io n  as  th e

f i r s t  l in e  o f gauge p o in ts  was p laced  a t  a  d is ta n c e  o f 1 / 2  in c h  frcm th e
” 2?’ 1edge. T h is  m ight be p o s s ib le  as th e  r a t i o  —rpwas gg""̂ 1 -̂n  M arshall * s 

experim ents, which would re q u ire  as n x?* o f le s s  th a n  3/2  in ch  i n  i*3® 
p re s e n t in v e s t ig a t io n  a s  th e  " d* h ere  i s  only 12 in ch es  as compared t o  

22-2 in ch es  o f M arshall* s beams.
I n  M arshall* s experim en ts, th e  w ire s  were de ten sio n ed  in  s e v e ra l 

s ta g e s  by c u tt in g  them in  sm all groups a t th e  tim e o f  t r a n s f e r .  I n  th e  
beams w ith  eq u al p re s tr e s s in g  w i r e - d is t r ib u t io n  a t  to p  and bottom , th e  
de ten s io n in g  was c a r r ie d  out by c u t t in g  th e  w ire s  co n cen tra ted  in  th e  
to p  o f th e  s e c t io n  from th e  topm ost row downwards. \7hen a l l  th e  tq p -  
flan g e  w ire s  had been  re le a s e d , th e  bottom  flan g e  w ire s  were re le a s e d  
by c u t t in g  them s ta r t in g  frcm th e  bottom -m ost row and moving upwards .
T h is  r e s u l te d  in  v a lu e s  o f  ,!MV a t  each  s ta g e , which were g re a te r  th a n  th e  
co rresponding  v a lu es  in  beams w ith  unequal p re s tr e s s in g  w ir e - d is t r ib u t io n  a t 
to p  and bottom  where th e  w ire s  were cu t i n  groups o f two i n  a  d i f f e r e n t  
o rd e r, i . e .  two o u te r  w ire s  from th e  bottom -m ost row, th e n  th e  two o u te rs  
from th e  one above i t  and so on.

In  th e  p re se n t in v e s t ig a t io n  th e  method o f  d e ten s io n in g  was d i f f e r e n t  

frcm th e  one used  by M arsh a ll a l l  th e  w ire s  be in g  re le a s e d  to g e th e r  slow ly 
in  a  number o f sm all eq u a l s te p s .  The**MV a t  each  s te p  was th u s  c a lc u la te d  

fo r  a l l  th e  fo rc e s  a c tin g  to g e th e r  on th e  s e c t io n  and th e  *»M» f o r  beams w ith  
equal w ire - d is t r ib u t io n  a t  to p  and bottom  were g re a te r  th a n  th o se  i n  th e  

beams w ith  unequal w ir e - d is t r ib u t io n  a t  to p  and bottom .
M arsh a ll’ s sta tem en t th a t  nth e  tendency to  c rack  i s  g re a te s t  when th e  

tendons a re  d iv id e d  betw een th e  to p  and th e  bottom  o f  th e  beanf was n o t 

confirm ed by th e  p re se n t in v e s t ig a t io n ,  as c rack in g  occu rred  in  th e  s e r ie s  
A beams as w e ll as in  th e  s e r ie s  B beams. And, hence, th e  proposed th eo ry  

does no t d i f f e r e n t i a t e  between beams where s p l i t t i n g  i s  l i k e ly  to  occur and 

th o se  where i t  i s  n o t.



I n  th e  S e r ie s  B beams, h ig h e r s t r e s s e s  were o b ta in ed  in  th e  

s e c tio n s  w ith  th in n e r  webs which i s  p re d ic te d  by G-uyon1 s and B le ic h -  
S ievers*  th e o r ie s .  I n  S e r ie s  A, th e re  Y/as a s l ig h t  b u t n o t d e f in i te  
t r e n d  in  th e  opposite  d i r e c t io n .

(b) V alues o f ’’K?1 i n  M a rsh a ll1 s Method

While d is c u ss in g  th e  advantages o f M a rsh a ll’ s th e o ry , i t  must
be p o in ted  out th a t  i t  i s  v e ry  dependent on th e  v a lu es  ta k e n  fo r  ’’K!’ .
I f  th e  fundam ental approach combining J  anney* s and Guyon* s th e o r ie s  i s

sued to  f in d  out th e  va lue  o f  **K?’ , ”K” v a r ie s  from 2 .7  to  11.9 depending
on th e  v a lu es  o f **0” and ”Bc" . Again, M arsh a ll suggested  th a t  th e  v a lu e
K = 18 should  be used  f o r  beams w ith  tendons la rg e ly  co n ce n tra te d  in  th e
bottom  o f th e  beam, and K = 9, f o r  beams w ith  tendons e q u a lly  d iv id ed
betw een th e  to p  and th e  bottom  o f th e  beam.

The v a lu e s  o f  *'K** found out from th e  experim ents u sing  th e  ex p ress io n  
f  bd2K -■ have been  reco rd ed  in  T ab le  C to g e th e r  w ith  th e  observed and th e

th e o r e t i c a l  v a lu es  o f ” fy” which g iv e s  a  f u l l  com parison betw een th e

d i f f e r e n t  v a lu es  (R e fe r to  P ig s . 25& & 25t>)*
T h e o re t ic a l ly ,  low er v a lu es  o f  ttK?’ are  expected  f o r  th e  th in n e r  

w eb -sec tio n s  which i s  a ls o  confirm ed from th e  experim en ts. The observed 
v a lu es  o f **K*' have been  p lo t te d  f o r  th e  S e r ie s  A and th e  S e r ie s  B beams
in  th e  P ig s . 25a & b . The average **K*' f o r  th e  S e r ie s  A beams i s  7*0 and
th a t  f o r  th e  S e r ie s  B beams i s  11.4*

The experim en tal v a lu e s  o f tlKM seem to  agree w ith  th o se  found from 

th e  ex p re ss io n  K = ■^r, based  on Janney*s and Guyon*s th e o r ie s ,  b u t d i f f e r  
from th o se  suggested  by M arsh a ll. .. (P o r th e  b a s ic  p o in ts  o f  d if fe re n c e  
betw een M arshall* s s tudy  and th e  p re sen t in v e s t ig a t io n ,  p le a se  r e f e r  to  
th e  d is c u s s io n  under th e  s u b - t i t l e  **V alues o f  *'f ** on page 40*)y

D esign o f th e  E n d -S tirru p  R einforcem ent

Two sim ple methods o f d esig n in g  th e  e n d - s t i r ru p  re in fo rcem en t have 
a lre ad y  been  d iscu ssed  in  C hapter 3«

Those methods can  be a p p lie d  to  e s tim a te  th e  amount o f  re in fo rcem en t

re q u ire d  to  be p rov ided  a t  th e  ends o f th e  beams t e s t e d  in  th e  p re se n t 

in v e s t ig a t io n .  The v a lu e s  t o  be ta k e n  f o r  **K7* a re  7*0 and 1 1 .4  fo r  th e
S e r ie s  A and th e  S e r ie s  B beams r e s p e c t iv e ly ,  which a re  th e  average o f  th e

v a lu es  o b ta in ed  from th e  experim ents fo r  each s e r i e s .

-  43 -
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i )  S e r ie s  A Beams
To apply method 1 i n  S e r ie s  A beams we have K = 7*0; M (average

o f th e  th re e )  = 4900 lb . in c h e s ;  d = 12 in ch es  ard f  = 20,000 p . s . i .
Hence from (23) Aw = £ £ - | J £ 2 2 _ _  = 0 .018 s q . in .

Now, t o  apply  method 2 in  S e r ie s  A beams, we have P  s  9 x  4194 lb s ;  

d  = 12 in c h e s ; 1^ = 50 x 0 .2  inches and f  = 20,000 p . s . i .
T h e re fo re , frcm  eqn (24) A 0 .021 x 9 x  4194 12_____

W '  20,000 X 50 x  0 .2  sq-*l n *

= 0.045 s q . in .

i i )  S e r ie s  B Beams
Proceeding in  a  s im ila r  way f o r  th e  S e r ie s  B Beams , we g e t 

Aw = 0.015  s q . in .  and 0.05  s q .in s  by method 1 and method 2 r e s p e c t iv e ly .
So i t  i s  q u ite  obvious t h a t  i f  we p rov ide  one 0 .2  in c h  diam. m.s* 

s t i r r u p  a t a  d is ta n c e  o f 1 in c h  frcm th e  edge o f  th e  beam, which g iv e s  an 
"A^*1 o f O.O63 s q . i n s . ,  c ra ck in g , i f  any, w i l l  be p rev en ted . T h is  i s  
a p p lic a b le  to  th e  S e r ie s  A as  w e ll as th e  S e r ie s  B beams. T h is  
re in fo rcem en t was prov ided  in  Beam A3(4) and th e re  was no c ra ck in g .

Control of Cracking
The p ro v is io n  o f  e n d -s t ir ru p  re in fo rcem en t i s  th e  b e s t  s o lu tio n  

f o r  th e  c rack in g , as even a  sm all amount o f s t i r r u p s  would r e s t r i c t  th e  
grow th o f such c rack s  under a l l  c o n d itio n s  and th u s  in c re a se  th e  
s e r v ic e a b i l i ty  and p e rfo m an ce  o f  th e  g i r d e r s .

The amount o f re in fo rcem en t should  be d i s t r ib u te d  un ifo rm ly  over a 
d is ta n c e  o f o n e - f i f th  o f  th e  dep th  o f  th e  beam, m easured frcm th e  end, 
th e  f i r s t  s t i r r u p  should  be p laced  as c lo se  to  th e  en d -face  o f  th e  beam 
as p r a c t ic a b le .

The p o s s ib i l i t y  o f  w eb-cracking may be m inim ised in  an o th er way 
by d i s t r ib u t in g  th e  p re s tr e s s in g  w ire s  as un ifo rm ly  over th e  e n d -sec tio n  
as i s  p ra c t ic a b le .  Too g re a t a  c o n c e n tra tio n  o f  th e  w ires  can  le a d  to  

th e  fo rm ation  o f  c rack s  im m ediately about them.
Chances o f w eb-cracking can be reduced  by keeping th e  e n d -p la te s  in  

t h e i r  u su a l p o s i t io n s ,  a t  th e  tim e o f  t r a n s f e r .
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Concluding Remarks
The v a lu e s  o f  th e  v e r t i c a l  t e n s i l e  s t r e s s e s  n e a r  th e  y/eb-cracks, 

measured a t a s te p  when th e  c rack  "became v i s ib l e ,  were about 1200 lb ^ /s q .in *  
But in  some o f th e  beams where c rack s  were no t v i s ib le  to  th e  naked eye, 

s t r e s s e s  a s  h ig h  as 3000 l b s / s q . i n .  were reco rd ed  su g g es tin g  th e  fo rm ation  
o f  some in v is ib le  c rack in g . So u sin g  a  f a c to r  o f s a f e ty  o f  1*5 we can 
say th a t ,  i f  th e  v a lu e  o f th e  maximum v e r t i c a l  t e n s i l e  s t r e s s  found frcm 

th e  e m p ir ic a l form ula by M arsh a ll, f  = ~ 2 >  exceeds 800 lb s / s q . i n ,  f o r  
th e  q u a l i ty  o f  co n cre te  which was used in  th e  p re s e n t in v e s t ig a t io n ,  i t  

i s  a warning th a t  c rack in g  i s  l i k e ly  to  occur and th e  s e c tio n  should  be 
re in fo rc e d . Hence, t h i s  form ula can be used  to  p re d ic t  where th e re  a re  
chances o f  c ra ck in g . The amount o f e n d - s t i r ru p  re in fo rcem en t can  a lso  be 
determ ined by  a sim ple method based  on th e  same form ula as has a lre ad y  
been d isc u sse d .

The a p p l ic a b i l i ty  of th e  v a lu es  o f  "K?1 o f  th e  ex p re ss io n  f  = 
found frcm th e  p re se n t s tu d y  shou ld , however, be v e r i f i e d  and confiim ed 
by more experim ents by vary ing  th e  co n cre te  m ix and th e  w ater/cem ent r a t i o ,  
th e  ty p e  and d iam eter o f th e  w ire , and th e  method o f  co n cre te  c u rin g , as th e  
on ly  v a r ia b le s  in  th e  p re se n t in v e s t ig a t io n  were th e  w id th  o f  th e  web and 
th e  d i s t r ib u t io n  o f  th e  p re s t r e s s in g  w ires  on th e  s e c tio n .

The author* s e x ten s io n  o f Magnel* s method o f  th e  d e te rm in a tio n  o f  th e  
v a lues o f v e r t i c a l  t e n s i l e  s t r e s s e s  gave v ery  s a t i s f a c to r y  r e s u l t s .  For 
i t s  use in  th e  desig n  o f f ic e  as a  check a g a in s t th e  p o s s i b i l i t y  o f end-zone 
c rack in g  i t  i s  recommended th a t  th e  v a lu e  o f  *'1̂ .** shou ld  be tak en  as 80 tim es 
th e  d iam eter o f  th e  pare s t r e s s in g  wiares where p la in  and in d en ted  w ire s  aare 
used . I t  should , however, be m odified  where s tra n d s  a re  used  as pare s t r e s s in g  
tendons*
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APPENDIX I . ESTEPI.IIMaTION OF fM!

'M1 i s  th e  r e s u l ta n t  o f th e  moments o f a l l  th e  p re s tr e s s in g  fo rce s  

and th e  r e s u l t in g  p re s tr e s s  d i s t r ib u t io n  a t  th e  end o f  th e  tra n sm is s io n  
len g th  about th e  n e u tr a l  a x is .  I t  can  be c a lc u la te d  as fo l lo w s : -

Case 1. S e r ie s  A Beams (R ef. F ig . 26a)

I f  11P ^1 and P^f a re  th e  p re s t r e s s in g  fo rc e s  a p p lie d  a t  th e  to p  and 
th e  bottom  o f  th e  s e c tio n  re s p e c t iv e ly ,  "e" and f1e ,M being  t h e i r  
re s p e c tiv e  e c c e n t r i c i t i e s ,  and !,y" being th e  d is ta n c e  betw een th e  n e u tr a l  
a x is  and th e  extreme f ib r e  o f th e  s e c t io n , th e n  to  p lo t  th e  diagram  f o r  
th e  p r e s t r e s s  d i s t r ib u t io n  a t  th e . end o f th e  tra n sm iss io n  le n g th , th e  
f ib r e  s t r e s s e s  a t  to p  and bottom  o f  th e  s e c t io n  have t o  be known.

F ib re  s t r e s s  a t to p :  Pp P ^ .e .y  P^1 P ^ * .e* .y

F ib re  s t r e s s  a t bottom : P^ P ^ .e .y  P ^! P^* . e .* .y
A I  + ~  + I

These b e in g  known, th e  moment o f  th e  p r e s t r e s s  d i s t r ib u t io n  diagram , 
about th e  n e u tr a l  a x is  can be determ ined .

The moment o f  th e  p re s tr e s s in g  fo rce s  P^ and P^! about th e  n e u tra l  
a x is  i s  (P 1 l . e l -  P-^.e).

Hence, , th e  r e s u l ta n t  o f  th e se  two moments can  be found o u t.

Case 2 . S e r ie s  B Beams (R ef. F ig . 26b)

I n  case  o f th e  S e r ie s  B beams, th e  p re s t r e s s in g  fo rce  (P^) a p p lie d  
a t th e  to p  and th e  bottom  o f th e  s e c t io n  b e in g  o f  th e  same v a lu e , th e  
p r e s t r e s s  d i s t r ib u t io n  a t  th e  end o f th e  tra n sm iss io n  le n g th  i s  un iform .

Hence r e f e r r in g  t o  F ig . 26b and co n sid e rin g  th e  fo rc e s  above th e  
n e u tr a l  a x is  only ,

U . P r e - P r  j  = Px ( • - £ ) .
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APPENDIX I I .  SAMPLE CALCULATIONS

S e r ie s  A Beams

a) D eterm ination  o f th e  e x te n s io n  re q u ire d  in  each w ire  t o  produce 

th e  d e sig n  p r e s t r e s s .

B reaking load  f o r  th e  0 .2 ” diam. h . t . s .  in d en ted  w ire  used  =
n

3*4 to n s , and th e  u lt im a te  s t r e s s  f o r  i t  = 109 t o n s / in  .
Hence, working lo ad  = 0 .7  x  3 .4  to n s , i . e .  2*4 to n s , and th e

O
working s t r e s s  = 75*6 to n ^ / in  •

th e  t o t a l  e x te n s io n  re q u ire d  in  each w ire  t o  produce a

d esig n  p r e s t r e s s  o f 2 .1  to n s  = 2 .1  x  2240 x 16 x 12 x  4  in ch es
7T̂ x  0 .0 4  x  28 x  10°

o r 1.02  in c h e s .

b ) C a lc u la tio n s  o f  E la s t i c  Loss o f  P r e s t r e s s .

I f ,  A , = a re a  o f  s t e e l  w ire s  i n  th e  c ab le ,, s t  *
e = th e  e c c e n t r ic i ty  w ith  which th e  p re  s t r e s s in g

fo rc e  has  been  a p p lie d ,
P = th e  fo rc e  in  w ire s  b e fo re  t r a n s f e r ,  o '
P^ = th e  fo rc e  i n  w ire s  a f t e r  t r a n s f e r ,  
m = m odular r a t i o ,
A = c ro s s - s e c t io n a l  a re a  o f  th e  beam,
I  = moment o f  i n e r t i a  o f th e  s e c tio n , 

th e n [  1 + ( j “ + J  ) ] f o r  A1 beams

= [ 1 + 7 x  9 x  0 .0314  ( ^  ) ]

= 1.12  (say )

[F o r  A1 beams = 9 x  0 .0314  s q . in ;  m = 7 ;
e = 4 .8  in c h e s :  P  = 294 lb s ;  A = 4 8 in ^ ;

> o '
I  = 684 i n  . ]

C a lc u la tin g  i n  a  s im ila r  way,
e2 1

[1  + mAĝ . ( - J  + ][ ) ] f o r  A2 and A3 beams a re  1 .1 2 . *
PQ

.*. P.. f o r  S e r ie s  A beams = ---------------- rn----- =—

lb s  o r 262 lbs*«L#

♦ NOME: The v a r ia t io n  i n  th e  v a lu e s  o f [  1 * (j~  + J ^o r A l, A2
& A3 beams i s  n e g l ig ib le ,  a lth o u g h  th e y  have d i f f e r e n t  v a lu es  o f  I  and A,
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c )  D e t e r m in a t io n  o f  HMV

2
To c a lc u la te  "M" f o r  each  s te p  fo r  th e  A1 beams, we know A =■ 4 8 in  ;

I  = 682fin^; P^ = 2 x  262 lb s ;  P^* = 7 x 262 l b s ;  e = 5 in c h e s ;
e* = 4 .7  in ch es  and y  = 6 in c h e s ,

.*. f ib r e  s t r e s s  a t  th e  to p  o f  th e  p r e s t r e s s - d i s t r i b u t i o n  diagram  =

[ 2 x 262 2 x 262 x  5 x  6 7 x  262 7 x 262 x  4»7 x 6 1
48 + 684 + 48 ^84 «

l b s / i n  ,

= 0 l b / i n 2
and, f ib r e  s t r e s s  a t  th e  bottom  o f  th e  p r e s t r e s - d i s t r i b u t io n  diagram  =

f 2 x 262 2 x 262 x 5 x 6 7 x 262 7 x 262 x 4 .7  x 6 1
48 684 + 48 684

= 98 l b s / in 2 .

l b s /  in 2

The mcment o f  t h i s  diagram , about th e  n e u t r a l  a x is  o f  th e  s e c t io n  

i s  c a lc u la te d  to  be  1068 lb , in c h e s ,
.*. M = 7 x 262  x 4*7 -  2 x  262 x 5 ~ 1068 l b , i n s .  o r 4912 l b . i n s .
I n  a s im ila r  way, "IP* fo r  th e  A2 and A3 beams a re  found to  be 

4873 l b . i n s .  and 4834 l b . i n s . ,  r e s p e c t iv e ly .

SERIES A BEAMS

P
l4 s .

**15** a t  each  s te p l b . inches

iB s. A1 Beams A 2 Beams A3 Beams

294 262 4912 4873 4834

d) D e term ination  o f  ftKV i n  M arsha ll* s  Method.

"K?’ i s  found- frcm M arshall* s e x p re ss io n  f  = -~ 2  s u b s t i tu t in g
th e  v a lu e s  o f  ” f  " ,  "M", "b" and ’’d’1 in  th e  same, 

y
For beams A l ( l ) ,  f  = 106 lb s / in 2 , (frcm  e x p t . ) ;  M = 4912 l b . i n s . ;y

Td = 3 in c h e s ;  d = 12 inches#
f  bd2 . ,  ,  9. T7" y  106 X 3 X  12

• * K =  M = 4912 = 10-° -

The v a lu es  of"K” fo r  o th e r  beams be lo n g in g  t o  th e  S e r ie s  A beams found 

out in  a s im i la r  manner are  l i s t e d  i n  T able  C i n  c h ap te r  6 .

-  4 8  -



e )  D e t e r m in a t io n  o f  ” f  " "by t h e  d i f f e r e n t  e x i s t i n g  m eth o d s*

i )  The a u th o r1 s e x ten s io n  o f  M agnel1 s method*

I n  th e  p re se n t in v e s t ig a t io n  x  = + —

. ,  5M , ,  12a2 1 6 . .  2CM 2CM
-  y  = t S?  ( - 1 + “ 2 + “ 813 ) = -bS2 = •

I n  S e r ie s  A "beams, 1^ = 19*5 in c h es  (average  o f  th e  observed v a lu es) 

I n  A1 beams, M = 4192 lb .in c h e s  and b = 3 in c h e s .

••• f y  = f r d t S ) 2 lV in 2  = 86 lb / in 2 -
S im ila r ly  th e  v a lu es  o f f  f o r  A2 and A3 beams a re  c a lc u la te d  to  be 
102 lb / in ^  and 127 l b / i n ^  r e s p e c t iv e ly .

i i )  Guy on1 s Method*

The v a lu es  o f  ** f  ** f o r  th e  A l. A2 and A3 beams when c a lc u la te d
y 2 2 2by Guyon*s method a re  found to  be 33 l b / i n  , 33 l b / i n  and 53 l b / i n  , 

r e s p e c t iv e ly .
NOTE: Guyon*s method o f  d e te rm in a tio n  o f th e  v a lu es  o f wf  w

fo r  a  beam where p re s tr e s s in g  fo rc e s  a re  a p p lie d  on th e  s e c t io n  i n  
groups i s  to o  e la b o ra te  t o  be d e sc r ib e d  h e re . P u l l  d e t a i l s  about i t
can be found in  Guyon* s book *’P r e s tre s s e d  C oncrete” p u b lish ed  by th e

C o n tra c to rs  Record and M un ic ipal E n g in ee rin g , London.

i i i )  B le ich -S iev ers*  Method.
Fran B le ich -S iev ers*  th e o ry , **f ** on th e  en d -face  i s  g iv en  byy

th e  ex p ress io n ,

* = - l 2y bd
I n  Al beams, M = 4912 lb . in c h e s ,  b = 3 in ches and d = 12 in ch es , 

Hence, f  = &  *  i V i n 2 = 355 I b / in 2 .
O

S im ila r ly , th e  v a lu e s  o f  **f ** f o r  A2 and A3 beams a re  435 l b / i n
p y

and 535 l b / i n  , r e s p e c t iv e ly ,  

iv )  M arshall* s Method*

A ccording to  M arsh a ll, ** f  11 on th e  en d -face  f o r  beams w ithy
p re s tre s s in g  w ire s  c o n c e n tra te d  m ainly  a t  th e  b o t ta n  o f  th e  s e c tio n , 

i s  g iv en  by th e  follovring e x p re ss io n ,

t  -y '  bdz
I n  A l beams, M = 4912 lb . in c h e s ,  b = 3 in ch es  and d = 12 in c h es .

-  49 -



T h ere fo re , f^  = x ' ^ I ^ 2 l b / i n 2 = 204 I b / i n 2 .

S im ila r ly , th e  v a lu es  o f 11 f  w f o r  A2 and A3 "beams, a re  found to  
p p y

"be 244 l h / i n  and 300 l b / i n  , r e s p e c t iv e ly .

S e r ie s  B Beams.
a) D e term in atio n  o f  th e  e x ten s io n  re q u ire d  in  each w ire  t o  produce th e  

d esig n  p r e s t r e s s .
I f  th e  d e s ig n  p r e s t r e s s  i n  S e r ie s  A beams i s  2 .1  to n s , i . e .  69 to n ^ /  

s q . in .  f o r  each w ire , and i f  th e  t o t a l  p r e s t r e s s  i s  9 x  2 .1  to n s  o r 18.9 
to n s  i n  th e  S e r ie s  B beams, th e  d e s ig n  p r e s t r e s s  fo r  each w ire  w i l l  be 

to n s , i . e .  2.36  to n s , th e  t o t a l  number o f  w ire s  be ing  8 .
The t o t a l  ex ten s io n  re q u ire d  i n  each  w ire  t o  produce a d esig n  

p re s t r e s s in g  fo rce  o f  2.36  to n s  in  i t
= 2.36  x  22W) x 16 x  1 2 » ,4  = 1>155 inche3> 

x 0 .0 4  x 28 x 10

b) C a lc u la tio n s  o f e l a s t i c  lo s s  o f p r e s t r e s s .

[ 1 + mA . (7 -  + 7  ) ] fo r  B l, B2 and B3 beams i s  1 .0 4 . *
S t  JL i i  p

_  _  o
Hence, P_ f o r  S e r ie s  B beams = 2 "" '7

1 + “Srt (r  :+ 1>

= ^22. lb s  o r 315 l b s .
-L.U4-

e2 1* NOTE: The v a r ia t io n  in  th e  v a lu e s  o f  [1  + ( j “  + J  ) ] **o r B l,
B2 and B3 beams i s  n e g l ig ib le ,  a lthough  th e y  have d i f f e r e n t  v a lues o f  
I  and A.

c) D eterm in a tio n  o f 11W  .

For th e  S e r ie s  B beams, P^ = 4  x 315 l b s ;  ® = 3 in ches and 
d = 12 in c h e s .

1?T h e re fo re , "ftp* a t  each s te p  = 4  x  315 (5  -  ~  ) lb . in c h e s .

o r 2315 lb . in c h e s .

SERIES B BEAMS

Po
lb s .

p i
lb s .

nW  at each step  
lb.inches*

327
1—

315 2315
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d) D eterm ination  o f  WK” in  M a rsh a ll1 s Method.

For beam B l ( l ) ,  f  = 37 l b s / i n 2 (from  e x p t . ) ;  M = 2315 lb . in c h e s ;
y

b = 3 in c h e s ; d = 12 in c h e s .

• X f y  -  57 I  3 X 12,4 _ J .
• •  K = m -  2515 '  ’ *

The v a lu es  o f "K” fo r  th e  o th e r S e r ie s  B beams a re  l i s t e d  in  T able

in  c h a p te r  6 .

e) D eterm in a tio n  o f M f  H by th e  d i f f e r e n t  e x is t in g  m ethods.
- y  . -

i )  A uthor1 s e x ten s io n  o f Magnel1 s method.
I n  S e r ie s  B beams 1̂ . = 18.3 inches (average  o f  th e  observed v a lu e s ) .

I n  B l beams, M = 2315 lb .in c h e s  and b = 3 in c h e s .

. 20LL 20 x 2515 „ / , 2 , ,  /. 2
•• f y  = b i ; 2 = " i  ( l b . 5 ) lb-/ l n  = 50 3 V “  •

S im ila r ly  th e  v a lu es  o f  wf  M fo r  B2 and B3 beams a re  c a lc u la te d  t o
2 2 be 60 l b / i n  and 75 l b / i n  , r e s p e c t iv e ly .

i i )  Guyon1 s Method.
See Note on page 4 9 .

The v a lu e s  of '’fy!1 f ° r  ‘the  B l, B2 and B3 beams, when c a lc u la te d  by.. 
Guyon1 s method are  found to  be 61 l b / i n 2, 6 l  l b / in 2 and 59 l b / i n 2, 
r e s p e c t iv e ly ,

i i i )  B le ic h -S ie v e rs1 Method.
I n  B l beams, M = 2515 lb .  in ch es , b = 3 in ch es  and d = 12 in c h es .

fy = bi = lb/ “ 2 = 187
S im ila r ly , th e  v a lu es  o f w f  n f o r  B2 and B3 beams a re  c a lc u la te d  to

2 2 ^  be 224 l b / i n  and 280 l b / i n  , r e s p e c t iv e ly .

iv )  M arsh a ll1 s Method.
M arsh a ll’ s " f  ” f o r  beams w ith  p re s tr e s s in g  w ire s  e q u a lly  d is t r ib u te d

y
a t  th e  to p  and bottom  o f  th e  s e c t io n  i s  g iv en  by  th e  fo llo w in g  e x p re s s io n :-

t  - S L  
y  "  bd2

I n  B l beams, M = 2515 lb .in c h e s ,  b = 3 in ch es  and d = 12 in c h e s .

*’• f y  = 5 * X W 2 lb / in 2  = 55
S im ila r ly , th e  v a lu es  o f  wf  ” fo r  B2 and B3 beams a re  c a lc u la te d  to

2 p y
be 66 l b / i n  and 82 l b / i n  , r e s p e c t iv e ly .
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