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ABSTRACT

This d ia s c r ta t io n  dooeribco an In v e s tig a tio n  in to  the  

s tru c tu ra l  c h a ra c te r is t ic s  o f a dowollcd j o in t  in  roinforcG d 

concre te  co n o tru c tio n , apoo ial a t te n tio n  being p a id  to  the  

ioad  which eueh a connection could oafcily tranom it in  ohcar. 

Concrete co n o tru c tlo n  jo in to , dowollcd jo in t s  in  highway 

pavements, eonneetions in  p ro cao t eonorotc- s tru c tu re s  anS 

the  attacluacnt o f  a d d it io n a l  clomenta to  c lip-form ed 

s trv e tu rc c ,  such as  a s la b  ca u t onto a o lid -w a ll in  the  

pouti-slidv  oi:agu o f co n o tru c tio n , a re  ty p ic a l  o f the  p ra c t ­

i c a l  icouea eeneevning the? designer in  th io  regard .

While eo rtadn  aopeoto o£ dowt-l a c tio n  have Leon f a i r ly  

oxtcno ively  stu d ied  by v a rio u s  a u th o rs , no recognized design 

guide o r  reeemmendation e x is ts  as  regards th e  sa fe  load 

aueh a dowollcd jo in t  can c a rry , eonnidvring a l l  th e  v a r i ­

a b le s  involved. The work described  in  t h i s  d is s e r ta t io n  

aims a t  e s ta b lish in g  aueh a design  p resed u ic  fo r  dowels.

A s e r ie s  o f t e s t s  was eonduatcd on s u ita b le  re in fo reo d  

concro to  m odels, uonoidorimi as  many o f  th e  la rg e  number 

o f param eters involved as  p o ss ib le , experim ental r e s u l ts  

wore g en e ra lly  p lo tte d  as lo a d -d e ilc a tio n  eu rves, and a 

s u ita b le  theory  was developed to  f i t  th e  experim ental data 

thus ob tained . C erta in  a p p lic a tio n s  o f  the  "beam on e la s t ic  

foundation" theory wore fourzl to  c o rr e la te  w ell w ith
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experim ental d a ta , and th is  fchecry has thus boon stu d ied  in  

some d e ta i l .

The coinbincd experim onial and th e o ro tic a l  ro e u l ts  were f in ­

a l l y  used in  the  e s tab lishm ent of s u ita b le  design  c r i t e r i a  

and sa fe  loads fo r  dowelled connectieno in  ro in fo rcod  con­

c re te  s tru c tu re s .
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CHAPTER 1
INTRODUCTION: T1H! DfMMl, &* AH RT.RMRNT OP REINFORCED
cowcRvm cnw M ",m (%  ������ �������	 ���������������������� �� ������������ ���	��
IN IT? AXALMIG

1 . 1  ������ ������������  in  RbiGFOhem comu:?r; �������� �!��������������

Tho dowel led  j o in t  i s  an e s s e n t ia l  anti in te g ra l  p a r t  o f  a 
g re a t  number o f e iv i l  engineering  s tru o tu ro o , and the 
oub jee t o f  th e  work i s  e o n c n tia lly  a study o f th e  behaviour 
o f  such jo in t s  in  re in fo rced  concre te  elem ents. The jo in ts  
and connections encountered in  co n c re te  c o n s tru c tio n  a rc  
v a t i r d  and some o f th e  ty p ic a l  examples a rc  diocuosiod 
b r ie f ly .

T ransvcrro  jo in t s  in  co n cre te  pavements a re  necessary  to  
make lo n g itu d in a l movements o f th o  pavement p o ss ib le , and 
to  re l ie v e  shrinkage and therm al s tr e s s e s .  In  mast highway 
designs round s te e l  dowels a re  placed  aeroon tho tra n sv e rse  
jo in t s .  Typical dowels would bo round p la in  b a rs ,  20 mm 
to  25 mm in  d iam eter, GOO nun in  len g th  and p laced  a t  about 
3Q0 mm to  500 nan c e n tr e s . One end o f  tho  dowel i s  capped 
and pa in ted  o r  greased to  p rese n t tho  l e a s t  p o ss ib le  r e s i s ­
tan ce  to  movement of tho  pavement,. The dowels a re  moot 
freq u en t)y  in  d i re c t  co n tac t w ith the  surrounding c o n c re te . 
In  come d esig n s , however, they  p re fe c t  in to  e l^oo ly  f i t t i n g  
heavy s le e v e s , which in  tu rn  bear in  the  c o n c re te .
P ra c t ic a l  co no true tton  conf>iderafei.>nH, o b serv a tio n  o f  p e r­
formance and experim ental d a ta , ra th e r  than  design a n a ly s is ,  
have led  to  tiv> c o n s tru c tio n  p ra c tic e s  in  common u se . The 
dowels f ro  req u ired  to  keep the  wearing su rfaces  on each 
s id e  o f the  jo in t  in  alignm ent even i f  subgrade support i s  
lack in g . They a re  a lso  req u ired  t > r e l ie v o  th e  concre te  
s tr e s s e s  duo to  wheel loads in  th e  immediate v ic in i ty  o t 
tho  jo in t s  by transform,’ng a p a r. o f those win.el loads to
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the  ad jacen t pavement. To perform those  fu n c tio n s  the  
dowel? them selves must be strong  enough to  c a rry  a reason­
a b le  p a r t  o f  the  load  acroas th e  j o in t  and, fu r th e r ,  they 
must bo dimensioned so t h a t  tho  boariz.g p roosures botv/con 
the  dowel and the  surrounding Generate do not execcd p e r­
m iss ib le  v a lu es , which would load to  b r i t t l e  f a i l u r e  of 
the  co n cre te . They rvust tra n o fo r  t h e i r  p o rtio n  o f  the  
wheel loads w ith a s u f i i e io n t ly  small d e fle c tio n  to  o f fe r  
a measure o f s id e  support to  th e  loaned sido  o f th e  jo in t  
cvan i t  tiio pavement r e s t s  on a r e la t iv e ly  non-yield ing  
sulx,radu, Analyses) c a rr ie d  out in  t h i s  f ie ld  by P r ib e rg 7, 
making use o f  a  mathematJ.vc.1 so lu tio n  p reaentcd  by •rimoshvnko 
and lco g o Is2'1, a re  f a i r l y  oomprehonoivo, but not e n ti r e ly  
s a t is fa c to ry ,  fii.icc i t  was neeeosairy to  use m a te ria l eon- 

tn  th ese  analyoea which had not been determined 
experim entally  w ith s u ff ic ie n t  a c su t-cy .

In  p rec a s t co n cre te  eonatruefcion, v a rio u s  p re fa b r ic a te d  
o tru e tu ra l  elem ents have t e  bo aocemblet5 in  o rder to  
comple'.e the  req u ired  o tru o tu ro . eiicuc acsnnoetioas a rc  
very c f  ten  in  the- f orm o f b*jltt=d o r dm ,el led  jo in t s  where 
the  s te e l  eonntiotor i a  grouted in to  th>- p reeao t conereto  
u n i t ,  h  t r a n s fe r  of ohear through khlu eonneeU)!' would 
again  r e la te  to  the  problem o f th e  so lu tio n  o f  dowel ac tio n  
in  re in fo rced  eonere to , and variew i a u th o ra W '’ have gj,von 
somo e o n jid e ra tio n  to  the  problem. The name o tru e tu ra l  
design  teeh n iau r would be app lied  to  th e  ecu r» 0£ th e  attach** 
went of bruekoto to  e:tiotin{i conereto columns o r w a llr , 
whoro tnc means o f co nncttion  lo  a grouted  d^wel o r  an 
expansion typo boi t.. Got in to  holes? d r i l le d  In to  thu 
o x is t i t i j  eoneectt; u tv u ctu re .

A eommon ^ n c t r u o tjo n  p ra e t ie c  in  t h i s  regard  a p p lie s  p a r­
t ic u l a r ly  to  olip-£orm ed o^ructuven. In  the  e lid in g  o f a 
re in fo rced  concre te  a lru tittm -, nuvlt an a s i l o ,  requiring 
somo type o f diaphragm s la b , f f r  example a ro o f o r f lo o r  
s la b , th e  lo llow ing t^eliniquo ia  o f t r'ii cp^'l od. Das a a re  
bonfe in  tjtu a lid -v w ll,  in to  aome m ate ria l such au pelyotyron'?
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���� 6.» o r so ft-b o ard , as shown in  Fig. 1 .1 .1 . In  the  p o s t-  
s l id e  co n s tru c tio n  phase, th ese  bars a re  then bent out in  
.Tome manner and the  s lab  c a s t  onto them (See Fig. 1 .1 .2 ) .  
Although some shear i s  tra n s fe r re d  through the  ledge in  
th e  w all and through the  concre te  shear in te r fa c e ,  th e  value 
o f  shear tra n s fe r re d  in  t h is  manner cannot always bo con­
s id e red  to  be r e l i a b l e ,  and i t  i s  to  tho  d es ig n e r’s 
advantage to  know th e  safe  shear which could be c a rr ie d  by 
th e  dowels in  t h i s  event.

In  general re in fo rced  concre te  co n s tru c tio n , v a rio u s  s tag es  
in  the  co ncrete  pouring program a re  determined s tr u c tu r a l ly  
by tho  in c lu s io n  o f  c o n s tru c tio n  jo in t s .  I f  a tra n sfe re n c e  
o f  shear i s  rc.„ti.Vcd a t  the  j o in t  then  t h ’.s shear must be 
c a rr ie d  by th e  concre te  a t  th e  jo in t  and the  s te e l  r e in ­
forcem ent c ro ss in g  ti.e  jo in t .  I f  the  concre te  in te r fa c e  
a t  the  jo in t  does not carry  any shear, owing fo r  example 
to  p o st co n s tru c tio n  shrinkage, bad p rep a ra tio n  o f the 
j o in t  concre te  su rfa c e s , o r a d e lib e ra te  gap fo r  shrinkage 
o r  therm al movement reaso n s, than  a l l  th e  shear must be 
tra n sm itte d  by th o  s to o l reinforcem ent c rossing  the  j o in t ,  
and the  ac tio n  o f th is  reinforcem ent i s  then  re fe rre d  to  
as  dowel a c tio n . In  water re ta in in g  s tru c tu re s  o f  modest 
d im ensions, o r where th e re  a re  scouring a c tio n s  from mech­
a n ic a l  s t i r r e r s  o r r o ta t in g  p add les, p r a c t ic a l  advantages 
r e s u l t  from th e  use of r ig id  jo in t s  throughout th e  s tru c tu re .  
S p e c if ica tio n s  u su a lly  demand p rep a ra tio n  of th e  f i r s t - c a s t  
c o n c re te , so t h a t  good uond i s  ob tained  between tho f i r s t -  
and second-cast concre te. In  la rg e r  s tru c tu re 's  such as 
r e s e rv o ir s ,  however, where the  e f f e c ts  o f shrinkage and 
temporaturo-ehangc. become more s ig n if ic a n t ,  r ig id  jo in t s  
a re  no longer s a t is fa c to ry .  I t  then  becomes necessary  to  
provide f le x ib le  jo in t s ,  and i f  shear must bo tran sm itted  
acro ss  such a jo in t ,  o r  in  th e  caso o f  a r ig id  jo in t  
whose concrete  su rfaces  do not provide a r e l i a b le  shear 
v a lu e , i t  i s  tho  dowel a c tio n  of th e  reinforcem ent passing  
through the  j o in t  which must tra n sm it t h i s  shear.
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Researchers in  th e  f ie l .  o f the  shear s tre n g th  of re in fo rced  
concre te  beams, ^Si®  recognize th e  ex is ten ce  o f a
dowel shear, r e s u l tin g  from the  po st-c rack in g  ac tio n  o f tho 
main te n s i le  reinforcem ent. The J o in t  ASCE-ACI Task 
Committee a r 'a n d  Diagonal Tension o f tho Committee on
Masonry anc ced Concrete o f tho S tru c tu ra l  D iv ision20
r e f e r  to  <■ as  a "dowel s h e a r ' and i t  i s  recognized a s  an 
in te g r a l  p a r t  o f the  to ta l  shear re s is ta n c e  o f a re in fo rced  
concre te  beam. I f  re in fo rc in g  b a rs  c ro ss  a c rack , shearing 
d isplacem ents along th o  c rack  w i l l  be r e s i s te d ,  in  p a r t ,  
by t h e i r  dowolling fo rce  in  tho b a r. The dowel fo rce  gives 
r i s e  to  ten sio n s  in  tho  surrounding co n cre te  and thooo, in  
combination w ith tho wedging ac tio n  o f the  bar deform ations, 
produce s p l i t t i n g  cracks along tho  re in fo rcem ent3, r e s u ltin g  
in  a decrease  in  dowel fo rc e , which n ev e rth e le ss  remains 
s ig n if ic a n t .  Although th is  dowel a c tio n  has been s tu d ied , 
the  la rg e  number o f  v a ria b le s  involved has g e n e ra lly  meant 
th a t  only a few p r a c t ic a l  casco have been considered .
Dowel ac tio n  o f t h is  n a tu re  i s  c re d ite d  w ith up to  300 of 
th e  in te r fa c e  shear tra n s fe r  in  c e r ta in  ca se s"0.

1 .2  TBS rABAHSTKSr ItiVOZVEV IN THE AML131S OF
VOVFL ACTIOS IB RhtBPQRGKD CPBCMZB OQUSTRUGITO!)

In  th e  co n sid eratio n  o f  a ty p ic a l  dowel passing  through a 
c o n s tru c tio n  j o in t  an shown in  Tig. 1 ,2 .1  i t  can be aeon 
immediately th a t  a number ©£ v a ria b lc n  a re  involved in  i t s  
an a ly tiis . The param eters concerning th e  designer in  th is  
reg ard  a re  as  follow s:

1.2 (a) Craak H d th

Tho crack  o f tho  eonot.ructi.on jo -'n t muGt be considered .
In  most p ra c t ic a l  co n c tru c tio n  canes t h i s  would be zero and 
in  many eases good concrete  bond would in  f a c t  be obtained 
between the  concrete  In te r fa c e s  (as iu  a lready  o f te n  sp e c if ie d  
in  co n s tru c tio n  documents). However, th e  ex is ten ce  o f a
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crack  w idth, oven i f  very sm all, must be co n sid ered . This 
would apply in  the  case  o f smooth, o i ly  concre te  faces  in  
c o n ta c t with ono an o th er, where th e  concre te  i t s e l f  t ra n s ­
m its  no shear across th e  in te r fa c e . On the  o th er hand, 
q u i te  s ig n if ic a n t  crack  w idths could be considered  in  
highway pavement jo in t s ,  fo r  example.

1 .2 (b ) 2’hti tpanofcx1 o f  okcav by tUa ooM vctc

I f  th e  c rack  w idth i s  zero , then  the  two a l te rn a t iv e s  a re  
t h a t  e i th e r  th e  concre te  tran sm its  no shear i t s e l f  or 
a l t e rn a t iv e ly ,  tra n sm its  some load owing to  f r i c t i o n  a t  th e  
co n cre te  in te r fa c e .  The l a t t e r  would be th e  case  in  
shrinkage c racks o r shear cracks ac ro ss  a re in fo rc e d  con­
c re te  member, and has been in v es tig a te d  by a method analogous 
to  th e  an a ly s is  o f  eohooienlcos s o i l s 17.

1 .2 (c )  fleycZ dianc.tci'

The d iam eter o f  th e  dowel must bo considered , e sp ec ia lly  
in  r e la t io n  to  th e  o v e ra l l  dimensions o f th e  p a r t ic u la r  
co n cre te  element under considerate  n, s in ce  t h is  w il l  
determ ine whether th e  f a i l u r e  mode i s  c o n tro lle d  by y ie ld ­
ing o f the  dowel o r b r i t t l e  f ra c tu re  o f the  co n cre te  mass.

1 .2 (d ) H e ld  vZreoo o f  <kwo% m atci'la l

In  a d d itio n  to  th e  c-ffcet of (e) above, the  f a i l u r e  mode 
w il l  f a r th e r  be in fluenced  by th e  y ie ld  a tre e s  o f the  
dowel m ate ria l in  r e la t io n  to  o th er param eters. In  p a r ­
t i c u l a r  high t e n s i le  s to o l  dowels m ight induce a b r i t t l e  
f ra c tu re  type f a i l u r e  o f the  concre te  mass.

l<-2(c) T cncile  foroe  in  dovol

The ex is ten ce  o f a te n s i le  fo rce  in  th e  dowel, duo to  over­
a l l  bonding of a co ncrete  member, fo r  example, not only



a f f e c ts  p e rm iss ib le  s tr e s se s  t h a t  m ight be so t up in  tho 
dowel duo to  dowel a c tio n , but can in  a d d itio n  in fluence  
th e  deform ation p a tte rn  o f  th e  dowel s tru c tu re .

1 .2 (f)  Dowel c ta o tic  modttluo

Tho o la c t le  moduluo o f th e  s to o l  dowel w il l  haves co n sid er­
a b le  in fJvansc  on dowel deform ations in  th e  oonercto mass, 
and th io  in  tu rn  w il l  a f fo e t  th e  o v e ra l l  j o in t  o tiffn u co  
and f a i l u r e  p a tte rn s .

1 .2 (a) Cemeivte ctvcngth

Not only w il l  tho eruohing c trcn g th  o f tlie  concre te  g re a t ly  
a f f e c t  tho  f a i l u r e  tctede o f  th e  j o in t  by cllow iny g ro a tc r  
aub-dowcl bearing  prooouroo, b ut the- c la s t i e  moduluo and 
oubgraAo w iu la o  o f conero te  ivrc both dopordcnt on the  
concre te  eruohing Gt-roner;ii, and thotso pararaetera in  tu rn  
w i l l  a f f e c t  th e  c lo o tie  and c la s to -p la o tie  p ro p e r tie s  of 
tho  dewollcd ■joint;.

1 .2 (h ) Cyvci* to fci.'cti}

Tho eonercto  cover t o  th e  dowelo eroaoing a j o in t  w i l l  a f f e e t  
tho  pcrm inoiblc aub-dowol eonereto  FrosRUt'co, c inec  the  
u ltim a te  load o f  tho jo in t  w il l  bo reduced in  eorr^epv^ndonee 
w ith tho  red u c tio n  in  tho dimonoicm o f tho  fra u tu ro  l in e  o f 
tho oonercto . This £oim @£ f a i l u r e  w il l  m onifoot i t a o l f  to  
a g re a te r  ex ten t in  jo ln tc  in  olaliu than in  th e  eaoo of 
w a lla , whore cover m y  be eonnidcrod to  approach on i n f i n i t e ­
ly  la rg e  v a lu e . F a ilu re  modco in  th t l a t t e r  gono w il l  
depend ©n lo c a l  crushing o f eonerotu duo to  ouh-dovfol eoucrexo 
procouroa.
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1 .2  (i) The numbcv o f  dotoclo ovoeaing the  eraok faao

This must bo consM arcd in  conjunction  w ith co n cre te  covers 
to  dowels and o v e ra l l  s te e l  to  concre te  a r ;a  r a t io s  Cor a 
p a r t i c u la r  dowelled jo in t ,  and w il l  r e l a te  to  the  advantages 
o f a m u lti-b a r  jo in t  over a j o in t  o f  few er, la rg e r  dowels.

1 .2 ( j )  Angle o f  dowels

Tho angle o f in c l in a t io n  o f th e  dowel to  the  e raek  face  
muat be taken  in to  co n s id e ra tio n  in  th e  ev a lu a tio n  o£ 
a ti f fn c c a  and f a i l u r e  c r i t e r io n  fo r  th e  dewolled jo in t ,  
in  r e la t io n  to  the  expected improvement o f shear t ra n s fe r  
o f ju d ic io u s ly  ang*cd dowels.

1 .2 (h ) len g th  o f  done I

The len g th , w ith in  c e r ta in  lim its#  o f a dowel c ro ss in g  a 
jo in t  in  co n cre te  c o n s tru c tio n  w il l  a f f e c t  both tho o v e ra ll  
s t i f f n e s s  c h a ra c te r j  s t i e s  and s a fe ty  o f  th e  j o in t  when 
considering  y ie ld  and f a i lu r e  modes.

1 .2 (a) F ffc c t  o f  oit'rrtipo

S tir ru p s  in  th e  immediate v ic in i ty  o f  th e  e raek  face in  a 
dowelled j o in t  w il l  a f f e c t  both th e  c la s t i c  deform ation 
p ro p e r t ie s  o f tho dowel and th e  f a i l u r e  c h a ra c te r i s t ic s  of 
th e  dowelled jo in t .  This w il l  e sp e c ia lly  bo th e  ease  where 
th e  f a i lu re  mechanism r e l a te s  to  tho  shedding o f  tho  concrete  
cover to  th e  dow els.

1.2(n0 ‘Type o f  loading

Tho p r in c ip a l  load to  be eonoid^red in  tho  ease of a 
dowelled j o in t  i s  the  shear to  bo t ra n s fe r re d  acro ss  the  
j o in t ,  although th is  may a c t  in  con junction  w ith  o th er 
lea d s , fo r example o v e ra ll  bending in  th e  concre te  member 
in  tho  reg io n  o f th e  j o in t  under co n sid e ra tio n .
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CHAPTER 2

ft STUDY OF THK VAMOOfl AT'PROACin:fl ADQPTlilD IN THE ANALYSIS 

OF TtIF m w .h  IN RMINTORTTM Cm'CIUiTl. COMSTRtTC-TTON

L ite ra tu re  in  the  f ie ld  o f  dowel ciefclon in  rolnforecel 

concr* .u can be eatcyoi’iyod in to  �! ���� d itit.ino t opproachoo:

1) Dowel a c tio n  aa app lied  to  pyoi avaohing 

analyct v o f  ctan ilw d  rc tn fo^eod  ooncrdAo 

beano.

2) Do>Jiit aett&n o iudicd  ?'» eoiMCPtfom with  

the  ti'av.ofcr e f  a turn" by dooclo fvor. one 

naon eonei’oio iiH’u? to  another.

Thone a re  fundam entally d i f f e r e n t  ot nucptc and w i l l  bo d e a lt  

w ith  oci u ra to ly . The aeoprt o f  th in  diaoorfeation in  een~ 

eoer.ca m ainly w ith  th e  L a tte r  eonecpt, alt'K“>iKjli the  

p sin e ip iu a  adopted ean bo referred to both , provided th a t  

th e  nrecaaary ad.-juGtmonl-ii a ro  Biado. e io o e ly  aoctseiatod 

w ith  b a th  eonoepta, bu t on the  ot l.cr hand making ugo o f  

an o n tiirc ly  d i if e ro n t  ,vh in  its; a n a ly a io .in  the 

oaoo o f  th e  eraeked u ce tion  which s t i l l  tran sm its  a oheas 

aorooG th e  eonerofce in tc r fa e e  by moano o f  fr& etion . A ll 

th o  alsovo caaGQ have been in v eo tiq a tcd  by vario u s  au thors 

and th e  nnoeneo o f t h e i r  fin d in g a  can be difieuaoed ao 

fo llo w a :-
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2.1  A STVDX OF DOWh'L ACTlOtl IB RVLATION TO SUBAR 

STRBBGTH OF REMPORCKD CONCRETE BEAMS

Dowel ac tio n  in  re in fo rc e d  co n cre te  boamo, a lthough gen­

e ra l ly  not dominant r e la t iv e  to  o th e r  shear tra n o fe r  

mcchanismo, has been s tu d ied  in  numerous in s tan ces  owing 

to  i t s  r e lo  in  f a i l u r e  mechanisms in  th ese  s tru c tu ra l  

elem ents, in  beams, s p l i t t i n g  cracks develop along the 

ten s io n  reinforcem ent a t  in c lin e d  cracks as a r e s u l t  of 

dowel e f f e c ts  ih ia  allow s th e  c rack  to  open, which in  

tu rn  reduces ti. ■ in te rfa c e  shear tra n s fe r  along th e  d ia ­

gonal c rack  and i»ua loads to  f a i lu r e .

follow ing s p l i t t i n g ,  and th e  a sso c ia te d  loos o f  s t i f fn e s s  

o f  th e  co n cre te  surrounding th e  b a r, and hence the* de­

c rease  An dowel a c tio n  fo rc e , the  dowel fo rce  has been 

found to  be a fu n c tio n  o f  th e  s t i f fn e s s  o f th e  concrete  

under th e  roinfereeiRoni and th e  d is tan ce  from th e  p o in t 

where the  dowel sh ear in  ap p lied  to  the  f i r s t  s t i r ru p s  

supporting  th e  dowel3. {Sub-dowel compression f a i l u r e  has 

a lso  been found to a ffe c t  t h i s  hohavi. u r ,  b u t t h i s  a p p lie s  

p a r t i c u la r ly  fee th e  eases o f  s lab s  o r  p.idg co n c re te  and 

i s  not as  s ig n if ic a n t  in  beams. This i s  im portant as 

regards the  d w e ll in g  of diaphragm s la b s  to  e x is t in g  w alls 

o r  the  attachm ent o f brackets to  concre te  s tru c tu re s  by means 

o f  h o lts  o r grouted o r  epexied dowels. Dowel a c tio n  con­

t r ib u tin g  to  the  o v e ra ll  shear s tren g th  o f re in fo rc e d  con­

c re te  beams has been s tu d ied  by a number o f  in v e s t ig a to rs ,
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b u t as  thoso t o s t s  have been c h a ra c te r ise d  by th e  la rg e  

number o f  v a ria b le s  t h a t  have to  be conoidorod to  cover a l l  

l ik e ly  f a i lu re  mechanisms, r e l i a b le  r e s u l ts  have boon obtained 

£oa only o few p ra ctica l oaooo.

Krofeld and Thuroton10 conducted to s t s  to  a s c e r ta in  the  

v a lu e  o f dowel wheat in  re in fo rced  concre te  bcamc. In  a 

study of shear moehaniomo they e s tab lio h o d  th a t  th e  propa­

g a tio n  o f n in c lin ed  c rack  in to  th e  compression none, 

leading  to  u ltim a te  f a i l u r e ,  i s  th e  d i r e e t  r e c u l t  o f  d i s ­

placem ents occurring  a t  th e  p o in t o f crack  i n i t i a t i o n ,  when 

th e  v e r t i c a l  fo rces  ac tin g  on th e  ro infoveing  bare  produce 

h o r iz o n ta l c racks a t  th e  le v e l  o f  th e  b a rs . These h o rizo n ta l 

c rack s , always d ire c te d  towai.de th e  support, Dignify t e n s i le  

o»rosf,eo produced by a combination o f bond, h o rizo n ta l 

shear and a v e r t i c a l  (dorctJ  shear fo rc e , res is ted , by the  

re in fo rc in g  b a rs  nd th e  co n cre te  below th e  b a rs .

The ex is ten ce  o f th ese  v e r t i c a l  fo rc e s  and displocvmento 

io  made ev iden t by th e  reversed  c u rv a tu re  o f  th e  b a rs  and 

th e  d isc o n tin u ity  in  t h e i r  d e f le c tio n  inercm cnto. The 

continued abnormal d iffe re n c e s  in  top  and bottom bar s tr a in s  

in d ic a te  in creases  in  cu rv a tu re  which can be in te rp re te d  to  

mean th a t  shear fo rces  ac tin g  on th e  barn do not disappear 

a f t e r  s p l i t t i n g ,  but continue ac tin g  up to  u ltim a te  load .

The magnitude o f th is  dowel shear fo rce  on lo n g itu d in a l 

tn n o ilo  reinforcem ent has been d isreg ard ed  by many in v e s t i ­

g a to rs  owing to  i t s  r e la t iv e  in s ig n if ic a n c e  when compared 

to  o th er shuar r e s is ta n c e  mechanismt. in  re in fo rced  concreto 

beams. In  a d d it io n , the  in tro d u c tio n  of th e  dowel shear
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makes th e  an a ly s is  o f the  in te rn a l  fo rces  of th e  baam 

s t a t i c a l l y  in d eterm in ate . Hence i t  i s  u su a lly  assumed 

th a t  th e  shear c a rr ie d  by the  bars by dowel a c tio n  i s  

in ap p re c ia b le , and i s ,  in  any case , l o s t  to  a la rg o  ex ten t 

a f t e r  th e  form ation o f  s p l i t t i n g  c racks.

In  t h e i r  t e s t  so t up (see Pig. 2 .1 .1 ) ,  K rcfeld and Thurston1*’1 

sim ulated th e  above-mentioned diagonal cracks in  t h e i r  beam 

specimens. A tra n sv e rse  opening perm itted  the in o e r tio n  

o f a a to e l  p la te  w ith p ro je c tin g  enda to  which th e  t o s t  

load  was ap p lied , and hence dowel fo rc e s  could be measured 

d i r e c t ly  a t  th e  sim ulate '5 'racked  se c tio n .

A co n stan t c y lin d e r strong ofi 2 500 p a i  (17,2 MPa) wao 

used fo r  th e  c o n c re te , and th e  p r in c ip a l  v a ria b le s  considered 

by th e  au thors were Z-cam ut'dtfc, hai> diaact-cv and ecKcwclo 

6ovoi>. During loatiivig, mo.ehan$eal d i a l  reco rd e rs  measured 

d o f le c tio n s  a t  both sim ulated c rack s , g iv ing  lo ad -d e fle c tio n  

curves as shown in  Pig. 2 .1 .2 . (See a lso  Table 2 .1 .1 ) .

In  most CviBea th e  load  in creased  to  f i r s t  c rack in g , a fte n  

which o p litb in g  extended to  tho  su p p o rt. Any in ereaso  o f 

load beyond th is  co nd ition  weulu ba uuo to  suoponsion ac tio n  

o f  th e  te n s i le  reinforcem ent • M thongh th e  number o f t e s t s  

was in s u f f ic ie n t  to  com pletely e v a lu a te  th e  la rg e  number of 

v a ria b le s  involved , th e  follow ing im portant eonelusiono 

wore drawn:

1) The shear fo rce  re s is te d  by th e  lo n g itu d in a l 

to n o ile  reinforcem ent decreased w ith incroaofng 

d is ta n c e  from th e  support. I t  was not known
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to  what ex te n t t h i s  was th e  r e s u l t  of 

the  v a r ia t io n  in  te n s i le  fo rce  e x is t in g  

in  the  re in fo rc in g  b a rs . From a theory  

se t  up l a t e r  by Johnston and Zia13, i t  wo 

would appear th a t  t h is  c e r ta in ly  could 

have been th e  case . (See Fig. 2 .1 .4)

2) Bar shear re s is ta n c e  increased  w ith la rg e r  

concre te  cover below the  b a rs . This j s  

s ig n if ic a n t  only in  th e  p a r t i c u la r  case  of 

the  shear re s is ta n c e  o f  lo n g itu d in a l t e n s i le  

reinforcem ent in  beams, sin ce  th e  oti'uaturc  

fca ieb in g  the (load  fo rce  in  t h i s  case  is

in  f a c t  a combination o f th e  t e n s i le  r e in ­

forcement and th e  concre te  cover below tho 

b a rs , as shown in  Fig. 2 .1 .3 . (This i s  

v e r if ie d  l a t e r  by Johnston and Z ia13) .

3) In  general i t  was found th a t  approxim ately

two th ird s  o f thu  shear re s is ta n c e  was

c a rr ie d  by tho concre te  above tho  c rack ,

and about one th ird  by tho doael a tn n 'tu i'c  

shown in  Fig. 2 .1 .3 , Jones 1,1, in  an e a r l ie r  

in v e s t ig a tio n , concluded th a t  tho  lo n g itu ­

d in a l s te e l  fu n ctio n s  as a dowal and th a t  

i t  "co n trib u te s  a su b s ta n tia l  p a r t  o f  tho 

shear re s is ta n c e  a t  f a i l u r e " . ( I t  must be 

emphasised th a t  t h is  dowel ac tio n  i s  funda-  

M n ta l ly  d i f f e r e n t  to  th a t  s tu d ied  in  con­

nection  w ith  the, load  tra n s fe r re d  by dowel
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across a s tr u c tu r a l  co n n ectio n ).

4) I n i t i a l l y ,  and based on em p irica l da ta

obtained  from to o ts ,  the  au thors form ulated 

th e  follow ing expression  fo r  th e  u ltim a te  

shear which could bo c a rr ie d  by th e  above 

dowel otruotMi’c (Sco Fig. 2 .1 .2 ) .

Vi = c ,  . / r ^  (d ill’ ) 4 2 .1 .1

where C) i s  a fa c to r  involv ing  unknown 

e ffe c te  o f  aoahincd ziti’upoco (Soo Chapter 

5*2), I  io  th e  oocend moment o£ a rea  o£ the  

dorsal GtVMOiMPC (from th e  tvaYwfomncd 

acetion  g iven in  Fig. 2 .1 .3 ) ,  f'oyfi i8  the  
concre te  c y lin d e r a trc n g th  and b and d 

a re  obtained  £rom Fig. 2 .1 ,1 . Equation

2 .1 .1  was m odified em p irica lly  to  take  

in to  account th e  v a r ia tio n  o f V; w ith crack  

d is ta n c e  from th e  supp o rt, to  g ive:

V. -  b / Z T ^ l L :
L ^  eyf J .1 O T

(p i s  an experim entally  determined fac to r)  
Where a l l  cymbalo may be ob tained  from 

Fig. 2 .1 .1 . I t  io  Notst im portant to  note 

t l ia t  theao equations a re  em p irica l, and 

s in ce  t e a t  da ta  was a l l  in  Im perial u n i ts ,  

l ik e  vmito must bo considered  when eva lua ting  

those equationc.
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The au thors conclude th a t  d iagonal cracks in  beams a l t e r  

th e  normal s t r e s s  d is t r ib u t io n  and th a t  the  lo n g itu d in a l 

reinforcem ent p a r t ic ip a te s  in  r e s i s t in g  an apprec iab le  

amount o f the  ex te rn a l sh e a r . This shear r e s is ta n c e , 

a c tin g  in  conjunction  w ith th e  embedding c o n c re te , depends 

on th e  s iz e  of b a rs , spacing , depth o f cover below bars 

and the  c tren g tn  o f the  c o n c re te . The normal tra je c to ry  

o f th e  d iagonal ten s io n  c racks in  beams ( re f le c t in g  the  

d ire c tio n  o f the  p r in c ip a l  te n s i le  s tre s se s )  it, intci'vuptiid  

w ith  a change in  d i re c t io n  when th e  cracks have propagated 

in to  th e  compressive zone. This m odifica tion  o f crack 

p ropagation  i s  d i r e c t ly  r e la te d  to  hoviao^ta l ovaoking 

a long th e  b a rs  when maximum "dowel" re s is ta n c e  i s  developed. 

The fo rces  ac tin g  on the  bars produce bonding o f  th e  bars 

and s tr e s s e s  in  the  surrounding c o n c re te , accompanied by 

deform ations.

The above approach was extended to  q u ite  an ex ten t by the  

work o f  Johnston and S iu 1 3 in  t h e i r  study  o f th e  dowel 

a c tio n  o f  lo n g itu d in a l reinforcem ent in  re in fo rced  concrete  

beams. In  c o n tra c t to  the  purely  em pirical r e la tio n s h ip s  

es ta b lish e d  by Krcfold and T hurston1 r' , th e  au thors based 

th e i r  study on the  concept o f a beam on e la s t i c  foundation, 

b u t on th e  o th er hand d id  not have ex tensive  t o s t  r e s u l ts  

to  su b s ta n tia te  t h e i r  theory . How ever,their a n a ly s is  was 

more comprehensive than t h a t  of any prev ious re se a rch e rs  in  

t h a t  they considered the  ad d itio n a l e f f e c ts  o f b a r tension  

and th e  ac tio n  o f s t i r ru p s .  Their a n a ly s is ,  as in  th e  case
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o f e a r l ie r  rofiearchorti, i s  p r in c ip a l ly  a study o f  dowel 

ac tio n  in  th e  poot-crooking s tag e  o f tho  Rhoar f a i l u r e  o£ 

re in fo rced  co ncrete  Loams.

For tho  p a r t ic u la r  case  o f  th e  shear f a i l u r e  J.n to in fo ro cd  

ooncroto beams, f iv e  f a i lu re  modem re la t in g  to  pon t-cracking  

dowel ac tio n  can be eonoidorod. The lo n g itu d in a l t e n s i le  

roinforeem ont, aetina  in  oonjwvibion w ith  tUo canei'cto  eovci* 

below the beyo ao shown in  Pig. 2 .1 .3 , i s  t re a te d  ao an 

a x ia l ly  loaded compoGiUe bears on o la o t ie  (Winkler) found­

a tio n . The c tir ru p o  arc. aaawned to  bo e la s t i c  supports 

to  tho  bor« provided th a t  th e  bar d e f le c ts  downwarda a t  

th ese  p o in ts  o f oupport. M a teria l f u 'lu r o  io  ohc>raetcr~ 

iecd  by th e  y ie ld in g  o f th e  dowel under combined ten sio n  

and shear o r  under combined te ro io n  and bonding. Support 

f a i lu re  r e s u l ts  from h o riz o n ta l wracking o f tho concrete  

a t  roinforeem ont lo v e l o r y ie ld in g  o f the s t i r ru p .  Those 

f a i l u r e  modes and f a i l u r e  c r i t e r i a  a re  b ea t in d ica ted  in  

summarized form ao in  Table 2 .1 .2 .

In  t h e i r  form ulation  o f thcoe f a i l u r e  modem the  Authors make 

use o f tho various oolu tiono  to  th e  follow ing d i t r s rv - . t i^ i  

equation , which i s  derived  from th e  c o n sid e ra tio n  o f a 

composite beam on Winkler foundation , oubjeeted to  a con­

s ta n t  te n o ilc  tv ree  (nee Chapter 3):

V ,  • -  1 . 2 .1 .3

where y io  the  d e fle o tio n  o f tho (eempooite) b a r, x i s  tho 

h o rizo n ta l d is ta n c e  measured along the  b a r ,  Ec i c t-ho modulus
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o f  e l a s t i c i t y  of c o n c re te , l 0  i s  th e  socond niontcnt o f area 

o f  the  transform ed composite boam(sce r ig . 2 .1 .3 ) ,  k i s  the 

foundation modulus for. tho  composite boam o f w idth b , ( i t  

must bo noted here  t h a t  t h i s  value w i l l  be considerab ly  

d i f f e r e n t  4 • th e  subgrade modulus to  be app lied  to  tho  case 

o f  dowels c ro ss in g  preformed cracks o r jo in t s  in  re in fo rced  

co n cre te  s tru c tu re s  -  soe Chapter <1.2 on tho experim ental 

d eterm ination  o f subgrade modulus) and T i s  the  a x ia l  fo rce  

i n  th e  b a r. The so lu tio n  to  equation  2 .1 .3  fo r  th e  ease  of 

0  < T < 2 /kEglg , which includes r e a l i s t i c  values o f T 

encountered in  p ra c t ic e ,  i s

y = (Gioax+G2 e*"ax) coopx + (G3eoX+Gi,o"ax) sin g s  2 .1 .4  

in  which

2.1 .5
^oJ,e

and Gj, G-Iy G3 and G,, a rc  eo n s tan t e o c ff ie ic n ta  to  bo d o to r-  

mintid from boun-lary co n d itio n s . These boundary cond itions 

vary  depending on tho f a i lu r e  mode oneountcrod and an 

ex ten siv e  H o t  o£ GtifCnous e e o ff ic ic n ts  and mode so lu tio n s  

has been e s ta b lish e d  by the  authors**. The value o f k , the  

aubgrade modulus fo r  eonereto  fo r  tho  beam w idth, ia  given 

b> the  au th o rs  ooi

k « 2 . 1 . 8
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where b ' = b -  niDs

and b i s  the  beam w idth, d i s  th e  e ffe c tiv e  

depth o£ th e  beam, m i s  th e  nur^or of bars 

&nd Dg i s  the  bar diameLer.

I t  may be noted th a t  equation 2 .1 .8  in d ic a te s  a lin e a r  

re la tio n s h ip  between subgrade modulus and Young's Modulus 

o f  conerc tc  a--i th a t  k has u n i ts  N/mm*, and i s  thus not 

th e  t ru e  concre te  Euljgradc moduluo (see  C hapters 3 and 4.2 

on conerc tc  uukjrado m odulus). In  o rder to  o b ta in  the  

f u l l  ncrioG o i  u tif fn o a a  c o e ff ie io n ts ,  four d i s t in c t  

f a i l u r e  moden vjcx.e considored by th e  au thors:

1 ) Cracking conorotu cover, which i s  p rim arily  

a fu n ctio n  e f  tho  t e n s i le  s tre n g th  o f th e  con- 

o rc to , and i s  r e la te d  to  th o  c r i t i c a l  d e fle c tio n , 

ye,o f  tho compouite bar (a disadvantage o f the 

theory  eonablishcd by tho au thors i s  th a t  a value 

fo r  yc muote bo aooura^d befo re  proceeding w ith  tho 

a n a ly s is ) .

2) Y ielding o f tho dowel under combined tensiion and

3) Y ielding o f the  dowel undor combined ten sio n  and 

bonddnt/.

4) Y ielding o f tho  n t im ip  (only the  f i r s t  s e irru p  

i s  eonoidered to  glvo support to  th e  dow el).
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In te ra c t io n  eurvos wore p lo tte d  fo r  v arious f a i l u r e  modes 

aa shown by a ty p ic a l  intoracU ion curve in  F ig . 2 .1 ,4 ,

The au th o rs ’ theory  c o rre la te d  f a i r ly  w all w ith t e s ta  

conducted by Gergoly'1, tho  p red ic ted  vnluos go n era lly  

f a l l in g  w ith in  o£ :hc csporim ontal r o c u l ts .  Hov/cvor, 

tho  a l l  im portant v a lu e , ye , th e  c r i t i c a l  d o f lc e tio n  o£ 

th e  dowel enuoing cracliing  o f  th e  eoncroto cevcr, was not 

s a tio £ a e to r ily  cotaM iGhcd. In  a d d itio n , tho  value of 

subgrauc re a c tio n  used by tho au thors r e l a te s  ^ a i 't io u la r l 'j  

to  tho  iteveZ ntrw&iffi! -in vcinforacC  eotic:' -ic hca'w, and 

jo  not a p p licab le  to  th e  caee ©i7 a Jew elled connection in  

re in fo rced  esnercisO cowl traction .
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2 . 2  sy m r op ���������� �������������� �� �������������� �� �� �� ���� ����  Rwrnm icv ����

CUimCVIQDS BETWEEN REIUVOliCED GOllGllETE ELEUEHTS.

Tho term  "covmootion" has many a p p lic a tio n s  in  t h is  regard  

bu t p r in c ip a l ly  t h i s  d iffe ro n tiia to o  between shear r e s i s ­

tance  by dowel ac tio n  in  rc in fo rco d  cosieroto buamc anc’ 

shear t ra n s fe r  acro ss  somo in te n t io n a lly  ptuformod crack  

or j o in t  in  a co n cre te  s tru c tu re .  S p e c if ic  casco o f  c rack­

ing do occur in  aome s tr u c tu r a l  ele.nonto which r e o u l t  in  

a s i tu a tio n  very  s im ila r  to  th e  l a t t e r  type o f shear tra n s fo i 

re fe r re d  to  above, th ese  being casco where a c-hcav ‘plane  

e x io ts  a t  some p o in t in  tho  s tru c tu re .  This type o f  shear 

t ra n s fe r  has been s tu d ied  f a i r ] y  ex ten siv e ly  by Mast1? 

and l a t e r  by Hofbeek e t  a l 1?. The concept o f  th e  dowel ao 

a beam on c la s t  .e foundation in  n o t used in  th ese  eases .

Tho design  philoccohy followed in  genera l i s  t h a t  jo in t s  

should have d u c t i l i t y  and should th e re fo re  have somo amount 

o f re in fo rc in g  s te e l  passing  through them, so th a t  the  

design  should not r e ly  e n ti r e ly  on th e  t e n s i le  s tre n g th  

of th e  co n cre te . Tho n>a:ai* fric ti& r.  theo ry  advanced by 

Mast considers th e  shear fo rce  to  be r e s i s te d  by f r i c t i o n  

along a hypo thetica l c rack , 3V  re la tio n s h ip  between 

s to o l area  req u ired  across ouch a c rack , o r shear i n te r ­

face , and th e  shear fo rce  to  be tran sm itted  by th o  crack  

i s  given by

Vu a  Agfy tan  �������� �� ���� ����

where Vu i s  th e  shear fo rce  ac tin g  a t  tho  shear in te r fa c e  

a t  u ltim a te  load , Aa i s  th e  a rea  o f s te e l  c ro ss in g  th e
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crack  normal to  the  shear in te r fa c e ,  fy  i s  tho  y ia ld  

s tre n y fh  o f tho re in fo rc in g  s ^ to l  and * i s  th a  angle of 

in te rn a l  f r i c t i o n  o f tho  concre te  ;hear in te r fa c e .  I t  

i s  im portant to  note th a t  t h is  theo ry  p re d ic ts  t h a t  no ioa>’ 

can be tran sm itted  in  th o  case  o f  a smooth crack  -  t h i s  i s  

fundam entally d i f f e re n t  to  tho  concept t h a t  w i l l  bo devel­

oped l a t e r  in  t h is  d isv .e rta tio n  (See Chapters 3 end 4 ). 

Push-off to o ts  conducted by Anderson" and th e  P ortland  

Cement A ssoc ia tion  re s u lte d  in  th e  envelope shown in  

F ig .2 .2 .1 . Tho value fo r  tan  $ o f 1,4 r e f e r s  p a r t ic u la r ly  

to th e  case  o f a rough co n cre te  to  co n cre te  in te r fa c e .

Mast foun in i s  envelope to  have good a p p lic a tio n  in  the 

design  o f s te e l  fo r  a c o rb e l , fo r  example, such as shown 

in  Fig. 2 .2 .2 .

Hof bock o t  a l 5-’ developed th e  above theory  to  some ex ten t 

and found th a t  M ast's  shear f r i c t i o n  theory  a c tu a lly  made 

use o f an "apparent" f r i c t i o n  angle and can only be applied  

to  low s t r e s s  le v e l  ea ses . They conducted push-off t e s t s  

using co n cre te  models shown in  Fig. 2 ,2 .3  (which wore l a t e r  

developed by Dulacakan when conducting fu r th e r  dowel te s t s ) .  

Tho au thors concluded th a t :

1) A p ro -e x is tin g  c rack  d e f in i te ly  reduces the 

u ltim a te  oeear tra n s fe r  s tio n g th .

? ' Dowel ac tio n  of re in fo rc in g  bars c ro ss in g  tho 

shear p lane i s  in s ig n if ic a n t  in  i n i t i a l l y  un­

cracked c o n c re te , bu t in  i'ubvtar.t-ial in  noxorrfc 

with a pt'Q -vxipttng cvaek atong the  .i/irci* pZeno.
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3) The shear f r i c t i o n  theo ry  g ives a reasonably

co n serv a tiv e  estim ate  o f  shear t ra n s fe r  s tren g th  

in  normal weight concre te  w ith  a p re -e x is t in g  

c rack  along th e  shear p lane and re in fo rced  w ith 

in te rm ed iate  grade reinforcem ent i f  tan  4 i s  

assumed to  bo 1 ,4 , provided t h a t  pfy i s  le s s  

th an  0 ,1 5 £ 'o o r GOO p s i  (42 kg£/cmz or 4,14 MPa), 

whichever i s  th e  le s s e r  v a lu e .

This concept o f  th e  i n i t i a l l y  cracked shear p lane was 

fu r th e r  developed by th e  work o f  Dulaeskas , who considered 

th e  dowel ac tio n  o f s te e l  b a rs  c ro ss in g  a r t i f i c i a l  cracks 

in  co n cre te . Those a r t i f i c i a l  c racks wore intended to  

sim ulate  the  e f f e c t  of a crack  which opens s l ig h t ly ,  

thereby lo s in g  the  f r i c t i o n  described  by Mast and Hofbeck 

c t  a l .  Bars c ro ss in g  th is  type o f  in te n tio n a l  crack  may 

be sa id  to  countorue. shear d e fle c tio n  by "pure" dowel 

a c tio n .

The t e s t  specimens used by Dulaeska wore e s s e n t ia l ly  a 

development o f those  used by Hofbeck e t  a l  as can be 

seen in  Pig, 2 .2 .4 .

Loads and shear d e fle c tio n s  were measured during t e s t s  on 

f i f te e n  such specimens, and t e s t  r e s u l ts  led  to  th e  es­

tab lishm ent of an em pirica l formula fo r  th e  shear fo rce  

which could be c a rr ie d  by such a jo in t  a t  u ltim a te  loads

T , -  -  ij :  * »



In  equation  2 .2 .2 , Tg i s  th e  f a i lu ro  fo rc e , b i s  tho bar 

diam otor , 6 i s  th e  angle of tho dowels, a„ i s  tho  y ie ld  

s t r e s s  o f th e  s te e l  dowels, ac i s  the  cube s tre n g th  of 

eonoroto, n i s  th e  a o o ff io io n t o f lo c a l  compression of 

c o n c re te , y i s  a co n stan t and p i s  g iven  by th e  expression:

p .  1 .  N'/NyZ 2 .2 .3

where N in  th e  t e n s i le  f iro e  in  th e  bar c ro ss in g  tho  crack 

and Ny i s  tho t e n s i le  fo rce  includ ing  y ie ld  in  pure ten sio n  

in  tho  b a r.

The c o e ff ic ie n t  o f  lo ca l compression o f  co ncrete  (sea 

Chapter 5 fo r  a more d e ta i le d  d iscu ssio n ) i s  acuumcd by 

Dulacska to  be 4. Tost r e s u l ts  g ive  y as 0,05 and p 

was approxim ately u n ity  fo r  a l l  t e s t s .  The s u b s ti tu t io n  

o f those  values in to  equation  2 . 2 . 2  gave f a i r ly  good 

c o rre la t io n  between th e o re t ic a l  and t e s t  r e s u l ts  and th e  

main conclusions drawn from tho  to o t  se rii,o  wore th a t :

1) Tho bar orosoiny the  a r t i f i c i a l  crack  i s  

deformed by th e  a c tio n  o f tho shear fo rce .

In  a d d itio n  the  bar breaks tho  sharp concrete  

edge a t  th e  c rack  face , causing load crushing 

o f  tho  concre te.

2) Tho f a i l u r e  shear fo rce  o f  tho  dowel ac tio n  was 

determined by t e a t  fo r  tho  param eters considered .

3) Tho dowel behaviour i s  alm ost id e a l ly  e la s to *  

p la s t ic .
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For the  param eters considercti in  the  t o s t  s e r ie s  the  

equations derived  appear to  have, good a p p lic a tio n .

However, boing em p irica l, and r(.dying on an assumed 

value fo r  n, ra th e r  than  a value developed on a ra t io n a l  

b a s is ,  th e  equations cannot re a d ily  bo extondtid to  

include  o th er param eters. They a re  n e v e rth e le ss  a 

v a lu ab le  g u id e - lin e  to  the u ltim a te  load th a t  can bo 

expected from a dowelled connection having p ro p e r tie s  

s im ila r  to  thn specimens t e s t s .  Cracking o£ concrotc. cover 

was precluded however, owing to  th e  d esign  o f  the  t e s t  

specimens.

A th e o re tic a l  in v es t ig a tio n  in to  dowel &,t io n  o f  bars 

c ro ss in g  c racks in  highway pavements ,as undertaken by 

F r ib o rg 7, making uec of a general m athem atical so lu tio n  

to  th e  Winkler foundation model p resen ted  by Timoshenko 

and liQ3 3 e l s rt' .  The dowel i s  considered  t r  be an in f in i t e ly  

long s tru c tu re  supported by an e la s t i c  mass from i t s  

boundary su rface . A sim ple, d iscon tinuous foundation 

support i s  usnd, expressing  the  s t i f fn e s s  o f the  s tru c tu re  

and tho e la s t ic  maos by th e  follow ing constants

in  which k0  i s  a ae/W uc o f  uuppovt fo r  tho. e la s t i c  mass 

(and has dimension feaee p e r leng th  cubed), b i s  tho width 

c£ tho s tru c tu re ,  E io  th e  modulus o f  e l a s t i c i t y  o f  the  

s tru c tu re  and 1 i s  th e  moment o f i n e r t ia  o f the  s tru c tu re .

2 .2 .4
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F riberg  dovclops Timoohenko1s s o lu tio n  to  tho  d i f f e r e n t ia l  

equation  fo r  an oJao-Mc s tru c tu ro  supported by an c la s t ic  

mass, considering  p a r t ic u la r  loading  co nd itions a sso c ia ted  

w ith a dowel in  a highway pavement'.. Considering iho load­

ing to  bo tho form shown <n Fig. 2 .2 .5 , the  au thor shows 

t h a t  th o  maximum bending moment in  th e  dowel, can be 

expressed by th e  re la tio n s h ip

% *  -  . 1 + I 1 W

In  equation  2 .2 .5 , P i s  tho  shear fo rc e  app lied  a t  the  

jo in t  ecn tro  l in e ,  a i s  th e  c rash  w idth, itt i s  tho eonotant 

d escribed  in  equation 2 .2 ,4 , and Xjn i s  th e  p o in t along the  

s tru c tu re  where the  maximum moment occurs, given by tho 

so lu tio n  of = 0 , th e  r e la t io n s h ip  fo r  moment being 

e s ta b lish e d  from Timoshenko' m s e lu t ie n V '.

Tho c la s t ic  d e fle c tio n  o f the crack  faces  can bo shown to  

bo given by th e  re la tio n s h ip :

A a •gjlf S ) 2 .2 .6

Equations tteeugh  2 . 2..G a re  a l l  based on an e la s t ic

a n a ly s is  and i t  i s  c le a r  t h a t  they  a rc  dependent on tho 

value kQ, th e  modwfwa o f  onpi’o r i o f th o  " e la s tic "  eeinereto 

masR. Thia io  u n fo rtu n a te , s in ce  th e  a u t\o r  vjac unable to  

give a r e l i a b l e  value fo r  k0 in  th e  ease  o f masa c o n c re te , 

so th a t  although th in  o la u tic  approach appears to  have a 

good ra t io n a l  b a s is ,  tho  f in a l  equationa a re  not fu lly  

r e l i a b l e ,  owing to  the  assumption:) involved in  eva lua ting  

tho  m a te ria l eons* .o its . Values fo r  ke varying from
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30 000 J b / in 3 (8,2N/mm3) to  c lo 'G  to  2 m illio n  l b / i n 3 

(543 N/mni3) wcro considered  in  tho  d iscu ss io n  o f  P r ib e rg 's  

paper. I t  must be noted th a t  th ese  values aro  not r e la te d  

to  co ncrcte  s tren g th s  in  any way, but th e  a u th o r 's  values 

probably r e f e r  to  20 MPa (3 000 p s i)  co n cre te . Despite 

t h is  large, discrepancy, tho concept, o f t re a t in g  the  "pure 

dowel" as a beam on a d iscontinuous e la s t i c  found.udon i s 

a very va luab le  one, e sp e c ia lly  i f  a reasonably  accu ra te  

experim ental ev a lu a tio n  o f th e  subgrade modulus o f concrete  

i s  ob tained .

Technics! l i t e r a t u r e  in  th e  f i e ld  o f dowel ac tio n  in  r e in ­

fo rced  concrcte  can thus bo seen to  ro ly  on both em pirical 

and r a t io n a l  approaches. Tho r a t io n a l  approach makes use 

o f v a ria tio n s  of the  theory  o f th o  beam on e la s t i c  founda­

t io n .  S tud ies of the  dowel a c tio n  a lso  comprise th e  follow ing 

two major f i e l d s : f i r s t l y  .towel a e tic n  as ap p lied  to  shear 

f a i lu r e s  o f re in fo rced  concre te  beams and secondly as 

app lied  to  jo in t s  or connections in  re in fo rced  concrete  

s tru c tu re s .  In  th e  former th e  r a t io n a l  approach considers 

th e  s tru c tu re  r e s i s t in g  shear f a i lu re  by dowel ac tio n  to  bo 

th e  eonpootfto rctK forpiny bav and cienovcto eovor o trua tuvz.

In  th e  l a t t e r  ea se , which can be re fe r re d  to  an puvc dowel 

aatfoiit tho dowel rcc j.s tc  shear fo rces  across the  jo in t as  

an tfudepvtifZufii s tru c tu re  And not as  a ewgs'odtc dowel 

s tru c tu re . I t  i s  t h i s  l a t t e r  concept th a t  i s  tho p r in c ip a l  

concern o f t h is  d i s s e r ta t io n ,  although both concepts have 

been drawn from in  fu r th e r  developing a s u ita b le  theory  to  

bo app lied  to  tho  dowel c ro ss in g  connections in  concrete  

s tr u c tu r e s .



35

CHAPTER 3

T1IR APPLICATION OF A THEORY FOR DOWELS CROSSING JOINTS 

IN RKINPORCttn COHCRKT73 -  AU AWAT.Yf»lS OF BRAMS OH FLEXIBLE 

FOUNDATIONS

3.1 INTRODUCTION

The conccpt o f  a boom on e la s t i c  foundation appears to  have 

good a p p lic a tio n  as reg ard s  tho  study o f a s to o l dowel 

embedded in  concrc to , provided th a t  a r e l i a b le  value fo r  

th e  concrete subgrado modulus can be. e s ta b lish e d  (see 

Chapter 4 .1 ). The s p e c if ic  model used by tho  au thors who 

have considered th in  analogyV 3 i s  based on the  Winkler 

assum ption. In  o rd er to  e s ta b l is h  the  r e la t iv e  m erits  of 

th e  various models which can bo used, a b r ie f  study  o f tho  

v arious concepts i s  undertaken.

Beama and p la tc o  supported over a la rg o  p a r t  o r over the  

whole o f t h e i r  dimenaiona on deformable media a re  found in  

a la rg e  vuvioty of tec h n ic a l  problem s. In  tiome o f these  

problems the  id e n t i ty  o f th e  beam o r  p la te  and o f  the  

foundation i s  c le a r ly  e s ta b lish e d , whereas in  o th e r s , tho 

concept i s  o f a more a b s tr a c t  n a tu re , the  o im ila r it ic o  

being o f a pu rely  m athematical form. In  t h e  ease  of tho 

dowel c rossing  an open jo in t ,  the  dowel can be considered 

to  be tho beam, and tho co n cre te  o f  th e  s la b  o r wall i t s  

c liio tie  foundation. This o f source oumir-vo tm ull e la u t ic  

cleCleetionc o f  vhe jo in t  ati'ueVvnro. Many d i f f e r e n t  types 

o f foundation model hive been developed through the  years,



the  most well-known boing tho W inkler t^^y o f foundation. 

Each typo of foundation  model he8 sp e c ia l a p p l.c a tio n  to  

a p a r t ic u la r  tyoc o f pracL ica l ongincoring problem, and in  

eomo oases a v.v-.bor o f d i f f e re n t  models might have to  be 

considered  to  o h ta i.. th e  most rcp resisn tativ o  r e s u l ts .  

Judgement i s  necessary  in  determ ining tho  boat use o f  a 

foundation modal a p p lic a tio n  to  a p ra c t ic a l  problem and in  

a d d itio n  in  assess in g  whether a s tru c tu ra l  element i s  in  

f a c t  n beam on e la s t ic  foundation o r  n o t, using guide l in e s  

g iven  by v a rio u s  au thors on th e  su b je c t10/ ^ ,  M athematical 

models can be e s ta b lish e d  fo r  both beams and p la te s  on 

e la s t ic  foundation , the  p la te  being tho  more general concept 

in  m athem atical term s. However, c o n sid e ra tio n  i s  g iv en 'o n ly  

to  the  beam on e la s t ic  foundation  in  t h i s  ea se , s in ce  th is  

more c lo se ly  sim ulated to  c to e l dowel cmhradod in  a concrete  

mass.

3 . 2  �� �� ��  n m u - w  �� �� �� �� �� �� �� �	 �� �� �� �� �� �� �� ��

Tho s im plest rep re se n ta tio n  o f an e la s t i c  foundation was 

provided by 12. W inkler as e a rly  as 186711. I t  was ?,inmerman 

who took up tho  W inkler assum ption and developed i t  in to  a 

comprehensive a n a ly t ic a l  system. Tho Winkler foundation 

assumes th a t  tho  d e fle c tio n  a t  every p o in t i s  p ro p o rtio n a l 

to  tho  p ressu re  app lied  a t  th a t  p o in t.  A model of t h e i r  

typo of foundation would bo b e s t rep resen ted  by aa  i n f in i t e  

row o f c lo se ly  spaced sp rin g s , each deforming o r ly  under 

the  p ressu re  i t  d i re c t ly  re c e iv e s , implying a d isc o n tin u ity  

o f response. This loads to  a m athem atically  sim ple, bu t
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novcrtho loss very s ig n if ic a n t  so lu tio n .

In  a system o f orthogonal axes, th e  x a x ir  being p a ra l le l  

to  th e  a x is  o f th e  foundation su rfa c e , W inkler’s assumption 

can be w ritte n  m athem atically  as:

p = k0y 3 .2 .1

I f  u n its  o i newtons (force) and m illim e tre s  (length) a rc  

adopted in  equation  3 .2 .1 , then  p i s  th e  p ressu re  app lied  

to  th e  foundation ( in  N/mm2) and y i s  th e  corresponding 

deform ation th a t  th e  foundatl* a undergoes ( in  mm),

The co n s ta n t, kQ has u n its  N/mm3 and ia  ^•'.own as th e  found­

a tio n  modulus or th e  modulus o f  supper* o r th e  c o e ff ic ie n t  

o f  euhjvadc I'oaoiion, As d iscussed  in  Chapter 2 .2 , the 

a c tu a l  value o f the  constan t i s  su b je c t to  q u estio n  in  many 

a p p lic a tio n s , and a p a r t  o f t h i s  d i s s e r ts 'io n  i s  devoted to  

th o  e stab lishm ent o f a  subgrade modulus fo r  concre te  sub jec ted  

to  a sub-dowel p ressu re . An apparent advantage o f the 

Winklor-Zimmorman so lu tio n  in  th is  regard  i s  th a t  ke only 

e n te rs  in to  th e  m athematical re la tio n s h ip s  under a fo u rth  

ro o t and th u s  e rro rs  in troduced  in  es tim atin g  values fo r  k0  

w il l  be reduced s u b s ta n tia l ly  in  th e  f in a l  so lu tio n s  fo r  

s tr e s se s  in  th e  foundation. This i s  t ru e  to  a c e r ta in  

e x te n t ,  b u t i t  can bo shown th a t  i t  i s  not th e  case fo r  

a l l  o trc sa  s o lu t io n s , and thus i t  must bo accepted th a t  th e  

u ltim a te  u t i l i t y  o f th e  m athem atical r e la tio n s h ip s  es tab ­

l is h e d  i n 't h i s  manner i s  v i t a l ly  dependent on a r e a l i s t i c  

va lu e  o f ko ( re fe rre d  to  as th e  sut\>viu!<- modulus in  th is  

d is s e r ta t io n  ).
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The d i f f e r e n t ia l  equation  fo r th e  Winkler beam on e la s t ic  

foundation  ean be d e ri-o d  by co n s id a rin r  v e r t i c a l  e q u il­

ibrium  in  Pig. 3 .2 .1 , from which

f j  -  if, -  q 3 .2 .2

and sin ce  th e  sh e ar, Q, i s  given by teho e ^ f f e re n t ia t io n  of 

the  moment, i t  can be anbotitu tor! in to  th e  follow ing 

equation:

= M 3 .2 .3

This □ubct.itu tion  lead s  to  the  K inkier d i f f e r e n t ia l  equation , 

given by:

+ &  y  &  3 . 2 . 4

where y i s  t i  R eflection  o f th e  beam or dowel, x i s  tho

p o in t  along the  a x is  o f the  beam whore d e fle c tio n  i s  con­

s id e re d , k is  r e la te d  to  th e  subgrade modulus o f tho  concrete  

by k = k0 .b ,  whi i s  tho  w idth o f  th e  bean (or tho  diam eter 

of th e  dowel). Thus h can bo soon to  have u n its  o f  p ressu re . 

El i s  the f le x u ra l  r ig i d i t y  o f  th e  haunt and q i s  th e  load 

on th o  beam, whore q i s  a funo tio i. o f x . Tho so lu tio n  to  

equation  3.2.-1 ean bo shown to  bet

y = Ac”” * sintm xta) + B e^sin(m xl-B) * 2  3 .2 .5

whore m i s  given by tho re la tio n s h ip :
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Four a rb i t ra r y  co n stan ts  (A, B, o and fi) must be solved 

fo r  in  equation 3 .2 .5  befo re  o b tain ing  th e  f in a l  so lu tio n  

to  a p a r t i c u la r  problem. These a re  ob tained  from known 

end co nd itions o f d e f le c tio n , s lo p e , bonding moment and 

shear and by th e  successive d i f f e re n t ia t io n  o f equation

3 .2 .5  as shown in  Appendix A10. In  the  gen era l so lu tio n  

o f equation  3 .2 .4 , the  expression  e~mx s in  (mx + a) rep re ­

sen ts  a s ir i .  wave w ith enormous- damping. Xf the  beam can be 

considered  to  be i n f i n i t e , which can be shown to  be th e  case 

fo r  dowels, the  genera l s o lu tio n  s im p lif ie s  to :

y  = Ac ^  s in  (mx + a) 3 .2 .7

This i s  a r e s u l t  o f y »0 as x-*” . I t  can thus be seen th a t  

d e fle c tio n s , shears and moments d isappear very  rap id ly  along 

the  a x is  o f the  beam from the  p o in t o f load ing . The two 

a rb i t r a r y  co n s ta n ts , A and a , of equation  3 .2 .7  a re  solved 

fo r  fro a  co nd itions a+ th e  o r ig in  o f th e  s c v a - in f in i te  beam, 

and th i s  •. m id  correspond to  th e  loading a t  th e  crack  face 

in  the  ca;-;; o f dowels. E la s t i c a l ly  supported beams may be 

subdivided in to  sh o rt ,  modiL o r long beams. The l im itin g  

values fo r  t h i s  c la s s i f i c a t io n  a re  given by H etenyi10 as:

Short beams m & < ^

Medium ocama j  < ms < ����

Long beams mi > if

whore S. i s  the leng th  o f th e  ooam, (or the  leng th  o f the  

dowel from th e  crack  face) and m i s  given by equation 3 .2 .6 .
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Short beams a re  considered  to  bo r ig id  w ith re sp e c t to  

th e  foundation . Reactions a re  c a lc u la te d  by the fam ilia r  

fo o tin g  method w ith tra p o so id a l p ressu re  d is t r ib u t io n s .  

Beams o f in te rm ed iate  len g th  a re  considered  to  be f in i te  

beams on e la s t ic  foundation and in  t h i s  case both ends 

must be considered in  so lv ing  fo r  the  foLr a rb i t ra r y  

c o n s ta n ts . Long beams may bo id e a lis e d  to  sent" ■‘n f in i te  

o r  i n f in i t e ly  long beams and thus only two a rb i t ra r y  

co n s ta n ts  need be solved fo r .  A ll p r a c t ic a l  dowels can be 

shown to  belong to  th e  long beam category  by eva lua ting  

H etenyi1s c la s s i f ic a t io n  l im i t s , and consequently  t h is  

a n a ly s is  w i l l  be adhered to  fo r  Winkler and o th er founda­

t io n  models.

Although th e  W inkler foundation does not model th e  p ra c t­

i c a l  dowel ex ac tly / i t  does provide exact and r igo rous 

so lu tio n s  to  some engineering problems, such as  th e  case 

o f  a th in -w a lled  c y lin d r ic a l  tube sub jec ted  to  a x i-  

symmctric load ing , fo r  example. Since th e  Winkler 

assum ption o f  no in te rco n n ec tio n  between ad jacen t springs 

can r e s u l t  in  th e  model not y io ld in g  entii'C ly  s a t i s ­

fac to ry  so lu tio n s  An acme inotan-.-.-r-, how "s.:i, o th er 

foundation models a re  eonfijxlurrd, iK u 'livulavly re la t in g  

to  the  study o f the  s te e l  dowel eml'cddcd in  concre te.

3 .3  V*W him  A!)!) m a i A l  KOXTltiUm

The problem oi '* • ' Winkler mortal, of to t,:!  d isc o n tin u ity  

o)‘ foundation reoponr.e, la  ov->rcome mat i^oniatieally in  

a number of ways. Complete -‘nu tin u ib y  i s  ob tained  i f  th e
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S eflecL ion  l in o  i s  considered  to  be a continuous function

* o f the  ab so lu te  d iffo rcn co  e£ the  coord ina tes o f the 

p o in t o f  a p p lic a tio n  o f the  load , t ,  and the  p o s it io n , 

x , where the  d e flo e tio n  ia  produced. This i s  rep resen ­

ted  m athem atically  by:

y “ ♦ ( I x -  C 1) 3 .3 .1

This r e la tio n s h ip  leads to  an involved p a r t i a l  d i f f e r ­

e n t ia l  equation  and tho  m athem atical d i f f i c u l t i e s  in  

fin d in g  p r a c t ic a l  so lu tio n s  ai«i g re a tly  increased  fo r  t h i s  

type o f  foundation model. In  a d d itio n  to  t h i s ,  resea rch e rs  

have discovered  th a t  most m a te ria ls  e x h ib it  p ro p e r tie s  

d i f f e r e n t  to  th o se  p red ic ted  by the  theory  o f  e la s t ic  

ie o tro p ic  s o lid s .  I t  thus becomes necessary to  form ulate 

m athem atical models fo r  cases between th e  sim ple Winkler 

and the  complex e la s t ic  continuum types.

In  th o  form ulation  o f a mould rep resen tin g  a p a r t i a l l y  
continuous foundation , Hetenyi found th a t  embedding a 

second continuous Learn in  the  foundation m a te ria l gave 

p a r t i a l  shear in turconnoction- This model loads to  an 

e ig h th  o rder d i f f e r e n t ia l  equa tion , th e  e ig h t a rb i t ra ry  

co n stan ts  being solved fo r  from tho  end co nd itions o f  the 

two beams. This type o f  foundation model has gc3d a p p li­

ca tio n  in  beam g r i l la g e s  h u t is- not su ite d  to  she problem 

of tho  s te e l  dowel embedded in  s o rc rc te .  The form of 

p a r t i a l  c o n tin u ity  sought here  is  w ell reprofionted by tho 

Pasternak  foundation model.
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3.4 THE PAS2 2RNAK FOUNDATION MODEL

Pasternak  assumos th e  ex istenco  o£ shear in te ra c tio n s  

between th e  sp rin g  elem ents of th e  Winkler model11.

This i s  accomplished by connecting th e  ends o f th e  sp rings 

to  a beam co n s is tin g  o f incom pressib le v o r t ic a l  elem ents, 

which doform only under tra n sv e rse  sh ear. For th e  d e r i ­

v a tio n , the  v e r t i c a l  equ ilib rium  of a u n i t  ahcar layer  

eSor'ent i s  considered  (See Fig. 3 .4 .1 ) .  Assuming th e  

m a te ria l o f  th e  foundation to  he homogeneous and iso ­

tro p ic  , and i f  th e  shear modulus o f  the  m ate ria l i s  given 

by G, then the  r e la tio n s h ip  between shear s t r e s s  and 

d e fle c tio n  i s  given by:

,  -  O. g  3 .4 .1

Since u n i t  leng th  o f shear lay e r  i s  considered , th e  shear 

fo rc e  can be w ritte n  as:

Considering equilibrium  o f  F igure 3 ,4 .1 ,

+ p -  g = 0  3 .4 .3

and hence th e  to la t io n s h ip  between p rescu re  and d e fle c tio n  

fo r  the  Pasternak  foundation model i s  given by:

p * ky -  G. 3 .4 .4
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(Compare w ith equation 3 .2 .1 , the  m athem atical r e la t io n ­

sh ip  fo r  th e  Winkler modol). Equation 3 .4 .4  r e s u l ts  in  

th e  d i f f e r e n t ia l  equation  shown below, derived in  y ."tenner 

s im ila r  to  th a t  o f th e  W inkler model.

E l. + k .y  = q 3 .4 .5

The advantage o f th is  re la tio n s h ip  i s  th a t  th e  param eter 

G i s  e a s i ly  obtained  fo r  the  foundation  m ate ria l co n sid e red ,

3 ,5  THE FnomiKO-BQRODIGli FOUimTTOtJ S1QDEL

This model i s  a lso  in tended to  achieve some degree c f  i n te r ­

ac tio n  between sp ring  elem ents11, and in  th ia  case  the  

top  ends a rc  coneiidcrcd to  bo connected to  a constan t 

ten s io n  f ie ld  T. Although th is  would be n d i f f i c u l t  p ara­

m eter to  eva lu a te  in  term s o f th e  foundation m a te r ia l,  i t  

has good a p p lic a tio n  in  th e  form used by Johnston and Z ia13, 

where T w=.s us-?d to  rcpronont the  t c '^ io n  in  th e  lo n g i­

tu d in a l tenni* “'forecm cnt. The d i f f e r e n t ia l  equation 

fo r  tehJo fou.. d e l i s  ob tained  by considering  e q u il­

ibrium  o f  P ig . .1 , whore

g  + T. g  -  QV = O ' 3 .5 .1

"”a %  = ky - q 3 .5 .2

Prom thetio two eq u a tio n s , tin  d iff iT o n k io .1 equation can be 

’crivod ae follownj
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3 .5 .3

Equation 3 .5 .3  can bo considored to  bo an ex tension  o f the  

W inklor model, tak ing  in to  account ten s io n  in  th e  beam 

s tru c tu re ,  o r in  tho dove I fo r  th e  p a r t ic u la r  case  o f a 

dowel embedded in  concre ta.

3.6 m '  F O m iM T lO tl  HODBb UUL'P I B  TI11V D IS S E R T A T IO N  FOR 

M S  A N A L Y S IS  Of DOWu'ti A C T IO N  H i  REINFORCED  C O lW i^ T E  

J O I S T S  A im  G 0B 8E C TZ0H 8

A fter  a study o f  a v a ila b le  foundation models i t  was deejded 

th a t  th e  shear in te ra c t io n s  o f tho Pasternak  model b e s t 

deocribti tho  foundation m a te ria l of co n cre te . In  a d d itio n , 

any ten sio n s  e x is t in g  in  th e  dowel eun be taken  in to  account 

UBing the  Pilononko-Borodioh foundation model. The o v e ra ll  

d i f f e r e n t ia l  equation d escrib in g  th e  c3 actio  boho'-'our of 

tho  dowrls te s te d  i s  thun eonaidorvd to  be as fo llow *. 

provided conBisteufc dimonniont; a re  uood throuqhou*.

I^u a tio n  3 .6 .1  i s  a combination o f equations ‘3 .4 .5  and 3 .5 .3  

and in  t h i s  dioovz'tation  i s  re fe r re d  to  as tho Pastornak~ 

F ilom  iik^-Jiorodich (FPB) foundation  model. In  equation 

3 .6 .1 , considering  r.he tu;e o i un itu  N and mm throughout, 

y io  tho dnv;,'l d e flv e tlc n  (a function  o f x ) , in  mm, x da 

the dititaneu moacurod along th e  dowel in  mm, G i s  the shear 

modulus o f tho eunevct.e yopi f(iun<lation in  N/mm", T i s
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th e  ten sio n  which e x is ts  in  th e  s te e l  dowel in  th e  reg ion  

o f the  c rack  face  in  N, E i s  th e  e la s t ic  modulus o f the  

s te e l  dowel in  N/tnm2, k© i s  the  subgrade modulus o f the  

co n cre te  foundation in  N/iran3, b i s  the  diam eter o f th e  s te e l  

dowel in  mm and q i s  the  loading on the  dowel ( in  N/mm i f  

uniform, a lthough q may a lso  bo zero o r  a fu n ctio n  o f x ) .

In  the  ease  o f  the  s te e l  dowel embedded in  co n cre te  and 

c ro ss in g  a c rack  o f w idth a ,  the  loading  on th e  dowel 

can be considered  to  be a shear fo rc e  P a t  th e  ce n tre  of 

the  crack  (see Fig. 2 .2 .5 ) and q thus becomes zero . I f  

th e  dowel under c o n sid e ra tio n  c ro sses  th e  c rack  face  a t  

an angic 6, th e  loads a t  th e  crack  face  on th e  dowel w i l l  

be given bys

Equation 3 .6 .1  can be in te g ra te d  and solved as  a semi- 

i n f i n i t e  beam on e la s t ic  fo u n d atio n ,th e  a rb i t r a r y  co n stan ts  

being ob tained  from co n d itio n s  of shear and moment des­

cribed  by equations 3 .6 .2  and 3 .6 .3 , The s o lu t io n  to  th e  

PFB d i f f e r e n t ia l  equation  y ie ld s  th e  follow ing expression  

fo r  d e fle c tio n .1

3 .6 .2

Moment 3 .6 .3

(<x?-Ga ) . sinflxconfix +

3 .6 .4



In  equation  3 .6 .4 ,

k » Jtob

. . y r r n g p

Having solved tho d i f f e r e n t ia l  equation  fo r  th e  d e fle c tio n  

y ,  aquations fo r  ro ta t io n ,  moment and shear cun a lso  bo 

ob tained  Cor th e  cmbadded dowel. Thcso equations appear 

in  th e  computer program "DOWEL" ( in  Appendix B) and a re  

used fo r  th e  s tr e s s  an a ly s is  o f dowels c rossing  jo in t s  in  

re in fo rc e d  co n cre te  c o n s tru c tio n . In  a d d it io n ,d e f le c tio n s  

a t  th e  crack  face  fo r  a sh e ar, P, can be c a lc u la te d  using 

th e  so lu tio n s  given above and th o se  a re  compared w ith th e  

experim entally  ob tained  load-de£Xoct.lon curves.

I t  can bo seen th a t  th is  e la s t ic  so lu tio n  d ea ls  w ith  a 

number e£ th e  param eters mentioned in  Chapter 1 .2 , th ese  

being:

• Concrete cube s tre n g th , in  r e la t io n  to  

cubgrado modulun and shear modulus o f  

the  concre te

«Dowel diam eter

• Dowel ten sio n  

•Dowel angle
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• Dowel e la s t ic  modulus

•Crack w idth o f  co n s tru c tio n  jo in t .

In  a d d itio n , l im i t  an a ly s is  and u ltim a te  loads on dowolled 

connections can be in v es tig a te d  using  those  s o lu tio n s , i f  

th e  dowel y ie ld  s t r e s s  i s  known and th e  subgrade modulus 

i s  assumed to  bo co n s tan t to  f a i l u r e  ( th is  i s  shown in  

Chapter 4 to  be a o l 'ise  approxim ation).

3 .7  SIMULATION OF ELASTIC FOUND. *088 USING NUMERICAL 

TECHNIQUES

Largo frame computer programs can be used to  sim ulate  the  

beam on e la s t ic  foundation concept. The Winkler concept in  

p a r t i c u la r  can be c lo se ly  modelled by tre a t in g  th e  founda­

t io n  as a number o f  d isc ro to  members o f  p a r t i c u la r  s t i f f -  

neos m  u n iax ia l ten s io n  o r compression. The method was 

used to  v e r ify  c e r ta in  o f th e  c a lc u la tio n s  of th e  a n a ly t ic a l  

methods used in  t h is  d i s s e r ta t io n ,  b u t an in h eren t d i s ­

advantage i s  th a t  a knowledge of the  subgrade modulus is  

s t i l l  necessary in  o rder to  e s ta b l is h  w ith c e r ta in ty  a 

s u ita b le  s t i f fn e s s  fo r  th e  foundation  members used. Never­

th e le s s  se le c te d  o u tpu t shown in  Appendix D.2 compares 

favourably  w ith r e s u l ts  o f  the  PFR foundation modal in  

P ig . <1, 4 .2  as regards d e fle c tio n s  fo r  approxim ately s im ila r  

lo ad s , the  e la s t ic  modulus fo r  concrete  being used very 

s a t i s f a c to r i ly  in  t h i s  ease  fo r  th e  foundation members.
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I t  can be seen th a t  the  d isc o n tin u ity  o f  the  foundation 

members im plies t h a t  only the  W inkler model can bo simu­

la te d  in  t h i s  manner. Methods of shear in te r a c tio n  were 

attem pted b u t g en e ra lly  proved u n s a tis fa c to ry , s in ce  they 

could not bo r e la te d  to  th e  p ro p e r t ie s  o f the foundation 

m a te ria l as re a d ily  as ■cue Pasternak  foundation model, 

fo r  example, which incorporated  th e  shear modulus o f the  

foundation m a te ria l.  The advantages a re  the  s im p lic ity  of 

th e  da ta  programming (see Appendix B.2) i f  the  larg o  frame 

program i s  re a d ily  a v a ila b le , and in  a d d itio n , d isc o n tin ­

u i t i e s  in  the  s t i f fn e s s  o f t!-o foundation  m a te ria l,  such 

as  would be caused by s t i r r u p s ,  a re  e a s i ly  d e a lt  w ith, 

However, the  PFB foundation  model gave mere s a tis fa c to ry  

r e s u l ts  g en e ra lly , and was thus used to  a g rea te r  ex ten t 

in  the. a n a ly s is  o f  th e  experim ental d a ta .
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CHAPTER 4

THE LABORATORY TEST PROGRAM AMD THE COMPARISON OP 

EXPERIMENTAL AND THEORETICAL RESULTS

4.1 THE SSTAl ISBMEUT OF A 8UB6PADB MODULUS VALUE FOR 

CONCRETE

Although the  te s t in g  program commenced w ith t e s t s  on the  

crackod-beam specimens shown in  P ig . 4 .2 .1 , i t  was i n te r ­

rup ted  by a s e r ie s  o f t e s t s  on cubes to  e s ta b l is h  a concrete  

subgrade modulus and by so doing to  prove th a t  th e  theory  

developed in  Chapter 3 could be used in  the  a n a ly s is  of 

dowcilod connections in  re in fo rced  co n cre te . I t  was f e l t  

t h a t  v a r ia tio n s  in  subgrade modulus given by F rib e rg 7, 

fo r  example, w r o  so la rg e  as to  make i t  im possible to  

apply th e  theo ry  to  the  t e s t  r e s u l t s .  In  ad d itio n , the 

value given by Johnston and viia1* was a p p licab le  only tc  

th e  dowel s tru c tu re  o f re in fo rc e d  co n cre te  beams and not 

to  th e  dewelled j o in t  under study.

The subgrade modulus r e s u l ts  from a very local sub-dowel 

p roG surc-tioflcctlon  phenomenon and fo r  th is  reason i t  was 

assumed th a t  the  main v a ria b le  a ffe c tin g  i t  would be the  

crushing  s tre n g th  o f th e  concre te  used. The bar d iam eter, 

b , i s  taken  in to  account in  th e  an a ly s is  by th e  in tro d u c­

t io n  o f th e  ad justed  subgrade modulus k , where k = keb, 

kQ being the  t ru e  subgrade modulus. The v a r ia tio n  o f  sub- 

dowel cover depth was expected to  have l i t t l e  e f f e c t  on
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most p r a c t ic a l ly  dimensioned jo in t s ,  ffhis was in  f a c t  

found to  bo the  case fo r  the  specimens considered and 

was a lco  v o r if io d  by th e  th e o ro tic a l  determ ination  o f the  

subgrado modulus using  equations advanced by Terzaghi22.

The im p lica tio n  i s  th a t  fo r  tho specimens considered  in  

th e  t e s t  program, and a lso  fo r  tho range of dowel diam eter 

to  concrete  covor r a t i o s  l ik e ly  to  be encounterod in  

p ra c t ic e ,  tho subgrade modulus w i l l  be a function  o f th e  

s in g le  v a r ia b le , th o  cube s tre n g th  o f the  concre te.

In  o rder to  e s ta b lis h  a r e la tio n s h ip  between subgrado 

modulus and cube s tre n g th  o f conoro te , t e s t s  wore conducted 

on sp e c ia lly  prepared cube specimens using  tho Amslor 

h ydrau lic  te s t in g  machine. At tho  tim e of tho  castin g  o f 

th e  cubes, sh o rt ,  s t r a ig h t  len g th s  o f r i l d  s to o l re in fo rc ­

ing  rod  were s e t  in to  tho  upper su rface  o f B«na o f  the  

cubes, o th e rs  being eruohed &c. normal fo r  c o n tro l purposes. 

On overage the. b a rs  woco auout 80 mm in  leng th  and they 

were euot in to  th e  conero tc  o f  th e  euhe as shown in  F ig ,

4 ,1 .1 , the  concre te  being o f tho  mix dcoign described  in  

Appendix C. Ginec tho  oubgrat'ie modulus i s  e s s e n t ia l ly  a 

PHb-do\/oX phenomenon i t  wag f e l t  th a t  th e  value obtained  

from th ese  specimens could be ap p lied  d i r e c t ly  to  the 

fu l ly  embedded dowel o f the  eruckcd-beam specimens. S ix 

and ten  m illim etre- diam eter s to o l  redo wore uoed, b u t the  

t ru e  beaming w idths were u su a lly  between h a lf  and two- 

th ird s  o f tho rod d iam eters, r e s u ltin g  in  bearing  a reas  of 

th o  magnitude given in  Table 4 .1 .1 . Prcstm re was app lied  

to  the  sub-dowel concre te  through tho  sh o rt dowels by





moans o f the  loading p la te n s  o f  th o  Amslor machine. An 

advantage of t h is  p a r t i c u la r  te s t in g  machine i s  t h a t  the  

upper loading  p la te n  i s  sprung and ab le  to  t i l t ,  onsuri.-g 

an oven d is t r ib u t io n  o f p ressu re  over tho f u l l  len g th  of 

tho  m ild s to o l  bars embedded in  the  eoneroto cubes.

For each cube te s te d  in  t h i s  manner, lo a d -d e flo e tic n  curves 

(F-<5 curves) wore p lo tte d  and re s u l tin g  subgrade moduli 

wore recorded a g a in s t cube s tre n g th s  obtained  from standard 

cube t e s t s  being run  concurren tly  (r.co Tabic 4 .1 .1 ) .  The 

load  was measured d i r e c t ly  from th e  Amo lei* d ia l  and the  

d e fle c tio n  was ob tained  from tho  read ings o f  two M itutoye 

m echanical d e fle c tio n  gauges, p laced  d iam e tr ica lly  opposite  

one another on tho  Aresler loading  •'•latens. C h a ra c te ris tic  

curves fo r  tho  t e s t s  conducts’ in  ah is manner fo r  eoneroto 

eubo s tre n g th s  12 MPa and 34 MPa a re  shown in  F ig s . 4 .1 .2  

and 4 ,1 .3  re sp e c tiv e ly  and a summary o f a l l  to o ts  i s  given 

in  Table 4 .1 .1 . In  o rd er to  o b ta in  a r e a l i s t i c  v a lu e  fo r  

the  sub-dowel p ressu re  experienced by th e  eonero to  o f  tho 

cube, tho  s te e l  bar bearing  a rea  was measured a c cu ra te ly  

on completion of the  t e s t  program. The value o f th e  sub- 

grade modulus was ob tained  from the  e la s t ic  tone o f the  

load  d e fle c tio n  curves e s ta b lish e d  by t o s t .  For tho BPB 

foundation model tho p re s su re -d e f le c tio n  r e la tio n s h ip  is$

P = k0y <WT> 4 .1 .1

I f  cu rv a tu re  i s  considered  to  be n e g lig ib le  fo r  th ese  u n i­

formly loaded sh o rt dowels, then  th o  equation  can be 

w ritte n  ao:

P =» k0y 4 .1 .2
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For the  to s t s  cona ide ted , i f  th e  load  recorded I s  given by 

P , th e  leng th  o f  th e  s te e l  rod by L and the  a c tu a l  booring 

w idth by B (where 1M b], then  th e  v a lu e  to r  th e  cubgxado 

moduluo can be 9 .1.von as;

4 .1 .3

In equation 4.1.3, ^ da the sloi>e o£ the lood-defleetion 
eurvea obtained from teoto.

The u ltim a te  loada taken  by t-hooo oh<»rt douelc a rc  a godd 

in d ic a tio n  o f th e  magnitude o f th e  oub-dowel procourco to  

be cxpeett-d a t  f a i l u r e  dn a c tu a l tstraeturoo# although 

more re p re se n ta tiv e  valuco a rc  eb tainud in  the  eraeked- 

beam tc u tc .  Novorl.ieleoa/ i t  io  c.vMvnt th a t  oub-dewel 

prcaourco a Is f a i lu r e  can be c.ypeet.nl to  bo oopcwhat higher 

than  th e  cube s tre n g th  o f th e  e o w ic to  uoc«3 (000 Chapter 

5 fo r  a EJrc d e ta i le d  c tu d y ).

Before prcocnlSng a a ta t io t i e a l  ev a lu a tio n  o f th e  e x p e ri-  

m ental &ita, eenoltleratSon in (liven to  a th e o re t ic a l  value 

fo r  nuhgradc ntaduUiu t h a t  could be expected fo r  th e  opoolmens 

conoi^cred, in  order to  o b ta in  an idea o f th e  v a l id i ty  o f  the 

oube to o t  program and the, l ik e ly  ottucfeure o f  the  Mathematical 

fu n c tio n  re la t in g  rulxjrado m duluo  «n3 eul-e r.tronglh o f  oon- 

crofce, TerBacjhl' " conoitiera the  eauu o f ae ttlw u en t on the  

ourfocc o f a s e m i- ia f in i te  ro l id  due to  a v e r t i c a l  p o in t 

load on a f i n i t e  a rea . Annuming the  nolJU to  be p e rfe c tly  

c la o t ie ,  the law a t  nupc-tpi'oition o( nt$:e:;n and o tv ain  io  

v a lid  and heneo t . , r  pettlcm enl due to  a load on a f in i t e  

a rea  ean bo uorcpv . ,;y in te g ra t io n  (at; f tro t,  performed by
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Novimark in  1335) o f  th e  b tu ic  Boucainasy equations fo r  

otroucco undcK a point, load . This in te g ra t io n  y ie ld s  tho 

o la c t ie  s e ttlem en t A. ximlur th o  ecsitre  o f  a uniform ly loaded 

a rea  o f width B and len g th  L to  bo:

60 = 2qK. I „  1 .1 .4

In  equation 4 ,1 .4 , q io  the  preosuro  on thu loaded a rea ,

V and R a re  Polooen 'o  r a t io  and the  o la o tie  moduluc reo p ee t-  

iv c ly  e f  th o  foundation  m ate ria l and J () in  a  fu n ctio n  o f tho 

non-dimonoional number a, vjhefo ^ D ^  (aoc Appendix A,2)

For tho s te e l  barn to n a id e red  £ was in  the reg io n  o f ?,0 and 

B «aa about 4 to  S ran. K tanall inoreawe in  B rc c u lto  in  a 

eorreoponding deercace in  I k, and oinso  th e  d e fic e tio n  io  

dependent' on th e  product o r^ , rea u ltti  ob tained  £ifof.i 

equation  4 .1 .4  a re  nut Vvf’, n en c itiv o  to  email ehangoo in  

n . For ty p ic a l t e n t  tipeeiRienn, I,, wan ea le u la tc d  to  have a 

v ilu o  o f o'sout 1 ,5 . PQinoon'c r a t io  wao assumed to  bo 0,?, 

and constant fo t th e  e la c t io  loadang oonr,Jdercd. Equation

4 .1 .4  eould thus be rew r it te n  as:

S in e o  ^  r e p n .'o e a to  t h e  o u b g ra d r K athilus };0 ,  t h e  fo llo w in g  

opproK ivM te r o l a t l o n u ld p  wan e ; t a b l i s h e d  from  e q u a t io n  

4 1 5 , u n in g  ty p i c a l  v a lu e s  f o r  th o  specim ens eo im id e re d .

kg c  4 .1 .6
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I t  would thus appear t h a t  the  subgrado modulus in  r e la te d  

diroeblj- ‘.u the  c l is tiio  meduluo o£ tho  foundation  m ate ria l 

($500 equation  2 .1 ,8 ) .  I t  muct ho noted , hewovcr, th a t  

equation  4.1.G r e fe ro  p a r t im tla r ly  to  the  o c m i-in fin ito  

foundation , whi-.h i s  not tho  auto  fo r  th e  eubo cipoelmana 

eonoidorod, where tho  lower loading  v la to n  could bo t re a te d  

on a r ig id  base.

T o rsa g h i e o n o id e ra  th o  e a a c  o£ a c t t l e r v 'n t a  on th o  o u rfa e u  

o f  an  c l o o t i e  l a y e r  r e n t in g  on a  r i g i d  baao  in  a  m ethod 

o i ta i la e  t o  t h a t  dti0 .4t’ib e d  f o r  th o  s e m i - i n f i n i t e  fo u n d a tio n  

ea o o . F o r t h i p  eaoo  th e  o ‘♦'Ucmcnt. u n d er th e  e c n t r o  e f  th o  

le a d e d  a r e a  io  g iv e n  by:

= -Zf-* |  ( l - l i  “JZ1;  *  4 .1 .7

w here th o  oymEoln o - c  i d c n t i e a l  t o  tliu o o  in  e q u a t io n  4 .1 ,4  

and  i n  a d d i t io n  F j and P ;. a r e  fu n e tio n c  e£  th o  two d in e n -  

o io n lc c o  nuisboro z and d ,  w here i  a  ^  and d  a  -.jj,

D, th e  depth o f tho  c lo o tie  ]wycr eonnidored, v a tie d  from 

50 mn to  100 ruu. For D = SO im, and baaed on o to cl rod 

"iaoo  xmed in  tho  u v m i-in fin ite  foundry ion  eaac , tho  F 

fu n ctio n s  wore c a lc u la te d  to  bo approxintately

Fi & 1 ,0

and P; & 8,o
(a c e  ApiM-roUx A.S)

For tho  cat.0 o f  n  »  100 m>f tbtvio fnndtiiono were approx l- 

»natoly?

F] »  1,4
and Fg a  3 , 4
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Using a technique s im ilae  to  th a t  doscribcd  fo r  th e  flemi- 

i n f i n i t c  foundation , thu  values fo* uubgrado tnodulau were 

c a lc u la te d  to  Let

k© ”  §7 4 .1 .8

kQ 6 �� �� �� �� �� �� ����

i t  ic  apparent from equutionn 4 .1 .8  and 4 .1 .9  th a t  ever, 

f a i r ly  la rg e  d iffe re n c e s  in  e Ja o tie  lay e r uepth have only 

a small e f f e c t  on th e  value fo r  subgrado rsodulua. This was 

n u b e tan tia tcd  by t e a t s  and oinee in  moot p r a c t ic a l  d w e lle d  

jo in t s  i oner e tc  su rfa c e s  w il l  no t be eon;;4, ra in ed  by r ig id  

BupportG,the v a r ia tio n  h i l l  become even leoo o ig n if le a n t .

An avcr^ ge o f these two equations would thus appear to  give 

a reasonab le  value from th e  t e s t  prograv,, and th e  r e la t io n ­

sh ip  ic  thus beet given by:

38 4 .1 .10

CP 110:"? g ives nn approx iaa tc  re la tio n s h ip  between sh o rt 

teen, s ta t  ic  mtHhiU's o f  e l a s t i c i t y  fo r  normal weight con­

c re te  and i t s  gube eruohing s tre n g th  as  shown in  Table

4 .1 .2 . fiinov the  range jo  g tv m  a s  being 4 to  fi GPa, 

i t  can be assumed th a t  th e  c la s t ic  modulus i s  r e la te d  to  

the  cube s tre n g th  by a quadrat ic  opponen tia l, u sing  a 

l e a s t  squares f i t ,  w ithout the in tro d u c tio n  o f  s ig n if ic a n t  

e r ro r s .  From the  inform ation  present *d in  CP 110, i f  th e  

general mathematical •• • la tio n sh lp  ‘o assumed to  bo



TABM'i 4 .1 .2

RELATIONSHIP BETWEEN CUBE STRENGTH AND ELASTIC 
MODULUS FOR NORMAL WEIGHT CONCRETE GIVEN IN CP. 110

Cube Crushing 
S treng th  of 
Concreto (MPa)

Modulus o i 
E la s t i c i ty  

iGPoi

20 25

25 26

30 28

40 31

50 34

60 36
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where Cj i s  given by ° l  =_ / ’ST¥r T “ ' then 'the follow ing

approxim ate re la tio n s h ip  holds (both p ro p e r tie s  being 

measured in  MPa)s

Prom equations 4 .1 .10  and 4 .1 .1 1 , th e  m athematical r e la t io n ­

sh ip  between subgrade modulus and cube s tre n g th  o f concrete  

can be w ritte n  as :

In equation  4 .1 .1 2 , J:c wi.U have u n its  N/mm3 o r MPa/mm and 

f ' 0 w il l  have u n its  MPa.

Prom th e  r e s u l ts  o f  t ’-.e cube t e s t s  (shown in  P ig s . 4 .1 .2  

and 4 .1 .3 , and summarized in  Table 4 .1 .1 ) ,  i t  i s  apparent 

t h a t  a re la tio n sh ip  s im ila r  to  equation  4 .1.12 can be 

e s ta b lish e d , a lso  using th e  l e a s t  squares method. In  a 

manner s im ila r  to  th a t  used above, th e  re la tio n s h ip  

e s ta b lish e d  from the  da ta  given in  Table 4 .1 .1  can be 

given as:

which appears to  have f a i r l y  good c o rre la t io n  w ith equation 

4 .1 .1 2 , (the  same u n i ts  being u se d ) . M though th e  number 

of t e s t a  performed was in s u f f ic ie n t  to  give a conclusive 

r e la tio n s h ip ,  and in  s p ite  o f  th e  f a c t  th a t  param eters 

auch as bar diam eter and subgrado depth do have a s l ig h t

4.1.11

140 4 .1.12

kG = 120 �$�'�(�� 4.1.13
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e f f e c t  on th e  v a lu e  fo r  k0 , an average of equations 4,1.12 

and 4 .1 .1 3 , giv ing

kQ = 130 S F J  4 .1.14

i s  found to  have very  good c o rre la t io n  w ith r e s u l ts  o b tain ­

ed from th e  cracked-beam t e s t s , when applying tho PFB 

theory  to  th e  r e s u l t s .  I t  i s  th u s  equation  4 . 1 . 1 4  t h a t  i s  

u ltim a te ly  used fo r  th e  d e ta i le d  an a ly s is  and eva lua tion  

o f  th o  dowolled connection  t o s t  s e r i e s ,  and which i s  re ­

commended as a reasonably  r e a l i s t i c  value fo r  p ra c tic e  

(Fig. 4 . 1 . 4  shows t h i s  curve superimposed on t e s t  r e s u l t s ) . 

I t  may a lso  bo noted from tho shape o f tho lo ad "d e flec tio n  

curves fo r  subgrade modulus ���� �� �� �� F ig s . 4 . 1 . 2  and 4 . 1 . 3 )  

t h a t  tho  value may be assumed to  be alm ost co n stan t up to 

tho  f a i lu re  p re ssu re , which w i l l  invarit.u ly  be somewhat 

higher than  the  cube crushing s tre n g th  of tho  concre te.

Following th e  estab lishm ent o f  a r e a l i s t i c  subgrado modulus 

fo r  c o n c re te , a th e o re tic a l  ev a lu a tio n  o f th e  cracked-beam 

specimen t e s t s  becomes p o ss ib le . The various param eters 

considered  in  those  t e s t s  a re  grouped a s  f a r  as p o ssib le  

but th e  number o f v a ria b le s  involved complicated th i s  pro­

cedure to  a la rg e  extent-. The cracked beam specimen t e s t s  

(or t e a t s  on tru e  dowcllod connections) a re  thus as follow s:

4.2 fBffifti 01! ME CJMCAF0-82MH STKGIMEllSi AH TUTRQDVCS'IOl!

A b as ic  p re re q u is i te  o f  tho  d o v d lo d  connection t o s t  

program was th a t  tho  apparatus developed had to  be designed 

in  such a way th a t  th e  e ff e c ts  o f a l l  tho  param eters d is -



65

&

F IG . 4 .1 .4

tXiLATiGusunn ai.’TMcrAj g»,«3j*:Ane /-ta&uuAS
/ W O  C t w  r t / g f -M ?>••// WTlT1 Ak'.tWAL. WF./CSUT
ce^Jfrar/n



66

cussed in  Chapter 1 .2 could be in v e s tig a te d . In  a d d itio n , 

i t  was considered  im portan t th a t  an attem pt bo made to  

sim ulate  s lab -o n to -w all connections as encountered in  s i lo  

c o n s tru c tio n , fo r  example, s5r.c-o s ta l l i n g  o£ concrete  cover 

could bo an im portant fa c to r  in  th e  design  o f  t h i s  type of 

jo in t .  This would ale© bo t ru e  in  th e  case  o f a pavement 

jo in t  (see P ig . 2 .2 .5 ) ,  T est specimens o f  the  typo used 

by Ilofbcck e t  a l  and l a t e r  by Dulascka (sea Pigs. 2 .2 .3  

and 2 .2 .4 ) wero e lim inated  on th ese  grounds. The specimen 

type ev en tu a lly  considered  to  be mo'it s u ita b le  was a beam 

o f 101 mm by 101 mm c ro ss -se c t io n  and spanning 250 mm be­

tween preformed a r t i f i c i a l  c rack s , provided th a t  th e  o u ter 

p o r tio n s  o f  th e  beam ad jacen t to  the  cracks could be held 

Qneastrn oy su ita b ly  designed clampu to  sim ulate  th e  e f f e c t  

o f o n d -fix ity  o f  a w a ll,  i’e r  example. The specimens used 

fo r  th e  t e s t s  on dowels c ro ssin g  re in fo rc e d  co n cre te  jo in ts  

were thua o f th e  form bkown in  f ig .  4 .2 .1 . Approximately 

f i f t y  ouch specimens ware te s te d ,  varying th e  param eters 

discussed  in  Chapter 1 .2 . C ontrol cube t e s t s  were run  con­

c u rre n tly  w ith  th ese  t e s t s ,  s in ce  cube s tre n g th  was a 

major param eter a ffe c tin g  the  performance o f the  dewelled 

jo in t .  The concre te  used fo r  a l l  t e s t s  was designed to  

have a cube crushing s tre n g th  o f 30 MPa a t  7 days, which 

was g en e ra lly  th e  tim e o f  te s t in g  u n less  th e  param eter 

being in v es tig a te d  was th e  concre te  s tre n g th  i t s e l f .  Rapid 

Hardening P ortland  Cement was used in  the mix design  to  

o b ta in  quick s tre n g th  and thus speed up th e  te s t in g  pro­

gram. D e ta ils  of the  concre te  mix appear in  Appendix C.

Six  and to n  m illim e tre  diam eter m ild s to o l dowels wore
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g en e ra lly  used in  the  crackcd-beamo, although l a t e r  t e s t s  

included th e  use of high t e n s i le  s to o l round dowels. The 

a r t i f i c i a l  crack  formers ware made of th ro e  m a te ria ls .  For 

crack  w idths of 6 to  8 mm, polyotyrono foam wac used and fo r 

crack  v id th c  o f  3 mm to  0 imn, m ild s te e l  formers »>ere used 

(ao ohewn in  P ig. 4 .2 .2 ) ,  th ese  being used in  conjunction  

w ith w ell o i le d  c t i f f  paper fo r  sore crack  w idthc. Dowola 

were holti in  p o s it io n  by the  crack  form ers a t  th e  time of 

oaafcirg, th e  �� ���� ��� ����  maehinp being used fo r good compaction. 

The crack  foimern wore? removed when th e  mould!; were s tr ip p e d , 

u su a lly  24 houro a f t e r  coa ting  and cpoeimens were cured in  

a w ater both  u n t i l  th e  tim e o£ te s t in g .

The loading system on the beams, in d ica ted  in  F igc. 4 .2 .1  

and 4 ,2 .6 , waa decided upon to  g ive  aa pure ahcar cteroca 

th e  craek  £aeo ao poao ib lc  w ithout cauoing lo c a l  eom- 

proGoion in  th e  co ncrete  in  th e  v i c in i ty  o f  the  jo in t  e r  

in te r fe r in g  w ith the  o p e ra tio n  o f  the  LVD'f r; (Linear V ari­

ab le  U ifC ervn tial Trannfosmorn). Loading was app lied  a t  a 

f ix ed  r a te  fo r  a l l  t o o ts ,  using  th e  Maeklow-Smith hydrau lic  

te s t in g  m eh in e  o f 340 kM e a p ae ity , ohown in  Pigo . -1.2,3 

and 4 .2 .4 . The output from each eracked-bcam t e s t  was in 

th e  form o f  a load-doC lection  curve, p lo tte d  outographie- 

a l l y  on th e  Matanahe X-Y Rveerder, shown in  P ig . 4 ,2 .5 .

For t h i s  purpose, use w.u; mwlo o f a 20 1;N capaeM-y Kyewa 

load c o ll  and two LVHT'o, one s itu a te d  a t  each crack  faee , 

th e  mean d e flc e tio n  being recorded . A cheek was kept on 

autographic p lo ts  by meehunioal Mitutoyo gaugeu (see F ig.

4 .2 .G ). These were a lso  used to  measure d e fle e tio n s  which
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were groaU;i* than the  lin e a r  range of th e  l/VDT's ( th is  

being approxim ately �� 3, m  - see Appendix D)«

The la rg e  number o f  pujramotors woo too ted  by 13 to o t  s e r ie s ,  

a  oii&mary o f th o se  o o r io j bolng g iven  in  Table 4 .2 .1 .

4 .3 Till'. I'M WIG UOhUhVO ABD ?lHt XTRU* PTHPllC OF THE 

DOtfKLU ttUh'D Zf van CBAGXMI-BMM Tb'tifS

In  a d u itio n  to  th e  m juirom ent; oC a r c a l iy t io  value fo r  

co nercte  oubgruilo moduluc fo r  th e  eonercto  o f  th e  craekod- 

beam spotsimon, valuoo fo r  the  v lacitie  moduluo and y ie ld  

s tr e a a  had to  bo e s ta b lish e d  w ith voaconablo aeeuraey fo r 

th o  Bteoi dowelo used, in  o rder th a t  th e  theory  e s ta b lish e d  

in  Chapter * eauld be uccd o ffe e tW e ly . For th in  reason  a 

number o f 6,35 mm and 10 mm m ild o tce l rod  opoeimeno were 

su b jec ted  to  u n iax ia l te n s i le  to u to , uoing th e  Maehlow- 

Smith hydrau lic  tco tin g  maenme.

Tho charaQ toriG tie  curve obtained  from the  m ild ofeeel bar 

t e a t  oeriun  5a given in  F ig . 4 .3 .1  and from th ia  curve th e  

follow ing value:: were tuied fo r  the  e la o t ie  modulus) and 

y ie ld  otrenu  o£ the»e mt2d o tee l 6,35 i.un and 10 nun diam eter 

dowels �!

B lao tic  Moduluo 210 Gl’a

Yield Otrron 250 MPa

High te n c i le  o tee l round bars o f 6,35 i.un diam eter wore 

UQed in  l a t e r  teo to  and th e  c h a ra c te r i s t ic  curve fo r  thoae 

dovjolo ii*. ohown in  P ig . 4 .3 .2 . Prom th io  curve tho
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follow ing p ro p e r t ie s  vrero e s ta b lish e d  fo r  high te n s i lo  

s te e l  dowols o f 6,35 iron diameters

E la s t ic  Modulus 210 GPa

F a ilu re  S tre s s  540 MPa

The values given above were then  used in  th e  a p p lic a tio n  

o f th e  PPB foundation model to  th e  craclccd-heam t e s t  

r e s u l ts .



76

fo llow ing p ro p e r t ie s  were e s ta b lish e d  fo r  high t e n s i le  

s te e l  dowels o f 6,35 mm diam eters

E la s t ic  Modulus 210 GPa

F a ilu re  S tre s s  540 MPa

The values given above were th en  used in  th e  a p p lic a tio n  

o f th e  PFB foundation model to  the  crackcd-beam to s t  

r e s u l ts .
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4.4 SERIES 1 : TESTS ON UVBCIt/g88 HAVING A #,*# mm 

MILD STEEL DOWEL ON THE MAM AXIS

The im p lica tio n  o f larg o  concrcto  cover i s  t h a t  the  expect­

ed mode o f  f a i l u r e  would be y ie ld in g  o f th e  m ild s te e l  dowel 

(probably in  conjunction  w ith lo ca l crushing  o r  p l a s t i c i ty  

o f the  sub-dowel concrete) befo re  crack ing  and f ra c tu re  of 

th e  co n cre te  cover cecum  (see r ig s .  4 .2 .7  and 4 .2 .8 ) .  The 

6,35 mm diam eter dowel was s i tu a te d  on the  beam ax is  fo r  

t h i s  t e s t  s e r ie s  and th e  lo«.d ap p lied  through b r ig h t s te e l  

rod loading  p la te n s ,  using  th e  Macklow-Smith hydrau lic  

t e s t in g  machine. The crack  form ers o f  p o ly sty ren e  foam 

were chipped o u t a t  th e  tim e o f s tr ip p in g  o f  th e  moulds 

and th e  beams were then  te s te d  a t  7 days. The cracked-beam 

specimens wore loaded to  f a i lu re  (or y ie ld ) and the  follow ­

ing param eters wore a l l  co n stan t fo r  t h i s  t e s t  s e r ie s :

Concrete cube s tre n g th  a t  approxim ately 30 MPa

Dowel diam eter 6,35 mm

Dowel angle  90° (nermctl to  c rack  face)

Crack width 6 nm

Concrete cover 47 mm (From th i s  i t  follow s 

th a t  th e  r a t i o  between cover and dowel d iam eter, 

de , i s  7 ,4 ).

Very c o n s is te n t  r e s u l ts  wore obtained  fo r  th e  s e r ie s  of 

beams te s te d  in  t h is  manner and the  c h a ra c te r i s t ic  load- 

d o f le c tio n  c u rv e . fo r  a co n cre te  cube s tre n g th  o f 30 MPa, 

i s  given in  P ig . 4 .4 .1 . D e ta ils  o f  in d iv id u a l t e s t s  a re  

tab u la ted  in  Table 4 .4 .1 , to g e th e r w ith those  o f thn f in a l
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c h a ra c te r is t ic  curve fo r  30 MPa co n cre te . A th e o re tic a l  

ev a lu a tio n  o f those  t e s t  r e s u l ts  was obtained  using  th e  PFC 

foundation model in  the computer program "DOWEL" (see 

Appendix B . l ) .  The value fo r  c o -c re to  subgrade rea c tio n  

used in  the  an a ly s is  i s  th a t  e s ta b lish e d  in  Chapter 4 .1. 

Typical p r in to u ts  fo r  d a ta  corresponding to  t h a t  of the  

c h a ra c te r i s t ic  curve a re  included in  F igs. 4 .4 .2  and 4 .4 .3 , 

and the  corresponding values fo r  mrnent, shear and concrete  

sub-dowel p ressu re  along the  dowel a x is  a re  p lo tte d  in  F ig.

The experim entally  obtained  c h a ra c te r i s t ic  lo ad -d o f le c tio n  

curve comprises the  follow ing main p o rtio n s:

Tho curve i s  p e rfe c tly  e la s t ic  up to  p o in t A and th e  value 

fo r  slope obtained  from th e  program "BOWEL" has extrem ely 

good c o rre la t io n  w ith tho  experim entally  observed value as 

I s  ev iden t from Table 4 .4 .1 . At A, th e  l im it  o f  e la s t i c i ty ,  

th e  PFB th eo ry  s t i l l  holds and th e  p red ic ted  shear load 

causing the  extreme f ib re  s t r e s s  in  tho  m ild s te e l  dowel to  

approach 250 MPa compares w ell w ith tho  observed l im i t  o f 

e l a s t ic i ty .  From p o in t A, in creasin g  the  lo rd  causes 

y ie ld in g  of tho dewol o u te r  f ib r e s  u n t i l  a t  tho  id ea liz e d  

p o in t  o f y ie ld  n ,  i t  i s  assumed th a t  tho  m ild s to o l dowel 

has y ie lded  com pletely, and tho  f u l ly  p l a s t ic  moment of 

resietcm eo o f  tho dowel has boon developed. A ssociated 

w ith th is  y ie ld in g  o f tho  s to o l  i s  some lo ca l crushing or 

e l a s t i c i t y  o f the  sub-dowel c o n c re te . I f  t h i s  phenomenon 

i s  assumed to  have a small e f f e c t  on th e  o v e ra l l  shape of 

th e  eub-dowel p ressu re  diagram, then  ke rem ains approxim at­

e ly  constan t up to  tho  y ie ld  load  a t  n, and th e  PPB founda-
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tionir/jclul p re d ic ts  th e  y ie ld  load which w il l  givo the  dowel 

f u l ly  p l a s t ic  moment o f re s is ta n c e  to  w ith in  15$ o f tho 

experim entally  observed v a lu e * . From p o in t B th e re  appears 

to  bo a fu r th e r  in cre a se  in  lo ad -ca rry in g  c a p a b il ity  o f the  

dowollod jo in t .  This i s  alm ost c e r ta in ly  a r c e u l t  o f the  

suspension p f fo c t  o f th e  m ild c>teel dowels, which now ca rry  

load  in  a ca ten ary  fash io n . Extreme y ie ld in g  o f th e  o tool 

dowel occurs befo re  tho  concre te  cover f in a l ly  c racks, the 

load  c a rr ie d  by tho  j o in t  a t  th io  s tag e  being in  th o  reg ion  

o f  7 kN and tho  r e l a t i v e  d e fle c tio n  o f the  c rack  faces 

at'OUt 20 non (see P ig . 4 ,2 .8 ) .

Tho u ltim a te  mode was thue o y ie ld in g  o f the  m ild s te e l  

dowel p r io r  to  b r i t t l e  f ra c tu re  o f  the  co n cre te  cover. I f  

tho  eubgrade modulus eurvoo a re  id o a lise d  as in  P ig s . 4 .1 .2  

and 4 .1 .3  th en  theory  p re d ic ts  oub-dowvl p ressu res  of 

approxim ately 2,4 tim es tho co n cre te  cube s tren g th  foi tho 

load  causing f u l l  y ie ld in g  o£ tho  m ild s to o l dowels.

Tho general chare o f  th o  lo n d -d e f le c tio n  curve (up to  a 

crack  d e fle c tio n  o f about 1 m )  eoinparos very w ell with 

r e s u l ts  o f  t e s t s  ©n roinfoireod eonere te  be;ims by KrofelVt 

and Thurston (sot P ig . 2 .1 .2 , cpoGimon number P in  p a r t i ­

cu la r)  . In  ad d itio n  tho  y ie ld  load  obtained  experim entally  

i s  f a i r l y  clone to  the  valuo measured by Dulaeoka, who 

used Dpocimena o f  a considerab ly  d i f f e re n t  typ o , as shewn 

in  P ig . 2 .2 .4 .

* (Soo Chapter 5,2 fo r  a more d e ta i le d  account).
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4 .5  SERIES 2 ; TBi-T3 OK SPSCTUSS8 UAV2B0 A G, ZG mm 

MILD STEEL D ..tlL WITH SMALL COVUR

Xho oxpootod mode o f f a i lu r e  fo r  t h i s  t c ^ t  so rio s  i s  

f ra c tu re  of th e  concre te  cover p r io r  to  tho f a l i y  p la a t ic  

moment o f reo is ta n c o  of tho  m ild skoei dowel being a tta in e d . 

Two ty p ic a l  b^ooimans, each naving a a in j lo  dowel, bu t one 

having 17 nun o f  concroto and tho  o th er 12 mm cover, were 

te s te d  in  th in  s e r ie s .  The lo ad -d e flc o tio n  e u rv c , fo r  theRQ 

two caaeo a re  given in  P ig . 4 .5 .1 , and a re  p lo tte d  on the  

same system o f axco to  give an in d ic a tio n  o f the  develop­

ment o f  tho carve w ith  in creasin g  eavvr. The c rack  w idth 

vac kept co n stan t a t  8 mm and coiuieyucntly tho  crack  

form ers were again  polystyrene: loam v/afero. The p r in c ip a l  

p aran e tcsa  kep t co n etan t fu*. t ii io  beat so rieo  were:

Concrete cube s tre n g th  a t  27,8 MPa 

Dowel fliaiv.Qtcr 6,35 nun 

Dowel ang le  90°

Crack w idth 6 mm.

The experim entally  ob tained  lea d -d o fle e tio n  curves comprised 

a number o f baoic occtionoi

As in  Sorieo 1, th e  curve ia  e ln o tie  up to  p o in t A and 

a lthough the  oub-dowel depth i a  s u b s ta n t ia l ly  loon than 

t h a t  fo r  th e  opcoimeno used in  S crtea  1 , th e  s lope  is  

p r a c t ic a l ly  id e n t ic a l ,  v e rify in g  th e  anEiumption th a t  tho 

co n cre te  oubgrade modulus ia  not a c n a itiv e  to  oub-dowel 

foundation depths and 4s Urn?: approxim ately a fu n ctio n  o f 

tho s in g le  v a r ia b le , cube s tre n g th  o f th e  c o n c re te , in  th e
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e la s t ic  range. As can be seen from Table 4 .5 .1 , which 

g ives a comparison between experim ental and PFB p red ic ted  

r e s u l ts ,  th e  c o rre la t io n  i s  good in  th e  e la s t ic  zone. The 

p red ic ted  load a t  A, the  l im it  o f  e la s t ic i ty ,  a lso  compares 

very w ell w ith tho  experim entally  obtained v a lue . With 

fu r th e r  in crease  in  load from p o in t A, tho curve changes as 

a r e s u l t  of the  combined e ff e c ts  o f y ie ld in g  o f th e  dowel 

extreme f ib re s  and lo c a l  crushing  of tno  sub-dowel co n cre te . 

F a ilu re  occurs a t  B before tha f u l l y  v la a tio  moment s f  

r e s is ta n c e  of the  dowel hac 2)ecn a tta in ed .  This i s  v e r i f ie d  

by th eo ry , which p re d ic ts  moments in  th e  dowt-,1 le s s  than  the  

f u l ly  p l a s t ic  moment fo r  the  experim entally  obtained  f a i lu r e  

lo ad s. For the  case  o f the  specimen with 17 mra cover, the  

moment in  th e  dowel approaches th e  f u l l  y ie ld  value (fo r the  

load of 1,6 kN), and i t  would thus appear t h a t  a " c r i t i c a l  

cover" can be ob tained .

For given constan t param eters of concrete  cube sUrength, 

crack  tfidth, dowel geometry and dowel m a te ria l,  th e re  e x is ts  

a cover to  dowel diam eter r a t i o ,  (dc ) c r i t ,  such th a t  tho 

f a i l u r e  load fo r tho dowolled connection co incides w ith the  

y ie ld  load . For the  param eters c c .  ' cred in  S e rie s  1 and 

2 i t  would appear th a t  a value o f  v '-c 'u r it  o f  approxim ately 

4 can be app lied  and a design  c r i t e r io n  wou.l d thus bo th a t  

the  cover provided to  th e  dowel should be such th a t  dc 

exceeds th e  value of 4. ( th is  concept w il l  be d e a lt  with 

more thoroughly in  Chapter 5 ). Tho f a i lu re  modes fo r  the 

specimens o f S e rie s  2 wore thus b r i t t l e  f ra c tu re  of tho 

concre te  cover, and th e  ra t io n ,  dc , o f 2,7 and 1,9 re sp e c t­

iv e ly  in d ic a te  t h i s  mode o f f a i lu r e  (both being le s s  than



4 ). The sub-dowel concre te  p ressu res  a t  f a i lu re  a re  61,6 

MPa and 51,6 MPa fo r  th e  17 mm and 12 mm cover specimens 

re sp e c tiv e ly , and a re  s t i l l  in  excess o f the  cube s tre n g th  

o f th e  concre te  used, in  sp ito  o f  th e  f a c t  th a t  th e  cover 

was sm all. The f a i l u r e  loads recorded a re  s u b s ta n tia l ly  

lower than those  o f S e rie s  1, and consequently  lower than 

u ltim a te  loads p red ic te d  by Dulacska, whoso specimens 

s p e c i f ic a l ly  recorded ''y ie ld  typo" f a i lu re s .



4 .6 . SERIES 3 : S'ESTS OH SPECMr.HS HAVIUG Tl-10 C, 35 mm

MILD STEED DOWELS

In  o rd er to  e s ta b l is h  changes in  e la s t ic  behaviour o f a 

dowellcd j o in t  w ith in creasin g  number oi' dowels crossing  

th e  c rack  fac e , a t e s t  s e r ie s  having 2 dowels was undertaken. 

In  a d d itio n , lo ad -ca rry in g  c a p a b i l ity  o f the  jo in t  a f te r  

f i r s t  c racking  o f the  cover to  tho  top dowels was a lso  

s tu d ie d , in  o rder to  e s ta b l is h  th o  o v e ra l l  in crease  in  

s a fe ty  o f  th is  typo o f  jo in t  over th e  type  te s te d  in  S eries  

2. Two 6,35 mm diam eter m ild s to o l d .w els were used in  each 

specimen, one a t  the  top and tho  o thp . a t  th e  bottom of th e  

beam se c tio n . The two specimens te s te d  in  th is  s e r ie s  had 

covers to  the  top dowels o f 17 mm and 12 mm re sp e c tiv e ly , 

g iv ing  a s im ila r  c o n fig u ra tio n  to  S e rie s  2 specimens. The 

schem atic e lev a tio n  o f th e  specimen i s  shown in s e t  in  P ig. 

4 .6 .1 . Crack w idths were again  6 mm and the  crack  formers 

were thus po lysty rene foam. The lo a d -d e fle c tio n  curves fo r  

th ese  jo in t s  a re  given in  P ig. 4 .6 .1  and the  param eters 

kep t co n stan t were:

Concrete cub s tre n g th  a t  27,8 MPa 

Dowel diam eters 6,35 mm

Dowel ang les 90°

Crack width 8 mm

The lo a d -d c fle c tio n  curves ob tained  experim entally  wcro 

found to  comprise tho follow ing se c tio n s;
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The p a r t  up to  p o in t A i s  l in e a r ly  o la s t ic  and i t  can be 

soon from Table 4 .6 .1  t h a t  th e  slope i s  very c lo se  to  tw ice 

t h a t  o f  th e  curves in  Sorios 3. This im plies th a t  fo r  a 

m ulti-dowel jo in t  sub jec ted  to  a shear fo rcu  only , each 

dowol c&n bo assumed to  c a rry  an equal p o rtio n  o f th e  to ta l  

ehoar and censcquontly  each can bo analysed using  th e  PFB 

foundation  modal by s u b s ti tu t in g  tho  re le v a n t shear fo rce . 

This would probably s t i l l  bo the  oaoo fo r  a jo in t  subjected  

to  a su b s ta n tia l  bonding moment in  a d d itio n  to  tho shear, 

which would cause ten sio n s  and ctMnprossions in  d i f f e re n t  

dowels, s in ce  those  fo rces  can be considered  in  th e  an a ly s is  

i f  they  can be eva lua ted . At A, th e  l im it  o f e la s t i c i ty ,  

th e  PFB foundation model p re d ic ts  loads s l ig h tly  higher 

than  thoao recorded experim en ta lly , the  e rro r  only being in 

th e  reg io n  o f  10% however. From A, a fu r th e r  in crease  in  

loa 'l r e s u l ts  in  tho y ie ld in g  o f Uho extreme f ib re s  o f both 

dowols, again  probably a sso c ia ted  w ith a email amount o f 

lo c a l  crushing o f  th e  sub-dowel c o n c re te . At p o in t B, 

f i r s t  shedding o f tho  co n cre te  cover occurs (a t  one o f  the  

crack  fac e s , th a t  i s ) , b u t i t  can be seen th a t  a recovery 

in  lo ad -ca rry in g  c a p a b i l ity  o ccu rs , so th a t  th e re  i s  oven- 

tun31y a fu r th e r  in cre a se  in  load to  tho p o in t of cracking 

o f  co ncrete  cover a t  th e  o th er c rack  fac-a (a t C). Tho 

reason fo r  th is  in crease  in  loud iy  th a t  t \ e  lower dowels 

a rc  carry in g  load in  a manner s im ila r  to  th e  specimens in  

S e rie s  1 and thvm th e  f a i l u r e  medo i s  not c a ta s tro p h ic  ns 

i s  th e  cane fo r  S e rie s  2. For tho namo reason sub-dowel 

pressu reo  a t  f i r o t  f a i l u r e  o f top cover a rc  s l ig h t ly  higher 

than  thoco fo r  S e rie s  2, aa can bo coen from a comparison
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o f Tables 4 .5 .1  and 4 .6 .1 . Those tlifferoncoa o f p ressu re  

a re  not s ig n if ic a n t  and th e  p r in c ip a l  advantage can bo seen 

to  be in  th e  po st-c rack in g  s ta g e . An e x tra p o la tio n  of 

th ese  curves (had f a i lu r e  of th e  cover not occurred) gives 

th e  p red ic te d  load a t  y ie ld  approxim ately tw ice t h a t  fo r  

S e rie s  1, and i t  can thuu bo soon th a t  both s t i f fn e s s  

and y ie ld  load a re  doubled when th e  number o f  dowoln is  

doubled, provided both dowels have de la rg e r  than  the  

c r i t i c a l  v a lu e  -  taken  to  be approxim ately 4 (the cube 

s tre n g th  o f the  concre te  i s  not s ig n if ic a n tly  d i f f e re n t ,  

and the  c rack  geometry i s  id e n t ic a l ,  to  S e rie s  1).



4.7  SERIES 4 s '.L'KOTU Oil SPECIMENS HAVING A 10,0 mm 

MILD STEEL HOVEL ON THE BEAM AXIS

This FuricB o f  tosfco was undertakon to  oomparo performance 

o f  dowol :.i of varying d iam eter, and to  v e rify  t h a t  th e  PPB 

foundation model was s t i l l  a p p lic a b le , in  a d d itio n  to  the  

necessary eompari: on o f tho r e s u l ts  in  th e  e la s t ic  zone, 

re la tio n s h ip s  between dc r a t i o s  and p ressu res  on th e  sub- 

dowel concre te  a t  f a i l u r e  could a lso  bo compared as a 

choc]: on th e  v a l id i ty  o f tho  concept of th e  c r i t i c a l  value 

fo r  dc . The 10,0 mm diam otor dowel was s i tu a te d  on the  

beam a x is  fo r  each specimen and the  r a t i o ,  dc , was thus in  

th e  order o f 4 ,5 . I f  tho  c r i t i c a l  value* o f 4, e s ta b lish e d  

in  Chapter 4 .5 , i s  considered  to  be c o rr e c t,  i t  would 

appear th a t  f u l l  yield in '*  o f tho  dowol occurs j u s t  befo re  

cracking o f the  cover fo r  th ese  specimens. This i s  in  f a c t  

su b s ta n tia ted  by th is  t e s t  s e r ie s  -  tho r e s u l ts  being sum­

m arized in  Table 4 .7 .1  and tho  c h a ra c te r is t ic  curve being 

given in  P ig . 4 .7 .1 . Crack form ers were again  po lysty rene  

foam, and tho param eters kept co n stan t fu r  t h i s  ce ric a

Concrete eubo s tre n g th  a t  about 30 yPa 

Dowol diam eter 10,0 mm

Dowol ang]o 90R

Crack width 8 mm

Tho c h a ra c te r is t ic  lo a ti-d o flec tio n  curve eon bo described  

an fo llow st
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Up to  p o in t A the  curve i s  e la s t i c ,  and th e  FFB p red ic ts  

the  slope to  be s l ig h t ly  lower than  the  experim entally  

observed value as can be soon from Table 4 .7 .1 . The e ff e c t  

could p o ss ib ly  be a r e s u l t  o f a s l ig h t  in crease  in  subg/ado 

modulus value as d iscussed  in  Chapter 4 .1 (see  equation 

4 .1 .4 ) ,  bu t as the  r e s u l ts  f a l l  w ith in  155 o f th e  e x p e ri­

mental values th e  theory  i s  s t i l l  considered  to  be a p p lic ­

ab le . The load a t  th e  e la s t ic  l im i t  determined experimen­

t a l l y  i s  s l ig h tly  lower than the  PFB foundation model 

p red ic te d  v a lu e , in d ic a tin g  th a t  th e re  ia  not a g eneral 

tren d  fo r  the  theory  to underestim ate r e s u l ts  fo r  b a rs  of 

la rg e r  diam eter. A fte r  p o in t A, th e  curve again  becomes 

n o n -lin ear owing to  th e  e ff e c ts  o f  dowel y ie ld  and lo c a l  

foundation crushing and th e  y ie ld  load a t  B i s  w ell p re ­

d ic ted  by the  PFB model. With only a small in crease  of 

load from B, shedding o f th e  co n cre te  cover to  the  10,0 mm 

dowel occu rs . The. f a i l u r e  load of 6,59 kW, only s l ig h tly  

h igher than th e  y ie ld  load o f 5,95 kN, in d ic a te s  t h a t  the 

concept o f c r i t i c a l  cover to  dowel diam eter r a t i o ,  dc , 

could have general a p p lic a tio n  (a t  th is  s tag e  fo r  constan t 

c rack  w idth o f  8 mm and concre te  oubo s tre n g th  o f  30 MPa). 

I f  the  covor to  the  10,0 mm dowel were in creased , i t  can 

be seen from th e  ex tra p o la tio n  o f the  s tr a ig h t  l in o  BC in  

Fig. 4 .7 .1  th a t  tho curve would have the  same g en e ra l shapes 

as t h a t  o f  Sorioa 1. Tho ac tu a l shape o f tho  expcrimon- 

ta.';ly determined lo ad -d o flo e tio n  curve compares w ell w ith 

tha  shape o f th e  curve obtained  by K rofcld and Thurston fo r 

Specl-on 7 in  p a r t ic u la r  in  t h e i r  t e s t  n o rio s .
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I t  may be noted from both Table 4 .4 .1  and Table 4 .7 .1  th a t  

th e  p red ic ted  y ie ld  load using  the  PFB foundation model 

f a l l s  s l ig h t ly  bolow th a t  recorded experim entally  (although 

p red ic ted  values using  t h i s  model compere very  well with 

those  givsn  by equation 2 .2 .2  -  D ulacska's equa tion).

This i s  the r e s u l t  o f th e  use o f th e  o l a r t i c  modulus of 

s to o l  in  tho p o s t-y ie ld  s tag e . The s u b s ti tu t io n  o f a r e ­

duced moiulUG would be more c o rre c t  owinc# to  y ie ld  of 

extreme f ib re s  and th is  docs in  f a c t  g ive  r e s u l ts  c lo s e r  to  

th e  experim ental v a lu e s . Since tho  PFB re s u l ts  a rc  not 

s e n s i t iv e  to  changes in  e la s t i c  modulus o f  tho  dowel, how­

ever, tho  an a ly s is  using  tho e la s t i c  modulus a t  l e a s t  gave 

approximate guide l in e s  (see Chapter 5 .2 ).
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4 .8  SERIES 5 s T E S T S  ON SP E C IM E N S HAVING  A S IN G L E  CENTRAL  

6,  3 5  mm M ILD  S T E E L  D Q ftE L, AND V A R IA B L E  CRACK WIDTH

The p r in c ip a l  reason fo r  t h is  t o s t  s e r ie s  was the  v e r i f i c ­

a tio n  o f th e  PPB foundation theory  as the  crack  width pro­

ceeded from 8 mm to  zero , th e  crack  width l ik e ly  to  be 

encountered most o f te n  in  p ra c t ic e .  T esta -'n specimens of 

zero crack  w idth were not as  r e l ia b le  as o th er t ic e s ,  since 

i t  proved d i f f i c u l t  to  e lim in a te  f r i c t i o n  com pletely from 

th e  c rack  faces  o f th e  beam specimens. On th e  o th er hand, 

an ex tra p o la tio n  of r e s u l ts  from t e s t s  on specimens w ith 

crack  w idth g re a te r  than  zero , to  give expected r e s u l ts  fo r 

zero crack  w idth, g ives a good in d ic a tio n  o f f r i c t io n  

e f f e c ts  fo r  th e  specimens used, when compared w ith ac tu a l 

experim ental r e s u l ts .  The G,35 mm diam eter dowels were 

s itu a te d  on tho beam ax is  fo r  t h i s  t e s t  s e r ie s  and in  

a d d itio n  to  uoim, p o ly sty ren e  crack form ers, m ild s to o l  crack  

form ers {as shown in  P ig . 4 .2 .2 ) were used fo r  tho 3 mm and 

zero crack  w idth specimens.

The procedure was th a t  tho openings in  tho  m ild s te e l  crack  

form ers wore f i l l e d  w ith a wafVr e f  polyn*prone foam, taped 

to  th e  s to o l , and the  dowel then  pnnnt'd through th i s  poly­

s ty ren e  making removal o f  tho crack  formers p o ss ib le  a t  the  

tim e o f s tr ip p in g  o f tho  moulds fo r  th e  3 nun crack  wMth 

specimens. For the  specimens w ith zero crack  w idth, the  

beam cen tre  p o rtio n  was e a s t  f i r s t ,  using th e  crack  formers 

na mould-cndu. / " te r  24 hoars the  m ild s te e l  form ers were 

removed, and th in ,  s t i f f ,  w< 11 o ile d  pupor was placed over 

tho  exposed concrete  nurfacv » ch a in in g  th e  p ro tru d in g  dowel.
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The beam ends woro than  c a s t  around th i s  p ro tru d in g  dowel 

a g a in s t  the  o i le d  aur£acc, using  a s l ig h tly  compensated 

mix so th a t  tho  boom had an approxim ately uniform concrete 

cube s tre n g th  a t  th e  timo o f t e s t im 1 of 7 days. The average 

cube s tre n g th  o f 6 cubes (3 from each mix) was used in  the  

a n a ly s is  o f  th ese  specimona.

The specimens were loaded to  y ie ld  using  a tw o-poin t load­

ing  system as b efo re  and tho  param eters kept co n stan t fo r  

the  t e s t  s e r ie s  weres

Concrete cube s tre n g th  a t  about 30 MPa 

Dowel d iam eter 6,35 mm 

Dowel ang le  20*

C oncrete cover 47 nun

Tho v a r ia tio n  in  th e  lo ad -tic fIcc tio n  curves i s  shown in  

P ig . 4 .8 .1 , where tho  rew ults fo r  a mm, 6 mm and 3 nun crack 

width specimenp a re  compared, by p lo t t in g  tho r e s u l ts  on the 

same axes. The v a ria tio n s  in  s lo p e , c la s t i c  l im it  and y ie ld  

load  with changon in  c rack  witibh a re  compared w ith p red ic ted  

PFB re s u l ts  in  Table 4 .8 .1 . Tho c o rre la t io n  obtained  is  

g en e ra lly  good (although the  experim nntally  observed slope 

o f  Specimen 3 seemed somewhat lower than  expect:d) and tho 

v a r ia tio n  in  j o in t  c h a ra c te r is t ic s  o f s t i f fn e s s  and u l t i ­

mate load c a p a b i l i t ie s  with v a r ia tio n  o f crack  width appear 

to  be w ell modelled by c I’Ff. foundation.
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Having e s ta b lish e d  th a t  th e  PFB foundation  model p pp lies 

to  a l l  th ese  cu rvcs, the  m athem atical model i s  used to  

ex tra p o la te  th e  expected values o f  s lo p e , e la s t ic  l im it  

and load a t  y ie ld  fo r  a specimen o f zero crack w idth -.nd 

th ese  values a re  compared w ith th e  experim entally  obtained 

values in  Table 4 .8 .2 . The g rap h ica l comparison i s  shown 

in  F ig . 4 .8 .2 . I t  can bo seen from th is  comparison th a t  

even though th e  concre te  su rfaces  wore w ell o i le d  and care  

was taken  to  ensure th a t  they  were s t r a ig h t  and d id  not 

bear on one a n o th e r, a s ig n if ic a n t  c o n tr ib u tio n  from f r i ­

c tio n  i s  p resen t (PFB p red ic ted  r e s u l ts  a re  g e n e ra lly  65 

to  75% o f the  experim ental v a lu e s ) . This im plies th a t  con­

s tru c tio n  jo in ts  designed on the  b a s is  o f zero crack  width 

and no f r i c t i o n  w i l l  bo co n serv a tiv e , provided no shrinkage 

(the .nal o r o therw ise) occurs t h a t  might cause sep ara tio n  

o f  the  co ncrete  s u rfa c e s . On th e  o th e r  hand, th e  attachm ent 

o f  b racke ts to  p re c a s t  co n cre te  elem ents could be designed 

uoing th e  ;?'-ro c rack  w idth p r in t  s lo , neg lec tin g  f r i c t i o n  

vffooi1-;. sign o f bo lted  o r r iv e te d  s te e l  connections

followr? p r in c ip le  in  t h i s  regard  -  th e  f r i c t i o n  t

th e  s te e l  p la in s  g e n e ra lly  being nvglaetcd and a l l  shear 

considered  to  be t ra n s fe r re d  from p la te  to  p la te  by the  

shear a c tio n  o f  th e  b o l t  o r  r iv e t  c lu s te r  (except in  the  

case o f " f r ic tio n -g r ip "  h o l t s ) . The fundamental d iffe re n c e  

would bo th a t  whet'oari the  :;hoer s t r e s s  in  th e  b o l t  g en e ra lly  

c o n tro lr  in  th e  oano o f the  b o lted  ���� e e l connection, shear 

strersuos a re  g e n e ra lly  innj.gniC ieant in  dowels c rossing  

r  'informed eonercto  jo i i I n  -  th e  c o n tro l lin g  s tr e s s e s  being 

bonding in  th e  dowel o r sub-dowol concre te  prooism’e.t.
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4.9 SERIES 6 : TKS'l'f! Oil SPECIMENS HAVING A 'JINGLE CENTRAL 

10, C m  i-lILP STNEL DutiEL AND VAEUVLE CliACK VIDM

As fo r  S e rie s  5, t h i s  t o s t  s e r ie s  e s ta b lish e d  the  v a l id i ty  

of the  PFB foundation ro su lty  w ith  v a r ia t io n  o f c rack  w idth, 

b u t in  t h i s  ease  in v es tig a te d  co nsistency  with increasing  

dowel diam eter as w e ll. In  a d d itio n , f a i l u r e  modes(crack­

ing and s p a ll in g  o f ec. ic rc te  cover) could be in v es tig a te d  

in  t h i s  s e r ie s ,  s in ce  a dc r a t i o  approxim ately nqual to  th e  

c r i t i c a l  value meant th a t  th e  f a i l u r e  o f the  cover would 

occur a t  about th e  y ie ld  load and cou3 d th u s  be recorded 

e a s i ly . I t  was noted in  t h i s  t o s t  s e r ie s  t h a t  beam sp ec i­

mens o f zero crack  w idth again  ex h ib ited  increased  s t i f f ­

ness and y ie ld  lo ad s , owing to  f r i c t i o n  e f f e c ts  o f the  

co n cre te  su rfaces. Crack form ers were used in  an id e n tic a l  

manner to  S e rie s  5 and again  ca re  was taken  to  ensure th a t  

th e re  was minimum f r i c t i o n  on th e  shear in te r fa c e .

The specimens were loaded to  f a i l u r e  o f th e  cover and the  

param eters kept co n stan t fo r  t h i s  t o s t  s e r ie s  were:

Concrete cube (strength approxim ately 30 MPa 

Dowel diam eter 10,0 mm

Dowel angle 90°

Concrete cover 45 nim

The v a r ia tio n  in  loa< H le£lcetion  curves; with varying crack 

width ic  shown in  F ig . 4 ,9 .1 , where r e s u l ts  fo r  specimens 

w ith  8 mttx, 3 m  aivl aero crack  w idth specimens a rc  compared. 

A summary o f to o t  r e s u l ts  in  Table 4 .9 .1  in d ic a te s  the
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c o rre la t io n  between experim ental and th e o re tic a l  r e s u l ts ,  

and th is  i s  g en e ra lly  good fo r  th e  specimens having a 

crack  w idth g re a te r  th an  zero , but th e  PFB foundation again 

p re d ic ts  slope o f the  e la s t ic  zone and y ie ld  load le s s  than 

the  values ob tained  experim entally  fo r  zero crack width 

specimens (an exception  i s  th a t  th e  e la s t ic  l im it  appears 

to  bo w ell p re d ic te d ) .  I t  i s  in te r e s t in g  to  no te , however, 

th a t  a lthough th e  f a i l u r e  load in creases  o v e ra ll  w ith de­

creasin g  cracX w idth, th e  y ie ld  load  exceeds the  f a i lu r e  

load s l ig h t ly  fo r  th e  aero c rack  width specimen, whereas 

thee rev e rse  is  t ru e  fo r  the  8 mm crack  width specimens.

This _s re f le c te d  in  th e  general change in  shape o f the 

lo a d -d e fle c tio n  curve as the  crack  width decreases (see 

F ig . 4 .9 .1 ) .  In  a d d itio n , th e  r e l a t i v e  d e fle c tio n  o f the  

c rack  faces  a t  f a i lu re  becomes sm alle r. This e f f e c t  i s  no t 

considered  to  be s ig n if ic a n t  in  e s ta b lish in g  a general, 

re la tio n s h ip  fo r(d c ) G r , however. I f  the  maximum crack 

width - ? r  a jo in t  i s  considered  to  be approxim ately 8 mm, 

then  the  value of (d c ) t ,r it  o f 4 w il l  bo a conservative 

estim ate  fo r  a l l  o th er jo in t s ,  s in ce  f a i l u r e  o f th e  concrete  

cover, which depends cn the  d e fle c tio n  end c u rv a tu re  of the 

dowel a t  the  crack lacii, occurs a t  a higher load is the 

c rack  width decreases, although the  u ltim a te  mode changes. 

This in creaso  in  expected f a i l u r e  load i s  w ell n o d d le d  by 

the  PFD foundation i f  oub-dowcln co ncrete  p ressu res  are  

considered to  bo c r i t i c a l  fo r  sp o ilin g  o f the  concre te  cover.
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I t  can be seen th a t  the  PP>5 foundation model p re d ic ts  values 

c lo se r  to  experim ental values fo r  t h i s  s e r ie s  than fo r 

S e rie s  5 fo r  specimens o f zero c rack  w idth. Thus th e  value 

o f th e  f r i c t i o n  p rese n t i s  d i f f i c u l t  to  ev a lu a te  q u a n ti ta t ­

iv e ly  and would appear to  r e ly  on ca stin g  techniques when 

moulding the  specimens.
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4.10 SERIES 7 : 3'E/JTfl 01 BVECimXC, JiAVIBG A SltiGlV, CEUTPAL 

8, 85 mm tllLD STEEL 5 i? m , A UP VARTABLE COPCRZTE 

STmiGTH

Having o s tab lish cd  the  v a l id i ty  o f th e  r-FB foundation  modal 

fo r  a v a r ie ty  of c o n fig u ra tio n s  of specimen guomotry, th e  

c o rr e la t io n  w ith cube s tre n g th  was thon te s te d  in  S e r ie s  7 

and 8. These tootrs wore conducted s p e c i f ic a l ly  to  v e rify  

the  a p p lic a tio n  o f tho assumed function  re la t in g  concre te  

subgrado modulus to  cube s tre n g th  (soo Equation 4 .1 .1 4 ) . 

Constant crack  w idths o f 8 mm wore used fo r  th is  s e r ie s  and 

consequently  crack  ioriaors wore again o f p o lysty rene  foam. 

The same concrete  mix was used as  fo r  prev ious specir-tons/ 

b u t te s t in g  occurred a t  d i f f e re n t  in te rv a ls ,  thus varying 

the  concre te  s tre n g th . U ltim ate modoc wore g e n e ra lly  y ie ld  

typos f a i lu re s  (a combination o f dowel y ie ld  and sub-dowel 

co ncrete  p la s t ic i ty )  and. th e  p r in c ip a l  param eters kept 

co n stan t fo r  t h i s  t o s t  s e r ie s  weros

Dowel diam eter 6,35 mm

Crack width 8 nun

Dowel angle 90°

Concrete cover 47 mm

The o v e ra ll  improvement o f th e  load'-vofii ac tio n  curve char­

a c te r i s t i c s  fo r  th ese  specimens w ith  in creasin g  cube 

s tre n g th  o f concrete  i s  c le a r ly  in d ica ted  in  P ig. 4 .1 0 .1 .

A summary o f t e a t  r e s u l ts ,  compared w ith  p red ic ted  r e s u l ts ,  

given in  Table 4 .1 0 .1 , in d ic a te s  th a t  th e  assumed function  

fo r  concruto subgrado mochilug givom reasonable  c o rre la t io n
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between experiment and th eo ry , and th i s  i s  supported by tho 

r e s u l ts  o f  S e rie s  S. Tho in d ic a tio n  i s  c e r ta in ly  t h a t  the  

re la tio n s h ip  ae not l in e a r ,  and th o  q u ad ra tic  function  

chosen not only compares f a i r l y  w ell w ith  th e  cube and erack~ 

beam specimen to s t  r e s u l ts ,  bu t in  a d d itio n  compares woll 

w ith c la s t i c  modulus type v a r ia tio n s  w ith concre te  s tre n g th  

as  given in  CP 110. The r e la tio n s h ip  given in  Equation 

4 .1.14 thus appears to  give good o v e ra ll  r e s u l ts .
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4.11 SERIES 8 • Ti:,. 'S  ON SPECIMENS HAVING A SINGLE, CENTHAL 

10,0 mm MILE STEEL DOVEL AND VAJilABLE CONCRETE STRENGTH

This t o s t  s e r ie s  was conducted fo r  the. same reasons ac S e rie s  

7, b u t was s l ig h t ly  more comprehensive s in ce  the  use of the  

la rg e r  diam eter dowel made p o ss ib le  the  study o f th e  t ra n s ­

i t i o n  from b r i t t l e  f a i l u r e  to  y ie ld  type u ltim a te  modes with 

in crease  in  cube s tre n g th  o f th e  co n cre te . T ests wore con­

ducted on specimens having 8 mm crack  w idth and thus crack 

form ers were again  po lysty rene . The 10,0 mm dowel was 

s itu a te d  on th e  beam a x is  and th e  specimens were a l l  loaded 

to  f a i l u r e  o r  y ie ld  (whichever occurred f i r s t ) . The p r in ­

c ip a l  param eters kept constan t fo r  the  t o s t  s e r ie s  wore2

Dowel diam eter 10,0 nan 

Crack width 8 ran

Dowel angle 20°

Concrete cover 45 mm

The t e s t  r e s u l ts  a re  given in  P ig . 4 .11 .1  and a summary of 

t e s t  r e s u l ts  to g e th e r w ith th e o re t ic a l ly  p red ic te d  r e s u l ts  

3.'= g l'/cn  in  Table 4 .1 1 .1 . I t  i s  ev iden t from the  r e s u l ts  

th a t  th e  lo ad -d c n c eU e n  curve param eters o f  e l a s t i c i ty ,  

road a t  e la s t ic  l im it  and load a t  y ie ld (o r  f a i lu re )  a l l  

in cre a se  w ith in creasin g  co n cre te  s tre n g th . In  a d d itio n , 

th e  tren d  o f th ese  increase:; i s  w ell modelled by th e  TPR 

foundation , using  th e  q u ad ra tic  r e la tio n s h ip  fo r  oubyrado 

modulus. An in te r e s t in g  fe a tu re  o f th e  tren d  in  u ltim a te  

co nd itions i s  th a t  the  u ltim a te  mono undergoes a t ra n r H io n  

an th e  cube s tren g th  o f the  voner.e - e used in cre a se s .
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I t  i s  apparent th a t  the  f a i l u r e  moVlc fo r  th e  9,2 MPa con­

c re te  i s  c a ta s tro p h ic , whereas th e  modo fo r  the  39,5 MPa 

co ncrete  i s  o f th e  y ie ld  typo , s im ila r  to  the  c h a ra c te r is t ic  

curve fo r  S e rie s  1.

This phenomenon w i l l  ro f lo e t  on (dem erit valuco, sm eo 

a lthough a r a t io  o f  4 io  adequate fo r  30 MPa concro to , i t  

would havo to  oc o u b s ta n tia l ly  la rg e r  fo r  9,2 Hl’a conaro tc , 

a l l  o th er j o in t  parumctcrn being equal. An approximate 

r e la tio n p h ip  fo r  safu  de r a t io a  io  ootablinhcd  on th is  b asio  

in  Chapter 5. I t  iu  thuD ev iden t th a t  tho  o v e ra ll  s a fe ty  of 

a eonuiruefcion jo in t  inereaacG and th e re  io  a tontinney fo r 

th o  f a i l  a rc  mode to  beeomti a y ie ld  (piac-ticj ty p e, ao tho 

o trcng th  o f  th o  eonvrvto utuid in  th o  j o in t  ineroaooc, a l l  

o th e r  jo in t  parasii'torn buing equal.
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The opoaimor. gcon o try  fo r  •fchio t o c t  was id e n t ic a l  to  t h a t  of 

th o  fipceimona o f S o rics  3, th e  cover In  th io  eaaa beiny 15 

mm (tho average value o f  tho  two nyueimunG tc a tc d  in  Ourieo 

3 ) . In  a d d itio n , 6,35 ima diiuactur sntld s te e l  o tir r» p u  wore 

fixeC in  p o s it io n  in  the  v ic in i ty  o f tho  eraeh  foeo , about 

10 mm cover being l e f t  between tl-9 a tir ru p o  and th e  crack  

fac e . Tho p r in e in a l  reason fo r  th io  to o t  woo to  eva lua te  

'.he e f f e c t  th e  ad d itio n  o f (stirrups had on lo u d -d e fle e tio n  

curve parom otetn, e sp ec ia lly  a t  u l t j m t o  load . Tho specimen 

crock w iath waa S nai, and pulyntyrene ernel: form ers main­

ta in e d  th e  p o n ltin n  o f th e  te inforem ente  during castinrr,

Tho p r in c ip a l  parapieti rfs Kent co n stan t fo r  th io  t e s t  s e rie s  

were*

Concrete cube c tren g th  a t  32,4 MPa

Dowel diam etcro 6,35 mm

Dowel angle 90°

Conerebe eovi i: to  top  IS mm 
dowel

Groel; width 8 nan

d lea x lv , th e  curve e je c t e d  had the otirrupo n ot been 

p resen t would have been an average o f th e  two curved given 

in  P ig . 4 .6 .1 . However, th e  a c tu a l curve in  chown in  P ig . 

4 .12.1 and th e  advantages to  be gained by the in c lu s io n  of 

s t i r ru p s  ar*« e l ,n rly  in d ic a te d , e n p eeU lly  aa reg a rd s  u l t i ­

mate loads and port-c rack in g  bvhaviour.



120

11 Mfvrt'j? ra.Xi.v

���
���

���
�

���
���

�(
�� /



s^insoa 
GJU’nsoa P°
Tcs.dxa --40-Fpojd



Table 4 .12.1 g ives th e  comparison between experim entally  

obtained  r e s u l ts  and the  PFB pi e d ic ted  values fo r  th e  spec­

imen geometry neg lec ting  the  s t i r ru p s .  I t  i s  in te r e s t in g  to  

no te  th a t  the  s t i r ru p s  do not a f f c c t  th e  jo in t  s t i f fn e s s  

s ig n if ic a n tly .  The load a t  y ie ld , although s u b s ta n tia l ly  

la rg e r  than  th e  f a i lu r e  values obtained  in  S e rie s  3, i s  

s t i l l  reasonably  w ell p red ic te d  by th e  PFB foundation model. 

I t  would thus appear th a t  the  p r in c ip a l  advantage to  be 

gained by the  a d d itio n  of ch irru p s  i s  th a t  th e  r a t i o ,  dc , 

can be brought below the  c r i t i c a l  v a lu e , and thus th e  jo in t  

can s t i l l  bo designed using  th e  "y ie ld"  u ltim a te  co n d itio n s. 

In  th e  event o f th e  reinforcem ent geometry being such th a t  

the  c r i t e r io n  (of minimum cover to  th e  b a rs  sub jec ted  to  

dowel shear) cannot be met, the  in c lu s io n  o f s t i r ru p s  in  

th e  v ic in i ty  o f the  r"ack  face  would in crease  th e  sa fe ty  of 

th e  j o in t .  This would have general a p p lic a tio n  to  dowels 

whore s p a ll in g  o f th e  concre te  i s  l ik e ly  to  occur. F ixing 

th e  dowel in  p o s it io n  by means o f a s u ita b ly  p laced  s t i r ru p  

g re a tly  reduces the  r is k  o f s p a ll in g  o f the  surrounding con­

c re te .  Thus, although s ti r ru p a  in  the  reg ion  o f th e  crack 

face do not s ig n if ic a n tly  a f f e c t  th e  e la s t ic  p ro p e r t ie s  of 

the  jo in t  o r even th e  u ltim a te  load , i f  the  dowel has 

i n f i n i t e  covor and s p a ll in g  i s  no t a problem, they have a 

s ig n if ic a n t  e f f e c t  on the  sa fe ty  of a j o in t  whose dowels 

have in s u f f ic ie n t  covor.
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4.13 t 1IES 10 : TESTS Oil SPECIMENS HAVING A SINGLE 

SjSS mm ANGLED DOWEL

This dcwol co n fig u ra tio n , shown in s e t  in  F ig . 4 .1 3 .1 , was 

3ted  to  e s ta b l is h  the  e f f e c t  t h a t  dowel angle to  crack 

-ace  {or shoar in te rfa c e )  had on th e  jo in t  as  reg a rd s  over­

a l l  j o in t  s t i f fn e s s  and u ltim a te  modes. In  a d d itio n  the  

v a l id i ty  o f the  PFB foundation model w ith  in creasin g  dowel 

angle was in v es tig a te d .

In  the  process o f  c a s tin g  of those specimens i t  was found 

t h a t  6 iron crack  form ers wero b e s t s u ite d  fo r  use in  conjun­

c tio n  w ith th e  bont-up bars o f those specimens. Thus the 

crack form ers wero made of p o ly sty ren e  and they m aintained 

the p o s itio n  o f the  reinforcem ent during th e  castin g  program. 

The p r in c ip a l  param eters kept co n stan t fo r  th is  t o s t  s e rie s

Concrete cube s tre n g th  a t  approxim ately 30 MPa 

Dowel diam eter 6,35 mm

Dowel angle 40°

Concrete cover 47 mm

Crack w idth 6 mm

The average lo ad -d o fln o tio n  curve i s  shown in  F ig . 4 .13.1 

and a su raary  o f experim ental r e s u l ts  and th e o re tic a lly  

p red ic ted  values i s  given in  Table 4 .1 3 .1 . The genera l shape 

o f th e  lo ad -d e flo c tio n  carve i s  very  s im ila r  to  t h a t  o b ta in ­

ed fo r  S e rie s  1, th e re  being a g eneral tren d  toward 
in crease  of boUi s t i f fn e s s  and u ltim a te  loads w ith  the  

angled dowels, however. The load d e fle c tio n  curve comprises
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same basic  p a r ts  aa th a t  shown in  F ig . 4 .4 ,1 , and i t  can be 

socri th a t  th e  s lope  o f th e  curve in  th e  p o s t-y ie ld  s tag e  i s  

s ig n if ic a n tly  s te e p e r than th a t  fo r  th e  curve o f S e r ie s  1. 

This supports  tho  assum ption th a t  t h i s  in crease  in  lo ad - 

ca rry in g  c a p a b il ity  o f  th e  jo in t  i s  caused by suspension 

e f f e c ts .  The PFB foundation model p re d ic ts  tho  slope in  

th e  c la s t i c  zone w ell b u t underestim ates both tho load a t  

the  e la s t ic  l im i t  and the y ie ld  load . This i s  probably a 

r e s u l t  o f th e  use o f tho  in c o r re c t  modulus fo r  tho  s te e l  in  

p re d ic tin g  y ie ld  c o n d itio n s, and in  a d d itio n  the  e f f e c t  o f 

lo c a l  compression and p l a s t ic i ty  o f th e  sub-dowel concrete  

in  the  reg io n  o f th e  crack face appear to  bo loos s ig n i f i ­

can t fo r  tho  angled dowels, r e s u ltin g  in  h igher y ie ld  loads- 

(P red icted  sub-dowel concro tu  p ressu re s  a re  a lso  g enera lly  

low compared w ith r e s u l ts  o f  previous s e r ie s ,  in d ic a tin g  

th a t  th e  eub-dovrol concrcto  might remain e la s t i c  to  a higher 

lo a d ) . Ntivorthelosp, tho tren d  i s  f a i r l y  w ell modelled by 

tho  foundation , th e  r e s u l ts  g e n e ra lly  tending to  be

co n serv a tiv e .

h  compiti’iGon o f euxvoo fo r  id e n t ic a l  specimens, except fo r  

tho  dowel angle , In d lea tco  th e  (sig n ifican t advantages to  bo 

gained by a ju d ic io u s  choice o f the  a n jlo  o f  th e  doweJ.

Tho d ire c t io n  of th e  angle to  th e  c rack  face  ic  im portant 

and murtt bo such th a t  p a r t  o f  the  shear in  tra n s fe r re d  by 

ten sio n  in  the  dowel, i f  tho  dowel were angled ineorrc& tly , 

i t  would a f f e c t  th e  performance o f  tho  jo in t  iidivmcZp 

(see S e r ie s  11).
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4.14 SERIES 11 : TESTS OK SPSG2NSB0 HAVlttO A SIIIGIE

6,35 mm DOVEL, BKB? INITIALLY '10 SIMULATE 8LAH-011T0- 

NALL CQBDJSGTiOSa

In  o rd er to  compare th e  performance butweon dowellod sp ec i­

mens ouch aa those  o f S e rie s  1 (where i t  was known th a t  the  

dowtils passed through thy  jo in t  normal to  th e  crack  face) 

and thooc bent out u t te r  can tin g  o f th e  beam ends, os would 

probably be encountered in  p ra c t ic e  {coo P ig . 1 .1 .1  and 

1 .1 .2 ) ,  t h i s  t e s t  so ricn  was conducted. During th e  ca stin g  

program th e  dowvlr. wore eas t  in to  the  beam end p o rtio n s  

i n i t i a l l y .  The Juvel l(>ngthc wuro about 400 nan each fo r  

each specimen (evo nkotvh in o o t in  r ig .  4 .1 4 .1 ) . A fter 24 

hours th e  bara  were ben t in to  p o s it io n  and the  c e n tra l  

p o rtio n  e f  th e  beam cpeeiuon wau c a u t, using  an ad justed  

co ncrete  mix ic  th a t  the  cube s tre n g th  would bo approxim at­

e ly  co n stan t a t  th e  time o f t e s t in g  o f 7 days. The cube 

s tre n g th  o f the  eonerot-o was determ ined trom the  jivcrage of 

s ix  cube t e s t s ,  th re e  being taken  from each wlx. Crack 

form ers v:orc again  p e lya treno  foam and th e  b as ic  param eters 

k ep t co n stan t fo r  th is  t e n t  o c rie s  were:

Concrete cube s tre n g th  a t  29,9 MPa 

Dowel diam eter 6,35 im 

Dowel angle approxim ately 90°

Concreto cover approxirsotely 47 nun 

Crash w idth 8 njii

The experim entally  determined load-defX eetion curves a re  

given in  P ig. 4.14.1 anj  i t  i s  ev iden t from o comparison
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between th ese  curves and the  curve shown in  r i g .  4 .4 .1  

t h a t  th e re  i s  no s ig n if ic a n t  d iffe re n c e  in  the  r e s u l ts .  The 

c n ly  disadvantage of th e  p ra c t ic e  adopted in  t h i s  s e r ie s  i s  

t h a t  th e  angle of th e  dowel in  the  immediate v ic in i ty  o f  the 

dowel may bo ouch th a t  i t  a f f e c ts  th e  performance o f  the  

j o in t  adversely  ( th i s  would in cre a se  th e  experim ental 

s c a t te r  s l i g h t l y ) . The s c a t t e r  o f  experim ental r e s u l ts  in  

g enera l, however, i s  such th a t  the  load  fa c to rs  used fo r 

th e  y ie ld  lea d s , o r  th e  choice o f p e rm iss ib le  dowel loading 

e f •ec.Ber. o r sub-dowel co n cre te  p re s su re s ,  would tak e  in to  

at, .> r.V th ese  d isc re p an c ie s . The design  c r i t e r i a  app lied  

to  coe jo in ts  would th u s  be id e n t ic a l  to  those fo r  Sorias 

1.
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4.15 SERIES 12 : TESTS Otl Sl’ECIUElin HAVING A SINGLE 8,35 mm 

HIGH TENSILE STEEL DOWEL ON THE BEAU AXIS

Throe specimono wcro touted in  t h is  s c rio o , two having 8 mm 

crack  w idth and one o f zero crack  w idth. The r e s u l ts  o f  th ese  

'cents can thus bo compared w ith th o se  o f  S e rie s  1 nnd 5, s ince 

th e  specimen geom etries a re  id e n t ic a l  in  every re sp e c t except 

th e  y ie ld  s tr e s s  o f  th e  dowel m a te ria ls .  The c a s t in g  and 

crack-form ing techniques were id e n t ic a l  to  those  o f  previous 

specimens and the  p r in c ip a l  param eters kept co n stan t fo r  t h i s  

t e s t  s e r ie s  wore:

Concrete cube s tre n g th  a t  28,9 MPa

Dowel diam eter 6,35 mm

Dowel angle 90°

Crack widths 8 mm and sere

Concrete cover 47 mm

The average lo ad -d e fle c tio n  curve fo r  th e  8 mm crack  width 

specimens and th e  curve fo r  th e  aero crack  width specimen a re  

shewn in  P ig . 4 .15.1 and the  curves can be compared w ith  those 

in  P ig s . 4 .4 .1  and 4 .8 .2  re s p e c t! ' o ly , ao shown in  Table 4 .15 .1 . 

There in  good c o rre la t io n  between the  s lopes o f  th e  e la s t ic  

zones o f th ese  fo n t curves and te n ts  on m ild s te e l  dowels.

This i s  to  bo expected s in ce  the  e la s t i c  modulus o f th e  dowel 

m ate ria l i s  unchanged and th e  sub-dowel concrete  i s  s t i l l  e la s t ic .  

The PPL model a lso  g ives good agreement in  t h i s  cone, th e  p re ­

d ic te d  slope being 6,42 kN/mrn fo r  th e  8 nun crack  w idth sp e e i-



131

'7f
i 

���
���������



132



133

I t  i s  in te r e s t in g  to  note th a t  although extreme f ib re s  a re  

not near y ie ld  (or u ltim ate) s t r e s s ,  th e  curves become non­

lin e a r  w ell befo re  y ie ld  or f ra c tu re  o ccurs. This confirms 

th a t  th e  n o n - lin e a r i ty  of th e  lo ad -d e fle c tio n  curves is  

the  r e s u l t  o f two phenomena:

1. Y ield ing  of th e  dowel extreme f ib re s

2. " P la s tic "  deform ation of th e  sub-dowel

co n cre te .

In  the  case  o f th e  specimens w ith m ild s te e l  dowels, y ie ld ­

ing o f the  dowel m a te ria l was the  dominant e f f e c t  and prob­

ably occurred ju s t  befo re  th e  sub-dowel concre te  began tn  

deform p la s t ic a l ly .  For the  high t e n s i le  s te a l  specimens, 

however, the  p la s t ic  y ie ld  o f the  subgr'dc  in  the  reg ion  

o f th e  crack  face  i s  dominant and occurs befo re  y ield in g  

o f th e  dowel m a te ria l.  The PFB foundation model p re d ic ts  

sub-dowel co ncrete  p ressu res  in  the  o rder o f 2,4 tim es th»» 

cube s tre n g th  a t  the  experim entally  determ ined e las tic - l im it .  

This im plies th a t  two l im it in g  c r i t e r i a ,  th e  lower o f  which 

w il l  con tro l s he desig n , must be ap p lied  when considered 

working loads fo r  dowcllcd connections in  genera l;

1. A p e rm iss ib le  bending s t r e s s  in  the  

dowel

2. A perm issib le  concre te  sub-dowel 

p ressu re .

I t  i s  ev iden t from a comparison of t e s t  r e s u l ts  tm it these 

l im its  w il l  r e s u l t  in  very s im ila r  working loads in  the 

case o f m ild s to o l dowels, whoroaa the  co n cre te  p ressu re
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w il l  c o n tro l a design using  high te n s i le  dowels. The 

im p lica tio n  i s  th a t  m ild s te a l  appears to  be a more s a t i s ­

fac to ry  dowel m a te ria l fo r  medium stre n g th  con cre tes .

In  a d d itio n , the  use o f high te n s i le  s te e l  dowels r e s u l ts  

in  a t r a n s i t io n  of tho  mode o f f a i lu re  of th e  dowelled con­

n ec tion  (ev ident in  the  comparison o f t e s t  r e s u l ts  fo r  the  

specimens of zero crack  w iu th ). Because the  high to n s i le  

s te e l  dowels remain e la s t ic  a f t e r  the  lo ad -d e fle c tio n  curve 

e la u t ic  l im it ,  and th e re fo re  do not deform as re a d ily  as 

the  m ild s to o l dowels in  t h i s  range, the  tendency fo r  tho 

concrete  to  f ra c tu re  and s p a ll  i s  in creased . The p o s t 

"y ie ld" phenomenon o f tho 8 mm crack  w idth specimens is  

again  a r e s u l t  of suspension e f f e c ts ,  the  sub-dowul con­

c re te  having y ielded  s u f f ic ie n tly  to  allow  th e  dowel 

(which i s  s t i l l  e la s t i c ,  although near u ltim a te  s tre s s )  to  

carry  load  in  a  ca tenary  fash io n .
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4 .1 6  SERIES 13 i T E S T S  OR B pgC aM C  HAVING A M N G L V ,

CVIWRAL C, 35 mm MILD STFL'L DOWEL, AND A CENTRAL V0H1T

The loading  system on th e  specimens to sto tl in  t h i s  d is s e r ­

ta t io n  could p o ssib ly  havo an e ffu c t  on th o  observed loacl- 

de flec ti.cn  cu rv es . Owing to  th e  spacimen gGomotry, however, 

t h i s  &f£oct i s  expected to  bo small ( in  a d d itio n , the  two- 

p o in t loading  system chosen fo r  gcnora] te n ts  meant th a t  

th e  loads were as  c lo se  to  th e  c rack  face as p o ss ib le  w ith­

out in te r fe r in g  w ith tho o p e ra tio n  oi! tho  LVDT's) . Novor- 

th o le s s ,  th is  t e s t  s e r ie s  vzaa undertaken in  o rder to  inves­

t ig a t e  th e  p o ss ib le  e f f e c t  of a change in  p o s it io n  o f the  

load on the  c e -.tra l beam p o r tio n . The b as ic  param eters kept 

co n stan t fo r  t h i s  t e s t  s c r ie s  were:

Concrete cube s tre n g th  o t approxim ately 30 MPa 

�$�����!�%�& fliameter 6,35 mm

Dowel ang le  90°

Crack width 8 mm

Concrete cover 4? mm

The experim ental r e s u l ts  o f t h is  t e s t  s e r ie s  were very 

s im ila r  to  those  fo r  S e rie s  1 (ayocimon geom etries and to s t  

param eters wore id e n tic a l  except fo r  the  loading  ty p e s ) . 

Slopes o f  th e  e la s t ic  conns were p r a c t ic a l ly  id e n t ic a l  fo r  

both t e s t  s e r ie s ,  a lthough c la s t i c  l im it  and ''y ie ld 1* loads 

appeared to  be s l ig h tly  lower fo r  th is  t o s t  s e r ie s .  The 

p r in c ip a l reasons fo r  thouo phenomena a re  a s l ig h t  in crease  

of end rotation  of tho  c e n tra l  beam se c tio n  coupled w ith a 

s l i g h t  in crease  in  the  ten sio n  in  th e  dowel. The e f f e c t  of
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end r o ta t io n  w il l  no t bo s ig n if ic a n t  in  p r a c t ic a l  connections, 

however, s in ce  those w i l l  g en e ra lly  have a number o f dowels 

c ro ss in g  th e  shear in te r fa c e . 1'ha r e s u l t in g  ten s io n s  so t 

up in  the  dowels can bo considered  in  the  an a ly s is  using 

th e  Pt’3 foundation model. Thus the  a ff e c ts  on th e  loati- 

d e flu c tio n  curves a re  in s ig n if ic a n t  in  g eneral and the 

th eo ry  used can th e re fo re  bo ap p lied  to  a dowcllod s la b  

connection , th e  filab being su b je c t to  any loading system.

The p o s it io n  o f th e  p o in t load nlao a f f e c ts  f ra c tu re  para­

m eters o f th e  eoncrcUe cover, ninco th e  t e n s i le  cracj.s 

o r ig in a te  under those  p o in t loads (see F ig s . 4 .2 .7  and 

4 .2 .8 ) .  For a p r a c t ic a l ly  loaded s la b , however, cracks 

w il l  g e n e ra lly  propagate along the  len g th  o f the  dowel fo r  

some d is ta n c e  befo re  tu rn in g  to  th e  beam su rfa c e , and thus 

th e  recommendations fo r  minimum cover requirem ents w il l  

g e n e ra lly  be conserva tive  (although th e  p o s s ib i l i ty  of 

p o in t  loads inducing ten sio n  cracks as in  the  specimens 

te s te d  i s  th u s  a loo  considered.)
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CHAPTER 5

THE CORRELATION OF THST RESULTS AND AM KVALHA't'TOW OP 

SAFE LOADS THAT CAN BI' TIUlNUNITTEn »v DOWnLLlffl CONCRETE 

CONNECTIONS

5 .1  3���* ���+�� �� �� �, �- �, �. �����+��coy �� �� �� �� �/ �� �� �� �� �� �0 �/ �1 �� �� �2

Tost r e s u l ts  in d ic a te  t h a t  a minimum concrcto  cover to  tho 

dowel i s  nocQsaary to  onourv tho  sa fe  tra n o fo r  of shear by 

th<. dowolled convcction. Thu two tu n ic  u ltim a te  modoa of 

f a i l u r e  ev iden t from Chapter 4 a re :

(1) B r i t t l e  f ra c tu re  anti sp e llin g  of the 

concroto cover occurs p r io r  to  the  

dowel "y ie ld "  load being renchcd.

(2) The dowel "y ie ld"  load  (Yield of 

the  dowel m a te ria l o r sub- .towel 

p l a a t ic i ty  o r a combination o f both) 

i s  a tta in e d  befo re  f ra c tu re  o f  the  

cover occurs.

In  th e  com iidora tio r o f tho  o v e ra ll  s a fe ty  o f  a dowcllcd 

connection , tho l a t t e r  "y ie ld"  mode i s  obviously d e s ira b le  - 

in  a d d itio n  the s te e l  dowel is  g e n e ra lly  more h ig h ly  s tre sse d  

in  th is  mode, r e s u l tin g  in  a more economical o v e ra l l  jo in t  

design . A minimum cover to  a s to o l bar sub jec ted  to  a 

dowel shear exists; fo r  any dowel led  connection and i f  the 

cover exceeds th is  value the  jo in t  can bo designed usincj a 

c o n s is te n t  "y ie ld"  procedure, h  value fo r  a c r i t i c a l  con­

c re te  cover to  dowel aiametei: r a t i o ,  ( d o )c r it ,  g iv ing
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th e  concre te  cover t h a t  would re n u l t  in  p o in ts  (1 ) and (2 ) 

above being reached a t  th e  same lo ad , was in troduced  in  

Chapter 4. This c r i t i c a l  value was purely  an experim ental 

observ a tio n  and as such r e l i e d  on experim ental technique and 

specimen geometry. In  p a r t ic u la r  th e  lead ing  system a ffe c te d  

the  s p a llin g  o f the  concre te  cover s in ce  to n o ilo  cracks 

developed under the  p o in t lo ad s . However, the  c;:ack propa­

g a tio n  o f  approxim ately 45° meant th a t  th e  p o in t load was 

probably very c lo se  to  tho  c r i t i c a l  p o c itio n  in  th i  r; i. agar cl. 

For a load  s i tu a te d  a la rg e  d is ta n c e  from th e  dowell(,d -jo in t, 

te n n i le  eraeku would develop p a ra l le l  to  th e  reint'orcem ent 

befo re  breaking out to  th e  upper r.urfaoe o f  the  beam o r s lab  

( in  a manner s im ila r  t«. th a t  detiesibed in  Table 2 .1 .2 ) ,  The 

f ra c tu re  energy o f  such n crack  would in v a r iab ly  bo g rea te r  

than  th a t  fo r  the  specimens �� �7 �% �� �� �8 �� ��The value fo r  th e  c r i t ­

i c a l  dc  r a t i o  i s  thuc conserva tive  fo r  o th er v a r ia tio n s  o f 

loading tiystems. Ao such, th e  {dc )ci i t  r a t i o  can be app lied  

as a general design  c r i t e r io n  fo r  a l l  dowollod connections. 

The p r in c ip a l  par.«neVer a ffe c tin g  the  v a lu e  of ( d c )c r i t  w il l  

bo th e  eul x, s tre n g th  e f  the  eonereto  used in  th e  dowel led  

connection. T ests in d ica ted  t<wt c rack  w idth and dowel 

m ate ria l (mild o r high t e n s i le  s te e l )  altio a f f e c t  th e  value 

o f (d e)c ritu  These o ffo e to  a re  not as s ig n if ic a n t  as th a t  

of tb o  concre te  s tre n g th , however, s in ce  although both  p a ra ­

m eters tend to  change the  u3�� �8 �� �9 �� �� ��mode, the  f a i lu re  load 

w il l  generality be in  exeosa o f tho  y ie ld  load (the  value of 

( ^ a ) c r i t  o£ approxim ate)y 4 to fe ra  to  a onucimon with a 

crack  width o f fi mm, m ild fitvel dowels and eonerotu cube 

s tre n g th  o f  30 MPa). Table 5 .1 .1  in d ic a te s  th a t  tho
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relationship

(do) c r i t  * dc • (j.Y ield Load . V-> 
^Failure Load' 5 .1 .1

has good c o rr e la t io n  w ith experim ental da ta  fo r  specimens 

o f  30 MPa cube s tre n g th . Although the  number of t e s t s  p e r­

formed was in s u f f ic ie n t  to  e s ta b l is h  equation  5 .1 .1  conclu­

s iv e ly , i t  can bo app lied  to  specimens o f varying cube 

*rongth to  give values o f ( d c ) c r i t  o f  3 fo r  40 MPa concrete  

and 8 fo r  10 MPa co n cre te . These r e s u l ts  a re  used in  tu rn  

to  give the  follow ing approximate re la tio n s h ip  between con­

c re te  cube s tre n g th  and (dc ) c r i t  r a t io s :

Equation 5 .1 .2  g ives th e  cover t h a t  w i l l  r e s u l t  in  the  

f a i l u r e  load being equal to  th e  "y ie ld"  load . I t  i s  d e s i r ­

a b le , however, th a t  the  "y ie ld "  load jo  in  excess o f th e  f a i lu r e  

load  fo r a sa fe  c o n s tru c tio n  jo in t .  In  order to  achieve 

th is  and a lso  to  take  account o f th e  experim ental s c a t te r ,  

a t e n ta t iv e  re la tio n s h ip  i s :

This equation  i s  used to  d e riv e  a ta b le  o f sa fe  minimum 

covers fo r  dowels sub jec ted  to  shear lo ad in g s , i f  th e  dowels 

a re  to  be analysed as having "y ie ld "  type u ltim a te  modes 

(see  Table 5 .1 .2 ) .  I f  th e  cover i s  le s s  than th e  values 

s p e c if ie d  in  Table. 5 .1 .2 , s t i r ru p s  must be provided in  the  

reg ion  of th e  crack  face  and munt be p o sitio n ed  such th a t  

thoy r e s t r a in  the  p o te n tia l  d e fle c tio n  o f th e  dowel a t  th e

/ d ' c • (d g )c r it  “ 22 5.1 .2

»/ f T c  • (d< .) s a f e  =  30 5 .1 .3
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crack  face . The in d ic a tio n  front t e s t s  i s  th a t  th e  diam eter 

and spacing o f  the s t i r ru p s  chosen could follow  normal re in ­

fo rced  concre te  design  procedures, although i t  io  im portant 

t h a t  the  end s t i r r u p  bo p laced  a s  c lo se  to  th o  orach face  

o f th e  j o in t  as  p o ss ib le .

5.2 m *  AP’fM aATJM  W TUI! VW VOVSPAl'iCS UOVEI,

Having e s ta b lish e d  th a t  a l l  dowels can be designed as  having 

“y ie ld "  type u ltim a te  modes provided th v t the  cover re q u ire ­

ments o f Chapter 5.1 a re  mot, th e  PFK foundation model can 

be used goner i l l y  to  p re d ic t  oafo loads fo r  d aw dled  jo in t s .

I t  i s  apparent from tost, r e s u l ts  o f  Chapter 4 t h a t  th e  3?PB 

foundation model has good o v e ra l l  a p p lic a tio n , o sp eo ia lly  

in  tho  e la s t i c  rone o f th o  experim entally  determined load- 

d e f le c tio n  eurvoD. liven "y ie ld "  loads were p red ic ted  reason­

ably  w ell fo r  the  mild s te e l  doweln (assuming th a t  dowel 

m ate ria l y ie ld  was th e  p r in c ip a l c o n trib u tin g  fa c to r  to  the 

o v e ra l l  y ie ld  o f the  connection), being e s s e n t ia l ly  an 

e la s t i c  a n a ly s is ,  however, th e  PPb model g en e ra lly  under­

estim ated these  lo ad s , owing t o  tho development o f  th e  s tr e s s  

diagrams shown in  F ig . 5 , a . l .  Thvoc v.t,rot's diagrams develop 

in  tho  po o t-"e lti5 t i e  l im it"  p o rtio n  o f  the  l o a d - d e n a c t i o n  

curvco and u ltim a te ly  cause " f u l l  y ie ld "  o f the  dowelled 

connection . P ig , 5 ,2 ,1  r e f e r s  p a r t i c u la r ly  to  th e  m ild s te e l  

dowelled connection -  fo r  the  cost* o f  the  high t e n s i le  s te e l  

dowel the p r in c ip a l  c o n t r  l b i  t i n g  foci o r  to g en e ra lly  p l a s t i c i ty  

o f the  sub-dowel co n cre te . The diagrams o f P ig. S .2 .1  in d ic a te
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t h a t  both tndueetl e la u tio  modulus and coneroto subgrade 

modulus v*J.uos ehould bo used j,n the  p red ic tio n  o f "y,told" 

lo ad s , and th is  i s  c h io f ly  why tho PFB model undcrcstim atos 

wy io ld w loads fo r  m ild o tpol dowclled jW ntc .

Toatti on high to n o ilo  otocl dov/clti (see Scrios 12, Chapter 

4.15) in d ic a te  t h a t  th e  exib-dowo' conarotu Ucqina to  "YiclS" 

undot a load o£ 1 , 8  );N, eorreopondin'j to  a eub-dovzel concrete  

p ressu re  o£ apvrosdnuitoly 2,5 tim es th e  cube s tre n g th  ( th is  

i s  tiho average; nxib-dowol prooouve o f th e  orach face  ca le u la tc d  

using  the  PFB m odel), The im p lica tio n  i s  th a t  fo r  medium 

stre n g th  co n cre tes , dowollcd w ith  m ild s to o l reinforeom ont, 

doyol extreme f ib r e s  g e n e ra lly  y ie ld  p r io r  to  " p la s t ic i ty "  

o£ tlie  (wb-dowcl co ncrete  being a tta in e d  (aoe S e r ie s  i .

Chapter 4 .4 ) .  Thn v a lu e  o f 2,5 £ 'C/ fcho onse t o f  p l a s t i c i ty  

of the  sub-dowel c o n c re te , has good agreement w ith r e s u l ts  

o f f a i l u r e  th eo r ie s  obtained  fo r  concrete  sub jec ted  to  com­

bined s tr e s se s  given by Newman and r,iwm;u.lfl. The a c tu a l 

s ta t e  of s tr e s s  o f  th e  sub-dowel concre te  i s  d i f f i c u l t  to  

e s ta b l is h ,  but i t  i s  c e r ta in ly  n o t sub jec ted  to  a u n iax ia l 

p ressu re . B iax ia l to o t  r e s u l ts  fo r  normal weight concre tes 

with a volume f ra c tio n  o f  co.trso aggregate o f  about 0 ,5  

(s im ila r  to  th e  conoreVs o f th e  specimens te s te d )  in d ic a te  

a strongvh envelope re s u l tin g  in  an e f f e c tiv e  concre te  

stre n g th  o f  1 ,5 £ 'c . "T ria x ia l compression" te n ts  give 

f a i lu r e  su rfaces  th a t  can bo rep resen ted  m athem atically  by.

(fo r oi > = c’3)
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In  equation  5 .2 .1 , c f j , snd ^3 a re  p r in c ip a l  s tr e s se s  and 

£ 'c i s  th e  concre te  cube s tre n g th . The e f f e c tiv e  concrete  

s tre n g th  i s  thus dependent on th e  co n s tra in in g  t r i a x ia l  

p re s su re s , o2 and ����3. I f  th ese  a ro  approxim ately h a lf  the 

cube s tre n g th , th e  e f f e c tiv e  s tre n g th  w il l  be 3 tim es the  

concre te  cube s tre n g th . A sub-dowel t r i a x ia l  s ta te  of 

s tr e s s  seems l ik e ly  in  dowelled connections and thus "y ield" 

p ressu res  ( lo c a l crushing  o f th e  sub-dowel foundation) in  

the  o rder of 2,5 f ' c appear to  be r e a J i s t i c .  The r e la t io n ­

sh ip  between th ese  values and th e  assumed c o e ff ic ie n t  of 

lo c a l  compression o f 4 by Dulacska i s  a lso  ev iden t.

F i r s t  y ie ld in g  o f th e  m ild s te e l  dowelled connection thus 

occurs when e ith e r

(1) The dowel extreme f ib re s  reach  a bonding 

(or combined bending and tension) s tr e s s  

o f 250 MPa

(2) The sub-d*,wol co n cre te  p ressu re  reaches 

a value o f approxim ately 2,5 tim es the  

concre te  cube s tre n g th .

I f  p e rm iss ib le  s tre s se s  aro  thus taken  to  bo 150 MPa and 

1,5 f 'c  re sp e c tiv e ly  fo r  th e  m ild s te a l  dowel and th e  sub- 

dowol co n cre te , the  PFB foundation model can be used to  

p re d ic t  sa fe  working loads fo r  dowelled connections. These 

safe  working loads a ro  given in  Tables 5 .2 .1  and 5 .2 .2  fo r  

mild s to o l dowels and in  Tables 5 .2 .3  and 5 .2 .4  fo r  high 

t e n s i le  s te e l  dowels, where th e  p e rm iss ib le  s t r e s s  in  the
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dowol i s  taken  to  be 250 MPa. I t  must bo noted th a t  a l l  

th e  sa fe  working loads r e f e r  to  s in g le  dowels, which m art 

be w ell grou ted , have adequate cover (as sp e c if ie d  in  

Chapter 5.1) and must comply w ith H otenyi1s c la s s if i c a t io n  

l im its  fo r  long dowels given in  Chapter 3.2 (which .;oncr- 

• l l y  means th e  len g th  should exceed the  dowel diam eter by 

more than  10), In  a d d itio n  no te  th a t  the  ta b le s  o f sa fe  

working loads given in  t h i s  ch ap ter a rc  a l l  c a lcu la ted  

assuming th a t  the  ten sio n  in  the  dowel i s  zero (even in  the  

case  o f  the  angled dowol, where th e  ten sio n  which it; so t 

up as  a r e s u l t  o f th e  shear fo rue  a t  the j o in t  i s  automat­

ic a l ly  taken  account of in  the  program "DOWEL"). I f ,  

however, a re in fo rc in g  bar a c ts  both as te n s i le  re in fo rc e ­

ment and i s  sub jec ted  to  a dowol shear a t  some connection 

, jo in t  o r c rack , th e  t e n s i le  s t r e s s  in  tho  bar in  the  

region o f  the  orack face  must be c a lc u la te d  and i t  can 

then  bo shewn using tho  PFh foundation model th a t  tho values 

in  th o  ta b le s  nua t be ad ju s ted  by m u ltip ly ing  by th e  f a c to r ,  

t ,  g iven  by.

t  « 1 -  (only accu ra te  where s te e l
Op*5 s tr e s s  co n tro ls)

where a*, i s  th e  s t r e s s  in  tho bar re s u l tin g  from a te n s i le  

fo rce  in  the  reg io n  o f tho  crack  face , duo to  loads other 

than  the  dowol sh ear, and io  the  p erm iss ib le  s t r e s s  in  

th e  bar (150 MPa fo r  mild s te e l  and approx. 250 MPa fo r 

the  high te n s i le  s to o l dowels t e s t e d ) .

A study o f the  ta b le s  o f sa fe  working loads makes i t  

apparent th a t  d i f f i c u l t i e s  a re  encountered when a ttem pt-
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ing to  sp ecify  th e  b e s t  m a te ria l o r geometry of a p a r­

t i c u l a r  j o in t ,  s in ce  v a r ia tio n  of each param eter a f f e c ts  

th e  performance c h a ra c te r is t ie c  o f th e  jo in t  a sso c ia ted  

w ith  th e  rem aining param eters. For example, mild s te e l  

appears to  be a b e t te r  dowel m a te ria l fo r  low s tre n g th  

co n cre tes  w ith  jo in t s  o f zero c rack  w idth, whereas high 

t« n s l lo  st ce l i s  a b e t te r  m a te ria l f o r  use in  conjunction  

w ith  h igher s tre n g th  co n cre tes  w ith la rg e r  c rack  widths 

and angled dowels. In  a d d itio n , a number of small diam eter 

dowels appeals to  be a b e tte r  s o lu t io n  fo r  low s tren g th  

concre te  jo in t s  o f zero crack w idth than  a s in g le  la rg e  

diam eter dowel g iv ing  th e  same s to o l area  fo r  th e  connect­

io n . On the  o th er hand, la rg e  diam eter dowels a re  more 

s u ite d  to  h igher s tre n g th  co n cre tes  and jo in t s  o f la rg e r  

c rack  w idths. The safe  working loads g en e ra lly  Increase  

w ith  in crease  o* co n cre te  cube s tre n g th , and in  a d d itio n  

th e  cover requirem ent doorcases, thus allow ing th e  con­

s tru c tio n  o f a more compact j o in t  o v e ra l l .

I t  can bo seen th a t  the  PFB foundation model th u s  has very 

good o v e ra l l  a p p lic a tio n  to  th e  problem o f the  dowel led  

connection, and can be used fo r  the. accu ra te  s t r e s s  an a ly s is  

o f  the  connection in  the  e la s t ic  zone.

s .3  Mm Erf a ���)���*�� U’UU'H'? or as avveoxi:u\?i; m ,A 7iom nw r  

fo e  Tin: mimr.iin) c o s a s s v io s  m i.y  lo a f

In  a d d itio n  to  th e  I’FB j.ovndition model p red ic tin g  "y ield" 

loads reasonably w ell (e sp e c ia lly  i f  account i s  taken  of 

reduced moduli values) to o t r e s u l ts  can be used to
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e s ta b l is h  an approximate em pirical r e la tio n s h ip  fo r  the  

"y ie ld"  load of dowellod connections. Although thcs PPB 

foundation models the  c la s t ic  zone o f the  dowellod jo in t  

lo ad -d o flo c tio n  curves aco u ra tc ly , tho  an a ly s is  i s  ted io u s . 

For t h i s  reason , a te n ta t iv e  approximates r e la tio n s h ip  i s  

g iven fo r the  "y ie ld"  loads o f th e  dowels te s te d ,  and a 

s u ita b le  fa c to r  o f  sa fe ty  can h> ap p lied  to  the  r e s u l ts .

Provided th a t  tho  dowellod connection conforms w ith the  

requirem ents sp e c if ie d  in  th e  ta b le s  o f Chapter 5 .2 , p a r t ­

ic u la r ly  regard ing  adequate cover, th o  experim entally  

determined y ie ld  load can be r e la te d  to  th e  param eters:

Concrete cube s tren g th  

Dowel v io ld  s tr e s s  

Dowel diam eter 

J o in t  crack  width 

Dowsl angle

Tho s im p lif ied  fu n ctio n s  fo r  each o f th ese  v a ria b le s  a re  

g iven  in  F ig . 5 .3 .1 . I t  must bo noted  th a t  th e  fu nctions 

fo r  crack  width and dowel angle can r e s u l t  in  e rro r s  i f  

ex trap o la ted  too f a r  beyond the  l im it s  considered . Con­

n ec tions in  p ra c t ic e  would g e n e ra lly  bo w ith in  th ese  l im its ,  

however. The number of t e s t s  performed was obviously 

I n s u f f ic ie n t  to  e s ta b lis h  those  fu n ctio n s  with c e r ta in ty ,  

b u t th e  la rg e  number o f param eters th a t  had to  be conoid- 

erod lim ited  tho number o f  tesfcr. th a t  could be performed 

varying each param eter. In  a d d itio n  to  the  fu nctions 

e s ta b lish e d  by to o t ,  tho PF13 foundation model was at*.tin
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used to  e s ta b l is h  tho  o ffo o ts  of to n s i lo  s tr e s s  in  the  

dowol (as in  Chapter 5 .2 ) ,  no opooimonsJ buing ta s to d  th a t  

h^d s ig n if ic a n t  to n s i lo  o trosaos in  tho dowelz;. Tho

em pirica l re la tio n s h ip  cstaM  irshecl from th e  funotiona given

in  F ig. 5 ,3 .1  was thus f in a l ly :

S„ n 1 b 11- (c y )  3 ( l - 0 ,U-1a)Cl-- - X . )  5 . 3 .1

�'�� �� �( �) �� ���# ���*���+���,

where Sy i s  th e  "y ie ld"  load o f  th e  dowel ( in  kN), f ' 0 i s  

th e  cube s tre n g th  o f th e  concre te  urscd in  tho eonnct'ttion 

( in  MPa), Oy in  tho y ie ld  struaa  o f tho  dowel m ate ria l 

( in  MPa), u t i s  th e  te n n ile  stroiso in  th e  dowol duo to  

t e n s i le  fo rces  o th er  than  those  aoooeiatod w ith the  chear 

transfo?: of th e  connection  ( in  MPa), a ia  tho crack  width 

o f  th e  j o in t  ( in  inm) and 6 i s  th e  ang le  tho  dowel makes 

to  tho crack  faco  o f th e  jo in t  ( i f  no t normal to  th e  crack 

fac e , i t  must be angled such t h a t  i t  a id s  the  (shear t ra n s ­

f e r  in  te n s io n ) .

I f  a fa c to r  o f sa fe ty  o f  about ?.,5 i a  app lied  to  equation  

5 .3 .1 , i t  ia  ev iden t th a t  the  rc u u l t  g ives reasonable  

o v e ra ll  c o rr e la t io n  w ith those of th e  ta b le s  given in  

Chapter 5 ,2 . The ro au ltn  in  theoe ta b le s  can be eomiidcrcd 

to  be mote aeevru tu  in  g en e ra l, however.
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5.4 THE EFFECT OF DQUKL LF.UGTIl

Safe shear t ra n s fe r  loads givon in  both Chapters 5 .? and 

5.3 depend on th e  fu c t  th a t  the  dowel has adequate leng th . 

H otenyl1 r. c la s s i f i c a t io n  lim ito  goncrul] y imply th a t  th is  

must be in  oxocas o f approxim ately 10 tim es th e  dowel d ia ­

m eter. Where th e  len g th  o f th e  dowel i s  le s s  than  th is  

value (or near th e  s p e c if ie d  lim its )  .it  i s  u n lik e ly  t h a t  

the same sa fe  working loads can be uood. This a p p lie s  

p a r t i c u la r ly  to  th e  caae o f the  solf-oxpandlng type b o lt  

t h a t  f i t t e d  i / t o  a hole  d r i l l e d  in to  an e x is t in g  co ncrete  

s tru c tu re , in  a d d itio n  to  being  sh o rte r  than H oteny i's  

l im its  in  gsneraS, self-expand ing  b o lts  s e t  in to  mass 

concre te  ex e rt approxim ately axi-cymm ctric comprcaaive 

s tr e s se s  on th e  surrounding oonercte foundation even befo re  

the  a p p lic a tio n  of a sheur load . The o v e ra l l  im p lica tio n  

i s  th a t  a d d itio n a l s a fe ty  f a c to rs  should be used in  con­

jun ctio n  w ith th e  ta b le s  of Chapter 5,2 fo r  sh o rt  dowels or 

self-expanding  type b o lts  so t in to  e x is tin g  concrete 

s tru c tu re s , and fu r th e r  resea rch  in to  th is  p a r t ic u la r  aopceti 

o f dowel ac tio n  would bo d e s ira b le .
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5.5 4 GFKERAL EVALUATION OF THE PABAimiESS INVOLVED

���3 ��THE �� �% �� �"�"�5���"�6 ��OF DOWEL ACTION

The param eters involved in  the  an a ly s is  o f dowel ac tio n  in  

rt’in fo reed  concro te  connections wore given in  Chapter 1.2

(a) Crack uiclth

(b) The ti'anofev o f  ohcav by tho oonorete

(a) �+�	���	�� �, d iam eto '

(d) KcZd otrcoti o f  tho dowel m ateria l

to) Tcncitc  fox'oo the  dowel

(£) Doticl c la a tio  modulita

(g) GonQVKitc oruahing oti'cngth

<h) Covor to  dowt-'lo

(1) Thu n m b a ' ■.if dooc'tc evoooing the orach faao

(j) Angle e f  dowclo

(k) Zrnc/th o f  dowel

CD S ffc o t  o f  otirvupo

(m) Type o f  loading

Each o f th ese  p. .ram ctere hao been in v es tig a te d  w ith in  the  

scope o f t i l ls  d is s e r ta t io n  and a summary o f t h e i r  e f f e c ts  

(obtained  from research  n:s; -iatnd w ith t h i s  work) i s  given 

below:

(a) Cvaah tiidth

Tills va.- iab lo  la  w ell modelled by th e  PFD foundation and i t s  

e f fe c ' in  cafe  working loadd fo r  dowollod connections is  

d e a r l y  in d ica ted  in  the  tab,loo given in  Chapter 5 .2 . In
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a d d itio n , an ev a lu a tio n  o f t e s t  r e s u l ts  g ives an approxim ately 

l in e a r  re la tio n s h ip  (w ithin l im its )  between th is  param eter 

and th e  "y ie ld"  load of th e  dowclled jo in t .

(b) Tha tvanofc.v o f  aha&r by the  aonovcte

This param eter was not s tu d ied  in te n t io n a lly  in  the  ex p eri­

m ental program o f t h i s  d i s s e r ta t io n .  Experim ental r e s u l ts  

n ev e rth e le ss  in d ica ted  f r i c t i o n  e ff e c ts  were p re se n t in  

specimens of zero crack  width although the co n cre te  i n te r ­

faces  had been c a s t  smoothly and were well o ile d . Both the  

a p p lic a tio n  o f  the  PFB model and th a  approximate "y ie ld"  load 

expression  assume no f r i c t i o n  p rese n t a t  the  c rack  face , 

however. Where the  f r i c t i o n  o f th e  concrete  i s  considered 

to  bo an im portant co n tr ib u tin g  fa c to r  in  th e  design  o f a 

dowelled connection, M ast's theory  can be app lied  (as in  

Chapter 2 .2 ).

(' t dowel diamst-er

The e ff e c t  o f th is  param eter i s  w ell modelled by th e  PFB 

foundation and i t  can a lso  be r e la te d  approxim ately to  the  

"y ie ld"  load , as shown in  Chapter 5 .3 . In  a d d itio n  the 

dowel diam eter a f f e c ts  the minimum cover requirem ents to  a 

re in fo rc in g  bar sub jec ted  to  a dowel si our.

(d) M old ctvcas o f  the dcwol m ateria l

P erm issib le  s tr e s se s  in  the  dowel used in  th e  PFB foundation 

a n a ly s is  in  Chapter 5.2 depend on t h i s  param eter and i t  i s  

a lso  ro la tv 'i  approxim ately to  the  "y ie ld"  load of a dowclled
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connection {as in  Chapter 5 .3 ) .

(g) T en sile  forao in  the dowal

R esu lts  from the  PFB foundation an a ly s is  in d ic a te  th e  appro­

ximate fa c to r  (d iscussed  in  Chapter 5.2) to  be used in  

con junction  w ith th e  sa fe  working load o f e. dowelled con­

nec tion  whore a t e n s i le  fo rce  i s  p resen t in  the  dowel due 

to  fo rces  o th e r  than those a sso c ia te d  w ith the  dovel shear. 

This r e s u l t  ag rees well with th e  fa c to r  used in  D ulacska's 

in v es t ig a t io n  (given in  Chapter 2 .2 ).

(£) Dowel c la e t ia  modulao

This param eter i s  taken  in to  account in  th e  e la s t ic  an a ly sis  

o f  th e  dowelled connection using  th e  PFB foundation model.

(g) Concrete ovuohing atpcvdtb

The concre te  cube s tre n g th  a f f e c ts  the  PFB foundation e la s t ic  

an a ly s is  by a ffe c tin g  th e  value o f th e  subgrade modulus of 

th e  co n cre te , “n a d d itio n , tho  cube s tre n g th  a f f e c ts  p e r­

m iss ib le  sub-dowel p re s su re s , tho sa fe  co ncrete  cover to  th e  

dowel and is  r e la te d  approxim ately to  tho"y io ld" load (as 

shown in  Chapter 5 .3 ).

(h) Cpupi* to  dowola

This param eter {in conjunction  w ith concre te  cube s tren g th  

and dewed diam eter) a ffo c tu  tho  f a i lu re  mode o f tho dowelled 

connection and th iy  e f f e c t  io  in d ica ted  in  TaWe 5 .1 .2 .
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(1) The nwnbev o f  Aowclo ovoaoing the  ovaok faec

The ta b le s  of sa fe  working loads fo r  dowollod connections 

g iven in  Chapter 5.2 in d ic a te  th a t  the  advantages :o be 

gained by varying the  number o f dowels in  a connection (but 

m ain tain ing  a co n stan t s te e l  area) depend on o th er param eters 

of the  connection , p a r t ic u la r ly  �*�+�����-�. concrete  cube s tre n g th  

and jo in t  crack  w idth.

(j) Angle o f  dowels

Thin param eter in creases  the  shear t ra n s fe r  cap ac ity  o f  a 

dowollod connection in  g en e ra l, bu t i t  can be seen from 

th e  ta b le s  of Chapter 5.2 t h a t  t h i s  in crease  depends on 

o th er jo in t  param eters. The e f f e c t  on the  "y ie ld"  load is  

g iven by an approxim ate r e la tio n s h ip .

(k) Length o f  dowel

The leng th  of the  dowel was not te s te d  in  the lab o ra to ry  

program and th i s  i s  an avenue o f fu r th e r  resea rch . Shorter 

dowols a re  exported to  r e s u l t  in  decreased sa fe  working 

loads in  genera l an dtsounncd in  Chapter 5 .4 .

(1) E ffc o t o f  ct'J

S tir ru p s  have a pronounced e f f e c t  on dowels having in s u f f ic ­

ie n t  cover as s p e c if ie d  in  Chapter 5.1 but have l i t t l e  e ff e c t

in  general on dowels w ith adequate cover or where lo ca l 

sp a ! i •’ ng was not a problem.
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(m) Type, o f  loading

The p o s it io n  o f  th e  loading  on th e  beam specimens a ff e c ts  

th e  Cractaro c h a ra o tr ir is tlc s  re la t in g  to  tho  sp o ilin g  of 

tho concrotn cover. For m ulti-dowul jo in t s  th e  p o s it io n  of 

tho  loading a lso  a f f e c ts  the  te n s i le  fo rces  th a t  a re  s e t  up 

in  s te e l  bars which might a c t  as both te n s i le  reinforcem ent 

and dowels, and t h i s  e f f e c t  can then  be taken  account o f ae 

in  ( e ) .
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CHAPTER 6

CONCLUDING SUMMARY OF a HE STUDY OF DOMRI, ACTTOM

An in v e s t ig a tio n  of dowel ac tio n  in  re in fo rc e d  concrete  

connections was undortaken, using  specimens s u b s ta n tia l ly  

d i f f e re n t  to  those used by previous rcsca rch o rs  in  the  f ie ld .  

R esu lts  xtferc n ev e rth e le ss  c o n s is te n t  w ith many o f those  of 

prev ious in v e s t ig a to rs .  In  a d d itio n , th e  specimen geometry 

made p o ss ib le  th e  s tiriy  o f the  param eters of co ncrete  cover 

and th e  e f f e c t  of the  p o s it io n  o f  the  load on th e  performance 

of a dowelled connection. The v a l id i ty  o f th e  beam on e la s t ic  

foundation  theory  (p a r t ic u la r ly  th e  PFB foundation model) was 

v e r i f ie d  by t o s t ,  but i t  was found th a t  the  u t i l i t y  o f the 

theo ry  depended on th e  e stab lishm ent o f a r e a l i s t i c  value fo r  

the concre te  subgrado modulus.

T est r e s u l ts  in d ica ted  the. ex is ten ce  o f  two p r in c ip a l  u ltim a te  

modes, th ese  being "y ie ld ing" o f th e  connection p r io r  to  the  

f ra c tu re  o f  the  concrete  cover to  the  dowels o r cover f a i lu r e  

p r io r  to  th e  " y ie ld " load  being a tta in e d . P erm issib le  sub- 

dowel concre te  p ressu res  were found to  bo in  excess o f the  

concrete  cube s tre n g th  fo r  ce-r.nections having "y ie ld"  typo 

u ltim a te  modes. The occurrence o f t h is  typo o f u ltim a te  

mode dopended on th e re  being adequate cover to  a dowel, sub­

jec te d  to  shear loading . This c rite r io n ,d e te rm in e d  by t o s t ,  

dependud on th e  cpo-'imon geometry and o v e ra ll a p p lic a tio n  

i s  expected to  bo co n serv a tiv e . 3?cnfcativ^ dfioign c r i t e r i a  

were thua e s ta b lish e d  fo r  dowolled connectJons? and t h i s  enabled 

th e  p red ic tio n  o f s c " '  working loads and th e  on tablin lm ent of



an approximate r e la tio n s h ip  fo r  tho  "y ie ld"  load fo r  such 

connoctions.

The to s t  s e r ie s ,  however, oonoielnrotl only s ta t ic  loadings 

and in  a d d itio n  the  loading  r a te  wan f a i r l y  f a s t .  Tho 

im p lica tio n  i s  th a t  n e ith e r  tho  e f f e c t  of: c y c lic  loading  or 

prolonged loading wore s tu d ied . Cyclic loading could load 

to  fa tig u e  o f  th e  co n cre te  surrounding tho  dowel and 

although co ncrete  has no f a t ig u e  l im i t ,  th e  s tre n g th  e x tra ­

po lated  to  ten  m illio n  cy c le s  i s  about h a lf  th e  s ta t i c  

s tre n g th . Thus dowels su b jec ted  to  c y c lic  loading could be 

designed having an ad d itio n  sa fe ty  fa c to r  of about two in  

gen e ra l. Prolonged loading (due to  dead loads) could be 

taken  in to  account by considering  th e  e ff e c ts  o f creep of 

th e  co n cre te , g en e ra lly  re s u l tin g  in  a red u c tio n  of the 

concre te  e la s t ic  modulus;, subgrade modulus and p erm iss ib le  

sub-dowol p ressu re s . Thus dowels sub jec ted  to  prolonged 

loadings would be designed having an ad d itio n  t  r ‘'ty  fa c to r .

S hort, se lf-expand ing  typo b o lts  sub jec ted  to  a shear loading 

could be an avenue o f fu r th e r  rese a rch , tho in d ic a tio n  being 

t h a t  sa fe  working loads fo r  those  b o l ts  would be. lower than 

th o se  ob tained  fo r  this dowels in v es tig a te d  in  th is  d is s e r ­

ta t io n .  N evertheless, ft genera l ev a lu a tio n  o f tho dowelled 

connection anS. t e n ta t iv e  p re d ic tio n  of tho sa fe  shear 

load ing  th a t  can bo tra n sm itte d  by a v a r ie ty  o f such con­

n ec tions have boon p resen ted  in  t h is  work.
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APPEMDIX A

A .l THE VIHKLElt FOUNDATION MODEL AND I T S  MATHEMATICAL 

SOLUnON

The d l f f e ro n t ia l  equation fo r  th e  V?inlcler modal i s  shown 

in  Chapter 3.2 to  be

#%* + &  - y -  &  A .i

This can bo solved fo r  using Laplace Transforms or 

D -oporators. Using the  l a t t e r ,  the  complementary function  

.is I

y = Ae"mx sin(mxttt) + Be*1"* sin(mx-a) A .2

and th e  p a r t ic u la r  in te g ra l  i s :

provided th a t  q i s  not higher than  a cubic function  o f  x.

Tho f u l l  so lu tio n  to  equation A .l can thus be shown to  bo

y = Ae mx si»(mx+ct) i- Be+mx oi»(m:«-6) + A. 4

There a re  4 a rb i t ra r y  co n stan ts  to  bo solved fo r in  equation

A.4 and th ese  a re  obtained  from known end co nd itions o f  

d e f le c tio n , s lo p e , bonding moment o r shear. In  o rder to  

so lve  fo r  the  co n s tan ts , equation  A .4 must be d i f f e re n t ia te d .
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je-mx sin{ins+a)J = -mo”’!nx s.ln{mx+a)+mo"’mjc cos(mx+a) 

co s {nix+a) . ^ j  

= /S' mo mx sin{mx-l-a+“ -1) A, 5

S im ila rly

Lc+mX 8 in (mx+tli]  “  l/2mo+inx s in  (rrjfl-i,+|} A.6

Applying equations A,5 and A.6 to  equation  A.4 g ivesi

«  /2m  |^ Q~mX oln(nut+o|i) + Uo',rax s in (n !s+ li+ |o j *  A . 7

= 2ms [ a o  mx g in t r . - ^  a | ^ ) w x  s iH  (m>:+B+|i) J  A, 8

a 2^2ms f*Aa-I!lx sin{ms+a+l}+BQ*lmx sin(mx-Ki-i 4-)*j
L J  A.S

where m » ^ / |g f

Prom eguationo A.4, A .7, A ,8 and A .9, the  a rb i t ra r y  con- 

s ta n tc  can be solved fo r ,  and thus d e f le c tio n , s lo p e , 

bonding moment and shear a re  obtained  fo r  the  beam (or 

dowel).

The snmo an a ly s is  can bo appliod  in  s im p lif ie d  form fo r  the  

s e m i-in f in i te  K inkier beam on e la o t ic  foundation fisx s im ila r  

teohniquoa a re  adopted fo r  th e  so lu tio n  o f the  PFB founda­

t io n  model, (The f u l l  so lu tio n  to  the  PFB foundation  is  

given in  the  program "DOWtiL" in  Appendix 13,1).

= /T  me mx fsin(mx+a). +
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A. 2 THE EQUATIONS USED BY SXRUQM FOR DSF0RMA7I0H8 UIWER 

VtllFOHMLX LOADED BAGl'S

Tho follow ing equations wcro uood to  dotonnine tho  I p 

fa c to rs  need in  Chapter 4 .1 .

For the eaoc o f  i n f i n i t e  avb~bai<c! or uub-doucl depth:

and L i s  tho len g th  o f  th e  base 

B i s  tho b read th  o£ the  base.

fo r  the  eaoo o f  tho f i n i t e  eub-baae o r oub-dotiol depth, 

supported by a viQ id baac:

where i  =• ^

P i "  ^  [ t  lo s{ i�����/ �0 �1 �$ �!
u i + z m

yhoro

L ia  tho leng th  o f tho  bane 

B iu  the  breadth  o f  th e  baao 

0 i s  th e  depth o f subgrado from th e  base to  the

r ig id  lay e r .
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APPEHPTX B

B .l  27/E GOMl'VTM MQGHAM DOh’IJL, IZCOPJ’OK'ATING THL' FULL 

SOLm’IQN TO Till! P M  FOUlWATXOIl m m ,

The program "DONBIV was compiled to  g ive  so lu tio n s  to  the

PFB foundation model and r e s u l ts  from th i s  program wore

used to  produce ta b le s  o f  sa fe  working loads fo r  dowolled 

connections in  Chapter S .2. Tn a d d itio n  to th e  PPB so lu tio n , 

Winkler r e s u l ts  a re  a lso  o b tain ab le  from the  program fo r 

th e  d a ta  g iven . A comparison o f r e s u l ts  in d ic a te s  t h a t  the 

VFB so lu tio n  g ives a s l ig h tly  " o ti f fe r "  so lu tio n  in  gen e ra l, 

and in  a d d itio n  tak es  account o f t e n s i le  fo rces  in  the  r e in -  

forcu 'scnt when considering  perm iss ib le  s tr e s s e s  in  th e  dowel. 

The progr in d ic a tin g  th e  da ta  r eq u ired  p e rta in in g  to  the

connection umler s tu d y , i s  given o v e rle a f.
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B.2 LAItGF PRA11B COnPMVB MOGMU BIUVLATIOR OF THE BEAM 

Otl ELACTIC FOUNDATION

The "STRUDL" s im ula tion  o£ ttic beam on e la s t i c  foundation 

concept oppcarc o v e rle a f .  The program ie  dt-rived from a 

diagrammatic rep re se n ta tio n  o f th e  beam o la o tie  foundation 

shown bolow in  P ig . a . 2 .1 , in  which the  d isc o n tin u ity  of 

th e  foundation rcsponr.o in  o lo c r ly  ev iden t.
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APPENDIX C

m x �� � �� �� �� �� �� �� ��  T in s  c v m i m s  u n : u  ~ u  m s vuAomi-msAM �� �� ��  

e m u  ovv.cmstio

Tho concro.uo uood in  tho  la lin ru to iy  t e n t  program maelo uno 

o f  otono o f  maximum nominal e ls e  13 ram (V ) p r in c ip a lly  

beeauoo o f th o  lim ite d  dimcnoionn o f tho  to o t  opoeimono. 

Tho m ato ria lo  o f  th e  laboratory mix wore:

Water P o tab le  and f re e  from contam ination

Cement Rapid Hardening P ortland  Cement

Sand Waohc d oand i'rem a ren id u a l g ra n ite

p it ( in  th e  Hal !'v;uy-Houue granite.

(Fineneoo Muduluo 

(Rel l iv e  nonoit:

Stone G ran ite  chips; of

e ls e  13 mm 

(R ela tiv e  Uonoity

No admixtur-ei; were uocd.

3,3}

3 ,OS)

maximum nominal

The concrete mix wan deaignod aceording to  th e  Portland  

Cement I n s t i tu t e  method, and i t  was intended th a t  i t  

should have adequate w o rk ab ility  fo r  une in  tho  lab o ra to ry  

mouldo, fA, ' Idering th e  varioun re in fo rc in g  aelu-mes, and 

th a t  i t  eh: • altio have ,• 7 day a trong th  o f  approxim ately



170

30 MPa. Although s l ig h t  adjustm ents wore made fo r  various 

reaso n s, tho  b as ic  mix p ro p o rtio n s  (with a sand m oisture 

co n ten t of 51) were ao fo llow s per cubic m etre of concrete:

Water 240 i

u.H.P. Cement 384 kg

Stems 880 kg

Sand 811 kg

Comenk/Mstor R atio  = 1 ,6 .

The concrete' woo mixed m  a  ro tv ry  pan m ixer, fo r  about 5 

minuioc, and th e  volume o f  a s in g le  mix never exceeded 306. 

S te e l  Eouldo u e ie  i.kitlu o f  eliannel ueotiono b o lted  U-gatlier 

to  form B’ouUlu o f  nominal dimenuiuny 101 Iiu.sxl0lm.x720mm. 

SpecimenG were eempaetcd on the  V.B. eonaiytom eter and 

re in fo rc in g  dowels wore Jield in  porJfeion by th e  cruek- 

forraeru during w n t ln g . S pec ia l ca re  wao thua taken  to  

ensure  th a t  th e  reinforcem ent wan not ditiiuvbed when pour­

ing the  co n ere te  in to  the  mouldy. Cubes were ca n t con­

c u rre n tly  fo r  c o n tro l cube tco tu  and th ese  were a lso  com­

pacted uciing th e  V.B. machine. The spoeimeno were g en e ra lly  

s tr ip p ed  a f t e r  24 hours and cured in  a water bath  (tempera­

tu re  not c o n tro lled ) u n til  the  tim e o f te n tin g . There wan 

no problem with w o rk ab ility , bleeding  o r seg rega tion  o f  tho 

co ncrete  used in  th e  t e s t  program.
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o m j M  i>i' APr/utAtiw osmi m  m i  r r w  n m m i

Hcurc Cpm*fmiW Clatnpu

The elumpa holding th e  ondo e£ tho eraok-bcam cpoe’r-ono 

oenetsc  were made up o f mild n ieo l V  (12 mm) and

3V  x I V  x 4 ,5  l b / f t  (76s38:;ti,G0 kif/m) ehannel?, welded 

togetiher au shown in  P ig. D .l, Studa were v/vltlod onto tho 

ehannolo uo th.u, th e  ^larotia f i t t e d  in to  tho groove o f  tho 

le v e r  loading  p la te n  o f  tho  MiiefclovMJmHh hydrnu lie  to o tin g  

machine. Tho V  (1? mm) uiam utor black  k s lto  (len g th  ISOraii) 

which hold th e  uppcy m ild s to o l p la te  in  p o c itio i- , wore 

tirjhtoned o u £ f ie io n tly  to  held  to  endrj o f th e  concre te  

epeeimenn in  p o o itio n  and d ire c t io n ,  hut not to  ouch an 

ex te n t th a t  th o  compression they  o rca tcd  i n tho  eonorete  

would boeomo an im portant f a c to r .

LoadiKj ttiq

Tha loading e ig  ohovm in  P ig . 4 .2 .1  wao made up o f  V  

(12 mm) m ild s to o l p la te  and th e  2 po in t lead iny  waa 

app lied  through th in  r ig  to  th e  upper s 'urfaee o f  tho  een- 

ct’o to  boon upetiimeuu by b rly -.i o tee l V  (i2  mm) round sod.

Vlcotror.i,' fNj i
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Eleetvonio  Load C ell

This was made by th o  Kyowa E lec tro n ic  Instrum ents Co. L td . , 

Tokyo, Japan, ani? was a  comprciGeion/toneion s t r a in  gauge 

typo load c o l l .  The bridge v o ltag e  inp u t was 10,0V D.C., 

o u tpu t s e n s i t iv i ty  2mV/V (*±0,25) and tho ra p a c ity  was 20 kN. 

In  cases where i t  was f e l t  th a t  th is  load would be exceeded, 

th e  load c o ll  was removed and th e  load recorded me h a n ica lly  

through the  Macklow-Smith hyd rau lic  te s t in g  machine.

Linoav Vaviablo D i f fe r e n tia l  ^ratwfox'mcVD (LVDT’o)

One LVDT was used to  record  t'-jp d e fle c tio n  a t  each crack 

fac e , the  average d e fle c tio n  being p lo tte d  fo r  most c o n s is ­

t e n t  r e s u l ts .  The sp e c if ic a tio n s  o f th e  LVDT's, made by 

G.li. C o llin s  Corp., Long Beach, C a l i f . , wore:

Length 20 nun

Diameter 10 mm

Linear range » 1 mm

(where d e fle c tio n s  exceeded t h i s  v a lue , they  were recorded 

by m echanical H itutoyo d e fle c tio n  gauges). The two LVDT1s 

used had s e r i a l  numbers 18472 and 18473, w ith -ca lib ra tio n  

co n stan ts  o f  8,6616x10*"11 mm/mV and 8,539x10™11 wt/v.V rospoc- 

t iv e ly .  The avcrayo reading o f tho two LVDT'e recorded on 

th e  X-Y p lo t t e r  thus had a c a lib ra t io n  fa c to r  o£ 8,678x10'*11 

mm/mV.
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Natanabc X-X A u to g ra p h ic  ReejoTdov

The autographic X-Y p l o t t e r , shown in  F ig . 4 .2 .5 , was made 

by Batanabo Inotrum onts C orp ., Tokyo, Japan. The s p e c i f i ­

ca tio n s  o f t h i s  machine worot

Model WX 411, f lo a t in g  D iffo ro n tia l Output 

Response o f Rooordcr:

Band Width = 1 ,0  U2 fo r  th e  X a x is  

Bar Width » 1,25 IIz fo r  the  Y ax is 

(a t 70% maximum amplitude)

�-��������  Supp ly liodulcB

Separate  power su pp lios wore used fo r  tho  load c e l l  and 

�5���$�4�+�6�� The re sp e c tiv e  typos used were:

O perational A m plifier (0A2) Module fo r  the  Load C ell 

Type IC 100/6 fo r  the LVDT's.

floth typos were made by Contant E le c tro n ic s  L td . , Reading, 

England and were powered by 220V A.C. mains v o ltag e .
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