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B eg in n in g  w ith  th e  l a t e  f o r t i e s  o f  o u r c e n tu ry  numerous i n v e s t i g a t i o n s  

o f m odels r e p r e s e n t in g  th e  c o n n e c t io n  o f column w ith  f l a t  f l o o r  o r  base  

s l a b  have been  made in  th e  w o rld , m a in ly  i n  th e  U n ited  S t a t e s ,  Sweden, 

F e d e ra l  R ep u b lic  o f  Gexmany, E n g lan d , C anada, A u s t r a l ia , t h e  S o v ie t  U nion. 

As a r e s u l t  o f  an a n a ly s i s  o f  th e s e  i n v e s t i g a t i o n s ,  many e m p ir ic a l  and 

s e m i-e m p ir ic a l  fo rm u la s  f o r  th e  d e te rm in a t io n  o f lo ad  e a r r in g  c a p a c i ty  

have been  p ro p o sed  [2 3 ,3 9 ,5 3 ] -  Some o f  them a re  now found in  th e  code ru 

l e s  [4 8 ,4 9 ,5 2 ] .  A c o n c is e  rev iew  o f  th e  p rob lem  o f  punch ing  h a s  been  pu

b l i s h e d  in  th e  m a t e r i a l s  o f  ACI [5 3 ]  and CEB [ 3 9 ] - I n  home l i t e r a t u r e ,  an 

e x te n s iv e  summary o f  th e  s t a t e  o f  a r t  in  t h i s  f i e l d  i s  in c lu d e d  i n [ 2 , 8 ,T(|. 

In  a g e n e r a l  c a s e , in  th e  r e g io n s  o f  c o n n e c tio n s  o f  f l a t  s l a b s  w ith  co

lum ns, a tv?ofold  mechanism o f  f a i l u r e  i s  p o s s i b l e : th ro u g h  f l e x u r e  o r  

th ro u g h  pu n ch in g  s h e a r in g  . F le x u r a l  s t r e n g th ,  b o th  f o r  s im p le  m odels 

and w hole s t r u c t u r e s ,  can  now be r e l a t i v e l y  a c c u r a te ly  d e te rm in ed  e . g . ,  

on th e  b a s i s  o f  th e  y i e l d  l i n e  th e o ry . Some s o lu t io n s  o f  th e  p rob lem  o f  

f l e x u r a l  s t r e n g th  in  t h e  r e g io n  o f  i n t e r n a l  colum ns and edge colum n? have 

been  p re s e n te d  in  [ 2 , 8 ] .  I n  th e  case  o f  f a i l u r e  th rough  p u n c h in g , depen

d in g  on th e  way o f  lo a d  a p p l i c a t i o n  sy m m e tr ic a l , asym m etrica l two p a t 

t e r n s  o f  f a i l u r e ,  shown in  F i g . 1 , a r e  p o s s ib le .

1. Home e x p e r im e n ta l r e s e a rc h

In  P o la n d , th e  f i r s t  e x p e r im e n ts  on pu n ch in g  s h e e r  o f  r e in f o r c e d

c o n c re te  p l a t e s  were made in  th e  y e a r s  1964-71 [ 1 )26 ,4 2 ] in  c o n n e c tio n

w ith  th e  im p le m e n ta tio n  o f  th e  " j a c k  up" and " l i f t  s la b "  te c h n o lo g y .

F u r th e r  r e s e a r c h  was done in  two c e n te r s  -  th e  T ech n ica l U n iv e r s i ty  o f

1} D o c to r  Eng. S i l e s i a n  T e c h n ic a l U n iv e r s i ty  
u l .P s tro w s k ie g o  5 ,  4 ^ -100  G liw ic e , P o lan d
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a) b)

F ig .1  C rack  p a t t e r n  a t  p u n ch in g  s h e a r i  a) sy m m etric a l lo a d , 

b ) n o n -sy m & e tric a l lo a d

Ł ódź, and th e  S i l e s i a n  T e c h n ic a l  U n iv e r s i ty .  Up t i l l  now, t e s t  r e s u l t s  

o f  179 r e in f o r c e d  c o n c re te  m odels o f  s l a b s  and colum ns c o n n e c t io n s  have 

b een  p u b lis h e d  (T ab le  1 }. A l l  th e  t e s t s  w ere made on s im p le  m odels o f 

s l a b s ,  m o s tly  i n  p ro to ty p e  s c a l e ,  s im p le -s u p p o r te d  a lo n g  th e  p e r im e te r  

and lo ad ed  th ro u g h  a colum n b y  a a x i a l  o r e c c e n t r i c  p u n ch in g  f o r c e .  The 

s i z e  o f th e  assum ed, s q u a re  o r  r e c t a n g u la r ,  m odel s l a b s  r e f l e c t e d  th e  

l i n e  o f  c o n tr a  f l e x u r e  ro u n d  th e  colum ns i n  a m u l t i - a r e a  f l o o r  o f th e  

s l a b - s t r u c t u r e .

The most im p o r ta n t p ro b lem s o f th e  r e s e a r c h  w ere :

-  b e h a v io u r  a t  e c c e n t r ic  and a x i a l  lo a d in g  o f  m odel s l a b s  w ith  an 

i n t e r n a l  colum n w ith  v a r io u s  ty p e s  o f c o n n e c t io n s :  m o n o ly th ic  [ 9] ,  

p r e c a s t / i n - s i t u  ( p r e f a b r i c a te d  colum n, co v e red  w ith  i n —s i t u  c o n c re te  

p l a t e )  [2J ,  2 6 , 4 Ź ] ,  p r e c a s t  ( p r e f a b r i c a te d  colum n and p l a t e ,  m o r ta r -  

f i l l e d  j o i n t )  [25 , 2 6 , 47]}
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T a b le  1

T e s ts  o f  m odel s l a b s  i n  Po land

No referenoe
y e a r

Scheme of the test 

T — -------

remarks . dim ensions

I 2 6 ) 

1964 a -h

h = 0.1; I =0.6 ; b =0.2 ; e =0.43 I m 1

[421

1971

52__ cb,— sz

*>£=

r ------
I Wio\ i
L__. __1

15
h = 0.16;<0.24);(0.28),!=17; b =045je=0f0.75[m] 
9 =0.3 t.1 29 V . ; fco = 11 i  30 [ MPa 1 
light-w eight concrete ________ ______

19)

1974 %Hr
h = 0.15 ; 1 =1.7; b= 045  ; e  = 0-i0.75[ml 

^  =0.5 4 1 5 % ; f^ f  28432 IM Pal

1251

1975 J 10
h =0.1; 1 = 0.94 ; b=Q 2 [m l ; 9 =098%  
W *  2 0 434  [M Pal

1231

1976

sz fpu-az

¥ 30
h =0.16 [0.241,1=1.7 -, b =0,45; e =0+0,75[m] 
9 =0,35 41,297= ; ( «  = 1 2 - 4 3 0 ^ 0 1  

lightweight concrete

I 351 

1977

n  i p  , tv  r
—s — X— ' «

4—i-4 - '<■

h = 0 2 6 ; 1 = 1.0, b =0.24 [m l; 9 =1,35% 

feu = 21 t  28 I MPal

[433

1978

hJD
~TJ~Z

t T ,

h = 0.16 ; 1 = 1,7; b=0.25; e=0-r0,25im];g=1.0% 

fcu = 12-r23 iM Pal

138) 
1979 
137) 

1989

.1. ST, h =0,22(261; 1=225; b=0.4[ml j 9 =0,441,0*/. 

fo.=20T35[M Pal s te e l co lla rs

[131

1979

h =0.16 ; 1=1,7; b=0.25 [m l; g  =094% 

f„= 30437 [MPa I 
two-way prestresed slobs

10

[12,13,14]

1980 I T

t II Iiij 12
h =0,16; I =1.7; b =0.25; e =0 r0.25! m! 
9 =0.5 (1.01% , feu =14419 [MPa! 
shea rhea ds

110,111 
1981 
I 27) 
1984

If 1 ii " i ' 1
i_____ 1

19

h =0.16 ; 1=1.7; b= 0,25;e=04025!m l 
9 =1p (1,51% ; feu= 12425 [MPo! 

shear reinforcement

12

[451

1964

h =0.16; 1 =17; b =0.25 I m 1 ¡9 = 1 ,0 1 1 ,2 5 1 %

fca= 19 4 2 7  (M Pa)

s te e l f ib e r  reinforced  co n crete

13
( 31 

1985

J  1 -  - K c H r
r r r n  jvtI

h =0,16 ; 1=1,8; b=0.45[ml ; fCu=42 - 53[ MPa] 
p re ss  moulded lightweight concrete
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Table 1, continuation

u
I 47) 

1985

y  A  v.

T
h =0,18 ; I «1,8 ; b = 0,25 im) ; 9 = 1,0 [1,251% 

23= 34 [ MPa)

15
[4 6 1

1980

H JJ ■ c
14

h =0.16 ; 1=1.7; b =0.25, e =0 = 0,751 ml 
9 = 1,0"/. ; fcu = 12 = 20 [ MPa l 
w=0;(0,16)j(0,82l [ml , edge connections

16
1 36 1

1980

sz a  a . & 6 =0.175 , 1=2,25 =1,75 ; b=0.3*0.35 Î ml 
e = 0=0,75 [ml ; 9 =0,7 5 %  ; fcll = 15=37 [MPa! 
sh e a rh e a d s , edge connections

17
32,331

1982
^ T T ^  Î n l

3T  i s
to ta l n =

24
h = 0,2 ; 1 = 2,25 ; b = 0,4 ; e =0=0^25 [ml 
ç = 0.9-H.3 %  ; ft t = 21=44 [ MPa I 
large ho les _______

to ta l n = 179 n _ nlimb e r  0f  specim ens
f  -  cube c ru s h in g  s t r e n g th  o f 

c o n c re te  
r a t i o  o f r e in fo rc e m e n t

-  e f f e c t  o f l ig h tw e ig h t  c o n c re te  on p u n ch in g  s t r e n g th  [25 , 42] j

-  e f f e c t  o f s l a b  r e in fo rc e m e n t  r a t i o  on c a r r y in g  c a p a c i ty  a t  pu n ch in g  

[9, 23] ,  and th e  e f f e c t  o f  s l a b  p r e s t r e s s  [ 13 ] j

-  e f f e c t  on th e  lo a d  c a r r y in g  o p a c i ty  and c r a c k  m orphology , o f th e

c o n n e c t io n  sh ap e  (o n e -s id e d  colum n, tw o -s id e d  co lu m n ), method o f  lo a d

t r a n s f e r  ( a x i a l ,  e c c e n t r i c ,  th ro u g h  colum n o r  s t e e l  p l a t e )  [9-3] 1

-  e f f e c t  o f  s h e a r  r e in fo rc e m e n t  i n  th e  form  o f  c lo s e d  s t i r r u p s ,  b e n t-u p -  

b a r s ,  "seg m en ts  o f I s e c t i o n s " ,  [10 , 1 1 ] ,  beam s t i r r u p s  [27] ,  s h e a r 

h ead s  (512, 14 , 3 6 ] ,  and a l s o  r e in f o r c e d  s t e e l  f i b r e  [4 5 ]  t

-  b e h a v io u r  a t  punch ing  o f  edge c o n n e c t io n s  ¡[44, 4 6 ] and c o n n e c t io n s  

w ith  l a r g e  h o le s  [32 , 3 3 , 3 6 ] .

A p a rt from  com plex r e s e a r c h  in c lu d in g  num erous m odel s e r i e s ,  a l s o  a 

number o f s e p a r a te  i n v e s t i g a t i o n s  d e a l in g  w ith  u n ty p ic a l  c a s e s  of 

pu n ch in g  s h e a r  and co n n ec ted  w ith  a t t e n p t s  a t  im p le m e n ta tio n  o f th e  

s p e c i f i c  d e s ig n  s o lu t io n s  have b een  r e a l i z e d  [ 3 , 35 , 36 , 37] .

2 .  A n a ly t i c a l  m ethods

On th e  b a s i s  o f  th e  i n v e s t i g a t i o n s  made i n  t h i s  c o u n try , many 

e m p ir ic a l  and s e m i-e m p ir ic a l  fo rm u la s  f o r  th e  d e te r m in a t io n  o f  punch ing  

s t r e n g th  (T ab le  2 )  have b een  p ro p o s e d . The fo rm u la s  a r e  m o s tly  a
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E q u a tio n s  f o r  punch ing  r e s i s t a n c e

Table 2

TJ
i s
*

ré
fe


re

nc
e

Equations for punching resistance 
{ m , MPa, MN1

No
eq.

notes and (imitations

Plt = Po ( 1 * TT2" ) • *o r methods Mr, = ---- iS l------
Mo ’ N0 1*4 : T d u c

( 1 1

( 2 1 expresion(1)for methods No 1=6

1 [91
P0 =0,33 s / f c c  u d

' (4758 ^ -1 3 3 ,8 7 1 5 5 1 (1 .1 .5 V,b2* d /ty d r>

(3)

(4)

2 1151

po * 0,465 \ / f  Co u d 

i =a8S 1 T T a  |0'i 2 ' 11 * t 5  d/b , .d > '

(5)

(61

u-for edge connections 
according to [151

°.3 3 *  b,e. d ^

3 [23]

1,53 P’(1-C,075b/ d ) . (P >v- 0,43P’!

^  1» 0,5 P’/Py

f = ( 1 .2,126 V b2 .d 2 / b rd V ,  P = 0 .2 3 k ^ X ru d

(7)

(8 ] 

(91

k 1 = 1,0  normal concrete ; 
k t=0.722 lightweight concrete

P*~CH3 P’> 0

1)

4 [411

without shear reb trf^ s k ,k2  fctttu d 

with shear reinf.:

^«XAjyfj,, s in o t« s i,4  k (k 2 fttiU d

(10 )

(1 1 )

k1 = 1,0 normal concrete 
k ,< 1p  lightweight concrete
ks=0,5»tV b ,« 1 . bj<b, 

f  = (1.1,5 V'bi*d/b , .d T < (1 2 )

5 [441

P0 =k2u d  (0.22 »0,058 9 fy ) \ZSbcT’
e

M0=m!2b,.b2»o4tld lk2;oi.a=15,3/(— — -2- )«1^5

(13)

(14)

(15)

kI = 0 ,6 .a 4 tV b(-,b1< b , ; 
kj-according to [4 4 1 

(0.22 .  0,058 § ; 0.523

6 [341
po = 0.3 N / f I 7 u d  .0 ,5 3 - f -  u i  

M„=1,78 s /f^T  nd (b ,-d/ 3 ) ♦(mt .ro*?lbj.5d)

(16)

(17)
d/ s  «  0,25 ;  %  in [MN/m!

7 M U

( P“- ' P- ) l .k  P“ e « 1 ,  k= 1 -0 ,5 % > 0 ,3  
'  Pt  '  Mu

!= = (= .P „  = 0,3N /iT  U » d .(JA w f, sin or

M^O.3 \ZlTc-l /c

(18)

(19)

(20) 
(2 1)

=0.6 -  s tirru p s  
= 0 .55-bent up bars

additional restric ts for 
Ugt in [111

8 1’ 1541 F£- according to {1 0 ) and (1 1) for k ^ k x=1 (2 3
s la b s  and footings axially 
loaded with normal concrete

S 1291

po - Pc ♦ P. pc -according to (13); & =
ts-Q5b

0 =Q05 .0,365 -2 5 )

(23)

(24)

slab -co lum n  connections 
with sh e a rh e a d s  axially 

loaded

1) equations for designing
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L is t  o f  d e n o ta t io n s  t o  t h e  fo rm u la s  from  T a b le  2»

-  t o t a l  s e c t io n  a r e a ,  r e s p e c t i v e l y  f o r  s h e a r  r e in fo rc e m e n t  w ith, 
s t i r r u p s ,  b e n t- u p -b a r s  

b ^ , tig -  le n g th  o f th e  s id e s  o f  a r e c t a n g u la r  colum n, r e s p e c t i v e l y  in  
th e  d i r e c t i o n s  1  and 2 

c -  d is ta n c e  from  t h e  colum n c e n t r e  t o  t h e  f a r t h e s t  p o in t  o f t h e  c o n t r o l  
p e r im e te r

d , d ^ , d2 -  e f f e t i v e  d e p th  o f th e  s l a b ,  ana r e s p e c t i v e l y  f o r  th e
r e c t a n g u la r - to - e a c h - o th e r  d i r e c t i o n s  1  and 2 

e -  e c c e n t r i c i t y  o f  th e  punch ing  f o r c e  t o  th e  c e n t r e  o f c r i c i t a l  s e c t io n  
c o n s t i t u t i n g  a g e o m e tr ic  sum o f s t a t i c  and g e o m e rtic  e c c e n t r i c i t y  «

f  , f  , f  .  -  mean v a lu e s  o f th e  co m p ress iv e  s t r e n g th  o f  c o n c re te  Q11 c c c
d e te rm in ed  r e s p e c t i v e l y  on cubes 15 x 15x 15  cm, c y l in d e r s  
16 and h = 16 cm, and c y l in d e r s  15x 30 cm 

^ c td  ~ d e s i&b t e n s i l e  s t r e n g th  o f  th e  c o n c re te  a c c o rd in g  t o  PC [54-] 
f  -  d e s ig n  s t r e n g th  o f  th e  s t e e l  o f r e in fo rc e m e n t  w ith  s t i r r u p s  o r 

b e n t-u p -b a rs .  a c c o rd in g  t o  PC [5 4 j 
f  -  mean v a lu e  o f  r e in fo rc e m e n t  y ie l d  s t r e s s  o f s t e e l  
h g -  d e p th  o f th e  s h e a r -h e a d  s e c t io n
I  -  p o la r  moment o f i n e r t i a  o f t h e  c r i t i c a l  s e c t i o n  t o  th e  a x is  p a s s in g  

th ro u g h  i t s  c e n t r e  o f g r a v i ty  i n  th e  d i r e c t i o n  p e r p e n d ic u la r  t o  th *  
moment p la n e

1 „ -  l e n g th  o f t h e  arm o f  th e  s h e a r -h e a d
^  "ha ,  m , m -  moment r e s i s t a n c e  p e r  u n i t  w id th  o f  t h e  te n s io n e d  r e i n f o r 

cem ent and th e  c o rre sp o n d in g  one f o r ^ th e  to p  and b o ttom  
r  e i n i  orcem ent

MQ -  u l t im a te  v a lu e  of u n b a lan c ed  moment f o r  p u re  moment lo a d in g  (Pt=0 ) 
Ky -  t o t a l  p l a s t i c  moment o f  t h e  arm s o f  th e  sh e a rh e a d  

n -  number o f  th e  l a t e r a l  p la n e s  o f t h e  colum n t r a n s f e r r i n g  th e  to r s io n  
moment

F o -  u l t im a te  v a lu e  o f  pun ch in g  s h e a r  f o r c e  f o r  p u re  p u n ch in g  (M=0 )
Fu -  u l t im a te  punch ing  s h e a r  s t r e n g t h  a t  e c c e n t r i c  lo ad
Pc , Pw -  sh e a r  f o r c e s  t r a n s f e r r e d  r e s p e c t i v e ly  by  c o n c re te  and s h e a r  

re in fo rc e m e n t
Py -  f l e x u r a l  s t r e n g th  d e te rm in e d  a c c o rd in g  t o  y ie l d  l i n e  th e o r y  
s -  a x i a l  sp a c in g  o f th e  s l a b  re in fo rc e m e n t  b a r
u -  p e r im e te r  o f th e  c r i t i c a l  s e c t i o n  a t  th e  d is ta n c e  0,5  h 0 from  th e  

s id e s  o f th e  column 
ua -  p e r im e te r  a t  th e  d i s t a n c e  h Q from  th e  s id e s  o f  th e  column
oc -  a n g le  o f th e  b en d in g  up o f b a r s
p  -  d ia m e te r  o f  th e  te n s io n e d  r e in fo rc e m e n t  b a r s  o f  th e  s l a b  
$  -  s l a b  re in fo rc e m e n t r a t i o

S

k -  c o e f f i c i e n t s  
2
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s p e c i f i o a t i o n ,  m o d if ic a t io n  o r ex p an sio n  o f th e  a lready -know n  methods 

o f  f o r e ig n  r e s e a r c h e r s .  I n  £9] i s  p r e s e n te d  a s u g g e s tio n  o f  sp e c ify in g  

more c lo s e ly  th e  c o e f f c ie n t  f  i n  th e  method o f  ACI code £49] h y  r e l a t i n g  

i t s  -value t o  th e  r e in fo rc e m e n t r a t i o  o f th e  s l a b  -  fo rm u la  ( 4 ) .  

C o e f f i c ie n t  d e te rm in e s  th e  p a r t  o f th e  moment t r a n s f e r r e d  th ro u g h  

s h e a r in g  a t  p u n c h in g . The v e r i f i c a t i o n  o f  m o d if ie d - in - th is -w a y  method 

o f  ACI code c a r r i e d  ou t i n  [ 23] h as  shown t h a t  i t  g iv e s  a b e t t e r  

c o n fo rm ity  w ith  th e  t e s t  r e s u l t s  (159 m o d e ls)  th a n  th e  code m ethod.

A somewhat d i f f e r e n t  fo rm  o f th e  c o e f f i c i e n t  ^  h as  been  g iv e n  i n  £15] 1 

and checked on m odels o f  edge c o n n e c t io n s .  The method based  on an 

a n a ly s i s  o f  s h e a r  s t r e s s e s  i n  th e  c r i t i c a l  s e c t io n  0,5  hQ d i s t a n t  from 

th e  s id e s  o f  th e  colum n h as been  p re s e n te d  i n  £23 , 24] -  fo rm u la s  (1 , 7 , 

8 , 9 ). The lo a d  c a r r y in g  c a p a c i ty  a t sy m m etric a l punch ing  i s  c a lc u la te d  

h e re  from  th e  m o d ified  llo e ’s  fo rm u la  (31 ). To c a lc u l a t e  th e  lo a d  o a rry in g  

c a p a c i ty  o f  th e  i n t e r n a l  c o n n e c tio n s  w ith  s h e a r  re in fo rc e m e n t i n  th e  

form  o f  s t e e l  sh e a rh e a d s  -  fo rm u la s  (1 2 , 23 , 24-) H erzog ’s  app roach  [18], 

a s  w e ll  a s  C o rle y  and Hawkins method w ere used  [ 5 ] .  H erzog’s  app ro ach  

was a l s o  u sed  f o r  edge c o n n e c tio n s  [44j -  fo rm u la s  (13 , 14 , 1 5 ) .  Some 

e x p re s s io n s ,  b ased  a ls o  on th e  a n a ly s i s  o f th e  s t a t e  o f  f a i l u r e ,  whaich 

make i t  p o s s ib l e  t o  ta k e  i n to  a c c o u n t , among o th e r s ,  th e  in f lu e n c e  of 

l a r g e  h o le s  i n  th e  colum n head r e g io n ,  a r e  g iv e n  i n  [33 , 34] -  fo rm u la s  

(1 , 1 6 , 1 7 ) .  The f u n c t io n  o f M and P  i n t e r a c t i o n  in  th e  form  o f a 

p a ra b o le  was u sed  f o r  an a n a ly s i s  o f  th e  s t r e n g th  o f th e  c o n n ec tio n s  

sh e a r  r e in fo ro e m e n t £1 1 ]  -  fo rm u la s  (18 ~  2 1 ).

However, in  £28] Kanoh’ s and X o z h iz a k i’ s beam a n a lo g y  method £21J was 

a d a p te d  to  c a l c u l a t e  s t r e n g th  c a p a c i ty  o f  such  c o n n e c t io n s .

In  P o l i s h  recom m endations [41] f o r  th e  d e s ig n in g  o f  s lab -co lu m n  

s t r u c t u r e s ,  a u n iv e r s a l  and r e p e a t e d ly  v e r i f i e d  A m erican code [48] was 

ad a p te d  a s  i t  p e rm its  t a k in g  i n t o  c o n s id e r a t io n ,  i n  a r e l a t i v e l y  sim ple 

way, a g r e a t  number o f p o s s ib le  d e s ig n in g  s i t u a t i o n s :  i n t e r n a l  and edge 

c o n n e c t io n , s h e a r  r e in fo rc e m e n t ,  e c c e n t r i c i t y  o f  th e  punch ing  f o r c e ,  

h o le s  i n  colum n head r e g io n ,  p ro p o r t io n s  o f th e  oolumn s id e s  d im ensions, 

and s h e a r -h e a d s .  A d is a d v a n ta g e  o f  t h i s  method i s  i n  n o t in c lu d in g  th e  

t e n s i l e  r e in fo rc e m e n t  r a t i o  o f  th e  s l a b , t h e  e f f e c t  o f t h i s  f a c t o r  being



many tim e s  con firm ed  i n  t h e  I n v e s t i g a t i o n s .  The m ethods d e s c r ib e d  above 

w ere an a ly z e d  by  th e  a u th o r s  w ith  t h e  t e s t  r e s u l t s  o f t h e i r  own and o f 

o th e r s .  The s y n th e t i c  r e s u l t s  o f th e s e  a n a ly s e s  a r e  in c lu d e d  i n  T ab le  3 . 

The m ost e x te n s iv e ly  v e r i f i e d  w ith  th e  t e s t  r e s u l t s  (159 m o d e ls )  w ere 

th e  m ethods [  9j  and [23] and a l s o ,  i n d i r e c t l y ,  method [ 4 1 ] .

T a b le  5

V e r y f ic a t io n  o f a n a l y t i c a l  fo rm u la s  a c c . t o  T ab le  2 w ith  th e  t e s t  r e s u l t s
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Method a c c . t o  
No T ab le  2 No 1 No 2 No 5 No 5 No 6 No 7 No 8 No 9

R e fe ren ce [23] £150 P 3 ] [44] [33] i n
F ig .

2
F ig . [ 2 9 ]

Number of 
m odels

155
(1 0 9 ) 6

159
(109} 37 71 16 -86 21 12

z £ o b s\
^ c a l mean

1 ,3 0 ?  

( I 2p 0 )
0 ,9 7 6

1 , 1 2 1

(0 ,9 7 3 )
1 ,014 1,008 3,994 1,128 1 ,1 2 7 0 ,9 6 5

C o e f f i c ie n t  
o f  v a r .  V [%]

2 5 ,8 9
(21,80) 5 ,7 6

5 1 ,5 4
(1 5 ,2 3 )

7 ,5 0 10,51 13,90 13,27 2 4 ,0 0 5 ,2 1

 ̂ I n  p a r e n th e s e s ,  th e  v a lu e s  f o r  p ro to ty p e  s c a l e  m odels o n ly .

5 .  P unch ing  s h e a r  i n  t h e  l i g h t  o f  code PN -84/B -05264 and CEB

recom m endations

The p rob lem  o f punch ing  s h e a r  i n  t h e  P o l i s h  code was l i m i t e d ,  t o  

colum n f o o t in g s  o n ly . The l a t e s t  v e r s io n  o f th e  code from  1984 [54] 

p e rm its  th e  u se  o f e q u a tio n s  (10 , 1 1 , 22 1 a l s o  f o r  th e  p u rp o se  o f 

ch eck in g  th e  lo a d  c a r r y in g  c a p a c i ty  o f th e  s l a b  e le m e n ts , b u t o n ly  th o s e  

a x i a l l y  lo a d e d . E c c e n tr ic  lo a d  may be  c o n s id e re d , i n  a much s im p l i f i e d  

way, o n ly  f o r  colum n f o o t in g s .  I t  sh o u ld  be  n o te d  t h a t  th e  s t a t e  o f 

a x i a l  punch ing  i n  s la b -c o lu m n  s t r u c t u r e s  p r a c t i c a l l y  d o es n o t o ccu r on 

acco u n t o f h o r i z o n ta l  lo a d in g  o r nonun ifo rm  d i s t r i b u t i o n  o f v e r t i c a l  

lo a d s  in  t h e  p a r t i c u l a r  f l o o r  f i e l d s .  M oreover, th e  code ap p ro ach  does 

n o t in c lu d e  th e  e f f e c t  o f th e  r a t i o  o f th e  s id e s  o f  th e  t r a n s v e r s e  

s e c t io n  o f  th e  colum n -which f a c t o r  i s  e s s e n t i a l  f o r  th e  r e c t a n g u la r



colum ns -  th e  c o rre sp o n d in g  c o e f f i c i e n t  i s  u sed  e . g . ,  in  ACI code and 

fo l lo w in g  i t  -  recom m endations [41J and th e  recom m endations o f  CEB. I n  

F i g . 2 i s  p r e s e n te d  a c o n f r o n ta t io n  o f  th e  code ex p ress io n  -  fo rm u la  (2 2 )  

a f t e r  assum ing th e  mean v a lu e s  o f  th e  t e n s i l e  s t r e n g th  of o o n c re te  ( f ^  ) 

w ith  68 r e s u l t s  o f v a r io u s  i n v e s t i g a t i o n s  o f home and fo re in g  a u th o r s ,  

d epend ing  on th e  c o m p re ss iv e  s t r e n g th  o f  c o n c re te  f QU» On th e  o th e r  hand , 

F i g . 5 shows s i m i la r  c h eck in g  o f th e  lo ad  c a r r y in g  c a p a c ity  o f  s h e a r -  

r e in f o r c e d  e lem en ts  i n  th e  column head r e g io n  -  h e r e ,  ob ta in ed  a r e  h ig h e r  

v a lu e s  o f th e  c o e f f i c i e n t  o f  v a r i a t i o n  V o f  th e  r a t i o s  F0b B/ £ c a i«

-  7 1  y

V6

1,4-

1.2-

1,0 -

Q8 -

0/3-

13M..
pcol PCQ, -(0.23-0,0005 » c u if ^  u d

r e f e r e n c e [ 4 ] ( 6 ) f 9 ! [ 1 0 ] [ 1 2 ] [ 1 9 ] [ 2 0 ) [ 2 2 ] [ 2 3 ] 131 ] [ 3 2 3 [ 3 5 ] £ 3 , 4 5 , 4 6 , 4 ? J

S X t> ♦ ? □ • £ V 0
*

0 A

.  o V J T V  a -  f  ¡ T t !  = 1.126, ^  = 13 ,27%  
x *  v** a a A a / * ca l  m oan £ ta *-^*0,0 A_ ^ _ 0 ___ 4__________AA qO £T(A (P ~1T*

7 •  B ° i  &a o * *
a 4 k o

O -c o e f f . ot variation
fCu iMPal

10 20 30 40 50 60

F ig .H  C om parison o f  th e  code PK -84/B -03264 [ 5 ^ ]  method w ith  th e
e x p e r im e n ta l d a ta  o f th e  a x i a l l y  lo ad ed  p la te -m o d e ls  w ith o u t 
s h e a r  r e in fo rc e m e n t .  N otes 1 ) Pc a i a c c o rd in g  form ula (1 0 )  
computed f o r  mean v a lu e  o f  f cJ. = (0,23  -  0,0005 f  ou ) i  ^  f

2 ) f o r  l ig h tw e ig th  o o n c re te  u sed  f a c t o r  k^ = 0,75

O.-Le o b ta in e d  v a lu e s  o f  s t a t i c  m easures c o rre sp o n d  t o  th e  v a lu e s  o b ta in e d  

a c c o rd in g  to  o th e r  code m ethods [ 2 ] .  The recom m endations o f  CEB F IP  Model 

C ode, 1990 on th e  pu n ch in g  o f  r e in f o r c e d  o o n c re te  s la h s  were n o t 

c o n c lu s iv e ly  e x p l i c i t  i n  th e  f i r s t  e d i t io n  from  Dubrownik [5 1 ]«  Work i s  

b e in g  c o n tin u e d  i n  Com m ittee 17  end i s  b a sed  o s th e  e la b o rK ti- r .s  o f  CSB



from  1978 [5 0 ]  and 1985 [3%j * F o r  86 m odels o f  r e in f o r c e d  c o n c re te  s l a b s ,  

a n a ly z e d  i n  F i g .2 a t  a v e ra g e  c o n c re te  s t r e n g th  v a lu e s ,  th e  mean v a lu e  

P obs/P oai  = 1 ,2 9 7  » a s  o b ta in e d  a c c o rd in g  t o  CEB ap p ro ach  g iv e n  i n  [50] 

w ith  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  V = 1 2 , 12%.
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F ig .3  C om parison o f  th e  code [5^0  method w ith  th e  e x p e r im e n ta l  d a ta  
o f t h e  a x i a l l y  lo ad ed  p l a t e  m odels w ith  s h e a r  r e in fo rc e m e n t]  
P c a l  a c c o rd in g  fo rm u la s  (1 0 ) and ( 11  ) f o r  mean v a lu e  o f  f  ^ ,

yw

E en ce , i t  r e s u l t s  t h a t  th e  recom m endation  o f  CEB i n  th e  f i e l d  o f  sy 

m m e tr ic a l punch ing  a r e  more c a u t io u s  (ab o u t 1 ^  i n  r e l a t i o n  to  th e  mean 

v a lu e s  ) th a n  th e  recom m endation  o f  th e  P o l i s h  code . The R u le s  o f  CEB 

p e rm it ,  how ever, a b e t t e r  c o n s id e r a t io n ,  i n  t h e  c a l c u l a t i o n s  o f  th e  lo ad  

c a r r y in g  c a p a c i ty ,  o f t h e  e f f e c t  o f  th e  s l a b  d e p th , d im en sio n s and 

p ro p o r t io n s  o f  th e  s id e s  o f  th e  t r a n s v e r s e  s e c t io n  o f th e  colum n, w ith  

due c o n s id e r a t io n  to  th e  e f f e c t  o f  th e  s la b  re in fo rc e m e n t  r a t i o  and to  

o th e r  a s p e c t  o f punch ing  l i k e j  p r e s t r e s s ,  e c c e n t r i c i t y  o f  th e  punch ing  

f o r c e  and h o le s .  They a l s o  make p o s s ib le  ta k in g  in t o  acco u n t th e  sh e a r  

r e in fo rc e m e n t i n  th e  pu n ch in g  r e g io n  t o  a h ig h e r  d e g re e  th a n  P o l i s h  

recom m endations [ 4 1 ] ,  A cco rd in g  t o  CEB Q50] th e  s t r e n g th  o f th e  column 

r e g io n  w ith  s h e a r  re in fo rc e m e n t i s  1 ,6  o f th e  s t r e n g th  o f  th e  n o t -



r e in f o r c e d  r e g io n ,  w h ile  P o l i s h  code ta k e s  in to  c o n s id e r a t io n  o n ly  a 

p o s s i b i l i t y  o f  40% in c r e a s e  o f  lo a d  c a r r y in g  c a p a c i ty  (fo rm u la  1 1  ).

4 .  R e c a p i tu la t io n

I n  P o la n d , 179 m odels o f s l a b s  have been  te s te d  f o r  p u n ch in g .

E c c e n tr ic  lo a d  o c c u rre d  i n  88 o a s e s ,  how ever, in  a v a i l a b l e  l i t e r a t u r e  

d e s c r ip t i o n s  o f  t e s t s  o f  ab o u t 300 e lem en ts  have b een  fo u n d .

S ig n i f i c a n t  ach ie v em en ts  o f  th e  i n v e s t i g a t io n s  com piled  i n  T ab le  2 a r e :

-  a b e t t e r  d i s t i n c t i o n  o f th e  b e h a v io u r  o f re in fo rc e d  c o n c re te  s l a b s  

made o f l ig h tw e ig h t  and norm al c o n c re te  a t  n o n -sy m m etrica l c o se s  o f 

p u n ch in g ,

-  d e te r m in a t io n  o f  t h e  e f f e c t  o f  th e  r e a c h  o f  th e  s l a b  c a n t i l e v e r  on th e  

pu n ch in g  r e s i s t a n c e  i n  th e  r e g io n  o f  edge columns,

-  d e te r m in a t io n  o f th e  e f f e c t  o f  l a r g e  h o le s  in  t h e  colum n head re g io n  

on th e  pu n ch in g  s t r e n g th ,

-  o b ta in in g  o f  i n t e r e s t i n g  r e s u l t s  on punch ing  o f s h e a r  r e in f o r c e d  s l a b s  

i n  th e  form  o f s t i r r u p s ,  b e n t - u p - b a r s ,  segm ents o f  I  s e c t io n s  and 

sh ea rh ead s .-

The a n a l y t i c a l  e x p re s s io n s  p ro p o sed  by th e  P o l i s h  a u th o r s ,  d e te rm in in g  

th e  punch ing  r e s i s t a n c e  have been  w id e ly  c o n fro n te d  w ith  own and f o r e ig n  

t e s t  r e s u l t s .  The v a lu e s  o f  s t a t i s t i c a l  m easures b a sed  on a n a ly s e s  a re  

com parab le  w ith  th e  c o rre sp o n d in g  v a lu e s  o b ta in ed  by  o th e r  a u th o r s  w hich 

i s  an i n d i r e c t  e v id en c e  o f th e  c r e d i b i l i t y  o f th e  ex p e rim en ts  made in  

t h i s  c o u n tr y .  The s p e c i f i c a t i o n  p re s e n te d  i n  [9, 1 4 , 1 5 , 2 3 , 2 8 , 2 9 , 44] ,  

and m o d if ic a t io n s  [5 , 18 , 2 1 , 31 , 9-8] o f  methods le d  t o  a b e t t e r  

conform ance o f th e  r e s u l t s  o f  t e s t s  and c a lc u la t i o n s .

The t e s t s  and a n a ly s e s  o f  punch ing  c a r r i e d  out i n  th e  c o u n try  r e f e r r e d  

a lm o st e n t i r e l y  to  th e  s t a t i c  lo a d .  The e f f e c t  o f t h e  dynamic lo a d ,  a s  

w e ll  a s  th e  phenomena o f  p o s t  p u n ch in g  beh av io u r have n o t  b een  a n a ly s e d . 

These p rob lem s a r e  p a r t i c u l a r l y  e s s e n t i a l  i n  th e  s t r u c t u r e s  d e s ig n e d  f o r  

th e  s e i s m ic a l ly  a c t i v e  r e g io n s  and a r e  d is c u sse d  i . a . ,  i n  [ 7 ,  17 , 3 9 ] .

A p ro p e r  c o n s t r u c t io n  o f  r e in fo rc e m e n t o f th e  column head r e g io n ,  ta k in g  

in t o  c o n s id e r a t io n  th e  p o s t  f a i l u r e  phenomena p e rm it s u i t a b l e  p r o t e c t i n g  

o f  th e  s t r u c t u r e  a g a in s t  p r o g r e s s iv e  c o l l a p s e .  As r e s u l t s  from  [1 7 ], -be
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d e c is iv e  f a c t o r s  h e re  a re s  s h e a r  r e in fo rc e m e n t  and c o n t in u i ty  o f  th e  

b o ttom  re in fo rc e m e n t  o f th e  s l a b ,  p a s s in g  th ro u g h  th e  oolum n.

E v id en t h e re  i s  th e  la c k  o f c r i t i c a l  a n a ly s e s ,  b o th  i n  home l i t e r a t u r e  

and f o r e ig n  one , d e a l in g  w ith  a co m p ariso n  o f  th e  t e s t  r e s u l t s  o b ta in e d  

on s im p le  m odels w ith  r e l a t i o n  t o  th e  r e a l  s t r u c t u r e s .  I t  i s  a common 

v iew , p a r t l y  co n firm ed  i n  p a p e r  [ 35] ,  t h a t  th e  ex p ec ted  lo ad  c a r r y in g  

c a p a c i t i e s  i n  th e  p ro to ty p e  w i l l  be h ig h e r  th a n  th o s e  o b ta in e d  on m odels. 

A q u a n t i t a t i v e  c o n s id e r a t io n  o f  t h i s  p rob lem  h as  n o t b een  c l a r i f i e d  and 

may be  th e  s u b je c t  o f  p r o p e r ly  programmed s t u d i e s .  The mechanism of 

c ra c k in g  and f a i l u r e  a t  p u n ch in g , e s p e c i a l l y  o f  th e  s y m m e tr ic a l ly  lo ad ed  

i n t e r n a l  colum ns i s  now w e ll  i d e n t i f i e d .  H ow ever, no u n iv e r s a l  method 

h as been  d ev e lo p ed  w hich would be  b ased  on a c o n s t i t u t i v e  m odel, and 

w hich would ta k e  i n t o  acco u n t most o f  th e  f a c t o r s  a f f e c t i n g  th e  s t r e n g th  

c a p a c i ty  w ith  t h e  p o s s ib le  ty p e s  o f g e o m e tr ic a l  and s t a t i c  asym m etry 

(edge co lum ns, h o le s  e t c .  ). I t  seem s t h a t  su ch  a s o l u t i o n  nay  be  found  

th ro u g h  an a n a ly s i s  o f th e  s t a t e  o f  f a i l u r e ,  r e p r e s e n t in g  b e s t  th e  

e sse n c e  o f  th e  phenomena t a k in g  p la c e .

T here  i s  a need  f o r  b r in g in g  u p - to - d a te  th e  home code ru le s -  on punch ing  

s h e a r .  The c a lo u l a t i o n a l  e x p re s s io n s  sh o u ld  ta k e  i n t o  c o n s id e r a t io n  th e  

e f f e c t  o f th e  re in fo rm cem en t r a t i o  o f  th e  s l a b ,  and o f  t h e  p r o p o r t io n  o f 

t h e  column s id e s  on punch ing  s t r e n g t h .  T hese f a c t o r s  a r e  r e f l e c t e d  i n  

most o f  th e  code recom m endations [4 8 ,  4 9 , 52 j •

The P o l i s h  code sh o u ld  a l s o  be  supp lem en ted  w ith  s u i t a b l e  recom m endations 

d e a l in g  w ith  th e  e f f e c t ,  on th e  lo a d  c a r r y in g  c a p a c i ty ,  o f th e  e c c e n t r ic  

lo a d ,  p r e s t r e s s ,  h o le s ,  s h e a rh e a d s , e t c .
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PUNCHING SHEAR RESEARCH OF REINFORCED CONCRETE 

PLATES IN  POLAND

Sum m ary

T h is  r e p o r t  p r e s e n t s  a r e v i e v  o f  home a ch ie v em en ts  i n  th e  scope o f 

a n a ly s i s  o f th e  phenomenon o f  pu n ch in g  sh e a r  i n  r e in f o r c e d  co n c re te

s la b s  i n  com parison  t o  w orld  s c i e n t i f i c  know ledge. On th e  b a s is  o f
\

b ib l io g r a p h y  o f th e  w orks o f home a u th o r s ,  th e  e x p e rim e n ta l in v e s t ig a 

t i o n s  anc th e  a n a ly s is  o f lo ad  c a r r y in g  c a p a c i ty  and c ra c k in g  r e s i s t a n c e  

o f r e in f o r c e d  c o n c re te  s l a b s  a t  punch ing  a r e  p r e s e n te d ,  and the c a lc u la 

t i o n  n e th o d s , a s  w e ll  a s  code r u l e s  a re  d is c u s s e d .  F i n a l l y ,  the t r e n d s  

f o r  f u t u r e  r e s e a r c h  w orks a r e  m en tio n ed .

Keywords! r e in f o r c e d  c o n c re te  p l a t e s ,  s la b -c o lu m n  co n n e tio n s , m odels,

pu n ch in g  t e s t s ,  p u n ch in g  sh e a r  s t r e n g th ,  s t r u c tu r a l  a n a ly s i s ,  

r e s e a r c h .

POLSKIE BADANIA PRZEBICIA ŻELBETOWYCH PŁYT 

Streszczeni e

Referat prezentuje przegląd krajowych osiągnięć w zakresie analizy 

zjawiska przebicia w żelbetowych płytach. Na podstawie bibliografii prac 

autorów krajowych opisano badania doświadczalne, przedstawiono analizą 

nośności i zarysowania przy przebiciu żelbetowych płyt, omowi ono metody 

obliczeniowe i przedyskutowano także zalecenia normowe. W podsumowaniu 

wskazano kierunki przyszłych badań dotyczących przebicia.
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