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PUNCHING SHEAR RESEARCH OP REINFORCED CONCRETE PLATES IN POLAND

Beginning with the late forties of our century numerous investigations
of models representing the connection of column with flat floor or base
slab have been made in the world, mainly in the United States, Sweden,
Federal Republic of Gexmany, England, Canada, Australia,the Soviet Union.
As a result of an analysis of these investigations, many empirical and
semi-empirical formulas for the determination of load earring capacity
have been proposed [23,39,53]- Some of them are now found in the code ru-
les [48,49,52]. A concise review of the problem of punching has been pu-
blished in the materials of ACI [53] and CEB [39]-In home literature, an
extensive summary of the state of art in this field is included in[2,8,T(.
In a general case, in the regions of connections of flat slabs with co-
lumns, a tv?ofold mechanism of failure is possible:through flexure or
through punching shearing . Flexural strength, both for simple models
and whole structures, can now be relatively accurately determined e.g.,
on the basis of the yield line theory. Some solutions of the problem of
flexural strength in the region of internal columns and edge column? have
been presented in [2,8]. In the case of failure through punching, depen-
ding on the way of load application symmetrical, asymmetrical two pat-

terns of failure, shown in Fig.1l, are possible.

1. Home experimental research

In Poland, the first experiments on punching sheer of reinforced
concrete plates were made in the years 1964-71 [ 1)26,42] in connection
with the implementation of the "jack up" and "lift slab" technology.
Further research was done in two centers - the Technical University of

1} Doctor Eng. Silesian Technical University
ul.Pstrowskiego 5, 47-100 Gliwice, Poland
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Fig.1 Crack pattern at punching sheari a) symmetrical load,

b) non-sym&etrical load

£ 6dz, and the Silesian Technical University. Up till now, test results

of 179 reinforced concrete models of slabs and columns connections have

been published (Table 13} AIll the tests were made on simple models of
slabs, mostly in prototype scale, simple-supported along the perimeter
and loaded through a column by a axial or eccentric punching force. The
size of the assumed, square or rectangular, model slabs reflected the
line of contra flexure round the columns in a multi-area floor of the
slab-structure.

The most important problems of the research were:

- behaviour at eccentric and axial loading of model slabs with an
internal column with various types of connections: monolythic [ 9],
precast/in-situ (prefabricated column, covered with in—situ concrete
plate) [2], 26, 4Z], precast (prefabricated column and plate, mortar-

filled joint) [25, 26, 471}



Table 1

Tests of model slabs in Poland

No referenoe  Scheme of the test
year

126)
1964

[421
1971

19)
1974

1251

1975

1231

1976

1351

1977

[433
1978

138)
1979

137)
1989

[131

1979

[12,1314]

10 1980

110,111
1981
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1984
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remarks . dimensions

h=0.1; 1=06 ; b=0.2 ;e =043 Im1l

h=0.16;<0.24);(0.28),!=17; b =045je=0f0.75[m]
9 =0.3t129V .;fco=11i 30 [MPa 1
light-weight concrete

h=015; 1=1.7; b=045 ; e =0-i0.75[ml
N =05415%; fAf 28432 IMPal

h =0.1; 1=0.94 ; b=Q2 [ml ;9 =098%
W * 20434 [MPal

=>

=0.16 [0.241,1=1.7 4 b =0,45; e =0+0,75[m]
9 =0,3541,297=; («=12-430701
lightweight concrete

h=026; 1=1.0, b =0.24 [m|; 9 =1,35%
feu=211t 28 | MPal

h =0.16 ; 1=1,7; b=0.25; e=0-r0,25im];g=1.0%
fcu=12-r23iMPal

h=0,22(261; 1=225; b=0.4[ml j 9 =0,441,0*/.
fo.=20T35[MPal steel collars

h=0.16 ; 1=1,7; b=0.25 [m|; g =094%
f,.= 30437 [MPal

two-way prestresed slobs

h =0,16; 1=1.7; b=0.25; e =0r0.25! m!
9 =0.5 (1.01% , feu=14419 [MPa!
shearheads

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

shear reinforcement

h =0.16; 1=17; b =0.251m1{9=1,011,251%
fca=19 427 (MPa)

steel fiber reinforced concrete

h =0,16 ; 1=1,8; b=0.45[ml ; fQu=42- 53] MPa]
press moulded lightweight concrete



Table 1, continuation

147) y A v. h =018 ; 1«1,8 ; b=0,25im) ; 9=1,0 [1,251%
u 23= 34 [MPa)

1985

[461 HJJ . c h =0.16 ; 1=1.7; b=0.25, e =0=0,751ml
15 14 9=1,0"/. ; fcu=12=20 [MPal

1980 w=0;(0,16)j(0,821 [ml , edge connections

e=0=0,75[ml ; 9 =0,75% ; fcll=15=37 [MPa!
shearheads, edge connections

1361 Sz a a. & 6=0.175, 1=2,25 =1,75 ; b=0.3*0.35 T ml
16

1980

32,331 h=02; 1=2,25 ; b=04; e =0=0"25 [ml

17 A nal 24 ¢=09H3% ; fit=21=44[MPal
1982
S large holes

total n=179 n _ nlimber Of specimens
f - cube crushing strength of
concrete
ratio of reinforcement

- effect of lightweight concrete on punching strength [25, 42] j

- effect of slab reinforcement ratio on carrying capacity at punching
[9, 23], and the effect of slab prestress [13]]

- effect on the load carrying opacity and crack morphology, of the
connection shape (one-sided column,two-sided column), method of load
transfer (axial, eccentric, through column or steel plate) [9-3]1

- effect of shear reinforcement in the form of closed stirrups, bent-up-
bars, "segments of | sections", [0, 11], beam stirrups [27], shear-
heads (612, 14, 36], and also reinforced steel fibre [45]t

- behaviour at punching of edge connections {[44, 46] and connections
with large holes [32, 33, 36].

Apart from complex research including numerous model series, also a

number of separate investigations dealing with untypical cases of

punching shear and connected with attenpts at implementation of the

specific design solutions have been realized [3, 35, 36, 37].

2. Analytical methods
On the basis of the investigations made in this country, many
empirical and semi-empirical formulas for the determination of punching

strength (Table 2) have been proposed. The formulas are mostly a



Table 2

Equations for punching resistance

T o . . .
s Eg Equations for punching resistance No notes and (imitations
* == {m, MPa, MN1 €q.
At=Po (1% TTZ') « *or methods Mr, =—iSl— ('
=R Mo U ?\IO 1%4 - e Tduc (21 expresion(1)for methods No 1=6
P =0,33s/fcc u d ©)
1 [91 4
" (47587-133,871551(1.1.5V.b2*d/tydr> )
p *0.465\/f Co ud (5) u-for edge connections
2 1151 according to [151
i =a8S1TTa [0%2'11*t5 d/b,.d>' (61
°33* bed 7
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3 [23] 8]
P*~CH3 P> 0
f=(1.2,126 Vb2.d2/brdV , P=0.23k"Xrud @1
1) without shear rebtrf”s k,k2 fctttu d (0) ki=1,0 normal concrete
4[4 with shear reinf.: k,<1p lightweight concrete
AeXAjyfi,, sinotesi 4 k(k2fttiud 1) ks=0,5»tV b, «1. bj<b,
f =(1.1,5 V'bi*d/b,.dT< (12)
i) kl=0,6.a4tV b(-bi<b,;
R0 =k2ud (0.22 »0,058 9 fy ) \ZShcT’ ) .
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15)
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(P-'R)IKk Pe «1, k=1-05%>0,3 @B =06 -stirrups
R Mu (199 =0.55-bent up bars
7 My ==(.P, =0,3N/iT U»d.(JAwWT, sinor (20) additional restricts for
M70.3 \ZITe-l /¢ (21) Ugtin [111
11541 - i Ak ye slabs and footings axially
8 FE-according to {t0)and (11) for k" kx=1 (23 loaded with normal concrete
; oo (23 .
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s 1001 15Q5 with shearheads axially
0 =Q05.0,365 -25) @4 loaded
1) equations for designing



- 68 -
List of denotations to the formulas from Table 2»

- total section area, respectively for shear reinforcement with,
stirrups, bent-up-bars
b~, tig - length of the sides of a rectangular column, respectively in
the directions 1 and 2
¢ - distance from the column centre to the farthest point of the control
perimeter
d, d», d2 - effetive depth of the slab, ana respectively for the
rectangular-to-each-other directions 1 and 2
e - eccentricity of the punching force to the centre of cricital section
constituting a geometric sum of static and geomertic eccentricity «
fQ]i’ fC , fcc' - mean values of the compressive strength of concrete
determined respectively on cubes 15x15x15 cm, cylinders
16 and h = 16 cm, and cylinders 15x30 cm
Actd ~ desi&b tensile strength of the concrete according to PC [54-]

f - design strength of the steel of reinforcement with stirrups or
bent-up-bars. according to PC [54]
f - mean value of reinforcement yield stress of steel

hg - depth of the shear-head section

I - polar moment of inertia of the critical section to the axis passing
through its centre of gravity in the direction perpendicular to th*
moment plane

1, - length of the arm of the shear-head

a, m, m' - moment resistance per unit width of the tensioned reinfor-

cement and the corresponding one for~the top and bottom
reiniorcement

MQ - ultimate value of unbalanced moment for pure moment loading (Pt=0)

Ky - total plastic moment of the arms of the shearhead

n - number of the lateral planes of the column transferring the torsion
moment

Fo - ultimatevalue of punching shearforce for pure punching (M=0)

Fu - ultimatepunching shear strength at eccentric load

Pc, Pw- shear forces transferred respectively by concrete and shear

reinforcement

Py - flexural strength determined according to yield line theory

s - axial spacing of the slab reinforcement bar

u - perimeter of the critical section at the distance 0,5 h0 from the
sides of the column

ua - perimeter at the distance hQ from the sides of thecolumn

oc - angle ofthe bending up of bars

p - diameter of the tensioned reinforcement bars of the slab

$ - slab reinforcement ratio

k2 - coefficients
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specifioation, modification or expansion of the already-known methods

of foreign researchers. In £9] is presented a suggestion of specifying
more closely the coeffcient f in the method of ACI code £49] hy relating
its -value to the reinforcement ratio of the slab - formula (4).
Coefficient determines the part of the moment transferred through
shearing at punching. The verification of modified-in-this-way method

of ACI code carried out in [23] has shown that it gives a better
conformity with the test results (159 models) than the code method.

A somewhat different form of the coefficient ~ has been given in £15]1
and checked on models of edge connections. The method based on an
analysis of shear stresses in the critical section 0,5 hQdistant from
the sides of the column has been presented in £3, 24] - formulas (1, 7,
8, 9). The load carrying capacity at symmetrical punching is calculated
here from the modified lloe’s formula (31). To calculate the load oarrying
capacity of the internal connections with shear reinforcement in the
form of steel shearheads - formulas (12, 23, 24-) Herzog’s approach [18],
as well as Corley and Hawkins method were used [5]. Herzog’s approach
was also used for edge connections [44j - formulas (13, 14, 15). Some
expressions, based also on the analysis of the state of failure, whaich
make it possible to take into account, among others, the influence of
large holes in the column head region, are given in [33, 34] - formulas
(1, 16, 17). The function of Mand P interaction in the form of a
parabole was used for an analysis of the strength of the connections
shear reinforoement £11] - formulas (18 ~ 21).

However, in £28] Kanoh’s and Xozhizaki’s beam analogy method £21J was
adapted to calculate strength capacity of such connections.

In Polish recommendations [41] for the designing of slab-column
structures, a universal and repeatedly verified American code [48] was
adapted as it permits taking into consideration, in a relatively simple
way, a great number of possible designing situations: internal and edge
connection, shear reinforcement, eccentricity of the punching force,
holes in column head region, proportions of the oolumn sides dimensions,
and shear-heads. A disadvantage of this method is in not including the

tensile reinforcement ratio of the slab,the effect of this factor being
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many times confirmed in the Investigations. The methods described above
were analyzed by the authors with the test results of their own and of

others. The synthetic results of these analyses are included in Table 3.
The most extensively verified with the test results (159 models) were

the methods [ 9 and [23] and also, indirectly, method [41].

Table 5

Veryfication of analytical formulas acc.to Table 2 with the test results

Method acc.to

No Table 2 No 1 No 2 No 5 No5 No 6 No 7 No 8 No 9
Reference [23] £150 P3] [44]  [33] ia FiZG- Fig. [29]
Number of 155 159
21 12
models (109) O  (109y 37 T2 16 &
z£obs\ 1,307 1,121

0,976 1,014 1,008 3,994 1,128 1,127 0,965
real an (1200) (0,973)

Coefficient 25,89 51,54
of var. V4 (21,80) 5,76 (15,23) 7,50 10,51 13,90 13,27 24,00 5,21

~ln parentheses, the values for prototype scale models only.

5. Punching shear in the light of code PN-84/B-05264 and CEB

recommendations

The problem of punching shear in the Polish code was limited, to
column footings only. The latest version of the code from 1984 [54]
permits the use of equations (10, 11, 221 also for the purpose of
checking the load carrying capacity of the slab elements, but only those
axially loaded. Eccentric load may be considered, in a much simplified
way, only for column footings. It should be noted that the state of
axial punching in slab-column structures practically does not occur on
account of horizontal loading or nonuniform distribution of vertical
loads in the particular floor fields. Moreover, the code approach does
not include the effect of the ratio of the sides of the transverse

section of the column -which factor is essential for the rectangular
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columns - the corresponding coefficient is used e.g., in AClI code and
following it - recommendations [41]J and the recommendations of CEB. In
Fig.2 is presented a confrontation of the code expression - formula (22)
after assuming the mean values of the tensile strength of ooncrete (f* )
with 68 results of various investigations of home and foreing authors,
depending on the compressive strength of concrete fQU» On the other hand,
Fig.5 shows similar checking of the load carrying capacity of shear-
reinforced elements in the column head region - here, obtained are higher

values of the coefficient of variation V of the ratios FObB/£cai«

13M..

ool ROQ -(0.23-0,0005 »cuifr ud

reference (4] () fo! [10] [12] [19] [20) [22] [23] 131] [323 [35] £3.45.46.42]

s X e, » o . £ vV o 0 A

! = 1.126, ~ =13,27%

. - f T t
12- x*£ VA *_A%, an @a 4 *cal moan4
(g%hﬁ — — JF
7 . “i &a o * *

10-
a 4 k
o]
Q8-
0/3-
O-coeff. ot variation
fCu iMPal
10 20 30 40 50 60

Fig.H Comparison of the code PK-84/B-03264 [5”] method with the
experimental data of the axially loaded plate-models without
shear reinforcement. Notes 1) Pcai according formula (10)
computed for mean value of fcJ. = (0,23 - 0,0005 fou) i~ f

2) for lightweigth ooncrete used factor k* = 0,75

Qle obtained values of static measures correspond to the values obtained
according to other code methods [2]. The recommendations of CEB FIP Model
Code, 1990 on the punching of reinforced ooncrete slahs were not
conclusively explicit in the first edition from Dubrownik [51]« Work is

being continued in Committee 17 end is based os the elaborKti-r.s of CSB
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from 1978 [50] and 1985 [3%j * For 86 models of reinforced concrete slabs,
analyzed in Fig.2 at average concrete strength values, the mean value
Pobs/Poai = 1,297 »as obtained according to CEB approach given in [50]

with the coefficient of variation VvV =12,12%.

robs
~cal (reference  [10] [32J [7. 40]
« * <
16
14
u . i - - =
Jymmmmmmmms *x (';_1”( EO-II— r%e%nli
Wi * e * V» 21.75%
08 &
06- ~-coeff. of variation
y MPal
10 20 30 40 IB -

Fig.3 Comparison of the code [570 method with the experimental data
of the axially loaded plate models with shear reinforcement]
Pcal according formulas (10) and (11 ) for mean value of f ~

yw

Eence, it results that the recommendation of CEB in the field of sy-
mmetrical punching are more cautious (about 1~ in relation to the mean
values ) than the recommendation of the Polish code. The Rules of CEB
permit, however, a better consideration, in the calculations of the load
carrying capacity, of the effect of the slab depth, dimensions and
proportions of the sides of the transverse section of the column, with
due consideration to the effect of the slab reinforcement ratio and to
other aspect of punching likej prestress, eccentricity of the punching
force and holes. They also make possible taking into account the shear
reinforcement in the punching region to a higher degree than Polish
recommendations [41], According to CEB Q50] the strength of the column

region with shear reinforcement is 1,6 of the strength of the not-
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reinforced region, while Polish code takes into consideration only a

possibility of 40% increase of load carrying capacity (formula 11 ).

4. Recapitulation
In Poland, 179 models of slabs have been tested for punching.

Eccentric load occurred in 88 oases, however, in available literature

descriptions of tests of about 300 elements have been found.

Significant achievements of the investigations compiled in Table 2 are:

- a better distinction of the behaviour of reinforced concrete slabs
made of lightweight and normal concrete at non-symmetrical coses of
punching,

- determination of the effect of the reach of the slab cantilever on the
punching resistance in the region of edge columns,

- determination of the effect of large holes in the column head region
on the punching strength,

- obtaining of interesting results on punching of shear reinforced slabs
in the form of stirrups, bent-up-bars, segments of | sections and
shearheads.-

The analytical expressions proposed by the Polish authors, determining

the punching resistance have been widely confronted with own and foreign

test results. The values of statistical measures based on analyses are
comparable with the corresponding values obtained by other authors which
is an indirect evidence of the credibility of the experiments made in

this country. The specification presented in [9, 14, 15, 23, 28, 29, 44],

and modifications [5, 18, 21, 31, 9-8] of methods led to a better

conformance of the results of tests and calculations.

The tests and analyses of punching carried out in the country referred

almost entirely to the static load. The effect of the dynamic load, as

well as the phenomena of post punching behaviour have not been analysed.

These problems are particularly essential in the structures designed for

the seismically active regions and are discussed i.a., in [7, 17, 39].

A proper construction of reinforcement of the column head region, taking

into consideration the post failure phenomena permit suitable protecting

of the structure against progressive collapse. As results from [17], -be
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decisive factors here ares shear reinforcement and continuity of the
bottom reinforcement of the slab, passing through the oolumn.

Evident here is the lack of critical analyses, both in home literature
and foreign one, dealing with a comparison of the test results obtained
on simple models with relation to the real structures. It is a common
view, partly confirmed in paper [35], that the expected load carrying
capacities in the prototype will be higher than those obtained on models.
A quantitative consideration of this problem has not been clarified and
may be the subject of properly programmed studies. The mechanism of
cracking and failure at punching, especially of the symmetrically loaded
internal columns is now well identified. However, no universal method
has been developed which would be based on a constitutive model, and
which would take into account most of the factors affecting the strength
capacity with the possible types of geometrical and static asymmetry
(edge columns, holes etc. ). It seems that such a solution nay be found
through an analysis of the state of failure, representing best the
essence of the phenomena taking place.

There is a need for bringing up-to-date the home code rules- on punching
shear. The caloulational expressions should take into consideration the
effect of the reinformcement ratio of the slab, and of the proportion of
the column sides on punching strength. These factors are reflected in
most of the code recommendations [48, 49, 52j-

The Polish code should also be supplemented with suitable recommendations
dealing with the effect, on the load carrying capacity, of the eccentric

load, prestress, holes, shearheads, etc.
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PUNCHING SHEAR RESEARCH OF REINFORCED CONCRETE
PLATES IN POLAND

Summary

This report presents a reviev of home achievements in the scope of
analysis of the phenomenon of punching shear in reinforced concrete
slabs in comparison to world scientific knowledge. On the basis of
bibliography of the works of home authors, the experimental inves\tiga-
tions anc the analysis of load carrying capacity and cracking resistance
of reinforced concrete slabs at punching are presented, and the calcula-
tion nethods, as well as code rules are discussed. Finally, the trends

for future research works are mentioned.

Keywords! reinforced concrete plates, slab-column connetions, models,

punching tests, punching shear strength, structural analysis,

research.

POLSKIE BADANIA PRZEBICIA ZELBETOWYCH PLYT
Streszczenie

Referat prezentuje przeglad krajowych osiggnie¢ w zakresie analizy
zjawiska przebicia w zelbetowych pitytach. Na podstawie bibliografii prac
autoréw krajowych opisano badania doswiadczalne, przedstawiono analizg
nosnosci i zarysowania przy przebiciu zelbetowych pilyt, onowiono metody
obliczeniowe i przedyskutowano takze zalecenia normowe. W podsumowaniu

wskazano kierunki przysztych badan dotyczacych przebicia.
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nOULGKME  I'CCITEAOBAHMIl nPOSABIIMBAHHH XEJTE30DETOHHHX EUMT

Pe3K>Me

B CTaTbe oTTHcaHM crpaKHwe ziocTusoeHHsi Kaca»mueca awajmaa TrpoaaBJiHBaHKS
aoejieao6eTOHHbix ttjiht b cpaBHMBaHH» k cocTaHHHa mhphom HayKH. Ha ocHOBe
OHG6 jiorpa<j>HM padOT CTpaHHbix aipropoB OTrwcaHO eKCTrepH«eHTaiibHbie HCCJfe/ioBaHHIT
TrpeacTaBJieHO anajiH3 Hecymen cttocodhoctm h TpeiBHKOCToftKOCTH rrpH TTpoluaBJiK-
BaHHH 3Celie306eT 0HHbIX TTJHT, paCMOTpeHO paCMeTHbte MeTOAbl H rrepe/IHCKyTHpPO-
BaHo TaKxe cTaH/iapTHbie peKcmeHZiaiiMH. B 3akJtk>HeHHio yKa3aHO HaTrpaBjieHMs

6ylymwx Hcclte/ioBaHv&i Kaca»mnecsj Trpo/iaBJiHBaHHS



