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Abstract

A synthesis of punching failure in reinforced concrete is given here. First, some recent experimental results are presented allowing

one to show the difference between flexural and punching failure. Second, the punching failure mechanism is discussed based on

results obtained with numerical simulations demonstrating among others the influence of the concrete tensile strength. Then, using

these results, an analytical model is derived for punching load prediction. The model allows a unified treatment of slabs with various

types of reinforcement. Finally, the prediction’s capabilities are discussed using extended databases as well as special experimental

results.
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1. Introduction

The punching failure of reinforced concrete slabs
supported on columns occurs when a conical plug of
concrete suddenly perforates the slab above the column.
As this failure mechanism is brittle (occurring without
any warning sign and with a high reduction of the load
carrying capacity) various constructive methods were
developed to avoid it. These include thickening of the
slab, columns’ capitals and different types of reinforce-
ments such as flexural reinforcement, bent-bars, studs,
stirrups, shear-heads and prestressed tendons. Conse-
quently, the model for punching load prediction must
treat all these different cases.

First, experimental results reported by Men�eetrey [17]
are presented to show the difference between flexural
and punching failure and to include the influence of
the punching cone inclination. Second, results obtained
by Men�eetrey et al. [20] with numerical simulations are
presented to describe the punching failure mechanism
and to extract the main parameters influencing punching
failure.

Finally, the general model for punching load predic-
tion developed by Men�eetrey [16,18] is presented. The
punching strength is obtained by integrating the vertical
components of the tensile stresses around the punching

crack. The contribution of the reinforcements (flexural
reinforcement, shear reinforcement and prestressed ten-
dons) is taken into account similarly, by adding the
vertical components of the tensile forces of each rein-
forcement crossing the punching crack. The resulting
model is a unified and general model for punching load
prediction. The prediction capabilities are discussed
using the database developed by the fib task group 4.3
[8].

2. Experimental results

Punching failure based on experimental results was
addressed by various authors, among others: Richart
[27], Moe [22], Kinnunen and Nylander [13], Andersson
[1], and Regan [26]. The focus here will be oriented to-
ward the difference between flexural and punching fail-
ure. The experimental results obtained by Men�eetrey [17]
on similar octagonal slabs (thickness: 120 mm; radius of
support: 550 mm) differing only in their flexural rein-
forcements demonstrate this difference. Furthermore,
the influence of the inclination of the punching crack
is revealed.

These tests were performed by controlling the vertical
displacement of the column (radius 120 mm) so that the
response after peak load (descending branch) is cap-
tured. Four similar slabs are first considered with vari-
ous cross-section of the bar (4–10 mm). Two slabs failed
by flexural failure (slabs 9 and 10 with reinforcement*Tel.: +41-31-385-61-11; fax: +41-31-385-61-12.
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£ ¼ 4 and 6 mm) characterized by a yield-line mecha-
nism. Two slabs failed by punching (slabs 11 and 12 with
reinforcement £ ¼ 8 and 10 mm) characterized by a
punching cone. The load–displacement curves of the
four slabs are shown in Fig. 1.

First, it is observed that the failure load is raised with
increasing cross-section of the reinforcement. Then, the
load–displacement curves illustrate that after the maxi-
mum load (peak load) has been reached, a flexural
failure (slabs 9 and 10) is characterized by a smooth
decrease of the carrying load with increasing displace-
ment. In the opposite case, a punching failure results in
a sudden decrease of the carrying load after the peak
load has been reached (vertical branch of the response
curves of slabs 11 and 12). These results clearly illustrate
the difference between both failure mechanisms and also
the reason why punching failure is so dangerous.

The geometry of the failure surface plays an impor-
tant role, especially when the failure surface is forced
into a shape different from that giving a pure punching

failure as showed by Regan [26] (load close to the sup-
port) or by Azad et al. [2] (mechanical devices inside the
slab). By controlling the size of ring reinforcement as
established by Men�eetrey [17], the punching crack is
generated at different inclinations: 30�, 45�, 60�, and 90�
to the middle plane of the slab. A view of the resulting
punching cone inclined at 30�, 45�, and 60� is presented
in Fig. 2.

The load–displacement curves of these four slabs with
different punching cone inclinations reveal a transition
between punching and flexural failure which is con-
trolled by the punching crack inclination a. An analyt-
ical expression was proposed by Men�eetrey [17] to
determine the failure load in terms of the punching load
Fpun and the flexural load Fflex so that

Ffail ¼ Fpun þ ðFflex � FpunÞ sin
p

p � 2a0
ða

��
� a0Þ

��1=2

;

ð1Þ

Fig. 1. Response curves for flexural and punching failure [17].

Fig. 2. Punching cone with different inclinations: 30�, 45�, and 60� [17].
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where a0 is the inclination of the punching crack of a
pure punching failure (see Section 4.2).

3. Numerical simulations

3.1. Description of the model

The numerical simulation of punching failure has
recently be achieved by researchers including De Borst
and Nauta [5], Gonz�aalez et al. [11], Men�eetrey et al. [20]
and Ozbolt et al. [23]. The simulation performed by
Men�eetrey et al. [20] is detailed here. The model was
developed to reproduce the different states of stress
characterizing punching failure so that the triaxial fail-
ure criterion developed by Men�eetrey and Willam [21]
was considered. The dilatancy observed experimentally
is matched with a specific flow rule. The concrete
cracking phenomenon is described with the smeared
crack model using the strain-softening formulation. The
fictitious crack model developed by Hillerborg et al. [12]
is considered for which the reduction of the tensile stress
rt is controlled by the crack opening w along the line of
an exponential decohesion process. The fracture energy
defined as the amount of energy absorbed per unit area
in opening the crack from zero to the crack rupture
opening wr is

Gf ¼
Z wr

0

rt dw; ð2Þ

which is invariant with the finite element size. The sim-
ulation of localized failure like punching failure requires
this dependence on the finite element size which plays
the role of localization limiter. The connection between
the brittleness of failure and the state of stress is re-
produced by introducing a fictitious number of cracks.

3.2. Simulation of punching failure

The circular slab tested by Kinnunen and Nylander
[13] and reinforced with ring reinforcement (denoted
by IB15a) was simulated because of its perfect axially
symmetric geometry. The punching failure simulation
allows one to observe the cracking phenomenon in the
vicinity of the column as illustrated in Fig. 3 for the
three load steps preceding the failure.

It can be observed that the punching crack is initiated
by coalescence of micro-cracks at the top of the slab.
This coalescence phenomenon is justified experimentally
by the tests of Regan [25] reporting that micro-cracks
are formed across the slab thickness before failure oc-
curs and Moe [22], who observed visually the formation
of inclined cracks across the slab thickness before failure

occurs. With increasing vertical displacement this in-
clined crack expands toward the corner of the slab–
column intersection. At the same time, the other inclined
micro-cracks are closing. At failure, the punching crack
has reached the corner of the slab–column intersection.
It can be observed that the punching crack orientation is
close to the experimental one except at the top of the
slab.

3.3. Parametric analysis

A parametric analysis is performed for a circular slab
similar to that above but made with orthogonal rein-
forcement (modeled with ring and axisymmetric bar el-
ements). The partial bond between concrete and steel is
simulated by rigidly fastening the steel to the concrete
only at the extremity of a fictitious fastening length. The
purpose of this fictitious fastening length is to allow
some cracks to grow and consequently others to close.
This fictitious length is determined by analogy with the
crack spacing observed during tensile tests on reinforced
concrete specimens.

The concrete parameters such as the tensile and
compressive strengths are known to be interrelated.
However, for the following parametric analysis, they are
considered independently (only one parameter is varied
at a time) in order to determine their effects on the
punching failure process. The influence of the uniaxial
tensile strength and the fracture energy of concrete
is investigated. The response curves shown in Fig. 4
clearly demonstrate the influence of both parameters.

However, the uniaxial concrete compressive strength
has little influence on the punching failure as neither the
cracking mechanism nor the response curve is modified
for slabs with different uniaxial compressive strengths:
fc ¼ 22:5, 28.1, and 33.7 MPa (when the tensile strength
is held constant).

In contrast, Ozbolt et al. [23] reported little influence
of the tensile and compressive concrete strength. This
conclusion that punching failure is little influenced by
the concrete strength is not justified experimentally. This
can result from the assumption of a uniaxial stress strain
response according to the micro-plane model for which
the biaxial and triaxial concrete response are neglected.

The influence of the percentage of flexural reinforce-
ment is studied by simulating slabs with different per-
centages: q ¼ 0:2%, 0.4%, 0.8%, 1.2%, 1.6%, and 2%. A
similar cracking mechanism is observed for all these
slabs. The corresponding response curves are presented
in Fig. 5 in addition to the one of a flexural failure
generated for a plain concrete slab. It can be observed
that after a similar initial elastic behavior, the response
of the slabs varies tremendously depending on the per-
centage of reinforcement. By increasing the percentage
of reinforcement, the value of the punching load is
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increased but the ductility is decreased. These results are
comparable to the experimental results obtained by
Elstner and Hognestad [9].

The size effect is investigated by simulating four slabs
of different sizes (slab thickness: 75, 150, 300, 450 mm)

but with a similar scaling factor which applies to the
concrete geometry and the steel area. Except for these
dimensions, the slabs have similar boundary conditions
and material characteristics. The nominal shear stress at
the failure load Pfailure is computed as

Fig. 3. Tangential cracks for ultimate vertical displacements: 3.1, 3.2, and 3.3 mm [20].
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sn ¼
Pfailure

pð2rs þ dÞd ; ð3Þ

where the radius of the column is denoted by rs and d
is the slab effective depth. As presented in Fig. 6 the
nominal shear stress decreases with increasing thickness
of the slab.

In assuming a constant fracture energy, Ba�zzant [3]
derived a size-effect law which was shown by Ba�zzant and
Cao [4] to describe the size effect in punching failure.
This size-effect law is adjusted on the four slab simula-

tions (without having the experimental scatter) fol-
lowing the RILEM Recommendations [24] by linear
regression, which gives

sn ¼ 1:55ftð1þ d=34Þ�1=2; ð4Þ

where ft is the uniaxial tensile strength of concrete. This
relation is plotted in Fig. 6, in which the two asymp-
totes: horizontal one (strength criterion of Marti and
Th€uurlimann [15]) and inclined one (linear elastic fracture
mechanic) are distinguished.

4. Analytical model

4.1. Preliminaries

A synthesis of the analytical model developed by
Men�eetrey [16] to compute the punching load of rein-
forced concrete slabs is presented here. The influence
of the flexural capacity is linked to the punching shear
capacity with the punching crack inclination as pro-
posed by Men�eetrey [17] and presented here in Section 2.
The expression is enhanced with the treatment of the
contribution of the stirrups and shear reinforcements
along the line of the work presented by Men�eetrey [18].

The proposed model is based on the observation that
the punching load is influenced by the tensile stress in
concrete along the inclined punching crack (key as-
sumption of the model). Consequently, the punching
load is predicted by integrating the vertical compo-
nents of the tensile stresses around the punching crack.
The contribution of the reinforcements is taken into
account similarly, by adding the vertical components
of the tensile forces of each reinforcement crossing
the punching crack (flexural reinforcement, shear rein-
forcement, and prestressed tendons) so that the punch-
ing load of a general slab is expressed as

Fpun ¼ Fct þ Fdow þ Fsw þ Fp; ð5ÞFig. 6. Size-effect law derived from numerical simulations [20].

Fig. 4. Influence on the response curves of the concrete: (a) uniaxial tensile strength; (b) fracture energy [20].

Fig. 5. Influence on the response curves of the percentage of rein-

forcement [20].
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where Fct is the vertical component of the concrete
tensile force obtained by integrating the vertical com-
ponents of the tensile stresses in concrete, Fdow is the
dowel-force contribution of the flexural reinforcement,
Fsw is the vertical components of the forces in the studs,
stirrups or bent-up bars which are well anchored and Fp
is the vertical components of the forces in the tendons.
The punching load of a slab is consequently computed
in a unified manner by summation of all the vertical
components of the tensile forces crossing the punching
crack as illustrated in Fig. 7.

The punching failure is a sudden failure characterized
by a rapid decrease of the load carrying capacity as
shown in Fig. 1. However, the punching crack causing
the punching failure is not formed suddenly, but is
preceded by the formation of internal micro-cracks.
Because the micro-crack formation is progressive, steel
resistance is gradually activated and the force in the
reinforcements can be added to the concrete tensile force
as proposed by the general model in Eq. (5).

4.2. Link between punching and flexural capacity

The influence of the punching crack inclination was
presented in Section 2 based on experimental results. It
is shown that the punching crack inclination a allows
one to link both flexural and punching failure loads and
the analytical expression given in Eq. (1) is considered
here. By assuming a punching crack inclination for pure
punching failure of a0 ¼ 30� the general failure load of a
slab can be expressed as

Ffail ¼ Fpun þ ðFflex � FpunÞ sin
3

2
a

��
� 45�

��1=2

with 30�6 a6 90�: ð6Þ

It can be noted that Ffail ¼ Fpun for a punching crack
inclination a ¼ 30� and Ffail ¼ Fflex for a ¼ 90�. For de-
sign application, the flexural failure load Fflex can be
determined with the yield-line theory as presented by
Gesund and Kaushik [10]. For example, the ultimate
load for the yield-line mechanism without cracking over
the column is given by

Fflex ¼
2pmR

1� rs=re
; ð7Þ

where mR is the resistant bending moment and re the
radius of the slab.

4.3. Concrete tensile force

The concrete tensile force is determined by integrat-
ing the vertical component rv of the tensile stresses rct

around the punching crack. The punching crack is
assumed to be a truncated cone in shape comprised be-
tween two radii r1 and r2 as shown in Fig. 7 so that

r1 ¼ rs þ
1

10

d
tan a

and r2 ¼ rs þ
d

tan a
; ð8Þ

where rs is the radius of the column and a the punching
crack inclination. The inclined length is expressed as

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr2 � r1Þ2 þ ð0:9dÞ2

q
: ð9Þ

Around the punching crack, a constant tensile stress
distribution is assumed for simplicity. The analytical
expression to compute the vertical component of the
concrete tensile force is consequently expressed as fol-
lows:

Fct ¼ pðr1 þ r2Þsrv ¼ pðr1 þ r2Þsf 2=3
t ngl: ð10Þ

The concrete tensile force is influenced by the tensile
strength of concrete (shown in Fig. 4(a)) and the ana-

Fig. 7. Representation of the punching shear capacity [16].
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lytical relation given by Fct / f 2=3
t is considered. The

influence of the percentage of reinforcement q on the
tensile stresses was determined with the numerical sim-
ulations and is given by

n ¼ �0:1q2 þ 0:46q þ 0:35; 0 < q < 2%;
0:87; qP 2%;

�
ð11Þ

where q is in percent. The size-effect law obtained nu-
merically and presented in Fig. 6 is included in the de-
veloped analytical model with the parameter l expressed
as

l ¼ 1:6ð1þ d=daÞ�1=2 with d > 3da; ð12Þ

where da is the maximum aggregate size. This size-effect
law was derived for a constant ratio h=rs ¼ 2 where h is
the slab thickness. However, as reported experimentally
[6,29], the radius of the column or similarly the radius
where the punching crack is initiated influences the
size-effect law. This phenomenon was reproduced nu-
merically and the following analytical expression was
proposed:

g ¼ 0:1ðrs=hÞ2 � 0:5ðrs=hÞ þ 1:25; 0 < rs=h < 2:5;
0:625; rs=hP 2:5:

�

ð13Þ

This parameter is determinant to predict the punching
load of slabs with shearhead or shear reinforcement for
which the punching crack is located outside these rein-
forcements.

The influence of the fracture energy is not consid-
ered in the analytical model as this parameter does not
greatly vary the punching load for standard concrete.
However, for fiber concrete or high-strength concrete
with extreme value of the fracture energy, the con-
crete tensile force contribution should consider the
concrete fracture energy.

4.4. Dowel-effect contribution

The shear force which can be transferred by rein-
forcing bars crossing the punching crack is computed
according to Men�eetrey [16] as

Fdow ¼ 1

2

Xbars
£

2
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcfsð1� f2Þ

q
sin a; ð14Þ

where the summation is performed for all bars crossing
the punching crack and £s is the diameter of the cor-
responding bars. A parabolic interaction is assumed
between the axial force and the dowel force in the re-
inforcing bar which is expressed with the term ð1� f2Þ
where f ¼ rs=fs and rs is the axial tensile stress in the
reinforcing bar which has a yield strength fs. The ten-
sile stress rs is obtained by projection of the force in
the compressive strut Fpun= sin a in the horizontal rein-
forcement which gives Fpun= tan a and by dividing by the
sum of the area of the reinforcing bars crossing the
punching crack so that

rs ¼
Fpun= tan aPbars As

: ð15Þ

The dowel contribution in Eq. (14) is reduced with the
term sin a to take into account the angle between the
flexural reinforcing bar and the punching crack (in
a vertical plane). In Eq. (14), the factor 1=2 gives the
best approximation, because the reinforcing bars in the
horizontal plane are not crossing the punching crack at
a right angle.

4.5. Shear reinforcement contribution

Shear reinforcements such as studs, stirrups, bent-
bars or bolts are used in order to increase the failure
load and to reduce the sudden decrease of the load
carrying capacity. The computation of the failure load
in such slabs should differentiate the following positions
of the punching crack (illustrated in Fig. 8 for a slab
with one row of studs):

1. A punching crack located in between the column face
and the first row of shear reinforcement; the compu-
tation of the corresponding failure load must con-
sider the interaction between the punching load Fpun
and the flexural capacity Fflex in terms of the punching
crack inclination a following Eq. (6). The punching
crack inclination is: aa ¼ arctanððrswi � rsÞ=dÞ.

Fig. 8. Three positions of punching crack for slabs with one row of studs [18].
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2. A punching crack which is initiated outside the last
row of shear reinforcement; the punching shear ca-
pacity is computed similarly to the one of a normal
reinforced concrete slab except that instead of the
radius of the column rs, the radius of punching crack
initiation rsc should be considered. The influence of
this radius on the size effect is treated with the para-
meter g given in Eq. (13).

3. A punching crack which crosses the shear reinforce-
ment.

The punching load corresponds to the minimum one
of these different positions of the punching crack. The
computation of the punching load for the third failure
mechanism is addressed in the following.

The shear reinforcement contribution is influenced by
it bond properties and two cases have to be distin-
guished: (1) shear reinforcements made with plain bars
and anchorage denoted as studs, and (2) shear rein-
forcements made with high-bond bars denoted as stir-
rups. The contribution of the shear reinforcements to the
punching load is computed by summing each contribu-
tion of reinforcement (in different rows, made with dif-
ferent types of reinforcement) crossing the punching
crack.

The contribution of injected strengthening bolts (set
after perforating the slab) is determined similarly to the
contribution of studs or stirrups according to their bond
properties. As a special case, for non-injected strength-
ening bolts, the concrete and the shear reinforcement
contributions cannot be added because they do not in-
teract as established by Men�eetrey and Br€uuhwiler [19].

The contribution to the punching load of studs is
considered for an axisymmetric reinforced concrete slab
as illustrated in Fig. 9. This slab is reinforced with ver-
tical studs well anchored at their extremities and made
with plain bars characterized by a cross-section Asw and
a yield strength fsw.

The failure mechanism for which the punching crack
crosses the studs is initiated by micro-cracks. Due to
micro-cracking the slab thickness increases, resulting in
the loading of the studs. Consequently, the studs sustain
a so-called displacement control loading for which the
displacement corresponds to the summation of the
micro-cracks’ opening. This micro-crack formation is
followed by the crack coalescence and the crack prop-
agation which crosses the studs. Between the crack
coalescence and the crack propagation, there is insig-
nificant increase of load and no sudden change of
the slab thickness as reported by Regan [25]. There-
fore, the elongation of the studs at failure is expressed
as illustrated in Fig. 9 by projection of the crack rup-
ture opening wr perpendicularly to the axis of the studs
so that Dl ¼ wr cos a (a¼ inclination of the punching
crack). The studs’ deformation is consequently �sw ¼
Dl=l ¼ wr cos a=l. Recalling the definition of the fracture
energy in Eq. (2), the crack rupture opening is ap-
proached by

wr �
5Gf

fsw
ð16Þ

so that the maximum force is expressed as

Fsw ¼
Xstuds

AswEsw

5Gf

fswl cos a
sinðbswÞ

< Aswfsw sinðbswÞ ¼ Fswy for studs; ð17Þ

where bsw is the stud inclination. This force is limited by
the yield strength of the studs up to the stud length
l0 ¼ wr cos aEsw=fsw. For higher stud length, the contri-
bution to the punching load is reduced, reflecting a size
effect inversely proportional to the stud length.

The same argument can be applied to determine
the contribution of stirrups with high-bond bars. During
micro-crack formation, the stirrups are crossed by var-
ious micro-cracks so that the tensile force inside the
stirrups is distributed along the micro-cracked zone
and is transmitted beyond this micro-crack zone to con-
crete by bond stresses. The tensile force in the stirrups
is transmitted by bond stresses to concrete over the
transmission length (defined as the length over which
slip between steel and concrete occurs [7]). If this length
is available, the yield strength of the stirrups is reached
so that

Fsw ¼
Xstirrups

Aswfsw sinðbswÞ ¼ Fswy for stirrups; ð18Þ

where bsw is the stirrup inclination. If this length is not
available, the carrying force in the stirrup is a function
of the anchorage of the stirrup’s extremity. Conse-
quently, the anchorage of the stirrups has to be carefully
set, specially in the top face of slabs (positive bending)
and for short stirrups.Fig. 9. Punching crack formation in slab with studs [18].
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4.6. Prestressing tendons’ contribution

The punching strength of a slab reinforced with in-
clined prestressing tendons is enhanced by adding the
vertical components of the tendon forces. This vertical
projection of the tendons’ force is expressed as

Fp ¼
Xtendons

Aprp sinðbpÞ; ð19Þ

where the summation is performed for the prestressing
tendons crossing the punching crack. Ap is the area of
the prestressing tendons, rp is the tensile stress of the
prestressing steel, and bp is the inclination of the tendons
at the intersection of the punching crack with the plane
of the slab as shown in Fig. 7. The prestressing stress rp

is considered and not the yield strength fp of the ten-
dons, because a shear failure does not allow large de-
formation, so that the yield strength cannot be reached.
The influence of unbonded tendons is considered only
with the vertical components of the tendons forces of
Eq. (19). For bonded tendons, in addition to this con-
tribution, the percentage of flexural reinforcement is
increased by adding the percentage of reinforcement
of the prestressing tendons in Eq. (11).

4.7. Comparison with experimental results

The predictions of the model are compared with the
experimental data included in the database developed by
the fib task group 4.3 [8]. For the prediction of the
punching load of slabs without shear reinforcement only
the terms Fct and Fdow are activated according to Eq. (5).
Due to the amount of tests and required data, some
simplifications were made: (1) the punching crack incli-
nation was assumed to be always 30�, (2) the data were
taken as they were given without any special check, (3)
some data like the aggregate size and the diameter of the
flexural reinforcement were missing for various tests and
in order to continue with a database with many tests, the
data were completed and the aggregate size was assumed
to be da ¼ 20 mm and the diameter of the flexural re-
inforcement was assumed to be£s ¼ 10 mm, and (4) no
distinctions were made between circular and square
slabs or columns (treated as circular ones). The com-
parison of the predicted and experimental results are
shown in Fig. 10. The thick line shows the polynomial
regression line which is very close to the ideal prediction
line.

The prediction of the punching load for slabs with
shear reinforcements was performed by adding the
contribution Fsw. The differences between stirrups and
studs as presented in Section 4.5 is not considered, be-
cause the concrete fracture energy necessary to ex-
press this difference was never reported experimentally.
Therefore, Eq. (18) was considered, where the full

strength of the shear reinforcement is activated. The
prediction of the punching load for the three positions
of the punching crack was performed. The punching
load corresponds to the minimum value of the ones
obtained with the three cracks and this value is plotted
in Fig. 11. It can be seen that the dispersion is acceptable
for the assumptions which were made. Furthermore,
the prediction is not diffuse on the overall area, but is
restricted to the area on the safety side.

The analytical contribution of the shear reinforce-
ments is further controlled with detailed considerations
of a few extreme experimental results which were not
considered in the database [8]. The studs’ contribution is
controlled for two groups of tests summarized in Table 1
and the stirrups’ contribution is controlled for one test.

The two slabs tested by Van der Voet et al. [29] are
considered (abbreviated VdV): slab MV1 without shear
reinforcement (punching load 375 kN) and slab MV6
(punching load 502 kN) for which the punching crack
crosses 36 studs. It can be observed that the total yield
strength of the studs (Fswy ¼ 217 kN) does not corre-
spond to the increase of the punching load (DFexp ¼ 127
kN). However, by applying Eq. (17) with a crack
opening wr ¼ 0:15 mm (assumed) and a punching crack
inclination a ¼ 30� the contribution of the studs Fsw ¼
133 kN is very close to experimental increase of the
punching load.

Fig. 10. Punching load prediction in slab without shear reinforcement.

Fig. 11. Punching load prediction in slab with shear reinforcement.
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Similarly, the analytical computation of the studs
contribution is controlled for two series of slabs tested
by Tolf [28] for which stirrups with plain bars were used
(considered here as stud). First, slabs S1.1–2 without
shear reinforcement (punching load 205 kN) and S1.1–
2s with shear reinforcements (punching load 260 kN)
and second, slabs S2.3–4 without shear reinforcement
(punching load 466 kN) and S2.3–4s with shear rein-
forcements (punching load 553 kN) are considered with
a slab thickness of 120 mm respectively 240 mm. For
both series of tests: (1) shear reinforcements are made
with plain bars so that Eq. (17) developed for studs is
applicable; (2) only the first row of studs is crossed by
the punching crack; (3) the crack opening is computed
by applying the method given by the CEB-FIP Model
Code [7] with a mean compressive strength of 31 MPa
and a maximal aggregate size of 16 mm for slabs S1
and 32 mm for slabs S2. As shown in Table 1 the ana-
lytical results are close to the experimental ones. Fur-
thermore, by comparing the two test series, it can be
observed that a simple strength criterion cannot be
employed.

The influence of high-bond stirrups is controlled with
the thick slab (730 mm) tested by Kinnunen et al. [14].
The reference slab S1 reaches a punching load of 4915
kN and slab S2 reinforced with high-bond stirrups
reaches a punching load of 8320 kN so that the increase
of punching strength due to the stirrups obtained ex-
perimentally is DFexp ¼ 3400 kN. Only the first row of
stirrups is crossed by the punching crack (72 stirrups
of diameter 12 mm and yield strength fs ¼ 428 MPa).
The stirrups’ contribution reaches the yield strength
Fsw ¼ Fswy ¼ 3480 kN, which is verified to be very close
to the experimental contribution (102%).

5. Conclusion

A synthesis of punching failure in reinforced concrete
has been presented here. Some recent experimental re-
sults were presented to show the difference between
punching and flexural failure and the influence of the
punching cone inclination.

Numerical simulations were presented to describe the
punching failure mechanism and to extract the main
parameters, among others the concrete tensile strength.

An analytical model to predict the punching failure
load which is based on the integration of the vertical
components of the tensile stresses around the punching
crack has been derived. The strength of the reinforce-
ment is treated in a unified way by adding the vertical
components of the tensile forces in each type of rein-
forcement crossing the punching crack, so that the
dowel force, the force in studs and stirrups, and the
prestressing tendons contributions are taken into ac-
count. The predicted failure load is successfully com-
pared with the experimental results available in database
and also some special punching experiments.
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