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Abstract: Experimental research was conducted to investigate the punching shear performance of flat plates. A large
number of slab specimens of normal- and high-strength concrete were tested under concentric and eccentric loads. The
effects of flexural reinforcement and the use of steel fiber reinforcement were investigated. Experimental expressions
were developed for the computation of residual slab strength. Experimentally observed punching shear capacities were
compared with those from the provisions of Canadian Standards Association (CSA) standard CSA-A23.3-04. The re-
sults indicate that concrete strength plays an important role in punching capacity and slab rigidity. Slabs with a higher
percentage of flexural reinforcement show an increase in punching capacity. The use of steel fibers results in improved
strength and stiffness while also enhancing the postpeak deformability and residual strength. The empirical expressions
developed provide reasonably good predictions of residual slab capacities. CSA-A23.3-04 expressions result in conser-
vative punching shear capacity predictions for concentrically loaded slabs and provide good agreement with the experi-
mentally observed punching shear capacities for eccentrically loaded slabs.

Key words: reinforced concrete, flat plate, punching shear, strength, high-strength concrete, eccentric loading, slab
reinforcement ratio, steel fiber reinforced concrete.

Résumé : Une recherche expérimentale a étudié le rendement des dalles pleines sous une cisaille-poinçonneuse. Un
grand nombre d’échantillons de dalles en béton armé de résistance normale et à haute résistance ont été testés sous des
charges concentriques et excentrées. Les effets du renforcement en flexion et l’utilisation du renforcement par fibres
d’acier ont été examinés. Les expressions expérimentales ont été mises sur pied pour calculer la résistance résiduelle
des dalles. Les capacités de résistance sous une cisaille-poinçonneuse observées lors de l’expérience ont été comparées
aux dispositions de la norme CSA A23.3-04. Les résultats montrent que la résistance du béton joue un rôle important
dans la résistance au poinçonnement et dans la rigidité de la dalle. Les dalles comportant un plus haut pourcentage de
renforcement en flexion montrent une capacité accrue de résistance au poinçonnement. L’utilisation des fibres d’acier
accroît la résistance et la rigidité tout en augmentant la déformabilité post pic et la résistance résiduelle. Les expres-
sions empiriques développées fournissent des prévisions raisonnablement précises des capacités résiduelles des dalles.
Les équations dans la norme CSA A23.3-04 engendrent des prévisions conservatrices de la capacité de résistance au
poinçonnement pour les dalles sous charges concentriques tout en fournissant une bonne corrélation pour les dalles
sous charges excentrées.

Mots clés : béton armé, dalle pleine, cisaille-poinçonneuse, résistance, béton à haute résistance, charge excentrée, pour-
centage d’armature des dalles, béton armé de fibres d’acier.

[Traduit par la Rédaction] Ozden et al. 1400

Introduction

A major aspect of the design of reinforced concrete flat-
plate floor systems involves safety against punching shear.
Punching shear stresses may reach critical levels in flat plate

to column connections under gravity loads (Zaghlool and de
Paiva 1973) that may be imposed in combination with un-
balanced moments caused by patterned gravity loads and
(or) lateral loads due to earthquakes.

Extensive experimental and analytical studies have been
carried out over the years to investigate different aspects of
punching shear failures in flat plates, where the potential
failure modes range from pure punching to pure bending to a
combination of the two. The published experimental re-
search on this topic can be divided into two main categories:
(i) isolated slab–column tests (e.g., Moe 1961; Hanson and
Hanson 1968; Ozselcuk 1980; Halgren and Kinnunen 1993;
Ozden 1998), and (ii) tests on slab systems (Hatcher et al.
1961; Tankut and Yu 1969; Pecknold 1975). The majority of
experimental investigations were carried out on isolated speci-
mens. The determination of punching load capacity was of
prime importance in both categories of research. The previous
research indicates that isolated punching tests represent the
punching behavior of interior slab–column connections in
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continuous flat-plate systems reasonably well (Gardner and
Shao 1996).

The use of high-strength concrete (HSC) has increased
significantly in recent years. Despite the widespread use of
HSC in building construction, limited information has be-
come available on the structural performance of this new
material. Several researchers have pointed out that the ade-
quacy of the available building code design equations for
HSC must be questioned to ensure safety and serviceability
of buildings (Marzouk and Hussein 1991; Ramdane 1996).
The concern for punching shear is not only the relative level
of strength, but also the change in behavior of concrete with
increasing compressive strengths. Test results show that
complicated design equations, such as that proposed by Moe
(as cited in CED–fib Task Group 2001) and classified as a
flexural capacity approach, overestimate the punching shear
capacity of HSC flat plates (Marzouk and Hussein 1991).
The published research reveals that using the cubic root of
concrete compressive strength generally yields better results
in predicting plate capacity (Gardner 1990; Gomes and
Andrade 1996; Ramdane 1996). Test results further reveal
that an increase in concrete compressive strength affects the
punching behavior significantly. In the post-failure region,
the aggregate interlock effect is reduced in HSC slabs as
compared to normal-strength concrete (NSC) slabs (Halgren
and Kinnunen 1996). Increasing concrete strength leads to
an increase in punching shear resistance of a flat plate but
may not necessarily indicate a change in failure surface loca-
tion and geometry (Gomes and Andrade 1996). It has also
been reported that the appearance of flexural cracks is de-
layed when HSC is used (Ramdane 1996), and the stiffness
of flat plates increases with an increase in concrete strength,
but at a much lower rate than the changing rate of ( ) /fc′ 1 2

(Marzouk and Hussein 1991), where fc′ is the compressive
strength of a standard 150 mm × 300 mm concrete cylinder.

Slab–column connections in flat-plate structures carry a
combination of shear and unbalanced moments, which are
unavoidable at the edge and corner columns and may occur
at interior columns as a result of unequal spans, patterned
loading, and lateral loading. Unbalanced moments are trans-
ferred from the column to the slab by flexural and torsional
resistance of vertical slab–column interfaces. As gravity
loads increase, the remaining shear capacity is reduced to re-
sist unbalanced moments (Pan and Moehle 1992). The pro-
portion of moment transferred through shear in building
codes is either formulated as being proportional to the col-
umn aspect ratio or taken as a constant fraction. It has been
shown that in transferring the moment the participation of
torsional, flexural, and shear stresses depends on the shape
and size of the column (Mast 1970). Moreover, experiments
show that the proportion of moment transferred through
shear decreases with an increase in the steel ratio in the col-
umn strip (Lou and Durrani 1995).

In addition to the previously mentioned variables, there is
experimental and analytical evidence that punching shear
strength is also affected by the dimensional ratios between
the column and the plate. The ability of a slab to resist unit
shear stress diminishes as the size of the loaded area in-
creases relative to slab thickness (Moe 1961; Rao and Goli
1985; Paramasivam and Tan 1993). The ratio of critical
punching perimeter to the effective slab depth is also

claimed to have an effect on the punching shear strength.
For typical small values of this ratio, the most stressed re-
gion of the plate-to-column connection is well confined by
in-plane stresses. For larger ratios, the confinement of the
punching zone is likely to be reduced, resulting in a decrease
in shear strength (Moehle et al. 1988). The code design
equations and some plate models are reported to be valid for
column cross-sectional dimension to slab depth ratios of less
than three (Vanderbilt 1972). The column shape and aspect
ratio also have an influence on the punching strength. It is
reported that the strength of slabs with circular columns is
greater than that of slabs with square columns having identi-
cal dimensional and reinforcement ratios (Shilling and
Vanderbilt 1970; Vanderbilt 1972). As the aspect ratio of a
column increases, the abruptness of failure increases, and
the size of the failure cone decreases (Hawkins and Mitchell
1979). Experiments show that punching shear strength for
loading through rectangular areas with aspect ratios greater
than two is less than that for loading through square areas.
Slab overall dimensions may also have an influence on the
punching shear strength. It is observed that shear strength in-
creases significantly as the shear span to shear depth ratio
decreases below three (Lovrovich and McLean 1990). On
the other hand, increasing this ratio seems to have little ef-
fect, if any, on strength (Paramasivam and Tan 1993). Fur-
thermore, experimental investigations on large-scale isolated
specimens indicate that the size effect in tests becomes sig-
nificant when the scale of the model is less than one-quarter
that of the prototype (Neth et al. 1981).

Another parameter that may affect the performance of slabs
is the use of steel fiber reinforcement (SFR). Structural ele-
ments subjected to tensile stresses, including regions under mo-
ment- or shear-induced tensile stresses, may experience altered
stress flow with the addition of SFR. Prior to cracking, the ten-
sile stresses are shared by the fiber and the matrix. As cracking
starts, the stress is progressively transferred to the fibers as they
bridge the cracks and prevent them from widening. Therefore,
SFR may be used to improve the punching shear capacities of
flat-plate structures (Ghalib 1980; Swamy and Ali 1982; Alex-
ander and Simmonds 1992; Theodorakopoulos and Swamy
1993). Experimental observations indicate that flat plates with
SFR develop reduced deformations and enhanced punching
shear capacities while experiencing a substantial reduction in
tensile strains of the main slab reinforcement (Swamy and Ali
1982).

Experimental program

Extensive testing of half-scale reinforced concrete flat
plates was conducted to investigate the significance of de-
sign parameters on the punching shear behavior of slabs.
The experimental program consisted of a total of 26 rein-
forced concrete flat plates tested under monotonically in-
creasing punching loads. The slab plates had a 1500 mm
diameter circular geometry and 120 mm thickness with a
concentric 200 mm square central column stub, extending
above and below the slab (Ozden 1998). The specimens
were supported along their perimeter by uniformly spaced
tie rods, placed 600 mm away from the center of the column
stub. The average effective slab depth was d = 100 mm,
measured to the centroid of tension steel. The compression
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reinforcement was placed at a distance d′ = 20 mm from the
extreme compression fiber, measured to the centroid of rein-
forcement. The geometric details of the test specimens are
shown in Fig. 1.

Two different target concrete strengths were used, repre-
senting NSC and HSC with strengths of 20 and 80 MPa, re-
spectively, although there were some variations in strength
among different batches, as indicated in Table 1. Each speci-
men was reinforced with two orthogonal layers of reinforce-
ment. The NSC specimens had 10 mm diameter deformed
bars, top and bottom, whereas the HSC specimens had
14 mm diameter deformed bars, with yield strengths of 507
and 471 MPa, respectively. The spacing of the top layer (ten-
sion reinforcement) was twice that of the bottom layer (com-
pression reinforcement). Figure 2 provides the details of slab
reinforcement, also indicating that two reinforcement ratios
were used for each group of NSC and HSC specimens. The
specimens were labeled to reflect the test parameters. The
first letter in the label indicates the concrete strength (N for
NSC and H for HSC). The second entry in the label (R1 or
R2) indicates the ratio of flexural strength to punching
strength (Pflex/PACI), where the flexural strength (Pflex) was
calculated using yield line analysis, and the nominal punching
shear strength (PACI) was calculated using the ACI-318-02
provisions (ACI Committee 318 2002). R1 indicates a
Pflex/PACI ratio of 1.1, and R2 a ratio of 1.6. These different
ratios were achieved by using two different reinforcement
ratios. The third entry in the specimen label represents the
eccentricity of the load. The designation of E0 indicates zero
eccentricity (concentric loading), E1 indicates an eccentric-
ity of 100 mm (equal to half the column dimension), and E2
indicates an eccentricity of 200 mm (equal to the column di-
mension). The last entry in the label indicates the presence
of SRF. F0 is used for specimens without SFR and F1 for
specimens with 75 kg of hooked-end SFR per cubic metre of
concrete (approximately 1% fiber by volume, or VfF = 1%).
The yield strength of SFR was specified by the producer to
be greater than 1100 MPa. Table 1 provides a summary of
the specimens tested, the test parameters considered, and the
properties of the specimens.

Test setup and instrumentation
Figure 3 illustrates the experimental setup used for testing

the slabs. The specimens were supported along their perime-
ter by 12 evenly spaced tie rods, connecting the slabs to a re-
inforced concrete reaction block. The circular reaction block
had a diameter of 1200 mm and thickness of 360 mm. Tie
rods with bolted ends were secured to specimens through the
holes along the perimeter and were connected to the reaction
block. Monotonically increasing load was applied by a hy-
draulic ram with a capacity of 1000 kN through a semi-
spherical seat mounted directly on the bottom of the column.
The rate of oil flow to the hydraulic ram was kept at a mini-
mum to trace the post-failure behavior of the plates, as the
tests were conducted in the load-control mode. The eccen-
tricity of the load was kept at most at 200 mm to ensure con-
tinuous tension in all tie rods. A steel loading arm was used
for eccentric loading. A load cell, placed between the hy-
draulic ram and the roller support, was used to measure the
applied load. The roller support for eccentrically loaded
specimens allowed rotation along one axis. The eccentricity

was measured from the center of the column to the center of
the roller support. Displacements were measured at seven
different locations along the diameter of plates by means of
linearly variable displacement transducers (LVDTs). This is
illustrated in Fig. 3. Loads and displacements were recorded
at every second of loading by means of an electronic data
acquisition system, as the applied load versus slab center de-
flection was monitored on a computer monitor during test-
ing. The progression of cracks was marked at certain
intervals. A sudden drop in load was recorded when the slab
punched through, with the exception of NSC specimens with
SFR. Although the failure point was defined as a significant
drop in load resistance, testing continued until another equi-
librium point was attained at a lower level of load. This was
called the residual strength and designated as Pre. The load
capacity of specimens started increasing once again at very
large slab deformations because of the membrane action and
the strain hardening of the slab reinforcement. Testing termi-
nated at approximately this stage of loading.

Test results

Behavior of test specimens
The behavior of specimens is discussed with reference to

observed crack patterns. Four different types of cracks were
observed on the tension face of slabs and are denoted F, P,
Q, and R cracks, as illustrated in Fig. 4. When the tensile
strength of concrete in flexure was reached, cracks parallel
to the column face on the tension side were observed near
the vicinity of the column stub. These were designated as F
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cracks. The load at which these cracks were observed was
labelled as Pcr, and the corresponding displacement as δcr .
Although the F cracks formed parallel to each column face
in concentrically loaded specimens, they were observed only

along the tension face of the column in eccentrically loaded
specimens. In either case, the F cracks were observed at a
distance of approximately 5–10 mm from the column face.
The formation of radial cracks was observed after the forma-
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Specimen fc′ (MPa) fsp (MPa) ρ (%) VfF (%) e (mm) Pcr (kN) δcr (mm) Pp (kN) δp (mm) Pre (kN)

NR1E0F0 21.6 2.33 0.73 0.0 0 49 0.25 188 6.35 63
NR1E1F0 19.3 2.38 0.73 0.0 100 42 0.30 159 5.50 65
NR1E2F0 18.5 2.21 0.73 0.0 200 36 0.27 118 4.90 49
NR2E0F0 20.0 2.34 1.09 0.0 0 71 0.60 202 5.50 78
NR2E1F0 20.9 2.41 1.09 0.0 100 52 0.39 178 4.70 79
NR2E2F0 20.1 2.27 1.09 0.0 200 44 0.34 130 3.47 66
HR1E0F0 74.0 4.58 1.50 0.0 0 107 0.47 331 5.75 136
HR1E0F0r 75.0 4.93 1.50 0.0 0 136 0.64 371 5.43 159
HR1E1F0 75.0 4.93 1.50 0.0 100 127 0.47 357 5.18 146
HR1E2F0 75.0 4.93 1.50 0.0 200 105 0.46 262 4.49 118
HR2E0F0 63.7 4.12 2.25 0.0 0 120 0.25 405 3.82 175
HR2E0F0r 74.7 4.81 2.25 0.0 0 126 0.58 489 6.42 177
HR2E1F0 74.7 4.81 2.25 0.0 100 120 0.42 396 4.48 162
HR2E2F0 74.7 4.81 2.25 0.0 200 88 0.31 327 3.86 164
NR1E0F1 19.6 2.44 0.73 1.0 0 59 0.32 266 7.54 155
NR1E1F1 19.6 2.44 0.73 1.0 100 55 0.29 211 7.66 125
NR1E2F1 19.6 2.44 0.73 1.0 200 54 0.16 188 5.82 96
NR2E0F1 19.3 2.49 1.09 1.0 0 87 0.53 245 5.69 172
NR2E1F1 19.3 2.49 1.09 1.0 100 79 0.46 192 3.93 150
NR2E2F1 19.3 2.49 1.09 1.0 200 57 0.45 142 4.91 105
HR1E0F1 81.3 6.84 1.50 1.0 0 132 0.45 576 10.80 275
HR1E1F1 81.3 6.84 1.50 1.0 100 126 0.35 405 7.47 —
HR1E2F1 81.3 6.84 1.50 1.0 200 126 0.48 369 8.72 210
HR2E0F1 79.3 7.03 2.25 1.0 0 185 0.61 691 7.78 295
HR2E1F1 79.3 7.03 2.25 1.0 100 160 0.59 528 7.60 265
HR2E2F1 79.3 7.03 2.25 1.0 200 150 0.72 411 5.76 —

Note: Slab and column dimensions were identical in all test specimens (see Fig. 1). Parameters as defined in the List of symbols.

Table 1. Properties of test specimens and test results.

Fig. 2. Slab reinforcement (reinf.) details.



tion of F cracks, initiated at column corners. These cracks
are referred to as R cracks. The R cracks propagated towards
the slab boundary under increasing loads as new radial
cracks initiated from the column edges.

At later stages of loading, new cracks formed parallel to
column faces. These cracks are referred to as P cracks. They
were located consistently at a distance of approximately
100 mm (equal to effective slab depth) from the column face
in all specimens. These cracks formed parallel to each col-
umn face in concentrically loaded columns, whereas they
formed only in the direction of eccentricity under eccentric
loading. Punching shear failure under concentric loading
took place as a result of the opening of P cracks around col-
umns, whereas in eccentrically loaded specimens it occurred
along P and Q cracks, where Q cracks initiated at column
side faces and propagated towards the opposite direction of
the eccentricity, forming an angle with the column side
faces. The failure load was defined as Pp. Q cracks were ob-
served only in eccentrically loaded specimens and appeared
after the formation of initial F cracks. Inclined Q cracks
propagated towards the slab boundaries under increasing
loads. The Q cracks in eccentrically loaded specimens even-
tually joined the P cracks, triggering a punching failure.

Crack patterns of specimens without SFR are shown in
Fig. 5 at the end of testing. The patterns for specimens with
SFR are illustrated in Fig. 6. It is observed that the crack
density in NSC and HSC specimens is closely related to the
spacing of slab flexural reinforcement. Closer bar spacing
resulted in smaller crack spacing, as expected, regardless of
the presence of SFR. The presence of SFR controlled crack-
ing outside the failure region, however, resulting in a larger
undamaged zone that provided more effective confining
stresses on the failure surface, affecting the ultimate failure
load. Some of the R cracks traveled close to the plate bound-
aries in the absence of SFR, in contrast to specimens with

SFR, in which the R cracks were confined in an encircled
zone, as illustrated in Figs. 5 and 6. Specimens with SFR
had more cracks with a smaller width as compared with
companion specimens without SFR.

Strength and deformation of test specimens
Experimentally recorded loads at first cracking (Pcr),

punching failure (Pp), and residual strength (Pre) are summa-
rized in Table 1 for each specimen, with the corresponding
deflections at plate center. Load–displacement curves of the
test specimens are shown in Fig. 7. The displacements
shown in Fig. 7 are those measured at the plate center rela-
tive to the supports.

The center deflections indicated that an increase in the ec-
centricity of the load resulted in a smaller deflection at fail-
ure, regardless of concrete strength, reinforcement ratio, and
SFR content. This was attributed to the lower failure loads
observed in eccentrically loaded specimens as compared
with those tested under concentric loading. When post-
cracking slopes of load–deflection curves are compared, it is
observed that the deflection under a given load increased
with a decrease in eccentricity. Test results further indicate
that deflections decreased with an increase in concrete
strength, regardless of other variables. For the same load
level and Pflex/PACI ratio, the deflections of NSC specimens
were approximately twice those of HSC specimens. The ad-
dition of SFR to slab concrete reduced deflection at the
same level of load.

Post-failure behavior and residual load capacity
A drop in load was observed in all specimens beyond the

peak failure load, Pp. This drop in load was stabilized at a
certain level (Pre), beyond which the specimens continued
carrying approximately the same level of load under increas-
ing deflections. The post-failure behavior was highly influ-
enced by fiber content, concrete compressive strength, slab
reinforcement ratio, and eccentricity of the load. In NSC
specimens without SFR, the drop in load after failure was
relatively gradual, regardless of slab reinforcement ratio. For
eccentricities less that 200 mm, these specimens experienced
a more gradual drop in load. HSC specimens showed a more
brittle post-failure behavior. This was true whether the load
was concentric or eccentric. Under eccentric loading, how-
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ever, HSC specimens experienced faster degradation when
the slab reinforcement ratio was increased.

The post-failure region of the load–deflection curves was
also influenced by the presence of fiber reinforcement. NSC
specimens showed more gradual strength decay when SFR
was used, regardless of slab reinforcement ratio and eccen-

tricity. Furthermore, the slab reinforcement crossing punch-
ing perimeter appeared to have a positive effect on post-
failure resistance due to dowel action. The reinforcement
crossing punching perimeter was proportional to the ratio of
slab tension reinforcement, ρ, in all specimens, and bar spac-
ing varied with changes in ρ, since the same size bars were
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Fig. 5. Crack pattern of specimens without SFR after testing.



used (10 mm bars for NSC slabs and 14 mm bars for HSC
slabs).

It was observed that the residual strength, Pre, decreased
with an increase in eccentricity, and the addition of SFR to
concrete resulted in a considerable increase in the residual
load capacity.

Relatively stable residual load resistance promotes redis-
tribution of stresses to adjacent slab–column connections,
enabling reserve punching capacity. Further investigation of
the importance of residual capacity is needed, however,
since the Pre/Pp ratios were rather low for the slab specimens
tested in the current study, as indicated in Table 2.
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Effects of test parameters

Concrete strength
The concrete compressive strength had a significant effect

on both the punching capacity and the load–deflection be-
havior of specimens. The initial and postcracking slopes of
load–deflection curves (slab stiffness) are observed to be
steeper in HSC specimens when compared with those of
NSC slabs. Table 2 indicates that, beyond cracking, the ratio
of tangent stiffnesses of companion HSC and NSC speci-

mens varies with the ratio of slab flexural capacity (m),
where m is the flexural capacity of a unit width of slab with
the effect of steel fiber included in the capacity calculations.
The post-failure behavior of specimens was also influenced
by the slab concrete strength. It was observed that the nega-
tive slope of the load–deflection curve beyond the failure
point, Pp, became steeper as fc′ increased, resulting in more
brittle failures in HSC specimens. The increase in punching
capacity seemed to be proportional to the splitting cylinder
tensile strength of concrete, fsp. The splitting tensile strength
values obtained from tests performed on 150 mm × 300 mm
cylinders yield a good indication of the tensile and shear
strengths of concrete. The fsp values for NSC and HSC spec-
imens without SFR may well be predicted by available equa-
tions. On the other hand, these equations underestimate the
positive effect of SFR content. The following expression,
derived from the experimental results of the current investi-
gation, may be used to determine the splitting tensile
strength of concrete with or without SFR:

[1] f f k
spc c0.51= ′( ) 1 where k1 = 0.5 + VfF fc′/1000

where k1 is a value representing the influence of the SFR ra-
tio on concrete strength, on splitting. The calculated split
tensile strength, fspc, and the ratio of experimental to calcu-
lated values, fsp /fspc, for each specimen are given in Table 2.

Presence of SFR
The test results showed a favorable influence of SFR on

both the behavior and punching strength of test specimens.
Adding SFR to concrete not only increased the punching ca-
pacity, but also increased the deformability of slabs at and
beyond the failure load, Pp. The slopes of descending
branches of load–deflection curves were not as steep as
those for specimens without SFR. This was true for both
NSC and HSC specimens. The failure was less brittle and
the crack spacing and crack widths were smaller. It can be
concluded that the addition of SFR to slab concrete may be a
practical and economical way of increasing punching capac-
ity of slab–column connections, thereby improving the over-
all slab behavior. It is therefore recommended that further
research be conducted to investigate the contributions of
SFR, with additional tests with different SFR contents.

Flexural capacity of slab
The test results indicate that punching capacity, Pp, and

residual strength, Pre, were influenced by flexural capacity,
Pflex, calculated using the yield line theory. Test results in
Table 1 reveal that the punching strength increased with an
increase in flexural capacity, but the increase in Pp was not
proportional to the increase in flexural strength. When the
flexural capacity was increased by 50%, the punching capac-
ity increased by approximately 10% and 20% in NSC and
HSC specimens, respectively.

The flexural capacity of slabs also influenced stiffness
within the postcracking range. The slopes of load–deflection
curves in this range of deformations were steeper in speci-
mens with higher flexural capacities, regardless of concrete
strength and the eccentricity of load. The increase in flexural
capacity also increased the residual strength, Pre.
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Eccentricity of load
Specimens were tested under three different eccentricities

of load, namely 0, 100, and 200 mm. The failure load, post-
cracking stiffness, and residual load were observed to be in-
fluenced by the eccentricity of the applied load. With increas-
ing eccentricity, a reduction in punching capacity was
observed regardless of concrete strength, slab reinforcement
ratio, and SFR content. In eccentrically loaded specimens,
punching shear stresses increased due to the moment transfer.
Therefore, the punching capacity decreased with an increase
in eccentricity. The effect of the eccentricity of load on
strength and deformability of slab specimens can be seen in
Fig. 7. When SFR was not used, the reduction in punching
capacity, Pp, with an increase in eccentricity was approxi-
mately the same for NSC and HSC specimens. At an eccen-
tricity of 100 mm, NSC specimens failed at approximately
15% lower loads than those tested under concentric loading,
because of moment transfers at plate–column connections. On
the other hand, when the eccentricity was 200 mm, the
strength decreased by about 35% as compared with slabs
tested under concentric loading. The reduction in punching
capacity with an increase in eccentricity was slightly less pro-
nounced in HSC slabs. The addition of SFR resulted in higher
reductions in punching capacity, Pp, with an increase in ec-
centricity. NSC specimens with SFR showed an average drop
of about 22% in punching capacity when an eccentricity of
100 mm was employed.

The eccentricity of load also affected the crack pattern. In
concentrically loaded specimens, the cracks occurred on all
four sides of the column, whereas in eccentrically loaded

specimens the cracks concentrated near the column face in
the direction of eccentricity. This is illustrated in Figs. 5 and
6. The residual strength, Pre, at which the post-failure load
was stabilized was also influenced by eccentricity, in a simi-
lar manner.

Analytical investigation

Prediction of residual strength
Experimentally recorded test variables were used to derive

empirical expressions to predict the residual load capacity,
Pre, of slab specimens. Linear regression analysis was con-
ducted using reinforcement yield strength (fy), eccentricity
of load ( )γr , concrete compressive strength ( )fc′ , total cross-
sectional area of slab reinforcement crossing punching per-
imeter (As), and flexural capacity of a unit width of slab (m).
Both slabs with and without SFR were considered, with ap-
propriate concrete models used in the computation of the
flexural capacity (m), incorporating the effects of SFR
(Swamy and Al-Ta’an 1981). The resulting expressions for
calculated residual strength (Prec) are given as eqs. [2] and
[3] for slabs without and with SFR, respectively. The factor
accounting for the eccentricity of load ( )γr is calculated in
eq. [4], where J/b1 is the section property of punching per-
imeter, as given in eq. [5]. All expressions are given for SI
units.

[2] P
A f f

m
rec

s y r c1.15=
′

−
γ

1000
18 (without SFR)
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Specimen m (kN·m/m) kct (kN/mm) kct/m fspc (MPa) fsp/fspc Pre/Pp Prec (kN) Pre/Prec PCSA (kN) Pp/PCSA

NR1E0F0 33.4 23.2 0.69 2.37 0.98 0.34 88.1 0.72 223 0.84
NR1E1F0 33.2 21.9 0.66 2.24 1.06 0.41 66.5 0.98 152 1.05
NR1E2F0 32.7 16.8 0.51 2.19 1.01 0.42 54.1 0.91 116 1.01
NR2E0F0 47.4 31.8 0.67 2.28 1.03 0.39 89.6 0.87 215 0.94
NR2E1F0 47.7 27.0 0.57 2.33 1.03 0.44 73.5 1.07 158 1.13
NR2E2F0 47.5 25.9 0.55 2.29 0.99 0.51 59.6 1.11 121 1.07
HR1E0F0 67.5 42.9 0.64 4.39 1.04 0.41 168.0 0.81 413 0.80
HR1E0F0r 67.6 53.0 0.78 4.42 1.12 0.43 169.0 0.94 416 0.89
HR1E1F0 67.6 54.4 0.80 4.42 1.12 0.41 139.0 1.05 299 1.19
HR1E2F0 67.6 37.7 0.56 4.42 1.12 0.45 117.0 1.01 234 1.12
HR2E0F0 96.0 79.8 0.83 4.07 1.01 0.43 165.0 1.06 383 1.06
HR2E0F0r 97.5 66.6 0.68 4.41 1.09 0.36 177.0 1.00 415 1.18
HR2E1F0 97.5 65.6 0.67 4.41 1.09 0.41 145.0 1.12 299 1.33
HR2E2F0 97.5 59.8 0.61 4.41 1.09 0.50 122.0 1.34 233 1.40
NR1E0F1 43.1 27.3 0.63 2.39 1.02 0.58 148.0 1.05 212 1.25
NR1E1F1 43.1 23.3 0.54 2.39 1.02 0.59 122.0 1.02 153 1.38
NR1E2F1 43.1 23.0 0.53 2.39 1.02 0.51 104.0 0.92 119 1.58
NR2E0F1 55.2 38.2 0.69 2.37 1.05 0.70 172.0 1.00 211 1.16
NR2E1F1 55.2 33.7 0.61 2.37 1.05 0.78 143.0 1.05 152 1.27
NR2E2F1 55.2 29.7 0.54 2.37 1.05 0.74 122.0 0.86 119 1.20
HR1E0F1 94.4 48.8 0.52 6.58 1.04 0.48 270.0 1.02 433 1.33
HR1E1F1 94.4 35.8 0.38 6.58 1.04 — 225.0 — 312 1.30
HR1E2F1 94.4 33.7 0.36 6.58 1.04 0.57 192.0 1.09 243 1.51
HR2E0F1 121.0 78.9 0.65 6.42 1.09 0.43 314.0 0.94 427 1.62
HR2E1F1 121.0 58.7 0.48 6.42 1.09 0.50 261.0 1.01 308 1.72
HR2E2F1 121.0 54.0 0.45 6.42 1.09 — 224.0 — 240 1.71

Note: Parameters as defined in the List of symbols.

Table 2. Comparison of calculated values for all specimens tested.



[3] P
A f f

m
rec

s y r c2.30=
′

−
γ

1000
9 (with SFR)

[4] γr
p

=
+

1
1 5 1[ ( / )]/( / )u d e J b

[5] J b b d b b d/ [ ( ) ]/1 1 1 2
33 6= + +

where J is the property of the punching perimeter analogues
to the polar moment of inertia, b1 is the dimension of the
punch cone in the direction of eccentricity, b2 is the dimen-
sion of the punch cone in the transverse direction to eccen-
tricity, up is the perimeter length of the punch cone, and e is
the eccentricity of the applied load. Calculated values of
Prec, based on eqs. [2] and [3], are listed in Table 2 for all
specimens tested. The ratio of experimental to calculated
values (Pre/Prec) is also given in Table 2. In general, the ra-
tios obtained are close to 1.00, indicating reasonably good
predictions of experimental values with calculated ones, us-
ing eqs. [2]–[5]. It should be noted that the compression re-
inforcement was kept constant in the current study at 50% of
tension reinforcement. Further testing with a wider range of
variables is needed to verify the applicability of eqs. [2]–[5].
to slabs with parameters outside the range considered in the
current experimental program.

Comparison of test results with Canadian Standards
Association Standard CSA-A23.3-04

The punching shear clauses of Canadian Standards Asso-
ciation (CSA) Standard CSA-A23.3-04 (CSA 2004) are
based on empirical expressions and incorporate only the ef-
fects of concrete strength, load eccentricity, location of the
column, and punching cone aspect ratio. Of the test data
used to verify the empirical equations in the CSA standard,
only a small percentage was on high-strength concrete. Fur-
thermore, the effect of SFR was not considered. Table 2 in-
cludes punching shear capacities computed on the basis of
CSA-A23.3-04 clauses, PCSA, with a material resistance fac-
tor taken as unity to obtain the nominal strength values. The
ratios of experimental to calculated values (Pp/PCSA) are also
listed in Table 2. This ratio varies between 0.84 and 1.13 for
NSC specimens and between 0.80 and 1.40 for HSC speci-
mens, in the absence of SFR. They tend to become larger
than unity for slabs with higher reinforcement ratios, indicat-
ing the positive influence of flexural slab reinforcement. The
calculated concentric punching values are consistently
higher than the experimental values for NSC and HSC slabs
with low slab reinforcement ratios. It should be noted that
the reinforcement index for these specimens is approxi-
mately Ri = 0.85, whereas it is about Ri = 1.25 for specimens
with a high slab reinforcement ratio, regardless of concrete
compressive strength. On the other hand, the experimental
and CSA-A23.3-04 values are in good agreement with those
for NSC and HSC specimens tested under eccentric loading,
regardless of the reinforcement index, Ri. The experimental
capacities of specimens with SFR are consistently higher
than those computed based on CSA-A23.3-04, regardless of
concrete strength and slab reinforcement ratio. The ratio of
experimental values to CSA-A23.3-04 values varied between
1.16 and 1.58 for NSC specimens and between 1.30 and

1.72 for HSC specimens. These higher ratios are explained
by the increase in tensile strength of concrete with the addi-
tion of SFR. The crack patterns shown in Figs. 5 and 6 also
explain these high ratios. Furthermore, the confining effect
of the undamaged portion of slabs is higher in specimens
with SFR, where cracking is more restricted to a smaller re-
gion around column-to-plate connections.

Conclusions

The following conclusions are drawn from the experimen-
tal investigation presented in this paper, where all the slabs
failed in punching shear:
(1) The location of the critical perimeter for punching is not

dependent on the parameters investigated in the experi-
mental program, i.e., concrete strength, reinforcement
ratio, presence of SFR, and eccentricity of loading. The
critical failure crack was consistently located approxi-
mately 100 mm away from the column stub on the ten-
sion face, a distance equal to the effective slab depth.

(2) Concrete strength has a direct influence on the punching
behavior and punching capacity of concrete slabs. The
initial and postcracking stiffnesses of HSC specimens
tested were higher than those of NSC specimens.

(3) Reinforced concrete slabs develop a relatively stable re-
sidual strength, Pre, after the initial punching failure.
This was observed consistently in all concentrically and
eccentrically tested slabs. The expressions developed
(eqs. [2] and [3]) provide good predictions of residual
capacity of the tested specimens.

(4) The addition of SFR to slab concrete significantly in-
creases its punching capacity while reducing its brittle-
ness. Slab specimens with NSC and HSC showed a
more gradual failure when SFR is used. Moreover, the
observed cracks were more closely spaced and concen-
trated near the column stub when SFR was used. The
positive effect of SFR can be attributed to the increase
in tensile strength of concrete and the increase in area of
the undamaged portion of the plate resulting in a higher
in-plane confining force on the plate-to-column connec-
tion.

(5) The failure of HSC slabs is more brittle. The post-failure
slopes of force–deformation relationships are steeper for
the HSC specimens than for the NSC specimens.

(6) Increasing the plate flexural reinforcement ratio results
in an increase in the punching and residual strengths.
The rate of increase in Pp is far lower than the increase
in the slab flexural reinforcement ratio, however.

(7) The CSA-A23.3-04 punching shear capacity predictions
provide conservative estimates for concentrically loaded
slabs and good predictions for eccentrically loaded slabs
in the absence of SFR. When SFR is used, the CSA-
A23.3-04 predictions are consistently conservative for
all cases, as the approach does not include the effect of
SFR in capacity calculations.
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List of symbols

As total area of slab reinforcement crossing the punching
cone perimeter (mm2)

b1 dimension of the punch cone in the direction of eccen-
tricity (mm)

b2 dimension of the punch cone in the transverse direction
to eccentricity

d slab effective depth (mm)
d′ distance between compression bars and the extreme fi-

ber in compression (mm)
Db diameter of slab flexural reinforcement (mm)

e eccentricity of the applied load (mm)
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fc′ 150 mm × 300 mm standard concrete cylinder compres-
sive strength (MPa)

fsp split cylinder strength (on 150 mm × 300 mm concrete
cylinders) (MPa)

fspc calculated split cylinder strength (MPa)
fy yield strength of slab reinforcement (MPa)
J property of the punching perimeter analogues to the po-

lar moment of inertia (mm4)
kct tangent stiffness after cracking (kN/mm)
k1 value representing the influence of the SFR ratio on

concrete strength, on splitting
m flexural capacity of a unit width of slab (kN·m/m)

PACI calculated punching capacity of slab according to
ACI 318-02 (( ) /fc′ 1 2 < 8.3 MPa)

Pcr flexural cracking load (kN)
PCSA calculated punching shear capacity on the basis of CSA-

A23.3-04 clauses

Pflex slab flexural strength obtained from the yield line analy-
sis (kN)

Pp punching shear capacity of slab (kN) (experimental)
Pre experimental slab post-failure residual load capacity (kN)

Prec calculated slab post-failure residual load capacity (kN)
Ri reinforcement index (Ri = ρfy/( ) /fc′ 1 2

s spacing of slab tension reinforcement (mm)
s′ spacing of slab compression reinforcement (mm)
t thickness of the slab (mm)

up perimeter length of the punch cone (mm)
VfF volume fraction of SFR in concrete mix (%)
γ r factor accounting for load eccentricity
δcr net vertical slab center deflection at cracking load, Pcr (mm)
δp net vertical slab center deflection at failure load, Pp (mm)
ρ ratio of slab tension reinforcement (%)
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