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This paper presents results from an experimental program on the behavior and punching
shear strength of reinforced normal and high-strength concrete slabs subjected to single
concentrated load applied at the center of each slab. The experimental program included the
fabrication, instrumentation, and testing of sixteen reinforced concrete slabs. The effect of
many important parameters were studied. In order to assess the behavior of tested slabs
deflections and steel strains were measured and recorded for all tested slabs. Cracking loads
and failure loads were determined for all tested slabs. Cracking patterns and failure modes
were observed for all tested slabs. Test results revealed the significant effect of the following
parameters on the behavior and punching shear strength of reinforced concrete slabs:
concrete strength; reinforcement percent; size of loaded area; and the presence and type of
short randomly distributed fibers. It was found that the inclusion of short randomly
distributed fibers significantly enhanced the behavior and punching shear load of both
normal and high-strength concrete slabs. The experimental results for punching shear load
were compared to the theoretical predictions from four major codes of practice. Such codes
were: the ACI Code; the BS8110 code, the Japanese code JSCE; and the European code. It
was found that the equations presented by both the BS 8110 code and the Japanese code
JSCE reasonably predict the punching shear load for tested normal strength and high-
strength concrete slabs. However, the equations presented by the ACI code and the
European code are extremely conservative in predicting the punching shear load of tested
normal strength and high-strength concrete slabs. )
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1. Introduction

The use of high - strength concrete in
reinforced concrete slabs is becoming popular
in many countries. High strength concrete is
defined by the ACI 318 [1] as concrete having
cylinder compressive strength greater than 40
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MPa. The use of high strength concrete is due
to the increasing requirement for higher
strengths and improved long-term properties.
Also, the introduction of randomly distributed
short fibers leads to significant reductions of
the thickness of reinforced concrete slabs. The
concept of using fibers to improve the charac-
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teristics of construction materials is very old
[2]. The mechanical behavior of fiber
reinforced concrete differs considerably from
that of conventional reinforced concrete. The
use of randomly distributed fibers in rein-
forced concrete slabs leads to a significant
increase in their failure loads and ductility.
This is because such fibers are uniformly
distributed and randomly oriented such that
some of them effectively bridge the diagonal
tension cracks, thereby increasing the slab’s
shear strength.

Several experimental investigations were
found in the literature regarding the behavior
of normal strength concrete slabs [3 to 12].
Also, several theoretical investigations were
found in the literature regarding the punching
shear strength of normal strength concrete
slabs. An empirical approach was suggested
for the determination of the punching shear
capacity of normal strength concrete slabs
[13]. The upper-bound theory of plasticity was
employed to predict the punching shear
failure loads of normal strength concrete slabs
[14]. A new empirical model has been
developed to predict the punching shear
capacity of double layer grids having either
restrained or simply supported edges and
including an overlapping splice [15]. The
model was shown to give reasonably good
predictions for both simply supported and
restrained slabs. A new model for the
prediction of punching shear capacity of
normal strength concrete two-way slabs was
developed [16]. The accuracy of the model was
evaluated against the existing test data. The
proposed model had a very good agreement
with test results with better predictions for
both FRP and steel reinforced normal strength
concrete two-way slabs. Furthermore, several
researchers examined the equations presented
by different codes of practice for the calcula-
tion of punching shear capacity of normal
strength concrete slabs [17 — 24].

1.1. Punching strength of high-strength concrete
slabs

The wuse of high-strength concrete
improves the punching shear resistance of
reinforced concrete slabs. In spite of its wide
use, only a few research projects have been

conducted on the punching shear resistance
of high-strength concrete slabs. One of the
reasons why some structural engineers are
reluctant to use high-strength concrete is due
to the lack of information regarding the
behavior of this type of concrete. Furthermore,
the empirical expressions given in design
codes are based on the experimental results
from slabs with concrete strength between 15—
35 MPa [25]. Hence it is necessary to examine
the applicability of the present punching shear
design methods for high-strength concrete
slabs and to generate experimental data for
this purpose. Very limited number of
investigations were found in the literature
considering the punching strength of high-
strength concrete slabs [26 to 28].

1.2. Punching strength of fiber-reinforced
concrete slabs

A concrete slab cracks when the diagonal
tension or combined action of shear and direct
stress exceeds the tensile strength of the
concrete [29]. In this case, the flexural
reinforcement is less effective than short
randomly distributed fibers, because it is
placed in areas of maximum flexural stress,
not maximum diagonal tension. Short fibers,
on the other hand, are uniformly distributed
and randomly oriented such that some of
them effectively bridge the diagonal tension
cracks, thereby increasing the slab’s shear
strength. However, little research efforts were
directed towards the study of the punching
strength of fiber-reinforced concrete slabs.
Little number of investigations were found in
the literature considering the punching
strength of fiber-reinforced concrete slabs [30].
Furthermore, a design method was developed
for the determination of the punching capacity
of steel-fiber-reinforced concrete slabs [31].
The method takes into account a wide range of
fiber variables, concrete type and strength,
tension steel ratio, size of slab and loaded
area.

1.3. The required research
From the above presented available

previous investigations, it is clear that there is
a need for more detailed experimental
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investigations in order to cover all the
important aspects of the problem of punching
strength of reinforced concrete slabs. It was
found that previous researchers have
concentrated on studying punching strength
of reinforced normal strength concrete slabs.
Although, high-strength concrete is being
widely used in the construction industry in
order to increase the strength to dead weight
ratio of reinforced concrete structures,
however, little research efforts were found in
the literature regarding punching strength of
reinforced high-strength concrete slabs.
Furthermore, although the use of short
randomly distributed fibers is known to
enhance the punching strength of reinforced
concrete slabs, however little research efforts
were found in the literature regarding the
punching strength of fiber-reinforced concrete
slabs. Also, the equations presented in
different codes of practice for the calculation
of punching strength of reinforced concrete
slabs were based on experimental data from
testing normal strength concrete slabs with
concrete strengths between 15-35 MPa. For
this reason, some structural engineers are
reluctant to use high-strength concrete. The
validity of the equations presented by different
codes of practice for the calculation of
punching strength of reinforced concrete slabs
are questionable in the case of using high-
strength concrete.

1.4. The current research

In this paper, an extensive experimental
program was conducted in order to study the
behavior and punching strength of reinforced
normal and high-strength concrete slabs with
and without short randomly distributed fibers.
The experimental program included casting,
instrumentation, and testing 16 RC slabs up
to failure. Many variables were studied
through the experimental program such as: (i)
concrete strength; (ii) flexural reinforcement
ratio; (iii) size of loaded area; (iv) presence of
short randomly distributed fibers; and finally
(v) type of short randomly distributed fibers.
For all tested slabs the initiation and
propagation of cracks were observed and
cracking loads were recorded. Vertical
deflections and flexural steel strains were

measured and recorded. Also, failure loads
and modes of failure were observed and
recorded. Finally, the experimental results for
the punching failure loads of some of the
tested slabs were used to check the validity of
the equations presented by codes of practice.

2. Experimental program

The effect of many important variables on
the behavior and punching strength of
reinforced concrete slabs were studied
through an extensive experimental program.
The experimental program included casting,
instrumentation, and testing of 16 reinforced
concrete slabs.

2.1. Details of tested slabs

All tested slabs were square in plan with a
total side length of 600 mm and a span length
of 500 mm and were simply supported from
the four sides. The slab thickness was 50 mm
for all tested slabs. Tested slabs were divided
into two main groups. The first group “N”
included 8 reinforced normal strength
concrete slabs whereas the second group “H”
included 8 reinforced high-strength concrete
slabs. Comparing the results of testing slabs
in group “N” to those in group “H” shall yield
the effect of concrete strength on punching
shear resistance. The first four slabs in each
group were made without adding short
randomly distributed fibers whereas the
second four slabs in each group were made
with short fibers. Steel fibers were used for
two slabs in each group with a volume content
percent of 1.8%. The steel fibers used had a
length of 30 mm. polypropylene fibers were
used for another two slabs in each group with
a content of 3 kg/m3. The polypropylene
fibers used had a length of 15 mm. It should
be noted that special care was given during
casting of slabs containing fibers. The
concrete mix was well vibrated in order to
uniformly distribute the fibers and also to
prevent balling of fibers.

Two different reinforcement schemes were
used for the four slabs without fibers in each
group. Two of these slabs in each group were
provided with bottom flexural reinforcement
consisting of seven mild steel bars diameter 8
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mm whereas the other two slabs in each group
were provided with bottom flexural reinforce-
ment consisting of seven high tensile steel
bars diameter 10 mm. Two different loading
plates were used for testing the slabs. Four
slabs in each group were tested using loading
plate having dimensions of 50 mm x 50 mm
whereas the other four slabs were tested using
loading plate having dimensions of 75 mm x
75 mm. Details of tested slabs are shown in
fig. 1 and are listed in table 1.

2.2. Materials

The concrete mix used for normal strength
concrete slabs consisted of ordinary Portland
cement, natural sand, and broken stones with
20 mm maximum size, and the mix
proportions were 1.0 : 1.6 : 2.55, respectively
by weight. The water cement ratio w/c was
0.4. For high-strength concrete slabs pink
limestone with maximum aggregate size of
13mm was used as coarse aggregate and the
water cement ratio was reduced to 0.26. Silica
fume was added to replace 10% of the cement
weight in order to increase concrete strength.
A commercially available super-plastisizer
(water reducing agent) was used to increase
workability. In order to determine concrete
strength standard cubes 150x150x150 mm
were cast from each concrete batch. These
cubes were tested in the same day of testing
the corresponding slabs. The average concrete
cube compressive strength f., was 27 MPa for
normal strength concrete and was 69 MPa for
high strength concrete.

The 8 mm diameter mild steel bars used
for four slabs had a yield and ultimate
strength of 250 and 400 MPa, respectively.
The 10 mm diameter high tensile steel bars
used for twelve slabs had a yield and ultimate
strength of 390 and 580MPa, respectively.

2.3. Instrumentation and test procedure
Deflection at the center of each tested slab

was measured by means of mechanical dial
gauge. An electrical strain gauge of 10 mm

gauge length was used to measure the strain
in the bottom flexural reinforcement at the
center of each tested slab. All slabs considered
in the experimental program were tested to
failure under the effect of one central concen-
trated load as shown in fig. 2. The load was
applied using a hydraulic jack of 500 kN
capacity. The load was monitored using an
electrical load cell. The load was applied in
increments of 2.5 kN up to the failure of each
slab. For all tested slabs the initiation and
propagation of cracks were observed and the
cracking loads were recorded. Also, failure
loads and modes of failure were observed and
recorded.

3. Test results and discussions

The experimental test results are
presented in table 2. for all tested slabs. The
results include: (i) deflections in the elastic
range 8. at a load = 5.0 kN; (ii) deflections at
cracking loads, 8.; (iii) deflections at failure
loads 6f (iv) cracking loads; and (v) finally
failure loads. Fig. 3 shows load-deflection
relationships for all tested slabs whereas fig. 4
shows the effect of concrete strength on such
load-deflection relationships. Fig. 5 shows
load-steel strain relationships for all tested
slabs whereas fig. 6 shows the effect of
concrete strength on such load-steel strain
relationships. Figs. 7 and 8 present the effect
of test parameters on cracking loads and
failure loads of tested slabs, respectively. Fig.
9 shows a top view for one of the tested slabs
after failure. Figs. 10 and 11 show cracking
patterns for tested normal strength concrete
slabs without fibers and with fibers,
respectively. Figs. 12 and 13 show cracking
patterns for tested high strength concrete
slabs without fibers and with fibers,
respectively. The main objective of the current
experimental program was to investigate the
effect of a number of important parameters on
the behavior and punching strength of
reinforced concrete slabs. Such parameters
are: (i) concrete strength; (ii) presence of short
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Fig. 1. Dimensions and loading setup for tested slabs.
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Table 1
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Details of tested reinforced concrete slabs

Group Slab Type of Reinforcement Fibers Size of loading plate
identification concrete
S}r’(’)up N-5-FO-R8 Normal Seven bars No fibers 5.0cm x 5.0 cm
N strength diameter 8 mm
N-7.5-FO-R8 Normal Seven bars No fibers 7.5cmx 7.5 cm
strength diameter 8 mm
N-5-FO-R10 Normal Seven bars No fibers 5.0cm x 5.0 cm
strength diameter 10 mm
N-7.5-FO0-R10 Normal Seven bars No fibers 7.5cmx7.5cm
strength diameter 10 mm
N-5-FS-R10 Normal Seven bars Steel fibers 5.0 cm x 5.0 cm
strength diameter 10 mm
N-7.5-FS-R10 Normal Seven bars Steel fibers 7.5cmx7.5cm
strength diameter 10 mm
N-5-FP-R10 Normal Seven bars Polypropylene Fibers 5.0 cm x 5.0 cm
strength diameter 10 mm
N-7.5-FP-R10 Normal seven bars diameter Polypropylene fibers 7.5cmx 7.5 cm
strength 10 mm
Group H-5-F0-R8 High strength Seven bars No fibers 5.0 cm x 5.0 cm
“H" diameter 8 mm
H-7.5-FO-R8 High strength Seven bars No fibers 7.5cmx7.5cm
diameter 8 mm
H-5-F0-R10 High strength Seven bars No fibers 5.0 cm x 5.0 cm
diameter 10 mm
H-7.5-F0-R10 High strength Seven bars No Fibers 7.5cmx 7.5 cm
diameter 10 mm
H-5-FS-R10 High Strength Seven bars Steel fibers 5.0cmx 5.0 cm
diameter 10 mm
H-7.5-FS-R10 High strength Seven bars Steel fibers 7.5cmx 7.5 cm
diameter 10 mm
H-5-FP-R10 High strength Seven bars Polypropylene fibers 5.0 cm x 5.0 cm
diameter 10 mm
H-7.5-FP-R10 High strength seven bars diameter Polypropylene fibers 7.5cmx 7.5 cm
10 mm
44 Alexandria Engineering Journal, Vol. 46, No. 1, January 2007



Table 2
Test results
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Elastic

Deflection at cracking

Deflection at failure

Slab deflection®. & Cracking load Failure load
Identification (mm) > ¢ load, 6 (mm) load, 6r (mm) (kN) (kN)
N-5-FO-R8 1.13 2.28 5.84 10.0 32.5
N-7.5-FO-R8 0.94 2.35 6.71 15.0 42.5
N-5-F0-R10 0.80 1.73 4.93 15.0 40.0
N-7.5-FO0-R10 0.61 2.17 5.84 20.0 50.0
N-5-FS-R10 0.57 1.77 5.19 17.5 47.5
N-7.5-FS-R10 0.54 2.34 6.55 25.0 62.5
N-5-FP-R10 0.55 1.80 5.15 15.0 42.5
N-7.5-FP-R10 0.51 2.17 6.04 25.0 57.5
H-5-FO-R8 0.64 1.79 6.80 15.0 45.0
H-7.5-FO-R8 0.40 2.02 6.97 20.0 55.0
H-5-FO-R10 0.56 1.63 6.14 22.5 60.0
H-7.5-FO-R10 0.51 2.14 6.23 25.0 65.0
H-5-FS-R10 0.43 2.03 6.64 25.0 67.5
H-7.5-FS-R10 0.40 2.59 7.56 35.0 80.0
H-5-FP-R10 0.37 2.72 7.02 35.0 70.0
H-7.5-FP-R10 0.36 2.19 7.75 35.0 95.0

* 6c= Deflection in the elastic range at a load = 5.0 kN.
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Fig. 2. One of the tested reinforced concrete slabs under load.

randomly distributed fibers and its type; (iii)
flexural reinforcement percent; and (iv) size of
loaded area. In the following sections the effect
of these parameters on the behavior and
punching strength of reinforced concrete slabs
shall be presented.

3.1. Effect of concrete strength

The effect of concrete strength on the
behavior and punching strength of reinforced
concrete slabs can be determined from a
comparison of the results of testing the eight
reinforced normal strength concrete slabs in
group “N” (few = 27 MPa) to those from testing
the eight reinforced high-strength concrete
slabs in group “H” (fou = 69 MPa). Vertical
deflections were significantly affected by a
change in the concrete strength. For example,
the deflection in the elastic range decreased
from 1.13 mm for normal strength concrete
slab without fibers (N-5-FO-R8) to 0.64mm for
the corresponding high-strength concrete slab
without fibers (H-5-FO0-R8), representing a

43% decrease. Also, the deflection in the
elastic range decreased from 0.55 mm for
normal strength concrete slab with fibers (N-
5-FP-R10) to 0.37 mm for the corresponding
high-strength concrete slab with fibers (H-5-
FP-R10), representing a 33% decrease. Similar
observations are found for the effect of
concrete strength on the elastic deflection for
all other cases of tested slabs. The deflection
at cracking load was also affected by the
concrete strength. For example, the deflection
at cracking load decreased from 2.35 mm for
normal strength concrete slab without fibers
(N-7.5-FO-R8) to 2.02 mm for the correspond-
ing high-strength concrete slab without fibers
(H-7.5-FO-R8), representing a 14% decrease.
However, different observations were found for
the effect of concrete strength on the
deflection at cracking load for slabs with short
randomly distributed fibers. For example, the
deflection at cracking load increased from 1.8
mm for normal strength concrete slab with
fibers (N-5-FP-R10) to 2.72 mm for the
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Fig. 9. Top view for one of the tested slabs after failure.

corresponding high-strength concrete slab
with fibers (H-5-FP-R10), representing a 51%
increase.

The deflection at failure load significantly
increased in the case of high-strength concrete
slabs than that in the case of normal strength
concrete slabs. For example, the deflection at
failure load increased from 6.55 mm for
normal strength concrete slab with fibers (N-
7.5-FS-R10) to 7.56 mm for the corresponding
high strength concrete slab with fibers (H-7.5-
FS-R10), representing a 15% increase.

Therefore, it can be concluded herein that
the use of high-strength concrete resulted in:
(i) significant decrease in the deflection in the
elastic range for slabs with or without fibers
having any reinforcement ratio, and any size
of loading plate; (ii) significant decrease in the
deflection at cracking load for slabs without
fibers; (iii) significant increase in the deflection
at cracking load for slabs with fibers; and (iv)
significant increase in the deflection at failure
load for slabs with or without fibers having
any reinforcement ratio and size of loading
plate.

Concrete strength also affected the bottom
flexural steel strain as shown in fig. 6. In the
case of tested slabs without fibers, the steel
strain decreased significantly in the case of
high-strength concrete slabs than that in the
case of normal strength concrete slabs over
the complete range of loading up to failure.
The effect of concrete strength on the steel
strain was less significant in the case of slabs
with short randomly distributed fibers,
especially in the elastic range of loading.

The results presented in table 2 and fig. 7
reveals a significant effect of the concrete
strength on the tested slabs cracking loads.
The cracking loads increased significantly in
the case of high-strength concrete slabs than
those in the case of normal-strength concrete
slabs. The following can be observed: (i) the
enhancement in the cracking loads ranged
between 25% and 50% in the case of slabs
without fibers; (ii) such enhancement in the
cracking loads ranged between 40% and 133%
in the case of slabs with fibers; (iii) the effect
of concrete strength in enhancing the cracking
loads always decreases with increasing the
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N-7.5-F0-R8

N-7.5-FO0-R10

Fig. 10. Cracking patterns for tested normal strength concrete slabs without fibers.
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N-7.5-FP-R10

Fig. 11. Cracking patterns for tested normal strength concrete slabs with fibers.
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H-7.5-F0-R8

H-5-FO0-R8

 H-7.5-FO-RI¢

Fig. 12. Cracking patterns for tested high strength concrete slabs without fibers.
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H-7.5-FP-R10

Fig. 13. Cracking patterns for tested high strength concrete slabs with fibers.
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Fig. 14. Experimental punching failure loads versus codes predictions.

size of loading plate; and (iv) the effect of
concrete strength in enhancing the cracking
loads increases in the case of slabs with short
randomly distributed fibers. This may be
attributed to the fact that the presence of such
fibers provides a crack arresting mechanism.
The failure loads also increased significantly
in the case of high-strength concrete slabs
than that in the case of normal-strength
concrete slabs as shown in table 2. and fig. 8.
The following can be observed: (i) the increase
in the failure loads ranged between 29% and
50% in the case of slabs without fibers; (ii)
such increase in the failure loads ranged
between 28% and 65% in the case of slabs
with fibers; (iii) the effect of concrete strength
in increasing the failure loads decreases with
increasing the size of loading plate; and (iv)
the effect of concrete strength in increasing
the failure loads increases in the case of slabs
having short randomly distributed fibers.

It should be noted that the mode of failure
was not affected by the concrete strength. All
tested slabs failed in a punching shear mode
of failure. In all cases, the failure was sudden
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and explosive. The failure consists of a cone of
concrete being completely pushed out of the
slab, leaving a square hole at the top of the
slab which was slightly larger than the square
loading plate, as shown in fig. 9. However,
some observations regarding the effect of
concrete strength on the failure modes and
cracking patterns may be summarized as
follows: (i) although the failure mode of tested
slabs was not affected by concrete strength,
however in the case of high strength concrete
slabs the failure was much more catastrophic
and explosive and was associated with louder
noise; and (ii) the punching failure surface
area on the tension face of the slabs was
much smaller in the case of high strength
concrete slabs than that in the case of normal
strength concrete slabs.

3.2. Effect of the presence and type of short
randomly distributed fibers

The effect of the presence and type of short

randomly distributed fibers on the behavior
and punching strength of reinforced concrete
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slabs can be determined for normal strength
concrete slabs when comparing the results of
testing slabs (N-5-FS-R10) and (N-7.5-FS-R10)
having steel fibers and results of testing slabs
(N-5-FP-R10) and (N-7.5-FP-R10) having
polypropylene fibers to those of testing slabs
(N-5-FO0-R10) and (N-7.5-F0-R10), without
fibers. Also the effect of the presence and type
of short randomly distributed fibers on the
behavior and punching strength of high
strength concrete slabs can be determined
when comparing the results of testing slabs
(H-5-FS-R10) and (H-7.5-FS-R10) having steel
fibers and the results of testing slabs
(H-5-FP-R10) and (H-7.5-FP-R10) having poly-

propylene fibers to those of testing slabs
(H-5-F0-R10) and (H-7.5-F0-R10), without
fibers.

Generally, deflections of tested slabs were
significantly affected by the presence of short
randomly distributed fibers. For example, the
deflection in the elastic range decreased
significantly as a result of the presence of
fibers. The following can be observed from
table 2: (i) the decrease in the deflection in the
elastic range as a result of the presence of
fibers ranged between 11% and 31% in the
case of normal strength concrete slabs; (ii)
Such decrease ranged between 22% and 34%
in the case of high strength concrete slabs; (iii)
The presence of fibers results in a much more
significant decrease in the deflection in the
elastic range in the case of high strength
concrete slabs than that in the case of normal
strength concrete slabs; (iv) the effect of the
presence of fibers in decreasing the deflection
in the elastic range decreases with an increase
in the size of loading plate; and (v)
polypropylene fibers were more effective in
reducing the deflection in the elastic range
than steel fibers.

Different observations were found for the
effect of the presence of short randomly
distributed fibers on the deflection at cracking
load and failure load. The following can be
observed from table 2: (i) the presence of fibers
leads to an increase in the deflection at
cracking load raged between 0% and 8% in the
case of normal strength concrete slabs and
ranged between 2% and 67% in the case of
high strength concrete slabs; and (ii) the
presence of fibers leads to an increase in the

deflection at failure load ranged between 3%
and 12% for normal strength concrete slabs
and ranged between 8% and 24% for high
strength concrete slabs. Therefore, it can be
concluded that the presence of short randomly
distributed fibers resulted in a more
significant increase in the deflection at
cracking load and failure load in the case of
high strength concrete slabs than that in the
case of normal strength concrete slabs.

The presence of short randomly distrib-
uted fibers also affected the bottom flexural
steel strain as shown in fig. 5. It was found
that the steel strain slightly decreased in the
elastic range of loading as a result of the
presence of fibers. However, such decrease
became significant in the post-elastic range of
loading. This is because of the fact that a part
of the applied land in transferred to the fibers
and is resisted by debonding and stretching. It
should be noted that the presence of fibers
results in a significant increase in the steel
strain at failure load especially in the case of
high strength concrete slabs. Furthermore,
there is a definite increase in the area under
load-strain curves as a result of the presence
of short randomly distributed fibers which
reflects an enhancement in the slab ductility,
especially in the case of high strength concrete
slabs.

The results presented in table 2. and fig. 7
indicate a significant enhancement in the
cracking loads of tested slabs as a result of
the presence of short randomly distributed
fibers which can be explained by the crack
arresting mechanism provided by the fibers.
The following can be observed: (i) the
enhancement in the cracking loads as a result
of the presence of fibers ranged between 0%
and 25% in the case of normal strength
concrete slabs; (ii) such enhancement in the
cracking loads ranged between 11% and 56%
on the case of high strength concrete slabs;
(iii) the presence of fibers is much more
effective in enhancing the cracking loads in
the case of high strength concrete slabs than
that in the case of normal strength concrete
slabs; (iv) steel fibers are much more effective
in enhancing the cracking loads of normal-
strength concrete slabs than polypropylene
fibers; and (v) polypropylene fibers are more
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effective in enhancing the cracking loads of
high strength concrete slabs than steel fibers.

Failure loads of tested slabs were also
significantly enhanced as a result of the
presence of short randomly distributed fibers.
From table 2. and figure 8, the following can
be observed: (i) the increase in the failure
loads as a result of the presence of fibers
ranged between 6% and 25% in the case of
normal-strength concrete slabs; (i) such
increase in the failure loads ranged between
13% and 46% in the case of high-strength
concrete slabs; (iii) the inclusion of short
randomly distributed fibers is much more
effective in enhancing the failure loads of high
strength concrete slabs than that in the case
of normal-strength concrete slabs; (iv) steel
fibers are more effective in enhancing the
failure loads of normal-strength concrete slabs
than polypropylene fibers; and (v) polypropyl-
ene fibers are much more effective in
increasing the failure loads of high strength
concrete slabs than steel fibers.

The presence of short randomly
distributed fibers did not affect the mode of
failure of normal or high strength concrete
slabs which was in all cases punching shear
mode. However, some observations were found
in the case of slabs having fibers which can be
summarized as follows: (i) the presence of
short randomly distributed fibers resulted in a
less catastrophic and explosive failure and
was associated with much less noise; (ii) such
effect of the presence of fibers was much more
clear in the case of high-strength concrete
slabs than that in the case of normal strength
concrete slabs: (iii) the punching failure
surface area on the tension face of the slabs
became much smaller as a result of the
inclusion of short randomly distributed fibers;
and (iv) the cracking pattern on the tension
face of the slabs was significantly affected by
the presence of fibers as shown in figs. 10 to
13. In the case of slabs containing fibers much
less number of cracks were observed after
failure. Also, crack widths were much less in
the case of slabs containing fibers.

3.3. Effect of flexural reinforcement percent

The effect of flexural reinforcement percent
on the behavior and punching strength of

reinforced concrete slabs can be determined
for normal strength concrete slabs when
comparing the results of testing slabs (N-5-FO-
R8) and (N-7.5-FO-R8) provided with seven
bars diameter 8 mm mild steel to the results
of testing slabs (N-5-FO-R10) and (N-7.5-FO-
R10) provided with seven bars diameter 10
mm high tensile steel. Also, the effect of
flexural reinforcement percent on the behavior
and punching strength of high strength
concrete slabs can be detected when
comparing the results of testing slabs (H-5-FO-
R8) and (H-7.5-FO-R8) provided with seven
bars diameter 8 mm mild steel to the results
of testing slabs (H-5-F0-R10) and (H-7.5-FO-
R10) provided with seven bars diameter 10
mm high tensile steel.

As expected, the increase of the flexural
reinforcement percent resulted in a significant
reductions in the deflection in the elastic
range, the deflection at cracking load, and the
deflection at failure load. From the results
presented in table 2. and fig. 3, the following
can be observed: (i) for normal strength
concrete slabs the deflection in the elastic
range decreased by about 29% and 35% as a
result of increasing the reinforcement percent
for size of loading plate 50 mm and 75 mm,
respectively; (ii) for high strength concrete
slabs the deflection in the elastic range
decreased by about 12% and 35% as a result
of increasing the reinforcement percent for
size of loading plate 50 mm and 75 mm,
respectively; (iii) for normal strength concrete
slabs the deflection at cracking load decreased
by about 24% and 8% as a result of increasing
the reinforcement percent for size of loading
plate 50 mm and 75 mm, respectively; (iv) for
high strength concrete slabs the deflection at
cracking load decreased by about 9% as a
result of increasing the reinforcement percent
for size of loading plate 50 mm; (v) however, in
the case of loading plate 75 mm such
deflection at cracking load increased by about
6% as a result of increasing the reinforcement
percent; (vi) for normal strength concrete slabs
the deflection at failure load decreased by
about 16% and 13% as a result of increasing
the reinforcement percent for size of loading
plate 50 mm and 75 mm, respectively; and
(vii) for high strength concrete slabs the
deflection at failure load decreased by about
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10% and 11% as a result of increasing the
reinforcement percent for size of loading plate
SOmm and 75mm, respectively.

Based on these observations it can be
concluded that the percent of flexural
reinforcement plays an important role in
controlling the slab deflections not only within
the elastic range of loading but also in the
post-elastic range of loading up to the failure
of the slabs. Furthermore, it can be concluded
that such effect of increasing the flexural
reinforcement percent in controlling the slab
deflections in less significant in the case of
high strength concrete slabs than that in the
case of normal strength concrete slabs.

The bottom flexural steel strain was also
affected by an increase in the reinforcement
percent as shown in fig. 5. It can be observed
that the steel strain at any given load
decreases significantly as a result of
increasing the reinforcement percent of
normal and high strength concrete slabs and
for any size of loading plate. However, the
following can also be observed: (i) the effect of
increasing the reinforcement percent in
decreasing the steel strain is marginal within
the elastic range of loading; (ii) such effect
becomes much more significant in the post
elastic range of loading; (iii) such effect is
much more significant in the case of normal
strength concrete slabs than that in the case
of high strength concrete slabs; (iv) an
increase in the reinforcement percent results
in a decrease in the steel strain at failure load
in the case of normal strength concrete slabs;
(v) however, an increase in the reinforcement
percent results in an increase in the steel
strain at failure load in the case of high
strength concrete slabs; and (vi) the area
under load-strain curves increases as a result
of increasing the reinforcement percent which
indicates an enhancement in the slab
ductility.

The increase in the reinforcement percent
not only affected the deflections and steel
strains of tested slabs, but also affected the
cracking loads and failure loads of the slabs
as shown in table 2. and figs. 7 and 8. With
respect to cracking loads, the following can be
observed: (i) for normal strength concrete
slabs the cracking load increased by about
50% and 33% as a result of increasing the

reinforcement percent for size of loading plate
S50 mm, and 75 mm, respectively; (ii) for high
strength concrete slabs the cracking load
increased by about 50% and 25% as a result
of increasing the reinforcement percent for
size of loading plate 50 mm and 75 mm,
respectively; (iii) for normal strength concrete
slabs the failure load increased by about 23%
and 18% as a result of increasing the
reinforcement percent for size of loading plate
50 mm and 75 mm, respectively; and (iv) for
high strength concrete slabs the failure load
increased by about 33% and 19% as a result
of increasing the reinforcement percent for
size of loading plate 50 mm and 75mm,
respectively. Based on these observations it
can be concluded that the reinforcement
percent is an important factor that enhances
both cracking loads and failure loads of
reinforced concrete slabs. However, the effect
of the reinforcement percent is much more
significant in enhancing the cracking loads of
normal strength concrete slabs than that for
high strength concrete slabs. Also, the effect of
the reinforcement percent is much more
significant in enhancing the failure loads of
high strength concrete slabs than that for
normal strength concrete slabs. It should be
noted that a change in the percent of the
bottom flexural reinforcement did not affect
the failure modes of the slabs which was a
punching shear mode in all cases. Also, the
cracking patterns after failure were similar for
slabs having different reinforcement percents.

3.4. Effect of size of loaded area

In order to determine the effect of the size
of loaded area on the behavior and punching
shear strength of reinforced concrete slabs,
two identical slabs were made for all cases of
concrete strength, reinforcement percent, and
for all cases of short randomly distributed
fibers. One of the two identical slabs in each
case was tested using a loading plate having
dimensions 50 mm x 50 mm whereas the
other slab was tested using a loading plate
having dimensions 75 mm x 75 mm.
Therefore, a comparison between the results of
the two slabs in each case shall reveal the
effect of the size of loading plate.

60 Alexandria Engineering Journal, Vol. 46, No. 1, January 2007



T.I. Ebeido / Behavior and punching shear strength

The results presented in table 2 and fig. 3
indicate a significant effect of the size of
loaded area on the deflection of the slabs in
the elastic range of loading. The following can
be observed: (i) an increase in the size of
loaded area from 50 mm x 50 mm to 75 mm x
75 mm resulted in a significant decrease in
the deflection in the elastic range of loading
for all cases of concrete strength, reinforce-
ment ratio, and for all cases of slabs with and
without short randomly distributed fibers; (ii)
the effect of increasing the size of loaded area
on decreasing the deflection in the elastic
range was much more significant in the case
of normal strength concrete slabs than that in
the case of high strength concrete slabs; and
(iii) such effect of the size of loaded area was
much less significant in the case of slabs
having short randomly distributed fibers.

Different observations were found for the
effect of the size of loaded area on the
deflection at cracking loads and failure loads.
In this case the value of the deflection
increases as a result of increasing the size of
loaded area. The following can be observed: (i)
an increase in the size of loaded area from 50
mm X 50 mm to 75 mm x 75 mm resulted in
an increase in the deflection at cracking load
ranged between 3% and 32% for normal
strength concrete slabs; (ii) such increase in
the deflection at cracking load ranged between
13% and 31% for high strength concrete
slabs; (iii) an increase in the size of loaded
area from 50 mm x 50 mm to 75 mm X 75 mm
resulted in an increase in the deflection at
failure load ranged between 15% and 26% for
normal strength concrete slabs; and (iv) such
increase in the deflection at failure load
ranged between 1 % and 14% for high
strength concrete slabs.

It should be noted that the effect of
increasing the size of loaded area on
increasing the deflection at failure load was
much more significant in the case of normal
strength concrete slabs than that for high
strength concrete slabs. Furthermore, the
effect of increasing the size of loaded area on
increasing the deflection at failure load was
much more significant in the case of slabs
having short randomly distributed fibers than
that in the case of slabs without fibers.

Another effect of increasing the size of
loaded area was a significant decrease in the
bottom flexural steel strain at any given load.
However, the following can be observed from
fig. 5: (i) no effect of the size of loaded area
was found within the elastic range of loading;
(ii) within the post-elastic range of loading at
any given load the increase in the size of
loaded area from 50 mm x 50 mm to 75 mm x
75 mm resulted in a significant decrease in
the bottom flexural steel strain; (iii) at failure
load the increase in the size of loaded area
resulted in a significant increase in the bottom
flexural steel strain for all cases of concrete
strength, reinforcement percent, and for all
cases of slabs provided or not provided with
short randomly distributed fibers; (iv) the
effect of increasing the size of loaded area on
decreasing the steel strain within the post-
elastic range of loading was found more
significant in the case of normal strength
concrete slabs than that in the case of high
strength concrete slabs; and (v) such effect of
the size of loaded area on the steel strain was
much more significant in the case of slabs
without short randomly distributed fibers than
that in the case of slabs provided with fibers.

The increase in the size of loaded area
from 50 mm x 50 mm to 75 mm X 75 mm
resulted in a significant increase in both the
cracking loads and failure loads of tested
slabs as shown in table 2. and figs. 7 and 8.
The following can be observed: (i) an increase
in the size of loaded area resulted in an
increase in the cracking loads of tested normal
strength concrete slabs ranged between 33%
and 66%; (ii) such increase in the cracking
loads ranged between 0% and 40% for high
strength concrete slabs; (iii) an increase in the
size of loaded area resulted in an increase in
the failure loads of tested normal strength
concrete slabs ranged between 25% and 35%;
and (iv) such increase in the failure loads
ranged between 8% and 35% for high strength
concrete slabs.

It can be concluded herein that the effect
of increasing the size of loaded area on
increasing the cracking loads and failure loads
was much more significant in the case of
normal strength concrete slabs than that in
the case of high strength concrete slabs. Also,
cracking loads of tested slabs were much more
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sensitive to a change in the size of loaded
area than failure loads. It should be noted
that the increase in the size of loaded area
from 50 mm x 50 mm to 75 mm x 75 mm did
not change the failure modes of the slabs
which were punching shear mode in all cases.
However, a change was observed in the
cracking patterns after failure as a result of
increasing the size of loaded area. As was
expected, the punching failure surface area on
the tension face of the slab increased
significantly with an increase in the size of
loaded area.

4. Validity of codes of practice predictions

The validity of the design equations for the
calculation of punching shear failure loads of
reinforced concrete slabs, presented in some
international codes of practice shall be
assessed in this section using the
experimental test results from testing the
eight reinforced concrete slabs which were not
provided with short randomly distributed
fibers. The equations given by the following
codes of practice were examined: (i) The ACI
Building code (ACI 318-05) [1]; (ii) The British
Standards Institution (BS 8110) [32]; (iii) The
Japanese Society of Civil Engineers (JSCE)
[33]; and (iv) The European code (CEB-FIP)
[34].

4.1. The ACI Building code (ACI 318-05) [1]

The ultimate punching shear load is taken
as the smallest of:

4

Vy = 0083(2+—)\fobo d. (1)
Be
as d !

vV, = 0.083(2+ J\febo d. 2)
bo

Vy = 0083 x4\f. bo d, (3)

where: b, is the critical perimeter = 4(ctd);
Be=ratio of the long-to-short sides of loaded
area; c = side length of loaded area; as = 40,
30, or 20 for interior columns, edge columns,
and corner columns, respectively; f. = concrete

cylinder compressive strength; and d= effective
depth.

4.2. The British Standards Institution (BS
8110) [32]

The ultimate punching shear load is taken
as:

f 400
= 0.79 3100 31/ﬂ4—Ud, 4
Vu P 25 d (4)

where: U is the critical perimeter = 4(ct3d);
feu= concrete cube compressive strength; p =
reinforcement ratio < 0.03; d = effective depth;
and c = side length of loaded area.

4.3. The Japanese Society of Civil Engineers
(JSCE) [33]

The ultimate punching shear load is taken
as:

Vu =018 By By, By foud. (5)
1

B, =1009/)s <15 (6)
1

Bp =(100p)3 <1.5. (7)

By =1+ — ®)

1+%~1,

where: U is the critical perimeter = 4c + nd; f<’
= concrete cylinder compressive strength; p =
reinforcement percent; ¢ = side length of
loaded area; and d = effective depth.

4.4. The European Code (CEB-FIP) [34]

The ultimate punching shear load is taken
as:

1
200 S
Vy =012[1+ T](10010fck)3 ud, (9)
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where: U is the critical perimeter = 4(c + d); d
= effective depth; ¢ = side length of loaded
area; p = reinforcement ratio; and f& =
concrete cylinder compressive strength.

4.5. Comparison of the experimental results to
codes predictions

The equations presented above for the
calculation of the ultimate punching shear
load of reinforced concrete slabs which are
proposed by four major codes of practice
throughout the world are based on empirical
relationships which were originally developed
from experimental data of testing normal-
strength concrete with compressive strength
between 15 and 30 MPa. Moreover, in the
four codes the punching shear load is taken
as the product of a nominal shear strength
and the area of a chosen control surface.
Through the four equations presented, the
critical section for punching shear is situated
between 0.5 and 2 times the effective depth
[25]. The equations presented by codes of
practice take into account the beneficial effect
of the flexural reinforcement on enhancing the
punching shear load of the slabs, except the
equations presented by the ACI Building code
(ACI 318-05) [1] which neglect the beneficial
effects of the flexural reinforcement. Another
factors taken by the four codes are slab
effective depth and the concrete compressive
strength. However, the variation of the
concrete compressive strength with the
punching shear load differs considerably from
a code to another. For example, in the ACI
Building code (ACI 318-05) [1] and the
Japanese code (JSCE) [33] the punching shear
load is expressed as proportional to the square
root of (fc). However, in both the British
Standards Institution (BS 8110) [32] and the
European code (CEB-FIP) [34] the punching
shear load is expressed as proportional to the
cubic root of (f¢). Many modification factors
are applied to the code equations. However,
the methods adopted by the codes do not
reflect the physical reality of the punching
phenomenon [25].

The equations presented above by four
major codes of practice were used to calculate
the ultimate punching shear load for the eight
slabs tested in the current experimental

program which were not provided with short
randomly distributed fibers. Experimental test
results were compared to code predictions as
shown in table 3. and fig. 14. The following
can be observed: (i) among the equations
examined for four different codes of practice,
the equation presented by the British
Standards Institution (BS 8110) [32] performs
the best in predicting the ultimate punching
shear failure loads of normal-strength and
high-strength concrete slabs. Also, the
equation overestimates the ultimate punching
shear load of some slabs by a maximum of
16% and underestimates the ultimate
punching shear load of other slabs by a
maximum of 3%; (ii) the equation presented by
the Japanese code (JSCE) [33] reasonably
predicts the ultimate punching shear load of
tested slabs and is considered conservative.
The equation wunderestimates the ultimate
punching shear load of all tested slabs with a
maximum of 31%; (iii) the equations presented
by the ACI Building code (ACI 318-05) [1]
neglects the beneficial effect of the flexural
reinforcement on enhancing the ultimate
punching shear load of reinforced concrete
slabs and are considered extremely conserva-
tive. The equations wunderestimate the
ultimate punching shear load of all slabs with
a maximum of 54%; and (iv) the equation
presented by the European code (CEB-FIP)
[34] is also extremely conservative. The
equation underestimates the ultimate
punching shear load of all tested slabs with a
maximum of 58%.

Therefore, it is concluded herein that the
equations presented by both the British
Standards Institution (BS 8110) [32] and the
Japanese code (JSCE) [33] may be used for
estimating the ultimate punching shear failure
loads of both reinforced normal-strength
concrete slabs and also for reinforced high-
strength concrete slabs having concrete cube
compressive strength up to 70 MPa.

5. Summary and conclusions

Detailed literature review was conducted
including all available previous experimental
and theoretical investigations on the behavior
and punching shear strength of reinforced
concrete slabs. It was found that previous
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researchers have concentrated on studying
the behavior and punching strength of
reinforced normal strength concrete slabs.
Although, high strength concrete is being
widely used in the construction industry in
order to increase the strength to dead weight
ratio of reinforced concrete structures,
however, very little research efforts were found
in the literature regarding punching strength
of reinforced high strength concrete slabs.
Furthermore, although the use of short
randomly distributed fibers is known to
enhance the punching strength of reinforced
concrete slabs, however very little research
efforts were found in the literature regarding
the punching strength of fiber-reinforced
concrete slabs. Also, the equations presented
in some international codes of practice for the
calculation of punching strength of reinforced
concrete slabs were based on experimental
data from testing normal strength concrete
slabs with concrete compressive strengths
between 15-35 MPa. For this reason, some
structural engineers are reluctant to use high-
strength concrete.  The validity of these
equations for the calculation of punching
strength of reinforced concrete slabs are
questionable in the case of high-strength
concrete. An extensive experimental program
was conducted in this paper to study the
behavior and punching shear strength of
reinforced normal and high-strength concrete
slabs subjected to single concentrated load
applied at the center of each slab. The
experimental program included the
fabrication, instrumentation, and testing of
sixteen reinforced concrete slabs. The effect of
many important parameters were studied in
order to assess the behavior of tested slabs
deflections, steel strains, cracking loads and
failure loads. Cracking patterns and failure
modes were observed for all tested slabs.
Furthermore, the experimental results for
punching shear load were compared to the
theoretical predictions from four major codes
of practice. Such codes were: the ACI Code;
the BS8110 code, the Japanese code JSCE;
and the European code. Based on this study
the following conclusions were drawn:

The use of high-strength concrete resulted in:
(i) significant decrease in the deflection in the
elastic range for slabs with or without fibers
having any reinforcement ratio, and any size
of loading plate; (ii) significant decrease in the
deflection at cracking load for slabs without
fibers; (iii) significant increase in the deflection
at cracking load for slabs with fibers; and (iv)
significant increase in the deflection at failure
load for slabs with or without fibers having
any reinforcement ratio and size of loading
plate.

1. The cracking loads of tested RC slabs
increased significantly in the case of high-
strength concrete slabs than those in the case
of normal-strength concrete slabs. The effect
of concrete strength in enhancing the cracking
loads increases in the case of slabs with short
randomly distributed fibers. This may be
attributed to the fact that the presence of such
fibers provides a crack arresting mechanism.
The failure loads also increased significantly
in the case of high-strength concrete slabs
than that in the case of normal-strength
concrete slabs. The effect of concrete strength
in increasing the failure loads increases in the
case of slabs having short randomly
distributed fibers.

2. Although the failure mode of tested RC
slabs was not affected by concrete strength,
however in the case of high-strength concrete
slabs the failure was much more catastrophic
and explosive and was associated with louder
noise The punching failure surface area on
the tension face of the slabs was much smaller
in the case of high-strength concrete slabs
than that in the case of normal-strength
concrete slabs.

3. The presence of short randomly
distributed fibers results in a much more
significant decrease in the deflection in the
elastic range in the case of high strength
concrete slabs than that in the case of normal
strength concrete slabs. The effect of the
presence of fibers in decreasing the deflection
in the elastic range decreases with an increase
in the size of loading plate. Polypropylene
fibers were more effective in reducing the
deflection in the elastic range than steel fibers
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Table 3
Comparison of experimental results to codes predictions
Slab Experimental Punching failure loads calculated Veode/ Vexp
identification punching failure from codes equations, Veode (kN)
loads, Vexp (kN)
ACI BS JSCE Euro ACI BS JSCE Euro
code code
N-5-FO-R8 32.5 18.4 37.8 23.9 16.0 0.56 1.16 0.74 0.49
N-7.5-FO-R8 42.5 23.8 43.9 29.6 20.7 0.56 0.97 0.69 0.49
N-5-FO0-R10 40.0 18.4 44.5 27.7 18.6 0.46 1.11  0.69 0.47
N-7.5-FO-R10 50.0 23.8 51.6 34.3 24.1 0.48 1.03 0.68 0.48
H-5-FO-R8 45.0 29.4 52.4 38.1 21.8 0.65 1.16 0.85 0.49
H-7.5-FO-R8 55.0 38.0 60.9 47.2 28.3 0.69 1.11 0.85 0.52
H-5-F0-R10 60.0 29.4 60.8 44.2 25.4 0.49 1.01 0.74 0.42
H-7.5-FO-R10 65.0 38.0 70.6 54.8 32.9 0.58 1.09 0.84 0.51
4. The presence of short randomly of the presence of fibers was much more clear

distributed fibers is much more effective in
enhancing the cracking loads and failure loads
in the case of high strength concrete slabs
than that in the case of normal strength
concrete slabs. Also, steel fibers are much
more effective in enhancing the cracking loads
and failure loads of normal strength concrete
slabs than polypropylene fibers. However,
polypropylene fibers are more effective in
enhancing the cracking loads and failure loads
of high strength concrete slabs than steel
fibers.

S. The presence of short randomly
distributed fibers did not affect the mode of
failure of normal or high strength concrete
slabs which was in all cases punching shear
mode. However, the presence of short
randomly distributed fibers resulted in a less
catastrophic and explosive failure and was
associated with much less noise. Such effect

in the case of high strength concrete slabs
than that in the case of normal strength
concrete slabs.

6. The punching failure surface area on the
tension face of the slabs became much smaller
as a result of the inclusion of short randomly
distributed fibers. The cracking pattern on the
tension face of the slabs was significantly
affected by the presence of fibers. In the case
of slabs containing fibers much less number
of cracks were observed after failure. Also,
crack widths were much less in the case of
slabs containing fibers.

7. An increase in the size of loaded area
resulted in a significant decrease in the
deflection in the elastic range of loading for all
cases of concrete strength, reinforcement
ratio, and for all cases of slabs with and
without short randomly distributed fibers.
Also, the effect of increasing the size of loaded
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area on decreasing the deflection in the elastic
range was much more significant in the case
of normal strength concrete slabs than that in
the case of high strength concrete slabs.
Furthermore, such effect of the size of loaded
area was much less significant in the case of
slabs having short randomly distributed
fibers.

8. The effect of increasing the size of loaded
area on increasing the cracking loads and
failure loads was much more significant in the
case of normal strength concrete slabs than
that in the case of high strength concrete
slabs. Also, cracking loads of tested slabs
were much more sensitive to a change in the
size of loaded area than failure loads. The
increase in the size of loaded area did not
change the failure modes of the slabs.
However, a change was observed in the
cracking patterns after failure as a result of
increasing the size of loaded area. As was
expected, the punching failure surface area on
the tension face of the slab increased
significantly with an increase in the size of
loaded area.

9. Among the equations examined for four
different codes of practice, the equation
presented by the British Standards Institution
(BS 8110) performs the best in predicting the
ultimate punching shear failure loads of
normal strength and high strength concrete
slabs. The equation overestimates the
ultimate punching shear load of some slabs by
a maximum of 16% and underestimates the
ultimate punching shear load of other slabs by
a maximum of 3%. Also, the equation
presented by the Japanese code (JSCE)
reasonably predicts the ultimate punching
shear load of tested slabs. The equation is
generally conservative. The equation
underestimates the ultimate punching shear
load of all slabs with a maximum of 31%.

10. The equations presented by the ACI
Building code (ACI 318-05) neglects the
beneficial effect of the flexural reinforcement
on enhancing the ultimate punching shear
load of reinforced concrete slabs. The
equations are extremely conservative. The
equations underestimate the ultimate
punching shear load of all slabs with a
maximum of 54%. Also, the equation
presented by the European code (CEB-FIP) is

also extremely conservative. The equation
underestimates the ultimate punching shear
load of all tested slabs with a maximum of
58%.

11. The equations presented by both the
British Standards Institution (BS 8110) and
the Japanese code (JSCE) may be used for
estimating the ultimate punching shear failure
loads of both reinforced normal strength
concrete slabs and also for reinforced high
strength concrete slabs having concrete cube
compressive strength up to 70 MPa.
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