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Abstract

Flat slabs have an important role in concrete buildings due to their architectural flexibility and speed of construction.
Punching shear is one of the most important phenomena to be considered during the design of reinforced concrete flat slabs,
as this type of failure is brittle and does not predict previously raised alarms before failure. The main factors that affect
punching strength in concrete are compressive strength, flexural reinforcement, and punching reinforcement in the form of
stirrups, shear studs, or other shapes. This paper is part of a research program operated at the reinforced concrete laboratory
of the Faculty of Engineering, Cairo University, to evaluate the contribution of horizontal flexural reinforcement, horizontal
compression reinforcement, and vertical punching reinforcement on the punching strength of reinforced concrete flat slabs.
In this research, fifteen half-scale specimens are cast and tested. The specimens had dimensions of 11001100 mm and a
total thickness of 120 mm. All specimens were connected to a square column of dimensions 150150 mm and loaded at the
four corners with a supported span of 1000 mm. The main parameters considered in this research included spacing between
stirrups, width of the stirrups, number of stirrup branches, ratio of the compression reinforcement, and ratio of the tension
reinforcement. During testing, ultimate capacity, steel strain, cracking pattern, and deformation were recorded. The
experimental results were analyzed and compared against values estimated from different international design codes.
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1. Introduction

Punching shear failure in concrete slabs is a brittle failure and not ductile. This failure results from shear diagonal
cracks formed by the overall slab thickness, which form a frustum pyramid in concrete rectangular columns and a
trenched cone in concrete circular ones. Design standard codes deal with the punching failure problem in different
ways. For example, the Egyptian Code of Practice E.C.P. 203-2020 [1] and the American Code ACI318-19 [2] highly
underestimate the punching capacity due to neglecting the horizontal reinforcement in equations. While the European
Code Euro-Code 2 [3] takes flexural reinforcement into consideration, in addition, the location of the critical section
of punching varies among the design standard codes from half to double the effective slab depth measured from the
concrete column face. The first analytical model presented to predict the punching behavior was the Kinnunen and
Nylander model [4], which neglected the effect of longitudinal reinforcement on the punching capacity of concrete
slabs.

The punching capacity can be increased by adding drop panels, concrete compressive strength, punching shear
reinforcement, and bent-up bars. Strengthening existing slabs by using composite materials such as carbon fiber
reinforced polymers (CFRP) and glass fiber reinforced polymers (GFRP) [5] enhances the punching strength. Ebead [6]
tested existing slabs after strengthening with CFRP strips and GFRP laminates. The strips showed an average gain in
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punching capacity of 40% compared to the specimen without any strengthening. Moreover, flexural strengthening
specimens using GFRP laminates showed an average increase in punching load capacity of 31% compared to that of un-
strengthened slabs. Megally [7] performed tests on slab column connections subjected to concentric and seismic loads.
He concluded that providing a slab with a drop panel increased the capacity without considerable improvement in
ductility or energy absorption strength. Broms [8] proposed a combined system of stirrups and bent bars in order to
discard the brittle punching failure of specimens. The author tested slabs and provided with bent bars as hangers into
the concrete column, in addition to stirrup cages welded around the column. This concept was very effective for a ductile
structural system. Out of the above-mentioned improvement systems, using flexural reinforcement in addition to stirrups
proves to be the most practical method to be applied to enhance punching behavior.

Mabrouk et al. [9] studied the punching strength of seven half-scale column-slab specimens with the dimensions:
1050x1050 mm with a total thickness of 100 mm. The parameters consist of flexural reinforcement ratio, spacing
between vertical stirrups, stirrup width, and the number of branches on the punching conduct of flat slabs. Adding
vertical shear reinforcement in the form of stirrups improved the punching capacity of the slabs by 23% in the case of
spacing 100 mm and by 36% in the case of spacing 50 mm. The flexural tensile reinforcement in a flat slab contributes
to the punching strength of the slab. As the flexural reinforcement ratio increased by 45%, the punching capacity
increased by 16% compared to the control specimen. More variables are investigated in the current research to evaluate
the contribution of vertical stirrups, flexural reinforcement, and compression reinforcement in enhancing the punching
behavior of flat slabs. Raafat et al. [10] proposed eight inner slab-column connections with varying slab depth, closed-
shaped stirrups, several leg stirrups, yielding stress, and extended length. Punching capacity increased by 8.2% when
the stirrups extended from the column's edge by more than twice the effective depth of the slab, and punching capacity
was improved by increasing the thickness of the slabs.

The mix of concrete has an important role in punching strength. Abdel-Rahman et al. [11] tested fourteen slab-
column connections in order to study the punching shear behavior of reinforced concrete slabs using steel fibers in the
concrete mix. They concluded that the mode of failure of the tested specimens was brittle and sudden; increasing the
steel fiber ratio increased punching shear capacity and improved both the initial and tangent slopes of the load-
deformation curve.

Pre-stressed concrete has a positive improvement in punching strength at flat slabs. Afifi et al. [12] conducted a
series of specimens with variable dimensions of concrete column and punching vertical reinforcement ratio on a
concrete pre-stressed flat slab. The author predicted that both stiffness and ductility would improve due to the pre-
stressed concrete slab. Ramadan et al. [13] conducted an experimental program to explore the effect of concrete
compressive strength and the pre-stressing force on the punching strength of the ultra-high-performance concrete
slabs. They observed that the increase in concrete compressive strength led to a delay in cracking before the brittle
punching shear failure and significantly increased the punching shear strength with more ductile mode. Punching
failure occurs in a way that makes the slab crack along critical areas that pass through the slab from its compression
to tension zones in an inclined direction [14]. This failure is sudden; no apparent signs were observed before the
failure. Hence, the dependable prediction of the punching shear capacity of slab-column connections is important in
the design. It is important to note that the data used to develop any formula is limited to a portion of the studies
carried out before the date of development. To obtain a reliable prediction for the punching shear capacity of RC
slab-column connections, it is essential to have a comprehensive and updated dataset wherever accurate or modern
prediction techniques are applicable.

Traditional experimental procedures are the established technique for evaluating the various characteristics of
concrete elements [15]. Habibi et al. [16] conducted Models of Ensemble Learning for Prediction of Punching Shear
Strength in RC Slab-Column Connections. The authors observed that the models are proposed for predicting punching
shear strength.

2. Experimental Program
2.1. Experimental Specimens

Figure 1, shows the flowchart of the research methodology through which the objectives of this study were achieved.
The testing program was conducted at the Cairo Engineering Laboratory, Egypt, for fifteen flat concrete slab specimens.
The main aim of this research was to estimate the results of some parameters on punching behavior. The main parameters
are longitudinal steel ratio at the tension side, compression reinforcement ratio, and vertical reinforcement with variable
stirrup widths and a variable number of branches on the punching conduct of the tested slabs. The tested slab models
had a size of 1100 mm length, 1100 mm width, and 120 mm in thickness, with a column dimension of 150x150x250
mm in the middle of the tested slabs. High-tensile-grade (500/650) steel deformed bars are used as a longitudinal
reinforcement with a 12 mm diameter. In order to avoid flexural failure, additional reinforcement with a diameter 12
mm was added to all tested specimens at the tension zone. Mild reinforcement (240/350) with an 8-mm stirrup diameter
was applied. Table 1 displays all of the specimen’s details.
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Group one is composed of five reinforced concrete specimens without vertical stirrups and without compression
longitudinal reinforcement. The main parameter among this group was the longitudinal steel ratio at the tension side, as
shown in Figure 2. The longitudinal steel proportion varied from 1.03% to 2.05%.

FlexuralRET

(G1-81) 12112

(G1-82) 12T12+3T12

(G1-83) 12T12+6T12

(G1-S4) 12T12+9T12

(G1-85) 12T12+12T12

Collecting Literatures

l

Gap Study

I

Design Experimental Program

|

15 slabs 1100*1100*120 mm, Fcu = 35 MPa

Punching Shear R.F.T

(G3-S1) 12T12+6T12 Tension + 6T 12 Compression

Compression R.F.T

(G3-S2) 12T12+6T12 Tension + 6T12 Compression
(G3-S3) 12T12+9T12 Tension + 6T12 Compression

(G2-S1) 12T12+6T12 Tension + 6T12 Compression

(G3-S4) 12T12+6T12 Tension + 6T12 Compression

(G2-82) 12T12+6T12 Tension + 9T12 Compression

(G2-S3) 12T12+6T12 Tension + 12T12 Compression

(G3-85) 12T12+6T12 Tension + 6T 12 Compression
Punching Shear R.F.T

(G3-S1) Y8(@100-250 mm width

(G2-S4) 12T12+6T12 Tension + 15T12 Compression‘

(G2-S5) 12712 Tension + 12T12 Compression

(G3-52) Y8@50-250 mm width
(G3-S3) Y8@100-250 mm width

(G3-S4) Y8@100-350 mm width

(G3-S5) Y8@!100-350 mm width Four Branches

<—J
Discussion, Analyzing the results and compare with design codes ;

Discussion, Analyzing the results and compare with design codes

Figure 1. The considered methodology

Table 1. Properties of the tested specimens

Specimen  Tension reinforcement

Compression reinforcement  Punching shear reinforcement

G1-S1
G1-S2
G1-S3
G1-S4
G1-S5
G2-S1
G2-S2
G2-S3
G2-S4
G2-S5
G3-S1
G3-S2
G3-S3
G3-S4
G3-S5

12T12
12T12+3T12
12T12+6T12
12T12+9T12
12T12+12T12
12T12+6T12 6T12
12T12+6T12 9T12
12T12+6T12 12T12
12T12+6T12 12T12+3T12
12T12 12T12
12T12+6T12 6T12
12T12+6T12 6T12
12T12+9T12 6T12
12T12+6T12 6T12
12T12+6T12 6T12

Y8@100-250 mm width
Y8@50-250 mm width
Y8@100-250 mm width
Y8@100-350 mm width
Y8@100-350 mm four branches
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Figure 2. Specimens plan and sections details of group-1 (flexural reinforcement ratio)

The specific proportions of flexural reinforcement for the samples tested in this study were determined, and these

proportions were based on common practices in the field of construction, such as the additional top reinforcement, which
is in different proportions to resist moments at the columns, which is added to the concrete columns in flat slabs. Higher
proportions of additional flexural reinforcement were also added to obtain more accurate results from the effect of

flexural reinforcement on the punching shear strength.
Group two, this group is composed of five slabs without providing punching reinforcement. The main parameter
in this group was compression reinforcement ratio as a percentage of flexural reinforcement, as shown in Figure 3,
where compression reinforcement ratio was varied from 33 to 100% as a percentage of flexural reinforcement.
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Figure 3. Specimens plan and sections details of group-2 (compression reinforcement ratio)

Group three, composed of five slabs, provides punching reinforcement with variable ratios, as shown in Figure 4,
where the distance between stirrups and the number of branches are variable. The stirrups of specimens (G3-S1) and
(G3-S3) were 8 mm in diameter, two branches with a width of 250 mm, and repeated at a distance of 100 mm. The
stirrups of specimen (G3-S2) were 8 mm in diameter, two branches with a width of 250 mm, and repeated at a distance
of 50 mm. The stirrups of specimen (G3-S4) were similar to specimen (G3-S1), but the stirrup width was 350 mm
instead of 250 mm. The stirrups of specimen (G3-S5) were similar to specimen (G3-S4), but the stirrups were four

branches instead of two branches.
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Figure 4. Specimens plans details of group-3 (punching shear reinforcement ratio)

2983



Civil Engineering Journal Vol. 10, No. 09, September, 2024

A concrete mix was conducted in order to achieve a concrete cube strength of 35 MPa after twenty-eight days. The
concrete mix utilized in design is summarized in Table 2. The average concrete cube results for strength tests are
displayed in Table 2. As seen in Figure 5, the specimens are poured in timber square form. A 0.125 m3 mechanically
rotating laboratory mixer is employed for mixing. Once the reinforced concrete has been well mixed for approximately
four minutes, it is inserted into the form along with ten test cubes and vibrated using an electrical vibrator, as shown in
Figure 6.

Table 2. Concrete mix used in design

Mix design used in design Quantity
Characteristic concrete strength (MPa) 35
Cement (kg/m?®) 375
Fine aggregate (kg/m®) 650
Coarse aggregate (kg/m?®) 1180
Water (kg/m?®) 200
Water-cement ratio 0.53
Range water reducer BVF (L/m°®) 35

Figure 5. Wooden forms used to cast specimens Figure 6. Specimens casting

2.2. Instruments and Apparatus

Electrical strain gauges were used to measure the strains of the stirrup steel, compression steel, and tension
reinforcement. In order to conduct concentric punching shear tests on the slab column connections, the fixed large frame
available at the concrete laboratory of Cairo University was used in accordance with the setup shown in Figure 7. The
specimens are supported at every one of their four corners by rigid plates. LVDTs were used in this experiment to
measure the vertical deflection of the slabs, as shown in Figure 8. Hydraulic jacks capable of supporting 50 tons are
used to test the slab specimens under concentric loads. The applied load is progressively increased from zero to the
failure load. The load rate is increased incrementally by 0.5 tons until the first initial crack appears; after that, it is
increased progressively by 1.0 tons.

/4

Figure 7. Loading setup of the tested specimens Figure 8. LVDT location
At each loading stage, cracks are inspected and noted if any are found. The experimental configuration is carefully

aligned and balanced to allow for any mode of failure. A laptop and a data logger were used to measure and record all
of the data concurrently.
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3. Analysis and Discussion of Experimental Results
3.1. Crack Pattern and Mode of Failure

The tested specimens appeared to have typical punching shear-incline cracking in the vicinity of the column. For all
tested specimens, the first radial flexural crack is noticed over the column zone area at a cracking load of about 70-125
kN. This behavior is referred to as reaching the concrete tension strength at the tension fiber side of the specimen.
Nevertheless, the behavior changes after the appearance of the first flexural crack; as the load increases, the cracks widen
and extend towards the slab support, but at different times. In general, the failure occurred at different loads and in
different shapes, but the loud sound of the failure is common in all groups of specimens. Figures 9-a, 9-b, and 9-c show
the crack patterns for tested specimens. The mechanism of failure of all tested specimens is regarded as brittle failure,
as shown in Figure 10.

(b)
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(d)
Figure 9. (a) Crack pattern and mode of failure for group — 1, (b) Crack pattern and mode of failure for group - 2, (c) Crack
pattern and mode of failure for group - 3, (d) Crack pattern and mode of failure for concrete compressive strength group

Figure 10. Typical mode of failure of specimens

For more accurate results, three specimens were added with variable concrete cube compressive strength as shown
in Figure 10. The specimen (G4-S1) with cube compressive strength equal to 35 MPa, the specimen (G4-S2) with 40
MPa, and the specimen (G4-S3) with a strength 45 MPa. The failure shapes as shown in Figure 9-d, the failure load was
321 kN for (G4-S1), the failure load was 397 kN for (G4-S2), and the failure load was 421 kN for (G4-S3). The punching
shear strength increased by about 31% due to increasing the compressive strength.
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In the case of specimen G3-S3, radial cracking propagated normally from the column toward the supports, as shown
in Figure 11. However, premature failure occurred at the support. This kind of failure may be attributed to the high
punching capacity of this specimen, which caused an unexpected failure at the slab corners. Specimens G3-S3 had the
largest tension reinforcement, with stirrups compared to other specimens at punching shear reinforcement ratio group.

Figure 11. mode of failure of specimen G3-S3

3.2. Load-Deflection Response of Group 1

The relation between load and deflection, as shown in Figure 12, is compared for the five tested slabs. Table 3
illustrates the initial crack load, and the maximum deflection at the ultimate load, as well as the failure load on each
slab.

Table 3. Summary of load-deflection for tested specimens (Group 1)

Specimen Crack load (kN)  Deflection (mm)  Ultimate load (kN)

G1-51 70 8.83 280
G1-S2 80 9.97 300
G1-S3 90 7.69 3073
G1-54 100 7.88 320
G1-S5 120 8.52 357
45 -
—o— G1-S1
0 G1-52

Load x10 (kN)

0 @ . : : : T T |
0 2 4 6 8 10 12 14

Deflection at mid span (mm)

Figure 12. Load-deflection curve of Group-1
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The tested specimen G1-S5 is higher than other specimens regarding the ultimate load. The maximum load increased
by 7%, 9.7%, 14%, and 27.5% for specimens G1-S2, G1-S3, G1-S4, and G1-S5, respectively, compared to control slab
G1-S1.

The curve generally showed a linear behavior from the beginning of the loading till the appearance of the initial
crack load (Pcr), and after that the curve showed a non-linear behavior till the maximum load value. The ultimate load
and corresponding deflection values increased due to the increasing flexural reinforcement ratio, as shown in Figure 12.
The load-increasing value was between 280 and 357 kN.

3.3. Load-Deflection Response of Group 2

The relation between deflection and load, as shown in Figure 13, is compared for the five tested slabs. Table 4
illustrates the initial crack load, the maximum deflection, and the failure load for every specimen.

Table 4. Summary of load-deflection for tested specimens (Group 2)

Specimen  Crack load (kN)  Deflection (mm)  Ultimate load (kN)

G2-S1 75 8.21 316.8
G2-S2 85 6.21 328.1
G2-S3 110 9.22 331.6
G2-S4 120 10.68 338
G2-S5 115 10.00 335

The tested specimen G2-S5 is higher than other specimens regarding the ultimate load. The maximum load increased
by 3.5%, 4.6%, 5.7%, and 6.69% for specimens G2-S2, G2-S3, G2-S4, and G2-S5, respectively, compared to control
slab G2-S1.

The curve generally showed a linear behavior from the beginning of the loading till the appearance of the initial
crack load (Pcr), and after that the curve showed a non-linear behavior till the maximum load value. The ultimate load
and associated deflection measurements increased due to the compression reinforcement, as seen in Figure 13. The load
rising was between 316.80 and 338 kN in value.

45 -
—6—(G2-S1

G2-S2
35 | ——G2-53

Load x10 (kN)

&
0 2 4 6 8 10 12 14

Deflection at mid span (mm)

Figure 13. Load - deflection curve of Group-2
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The relationship between the deflection and the load, as shown in Figure 14, is compared for the five tested
specimens. Table 5 illustrates the initial crack load, the maximum deflection, and the failure load for every slab.

45
—6—(G3-S1
G3-S2

40

Load x10 (kN)

6

Deflection at mid span (mm)

8 10 12 14

Figure 14. Load-deflection curve of Group-3

Table 5. Summary of load-deflection for tested specimens (Group 3)

Specimen

Crack load (kN)

Deflection (mm)  Ultimate load (kN)

G3-S1
G3-S2
G3-S3
G3-S4

G3-S5

85
100
115
120

125

9.04 326.4
9.29 362.9
9.12 342.1
8.4 345.8
8.08 360

The tested specimen G3-S5 is higher than other specimens regarding the ultimate load. The maximum load increased
by 11%, 4.8%, 5.9%, and 10% for specimens G3-S2, G3-S3, G3-54, and G3-S5, respectively, compared to control slab

G2-S1.

The curve generally showed a linear behavior from the beginning of the loading till the appearance of the initial
crack load (Pc), and after that the curve showed a non-linear behavior till the maximum load value.

The cracking and ultimate punching capacities of all the tested specimens are presented in Figures 15 to 17. It can
be seen from the figure that the largest cracking load was recorded in specimens G1-S5, G2-S4, and G3-S2. Specimen
G1-S5 is the specimen with the highest flexural reinforcement ratio. Slab G2-S4 has the highest compression
reinforcement ratio. Slab G3-S2 is the specimen with the highest amount of stirrups, with a width of 250 mm and a

distance between stirrups of 50 mm.
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Figure 15. Cracking load and ultimate punching capacity of the tested slabs — Flexural reinforcement ratio
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Figure 16. Cracking load and ultimate punching capacity of the tested slabs — Compression reinforcement ratio
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Figure 17. Cracking load and ultimate punching capacity of the tested slabs — Stirrups reinforcement ratio
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3.5. Steel Strain

Figure 18 shows the load-strain relationship for slabs G1-S1, G1-S4, and G1-S5, where strain was measured in
the flexural reinforcement. The steel of specimen G1-S1 reached the yield stress at an applied load of 230 kN, while
the flexural reinforcement in specimens G1-S4 and G1-S5 with higher reinforcement ratios did not reach the yield
strain.

45 I

40 1— = G1-S5

s 1 i G1-S4 X

» = G1-S1 / /@
S = ]
I
.‘E 20
T o

10 A

5

0

0 500 1000 1500 2000 2500
Steel strain- Group-1 (Micro Strain)

Figure 18. Load-strain curve for Specimens-Flexural reinforcement ratio

Figure 19 shows the load-strain relationship for slabs G2-S1, G2-S3, and G2-S4, where strain was measured in the
compression reinforcement. The steel of specimen G2-S1 reached the yield stress at an applied load of 280 kN, while
the compression reinforcement in specimens G2-S3 and G2-S4 with higher compression reinforcement ratios did not
reach the yield strain.

0 | ——G2-s4
—o—G2-S3
35

S e //‘id/} ik
e

Load x10 (kN)

500 1000 1500 2000 2500
Steel strain- Group-2 (Micro Strain)

Figure 19. Load-strain curve for specimens-Compression reinforcement ratio

Figure 20 shows the load-strain relationship for the vertical stirrups in specimens G3-S1 and G3-S2. Both of these
specimens had stirrups with spacings of 100 mm and 50 mm, respectively. The strain was measured at one branch of
the stirrup located at d/2 from the face of the column, where d is the effective depth of the slab. It can be seen that the
strain and consequently the stress are higher in slab G1-S1 with stirrup spacing of 100 mm.
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45 T
0 ——G3-52 |
35 /)( —6—G3-S1 |
30 "/
s /
=3
S 25
%
3
15 1
5
0 g
0 500 1000 1500 2000 2500
Steel strain- Group-3 (Micro Strain)

Figure 20. Load-strain curve for specimens-Stirrups reinforcement ratio

4. Design of Punching with Different Standard Codes

This section will cover the design techniques for punching according to standard codes of design; Egyptian ECP 203
edition 2020 [1], ACI 318 edition 2019 [2], and Euro code 2 edition 2004 [3].

4.1. Egyptian Standard Concrete Code (ECP NO-203 Edition 2020)

Maximum punching stress (q,,;,) without providing punching reinforcement shall be calculated by:

Tup < Geup 1
Q

Qup = boLg 2

Geup = 0.316 /f;—“ < 1.7 MPa 3)

where: Q,,, is the ultimate shear force, q.,, is concrete punching strength, f.,, concrete cube compressive strength, y,
is the concrete reduction factor equal 1.5, and b, is the punching perimeter at distance equal half of the effective slab
depth from the face of the concrete column.

The ultimate capacity punching stress (q,,;,) with punching reinforcement would be determined by:

= /fﬂ Astfy ’fﬂ
qup = 0.12 e +Sboy5 < 045 e 4

where fy is the punching reinforcement yield strength, s is the radial spacing between stirrups, Ast is the total section
area of punching reinforcement on a single peripheral line, and ys is the reduction factor for reinforcing steel equal to
1.15.

4.2. The Standard American Code ID (ACI 318 Edition 2019)

Nominal shear strength without punching reinforcement will be determined by:
v, <0v, (5)
v, = 0.33Vfc’ (6)

where fc' is the cylindrical concrete strength at compression (MPa), v, is the maximum shear stress, vn is the nominal
shear stress, and vc is the nominal shear stress provided by concrete.

Nominal punching strength with vertical reinforcement to be determined by:

v, = 017VE + 222 < 0.50VE @)
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The following is a clear statement of the essential requirements for punching strength design:

Design strength, @ v,, > required strength, vu; where @ is the reduction factor for punching equal to 0.75. For flat
slabs, punching force v, is computed using the following Equation:

v, = v,bod 8

4.3. Euro Code 2: British Standard BS Edition 1992

The design punching shear strength [MPa] for slabs without punching reinforcement may be calculated as follows:

1
VRd,c = cRd,ck(lOOplfck)5 2 Vmin = 0'035k3/2f(:k1/2 (9)
where:
0.18
CRd,c = (10)

Ye

¥, is the reduction factor equal 1.50; k is a dimensionless factor that considers the size effect and is defined by the
following Equation:

k =1+ /% <2 (11)
pl = /plyplz < 0.02 (12)

where yc is the reduction factor where equal to 1.5, and vg, . is the design shear strength of the member without
punching reinforcement, p1 is the reinforcement ratio for longitudinal reinforcement, p1y and p1z are the proportion
of the flexural reinforcement in both directions, and £, is the cylindrical concrete compressive strength (MPa).

The strength of punching of slabs provided by shear reinforcement will be calculated by using the following
Equation:

d 1\ .
Vraes = 0.75Vcgpq . + 1.5 (;) Aswfywaer (E) sina (13)

where: vg, . is the design shear strength of the member with punching reinforcement, Ay, is the shear steel area on one
edge of the concrete column (mm?), s, is the radial distance between the shear reinforcement perimeter (mm), fya.er
is the effective design strength of punching reinforcement in MPa, according to:

fywaer =250+ 0.25d < fyq, (14)

fywa is the design yield strength for punching shear reinforcement, u1 is the length of the main control perimeter, and
a is the angle between the shear reinforcement and the plane of the slab.

At the column perimeter, or the perimeter of the loaded area, the maximum punching shear stress should not be
exceeded:

vgq < VRd,max = 0.5 x 0.6 (1 - L&) x f,/250 (15)

250

where: VRd, max is is the design value of the maximum shear force which can be sustained by the member, limited by
crushing of the compression struts, f, is the cylinder compressive strength of concrete at 28 days, and f,; is the
compressive strength of concrete design value.

The applied shear force design value adjacent to column Vg, is to be determined as follows:
da
VEd = vEd. uo. E (16)

where: u, for an interior column, u, is the column length perimeter (mm), and g is the factor for position of column,
for internal column equal to 1.15.
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5. Comparison of the Experimental Results with the Design Codes

The aim of comparison between the punching shear strength recorded from the tested specimens and the strength
calculated from standard codes in order to determine how these codes are close to the experimental results. Some
similarities can be noted by comparing the codes equations. All previous codes reduce the punching strength of concrete
slabs. Thus this value is reduced for 52% in ECP 203-2020, 57% in ACI 318-19, and 33% in Euro code 2.

Figures 15 also shows that the largest punching capacity was obtained in slab G1-S5, which is again the slab with
the highest flexural reinforcement ratio. Figures 16 also shows that the largest punching capacity was obtained in slab
G2-S4, which is again the slab with the highest compression reinforcement. Figures 16 also shows that the largest
punching capacity was obtained in slab G3-S2, which is again the slab with the highest vertical stirrup reinforcement
with a distance 50 mm.

The comparison in Table 6 showed that the values estimated according to codes are generally conservative. It can
be seen that the conservative level increased by increasing the percentage of the flexural reinforcement ratio. This ratio
reaches a value above 2 in the case of specimen G1-S5, which has the highest reinforcement ratio when compared to
values estimated by ECP (203-2020) and ACI (318-19).

Table 6. Comparison of experimental results with values calculated of design codes

Pu-Exp./Pu-code

Specimen  Pu (kN) Experimental Pu(kN) ECP  Pu(kN) ACI  Pu(kN) Euro: BS
ECP ACI BS

G1-S1 280 153 131 177 183 214 158
G1-S2 300 153 131 191 196 229 157
G1-S3 307.3 153 131 202 201 235 152
G1-S4 320 153 131 202 209 244 158
G1-S5 357 153 131 202 233 273 177
G2-S1 316.8 153 131 202 207 242 157
G2-S2 328.1 153 131 202 214 250 1.62
G2-S3 331.6 153 131 202 217 253 164
G2-S4 338 153 131 202 221 258 191
G2-S5 335 153 131 177 219 256 1.66
G3-S1 326.4 142 140 254 230 233 129
G3-S2 362.9 226 212 356 161 171 1.02
G3-S3 3421 142 140 254 241 244 135
G3-S4 345.8 142 140 254 244 247 136
G3-S5 360 226 212 356 159 170 1.01

Average value 209 235 150

As for ECP (203-2020) and ACI (318-19), the ultimate capacity for concrete was the governing value in the tested
slabs without punching shear reinforcement. It can also be seen that the ECP code and ACI code gave values that
underestimated the punching capacity of the slabs but were still more conservative than those in the Euro code. This is
due to the fact that the Euro code takes the effect of flexural reinforcement into account when punching, while the ECP
code and ACI code neglect the contribution of flexural reinforcement.

6. Proposed Equation Guided to ACI 318 Edition 2019 Code

The US code ACI318-19 [2] ignores the contribution of slabs flexural reinforcement on punching shear strength. As
a result, the punching strength is conservative in the ACI code. From this standpoint, guided by the outcomes of the
experimental program and an Excel spread sheets, a new equation derived from the American code was proposed after
adding the effect of flexural reinforcement to be less conservative and closer to the experimental program. Equation 17
is related to ultimate punching shear without punching shear force, and the Equation 18 is related to ultimate punching
shear force with punching reinforcement.

V. = 0.46(p.f,Vfc)°5 x bo x d (17)
.5
Ve = 0.23(pefye V) + (2L x (bo x d) (18)

where: (p;) is the longitudinal reinforcement ratio at tension side, (bo) is the punching perimeter, and (d) is the effective
depth of slab.
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7. Conclusions
Considering the experimental results, the following conclusions can be summarized:
e The failure of all the tested specimens was a brittle punching shear failure.

¢ Adding vertical shear reinforcement in the form of stirrups improved the punching capacity of the slabs by 7% in
the case of spacing 100 mm and 18% in the case of spacing 50 mm. Providing stirrups in the two directions of
the slab with a stirrup width equal to the column width plus slab thickness was effective in enhancing the punching
behavior of the slabs.

¢ Increasing the width of stirrups to be equal to column width plus twice the thickness instead of column width plus
the thickness caused a slight increase in the punching strength.

e The flexural reinforcement in a flat slab contributes to the punching capacity of the slab. As the flexural
reinforcement ratio was increased by 25%, the punching capacity increased by 7%; when the reinforcement ratio
was increased by 50% compared to the control specimen (G1-S1), the increase in the punching capacity was 10%;
when the reinforcement ratio was increased by 75% compared to the control specimen (G1-S1), the increase in
the punching capacity was 15%; and when the reinforcement ratio was increased by 100% compared to the control
specimen (G1-S1), the increase in the punching capacity was 28%.

e The compression reinforcement in a flat slab contributes to the punching capacity of the slab. As the compression
reinforcement ratio was 33% from the flexural reinforcement, the punching capacity increased by 3%, and when
the reinforcement ratio was increased 50% from the flexural reinforcement, the increase in the punching capacity
was 7%, and when the reinforcement ratio was increased 67% from the flexural reinforcement, the increase in
the punching capacity was 8%, and when the reinforcement ratio was increased 83% compared to the control
specimen (G1-S3), the increase in the punching capacity was about 10%

o Increasing the concrete compressive strength for tested specimens improved the punching behavior and increased
the punching strength by about 30%.

e The punching capacities estimated according to the E.C.P. (203-2020) and the ACI 318-19 are generally less
than those that resulted from tests and experiments. The ACI code is more conservative than the Egyptian code
in estimating the punching shear capacity.

e The punching capacities estimated according to the Euro code -2 are less conservative than the Egyptian code,
and the ACI code, due to the Euro code -2, takes the flexural reinforcement ratio into consideration, while both
other codes neglect the contribution of tension reinforcement.

e The comparison of experimental results with the design standard codes ECP 203-2020 and ACI 318-19 reveals
that both design codes overstate the reduction of the shear strength of slabs, with an average increase of 109%
for code ECP 203 and 135% for code ACI 318, while Euro code 2 has an average increase of 50%.

e The ACI 318 standard equations for the punching shear strength of interior slab-column connections should be
modified to take the ratio of flexural reinforcement on the punching shear strength of flat slabs.
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