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Abstract

Punching shear failure in flat plate slabs is considered as a vital topic to
investigate. The fact that this failure is brittle makes it an essential field to
study. Many researches have been carried out to investigate the punching shear
of flat plate slabs. Nevertheless, using prestressing in enhancing punching
behavior wasn't of such a big contribution. An experimental study for
enhancing punching shear volume of interior slab-column links in flat plate
slabs by prestressing is presented through a parametric study in this research.
The parameters taken into consideration in this study are prestressed vertical
studs of different number of rows. Through the experimental program,
deformation features, the load carrying capacity, and the cracking patterns have
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been examined. A comparative study between the behavior of the improved
slabs and their controls has been made. This study showed that the suggested
system might be of a good benefit in practice to be used. A comparison
between the experimental punching load and the calculated using various
design codes has also been made. It offered acceptable agreement.
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Notations

bo
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Ocup
feu

Yc

Qup

Osup

control shear perimeter assumed
to be at 0.5 d from the column
perimeter
equal 4.0 for interior columns
the effective depth of the slab
yield strength of the shear
reinforcement
smaller and longer column
dimensions
concrete shear strength
strength of standard cube 150
mm
factor of safety for concrete
equal 1.5
slab shear strength with shear
reinforcement
stirrups shear strength
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Sn

Y23

PF

deff
Ny

cross sectional area of the used
stirrups along the control shear
perimeter
distance between two adjacent
stirrups in one direction
diameter of the prestressed studs
actual diameter of the
prestressed studs after removing
the thread
number of prestressed studs in a
specimen
punching shear reinforcement
ratio
prestressing force in studs
effective depth of tested slabs
number of radii of shear
reinforcement

NSC normal strength concrete
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1. Introduction

The use of external shear reinforcement is one of the most common
strengthening techniques. Addition of studs has been examined experimentally
by Heinzmann et al [1]. The results of an extensive experimental campaign on
16 flat plate-slab specimens with and without punching shear reinforcement
were investigated and compared to design codes by Lips et al. [2].
Strengthening of existing flat plate-slabs using post-installed studs as shear
reinforcement has been experimentally tested and observed by Muttoni et al.
[3]. Results indicated that such reinforcement is efficient to raise both the
strength and deformation ability of flat plate- slabs. Strengthening of concrete
slab-column connections using CFRP strips has been tested by Soudki et al [4,
5, 6]. The test results clearly showed that CFRP strips significantly improve the
structural behavior of slab-column connections. The influence of mid-thickness
rebar mesh on the behavior and punching shear power of the inside of the slab—
column links has been investigated by Ibrahim et al [7]. The influence of
column size and slab slenderness on punching strength has been also
investigated by Einpaul et al. [8]. Ghali et al. [9] improved the slabs punching
shear strength by adding prestressed bolts. Duarte et al. [10] stated
experimental results of four slabs enhanced by means of transversal prestressed
bolts with various features and experienced under punching. Mostafaei et al.
[11] examined the punching behavior of externally prestressed concrete slabs.
The effect of joining fiber enriched polymer sheets (FRP) on the rehabilitation
of punching shear features has been tested by Abdullah et al. [12]. Asker [13]
proved the ability of the prestressing mechanism in repairing damaged flat
plates as a result of punching. The suggested system referred to an important
improvement in the behavior of the fixed slabs.

2. Codes provisions

This current section summarizes the differences between the various design
codes in calculating punching shear capacity. The considered codes in this
investigation are the ACI 318-11 [14], the Eurpcode-2-EC2 [15], the Canadian
Standard CSA A23.3-04 [16], the New Zealand Standard NZS 3101 (2006)
[17], and the Egyptian Code of Practice ECP 203-2018 [18]. These codes
adopted equations for estimating punching shear capacities for slabs with or
without shear reinforcement. The major differences among these codes include
the position of the critical shear perimeter, the contribution of flexural
reinforcement ratio, and the account for slab size. For critical shear perimeter, it

is taken at g of the border of the support region based on ACI 318-11 [14]

requirements and at 2d according Eu-2 [15]. The CSA A23.3-04 [16], NZS
3101 (2006) [17], and ECP 203-2018 are similar to the ACI by taking the

critical shear perimeter at g from the loaded area. For contribution of the
flexural reinforcement ratio, only Eu-2 takes it into consideration. For slab size
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effect, only Eu-2 and NZS 3101 (2006) consider a factor k to lessen the final
punching shear strength of slabs thicker than 200 mm. The equations used by
the Egyptian Code of Practice: ECP 203-2018 [18] are detailed as:

a) Without shear reinforcement:
feup (Uncracked) is the smallest of the following:
N

Oeup (Uncracked) = 0.8[(ad/b, ) +0.2] ’;C—: — (1a)
Oeup (Uncracked) = 0.316[0.5 + (a/b)] ’;C—: miz (1b)
Oeup (Uncracked) < 0.316 \/’;T—: mljnz (1c)
Qo <17 —

b) With (stirrups) as shear reinforcement: (for slabs with thickness more
than 250 mm):

Oup (cracked) = 0.12 \/];f:: * Osup < Qu-max (2a)
AS .
Where: Qup = ﬁ f, <350 — (2b)

fcu
e < 045 [22 (20)

3. Research objective

The essential objective of the conducted experimental program is to study the
effect of prestressing using vertical prestressed bolts in enhancing the ultimate
punching shear capacity of interior slab-column links. The results of each
specimen have been compared with the reference specimen. The comparative
study indicated that the enhanced slabs acquired higher cracking load, higher
punching failure capacity and less deformability related to their reference slabs.
Through this research, the shear reinforcement ratio is the main parameter of
investigation.

4. Experimental program

An experimental program that includes four square flat plate specimens, was
performed. All specimens were formed of normal strength concrete and had a
variable punching shear reinforcement ratio. The details of test specimens are
shown in Figs. 1, 2, and 3 and Table 1.
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Figure 1 Typical specimen geometry, dimensions in (mm)
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Figure 2 Typical reinforcement steel arrangement details, dimensions in (mm)
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Table 1 Details of the tested specimens

n

A0 39 124
Al-8 41 12 10 8 892 8 124
A2-16 39 12 10 16 178 8 124
A3-24 38 12 10 24 268 8 124

A1-8: 1 refers to specimen number and 8 refers to number of bolts

5. Specimens

The tested specimens as presented in Table 1 and Figs. 1, 2, and 3 are square
flat plates 1200mm length and 150mm thick with 160mm square reinforced
concrete column stubs extending 160mm above the plate. The column stub was
cast monolithically with the slab. All of the tested slabs were similar in
dimensions. In this study, the punching shear reinforcement ratio as shown in
Table 1 is the only considered parameter which affects the punching shear
capacity and strain energy of the tested specimens. For the flexural
reinforcement ratio, all specimens had a constant ratio of 0.532%
(7d12/section). The ratio of shear reinforcement in this investigation (ps) is
calculated for studied specimens from the following relation: ps = n,.7/4.ds’/
[4S¢(C+d)], built upon the formula mentioned by Lips et al. [2] at perimeter at
d/2 of the edge of the support region: ps = n,.m/4.ds%/ [Se(4c+ md], to take into
account that rows of shear studs are put at a rectangular form not a circular
form. where n; represents the number of radii of shear reinforcement, ds
represents the bolt diameter, S, represents the distance between two
neighbouring reinforcements in the radial direction, ¢ represents the column
side length and d represents the slab's effective depth.

6. Materials

The properties of all used steel in the tested specimens are shown in Table 2.
NSC was employed in all tested specimens with target strength f., of 40 MPa.
The results of the compressive strength test (150mm cubes) are presented in
Table 3. Table 4 shows the used proportions of concrete mix. As shown in Fig.
4, specimens were batched on different occasions.
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Table 2 Properties of all used steel in the tested specimens

Type Fy (MPa) Fu (MPa)
Mild steel (ties) 247 356

High grade (Rft 451 619

steel)

High grade (bolts) 425 535

Table 3 Compressive strength test results (150mm cubes)

. fou7days | Average | feuosdays | Average
Specimen | \ipa) | (MPa) | (MPa) | (MPa)
28.4 40.2
Ao-0 22.2 26.6 38.7 39
29.3 38.1
32.4 42.7
Al-8 25.1 29 38.5 41
29.5 41.8
25 38.7
A2-16 30.2 26.8 41.3 39
25.3 37
25.8 39.8
A3-24 26.4 25 37.4 38
22.8 36.8

Table 4 Concrete mix quantities for NSC

Used material
Mix proportions  Dry weight
(kg/m?)
Standard Portland cement  1.00 500
Fine aggregate (sand) 1.19 595
Dolomite (10 mm) 2.21 1105
Water 0.43 215
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Figure 4 Casting procedures

7. Test Instrumentation

Monitoring the vertical displacement at the center of the specimens has been
made by means of linear variable differential transformer (LVDT). Linear
electrical strain gauges were used to record the measured strains measured in
studs and flexural reinforcement bars. All bolts were machined for a length of
about 15mm in order to eliminate the thread and get a smooth surface. Then,
strain gauges were pasted. The actual stud measured diameter is 10 mm after
being machined. The gauges were separated against the leakage of liquids
using glue. These steps were used also for the flexural bars. The arrangement of
linear strain gauges in all tested slabs is shown in Fig. 5. Finally, at testing, the
strain gauges were connected to a strain indicator and recorder.

160 160
- — o+
5 160 626 160
-
150; | B | 150; | (Im m (2}
______ w00 _____ oo imooo L
4 g12mm
2 #8mm Column Reinforcement
Column Ties 160
F'“”""?ﬁ;‘;';““’“f“"“‘ Mesh — Compression Reinforecement Mesh
160 mm [ sec 7 10mm / sec

. 8 |
s2526] | 160 1\ |
o = ]150
130 Fy ps jE (Slrain gauge at the mid pinﬂ
L 1000

Figure 5 Location of strain guages in tested slabs
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8. Bolts and prestressing

The locations of bolts were carefully marked on the formwork before casting
according to their design. For marking the locations of bolts, 48 hoses were
used during concrete casting. Eight hoses were used for specimen Al-8, 16 for
specimen A2-16 and 24 for specimen A3-24. The diameter of hoses was 14
mm inside and 16 mm outside. After setting of the concrete, the hoses were
removed letting holes in slabs. The proposed prestressing force for each bolt
was 8 kN. For applying the required prestressing force, a calibrated torque
spanner was used. The calibration was carried-out using universal testing
machine of tension. The bolt's bar was installed in the machine and by means
of the torque spanner; the bolt nut was tightened continuously so that the gauge
of the machine recorded 8 kN. At this situation, the scaled hand was locked at
this reading until it got ready for applying the required prestressing tensile
force of 8 kN per bolt. After removing the hoses, the holes were cleaned from
dust, then filled with bonding epoxy paste for repairing the bolts with the
concrete. Each bolt has two steel plates at its ends of dimensions 50*50*5 mm
as washers and nuts were setting through the bonding epoxy paste from the
bottom side to the top surface of slab. Next, the calibrated torque spanner was
used to stiffen the top washer and nut of each bolt till reaching the design
prestressing tensile force, as shown in Fig. 6.

Figure 6 Tightening of bolts using the torque spanner
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9. Testing Set-up

A hydraulic jack of 1000 kN capacity was used for loading the specimens. A
square frame of 1000x1000mm was centered below the specimens as being
considered simply supported. The specimens were tested horizontally below
the used hydraulic jack. The applied load was increased incrementally with an
increment of 50.0 KN until the failure of specimen. The data was collected
manually for each load increment (50.0 kN).

10. Test Results and Observations

10.1 Crack patterns

Cracks for all specimens were clearly observed and followed after every
loading stage at the slab's bottom surface. The propagation of cracks was
followed and marked till the final mapping of the crack pattern. The evolution
of cracks in all specimens follows almost a similar pattern. First, diagonal
cracks spread outside the perimeter of the prestressed bolts at a load of about
150 kN. At a loading from 150 kN to 350 kN a tangential shear cracks grew
around the column on the lines of bolts. For a loading above 350 kN up to
failure, all diagonal cracks grew wider extending to the edge of the specimens
until radial cracks had been developed. Near failure stage, strain of bolts
became very high according to the reading shown on strain gauge recorder but
without yielding of bolts. After investigating the cracking load of enhanced
slabs A1-8, A2-16 and A3-24 and comparing it to their reference slab A,, it can
be noticed that the recorded cracking load of the enhanced slabs extended to
values over the failure load of their reference slab. The cracking load of the
enhanced specimens in average was nearly 83.3% of their failure load, as
shown in Table 4. The crack pattern of tested specimens is illustrated in Figs.
7and 8.
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Figure 7 The crack pattern in the tension side for all tested slabs

Figure 8 The crack pattern in the compression side for all tested slabs
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10.2 Deflection Characteristics

The load-deformation curves of the tested slabs are illustrated in Fig. 9. From
these relationships, it could be noticed that the rate of deformation was lined up
to the cracking load and the increasing in the applied load accompanied with
increasing in cracks' propagation, the rate of deflection raised fast up to failure.
Comparing the deflection of the enhanced slabs with their reference slab, it
could be noticed that there was a significant enhancement in strain energy. The
enhanced slab with 8-prestressed bolts A1-8 improved the deformability by
about 19.8 % relative to the reference slab (A,) at failure load. The enhanced
slab with 16-prestressed bolts A2-16 improved the deformability by about 40.7
% relative to the reference slab at failure load. For slab with 24-prestressed
bolts A3-24, the deformability had enhanced by about 46.5 %.
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Figure 9 Load-deflection relationship of verified slabs

10.3 Strain Characteristics

Figure 10 presents the load-strain relationships of the tested slabs for both
prestressed bolts and flexural reinforcement steel. It implies that further the
cracking load period, strains in bolts significantly raised up to failure.
According to Fig. 10a of specimen A1-8, the prestressed bolts reached yield
point at 95% of the ultimate load, while flexural reinforcement yielded at 38%
of the ultimate punching load compared with the reference slab which had a
yield point for flexural reinforcement at almost 46% of ultimate punching load.
This refers to the addition of the 8 prestressed bolts which delay yield. For
specimen A2-16 enhanced with 16 prestressed bolts, it could be observed that
the prestressed bolts of the first row reached the yield point at 74% of the
ultimate punching load, while the prestressed bolts of the second row reached
the yield point at almost 96%. This indicated that the punching tensile strains in
concrete were primarily resisted by the second row. Flexural reinforcement for
this specimen reached the yield point at 32% of the ultimate punching load, as
shown in Fig. 12b. For specimen A3-24 enhanced with 24 prestressed bolts, the
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prestressed bolts of the first row reached the yield point at 81% of the ultimate
punching load, while for the second row they reached the yield point at 91% of
the ultimate punching load. For the third row, it hadn't reached yield. The
flexural reinforcement for this specimen reached yield at almost 30% of the
ultimate punching load, as shown in Fig. 10d.
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Figure 10 Load-strain relationships of the enhanced specimens

10.4 Punching Load Capacity

Table 4 shows the verified punching failure load of the tested slabs. It could be
noticed that all the enhanced slabs gained greater punching failure load values
compared with the reference slab but with various ratios. For specimen A1-8
which enhanced by adding 8 prestressed bolts, the ultimate punching shear
strength was 131.25% of that of the reference specimen A,-0. For specimen
A2-16 with 16 prestressed bolts as shear reinforcement, the ultimate punching
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shear strength was 146.88% relative to the reference slab. This due to the
developed number of shear prestressed bolts. While, increasing the number of
prestressed bolts to 24 wasn't of such a big contribution in improving the
ultimate punching shear capacity. The ultimate punching shear capacity was
slightly enhanced and was 153% of the reference specimen. These results are
shown in Fig. 11.

Table 5 Cracking and failure loads of the tested slabs

Specimen Cracking load (kN) Failure load (kN)
Aq-0 220 320
Al-8 350 420
A2-16 400 470
A3-24 420 490
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Figure 11 Influence of vertical prestressed bolts' ratios on ultimate punching shear
capacity of the tested slabs

11. Comparison between Codes Predictions and Test Results

Table 6 Codes Predictions versus Test Results

PuP*e- | ECP ACI NzZS | EC-2 | CSA
Puce | py (kN) | Pu (kN) | Pu (kN) | Pu (kN) | Pu (kN)
A0 | 1.34 2 1.2 1.07 1.07
Al-8 1.75 1.16 1.16 9 1.48
A2-16 | 1.96 1.01 1.01 .96 1.23
A3-24 | 2.05 1.06 1.06 1 1.29
Mean | 1.78 1.31 1.31 0.98 1.27
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12. Conclusions

Upon discussing the output results of the conducted experimental program,
conclusions can be presented as follows:

1. Using the vertical prestressed bolts as shear reinforcement has a
significant influence on improving crack behavior, the strain energy and
punching shear capacity

2. Raising the shear reinforcement ratio has an essential effect on raising
the punching shear capacity but to some extent till 16 prestressed bolts.

3. Enhancing slabs with 24 prestressed bolts significantly improves the
deformability and not the punching shear capacity.

4. The ECP code is conservative for calculating the punching shear
capacities ; it gives over-estimated values compared to the other codes.
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