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Abstract: Punching shear is the most common failure mechanism of slabs that are supported directly
on columns. The slab—column connection is always vulnerable to critical punching shear; thus, it is
necessary to investigate the effect of various parameters on the punching shear behavior of the flat
slabs. This work presents an experimental study to evaluate the effect of the level of prestressing force
and layout of the strands on the punching shear behavior of the slab—column connection in terms of
the maximum load, deflection, stiffness, ductility, and the absorbed energy. Five square post-tension
flat slabs (2000 mm x 2000 mm) with 150 mm thickness were tested. Increasing the prestressing
force increased the maximum load and the ductility with a delay in damage in the case of uniformly
distributed strands. Additionally, the banded layout of the post-tensioning strands significantly
increased the punching shear capacity of the post-tensioned flat slabs at all levels of prestressing.
The influence of the layout of the strands on the flat slab ductility is clearly visible in cases of high
prestressing force as the ductility decreases in cases with distributed strands when compared to the
same flat slabs with banded strands. Finally, the predicted values of the ultimate load of the punching
shear using different codes, including the Egyptian Code of Practice (ECP-203), the American Building
code (ACI-318), the CEB-FIP Model code and the Euro code, are compared to the experimental values
of the ultimate punching shear strength of the post-tensioned and non-post-tensioned flat slabs.

Keywords: flat slab; punching shear; post-tensioning; strands layout; level of prestressing

1. Introduction and Background

Flat slab is one of the most common among the different types of reinforced concrete
slabs that have been used in the last decades. This is due to the savings if offers in terms of
the clear height that is used in commercial and residential buildings, the construction time
and the flexibility it offers for architectural remodeling. One of the main concerns of flat
slabs is the sudden local brittle punching shear failure that occurs due to the large stress
localization at the column-slab joints and which leads to global flat slab failure. The most
common methods to reduce the punching shear stress are to avoid the punching shear
failure or to strengthen the flat slabs against the punching shear failure by decreasing the
large load localization at column-slab joints. Flat slab with a PT system is an economical
solution for when spans exceed the limits that can be covered with traditional flat slabs
even when they are strengthened with drop panels, column heads or even increase slab
thickness. Malvade et al., 2017 [1] designed post-tensioning flat slabs with different post-
tensioning sequences using the SAFE software to model their resistance to earthquakes that
carry gravity loads, lateral loads, and excessive bending moments. The model consisted
of 8 m x 8 m two-way post-tensioned flat slabs with 200 mm thickness supported on four
columns of size 400 mm x 400 mm. To avoid torsion in the slabs, the authors recom-
mend the stretching of one tendon in X-direction then the stretching of another tendon in
Y-direction and comparing this with the stretching of all tendons in one direction first then
the stretching of all tendons in the other direction.
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Mohammed et al., 2017 [2] investigated the effects of different parameters on the
behavior of post-tensioned flat slabs. The area of post-tensioning tendons, the eccentricity
of tendon profile, the jacking force in tendons, stress in steel tendons and the compres-
sive strength of concrete were the main variables in their study. The authors found that
optimizing the area of post-tensioning tendons reduces the cost.

Abd El-Mottaleb et al., 2018 [3] studied the effect of various parameters on the behavior
of a two-way post-tensioned flat slab. The thickness of the flat slab, compressive strength of
the concrete, the value of the jacking force, the area of strand and the effect of openings in
the slab were the various parameters used to design the PT flat slabs. Their results showed
that using post-tensioning cables produced a remarkable reduction in the deflection value
of the flat slabs and that the bending moment is inversely proportional to the ratio of
jacking force to the area of strand for larger thickness.

Toroka et al., 2018 [4] compared the required cost between normal reinforced concrete
flat slabs and the post-tensioned flat slabs for spans equal to 7, 8 and 9 m using the
same concrete compressive strength. The researchers also showed different uses for post-
tensioned flat slabs, including as transfer plates that are mainly used to design ground
floors with larger spans to increase commercial areas in public buildings. The researchers
used Adapt Builder 2017 to design the slabs and to calculate the total cost. The researchers
recommended the use of PT flat slabs rather than normal RC slabs as the PT flat slabs saved
10% to 20% of the required material quantities for a minimum 7-m span and a live load of
3 kKN/m?.

Toroka et al., 2019 [5] studied the possibility of using post-tensioning methods to de-
sign PT flat slabs for many buildings. The researchers recommended using post-tensioning
flat slabs in cases where spans were greater than seven meters, and especially in cases of
the existence of voids within slab areas of limited dimensions due to different design codes.
Although many countries use post-tensioning flat slabs widely, some countries, such as
Romania, avoid the usage of this method because of the difficulty of its design. Therefore,
more research is required to facilitate an understanding of the behavior of post-tensioning
flat slabs for design requirements.

Binh et al., 2022 [6] studied the effect of a joint made of unbonded post-tensioned
concrete. The experimental program consisted of six large-scale specimens, three connec-
tions of UPC—CFT column, two connections of RC slab—CFT column and one conventional
connection of UPC-RC column (control specimen). Their results show that using UPC
slab—CFT column connections increased punching shear resistance, deformation capacity,
ductility, and the absorbed energy index when compared with UPC slab—RC connection.
Using prestressing tendons rather than RC slab—CFT column specimens increased the
punching shear resistance, and enhanced the cracking resistance, pre-cracking stiffness and
post-cracking resistance.

This study presents the experimental work that was performed to investigate the effect
of various parameters on the level of prestressing and the layout of cables on the punching
shear behavior of post-tensioning flat slabs.

2. Experimental Program

The experimental program of this study includes five square flat slab interior column
connections. All specimens had the same dimensions of 2000 mm x 2000 mm in plan with
a thickness 150 mm and with top and bottom reinforcement meshes of 5 ® 10/m. The
main variables were the level of prestressing and the strands layout. NF is the control
specimen of non-prestressed flat slab. C2PS and C3PS are two post-tensioned flat slabs
with cables banded under the loading plate but with different level of prestressing (two and
three strands, respectively). D2PS and D3PS are two post-tensioned flat slabs with strands
spaced by 0.67 m and centered by a loading plate but with different level of prestressing
(two and three strands, respectively). Figure 1 and Table 1 indicate details of all tested
specimens of the experimental program.
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Figure 1. Details of tested specimens. (a) Control specimens (NF); (b) post-tension with two cables,
central space (C2PS); (c) post-tension with two cables, 67 mm space (D2PS); (d) post-tension with
three cables, central space (C3PS); and (e) post-tension with two cables, 500 mm space (D3PS).
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Table 1. Dimensions and properties of reinforced concrete, steel reinforcement and
post-tensioing cables.

Specimen
1D

Concrete Dimensions Mild RFT Prestressing System

Planm x m

Thickness
mm

Top and Cover
fou MPa Bottom fy MPa No. of Strands Alignment fy MPa Cover mm

. mm
Reinforcement

2x2

150 44.50 5®10/m 20 500 3@ 0.6" /direction Banded

2 ® 0.6" /direction Banded

2 ® 0.6" /direction Distributed 1640 40

3 ® 0.6” /direction Distributed

3. Material Properties

The materials used in the fabrication of all tested specimens are the local available
materials and the same common traditional method of casting is used for all tested slabs.
The concrete mix was designed to achieve 40 MPa. The mix consists of ordinary Portland
cement, coarse aggregate, and fine aggregate with ratio of 1:3.5:1.8 by weight, respectively.
The water-to-cement ratio was 0.55 and the cement content was 400 kg/m3.

Additives were added to increase the workability of concrete. R2004-SILKA is a highly
effective plasticizer with a set-retarding effect for the production of free-flowing concrete in
hot weather.

The characteristic strength of concrete was assigned by testing standard cubes with
dimensions of 150 mm x 150 mm X 150 mm after 28 days of casting and in the test
day the concrete average compressive strength achieved 44.5 MPa. The yield strength of
the main reinforcement steel is 500 MPa according to the manufacturer. The yield and
ultimate strength of the high strength cable with post-tensioning strands according to the
manufacturer are 1640 MPa and 1860 MPa, respectively, and were tensioned by 200 kN.
Table 2 summarizes all materials characteristics.

Table 2. Material characteristics of tested flat slabs.

Concrete .
Mild Steel Prestressing Cables

Concrete Mix Proportion of 1 m® Design Cube Test Day Cube

Reinforcement

Cement (kg)

Fine

Aggregate

(kg)

Coarse Compressive Compressive

A t W/C Strength Strength £. (MP £. (MP: fo (MP.
S v (MPa) (M M

400

1400

720 0.55 40 44.50 500 1640 1860

4. Test Set-Up and Loading Protocol

A typical punching shear test set-up was prepared for each tested flat slab. The flat
slabs were supported by four I-beams spaced by 1.80 m center to center. Tested flat slabs
were subjected to concentric incremental static load. The vertical load was applied by a
600-kN capacity jack fixed to the girder of a double A-frame that was made available at
the RC laboratory in the Housing and Building National Research Centre (HBRC). The
test set up is shown in Figure 2. The column was presented as circular steel plate with
diameter 145 mm and 30 mm thickness. Strain gauges were installed to reinforcement
bars and the post-tensioning cables. For PT cables, the strain gauges were installed at the
midspan of each cable in each direction. Meanwhile, for the lower reinforcement mesh,
the strain gauges were installed at the midspan of one rebar in each direction as shown in
Figure 3. The deflection of tested specimens was detected using linear variable differential
transformers (LVDT) which were installed in the mid shear span of each specimen, while
two of them were installed under the circular steel plate as shown in Figure 4.
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Figure 2. Test set-up for all tested specimens.
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Figure 3. Position of strain gauges on the bottom reinforcement mesh.
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Figure 4. Position of LVDTs.
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5. Test Results and Discussion

This section presents the experimental results of all tested flat-slab specimens. The
main variables are the number and the alignment of the post-tensioning strands as banded
or distributed in both directions. The specimens were tested under a concentric compressive
load from a circular column with a diameter equal to 145 mm until failure. NF flat slab
is the control non-prestressed specimen. C2PS and C3PS specimens are post-tensioned
reinforced concrete flat slabs with bonded banded strands of 0.6”, the difference is the
level of prestressing, as two and three strands were applied for each slab, respectively.
D2PS and D3PS specimens are post-tensioned reinforced concrete flat slabs with bonded
distributed strands of 0.6”, the difference is the level of prestressing as two and three
strands were applied for each slab, respectively. The flat slabs were monitored during test
until failure and the measured behavior is discussed in this section in terms of failure mode,
load—deflection response, strain in mild steel, stiffness, ductility and absorbed energy.

5.1. Failure Modes

All tested specimens have the same dimensions and were tested until failure. The
crack pattern was tracked until the formation of a major crack from the punching cone on
the bottom surface of the tested flat slabs. The cracking load is significantly increased in
the case of post-tension slabs—by 135.5%, 172%, 136.4% and 175% in case of C2PS, C3PS,
D2PS and D3PS flat slabs, respectively—when compared with the control specimen (NF).
The corresponding deflection of the cracking load is increased by 165%, 215%, 246%, and
224% in the cases of C2PS, C3PS, D2PS and D3PS flat slabs, respectively, when compared
with the control specimen (NF).

The failure was represented by a clear brittle punching shear of all tested specimens
as shown in Figure 5. The average punching cone diameter of post-tensioned slabs was
larger than the control slab. In case of banded strands, the average punching cone diameter
was larger than the specimens with distributed strands in either the case of two or of
three strands. In case of a higher level of post-tensioning (PT), the average punching cone
diameter was larger than the specimens with a lower level of post-tensioning (PT), for both
banded and distributed strands. Table 3 presents the average punching cone diameter and
failure type of all tested specimens. By increasing the maximum loads of tested specimens,
the cone diameter increased.

Table 3. Average cone diameter and failure type for all tested specimens.

Average Cone

Specimen ID Pmax (kN) Failure Mechanism Diameter (mm)
NF 197.5 Punching 65
C2PS 325 Punching 135
C3PS 293 Punching 115
D2PS 270 Punching 90

D3PS 278.5 Punching 97
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(d) D2PS (e) D3PS
Figure 5. Failure mode of all tested specimens.

5.2. Load—Deflection Response

The load—deflection response was measured during testing. The cracking and ultimate
loads are presented in Table 4 as well as the corresponding average deflection under the
loading plate edges. The cracking load was significantly increased in the case of PT slabs
by 135.5%, 172%, 136.4% and 175.14% in the cases of C2PS, C3PS, D2PS and D3PS flat slabs,
respectively, when compared with the control specimen NF. The corresponding maximum
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deflections were reduced by 64.9%, 114.86%, 145.54% and 123.85% in the cases of C2PS,
C3PS, D2PS and D3PS flat slabs, respectively, when compared with the control specimen
NE. Figure 6 presents the load—deflection curve of all tested specimens NF, C2PS, C3PS,
D2PS and D3PS. The control specimen NF failed at a maximum load of 197.5 kN with a
corresponding deflection of 18.7 mm. Enhancing the normal reinforced concrete flat slab
with post-tensioning cables increased the punching shear capacity of the tested specimens.
The ultimate load of the C2PS, C3PS, D2PS and D3PS specimens increased by 64.6%, 48.4%,
36.71% and 41%, respectively, when compared with the control specimen NF. Considering
the alignment of strands, specimens with banded strands (C2PS, C3PS) failed at a higher
ultimate load than specimens with distributed strands (D2PS, D3PS) in case of two or
of three strands. Considering the level of prestressing, the specimen with three strands
(D3PS) failed at a slightly higher load than the specimen with two strands (D2PS) in the
case of distributed strands. However, in the case of banded strands, the specimen with two
strands (C2PS) failed at a higher load than the specimen with three strands (C3PS). The
ultimate deflection of C2PS, C3PS, D2PS and D3PS specimens decreased by 17.11%, 45.5%,
14.97% and 22.5%, respectively, when compared with the control specimen NF. Considering
the alignment of strands, the specimens with banded strands (C2PS, C3PS) had lower
deflection values than the specimens with distributed strands (D2PS, D3PS) in the case
of two or of three strands. Meanwhile, for the level of prestressing, the specimens with a
higher number of strands (C3PS, D3PS) had lower deflection values than the specimens
with lower number of strands (C2PS, D2PS) in case of banded or of distributed strands.
Figure 6 and Table 4 summarize the load—deflection response of all tested flat slabs. The
deflection was measured at two points under column edges, mid-spans and at supports
using LVDTs. At ultimate load of each tested flat slab, Figure 7 shows that the deflection
increases gradually along the slabs span from the support lines to the punching cone zone
which achieves very large deflection values when compared to the same values along the
span of the flat slabs.

Table 4. Load and deflection at ultimate point and cracking point.

Ultimate Cracking
Specimen ID Deflection Load Deflection
Pmax (kN)  Pslab"PNF 10900, Au (mm) B1ab NF o 9000, Per (kN) Pstab PNF 5 100% ~ Acr (mm) Aslab —ONE 5 1009
PNE PNE PNF ANF
NF 197.5 - 18.7 - 55.5 - 1.568 -
C2prs 325 64.6 15.5 17.11 130.7 135.5 2.586 64.9
C3PS 293 484 10.2 45.5 151.0 172 3.369 114.86
D2PS 270 36.71 15.9 14.97 131.2 136.4 3.85 145.54
D3PS 278.5 41 14.5 225 152.7 175.14 3.51 123.85

5.3. Strains in Mild Steel

Strain gauges were installed on the bottom steel reinforcement under the column
faces to detect the strain of reinforcement rebar in each direction. Figure 8 presents the
measured strains during loading. Some strain gauges were cut during construction of
the specimens as in NF and C3PS specimens, while some strain gauges were cut before
reaching the maximum load, as in the NF, D2PS and D3PS specimens. Some of these did
not reach the yield strain which means that the failure mechanism is clearly a punching
shear failure as in the C3PS specimen and in the C2PS, D2PS and D3PS specimens the
measured strain exceeded the yield strain. This can be explained as being due to way these
strain gauges were located at the perimeter of the punching shear cone and yielded due to
the resistance of the splitting forces perpendicular to the compressive struts that extended
from the loading plate through the slab depth until the formation of punching cone failure
at the slab bottom reinforcement as shown in Figure 9 [7].
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5.4. Stiffness

Stiffness of the flat slabs is one of the most important parameters that can differen-
tiate between non-post-tensioned flat slabs and post-tensioned flat slabs with different
level of prestressing and lay out of strands. The initial stiffness is the slope of the load—
deflection curve from zero point until the cracking point. The non-linear measured be-
havior of the flat slabs is approximated into two tangents after point of cracking, then
the average slope of post-cracking tangents is the post-cracking stiffness of all tested
flat slabs as shown in Figure 10. Post-tensioned flat slabs have larger initial stiffnesses
of 50,541.38 kN/m, 44,820.42 kN/m, 34,077.92 kN/m, and 43,504.27 kN/m while the
control specimen exhibited 35,394.41 kN /m. Post-tensioning of flat slabs significantly in-
creased the post-cracking stiffness. The post-tensioned flat slabs achieved 15,059.68 kN /m,
21,216.2 kN/m, 11,533.99 kN /m, and 11,411.47 kN /m while the non-prestressed flat slab
exhibited 8194.83 kN/m. Flat slabs with banded strands achieved higher stiffnesses of
15,059.68 kN/m and 21,216.2 kN /m than the specimens with distributed strands, which
had stiffnesses 11,533.99 kN /m and 11,411.47 kN /m in the cases of two and three strands,
respectively. In the case of banded strands, flat slab C3PS with a higher PT level had a larger
stiffness, of 21,216.2 kN /m, than the same specimen C2PS with a lower level of prestressing,
which had a stiffness of 15,059.68 kN /m. In the case of distributed strands, flat slab D2PS
with a lower level of PT level had a slightly larger stiffness of 11,533.99 kN/m than the
same specimen D3PS with higher level of PT level, which had a stiffness of 11,411.47 kN/m.
Table 5 summarizes the stiffness of all tested specimens at all stages of loading and Figure 11
compares the stiffness of all tested flat slabs [8].

Ultimate paint
K?/’,fd
yield point _oee/ _--"
- -
P e

-

Load

Deflection

Figure 10. Initial and average stiffness for tested specimens.

Table 5. Stiffness for tested specimens.

Specimen ID Kinitial (KN/m) K1 (kN/m) K2 (kN/m) Kavg (kN/m)
NF 35,395.41 11,480.6 5068.14 8194.83
C2PS 50,541.38 19,929.1 10,134. 1 15,059.68
C3PS 44,820.42 29,969.7 15,528.7 21,216.2
D2PS 34,077.92 14,625.1 9027.99 11,533.99

D3PS 43,504.27 15,124.6 6457.76 11,411.47
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Figure 11. Average stiffness of tested specimens.

5.5. Ductility

Ductility (i) of all tested flat slabs was calculated as the ratio between the maximum
deflection at the ultimate load and the deflection at yield point (3 = Au/Ay) as listed in
Table 6. The yield point is the point at which the slab stiffness decreases until it reaches
its ultimate point, as shown in Figure 10. The NF exhibited the largest ductility of 1.89
followed by slabs with low level of prestressing of C2PS and D2PS. The least ductility was
achieved by the slabs with a higher level of prestressing, C3PS and D3PS. The decrease of
a slab’s ductility in case of prestressing is attributed to the decrease in the slab deflection
at the same loading levels when compared with the normal flat slab without prestressing.
Additionally, the increase of the level of prestressing enhances the slab stiffness, which
leads to limited deformation and a decrease of the slab’s ductility. Figure 12 compares the
calculated values of the ductility for all tested slabs [8].

Table 6. Ductility ratio for tested specimens.

Specimen ID Ay (mm) Au (mm) p= ﬁ—;
NF 10.017 18.896 1.89
C2PS 9.074 15.488 1.70
C3PS 6.005 10.062 1.67
D2PS 9.238 15.884 1.72
D3PS 9.811 14.534 1.48

o Ductility
= (@)

(6]

C2PS C3PS D2PS D3PS

Figure 12. Ductility ratio for specimens.

5.6. Energy Absorbed

The damage exhibited by all tested flat slabs can be represented by the absorbed
energy index (AEI). The AEI can be calculated as the ratio between the total area under a
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load—deflection curve to the area under the elastic part only, as shown in Figure 13. The area
under the elastic part (A;) is calculated as the area under the curve until the appearance of
the first crack. The total area under load—deflection curve (A,1) represents the toughness
of the flat slab. The calculated values of the absorbed energy index (AEI) are listed in
Table 7. The energy absorbed by the post-tensioned slabs in elastic part (A;) is higher
than the absorbed energy absorbed by the non-prestressed slabs. Thus, slabs with high
post-tensioning level—C3PS, D3PS—achieved less AEI than the same flat slabs with low
post-tensioning level—C2PS, D2PS—in alignments of both banded and distributed strands
as shown in Figure 14 [8].

Ultimate point

Load

racking Point A2

Deflection

Figure 13. Area under the curve [8].

Table 7. Absorbed energy index for all tested specimens.

Specimen ID Aq (kN.m) Aotal (KN.m) AEI = A%;al
NF 4351 247,603 56.9
C2PS 16,899 331,252 19.6
C3PS 25,436 181,742 7.15
D2PS 25,256 276,679 10.95
D3PS 26,798 277,372 10.35
60

50
40
— 30
L
< 5o
B I [
0 n B

NF C2PS C3PS D2PS D3PS

Figure 14. Absorbed energy index for tested specimens.

6. Design Codes

In this section different design code provisions are presented for both conventional non-
prestressed reinforced concrete flat slabs and the prestressed flat slabs. Table 8 summarizes
the punching shear strength of both post-tensioned and non-post-tensioned reinforced
concrete flat slabs according to the ECP, ACI, CEB and EC. Additionally, Figure 15 presents
a comparison between different code values for each slab with the experimental test results.
This was conducted to investigate the different accuracies of each code when predicting
the ultimate punching shear strength.
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Table 8. Calculated P from different codes and the percentage between P,,;, and P,,,; from experi-

mental lab.
Peode (kN) Peode / pyyy,

Specimen D Pesy. (kN) ECP ACI CEB EC ECP ACI CEB EC
NF 197.5 191 230.3 259 279.4 0.97 1.17 1.30 1.40

C2PS 325 247.3 476 388.7 316 0.76 146 1.19 0.97
C3PS 293 269.8 498.6 388.7 334 0.93 1.70 1.33 1.14
D2PS 270 247.3 476 388.7 316 0.92 1.76 1.44 117
D3PS 2785 269.8 498.6 388.7 334 0.97 1.79 1.40 1.19

D
o

mPexp ®ECP ACI CEB ®mEC

il Ol A dnlE A

C2PS C3PS D2PS D3PS

Load (ton)
= N w N a1l
o o o o o

o

Figure 15. Comparison between codes ultimate punching shear strength of all specimens.

6.1. The EQyptian Code of Practice (ECP-203)
6.1.1. Non-Prestressed Reinforced Concrete Flat Slab

The Egyptian code of practice [9] assumes a failure surface at half the slab’s depth
away from the column edges and the maximum flat slab shear strength is calculated using
the minimum value calculated using Equation (1). The ultimate shear strength of the
experimentally tested flat slab NF was calculated using Equation (1) and was compared to
the experimental results, as shown in Table 8.

(X.d fcu
o.s(b—o + 0.20). Ne

a feu
Ve(MPa) — min of { 0316 (050 +5)./52 L g 1)
fcu
0316 , /%
1.70

where o« =4, 3, 2 for interior, edge, and corner columns, respectively; d is slab thickness; fcy
is concrete characteristic compressive strength; by is perimeter of critical section of punch-
ing; and a and b are the short and long dimensions of column dimensions, respectively.

6.1.2. Post-Tensioned Reinforced Concrete Flat Slab

The Egyptian code of practice considers the effect of the post-tension in terms of the
increase of the concrete’s compressive strength as well as the vertical force that supports
the punching cone if the strands are inclined with the critical punching section zone.
Equation (2) presents the ultimate punching shear force calculated using the Egyptian
code of practice (ECP). The ultimate shear strength of the experimentally tested flat slabs
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C2PS, C3PS, D2PS, D3PS were calculated using Equation (2) and were compared to the
experimental results as shown in Table 8.

Ve = (027\/feu + 0.30fp.c ) bod + Vp @)

where f¢, is the concrete characteristic compressive strength; f;, . is the prestress; by is
the perimeter of the critical punching section; d is the slab depth; and Vj, is the vertical
component of prestress in tendon at supports.

6.2. The American Building Code (ACI-318) [10]
6.2.1. Non-Prestressed Reinforced Concrete Flat Slab

The American Concrete Institute (ACI) predicts the critical punching shear perimeter
at half the slab’s depth away from the column edges and the ultimate flat slab shear strength
was calculated using Equation (3). The ultimate shear strength of the experimentally tested
flat slab NF was calculated using Equation (3) and compared to the experimental results as
shown in Table 8.

2 / __ long column side
{1 + ITJ As \/E'bod Be = short column side =2
{ Dlist,d + 2} As \/E ‘bpd o5 = 40 for interior columns ®3)

g/ £.rbod

where V, is the two-way shear strength of a normal weight flat slab without shear rein-
forcement; {3 is the column aspect ratio (long side/short side); As is the size effect factor; f/C
is the concrete cylinder compressive strength = 0.85 f., and does not exceed 68 MPa; by
is the perimeter of the critical section; d is the effective slab depth; and «s is 40, 30, 20 for
interior, edge and corner columns, respectively.

R= oim

V.(MPa) = the min of

6.2.2. Post-Tensioned Reinforced Concrete Flat Slab

Egyptian code of practice considers the effect of the post-tension in terms of the
increase of the concrete compressive strength as well as the vertical force that supports
the punching cone if the strands are inclined within the punching critical section zone.
Equation (4) presents the ultimate punching shear force calculated using the ACI. The
ultimate shear strength of the experimentally tested flat slabs C2PS, C3PS, D2PS, D3PS
were calculated using Equation (4) and compared to the experimental results as shown in
Table 8.

Ve = (BpV/feu + 03085 ) bod + V @

where 3 is the smaller of 3.50 or 0.083( "]‘;Od +1.50); fcy is the concrete cylinder compressive
strength; fp is the mean effective prestress; and Vy, is the vertical component of the prestress
in the tendon passing through the critical section.

6.3. CEB—FIP Model Code [11]
6.3.1. Non-Prestressed Reinforced Concrete Flat Slab

The CEB-FIP model code calculates the maximum punching load carried by the flat
slab assuming the polar symmetrical dispersion of the load using Equation (5). The failure
surface is taken as three-times the distance of the slab’s depth away from the column faces.
The ultimate shear strength of the experimentally tested flat slab NF was calculated using
Equation (5) and compared to the experimental results, as shown in Table 8.

Ve = 0.12 A (100pfey ) bod ®)

2
As =1+ % < 2.00
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p= /PPy <002

where A is the coefficient of size effect; by is the perimeter of the critical section; fcy is the
concrete characteristic compressive strength, which does not exceed 80 MPa; and V. is the
ultimate punching load capacity.

6.3.2. Post-Tensioned Reinforced Concrete Flat Slab

To enhance the ductility of the flat slabs, especially in the case of the high effect of
the local brittle failure of the punching shear, the CEB-FIP model code-1990 treats the
prestressing force as external applied compressive load if the tendons pass through the
critical section. The prestress effect can be added to the previous Equation developed
for the non-prestressed flat slabs as an excess of the ultimate punching shear forces as
expressed in Equation (6). The ultimate shear strength of the experimentally tested flat
slabs C2PS, C3PS, D2PS, D3PS were calculated using Equation (6) and compared to the
experimental results as shown in Table 8.

Ve = 0.18 A4 (100pfey) ? bod + V,, )

6.4. Euro Code [12]
6.4.1. Non-Prestressed Reinforced Concrete Flat Slab

Based on the Equations given by the CEB-FIP model code 1990; the euro code gives a
similar equation and predicts the punching shear strength of the punching load capacity in
the column-slab connection in the case in which no shear reinforcement is applied. The
failure surface is assumed to be twice the slab’s depth away from the column edges and the
maximum flat slab shear strength was calculated using Equation (7). The ultimate shear
strength of the experimentally tested flat slab NF was calculated using Equation (7) and
compared to the experimental results as shown in Table 8.

Ve = 0.18 k(100pfey) . bod @)

/2
As =1+ % < 2.00

P = \/Px-Py <0.02

where A is the coefficient of size effect; by is the perimeter of the critical section; fcy is the
concrete characteristic compressive strength and does not exceed 80 MPa; and V. is the
ultimate punching load capacity.

6.4.2. Post-Tensioned Reinforced Concrete Flat Slab

The Euro code considers the effect of the prestressing force as enhancement of the
punching shear strength only if it locates at a distance of six times the column diameter
away from the column edges; this is known as the basic control area, according to the
proposed design code. Additionally, the euro code takes the effect of the prestressing as
the addition of the vertical component of the inclined tendons to the basic control zone
only, as shown in Equation (8). The ultimate shear strength of the experimentally tested
flat slabs C2PS, C3PS, D2PS, D3PS were calculated using Equation (8) and compared to the
experimental results, as shown in Table 8.

Ve = (018 As(100pfcy) ¥ + Ky.0cp) bod @®)
_ Oy + 0y
o= g
N N
Ocy = Edy and oo = Edz

cy Acz
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where A is the coefficient of size effect; 0gq,y and 0gq,, are the normal concrete stresses in
the critical section in y- and z directions, respectively (MPa, positive if compression); and
NEgg,y and Ngq,, are the longitudinal forces across the full bay for internal columns and the
longitudinal force across the control section for edge columns, respectively. The force may
be from a load or prestressing action; kyq: 0.1.

7. Conclusions

In this paper, an experimental study was conducted to investigate the effect of various

parameters on the punching shear behavior of flat slabs. These parameters were the level of
PT and the layout of cables around the column-slab connection. Based on the experimental
results of the current study, the following conclusions can be drawn:

1.

All tested flat slabs failed due to brittle punching shear, however post-tensioned
flat slabs achieved a significant delay in the appearance of the first crack and crack
propagation when compared with the control non-prestressed slab. The average
punching cone diameter in PT flat slabs is larger than the control specimen.

The increase of the prestressing force is directly proportional to the punching shear
strength of the slab—column connection in case of distributed post-tensioning force. As
flat slabs with distributed strands, D2PS and D3PS achieved punching shear strengths
of 36.71% and 41.01% more than the same slabs without post-tensioning, respectively.
While the slab—column connections with banded strands C2PS and C3PS recorded
shear strengths 64.56% and 48.35%, respectively, when compared to slabs with no
prestressing in cases of banded and distributed prestressing level. This clearly shows
that the banded lay out of the post-tensioning strands enhanced the punching shear
strength in different PT levels.

Increase of PT level significantly decreased the deflection at ultimate load. Addi-
tionally, distributed lay out of strands delayed the punching shear failure. This is
demonstrated by the way that the deflections at ultimate load of flat slabs were de-
creased by 17.11%, 45.5%, 14.97% and 22.5% in case of C2PS, C3PS, D2PS and D3PS,
respectively, when compared to the control flat slab NE.

Ductility (u) of a flat slab is significantly influenced by the level of post-tensioning,
as the ductility decreased by 10.05% and 8.995%, respectively, in cases of low post-
tensioning level and decreased by 11.64% and 21.69%, respectively, for slabs of higher
prestressing level in cases of banded and distributed strands, when compared with
non-prestressed slabs.

Ductility of flat slabs is highly affected by the distribution of the strands in case of
high prestressing force. Ductility decreased by 8.995% and 21.69% for slabs with
distributed strands with a higher level of PT. However, the effect of the distribution of
the PT force decreases in cases of low PT force, as the ductility decreased by 10.05%
and 11.64% in cases of banded and distributed strands, respectively.

The absorbed energy index (AEI) is inversely proportional to the PT level. The flat
slabs with low level of prestressing achieved AEI 19.6 and 10.955 in the cases of
banded and distributed strands, respectively. Meanwhile, the flat slabs with high level
of prestressing achieved AEI 7.15 and 10.35 in the cases of banded and distributed
strands, respectively.

Calculation of ultimate punching shear strength based on equations provided by
different design codes are comparable to the experimental test results. The Egyptian
code of practice gives very conservative ultimate punching shear strength in both
cases of non-prestressed and prestressed flat slabs. Predicted values using the ACI
are remarkably close to the experimental results, but the error increases with an
increase in the distribution and an increase in the post-tensioning force. CEB values
are consistent with the measured flat slab strength. The Euro code came the closest to
predicting the correct ultimate punching shear strength of post-tensioned flat slabs,
with no conservative prediction.
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Notations

a,b short and long dimensions of column dimensions
bg perimeter of critical section of punching

d slab thickness

£l concrete cylinder compressive strength

fcu  concrete characteristic compressive strength

fpc  the mean effective prestress

PT  Post-tensioned

Ve ultimate punching load capacity

Vp  the vertical component of prestress in tendon at supports
As size effect factor

Bec column aspect ratio (long side/short side)
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