ENHANCEMENT OF PUNCHING SHEAR
RESISTANCE OF LIGHT AND NORMAL-WEIGHT
REINFORCED CONCRETE FLAT SLABS USING
SHEAR BAND REINFORCEMENT

Nasr Z. Hassan!, Hala M. Ismael? and Shehab A. Abd el hakim?
E-mail nzenhom@yahoo.com

IAssociate Professor, Faculty of Engineering — Mataria, Helwan University, Cairo, Egypt.
2Assistant Professor, Faculty of Engineering — Mataria, Helwan University, Cairo, Egypt.
3Teaching Assistance, Civil Engineering Dept., Thebes Academy, Cairo, Egypt.

Eanll (adle

DY) alail 138 Gagie ol e ey 5 Al 3 Lelasiad V) 3K alaill (e Baal 5 4y peSOU) Ul a3
(1 8GN il A slie Gauadd U jha 2o 5 BN (il A 2 ganlly Aapaall ddkaiall 8 dile jall (oaldall
DS iy G Galll 30 b aladial (20 3ae V) (lag aladiu) gl 3 send) Jsa U e Al dlaw Baly )
by Canall 138 aadiny oLl L) AL Ay ) il e Jadlay 4l LS A8l 3kl e Tobal o ) ) ks
Aaladl 5 Aagall daliall Al Al e 4 eSO oDl Bl () A glie Gl Al @lly 5 ANSYSS (14.5)
LewsS 5 o e 488 5 Jadl 5 e o e g 5 il i) 5 pUi aladily Sl 5 4yl 5 Al e DU (5 1)

PSsandl Joa e maysi s olie Juabl e ) geanll 45 jlaall st LS 28 sall 8 4 sgny

Abstract

Flat slabs are solid concrete slabs of uniform thickness that transfer the load directly to the
columns without the presence of beams. The major and critical problem of this system is its
sudden brittle failure which called punching shear failure. There are mainly two ways to
increase the punching shear strength of concrete slabs, first, increasing slab thickness in the
vicinity of the column by providing a drop panel or column capital, second providing shear
reinforcement. Shear reinforcement is more sophisticated from both the structural and
economical point of view, it maintains the flat slab construction uninterrupted.

A total of fifty finite element models analyzed using ANSYS (14.5)[3] to investigate
punching shear resistance of interior, edge and corner slab-column [11] of light-weight
(LWC) [2] and normal-weight (NWC) [17] reinforced concrete connection using shear band
system. Two types of concrete grade used. First normal strength concrete with characteristic
strength 30 MPa and the second is high strength concrete with characteristic strength 70
MPa [13].

Slab layout dimensions of 1700 mm x 1700 mm, 1700 mm x 95 mm and 95 mm x 95 mm
for interior, edge and corner slab-column connection respectively. Thickness of all
specimens is 160 mm. Steel reinforcement ration of all slabs is constant. An elongated this
steel strips [6] of 40 mm width and 1.5 mm thickness undulated into the slab in different
ways to investigate punching shear resistance [9].

The results such as crack pattern, failure modes, loads deflection curves, stiffness,
ductility index and absorbed energy for the models were studied in this program.

Based on the results obtained from finite element analysis, it was observed that the
arrangement of shear bands around the column provides enhancement ratio in the failure
load capacity and punching shear resistance.
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Introduction

There are many methods of enhancing punching shear resistance of flat slabs by providing
shear reinforcement which placed in the slab around the column. The importance of shear
reinforcement that can easily be installed will be emphasized. Shear-band system differs
from all other existing systems. It’s made of steel strips of high ductility. The strip can be
bent to variety shapes which undulated into the slab from top surface after all flexural
reinforcement placed with minimum loss of cover. The advantages of using shear-band
system can be concluded in the following:

- Maximum effective depth.

- Prevents brittle punching shear failure and greatly improves the ductility of flat slabs.
Increases the punching shear capacity of flat slabs without increasing the slab flexural
capacity.

Cost effective and it can allow for the design of thinner slabs.
Easily fabricated, light weight, simple and efficient placement of reinforcement in
addition to it is easy to store and transport.

Program Study

The analyzed flat slab specimens as shown in Table (1) were carried out on two types of
concrete weight, normal weight (NW) and light weight (LW) concrete, characteristic
strength of concrete used is normal strength with grade of 30 MPa (C30) [9] and high
strength with grade 70 MPa (C70) [13].

Three location of column-slab connection, first, interior column-slab connection (1) has
dimensions 1700 mm x 1700 mm and thickness 160 mm, second, edge column-slab
connection (E) has dimensions 1700 mm x 950 mm and same thickness 160 mm, the third
is corner column-slab connection (C) has dimensions 950 mm x 950 mm and also same
thickness 160 mm. All slabs reinforced using bottom mesh of 16 mm bar diameter each 130
mm and top mesh of 10 mm bar diameter each 130 mm.

Shear-band system consists of steel strips with 40 mm with and 0.5 mm thickness installed
around the column in two shapes, one is orthogonal and the other is box shape. Number of
shear band strips installed as different to cover the expected cone are of punching around
the column to reach three times the thickness of slab.

Refer to following tables (1) to (4), figures (1) to (6) indicate the dimensions and
reinforcement of two specimens from each column-slab connection, one with orthogonal
shear band system and the other with box shape shear band system.

The notation of speciemens number in the previous table expressed as the first is the
locatoion of column, interior (I), edge (E) and corner (C), the second is the serial of
specimens number S1 to S5, the third is the type of concrete weight, Normal weight (NW)
and Light weight (LW), while the last is the grade of concrete, (C30) for normal strength
concrte while (C70) for high strength concrete. S1 is the reference specimens in all groups
whih is without shear band system.

Table (1): Specimen Details for Verification Specimens (Interior Column)

Specimen Slab Dimensions CEEE No of Shear Layout
No. LixL2Xts ST Bands Strips | Distribution
(MPa)

S1 1700 x 1700 x 160 X e

S2 1700 x 1700 x 160 40 8 Orthogonal
S3 1700 x 1700 x 160 35 8 Orthogonal
S4 1700 x 1700 x 160 35 12 Box shaped
S5 1700 x 1700 x 160 40 16 Orthogonal




Table (2): Specimen Details for Interior Slab-Column Connections

Specimen Slab Dimensions Cs:frr;%;itﬁ No of She_ar _La_yout_
No. LixL2Xts (MPa) Bands Strips | Distribution
I-S1-NW-C30 | 1700 x 1700 x 160 30 | -] e
I-S2-NW-C30 | 1700 x 1700 x 160 30 8 Orthogonal
I-S3-NW-C30 | 1700 x 1700 x 160 30 8 Orthogonal
I1-S4-NW-C30 | 1700 x 1700 x 160 30 12 Box shaped
I-S5-NW-C30 | 1700 x 1700 x 160 30 16 Orthogonal
I-S1-LW-C30 | 1700 x 1700 x 160 30 | - | -
I-S2-LW-C30 | 1700 x 1700 x 160 30 8 Orthogonal
1-S3-LW-C30 | 1700 x 1700 x 160 30 8 Orthogonal
1-S4-L W-C30 | 1700 x 1700 x 160 30 12 Box shaped
I-S5-LW-C30 | 1700 x 1700 x 160 30 16 Orthogonal
I-S1-NW-C70 | 1700 x 1700 x 160 70 | - -
I1-S2-NW-C70 | 1700 x 1700 x 160 70 8 Orthogonal
I-S3-NW-C70 | 1700 x 1700 x 160 70 8 Orthogonal
I-S4-NW-C70 | 1700 x 1700 x 160 70 12 Box shaped
I-S5-NW-C70 | 1700 x 1700 x 160 70 16 Orthogonal

Table (3): Specimen Details for Edge Slab-Column Connections

Specimen Slab Dimensions Cszfrr;%;itﬁ No of She_ar _La_you’g
No. LiXL2Xts (MPa) Bands Strips | Distribution
E-S1-NW-C30 | 1700 x 950 x 160 30 | e | e
E-S2-NW-C30 | 1700 x 950 x 160 30 4 Orthogonal
E-S3-NW-C30 | 1700 x 950 x 160 30 4 Orthogonal
E-S4-NW-C30 | 1700 x 950 x 160 30 6 Box shaped
E-S5-NW-C30 | 1700 x 950 x 160 30 6 Orthogonal
E-S1-LW-C30 | 1700 x 950 x 160 30 | - | e
E-S2-LW-C30 | 1700 x 950 x 160 30 4 Orthogonal
E-S3-LW-C30 | 1700 x 950 x 160 30 4 Orthogonal
E-S4-LW-C30 | 1700 x 950 x 160 30 6 Box shaped
E-S5-LW-C30 | 1700 x 950 x 160 30 6 Orthogonal
E-S1-NW-C70 | 1700 x 950 x 160 0 | - | e
E-S2-NW-C70 | 1700 x 950 x 160 70 4 Orthogonal
E-S3-NW-C70 | 1700 x 950 x 160 70 4 Orthogonal
E-S4-NW-C70 | 1700 x 950 x 160 70 6 Box shaped
E-S5-NW-C70 | 1700 x 950 x 160 70 6 Orthogonal




Table (4): Specimen Details for Corner Slab-Column Connections

Specimen Slab Dimensions Cs:frr;ﬂ;tﬁ No of She_ar _La_you';
No. LixL2Xts (MPa) Bands Strips | Distribution
C-S1-NW-C30 | 950 x 950 x 160 30 | - | e
C-S2-NW-C30 | 950 x 950 x 160 30 4 Orthogonal
C-S3-NW-C30 | 950 x 950 x 160 30 4 Orthogonal
C-S4-NW-C30 | 950 x 950 x 160 30 6 Box shaped
C-S5-NW-C30 | 950 x 950 x 160 30 6 Orthogonal
C-S1-LW-C30 | 950 x 950 x 160 30 | - | e
C-S2-LW-C30 | 950 x 950 x 160 30 4 Orthogonal
C-S3-LW-C30 | 950 x 950 x 160 30 4 Orthogonal
C-S4-LW-C30 | 950 x 950 x 160 30 6 Box shaped
C-S5-LW-C30 | 950 x 950 x 160 30 6 Orthogonal
C-S1-NW-C70 | 950 x 950 x 160 70 | - | -
C-S2-NW-C70 | 950 x 950 x 160 70 4 Orthogonal
C-S3-NW-C70 | 950 x 950 x 160 70 4 Orthogonal
C-S4-NW-C70 | 950 x 950 x 160 70 6 Box shaped
C-S5-NW-C70 | 950 x 950 x 160 70 6 Orthogonal
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Figure (1): Details of Interior Slab-Column Model (Orthogonal Shear Band)
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Figure (2): Details of Interior Slab-Column Model (Box Shapes Shear Band)
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Figure (3): Details of Edge Slab-Column Model (Orthogonal Shear Band)



100
. ¢t i
| Top mesh 14Y1( | 200x20
Bottom| mesh 14)V16 | | 5qd/3
s
o %
R ﬁ \
- H
2|8 IR ’
: e |
LT U
= 40404040404040
2 = UUUUUUL
= 40404040404040
N — 6 Strips/ sample

950

Figure (4): Details of Edge Slab-Column Model (Box Shapes Shear Band)
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Figure (5): Details of Corner Slab-Column Model (Orthogonal Shear Band)
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Figure (6): Details of Corner Slab-Column Model (Box Shape Shear Band)

Numerical Analysis

A nonlinear three dimensional brick element (SOLID-65 in ANSYS) Element is used to
model the concrete (NWC and LWC) with or without reinforcing bars (rebar). The element
is capable of plastic deformation, cracking in three orthogonal directions at each integration
point in tension and crushing in compression, and creep. The cracking is modeled through
an adjustment of the material properties that is done by changing the element stiffness
matrices. If the concrete at an integration point fails in uniaxial, biaxial, or tri-axial
compression, the concrete is assumed crushed at that point. Crushing is defined as the
complete deterioration of the structural integrity of the concrete.

The element is defined by eight nodes having three degrees of freedom at each node:
translations in the nodal x, y, and z directions. Up to three different rebar specifications may
be defined.

A discrete axial element (LINK180 in ANSYS) Element is used to model the longitudinal
steel reinforcement; the element is a uniaxial tension-compression element with three
degrees of freedom at each node: translations in the nodal x, y, and z directions..

The steel for F.E. models is assumed to be an elastic-perfectly plastic material.

The Slab-column, Steel plate, and supports were modeled as volumes. The combined
volumes of the slab-column, steel plate and support created in ANSY'S for the NWC and
LWC.



Theoretical Results

In the following, the results and the behavior of all slab-column specimens is discussed listed
in Table (5) to Table (8). Tables indicate the values of cracking deflection and load and
deflection and load at failure stage respectively for all specimens relative to control
specimen. Also the ductility index and absorbed energy calculated and listed in the same
tables. Finally the mode of failure for each specimens determined according to the final
cracks shapes before failure.

Load Deflection Relationship

Referring to Table (5) to Table (8); it can be noticed that the measured deflection for slab-
column connection have almost the same profile and The load-deflection curves for all slabs
(same type) have almost the same shapes. Where, Load—deflection behavior of concrete
structures typically includes three stages. Stage | manifests the linear behavior of un-cracked
elastic section. Stage Il implies initiation of concrete cracking and Stage 111 relies relatively
on the yielding of steel reinforcements and the crushing of concrete. In nonlinear iterative
algorithms, ANSY'S (14.5) utilizes Newton—Raphson method [00] for the incremental load
analysis.

Fig. (7) to Fig. (16) show the load-deflection plots from the finite element analyses for all
specimens at the last converged load step.

Mode of Failure

Failure load and final deflection of all slabs listed in Table (5) to Table (8), all specimens
were designed to exhibit punching shear failure mode and already failed in a typical
punching shear mode.

Ductility Index and Absorbed Energy

Also the ductility index and absorbed energy calculated for each specimen relative to
control specimen and listed in Table (5) to Table (8).

Table (5): FEM Results of Verification Specimens:

Cracking . .
= : Stage Failure Stage | puctility | Absorbed
3 | Specimen g
o Index Energy
(KN) | (mm) | (KN) | (mm) '

S1 113 | 0.353 | 395 | 3.59 9.17 862.86
= S2 115 | 0.274 | 544 | 5.24 18.12 1707.26
% S3 113 | 0.352 | 517 | 5.15 13.63 1609.24
|-
O S4 113 | 0.293 | 536 | 4.91 15.76 1532.73

S5 115 | 0.273 | 461 | 4.01 13.69 1094.04
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Figure (7): Load-Deflection Curves for Group (1)

Table (6): F.E. Results of Interior Slab-Column Connection

NG Failure Stage -
= Stage Ductility | Absorbed
(% Specimen No. Per A Py Ar (LTS%Z (Epfrrr%)
(KN) | (mm) | (KN) | (mm)

_ | 1-S1-NW-C30 | 113 | 0.404 | 377 | 3.93 8.73 937.00
; I-S2-NW-C30 | 113 | 0.401 | 476 | 5.18 11.92 1354.02
S | 1-S3-NW-C30 | 113 | 0.403 | 459 | 4.67 10.59 1277.90
g I-S4-NW-C30 | 113 | 0.399 | 455 | 4.29 9.75 1135.33

I-S5-NW-C30 | 113 | 0.395 | 470 | 4.24 9.73 1195.63
_ | 1-S1-LW-C30 | 75.8 | 0.346 | 363 | 4.82 12.93 1083.88
f_i I-S2-LW-C30 | 75.8 | 0.341 | 465 | 6.11 16.92 1662.29
S| I-S3-LW-C30 | 75.8 | 0.343 | 443 | 5.96 16.38 1564.28
g I-S4-LW-C30 | 75.8 | 0.338 | 447 | 5.37 14.89 1383.81

I-S5-LW-C30 | 75.8 | 0.340 | 459 | 5.76 15.94 1526.07
_ | I-S1-NW-C70 | 170 | 0.433 | 497 | 3.39 6.83 999.29
; I-S2-NW-C70 | 170 | 0.405 | 703 | 5.64 12.93 2362.84
S | 1-S3-NW-C70 | 170 | 0.407 | 688 | 5.38 12.22 2181.92
g I-S4-NW-C70 | 170 | 0.397 | 678 | 5.02 11.64 1990.44

I-S5-NW-C70 | 170 | 0.413 | 689 | 5.35 11.95 2162.64
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Figure (10): Load-Deflection Curves for Group (1-3)



Table (7): F.E. Results of Edge Slab-Column Connection:

Ductility | Absorbed
a : .
§ Specimen No Cracking Stage Failure Stage (mc)jiz (Elr\]le.}r?rsr/l)
& Per Mer A | P M Af
(KN) | (KN.mm) | (mm) | (KN) | (KN. mm) | (mm)
—~ | E-S1-NW-C30 | 67.3 6.73 0.900 | 233 23.3 9.94 10.04 1519.40
\E/ E-S2-NW-C30 | 67.3 6.73 0.804 | 314 314 16.6 19.65 3411.21
2 | E-S3-NW-C30 | 75.8 7.58 0.998 | 293 29.3 14.1 13.13 2736.86
g E-S4-NW-C30 | 75.8 7.58 0.997 | 300 30 14.5 13.54 2918.22
E-S5-NW-C30 | 75.8 7.58 0.994 | 306 30.6 14.5 13.59 2888.82
_ | E-S1-LW-C30 | 75.8 7.58 1.53 | 249 24.9 12.6 7.24 1972.20
E E-S2-LW-C30 | 75.8 7.58 1.52 | 299 29.9 18.9 11.43 3744.99
§ E-S3-LW-C30 | 75.8 7.58 1.41 | 256 25.6 11.8 7.37 2027.56
(% E-S4-LW-C30 | 75.8 7.58 1.40 | 265 26.5 12.9 8.21 2140.90
E-S5-LW-C30 | 72.6 7.26 1.44 274 27.4 14.5 9.07 2484.05
— | E-S1-NW-C70 | 101 10.1 0.920 | 349 34.9 12.6 13.03 2899.15
iu"J: E-S2-NW-C70 | 114 11.4 0.623 | 409 40.9 15.6 24.04 4112.84
£ | E-S3-NW-C70 | 101 10.1 0.895 | 370 37 13.6 13.73 3301.23
g E-S4-NW-C70 | 114 11.4 0.898 | 395 39.5 12.9 11.06 3190.42
E-S5-NW-C70 | 114 11.4 0.893 | 384 38.4 12.4 10.70 2948.77
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Table (8): F.E. Results of Corner Slab-Column Connection

o Cracking Stage Failure Stage Dustility | Absorbed
© | Specimen No. M M Index Energy
= (ECI{I) (KN. mm) ( nAq;rn) (+I<D|f\|) (KN.r;lm) ( rﬁrfn) (Ma) % | (KN.mm)
(X\Y) (X\Y)
—~ | C-S1-NW-C30 | 44.9 4.49 2.08 | 823 8.23 8.55 3.63 474.74
:l)’ C-S2-NW-C30 | 44.9 4.49 1.47 130 13 19.1 11.99 1715.79
2 | C-S3-NW-C30 | 44.9 4.49 1.88 | 107 10.7 13.4 6.13 972.87
8 C-S4-NW-C30 | 44.9 4.49 1.87 101 10.1 10.8 4.78 701.92
C-S5-NW-C30 | 44.9 4.49 1.88 114 11.4 14.2 6.55 1066.72
o C-S1-LW-C30 | 44.9 4.49 2.46 | 89.8 8.98 12.5 4.08 749.29
g C-S2-LW-C30 | 44.9 4.49 227 | 126 12.6 19.5 7.59 1591.19
2 | C-S3-LW-C30 | 44.9 4.49 2.45 114 11.4 17.5 6.14 1304.15
8 C-S4-LW-C30 | 44.9 4.49 248 | 101 10.1 13.8 4.56 905.34
C-S5-LW-C30 | 44.9 4.49 245 | 120 12 21 7.57 1707.91
& C-S1-NW-C70 | 67.3 6.73 2.81 149 14.9 14.7 4.23 1450.10
g C-S2-NW-C70 | 67.3 6.73 152 | 210 21 26.4 16.37 3812.47
2 | C-S3-NW-C70 | 67.3 6.73 201 | 168 16.8 16.9 7.41 1892.36
8 C-S4-NW-C70 | 67.3 6.73 2.03 | 160 16 15.8 6.78 1723.79
C-S5-NW-C70 | 67.3 6.73 2.63 | 174 17.4 16.8 5.39 1882.82
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Conclusions
Based on the results obtained from finite element analysis, the following can be concluded:

1.

2.

The control slabs from all groups which have left without shear reinforcement failed
abruptly in punching shear.

Some of Specimens failed eventually in punching shear failure after reaching yielding
strain and undergoing substantial deflection in more ductile mode. The failure reflects the
huge potential of strip reinforcement in preventing failure in the shear reinforcement zone.
Shear bands distributed over the critical punching shear zone provide a very good economic
solution regarding increasing the punching shear capacity, ductility and energy absorption.
Their efficiency depends on their reinforcement installation method with flexural
reinforcement, layout of distribution and concentration.

It was observed that the failure capacity load increase obviously when shear bands installed
in woven way with the flexure steel mats than when hanging on tension flexure mat only.
The knitting method provides additional anchorage to reinforcement with the compression
zone; all characteristics improved strongly, load capacity, Absorbed Energy, measure of
ductility. This installation method considered the most improved specimen of all specimens
absolutely.

We can concluded that all specimens enhanced comparing with the control sample, it reflect
significant increase in initial stiffness in addition to increasing in energy absorption and
measure of ductility.

Concentration of shear bands (orthogonal distribution) by doubling quantity of shear bands
over the punching zone area leads to efficient system, the slightly enhancement ratio in
failure load capacity.

The arrangement of shear bands around the column circumference (Box layout distribution)
it provides enhancement ratio in the failure load capacity comparing with

Comparison between NWC and LWC with same Concrete Grade (C30) shows that the
failure load capacity and the measure of ductility of all specimens were enhanced by using
NWC.

Comparison between NSC (C30) and HSC (C70) with same Concrete Weight shows that
the failure load capacity and the measure of ductility of all specimens were enhanced by
using HSC.
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