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Abstract

At times, due to change in design, replace in the construction
design, function and general mistakes, it led to heavier or additional
loads. These reason caused a brittle failure known as a punching
shear of flat plates may be occur under static or dynamics load. Many
works have been carried the objectives of punching shear strength
presence flat slabs and the behavior of repaired flat plates damaged
due to punching shear. In addition to increase thickness of slab,
increase dimension of column, there are many technics focuses on
slab column connection strengthened with varies way such as
carbon fiber reinforced polymer, steel stiffeners, steel angle and
steel collar with a view to enhancement, the punching shear strength
of flat slab appears. This paper shows comparison between the slabs

strengthening with these ways.

1- Introduction:

The flat slab system content of uniform slab thicknesses supported directly on columns.
Because of no beams attractive due to the advantages below shorter construction time, less
cost of formwork, less total building height with more clear space and architectural design
flexibility. While the disadvantage of flat slab systems is the punching failure risk at the region
of slab-column connection because of the transfer of shear force and unbalanced moment, the
define of punching shear is the local brittle failure occur at area of slab-column connection so
as the column and a portion of the slab is pushed together through the slab. The vertical loads
that acting on the slab and the moments transferred from the columns may create
exaggerated shear stresses around the parameter of slab-column connection. The unbalanced
moments occur naturally at edge of slab-column connections and corner. They may be occur
at internal column connections with unequal vertical loads on adjacent spans, or at any
connection due to combined vertical and lateral forces because of earthquake excitations or
wind effects. as a rule, the most popular technique of strengthening and repairing for flat
plates are the use of steel plates and steel bolts strengthening technique demonstrated that it
is an useful way to improve the behavior of flat slab column connection in punching shear as it
enhances the bearing capacity of such connections. Many papers deal with experimental
studies on steel bolts many different type and as results, they have an acceptance effect on
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strengthening the bearing capacity against shear [1-6]. The way of the strengthening is mainly
used when concrete structural element bearing capacity is not sufficient. The high cost of
rebuilding deteriorated structures leads to strengthen these deficient buildings, to develop
easy strengthening methods and economical ways. Selecting the better suitable strengthening
method based on cause of deterioration [7, 8]. The compression region depth influences the
punching shear strength of the flat slabs column connections. So that, the strengthening by
fiber reinforced polymer (FRP) increases the tensile strength and the corresponding
compression strength in the concrete increases the punching shear capacity [9]. The high
strength concrete enhanced the load-deflection response directly, initial stiffness of the
connections and punching shear capacity. These connections also evidenced fewer and
narrower cracks compared to their counterparts cast with NSC. Increasing the moment-to-
shear force ratio (M/V) for (normal and high strength concrete different compressive
strength) connections evidenced significant punching shear stresses led to decreasing the
strength and limits the deformation capacity with subsequent brittle punching shear failure
[10-12]. Among the techniques of strengthening and repair flat slabs this paper illustrate the
recent ways used and their properties, these properties help the designer to enhance the
bearing capacity and punching strength with the same size of the construction member.

2- Design Punching Shear According to Structural Code Approaches

The main and important of three building codes (ACI 318M 2019, BS8110-97, Eurocode-
2 2004) [13-15] for interior slab-column connections were reviewed in current part. The
differences between these codes in calculated two-way shear stress were locations of critical
perimeters, consideration of size effect and reinforcement ratio. The location of critical
perimeter was (0.5d) in ACI code, (1.5d) in B.S and (2d) in Euro code as well as Both B.S and
Euro code were considered the effects of column size and reinforcing ratio. The latest edition
of (ACI 318-19) committee was considering the first effect while the ACI 318 previous
versions did not considered this. The reinforcement ratio still out of accounting punching
shear stress in ACI 318.

a. ACI318M-19

Nominal strength for shear in structural parts designed as two-way class with and without
reinforcement in shear sections can be determined by the following Equations:

vn = vc (D
vn = vc + vs (2)

The rectangular perimeter around column resulted in a critical region for two-way members

when they were without reinforcement of shear, it will be formed at d/2 as a length coming
out of column interface Fig. 1.
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Fig. 1. Critical Slab Section without Shear Reinforcement for Punching Shear According to ACI Code.

Members had reinforcing rebar’s for shear on critical section needed to examine at
d/2 from front of column plus this crucial region must checking about d/2 coming
out of the point where shear reinforcement was stopped which formed with polygon
shape around column Fig. 2.
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Fig.2. Critical Sections for Punching Shear in Slab with Shear Reinforcement According ACI Code.

To calculate vc shear resistance in reinforced two-way concrete members without
reinforcing rebars shear region used the minimum value of Equation (3) which
illustrated below: -

0.3324,7
2
v, = minimum of 0.17 [1 + E] Msfe (3)

{0.083 [1 + CZS:I] Msf!

Where: -
A: - 1 for concrete normal weight.

As:- Modification factor for size effect 2 <1.0
\/ 1+0.004d

Bc: - Ratio resulted by dividing longest to the shortest column width

as: - Constant value classified according to column position within slab plate: for corner
(20), for edge (30) and for interior (40).

bo:- Length taken as perimeter for critical section=2(c1+c2+2d).
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The structural members were designed by two-way concrete system with shear
reinforcement (stirrups or headed studs), vc for member reinforced with stirrups
calculated by Equation (4) and for member reinforced with headed studs v. needed
to check at d/2 coming out of column interface used Equation (5) or at d/2 behind
outer perimeter line of shear bolstering adopting the following Equation (6).

vc)stirrups = 017/1/15\//(_6’ < ¢05\/E (4)
(0.25174/f;
2
. 0.17 [1 + —] A f¢ < ¢0.664 f/
vc)headed stud — MIN1IMum of ﬁc s\/f—c d) \/f—c (5)
asd
0.083 [1 + bs ]AASJE
o
Ve)neadedstud = 0-17226/f7 < 0.66,/f/ (6)
Where: -
¢ represents decreasing factor equal 0.75. The shear resistance for stirrups and headed stud
vs (vs = A;’f;' 9).
0

Ay represents steel area of stirrup legs or shear stud, while symbol s considers the spacing
reinforcing steel stirrups.

b. B.S.8110-97

This standard codes identifies the shear strength v by nominal design value that can

be calculated using the Equation (7) as follows:
4

V= E (7)
Where: -
V: Applied load.
u: Perimeter of critical concrete region that positioned at (1.5 d) outing of column outer
face which equals = 2(6d+c1+c2), as shown in Fig.3

d: Effective depth.
1.5d

1.5d

C:

____________

Fig. 3. Critical Section for Punching Shear in Slab without Shear Reinforcement According B.S. 8110-97.

The shear stress (v) checking at distance 1.5d coming out of the column outer side. If
capacity shear in concrete (vc) Equation (8) greater than (v) no need shear
reinforcement:
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1/4

v, = |0.79 fc“ ~c (100p )1/3 (42()) (%) (8)

fcu < 40 MPa, 400/d =2 1, p is the ratio of flexural reinforcement which can be taken
the value of 3% as maximum limit while ym represents the safety factor for material
and can be taken as 1.25.

Accordingly, if design is integral with shear reinforcement, two limitations must be
regarded at least on region, which had a punching shear failure. First is that
reinforcement steel should be located at 0.5d from the loading line, and required
reinforcement area should be provided within the failure zone, that must be at less
40% of estimated area. This is the second, and all details are included in Fig. 4.

There is another limitation about spacing of reinforcement perimeter, it must not
exceed 0.75 of diameter rebar while shear reinforcement spaced around any
perimeter within a distance not greater than 1.5 of diameter. Then shear stress must
be checking for successive perimeters at intervals limits by 0.75d until the perimeter
reached a case which does not need reinforcing the shear.

The shear reinforcements calculated from the Equation (9) below:

— d
z Agysina = @ vc)u

0. 95]3,W
z A sing > 5(0.7v — v.)ud ©)
Y - 0.95f,
0.4ud
z Agysina = 0. 95fyw
Where:

fyv: is the specific resistance of shear reinforcement (N/mm?)
X Asv: is a shear reinforcing area (in mm?2).
a: is a measured angle between slab plane and shear bolstering.

First shear
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15d
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¥ - - 1

4 Failure zone 1 |

2
- Second shear
ApPProx. perimeter
Face of loaded —

o 075 d
Reinforcement common FERED S L
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- Failure zone 2
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S — -—

Al least two perimeters
of reinforcement

Fig. 4. Zones for Punching Shear Reinforcement According to B.S. 8110-97.
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c. Eurocode2 (2004)

The design shear stress (Ved) calculated as following:

Vep = wd (10)

Where: -

Vep : Applied shear force

uy: A critical perimeter positioned at (2d) from column face (Fig.S.‘ ) which equals =
2(cl+c2+2mr)

d: Effective depth

2d

Cy

b

Fig. 5. Control Perimeters around Loaded Areas According to Euro code 2.

The shear punching strength for this type of slabs without shear bolstering may be computed
through the Equation below: -

Vrae = 0.18K3/foe (100p1) /3 2 vy (11)

Where: -
fer:- strength of concrete in MPa.

1
pl:- (ply,plz)z < 0.02, ply, plz longitudinal tension reinforcement in each direction of
slab which calculated in area equals the cross-section of column plus (3d) each side.( K= 1 +
200

=2 <2), and (Vin= 0.35K23\/for).

Slabs having reinforcing in shear, the strength of punching shear for this type of slabs can

obtain from the following formula:
__VeDp

VeEp = — (12)

uld

Where: -

Agy,: Area that resulted for one perimeter of reinforcing in shear column rounded (mm?2).

s,: Radial spacing for perimeters of reinforcing in shear column (mm).

fywa,er: Effective strength must be designed for reinforcing in shear related with punching

failure, it is also the effective value which can be calculated in term of: f),,4 5 =250 +
0.25d < fywd (MPa)
a: Concluded angle between shear reinforcement and plane of slab.

The outer perimeter for reinforcing in shear must be located at a length not exceed the value
of kd which was recommended to take about 1.5 as explains in Fig.6.
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Fig. 6. Control Perimeter According to Euro code 2 for Slabs with Shear Reinforcement.

3- Review of Strengthening and Rehabilitating of flat plates

The system of strengthening is improved continuously since its appear in the 1970s
the researchers beginning to performed tests to strengthening and retrofitted of
column-slab connection by wusing different mechanisms and materials. Many
solutions have been depended to solve punching-shear problems for connected
region between column and slab, by increasing slab thickness, (by supplying a drop
panel or column-capital or formed the column with high dimensions, using high
concrete compressive grade or supplying more shear capacity by shear
reinforcement like: shear studs, stirrups forms, shear bands or shear heads.
a. Strengthening by using steel stiffeners

The using of steel stiffeners is widely known nowadays as a mechanism to
strengthen the flat slab to obtained a better structural behavior expressing by load-
displacement relationships, failure mode and crack propagation. [16] investigated
the influence of various numbers of steel stiffeners and their locations on the
strength punching shear. This investigation consisted of two parts, steel plates
dimensions were classified to three types according to slabs: (SS3 300x300mm), (SS2
200x200mm), and (SS1 100x100mm), as shown in Fig.7 . SS1 slab had one stiffener
placed at each side of column, SS2 have two stiffeners placed at each side of column
and three stiffeners placed in SS3. Strengthening with steel stiffeners extended from
the region of column to the slab represented column capital case, also numerical
investigation studied the effects of column cross section and steel stiffeners size. The
outcomes referred to impact of failure parameter around the column by increasing
the number and size of the steel stiffeners, it was increased when increasing these
parameters. The punching shear capacity increased when wused circular columns
instead of square column, as shown in Fig. 8. In addition, increasing the number of
steel stiffeners widely improved the punching shear strength.
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Fig. 7. Details of specimens [16].
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Fig. 8. The steel stiffeners the effect on column's shape (rectangular and circular) [16].

The investigation retrofitting feasibility of the damaged flat slabs due to
punching utilizing steel stiffeners application by [17], as shown in FigO.
Experimental work consisted of four flat plats with square shape, three of them were
placed as steel plates include stiffeners, there was a parametric study concluded
studying the influences of compressive strength and steel reinforcing percentage on
the shear behavior or punching strength for column- slab connection.
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Fig. 9. steel stiffeners [17].

Conclusions of this work were increasing the failure perimeter of slab when
increasing the number of steel stiffeners and its size (failure perimeter as they
determine the crushed area around the column). The slabs repaired with steel
stiffener were stiffer than these without strengthening expressed by load
displacement curves. The punching shear strength and mode of failure and crack
propagation also appear [17].

b. Strengthening by using FRP

The academic article presented by [18] dealt with studying six specimens of
square slab column connection included a column located at the center, the goals of
this paper was investigating the structural behaviour of punching shear for
connected region between column and slab when strengthened the bonded region
using fan shape of CFRP composite materials. Four specimens were performed, cast
and tested with strengthening CFRP fan sections using without instillation them, one
instilled by shear studs while reference specimen was without strengthening,
reinforcement details was same for all slabs. The findings proved that strengthening
technique enhanced the strength values of punching shear and the slab ductility
compared with slabs without strengthening [18].

Salama, et. al [19] studied the effectiveness of the GFRP (glass fiber reinforcement
polymer) stirrup extension and type on the punching strength of flat-plates. Four
specimens were tested and exposed to both of vertical load and unbalanced moment.
Fig. 10. illustrates the geometry of slabs and reinforcing profiles. Findings showed
the importance of GFRP stirrups when using them as a reinforcement material
located on the zone of punching-shear. They were obivesly enhancing structural
performance of this type of slabs.

The parameters such as extension, amount, and type of shear reinforcing, have a
clear effect on the deformation response and strength of shear-reinforced slabs.
Increasing extension of GFRP stirrup from 1.75 times of the diameter (d) to 4.25
times of the diameter (d) resulted a significant improvement in punching strength

19



and deformations up to the final failure of the stirrup, despite of utilized a spiral or
closed GFRP reinforcing in shear zone. Composite GFRP stirrups provided adequate

performance and strengthening to regulate distribution of vertical

vertical stirrups legs.
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Fig. 10. The Typical Geometry of Slabs and Their Reinforcement [19].

in the

The effect of fabricating an opening around the column area (vicinity) and the
influence of bolstering using (CFRP) sheets on the punching shear resistance for
reinforced concrete bubbled slabs were studied by [20]. Hence, 14 slab were casted
and tested up to failure with dimension of (2000x2000x230 mm). The parameters
of experimental program included: 1- position, geometry, and opening distance to
2- position of bubbles vicinity related with critical
section; 3- augmenting punching resistance using CFRP sheets and its impact to the
connection region between column and slab on behavior of bubbled slabs.
displays load deflection curves on centre slabs.
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Upon test, it was observed that failure occurred when a crack width was started then
quickly advanced on specimen surface exactly on compression sector. Cracks formed
generally on the connected interfaced zone between which called slab-column
connection regions caused by applied loading on column and penetrated into the
depth of slab. Therefore, it is not recommended to design RC bubbled slabs near
columns. For optimal structural integrity, the addition of a single layer of CFRP
sheets to bubbled slab specimens with an aperture got a significant increment on
shear resistance, compared with specimens of slabs without CFRP. As well as during
the service load, the displacement of bubbled slabs increased and the post-cracking
stiffness which increased in slabs with the CFRP strengthened bubbled compared to
those without strengthening. Reduction capacity of shear in bubbled slabs due to
absence of openings in vicinity loaded parts [20].

c. Strengthening by using plate angle

Taresh et al. [21] studied the behavior of interior slab-column connections
strengthening with steel plates as angle and bolts (with high strength). These steel
sections were placed on the extreme column surface using bolts. The shorter leg
treated to column capital while longer one was placed in a mode of drop panel. The
mechanism of enhancement had effectiveness converted the failure mode from
punching shear to flexure failure included punching deformation exterior of
strengthening zone, also enhanced the ultimate load, stiffness, deformation capacity
and energy absorption.

d. Strengthening by steel collar

The punching shear strength slab-column connection strengthen with steel collars by
Abdulhussein and Al-Sherrawi [22], 14 square reinforced concrete flat plates were subjected
to concentrated load at the column that located in central of slabs. Parameters of the study
were the thickness of steel collars, the legs length of steel collars, stiffeners in steel collars and
the used partial pattern of steel angles with different length. The ultimate load of
strengthened specimens with partial pattern decreased with respect to the strengthened
specimen with collar pattern. The steel collars increase the perimeter of failure zone therefore
the shear strength increases. The effectiveness of using steel collar on connected region
between slab and column to convert the failure mode from punching to punching flexural. The
strengthened slabs give enhancement in strain of reinforcement steel and concrete that led to
more stiffness [22].

4- Conclusions

From previous works of deferent ways of strengthening slab-column connection like use
steel stiffeners, steel collar, steel plate and FRP led to this conclusion.
1- A stiff behaviour of load deflection relationship at a circular column compared

with specimens of square cross section. (the shape of the column is affected
variables on the ultimate load capacity
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The steel stiffeners strengthening slab-column connection were efficient in
extending the perimeter of critical shear so that, the failure mechanism did not
change just shifted away from the face of the column.

Increasing the number of CFRP strengthening fans from increased the shear
capacity and doubling the area of CFRP from single string to double string with the
same fans number not only enhances the punching shear capacity but also increases
the ductility.

Strengthening with one layer of CFRP sheets resulted in an improvement of the
shear capacity of the bubbled slab specimens with an opening compared with
bubble slab (with opening) without strengthening.

The strengthening with steel angles has indeed changed the mode of failure from a
pure punching shear to flexure-induced punching.

When strengthening slab-column with steel collar the collapse did not appear
suddenly but it gave warning by the increased width and number of cracks.
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