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1. ABSTRACT

Over the years, the flat slab system has become a popular form of construction in many countries,
particularly for multi-storey buildings such as offices or carparks. Nowadays, a considerable number of flat
slab buildings requires strengthening against punching. Reasons are several, like design or construction
errors, poor quality materials, not complying with new codes provisions, or increase of vertical load. This
paper discusses different techniques for strengthening of R/C slabs against punching: addition of post-
installed shear reinforcement, gluing external fibre reinforced polymers, casting a bonded reinforced
concrete overlay (BRCO) on the slab’s top surface, enlargement of the support or application of a post-
tensioning system. The authors compared the strengthening techniques using the Critical Shear Crack
Theory (CSCT) in order to evaluate the effectiveness of each one. This paper shows that the CSCT could be
easily adapted to all of these techniques, moreover predicted values of the punching strength are in good
agreement with literature experimental results. The aim of this work is to provide designers with the tool to
choose which strengthening technique suits better to the specific case.

2. INTRODUCTION

A flat slab is a two-way reinforced concrete structural element, which carries vertical and horizontal load
and transfers it directly to columns, without beams or girders. One of the most important issues of a flat-
slab is the concentration of shear and bending stresses in the proximity of columns, which may lead to
punching failure. Punching is given by a local failure mechanism associated with the formation of a
truncated cone shape. It has a brittle nature, as it occurs with limited warning signs, and, in absence of
integrity reinforcement, could bring to a progressive collapse of the entire building. Over the years, the flat
slab system has become a popular form of construction in many countries, particularly for multi-storey
buildings. Nowadays, a considerable number of flat slab buildings requires strengthening against punching
[1]. Reasons are several, like design or construction errors, environmental deterioration of materials, not
complying with new codes provisions, or at the least increase of vertical load.

The occurrence of design and construction errors, accompanied by environmental deterioration brought in
1997 to the partial collapse by punching of the Piper Row Car Park at Wolverhampton. The car park was
built in 1965 adopting a particular technique: the slabs where casted on the ground floor and lifted on
precast columns. Slabs were supported on steel wedges fixed to shear collars. As reported by Wood [2] the
design of the car park was performed in 1964 ignoring tolerances on support wedges and detailing of the
shear collars. The concrete strength was highly variable and in localized areas was lower than the specified
strength of 20.5 MPa. The poor quality of concrete increased the susceptibility to deterioration, indeed



since 1987 the car park required substantial repairs. After several inspections, in January 1997 a crack
found near a column was considered potentially serious, however before the detailed inspection the
structure collapsed completely on 20" March 1997.

In 1995 the Sampoong department store in Seoul collapsed by punching, killing more than 500 persons.
Contrary to the previous case there was no environmental deterioration since the building was opened on
December 1989. As reported by Gardner et al. [3] several construction deficiencies were identified:
concrete strength of 18 MPa rather than the specified value of 21 MPa, effective slab depth in the negative
moment areas reduced from the specified 410 to 360 mm, column diameter supporting the collapsed slab
was only 600 mm instead of the specified 800 mm. Finally, the use of the collapsed floor was changed
increasing the loads by 35%. Despite signals of structural distress were evident in several locations before
the collapse of the building, the authorities took no action to avoid such failure.

The most important lesson provided by these episodes is that an adequate inspection and a subsequently
strengthening intervention would have avoided such collapses. To meet this new demand for repairing
existing buildings, several techniques have been developed. Strengthening techniques against punching of
R/C flat-slabs could be grouped into four types: shear strengthening, flexural strengthening, enlargement of
the support and post-tensioning systems.

Shear strengthening represents one of the first strengthening technique against punching investigated by
the researchers, it is performed through the installation of steel bolts or other shear reinforcements. In
1974 Ghali et al. [4] investigated the insertion of prestressed unbonded steel bolts around the column. In
1996 Hassanzadeh [5] proposed the use of bonded shear reinforcement. Later Ramos et al. [6] studied the
insertion of post-installed steel bolts on damaged slabs. In 2003 El-Salakawi et al. [7] proposed the use of
post-installed shear bolts (the shear bolt consists of a headed vertical rod threaded at the other end for
anchoring using a washer and nut system). Indcio et al. [8] studied different anchorage approaches for post-
installed steel bolts, later Askar [9], [10] investigated the effect of steel stud with or without steel plates
placed on the top and bottom of the slab. In recent years other types of shear reinforcement have been
investigated, they differ from the others for the use of composite materials. Binici and Bayrak proposed the
use of carbon fiber reinforced polymers (CFRP) strips as vertical shear reinforcement like stirrups [11], [12],
later Meisami et al. investigated CFRP rods, grids and fans [13]-[15]. Recently, Gouveia et al. [16]
highlighted that the use of FRC allow for increase ductility of the slab similarly to the application of shear
reinforcement.

Flexural strengthening consists in gluing external FRP strips on the top of the slab, Karbahari et al. [17]
represents one of the first investigation about this technique on R/C slabs. Ayman and Khalid Mosallam [18]
tested this strengthening technique on both reinforced and unreinforced concrete slabs. In 2004 Ebead and
Marzok [19] evaluated the differences between Carbon FRP strips (CFRP) and Glass FRP laminates (GFRP).
Chen and Li [20] highlighted an increase of flexural capacity thanks to the FRP strengthening but also a
decrease in ductility. Kim et al. [21] and Abdullah et al. [22] showed the difference between non-
prestressed and prestressed FRP plates. Esfahani et al. [23] showed the behaviour of strengthened slabs
with CRP under cyclic vertical loading. Finally, Faria et al. [24] proposed a new method to predict the
punching capacity of strengthened slabs with FRP, based on the Critical Shear Crack Theory (CSCT), the
mechanical model developed by Muttoni in 2008 [25].

The enlargement of the support may be obtained through the insertion of concrete or steel capital or
widening the column section. In 1996 Hassanzadeh [5] investigated the insertion of both concrete and steel



capitals. The experimental results showed that the new capital worked as a column built with a column
head from the beginning [26]. In 2000 Ramos et al. [6] studied the effect of post-installed steel beams
acting as a column head. Later Widianto [27] investigated the rehabilitation of damaged slabs through the
insertion of steel collars clamped to the column under the slab.

Concerning the last strengthening technique, which uses post-tensioning systems, recently, various types of
prestressing systems have been adopted for the rehabilitation of existing slabs. Such techniques could be
grouped to categories: shear strengthening and flexural strengthening. Faria et al. [28], [29] investigated
shear strengthening by introducing post-tensioned steel strands anchored through bonding. Later Keller et
al. [30], [31] studied the application of prestressed CFRP straps with different types of anchorage. The
influence of post-tensioning is found not only on deviation forces and in-plane forces of the tendons but
also on bending moment due to tendon eccentricities [32]. Flexural prestressing systems consist in
installing and prestressing FRP strips on the tension face of the slab. The first application of this technique
on two-way slabs is due to Longworth et al. [33] in 2004, later Kim et al. [21] focused mainly on the flexural
behaviour of the strengthened slab. Finally, Abdullah et al. [22] highlighted that using prestressed FRP
plates does not enhance the ultimate behaviour as much as non-prestressed FRP plates.

Finally, the application of bonded reinforced concrete overlay (BRCO) on the slab’s top, allows for both
flexural and punching-shear strengthening. The investigations about this technique applied to reinforced
concrete flat slabs are essentially due to Fernandes et al. [34], [35]. Recently, Lapi et al. [36] developed and
ad hoc method, grounded on the Critical Shear Crack Theory (CSCT) [25], for the prediction of the punching
capacity of slabs strengthened using BRCO.

In this paper the main strengthening techniques against punching shear are presented and discussed. For
each technique the CSCT is applied to determine the punching capacity after strengthening. Some
applications of the CSCT, specifically thought for strengthening, are already available in literature and are
reported here, while others are developed by the authors. In particular Ruiz et al. [37] applied the CSCT to
slabs strengthened with bonded post-installed steel shear reinforcement. In this paper the application
proposed by Ruiz et al. [37] is extended to other types of shear reinforcements like unbonded bolts and FRP
fans or grids. The applications of the CSCT to slabs strengthened with FRP strips and BRCO are provided by
Faria et al. [24] and Lapi et al. [36], respectively. The application of the CSCT to slab strengthened through
enlargement of the support is provided by the authors and it is discussed in the following. With regards to
post-tensioning systems, the application of the CSCT is derived by the authors starting from previous works
[32], [38] focused on post-tensioned slabs. The predictive capability of the CSCT, with the additional
applications, is evaluated by comparing the theoretical punching strength with experimental results
available in literature.

3. STRENGTHENING TECHNIQUES
3.1 Mechanical approach for the determination of the punching strength

Following the theory developed by Muttoni [25] the punching strength is found at the intersection of two
curves, the failure criterion and the load-rotation curve.
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Figure 1 — Punching strength according to the CSCT (adapted from Muttoni [25])

Generally, the strengthening only affects the failure criterion or the load-rotation curve, nevertheless in
some cases the strengthening may affect both curves as for the application of a bonded reinforced
concrete overlay (BRCO) on the top of the slab.

3.2 Shear strengthening
Shear strengthening techniques could be classified according to types, arrangements and materials. The
main types of shear reinforcements are listed in the following:

- anchored bolts with nut, washer and plate (Figure 2);
- headed bolts (Figure 2);

- bonded bolts (Figure 3);

- grids or fans (only for composite materials) (Figure 4);
- stirrups (only for composite materials) (Figure 5);
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Figure 2 — (a) Anchored bolts with nut, washer and plate (b) headed bolts (adapted from El-Salakawi et al. [7])
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Figure 3 — (a) Bonded bolts without anchorages (adapted from Hassanzadeh [5]) (b) Bonded bolts anchored at the bottom (adapted
from Ruiz et al. [37])
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Figure 4 — (a) FRP grids (adapted from Meisami et al. [13]) (b) FRP fans (adapted from Meisami et al. [15])
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Figure 5 — FRP stirrups (adapted from Binici and Bayrak et al. [11])

The reinforcement arrangement could be radial or orthogonal (Figure 6). The main materials usually used in
shear strengthening are: steel, CFRP and GFRP.
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Figure 6 — Shear reinforcement arrangements: (a) radial arrangement (b) orthogonal arrangement

The installation of shear reinforcement enhances the punching strength. Applying the CSCT this effect could
be explained by the raising of the failure criterion curve while the load-rotation curve is not affected by this
type of strengthening (Figure 7).

(a) (b)

Activation phase
o T ]

Activation phase

-
i
i
i
i

Shear reinf. e Shear reinf.
contribution contribution
Y

Failure Criterion
after Strengthening

Failure Criterion
after Strengthening

/ Strengthening
(/ i

’(alj R,bs 1:L'R,as [/, lr‘f/st Yabs ¥Ras gf/

Figure 7 — Contribution of shear reinforcement to punching shear strength: (a) on unloaded slab (b) on loaded slab (adapted from
Ruiz et al. [37])

As shown by Ruiz et al. [37] the effectiveness of shear strengthening is reduced by two facts: the first is the
initial rotation of the slab due to service loading, the second is the activation phase of shear reinforcement.
The initial rotation could be limited if the slab is unloaded by propping the structure, however as shown by
Koppitz et al. [39] even in this case a residual rotation is still present (Figure 8). The amount of residual
rotation depends on the maximum load level and the amount of flexural reinforcement. Usually the
residual rotation is low and the punching strength after reloading is almost equal to the initial punching



strength, being the reduction more pronounced if the longitudinal reinforcement is yielded before
unloading the slab [39].
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Figure 8 — Effect of unloading and reloading path on punching strength (adapted from Koppitz [40])

The activation phase is needed to load the reinforcement; the most effective technique to reduce this
phase is prestressing the reinforcement. However, prestressing is not applicable to all types of
reinforcement, so bolts and studs anchored at both ends are preferred. The punching strength after
strengthening is given by Ruiz et al. [37] considering three types of failure (Figure 9):

VR,sr = min(VR,in; VR,crush; VR,out) (1)
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Figure 9 — Failure criterions of slabs strengthened with post-installed shear reinforcement



where Vg, is the punching within the shear reinforcement zone, Vg «rush is the crushing of the concrete strut,
VRrout is the punching outside the shear-reinforced zone. The punching strength within the shear
reinforcement zone could be calculated as:

VR,in = VR,c + VR,s (2)

where Vg and Vg are the concrete and shear reinforcement contributions. Vg is given by the following
expression [25]:
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where d is the effective depth, bg is the control perimeter set at d/2 from the support, f. is the concrete
compression strength, dg is the maximum diameter of the aggregate, dgo is the reference aggregate size
equal to 16 mm and  is the slab rotation. The shear reinforcement contribution could be calculated as
[37]:
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where os()) is the stress in reinforcement at the given rotation {, Asi is the area of the bar and Bi is the
angle of reinforcement.

Shear crack

Figure 10 — Control shear parameters of bonded shear reinforcement anchored by the slab bottom (adapted from Ruiz et al. [37])

The stress in reinforcement o5() increases as the crack opening wy, increases at the level of the bar, which
is related with the slab rotation [37]:



Wy = 0.5 hy - cos(a+ B ) (5)
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where the angle a of critical crack is assumed equal to /4 [37] (Figure 10). For bonded reinforcement the
activation phase is guaranteed by bond, instead for unbonded reinforcement it is only provided by the
anchorage. Assuming a rigid-plastic law for bond, the bar stress during the activation phase can be

calculated as [37]:

(6)

where Ty is the bond strength, E is the elastic modulus of reinforcement and dy is the bar diameter. For
unbonded reinforcement the stress during the activation phase can be calculated as [41]:

Wp

Osel = Es - & +0ps = E ]
s

+ Ops (7)

where [ is the length of the bar and o, is the prestressing that could be applied to reduce the amplitude of
the activation phase. The activation phase ends when the yielding stress (f,w) is reached, then the
contribution provided by reinforcement remains constant until failure (Figure 7). Actually as shown by Ruiz
et al. [37] the failure could happen before the reinforcement yields for other reasons, so the stress should
be calculated as:

O5i = min(O’S,el; Os,p: Os,ps fyw) (8)

where o5y is the stress that induces the failure by bond and os, corresponds to the failure by pull-out of the
anchorage. When the strengthening is performed from the bottom of the slab, as shown in Figure 10, the
following equations could be used [37]:

Gy p = DSt (9)

111'5' dinf
i
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where dins is the diameter of the anchoring plate and the other symbols are shown in Figure 10. In case of
bonded reinforcement without anchorages (Figure 3) the stress is calculated as os=min(0se); Osp; fyw) Where
osp is provided by equation (9). In presence of double anchored reinforcement (Figure 2) the stress is
calculated as os=min(0sel; Osp; fyw) Where os is provided by equation (10). In these cases lpsi and Iy should
be substituted by min(lpsi ; Iv,i).

The crushing strength Vgcush Of the concrete strut is highly affected by transverse strains, it could be
calculated as [41]:

3 bO, L d A
VR,crush = A'Z' = >

dgo +dg4

where bg ol is the support perimeter and A could be taken equal to 3 for well-anchored shear reinforcement
[41], 2.6 for reinforcement anchored only on the bottom of the slab [37] and 2 for the other cases [41].



Outside the shear-reinforcement zone the shear strength could be assumed as [41]:
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where d, is the reduced effective depth.

The procedure described above is though for bonded reinforcement, anchored at the bottom of the slab
[42], however it turned suitable for other types of shear reinforcement. Actually when the slab is available
for strengthening on both top and bottom side, the use of double anchored reinforcement is suggested.
Indeed, as mentioned above, prestressing the reinforcement allows for the activation phase to be reduced.
Doing so the contribution of reinforcement becomes immediately available without any reduction.
Furthermore, designing properly the anchorages it is possible to avoid the other types of failure, like the
loss of bond between steel and concrete and the pull-out of the concrete cone. This aspect is also very
important for designers, indeed the calculation of the failure by yielding of reinforcement is much easier
than the others. Furthermore, it is affected by lower uncertainties compared to those required by the other
type of failures, where several parameters come into play in the determination of the punching strength.
Therefore, the use of anchored reinforcement provides advantages both in terms of strength and reliability.

The procedure is still valid for FRP reinforcement but the bond strength (tp) should be calibrated to the
specific case, although the use of FRP shear-reinforcement is less appealing to strength existing reinforced
concrete flat-slabs, than using steel reinforcement. Indeed with steel shear reinforcement, it is usually
possible to shift the punching failure outside the reinforcement zone. In some cases, this is not possible due
to the activation phase where the reinforcement is still elastic. For this reason the use of high strength
materials is not required as the activation phase is governed by the slab rotation and by the elastic modulus
of reinforcement and less by the strength. In Table 1 a comparison with experimental results is proposed.

Table 1 — Literature experimental results and comparison with CSCT; * type of reinforcement, B+A bonded reinforcement anchored
at the bottom of the slab, A anchored reinforcement, B bonded reinforcement, G grids, S stirrups; 2 types of failure, in inside, out
out-side, crush crushing of concrete strut, flex flexural failure.

Reference | Specimen | Material | Typel (I\/T;a) (I\/T;a) (I\jly;a) (;) (E/ZV) n. | n, | Failure? (\I/:[sz) (\I:;\T) V\Z:/
A4-1 CFRP S 283 | 448 | 876 | 176|088 | 8 | 4 | out | 596 | 610 | 0.98

A4-2 CFRP S 283 | 448 | 876 | 176 | 044 | 8 | 4 | out | 668 | 610 | 1.10

A4-3 CFRP S 283 | 448 | 876 | 176 | 022 8 | 4 in 618 | 610 | 1.01

Binici et A4-4 CFRP S 283 | 448 | 876 | 176 | 044 | 8 | 4 in 600 | 610 | 0.98
al. [11], A6 CFRP S 283 | 448 | 876 | 176 | 066 | 8 | 6 | out | 721 | 685 | 1.05
[12] A8 CFRP S 283 | 448 | 876 | 176 | 066 | 8 | 8 | out | 744 | 740 | 1.01
B6 CFRP S 283 | 448 | 876 | 176 | 044 | 8 | 4 | out | 756 | 610 | 1.24

B6 CFRP S 283 | 448 | 876 | 176 | 044 | 8 | 6 | out | 752 | 685 | 1.10

B8 CFRP S 283 | 448 | 876 | 176 | 044 | 8 | 8 | out | 778 | 740 | 1.05

Hassanz. SSL.s steel B | 341 | 493 | 493 | 080|034 4 | 3 in 915 | 915 | 1.00
5] $53.5 steel B | 317 | 493 | 493 |080|071| 8 | 3 | crush | 935 | 982 | 0.95
M6 steel A | 477 | 467 | 421 |117 o028 8 | 2 in 331 | 325 | 1.02

M6S steel A | 363 | 529 | 530 | 115|028 8 | 2 in 329 | 325 | 1.01

- M6SE steel A | 268 | 529 | 530 |104|028] 8 |2 in 274 | 290 | 0.94
'n;_c'[c;]et M8 steel A | 477 | 467 | 527 | 116|050 8 | 2 in 381 | 364 | 1.05
M8a steel A | 479 | 467 | 523 |112|050] 8 | 2 in 366 | 364 | 1.01

M8S steel A | 387 | 529 | 587 |111|o050] 8 | 2 in 352 | 382 | 0.92

M8SE steel A | 268 | 529 | 587 104|050 8 | 2 in 273 | 330 | 0.83




M10 steel A | 419 | 467 | 534 |125]079] 8 | 2 | out | 406 | 340 | 1.19

FR2-8 FRP B | 366 | 420 | 1400 | 110 | 080 | 4 | 2 | out | 248 | 219 | 1.13

SN2-8 steel A | 377 | 420 | 320 [110]131] 4 | 2| flex | 258 | 258 | 1.00

Meisami | FR3-8 FRP B | 435 | 420 | 1400 | 220|080 | 8 | 3 | out | 286 | 324 | 0.88
etal.[13], | FR3-24 FRP B | 435 | 420 | 1400 | 220|163 | 8 | 3 | flex | 412 | 366 | 1.13
[14] FG-8A FRP G | 435 | 420 | 1400 [ 220016 ]| 4 | 2 in 314 | 300 | 1.05
FG-16A FRP G | 441 | 420 | 1400 [ 220|032 8 | 2| out | 348 | 361 | 0.96

FG-24A FRP G | 417 | 420 | 1400 | 220|032 8 | 3 in 375 | 371 | 1.01

PV2 steel | B+A | 354 | 709 | 574 | 15 | 047 | 8 | 3 in | 1383 | 1320 | 1.05

PV3 steel | B+A | 356 | 709 | 574 | 15 | 095 |12 | 3 | out | 1577 | 1447 | 1.09

PV6 steel | B+A | 333 | 505 | 574 | 057 |062| 8 | 4 | flex | 850 | 827 | 1.03

PV7 steel | B+A | 338 | 505 | 574 | 057 | 062 | 8 | 4 | flex | 854 | 828 | 1.03

_ PV8 steel | B+A | 341 | 505 | 574 | 057 | 031 | 4 | 4 | flex | 833 | 827 | 1.01
R”'[Z;; A T ovia steel | B+A | 366 | 527 | 574 | 15 | 114 | 12| 6 | crush | 1690 | 1517 | 1.11
PV15 steel | B+A | 36.8 | 527 | 574 | 15 | 095 |12 | 6 | crush | 1609 | 1519 | 1.06

PV16 steel | B+A | 372 | 527 | 574 | 15 | 035 | 6 | 4 in | 1263 | 1195 | 1.06

PV17 steel | B+A | 299 | 518 | 574 | 15 | 024 | 4 | 4 in | 1121 | 1040 | 1.08

PV18 steel | B+A | 282 | 518 | 574 | 1.0 | 035 | 6 | 4 in | 1070 | 1013 | 1.06

PV19 steel | B+A | 292 | 518 | 574 | 1.0 | 024 | 4 | 4 in | 1075 | 919 | 1.17

Avg | 1.036

Cov | 0.078

where n; is the number of radii of shear reinforcement, n, is the number of shear reinforcement per radius

and py is the shear reinforcement ratio calculated according to:
T, 2

n.-7-d

py = —2 ° (13)

w S-r- " bo

being s, the distance between two consecutive radii. As shown in Table 1, when p, is greater than 0.5%, the

failure is usually shifted outside the shear reinforcement zone. However, the punching strength is limited

by crushing of the concrete strut or by flexural failure.

3.3 Flexural strengthening

Flexural strengthening usually can be achieved by adding longitudinal reinforcement on the top of the slab,
for example gluing FRP strips in both orthogonal directions or using a bonded reinforced concrete overlay
(BRCO).

% FRP laminates

Existing slab / Column

Figure 11 — Cross-section of a strengthened slab with FRP strips (adapted from Faria et al. [24])



Using glued FRP strips in both orthogonal directions as a strengthening technic only affects the load-
rotation curve, while the failure criterion remains almost the same. The load-rotation curve after
strengthening becomes stiffer since the amount of longitudinal reinforcement is increased. Also in this
case, like in shear strengthening, the initial rotation reduces the effectiveness of the strengthening (Figure
12).

(a) (b)

\ Load-Rotation
relationship after

strengthening

v\ Load-Rotation
relationship after
strengthening

R,as
Ras |

\
Rbs |-—mm VR,bs

Strengthening

I ]
i i

& or / T

VRas WRbs l)f/ Voo Vras “¥ris

R

Figure 12 — Load-rotation curve and failure criterion of strengthened slab with FRP strips: (a) on unloaded slab (b) on loaded slab

Generally this strengthening technique increases the punching strength, but reduces the ductility of the
connection. The failure becomes more brittle since the ultimate rotation after strengthening is lower than
that of the existing slab. The effectiveness of this strengthening technique is strictly related to the amount
of flexural reinforcement of the existing slab. For low reinforcement ratios (p<0.5%) when the failure is
usually governed by flexure, the strengthening is effective; for high reinforcement ratios (p >1 %), when the
failure is usually governed by punching, the effectiveness of the strengthening is lower [24] and in some
cases the increase of punching capacity is even lower than 10% [19] [43]. Actually, Chen and Li [20] shown
high increase in punching strength even in presence of large amount of flexural reinforcement (p=1.31 %).
However, this apparent contradiction is explained by the small effective depth (=70 mm) of slabs tested by
Chen and Li [20].

Following Faria et al. [24] the installation of FRP strips could be taken into account by introducing an
equivalent longitudinal reinforcement ratio:

Ese dse
s T Qsse F g (14)
Peq = d

where a; and ag are the cross-sectional areas per unit width of the longitudinal reinforcement and FRP,
respectively.

In Table 2 results of the application of FRP to existing slabs are presented. The strengthening is performed
on 250 mm thick slabs at varying the longitudinal reinforcement ratio (p). Both CFRP tissues and laminates
are considered, in the second case the spacing of strips is set equal to 400 mm, equal to the cross-section



side of the square column. The concrete strength and the yielding stress are assumed equal to 28 MPa and
450 MPa, respectively.



Table 2 — Strengthening with FRP: CSCT prediction of punching strength after strengthening; *strengthening performed on
unloaded slab, **strengthening performed on loaded slab V4=50%-Vg

Type h d ?5 op Est dst ?;st fust F())eq VR,bs Vi'as A*R Vj . ﬁf
(mm) | (mm) | (mm?/mm) | (%) | (GPa) | (mm) | (mm?/mm) | (MPa) | (%) | (kN) Ny | ) | Ny | )

1 CFRP 250 209 1.05 0.50 210 250 0.546 2800 | 0.83 | 707 905 | 28% | 827 | 17%
tissue, 250 209 1.57 0.75 210 250 0.546 2800 | 1.08 | 876 | 1000 | 14% | 914 1%
(1000 250 209 2.09 1.00 210 250 0.546 2800 | 1.33 | 965 1050 | 9% 995 3%
g/m?) 250 209 2.61 1.25 210 250 0.546 2800 | 1.58 | 1021 | 1100 | 8% | 1050 | 3%
2 CFRP 250 209 1.05 0.50 210 250 1.092 2800 | 1.16 | 707 | 1005 | 42% | 901 | 27%
tissues, 250 209 1.57 0.75 210 250 1.092 2800 | 1.41 | 876 | 1055 | 20% | 969 | 11%
(2000 250 209 2.09 1.00 210 250 1.092 2800 | 1.66 | 965 | 1100 | 14% | 1027 | 6%
g/m?) 250 209 2.61 1.25 210 250 1.092 2800 | 1.91 | 1021 | 1130 | 11% | 1079 | 6%

As shown in Table 2 the effectiveness of the strengthening decreases at increasing the longitudinal
reinforcement ratio of the existing slab. The effectiveness is further reduced when the strengthening is
performed on loaded slabs (Vstz0).

When the strengthening with FRP is not enough to achieve the design punching capacity, a bonded
reinforced concrete overlay (BRCO) could be used. The application of a BRCO (Figure 13) could be included
in the flexural strengthening techniques, but actually it affects both the load rotation curve and the failure
criterion. This technique allows for increase the punching strength thanks to the enhancing of the failure
criterion curve.

Bonded Reinforced
Mechanical / Concrete Overlay (BRCO)
connectors

Existing slab /

Figure 13 — BRCO
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Figure 14 — Load-rotation curve and failure criterion of strengthened slab with BRCO

As shown by Lapi et al. [36] this technique is effective even if it is applied to loaded slabs (V+=50%-Vz) with
high reinforcement ratio (p=2%). In this case the increase of punching strength AR after strengthening is
even greater than 20%.

Table 3 — Strengthening with BRCO: CSCT prediction of punching strength after strengthening; **strengthening performed on
loaded slab V4=50%-Vg

*% *%

Type (mhm) (mdm) as (mm?/mm) | p (%) (:Ztr:) (n('j\?'tn) ast (mm?/mm) (p/eq) m; V(WJ) A(E/o)
220 175 0.875 050 | 50 235 0.754 108 | 475 | 770 | 62%

BRCO 220 175 175 100 | 50 235 0.754 158 | 685 | 920 | 34%
$12/150 220 175 2625 150 | 50 235 0.754 208 | 800 | 995 | 24%
220 175 3.50 200 | 50 235 0.754 258 | 855 | 1060 | 24%

220 175 0.875 050 | 50 235 1.026 129 | 475 | 815 | 72%

BRCO 220 175 175 100 | 50 235 1.026 179 | 685 | 945 | 38%
$14/150 220 175 2625 150 | 50 235 1.026 229 | 800 | 1020 | 28%
220 175 3.50 200 | 50 235 1.026 279 | 855 | 1075 | 26%

220 175 0.875 050 | 50 235 1.340 153 | 475 | 855 | 80%

BRCO 220 175 175 100 | 50 235 1.340 203 | 685 | 975 | 42%
?16/150 220 175 2625 150 | 50 235 1.340 253 | 800 | 1040 | 30%
220 175 350 200 | 50 235 1.340 303 | 855 | 1090 | 27%

As shown in Table 3 the application of a BRCO appears an efficient strengthening solution for punching.
However the use of mechanical connectors is highly recommended to prevent the premature debonding of
the overlaid concrete. The failure criterion after strengthening was provided by Lapi et al. [36] and can be

calculated as:

v _3_ bo,st'dst'\/fc
R,brco — 4
' 4 Y- dg (15)
1+15-+7—=—
dgo + dg4

where ds is the effective depth of the strengthened slab and bg: is the control perimeter set at dst/2 from




the support. The stiffer behavior of the load rotation curve after strengthening is due to the insertion of
flexural reinforcement on the top of the slab. According to the CSCT [25] the load-rotation curve is built
starting from the slab rotation () and the quadrilinear moment-curvature relationship (m, x), writing the
equilibrium equation for a sector of slab. The application of the CSCT to strengthened slabs requires some
modifications in the moment-curvature relationship. When the strengthening is performed on loaded slabs
three cases may be distinguished [36] (Figure 15):

- strengthening during the elastic phase of the section (curve b);
- strengthening during the cracked phase of the section (curve c);
- strengthening at the yielding plateau (curve d);

El,

X

Figure 15 — Moment-curvature relationships: curve labelled (a) un-strengthened slab; (b) strengthening during the elastic phase; (c)
strengthening during the cracked phase; (d) strengthening at the yielding plateau

In analogy with the formulation proposed by Muttoni [25] the stiffness of the strengthened section before
cracking is:

E.- h?t
12

(16)

El, =

while in the cracked phase, before yielding of longitudinal reinforcement, becomes:

Ell =B -E,- .d3- 1_0_, . 1_C_, + -d3. - 1_C—, (11— ¢ (17)
1= s |p P 3.d Pst " Ast dy; 3-dg

where B is the efficiency factor [25] and ¢’ is the compressive depth of the strengthened section before

yielding of existing reinforcement (Figure 16).
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Figure 16 — Strains and stresses during the cracked phase of strengthened section (ae=Es/E.)

The stiffness of the strengthened section in the cracked phase, after yielding of longitudinal reinforcement,
becomes:

C” C”
b=t (1-22) (125

dst 3- dst

where ¢’ is the compressive depth after yielding of the existing reinforcement. Finally, the ultimate
moment becomes:

0.8-c,
(2—)] (19)

, (0.8 ¢y)
mpg =p'd'fy' d_T +pst'dst'fy,st' dst —

where f, . is the yielding strength of rebars placed in the BRCO and c, is the compressive depth of the
strengthened section at ultimate state. More information about the load-rotation curve of the
strengthened slab are found in Lapi et al. [36]. In Table 4 a comparison with the experimental results is
proposed:

Table 4 — Main properties of literature experimental results and comparison with CSCT

. h hBRCO fc fy d dst as dst Vexp Vth Vexp/
Reference | Specimen |\ | (mm) | (MPa) | (MPa) | (mm) | (mm) | (mm?/mm) | (mm2/mm) | (kN) | (kN) | Ve
2.01 1.57
Fernandes sTC 150 | 60 | 201 | 532 | 109 | 175 | o0 | i) | 568 | 538 | 098
etal. [34] 201 157
STANC | 150 | 60 | 205 | 532 | 109 | 175 | P | oo | 550 | 535 | 103
Avg 1.00

As shown in Table 5 the results in term of punching strength provided by the proposed method are aligned
with those of the experimental results.

3.4 Enlargement of the support
The enlargement of the support could be improved by widening the column, casting a concrete capital or
post-installing a steel capital (Figure 17). The two last solutions can be treated like the first if the failure



does not affect the capital. Furthermore, the capital should be sufficiently stiff to give adequate support to
the slab, otherwise the efficacy of the strengthening could be impaired.

(@) ’

Post-installed
steel capital

Enlargement
of the support

Concrete
Capital

Figure 17 — Strengthening of flat-slab by enlargement of the support: (a) column widening; (b) casting new concrete capital; (c)
post-installing steel capital (adapted from Hassanzadeh [5]).

Following the CSCT [25] the enlargement of the support affects both the failure criterion curve and the
load-rotation curve (Figure 18). However, the modification of the load-rotation curve is only found near the
horizontal plateau where the ultimate flexural capacity is achieved. For this reason this strengthening
technique, unlike others, is not much affected by the initial rotation.
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Figure 18 — Load-rotation curve and failure criterion of strengthened by enlargement of the support

The increase of the failure load is provided by the increase of the critical perimeter after strengthening. As
shown by Hassanzadeh [5] the new punching strength could be calculated considering the support size
after strengthening, as for a new column with the same perimeter:



v _3_ bO,st'd'\/fc
Renl — 7 ; 20
! 1+15'dl(l,j—+dd 20)
g g

where bg is the control perimeter set at d/2 from the enlarged support. Actually when the strengthening
is performed on loaded slabs (s Vst), equation (21) should be modified to account for a reduced slab
rotation (Y’= P-P«). Indeed, before strengthening the critical crack develops from the perimeter of the
support, while after strengthening the first crack stops and another crack, placed on the perimeter of the
capital, begins to open. However there are no experimental evidences about the strengthening of loaded
slabs by enlarging the support, therefore the use of | is preferred to )’ since the former provides results
on the safe side.

The modification of the load-rotation curve is provided by the increase in flexural capacity due to the
enlargement of the support. For an axisymmetric isolated slab (Figure 19), loaded on the perimeter, the
flexural capacity could be calculated as:

Vo = 2-m-mp -1y

flex = ) (22)
where r; is the radius of the isolated slab (for continuous slabs could be assumed r,=0.22:L [25] where L is
the span of the slab) and r. is the radius of the support. As highlighted by equation (21) the slab flexural
capacity increases at decreasing the support size (2-rc).

Radial cracks

Figure 19 — Assumed flexural failure mechanism for circular isolated slab

In Table 5 the results of the strengthening by enlargement of the support are presented. The strengthening
is performed on 250 mm thick slabs at varying the longitudinal reinforcement ratio (p). Both 300x300 mm
and 400x400 mm column sizes are considered. The concrete strength and the yielding stress are assumed
equal to 28 MPa and 450 MPa, respectively. Finally, the enlargement size is assumed equal to two times the
existing column size (B'=2-B).



Table 5 — Strengthening against punching by enlarging the support: CSCT prediction of punching strength after strengthening;
**strengthening performed on loaded slab with V; < 50%-Vx

* %k * %
h(mm) | dmm) | Bmm) | B(mm) | bo(mm) | bou(mm) | bowbo | et | S| Vet G0

250 209 300 600 1857 3057 1.65 0.50 641 850 33%
250 209 300 600 1857 3057 1.65 0.75 774 1078 39%
250 209 300 600 1857 3057 1.65 1.00 854 1200 41%
250 209 300 600 1857 3057 1.65 1.25 900 1268 41%
250 209 300 600 1857 3057 1.65 1.50 950 1313 38%
250 209 400 800 2257 3857 1.71 0.50 707 1000 41%
250 209 400 800 2257 3857 1.71 0.75 876 1300 48%
250 209 400 800 2257 3857 1.71 1.00 965 1401 45%
250 209 400 800 2257 3857 1.71 1.25 1021 1500 47%
250 209 400 800 2257 3857 1.71 1.50 1100 1562 42%

As shown in Table 5 the enlargement of the support represents an efficient strengthening technique
against punching; unlike other techniques it is not much affected by the amount of flexural reinforcement
of the existing slab. The main variable is the size of the critical perimeter after strengthening (bost) and in
particular the ratio between the critical perimeter after and before strengthening (bost/bo). The punching
strength after strengthening could be estimated approximately as:

bo st
VR,as = VR,bs b_o (22)
Actually, the latter always leads to overestimate the punching capacity after strengthening (see Table 5).
Equation (22) would be correct if the load-rotation curve was vertical, actually as it is inclined, the punching
capacity after strengthening is always lower than equation (22) (Figure 18). In Table 6 a comparison with
the experimental results is proposed.

Reference | Specimen | Type! B B bo bost d fe fy P Ve | Vin | Vex/
(mm) | (mm) | (mm) | (mm) | (mm) | (MPa) | (MPa) | (%) | (kN) | (kN) | Vi

$52.k C 250 | 750 | 1414 | 2985 | 200 | 33.8 | 493 | 0.80 | 1190 | 1200 | 0.99

Ha?;‘”z' SS4.k C 250 | 500 | 1414 | 2199 | 199 | 315 | 493 | 0.80 | 950 | 944 | 1.01
SS5.p s 250 | 636 | 1414 | 2628 | 199 | 263 | 493 | 0.80 | 1008 | 990 | 1.02

Widianto | RcGO.5 s 407 | 813 | 2025 | 3650 | 127 | 319 | 455 | 050 | 451 | 424 | 1.06
[27] RcGL.0 s 407 | 813 | 2025 | 3650 | 127 | 281 | 455 | 1.00 | 569 | 550 | 1.04

Avg | 1.024

CoV | 0.026

Table 6 — Main properties of literature experimental results and comparison with CSCT; 1 type of support enlargement: C concrete
capital, S steel capital.

Values of the punching strength provided by the proposed method are in accordance with the experimental
failure loads.

3.5 Post-tensioning

Finally, post-tensioning systems are also available to strength existing R/C flat-slabs. These strengthening
techniques could be grouped to two categories: flexural strengthening and shear strengthening. The first is
usually performed installing and prestressing FRP strips on the top of the slab (Figure 20).
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Figure 20 — prestressing system for flexural strengthening: FRP strips and anchor plate (adapted from Abdullah et al. [22])

FRP laminate

The second is performed with inclined steel or FRP straps anchored through steel plates or by bonding; the
second has been tested only for steel tendons (Figure 21).
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Figure 21 — prestressing system for shear strengthening: (a) CFRP straps anchored with steel plates (adapted from Koppitz et al.
[31]); (b) steel straps anchored by bonding (adapted from Faria et al. [29])

Generally, effects of prestressing systems are three [32]:

- in-plane compression forces;



- deviation forces due to tendon inclination;
- bending moments due to tendon eccentricities;

In-plane forces affect both the load-rotation curve and the failure criterion curve. The compression field
provides a greater flexural strength (Vr) and a stiffer behavior of the slab (Figure 22). Furthermore, in-plane
compression forces enhance the interlocking strength provided by the critical shear crack [44]. Following
Clement et al. [32] the failure criterion curve of a slab subjected to prestressing could be modified taking
into account a reduced rotation (J’):

Vﬂex,as

s Load-rotation relationship
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Figure 22 — Effects due to prestressing: in-plane forces
Vepe = > bo.d.lp,ffd =; bo.d.\/rz a 23
1415 g 1+15-(¢+45-E—’z)-m (23)

where o is negative for compression stresses.

Deviation forces are represented by the vertical component of prestress forces resulting from inclined
tendons near the column [45]. These forces are calculated at the intersection between the tendon and the
critical surface (Figure 23). The latter, according to the CSCT, is placed at d/2 from the support. Therefore,
the vertical component provided by the single tendon is equal to:



Vp;=2-sinf-P; (24)

Crossed

tendon \

Deviator

Figure 23 — Effects due to prestressing: reduction of shear force due to inclined tendons (adapted from Clement et al. [38])

where B is the inclination angle of the tendon and P is the prestress force. Deviation forces could be
accounted for reducing external loads [46], [47] or increasing the punching strength [48]. Following the first
approach the effective shear force becomes:

n n
Veff=V—VP=V—ZVp,i=V—2-ZPi-sin,8i (25)
i=1 i=1

where the sum is extended to n tendons. However, in analogy with post-installed shear reinforcement, the
second approach seems more suitable. Shear post-tensioning systems could be considered as particular
cases of post-installed shear reinforcement, so the punching strength could be calculated according to
equation (2):

VR,pt = Vc,pt +Vp (26)

where the contribution of the deviation forces (Vp) is accounted at varying the crack width (wp) (see
equations (5), (7) and (24)):

C Wp . C .
V=2 Z (Pi +E, -m-As) .sinB; < 2 -Z(AS fy) - sin f; (27)
i=1 s i=1

where A; and |s are the area and the length of the tendons, respectively. The half-length of the tendons
instead of the whole length is accounted for the symmetry of the force system.

Finally, prestressing systems provide bending moments due to tendon eccentricities. These moments have
opposite signs to those provided by external loads, thus they contribute to increase the punching strength.
Following Clement et al. [32] the effect of these moments is calculated imposing the equilibrium of a sector
of slab (Figure 24):
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Figure 24 — Slab sector: equilibrium condition (adapted from Clement et al. [32])

Ts

A
V-%-(rs—rc)=—mr-A<p-r0+mp-A<p-rm—A<p- mg - d, (28)
To

where ry is the radius defining the area where the strengthening was performed. Therefore, the
contribution provided by bending moments could be considered by raising the load-rotation curve (Figure
25) of the following amount:

_2mmy Ty

mp (7:9 - rc) (29)
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Figure 25 — Effects due to prestressing: bending moments due to tendon eccentricities



Flexural prestressing systems, as depicted in Figure 20, usually induce both in-plane compression forces and
bending moments due to tendon eccentricities. However, experimental evidences about this technique are
limited and results are not really convincing. Indeed, as shown by some authors [21], [22], in several cases
limited improvements against punching are achieved since the occurrence of premature failure by
debonding of anchorages.

On the contrary, as shown by several authors [28]—[31], shear prestressing systems (Figure 21) are more
reliable and allow for considerable increase in punching capacity. Furthermore, the effectiveness of this
technique is not affected by the initial slab rotation, shear post-tensioning rather allows for the slab
deflection and crack width at service loads to be reduced [29]. For sake of simplicity the beneficial effect
provided by tendon eccentricity could be neglected; following this approach the punching strength is
provided by Equation (25). Finally, the presence of high deviation forces could bring to the crushing of the
concrete strut [30]. For this reason, especially when Vp is greater than 50-60% V., the check against the
concrete crushing is highly recommended. The latter is performed considering the entire shear force
without any reduction due to the deviation forces. In Table 7 a comparison with experimental results is

presented;

Table 7 — Main properties of literature experimental results and comparison with CSCT; Vih=min(Vg pt; Vfiex; Vcrush)

Ref. Spec. Typel d p fe Po a Veo Ve VR,pt Verush Vflex Vexp Vin Vexp/
(mm) | (%) | (MPa) | (kN) | (%) | (kN) | (kN) | (kN) | (kN) | (kN) | (kN) | (kN) | Vi

DF2 B 67 | 20| 264 | 63 | 23 | 50 | 160 | 206 | 380 | 313 | 273 | 206 | 1.32

Faria DF3 B 67 |20 | 252 | 59 | 22 | 46 | 157 | 200 | 364 | 309 | 255 | 200 | 1.27

etal. DF5 B 85 |12 | 208 | 75 | 27 | 59 | 185 | 248 | 389 | 387 | 295 | 248 | 1.19

[29] DF6 B 8 |13 | 210 | 70 | 26 | 55 | 186 | 233 | 383 | 383 | 293 | 233 | 1.26

DF7 B 89 [ 12| 216 | 71 | 26 | 112 | 201 | 292 | 422 | 415 | 320 | 292 | 1.09

Sol A 194 | 16 | 399 | 317 | 47 | 1268 | 963 | 1947 | 1952 | 1975 | 1939 | 1947 | 1.00

'Z‘:'L‘T.r S02 A 199 | 1.6 | 407 | 217 | 49 | 868 | 1020 | 1660 | 2034 | 2036 | 1779 | 1660 | 1.07
(30] So3 A 204 | 15| 403 | 225 | 66 | 900 | 1040 | 1691 | 2069 | 2091 | 1778 | 1691 | 1.05

So4 A 199 | 1.6 | 409 | 102 | 15 | 408 | 1019 | 1359 | 2042 | 2037 | 1771 | 1359 | 1.30

Avg | 1.172

CoV | 0.097

Po is the initial prestress force applied in each tendon, P, is the ultimate tensile strength of the tendon and
o=Po/P,. As shown before, shear prestressing systems are a very effective strengthening technique against
punching. However, the maximum punching capacity is limited by the flexural strength and by the crushing
of concrete strut. The latter could be calculated according to the Eurocode 2 (EC2-2004) [46].

4. DISCUSSION

In previous sections, the CSCT was applied to evaluate the punching capacity of R/C slabs strengthened
using different strengthening techniques; in all cases, the theoretical results agree well with the
experimental data. Table 8 lists the average value and the coefficient of variation of the ratio between the
experimental and the theoretical punching capacity for each investigated strengthening technique. The
average value ranges between 1.005 and 1.172, while the COV ranges between 0.026 and 0.097. The CSCT
seems to provide the best results in terms of prediction capability for slabs strengthened using the BRCO or
the enlargement of the support; nevertheless, further tests are required to validate these results, as
available tests on slabs strengthened with one of these two techniques are very few. Conversely, many



experimental data are available for slabs strengthened with post-tensioning systems or post-installed shear
reinforcement, so they are sufficient to validate the application of the CSCT to these techniques.

Table 8 — Applications of the CSCT to strengthened slabs, comparison with experimental results

Type Number of specimens | Avg (Vexp/ Vin) | CoV (Vexp/ Vin)
Post-installed shear strengthening 37 1.036 0.078
Flexural strengthening (BRCO) 2 1.005 0.035
Enlargement of the support 5 1.024 0.026
Post-tensioning systems 9 1.172 0.097

53 1.057 0.092

The application of the CSCT allowed main parameters affecting the punching capacity of strengthened slabs
to be recognized for each strengthening technique. Moreover, thanks to the CSCT, the authors estimated
the maximum capacity increment (AR) that each technique can provide and identified strong and weak
points of each of them.

According to CSCT theoretical results, the use of post-installed shear reinforcement seems to be a very
efficient and reliable strengthening technique. For the most specimens, the authors succeeded in designing
the amount and type of shear reinforcement to avoid the punching failure, allowing for the ultimate
flexural capacity of the slab to be reached. Only for a few specimens it was not possible to design the shear
reinforcement to avoid the punching failure, because of the premature crushing of the concrete strut.
Nevertheless, attention should be devoted to the activation phase of the shear reinforcement, as the
effectiveness of the strengthening technique could be drastically reduced if the activation phase is too long.
As the most effective method to shorten this phase is to prestress the reinforcement, bolts and studs
anchored at both ends are preferred. Finally, the use of high strength materials for shear reinforcement is
not required because the activation phase is governed by the slab rotation and the elastic modulus of
reinforcement.

Flexural strengthening with FRP strips indirectly enhances the punching strength, as it increases the slab’s
stiffness. For this reason, the efficacy of this technique is strictly related to the amount of longitudinal
reinforcement p of the existing slab; it decreases as p increases (for p<0.75% AR>20%, for p>1.00%
AR<15%). The effectiveness is even lower when the strengthening is performed on loaded slabs (assuming
V=50%-Vg, for p<0.75% AR>11%, for p>1.00% AR<6%).

The application of a BRCO provides better results when compared to FRP strips. Indeed, the increase of the
slab’s depth enhances the failure criterion, allowing for a greater punching strength to be reached
(considering V4=50%-Vg, for p<0.75% AR>60%, for p>1.00% AR<30%). Nevertheless, to avoid premature
debonding of the R/C overlay, the use of mechanical connectors is recommended.

The enlargement of the support affects both the failure criterion and the load rotation relationship.
However, the modification of the load-rotation curve is localized near the flexural plateau, so the initial slab
rotation at the strengthening time does not affect the effectiveness of this technique. Furthermore, unlike
other techniques, its efficacy is almost independent from the amount of longitudinal reinforcement of the
existing slab. The main variable that affects the punching strength after strengthening is the ratio between
the critical perimeter after and before strengthening (bosi/bo). Assuming that the size B’ of the enlarged



support is two times the existing column size (B’=2:B), the increase in punching strength is in the range
30+50%.

Finally, shear post-tensioning systems could be treated as a case of post-installed shear reinforcement,
where the punching strength after strengthening is given by two contributions: the concrete strength and
the shear reinforcement strength. A proper design of the prestressing system can allow for the punching
failure to be avoided and the ultimate flexural capacity to be reached in the strengthened slab. However,
since the high deviation forces, a premature punching failure could occur due to the crushing of the
concrete strut.

5. CONCLUSIONS

In this paper the main strengthening techniques against punching-shear were presented and discussed.
Shear strengthening, flexural strengthening, enlargement of the support and post-tensioning systems are
available techniques to improve the punching and flexural capacities of existing reinforced concrete flat-
slabs. The authors applied the Critical Shear Cracks Theory (CSCT) to each strengthening technique to
evaluate its efficacy against punching failure. The punching failure predictions provided by the CSCT, when
compared with experimental results, show a good agreement. Considering more than fifty experimental
results the average of the ratio between experimental and theoretical punching strength is Avg(Vexp/Vin) =
1.06 and the coefficient of variation is CoV(Vexp/Vin) = 0.09. In the light of these results, several parametric
analyses were performed using the CSCT, which allowed for strong and weak points of each strengthening
technique to be identified. Main results are summered in the following.

The use of post-installed shear reinforcement increases the punching strength as it raises the failure
criterion; moreover, it also enhances the ductility. The efficacy of the strengthening is lower when
performed on loaded slabs; nevertheless, this problem can be overcome using headed bolts and applying
pre-stress in shear reinforcement.

Flexural strengthening is performed by gluing FRP or casting BRCO on the top of slabs. The first affects only
the load-rotation curve, while the latter affects both the failure criterion and the load-rotation curve. The
application of FRP is effective for low amounts of flexural reinforcement, while for high reinforcement
ratios the increase of the punching strength is limited. The increase becomes even lower when the
strengthening is performed on loaded slabs. The BRCO gives better results than gluing FRP strips, as it
allows for the punching capacity to be increased by more than 20% also on loaded slabs and for high
reinforcement ratios.

The enlargement of the support could be performed casting a new concrete capital or installing a steel
capital. This strengthening technique affects both the failure criterion and the load-rotation curve, but its
efficacy is not affected by the shear load at strengthening time. Considering a new support size equal to
two times the existing support size, the punching strength increases by 30+50%. Unlike other strengthening
techniques, the efficacy of this technique is almost independent from the amount of flexural reinforcement
of the existing slab.

Flexural and shear post-tensioning systems are also available for strengthening against punching-shear.
However, flexural post-tensioning system showed several problems due to the failure of anchorages. On
the contrary, shear prestressing systems are more reliable and allow for considerable increases in punching



capacity to be reached. The effectiveness of this technique is not affected by the time of strengthening, the
results achieved on un-loaded or loaded slabs are expected to be almost the same. Furthermore, shear
post-tensioning allows for reducing the slab deflection and crack width at service loads.

Finally, a combination of previous techniques could be used. For example, the use of FRP strips on the
slab’s top could be combined with post-installed shear strengthening. Doing so both flexural and shear
strengthening are achieved. Either shear post-tensioning systems could be performed before the
application of flexural strengthening like FRP or BRCO, to reduce the initial slab rotation and increasing the
efficacy of the strengthening.

6. NOTATION

as longitudinal reinforcement cross-sectional area per unit length
Qs st longitudinal reinforcement cross-sectional area per unit length of the strengthening

Asw cross-sectional area of a shear reinforcement

B support size
B’ enlarged support size
bo perimeter of the critical section set at d/2 from the column

bocoi  perimeter of the column
boout  perimeter of the critical section outside the shear-reinforced zone

bo st perimeter of the critical section of the strengthened slab

d effective depth

do diameter of shear-reinforcing bar

dg maximum diameter of the aggregate

dgo reference aggregate size (16 mm (0.63 in))
din diameter of anchoring plate

dst effective depth of the strengthened slab

dy reduced effective depth
Es modulus of elasticity of reinforcement
fe average compressive strength of concrete

fust ultimate strength of the strengthening
fy yield strength of flexural reinforcement

fyw yield strength of shear reinforcement



h slab thickness
hgrco  BRCO thickness

hi vertical distance between the tip of the crack and the point where the shear reinforcement crosses
the critical shear crack

L span of a slab

I, i distance between the point where a shear reinforcement is crossed by the critical shear crack and
the lower end of the shear reinforcement (or the steel plate for anchored shear reinforcement)

lbsi distance between the point where a shear reinforcement is crossed by the critical shear crack and
the upper end of the shear reinforcement (or the steel plate for anchored shear reinforcement)

ls the length of the post-installed bars or tendons

m; ultimate bending moment of the slab section

N, number of shear reinforcement per radius

N number of radii of shear reinforcement

Pi tensile force of the tendon after post-tensioning

Py ultimate tensile strength of the tendon

re column radius

rs distance between the column of a slab and the line of contraflexure of moments
Sr distance between two consecutive radii of shear reinforcement

Vv punching shear force

Ve,pt concrete contribution to punching shear strength of slab strengthened with post-tensioning
Vexp measured punching shear load

Viiex shear force associated with flexural capacity of the slab

Vp deviation forces due to post-tensioning

VR punching shear strength

VR,as punching shear strength after strengthening

Vrbreo  pUnching shear strength of slab strengthened with BRCO

Vrbs  punching shear strength before strengthening

VR, concrete contribution to punching shear strength

Vreush  punching shear strength, governing failure crushing of concrete strut



VR,enI
VR,in
VR,out
VR,pt
VR,
VR,sr

VSEI‘V

Wexp
UL
Wr,as
Wr,bs
st

punching shear strength of slab strengthened by enlargement of the support
punching shear strength, governing failure inside shear reinforced zone
punching shear strength, governing failure outside the shear reinforced zone
punching shear strength of slab strengthened with post-tensioning

shear reinforcement contribution to punching shear strength

punching shear strength with post-installed shear reinforcement

punching shear force at service load

punching shear force at strengthening time

theoretical punching shear prediction

relative displacement of the lips of the critical shear crack parallel to shear reinforcement
angle between the critical shear crack and the soffit of the slab

angle between the shear reinforcement and the soffit of the slab

flexural reinforcement ratio

shear reinforcement ratio

negative compressive stress due to in-plan compression forces

steel stress

maximum shear reinforcement stress due to bond failure

steel stress during elastic activation of shear reinforcement

maximum shear reinforcement stress due to pull-out failure

bond strength

slab rotation

reduced slab rotation due to in-plane compression forces

measured rotation at failure

slab rotation at failure

slab rotation at failure after strengthening

slab rotation at failure before strengthening

slab rotation at strengthening time
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