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Abstract 

Punching in slabs is usually associated to the application of concentrated loads or to the presence of 
columns. One of the main concerns related to flat slabs is its punching shear capacity at slab-
column connection, which is subjected to a very complex three-dimensional stress state. Provided 
that bending capacity is installed, punching shear failure is hence characterized by the development 
of a truncated cone shaped surface at the slab-column connection. The experimental programme 
carried out by the authors includes four normal strength concrete slabs (1100×1100×100 mm3), 
with and without shear reinforcement, submitted to punching under a concentrated load. One of the 
specimens included typical bent-down bars as shear reinforcement. Frequently, there is the need to 
strengthen existing flat slabs against punching shear failure. Current paper intends to further 
investigate the structural response of such reinforcement techniques. One of the strengthening 
practices, which have been tested within current experimental programme, consists on gluing 
carbon fibre reinforced polymers on concrete surface. Moreover, the near surface mounted 
technique has also been tested within current experimental work. Finally, a fourth specimen served 
as reference. The effects of shear reinforcement and of the carbon fibre reinforced polymers 
enhancing punching shear capacity are observed. 

Keywords: Punching shear, CFRP, NSM, Building codes, Experimental tests 

1 Introduction 

One of the main concerns related to two-way flat slabs is the punching shear capacity at slab-
column connection, which is subjected to a very complex three-dimensional stress state. Punching 
shear failure is hence characterized by the development of a truncated cone shaped surface at the 
slab-column connection. Punching shear can thus result from a concentrated load or reaction acting 
on a relatively small area, called the loaded area, of a slab or a foundation. This type of failure is 
usually both brittle and catastrophic since it may generate the global collapse of the structure due to 
the increasing load transfer to neighbouring columns and to the slabs located underneath. The load 
carrying capacity of reinforced concrete (RC) slabs may be compromised for a number of reasons, 
including structural damage, design errors, building code changes and alteration of functional use. 

Two strengthening techniques enhancing directly the bending capacity of slab-column 
connections are employed. The collateral increase in the ultimate punching shear capacity is 
analysed. The use of carbon fibre reinforced polymers (CFRP) on structural repair and 
strengthening has continuously increased during the last years due to the following main 
advantages of this composite material when compared to conventional materials like steel and 
concrete: low specific weight, easy installation, high durability and tensile strength, 
electromagnetic permeability, and practically unlimited availability regarding size, geometry and 
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dimensions (ACI 2008). The most widely used technique aiming to increase load carrying capacity 
is to apply CFRP plates on the tension surface of the RC slab as externally bonded (EB) 
reinforcement. CFRP laminates and sheets are generally applied on the faces of the elements to be 
strengthened configuring which is commonly designated as the EB reinforcing technique. The 
research carried out up to now has revealed that this method cannot mobilize the full tensile 
strength of CFRP materials due to the occurrence of premature debonding phenomenon (Nigro, 
Ludovico & Bilotta 2008). Due to the fact that CFRP is often directly exposed to the weathering 
conditions the reinforcing performance of this technique should be accounted for. EB systems are 
also vulnerable regarding fire action and vandalism acts. Alternatively, the near surface mounted 
(NSM) technique, which consists of cut-in openings strengthened with CFRP materials, can be 
used. This technique was used is some practical applications (Barros & al. 2006) and several 
benefits were pointed out. In order to assess the efficacy of this strengthening system as regards 
structural elements failing in punching shear, flat slab specimens were tested. The carried out tests 
are described and the most significant outcomes are presented and analyzed. Experimental results 
are also compared with design code predictions regarding the punching shear strength. 

2 Design code provisions 

A review on design code provisions is conducted. The punching shear approaches of CEB-FIP MC 
90 (CEB-FIP 1993) and EN 1992-1-1 (CEN 2004) which is based on the former – otherwise 
referred to as Eurocode 2 – are analysed below. 

Both design codes adopt an approach involving critical sections where punching shear 
capacities are to be checked as represented in Fig. 1: at the face of the column, at the basic control 
section, and at the outermost control section where shear reinforcement is no longer required if 
shear reinforcement is needed. The basic control perimeter u1 is taken to be at a distance 2d from 
the loaded area (or column perimeter) and should be constructed so as to minimise its length. 

Punching shear strength is the product of a shear stress times the area of the critical section 
under consideration. The full contribution of concrete to the design punching shear resistance of 
flat slabs without shear reinforcement at the basic control section is given by (CEN 2004): 

  dufV ckl
c

cRd  1
31

, 100
18.0 


 (1)

In (1) c is the concrete partial safety factor, ξ is the size effect factor (defined in Table 1 with d 
in mm), l is the ordinary reinforcement ratio, fck is the characteristic value of concrete compressive 
strength in MPa, u1 is the length of basic control perimeter, and d is the mean effective depth of the 
slab calculated as shown in (2). 

  2yx ddd   (2)

The value of l is calculated as indicated in (3) as a mean value taking into account a slab width 
(C dimension, see Fig. 1) equal to the column width plus 3d each side of the column. Such 
reinforcement should anchor beyond the control perimeter being considered, u1. 

lylxl    (3)

Where shear reinforcement is required the punching shear strength should be calculated in 
accordance with (4) where sr is the radial spacing of perimeters of shear reinforcement, fywk,ef is the 
effective characteristic strength of the punching shear reinforcement according to (5), s is the 
partial safety factor for shear reinforcement steel, Asw is the area of one perimeter of shear 
reinforcement around the column, and  is the angle between the shear reinforcement and the plane 
of the slab. 









 


sin

2

3

4

3 ,
,, sw

s

efywk

r
cRdcsRd A

f

s

d
VV  (4)

2



 

 

With respect to CEB-FIP MC 90 and EN 1992-1-1 punching shear formulations, the original 
equations have been modified (Moreno 2010) in order to include the partial safety factor related to 
shear reinforcement steel, leading to (4). Therefore, equation (5) has been derived in order to 
account for the safety margin coupled with shear reinforcement (d in mm). 

  ywkefywk fdf  10002875.0,  (5)
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Fig. 1   u0, u1 and un,ef control perimeters for interior square loaded areas according to the CEB-FIP MC 90 
(CEB-FIP 1993) and EN 1992-1-1 (CEN 2004). 

 
For slabs with transverse shear reinforcement the punching shear resistance should additionally 

be assessed for the outermost control section which defines the outermost control perimeter un,ef 
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(see Fig. 1). The outermost perimeter of shear reinforcement should be placed at a distance not 
greater than kd within un,ef perimeter. According to EN 1992-1-1 the recommended value is k = 1.5 
whereas CEB-FIP MC 90 recommends the value k = 2. 

Although both code formulations are quite similar, main differences were identified and are 
summarised in Table 1. 

 
Table 1 

Limited parameters on punching shear design codes provisions 
Design code Parameter 

CEB-FIP MC 90 Eurocode 2 
Size effect factor, ξ = 1+(200/d)1/2 - ≤ 2 
Characteristic concrete strength, fck ≤ 50 MPa - 

Ordinary reinforcement ratio, l - ≤ 0.02 
k factor (recommended values) 2.0 1.5 

 
In order to fully compare both design code formulations a database has been derived compiling 

test results for slabs subjected to non-eccentric loading which failed in punching comprising both 
non-reinforced (128 experiments, see Fig. 2 to Fig. 4) and shear-reinforced slabs (38 experiments). 
In the following the materials partial safety factors are taken as c = s =1 and the characteristic 
values of the material mechanical properties are replaced by the respective average value. 
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Moreno 2010  
Fig. 2   Experimental punching shear failure load of shear non-reinforced slabs (non-eccentric loading)
normalized regarding the average concrete compressive strength. 

 

0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.01 0.02 0.03 0.04
l (-)

P
u,

ex
p/

[0
.1

8 
(f

cm
)1/

3 u 1
d]

 (
-)

CEB-FIP MC 90

(100l)
1/3

0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.01 0.02 0.03 0.04
l (-)

P
u,

ex
p/

[0
.1

8 
(f

cm
)1/

3 u 1
d]

 (
-)

EN 1992-1-1

(100l2)1/3

 

Elstner & Hognestad 1956

Kinnunen & Nylander 1960

Moe 1961

Mokhtar, Ghali & Dilger 1985

Marzouk & Hussein 1991

Tomaszewicz 1993

Ramdane 1996

Hallgren 1996

Marzouk & Jiang 1997

Krüger 1999

Oliveira, Melo & Regan 2000

Ramos 2003

Birkle 2004

Guandalini & Muttoni 2004

Mirzaei & Muttoni 2008

Moreno 2010  
Fig. 3   Experimental punching shear failure load of shear non-reinforced slabs (non-eccentric loading)
normalized regarding the ordinary reinforcement ratio. 
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Fig. 4   Experimental punching shear failure load of shear non-reinforced slabs (non-eccentric loading)
normalized regarding the size effect factor. 

 
The range of collected values for average concrete compressive strength is between 12.8 MPa 

and 119 MPa, the mean effective depth of the slab varies from 70 mm to 456 mm, and the ordinary 
reinforcement ratio is comprised between 0.22% and 3.70%. 

From the analysis of Fig. 2 to Fig. 4, one can notice that the CEB-FIP MC 90 condition fck ≤ 50 
MPa is needless so that the formulation can be extended to high performance concrete. As regards 
the ordinary reinforcement ratio, the EN 1992-1-1 imposes the limitation l ≤ 0.02 which can 
certainly be understood as a concern about the ductility behaviour of the slab-column connections. 
Regarding the size effect factor, EN 1992-1-1 design code limitation ξ ≤ 2 appears to be 
unnecessary. The authors propose as well to adopt the value k = 2. The enlargement of the distance 
comprised between the outermost perimeter of shear reinforcement un,ef and the loaded (or column 
cross-section) perimeter from 1.5d to 2d can be justified by the test results of several authors 
(Elstner & Hognestad 1956; Voet, Dilger & Ghali 1982; Mokhtar, Ghali & Dilger 1985) who 
observed that the shear stress supported by concrete decreases with increasing distance from the 
column face and stabilizes at a distance of about 4d from the loaded area. Identical 
recommendation is done by the Danish national annex to Eurocode 2 (EN-1992-1-1 2007). 

Current analysis results for both code formulations are summarised in Table 2. 
 

Table 2 
Comparison of test results with codes predictions as they stand 

Pu,exp/VRm Experiments Design code 
Min. Max. Average CV 

CEB-FIP MC 90 0.60 1.49 1.03 0.18 128 non-
reinforced slabs Eurocode 2 0.70 1.54 1.14 0.17 

CEB-FIP MC 90 0.50 1.46 0.98 0.22 38 shear-
reinforced slabs Eurocode 2 0.54 2.16 1.18 0.38 

 
Based on the comparative analysis, and aiming to reduce the high observed dispersion, a 

sensitivity analysis of the limiting parameters on the code provisions was developed. Consequently, 
following actions were taken: 

1) CEB-FIP MC 90 provision fck ≤ 50 MPa is ignored; 
2) EN 1992-1-1 recommended value k = 1.5 is replaced by k = 2, and; 
3) EN 1992-1-1 design code limitation ξ ≤ 2 is not considered. 
 
The above mentioned proposals were further computed and obtained results are summarised in 

Table 3. The overall effect of those proposals is thus far a significant reduction in standard 
deviation (CV) and in average value of the observed-to-predicted failure loads Pu,exp/VRm ratio. 
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Table 3 
Comparison of test results with codes predictions including proposals 

Pu,exp/VRm Experiments Design code 
Min. Max. Average CV 

CEB-FIP MC 90 0.60 1.28 0.98 0.13 128 non-
reinforced slabs Eurocode 2 0.60 1.28 1.01 0.13 

CEB-FIP MC 90 0.44 1.38 0.98 0.22 38 shear-
reinforced slabs Eurocode 2 0.44 1.57 0.98 0.25 

3 Experimental programme 

3.1 Test specimens 

Current experimental programme includes 4 RC square flat slab specimens 1100×1100 mm2 wide 
and 100 mm height, which were designed so as the bending capacity prevail over the punching 
shear strength in order for slabs to fail in shear. The ordinary reinforcement ratio remained 
unchanged for all the tested slabs. Full details of specimen’s geometry are presented in Fig. 5 
where the ordinary reinforcement has been omitted in both the CFRP strengthened slabs for 
interpretation convenience. 

The first specimen, denoted BC01, served as the non-strengthened reference slab. The second 
specimen, BCA1, included typical steel bent-down bars as punching shear reinforcement. The 
CFRP strengthening techniques were used in the third specimen, BCN1, which include 16 NSM 
cut-in in each direction, and in the EB specimen denoted BCG1 on which 6 CFRP laminates were 
bonded in each direction. Both the CFRP strengthened specimens were designed so as 
approximately similar effective reinforcement ratios were installed (see Table 5 and Table 6). Table 
4 below summarises the chronological sequence of the experimental programme. 

 
Table 4 

Notation and RC slabs age at strengthening and testing 
Slab Age at strengthening 

(days) 
Age at experiment 

(days) 
BC01 - 31 
BCA1 - 28 
BCN1 36 41 
BCG1 24 29 

 
All the current specimens were reinforced on the top (tensile) side with orthogonal bending 

reinforcement using 8 mm diameter rebar spaced 50 mm. The main bars were folded up at both 
ends in order to promote better anchorage. The ratio l of ordinary reinforcement was 1.33% for all 
the tested specimens. A 20 mm concrete cover was guaranteed by using plastic rebar-to-formwork 
spacers. 

Regarding BCA1 specimen, shear reinforcement comprising four bent-down bars in each 
direction were used spaced 50 mm. Shear reinforcement bars (8 mm diameter bars similar to the 
main reinforcement) were well anchored at their extremities and placed in two perimeters 
perpendicularly to the column face as shown in Fig. 5. The first perimeter of shear elements was 
positioned at a distance of approximately half effective depth (d/2) from the column face. The 
radial spacing of shear reinforcement perimeters was taken as sr ≈ 0.7d. According to (Hallgren 
1996) the ratio of ordinary reinforcement should be modified (increased) with the part of the steel 
bent-down bars which act as main bending reinforcement over the loaded area (100×100×20 mm3 
steel plate denoted G in Fig. 5) as indicated: 

Cd

A

f

f
sw

yk

ywk
ll 


4mod,   (6)
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In (6) fywk is the characteristic value of the yielding stress of shear reinforcement steel, fyk is the 
characteristic value of the yielding stress of ordinary reinforcement steel, Asw is taken as the total 
cross-sectional area of the shear reinforcement, and dimension C is taken as defined in Fig. 1. The 
ultimate punching shear capacity of slab BCA1 is therefore predicted using (4) where VRd,c is 
calculated with l,mod = 1.86% instead of l leading to: 

  dufV ckl
c

cRd  1
31

mod,, 100
18.0 


 (7)
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Fig. 5   Geometry of tested slabs (dimensions in mm). 
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For the CFRP strengthened slabs BCN1 and BCG1, the indirect effect of the CFRP 
reinforcement (which represents a reinforcement ratio increase of about 55% with respect to 
remaining non-strengthened specimens BC01 and BCA1) was accounted for according to the 
following. For brittle failures in punching, the ordinary reinforcement remains mostly elastic so 
that an equivalent effective depth deq can be computed as follows according to (Faria & al. 2014): 
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 (8)

In (8) st is the strengthening reinforcement ratio, Est is the modulus of elasticity of CFRP, and 
dst is the distance between the compressed face and the centroid of the CFRP strengthening 
elements. As the bending stiffness of the slabs is therefore increased (Faria & al. 2014) propose the 
use of an effective reinforcement ratio tot which can be obtained as follows: 

3









d

d

B

r

E

E st

s

st
stltot   (9)

In (9) B and r are taken as the slab dimension and the distance where the strengthening 
laminates are distributed, respectively (see Fig. 5). The obtained effective reinforcement ratios are 
summarised in Table 5 and Table 6 below for the BCN1 and BCG1 specimens, respectively. 

 
Table 5 

Main reinforcement ratio and geometry for BCN1 specimen 
Layer # Material Direction d 

(mm) 
l 

(%) 
d 

(mm) 
st 
(%) 

dst 
(mm) 

deq 
(mm) 

tot 
(%) 

1 y 68 
2 

Steel 
x 76 

1.33 72.0 - - 

3 x 85 
4 

CFRP 
y 95 

- - 0.45 90.0 
76.7 2.07 

 
Table 6 

Main reinforcement ratio and geometry for BCG1 specimen 
Layer # Material Direction d 

(mm) 
l 

(%) 
d 

(mm) 
st 
(%) 

dst 
(mm) 

deq 
(mm) 

tot 
(%) 

1 y 68 
2 

Steel 
x 76 

1.33 72.0 - - 

3 x 100.6 
4 

CFRP 
y 101.8 

- - 0.32 101.2 
78.4 2.08 

 

3.2 Material properties 

The tensile mechanical properties of the steel reinforcement were derived from representative 
samples testing. The yield and ultimate strength as well as the Young’s modulus were measured 
and are as given in Table 7. 

 
Table 7 

Material properties of bending and shear reinforcement steel 
Diameter 

(mm) 
Yield strength, fym 

(N/mm2) 
Ultimate strength, fum 

(N/mm2) 
Young modulus, Es 

(kN/mm2) 
8 535 650 200 

 
The concrete was designed to have a 28-day cube compressive strength of 30 MPa using 20 mm 
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maximum aggregate size and a 0.55 free water-cement ratio. A 1% cement content of Sika 
ViscoCrete super-plasticiser was included in the concrete mix. A CEM II/B-M (T-LL) 42.5 cement 
was employed. Table 8 presents the average mechanical properties obtained on concrete samples 
(150×150×150 mm3) which were tested on the experiment day of the respective slab specimen. 

Conversion between cubic and cylinder compressive strength has been computed according to 
(Reineck & al. 2003): 

cubcmcm ff ,79.0   (10)

 
Table 8 

Mechanical properties of concrete mix 
Slab cm 

(kN/m3) 
fcm,cub 

(N/mm2) 
fcm 

(N/mm2) 
BC01 23.3 53.9 42.6 
BCA1 23.4 44.6 35.3 
BCN1 24.0 33.4 26.4 
BCG1 23.0 34.1 27.0 

 
The used CFRP plates were S&P CFK 150/2000 manufactured in Portugal by S&P Clever 

Reinforcement. These carbon laminates were used together with adhesive S&P Resin Epoxy 55 
certified in accordance with EN 1504-4 (CEN 2004). Material properties of the CFRP plates used 
in current experimental tests are given in Table 9 (S&P 2014). 

 
Table 9 

Material properties and geometry of CFRP laminates 
Parameter BCN1 specimen BCG1 specimen 

Cross section (mm2) 2.8×10 50×1.2 
Modulus of elasticity, Est (kN/mm2) 165 165 

Theoretical tensile strength at 0.8% elongation (N/mm2) 1300 - 
Recommended tensile strength for the design (N/mm2) - 1650 

Tensile strength (N/mm2) 2000 2000 

 

3.3 CFRP strengthened specimens’ preparation 

The CFRP strengthened slabs were prepared following the instructions of the manufacturer. 
Regarding BCN1 slab, the slots of 5.5×20 mm2 and 5.5×10 mm2 were obtained using a circular saw 
(Fig. 6). For BCG1 specimen, a surface grinder was passed back and forth along pre-aligned paths 
until a uniform exposure of aggregate was achieved (Fig. 7). A vacuum cleaner allowed a clean 
surface from dust and loose particles to be obtained. 

  
Fig. 6   BCN1 slots cutting. Fig. 7   BCG1 surface prior to CFRP gluing. 
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3.4 Test procedure and instrumentation 

All tests were conducted under concentrated loading (100×100 mm2) and simply supported on 
eight points (60×60×10 mm3 steel plates denoted E in Fig. 5) equally spaced along a D = 1000 mm 
diameter perimeter (see Fig. 5). Tests were performed using a servo-hydraulic test system by means 
of controlling the vertical force at 0.26 kN/s constant loading rate. The load was applied through a 
load-controlled hydraulic jack with a nominal range of 300 kN acting against a reaction strong slab. 

A data acquisition system connected to a personal computer was used to control the loading and 
to collect test data (load, deflections and CFRP strains). 

Externally, five LVDT (L1 to L5) were placed along the diameter D (see Fig. 5) in order to 
measure the deflections of the four tested slabs. Internally, five strain gauges (A to E) were laterally 
glued to CFRP laminates on BCN1 slab. Three strain gauges (A to C) were glued to the top surface 
of CFRP laminates on BCG1 specimen. The instrumentation is located as indicated in Fig. 8 where 
the truncated cone shaped surface taken accordingly to an estimated failure crack angle of 35 
degrees is plotted. 

BCG1BCN1

A B CCB

A

D
E

L1 L3L2 L4 L5

 
Fig. 8   Strain gauges and LVDT locations. 

4 Experimental results 

4.1 Failure load analysis 

All the specimens failed in punching. In the following the materials partial safety factors are taken 
as c = s =1 and the concrete compressive strength is taken as the respective average value. 
Experimental failure loads as well as predicted failure modes are indicated in Table 10. 

According to (1) and to the actual value of concrete compressive strength, the failure loads of 
the four tested slabs were predicted based on punching shear approaches of both CEB-FIP MC 90 
and Eurocode 2 considering non-strengthened specimens. 

Design code approaches accurately predicted the failure load of the non-strengthened reference 
specimen BC01. Accordingly, Pu,exp/VRm,ns ratio was computed for the remaining specimens and 
obtained values are indicated in Table 10. Regarding the slab reinforced with bent-down bars the 
enhancement on punching shear strength is estimated of about 29%. For the CFRP strengthened 
specimens, the NSM strengthening technique appears to be more effective (14% estimated 
enhancement) than EB technique (4% estimated strength increase) as regards punching capacity. 

Furthermore, the actual predicted failure loads were calculated using (1) for BCA1 and CFRP 
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strengthened specimens. For BCA1 specimen it was found that the minimum punching shear 
strength is attained at the outermost control section so that the outermost control perimeter un,ef and 
the value k = 2 were computed in (1). Punching failure loads are consistently overestimated for 
shear-reinforced and CFRP strengthened specimens (Pu,exp/VRm ratio in Table 10). 

 
Table 10 

Experimental and predicted failure loads 
Slab Experimental 

failure load, 
Pu,exp 
(kN) 

Non-
strengthened 
(predicted) 
failure load, 

VRm,ns 
(kN) 

Strengthened 
(predicted) 
failure load, 

VRm 
(kN) 

Pu,exp/VRm,ns 
(-) 

Pu,exp/VRm 
(-) 

Predicted 
failure mode

BC01 176.8 173.4 - 1.02 - Punching 
BCA1 209.8 162.9 243.5 1.29 0.86 Punching 
BCN1 168.7 147.8 186.8 1.14 0.90 Punching 
BCG1 155.0 149.0 194.4 1.04 0.80 Punching 

 

4.2 Failure pattern analysis 

The failure mode of the reference specimen, BC01, which was neither shear-reinforced nor 
strengthened with CFRP plates, was brittle as can be seen in Fig. 9 and Fig. 14. 

Fig. 9   Cracking pattern and internal shear crack of slab BC01 after failure. 
 
The failure mode of the steel shear-reinforced specimen, BA01, was also brittle as can be seen 

in Fig. 10. 

Fig. 10   Cracking pattern and internal shear crack of slab BA01 after failure. 
 
Regarding both the CFRP strengthened specimens, Fig. 11 and Fig. 12 show the final post-
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experiment condition for BCN1 and BCG1 slabs, respectively. No evidence of debonding was 
observed in the NSM specimen. On the contrary, a pure punching shear failure was attained. 

Fig. 11   Final aspect of BCN1 specimen after failure. Fig. 12   Final aspect of BCG1 specimen after failure.
 
According to the literature the majority of the elements retrofitted using EB strengthening 

method experienced debonding as a failure method in spite of the efficiency of the strengthening 
technique. 

As regards BCG1 specimen, no significant enhancement could hence be achieved to the overall 
shear stress using EB strengthening technique. A premature debonding of CFRP laminates located 
by the centre of the slab was identified at failure. Debonding did not actually occur at the edge of 
the slab but rather at an interior section. This suggests that the relative displacement perpendicular 
to the plane of the slab, which is due to the punching cone onset that precedes failure, set off a 
dowel effect that triggered the overall failure. Fig. 13 confirms the above referenced occurrence. 

 
Fig. 13   Detail of local debonding on CFRP laminates of BCG1 specimen. 

 
In fact, one can point out that the anchorage length of BCG1 specimen was insufficient. 

However, debonding-to-tensile failure length ratios were calculated. Table 11 shows that the 
specific anchorage lengths related to both the CFRP strengthened specimens are quite analogous. 

 
Table 11 

Specific anchorage lengths 
Slab Technique Debonding/tensile length

(m-1/m) 
BCN1 NSM 0.71 
BCG1 

CFRP strengthened 
EB 0.83 

 

4.3 Load-deflection characteristics 

The deflections measured at the centre of the slabs followed an almost linear starting relationship 
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with applied load as shown in the following (Fig. 14 to Fig. 17). In fact, the load-deflection 
relationships are nearly linear up to the first cracking occurrence in all the slabs. 

No subsequent considerable reduction in stiffness was detected, except for the strengthened 
slabs BCN1 and BCG1 which is due to the higher effective reinforcement ratio (see section 3.1). 

The load-deflection curves have thus confirmed the brittle nature of the failure of slabs 
collapsing in punching mode. The failure mode of the non-strengthened reference specimen BC01, 
which was neither shear-reinforced nor CFRP laminates strengthened, was particularly brittle as 
can be seen in Fig. 14. 
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Fig. 14   Load-central deflection of the BC01 slab. Fig. 15   Load-central deflection of the BCA1 slab. 
 

Ductility enhancement due to bent-down bars was not noticeable on the shear-reinforced slab 
response (Fig. 15). 

Concerning the NSM strengthened specimen (Fig. 16), the load-deflection curve arched near the 
end of the experiment while the existing cracks widened and propagate towards the compression 
zone. The stiffness of both the CFRP strengthened specimens (Fig. 16 and Fig. 17) was markedly 
increased when compared to the non-strengthened reference specimen BC01 due to the enhanced 
effective reinforcement ratio. In effect, central deflections of only 3 to 4 mm were measured. 

0

50

100

150

200

0 1 2 3 4

Deflection,  (mm)

L
oa

d,
 P

ex
p 

(k
N

)

 

0

50

100

150

200

0 1 2 3 4

Deflection,  (mm)

L
oa

d,
 P

ex
p 

(k
N

)

 
Fig. 16   Load-central deflection of the BCN1 slab. Fig. 17   Load-central deflection of the BCG1 slab. 
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4.4 CFRP strains analysis 

The load-strain relationships for the CFRP reinforcement of strengthened specimens BCN1 and 
BCG1 are shown in Fig. 18 and Fig. 19, respectively (strain gauges locations indicated in Fig. 8). 
Assuming the strain compatibility in the strengthened slabs cross section, one can infer that 
ordinary reinforcement did not reach yielding on both the CFRP strengthened specimens, as 
maximum strains of about 0.15% to 0.20% were measured. 

Regarding the NSM strengthened specimen (Fig. 18), CFRP strains remained of negligible 
magnitude until cracking initiation. Centrally located strain gauges (B to E, see Fig. 8) show 
analogous responses. Additionally, the comparison of collected data in strain gauges A and B, 
which are located on the same CFRP laminate, indicate that the deformation decreases sharply with 
increasing distance to loaded area. 
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Fig. 18   Load-strain relationship for CFRP 
laminates of BCN1 specimen. 

 
Fig. 19   Load-strain relationship for CFRP
laminates of BCG1 specimen. 

 
As regards the EB strengthened specimen (Fig. 19), the recorded strains confirm the symmetry 

of the experimental test as coincident strains were obtained in strain gauges A and C. 

5 Conclusions 

The current work intends to assess the performance of different solutions regarding slabs’ 
strengthening against punching. Firstly, a specimen was strengthened before casting using steel 
bent-down bars. For existing slabs, two different design solutions were investigated. One of them 
consisted in gluing CFRP laminates on slab’s surface while the other design was based on 
introducing CFRP laminated strips into slits cute on the concrete cover, bonded to concrete using 
epoxy adhesive (NSM technique). In order to compare these two techniques similar CFRP 
reinforcement ratios were adopted. 

Further to current investigation, following conclusions can be drawn: 
 Proposals are made for both CEB-FIP MC 90 and EN 1992-1-1 code provisions regarding 

punching shear strength in order to reduce the standard deviation and the average values of 
the relationship between experimental and predicted punching failure loads; 

 Good agreement is found regarding the observed-to-predicted failure load ratios Pu,exp/VRm 
when the above referred proposals are taken into account; 

 Flat slab specimen reinforced with steel bent-down bars showed an enhanced punching shear 
strength of approximately 29% when compared with non-strengthened reference slab; 
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 The NSM specimen presented an enhanced punching shear capacity strength that can be 
estimated as 14%. This value should be considered relatively large when compared with 
results from other researchers; 

 No evidence of debonding was observed in the NSM specimen. On the contrary, a pure 
punching shear failure was obtained; 

 The NSM CFRP strips presented an enhanced performance compared to EB CFRP plates 
regarding punching shear failure. In the later, premature surface debonding of the laminates 
triggered the specimen’s failure; 

 On the EB CFRP specimen, no significant enhancement (4%) could be achieved to the 
overall shear stress using this strengthening scheme. A premature debonding of CFRP 
laminates was detected at the punching cone onset that preceded failure; 

 Ordinary reinforcement clearly remained elastic on the four tested slabs as maximum strains 
of about 0.15% to 0.20% were measured on both the CFRP strengthened specimens. 

Acknowledgements 

The authors are appreciative to the technical staff of the LEMS – Materials and Structures Testing 
Laboratory – of the University of Applied Sciences Western Switzerland (HES-SO) in Geneva 
where current experimental programme was conducted. Authors wish as well to acknowledge the 
support provided by Etienne Pellissier, Steven Curty, and S&P Clever Reinforcement Company 
AG, Seewen SZ, Switzerland. 

References 

ACI (2008). ACI 440.2R-08 - Guide for the Design and Construction of Externally Bonded FRP 
Systems for Strengthening Concrete Structures, Reported by ACI Committee 440: 76. 

Barros, J. A. O. d. & al. (2006). "Assessing the effectiveness of embedding CFRP laminates in the 
near surface for structural strengthening." Construction and Building Materials 20: 478-491. 

Birkle, G. (2004). Punching of Flat Slabs: The Influence of Slab Thickness and Stud Layout. 
Department of Civil Engineering. Calgary, Alberta, The University of Calgary. PhD Thesis: 
152. 

CEB-FIP (1993). Model Code 1990. Comité Euro-International du Béton. Lausanne, Thomas 
Telford Services Ltd: 437. 

CEN (2004). EN 1992-1-1 : Eurocode 2: Design of concrete structures - Part 1-1: General rules and 
rules for buildings. Brussels, Central Secretariat. 

CEN (2004). EN 1504-4 : Products and systems for the protection and repair of concrete structures. 
Definitions, requirements, quality control and evaluation of conformity. Structural bonding. 
Brussels, Central Secretariat. 

Elstner, R. C. & Hognestad, E. (1956). "Shearing Strength of Reinforced Concrete Slabs." ACI 
Journal Vol. 53: 29-58. 

EN-1992-1-1 (2007). EN 1992-1-1 DK NA:2007. National Annex to Eurocode 2: Design of 
concrete structures - Part 1-1: General rules and rules for buildings. Denmark. 

Faria, D. M. V. & al. (2014). "On the efficiency of flat slabs strengthening against punching using 
externally bonded fibre reinforced polymers." Construction and Building Materials 73: 366-
377. 

Guandalini, S. & Muttoni, A. (2004). Essais de poinçonnement symétrique des dalles en béton 
armé sans armature à l'effort tranchant - Punching tests on symmetrical reinforced concrete 
slabs without shear reinforcement. 00.03, Rapport 00.03-R1. Lausanne, École Polytechnique 
Fédérale de Lausanne: 78. 

Hallgren, M. (1996). Punching Shear Capacity of Reinforced High Strength Concrete Slabs. 
Department of Structural Engineering. Stockholm, Sweden, Royal Institute of Technology. 
Doctoral Thesis: 206. 

15



 

 

Kinnunen, S. & Nylander, H. (1960). Punching of Concrete Slabs Without Shear Reinforcement. 
Transactions of the Royal Institute of Technology - Stockholm, Sweden, N.º 158. Göteborg: 
112. 

Krüger, G. (1999). Résistance au poinçonnement excentré des planchers-dalles. Lausanne, École 
Polytechnique Fédérale de Lausanne. PhD Thesis: 191. 

Marzouk, H. & Hussein, A. (1991). "Experimental Investigation on the Behaviour of High-Strength 
Concrete Slabs." Structural Journal Vol. 88, No. 6(ACI): 701-713. 

Marzouk, H. & Jiang, D. (1997). "Experimental Investigation on Shear Enhancement Types for 
High-Strength Concrete Plates." Structural Journal Vol. 94, No. 1(ACI): 49-58. 

Mirzaei, Y. & Muttoni, A. (2008). Tests on the Post-Punching Behavior of Reinforced Concrete 
Flat Slabs. Institut de Structures - Laboratoire de Construction en Béton. Lausanne, École 
Polytechnique Fédérale de Lausanne: 58. 

Moe, J. (1961). "Shearing Strength of Reinforced Concrete Slabs and Footings under Concentrated 
Loads." Portland Cement Association Bulletin D47(Research and Development 
Laboratories): Skokie, 144. 

Mokhtar, A.-S., Ghali, A. & Dilger, W. (1985). "Stud Shear Reinforcement for Flat Concrete 
Plates." ACI Structural Journal Vol. 82, No. 5(ACI): 676-683. 

Moreno, C. (2010). Flat slabs. Contributions for the understanding of their behaviour. Department 
of Civil Engineering. Porto, Faculty of Engineering, University of Porto. PhD Thesis: 220. 

Nigro, E., Ludovico, M. D. & Bilotta, A. (2008). FRP-Concrete debonding: Experimental tests 
under cyclic actions. The 14th World Conference on Earthquake Engineering, Beijing, 
China. 

Oliveira, D. R., Melo, G. S. & Regan, P. E. (2000). "Punching Strengths of Flat Plates with 
Vertical or Inclined Stirrups." ACI Structural Journal Vol. 97, No. 3(ACI): 485-491. 

Ramdane, K. E. (1996). Punching Shear of High Performance Concrete Slabs. 4th International 
Symposium on Utilization of High-strength/High-performance Concrete. Paris, Presses de 
L'école Nationale des Ponts et Chaussées: 1015-1026. 

Ramos, A. P. (2003). Punçoamento em Lajes Fungiformes Pré-esforçadas. Lisboa, Universidade 
Técnica de Lisboa. Tese de Doutoramento: 292. 

Reineck, K.-H. & al. (2003). "Shear Database for Reinforced Concrete Members without Shear 
Reinforcement." ACI Structural Journal Vol. 100, No. 2: 240-249. 

S&P (2014). Technical Data Sheet, S&P Clever Reinforcement Company AG. 
Tomaszewicz, A. (1993). High-strength Concrete SP2 - Plates and Shells. Report 2.3, Punching 

Shear Capacity of Reinforced Concrete Slabs. Report No. STF70 A93082. Trondheim, 
SINTEF: 36. 

Voet, A. F. v. d., Dilger, W. H. & Ghali, A. (1982). "Concrete flat plates with well-anchored shear 
reinforcement elements." Canadian Journal of Civil Engineering Vol. 9(NRC): 107-114. 

 
 

(Elstner & Hognestad 1956) (Kinnunen & Nylander 1960) (Moe 1961) (Mokhtar, Ghali & 
Dilger 1985) (Marzouk & Hussein 1991) (Tomaszewicz 1993) (Ramdane 1996) (Hallgren 1996) 
(Marzouk & Jiang 1997) (Krüger 1999) (Oliveira, Melo & Regan 2000) (Ramos 2003) (Birkle 
2004) (Guandalini & Muttoni 2004) (Mirzaei & Muttoni 2008) 

16


	fib_2015_Program_til_web_05.05.15_final3
	Moreno_proceeding



