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Abstract 9 

This paper presents an experimental researh program on the punching strengthening of flat reinforced concrete 10 

(RC) slabs with carbon fibre reinforced polymer (CFRP) systems. The strengthening system consists of CFRP 11 

wet layup sheets that are installed into holes opened orthogonally to the RC slab, and bonded to the surrounding 12 

substract with epoxy adhesive. Two different techniques were adopted: one where the CFRP system fully wraps 13 

two consecutive holes, forming a close type stirrup; the second is formed by a type of flexible CFRP bar 14 

installed into each hole, working like a dowel. 15 

The experimental program is composed of 12 real scale prototypes representative of RC slab-column 16 

connection (2500×2500 mm plan dimensions and 180 mm thickness). One of the prototypes was not 17 

strengthened for constituting the reference specimen, while the others were strengthened by adopting different 18 

arrangements for the strengthening systems, namely the pattern of the holes (cross versus radial), number of 19 

strengthening perimeters, holes per perimeter and CFRP cross sectional area per perimeter. A maximum 20 

increase of punching capacity of 67% was obtained by using the proposed strengthening techniques, having 21 

been possible to convert brittle punching failure into a ductile flexure one with the most effective punching 22 

strengthening configurations. 23 

Keywords: Punching strengthening, CFRP, reinforced concrete slabs, experimental tests.  24 
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1. INTRODUCTION 1 

The strengthening techniques for reinforced concrete (RC) structures aim to restore their initial target structural 2 

performance, which could have been affected by several causes like material ageing effects, errors on the design 3 

and/or execution processes, accidents, occurrence of natural damaging events, etc. Strengthening interventions 4 

can also be necessary when alterations on the load and supporting conditions are changing the stability of the 5 

structure in its serviceability and/or ultimate limit state conditions, SLS and/or ULS, respectively. 6 

In the case of RC flat slabs supported on RC columns, ensuring their required punching capacity for attending 7 

the previous scenarios is a serious concern. In fact, punching shear failure is, in general, catastrophic with high 8 

probability of triggering a global collapse [1]. Due to this fact, several techniques have been proposed for 9 

avoiding the occurrence of punching shear failure in RC slabs supported in RC columns, namely: 1) enlarging 10 

the cross section of the top part of the RC column in order to increase the punching critical perimeter of the 11 

slab, which can be done by using several traditional materials and systems, like a RC capital, where an increase 12 

of the punching capacity up to 100% has been pointed out although the significant alterations of the column’s 13 

initial geometry [2], a collar of steel profiles [2,3] where its high effectiveness for the punching strengthening 14 

even under seismic like loading conditions was demonstrated [3]; 2) increasing the flexural reinforcement ratio 15 

of the slab in the zone where punching failure can occur – this reinforcement restrains the crack opening, which 16 

increases the shear capacity, mainly due to aggregate interlock effect, but the total reinforcement ratio should 17 

be limited for do not promoting concrete crushing failure mode [4,5]; 3) applying specific punching 18 

reinforcement in the critical zone of the RC slab, in general in the form of steel dowels [2,6–8]; 4) by using 19 

fibre reinforced polymer (FRP) systems, generally of fibre carbon nature (CFRP), in the form of flexural 20 

reinforcements [9–14]. 21 

The first three types of strengthening techniques, currently designated as traditional ones due to the use of 22 

traditional materials, are more time consuming in their execution than the most recent ones based on the 23 

application of FRP materials, mainly the first one (collar systems in the head’s column), which has also the 24 

inconvenience of altering significantly the geometry of the column. Amongst the traditional strengthening 25 

techniques (1 to 3), the third one is the fastest to execute and less invasive, since it requires the execution of 26 

holes crossing the slab where shear dowels (in general of steel nature) are inserted and bonded to the 27 

surrounding concrete substrate with cement or polymer based adhesives. The punching strengthening 28 

effectiveness in terms of maximum load, stiffness and ductility is also increased if the dowels are applied with 29 

a certain prestress level [6,8]. Converting punching in flexural failure mode was reported in [15] by using 30 
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CFRP rods as dowels systems. The holes for the installation of the dowels can have a certain inclination to 1 

assure better strengthening effectiveness for the shear reinforcements. This technique, designated as embedded 2 

through section (ETS), has already been applied with appreciable success in the shear strengthening of RC 3 

beams by using steel dowels [16] and even CFRP bars [17]. Analytical [18] and numerical [19] models have 4 

been proposed for modelling the strengthening contribution of ETS reinforcements with good predictive 5 

performance. 6 

However, in relatively thin slabs the punching strengthening based on dowel systems can have small 7 

strengthening effectiveness due to the small embedment length when crossed by the punching surface. 8 

Sophisticated steel dowels with special anchorage extremities have been proposed in an attempt of overcoming 9 

these drawbacks [7], but the level of strengthening efficiency must be confronted with their relatively higher 10 

cost and installation time. To avoid interventions on the top surface of the slab, some of ETS punching 11 

strengthening techniques only require the opening of the holes from the slab’s bottom surface without attaining 12 

its top surface, where special dowels are inserted from the bottom [2,20,21]. Although a level of punching 13 

strengthening effectiveness similar to that of conventional steel stirrups and headed studs has been reported, 14 

care must be taken for filling properly the holes with the adhesive, otherwise the strengthening effectiveness 15 

can be compromised due to inappropriate bond conditions. 16 

FRPs are lightweight, not susceptible to corrosion, and relatively simple and fast to apply, do not altering 17 

significantly the initial geometry of the structure to strengthen, therefore are becoming interesting alternatives 18 

in the structural strengthening. Punching strengthening with FRP systems is being performed by externally 19 

bonded reinforcement (EBR) and the near surface mounted techniques. In the EBR technique, the FRP 20 

reinforcements, in the form of wet layup sheets or laminates are bonded to the slab’s concrete top surface as 21 

flexural reinforcement. For adding extra punching strengthening to the one assured by the CFRP systems 22 

applied according to the EBR technique, shear metallic bolts are also used like dowels, and appreciable 23 

effectiveness in terms of punching capacity and deflection performance have been reported [22–24]. In the 24 

NSM technique, CFRP laminates or rods are inserted into thin grooves opened on the slab’s top concrete cover 25 

[25]. In both strengthening techniques the CFRP systems are bonded to the concrete substrate with polymer-26 

based adhesives. Since the CFRP systems are not directly exposed in the NSM technique, they have low 27 

probability of being damaged during the normal use of the slab. When adopting the EBR technique, to avoid 28 

damages on the exposed CFRP systems some protective layer should be applied. 29 
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In Harajli and Soudki [9] an increase of punching capacity up to 45% is pointed out, where the level of 1 

strengthening effectiveness has depended significantly on the CFRP strengthening configuration, stiffness and 2 

ratio, with some strengthening scenarios capable of increasing so significantly the punching stiffness and 3 

strength that failure was converted from a punching to a flexural failure. Less punching strengthening 4 

performance with CFRP sheets applied according to the EBR technique was reported by Marzouk and Ebead 5 

[10], which might be related to the larger scale of the prototypes tested by these authors in comparision to the 6 

ones in [9]. Relatively small punching strengthening effectiveness (<30%) was also pointed out by Sharaf et 7 

al. [12] and Soudki et al. [14] when using CFRP strips applied according to the EBR technique, and it was 8 

verified that the deflection performance of the strengthened prototypes has decreased with the increase of CFRP 9 

strengthening ratio (up to about 70% of the reference prototypes [12]). Glass FRP (GFRP) laminates applied 10 

according to the EBR technique have also been used for the punching strengthening of RC slabs with 11 

appreciable effectiveness (15 to 95%), mainly in slabs of relatively small concrete strength class (average 12 

compressive strength of 17 MPa) and flexural reinforcement ratio (0.59%), but the tested prototypes have 13 

relative small dimensions in order to avoid a size effect influence on the results [11]. The application of 14 

punching reinforcement with a certain prestress level has also been explored due to the capacity of, besides the 15 

reinforcement effect, introducing a favourable stress field in the slab in terms of punching resistance due to the 16 

prestress effect [26,27].When prestressed CFRP systems applied according to the EBR technique were used, 17 

punching strengthening increase less than 20% was obtained, the ductility has decreased and flexural failure 18 

was never attained in the strengthened prototypes, having the cracking load the most benefited by this 19 

strengthening technique [26,27]. By using sophisticated systems for anchoring prestressed CFRP straps, a 20 

punching strengthening increase up to 118% was reported [28,29]. 21 

By using the NSM and the EBR techniques for the punching strengthening of RC slabs, Moreno et al. [25] 22 

have verified that the first one was more effective, but the increase of punching capacity was limited to 15%, 23 

and failure of the strengthened prototypes was by punching. 24 

Recently a new CFRP laminate, of clip or sticker configuration, was used for the simultaneous flexural and 25 

punching strengthening of RC slabs, which provided an increase of punching capacity of 40% compared to the 26 

reference slab [30]. The adopted CFRP laminate was not yet, however, a commercial one and their 27 

strengthening features are still being improved. 28 

The present work aims to assess the punching strengthening potentialities of two CFRP-based techniques for 29 

RC flat slabs. The proposed techniques result from some improvements introduced in already existing ones, 30 
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both adopting wet-layup type CFRP sheet, but with different geometry configuration for the strengthening 1 

elements (external stirrup [31–34] and dowel [35–37]). A comprehensive experimental program, composed of 2 

eleven real scale RC slabs, was carried out not only for comparing the punching strengthening performance of 3 

these two techniques in terms of load capacity and deflection performance of the strengthened slabs, but also 4 

other relevant aspects like: content of CFRP strengthening material applied; effectiveness of possible geometric 5 

arrangement of strengthening configurations; time to execute the strengthening interventions. The experimental 6 

program is described in detail, and the relevant results are presented and discussed. 7 

 8 

2. THE CONCEPT OF THE PROPOSED PUNCHING STRENGTHENING TECHNIQUES 9 

The two punching strengthening methodologies herein investigated are schematically represented in Figure 1. 10 

For the execution of both techniques, 25.4 mm diameter holes are drilled orthogonally to the middle plane of 11 

the RC slab, and CFRP wet layup sheets are inserted and bonded to the surrounding concrete substrate with an 12 

adhesive. The technique represented in Figure 1a, whose sequencial procedures for the installation of the CFRP 13 

reinforcement are detailed, is based on the concept proposed by Sissakis and Sheikh [33], designated in the 14 

present study as stitch strengthening method, where a strip or a layered set of strips of CFRP sheet (bonded 15 

each other by epoxy) are introduced into two consecutive holes by forming a type of closed stirrup (a certain 16 

overlapping length is assured for the bond transference).  17 

While in the Sissakis and Sheikh [33], the strengthening technique (stitch) was applied in relatively small 18 

specimens, and the holes were executed while producing the specimens (pre-moulded), the stitch technique 19 

herein adopted was applied to real scale prototypes and following a methodology expected to occur in real 20 

strengthening scenarios, i.e. the holes are executed in the hardened concrete.  21 

The second technique developed in the present work (ETS), whose procedures are schematically represented 22 

in Figure 1b, is an enhancement of the method proposed by Erdogan et al. [35]. According to this method, 23 

flexible dowels are formed by enrolling CFRP sheets in order to constitute strengthening elements of circular 24 

cross section that are introduced into the holes. While holes of relatively small diameter (14 mm) were used in 25 

the Erdogan et al. work [35], holes of larger diameter (25 mm) were adopted in the present work in order to 26 

have a better control on bonding, with epoxy, the CFRP to the wall’s surface of the hole, and filling properly 27 

the interior of the hole with high strength mortar (instead of polymer adhesive) for more cost competitive 28 

solutions. For improving the anchorage conditions of these strengthening flexible dowels, their extremities are 29 

cut in order to form a star configuration whose segments are bonded to the concrete substrate. The interior of 30 
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these strengthening elements is filled by a cement based adhesive for enssuring a good balance in terms of 1 

stiffness and tensile performance. This type of strengthening technique is herein attributed the designation of 2 

embedded through section (ETS). In both techniques an epoxy adhesive was used to bond the CFRP shear 3 

strengthening systems to the surrounding concrete substrate. 4 

 5 

3. EXPERIMENTAL PROGRAM 6 

3.1. Geometry and reinforcement details of the prototypes 7 

The dimensions of the tested prototypes were determined for being representative of the negative bending 8 

region of a slab supported on interior columns formed by panels of almost equal span length, L. This region is 9 

delimited by the sections of null bending moment, which according to the specific literature in this subject has 10 

a length of about 022L for uniform distributed load applied in the slab. 11 

Since the slab span length most current in this type of construction system varies between 5 and 6.5 m, plan 12 

dimensions of 2500×2500 mm were adopted for the slab prototype, with a thickness of 180 mm, Figure 2. The 13 

slab is monolithically connected in its centre to two segments of RC column of square cross section of 300 mm 14 

edge, in order to have a more representative slab-column region. 15 

The same flexural reinforcement (parallel to the borders of the slab) was adopted for all the prototypes, in both 16 

top and bottom zones of the slabs, Figure 3. In each of these zones an interior and an exterior (closer to the 17 

external surface of the slab) layer of steel bars of corrugated surface and equal diameter (16 mm diameter in 18 

the top zone and 8 mm in the bottom zone) were disposed mutually orthogonal, but of different spacing (the 19 

external reinforcement spaced at 100 mm and the internal at 90 mm) in order to take into account the smaller 20 

internal arm of the interior layers, therefore assuring equal flexural reinforcement ratio in both directions. The 21 

bottom flexural reinforcement aims to enssure the positive flexural capacity for facing tensile stresses in the 22 

bottom surface of the slab when demolding, transporting and installing, as well as to maintain the integrity of 23 

the slab-column connection after testing. To assure adequate anchorage conditions for the flexural 24 

reinforcement of the slab, in the extrimities of the bars (along the contour of the slab), U shape steel bars of 25 

12.5 mm diameter were applied, with a spacing equal to the corresponding top steel layer (Figure 3). 26 

The two column segments in each slab were reinforced longitudinaly with 8 steel bars of 20 mm diameter, one 27 

in each corner and one in the middle of the edge of the cross section (Figure 3). Steel hoops of 8 mm diameter 28 

spaced at 100 mm were applied in both column segments. 29 
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The steel class of all reinforcements corresponds to a characteristic tensile strength of 500 MPa according to 1 

the Brazilian ABNT NBR 7480 [38] standard. 2 

 3 

3.2. Strengthening configurations 4 

The experimental program is formed by twelve slab-colum prototypes, one serving for reference puposes (REF) 5 

and the other eleven were strengthened according to the strengthening configurations presented in Table 1 and 6 

represented in Figure 4. 7 

The acronym for representing a prototype has the following structure: X-Y-Z(-W), where the X can be 8 

substituted by D or S for indicating the type of strengthening technique, dowel or ETS (D), or stitch (S) (a 9 

subscript b or a is added to S to indicate the holes are pre-molded, see Figure 6, or open in the hardened 10 

concrete, respectively); Y can be replaced by R or C for representing radial (R) and cross (C) strengthening 11 

configuration; Z represents the cross sectiona area of FRC (Af) per perimeter, in mm2; and W, only used in the 12 

configurations with the stitch technique, can be replaced by U or O, where U represents a discrete configuration 13 

resembling stirrups, and O a continuous closed form disposition for the strengthening arrangement. Two 14 

subscripts are added for the O disposition of the strengthening, the first one representing the plant configuration 15 

(d for diamond; s for square; c for circular) and the second one for the number of perimeters (6 or 8). For 16 

instance, Sb-C-297-Od6 represents the stitch technique (S) with pre-molded holes (subscript b) in a cross 17 

arrangement (C) with 297 mm2 of Af/perimeter, where the CFRP systems are disposed in a continuous closed 18 

form (O) of diamond plant configuration (subscript d) with 6 perimeters (subscript 6).  19 

The unique difference between the REF and the strengthened prototypes is the absence of any punching 20 

strengthened system applied in the REF prototype. In Table 1 d is the internal arm of the top flexural 21 

reinforcement of the slab (average of the two mutually orthogonal layers), ρsl is the flexural reinforcement ratio 22 

(equal in both directions due to the reasons already exposed), and Af/perimeter is the cross sectional area of the 23 

CFRP strengthening introduced in the holes per perimeter. Due to small differences registered (after the slabs 24 

have been tested) in the position of the flexural reinforcement of the tested prototypes, Table 1 indicates the 25 

measured d and the corresponding ρsl, where it can be concluded that ρsl has ranged from 1.43% to 1.61%. For 26 

the adopted punching strengthening configurations, the Af was the same in all the perimeters of a certain 27 

configuration. The influence of the number of strengthening perimeters (6 and 8) and the disposal of the holes 28 

(in Cross or Radial disposition) on the punching strengthening effectiveness was investigated. To simplify the 29 

process of executing the holes, they were assured in the majority of the tested prototypes by applying a 30 
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convenient mold before casting the prototype. Recognizing that this is not the real punching strengthening 1 

practice, in some of the prototypes the holes were cored when the concrete was in its hardened state, in order 2 

to acess the influence of this process on the punching strengthening effectiveness. 3 

The prototypes Sb-C-132-U, Sb-C-132-Od6, Sb-R-132-Os6, Sb-R-132-Oc6, Db-C-132 and Db-R-132 have the 4 

same s/d and cross sectional area of CFRP per perimeter (Af/perimeter), where s is the spacing between 5 

consecutive strengthening perimeter (Figure 4), equal to 90 mm in all prototypes (Figure 5). Therefore, 6 

according to the formulations available in the major design guidelines, the configurations adopted in these 7 

prototypes should assure similar punching strengthening contribution. However, since these formulations do 8 

not consider aspects like the geometric disposition (cross versus radial for the holes) and type of the 9 

strengthening technique (stitch or ETS), the results obtained from testing these prototypes also aim to 10 

contribute to clarify these aspects. Furthermore, in the Sb-C-132-U and Sb-C-132-Od6 prototypes that were 11 

strengthened according to a cross configuration of the holes and with a stitch technique, the anchorage 12 

conditions were, however, different in order to investigate their influence on the strengthening effectiveness. 13 

In fact, in Sb-C-132-U the diagonal zones are not wrapped with CFRP strips, while in Sb-C-132-Od6 these 14 

diagonal zones are wrapped (Figure 4). 15 

In the Sa-C-99-U and Sa-C-165-U prototypes the holes were executed when concrete was in its hardened state 16 

(62 days after casting) in order to investigate the influence of the hole’s surface characteristics on the 17 

strengthening effectiveness. In fact, drilling the holes in the concrete’s hardened state represents a real 18 

strengthening intervention, which results in a rough surface of the concrete substrate, thereby enhanced bond 19 

conditions with the adhesive are expected. To avoid that steel reinforcements are damaged while drilling the 20 

holes with proper machine, an equipment of steel reinforcement detection was used, in agreement to what 21 

should be done in real practice. If some damage in the steel flexural reinforcement, however, occurs, which 22 

can happen in real applications due to the difficulty of detecting with high accuracy all the reinforcements, the 23 

consequent reduction of the flexural reinforcement ratio should be taken into account in the formulations for 24 

the evaluation of both the flexural and punching capacity of the strengthened RC slab. Cutting steel rebars not 25 

only reduces the flexural capacity, but also the punching since the dowel and aggregate interlock favourable 26 

resisting mechanisms are detrimentally affected. For estimating the reduction of the flexural capacity several 27 

reliable available formulations can be adopted, such is the one provided by the Model Code 2010. For 28 

evaluating its influence on the punching capacity, the formulation proposed elsewhere [35] can be used. This 29 
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formulation is an adaptation of the EC2 proposal, and therefore includes the favourable resisting mechanism 1 

of the flexural reinforcement in the punching capacity of a RC slab. 2 

The difference in these two prototypes (Sa-C-99-U and Sa-C-165-U) is the Af, i.e. the cross sectional area of 3 

CFRP per perimeter (Af/perimeter), in order to determine its influence on the strengthening effectiveness. 4 

The Sb-R-132-Oc6 prototype has a radial strengthening configuration with a spacing between consecutive holes 5 

in the perimeter respecting the recommendations of Eurocode 2 [39], since this standard limits to 2d this 6 

distance. This configuration was inspired in the proposal of Gomes and Regan [40], and the objective is the 7 

assessment of the influence of this limit on the punching strengthening effectiveness. 8 

The Sb-R-132-Os6 prototype difers from the Sb-R-132-Oc6 only on the distance between strengthening holes, 9 

where the limit of 2d in the perimeter was not accomplished in the Sb-R-132-Os6 prototype, but both have the 10 

same number of strengthening perimeters and the same Af per perimeter. 11 

The Sb-R-297-Oc8 and Sb-C-297-Od8 prototypes have 8 strengthening perimeters and the same Af per perimeter, 12 

but the strengthening configuration is different, radial in the Sb-R-297-Oc8 prototype and cross configuration 13 

in the Sb-C-297-Od8 prototype. 14 

The Sb-C-297-Od8 and Sb-C-297-Od6 prototypes have the same cross strengthening configuration and Af per 15 

perimeter, but different number of strengthening perimeters, 8 in the Sb-C-297-Od8 and 6 in the Sb-C-297-Od6. 16 

According to the recommendations of the Eurocode 2 [39], the strengthening configurations of these prototypes 17 

have the same outer punching failure perimeter (uout), as well as equal values for the other variables taking part 18 

on the design equations predicting the punching capacity. Therefore, according to the Eurocode formulation, 19 

these two prototypes should have the same punching capacity if punching failure occurrs outside  the punching 20 

strengthening zone. By comparing the results from the Sb-C-297-Od6 and Sb-C-297-Od8 prototypes the 21 

reliability of  these recommendations was assessed. 22 

Figure 5 represents the disposition of the holes executed in the slabs for the application of the CFRP 23 

strengthening systems. 24 

 25 

3.3. Materials 26 

Concrete 27 

Table 2 presents the values of the compressive and splitting tensile strength of the concrete applied on the 28 

execution of the prototypes. The concrete was order from a ready mix concrete company for a target 29 

compressive strength class of 40 MPa ( ckf ) of maximum aggregate size of 10 mm. The average compressive 30 
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strength (
cmf ) was determined by executing compression tests with cylinder specimens of 100 mm diameter 1 

and 200 mm height according to the recommendations of ABNT NBR 5739 [41]. The average splitting tensile 2 

strength (
,ctm spf ) was obtained from indirect tensile tests (Brazilian test setup) executed according to the 3 

recommendations of ABNT NBR 7222 [42]. For each concrete batch three specimens were tested for the 4 

evaluation of the 
cmf  and 

,ctm spf , and the age of the specimens when tested is also indicated in Table 2, which 5 

corresponds to the age when the corresponding prototypes were also tested. 6 

 7 

Steel reinforcement 8 

For the flexural reinforcement a steel class CA-50 of a characteristic tensile strength of 500 MPa was used 9 

(ABNT NBR 7480 [38]). Steel bars of 8, 12.5, 16 and 20 mm diameters () were adopted, and their relevant 10 

tensile properties were determined by executing tensile tests according to the recommendations of ABNT NBR 11 

ISO 6892 [43]. For each diameter of each order (three orders were requested for the total experimental 12 

program), three specimens were tested, and the average results are indicated in Table 3, where 
sy , 

syf  and 13 

sE  are the yield strain, its corresponding yield stress, and the elasticity modulus, respectively. Small variation 14 

of the tensile properties for the same bar diameters was obtained amongst the three orders of the steel bars. The 15 

highest differences were registered in the bars of 8 mm diameter, but these bars were used in the bottom surface 16 

of the slabs, therefore without relevant impact of the punching behaviour of the tested prototypes. 17 

 18 

CFRP strengthening system 19 

The MBrace® CFRP system was adopted for the punching strengthening configurations. This system is formed 20 

by the following components: CF 130 fabric of unidirectional carbon fibers that is the structural strengthening 21 

component; MBrace Saturant for bonding CF 130 to the concrete substrate and amongst consecutive CF 130 22 

layers (when more than one layer was applied); the MBrace Primer that was used for treating the concrete 23 

substrate; and MBrace Putty applied for rectifying geometric irregularities in the surface of the concrete 24 

substrate. The properties of the CF 130 and MBrace Saturant were provided by the supplier and are indicated 25 

in Table 4. 26 

 27 
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3.4. Execution of prototypes and strengthening procedures 1 

A metallic mold was used capable of executing four slab-column prototypes for each cast. The top part of the 2 

RC column of each slab was built by using a timber mold installed just after the corresponding slab has been 3 

cast. For the prototypes with the holes already integrated in the slab, PVC tubes were pre-installed in the slab 4 

mold by using threaded steel rod welded to the metallic mold of the slab (Figure 6b). PVC conical segments 5 

were installed in both extrimities of each steel rod in order to assure a smooth transition at these extremities in 6 

an attempt of minimizing the occurrence of abrupt stress gradients in the CFRP strengthening systems in these 7 

zones (Figures 7b and 7c). A threaded steel nut was used to fix the bottom PVC cone against the slab mold in 8 

order to avoid the entrance of concrete inside the PVC tube, which was finally applied. The casting of a 9 

prototype involved the following three stages: 1) casting the bottom part of the RC column; 2) casting the slab; 10 

3) application of the mold of the top part of the RC column and casting this part. The casting procedure was as 11 

fast as possible in order to assure a monolithic connection between slab and both parts of the column. After 12 

casting, the top surface of the slab was leveled to assure a constant thickness for the slab, and treated to become 13 

smooth. 14 

After concrete has been cured, the concrete substrate of zones where CFRP is planned to be applied was treated 15 

by a machique equipped with a diamond disk for the removal of a thin cement past layer. The both extremities 16 

of the holes were also rounded for minimizing the occurrence of premature failure of the CFRP due to the 17 

development of high tensile stress gradients in these zones. 18 

For the application of the stitch strengthening technique (Figure 1a), 25 strips of CF 130 were prepared. After 19 

the concrete has beentreated with the Primer and Putty according to the recommendations of the supplier, the 20 

wall of the holes and the zones of the concrete substrate planned to be in contact with these CFRP strips were 21 

impregnated by the Saturant. Immediately after this impregnation, the strips of CF 130 were bonded to the 22 

concrete substrate, and a final layer of MBrace Saturant was applied in order to assure the strips become fully 23 

saturated with the bond adhesive. For this strengthening technique a lap splice length of 150 mm was adopted 24 

for all the CF 130 strips. Figure 7 shows the sequence of strengthening procedures adopted in the stitch 25 

technique applied to the Sb-C-132-U prototype. 26 

For the application of the ETS strengthening technique, 100×320 mm strips of CF 130 were cut from the roving 27 

for the production of the CFRP dowels. To assure a dowel configuration, the a CFRP strip of 100 mm width 28 

has involved a PVC tube of diameter (25.4 mm) smaller than the diameter of the hole, with the carbon fibers 29 

in the direction of the hole’s axis (orthogonal to the middle surface of the slab). Therefore, in each hole this 30 
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tubular CFRP system is composed for four layers. After has been treated with the Primer and Putty according 1 

to the recommendations of the supplier, the wall of the holes and the concrete substrate planned to be in contact 2 

with the CFRP were impregnated with the MBrace Saturant. After the installation of the CFRP dowel, the PVC 3 

tube was removed, and the end parts of the CFRP dowel, outside the hole (in a length of 70 mm), were opened 4 

and glued to the corresponding slab’s surface with a star configuration for providing anchorage conditions for 5 

the dowel. After the adhesive has been cured (a period of about 48 h was adopted, according to the 6 

recommendations of the supplier), the internal part of the CFRP dowel was filled with a high strength and fluid 7 

mortar (Sika grout 250). Figure 8 shows the sequence of strengthening procedures adopted in the ETS 8 

technique for the Db-C-132 prototype. 9 

 10 

3.5. Test setup and monitoring system 11 

All prototypes were submitted to symmetric loading conditions in order to simulate a slab supported on an 12 

interior RC column. For testing, a reaction frame formed by steel profiles, fixed to the reaction RC slab of the 13 

laboratory, was used (Figure 9). The vertical load was applied by using four hydraulic actuators with predefined 14 

loading steps. Each actuator has applied the load directly to a steel beam profile that converted this load in two 15 

almost point loads on the top surface of the slab. Therefore, the slab’s loading configuration was formed by 16 

eight almost point loads (Figure 9). 17 

A spider 8 data acquisition system equipped with Catman software was used to record the strains, 18 

displacements and forces. These records were registered for each loading step of about 40 kN. The forces were 19 

measured with load cells of 1000 kN capacity, one per each actuator, and connected to the piston of the 20 

corresponding actuator. The displacements were measured by twelve linear variable displacement transducers 21 

(LVDTs) placed according to the scheme represented in Figure 10a (D01 to D12 represented by red circular 22 

markers). Figure 10b indicates the location of the electrical strain gauges used to measure the strains in the top 23 

layer of the flexural reinforcement (SG1 to SG4 represented by rectangular filled red markers). The SG3 24 

coincides with the alignment of the column surface, while the SG4 is positioned at a radius distance from the 25 

slab’s centre of 670 mm (coincident with the 6th perimeter, Figure 4). A region at intermediate distance of the 26 

previous ones was also intrumented by using SG2, symmetrically positioned in order to avoid excessive 27 

number of strain gauges in the same bar and in the same alignment. Another strain gauge, SG1, was positioned 28 

in the bar coinciding with the symmetry axis orthogonal to the previous bar, and in the alignment of the 29 

column’s face. 30 
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 1 

4. RESULTS AND ANALYSIS 2 

In this section the punching strengthening effectiveness of the adopted configurations is evaluated by analyzing 3 

the relevant results obtained in the experimental program. The strengthening performance was assessed in 4 

terms of load carrying capacity and deflection performance, and the failure modes are also presented and 5 

commented. 6 

Table 5 includes the relevant results, where 
uV , 

REF

uV  and 
STR

uV  are the maximum load capacity of all tested 7 

prototypes, of the reference, and of the strengthened ones, respectively. Taking into account that the 8 

compressive strength of the concrete of the tested prototypes was not the same, the maximum load capacity 9 

was updated accordingly, 
STR

c

REF

cunormu ffVV , , according to the suggestion of [33,35], where 
REF

cf  10 

and
STR

cf  are the average compressive strength of the concrete of the reference and strengthened prototype, 11 

respectively. The increase in terms of load carrying capacity provided by the adopted strengthening 12 

configurations was evaluated based on the parameter   REF

normu

REF

normu

STR

normu VVV ,,,  , whose values are indicated 13 

in the 3rd column of Table 5, and represented in Figure 11a. 14 

In order to take into consideration the differences on the internal arm of the flexural reinforcement and the 15 

concrete strength, the adimensional parameter  0u u ctmV b d f   was also evaluated, where b0=4(c+d) is 16 

the perimeter at d/2 from the column’s external face, according to the ACI 318-11 [44], and 
ctmf  is the average 17 

concrete tensile strength obtained according to the Model Code 2010 recomendations [45] by considering the 18 

cmf  registered experimentally. The u  values are indicated in the 4th column of Table 5 and also represented 19 

in Figure 11a. This table also includes the Af/perimeter and the CFRP consumed (Cf) in each prototype that 20 

corresponds to the total area of CFRP introduced into the holes (5th and 6th columns of Table 5). 21 

If the increase in terms of punching strength capacity provided by the adopted strengthening configurations (22 

REF

normu

STR

normu VV ,,  ) is divided by the consumed CFRP in the corresponding strengthening configuration, Cf, 23 

(values of 7th column of Table 5), results a parameter herein designated as “Strengthening Competetiveness 24 

Index, SCI”,   f

REF

normu

STR

normu CVV ,,  , with dimensions of kN/m2, which is represented in Figure 11b. It can be 25 

concluded that ETS technique (D type) is more competitive than stitch technique (S type) since, despite the 26 

higher punching strength capacity provided by the stitch technique, the ETS consumes much lower content of 27 
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CFRP (the exception is the Sb-R-132-Oc6). Furthermore, the ETS technique is faster and easier of applying. 1 

Amongst the punching configurations using the stitch technique, the most competitive was the one applied in 2 

the Sb-R-132-Oc6 prototype. In the group of prototypes of equal Af /perimeter (132 mm2) and strengthened 3 

according to the stitch technique, the Sb-R-132-Oc6 presented the largest SCI due to the favorable effect 4 

provided by the closed circular strengthening configuration adopted in this prototype, while the minimum value 5 

was verified in the Sb-R-132-Os6 (distance between strengthening holes in the each perimeter exceeds the 6 

recommended 2d limit [39]). 7 

The localization and type of failure modes are also indicated in Table 5. For the classification of the failure 8 

mode, the type of failure surface, deflection capacity and strains in the flexural reinforcement were considered, 9 

as well as the maximum flexural capacity of the RC slab ( flexV ) determined according to the yield line theory 10 

[46], whose values are also presented in the 8th column of Table 5. 11 

Comparing 
uV  and flexV  it is verified that the flexural capacity was not exceeded in any of the tested 12 

prototypes, despite yield initiation of the flexural reinforcement of the Sb-R-297-Oc8 and Sb-C-297-Od8 slabs 13 

has already occurred when they failed. The localization of the rupture surface is represented in Figure 12 to 14 

Figure 14. All the prototypes of the strengthening configurations of Af/perimeter=132 mm2 (the largest group 15 

of prototypes) have failed in punching. For this group of prototypes, the highest increment of the punching 16 

capacity was registered in the Sb-R-132-Oc6 prototype (43%, and 
u =0.92), followed by the Sb-C-132-Od6 17 

prototype (41%, and 
u =0.89) and Sb-R-132-Os6 prototype (37% and 

u =0.86), which demonstrate the 18 

favorable effect of applying a continuous CFRP wrapping of circular configuration as possible, such is the case 19 

of Sb-R-132-Oc6. This strengthening configuration is very effective on arresting the propagation of radial 20 

cracks, since as closest is the CFRP wrapping configuration to the circular shape as higher is the effective 21 

CFRP strengthening ratio. In fact, this configuration ensures that when radial cracks are formed, the CFRP 22 

strips are almost orthogonal to these cracks, providing higher strengthening ratio. Furthermore, since in each 23 

strengthening perimeter the distance between consecutive holes is the minimum amongst the adopted 24 

configurations, highest stiffness and better anchorage conditions are ensured (note that a closed type CFRP 25 

stirrup is installed in each consecutive pair of holes). Comparing Sb-C-132-Od6 and Sb-R-132-Oc6, with the 26 

same Af/perimeter (132 mm2) and the same strengthening technique (stitch), the higher punching capacity 27 

registered in the Sb-R-132-Oc6 seems to be justified, besides the reason already pointed out, by the higher 28 
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number of holes per perimeter in this configuration, which increases the probability of a punching shear surface 1 

being crossed by a larger number of CFRP strengthening elements. 2 

When the punching capacity of Sb-C-132-Od6 and Sb-C-132-U prototypes is compared, where the unique 3 

difference is the closed circular configuration in the Sb-C-132-Od6, while in the Sb-C-132-U a discrete stitching 4 

configuration was adopted, the stitching strengthening arrangement of Sb-C-132-Od6 was about 14% more 5 

effective, which can be justified by the extra CFRP that assured the continuous nature to this wrapping 6 

configuration. As already indicated, this extra reinforcement has offered resistance to the propagation of radial 7 

cracks. Figure 12d and Figure 12c show that less inclined cracks and more cracks have formed in the Sb-C-8 

132-Od6 prototype, therefore higher total area of punching shear cracks developed in consequence of the higher 9 

effectiveness of punching strengthening configuration in this prototype when compared to the Sb-C-132-U 10 

prototype. 11 

When comparing the   REF

normu

REF

normu

STR

normu VVV ,,,   indicator for the group of prototypes with Af/perimeter=132 12 

mm2 it can be concluded that, in average terms, the stitch technique is more effective in this respect than the 13 

ETS, revealing the favorable effect of using closed form configuration for the punching strengthening systems 14 

(in stitch technique – the horizontal parts provide better anchorage conditions and offer some resistance to the 15 

propagation of radial cracks). The results also indicate that the type of configuration in cross or radial has not 16 

significant influence on the punching capacity when stitch continuous perimetral configurations of equal 17 

Af/perimeter are used. However, when the ETS technique is adopted, cross type configuration was more 18 

effective (38.9% and 
u =0.88 in the Db-C-132 versus 27.9% and 

u =0.81 in the Db-R-132). 19 

No clear conclusions have been possible to extract from the influence of the roughness conditions of the wall 20 

of the holes, e.g. executing the holes according to the regular strengthening practice (“a” in Table 1 and a 21 

subscript in the designation of the prototypes), or using moulds during the casting process of the slabs (b in 22 

Table 1 and b subscript in the designation of the prototypes) such was the case in the major part of the tested 23 

prototypes for speeding up their strengthening process. In fact, comparing Sb-C-132-U (with “b” strategy) with 24 

Sa-C-99-U and Sa-C-165-U (both with “a” strategy), although the Af/perimeter of the Sb-C-132-U (132 mm2) 25 

is between the Af/perimeter of the last two prototypes (99 mm2 and 165 mm2, respectively), the punching 26 

strengthening effectiveness of these three prototypes was quite close (varied between 26.3% nd 27.9%, with 27 

equal 
u =0.82 in these three prototypes). 28 
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The influence of the number of strengthening perimeters on the punching capacity is assessed by comparing 1 

the results of Sb-R-132-Oc6 and Sb-R-297-Oc8 prototypes, where an increase of, respectively, 42.9% (
u =0.92) 2 

and 66.1% (
u =1.12) was registered. However, this increase of punching capacity was smaller than the 3 

increase of the Af/perimeter between these two configurations (132 mm2 and 297 mm2 in the Sb-R-132-Oc6 and 4 

Sb-R-297-Oc8, respectively), indicating that above a certain number of perimeters and punching strengthening 5 

holes, the strengthening effect reaches a limiting value. 6 

The punching strengthened prototypes with the highest Af/perimeter (297 mm2), Sb-R-297-Oc8, Sb-C-297-Od6 7 

and Sb-C-297-Od8, have also demonstrated the effectiveness derived from increasing the number of perimeters, 8 

since despite having the same Af/perimeter, the prototypes with 8 perimeters (Sb-R-297-Oc8 and Sb-C-297-Od8) 9 

presented an increase of the punching strengthening varing between 66.1% (
u =1.12) and 67.0% (

u =1.07), 10 

while the prototype with 6 perimeters (Sb-C-297-Od6) this increase was limited to 53.7% (
u =0.99). The Sb-11 

R-297-Oc8 and Sb-C-297-Od8 prototypes were the only ones that failed in flexo-punching, e.g. when failed their 12 

flexural reinforcement has already yielded, as is seen Figure 15, where strain profiles in the flexural 13 

reinforcement for several load levels are represented, being the sy the yield strain of the flexural reinforcement. 14 

Despite the smaller prototypes used in [33], the average normalized maximum load obtained in the present 15 

work when using the stitch technique (43.2%) was almost equal to the average one registered by that 16 

researchers (44.8%). In case of ETS technique, when the cross type strengthening configurations are compared 17 

in terms of normalized maximum load obtained it is verified a 50% increase of strengthening effectiveness in 18 

the ones of the present work, while this increase is 30% in the radial configurations. This better performance 19 

was obtained in prototypes of larger dimensions than the ones tested in [35], therefore even larger strengthening 20 

effectiveness will be expected to obtain if prototypes of equal dimensions had been tested. 21 

Figure 15 only presents representative strain fields in the flexural reinforcement, but in fact the flexural 22 

reinforcement of Sb-C-297-Od8 has also already yielded when failed. As expected, the strain level has decreased 23 

with the distance from the face of the column, and the maximum strain in the flexural reinforcement of the 24 

prototypes failed in punching was smaller than sy, especially in the REF prototype, while in the strengthened 25 

ones maximum strains close to the sy were registered. Assuming the punching design principles of the 26 

Eurocode [39] formulation can be applied for the CFRP-based punching strengthening configurations adopted 27 

in the tested prototypes, the Sb-C-297-Od6 and Sb-C-297-Od8 would present the same punching capacity. 28 

However, this last one prototype has developed much higher load carrying capacity, which demonstrates the 29 

relevance of the number of CFRP perimeters in this respect, an aspect not considered in this formulation. 30 
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The relationship between the total applied load and the average deflection ( F u ) for the tested prototypes is 1 

indicated in Figure 18 (downward deflection was considered positive), where the average deflection is the 2 

mean of the displacements measured by the LVDTs D01, D06, D07 and D12 (Figure 10a). In this graph, a 3 

different marker is used for the curves of the four groups of distinct Af /perimeter, and the size of the marker is 4 

proportional to the Af /perimeter. To distinguish the two types of strengthening techniques, stitch and ETS, a 5 

blue line is used for the prototypes strengthened according to the stitch technique, while red colour was selected 6 

for the lines corresponding to the prototypes strengthened with the ETS technique. The F u  curves were 7 

not recorded up to the end of the tests since the LVDTs were removed before this stage has been attained in 8 

order to prevent eventual damage in these devices at the rupture of the prototypes. 9 

From the F u  curves it is verified that in the group of prototypes of equal Af /perimeter (132 mm2), those 10 

strengthened according to the ETS technique (Db-R-132 and Db-C-132) presented higher stiffness than the 11 

prototypes strengthened by the stitch technique. Despite having presented the stiffest F u  response and the 12 

largest increase of load carrying capacity, the Sb-C-297-Od8 prototype shown, however, the smallest SCI 13 

amongst the prototypes of higher Af/perimeter. When the full experimental programme is considered, the Sa-14 

C-165-U has presented the minimum SCI. 15 

 16 

5. CONCLUSIONS 17 

This work presented an experimental program for assessing the punching strengthening effectiveness of the 18 

following two CFRP-based techniques for flat reinforced concrete (RC) slabs: one where the CFRP system 19 

fully wraps two consecutive holes, forming a closed type stirrup (stitch technique); the second is formed by a 20 

type of flexible CFRP bar installed in each hole, like a dowel (ETS technique). The strengthening effectivenss 21 

in terms of punching capacity was estimated by evaluating the   REF

normu

REF

normu

STR

normu VVV ,,,   parameter, where 22 

REF

normuV ,  and 
STR

normuV ,  are the normalized maximum load capacity of the reference and strengthened prototypes, 23 

respectively. For the first time in the punching strengthening of RC slabs with FRP system, a parameter was 24 

proposed for estimating simultaneously the effectiveness of the technique in terms of capacity and cost 25 

competitiveness, designated by Strengthening Competitiveness Index, SCI,   f

REF

normu

STR

normu CVV ,,  , where Cf 26 

is the consumed CFRP. 27 
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Twelve real scale prototypes representative of RC slab-column connection were tested, and based on the results 1 

the following relevant conclusions can be pointed out: 2 

 Based on the SCI results, it was concluded that the ETS technique is more cost competitive than the stitch 3 

technique. Furthermore, the ETS technique is faster and easier to apply. 4 

 Based on the applied load vs average deflection relationship registered on the tested prototypes it was 5 

verified that in the group of prototypes of equal Af /perimeter (132 mm2), those strengthened according to 6 

the ETS technique presented higher stiffness than the prototypes strengthened by the stitch technique. 7 

 In terms of the   REF

normu

REF

normu

STR

normu VVV ,,,   parameter, however, the stitch technique was, in average terms, 8 

more effective than ETS, indicating the favorable effect of using closed form configuration for the punching 9 

strengthening systems (in stitch technique – the horizontal parts provide better anchorage conditions and 10 

offer some resistance to the propagation of radial cracks). 11 

 When using stitch continuous perimetral configurations, similar increments of the punching capacity was 12 

obtained using cross or radial configuration in prototypes of equal Af/perimeter. However, when the ETS 13 

technique is adopted, cross type configuration was more effective. 14 

 Amongst the punching configurations using the stitch technique, the Sb-R-132-Oc6 was the most 15 

competitive one (of higher SCI) due to the favorable effect provided by the circular perimetral strengthening 16 

configuration adopted in this prototype; the Sb-R-132-Os6 has presented the less competitive strengthening 17 

configuration (smaller SCI) – in this configuration the distance between strengthening holes in the each 18 

perimeter has exceeded the recommended limit by Eurocode 2, indicating the relevance of respecting this 19 

recommendation. 20 

 All tested prototypes failed in punching, but the flexural reinforcement of the Sb-R-297-Oc8 and 21 

Sb-C-297-Od8 prototypes with the largest number of strengthening perimeters (eight) has yielded at their 22 

failure. 23 

 The prototypes strengthened with stitch continuous perimetral configuration and higher Af/perimeter (297 24 

mm2) have demonstrated the favorable effect in terms of punching capacity of increasing the number of 25 

strengthening perimeters (   REF

normu

REF

normu

STR

normu VVV ,,,   of about 67% and 54% in the prototypes with, 26 

respectively, 8 and 6 perimeters). Assuming the punching design principles of the Eurocode formulation 27 

can be applied in the adopted punching strengthening configurations, the punching capacity of the 28 

prototypes with 6 and 8 strengthening perimeters would be the same, which was not the case, demonstrating 29 

the necessity of this aspect be considered in the design formulation. 30 
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 Despite the smaller prototypes used in [33], the   REF

normu

REF

normu

STR

normu VVV ,,,   obtained in the present work 1 

when using the stitch technique was almost equal to the average one registered by that researchers. In case 2 

of ETS technique, when the cross type strengthening configurations are compared in terms of normalized 3 

maximum load obtained [35], it was verified a 50% increase of strengthening effectiveness in the ones of 4 

the present work, while this increase was 30% in the radial configurations. 5 

 By comparing the strengthening performance indexes in the largest group of prototypes of equal 6 

Af/perimeter (132 mm2) and strengthened with the stitch technique, it was concluded that a continuous 7 

CFRP wrapping of circular configuration (the one applied in the Sb-R-132-Oc6 prototype) is the most 8 

effective, due to its effectiveness on arresting the propagation of radial cracks. In fact, the closer the CFRP 9 

wrapping configuration is to the circular shape the  higher is the effective CFRP strengthening ratio (the 10 

CFRP strips are more closest to the orthogonal to the radial cracks). 11 

 By increasing the number of strengthening elements per perimeter, despite preserving the same Af/perimeter 12 

(132 mm2), has provided higher punching capacity to the prototypes strengthened with the stitch technique, 13 

which can be justified by the higher probability of a punching shear surface be crossed by larger number of 14 

CFRP strengthening elements. However, when the analysis is based on the SCI it was verified that above a 15 

certain number of punching strengthening holes, the strengthening effectiveness becomes not cost 16 

competitive. 17 

 The stitch continuous perimetral configuration (Sb-C-132-Od6) has provided higher punching capacity than 18 

the stitch discrete configuration (Sb-C-132-U, resembling stirrups). This is justified by the extra CFRP, 19 

which assured the continuous nature to the former wrapping configuration, in arresting the propagation of 20 

the radial cracks. This justification is also complemented with the observation of having formed less 21 

inclined cracks and more cracks in the stitch continuous perimetral configurations, leading to higher area 22 

of resisting punching shear surface. 23 

 Although the relevant derived conclusions are based on results obtained in almost real scale prototypes, 24 

only one prototype was, however, tested for each strengthening configuration due to time, human and 25 

financial resources limitations in this research project. Therefore, more experimental programs with real 26 

scale prototypes are recommended to be executed for having more confidence on the relevant results 27 

required for design purposes. 28 

 29 
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