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Abstract: This work presents and analysis the results of an ongoing research project on the use of the near surface 

mounted (NSM) carbon fiber-reinforced polymer (CFRP) laminates for the increase of the load carrying capacity of 

statically indeterminate (two spans) reinforced concrete (RC) slabs. The test program consisted of seventeen slab 

strips, grouped in two series that are different on the adopted strengthening scheme: H series, where H is the 

notation to identify the slabs strengthened with NSM CFRP laminates exclusively applied in the hogging region; HS 

series, where HS is the notation to identify the slabs strengthened with NSM CFRP laminates applied in both 

hogging and sagging regions. The program includes six unstrengthened reference RC slab strips, and eleven 

strengthened with CFRP NSM configurations designed to increase in 25% or 50% the load carrying capacity of the 

corresponding reference RC slabs. An extensive monitoring system was applied in the constituent materials, in the 

critical regions of the tested slabs, in order to collect information for the discussion about the effectiveness of NSM 

technique in terms of load carrying and moment redistribution capacity. The strengthening procedures adopted in the 

laboratory tests followed, as much as possible, the real strengthening practice for this type of interventions. The 

obtained results show that the proposed technique is able to increase significantly the load carrying capacity of 

statically indeterminate RC slabs, even for those with relatively high steel reinforcement ratios. The load carrying 

capacity of the strengthened slabs was limited by its shear capacity or by the detachment of the strengthened 

concrete cover layer. At failure of the strengthened slabs, the longitudinal steel bars at intermediate support (hogging 

region) and at loaded sections (sagging regions) have already yielded, and the deflection was quite large. However, 

for some strengthening configurations, the CFRP laminates led to a decrease of the moment redistribution capacity 

of the slabs.  

HIGHLIGHTS 

► Eleven slab strips flexurally strengthened with NSM CFRP laminates were tested.► Two different arrangements 

of CFRP laminates were applied in the slab strips. ► The increase of the load carrying and moment redistribution 

capacities was analyzed.  ► The target increase of the load carrying capacity was attained for HS configurations. ► 

Some strengthening configurations led to a decrease of the moment redistribution capacity. 
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1. INTRODUCTION 

In general, when a Reinforced Concrete (RC) element is strengthened with fiber reinforced polymer (FRP) systems, 

its failure mode tends to be more brittle than its unstrengthened homologous element, due to the intrinsic bond 

conditions between these systems and the concrete substrata, as well as the linear-elastic brittle tensile behavior of 

the FRP. In fact, the premature debonding of the FRP strengthening systems can significantly reduce the ductility of 

a flexurally strengthened RC element [1-4]. Debond in the present context is regarded as the phenomena that 

governs the liaisons FRP-adhesive and adhesive-concrete, as well as the adhesive rupture and the splitting of the 

concrete surrounding the FRP systems. In case of continuous RC slabs and beams (statically indeterminate 

structures), the use of FRP systems to increase their flexural resistance can even compromise the moment 

redistribution capacity and ductility performance of these types of structural elements. 

The Externally Bonded Reinforcement, EBR [5-6], and the Near Surface Mounted, NSM [7-8] are the most used 

techniques for the strengthening of RC elements. However, when compared to EBR, the NSM technique is 

especially appropriate to increase the negative bending moments (in the intermediate supports, herein designated by 

hogging regions) of continuous RC slabs, since its strengthening process is simpler and faster to apply than other FRP-based 

techniques [7]. Furthermore, since the laminates are inserted into thin slits open on the concrete cover, they are protected 

against external agents and do not create any type of obstacle to the normal functionality of the slab. 

The efficiency of the NSM technique for the flexural [9-15] and shear [16-19] strengthening of RC members has already been 

assessed. However, most of the tests were carried out with NSM strengthened simply supported elements. 

Although many in situ RC strengthened elements are of continuous construction nature, there is a lack of 

experimental and theoretical studies in the behavior of statically indeterminate RC members strengthened with FRP 

materials. The majority of research studies dedicated to the analysis of the behavior of continuous elements reports 

the use of the EBR technique [4, 2, 20-22]. Limited information is available in literature dealing with the behavior of 

continuous structures strengthened according to the NSM technique [23, 13, 24]. 

In this paper the potentialities of the NSM technique are explored for the increase of the load carrying capacity of two 

spans continuous RC slabs. The NSM strengthening configurations applied in eleven slab strips were designed to increase, 

in 25% and 50%, the load carrying capacity of its corresponding unstrengthened reference RC slab. Besides the load 

carrying capacity of the tested slabs, the moment redistribution issues are also discussed in this paper. 

 

2. THE EXPERIMENTAL PROGRAM 

2.1 Slab specimens and strengthening technique 
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The experimental program is composed of seventeen 120×375×5875 mm3 RC slab strips. Six of them were 

unstrengthened RC slabs forming a control set (SL15-H/HS, SL30-H/HS and SL45-H/HS), and the other eleven 

slabs were strengthened with CFRP strips according to the NSM technique (SL15s25-H, SL15s50-H/HS, SL30s25-

H/HS, SL30s50-H/HS, SL45s25-H/HS and SL45s50-H/HS). The notation adopted to identify each slab specimen is 

SLxsy-z, where SL is the slab strip base, x is the moment redistribution percentage (η ), s means that the slab strip is 

strengthened, y is the target increase in the load carrying capacity, and z=H or z=HS when the slab is strengthened 

in the hogging region or in both hogging and sagging regions (HS), respectively. According to CEB-FIP Model 

Code [25], the moment redistribution for RC slabs should be limited to 25%, but the possibility of attaining a η =15, 

30 or 45% was explored in the present work. 

The geometry, support and load conditions, and the reinforcement and strengthening arrangements are represented 

in Figs. 1 to 5. Additionally, the details of the cross sections of the slab strips are presented in Table 1, where ,ρ H
l eq  

and ,ρ S
l eq  are the equivalent steel reinforcement ratio [, / ( ) ( / ) / ( )l eq s s f f s fA bd A E E bdρ = + ] of the hogging and 

sagging regions, respectively, where b is the width of the slab’s cross section and ds and df  are the effective depth of 

the longitudinal steel bars and CFRP laminates, respectively, and Es and Ef  are the Young’s Modulus of the 

longitudinal tensile steel bars and CFRP laminates. 

The steel reinforcement arrangements in the reference slabs (with the designations of SL15-H/HS, SL30-H/HS and 

SL45-H/HS) were designed in compliance with ACI 318 [26]. According to this recommendation, the maximum 

applied load due to deformability requirements should not introduce a deflection higher than L/480, where L is the 

span length of the slab (L=2800 mm). In this way, taking into account the concrete compressive strength of each 

series, the target design load was 50.82 kN for the H series and 46.20 kN for the HS series, respectively, maintaining 

the same steel arrangement in both H and HS series. Furthermore, in the evaluation of the reinforcement percentages 

a coefficient of moment redistribution (η ) equal to 15, 30 or 45% was considered. 

According to the CEB-FIB Model Code [25], the coefficient of moment redistribution, δ = red elasM M , is defined 

as the relationship between the moment at the critical section after redistribution ( redM ) and the elastic moment (

elasM ) at the same section calculated according to the theory of elasticity, while (1 ) 100η δ= − ⋅  is the moment 

redistribution percentage.  The percentage of steel reinforcement, as well as the percentage of CFRP laminates 

applied in the critical sections of the slabs, were evaluated for the bending moments after moment redistribution has 

been implemented, by adopting for the maximum compressive strain in the concrete the value of 3.5‰, in 

agreement with CEB-FIB Model Code recommendations.The NSM flexurally strengthened slabs had the same steel 
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reinforcement arrangements adopted in the reference slabs of the corresponding series. The number of CFRP 

laminates was designed to increase the load carrying capacity of the reference slabs (REF) in 25% and 50%.  

The design of cross sections subject to flexure was based on force and moment equilibriums, as well as in strain 

compatibility, where the maximum strain at extreme concrete compression fiber was assumed equal to 3.5‰  and 

the maximum tensile strain in the CFRP laminates was limited to the value recommended ACI 440 [5] (70% of the 

ultimate tensile strain). 

2.2 Strengthening Schemes and Test Configuration 

The tested slab strips, of 120×375×5875 mm3, were grouped in two series depending on the strengthening scheme: 

H series, where H is the notation to identify the slabs strengthened with NSM CFRP laminates exclusively in the 

hogging region; HS series, where HS is the notation to identify the slabs strengthened with NSM CFRP laminates in 

both hogging and sagging regions. In both H and HS series of RC slabs, the CFRP strengthening ratio was 

determined in order to provide the increase of the load carrying capacity of the slab strips. The strengthening 

arrangements represented in Fig. 2 were adopted.  

2.2.1 H series 

This series was composed of the unstrengthened RC slabs (SL15-H, SL30-H and SL45-H), and five strengthened 

slabs with CFRP strips according to the NSM technique. Two arrangements of CFRP laminates were applied in the 

hogging region with the purpose of increasing the flexural capacity of the slab cross section at the intermediate 

support (negative resisting bending moment, H) and, consequently, the load carrying capacity of the reference slab 

in 25% and 50%. These slabs have the designations of SL15s25-H, SL30s25-H, SL45s25-H and SL15s50-H, 

SL30s50-H, SL45s50-H, respectively. In this series, CFRP laminates of 1.4x10 mm2 cross section were used. In this 

series, the slabs were strengthened before having been tested, i.e. no damages exist when these slabs were 

strengthened.  

2.2.2 HS series 

This series is composed of the reference RC slabs (SL15-HS, SL30-HS and SL45-HS) and the strengthened slab 

strips (SL15s25-HS, SL30s25-HS, SL30s50-HS, SL45s25-HS and SL45s50-HS). The CFRP laminates were applied 

in both hogging and sagging regions. If only laminates of 1.4x10 mm2 cross section had been selected to increase 

the load carrying capacity of the sagging regions, the number of laminates would have been relatively high in these 

regions, leading to a small distance between laminates, which could favor the occurrence of group effect, with an 

eventual premature detachment of the concrete cover that includes the laminates [27]. Therefore, for this series, 

CFRP laminates of 1.4x20mm2 cross section were preferentially selected. However, in the SL30s25-HS, to avoid the 
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placement of a laminate coinciding with the position of an existing longitudinal steel bar that previous research has 

indicated to be an unfavorable arrangement [7], two laminates of 1.4x10mm2 cross section were applied instead of 

one 1.4x20 mm2 laminate. 

Each test of the slab strips of HS series had two phases. In the first testing phase the slab was loaded up to attain, in 

the loaded sections, a deflection corresponding to 50% of the deflection measured in the reference slab when the 

steel reinforcement in the hogging region has reached its yield strain. When attained this deflection level (a value 

that varied between 5.4 mm and 5.7 mm), a temporary reaction system was applied (Fig. 6) in order to maintain this 

deformability during the period necessary to strengthen the slab. To control the maintenance of this deflection, dial 

gages were used to adjust the temporary reaction system when necessary. Therefore, the strengthening process was 

applied to the slab that has a damage level that can be representative of real slabs requiring structural 

rehabilitation.This criterion seems representative of a level of damage found in these type of structures at 

serviceability states, when only quasi-permanent loads are actuating. For this loading conditions this type of 

structures are in the elastic-cracked phase, but the maximum tensile strain in the existing steel reinforcement is in 

the range between 40 to 60% of the yield initiation strain. After the curing time of the adhesive used to bond the 

NSM CFRP strips (which in general took about two weeks), the temporary reaction system was removed, while the 

load was transferred to the slab. This stress transfer process was governed by the criteria of maintaining the 

deflection level that corresponds to the initiation of the second phase of the test. This second phase of the test ended 

when the strengthened slab strip has ruptured. 

 

2.3 Test configuration and monitoring system 

The six linear voltage differential transducers supported on a suspension yoke (LVDT 82803, LVDT 60541, 

LVDT 82804, LVDT 19906, LVDT 18897 and LVDT 3468) were used to measure the vertical deflection of a slab 

strip (Fig. 1b). The LVDTs 60541 and 18897, placed at the slab midspan, were also used to control the test at a 

displacement rate of 10 µm/s up to the deflection of 50 mm. After this deflection, the internal LVDTs of the 

actuators were used to control the test at a displacement rate of 20 µm/s up to the failure of the slab strip. 

The force ( 522F ) applied at the left span (Fig. 1b) was measured using a load cell of ±200 kN and accuracy of 

±0.03% (designated as Ctrl_1), placed between the loading steel frame and the actuator of 150 kN load capacity and 

200 mm stroke. In the right span, the load (123F ) was applied with an actuator of 100 kN and 200 mm stroke, and 

the corresponding force was measured using a load cell of ±250 kN and accuracy of ±0.05% (designated as Ctrl_2). 

To monitor the reaction forces, load cells were installed in two supports. One load cell (AEP_200) was positioned at 

the central support (nonadjustable support), placed between the reaction steel frame and the slab’s support device. 
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The other load cell (MIC_200) was positioned in-between the reaction steel frame and the apparatus of the 

adjustable right support of the slab. These cells have a load capacity of 200 kN and accuracy of ±0.05%. 

Unfortunately, due to a deficient functioning of the data acquisition device, the signals in these last two load cells 

were not registered in the test of the SL15-HS reference slab. 

To monitor the strain variation in the steel bars, concrete and CFRP laminates, the arrangements of strain gauges 

(SGs) represented in Figs. 3 to 5 were adopted. Eleven SGs were installed in steel bars, seven of them in steel bars at 

top surface in the hogging region (SG1 to SG7), and the other four in steel bars at bottom surface in the sagging 

regions (SG8 to SG11). Six SGs were applied at the concrete surface in the compression regions (SG12 to SG17). 

Finally, three SGs were installed along one CFRP laminate in both sagging regions (SG18 to SG20 and SG21 to 

SG23), and three SGs (SG24 to SG26) were bonded along one CFRP laminate in the hogging region. 

 

2.4 Materials properties 

Tables 2 and 3 include the values obtained from the experimental tests for the main properties of the materials used 

in the present research program. The compressive strength and the Young’s modulus of the concrete were 

determined according to LNEC-E397 [28]. To characterize the steel bars, uniaxial tensile tests were conducted 

according to the standard procedures of ASTM A370 [29]. Unidirectional pultruded CFRP laminates were used in 

this study and their tensile behavior was assessed by performing uniaxial tensile tests carried out according to ISO 

527-1 [30] and ISO 527-5 [31] recommendations. For the characterization of the tensile behavior of the epoxy 

adhesive, uniaxial tensile tests were performed complying with the procedures outlined in ISO 527-2 [32]. For the 

elasticity modulus and tensile strength of the adhesive values of, respectively, 7.91 GPa (5.16%) and 19.19 MPa 

(15.59%) were obtained, where the values between round brackets correspond to the coefficient of variation. 

 

2.5 Strengthening system 

The first step of the NSM strengthening process consisted in opening the slits for the installation of the CFRP 

laminates, by using a conventional diamond saw cut machine. The slits had a width that varied between 4.5 and 

4.6 mm and a depth of 15 mm or 27 mm, depending on the depth of the cross section of the used CFRP laminate, 10 

or 20 mm, respectively. To eliminate the dust resultant from the sawing process, the slits were cleaned using 

compressed air before bonding the laminates to the concrete into the slits. The CFRP laminates were cleaned with 

acetone to remove any possible dirt. Finally, the slits were filled with the epoxy adhesive using a spatula, and the 

CFRP laminates were introduced into the slits. 
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3. RESULTS AND ANALYSIS 

The average load ( ( )522 123 2= +F F F ) versus deflection curves of the tested slab strips are presented in Fig. 7. This 

figure reveales that the adopted NSM HS strengthening configurations have provided a significant increase of the load 

carrying during the second phase of the test loading process.  

For all the slabs, flexural cracks were first observed at a F  of about 6 kN. Four phases occurred during each test in 

the following sequence: (a) the uncracked elastic response; (b) crack propagation in the hogging and sagging regions 

with steel bars in elastic stage; (c) yielding of the steel reinforcement in the hogging region and crack propagation in 

the sagging regions with steel bars in elastic stage; and (d) yielding of the steel reinforcement in the sagging regions. 

Fig. 7 also depicts the cracking load (crF ) and the load at the formation of the plastic hinge in the hogging ( H
yF ) 

and sagging ( S
yF ) regions. The phases registered for the reference slab strips of the SL15 series are indicated in Fig. 

7a, but similar behavior was obtained for all tested slab strips. 

 

Reference slabs: 

As expected, the unstrengthened control slab strips behaved in a perfectly plastic manner in the post-yielding phase 

(after the formation of plastic hinges in the hogging and sagging regions), whereas the strengthened slab strips 

exhibited continuous hardening up to failure. The reference slabs failed in bending, i.e. by yielding of internal 

reinforcements, with extensive concrete cracking in both hogging and sagging regions, followed by concrete 

crushing in compression parts, as shown in Figs. 8 and 9. 

H series: 

The slab strips strengthened to increase in 25% the loading carrying capacity (SL15S25-H, SL30S25-H and SL45S25-H) 

were also governed by flexural failure: yielding of the internal steel reinforcements followed by the concrete crushing and 

CFRP rupture after high deflection values.  

In the slab strips strengthened to increase in 50% the loading carrying capacity, all slab strips (SL15S50-H, 

SL30S50-H and SL45S50-H) failed in shear, by intermediate shear crack mechanism with extensive cracking in the 

tension flange. In these strengthened slabs, neither the CFRP laminate cover separation nor the full debond of the 

CFRP laminates failure mode has occurred (Fig. 8). 

As previously mentioned, two arrangements of CFRP laminates were applied in the hogging region with the purpose 

of increasing the resisting bending moment of the slab cross section at the intermediate support (negative bending 

moment) and, consequently, the load carrying capacity of the reference slab in 25% and 50%. It is verified that, 
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though the target increase in the negative resisting bending moment has been exceeded in the strengthened slabs, an 

average increase of 8% and 16% was obtained for the load carrying capacity of these strengthened slabs  

HS Series 

The first phase of the loading process of the SL15s25-HS slab strip ended at a deflection of 5.40 mm, when a load of 14 kN 

was recorded. This slab strip failed by the detachment of the top concrete cover that includes the laminates in the hogging 

region.  

At the end of the first phase of the test of SL30s25-HS slab strip a deflection of 5.80 mm and a load 17 kN were registered. 

From the analysis of the results of Table 5 and 6, it can be noted that, for a concrete compressive strain of 3.5‰ and at the 

maximum load, the increase of the load carrying capacity provided by the strengthening system was of about 29% and 

52.48%, respectively, which exceeded the target value. This slab strip failed by the detachment of the top concrete cover that 

included the laminates in the hogging region (Fig. 10). 

The SL30s50-HS failed by the detachment of the bottom concrete cover that includes the laminates in sagging region 

(left span, Fig. 11). In the first phase of the test, the strengthened slab strip was loaded up to a deflection of 5.80 

mm, which corresponds to a load of 14 kN. From the analysis of the results presented in Table 5 and 6, it can be noted 

that, for a concrete compressive strain of 3.5‰ and at the maximum load, the increase of the load carrying capacity provided 

by the strengthening system was about 49% and 68.07%, which attained the target value. 

The SL45s25-HS failed by shear, followed by the rupture of the CFRP laminates, in the intermediate support (Figs. 9 and 10). 

In the first phase of the test this slab strip was loaded up to a deflection of 5.70 mm, which corresponds to a load of 16.7 kN. 

From the analysis of the results shown in Table 5, it can be noted that, for a compressive strain of 3.5‰, the increase of the 

load carrying capacity provided by the strengthening system was about the target value (24.42%). At maxF , an increase of 

the load carrying capacity of 28.55% was obtained. 

The SL45s50-HS also failed by shear, followed by the rupture of the CFRP laminates in the intermediate support, followed 

by the detachment of the top concrete cover that includes the laminates in the hogging region (Fig. 10). In the first phase of 

the test this slab strip was loaded up to a deflection of 5.70 mm, which corresponds to a load of 17.10 kN. From the 

analysis of the results, it can be noted that, for a compressive strain of 3.5‰, the increase of the load carrying capacity 

provided by the strengthening system was about 37.24%. At maxF , an increase of the load carrying capacity of 53.13% was 

obtained. Table 4 summarizes the results obtained experimentally for two scenarios: when a plastic hinge formed at 

the hogging region (superscript H); when a plastic hinge formed at the sagging regions (superscript S). Plastic hinge 

was assumed formed when the steel tensile reinforcement attained its yield strain (syε ). In this table, H
yF  and S

yF  

are the average loads ( ( )522 123 2= +F F F ) at the formation of the plastic hinge at hogging and sagging regions, 
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respectively, H
yu  and S

yu  are the average deflections for HyF  and S
yF , respectively, H

cε  and S
cε  are the maximum 

concrete strains registered at H and S regions, H
sε  and S

sε  are the maximum strains in steel bars at H and S regions, 

respectively, H
fε  and S

fε  are the maximum strains in the CFRP laminates at the hogging and sagging regions, and, 

finally, ∆ H
yF  and ∆ S

yF  are the increase of the loading carrying capacity when a plastic hinge was formed at the H 

and S regions. Unfortunately, for the SL15-HS, due to a deficient functioning of the data acquisition system, the 

forces in the AEP_200 and MIC_200 load cells were not recorded, thus impeding the moment redistribution 

calculation. Table 5 presents the relevant results when the maximum concrete compressive strain attained 3.5 ‰ 

(assumed to be the concrete crushing strain) in the hogging and sagging regions (symbols with subscript “cu”). In 

this table, η  is the moment redistribution percentage and IR  represents the increase of load carrying capacity 

provided by the strengthening technique, calculated according to the following equation: 

100
CFRP REF

cu cu
CFRP

cu

F F
IR

F

−
=  (1) 

where CFRP
cuF  and REF

cuF  are the loads of, respectively, the strengthened and reference slabs when the maximum 

compressive strain in the sagging regions attained 3.5 ‰ . Finally, Table 6 summarizes the results obtained when the 

maximum load ( maxF ) was attained. In this table, maxF  and 
maxFu  are the average maximum loads (

( )522 123 2= +F F F ) and the average deflections for maxF , respectively, 
max,max,

H
c Fε  and 

max,max,
S
c Fε  are the maximum 

concrete strains registered at H and S regions, 
max,max,

H
s Fε  and 

max,max,
S
s Fε  are the maximum strains in steel bars at H 

and S regions, respectively, 
max,max,

H
f Fε  and 

max,max,
S
f Fε  are the maximum strains in the CFRP laminates at the hogging 

and sagging regions, IR  represents the increase of load carrying capacity provided by the strengthening technique 

and, finally, η  is the moment redistribution percentage. 

From the analysis of the results included in Tables 4 to 6 and represented in Fig. 7 the following observations can be 

outlined for the H Series: 

(i) After concrete crack initiation, the slab stiffness decreased significantly, but the elasto-cracked stiffness was 

almost maintained up to the formation of the plastic hinge in the hogging region; 

(ii) Up to the formation of the plastic hinge in the hogging region the tensile strains in the laminates are far below 

their ultimate tensile strain. At concrete crushing the maximum tensile strain in the laminates attained 67% of their 

ultimate tensile strain for the SL45s50-H slab strip, but the increase in the load carrying capacity was limited to 9%; 



10 

 

(iii) The force-deflection relationship evidences that, up to the formation of the plastic hinge in the hogging region, 

the laminates had a marginal contribute for the slab’s load carrying capacity. It is also observed that the moment 

redistribution capability is negatively affected when the percentage of CFRP laminates increases in the hogging region. 

The justifications for this behavior are detailed elsewhere [34]. 

For the HS series the results indicated in Tables 4 to 6 can be point out the following conclusions: 

(i) Up to the formation of the plastic hinge in the hogging region the strains in the laminates have ranged from 

0.88‰ to 1.94‰, which justifies the relative low contribution of the laminates to the load carrying capacity up to 

this load level. At the formation of the plastic hinge in the sagging regions the strain in the laminates have increased, 

having been in the range 2.69‰ to 9.66‰. However, at concrete crushing in the sagging regions, the maximum 

strain in the CFRP laminates has varied between 4.03‰ and 11.95‰, which is 23% to 67% of the CFRP laminate 

ultimate strain.  

(ii) The deflection at S
yF , S

yu , was not significantly affected by the presence of the CFRP laminates, which means 

that ductility is preserved.  

(iii) The contribution of the CFRP laminates for the slab’s maximum load carrying capacity was limited by the 

occurrence of concrete crushing, the detachment of the concrete cover layer that includes the laminates or the shear 

capacity of the slabs.  

(iv) At the maximum applied load, high values of moment redistribution percentages were obtained. 

Fig. 12 depicts the relationship between the average applied load and the moment redistribution percentage for the 

tested slabs. In the beginning of the tests some instability were observed due to the adjustment of supports until the 

crack propagation in the hogging and sagging regions with steel bars in elastic stage. So, the obtained curves before 

the cracking load were removed from the graphs. Between cracking load (crF ) and the formation of the plastic hinge 

in the hogging region ( H
yF ) no clear tendency is observed for the moment redistribution, but after H

yF  the η has a 

tendency to increase up to the formation of the plastic hinge in the sagging regions (SyF ).When the plastic hinge 

formed in the hogging region, the consequent loss of stiffness forced a migration of moments from the hogging to 

the sagging regions, resulting an increase of η . The graphs of Fig. 12 also show that, for the H series, η  has 

decreased with the increase of the percentage of CFRP laminates. For a compressive strain of 3.5 ‰ in the concrete 

surface at loaded sections, the following values of η  were obtained for the H Series: 0.92%, -10.74%, -25.32% for 

SL15-H, SL15s25-H, SL15s50-H; 26.37%, 15.40%, 5.01% for SL30-H, SL30s25-H, SL30s50-H; 43.25%, 35.68%, 

22.45% for SL45-H, SL45s25-H, SL45s50-H.η  were obtained at the maximum load: 7.85%, -20.40%, -27.64% for 
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SL15-H, SL15s25-H, SL15s50-H; 27.71%, 6.36%, -2.42% for SL30-H, SL30s25-H, SL30s50-H; 43.62%, 32.58%, 

16.73% for SL45-H, SL45s25-H, SL45s50-H. 

Adopting a flexural strengthening strategy composed of CFRP laminates applied in both hogging and sagging 

regions, the moment redistribution capacity was not significantly affected by the presence of the laminates and, in 

some cases, higher values were obtained in comparison to the reference slab strips. For the HS series, the following 

values of η  were obtained: 6.20% for SL15s25-HS; 19.94%, 21.45%, 29.89% for SL30-HS, SL30s25-HS, 

SL30s50-HS; 39.21%, 41.69%, 44.10% for SL45-HS, SL45s25-HS, SL45s50-HS. Finally, the following values of 

η  were obtained at the maximum load: 8.85% for SL15s25-HS; 19.69%, 26.58%, 31.67% for SL30-HS, SL30s25-

HS, SL30s50-HS; 38.93%, 37.66%, 47.04% for SL45-HS, SL45s25-HS, SL45s50-HS. 

 

Figs. 13 and 14 present the relationship between the bending moments at the critical sections (sagging and hogging 

regions) and the applied load (F-M). The bending moments were calculated from the forces recorded in the load cell 

located in the lateral support (MIC_200) and in one of the actuators (123F ), see Fig. 1. These figures also include the 

relationship between bending moments and applied load if linear-elastic behavior is assumed for the slab (lines 

without markers). Additionally, Table 7 presents the force values at 123F  and MIC_200 and the corresponding 

bending moments at the hogging and sagging regions ( M−  and M+ ) for the three relevant loading stages: yield 

initiation at the hogging and sagging regions (H
yF  and S

yF , respectively), and at the maximum load, maxF . From 

Figures 13 and 14 it is verified that the deviation from the linear-elastic approach for the F-M response is only 

relevant after yield initiation in the hogging region, with a migration of the negative bending moments from the 

hogging region to the positive bending moments in the sagging regions. As expected, this migration level has 

increased from SL15 to SL45 series in both H and HS groups. However, in each series of the H group this migration 

level was negatively affected with the increase of the percentage of CFRP in the hogging region, while in the series 

of HS group this effect was not significant. 

 

4. CONCLUSIONS 

In this work an experimental program with statically indeterminate (two equal spans) reinforced concrete (RC) slab 

strips was carried out to assess the effectiveness of the Near Surface Mounted (NSM) technique for the increase of 

the load carrying capacity and moment redistribution capability. Carbon fiber reinforced polymer (CFRP) laminates 

of rectangular cross section were used. The experimental program was composed of seventeen 120×375×5875 mm3 

RC slab strips. Six of them were unstrengthened RC slabs forming a control set (SL15-H/HS, SL30-H/HS and 
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SL45-H/HS), and the other eleven slabs were strengthened with CFRP strips according to the NSM technique 

(SL15s25-H, SL15s50-H/HS, SL30s25-H/HS, SL30s50-H/HS, SL45s25-H/HS and SL45s50-H/HS), divided in two 

different strengthening arrangements: CFRP laminates applied only in the hogging region (H Series) or in both 

sagging and hogging regions (HS Series). The amount and disposition of the steel bars were designed to assure a 

moment redistribution percentages of 15%, 30% and 45%. The NSM CFRP systems applied in the flexurally 

strengthened RC slabs were designed to increase in 25% and 50% the load carrying capacity of the reference slab. 

From the obtained results the following conclusions can be pointed out: 

1) For the H Series, when the concrete compressive strain attained 3.5‰ in the hogging region, the increase of slab’s 

load carrying capacity (∆F) varied between 2.87% and 19.79%, while an increase of ∆F between 4.03% and 19.29% 

was registered when a concrete compressive strain of 3.5‰ was recorded in the sagging regions. According to the 

obtained results, the strengthening configurations composed by laminates only applied in the hogging region did not 

attain the target increase of the load carrying capacity. 

2) For the HS series, when the concrete compressive strain attained 3.5‰ in the hogging region, the increase of ∆F 

has varied between 28.54% and 49.77%, while an increase of ∆F between 29.84 and 49.44% was registered when a 

concrete compressive strain of 3.5‰ was recorded in the sagging regions. When applying CFRP laminates in both 

sagging and hogging regions (HS series), the target increase of the load carrying capacity was attained. 

3) Moment redistribution percentage (η) lower than the predicted one was determined in the slabs strengthened with 

CFRP laminates in the hogging region (H). For this strengthening configuration the η has decreased with the 

increase of the CFRP percentage. However, adopting a flexural strengthening strategy composed of CFRP laminates 

applied in both hogging and sagging regions, the moment redistribution capacity was not significantly affected. For 

this configuration of NSM laminates, the flexural strengthening performance was limited by the detachment of the 

concrete cover that includes the laminates or by the formation of a shear crack in the hogging region. 
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Table 1. Geometry, reinforcement and strengthening details of the cross sections of the slab strips 

ID η 
Increase of the 

loading carrying 
capacity 

Cross-Section 
S1-S1’ 

Number of CFRP  
laminates at S 

��,��
�  

 (%) 
Cross-Section 

S2-S2’ 
Number of CFRP 
 Laminates at H 

��,��
�  

 (%) 

H
 S

er
ie

s 

15% 

0% 
As’ = 2φ12mm 

As = 4φ12mm + 3φ8mm 

0 1.71 
As = 5φ12mm 

As’ = 2φ12mm + 1φ8mm 

0 1.60 
25% 0 1.71 3 x 1.4 x 10 mm2 1.68 
50% 0 1.71 7 x 1.4 x 10 mm2 1.80 

30% 

0% As’ = 2φ12mm 
As = 3φ12mm + 4φ10mm 

 

0 1.85 As = 4φ12mm 
As’ = 2φ10mm + 1φ12mm 

 

0 1.28 

25% 0 1.85 2 x 1.4 x 10 mm2 1.34 
50% 0 1.85 5 x 1.4 x 10 mm2 1.42 

45% 

0% As’ = 2φ10mm 
As = 6φ12mm + 1φ8mm 

 

0 2.07 As = 3φ10mm + 2φ8mm 
As’ = 2φ12mm + 1φ8mm 

 

0 0.95 
25% 0 2.07 1 x 1.4 x 10 mm2 0.98 
50% 0 2.07 3 x 1.4 x 10 mm2 1.03 

H
S 

Se
ri

es
 

15% 
0% 

As’ = 2φ12mm 
As = 4φ12mm + 3φ8mm 

0 1.71 As = 5φ12mm 
As’ = 2φ12mm + 1φ8mm 

0 1.60 

25% 
1 x 1.4 x 10 mm2 +  
2 x 1.4 x 20 mm2 1.85 

4 x 1.4 x 20 mm2 
1.83 

30% 

0% 
As’ = 2φ12mm 

As = 3φ12mm + 4φ10mm 
 

0 1.85 
As = 4φ12mm 

As’ = 2φ10mm + 1φ12mm 
 

0 1.28 

25% 
2 x 1.4 x 10 mm2 +  
2 x 1.4 x 20 mm2 2.02 

2 x 1.4 x 20 mm2 
1.39 

50% 
1 x 1.4 x 10 mm2 +  
6 x 1.4 x 20 mm2 2.22 

3 x 1.4 x 20 mm2 
1.45 

45% 
0% As’ = 2φ10mm 

As = 6φ12mm + 1φ8mm 
 

0 2.07 As = 3φ10mm + 2φ8mm 
As’ = 2φ12mm + 1φ8mm 

 

0 0.95 
25% 2 x 1.4 x 20 mm2 2.20 2 x 1.4 x 10 mm2 1.00 
50% 6 x 1.4 x 20 mm2 2.43 2 x 1.4 x 20 mm2 1.06 

��,�� =	
��/(���) + (
���/��)/(���)  
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Table 2. Properties of concrete 
 

 
  

Slab strip 
Series 

Property 

cmf (MPa) cE (GPa) 

H series HS series HS series 
SL15 40.07 (0.59) 26.37 (1.06) 24.29 (1.18) 
SL30 35.99 (0.51) 28.40 (1.61) 29.83 (0.29) 
SL45 41.41 (0.22) 42.38 (0.03) 28.32 (1.54) 

(value) = Standard deviation in MPa, fcm = mean cylinder compressive 
strength, Ec = modulus of elasticity 
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Table 3. Summary of the properties of steel reinforcement and CFRP laminates 
Steel reinforcement CFRP Laminate 

Steel bar 
diameter 

(mm) 

Modulus of 
elasticity 

(GPa) 

Yield stress 
(0.2 %)a 

(MPa) 

Strain 
at yield 
stressb 

Tensile 
strength 
(MPa) 

Height of the 
cross section 

(mm) 

Ultimate 
tensile  
stress 
(MPa) 

Ultimate 
tensile 
strain 
(‰) 

Modulus  
of 

elasticity 
(GPa) 

8 
200.80 
(2.33%) 

421.35 
(0.53%) 

0.0023 
(2.65%) 

578.75 
(0.36%) 

10 
2867.63 
(3.07%) 

17.67 
(3.04%) 

159.30 
(3.15%) 

10 
178.24 
(2.48%) 

446.95 
(3.25%) 

0.0027 
(0.45%) 

575.95 
(0.34%) 

20 
2782.86 
(2.73%) 

17.76 
(3.13%) 

156.69 
(0.73%) 

12 
198.36 
(2.77%) 

442.47 
(2.87%) 

0.0024 
(0.19%) 

539.88 
(1.84%) 

    

aYield stress determined by the “Offset Method”, according to ASTM 370 [29] 
bStrain at yield point, for the 0.2 % offset stress 
(value) Coefficient of Variation (COV) = (Standard deviation/Average) x 100 
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Table 4. Main results obtained in the experimental program at the formation of the plastic hinges 
 Hinge at hogging region (H) Hinge at sagging region (S) 

Slab strip ID 
H

yF
 

(kN) 

H
yu

 
(mm) 

H
cε

 
(‰) 

S
cε

 
(‰) 

S
sε

 
(‰) 

H
sε

 
(‰) 

H
fε

 
(‰) 

S
fε

 
(‰) 

∆ H
yF

 
(kN) 

S
yF

 
(kN) 

S
yu

 
(mm) 

H
cε

 
(‰) 

S
cε

 
(‰) 

S
sε

 
(‰) 

H
sε

 
(‰) 

H
fε

(‰) 

S
fε

(‰) 

∆ S
yF

 
(kN) 

SL15-H 42.67 15.86 -1.38 -1.13 2.04 2.40 ------ ------ ------ 46.99 19.80 -1.71 -1.38 2.45 2.91 ------ ------ ------ 
SL15s25-H 49.13 18.52 -1.74 -1.29 2.32 2.40 3.19 ------ 6.46 51.36 20.09 -1.93 -1.60 2.40 2.73 3.47 ------ 4.37 
SL15s50-H 54.33 21.77 -1.97 -1.48 2.70 2.41 4.06 ------ 11.66 54.55 19.67 -1.71 -1.31 2.40 2.21 3.36 ------ 7.56 

SL30-H 34.97 13.50 -1.28 -1.05 1.55 2.43 ------ ------ ------ 48.48 24.07 -3.38 -1.82 2.70 4.38 ------ ------ ------ 
SL30s25-H 41.97 16.50 -1.45 -1.18 1.68 2.20 2.61 ------ 7.00 49.90 24.98 -2.80 -1.77 2.50 2.60 5.90 ------ 1.42 
SL30s50-H 42.39 16.26 -1.83 -1.31 2.17 2.40 4.13 ------ 7.42 52.82 22.50 -2.93 -1.83 2.49 2.78 6.87 ------ 4.34 

SL45-H 32.50 12.16 -1.01 -0.97 1.15 m.d. ------ ------ ------ 50.20 27.88 -4.05 -2.11 m.d. m.d. ------ ------ ------ 
SL45s25-H 33.59 12.27 -1.08 -0.86 1.11 m.d. 2.97 ------ 1.09 53.42 25.57 -5.15 -3.54 2.40 2.38 11.95 ------ 3.22 
SL45s50-H 38.00 14.45 -1.22 -1.06 1.62 m.d. 2.93 ------ 5.50 54.37 24.08 -2.48 -1.71 2.50 1.81 6.82 ------ 4.17 
SL15-HS 39.24 15.66 -2.07 -1.58 2.10 2.30 ----- ----- ------ 44.24 20.22 -3.68 -2.01 2.30 3.37 ----- ----- ------ 

SL15s25-HS 46.32 18.06 -2.10 -1.63 m.d m.d 2.18 1.45 7.08 57.67 24.93 -3.62 -2.38 m.d m.d 4.75 2.69 13.43 
SL30-HS 35.58 14.53 -1.70 -1.48 1.85 2.61 ----- ----- ------ 45.70 23.92 -4.80 -2.29 2.65 2.90 ----- ----- ------ 

SL30s25-HS 39.94 14.04 -1.63 -1.66 1.81 2.51 1.92 1.00 4.36 56.38 24.26 -4.15 -2.69 2.77 2.25 7.33 2.93 10.68 

SL30s50-HS 42.13 14.92 -1.83 -1.51 1.45 2.66 1.25 0.88 6.55 64.20 27.09 -4.20 -2.88 2.68 2.40 3.65 3.41 18.50 

SL45-HS 31.99 11.35 -1.38 -1.10 1.52 2.37 ----- ----- ------ 50.07 25.00 -5.26 -2.25 2.67 2.76 ----- ----- ------ 

SL45s25-HS 32.02 11.50 -0.88 -0.57 1.85 2.51 1.94 0.88 0.03 56.44 25.76 -4.06 -1.95 2.77 4.06 9.66 3.12 6.37 
SL45s50-HS 33.33 11.18 -0.91 -2.10 m.d. 2.73 1.42 0.96 1.34 (a) (a) (a) (a) (a) (a) (a) (a) (a) 

(a) – is not presented since the reactions are not available due to a deficient functioning of the data acquisition system during the test of this slab; m.d. – SG mechanically 
damaged 
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Table 5. Main results obtained in the experimental program at the concrete crushing initiation 
Concrete crushing initiation at hogging region (ε = 0

003.5H
cu ) Concrete crushing initiation at sagging regions (ε = 0

003.5S
cu ) 

Slab strip ID 
H

cuF  
(kN) 

H
cuu  

(mm) 
,maxε S

c  
(‰) 

,max
S
sε

 
(‰) 

,max
H
sε

 
(‰) 

,max
H
fε

 
(‰) 

,max
S
fε

 
(‰) 

η  
(%) 

IR 
(%) 

S
cuF  

(kN) 

S
cuu  

(mm) 
,max

H
cε

 
(‰) 

,max
S
sε

 
(‰) 

,max
H
sε

 
(‰) 

,max
H
fε

 
(‰) 

,max
S
fε

 
(‰) 

η  
(%) 

IR 
(%) 

SL15-H 49.21 25.58 -1.79 3.66 2.46 ----- ----- 8.55 ----- 50.60 32.17 -5.13 3.86 2.49 ----- ----- 0.92 ----- 
SL15s25-H 53.17 27.37 -2.32 0.62 2.87 7.82 ----- -9.63 8.05 54.43 33.97 -4.97 0.70 2.93 9.81 ----- -10.74 7.57 
SL15s50-H 58.95 31.92 -3.07 3.12 2.75 7.64 ----- -21.53 19.79 60.36 37.80 -4.38 3.85 2.93 8.87 ----- -25.32 19.29 

SL30-H 48.51 24.55 -1.86  2.76 4.45 ----- ----- 29.14 ----- 48.89 31.48 -5.14 0.37 5.89 ----- ----- 26.37 ----- 
SL30s25-H 51.39 28.59 -2.47 2.61 2.64 7.35 ----- 15.26 5.94 52.63 32.15 -4.06 2.57 2.66 8.58 ----- 15.40 7.65 
SL30s50-H 52.93 25.05 -2.29 4.23 2.88 8.13 ----- 6.24 9.11 54.31 28.94 -4.12 2.25 2.98 9.27 ----- 5.01 11.09 

SL45-H 50.89 25.42 -1.91 1.70 m.d. ----- ----- 46.12 ----- 51.31 33.03 -4.97 0.90 m.d. ----- ----- 43.25 ----- 
SL45s25-H 52.35 24.28 -1.73 1.15 m.d. 9.64 ----- 36.59 2.87 53.38 33.36 -5.13 2.33 m.d. 11.92 ----- 35.68 4.03 
SL45s50-H 55.21 31.70 -3.03 1.96 m.d. 9.33 ----- 23.21 8.49 55.77 33.76 -3.70 2.06 m.d. 9.80 ----- 22.45 8.69 
SL15-HS 43.81 19.70 -1.95 2.43 3.40 ----- ----- (na) ----- 45.55 24.69 -6.53 14.63 9.51 ----- ----- (na) ----- 

SL15s25-HS 56.72 24.04 -2.25 m.d. m.d. 4.47 2.38 6.76 29.47 62.00 30.35 -4.59 m.d. m.d. 6.10 5.07 6.20 36.11 
SL30-HS 41.28 19.74 -1.88 2.37 2.84 ----- ----- 14.00 ----- 46.14 30.51 -6.25 2.84 2.87 ----- ----- 19.94 ----- 

SL30s25-HS 53.06 21.88 -2.38 2.75 2.42 6.52 2.52 18.21 28.54 59.91 28.54 -5.09 4.42 2.51 8.46 5.59 21.45 29.84 

SL30s50-HS 57.77 22.85 -2.35 2.40 2.24 2.39 2.58 24.98 39.95 68.95 30.94 -4.98 0.82 2.06 4.69 4.61 29.89 49.44 

SL45-HS 43.52 19.42 -1.82 2.35 2.66 ----- ----- 34.17 ----- 50.24 29.87 -5.61 2.29 2.85 ----- ----- 39.21 ----- 

SL45s25-HS 52.48 23.06 -1.48 3.77 6.52 8.74 2.04 38.18 20.59 62.51 34.56 -6.04 1.47 5.20 11.78 6.83 41.69 24.42 
SL45s50-HS 65.18 25.92 -3.23 m.d. 6.65 8.64 2.97 42.89 49.77 68.95 28.33 -3.95 m.d. 6.10 9.25 4.03 44.10 37.24 

(na) – is not presented since the reactions are not available due to a deficient functioning of the data acquisition system during the test of this slab; m.d. – SG mechanically 
damaged 
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Table 6. Main results obtained in the experimental program at the average maximum load. 

Slab strip ID maxF  
(kN) 

maxFu  
(mm) 

max,max,
S
c Fε

 
(‰) 

max,max,
H
c Fε

 
(‰) 

max,max,
S
s Fε

 
(‰)

 

max,max,
H
s Fε

 
(‰) 

max,max,
H
f Fε

 
(‰) 

max,max,
S
f Fε

 
(‰) 

η  
(%) 

IR 
(%) 

SL15-H 51.36 55.04 -6.44 m.d. 1.39 2.41 ----- ----- 7.85 ----- 
SL15s25-H 57.60 81.01 -3.55 -10.86 0.93 2.41 16.61 ----- -20.40 12.15 
SL15s50-H 62.36 46.25 -5.27 -5.12 0.88 2.21 10.27 ----- -27.64 21.42 

SL30-H 49.84 38.63 -5.59 -7.05 0.46 2.95 ----- ----- 27.71 ----- 
SL30s25-H 54.87 70.27 -9.04 -12.53 1.30 3.62 15.19 ----- 6.36 10.09 
SL30s50-H 58.09 57.62 -8.35 -7.70 2.39 2.35 13.30 ----- -2.42 16.55 

SL45-H 52.55 41.29 -5.44 -6.69 0.96 m.d. ----- ----- 43.62 ----- 
SL45s25-H 54.49 71.12 m.d. -4.34 0.27 m.d. 13.31 ----- 32.58 3.69 
SL45s50-H 57.79 51.55 -6.43 -5.60 1.25 m.d. 12.59 ----- 16.73 9.97 
SL15-HS 47.61 54.45 -11.26 -14.43 11.54 9.64 ----- ----- (na) ----- 

SL15s25-HS 69.24 47.73 -5.34 -7.07 m.d. m.d. 7.64 8.24 8.85 45.43 
SL30-HS 47.85 53.00 -7.06 -7.46 4.53 4.19 ----- ----- 19.69 ----- 

SL30s25-HS 72.96 65.18 -8.85 -10.83 4.26 4.62 12.75 11.48 26.58 52.48 

SL30s50-HS 80.42 49.19 -5.47 -6.91 0.57 2.22 9.85 7.60 31.67 68.07 

SL45-HS 53.27 51.52 -8.05 -9.89 1.79 2.69 ----- ----- 38.93 ----- 

SL45s25-HS 68.48 52.33 -5.26 -10.08 1.51 11.07 14.73 10.44 37.66 28.55 
SL45s50-HS 81.57 43.64 -6.58 -5.33 m.d. 9.68 11.62 7.49 47.04 53.13 

(na) – is not presented since the reactions are not available due to a deficient functioning of the data acquisition system 
during the test of this slab; m.d. – SG mechanically damaged 
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Table 7. Relevant experimental results at three levels of loading: H
yF , S

yF  and maxF . 

Slab strip 
ID 

123F  

(kN) 

MIC_200 

 (kN) 
M+   

(kN.m) 
M−   

(kN.m) 
Slab strip 

ID 
123F  

(kN) 

MIC_200 

(kN) 
M+  

(kN.m) 
M−  

(kN.m) 

S
L

1
5

-H
 H

yF  42.94 13.3 18.62 22.88 

S
L

1
5

s2
5

-H
S H

yF
 

46.64 14.73 20.62 24.05 

S
yF  47.18 15.43 21.60 22.85 

S
yF

 
58.02 18.84 26.38 28.48 

maxF  51.74 16.93 23.70 25.03 maxF  69.34 22.82 31.95 33.18 

S
L

1
5

s2
5

-H
 

H
yF  49.06 14.66 20.52 27.64 

S
L

3
0

-H
S

 H
yF

 
35.1 11.19 15.67 17.81 

S
yF  51.47 15.56 21.788 28.49 

S
yF

 
44.95 15.75 22.05 18.83 

maxF  57.43 15.75 22.05 36.302 maxF  47.02 16.43 23.00 19.82 

S
L

1
5

s5
0

-H
 

H
yF  53.67 15.05 21.07 32.99 

S
L

3
0

s2
5

-H
S H

yF
 

39.23 12.90 18.06 18.80 

S
yF  54.72 15.87 22.22 32.17 

S
yF

 
55.55 19.49 27.29 23.120 

maxF  62.11 16.19 22.67 41.62 maxF  72.28 26.19 36.67 27.86 

S
L

3
0

-H
 H

yF  35.15 11.74 16.44 16.34 
S

L
3

0
s5

0
-H

S H
yF

 
41.16 14.21 19.89 17.84 

S
yF  49.17 18.03 25.24 18.35 

S
yF

 
62.67 22.97 32.16 23.42 

maxF  49.69 18.11 25.35 18.86 maxF  79.59 29.89 41.85 27.73 

S
L

3
0

s2
5

-H
 

H
yF  41.53 13.87 19.42 19.31 

S
L

4
5

-H
S

 H
yF

 
31.79 11.19 15.67 13.17 

S
yF  49.56 16.96 23.74 21.90 

S
yF

 
49.46 19.03 26.64 15.96 

maxF  53.54 17.37 24.32 26.32 maxF  52.45 20.22 28.31 16.81 

S
L

3
0

s5
0

-H
 

H
yF  41.83 13.4 18.76 21.04 

S
L

4
5

s2
5

-H
S H

yF
 

29.92 10.76 15.06 11.76 

S
yF  52.56 17.34 24.28 25.03 

S
yF

 
53.82 20.85 29.19 16.97 

maxF  58.09 17.89 25.05 31.23 maxF  67.22 26.22 36.71 20.69 

S
L

4
5

-H
 H

yF  32.08 11.67 16.34 12.24 

S
L

4
5

s5
0

-H
S H

yF
 

32.48 11.81 16.53 12.40 

S
yF  49.38 19.47 27.26 14.62 

S
yF

 
(a) (a) (a) (a) 

maxF  52.22 20.59 28.83 15.46 maxF  79.96 32.04 44.86 22.23 

S
L

4
5

s2
5

-H
 

H
yF  33.17 11.66 16.32 13.79 

(a) – is not presented since the reactions are not available 
due to a deficient functioning of the data acquisition 
system during the test of this slab S

yF  51.60 19.64 27.50 17.25 

maxF  54.82 20.48 28.67 19.40 

S
L

4
5

s5
0

-H
 

H
yF  38.4 13.26 18.56 16.63 
S

yF  54.91 20.03 28.04 20.79 

maxF  57.87 19.9 27.86 25.30 
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FIGURE CAPTIONS 

 

Fig. 1. Slab strips: (a) test configuration and (b) displacement transducers (LVDTs). Dimensions in mm 

Fig. 2. Slab strips: specimen’s cross-sectional dimensions of sagging (S1-S1') and hogging regions (S2-S2'). Dimensions in mm 

Fig. 3. Arrangement of strain gages in: (a) steel bars at hogging region and (b) steel bars at sagging region; (c) concrete slab 

surfaces, (d) CFRP laminates for SL15s25-H, (e) SL15s50-H and (f) SL15s25-HS. Dimensions in mm 

Fig. 4. Arrangement of strain gages in: (a) steel bars at hogging region and (b) steel bars at sagging region;  

(c) concrete slab surfaces; CFRP laminates for (d) SL30s25-H, (e) SL30s50-H, (f) SL30s25-HS and (g) SL30s50-HS. 

Dimensions in mm 

Fig. 5. Arrangement of strain gages in: (a) steel bars at hogging region and (b) steel bars at sagging region; (c) concrete slab 

surfaces; CFRP laminates for (d) SL45s25-H, (e) SL45s50-H, (f) SL45s25-HS and (g) SL45s50-HS. Dimensions in mm 

Fig. 6. Apparatus to sustain and to control the mid-span deflection applied in the slab strips to be strengthened 

Fig. 7.  Average load-midspan deflection of the tested slab strips series: (a) SL15, (b) SL30 and (c) SL45 

Fig. 8. Crack patterns of H series: top view of hogging region 

Fig. 9. Crack patterns of HS series: view of sagging and hogging regions 

Fig. 10. Crack patterns of HS series: side view of hogging region 

Fig. 11. Side view of the left span of SL30s50-HS 

Fig. 12. Degree of moment redistribution, η, for the slab strips series strengthened only in the hogging (H) and in 

both hogging and sagging regions (HS): (a) SL15, (b) SL30, (c) SL45 Series 

Fig. 13. Relationship between applied load and moment in the sagging and hogging regions for the series of slabs of the H 

group: (a) SL15, (b) SL30, (c) SL45. 

Fig. 14. Relationship between applied load and moment in the sagging and hogging regions for the series of slabs of 

the HS group: (a) SL15, (b) SL30, (c) SL45. 

 

 

 



24 

 

 

(a) 

 

(b) 

 

Fig. 2. Slab strips: (a) test configuration and (b) displacement transducers (LVDTs). Dimensions in mm 
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SL15 Series SL30 Series SL45 Series 
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Fig. 2. Slab strips: specimen’s cross-sectional dimensions of sagging (S1-S1') and hogging regions (S2-S2'). Dimensions in mm
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Fig. 3. Arrangement of strain gages in: (a) steel bars at hogging region and (b) steel bars at sagging region; (c) concrete slab 

surfaces, (d) CFRP laminates for SL15s25-H, (e) SL15s50-H and (f) SL15s25-HS. Dimensions in mm
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Fig. 4. Arrangement of strain gages in: (a) steel bars at hogging region and (b) steel bars at sagging region;  

(c) concrete slab surfaces; CFRP laminates for (d) SL30s25-H, (e) SL30s50-H, (f) SL30s25-HS and (g) SL30s50-HS. 
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Fig. 5. Arrangement of strain gages in: (a) steel bars at hogging region and (b) steel bars at sagging region;  

(c) concrete slab surfaces; CFRP laminates for (d) SL45s25-H, (e) SL45s50-H, (f) SL45s25-HS and (g) SL45s50-HS. 
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Fig. 6. Apparatus to sustain and to control the mid-span deflection applied in the slab strips to be strengthened.
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Fig. 7.  Average load-midspan deflection of the tested slab strips series: (a) SL15, (b) SL30 and (c) SL45. 
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Fig. 8. Crack patterns of H series: top view of hogging region 
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Fig. 9. Crack patterns of HS series: view of sagging and hogging regions 
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Fig. 10. Crack patterns of HS series: side view of hogging region 
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Fig. 11. Side view of the left span of SL30s50-HS 
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(a) 

  
(b) 

  

(c) 
 

Fig. 12. Degree of moment redistribution, η, for the slab strips series strengthened only in the hogging (H) and in 
both hogging and sagging regions (HS): (a) SL15, (b) SL30, (c) SL45 Series 
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Fig. 13. Relationship between applied load and moment in the sagging and hogging regions for the series of slabs of the H group: (a) SL15, (b) SL30, (c) SL45. 
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Fig. 14. Relationship between applied load and moment in the sagging and hogging regions for the series of slabs of the HS group: (a) SL15, (b) SL30, (c) SL45. 
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NOTATION 

The following symbols are used in this paper: 

L
 

Span length of the slab
 

δ
 

Coefficient of moment redistribution
 

redM
 

Moment in the critical section after redistribution
 

elasM
 

Elastic moment of a section calculated according to the theory of elasticity
 

η
 Moment redistribution percentage

 
H Hogging Region 

S Sagging Region 

F  
Average load 

sρ  
Steel reinforcement ratio 

sA  
Cross sectional area of the steel bars in tension 

b  
Width of the cross section 

sd  
Internal arm of the steel bars in tension 

H
yF

 
Average loads at the formation of the plastic hinge at hogging region 

S
yF

 
Average loads at the formation of the plastic hinge at sagging region 

H
yu

 
Average deflection for 

H
yF  

S
yu
 

Average deflection for 
S

yF  

ε H
c  

Maximum concrete strains registered at H region 

ε S
c  

Maximum concrete strains registered at S region 

ε H
s  

Maximum strains in steel bars at H region 

ε S
s  

Maximum strains in steel bars at S region 

ε H
f  

Maximum strains in the CFRP laminates at H region 

ε S
f  

Maximum strains in the CFRP laminates at S regions 

∆ H
yF

 
Increase of the loading carrying capacity when a plastic hinge was formed at the H region 

∆ S
yF

 
Increase of the loading carrying capacity when a plastic hinge was formed at the S region 

,maxcε
 

Maximum concrete compressive strain 

crF
 

Cracking load 

H
yF

 
Load registered at the formation of the plastic hinge in the hogging region 

S
yF  

Load registered at the formation of the plastic hinge in the sagging region 
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IR  Increase in terms of load carrying capacity provided by the strengthening technique 

CFRP
cuF  uF  of the strengthened slab 

REF
cuF  uF  of the reference slabs 

,l eqρ  Equivalent steel reinforcement ratio 

,ρ H
l eq  

Equivalent steel reinforcement ratio of the hogging region 

,ρ S
l eq  

Equivalent steel reinforcement ratio of the sagging region 

df Effective depth of the CFRP laminates 

Es Young’s Modulus of the longitudinal tensile steel bars  

Ef Young’s Modulus of the CFRP laminates 

 


