
 1 

End Concrete Cover Separation in RC Structures Strengthened in Flexure with 2 

NSM FRP: Analytical Design Approach 3 

Mohammadali Rezazadeh 1, Joaquim A. O. Barros 2, Honeyeh Ramezansefat 3, 4 

 5 

ABSTRACT 6 

Fiber-reinforced-polymer (FRP) composite materials applied according to the near-surface-mounted (NSM) technique 7 

are very effective for the flexural strengthening of reinforced-concrete (RC) structures. However, the flexural 8 

strengthening effectiveness of this NSM technique is sometimes compromised by end concrete cover separation (CCS) 9 

failure, which is a premature failure before occurring the conventional flexural failure modes. Due to the complexity 10 

of this failure mode, no analytical approach, with a design framework for its accurate prediction, was published despite 11 

the available experimental results on this premature failure. In the present study, a novel simplified analytical approach 12 

is developed based on a closed form solution for an almost accurate prediction of CCS failure in RC structures 13 

strengthened in flexure with NSM FRP reinforcement. After demonstrating the good predictive performance of the 14 

proposed model, it was used for executing parametric studies in order to evaluate the influence of the material 15 

properties and FRP strengthening configuration on the susceptibility of occurring the CCS failure. At the end, 16 

regarding to the FRP strengthening configuration, some design recommendations were proposed to maximize the 17 

resistance of NSM FRP strengthened structures to the susceptibility of occurring the CCS failure. 18 
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 20 

1. Introduction 21 

Fiber reinforced polymer (FRP) composite materials applied according to the externally bonded (EB) and near surface 22 

mounted (NSM) techniques are now routinely used for the strengthening purposes of reinforced concrete (RC) 23 

structures [1-5]. In the context of NSM technique, in order to provide a higher FRP reinforcement ratio for the flexural 24 

strengthening of RC structures, two possibilities can be adopted: 1) using the FRP strips of larger cross sectional area; 25 

2) increasing the number of FRP strips. Regarding to the first possibility, available research evidenced that the pullout 26 

load capacity of NSM FRP strips is increased with the use of FRP strips of the larger cross section depth, as well as 27 

installation of the FRP strips into deeper grooves [6]. However, the use of larger FRP depth according to NSM 28 

technique is limited by the concrete cover thickness of the tensile steel bars of RC structure. For exceeding this 29 

concrete cover thickness, the bottom arm of the steel stirrups needs to be cut. In this context, Costa and Barros (2009) 30 

experimentally investigated the influence, in terms of the beam’s load carrying capacity, of cutting the bottom arm of 31 

steel stirrups for the installation of CFRP strips according to NSM technique [7]. The experimental results showed 32 

that cutting the bottom arm of steel stirrups in flexurally strengthened RC beams, which have a percentage of steel 33 

stirrups that avoids the shear failure, has a marginal impact in terms of the flexural strengthening effectiveness of the 34 

NSM technique. The effectiveness of other alternative, consisting on the increase of the number of NSM FRP strips, 35 

is limited by the detrimental interaction effect between two adjacent FRPs in the concrete substrate [6, 8]. In fact, 36 

when RC beams are strengthened with NSM FRP technique, an in-plane shear crack can be initiated at the extremities 37 

of the NSM FRP reinforcement due to high stress gradient caused by the abrupt termination of the FRP [1]. This crack 38 

is propagated along the depth of the concrete cover of the beam up to attain the tensile steel reinforcement level, and 39 

then progresses horizontally along this level due to the resistance offered by this reinforcement to the propagation of 40 

the crack through it (see Fig. 1) [8]. Furthermore, the concrete resistance at this level is relatively smaller than in the 41 

other parts, which can be attributed to the existence of a higher percentage of voids below the longitudinal tensile steel 42 

bars due to the concrete casting conditions in RC beams that can cause the formation of a weak plane in the concrete 43 

microstructure just below these bars [6, 7]. The weakness of this plane increases with the number of tensile bars. 44 

Propagation of the FRP-end section crack, horizontally along this weak plane, causes the formation of concrete cover 45 

separation (CCS) failure (also designated by rip-off, represented in Fig. 1), which is a premature failure of the NSM 46 



FRP strengthened beams, since it occurs before the conventional flexural failure modes, with a detrimental 47 

consequence in the flexural strengthening effectiveness of the NSM technique. The susceptibility to CCS failure in 48 

NSM FRP strengthened beams is influenced by some variables, such as the concrete strength, reinforcement ratio of 49 

existing longitudinal steel bars, the relative position between the longitudinal steel and FRP reinforcements, number 50 

of FRP reinforcements, and distance between the consecutive FRPs [6].   51 

On the other hand, existing research has shown that, despite the available experimental results on the CCS failure, few 52 

studies have been dedicated to propose a numerical strategy capable of predicting the behavior of RC beams 53 

strengthened using NSM FRP technique when failing by CCS failure [9-11]. Besides these numerical studies, for 54 

predicting the maximum flexural capacity of strengthened RC beams when CCS failure occurs at ultimate stage, 55 

developing a simplified analytical approach based on a closed form solution (by hand calculation without any 56 

programming help) is still a requirement for engineers and researchers with limited exposure to FRP design that needs 57 

to be addressed. 58 

The present paper is dedicated to the development of a novel simplified analytical approach, with a design framework, 59 

capable of accurately predict the CCS failure in RC beams strengthened in flexure with NSM FRP reinforcement, by 60 

considering the influence of the effective parameters on the occurrence of this type of failure mode. After 61 

demonstrating the good predictive performance of the proposed analytical approach by predicting several relevant 62 

experimental tests, parametric studies were carried out to evaluate the influence of material properties and FRP 63 

strengthening configurations on the susceptibility of occurring the CCS failure. Finally, some recommendations in 64 

terms of FRP strengthening configurations using NSM technique are proposed to maximize the resistance of 65 

strengthened structures to the susceptibility of occurring the CCS failure. 66 

 67 

2. Analytical approach 68 

In the current section, a simplified analytical approach based on a closed form solution is developed with the aim of 69 

being a design proposal for engineers to predict the ultimate flexural capacity of a RC beam strengthened with NSM 70 

FRP reinforcement failing by concrete cover separation (CCS). According to this approach, the CCS failure is assumed 71 

to occur when the principal tensile stress transferred to the surrounding concrete at the extremity of the longitudinal 72 



NSM FRP reinforcement attains the concrete tensile strength (
'0.56ct cf f , where 

'
cf  is concrete compressive 73 

strength [12]). In this study, the shape of the tensile fracture surface of this surrounding concrete at the extremity zone 74 

of NSM FRPs was inspired on the works of [8, 13]. However, the concrete fracture body adopted in these literatures 75 

(a semi-pyramidal shape assuming NSM FRPs on the structure’s surface) was modified in the current analytical 76 

approach in order to consider the influence of the NSM FRP installation depth from the beam’s tensile surface on the 77 

susceptibility of occurring the CCS failure.  78 

Furthermore, the present analytical approach is developed by considering the influence of the effective parameters 79 

(previously indicated) on the occurrence of the CCS failure mode. Fig. 2 schematically represents the geometry and 80 

reinforcement details of the simply supported strengthened beam adopted for this analytical study. Moreover, this 81 

strengthened beam is supposed to have a shear reinforcement ratio that avoids the shear failure. The beam is also 82 

assumed to be subjected to a four-point monotonic loading configuration, but other loading configurations can be 83 

adopted with straightforward adjustments due to the general character the model is formulated.  84 

 85 

2.1. Assumptions 86 

The following assumptions were adopted in the current analytical approach: 87 

- Strain in the longitudinal steel bars, FRP reinforcement and concrete is directly proportional to their distance from 88 

the neutral axis of the cross section of the RC element; 89 

- There is no slip between steel reinforcement and surrounding concrete; 90 

- The possibility of occurring the FRP debonding failure is considered at the extremity zones of FRP bonded length 91 

(within the resisting bond length), while out of these FRP bonded zones, perfect bond condition is assumed between 92 

FRP and surrounding material. 93 

 94 

2.2. Analytical model description 95 



According to the developed analytical approach, the concrete cover separation failure is assumed to initiate when 96 

stress gradients in the concrete fracture surface at the extremities of the NSM FRP reinforcement attain the 97 

corresponding concrete tensile strength. The adopted shape for the concrete fracture surface at the extremity of each 98 

longitudinal NSM FRP reinforcement applied for the flexural strengthening on the beam’s tensile surface is composed 99 

of a semi-pyramidal (the concrete part above the NSM FRP) and wedge (the concrete part below the NSM FRP) 100 

bodies (Fig. 3c). The dimensions of this concrete fracture shape are supposed to be limited by some restrictions to 101 

consider the influence of the effective variables on the susceptibility to the occurrence of CCS failure, and also to 102 

simplify the model. In order to determine the resistance of the surrounding concrete at the extremity zones of the NSM 103 

FRPs considering the assumed concrete fracture body, the slip between the NSM FRP reinforcement and its 104 

surrounding concrete is neglected along the height of the fracture semi-pyramidal (which is defined as the resisting 105 

bond length, rbL  in Fig. 3c). The resistance to the fracture of this concrete volume corresponding to each NSM FRP 106 

can be determined by considering the strength characteristics of concrete.  107 

Furthermore, in this analytical approach, CCS is predicted by assessing the possibility of occurring the concrete 108 

fracture at the extremities of the FRP reinforcement in comparison with FRP debonding and rupture of the FRP failure 109 

modes (Fig. 3). Finally, the ultimate flexural capacity of a NSM FRP strengthened beam developing CCS failure can 110 

be determined using the maximum applicable force to all the NSM FRPs at the end section of the resisting bond length 111 

( rbL ). 112 

The conditions for the occurrence of these three failure modes at the extremity zones of the longitudinal NSM FRP 113 

reinforcement are described in the following paragraphs. 114 

Rupture of FRP Reinforcement  115 

Tensile strength of the FRP reinforcement ( fuF ) can be determined by the following equation:  116 

 . .fu f f fuF a b f   (1) 117 

where fa  and fb  are the thickness and height of FRP strip’s cross section, and fuf  is the tensile strength of FRP. 118 

In the case of a round FRP bar, its cross section is converted to an equivalent square cross sectional area. 119 



 120 

Resisting Bond Force 121 

The maximum value of the force ( rbF ) that can be transferable through the resisting bond length ( rbL ) by the FRP 122 

strips can be obtained by Eq. (2) adopting an idealized local bond-slip relationship with a single softening branch as 123 

shown in Fig. 3b [13, 14]. 124 
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  (2) 125 

where fE  and cE  are the elasticity modulus of FRP and concrete, respectively; max  and max  are the maximum 126 

shear stress and maximum slip of the local bond stress-slip relationship, respectively; cA  is the cross sectional area 127 

of the surrounding concrete that provides confinement to each NSM FRP strip, and for outer-FRPs and inter-FRPs 128 

can be obtained by Eqs. (3)a and (3)b, respectively. 129 

  'min 2. ; .c f f cA s s c   (3)a 130 

 .c f cA s c   (3)b 131 

where fs  is the distance between two adjacent FRP strips; 
'
fs  is the distance between the beam edge and the nearest 132 

FRP strip, and cc  is the concrete cover thickness beneath the longitudinal tensile steel bars (Figs. 2 and 4). 133 

The maximum bond force ( rbF ) corresponding to the resisting bond length ( rbL ) should be limited to the maximum 134 

debonding resistance ( rbeF ) and its corresponding effective resisting bond length ( rbeL ) given by the following 135 

equations [13]: 136 
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 139 

Concrete Fracture Capacity 140 

Dimensions of the concrete fracture surface at the extremities of NSM FRPs are assumed to be limited by some 141 

geometric conditions in order to consider the effects, on the susceptibility for the occurrence of the CCS failure, of 142 

concrete weak plane just below the longitudinal steel bars, the relative position between the longitudinal steel and FRP 143 

reinforcements, number of NSM FRPs, and distance between consecutive FRPs. These conditions aim to minimize 144 

the interaction between the concrete fracture surfaces of consecutive FRP strips, as is represented in Fig. 4. Besides 145 

these conditions, another one is assumed to consider the possibility of occurring a weak plan just beneath the tensile 146 

steel bars. Regarding to this condition, the thickness of the concrete fracture body is limited to the concrete cover 147 

thickness beneath the longitudinal tensile steel bars ( cc ) (see Fig. 4).  148 

Accordingly, a boundary should be defined for the base area of the concrete fracture body (rectangular shape as 149 

represented in Fig. 3c) in order to consider these geometric conditions. This boundary, of rectangular shape for the 150 

base area of the concrete fracture body, limits the vertical and horizontal sides of this rectangle to a length of c fs l  151 

and 2 cs , respectively, where cs  can be obtained as follows (see Figs. 4 and 5): 152 

  'min ; / 2 ; ( ) 2c f f c fs s s c l b     (5) 153 

in which fl  is the distance between the geometric center of FRP strip cross section and the beam’s tensile surface, 154 

and can be obtained by 2f f cl b e  , where ce  is the epoxy cover thickness beneath the FRP strip  (see Fig. 2).  155 

In fact, Eq. (5) is developed considering the outer-FRP strips (the two ones near the element’s edges) (Fig. 4), while 156 

when more than two FRP strips are used for the strengthening application ( 2N  , where N  is the number of the 157 



NSM FRP reinforcements), for the inner-FRP strips, this equation should be modified by neglecting the term of 
'
fs . 158 

In this context, adopting a FRP strip for the strengthening application ( 1N  ), the term of / 2fs  in Eq. (5) should be 159 

ignored.  160 

The resisting bond length ( rbL ) is obtained by: 161 

 tanrb cL s    (6) 162 

where   is the angle formed by the principal generatrices of the semi-pyramidal part of concrete fracture body with 163 

the FRP longitudinal axis (see Figs. 4 and 5). In the previous works, conducted by [8, 13], a constant value of 28.5o 164 

and 35o was adopted for this angle, respectively. However, in the current analytical approach, this angle is defined as 165 

a function of the boundary limits adopted for the concrete tensile fracture body in the NSM FRP strengthened beams, 166 

a subject to be treated in the next section. 167 

The vertical eccentricity ( cy ) of the FRP tensile force ( fF ) to the centroid of the concrete fracture body creates an 168 

active moment ( .f f cM F y ), causing a concrete fracture initiated from the end section of the NSM FRP 169 

reinforcement (see Fig. 5). This vertical eccentricity ( cy ) for the adopted geometry of the concrete fracture body can 170 

be obtained by Eq. (7), whose details are available in Appendix A.    171 

 
2 2(3. 6. ) (8. 12. )c c f c fy s l s l     (7) 172 

The tensile force transferred from the FRP to its surrounding concrete fracture body is locally supported by the 173 

resisting bending moment ( rM ) formed by the resisting tensile force acting on the top surface ( ctvF ) and shear force 174 

acting on the lateral vertical faces ( sT ) of this body, as represented in Fig. 5. Since the CCS failure is initiated from 175 

the end section of the NSM FRP reinforcement, the distribution of these concrete tensile and shear stresses are 176 

supposed to be linear considering the corresponding maximum values at the FRP end section (
'0.56ct cf f : 177 

concrete tensile strength; 
'0.17s cf  : concrete shear strength) and null value at the section corresponding to the 178 

resisting bond length ( rbL ), represented in Fig. 5. Moreover, in this figure, the assumed linear distribution of the 179 



concrete tensile ( ( )ct xf ) and shear ( ( )s x ) stresses is represented with respect to the corresponding concrete tensile 180 

strength and concrete shear strength, and the corresponding values at a distance of x  from the end section of the FRP 181 

reinforcement are obtained from the following equations: 182 

 ( ) ( . )ct x ct ct tf f f x l    (8) 183 

 s( ) s s( . )x sx l      (9) 184 

where tl  and sl  are the slant length of the top and side faces of the concrete fracture body (Fig. 5), obtained by: 185 

 cost s rbl l L     (10) 186 

Therefore, the concrete tensile resistance on the top slant area ( ctF ) and shear resistance on the lateral vertical faces 187 

( sT ) of the fracture body are determined as follows: 188 

 ( ) ( )0
. . . . 3

lt
ct ct x x c ct tF f a dx s f l    (11)a 189 

where 190 

 ( ) 2. . /x c ta s x l   (11)b 191 

and  192 

 s( ) ( ) s0
. . . .( 2 6)

ls
s x x s f cT b dx l l s      (12)a 193 

where 194 

 ( ) ( . / )x f c sb l s x l    (12)b 195 

Accordingly, the resisting bending moment ( rM ) provided by the surrounding concrete at the section corresponding 196 

to the resisting bond length ( rbL ) is obtained by: 197 

    . .cos 2. . .cosr ctv rb t s rb sM F L x T L x       (13)a 198 

where 199 



 .cosctv ctF F    (13)b 200 

and tx  and sx  are the distance of resultant point of ctF  and sT  applications from the FRP end section, respectively 201 

(see Fig. 5), and are calculated by: 202 

 ( ) ( )0
. . . 2

lt
t ct x x ct tx f a x dx F l

 
  
    (14) 203 

    s( ) ( )0
. . . . 3 . 6 3

ls
s x x s f s c s f cx b x dx T l l s l l s 
    
    (15) 204 

Hence, the occurrence of the CCS failure can be expected when the FRP active moment ( fM ) exceeds the 205 

surrounding concrete resisting moment ( rM ). Consequently, the maximum allowable force ( (max)fF ) that can be 206 

applied to the NSM FRP reinforcement before occurring the CCS failure at the section corresponding to the resisting 207 

bond length ( rbL ) is determined by: 208 

 (max) (max).f r f c r f r cM M F y M F M y       (16) 209 

On the other hand, according to the methodology of the proposed analytical approach, installing the NSM FRP 210 

reinforcement more far away  from the beam’s tensile surface (higher fl ) causes a reduction in terms of the FRP 211 

active moment ( fM ), resulting in a higher resistance to the susceptibility of CCS failure. By increasing this FRP 212 

installation depth ( fl ), the CCS failure cannot occur once the vertical eccentricity ( cy ) of the FRP tensile force to the 213 

centroid of the concrete fracture body achieves a negative value ( 0cy  ), as follows: 214 

 
2 2 2 2(3. 6. ) (8. 12. ) 0 (3. 6. ) 0 2 .c c f c f c f c fy s l s l s l s l           (17) 215 

Furthermore, in order to maximize the resistance to the occurrence of CCS, the mobilized concrete fracture surface 216 

surrounding the FRP strips should be as maximum as possible, which is attained by maximizing the following effective 217 

element width factor ( eb ):  218 

 2. .e cb s N b    (18) 219 



where b is the width of the beam’s cross section (Fig. 2). 220 

In this regard, although a negative value of cy  leads to a bending moment impeding the CCS failure to initiate at the 221 

FRP end section (see Fig. 5), the tensile fracture of the concrete cover at this FRP end section can occur due to the 222 

FRP tensile force ( fF ) in the longitudinal direction of the FRP.  223 

The effective concrete fracture capacity ( feF ) of the FRP strips can be determined by summing the concrete fracture 224 

capacity ( (max)fF ) of all the FRP strips flexurally applied on the tensile surface of the beam: 225 

 (max)
1

N

fe f i
i

F F



   (19) 226 

where N  is the number of the NSM FRP reinforcements. 227 

Considering this effective concrete fracture capacity ( feF ) of the FRP strips, the flexural capacity (
Lrb
CCSM ) of the 228 

strengthened beam at the end section of the resisting bond length ( rbL ) can be obtained by Eq. (20), where the beam’s 229 

cross section is supposed to be in a loading stage between those corresponding to the concrete cracking and steel yield 230 

initiation phases (postcracking stage). In this regard, the compressive behavior of concrete is assumed linear up to the 231 

yielding of the longitudinal tensile steel reinforcement in order to simplify the calculation procedure. Otherwise, for 232 

the section in the postyielding stage, the contribution of concrete in compression should be simulated by a rectangular 233 

compressive stress block recommended by ACI-440 [1], and the compressive and tensile stresses in the longitudinal 234 

top and bottom steel bars, respectively, should be limited by its yield strength ( .sy sy sf E ). 235 

      2 ' ' '
, , ,

1
    . . . . . . - . . . - . -
3

Lrb
cc CCS c CCS s CCS s sCCS CCS CCCS s s CCS s s s fe Sf CM E b c E A c d E A d c F d c        (20) 236 

in which cE  and sE  are the elasticity modulus of concrete and steel reinforcement, respectively; 
'
sd , sd , and fd  are 237 

the internal arm of top and bottom longitudinal steel bars and FRP reinforcement, respectively; 
'
sA  and sA  are the 238 

cross sectional area of top and bottom longitudinal steel bars; sy  is the strain corresponding to the steel tensile yield 239 

strength. Moreover, the strains of the constituent materials along the cross section can be determined adopting the 240 



proportional strain distribution to the distance from the neutral axis depth ( CCSc ) by considering the average tensile 241 

strain in the FRP strips ( ( . . . )fe fe f f fF N a b E  ), (see Appendix B). 242 

According to the principles of static equilibrium and proportionality of the strain distribution along the cross section, 243 

the neutral axis depth ( CCSc ) at the end section of resisting bond length ( rbL ) can be obtained using a quadratic 244 

equation represented in Eq. (21) (Appendix B). 245 

 
2. . 0CCS CCSa c b c c     (21)a 246 

where 247 
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  (21)b 248 

As a final point, the ultimate flexural capacity (
u
CCSM ) of the NSM FRP strengthened beam, adopting the concrete 249 

cover separation as the prevailing failure mode at ultimate stage, is determined according to the bending moment 250 

distribution along the beam length considering the corresponding loading configuration. For instance, regarding to the 251 

simply supported beam subjected to a four-point monotonic loading configuration (the adopted one in the current 252 

analytical study), 
u
CCSM  is determined by the following equation (Fig. 6). 253 

 
.

( )

Lrb
u s CCS
CCS

rb ub

b M
M

L L



  (22) 254 

where sb  is the distance between the support and the nearest point load (shear span) and ubL  is the length of 255 

unstrengthened shear span (the distance between the support and the end of the FRP strip bonded length), see Fig. 4. 256 

 257 

3. Assessment of the predictive performance of the analytical approach 258 



The performance of the described analytical approach is assessed by predicting the ultimate flexural capacity of the 259 

NSM FRP strengthened beams that failed with concrete cover separation. The model was applied to fifteen NSM 260 

CFRP strengthened beams tested by Sharaky (2014), Sharaky et al. (2015), Al-Mahmoud et al. (2009), Barros and 261 

Fortes (2005), Barros et al. (2007), Bilotta et al. (2015), Jumaat et al. (2015), Teng et al. (2006), and Sena-Cruz et al. 262 

(2012) [15-23]. The geometry, support, and loading conditions of the tested beams are represented schematically in 263 

Fig. 2, and the corresponding data is included in Table 1. Moreover, Table 2 provides the steel and CFRP 264 

reinforcement details of these tested beams. The main material properties of the beams are indicated in Table 3. A 265 

relatively high shear reinforcement ratio was adopted for all the beams in order they do not fail in shear. 266 

The parameters of the local bond-slip relationship for all the tested beams were adopted similar to the corresponding 267 

values considered by [13]: max 20.1MPa   and max 7.12mm   (Fig. 3b). Furthermore, the angle ( ) between 268 

the FRP longitudinal axis and generatrices of the semi-pyramidal part of concrete fracture body for all the analyzed 269 

beams was determined using an empirical formula defining the relationship between this fracture angle and the 270 

boundary limits of the concrete fracture body adopted for the tested beams. These boundary limits were considered 271 

adopting cs  parameter obtained by Eq. (5). Regarding this empirical formula, first the fracture angle ( ) was obtained 272 

for each analyzed beam using a back analysis of the experimental data by fitting as better as possible the ultimate 273 

flexural capacity developing the CCS failure. In this regard, Fig. 7a shows the relationship between these angles and 274 

corresponding cs  of the analyzed beams. Next, a formula was proposed, using the best fitted curve of the data 275 

represented in Fig. 7a, to obtained the fracture angle ( ) for the NSM FRP strengthened beams considering the 276 

boundary limits of the concrete fracture body, as follows: 277 

 
0.94618.84 2c cs for s b     (23) 278 

For current values of cs , around 25 mm, the angle is close to the value proposed by [13], 28 degrees, which is an 279 

extra support for the confidence of Eq. (23), but further research is this respect should be carried out. In fact, this 280 

formulation was calibrated mainly considering the cases of RC beams strengthened using CFRP composite materials, 281 

therefore for the cases of RC beams strengthened with FRP composite materials other than CFRP, the Eq. (23) should 282 

be recalibrated considering the relevant experimental data. The ultimate flexural capacity obtained analytically and 283 

registered experimentally for all the tested beams is compared in Fig. 7b. Moreover, Table 4 represents the ratio 284 



between the analytical and experimental flexural capacity of the analyzed beams when failing by concrete cover 285 

separation, where a good predictive performance is evidenced for the proposed analytical approach considering the 286 

average value of 1.0 with a standard deviation of 0.16. This table also indicates the comparison between the concrete 287 

tensile fracture capacity ( (max)fF ) with the tensile strength of CFRP ( fuF ) and resisting bond force ( rbF ) 288 

corresponding to the resisting bond length ( rbL ) for each NSM CFRP. Since all these beams have failed by CCS, the 289 

(max)fF  was the minimum value amongst the three components. 290 

Beside the CCS failure of beams strengthened with NSM FRPs, the experimental tests evidenced that the intermediate 291 

crack (IC) debonding failure can be also expected as a premature failure before the conventional flexural failure modes 292 

[24]. The IC debonding failure starts from the flexural/shear cracks within the shear span and propagates towards the 293 

NSM FRPs termination, while the CCS failure initiates by cracks at the FRP-end section and horizontally propagates 294 

towards the maximum bending moment zone [24, 25].  295 

On this subject, Oehlers et al. (2008) proposed a mathematical model for the IC debonding resistance of NSM FRPs 296 

applied for the flexural strengthening of RC beams. Concerning the occurrence of this IC failure before or after the 297 

CCS failure in the NSM FRP RC beams, Table 4 compares analytically the load carrying capacity, corresponding to 298 

the IC and CCS failures, of the analyzed strengthened beams, where the relevant IC capacities were determined using 299 

the proposed model by [25]. This table evidences a lower load carrying capacity at the CCS failure compared to the 300 

corresponding capacity at the IC failure for the analyzed beams. 301 

 302 

4. Parametric study 303 

By using the developed analytical model, parametric studies were carried out to evaluate the influence of the relevant 304 

parameters of the model on the maximum flexural capacity of RC structures failing by CCS failure. The parameters 305 

adopted in this parametric study were of the following ones: 1) material properties: the concrete compressive strength, 306 

and the elasticity modulus of FRP; 2) FRP strengthening configuration: FRP bonded length, NSM FRP installation 307 

depth from the tensile surface of the RC element, distance between consecutive NSM FRPs, and number of NSM FRP 308 

reinforcements.  309 



For this purpose, the experimental program composed of RC beams strengthened with NSM CFRP strips conducted 310 

by [20] was adopted for the parametric study, and the geometric data and main material properties of these beams are 311 

indicated in Tables 1-3. The CCS failure capacity obtained analytically using the proposed model for this experimental 312 

program was 32.8 kN (see Table 4) and in this parametric study, by varying the aforementioned parameters, the 313 

obtained CCS failure capacities were normalized (divided by) to this failure capacity (32.8 kN). For facilitating the 314 

comparison between the influences of the adopted parameters on the CCS failure capacity, the adopted values for 315 

these parameters were normalized to the corresponding ones in the experimental program. Moreover, in this regard, 316 

an equal variation ratio (0.5, 1, and 1.5) was used for all the parameters considering the accessible values in field 317 

strengthening applications.   318 

 319 

4.1. Material properties 320 

Regarding to the parametric study in terms of material properties, Figs. 8a and 8b show the influence of the normalized 321 

concrete compressive strength ( ' 'analy

c cf f ) and FRP elasticity modulus (
analy

f fE E ) on the normalized CCS failure 322 

capacity ( analy

CCS CCSF F ), where normalized means that the CCS failure capacity is divided by the CCS analytical 323 

capacity of the strengthened beam conducted by [20] and designated by analy

CCSF . This figure evidences that by 324 

increasing the concrete compressive strength, the CCS failure capacity of the structures increases due to the higher 325 

resistance provided by the surrounding concrete at the extremities of NSM FRPs. However, the CCS failure capacity 326 

decreases with the increase of FRP elasticity modulus, since a higher FRP elasticity modulus results in a lower average 327 

tensile strain in the FRP reinforcement ( fe ) at the end section of resisting bond length ( rbL ) (considering a constant 328 

value for feF ), causing a lower bending moment capacity (
Lrb
CCSM ) at this section due to the smaller strain distribution 329 

along the section. 330 

 331 

4.2. FRP strengthening configuration 332 



In order to analytically evaluate the influence of FRP strengthening configuration on the CCS failure capacity, Figs. 333 

9a and 9b compare the influence of the normalized length of unstrengthened shear span ( analy

ub ubL L ) and NSM FRP 334 

installation depth from the tensile surface of the RC element (
analy

f fl l ) on the CCS failure capacity (Fig. 2). Fig. 9 335 

shows that the CCS failure capacity decreases with the increase of the length of unstrengthened shear span according 336 

to the Eq. (22). Moreover, installing the NSM FRP more far away from the tensile surface of the RC element results 337 

in a higher CCS failure capacity, since the vertical eccentricity ( cy ) of the FRP tensile force ( fF ) to the centroid of 338 

the concrete fracture body reduces, causing a lower active moment ( .f f cM F y ) and a higher CCS failure capacity 339 

according to the Eq. (16). In this regard, Fig. 9b also evidences that adopting 
analy

f fl l  of 1.5 caused a negative value 340 

for the vertical eccentricity of the FRP tensile force ( 0cy  ), and consequently, the occurrence of the CCS failure by 341 

crack initiation at the FRP end section is impossible.     342 

In the next stage of the current parametric study, FRP strengthening configuration in terms of the number of NSM 343 

FRPs and distance between consecutive FRPs is analytically evaluated using the developed model. Fig. 10a shows the 344 

influence, on the normalized CCS failure capacity, of the ratio between the distance from the beam edge and nearest 345 

NSM FRP (
'
fs ) and two adjacent NSM FRPs ( fs ), 

'
f fs s . In this regard, the 

'
f fs s  ratio adopted in the analyzed 346 

experimental tests was almost 1.5, as represented in Table 2 and C1 configuration in Fig. 10. Moreover, Table 5 347 

indicates the main relevant results regarding the influence of the 
'
f fs s  ratio on the normalized CCS failure capacity. 348 

This table evidences that the CCS failure capacity increases by a higher ratio between the effective width ( eb ) and 349 

width ( b ) of element ( eb b ).  The maximum increase of this eb b  ratio is obtained by adopting the 
'
f fs s  ratio 350 

equals to 0.5 (configuration C2 in Fig. 10), causing 1eb b   (see Table 5). In fact, when 
' 0.5f fs s   an increase of 351 

about 120% in terms of the CCS failure capacity is obtained when compared to the corresponding capacity determined 352 

analytically for the adopted experimental beams with distance ratio of 
' 1.5f fs s  .  353 

On the other hand, Fig. 10b represents the effectiveness of NSM FRP configuration in terms of the number of NSM 354 

FRPs ( N ) on the normalized CCS failure capacity. For this purpose, the NSM CFRP configurations C3 (with two 355 



strips of 2.1×10 (2S: 2.1×10)) and C4 (with a strip of 4.2×10 (1S: 4.2×10)) are adopted with the aim of providing a 356 

NSM CFRP reinforcement ratio equal to the one adopted in the experimental beam tests (configuration C1 with three 357 

strips of 1.4×10 (3S: 1.4×10)) (see Fig. 10). Furthermore, the main relevant results derived from Fig. 10b are 358 

represented in Table 6. This table evidences that, by decreasing the number of NSM FRP reinforcements, the CCS 359 

failure capacity is significantly increased, as long as the adopted FRP configurations satisfy 1eb b  , which happened 360 

for the configurations C2 and C3. However, when the number of NSM FRP reinforcements decreases, and the width 361 

ratio ( eb b ) becoming less than 1 ( 1eb b  ), the CCS failure capacity decreases, which is the case of C4 362 

configuration. Accordingly, to increase the strengthening effectiveness under the framework of avoiding the 363 

occurrence of CCS, the number of NSM FRPs should be minimized with  considering maximizing the 364 

width ratio ( eb b ). 365 

 366 

5. Conclusion 367 

In the current study, a novel simplified analytical approach, with a design framework, was developed for the prediction 368 

of the maximum flexural capacity of RC structures strengthened using FRP reinforcement according to NSM 369 

technique failing by concrete cover separation (CCS) initiated at the end section of the NSM FRPs. This analytical 370 

approach was developed based on a closed form solution with the aim of being a guideline for designers. The good 371 

predictive performance of the analytical approach was evidenced by predicting the ultimate flexural capacity of fifteen 372 

NSM CFRP strengthened beams failed by CCS failure. Then, a series of parametric studies was analytically carried 373 

out using the developed model with the aim of proposing some design recommendations in this regard, as follows: 374 

- By increasing the concrete compressive strength, the CCS failure capacity of the strengthened structures increases, 375 

while the opposite occurs with the increase of the FRP elasticity modulus. 376 

- The CCS failure capacity is enhanced with the increase of the NSM FRP bonded length of the strengthened 377 

structure. Hence, in real applications, for design strengthening purposes, the extremities of the NSM FRPs should 378 

terminate as closest as possible to the support of the beam. 379 

- Installing the NSM FRP as far away as possible from the tensile surface of the structure results in a higher CCS 380 

failure capacity.  381 

' 0.5f fs s 



- FRP strengthening configuration in terms of the adopted distances between two adjacent NSM FRPs ( fs ) and 382 

from the beam edge to the nearest NSM FRP (
'
fs ) has a noticeable effect on the CCS failure capacity. The  383 

ratio equals to 0.5 can minimize the detrimental interaction between the consecutive NSM FRPs, resulting in a 384 

higher CCS failure capacity for the NSM FRP strengthened structures. 385 

- By decreasing the number of NSM FRP reinforcements, the CCS failure capacity is significantly increased, as 386 

long as the adopted FRP configurations provide the utilization of a mobilized concrete fracture surface 387 

surrounding the extremities of FRP strips with a total width ( eb ) in the concrete substrate equals to the width of 388 

the beam’s cross section ( b ). Accordingly, to increase the strengthening effectiveness under the framework of 389 

avoiding the occurrence of CCS, the number of NSM FRPs should be minimized with   considering 390 

maximizing the width ratio ( eb b ). 391 

 392 
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 397 

NOTATIONS 398 

The following symbols are used in this paper: 399 

cA  : cross sectional area of surrounding concrete, mm2. 

fA  : area of FRP reinforcement, mm2. 

sA  : area of tensile steel bars, mm2. 

'
sA  : area of compressive steel bars, mm2. 

'
f fs s

' 0.5f fs s 



fa  : thickness of FRP strip, mm. 

La  : loading span, mm. 

b  : width of beam, mm. 

eb  : effective element width factor, mm. 

fb  : height of FRP strip, mm. 

sb  : shear span, mm. 

c  : depth of neutral axis from top fiber of concrete, mm. 

cc  : concrete cover thickness beneath the longitudinal tensile steel bars, mm. 

sd  : distance from centroid of tensile steel bars to top fiber of concrete, mm. 

'
sd  : distance from centroid of compressive steel bars to top fiber of concrete, mm. 

fd  : distance from centroid of FRP reinforcement to top fiber of concrete, mm. 

cE  : elasticity modulus of concrete, MPa. 

ce  : epoxy cover thickness beneath the FRP strip, mm. 

fE  : elasticity modulus of FRP, MPa. 

analy
f

E  
 elasticity modulus of FRP adopted analytically for the beam of [20], MPa. 

sE  : elasticity modulus of longitudinal steel bars, MPa. 

'
cf  : specified compressive strength of concrete, MPa. 

'analy
cf  : compressive strength of concrete adopted analytically for the beam of [20], MPa. 

CCSF   CCS failure capacity, N. 

analy
CCSF   CCS failure capacity obtained analytically for the beam of [20], N. 

ctf  : splitting tensile strength of concrete, MPa. 

( )ctf x  : concrete tensile with respect to the corresponding concrete tensile strength, MPa. 

ctvF  : vertical tensile resistance of concrete on top slant area, N. 



fF  : FRP tensile force, N. 

feF  : effective concrete fracture capacity, N. 

(max)fF  : resistance of the concrete fracture surface for each FRP strip, N. 

fuf  : tensile strength of FRP, MPa. 

rbF  : maximum value of the force transferable through the resisting bond length, N. 

rbeF  : maximum debonding resistance, N. 

syf  : yield strength of longitudinal tensile steel bar, MPa. 

L  : structure span, mm. 

bL  : bonded length of FRP reinforcement, mm. 

beL  : effective resisting bond length, mm. 

fl  : FRP installation depth, mm. 

analy
f

l  : FRP installation depth adopted analytically for the beam of [20], mm. 

rbL  : resisting bond length, mm. 

sl  : slant length of the side faces of the concrete fracture body, mm. 

tl  : slant length of the top face of the concrete fracture body, mm. 

ubL  : length of unstrengthened shear span, mm. 

analy
ub

L  : length of unstrengthened shear span adopted analytically for the beam of [20], mm. 

Lrb
CCSM  : flexural moment of structure at the end section of resisting bond length, N-mm. 

u
CCSM  : maximum flexural moment of structure failing by CCS, N-mm. 

fM  : FRP active moment, N-mm.  

rM  : concrete resistant moment, N-mm. 

N  : number of the longitudinal FRP strip. 

. .N A  : neutral axis of structure. 



cs  : limitation for concrete fracture body, mm. 

fs  : spacing of the two adjacent FRP strips, mm. 

'
fs  : distance between the structure edge and the nearest strip, mm. 

sT  : vertical shear resistance of concrete on the side faces, N. 

cy  : vertical eccentricity of FRP tensile force to the centroid of fracture shape, mm. 

  : angle between axis and generatrices of the concrete fracture surface (semi-pyramid). 

max  : maximum slip of local bond stress-slip relationship, mm. 

cc  : strain level in concrete, mm/mm. 

fe  : average tensile strain of FRP reinforcement, mm/mm. 

s  : strain in longitudinal tensile steel bar, mm/mm. 

'
s  : strain in longitudinal compressive steel bar, mm/mm. 

sy  : strain in longitudinal tensile steel bars corresponding to its yield strength, mm/mm. 

max  : maximum shear stress of local bond stress-slip relationship, MPa. 

s  : concrete shear strength, MPa. 

( )s x  : shear stresses with respect to the corresponding concrete shear strength, MPa. 

 400 

APPENDIX A 401 

In order to obtain the vertical eccentricity ( cy ) of the FRP tensile force ( fF ) to the centroid of the concrete fracture 402 

body, this fracture body is divided by two semi-pyramidal and wedge parts. The vertical position of the centroid of 403 

the semi-pyramidal part ( cpy ) can be obtained using Eq. (A1) (Fig. A1). 404 
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On the other side, the vertical position of the centroid of the wedge part ( cwy ) is determined as follows (Fig. A1): 406 
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  (A2) 407 

Finally, the vertical eccentricity ( cy ) of the FRP tensile force ( fF ) to the centroid of the concrete fracture body can 408 

be obtained by: 409 

        2 2. . 3. 6. 8. 12.c cp cp cw cw cp cw c f c fy y V y V V V s l s l        (A3) 410 

 411 

APPENDIX B: 412 

By adopting the principles of static equilibrium of the beam’s cross section located in the postcracking stage at the 413 

end section of resisting bond length ( rbL ) (Fig. A2): 414 

 
''
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2
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where strains at the top fiber of concrete ( cc ) and longitudinal top (
'
s ) and bottom ( s ) steel bars can be obtained 416 

by: 417 
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By substituting Eqs. (B2)-(B4) into Eq. (B1) yields: 421 
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  (B5) 422 

By rewiring Eq. (B5), Eq. (B6) is obtained to calculate the neutral axis depth ( CCSc ) at this postcracking stage: 423 

      2 ' ' '. . 2. . . . . . . 2. . . . . . . . . 0c CCS s s s s f f f CCS s s s s s s f f f fE b c E A E A E N a b c E A d E A d E N a b d         (B6) 424 
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Table 1. Geometry, support, and loading conditions of the beams tested experimentally (dimensions in mm) 481 

Tested beams 
b  h  La  sb  ubL  '

sd  sd  fd  fl  cc  

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 

LB2S1+C1 beam of [15] 160 280 800 800 200 40 246 272 8 34 

LB2S1+G1 beam of [15] 160 280 800 800 200 40 246 272 8 34 

F2C1 beam of [16] 160 280 800 800 200 38 240 272 8 34 

S-C6 (210-R) beam of [17] 150 280 1200 800 350 33 244 274 6 30 

V2R2 beam of [18] 100 177 500 500 50 21 153 171 6 21 

V3R2 beam of [18]  100 175 500 500 50 21 151 169 6 21 

V4R3 beam of [18]  100 180 500 500 50 21 151 169 6 21 

S2_NSM beam of [19] 120 170 300 300 50 21 149 162.5 7.5 19 

S3_NSM beam of [19] 120 170 300 300 50 21 149 162.5 7.5 19 

NSM_c_3 × 1.4 × 10_1 beam 

of [20]  
120 160 250 925 

100 
30 115 152.5 7.5 40 

NC12 beam of [21]  125 250 700 650 50 30 220 241 9 25 

B500 beam of [22] 150 300 600 1200 1250 30 264 289 11 30 

B1200 beam of [22] 150 300 600 1200 900 30 264 289 11 30 

B1800 beam of [22]  150 300 600 1200 600 30 264 289 11 30 

NSM beam of [23] 200 300 200 900 300 31 269 291.5 8.5 26 

b  and h : width and height of cross section, La  and sb : loading and shear spans, ubL : the length of 

unstrengthened shear span, 
'
sd , sd , and fd : internal arms of top and bottom steel bars and CFRP reinforcement, 

fl : CFRP installation depth, cc : concrete cover below the tensile steel bars 

 482 
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Table 2: Steel and CFRP reinforcement details of the beams tested experimentally  484 

Tested beams 
'
sA  sA  s  fA  f  fs  '

fs  
fN  

(mm) (mm) (%) (mm) (%) (mm) (mm) 

LB2S1+C1 beam of [15] 100.5 226.2 0.57 2S:1.4x20+1ϕ8 0.24 45.5 34.5 3 

LB2S1+G1 beam of [15] 100.5 226.2 0.57 2S:1.4x20+1ϕ8* 0.17* 45.5 34.5 3 

F2C1 beam of [16] 100.5 226.2 0.59 2ϕ8 0.23 80 40 2 

S-C6 (210-R) beam of [17] 56.5 226.2 0.62 2ϕ6 0.14 88 31 2 

V2R2 beam of [18] 100.5 84.8 0.55 2S:10x1.4 0.16 30 35 2 

V3R2 beam of [18]  100.5 106.8 0.71 2S:10x1.4 0.16 30 35 2 

V4R3 beam of [18]  100.5 150.8 0.89 3S:10x1.4 0.25 25 25 3 

S2_NSM beam of [19] 66.3 66.4 0.37 2S:10x1.4 0.14 40 40 2 

S3_NSM beam of [19] 66.3 99.5 0.55 3S:10x1.4 0.21 30 30 3 

NSM_c_3 × 1.4 × 10_1 

beam of [20]  
157.1 157.1 1.14 3S:10x1.4 0.23 25 35 3 

NC12 beam of [21]  157.1 226.2 0.82 2ϕ12 0.75 65 30 2 

B500 beam of [22] 100.5 226.2 0.57 1S:2x16 0.07 150 75 1 

B1200 beam of [22] 100.5 226.2 0.57 1S:2x16 0.07 150 75 1 

B1800 beam of [22]  100.5 226.2 0.57 1S:2x16 0.07 150 75 1 

NSM beam of [23] 157.1 235.6 0.43 4S:1.4 x 15 0.14 40 40 4 

'
sA , sA , and fA : area of top and bottom steel bars and CFRP reinforcement, s  and f : steel and CFRP 

reinforcement ratios, fs  and 
'
fs : distance of two adjacent CFRPs and distance between beam edge and 

nearest CFRP, fN : number of NSM CFRPs, S: CFRP strip, ϕ: CFRP bar. 

* This beam was flexurally strengthened using two CFRP strips and one GFRP bar and the relevant f  was 

represented as an equivalent with respect to CFRP reinforcement.   
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Table 3: The mail material properties for concrete, steel and CFRP reinforcements 487 

Tested beams 
'

cf  syf  sE  fuf  fE  

(MPa) (MPa) (GPa) (MPa) (GPa) 

LB2S1+C1 beam of [15] 31.9 540 205 2350 170 

LB2S1+G1 beam of [15] 31.9 540 205 
CFRP:2350 

GFRP: 1350 

CFRP:170 

GFRP: 64 

F2C1 beam of [16] 30.5 540 200 2350 170 

S-C6 (210-R) beam of [17] 36.7 600 210 1875 146 

V2R2 beam of [18] 46 730 200 2740 159 

V3R2 beam of [18]  46 730 200 2740 159 

V4R3 beam of [18]  46 730 200 2740 159 

S2_NSM beam of [19] 52.2 627 200 2740 159 

S3_NSM beam of [19] 52.2 627 200 2740 159 

NSM_c_3 × 1.4 × 10_1 

beam of [20]  
21 540 200 2052 171 

NC12 beam of [21]  40 550 200 1861 127 

B500 beam of [22] 44 532 210 2068 131 

B1200 beam of [22] 44 532 210 2068 131 

B1800 beam of [22]  44 532 210 2068 131 

NSM beam of [23] 53 455 200 2435 158 

'
cf : concrete compressive strength, syf : steel yield strength, sE  and fE : elasticity 

modulus of steel and FRP reinforcements, fuf : CFRP tensile strength. 
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Table 4: Experimental and analytical values of the ultimate flexural capacity of the analyzed beams 490 

Tested beams 
cs  cy    (max)fF  fuF  rbF  rbeF  analy

CCSF  
exper

CCSF  
exper

analy
CCS

CCS

F

F
 

analy
ICF  

(mm) (mm) (o) (kN) (kN) (kN) (kN) (kN) (kN) (kN) 

LB2S1+C1 beam of [15] 22.8 4.2 33.0 7.1 83.2 13.1 117.0 126.0 119.7 1.05 211.8 

LB2S1+G1 beam of [15] 22.8 4.2 33.0 7.1 61.1 11.2 94.5.0 157.0 120.7 1.30 223.2 

F2C1 beam of [16] 26.0 5.4 28.9 10.5 118.1 20.9 153.4 115.0 117.2 0.98 127.9 

S-C6 (210-R) beam of [17] 24.0 5.7 31.3 6.8 52.9 13.1 93.3 87.5 110.0 0.80 116.7 

V2R2 beam of [18] 15.0 2.4 48.6 1.5 36.8 5.5 75.8 61.8 78.5 0.79 95.1 

V3R2 beam of [18]  15.0 2.4 48.6 1.5 36.8 5.5 75.8 72.1 81.9 0.88 101.2 

V4R3 beam of [18]  12.5 1.5 48.6 0.9 36.8 3.2 75.1 109.6 94.0 1.17 121.9 

S2_NSM beam of [19] 11.5 0.3 62.3 2.7 36.8 3.4 76.5 111.7 92.5 1.21 164.5 

S3_NSM beam of [19] 11.5 0.3 62.3 2.7 36.8 3.4 75.6 127.0 96.6 1.31 168.1 

NSM_c_3 × 1.4 × 10_1 

beam of [20]  
12.5 0.7 57.6 1.4 28.7 3.3 81.2 32.8 33.3 0.98 35.6 

NC12 beam of [21]  16.0 1.2 45.6 4.7 210.3 10.1 222.6 137.5 146.0 0.94 155.2 

B500 beam of [22] 19.0 1.3 38.8 12.4 66.2 16.4 140.7 50.5 47.8 1.06 136.8 

B1200 beam of [22] 19.0 1.3 38.8 12.4 66.2 16.4 140.7 70.9 63.1 1.12 136.8 

B1800 beam of [22]  19.0 1.3 38.8 12.4 66.2 16.4 140.7 104.9 91.7 1.14 136.8 

NSM beam of [23] 17.5 2.0 41.9 5.1 51.1 12.4 116.8 132.0 147.3 0.90 216.8 

cs : limitation for concrete fracture body, cy : FRP force vertical eccentricity to the centroid of fracture shape,  : angle 

between axis and generatrices of the concrete fracture surface, (max)fF : resistance of the concrete fracture surface for each 

FRP strip,  fuF : ultimate tensile capacity of FRP, rbF : maximum value of the force transferable through the resisting bond 

length, rbeF : maximum debonding resistance, 
analy

CCSF : CCS failure capacity obtained analytically, 
exper

CCSF : CCS failure 

capacity obtained experimentally, 
analy

ICF : IC failure capacity obtained analytically. 
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Table 5: The influence of the distance between consecutive NSM FRPs on the CCS failure capacity 493 

'
f fs s  cs  

(mm) 
N  eb b  analy

CCS CCSF F  

0.25 16 3 0.8 1.90 

0.5 20 3 1 2.21 

1 15 3 0.75 1.16 

1.5 12.5 3 0.62 1 
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Table 6: The influence of the number of NSM FRPs on the CCS failure capacity 496 

FRP 

configuration 
'
f fs s  cs  

(mm) 
N  eb b  analy

CCS CCSF F  

C1 1.5 12.5 3 0.62 1 

C2 0.5 20 3 1 2.21 

C3 0.5 30 2 1 4.21 

C4 - 30 1 0.5 2.58 
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 499 

Fig. 1. Concrete cover separation of RC beams strengthened with NSM FRP reinforcement 500 
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 503 

Fig. 2. Characteristics of NSM FRP strengthened beams: a) geometry, b) reinforcement details 504 
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 507 

Fig. 3. Failure modes at the extremities of NSM FRP reinforcement: a) FRP rupturing, b) FRP debonding, c) 508 

concrete tensile fracture 509 
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 512 

Fig. 4. Conditions assumed for the geometry of the concrete tensile fracture body at the extremities of NSM FRP 513 

reinforcement 514 
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 518 

Fig. 5. Resistance of concrete tensile fracture body considering the tensile strength (on the top surface) and shear 519 

strength (on the side surfaces) of concrete 520 
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Fig. 6. Flexural bending moment distribution along the beam’s length 524 
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 527 

 528 

Fig. 7. a) Relationship of fracture angle versus relevant boundary limit, b) assessment of predictive performance of 529 

the analytical approach 530 
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 532 

Fig. 8. The influence on the CCS failure capacity of: a) concrete compressive strength, b) FRP elasticity modulus 533 
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 536 

Fig. 9. The influence on the CCS failure capacity of: a) the length of unstrengthened shear span, b) FRP installation 537 

depth 538 
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 541 

Fig. 10. The influence on the CCS failure capacity of: a) distance between the consecutive NSM FRPs, b) number of 542 

NSM FRPs 543 



 544 

Fig. A1. The vertical position of the centroid of the semi-pyramidal and wedge parts of concrete fracture body 545 
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 548 

Fig. B1. Force equilibrium and strain distribution along the cross section at the end of resisting bond length 549 
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