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crushing the concrete surrounding the groove with formation of crack in the adhesive’s 

cover.  Curve (a) shown in Figure 2-3 represents the typical slip-stress diagram for epoxy 

adhesive with the precut groove, which is usually smooth and sand coated surface. The 

failure in curve (a) occurred at the concrete adhesive interface. Curve (b) represents the 

typical slip-bond stress curve for a glass FRP rod when the failure is the epoxy-concrete 

interface. As the groove size increased, the failure shifted from epoxy-rod interface to 

concrete- epoxy interface with initiation of cracks in the surrounding concrete. It was also 

reported in this study that the epoxy adhesive provides a better bonding strength than the 

cement mortar adhesives due to its high shear strength. It should also be noted that the 

surface configuration of the CFRP played no significant role in the bonding behaviors 

since the controlling failure was at concrete-epoxy interface. 

 

 

 

 

 

 

 

 

 

Figure 2-2 Modified pullout test scheme(Laura De Lorenzis et al. 2002). 
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D. Novidis et al. (2008) did a direct pullout test by using the testing system shown in 

Figure 2-4. The parametric study was the development length and the groove size. 

Twenty-four concrete specimens were used with compressive strength of 34.5 MPa (5000 

psi). The specimens’ dimensions were 150 mm (6.0 in) squared, and 300 mm (12.0 in) 

was the length of the concrete block. The various embedded lengths were 3Db, 5Db, 

7.5Db, and 10Db, and  the groove dimensions were either 25 mm (1.0 in) or 20 mm 

(0.8in). The conclusion indicated that the adopted pullout test gave reliable results with a 

manageable specimen size. Two failure modes were obtained: pullout of the rod at 

concrete-epoxy interface, and pullout of the rod at epoxy-rod interface. As the groove 

size increased, the strength of the joint increased. In the same manner for a given groove 

size, the bonding strength increased as the development length increased up to a certain  

Figure 2-3 Slip- bond stress relationship(Laura De Lorenzis et al. 2002).  
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length.  The non-uniformly distributed stress occurred after a limit increasing of 

development length, resulting in a decrease in the bonding strength. 

 

 

 

 

 

 

 

 

Bilotta A. et al. (2011) conducted experimental research comparing the EBR and NSM 

systems.  For the NSM technique, basalts, glass, and Carbone materials were used with 

different geometries. All the pullout tests were performed on prisms that have dimensions 

of 160x200 mm and 400 mm height as shown in Figure 2-5. The CFRP rods had 8mm 

diameter with smooth surface. The groove dimensions were 1.75Db and 300 mm as 

development length (37.5Db). It was reported that the pullout test of CFRP rod failed at 

50 kN (11.0 kips) with de-bonding at the epoxy-concrete interface, and with the 

detachment of the concrete layer as a mode of failure. It is worth noting that the concrete 

compressive strength was 19 MPa (3.0 ksi) to simulate the poor existing RC components.  

As a comparison between the EBR and NSM systems, it was concluded that the NSM 

Figure 2-4 Direct puulout test with  spurious stress breakers(D. Novidis et al. 2008). 
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Figure 2-5 Pull out test setup and specimen dimensions(Bilotta A. et al. 2011). 

system worked more efficiently than the EBR system. For NSM system, the CFRP rod 

was fully bonded to the concrete subsurface by the adhesive. Therefore, more than 50% 

of the CFRP’s tensile strength could be extracted. For NSM system, the CFRP rod was 

full bonded to the concrete by the adhesives. Therefore, more than 50% of the CFRP 

tensile strength could be extracted by using the NSM system. 

 

 

 

 

 

 

 

Shehab M. Soliman   et al. (2013) conducted an extensive bonding test on 80 specimens 

with the compressive strength range between (38-44 MPa).  They adopted the modified 

test system that was used by De Lorezis of 340 mm x40 mm (13.38 in x13.38 in) and 500 

mm (20.0 in) height as shown in Figure 2-6. The main aim of the study was to investigate 

the weather effect on the bonds’ behavior. However, many bond characteristics were 

investigated such as: FRP type—glass and carbon with sand coated ; embedment length: 

6Db, 12Db, 18Db, 24Db, 36Db, and 48Db; adhesive type: epoxy based and cement based 

adhesive; and groove size: 1.5Db and 2.0Db.  Two diameters of CFRP rods were used 
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9.5mm (0.37 in.) and 12.7 mm (0.5 in.), which had a tensile strength of 1546 MPa (224 

ksi) and 1250 MPa (181 ksi) respectively.  The results indicated that the conditioned 

specimens performed less efficiently than the reference ones.  In terms of the adhesive 

types, the reference specimens with the epoxy based adhesive had  a consistently higher 

bond strength than the specimens with the cement based adhesive.  It should be 

mentioned that increasing the bonding length, increased the strength of the joint. 

However in the study, the rupture of the CFRP and GFRP rods was reported for the 24Db, 

36Db, and 48Db, which gave full efficiency for bonding. Shear tension failure of the 

surrounding concrete was the controlling mode failure for the reference specimens with 

the epoxy based adhesive. However, for the conditioned specimens, the failure was 

controlled by the epoxy splitting. The controlling failure mode for the reference 

specimens with the cement based adhesive was the de-bonding in the concrete–adhesive 

interface. 

 

 

 

 

 

 

 
Figure 2-6 Modified pullout test with instrument (Shehab M. Soliman   et al. 2013).  
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Figure 2-7 Specimens with mechanical interloching(Sharaky, I. A. et al. 2013, p 353). 

Sharaky, I. A. et al. (2013) investigated many bond parameters. The main characteristics 

that were implemented and investigated by using the modified pullout test were: groove 

surface, groove geometry, FRP bar type, bond length, and construction details of the 

groove. Two CFRP rods were used in the test 8 mm (0.315 in) with smooth surface 

texture and 9.05 mm (0.356 in) with surface texture. The compressive strength of the 

concrete ranged between (35.2-42.2 MPa) (5-6.12 ksi). Many conclusions have been 

drawn and addressed out of the test’s results. It was reported that the groove surface had 

no effect on the bond capacity if the failure was at the bar-epoxy interface. As the bond 

length increased from 40 mm (5Db) to 192 mm (24Db) for the CFRP 8mm rod, the failure 

load increased from 12.75 kN (2.866 kips) to 36.59 kN (8.225 kips).  Increasing the 

groove dimensions from 1.5db to 2db, delayed the bar epoxy interface failure. It was also 

reported that the interlocking increased the joint capacity by 14.8%. It is interesting to 

mention that the transverse interlocking, which is shown in Figure 2-7 below had a 

remarkable impact on the transfer load failure and stress from concrete epoxy interface to 

the surrounding concrete and enhancement of the concrete epoxy interface bond. 
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2.3. Flexural Behavior  

Täljsten et al. (2003) conducted an experimental work on eight rectangular full-scale 

beams.  In this study, an experimental work was carried out to investigate the flexural 

behavior of the beams that strengthened with NSM CFRR. The strengthening was with 

the pre-stressed NSM CFRP and without pre-stressed NSM CFRP. The flexural 

reinforcement of all specimens consisted of two16mm steel rebars, and had concrete 

compressive strength of 60 MPa (9000 psi).  The beams of 4 m (13.2 ft.) length and 

300x200 mm (11.811x7.874 in) cross section were tested under four-point loads. The 

shear span was 1300 mm reinforced with 10mm steel stirrups spaced @ 75 mm. Four 

beams were tested for each series. For the first series of the four specimens, one was a 

control specimen and three were strengthened with two NSM CFRP 10 mm (0.39 in) 

squared rods. Epoxy bond was used to bond the beam (E4) with full development length 

and E3 with a development length of 3000 mm. However,a cement grout bond was used 

to reinforce beam (C3) with a development length of 3000 mm. For the second series, 

pre-stressed NSM CFRP rods were used.  The groove size for the epoxy retrofitting beam 

was 15x15 mm (0.6x0.6 in) and 20x20 mm (0.787x0.787 in) for the cement based 

adhesive beam. The reference beam had overall flexural strength of 79 kN (17.76 kips). 

The cement grout strengthened beam had an overall flexural strength of 123 kN (27.652 

kips) and failed by anchorage slippage. However, the overall flexural strength of the 

epoxy-strengthened beam was 140 kN (31.473 kips) and failed by anchorage failure. 

Finally, the full-developed length of epoxy strengthened beam failed by rupture at an 

overall flexural strength of 152 kN (34.171 kips).  In general, the strengthened beams 
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exhibited a significant improvement in the flexural performance over the reference beam 

as shown in Figure 2-8 below.   

 

 

 

 

 

 

 

Hassan, T et al. (2004) conducted an experimental and analytical study on eight simply 

supported T- beams. Flexural and bond performance was investigated in this study. The 

beam had a total depth of 300 mm (11.811in) and clear span of 2.5 m (8.2 ft). The 

parameters of this study were the development length and adhesive materials.  One of the 

beams designated as Ao shown in Table 2-1 below was reinforced with only steel and 

considered as a reference beam. The flexural reinforcement consisted of two No.10 and 

two No15 rebars as secondary reinforcement. The others specimens were retrofitted with 

9.5 mm (0.375 in) CFRP bars that had a modulus of elasticity of 111 GPa (16099.0 ksi) 

and an ultimate tensile strength of 1918 MPa (278.0 ksi). All of the beams had a concrete 

compressive strength of 48 MPa (6.96 ksi) and the groove size of 18 mm (0.71in) width 

and 30 mm (1.18 in) depth.  Different development lengths for NSM-CFRP rods were 

Figure 2-8 Load –deflection curve(Täljsten et al. 2003). 
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used for the rest of the specimens. A1, A2, A3,and A4  were strengthened with gel epoxy 

adhesive that had a modulus of elasticity of 1200 MPa (174.0 ksi),  a tensile strength of 

48 MPa (7.0 ksi), and a development length of  150 mm (6.0 in), 550 mm (22.0 in), 800 

mm (31.5 in), and 1200 mm (4.0 ft) respectively. Whereas, A5, A6, and A7 were 

retrofitted with epoxy adhesive that had a modulus of elasticity of 3000 MPa (435.0 ksi), 

a tensile strength of 62 MPa (9.0 ksi), and a development length for the CFRP bars of 550 

mm (22.0 in), 800 mm (31.5 in), and 1200 mm (47.0 in) respectively.  The results are 

shown in Table 2-1 below. It can be observed that the adhesive type did not have a 

significant effect on the behavior of the bonding. It also shows that the failure modes 

were mostly the de-bonding at the concrete epoxy interface. This de-bonding occurred at 

the zone where the secondary reinforcing steel was terminated. The maximum stress at 

the CFRP bars was 45% of the ultimate strength of the CFRP bars for the maximum 

development length. This indicated that the rupture of the FRP bars did not occur before 

the de-bonding failure. A new analytical relationship for bonding was proposed based on 

the finite element modeling and the experimental works. By using the new proposal,        

a chart of finding a development length based of the rods size was constructed and 

verified with ACI code. The summary of the study indicated that the NSM FRP technique 

can improve the stiffness and the flexural strength of the strengthened beam.  A clear 

spacing, edge distance, and development length of achieving a good tensile strength 

before de-bonding were suggested. However, this length depended on many parameters 

such as the dimension of the bars, concrete and adhesive properties, reinforcement 

configuration, and groove width.  
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Table 2-1 The test results (Hassan, T et al. 2004,).  

 

 

 

 

Tang, W. C. et al. (2006) conducted an experimental test on ten beams that were tested 

under flexural to investigate the moment-deflection behavior. The parameters of this 

research were the compressive strength of the concrete 58,37,and 21 MPa (8.41, 5.36,and 

3.04 ksi); the types of reinforcements—steel reinforcing, sand blasted GFRP reinforcing, 

and NSM sand blasted GFRP reinforcing; and the type of adhesive—epoxy past XH-130 

and XH-111. All of the specimens were tested under two point symmetrical loads. The 

specimens’ dimensions were 250 mm x180 mm (9.84x7.08 in) cross section and 1500 

mm (4.9 ft) span length. Two different diameters of GFRP bars were used: a #3 sand 

coated with a diameter of 9.5 mm (0.374 in) and an ultimate strength of 650 MPa (94.0 

ksi), and a # 5 sand coated with diameter of 16 mm (0.629 in) and an ultimate tensile 

strength of 512 MPa (74.0 ksi). The reinforcing steel bar was 16 mm (0.629 in) diameter 

with an ultimate tensile strength of 478 MPa (69.328 ksi).  The specimens’ configurations 

are shown in Table 2-2 below. In Table 2-3, the results of each specimen are reported. 

Different mode failure and moment-deflection behaviors were observed for different 

reinforcing characteristics. The steel-reinforced concrete  beams exhibited flexural failure 

where the cracks were initiated near the tension face, and widely extended to the center 
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Table 2-2 Specimens details (Tang, W. C. et al. 2006,). 

line of the beam until the failure. The GFRP reinforced concrete beams failed in a 

combination of shear and concrete compression failure.  For the # 5 bars, the rapture was 

a remarkable failure. The steel- reinforced concrete strengthened with NSM GFRP 

exhibited splitting of the epoxy simultaneously with shear failure followed by the rupture 

of the NSM GFRP, particularly for the concrete with high compressive strength.  As a 

comparison between the steel and GFRP reinforcing, the GFRP exhibited nonlinear 

behavior due to the extensive cracking.  The moment capacity remained the same for 

both materials. However, the GFRP attained the same moment at a high deflection rate.  

The NSM GFRP reinforced beams showed a significant increasing (23% -53% over the 

same corresponding to specimens without NSM technique) in the flexural stiffness and 

moment capacity.   The lightweight concrete performed better with the NSM GFRP. In 

general, the epoxy paste type XH-130performed better than epoxy paste type XH-111. 
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Table 2-3  Test results (Tang, W. C. et al. 2006). 
 

 

 

 

 

 

 

Al-Mahmoud, F.et al. (2010) carried out an experimental work on concrete beams 

strengthened by two # 2 CFRP rods.  In this study, seven beams were categorized into 

two groups: one group was tested as conventional beams under four-point load, and the 

other group was tested  as a cantilever beam. For each group, different development 

lengths were applied and tested. The main purpose of this study was to investigate the 

flexural behavior of each group after rehabilitating with CFRP rods. Each group had the 

controlling beam, which had a cross section of 150 x 280 mm (5.9 x 11.02 in) and 3m 

(9.84 ft) span length reinforced with two-12 mm steel bars  (0.47 in) at the tension face. 

The compressive strength of the concrete for all specimens was 37.0 MPa. The retrofitted 

specimens had two grooves at the tension face and two CFRP rods of 6 mm that had a 

young modulus of 146 GPa (21175.5 ksi), and a tensile stress of 1875 MPa (271.945 ksi) 

was placed inside the groove.  Depending on the development length, two modes of 

failure were observed: pullout and peeling-off failure. For the first group, two 
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Figure 2-9 Load –deflection curve for retrofitted beams (Al-Mahmoud, F.et al. 2010). 

development lengths were used: one with 2700 mm (106.0 in.) along the beam’s length, 

and the other 2100 mm (83.0 in) ending before the supports. The beam with 2700 mm 

(106.0 in.) exhibited the pullout de-bonding at the load of 53.3 kN (12.0 kips). The other 

beam with 2100 mm (83.0 in) failed at 44 kN (10.0 kips) with peeling-off failure as 

shown in Figure 2-9 below. The other group had three different development lengths: 

2400 mm (9.44 in), 190 mm (7.5 in), and 150 mm (6.0 in).  The beam with the 240 mm 

(94.4 in) development length cracked at 8 kN (1.798 kips), then the steel yielded at 38 kN 

(8.542 kips), after which the failure occurred at 59.5 kN (13.4 kips). The beam with the 

1900 mm (75.0 in) development length cracked at 10 kN (2.25 kips), and failed at 52.0 

kN (11.6 kips) by peeling off the concrete surrounding the groove. This beam maintained 

a 72% flexural strength over the reference beam.  Finally, the beam with the 1500 mm 

(59.0 in.) development length cracked at 25 kN (5.620 kips), then at 31 kN (6.969 kips) 

the steel yielded, after which the failure occurred at 36 kN (8.093kips) by peeling of the 

concrete. This beam maintained a 20% flexural strength over the reference beam as 

shown in Figure 2-10 below. 
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Soliman, S. M. et al. (2010) investigated many characteristics of NSM-FRP bars. Twenty 

specimens were tested to investigate their flexural behavior. The specimens were 

strengthened with NSM-FRP rods to enhance their loads-deflection relationship. The 

parameters of the study were the types of NSM-FRP rods, FRP bar diameter, bonded 

length, and groove size. Three series were set and casted with ready mix concrete that 

had a compressive strength of 40.0 MPa (6000 psi).  All specimens were tested under 

four point load with shear span of 800 mm. Three series were categorized based on the 

steel ratio as shown in Figure 2-11 below. 

 

 

Figure 2-10 Load –deflection curve for retrofitted cantilever beams with FRP bars(Al-Mahmoud, F.et 

al. 2010). 
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Series A consisted of twelve beams. The control beam was reinforced with 0.4% steel 

reinforcement.  The rest of the specimens were reinforced with 9.5 mm (0.374 in) CFRP 

bar. The development lengths were 12Db, 24Db, 48Db, and 60Db with a groove size of 

1.5Db and 2Db. The objective of this series was to investigate the development length and 

the groove size. Series B included three specimens. The control specimens were 

reinforced with 0.8% of steel. The other two beams were retrofitted with 9.5 mm (0.374 

in) CFRP bars that had a development length of 24Db and 48Db with 2Db as the groove 

size. The objective of this series was to investigate the moderate steel ration on the 

performance of the NSM-FRP technique. Finally, series C consisted of five beams. The 

control specimens were reinforced with 1.6% steel. The rest of the specimens were 

additionally reinforced with 9.5 mm (0.374 in) CFRP bars that had a development length 

Figure 2-11 Retrofitteed beam sections details(Soliman, S. M. et al. 2010,p 1373). 
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of 12Db, 18Db, 24Db, and 48Db with 2Dbas the groove size.  The obtained results in terms 

of load-deflection curve showed the same behavior as it was observed by Al-Mahmoud, 

F.et al. (2010). The general behavior had three limits: the first limit was the concrete 

cracking limit where all of the specimens have the same value and behavior; the second 

limit was the steel yielding limit where the steel started to yield and the FRP bars started 

to involve more; and the last limit was where the FRP bars rupture occurred. From series 

A, it was found that the gaining capacity was achieved by 22%, 33%, 71%, and 75% by 

increasing the development length from 12Db up to 60Db. However, the gaining capacity 

in series B was found to be 4%-19% only. This ration decreases dramatically in series C 

down to 1%-9%. Generally, the efficiency of using NSM-FRP was increasing with the 

decreasing of the steel reinforcement ratio. In this research, the optimum development 

length was found to be 48Db and the optimum steel ratio 0.4%. It was discovered that 

using the smaller groove size delays the de-bonding failure by increasing the distance 

between the FRP rods and the steel reinforcements. CFRP and GFRP give the same load 

carrying capacity at failure. However, GFRP gave more ductility due its relatively low 

modulus of elasticity. A good indication of this  was observed when the maximum 

measured strains of FRP rods were between 75%-85% of the rupture strains depending 

on the development lengths. 

Micelli, F. et al (2013) investigated the flexural behavior of six reinforced concrete 

rectangular beams that were strengthened with CFRP rods. The beams were 200 mm x 

400 mm (7.87 in x 15.75 in) and 4.3m long. Two parameters were used: the ratio of the 

internal steel and the ratio of the CFRP reinforcing bars. Series A had two 14 mm in 
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Table 2-4  Specimens details and results (Micelli, F. et al 2013). 

diameter internal steel bars as tensile reinforcement, whereas series B had two 18mm in 

diameter internal steel bars as tensile reinforcement. Both series had a concrete 

compressive strength of 15 MPa (2.17 ksi) and NSM reinforcement of one and two 8mm 

(0.315 in) CFRP rods. As shown in the Table 2-4 below, the results indicated that the 

NSM system sufficiently improved the overall behavior of the flexural capacity for the 

strengthened beams.  

 

 

 

 

 

Table 2-4 also shows a comparison between the theoretical and experimental results 

which are in  a reasonable agreement with each other. The results also show that the high 

steel ratio beams failed by concrete crushing after the steel yielding. Whereas, the low 

steel ratio steel failed by CFRP rods de-bonding after the steel yielding. It was reported 

that the de-bonding of the CFRP rods for (BRl-a) and BR2-a, which they have less steel 

ratio, was due to the low concrete compressive strength where the crack extended rapidly 

after the imitation. Therefore, de-bonding between the CFRP rods and concrete occurred. 

On the other hand, BR1-b and BR2-b, which had two NSM CFRP rods, suffered from the 

stress concentration at the edges and between the CFRP rods prior to the failure. 


