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There is limited research on the bond behavior of NSM strips embedded in corroded/cracked reinforced concrete (RC). Therefore, this study was initiated to evaluate the bond behavior between corroded/cracked RC and NSM strips. The test specimens consist of two concrete prisms (reinforced and plain) mounted from two opposite sides with NSM strips. After 28 days of moisture curing, twenty-four specimens were immersed in saline solution and were exposed to three accelerated corrosion levels with steel mass loss of 2.2, 4.1 and 8.1%. The bond behavior was evaluated using double shear pullout test. The study showed that the corrosion cracks increased with the increase of corrosion level. The maximum crack width reached 0.91 mm at corrosion level 3. The mass loss of the corroded reinforcing steel increased from 2.1% for corrosion level 1–8.3% for corrosion level 3. The bond strength between NSM strips and corrosion cracked concrete was significantly decreased with maximum reduction of 48% at corrosion level 3. The other bond characteristics including maximum slip, bond toughness and bond stiffness were also decreased with corrosion with percent reduction of (31, 67 and 35%), respectively. The failure mode of the bond between NSM strips and corrosion cracked concrete was splitting of concrete. Theoretical models were proposed for predicting the bond strength between NSM strips and corrosion cracked concrete based on corrosion level and crack width. The proposed models showed excellent agreement with the experimental results from the current study and the literature.
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INTRODUCTION
Many reinforced concrete (RC) structural elements suffer from degradation and deteriorations with time that reduce the structural capacity of the elements and may cause failure in severe situations. Therefore, repair and rehabilitation are needed to restore the structural capacity of the deteriorated elements. The use of fiber-reinforced polymer (FRP) is a popular practice for the repair of the deteriorated RC elements (Lee et al., 2000; Al-Allaf et al., 2016). The most commonly method used of FRP is externally bonded by wrapping FRP composite laminates to the external surface of the deteriorated RC elements. However, premature debonding between the FRP and concrete usually takes place before reaching the full capacity of the FRP tensile strength (Mukhopadhyaya and Swamy, 2001; Nguyen et al., 2001).
Near surface mounted (NSM) fiber reinforced polymer technique was developed to overcome the premature debonding failure of FRP. This technique uses FRP composite strips inserted into slits inside the concrete cover of the RC member (Lorenzis and Nanni, 2015; Triantafyllou et al., 2018; Dias and Barros 2012; Mosallam et al., 2022). Recently, repair and strengthening using NSM technique showed promising results to increase the load-carrying capacity of the RC members without debonding. The high level of strength efficiency associated with repaired RC elements using NSM strips demonstrated this technique as a viable and promising repair procedure (Bilotta et al., 2011; Coelho et al., 2015).
Corrosion of reinforced concrete (RC) structures is a major problem all over the world especially in structures exposed to marine environment. Corrosion products possess larger volume than the original steel forming tensile stress that causes deterioration in RC structures (Peng et al., 2015; Fernandes et al., 2018; Kreit et al., 2011).
The corrosion of RC elements repaired with NSM strips produce negative impact on the bond strength between NSM strips and concrete. The intensity of the bond degradation is not well established and requires more investigation. Therefore, this study was initiated to evaluate the bond behavior between NSM strips and corrosion cracked concrete using different parameters including three levels of corrosion deterioration, number of NSM strips (Triantafyllou et al., 2018; Al-Akhras and Aleghnimat, 2020) and bond lengths of NSM strips (100 and 150 mm).
Self-compacting concrete (SCC) was considered in this study because SCC is relatively a new type of concrete and there are no research studies reported on the bond behavior between corrosion cracked SCC and NSM strips. The SCC was developed mainly to freely flow to any corner of the formwork without compaction. The SCC has higher compressive strength and lower stiffness than the normal vibrated concrete (Okamura et al., 2003).
EXPERIMENTAL WORK
Testing program
The testing program is composed of thirty-two concrete specimens. Each specimen consists of two concrete blocks (reinforced and plain). Each concrete block has dimensions of 150 × 150 × 200 mm. The two concrete blocks are mounted with NSM strips at the two opposite sides. The RC block is reinforced with four steel bars with diameter of 12 mm and two stirrups with diameter of 6 mm as shown in Figure 1. Twenty-four specimens were immersed in 3% NaCl solution and exposed to accelerated corrosion process. While eight specimens were kept in water bath at laboratory temperature of 25ₒC as reference (uncorroded) specimens. The testing program investigated is shown in Table 1.
[image: Figure 1]FIGURE 1 | Schematics of specimens mounted with NSM (dimensions are in mm).
TABLE 1 | Testing program adopted in the study.
[image: Table 1]Concrete mixing and casting
The SCC mixture was prepared at w/c ratio of 0.45 using Type I cement, crushed limestone coarse aggregate, crushed limestone fine aggregate, silica sand, and high-performance superplasticizer. The coarse aggregate has a maximum aggregate size of 12 mm, bulk specific gravity of 2.61 and absorption of 2.2%. The fine aggregate has a bulk specific gravity of 2.63, absorption of 1.9% and fineness modulus of 2.68. The SCC mixture possesses a compressive strength of 47 MPa and splitting strength of 3.4 MPa after 28 days of moist curing. Table 2 shows the proportions of the SCC mixture.
TABLE 2 | Proportions of the SCC mixture.
[image: Table 2]A tilting drum mixer with a capacity of 0.1 m3 was used for mixing the SCC. Twelve concrete blocks (150 × 150 × 200 mm) and six cylinders (100 × 200 mm) were casted from each SCC batch. The SCC mixing procedure was as follows. The inside surface of the mixer was wetted with little amount of water. The coarse aggregate was added and followed by some amount of water with continuous mixing. The cement, fine aggregate, silica sand and water were added gradually and alternatively. Finally, the superplasticizer was added to achieve flowing concrete. After 3 minutes of blending the ingredients, the cohesive SCC was ready for casting in the molds (Figure 2A). The fresh SCC properties including slump flow, V-funnel and L-Box were conducted and found to be 710 mm, 11 s, and 0.9. The fresh concrete was casted into the molds (Figure 2C) without vibration. The casted concrete specimens were covered with wet burlap for 1 day then transferred to a water tank for another 27 days curing (Figure 2D).
[image: Figure 2]FIGURE 2 | Mixing, casting and curing of concrete specimens. (A) Mixing SCC mixture. (B) Reinforcing steel in wooden molds. (C) Casting concrete into molds. (D) Curing of specimens.
NSM strips
The NSM strips were Sika CarboDur S1.525 having a width of 15 mm and a thickness of 2.5 mm. The NSM strips were embedded into slit in the concrete cover (7 mm in width and 25 mm in depth) and bonded with epoxy. The spacing between the slits for the three NSM strips was 30 mm. The mechanical properties of the NSM strips as supplied from the manufacturer were, longitudinal elastic modulus of 160 GPa and longitudinal tensile strength of 2,800 MPa. The adhesive epoxy was Sikadur-30. The mechanical properties of the epoxy as supplied from the manufacturer were: compressive strength of 85 MPa, tensile strength of 17 MPa, shear strength of 7 MPa, and elastic modulus of 10 GPa.
The NSM strips were installed on the SCC specimens using the following procedure (Al-Akhras and Aleghnimat, 2020). The concrete cover was cut into grooves using concrete saw (Figure 3A). The groove length of the plain concrete block was 200 mm and that for the RC block was 100 or 150 mm (Al-Akhras and Mashaqbeh, 2020). The NSM strips were cut into two lengths of 450 and 500 mm for bond lengths of 100 and 150 mm using an electric saw (Triantafyllou et al., 2018). The grooves’ surface was cleaned using brush, vacuum and isopropanol (Figure 3B). (Al-Allaf et al., 2016) The epoxy adhesive was prepared by mixing quantities of parts A and B with ratio of 3:1 using electric mixer. The quantities were mixed for about 3 minutes until the mixture becomes uniform and light brown in color (Figure 3D). (Bilotta et al., 2011) The concrete grooves were filled with epoxy using a trowel and the FRP strips (without surface pretreatment) were pressed firmly into the epoxy of the grooves (Coelho et al., 2015). The grooves’ surface was squeezed and smoothed using a trowel to expel the air and to provide smooth and clean surface.
[image: Figure 3]FIGURE 3 | Installation of the FRP strips. (A) Marking and cutting the grooves. (B) Cleaning groove using brush and vacuum. (C) Cleaning groove using thinner. (D) Mixing epoxy using electric mixer. (E) Filling epoxy into grooves. (F) Bonding the NSM FRP into the grooves.
Accelerated corrosion process
Twenty-four specimens (RC and plain concrete blocks) were immersed in a circular plastic tank (600 by 1,200 mm) containing 3% NaCl solution for the accelerated corrosion process. The reinforcing steel were connected on parallel to the positive pole of the power supply to act as the anode. The negative pole was connected to rectangular steel plate (cathode) immersed in the tank (Figure 4). Each specimen was exposed to an electrical current of 0.15 A and 12 V for time-periods of 5 (Lee et al., 2000; Mukhopadhyaya and Swamy, 2001; Nguyen et al., 2001; Okamura et al., 2003; Kreit et al., 2011; Lorenzis and Nanni, 2015; Mosallam et al., 2022), days for the first, second and third level of corrosion, respectively. The electrical current values were chosen based on previous work of Al-Akhras and Mashaqbeh (2020) and Al-Akhras and Aleghnimat (2020).
[image: Figure 4]FIGURE 4 | Accelerated corrosion process using power supply.
Pullout test
The specimens were removed from the corrosion tank, dried with a cloth to become saturated surface dry and subjected to pullout test using universal testing machine with capacity of 600 kN. The two concrete blocks (plain and reinforced) were pulled from each other using steel fasteners at rate of 0.44 mm/min until failure of the bond of NSM strips. Linear variable differential transducers (LVDT) were placed at each bonded side to measure the slip. The load and displacement measurements were collected using data acquisition system connected to computer. Figure 5 illustrates the pullout test.
[image: Figure 5]FIGURE 5 | Test setup of the double pullout test.
TEST RESULT AND DISCUSSION
Crack pattern
The corrosion crack pattern was monitored for different corrosion levels as shown in Figure 6. The corrosion crack pattern varied with different corrosion level. The number of corrosion cracks increased with the increase of corrosion level. Two small corrosion cracks were observed after the first corrosion level. However, six corrosion cracks were detected for the second corrosion level. Moreover, a network of 10 corrosion cracks was noticed at the third corrosion level.
[image: Figure 6]FIGURE 6 | Typical crack paterns for different corrosion levels.
Crack width and mass loss
The crack width of the corrosion cracks and mass loss of reinforcing steel were evaluated for different corrosion levels. The crack width was measured using an optical microscope with an accuracy of 0.005 mm. Table 3 shows the maximum crack width and steel mass loss for different corrosion levels. The maximum crack width was increased from an average of 0.25 mm for corrosion level 1 to an average of 0.88 mm for corrosion level 3. Additionally, the mass loss was increased with corrosion level from an average of 2.2% for corrosion level 1 to an average of 8.1% for corrosion level 3.
TABLE 3 | Maximum crack width and steel mass loss.
[image: Table 3]Effect of corrosion level on bond behavior
Figures 7–10 depict the effect of corrosion on the bond behavior between NSM strips and concrete. The bond stress was determined based on the average of two specimens using MS Excel. The scatter of the data was small with coefficient of variation of less than 2%. The bond-slip behavior followed similar behavior that consists of linear trend in the beginning then nonlinear behavior up to failure. The post peak behavior did not appear because the epoxy bonding is brittle material that failed suddenly after reaching the ultimate stage.
[image: Figure 7]FIGURE 7 | Relation between bond stress and slip for S1 strip and bond length of 100 mm.
[image: Figure 8]FIGURE 8 | Relation between bond stress and slip for S1 strip and bond length of 150 mm.
[image: Figure 9]FIGURE 9 | Relation between bond stress and slip for S3 strip and bond length of 100 mm.
[image: Figure 10]FIGURE 10 | Relation between bond stress and slip for S3 strip and bond length of 150 mm.
The results indicated that the bond strength and maximum slip decreased with increasing the corrosion level. This behavior is due to the fact that the corrosion of reinforcing steel cause significant deterioration in the concrete that degrade the bond between the NSM and concrete.
Table 4 provides the bond characteristics (bond strength, maximum slip, toughness and stiffness) of the NSM strips. The bond strength is determined from the maximum stress of the stress-slip curve. The maximum slip is determined from the maximum slip of the stress-slip curve. The toughness is defined as the total area under the stress-slip curve. The stiffness is defined as the slope of the initial line of the stress-slip curve.
TABLE 4 | Bond characteristics for one NSM strip.
[image: Table 4]The bond characteristics decreased significantly with the increase of the corrosion level. The ultimate load and maximum slip of the one NSM strip at bond length of 100 mm were decreased from (27 kN and 0.81 mm) for uncorroded specimens to (14 kN and 0.63 mm) for corroded specimens at corrosion level 3. The percent reduction in the ultimate load and maximum slip were 48 and 22%.
The toughness and stiffness for one NSM strip with 100 mm bond length were also decreased from (3802 J/m2 and 13.1 GPa/m) for uncorroded NSM strips to (1580 J/m2 and 8.9 GPa/m) for corroded NSM strips at corrosion level 3. The percent reduction in the toughness and stiffness were 58 and 32%.
The bond characteristics were increased with the increase of the bond length from 100 to 150 mm. The ultimate load and maximum slip at corrosion level 2 were increased from (18.3 kN and 0.73 mm) for bond length of 100 mm to (24.8 kN and 0.97 mm) for bond length of 150 mm. The toughness at corrosion level 3 was increased from (1580 J/m2) for bond length of 100 mm to (2154 J/m2) for bond length of 150 mm.
The bond stress for NSM strips with length of 100 mm is observed higher than that for NSM with length of 150 mm. However, the pullout load for NSM strips with length of 100 mm is lower than that for NSM with length of 150 mm. This behavior is explained as follows. The bond stress is determined by dividing the pullout load by the area of the NSM strip. The area of the NSM strip increases with the increase of the NSM bond length. Therefore, the bond stress decreased as the bond length increased (Figure 11).
[image: Figure 11]FIGURE 11 | Schematics of the stress distribution for S1-15L1.
The slip of the 150 mm NSM strips was higher compared to that of the 100 mm strips. This behavior is attributed to the fact that as the bond length of the NSM increase, the length exposed to slip increases and consequently the slip increase.
The ultimate load and maximum slip for one NSM strips (S1) were higher compared to those for 1 strip of three adjacent NSM strips (S3). This behavior may be explained because the overlapped area between the three adjacent NSM strips cause stress concentration on each NSM strip. Therefore, causing premature failure of the three adjacent NSM strips prior to reaching the maximum capacity of the bond strength (Figure 12).
[image: Figure 12]FIGURE 12 | Failure mode of one and three NSM strips (After Seo et al., 2013)
The residual values of the bond characteristics are introduced and defined as follows:
[image: image]
Where, R is residual bond characteristic (ultimate bond strength, maximum slip, toughness or stiffness); [image: image] is corrosion level of 1, two or 3. The residual bond characteristics were determined for all specimens and presented in Figure 13.
[image: Figure 13]FIGURE 13 | Residual bond characteristics for different corrosion levels. (A) Bond strength. (B) Maximum Slip. (C) Toughness. (D) Stiffness.
The residual bond characteristics decreased with corrosion level. The minimum residual bond characteristics (strength, slip, toughness and stiffness) were observed for one NSM strip (S1) at corrosion level 3. The minimum residual strength, slip, toughness and stiffness for one NSM strip with bond length of 100 and 150 mm at corrosion level 3 were (52, 78, 42 and 68%) and (50, 74, 36 and 65%), respectively. The corresponding minimum residual values for 1 strip of the three NSM strips at bond length of 100 and 150 mm at corrosion level 3 were (56, 69, 39% 81%) and (50, 65, 33% 75%), respectively.
Failure mode
The failure mode of the bond between NSM and concrete was splitting of concrete as shown in Figure 14. This behavior is explained by the fact that the tensile strength of the epoxy bond (17 MPa) is significantly higher than the splitting strength of the concrete (3.4 MPa). Therefore, the concrete failed and split before the epoxy bond failed. Small concrete fractures of the split concrete remained attached to the NSM strips after failure. These concrete fractures increased in size with the increase of corrosion level. Large parts of split concrete remained attached to the NSM strips after failure at corrosion level 3. This behavior is due to the fact that corrosion cracks significantly weakened the concrete.
[image: Figure 14]FIGURE 14 | Failure mode of the NSM bond with concrete.
Theoretical models
Theoretical models for the effect of corrosion cracks of concrete on the bond strength of NSM were developed using the following procedure (Al-Akhras and Aleghnimat, 2020). Models of the bond between NSM strips and intact concrete were developed (Al-Akhras and Mashaqbeh, 2020). Reduction factors for the effect of corrosion cracks on the bond between NSM strips and concrete were proposed based on corrosion crack width and steel mass loss (Triantafyllou et al., 2018). The bond strengths between NSM and corrosion cracked concrete were determined by multiplying the bond strength between NSM and intact concrete by the reduction factor (Al-Allaf et al., 2016). The theoretical bond strength were compared and validated with the experimental ones.
The bond strengths between NSM strips and intact concrete are modelled using the following equations based on (Seo et al. 2011):
[image: image]
[image: image]
[image: image]
[image: image]
Where; [image: image] and [image: image] are width and thickness of NSM strip, [image: image] is yield strength of FRP, λ is reduction factor of bond, [image: image] is shear strength of epoxy, [image: image] is bond length, [image: image] is experimental coefficient (equal to 1), [image: image] is concrete compressive strength as determined by authors, and [image: image] is surface area of concrete split failure. The [image: image] and reduction factor of bond length (k) were determined using the following equation based on Seo et al. (2013).
[image: image]
Where; he is length of failed concrete. Based on observations of the experimental results, the effective width (be1) is found approximately equal to he. The theoretical bond strengths were determined and presented in Table 5 along with the experimental bond strengths. Excellent agreement is observed between the theoretical and experimental bond strengths with maximum difference of 4.8%.
TABLE 5 | Theoretical and experimental bond strengths between NSM and intact concrete.
[image: Table 5]Correlation models between the residual bond strength of NSM and (steel mass loss and maximum crack width) were developed. Quadratic equation models were considered since they showed the best fit compared to other models. The correlation models showed excellent fit between the residual bond strength and steel mass loss with R-square of 0.94 and between residual bond strength and maximum crack width with R-square of 0.95 as shown in Figures 15, 16.
[image: Figure 15]FIGURE 15 | Correlation model between residual bond strength (RBS) and mass loss (L).
[image: Figure 16]FIGURE 16 | Correlation model between residual bond strength (RBS) and crack width (W).
The bond strengths between NSM strips and corroded cracked concrete was evaluated using the following equation:
[image: image]
Where; [image: image] is bond strength between NSM and corrosion cracked concrete, [image: image] is bond strength between NSM and intact concrete, R is reduction factor (residual) determined from the correlation models. The theoretical bond strengths between NSM and corrosion cracked concrete were determined and tabulated in Tables 6, 7 along with the experimental bond strengths.
TABLE 6 | Validation of the proposed model based on steel mass loss.
[image: Table 6]TABLE 7 | Validation of the proposed model based on maximum crack width.
[image: Table 7]Excellent agreement is observed between the theoretical and experimental bond strengths between NSM strips and corrosion cracked concrete with maximum difference of 7.4%.
The proposed models were also validated with the experimental results from the literature (Haddad and Al-Dalou, 2018) who investigated the bond behavior between CFRP laminates and corrosion cracked normal vibrated concrete. The validation of the proposed models with experimental results from the literature based on steel mass loss and crack width are tabulated in Tables 8, 9. Excellent agreement is observed between the proposed model and experimental results based on steel mass loss with difference of 15%. Only two specimens showed a difference of 24%.
TABLE 8 | Validation of the proposed model with Haddad and Al-Dalou (2018) based on steel mass loss.
[image: Table 8]TABLE 9 | Validation of the proposed model with Haddad and Al-Dalou (2018) based on maximum crack width.
[image: Table 9]Also, very good agreement is observed between the proposed models and literature based on crack width with maximum difference of 25%. Although, the work of Haddad and Al-Dalou (2018) was different from the current study where they investigated the bond behavior between CFRP laminate and normal vibrated concrete.
CONCLUSION
Little information is reported in the literature on the bond behavior between NSM strips and corrosion cracked SCC. Therefore, this study fills the gap in literature on that subject. Based on the results of the study, the following conclusion are drawn:
1) The crack pattern of the corroded specimens varied with different corrosion levels. The number and width of corrosion cracks increased with the increase of corrosion level. The maximum crack width was 0.91 mm at corrosion level 3. The reinforcing steel mass loss increased from 2.1% for corrosion level 1–8.3% for corrosion level 3.
2) The bond strength characteristics between NSM strips and corrosion cracked concrete showed progressive degradation with corrosion level. The minimum residuals of bond strength, maximum slip, toughness and stiffness reached 52, 69, 33 and 65% at corrosion level 3.
3) The pullout load of NSM strips with bond length of 150 mm was higher than that of NSM strips with bond length of 100 mm. The ultimate load and maximum slip for one single NSM strip were observed higher compared to those for one NSM strip of three adjacent NSM strips.
4) The failure mode of the bond between NSM and corrosion cracked concrete was splitting of concrete. Small concrete fractures were remained attached to the NSM strips after failure. These concrete fractures increased in size with the increase of corrosion level.
5) Theoretical models were proposed for predicting the bond strength between NSM strips and corrosion cracked concrete based on crack width and steel mass loss. The proposed models showed good agreement with the experimental results obtained from the current study and from the literature.
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$3-10L2 045 712 56 3.97 3.95 050
S1-10L3 091 197 83 412 431 461
$3-10L3 074 568 56 317 312 158
S1-15L1 034 774 83 634 622 189
$3-15L1 025 828 47 3.86 387 026
S1-15L2 0.62 624 83 511 509 039
$3-15L2 0.58 643 47 3.00 317 567
S1-15L3 0.90 50.1 83 411 410 024

$3-15L3 0.81 537 47 250 235 6.00
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Crack width R (%) Uncorroded bond Tiheo (MPa) Texp (MPa) Ditterence (%)
(mm) strength (MPa)

025 82.68 297 246 223 935
063 62.16 297 1.85 1.93 432
098 47.05 297 1.40 174 2429
0.15 88.78 283 251 253 0.80
059 64.12 283 1.81 218 2044
093 53.60 283 152 1.83 20.39
02 85.69 248 213 22 329
0.64 61.68 248 153 18 17.65
0.88 51.00 248 126 158 2540
017 87.54 31 271 264 258
053 67.15 31 208 218 481
096 47.82 31 148 175 18.24
0.16 88.16 224 197 21 6.60
059 69.50 224 1.56 1.88 2051

085 62.30 224 1.40 1.68 20.00
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Specimen Ultimate load Bond strength Maximum slip Toughness (J/m") Stiffness (GPa/m)

(kN) (MPa) (mm)
$1-10L0 270 830 081 3,802 131
S1-15L0 400 820 123 5978 98
$3-10L0 181 558 0517 1576 128
$3-15L0 27 466 0.60 1526 94
S1-10L1 213 6.54 0.71 2,638 121
S1-15L1 303 622 105 3,756 76
$3-10L1 158 487 047 1281 126
$3-15L1 189 387 058 1305 88
S1-10L2 183 563 073 2317 95
S1-15L2 u8 509 097 2,776 65
$3-10L2 128 395 042 938 112
$3-15L2 154 317 048 891 82
S1-10L3 140 431 0.63 1,580 89
S1-15L3 200 410 091 2,154 64
$3-10L3 10.1 312 036 614 104

$3-15L3 115 235 039 497 7.1
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Specimen Mass loss R (%) Uncorroded bond Ttheo (MPa) Texp (MPa) Ditterence (%)

(%) strength (MPa)
S1-10L1 22 817 83 6.78 6.54 354
$3-10L1 22 817 5.6 4.56 4.87 6.80
S1-10L2 4.0 67.6 83 5.61 5.63 0.36
$3-10L2 9 68.3 56 381 395 3.67
S1-10L3 8.1 521 83 432 431 0.23
$3-10L3 8.1 521 56 291 g 722
S1-15L1 25 791 82 6.48 6.22 4.01
$3-15L1 20 83.1 47 3.87 3.87 0.00
S1-15L2 4.1 66.7 83 547 5.09 6.95
$3-15L2 43 65.4 47 3.05 317 393
S1-15L3 8.0 L 4 83 4.28 4.10 421

$3-15L3 8.3 519 47 242 235 289
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Specimen Bond strength (MPa) Difterence (%)

Experimental ~ Theoretical

S1-10L0 830 848 22
§3-10L0 558 533 4.5
S1-15L0 820 781 48

$3-15L0 466 458 17
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Specimen Number of NSM strips Length of pullout strips Number of specimens Exposure

(mm)

S1-10LO 1 100 2 No corrosion
$3-10L0 2 100 2

S1-10L1 : | 100 2 Corrosion Level 1
$3-10L1 : 100 2

S1-10L2 1 100 2 Corrosion Level 2
§3-10L2 X 100 2

S1-10L3 3 100 2 Corrosion Level 3
$3-10L3 3 100 2

S1-15L0 1 150 2 No corrosion
§3-15L0 v 150 2

S1-15L1 1 150 2 Corrosion Level 1
$3-15L1 3 150 2

S1-15L2 1 150 2 Corrosion Level 2
§3-15L2 3 150 2

S1-15L3 1 150 2 Corrosion Level 3
$3-15L3 3 150 2

Total specimens 32
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Corrosion level NSM FRP Bond length (mm) Maximum Steel Mass loss (%)
crack width (mm)

1 1 100 022 22
150 025 25

3 100 020 22

150 028 20

2 1 100 058 39
150 0.62 4.1

3 100 055 38

150 0.63 42

3 1 100 091 81
150 0.90 79

3 100 0.85 80

150 0.8 82
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Mixture Content (kg/m”)
Cement 470

Water 204

Coarse aggregate 778

Fine aggregate 543

Silica sand 366

Superplasticizer 7
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Filling epoxy into grooves Bonding the NSM FRP into the grooves.





OPS/images/math_3.gif
L7 (2b1, ) (Epoxy failure, kN) (3)






OPS/images/fbuil-08-966351-g004.gif





OPS/images/fbuil-08-966351-g009.gif





OPS/images/fbuil-08-966351-g007.gif





OPS/images/fbuil-08-966351-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Built Environment






OPS/images/fbuil-08-966351-g001.gif
Reinoeed =

concreteblock Bond e
A

L
R
Groos dimensions OneNSMFRP  Thiee NSMRP
Con moctice A&





OPS/images/math_5.gif
min {Ty,, Ty, Ty} (Total tension failure, kN)  (5)






OPS/images/fbuil-08-966351-g002.gif
Casting concrete into molds,





OPS/images/math_4.gif
.57 faAcy (Split

ing failure of concrete, kN) ~ (4)





OPS/images/math_7.gif
TCorroded = R X Tiwacorraded





OPS/images/math_6.gif
o\ (k) + B2+ (kh)(t; +b,) (6)






OPS/images/math_2.gif
Oostsf, s (Tension fallureot FRP, kKN)  (2)





OPS/images/math_1.gif
Corroded Bond Characteristic
Rl 77 o e v p——m—retel 100 % “7





