

  Performance of Strengthened Non-Uniformly Corroded Reinforced SCC-RAP Members




Performance of Strengthened Non-Uniformly Corroded Reinforced SCC-RAP Members







Fibers 2016, 4(4), 30; doi:10.3390/fib4040030




Article



Performance of Strengthened Non-Uniformly Corroded Reinforced SCC-RAP Members



Ahmed Abdel-Mohti 1,* and Hui Shen 2





1



Civil Engineering Department, Ohio Northern University, Ada, OH 45810, USA






2



Mechanical Engineering Department, Ohio Northern University, Ada, OH 45810, USA









*



Correspondence: Tel.: +1-419-772-2374







Academic Editor: Jonathan Phillips



Received: 14 October 2016 / Accepted: 17 November 2016 / Published: 1 December 2016



Abstract:



This research examines the performance of strengthened non-uniformly corroded reinforced self-consolidating concrete (SCC) members. This paper focuses on three aspects of concrete including corrosion, concrete cover loss, and repair technique. Up to a 50% corrosion level is considered in this study. Corrosion was experimentally induced and was simulated in other cases. Twenty-six reinforced concrete (RC) members with various corrosion levels or simulated corrosion levels were constructed and investigated. The beams with corrosion problems including those that had experimentally induced corrosion or simulated corrosion, with or without concrete cover, were repaired using carbon fiber reinforced polymer (CFRP) sheets and U-wraps. Two line loads were applied to all of the non-repaired and repaired beams constructed in this study until failure. It was found that it is conservative to model the actual corrosion by simulating the equivalent area of steel reinforcing for up to a 20% level of corrosion. For corrosion levels over 20%, the simulated corrosion over predicts the load capacity of the actual corrosion cases. When the concrete cover was lost and for a corrosion level larger than 10%, the repaired beam did not reach similar performance to that of a repaired beam with a concrete cover that was still intact. It appears that using two layers of CFRP sheet did not improve the load capacity further, but rather improved the ductility of the deteriorated RC member.
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1. Introduction


Corrosion of steel reinforcing is a problem affecting the durability and safety of reinforced concrete (RC) structures. It has even been identified as the main cause for deterioration of concrete structures [1]. During the winter time, especially in areas with a severe winter, there is a greater application of deicing salts on bridges, which creates harsh environmental conditions that result in a higher likelihood of corrosion. Due to penetration of chemicals, corrosion in reinforcing steel may start to occur if the chemicals reach the steel surface in high enough concentration. When the corrosion process starts in the presence of water, the corrosion products on reinforcing steel expand, which may subject the surrounding concrete to an internal pressure. Cracks may develop and spalling of the concrete cover may take place [2,3,4,5]. With spalling of concrete cover and significant loss of rebar cross-sectional area, the performance of the RC structure will be affected, and this may affect load carrying capacity, serviceability, and ductility of the RC structure.



Since this is a problem of durability and safety that may shorten the service life of RC structures, it is essential to investigate an efficient and cost-effective repair technique to be used to store the capacity and extend the service life of deteriorated RC members. Many researchers have investigated the corrosion problem of RC structures (e.g., [1,6,7,8,9]).



In general, carbon fiber reinforced polymer (CFRP) is commonly used in the repair of defective concrete structures, therefore, it can be used to strengthen corroded reinforced concrete structures. Li and Englund [10] presented the application of CFRP in the aerospace industry and discussed how the waste is recycled to produce new composite products. CFRP has some superior characteristics such as its high strength to weight ratio, resistance to chemicals, and smoothness of applying CFRP in the field without disturbance to traffic [11,12]. CFRP has some drawbacks such as debonding, which limits utilizing full capacity of CFRP [13,14,15]. It was found that applying both vertical and horizontal fiber reinforced polymer (FRP) laminates reduces the possibilities of debonding [16].



Several researchers have investigated the performance of self-consolidation concrete (SCC) (e.g., [17,18,19,20,21,22,23,24,25]). Research was undertaken to investigate the appropriate mix design for SCC and to incorporate new materials in the preparation of SCC. It was found that using fly ash and slag cement has a positive effect on the fresh and hardened characteristics of SCC. Having high content of Portland cement in SCC increases the cost of SCC; also, CO2 emission increases. A number of researchers incorporated recycled aggregates in concrete since recycled aggregates can help to reduce the environmental impact of concrete as they come from the demolition of roads, returned concrete, and buildings or structures. Moreover, it can reduce the consumption of natural resources that are used in concrete. Abdel-Mohti et al. [17] performed research to prepare SCC with recycled aggregates.



The aim of this study is to investigate: (1) The effect of corrosion on the RC members with up to 50% non-uniform (experimentally induced) corrosion over the length of bar under accelerated simulated natural environmental conditions and a simulated uniform corrosion level over the length of bar; (2) The effect of recovering the beam with cover loss due to concrete cover spalling; and (3) The effectiveness of the repair technique of applying CFRP on beams with different corrosion levels and recovers. RC members were constructed using SCC with supplementary cementation materials (SCM) and 10% recycled asphalt pavement (RAP) to replace conventional coarse aggregates. Repair was carried out by repairing the concrete cover if beams were constructed without cover and by applying CFRP in both transverse and longitudinal directions. Some of the RC members were reinforced with corrosion-free reinforcing steel or were not repaired to be used as benchmarks. All of the constructed RC members in the current study, either repaired or non-repaired, were tested under double line loads until failure.




2. Experimental Program


2.1. Preparation of Self-Consolidating Concrete


Following a detailed study to incorporate RAP into SCC to replace a portion of coarse aggregates [17], it was decided to use an SCC mixture having cementitious material (Table 1) including ASTM C 150 Type I Portland cement, Class C flyash, and slag cement. The supplementary cementation materials (SCM) were incorporated to make SCC more sustainable. Natural sand was used as fine aggregate. Coarse aggregates used were #57 and #8 limestone with a fixed ratio between the amounts of #57 to #8 of 1:1. Water to cementitious material ratio (w/cm) of 0.38 was used. The mixtures included RAP to replace 10% of the coarse aggregates in an effort to further improve the sustainability. A viscosity modifying admixture (VMA) and a high range water reducer (HRWR) were used to produce SCC.



Table 1. Mix design proportions. W: Water ; C: Cement.







	
W/C

	
0.38




	
Water (kg)

	
144.0




	
Cementitious Materials (kg)

	
Type I Portland Cement

	
151.6




	
Flyash

	
113.7




	
Slag Cement

	
113.7




	
Aggregates (kg)

	
RAP

	
64.9




	
Coarse

	
584.2




	
Fine

	
625.0










Fresh characteristics of SCC were determined by conducting a number of tests. Abdel-Mohti et al. [17] presents the results of these tests in more details.



The compressive and tensile strength of the SCC mixture were determined at 3, 7, 14, and 28 days of age of concrete to capture the early strength of concrete. A total of 16 samples were taken from each concrete mixture and allowed to cure for 28 days, noting that mix design was the same throughout this project (Table 1). Curing was performed in accordance with ASTM C192. The strength of each sample was measured and then the average of the results of all the samples was reported at the time of each test. The compression test was performed in accordance with ASTM C39, whereas the splitting tensile test was performed in accordance with ASTM C496. The samples were thoroughly cured for 3, 7, 14, and 28 days. The same standard testing machine was used to conduct both the compression and tensile tests. The machine was cleaned and brushed before placing a sample on the center of the bottom plate. The load was applied at a constant rate as per ASTM until failure. A Weibull distribution, density function denoted as f(x) as follows [26], was used to fit the results of compressive and tensile strength to present the size of scatter in the data.
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(1)




where the parameters, m and c, called shape and scale parameters, respectively, must be positive.




2.2. Casting of Reinforced Concrete Beams


A large-scale accelerated corrosion test was performed to induce corrosion in a total of 34 Grade 60 deformed steel rebars to achieve different levels of corrosion. The rebars were 1.828 m long and 15.875 mm in diameter and were immersed in a molten salt solution. A copper tube was put in the solution next to the rebar to form an electrochemical galvanic couple. A constant electric current of 5.76 Amp was applied to the designed system through installed power supplies to expedite the corrosion process. The level of corrosion was measured by means of measuring the amount of mass loss after the test was completed. More details about the corrosion process can be found in Abdel-Mohti and Shen [27]. Five levels of corrosion were targeted including 10%, 20%, 32%, 40%, and 50%. It required approximately 3 days, 5–6 days, 10 days, 13 days, and 18 days to reach 10%, 20%, 32%, 40%, and 50% corrosion levels, respectively. Figure 1 defines the notations used in Table 2 for the diameter schedule of the corroded rebars.


Figure 1. Diameter schedule for rebars (dimensions are in mm).
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Table 2. Rebar diameter schedule for different corrosion levels. E: Experimental.







	
Beam

	
Rebar #

	
d0 (mm)

	
d1 (mm)

	
d2 (mm)

	
d3 (mm)

	
d4 (mm)

	
d5 (mm)

	
d6 (mm)

	
Corrosion Level (%)






	
E 10–CN 1

	
1

	
14.86

	
14.86

	
14.73

	
14.16

	
14.17

	
14.10

	
14.25

	
10.5




	
2

	
15.00

	
14.78

	
14.49

	
14.15

	
14.15

	
14.10

	
13.08

	
10.6




	
E 10–CR 2

	
1

	
16.73

	
16.09

	
15.80

	
15.80

	
15.11

	
14.88

	
16.13

	
10




	
2

	
15.93

	
15.68

	
15.62

	
15.80

	
15.82

	
14.48

	
15.88

	
8.7




	
E 10-NCR 3

	
1

	
15.28

	
15.56

	
14.96

	
14.73

	
14.59

	
14.57

	
13.59

	
8




	
2

	
15.77

	
15.25

	
14.77

	
14.57

	
14.68

	
14.26

	
13.93

	
10




	
E 20–CN

	
1

	
15.01

	
14.90

	
13.55

	
13.12

	
12.97

	
13.09

	
13.21

	
21




	
2

	
14.64

	
14.99

	
13.27

	
13.12

	
12.52

	
13.67

	
12.87

	
20.7




	
E 20–CR

	
1

	
16.18

	
15.67

	
13.92

	
13.51

	
13.46

	
13.16

	
11.96

	
19




	
2

	
15.79

	
14.99

	
14.43

	
13.59

	
13.28

	
13.42

	
13.34

	
18




	
E 20-NCR

	
1

	
15.10

	
14.97

	
14.47

	
13.60

	
13.14

	
12.40

	
13.45

	
19




	
2

	
15.13

	
15.07

	
14.83

	
13.64

	
12.76

	
13.08

	
14.26

	
19.8




	
E 32–CN

	
1

	
15.15

	
15.10

	
13.55

	
11.82

	
10.59

	
11.44

	
11.48

	
31.9




	
2

	
14.88

	
15.15

	
12.66

	
11.63

	
11.15

	
10.34

	
10.38

	
31.9




	
E 32–CR

	
1

	
14.78

	
14.58

	
12.27

	
12.24

	
11.68

	
11.28

	
11.80

	
31.8




	
2

	
15.20

	
14.06

	
12.83

	
12.52

	
11.95

	
11.33

	
11.84

	
31.6




	
E 32-NCR

	
1

	
15.02

	
14.71

	
13.32

	
12.87

	
11.77

	
11.15

	
12.03

	
31.8




	
2

	
15.05

	
14.77

	
13.58

	
13.39

	
11.06

	
10.67

	
10.36

	
32.5




	
E 40–CN

	
1

	
14.95

	
15.16

	
11.85

	
13.65

	
9.00

	
7.16

	
10.10

	
40.2




	
2

	
15.07

	
14.94

	
12.76

	
11.18

	
10.50

	
11.16

	
13.69

	
39.5




	
E 40–CR

	
1

	
16.59

	
14.05

	
12.27

	
11.54

	
11.34

	
9.60

	
10.33

	
39.5




	
2

	
15.90

	
15.15

	
12.78

	
11.65

	
9.69

	
9.11

	
12.14

	
40.6




	
E 40-NCR

	
1

	
14.82

	
13.36

	
11.58

	
10.95

	
10.46

	
10.62

	
11.37

	
39




	
2

	
14.77

	
13.40

	
12.31

	
11.11

	
9.87

	
10.67

	
11.54

	
40




	
E 40-C2R 4

	
1

	
14.97

	
14.53

	
12.78

	
12.98

	
10.27

	
8.57

	
10.19

	
39.6




	
2

	
15.21

	
14.85

	
12.65

	
11.32

	
10.80

	
10.13

	
10.24

	
39




	
E 50–CN

	
1

	
15.23

	
14.11

	
9.04

	
8.23

	
9.08

	
10.62

	
12.87

	
49.3




	
2

	
15.16

	
15.04

	
7.75

	
6.74

	
10.68

	
10.41

	
12.76

	
49.3




	
E 50–CR

	
1

	
15.76

	
12.83

	
10.29

	
8.79

	
8.84

	
10.06

	
12.08

	
52




	
2

	
15.95

	
12.00

	
9.98

	
8.67

	
9.00

	
9.47

	
11.32

	
54




	
E 50-NCR

	
1

	
15.01

	
13.51

	
12.09

	
11.33

	
6.77

	
8.04

	
11.71

	
48




	
2

	
14.88

	
13.86

	
11.09

	
10.39

	
7.61

	
7.45

	
9.87

	
49.7




	
E 50-C2R

	
1

	
15.28

	
15.15

	
11.94

	
9.31

	
7.44

	
7.56

	
10.83

	
50.4




	
2

	
15.15

	
12.98

	
10.88

	
9.70

	
9.73

	
10.83

	
11.61

	
49.9








1 CN: Cover is still intact and no repair; 2 CR: Cover is still intact and one sheet was used for repair; 3 NCR: No cover and one sheet was used for repair; 4 C2R: Cover is still intact and two sheets were used for repair. 10, 20, 32, 40, 50: Represents percent of corrosion.








It was possible to simulate most of the levels of corrosion by using the equivalent cross-sectional areas of the rebars to reach a similar level of reduction in the cross-sectional area of the reinforcing steel. It was possible to simulate 10%, 20%, 32%, and 50% corrosion levels (Table 3), but it was not possible to simulate a 40% corrosion level. This was due to the unavailability of rebar sizes that could be used to reach this level of reduction in the cross-sectional area of reinforcing steel. The performance of concrete members reinforced with experimentally corroded rebars was compared to that of concrete members reinforced with simulated rebars in order to examine the influence of the non-uniform distribution of corrosion over the length of rebars, that takes place due to the actual corrosion process, on the performance of RC members.



Table 3. Simulated corrosion. S: Simulated. #: Size.







	
Beams

	
Reinforcing Steel Used

	
Area (mm2)

	
% Simulated Corrosion Level

	
% Experimental Corrosion Level






	
S 10–CN & CR

	
5 # 3 (9.525 mm in dia)

	
354.84

	
11.3%

	
10.0%




	
S 20–CN & CR

	
2 # 4 (12.7 mm) + 1 # 3 (9.525 mm)

	
329.03

	
17.8%

	
20.0%




	
S 32–CN & CR

	
1 # 4 (12.7 mm) + 2 # 3 (9.525 mm)

	
270.97

	
32.2%

	
32.0%




	
S 50–CN & CR

	
3 # 3 (9.525 mm)

	
212.90

	
46.8%

	
50.0%










When SCC and rebars were prepared, 26 beams were casted. A typical beam was 15.24 cm wide, 15.24 cm deep, and 1.828 m long. Distance from one support to another was 1.524 m. A control beam was reinforced with two (#5) 15.875 mm diameter corrosion-free deformed rebars. A beam with a given level of corrosion was reinforced with two (#5) 15.875 mm diameter corroded deformed rebars. A beam with a particular simulated level of corrosion was reinforced with rebars having diameters in accordance with Table 3 to match different levels of corrosion. Shear reinforcement was applied by providing three 6.35 mm diameter A36 steel stirrups at 203.2 mm spacing on the center. The distance from the center of the support to the center of the first stirrup was 50.8 mm. A cover of 25.4 mm was applied all around the reinforcement.



After the reinforcement cage was assembled, chairs were attached to the bottom and sides of the cage to provide the needed cover. The cage was placed in the designed formwork, and then the prepared SCC was poured. SCC was poured only from one side of the beam and was able to completely fill the formwork without the need for any mechanical compaction. The casted beams were allowed to cure for 28 days; afterwards, repair and testing were performed.




2.3. Repair of Reinforced Concrete Beams


The control beam was the one that did not have any corrosion problems and was not repaired (CB-CN). Beams with rebars with corrosion levels of 10% (E 10–CN), 20% (E 20–CN), 32% (E 30–CN), 40% (E 40–CN), and 50% (E 50–CN) were not repaired and were used as benchmarks. Correspondingly, beams with simulated corrosion levels of 10% (S 10–CN), 20% (S 20–CN), 32% (S 32–CN), and 50% (S 50–CN) did not experience any repair and were used as benchmarks. Tyfo SCH-41 CFRP and two-part Tyfo S epoxy were used to repair the beams. The properties of the CFRP materials are presented in Table 4. U-wraps were applied to beams as presented in Figure 2. The beams with rebars having corrosion levels of 10% (E 10–CR and S 10–CR), 20% (E 20–CR and S 20–CR), 32% (E 32–CR and S 32–CR), 40% (E 40–CR), and 50% (E 50–CR and S 50–CR) were repaired with both one layer CFRP sheets and U-wraps. The beams having rebars with high corrosion levels of 40% (E 40–C2R) and 50% (E 50–C2R) were repaired again with one more layer of CFRP sheets and U-wraps. When the concrete cover was assumed to be lost, the beams with rebars with corrosion levels of 10% (E 10–NCR), 20% (E 20–NCR), 32% (E 32–NCR), 40% (E 40–NCR), and 50% (E 50–NCR) were repaired after 28 days by adding a new cover by casting the beams with one layer CFRP sheet and U-wraps. The same mix design (Table 1) was used to prepare the concrete for the cover, and the concrete was allowed to cure for only 7 days to simulate the case when the concrete of the cover has a smaller strength than the concrete of the original RC member. The CFRP sheets, installed to the bottom of the beams, were 12.7 cm wide and 1.22 m long.


Figure 2. A typical test setup for a repaired reinforced concrete (RC) member (dimensions are in mm).
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Table 4. Properties of carbon fiber reinforced polymer (CFRP) materials.







	
CFRP Properties

	
Dry Material Properties

	
Composite Material Properties






	
Tensile Strength (GPa)

	
4.0

	
0.834




	
Tensile Modulus (GPa)

	
230.0

	
82.0




	
Ultimate Elongation (%)

	
1.7

	
1.0










A number of steps were undertaken to prepare the beam before CFRP was applied as recommended by the manufacturer. The beams were flipped so the bottom was facing up. The CFRP sheets and U-wrap were cut and prepared. The first step is surface preparation which followed these principles; the surface shall be clean, free of any holes, and dry. Sandblasting or grinding may be needed to prepare the surface. If the epoxy parts are too thick, heat may be applied by placing the individual containers in a hot water bath until the components become more fluid. The two parts of the epoxy shall be mixed thoroughly for at least five minutes using a low-speed mixer at 400–600 rpm. After mixing is complete, the epoxy shall be inspected to insure consistency. Next, a primer layer of epoxy is applied to the concrete surface while the CFRP is saturated with epoxy. Apply CFRP to the concrete surface and press it against the surface to ensure that there are no air voids between the fabric and concrete or in epoxy.



Several scenarios were investigated in this study: (1) Actually corroded rebars were used to resemble the real corrosion scenario when corrosion is non-uniform over the length of rebars while the concrete cover is still intact; (2) Assumed a uniform reduction in the reinforcing steel cross-sectional area. In this case, an equivalent area of reinforcing steel to corroded steel was used to reinforce the RC members; (3) It was assumed that the concrete cover was lost due to corrosion and the corroded RC member was built without cover, and then got recovered as part of the repair; (4) CFRP was applied on beams with different corrosion levels and recovered to study the effectiveness of the repair technique.




2.4. Testing


All of the beams were tested under the effect of static loading until failure. The beams were control beam (CB)–CN, E 10–CN, S 10–CN, E 10–CR, S 10–CR, E 20–CN, S 20–CN, E 20–CR, S 20–CR, E 32–CN, S 32–CN, E 32–CR, S 32–CR, E 40–CN, E 40–CR, E 50–CN, S 50–CN, E 50–CR, S 50–CR, E 10–NCR, E 20–NCR, E 32–NCR, E 40–NCR, E 50–NCR, E 40–C2R, and E 50–C2R. The beams were placed on the test setup, where the center to center distance between supports was 1.524 m. Two line loads were applied to each beam through a loading frame centered at the mid-span of the beam. The two line loads were applied 30.48 cm apart. The load was applied using an Instron® machine (Instron, Norwood, MA, USA) until failure.





3. Results and Discussion


3.1. Compressive and Tensile Concrete Strength


Figure 3 and Figure 4 show the results of compressive and tensile strength at 3, 7, 14, and 28 days for all of the concrete samples taken from the SCC mixtures for all the 26 beams. Results are analyzed using Weibull distribution as presented in Figure 5 and Figure 6. Table 5 presents a comparison between the average concrete strength and mean concrete strength calculated using Weibull distribution.


Figure 3. Concrete compressive strength results.
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Figure 4. Concrete tensile strength results.
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Figure 5. Weibull distribution of concrete compressive strength.
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Figure 6. Weibull distribution of concrete tensile strength.
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Table 5. Concrete compressive and tensile strength.







	
Age of Concrete (Days)

	
Compressive Strength

	
Tensile Strength




	
Strength Average (MPa)

	
Calculated Weibull Mean (MPa)

	
Strength Average (MPa)

	
Calculated Weibull Mean (MPa)






	
3

	
4.53

	
4.68

	
0.66

	
0.68




	
7

	
10.93

	
11.17

	
1.58

	
1.60




	
14

	
17.78

	
18.34

	
2.51

	
2.53




	
28

	
19.15

	
20.88

	
2.87

	
2.93











3.2. Testing


As mentioned before, all of the 26 beams were tested under two line loads until failure using the same test setup (Figure 2). For all beams under study, the load-deflection relationships were plotted. All of the tested beams experienced extensive flexural cracks close to mid-span before failure. Table 6 presents primary test results of all of the RC members.



Table 6. Comparison between load capacity of all beams.







	
Beam

	
Load Capacity (kN)

	
Change % from CB–CN

	
Change % from S 10–CN

	
Change % from S 20–CN

	
Change % from S 32–CN

	
Change % from S 50–CN

	
Change % from E 10–CN

	
Change % from E 20–CN

	
Change % from E 32–CN

	
Change % from E 40–CN

	
Change % from E 50–CN

	
Change % from E 10–CR

	
Change % from E 20–CR

	
Change % from E 32–CR

	
Change % from E 40–CR

	
Change % from E 50–CR






	
CB–CN

	
53.59

	
0

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
S 10–CN

	
31.25

	
−41.70

	
0

	

	

	

	
−25.38

	

	

	

	

	

	

	

	

	




	
S 20–CN

	
43.66

	
−18.54

	

	
0

	

	

	

	
−13.54

	

	

	

	

	

	

	

	




	
S 32–CN

	
38.8

	
−27.60

	

	

	
0

	

	

	

	
5.63

	

	

	

	

	

	

	




	
S 50–CN

	
34.92

	
−34.85

	

	

	

	
0

	

	

	

	

	
49.56

	

	

	

	

	




	
S 10–CR

	
36.16

	
−32.52

	
15.74

	

	

	

	

	

	

	

	

	
−29.01

	

	

	

	




	
S 20–CR

	
46.64

	
−12.97

	

	
6.84

	

	

	

	

	

	

	

	

	
−27.12

	

	

	




	
S 32–CR

	
50.53

	
−5.72

	

	

	
30.21

	

	

	

	

	

	

	

	

	
30.18

	

	




	
S 50–CR

	
41.29

	
−22.96

	

	

	

	
18.25

	

	

	

	

	

	

	

	

	

	
27.83




	
E 10–CN

	
41.87

	
−21.87

	

	

	

	

	
0

	

	

	

	

	

	

	

	

	




	
E 20–CN

	
50.49

	
−5.78

	

	

	

	

	

	
0

	

	

	

	

	

	

	

	




	
E 32–CN

	
36.73

	
−31.46

	

	

	

	

	

	

	
0

	

	

	

	

	

	

	




	
E 40–CN

	
32.9

	
−38.61

	

	

	

	

	

	

	

	
0

	

	

	

	

	

	




	
E 50–CN

	
23.35

	
−56.44

	

	

	

	

	

	

	

	

	
0

	

	

	

	

	




	
E 10–CR

	
50.94

	
−4.96

	

	

	

	

	

	

	

	

	

	
0

	

	

	

	




	
E 20–CR

	
64

	
19.41

	

	

	

	

	

	

	

	

	

	

	
0

	

	

	




	
E 32–CR

	
38.81

	
−27.58

	

	

	

	

	

	

	

	

	

	

	

	
0

	

	




	
E 40–CR

	
45.82

	
−14.50

	

	

	

	

	

	

	

	
39.27

	

	

	

	

	
0

	




	
E 50–CR

	
32.3

	
−39.73

	

	

	

	

	

	

	

	

	
38.35

	

	

	

	

	
0




	
E 10–NCR

	
57.22

	
6.76

	

	

	

	

	

	

	

	

	

	
12.33

	

	

	

	




	
E 20–NCR

	
34.96

	
−34.76

	

	

	

	

	

	

	

	

	

	

	
−45.37

	

	

	




	
E 32–NCR

	
38.97

	
−27.28

	

	

	

	

	

	

	

	

	

	

	

	
0.40

	

	




	
E 40–NCR

	
31.23

	
−41.74

	

	

	

	

	

	

	

	

	

	

	

	

	
−31.85

	




	
E 50–NCR

	
22.2

	
−58.57

	

	

	

	

	

	

	

	

	

	

	

	

	

	
−31.26




	
E 40–C2R

	
40.8

	
−23.86

	

	

	

	

	

	

	

	
24.02

	

	

	

	

	

	




	
E 50–C2R

	
30.56

	
−42.97

	

	

	

	

	

	

	

	

	
30.91

	

	

	

	

	










3.2.1. Simulated Corrosion


Table 7 presents a description of failure of the control beam and all beams with simulated corrosion. Also, Figure 7 shows the failure of the beams. By comparing the load-deflection relationships of beams with simulated corrosion to that of the control beam (Figure 8), it can be observed that as the level of simulated corrosion increased, the load capacity became smaller, stiffness became lower, and beam became more ductile. Beam S 10–CN did not follow this trend as it showed the lowest carrying capacity. This may be due to the quality of concrete of beam S 10–CN. It was difficult to simulate 10% corrosion level and the only option was to use 5 # 3 rebar. It seems that there was not enough spacing between rebars due to the large number of rebars used, so, concrete was blocked, which affected the quality of concrete.


Figure 7. Failure of control beam and beams with simulated corrosion.
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Figure 8. Load-deflection relationships of control beam and beams with simulated corrosion.
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Table 7. Failure description of control beam and beams with simulated corrosion.







	
Beam

	
Mode of Failure






	
CB–CN

	
Splitting cracking in the clamped side, crushing in top concrete, and debonding cracking in the concrete cover in the clamped side.




	
S 10–CN

	
Splitting crack on the clamped side at 30.5 kN and crushing of the top concrete.




	
S 10–CR

	
Deboning of CFRP, rupture of first U in the clamped side, splitting crack on the clamped side, and crushing of concrete.




	
S 20–CN

	
Splitting crack on the clamped side, debonding crack in the concrete cover, and crushing of the top concrete.




	
S 20–CR

	
Debonding of CFRP, splitting cracks close to the unclamped side, and crushing of top concrete.




	
S 32–CN

	
Two splitting cracks; one on each side, crushing of concrete, and debonding cracking in the concrete cover on the clamped side.




	
S 32–CR

	
Rupture of bottom CFRP sheet on the clamped side, debonding of CFRP, splitting cracking in the unclamped side, and crushing of top concrete.




	
S 50–CN

	
Two splitting cracks; one on each side and crushing of top concrete.




	
S 50–CR

	
Debonding of CFRP, splitting cracking in the clamped side, rupture in the first U on the clamped side, and crushing of top concrete.










When S 10–CN was repaired, its load capacity and stiffness increased (Figure 9). Load capacity of S 10–CR was greater than that of S 10–CN by about 16%. Strengthening S 20–CN resulted in larger stiffness and higher load capacity (Figure 10). Load capacity of S 20–CR was larger than that of S 20–CN by about 7%. S 20–CR was also more ductile due to yielding and debonding of CFRP. Beam S 32–CR was stiffer and showed a larger capacity than S 32–CN by about 30% (Figure 11). Also, S 32–CR showed better ductility due to yielding and CFRP debonding and rupture. For 50% corrosion level, repair resulted in a stiffer beam and about 18% higher load capacity of S 50–CR than S 50–CN (Figure 12). However, S 50–CN showed more ductility than S 50–CR.


Figure 9. Load-deflection relationship of beams with simulated 10% corrosion level.



[image: Fibers 04 00030 g009]





Figure 10. Load-deflection relationship of beams with simulated 20% corrosion level.
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Figure 11. Load-deflection relationship of beams with simulated 32% corrosion level.
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Figure 12. Load-deflection relationship of beams with simulated 50% corrosion level.
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3.2.2. Experimental Corrosion


Figure 13 shows the failure of beams with concrete cover, which is still intact, and with different levels of experimentally induced corrosion. Table 8 describes the mode of failure of these beams.


Figure 13. Failure of beams with experimental corrosion.
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Table 8. Failure description of beams with experimental corrosion.







	
Beam

	
Mode of Failure






	
E 10–CN

	
Splitting cracking in the clamped side and crushing of top concrete.




	
E 10–CR

	
Debonding of CFRP, splitting cracking in the unclamped side, crushing in top concrete, and rupture in the first U in the unclamped side.




	
E 20–CN

	
Two splitting cracks; one on each side, crack at mid-span, and crushing of top concrete.




	
E 20–CR

	
Debonding of CFRP, splitting cracking in the unclamped side, and crushing in top concrete.




	
E 32–CN

	
Two splitting cracks; one on each side, crushing in top concrete, and peeling failure in concrete cover in the clamped side.




	
E 32–CR

	
Debonding of CFRP, splitting cracking in the clamped side, crushing in top concrete, and rupture of second U on the clamped side.




	
E 40–CN

	
Two splitting cracks; one on each side, and crushing in top concrete.




	
E 40–CR

	
Debonding of CFRP, splitting crack in the unclamped side, rupture of the first and second U in the unclamped side.




	
E 50–CN

	
Rupture of rebars and crushing in top concrete.




	
E 50–CR

	
Debonding of CFRP; rupture of bottom CFRP sheet, middle U, and first U on the clamped side; crushing in top concrete; and rupture of rebars.










The beams with either experimental or simulated 10% corrosion level showed a different performance from each other (Figure 14). This difference in performance can be attributed to the non-uniform change in the cross-section of rebars due to the actual corrosion, whereas, in the simulated corrosion case, the reduction in cross-section of rebars was uniform over the entire length of rebars. S 10–CN showed about 25% smaller load capacity than that of E 10–CN (Figure 14). This is also due to the diameter schedule of corroded rebars as shown in Table 2. Both beams had a comparable stiffness. For beams with 20% corrosion level, they showed different performance. S 20–CN showed about 14% smaller load capacity than that of E 20–CN, but beam E 20–CN was less stiff and showed more ductility (Figure 15). For beams with 32% corrosion level, they showed different performance. Also, the trend that was observed in 10% and 20% corrosion level cases has changed. E 32–CN and S 32–CN had a very similar load carrying capacity; however, S 32–CN had a slightly higher load capacity and was stiffer than E 32–CN (Figure 16). Also, E 32–CN showed more ductility than S 32–CN. A similar trend as in the 32% corrosion level case was observed in the 50% corrosion level case. S 50–CN showed more ductility than E 50–CN (Figure 17). S 50–CN showed about 50% higher capacity than E 50–CN and was stiffer than E 50–CN. E 50–CN showed more ductility than S 50–CN. It seems that it is conservative to model the corrosion by using the equivalent area of steel (simulated) for up to 20% corrosion level. Beyond 20% corrosion level, it is not conservative to use the equivalent area of steel to model the corrosion. However, the simulated cases over-predict the load capacity and stiffness of the actual corroded RC at relatively high levels of corrosion.


Figure 14. Load-deflection of beams with 10% corrosion levels (No repair).
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Figure 15. Load-deflection of beams with 20% corrosion levels (No repair).
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Figure 16. Load-deflection of beams with 32% corrosion levels (No repair).
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Figure 17. Load-deflection of beams with 50% corrosion levels (No repair).
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After the beams with different levels of actual or simulated corrosion were repaired, they were tested and their performance was monitored. For 10% corrosion level, beam E 10–CR and S 10–CR had a very similar stiffness, but S 10–CR had about 29% smaller load capacity than E 10–CR (Figure 18). S 10–CR showed more ductility than E 10–CR. For 20% corrosion level, beam E 20–CR was stiffer than S 20–CR (Figure 19). S 20–CR had about 27% smaller load capacity than E 20–CR. S 20–CR also showed more ductility than E 20–CR. For 32% corrosion level, a different trend was observed. S 32–CR was stiffer and showed about 30% larger load capacity than E 32–CR (Figure 20). Also, S 32–CR showed more ductility than E 32–CR. The same trend continued, when 50% corrosion level was considered. S 50–CR was stiffer and had about 28% higher load capacity than S 50–CN (Figure 21).


Figure 18. Load-deflection of beams with 10% corrosion levels (Repaired).
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Figure 19. Load-deflection of beams with 20% corrosion levels (Repaired).
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Figure 20. Load-deflection of beams with 32% corrosion levels (Repaired).
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Figure 21. Load-deflection of beams with 50% corrosion levels (Repaired).
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3.2.3. Loss of Cover


It was assumed that the RC members would lose the concrete cover due to corrosion. Therefore, beams were constructed without concrete cover. After 28 days, they were recovered by applying a new concrete cover with lower concrete compressive strength than that of the beam. Figure 22 shows the failure of repaired beams without cover. Table 9 presents a description of failures of beams. Figure 23, Figure 24, Figure 25, Figure 26 and Figure 27 compare the performance of repaired beams with and without cover for different corrosion levels. It seems that for 10% corrosion levels, after the cover was recovered and beam was repaired with CFRP, the repaired beam showed better performance than that of the repaired beam with cover and the same corrosion level. Beam E 10–NCR had similar stiffness to E 10–CR and showed more ductility than E 10–CR (Figure 23). For 20% corrosion level, E 20–NCR had about 45% less load capacity and showed more ductility than E 20–CR (Figure 24). E 20–CR was stiffer than E 20–NCR. For 32% corrosion level, both beams had similar load capacity; however, E 32–NCR was more ductile (Figure 25). For 40% corrosion level, E 40–NCR had smaller stiffness and about 32% less load capacity than that of E 40–CR (Figure 26). E 40–NCR showed more ductility than E 40–CR. For 50% corrosion level, E 50–CR was stiffer and had almost 31% higher load capacity than that of E 50–NCR (Figure 27). In general, it can be concluded that if an RC member experienced loss of cover and 10% corrosion level and was repaired by adding a new cover and applying CFRP, it performed better than a repaired beam that had the same corrosion level and a concrete cover. However, if corrosion level exceeded 10%, the repaired beam that lost its concrete cover had a load carrying capacity that was lower than that of a repaired beam with cover by about 32%. This can be explained that as the rebar gets more corrosive, the strength of the rebar decreases and then the cover plays a more dominant role in strengthening the beam. A weak cover for the recovered beam would offer lower strength than the beam with an intact cover.


Figure 22. Failure of beams without cover and repaired with double sheets.
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Figure 23. Load-deflection relationship of repaired beams with 10% corrosion level with and without cover.



[image: Fibers 04 00030 g023]





Figure 24. Load-deflection relationship of repaired beams with 20% corrosion level with and without cover.
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Figure 25. Load-deflection relationship of repaired beams with 32% corrosion level with and without cover.
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Figure 26. Load-deflection relationship of repaired beams with 40% corrosion level with and without cover.
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Figure 27. Load-deflection relationship of repaired beams with 50% corrosion level with and without cover.
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Table 9. Failure description of beams without cover and repaired with double sheets.







	
Beam

	
Mode of Failure






	
E 10–NCR

	
Peeling failure of concrete cover, splitting crack in the unclamped side, rupture of the first and second U on the unclamped side, and crushing in top concrete.




	
E 20–NCR

	
Two splitting cracks; one on each side, debonding of CFRP, peeling failure of concrete cover, and crushing of top concrete.




	
E 32–NCR

	
Debonding of CFRP, splitting cracking in the unclamped side, rupture of the first U in the unclamped side, and crushing of the top concrete.




	
E 40–NCR

	
Debonding of CFRP, splitting crack on the unclamped side, crushing of top concrete, and a slight peeling failure of concrete cover.




	
E 50–NCR

	
Debonding of CFRP, rupture of first U on the unclamped side, splitting crack on the unclamped side, rupture of rebars, and crushing of top concrete.




	
E 40–C2R

	
Debonding of CFRP, rupture of the first and second U on the clamped side, splitting cracking in the clamped side, and crushing of top concrete.




	
E 50–C2R

	
Debonding of CFRP, rupture of the first U on the clamped side and second U on the unclamped side, splitting cracking in the unclamped side, and crushing of top concrete.











3.2.4. Repair with CFRP Double Sheets


The effect of applying two layers of sheet to repair beams with 40% and 50% corrosion levels was investigated. Figure 22 shows the failure of the beams repaired with two layers of CFRP sheets. Table 9 presents failure of the beams. Figure 28 and Figure 29 show a comparison between the control beam, corroded beam–without repair, repaired beam with one layer of sheet, and repaired beam with two layers of sheet. For 40% corrosion level, it seems that strengthening improved the load carrying capacity. E 40–CR had higher load capacity than E 40–CN, but it was less ductile. When two layers of sheet were applied, E 40–CR and E 40–C2R had similar stiffness to that of CB–CN. E 40–C2R had higher capacity than that of E 40–CN, yet smaller than that of E 40–CR. However, E 40–C2R showed more ductility than E 40–CR as its ductility was similar to E 40–CN. In general, applying double CFRP sheets did not help to restore the full capacity of the corroded beam. A similar trend was observed for 50% corrosion level, but both E 50–CR and E 50–C2R had similar stiffness, which was smaller than that of CB–CN. Also, E 50–C2R showed a ductile behavior, but it had a smaller capacity than E 50–CR. Similarly, applying double sheets did not restore the full capacity of the corroded beam.


Figure 28. Load-deflection of control beam and beams with 40% corrosion level.
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Figure 29. Load-deflection of control beam and beams with 50% corrosion level.
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4. Conclusions


This research work investigated the effect of actual (non-uniform) and simulated (uniform) corrosion and repair on the performance of reinforced SCC members. Various corrosion levels up to 50% were produced and were studied. A number of cases were studied: (1) the corrosion was either experimentally induced or was simulated by using rebars with equivalent steel area to reinforce the concrete members; (2) It was assumed that the cover was lost in some of the corroded members due to the deterioration in the RC member. When the concrete cover was assumed to be lost, members were constructed without cover and then the cover and beam were repaired. SCC used to cast all of the beams had 10% RAP; (3) To restore the capacity of deteriorated members, the RC members were repaired using both CFRP sheets and U-wraps. For high corrosion levels such as 40% and 50%, two layers of sheet were also applied. All the beams were tested under two static line loads at the mid-span until failure. The conclusions are as follows:

	
Level of corrosion was found not to affect the cracking load.



	
Increasing the corrosion levels results in reduction of the load carrying capacity of the RC member. Also, the member becomes more ductile.



	
Repair using both CFRP sheet and U-wraps was found to be effective. The repair improved the load carrying capacity of the RC member. Also, it may make the member become more ductile.



	
It was found that the non-uniform change in cross section due to corrosion results in a different load carrying capacity and ductility in the RC member than when a constant reduction in rebar cross-sectional area is assumed.



	
It seems that it is conservative to model the corrosion by using the equivalent area of steel (simulated) for 20% and smaller corrosion levels. Beyond the 20% corrosion level, the simulated cases over-predict the load capacity and stiffness of the actual corroded RC member.



	
If an RC member experienced loss of cover and 10% corrosion level and was repaired by adding a new cover and applying CFRP, the repaired beam can perform even better than a repaired beam that had the same corrosion level, but still had the concrete cover intact. However, if corrosion level exceeded 10%, the repaired beam that lost its concrete cover may have a load carrying capacity that is lower than that of the repaired beam with cover by about 32%.



	
Increasing the number of layers of CFRP sheets may sound like a good idea to restore the capacity of a severely deteriorated RC member. However, it was found that the number of CFRP layers may not improve the load capacity beyond that achieved when one layer was used. However, it may improve the ductility of the RC member.



	
CFRP remains a costly option so further research is needed to reduce the cost of CFRP. One alternative is to use waste carbon fiber to produce CFRP sheets.
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