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Abstract

:

An experimental and analytical investigation was conducted on reinforced concrete (RC) beams strengthened in flexure using the near-surface mounted carbon-fiber-reinforced polymers (NSM-CFRPs) technique. A total of 11 full-scale RC rectangular beams were cast and tested under a monotonic three-point bending test, up to failure. The main test variables adopted in this study were the concrete compressive strength (high, medium, and low), the number of CFRP strips, and the strip length. The results indicated that the use of NSM-CFRPs strips in different configurations efficiently increased the load-carrying capacity of the strengthened RC beams, in which all these beams exhibited a higher moment resistance than the corresponding un-strengthened beam. Results also showed that all strengthening schemes were successful in increasing the flexural capacity of the specimens tested. Such increases ranged between 10.36% and 52.28%. Notably, a significant improvement in the ultimate load ratio was observed with beams having a low compressive strength of 17-MPa, then followed by the beams with medium strength (32-MPa), and finally beams with high compressive strength (47-MPa). The NSM technique reduced the occurrence possibility of the CFRP de-bonding failure mode. Furthermore, the test results were compared with theoretical predictions using the ACI 440.2R17 guidelines and showed a good agreement between these results.
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1. Introduction


Due to its high durability, fire resistance, and ability to resist weather conditions, concrete is considered a widely used material in building reinforced-concrete (RC) structures. However, with the massive increase in the RC structure construction and the increase in their lifespans, it is expected that these structures will deteriorate over time because of the exposure to several natural effects such as high-temperature conditions, humidity, chemical attacks, and additional loadings. Moreover, RC members in the structures could fail due to human-made errors such as design errors, poor maintenance, increases in live loads caused by the change in the facility type, and wars or terrorist attacks [1,2,3,4].



It is difficult to demolish and rebuild the damaged buildings due to their high costs, long durations for completion, and physical efforts. Therefore, the strengthening and rehabilitation process was introduced through different methods to ensure that the required strength is achieved and the service life of a structure is, in turn, extended. Furthermore, strengthening the deteriorated RC slabs, beams, columns, and bridges has become a prime approach to meet the updated design codes and achieve the strength requirements [5,6,7,8,9,10,11,12,13,14]. Thus, the overall goals of strengthening techniques are to enhance the structure behavior by improving the flexural or shear capacity, ductility behavior, and durability under different loading conditions, thereby extending their service life. Nowadays, experts pay increasing attention to RC structures and develop advanced solutions for their strengthening and retrofitting [15,16,17].



Fiber reinforcement polymers (FRP) were considered one of the most popular strengthening materials, which can withstand conditions and provide good enhancement results. Various fiber types were used in the RC structure strengthening systems, such as carbon, glass, aramid, and basalt fibers [18,19,20]. The use of FRPs material has grown over the past decades because of its exceptional features such as its light weight, high strength, non-corrosive nature, excellent fatigue response, and installation simplicity [15,16,21,22,23].



Several techniques were investigated in strengthening and rehabilitating using FRPs composites. The external-bonded technique (EB) and near-surface-mounted (NSM) technique were viewed as the promising strengthening systems since they improve the shear and flexural capacity of the RC structures. To this end, numerous research studies have been performed on RC members’ strengthening using externally bonding fiber-reinforced polymers (EB-FRPs) materials laminates and sheets [24,25,26,27,28,29,30,31]. This technique has been introduced in a variety of practical worldwide projects. The base of the EB-FRPs technique is to affix the FRPs to the external concrete surface of RC members using a proper adhesive [32,33]. In spite of the commonness of this technique, de-bonding failure occurs out of the concrete surface at a low strain level of the FRPs. That means the system’s ultimate strength is not yet reached. The EB, additionally, needs extensive work implementation on-site, such as plaster removal. Additionally, FRPs are, however, unprotected from exposure to environmental conditions. More recently, and because of the earlier-mentioned EB drawbacks, the NSM reinforcement using FRPs bars/strips has been an attractive appropriate alternative technique [34,35,36,37,38,39,40].



Near-surface-mounted reinforcement (NSM), also called “embedded reinforcement” or “grout reinforcement” [41], is among the most cutting-edge and attractive strengthening systems for RC structures. NSM was developed in the early 1950s in Europe, particularly in Sweden, where it was used to strengthen a concrete bridge using embedded steel bars. This technique implies placing strengthening materials into grooves previously formed into the concrete cover and then bonded with a suitable bonding agent, typically using epoxy adhesives or cement grout as filler. According to the literature, these strengthening materials studied were in the form of bars or strips (rectangular bars). Although this technique requires extra work for groove formation, it proved its effectiveness in protecting the RC structures from the previously mentioned deterioration factors [1,42]. Additionally, the NSM-FRPs system has several advantages over the EB-FRPs system, for instance, (a) minimizing the site implementation works other than groove preparation; (b) the FRPs are attached inside the concrete and then covered with epoxy, which contributes to protecting FRPs from environmental influences and vandalism; and (c) it is less prone to separation from the concrete surface (de-bonding failure) [34,35,36,37,38].



Recently, Abdel-Jaber et al. [8] investigated experimentally and analytically the effect of using NSM-CFRP on the shear behavior of rectangular RC beams having different compressive strengths (low, medium, and high). A total of 12 simply-supported RC beams were strengthened using NSM-CFRP technique in different configurations and then tested under monotonic three-point loading until failure. The test results demonstrated the effectiveness of using the NSM-CFRP strips as a strengthening technique in enhancing the beams shear capacity by 4% to 66%. Moreover, the investigation concluded that when the compressive strengths increase, the shear capacities also increase for all beams. On the other hand, the failure mode was confined to pure-shear failure in all beams without rupture or de-bonding in the CFRP strips. More importantly, the experimental results demonstrated a good agreement with the results from the finite element analysis and the ACI 440.2R-17 guidelines.



In 2016, Khalifa [43] experimentally investigated the flexural performance of RC beams strengthened using CFRP strips with the NSM and EBR techniques. Numbers of two and four CFRP strips distributed in one or two grooves were also studied. The study revealed that the ultimate load was increased when distributing the same amount of NSM-CFRPs strips in two grooves rather than one groove. Furthermore, increasing the strip number does not always imply an improvement in flexural strength, and more importantly, the NSM technique showed a better enhancement in the flexural capacity than the EBR, about 12% to 18%.



Similarly, Sharaky et al. [44] examined RC rectangular beams strengthened partially and fully-bonded lengths using the NSM-CFRP technique. The effect of FRP characteristics, and reinforcement bond length were investigated, and different shapes of FRP were used. The test results proved that the strengthening using NSM-FRP fully-bonded length had greater bearing capacity and stiffness than partially-bonded NSM-FRP, and the deflection for fully-bonded strengthened beams was lower than partially-bonded strengthened beams.



In this paper, the flexural capacity of 11 simply-supported rectangular RC beams was strengthened using NSM-CFRP strips in different arrangements: (1) two NSM-CFRP strips were used along the entire beam span, (2) NSM-CFRP two strips were extended along the middle half of the span at the area of the maximum moment, and (3) two NSM-CFRP strips were extended along the entire span length from support to support. This research is dealing with these types of arrangements for low, medium, and high concrete-compressive strength with constant reinforcement ratios 0.5 ρmax, where the practical design of most RC beams takes place, in order to simulate the real behavior. There was a lack of literature that investigated such criteria. Therefore, this combination of ideas that simulates reality has never been conducted before as per the author’s knowledge. In addition to that, the flexural capacity was predicted in accordance with the provisions of ACI 440.2R-17 [45], and then it was compared to the experimental results.




2. Materials and Methods


2.1. Material Properties


2.1.1. Concrete


In order to investigate the influence of varying compressive strength on the RC strengthened beams, three different normal-weight concrete mixes were designed to achieve three different compressive strengths; high compressive strength (Class H, 47 MPa), medium compressive strength (Class M, 32 MPa), and low compressive strength (Class L, 17 MPa). The compressive strengths were classified based on the range between each other. Since the 47 MPa is considered high compared to 17 MPa and the 32 MPa is considered in the middle between 17 MPa and 47 MPa. All batches were ready-mix concrete. Standard concrete cubes of 150 mm × 150 mm × 150 mm were taken from the concrete mixes to conduct the compressive strength after 28 days. A total of eighteen cubes, six for each batch were cured then tested. The average cylindrical compressive strength for class H, M, and L were 42.62 MPa, 31.55 MPa, and 15.62 MPa, respectively. Table 1 shows the component proportion used in each batch from the manufactured company.




2.1.2. Steel Reinforcement


The types of internal reinforcement steel in the experimental program were deformed steel bars with high yield strength grade 60 ksi. The average yield strength and ultimate strength for longitudinal reinforcement bars were 420 MPa and 680 MPa, respectively. For the transverse reinforcement bars, 10 mm diameter stirrups with average yield strength of 420 MPa were used.




2.1.3. Carbon-Fiber-Reinforced Polymer (CFRP) Strips


The type of CFRPs strip used in this experimental program was SikaCarboDur® S1.525. This material is characterized as a unidirectional and high-performance strengthening system. Table 2 provides the mechanical and physical properties of the NSM-CFRP strips as per the manufacturing company.




2.1.4. Epoxy Resin


Sikadur®-330 was the epoxy used to bond the NSM-CFRPs strip with the concrete. This epoxy has two-components: Part A (Resin-white) and Part B (Hardener-gray). These Two parts were blended together with a ratio of 4:1 by weight to produce a light grey composite mixture. Table 3 provides the properties of Sikadur®-330 resin.





2.2. Test Specimens


2.2.1. Test Matrix


Eleven simply supported RC beams were categorized into three main test groups based on three concrete classes: class H, class M, and class L that have compressive strengths of 47 MPa, 32 MPa, and 17 MPa, respectively. Eight beams were strengthened at the bottom face with NSM-CFRP strips utilizing various schemes, while three un-strengthened beams were considered as reference (control) specimens. Figure 1 shows the longitudinal details of the strengthened specimens.



Beam designation for the compressive strength was as follows: L for low-, M for medium-, and H for high-strength concrete. Unstrengthened beams (control) were referred to by the letter C., while for the NSM-strengthened beams, the letter S was taken as the second term. Lastly, the numbering order was given for each of the strengthening schemes. Table 4 summarizes the details of all the tested beams.




2.2.2. Beams Geometrical and Reinforcement Details


All specimens had a rectangular cross-section, with a total length of 2000 mm and a clear span length of 1800 mm. The depth of the beam was 300 mm, and the width was 200 mm. The beams were designed to fail in flexure. The reinforcement ratio was kept constant for all beams at 0.5 ρmax to simulate a real case where most of the RC beams are usually designed in practice with this ratio. The details of the steel reinforcements for each class of concrete are shown in Figure 2.





2.3. Beams Installation


2.3.1. Casting and Curing


The steel reinforcement was prepared and then tied well by tie wires. After molds were lubricated, the reinforcement steel cages were placed in their appropriate place while maintaining the concrete cover in all directions. The vibration of the concrete while pouring took place manually using a mechanical vibrator to avoid segregation. Finally, the surface was leveled and smoothed to remove the excess concrete. After 2 days, the formwork was removed. The specimens were cured in the air for 21 days after being treated in damp burlap for 7 days. Figure 3 shows the casting and curing process.




2.3.2. Installation of NSM-CFRP Strips


The locations of the grooves were marked on the beam’s soffit. These grooves were 8 mm in depth and 20 mm in width and cut by an electric saw. The grooves were further cleaned from dust, dirt, and particles scattered by a vacuum cleaner since the dust affects the bond between concrete and epoxy. Furthermore, the edges of these grooves were identified with sticky tape to facilitate control of the work area during fiber application. The CFRP strips were cut to their specific lengths and then wiped using a cotton cloth to clear dust and confirm a strong bond between carbon and epoxy. Afterward, Sikadur®-330 resin and the hardened parts were mixed for 3 min at slow speed until the mixture became smooth and a light gray color was uniform. The mix was then loaded into a disposable cartridge, and the grooves were filled with epoxy to about two-thirds using a mechanical tool. The strips were placed horizontally, fixed parallel to the tension reinforcement in their appropriate place, and covered with resin. Finally, the surface was smoothed, as the excess epoxy was removed through a scraper, then left to dry for 7 days to guarantee its full strength. Figure 4 shows the installation process of NSM-CFRP strips.





2.4. Test Setup


All beams were subjected to a monotonic three-point bending test up to failure. The test was carried out using a Universal Testing Machine (MFL Prüf-system) with 700-kN capacity. The load was applied at a constant rate of 10kN/min increment. The specimens were supported by a hinge at one end and a roller at the other with a 100 mm edge overhanging. Linear variable displacement transducers (LVDTs) device was fixed at the beam soffit in order to record the mid-span deflection during the test. The load-displacement readings were obtained from the electronic data screen. Figure 5 shows the test setup and LVDTs device.





3. Results and Discussion


3.1. Behavior and Failure Mechanisms


The unstrengthened beams (i.e., control beams) were utilized as a baseline for establishing the behavior of the strengthened beams using NSM-CFRPs strips. The propagation cracks on the concrete surface were monitored at each load increment and so was the vertical mid-span deflection. The initial flexural cracks for the control beams initiated from the tension area at the mid-span point and distributed up to the compression zone. Overall, the three strengthened schemes succeeded in improving the flexural capacity of the three groups with different percentages.



In such a manner, a considerable increase in the ultimate beam capacity was shown in the strengthened beams compared to their control beams between 7% and 52.28%. Table 5 illustrates the failure load, the corresponding vertical mid-span deflection, load enhancement ratio, and strength factor for all tested beams. The strengthened beams had an ultimate load capacity higher than the corresponding control beams as per the strength factor values. The strength-factor is the ratio between ultimate load capacities of the strengthened and the control beams.



For group H, all strengthened beams increased the ultimate beam capacity compared to the control beam CH by 7%, 10.72%, and 10.35% for (SH-1), (SH-2), and (SH-3), respectively. Figure 6 shows the load and deflection curves for all group specimens. The highest ultimate load achieved was with beams strengthened using two CFRPs strips extended along the middle half of the span (SH-2). Furthermore, the load-carrying capacity of the strengthening scheme by one CFRPs strip at the beam center extended at the entire span length (SH-3) was very near to that of (SH-2), and the difference between the SH-2 and SH-3 enhancement ratios was about 0.37%. Moreover, an increase in the vertical deflection was observed in beam specimens compared to the CH beam. This indicates that strengthening using CFRPs strips within this group enhanced the ductility behavior.



For group M, all strengthened beams showed a noticeable increase in the ultimate load capacity compared to the reference beam (CM) by 35.67%, 22.29%, and 30.0% for (SM-1), (SM-2), and (SM-3), respectively. Figure 7 shows the load and deflection curves for all group specimens. The highest ultimate load was achieved in specimen (SM-1), and thus it is considered the best-strengthened scheme within this group, followed by (SM-3), and finally (SM-2). Moreover, all beams showed an increase in the vertical deflection compared to the control beam (CM), thus, indicating that strengthening using CFRPs strips in this group enhanced the ductility behavior. (SM-3) showed the highest ductility behavior compared to all strengthened schemes.



All strengthened beams of group L showed an increase in their ultimate load capacity compared to the reference beam (CL) by 52.28% and 19.0% for (SL-1) and (SL-2), respectively. Figure 8 shows the load and deflection curves for all group specimens. The highest ultimate load was achieved in (SL-1), which was strengthened using two CFRPs strips along the entire beam span; accordingly, this scheme can be considered the best-strengthening scheme within this group, followed by beam (SL-2). Additionally, both strengthened beams indicated a significant ductile behavior with a considerable deflection value. Compared to the other NSM-strengthened beam, the (SL-1) specimen showed the highest ductility behavior.



Although the beams strengthened with one CFRPs strip showed higher ductility, the percentage enhancement in the ultimate load capacity was higher in the beams strengthened with two CFRPs strips at the full length. In this research study, the enhancement ratio was adopted as the main criterion to investigate the effectiveness of using the CFRPs scheme. Noteworthy that when the concrete compressive strength is increased, the enhancement percentage in the ultimate load decreased. Thereby, the enhancement range between different schemes at the same compressive strength is diminished.




3.2. Failure Modes


In this experimental program, different modes of failure were observed, namely, pure-flexural failure, concrete crushing, intermediate de-bonding and end-cover-separation resulting from NSM-CFRPs strips.



For the unstrengthened beams, as shown in Figure 9a–c, a pure flexural failure was the dominant failure mode accompanying crushing at the concrete’s top fiber for beams CH and CM, while it was a pure flexure failure in beam (CL).



Regarding the beams strengthened with two CFRPs strips along the entire beam span (SM-1 and SL-1), (SM-1) failed by pure flexure with an intermediate epoxy-de-bonding as shown in Figure 9d, while in Figure 9e, the failure mode for (SL-1) was pure-flexure only. Additionally, for specimens SH-1, it is worth mentioning that during NSM application, specifically while the grooves were cut and due to insufficient concrete cover in the bottom face of the beam, the stirrups legs were cut from both grooves sides in order to get enough groove size for the strips. This led to confinement losses in the transverse steel. Therefore, the shear capacity of the beam become low, and the failure mode for specimen’s SH-1 was a shear failure (Figure 9f). This specimen is excluded from the discussion of the results.



As for the strengthened beams with two CFRPs strips within the maximum-moment zone (SH-2, SM2, and SL-2), Figure 9g,h shows that the dominant failure mode was pure flexure accompanying end-cover-separation for both (SM-2) and (SL-2). However, due to its high concrete strength, the specimen (SH-2) did not fail in end-cover separation as the other two specimens; therefore, its failure mode was only a pure flexure failure (Figure 9i). Similarly, the dominant failure mode for the strengthened beams with one CFRPs strip along the entire beam span (SH-3, SM-3) was pure-flexural for (SH-3), while it was a pure-flexure accompanying concrete crushing in (SM-3). Figure 9j,k shows the failure mode for each specimen.




3.3. Effect of Concrete Compressive Strength


Figure 10 shows the load and deflection curves for the specimen (SM-1) and (SL-1) with the corresponding control beams. These beam specimens were strengthened using two CFRPs strips along the entire beam span. As mentioned earlier, beam (SH-1) was excluded from this study because of the shear failure observed. As shown in Figure 10a, the ultimate load for beam (SM-1) was 213 kN, while it was 157 kN for control beam CM. The enhancement ratio was 35.67% for (SM-1) compared to the control beam. Similarly, Figure 10b shows that the ultimate load for (SL-1) was 176.65 kN, while 116 kN was recorded for control beam CL. The enhancement ratio for (SL-1) was 52.28% compared to the control beam. A higher enhancement ratio in the ultimate capacity was observed in (SL-1), which indicates that applying two NSM-CFRPs strips along the entire span length had a better enhancement ratio in the low concrete-compressive-strength compared to that of medium concrete compressive strength.



Figure 11 shows the load-deflection curve for (SH-2), (SM-2), and (SL2) and their corresponding control beams. All specimens had two strips along the middle half of the beam span at the maximum moment area. The ultimate load for beam (SH-2), as shown in Figure 11a, was 310 kN, while it was 280 kN for the control beam CH. (SH-2) showed a higher ultimate capacity than its control beam by 10.72%. Likewise, the ultimate load for beam (SM-2) was 192 kN, while it was 157 kN for control beam CM, as shown in Figure 11b. The enhancement ratio was 22.29% for (SM-2) compared to the control beam. Similarly, Figure 11c shows that the ultimate load for (SL-2) was 138 kN, while it was 116 kN for the control beam CL. (SL-2) showed a higher load-carrying capacity than its control beam by 19%.



It was observed that (SM-2) recorded the highest enhancement in ultimate load capacity relative to its control beam, followed by (SL-2) and (SH-2), respectively. The enhancement ratios were 10.72%, 22.29%, and 19% for (SH-2), (SM-2), and (SL-2) specimens, respectively, indicating that strengthening using two CFRPs strips along the middle span length had a better enhancement ratio in the medium compressive strength, followed by low strength, and then by high concrete compressive strength. Due to the cover separation that occurred in (SM-2) and (SL-2), those beams achieved less ductility behavior than (SH-2). These results matched the results of Obaidat et al. [46].



Figure 12 shows the load and deflection curve for beams specimen (SH-3) and (SM-3) and the corresponding control beams. Both beams had one CFRPs strip along the entire beam span. As illustrated in Figure 12a, the ultimate load for beam (SH-3) was 309 kN compared to 280 kN for the control beam CH. Beam (SH-3) had a higher loading capacity than its control beam by 10.36%. Similarly, Figure 12b shows that the ultimate load for beam (SM-3) was 204.31 kN, while it was 157 kN for control beam CM. The enhancement ratio was 30% for (SM-1) compared to the reference beam. Contrary to the (SH-3) beam, it was noticed that (SM-3) showed a higher ultimate load capacity. The enhancement ratios were 10.36% and 30%, respectively, for both (SH-3) and (SM-3) relative to their control beam. Thus, strengthening using one CFRPs strip along the entire span length had a better enhancement ratio in the medium compressive strength compared to the high concrete strength.




3.4. Effect of NSM-CFRP Strip Length


Two CFRPs strip lengths were used in the experimental program along the entire span length from support to support (SM-1 and SL-1) and along the middle half of the span at the area of maximum moment (SM-2 and SL-2). Figure 13 shows the effect of CFRPs strip length on the behavior of the strengthened beams. It can be observed that the ultimate capacity for (SM-1) was higher than (SM-2) by 10.94%. Similarly, the ultimate load capacity for (SL-1) was higher than (SL-2) by 28.01%. This clearly indicates that strengthening using two CFRPs strips along the entire span length enhanced the flexural capacity better than strengthening using two CFRPs strips along the middle half of the span. Additionally, (SM-1) and (SL-1) showed higher ductility compared to (SM-2) and (SL-2) owing to the cover separation that occurred in the latter, matching the findings of Obaidat et al. [46].




3.5. Effect of Number of CFRPs Strips


Figure 14 demonstrates the load and deflection curves for (SM-1) and (SM-3), i.e., using one or two CFRPs strips along the entire beam span length in group M. The ultimate load capacity for (SM-1) is higher than (SM-3) by 4.25%. It can be noticed that flexural strengthening using two CFRPs strips enhanced the ultimate load in a better way than strengthening using only one CFRPs strip. Thus, the number of CFRPs strips has a considerable effect on the flexural capacity. These results are matching with Obaidat et al. [45]. On the other hand, (SM-3) showed higher ductility than (SM-1).





4. Theoretical Results


4.1. Flexural Strengthening of RC Beams Using NSM-CFRPs Strips


The design calculation stages for flexural beam capacity based on ACI 440.2R-17 guidelines are as follows [44]:




	Step One: 

	
Computing the design tensile characteristics of CFRPs









Initially, the ultimate design-tensile strength of CFRPs strips (ffu) and their ultimate-rupture strain (εfu) are computed through the following equations:


ffu = CE × ffu*



(1)






εfu = CE × εfu*



(2)




where ffu* is the ultimate tensile strength, εfu* is the ultimate rupture strain of the CFRPs presented from the manufacturer company, and CE is a reduction factor for the environmental condition and is selected from Table 9.1 from the ACI-440R-17 code [44].



Using Hooke’s law, the tensile elasticity modulus of CFRPs (Efu) is computed by the following equation:


   E fu  =   f f u   ε f u    



(3)







	Step Two: 

	
Computing the concrete properties based on the ACI 318 [46] equations







In this step, the concrete elasticity modulus (Ec) and the depth equivalent factor for rectangular-compressive-stress blocks (β1) will be computed for the three types of concrete compressive strength used in this research study using the ACI 318 [46] equations as follows:


   β 1  = 1.05 −   0.05 f  c ′    6.9    



(4)






   E c  = 4700 √ f  c ′   



(5)







	Step Three: 

	
Computing the existing concrete strain on the soffit (εbi)







The existing strain in concrete at CFRPs strips installation (εbi) is calculated using the following equation:


   ε bi  = MDL   (   d f − k d   I c r E c   )  



(6)







However, in this study εbi is neglected since the beams were unloaded prior to the strengthening and their own weight was very small [1].



	Step Four: 

	
Identifying the bond-depending coefficient of CFRPs (Km)







According to the manufacturer recommendations (SIKA Company), the bond-dependent coefficient (Km) for the CFRPs strips used in this research was “0.7”.



	Step Five: 

	
Assuming the depth of the neutral axis (c)







In this step, the initial value for the neutral-axis depth (c) will be assumed using the following equation:


cinitial = 0.2d



(7)







This value is modified after verifying for equilibrium.



	Step Six: 

	
Computing the effective concrete and CFRPs strain level (εc, εfe)







After assuming the initial value of c in the previous step, the effective concrete strain (εc) and the effective CFRPs strain (εfe) will be determined using the following equations:


   ε c  = (  ε fd  +  ε bi  )      (   c  d f − c    )     



(8)






   ε fe  = 0.003  (    d f − c  c   )  ≤ K m   ε f d  



(9)




where df is the effective CFRPs flexural depth.



	Step Seven: 

	
Computing the strain in the reinforcement steel (εs)







At step number seven, the strain in reinforcement steel (εs) will be computed using the following equation:


   ε s  = (  ε fe  +  ε bi  )    (    d − c   d f − c    )   



(10)







	Step Eight: 

	
Computing the stress level in CFRPs strips and reinforcement steel







Based on the effective CFRPs strain level (εfe) and strain in the reinforcement steel (εs) obtained in the previous two steps, the stress level for the CFRPs strips and steel reinforcement can be computed using the following equations:


   f s  ,   s =  E s    ×    ε s    ≤    f y   



(11)








ffe = Ef × εfe



(12)





	Step Nine: 

	
Computing the internal force and verifying equilibrium







In this step, the concrete-stress block factors (β1 and α) will be calculated using the following equations:


   β 1  =   4 ε  c ′  − ε c   6  ε ′  − 2 ε c      



(13)






  α =   3 ε  c ′  ε c − ε  c 2    3 β ε  c ′    2     



(14)






     ε c   ′  =   1.7 f  c ′    Ec    



(15)




where εc′ is the fc′ corresponding strain.



	Step Ten: 

	
Adjusting c value till reached equilibrium







All steps from six to nine will be repeated using different values of c until the force equilibrium is satisfying.



	Step Eleven: 

	
Computing the nominal flexure strength (Mn)







The design flexural strength is estimated using the following equations:


   M ns  =  A s  ×  f s  × ( d −   β 1 c  2  )  



(16)






    M nf  =  A f  ×  f e  × (  d f  −       β 1 c  2  )   



(17)






Mn = (Mns + Mnf)



(18)




where Mns, Mnf are the nominal flexural strength for the steel reinforcement and CFRP strips, respectively.




4.2. Comparison between Experimental and Theoretical Results


The values of the theoretical ultimate capacity obtained from the ACI 318-19 code [46] for the control specimens and from the ACI 440.2R guidelines [44] for the strengthened specimens are compared with the ultimate capacity obtained from experimental results for all specimens (Table 6). It can be concluded that the theoretical calculations provide lower results than the experimental results, implying that both ACI 318 code [46] and ACI 440 guidelines [44] were conservative in estimating the ultimate flexural capacity.



It is important to point out that the length of the CFRPs strips is not considered in the ACI 440.2R guidelines [44] equations for calculating the area of CFRPs composites (Af). Based on that, the beams that were strengthened by two CFRPs strips at the entire span length and strengthened by two CFRPs strips along the middle half of the span had the same flexural capacity.





5. Conclusions


In this research, an experimental test was conducted to investigate the flexural behavior of rectangular RC beams with three different concrete compressive strengths and reinforcement ratio of about (0.5 ρmax). Eleven RC beams were intended to fail in flexure; eight of them were strengthened with NSM-CFRPs strips using different schemes while the rest were used as control beams. The main objectives of this research were to evaluate the effect of using one and two horizontal NSM-CFRPs strips at full and middle span length on the flexural capacity of RC beams for low, medium, high compressive strength. The main findings drawn from the study are the following:




	
The experimental results confirmed the effectiveness of using the internally bonded NSM-CFRP strips as a strengthening technique. The results showed an enhancement in the flexural capacity of the strengthened RC beams between 10.36% and 52.28%.



	
The CFRP strip number considerably affected the flexural load-carrying capacities for beams with medium concrete strength. Strengthening using two horizontal NSM strips showed better ultimate load values compared to that of only one horizontal strip of 35.67% and 30%, respectively.



	
The two horizontal NSM-CFRP strips embedded along the entire span length, rather than the area of the maximum moment, had a significant effect on increasing the flexural strength for the tested concrete compressive strength values such that the beams (SM-1) and (SL-1) gained, respectively, 10.94% and 28.01% ultimate load higher than beams (SM-2) and (SL-2).



	
The ACI 440.2R guide is conservative in predicting the ultimate flexural capacity since all the experimental results gave a higher ultimate load capacity than the theoretical results. The ratio between the experimental and theoretical results was less than one. Strengthening with one horizontal CFRP strip was the most conservative, followed by the two horizontal strips embedded along the entire span length and the two horizontal CFRP strips at the middle half of the span.



	
Compared to the medium compressive strength, better enhancement ratios were recorded in beams with two horizontal CFRP strips along the entire span length and cast with low concrete strength value. The enhancement ratios were 52.28% and 35.67% for the low and medium compressive strengths, respectively.



	
Relative to the reference beam, the use of two horizontal NSM strips along the middle length and one horizontal strip along the entire span length had a better enhancement ratio in the medium compressive strength of 22.29% and 30%, respectively, compared to the high compressive strength of 10.72% and 10.36%.



	
The improvement ratio in between the schemes approaches each other when the concrete compressive strength is increased. So, the difference in the schemes in high-concrete strength does not give a significant difference. The difference between the SH-2 and SH-3 enhancement ratios was about 0.37%.



	
A good confirmation was noted in the experimental and theoretical results using the ACI 440.2 guideline, where the percent reduction was in the range of 19–28%.








	
Recommendations and Future Work






More research is needed on the effect of using the NSM-CFRPs strips on the flexural behavior of the rectangular RC beams with different compressive strengths under different parameters, such as using more than one layer or staggered layers of the NSM-CFRPs strips at different lengths and orientations. Further studies are also recommended to investigate the effect of the anchorage system on the NSM-CFRPs strips.
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Figure 1. The longitudinal detailing of the strengthened beams at their bottom face (all dimensions are in mm(. (a) Two NSM-CFRP-strips (SH-1, SM-1, SL-1) at full span length. (b) Two NSM-CFRP-strips (SH-2, SM-2, SL-2) over the middle half of the span. (c) One NSM-CFRP-strip (SH-3, SM-3) at full span length. (d) Cross-sectional details of the strengthened specimens. 
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[image: Fibers 10 00086 g001]







[image: Fibers 10 00086 g002 550] 





Figure 2. Reinforcement detailing of the three groups tested (all dimensions are in mm). (a) High Concrete Strength (Group H). (b) Medium Concrete Strength (Group M). (c) Low Concrete Strength (Group L). 
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Figure 3. Beam Casting and Curing. 
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Figure 4. Installation of NSM-CFRP strips. 
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Figure 5. Test setup and LVDTs device. 
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Figure 6. Load–deflection curve for beams of group H. 
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Figure 7. Load–deflection curves for beams of group M. 
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Figure 8. Load–deflection curve for beams of group L. 
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Figure 9. Failure modes of all specimens. 
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Figure 10. Load–deflection curve for: (a) CM and SM-1, (b) CL and SL-1. 
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Figure 11. Load–deflection curve for: (a) CH and SH-2, (b) CM and SM-2, (c) CL and SL-2. 
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Figure 12. Load–deflection curve for: (a) CH and SH-3, (b) CM and SM-3. 
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Figure 13. Load–deflection curve for: (a) SM-1 and SM-2, (b) SL-1 and SL-2. 
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Figure 14. Load–deflection curve for SM-1 and SM-3. 
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Table 1. Concrete mix design.
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Components

	
Concrete Class




	
H *

	
M *

	
L *






	
Cement/OPC (kg)

	
345

	
260

	
205




	
Coarse aggregate (kg)

	
380

	
365

	
365




	
Medium aggregate (kg)

	
630

	
590

	
590




	
Silica sand (kg)

	
635

	
700

	
750




	
Crushed sand (kg)

	
275

	
300

	
305




	
Total water (kg)

	
172

	
180

	
180




	
605 Superplasticizer (Type G) (kg)

	
9.6

	
7.28

	
5.7




	
W/C eff

	
0.45

	
0.63

	
0.79








* High Concrete Strength (H), Medium Concrete Strength (M), Low Concrete Strength (L).
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Table 2. The mechanical and physical properties of the NSM-CFRP strip by Sika Company.
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	Tensile Strength (MPa)
	Elasticity Modulus (GPa)
	Density of Carbon Fiber (g/cm3)
	Width (mm)
	Thickness (mm)
	Strain at Break





	3100
	165
	1.6
	15
	2.5
	>1.70%
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Table 3. Epoxy adhesive properties by Sika Company.
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Density

	
Tensile Strength

	
Bond Strength

	
Elongation at Break

	
E-Modulus






	
1.30 kg/lt ± 0.1 kg/lt (parts A+B mixed)

	
30 MPa *

	
Concrete fracture > 4 MPa on sandblast substrate

	
0.9% *

	
Flexural: 3800 MPa *




	
Tensile: 4500 MPa *








* (7 days at +23 °C).
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Table 4. Test specimen details.






Table 4. Test specimen details.





	
Test Groups

	
Beam Designations

	
Strengthening Schemes






	
Group H

	
CH

	
N/A




	
SH-1

	
Two horizontal NSM-CFRP strips at full span length




	
SH-2

	
Two horizontal NSM-CFRP strips over the middle half of the span




	
SH-3

	
One horizontal NSM-CFRP strip at full span length




	
Group M

	
CM

	
N/A




	
SM-1

	
Two horizontal NSM-CFRP strips at full span length




	
SM-2

	
Two horizontal NSM-CFRP strips over the middle half of the span




	
SM-3

	
One horizontal NSM-CFRP strip at full span length




	
Group L

	
CL

	
N/A




	
SL-1

	
Two horizontal NSM-CFRP strips at full span length




	
SL-2

	
Two horizontal NSM-CFRP strips over the middle half of the span
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Table 5. Test results of all tested beams.
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Specimen

	
Ultimate Load, Pu (kN)

	
Deflection, Δ (mm)

	
Enhancement Ratio %

	
Strength Factor,




	
SF






	
CH

	
280

	
19.53

	
---

	
---




	
SH-1 *

	
300

	
24.44

	
7%

	
1.07




	
SH-2

	
310

	
21.21

	
10.72%

	
1.11




	
SH-3

	
309

	
26.33

	
10.36%

	
1.1




	
CM

	
157

	
16.2

	
---

	
---




	
SM-1

	
213

	
22.49

	
35.67%

	
1.36




	
SM-2

	
192

	
19.18

	
22.29%

	
1.22




	
SM-3

	
204.31

	
35.94

	
30%

	
1.3




	
CL

	
116

	
6.7

	
---

	
---




	
SL-1

	
176.65

	
31.95

	
52.28%

	
1.52




	
SL-2

	
138

	
17.93

	
19%

	
1.19








* Neglect SH-1 from results due to shear confinement losses in the transverse steel resulting from implementation errors.
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Table 6. Experimental and theoretical results.
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Specimen

	
Ultimate Moment, (Mu)

	
Ultimate Load, (Pu)

	
Error (%)




	
Mu, Exp.

(kN·m)

	
Mu, Theo.

(KN·m)

	
Pu, Exp.

(kN)

	
Pu, Theo.

(kN)






	
CH

	
126

	
76.99

	
280

	
171.1

	
63.65




	
SH-2

	
139.5

	
102.66

	
310

	
228.12

	
35.89




	
SH-3

	
139.05

	
92

	
309

	
204.44

	
51.14




	
CM

	
70.65

	
60.1

	
157

	
133.55

	
17.56




	
SM-1

	
95.85

	
84.08

	
213

	
186.84

	
14.00




	
SM-2

	
86.4

	
84.08

	
192

	
186.84

	
2.76




	
SM-3

	
91.94

	
74.62

	
204.31

	
165.82

	
23.21




	
CL

	
52.2

	
35.33

	
116

	
78.51

	
47.75




	
SL-1

	
79.49

	
48.93

	
176.65

	
108.73

	
62.47




	
SL-2

	
62.1

	
48.93

	
138

	
108.73

	
26.92
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