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Abstract

:

Fiber reinforced polymer (FRP) confinement is recognized as the most promising technique for the strengthening and retrofitting of concrete structures. In order to enhance the performance of conventional epoxy-based FRP composites, nano filler modification of the epoxy matrix was implemented in the current study. In particular, the cyclic loading response of standard concrete specimens externally confined by epoxy-based natural and hybrid fiber reinforced polymer systems was investigated. The confinements were realized with sisal fiber reinforced polymer (SFRP) and hybrid sisal basalt fiber reinforced polymer (HSBFRP). Moreover, the effects of multiwalled carbon nanotubes (MWCNT) were also investigated. Three different specimen sets were considered for study: (i) unconfined specimens, (ii) epoxy-based FRP confined specimens and (iii) MWCNT incorporated epoxy-based FRP confined specimens. The specimens were tested in repeated compressive mode in loading-unloading cycles at increasing displacement levels. The test results revealed that FRP wrapping could enhance the mechanical behavior of unconfined columns in terms of strength and ductility. Moreover, it was evident that the mechanical properties of the epoxy matrix were enhanced by MWCNT incorporation. The developed epoxy-based FRP confinement containing MWCNT ensures improvement in axial strength by 71% when compared with unconfined specimens. The epoxy-based FRP confinement, with and without MWCNT, exhibited a high strain redistribution behavior around the concrete core. In comparison to the unconfined specimens, the confinement could increase the sustained axial strain from 0.6 to 1.4% using epoxy-based FRP confinement and to 1.6% with MWCNT incorporated epoxy-based FRP confinement. Further, an empirical model was developed to predict the ultimate axial stress of concrete columns confined externally with FRP jackets. The ultimate compressive strength obtained from the experimental study was compared with the proposed model, and the observed deviation was lower than 1%.
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1. Introduction


The deterioration in concrete structures may have different causes, such as errors occurring during design and construction stages, fatigue failure, and exposure to harsh environments which induces severe structural damage. Hence, to maintain structural integrity, there is a pressing need for the development of various retrofitting techniques which could ensure structural safety along with extended serviceability. In reinforced concrete (RC) structures, external strengthening through the FRP system is a preferred option with regard to the conventional strengthening systems based on steel and concrete jacketing [1,2]. External confinement with –FRP systems results in considerable enhancement in stress and strain responses, thereby upgrading the ultimate load carrying capacity [3,4,5]. An improved stress–strain response of concrete columns is reported, corresponding to different external FRP confinements under monotonic or cyclic axial compression [6,7,8].



Carbon, glass, aramid, etc. are the fibers conventionally used in FRP composites [9,10,11]. High strength and modulus are the attributes for their selection in FRP systems. The glass fiber reinforced polymer (GFRP) confinements were effective in enhancing the ductility and strength of the concrete core [12,13]. However, recently, an emerging trend has been the usage of natural fibers in FRP composites as a replacement for conventional synthetic fibers. In fact, natural fibers such as sisal, jute, abaca, and flax fiber, which have moderate tensile and flexural properties, when used in fiber reinforced polymers were effective in retrofitting concrete columns [14,15,16]. The usage of natural fibers in strengthening application is considered to be a renewable and sustainable solution. In India, a wide range of natural fibers, such as jute, sisal, banana, etc. are abundantly available. The sisal and jute confinements are effective in enhancing the load carrying and energy absorbing characteristics. Further investigations revealed that hybridization of natural and synthetic FRP systems facilitated an excellent option for structural retrofitting. Hybrid composites like Jute–polyester [17], Sisal–GFRP [18], and Abaca–Jute–GFRP [19] have exhibited superior performance over the individual natural FRP systems [20]. They reported increments in strain and energy dissipation characteristics corresponding to hybrid configurations.



Bouchelaghem et al. [21] conducted a study comparing the conventional CFRP systems and newly developed hybrid FRP systems, and reported that hybrid confinement was effective in offering a cost-effective solution. The behaviors of stress-strain plots and post-peak load regimes were analyzed by De Luca et al. [22], and they noticed minor load drops during the strain increments. Furthermore, they reported that the ductility and energy dissipation characteristics could be improved by hybrid FRP confinement. Takeuti et al. [23] carried out the investigation on differently-shaped concrete columns which were strengthened with the FRP system. The specimens were preloaded and then were subjected to axial compression loads. It was seen that even though preloading results in poor ductility, there was no significant impact on the load-carrying capacity. Observations were also made that circular columns exhibited better ductility characteristics than square columns. Rousakis et al. [24] analyzed the performance of FRP-confined RC square sections under repeated load-unload axial compressive cycles and found that upon FRP confinement a remarkable upgradation in both strength and strain ductility was noticed. In a recent study [25], the effect of predamage and loading cycles on the confined concrete was analyzed [25]. The test results revealed that concrete predamage has a substantial effect on the cyclic stress–strain curve of the FRP-confined concrete under cyclic loading.



The widely used matrix material in FRP composites is the thermoset polymer epoxy resin. High strength and stiffness along with chemical compatibility make it a correct option as the matrix material [26]. During the service period, epoxy composites are exposed to severe environmental conditions which result in the degradation of epoxy resin and its various mechanical characteristics [27]. The behavior of FRP laminates depends on the choice of components, volume fraction, and the manufacturing process [28,29,30]. The multi-scale composites have grabbed the attention of researchers worldwide [31], as they are composites with macro fibers along with nanoscale materials used as matrix reinforcement. The unique properties of carbon nanotubes (CNTs) compared to other reinforcements make it a good option to be used as nanofillers in the polymer matrix. CNTs are classified into single-walled carbon nanotubes (SWCNT) and multiwalled carbon nanotubes (MWCNT) [32]. They possess good resilience, which can sustain large angle bending without damage [33]. When CNTs were incorporated into the traditional polymer composite, it was found to significantly enhance their various mechanical and durability properties [34]. The higher surface area offered by these nanoparticles ensures a better filler–polymer interface interaction and improved stress transfer within the matrix. However, at higher concentrations of nanoparticles, there were agglomerations of CNTs which was due to the Van der Waals forces between the individual nanotubes [35]. Hence, uniform dispersion of CNTs in epoxy resin is carried out either by sonication or high shear mixing. Eskizeybek et al. [36] studied the performance of epoxy/carbon fiber composites. The overall load-carrying capacity was upgraded noticeably, resulting in improvement in general material toughness. Kumar P.S. et al. [37,38] stated that upon MWCNT incorporation in epoxy a considerable enhancement in tensile and fracture properties of the composites was observed. The carbon fiber acts as a macroscale reinforcement, whereas MWCNT assumes the role of a nanofiller in the epoxy matrix, resulting in a multiscale composite. They inferred that MWCNT addition beyond the optimum content led to a reduction in properties due to clustering of MWCNTs. Joseph et al. [39] explored the performance of nano filler modified epoxy-based FRP confinement under monolithic axial compression and found that the newly developed FRP confinement could improve the strength properties considerably. The high temperature performance of these confinements was also found to be superior [40].



As evident from the literature, the in-depth analysis of hybrid sisal basalt fiber-reinforced polymer (HSBFRP) is not fully explored. The efficiency of MWCNT dispersed in epoxy-based hybrid sisal-basalt FRP as a confinement system in concrete columns under repeated axial compression, decompression, and recompression cycles is critically investigated in this work. The cost involved in MWCNT could be justified by strength enhancement, and the studied hybrid system can be used as an alternative to the conventional high-cost CFRP system. The peak strength obtained for different confinement systems from the experimental study is compared with various existing models. To evaluate the peak compressive strength of the newly developed hybrid sisal basalt epoxy-based FRP system, a modified mathematical model is derived from previous reports [41,42]. This study is focused to explore the feasibility of the newly developed FRP system as a strengthening material for structural applications.




2. Experimental Work


For the axial cyclic compressive loading test, concrete specimens of dimensions height 300 mm and diameter 150 mm were used. This experimental program consists of a series of studies relating to unconfined columns and influence of external FRP confinement. Four different types of confinements were considered in the study: (i) epoxy-based sisal fiber reinforced polymer (SFRP) sheets; (ii) epoxy-based SFRP sheets with incorporated MWCNT; (iii) epoxy-based hybrid SBFRP sheets; (iv) epoxy-based hybrid SBFRP sheets with incorporated MWCNT.



2.1. Materials Used


2.1.1. Concrete


Grade 53 Ordinary Portland Cement meeting the requirements of IS 12269-2013 was used for the preparation of concrete. Concrete mix proportioning was carried out for a characteristic compressive strength of 20 MPa as per IS 10262-2019. The mix ratio was calculated as 1:1.5:2.58 as weight of cement: FA: CA with a water cement ratio of 0.45. The concrete cylinders were cast, and water cured for a period of 28 days. The material properties are described in Table 1.




2.1.2. MWCNT Modified Epoxy Resin


Two-part high-performance epoxy resin was used as the matrix consisting of resin and hardener blended in a mix ratio of 100:15 as suggested by the supplier (Covai Seenu, Coimbatore, India). To improve the adhesion properties of epoxy and, thereby, to enhance the strength, MWCNT modified with carboxylic acid (–COOH) was chosen as the nano filler, which was supplied by Platonic Nanotech Private Ltd., Mahagama, India.




2.1.3. Fiber


Bidirectional woven plain sisal and basalt fibers with identical thickness were used as the fiber reinforcement in the FRP composites. Basalt fiber and sisal fibers were supplied by Go Green Products, India. Being a natural fiber, alkali treatment was carried out on sisal fibers prior to wrapping. These fibers were completely immersed in alkaline solution (NaOH), after which they were dried in a controlled environment for 72 h [43].





2.2. FRP Composite Preparation


The composite laminates were prepared by a two-step hand layup method. In the first step, within the epoxy resin the MWCNT was homogeneously distributed for 30 min using an ultrasonic probe sonicator of 20 kHz capacity. Subsequently, the hardener was mixed with the epoxy matrix in a ratio of 100 parts by weight of resin to 15 parts by weight of hardener. The second stage included the laminate preparation with various fibers systems embedded in the epoxy resin containing 1 wt.% of MWCNT [44]. The laminates were then cured for 72 h at room temperature. The cured laminates were then cut into specific dimensions: 100 mm length, 10 mm width and 3 mm thickness based on the test requirements as per ASTM D3039, as seen in Figure 1.




2.3. Preparation of Confined Specimen


Five different sets of specimens were considered and prepared for the study as unconfined specimens, SFRP confined specimens, HSBFRP confined specimens, MWCNT modified epoxy-based SFRP confined specimens, and MWCNT modified epoxy-based HSBFRP confined specimens. Concrete cylindrical specimens of the dimensions 300 mm in height and 150 mm in diameter were cast and water-cured for a standard period of 28 days. After curing, the specimens were dried, and the concrete surfaces were then cleaned and roughened for FRP wrapping. MWCNTs were carefully mixed with the epoxy resin until a homogeneous mixture was obtained. Over the roughened surface of concrete, a layer of prepared epoxy resin was applied using a roller. When hybrid confinement was taken into consideration, sisal fiber sheets impregnated with epoxy were wrapped around the concrete cylinder as the inner layers, and on top of them basalt fiber layers were wrapped around. In between every layer, the epoxy resin was applied as a matrix. An overlap distance of 150 mm was provided for every FRP layer to avoid slippage during loading. The FRP-confined specimens were then cured in a controlled environment prior to testing. An illustration of FRP-confined specimen preparation is provided in Figure 2. The nomenclature and details adopted for each specimen is given in Table 2. Group A are the laminate specimens used for assessing the properties of MWCNT modified epoxy-based composites, whereas group B represents the concrete column specimens considered for assessing the effect of FRP confinement.




2.4. Characterization Techniques


During the first phase of the experimental study, various mechanical properties of epoxy composites were analyzed (specimen details are represented as Group A in Table 2). To analyze the dispersion and morphology of MWCNT in the epoxy matrix, high-resolution transmission electron microscopy (HRTEM) observations were carried out on ultrathin sections of nano composites in a JEOL/JEM 2100 transmission electron microscope at 200 kV acceleration voltage. The tensile properties of the composites were evaluated according to ASTM D3039 in INSTRON 4502 universal testing machine at a cross head speed of 1 mm/min. The dimensions of the epoxy specimens were fixed as 100 mm, 10 mm, and 3 mm, respectively, as length, width, and thickness of the specimen. The flexural strength of the composite was determined as per ASTM D790 at a crosshead speed of 1.25 mm/min by 3-point bending mode test. A single-edge notch bending (SENB) test was conducted as per ASTM D5045 at a load of 20 kN at a cross head speed of 1 mm/min to estimate the fracture toughness.



In the second phase of the study, the influence of FRP jacketing on short concrete columns was studied (specimen details are given in Group B of Table 2). The concrete columns were tested in a universal testing machine (UTM) with a load capacity of 3000 kN until failure under axial compression. The test consisted of repeated axial compression followed by decompression followed by recompression cycles under incremental axial deformations per cycle. The axial deformation was incremented by 1% strain after each cycle. To ensure uniform loading over the concrete specimens, 5mm thick steel plates were placed at both the ends of specimens during testing.





3. Results and Discussion


3.1. Group A Specimens


3.1.1. High-Resolution Transmission Electron Microscopy (HRTEM) of Epoxy Nanocomposites


MWCNTs were added as 0.5, 1.0, 1.5 weight percentages in the epoxy matrix and the morphology, particle size, and alignment of the filler system in the epoxy matrix was examined. The TEM images corresponding to epoxy-MWCNT composites such as EC0.5, EC1, and EC1.5 are shown in Figure 3. The transmission electron microscopy reveals the nanoscale dispersion of MWCNTs in the epoxy matrix. Figure 3b (EC1 composites) reveals that 1 wt.% MWCNT is well dispersed in the epoxy matrix, and even after ultrasonication, MWCNT particles could retain their tubular shape. The multifarious entanglement of epoxy together with MWCNTs leads to better stress transfer, which may further prevent crack propagation within the composites [45]. While EC1.5 (Figure 3c) composites were considered, i.e., at higher weight percentages of MWCNTs nano filler particle clusters than could be observed, which were still not separated even after the process of ultrasonication. The morphology shows a blend of MWCNT dispersion in certain regions along with agglomeration at a few locations. The formation of clusters could reduce the interfacial area between the epoxy and MWCNT, which may further reduce physical and chemical bonding between them [46]. The major factor which governs the formation of clusters is the interparticle van der Waals force within the MWCNTs [47]. The interparticle distance reduces at the higher nano filler content, which results in the agglomeration of MWCNTs. For the aforementioned reasons, a content of 1 wt.% of MWCNT in epoxy is considered to be an optimal amount for the further study.




3.1.2. Mechanical Properties of Epoxy Nano and Hybrid Composites


Tensile Properties


The incorporation of MWCNT in epoxy considerably improved its tensile properties as observable from Table 3. In fact, after dispersion of 1wt.% of MWCNT, enhancements in tensile strength and Young’s modulus by 65% and 41%, respectively, compared to the neat epoxy specimens were observed. The rise in tensile strength is due to the uniform dispersion of MWCNT within the epoxy resin, which further provides greater interfacial area and interaction, thus creating an anchoring effect between the epoxy resin and the MWCNTs [48]. Composites with four layers of hybrid sisal and basalt fibers (E-C0S2B2) exhibited an improvement in tensile strength by 94%, and upon addition of 1 wt.% MWCNT to the same hybrid system (E-C1S2B2), the tensile strength was enhanced by 167%. During the loading process, the presence of MWCNT is expected to improve the load-bearing capacity of the FRP confinement [49]. Within the composite, being a low modulus component, the crack initiation begins first at the epoxy during the loading process. The presence of MWCNTs enables a bridging effect within the epoxy matrix, thus increasing its crack propagation resistance [37]. When multiscale composites are considered (E-C1S2B2), a more ductile mode of failure can be observed when compared to neat epoxy composites, due to an increase in the elongation at the break with the MWCNT addition.




Fracture Toughness


The fracture toughness under the opening mode (mode I) was evaluated both as the critical value of the stress intensity factor (KIC) and as the critical value of the strain energy release rate (GIC) [50]. The epoxy when reinforced with sisal and basalt fibers recorded a rapid increase in fracture toughness as given in Table 4. The resistance against delamination growth was provided by the fiber reinforcements. With 1wt.% addition of MWCNT, both KIC and GIC values increased by 121% and 290%, respectively. Along with the MWCNT addition, when the epoxy is reinforced with a hybrid fiber system, the KIC and GIC values further increase by 237% and 477%, respectively. The uniform dispersion of nano filler particles is an important parameter that governs the fracture toughness and strength characteristics.




Flexural Properties


The flexural tests on epoxy composites were carried out in a three-point bending mode. Figure 4 reveals that the addition of MWCNTs helps in increasing the flexural strength of the composites. In fact, the epoxy resin exhibited a flexural strength of 100 MPa, while it has been seen that E-C1 with 1wt.% of MWCNT improves the flexural strength by 35%. Epoxy composites reinforced with two layers of sisal and basalt fiber layers each exhibited an increase in flexural strength by 120%. The sample with 1 wt.% of MWCNT and hybrid fiber reinforcements revealed the maximum improvement in flexural strength, which augments the confinement effect of FRP wrapping on concrete. The available free volume is reduced significantly upon close packing of polymer chains and attractive polar forces, which, along with the Van der-Waals bonding, are generated between the polymer chains upon MWCNTs incorporation [51]. Thus, the epoxy chains are capable of bearing extra loads.






3.2. Effect of FRP Confinement on Concrete—Group B Specimens


The specimens in Group B were considered to study the influence of the newly developed confining system on the performance of cylinders under uniaxial cyclic loading. Epoxy-based composites reinforced with MWCNTs were applied in between fiber layers as adhesive.



3.2.1. Axial Compressive Behavior


To analyze the influence of cyclic loading on different confinement systems, three sets of specimens were considered: unconfined specimens, epoxy-based FRP confined specimens, and epoxy-based FRP filled with MWCNT confined specimens. The test consists of repeated axial compression with decompression and recompression cycles, and at the end of each cycle, the strain in the next cycle is incremented by 1%. The load values per cycle and the corresponding displacements can be directly recorded from the system. Table 5 reports the compressive test results exhibited by different confining systems under uniaxial cyclic loading. The ultimate axial strength corresponding to confined specimens includes the ultimate axial strength of both the concrete core and the confined FRP system, which was recorded during the specimen failure. The corresponding axial deflections were also recorded alongside use of a digital data acquisition system.



Unconfined Specimens


The unconfined concrete cylinders were considered to be the control specimens (CS). Here the ultimate failure was reached with the development of extreme concrete cracks propagating throughout the column height under axial compression. Since there were no confinements present, these specimens failed due to crushing. The failure was constituted to be sudden cracking along with severe crushing without any prior warning as an indication of catastrophic failure [6,42]. The unconfixned cylinders failed to take large loads with development of large longitudinal cracks formed on the periphery of the cylinders as evident from Figure 5. CS specimens experienced severe damage of the concrete core along with multiple cracks on the outer surface, followed by the complete crushing of the concrete core during the 3rd cycle. This was due to the weakening of concrete strength upon exposure to multiple loading cycles. The ultimate failure mode was characterized by shearing and splitting of concrete. The compressive strength exhibited by unconfined specimens under axial cyclic loading is reported in Table 5. The unconfined concrete strength is represented as f’co. The average compressive strength offered by unconfined specimens during axial cyclic loading was noted as 24.36 MPa.




Epoxy-Based FRP Confined Specimens


To analyze the influence of epoxy-based FRP systems as confinement around concrete surfaces, two types of FRP systems were primarily considered. These include two layers of sisal FRP system and four layers of hybrid sisal basalt FRP system. They were effectively wrapped around the concrete specimens as listed in Table 2 (group B) and considered for the experimental study. The unconfined concrete strength is represented as f’cc. The ultimate failure of epoxy-based FRP confined specimens was basically due to the ultimate failure of both the concrete core and the FRP wraps. When specimens confined with individual sisal FRP sheets (i.e., SFRP) were considered, they failed in a sudden manner with a thunderous sound due to the rupture of external FRP confinement. The failure mechanism exhibited by specimens wrapped with sisal FRP as inner confinement and basalt FRP as external confinement was different from that of individual SFRP-confined specimens. When C-C0S2B2 specimens are considered, the rupture of inner and outer confinements do not occur simultaneously. In these specimens, even before reaching the ultimate loading stage, the inner FRP sheets (i.e., SFRP) ruptured completely and loudly, even if the damage was not visible from the exterior. When the ultimate loading stage is approached, the outer FRP layers (i.e., BFRP) ruptured gradually around the top and bottom ends of the specimens. In both SFRP- and HSBFRP-confined specimens, the ultimate failure pattern was marked as the single line continuous cracking of the FRP laminate as observed from Figure 6. The rupture started from the top end and progressed to the bottom end, without formation of any other alternative cracks. Similar results were stated in earlier studies on sisal and jute FRP confinement [52]. The ultimate stress capacity exhibited by epoxy-based FRP-confined specimens along with axial strain under cyclic axial loading are given in Table 5.



The SFRP confined specimens recorded an increase in axial load carrying capacity by 53%, while the HSBFRP-confined specimens exhibited an increase in strength of 67% when compared with unconfined ones. In both types of FRP composites, even though there were ruptures of FRP layers, a clear debonding of FRP wraps from the concrete surface was not observed. This can be considered evidence of proper bonding between the concrete core and FRP confinement as reported in similar studies [17,20]. The concrete burst after the FRP fracture was more prominent in SFRP-confined specimens compared to HSBFRP-confined specimens. The HSBFRP-wrapped specimens displayed higher ultimate load carrying capacity, and these specimens even after exhibiting signs of failure underwent further axial deflections before ultimate failure. During the ultimate failure condition of HSBFRP confined cylinders, the ultimate load carrying capacity of both the FRPs were exploited. It was therefore inferred that the HSBFRP confinement not only increased the ultimate load carrying capacity but also enhanced the axial deformations.




MWCNT Incorporated Epoxy-Based FRP Confined Specimens


The influence of the incorporation of 1wt.% of MWCNT in the epoxy matrix of the FRP was also considered in this study. During the cyclic loading, characteristic sounds could be heard as an indication of the formation of micro cracks within the concrete core and the confined FRP jackets, serving as early warning before failure. On reaching the ultimate load, both the FRP confinement systems failed with an explosive sound. The composite wrapping layers failed gradually. As evident from Table 5, there was a considerable enhancement in the axial load carrying capacity for C-C1S2 and C-C1S2B2 specimens relative to C-C0S2 and C-C0S2B2. The enhanced axial strength and strain of both the FRP confinements could be attributed to the improved load bearing capacity induced by the MWCNTs dispersed in the matrix. Epoxy being the low modulus element within the FRP, it starts cracking initially during the loading process. With MWCNTs incorporation, a mechanical interlocking between polymer chains and nanotubes is induced. Further, a bridging effect is developed, which enables the transfer of stress between the low modulus matrix material and high modulus MWCNTs. The cracks generated in the concrete core propagated to the FRP layers. The presence of MWCNTs could deflect and bridge the micro cracks as schematically illustrated in Figure 7 [37].



In the case of neat epoxy FRP-confined specimens there was no evidence of crack formation in the FRP layers during cyclic loading. However, at the final stage, the FRP layers also failed, as seen in Figure 8. The cracks originated from at the top end of the FRP propagated axially in the entire height of the specimen. The bursting of concrete through the cracks marks the failure of specimens, primarily due to FRP rupture [24]. According to the failure modes, the FRP rupture pattern and the cracks in the inner concrete core of the C-C1S2 and C-C1S2B2 are significantly governed by the type of confinement. The splitting failure of the FRP wraps was limited by the superior lateral confinement offered by HSBFRP-confined specimens with MWCNTs, while it was more pronounced when SFRP- confined specimens were considered [18]. When C-C1S2B2 specimens are considered, even while undergoing higher axial strains, the core is seen to be widely cracked, and still, it continues taking axial load due to the bonded fiber layers. During every unloading cycle, the FRP wraps redistribute the hoop stress around the concrete core. The C-C1S2 specimens suffered severe damage to the concrete core followed by fracture of the composite layers during the 4th cycle at a strain of around 1.55%. On the other hand, the HSBFRP- confined specimen with incorporated MWCNTs C-C1S2B2 failed during the 5th cycle, reaching stresses at 32.05 MPa at a strain around 1.705%. Hence the hybrid-confinement in columns with the addition of MWCNT enhanced the load carrying and deformational capacity of the concrete core.






3.3. Efficiency of Wrapping in Concrete Columns


The enhanced axial load carrying capacity observed in cylinders is primarily due to the confining pressure contributed by the FRP layers surrounding the concrete core. The confinement effectiveness is represented as the ratio of the compressive strength of the confined specimens to that of the unconfined ones (f’cc/f’co) [10]. It was evident that the HSBFRP system manifested improved performance due to the combined effect of sisal and basalt FRP systems. When hybrid confinements are considered, the nano filler modified category (C-C1S2B2) recorded the maximum enhancement in axial load carrying capacity of the unconfined concrete core. The sisal-based FRP confinement was also capable of improving the load carrying capacity of the concrete core under cyclic axial compressive loading. The enhanced confinement effectiveness for C-C0S2, C-C1S2, C-C0S2B2, and C-C1S2B2 are 1.521, 1.557, 1.665, and 1.705, respectively, compared to unconfined specimens. Irrespective of the type of FRP confinement, the effect of MWCNT in developing confining pressure to resist the hoop stresses during axial compression was vivid. This could be evidenced from the enhancement in the axial load carrying capacity by 56–71% upon MWCNT modification of epoxy. When the maximum hoop stress is exerted by the concrete core during axial compression, the FRP layers reach its ultimate strain value, and the confinement fails due to the rupture of FRP. The ultimate tensile strain offered by FRP was influenced by the number of FRP wraps. The four-layered MWCNT incorporated HSBFRP offered an improved confining effect compared to two-layered SFRP confinements.




3.4. Stress–Strain Behavior


The mechanical behavior exhibited by FRP confined specimens under axial cyclic loading was assessed in terms of their stress–strain response. Figure 9 presents the stress–strain response of unconfined plain concrete specimens during cyclic loading. The unconfined specimens reached the peak stress of 17.36 MPa at a strain of 0.93%. The unconfined specimens undergo a sudden brittle failure during the third cycle. The stress–strain curves corresponding to FRP confined concrete specimens are displayed in Figure 10, Figure 11, Figure 12 and Figure 13. It is worth mentioning that the FRP confined columns exhibited a ductile behavior. The initial regions of the stress–strain curve till the third cycle exhibited a similar trend to that of the unconfined specimens. During this period, since the deformation of concrete is negligible, the effect of FRP confinement is not fully activated. Eventually, the confinement effect is activated during the subsequent cycles on reaching their ultimate compressive strength. The ultimate stress was 28.6 MPa at 1.27% strain for SFRP confined specimens during the fourth cycle. The same SFRP confinement when incorporated with MWCNT could record 29.2 MPa at a strain of 1.33% during the fourth cycle. A drop in the stress values could be observed during the fifth cycle, obviously due to the fracture of FRP layers.



The specimens C-C0S2B2 and C-C1S2B2 were investigated to study the effect of the HSBFRP confinement. As shown in Figure 12 and Figure 13, the specimens presented a similar stress–strain behavior. During the fifth loading cycle, the ultimate stress capacity exhibited by C-C0S2B2 was 28.49 MPa at 1.54% strain, while C-C1S2B2 exhibited an ultimate stress capacity of 31.58 MPa at 1.58% strain. The specimen C-C1S2B2 exhibited an improved load-bearing response. From the stress–strain results, it is evident that the MWCNT-modified FRP strengthening system could restrict the early crushing of the concrete members under axial cyclic loading with appreciable strain. These results suggest that MWCNT incorporated HSBFRP confinement can serve as an efficient confining reinforcement to resist dynamic loads.




3.5. Mathematical Models


Ultimate Strength Models for FRP Confined Specimens


Numerous research studies, including experimental and analytical works, have been carried out to find the compressive strength exhibited by FRP-confined columns when tested under cyclic axial compressive loading. Most of the available strength models were based on empirical investigations, with an aim that the developed models should predict the ultimate strength of the FRP-confined columns. Several models are available to predict the ultimate strength of FRP-confined specimens, and studies have revealed that the models are influenced by the type of confinement [53,54,55,56]. Under the action of cyclic axial compression, tensile stress will be developed around the FRP confinement in hoop direction, and for circular column specimens, it is assumed that the lateral confining pressure developed around the column is uniform. Upon loading, the concrete enlarges laterally, and the confining pressure rises, leading to the failure of FRP layers.



The lateral confining pressure developed is calculated as [42],


   f l  =   2 tf  D  =   2  tE ε   D   



(1)




where the diameter of the concrete cylinder is denoted as D (mm), the thickness of the FRP layers as t (mm), the modulus of elasticity of FRP as E (N/mm2), and the ultimate tensile strength of FRP as f (N/mm2). Based on the existing models [54,55,56] of FRP-confined systems, the equation for confined compressive strength is given as:


f’cc = f’co + k1 × f1



(2)




where k1 is the coefficient of confinement effectiveness, which is the ratio of the compressive strength of the confined specimens to that of the unconfined ones, and its value depends on the experimental results and type of confinement.



Figure 14 depicts a relation correlating the lateral confining pressure and ultimate compressive strength exhibited by epoxy-based SFRP, MWCNT incorporated epoxy-based SFRP, epoxy-based HSBFRP, and MWCNT incorporated epoxy-based HSBFRP- confined cylinders, respectively. The straight line has been fitted with a confidence level of 95%. From the Figure, it is noticeable that the confining effect of FRP is in agreement with the confining pressure developed within the FRP and concrete core. The strength model can be expressed as


f’cc = 25.047 + 2.9586 f1



(3)







The unconfined concrete strength (fco) is found to be 24.3 N/mm2 as per the experimental study which is found to be close to the analytical value of 25.0 N/mm2 obtained from Equation (3). On dividing both sides of the Equation (3) with fco the equation is modified as


    fcc   fco   = 1 + 2.9586     f 1     fco    



(4)







The confinement effectiveness is represented as fcc/fco. From the equation, it is evident that the strengthening ratio is inversely proportional to unconfined strength and directly proportional to the strength of FRP. The comparative study between the experimental and analytical results corresponding to axial stress is presented in Table 6, where the deviation in experimental and analytical results is found to be less than 1%. Thus, the proposed model is in agreement with the experimental study establishing its suitability for the prediction of peak compressive strength of FRP-confined specimens under axial cyclic loading.






4. Conclusions and Future Outlook


The present paper presents the experimental investigation of a newly developed epoxy-based hybrid FRP confinement containing MWCNTs to be used as a wrapping layer on concrete columns under compressive loading. In particular, the objective of the study is to assess the suitability of the proposed method in columns subjected to cyclic loading. In both epoxy nano and multiscale composites, the presence of MWCNT and its uniform dispersion contributes to the improved mechanical properties. The presence of 1wt.% of MWCNT raised the flexural strength of nanocomposites by 60% and that of multiscale composites by 120% with respect to neat epoxy. From the experimental data, the following results can be highlighted:




	
As evident from the test results under multiple load compression cycles, the load carrying capacity of the structures could be enhanced remarkably with FRP confinements. A noticeable additional improvement could also be accomplished with MWCNT modification of epoxy;



	
The enhanced strength and ultimate strain by 60 to 75% of the confined specimens are found to be influenced by the type of FRP confinement and MWCNT modification of the epoxy matrix. Hybrid confinement was more effective than sisal FRP in terms of strength enhancement;



	
When hybrid confinement is taken into consideration the outer FRP layers aided in resisting the axial compressive loads post ultimate loading and thereby resisting catastrophic failure in columns;



	
MWCNT incorporated epoxy wrapped specimens were capable of giving early warning in the form of small cracking sounds as an indication of the formation of microcracks before ultimate failure;



	
An empirical equation is developed to predict the peak compressive strength of FRP-confined concrete. The results of the proposed model and experimental results were found to be in good agreement.








Hence, based on this study, it is evident that MWCNT incorporated epoxy-based hybrid confinement systems is a viable option for structural strengthening and retrofitting. The epoxy modification exhibited better response to cyclic loading, and the newly developed system can be adopted in structures susceptible to seismic damages.



As future work, the confinement approach may be extended to reinforced concrete structures and long columns. Different types of nano fillers and surface treatments for better attachment of nano fillers onto the surface of the fiber for modifying the interface between the matrix and fiber can be explored.
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Figure 1. Laminate samples for testing (a) E (b) E-C1 (c) E-C1S2B2. 
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Figure 2. Schematic representation of the preparation of FRP confined specimens. 
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Figure 3. TEM images corresponding to (a) E-C0.5 (b) E-C1 (c) E-C1.5. 






Figure 3. TEM images corresponding to (a) E-C0.5 (b) E-C1 (c) E-C1.5.



[image: Jcs 07 00152 g003]







[image: Jcs 07 00152 g004 550] 





Figure 4. Flexural strength of epoxy, nano and multiscale composites. 
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Figure 5. Failure patterns of unconfined specimens. 
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Figure 6. Failure pattern of (a) C-C0S2 (b) C-C0S2B2. 






Figure 6. Failure pattern of (a) C-C0S2 (b) C-C0S2B2.



[image: Jcs 07 00152 g006]







[image: Jcs 07 00152 g007 550] 





Figure 7. Schematic representation of bridging effect of MWCNT in epoxy. 
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Figure 8. Failure pattern of (a) C-C1S2 (b) C-C1S2B2. 
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Figure 9. Axial stress versus axial strain curves of CS concrete cylinder under cyclic axial load. 
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Figure 10. Axial stress versus axial strain curves of C-C0S2 concrete cylinder confined with epoxy-based SFRP under cyclic axial load. 
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Figure 11. Axial stress versus axial strain curves of C-C1S2 concrete cylinder confined with MWCNT incorporated epoxy-based SFRP under cyclic axial load. 
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Figure 12. Axial stress versus axial strain curves of C-C0S2B2 concrete cylinder confined with epoxy-based HSBFRP under cyclic axial load. 






Figure 12. Axial stress versus axial strain curves of C-C0S2B2 concrete cylinder confined with epoxy-based HSBFRP under cyclic axial load.



[image: Jcs 07 00152 g012]







[image: Jcs 07 00152 g013 550] 





Figure 13. Axial stress versus axial strain curves of C-C1S2B2 concrete cylinder confined with MWCNT incorporated epoxy-based HSBFRP under cyclic axial load. 
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Figure 14. Peak compressive strength vs. lateral confining pressure. 
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Table 1. Constituent properties of materials.
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Material

	
Property

	
Value






	
Cement

	
Grade

	
53




	
Specific Gravity

	
3.15




	
Fine aggregate

	
Fineness modulus

	
2.83




	
Specific Gravity

	
2.63




	
Coarse aggregate

	
Bulk density

	
1.52 kg/L




	
Specific gravity

	
2.64




	
MWCNT

	
nanotube purity

	
97%




	
average length

	
2–10 microns




	
specific surface area

	
250–270 m2/g




	
Sisal fiber

	
Thickness

	
0.8–1.1 mm




	
GSM

	
300




	
Density

	
1582 kg/m3




	
Basalt fiber

	
Thickness

	
0.8–1.1 mm




	
GSM

	
380




	
Density

	
2633 kg/m3
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Table 2. Specimen details and nomenclature.
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Group

	
Specimen Nomenclature

	
Specimen Material

	
MWCNT wt.% in FRP

	
Sisal Layer Count

	
Basalt Layer Count

	
Total No. of Fiber Layers






	
A

	
E

	
Epoxy

	
0

	
0

	
0

	
0




	
E-C1

	
Epoxy

	
1

	
0

	
0

	
0




	
E-C0S2

	
Epoxy

	
0

	
2

	
0

	
2




	
E-C1S2

	
Epoxy

	
1

	
2

	
0

	
2




	
E-C0S2B2

	
Epoxy

	
0

	
2

	
2

	
4




	
E-C1S2B2

	
Epoxy

	
1

	
2

	
2

	
4




	
B

	
CS

	
Concrete

	
0

	
0

	
0

	
0




	
C-C0S2

	
Concrete

	
0

	
2

	
0

	
2




	
C-C1S2

	
Concrete

	
1

	
2

	
0

	
2




	
C-C0S2B2

	
Concrete

	
0

	
2

	
2

	
4




	
C-C1S2B2

	
Concrete

	
1

	
2

	
2

	
4
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Table 3. Tensile properties of epoxy and multiscale composites.
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	Specimen
	Tensile Strength (MPa)
	Young’s Modulus (GPa)
	Elongation at Break (%)





	E
	36 ± 0.6
	1.73 ± 0.01
	6.9 ± 0.9



	E-C1
	61 ± 0.1
	2.56 ± 0.02
	10.2 ± 0.1



	E-C0S2
	69 ± 0.8
	2.88 ± 0.03
	10.2± 0.2



	E-C1S2
	83 ± 2.0
	3.18 ± 0.80
	10.5 ± 0.6



	E-C0S2B2
	72 ± 1.8
	2.96 ± 0.80
	10.7 ± 0.8



	E-C1S2B2
	99 ± 2.1
	3.44 ± 0.90
	11.3 ± 0.9
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Table 4. Fracture toughness properties of epoxy, nano, and multiscale composite laminates.
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	Specimen
	KIC (MPa·m1/2)
	GIC (kJ/m2)





	E
	1.9 ± 0.3
	1.7 ± 0.4



	EC1
	4.2 ± 0.2
	6.6 ± 0.2



	EC0S2
	3.5 ± 0.1
	4.1 ± 0.5



	EC0S2B2
	5.3± 0.6
	7.4 ± 0.3



	EC1S2
	4.5 ± 0.8
	5.1 ± 0.7



	EC1S2B2
	6.4 ± 0.8
	9.8 ± 0.5
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Table 5. Axial cyclic compression test results.
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	Sl No
	Specimen
	Compressive Strength (MPa)

(f’cc or f’co)
	Strength Enhancement (%)
	Confinement Effectiveness

f’cc/f’co
	Axial Compressive Strain (%)





	1
	CS
	17 ± 0.3
	-
	-
	0.93



	2
	C-C0S2
	28 ± 0.6
	52.14
	1.521
	1.27



	3
	C-C1S2
	29 ± 0.2
	55.68
	1.557
	1.33



	4
	C-C0S2B2
	31 ± 0.3
	66.50
	1.665
	1.54



	5
	C-C1S2B2
	32 ± 0.2
	70.51
	1.705
	1.58
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Table 6. Comparison of experimental and analytical confined compressive strength.
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Specimen

	
Confined Compressive Strength fcc (MPa)

	
Percentage Difference (%)




	
Experimental Results

	
Analytical Results






	
C-C0S2

	
28.6

	
28.5

	
0.28




	
C-C0S2B2

	
31.3

	
31.2

	
0.03




	
C-C1S2

	
29.2

	
29.3

	
0.36




	
C-C1S2B2

	
32.2

	
32.1

	
0.31

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Crack bridging efect ol MWCNT





media/file4.png
Unconfined concrete specimen

Water T8

MWCNT modified
FRPconfined specimen

| _Ultrasonicator CNT-Epoxy mixture

MWCNT FRP wrapping

Hand layup

Fabric

Q:g‘
- ‘.

.\

Treated fabric

-

aOH solution

5






media/file18.png
Axial Stress (MPa)

N
-]

p—
U1

p—
-]

0.0

0.2

Cyclic stress — strain curve

0.4 0.6 0.8
Axial Strain (%)

1.0

1.2





media/file21.jpg
@
&

Cyclic stress — strain curve

BB oW
8 8 8

Axial Stress (MPa)
s &

s o

00 05 10 15
Axial Strain (%)





media/file26.png
Axial Stress (MPa)

35
30
25
20
15
10

Q1

0.0

Cyclic stress — strain curve

0.5 1.0 1.5
Axial Strain (%)

f

2.0

2.5





media/file27.jpg
35

y =2.9586x + 25.04

f, (MPa)

15

25





media/file3.jpg
Unconfined conerete specimen
Fine aggregate

+
Water
Coarse aggregate]

Ew
Ultrasonicator N Elm:

& L

Fabric
Treated fabric

Hand layup

FRP wrapping

MWONT modified
FRPconfined specimen






media/file22.png
Axial Stress (MPa)

35

30

25

20

15

10

Q1

_—
0.0

0.5

Cyclic stress — strain curve

1.0 1.5
Axial Strain (%)

2.0

2.5





media/file19.jpg
Axial Stress (MPa)

@
&

@
8

5
i

N
8

@

3

@

o

05

Cyclic stress - strain curve

1 15
Axial Strain (%)

25





media/file7.jpg
s B B B B

Flexural Strength (MPa)

o

E-C1  E-C0S2B0 E-C1S2B0 E-C0S2B2 E-C1S2B2





media/file28.png
F' .. (MPa)

35

30

25

0.5

y = 2.9586x + 25.04

1 1.5 2

f, (MPa)

2.5





media/file10.png





media/file14.png
B

(

—— Matrix
g4t | Fiber o
% MWCNT Crack bridging
j |
k) —
o ) ;(32(\ MWCNT
4 o
k2 LN

Crack bridging effect of MWCNT





media/file11.jpg





media/file6.png





media/file15.jpg





nav.xhtml


  jcs-07-00152


  
    		
      jcs-07-00152
    


  




  





media/file16.png





media/file2.png





media/file20.png
Axial Stress (MPa)

35

30

25

20

15

10

Cyclic stress — strain curve

J L

0.5 1 1.5
Axial Strain (%)

2.5





media/file23.jpg
Axial Stress (MPa)
o o 3 & 8 R

00

Cyclic stress - strain curve

05 10 15
Axal Strain (%)

20

25





media/file5.jpg





media/file24.png
N QI O
Q1 ) Q1

N
-]

Axial Stress (MPa)
—_ —_
o Ul

Q1

-

0.0

Cyclic stress — strain curve

0.5 1.0 1.5
Axial Strain (%)

2.0

2.5





media/file1.jpg





media/file25.jpg
Axial Stress (MPa)

@

35
30
25
20
15
10

0.0

Cyclic stress - strain curve

05 10 15
Axial Strain (%)

20

25





media/file12.png





media/file9.jpg





media/file0.png





media/file8.png
o o N N
- o) - o)
- - - -

Flexural Strength (MPa)

U1
-

E-C1 E-C0S2B0 E-C152B0 E-C0S2B2 E-C152B2





media/file17.jpg
Axial Stress (MPa)

20

15

10

0.0

02

Cyclic stress - strain curve

04 06 08
Axial Strain (%)

10

12





