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Abstract

:

This research investigates the behavior of square concrete columns externally wrapped by low-cost and easily available fiber rope reinforced polymer (FRRP) composites. This study mainly aims to explore the axial stress-strain relationships of FRRP-confined square columns. Another objective is to assess suitable predictive models for the ultimate strength and strain of FRRP-confined square columns. A total of 60 square concrete columns were cast, strengthened, and tested under compression. The parameters were the corner radii of square columns (0, 13, and 26 mm) and different materials of FRRP composites (polyester, hemp, and cotton FRRP composites). The strength and deformability of FRRP-confined specimens were observed to be higher than the unconfined specimens. It was observed that strength gains of FRRP-confined concrete columns and corner radii were directly proportional. The accuracy of ultimate strength and strain models developed for synthetic FRRP-confined square columns was assessed using the test results of this study, showing the need for the development of improved predictive models for FRRP-confined square columns. Newly developed unified models were found to be accurate in predicting the ultimate strength and strain of FRRP-confined columns.
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1. Introduction


Earthquakes in various regions have revealed the fragile state of existing infrastructure, characterized by substandard reinforcement practices, such as weak lateral stirrup arrangements with far less confining performance and wide spacing [1,2,3]. Therefore, the strengthening of reinforced concrete (RC) columns in existing buildings has become essential [4]. Concrete and steel plate jacketing methods are among the pioneer practices to strengthen RC columns in existing buildings by external confinement [5,6]. The mortar or concrete jacketing method has several disadvantages; the method is labor-intensive, time-consuming, and imparts additional weight to structures, as well as occasional difficulty during in situ application [7]. Furthermore, steel jacketing could induce problems involving corrosion and handling heavy steel plates. Current synthetic fiber-reinforced polymer (FRP) composites are often used for rehabilitation, repair, and strengthening. The synthetic FRP composites are more lightweight compared with the concrete and steel jacketing. FRPs also have successfully served their purpose as an external jacketing method for concrete structures [8,9,10]. In the past, several types of synthetic FRP composites have successfully been used in strengthening and retrofitting square and rectangular concrete columns [11,12,13]. These FRP composites are wrapped around the RC columns using epoxy or polyester resins [14,15]. The advantageous effects of FRP wrapping around the concrete surface have been studied through experimental research. Theoretical investigations have also been conducted to develop relationships for ultimate strength, axial strain, lateral dilation, and Poisson’s ratio.



Rochette and Labossiere (2000) used aramid and carbon FRPs to confine square and rectangular columns [16]. The FRP composites were applied in a different number of layers in each case. The corner radii of square and rectangular columns were 5, 25, and 38 mm. They found that the section shape had a significant effect on the efficiency of FRP confinement. Rectangular concrete columns with a sharp corner radius (i.e., 5 mm) demonstrated minimal confinement effects due to FRP. Pessiki et al. (2001) used carbon and glass FRP composites to confine circular and square concrete columns [17]. The square columns were constructed with a corner radius of 38 mm. The FRP composites were developed by using unidirectional and multidirectional fabrics. The efficiency of carbon FRP composites was found to be higher than the glass FRP composites. Moreover, the shape of the concrete columns considerably affected the behavior of carbon and glass FRP-confined columns. Karam and Tabbara (2004) investigated the corner effects of square columns externally confined by carbon FRP composites [18]. They used the traditional compression test method and an innovative test method for sharp corners. The efficiency of carbon FRP composite was observed to be low as the corner radius was reduced. Mostofinejad et al. (2015) investigated the use of CFRP composites to confine the rectangular columns [19]. The rectangular columns were constructed with different corner radii: 5, 15, 25, and 38 mm. The authors reported that decreasing the corner radius reduced the ultimate strength and ductility of the CFRP confined rectangular columns. Zhu et al. (2020) conducted axial compression tests on small-scale and large-scale CFRP confined square concrete columns with or without section curvilinearization. It was found that section curvilinearization was useful to enhance the strength but had little effect on ultimate strain [20]. Han et al. 2020 studied the use of large rupture strain FRP composites to confine the square concrete columns with different corner radii from 0 to 75 mm [21]. The authors reported that as the corner radius increased, the ultimate strength of large rupture strain FRP-confined specimens also increased. Previous studies conducted on FRP-confined square and rectangular columns concluded that the axial behaviors of columns were significantly governed by corner radius [22,23,24].



Over the years, the effectiveness of natural and synthetic FRPs in confining the circular and non-circular columns has been extensively studied. A wide range of expressions has also been suggested by researchers for ultimate strength and strain predictions [25,26]. Shehata et al. (2002) used CFRP composites to confine circular, square, and rectangular concrete columns [27]. In their study, a corner radius of 10 mm was provided for non-circular sections. Different analytical models were proposed for each cross-section based on experimental results. Lam and Teng (2003) conducted tests on non-circular columns confined with CFRPs. A corner radius of 38 mm was provided for non-circular sections. A modified model was proposed for FRP-confined concrete using the test results and previously published database [28]. Wei and Wu (2012) later modified their previously suggested models and introduced new ones. Jiang and Nistico (2019) developed a modified local-to-global methodology to predict the stress versus strain behavior of FRP-confined square columns [29]. In another study, Shan et al. 2019 developed a modified strength model for FRP-confined square columns. They found a suitable correlation between the experimental and predicted values [30]. Boyd (2002) developed a new system, namely sprayed FRP (SFRP) composites for strengthening RC members [31]. This technique involves high-speed spraying of glass, carbon, or aramid fibers with suitable resin on the concrete surface [32,33]. In another study, Hussain et al. (2016) investigated the axial responses of square and circular columns confined with SFRP composites. A corner radius of 20 mm was provided to reduce stress concentrations at the corners. The results concluded that the effects of SFRP composite confinement on circular columns were significantly higher than those on square columns [34].



The high material cost of fibers and epoxy resins may hinder the advantages and successful applications of FRPs [35]. A new FRP composite system, namely natural FRP, has been recently proposed as a replacement for synthetic FRP confinement [36]. The key features of natural fibers (such as sisal, hemp, and jute) include acceptable strength, high stiffness, and low density. Pimanmas et al. (2019) tested natural sisal FRP (NSFRP) confined non-circular concrete columns [37]. The strength and axial deformability of NSFRP composite confined non-circular concrete specimens were found to be higher than those of unconfined specimens. Ultimate strength and ductility were generally found to be more improved for circular columns than for square columns. Existing studies showed the effective performance of NSFRP composites in strengthening existing concrete structures [38,39].



Further investigations on a strengthening solution that could be locally available, cost-effective, and environmentally friendly without compromising its main objective of confining concrete components are still necessary. Over the years, ropes have been used for dragging and lifting purposes, depicting their remarkably high tensile strengths. Research efforts on the practice of polypropylene fibers, tapes, and un-bonded steel wires have shown that these materials are considerably useful for repair and strengthening purposes [40,41,42]. Hussain et al. (2020) recently developed a novel technique for strengthening concrete structures by confining them with fiber rope reinforced polymer (FRRP) composites [43]. In this technique, fiber ropes (non-impregnated) are attached to the concrete columns manually or by any suitable method with some pre-tension. Epoxy resin can be easily applied by using a roller or brush after dry wrapping. Promising advantages of FRRP composites include affordable cost and easy application. FRRP composites are also more environmentally friendly compared with synthetic CFRP, GFRP, and AFRP composites.



Previous studies on axial compressive responses of non-circular concrete columns (such as square and rectangular) externally confined with synthetic FRPs have shown that confinement is less effective than circular columns, as mentioned above. The effectiveness of FRRP confinement needs detailed investigation for non-circular concrete columns. This study investigated the axial compressive response of square concrete specimens externally confined with different types of FRRP composites. Square plain concrete specimens with different corner radii were fabricated and tested to failure under axial compression. Other studied parameters were types of FRRP composites: polyester FRRP, hemp FRRP, and cotton FRRP, as well as the number of FRRP layers. Existing predictive models for ultimate strength and strain were employed to check their accuracies for predicting the ultimate strength and strain of FRRP-confined square concrete specimens of this study. Finally, new unified models were proposed to predict the ultimate compressive strength and strain of FRRP-confined square columns.




2. Test Program


The test program comprised 60 plain square concrete specimens with three different corner radii Rc = 0, 13, and 26 mm and various confinement levels (Figure 1). The test program is categorized into three different groups I, II, and III depending on their corner radii (Table 1). Test specimens were strengthened using hemp, cotton, and polyester fiber ropes. Furthermore, each type of rope confinement was conducted in one, two, and three layers. Hence, each group comprised a total of 20 specimens, including two control specimens.




3. Specimen Design and Material Properties


In the previous studies [44,45], the height to cross-sectional width ratio of square specimens was 2.0. Hence, The cross-section and height of square specimens were set to achieve a height-to-cross-section width ratio of 2.0. The research parameters covered three corner radii (0, 13, and 26 mm), three types of FRRP composites, and three thicknesses of FRRP composites (Table 1). Previous studies revealed that the effectiveness of CFRP wraps in enhancing ultimate strength was higher for short columns than slender columns [46,47]. However, a constant height was adopted for all square specimens in this study. Steel molds were made to have the required corner radii. Concrete was placed in three layers, and a vibration table was used for compaction until no further bubbles remained on the concrete surface with attention to corner zones. Another group of 18 cylinder-shaped specimens of the standard size (diameter = 150 mm and height = 300 mm) was also prepared to determine concrete strength. Concrete was prepared using Ordinary Portland cement (type 1), limestone coarse aggregate, and river sand. The mix ratio of concrete was 1:2.73:4.70 (cement:sand:aggregate) in this study. The water-to-cement ratio was 0.75. The designed 28-day compressive strength of the concrete was 20 MPa. The actual values of concrete strength during testing were 16.1, 15.4, and 14.9 MPa for hemp FRRP, cotton FRRP, and polyester FRRP-confined specimens, respectively. The strength is typical for low-rise houses. The FRRP composites were developed by using locally available hemp, cotton, and polyester fiber ropes and two-part resin (resin and hardener). The nominal diameters of hemp, cotton, and polyester fiber ropes were 2.1, 2.4, and 2.8 mm, respectively. The mix of resin corresponds to the mix proportion of 1:2 (hardener:resin). The curing time of epoxy resin was 6 to 10 h. The ultimate strain and tensile strength of epoxy resin were 2.5% and 50 MPa, respectively. Tensile tests were performed on epoxy-impregnated or epoxy-coated fiber ropes to determine the mechanical properties of epoxy-impregnated fiber ropes, as shown in Figure 2. The tensile tests were conducted following standard guidelines [48,49]. The tensile stress versus strain relationships of cotton FRRP and polyester FRRP composites were observed to be bilinear (Figure 3). However, the tensile stress versus strain response of hemp FRRP composite was linear until tensile rupture of the epoxy-impregnated hemp fiber rope (Figure 3). The ultimate strains of hemp FRRP, cotton FRRP, and polyester FRRP composites were 2.3%, 13.2%, and 16.5%, respectively, while their ultimate strengths were 177.4, 129.2, and 90.8 MPa, respectively.




4. Strengthening of Concrete Specimens


A special mechanical system was used for dry wrapping fiber ropes circumferentially around the specimens throughout the height, as shown in Figure 4 [43]. First, dry fiber ropes were wrapped around square specimens (Figure 4b). Second, epoxy resin was applied using a brush to soak the fiber ropes completely (Figure 4c). The wrapping process ended here for specimens wrapped with a single layer of fiber ropes. For multi-layered specimens, one-layered specimens were left in a laboratory environment for 12 h before application of the second layer and another 12 h before the third layer.




5. Instrumentation and Test Setup


Two steel frames were attached at a gauge length of 200 mm and were vertically supported by threaded rods and nuts. These vertical supports were removed before the application of the load to allow the axial deformation of specimens. Three displacement transducers were attached on three sides of the specimens to record axial deformations. Displacement transducers were mounted on the top frame, and their probes rested on another steel plate attached to the bottom frame. A universal testing machine of 2000 kN capacity was used for load application on concrete specimens. The test specimens were tested in displacement control, and an average increase in a load before the peak load was approximately 4 kN/s. Data for each specimen were recorded by a digital data logger. A load cell with a capacity of 1000 kN was placed between the loading plate and the top of the test specimens to measure the load (Figure 5).




6. Experimental Results and Discussions


6.1. Failure Modes of FRRP-Confined Specimens


The failures of tested specimens are shown in Figure 6. The ultimate failures of FRRP-confined specimens were mainly due to the tensile rupture of FRRP composites. Failure for specimens confined with hemp FRRP and zero corner radius was related to the tensile rupture of the FRRP jacket at the corners of square specimens (Figure 6a–c) due to the knife action. The rupture of hemp FRRP occurred at the corners of specimens regardless of the number of hemp FRRP layers. The introduction of 13 and 26 mm corner radius in square specimens shifted the rupture location of the hemp FRRP from the corners to the sides of the specimens. This failure may be caused by the flexural bending of the hemp FRRP composite under the lateral pressure from the concrete column. Since the hemp FRRP composite is brittle with a low ultimate strain, the flexure could lead to excessive local strain in the flat area in addition to the elongation normally expected from confinement. Similar failure modes were reported in other studies on FRP-confined square columns [19,20]. The rupture of hemp FRRP-confined specimens penetrated along the full height of specimens regardless of either the number of FRRP layers or corner radius (Figure 6d–f). For the 0 mm corner radius, cotton FRRP and polyester FRRP ruptured near the corners of specimens, showing a similar trend to hemp FRRP rupture. However, the introduction of the corner radius into enclosed cotton and polyester specimens did not change the location of the rupture to the sides of the specimens. In cotton FRRP and polyester, FRRP-confined specimens, severe damage of confined concrete core and excessive dilation of flat sides was observed as compared to the hemp FRRP-confined specimens. This is because the ultimate strain of cotton FRRP and polyester FRRP composites was higher than the hemp FRRP composites, as shown in Figure 3. As a result, the tensile rupture of cotton FRRP and polyester FRRP jackets was observed at the corners due to excessive dilation of flat sides and stress concertation at the comers. Li et al. 2019 also reported similar failure modes of FRP-confined square concrete columns [50]. For one and two layers of cotton FRRP and polyester FRRP-confined specimens, the rupture of FRRP composites was at the middle (Figure 6g,h,m,n). For test specimens with three layers of cotton FRRP and polyester FRRP composites, the FRRP rupture has been mainly observed throughout the height, as shown in Figure 6i,l,o,r.




6.2. Axial Stress versus Strain Relationships


The axial stress versus strain relationships of tested specimens under uniaxial monotonic loading are shown in Figure 7. The experimental results in terms of mean values of the first peak strength (ffps), stress at the maximum drop (fmd), ultimate strength (fus), and ultimate strain (Ɛus) values are summarized in Table 2. The corresponding values of gain in strength and strain are also found in Table 2. The stress versus strain curves of the hemp FRRP-confined specimens are bilinear. The first part of the curve is described by a linear part followed by a transition zone exhibiting nonlinearity accompanied by a large increase in strain. A linear stress-strain relationship is again observed in the second part but with a reduced stiffness until the sudden rupture of hemp FRRP jackets. The bilinear behavior of hemp FRRP-confined square specimens is referred to as Case-I in this study, as shown in Figure 8. In the past, the Case-1 behavior is mainly reported for the FRP-confined circular specimens, in which the confinement is provided by the uniform externally wrapped FRP composite. The Case-1 behavior was only noticed for hemp FRRP-confined square columns because of the linear stress versus strain response of hemp FRRP composites. On the other hand, the tensile stress versus strain behaviors of cotton FRRP and polyester FRRP composites were observed to be bilinear and ductile as compared to the hemp FRRP composites. As a result, a trilinear curve was observed for square concrete columns confined with cotton FRRP and polyester FRRP composites (Figure 7d–i). This trilinear curve is referred to as Case-II, as shown in Figure 8. In Case-II, the first portion is characterized by a linear line. The first portion reaches larger strength values than unconfined concrete, depending on the corner radius and confinement level. The strain at the first peak strength is denoted as Ɛfps. The curve then follows a descending behavior in the second part after reaching the first peak strength. This descending behavior is an indication of inadequate confinement from cotton FRRP and polyester FRRP composites. Thus, the confined concrete significantly loses load-bearing capacity until the point of the maximum drop due to inadequate confinement. The stress at the point of the maximum drop and corresponding strain are respectively referred to as the stress and strain at the maximum drop. The confined concrete expands laterally during the stress drop, which subsequently initiates the confinement action of the cotton FRRP and polyester FRRP composites. The third part of the stress versus strain curve is found to be linear up to the failure of the FRRP jacket. Furthermore, the Case-II response is divided into three categories, namely Case-IIA, IIB, and IIC, as shown in Figure 8, based on the potential of FRRP composite confinement and ultimate conditions compared with the unconfined specimens. In Case-IIA response, both stresses, i.e., fmd and fus, are higher than the fco. The specimens confined with FRRP composite containing Case-IIA responses are considered to be sufficiently confined specimens such as R0-C-3L and R0-P-3L (Table 2). Case-IIA responses have also been reported for FRP-confined concrete specimens [51].



In some specimens, the ultimate strength fus in the Case-IIB response was observed between the unconfined and first peak strength, whereas the ultimate strength in some specimens was observed higher than the unconfined strength. The FRRP-confined specimens with Case-IIB responses are regarded as specimens with moderate confinement, such as R0-C-2L and R0-P-2L (Table 2). Stress at the maximum drop and ultimate strength in the Case-IIC is lower than the unconfined strength. The specimens confined with FRRP composite with Case-IIC responses are insufficiently confined specimens such as R0-C-1L, and R0-P-1L as shown in Table 2. Case-IIC responses have also been reported for concrete confined with polymer grids and FRP-confined ultra-high-performance fiber-reinforced concrete [52,53].




6.3. Effects of FRRP Layers on Ultimate Strength and Strain


The axial stress versus strain relationships of FRRP-confined and unconfined specimens are displayed in Figure 7. Regardless of the corner radius, the stress versus strain relationships of all FRRP-confined square specimens were enhanced with the number of FRRP layers. A linear trend is found between gain in ultimate strength and the number of FRRP layers (Figure 9a). Similar to the ultimate strength, a linear trend is observed between gain in ultimate strain and confinement level, as shown in Figure 9b. Moreover, the number of FRRP layers for a specific corner radius has notable effects on first peak strength and stress drop.



The first peak strength of cotton FRRP and polyester FRRP-confined specimens increases with the confinement level, whereas stress drops (ffps–fmd)/fco of these specimens decrease with the increase in the number of FRRP layers (Figure 9c). The responses of cotton FRRP and polyester FRRP-confined specimens with one, two, and three layers are generally observed as Case-IIC, IIB, and IIA responses, respectively. Furthermore, the stress versus strain curves indicate that the strain corresponding to the maximum stress drop decreases with the increase in confinement level. This phenomenon is an indication that the number of FRRP layers has a significant effect on effective confinement, which initiates the third ascending portion of the stress versus strain curve of FRRP-confined square specimens. This kind of behavior has also been reported in the study of PET FRP-confined square specimens [54]. Ozbakkaloglu (2013) found that the thickness of synthetic FRP composites had a negligible effect on the stress drop of synthetic FRP-confined concrete specimens [55]. However, cotton FRRP and polyester FRRP layers considerably reduce the stress drop for all FRRP-confined square specimens in this study (Figure 9d).




6.4. Effects of Corner Radius


Figure 7 and Table 2 show that rounding the corners in FRRP-confined square specimens for a particular confinement level significantly improves the ultimate strength and strain values. The improvements of ultimate strength and strain of the FRRP-confined concrete specimens with different corner radii, relative to the unconfined concrete specimens, are respectively shown in Figure 10a,b. The improvements of ultimate strength and ultimate strain of the FRRP-confined concrete specimens are directly proportional to their corner radii. These results are consistent with the conclusion drawn by Wang and Wu (2008) [45]. For the cotton FRRP and polyester FRRP-confined concrete specimens, Figure 10c,d show that the increase in the corner radius for a particular number of FRRP layers not only improves the ultimate strength but also the first peak strength (ffps/fco) and reduces the stress drop (ffps−fmd)/fco. Table 2 and Figure 10d reveal that the highest stress drop is observed for cotton FRRP and polyester FRRP-confined square specimens with no corner radius (0 mm), and the lowest stress drop is recorded for FRRP-confined square specimens with the 26 mm corner radius. Notably, corner radius provision improves the responses of the cotton FRRP, and polyester FRRP-confined specimens.




6.5. Effects of Fiber Rope Types


In Figure 7, a bilinear (Case-1) response is observed for hemp FRRP-confined square specimens. In past studies, this behavior was observed for natural and synthetic FRP-confined circular sections [43,54]. The ascending bilinear behavior of hemp FRRP-confined specimens could be related to the higher stiffness and linear stress versus strain relationships of the hemp FRRP composite, as shown in Figure 3. The axial stress versus strain responses of cotton FRRP and polyester FRRP-confined square columns are trilinear (i.e., Case-II). Furthermore, the comparison of ultimate strength and strain is shown in Figure 11 and Figure 12 to investigate the comparative performance of the tested fiber rope materials. The hemp FRRP composite results in a higher ultimate strength than cotton FRRP and polyester FRRP composites, whereas the highest ultimate strain is observed for polyester FRRP-confined specimens compared with the hemp FRRP and cotton FRRP-confined specimens.





7. Strength and Strain Models


7.1. Compressive Strength Models


Previous studies have proposed different expressions for predicting the ultimate compressive strength of the circular and square plain concrete specimens externally confined with FRPs [27,37]. The ultimate strength (fus) of FRP-confined concrete is associated with the unconfined strength (fco) of concrete in the following form.


     f  u s      f  c o        = 1 + k    1   ·  ρ     (     f  c p      f  c o      )   



(1)




where fcp represents lateral pressure due to FRP in the hoop direction, k1 represents the coefficient of FRP confinement, and  ρ  is the shape factor. In the past, different ultimate strength models have been proposed, especially for FRP-confined concrete, by employing Equation (1) with the modified expression for the confinement effectiveness coefficient k1 [56]. The majority of these models described k1 in a nonlinear form considering fts/fco or fcp, where fts is the tensile strength of FRP. A linear trend between ultimate strength and the lateral confining pressure was observed in the previous studies. Following this linear trend, constant values of k1 were suggested in those studies for different types of FRPs. The lateral confining pressure fcp was often related to the tensile strength (fts) [35,37,44] or hoop rupture strain [57]. For the design purpose, the tensile strength is the straightforward and widely accepted parameter in the application. The lateral confining pressure fcp is related to the confinement level, that is, the number of FRP layers (t) and tensile strength (fts) of the FRP in the following form:


    f  c p    =   2  f  t s   t   D    



(2)




where D represents the diagonal length of the non-circular sections (Figure 13) and diagonal length D in the case of the non-circular section with rounded corners can be calculated by using the following relationship:


  D =   2 w d   w + d    



(3)




where d and w represent the depth and width of non-circular sections, respectively (Figure 13).  ρ  in Equation (1) is a shape factor defined by ACI-440.2 R-02 [58] in the following form:


   ρ = 1 −           ( w − 2 R   c  )  2  +      ( d − 2 R   c  )  2     3 A     



(4)




where Rc is the corner radius, and A represents the gross area of the core concrete.


  A = w d − ( 4 − π )  R c 2   



(5)








7.2. Ultimate Strain Models


Previous research results showed that the ultimate strain Ɛus corresponding to the ultimate compressive strain for concrete confined with steel reinforcement could be related to the lateral confining pressure in the following form:


     ε  u s      ε  c o        = 1 + k   2   (     f  c p      f  c o      )   



(6)




where Ɛus is the ultimate axial strain of concrete and k2 is the strain enhancement coefficient. Richart et al. (1928) proposed k2 = 5k1, for concrete confined with steel reinforcement [56]. Furthermore, Fardis et al. (1981) proposed a relationship between the ultimate strain (Ɛus) of the FRP-confined concrete and lateral confining pressure (fcp) [59]. Some existing expressions of ultimate strength and strain for FRP-confined square columns are listed in Table 3.




7.3. Assessment of Existing Strength and Strain Models


The applicability of existing strength and strain models listed in Table 3, which were developed for FRP-confined square specimens, on FRRP-confined specimens were accessed by comparison with the experimental results from this study. The correlations between experimental and calculated strength gain ratios (fus/fco) are shown in Figure 14, and those between experimental and calculated strain improvement ratios (Ɛus/Ɛco) are shown in Figure 15. For the strength models, only the ACI model [58] effectively fits the experimental results of the hemp FRRP-confined specimens despite higher predictions than the test results (Figure 14a). However, the model that can predict the ultimate strength of cotton FRRP and polyester FRRP-confined specimens is unavailable (Figure 14b,c). In the case of ultimate strain models, Figure 15 shows that the predictions by all models are inaccurate, except for that of Ilki and Kumbarsar (2003), which is acceptable for predicting the ultimate strain of hemp FRRP-confined specimens.




7.4. Proposed Ultimate Strength Models


New unified ultimate strength models that can be used for both FRRP-confined circular and square columns were developed by modifying the previously proposed ultimate strength models for FRRP-confined circular specimens. The test results of the current and previous studies by Wang and Wu (2008) [64] and Saleem et al. (2017) [54] showed that the strength gain (fus/fco) of FRP-confined specimens was proportional to the corner radius.



Wu and Wang (2009) [59] reported factors that affected the strength gain (fus/fco) of FRP-confined square specimens. The strength gain (fus/fco) of FRP-confined square specimens can be obtained by adopting a similar equation to the strength models of circular specimens as follows:


     f  u s      f  c o        = 1 + k   1     · ρ   α     (     f  c p      f  c o      )   



(7)




where  ρ  can be determined by using Equation (4), and the constant α can be derived from a regression analysis of test results. Notably, when  ρ  is equal to 1, Equation (7) becomes the equation for FRRP-confined circular specimens.



The ultimate strength model proposed by Hussain et al. (2020) [38] for FRRP-confined circular specimens can be modified by applying a similar concept to predict the ultimate strength of square specimens as follows:


     f  u s      f  c o       = 1 + 2.70      · ρ   α     (     f  c p      f  c o      )   



(8)







The constant α can be determined from the regression analysis of the experimental results. The following new models are then proposed for FRRP-confined square concrete specimens with different corner radii.



For hemp FRRP-confined square specimens


     f  u s      f  c o       = 1 + 2.70      · ρ    0.90      (     f  c p      f  c o      )   



(9)







For cotton FRRP and polyester FRRP-confined square specimens


     f  u s      f  c o       = 1 + 2.70      · ρ    1.75      (     f  c p      f  c o      )   



(10)







The lateral confining pressure fcp can be obtained from Equation (2). The relationship between the predictions using Equations (9) and (10) and the experimental results is shown in Figure 16a. Thus, the proposed models are accurate in predicting the ultimate strength of the tested specimens.




7.5. Proposed Ultimate Strain Models


The ultimate strain models proposed by Hussain et al. (2020) [38] for the ultimate strain prediction of FRRP-confined circular specimens are modified in Equations (11)–(13) to predict the ultimate strain of FRRP-confined square specimens.



For hemp FRRP-confined square specimens


     ε  u s      ε  c o      = 2 + 10     · ρ    1  . 10       (     f  c p      f  c o      )   



(11)







For cotton FRRP-confined square specimens


     ε  us      ε  co      = 26 + 53     · ρ    2  . 20       (     f  c p      f  c o      )   



(12)







For polyester FRRP-confined square specimens


     ε  us      ε  co      = 34 + 53     · ρ    1  . 80       (     f  c p      f  c o      )   



(13)







The lateral confining pressure fcp can be obtained from Equation (2). The relationship between the predictions using Equations (11)–(13) and the experimental results is shown in Figure 16b. It can be seen that the proposed ultimate strain models are fairly accurate in predicting the ultimate strain of the FRRP-confined square specimens with different corner radii.





8. Conclusions


A series of tests were conducted on 60 square concrete specimens with different corner radii to explore the axial stress-strain relationships in compression. The following conclusions can be drawn from experimental and analytical investigations.



	
FRRP composites are effective in enhancing the strength and deformability of confined concrete. Compressive strength and deformability for concrete specimens with a certain corner radius increase with the number of FRRP layers.



	
The corner radius had a significant effect on the behavior of FRRP-confined specimens. The ultimate strength and strain of FRPP confined concrete increased with the corner radius.



	
Experimental results demonstrate a nearly linear relationship between the strength gains of FRRP-confined square concrete specimens and corner radius.



	
Previously developed models to estimate the ultimate strength and strain of FRP-confined square columns are found incapable of precisely estimating the ultimate strength and strain of the FRRP-confined square specimens of this study. Newly developed unified models are accurate in estimating the ultimate strength and strain of FRRP-confined square columns.
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Figure 1. Details of specimens. (a) Unconfined specimen. (b) Details of FRRP confinement. 
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Figure 2. Setup for tensile tests. 
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Figure 3. Tensile stress versus strain relationships of FRRP composites. 
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Figure 4. FRRP strengthening process (a) mechanical system (b) fiber rope wrapping (c) application of epoxy resin. 
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Figure 5. Typical loading setup. 
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Figure 6. Ultimate failures of FRRP-confined specimens. 






Figure 6. Ultimate failures of FRRP-confined specimens.



[image: Buildings 11 00355 g006a][image: Buildings 11 00355 g006b][image: Buildings 11 00355 g006c]







[image: Buildings 11 00355 g007 550] 





Figure 7. Stress versus axial strain curves of FRRP-confined specimens. 
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Figure 8. Typical axial stress versus strain behavior. 
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Figure 9. Effect of FRRP layers (R0 = 0 mm corner radius, R13 = 13 mm corner radius, R26 = 26 mm corner radius, H = hemp FRRP, C = cotton FRRP, P = polyester FRRP). 
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Figure 10. Effect of corner radius (H = hemp FRRP, C = cotton FRRP, P = polyester FRRP, 1L = 1 layer of FRRP, 2L = 2 layers of FRRP, 3L = 3 layers of FRRP). 






Figure 10. Effect of corner radius (H = hemp FRRP, C = cotton FRRP, P = polyester FRRP, 1L = 1 layer of FRRP, 2L = 2 layers of FRRP, 3L = 3 layers of FRRP).



[image: Buildings 11 00355 g010]







[image: Buildings 11 00355 g011 550] 





Figure 11. Effects of fiber ropes on ultimate strength (1L = 1 layer of FRRP, 2L = 2 layers of FRRP, 3L = 3 layers of FRRP). 
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Figure 12. Effects of fiber ropes on ultimate strain (1L = 1 layer of FRRP, 2L = 2 layers of FRRP, 3L = 3 layers of FRRP). 
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Figure 13. FRP confinement of square sections. 
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Figure 14. Assessment of strength models. 






Figure 14. Assessment of strength models.



[image: Buildings 11 00355 g014]







[image: Buildings 11 00355 g015 550] 





Figure 15. Assessment of strain models. 
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Figure 16. Verification of the proposed models. 
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Table 1. Test program.
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Group

	
Concrete

Specimen

	
Corner

Radius (Mm)

	
FRRP Type

	
Number of FRRP Layers

	
Number of Specimens






	
I

	
R0-CONT

	
0

	
-

	
-

	
2




	
R0-H-1L

	
0

	
Hemp

	
1

	
2




	
R0-H-2L

	
0

	
Hemp

	
2

	
2




	
R0-H-3L

	
0

	
Hemp

	
3

	
2




	
R0-C-1L

	
0

	
Cotton

	
1

	
2




	
R0-C-2L

	
0

	
Cotton

	
2

	
2




	
R0-C-3L

	
0

	
Cotton

	
3

	
2




	
R0-P-1L

	
0

	
Polyester

	
1

	
2




	
R0-P-2L

	
0

	
Polyester

	
2

	
2




	
R0-P-3L

	
0

	
Polyester

	
3

	
2




	
II

	
R13-CONT

	
13

	
-

	
-

	
2




	
R13-H-1L

	
13

	
Hemp

	
1

	
2




	
R13-H-2L

	
13

	
Hemp

	
2

	
2




	
R13-H-3L

	
13

	
Hemp

	
3

	
2




	
R13-C-1L

	
13

	
Cotton

	
1

	
2




	
R13-C-2L

	
13

	
Cotton

	
2

	
2




	
R13-C-3L

	
13

	
Cotton

	
3

	
2




	
R13-P-1L

	
13

	
Polyester

	
1

	
2




	
R13-P-2L

	
13

	
Polyester

	
2

	
2




	
R13-P-3L

	
13

	
Polyester

	
3

	
2




	
III

	
R26-CONT

	
26

	
-

	
-

	
2




	
R26-H-1L

	
26

	
Hemp

	
1

	
2




	
R26-H-2L

	
26

	
Hemp

	
2

	
2




	
R26-H-3L

	
26

	
Hemp

	
3

	
2




	
R26-C-1L

	
26

	
Cotton

	
1

	
2




	
R26-C-2L

	
26

	
Cotton

	
2

	
2




	
R26-C-3L

	
26

	
Cotton

	
3

	
2




	
R26-P-1L

	
26

	
Polyester

	
1

	
2




	
R26-P-2L

	
26

	
Polyester

	
2

	
2




	
R26-P-3L

	
26

	
Polyester

	
3

	
2
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Table 2. Summary of experimental results.
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Group

	
Specimen

	
fco (MPa)

	
ffps (MPa)

	
fmd (MPa)

	
fus (MPa)

	
Ɛco

	
Ɛus

	
ffps/fco

	
fmd/ffps

	
fus/fco

	
Ɛus/Ɛco

	
Case






	
I

	
R0-CON

	
16.1

	
-

	
-

	
-

	
0.0030

	
-

	
-

	
-

	
-

	
-

	
-




	
R0-H-1L

	
16.1

	
-

	
-

	
22.0

	
0.0030

	
0.015

	
-

	
-

	
1.37

	
4.44

	
I




	
R0-H-2L

	
16.1

	
-

	
-

	
27.4

	
0.0030

	
0.020

	
-

	
-

	
1.70

	
6.14

	
I




	
R0-H-3L

	
16.1

	
-

	
-

	
33.0

	
0.0030

	
0.024

	
-

	
-

	
2.05

	
7.09

	
I




	
R0-C-1L

	
16.1

	
19.1

	
9.2

	
9.2

	
0.0030

	
0.047

	
1.19

	
0.48

	
0.57

	
14.10

	
IIC




	
R0-C-2L

	
16.1

	
20.3

	
15.0

	
17.8

	
0.0030

	
0.075

	
1.26

	
0.74

	
1.11

	
22.50

	
IIB




	
R0-C-3L

	
16.1

	
22.6

	
19.0

	
24.5

	
0.0030

	
0.100

	
1.41

	
0.84

	
1.52

	
30.00

	
IIA




	
R0-P-1L

	
16.1

	
21.0

	
7.8

	
7.8

	
0.0030

	
0.079

	
1.30

	
0.37

	
0.48

	
23.76

	
IIC




	
R0-P-2L

	
16.1

	
22.9

	
14.3

	
16.1

	
0.0030

	
0.105

	
1.42

	
0.62

	
1.00

	
31.50

	
IIC




	
R0-P-3L

	
16.1

	
23.7

	
20.0

	
25.5

	
0.0030

	
0.148

	
1.47

	
0.84

	
1.58

	
44.33

	
IIA




	
II

	
R13-CON

	
15.4

	
-

	
-

	
-

	
0.0029

	
-

	
-

	
-

	
-

	
-

	
-




	
R13-H-1L

	
15.4

	
-

	
-

	
24.0

	
0.0029

	
0.016

	
-

	
-

	
1.56

	
5.58

	
I




	
R13-H-2L

	
15.4

	
-

	
-

	
31.6

	
0.0029

	
0.022

	
-

	
-

	
2.05

	
7.68

	
I




	
R13-H-3L

	
15.4

	
-

	
-

	
38.0

	
0.0029

	
0.027

	
-

	
-

	
2.47

	
9.53

	
I




	
R13-C-1L

	
15.4

	
20.3

	
11.8

	
12.0

	
0.0029

	
0.058

	
1.32

	
0.58

	
0.78

	
20.07

	
IIC




	
R13-C-2L

	
15.4

	
22.2

	
17.8

	
20.5

	
0.0029

	
0.090

	
1.44

	
0.80

	
1.33

	
31.41

	
IIA




	
R13-C-3L

	
15.4

	
25.0

	
22.3

	
28.8

	
0.0029

	
0.121

	
1.63

	
0.89

	
1.87

	
42.12

	
IIA




	
R13-P-1L

	
15.4

	
21.6

	
9.7

	
10.0

	
0.0029

	
0.088

	
1.40

	
0.45

	
0.65

	
30.54

	
IIC




	
R13-P-2L

	
15.4

	
25.7

	
18.0

	
19.0

	
0.0029

	
0.110

	
1.67

	
0.70

	
1.23

	
38.39

	
IIB




	
R13-P-3L

	
15.4

	
26.5

	
23.5

	
28.0

	
0.0029

	
0.160

	
1.72

	
0.89

	
1.82

	
55.84

	
IIA




	
III

	
R26-CON

	
14.9

	
-

	
-

	
-

	
0.0029

	
-

	
-

	
-

	
-

	
-

	
-




	
R26-H-1L

	
14.9

	
-

	
-

	
26.0

	
0.0029

	
0.017

	
-

	
-

	
1.74

	
5.82

	
I




	
R26-H-2L

	
14.9

	
-

	
-

	
34.5

	
0.0029

	
0.023

	
-

	
-

	
2.32

	
8.20

	
I




	
R26-H-3L

	
14.9

	
-

	
-

	
42.0

	
0.0029

	
0.030

	
-

	
-

	
2.82

	
10.47

	
I




	
R26-C-1L

	
14.9

	
21.4

	
14.0

	
14.5

	
0.0029

	
0.070

	
1.43

	
0.66

	
0.97

	
24.43

	
IIC




	
R26-C-2L

	
14.9

	
23.9

	
20.0

	
24.0

	
0.0029

	
0.115

	
1.61

	
0.84

	
1.61

	
40.14

	
IIA




	
R26-C-3L

	
14.9

	
27.8

	
26.0

	
35.0

	
0.0029

	
0.160

	
1.87

	
0.93

	
2.35

	
55.84

	
IIA




	
R26-P-1L

	
14.9

	
23.0

	
11.5

	
12.2

	
0.0029

	
0.095

	
1.54

	
0.50

	
0.82

	
33.16

	
IIC




	
R26-P-2L

	
14.9

	
27.0

	
20.0

	
22.5

	
0.0029

	
0.130

	
1.81

	
0.74

	
1.51

	
45.37

	
IIA




	
R26-P-3L

	
14.9

	
30.0

	
27.8

	
34.0

	
0.0029

	
0.180

	
2.01

	
0.93

	
2.28

	
62.83

	
IIA
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Table 3. Strength and strain models.






Table 3. Strength and strain models.





	Researcher
	Ultimate Strength Model
	Ultimate Strain Model





	Shehata et al. (2002) [27]
	      f  us      f  co      = 1 + 0   . 85   (     f  c p      f  c o      )    
	      ε  us      ε  co      = 1 + 0   . 85   (     f  c p      f  c o      )    



	Ilki and Kumbasar (2003) [60]
	      f  us      f  co      = 1 + 2   . 227   (     f  c p      f  c o      )    
	      ε  us      ε  co     = 1 + 15    (     f  c p      f  c o      )    0.75     



	Pimanmas et al. (2019) [37]
	      f  us      f  co      = 1 + 2   . 50   (     f  c p      f  c o      )    
	      ε  us      ε  co      = 2 + 7   . 0   (     f  c p      f  c o      )    



	Kumutha et al. (2007) [61]
	      f  us      f  co      = 1 + 0   . 93   (     f  c p      f  c o      )    
	-



	Lam and Teng (2002) [62]
	      f  us      f  co      = 1 + 3   . 30   (     f  c p      f  c o      )    
	      ε  us      ε  co      = 1.75 + 12   (     f  c p      f  c o      )    (     ε  fe      ε  co      )   0.45     



	Al-Salloum (2007) [44]
	      f  us      f  co      = 1 + 3.14   (   b D   )   (     f  c p      f  c o      )    
	-



	Mirmiran et al. (1998) [63]
	      f  us      f  co      = 1 + 6.0   (     2 r   D   )   (     f  c p      0.70      f  c o      )    
	-



	ACI-440.2 R-02 (2002) [58]
	      f  us      f  co      = - 1   . 2541 + 2   . 254     1 +   (    7.94    f  c p      f  c o      )       - 2   (     f  c p      f  c o      )    
	      ε  us      ε  co      = 1.50 + 13   (     f  c p      f  c o      )    (     ε  fe      ε  co      )   0.45     
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