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Abstract

:

This paper presents a nonlinear finite element analysis (FEA) of textiles reinforced mortars (TRM)-confined reinforced concrete (RC) columns through jacketing, under combined axial and cyclic loadings. The FEA models were validated with an experimental study in the literature that was conducted on full-scale square columns reinforced with continuous steel bars (no lap splices). Subsequently, parametric study was performed on the validated FEA models. The parameters considered include various jacket’s lengths and mortar strengths. Moreover, semiempirical models were developed to evaluate the plastic hinge length (LP) and the ultimate drift ratio of RC columns confined with TRM and FRP jackets, while considering the jacket length effect. The FEA models and experimental results were in good agreement. The finite element results revealed that the increase in the jacket length improved the lateral deformation capacity and increased the plastic hinge length linearly up to a confinement ratio of 0.2. Beyond this point, the plastic hinge length shortened as the confinement ratio raised. Moreover, mortars with higher flexural strength resulted in a slightly higher deformation capacity. However, the difference in the mortar compressive strength did not affect the ultimate lateral deformation capacity. The semiempirical models show that the average difference in the predicted LP and the ultimate drift ratio values as compared to the experimental and simulated columns was 3.19 and 16.06%, respectively.
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1. Introduction


Reinforced concrete (RC) columns subjected to seismic loading should be designed properly to satisfy the deformation demands in performance-based design [1]. The column’s lateral deformation capacity depends on the plastic hinge, which is defined as the physical region of the column that undergoes continuous plastic deformation and damage under repeated cyclic or earthquake loadings. The damage in the plastic hinge region can be lessened or even shifted to a less critical region by increasing the lateral strength of the column through confinement. Adequate lateral strength can be accomplished by providing sufficient lateral reinforcement such as internal steel stirrups or external composite jackets at the plastic hinge zone [2].



The design of RC columns confined with steel reinforcement has been extensively investigated and is currently used in design manuals [3]. Moreover, many analytical models have been proposed to compute the length of the plastic hinge zone of un-strengthened RC columns [4,5,6,7,8,9].



On the other hand, RC columns can be confined with external composite jackets to mitigate the failure in the plastic hinge zone. In the last decade, confining through composite jacketing of RC columns subjected to static or dynamic loadings has been employed in a large number of projects. Fiber reinforced polymer (FRP) took most of the attention among all jacketing techniques due to its advantageous properties such as its ease of application, high strength to weight ratio, and corrosion resistance [10,11,12]. Despite these advantages, the use of epoxy resins in the application of the FRP has some weaknesses, such as low resistance to high temperatures and inapplicability on wet surfaces. Therefore, a newer material called textile reinforced mortar (TRM) was found to be a promising alternative material to FRP. TRM is a composite material that includes fibers, made of glass, carbon, or basalt, as textiles (with open mesh geometry) attached to inorganic materials such as cement-based mortars. TRM, in general, has many advantages due to the use of the cement-based binder. These advantages include good resistance to high temperature, low cost, ability to be applied on wet surfaces or at a low temperature environment, and its compatibility with masonry and concrete substrates [13].



A limited number of studies was conducted on the confinement of RC columns with TRM under simulated seismic loading. Many of these studies involved experi-mentation [14,15,16,17,18,19,20,21,22], with very few numerical investigations [21,23]. Bournas [14] per-formed an experiment on the effectiveness of TRM and FRP jackets in terms of confin-ing RC columns under seismic loads. It was concluded that the TRM jacketing is as ef-fective as the FRP jacketing as a means of improving the lateral deformation capacity and energy dissipation by delaying the buckling of the bars. Bournas [15,16,17] investi-gated the use of TRM jackets in confining concrete columns with continuous or lap-spliced reinforcement. The results showed that as compared to FRP, TRM jackets were 50% more effective in increasing the cyclic deformation capacity and the energy dissipation in columns reinforced with continuous steel bars. This behavior is at-tributed to the ability of TRM to resist local stresses that are due to the low composite action between the fibers and the mortar [15]. It was also observed that the effective-ness of TRM jackets was slightly lower as compared to FRP jackets with equal strength and stiffness in columns with inadequate lap splices. However, in columns with longer lap lengths, the TRM has shown the same effect as the FRP. Yin et al. [18] and Yao et al. [19] investigated, experimentally, the seismic performance of RC columns with various corrosion ratios of steel reinforcement retrofitted with textile reinforced concrete (TRC) and exposed to a chloride environment. It was observed that the ductility was higher in specimens with lower corrosion ratios. Increasing the corrosion ratio from 5 to 10% resulted in a 64.5 and 49.5% increase in the ductility factor, defined as the ratio of the ultimate displacement to the yield displacement, respectively [18]. It was also found that TRC delayed the initiation and development of the cracks before and after corrosion exposure. Moreover, the yield and peak loads decreased by increasing the corrosion ratio. Ming, Yin, and Yao [21,22,23] studied the seismic performance of RC columns retrofitted with TRC under various axial load levels. The results revealed that the stiffness degradation rate and the energy dissipation capacity remained the same for all the axial load ratios up to the yield point. Thereafter, the stiffness degradation rate improved, and the energy dissipation and deformation capacities reduced as the axial load level increased. Experimental studies were also performed on the impact of shear span ratio [22,23]. It was concluded that the columns with a lower shear span ratios exhibited better behavior in terms of ductility and energy dissipation capacity. Furthermore, Yao [23] investigated the performance of TRM-confined RC columns with different concrete compressive strengths and concluded that the ductility and lateral deformation capacity enhanced with the increase in concrete strength. Dinh [20] tested the effect of the number of textile layers and the surface treatment methods in lap-spliced regions on TRM-strengthened RC columns. The results revealed that the strength and ductility of the columns improved as the number of TRM layers in-creased. Moreover, the strength of concrete columns retrofitted along the entire length was significantly enhanced as compared to the specimens retrofitted in the plastic hinge region only. In another study, the effect of the transverse reinforcement ratio on the seismic behavior of RC columns retrofitted with TRC showed that the columns with higher stirrups ratio had an improved ductility, bearing capacity, and energy dis-sipation [22]. Furthermore, after reaching the peak load, the rate of decrease in bearing capacity was lower in the columns with lower stirrups spacing.



On the other hand, many analytical and empirical models of the plastic hinge length in FRP-confined RC columns have been proposed [24,25,26,27]. Gu and Youssef [24,25] studied the plastic hinge length of FRP-confined circular RC columns. Gu [24] found that the plastic hinge length increased linearly with the confinement ratio less than 0.1 and decreased when the confinement ratio ranged between 0.1 and 0.5. A sim-ilar behavior was spotted in square columns (i.e., the plastic hinge length increased and then dropped to a lower value with a higher confinement ratio) [26,27]. Jiang [27] introduced a shape modification factor to the empirical model proposed by Gu [24] to account for the square columns, while Yuan [26] proposed a new formula for the plas-tic hinge length of FRP-confined square RC columns. However, Youssef [25] observed that the plastic hinge length increased with higher confinement ratio values. The rate of increase in the plastic hinge length was higher up to a confinement ratio of 0.4 and it reduced after this point.



From the reviewed literature, there are other significant parameters that have a direct relation to the lateral deformation capacity that have not been studied in RC columns confined with TRM and subjected to combined axial and lateral cyclic load-ings. These parameters include various jacket lengths and mortar strengths. In the present study, FEA models of RC columns confined with TRM jackets under combined axial and lateral cyclic loadings were developed and validated with an experimental study in the literature [17], which was performed on full-scale square concrete col-umns reinforced with continuous steel bars (no lap splices). Similar to the experiment, the bar splices effect was excluded, since it is out of the scope of the present study. Subsequently, a parametric study was carried out on the validated models considering various jacket lengths (in the range of 9.4 to 100% of the column length) and mortar strengths (flexural and compressive strengths ranging from 3.28 to 6.51 MPa and 8.56 to 30.61 MPa, respectively). The lateral deformation capacity and the plastic hinge length were evaluated based on the parameters studied. Moreover, to the best of the authors’ knowledge, there are neither analytical nor empirical models for the plastic hinge length of FRP or TRM-confined RC columns that include the effect of the jacket’s length. In contrast, two formulas were proposed to predict the plastic hinge length and the ultimate drift ratio of RC columns confined with TRM and FRP jackets with vari-ous lengths that would be useful for the designers and practitioners.




2. Experimental Tests Adopted for Validation of FEA Models


The finite element RC column models were validated with an existing experimental study by Bournas [17]. This study was selected since the longitudinal reinforcement in the columns had no lap-splices that resulted in the highest effectiveness of TRM jackets as compared to other studies that included lap-splices [14,15,16,17]. The test setup, dimensions, and reinforcement details of the control and strengthened specimens are shown in Figure 1. The columns were subjected to a constant axial load equivalent to 27.5% of its compressive strength (based on the cross-section dimensions and the concrete compressive strength, the axial load was 491.5 KN) combined with a lateral cyclic load with a displacement rate ranging from 0.2 to 1.1 mm/s. The columns were reinforced with four 14-mm diameter bars in the longitudinal direction and 8-mm diameter stirrups spaced at 200 mm to simulate older non-seismically detailed columns. One column was tested as a control specimen without any external strengthening. The second and third specimens were retrofitted with four layers of carbon-TRM and glass-TRM, respectively. The jackets were placed at the base section of the column, where the failure was predicted to occur, and extended to a height of 430 mm. The orientations of the textiles were in the axial and hoop directions of the columns.



The average concrete compressive strength of 28.6 MPa was measured using 150 × 150 mm cubes. The yield strength values of the 14-mm longitudinal bars’ diameters and 8-mm stirrups were 523 and 351 MPa with ultimate tensile strains of 12 and 19.5%, respectively. Furthermore, the tensile strength, the modulus of elasticity, and the nominal thickness of the carbon fibers were 3800 MPa, 225 GPa, and 0.095 mm, respectively. The corresponding values for the glass fibers were 1700 MPa, 70 GPa, and 0.089 mm. The mortar had compressive and flexural strengths of 20.8 MPa and 6.51 MPa, respectively.




3. Finite Element Analysis Modelling of RC and Retrofitted Columns


In the present study, the ANSYS APDL nonlinear finite element analysis software program was used to validate the reinforced concrete column models tested by Bournas [17]. Subsequently, a parametric study was performed on the validated model to investigate the effect of the length of jacket on the plastic hinge length. In the following sections, the nonlinear finite element analysis procedure is described in detail.



3.1. Element Types


To model the concrete and mortar, solid65, which is an 8-node solid element with a capability of cracking and crushing, was used. The reinforcements were modelled using Link180, a 3D uniaxial tension-compression spar element that is capable of inelastic deformation. Solid185 was used to model the steel plates at the loading and the support locations on the top and the bottom of the columns to provide more uniform stress distribution and avoid stress concentration problems at those locations. The Shell181 element was adopted to model the TRM jackets. The Shell181 element is appropriate to model thin structures and it is well-suited for linear and large strain [28]. Moreover, a shell section was adopted in the FEA models, which allows the use of multilayers with various thicknesses and orientations. Contact and Target elements were created to represent the bond between concrete and mortar. A unidirectional nonlinear spring element (COMBIN39) was used to model the interface between the longitudinal reinforcement and concrete.




3.2. Material Models


Concrete was defined as a linear-elastic and multilinear inelastic material. To model the elastic behavior, the modulus of elasticity (E) and Poisson’s ratio (γ) should be provided. The modulus of elasticity of concrete was obtained using the formula provided in ACI 318 [29]. For the inelastic behavior of the control model, multilinear stress–strain values were calculated using the Mander [30] model for the steel-confined concrete as follows:


   f  c c  ′  =  f  c o  ′    − 1.254 + 2.254   1 +   7.94  f l ′     f  c o  ′      − 2    f l ′     f  c o  ′       



(1)




where f’cc is the confined concrete compressive strength; f’co is the unconfined concrete compressive strength; and f’l is the effective lateral confining stress on the concrete and taken as the smallest of f’lx and f’ly, which are the effective confining stresses in x and y directions, respectively, and expressed by the following:


   f  l x  ′  =  k e   ρ x   f  y h    



(2)






   f  l y  ′  =  k e   ρ y   f  y h    



(3)




where ρx and ρy are the ratios of the volumes of transverse confining steel to the volume of confined concrete in x and y directions, respectively; fyh is the yield strength of stirrups; and ke is the confinement effectiveness coefficient.



For the TRM confined columns, the ACI549.4R-13 [31] stress–strain model was adopted in the present FEA study and is determined using the following expressions:


   f c  =        E c   ϵ c  −        E c  −  E 2     2    4  f c ′         ϵ c     2    0 ≤  ϵ c  ≤  ϵ t ′         f c ′  +  E 2   ϵ c     ϵ t ′  ≤  ϵ c  ≤  ϵ  c c u          



(4)






   ϵ t ′  =   2  f c ′     E c  −  E 2     



(5)






   E 2  =    f  c c  ′  −  f c ′     ϵ  c c u      



(6)




where E2 is the slope of linear portion of the stress–strain model for TRM-confined concrete; fcc′ is the maximum compressive strength of confined concrete; εccu is the ultimate axial compressive strain of confined concrete that corresponds to fcc′; and εt′ is the transition strain in the stress–strain curve of FRCM-confined concrete. fcc′ and εccu can be calculated according to ACI549.4R-13 Section 11.3 [31]. The stress–strain curves are shown in Figure 2.



The Williams and Warnke [32] model was adopted in this study along with the SOLID65 element for the triaxial behavior of concrete. This element has a smeared crack analogy for cracking in tension zones and crushing in compression zones. To ac-count for cracking and crushing, the following four properties were assigned to concrete: uniaxial tensile cracking stress (fr), uniaxial compressive crushing stress, and shear transfer coefficients for open and closed cracks (βt). The crushing of the concrete was deactivated by inserting a value of -1 for uniaxial compression stress to avoid the premature failure of the models, as recommended by ANSYS [28]. The failure of the validated models was either in the steel reinforcement (bar buckling) or TRM jacket rupture. Furthermore, the overall behavior of the FEA models was consistent with the behavior of the columns in the experiment [17]. Therefore, the assumption of excluding the concrete crushing had an insignificant impact on the behavior and modes of failure of the FEA models. The value of βt ranges from 0.0 to 1.0, with 0.0 representing a smooth crack and 1.0 representing a rough crack [28]. Based on a sensitivity study performed on the validated models, the βt values were assumed to be 0.1 for both open and closed cracks, noting that βt values for the closed cracks have an insignificant effect on the overall behavior of the models but play a major role in convergence achievement. However, higher values of βt for open cracks resulted in lower deflections and higher load capacities. When a concrete element is cracked, a small amount of stiffness is added to the element for numerical stability using a stiffness multiplier across the crack face [28]. Therefore, the stiffness of the cracked elements depends on the values of βt. On the other hand, steel was defined as a linear-elastic and bilinear in-elastic material. The steel reinforcement stress–strain curve for the finite element model was based on the modulus of elasticity (E), Poisson’s ratio (γ), and yield strength. The Bauschinger effect was included to account for the strain hardening in the steel reinforcement by adopting the kinematic hardening plasticity model. The modulus of elasticity and Poisson’s ratio values of the steel plates provided at the sup-port and loading locations were 200 GPa and 0.3, respectively. For the TRM jackets, the three material directions are perpendicular to each other. Therefore, TRM was as-sumed as a linear orthotropic material. Based on the selected textiles in the experiment, the values of the modulus of elasticity were taken to be 190, 20, and 20 GPa in the x, y, and z directions, respectively. The Poisson’s ratios νxy, νxz, and νyz were assumed to be 0.22, 0.22, and 0.3, respectively [33]. The shear modulus Gxy, Gyz, and Gxz were calcu-lated using elasticity relations. The Cohesive Zone Model (CZM), presented by ANSYS, was employed to model the contact interface between mortar and concrete. Bilinear behavior with traction and critical fracture energy option was selected in this study. The three required parameters to model the bonding were maximum equivalent tan-gential contact stress (τmax), critical fracture energy for tangential slip (Gct), and artifi-cial damping coefficient. The artificial damping coefficient was set to 0.1 to stabilize the model and to enhance the convergence of the model [28]. The maximum equiva-lent tangential contact stress (τmax) was obtained by the following equation:


   τ  m a x   = 0.107  β L      n  E f     f m       t f       



(7)




where βL is the bond length factor and taken as 1, n is the number of textile layers, Ef is the modulus of elasticity of the textiles, fm is the compressive strength of the mortar, and tf is the nominal thickness of each TRM layer.



The critical fracture energy for tangential slip (Gct) was calculated according to the model proposed by [34]. The values of maximum equivalent tangential contact stress (τmax) and the critical fracture energy for tangential slip (Gct) were 5.15 and 2.08 MPa, respectively.



For the spring element (COMBIN39), a bond-slip curve, based on the model pro-posed by Murcia-Delso and Shing [35], was defined as follows:


   τ  m a x , s p r i n g   e l e m e n t   = 1.16      f c ′      0.75    



(8)






   s  p e a k   = 0.07    d P   



(9)






   K O  = 4    τ  m a x      s  p e a k      



(10)




where f’c is the concrete compressive strength, dp is the longitudinal bars diameter, and Ko is the initial slope of the bond-slip curve.



To account for tension and compression under the loading and unloading effects in the FEA models, a force-slip relation including positive and negative values of bond forces was assigned by using the following relation:


  F  s  = τ  s  . π . d . l  



(11)




where d is the diameter of a bar (mm), and l is the distance between two adjacent spring elements (mm).




3.3. Mesh Generation and Boundary Conditions


Figure 3a,b show the developed geometry and reinforcement details of TRM-strengthened RC column models. The boundary conditions were similar to the experimental test setup. By taking advantage of the symmetry, only half of the column was modeled. Therefore, symmetrical boundary conditions were applied at the midpoint of the column width. Rollers were assigned to the nodes on the x–y plane of symmetry by restraining the displacement along the z axis. The axial load was applied first on the nodes of the steel plate at the top of the columns to avoid stress concentration. A lateral cyclic displacement-controlled load was applied to simulate the seismic excitation. In the case of cyclic loading, the typical load protocol consists of more than one cycle for each displacement value to capture the strength degradation more accurately. However, the load protocol adopted in the experiment used for validation [17] consisted of cycles successively increasing by 5 mm in amplitude in each direction (see Figure 4).



Large displacement static analysis was performed to account for the geometric nonlinearities. The applied loads were divided into a series of load increments called load steps. Each load step was applied gradually by specifying the maximum and minimum number of sub-steps. Automatic time stepping was set ON to obtain the convergence of the solution. In this study, the convergence criteria were based on force and displacement, and the default tolerance limits were selected using an ANSYS software program [28].





4. Validated Column Models Results


Table 1 shows the comparison of experimental and FEA column models’ results. The letters C and S refer to the control and strengthened columns, respectively; CL and G stand for light-weight carbon and glass fibers, respectively; and 430 refers to the length of the TRM jacket. In the experimental column notation, 0 presented the lap splice length of the longitudinal reinforcement; M refers to the mortar-based jackets; and four was the number of the TRM layers. The drift at failure and peak force of validated models and experiment were in good agreement with less than 10% difference.



Figure 5 illustrates the buckling of the longitudinal steel bars at the base section of the control column and concrete cracking at failure. The modes of failure were in good agreement with the experimental observation. TRM strengthening resulted in much more ductile behavior of the RC columns. Thus, as compared to the control column, the ultimate drift ratio of the strengthened columns was higher (Table 1). The envelope curves of L0_C and L0_M4 are shown in Figure 6.



On the other hand, the lateral load capacity of models S-CL-430 and S-G-430 was 48.4 and 49.3 KN resulting in a 10.25 and 12.3% improvement, respectively, as compared to the control model. In summary, confining RC columns with TRM jackets under combined axial and lateral cyclic loadings enhanced the behavior in terms of strength and ductility.



Strains in Longitudinal Bars at the Onset of Bar Buckling


Similarly, the predictions of the strains in the longitudinal reinforcement at the column’s base section at the onset of bars buckling were also in good agreement when compared to the corresponding data obtained from experimental results. The results are listed in Table 2.



The maximum difference in the strains did not exceed 10%. This confirms that the developed models could accurately predict the behavior of RC columns subjected to combined axial and cyclic lateral loadings. Figure 7a,b show the axial strain values in the control and strengthened columns with carbon-TRM, respectively.





5. Parametric Study


A parametric study was conducted to investigate the contribution of the jacket length and mortar strengths on the plastic hinge length and the ultimate drift ratio of TRM-confined RC columns under combined axial and cyclic loadings. The details of the parametric study results are discussed in the following sections.



5.1. The Effect of TRM Jacket Length


A total of nineteen FEA column models were developed. The height and cross-section of all the columns were the same as the validated columns. The details of these columns, including two of the validated column models, are presented in Table 3, where, again, the letters C, S, and CL refer to the control column, the strengthened column, and the carbon textiles, respectively. The last three numbers indicate the length of the TRM jacket measured from the base section of the column. The only variable changed was the length of the jacket.



The columns were designed such that flexural failure would be the expected dominant mode [17]. The ultimate drift ratio enhanced with the increase in the jacket length. As compared to the control model “C”, strengthening the columns enhanced the lateral drift capacity. Models S-CL-150 and S-CL-1600 failed at drift ratios of 5.94 and 12.5%, respectively, with a lateral deformation capacity improvement of 58.4 and 233.3% as compared to the control model (C). On the other hand, the ultimate drift ratio attained by the strengthened column S-CL-1600 yielded a 110% enhancement as compared to model S-CL-150. The relation between the ultimate drift ratio of the strengthened columns and the length of the TRM jackets was found to be proportional. In other words, the longer length of the TRM jackets resulted in an improvement in the ultimate drift ratio. On the other hand, the lateral load capacity was higher in the strengthened models as compared to the control one. Additionally, increasing the jacket length improved the lateral load capacity. The maximum improvement was in model S-CL-1600 (fully wrapped model), with 32.9% when compared with the control model. A similar effect was observed on the plastic hinge length as the ultimate drift ratio with the change in the TRM jacket length up to a certain point. Strengthening the columns with TRM increased the plastic hinge length up to a jacket length of 430, which corresponds to a confinement ratio of 0.2. Models S-CL-150 and S-CL-430 have a plastic hinge length of 248 and 341 mm, respectively, resulted in 3.77 and 42.7% increases as compared to the control model (C). On the other hand, the plastic hinge length in model S-CL-430 was 37.5% longer than that of the model S-CL-150. On the other hand, the plastic hinge length in model S-CL-500 and S-CL-1600 were 2.9 and 31% less than that of model S-CL-430, respectively. Model S-CL-1600, which represents a fully wrapped column, has the shortest plastic hinge length as compared to the other retrofitted column models. As a result, the plastic hinge length enlarged with the increase in the length of the TRM jacket up to a confinement ratio of 0.2. Beyond this point, the plastic hinge length reduced with the jacket length increase.



The length of the jacket has a significant impact on the mode of failure of the RC columns. The control column failed by the buckling of the longitudinal bars at the base, where the occurrence of maximum moment is expected. A similar failure mode was observed for models S-CL-150, S-CL-200, S-CL-210, S-CL-225, S-CL-250, and S-CL-275, except that the buckling of the reinforcement was above the jackets. On the other hand, models S-CL-300, S-CL-325, S-CL-350, S-CL-375, and S-CL-400, S-CL-430, S-CL-500, S-CL-600, S-CL-800, S-CL-1000, S-CL-1200, S-CL-1400, and S-CL-1600 failed by the fracture of the TRM jackets at the base section due to the buckling of the reinforcement and concrete spalling. In these models, the plastic hinge length was smaller than the length of the jacket except for S-CL-300. In this model, the jacket extended to the mid-height of the second successive stirrups from the base section of the column where the buckling is most likely to happen. The jacket rupture in model S-CL-300 is shown in Figure 8.




5.2. The Effect of Mortar Strengths


A total of three FEA column models were developed. The length and cross-section of all the columns as well as the TRM jacket’s length were the same as the validated models. The details of mortar strengths are presented in Table 4, where again the letter M stands for mortar, numbers one and two refer to the mechanical properties of mor-tar types obtained from Triantafillou [36], and three refers to the mortar strengths of the experimental study Bournas [17] used for the validation of FEA models. The only variable changed was the mortar type. Table 5 shows the results of the TRM-confined RC columns with various mortar strengths.



The effectiveness of TRM is slightly higher in models with a higher mortar flexural strength. The effectiveness of the TRM jackets herein is quantified by the ratio of the ultimate drift of the strengthened columns to the ultimate drift of the control one. In comparison to the control model “C”, strengthening the columns enhanced the lateral load capacity. Models S-CL-M1, S-CL-M2, and S-CL-M3 failed at a drift ratio of 8.75, 9.1, and 9.38%, respectively, with a lateral deformation capacity improvement of 133, 142, and 150% as compared to the control model (C). This indicates that mortars with higher flexural strengths resulted in an enhancement in the deformation capacity. On the other hand, the difference in the compressive strength of M2 and M3 did not affect the ultimate lateral deformation capacity as model S-CL-M3 resulted in a 6% improvement as compared to model S-CL-M2.



Furthermore, the mortar strengths have an insignificant impact on the plastic hinge lengths. The plastic hinge lengths in models S-CL-M1, S-CL-M2, and S-CL-M3 were 352, 363, and 356 mm, respectively, resulting in a 47.28, 47.7, and 48.95% increase in the plastic hinge length as compared to the control column.



The mode of failure of all the strengthened models was the rupture of the fibers at the base section. In column model S-CL-M1, the cracks in the mortar started to occur early as the tensile strength is relatively low. Therefore, it failed early as compared to the other two models. In models S-CL-M2 and S-CL-M3, the mortar resisted higher tensile stresses. Thus, the cracks’ development was delayed, and the columns failed at a higher ultimate drift ratio. On the other hand, the interlaminar shear strength of TRM was attributed to the compressive strength of the mortar. As the jacket is subjected to compressive forces due to the lateral cyclic loading, the shear forces between the layers are resisted by the mortar. Hence, no failure was observed within the mortar–textile interface. It may be concluded that the mortar tensile strength improved the lateral deformation capacity of the RC columns subjected to combined axial and lateral loads. Pertinent to the present study, the failure mechanism was independent of the tensile and compressive strengths of the mortar.





6. Semiempirical Modeling


As mentioned previously, neither analytical nor empirical models were found in the literature for the plastic hinge length and ultimate drift ratio of FRP or TRM-confined RC columns while considering the effect of the length of the jacket.



Consequently, the FEA results combined with the database collected from the literature were used and a semiempirical model was proposed to obtain the plastic hinge length of externally confined RC columns where the effect of the jacket’s length was also considered. Furthermore, a model was developed to calculate the ultimate drift ratio.



The equivalent plastic hinge length, the length over which the plastic curvature is considered to be constant, was reported in most of the analytical and empirical models in the literature [4,37]. Thus, the finite element results of plastic hinge lengths were used to calculate the equivalent plastic hinge length. The details are shown in the following sections.



6.1. Proposed Model for the Plastic Hinge Length (LP)


6.1.1. Plastic Hinge Length from FEA Models


According to Liang [38], two methods were used to predict the plastic hinge length from the numerical models. In the first method, the region where the tensile strain reached or exceeded the yielding strength of the longitudinal bars is defined as the plastic hinge zone. In the second approach, the curvature localization zone along the length of the column is used to define the plastic region. These two approaches are consistent [27]. In this paper, the first approach was used to determine the plastic hinge lengths from the numerical analysis. The distribution of the axial strains of the longitudinal bars at the ultimate drift ratios is shown in Figure 9.




6.1.2. Equivalent Plastic Hinge Length


The equivalent plastic hinge length can be computed by assuming a linear distribution of the inelastic curvature and the ultimate rotation occurring at the base section of the columns [37]. This assumption simplifies the calculations of the equivalent plastic hinge length and yields an accurate approximation of the physical behavior of the plastic hinge region. Many models for the plastic hinge length of RC columns retrofitted with composites were proposed based on this assumption [25,26,27]. Therefore, the plastic hinge lengths identified from the numerical analysis were compared to the equivalent plastic hinge length calculated from the following equation [37]:


   L P  =    L  P r    2  +  L  P b    



(12)




where LPr is the plastic hinge zone extracted from the numerical models, and LPb is the length related to the strain penetration of longitudinal reinforcement into the base footing and is given by the following:


   L  P b   = 0.022  f y  ×  d P   



(13)




where fy is the yield strength of the longitudinal reinforcement, and dP is the longitudinal bar diameter. Table 6 shows the numerical and equivalent plastic hinge length values of the simulated column models.




6.1.3. Proposed Equation for Lp


The model proposed by Jiang [27] (Equation (14)) that accounts for square columns was adopted and modified in this paper to account for the effect of external confinement length.


   L P  = 0.022  f y   d P  +       2 r  b      0.72          a 0   λ f  L    λ f  ≤ 0.2            b 0  −  b 1   λ f  +  b 2   λ f 2    L    λ f  ≤ 0.2        



(14)




where fy is the yield strength of the longitudinal reinforcement; dP is the bar diameter; r is the radius of the corners; b is the width of the column; L is the column’s heights; the coefficients a0, b0, b1, b2 are to be determined; and the confinement ratio (λf) is as follows:


   λ f  =    f L    f c o    



(15)




where fco is the compressive strength of the concrete, and the confining pressure produced by the external jacket (fL) is calculated by the following:


   f L  =   2    f  f r p      t f   b   



(16)




where ffrp is the tensile strength of FRP jackets, and tf is the thickness of the jacket. By substituting Equation (16) in Equation (15), the confinement ratio can be expressed as follows:


   λ f  =    f L    f c o   =   2  f  f r p    t f    b    f  c o      



(17)







However, Jiang [27] did not specify the volumetric ratio of the jackets with respect to concrete (ρ). Therefore, the confinement ratio (λ) proposed by Benzaid [39] was used in the present study (Equation (18)) as follows:


   λ f  =    f L    f c o   =   ρ    f  f r p    2  =   2  t f     f  f r p        2    b    f  c o      



(18)




and the volumetric ratio of the jacket with respect to concrete in columns with square cross-section is calculated by the following:


  ρ =   4  t f       2    b    



(19)







Thereafter, a linear relation between the jacket length (Ljacket) and the column height (L) is included to address the effect of the jacket length and, thus, the following Equation (19) shown below is proposed in the present study:


  ρ =   4  t f     L  j a c k e t      2    b   L    



(20)




and the confinement ratio can then be expressed by the following:


   λ f  =   2 n  t f     f  F R P   o r   T R M        2    b    f  c o       .    L  J a c k e t    L   



(21)








6.1.4. Regression Analysis


A total of 33 confined square columns, 14 from the literature [40,41,42,43] combined with 19 models from the present study, were used to determine the coefficients in Equation (14). Table 7 shows the details of all the columns. The experiments used from the literature were carried out on the RC column confined with FRP since the data of the plastic hinge lengths in the TRM-confined columns are limited. Furthermore, all the columns in these experiments failed due to the jackets rupturing. By comparing the results of Lp and performing a regression analysis, the coefficients were calculated to be (a0 = 0.69, b0 = 0.367, b1 =-1.5, b2 = 1.38). Therefore, the modified plastic hinge length (Equation (22)) is proposed as follows:


   L P  =   0.08 L + 0.022  f y   d P    +       2 r  b      0.72         0.69  λ f  L   , |  λ f  < 0.2         0.367 − 1.5  λ f  + 1.38  λ f 2    L   , |  λ f  ≥ 0.2        



(22)







Subsequently, the Lp values obtained from the experimental studies from the literature and the finite element models of the present study were used to evaluate the accuracy of the proposed semiempirical model. Figure 10 shows good agreement between FEA and the experimental dataset and the proposed Lp.



The maximum difference between the Lp values calculated using the proposed equation (Equation (22)) and the values obtained from FEA and experimental studies was 8.96%, with an average of 3.52%. This indicates that the proposed model is in good agreement with the data collected from the literature and the present FEA study.





6.2. Proposed Model for Ultimate Drift Ratio


Park [44] proposed an expression for the ultimate displacement at the tip of the cantilever columns. This expression was adopted in this paper to calculate the ultimate drift in square RC column confined with TRM or FRP.


   Δ u  =  Δ y  +  Δ p  =    φ y   L 2   3  +    φ u  −  φ y     L P    L − 0.5  L P     



(23)




where Δy is the yield displacement, Δp is the plastic displacement, φu is the ultimate curvature at the column base, φy is the yield curvature, and L and Lp are the lengths of the cantilever column and the plastic hinge, respectively. The ultimate drift ratio, θu, can be expressed as follows:


   θ u  =    Δ u   L  =    φ y  L  3  +      φ u  −  φ y     L P    L − 0.5  L P     L   



(24)







The yield and ultimate curvatures can be calculated by performing a section analysis as follows:


   φ y  = λ    ε y   d   



(25)






   φ u  =    ε  c u    c   



(26)




where εy is the yield strain of the longitudinal reinforcement, d is the effect depth of the cross section, εcu is the ultimate compressive strain in concrete, and c is the depth of the neutral axis. The λ value, according to Biskinis [45], was equal to 1.55. The depth of neutral axis was obtained based on the following model proposed by Yuan [26]:


   c d  = 0.14 +   0.65 − 0.67  λ f    n  



(27)




where n is the axial force ratio. The model proposed by Yuan [26] was used since it is the only model that is applicable for square sections and includes the effect of the external confinement.



A linear relationship between the ultimate concrete strain and the confinement ratio can be seen in Figure 11. By performing regression analysis using the numerical results of 19 FEA models, the ultimate concrete strain can be expressed as follows:


   ε  c u   = 0.0061 + 0.038  λ f   



(28)







By substituting Equations (27) and (28) into Equation (26), the ultimate curvature is then expressed as follows:


   φ u  =   0.0061 + 0.038  λ f      0.14 +   0.65 − 0.67  λ f    n   d    



(29)







The ultimate drift ratio can now be obtained by substituting Equations (25) and (29) into Equation (24). Therefore, the ultimate drift ratio for square RC columns confined with FRP or TRM can be obtained by the following:


   θ u  =   1.55  ε y    3 d   +     0.0061 + 0.038  λ f      0.14 +   0.65 − 0.67  λ f    ×    n      − 1.55  ε y       L P    L − 0.5  L P      L × d    



(30)




where Lp is calculated from the proposed model (Equation (22)) described in the previous section. The ultimate drift ratios obtained from the previous experiments, see (Table 8), and the present numerical analysis were compared to the proposed equation (Equation (30)) and another model developed by Yuan [26], which was selected since it was based on square columns. The comparison results are listed in Table 8. The average difference between the θu values calculated using the proposed model and the values obtained from Yuan [26] and FEA and the experimental studies was 15.23 and 23.9%, respectively.





7. Conclusions


TRM-confined RC columns subjected to combined axial and lateral cyclic loadings were modeled using the ANSYS nonlinear finite element software program. The developed FE models were validated using experimental results of three TRM-confined RC columns. Moreover, a parametric study was conducted to investigate the effect of various jacket lengths (which ranged between 9.4 and 100% of the column length) and mortar strengths (flexural strength ranged between 3.28 and 6.51 MPa, whereas the compressive strength ranged from 8.56 to 30.61 MPa) on the plastic hinge length and ultimate drift ratio of the columns. Subsequently, two semiempirical models were proposed to predict the plastic hinge length and ultimate drift ratio while considering the impact of the jacket length. The primary conclusions were as follows:




	
The ultimate drift ratio and lateral load capacity increase as the length of the TRM jackets increase. A fully wrapped column model with a jacket length of 1600 mm yielded a 110 and 32.9% enhancement in the ultimate drift ratio and lateral load capacity, respectively, as compared to column model with only a 150-mm jacket length.



	
The plastic hinge length enlarged with the increase in the length of the TRM jacket up to a confinement ratio of 0.2. Beyond this point, the plastic hinge length reduced.



	
Mortars with higher flexural strengths resulted in an enhancement in the deformation capacity. On the other hand, the difference in the compressive strength of M2 and M3 had an insignificant effect on the ultimate lateral deformation capacity as model S-CL-M3 resulted in a 6% improvement as compared to model S-CL-M2.



	
Mortar strengths have an insignificant impact on the plastic hinge length of the column. The maximum difference observed was 2.8%.



	
The failure mechanism was independent of the tensile and compressive strengths of the mortar as all the columns failed due to the fracture of the fibers at the base section. However, increasing the jacket’s length shifted the failure from the buckling of the longitudinal bars to the rupture of the textiles.



	
An equation for the plastic hinge length of TRM-confined RC columns, while considering the effect of the length of the jacket, was proposed. The results agreed well with the experimental and FEA models’ results with an average difference of 3.52%.



	
A semiempirical model was developed for the ultimate drift capacity of RC columns confined with TRM or FRP. The results were compared with experimental and FEA results, and the average difference was 15.23%. On the other hand, the average error of the Yuan [26] model was 23.9% as compared to the data collected from the literature, indicating that the proposed model in this study yielded relatively accurate results.
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Figure 1. (a) Schematic of test set-up; (b) cross-section and textiles orientation. Bournas [17]. 
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Figure 2. Stress–strain relationships of confined and unconfined concrete. 
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Figure 3. (a) Geometry of the strengthened models; (b) reinforcement details. 
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Figure 4. Representation of the cyclic displacement-controlled load. 
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Figure 5. (a) Reinforcement buckling of the control column at failure; (b) cracks in the concrete at failure. 
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Figure 6. Load versus drift ratio envelopes: (a) L0_C, (b) L_M4. 
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Figure 7. Strains in longitudinal bar: (a) control column, (b) strengthened with carbon TRM. 
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Figure 8. Fracture of TRM jacket in model S-CL-300. 
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Figure 9. Distribution of axial strain in the longitudinal reinforcement. 
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Figure 10. Comparison of FEA and experimental dataset and the proposed Lp. 
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Figure 11. The relation between the ultimate strain in concrete and confinement ratio. 
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Table 1. Results of the Experiment and the FEM Models.
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Drift at Failure (%)

	
Peak Force (KN)




	

	
Experiment

	
FEA

	
Difference (%)

	
Experiment

	
FEA

	
Difference (%)




	
Experiment ID

	
FEA model ID

	
Push

	
Pull

	
Push

	
Pull

	
Push

	
Pull

	
Push

	
Pull

	
Push

	
Pull

	
Push

	
Pull






	
L0_C

	
C

	
3.43

	
3.43

	
3.75

	
3.75

	
9.3

	
9.3

	
41.63

	
−42.5

	
43.7

	
−43.9

	
4.97

	
3.34




	
L0_M4

	
S-CL-430

	
>7.8

	
>7.8

	
9.38

	
9.1

	
-

	
-

	
45.77

	
−49.2

	
48.1

	
−48.4

	
5.1

	
1.6




	
L0_M4G

	
S-G-430

	
7.5

	
6.9

	
8.1

	
7.5

	
8

	
8.7

	
48.82

	
−45.3

	
49.5

	
−49.3

	
1.4

	
8.9
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Table 2. Strains in Longitudinal Bars.






Table 2. Strains in Longitudinal Bars.





	

	
Compressive Axial Strain in Longitudinal Bars

	




	
Column ID

	
Drift Ratio (%)

	
Experimental

	
Numerical (ANSYS)

	
Exp./Num. (%)






	
C

	
3.1

	
−0.0077

	
−0.0074

	
3.9




	
S-CL-430

	
4.3

	
−0.0082

	
−0.0081

	
1.22




	
S-G-430

	
5.3

	
−0.0063

	
−0.00582

	
7.62
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Table 3. Results of TRM Strengthened Column Models with Various Jacket Lengths.
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	Column ID
	Jacket Length (mm)
	Θu

(%)
	Difference of Strengthened and Control (%)
	Lpr

(mm)
	Difference of Strengthened and Control (%)
	Mode of Failure





	C
	-
	3.75
	-
	239
	-
	Buckling of longitudinal bars at the base section



	S-CL-150
	150
	5.94
	58.4
	248
	3.77
	Buckling of longitudinal bars above the jacket



	S-CL-200
	200
	6.56
	74.9
	271
	13.4
	Buckling of longitudinal bars above the jacket



	S-CL-210
	210
	6.56
	74.9
	277
	15.9
	Buckling of longitudinal bars above the jacket



	S-CL-225
	225
	6.87
	83.2
	287
	20.1
	Buckling of longitudinal bars above the jacket



	S-CL-250
	250
	7.18
	91.5
	296
	23.8
	Buckling of longitudinal bars above the jacket



	S-CL-275
	275
	7.18
	91.5
	302
	26.4
	Buckling of longitudinal bars above the jacket



	S-CL-300
	300
	7.5
	100
	306
	28
	Rupture of the jacket



	S-CL-325
	325
	7.81
	108.3
	314
	31.4
	Rupture of the jacket



	S-CL-350
	350
	8.13
	116.8
	319
	33.5
	Rupture of the jacket



	S-CL-375
	375
	8.43
	124.8
	328
	37.2
	Rupture of the jacket



	S-CL-400
	400
	8.75
	133.3
	335
	40.2
	Rupture of the jacket



	S-CL-430
	430
	9.38
	150
	341
	42.7
	Rupture of the jacket



	S-CL-500
	500
	10.0
	166.7
	332
	38.9
	Rupture of the jacket



	S-CL-600
	600
	10.6
	182.7
	314
	31.4
	Rupture of the jacket



	S-CL-800
	800
	10.9
	190.7
	291
	21.8
	Rupture of the jacket



	S-CL-1000
	1000
	11.25
	200
	271
	13.4
	Rupture of the jacket



	S-CL-1200
	1200
	11.25
	200
	258
	7.9
	Rupture of the jacket



	S-CL-1400
	1400
	11.56
	208.7
	246
	2.9
	Rupture of the jacket



	S-CL-1600
	1600
	12.5
	233.3
	235
	−1.7
	Rupture of the jacket







Note: θu = ultimate drift ratio, LPr = plastic hinge length extracted from the numerical models.
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Table 4. Flexural and Compressive Strengths of Mortars.
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	Mortar
	Flexural Strength (MPa)
	Compressive Strength (MPa)





	M1
	3.28
	8.56



	M2
	4.24
	30.61



	M3
	6.51
	20.8










[image: Table] 





Table 5. Results of TRM Strengthened Column Models with Various Mortar Strengths.






Table 5. Results of TRM Strengthened Column Models with Various Mortar Strengths.





	Column Notation
	θu

(%)
	Diff. between Strengthened and Control (%)
	Lpr (mm)
	Mode of Failure





	C
	3.75
	-
	239
	Buckling of longitudinal bars at the base section



	S-CL-M1
	8.75
	133
	352
	Rupture of the jacket



	S-CL-M2
	9.1
	142
	363
	Rupture of the jacket



	S-CL-M3
	9.38
	150
	356
	Rupture of the jacket
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Table 6. Physical and Equivalent Plastic Hinge Lengths of the Simulated Models.






Table 6. Physical and Equivalent Plastic Hinge Lengths of the Simulated Models.





	Model
	Lpr (mm)
	Lp (mm)





	C
	239
	280



	S-CL-150
	248
	285



	S-CL-200
	271
	296



	S-CL-210
	277
	300



	S-CL-225
	287
	305



	S-CL-250
	296
	309



	S-CL-275
	302
	312



	S-CL-300
	306
	314



	S-CL-325
	314
	318



	S-CL-350
	319
	320



	S-CL-375
	328
	325



	S-CL-400
	335
	328



	S-CL-430
	341
	332



	S-CL-500
	332
	331



	S-CL-600
	314
	318



	S-CL-800
	291
	306



	S-CL-1000
	271
	296



	S-CL-1200
	258
	290



	S-CL-1400
	246
	284



	S-CL-1600
	235
	278
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Table 7. Results of Columns from Experimental Work in the Literature [40,41,42,43] and Present Numerical Study.
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	Study
	ID
	Ljacket (mm)
	Lc (mm)
	dP (mm)
	fy (Mpa)
	fco (Mpa)
	tf (mm)
	fFRP (Mpa)
	λf
	Lp (mm)

Experiments
	Lp (mm)FEA
	Lp (mm) Predicted
	Difference (%)





	Wang [40]
	LA2
	500
	650
	16
	362.8
	50.4
	0.222
	3400
	0.20
	216
	
	197
	8.96



	Zoppo [41]
	CL_FRPa
	500
	1500
	18
	525
	14.9
	0.33
	2990
	0.22
	370
	
	360
	2.57



	
	CL_FRPb
	500
	1500
	18
	525
	16
	0.33
	4788
	0.32
	330
	
	343
	4.01



	
	CM_FRPa
	500
	1500
	18
	525
	29.1
	0.66
	2990
	0.22
	367
	
	360
	1.96



	
	CM_FRPb
	500
	1500
	18
	525
	33.3
	0.66
	4788
	0.31
	333
	
	347
	3.94



	Ouyang [42]
	C-B2
	1000
	1175
	18
	386
	29.6
	0.34
	2100
	0.20
	285
	
	272
	4.63



	
	C-B3
	1000
	1175
	18
	386
	29.6
	0.51
	2100
	0.30
	253
	
	263
	3.95



	
	C-BC
	1000
	1175
	18
	386
	29.6
	0.337
	2100
	0.20
	286
	
	272
	4.87



	
	C-C2
	1000
	1175
	18
	386
	29.6
	0.334
	3100
	0.29
	256
	
	265
	3.63



	
	C-C3
	1000
	1175
	18
	386
	29.6
	0.501
	3100
	0.44
	230
	
	215
	6.59



	Wang [43]
	N4C3A75
	500
	1400
	20
	437
	27.4
	0.501
	4340
	0.22
	372
	
	358
	3.64



	
	N4C4A45
	500
	1400
	20
	437
	27.4
	0.668
	4340
	0.29
	323
	
	343
	6.2



	
	N3C2A55
	450
	1050
	16
	358
	27.4
	0.334
	4340
	0.23
	252
	
	250
	1.08



	
	N3C3A45
	450
	1050
	16
	358
	27.4
	0.501
	4340
	0.35
	203
	
	216
	6.62



	FEA
	S-CL-150
	150
	1600
	14
	523
	24.3
	0.38
	3800
	0.07
	
	285
	290
	2.12



	
	S-CL-200
	200
	1600
	14
	523
	24.3
	0.38
	3800
	0.09
	
	296
	303
	2.18



	
	S-CL-210
	210
	1600
	14
	523
	24.3
	0.38
	3800
	0.09
	
	300
	305
	1.9



	
	S-CL-225
	225
	1600
	14
	523
	24.3
	0.38
	3800
	0.10
	
	305
	309
	0.95



	
	S-CL-250
	250
	1600
	14
	523
	24.3
	0.38
	3800
	0.11
	
	309
	314
	1.57



	
	S-CL-275
	275
	1600
	14
	523
	24.3
	0.38
	3800
	0.12
	
	312
	318
	2



	
	S-CL-300
	300
	1600
	14
	523
	24.3
	0.38
	3800
	0.13
	
	314
	322
	2.61



	
	S-CL-325
	325
	1600
	14
	523
	24.3
	0.38
	3800
	0.15
	
	318
	326
	2.38



	
	S-CL-350
	350
	1600
	14
	523
	24.3
	0.38
	3800
	0.16
	
	320
	329
	2.64



	
	S-CL-375
	375
	1600
	14
	523
	24.3
	0.38
	3800
	0.17
	
	325
	331
	1.8



	
	S-CL-400
	400
	1600
	14
	523
	24.3
	0.38
	3800
	0.18
	
	328
	333
	1.43



	
	S-CL-430
	430
	1600
	14
	523
	24.3
	0.38
	3800
	0.19
	
	332
	335
	0.68



	
	S-CL-500
	500
	1600
	14
	523
	24.3
	0.38
	3800
	0.22
	
	331
	341
	3.16



	
	S-CL-600
	600
	1600
	14
	523
	24.3
	0.38
	3800
	0.27
	
	318
	323
	2.57



	
	S-CL-800
	800
	1600
	14
	523
	24.3
	0.38
	3800
	0.36
	
	306
	295
	3.4



	
	S-CL-1000
	1000
	1600
	14
	523
	24.3
	0.38
	3800
	0.45
	
	296
	277
	6.62



	
	S-CL-1200
	1200
	1600
	14
	523
	24.3
	0.38
	3800
	0.54
	
	290
	271
	6.52



	
	S-CL-1400
	1400
	1600
	14
	523
	24.3
	0.38
	3800
	0.62
	
	284
	267
	2.49



	
	S-CL-1600
	1600
	1600
	14
	523
	24.3
	0.38
	3800
	0.71
	
	278
	264
	6.54



	
	
	
	
	
	
	
	
	
	
	Average
	
	
	3.52
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Table 8. Comparison of FEA and experimental dataset [37,38,39,40] and the proposed θu.
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	Study
	ID
	θu Experiment
	Θu Proposed

Equation (30)
	Error (%)
	Θu

Yuan [26]
	Error (%)





	Wang
	LA2
	3.40
	3.14
	15.7
	3.14
	7.65



	Zoppo
	CL_FRPa
	10.40
	7.66
	23.67
	8.66
	16.73



	
	CL_FRPb
	9.60
	8.95
	6.76
	8.95
	6.77



	
	CM_FRPa
	9.60
	7.72
	15.96
	7.72
	19.58



	
	CM_FRPb
	9.60
	8.79
	4.38
	8.79
	8.44



	Ouyang
	C-B2
	3.15
	3.02
	2.75
	3.02
	4.13



	
	C-B3
	3.11
	3.67
	34.69
	3.67
	18.01



	
	C-BC
	3.68
	3.01
	17.27
	3.01
	18.21



	
	C-C2
	3.74
	3.60
	9.23
	3.6
	3.74



	
	C-C3
	3.07
	4.83
	68.5
	4.83
	57.33



	Wang
	N4C3A75
	2.48
	2.31
	14
	2.31
	6.85



	
	N4C4A45
	4.51
	3.66
	16.45
	3.66
	18.85



	
	N3C2A55
	3.84
	2.81
	30.7
	2.81
	26.82



	
	N3C3A45
	4.86
	3.69
	20.12
	3.69
	24.07



	FEA
	S-CL-150
	5.94
	2.39
	16.97
	3.39
	42.93



	
	S-CL-200
	6.56
	3.43
	7.8
	4.43
	32.47



	
	S-CL-210
	6.56
	3.81
	10.12
	4.81
	26.68



	
	S-CL-225
	6.87
	3.89
	11.36
	4.69
	31.73



	
	S-CL-250
	7.18
	4.01
	6.88
	4.81
	33.01



	
	S-CL-275
	7.18
	4.22
	6.45
	5.02
	30.08



	
	S-CL-300
	7.50
	4.43
	5.82
	5.23
	30.27



	
	S-CL-325
	7.81
	4.65
	5.25
	5.44
	30.35



	
	S-CL-350
	8.13
	4.87
	4.39
	5.67
	30.26



	
	S-CL-375
	8.43
	5.09
	3.71
	5.99
	28.94



	
	S-CL-400
	8.75
	5.33
	6.19
	6.43
	26.51



	
	S-CL-430
	9.38
	5.57
	7.38
	6.47
	31.02



	
	S-CL-500
	10.00
	5.86
	28.8
	6.76
	32.40



	
	S-CL-600
	10.60
	6.34
	24.9
	7.43
	29.91



	
	S-CL-800
	10.90
	6.8
	20.1
	6.8
	37.61



	
	S-CL-1000
	11.25
	7.93
	18.9
	7.93
	29.51



	
	S-CL-1200
	11.25
	9.27
	5.21
	9.52
	15.38



	
	S-CL-1400
	11.56
	11.06
	10.3
	10.06
	12.98



	
	S-CL-1600
	12.50
	13.57
	21.8
	14.75
	18.00



	
	
	
	
	15.23
	
	23.9
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