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Abstract

:

To protect the environment and preserve natural resources, it is crucial to use recycled aggregate (RA) in construction. The recycled coarse aggregate reinforced concrete columns with the addition of steel fiber evaluated under concentric and eccentric loadings for short and slender columns were examined experimentally and analytically in this research. Twenty-four column specimens were built for this study to examine the impact of steel fiber, recycled aggregate, slenderness, and eccentricity on the behavior of reinforced concrete columns. This research examined the failure mode, maximum load-carrying capacity, strain in the concrete, strain in the reinforcement, and ductility. Based on the results, it can be concluded that employing recycled concrete aggregate is a potential approach to meet design codes. The addition of 1% steel fiber effectively prevents concrete from crushing and spalling. Steel fiber, however, improved the columns’ ductility and strength. The results showed the maximum load-carrying capacity of the specimens and the results of using ACI-318 code equations agreed very well. Furthermore, a model is proposed for columns with both natural and recycled aggregate and which accounts for the eccentricity and slenderness to forecast the load-carrying capacity. The outcomes demonstrated that the design principles were met well. Plots of load–moment interaction diagrams for short and slender columns made with the ACI-318 method are compared to the findings of the experiments.
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1. Introduction


Replacing natural aggregate (NA) with recycled concrete aggregate (RA) in the concrete mix design is an important step toward a green environment [1,2]. When utilizing recycled aggregate instead of natural aggregate, the computed net carbon balance is about 20% lower [3]. The environmental and economic implications of recycled aggregates manufactured from waste concrete blocks were demonstrated to have a reduction factor of 0.420 g of CO2/EUR cent, and this implies that using recycled aggregate will cut CO2 emissions per unit expense [4]. Different research was conducted in past years to determine the effect of steel fiber on the behavior of structural members made with RA, and some studies have shown an improvement in the compressive strength of concrete [5,6]. Research has also shown an improvement in the shear and bending behavior [7,8]. However, it was observed that current research mainly studied the performance of columns by taking RA into account, but not with a content of steel fiber [9]. In general, the steel fibers could improve the cover–core interface and improve the strength and ductility of reinforced concrete columns [10,11]. Five series of columns were tested to determine the differences in the behavior between columns made with recycled aggregate in comparison with samples made with natural aggregate. The results showed similar behavior during the loading up to failure, as well as a similar bearing capacity and the greater ductility of the samples with recycled aggregate recorded because of the slower nature of failure [12]. The axial load of recycled aggregate concrete (RAC) columns was found to be 18% lower than that of natural aggregate concrete (NAC) columns, while the axial load improved by 2.7% when the tie spacing decreased by 22.5 percent [13]. Seventeen columns (400 × 400 × 1000) were tested with various types and qualities of recycled aggregate, along with different replacement percentages of coarse aggregate (30%, 60%, and 100%), and samples with natural aggregate. Similar cracking patterns were observed. Columns with recycled aggregate experienced a 6–8% reduction in the load-carrying capacity compared to those with natural aggregate, and the authors therefore advocated for the use of the equivalent effective water method and pre-saturated method [14]. Experimental and theoretical results reported on the use of recycled aggregates in structural applications. It was observed that, if the parent concrete had a high-strength concrete, recycled aggregate could safely replace the natural aggregate by 100% [15]. In an experimental study, thirteen short axially loaded columns were investigated to assess the influence of steel fiber and recycled coarse aggregate. The results indicated that the mechanical properties of the recycled aggregate concrete improved. Although the ductility, energy dissipation, and deformation of the columns improved with the addition of 1% steel fiber, its effect on the axial load-carrying capacity was negligible [16]. In conclusion, the replacement of natural aggregate by recycled aggregate increased the compressive, tensile, and bending strength. A negligible change was noticed in the modulus of elasticity. Controlling the fracture process observed after adding steel fiber to the mixture with recycled aggregate consequently increased the mechanical properties of the produced concrete [17]. In the conduction of an experimental test on 12 short columns loaded concentrically and eccentrically, natural aggregate was replaced by recycled aggregate with different ratios of {0, 50, 70}%. The results showed a similarity in the mechanical properties and failure modes. Some of the columns with recycled aggregate recorded a higher bearing capacity. The equivalent effective water method was used with additional water [18]. In another study, the recycled coarse aggregate was produced by crushing waste concrete cubes after being tested in the labs for compressive strength, with a w/c of 0.47–0.70 used in the mixtures. The results showed a higher compressive strength of 3–16% compared to the samples made with natural aggregate. The reported higher strength could have been due to the high water absorption by the recycled aggregate. The use of recycled aggregate was suggested in different applications [19]. It was concluded that, with the higher strength of concrete, the differences between the parent concrete and produced recycled aggregate concrete become higher. In addition, the water absorption becomes higher with the higher strength of the parent concrete [20]. It was noted that the use of recycled aggregate in construction has a major role in the future of sustainable construction and a clean environment. In the experimental research, the results showed the mechanical performance of recycled aggregate concrete is similar to that of natural aggregate concrete in an 80% replacement ratio. However, the mechanical performance of recycled aggregate concrete was not affiliated with the parent concrete [21]. In an experimental study aimed at assessing the impact of parent concrete on the mechanical properties of recycled aggregate, both high-performance recycled aggregate concrete (HPRAC) and normal-strength recycled aggregate concrete (NSRAC) were investigated. It was found that HPRAC derived from parent concrete with strengths of 80–100 MPa demonstrated mechanical properties comparable to or slightly better than those of natural aggregate concrete [22]. The recycled aggregate was produced by crushing waste concrete from pre-cast concrete columns and laboratory test cubes. Samples with 0%, 50%, and 100% replacements of recycled aggregate underwent compression strength testing, and acceptable results confirmed the feasibility of using recycled aggregate in structural applications [23]. Examining the seismic effect on 53 rectangular recycled aggregate concrete columns from different reports in the literature, the results showed that the bearing capacity of the specimens decreased and the ductility performance increased with an increase in the replacement ratio of recycled aggregate and the slenderness ratio [24].



This study’s main objective is to investigate the behavior of slender, recycled coarse aggregate columns and short columns for comparison, which have not been combined in previous studies, as well as to examine the behavior of these columns at different levels of eccentricity under axial and eccentric loads. In addition, we assess if it is possible to replace all of the RA in the twenty-four reinforced concrete columns by analyzing the effects of steel fiber on the samples made of RA and NA. We also investigate the slenderness, eccentricity, ductility, strain in the concrete and steel, and axial and vertical displacement of the columns. Recently, there have been only a few studies looking into some aspects of column behavior, with one study considering slender or short columns built using recycled coarse aggregate. Therefore, many more investigation is required in the field of recycled aggregate.




2. Experimental Program


This experimental program consisted of twenty-four reinforced concrete columns. Twelve of these columns are short, with a slenderness ratio (kl/r) of 17.24, and the other twelve are slender columns with a kl/r of 34.5, where k is the effective length factor, l is the height of the column, and r is the radius of gyration. Every column made with natural coarse aggregate has an equivalent column made with recycled aggregate for comparison. Columns made with natural aggregate and recycled aggregate without steel fiber have an equivalent column made with a 1% content of steel fiber. Additionally, the columns are axially loaded in three different eccentricities, namely, e/h = 0 (concentrically loaded), e/h = 0.5 (e = 62.5 mm), and e/h = 1.0 (e = 125 mm). The specimens are identified based on how they are made. For the samples “S-RA0Vf0E0.0” and “L-RA100Vf0E0.0”, S = short; L = slender; RA0 = 100% natural aggregate; RA100 = 100% recycled aggregate; Vf0 = without steel fiber; Vf1 = with a content of 1% steel fiber; E0.0 = concentrically loaded; E0.5 and E1.0 = eccentrically loaded at e/h = 0.5 and e/h = 1.0, respectively. The details of the specimens are listed in Table 1.



2.1. Materials


Type 1 Ordinary Portland Cement was used to comply with ASTM C150 [25]. The chemical composition data for the cement provided by the manufacturer are shown in Table 2. River sand was used as a fine aggregate. Natural coarse aggregate with a maximum particle size of 12 mm was selected. The recycled aggregate is made from laboratory waste concrete blocks (tested cubes and cylinders), with a maximum particle size of 12 mm. Figure 1 shows the process of preparation of the recycled aggregate. The RA with mostly mortar attached to its surface was observed. The coarse aggregate, NA, and RA are shown in Figure 2 for comparison, and the results were satisfactory to ASTM-C33 [26]. Figure 3 shows the sieve analysis of the coarse aggregates. Table 3 shows the physical properties of the coarse aggregate, where it was observed that the RA had a much higher water absorption compared with the NA. The steel fiber used in this experiment was coated with copper, having a diameter of 0.25 mm and a length of 14 mm, with a nominal tensile strength of 2850 MPa, and the specified properties satisfied ASTM A820 [23]. A sample of steel fiber is shown in Figure 4.




2.2. Mix Properties


For this experimental test, a compressive strength of 35 MPa was chosen. The decision regarding the strength was determined by the capacity of the column testing machine. Table 4 presents the optimal proportions, determined through numerous trial mixes conducted in the laboratory by the authors and consistently utilized throughout the experimental testing. The direct volume replacement (DVR) method selected the same volume of aggregate used for the replacement. Following ASTM C127 [27], the RA and NA were washed and then immersed in roomtemperature water for 24 h before the use in the mixture. Then, the aggregate surface moisture is dried with towels. Figure 5 show the aggregates (a) immersed in water for 24 h and (b) the process of drying. At this time, both types of aggregate became saturated and dry on the surface, and this is the definition of the saturated surface dry (SSD) method. The water absorbed by both types of aggregate was not counted in the water–cement ratio. The water added to the mixture should be adequate for the cement hydration in the mixture of concrete.




2.3. Specimen Design


The available testing machine in the lab dictated the dimensions of the column concerning the size and slenderness ratio. In addition, the normal strength of the concrete was selected based on the strength capacity of the testing machine. The designed cross-section for all the columns in this study was 125 mm × 125 mm, with a clear cover of 12 mm, the effective length of the short columns equaled 625 mm, and the total length was 1025 mm, while the effective length of the slender columns was 1250 mm and its total length was 1650 mm. Six cylinders of 100 mm × 200 mm were prepared to measure the concrete compressive strength (f′c) and concrete splitting strength (fct), three prisms of 10 × 10 × 40 were cast to measure the flexural strength (fr), and three cylinders were used to measure the modulus of elasticity (Ec). All of them were accompanied by the columns in the same batch of pouring and curing conditions. The results are listed in Table 5.



Each column specimen was reinforced with four longitudinal 10 mm diameter steel bars placed at the corners of the cross-section, and the ratio was 2%. Ties with 8 mm diameter steel bars were used for transvers reinforcement. The properties of the steel reinforcement are shown in Table 6. The geometry, dimensions, and reinforcement are detailed in Figure 6.




2.4. Test Setup and Instrumentation


Specimens were loaded axially at a rate of 1.0 kN/sec up to failure with the load-controlled computerized compression testing machine with a capacity of 1200 kN in the laboratory of the Civil Engineering Department of Erbil Polytechnic University. The load cell model (HC-200 t C3) with a capacity of 2000 kN was installed on the machine and connected to the data logger, and the data were read from the computer screen. Two electrical strain gauges were installed on the longitudinal steel bars, four were installed on the concrete surface at mid-height and in a vertical position, one was installed on the front face, and another one was installed on the back face. Linear voltage displacement transducers (LVDTs) were used to measure the axial displacement installed at two-thirds of the height, while the second LVDT was installed at the mid-height of the column to measure the lateral displacement. A dial gauge was installed at the mid-height of the column on the opposite side of the LVDT for lateral displacement readings. All samples were aligned vertically in two perpendicular directions by two lasers. Figure 7a shows the enlarged ends of the columns confined with CFRP sheets to avoid premature failure at the ends. Figure 7b shows a 50 mm diameter steel rod that was placed between two 50 mm thick plates with three grooves at 13 mm, 62.5 mm, and 125 mm to obtain the required eccentricities. Column heads were inserted into a rectangular plate cap that was built with the 50 mm plate to ensure hinge behavior on the ends. Figure 7c shows the assembly and setup of the sample before the testing. In addition, six cylinders for compressive strength and splitting strength as well as three prisms were cast along with the samples to determine the mechanical properties of the concrete.





3. Results and Analysis


3.1. Failure Mode


3.1.1. Short and Slender Columns under Concentric Loading (e/h = 0)


The behavior of all columns at failure was brittle, sudden, and explosive. This type of failure is considered severe, as it occurs abruptly and without any prior warning. Both short and slender columns failed in compression when the steel yielded and buckled outward, and the concrete crushed. Long vertical hairline cracks appeared on the corner edge toward the middle of the columns in just about the maximum column carrying capacity; then, the cracks multiplied and widened, and the corners started spalling as the crush took place. Figure 8a column with natural aggregate and Figure 8b column with recycled aggregate, show the nature of the failure as it happened. Figure 8c shows how concrete pieces came off and steel buckled after the failure of a column. Columns crushed and failed near the mid-height of the columns, except for L-RA100Vf0E0, which crushed near the bottom end of the column, with a concrete strain comparable to other samples, as shown in Table 7. Slender columns (kl/r = 34.5) failed at slightly lower loads than the short columns (kl/r = 17.24). S-RA0Vf0E0 failed at 680 kN versus L-RA0Vf0E0, which failed at 642 kN. In the specimens without the content of steel fiber, the columns made with recycled aggregate, S-RA100Vf0E0 (735 kN) and L-RA100Vf0E0 (690 kN), recorded higher maximum carrying capacities than S-RA0Vf0E0 (680 kN) and L-RA0Vf0E0 (642 kN), which were made with natural aggregate. Table 7 shows the results of the strains at peak failure loads. Unequal concrete strains on the front side and back side of the concentrically loaded columns returned to the minor and unintentional eccentricity of the applied load; consequently, second-order effects developed and some moment on the column was created. The results show that short and slender columns made with recycled and natural aggregate with and without the content of steel fiber failed in compression under concentric loading. The columns made of recycled aggregate exhibited a similar failure process, but in a more fragile manner, compared to columns made of natural aggregate. More pieces came off S-RA100Vf0E0 and S-RA0Vf0E0 at the failure compared to the equivalent samples made with steel fiber. The addition of steel fiber in the samples showed more ductile behavior than the samples that did not have steel fiber in them, and this can be observed in the values of the ductility index in Table 7. An example is S-RA0Vf0E0, where the ductility index shown is 1.12, compared to S-RA0Vf1E0, with a ductility index of 1.37. The concrete strain curve for S-RA100Vf0E0 falls behind the curve for S-RA100Vf1E0, reading lower strains at the same load level. In S-RA0Vf1E0 and S-RA100Vf1E0, with steel fiber in both of them, most of the pieces of concrete cover held in place after the failure, and this might have contributed to the higher bearing capacity. This is correct for both types of specimens made with natural aggregate and recycled aggregate. Figure 9 and Figure 10 show the failure pattern of short and slender columns, respectively. It is observed that the short columns failed with a more fragile mode than the slender columns.




3.1.2. Columns under Loading with Moderate Eccentricity (e/h = 0.5)


Introducing eccentricity to the loading affected substantially the behavior of the columns, including the load-carrying capacity, the strain in both the concrete and the steel reinforcement, the crack pattern, and the failure modes. The cracking loads are shown in Table 7. Both short and slender columns failed after the steel yielded on the tension face and the concrete crushed on the compression face. Short columns S-RA100Vf0E0.5 and S-RA0Vf0E0.5 without contents of steel fiber cracked at 54% and 45% of the maximum load of 190 and 210 kN, respectively. Short columns C9 and C10 with contents of 1% steel fiber cracked at 53% and 58% of the maximum failure load of 223 and 218 kN one after another. Slender columns L-RA100Vf0E0.5 and L-RA0Vf0E0.5 without steel fiber cracked at 35% and 45% of the maximum load of 159 and 152 kN. L-RA100Vf1E0.5 and L-RA0Vf1E0.5 with 1% steel fiber cracked at 44% and 49% of the maximum failure load of 163 and 168 kN. Horizontal flexural cracks on the tension face (back side) of the column appeared at an early stage of loading around the mid-height of the columns; then, the number of cracks increased in a similar interval toward the top and bottom of the columns until cracks covered almost all over the tension face, and then extended toward the neutral axis of the column. Fewer numbers with smaller widths of cracks were observed in the short columns than in the slender columns. Figure 11 and Figure 12 show the failure and crack patterns. Approaching the maximum failure load, vertical cracks appeared on the compression side, followed by a drop in the load, and then the concrete was crushed in the compression face. During the process of loading, a curvature formed along the height of the columns. Furthermore, the columns with a content of steel fiber experienced higher strains at the maximum loads and lower strains at the same load level compared to the columns with no steel fiber content. In addition, in the columns with steel fiber, the cracks appeared more gradually than in the samples without steel fiber during the whole loading process. This shows the effect of steel fiber with respect to tension and its resistance to some tensional stresses versus no resistance in the case of columns with no steel fiber.




3.1.3. Columns under Loading with Large Eccentricities (e/h = 1.0)


The columns under a larger eccentricity of 100% (125 mm) failed at maximum load, with a larger lateral deformation and smaller axial load, compared with the columns loaded under a smaller eccentricity of 50% (62.5 mm) and the concentrically loaded columns, as shown in Table 7. The short columns S-A100Vf0E1.0 and S-RA0Vf0E1.0 without contents of steel fiber cracked at 42% and 36% of the maximum load of 100 and 105 kN, respectively. The columns with contents of 1% steel fiber, S-RA100Vf1E1.0 and S-RA0Vf1E1.0, cracked at 46% and 40% (4% higher) of the maximum loads of 107 and 112, respectively. The slender columns L-RA100Vf0E1.0 and L-RA0Vf0E1.0 had no steel fiber in them and cracked at 27% of the maximum load of 73 and 70 kN. The columns with 1% of steel fiber, L-RA100Vf1E1.0 and L-RA0Vf1E1.0, cracked at 41% and 34% (14% and 7% higher) of their maximum failure load of 80.5 and 76.5 kN. Steel reinforcement in all the columns yielded in the tension face with higher strain values. Furthermore, the steel did not yield in the compression face. The concrete in the compression face failed at lower strains than the columns with smaller eccentricities. From the earlier discussion, it is observed there was no significant effect of using recycled aggregate compared to the use of natural aggregate on the failure mode and bearing capacity of the column specimens, most likely because of the higher quality of the parent concrete of the recycled aggregate and the SSD method, mentioned earlier, in preparing the aggregate. However, the addition of steel fiber increased the ductility of the samples and exhibited higher strains and lateral displacements, in addition to a higher number of horizontal cracks with a smaller depth and width. Larger lateral displacements resulted due to the higher eccentricity observed. Cracks were first initiated during the initial stage of loading. Reaching the maximum failure load, transverse cracks covered the entire height of the columns on the tension face. Just before the decline of the load, vertical micro-cracks appeared on the compression face of the columns. At the peak failure load, the longitudinal steel bars buckled and the integrity of the columns was kept. The crack distribution of all the columns at failure is shown in Figure 13 and Figure 14. The slender and short columns were significantly under tensile stress, which can be observed in the strain values in Table 7. Additionally, we observed that the spacing and width of the flexural cracks were influenced by fiber bridging towards the compression face. As a result, we concluded that the compressive depth of the concrete decreases as the eccentricity increases.





3.2. Load-Carrying Capacity


Peak failure loads are listed in Table 7. Different factors affect the load-bearing capacity, such as the materials used and the loading conditions applied. This section discusses different variables and how they affect the load-carrying capacity.



3.2.1. Effect of Recycled Aggregate


The results presented in Table 7 demonstrate that a complete replacement of recycled aggregate does not consistently decrease the strength of the columns. It is observed that the differences are small, and could fail in higher loads or lower loads compared to the columns made with natural aggregate. This applies to the specimens made with and without the addition of steel fiber, short or slender columns, and eccentrically or concentrically loaded columns. Furthermore, the saturated surface dry, “SSD”, method is an effective factor in using recycled aggregate to use the same water–cement ratio in the mix of both types of aggregate, which was essential to obtain accurate results. The parent concrete or the type of concrete used for the recycled aggregate was another important factor for the strength response. In this study, waste concrete blocks with a compressive strength of 50 MPa were collected from laboratories and used to produce recycled aggregate. It is important to note that the change in the compressive strength due to the replacement of recycled aggregate is not large compared with the results of the investigation in this study and the existing research [28,29,30]. At 28 days old with a 50% replacement ratio, the strength reduction relative to the reference mix was 1.3%, which is a ratio that was deemed negligible. With a replacement ratio of 100%, the strength reduction compared to the reference mix was 5.1%, remaining within an acceptable range for the same strength class [31]. It is observed that, with the reduction in the w/c ratio, the compressive strength of the RAC increased [32]. The mechanical behavior was affected by the density and water absorption of the quality of the RCA [33].




3.2.2. Effect of Steel Fiber


The addition of 1% steel fiber to the mixes increased the strength of the columns, which was more obvious in the eccentrically loaded columns than in the concentrically loaded columns, and the differences can be explained by the resistance of the fiber in tension more than in compression. Table 8 shows the change in the strength of the columns. It is observed that the effect of steel fiber on both types of aggregate, namely, natural and recycled, is similar to a large extent. In addition, the steel fiber increased the ductility of the columns, which can be seen in Table 7, when the values of the ductility index are compared. Furthermore, steel fiber increased the splitting and flexural strength of the concrete, as shown by the differences in the strength in Table 5.



The tensile strength of the steel fiber σtu was used in the force equilibrium and strain compatibility diagram of the column cross-section. The steel fiber stress in tension is defined in [34]. The equation for the steel fiber stress is given below:


σtu = ηo × τu × Vf × Lf/Df











ηo = 0.333, 0.41, and 0.5 [35], where 0.5 is used in this study.



τu = the bond strength between the steel fiber and the concrete.



τu = ks √f′c [36].



τu = 0.6 f′c(2/3) [37].



ks = 0.4 for plain fibers.



Vf, Lf, and Df: the volume fraction, length, and diameter of the steel fiber.




3.2.3. Effect of Slenderness Ratio


The slenderness ratio was affected by the eccentricity, where the higher the eccentricity, the larger the differences in the maximum failure load. For concentrically loaded columns, the slenderness effect was not as high as the eccentrically loaded columns. The maximum failure load of the short and slender columns was somewhat close. Test results are summarized in Table 9. In this study, the cross-section size is constant and the comparison is performed at the maximum peak load. This is not surprising, since a more slender column of the same cross-section stores more energy than a stockier column [38,39]. More ductile behavior was observed in the columns with a higher slenderness ratio, as well as higher crack numbers, gradual cover spalling, and also higher displacement at the mid-height of the columns. It is observed that the effect of the slenderness ratio on the columns using recycled aggregate matches its effect on the columns made with natural aggregate.




3.2.4. Effect of Eccentricity in Loading


In general, the column maximum strength decreased as the applied eccentricity increased. The influence of the applied eccentricity was more pronounced as the loading eccentricity increased, which resulted in a decrease in the load-carrying capacities of the columns. This observation was made for all the tested samples regardless of the type of aggregate or addition of steel fiber. Figure 15a,c show how the failure load drops with the increase in the eccentricity, and the slope of the curve drops significantly when it moves from e/h = 0 to e/h = 0.5, and then drops further when it moves to e/h = 1.0. Moving from e/h = 0 to e/h = 0.5 produces a higher loss in strength than moving from e/h = 0.5 to e/h = 1.0. Figure 15b,d provide the same comparison except with the addition of steel fiber to the samples. The difference is very small when natural aggregate is replaced by recycled aggregate. In concentrically loaded columns, the entire cross-section was in compression, while, in the eccentrically loaded column with e/h = 0.5, the depth of compression was reduced; in the columns with e/h = 1.0, the depth of compression reduced even further.



The reduction in the strength of the slender columns due to the application of eccentricity increased when the slenderness ratio increased, and this satisfied the mechanical behavior of the columns. When the columns had a 1% content of steel fiber, the reduction in the load capacity was slightly less than the samples made with no steel fiber; however, in the same load level, the effect of eccentricity was less on the columns made with steel fiber. With the larger eccentricity and more slender columns, the failure in compression was more ductile, and the propagation of cracks on the tension face was accompanied by a larger displacement and tended to buckle as the load approached the maximum load.





3.3. Mid-Height Lateral Displacement


The load-displacement relationships of the tested columns are shown in Figure 16. In general, the displacements initially increased at a very slow rate, creating an ascending linear branch that developed approximately 70–80% of the maximum load in the concentrically loaded columns and about 30–40% of the maximum loads in the eccentrically loaded columns, followed by a flattened nonlinear branch, in which the displacement increased with a small increase in the load. Eventually, this reached its peak load and failure. With the increase in the slenderness ratio from 17.24 to 34.5 and the addition of 1% of steel fiber, the displacement increased at the maximum load. Figure 16 shows that the linear part of the curves is much longer in the concentrically loaded columns, and it decreased after applying eccentricity and decreased even further when the eccentricity increased from 50% to 100%. Therefore, cracks started in the early stage of loadings in the eccentrically loaded columns.




3.4. Ductility


The ability of an element to behave elastically and absorb energy is measured by its ductility. There are various types of ductility, including displacement, rotation, and curvature ductility. The ductility index is the ratio of the maximum mid-span displacement at peak over the first yield displacement [40,41,42]. This definition is used in this research as follows. The authors of [43,44] defined the ultimate deflection as the deflection corresponding to 80% of the peak load along the descending branch of the load–deflection curve. In Table 7, the values of ductility are higher in the slender columns (example: L-RA100Vf1E1.0) than in the short columns (example: S-RA100Vf1E1.0). This statement is correct when the specimens with steel fiber are compared with the specimens without steel fiber. Furthermore, the specimens using recycled aggregate, such as S-RA0Vf0E0, and the specimens using natural aggregate, like S-RA100Vf0E0, exhibited ductility measurements of 1.12 and 1.15, respectively, which are considered comparable to a large degree.




3.5. Concrete Strain and Reinforcement Strain


Figure 17 shows the axial load versus concrete strain in compression for concentrically loaded columns. In eccentrically loaded columns, readings were taken in compression (front face) and in tension (back side). Table 7 shows all the strain values. Unequal strains on the front side (compression face) and back side (tension face) of the concentrically loaded columns returned to minor and with the unintentional eccentricity of the applied load and second-order effect on the column behavior. The crush usually occurred on the side with the slightly higher strain. Since the curve slopes are greatly affected by the level of eccentricity, the slope of the curves decreases with the increase in the load eccentricity level. The observed differences in the strain values in the columns made with RA and NA return to the concrete strength of the columns more than the type of aggregate. It needs to be mentioned that the effect of the existence of steel reinforcement in the columns is a significant factor and controls the behavior of the concrete in the columns, and its effect is higher than the other variables in the test. Figure 18 and Figure 19 show graphs of the axial load versus the steel strain in tension and compression, where the former is for concentrically loaded columns and the latter is for eccentrically loaded columns. The response of the axial strain of the steel in compression and tension was distinguished starting with the linear part, and then the slope decreased and flattened as the load proceeded towards the maximum peak load. This statement is more obvious in the concentrically loaded columns than in the columns loaded with eccentricity; the eccentricity caused the column to crack earlier, and the curve slope changed and flattened earlier.



However, the slopes are extremely steeper for the concentrically loaded columns, becoming lower when introducing eccentricity and even lower when the eccentricity increases. The strains of the steel reinforcement in tension and compression at peak loads, along with the yield percentages, are presented in Table 7. In the columns with a high eccentricity (e/h = 1), the steel in the compression face did not yield, while, in the tension face, it yielded with higher strains and the columns acted more like flexural members. For the columns loaded with the eccentricity of e/h = 0.5, the steel yielded in tension and compression, but the strains were not as high as in the columns with a high eccentricity, and the behavior was more in compression than in flexure. The addition of steel fiber enhanced the deformability of the samples made with natural aggregate and recycled aggregate. Furthermore, the effect of the steel fiber produced higher strains at the maximum loads and lower strains at the same load level compared to the samples with no steel fiber.




3.6. Interaction Diagrams


To determine the column maximum load and moment capacity, an interaction diagram was plotted to obtain the failure envelop of the designed sections, while the provisions of ACI-318 were followed to construct the force–moment interaction diagrams. The experimental results of the axial force and moment from the applied eccentricity, as well as the second-order effects, are plotted on the diagram for comparison. The results concluded that they are valid and safe for the tested columns. The results of ACI-318 are more conservative. A common practice by the design codes is not to account for the tensile strength of concrete in the P-M curves. However, the experimental results included the tensile strength of the concrete. The interaction diagram was developed by the conventional method using section analysis based on the principles of the equilibrium of internal forces and strain compatibility, with 0.003 used for the concrete maximum strain. The cross-section, strain diagram, stress diagram, and forces are shown in Figure 20. This method is applied for short and slender columns, as well as the effect of the addition of steel fiber. The P-M diagrams are shown in Figure 21. The axial loads and moments are un-factored. The principals to plot the P-M diagrams for the slender columns were based on the method adopted by ACI 318, which was developed and improved by [45,46,47,48]. In this method, for each point (P, M), the moment for the short column is divided by the moment magnification factor to draw the new M-P diagram for the slender columns. This shows how the slenderness reduces the strength of the column. The P-Delta effect is obvious in the compression zone, while it is negligible in the tension zone. For each axial load, the moment value is smaller for the slender columns than the moment value for the short columns. Table 7 shows the experimental bending moment (M1st) for the specimens under different eccentricities at the mid-height of the columns, as well as the secondary moment (M2nd); (M2nd) was determined by multiplying the maximum axial load by the lateral displacement. The total moment was determined by the summation of the two moments, (M1st) and (M2nd).



The axial load and bending moment significantly improved with the inclusion of steel fiber. The effect of the steel fiber is pronounced more clearly in the tension zone.





4. Proposed Analytical Model for Column Load-Carrying Capacity


According to ACI 318–19, the axial capacity of reinforced concrete columns is as follows:


PACI = 0.85f′c Ac + fy As








where f′c is the concrete cylinder compressive strength, fy is the yield stress of the longitudinal steel reinforcement, and Ac and As are the cross-section area of the concrete and the longitudinal reinforcement. The contribution of transverse reinforcement is ignored, which is allowed by the code. This equation takes the column sections into account and does not consider the eccentricity and slenderness of the columns. A model proposed for verification to predict the column load-carrying capacity included the consideration of the slenderness and eccentricity of the columns. The ratio of the axial loads of the experimental toproposed axial loads (PExp/Pproposed) were calculated for 237 steel reinforced concrete columns, as well as the square, rectangular, and circular cross-sections from the existing literature, in addition to the column samples in this study, and the distribution is shown in Figure 22. The proposed model, the coefficient of variation, the mean, and the standard deviation were computed and are presented in Table 10.



A comparison was performed between the experimental peak axial loads and axial load capacity using ACI-318 equations, in addition to a comparison with the axial load capacity calculated using the proposed equation. Table 11 shows that both the ACI equations and the proposed equation are conservative compared to the results from the experiment.



Figure 21 shows the ratio of PExp/Pproposed versus the ratio of PExp/PACI for the proposed equation. The diagonal distribution of the data is in agreement between the experimental results and the proposed theoretical results. To study the effect of the parameters, the ratio of PExp/Pproposed versus the slenderness (kl/r), eccentricity to the (depth) height of the cross-section (e/h), and the compressive strength of the concrete (f′c) are plotted in Figure 23. These curves were plotted for data from 237 samples to evaluate the influence of these variables on the proposed model. The good distribution of the data is a good reason to use this proposed equation to determine the axial capacity of the columns. For better results, further research is needed, specifically for the slender columns, high levels of eccentricity, and high-strength concrete.




5. Conclusions


This research is a part of the current efforts to investigate recycled aggregate in the construction of short and slender columns. In this paper, 24 short and slender columns were cast and tested to investigate the effect of recycled aggregate, steel fiber, eccentricity in loading, and slenderness. The experimental results and analytical analysis led to the following conclusions:




	
The short and slender RA columns’ behavior during the loading from start to failure is comparable and similar to NA columns. A 100% replacement of recycled aggregate does not necessarily decrease the strength capacity and the high quality of the parent concrete is a big factor in obtaining better results. The results of this study are a great indication to use recycled aggregate in the compression members of structural engineering applications



	
The saturated surface dry (SSD) method in preparing the aggregate is another great factor to control the w/c ratio in the mixture; in addition, the SSD method creates a good ground for comparison between RA columns and NA columns.



	
Concentrically loaded columns failed in a sudden and explosive form, while the columns loaded with eccentricity failed with more ductility, and there was enough time to observe the cracks before the failure.



	
The experimental results showed that eccentricity had a major effect on the failure mode of the columns compared to the use of recycled aggregate, steel fiber, and slenderness. The load-carrying capacity decreased significantly when the eccentricity increased. The column behavior moved from compression control to flexural control as a result of the eccentricity. Slenderness did not cause the columns to lose the load-carrying capacity significantly in all columns. It remained minor in most of the samples.



	
Cracking patterns in eccentrically loaded columns were similar for the columns made with recycled aggregate with and without steel fiber, and they matched with the cracking patterns of the columns made with natural aggregate.



	
The displacement, concrete strain, reinforcement strain, and ductility at maximum load increased with the addition of steel fiber and were lower in the same load level before the maximum failure load.



	
Steel fiber improved the mechanical properties of the concrete in columns made with natural aggregate and recycled aggregate. The crack width decreased with the addition of steel fiber and the crack numbers increased at a more equally spaced distribution. Concrete and reinforcement strains decreased when using steel fiber at the same load level. The concrete cover spalling of the column was reduced to a good extent by using SF.



	
The proposed model predicts the load-carrying capacity of the columns; most importantly, it is modeled for short and slender columns.



	
More research in the field of recycling materials is required to help officials make decisions about using recycled materials in the design codes, such as using different types of recycled coarse aggregate, recycled fine aggregate, and recycled steel fiber.



	
Recycling concrete waste blocks (CBWs, as utilized in this study) and other recycled materials decrease the amount of waste sent to landfills, which is not environmentally friendly. This practice helps avoid the consumption of natural resources, thereby preventing their quick depletion and cutting down on the expenses and distractions linked to their extraction. Utilizing sustainable materials and creating a new pathway for using them again, such as incorporating recycled aggregates, can strengthen the circular economy, lower construction costs, and mitigate carbon emissions.
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Figure 1. Production of recycled coarse aggregate: (a) waste concrete; (b) crusher; (c) recycled aggregate. 
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Figure 2. Coarse aggregate: (a) NA; (b) RA. 
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Figure 3. Coarse aggregate particle size distribution. 
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Figure 4. Copper-coated steel fiber. 
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Figure 5. Coarse aggregate preparation: (a) moisturizing of the RA and NA; (b) drying of the RA and NA. 
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Figure 6. Reinforcement details (all dimensions are in mm): (a) slender columns; (b) short columns; (c) cross-section. 
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Figure 7. Test preparation: (a) CFRP wrapping; (b) pin support; (c) column setup. 






Figure 7. Test preparation: (a) CFRP wrapping; (b) pin support; (c) column setup.



[image: Sustainability 16 03489 g007]







[image: Sustainability 16 03489 g008] 





Figure 8. Concentrically loaded columns: (a) S-RA0Vf0E0.0 at failure; (b) S-RA100Vf0E0.0 at failure; (c) L-RA100Vf0E0 after failure. 
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Figure 9. Failure patterns of the short columns (e/h = 0). 
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Figure 10. Failure patterns of the slender columns (e/h = 0). 
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Figure 11. Failure patterns of the short column (e/h = 0.5). 
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Figure 12. Failure patterns of the slender columns (e/h = 0.5). 
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Figure 13. Failure patterns of the short column (e/h = 1.0). 
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Figure 14. Failure patterns of the slender columns (e/h = 1.0). 
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Figure 15. Effect of the eccentricity on the RA and NA: (a) short column; (b) short columns with 1% Vf; (c) long columns; (d) long columns with 1% Vf. 
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Figure 16. Mid-height lateral displacement: (a) short columns with NA; (b) short columns with RA; (c) slender columns with NA; (d) slender columns with RA. 
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Figure 17. Concrete compressive strain: (a) short columns with RA; (b) short columns with NA; (c) slender columns with RA; (d) slender columns with NA. 
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Figure 18. Reinforcement strain in concentrically loaded columns in compression: (a) short columns with NA; (b) short columns with RA; (c) slender columns with NA; (d) slender columns with RA. 
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Figure 19. Reinforcement strain in tension and compression in eccentrically loaded columns: (a) short column with NA; (b) short columns with RA; (c) slender columns with NA; (d) slender columns with RA. 
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Figure 20. Column section analysis. 
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Figure 21. P-M diagrams of ACI-318 versus the experimental results: (a) short columns; (b) short columns with steel fiber; (c) slender columns; (d) slender columns with steel fiber. 
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Figure 22. Ratio comparison of the experimental axial load capacity to the theoretical values versus the experimental axial load values to the values calculated using the ACI-318 equations. 
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Figure 23. Effects on the proposed model of (a) effect of kL/r, (b) effect of e/h, and (c) effect of f′c. 
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Table 1. Details of the tested specimens.
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	Specimen ID
	kl/r
	Vf %
	e/h %
	RA %





	S-RA0Vf0E0.0
	17.24
	0
	0
	0



	S-RA100Vf0E0.0
	17.24
	0
	0
	100



	L-RA0Vf0E0.0
	34.5
	0
	0
	0



	L-RA100Vf0E0.0
	34.5
	0
	0
	100



	S-RA0Vf1E0.0
	17.24
	1
	0
	0



	S-RA100Vf1E0.0
	17.24
	1
	0
	100



	L-RA0Vf1E0.0
	34.5
	1
	0
	0



	L-RA100Vf1E0.0
	34.5
	1
	0
	100



	S-RA100Vf0E0.5
	17.24
	0
	50
	100



	S-RA0Vf0E0.5
	17.24
	0
	50
	0



	L-RA100Vf0E0.5
	34.5
	0
	50
	100



	L-RA0Vf0E0.5
	34.5
	0
	50
	0



	S-RA100Vf1E0.5
	17.24
	1
	50
	100



	S-RA0-Vf1E0.5
	17.24
	1
	50
	0



	L-RA100Vf1E0.5
	34.5
	1
	50
	100



	L-RA0Vf1E0.5
	34.5
	1
	50
	0



	S-RA100Vf0E1.0
	17.24
	0
	100
	100



	S-RA0Vf0E1.0
	17.24
	0
	100
	0



	L-RA100Vf0E1.0
	34.5
	0
	100
	100



	L-RA0Vf0E1.0
	34.5
	0
	100
	0



	S-RA100Vf1E1.0
	17.24
	1
	100
	100



	S-RA0Vf1E1.0
	17.24
	1
	100
	0



	L-RA100Vf1E1.0
	34.5
	1
	100
	100



	L-RA0Vf1E1.0
	34.5
	1
	100
	0










 





Table 2. Cement chemical composition.
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	Chemical Tests
	Results





	Loss on ignition (%)
	2.14



	SiO2 (%)
	20



	CaO (%)
	63.5



	Al2O3 (%)
	4



	Fe2O3 (%)
	4.5



	MgO (%)
	2.15



	S2O3 (%)
	2.1










 





Table 3. Physical properties of the coarse aggregate.
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	Aggregate Type
	Apparent Density (kg/m3)
	Bulk Density (kg/m3)
	Specific Gravity (SSD)
	Water Absorption (%)





	NA
	1591
	1463
	2.67 (2.68)
	0.93



	RA
	1519
	1417
	2.55 (2.62)
	2.61










 





Table 4. Mixture properties by weight.
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	Cement
	Sand
	Gravel (RA or NA)
	w/c
	Steel Fiber





	1
	2.6
	3
	0.48
	1% or 0%










 





Table 5. Mechanical properties of the concrete for each specimen.
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	Specimen ID
	f′c (MPa)
	fct (MPa)
	fr (MPa)
	Ec (MPa)





	S-RA0Vf0E0
	35.26
	2.90
	4.71
	31,632



	S-RA100Vf0E0
	38.61
	3.15
	5.08
	32,120



	L-RA0Vf0E0
	35.50
	2.97
	4.62
	30,770



	L-RA100Vf0E0
	37.40
	3.05
	4.86
	32,204



	S-RA0Vf1E0
	36.50
	3.49
	5.64
	33,763



	S-RA100Vf1E0
	38.10
	3.60
	5.80
	34,464



	L-RA0Vf1E0
	35.00
	3.28
	5.48
	31,273



	L-RA100Vf1E0
	36.48
	3.47
	5.52
	32,760



	S-RA100Vf0E0.5
	34.33
	2.75
	4.31
	31,621



	S-RA0Vf0E0.5
	37.45
	3.02
	4.82
	32,312



	L-RA100Vf0E0.5
	34.00
	2.74
	4.40
	29,778



	L-RA0Vf0E0.5
	33.65
	2.70
	4.30
	29,331



	S-RA100Vf1E0.5
	35.90
	3.48
	5.86
	32,130



	S-RA0-Vf1E0.5
	35.00
	3.38
	5.42
	31,756



	L-RA100Vf1E0.5
	34.49
	3.35
	5.52
	30,844



	L-RA0Vf1E0.5
	35.34
	3.40
	5.78
	30,935



	S-RA100Vf0E1.0
	36.20
	2.94
	4.29
	32,551



	S-RA0Vf0E1.0
	34.80
	2.83
	4.23
	31,032



	L-RA100Vf0E1.0
	34.87
	2.86
	4.38
	30,834



	L-RA0Vf0E1.0
	32.85
	2.69
	3.90
	29,039



	S-RA100Vf1E1.0
	36.71
	3.51
	5.79
	30,973



	S-RA0Vf1E1.0
	35.42
	3.37
	5.88
	36,199



	L-RA100Vf1E1.0
	33.63
	3.20
	5.28
	30,486



	L-RA0Vf1E1.0
	32.71
	3.07
	5.09
	28,918










 





Table 6. Mechanical properties of the steel reinforcement.






Table 6. Mechanical properties of the steel reinforcement.





	Type
	Diameter (mm)
	Yield strength

fy (MPa)
	Yield strain

εy (10−6)





	Longitudinal
	10
	530
	2650



	Ties
	8
	487
	2435










 





Table 7. Experimental test results.






Table 7. Experimental test results.





	Specimen ID
	Pmax (kN)
	Pcrack (kN)
	Pcrack/Pmax
	εcc (με)
	εct (με)
	εsc (με)
	Pyield SC
	εst (με)
	Pyield St
	∆lat (mm)
	∆axial (mm)
	∆yield (mm)
	M1st (kN·m)
	M2nd (kN·m)
	M1s + M2nd
	μ





	S-RA0Vf0E0
	680
	----
	----
	−3196
	−2622
	−11,049
	85%
	---
	---
	1.03
	1.40
	0.91
	0.00
	0.70
	0.70
	1.12



	S-RA100Vf0E0
	735
	----
	----
	−3325
	−2724
	−3268
	99%
	---
	---
	0.93
	1.64
	0.81
	0.00
	0.68
	0.68
	1.15



	L-RA0Vf0E0
	642
	----
	----
	−3281
	−2811
	−5957
	95%
	---
	---
	3.50
	2.81
	2.77
	0.00
	2.25
	2.25
	1.26



	L-RA100Vf0E0
	690
	----
	----
	−3528
	−2985
	−3413
	94%
	---
	---
	4.20
	3.28
	3.07
	0.00
	2.90
	2.90
	1.37



	S-RA0Vf1E0
	714
	----
	----
	−3418
	−2882
	−13,450
	85%
	---
	---
	1.11
	1.36
	0.89
	0.00
	0.79
	0.79
	1.25



	S-RA100Vf1E0
	748
	----
	----
	−3701
	−3083
	−9279
	90%
	---
	---
	1.08
	1.64
	0.82
	0.00
	0.81
	0.81
	1.32



	L-RA0Vf1E0
	665
	----
	----
	−3847
	−3125
	−11,885
	93%
	---
	---
	3.73
	2.96
	2.81
	0.00
	2.48
	2.48
	1.33



	L-RA100Vf1E0
	701
	----
	----
	−4624
	−3084
	−8683
	96%
	---
	---
	4.39
	2.92
	3.03
	0.00
	3.08
	3.08
	1.45



	S-RA100Vf0E0.5
	190
	102.1
	54%
	−3287
	917
	−2665
	100%
	2273
	---
	2.79
	2.31
	2.28
	11.88
	0.53
	12.40
	1.22



	S-RA0Vf0E0.5
	210
	95
	45%
	−3174
	284
	−2687
	99%
	2343
	---
	3.03
	2.47
	2.33
	13.13
	0.64
	13.76
	1.30



	L-RA100Vf0E0.5
	161
	56
	35%
	−3327
	978
	−2678
	98%
	2827
	97%
	10.34
	3.04
	7.62
	9.94
	1.66
	11.60
	1.36



	L-RA0Vf0E0.5
	158
	69
	45%
	−3215
	177
	−2812
	99%
	2926
	97%
	10.32
	2.71
	7.43
	9.50
	1.63
	11.13
	1.39



	S-RA100Vf1E0.5
	223
	117.5
	53%
	−4191
	1755
	−2731
	99%
	2452
	---
	3.59
	2.93
	2.38
	13.94
	0.80
	14.74
	1.51



	S-RA0-Vf1E0.5
	218
	126.1
	58%
	−3786
	57
	−2887
	96%
	2395
	---
	3.45
	2.59
	2.03
	13.63
	0.75
	14.38
	1.70



	L-RA100Vf1E0.5
	163
	72.3
	44%
	−3762
	1405
	−2659
	100%
	2821
	99%
	11.06
	3.13
	6.78
	10.19
	1.80
	11.99
	1.63



	L-RA0Vf1E0.5
	168
	82
	49%
	−3822
	1505
	−2544
	99%
	3069
	98%
	11.58
	3.12
	6.48
	10.50
	1.95
	12.45
	1.79



	S-RA100Vf0E1.0
	100
	42
	42%
	−3707
	700
	−1647
	---
	4580
	78%
	3.87
	3.22
	2.82
	12.50
	0.39
	12.89
	1.37



	S-RA0Vf0E1.0
	105
	38
	36%
	−3761
	292
	−2052
	---
	4705
	83%
	3.52
	3.30
	2.77
	13.13
	0.37
	13.49
	1.27



	L-RA100Vf0E1.0
	74.5
	20
	27%
	−2920
	181
	−1479
	---
	4891
	94%
	13.13
	3.69
	8.91
	9.13
	0.98
	10.10
	1.47



	L-RA0Vf0E1.0
	73
	19
	27%
	−2954
	222
	−1443
	---
	4800
	84%
	13.03
	3.44
	9.36
	8.75
	0.95
	9.70
	1.39



	S-RA100Vf1E1.0
	107
	49
	46%
	−3844
	1250
	−1750
	---
	4629
	73%
	4.79
	3.37
	2.87
	13.38
	0.51
	13.89
	1.67



	S-RA0Vf1E1.0
	112
	45
	40%
	−3894
	1226
	−1808
	---
	4795
	89%
	4.13
	3.36
	2.28
	14.00
	0.46
	14.46
	1.81



	L-RA100Vf1E1.0
	80.5
	33
	41%
	−3379
	1321
	−1155
	---
	5014
	99%
	14.10
	4.23
	7.09
	10.06
	1.14
	11.20
	1.99



	L-RA0Vf1E1.0
	76.5
	26
	34%
	−3136
	1241
	−1044
	---
	4891
	87%
	13.49
	4.02
	7.13
	9.56
	1.03
	10.59
	1.89







Notes: εcc and εct = strain in the concrete on front side (compression) and back side (tension), respectively; both sides, front and back are in compression. Positive strains are in tension, negative strains are in compression. ∆lat and ∆axial lateral and vertical displacements, respectively. M1st and M2nd = first-order moments due to initial applied eccentricity and moments due to the second-order effects. Pmax = column load carrying capacity at peak; Pcrack = column load at first horizontal crack (eccentric columns only); Pyield = column load at which steel yielded first. μ = ∆lat/∆yield = ductility index.













 





Table 8. Effect of the steel fiber on the load-carrying capacity.






Table 8. Effect of the steel fiber on the load-carrying capacity.





	Specimen ID
	PExp (kN)
	Specimen ID
	PExp (kN)
	Increase in Strength





	S-RA0Vf0E0
	680
	S-RA0Vf1E0
	714
	5.00%



	S-RA100Vf0E0
	735
	S-RA100Vf1E0
	748
	1.77%



	L-RA0Vf0E0
	642
	L-RA0Vf1E0
	665
	3.58%



	L-RA100Vf0E0
	690
	L-RA100Vf1E0
	701
	1.59%



	S-RA100Vf0E0.5
	190
	S-RA100Vf1E0.5
	223
	17.37%



	S-RA0Vf0E0.5
	210
	S-RA0-Vf1E0.5
	218
	3.81%



	L-RA100Vf0E0.5
	161
	L-RA100Vf1E0.5
	163
	1.24%



	L-RA0Vf0E0.5
	158
	L-RA0Vf1E0.5
	168
	6.33%



	S-RA100Vf0E1.0
	100
	S-RA100Vf1E1.0
	107
	7.00%



	S-RA0Vf0E1.0
	105
	S-RA0Vf1E1.0
	112
	6.67%



	L-RA100Vf0E1.0
	74.5
	L-RA100Vf1E1.0
	80.5
	8.05%



	L-RA0Vf0E1.0
	73
	L-RA0Vf1E1.0
	76.5
	4.79%










 





Table 9. Effect of the slenderness on the strength.






Table 9. Effect of the slenderness on the strength.











	Specimens ID
	Kl/r
	PExp (kN)
	% Decrease in Strength





	S-RA0Vf0E0
	17.24
	680
	



	L-RA0Vf0E0
	34.5
	642
	5.6%



	S-RA100Vf0E0
	17.24
	735
	



	L-RA100Vf0E0
	34.5
	690
	6.1%



	S-RA0Vf1E0
	17.24
	714
	



	L-RA0Vf1E0
	34.5
	665
	6.9%



	S-RA100Vf1E0
	17.24
	748
	



	L-RA100Vf1E0
	34.5
	701
	6.3%



	S-RA100Vf0E0.5
	17.24
	190
	



	L-RA100Vf0E0.5
	34.5
	161
	15.3%



	S-RA0Vf0E0.5
	17.24
	210
	



	L-RA0Vf0E0.5
	34.5
	158
	24.8%



	S-RA100Vf1E0.5
	17.24
	223
	



	L-RA100Vf1E0.5
	34.5
	163
	26.9%



	S-RA0-Vf1E0.5
	17.24
	218
	



	L-RA0Vf1E0.5
	34.5
	168
	22.9%



	S-RA100Vf0E1.0
	17.24
	100
	



	L-RA100Vf0E1.0
	34.5
	74.5
	25.5%



	S-RA0Vf0E1.0
	17.24
	105
	



	L-RA0Vf0E1.0
	34.5
	73
	30.5%



	S-RA100Vf1E1.0
	17.24
	107
	



	L-RA100Vf1E1.0
	34.5
	80.5
	24.8%



	S-RA0Vf1E1.0
	17.24
	112
	



	L-RA0Vf1E1.0
	34.5
	76.5
	31.7%










 





Table 10. Proposed model.






Table 10. Proposed model.





	Proposed Equation
	N
	r
	r2
	Ravg
	St. Dev.
	Var.





	Pproposed= (1.67 × e−2.31 (e/h) (kl/r)−0.17) PACI
	237
	0.979
	0.959
	1.025
	0.241
	0.06










 





Table 11. Comparison of the experimental axial load with PACI and Pproposed.






Table 11. Comparison of the experimental axial load with PACI and Pproposed.





	Specimen ID
	PExp (kN)
	PACI (kN)
	Pproposed (kN)
	PExp/PACI
	PExp/Pproposed





	S-RA0Vf0E0
	680
	625
	646
	1.09
	1.05



	S-RA100Vf0E0
	735
	669
	692
	1.10
	1.06



	L-RA0Vf0E0
	642
	629
	578
	1.02
	1.11



	L-RA100Vf0E0
	690
	653
	601
	1.06
	1.15



	S-RA0Vf1E0
	714
	642
	663
	1.11
	1.08



	S-RA100Vf1E0
	748
	662
	685
	1.13
	1.09



	L-RA0Vf1E0
	665
	622
	572
	1.07
	1.16



	L-RA100Vf1E0
	701
	641
	590
	1.09
	1.19



	S-RA100Vf0E0.5
	190
	178
	200
	1.07
	0.95



	S-RA0Vf0E0.5
	210
	187
	213
	1.12
	0.98



	L-RA100Vf0E0.5
	161
	140
	177
	1.15
	0.91



	L-RA0Vf0E0.5
	158
	139
	175
	1.14
	0.90



	S-RA100Vf1E0.5
	223
	188
	207
	1.18
	1.08



	S-RA0-Vf1E0.5
	218
	186
	203
	1.17
	1.07



	L-RA100Vf1E0.5
	163
	138
	179
	1.18
	0.91



	L-RA0Vf1E0.5
	168
	139
	182
	1.21
	0.92



	S-RA100Vf0E1.0
	100
	84
	66
	1.20
	1.52



	S-RA0Vf0E1.0
	105
	83
	64
	1.27
	1.65



	L-RA100Vf0E1.0
	74.5
	72
	57
	1.03
	1.31



	L-RA0Vf0E1.0
	73
	71
	54
	1.03
	1.34



	S-RA100Vf1E1.0
	107
	92
	66
	1.17
	1.61



	S-RA0Vf1E1.0
	112
	91
	65
	1.23
	1.73



	L-RA100Vf1E1.0
	80.5
	77
	55
	1.04
	1.45



	L-RA0Vf1E1.0
	76.5
	76
	54
	1.01
	1.41
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