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Abstract

:

This study aimed to evaluate the effectiveness of a novel concrete-encased column (CE) using small circular steel tubes filled with cementitious grouting material (GFST) as the primary reinforcement instead of traditional steel bars. The research involved three different types of reinforcement: conventional steel bars, concrete-filled steel tubes with 30% of the reinforcement ratio of steel bars, and concrete-filled steel tubes with the same reinforcement ratio as steel bars. Twenty-four circular concrete columns were tested and categorized into six groups based on the type of reinforcement employed. Each group comprised four columns, with one subjected to concentric axial load, two subjected to eccentric axial load (with eccentricities of 25 mm and 50 mm, respectively), and one tested under lateral flexural loads. To validate the experimental results, finite element (FE) analysis was conducted using ABAQUS software version 6.14. The experimental findings for concentric load reveal that columns with the second type of reinforcement, concrete-filled steel tubes with 30% of the reinforcement ratio of steel bars exhibited a failure load 19% lower than those with steel bars, while columns with the third type of reinforcement, concrete-filled steel tubes with the same reinforcement ratio as steel bars achieved a failure load 17% greater than the traditional steel bars. The FE analysis demonstrates good agreement with the experimental outcomes in terms of ultimate strength, deformation, and failure modes.
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1. Introduction


Modern structures frequently incorporate steel and reinforced concrete to create composite elements due to their superior properties. CE-CFST columns are a form of composite column used in tall, long-span buildings in high earthquake-prone areas. They are composed of concrete-enclosed concrete-filled steel tubes [1,2]. These composite columns consist of CFST encased in reinforced concrete (RC). CFST is used in this type of composite column because of its high strength, durability, and ductility due to the composite action [3,4,5].



Comparing the CE-CFST column to traditional reinforced concrete columns reveals improved mechanical characteristics like strength, stiffness, durability, and fire resistance [6]. CE-CFST columns also improve the resistance to buckling since the columns of tall and long-span buildings are usually subjected to imperfections [7]. CE-CFST columns can be made with square or circular steel tubes encased in square or circular RC cross-sections (Figure 1) [8]. Square RC columns and circular steel tubes enhance building structural integrity. Circular RC–circular CFST composite is preferred for bridge piers due to better confinement provided by circular stirrups, resulting in higher strength and ductility [9,10,11].



Numerous studies investigated the performance of box CE-CFST columns under eccentric axial load, focusing on parameters like height-to-width ratio and load eccentricity. Results show higher ultimate strength, stiffness, and ductility of box CE-CFST columns compared to RC columns with a high eccentric ratio [12,13].



Han and An [14] developed a finite element analysis model to investigate the response of concrete-encased CFST box columns under compression using different material models. The study considered various parameters such as concrete and steel strength, steel tube ratio, steel bar ratio, and stirrup spacing to evaluate their impact on the ultimate load. The results reveal that the ultimate load increase and ductility decrease as the strength of concrete increases. Increases in ultimate load were shown with an increased steel bar and steel tube reinforcement ratio. No change in ductility was observed with an increase in the steel bar ratio, whereas the ductility increased as the steel tube ratio increased. A simplified formula is proposed for predicting the ultimate load of the CE-CFST columns under compression load.



Two parameters were considered in the experiments and numerical analysis of CE-CFST columns [15]: Steel tube-to-column diameter ratio (Di/Do) and concrete strength. The results indicate that the maximum strength of CE-CFST columns was slightly lower than that of reference columns. However, the ductility of the CE-CFST specimens showed a slight enhancement compared to the RC specimens. The maximum compressive strength increased with the increase in the Di/Do ratio and the compressive strength of concrete. Conversely, the ductility decreased as the strength of the concrete increased.



Hadi et al. [16] and Alhussainy et al. [17] conducted experiments on self-compacting concrete columns reinforced with small steel tubes instead of traditional reinforcing bars. The results show that steel tubes have comparable ultimate strength to traditional columns and higher ductility when exposed to concentric loading. The study also found that specimens reinforced with a high slenderness ratio experienced a greater decrease in ultimate load when the spiral pitch increased from 50 to 75 mm.



CFST encased in engineered cementitious composite (ECC) columns were tested with varying parameters, including longitudinal and transverse reinforcement ratios, steel tube thickness, and eccentricity ratio [18,19]. The ECC–CFST composite column showed superior strength and ductility under different eccentricities, with compression, balanced, and tension failure modes observed. Enhancement in ultimate strength and ductility can be achieved by increasing longitudinal reinforcement and steel tube thickness. Chen et al. [20] studied the behavior of the CE-CFST box column, a composite CFST element surrounded by a reinforced concrete column. They found that larger diameter steel tubes improved ductility and strength. A simplified model was presented to predict the initial stiffness and maximum strength of CE-CFST box stub columns under concentric load. The mechanical behavior of enclosed CFST columns with engineered cementitious composite (ECC) and reinforced concrete component (RCC) under various eccentric loading scenarios was investigated using a finite element analysis (FEA) [21]. The ultimate strength of CFST columns encased with ECC was better than that of CFST columns encased with RC under different eccentric loads. Additionally, as the eccentricity of the applied load increased, the ultimate strength decreased.



Research under eccentric and concentric compression loads was carried out on CE-CFST columns with thin concrete encasement and high-strength circular steel tubes [22]. The usage of concrete encasement and tie spacing were the main topics of the investigation. The results demonstrate that decreasing the perimeter tie spacing postponed the crushing of the concrete encasement and marginally raised the peak strength. Furthermore, the outcomes demonstrate that the stiffness was more significantly affected by the concrete encasement than by the concrete’s strength inside the steel tube.



ABAQUS software was used to perform FE analysis for the response of CFST encased in ECC under eccentric loads Parametric analysis reveals that the eccentricity ratio significantly influences the composite column’s failure process, with the confinement effect decreasing as the ratio increases. The ultimate strength of the ECC-encased CFST column is also influenced by the steel tube strength, steel tube ratio, and longitudinal reinforcement ratio [23]. Hameed et al. [24] conducted a study to analyze the performance of reinforced concrete columns involving steel tubes placed at the cross-sectional center of the column. The study examined the effects of varying steel tube diameters and eccentric loads. The study’s findings indicate that the employment of steel-embedded tubes resulted in enhanced performance of eccentric columns, namely, strength and ductility.



A review of the literature indicated above reveals that very few studies have looked at the behavior of concrete that has been reinforced using small steel tubes rather than steel bars in terms of strength, deformation, and analytical methods. Thus, more investigation is required using other factors in order to completely comprehend the behavior of these kinds of columns.



As indicated earlier, instead of conventional steel bars, a novel kind of concrete-encased (CE) column has been developed, employing tiny circular steel tubes filled with cementitious grouting material (GFST) as longitudinal reinforcement. However, little is known about how these kinds of composite columns behave. The objective of this research is to investigate the behavior of concrete-encased grout-filled tubes (CE-GFST) under various loading conditions. Specifically, the study will concentrate on the effects of spiral pitch and main reinforcement form on ultimate strength, deformation, and failure mode. It also aims to create interaction diagrams for these structural elements, marking one of the earliest technical studies to establish the feasibility of using steel tubes for reinforcing concrete columns.




2. Experimental Program


2.1. Test Matrix Specifications


A total of twenty-four circular reinforced concrete columns of mid-scale size were fabricated, cast, and tested under concentric, eccentric, and flexural loading. These specimens were categorized into six groups based on the type of longitudinal reinforcement that was used. The first and second groups, referred to as reference groups, were reinforced with   Ø 16 m m  -diameter deformed steel bars. To reinforce the third and fourth groups, cementitious-grouting-material-filled steel tubes with an outside diameter of 16 mm were used. For these groups, the longitudinal reinforcement ratio for steel tubes is only 30% of the reinforcement ratio of steel bars used in the first and second groups. The remaining groups were reinforced with cementitious-grouting-material-filled steel tubes with an outside diameter of 25.4 mm, where the longitudinal reinforcement ratio for steel tubes is equivalent to the reinforcement ratio of steel bars used in the first and second groups. Each group consists of four columns. The first column was exposed to concentric axial load; the second and third columns were exposed to eccentric axial load with two different eccentricity values of 25 mm and 50 mm, respectively. Finally, the fourth column underwent testing as a beam subjected to lateral flexural load. These columns had identical reinforcement, including six longitudinal steel bars or tubes uniformly distributed around the perimeter. Spiral transfer reinforcement with a diameter of 6 mm was used with a spiral pitch of either 50 mm or 75 mm. The tested specimens’ dimensions were selected to align with the capabilities and parameters of the laboratory’s testing facilities. The dimensions of all specimens are 1750 mm in height and 170 mm in diameter. They are classified as long columns according to ACI318-19 code limitation (Section 6.5.2.1. (b)) [25]. Highly flowable cementitious grouting materials were utilized to fill small circular steel tubes without any segregation. The tubes were filled with this material before being installed in the column specimens. To prevent the plain steel tube from slipping into the concrete, a combination of epoxy and sand was used to roughen its surface, with epoxy resin applied as an adhesive for this purpose. A paintbrush was used to apply the coating to the surface of each steel tube. The column specimen dimensions, reinforcement, and test matrix used in this study are displayed in Figure 2 and Table 1.




2.2. Materials Properties


The study involved producing normal-strength concrete for casting the tested specimens, while small circular steel tubes were infilled using high-strength cementitious grouting material. The grouting material was treated as concrete to establish the hardened properties. To estimate the compressive strength, splitting tensile strength, rupture modulus, and elasticity modulus of concrete, several standard specimens were tested according to the respective ASTM standards: ASTM C39/C39M [26], ASTM C496/C496M [27], ASTM C78 [28], and ASTM C469 [29], respectively. The hardened properties of concrete have been summarized in Table 2. Three specimens with a length of 500 mm from each steel bar and three coupons from each steel tube were tested according to ASTM A615/A615M [30] and ASTM A370 [31], respectively. The results of the tested steel bar and steel tube reinforcement are presented in Table 3.




2.3. Setup Details of Tested Specimens


The experimental investigation involved testing columns with hinged connections at both ends, using two loading heads for concentric and eccentric loads. Four steel saddles were manufactured to test a circular column as a beam, creating a simple supported scheme (Figure 3). A hydraulic universal rig with a maximum capacity of 200 tons was used in the column test. This rig was utilized to apply a monotonically increasing load on the column specimens. To prevent local crushing, a 150 mm wide CFRP sheet was used to strengthen column specimen ends, while a 200-ton capacity load cell was installed between the loading head and hydraulic jack for accurate specimen load measurement. Two strain gauges were used to measure axial strain on longitudinal reinforcement sides of steel bars or tubes, with linear variable differential transformers (LVDT) used to record axial and lateral deformation (Figure 4a). The circular column was tested under two-point loading using a 50-ton hydraulic jack and a 100-ton load cell, with deflection at mid-span measured using a single LVDT, as shown in Figure 4b. The load and deformation data were automatically obtained using a computer system.





3. Numerical Part of the Study


3.1. FE Modeling and Boundary Conditions


This study used ABAQUS software [32] to model the CE-GFST columns. ABAQUS uses two analysis methods: linear buckle and nonlinear Riks analysis, which were used to analyze a slender column. Buckling analysis assesses structure susceptibility to imperfections, generating node coordinates for mode shapes. Riks analysis introduces imperfections for a smooth transition into the post-buckling region and overcomes bifurcation problems. Riks is used for predicting unstable collapses, following an eigenvalue buckling analysis, and involves editing model keywords to introduce imperfections.



The study modeled concrete, cementitious grouting material, steel loading caps, and steel saddle plate using solid C3D8R elements with a 20 mm mesh size. The longitudinal steel bar was modeled using a T3D2 element with a 40 mm mesh size, while the transverse steel bar was modeled using a C3D8R element with a 20 mm mesh size. The steel tube was modeled using shell elements S4R with a 20 mm mesh size (Figure 5). To find the trustworthy mesh size, a numerical example was tried. Using appropriate convergence criteria, this size was selected to closely match the experimental results.



The study tested a hinged column with steel loading caps to meet boundary conditions and applied load. The upper end was constrained in all directions, while the lower end was restricted in movement except for axial deformation. The column was tested as a simply supported beam with steel saddle plates, using displacement control for load application. The FE boundary conditions and the applied load are depicted in Figure 6.




3.2. Modeling of Materials


The nonlinear behavior of concrete and grouting material was considered using the concrete-damaged plasticity CDP model in the software [33]. The CDP model depicts the mechanisms of crushing and cracking failure that occur in concrete. This study adopted the Saenz stress–strain compression model for concrete (Figure 7a) [34]. A CFST stress–strain model was employed to simulate the cementitious grouting material inside the steel tubes. The model adopted by Tao et al. [35] was used to model the cementitious grouting material in compression, as illustrated in Figure 7b. The tension softening of concrete and grouting material was modeled using the Hordijk model [36]; see Figure 7c.



Five crucial parameters must be included in the CDP model. In this study, dilation angle (ψ), eccentricity (ε), the ratio between the biaxial compressive stress and uniaxial compression stress of concrete (    f   b o   /   f   c o    ), the ratio of the second invariant on the tensile meridian (Κc), and the viscoplastic regularization parameter (μ) were all set at 36, 0.1, 1.16, 0.667, and 0, respectively. Longitudinal, transverse steel bars and loading caps are modeled as elastic-perfect plastic. Figure 7d shows the stress–strain model used to model the steel tube [37].





4. Test Results and Finite Element Validation


4.1. Load Capacity of CE-GFSTs Columns


The effect of longitudinal reinforcement type and spiral pitch on the ultimate strength of RC columns under several loading conditions are listed in Table 4. The second type of concrete column reinforcement uses 16 mm outer diameter steel tubes representing 30% of the reinforcement ratio of steel bars of 16 mm diameter; the concentric tested specimens ST16-P50-C and ST16-P75-C achieved 81% and 75% ultimate strength, respectively. Under compression loads of 25- and 50-mm eccentricity, specimens ST16-P50-E25, ST16-P75-E25, ST16-P50-E50, and ST16-P75-E50 achieved 68, 67, 62, and 63% ultimate strength, respectively. In flexural loading tests, specimens ST16-P50-F and ST16-P75-F reached 34% and 32% ultimate strength.



For the third type of concrete column reinforcement, the specimens ST25.4-P50-C and ST25.4-P75-C tested under concentric compression load achieved an ultimate strength of 17% and 13% higher than the ultimate strength of the reference specimens. It can be also observed that for a 25-mm eccentric compression load, the ultimate strength of the specimens ST25.4-P50-E25 and ST25.4-P75-E25 is slightly higher than those reinforced with steel bars. The increases in ultimate strength are 2% and 5% compared with reference specimens, respectively. Additionally, the tested results reveal a decrease in the ultimate strength of the identical specimens when they were tested under compression load with an eccentricity of 50 mm and flexural load by about 1, 2, 5, and 4% compared with the reference specimens. Figure 8 illustrates the ultimate strength of tested specimens under various loading scenarios. The study found that column strength was enhanced in the concentric test due to the confinement effect provided by the circular steel tube to infill cementitious grouting material. However, slight enhancements or decreases in ultimate strength occurred under eccentric and flexural load due to the lesser effect of confinement.



The study compared the ultimate strength of concrete column reinforcements under different loading scenarios. The ST16-P50-C and ST16-P75-C specimens achieved 69% and 66% of the ultimate strength of ST25.4-P50-C and ST25.4-P75-C under concentric load, respectively. The specimens ST16-P50-E25, ST16-P75-E25, ST16-P50-E50, and ST16-P75-E50 achieved ultimate strength of 67, 62, 63, and 65% under eccentric compression load, respectively. Finally, the ultimate strength of the specimens ST16-P50-F and ST16-P75-F reached 35% and 33% of the ultimate strength of the specimens ST25.4-P50-F and ST25.4-P75-F under flexural load, respectively.



The study reveals that the eccentricity of the applied load significantly impacts the ultimate strength and lateral deformation of concrete columns. The decreased capacity and increased lateral deformation are due to the bending moment effect, which creates a tension zone, reducing compression cross-sectional area (Figure 8).



Additionally, the tested specimens with the same design parameters exhibited a decrease in ultimate strength when the spiral spacing increased from 50 to 75 mm, as shown in Figure 9. The confinement effect decreases with spiral spacing increase, resulting in a 13% reduction in ultimate strength for a 16 mm outer diameter specimen under concentric load, compared to only 8% for a 25.4 mm specimen. This difference is due to the higher slenderness ratio of the 16 mm outer diameter steel tube.



The outcomes of the FE-developed model reveal that the ultimate strength and deformation can be obtained with reasonable accuracy compared to the tested data (Table 4). The standard deviation for the ratios (    P   u ( F E M )   /   P   u ( e x p )    ) and (    ∆   u ( F E M )   /   ∆   u ( e x p )    ) were 0.018 and 0.011, respectively, with coefficients of variation of 0.017 and 0.01.




4.2. Load–Deformation Curve of CE-GFSTs Columns


The experimental load–deformation curves of all tested columns show a significant deformation increase with slight load increase before failure, as depicted in Figure 10, Figure 11 and Figure 12. The ductility is an essential indicator of the structure’s ability to maintain deformation after the elastic limit. The ductility index (DI) of columns under eccentric and flexural loads is determined by Park [38] as the ratio between ultimate load deformation     ∆   u     and yield deformation     ∆   y    , based on reduced stiffness and peak load.



Table 5 and Figure 13 provide the ductility index of the specimens that underwent testing under eccentric and flexural loads. The experimental results indicate that that specimens reinforced with 25.4 mm outer diameter steel tubes, with a reinforcement ratio equivalent to steel bars, show significantly lower ductility under eccentric and flexural loading. Steel tubes reinforced with 16 mm outer diameter columns show a lower ductility index under low eccentric load (25 mm) compared to reference specimens. However, specimens tested under high eccentricity (50 mm) and flexural load show higher ductility due to the large tension area in the concrete column section and low reinforcement ratio compared to steel bars. This is due to the creation of a large tension area in the concrete column section. Moreover, specimens with a spiral pitch of 50 mm have higher ductility than those with a pitch of 75 mm, due to the fact that the small spiral pitch achieves more confinement effect of the concrete core of the columns.



Strain in the longitudinal reinforcement (steel bars or tubes) under tension and compression was recorded during testing under eccentric or flexural loads. Table 5 lists the experimental strain at the ultimate load. The test results indicate that compression reinforcement has more strain than tension reinforcement. Tension reinforcement did not yield when subjected to 25 mm eccentric load, but yielded when subjected to 50 mm eccentric load or flexural load.



The numerical load–deformation curves determined by the FEM are compared to the experimental results and presented in Figure 10, Figure 11 and Figure 12. The load–deformation curves from FE analysis are slightly stiffer than experimental curves in linear and nonlinear regions. The assumption of a perfect bond between steel bars, tubes, and concrete causes the structure to behave more rigidly. However, a good agreement was found between the numerical FE model and experimental load–deformation curves for most tested columns.




4.3. Crack Pattern and Mode of Failure


The tested specimens exhibit three failure modes based on loading type, with compression failure mode dominating for concentric columns, causing concrete cover spalling at mid-height in most cases (Figure 14). Figure 15 and Figure 16 show the overall failure mode of reinforced concrete columns under compression load with 25 and 50 mm eccentricity, respectively. The concrete column, a compression structural member, undergoes bending failure when exposed to eccentric load, resulting in a change in failure mode, as evident in the experimental failure modes of tested specimens.



The experimental failure mechanism involved compressive crushing and spalling of concrete, with a flexural–compression failure mode observed in columns under 25 mm eccentric load. No yielding occurred in tension reinforcement, and no local buckling of the inside steel tubes was observed. Tested specimens under 50 mm eccentric load showed no tensile failure mode due to tension on column cross-section, resulting in steel bars and tubes yielding and concrete crushing at compression side. The columns tested under flexural load show an initial crack at the mid-span, followed by several cracks developing within the pure bending moment region between two-point loads. As the load increased, the cracks extended upward, and new cracks appeared out of this region, as shown in Figure 17. Yielding in steel reinforcement (steel bars or steel tubes) followed by crushing in concrete was the failure mode of all tested columns under flexural load.



The experimental failure mode of columns under eccentric and flexural load revealed wider cracks in the tension zone of columns reinforced with two types of steel tubes. It was also observed that columns reinforced with 16 mm outer diameter steel tubes had fewer and larger cracks compared to those reinforced with 25.4 mm outer diameter steel tubes, and the crack spacing between main cracks was nearly equal.



The failure mode of tested columns was identified using the FE analysis and confirmed by the experimental tests, giving a good agreement of all tested specimens under different loading conditions, see Figure 14, Figure 15, Figure 16 and Figure 17.




4.4. Column Interaction Diagrams


The strength interaction diagram (P–M) is plotted for a column as the load translates from a pure axial compression load through varying combinations of axial loads and bending moments to a pure bending situation. The study generates an experimental strength interaction diagram using four points: concentric load (pure compression load), 25 mm and 50 mm eccentricity load (concentric and 50 mm eccentricity load), and flexural load (pure bending). This diagram displays the acceptable bending moment and axial compression capacities of a structural concrete member. The flexural moment at mid-height of the column under two compression eccentric loads was obtained as in Equation (1), while the flexural moment when the specimen tested as a beam is calculated as in Equation (2).


  M = P ( e + ∆ )  



(1)






  M = P l / 6  



(2)




where   P   is the maximum applied load,   e   the eccentricity of the applied load,   ∆   is the lateral deformation at the maximum applied load, and   l   is the clear span of the beam.



The FEM was used to construct numerical axial compression load–bending moment (P–M) interaction curves for all tested specimens using ABAQUS computer software. The FEA results were obtained in terms of a concentric, eccentric, and flexural load of the above-adopted columns. Figure 18 illustrates the comparative strength interaction diagrams of the experimental and numerical analysis for the six tested groups. It can be seen from the figure that the test results of the columns are almost coincident with the numerical strength interaction diagrams of the tested columns. The figure shows a similar envelope curve of columns reinforced with steel tubes (Groups 5 and 6) as compared to reference columns (Groups 1 and 2); this is because these groups have the same longitudinal reinforcement ratio (5.31%). The figure shows a significant decrease in column strength capacities for Groups 3 and 4, due to a 30% lower longitudinal reinforcement ratio than reference groups. When eccentricity is increased from 25 mm to 50 mm, columns reinforced with low reinforcement ratios change from compression-controlled to tension-controlled behavior due to the bending effect with high applied load eccentricity.





5. Conclusions


In this article, the behavior of encased concrete grouting-filled small circular steel tubes CE-GFST columns was studied experimentally and numerically. The following findings can be highlighted:




	
Replacing longitudinal steel bars with small circular steel tubes can increase the ultimate strength of columns under concentric load by 17% and 13%, respectively. The use of small circular steel tubes with a 30% reinforcement ratio resulted in an ultimate strength of 81% of the reference specimen’s strength, but this percentage decreased under eccentric or flexural loading;



	
The applied load’s eccentricity significantly impacts the ultimate strength and lateral deformation of columns, causing a decrease in specimen capacity and an increase in lateral deformation;



	
The tested specimens with the same design parameters exhibited a decrease in ultimate strength when the spiral spacing increased from 50 to 75 mm;



	
Three experimental failure modes of concrete-encased GFSTs columns were observed: compression failure mode for concentrically tested columns, flexural–compression failure mode for columns under 25 mm eccentric load, and tensile failure mode for columns under high eccentricity or flexural load;



	
Finite element models (FEA) were developed to simulate CE-GFST columns’ behavior under different loading conditions. Experimental results validated the models, showing high concordance with test outcomes for ultimate strength, deformation, and failure modes;



	
According to the outcomes of the present study, the first type of reinforcement—conventional steel bars—is 25% more expensive than the second type, which consists of concrete-filled steel tubes with a 30% steel bar reinforcement ratio. On the other hand, the third type—concrete-filled steel tubes with the same reinforcement ratio as steel bars—outperforms traditional steel bars in terms of failure load at the same cost. Nevertheless, the current study has several limitations, including sample size and testing circumstances within the evaluated specimens. Therefore, in order to construct steel tubes filled with cementitious grouting material that is used to reinforce columns, future research should optimize the design parameters by looking at different slenderness ratios, grades of steel tubes, compressive strength of grouting materials, etc.
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Figure 1. Cross-sections of CE-CFST columns [8]. 
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Figure 2. Schematic of cross-section dimensions and reinforcement details of tested specimens. 
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Figure 3. Steel loading heads and saddles were used in the test. 
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Figure 4. Typical test setup and instrumentation for (a) column specimen; (b) beam specimen. 
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Figure 5. The mesh size of all parts of the tested specimen. 
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Figure 6. FE boundary conditions and applied load were used in the analysis. 
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Figure 7. Stress–strain curves of material (a) unconfined concrete in compression; (b) confined grouting material in compression; (c) concrete and grouting material in tension; (d) stress–strain for steel tube. 
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Figure 8. Ultimate load of all tested specimens under various loading conditions. 
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Figure 9. Effect of spiral spacing on ultimate load for specimens tested under various loading conditions. 
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Figure 10. Experimental and numerical load–axial deformation curves of the concentric specimens. 
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Figure 11. Experimental and numerical load–lateral deformation curves of eccentric specimens. 
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Figure 12. Experimental and numerical load–deflection curves of flexural specimens. 
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Figure 13. Ductility index of tested specimens under eccentric and flexural loads. 
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Figure 14. Experimental and numerical failure mode of specimens under concentric load. 
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Figure 15. Experimental and numerical failure mode of specimens under 25 mm eccentric load. 
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Figure 16. Experimental and numerical failure mode of specimens under 50 mm eccentric load. 
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Figure 17. Experimental and numerical failure mode of specimens under flexural load. 
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Figure 18. Experimental and numerical strength interaction diagrams for the six groups. 






Figure 18. Experimental and numerical strength interaction diagrams for the six groups.



[image: Infrastructures 09 00026 g018a][image: Infrastructures 09 00026 g018b]







 





Table 1. Test matrix of the specimens.
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Group No.

	
Specimen ID *

	
Main Reinforcement

	
Transverse Reinforcement

	
Type of Applied Load




	
Diameter of Steel Bar or Tube (mm)

	
Wall

Thickness of Steel Tube (mm)

	
Total Area (mm2)

	
Reinforcement Ratio (%)

	
Spiral Pitch (mm)

	
Reinforcement Ratio (%)






	
1

	
SB16-P50-C

	
16

	
-

	
1206

	
5.31

	
50

	
1.74

	
Concentric




	
SB16-P50-E25

	
Eccentric (25 mm)




	
SB16-P50-E50

	
Eccentric (50 mm)




	
SB16-P50-F

	
Flexural




	
2

	
SB16-P75-C

	
16

	
-

	
1206

	
5.31

	
75

	
1.16

	
Concentric




	
SB16-P75-E25

	
Eccentric (25 mm)




	
SB16-P75-E50

	
Eccentric (50 mm)




	
SB16-P50-F

	
Flexural




	
3

	
ST16-P50-C

	
16

	
1.3

	
360

	
1.59

	
50

	
1.74

	
Concentric




	
ST16-P50-E25

	
Eccentric (25 mm)




	
ST16-P50-E50

	
Eccentric (50 mm)




	
ST16-P50-F

	
Flexural




	
4

	
ST16-P75-C

	
16

	
1.3

	
360

	
1.59

	
75

	
1.16

	
Concentric




	
ST16-P75-E25

	
Eccentric (25 mm)




	
ST16-P75-E50

	
Eccentric (50 mm)




	
ST16-P50-F

	
Flexural




	
5

	
ST25.4-P50-C

	
25.4

	
2.8

	
1193

	
5.31

	
50

	
1.74

	
Concentric




	
ST25.4-P50-E25

	
Eccentric (25 mm)




	
ST25.4-P50-E50

	
Eccentric (50 mm)




	
ST25.4-P50-F

	
Flexural




	
6

	
ST25.4-P75-C

	
25.4

	
2.8

	
1193

	
5.31

	
75

	
1.16

	
Concentric




	
ST25.4-P75-E25

	
Eccentric (25 mm)




	
ST25.4-P75-E50

	
Eccentric (50 mm)




	
ST25.4-P75-F

	
Flexural








* In the specimen ID, (SB) refers to the steel bar reinforcement, and (ST) refers to the steel tube reinforcement. The numbers (16) and (25.4) refer to the outer diameter of the steel bar or tube. The letter and number (P50) refer to a 50 mm pitch, while (P75) refers to a 75 mm pitch. Finally, C, E25, E50, and F refer to concentric, eccentricity 25 mm, eccentricity 50 mm, and flexural test.













 





Table 2. Mechanical properties of hardened concrete.
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	Type of Material
	Compressive Strength (MPa)
	Splitting Tensile Strength (MPa)
	Modulus of

Rupture (MPa)
	Modulus of

Elasticity (MPa)





	Concrete
	34
	3.06
	3.96
	27,405



	Cementitious grouting material
	62.9
	4.1
	5.14
	37,275










 





Table 3. Physical and mechanical properties of steel bars and tubes used in the present study.
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Type of Steel

	
Nominal Outer Diameter (mm)

	
Actual Area (mm2)

	
Yield Strength (MPa)

	
Ultimate Strength (MPa)






	
Steel bars

	
6

	
26.42

	
489

	
624




	
16

	
197

	
428

	
542




	
Steel tubes

	
25.4

	
198.8

	
316

	
413




	
16

	
60.03

	
322

	
414











 





Table 4. Experimental and numerical load capacity and deformation results of tested specimens.
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Groups

No.

	
Specimens ID

	
Ultimate Load (kN)

	
        P   u ( e x p )       P   u ( R e f )        

	
        P   u ( F E M )       P   u ( e x p )        

	
Ultimate Deformation (mm)

	
        ∆   u ( F E M )       ∆   u ( e x p )        




	
      P   u ( e x p )      

	
      P   u ( F E M )      

	
      ∆   u ( e x p )      

	
      ∆   u ( F E M )      






	
1

	
SB16-P50-C

	
974

	
1064

	
Ref.

	
1.09

	
3.99

	
3.86

	
0.97




	
SB16-P50-E25

	
661

	
639

	
Ref.

	
0.96

	
11.07

	
9.97

	
0.9




	
SB16-P50-E50

	
395

	
404

	
Ref.

	
1.02

	
15.97

	
18.11

	
1.13




	
SB16-P50-F

	
87

	
89

	
Ref.

	
1.02

	
19.37

	
20.09

	
1.04




	
2

	
SB16-P75-C

	
922

	
977

	
Ref.

	
1.06

	
3.76

	
3.52

	
0.94




	
SB16-P75-E25

	
582

	
596

	
Ref.

	
1.02

	
10.21

	
11.52

	
1.13




	
SB16-P75-E50

	
371

	
377

	
Ref.

	
1.01

	
15.11

	
16.34

	
1.08




	
SB16-P75-F

	
82

	
84

	
Ref.

	
1.02

	
18.95

	
18

	
0.95




	
3

	
ST16-P50-C

	
789

	
817

	
0.81

	
1.03

	
4.16

	
3.98

	
0.96




	
ST16-P50-E25

	
448

	
460

	
0.78

	
1.02

	
9.89

	
11.11

	
1.12




	
ST16-P50-E50

	
245

	
259

	
0.62

	
1.06

	
14.46

	
15.03

	
1.04




	
ST16-P50-F

	
29

	
30

	
0.33

	
1.03

	
16.21

	
16.92

	
1.04




	
4

	
ST16-P75-C

	
690

	
729

	
0.75

	
1.05

	
3.82

	
3.4

	
0.89




	
ST16-P75-E25

	
392

	
428

	
0.67

	
1.09

	
8.74

	
9.7

	
1.11




	
ST16-P75-E50

	
235

	
247

	
0.63

	
1.05

	
13.13

	
14.48

	
1.1




	
ST16-P75-F

	
26

	
28

	
0.32

	
1.07

	
13.3

	
13.00

	
0.98




	
5

	
ST25.4-P50-C

	
1138

	
1140

	
1.17

	
1

	
4.28

	
4.2

	
0.98




	
ST25.4-P50-E25

	
671

	
614

	
1.02

	
0.91

	
12.12

	
12.38

	
1.02




	
ST25.4-P50-E50

	
390

	
386

	
0.99

	
0.99

	
18.59

	
17.71

	
0.95




	
ST25.4-P50-F

	
83

	
80

	
0.95

	
0.96

	
18.9

	
19.42

	
1.03




	
6

	
ST25.4-P75-C

	
1043

	
1071

	
1.13

	
1.02

	
3.98

	
3.78

	
0.95




	
ST25.4-P75-E25

	
625

	
587

	
1.07

	
0.94

	
11.6

	
12.43

	
1.07




	
ST25.4-P75-E50

	
364

	
367

	
0.98

	
1.01

	
16.55

	
17.66

	
1.07




	
ST25.4-P75-F

	
79

	
77

	
0.96

	
0.97

	
17.64

	
18.4

	
1.04




	
Average

	
1.01

	

	
1.02




	
Standard of deviation (  σ  )

	
0.018

	

	
0.011




	
Coefficient of variation (COV)

	
0.017

	

	
0.01











 





Table 5. Steel strain, yield deformation, ultimate deformation, and ductility index of the tested columns under eccentric and flexural load.
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Loading

Mode

	
Specimens ID

	
Ultimate Steel Strain at Tension Zone × 10−6

	
Ultimate Steel Strain at Compression Zone × 10−6

	
Experimental Results




	
     ∆   y      (mm)

	
     ∆   u      (mm)

	
DI






	
Eccentricity

25 mm

	
SB16-P50-E25

	
977

	
3497

	
6.15

	
11.07

	
1.80




	
SB16-P75-E25

	
623

	
3122

	
6.05

	
10.21

	
1.69




	
ST16-P50-E25

	
1233

	
3668

	
6.00

	
9.89

	
1.65




	
ST16-P75-E25

	
1058

	
3201

	
5.40

	
8.74

	
1.62




	
ST25.4-P50-E25

	
852

	
3259

	
7.10

	
12.10

	
1.70




	
ST25.4-P75-E25

	
799

	
2915

	
7.25

	
11.60

	
1.60




	
Eccentricity

50 mm

	
SB16-P50-E50

	
2222

	
3022

	
9.20

	
15.97

	
1.74




	
SB16-P75-E50

	
1834

	
2948

	
9.75

	
15.11

	
1.55




	
ST16-P50-E50

	
2744

	
2449

	
8.10

	
13.20

	
1.78




	
ST16-P75-E50

	
2365

	
2776

	
8.20

	
11.50

	
1.60




	
ST25.4-P50-E50

	
4631

	
4141

	
11.75

	
18.59

	
1.58




	
ST25.4-P75-E50

	
3479

	
3735

	
11.85

	
16.55

	
1.40




	
Flexural

	
SB16-P50-F

	
6230

	
4530

	
10.70

	
19.37

	
1.81




	
SB16-P75-F

	
5958

	
3132

	
11.10

	
18.95

	
1.71




	
ST16-P50-F

	
13971

	
1071

	
7.90

	
14.10

	
2.25




	
ST16-P75-F

	
12116

	
1745

	
7.10

	
12.02

	
2.18




	
ST25.4-P50-F

	
10282

	
3341

	
11.21

	
18.90

	
1.69




	
ST25.4-P75-F

	
11948

	
4207

	
10.60

	
17.60

	
1.66
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