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Abstract

:

To study the seismic performance of high-strength concrete columns reinforced with prestressed steel strands, five column specimens were designed and tested with varying parameters, such as axial compression ratio (0.2, 0.35, 0.5) and diameter of steel strands (9.5 mm, 11.1 mm, 12.7 mm), under low-cyclic reversed loading. The failure modes, hysteretic curves, stiffness degradation, ductility, and energy dissipation capacity of the prestressed steel strand-reinforced concrete columns were observed and recorded. The test results show that the failure mode of the prestressed steel strand-reinforced concrete columns is obvious bending failure. Within a certain range of axial compression ratio, the initial stiffness and load-bearing capacity of the specimens increase with the increase in axial compression ratio, but the plastic deformation capacity decreases. Within a certain range of steel strand diameter, the initial stiffness and load-bearing capacity of the specimens also increase with the increase in steel strand diameter, but the ductility coefficient first increases and then decreases. In addition, the seismic performance of prestressed steel strand-reinforced concrete columns was analyzed by the finite element method using DIANA software, and the results were compared with the test results. It was found that the hysteretic curve and stiffness degradation curve obtained from the finite element model are in good agreement with the test results, and the finite element model can accurately study the seismic performance of this type of column. Finally, based on the finite element model, the influence of different parameters on the mechanical properties of the column was discussed.
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1. Introduction


As more and more prefabricated reinforced concrete structures are being used in urban construction, certain issues need to be addressed. Conventional concrete columns have large volumes, heavy weights, and are prone to cracking during lifting, leading to challenges in the construction process. Currently, prefabricated concrete columns are typically made one layer at a time, which involves extensive wet operations, complex production and construction processes, and low construction efficiency [1]. Moreover, the conventional method of connecting the reinforcement between prefabricated concrete columns using grouting sleeves requires high precision and presents significant technical challenges. Due to limitations in component production accuracy, issues such as misalignment of reinforcement and difficulties in placing beams and columns have been observed during component node construction, leading to time-consuming and labor-intensive work, compromised reinforcement connection quality, and difficulty in inspection, posing significant safety risks [2].



To overcome these challenges, reduce on-site wet operations, lower construction difficulties, and improve construction efficiency, a new type of prefabricated prestressed steel strand-reinforced concrete (PSRC) column is proposed. By using high-strength concrete, the cross-sectional dimensions of prefabricated columns are reduced, decreasing the weight of prefabricated components and simplifying construction. Appropriate levels of prestressed reinforcement are incorporated to reduce the occurrence of cracks during lifting, allowing the prefabricated columns to reach lengths of up to 15 m, with three floors in each section. This reduces the number of joints, improves construction efficiency, and enhances the structural load-bearing capacity, stiffness, and seismic performance of the components. To effectively anchor prestressed reinforcement, steel end plates are installed at the top and bottom of the prefabricated columns, enabling dry connections and enhancing connection reliability and construction quality assurance.



Scholars both domestically and internationally have conducted extensive research on the selection of reinforcement for prefabricated columns. Researchers [3,4,5,6] have studied the load-bearing and deformation performance of prefabricated concrete pipe columns. Zhang et al. [3] found that prestressed composite reinforcement plays an important role in resisting corrosion and enhancing deformation capacity. Javier et al. [7] have employed superelastic (SE) nickel-titanium shape memory alloy (SMA) bars in prefabricated columns to replace ordinary threaded steel bars, resulting in minimal concrete damage and residual deformation in quasi-static tests. A.M.H. et al. [8] have combined shape memory alloy (SMA) with fiber-reinforced composite (FRP) reinforcement in prefabricated columns and analyzed their seismic performance through quasi-static tests, demonstrating that the use of superelastic SMA longitudinal bars in the plastic hinge region results in significantly smaller residual displacements compared with conventional columns while enhancing energy dissipation capacity. Mansour et al. [9] conducted a finite element analysis on the shear response of H-shaped steel section composite beams encased in ultra-high-performance fiber-reinforced concrete (UHPFRC). The findings indicate that the inclusion of UHPFRC composite significantly enhances the ultimate load capacity of the beams. Moreover, the analysis suggests that an increase in the shear-span-to-depth ratio results in a reduction of the ultimate load value.



The PSRC column reinforcement utilizes large-threaded steel bars and prestressed steel strands in a composite reinforcement method. Unlike the conventional requirement for even distribution of longitudinal bars along the perimeter of the column cross-section, this composite reinforcement method uses large-diameter, high-strength steel bars at the four corners and evenly arranges prestressed steel strands along the edges. Tian et al. [10] have proposed a method with wide spacing and high-strength longitudinal bars, which simplifies the construction of node areas, reduces construction difficulties, and improves construction efficiency while ensuring construction quality. The widespread application of prestressing technology can draw insights from prefabricated prestressed bridge piers and prestressed steel strand piles [11,12,13,14,15]. Prestressed steel strands tackle issues related to the poor ductility of prestressed steel bars in ordinary prestressed piles, leading to compromised lateral resistance, flexural and shear ductility, and susceptibility to brittle failure.



In comparison to RC columns with the same reinforcement ratio, the production cost of PSRC columns has increased by approximately 5%, while the load-bearing capacity has improved by around 10%. Furthermore, PSRC columns can be manufactured up to fifteen meters in a single section, reducing the number of column-to-column joints. This not only controls the occurrence of cracks during lifting and transportation but also enhances the overall economic feasibility of the column.



This paper presents low-cycle reverse loading tests on five prestressed steel strand concrete composite reinforced columns under different axial compression ratios and different prestressed steel strand diameters. It analyzes the impact of different parameters on the seismic performance of the specimens, including failure modes, hysteresis behavior, load-bearing capacity, and stiffness degradation. Finite element analysis is conducted using DIANA 10.5 software, and the results are compared and verified against the experimental results. The paper also analyzes three parameters: prestressing value control, composite reinforcement ratio, and axial compression ratio, providing reference for the future application of PSRC columns.




2. Experimental Overview


2.1. Test Specimen Design and Fabrication


In the experiment, a total of five prestressed steel strand composite reinforced column specimens were designed [16,17] and fabricated. The main parameters of the specimens include the diameter of prestressed steel strands (9.5 mm, 11.1 mm, 12.7 mm) and the design axial compression ratio (0.2, 0.35, 0.5), as detailed in Table 1. The construction and dimensions of the specimens are shown in Figure 1. The scale of the experimental model is 1:1, and the height of the specimens is half of the actual floor height, which is 1500 mm. The column cross-sectional dimensions are 400 mm × 400 mm, and the designed dimensions of the column cap and base made of C60 high-strength concrete are 800 mm × 600 mm × 500 mm and 1600 mm × 1000 mm × 700 mm, respectively.



The calculation of the design axial compression ratio did not consider the pressure exerted by the prestressed steel strands on the column. When considering the prestressing of the steel strands on the concrete column, the adjusted results are shown in Table 1.



The PSRC column longitudinal reinforcement consists of threaded steel bars combined with pre-tensioned steel strand composite reinforcement. The steel strand structure is 1 × 7 with a strength of 1860 MPa. The remaining longitudinal and hoop reinforcement consists of HRB400 steel bars with diameters of 22 mm and 10 mm, respectively. The hoop reinforcement is configured as Φ10@100/150, following the specifications [16], to ensure that the base has sufficient rigidity.



The anchoring method of the prestressed steel strands at the column ends is detailed in Figure 2.



The fabrication process for the specimens is as follows:



According to the design drawings, the reinforcement cage is prepared, and strain gauges are attached to the reinforcement.



The reinforcement cage is placed inside a steel mold, lifted by the factory’s hoisting equipment, and taken to the tensioning chamber for prestressing of the steel strands. A wedge-type anchorage system is used to anchor the steel strands, which involves tightening the strands by using the principle of wedge tightening in conical holes. After the tensioning is completed, the specimen is lifted into the concrete workshop for concrete pouring. The production process is visible in Figure 3.



After a curing period of 48 h, the base and column cap are inserted, and the pouring of the column cap and base is carried out, followed by continued curing.




2.2. Material Properties


The concrete used in the experiment has a strength grade of C60. It was poured simultaneously from the same batch for all specimens. Three cubic concrete specimens with a side length of 150 mm were made, and these specimens were subjected to the same curing conditions as the test specimens. Before the start of the experiment, compressive strength and elastic modulus tests were conducted in accordance with the specifications [18], and the test results are shown in Table 2.



For this experiment, each type of reinforcement used in the specimens consisted of three pieces from the same batch. These included Φ10, Φ22, threaded steel bars, and ΦS9.5, ΦS11.1, ΦS12.7 prestressed steel strands. According to the specifications [19,20], a hydraulic testing machine was used to conduct tensile tests on these reinforcements. The key material performance parameters for each type of reinforcement, including yield strength(fy), ultimate tensile strength(fu), elastic modulus(Es), and maximum elongation(Agt), are shown in Table 3. The Stress-strain of reinforcement is visible in Figure 4.



The prestress loss for the prefabricated prestressed steel strand column specimens was determined according to the specifications [16], as detailed in Table 4.




2.3. Loading Apparatus and Loading Procedure


The experiment was conducted in the Structural Engineering Laboratory at Zhejiang University, and the experimental setup is shown in Figure 5. Four ground anchor bolts were used to secure the specimens to the ground through the baseplate bolt holes, and hydraulic jacks were placed at both ends of the base to prevent excessive sliding of the base. Horizontal loads were applied using a 1000 kN horizontal hydraulic servo actuator (MTS), with one end of the actuator fixed to a reaction wall and the other end connected with a pin shaft. The pin shaft was secured to the column cap using a 35 mm thick steel plate and high-strength rods with bolts, creating a hinge connection between the actuator and the column top. Vertical loads were applied using a 5000 kN vertical jack, and a sliding trolley connected to a reaction steel beam transmitted the load to the reaction frame, which then transferred the load to the ground.



The loading process consists of two stages: preloading and formal loading. In the preloading stage, the axial load is applied and released twice at 30% of the design axial load to test if the experimental apparatus and measuring instruments are functioning properly. In the formal loading stage, the specimen is initially subjected to axial compression, which is maintained constant throughout the test. Then, horizontal cyclic loads are applied to the specimen using the MTS system at the top of the column.



During horizontal loading, displacement control is used, and the horizontal displacement at each load level is calculated based on the displacement angle. The incremental displacement angle is set at 1/400 until the displacement angle reaches 1/100, and then it is adjusted to 1/200. Before reaching a displacement angle of 1/50, each load level is cycled twice, and afterward, each load level is cycled once.



Loading is stopped when the horizontal load decreases to below 85% of the peak load or when the specimen undergoes severe deformation. The horizontal load and displacement at this point are recorded as the failure load and failure displacement. The loading procedure is illustrated in Figure 6.



The vertical load is automatically collected by the loading system. A horizontal displacement transducer (D-1) is positioned at the axis of the horizontal actuator to measure the horizontal displacement of the specimen. At the mid-height of the column, a horizontal displacement transducer (D-2) is installed. At the bottom of the wall, a horizontal displacement transducer (D-3) is placed to measure any potential displacement deviations during loading. On the right side of the base, a horizontal displacement transducer (D-4) is set up to measure the relative slippage between the specimen and the floor.



At the top of the base on both sides, vertical displacement transducers (D-5 and D-6) are installed to measure rotational displacement that may occur at the bottom of the specimen during loading. Concrete strain gauges are distributed as follows: nine strain gauges are placed on all four sides of the plastic hinge region at the bottom of the column, with specific arrangements shown in Figure 7.





3. Experimental Results and Analysis


3.1. Test Observations and Failure Modes


Under the action of low-cycle cyclic loading, the overall failure process of the five specimens was generally similar, exhibiting typical bending failure characteristics. Taking specimen PSRC3 as an example, the failure process is shown in Figure 8. The load development process and crack propagation can be divided into four stages: the cracking load stage, the yielding stage, the peak load stage, and the failure stage.



In the cracking load stage, when the displacement angle reached 1/400 (3.75 mm), the specimen was essentially in a linear state with little change in stiffness, and no cracks were visible. Upon applying the secondary displacement, the first crack appeared during the first cycle when the displacement angle reached 1/200 (7.5 mm). When the displacement angle reached 1/100 (15 mm), transitioning from the cracking stage to the yielding stage, the number of cracks increased continuously, and both their width and length further developed. Horizontal cracks appeared on the north and south sides of the column. When the displacement angle reached 3/200 (22.5 mm), entering the peak load stage, the cracks continued to increase, and their width notably increased. At the positive peak load, the maximum crack width reached 1.2 mm, and the concrete at the bottom of the column started to spall. Cracks on the north and south sides began to extend diagonally, forming a cross pattern. When the displacement angle reached 1/25 (60 mm), the load-bearing capacity had reduced to 68% of the peak load, and there were large pieces of crushed and detached concrete. Some longitudinal bars were exposed through the cracks, indicating specimen failure.



Overall, the experimental observations are in good agreement with expectations. The concrete at the bottom of the column was significantly crushed, and the concrete on the north and south sides of the column base, near the northeastern corner, was pulled apart. Plastic hinge rotation was evident, indicating that the specimens experienced flexural failure. The specimens exhibited good ductility, with the ability to achieve significant displacement angles without collapsing. This behavior demonstrates the combined reinforcement effect of large threaded bars distributed around the perimeter and prestressed steel strands placed in the middle.




3.2. Hysteresis Curves


In this experiment, the measured horizontal load-displacement (F-D) hysteresis curves for each specimen are shown in Figure 9. The vertical axis represents the horizontal load applied at the center of the loading point, and the horizontal axis represents the horizontal displacement at the center of loading (at a distance of 1500 mm from the column base). Positive and negative values on the horizontal axis represent forward and reverse loading, respectively. A comparison of the hysteresis curves for each specimen leads to the following conclusions:



The hysteresis curves of the five specimens exhibit a “bow-shaped” pattern with full hysteresis loops. During the initial loading stage, when the components are still in the elastic phase, the F-D curve shows essentially linear behavior after loading and unloading, with minimal residual deformation, and the steel does not yield. As displacement continues to increase, the components enter the elastoplastic phase, and after unloading, residual displacement remains. The F-D curve exhibits nonlinear behavior with an enlarged hysteresis loop, indicating strong energy dissipation capacity.



When the load reaches its peak, concrete crushing and spalling occur on both sides, and near zero vertical displacement, there is some pinching in the hysteresis loop. This pinching is due to the gradual loss of effectiveness in the steel strands and reinforcement within the composite reinforcement system, leading to some slipping during this phase. The hysteresis curves of the specimens are generally symmetric during both forward and reverse loading, with similar lateral stiffness in both directions. Due to damage accumulation in the concrete specimens under repeated loading, significant stiffness degradation occurs, resulting in a decrease in load values and hysteresis loop area in the second cycle compared with the first cycle at the same displacement.



Comparing Figure 9a–c, it can be observed that the hysteresis curves of all specimens are relatively full and exhibit good energy dissipation capacity. With an increase in the axial load ratio, the initial stiffness of the specimens improves, and the horizontal load-bearing capacity increases. However, as the specimens reach the peak load, a higher axial load ratio results in a steeper descending segment of the curve, and ductility decreases. Three specimens show smaller residual displacements, primarily because the prestressed steel strands inside the column provide reduced stiffness degradation.



Comparing Figure 9b,d,e, it can be observed that as the diameter of the prestressed steel strands increases, the initial stiffness and horizontal load-bearing capacity of the specimens improve. However, the trend of the descending segment of the curve is generally consistent among the three specimens. The residual displacements of the three specimens decrease with increasing diameter of the prestressed steel strands, primarily due to the increased prestress applied to the column by larger diameter prestressed steel strands.



The hysteresis loops of the PSRC columns are relatively full for several reasons. The use of prestressed steel strands enhances the performance of the concrete and also provides a certain recentering capability. After reaching peak load and specimen failure, good bonding properties between high-strength concrete and prestressed steel strands ensure the stiffness of the specimen during unloading. The recentering function of the steel strands during unloading does not cause a sharp drop in the load, resulting in a smoother decrease compared with RC components.




3.3. Skeleton Curves


The skeleton curves of the specimens in this experiment are shown in Figure 10. The skeleton curve is derived by connecting the peak load points in each loading cycle, forming an envelope that delineates the trajectory of the maximum horizontal force peaks attained by the specimen across various loading cycles.



Examining the skeleton curve reveals distinct phases in the specimen’s behavior, characterized by elastic, elastoplastic, and descending stages. During the initial stages of loading, the specimen remains within the elastic range, exhibiting a linear correlation between force (F) and displacement (D). With progressive loading, the specimen transitions into the elastoplastic phase, leading to a reduction in the slope of the skeleton curve. Subsequent to further loading and entry into the failure stage, the concrete undergoes fragmentation, resulting in a consequential decrease in the column’s load-bearing capacity.



From the graph, it can be observed that the skeleton curve shapes of the various prestressed steel strand composite reinforcement columns are generally similar, all including the rising segment, peak load point, and descending segment. The Park method [21] was used to extract the yield point, peak point, and ultimate point from the skeleton curves, and the corresponding characteristic point loads are listed in Table 5.



As the axial load ratio increases, the initial stiffness of the specimen increases, and there is a relatively small difference in yield displacement. When the axial load ratio is increased from 0.2 to 0.35, the cracking load, yield load, and peak load of the specimens increase by 7.38%, 16.47%, and 15.60%, respectively. When the axial load ratio is further increased from 0.35 to 0.5, the cracking load, yield load, and peak load of the specimens increase by 8.33%, 7.47%, and 6.95%, respectively. In the post-peak stage, specimens with higher axial load ratios experience a rapid reduction in bearing capacity and earlier failure.



With an increase in the diameter of the prestressed steel strands, the initial stiffness of the specimen increases, while the ductility does not show significant differences. When the diameter is increased from 9.5 mm to 11.1 mm, the cracking load, yield load, and peak load of the specimens increase by 13.67%, 7.41%, and 3.46%, respectively. When the diameter of the prestressed steel strands is increased from 11.1 mm to 12.7 mm, the cracking load, yield load, and peak load of the specimens increase by 2.86%, 9.51%, and 9.58%, respectively.



In terms of the magnitude of improvement, the increase in peak load is not linearly related to the axial load ratio, and the difference in the improvement magnitude decreases with increasing axial load ratio.



The non-linear increase in peak load with increasing axial load ratio can be attributed to the enhancement of the flexural capacity of eccentrically compressed members. According to the M-N interaction diagram for eccentrically compressed members, as the axial load N increases linearly, the bending capacity M of the specimens also increases non-linearly. The experimental observations are consistent with this changing pattern.




3.4. Stiffness Degradation


The stiffness(K) degradation curves of each specimen are shown in Figure 11.


   K j  =     ∑  i = 1  n    P j i        ∑  i = 1  n    Δ j i       








where Kj is the stiffness at the j-th displacement level, calculated separately for both the positive and negative directions.; j is the grade of the displacement; i is the number of cycles; Pij and Δij represent the maximum lateral load and displacement amplitude, respectively, for the i-th cycle at the j-th displacement level; n is the total number of loading cycles for the j-th displacement level.



Before cracking, the initial stiffness of the three specimens is relatively high, and it gradually decreases as the horizontal load increases. After cracking, as the cracks continue to develop, the concrete gradually loses its effectiveness, leading to accelerated stiffness degradation. Once the primary cracks have formed and no new cracks appear, the trend of stiffness degradation slows down.



With the increase in axial compression ratio, the stiffness of the specimens significantly increases. From the beginning of loading until the component enters the yielding stage, the rate of stiffness degradation in specimens with higher axial compression ratios decreases. However, after entering the yielding stage, the rate of stiffness degradation in specimens with higher axial compression ratios accelerates. Larger steel strand diameters result in higher initial stiffness in the specimens, but they also lead to a faster rate of stiffness degradation after entering the yielding stage. Increasing the diameter of prestressed steel strands helps to improve the initial stiffness of the specimens in the early stages.



The reasons behind the observed trends are as follows: Increasing the axial pressure ratio enhances the overall stiffness of the column. However, in the later stages of loading, the heightened axial pressure ratio exacerbates concrete cracking, leading to a more rapid decline in column stiffness. Increasing the diameter of the prestressed steel strands not only elevates the equivalent stiffness of the specimen cross-section but also imposes additional pressure on the column due to prestress. In the later stages of loading, although an increase in the area of the tensioned elastic prestressed steel strands occurs, the decline in stiffness is still primarily governed by the concrete failure.




3.5. Ductility Performance


Ductility is an important indicator that reflects the plastic deformation capacity of reinforced concrete structures and is also one of the key indicators for assessing structural seismic performance. The yield displacement (Δy), peak displacement (Δmax), ultimate displacement (Δu), displacement ductility ratio (μ), and inter-story displacement angles (θ) for PSRC columns are shown in Table 6.


   μ =    Δ u     Δ y       θ =  Δ H    








where Δu is the ultimate displacement; Δy is the yield displacement; Δ is the displacement of the loading point; and H is the height of the PSRC column.



Increasing the axial pressure ratio exacerbates the damage to the concrete at the base of the column. When the axial compression ratio increased from 0.2 to 0.35, the cracking displacement of the specimens increased by 4.66%, and there was little difference in yield displacement and peak displacement, resulting in a 12.70% decrease in displacement ductility. When the axial compression ratio increased from 0.35 to 0.5, the cracking displacement of the specimens increased by 4.44%, with little difference in yield displacement and peak displacement, resulting in a 3.41% decrease in displacement ductility.



When the diameter increased from 9.5 mm to 11.1 mm, the cracking displacement of the specimens increased by 9.65%, yield displacement decreased by 21.01%, peak displacement decreased by 29.21%, and displacement ductility increased by 33.08%. When the diameter increased from 11.1 mm to 12.7 mm, the cracking displacement of the specimens increased by 6.75%, yield displacement increased by 10.40%, peak displacement increased by 11.38%, and displacement ductility decreased by 16.51%. In comparison to conventional steel reinforcement, prestressed steel strands exhibit superior tensile ductility and better bond performance with concrete. An increase in the diameter of prestressed steel strands enhances ductility when the additional axial pressure ratio is not excessively high. However, with excessively high additional axial pressure ratios, the damage to the concrete in the later stages of loading becomes more severe, leading to a deterioration in ductility.



The ultimate displacement angles of the specimens with prestressed steel strand composite reinforcement columns in the test ranged from 1/32 to 1/26, all meeting the requirements of “Code for Seismic Design of Buildings” (GB50011-2010), [22] which specifies that the ultimate displacement angle for structures with seismic design fortification capacity should exceed 1/50.




3.6. Energy Dissipation Capacity


Energy dissipation capacity is the ability of a structure to absorb and dissipate seismic energy. According to the “Code for Seismic Test Methods of Buildings” (JGJ 101-2015) [23], energy dissipation capacity is expressed through cumulative energy dissipation and the equivalent viscous damping coefficient. The energy dissipation capacity of the specimens is shown in Figure 12.



As the axial compression ratio increases, the cumulative energy dissipation of the specimen increases, and the overall trend of the curves is similar. The specimens dissipate energy through the failure of concrete. Under the influence of higher axial pressure ratios, the intensification of concrete failure leads to higher cumulative energy dissipation in the specimens. Regarding the equivalent viscous damping coefficient, a higher axial compression ratio results in a larger equivalent viscous damping coefficient for the same displacement.



With an increase in the diameter of the prestressed steel strand, there is some improvement in energy dissipation capacity, but there is not much difference in cumulative energy dissipation between specimen PSRC5 with a strand diameter of 11.1 mm and specimen PSRC3 with a strand diameter of 12.7 mm. The observed trend is a result of the larger diameter of prestressed steel strands. This increase intensifies the additional pressure exerted by prestress on the column, leading to exacerbated concrete damage. Simultaneously, the excellent tensile ductility and superior bond performance of steel strands with concrete mitigate the progression of concrete damage in the column. When considering the equivalent viscous damping coefficient, specimen PSRC1 with a strand diameter of 9.5 mm has the smallest damping coefficient, while specimen PSRC5 with a strand diameter of 11.1 mm has a slightly larger coefficient than specimen PSRC3 with a strand diameter of 12.7 mm. This indicates that the equivalent viscous damping coefficient is related to the form and proportion of composite reinforcement.



The equivalent viscous damping coefficients at the failure of the specimens are mostly greater than 15%, indicating good energy dissipation capacity for each specimen.





4. Finite Element Analysis (FEA)


4.1. Model Establishment


Based on the actual simulation in the DIANA finite element software, the concrete hysteresis model is selected based on the total strain-crack model, with the compressive curve using the Fukuda-Fukufu concrete compression curve model [24] and the tensile curve using the concrete constitutive model in Appendix C of China’s current “Code for Design of Concrete Structures” (GB50010-2010) [25]. The constitutive relationship for the reinforcing bars is based on the Menegotto-Pinto reinforcing bar model [26], and the prestressed steel strand uses a bilinear model, as shown in Figure 13.



A 30 mm steel collar is placed around the column head to transmit horizontal loads, and the axial load on the column head is applied as a distributed load to avoid local compression failure.



Material property: This section is consistent with the data obtained from material experiments.



Element: Solid elements HX24L is used for the steel collars, upper and lower anchors, and concrete. Embedded steel bar elements are used for the reinforcing bars. The HX24L element is a unit in the Diana software designed for simulating three-dimensional structures. It supports various stress-strain models and facilitates the simulation of interactions among multiple parts. The TP18L element, included in Diana, is specifically designed for simulating reinforcement, providing a good representation of the bonding relationship between concrete and reinforcement.



Mesh: Considering the influence of mesh division on the results of finite element software, the mesh sizes for the column body, column head, and base are set to 50 mm.



Constraint: The boundary conditions of the model are consistent with the actual experiments. The displacement and rotational degrees of freedom in the X, Y, and Z directions at the base of the column are simulated by constraining the base. Additionally, the displacement and rotation in the X direction are constrained by the sides of the column and the support.



Loading: Simulating the actual loading conditions, horizontal displacement along the y-direction is applied to the steel casing, and uniformly distributed loads in the z-direction are applied to the column head.



The model’s boundary conditions, mesh division, and load application are shown in Figure 14.




4.2. Model Validation against Test Results


Comparison of Hysteresis Loops between Finite Element and Experimental Results, as Shown in Figure 15.



The hysteresis curves obtained from finite element simulations generally agree well with the experimental results. In the early stages of loading, as the components enter the elastic phase, the initial stiffness is in good agreement between the models. However, in the elastic-plastic phase, some models show slightly higher stiffness than the experimental values. As the curves enter the descending phase, they become flatter. The main reasons for this difference are:




	
Different loading conditions: Finite element analysis assumes ideal unidirectional horizontal loading, while actual experiments involve low-cycle cyclic loading. This leads to significantly higher cumulative concrete damage in the experimental specimens compared with the unidirectional loading assumed in the finite element analysis.



	
Idealized rebar slip in finite element analysis: The rebar slip modeled in finite element simulations may be more idealized and uniform compared with the actual rebar slip in experiments.



	
Heterogeneous concrete material: The actual concrete material in experiments is not homogeneous, whereas finite element simulations often assume a uniform distribution of concrete properties.



	
Rebar failure: In the experimental process, rebar may experience breakage or uneven loading, which cannot be accurately simulated by the rebar models used in finite element analysis.








Figure 16 shows a comparison of crack development between experiments and finite element analysis. It can be observed that the crack distribution provided by DIANA in the strain analysis corresponds well to the actual crack development in the test specimens. The main characteristics include:



Concentrated distribution of main cracks in the lower region of the column.



Mainly compressive-bending cracks.



Crack propagation starts horizontally from the edges of the column vertices and extends towards the column’s central region.



As the axial load ratio increases, the opening displacement and load of the specimen increase. Specimens with higher axial load ratios exhibit horizontal cracks later in the loading process. Specimens with higher axial load ratios tend to have fewer cracks, larger average crack spacing, and more pronounced crushing of concrete at the bottom of the column. Similarly, with an increase in the diameter of prestressed steel strands, the opening displacement and load of the specimen increase, and horizontal cracks appear later with fewer and narrower cracks.



Analyzing the reasons for these observations:




	
Increasing the axial load ratio: For specimens with a large eccentrically compressed load, increasing the axial load ratio enhances their axial load-carrying capacity and the performance of concrete. Therefore, cracks appear later in the loading process. However, during the failure phase, due to the higher axial load ratio, the bending moment at the bottom of the column is also greater, resulting in more severe damage during failure.



	
Increasing the diameter of prestressed steel strands: Larger diameter prestressed steel strands result in higher total tensile prestress, which is equivalent to a higher total axial load on the column. This strengthens the performance of the column concrete, leading to later crack formation with fewer and narrower cracks.








The comparison between the experimental and finite element hysteresis curves and crack development patterns shows that both match well. Therefore, the model established using DIANA finite element software can effectively simulate the behavior of PSRC columns in experiments.




4.3. Pushover Curve and Mesh Sensitivity Analysis


Pushover analysis involves gradually applying horizontal seismic loads to simulate the nonlinear behavior of structures under earthquake conditions. In this finite element analysis, displacement control was employed. The obtained pushover curve is depicted in Figure 17.



Increasing the axial compression ratio results in higher peak load values and larger corresponding displacements for the specimen. This elevation in the axial compression ratio enhances the overall stiffness of the specimen, slowing down concrete cracking. However, in the descending segment, where the specimen is subjected to large eccentric compression, an increase in the axial compression ratio intensifies concrete damage, leading to a faster decline in the specimen’s load-bearing capacity.



Increasing the diameter of the steel strands enhances the specimen’s cross-sectional equivalent stiffness. Simultaneously, the prestress applied to the column increases its overall stiffness, resulting in higher peak load values for the specimen with less pronounced variations in corresponding displacements. In the descending segment, due to the prestress applied by the steel strands, the actual axial compression ratio of the column increases, leading to more severe concrete damage.




4.4. Parameter Analysis


According to the finite element model described above, the influence of prestressing force control value, composite reinforcement ratio, and high axial load ratio on the seismic performance of PSRC columns is analyzed, as shown in Figure 18.



4.4.1. Tensile Control Prestressing Force


From the skeleton curves in Figure 18 and the data in Table 7 for different tensile control prestressing force values, it can be observed that as the tensile control prestressing force increases from 0.45 to 0.55 and 0.65, the load-bearing capacity of the column component slightly increases, and the stiffness of the specimen before reaching the peak load also slightly increases. The descending segment of the skeleton curves remains mostly consistent, and there is little change in the displacement ductility ratio.




4.4.2. Composite Reinforcement Ratio


Taking into account the influence of the proportion of different threaded steel bar areas and steel strand areas in the composite reinforcement on the seismic performance of PSRC columns, PSRC component models with ratios of threaded steel bar area to steel strand area approximately equal to 1:1, 1.5:1, 2:1, 2.5:1, 3:1, and 3.5:1 were established, with longitudinal reinforcement ratios all below 5%.



From Figure 18 and Table 7, it can be seen that as the proportion of prestressed steel strands decreases, the load-bearing capacity of the PSRC component gradually decreases, and the initial stiffness also slightly decreases. The displacement ductility ratio increases first and then decreases. As the ratio of threaded steel bars to steel strands increases from 1:1 to 3.5:1, the peak load gradually decreases by 4.03%, 3.17%, 2.59%, 2.29%, and 1.79%, and the ductility ratio increases first and then decreases. When the reinforcement ratio is 2:1, the ductility ratio is the largest.




4.4.3. Axial Compression Ratio


In this section, numerical analysis of the mechanical properties of PSRC columns with two additional high axial compression ratios, 0.55 and 0.6, is added to the three axial compression ratios mentioned earlier. It can be observed that as the axial compression ratio increases, the load-bearing capacity of PSRC columns increases significantly. However, the growth trend gradually decreases with an increase in the axial compression ratio. When the axial compression ratio increases from 0.5 to 0.55, the peak load increases by 2.37%, and the displacement ductility ratio decreases by 7.10%. When the axial compression ratio increases from 0.55 to 0.60, the peak load increases by 2.65% and the displacement ductility ratio decreases by 6.44%, while the initial stiffness remains mostly unchanged.






5. Conclusions


This study investigates prestressed steel strand-reinforced concrete (PSRC) columns through a combination of experimentation and finite element analysis. Experimental results confirm the effective concrete confinement achieved by the PSRC column’s composite reinforcement, harnessing the individual strengths of high-strength large-threaded steel bars and prestressed steel strands. Optimizing the column’s performance with high-strength concrete ensures reduced weight and maintained load-bearing capacity, resulting in excellent seismic and crack resistance. Finite element modeling, validated against experimental data, supplements pushover analysis and explores various parameters.



	
PSRC columns exhibit flexural failure at the column end, with prestressed steel strands significantly enhancing load-bearing capacity compared with conventional reinforced concrete (RC) columns.



	
An increased axial compression ratio enhances ultimate load-bearing capacity but induces more pronounced stiffness degradation and reduced ductility.



	
Enlarging steel strand diameter improves ultimate load-bearing capacity but increases stiffness degradation and reduces ductility.



	
Increased prestressing force has no significant impact on ultimate load-bearing capacity or stiffness but reduces ductility.



	
A higher composite reinforcement ratio decreases both ultimate load-bearing capacity and stiffness while initially improving and subsequently reducing ductility.






This study provides insights into the influence of various parameters (axial compression ratio, steel strand diameter, prestressing force, and composite reinforcement ratio) on PSRC column performance. Future research should explore columns with different dimensions and strengths, as well as develop a comprehensive structural system incorporating beam-to-column and column-to-column connections.
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Figure 1. Dimensional reinforcement of PSRC. 
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Figure 2. Detailed Anchorage of Post-Tensioned Steel Strand. 
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Figure 3. The fabrication process of the specimens. (a) reinforcement cage; (b)steel mold of specimens; (c) casting of specimens. 
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Figure 4. Stress-strain of reinforcement. (a) Φ10. (b) Φ22. (c) ΦS9.5. (d) ΦS11.1. (e) ΦS12.7. 
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Figure 5. Test Setup. (a) Schematic Diagram of the Loading Apparatus. (b) Loading Site. 
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Figure 6. Loading system. 
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Figure 7. Layout of displacement meters and strain gauges (a) Schematic Diagram of Column Displacement Sensor Placement. (b) Arrangement of Concrete Strain Gauges. 
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Figure 8. Specimen failure process (a) Cracking Stage. (b) Yielding Stage. (c) Peak Load Stage. (d) Failure Stage. 
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Figure 9. Hysteretic curves (a) Specimens PSRC1. (b) Specimens PSRC2. (c) Specimens PSRC3. (d) Specimens PSRC4. (e) Specimens PSRC5. 






Figure 9. Hysteretic curves (a) Specimens PSRC1. (b) Specimens PSRC2. (c) Specimens PSRC3. (d) Specimens PSRC4. (e) Specimens PSRC5.



[image: Buildings 14 00186 g009]







[image: Buildings 14 00186 g010] 





Figure 10. Skeleton Curves (a) Axial Load Ratio. (b) Prestressed Steel Strand Diameter. 
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Figure 11. Stiffness degradation curves (a) Axial Compression Ratio. (b) Steel Strand Diameter. 
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Figure 12. Energy dissipation capacity of specimen (a,c) Changing axial compression ratio. (b,d) Changing steel strand diameter. 






Figure 12. Energy dissipation capacity of specimen (a,c) Changing axial compression ratio. (b,d) Changing steel strand diameter.



[image: Buildings 14 00186 g012]







[image: Buildings 14 00186 g013] 





Figure 13. Material constitutive (a) Concrete Compression Curve. (b) Concrete Tensile Curve. (c) Steel Stress-Strain Curve. (d) Steel Strand Stress-Strain Curve. 






Figure 13. Material constitutive (a) Concrete Compression Curve. (b) Concrete Tensile Curve. (c) Steel Stress-Strain Curve. (d) Steel Strand Stress-Strain Curve.



[image: Buildings 14 00186 g013]







[image: Buildings 14 00186 g014] 





Figure 14. FEA model of PSRC columns. 
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Figure 15. Hysteresis curve comparison (a) PSRC1. (b) PSRC2. (c) PSRC3. (d) PSRC4. (e) PSRC5. 
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Figure 16. Concrete Crack Comparison (a) PSRC1. (b) PSRC2. (c) PSRC3. (d) PSRC4. (e) PSRC5. 
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Figure 17. Pushover curve (a) Mesh size. (b) Axial compression ratio. (c) The diameter of the steel strands at different mesh sizes. There is no significant variation in the peak load values and corresponding displacements, indicating that there is no notable impact on the stiffness and load-bearing capacity of the model. However, the load values at the target displacement (80 mm) decrease with an increase in mesh size, attributed to more severe simulation of concrete damage with smaller mesh sizes. Overall, changes in mesh size have a minimal impact on the model’s behavior. 
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Figure 18. Skeleton curves of specimens with different parameters (a) Tensile control prestressing force. (b) Composite reinforcement ratio. (c) Axial compression ratio. 
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Table 1. Design parameters of specimens.
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	Specimen ID
	Vertical Reinforcement Arrangement
	longitudinal Reinforcement Ratio (%)
	Design Axial Compression Ratio
	Actual Axial Compression Ratio





	PSRC1
	4Φ22 + 8ΦS12.7
	1.44
	0.2
	0.36



	PSRC2
	4Φ22 + 8ΦS12.7
	1.44
	0.35
	0.51



	PSRC3
	4Φ22 + 8ΦS12.7
	1.44
	0.5
	0.66



	PSRC4
	4Φ22 + 8ΦS9.5
	1.22
	0.35
	0.43



	PSRC5
	4Φ22 + 8ΦS11.1
	1.32
	0.35
	0.47







Note: The parametric variables of the experimental model include the axial pressure ratio and the diameter of the prestressed steel strands. The practical application range of the axial pressure ratio in engineering practice is 0.4–0.8. However, considering the additional compressive stress in prestressed reinforcement, the design axial pressure ratio is contemplated within the range of 0.2–0.5. Commonly used diameters for steel strands include 9.5 mm, 11.1 mm, 12.7 mm, 15.2 mm, and 17.8 mm. Due to the preference to avoid excessive prestress, diameters of 9.5 mm, 11.1 mm, and 12.7 mm were chosen.













 





Table 2. Mechanical properties of concrete.
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	fcu,0(MPa)
	fcu,k(MPa)
	fck(MPa)
	ftk(MPa)
	Ec(×104 MPa)





	62.78
	60.84
	39.05
	3.07
	3.61










 





Table 3. Mechanical properties of reinforcement.
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	Rebar Specification
	Es(GPa)
	fy(MPa)
	fu(MPa)
	Agt(%)





	Φ10
	198
	495
	609
	10.8



	Φ22
	200
	444
	656
	16.5



	ΦS9.5
	201
	1739
	1880
	6.4



	ΦS11.1
	204
	1760
	1896
	5.6



	ΦS12.7
	208
	1821
	1957
	5.6










 





Table 4. Prestress loss of steel strand.
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	Diameter/mm
	σcon

/MPa
	σpt

/MPa
	Δσpψ

/MPa
	Δσr

/MPa
	σpe/

MPa
	σce/

MPa





	AS9.5
	1395
	1308.33
	87.52
	69.75
	1151.06
	2.31



	AS11.1
	1395
	1308.33
	99.38
	69.75
	1139.20
	3.25



	AS12.7
	1395
	1308.3
	114.0
	69.7
	1124.5
	4.4







Note: σcon is the tension control stress for prestressed steel strands, determined as 0.75 times the standard value of their tensile strength fptk according to the standard. σpt is the prestress steel stress calculated according to the standard after detensioning. Δσpψ is the prestress loss due to concrete shrinkage. Δσr is the prestress loss due to the relaxation of prestressing steel. σpe is the effective prestress of the prestressing steel, and σce is the effective prestressing stress in the concrete column.













 





Table 5. Eigenvalue of specimen load.
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Specimen Number

	
Loading Direction

	
Fcr/kN

	
Fy/kN

	
Fmax/kN

	
Fu/kN






	
PSRC1

	
Forward

	
210.6

	
297.2

	
352.5

	
299.7




	
Reverse

	
214.7

	
307.6

	
364.6

	
309.9




	
Average

	
212.7

	
302.4

	
358.6

	
304.8




	
PSRC2

	
Forward

	
226.4

	
345.8

	
407.5

	
346.4




	
Reverse

	
230.4

	
358.6

	
424.2

	
360.6




	
Average

	
228.4

	
352.2

	
415.9

	
353.5




	
PSRC3

	
Forward

	
245.4

	
378.1

	
444.7

	
378.0




	
Reverse

	
249.6

	
378.8

	
444.8

	
378.1




	
Average

	
247.5

	
378.5

	
444.8

	
378.1




	
PSRC4

	
Forward

	
193.5

	
295.5

	
363.2

	
308.7




	
Reverse

	
197.2

	
303.3

	
370.5

	
314.9




	
Average

	
195.4

	
299.4

	
366.9

	
311.8




	
PSRC5

	
Forward

	
220.4

	
316.6

	
380.9

	
323.8




	
Reverse

	
223.7

	
326.6

	
378.2

	
321.4




	
Average

	
222.1

	
321.6

	
379.6

	
322.6











 





Table 6. Deformation characteristic value of specimen.
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Specimen Number

	
Δy/mm

	
Δp/mm

	
Δu/mm

	
μ




	
θy

	
θp

	
θu




	
Forward

	
Backward

	
Forward

	
Backward

	
Forward

	
Backward






	
PSRC1

	
10.65

	
10.75

	
21.76

	
22.22

	
49.10

	
58.77

	
5.04




	
1/141

	
1/140

	
1/69

	
1/68

	
1/31

	
1/26




	
PSRC2

	
11.48

	
11.31

	
21.72

	
22.20

	
48.14

	
52.09

	
4.40




	
1/131

	
1/133

	
1/69

	
1/68

	
1/31

	
1/29




	
PSRC3

	
11.10

	
12.39

	
21.58

	
21.82

	
46.36

	
53.63

	
4.25




	
1/135

	
1/121

	
1/70

	
1/69

	
1/32

	
1/28




	
PSRC4

	
13.50

	
12.63

	
25.87

	
29.83

	
50.62

	
52.74

	
3.96




	
1/111

	
1/119

	
1/58

	
1/50

	
1/30

	
1/28




	
PSRC5

	
9.91

	
10.73

	
20.09

	
19.34

	
52.22

	
56.66

	
5.27




	
1/151

	
1/140

	
1/75

	
1/78

	
1/29

	
1/27











 





Table 7. Performance table of variable parameter PSRC columns.
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Parameters

	
Values

	
Peak Load/kN

	
Initial Stiffness/(kN/mm)

	
Displacement Ductility Coefficient






	
Tension-controlled prestressing force value

	
0.45

	
356.8

	
53.2

	
6.49




	
0.55

	
358.8

	
54.3

	
6.58




	
0.65

	
359.8

	
54.9

	
6.60




	
Composite reinforcement ratio

	
1:1

	
424.1

	
57.3

	
6.19




	
1.5:1

	
407.0

	
57.3

	
6.35




	
2:1

	
394.1

	
57.0

	
6.67




	
2.5:1

	
383.9

	
57.0

	
6.38




	
3:1

	
375.1

	
56.2

	
6.36




	
3.5:1

	
368.4

	
55.9

	
6.27




	
Axial compression ratio

	
0.5

	
405.0

	
56.9

	
5.35




	
0.55

	
414.6

	
57.3

	
4.97




	
0.6

	
425.6

	
57.3

	
4.65
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