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Reinforced concrete bridge piers with round-ended sections are susceptible to bending, bending–shear, and shear failure after earthquakes in high-intensity areas, thus necessitating improved seismic performance. This study introduced a novel design for a concrete-filled steel tube (CFST) column, featuring a multi-chambered, round-ended cross-section. The use of longitudinal and transverse stiffeners divided the column section into distinct chambers, thereby enhancing the seismic performance of the columns. A total of 12 groups of static tests were performed to examine the effect of chamber layout, axial compression ratio, and aspect ratio on columns’ hysteresis behavior, and the hysteresis curves, skeleton curves, failure modes, stiffness degradation, ductility, and energy dissipation capacity were obtained. Results demonstrated the favorable seismic performance of composite columns. Additionally, an increase in chambers led to a full hysteresis curve, enhancing bearing and energy dissipation capacities. The displacement ductility coefficient (μ) ranged between 3.88 and 7.45, and the design parameters have minimal influence on the stiffness degradation of the composite beam. Based on the results, the long and short sides of the CFST columns with a large length–width ratio should be arranged to be relatively close in length.
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1 INTRODUCTION
Reinforced concrete (RC) bridge piers with round-ended sections are widely used as substructures in heavy-haul railway and long-span bridges. Over time, RC bridge piers in high-intensity areas generally experience post-earthquake bending, flexural shear, or shear failure; consequently, the seismic performance of these piers must be improved (Wang, 2015). Utilizing a concrete-filled steel tube (CFST) structure is an ideal choice to improve the seismic performance of RC bridge piers (Fei et al., 2020). During loading, the steel tube can provide effective restraints to the core concrete and retard the longitudinal cracking of the concrete under pressure; meanwhile, the internal concrete delays the local buckling of the steel tube. This synergy between those materials maximizes their benefits of mechanical properties, thereby leading to an increased static bearing capacity, ductility, and seismic performance of the bridge piers while promoting construction efficiency and cost effectiveness (Zhou et al., 2019; Hu et al., 2022a; Hu et al., 2022b; Zhou et al., 2022; Zhou et al., 2023).
Many bridges in earthquake-prone areas, such as the Houhu Bridge and Xinglin Bridge, have implemented CFST piers (Shen et al., 2020; Wang and Shen, 2023). A previous research conducted by the authors (Ding et al., 2016) demonstrated that when the section aspect ratio of a round-ended CFST column was greater than 5.0, the constraints to the core concrete by a single-cavity steel tube became negligible. Therefore, given the distinctive features of the large section length–width ratio of columns with circular sections in practical engineering, proposing a CFST column with a multichamber round-ended section in the current study is logical. The round-ended section is partitioned into multiple chambers by employing vertical and horizontal stiffening ribs. This design amplifies the restraining effect of the steel tubes on the core concrete through multicavity constraints, thereby bolstering the seismic performance of the column.
In recent years, some researchers have conducted experimental and numerical studies on the restraint mechanism of CFST columns with round-ended sections. Shen et al. (Shen et al., 2020) conducted an experimental study on axially loaded welded tubular joints with round-ended oval hollow sections (ROHS). They introduced a method for predicting the axial compression resistance of the ROHS tubular joint. Hassanein and Patel (Hassanein and Patel, 2018) completed a finite element analysis (FEA) on round-ended rectangular CFST short columns under axial compression, and on the basis of the results of FEA, a design model was established to estimate the reasonable strength of the columns under different loadings. Zhang et al. (Zhang and FuXu, 2020) established a fiber beam–column model to analyze the nonlinear behavior of round-ended CFSTs, and their model accurately described the nonlinear behavior of these round-ended CFSTs. Ren et al. (Ren et al., 2022) proposed a “central angle” concept to extend the cross-section design of round-ended rectangular CFST columns, and a reliable analytical model for predicting the axial ultimate bearing capacity of CFST was developed and validated. Shen et al. (Shen et al., 2022) investigated the performance of cold-formed round-ended CFST columns under cyclic loading using experimental and numerical approaches. Their research provided insightful revelations about the failure modes, hysteretic curves, ductility ratio, energy dissipation, stiffness, and strength degradation of these columns.
As for CFST columns with multiple cavities, Wu et al. (Wu et al., 2017) conducted tests on six columns under cyclic uniaxial compressive load, scrutinizing the effects of cavity construction, reinforcement arrangement, and concrete strength on failure characteristics, load-bearing capacity, stiffness, and residual deformation; moreover, a reasonable calculation method by dividing concrete into active and inactive confined regions was proposed. Qiao et al. (Qiao et al., 2018) executed a quasistatic test on four 1/30-scale uniquely shaped concrete-filled tube (CFT) columns with multiple cavities and investigated the seismic behavior of the CFT columns with multiple cavities under axial tension or axial compression. Wu et al. (Wu et al., 2016) studied the uniaxial compressive constitutive relationship of concrete confined by a special-shaped steel tube coupled with multiple cavities and proposed a method that predicts the associated complete stress–strain curves. Chen et al. (Chen et al., 2021) completed a comprehensive experimental study on the seismic behavior of prefabricated L-shaped CFST columns with rectangular multichamber columns under different lateral loading directions. The results indicated that multichamber, special-shaped steel tubes had a considerable restraining effect on the core concrete. Yin et al. (Yin et al., 2020) conducted experimental and analytical studies on the seismic behavior of special-shaped multichamber composite CFST columns. They proposed a theoretical method to predict the seismic behavior of the columns, and the calculation results showed good consistency with the test ones. Alatshan et al. (Alatshan et al., 2020) conducted a comprehensive study on the compressive performance of CFST columns with various reinforcement, partition, and tie rods. On the basis of the test results, the effects of these parameters on the mechanical properties of the composite columns were uncovered.
The foregoing literature review reveals that substantial research has been conducted on CFST columns with multiple chambers, but studies on CFST columns with multichamber round-ended cross-sections are few (Wu et al., 2016; Wu et al., 2017; Qiao et al., 2018; Alatshan et al., 2020; Yin et al., 2020; Chen et al., 2021). However, research on seismic properties is relatively limited, which restricts the application of this type of structure in high seismic-risk areas. Therefore, this study investigates the seismic performance of a CFST column with a multichamber round-ended cross-section. The main objectives of this study are as follows: (i) investigate the seismic performance of 12 CFST columns with a multichamber round-ended cross-section through a quasistatic experimental study and analyze the observed phenomena and failure patterns; (ii) analyze the effects of chamber layout, axial compression ratio, and section width–thickness ratio on the seismic performance, including hysteresis curve, skeleton curve, stiffness degradation, ductility and bearing capacity, and energy dissipation of columns; (iii) recommend reasonable structural measures for CFSTs.
2 EXPERIMENTAL PROGRAM
2.1 Specimen design
In accordance with the specification for seismic test of buildings (JGJ101-2015) (GJ101-2015, 2015), a total of 12 CFST columns with a multichamber round-ended cross-section were tested in the current study. The test parameters for the composite columns are presented in Table 1. B is the width of the section, D is the height of the section, H is the height of the column, n is the axial compression ratio of the column, fcu is the cubic compressive strength, fs is the yield strength of steel tube, and ρs is the steel content of the section. Figures 1, 2 show the layouts and cross-section of the specimens, respectively.
TABLE 1 | The test parameters of composite columns.
[image: Table 1][image: Figure 1]FIGURE 1 | Layouts of the specimens. (A) Vertical view. (B) Actual photo. (C) Specimen base.
[image: Figure 2]FIGURE 2 | Cross-section of specimens.
During manufacturing, smooth, undistorted cross-sections at both ends of the steel tube must be ensured. A 20 mm-thick steel plate was welded to the bottom of the formed steel tube. Subsequently, concrete was poured and compacted by vibration after being pumped into the tube from the top. After 28 days of curing, the concrete had hardened completely and achieved its compressive strength. Then, the cover plate was welded to the top of the steel tube. For convenience of observation and recording of failure mode, red paint was sprayed on the external surface of the steel tube, and 50 mm × 50 mm white grids were plotted on the surface.
Commercial concrete (grade C40) was adopted for all the specimens, and the 28-day compressive strength obtained from nine standard concrete cubes with a dimension of 150 mm × 150 mm × 150 mm was measured as 45.2 MPa. The measured yield strength of the steel tube was 359 MPa, as listed in Table 1.
2.2 Instrumentation and loading scheme
In this test, a pseudostatic test loading scheme was employed. The composite column test loading device is shown in Figure 3, and the loading process is shown in Figure 4. Specifics are outlined below:
(1) Before the test, approximately 30% of the axial force was applied to verify the stability of the connections among the jack, distribution beam, and specimen. The chuck of the specimen and the specimen itself must be properly secured. The designed axial compression load was applied to the specimen, maintaining a constant axial force value throughout the loading period.
(2) After the trial began, the control loads were 0.2 and 0.4 Pu; Pu represents the limit value of the horizontal load. Load control is employed until the specimen reaches the yield load, after which control is switched to deformation-based loading. Increments of 1Δy, 2Δy, 3Δy, 4Δy, 5Δy, 6Δy, 7Δy, 8Δy, and 9Δy were used for loading, where Δy = Pu/Ksec, Δy is the yield displacement of the specimen. Ksec is the secant stiffness of the load–displacement curve when the load reaches 0.4Pu.
[image: Figure 3]FIGURE 3 | Experimental setup.
[image: Figure 4]FIGURE 4 | Loading protocol.
2.3 Measuring point arrangement
The measurements taken in this test primarily included horizontal load, vertical load, horizontal displacement at the top of the specimen, and strain on the steel tube’s surface. The main measurement points are arranged as follows:
2.3.1 Displacement measurement
Vertical load was applied to the specimen using a hydraulic jack. Three displacement meters are positioned along the column, and four displacement meters were placed on the concrete base. Figure 5 displays the displacement observations of the specimen.
[image: Figure 5]FIGURE 5 | Layout of strain measurement.
2.3.2 Strain measurement
Eight strain gauges were affixed 100 mm above the stiffener to measure the longitudinal and transverse strains on the surface of the steel tube during low-cycle loading, and data were collected by the DH3818. The locations of the strain measuring points on the steel tube section are illustrated in Figure 5.
3 EXPERIMENTAL RESULTS AND DISCUSSIONS
3.1 Failure pattern
The test results indicate that the failure modes of the specimens are essentially the same, characterized by bending failure. To illustrate the failure process of the specimen, we use CFST-C3 as an example, as depicted in Figure 6. 𝛥 represents the maximum displacement at various loading cycles.
[image: Figure 6]FIGURE 6 | Failure process of specimen.
Before 𝛥 = 24 mm, no local buckling of the steel tube was observed on the surface of the steel tube. When the load exceeded the yield point, local buckling began to occur within 70 mm of the stiffener’s upper end at the specimen’s bottom. As the load increased, bulging appeared in the bottom part of the member, and surface deformation of the steel tube rapidly intensified as the specimen approached failure. The sound of the steel tube tearing and the crushing sound of the core concrete (e.g., at 𝛥 = 24 mm) were audible, indicating that the strain in the steel tube had reached its ultimate limit, and its tensile strength had been fully utilized.
The end of the CFST-C1–CFST-C12 test is shown in Figure 7. The fewer the chambers, the more severe the damage to the core concrete. In the case of single-cavity arranged steel tube concrete columns, the failure surface penetrates the entire concrete cross-section, while the presence of multicavity steel tubes constrains the failure of the core concrete in other specimens within their respective steel tube areas. Multicavity constraints can effectively delay and even prevent the occurrence of local buckling in steel tubes and concrete damage.
[image: Figure 7]FIGURE 7 | Failure modes.
3.2 Complete curve analysis
The hysteresis curve provides a comprehensive reflection of the seismic performance of structures, indicating deformation characteristics, stiffness degradation, and energy dissipation capacity under pseudostatic loading. The test results reveal that the columns exhibit the same failure mode, characterized by bending failure. As the load surpasses the yield point, local buckling initiates within 100 mm of the upper end of the stiffener ribs at the bottom of the specimens. Therefore, the entire loading process can be divided into three stages: the elastic stage, the elastic–plastic stage, and the failure stage. To illustrate the complete loading procedure, we use CFST-C1 as an example, as shown in Figure 8.
(1) Elastic Stage (OA): In the initial loading stage, all the columns were in the elastic stage, as evidenced by the fact that the load–deflection curves closely followed a linear trend. The residual deformation was nearly zero after unloading. The flexural stiffness of the specimens remained relatively constant during this stage, indicating that the load increased rapidly while the horizontal deflection and strain increase were limited. Subsequently, as the horizontal deflection increased, the steel tube began to yield at point A.
(2) Elastic–Plastic Stage (AB): As the imposed load reached approximately 60% of the ultimate load or when the steel tube began to yield at point A, the load–deflection curves of all the columns began to deviate considerably from their initial linearity, exhibiting elastic–plastic behavior. In this phase, visible local buckling of the steel tube initially occurred above the stiffening ribs. Subsequently, the extent and severity of local buckling increased. At this point, a slight residual displacement became evident, and the stiffness of the specimens gradually degraded. The chamber arrangement and number considerably affected the hysteretic behavior of the columns. The greater the number of chambers, the later and less pronounced the local buckling of the steel tube becomes.
(3) Failure Stage (BC): Once the ultimate bearing capacity was reached (at point B), the maximum capacity at different loading cycles continuously decreased as the loading cycles increased. The flexural stiffness noticeably decreased, and the residual displacement increased rapidly. During this stage, the local buckling of the steel tube gradually spread to both sides, eventually forming a plastic hinge region as the loading cycles increased. Theoretically, the test was terminated when the load dropped below 85% of the peak load because of the accumulated damage to the core concrete and the increased local deformation of the steel tube.
[image: Figure 8]FIGURE 8 | Typical skeleton curve of CFST-C1 columns under hysteretic loading.
3.3 Effects of parameters on seismic property
3.3.1 Indexes for evaluating seismic performance
Horizontal ultimate bearing capacity (𝑃u), displacement ductility index (DI), stiffness degradation (𝐾𝑖), and energy absorption (E) are primarily analyzed in this study. The ultimate bearing capacity (𝑃u) is an important index for investigating the seismic behavior of the columns, as established in extensive previous research. This value can be directly obtained from the experimental results, as shown in Figure 9. All other indices are calculated from the lateral load (P)-deflection (𝛥?) hysteresis and skeleton curves, which will be discussed in detail.
[image: Figure 9]FIGURE 9 | GMM method for searching the approximate yield point.
The displacement ductility index (DI) is also a critical parameter for understanding the hysteretic behavior of the columns. Therefore, it must be thoroughly investigated. DI is defined as the ratio of failure displacement (𝛥𝑢) to yield displacement (𝛥𝑦), as shown in Eq. 1:
[image: image]
The general yield moment method proposed in Ref (Ding et al., 2018). Is adopted to determine the yield displacement (Δy) or load (Py) for hysteretic curve envelopes without apparent yield point, as shown in Figure 9. In particular, the tangent lines of the curves at origin O and peak point D intersect at point B. A vertical line through point B intersected with a curve at point A. The line through points O and A intersected with the curve’s tangent through peak point D at point C. The vertical line through point C intersected with the curve at point E, the approximate yield point. Δu is the ultimate displacement corresponding to the load of 0.85Pmax in the postultimate stage.
Stiffness degradation refers to the phenomenon in which component stiffness decreases continuously with the increase in cycle times and displacement. Parameters such as chamber arrangement, axial compression ratio, and section width–thickness ratio affect the stiffness degradation rule of specimens. The ring stiffness of the specimen can be obtained through Eq. 2.
[image: image]
where Ki is the ring stiffness, Pij is the peak load for the ith loading cycle at the jth displacement ductility ratio, Δij is the corresponding peak displacement for the ith loading cycle at the jth displacement ductility ratio, and n is the cycle number.
The energy dissipation performance reflects the absorptive capacity of a structure under seismic load, which is usually measured by the area surrounded by the load–displacement hysteresis curve in the test. With the deformation conditions unchanged, the larger the area contained by the hysteresis curve, the better the energy dissipation performance of the specimen. Figure 10 shows the calculation figure of an equivalent viscous damping index. Many indexes can be used to measure energy dissipation capacity (e.g., energy dissipation coefficient and equivalent viscous damping coefficient). The energy dissipation factor E can be measured by the hysteretic energy dissipation in a single week, as defined in Eq. 3:
[image: image]
[image: Figure 10]FIGURE 10 | Experimental setup.
3.3.2 Effect of chamber arrangement
Figure 11 shows the effect of chamber arrangement on seismic properties. Figure 12 illustrates comparisons of capacity, ductility, and energy dissipation index.
(1) The hysteretic curves of all specimens are relatively full, with no pinching phenomenon, indicating good seismic performance. The chamber layout considerably influences the hysteresis curve. The more chambers there are, the fuller the hysteresis curve becomes, and the better the seismic energy dissipation. The displacement ductility coefficient ranges from 3.88 to 7.45.
(2) Compared with the bending bearing capacity of single-cavity columns, three-cavity, and four-cavity columns increased by 14.7%, and 25.2%, respectively, while that of the two-cavity columns decreased by 3.1% because the intermediate steel plate in the two-chamber arrangement is located near the neutral axis in the bending area, which has minimal influence on the section’s bending bearing capacity. The higher the axial compression ratio, the greater the bearing capacity.
(3) More chambers in the arrangement lead to greater elastic stiffness. The flexural stiffness could be obtained from the load–deflection curves under monotonic loading, while under dynamic cyclic loading, the flexural stiffness could be attained as the secant stiffness at 0.6 times the ultimate load using the skeletal curve. Compared with the single-cavity column, two-cavity, three-cavity, and four-cavity columns were larger by 3.1%, 11.0%, and 14.1%, respectively, because the elastic modulus of steel is much greater than that of concrete, and the increase in steel content can remarkably increase the flexural stiffness of the member. As displacement increases, the specimen’s stiffness gradually decreases.
(4) The more chambers the specimen has, the greater the energy dissipation. This relationship reflects the influence of chamber layout on structural energy dissipation. Compared with the single-cavity column, the energy dissipation of the three-cavity, and four-cavity columns were larger by, 5.9%, and 11.6%, respectively. However, the energy dissipation of two-cavity columns decreased by 1.0%
(5) The midpoint of the arc is selected to minimize the influence of welding on the strain measurement points. The axial stress–strain curves of the steel tube at each point of the model exhibit certain hysteresis under different chamber conditions.
[image: Figure 11]FIGURE 11 | Effect of chamber arrangement on seismic property. (A) Hysteresis curve. (B) Skeletal curve. (C) Stiffness degradation. (D) Energy absorption. (E) Hoop strain.
[image: Figure 12]FIGURE 12 | Comparisons of capacity, ductility, and energy dissipation. (A) Capacity. (B) Ductility index. (C) Energy dissipation.
3.3.3 Effect of axial compression ratio
Figure 13 shows the effect of axial compression ratio on seismic property.
(1) The hysteresis curves of specimens with axial compression ratio n = 0.3 are fuller than those with axial compression ratio n = 0.1. The higher the axial compression ratio, the larger the bearing capacity of the specimen. The average bearing capacity of CFST-C5–CFST-C8 is 5.2% larger than that of CFST-C1–CFST-C4. A high axial compression ratio of the specimen corresponds to high stiffness.
(2) The axial compression ratio considerably influences the plastic energy dissipation of specimens. CFST-C5–CFST-C8 is 18.2% larger than CFST-C1–CFST-C4, which aligns with the full hysteresis curve. Increasing the axial compression ratio of specimens can enhance their seismic energy dissipation performance.
(3) The relation curve between axial compression ratio load and circumferential strain of the steel tube is displayed. In the cases of CFST-C3 and CFST-C7, under the two axial compression ratios, the axial stress–strain curves of the steel tube at each point of the model exhibit some hysteresis. The strain at the midpoint of the straight edge of the specimen is smaller than that at the corner and the midpoint of the arc of the round-ended steel tube. This finding confirms that the constraints at the arc of the steel pipe are stronger than those at the straight edge. Under low-cycle reciprocating load, the surface transverse deformation coefficient of CFST-C3 steel tube is smaller than that of CFST-C7, indicating that an appropriate increase in axial compression ratio helps improve the lateral constraint effect of the steel tube, which is consistent with the trend of increasing the bearing capacity of the specimen.
[image: Figure 13]FIGURE 13 | Effect of axial compression ratio on seismic property. (A) Hysteresis curve. (B) Skeletal curve. (C) Stiffness degradation. (D) Energy absorption. (E) Hoop strain.
3.3.4 Effect of width–thickness ratio
The width–thickness ratios of specimens CFST-C1–CFST-C4 and CFST-C9–CFST-C12 are 2:1 and 3:1, respectively. Given the inconsistency in the height of specimens, the bending moment at the bottom of specimens is compared. Figure 14 shows the effect of the width–thickness ratio on the ultimate bending moment. The bearing capacity of CFST-C9–CFST-C12 is 75.9%, 75.4%, 79.9%, and 83.8% higher than that of CFST-C1–CFST-C4, respectively. The section width–thickness ratio considerably affects the bearing capacity of the specimen.
[image: Figure 14]FIGURE 14 | Comparisons of ultimate bending moment.
Figure 15 shows the effect of the width–thickness ratio on hoop strain. The results show that under low cyclic load, the surface transverse deformation coefficient of model CFST-C1 steel tube in the midpoint of the straight edge is greater than that of model CFST-C9, indicating that the larger the aspect ratio, the weaker the constraining effect of steel tube on concrete. Under different aspect ratios, the load–circumferential strain curves of steel tubes at each point of the model show certain hysteresis.
[image: Figure 15]FIGURE 15 | Effect of width-thickness ratio on hoop strain.
4 CONCLUSION
This study investigates the seismic behavior of a CFST column with a multichamber round-ended cross-section. A total of 12 composite columns were included in the experiments, and the investigated parameters included chamber layout, axial compression ratio, and section width–thickness ratio. From this study, the following conclusions can be drawn:
(1) The CFST columns with a multichamber round-ended cross-section exhibit excellent seismic performance under pseudostatic load, and the skeleton curves remain horizontal or show a weak decline section in the late loading period. The specimen showed bending shear failure, and no pinch phenomenon was observed.
(2) The more chambers arranged, the fuller the hysteresis curve and the higher the horizontal bearing capacity. The stiffness degradation trend of all specimens decreases with an increase in the number of cycles. The displacement ductility coefficient of all specimens ranges from 3.88 to 7.44, which meets the seismic design requirements.
(3) The more chambers the specimen has, the greater the energy dissipation. This relationship reflects the influence of chamber layout on structural energy dissipation. Compared with the single-cavity column, the energy dissipation of the three-cavity, and four-cavity columns were larger by 5.9%, and 11.6%, respectively. The higher the axial compression ratio, the larger the energy dissipation. The energy dissipation of CFST-C5–CFST-C8 is 18.2% larger than that of CFST-C1–CFST-C4.
(4) Based on the test results, for multicavity confined circular CFST columns with a large length–width ratio, the chamber arrangement should bring the long and short sides closer together.
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specimen B XxDXxtxH/mm Chamber arrangement ng or weak axis = f; MPa

1 CFST-C1 228 x 114 x 3% 1,150 Single cavity 01 strong 359 452 758
2 CFST-C2 228 x 114 x 3% 1,150 Two cavity 01 strong 359 452 9.05
3 CFST-C3 228 x 114 % 3% 1,150 Three cavity 0.1 strong 359 452 10.53
4 CFST-C4. 228 x 114 % 3% 1,150 Four cavity 0.1 strong 359 452 12,00
5 CEST-C5 228 x 114 % 3% 1,150 Single cavity 03 strong 359 452 758
6 CFST-C6 228 x 114 % 3% 1,150 “Two cavity ' 03 strong 359 452 9.05
7 CFST-C7 228 x 114 % 3 x 1,150 Three cavity ‘ 03 strong 359 452 10.53
8 CFST-C8 228 x 114 x 3% 1,150 Four cavity 03 strong 359 452 12.00
9 CFST-C 342 % 114 % 3% 1,650 Single cavity 01 strong 359 452 675
10 CEST-C10 342 % 114 % 3 % 1,650 Two cavity 0.1 strong 359 452 7.69
11 CEST-C11 342 % 114 % 3 % 1,650 Three cavity 01 strong 359 452 864
12 CEST-C12 342 % 114 % 3% 1,650 Four cavity 0.1 strong 359 452 10.53
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