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Abstract

:

With the increasing use of concrete-filled steel tubular (CFST) structures, exposed steel tubes are highly susceptible to corrosion, posing potential safety hazards. This study innovatively proposes the use of stainless-steel tubes instead of traditional carbon-steel ones and introduces coarse aggregates into ultra-high-performance concrete (UHPC), forming a coarse aggregate-incorporated ultra-high-performance concrete-filled stainless-steel tube (CA-UFSST). The inclusion of coarse aggregates not only compensates for the shortcomings of UHPC but also enhances the overall mechanical performance of the composite structure. Twenty sets of specimens were designed to analyze the influence of four parameters, including the coarse aggregate content, compressive strength, stainless-steel-tube thickness, and stainless-steel type on the axial compression performance of UHPC. The experimental results indicate that the failure mode of UHPC is related to the confinement ratio. As the confinement ratio increases, the failure mode transitions from shear failure to bulging failure. The addition of coarse aggregates enhances the stiffness of the specimens. Furthermore, this paper discusses the applicability of six current codes in predicting the bearing capacity of CA-UFSST and finds that the European code exhibits the best prediction performance. However, as the confinement ratio increases, the prediction accuracy becomes notably insufficient. Therefore, it is necessary to establish a more accurate calculation model for the axial compression bearing capacity.
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1. Introduction


With the advancement of science and technology, and in pursuit of vigorously promoting the process of high-quality, energy-efficient development, the fields of architecture and civil engineering have paid keen attention to issues such as structural safety, cost-effectiveness, and compliance with sustainable development requirements. Consequently, the structures of various buildings have begun to trend towards larger scales, greener designs, and lighter weights. Traditional reinforced concrete structures and steel structures have struggled to adapt to increasingly complex service environments and application forms, leading to a growing adoption of the concrete-filled steel-tube (CFST) composite structure [1]. Compared to traditional reinforced concrete and steel structures, CFSTs enhance the ductility of concrete through passive confinement, thereby improving the structural bearing capacity while also serving as concrete formwork. Moreover, the core concrete effectively restrains the local buckling of the steel tube [2]. Therefore, the CFST structure aligns well with the current trend of high-strength, high-performance engineering structures.



CFSTs also have their inherent limitations. Firstly, under service conditions in bridges and ports, exposed steel tubes are highly susceptible to corrosion. The loss of the cross-sectional area of the steel tube can lead to a reduction in the confinement degree and even stress concentration, ultimately posing safety risks to the structure [3]. Secondly, after yielding, carbon steel exhibits strain-softening behavior, which is not ideal for confining high-strength concrete. With the continuous evolution of technological materials, ultra-high-performance concrete (UHPC), characterized by high strength and high toughness, has gradually replaced ordinary concrete in combination with steel tubes, forming UHPC-filled steel tubes (UFSTs) [4,5]. While this further enhances the structural performance, it also introduces new challenges. For instance, due to the relatively small difference in the elastic modulus between UHPC and ordinary concrete, the reduction in size of a section of a composite structure does not meet expectations while maintaining equivalent stiffness. Furthermore, the cost of UHPC is excessively high, leading to difficulties in its widespread application. Chen et al. [6] proved that the restraint effect of steel tube on UHPC is not as significant as that on ordinary concrete. Guler et al. [7] carried out an axial compression test of the UHPC short column of a round steel pipe. As the wall thickness of the steel tube increased from 2.5 mm to 3.65 mm, the ductility coefficient and the bearing capacity improvement coefficient increased by 69% and 5% on average, respectively, indicating that an increase in steel-tube thickness had a greater impact on ductility than the bearing capacity. Xu et al. [8] and Le Hoang et al. [9], respectively, conducted axial compression tests on UHPC short-column specimens of circular steel tubes and found that an improvement in the bearing capacity and ductility of steel fibers was not obvious, and an increase in the restraint coefficient could significantly improve the overall performance of UHPC steel tubes. Consequently, these limitations restrict the further enhancement of the overall performance of UFSTs [10].



To address the aforementioned issues related to both the steel-tube and the core concrete, some researchers have proposed using stainless-steel tubes as a substitute for traditional carbon steel, forming a concrete-filled stainless-steel-tube (CFSST) composite structure [11]. This approach aims to counteract the impact of adverse external environmental conditions on the performance of the composite structure. Due to the presence of certain alloy elements in its composition, the stress–strain curve of stainless-steel material differs from that of ordinary carbon steel [12]. In the stress–strain curve of stainless steel, the proportional limit is low, and the yield platform is not obvious, and the stress when the strain reaches 0.2% is often used as its nominal yield strength, and it shows obvious nonlinear characteristics from the initial loading. Unlike the softening behavior of carbon steel, stainless steel exhibits strain hardening after yielding, and its elongation can reach approximately twice that of low-carbon steel. The strength of different stainless steels varies significantly. Stainless steel has many excellent engineering characteristics, such as corrosion protection, aesthetics, good fire resistance and durability, high ductility and good impact fatigue resistance, lower long-term maintenance costs, and a longer service life [13]. Currently, the stainless steels widely used in engineering include austenitic, duplex, and ferritic types [14,15]. Among them, duplex stainless steel has a nominal yield strength much higher than that of austenitic and ferritic stainless steels, ranging from 450 to 550 MPa. Young et al. [16] and Ellobody et al. [17] conducted an experimental study on thin-walled concrete stainless-steel tubes with two cross-sections, namely, rectangular steel tubes made of cold-formed high-strength stainless steel with a yield of strength up to 536 MPa. Lam and Gardne [18] supplemented the study of concrete stainless-steel tubes with a circular section, expanded the strength grade range of the concrete to 30–80 MPa, and compared the test results with specifications. The results show that the predicted results of the European specification EC4 and the American specification ACI were conservative. Tao et al. [19] and Dai et al. [20] carried out experiments on circular- and square-section stainless-steel tubular concrete columns, respectively. Control parameters were selected, such as the section size, type and grade of stainless steel, concrete type, strength and age, width-to-thickness ratio, etc. The results show that the bonding property of stainless-steel tubes is lower than that of ordinary carbon-steel tubes. Despite their superior mechanical properties, the high cost of UHPC and stainless steel presents a significant challenge for their widespread application. The use of UHPC and stainless steel in CA-UFSST columns needs to be economically viable, considering factors such as material costs, construction efficiency, and life-cycle performance. Additionally, the sustainability of these materials should be evaluated, including their environmental impact during production, use, and disposal. Future research should explore cost-effective alternatives or recycling strategies to enhance the economic and environmental sustainability of CA-UFSST columns.



Meanwhile, incorporating coarse aggregates (typically limestone with a particle size of 5 to 10 mm) into UHPC can greatly compensate for its deficiencies, such as its high autogenous shrinkage and relatively low elastic modulus [21]. Research has shown that introducing coarse aggregates into UHPC not only maintains its high strength, toughness, durability, and ductility but also forms a rigid skeleton that significantly enhances its elastic modulus and reduces autogenous shrinkage by 20% to 38%. This modification substantially improves the compatibility between steel tubes and UHPC [22,23].



The existing design specifications for the axial compressive bearing capacity of CFST mainly include the following: a Chinese specification (CECS 159:2004) based on the superposition theory, a European specification (EC4), and an American specification (ACI 318-05); an American specification for the design of steel structures (AISC 360) based on the steel-analog theory; and Chinese specifications (GB 50936-2014 and DBJ/T13-51-2020) based on the unified theory. However, these specifications impose certain limits on the maximum values of steel-tube and concrete strength. Thus, whether they can be directly applied to predict the bearing capacity of UFSSTs needs to be verified.



Based on the aforementioned background, it is clear that with the widespread application of CFST structures in civil engineering, the corrosion resistance issues of conventional carbon-steel tubes have become increasingly prominent. Concurrently, the introduction of UHPC has posed new challenges. As such, this study aims to investigate the axial compressive behavior of a novel structure combining UHPC with stainless-steel tubes, denoted as a coarse aggregate-incorporated ultra-high-performance concrete-filled stainless-steel tube (CA-UFSST), with the objective of providing theoretical support for engineering practices. Axial compression tests were conducted to investigate the influence of the coarse aggregate content, concrete strength, and stainless-steel-tube thickness and type on the axial compression performance of these short columns. By analyzing the failure phenomena of the test specimens, as well as their load–displacement curves and load–strain curves, the mechanical mechanism of these components is explored. Furthermore, several bearing capacity calculation models from existing standards are used to compare the experimental results.




2. Experimental Program


2.1. Material Properties


In this experiment, two types of stainless-steel tubes were used, including square cold-drawn seamless austenitic stainless-steel tubes produced by Taizhou Mobei Stainless Steel Co., Ltd. (Taizhou, China) and square cold-drawn seamless Duplex stainless-steel tubes produced by Xinghua Shengteng Metal Products Co., Ltd. (Xinghua, China). The material properties of the stainless-steel tubes were tested according to GB/T 228.1-2010 [24]. Three sets of standard dog-bone specimens were cut from different types and thicknesses of stainless-steel tubes using wire cutting, and both transverse and longitudinal strain gauges were placed in the middle of each specimen. The reasons for choosing austenitic stainless steel and duplex stainless steel lie in their excellent corrosion resistance and mechanical properties, particularly when used as alternatives to traditional carbon-steel tubes to mitigate corrosion issues in environments such as bridges and ports. Unlike ordinary carbon steel, stainless steel exhibits distinct mechanical characteristics, notably its strain-hardening behavior post-yield, which is highly beneficial for confining high-strength concrete. Austenitic stainless steel is distinguished by its superior ductility, allowing it to sustain significant deformation even after yielding. On the other hand, duplex stainless steel is characterized by its high strength, with a yield strength markedly higher than that of austenitic and ferritic stainless steels. The measured mechanical properties and stress–strain curves of the stainless steel are presented in Table 1.



The core concrete of the specimens can be divided into three strength grades, all prepared using ready-mix materials, steel fibers, and coarse aggregates provided by SBT-UDC (II) from Jiangsu Suebot New Materials Co., Ltd. (Nanjing, China). Specifically, fiber-reinforced concrete (FRC) with a strength grade of C80 differs from the ready-mix material used in UHPC, while UHPC with strength grades of U100 and U120 differ in the type of steel fibers used; the former employs regular steel fibers, while the latter utilizes copper-coated straight steel fibers. The coarse aggregate consisted of limestone particles with a diameter of 5–10 mm, which were washed with clean water before casting. This selection was based on the ability of coarse aggregates to effectively compensate for the deficiencies of UHPC while maintaining its high strength, high toughness, durability, and ductility. The size of aggregate directly affects the mechanical properties of UHPC. Larger aggregates can provide better skeleton support and enhance the compressive strength and stiffness of the concrete. The mix proportions for different types of core concrete are shown in Table 2. Concrete material property tests were conducted in accordance with GB/T 50081-2019 [25]. The measured mechanical properties of the concrete are presented in Table 3.




2.2. Design and Fabrication of Test Specimens


In this experiment, a total of 20 square short-column specimens were designed and fabricated for axial compression tests. These include 8 short columns of CA-UFSST, 8 short columns of UFSST, and 4 short columns of conventional fiber-reinforced concrete-filled stainless-steel tubes (CFSSTs). The experimental variables include the coarse aggregate content and compressive strength of the core concrete, as well as the wall thickness and type of stainless steel used for the tubes. The aspect ratio (L/D) was set at 3 to simultaneously avoid global instability and end effects [26]. To eliminate the influence of welds, seamless stainless-steel tubes were selected, each with a cross-section of 100 mm × 100 mm and wall thicknesses (t) that incrementally increased to 3 mm, 6 mm, and 10 mm. The core ultra-high-performance concrete in the CA-UFSST and UFSST specimens exhibited compressive strengths of 100 MPa and 120 MPa, respectively, while the control group of CFSST specimens were uniformly filled with FRC with a compressive strength of 80 MPa.



The relevant parameters of the specimens are presented in Table 4. In the specimen numbering, the letters ‘A’ and ‘D’ denote austenitic stainless steel and duplex stainless steel, respectively. The numbers following the letters ‘t’ and ‘c’ represent the nominal thickness of the stainless-steel tubes and the strength of the core concrete, respectively. The suffix ‘CA’ indicates that the core concrete contains coarse aggregates. Figure 1 provides a cast process of the test specimens’ fabrication. First, the stainless-steel tubes were cut to the designated height, and both ends were meticulously ground to ensure perpendicularity. Prior to concrete pouring, the interior and exterior surfaces of the tube were thoroughly cleaned to remove any dust and oil, and a film was affixed at the bottom to prevent grout leakage. Subsequently, based on the specified core concrete strength grade, the stainless-steel tubes were placed in batches on a vibrating table and pour the core concrete in layers. During the pouring process, three sets of standard cubic specimens for testing were reserved, and a vibrator was used to ensure the compactness of the concrete. It was essential to maintain a concrete level that was slightly above the top surface of the stainless-steel tubes, by approximately 1–2 cm, to minimize the impact of concrete shrinkage on the experiment during curing. The specimens were allowed to undergo natural curing indoors for 28 days. Once cured, an angle grinder was used to smooth off any excess concrete from both ends, until they were flush with the stainless-steel tube, and then, grid lines were marked, as required.




2.3. Loading Device and Measurement Layout


The axial compression test was conducted on a 5000 kN electro-hydraulic servo-controlled testing machine with a precision of 1 N. Two sets of 50 mm-range Linear Variable Differential Transformers (LVDTs) were placed on both sides of the specimen to monitor its longitudinal deformation and compression status. A schematic diagram of the loading setup and an on-site photograph are presented in Figure 2a. The data collection points on the stainless-steel tubes are illustrated in Figure 2b. Six sets of transverse and longitudinal strain gauges were attached to the adjacent rectangular surfaces of the specimen, specifically at the top, middle, and bottom positions. The transverse strain gauges, designated with odd numbers, were used to capture the hoop strain induced by the core concrete’s compression on the stainless-steel tubes, thereby assessing the confinement effect of the tubes on the core concrete. The axial strain gauges, designated with even numbers, were employed to analyze the development of the axial compressive deformation and local buckling of the stainless-steel tubes [27].



To verify the instrument functionality and ensure proper alignment of the specimen, a preload was applied before the commencement of the axial compression test. It was crucial to maintain a difference of less than 5% between the readings of the two LVDTs and their average value, thereby preventing the occurrence of eccentric loading. The preload was set to a target load of 300 kN to avoid any damage to the specimen. The test was conducted under displacement-controlled loading with a rate of 0.5 mm/min. The axial loading test was terminated when the load dropped to 75% of the ultimate load or when the axial compressive deformation reached 18 mm.





3. Test Results and Discussions


3.1. Failure of Specimen


The complete loading process of a typical test specimen in this experiment, exemplified by the axial compression failure of the specimen A-t3c80-CA, is shown in Figure 3. In the initial stage, there was no interaction between the stainless-steel tube and the concrete, and the specimen exhibited no significant noise or deformation, as depicted in Figure 3a. When loaded to approximately 80% of the measured ultimate load, the core concrete emitted sounds of fragmentation and steel fiber pull-out, accompanied by the initiation and propagation of unstable cracks. At this point, the stainless-steel tube began to exert a gradually increasing confining effect, resulting in the appearance of minute folds on its four planar surfaces, as illustrated in Figure 3b. As the axial displacement of the specimen A-t3c80-CA continued to increase, the concrete cracks expanded and eventually coalesced, producing a distinct sound accompanied by the snapping of steel fibers, indicating that the specimen had reached its ultimate load, as shown in Figure 3c. Subsequently, the bearing capacity continued to decline, with the stainless-steel tube exhibiting significant buckling. The folds extended to the corners, forming continuous inclined annular folds. Finally, the stainless steel tore at the corners due to excessive circumferential stress, as depicted in Figure 3d.



For specimens with a confinement coefficient ranging from 0.58 to 1.63, subtle folds began to appear around the perimeter of the external stainless-steel tube, as the specimen approached its ultimate bearing capacity. These folds gradually widened and extended to the corners, forming continuous annular bulges as the deformation of the specimen intensified and the core concrete cracked. The inclined degree of the annular bulge bands varied among different specimens, with angles being between 30 and 45 degrees from the horizontal. Furthermore, as the confinement coefficient increased, the bulging state gradually transitioned from sharp to rounded. Eventually, tears appeared at the corners of the steel tube due to excessive transverse stress. For specimens with a confinement coefficient ranging from 2.80 to 5.06, the stainless-steel tube only exhibited insignificant local expansion or overall slight swelling at both ends, and no structural damage was observed in the appearance.



After the specimens were fully loaded, a handheld cutting machine was used to cut through the external stainless-steel tube of the typical specimens, in order to further clarify the damage to the core concrete under different parameter conditions. The failure modes of all specimens can be categorized into two types based on the cracking of the core concrete: diagonal shear failure and bulging failure. Diagonal shear failure is characterized by diagonal cracks through the concrete, whereas bulging failure is manifested by the expansion of the stainless-steel tube due to confinement. Visual examples of these typical failure modes are shown in Figure 4.




3.2. Load–Displacement Curve


Figure 5 presents the load–displacement (N–Δ) curves for all square short-column specimens. Based on the development trend of N–Δ, these curves can be simplified into five development patterns, as shown in Figure 5a. The load–displacement curves can be divided into four stages: the elastic stage (segment OA), the elastoplastic stage (segment AB), the post-deformation stage (segment BC), and the strengthening/weakening stage (segment CD).



Elastic stage (segment OA): Before the loading reaches 70–80% of the ultimate load, the load–displacement curve is nearly a straight line. The bearing capacity is distributed in proportion to stiffness. At this point, the core concrete does not exhibit significant transverse deformation, and the stainless-steel tube does not have a notable confining effect on the core concrete. Comparing the tangent stiffness data of the specimens in Table 5, the addition of coarse aggregates increases the initial tangent stiffness (   K 0   ) by an average of approximately 1.27 times and raises the corresponding load at the end of the elastic stage from 73% to around 82% of the ultimate load. This is attributed to the enhanced overall stiffness of the concrete resulting from the interlocking and engagement of coarse aggregates, forming a rigid skeleton. Additionally, the incorporation of coarse aggregates can bring the initial stiffness (   K 0   ) of specimens with the same concrete strength closer together, even when the thickness of the stainless-steel tube varies. The effect of coarse aggregates on the mechanical behavior varies with the thickness of the stainless-steel tube. For specimens with a thin tube (e.g., t = 3 mm), the addition of coarse aggregates significantly increases the initial stiffness and delays the onset of plastic deformation, as evidenced by the extended elastic stage. However, for specimens with thicker tubes (e.g., t = 10 mm), the enhancement in stiffness is was less pronounced, as the tube itself provided sufficient confinement to the core concrete. Instead, the coarse aggregates primarily contributed to improving the ductility and energy absorption capacity of the specimens by providing additional resistance to crack propagation. The tangent stiffness (   K 0   ) is defined by Equation (1).


   K 0  =     N  0.45 u      Δ  0.45 t       



(1)




where N0.45t represents the 45% ultimate bearing capacity, and Δ0.45t represents the displacement value at 45% of Nt.



Elastoplastic stage (segment AB): When the loading is between 70–80% of the ultimate load, the slope of the load–displacement curve gradually decreases. As the load and displacement continue to increase, the transverse deformation of the concrete gradually increases, and the stainless-steel tube begins to exert its confining effect. Due to the nonlinear roundhouse shape of the stress–strain curve of the stainless steel, the load–strain curve under the coordinated deformation of the stainless-steel tube and the core concrete exhibits more of a gradual yielding behavior at this stage. Comparing the experimental data of A-t10c120-CA with D-t10c120-CA and A-t3c120-CA with A-t10c120-CA, it can be seen that when the steel content ratio (αsc) is similar, there is a 1% increase in the strength of the stainless-steel-tube-to-concrete-strength ratio (SCR) with an average increase of 0.98% in the ultimate bearing capacity. When the SCR is similar, a 1% increase in the steel content ratio of the specimen leads to an average increase of 0.27% in the ultimate bearing capacity (Nt). This indicates that an increase in the strength ratio has a more pronounced effect on enhancing the bearing capacity. Simultaneously, as the SCR and αsc increase, the load–displacement curve becomes more round. The impact of the concrete strength enhancement on the bearing capacity is influenced by the confinement coefficient (ξ). Specifically, when the confinement coefficient (ξ) is approximately 0.6, a 1% increase in the SCR results in an average increase of 0.4% in Nt; when ξ is approximately 4.6, a 1% increase in the SCR leads to an average increase of 0.1% in Nt. According to Table 4, the incorporation of coarse aggregates has little impact on enhancing the bearing capacity but can effectively improve the small-scale sudden drops in the load–displacement curve before the ultimate load (which occur frequently when the thickness of the stainless-steel tube is 3 mm, as indicated by the arrows in Figure 5d,f), thus positively affecting the pre-peak ductility of the specimens.



Post-deformation stage (segment BC): In this stage, the core concrete developed through-cracks, leading to a decrease in its bearing capacity. Simultaneously, it squeezed the external stainless-steel tube, causing an increase in the hoop stress and a decrease in the axial stress of the tube, which correspondingly reduced the bearing capacity of the stainless-steel tube. On the other hand, the internal concrete exhibited an upward trend in bearing capacity due to confinement. Based on the varying amplitudes of positive and negative changes in the bearing capacities of the core concrete and the stainless-steel tube, three scenarios emerged: an increase in the bearing capacity of the test specimen (specimens with a confinement coefficient (ξ) of 2.80–5.07), a stable bearing capacity (specimens with a confinement coefficient (ξ) of 1.41–1.63), and a decrease in the bearing capacity (specimens with a confinement coefficient (ξ) of 0.58–0.6), corresponding to c1, c2, and c3 in Figure 5a, respectively. Notably, the c3 scenario frequently occurs in diagonal shear failure. It is observed that when the thickness of the stainless-steel tube is 3 mm, there is a significant difference in the load–displacement curves between specimens with and without coarse aggregates. As indicated by the arrows in Figure 5b,c,e, the bearing capacity of specimens with coarse aggregates briefly drops after reaching the peak and then continues to rise. Moreover, as the concrete strength increases, both the downward and upward trends of the curve intensify, potentially related to the interference of coarse aggregates with the confinement mechanism of the stainless-steel tube on the concrete. The descending segment of the load–displacement curve after the peak is attributed to diagonal shear cracking of the core concrete. Due to the insufficient thickness of the stainless-steel tube, the core concrete was not effectively confined in a timely manner, resulting in a gradual decrease in the overall bearing capacity of the specimen until the confinement effect of the stainless-steel tube and the hoop expansion force of the core concrete reached equilibrium. The rigid skeleton formed by the coarse aggregates enhanced the cohesion of the matrix, acting as a bridging restraint against the development and propagation of micro- and macro-cracks, significantly reducing the hoop deformation of the concrete. This weakened and delayed the confinement effect of the stainless-steel tube. Additionally, the coarse aggregates contributed to maintaining a smooth and full load–displacement curve overall while flattening the descending segment. This is because the enhanced frictional resistance provided by the coarse aggregates present on the failure surface persisted as the cracked surface shifted. Even when the coarse aggregates were crushed, they provided additional resistance and mechanical interlocking on the shear plane. As the confinement coefficient (ξ) increases, the influence of coarse aggregates gradually diminishes. Comparing the duplex stainless-steel specimens with the austenitic specimens, both having a thickness of 10 mm, it can be seen that due to the higher yield strength of the duplex stainless steel, its ultimate bearing capacity is approximately 20% greater than that of the austenitic stainless steel.



Strengthening/weakening stage (segment CD): As the displacement gradually increases, the stainless-steel tube exhibits a phenomenon of stress strengthening. If the load–displacement curve rises after the peak, as in the c1 scenario, the slope of the rise gradually increases (e.g., A-t10c100-CA), corresponding to d1 in Figure 5a. If it follows the c3 scenario, where it initially drops, it will subsequently rise above the ultimate load (e.g., A-t3c120-CA), corresponding to d3 in Figure 5a. If the strengthening effect is not pronounced, this is classified as the weakening stage, manifested as the load–displacement curve entering a plateau (e.g., A-t6c100), corresponding to d2 and d4 in Figure 5a, or continues to decline (e.g., A-t3c100), corresponding to d5 in Figure 5a. If excessive deformation has occurred in the specimen before it rises again, the strengthening effect of the stainless-steel tube is structurally insignificant, and such situations should be avoided by adjusting the confinement coefficient. In comparison, the austenitic stainless steel exhibits better ductility, with an ultimate tensile strain reaching 50–60%, and its strengthening effect is more pronounced at larger deformations. On the other hand, the duplex stainless steel has a lower yield-to-tensile-strength ratio, resulting in a weaker strengthening effect in the later stages compared to the austenitic stainless steel. Compared to carbon steel, stainless-steel concrete columns retain a higher residual strength after experiencing greater axial loads and deformations.




3.3. Load–Strain Curve


The load–strain curve reflects the deformation characteristics of the stainless-steel tube and its confining effect on the core concrete. A typical load–strain curve is shown in Figure 6. In the initial loading stage, the test specimen was still in the elastic phase, where both the axial and hoop strains of the specimen increased linearly, with the axial strain developing at a faster rate. The ratio of hoop strain to axial strain does not show significant growth and remains within the range of 2.7 to 3.3. At this point, the specimen was in the elastic phase, and both the core concrete and the stainless-steel tube bore the axial load together, with the stainless-steel tube providing no significant confining effect on the core concrete. As the specimen entered the elastoplastic phase, the strain measured at the center of the specimen’s section was significantly greater than that at the corner measurement points, and the strain difference intensified with the development of local buckling, leading to an increasing trend in the ratio of hoop strain to axial strain. When the ratio of hoop strain to axial strain, representing the transverse deformation coefficient, exceeds Poisson’s ratio (ν) of the stainless-steel material, the confining effect of the stainless-steel tube on the core concrete begins to manifest. For specimens with a confinement coefficient (ξ) of less than 1.1, the load–strain curve shows a significant descending segment after reaching the ultimate load (as shown in Figure 6a). For specimens with a confinement coefficient greater than 1.15, the curve descent is not pronounced or is absent (as shown in Figure 6b–d). At this point, the core concrete is crushed, further compressing the stainless-steel tube, which also indicates that the confining effect of the stainless-steel tube on the core concrete became increasingly stronger. A comparison of Figure 6 reveals that for D-t10c100-CA, at 30% of the ultimate load, the growth rate of strain gauge no. 5 is significantly faster than that in the linear growth stage (indicating the onset of the confining effect), and it reaches the nominal yield strain (ε0.2) of the stainless-steel tube at around 65% of the ultimate load. This suggests that duplex stainless steel initiates confinement on the core concrete earlier and provides stronger confinement under the same axial load.





4. Axial Compressive Performance


To investigate the effects of the coarse aggregate content and compressive strength of the core concrete, as well as the wall thickness and type of stainless steel, on the axial compressive bearing capacity of the CA-UFSST and UFSST specimens, the strength improvement factor and the residual strength residual rate of the concrete-filled steel tubes were employed to evaluate the axial compressive performance of the short-column specimens. Based on the experimental results, the influence of the confinement factor (ξ) on these two performance indicators was explored. The calculated values of the axial compressive bearing capacity indicators for each specimen are presented in Table 5. As shown in Equation (2), the confinement ratio (ξ), serving as a primary parameter to measure the interaction between the steel tube and concrete, is widely used to assess the confining capacity of the steel tube on the concrete. This factor is crucial in axial compression tests, as it directly influences the failure mode and bearing capacity of the specimens. The high confinement ratio usually means that the steel tube can effectively restrain the deformation of the concrete, thereby improving the bearing capacity and ductility of the UFSST. In engineering practice, the confinement ratio can be adjusted to meet the specific structural performance requirements by designing the section size and thickness of the steel tube reasonably and selecting the appropriate concrete strength grade.


  ξ =     A s   f y     A c   f  ck       



(2)




where As and Ac represent the area of the steel tube and the area of the core concrete, respectively, with their units expressed in mm2; fy and fck denote the nominal yield strength of the stainless-steel tube and the axial compressive strength of the core concrete, respectively, with their units expressed in MPa.



4.1. Strength Improvement Factor


This paper introduces the strength improvement factor (SI) to measure the composite effect between a stainless-steel tube and core concrete [6]. The formula is presented as Equation (3):


  S I =  N t  /  (   A s   σ  0.2   +  A c   f  ck    )   



(3)




where Nt is the measured ultimate bearing capacity of the short column, and σ0.2 and fck denote the nominal yield strength of the stainless-steel tube and the axial compressive strength of the core concrete, respectively.



The relevant indicators for the various specimens are shown in Table 5, with the SI values for CA-UFSST and UFSST ranging from 1.01 to 1.26 and 1.05 to 1.21, respectively. The SI values for all specimens are greater than 1, indicating that the stainless-steel tube and the core concrete exhibit good bearing capacity. As shown in Figure 7a, the SI of both the CA-UFSST and UFSST specimens is generally positively correlated with the confinement coefficient. Notably, for CA-UFSST, the transition from predominantly shear failure to bulging failure occurs around a confinement coefficient of approximately 1.5. This transition point signifies a significant change in the failure mechanism, where the confinement provided by the stainless-steel tube becomes sufficient to restrict lateral deformation and promote bulging failure. When the confinement coefficient of the specimen is less than 2, the SI of UFSST is higher than that of CA-UFSST; when the confinement coefficient is greater than 2, the SI of CA-UFSST is higher than that of UFSST. This suggests that the confinement coefficient had a greater impact on the bearing capacity performance of CA-UFSST, and CA-UFSST required a larger confinement coefficient to exert a better combination effect. The reason for this phenomenon may be that the confining effect of CA-UFSST occurred later, corresponding to a higher load, and the lateral deformation rate of the core concrete was excessive. If the confinement coefficient is too small, it cannot effectively restrict the rate of lateral deformation of the core concrete in a timely manner, which may immediately lead to diagonal shear failure, resulting in the failure of CA-UFSST.




4.2. Ductile Index


Improved ductility is another significant aspect reflecting the synergistic work between a stainless-steel tube and core concrete. In this paper, the residual strength residual rate (RR) is used to assess ductility. The formulas are presented as Equations (4) and (5):


   φ  lim   =    Δ  L  lim    L   = 15     f y     E s      



(4)






  R R =     N r   N    



(5)




where φlim is the ultimate axial shortening rate of the short column; ∆Llim is the minimum axial shortening limit of the short column; L is the calculated length of the short column; and Nr is the residual strength of the short column, which refers to the strength beyond the minimum axial shortening limit.



As shown in Figure 7b, the RR values for all specimens fall within the range of 0.9 to 1.1, which are all greater than the minimum value for the safe design of residual strength, i.e., 70% of the design bearing capacity. This indicates that the structural performance meets the ductility requirements and can ensure that the specimens maintain a significant residual bearing capacity even under large axial deformations. Among them, the specimens with 10 mm-thick austenitic stainless-steel tubes exhibit residual strengths (Nr) that even exceed the ultimate bearing capacity, with their RR values ranging from 1 to 1.1, which is 10% higher than those of the duplex stainless-steel tubes of the same thickness. This is attributed to the more pronounced strain-hardening effect of the austenitic stainless steel. Although the duplex stainless steel has a higher yield strength, ensuring a higher ultimate bearing capacity for the specimens, its ratio of ultimate strength to yield strength is relatively low, and the rate of increase in the later stage of the stress–strain curve is relatively small. Even when the circumferential deformation of the concrete intensified in the later stage, it did not significantly enhance the confining effect of the stainless-steel tube. Therefore, the load–displacement curve of the duplex stainless-steel specimens remains stable at a consistently high level.





5. Comparisons Between Analytical Model and Experimental Results


As mentioned in the previous section, the existing design specifications for the axial compressive bearing capacity of CFST includes a Chinese specification (CECS 159:2004, GB 50936-2014 and DBJ/T13-51-2020), a European specification (EC4), and an American specification (ACI 318-05 and AISC 360). These specifications impose certain limits on the maximum values of a steel tube and concrete strength. Whether they can be directly applied to predict the bearing capacity of UFSSTs needs to be verified. The formulas, applicable scopes, and calculation results of the aforementioned specifications are presented in Table 6.



Among these, the prediction error of the Chinese specification (GB 50936-2014) is greater than 10%, and when the confinement factor (ξ) exceeds 1.63, the results become negative, which does not align with the actual situation. The mean values (μ) of the ratios of the calculated results to the measured values for EC4, AISC/ACI, DBJ, and CECS are 0.92, 0.86, 1.19, and 0.89, respectively, with the mean absolute percentage errors (MAPEs) of 0.010, 0.019, 0.044, and 0.014, respectively. Through a comparison, it can be seen that the prediction results of EC4, AISC/ACI, and CECS, which employ the superposition principle, are conservative, as they do not account for the enhancement in the bearing capacity performance due to the interaction between the steel tube and the core concrete. The prediction results of DBJ are higher than the actual values, which may pose safety risks if applied in practical situations. The prediction errors in the existing codes can be attributed to several factors. Firstly, codes such as CECS, ACI, and AISC adopt the superposition principle, which does not fully account for the synergistic effect between the stainless-steel tube and the core concrete, leading to conservative predictions. Secondly, codes like GB 50936-2014 and DBJ, which are based on the unified theory, may overestimate the bearing capacity due to the simplifications of their models. Finally, as the confinement ratio increases, the confining effect of the stainless-steel tube becomes more significant, but this effect is often neglected in the existing codes, resulting in increased prediction errors, particularly for the duplex stainless-steel specimens.



To enhance the robustness of the conclusions, a statistical analysis using an analysis of variance (ANOVA) was conducted on the experimental data. The results indicate that the confinement ratio, stainless-steel type, and concrete strength all have significant effects on the axial compressive performance of the specimens (p < 0.05). Specifically, the confinement factor has the most pronounced effect, followed by the stainless-steel type and concrete strength. The ANOVA analysis supports the findings presented in the previous sections and further validates the need for a more accurate calculation model for the axial compressive bearing capacity of CA-UFSST and UFSST. EC4 exhibits the best prediction performance, with an average error of approximately 8%. However, as the confinement factor increases, the deviation caused by ignoring the confining effect gradually enlarges, leading to a noticeable lack of accuracy in predicting the behavior of duplex stainless-steel specimens, with an average error exceeding 15%. Therefore, the current specifications have certain limitations in predicting the behavior of CA-UFSST and UFSST. It is necessary to establish a more accurate formula for calculating the axial compressive bearing capacity based on theoretical derivations and the selection of an appropriate confined-concrete calculation model.




6. Conclusions


This paper conducted an experimental study on the axial compressive performance of square CA-UHSST (Concrete-filled Aluminum Ultra-High-Strength Steel Tube) and UHSST (Ultra-High-Strength Steel Tube) short-column specimens. It explores the mechanical mechanism of the short columns through investigations into failure modes, load–displacement curves, load–strain curves, and load–Poisson’s ratio curves. Furthermore, multiple methods were employed to predict the bearing capacity of the specimens, leading to the following conclusions:



	(1)

	
CA-UFSST (Concrete-filled Aluminum Ultra-High-Strength Steel Tube) and UFSST (Ultra-High-Strength Steel Tube) exhibit a good deformation capacity under axial compressive loading, and the failure modes of their core concrete are both related to the confinement factor. For specimens with a small confinement factor (0.38–0.58), diagonal shear failure of the concrete is evident. For specimens with a medium confinement factor (0.85–1.28), both diagonal shear failure and barrel-shaped failure occur, with the degree of failure being slightly less severe than that of diagonal shear failure. For specimens with a large confinement factor (1.64–3.2), varying degrees of circumferential bulging or expansion were observed, manifesting as barrel-shaped failure.




	(2)

	
The addition of coarse aggregates increases the stiffness of the specimens by approximately 1.27 times and raises the load corresponding to the end of the elastic stage from about 70% to 80% of the ultimate load. For specimens with a small confinement factor (0.38–0.58), coarse aggregates weaken and delay the confining effect of the stainless-steel tube.




	(3)

	
The strength improvement factor of the bearing capacity is positively correlated with the confinement factor (ξ). For CA-UFSST (Concrete-filled Austenitic Ultra-High-Strength Steel Tube), a confinement factor greater than 2 is required to exhibit a more favorable composite effect compared to UFSST. Due to differences in the strength-to-yield ratio, the ductility index of specimens with a 10 mm-thick austenitic stainless-steel tube is 10% higher than that of specimens with a 10 mm-thick duplex stainless-steel tube.




	(4)

	
Comparing the experimental results with the calculation formulas in current codes, it was found that the prediction error of the Chinese code (GB 50936-2014) exceeds 10%, while the predictions of EC4, AISC/ACI, and CECS are conservative. EC4 provides the best prediction, with an average error of approximately 8%. However, as the confinement factor increases, the deviation caused by neglecting the confining effect gradually enlarges, leading to a significant lack of accuracy in predicting the behavior of duplex stainless-steel composite specimens, with an average error exceeding 15%. Therefore, there is a need to establish more accurate formulas for calculating the axial compressive bearing capacity of CA-UFSST and UFSST in the future.




	(5)

	
The results demonstrate the potential benefits of using UHPC and stainless-steel tubes in structural applications. Practically, UHPC-filled stainless-steel tubes offer improved durability and corrosion resistance compared to traditional materials, making them suitable for harsh environments. While the initial cost may be higher, the long-term cost savings from reduced maintenance and an extended service life could justify investments. Additionally, the ease of implementation in construction projects is facilitated by the improved workability of UHPC and the precision fabrication of stainless-steel tubes.
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Figure 1. Cast of test specimens. 
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Figure 2. (a) Loading configuration; (b) measurement layouts. 
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Figure 3. Failure process of test specimen A-t3c80-CA. 
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Figure 4. Failure of core concrete. 
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Figure 5. Load–displacement curves. 
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Figure 6. Load–strain curves. 
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Figure 7. Bearing capacity index of specimens. 
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Table 1. Mechanical properties of stainless-steel tubes.






Table 1. Mechanical properties of stainless-steel tubes.





	
Stainless-Steel Tubes

	
ttest/mm

	
σ0.2/MPa

	
σu/MPa

	
Es/MPa

	
υ






	
Austenitic

	
2.9

	
468

	
587.4

	
207.8

	
0.31




	
6.3

	
509

	
649.5

	
198.3

	
0.29




	
10.1

	
525

	
674.9

	
203.1

	
0.32




	
Duplex

	
9.8

	
817

	
886.3

	
212.6

	
0.3








Note: σ0.2/MPa signifies the yield strength; σu/MPa represents the tensile strength of the specimen; Es/MPa denotes the elastic modulus; and υ stands for Poisson’s ratio.













 





Table 2. Concrete mix design proportions (kg/m3).






Table 2. Concrete mix design proportions (kg/m3).





	Concrete
	Pre-Mix 1
	Pre-Mix 2
	Water
	CA
	Regular Steel Fibers
	Copper-Coated Straight Steel Fibers





	FRC80
	1065
	-
	149.1
	1065
	53.25
	-



	UHPC100-CA
	-
	1065
	138.45
	1065
	74.55
	-



	UHPC100
	-
	2130
	223.65
	-
	106.5
	-



	UHPC120-CA
	-
	1207
	150.88
	905.25
	-
	100.18



	UHPC120
	-
	2130
	213
	-
	-
	142.71







Note: CA represents the coarse aggregate.













 





Table 3. Mechanical properties of the concrete.






Table 3. Mechanical properties of the concrete.





	Core Concrete
	fcu/MPa
	fck/MPa
	Ec/MPa





	FRC80
	100.78
	90.7
	37,600



	UHPC100-CA
	110.89
	99.8
	52,400



	UHPC100
	107.78
	97
	43,700



	UHPC120-CA
	117.11
	105.4
	53,200



	UHPC120
	114.11
	102.7
	44,200







Note: fcu/MPa represents the compressive strength of a 100 mm × 100 mm × 100 mm cubic specimen; fck/MPa denotes the standard value of the axial compressive strength for a 100 mm × 100 mm × 300 mm prismatic specimen; and Ec/MPa indicates the elastic modulus of the concrete.













 





Table 4. Parameters related to test specimens.
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ID

	
Type of Stainless-Steel Tubes

	
te

/mm

	
σ0.2

/MPa

	
Type of Concrete

	
fcu

/MPa

	
Confinement Coefficient ξ






	
A-t3c80-CA

	
A

	
2.9

	
468

	
FRC80

	
100.78

	
0.68




	
A-t6c80-CA

	
A

	
6.3

	
509

	
1.63




	
A-t10c80-CA

	
A

	
10.1

	
525

	
3.26




	
D-t10c80-CA

	
D

	
9.8

	
817

	
5.07




	
A-t3c100-CA

	
A

	
2.9

	
468

	
UHPC100-CA

	
110.89

	
0.62




	
A-t6c100-CA

	
A

	
6.3

	
509

	
1.49




	
A-t10c100-CA

	
A

	
10.1

	
525

	
2.96




	
D-t10c100-CA

	
D

	
9.8

	
817

	
4.60




	
A-t3c100

	
A

	
2.9

	
468

	
UHPC100

	
107.78

	
0.64




	
A-t6c100

	
A

	
6.3

	
509

	
1.53




	
A-t10c100

	
A

	
10.1

	
525

	
3.04




	
D-t10c100

	
D

	
9.8

	
817

	
4.74




	
A-t3c120-CA

	
A

	
2.9

	
468

	
UHPC120-CA

	
117.11

	
0.58




	
A-t6c120-CA

	
A

	
6.3

	
509

	
1.41




	
A-t10c120-CA

	
A

	
10.1

	
525

	
2.80




	
D-t10c120-CA

	
D

	
9.8

	
817

	
4.36




	
A-t3c120

	
A

	
2.9

	
468

	
UHPC120

	
114.11

	
0.60




	
A-t6c120

	
A

	
6.3

	
509

	
1.44




	
A-t10c120

	
A

	
10.1

	
525

	
2.88




	
D-t10c120

	
D

	
9.8

	
817

	
4.47








Note: A and D denote austenitic and duplex stainless steel, respectively; t represents the nominal thickness of the stainless-steel tube; c denotes the strength of the core concrete; and CA indicates concrete mixes with coarse aggregates.













 





Table 5. Experimental results and performance indexes of specimens.
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	ID
	Tangent Stiffness
	SCR
	αsc
	Nt/kN
	Failure Type
	ξ
	SI
	φmin
	RR





	A-t3c80-CA
	1282.67
	5.16
	0.13
	1425.52
	Shear
	0.68
	1.06
	3.40%
	0.92



	A-t6c80-CA
	1425.32
	5.61
	0.29
	1459.78
	Shear and bulging
	1.63
	1.11
	3.80%
	1



	A-t10c80-CA
	1972.33
	5.79
	0.56
	1476.449
	Bulging
	3.26
	1.09
	3.90%
	1.11



	D-t10c80-CA
	2105.51
	9.00
	0.56
	1488.66
	Bulging
	5.07
	1.26
	5.80%
	0.99



	A-t3c100-CA
	1304.37
	4.69
	0.13
	1551.12
	Shear
	0.62
	1.02
	3.40%
	0.97



	A-t6c100-CA
	1951.28
	5.10
	0.29
	2034.75
	Shear and bulging
	1.49
	1.15
	3.80%
	0.96



	A-t10c100-CA
	2128.05
	5.26
	0.56
	2200.16
	Bulging
	2.96
	1.10
	3.90%
	1.07



	D-t10c100-CA
	2463.14
	8.19
	0.56
	2213.26
	Bulging
	4.6
	1.23
	5.80%
	0.99



	A-t3c100
	1167.28
	4.82
	0.13
	2330.6
	Shear
	0.64
	1.05
	3.40%
	0.96



	A-t6c100
	1169.34
	5.25
	0.29
	2334.3
	Shear and bulging
	1.53
	1.17
	3.80%
	0.99



	A-t10c100
	1893.45
	5.41
	0.56
	2700
	Bulging
	3.04
	1.08
	3.90%
	1.1



	D-t10c100
	2272.13
	8.42
	0.56
	2792
	Bulging
	4.74
	1.21
	5.80%
	0.98



	A-t3c120-CA
	1208.33
	4.44
	0.13
	2724.18
	Shear
	0.58
	1.01
	3.40%
	0.99



	A-t6c120-CA
	1827.64
	4.83
	0.29
	2800
	Shear and bulging
	1.41
	1.19
	3.80%
	0.97



	A-t10c120-CA
	2273.29
	4.98
	0.56
	2734.74
	Bulging
	2.8
	1.09
	3.90%
	1.08



	D-t10c120-CA
	1890.32
	7.75
	0.56
	4277.31
	Bulging
	4.36
	1.22
	5.80%
	0.97



	A-t3c120
	1035.08
	4.56
	0.13
	4297.45
	Shear
	0.6
	1.07
	3.40%
	0.91



	A-t6c120
	1186.43
	4.96
	0.29
	4279.2
	Shear and bulging
	1.44
	1.21
	3.80%
	0.93



	A-t10c120
	2261.17
	5.11
	0.56
	4323.89
	Bulging
	2.88
	1.07
	3.90%
	1.11



	D-t10c120
	2589.46
	7.96
	0.56
	4305.08
	Bulging
	4.47
	1.20
	5.80%
	0.99







Note: SCR represents the stainless-steel-tube-to-concrete-strength ratio; αsc denotes the steel content ratio; Nt represents ultimate bearing capacity; ξ is the confinement ratio; SI is the strength improvement factor; φmin is the minimum axial shortening rate; RR is the residual strength residual rate.













 





Table 6. Comparison between experimental results and analytical results.
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Codes

	
Analytical Model

	
μ

	
MAPE






	
CECS 159:2004 [28]

	
    N u  =  A s  ⋅  f y  +  A c  ⋅  f  ck     

	
0.89

	
0.014




	
DBJ/