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Abstract 

A novel type of composite column consisting of an ultra-high performance concrete core 

confined by a stainless steel tube (SS+UHPC column) was investigated. The system is 

characterized by excellent corrosion resistance, aesthetic appearance, high axial capacity and 

pronounced ductility. An experimental programme comprising 14 SS+UHPC stub columns 

was carried out, covering both monotonic and cyclic loading. The main parameters varied in 

the experiments were the column diameter, the tube thickness and the loading scheme 

(monotonic or cyclic). The resulting load-displacement curves, failure modes, strain 

characteristics, axial capacities, confining pressures, stiffness degradation and ductility indices 

were thoroughly analyzed. The applicability of current empirical formulae in predicting the 

confined strength of UHPC in SS+UHPC columns was also examined, and found to be 

inadequate. Therefore, a new equation linking the confining pressure to the confined strength 

of UHPC was developed. Based on this, a design equation to quantify the axial capacity of 

SS+UHPC columns was presented.  
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performance concrete (UHPC); axial performance; cyclic loading; monotonic loading 

 

 

 



 2 

1. Introduction 

Carbon steel structures and steel-concrete composite structures alike are prone to corrosion in 

aggressive environments, for instance in marine and offshore applications. This potentially 

compromises structural safety as well as durability, and increases maintenance and 

rehabilitation cost. Fig.1 shows a few examples of corrosion phenomena in steel offshore wind 

turbine structures, oil platforms and cross-sea bridges. When aiming to prolong the service life 

of offshore structures and improve their structural performance, stainless steel can offer a 

viable and sustainable alternative to carbon steel [1, 2].  

   
(a) Wind turbine (b) Oil platform (c) Cross-sea bridge 

Fig. 1 Typical corrosion phenomena of carbon steel structures in offshore engineering 

In addition to its excellent corrosion resistance and aesthetic appearance, stainless steel also 

possesses pronounced strain hardening properties and outstanding ductility (particularly in the 

austenitic grades), making it an ideal material to be employed in concrete-filled steel tubular 

(CFST) columns, where the stainless steel tube offers a significant confinement effect to the 

infilled concrete by [3-15]. However, the high up-front cost limits the use of stainless steel 

alloys at large scale in structures. Stainless steel is therefore ideally used in thin-walled 

applications, which may then become prone to local buckling phenomena [16]. Previous 

research on concrete-filled tubular columns (e.g. [17-19]) has established that the confining 

steel tube could ideally be used as a ‘jacket’, such that yielding develops uniaxially in the 

circumferential (hoop) direction of the tube, to the full benefit of the confining effect, rather 

than the steel tube directly participating in carrying vertical load and yielding in a biaxial stress 
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state. The difference between the two states is illustrated in Fig. 2, where the latter state is 

referred to as a ‘steel tube confined concrete’ (STCC) column. To promote the development of 

the STCC stress state and avoid direct bearing stresses onto the steel, the steel tube may be 

terminated just short of the column ends (Fig. 2b). It is noted, however, that due to the presence 

of interfacial bond and friction between the steel tube and the concrete, the steel tube may 

inevitably still sustain some portion of the axial force over the course of loading [17]. Further 

to maximizing confinement to the concrete core, STCC columns also have the advantage that 

the steel tube is much less susceptible to local buckling, as axial compressive stresses in the 

steel tube have been minimized. 

  
(a) Conventional CFST column (b) STCC column 

Fig. 2 Comparison of load-carrying mechanisms of CFST column and STCC column  

Comparative experimental investigations between STCC and CFST stub columns have 

previously been carried out, which demonstrated that the axial capacity of STCC stub columns 

is indeed higher than that of CFST stub columns due to the stronger confinement effect [24, 

25]. Based on this test data, two sets of formulae were proposed to predict the axial capacity. 

A unified formulation, applicable to both STCC and CFST columns under axial compression, 

was presented by Li et al. [26], along with an analytical solution for the elastic deformation of 

circular STCC under specific boundary conditions. In other research [19, 27] compressive 

loading experiments were conducted on STCC columns with different cross-sectional shape, 
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featuring additional reinforcement within the core concrete, and the effects of the 

diameter/width-to-thickness ratios of the tubes, and bond and friction between tube and 

concrete on the failure modes and capacities were analysed. Corresponding formulae to predict 

their axial capacity were also presented. Liu et al. [28, 29] conducted experimental studies on 

STCC columns under both monotonic or cyclic compression, and investigated the failure 

modes, load-displacement curves, stress and strain states of the steel tube, and interaction 

behaviour between the steel tube and the concrete core, as a function of the design parameters. 

Le Hoang et al. [30, 31] conducted numerical research on STCC columns using the ATENA-

3D software, taking the effect of concrete strength into account and proposing a simplified 

formula to predict the capacity.  

While most of the previous research work in this area has focused on normal strength concrete 

columns confined by carbon steel tube, this research proposes a novel type of composite 

column, composed of Ultra High Performance Concrete (UHPC) confined by stainless steel 

(SS) tube, from here on labelled as (SS+UHPC) composite columns. The aim is to maximize 

the advantages offered by both materials. Indeed, past research conducted by the authors has 

demonstrated the inherent brittleness of UHPC in compression [20-23], which may potentially 

be overcome by the confinement offered by the stainless steel tube, capitalizing on the work 

hardening and ductility offered by the latter. To fill the currently existing research gap, an 

experimental program was initiated containing 14 SS+UHPC columns, subjected to either 

monotonic or cyclic compression. The failure modes, capacities and behaviour were thoroughly 

examined to provide new insights for the purpose of facilitating the further analysis and design 

of SS+UHPC columns in engineering practice.      

2. Test specimens: geometry and materials 

2.1 Specimen design and preparation  
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A total of 14 SS+UHPC column specimens were included in this experimental programme, 

among which seven specimens were tested under monotonic compression and their seven 

nominally identical counterparts were tested under cyclic compression. The test variables 

included the diameter-to-thickness ratio (D/t) of the stainless steel tube, the cross-sectional 

dimensions (T133 & T180) and the loading scheme. The test matrix is summarized in Table 1. 

Since the emphasis of the investigation was placed on the cross-sectional capacity of these 

novel sections, all specimens were designed as stub columns with a height-to-diameter ratio 

(H/D) of about 3.0, so as to eliminate both end effects and overall stability failure. The D/t 

ratios ranged from 21.61 to 58.70, resulting in steel content ratios α between 0.07 and 0.2. It is 

noted that the D/t ratios in this study are lower than those reported by Guo et al. [25] and Qiao 

et al. [32] for stainless steel tube confined normal-strength concrete columns, because UHPC 

typically requires stronger confinement to overcome its brittleness [33, 34].  For ease of 

identification, each specimen is labelled after its tube diameter, tube thickness and loading 

scheme. For example, “T133-6-b” refers to the specimens with a 133 mm tube diameter and a 

6 mm tube thickness which was cyclically loaded.   

Table 1 Specimen details of SS+UHPC columns 

Specimen H 
(mm) 

D 
(mm) 

t 
(mm) D/t H/D α fco 

(MPa) 
fy 

(MPa) ξ Nu,t 
(kN) I10 Failure 

mode 
T133-3-a 400 129.16 3.02 42.77 3.10 0.09 106.65 272.53 0.26 2101 7.95 S 
T133-3-b 400 129.20 3.04 42.50 3.10 0.09 106.65 272.53 0.26 1937 7.53 S 
T133-4-a 400 130.46 3.93 33.20 3.07 0.14 106.65 264.25 0.33 2203 8.28 S 
T133-4-b 400 130.56 3.98 32.80 3.06 0.14 106.65 264.25 0.33 2131 7.77 S 
T133-6-a 400 132.24 6.12 21.61 3.02 0.21 106.65 288.37 0.58 2453 9.38 B 
T133-6-b 400 132.16 6.08 21.74 3.03 0.21 106.65 288.37 0.58 2377 8.91 B 
T180-3-a 550 179.06 3.06 58.52 3.07 0.07 106.65 272.53 0.18 3233 7.99 S 
T180-3-b 550 179.04 3.05 58.70 3.07 0.07 106.65 272.53 0.18 2998 8.08 S 
T180-4-a 550 180.64 3.95 45.73 3.04 0.11 106.65 264.25 0.23 3575 8.00 S 
T180-4-b 550 180.72 3.99 45.29 3.04 0.11 106.65 264.25 0.23 3475 8.26 S 
T180-6-a 550 184.84 6.07 30.45 2.98 0.16 106.65 288.37 0.39 4110 8.14 S 
T180-6-b 550 184.82 6.06 30.50 2.98 0.16 106.65 288.37 0.39 4022 8.35 S 
T180-8-a 550 180.12 8.14 22.13 3.05 0.21 106.65 267.63 0.52 4289 8.35 B 
T180-8-b 550 180.04 8.10 22.23 3.05 0.21 106.65 267.63 0.52 4191 8.65 B 

Note: ξ is the confinement factor calculated as: Asfy/Acfco; Nu,t and I10 refer to the measured axial capacity and ductility index of the 
SS+UHPC columns. ‘S’ and ‘B’ indicate shear failure and bulging failure, respectively. α is the steel content ratio calculated as As/Ac. 
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Seamless austenitic ASTM 304 stainless steel tube was employed in this study, as suggested 

by Guo et al. [25]. As shown in Fig. 3, the stainless steel tube was isolated from the load at 

both ends by leaving out a 10 mm wide circumferential strip at a distance of 30 mm from the 

ends.  

 

Fig. 3 SS+UHPC column geometry  

All specimens were cast in one batch. Fig. 4 outlines the overall casting procedure of the 

SS+UHPC specimens. In a first step, the 30 mm wide end segments were aligned with the 

stainless steel tube and temporarily held in place by four longitudinal reinforcing bars, and the 

10 mm gap was filled with polystyrene foam. After solidification of the polystyrene foam, the 

steel tube was placed on a tarp on level ground ready for UHPC casting. As pictured in Fig. 4 

(c), a 2.0% volume fraction of copper coated steel fibers was added to the UHPC mix, 

purchased from Hunan Gu Li Engineering New Materials Co. Ltd. Although previous research 

suggests that steel fiber does not significantly affect the compressive behavior of CFST 

members [35, 36], it was nevertheless added to the mix, mainly for consistency with future 

planned studies on the flexural behaviour and axial-flexural interactive behaviour of SS+UHPC 

members. Fig. 4 (d) shows the completed specimens, where the polystyrene foam was removed 

from the gap. All specimens were cured under natural condition, together with the 

accompanying UHPC prism specimens and dog-bone specimens reserved for material tests. 
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Given that shrinkage of the UHPC may lead to an uneven surface, the top of the specimens was 

levelled and smoothed by applying a layer of mortar.       

    
(a) End preparation (b) Tube before casting (c) UHPC mixing (d) Completed specimen 

Fig. 4 SS+UHPC column manufacturing process  

2.2 Material properties  

The material properties of the stainless steel alloy were obtained from tensile coupon tests 

carried out in accordance with Chinese standard GB/T 228-2002 [37], while the properties of 

the UHPC were derived from compression tests in accordance with standard GB/T 50081-2002 

[38]. The measured stress-stain curves are shown in Fig. 5, along with some images of the 

failed test specimens. It is seen that the austenitic 304 stainless steel exhibits pronounced 

nonlinearity in its stress-strain characteristics, as well as excellent ductility. As it does not 

display the yield plateau observed in typical carbon steel, the stress corresponding to 0.2% 

residual strain was employed to define the yield strength fy, as per usual convention. As 

summarized in Table 1, the measured values of fy were 272.53 MPa, 264.25 MPa, 288.37 MPa 

and 267.63 MPa for the tubes with thicknesses of 3 mm, 4 mm, 6 mm and 8 mm, respectively, 

and the corresponding elastic moduli were 218 GPa, 204 GPa, 227 GPa and 191 GPa [12]. The 

Poisson's ratio was measured to be 0.298 on average. The UHPC compressive prisms exhibited 

brittle failure without a descending stress-strain branch (Fig. 5b). The average compressive 

strength fco was found to be 106.65 MPa, which is slightly lower than the expected value of 
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about 120 MPa due to using normal curing conditions. The concrete tensile strength ft and 

Young’s modulus Ec reached 13.1 MPa and 49.08 GPa, respectively, and the tensile stress-

strain curve exhibited non-negligible post-peak resistance and ductility due to the fiber bridging 

effect (Fig. 5c) [39-41].  

   

      
(a) Stainless steel tensile test (b) UHPC compression test (c) UHPC tensile test 

Fig. 5 Material tests on stainless steel and UHPC 

3. Experimental program 

3.1 Test set-up and instrumentation 
 
All tests were conducted in the Structural Laboratory of Southeast University using the 5000 

kN high-stiffness compression machine. As shown in Fig. 6, the axial force was applied by 

moving the bottom platen of the testing machine, and four Linear Variable Differential 

Transformers (LVDTs) were installed at the corners of the platen to track the axial 

displacement of the SS+UHPC columns. Strain gauges were affixed at three locations along 

the height of specimens, a quarter-height apart (Fig. 6c). At the top and bottom location two 

horizontal stain gauges were attached to measure the lateral expansion of the stainless steel 

tube, while at mid-height horizontal and vertical strain gauges were attached at 120 degree 

intervals around the circumference.   
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(a) Test setup (b) LVDT arrangement (c) Strain gauge arrangement 

Fig. 6 Test set-up and instrumentation 

A preloading stage up to 30% of the predicted maximum load was applied to the specimens to 

ensure the concentricity of the loading and the satisfactory functioning of all measuring devices. 

In the case of the monotonically loaded specimens, the loading was initially applied in a force-

controlled manner at a rate of 3 kN/s. When the load reached 70% of the predicted axial 

capacity, the protocol was switched to a displacement-controlled scheme with a rate of 0.5 

mm/min. This was increased to 1.0 mm/min after the specimens had entered the descending 

branch of the load-displacement curve and the residual capacity had stabilized. The test was 

terminated when the axial displacement reached 40 mm (for the T133 specimens) or 50 mm 

(for the T180 specimens), significant bulging, buckling, or shear deformation was observed, or 

a loud crushing sound was heard emanating from the UHPC. In the case of cyclic loading, the 

loading protocol proposed by Fang et al. [42] was employed, owing to the lack of a universally 

agreed scheme. Loading was initiated at a rate of 3 kN/s. Upon reaching 60% of the predicted 

static capacity, the specimen was unloaded at a rate of 6 kN/s. In order to always maintain 

contact between the specimen and the hydraulic machine, the unloading branch was terminated 

at a (relatively small) residual load of 100 kN, rather than at 0 kN. Subsequently, the specimen 

was loaded to 90% of the predicted maximum load, unloaded and reloaded. Past this stage 

displacement-controlled loading was employed and another five unloading/reloading cycles 
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were applied in the post-peak range with increasing displacement intervals of roughly 2 mm, 3 

mm, 4 mm, 5 mm and 6 mm for the T133 specimens, and 2 mm, 4 mm, 6 mm, 8 mm and 10 

mm for the T180 specimens. After completing these cycles, the specimen was further 

continually deformed at a rate of 1mm/min.   

3.2 Test observations 

Regardless of the loading scheme (monotonic or cyclic) the SS+UHPC composite columns 

were seen to fail in one of two possible modes: outward bulging failure (‘barrelling’) or shear 

failure. As shown in Fig. 7 (a), shear failure is characterized by failure along an oblique plane 

of maximum shear stress at an inclination of about 60-70 degrees with the horizontal plane. 

This failure mode typically occurs in specimens without sufficient confinement [43]. When 

removing the stainless steel tube from the specimens after the test, an almost complete 

separation of the UHPC core into two wedges was observed, indicating that the fiber-bridging 

effect could not effectively prevent the shear crack. The stainless steel tube also suffered 

localized plastic deformations at the end of the concrete shear plane. It is noteworthy that the 

UHPC was easily separated from the stainless steel tube after cutting the tube in two halves 

longitudinally, and no UHPC debris remained stuck to the tube in any of the specimens.  This 

is consistent with the observations by Qiao at al. [32], implying a low bond strength between 

the UHPC and the stainless steel tube.     

  
(a) Shear failure (b) Bulging failure 

Fig. 7 Externally and internally observed failure of SS+UHPC column specimens 
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Bulging failure happened in specimens with a thicker steel tube. This failure mode is illustrated 

in Fig. 7 (b). After removing the tube, the UHPC core remained intact without visible major 

cracks, indicating that the confining pressure exerted by the thick stainless steel tube was 

effective in alleviating the brittleness of the UHPC and hence in changing the failure mode of 

the SS+UHPC columns. The failure modes of all specimens are presented in Fig. 8. It was 

observed that the specimens in this programme with a D/t ratio less than 22 generally failed in 

the bulging mode, while the specimens with a D/t ratio exceeding 22 suffered from shear failure, 

irrespective of the loading scheme. The failure modes are also listed in Table 1.       

     
T133-3-a T133-4-a T180-3-a T180-4-a T180-6-a 

     
T133-3-b T133-4-b T180-3-b T180-4-b T180-6-b 

(a) Specimens with shear failure 

    
T133-6-a T133-6-b T180-8-a T180-8-b 

(b) Specimens with bulging failure 

Fig. 8 Failure modes of all SS+UHPC column specimens 

3.3 Deformation behaviour 



 12 

3.3.1 Load-displacement response 
 
Fig. 9 presents the full-range load-displacement curves of the monotonically loaded specimens, 

where the axial displacement is taken as the average value measured by the four LVDTs. It is 

seen that the ascending portion of the curves exhibit linear elastic behavior up to 80%-90% of 

the maximum load, which is a direct consequence of the linear performance of UHPC in 

compression (see Fig. 5 (b)). The short elastoplastic stage before the peak load is mainly 

attributed to the confinement of the concrete and the nonlinear strain-hardening properties of 

the stainless steel (see Fig. 5 (a)). Beyond the peak load, the specimens experienced an abrupt 

drop in the load, followed by a stage where the axial load stabilized or, for specimens with a 

thick steel tube, hardening behaviour was observed. Based on further study of Figs. 9 (a) & (b), 

it was concluded that the post-peak behavior is strongly linked to the failure mode. Specimens 

failing in the shear mode displayed a more significant drop in load, and a more limited residual 

capacity was observed of 72% to 81% of the peak load. On the other hand, in the specimens 

undergoing bulging failure, owing to the strong confinement effect, the residual capacity was 

more substantial and even remained comparable to the peak load despite significant axial 

deformations. Therefore, the bulging failure could be regarded as a ductile failure mode in the 

SS+UHPC columns. This interpretation is consistent with the ASTM E2126 rules [44], which 

define ductility based on the portion of the load-displacement curve up until a 20% post-peak 

drop in load. 
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(a) T133 series (b) T180 series 

Fig. 9 Axial load-displacement curves of monotonically loaded SS+UHPC columns 

To evaluate the influence of the loading scheme, the load-displacement curves of the 

monotonically and cyclically loaded specimens are compared in Fig. 10. On a minor note, the 

first unloading cycle of the post-peak stage was accidentally mishandled in specimen T180-6-

b, resulting in the larger than intended displacement gap in Fig. 10 (f). However, the prescribed 

protocol was still followed during subsequent cycles. With the possible exception of specimens 

T133-3-b and T133-4-b, the cyclic envelope curves coincide very well with their monotonic 

counterparts. Specimen T180-4-b even exhibits improved behaviour over the monotonic case 

in the fifth and sixth unloading/reloading cycles, which may be caused by the work hardening 

effect of the stainless steel under repeated loading cycles [45, 46]. As to the reasons why 

specimens T133-3-b and T133-4-b displayed a more notable strength decay after the peak load 

under cyclic loading (Fig. 10 (a) & (b)), these remain speculative and could be related to sub-

par compaction of the UHPC, or fiber balling during the casting process. The effects of the 

resulting imperfections may be amplified by cyclic loading, with the accumulated damage 

resulting in a more sudden strength decay. These comments notwithstanding, it can be 

concluded that the cyclically loaded specimens exhibited a ductility and residual capacity 

comparable to their monotonic counterparts, indicating that the SS+UHPC columns are suitable 

for applications involving high-amplitude, low-cycle fatigue. 

   
(a) T133-3-a/b (b) T133-4-a/b (c) T133-6-a/b 
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(d) T180-3-a/b (e) T180-4-a/b (f) T180-6-a/b 

 

  

(g) T180-8-a/b   

Fig. 10 Comparison of load-displacement curves between two loading schemes 

3.3.2 Load-strain behaviour 

To further explore the deformation response of the SS+UHPC columns, the load-strain curves 

obtained from the strain gauges on the stainless steel tube are plotted in Fig. 11. The graphs in 

Fig. 11 (a)-(g) show that the longitudinal strain in the tube is consistently larger than the hoop 

strain until the specimen reaches the peak load. This indicates that the steel tube carries 

significant axial force due to bond and friction in the steel-concrete interface, despite not being 

directly loaded. Before the peak load, consistent hoop strain readings were obtained at different 

section heights, which subsequently diverged in the post-peak range due to localized 

deformations in the tube.  

Fig. 11 (h) presents the (εh/εv) ratio for the monotonically loaded SS+UHPC specimens over 

their loading history. It shows that εh/εv increased from the onset of loading and exceeded the 

Poisson’s ratio of stainless steel (about 0.3) in the early loading stage, indicating that some 

degree of confinement was activated even in the elastic range. This differs from conventional 
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CFST columns, where no appreciable confinement is generated until approaching the peak load, 

as a result of the Poisson’s ratio of the steel exceeding that of the concrete (0.2). At the peak 

load, εh/εv increased significantly, indicating the development of strong confinement.  

   
(a) T133-3-a (b) T133-4-a (c) T133-6-a  

   
(d) T180-3-a (e) T180-4-a (f) T180-6-a 

  

 

(g) T180-8-a (h) Strain ratio (εh/εv)  

Fig. 11 Load-strain curves of monotonically loaded specimens 

3.3.3 Stress analysis 

The stainless steel tubes are sufficiently thin-walled to consider them to be in a state of biaxial 

stress, where the vertical stress σv is caused by the bond in the steel-concrete interface and the 

hoop stress σh is induced by the lateral expansion of the UHPC. In order to calculate these 

stresses from the strain gauge readings, the elastic-plastic analysis method presented in [25] 

and also used in [47] was employed. The method is based in the ‘deformation theories’ of 
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plasticity and allows the stress components (σv, σh) in the stainless steel tube in the elastic and 

plastic stages to be calculated as follows: 

Elastic stage 
(Hooke’s law) �

𝜎𝜎ℎ
𝜎𝜎𝑣𝑣
� =

𝐸𝐸0
1 − 𝜇𝜇𝑠𝑠2

� 1 𝜇𝜇𝑠𝑠
𝜇𝜇𝑠𝑠 1 � �

𝜀𝜀ℎ
𝜀𝜀𝑣𝑣
� (1) 

Plastic stage �
𝜎𝜎ℎ
𝜎𝜎𝑣𝑣
� =

𝐸𝐸𝑠𝑠𝑡𝑡

1 − 𝜇𝜇𝑠𝑠𝑠𝑠2
�

1 𝜇𝜇𝑠𝑠𝑠𝑠
𝜇𝜇𝑠𝑠𝑠𝑠 1 � �

𝜀𝜀ℎ
𝜀𝜀𝑣𝑣
� (2) 

where μse and μsp represent the Poisson’s ratio of stainless steel in the elastic and plastic stages, 

respectively. E0 and Est refer to the elastic modulus and the secant modulus in the plastic stage. 

The full equations for μsp and Est are detailed in [25]. Once σv and σh are determined, the 

equivalent (von Mises) stress σz is calculated from Eq. (3): 

𝜎𝜎𝑧𝑧 = �𝜎𝜎ℎ2 + 𝜎𝜎𝑣𝑣2 − 𝜎𝜎ℎ𝜎𝜎𝑣𝑣 (3) 

Fig. 12 presents the calculated stress development in the stainless steel tube at mid-height for 

all monotonically loaded specimens. The point of first yield (i.e. σz = fy) is also indicated on the 

load-stress curves. It is seen that yielding is typically initiated before the specimen reaches the 

peak load, on average at about 93% of the capacity. This implies that the steel tube has already 

entered the strain-hardening range when the peak load is attained in the SS+UHPC columns. 

This also stands in contrast with test results on conventional carbon steel tube confined concrete 

(STCC) columns, where it was observed that the steel tube yields in the very near vicinity of 

the peak load or even in the post-peak stage [17, 18].  

   
(a) T133-3-a (b) T133-4-a (c) T133-6-a 
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(d) T180-3-a (e) T180-4-a (f) T180-6-a 

 

  

(g) T180-8-a   

Fig. 12 Load-stress curves of monotonically loaded specimens 

3.4 Axial capacity, ductility and stiffness degradation  
 
The axial capacity Nu of the SS+UHPC columns was taken as the peak load in the load-

displacement curves shown in Fig. 10. A comparison of Nu across all tested specimens is 

provided in Fig.13 (a) & (b). It is seen, rather unsurprisingly, that an increase in the tube 

thickness for an otherwise constant geometry results in an improvement in the axial capacity 

regardless of the loading scheme, but also that the cyclically loaded specimens consistently 

exhibited a slightly lower capacity than their monotonically loaded counterparts. The reduction 

ranges from 2.14% to 7.81%, with Fig.13 (b) suggesting that a higher D/t ratio generally brings 

about a slightly larger reduction, or equivalently that a thicker stainless steel tube is slightly 

less prone to deterioration under cyclic loading.     
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(a) Axial capacity (Nu)  (b) Effect of D/t on Nu 

  

(c) Ductility index (I10) (d) Effect of D/t on I10 
Fig. 13 Axial capacity and ductility of SS+UHPC columns 

The ductility performance of the SS+UHPC columns was quantified using the I10 index, which 

is a commonly employed energy-based ductility index for ductile members, as opposed to the 

displacement-based ductility indices [48]. I10 is calculated as the ratio of the area enclosing the 

load vs. axial strain curve up to 5.5 times the yield strain to the area corresponding to the yield 

strain [21]. For the cyclically loaded specimens, the skeleton curve was used. The results are 

compared in Fig. 13 (a). It is concluded that I10 exceeds 7.0 for all specimens, and increases 

with increasing tube thickness for both the monotonically and cyclically loaded specimens. In 

the post-peak stage, the damage accumulation in the UHPC impairs the ductility; however, the 

work hardening effect in the stainless steel leads to increasing confining pressures which prove 

beneficial. Fig. 13 (b) shows that the ductility is negatively affected by the D/t ratio, with the 

T133 series being more sensitive to this parameter than the T180 series. This could potentially 

indicate a size effect, or may be linked to the fact that the measured yield stress fy decreases 

between the T133 specimens with D/t = 22 and D/t = 33, while fy increases for the equivalent 

T180 specimens (see Table 1). The difference in ductility between the monotonic and cyclic 

loading schemes was small and varied from 1.13% to 6.15%.  
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(a) T133 series (b) T180 series 

Fig. 14 Axial stiffness degradation of cyclically loaded SS+UHPC columns 

Fig. 14 displays the stiffness degradation of the cyclically loaded specimens, where the abscissa 

of each data point represents the axial displacement at the onset of an unloading cycle, and the 

ordinate represents the axial stiffness K, which is defined as the secant stiffness calculated from 

the start and end points of each unloading cycle. It is concluded that smaller D/t ratios result in 

a higher stiffness and a slower reduction rate over the course of loading, reflecting that for a 

given cross-sectional diameter the steel tube thickness has a positive effect on confinement. In 

addition, it is observed that the stiffness of all SS+UHPC columns remains at a relatively high 

level despite significant axial deformation. For the specimens with a D/t ratio below 32, the 

stiffness even experiences a recovery trend, attributed to the work hardening effect in the 

stainless steel tube.   

4. Design model   

4.1 Assessment of the confinement effect  

As previously explained and illustrated in Fig.15 (a), the stainless steel tube in the SS+UHPC 

columns is subjected to a biaxial stress state, while the infilled UHPC is in triaxial compression. 

The strength index (SI) is a widely used indicator to quantify the confinement effect in STCC 

columns. The SI is defined as the ratio of the measured axial capacity to the calculated capacity 

based on simple superposition:  
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𝑆𝑆𝑆𝑆 =
𝑁𝑁𝑢𝑢,𝑡𝑡

𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 + 𝐴𝐴𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐
 (4) 

where As and Ac refer to the cross-sectional area of the stainless steel tube and the UHPC core, 

respectively. 

Fig. 15 (b) plots the SI as a function of the confinement factor ξ, defined as: 

𝜉𝜉 =
𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦
𝐴𝐴𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐

 (5) 

It is seen that all specimens have an SI value exceeding 1.0, and a few specimens even surpass 

1.30, indicating significant strength gains from the confinement effect. It is also observed that 

the SI is positively affected by ξ, which is consistent with previous studies on STCC columns 

[32]. The T133 series appears less sensitive to ξ, which may possibly be caused by a size effect 

or may simply be a result of the limited number of specimens tested. This warrants further 

investigation. 

  
(a) Confinement mechanism (b) Strength index  

Fig. 15 Assessment of confinement effect in SS+UHPC columns  

4.2 Analysis of the confinement effect  

As illustrated in Fig. 15 (a), the confining pressure fl acting on the UHPC core can be calculated 

from the hoop stress σh based on force equilibrium:  
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𝑓𝑓𝑙𝑙 =
2𝑡𝑡

𝐷𝐷 − 2𝑡𝑡
𝜎𝜎ℎ (6) 

On the other hand, the axial force resisted by the SS+UHPC columns is obtained by 

superimposing the load carried by the stainless steel tube and the UHPC core: 

Nu=Asσv +Acfcc (7) 
In Eqs. (6) and (7) σh and σv can be obtained from the strain gauge measurements using Eqs. 

(1-2). Eq. (6) then yields the confining pressure fl, while Eq. (7), with the use of the measured 

capacity Nu, reveals the confined UHPC compressive strength fcc. The stress ratios σv/fy and 

σh/fy of the seven monotonically loaded specimens at their peak load are plotted in Fig. 16. The 

axial stress σv at the peak load varied from 1.0 fy to 1.24 fy, while the corresponding hoop stress 

σh varied from 0.32 fy to 0.58 fy. This results in an equivalent stress σz exceeding the yield 

strength of the tube material, demonstrating that the stainless steel is in its strain-hardening 

stage at the column’s peak load.  

  
(a) Longitudinal stress (b) Transverse stress 

Fig. 16 Calculated stresses at peak load: (a) σv/fy versus D/t and (b) σh/fy versus D/t.   

The values of the confined compressive strength fcc of the UHPC are summarized in Table 2. 

The confined strength ratio fcc/fco varied from 1.11 to 1.39 with an average value of 1.27. These 

values are higher than those typically encountered in comparable CFST columns [35]. For 

comparative purposes, a few alternative equations to calculate fcc  available in the literature are 

summarized in Table 3, with their numerical predictions also listed in Table 2. All of these 
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models calculate fcc as a function of the unconfined strength fco and the confining pressure fl. 

Eq. (6) was used to calculate fl from the test results. It is noted that Eq. (8), proposed by Mander 

et al. [49], and Eq. (11), proposed by Richart et al. [52], were originally derived for reinforced 

concrete columns, but they are also commonly employed for STCC columns. Table 2 reveals 

that all four alternative models overestimate the confined compressive strength of the UHPC, 

although the margin of error reduces in the order they are listed (i.e. Eq. (8) to Eq. (11)). The 

classical Mander model even overestimates fcc by 17%, implying that these confinement models 

are not applicable to predict the axial capacity of SS+UHPC columns.  

Table 2 Predictions of confined concrete strength 

Specimen ξ SI fcc,t 
(MPa) fcc/fco 

Mander Xiao Li Richart 
fcc,p 

(MPa) fcc,p/fcc,t 
fcc,p 

(MPa) fcc,p/fcc,t 
fcc,p 

(MPa) fcc,p/fcc,t 
fcc,p 

(MPa) fcc,p/fcc,t 

T133-3-a 0.26 1.32 145.04 1.36 133.90 0.92 133.16 0.92 129.45 0.89 124.31 0.86 

T133-4-a 0.33 1.32 143.66 1.35 144.59 1.01 142.23 0.99 137.96 0.96 132.15 0.92 

T133-6-a 0.58 1.29 148.71 1.39 194.84 1.31 186.88 1.26 175.41 1.18 177.12 1.19 

T180-3-a 0.18 1.09 118.02 1.11 135.55 1.15 134.56 1.14 130.77 1.11 125.48 1.06 

T180-4-a 0.23 1.16 121.77 1.14 148.51 1.22 145.55 1.20 141.02 1.16 135.17 1.11 

T180-6-a 0.39 1.18 127.81 1.20 171.85 1.34 165.78 1.30 158.75 1.24 154.77 1.21 

T180-8-a 0.52 1.25 142.12 1.33 175.40 1.23 168.95 1.19 161.38 1.14 158.02 1.11 
     Ave 1.17  1.14  1.10  1.07 
     St.d 0.155  0.139  0.125  0.133 

 

Table 3 Equations for the calculation of fcc 

Source Equations 

Mander et al. [49] 𝑓𝑓𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐 �−1.254 + 2.254�1 + 7.94
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐

− 2
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐
� (8) 

Xiao et al. [50] 𝑓𝑓𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐 �1 + 3.24 �
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐
�
0.8

� (9) 

Li & Du [51] 𝑓𝑓𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐 �−0.413 + 1.413�1 + 11.4
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐

− 2
𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐𝑐𝑐
� (10) 

Richart et al. [52] 𝑓𝑓𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐 + 4.1𝑓𝑓𝑙𝑙 (11) 

4.3 Proposed design equations    
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Eq. (7) indicates that the longitudinal stress in the stainless steel tube, σv, and the confined 

UHPC compressive strength, fcc, are needed to predict the axial capacity of SS+UHPC columns. 

Based on Fig. 16 (a), σv was conservatively taken as 1.1 fy. A new equation was derived to 

calculate fcc of the UHPC based on the confining pressure fl, given the conclusions obtained 

from Table 2 and the inadequacy of current equations. Fig. 17 (a) presents the variation of fcc/fco 

with respect to different confining pressures fl. Based on a linear regression analysis, Eq. (12) 

was proposed. As a simplifying assumption, σh was taken to be 0.48 fy according to the average 

value shown in Fig. 16 (b):       

𝑓𝑓𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐 �1 + 3
2𝑡𝑡

(𝐷𝐷 − 2𝑡𝑡)
0.48

𝑓𝑓𝑦𝑦
𝑓𝑓𝑐𝑐𝑐𝑐
� (12) 

 

  
(a) Relation between fcc/fco and fl (b) Comparison between predicted and test result 

Fig. 17 Evaluation of the proposed formula   

The axial capacity of SS+UHPC columns can then be calculated as:  

𝑁𝑁𝑢𝑢 = 1.1𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 + �1 +
2.88𝑓𝑓𝑦𝑦

(𝐷𝐷 𝑡𝑡⁄ − 2)𝑓𝑓𝑐𝑐𝑐𝑐
� 𝐴𝐴𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐 (13) 

Although Eq. (13) has been derived for monotonically loaded specimens, it can also be 

employed to evaluate the capacity of cyclically loaded specimens, as the loading scheme was 

found to have a minor effect on the axial capacity. Fig. 17 (b) shows that excellent agreement 

is achieved between the predicted and tested axial capacities, with an average ratio of 1.00. 

Moreover, all data points fall within the ±10% error lines, with the standard deviation 
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amounting to 0.063, demonstrating that the proposed formulae can reliably be used to 

determine the axial capacity of SS+UHPC columns.        

5. Conclusions and recommendations   

This paper proposes a novel type of composite column (SS+UHPC), characterized by excellent 

durability, axial capacity and ductility. An experimental program was conducted to investigate 

the axial performance of SS+UHPC columns subjected to either monotonic or cyclic axial 

compressive loading. Based on experimental observations of the actual stress state in the 

stainless steel tube and the UHPC core, a design formula was proposed to predict the axial load 

capacity of SS+UHPC columns. The research led to the following conclusions: 

1. Owing to the inherent brittleness of the UHPC, all SS+UHPC column specimens 

experienced an abrupt drop in load upon reaching the peak load. Specimens with a D/t 

ratio less than 22 in this programme generally failed in a bulging mode, with a less 

severe drop in load and with the load-displacement curves exhibiting a hardening trend 

at the post-peak stage. Specimens with D/t ratios exceeding 22 failed in a diagonal shear 

mode, with the residual capacity stabilizing at 72% - 81% of the peak load. This was 

the case for both monotonic and cyclic loading.  

2. The stainless steel tube was subjected to a biaxial stress state due to the combined 

effects of friction in the interface between the materials (causing longitudinal 

compression) and the hoop stresses induced by the lateral expansion of the UHPC. At 

the peak load, the longitudinal stress in the stainless steel tube σv reached 1.0 fy to 1.24 

fy, while the hoop stress σh reached 0.32 fy to 0.58 fy. The latter resulted in an average 

confined strength ratio fcc/fco of 1.27 in the UHPC, indicating a strong confinement 

effect.  



 25 

3. The confinement effect in the UHPC was activated before the peak load. The equivalent 

(von Mises) stress σz reached the yield strength at around 93% of the peak load in the 

ascending load stage.     

4. The cyclically loaded specimens exhibited a slightly lower capacity than their 

monotonic counterparts. The reduction ranged from 2.14% to 7.81%, and diminished 

with lower D/t ratios. Regardless of the loading scheme, lower D/t ratios also resulted 

in improvements in axial capacity and ductility index. Some cyclically loaded 

specimens exhibited enhanced ductility over their monotonic counterparts due to work 

hardening, although the difference remained limited to 6.15%. In the cyclically loaded 

specimens, decreasing the D/t ratio had a beneficial effect on the stiffness degradation.  

5. Previously developed empirical formulae overestimated the confinement effect in the 

SS+UHPC columns by 7% to 17%. A new equation is proposed to predict the axial 

capacity of SS+UHPC columns, which delivers good accuracy (average ratio of 

predicted to experimental capacity of 1.0) with a small standard deviation of 6.3%.  
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