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This paper mainly focused on the behaviours of circular concrete-filled steel tubular (CFST) stub columns (CCFST-SCs) subjected to axial compression at different cold-region low temperatures. A test-program consisting of 14 CCFST-SCs was firstly carried out at four low temperature levels, i.e., 20, -30, -60, and -80ºC. The investigated parameters included low temperature levels and wall thickness of tube in CCFST-SC.

These test results reported that under compression the CCFST-SC at low temperatures failed in shear mode, concrete crushing, outward local buckling and tensile fracture in steel tube. The axial compressive load versus shortening behaviour was reported. This paper discussed and analysed influences of different parameters on compressive behaviour of CCFST-SCs. This paper also developed theoretical models to describe the axial shortening versus compressive load behaviour of CCFST-SCs at low temperatures.

Moreover, different modified code equations were proposed for determinations of ultimate compressive resistances of CCFST-SCs at low temperatures. Finally, the accuracies of these theoretical models and modified code equations were confirmed by the validations of their predictions against 25 test results. Conclusions were also given at the end based on these tests and analysis results.

Introduction

Concrete-filled steel tube (CFST) column (CFSTC) has been developed and used in engineering constructions for many years. Compared with common reinforced concrete columns, this type of structure exhibits many advantages in terms of high seismic resistance, high resistance and ductility, reduced fabrication details, and improved construction efficiency [START_REF] Zhang | Behavior of steel tube and confined high strength concrete for concrete-filled RHS tubes[END_REF]. Recently, engineering infrastructures in cold regions keep increasing, e.g., composite bridges for high-speed rail way crossing Lasa River in Tibet (see Fig. 1a), China, offshore platforms in Bohai gulf, China, and offshore platforms in the Arctic. Due to the advantages of the CFSTCs, they have been applied in cold-region engineering constructions. Fig. 1(b) exhibits a CFSTC in typical steel-concrete composite structures in cold regions.

Previous extensive studies on CFSTCs mainly focused on their ambient or high temperature behaviours. Han et al. [START_REF] Han | Developments and advanced applications of concretefilled steel tubular (CFST) structures: members[END_REF] summarized their research achievements and engineering applications of CFST structures. Ekmekyapar et al. [START_REF] Ekmekyapar | Comparison of classical, double skin and double section CFST stub columns: Experiments and design formulations[END_REF] summarized research on the classical CFSTCs and proposed the design equaions. Hasan et al. [START_REF] Hasan | Mechanical performances of stiffened and reinforced concrete-filled steel tubes under axial compression[END_REF] reported behaviours of stiffened and reinforced CFSTCs. Patel et al. [START_REF] Patel | Confined concrete model of circular, elliptical and octagonal CFST short columns[END_REF] proposed the concrete model for circular CFST (CCFST) columns. Ibañez et al. [START_REF] Ibañez | Shape effect on axially loaded high strength CFST stub columns[END_REF] studied the shape effect on structural behaviours of high strength CFST stub columns under axial compression. Thomas and Sandeep [START_REF] Thomas | Experimental study on circular CFST short columns with intermittently welded stiffeners[END_REF] studied the behaviours of CCFST short columns with internal stiffeners through a testing program. Seismic performances of the CFSTCs have been reported by Chen et al. [START_REF] Chen | Square CFST columns under cyclic load and acid rain attack: Experiments[END_REF]. Recently, Afaghi-Darabi and Abdollahzadeh [START_REF] Afaghi-Darabi | Effect of cooling rate on the post-fire behavior of CFST column[END_REF] and Mirmomeni et al. [START_REF] Mirmomeni | Rate and temperature dependent relations for CFSTs and CFFTs subject to post-impact fire conditions[END_REF] contributed to the high-temperature compressive behaviours of CFSTCs. These extensive studies showed that most of them concentrated on the ambient-temperature structural behaviours of CFSTCs. There are still quite limited studies on low-temperature compressive behaviours of CFSTCs.

In the cold regions, the engineering infrastructures suffer low temperature related to the harsh environment, e.g., the lowest temperature in record of the Arctic region and Tibet China are about -70ºC and -60ºC [START_REF] Gautier | Assessment of undiscovered oil and gas in the arctic[END_REF], respectively. Exposed to low temperatures, previous test observations showed that the strengths of both constructional materials and structures were significantly influenced [START_REF] Elices | Behaviour at cryogenic temperatures of steel forced concrete reinforcement[END_REF][START_REF] Lahlou | Behavior of the reinforced concrete at cryogenic temperatures[END_REF][START_REF] Yan | Mechanical properties of mild steel and high strength steel S690 under low temperature relevant to Arctic environment[END_REF][START_REF] Yan | Experimental studies on mechanical properties of steel reinforcements under cryogenic temperatures[END_REF][START_REF] Xie | Mechanical properties of high strength steel strand at low temperatures: Tests and analysis[END_REF][START_REF] Xie | Experimental studies and analysis on compressive strength of normal weight concrete at low temperatures[END_REF]. Yan et al. [START_REF] Yan | Mechanical properties of mild steel and high strength steel S690 under low temperature relevant to Arctic environment[END_REF][START_REF] Yan | Experimental studies on mechanical properties of steel reinforcements under cryogenic temperatures[END_REF], Xie et al. [START_REF] Xie | Mechanical properties of high strength steel strand at low temperatures: Tests and analysis[END_REF][START_REF] Xie | Experimental studies and analysis on compressive strength of normal weight concrete at low temperatures[END_REF][START_REF] Xie | Mechanical properties of headed studs at low temperatures in the Arctic infrastructures[END_REF] and Mazur and Kotwa [START_REF] Mazur | Influence of Low Temperature on Concrete Properties[END_REF] reported that mechanical properties of mild steel and concrete were significantly affected by the low temperatures. More recently, experimental studies reported by Yan and Xie [START_REF] Yan | Shear behaviour of headed stud connectors at low temperatures relevant to the Arctic environment[END_REF] showed that the bond behaviour of composite structure was significantly influenced by low temperatures within 20~-80ºC.

Further studies reported by Yan et al. [START_REF] Yan | Bond behaviour of concrete-filled steel tubes at the Arctic low temperatures[END_REF] also revealed that the bonding behaviour of the CFSTs were also significantly influenced by low temperatures. Yan et al. [START_REF] Yan | Compressive behaviours of CFST stub columns at low temperatures relevant to the Arctic environment[END_REF] performed preliminary limited studies on compressive behaviours of CFST columns at low temperatures. However, there was only one type of steel tubes tested at different low temperatures. Thus, these impacts on material properties and bond behaviours due to cold-region low temperatures would definitely result in changes on structural behaviors of the steel-concrete composite structures. It is of interest to investigate such influences on structural behaviors of composite structures at low temperatures especially on the important vertical components, i.e., CFSTCs. Moreover, it can be also found that most of these previous studies concentrated on the mechanical properties of materials used in the steel-concrete composite structures at low temperatures. The information on structural behaviours of steel-concrete composite structural members at low temperatures especially on CFSTCs is still limited. Thus, as the key components in the composite structures in the cold regions and Arctic, it is of great importance to perform necessary studies on structural behaviours of CFSTCs at low temperatures.

Moreover, there is also still limited information on theoretical models on compressive behaviours of CFST columns at low temperatures.

This paper aims to study compressive behaviours of the circular CFST stub columns (CCFST-SCs) at low temperatures. 14 CCFST-SCs were prepared and tested at different cold-region low temperatures. Moreover, another 11 previously reported test results of CCFST-SCs [START_REF] Yan | Compressive behaviours of CFST stub columns at low temperatures relevant to the Arctic environment[END_REF] were also included in the analysis to study the influences of low temperatures (T) and thickness of the steel tube (t). The low-temperature axial compressive behaviours of CCFST-SCs were detailed reported. And the influences of investigated parameters on compressive behaviours of CCFST-SCs were analysed and discussed. Including the reported test results, this paper developed theoretical models to simulate compressive load-shortening behaviour of CCFST-SCs at low temperatures.

Including the theoretical models, modified code equations were also proposed for lowtemperature ultimate compressive resistance of CCFST-SCs. These developed analytical models or modified code equations were checked by reported 14 tests and 11 tests in Ref. [START_REF] Yan | Compressive behaviours of CFST stub columns at low temperatures relevant to the Arctic environment[END_REF]. Based on these test and simulation results, conclusions were also drawn.

Testing program

Details of circular CFST stub columns

Fourteen circular CFST stub columns (CCFST-SCs) were prepared in this test program.

Each CCFST-SC consists of an external steel tube with an in-filled concrete core. Fig. 2 illustrates the geometry of steel tube. S275 grade of cold formed steel tube with the welding seam in the cross section (see Fig. 2) is adopted for CCFST-SCs. The height of the steel tube is 350 mm, and its external diameter measure 130 mm. C30 normal weight concrete was chosen as the in-filled concrete.

Two key parameters were chosen for this testing program, i.e., thickness of the steel tube (t) and low temperatures (T). 3 mm-and 6 mm-thick steel tubes were chosen for CCFST-SCs. Thus, the 14 CCFST-SCs can be categorized into two main groups depending on their different t value with seven specimens in each group. Each group of specimens were tested at 20, -30, -60, and -80ºC that covers the low temperatures related to the environments in northern China and the Arctic. At each low temperature level, two identical specimens were prepared except one specimen was tested at low temperature -30ºC. More details of the CCFST-SCs in this testing program can be found in Table 1.

Materials in circular CFST stub columns

The cold formed steel tube was made of mild steel. Since the CCFST-SCs were tested at different low temperatures, direct tensile tests on standard coupons were performed to obtain steel tube's mechanical properties. These standard coupons were prepared according to Chinese code GB/T228.1 [START_REF]1-2010 Metallic materials: tensile testing[END_REF], and their geometry is shown in Fig. 3(a).

After the fabrication of steel coupons, direct tensile tests, using the same setup in Ref. [START_REF] Yan | Mechanical properties of mild steel and high strength steel S690 under low temperature relevant to Arctic environment[END_REF], were performed on these coupons in a cooling chamber that simulates the low temperature cold-region environment using the liquid nitrogen gas as shown in Fig. 3.

During the tests, strains developed in these coupons were measured by strain gauges and extensometer. Finally, Table 1 lists the obtained mechanical properties of steel tubes at low temperatures.

Grade C30 normal weight concrete (NWC) was used in this test program. The mix proportions of cement: water: mineral powder (32.9% SiO2, 15.4% Al2O3, 37.6% CaO, and 10.5%MgO): fly ash: natural sand: granite coarse aggregate: superplasticizer equal to 195: 165: 56: 87: 945: 923: 6.7 (kg/m 3 ). The compressive strength and modulus elasticity of the NWC were also obtained using the testing method as reported by Yan et al. [START_REF] Xie | Experimental studies and analysis on compressive strength of normal weight concrete at low temperatures[END_REF]. Finally, the compressive strength and modulus of elasticity of the NWC are listed in Table 1.

Test setup and measurements

The setup of CCFST-SCs subjected axial compression is plotted in Fig. 4. Before testing, all the CCFST-SCs were firstly reserved in a cold storage running with objective low temperature for more than 48 hours in accordance with GB51081 [START_REF]GB[END_REF].

Then, the CCFST-SC was moved to a testing frame equipped by a cooling chamber as shown in Fig. 4. The insulation materials prevent the heat transfer between the CCFST-SC and external environment. In order to maintain the target testing temperature, liquid nitrogen gas (LNG) was used and sprayed into the cooling chamber. In order to monitor the temperatures of CCFST-SC during the test, one PT100 type of thermal couple was embedded in the CCFST-SC during the concrete casting and another four thermal couples were installed on external surfaces of CCFST-SC along its perimeter, which assist monitoring the temperatures inside and outside of CCFST-SC and provide the feedback for the injection of LNG. 0.05 mm/min displacement loads were applied to the top end of CCFST-SC by a 300-ton hydraulic actuator. The reaction force of the specimen is measured by the load cell installed in the testing machine.

The shortenings of the CCFST-SC are measured by four LVDTs as shown in Fig. 4.

The vertical and hoop strains of steel tube in CCFST-SC are measured by linear strain gauges at positions as shown in Fig. 4. Finally, a data logger recorded these data of temperatures, shortenings, reaction forces, and strains.

Test results

Failure modes

Typical failure modes of CCFST-SCs at low temperatures are depicted in Fig. 5. It shows three failure modes observed from the tests, which include shear failure mode, concrete crushing, outward buckling and tensile fracture of the external steel tube. Fig. 6(a)~(j) shows that 70% of the CCFST-SCs fail in shear mode, and the shear failure surface initiates from the top (or bottom) end and ends at about 40%~60% height of the stub column, which indicates an inclination angle of about 40~60 degree for the shear failure surface. Concrete crushing mode was also observed in four CCFST-SCs with 6 mm thick wall tested at -60 and -80ºC. Outward buckling occurred to the external steel tubes after CCFST-SCs achieved their ultimate resistances at different low temperatures. The positions for the outward buckling locate at the bottom or top end and mid-height of the stub column. Vertical tensile fracture cracks were also observed in two specimens, i.e., column Ct6T20-2 and Ct6T-80-2. These tensile fracture initiates at the welding seam of the columns' end and propagates vertically to its mid-height [see Fig. 5(i) and (m)~(n)]. of the steel tube for CCFST-SC with 3 mm-and 6 mm-thick steel tube are plotted in Fig. 7(a) and (b), respectively. These figures show that under compression, the CCFST-SC at low temperatures exhibits a three-stage working mechanism, i.e., elastic, elasticplastic, and plastic working stage. At the first elastic working stage, the compressive reaction force increases linearly with the increasing shortening of the CCFST-SC to the elastic limit. After the linear working stage, the steel tube started to yield that can be reflected on the vertical strains beyond the yielding value as shown in Fig. 7. After that, the yielding in the steel tube of CCFST-SC continued developing and the concrete core also exhibited nonlinear behaviour. At the final elastic-plastic stage, the concrete core also achieves its ultimate strength. Moreover, plastic buckling occurs to the steel tube.

Load-shortening and load-strain behaviours

In addition, it was observed that as the temperature decreases, the elastic-plastic working stage of P-Δ curves of CCFST-SC under compression tends to become shorter. This is probably produced by that (1) the low temperature increases the steel tube's yielding strength, which shortens the second working stage that starts at the tube's yielding and ends at its outward buckling; (2) the low temperature reduces the ductility of the concrete. After the second working stage, in the third working stage plastic buckling continues developed, and concrete crushing finally occurred to CCFST-SC. It was also observed that compared with the CCFST-SC made of 3 mm-thick tube, the CCFST-SC with 6 mm-thick steel tube exhibits more ductile behaviours.

Initial stiffness (Ke), ultimate compressive resistance (Pu) and its corresponding compressive strain (ɛc)

The Pu and Ke of the CCFST-SCs are determined from the P-Δ curves. The compressive strain at ultimate resistance, ɛc, was used to reflect the ductility of a CCFST-SC subjected to compression [START_REF] Wang | Strength, stiffness and ductility of concrete-filled steel columns under axial compression[END_REF]. Table 1 lists determined ultimate compressive resistances Pu, initial stiffness Ke, and compressive strain at ultimate resistance ɛc of the all the tested CCFST-SCs at different low temperatures.

Discussions

In order to make more comprehensive studies, another 11 tests reported by Yan et al. [START_REF] Yan | Compressive behaviours of CFST stub columns at low temperatures relevant to the Arctic environment[END_REF] on CCFST-SCs at low temperature were used in this discussion sections to reveal the effect of different parameters. The details of these 11 tests were given in Table 1, more details could be found in Ref. [START_REF] Yan | Compressive behaviours of CFST stub columns at low temperatures relevant to the Arctic environment[END_REF]. Thus, there are 25 tests in total for CCFST-SCs at low temperatures available for the analysis purpose.

Effect of low temperatures

The effects of low temperature (T) on Pu, Ke, and ɛc are plotted in Fig. 8. It shows that the Pu value increases almost linearly with the decreasing T. For CCFST-SCs with 3.2 mm-thick tube, reducing its environmental low temperature T from 20 to -30, -60, and -80ºC, the Pu value of CCFST-SC is averagely increased from 1084 to 1144, 1291, and 1479 kN, respectively, i.e., 6%, 19%, and 36% increments in Pu, respectively; For CCFST-SCs with tube in wall thickness of 4.2 mm, these average increments for Pu equal to 8%, 11%, and 12%, respectively; meanwhile, these average increments in Pu for CCFST-SCs with 5.8 mm-thick steel tube are 5%, 10%, and 15%, respectively. The explanations to these observations are (1) firstly, exposed to low temperature, both compressive strength of steel and concrete are improved that results in the increased compressive strength of CCFST-SC; (2) secondly, at low temperatures the steel materials contract faster than the concrete core that results in higher confining stress on the concrete core and improves its compressive resistance [START_REF]1-2010 Metallic materials: tensile testing[END_REF]; (3) Finally, the frozen water of the pore structure into ice improves the compactness of concrete and steelconcrete bonding [START_REF]1-2010 Metallic materials: tensile testing[END_REF] that increases the compressive resistance of CCFST-SC. Fig. 8 also shows that the initial stiffness of CCFST-SC also increases with the decreasing low temperature from 20 to -80ºC whilst the low temperature reduces its ductility. For CCFST-SC made of steel tube in 3.2 mm wall-thickness, reducing T from 20 to -30, -60, and -80ºC averagely increases Ke by -3%, 6%, and 16%, respectively whilst the ɛc value is averagely decreased by 48%, 59%, and 60%, respectively; for CCFST-SC made of steel tube in 4.6 mm wall-thickness, reducing T from 20 to -30, -60, and -80ºC averagely increases Ke value by 2%, 6%, and 14%, respectively whilst the ɛc value is averagely decreased by 44%, 63%, and 68%, respectively; for CCFST-SC with 5.8 mm-thick steel tube, reducing T from 20 to -30, -60, and -80ºC results in increments of -5%, 13%, and 20% in Ke, respectively whilst the ɛc value is averagely decreased by 61%, 73%, and 83%, respectively. This is because that the decreasing temperature has marginal influences on the elastic modulus of the mild steel plate [START_REF] Yan | Mechanical properties of mild steel and high strength steel S690 under low temperature relevant to Arctic environment[END_REF], but increases the modulus of elasticity of concrete due to the improved compactness produced by the frozen water in the pore of concrete, which results in improved initial stiffness of concrete core. However, with the certain fixed ratio of slenderness ratio, the failure mode of steel tube gradually changes from elastic to plastic buckling mode as the decreasing temperature increases its yield strength. This would significantly reduce the ductility of the steel tube as the CCFST-SC achieves its ultimate compressive resistance.

Effect of wall thickness of steel tube (t)

Fig. 9(a)~(c) shows the influences of t on Pu, Ke, and ɛc at different temperature levels, respectively. It can be observed that (1) increasing t from 3.2 mm to 5.8 mm averagely increases the Pu by 54%, 54%, 43%, and 30% for CCFST-SC at 20, -30, -60, and -80ºC respectively; (2) the increments in Pu receiving from the same change of t tends to decrease as T decreases. This can be explained by that with the same reduced magnitude of T, the increases in concrete compressive strength are larger than steel compressive strength, e.g. as T decreases from 20 to -80ºC, the fc was increased by 74% whilst the steel yield strength was only increased by 24%. Fig. 9(b) also shows that as t increases from 3.2 mm to 5.8 mm the Ke value of CCFST-SC was increased by 20%, 18%, 28%, and 24% for CCFST-SC at 20, -30, -60, and -80ºC, respectively. This implies that the increments of Ke shows less significant correlation to the low temperature. This because the elastic modulus of mild steel was marginally influenced by the low temperature as reported by Yan et al. [START_REF] Yan | Mechanical properties of mild steel and high strength steel S690 under low temperature relevant to Arctic environment[END_REF], and the changes of Ke due to low temperature was the main reason to the increased modulus of elasticity of concrete. As t increases from 3.2 mm to 5.8 mm the ɛc values were increased by 215%, 137%, 102%, and 29% at low temperatures of 20, -30, -60, and -80ºC, respectively. The increments of ɛc tends to decrease significantly as low temperatures decreases. This is because that T increases the yield strength of mild steel [START_REF] Yan | Mechanical properties of mild steel and high strength steel S690 under low temperature relevant to Arctic environment[END_REF], which triggered steel tube's earlier local buckling.

The thickness of steel tube changes its slenderness ratio D/t. Moreover, changing the t value of steel tube leads to different confinement factors for CFST-SC as the following;
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As listed in Step I: Calculating axial compressive strain in steel tube ( ,

s i ε ) and concrete ( , c i ε )
At loading level i, for certain shortening i ∆ , the vertical compressive strain in the concrete and steel tube are found as follows;
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Step II: Calculating hoop strain in steel tube

The proposed model by Teng et al. [START_REF] Teng | Theoretical Model for Fiber-Reinforced Polymer-Confined Concrete[END_REF] was used to describe the vertical strain and hoop strain as the following; 0.7 , , , ' 0.85 1 8 1 0.75 exp 7 Since the determination of , r i f would use the hoop stress , h i σ of tube in the following steps, which requires iterations and will be introduced at the end of Step III. The initial assumed value is required, and herein adopted as a small value.
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Step III: Determining axial compressive stress and hoop stress in steel tube

The steel tube can be treated as plane-stress case by ignoring the stress in the radial direction. Thus, the axial compressive stress and hoop stress can be determined by the following method as the following;
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The increments of the hoop and axial stress of steel tube at loading level i can be determined as the following;

(1) Elastic stage ( ,

0 s i e ε ε ≤ ≤ )
The incremental axial stress and hoop stress can be determined according to the Hook's law as the following;
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where, s µ is the Poisson's ratio , and herein equals to 0.3; s E denotes low-temperature elastic modulus for steel.

(2) Elastic-plastic stage ( , e s i y

ε ε ε < ≤ )
The incremental axial stress and hoop stress at the elastic-plastic working stage follows the method in Ref. [START_REF] Zhong | The Concrete-filled Steel Tubular Structures[END_REF], i.e.,
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where, 0.8 p y f f = is the strength at proportional limit; , s i σ and , h i σ are vertical strain and hoop strain at loading level i, respectively, which are determined by Eqn. ( 5) and ( 6).

(3) Plastic hardening stage (

, y s i u ε ε ε < ≤ )
The incremental axial stress and hoop stress in the steel tube at the plastic stage can be determined by the method proposed by Zhang et al. [START_REF] Zhang | Behavior of Steel Tube and Confined High Strength Concrete for Concrete-Filled RHS Tubes[END_REF] as the following;
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Step IV: Determine axial compressive stress in concrete by given strains

The axial compressive stress in the concrete core is determined following the method in Ref. [START_REF] Han | Concrete Filled Steel Tubular Structures-Theory and Practice[END_REF] as the following;
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Step V: Determine axial reaction forces of the CCFST-SC Thus, the reaction force of the CCFST-SC at loading level i, Pi, can be determined through summarizing the reaction force components of steel tube and concrete as the following;

, , i c i s i
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) , s i s,i s P A σ = ( 29 
)
where, A c denotes concrete cross-sectional area; A s denotes tube cross-sectional area.

Validations

Fig. 11(a)~(h) compares the predicted axial compressive load versus shortening curves with the experimental ones. It shows that the simulated load-shortening curves predicted by the theoretical models agree reasonably well with the experimental curves even though some differences exist in the curves at recession working stages. Table 1 shows the predicted Pu and Ke values by the developed theoretical models. It shows that for the 25 test results in Table 1, the average error of predictions by theoretical models of Pu is 0% with a coefficient of variation (Cov) of 4%. Meanwhile, the initial stiffness was averagely underestimated by 7% with a Cov of 7%. Thus, the above validations prove that the developed theoretical models could simulate the low-temperature compressive behaviours of CCFST-SCs.

Modified code provisions on ultimate compressive resistance of CCFST-SC at low temperatures

Different modified code equations

In this section, modified prediction equations in AISC 360-10 [START_REF]Specification for structural steel buildings[END_REF], ACI 318 [START_REF]Building code requirements for structural concrete and commentary[END_REF],

Eurocode 4 [START_REF]Eurocode 4. Design of Composite Steel and Concrete Structures[END_REF], and Chinese code GB 50936-2014 [START_REF]Technical code for concrete filled steel tubular columns[END_REF] 

 ≤ =  >  (30) 0 2 2 y s c c cr eff P f A C f A P EI KL π = + = (31) 
where, C2 = 0.85 for rectangular section and 0.95 for circular cross section [START_REF]Specification for structural steel buildings[END_REF]; 

ACI y s c c P f A f A = + (32)
where, As and Ac denote area of external steel tube and concrete core, respectively; fy steel tube's yield strength; fc is the concrete compressive strength.

Eurocode 4 [START_REF]Eurocode 4. Design of Composite Steel and Concrete Structures[END_REF] specified ultimate compressive strength of CCFST-SC (Pu, EC4) as the following; 
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In Eqn. (36), the effective flexural stiffness (EI)eff is used to determine the elastic critical normal force Pcr as the following;

( )

s s e c c eff EI E I K E I = + (38) 
where, Ke =0.6; Is is steel tube's second moment of area; Ic is concrete's second moment of area.

Chinese code GB 50936 [START_REF]Technical code for concrete filled steel tubular columns[END_REF] defines the Pu of CCFST-SC (Pu, GB) as the following;

( ) ( ) 2 ' ,GB 1.212 u s c c P A A m n f θ θ = + ⋅ + + (39) 
0.176 / 213 0.974 for circular cross section 0.131 / 213 0.723 for square cross section It should be pointed out that the mechanical properties of both steel tube and concrete core should be used to determine the ultimate compressive resistance of CCFST-SC.

y y f m f +  =  +  (40) 
Moreover, partial safety factors in Eqn. ( 30)~(42) herein equals to 1.0.

Validations

The predicted Pu values of CCFST-SCs by the modified equations are listed in Table 1.

Fig. 12 compares the prediction-to-test ratios by different code equations. These table and figure show that the modified ACI318 and AISC360 code equations offer relative more conservative estimations on Pu values of CCFST-SCs at low temperatures ranging 20ºC to -80ºC compared with the rest three methods. For 25 tests (14 tests in this paper and 11 tests in Ref. [START_REF] Yan | Compressive behaviours of CFST stub columns at low temperatures relevant to the Arctic environment[END_REF]), modified ACI318 equations averagely underestimate the Pu of CCFST-SCs at low temperatures by 26% with a Cov of 0.04; meanwhile, the modified AISC360-10 equations offer and an average 23% underestimation on Pu with a Cov of 0.04 for 14 test results. GB50936 offers a relative high average prediction-totest ratio of 0.95, but exhibits the largest Cov value of 0.08 among the five prediction models. The developed theoretical models and Eurocode 4 equations averagely underestimate the test results by only 0% and 3%, respectively. In addition, the Covs of 25 test-to-prediction ratios for the theoretical model and Eurocode 4 exhibit small values of 4% and 5%, respectively. Thus, the developed theoretical models and Eurocode 4 equations are recommended to determine the low-temperature ultimate compressive resistance of CCFST-SCs. However, all these models were verified by limited tests. Further validations are still required.

Conclusions

This paper reported experimental and analytical studies on ultimate compressive behaviour of CCFST-SCs at low temperatures of 20~ -80ºC. Firstly, 14 compressive tests on CCFST-SCs were firstly performed at low temperatures of 20~ -80ºC. Then, this paper reported and discussed influences of different parameters on ultimate compressive behaviours of the CCFST-SCs. Followed, this paper also developed theoretical models to simulate the compression versus shortening behaviour of the CCFST-SCs. In addition, modified code equations were also developed for the determination of Pu of CCFST-SCs. The accuracies of the theoretical models and modified prediction equations were validated by the reported 14 test results and 11 tests in Ref. [START_REF] Yan | Compressive behaviours of CFST stub columns at low temperatures relevant to the Arctic environment[END_REF]. Some conclusions were from these experimental and analytical studies as the following;

(1) At testing low temperatures of 20~-80ºC, three types of failure mode occurred to CCFST-SCs that include shear mode, concrete crushing, outward buckling of external steel tube, and vertical tensile fracture of the steel tube. The inclination angle of the shear failure surface is within 40~60 degree. Severe outward buckling occurred to external steel tubes after the peak resistance. Vertical tensile fracture cracks were also observed in two specimens at low temperature of -60 and -80ºC.

(2) Three working stages were observed in the axial compressive tests on CCFST-SCs at low temperature, i.e., elastic working stage, elasto-plastic working stage due to yielding (or buckling) of steel tube and nonlinear behaviour of concrete core, and post peak recession working stage.

(3) Low temperatures result in improvements on Pu and Ke values of CCFST-SCs. However, its ductility was compromised due to that the increased yield strength of steel tube induced earlier buckling of the steel tube. As low temperatures decreased from 20 to -80ºC, the Pu and Ke of CCFST-SC with 3.2 mm-thick tube were increased by 36% and 16%, respectively; meanwhile, ɛc was decreased by 83%.

(4) With the same increases of t from 3.2 mm to 5.8 mm, the increments of Pu and ɛc were reduced by 44% and 87% as the temperature reduces from 20 to -80ºC. However, the low temperature exhibited marginal influences on the improvements of Ke benefiting from the increased wall thickness of steel tube.

(5) The validations of the tested 25 tests confirmed that the proposed theoretical models predict well the low-temperature compression versus shortening behaviours of CCFST-SCs. The prediction errors on u Pu and Ke of CCFST-SCs at low temperatures are 0% and 7% for the 14 test results, respectively. [START_REF] Ibañez | Shape effect on axially loaded high strength CFST stub columns[END_REF] The modified ACI318 and AISC360-10 code equations offer the most conservative predictions on Pu of CCFST-SCs at low temperatures with an average prediction errors of 26% and 23%, respectively. Modified GB50936 equations offer a relative high average prediction-to-test ratio of 0.95, but exhibit the largest Cov of 0.08. The theoretical models of authors and modified Eurocode 4 equations offer the most accurate predictions on Pu of CCFST-SCs with average errors of 0% and 3%, respectively. These two methods were recommended for the predictions on lowtemperature ultimate compressive resistance of CCFST-SCs.

However, the developed theoretical models and modified code prediction equations were only validated by 25 test results. Further validations are still required. 
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 6 Figure 6(a) and (b) plots load versus shortening (P-Δ) curves of the CCFST-SC with 3
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 41 Fig.10(a)-(c) depicts the effects of ξ on generalized load (P/Pu)-strain behaviours of CCFST-SC at different T. It can be found that the decreased confinement factors reduce the strength hardening during the recession stage in the P/Pu versus strain curves. As pointed by Han et al.[START_REF] Han | Concrete Filled Steel Tubular Structures-Theory and Practice[END_REF], the strength hardening exists in the CCFST-SCs designed with ξ values larger than 1.0, and CCFST-SCs designed with higher ξ values exhibits stronger strength hardening in recession working stage, which can be reflected in Fig.10(b).4 Theoretical models on compressive behaviour of CCFST-SC at low temperatures Theoretical models on axial load versus shortening behaviourAt low temperatures, the axial load versus shortening behaviour of the CCFST-SC can be obtained by iterative method.
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  are axial compressive strains of concrete and tube at loading level i, denotes incremental strains in tube and concrete, respectively.
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  co is the ultimate compressive stress; co ε is the strain at' 

  + C1Ec Ic , denotes the cross-sectional effective stiffness of CFST-SC; 31] specified the ultimate compressive resistance of CCFST-SC (Pu, ACI) as the following;
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  denotes compressive strength of concrete prisms measuring 150×150×300 mm 3 .
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  Fig.1CFST column in steel-concrete composite bridges
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 35 Fig. 3 Direct tensile tests on steel coupons at low temperatures

  

  

Table 1

 1 , as the temperature decreases from 20 to -30, -60, and -80ºC the confinement factor ξ for the CCFST-SC with 3.2 mm-thick steel tube was decreased from 0.99 to 0.99, 0.81, and 0.70, respectively; the ξ for the CCFST-SC with 4.6 mmthick steel tube was decreased from 1.54 to 1.45, 1.29 and 1.16, respectively; meanwhile, the ξ for the CCFST-SC with 5.8 mm-thick steel tube was decreased from 2.02 to 1.94, 1.54, and 1.30, respectively.

Table 1

 1 Details and results of CFST columns subjected to axial compression at low temperatures 601 is diameter of circular tube or longer side of square tube; B is length of shorter side of square tube; r is radius at corner of square tube; t denotes thickness of steel tube; T is low temperature; fcuT and fcT are compressive strengths of concrete cubes and cylinders at T, respectively; EcT denotes modulus of elasticity of concrete at T; fyT, fuT,and EsT denotes yield strength, ultimate strength, and elastic modulus of steel tube, respectively; εsF denotes fracture strain; Ac and As denote cross-sectional area of concrete and steel tube, respectively; Ke and Ka denote experimental and analytical initial stiffness of CFST column, respectively; εu denotes compressive strain at ultimate compressive resistance for circular CFST column; DI denotes ductility index for square CFST column; Pu experimental ultimate compressive resistance of CFST column; Pu, ACI, Pu, AI, Pu, EC4, and Pu, GB denotes predicted ultimate compressive resistance by ACI, AISC, EC4, and GB50936, respectively.

	Item	Resource	Item	D (mm)	t (mm)	D/t Ratio	T (ºC)	fcuT (MPa)	fcT (MPa)	EcT (GPa)	fyT (MPa)	fuT (MPa)	EsT (GPa)	εsF	As (mm )	Ac (mm 2 )
	1	This paper	Ct3T20-1	131.8	3.2	41.2	20	44.2	34.0	27.0	320	416	213	0.31		12344
	2		Ct3T20-2	131.8	3.2	41.2	20	44.2	34.0	27.0	320	416	213	0.31		12344
	3		Ct3T-30	131.8	3.2	41.2	-30	47.5	37.4	29.0	353	433	219	0.32		12344
	4		Ct3T-60-1 131.8	3.2	41.2	-60	58.6	48.8	33.0	378	445	225	0.33		12344
	5		Ct3T-60-2 131.8	3.2	41.2	-60	58.6	48.8	33.0	378	445	225	0.33		12344
	6		Ct3T-80-1 131.8	3.2	41.2	-80	74.1	59.2	36.0	398	454	233	0.35		12344
	7		Ct3T-80-2 131.8	3.2	41.2	-80	74.1	59.2	36.0	398	454	233	0.35		12344
	8		Ct6T20-1	133.9	5.8	23.1	20	44.2	34.0	27.0	345	433	203	0.33		11747
	9		Ct6T20-2	133.9	5.8	23.1	20	44.2	34.0	27.0	345	433	203	0.33		11747
	10		Ct6T-30	133.9	5.8	23.1	-30	47.5	37.4	29.0	364	451	207	0.34		11747
	11		Ct6T-60-1 133.9	5.8	23.1	-60	58.6	48.8	33.0	378	465	231	0.37		11747
	12		Ct6T-60-2 133.9	5.8	23.1	-60	58.6	48.8	33.0	378	465	231	0.37		11747
	13		Ct6T-80-1 133.9	5.8	23.1	-80	74.1	59.2	36.0	389	475	235	0.37		11747
	14		Ct6T-80-2 133.9	5.8	23.1	-80	74.1	59.2	36.0	389	475	235	0.37		11747
	15	Ref. [22]	C1	133.1	4.6	28.9	20	43.9	35.0	27.8	330	429	206	0.30		12059
	16		C2	133.1	4.6	28.9	-30	45.3	35.3	27.9	352	457	210	0.32		12059
	17		C3-1	133.1	4.6	28.9	-60	53.5	44.0	31.2	370	484	211	0.34		12059
	18		C3-2	133.1	4.6	28.9	-60	53.5	44.0	31.2	370	484	211	0.34		12059
	19		C4-1	133.1	4.6	28.9	-80	60.7	50.3	33.3	380	494	213	0.35		12059
	20		C4-2	133.1	4.6	28.9	-80	60.7	50.3	33.3	380	494	213	0.35		12059
	21		C4-3	133.1	4.6	28.9	-80	60.7	50.3	33.3	380	494	213	0.35		12059
	22		C5	131.8	3.2	41.2	-60	53.5	44.0	31.2	378	445	209	0.33		12344
	23		C6	133.9	5.8	23.1	-60	53.5	44.0	31.2	378	465	205	0.32		11747
	24		C7	133.1	4.6	28.9	-60	47.2	37.3	28.7	370	484	211	0.34		12059
	25		C8	133.1	4.6	28.9	-60	65.5	54.0	34.5	370	484	211	0.34		12059
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