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This paper evaluates the axial compressive behaviour of concrete stub columns confined by steel tubes (CSC-CSTs) at low temperatures of 30~-80℃ relevant to cold regions. Experiments including ten circular and ten square CSC-CSTs subjected to axial compression at four low temperatures were carried out. The studied parameters included low temperature (T), different grades of NWC (fc), wall-thickness of the steel tube (t), and height of the CSC-CSTs (L). The test results revealed that bulge of steel tubes, concrete crushing, and vertical fracture in steel tube (only in square CSC-CSTs) occurred to CSC-CSTs. The load-shortening (P-S) behaviour of CSC-CSTs exhibits similar manner in the first elastic and nonlinear working stage, but varies at their recession stages due to different confinement ratio by steel tube. Low temperatures improved axial compressive behaviours of CSC-CSTs. Increasing concrete strength improved the compressive strength of CSC-CSTs at low temperatures, but reduced their ductility. Thicker steel tube improved the P-S behaviour of CSCCSTs at low temperatures whilst the height of CSC-CSTs exhibited marginal influences on their low-temperature compressive behaviours. Theoretical models were developed to estimate P-S behaviours of CSC-CSTs, and validations against 20 test results confirmed their accuracy.

Nomenclature

Ac= cross-sectional area of concrete column As = cross-sectional area of steel tube B= external width of square steel tube D= external diameter of circular steel tube De= the diameter of equivalent circular cross section;

T c E = modulus of elasticity at T L= height of concrete column Pi = axial force of columns at i th increment Pu= ultimate compressive resistance Si = axial shortening of columns at i th increment T = temperature level, in ℃ fco = uniaxial concrete compressive strength , T cc i f = concrete compressive strength under i th -level confining stress at T fyT = yield strength at T t= thickness of steel tube εco = strain at fco εh= hoop strain in steel tube εv =vertical strain in steel tube εyT = yield strain at T , T cc i ε = compressive strain of concrete under i th -level confining stress at T , T h i ε = hoop strain in the concrete at i th increment at T , T s i ε = hoop strain in the steel tube at i th increment at T , T v i ε = vertical strain for concrete at i th increment at T , T h i σ = radial confining stress acting on concrete column at i th increment at T , T s i σ = hoop stress in steel tube at i th increment at T , T v i σ = vertical compressive stress for concrete at i th increment at T ξ= confinement ratio μ= hoop-to-vertical strain ratio

Introduction

The concrete filled steel tubes (CFSTs) have been widely used in civil and offshore constructions for many years, e.g., bridges, offshore platforms, high-rise buildings, and airport spacing structures. Their extensive advantages including high compressive strength, ductility, seismic performance, reduced site construction labour force and cost, and increased construction efficiency has been widely accepted [START_REF] Han | Developments and advanced applications of concrete-filled steel tubular (CFST) structures: Members[END_REF][START_REF] Ren | Experiments on special-shaped CFST stub columns under axial compression[END_REF][START_REF] Aslani | Predicting the axial load capacity of high-strength concrete filled steel tubular columns[END_REF][START_REF] Li | Seismic performance of concrete-encased CFST column to steel beam joints with different connection details[END_REF][START_REF] Esra | Axial compression capacity of circular CFST columns transversely strengthened by FRP[END_REF][START_REF] Lam | Finite element analysis of concrete filled lean duplex stainless steel columns[END_REF]. Recently, the number of steel-concrete composite structures in cold regions keeps increasing, e.g., railway bridges in northern China [START_REF] Hou | Design methods of headed studs for composite decks of through steel bridges in high-speed railway[END_REF], temporary structures [START_REF] Wang | Behavior of innovative circular ice filled steel tubular stub columns under axial compression[END_REF], and the Arctic offshore platforms [START_REF] Marshall | Bond Enhancement for sandwich shell ice wall[END_REF][START_REF] Ramnath | Nonlinear Finite Element Analysis of the Composite Ice Wall[END_REF]. Therefore, as the key element in these cold-region structures, CFSTs reserved detailed investigations.

Previous extensive studies were performed on the concrete stub columns with different confining technologies. Han et al. [START_REF] Han | Behavior of thin walled steel tube confined concrete stub columns subjected to axial local compression[END_REF] studied the mechanical properties of concrete-filled steel tubular short columns under axial compression. The behaviours of CSCs confined by the steel tubes subjected to compression have been reported by Nematazadeh et al. [START_REF] Nematzadeh | Compressive behaviour of circular steel tube-confined concrete stub columns with active and passive confinement[END_REF]. Their testing program considered both active and passive confinement condition, and new empirical formulae have been developed to estimate compressive behaviours of confined stub concrete columns. In the test, the failure of all samples was caused by the fracture of steel tube at the middle height. Moreover, Nematzadeh et al. [START_REF] Nematzadeh | Experimental study on modulus of elasticity of steel tube confined concrete stub columns with active and passive confinement[END_REF] also performed tests to study the modulus of elasticity of CSCs with active or inactive bonding measures. In addition, all specimens in the test failed because of the fracture of the steel tube, which began in the middle of the steel tube and extended along the longitudinal direction. Zhou et al. [START_REF] Zhou | Behavior of concrete columns confined with both steel angles and spiral hoops under axial compression[END_REF] reported experimental studies on the compressive behaviours of CSCs confined by steel angles working with spiral hoops. Ding et al. [START_REF] Ding | Behavior of circular thin-walled steel tube confined concrete stub columns[END_REF] made investigations on compressive behaviours of CSCs confined by steel tubes. Kim et al. [START_REF] Kim | Behavior of hybrid double skin concrete filled circular steel tube columns[END_REF] contributed to the topics on CSCs confined with hybrid bonding measures. Alzeebaree et al. [START_REF] Alzeebaree | Performance of FRP confined and unconfined geopolymer concrete exposed to sulfate attacks[END_REF] investigated the compressive behaviours of geopolymer CSCs with confinement of FRP. Patel et al. [START_REF] Patel | Confined concrete model for circular, elliptical, and octagonal CFST short columns[END_REF] developed the constitutive models for confined CSCs in circular, elliptical, and octagonal shapes.

Hoang et al. [START_REF] Hoang | Experimental study on structural performance of UHPC and UHPFRC columns confined with steel tube[END_REF] studied the compressive performances of high strength CSCs confined by the steel tube through 18-specimen testing program. All test columns failed in shear mode of the concrete core. Though previous extensive comprehensive studies on the CSCs confined by different technologies have been reported, they mainly studied on the confined CSCs at ambient temperatures. The information on the behaviours of CSCs confined with steel tubes at low temperatures is still limited.

Since the CFST columns are key structural elements in the composite constructions (see Fig. 1), it is of interest to in-depth studies on behaviours of CSCs confined with steel tubes at low temperatures of cold-or Arctic-regions.

Extensive works have been carried out on low-temperature mechanical properties of constructional materials. These experimental data on low-temperature mechanical properties of mild steels show that low temperatures improve the strength of mild steel faceplates [START_REF] Ehlers | Increased crashworthiness due to arctic conditions-The influence of sub-zero temperature[END_REF][START_REF] Yan | Mechanical properties of mild steel and high strength steel S690 under low temperature relevant to Arctic environment[END_REF], reinforcements [START_REF] Elices | Behaviour at cryogenic temperatures of steel for concrete reinforcement[END_REF][START_REF] Lahlou | Behavior of the reinforced concrete at cryogenic temperatures[END_REF][START_REF] Yan | Experimental studies on mechanical properties of steel reinforcements under cryogenic temperatures[END_REF], and headed studs [START_REF] Xie | Mechanical properties of headed studs at low temperatures in the Arctic infrastructures[END_REF]. However, the ductility of the mild steel faceplate was not compromised within a temperature range of 30~-80ºC [START_REF] Ehlers | Increased crashworthiness due to arctic conditions-The influence of sub-zero temperature[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] Xie | Mechanical properties of headed studs at low temperatures in the Arctic infrastructures[END_REF]. The experimental studies on compression behaviours of NWC showed that the compressive strength of NWC was significantly increased as the low temperature went down [START_REF] Liu | Experimental Investigation on Mechanical Property of Concrete Exposed to Low Temperatures[END_REF][START_REF] Xie | Experimental studies and analysis on compressive strength of normal weight concrete at low temperatures[END_REF]. These improved low-temperature mechanical properties of materials definitely affect structural behaviours of composite structures.

Including the research works on low-temperature mechanical properties of constructional materials, there were still some pilot research works on structural behaviours of steel-concrete composite structures (SCCSs). Shear behaviours of connectors in SCCSs at low temperatures have been reported by Dalen [START_REF] Dalen | The strength of stud shear connectors at low temperatures[END_REF] and Yan and Xie [START_REF] Yan | Shear behaviour of headed stud connectors at low temperatures relevant to the Arctic environment[END_REF]. Their test results exhibited that low temperatures improved shear strength of headed studs. Yan et al. [START_REF] Yan | Bond behaviour of concrete-filled steel tubes at the Arctic low temperatures[END_REF] studied the low-temperature bonding of CFST columns. And their test results showed that the bonding behaviour at concrete-tube interface was significantly increased at the low temperatures. Further axial compression tests on CFST stub columns [START_REF] Yan | Compressive behaviours of CFST stub columns at low temperatures relevant to the Arctic environment[END_REF] and double skin composite walls [START_REF] Yan | Compressive behaviours of novel SCS sandwich composite walls with normal weight concrete[END_REF][START_REF] Yan | Compressive behaviours of novel steel-concrete-steel sandwich walls at low temperatures[END_REF] showed that the compressive behaviours of these steel-concrete composite compression elements were improved at low temperatures. However, the low-temperature compressive behaviours of CSCs confined with steel tubes have not been fully studied so far. It is necessary to perform corresponding studies on the compressive behaviours of CSCs confined with steel tubes at low temperatures, which will further provide necessary test data for the calibrations of numerical or theoretical models on compression resistance of CFST columns at low temperatures. This paper made efforts on compression behaviours of CSCs confined with steel tubes (CSC-CSTs) at different cold or Arctic low temperatures. Ten circular and ten square CSC-CSTs were prepared in the testing program. The parameters for both circular or square CSC-CSTs were the same, i.e., low temperature (T), different grades of NWC (fc), wall-thickness of the steel tube (t), and height of CSC-CSTs (L). Including experimental studies, analytical models were established to simulate axial load versus shortening behaviour of CSCs confined by external steel tubes. And their accuracies were validated through 20 axial compression tests.

Axial compression test at low temperature 2.1 Test specimens

Twenty CSC-CSTs were prepared in the testing program among which there were ten circular CSC-CSTs whilst the rest are in square. Thus, these 20 CSC-CSTs were in two groups depending on their shapes. Fig. 2 illustrates the geometry of CSC-CSTs.

Each circular steel tube measures 133 mm in external diameter (D), and the width for square steel tube (B) is 120 mm. Thus, the sectional area equals to 13893 mm 2 for circular tube that is close to 14383 mm 2 for that of square tubes. In each specimen, the concrete core was 20 mm shorter than the external steel tube at both ends, which facilitates the sole loading on the concrete core.

The parameters considered in this program were shapes of the CSC-CSTs (circular or square), low temperature (T), different grades of NWC (fc), wall-thickness for steel tube (t), and height of the CSC-CSTs (L). For ten circular CSC-CSTs (CCSC-CSTs), the L values of the CCSC-CSTs are 360 mm with an L/D ratio of 2.7 (less than 4.0) except C9 and C10. Similarly, for square CSC-CSTs, the height of each specimen measures 360 mm with the L/B ratio of 3.0 (less than 4.0). C1, C9, and C10 were prepared with L value of 360, 210, and 560 mm, respectively. Specimens C2, C3, C1, and C4 were tested at 30, -30, -60, and -80℃, respectively. The temperature range of 30~-80℃ considers the lowest historic temperature in the Arctic of about -72℃ [START_REF] Stjpanova | On the lowest temperatures on earth[END_REF].

The grades of concrete filled with circular CSC-CSTS C1, C5 and C6 are C40, C30 and C50, respectively. Circular CSC-CSTs C1, C7, and C8 were made of steel tubes in different t values of 4.5, 3.0, and 5.75 mm, respectively. For square CSC-CSTs (SCSC-CSTs), testing temperatures for S1, S2, S3, and S4 were -60, 30, -30, and -80℃, respectively; S1, S5, and S6 were filled with C40, C30, and C50 NWC, respectively; S1, S7, and S8 were fabricated by steel tubes in wall-thickness of 4.0, 2.75, and 5.0, respectively; S1, S9, and S10 were in different L values of 360, 210, and 510 mm, respectively. The shape of the CSC-CSTs on compressive behaviour of infilled-concrete stub column can be obtained through comparisons on test results between the ten CCSC-CSTs and ten SCSC-CSTs. Fig. 2 illustrates more geometric details of the representative specimen. Table 1 lists more details of CCSC-CSTs C1~10 and SCSC-CSTs S1~10.

Both CCSC-CSTs and SCSC-CSTs adopted the mild steel Q235B for the fabrication of circular or square steel tubes. The steel tubes used in the test were cold-rolled steel tubes, and the weld of rectangular steel tube was at the middle point of side length, not at the corner. Since all the CSC-CSTs were tested at different low temperatures, direct tensile tests on coupons cut from steel tubes following GB/T228.1 [START_REF]Metallic materials: tensile testing[END_REF] were performed to obtain their mechanical properties at different T values of 30, -30, -60, and -80℃. Fig. 3 plots low-temperature stress-strain curves of circular and square steel tubes. Table 1 tabulates more mechanical properties of these tubes. C30, C40, and C50 NWC were used in this testing program. Mix proportions of these three mixes are given in Table 2. Low-temperature compressive strengths of NWC were obtained through compression tests on 100×100×100 mm 3 cubes. Table 1 gives the details of their mechanical properties.

Test setup and measurements

Fig. 4 illustrates setup for CSC-CSTs subjected to axial compression at low temperature. The tests were performed under a 300-ton loading machine. Each CSC-CSTs was surrounded by a cooling chamber installed in the testing frame during the test, which was used to provide the simulation of low-temperature environment.

Before testing, each CSC-CST was reserved in a cold storage for 48 hours to cool down the CSC-CST to testing temperatures, which follows the Chinese code GB 51081-2015 [START_REF]Technical Code for Application of Concrete Under Cryogenic Circumstance[END_REF]. During this procedure, an embedded PT-100 thermal sensor in the centre of concrete core was used to measure its inside temperature. After this cooling process, the CSC-CST was transferred to the loading machine equipped with the chamber. The cooling chamber with external insulation materials was used to maintain the temperature of CSC-CSTs at the designed testing low temperature. To make up the heat loss during the testing, LNG was sprayed to the CSC-CSTs during the testing as shown in Fig. 4. Three PT-100 thermal sensors attached to the steel tube and one PT-100 inside the CSC-CSTs during the casting were used to measure inside and outside temperatures of CSC-CSTs. In addition, the measured temperatures were inputted as the feedback information on the injection of LNG. After this low-temperature setting process, the compression tests were then performed. Each specimen was inserted with two steel blocks at both ends that measures 65 mm in height and close diameter/width to the concrete core, which facilitates the sole loading on CSCs and prevents external steel tubes from loading. The actuator applies the displacement loading to top steel block. The loading was in displacement-controlled mode, and the loading rate was 0.15mm/min. As the load dropped to below 85% peak load, the loading would be terminated. As shown in Fig. 4 There are no differences in the first and second working stages of these P-S curves, and the differences of these P-S curves exist in their post-peak recession stages that are mainly governed by their confinement effects from steel tubes. In Fig. 7(a), the circular CSCs exhibit three types of recession branches in P-S curves. The specimens C1 (T=-60℃), C3 (T=-30℃), C4(T=-80℃), C5 (fc=30 MPa), and C9 (L=210 mm) exhibits the type I P-S softening curve. In the type I curve, the load carrying capacity firstly slightly decreases after the peak load (i.e., curve BC in Fig. 7) and then exhibits a low-sloped increase in the P-S curve [i.e., curved CD in Fig. 7(a)]. For specimens exhibit type I curves, the low temperature for C1 and C3~4 leads to faster contraction of external steel tube than concrete, and thus provided stronger confinement on the in-filled concrete, which results in slight strength recovery during the softening stage of C1 and C3~4 than that of C2 tested at 30℃ that exhibits a descending softening branch. Specimens C2, C8 and C10 exhibit the type II softening branch in P-S curve, which firstly exhibits a slight decrease in its load carrying capacity [i.e., curve BC in Fig. 7(a)] and then maintains the load carrying capacity at this level, i.e, curve CE in Fig. 7(a). Specimens C6 and C7 exhibit the type III P-S curve with obvious decreases in their load carrying capacities, i.e., curve BF in Fig. 7(a). Specimens C6 was designed with high strength concrete and C7 was confined by 3.0 mm-thick steel tubes, which exhibits lower confinement ratio ( )

/ y s c c f A f A ξ =
. However, P-S curves of square CSC-CSTs exhibit close behaviours to each other as shown in Fig. 7(b). The first and second stages are close to those P-S curves of circular CSC-CSTs. After the ultimate load capacity, the softening branch of the P-S curve firstly exhibits a sharp drop, and then increases again. The strength recovery after the peak load is due to the expansion of the crushed concrete and the steel tube provides confining stress.

However, the drop magnitude of load capacity varies with different parameters of T, fc, and t. SCSC-CSTs with higher fc for concrete and smaller t value of tube exhibit sharper drop in their compression resistances after the peak loads due to the reduced confinement ratio by steel tube. Some P-S curves exhibit a second peak load as the vertical tensile fracture occurred to steel tube due to their large hoop stress [see Fig. 

Load-strain behaviour

Fig. 8 plots the representative load-strain curves of the mid-height position of steel tubes in CSC-CSTs. Both vertical strain (εv) along the loading direction and hoop strain (εh) were plotted for each specimen. These figures show the following observations;

(1) Generally, the vertical strain of steel tubes in CCSC-CSTs develops faster than the hoop strain. Both the vertical strain and the hoop strain develop rapidly after the peak load caused by the expansion of internal concrete.

(2) For circular CSC-CSTs with higher confinement ratio (e.g., C2~3 and C9), the vertical strain achieves the yielding value at the end of stage I. After that, in the followed stage II, the load-strain curves exhibit the nonlinear manner until achieving the peak load. Meanwhile, the hoop strain also develops fast due to the concrete column expansion, which implies the crushing of inside concrete column.

Thus, the external steel tube offers large confinement until the specimen achieves its peak load, which means the steel tube reaches the yield strength before the concrete reaches the maximum compression stress. For circular CSC-CSTs with higher confinement ratio (e.g., C7 designed with t=3.0 mm), both vertical and hoop strain do not achieve their yielding points as the specimen achieves their peak load, which implies the low confinement of external steel tube. After the ultimate load, both vertical and hoop strains develop fast due to the expansion of crushed concrete column.

(3) For most of the square CSC-CSTs, both the vertical and hoop strains of the tube do not yield at peak loads of CSC-CSTs due to the weak confinement of steel tubes, which means the steel tube do not reach the yield strength before the concrete reaches the maximum compression stress. After the peak load, both the vertical and hoop strains develop fast and exceed their yielding points due to the crushed-concrete-column expansion.

(4) Even though the yield strength and thickness of circular steel tube and square steel tube are the same, the confinement of circular steel tube is stronger than that of steel tube. This effect will be discussed later.

Hoop-to-vertical strain ratio curves

The hoop-to-vertical strain ratio (μ) is an index to describe the confinement of external steel tube on inside concrete column as the following;

h v = ε µ ε (1) 
where, εh denotes the hoop strain; εv denotes the vertical strain.

Fig. 9 depicts the representative generalized load versus strain ratio curves of CSC-CSTs. For specimens C2, C10, S1 and S8, as the generalized load ratio (P/Pu) is smaller than 0.9, the strain ratio (μ) remains at the level of about 0.3, i.e., Poisson's ratio of steel materials, which implies elastic behaviours of specimens. After this elastic stage, in the followed stage as the P/Pu is beyond 0.9, the strain ratios (μ) of C2, C10, and S1 increases faster from 0.3 to more than 1.0, which implies the development of nonlinear behaviour of steel tubes due to the expansion of inside concrete columns. For specimen S8 at this working stage, the strain ratio (μ) decreases due to the strain release or slippage produced by the initial eccentricity.

For specimens C3 and C9, as the P/Pu ratios are smaller than 0.3, their strain ratios (μ) remain at about 0.3. After this stage, the strain ratio (μ) keeps increasing as the P/Pu ratios are around 0.7 and 0.9 for C9 and C3, respectively. Beyond this stage, in the plastic stage, the strain ratios develop very fast to about 1.0 due to the expansion of inside crushed concrete columns.

Discussions

The confinement ratio ( ξ ) is used to describe confining effects of steel tube on internal concrete columns, which is specified as the following;

( )

/ yT s cT c f A f A ξ = (2) 
where, fyT denotes the yield strength at low temperature (T); fcT denotes compressive strength of concrete column at T; As and Ac are the cross-sectional area of steel tube and concrete column, respectively.

Effect of low temperature (T)

Fig. 6(a) and 6(e) plot the influence of T on P-S curves of CCSC-CSTs and SCSC-CSTs, respectively. Fig. 10(a) shows the effect of T on peak resistance of CSC (Pu). They show that low temperatures improve compressive behaviours of both square and circular CCSC-CSTs. The ductility of the CCSC-CSTs and SCSC-CSTs is not compromised as T decreases from 30 to -80℃. With the decrease of T from 30 to -30, -60, and -80℃, the Pu of CCSC-CSTs is improved by 11%, 9%, and 28%, respectively; the Pu of SCSC-CSTs is improved by 30%, 41%, and 42%, respectively.

The improved compressive strength of CSC-CSTs is due to the following issues;

(1) The low temperature improves the fc value of CSCs. As reflected in Table 1, the uniaxial compressive strength of concrete increased by 3%, 22%, and 28% as T varied from 30 to -30, -60, and -80℃, respectively.

(2) Low temperatures increase both yield and ultimate strengths of steel tubes, which increases their confinement on CSCs.

(3) Steel tubes contract faster than the concrete column once they were exposed to low temperatures, i.e., the thermal expansion coefficient of steel tube equals to 9.4-11.8×10 -6 /℃ whilst the thermal expansion coefficient of concrete equals to about 6-6.85×10 -6 /℃ [START_REF]LNG Materials and Fluids[END_REF][START_REF] Krstulovic-Opara | Liquefied natural gas storage: material behavior of concrete at cryogenic temperatures[END_REF]. Thus, the low temperatures produced additional hoop strain, which improved the confinement effect of steel tube on inside concrete. Moreover, as reflected in Fig. 6(g), the second peak value of SCSC-CSTs is also increased due to the increased t value of square steel tubes. For circular CFST short columns, the required ductility can be ensured when the thickness of steel tube is 5.75mm. For square concrete-filled steel tubular short columns, when the thickness of steel tube is 4.0mm, the required ductility can be ensured.

Effect of concrete strength (fc)

Effect of column length (L)

The effects of L on P-S curves of CCSC-CSTs and SCSC-CSTs are plotted in Fig. 6(d 

Analysis on axial load-shortening behaviour of CSC-CSTs at low temperatures 4.1 Axial load-shortening behaviour of CSC-CSTs at low temperatures

As the CSCs is subjected to axial compression, the horizontal expansion tends to occur. Thus, the external tube suffers the average radial pressure that results in hoop strain in the tube and confining stress on CSCs. Thus, axial compressive stress-strain model of CSCs confined by steel tube can be obtained by an iterative incremental method. Thus, the axial load-shortening behaviour of CSC-CSTs at low temperatures can be solved by following four steps as shown in Fig. 11.

(a) Step I: Determinations of hoop strain and stress

Assuming the hoop strain ( ,

T h i ε )
in the steel tube is uniform and ignoring the influence of t on its hoop stress, the hoop strain in the steel tube equals to that of exterior fiber of concrete, i.e., , ,

T T s i h i ε ε = .
Thus, the hoop stress in steel tube, , T s i σ , can be determined by the following constitutive laws as shown in Fig. 12 that is specified as the following [START_REF] Tao | Stress-strain curves of structural and reinforcing steels after exposure to elevated temperatures[END_REF][START_REF] Yan | Numerical studies on shear resistance of headed stud connectors in different concretes under Arctic low temperature[END_REF][START_REF] Lahlou | Behavior of the reinforced concrete at cryogenic temperatures[END_REF];

( ) ( ) ( ) , 0 / T T sT si si yT T yT yT si uT T n s i T T uT uT yT uT si uT yT pT si uT T yT si uT E f f f f f ε ε ε ε ε ε σ ε ε ε ε ε ε ε ε ε  ≤ ≤  ≤ ≤  =    - - - - ≤ ≤     >  (3) ( ) ( ) / pT uT pT uT yT n E ε ε ε ε = - - (4) 
( ) 

f f f ε ε ε ≤   =    - - < ≤     (5) ( ) 100 
f f f ε ε ε ≤   =    - - < ≤     (6)
where, , T s i σ is the stress at low temperature T; fyT and yT ε are yield stress and its corresponding strain at T, respectively; fuT and uT ε are ultimate stress and its corresponding strain at T, respectively; EpT is the initial modulus for strain hardening as shown in Fig. 12.

Thus, the hoop stress 

T T T T v i h i h i h i co co co co f f ε σ ε ε α β ε ε       - -   = + + - -               7 , , , , 0.85( ) 1 0.75( ) exp 7( ) 
where, co f and co ε denote uniaxial compressive strength and strain, respectively; α and β are empirical coefficients.

Different values for α and β empirical coefficients have been recommended. Teng et al. [START_REF] Teng | Theoretical Model for Fiber-Reinforced Polymer-Confined Concrete[END_REF] recommended α=1.0 and β=8.0 for polymer-confined concrete. Xie et al. [START_REF] Xie | Compressive behaviour of stub concrete column strengthened with ultra-high performance concrete jacket[END_REF] recommended α=1.0 and β=2.0 for UHPC confined-concrete column. Fig. 14 compares the predicted normalized axial-hoop strain curves using the models with different proposed α and β values. It can be found that the α and β values proposed in

Ref. [START_REF] Teng | Theoretical Model for Fiber-Reinforced Polymer-Confined Concrete[END_REF][START_REF] Xie | Compressive behaviour of stub concrete column strengthened with ultra-high performance concrete jacket[END_REF] are not applicable to the concrete confined by steel tube at low temperatures. The proposed model with α=1.0 and β=5.0 offers better agreements with those curves.

(d) Step IV: Determinations of vertical compressive strength

The axial compressive stress of CSC-CSTs can be estimated by models as the following [START_REF] Popovics | A numerical approach to the complete stress-strain curve of concrete[END_REF]; ,

T T T v i v i cc i T T T r cc i v i cc i r f r σ ε ε ε ε = -+ , , , , , ( / ) 1 ( / ) 
, , [45] and Teng et al. [START_REF] Teng | Theoretical Model for Fiber-Reinforced Polymer-Confined Concrete[END_REF] as the following; , , [START_REF] Esra | Axial compression capacity of circular CFST columns transversely strengthened by FRP[END_REF] 1

/ T c T T T c cc i cc i E r E f ε = - (10) where, 
T cc i T cc i co co co f f ε ε ε   = + -       (11) , , 3.5 
T T cc i co h i f f σ = + (12) where, 
,

T cc i f and , T cc i
ε are ultimate strength and its corresponding strain at i th -level confining stress at low temperature T, respectively.

Those above developed equations were mainly for circular CSC-CSTs. For square CSC-CSTs, they can be converted to circular CSC-CSTs as recommended by Lam and Teng [START_REF] Lam | Design-oriented stress-strain model for FRP-confined concrete in rectangular columns[END_REF]. The diameter of equivalent circular cross section for square CSC-CSTs can be determined as the following [START_REF] Lam | Design-oriented stress-strain model for FRP-confined concrete in rectangular columns[END_REF];

2 e D B = (13) 
where, e D denotes diameter for equivalent circular cross section; B denotes the square cross-section width.

As pointed in Ref. [START_REF] Lam | Design-oriented stress-strain model for FRP-confined concrete in rectangular columns[END_REF], the effectively confined area in a square cross section is smaller than the area of square cross section as shown in Fig. 15. Thus, the confining stress in a square CSC-CST requires modification by a reduction factor [START_REF] Zhou | Experiment and analysis on square tubed reinforced concrete stub columns under axial compression[END_REF] as the following;

0.635

e c A A = (14) 
Thus, a step-by-step program was developed to solve the axial compressive stress ( ,

T v i
σ ) and strain ( ,

T v i
ε ) behaviours at i th incremental step is illustrated in Fig. 16. The obtained axial compressive stress-strain curves of CSC-CSTs can be easily converted to the axial compressive force-shortening curves by the following equations;

,

T i v i e P A σ = (15) 
,

T i v i S L ε = (16) 
where, Pi and Si are axial force and shortening of concrete stub columns at i th increment, respectively.

Validations

Fig. 17 For square CSC-CSTs, the bulge of external steel tubes and crushing of concrete also occurred to most of the specimens. However, tensile fracture at the corner occurred to all the SCSC-CSTs

(2) The CCSC-CSTs exhibit three types and SCSC-CSTs exhibits only one type of P-S curves depending on their shapes and confinement ratios. The main differences mainly exist in their recession branches of P-S curves after the peak load capacity. The CCSC-CSTs exhibited more ductile softening branch of P-S curves than those of SCSC-CSTs at low temperatures. SCSC-CSTs with higher fc value and smaller t value exhibited sharper drop in post-peak load capacity due to the reduced confinement on the concrete core.

( 

Fig. 5

 5 Fig. 5 plots typical low-temperature failure modes of CSC-CSTs. It shows that the

Fig. 6 (Fig. 6 (

 66 Fig. 6(b) and 6(f) plot the effects of fc on the P-S curves of CCSC-CSTs and

) and 6

 6 (h), respectively. Generally, as the L value increases from 210 to 360 and 510 mm, the compressive behaviours of both CCSC-CSTs and SCSC-CSTs are marginally influenced. This is due to that with the increase of L from 210 to 360 and 510 mm, the L/D ratio for CCSC-CSTs increases from 1.6, 2.7, and 4.2, respectively; meanwhile, the L/D ratio for SCSC-CSTs increases from 1.8, 3.0, and 4.3, respectively. This implies the L/D ratio for CSC-CSTs are smaller or slightly larger than 4.0, which still falls in the stub column scope and the L/D ratio exhibits marginal influences on the compressive behaviour of CSC-CSTs. As the L increases from 210 to 360 and 510 mm, the Pu of CCSC-CSTs is only reduced by 0% and 8%, respectively; meanwhile, the Pu of SCSC-CSTs is almost unchanged with reductions less than 1.0%. The reason of these marginal influences on the Pu of CCSC-CSTs is due to the small L/D ratio for CSC-CSTs that is smaller or slightly larger than 4.0.

εσε

  Fig. 13 illustrates the hoop stress and confining stress in steel tubes. Assuming the

ε

  stress for concrete at low temperature T, is vertical strain for concrete at low temperature T; , strain and strength of concrete under i th -level confining stress at low temperature T, respectively; T c E is elastic modulus at low temperature T. The compressive strain ( , T cc i ε ) and strength ( , T cc i f ) of concrete under i th -level confining stress at low temperature T can be determined by the model proposed by Mander et al.

5 Conclusions( 1 )

 51 Fig. 17 compares the predicted with test P-S curves for reported 20 tests. It shows that

Fig. 1 Fig. 3 Fig. 5 Fig. 6 Fig. 8 Fig. 13 Fig. 15 Fig. 17 Fig. 18

 1356813151718 Fig. 1 Circular and square CFST columns in composite bridges locating in cold regions

  

  ) The low temperatures exhibit positive effects on axial compressive behaviours of CSC-CSTs. With the decrease of T from 30 to -30, -60, and -80℃, the Pu of CCSC-CSTs is improved by 11%, 9%, and 28%, respectively; the Pu of Table1Details and test results of CSC-CSTs at low temperatures denotes temperature level, in ℃; D denotes external diameter of the circular steel tube; B denotes external width of square steel tube; L denotes height of the CFST-SCs; t denotes thickness of the wall in steel tube; fc0 and fcu0 denotes cylinder and cubic compressive strength of concrete; Ec T denotes elastic modulus of concrete at T; fyT denotes yield stress of steel; fuT and εuT denotes ultimate stress and its corresponding strain of steel at T; EsT denotes elastic modulus of steel at T; Pu,t and Pu,a denotes experimental and predicted ultimate compressive strength of concrete column.

	Item	T (°C)	D(B) (mm)	L (mm)	Ac (mm 2 )	As (mm 2 )	Conc	fcu0 (MPa)	fc0 (MPa)	EcT (GPa)	t (mm)	fyT (MPa)	fuT (MPa)	EsT (GPa)	εuT	Pu,t (kN)	Pu,a (kN)	Pu,t/ Pu,a
	C1	-60	133	360 12074 1816 C40	53.5	40.7	33.1	4.50	370	484	221	0.24 1521.3 1573.4	0.97
	C2	30	133	360 12074 1816 C40	43.9	33.3	28.4	4.50	320	416	210	0.24 1390.3 1337.8	1.04
	C3	-30	133	360 12074 1816 C40	45.3	34.5	32.2	4.50	353	461	217	0.24 1541.9 1449.8	1.06
	C4	-80	133	360 12074 1816 C40	60.7	47.4	34.6	4.50	381	499	224	0.24 1775.4 1687.4	1.05
	C5	-60	133	360 12074 1816 C30	47.2	35.8	32.8	4.50	370	484	221	0.24 1475.0 1515.2	0.97
	C6	-60	133	360 12074 1816 C50	65.5	49.8	33.6	4.50	370	484	221	0.24 1980.1 1684.2	1.18
	C7	-60	133	360 12665 1225 C40	53.5	40.7	33.1	3.00	378	445	209	0.24 1276.9 1289.1	0.99
	C8	-60	133	360 11592 2298 C40	53.5	40.7	33.1	5.75	378	465	232	0.31 1791.6 1866.7	0.96
	C9	-60	133	210 12074 1816 C40	53.5	40.7	33.1	4.50	370	484	221	0.24 1512.5 1573.4	0.96
	C10	-60	133	560 12074 1816 C40	53.5	40.7	33.1	4.50	370	484	221	0.24 1498.7 1573.4	0.95
	S1	-60	120	360 12544 1856 C40	53.5	40.7	33.1	4.00	362	442	231	0.22 1144.3 1002.7	1.14
	S2	30	120	360 12544 1856 C40	43.9	33.3	28.4	4.00	335	406	215	0.19	809.6 856.7	0.94
	S3	-30	120	360 12544 1856 C40	45.3	34.5	32.2	4.00	353	276	225	0.21 1053.0 896.7	1.17
	S4	-80	120	360 12544 1856 C40	60.7	47.4	34.6	4.00	368	450	234	0.20 1148.6 1079.5	1.06
	S5	-60	120	360 12544 1856 C30	47.2	35.8	32.8	4.00	362	442	231	0.22	912.7 924.8	0.99
	S6	-60	120	360 12544 1856 C50	65.5	49.8	33.6	4.00	362	442	231	0.22 1349.4 1100.4	1.23
	S7	-60	120	360 13110 1290 C40	53.5	40.7	33.1	2.75	369	428	224	0.29	981.7 889.1	1.10
	S8	-60	120	360 12100 2300 C40	53.5	40.7	33.1	5.00	380	467	210	0.22 1089.5 1109.3	0.98
	S9	-60	120	210 12544 1856 C40	53.5	40.7	33.1	4.00	362	442	231	0.22 1149.1 1002.7	1.15
	S10	-60	120	510 12544 1856 C40	53.5	40.7	33.1	4.00	362	442	231	0.22 1056.4 1002.7	1.05
	Mean																	1.05
	Cov																	0.09

T

Table 2

 2 Mix proportions of different grades of normal weight concrete (unit: kg/m 3 )

	Grade	Cement	Mineral Fly ash	Coarse sand	Fine sand	Gravel	Water	SP
	C30	220	81	74	719	176	940	165	8.2
	C40	300	105	66	619	155	1005	165	10.4
	C50	410	110	65	540	135	1018	160	12.9
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SCSC-CSTs is improved by 30%, 41%, and 42%, respectively.

(4) Increasing fc value generally improves the compressive strength of CSC-CSTs at low temperatures, but reduces their ductility due to the reduced ξ ratios. As the fc value increases from 47.2 to 53.5 and 65.5 MPa at T level of -60℃, the Pu value of CCSC-CSTs is improved by 25% and 48%, respectively; meanwhile, the increments of Pu value for SCSC-CSTs are 3% and 34%, respectively.

(5) The steel-tube thickness improves the P-S behaviour of CCSC-CSTs and SCSC-CSTs at low temperatures. With the increase of t value from 3.00 to 4.50 and 5.75 mm, the Pu of CCSC-CSTs is improved by 29% and 52%, respectively.

Meanwhile, as the t value of steel tube increases from 2.75 to 4.0 and 5.0 mm, the Pu of SCSC-CSTs is increased by 18% and 21%, respectively. 
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