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Recently, gravity base offshore platforms consisting of novel steel-concrete-steel (SCS) sandwich ice-resistant walls with J-hook connectors have been developed for the Arctic oil & gas production. This paper made pioneer studies on compressive behaviours of SCS sandwich composite walls with J-hook connectors (SCSSWJ) at the Arctic low temperatures through a nine-specimen testing program.

The low temperatures ranging from 20 to -80 ºC, thickness of steel faceplate, spacing of connectors, and concrete strength were selected as key parameters in this experimental study. The test results revealed the failure modes and load versus shortening/strain behaviours of the SCSSWJ at low temperatures. These studied parameters were found to have significant influences on the compressive behaviours of this novel SCSSWJ. Including experimental studies, this paper also developed theoretical models to predict the ultimate compressive resistance of SCSSWJ at the low temperature environment. The validations of predictions against results of nine reported tests confirmed that the theoretical models were capable of provide reasonable but conservative estimations on the compressive resistance of such novel SCSSWJ.

Nomenclature

Introduction

Recently, the Arctic region has attracted research and exploration interests due to its rich reserves of undiscovered oil, gas, and hydrocarbon resources, e.g., gas hydrates [START_REF] Gautier | Assessment of undiscovered oil and gas in the Arctic[END_REF]. However, the harsh environment in the Arctic region brings challenges to the engineering infrastructures for oil and gas explorations. Gravity base conical structures with external ice-resistant walls offer possible solutions to resist the moving ice sheets for protection purposes [START_REF] Marshall | Bond Enhancement for sandwich shell ice wall[END_REF][START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[END_REF]. In this proposed conical structure, steel-concrete-steel (SCS) sandwich walls adopting novel J-hook type of shear connectors have been proposed as the ice-resistant walls as shown in Fig. 1.

Including ice-resistant walls, this novel SCS sandwich structure also exhibits versatile potential applications as shear walls in high-rise buildings, decking in offshore platforms, bridge decks, nuclear shielding walls, and submerged tunnels [START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[END_REF][START_REF] Yan | Punching shear behavior of steel-concrete-steel sandwich composite plate under patch loads[END_REF].

The low temperature in the Arctic coastal region was about -30~-40 ºC in the winter from December to February [START_REF] Serreze | The Arctic Climate System[END_REF][6][START_REF]The Arctic and Antarctic Research Institute[END_REF][START_REF] Stjpanova | On the lowest temperatures on earth[END_REF]. In the Arctic, the lowest recorded temperature could be lower to about -70 ºC whilst in the summer the temperature could occasionally exceed 20 ºC [START_REF] Serreze | The Arctic Climate System[END_REF][6][START_REF]The Arctic and Antarctic Research Institute[END_REF][START_REF] Stjpanova | On the lowest temperatures on earth[END_REF].

Such a wide range of low temperatures relevant to the Arctic environment was observed to have significant influences on mechanical properties 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], headed studs [START_REF] Xie | Mechanical properties of headed studs at low temperatures in the Arctic infrastructures[END_REF], and concrete [START_REF] Xie | Experimental studies and analysis on compressive strength of normal weight concrete at low temperatures[END_REF], and on bond strength at steel-concrete interface [START_REF] Yan | Shear behaviour of headed stud connectors at low temperatures relevant to the Arctic environment[END_REF]. Thus, these influences on both materials and bonding strength would definitely affect the behaviours of steel-concrete composite structures in this region. Since the developed gravity base conical structure mainly consists of developed novel SCS sandwich composite walls with J-hook connectors (SCSSWJ), the main loading scenario of this type of structure is subjected to in-plane compression as shown in Fig. 1. Thus, to investigate the compressive behaviour of the novel SCSSWJ becomes necessary and important to obtain necessary corresponding information.

Previous studies about SCS sandwich walls (SCSSWs) mainly concentrated on their structural behaviours at ambient temperatures. Guo et al. [START_REF] Guo | Experimental and theoretical studies on the shear resistance of steel-concrete-steel composite structures with bidirectional steel webs[END_REF], Leng et al. [START_REF] Leng | Experimental study and theoretical analysis of resistance of steel-concrete-steel sandwich beams[END_REF], Sener and Varma [START_REF] Sener | Steel-plate composite walls: Experimental database and design for out-of-plane shear[END_REF] studied the out-of-plane shear behaviour of SCSWs at ambient temperatures. Choi and Han [START_REF] Choi | An experiment on compressive profile of the unstiffened steel plate-concrete structures under compression loading[END_REF], Choi et al. [START_REF] Choi | Strength and behavior of steel plate-concrete wall structures using ordinary and eco-oriented cement concrete under axial compression[END_REF], and Eom et al. [START_REF] Eom | Behavior of Double Skin Composite Wall Subjected to In-Plane Cyclic Loading[END_REF] also investigated the compressive behaviour of SCSSWs at ambient temperatures through large scale tests. Seismic behaviours of SCS sandwich walls have been studied through large scale tests by Epackachi et al. [START_REF] Epackachi | In-Plane Seismic Behavior of Rectangular Steel-Plate Composite Wall Piers[END_REF], Yan et al.

[20], Hu et al. [START_REF] Hu | Seismic behavior of CFST-enhanced steel plate-reinforced concrete shear walls[END_REF], Nie et al. [START_REF] Nie | Experimental study on seismic behavior of high-strength concrete filled double-steel-plate composite walls[END_REF], and Ji et al. [START_REF] Ji | Seismic behavior of steel tube-double steel plate-concrete composite walls: Experimental tests[END_REF]. The above studies showed that most of them focused on the SCS sandwich walls under different scenarios at ambient temperatures.

In addition, most of these studies were performed on the SCSWs using headed studs as the composite-action measures rather than J-hook connectors. Thus, it can be found that studies on SCS sandwich walls at low temperatures is still quite limited.

After the innovation of the SCSSWJ, extensive experimental, analytical and numerical studies have been performed to obtain the information on the structural behaviours of this novel structure at different loading scenarios. Sohel et al. [START_REF] Sohel | Behavior of Steel-Concrete-Steel sandwich structures with lightweight cement composite and novel shear connectors[END_REF] and Yan et al. [START_REF] Yan | Experimental and analytical study on ultimate strength behaviour of steel-concrete-steel sandwich composite beam structures[END_REF] performed tests to study structural behaviours of SCSSWJs under out-of-plane bending and transverse shear forces. Liew and Wang [START_REF] Liew | Novel Steel Concrete Steel Sandwich Composite Plates Subject to Impact and Blast Load[END_REF], Liew et al. [START_REF] Liew | Impact tests on steel-concrete-steel sandwich beams with lightweight concrete core[END_REF], Sohel et al. [START_REF] Sohel | Numerical modelling of lightweight Steel-Concrete-Steel sandwich composite beams subjected to impact[END_REF], and Dai and Liew [START_REF] Dai | Fatigue performance of lightweight steel-concrete-steel sandwich systems[END_REF] contributed to the blast, impact, and fatigue behaviours of the SCSSWJ by tests and numerical studies. Sohel and Liew [START_REF] Sohel | Steel-Concrete-Steel sandwich slabs with lightweight core-Static performance[END_REF], and Yan et al. [START_REF] Yan | Punching shear resistance of steel-concrete-steel sandwich composite shell structure[END_REF] contributed to studies on the punching shear behaviour of SCSSWJ. Thus, it can be found that most of these studies on SCSSWJ mainly focused on their behaviours at ambient temperatures. Structural behaviours of this type of structure at low temperatures is still unknown. Thus, it is necessary and important to carry out experimental studies on SCSSWJ at low temperatures that would obtain their necessary structural information and definitely promotes the engineering constructions of the Arctic offshore constructions with SCSSWJ type of ice-resistant walls.

This paper studied the compressive behaviours of SCSSWJ at the Arctic low temperature ranging from 20 ºC to -80 ºC. Nine large scale SCSSWJ were tested under four low temperatures of 20ºC, -30 ºC, -60 ºC, and -80 ºC. The information on failure modes and load transferring mechanism of the SCSSWJ at the Arctic low temperatures were obtained.

Moreover, different geometric, material, and environmental parameters on the structural behaviours of SCSSWJs under monotonic compression were reported and discussed.

Including the experimental studies, this paper also made efforts to develop theoretical models for ultimate compressive resistance of the SCSSWJ incorporating the influence of low temperatures. The accuracies of these developed theoretical models were validated by reported results of nine tests. Finally, some conclusions and recommendations were given.

Testing programme

Details of the SCSSWJ specimens

There are totally nine SCSSWJ specimens in this testing programme, namely JS1~9. There are three main components in each SCSSWJ, i.e., a concrete core, two external steel faceplates, and J-hook connectors at the steel-concrete interface. Fig. 2 shows the general fabrication procedures of a SCSSWJ that include (1) fabricating J-hook connectors through bending up straight steel bars; (2) welding J-hook connectors to the steel faceplates; [START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[END_REF] preparing the steel skeleton with steel faceplates and J-hook connectors; (4) casting of concrete and curing. In addition, a PT100 type of thermocouple was embedded in the concrete core during the casting that assist measuring temperatures inside the concrete core during the testing.

The studied parameters included low temperature levels T, thickness of steel faceplate ts, strength of concrete fc, and spacing of J-hook connectors S. JS2, JS3, JS1, and JS4 were, respectively, tested at 20 ºC, -30 ºC, -60ºC, and -80ºC to study the effect of T on the compressive behaviour of SCSSWJ. To check the effect of ts on compressive behaviour of SCSSWJ, JS2, JS5, and JS6 were designed with nominal 3.0 -, 4.5 -, and 6.0 mm-thick steel faceplates, respectively. To study the influence of S on the compressive behaviour of SCSSWJ at low temperatures, specimens JS1 and JS7 were designed with different S values of 75 mm and 150 mm, respectively. Specimens JS1, JS8, and JS9 were, respectively, designed with grade C30, C40, and C50 to check the effect of fc on the compressive behaviour of SCSSWJ. Fig. 3 depicts the details of a representative SCSSWJ. Each SCSSWJ measures 600 mm×600 mm×90 mm in height, width, and depth of concrete core, respectively. Mild steel plates Q235 were used to fabricate steel faceplates and steel reinforcements were used for the fabrications of J-hook connectors. Their material properties at different low temperatures are given in Table 1. Three grades of concrete C30, C40, and C50 were used as the concrete core, and their compressive strengths at different low temperatures are given in Table 1. More details of these SCSSWJs could be found in Table 1.

Test setup

The representative setup for the SCSSWJ under compressive loads is depicted in Fig. 4. All the SCSSWJs were firstly cooled down to the testing low temperature, and then they were maintained at this temperature level for 48 hours according to Chinese code GB51081-2015 [START_REF]Technical code for application of concrete under cryogenic circumstance[END_REF]. After the cooling period, the specimen was installed to the 1000-ton testing frame equipped with an insulation chamber. During the testing, liquid nitrogen gas (LNG) was injected into the insulation chamber to make up the heat loss during the testing and maintain the target temperature. The injection flow of LNG was controlled by a magnetic valve that was linked to the controlling PC system. Including the thermocouples embedded in the specimen, two additional PT100 thermocouples were attached on steel faceplates of SCS sandwich walls that assist monitoring the temperatures of the specimens. Moreover, four thermocouples were also installed at the four corners of the cooling chamber to monitor the environmental temperature. All these dynamic changes of the temperatures for both environment and specimens were monitored and assisted the injecting flow of LNG, which finally contributed to the maintenance of target low temperature for the testing.

As shown in Fig. 4, monotonic displacement loading of the actuator was transferred to the top end plate of the SCSSWJ, and a rate of 0.05 mm/min was adopted for the displacement loading. During the testing, the shortenings of the SCSSWJ was measured by liner varying displacement transducers (LVDTs) as illustrated in Fig. 4. Meanwhile, linear strain gauges were also attached to the surface of steel faceplates to measure their strains at different loading levels. A load cell conjunction to the actuator was adopted for the measurements of the reaction forces produced by the displacement loading. A data logger connected to a PC was sued to record all the readings of displacements by LVDTs, temperatures by the thermocouples, strains by the strain gauges, and reaction forces. From this figure, it can be seen that concrete crushing and local buckling of the faceplates are the two basic failure modes. For the tested nine specimens, most of the specimens failed in the combined mode of concrete crushing and local buckling of steel faceplate. Global buckling of the specimen did not occur to these short SCS sandwich walls.

Test results

Failure modes

Local buckling mode widely occurred to the steel faceplate due to their low slenderness ratio.

Moreover, the initial outward imperfection produced by the fabrication and fresh concrete pressure during the casting of the specimen were also the reasons to this local buckling. In addition, it was also found that local buckling of the steel faceplate occurred prior to the concrete crushing.

Load-shortening and load-strain behaviour

Fig. 6 shows the compressive load versus axial shortening curves of the SCSSWJs at different low temperature levels. Fig. 7 plots the strain of steel faceplate versus reaction force relationship of the SCSSWJs. These figures show that under monotonic in-plane compression SCSSWJs exhibits three different working stages, i.e., elastic stage (ES), nonlinear stage (NS), and recession stage (RS). The elastic working stage started from the onset of loading and terminated at the local buckling or yielding occurred to the steel faceplate. During this stage, the reaction force keeps positive linear relationship with the increasing applied displacement load. After that, in the second nonlinear stage, for the specimens JS3, JS5, and JS6, the steel faceplate yield first and then buckled in local regions; for the rest specimens, at the initiation stage II local buckling occurred and the nonlinearity of concrete core mainly contributed to the nonlinear behaviour of the sandwich wall at working stage II. At the final stage of stage II, concrete crushing occurred to all the specimens. After stage II, it is the recession stage. For specimens with thicker steel faceplates (e.g., JS5 and JS6), the SCS sandwich walls exhibited more ductile manner due to the plastic deformation of the steel faceplate.

Ultimate compressive resistances, initial stiffness and ductility index

With these obtained load-shortening curves in Fig. 6, the ultimate compressive resistances, Pu, of SCSSWJs were obtained. All the determined Pu values of the tested nine SCSSWJs are tabulated in Table 2.

The initial stiffness of load versus shortening behaviour of SCSSWJ, Ke, can be obtained by method proposed in Ref. [START_REF] Choi | An experiment on compressive profile of the unstiffened steel plate-concrete structures under compression loading[END_REF] as the following; The determined values for initial stiffness of specimens JS1-9 are tabulated in Table 2.

The ductility index (DI) [START_REF] Tao | Behaviour of square concrete filled steel tubes subjected to axial compression[END_REF] of SCSSWJ was defined as the ratio of the shortening at 85% peak load during the recession stage, 85% ∆ , to that at peak load, u

∆ , i.e., 85% u DI ∆ = ∆ (2)
Table 2 listed the determined DI ratios of the tested nine SCSSWJs at low temperatures.

Discussions

With these experimental load-shortening curves, load-strain curves, ultimate resistance, initial stiffness, and ductility indexes, the influences of different parameters were herein reported, analysed, and discussed.

Effect of the low temperatures

Since the specimens JS1~4 were prepared to study the effect of the low temperatures, T, on compressive behaviours, the effect of T on load versus shortening behaviours of SCSSWJs JS1~4 is depicted in Fig. 6(a). Meanwhile, the effect of T on ultimate compressive resistance, Pu, initial stiffness, Ke, and ductility index (DI) of SCSSWJs is depicted in Fig. 8. As shown in these figures, it can be seen that the low temperature improves the compressive behaviour of SCSSWJs. The ultimate compressive resistance of SCSSWJ exhibits almost positive linear relationship with the decreasing temperature. As the value of T decreases from 20 to -30, -60, and -80 ºC, the Pu value is significantly increased from 3062 kN to 3532 kN, 4968 kN, and 6508 kN corresponding to the increments of 15%, 62%, and 113%, respectively; and the Ke value is increased by 13%, 46%, and 55%, respectively. However, the DI ratio is slightly decreased from 1.30 to 1.22, 1.20, and 1.19, respectively. This is due to that decreasing the environmental low temperature from 20 ºC to -80 ºC increases both tensile strength of the steel faceplate and concrete compressive strength. The effects of low temperature on compressive stress-strain curves of concrete and tensile stress-strain curves of steel faceplate are illustrated in Fig. 9. From this figure, it can be seen that the decreases of T value from 20 to -30, -60, and -80 ºC lead to the increase of yield strength for the faceplate from 334 MPa to 361 MPa, 378 MPa, and 391 MPa, respectively; meanwhile, this decreasing temperature also results in the increase of fcT for C40 concrete from 44 MPa to 62 MPa, 76 MPa, and 87 MPa, respectively. All these improved strengths of steel and concrete resulted in the increased compressive resistance of SCSSWJs at low temperatures. Moreover, Fig. 9 also shows that the modulus of elasticity of concrete was also significantly increased as the temperature decreases that could explain the improved initial stiffness of the sandwich walls. As shown in Fig. 9, the decreasing temperature decreases the ductility of the concrete material that explains the reduced DI ratio of the SCSSWJs as T decreases from 20 to -80 ºC.

Effect of the thickness of steel faceplate

The effect of ts on P-Δcurves of SCSSWJs at -60 ºC is depicted in Fig. 6(b) whilst the influences of ts on Pu, Ke, and DI ratio of SCSSWJs at -60 ºC is depicted in Fig. 10. These figures show that using steel faceplate in larger thickness results in improvements on compressive behaviour of the SCSSWJ in terms of higher Pu, initial stiffness, and ductility of the SCSSWJ. As shown in Fig. 10, increasing the ts value from 2.80 mm to 4.62 mm and 5.93 mm increases the Pu value from 4968 kN to 6442 kN and 6897 kN, respectively. The increments of 65% and 112% in ts resulted in 30% and 39% increase of the Pu, respectively. Meanwhile, as ts value increases from 2.80 mm to 4.62 mm and 5.93 mm, the Ke of the sandwich wall is increased by 24% and 35%, respectively; meanwhile, DI ratio was increased by 3% and 19%, respectively. The reasons to these improvements on resistance, stiffness, and ductility are (1) increasing ts from 2.80 mm to 4.62 mm and 5.93 mm results in 10% and 17% increases of the effective cross-sectional depth, respectively; (2) increasing ts from 2.80 mm to 4.62 mm and 5.93 mm decreases the slenderness ratio of the steel faceplate (S/ts) under compression from 26.8 to 16.2 and 12.6 that resulted in higher buckling resistance and elastic stiffness for the steel faceplate and the cross section, respectively; (3) increasing ts from 2.80 mm to 4.62 mm and 5.93 mm increases the steel content of cross section from 5.9 % to 9.3 % and 11.2 % that resulted in the improved ductility for the cross section. Fig. 6(b) also exhibits that increases ts from 2.80 mm to 5.93 mm, the steel faceplate yields prior to buckling that further proves the improved ductility of the SCSSWJ through using thicker steel faceplate.

Effect of the spacing of J-hook connectors

The effect of spacing of J-hook connectors, S, on P-Δcurves of SCSSWJs at -60 ºC is depicted in Fig. 6(c) whilst the effects of S on Pu, Ke, and DI ratio of SCSSWJs at -60 ºC is depicted in Fig. 7. From these figures, it can be found that (1) as S increases from 75 to 150 mm, the compressive behaviour of the SCSSWJ at -60 ºC is significantly compromised; [START_REF] Marshall | Bond Enhancement for sandwich shell ice wall[END_REF] double spacing of the J-hook connectors significantly reduces the Pu value by 23%; (3) the initial stiffness Ke, and DI ratio were only reduced by 8% and 3%, respectively as S increases from 75 mm to 150 mm that implies marginal influences on the initial stiffness and ductility of the SCSSWJ. Increasing S from 75 mm to 150 mm leads to the significant reductions in the Pu value of the SCSSWJ was due to the increased slenderness ratio of the steel faceplate under compression from 26.8 to 53.2. Even though the increased slenderness ratio reduced the Pu value of the steel faceplate, it slightly reduces the initial stiffness through limited influence on the composite actin of the cross section at the elastic working stage.

Thus, spacing of the connectors needs to be well designed to avoid early premature elastic buckling of the steel faceplate in SCSSWJ subject to in-plane compression. Furthermore, properly designed spacing of the connectors would also improves the compressive behaviour of the SCSSWJ. 

Effect of strength of concrete core fc

Analysis on ultimate compressive resistance of SCSSWJs

Theoretical models

This paper makes efforts on developing theoretical models for the determination on the ultimate compressive resistance of SCSSWJ at low temperatures utilizing mechanical properties of steels and concretes at ambient temperatures. Thus, the developed theoretical models firstly built the relationship between the compressive resistance of SCSSWJ and mechanical properties of materials in SCSSWJs at low temperatures, and then built the relationship between the mechanical properties of materials at ambient temperature and those at low temperatures.

Compressive resistance of SCSSWJ at low temperatures

Since the test results showed that all the SCSSWJs failed in compression capacity of the cross section rather than global buckling, the compressive resistance of SCSSWJ at low temperatures, PuT, mainly consists of the compressive resistance of steel faceplates, PsT, and compressive resistance of concrete core, PcT, i.e., uT cT sT

P P P = + (3) 
Fig. 13 shows the working mechanisms of the SCSSWJ under compression. As shown in Fig. 13, during the working stage, the concrete core suffers vertical compression and horizontal confining stress produced by the steel skeleton made of steel faceplates and J-hook connectors.

Thus, cT P of the concrete core can be predicted by the following equation;

cT c cT P A φ σ = (4)
where, φ is partial safety factor, 0.85 is herein used according to AISC 360-10 [34]; c A is area of concrete under compression; cT σ denotes compressive strength at low temperatures for the concrete core confined by both the steel plates with J-hook.

In Eqn. ( 4), the compressive strength of concrete core cT σ under confinement can be estimated by the analytical models as the following [START_REF] Yan | Compressive behaviour of normal weight concrete confined by the steel faceplates in SCS sandwich wall[END_REF];

( ) { } 2 2 2 2 cT 2 4 (1 ) 1 2(1 ) 
s hT s cT s hT s f λ λ α σ α α σ σ α   + -- -- +   = - (5) 
( )

2 1 2 2(1 ) s hT s s cT f λ α σ α α = + + - (6) 
T 2 = hT TF S σ (7) 
where, s α denotes the coefficient for shear yielding, and herein is adopted as 0. 

σ σ π =     = +     =   =     =     (8) where 
( )

2 sT 2 2 12 / crT s E K S t π σ = (10)
where, T cr σ denotes critical stress for elastic buckling of steel faceplate at low temperature T; st A denotes area of the steel faceplate along the compressive loading direction; K is the buckling length coefficient of the steel faceplate, and herein equals to 0.7 as recommended by Akiyama and Sekimoto [START_REF] Akiyama | A compression and shear loading tests of concrete filled steel bearing wall[END_REF]; S denotes the spacing of J-hook connectors along the compression force direction; ts denotes thickness of steel faceplate.

Mechanical properties of steel faceplate, shear connectors, and concrete at low temperatures

It should be noticed these mechanical properties for of the faceplate, J-hook connectors, and concrete at low temperatures were used in the developed analytical models, i.e., Eqn. ( 3)~ [START_REF] Xie | Mechanical properties of headed studs at low temperatures in the Arctic infrastructures[END_REF].

However, these mechanical properties were mainly obtained from the standard tests at low temperatures that tends to be expensive and time costing. Thus, in this section, empirical formulae were offered to estimate the mechanical properties at low temperatures by those given properties at ambient temperatures for both steel and concrete materials.

Three types of materials were involved in the SCS sandwich walls, i.e., steel faceplates, J-hook connectors/headed studs, and concrete core. Based on 29 tensile tests on mild steel faceplate at low temperature, 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] have proposed empirical prediction equations on considering the effects of T on their mechanical properties as follows; , in K.

The J-hook connectors in SCSSWJs were made of mild steel reinforcements. Yan and Xie [START_REF] Yan | Experimental studies on mechanical properties of steel reinforcements under cryogenic temperatures[END_REF] experimentally and analytically studied the mechanical properties for mild steel reinforcements at low temperatures. The experimental studies [START_REF] Yan | Experimental studies on mechanical properties of steel reinforcements under cryogenic temperatures[END_REF] showed that the effect of low temperatures on elastic Young's modulus was marginal for the steel reinforcement. Thus, the effects of low temperature on yield and ultimate strength can be estimated by the following equation for these steel reinforcements; for HRB400 Xie and Yan [START_REF] Xie | Experimental studies and analysis on compressive strength of normal weight concrete at low temperatures[END_REF] have carried out a series of tests to study the effects of low temperatures on compressive strength of concrete. They also have proposed prediction equations to consider the effect of T on fc of concrete as the following; 

T T ya yT T T ya f e f f e - -   =    (14) 
where, ca f is the compressive strength at room temperature for concrete with w/c= 0.41 and c W =0% (herein 52.9 MPa is used instead); cT f is the concrete compressive strength at temperature T (T is in K, and 108K

K T ≤ ≤

); / w c denotes water-to-cement ratio; c W is water content, in %.

Thus, with these given prediction equations (i.e., Eqn. ( 11)~( 16)), the effects of T on these mechanical properties for steel plates, steel reinforcements for J-hook, and concrete can be estimated with those offered mechanical properties at room temperatures.

Validations and discussions

Table 1 tabulates the predicted Pu values of the SCSSWJs at different T. It shows that the average test-to-prediction ratio equals to 1.26 whilst the coefficient of variation (Cov) for the nine test results is 0.17. The developed theoretical models offer conservative predictions on the ultimate compressive resistance of SCSSWJ exposed to different low temperatures. Table 1 shows that the developed models offers much more underestimation for specimen JS4 with lower temperature and thicker steel faceplates. These conservative predictions on the ultimate compressive resistance of SCSSWJ at different low temperature levels may be due to the following reasons;

(1) Conservative predictions and larger scatter in fc of concrete at low temperatures. The water in gel pores and capillary pores tends to turn into ice at 0 to -80 ºC that will increase the compactness of the concrete and results in higher fc values. However, the water in gel pores and capillary pores were significantly influenced by the w/c ratio, Wc, and curing environment of the concrete. All these uncertain factors will result in larger scatter of compressive strength at low temperature than that at ambient temperatures.

(2) Ignorance of the bonding strength at steel-concrete interface. Under low temperatures, the changing of water into ice at the interacting surface would results in larger bonding strength. Such improved bonding strength was neglected in the developments of the analytical models.

These developed theoretical models were only checked by limited test results. More validations are still necessary in further studies to make more accurate predictions.

Step-by-step predicting methods on ultimate compressive resistance of SCSSWJ at low temperatures

Fig. 14 shows the standard flow to calculate the ultimate compressive resistance of the SCSSWJ at low temperatures. The main procedures are summarized as the following;

Step I: Collecting the input information on mechanical properties of materials used in the SCSSWJ, which include fya, Esa, fua for steel faceplates, w/c ratio, water content, and fca for concrete core, yield and ultimate strength of steel bars for J-hook at ambient temperature (σya andσua).

Step II: Using Eqn. ( 11 Step III: With the determined mechanical properties of materials at different low temperatures, the ultimate compressive stress of concrete that considering low temperature and confining stress of steel faceplate (σhT by Eqn. ( 7)-( 8)) can be calculated by Eqn. ( 5)-(6); the critical buckling stress for faceplates at T , σcrT, can be determined by Eqn. [START_REF] Xie | Mechanical properties of headed studs at low temperatures in the Arctic infrastructures[END_REF].

Step IV: Calculating the compressive resistance of faceplates PsT using Eqn. ( 9) and compressive resistance of concrete PcT using Eqn. (4), respectively.

Step V: Calculating ultimate compressive resistance of SCSSWJs at low temperature T using Eqn.

(3) through summing PsT and PcT. (2) There were three working stages for load versus shortening curves of the SCSSWJ at low temperatures that included elastic, nonlinear, and recession stage. The elastic working stage ends at the occurrence of yielding or buckling to the steel faceplate. Concrete crushing occurred as the SCS sandwich wall achieved its peak compressive resistance.

(3) The Arctic low temperature significantly increases the ultimate compressive and initial stiffness of the SCSSWJ, but exhibits negligible influences on their ductility. Decreasing T from 20 ºC to -80 ºC increases the initial stiffness and ultimate compressive resistance by 113% and 55%, respectively. Meanwhile, the DI ratio was slightly decreased by 8%.

(4) The compressive behaviours of the SCSSWJ at low temperatures were improved through increasing the thickness of steel faceplates. The increase of ts value from 2.80 mm to 4.62 mm and 5.93 mm results in 30% and 39% of Pu for SCSSWJ, respectively; and leads to the 24% and 35% increases in initial stiffness, respectively; and also results in 3% and 19% increments for DI ratio, respectively.

(5) The increased spacing of the J-hook connectors from 75 to 150 mm reduced the ultimate compressive resistance of SCSWJs by 23% due to the reduced slenderness ratio of the steel faceplate, but exhibits negligible influence on its initial stiffness and ductility.

(6) Increasing fc of concrete exhibit significantly increases the initial stiffness and ultimate strength of SCSSWJ at low temperature, but exhibits marginal influence on their ductility.

As the fc increases from grade C40 to C50 and C60, the Pu of SCSSWJ was increased by 35% and 38%, respectively whilst Ke is increased by 17% and 22%, respectively; meanwhile, its DI ratio was only increased by 1% and 3%, respectively. [START_REF]The Arctic and Antarctic Research Institute[END_REF] This paper also developed theoretical models to estimate the ultimate compressive resistance of SCSSWJ at different low temperatures. The validations confirmed the conservative estimations. However, the theoretical models were only validated by limited tests, further extensive validations were still required. [START_REF] Stjpanova | On the lowest temperatures on earth[END_REF] Step-by-step prediction procedures on PuT of SCSSWJ at low temperatures were recommended. Calculate f cT at T by Eqn. ( 16) Calculate σ yT , σ uT by Eqn. ( 14)-( 15)

Calculate σ hT at T by Eqn. ( 7)-( 8)

Calculate σ cT at T by Eqn. ( 5)-( 6)

Calculate P cT at T by Eqn. ( 4)

Calculate σ crT at T by Eqn. [START_REF] Xie | Mechanical properties of headed studs at low temperatures in the Arctic infrastructures[END_REF] Calculate P sT at T by Eqn. [START_REF] Yan | Mechanical properties of mild steel and high strength steel S690 under low temperature relevant to Arctic environment[END_REF] Calculate P uT at T by Eqn. (3) Finish

NA=

  AbbreviationsCOV, coefficient of variation; CC, concrete crushing; DI, ductility index; EB, elastic buckling; SCS, Steel-Concrete-Steel; SCSSW, steel-concrete-steel sandwich wall; SCSSWJ, steel-concrete-steel sandwich wall with J-hook.; PB, plastic buckling of steel faceplate.

Figure 5

 5 Figure 5 depicts the representative failure modes of SCSSWJs at final stages of the tests.

  where, P0.3 and Δ0.3 denotes the load of 30% peak resistance of the SCSSWJ and its corresponding displacement, respectively.

Fig. 6

 6 Fig. 6(d) depicts the effect of concrete strength, fc, on P-Δcurves of SCSSWJs at -60 ºC. Fig.

  °; T0 is the room temperature, in °C.

  )~(13) to calculate the mechanical properties sT E , T y f , and T u f of the steel faceplates at different low temperature level T. Using Eqn. (16) to calculate the cT f values for concrete at different T. Using Eqn. (14)-(15) to calculate T y
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 1293305789 Fig. 1 Gravity based conical platform with SCS sandwich type of ice-resistant walls
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	CB TF , pl TF , ps TF , and			
	The compressive resistance of the faceplate, sT P , is estimated by Euler's theory as the
	following;			
	sT P	=	2 σ	crT st A

s TF , denotes resistances of connectors failed in breakout of concrete, pullout of J-hook, punching shear of the faceplate surrounding the connectors, and tensile fracture of J-hook, respectively; d is the nominal diameter for the J-hook connectors; sh A denotes the cross-sectional size of connectors; u T σ denotes ultimate strength of J-hook connectors at T; h e is projection area of J-hook and herein equals to 3d; cT f denotes the concrete compressive strength at T; N A is projected area of the failed concrete cone for the J-hook connectors under tension; s t denotes thickness for the faceplate; ysT f is the yield strength of faceplate at T.

  This paper firstly reported nine compressive tests on SCSSWJ at different Arctic low temperatures. The studied parameters in the tests were low temperatures, thickness of steel faceplates, spacing of connectors, and different grades of concrete. The test results reported failure modes, load versus shortening behaviours, and effects of different parameters on compressive behaviours of the SCSSWJ. Analysis and discussions were performed based on these reported test results. This paper also developed theoretical models for the determinations of ultimate compressive resistance of SCSSWJ at different low temperatures.

	5 Conclusions
	Some conclusions are drawn based on above experimental and analytical studies;
	(1) Under compression at low temperatures, concrete crushing and local buckling of steel
	faceplates were two major failure modes occurred to the SCSSWJ. Plastic buckling
	occurred to the steel faceplate in SCSSWJs with thicker steel faceplates or exposed to
	higher temperatures. Elastic buckling occurred to the rest SCS sandwich walls. Buckling
	of steel faceplate occurred prior to concrete crushing mode as the sandwich walls under
	compression.

Table 1

 1 Details and results of compression tests on SCS sandwich walls at low temperatures EsT denotes yield strength and elastic modulus of steel faceplate at low temperature, respectively; S denotes spacing of connectors; σuT denotes ultimate strength of steel reinforcement at low temperatures; EsrT denotes elastic modulus of steel reinforcement at low temperature; fcT and EcT denote compressive strength and modulus of elasticity of concrete at low temperature, respectively; denotes buckling strain of steel faceplate; ɛf denotes yield strain of steel faceplate; Ke denotes initial stiffness; Pu denotes experimental ultimate compressive resistance; PuT predicted ultimate compressive resistance by Eqn. (3); EB denotes elastic buckling; PB denotes plastic buckling of steel faceplate; CC denotes concrete crushing.

	Item	T (°C)	ts (mm)	fyT (MPa)	EsT (GPa)	S (mm)	S/ts	σuT (MPa)	EsrT (GPa)	fcT (MPa)	EcT (GPa)
	JS1	-60	2.8	378	216	75	26.8	353	204	75.6	33.1
	JS2	20	2.8	334	201	75	26.8	330	199	43.9	28.4
	JS3	-30	2.8	361	210	75	26.8	347	200	61.7	32.2
	JS4	-80	2.8	391	222	75	26.8	360	206	87.0	34.6
	JS5	-60	4.6	396	224	75	16.2	353	204	75.6	33.1
	JS6	-60	5.9	401	226	75	12.6	353	204	75.6	33.1
	JS7	-60	2.8	378	216	150	53.6	353	204	75.6	33.1
	JS8	-60	2.8	378	216	75	26.8	353	204	48.2	32.8
	JS9	-60	2.8	378	216	75	26.8	353	204	79.3	33.6
					Table 1 Continued				
	Item	ɛf (μ)	ɛb (μ)	Ke (kN/mm)	Δu (mm)	Δ85% (mm)	DI Ratio	FM	Pu (kN)	PuT (kN)	Pu/ PuT
	JS1	1750 1481	2234	2.64	3.16	1.20 EB, CC 4968 3741 1.33
	JS2	1662 1605	1534	2.34	3.05	1.30 EB, CC 3062 3214 0.95
	JS3	1719 1729	1738	2.54	3.11	1.22 PB, CC 3532 3519 1.00
	JS4	1761 1410	2380	2.93	3.49	1.19 EB, CC 6508 3915 1.66
	JS5	1768 1921	2779	2.65	3.29	1.24	PB,CC 6442 4666 1.38
	JS6	1774 2820	3249	2.44	3.49	1.43	PB,CC 6897 5324 1.30
	JS7	1750	592	2064	2.39	2.79	1.17 EB, CC 3783 2838 1.33
	JS8	1750 1689	1916	2.66	3.22	1.21 EB, CC 3654 3128 1.17
	JS9	1750 1366	2338	2.23	2.59	1.16 EB, CC 5046 4140 1.22
	Mean										1.26
	Cov										0.17

Cov denotes coefficient of variation; T denotes temperature; ts denotes thickness of steel faceplate; fyT and
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