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This paper firstly proposed steel-concretes-steel sandwich walls with J-hook connectors (SCSWJs) as protective structures in the Arctic offshore platforms. Followed, six large scale SCSWJs were tested under lateral cyclic loading to investigate their lateral seismic behaviours. The investigated parameters in the testing program included spacing of J-hook, concrete core strength, thickness of steel faceplate, and aspect ratio. Seismic behaviours of SCSWJs were reported in details, and the effects of these parameters on their seismic behaviours were reported and discussed. The test results showed that the SCSWJ failed in flexure mode with characteristics of tensile yielding of side plate and steel faceplate, concrete crushing at the bottom toe, and outward local buckling of steel faceplates. Pinching effect was observed in the load versus lateral drift curves after the peak load due to premature local buckling of side plates and faceplates locating between the first and second row of J-hook from the bottom. This paper developed analytical models to predict the peak lateral resistance of SCSWJ. The validations against 12 results from six cyclic tests confirmed that the developed models offered reasonable but conservative predictions on the peak lateral resistance of SCSWJ. This study promotes the applications of the SCSWJ in the earthquake-prone Arctic regions.

Nomenclature

Ac= Cross-sectional area of concrete in SCSWJ As= Cross-sectional area of steel faceplate in SCSWJ Ee =dissipated energy for each loading cycle Ea =Accumulated dissipated energy H= Height of SCSWJ 0 K =Initial stiffness of SCSWJ y , , and m u K K K =Stiffness of SCWJ at yield, peak, and ultimate lateral resistance Mu =Ultimate flexural resistance of the cross section for SCSWJ; N = Axial force acting on the SCSWJ NcR= Resultant compressive force of the concrete zone under compression; Ns =Compressive resistance of the steel faceplate locating in the compressive zone Nsp=Compression resistance of the side plate in t the cross section Nd =The design axial force acting on the SCSWJ y , , and Steel-concrete-steel (SCS) sandwich structure with J-hook connectors (SCSSJ) is a relative new type of composite structure consisting of two external steel faceplates, a concrete core, and J-hook connectors at the concrete-faceplate interface (see Fig. 1). This type of structure was originally developed as the ship hulls or slim decking in the marine and offshore constructions [START_REF] Liew | Lightweight steel-concrete-steel sandwich system with J-hook connectors[END_REF]. And its transparent advantages include relative low costs on shear connectors, no limit on depth of the cross-section, saving formwork and labour force for casting, and relative high static and impact structural performances [START_REF] Liew | Lightweight steel-concrete-steel sandwich system with J-hook connectors[END_REF]. Due to these advantages, the SCSSJ exhibits versatile potential applications as the shear walls in building, immersed tunnels, blast walls, offshore platform decking, bridge decking, and oil containers [START_REF] Liew | Lightweight steel-concrete-steel sandwich system with J-hook connectors[END_REF][START_REF] Marshall | Development of SCS sandwich composite shell for Arctic Caissons[END_REF][START_REF] Liew | Separation Prevention Shear Connectors for Sandwich Composite Structures[END_REF]. More recently, this type of structure has been used as protective structures in the Arctic gravity base caisson to resist the applied ice-contact pressure as shown in Fig. 2 [START_REF] Marshall | Development of SCS sandwich composite shell for Arctic Caissons[END_REF].

Previous extensive studies have been performed for SCS sandwich structures with J-hook connectors (SCSSJ). The SCSSJ was originally proposed and patented by Liew et al. [START_REF] Liew | Separation Prevention Shear Connectors for Sandwich Composite Structures[END_REF][START_REF] Liew | Innovative SCS system for marine and offshore applications[END_REF]. The static behaviours of SCS sandwich beams with J-hook connectors (SCSSBJ) and expanded clay type of lightweight concrete have been studied by Liew and Sohel [START_REF] Liew | Lightweight steel-concrete-steel sandwich system with J-hook connectors[END_REF]. Continuous studies on the static behaviours of this type of sandwich beam with ultra-lightweight cementious composite materials were contributed by 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]. These studies mainly focused on the ultimate strength behaviour of SCSSBJ. Since this structures was proposed as the protective structures for the Arctic gravity base caisson, punching shear behaviours of SCS sandwich plates and shells with J-hook connectors have been studied by Sohel et al. [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] through large scale tests and theoretical analysis. Considering the projectile impacting on the protective SCS sandwich walls, Sohel [START_REF] Sohel | Impact behaviour of Steel-Composite sandwich beams[END_REF], Sohel et al. [START_REF] Sohel | Numerical modelling of lightweight Steel Concrete Steel sandwich composite beams subjected to impact[END_REF], and Sohel and Liew [START_REF] Sohel | Behavior of steel-concrete-steel sandwich slabs subject to impact load[END_REF] made great efforts on impact tests on SCS sandwich beams and slabs with J-hook connectors. Moreover, they also developed theoretical and numerical models to simulate structural responses of SCSWJ under impact loads.

Kang [START_REF] Kang | Blast resistance of steel-concrete composite structures[END_REF] and Liew and Wang [START_REF] Liew | Novel Steel Concrete Steel Sandwich Composite Plates Subject to Impact and Blast Load[END_REF] performed blast tests on SCSWJ to study their structural behaviours under blast loadings. These test results confirmed the excellent structural performance of SCSSJ subjected to low velocity projectile impact and high speed blast loads. Dai [START_REF] Dai | Fatigue analysis and design of steel-concrete-steel sandwich composite structures[END_REF] and Dai et al. [START_REF] Dai | Fatigue performance of lightweight steel-concrete-steel sandwich systems[END_REF] studied the fatigue performance of SCS sandwich beams adopting J-hooks, which clear the obstacles on their applications in offshore structures subjected to the fatigue wave loads. Huang and Liew [START_REF] Huang | Compressive resistance of steel-concrete-steel sandwich composite walls with J-hook connectors[END_REF][START_REF] Huang | Structural behaviour of steel-concrete-steel sandwich composite wall subjected to compression and end moment[END_REF] experimentally studied the structural behaviour of the SCSWJ subjected to compression. Yan et al. [START_REF] Yan | Push out tests on J-hook shear connectors in steel-concrete-steel sandwich structure[END_REF][START_REF] Yan | Tensile resistance of J-hook connectors in SCS sandwich composite structure[END_REF][START_REF] Yan | Shear-tension interaction strength of J-hook connectors in steel-concrete-steel sandwich structure[END_REF] reported a series of standard tests to obtain shear and tensile behaviours of J-hook used in the SCSWJ, and corresponding design equations were proposed. These research achievements on SCSSJ have been summarized and reported by Liew et al. [START_REF] Liew | Steel-Concrete-Steel Sandwich Composite Structures-Recent Innovations[END_REF]. From these extensive studies, it can be found that most of these studies focused on the SCS sandwich structures with J-hook connectors under static, fatigue, impact, and even occasional blast loads. The information on the seismic behaviour of the SCSWJs is still quite limited. However, most of these SCS sandwich structures with J-hook connectors were applied in the seismic-prone region (e.g., a magnitude-7.2 earthquake hits Alaska within the Arctic circle on Dec 1 st , 2018). Moreover, as specified in EN-ISO19906 [START_REF]Petroleum and natural gas industries-Arctic offshore structures (ISO19906[END_REF], the seismic performance of the Arctic offshore structures needs to be evaluated. Thus, it is of importance to obtain necessary information on the seismic behaviours of SCSWJs. This paper firstly proposed the SCS sandwich walls with J-hook connectors. Then, six large scale SCSWJs were tested under combined constant axial compressive loads and in-plane cyclic horizontal shear forces. The effects of material and geometric parameters on the cyclic behaviours of this SCSWJs were investigated, reported, and analysed. These investigated parameters were spacing of J-hook, steel faceplate thickness, concrete grade, and height of SCSWJ. This paper also developed analytical models to predict peak lateral resistance of SCSWJs. Some conclusions were given based on these test results and analytical studies.

Testing programme

Details of specimens

Each SCSWJ consists of two external steel faceplates, a concrete core, and conjunction J-hook connectors. Fig. 3 shows typical fabrication procedures of the SCSWJ that include (1) fabrication of J-hook connectors through bending straight rebars, (2) welding J-hooks to steel faceplates and performing bending tests on randomly selected J-hook connectors to check the welding quality, (3) welding end plates to form the steel skeleton, and (4) casting of concrete. Six large scale specimens namely SW1~SW6 were prepared in this study.

All the specimens were prepared with the same dimension that measure 1000 mm, 100 mm, and 1830 mm in width (W), depth of concrete core (tc), and height (H), respectively except specimen SW6 that was designed with different height H of 915 mm. However, the layout of inside J-hook connectors, strength of concrete core, and thickness of steel faceplate varied with specimens. The selected key parameters in this study are spacing of the J-hooks (S), steel faceplate thickness (t), concrete grade (fc), and aspect ratio (H/W). Specimen SW1 was designed with controlling parameters of S=114 mm, H=1830 mm, and C30 normal weight concrete. To study the influence of S on seismic performance of SCSWJ, SW1, and SW2, and SW3 were designed with different S values of 114 mm, 160 mm, and 200 mm that corresponds the slenderness ratios (distance to thickness ratio S/t) of 25.3, 35.5, and 44.4, respectively. SW1 and SW4 were designed with 4.5 mm-and 6.0 mm-thick steel faceplate to investigate its influence on the seismic performance of SCSWJ. SW5 was prepared with C50 normal weight concrete (NWC) compared with SW1 with C30 NWC concrete core. To study the effect of aspect ratio on seismic performances of SCSWJ, specimen SW6 was designed with H/W ratio of 1.0 compared with 2.0 for specimen SW1. Table 1 lists more geometric details of SW1~6.

Standard tensile tests were performed on the steel faceplates and reinforcements used in SCSWJs according to Chinese code GB/T228. 1 [24]. Q235 type of mild steel plates in different thickness were used in the fabrications of tested specimens. Specimens SW1~3 and SW5~6 were designed with 4.5 mm-thick Q235 mild steel plates whose yield and ultimate strengths are 329.7 MPa and 429.5 MPa, respectively. SW4 adopts 6 mm-thick Q235 mild steel plates with yield and ultimate strengths are 312.3 MPa and 409.5 MPa, respectively. φ8 mm steel reinforcements with smooth surface were used for the fabrication of J-hook. Its yield and ultimate strengths are 343.1 MPa and 497.8 MPa, respectively. The elastic modulus for 4 mm-thick steel plate, 6mm-thick steel plate, and φ8 steel reinforcement are 203 GPa, 201 GPa, and 198 GPa, respectively. Fig. 4 depicts the tensile stress-strain curves of 4 mm-thick steel plate, 6mm-thick steel plate, and φ8 steel reinforcement. NWC C30 and C50 were used in the SCSWJs. The compressive strengths of NWC were obtained through tests on three 150×150×150 mm 3 concrete cubes. The average compressive strength of C30 and C50 NWC are 43.3 and 57.9 MPa with corresponding standard deviations of 1.2 and 2.9 MPa, respectively.

Test setup, loadings, and measurements

Figure 5 illustrates the test setup for SW1~6. The SCS sandwich shear wall was firstly bolt-installed on the foundation I-beam that was connected to the rigid ground floor by four large anchoring bolts. Considering the working scenario of the SCSWJ, constant vertical axial compression that simulated the dead load transferred to the shear wall was applied to the top cross section of SCSWJ using a vertical hydraulic actuator as shown in Fig. 5(a). The axial compression significantly influences the seismic behaviour of SCSWJ through changing the depth of compressive zone and deformation capacity. The design axial force ratio can be determined as the following [START_REF]Technical specification for concrete structures of tall building (JGJ3-2011)[END_REF];

d d cd c yd s N n f A f A = + (1) 
where, Nd denotes design axial force acting on the SCSWJ and equals to 1.2 times of the actual axial force acting on the structure; fcd is the design concrete compressive strength; Ac is the area of concrete in cross section; As denotes area of the steel faceplate in the cross section. Thus, design axial force ratios of 0.55 [START_REF]GB 50011-2010 Code for seismic design of structures[END_REF] were applied to the tested six specimens. The applied axial force was evenly distributed to the cross section of the SCSWJ through a rigid I-beam (see Fig. 5(a)).

After applying the axial loads, horizontal cyclic displacement loading was applied to the SCSWJ through a horizontal actuator that was connected to the reaction wall. The right end of loading actuator was pin-connected to a rigid I-beam that was installed on the top end plates of the SCSWJ through bolts. To minimize the influence of horizontal friction force between SCSWJ and the reaction frame, a sliding bearing was used between the vertical hydraulic actuator and the reaction frame (see Fig. 5(a)).

Fig. 6 depicts the cyclic loading history curve that is determined according to Chinese code JGJ 101-96 [START_REF]Specification of testing methods for earthquake resistant building[END_REF]. For the first three loading cycle, force-controlled mode was used and 1/3, 2/3, 1 times of predicted yielding loads with one cycle at each loading level were applied to the SCSWJ. After that, followed lateral cyclic displacement loads were applied to SCSWJ and the loading amplitudes equals to 1, 1.5, 2, 2.5, 3, 3 Test results

General behaviours

The tested specimens SW1~6 exhibited close failure modes and load-transfer Finally, at the recession stage, the concrete damage continued to accumulate and the local buckling of the steel faceplate continued developing from the external edge to the middle region. At the final stage, this local buckling finally propagated through the horizontal strip between two horizontal rows of J-hook connectors.

Specimen SW1~3

At the initial loading stage, SW1 behaved linearly as the lateral load achieved about 50% ultimate load carrying capacity, i.e., 430 kN, and the initial bond between the steel faceplate and concrete failed accompanied by the failure sound. After that in the nonlinear working stage, at the drift ratio of 0.6%, local buckling took place in the steel faceplate between the first and second row of J-hook connectors from the bottom at the compression toe of the SCSWJ. After that, at the drift ratio level of 0.75%, local buckling occurred to the side plate at the compression toe of the SCSWJ. As the drift ratio increases to 0.97%, severe local buckling was observed in the side plate, and the vertical welds at the corner fractured due to the severe outward buckling of the side plate and faceplate. Meanwhile, the strip of the steel faceplate between the first and second row of J-hook connectors from the bottom gradually buckled from the edge to the middle region until this strip fully buckled. Finally, at the drift ratio level of 1.20%, fracture of inside J-hook and crushing of concrete core were observed as shown in Fig. between the first and second row of J-hook connectors from the bottom was observed as the drift ration increases to about 0.74%. Due to the increased slenderness ratio S/t in SW3, this local buckling in the steel faceplates at the bottom toe occurred earlier to SW3 at the drift ratio of 0.51%. After that, at the drift ratio of 0.88%, local buckling of side plate in SW2 was observed, and this similar failure mode occurred to SW3 at drift ratio of 0.75% due to the increased slenderness ratio. After that, the local buckling region gradually propagated from the edge of the toe to the middle region of the specimen until crossing through the lateral strip in the steel faceplates between the first and second row of the J-hook connectors. Tensile fracture occurred to the side faceplate along the vertical welds between the side plate and steel faceplate at the buckling position in SW2, but this failure was not observed in specimen SW3. SW2 and SW3 failed due to the crushing of concrete core at the drift ratios of 1.0% and 0.91%, respectively.

Specimen SW4

Fig. 7(d) shows the failure modes of SW4. At the first working stage, SW4 exhibited elastic behaviour of reaction forces with the increasing drift ratio. In the followed nonlinear working stage, the steel faceplate locally buckled at the bottom end between first and second row of J-hook connectors at the drift ratio level of about 0.81%. At the second loop of loading at the drift ratio 0.81% , the strip of steel faceplates between the second and third row of J-hooks from the bottom started to buckle, which is different from those of SW1~3. As the drift ratio equalled to 1.0%, the local buckling region of steel faceplate propagated from the edge to the middle region. The welds at corner started to fracture. Finally, at the drift ratio of 1.2%, severe local buckling occurred to the steel faceplate, and concrete core was crushed.

Specimen SW5

SW5 exhibits close failure manner to SW1-4. The steel side plate and faceplate at the bottom toe started to buckle at the drift ratio of 6.8%. At the drift ratio level of 0.99%, the local buckling region gradually developed from the edge of the specimen to its middle region, and fracture occurred at the corner between the side plate and faceplate.

At this point, the specimen achieved its peak load. Finally, at the drift ratio level of 1.03%, the specimen failed in severe local buckling of steel faceplate and crushing of concrete at the corner region.

Specimen SW6

Fig. 7(f) shows the failure modes of SW6. Specimen SW6 exhibits close failure pattern to SW1~5. At the drift ratio of 0.84%, the steel faceplate at the bottom toe between the first and second row of J-hook connectors started to buckle. Due to the much smaller aspect ratio than SW1~5, SW6 exhibited much larger initial stiffness and lateral peak resistance. As the drift ratio equals to 1.06%, local buckling occurred to the bottom toe of side plate. SW6 failed due to crushing of concrete and severe local buckling of steel faceplate at the drift ratio of 1.14%. shows that compared with the total deformation, the shear deformation was much smaller that are about 15% of the total deformation. This implies the flexural mode governed failure mode occurred to these SCSWJs under horizontal cyclic loads.

Load versus top displacement relationship

The envelope load versus top displacement curves of SW1~6 are shown in Fig. 10. It shows that these envelope curves exhibited close manners except SW5 with lower aspect ratio. The initial stiffness of SW1~5 were quite close with limited differences.

In general, pinching effects were observed from the six tests due to local buckling of faceplates that prevents the mature development of energy dissipation and tensile fracture of the steel faceplate.

Characteristic strengths and displacements

With the obtained envelope load-displacement curves, the yield and peak load of the SCSWJ can be obtained using the method in Fig. 10. Thus, the yield load (Py), peak load (Pm), and their corresponding displacements Δy and Δm as well as ultimate drift capacity Δu are determined according to this method. These determined characteristic strengths and displacements are tabulated in Table 2. The influences of S, t, fc, and aspect ratio H/W are depicted in Fig. 12 (a)~(d), respectively. The following observations could be found in these figures;

(1) Increasing the spacing of the J-hook connector exhibits significantly negative influences on the strengths of the SCSWJ, but marginal influence on the initial stiffness of the specimen. As S increases from 114 mm to 160 mm and 200 mm, Py was decreased by 8% and 32%, respectively whilst Pm was decreased by 10% and 18%, respectively; meanwhile, the K0 was only decreased by 3% and 0%, respectively. This is because that increasing S from 114 to 160 and 200 mm increased the slenderness ratio of the steel faceplate S/t from 25.3 to 35.6 and 44.4

that compromises the buckling resistance of the steel faceplate, but has no effect on the elastic stiffness of steel faceplate under in-plane compression.

(2) Using thicker steel faceplate in SCSWJ improves its lateral load carrying capacity, but exhibits marginal effect on its initial stiffness. Increasing t from 4.5 to 6 mm, Py and Pm of SCSWJ were increased by 13% and 16%, respectively; however, K0 was increased by 3%. Using thicker steel faceplate actually results in larger equivalent cross-section size as well as cross-sectional steel content that resulted in increased yield and peak strengths and initial stiffness of the SCSWJ.

(3) Using higher grade concrete in SCSWJ resulted in increased strength and initial stiffness of the SCSWJ. As fc increases from 33.9 MPa to 47.1 MPa, Py and Pm were increased by 9% and 6%, respectively; meanwhile, the K0 value was increased by 19%. This is because that using higher grade concrete from C30 to C50 increases both modulus of elasticity and compressive strength of concrete.

(4) Decreasing aspect ratio of the SCSWJ significantly increases its strengths and initial stiffness. As the aspect ratio H/W decreases from 2.0 to 1.0, Py, Pm and K0

were increased by 88%, 82%, and 85%, respectively. This is because with the same width and cross section size as well as ultimate bending resistance for the cross section, SCSWJ with smaller aspect ratio suffers smaller shear span for the acting lateral shear force, which results in improved strengths and initial stiffness of SW6.

Strength and stiffness degradation

Strength degradation is defined as the reduction ratio of the peak strength among different cycles at certain loading level during the cyclic loading tests, which was an important index for the evaluation of the structural seismic performance. Thus, the strength reduction ratio equals to the ultimate strength of subsequent cycle to that of the first cycle at loading level i, i.e.,

1

n i i i P P η = (2) 
where, i η , 1 i P , and n i P denotes strength reduction ratio, peak load of first loading cycle, and peak load of nth cycle at loading level i during the cyclic loading tests, respectively.

Fig. 13 depicts the strength reduction ratio versus drift levels of tested specimens SW1~6. It shows that as the lateral drift ratio is less than 1%, i.e, the drift displacement less than 20 mm for SW1~5 and 10 mm for SW6, the strength reduction ratio locates within a range of 0.90~1.0. After the drift displacement is beyond 20 mm for SW1~SW5 or 10 mm for SW6, the strength degradation ratio drops rapidly that was mainly caused by the local buckling of faceplate and concrete crushing at the bottom toe of specimens. The strength degradation ratio versus displacements curves of SW1~6 exhibit close manners without transparent differences.

The cyclic stiffness was used in this paper to describe the rigidity of the SCSWJ as the following [START_REF] Nie | Seismic behavior of connections composed of CFSSTCs and steel-concrete composite beams-experimental study[END_REF];

1 1 j n j i i j n j i P K = = = ∆ ∑ ∑ (3) 
where, i K is the cyclic stiffness at th i displacement loading level; The stiffness degradation ratio of the SCSWJ s λ is defined as the stiffness at th i displacement loading level, i K , to the initial stiffness, 0 K , i.e., s 0 (2) as the lateral displacement increases from 0 mm to 5 mm, the rigidity of the SCSWJ SW1~SW5 decreases rapidly due to inside-concrete cracking. After that during the increase of displacement from 5 mm to about 25 mm, the rigidity of the SCSWJ decreases steadily. Moreover, it can be also found that at the same loading level the rigidities of the SCSWJ obtained from positive loading directions are close to those obtained from the negative loading directions.

= i K K λ (4) 
The yield stiffness Ky, peak stiffness Km, and ultimate stiffness Ku corresponding to Py, Pm, and Pu are listed in Table 2. These stiffness to initial stiffness ratios, i.e., Ky/K0, Km/K0, and Ku/K0 are calculated in Table 2. It shows that for specimen SW1~SW5 most of the Ky/K0, Km/K0, and Ku/K0 ratios are about 0.45, 0.35, and 0.25, respectively.

However, these ratios for SW6 are about twice of that of SW1~SW5 due to its double aspect ratio.

Deformation capacity

The determined yield displacement Δy, peak displacement Δm as well as ultimate drift capacity Δu according to the method in Fig. 11 are listed in Table 2. The ductility ratio was used to describe the deformation capacity of the SCSWJ that can be determined as the following;

u y µ ∆ = ∆ (5) 
The drift ratio of the SCSWJ under horizontal load can be obtained by the relationship of / H θ = ∆ . Thus, the ultimate drift ratio of the tested six specimens were determined as tabulated in Table 2. It shows that the ultimate drift ratio for the six specimens was about 1.0%. Table 2 lists the determined ductility ratios of SW1~6 under positive and negative direction loading. It shows that the ductility ratios are within 1.34~2.08.

Increasing S from 114 to 200 mm increases the ductility ratio by 26%. This may be due to the larger deformation of the steel faceplate with connectors in larger S.

Increasing t from 4.5 mm to 6.0 mm slightly increased the µ value by only 5% due to the improved deformation capacity of thicker steel faceplate. Increasing the grade of concrete core from C30 to C50 reduces the ductility ratio of SCSWJ by 12%. This is due to that higher grade concrete results in reduced ductility. Reducing the aspect ratio of the SCSWJ from 2.0 to 1.0 reduced the ductility ratio by 14%. This is mainly caused the shear span acting on the SCSWJ. 

Energy dissipation capacity

Strains

Fig. 17 shows the hysteretic load versus strain curves of steel faceplates and side plates at critical positions located at the bottom toe of the SCSWJ. These figures shows that (1) plump load-strain curves imply the plastic deformations of specimens that approve the flexural failure mode of the SCSWJ under cyclic loading; (2) the plastic strains at the compressive side are larger and develop faster than those of the tensile side due to local buckling of faceplates and concrete crushing.

Fig. 18 depicts the vertical strain distribution curves of along the cross section at different loading levels for representative SCSWJ specimens. These strain-distribution profiles show that plane-section assumption still works for the SCSWJ until the specimens achieved their peak resistances.

Analysis on flexural resistance of SCSWJ

Analysis on peak lateral resistance of SCSWJ

The test results exhibited flexural failure mode occurred to the tested six SCSWJs.

Thus, the peak lateral flexural resistance of SCSWJ can be determined from its ultimate cross-sectional bending resistance. Based on the experimental observations, some assumptions were made; (1) plane section remains plane during the working stage until achieving the peak lateral resistance of SCSWJ; (2) ignorance of the tensile strength of concrete; (3) the compressive resistance of concrete was determined by the rectangular stress distribution method as introduced in Eurocode 2 [START_REF]Eurocode 2, Design of Concrete Structures -Part 1-1: General Rules and Rules for Buildings[END_REF]; (4) the compressive resistance of the side plate and steel faceplate were governed by their buckling resistance and yielding strength.

Fig. 19 shows the stress and strain distribution and internal forces in the cross section of SCSWJ. The equilibriums for resultant force and bending moment were built as the following;

cR sp s sp s N N N N T T = + + -- (6) ( ) ( ) 
0.5 0.5 0.5 0.5 0.5
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2 s y T t W x f = - (12) ( ) 2 s 2 2 min , 12 / cr y 
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where, N denotes external axial compression on the SCSWJ; M u denotes cross-sectional bending resistance of SCSWJ; N cR denotes resultant compressive force of the concrete zone under compression; N sp denotes the compression resistance of side plate in the compressive zone of cross section; N s denotes compressive resistance of the steel faceplate locating in the compressive zone of cross section; T sp denotes tensile resistance of side plate in the tensile zone of cross section; T s denotes the tensile resistance of steel faceplate locating in the tensile zone of cross section; x denotes the position of the neutral axis as show in Fig. 18; λ denotes neutral axis position reduction factor, and equals to 0.8 for c f less than 50 MPa, and 0.8-( c f -50)/400 for c f larger than 50 MPa but less than 90 MPa [START_REF]Specification of testing methods for earthquake resistant building[END_REF]; η denotes strength reduction factor, and =1.0 η for c f ≤50 MPa, and η =1.0-( c f -50)/200 for 50< c f ≤90 MPa [START_REF]Specification of testing methods for earthquake resistant building[END_REF]; cr σ denotes critical compressive buckling stress of faceplate and side plate; t denotes thickness of faceplate; t c denotes thickness of concrete; f y is the yield strength of steel faceplate and side plate; W denotes width of the SCSWJ.

Thus, the peak lateral resistance of SCSWJ can be estimated as the following;

/ ma u P M H = (14)
where, H denotes height of the SCSWJ.

Validations

Table 2 tabulates the predictions on peak lateral resistances of SCSWJs by the developed theoretical models, i.e., Eqn. ( 6)~( 14). Fig. 20 compares the test results with those predictions. It can be found that the test-to-prediction ratios range from 1.09 to 1.27. The proposed analytical models averagely underestimate the peak lateral resistance of SCSWJs by 16% with a coefficient of variation (Cov) of 0.05. Thus, it can be concluded that the developed analytical models offer reasonable but conservative evaluations on the peak lateral resistances of SCSWJs. However, the developed analytical models were validated by limited test data, further validations are still required.

Conclusions

This paper performed six large scale tests on SCSWJs subjected to cyclic loads that aimed to investigate their seismic behaviours. The reported seismic behaviours of the SCSWJ included failure modes, cyclic load versus lateral displacement behaviours, strength and stiffness degradation, deformation capacity, energy dissipation capacity, and strain behaviours. The influences of spacing of J-hook, thickness of steel faceplate, strength of concrete core, and aspect ratio on seismic behaviours of SCSWJ were analysed and discussed. Including the experimental studies, analytical models were developed for predictions on peak lateral resistance of the SCSWJ. Their accuracies were validated by 12 reported results from six cyclic tests. Based on these studies, the following conclusions can be drawn;

(1) Flexural failure occurred to the tested six SCSWJs that contains characteristics of concrete crushing in compressive zone, yielding of steel faceplate and side plate, and local buckling of steel faceplate. Cyclic load-displacement curves exhibited pinching effect after the peak load due to the compressive local buckling of steel faceplate at the bottom toe that compromised the energy dissipation capacity of the SCSWJ.

(2) Increasing the spacing of J-hook connectors in SCSWJ reduces its yield and ultimate load carrying capacities, initial stiffness, and energy dissipation capacity, but increases its deformation capacity.

(3) Increasing the thickness of steel faceplate in SCSWJ from 4.5 mm to 6.0 mm increases its yield load, ultimate load, and initial stiffness by 13%, 16%, and 3%, respectively. Increasing the thickness of steel faceplate increases the energy dissipation of SCSWJ at the nonlinear working stage.

(4) Increasing the strength of concrete core from C30 to C45 results in 9%, 6%, and 19% increase in yield load, ultimate load, and initial stiffness; however, the ductility ratio of the SCSWJ was decreased by 12%. In addition, the energy dissipation capacity of the SCSWJ was also reduced for using higher strength concrete.

(5) Decreasing the aspect ratio of the SCSWJ significantly increases its strengths and initial stiffness. As the aspect ratio H/W decreases from 2.0 to 1.0, Py, Pm and K0 were increased by 88%, 82%, and 85%, respectively; however, the ductility ratio was decreased by 14%. Moreover, the energy dissipation capacity of the SCSWJ was also increased. [START_REF] Sohel | Behavior of Steel-Concrete-Steel sandwich structures with lightweight cement composite and novel shear connectors[END_REF] The developed analytical models offered reasonable but conservative predictions on peak lateral resistance of SCSWJ. The analytical models averagely underestimate the peak lateral load resistance of SCSWJ by 17% for 12 results with a Cov of 0.05. However, the developed models were validated by limited tests data, further validations were still required. 

Specimen

("+" denotes positive direction; "-" denotes negative direction) 

  =Yield, peak, and ultimate lateral resistance of SCSWJ a m P =Predicted peak lateral resistance (or ultimate lateral load carrying capacity) of SCSWJ S= Spacing of J-hook in SCSWJ Ts =Tensile resistance of the steel faceplate in tensile zone Tsp =Compression resistance of the side plate in tensile zone W= Width of SCSWJ c f =Cylindrical concrete compressive strength u c f =Cubic concrete compressive strength d c f =Design compressive strength of concrete cylinder 1 Introduction

3. 5 , 6 .

 56 …. times of the predicted yielding displacement as shown in Fig. Lateral displacements of SCSWJ at different elevations were instrumented by the linear varying displacement transducers (LVDTs), and the locations of these measured positions are shown in Fig. 5(b). The drift ratio θ was commonly used to describe the horizontal deformation of the shear wall, which equals to the displacement at the top loading action line (i.e., displacement by H1 in Fig. 5(b)) to the height at the measuring position. Crossed LVDTs working in two pairs, i.e., S1-S2 and S3-S4 were used to measure the shear deformation of the SCSWJ. The out-of-plane displacements were measured by two LVDTs (i.e., L1 and L2). The vertical displacements of the bottom end plates were measured by two LVDTs, namely V1 and V2 in Fig. 5(b). The horizontal movement of the foundation beam were also monitored by two LVDTs, namely H5 and H6. Including the displacements, the strains at different positions of steel faceplates were also measured by the linear strain gauges and three-directional rosettes as shown in Fig. 5(c).

  mechanism. Local buckling in the steel side plates and faceplates, and concrete crushing at the bottom toe of SCSWJ were observed in these six specimens. The failure modes gradually developed at different stages during the cyclic loading process. This failure process is characterized by three different working stages that include elastic working stage, nonlinear damage evolution stage, and post-peak recession stage. The cyclic loading leads to the two ends of the SCSWJ suffering alternative compression and tension. As the loading amplitude increases, in the second nonlinear working stage, the toes at the two external edges of the specimens tend to yield due to tension and locally buckle due to compression. Meanwhile, the concrete at the two external edge toes failed in crushing at the end of the second stage.
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  (a). Failure mode of SW1 at final loading stage and the occurrence sequence of these failure modes are detailed illustrated in Fig.7(a).
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 7 Fig. 7(b) and (c) shows the failure modes and occurring sequences of these failure
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 8 Figure 8 plots hysteretic load-top displacement curves of SW1~6. It shows that the
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 14 Fig. 14 depicts the cyclic stiffness-displacement curves of SW1~6. This figure shows
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 15 Fig. 15 defines the dissipated energy for each loading cycle, Ee. Fig. 16(a) and (b)
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Table 1

 1 Details of SCSWJ for cyclic tests S denotes spacing of J-hook; t denotes thickness of steel faceplate; S/t denotes slenderness ratio; fc and fcu denotes cylinder and cubic compressive strength of concrete, respectively; fy and fu denotes yield and ultimate strength of steel faceplate, respectively; nd denotes axial force ratio.

	Item	H (mm)	Aspect ratio	S (mm)	t (mm)	S/t ratio	fc (MPa)	fcu (MPa)	fy (MPa)	fu (MPa)	Axial (kN) force	nd
	W1	2000	2	114	4.5	25.3	33.9	43.3	329.7	429.5	1625	0.55
	W2	2000	2	160	4.5	35.6	33.9	43.3	329.7	429.5	1625	0.55
	W3	2000	2	200	4.5	44.4	33.9	43.3	329.7	429.5	1625	0.55
	W4	2000	2	114	6.0	19.0	33.9	43.3	312.3	409.5	1948	0.55
	W5	2000	2	114	4.5	25.3	47.1	57.9	329.7	429.5	2125	0.55
	W6	1000	1	114	4.5	25.3	33.9	43.3	329.7	429.5	1625	0.55
	H denotes height of SCSWJ;										

Table 2

 2 Test results of SCSWJ under horizontal cyclic loads

	Item	Load Direction	Δy (mm)	Py (kN)	Δm (mm)	Pm (kN)	Δu (mm)	θu (%)	Pu (kN)	µ	∆ = ∆	u y
	(1)	(2)	(3)	(4)	(5)	(6)	(7)	(8)	(9)	(7)/(3)
	W1	(-)	12.7	706.3	17.2	807.6	21.0	1.05	686.5	1.65
		(+)	15.8	695.7	21.7	777.1	22.8	1.14	660.5	1.44
	W2	(-)	1 2.6	617.4	19.2	717.4	20.8	1.04	609.8	1.65
		(+)	15.3	674.3	19.4	713.1	21.2	1.06	606.1	1.39
	W3	(-)	8.7	428.3	17.7	674.8	18.1	0.91	573.6	2.08
		(+)	9.4	529.9	16.0	627.2	17.1	0.86	533.1	1.82
	W4	(-)	12.3	767.2	17.2	884.5	21.7	1.09	751.8	1.76
		(+)	16.5	816.5	22.9	946.1	24.7	1.24	804.2	1.50

Cycles Drift ratio θ (rad) 34
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