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This paper firstly reported a novel type of enhanced C-channel connectors (ECs) for steel-concrete-steel sandwich structures by the first author. The enhanced novel connectors were achieved through connecting the free end of C-channel outside of the specimen using bolts or blind bolts. A push-out testing program, consisting of 16 specimens, was then carried out to study shear behaviour of novel ECs. This experimental program studied the influences of strength of concrete core, length, height and layout of C-channel on shear behaviour of ECs. The test results showed that the ECs exhibited successive failure of bolts and C-channel connectors, and confirmed that ECs improved the shear behaviour of C-channel connectors in terms of ultimate shear resistance. Influences of the studied parameters on shear behaviour of ECs were studied and analysed. Including the experimental investigations, new analytical models were developed to predict ultimate shear resistance and shear versus slip law of ECs. Validations against the reported 16 push-out results confirmed that these developed analytical models predicted well ultimate shear resistance and shear-slip behaviour of novel ECs.

Introduction

Steel-concrete-steel (SCS) sandwich structure (SCSSS), owning a history less than five decades, has been developed and put into use in immersed tunnels [START_REF] Lin | The deployable element, a new closure joint construction method for immersed tunnel[END_REF], shield tunnels [START_REF] Zhang | Behavior of composite segment for shield tunnel[END_REF], nuclear shielding walls [START_REF] Varma | Steel-plate composite (SC) walls for safety related nuclear facilities: design for in-plane force and out-of-plane moments[END_REF], shear walls in high-rise buildings [START_REF] Yan | Seismic behaviours of SCS sandwich shear walls using J-hook connectors[END_REF], oil containers [START_REF] Montague | A simple composite construction for cylindrical shells subjected to external pressure[END_REF], offshore decking [START_REF] Sohel | Behavior of steel-concrete-steel sandwich slabs subject to impact load[END_REF], ice-resistant walls [START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[END_REF], and protective structures [START_REF] Remennikov | The development and ballistic performance of protective steel-concrete composite barriers against hypervelocity impacts by explosively formed projectiles[END_REF]. Typically, a SCSSS consists of two external layers of steel faceplates and a middle sandwiched layer of concrete, and adopts connectors or cohesive materials at the faceplate-concrete interface to maintain its integrity. Previous extensive studies show that this new structure performs well under static [START_REF] Yan | Ultimate strength behaviour of steel-concrete-steel sandwich composite structures, Part 1: Experimental and analytical Study. Steel and Composite Structure[END_REF][START_REF] Yan | Experimental and analytical study on ultimate strength behaviour of steel-concrete-steel sandwich composite beam structures[END_REF][START_REF] Xie | Static tests on steel-concrete-steel sandwich beams[END_REF], fatigue [START_REF] Foundoukos | Fatigue tests on steel-concrete-steel sandwich components and beams[END_REF][START_REF] Dai | Fatigue performance of lightweight steel-concretesteel sandwich systems[END_REF], impact [START_REF] Sohel | Behavior of steel-concrete-steel sandwich slabs subject to impact load[END_REF], seismic [START_REF] Yan | Seismic behaviours of SCS sandwich shear walls using J-hook connectors[END_REF][START_REF] Sener | Seismic behavior of a containment internal structure consisting of composite SC walls[END_REF], and even blast loads [START_REF] Remennikov | The development and ballistic performance of protective steel-concrete composite barriers against hypervelocity impacts by explosively formed projectiles[END_REF][START_REF] Liew | Novel steel concrete steel sandwich composite plates subject to impact and blast Load[END_REF].

In SCSSS, as the important components, mechanical connectors at faceplate-concrete interface play essential roles on preventing interfacial separation and resisting interfacial slip. Different kinds of connectors have been used in SCSSS, e.g., headed studs [START_REF] Nie | Experimental study on seismic behavior of high-strength concrete filled double-steel-plate composite walls[END_REF][START_REF] Yang | Buckling behavior of double-skin composite walls: An experimental and modeling study[END_REF], J-hook connectors [START_REF] Liew | Novel steel concrete steel sandwich composite plates subject to impact and blast Load[END_REF], friction-welded bars [START_REF] Xie | Static tests on steel-concrete-steel sandwich beams[END_REF], laser-welded webs [START_REF] Jelovica | Eigen frequency analyses of laser-welded webcore sandwich panels[END_REF], tying bolts [START_REF] Rafiei | Profiled sandwich composite wall with high performance concrete subjected to monotonic shear[END_REF][START_REF] Ji | Seismic behavior of steel tube-double steel plate-concrete composite walls: experimental tests[END_REF], C-channels [START_REF] Shariati | Comparison of behaviour between channel and angle shear connectors under monotonic and fully reversed cyclic loading[END_REF], and L-channels [START_REF] Chen | Seismic behavior of double-skin composite wall with L-shaped and C-shaped connectors[END_REF]. Headed studs [START_REF] Nie | Experimental study on seismic behavior of high-strength concrete filled double-steel-plate composite walls[END_REF][START_REF] Yang | Buckling behavior of double-skin composite walls: An experimental and modeling study[END_REF] mainly achieve the composite bonding through their anchorages provided by the concrete core. Once the core is spalled (e.g., under impact or blast), the SCSSS would immediately loses its composite action. The main disadvantage of C-channels is similar to headed studs. Tying bolts [START_REF] Rafiei | Profiled sandwich composite wall with high performance concrete subjected to monotonic shear[END_REF][START_REF] Ji | Seismic behavior of steel tube-double steel plate-concrete composite walls: experimental tests[END_REF] directly link the two external faceplates and provide strong separation resistances. However, amounts of holes reserved in external faceplates compromised their strengths and complexed the fabrication procedures. J-hook connectors [START_REF] Liew | Novel steel concrete steel sandwich composite plates subject to impact and blast Load[END_REF] offer stronger interface-separation resistance than headed studs and C-channels, and also reduce the costing since they can be made by cold-formed normal reinforcements. However, hundreds of interlocking J-hooks in a SCSSS would lead to assembling difficulties. Friction-welded bars [START_REF] Xie | Static tests on steel-concrete-steel sandwich beams[END_REF] and laser-welded webs [START_REF] Jelovica | Eigen frequency analyses of laser-welded webcore sandwich panels[END_REF] could directly connect the two faceplates and offer strong interfacial separation resistances. However, their costings tend to be higher for civil engineering constructions compared with common headed studs. These previous studies revealed that current available shear connectors used in SCSSSs possess their advantages accompanied with their perspective disadvantages. It is necessary to develop a type of connectors for SCSSSs that offers high interfacial slip and separation resistances but low costing. This developed new type of shear connectors would improve the structural behaviours of SCSSSs especially the SCS sandwich walls (SCSSWs). This paper firstly proposed a new type of mechanical connectors for SCSSSs, namely "enhanced C-channel" connectors (ECs). The developed connectors consist of C-channels with externally connected bolts to enhance their interfacial separation resistances. Sixteen push-out tests were then carried out to investigate shear behaviours of this novel connecting system. Moreover, the influences of parameters, i.e., length of web of C-channel, height of C-channel, installation direction of C-channel, and strength of concrete core, were studied in this testing program.

Including the testing, analytical models were also developed to predict the shear resistance of ECs. Moreover, prediction equations were also developed to describe the shear versus slip behaviours of novel ECs. These developed analytical models offer useful information and basis for the numerical and theoretical analysis on structural members (e.g., beam, plates, walls, etc.) with ECs. Fig. 2 shows the potential applications of this novel SCS sandwich structure as shear walls in high-rise buildings and nuclear power plants. The developed ECs mainly achieved connecting two external steel faceplates from outside of the specimen, which is especially suitable for slim decking or shear walls with limited spacing between two faceplates in SCSSS. This new connecting system also removes welding hundreds of tying bars in the steel skeleton of nuclear shielding SCS sandwich walls. Moreover, the SCSSS with ECs has enough stiffness to overcome pressure of wet concrete during the casting, and no additional formworks will be required during their casting.

Details of enhanced C-channel (EC) connectors in SCSSS

The costing of SCSSS with ECs tends to be reduced compared with SCSSS made of friction-welded bars [START_REF] Xie | Static tests on steel-concrete-steel sandwich beams[END_REF] and laser-welded webs [START_REF] Jelovica | Eigen frequency analyses of laser-welded webcore sandwich panels[END_REF]. Moreover, it tends to be more productive compared with these two types of welding technology. Compared with SCSSSs with headed studs [START_REF] Nie | Experimental study on seismic behavior of high-strength concrete filled double-steel-plate composite walls[END_REF][START_REF] Yang | Buckling behavior of double-skin composite walls: An experimental and modeling study[END_REF], J-hook connectors [START_REF] Liew | Novel steel concrete steel sandwich composite plates subject to impact and blast Load[END_REF], tying bolts [START_REF] Rafiei | Profiled sandwich composite wall with high performance concrete subjected to monotonic shear[END_REF][START_REF] Ji | Seismic behavior of steel tube-double steel plate-concrete composite walls: experimental tests[END_REF], C-channels [START_REF] Shariati | Comparison of behaviour between channel and angle shear connectors under monotonic and fully reversed cyclic loading[END_REF], and L-channel [START_REF] Chen | Seismic behavior of double-skin composite wall with L-shaped and C-shaped connectors[END_REF], the costing of SCSSS with ECs tends to be close.

Furthermore, the ECs tend to perform better on resisting interfacial shear and separation between the faceplate and concrete.

Push-out tests on enhanced C-channel connectors in SCSSS

Since the enhanced C-channel connectors (ECs) are the basic components in SCSSS, their shear behaviours determine the structural behaviours of SCSSS structural members, e.g., cross-sectional flexural bending resistance, cross-sectional compressive resistance, and shear resistance of SCS sandwich wall. The push-out tests on ECs follow the method proposed for friction-welded bar connectors in "Bi-steel" type of SCSSS [START_REF] Xie | Experimental and numerical investigation on the shear behaviour of friction-welded bar-plate connections embedded in concrete[END_REF] and double J-hook connectors [START_REF] Yan | Push out tests on J-hook shear connectors in steel-concrete-steel sandwich structure[END_REF].

Details of specimens

The typical specimen for push-out tests on ECs is a basic unit taken from the SCSSS with ECs. Fig. 4 illustrates the details and preparing procedures of push-out test specimen. A typical push-out test specimen with ECs consists of two C-channels, two anchoring bolts, reinforcement mesh, two steel faceplates, and a concrete core. The preparation procedures of a specimen include (a) welding C-channels to the steel faceplate and reserving holes in the faceplate [see Fig. 4 
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shows the specimens for push-out tests after casting of concrete. To avoid splitting failure in the concrete core as reported by Xie et al. [START_REF] Xie | Experimental and numerical investigation on the shear behaviour of friction-welded bar-plate connections embedded in concrete[END_REF] and Yan et al. [START_REF] Yan | Push out tests on J-hook shear connectors in steel-concrete-steel sandwich structure[END_REF], reinforcement mesh was adopted in the push-out test specimens. This testing program studied the influences of web-width of C-channel (Lc), height of the C-channel (h), installation direction of C-channel (horizontal web, H-Web; or vertical web, V-Web), and concrete strength (fc). Eight groups of specimens with two identical specimens in each group, namely S1~S8, were prepared. Thus, 16 specimens in total were prepared in this study, and two identical specimens in each group were named by -A or -B (e.g., specimens in group one were named by S1A and S1B). To study the influence of Lc on shear behaviour of ECs, specimens S1A/B, S2A/B, and S3A/B were designed with different width of 50 mm, 30 mm, and 70 mm for the web in C-channel connectors, respectively. In order to study the influence of height of C-channel (h), three types of C-channels as shown in Fig. 5(a) (i.e., type A~C C-channel) were designed for S1A/B, S4A/B, and S5A/B, respectively. In order to investigate the layout of C-channel connectors, specimens S1A/B and S6A/B were prepared with horizontally and vertically -installed web of channel connectors as shown in Fig. 5(b) and (d), respectively. Finally, specimen S1A/B, S7A/B, and S8A/B were designed with normal weight concrete C60, C40, and C50, respectively. Fig. 5 shows the typical geometry of push-out test specimens. Fig. 5(b)~(c) shows the geometric details of all the specimens except S6A~B whilst Fig. 5(d)~(e) shows the details of S6A/B. Each specimen consists of two steel faceplates, a concrete core, two C-channel connectors, reinforcement mesh, and bolts. The two external steel faceplates measure 250 mm, 360 mm and 8mm in width, height, and thickness, respectively. Mild steel Q345, with yield and ultimate strengths of 393.5 MPa and 573.9 MPa, were used for two steel faceplates. The concrete core in each specimen is designed with the same width as the steel faceplate, but it is 15 mm and 45 mm shorter than the steel faceplate at the top and bottom side of the specimen, which were designed to tolerate the relative slip between the concrete core and faceplate during the testing. φ8 mm HRB400 mild steel reinforcements, with yield and ultimate strengths of 416.5 MPa and 614.9 MPa, were used to fabricate the reinforcement mesh in the specimen. The involved three types of C-channels all adopted Q235B mild steel. The dimensions of these three types of C-channels are shown in Fig. 5(a). S1~3A/B and S6~8A/B were designed with type A C-channels whose yield and ultimate strengths are 314.7 MPa and 447.0 MPa, respectively. S4A/B adopted type B of C-channels whose yield and ultimate strengths are 324.3 MPa and 430.3 MPa, respectively. S5A/B adopted type C of C-channels whose yield and ultimate strengths are 287.9 MPa and 408.5 MPa, respectively. Class 8.8 ordinary bolts with length of 40mm and diameter of 14mm were used in the specimen. Fig. 6 depicts the tensile stress-strain curves of 8 mm-thick steel plate, three types of C-channels, bolts and ϕ8 steel reinforcement. Normal weight concrete C40~C60 were used in this testing program, and their compressive strengths were obtained from standard tests as listed in Table 1. The details of mix proportions for these concretes are presented in Table 2.

Test setup

Fig. 7 depicts the setup for push-out tests on specimens with ECs. All the push-out tests were performed under a 300-ton loading machine in Structural Lab of Tianjin University. As shown in Fig. 7, each specimen is directly put on the bottom support of testing machine and is loaded only on the concrete core with two steel faceplates supported by the rigid support; the displacement loading is firstly transferred from the testing machine to the concrete core through the steel block, and then transferred to two steel faceplates through the C-channel connecting system embedded in the concrete core. The rate of displacement loading is 0.05 mm/min. Interfacial slips between the concrete core and steel faceplates were measured by LVDTs installed underneath the loading steel block and at the bottom of concrete core as shown in Fig. 7. The reaction forces at each loading level were automatically measured by a load cell installed in the testing machine. A data logger was connected to the testing machine and all the LVDTs during the test record the reaction shear force and concrete-faceplate interfacial slips. Moreover, the photographs for failure modes of specimens after tests were also taken by a digital camera.

Test results and discussions

Failure modes

Due to the varying design parameters for specimens, their failure modes also varies.

Totally, there are three types of failure modes/process for the tested 16 specimens. 

Load-slip behaviours

Fig. 14 shows the load versus slip curves of 16 push-out tests, and Fig. 15 illustrates the general load versus slip behaviour of push-out tests with enhanced C-channel connectors. These load-slip curves of push-out tests exhibit a five-stage working mechanism. As the applied displacement loading increases, the load-slip curves firstly exhibit linear behaviour until they achieve their elastic limits, i.e., point A in the curve of Fig. 15. At point A, all the specimens achieve about their 40~50% ultimate load carrying capacity.

After that, due to the nonlinear behaviour of the bolts and C-channels, the load-slip curves exhibit a nonlinear behaviour. At the end of stage II, shear fracture of one externally connected bolt was observed; meanwhile, the specimen achieved its ultimate shear capacity. After that, the load-slip curve enters into its recession stages III~V as shown in Fig. 15. The recession stage of the load-slip curve exhibits several-step drops due to the successive failure of the bolts and C-channel connectors.

After the peak load (i.e., point B in Fig. 15), the load-slip curve exhibits the first drop due to shear failure of the first externally connected bolt. The reduction magnitude of shear reaction force is about 50 kN, which corresponds to the shear resistance of the bolts in the specimen. After that, in the working stage III, the reaction load maintains at this level until the second bolt failed in shear at the end of this working stage, i.e., point C in curve of Fig. 15. After that, in the followed working stage IV, the reaction load could also maintain at about 60% ultimate load carrying capacity until the end of this working stage when the shear failure occurred to the C-channels in the specimens, i.e., point D in the curve of Fig. 15. Finally, during the stage V, all the specimens lost their load carrying capacities.

Ultimate shear resistance, slip capacity, and initial stiffness

The ultimate shear resistance, Pu, and its corresponding slip Δa, can be easily found in the load-slip curves. The determination of slip capacity of ECs (Δu) may follow the specifications for the headed studs in Eurocode 4 [START_REF]Design of composite steel and concrete structures-Part 1.1: general rules and rules for buildings[END_REF], i.e., the slip at PRk (equalling to 90% Pu) of the recession branch in the P-Δ curves as shown in Fig. 16.

The initial stiffness of load-slip curves, Ke, may be determined using the method, i.e., ratio of 50%Pu to its corresponding slip, Δ50% as the following [START_REF]Design of composite steel and concrete structures-Part 1.1: general rules and rules for buildings[END_REF][START_REF] Oehlers | Elementary behaviour of composite steel & concrete structural members[END_REF];

50% 50% e P K = ∆ (1)
Thus, these determined Pu, Δa, and Δu values are listed in Table 1.

From Fig. 14~15 and Table 1, it can be found that due to the shear fracture of bolt all the load-slip curves exhibit sharp drop after achieving the ultimate load Pu. According to the method of determining slip capacity of headed studs as shown in Fig. 16, the slip capacity of ECs varies within a range of 4.6~9.4 mm. However, as shown in Fig. 14~15, after the first drop the ECs could also take shear loads through yielding and strength hardening of C-channels, which also allows slip capacity and maintains the shear load carrying capacity at about 80%Pu. This behaviour is different from the traditional headed studs or pure C-channel connectors, and this behaviour actually can be beneficial to the load carrying capacity of SCSSS with ECs.

Discussions

This section discusses the influences of different parameters on shear behaviour of ECs in terms of failure modes, load slip behaviour, ultimate shear resistance, and slip capacity.

Effect of length of the web of C-channels (Lc)

Fig. 17 (2) Increasing the length of the web Lc from 30 to 50 and 70 mm improves the ultimate shear capacity Pu by 42% and 93% and increases the initial stiffness Ke by 7% and 19%, respectively; both Pu and Ke are almost in linear positive relationship with the increasing Lc. This is because that the ultimate shear resistance of ECs consists of two components contributed by the bolts and C-channels. As Lc increases from 30 to 50 and 70 mm, the increments of cross-sectional area of the C-channel are 67% and 133%, respectively. In addition, the increased cross section also improves the shear stiffness of ECs.

(3) Both slip Δa and the slip capacity of ECs, Δu, firstly increases with the increasing Lc from 30 mm to 50 mm and then decreases with the increasing Lc from 50 mm to 70 mm. As Lc increases from 30 to 50 mm and 70 mm, the Δu (or Δa) of ECs is increased by 26% (32%) and 12% (15%), respectively. This is because that as Lc increases from 30 mm to 50 mm specimen S1A/B and S2A/B all fail in shear mode of the steel connectors, which results in improved slip capacity. However, as Lc increases from 50 to 70 mm, the concrete core failed in splitting that terminates the ductile plastic deformation of connectors, which resulted in their reduced slip capacity. This is mainly due to the push-out specimen only consists of one row of connectors along the loading direction. And this problem can be solved through adopting two or more rows of connectors in push-out test specimens.

Effect of the height of C-channel (h)

Fig. 17(b) plots the effect of the height of C-channel (h) on average load-slip curves of ECs, and Fig. 18(c) and(d) illustrates the effect of h on Pu, Ke, Δa, and Δu of ECs.

These figures show that as h increases from 100 to 120 and 140 mm ECs with height of 120 mm offer the best load-slip behaviour. As h increases from 100 to 120 and 140 mm, the average Pu values of push-out tests equal to 424, 506, and 458 kN, i.e., Pu value of ECs is increased by 19% and 8%, respectively; the Ke value averagely increases from 266 to 298 and 307 kN/mm, which correspond to the increments of 12% and 15%, respectively; meanwhile, the average Δu value of push-out test decreases from 7.8 to 6.6, and 5.4 mm, respectively, which correspond to the decreases of 16% and 31%, respectively. This may be explained by that as h increases the flexural deformation of C-channel increases, and this results in larger shear failure surface of C-channel. However, as h further increases the flexural bending moment acting on the C-channel would compromise its shear resistance. Moreover, as listed in Table 1, three types of C-channels with different cross-sectional heights have been selected in this study (i.e., Type A~C). Including the height, it should be pointed out that small differences still exist in their thickness of web and flange, which also bring differences in shear resistances of C-channel connectors. Due to the increased height of C-channel connectors, the flexural bending deformation at the root of C-channel connectors tend to reduce its shear slip capacity.

Effect of direction of web of C-channel

Since the C-channel connectors can be arranged in different directions, this study investigates their webs installed in horizontal (H-Web) and vertical (V-Web) directions. Fig. 17(c) plots the influence of direction of the C-channel on average load-slip behaviours of ECs, and Fig. 18(e) and (f) shows the effects of direction of web of C-channel on Pu, Ke, Δa, and Δu of ECs. These figures show that H-web C-channel connectors exhibit better load-slip behaviours than those with V-Web channels. The Pu and Δu of ECs with H-Web are 22% and 2% higher than those ECs with V-Web. However, the shear stiffness of H-Web ECs is 23% lower than that of V-Web ECs. This is due to that the C-channel connectors with H-Web offer lower bending stiffness than those with V-Web, i.e., the H-web C-channel connectors are more flexible than V-Web C-channel connectors. This explains the lower stiffness of H-Web ECs. Moreover, the H-Web C-channel connectors offer larger concrete bearing area along the vertical loading direction than those V-Web C-channel connectors, which results in higher shear resistance of H-Web C-channel connectors.

In addition, the V-Web channel connectors may result in splitting mode of the concrete core, which reduces their shear resistance and slip capacity.

Thus, for SCS sandwich walls with ECs, the ECs are recommended to be installed with their webs perpendicular to the compressive loads. For SCS sandwich beams with ECs, ECs can be installed parallel to the sagging or hogging moment acting on their cross sections.

Effect of strength of concrete core (fc)

Specimens S1, S7, and S8 were prepared with C60, C40, and C50 normal weight concrete. However, after testing, the compressive strengths for C40, C50, and C60 are 49.9 MPa, 57.5 MPa, and 56.1 MPa, respectively. Fig. 17(d) shows the influences of compressive strength of concrete core (fc) on load-slip behaviours of ECs. This figure shows that increasing strength of concrete improves the load-slip behaviours of ECs.

In addition, due to limited differences in fc for the three groups of tested specimens, the influence of fc on load-slip behaviours are not significant. Fig. 18(g)~(h) shows the influence of fc on Pu, Ke, Δa, and Δu of ECs. It can be found that as fc increases from 49.9 to 56.1 and 57.5 MPa, the Pu value of ECs is averagely increased by 0% and 9%, respectively; the Ke value of ECs is averagely increased by 3% and 8%, respectively; the Δa value of ECs is averagely decreased by 23% and 14%, respectively; meanwhile, the Δu value is reduced by -4% and 12%, respectively (the negative value denotes increase). Both ultimate shear resistance and initial stiffness of ECs almost increases linearly as fc increases. This is because increasing the strength of concrete improves the confinement of concrete on ECs as well as increasing splitting resistance of the concrete core, which results in improved strength and stiffness of ECs. However, the increased fc values also reduce the ductility of concrete core and thus compromises slip capacity of ECs.

Analysis on shear behaviour of EC connectors

Ultimate shear resistance

The ultimate shear resistance of ECs, Pu, consists of the shear resistance component provided by the C-channel connector, PCL, and shear resistance component provided by the externally anchoring bolts, PBL, as the following; Pashan and Hosain [START_REF] Pashan | New design equations for channel shear connectors in composite beams[END_REF] proposed an empirical formula to determine the shear resistance of C-channel connector as the following; 

where, u σ denotes ultimate strength of bolt; As denotes cross-sectional area of bolt.

Load-slip models of EC connectors

After determination of the ultimate shear resistance of ECs, the load-slip behaviour of ECs also needs to be modelled that will be used further in the analysis of SCS sandwich structural members (e.g., beams, plates, walls, and shells) with ECs.

Moreover, this will be also beneficial for the nonlinear analysis of SCS sandwich structures with similar connectors. Fig. 19 illustrates the generalized load (P/Pu) versus slip curves of the reported 16 tests. It can be found that the envelope curves are within a narrow band and the recession branches of the curves do not affect their envelope shapes.

Load-slip behaviour of headed studs has been extensively studied and corresponding models have been proposed. Ollgaard et al. [START_REF] Ollgaard | Shear strength of stud connectors in lightweight and normal-weight concrete[END_REF] proposed an exponential function to describe the load-slip behaiovur of headed studs as the following;

( )

0.4 18 / 1 u P P e -∆ = - (8)
where, P denotes load, kips; Δ denotes slip, in.

Based on modifications on Eqn. ( 8), Lorenc and Kubica [START_REF] Lorenc | Behavior of composite beams prestressed with external tendons: experimental study[END_REF] proposed another equation for load-slip law of headed studs as the following; An and Cederwall [START_REF] An | Push-out tests on studs in high strength and normal strength concrete[END_REF] also developed an empirical formula for load-slip behaviour of headed studs as the following;

( ) ( )
2.24 0.058 1 1.98 0.058

u P P ∆ - = + ∆ - (10) 
where, P denotes load, kips; Δ denotes slip, in.

Another load-slip model for headed studs in steel-concrete composite structures has been proposed by Xue et al. [START_REF] Xue | Static behavior and theoretical model of stud shear connectors[END_REF] as the following; 0.5 0.97

u P P ∆ = + ∆ (11) 
where, P denotes load, kips; Δ denotes slip, in.

For novel J-hook connectors in SCS sandwich structures, Yan et al. [START_REF] Yan | Push out tests on J-hook shear connectors in steel-concrete-steel sandwich structure[END_REF] have proposed an equation to describe their load-slip behaviours as the following; 2 1 1.85

u P P ∆ = + ∆ (12) 
where, P denotes load, kN; Δ denotes slip, mm.

Thus, in this paper, the following constitutive law is used to simulate the load-slip behaviour of ECs in SCSSS;

1 u P A P B ∆ = + ∆ (13)
where, A and B are constants that can be determined from those experimental generalized load-slip curves of ECs.

With the reported 16 generalized load-slip curves, the average unknown values of A and B are determined as 1.6 and 1.5. Thus, Eqn. ( 13) becomes as the following; 1.6 1 1.5

u P P ∆ = + ∆ (14)
where, P denotes load, kN; Δ denotes slip and should be less than 10 mm, mm

Validations

Validations of analytical models on ultimate shear resistance

Since each push-out test specimen consists of a pair of ECs, the ultimate shear resistance of a set of EC connector equals to 0.5Pu. Table 1 compares experimental shear resistances of ECs with those predicted ultimate shear resistances by different prediction models, i.e., Eqn. (2)~ [START_REF] Sohel | Behavior of steel-concrete-steel sandwich slabs subject to impact load[END_REF]. Fig. 20 illustrates the scatter of prediction-to-test ratios by different analytical models. These table and figure show that the CSA equations offer the most reliable predictions among those four equations. CSA equations offer an average prediction-to-test ratio of 0.87 with a coefficient of variation (COV) of 0.10. The AISC method offers the most unsafe predictions. Its average prediction-to-test ratio equals to 1.21 with a COV of 0.11 for the 16 test results. All the prediction-to-test ratios by AISC method are larger than 1.0 due to the overestimations on shear resistances of C-channel connectors. The prediction models developed by Pashan and Hossain [START_REF] Pashan | New design equations for channel shear connectors in composite beams[END_REF] offers close predictions to AISC method. Its average prediction-to-test ratio is 1.19 with a COV of 0.11. However, all its prediction-to-test ratios are larger than 1.0 that means unsafe. Chinese code GB50017 [START_REF]Code for design of steel structure. Ministry of housing and Urban[END_REF] offers the closest predictions to the test results (the average test-to-prediction ratio equals to 1.07 with a COV of 0.11). However, this model also offers 69% unsafe predictions. Thus, considering reliability and accuracy of the predictions, the CSA equations are recommended to predict the ultimate shear resistance of ECs, i.e., Eqn. ( 2), (4), and (7).

Validations on analytical models on load-slip behaviours of EC connectors

Fig. 19 compares the predicted generalized load-slip curves obtained from different analytical models [i.e., Eqn. ( 8)~( 12) and ( 14 C-channel connectors [START_REF] Pashan | New design equations for channel shear connectors in composite beams[END_REF], J-hook connectors [START_REF] Yan | Push out tests on J-hook shear connectors in steel-concrete-steel sandwich structure[END_REF], headed studs [START_REF] An | Push-out tests on studs in high strength and normal strength concrete[END_REF][START_REF] Shim | Static behavior of large stud shear connectors[END_REF], and friction welded connectors in Bi-steel structures [START_REF] Foundoukos | Behaviour and design of steel-concrete-steel sandwich construction[END_REF]. More details of these push-out tests can be found in Refs. [START_REF] Yan | Push out tests on J-hook shear connectors in steel-concrete-steel sandwich structure[END_REF], [START_REF] Pashan | New design equations for channel shear connectors in composite beams[END_REF], [START_REF] An | Push-out tests on studs in high strength and normal strength concrete[END_REF], [START_REF] Shim | Static behavior of large stud shear connectors[END_REF], and [START_REF] Foundoukos | Behaviour and design of steel-concrete-steel sandwich construction[END_REF]. It shows that compared with common C-channel connectors the developed ECs significantly improved their ultimate shear resistances by introducing the externally connected bolts. However, it was also observed that due to brittle shear fracture of the bolts the ductility of ECs tends to be compromised. Thus, further study becomes necessary to make sure the cooperative working mechanism between the externally connected bolts and C-channels. The bolts should achieve its ultimate shear resistance as the C-channel achieves its ultimate shear resistance, which could increase the slip capacity of ECs. (5) In EC connecting system, C-channel connectors with H-Web exhibit better shear behaviours than those with V-Web. The ultimate shear resistance and slip capacity of ECs with H-Web are 22% and 2% higher than those with V-Web. For SCS sandwich walls with ECs, the ECs are recommended to be installed with their webs perpendicular to the compressive loads.

(6) Both ultimate shear resistance and initial stiffness of ECs almost increase linearly with the increasing strength of concrete core. However, the increased compressive 
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Table 1

 1 Details and test results of push-out test specimens with ECs and b2 are depicted in Fig.4; fc and Ec denotes compressive strength and modulus of elasticity of concrete.

	Item	Web-dire ction	h (mm)	b (mm)	Lc (mm)	tf (mm)	tw (mm)	r (mm)	r1 (mm)	r2 (mm)	a1 (mm)	a2 (mm)	b1 (mm)	b2 (mm)	fc (MPa)	Ec (GPa)
	S1A	H-Web	120	53	50	9	5.5	14	25	25	100	100	87	120	57.5	33.5
	S1B	H-Web	120	53	50	9	5.5	14	25	25	100	100	87	120	57.5	33.5
	S2A	H-Web	120	53	30	9	5.5	14	25	25	110	110	87	120	57.5	33.5
	S2B	H-Web	120	53	30	9	5.5	14	25	25	110	110	87	120	57.5	33.5
	S3A	H-Web	120	53	70	9	5.5	14	25	25	90	90	87	120	57.5	33.5
	S3B	H-Web	120	53	70	9	5.5	14	25	25	90	90	87	120	57.5	33.5
	S4A	H-Web	100	48	50	8.5	5.3	14	25	25	100	100	82	120	57.5	33.5
	S4B	H-Web	100	48	50	8.5	5.3	14	25	25	100	100	82	120	57.5	33.5
	S5A	H-Web	140	58	50	9.5	6	16	28	25	100	100	92	120	57.5	33.5
	S5B	H-Web	140	58	50	9.5	6	16	28	25	100	100	92	120	57.5	33.5
	S6A	V-Web	120	53	50	9	5.5	14	25	25	100	100	87	120	57.5	33.5
	S6B	V-Web	120	53	50	9	5.5	14	25	25	100	100	87	120	57.5	33.5
	S7A	H-Web	120	53	50	9	5.5	14	25	25	100	100	87	120	49.9	29.8
	S7B	H-Web	120	53	50	9	5.5	14	25	25	100	100	87	120	49.9	29.8
	S8A	H-Web	120	53	50	9	5.5	14	25	25	100	100	87	120	56.1	31.5
	S8B	H-Web	120	53	50	9	5.5	14	25	25	100	100	87	120	56.1	31.5
	H-Web denotes C-channel installed with web in horizontal direction; V-Web denotes C-channel installed with web in vertical direction; the details of h, b, Lc,
		tf, tw, r, r1, r2, a1, a2, b1,												

Table 1 Continued

 1 

	Item	Failure mode	Pu (kN)	Ke (kN/mm)	Δa (mm)	Δu (mm)	0.5Pu (kN)	Pu,CAN (kN)	Pu,CAN/ 0.5Pu	Pu,AI (kN)	Pu,AI/ 0.5Pu	Pu,CN (kN)	Pu,CN/ 0.5Pu	Pu,PH (kN)	Pu,PH/ 0.5Pu
	(1)	(2)	(3)	(4)	(5)	(6)	(7)	(8)	(8)/(7)	(10)	(10)/(7)	(12)	(12)/(7)	(14)	(14)/(7)
	S1A	SFC	508	303	5.9	6.3	254	204	0.80	286	1.13	253	1.00	281	1.10
	S1B	SFC	504	293	6.2	6.8	252	204	0.81	286	1.14	253	1.01	281	1.11
	S2A	SFC	357	273	4.1	4.6	178	139	0.78	188	1.05	169	0.94	185	1.04
	S2B	SFC	357	284	5.1	5.8	179	139	0.78	188	1.05	169	0.94	185	1.04
	S3A	SP	698	356	4.5	5.0	349	269	0.77	384	1.10	338	0.97	376	1.08
	S3B	SP	688	306	6.0	6.7	344	269	0.78	384	1.12	338	0.98	376	1.09
	S4A	SFC	433	272	4.8	7.8	217	196	0.90	274	1.26	243	1.12	241	1.11
	S4B	SFC	415	259	4.3	7.8	208	196	0.94	274	1.32	243	1.17	241	1.16
	S5A	SFC	453	317	4.2	5.2	227	230	1.01	317	1.40	282	1.24	336	1.48
	S5B	SFC	462	296	5.2	5.6	231	230	0.99	317	1.37	282	1.22	336	1.45
	S6A	SFC	433	393	4.7	5.1	216	204	0.94	286	1.32	253	1.17	281	1.30
	S6B	SFC	397	384	6.9	7.3	198	204	1.03	286	1.44	253	1.28	281	1.41
	S7A	SFC	449	280	8.9	9.2	225	193	0.86	256	1.14	228	1.01	264	1.18
	S7B	SFC	480	272	5.3	5.8	240	193	0.80	256	1.07	228	0.95	264	1.10
	S8A	SFC	452	282	5.4	9.4	226	202	0.89	276	1.22	244	1.08	278	1.23
	S8B	SFC	475	287	5.6	6.1	237	202	0.85	276	1.16	244	1.03	278	1.17
	Mean								0.87		1.21		1.07		1.19
	Cov								0.10		0.11		0.11		0.12
	SFC denotes steel fracture of C-channel; SP denotes splitting of concrete core.							

Table 2

 2 Mix proportions of concrete materials

		Cement (kg/m 3 )	Water (kg/m 3 )	Mineral powder (kg/m 3 )	Fly ash (kg/m 3 )	Sand (kg/m 3 )	Coarse aggregate (kg/m 3 )	SP (kg/m 3 )	W/C
	C40	536	244	67	67	830	1539	6	0.46
	C50	582	244	72	72	810	1502	7	0.42
	C60	757	296	94	94	810	1501	11	0.39

strength of concrete reduced the slip capacity of ECs. [START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[END_REF] Analytical models were developed to predict ultimate shear resistance of novel ECs. Finally, Eqns. ( 2), [START_REF] Yan | Seismic behaviours of SCS sandwich shear walls using J-hook connectors[END_REF], and [START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[END_REF] were recommended to predict the ultimate shear resistance of ECs. Validations against 16 push-out tests show that the recommended analytical models averagely underestimate the shear resistances of ECs by 13% with a low COV of 0.10. Current studies focused on the component level of ECs in the SCSSS. Further studies will be extended to the structural member level of SCSSS with ECs, e.g., SCSS beams, walls, and plates.
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