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This paper developed a new type of steel-concrete-steel sandwich beam with enhanced C-channel connectors (SCSSB-ECs). Then, a 3D nonlinear finite element model (NFEM) was developed that considered nonlinearities of geometry and materials, as well as complex interactions between the enhanced C-channels (ECs) and concrete core. Validations of finite element (FE) simulations against eight test results proved that the developed NFEM well predicted the ultimate strength behaviour of SCSSB-ECs. A 39-case parametric study program was then carried out for in-depth understanding of influences of different parameters that included faceplate thickness, spacing of ECs, length of C-channels in ECs, installation direction of C-channel, shear span ratio, and strength of concrete core. The FE parametric studies show that all SCSSB-ECs exhibit a ductile flexural failure mode and a four-stage working mechanism. Influences of the studied parameters on ultimate strength behaviour of SCSSB-ECs were reported, analysed and compared. They showed that plate thickness exhibited the most significant influence, the concrete strength and shear span ratio exhibit intermediate influences, and spacing of ECs, length of C-channels in ECs, and installation direction of C-channels exhibit marginal influences on the ultimate strength behaviours of SCSSB-ECs.

Nomenclature

Steel-concrete-steel (SCS) sandwich structures (SCSSSs) have been developed and put into use in civil engineering infrastructures for several decades [START_REF] Montague | A simple composite construction for cylindrical shells subjected to external pressure[END_REF]. A representative SCSSS usually consists of three layers of materials, i.e., a layer of core material sandwiched by two outer steel faceplates. At the faceplate-core interface, adhesive materials or mechanical connectors are commonly used to bond different layers of materials and thus achieve the composite action of the SCSSS. The extensive advantages received from SCSSSs include reduced costing on labour force and formwork for on-site casting of concrete, reduced detailing of reinforcements in reinforced concrete structures, improved impermeability, maintenance of integrity after impact or blast loads, and relative high resistances subjected to different types of loadings [START_REF] Sohel | Behavior of steel-concrete-steel sandwich slabs subject to impact load[END_REF][START_REF] Wang | Theoretical models for axially restrained steel-concrete-steel sandwich panels under blast loading[END_REF][START_REF] Yan | Design and behavior of steel-concrete-steel sandwich plates subject to concentrated loads[END_REF]. These advantages of SCSSSs support their wide range of applications as the immersed tunnels [START_REF] Lin | The deployable element, a new closure joint construction method for immersed tunnel[END_REF], shear walls in high-rise buildings [START_REF] Nie | Experimental study on seismic behavior of high-strength concrete filled double-steel-plate composite walls[END_REF], oil containers [START_REF] Shukry | Punching shear strength of composite construction[END_REF], nuclear facilities, offshore platforms [START_REF] Sohel | Behavior of steel-concrete-steel sandwich slabs subject to impact load[END_REF], protective structures [START_REF] Yan | Design and behavior of steel-concrete-steel sandwich plates subject to concentrated loads[END_REF], and ice-walls in the Arctic offshore platform [START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[END_REF] (see Fig. 1).

Various faceplate-concrete interfacial bonding methods have been adopted to enhance composite actions of SCSSSs. Epoxy resin adhesive material has been adopted for the SCSSSs by Solomon et al. [START_REF] Solomon | Flexural tests of steel-concrete-steel sandwiches[END_REF] [see Fig. 2(a)]. This adhesive material offers continuous bonding at steel-concrete interfaces, and the main disadvantage is the successive bonding failure once it failed at one point. Moreover, it could not offer transverse shear resistance for the cross section. To make up this disadvantage, mechanical shear connectors crossing through sections of SCSSSs were proposed.

Overlapped headed studs were proposed for SCSSSs by Oduyemi and Wright [START_REF] Oduyemi | An experimental investigation into the behavior of double skin sandwich beams[END_REF], namely 'Double skin' composite structure as drawn in Fig. 2(b). The composite action of this type of SCSSS was achieved through embedding the headed studs, which were welded to the faceplates, to concrete core. The main disadvantage of the steel-concrete bonding depends on the anchorage of headed studs provided by the concrete core. In case of failure of concrete core, this type of SCSSS tends to exhibit immediate loss of composite action. The angle connectors [START_REF] Malek | Steel-concrete sandwich members without shear reinforcement[END_REF] used in the SCSSSs also exhibit the same disadvantage [see Fig. 2(c)]. Moreover, the experimental results also show that the these shallowly-embedded angles perform weak on providing cross-sectional transverse shear resistance. Friction-welded bar connectors [START_REF] Xie | Experimental and numerical investigation on the shear behaviour of friction-welded bar-plate connections embedded in concrete[END_REF] and laser-welded connectors [START_REF] Mehdi | Push-out test on the one end welded corrugated-strip connectors in steel-concrete-steel sandwich structure[END_REF][START_REF] Mehdi | Finite element model for interlayer behavior of double skin steel-concrete-steel sandwich structure with corrugated-strip shear connectors[END_REF] offer strong bonding at steel-concrete interface and transverse shear resistance to SCSSSs [see Fig. 2(d) and(e)]. However, SCSSSs with these two types of connectors are much more costing than the angles and headed studs.

Moreover, these two welding technologies have some limitations on the geometry of SCSSSs, e.g., the depth of SCSSSs with friction-welded bars is limited within 0.2-0.7 m [START_REF] Xie | Experimental and numerical investigation on the shear behaviour of friction-welded bar-plate connections embedded in concrete[END_REF]. J-hooks [START_REF] Sohel | Numerical modelling of lightweight Steel-Concrete-Steel sandwich composite beams subjected to impact[END_REF][START_REF] Sohel | Steel-Concrete-Steel sandwich slabs with lightweight core -Static performance[END_REF] working in pairs exhibits no limitations on the thickness of the structural member [see Fig. 2(f)]. However, this type of connectors exhibits disadvantages of assembling problems on interlocking hundreds of J-hooks in SCSSSs. More recently, enhanced C-channels (ECs) (see Fig. 3) have been developed by Yan et al. [START_REF] Yan | Developments of double skin composite walls using novel enhanced C-channel connectors[END_REF] that exhibits advantages of no limitations on depth of SCSSSs, easy fabrication, relative high steel-concrete interfacial bonding, providing cross-sectional shear resistance, and relative low costing.

Since the novel enhanced C-channels (ECs) have been proposed for SCSSSs, their structural behaviours need to be well understood. Nonlinear finite element model (NFEM) provides an alternative method to study the flexural behaviour of SCSSSs with this novel type of ECs. Moreover, previous numerical studies mainly focused on structural behaviours of SCSSSs with headed studs [START_REF] Yan | Ultimate strength behaviour of steel-concrete-steel sandwich composite structures, Part 2: Finite element analysis[END_REF], friction-welded bar connectors [START_REF] Foundoukos | Finite element analysis of steel-concrete-steel sandwich beams[END_REF], J-hooks [START_REF] Yan | Finite element analysis on ultimate strength behaviour of steel-concrete-steel sandwich composite beam structures[END_REF], and laser-welded connectors [START_REF] Mehdi | Finite element model for interlayer behavior of double skin steel-concrete-steel sandwich structure with corrugated-strip shear connectors[END_REF]. However, in these developed numerical models, simplified method or 2D NFEMs were developed to simplify the complex of geometry of connectors in SCSSSs. It is necessary to develop a detailed NFEM for the SCSSSs with novel ECs, which will provide a useful mean to understand the structural behaviours or failure mechanism of this new SCSSS. This paper made efforts on developing a 3D nonlinear finite element model (NFEM) for SCSSSs with novel ECs. The developed 3D NFEM was validated by four-point loading tests on eight SCSSSs with ECs. The flexural failure mechanism and pattern of SCSSSs were detailed reported. With the validated NFEM, parametric studies were also performed to study effects of steel-faceplate thickness (ts), spacing of ECs (S), length of the C-channel (Lc), installation direction of C-channel, shear span ratio (λ), and concrete core strength (fc),. Finally, the brief conclusions were given for flexural behaviours of SCSSSs with ECs.

Tests on SCS sandwich beams with ECs

Introduction on novel enhanced C-channels [17]

Figure 3 shows the details of developed enhanced C-channel connectors. A typical EC consists of a C-channel, bolt, and nut. As shown in Fig. 3, during the fabrication, the C-channel is firstly welded to one steel faceplate on its flange. Meanwhile, a bolt hole is drilled in its opposite flange, and a nut is welded to the flange as shown in Fig. 3(a). Moreover, a bolt hole is reserved in the opposite steel faceplate. Then, install the opposite steel faceplate at its location [see Fig. Finally, concrete casting is performed as shown in Fig. 3(d). The ECs have been used in sandwich composite walls. According to previous experience [START_REF] Yan | Developments of double skin composite walls using novel enhanced C-channel connectors[END_REF], small tolerances such as 1~1.5mm are acceptable for the holes in the faceplates, C-channels and the alignment of nuts. If the tolerance is too small, this will increase the costs of specimens. In addition, the composite action are mainly contributed by the shear resistance of C-channels. The bolts provide partial interfacial shear resistance, and they also mainly provided tension separation resistance of faceplates from the concrete core that increases the buckling resistances of compression faceplates.

Details of SCS sandwich beams with ECs

Eight SCS sandwich beams (SCSSBs) with ECs (SCSSB-ECs), namely B1~B8, were prepared. The designed parameters for this testing program include steel-faceplate thickness (ts), spacing of ECs (S), shear span ratio (λ), and concrete-core strength (fc). Beams B1, B2, and B3 were prepared with steel faceplates in different nominal ts values of 3.0, 4.5, and 6.0 mm, respectively. ECs in different S values of 90, 150, and 210 mm were prepared for B1, B4, and B5, respectively. Beams B1 and B6 are tested with different shear span ratios of 4.85 and 6.42, respectively. Finally, different grades C40, C50 and C60 normal weight concrete (NWC) were used in B1, B7 and B8, respectively. More details in materials and geometries of these eight specimens are given in Table 1. Fig. 4 shows their geometric details. The length, width, and concrete-core depth in each SCSSB-ECs measure 1900, 200, and 120 mm, respectively. The C-channel measuring 120 and 50 mm in height and length, respectively, is adopted in each specimen, and its geometry is shown in Fig. 4(a).

High strength M8.8 grade bolts with a yield strength of 640 MPa are used in each SCSSB-ECs, and measure 14 and 40 mm in diameter and height, respectively.

The tensile stress-strain curves of three different types of steel faceplates and C-channel are shown in Fig. 5, which were obtained from standard tensile tests. The more details of these mechanical properties are tabulated in Table 1. specimen was supported at its both ends with a reserved distance of 50 mm from its end. Thus, the clear span for each specimen is 1800 mm. The four-point loadings locate away from the mid-span of each specimen with a distance of l2. Thus, the clear shear span is denoted as l1 and shear span ratio λ= l1/(tc+1.5ts) can be obtained that varies in different cases. More details of l1, l2, and λ values can be found in Table 1.

Flexural bending test setup for SCSSBs with ECs

Three LVDTs assist measuring the deflections of the SCSSB-ECs that locate at mid-span and two loading points. Including the deflections, the strains of top and bottom faceplates at critical positions, i.e., mid-span, were measured by linear strain gauges.

3 Finite element model on SCSSBs with ECs

General

General commercial finite element software ABAQUS [START_REF] Abaqus | ABAQUS Standard User's Manual[END_REF] was adopted in developing the NFEM on SCSSB-ECs. ABAQUS/CAE was used for the modelling whilst ABAQUS/explicit solver was adopted for analysis solutions.

Geometric details

The developed NFEM only models one quarter of the specimen as shown in Fig. 6(a).

The NFEM makes detailed simulation on different components in SCSSB-ECs, e.g., loading platen, support, steel faceplate, bolt, and concrete core. In order to make more accurate simulations, the holes in the faceplates, flange of C-channel, and concrete core are modelled as shown in Fig. 6(b) and (c).

Loadings and boundary conditions

Since only one-quarter model is built, the NFEM adopts the symmetrical restraints on those two symmetrical surfaces in the model [see Fig. 6(a)]. In the cross section at mid-span, the UX=RY=RZ=0 symmetric restraints were applied that restraining the displacement along X direction and rotations along Y and Z axis as shown in Fig. 6(a).

Meanwhile, in the XZ plane at middle of the SCSSB-ECs, UY=RX=RZ=0 were applied that restraining the displacement along Y axis and rotations along X and Z axis.

Displacement loading was applied to the loading platen as illustrated in Fig. 6(a).

The support was also modelled, and its movements and rotations are restrained in any direction as shown in Fig. 6(b).

Interactions

The contact algorithm adopts the 'surface-to-surface' type in the ABAQUS interaction library to describe the different interacting pairs, which include the concrete-faceplate, C-channel versus concrete, bolt-faceplate, bolt-concrete, bolt-channel, faceplate-loading platen, and faceplate-support interacting pairs. In the definition of surface-to-surface contact algorithm, the structural algorithms along the normal and tangential direction at the interacting surface adopt the "hard contact" and "Coulomb friction model", respectively. In ABAQUS user's manual [START_REF] Abaqus | ABAQUS Standard User's Manual[END_REF], the 'hard contact' algorithm permits pressure transferring as the two interacting surfaces are under compression, and permits separation as these two surfaces are under tension.

The Coulomb friction model adopts different coefficient to simulate the roughness of the interacting surfaces. This NFEM adopts a friction coefficient of 0.4 that was used in previous studies [START_REF] Yan | Numerical analysis on steel-concrete-steel sandwich plates by damage plasticity model: From materials to structures[END_REF].

Material models

Steel materials

A nonlinear isotropic/kinematic hardening model was used for two steel faceplates, C-channel, and bolts in SCSSB-ECs. This model adopts a typical elastic-plastic isotropic model, which follows the von-Mises yielding criteria to define its isotropic yielding. The input tensile stress-strain behaviours of steel materials adopt a three-linear stress-strain behaviour that considers the strain hardening effect. Fig. 7 shows the adopted three-linear stress-strain curves of different steels used in SCSSB-ECs. In these adopted stress-strain curves, the elastic modulus, yielding strength and corresponding strain, ultimate strength and corresponding strain, and fracture strains are listed in Table 1.

Concrete

The developed NFEM used the concrete damage plasticity model (CDPM) for concrete core, which is a continuum damage model based on the plasticity. The main failure mechanisms for CDPM in ABAQUS material library are tensile cracking and compressive crushing. The CDPM adopts the yielding function developed in Ref. [START_REF] Lee | Plastic-damage model for cyclic loading of concrete structures[END_REF] to define the strength evolution under compression/tension. The CDPM assumes non-associated potential flow rule [START_REF] Abaqus | ABAQUS Standard User's Manual[END_REF]. In CDPM, the uniaxial tensile and compressive stress-strain behaviours are required as the input data in terms of plastic stress versus strain curves. For the different grades of NWC, the compressive behaviours adopt the following equations according to EC2 [START_REF]Design of concrete sturctures-Part 1-2: General rules-Structural fire design[END_REF];
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where, fc and 0 c ε are compressive strength and its corresponding strain of NWC; c σ is compressive stress; c ε is the compressive strain.

The tensile behaviour of NWC adopts the fracture energy cracking model (GFI) in ABAQUS material library. In GFI tensile behaviour model, the fracture energy, Gf , accompanied with the failure stress were the required input data. The determinations of fracture energy of different grades of NWC follows the following specifications in CEB-FIP [START_REF]Comité Euro-International Du Béton[END_REF];
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where, 0 f G denotes the basic fracture energy that varies with the diameter of coarse aggregate, and 0 f G equals to 0.025, 0.030, and 0.058 Nmm/mm 2 for NWC with coarse aggregate in diameter of 8, 16, and 32 mm, respectively. For the NWC with coarse-aggregate diameter in between, linear interpolation method is recommended.

In CDPM of NWC, the rest parameters of flow potential eccentricity, the dilation angels, and biaxial-to-uniaxial compressive strength ratio are selected as 0.1, 26°, and 1.16, respectively.

Element and mesh size study

The continuum element C3D8R with hourglass control and reduced integration point was adopted to simulate various components of SCSSB-ECs, e.g., concrete core, faceplates, bolt, C-channel, support, and loading platen. The C3D8R in ABAQUS element library is a 3D eight-node linear brick element with one reduced integration point [START_REF] Abaqus | ABAQUS Standard User's Manual[END_REF].

Since different mesh size tends to influence the accuracy of numerical simulation, the mesh size of the element was carefully determined for the NFEM in this paper. Two NFEMs of SCSSB-ECs, i.e. B1 and B5, were prepared with different mesh sizes to investigate this influence. Four types of mesh sizes varying from coarse size (continuum element size of about 25×25×25 mm 3 ) to fine size (continuum element size of about 5×5×5 mm 3 ) were used in the FE analysis to check their influences on the simulation accuracy. Fig. 9 shows the NFEMs with continuum elements in different mesh sizes, i.e., fine mesh (5×5×5 mm 3 for concrete, and 2×2×1.5 mm 3 for bolt), intermediate mesh (10×10×10 mm 3 for concrete, and 2.5×2.5×1.5 mm 3 for bolt), coarse mesh I (15×15×15 mm 3 for concrete, and 3×3×1.5 mm 3 for bolt), and coarse mesh II (25×25×25 mm 3 for concrete, and 3×3×1.5 mm 3 for bolt). Fig. 10 compares experimental load-deflection curve with those numerical simulated curves of NFEMs with different mesh sizes. It can be found that the differences between the numerical simulated curve and the experimental one tend to increase with the increasing mesh size. However, the differences among the FE simulated results are still quite limited. Moreover, NFEM with finer mesh size results in more elements and more contacting pairs that need to be defined in the stiffness matrix, which tends to reduce the computing efficiency of the nonlinear analysis. Thus, considering both numerical simulation accuracy and efficiency, the intermediate mesh size is recommended in this study.

Validations

Failure modes

Figure 11 (a)~(h) makes comparisons of NFEM simulated failure modes with corresponding experimental failure modes of specimens B1~B8. Since the crack of concrete was mainly produced by the principle tensile strain, the contour of principle strain was used to plot the concrete-core cracks. The ultimate tensile strain limits for the concrete cracks are determined by the following equation [START_REF] Zhu | Relation between Extensibility, Age, Tensile and Compressive Strength of Concrete[END_REF];

t = ε af b t (3)
where, t ε denotes ultimate tensile strain of NWC; f t denotes concrete tensile strength;

a and b are constants and equal to 55 and 0.5, respectively.

Fig. 11 shows that the NFEM offers reasonable predictions on major cracks developed in the concrete core of reported eight SCSSB-ECs. Moreover, the local buckling occurred in the faceplates could be also precisely predicted. These comparisons confirm that the developed NFEM could be capable of predict the failure modes of SCSSB-ECs under flexural bending. 

Comparisons of Load-displacement/strain curves

Comparisons of stiffness and strength indexes

The experimental initial stiffness (K0), elastic stiffness (K1), and ultimate strength (Pu) values are compared with those NFEM predicted values in Table 1. The scatters of test-to-prediction ratios for these three stiffness and strength indexes are plotted in Fig.

These figure and table show that the predictions errors by the NFEM on K0, K1,

and Pu are only 2%, 0%, and 1%, respectively. Moreover, as shown in Fig. 14, most of the test-to-prediction ratios fall in the 10% ± scope, and the standard deviations of eight test-to-prediction ratios are 0.05, 0.07, and 0.03, respectively. Thus, the developed NFEM could offer reasonable estimations on the stiffness and strength indexes of SCSSB-ECs.

Numerical parametric studies

With the validated NFEM, this paper carries out more extensive parametric studies to investigate the failure mechanism and influences of different parameters on flexural behaviours of SCSSB-ECs.

Details of FE parametric study cases

In the FE parametric studies, 39 cases were designed to study influences of key parameters on ultimate strength behaviours of SCSSB-ECs. The geometry of the SCSSB-ECs follows the same dimension as those in the tests. Thus, the SCSSB-EC in each case measures 1900, 200, and 120 mm in length, width, and concrete core depth, respectively. The SCSSB-ECs in all the cases were supported with a distance of 50 mm off their edges, and the clear span equals to 1800 mm as shown in Fig. 4.

Three grades of NWC, i.e., C30, C45, and C60, were adopted in the parametric study.

Thus, these 39 cases can be categorized into three groups with 13 cases in each group.

The parameters in each group of cases include thickness of steel faceplates (ts), spacing of ECs (S), length of the C-channel (Lc), installation direction of the C-channel (V-web or H-web), and shear span ratio (λ). Five cases for SCSSB-ECs with different ts values of 1.0, 2.0, 3.0, 4.5, and 6.0 mm were prepared to investigate this influence. Four cases for SCSSB-ECs with different spacing of ECs of 90, 120, 150, and 210 mm were also prepared to study effect of S on their ultimate strength behaviour. Three different cases were also designed with different W values of 40, 50, and 60 mm to investigate its influence. Two cases were prepared with the C-channels installed with their webs vertical (V-web) or parallel (H-web) to the longitudinal direction of the beam. Finally, three cases were designed with different shear span ratios of 3.61, 4.76, and 6.0, respectively. Excluding the controlling case in the study of each parameter, each group has 13 cases as listed in Table 2. More details of different studies cases are presented in Table 2.

Failure modes and load-deflection behaviours

Fig. 15 shows the deformed shapes and failure modes of the SCSSB-ECs under two-point loads. Fig. 16 plots the load versus central deflection (P-δ) curves of SCSSB-ECs with C45 concrete. These figures and P-δ curves show that typical flexural failure occurred to all SCSSB-ECs that is supported by the following observations;

(1) There are no diagonal shear cracks observed and almost all the concrete cracks are vertical that are mainly produced by the horizontal tensile stress due to flexural bending;

(2) The P-δ curves exhibit ductile yielding plateaus due to yielding of the bottom steel faceplates, and there are no observed abrupt drops in the P-δ curves.

One interesting observation is that all specimens failed in the flexural mode even for those with short shear span and partial-composite cross section. The specimen N2S3 with S=210 mm, with occurrence of local buckling in its top faceplate as shown in Fig. (2) the slips increases as the cross section locates far away from the mid-span at the same loading level, i.e., slips varying from point 1 to 5 as shown in Fig. 19; (3) the slips within the pure bending region (e.g., Point 1 and 2 in Fig. 19) are marginally small compared with the slips at the shear span.

Load-transferring mechanism

Fig. 20 shows the load-transferring mechanism of SCSSB-ECs at different working stage. The working stage I (curve OA in Fig. 17) starts from the loading and ends at the occurrence of tensile cracks in the concrete core locating at the pure bending region as shown in Fig. 20(a). At this stage, the initial stiffness of P-δ curves (K0) is much larger than that in the followed working stage II. The second working stage II, i.e., elastic working stage, starts at the onset of vertical cracking in concrete core and ends at the yielding of bottom steel faceplate (i.e., curve AB in Fig. 17 

Ultimate strength and stiffness indexes

The initial stiffness in the working stage I (K0), and elastic stiffness (K1) in the working stage II of P-δ curves are determined following the method introduced in Fig. 17. Fig. 15 shows that the load carrying capacity of SCSSB-ECs keeps increasing in the whole plastic developing stage. Thus, the ultimate strength of SCSSB-ECs (Pu) are determined at the loading when the tensile steel faceplate at mid-span achieves the strain of 10, 000με [START_REF]Code for design of concrete structures[END_REF][START_REF] Han | Design calculation of concrete filled square steel tubular members[END_REF]. Finally, Table 2 lists all the determined ultimate strength and stiffness indexes of SCSSB-ECs in the 39-case parametric studies.

Discussions

Since all the SCSSB-ECs failed in flexural mode, the influences of studied parameters on flexural behaviours of SCSSB-ECs are herein discussed. is increased by 65%, 117%, 178%, and 233%, respectively; meanwhile, these increments in Pu values of SCSSB-ECs with C45 (or C60) concrete core are 67% (or 58%), 135% (198%), 237% (207%), and 310% (303%), respectively. This is because increasing ts improves both flexural tensile and compressive reinforcing ratio that increases the bending resistance of cross section. Moreover, increasing ts value could active more concrete contributing to the cross-sectional bending resistance that explains the higher increasing rate of Pu for SCSSB-ECs with higher strength concrete core.

Effect of thickness of steel faceplate (ts)

(2) Both K0 and K1 are almost in positive relationships with the increasing ts value.

However, the differences among the K0 (or K1) for the same ts value but different grades of concrete core are quite limited. Taking numerical cases of SCSSB-ECs with C45 concrete core for example, as ts value increases from 1.0 to 2.0, 3.0, 4.5, and 6.0 mm, the K0 value is increased by 64%, 183%, 261%, and 324%, respectively; meanwhile, the K1 value exhibits the increments of 39%, 120%, 238%, and 343%, respectively. Increasing the ts value improves the equivalent cross-sectional moment inertia of SCSSB-ECs that result in improved bending stiffness of the beams. concrete core is reduced by -1%, 2%, and 9%, respectively; meanwhile, the Pu value of SCSSB-ECs with C45 (or C60) concrete core is reduced by -1% (-5%), 1% (-5%), and 11% (1%), respectively. This is due to that with the increase of S from 90 to 150 mm, the slenderness ratio of compression faceplate (S/ts) is increased from 30 to 50, and the steel faceplate still fails in plastic buckling, which does not reduce its compressive resistance. However, as S increases from 150 to 210, elastic buckling occurred to the compression faceplate [see Fig. 18(c)], which reduce bending resistance of SCSSB-ECs and results in reduced Pu values. Fig. 21(d) shows that the increasing S value does affect the initial stiffness K0 due to unchanged cross-sectional moment inertia before the occurrence of first concrete tensile cracking. However, the elastic stiffness after first cracks of concrete is significantly influenced as S increases.

Effect of spacing of ECs (S)

Increasing S from 90 to 210 mm reduces the K1 values of SCSSB-ECs with C30, C45, and C60 concrete by 32%, 37%, and 30%, respectively. This is because the increasing S changes the composite action of the cross section as well as its moment inertia. 18%, and 21%, respectively. This is due to the increased cross-sectional composite action that was received from the increasing Lc value. respectively. These figures reflect that the direction of C-channel has certain degree of influences on the flexural behaviour of SCSSB-ECs. The SCSSB-ECs with web horizontally installed C-channels (H-Web) and C30, C45, and C60 concrete core are 13%, 5%, and 6% larger those with web vertically installed C-channels (V-Web).

Effect of length of C-channels in ECs (Lc)

Effect of direction of C-channel

Moreover, the K0 (or K1) value of H-Web equipped SCSSB-ECs with C30, C45, and C60 concrete core are 2% (or 16%), 4% (or 13%), and 8% (or 11%) larger than those V-Web equipped SCSSB-ECs. This is because that the H-Web C-channels exhibit larger cross-sectional moment inertia along its strong axis than V-Web C-channels.

This results in the increased bending resistance of the cross section as well as the strength and stiffness of the SCSSB-ECs.

Effect of shear span ratio (λ)

Fig. 16(e) plots the effect of λ on P-δ curves of SCSSB-ECs. Fig. 21(i) and (j) depict the effects of λ on Pu and K0 (or K1), respectively. These figures show that the λ has significantly influences on the flexural behaviour of SCSSB-ECs. Generally, the Pu, K0, and K1 decrease linearly with the increasing λ value. Moreover, the decreasing rates for these Pu, K0, and K1 of SCSSB-ECs with different grades of concrete core are close without obvious differences. With the increasing of λ value from 3.6 to 4.8 and 6.0, the reductions in Pu values of SCSSB-ECs with C30 concrete core are 17% and 33%, respectively; meanwhile, the reductions in Pu values of SCSSB-ECs with C45 (or C60) concrete core are 15% (12%) and 32% (or 31%), respectively. As λ value increases from 3.6 to 4.8 and 6.0, the K0 (or K1) values are averagely reduced by about 23% (or 35%) and 36% (or 46%), respectively. This is because that the increasing λ value changes the transverse shear force and bending moment pairs that act on the critical cross section. Fig. 22 plots the ultimate bending moment (Mu) and shear force (Vu) interacting curves for the critical cross section at loading point. It can be found that as the λ value is larger than 4.7, the Mu value of SCSSB-ECs is not affected due to the small transverse shear force applied on the critical cross section. However, as the λ value reduces from 4.7 to 3.6, the bending resistance of SCSSB-ECs tends to be compromised due to the effect of the increased transverse shear force applied on cross section. In addition, the SCSSB-ECs with any grade of concrete also exhibit such type of Mu-Vu interacting relationships. increase linearly with the increasing fc; however, the influences of fc on both K0 and K1 are much less significant compared with those on Pu value. With the increase of fc from 30 to 45 and 60 MPa, the Pu value for SCSSB-ECs designed with 1 mm thick faceplate is increased by 30%, 19%, and 57%, respectively; meanwhile, the maximum increment in K0 and K1 is only 9%. This is due to that increased compressive strength of concrete could improve the bending resistance of SCSSB-ECs. However, the stiffness of SCSSB-ECs was contributed by the core and faceplate, and stiffness component contributed by the concrete is in a linear relationship with the concrete modulus of elasticity (Ec). However, as specified in the Eurocode 2 [START_REF]Design of concrete sturctures-Part 1-2: General rules-Structural fire design[END_REF], the Ec equals to 22[(fc)/10] 0.3 . Thus, as fc increases from 30 to 45 and 60 MPa, the Ec is only increased by 13% and 23%, respectively. These limited changes in the Ec results in smaller changes of stiffness of the cross section, and thus such insignificant changes of K0 and K1 of SCSSB-ECs.

Conclusions

A new type of SCSSSs have been developed using the ECs. Flexural behaviours of SCSSB-ECs were studied through eight four-point loading tests. Nonlinear finite element models (NFEMs) were developed for this new type of SCSSSs. Followed validations against reported tests were performed to prove the accuracy of developed NFEMs. With the developed NFEMs, extensive parametric studies were performed.

Based on these studies, conclusions can be drawn as the following;

(1) All the SCSSB-ECs exhibit a ductile flexural failure mode, which shows characteristics of yielding of tension faceplate and yielding plateau in their load-deflection curves. The developed ECs were capable of providing sufficient transverse shear resistances and faceplate-concrete interfacial shear resistances.

(2) The developed 3D NFEM well predicted the ultimate strength behaviour of SCSSB-ECs that considered material and geometric nonlinearities and complex interactions between the ECs and concrete core. Validations of NFEM analysis results against eight tests showed that the prediction errors of the NFEM are less than 2% for Pu, K0 and K1.

(3) A 39-case parametric study showed that all the SCSSB-ECs failed in ductile flexural modes. The P-δ curves exhibited a four-stage working mechanism, i.e., initial elastic, elastic, nonlinear developing, and plastic working stages. The ECs were capable of providing sufficient resistances to resist cross sectional shear force and faceplate-concrete interfacial shear.

(4) Increasing ts value exhibited significant improvements on flexural behaviours of SCSSB-ECs in terms of improved ultimate strength and stiffness indexes. These improvements are more significant on SCSSB-ECs with higher strength concrete.
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  3(b)], and screw in the bolt outside the steel skeleton formed by the two faceplates and inside C-channels [see Fig. 3(c)].

Fig. 4 (

 4 Fig. 4(b) illustrates the setup for four-point loading tests on SCSSB-ECs. Each

Fig. 12

 12 Fig. 12 makes comparisons of NFEM simulated load versus central deflections of

  14(b), still fails in flexural bending.

Fig. 17 also 4 . 3

 1743 Fig.17also shows that the P-δ curves exhibit a four-stage working mechanism, i.e.,

  ). During this working stage, the bottom steel faceplate between the two loading points gradually yields as shown in Fig.20(b); more vertical cracks developed in this pure bending region, and each crack also continues developing to the cross-sectional top tip as the loading processes [see Fig.20(b)]. Meanwhile, the bolts in the EC connectors start to yield and the C-channels still remain elastic as reflected in Fig.20(b). In the nonlinear developing working stage III (see BC curve in Fig.17), the bottom steel plate fully yields and top fiber of concrete achieves the ultimate compressive strain [see Fig.20(c)]. Moreover, the strain in the C-channel starts to develop and more bolts in the ECs start to yield as shown in Fig.20(c). In working stage IV (see CE curve in Fig.17), plastic strain in bottom steel faceplate continues developing, and the top steel faceplates start to yield at certain locations as shown in Fig.20(d). Moreover, the compressive strain exceeds the ultimate compressive strain of about 0.0035 that implies concrete crushing [see Fig.20(d)]. Moreover, all the bolts in ECs within the region between the loading point and support yields, and C-channels start to yield due to the large shear force applied on the cross section in the shear span of the beam as reflected in Fig.20(d). Finally, all SCSSB-ECs failed in excessive deflection or local buckling of faceplate.

Fig. 16 plots( 1 )

 161 Fig. 16 plots effects of ts on P-δ curves of SCSSB-ECs whilst Fig. 21(a) and (b) plots

Fig. 16 (

 16 Fig. 16(b) plots effects of S on P-δ curves of SCSSB-ECs. Fig. 21(c) and (d) plots the

Fig. 16 (

 16 Fig. 16(c) plots the effect of Lc on P-δ curves of SCSSB-ECs. Fig. 21(e) and (f) plots

Fig. 16 (

 16 Fig. 16(d) plots the effect of direction of C-channel on P-δ curves of SCSSB-ECs. Fig.

4. 7 . 6

 76 Fig. 16(f) plots the effect of fc on P-δ curves of SCSSB-ECs. Fig. 21(i) and (j) depict

)( 6 )

 6 Increasing spacing of ECs from 90 to 210 mm did not affect the flexural failure mode of SCSSB-ECs, but resulted in early elastic local buckling of compression faceplate in case of S=210 mm that compromised the ultimate strength of SCSSB-ECs with S=210 mm by about 11%. Due to the improved composite action and equivalent steel content of cross section, increasing the Lc value from 40 to 60 mm increases the Pu values of SCSSB-ECs with C30, C45, and C60 concrete core by 16%, 9%, and 4%, respectively; meanwhile, the K1 of SCSSB-ECs is improved by about 20%. However, the initial stiffness of SCSSB-ECs was not affected through increasing Lc value. (7) Installing C-channels in SCSSB-ECs with their webs along the longitudinal direction of the beam slightly improves its ultimate strength and stiffness due to larger bending stiffness of C-channel along its strong axis. (8) Decreasing λ value from 4.7 to 3.6 reduces the flexural bending resistance of
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Table 1

 1 Details and test results of B1~B8 SCSSB-ECs

	Item	tc (mm)	ts (mm)	S (mm)	l1 (mm)	S/ts Ratio	λ= l1/ ( tc +1.5 ts)	a (mm)	fcu (MPa)	fc (MPa)	fy (MPa)	fu (MPa)
	B1	119.7	2.7	90	600	33.3	4.8	30	71.6	54.4	332.0	467.2
	B2	120.4	2.7	150	600	55.6	4.77	40	71.6	54.4	332.0	467.2
	B3	119.8	2.7	210	600	77.8	4.79	20	71.6	54.4	332.0	467.2
	B4	120.1	2.7	90	800	33.3	6.42	30	71.6	54.4	332.0	467.2
	B5	120.4	2.7	90	600	33.3	4.77	30	59.9	45.5	332.0	467.2
	B6	120.9	2.7	90	600	33.3	4.75	30	68.6	52.1	332.0	467.2
	B7	119.2	4.7	90	600	19.2	4.67	30	71.6	54.4	317.1	463.0
	B8	118.3	5.6	90	600	16.2	4.64	30	71.6	54.4	323.8	450.9

Table 1 Continued

 1 cylinder and cubic compressive strength of concrete, respectively; fy and fu denotes yield and ultimate strength of steel faceplate, respectively; λ denotes shear span ratio; σy denotes yield strength of C-channel; σu denotes ultimate strength of C-channel; K0 denotes initial stiffness; K1 denotes elastic stiffness; Pu denotes ultimate strength.

	Item	σy	σu	K0,T	K0,FE	K0,T	K1,T	K1,FE	K1,T	Pu,T	Pu,FE	Pu,T/
		(MPa)	(MPa)	kN/mm	kN/mm	/ K0,FE	kN/mm	kN/mm	/ K1,FE	(kN)	(kN)	Pu,FE
		(1)	(2)	(3)	(4)	(3)/(4)	(6)	(7)	(6)/(7)	(9)	(10)	(9)/(10)

denotes

Table 2

 2 Details and results of SCSSB-ECs in FE parametric studies

	Model	ts (mm)	S (mm)	Lc (mm)	Direction of C-channel	l1 (mm)	λ	fc (MPa)	K0,a kN/mm	K1,a kN/mm	Pu,a (kN)
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SCSSB-ECs due to influence of increasing transverse shear force acting on the cross section. However, during the reduction of the λ value from 6.0 to 4.7 does not affect the bending resistance of SCSSB-ECs. [START_REF] Solomon | Flexural tests of steel-concrete-steel sandwiches[END_REF] Increasing concrete strength generally improves the flexural behaviour of SCSSB-ECs. However, the influences of fc on both K0 and K1 are much less significant compared with those on Pu value.