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New steel-concrete-steel sandwich composite structure using novel enhanced C-channels (ECs) and ultra-high performance concrete (UHPC) was firstly proposed.

The ECs offered strong tension separation resistance of faceplates from UHPC core as well as faceplate-UHPC interfacial shear resistance. Then, two-point loading tests on nine steel-UHPC-steel sandwich beams with ECs (SUSSB-ECs) were performed to study their ultimate strength behaviour. The studied parameters are thickness of steel faceplate, spacing of ECs, shear span, and strength of core. From the tests, though the shear span had quite significant influences on the ultimate strength of SUSSB-ECs, but all SUSSB-ECs failed in flexure mode even for the SUSSB-EC with short shear span ratio of 2.41, which confirms the bonding efficiency of ECs and high performance of this novel sandwich composite structures. The faceplate thickness exhibited significant, but the spacing of ECs has marginal influences on ultimate strength behaviour of SUSSB-ECs. Besides the tests, theoretical models were also developed to predict the initial stiffness, elastic stiffness, cracking load, yielding load, and ultimate load of the SUSSB-ECs. The validations of the predictions on stiffness and strength show that the developed theoretical models offer reasonable estimations on the stiffness and strength of SUSSB-ECs with limited errors.

Nomenclature

Ic= Second moment of area of concrete Is= Second moment of area for faceplate K0= Initial stiffness K0,T, K0,a =Experimental and predicted initial stiffness K1= Elastic stiffness K1,T, K1,a =Experimental and predicted elastic stiffness after cracking of UHPC L= Span of the beam M0= Cracking bending resistance My= Yielding bending resistance Mu =Ultimate bending resistance P0 , Py , Pu, and Pp =Cracking, yielding, ultimate, and peak load, respectively P0,T , Py ,T, Pu,T, and Pp,T =Experimental cracking, yielding, ultimate, and peak load, respectively P0,a , Py ,a, Pu,a, and Pp,a =Predicted cracking, yielding, ultimate, and peak load, respectively S = Spacing of ECs Sz = Shear stiffness of beams Ts, Tc1, Tc2, Tc3, Cc, C3 = Internal forces of different components as shown in Fig. 19 a= Distance between the edge and external C-channel as shown in Fig. 4 Recently, steel-concrete-steel (SCS) sandwich structure (SCSSS) has become popular in both onshore and offshore engineering infrastructures. In 1970s, SCSSS type of bridge deck was developed by Solomon et al. [START_REF] Solomon | Flexural tests of steel-concrete-steel sandwiches[END_REF]. Montague [START_REF] Montague | A simple composite construction for cylindrical shells subjected to external pressure[END_REF] developed SCSSS type of undersea oil container in UK. In 1980s, SCSSSs was conceived in an application of an immersed-tunnel project in UK [START_REF] Narayanan | Double skin composite construction for submerged tube tunnels[END_REF]. More recently, the SCSSS was used in the immersed tunnels of Hongkong-Zhuhai-Macau mega bridge project [START_REF] Lin | The deployable element, a new closure joint construction method for immersed tunnel[END_REF].

Berner and Gerwicklnc [START_REF] Berner | Steel-Concrete-Steel Sandwich Composites In The Containment Of Cryogenic Liquids Offshore[END_REF] have developed the SCSSS type of offshore cryogenic-liquid containment. Recently, SCSSSs have been proposed in the new-generation nuclear facility as the shielding walls in USA, Japan, Korea, and China [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][START_REF] Lin | Ultimate strength behaviour of S-UHPC-S sand SCS sandwich beams under shear loads[END_REF]. The SCSSS type of shear wall in high-rise buildings has been developed and put into use in China [START_REF] Nie | Experimental study on seismic behavior of high-strength concrete filled double-steel-plate composite walls[END_REF][START_REF] Ji | Cyclic in-plane shear behaviour of double skin composite shear walls in highrise buildings[END_REF][START_REF] Hossain | Flexural and shear behaviour of profiled double skin composite elements[END_REF][START_REF] Yan | Shear and tensile behaviors of headed stud connectors in double skin composite shear wall[END_REF][START_REF] Qin | Compressive behavior of profiled double skin composite wall[END_REF][START_REF] Qin | Structural behavior of the stiffened double-skin profiled composite walls under compression[END_REF], e.g., Yancheng Tower, Zhongguo Zun Tower. Liew and Sohel [START_REF] Richard Liew | Lightweight steel-concrete-steel sandwich system with J-hook connectors[END_REF][START_REF] Sohel | Experimental investigation of low-velocity impact characteristics of steel-concrete-steel sandwich beams[END_REF] proposed the concept of slim SCSSS type of offshore decking using lightweight concrete materials. Wang et al. [START_REF] Wang | Ultimate strength of steel-concrete-steel sandwich panels under lateral pressure loading[END_REF] and Liew et al. [START_REF] Richard Liew | Impact tests on steel-concrete-steel sandwich beams with lightweight concrete core[END_REF] developed the SCSSS protective structures. More recently, Yan et al. [START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[END_REF] developed the Arctic offshore platforms using SCSSS type of ice-resistant wall. Such wide potential applications in the engineering constructions triggered the extensive research on this relatively new type of SCSSS.

A representative SCSSS is usually consisted of a middle concrete core, two external steel faceplates, and steel-concrete interfacial bonding components (usually in terms of shear connectors or cohesive material). Headed studs [see Fig. 1(a)] may be the most widely adopted shear connectors in SCSSS [START_REF] Narayanan | Double skin composite construction for submerged tube tunnels[END_REF]. However, headed studs provided the cross-sectional shear resistance of SCSSS through using overlapped length or additional tie bars, which results in a waste of materials. Xie et al. [START_REF] Xie | Static Tests on Steel-Concrete-Steel Sandwich Beams[END_REF] proposed the effective friction-welded bar connectors for SCSSS [see Fig. 1(b)]. However, this type of connector tends to be costing, and friction-welding equipment only allows the depth of SCSSS ranging from 0.2 to 0.8 m. Steel angles have been adopted as bonding measures in steel-concrete composite structures, and their shear-slip behaviours have been extensively studied by Shariati et al. [START_REF] Shariati | Comparative performance of channel and angle shear connectors in high strength concrete composites: An experimental study[END_REF][START_REF] Shariati | Comparison of behaviour between channel and angle shear connectors under monotonic and fully reversed cyclic loading[END_REF][START_REF] Shariati | Experimental assessment of channel shear connectors under monotonic and fully reversed cyclic loading in high strength concrete[END_REF] and Paknahad et al. [START_REF] Paknahad | Shear capacity equation for channel shear connectors in steel-concrete composite beams[END_REF].

Shallow-embedded angles have also been adopted in the SCSSS in Japan [START_REF] Malek | Steel-concrete Sandwich Members without Shear Reinforcement[END_REF].

However, Malek et al. [START_REF] Malek | Steel-concrete Sandwich Members without Shear Reinforcement[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] found that these shallowly embedding depth of angles resulted in steel-concrete separation as the SCSSS was subjected to high shear or impact loading. Laser-welded corrugated strip connectors [see Fig. 1

(c)]

were proposed by Leekitwattana et al. [START_REF] Leekitwattana | Evaluation of the transverse shear stiffness of a steel bi-directional corrugated-strip-core sandwich beam[END_REF], and this type exhibited advantages of easy fabrication and high structural performances [START_REF] Leekitwattana | Evaluation of the transverse shear stiffness of a steel bi-directional corrugated-strip-core sandwich beam[END_REF][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]. However, the high costing of this type of connectors tends to be much higher than those above connectors. Liew et al. [START_REF] Richard Liew | Impact tests on steel-concrete-steel sandwich beams with lightweight concrete core[END_REF] invented J-hook connectors [see Fig. 1(d)], which was proved to be an effective bonding method and appropriate for the slim decking system. However, a great number of J-hook connectors tends to produce assembling difficulties. Thus, it is necessary to develop a more effective but less costing bonding measure at steel-concrete interface in SCSSS. It is of interest to perform such innovative studies on new shear connectors.

Including the innovations in the shear connectors, different types of concretes have been adopted in the SCSSS to improve their structural performances depending on different application purposes. In most of the developed SCSSS used in the buildings or bridge decking, normal weight concrete was usually used [START_REF] Solomon | Flexural tests of steel-concrete-steel sandwiches[END_REF][START_REF] Montague | A simple composite construction for cylindrical shells subjected to external pressure[END_REF][START_REF] Narayanan | Double skin composite construction for submerged tube tunnels[END_REF][START_REF] Lin | The deployable element, a new closure joint construction method for immersed tunnel[END_REF][START_REF] Berner | Steel-Concrete-Steel Sandwich Composites In The Containment Of Cryogenic Liquids Offshore[END_REF][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][START_REF] Lin | Ultimate strength behaviour of S-UHPC-S sand SCS sandwich beams under shear loads[END_REF][START_REF] Nie | Experimental study on seismic behavior of high-strength concrete filled double-steel-plate composite walls[END_REF][START_REF] Ji | Cyclic in-plane shear behaviour of double skin composite shear walls in highrise buildings[END_REF][START_REF] Yan | Shear and tensile behaviors of headed stud connectors in double skin composite shear wall[END_REF][START_REF] Qin | Compressive behavior of profiled double skin composite wall[END_REF][START_REF] Qin | Structural behavior of the stiffened double-skin profiled composite walls under compression[END_REF]. For weight sensitive offshore structures, in order to increase the strength-to-weight ratio, lightweight concrete with a density of about 1450 kg/m 3 and compressive strength of about 35 MPa was developed for the offshore decking or ship hulls [START_REF] Yan | Experimental and analytical study on ultimate strength behaviour of steel-concrete-steel sandwich composite beam structures[END_REF][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].

Ultra-lightweight cementitious composite (its density and compressive strength are 1450 kg/m 3 and 60 MPa, respectively) was developed and used in SCSSS [START_REF] Yan | Steel-concrete-steel sandwich system in Arctic offshore structures: materials, experiments, and design[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] Chia | High-strength ultra lightweight cement compositematerial properties[END_REF][START_REF] Yan | Ultimate strength behaviour of steel-concrete-steel sandwich composite structures, Part 1: Experimental and analytical Study[END_REF][START_REF] Yan | Design and behavior of steel-concrete-steel sandwich plates subject to concentrated loads[END_REF][START_REF] Yan | Punching shear resistance of steel-concrete-steel sandwich composite shell structure[END_REF], which further improves the strength-to-weight ratio of SCSSS. Recently, ultra-high performance concrete (UHPC) was applied in SCSSSs to further improve their structural behaviours [START_REF] Lin | Ultimate strength behaviour of S-UHPC-S sand SCS sandwich beams under shear loads[END_REF]. Sawab et al. [START_REF] Sawab | Structural integrity of steel plate ultra high-performance concrete modules[END_REF], Wang et al. [START_REF] Wang | Experimental and numerical investigation of the interfacial properties of non-steam-cured UHPC-steel composite beams[END_REF], and Shao et al. [START_REF] Shao | Static and fatigue properties of the steel-UHPC lightweight composite bridge deck with large U ribs[END_REF] also made efforts on the application of UHPC in steel-concrete composite structure.

This paper tries to apply the UHPC in SCSSS for nuclear and building structure to further improve their structural performances.

This paper firstly proposed the new type of SCSSS with novel 'enhanced C-channels' (ECs) and UHPC. Ten steel-UHPC-steel sandwich beams (SUSSBs) were tested subjected to two-point loads to investigate their ultimate strength behaviours. This testing programme studied the effects of faceplate thickness ts (i.e., cross-sectional steel content), spacing of ECs (S), shear span (l1), and strength of concrete core (fc) on ultimate strength behaviours of SCSSBs. Followed, this paper developed theoretical models to predict the stiffness and strength of SUSSBs. Validations of these developed models against reported ten test results were performed to check their accuracy. Conclusions were finally drawn from these tests and analysis.

Developments of enhanced C-channel connectors in SCSSSs

The philosophy of enhanced C-channel connectors (ECs) is to improve the shear and tensile resistances of C-channels using externally connected blind bolts or common bolts. Fig. 2 shows the developed ECs that include C-channel, nut, and externally connected bolts. As shown in Fig. 2, the standard fabrication procedures of ECs are [START_REF] Solomon | Flexural tests of steel-concrete-steel sandwiches[END_REF] welding C-channel to steel faceplates and nut to the flange of C-channel [see Fig. Different from the common C-channel connectors, ECs directly link the two external steel faceplates that could directly resist the separation of the three layers of materials in SCSSS with ECs (SCSSS-ECs). Moreover, the steel skeleton made of the two steel faceplates and internal C-channels resist the pressure produced by the wet concrete, which could save the moulds and additional holding frames in concrete casting.

The differences on costing between a SCS sandwich beam with pure C-channels and ECs mainly come from the number of C-channels, bolts, and fabrication fees of drilling holes for the bolts. With the basis of achieving full-composite cross section, taking the sandwich beam with the same geometry and material in this paper for example, the total amounts of C-channels required for SCS beam with ECs and pure C-channels are 12 and 6, respectively. In addition, the SCS sandwich beams with ECs use six more bolts. Including the material and fabrication costing of bolts (assuming it equals to the costing of one C-channel), the differences of costing on SCS sandwich beams with ECs and pure C-channels are quite limited. Ten SUSSB-ECs in total were prepared in this study. As shown in Fig. 4(a), each SCSSB-EC measures 200, 100, and 1900 mm in width, depth, and length, respectively. The studied parameters are thickness of steel faceplate (ts), spacing of ECs (S), shear span (l1), and strength of concrete core (fc). Specimen B1, with two identical specimens B1-1 and B1-2, were designed with the controlling parameters.

B1, B2, and B3 were, respectively, designed with varying ts values of 2.7, 4.7, and 5.6 mm that relates to the cross-sectional steel contents of 4.3%, 7.3%, and 8.6%, respectively. Different S of 90, 150, and 210 mm were designed for B1, B4, and B5, respectively. To study the influences of shear span, B1, B6, B7, and B8 were designed with different l1 value of 600, 450, 300, and 800 that correspond to the shear span ratios of 4.9, 3.6, 2.4, and 6.6, respectively. In order to investigate the concrete core strength, specimen B1 and B9 were designed with UHPC and normal weight concrete (fc=54.4 MPa) for a comparison purpose.

Q235 mild steel was adopted for two external faceplates in SUSSB. Since three types of steel faceplates were used in the tests, their mechanical properties were obtained from standard tensile tests following Chinese code GB/T228.1 [START_REF]Metallic Materials: Tensile testing[END_REF]. Three tensile tests were performed for each type of plate. Fig. 5(a)~(c) shows tensile stress-strain curves of steel plates in thickness of 3, 4.5, and 6.0 mm, respectively. Table 1 lists theses obtained yield and ultimate strengths.

All the SUSSB-ECs adopted Q235B C-channel as the shear connector, and its dimension is depicted in Fig. 4(a). The height and length of the channel are 120mm and 50mm.The thickness of web and flange are 5.5mm and 9mm.What's more, the diameter of the hole in the flange is 14mm. Tensile stress-strain curves of C-channel were also obtained from standard tensile tests following Chinese code GB/T228.1 [START_REF]Metallic Materials: Tensile testing[END_REF] as shown in Fig. 5(d). More mechanical properties of C-channel are listed in Table 1.

B1~B8 all adopted the UHPC as the core material. The mix proportions for water: cement: silica fume: Quartz sand: Quartz powder: superplasticizer in the UHPC are 0.225: 1.000: 0.250: 1.100: 0.300: 0.019. 3% (in volume fraction) steel fibre was used in the UHPC. Its length, diameter, and yield strength are 8 mm, 0.12 mm, and 1600

MPa, respectively. The uniaxial tensile/compressive strength of UHPC were obtained from standard tests according to French code NFP18-470 [START_REF]Concrete-Ultra-high performance fibre-reinforced concrete-Specifications, performance, production and conformity. Association Française de Normalisation; Rue Francis de Pressensé -93571[END_REF] as shown in Fig. 6(a)

and (b).

Test setup

The setup of four-point bending tests on SUSSB-ECs is shown in Fig. Since the loading was applied in the displacement-controlled mode, the reaction force acting on the spreading beam was measured by a load cell that connects the actuator and reaction frame as shown in Fig. 4(b). In addition, during testing, displacements, strains, and reaction forces at each loading level were recorded by a data logger.

Test results

This section reported detailed information on tests results that consists of failure modes of SUSSB-ECs, strength (including cracking, yield, and ultimate loads) and stiffness (initial stiffness and elastic stiffness after concrete cracking), load-deflection/strain behaviour, and discussions on influences of different parameters. 

Failure modes of SUSSB-ECs

Load versus deflection (or strain) curves

Figs. 9 and 10 depict the load-deflection and load-strain curves of B1~9, respectively.

These two figures exhibit that these load-deflection (P-δ) curves of SUSSB-ECs subjected to four-point bending can be categorized into two groups as summarized in 

Longitudinal strain distribution along the height of the cross section

The longitudinal strain distribution profile along the height at different loads are plotted in Fig. 12. This figure supports the observations as the following;

(1) The longitudinal strain distribution profile along the height are almost linear from the start to the end of testing. This implies the sufficient bonding provided by ECs for SUSSB. Moreover, the plane section still remains plane during different working stages of the SUSSB-ECs.

(2) As reflected in Fig. 12, the neutral axis gradually moves up as the loading increases. During the elastic stage, the neutral axis locates at about 75 mm from the bottom for specimen with 3 mm-thick faceplates, and the location for the neutral axis is about 80 mm for SUSSB with 4.5 mm-thick faceplates. After that, the neutral axis gradually moves to the top tip of the specimen. All these further confirm the flexural failure mode of SUSSB with EC connectors.

Deformation shapes of SUSSB-ECs at different two-point loadings

Strengths and stiffness

As shown in Fig. 11, the initial stiffness K0, load relates to first cracking P0, and elastic stiffness K1 can be obtained from P-δ curves. The yielding load Py of SUSSBs was determined from load-strain curves at the point of yielding of the bottom steel faceplate.

For specimens failed in flexural mode with local bucking occurred to their top faceplates, the ultimate load carrying capacity Pu can be directly taken at point C as shown in Fig. 11. For specimens without local buckling in top steel faceplates, due to the strength hardening, the load carrying capacity of the SUSSB-ECs keeps increasing in a slow rate at the strength hardening stage. Thus, the load at the strain level of 10,000με in mid-span tensile faceplate at was taken as the ultimate load Pu [START_REF]GB50010-2010, Code for design of concrete structures[END_REF][START_REF] Han | Design calculation of concrete filled square steel tubular members[END_REF].

Discussions

In this section, the influences of different parameters (e.g., ts, S, l1, and fc) on ultimate strength behaviours of SUSSB-ECs were discussed.

Effect of thickness of steel faceplates (ts)

Fig. 9(a) depicts the effect of ts on P-δ behaviours, and Fig. 14 (1) ts value generally significantly improves the P-δ behaviours of SUSSB-ECs.

(2) The initial stiffness K0 and elastic stiffness K1 increase linearly with the increasing ts value. With the increase of ts from 2.7 to 4.7 and 5.6 mm, the K0 (or K1) is increased by 25% (or 49%) and 33% (or 77%). This is due to that the increased ts increases equivalent depth of the cross section that results in higher moment inertia. Moreover, it can be found that with the same increment of thickness of steel faceplate the K1 receives higher improvements than K0. This is because that the contribution of the steel faceplates on stiffness of the beam becomes larger after the cracking of UHPC.

(3) The cracking load P0, yielding load Py, and ultimate load Pu all increase linearly with the increasing ts. However, the influence of ts on P0 is less significant than those on Py and Pu values. As ts increases from 2.7 to 4.7 and 5.6 mm, the P0 was improved by 27% and 55%, respectively; the increments of Py were 58% and 104%, respectively; the increments of Pu were 77% and 104%, respectively. This is because before cracking of UHPC the contribution of UHPC to the cross-sectional bending resistance is more than its contributions to the yielding and ultimate bending resistances, which will be more governed by the steel faceplates. This may explain the more significant influences of ts on Py and Pu than P0.

Moreover, as ts increases from 2.7 to 4.7 and 5.6 mm, the local buckling in top steel faceplate of B1 was deterred in B2 and B3 benefitting from the decreased slenderness ratio of faceplate from 33.3 to 19.2 and 16.2 (see Fig. 8). Thus, the slenderness ratio of steel faceplate needs to be well considered when designing such type of structure.

Effect of spacing of EC connectors (S)

Fig. 9(b) depicts the influence of S on P-δ curves. Fig. 14(c) and (d) shows the influences of S of stiffness and strength, respectively. As reflected in these figures, some observations are summarized as the following;

(1) With the increase of S from 90 to 150 and 210 mm, the inelastic and nonlinear developing stages of P-δ curves are almost unaffected; however, the decreasing rate of the load carrying capacity during the recession stage tends to increase due to more serious local buckling took place in the faceplate as shown in Fig. 8.

(2) With the increase of S from 90 to 150 and 210 mm, both K0 and K1 show low correlation ratios with the increasing S value, which implies the marginal influences of S on K0 and K1. This is because that the S value determines the slenderness ratio of the faceplate and composite action of the cross section, which does not affect the early working stage behaviour.

(3) With the increase of S from 90 to 150 and 210 mm, the cracking load P0 shows low correlation ratio of 0.1 with S that means S has marginal influence on P0. This is because the cracking load of the SUSSB is more governed by the strength of UHPC core and thickness of the steel faceplates.

(4) Both Py and Pu decrease slightly as S value increases. With the increase of S from 90 to 150 and 210 mm, Py is reduced by -3% and 8%, respectively (negative value means increase); meanwhile, Pu is slightly influenced by 1% and 2%, respectively.

Thus, it can be found that increasing S from 90 to 210 mm has marginal influence on both Py and Pu. This is because the strong confinement of UHPC on C-channel offers enough cross-sectional composite action that does not compromise the bending resistance of the cross section. In addition, the limited influences on both Py and Pu were caused by the compressive buckling resistance of the top faceplate due to the spacing of ECs.

Effect of shear span (l1)

Fig. 9(c) depicts the influence of l1 on P-δ curves. Fig. 14(e) and (f) depicts the effects of l1 on stiffness and strength of SUSSB-ECs, respectively. As l1 increases from 250 to 450, 600, and 800 mm, both the stiffness and strength of SUSSB-EC decrease linearly with the increasing shear span. However, it can be also found from Fig. 8 that due to all the specimens failed in flexure-governed mode, their cracking, yielding, and ultimate bending moments are quite close with limited differences (except B8 with large shear span of 800 mm). Especially, the specimen B7 with short span ratio of 2.41 also failed in flexural mode rather than shear mode that further confirms the effective bonding provided by the developed ECs and UHPC. For specimen B8 with large shear span ratio of 6.57, the interaction between the shear and bending reduces its ultimate and yielding bending moment due to the influence of shear forces. Thus, for the large shear span the influence of shear force also need to be considered for the design of the cross-sectional bending resistance. are increased by 25%, 11%, 86%, 16%, and 10%, respectively. This is due to that UHPC exhibits better compressive and tensile behaviours as well as higher confinement to the ECs. It can be also found that the influence on P0 is much more significant on the rest index of SCSSB-ECs due to using UHPC. This is because the UHPC adopting steel fibre exhibits much more improved tensile behaviour than normal weight concrete.

Analysis on stiffness and strength of SUSSB-ECs

Since the tensile strength of UHPC cannot be neglected, before determining the stiffness and strength of SUSSB-ECs, the uniaxial compressive and tensile stress-strain constitutive models used in this analysis are shown in Fig. 16.

The uniaxial compressive/tensile stress-strain constitutive laws for the UHPC adopted the models in Ref. [START_REF] Zhang | Axial Tensile Behavior Test of Ultra High Performance Concrete[END_REF][START_REF] Yang | Flexural Behavior of Ultra-high Performance Concrete Beams Prestressed with CFRP Tendons[END_REF]. As shown in Fig. 16, the UHPC behaves almost linearly until about 80~90% ultimate compressive strength before diverging 5% from linear elastic behaviour. Based on the test results of UHPC, the elastic modulus of UHPC in this paper is 45 GPa, the peak stress and corresponding strain is 125.4 MPa and 0.0035.

Moreover, the strength hardening of the steel materials is also considered in this analysis. Fig. 17 shows the adopted bi-linear constitutive model for the steel faceplates.

Initial stiffness (K0) and cracking resistance (P0)

Before determining K0 and P0, several assumptions are adopted as follows:

(1) Plane section assumption still works in SUSSB; (2) UHPC does not crack; [START_REF] Narayanan | Double skin composite construction for submerged tube tunnels[END_REF] neutral axis locates in the middle of the cross section; (4) Full composite action is assumed.

Thus, K0 can be determined as follows; ( )
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Finally, the cracking load of SUSSB-ECs under two-point loading is determined as the following;

( )

0 0 1 2 / 0.025 P M l = + (7)

Elastic stiffness after the cracking of concrete (K1) and yielding load (Py)

After cracking of UHPC, the elastic stiffness after concrete cracking K1 can be calculated by the following equations;
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) 3 c = 3 bx I (11) c c z s ' = κ G h B S (12) ( ) c c 2 c c s s ' 1 / 6 φ = + G G E h E t e (13)
where, h is the cross-sectional depth; x is the position of neutral axis; φis reduction factor, and herein is adopted as 0.95.

As the bottom tension faceplate yields, the SUSSB-ECs achieves its yielding strength.

Meanwhile, the compressive concrete and steel faceplate are still in elastic state, and the internal stress of UHPC can be determined by its tensile constitutive law as shown in Fig. 16. 
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( ) [START_REF] Bergan | Sandwich design: a solution for marine structures[END_REF] where, Ts, Tc1, Tc2, Cc, and C3 are internal forces of different components as shown in In Eqn. ( 8)~( 30), the neutral axis position x can be found through equalling the internal resultant force to zero, i.e.,
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where, Ts, Tc1, Tc2, Cc, and C3 are internal forces of different components in Fig. 18(b).

Finally, the yielding load of SUSSB-ECs with shear span of l1 can be determined as the following;

( )

1 2 / 0.025 y y P M l = + (32) 
where, Py and My are yielding load and moment, respectively; l1 is shear span.

Ultimate load (Pu)

Fig. 18(c) shows the cross-sectional strain and stress block at ultimate limit state. The neutral axis moves up and the strain of tensile steel faceplate achieved 10,000 με.

Meanwhile the compressive strain of UHPC is close to ultimate compressive strain, and the compressive zone can be simplified as triangle as shown in Fig. 18(c). When the neutral axis moves to the bottom of top faceplate at ultimate limit state; both top and bottom faceplate achieve yielding strength and strength hardening initiates, the peak load Pp is determined as the following;

( )

p s c s M T t t = + (33) 
s s u s = T C f t B = (34) 
( )

p p 1 2 / 0.025 = + P M l ( 35 
)
Since the ultimate load in this paper is defined as the load when the strain of tensile steel faceplate achieved 10,000 με, the ultimate load, Pu, can be obtained through interpolation of Py and Pp following the method in Fig. 19 as the following;

( ) u y u y p y p y

P P P P ε ε ε ε - = + - - (36) 
where, Pu denotes ultimate load; y ε , u ε , and p ε are yielding strain, strain at ultimate strength, and 10,000με, respectively.

Validations and discussions

The predicted strength and stiffness indexes are in comparisons with test values in Table 1. This table shows the following observations;

(1) The average test-to-prediction ratios for both K0 and K1 are 0.98 with standard deviations (STDEVs) of 0.06, respectively. The developed theoretical models offer relative accurate estimations on the stiffness of SUSSBs. For the nine tests, the prediction errors for both K0 and K1 are smaller than 10%. The predictions errors are mainly from the scatters in modulus of elasticity of UHPC and elastic modulus of steel involved in the testing program.

(2) The average test-to-prediction ratios for strength indexes P0, Py, and Pu are 0.99, 1.04, and 1.14 with standard deviations (STDEVs) of 0.06, 0.07, and 0.07, respectively, which implies the reasonable predictions on the strengths of SUSSBs.

The predictions on ultimate load are more conservative compared with the predictions on the rest indexes. The theoretical models averagely underestimate the ultimate load by 14%. This may be due to assumption of linear interpolation to determine the ultimate load and ignorance of strength hardening of UHPC.

Considering limited validations of these developed theoretical models, more validations may be required in further study.

Conclusions

This paper firstly developed the sandwich composite beams with novel enhanced C-channels and UHPC. Then, nine SUSSB-ECs were tested to study their ultimate strength behaviours. Including experimental investigations, theoretical models were proposed for the predictions of the stiffness and strength of SUSSB-ECs. These experimental and theoretical studies support the following conclusions;

(1) Quasi-static tests on SUSSB-ECs under two-point loading showed that all the SUSSB-ECs failed in flexure-governed mode even for SUSSB-EC with small shear span ratio of 2.41 and the shear failure was not observed in nine tests. This implies the high bonding provided by the ECs and UHPC that guarantee the flexural failure of SUSSB-ECs.

( (3) The strain distribution profile along height of the cross section confirms the workability of plane section assumption to SUSSB-ECs.

(4) Both stiffness and strength indexes (i.e., K0, K1, P0, Py, and Pu) all increase with the increasing value of ts due to the increased steel content of the cross section and slenderness ratio of compressive faceplate. However, the improvements of the increasing ts on P0 are less significant than those on Py and Pu values; and the improvements of the increasing ts on K0 is less significant than those on K1.

(5) Increasing spacing of ECs from 90 to 150 and 210 mm has limited influences on the stiffness and strengths of SUSSB-ECs as well as the failure modes of the SUSSB-ECs.

(6) Increasing the shear span ratio of the SUSSB-ECs from 2.4 to 4.9 does not affect its flexural bending resistance even for the beam with low shear span ratio of 2.4.

However, for SUSSB-EC with large shear span ratio of 6.6, its ultimate and yielding bending moments were reduced due to the influence of shear forces.

(7) Developed theoretical models offer accurate estimations on K0, K1, P0, and Py with average prediction errors less than 4%. The developed theoretical models offer conservative predictions on ultimate load of SUSSB-ECs with an average underestimation of 14%. However, validations of these developed theoretical models were only against reported nine tests, more validations are still necessary. 
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  (b)], and reserving holes in the flange of C-channel and steel faceplates for the externally connected bolts; (2) assembling the two external steel faceplates and screwing in external bonding bolts [see Fig. 2(c)]; (3) casting of concrete core.

Fig. 3

 3 Fig.3illustrates the fabrication procedures of SUSSB with ECs (SUSSB-ECs), i.e., (a)

4 .

 4 Fig. 4(b) shows that the SCSSB-EC is simply-supported at their left and right ends. Each SUSSB-EC is loaded at two points with the concentrated loads transferred from a spreading I-beam, which is centrally loaded by an actuator. The displacement loading was provided by this actuator and transferred to the SCSSB-EC, and the loading rate was 0.5 mm/min.In order to measure the deformation of SUSSB-EC, five LVDTs were distributed at mid-span, two loading point, and two supports. The left and right end slips of top steel faceplate were measured by two LVDTs. Linear strain gauges were installed along the depth of the cross section to check their distributions along the cross-sectional height as shown in Fig.4(a). Moreover, three linear strain gauges were installed on the top faceplate [see Fig.4(a)]. Five linear strain gauges were installed on the bottom steel faceplates with three strain gauges at mid-span and two strain gauges underneath the two loading points [see Fig.4(a)].

Failure

  modes for SUSSB B1~9 are shown in Fig 8(a)~(i). They show that typical flexure failure occurred to all the tested specimens with characteristics of vertical cracks in the UHPC core. Diagonal shear cracks in UHPC core were not found along the shear span of tested specimens. However, the only difference among these specimens failed in flexural mode is the occurrence of local buckling in top faceplates.In specimens B1 and B4~7, local buckling in top faceplates was observed between two loading points of the beam whilst there was no obvious local buckling occurred to the rest specimens. Specimens B1 and B7 were selected to illustrate the flexural failure of SUSSB-EC with local buckling in the top steel faceplate. For specimen B1 failed in flexure, the first vertical crack was observed as the reaction force increased to about 25 kN. After that, separation of the top steel faceplate from concrete core was observed at about 75 kN, which implies the local buckling starts to initiate. After that, plastic deformation fully developed with the reaction force of B1 remains stable. At the central deflection of 18 mm, severe local buckling occurred to the top steel faceplate. And test B1 was terminated at central deflection equalling to 45 mm. For specimen B7, the first vertical crack was observed at 46 kN. Slight separation of the top faceplate from concrete core was observed as the reaction force equals to 130 kN. As applied load equals to 197 kN, local buckling occurred to the top faceplates and the main cracks continued propagating to the cross-sectional top tip. As the deflection at mid-span increased to 15 mm, local buckling near the loading point in the top faceplate becomes more serious. Finally, the specimen failed in excessive deformation, and shear cracks were not found in its shear span.

Fig. 11 .

 11 Fig. 11. Both the first and second type of P-δ curves exhibit close behaviours at stage

Fig. 13 depicts

 13 Fig. 13 depicts the deformed shapes of SUSSB-ECs at different two-point loading

  Fig.9(a) depicts the effect of ts on P-δ behaviours, and Fig.14(a) and (b) shows the

4. 6 . 4

 64 Fig. 9(d) plots the influence of fc on P-δ curves. Fig. 14(g) and (h) depicts effects of fc

  Fig.18(a) illustrates the cross-sectional strain and stress distribution diaphragm in

  Fig. 18(b) shows the cross-sectional distribution diaphragm of strain and stress. The cross sectional yielding bending moment of SUSSB-ECs is determined as below;

Fig. 18 (

 18 Fig. 18(b); e1, e2, and e3 are distances in the tensile region of UHPC in the cross section

  ) The SUSSB-ECs exhibit two types of load-deflection behaviours. The first type of curves exhibits initial elastic, elastic after cracking, nonlinear developing, and strength hardening stages. The second type of curves exhibit the same as the first type of curve except at the final strength hardening stage. Local buckling of the top faceplate at the end of the third nonlinear developing stage leads the second type of curves into recession stage.

Fig. 2 34 Fig. 3 Fig. 5

 23435 Fig. 2 Details and installation of EC connectors

Fig. 6 Fig. 8

 68 Fig. 6 Compressive and tensile stress-strain curves of UHPC

Fig. 9

 9 Fig. 9 Load versus deflection curves of SUSSB-ECs

Fig. 10 Fig. 12 Fig. 13

 101213 Fig. 10 Load versus strain curves of SUSSB-ECs

Fig. 15

 15 Fig. 15 Influence of shear span on cracking, yielding, and ultimate bending moment

  

  

  

Table 1

 1 Details and test results of SUSSB-ECs

	Item	tc (mm)	ts (mm)	S (mm)	S/ts	l1 (mm)	λ=l1/h	a (mm)	fcu (MPa)	fc (MPa)	fy (MPa)	fu (MPa)	σy (MPa)
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