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Abstract

:

This paper investigates the structural performance of a new two-way profiled steel decking system for steel-concrete composite slabs. Several studies have investigated steel decking for steel-concrete composite slabs and focused on utilising the conventional deck as a one-way floor system. The newly developed deck consists of top-hat sections formed by bending corrugated sheets at 90°, which are attached to a corrugated base sheet. The deck is designed for improved composite and two-way action contributed by its unique geometry due to corrugations in the transverse and longitudinal directions. This paper experimentally tested a novel steel decking geometry under construction stage loading. It was in the absence of concrete to establish the deck’s suitability for construction and contribution towards loading capacity and performance for future use as a two-way composite slab. Ultimate load, two-way action, and failure modes were identified. A finite element model was also developed, and parameters assessed that could influence the performance when the deck is potentially used in the composite stage. It was concluded that, while increasing the thickness of the corrugated base sheet significantly affects the load-carrying capacity, the thickness of the top hats has no significant impact. Improved load transfer with two-way behaviour is observed when the bottom flanges of the top hats are continuously connected to the bottom flanges of the adjacent top hats to form a deck. This contrasts with the concept deck, where individual top hats are attached to a corrugated base sheet. In this case, decks with a corrugated base sheet perform 54% better in ultimate load capacity than decks without a corrugated base sheet.
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1. Introduction


Steel-concrete composite slabs consist of a steel deck with concrete over it. The steel deck acts as a formwork when wet concrete is poured during construction. Once the concrete is hardened, the deck works compositely with the concrete to resist tensile loads acting on the floor. The composite flooring system has been widely adopted due to its ease of construction, low self-weight, and economic savings [1].



The longitudinal shear in composite slabs is primarily transferred between the steel deck and the concrete surface by friction or mechanical interlock. Over the years, different types of steel decks, particularly trapezoidal and re-entrant shaped decks, sometimes with additional features such as embossments, stiffeners or shear studs, have been explored to overcome the failure of composite slabs by slip and separation between the two materials [2,3,4,5,6]. However, in steel-concrete flooring systems, it has been noticed that vertical and longitudinal shear failure [7,8,9] continues to be a controlling issue despite the provision of embossments and shear studs. Moreover, various embossment features such as depth, retention angle, direction and shape are also significantly involved in controlling the shear behaviour in slabs [10]. Therefore, developing a deck that can effectively transfer shear forces is deemed necessary without the need for complex embossment designs. Studies have also shown that local buckling failure has not been completely eliminated in the available steel decks due to inefficient rib geometry, large width-to-thickness ratios of profiled decks, and insufficient tensile and yield strengths of the steel [11].



Further, most of these manufactured decks transfer loads in one-way since they only have formed ribs in one direction [12]. The most commonly available steel-deck types, such as the trapezoidal and re-entrant shapes, were investigated to establish two-way action in different flooring systems such as steel-concrete composite slabs [13,14] and profiled steel sheeting dry board systems [15]. Using both directions of the composite deck slab could increase its load-carrying capacity while at the same time spanning larger column-free areas. Therefore, it is necessary to redesign the deck geometry to incorporate a two-way distribution of loads in composite slabs while maintaining a good shear connection between the steel and concrete materials.



A new two-way steel deck geometry was developed and experimentally investigated for performance parameters such as load-displacement behaviour, failure modes and two-way load transfer. The proposed concept involves introducing 90° bends in the transverse direction of corrugated sheets to form efficient corrugated top-hat ribs, which is the innovative technology developed by FormFlow, Australia [16]. The deck is tested in the construction stage, i.e., without concrete, to assess the behaviour, suitability for construction and contribution of the deck in composite slabs. Testing decks in the construction stage has proven essential for identifying local buckling in decks and establishing maximum slab spans that can be attained for any particular deck type [17,18,19,20,21].



Using ABAQUS [22], a finite element (FE) model of the new two-way deck geometry was developed and verified with experimental results. The validated model was then used to understand the factors influencing the deck’s load capacity and two-way behaviour in the construction stage for improved usage and performance in the composite phase.




2. The Two-Way Corrugated Steel Deck


Two corrugated steel decks (D1 and D2) were tested for two-way loading action. The cross-section details are provided in Figure 1a. The samples consist of a corrugated base sheet of 1670 × 1670 mm. Due to longitudinal corrugations, the sheet offers strength along the axis of corrugations. Top hats are formed from these sheets by FormFlow, Australia [16] by introducing bends at 90° to form flanges and webs of the hat, as seen in Figure 1b. These individual top hat sections are placed along the corrugated base sheet at 260 mm centre to centre distance and connected to the corrugated base sheet at the bottom flanges by blind rivets of 3.2 mm diameter. Two top hats were overlaid at the midspan to form a single rib and connected with 3.2 mm rivets at 15 mm rivet spacing. In Figure 1c, the top-hats act as ribs that transfer load in the primary direction, which can be considered the strong direction. The corrugated base sheet acts to transfer load in the secondary direction, considered a weak direction. The dimensions of the top-hat sections and spacing were optimised to provide maximum two-way action. The advantage of the top-hat sections formed from the corrugated sheet is that it offers additional strength due to bends in the corrugations [18]. The unique geometry can also prevent slip due to the varying width of the corrugations across the rib, offering a large shear capacity when concrete is cast over the steel deck in composite slabs. The cross-sectional area of the corrugated geometry hinders the shear failure between the two materials by creating a mechanical interlock, as illustrated in Figure 1. Hence, it is crucial to investigate the deck profile [23] to understand how its behaviour would affect or contribute to the composite stage.



Colorbond steel is a readily and commercially available roofing and decking material. The bend corrugations made from the Colorbond steel are commercially available as Lysaght CUSTOMFLOW [24]. Corrugated steel is vital in a load-carrying capacity along the axis of corrugations. Adding bends to the sheet develops structural shapes with high stiffness that can be used for many applications. The advantage of the bent corrugated sections is that multiple closely spaced bends can be created without any loss of material or space. Further, due to the transverse corrugations on the top hats, the proposed geometry can minimise slip between the two materials, i.e., between the steel deck and the concrete. This steel is 0.42 mm thick with a galvanised zinc of 0.04 mm on one side and a food-grade polymer on the other.




3. Test Setup


The deck has an overall span of 1670 × 1670 mm and is simply supported at an effective span of 1500 mm × 1500 mm on all four sides, as shown in Figure 2a. The test setup schematic is shown in Figure 2b. A uniform load is applied through a 16-point hydraulic piston attached to a load cell. Wooden supports covering the loading area of 1000 × 1000 mm provides a uniform distribution of the load over all the ribs of the deck. Strain gauges are placed at five points; one on the mid-point, two along the strong direction and two along the weak direction at the quarter span, as seen in Figure 2c. Here the gauges along the strong axis (SA) are placed on the top hats forming the ribs of the deck, whereas the gauges along the weak axis (WA) are placed on the corrugated base sheet at the bottom surface of the deck. A laser transducer is used to measure the vertical deflection at the midspan of the corrugated base sheet. The loading is displacement controlled at 1.5 mm/min, and the load, deflection and strain values are logged through a data acquisition system.




4. Results and Discussion


4.1. Failure Mode


With an increase in load, the top hats that form the ribs tend to collapse towards the centre (Figure 3a) while there is no significant buckling on the deck. Local deformations are noted on the corrugated base sheet of the deck along the supports in the strong direction, as shown in Figure 3b. The deck is supported only on the corrugated base sheet’s peak points, which causes deformation at these points. Further, minor deformation is noticed on the corrugated base sheet in the midspan region of the deck when the ultimate load is reached, Figure 3c. It can be attributed to the deck’s deflection, causing the base sheet to stretch under a high load.




4.2. Load-Displacement Relationship


The two samples, D1 and D2, achieved an ultimate load of 16 kN and 15.43 kN at a deflection of 68.03 mm and 93.38 mm, respectively, illustrated in Figure 4. A linear increase in load is observed until the deck fails at the ultimate load. Due to bending at high deflections, minor local deformations on the deck are formed, and the deck cannot take any further load. A sudden load drop is seen at the ultimate load when deformations in the deck midspan occur. However, no significant local buckling is seen in the deck at these high deflection values. The external top hats are seen to be deformed inwards. A difference in the maximum displacement between D1 and D2 is noticed in the experimental results. When testing D1, the loading plates moved inwards towards the centre as the test proceeded, leaving the outer ribs unloaded at the later stages of the test. It reduced the displacement value of the entire deck, measured at the external support sheet. The movement of the support plates was stabilised in D2, where the loading plates were individually placed for each hydraulic loading point to ensure the loading of the entire deck. There is only a 3.6% difference between the ultimate loads determined in D1 and D2, which suggests that both tests are acceptable regarding the ultimate loads that are measured. At the same time, the displacement measurement of D2 is more stable than D1.



The construction stage load for the decks, as recommended by the AS 2327:2017 [25], is calculated at 9.4 kN. It includes the live load of 1 kN/m2 from the tools, machinery, and people and the dead loads from the deck, steel reinforcement, and fresh concrete. The obtained average ultimate load from the two experimental tests for the corresponding span is about 1.7 times higher than the value estimated based on AS 2327:2017. Hence the investigated deck design can be considered safe and suitable for construction.




4.3. Strain Analysis


The load–strain curves shown in Figure 5. enable the analysis of the two-way load transfer. The tensile strain achieved at the ultimate load at the midspan, denoted as C, is high in D1 and D2 samples. However, the values obtained are much lower than the yield strain of the steel deck in both models, which indicates that the deck’s capacity was not fully utilised, and the yield strain was not reached. This is due to the steel deck’s sudden load drop caused by the local deformation failure on the base sheet. The bending at the centre of the deck occurs at high deflection, resulting in the deck being in higher tension at the centre than in the rest. It is reflected in the strains at the centre indicated as C.



Based on the position of the strain gauges shown in Figure 2c, the strain recorded on the top surface of the top hats forming the ribs is denoted as SA in Figure 5. In contrast, strain recorded along the weak direction on the bottom surface of the corrugated base sheet is designated as WA. At the ultimate load, the base sheet remains along the weak direction, whereas the ribs bend in compression along the strong direction at high loads. It can be observed that the compression strain development in the two SAs is uniformly mirrored with equal values in the corresponding WA, but in the WA case, it is maintained in tension. At ultimate load, comparable strain values are obtained for both the strong and weak axes. This indicates a uniform two-way action in the steel deck, where it can be determined that the deck efficiently distributes the loads in both directions. However, due to the movement of the loading plates in D1, the outer ribs were left unloaded during the test. It made the load distribution more prominent along WA2 and SA2 directions. This was resolved in D2, where the movement of the support plates was stabilised, thus presenting consistent load distribution along the symmetric directions.



The steady strain growth in the ribs and base sheet suggests that all the deck regions contribute equally to the transfer of loads without any significant local deformations or buckling on the deck. It could potentially establish a full-shear connection in a composite slab made with the deck until the yielding of the materials and thereby offering a sizeable longitudinal shear capacity. In a conventional composite slab, the decks are sensitive to early buckling due to the reduced width-to-thickness ratio resulting in a partial connection between the steel and concrete.





5. Finite Element Approach


ABAQUS software simulated a non-linear FE model of the tested experimental deck D2 due to the stability in the test setup and measurements. The plate movement during this test was more stable, resulting in a more accurate test setup and results. Only a quarter of the deck was modelled due to symmetry and reduced processing time.



5.1. Material Definition


The steel deck material was assumed to be elastic-perfectly plastic having the stress–strain behaviour acquired from experimental tests performed on tensile coupons taken from Lysaght’s CUSTOM ORB profile. This material primarily comprises steel with an average thickness of t = 0.42 mm. The material’s 0.2% offset yield stress was tested to be 722.5 MPa, and the density of steel components was 7850 kg/m3, as reported by Standards Australia [25]. The elastic modulus E and Poisson’s ratio ν were 200 GPa and 0.3 [26], respectively.




5.2. Modelling of Interaction, Boundary Conditions, and Loading


The test supports were defined as rigid bodies. The rigid bodies were fixed in the Y direction, allowing free rotation on all sides. A displacement of 100 mm in the Y-direction was applied through reference points acting on the rigid top plate, and the reaction force in the Y-direction was recorded. Hard contact was defined between the rigid body supports and the steel deck surface. Interaction between the support and deck was maintained through the loading stage by assuming a friction coefficient of 0.3 constant throughout all contact surfaces. Symmetric conditions were applied on the deck as shown in the setup in Figure 6, where the X-axis is perpendicular to the top hats, the Y-axis is along the depth of the slab, and the Z-axis is parallel to the top hats. Surface 1 is symmetric along the X-axis (U1 = UR2 = UR3 = 0), while Surface 2 is symmetric along the Z-axis (U3 = UR1 = UR2 = 0).



Geometric non-linearity was taken into account for large deflections in the analysed model. Before the non-linear analysis, an eigen buckling analysis was performed for each deck type to obtain the elastic buckling modes. The first buckling mode was used to analyse the initial geometric imperfection. A value of 0.1 t, considering 1% thickness variation, was used as the imperfection magnitude. Since local buckling had an insignificant influence, this value is sufficient to avoid numerical problems if imperfections are ignored.




5.3. Element Type and Mesh Definition


S4R shell elements with reduced integration were used for the steel deck. A convergence study for an optimum solution was conducted by reducing the number of elements while obtaining and maintaining accurate results. Figure 7 shows that the ultimate load of 15.43 kN of D2 was achieved close to 11 × 11 mm mesh size with less than a 5% difference in the values. Hence 11 mm meshes were chosen for the decks to achieve accurate results with reduced processing time.





6. FEA Model Validation and Parametric Study


The load–displacement curves predicted by the FE were compared with the experimental results. The deviation was less than 5% for the new deck type in two-way behaviour. The failure of the decks in the experiments was primarily due to excessive deflection, with minor deformations in the corrugated base sheet. No buckling was observed, just as in the experimental test. As depicted by the load–displacement curve in Figure 8a and the failure modes in Figure 8b, the FE model predicts the observed behaviour of the new deck.



A study was conducted with four varying parameters on the verified FE model of the deck to understand the factors which affect the structural performance of the two-way deck system. The initial parameters involved varying the thickness of the corrugated base sheet and the thickness of the top-hat ribs. In contrast, the final parameter considered a deck type where a continuously connected top-hat rib system with and without a corrugated base sheet was considered for optimum performance. The load–displacement behaviour, two-way action, and failure mode will be identified for performance comparison.



6.1. The Effect of Corrugated Base Sheet Thickness


A major study [27] concluded that the deck thickness is a significant governing parameter in the shear-bond capacity of composite slabs. Hence the deck thickness was varied in the current investigation to understand its influence on the behaviour of the new deck in composite construction. The corrugated base sheet’s thickness varied between 0.35 mm, 0.42 mm, 0.75 mm, and 1 mm, while the consistency of the top-hat ribs was maintained at the experimental sample thickness of 0.42 mm. It can be noticed from the load–displacement curves in Figure 9. that changing the thickness of the corrugated base sheet has a significant impact on the performance and behaviour of the two-way deck. In Figure 9, the vertical red line represents the ultimate load and deflection achieved from the experimental sample for the deck of 0.42 mm thickness. It can be seen that increasing the thickness of the corrugated base sheet between 0.35 mm, 0.42 mm, 0.75 mm and 1 mm increases the ultimate load capacity by 28.25%, 15.27%, and 6.78%, respectively. Therefore, the deck’s performance can be significantly improved by employing a thicker base corrugated sheet. The failure mode is the same as the tested panels with minor deformations of the top hats. It is also of note that no significant change to the transmission of two-way action was observed in the decks when the thickness of the corrugated base sheet was varied. The two-way load transmission was measured from the reaction forces along the strong and weak directions of the deck, which are 56% and 44%, respectively.




6.2. The Effect of Top-Hat Rib Thickness


Similar to the thickness values chosen for the corrugated base sheet, 0.35 mm, 0.42 mm, 0.75 mm, and 1 mm thick top-hat ribs were analysed for their performance, while the corrugated base sheet was now kept at a constant thickness of 0.42 mm. Only a minor increase in the load capacity was achieved, as seen in Figure 10. It is essentially due to the increase in moment of inertia of the top-hat ribs, which marginally reduces the bending in the strong direction. There was only an average increase of 5% between all the decks of varying top-hat rib thickness. The failure mode and two-way action were unaffected by the ribs’ thickness and remained constant throughout the samples.




6.3. The Effect of a Connected Top-Hat Rib System with a Corrugated Base Sheet


The deck was modified so that the top-hat ribs were not performing individually, but a continuous formation of top hats was created to form a single deck. The bottom flanges are shared between two adjacent top hats, as depicted in Figure 11. However, in the experimental sample, the top hats were individually placed on the base sheet and disconnected from other top hats forming ribs. This was to check for improved two-action and load capacity due to a continuous system without any disruptions to load transfer. All the other properties of the deck were maintained the same as in the validated model.



The connected flanges increase the stiffness of the two-way deck, which can be illustrated from the load–displacement curve comparison in Figure 12. The new parameter deck (CTH-BS) increased the load capacity to 19.51 kN in contrast to the validated FE model, which achieved a 15.51 kN ultimate load. Minor deformation concentrated on the outer top hat was observed at ultimate load while the top hats forming the inner ribs remained without distortions or deformations. The support reactions show that the two-way action is almost perfectly balanced at 47% in the weak direction and 53% in the strong direction at the ultimate load. A reaction force of 11 kN was recorded on the support for the strong direction or the top-hat ribs, and 8.5 kN reaction force was recorded along the base sheet support at the ultimate load. A more even distribution in two-way load was noticed in CTH-BS due to the continuous transfer of loads along the connecting flanges, evident from the high-stress distribution observed in the deck in Figure 13. However, in contrast to the experimental model, a load disruption in the deck’s weak direction is caused by the lack of continuity between the top-hat flanges resulting in a reduced load in the weak direction at ultimate load. The comparison of load distribution in each direction of the studied decks through the entire loading stage is depicted in Figure 14b.



However, it is worth noting that creating a continuous connected rib system with a corrugated base sheet increases the steel used in the deck system, increasing the system’s self-weight, while it may also be uneconomical. Further, the continuous system would also not influence the slab’s shear behaviour since it only contributes to the load capacity of the slab and creates no difference in the slab’s geometry at the interface.




6.4. The Effect of a Connected Top-Hat Rib System without a Corrugated Base Sheet


The continuously connected top-hat ribs were analysed without the corrugated base sheet to minimise the previous model’s material mass. The load displacement shows that the corrugated base sheet plays a significant role in load-carrying capacity. In the load–displacement curve in Figure 14a, the analysed deck is denoted as CTH. CTH is compared to the validated FE model and continuous connected top-hat ribs with base sheet indicated as CTH-BS as investigated earlier. The stiffness of CTH is 46% and 54% lower than the validated deck and CTH-BS, respectively. The load transfer in two-way action is also significantly affected by the absence of the corrugated base sheet in the analysed parameter. This is apparent from the low stresses observed along the weak direction of the deck, evident in Figure 15. The two-way action is also diminished, as seen in Figure 14b. The failure of the deck was attributed to the absence of a base sheet, as seen in Figure 15. The failure mode of the top hats could have caused a loss of interaction between the steel and concrete, resulting in vertical separation, causing shear failure.





7. Discussion


The FE model and the parametric study provide good insight into a composite slab developed two-way deck type. The main findings obtained from the study are reviewed in this section.



	(i)

	
The role of the corrugated base sheet







It is evident from the parametric study that the corrugated base sheet plays a significant role in the ultimate load capacity and the two-way load distribution. In the absence of a corrugated base sheet, the two-way action in the CTH deck is reduced to 14.3% of the total load in the weak direction, as seen in Figure 14b. In this case, the CTH deck acts similarly to a conventional trapezoidal or re-entrant deck available in the market with limited load capacity and two-way behaviour. Additionally, the thickness of the corrugated base sheet positively influences the load capacity of the deck type (as seen in Figure 9). Earlier studies [14] to establish two-way action of commonly available composite decks have also shown the significance of employing a similar technique of steel straps on the base of the deck. Here, larger load capacity and two-way distribution are achieved with thicker straps. Therefore, from previous theories and the current study, it can be concluded that for two-way composite slab decks, base support is beneficial.



	(ii)

	
The role of the top-hat sections







The top-hat sections serve as the ribs of the deck. Despite acting as the primary (strong) direction of the deck, the variation in thickness of these ribs has a negligible impact on the load-carrying capacity and the two-way behaviour of the deck (Figure 10). This behaviour is due to the geometry of the ribs. The buckling of ribs is a significant failure mode seen in traditional steel decks. Even at the small thickness of 0.42 mm of the ribs, no significant buckling was observed in the current ribs. This is ideal due to the corrugations on the top hats, which strengthen the geometry of the ribs. It results in the absence of buckling in these decks leading to almost constant and comparatively better load-carrying capacity regardless of the thickness of the top hats. To further improve the performance, connected bottom flanges of the top-hat ribs (CTH-BS deck) create a continuous transfer of loads along the connecting flanges. This altered rib system could contribute to a higher two-way and load capacity than the individual rib system.




8. Conclusions


This study aimed to investigate the performance of an innovative two-way steel deck for composite slabs in the construction stage. Both experimental and finite element methods were used to analyse the load–displacement, failure modes and two-way behaviour to assess the deck’s suitability for construction.



The experimental results show that the new two-way deck can provide even two-way loading through strong and weak directions while achieving an average ultimate load with no local buckling. The deck was also proven suitable and safe for construction under the loads from the construction stage. The behaviour and failure modes of the deck geometry suggest that it is ideal for composite construction due to the reduced buckling, which could potentially introduce a full shear connection in the slab.



ABAQUS software was used in the FE analysis to create and validate the FE models based on the experimental tests.



From the four parameters investigated, it was noticed that increasing the corrugated base sheet’s thickness can improve the two-way deck’s performance by an average of 16.7% between the analysed thicknesses. However, changing the thickness of the top-hat ribs has an insignificant effect of only a 5% increase in the load capacity with no other noticeable changes in two-way action or failure. Finally, it is essential to employ the right type of deck. It is understood that the corrugated base sheet plays a significant role in load distribution, and the continuously connected bottom flanges of the top hats create a more balanced two-way load distribution. The stiffness of the panels was improved by 54% when provided with a corrugated base sheet.



Further studies with concrete over the deck are necessary to evaluate the composite behaviour of the two-way deck. The composite floor will have improved behaviour and capacity due to the addition of the top-hat ribs, which will provide extra resistance against slip.
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Figure 1. Two-way steel deck system. (a) Cross-section dimensions of two-way deck system. (b) Corrugated top-hat rib section. (c) Assembled two-way deck. (d) Mechanism of shear bond in new deck profile. 
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Figure 2. Test setup. (a) Experimental setup and loading. (b) Schematic of the test setup. (c) Strain gauge positions. 
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Figure 3. Failure modes of two-way deck system. (a) Failed deck with deformed top-hats. (b) Local deformations seen on a corrugated base sheet at supported points. (c) Minor local deformations on the corrugated base sheet at ultimate load. 
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Figure 4. Load-displacement curves. 
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Figure 5. Load-strain curves (a) D1 sample, (b) D2 sample. 
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Figure 6. Symmetric FE model of the tested two-way deck. 
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Figure 7. Mesh convergence study of the two-way deck. 
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Figure 8. Validation of FE model results. (a) Load-displacement comparison of experimental result and FE result. (b) Failure mode comparison of the experimental deck and FE deck model. 
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Figure 9. Load–displacement curves for decks of varying thickness of the corrugated base sheet. 
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Figure 10. Load–displacement curves for decks of varying thickness of top-hat ribs. 
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Figure 11. Continuous bottom flanges of top hats placed on a corrugated base sheet. 






Figure 11. Continuous bottom flanges of top hats placed on a corrugated base sheet.



[image: Jcs 06 00261 g011]







[image: Jcs 06 00261 g012 550] 





Figure 12. Load–displacement curve comparison for decks with connected bottom flanges of top-hat ribs. 
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Figure 13. Failed CTH-BS deck with high stress along base sheet indicating higher load distribution along the weak direction. 
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Figure 14. (a) Load-displacement curve comparison for decks of connected bottom flanges of top-hat ribs in the absence of corrugated base sheet, (b) Percentage load distributed along each direction of the deck through the entire loading stage. 
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Figure 15. Failure of CTH deck type. 
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