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Abstract

:

The optimized-section precast slab (OPS) is a half precast concrete (PC) slab that highlights structural aesthetics while reducing the quantity of materials by means of an efficient cross-sectional configuration considering the distribution of a bending moment. However, since a tapered cross section where the locations of the top and bottom flanges change is formed at the end of the member, stress concentration occurs near the tapered cross section because of the shear force and thus the surrounding region of the tapered cross section may become unintentionally vulnerable. Therefore, in this study, experimental and numerical research was carried out to examine the shear behaviour characteristics and performance of the OPS with a tapered cross section. Shear tests were conducted on a total of eight OPS specimens, with the inclination angle of the tapered cross section, the presence of topping concrete and the amount of shear reinforcement as the main test variables and a reasonable shear-design method for the OPS members was proposed by means of a detailed analysis based on design code and finite-element analysis.
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1. Introduction


The optimized-section precast slab (OPS) is a half precast concrete (PC) slab designed with a cross-sectional shape optimized by locating the top and bottom flanges differently at the centre and end of the member so that they can effectively resist the positive and negative moments [1]. As shown in Figure 1a, the lower section of the OPS has excellent structural aesthetics and thus can improve economic efficiency because there is no need for finishing work. As shown in Figure 1a–e, the concrete compression flange was placed at the upper part in the centre section of the span and the lower part in the end section of the spans so as to efficiently resist the compressive force generated due to the bending moment distribution caused by vertical loads. In addition, the structural performance was improved by introducing prestress into the member. Truss-type shear reinforcement was placed in each rib to improve the composite performance of the OPS and topping concrete as well as vertical shear resistance.



Nowadays, there is a high demand to reduce carbon emission and eco-friendly construction has become an important issue for sustainability of structures. Among structural members of a building, slabs are known to be heavily responsible for the carbon emission because they cause about 35% of the total carbon emission from structural members [2]. Considering that the PC method, used for producing the OPS members, can minimize waste of materials [3] and that their shapes are optimized by removing unnecessary parts of sections, the OPS members are productions of the sustainable and eco-friendly construction method. In construction markets, it is also very important to secure proper efficiency, constructability and short construction period. The optimized-section precast slabs (OPS) are produced in a precast concrete (PC) factory and assembled on sites. Thus, the OPS system does not require formworks or curing periods that are essential for any conventional reinforced concrete (RC) construction method, which is why it requires a very short construction period. The OPS system can also lead to save materials by adopting the efficient sectional shapes and to reduce manpower by utilizing automatic fabrication facilities [1,4]. On the other hand, it was confirmed that OPS system is more economical about 10% than the conventional RC slab system in a distribution centre and a basement garage construction because of its high load-carrying capacity [3].



According to previous researches [5,6,7], a large rotation at member ends causes many problems with serviceability such as cracks and large deflection, which depends on support types and joint details. In a fundamental point of view, a flexural member can be more efficiently designed by utilizing the continuous support conditions because the static moment can be distributed into positive and negative moments resulting in a larger load carrying capacity than a simply supported member. For these reasons, many researches have been conducted on continuous PC members [5,6,7,8,9,10] and particularly in the authors’ previous study [1], the flexural performance of continuous OPS members was studied in detail.



In the previous research [1], critical cracks occur in sections where the sectional area of the concrete is relatively small (i.e., near the tapered section). This is because the tapered cross section is formed where the positions of the top and bottom flanges change because of the characteristics of the OPS member. Since the crack angle is higher than 0.79 rad (45°), the truss bars placed in the ribs may not effectively resist the shear force. In addition, at the tapered section where the section changes drastically, local stress concentration or damage can occur with large shear forces [6], which is influenced by its shape and angle. Therefore, in this study, shear tests on the composite slab with topping concrete and the precast concrete (PC) slab unit were conducted to examine the shear performance of the OPS according to the shape and angle of the tapered cross-section. Numerical research using a finite-element analysis (FEA) and structural design code was also carried out. Furthermore, this study analysed the validity of the current design method in detail and proposed a reasonable shear-design method for OPS members.




2. Test Program


2.1. Details of Test Specimens


In this study, shear tests were planned considering the presence of topping concrete composite and the inclination angle of the tapered cross section as the main variables, as shown in Figure 2 and the amount of shear reinforcement was set as an additional variable in consideration of the spacing of the shear reinforcement for the OPS specimen with topping concrete. Figure 3 shows the section details of the US series specimens, which are PC unit members and CS series specimens, which are composite members with topping concrete. Table 1 summarizes the material properties and reinforcement details for each specimen. A total of four test specimens were fabricated and eight shear test results were obtained from tests conducted on the left and right side sections of each member. The angles of the tapered cross sections were planned to be 0.52 rad (30°), 1.05 rad (60°) and 1.57 rad (90°) for PC unit members and these specimens were named as US30, US60 and US90, respectively. Here, for the US60, tests on specimens with the same details were conducted twice; so the specimens were named US60a and US60b, respectively. For the composite members, the specimens in which the angles of the tapered cross sections were set at 0.52 rad (30°) and 1.57 rad (90°) were named as CS30 and CS90 and the specimens with more shear reinforcement than the CS30 and CS90 specimens were named as CSS30 and CSS90, respectively. As shown in Table 1, the concrete compressive strength of a PC slab unit was 46.9 MPa or 55.0 MPa and the compressive strength of topping concrete was 49.0 MPa. In addition, the yield strengths of D10, D16 and D19 rebars used in the test specimens were 505, 462 and 472 MPa, respectively.



As shown in Figure 3, the length and width of all specimens were 7 m and 800 mm, respectively. The height of the PC slab unit was 350 mm and that of the topping concrete 120 mm. The 7-wire strands with a tensile strength (fpu) of 1860 MPa were used to produce the PC slab unit and two strands with diameters of 15.2 mm and 9.5 mm were placed at the top and bottom, respectively. The yield stress of strands (fpy) determined by using the 0.1% offset method was 1645 MPa and the initial prestress (fpi) introduced in the strands was about 0.7fpu, which was estimated to be 137.3 kN and 63.8 kN for the 15.2 mm and 9.5 mm strands, respectively, in terms of prestressing forces. For the US specimens, four reinforcing bars with a diameter of 16 mm were additionally placed on the tension side to provide sufficient flexural capacity and induce shear failure. Meanwhile, in the design of the test specimens, the flexural and shear strengths were calculated based on the ACI318-14 code [11]. For the CS specimens with topping concrete, two deformed reinforcing bars with diameters of 16 mm and 19 mm were arranged on the tension side, as shown in Figure 3b. Figure 3c shows the details of the shear reinforcement placed in the CS series specimens. The shear reinforcement was fabricated in the form of a truss by bending D10 deformed bars and placed on each rib during the production of the PC slab unit. The spacing of shear reinforcement placed in the US and CS specimens was 400 mm. In the CSS specimens, two sets of truss bars with 600 mm spacing were placed crosswise, so that shear reinforcement was placed at intervals of 300 mm. The height of the truss bar was 420 mm and the net cover thickness was 25 mm.




2.2. Test and Measurement Setup


Figure 4 shows the loading and measurement setups for test specimens. As shown in Figure 4a, the specimens were simply supported at points installed 50 mm away and 3750 mm away from the end of the member. One-point loading was applied at a point 1200 mm away from the end of the member to induce shear failure near the end section where the tapered cross section is located. The load was applied by a 1000 kN actuator under displacement control and the loading rate was 1.5 mm/min. up to failure. Shear tests were carried out at one end and then at the other, undamaged opposite end. Figure 4b,c shows the inclination angles of the tapered cross sections for the US and CS series specimens, respectively. The US60 specimens with a 1.05 rad (60°) inclination angle have the same details for both ends, whereas the remaining specimens were designed to have inclination angles of 0.52 rad (30°) and 1.57 rad (90°) on the left and right ends, respectively. The deflections of the test specimens were measured using a LVDT installed under the section of the loading point.



In Figure 4b,c, the thick vertical solid lines indicate the section positions where gauges were installed to measure the strains of longitudinal and shear reinforcements. Figure 4d shows the locations of gauges installed in sections. For the US specimens, strain gauges were installed in the tensile reinforcement, prestressing strands on the compression side and shear reinforcement in sections 400, 600, 800 and 1000 mm away from the end, as shown in the ‘unit section’ of Figure 4d. For the CS specimens, as shown in the ‘composite section’ of Figure 4d, strain gauges were installed in the tensile reinforcement, shear reinforcement, prestressing strands on the compression side and longitudinal reinforcement in the topping concrete at the sections indicated by the thick vertical solid lines in Figure 4c. The details of the instruments used in the test are summarized in Figure 4e.





3. Test Results


3.1. Shear Behaviour and Crack Pattern of Test Specimens


Figure 5 shows the load-deflection curves of the test specimens and Figure 6 shows the crack patterns of the specimens at the shear failure. Among the PC slab unit specimens (US series), the US90 specimen, which had the largest angle of the tapered cross section, showed the lowest maximum load of 169 kN and the remaining specimens exhibited similar maximum loads, ranging from 222 to 248 kN. In addition, the initial cracking loads of the US specimens ranged from 72 to 85 kN. The stiffness decreased after the occurrence of the initial cracks and the US90 specimen showed the greatest reduction in stiffness. The US60a and US60b specimens exhibited relatively ductile behaviour compared to the other US specimens. This is due to the significant contribution of flexural deformations as the ultimate failure modes shown in Figure 6c,d. On the other hand, the US90 specimen showed damage concentrated in the vicinity where the tapered cross section is formed and underwent premature failure as the top flange collapsed. This is because a relatively larger stress concentration occurred as the section was drastically changed due to the larger inclination angle of the tapered cross section.



The composite slab specimens (CS series) showed similar initial cracking loads, ranging from 142 to 156 kN and flexural-shear cracks occurred at a load of about 190 to 205 kN. Unlike the US specimens, the CS specimens did not show a significant reduction in stiffness even after the occurrence of cracks and underwent failure as the critical crack width gradually increased without an abrupt reduction in load even after reaching the maximum load. The CS30 and CS90 specimens exhibited the maximum loads of 394 kN and 404 kN, respectively and the maximum loads of the CSS30 and CSS90 specimens, which had much more shear reinforcement, were 440 kN and 441 kN, respectively. For the composite specimens, there was almost no difference in strength between the specimens according to the inclination angle of the tapered cross section. This is because as the topping concrete is placed, the change of sectional area in the vicinity of the tapered cross section is smaller than that of the US specimens. As shown in Figure 6e–h, no significant difference in crack patterns was observed between the CS specimens. However, as shown in Figure 5, the CS90 and CSS90 specimens with a 1.57 rad (90°) inclination angle were found to have smaller deformation capacities after the maximum load than those of the CS30 and CSS30 specimens with a 0.52 rad (30°) inclination angle.




3.2. Measured Strains from Reinforcement


Figure 7 and Figure 8 show strains measured in the US and CS specimens. Note that some gauges were damaged and failed to provide measurement values. In the graphs, “Compression,” “Tension” and “Stirrup” represent the strain measured from gauges attached to the prestressing strands, longitudinal tensile reinforcement and shear reinforcement, respectively, while the gauge numbers signify the section locations shown in Figure 4c,d.



As shown in Figure 7, the strain of shear reinforcement was considerably small in the US specimens, except for the US60b specimen and the strain of flexural tensile reinforcement increased greatly with the increasing loads. In particular, Figure 7b shows that the compressive strain of the upper strand was large enough to cause concrete crushing in the US90 specimen and the crushing failure of the concrete in the compression side occurred as shown in Figure 6b. In the case of the US60b specimen, only the strain of the shear reinforcement was measured due to the damage of the gauges and shear reinforcement located near the tapered cross section showed a larger strain than the yield strain.



Figure 8 shows the strains of the longitudinal tensile reinforcement and shear reinforcement, which are the largest strains among those measured from the CS specimens. Unlike in the US specimens, the strains measured from both the shear reinforcement and the flexural tensile reinforcement were greater than the yield strain in the CS specimens, except for a stirrup strain in the CS90 specimen. This suggests that the shear reinforcement effectively contributed to the shear resistance in the OPS with topping concrete.





4. Analysis for Design


4.1. Finite-Element Analysis Considering the Inclination Angle of the Tapered Cross Section


As observed in the test results, the shear performance of OPS is greatly influenced by the stress concentration that occurs near the tapered cross section and thus a detailed examination on the inclination angle of the tapered cross section is required [10]. In this regard, this study used a finite-element analysis (FEA) to investigate the effect of the inclination angle of the tapered cross section on the stress distribution in the OPS member. The finite-element analysis was performed using ABAQUS/CAE, a general-purpose analysis program [12] and it was aimed at comparing the stress distribution patterns according to the inclination angle of the tapered cross section rather than evaluating the performance of the members.



Figure 9 shows the finite-element analysis models for OPS. Only half of the member span was modelled using symmetric conditions [13]. As shown in Figure 9a, the concrete was modelled with solid elements and the prestressing strands and reinforcement were modelled with truss elements. The reinforcement materials were considered as being perfectly bonded with concrete. As shown in Figure 9b, Collins model and damaged plasticity model [12,14] were applied for the compressive and tensile behaviours of concrete and bilinear model and Ramberg-Osgood model [15,16,17] were applied to the reinforcement and prestressing strands, respectively. The material properties obtained from the experiments are summarized in Table 1. The proper mesh size was determined considering the mesh sensitivity and analysis efficiency and they were 50 mm and 140 mm for PC unit and topping parts, respectively, where the number of mesh elements was 25,729 and 1183, respectively. The concrete section was modelled by linear tetrahedral 3D solid elements (type C3D4) and the reinforcing bars were modelled by two-node 3D truss elements (type T3D2) [12,18]. The boundaries were modelled to simulate the simply supported conditions.



As shown in Figure 9c, the horizontal projection length of the slope (A) and the radius of the curve at the tapered cross section in the lower surface of the top flange (B) were set as the main analysis variables and the analysis for each variable was conducted on the cases shown in Table 2. The composite slab members (FEA2 series) were modelled with careful considerations on the characteristics of the contact surface between the PC slab unit and the topping concrete. In the production of the OPS, the surface is roughened on the upper part of the PC slab unit and the shear reinforcement to be placed in the member serves as a horizontal shear connector after the topping concrete composite. Therefore, the horizontal shear strength at the interface between the PC slab unit and the topping concrete can be estimated to be higher than 0.56MPa, which is the minimum horizontal shear strength presented in the ACI318-14 code [11]. In addition, no damage was observed at the interface between the PC slab unit and the topping concrete, even in the crack patterns shown in Figure 6. Therefore, in this study, 0.56 MPa and 0.6 were used for the cohesion (c) and the friction coefficient (μ), respectively, which are the interfacial contact characteristic between the PC slab unit and topping concrete [11].



Figure 10a shows the analysis results on the FEA1 series, which are PC slab units without topping concrete. The cracked area, where the shear stress (v) is greater than the shear cracking strength (vcr), was marked in a grey contour. In this case, when the shear cracking strength (vcr), 0.33fc′ is used [14] and 46.9MPa is applied as the concrete compressive strength (fc′) of the PC slab unit, vcr is calculated to be 2.26 MPa. It can be confirmed from the analysis results that the stress is concentrated on the member end rib located at the support and on the web in the vicinity where the tapered cross section is formed. Figure 10b,c shows the analysis results on FEA 1-1 to 1-5 members according to variables A and B, respectively, where all analysis results are shown under the same deflection conditions. As shown in Figure 10b,c, the stress concentration tends to be mitigated as the inclination angle of the tapered cross section in the PC slab unit becomes smaller and the curvature of the curve at the tapered cross section in the lower surface of the top flange becomes smaller. As mentioned in Section 3.1, the US90 specimen with an inclination angle of 1.57 rad (90°) underwent premature failure along with damages due to the stress concentration.



As shown in Figure 11, the finite-element analysis results on composite slabs (FEA2 series) also confirmed the mitigation of stress concentration with a smaller inclination angle of the tapered cross section and with a smaller curvature of the curve at the tapered cross section in the lower surface of the top flange, which were the same as in the FEA1 series. Therefore, the analysis and test results showed that, in order to alleviate the stress concentration occurring at the tapered cross section, it is desirable that the inclination angle of the tapered cross section should be less than 1.05 rad (60°) and the curvature of the curve at the tapered cross section in the lower surface of the top flange be as small as possible in the design step of OPS.




4.2. Suggestion for Estimating Shear Strength of OPS


In this study, the shear strengths of the specimens were evaluated using the shear design equations in ACI318-14 [11], as shown in Table 3. The prestressing strands placed in the OPS specimen have a straight profile and thus the vertical component of effective prestress (Vp) in the web shear strength of concrete (Vcw) is zero. The actual inclined crack angles measured from the test specimens were used for shear crack angles (β). In addition, since the location of critical shear cracks occurred in the specimens was not within the transfer length region, the effective stress (fpe) was used to calculate the compressive stress at the centroid of the cross section after prestress release (fpc) and the PC slab unit and topping concrete were considered to be fully composite based on the experimental observations. In the calculation of the shear strengths of the composite slab specimens, the compressive strength of the topping concrete rather than that of the PC slab unit was applied conservatively, as in most practical application cases. In addition, the test results were analysed in detail using the modified compression-field theory (MCFT) [19,20,21,22], which is a shear analysis model with proven accuracy and the code equations.



Table 4 and Figure 12 compare the shear strength test results (Vu) and analysis results (Vn). The ACI 318-14 code showed a tendency to overestimate the shear strengths of the US specimens, which are PC slab units. On the other hand, the MCFT provided a relatively approximate evaluation on the shear strengths of the US specimens, except for the US90 specimen, in which the inclination angle of the tapered cross section is 90°. Since the shear reinforcement placed in the OPS unit has a short embedment length and a stirrup hook at the top protrudes before the topping concrete is placed, as shown in Figure 3, the reinforcement may not develop up to its yield stress even if the shear cracks penetrate through the stirrups. This can be confirmed from the results of the shear reinforcement strain measurements shown in Figure 7. Therefore, the shear strengths of the US specimens represented as “Proposal” in Figure 12a were calculated by taking into account only the contribution of concrete (Vcw), excluding the contribution of shear reinforcement (Vs). This method provided a very accurate evaluation on the shear strengths of the PC slab unit specimens, except for the US90 specimen. It should again be noted that the US90 specimen underwent premature failure due to excessive stress concentration on the region of the tapered cross section.



In the case of the CS specimens with topping concrete, the MCFT provided conservative estimations on the shear strengths of the test specimens. On the other hand, the ACI 318-14 code showed a tendency to overestimate the test results to some extent but provided relatively accurate shear strengths when compared to the US specimens. As shown in Table 4, the critical shear crack angles observed in the CS specimens ranged from 0.93 rad (53.5°) to 1.00 rad (57.5°), which are considerably larger than the shear crack angles generated in ordinary reinforced concrete and prestressed concrete members [1,11]. The reason why the shear crack is formed at such a high angle is that the stress concentration phenomenon is greatly influenced by the inclination angle of the tapered cross section. In the case of having a steep angle of the tapered cross section as in the US90 specimen, therefore a premature failure can occur because of excessive stress concentration. Hence it is necessary to form the angle of the tapered cross section as low as possible and there is a need to assume that the crack angle (β) is larger than that of the typical slab member for safe shear design for OPS. Accordingly, β=1.05 rad (60∘) was applied in the calculation of shear strengths for “Proposal” shown in Figure 12b and this method was found to provide a very accurate evaluation on the shear strengths of the CS specimens. Therefore, if the shear strength is calculated by considering only the contribution of concrete (Vcw) in the construction phase and if the contribution of shear reinforcement (Vs) is estimated under the assumption that the crack angle (β) is 1.05 rad (60°) after the topping concrete is placed, then adequate safety can be ensured in the shear design of the OPS member.





5. Conclusions


In this study, an experimental investigation was carried out to examine the shear performance of the optimized-section precast slab (OPS). The effect of the shape of the tapered cross section on the stress concentration was analysed by means of a finite-element analysis. In addition, a shear-design method for the OPS member, which ensures adequate safety was proposed based on a detailed comparative analysis between ACI318-14 and the test results. The following conclusions were obtained from this study.

	
In the PC slab unit specimen where the inclination angle of the tapered cross section was 1.57 rad (90°), premature failure occurred because excessive stress was concentrated at the region of the tapered cross section. On the other hand, the inclination angle of the tapered cross section did not much influence the shear strength of the member in the composite slab specimen with topping concrete. This is because the composite slab specimens have a smaller change in sectional area near the tapered cross section due to the placement of topping concrete, as compared to the US specimens.



	
The finite-element analysis results showed that as the inclination angle of the tapered cross section and the curvature of the curve at the tapered cross section in the lower surface of the top flange became smaller, the stress concentration decreased. The shear tests also found that the PC slab unit specimens with an inclination angle of less than 1.05 rad (60°) had very similar shear strengths. Therefore, it is desirable that the tapered cross section be configured to have an inclination angle of less than 1.05 rad (60°) in the design of the OPS.



	
The shear reinforcement placed in the PC slab unit specimens did not yield even at the ultimate strength and thus the specimens showed lower strengths than those from the current code equations. Therefore, the shear contribution of shear reinforcement (Vs) should be excluded and only the contribution of concrete (Vcw) should be considered in the shear design of the PC slab unit members. This estimation method not only revealed that the shear strengths of the specimens are on the safe side but also provided a very accurate evaluation of them.



	
The shear crack angle observed in the composite slab specimens with topping concrete was about 0.96 rad (55°), which is steeper than those in typical reinforced concrete and prestressed concrete members. Therefore, it is expected that a proper safety can be ensured in the shear design of the composite OPS members when the crack angle (β) of 1.05 rad (60°) is used to calculate the contribution of shear reinforcement (Vs).
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Figure 1. Optimized-section precast slab (OPS). (a) Bottom view of OPS system. (b) Description of OPS system. (c) Location of compression flange. (d) Centre section. (e) End section. 
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Figure 2. Summarized description of specimens. (a) Section of PC slab unit specimens (US series). (b) Section of composite slab specimens (CS series). (c) Tapered cross section according to inclination angle. 
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Figure 3. Section details of test specimens (unit: mm and degree). (a) US series specimens. (b) CS series specimens. (c) Shear reinforcement in CS series specimens. 
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Figure 4. Test and measurement setup. (a) Loading setup. (b) PC slab unit specimens. (c) Composite slab specimens. (d) Location of strain gages in section. (e) Measurement instruments. 
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Figure 5. Load-deflection curves. 
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Figure 6. Crack patterns of specimens at failure. (a) US30 specimen. (b) US90 specimen. (c) US60a specimen. (d) US60b specimen. (e) CS30 specimen. (f) CSS90 specimen. (g) CSS30 specimen. (h) CSS90 specimen. 
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Figure 7. Strain behaviour of reinforcement in US specimens. (a) US30 specimen. (b) US90 specimen. (c) US60a specimen. (d) US60b specimen. 
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Figure 8. Strain behaviour of reinforcement in CS specimens. (a) CS30 specimen. (b) CS90 specimen. (c) CSS30 specimen. (d) CSS90 specimen. 
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Figure 9. Finite element analysis model. (a) Interaction condition. (b) Material models. (c) Tapered cross section. 
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Figure 10. FEA results on PC slab units. (a) Shear stress distribution. (b) Shear stress distribution according to variable A. (c) Shear stress distribution according to variable B. 
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Figure 11. FEA results on composite slabs. (a) Shear stress distribution. (b) Shear stress distribution according to variable A. (c) Shear stress distribution according to variable B. 






Figure 11. FEA results on composite slabs. (a) Shear stress distribution. (b) Shear stress distribution according to variable A. (c) Shear stress distribution according to variable B.



[image: Sustainability 11 00163 g011a][image: Sustainability 11 00163 g011b]







[image: Sustainability 11 00163 g012a 550][image: Sustainability 11 00163 g012b 550]





Figure 12. Shear strength evaluation results. (a) PC slab unit specimens. (b) Composite slab specimens. (c) Variations between analysis and test results. 
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Table 1. Material properties and reinforcement details of specimens (unit: mm and rad).
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Specimen

	
Compressive Strength of Concrete, fc′(MPa)

	
Compressive Reinforcement Sectional Area, mm2)

	
Tensile Reinforcement (Sectional Area, mm2)

	
Shear Reinforcement

	
Angle of Inclined Section (rad)




	
PC

	
Topping

	
Rebar

	
Tendon

	
Rebar

	
Tendon






	
US30

	
55.0

	
-

	
-

	
2-ϕ9.5

(110)

	
4-D16

(794)

	
2-ϕ15.2

(280)

	
D10@400

	
0.524 (30∘)




	
US60a

	
46.9

	
-

	

	
2-ϕ9.5

(110)

	
4-D16

(794)

	
2-ϕ15.2

(280)

	
D10@400

	
1.047 (60∘)




	
US60b

	
46.9

	
-

	

	
2-ϕ9.5

(110)

	
4-D16

(794)

	
2-ϕ15.2

(280)

	
D10@400

	
1.047 (60∘)




	
US90

	
55.0

	
-

	
-

	
2-ϕ9.5

(110)

	
4-D16

(794)

	
2-ϕ15.2

(280)

	
D10@400

	
1.571 (90∘)




	
CS30

	
55.0

	
49.0

	
2-D10

(143)

	
2-ϕ9.5

(110)

	
 2-D16+2-D19

(970)

	
2-ϕ15.2

(280)

	
D10@400

	
0.524 (30∘)




	
CS90

	
55.0

	
49.0

	
2-D10

(143)

	
2-ϕ9.5

(110)

	
 2-D16+2-D19

(970)

	
2-ϕ15.2

(280)

	
D10@400

	
1.571 (90∘)




	
CSS30

	
55.0

	
49.0

	
2-D10

(143)

	
2-ϕ9.5

(110)

	
 2-D16+2-D19

(970)

	
2-ϕ15.2

(280)

	
 D10@600+D10@600

	
0.524 (30∘)




	
CSS90

	
55.0

	
49.0

	
2-D10

(143)

	
2-ϕ9.5

(110)

	
 2-D16+2-D19

(970)

	
2-ϕ15.2

(280)

	
 D10@600+D10@600

	
1.571 (90∘)
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Table 2. Variables for finite element analysis.






Table 2. Variables for finite element analysis.





	PC Slab Unit Case
	A * (mm)
	B * (mm)
	Angle of Inclined Section (rad)
	Composite Slab Case
	A * (mm)
	B * (mm)
	Angle of Inclined Section (degree, °)





	FEA1-1
	200
	200
	0.983 (56.3°)
	FEA2-1
	200
	200
	0.983 (56.3°)



	FEA1-2
	250
	200
	0.876 (50.2°)
	FEA2-2
	250
	200
	0.876 (50.2°)



	FEA1-3
	400
	200
	0.644 (36.9°)
	FEA2-3
	400
	200
	0.644 (36.9°)



	FEA1-4
	250
	150
	0.876 (50.2°)
	FEA2-4
	250
	150
	0.876 (50.2°)



	FEA1-5
	400
	150
	0.644 (36.9°)
	FEA2-5
	400
	150
	0.644 (36.9°)







* refer to Figure 9c.
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