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Abstract

:

Concrete sandwich walls are commonly used as the exterior wall panels of a structure, in which the wall suffers out-of-plane bending under strong wind conditions. This paper aims to investigate the bending performance of concrete sandwich walls under actual boundary conditions through experimental and analytical methods. In total, four concrete sandwich walls were tested to detect the influence of openings and loading direction. Typical failure patterns were characterized and discussed. The load-displacement curves of four test specimens were analyzed. It was indicated that the bearing capacity of the walls under negative bending conditions was higher than that under positive bending conditions, owing to the additional constraints provided by the steel beams. Strain distributions of wall specimens were also discussed in order to obtain the composite action of the sandwich walls between the upper and lower layers of concrete. In addition, the finite element model (FEM) was developed by ABAQUS to provide insights into the bending performance of the sandwich walls. Through comparison with the test results, the FEM was verified with a good level of accuracy. Subsequently, the degree of composite action of the sandwich walls was assessed in terms of both the moment of inertia and bearing capacity. From the experimental and numerical results, it demonstrated that the bearing capacity of concrete sandwiched wall under negative direction was higher than that under positive direction owing to the constraints of steel beam. The derived composite action degree could be employed to evaluate the out-plane bending stiffness and strength of sandwiched concrete wall. Both the experimental and analytical results in this paper are beneficial for the design of sandwich walls under bending conditions.
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1. Introduction


Exterior wall panels are important parts of a structure, playing an indispensable role in sheltering against environmental conditions such as wind and rain. In the meantime, it is necessary for the wall panel to have satisfactory thermal and sound insulation, which is beneficial in providing a comfortable living environment for human beings. Moreover, a low self-weight is also expected for sandwich walls, especially in steel structures. Therefore, various lightweight and thermal insulation materials have been employed for use in the sandwich layer within the wall panel. Moreover, many other structural components also adopted sandwiched configurations [1,2,3]. However, these materials have a low bearing capacity. This also leads to more challenges for sandwich walls under bending conditions.



Many scholars have carried out experimental and numerical programs in order to analyze the performance of concrete sandwich walls under various loading conditions [4,5,6,7,8,9,10,11,12,13,14]. Among them, Xu et al. [5], Rao and Poluraju [8] and Xue et al. [9] performed experimental investigations on concrete sandwich wall panels in order to analyze their seismic performance. Lee and Pessiki [6] and Yu et al. [11] analyzed the thermal behavior of the concrete sandwich walls based on experimental and numerical approaches. Kumar et al., [4] reported the test results of FRP-reinforced concrete sandwich walls under concentric axial loading. Kontoleon et al., [10] discussed the vulnerability of concrete sandwich walls to fire, and Garhwal et al. [13] studied the corrosion performance of the concrete sandwich wall panels. In addition, Jensen et al. [7] developed an analytical model to predict the mechanical behavior of concrete sandwich walls under various loadings. It can be concluded that sandwich wall panels have attracted the attention of many scholars, and are widely employed in engineering practice.



Until now, great attention has been paid to the bending performance of various sandwich walls [15,16,17,18,19,20,21,22]. For example, Mercedes et al. [19] presented an experimental and numerical investigation of sandwich panels with a vegetal-fabric-reinforced cementitious matrix layer. Galletti et al. [20] proposed the design of a sandwich panel under bending conditions. McCann [21] examined the behavior of recycled glass bead sandwich panels under bending conditions. Liu et al. [22] reported the bending performance of curved sandwich panels. From these studies, it was revealed that the sandwich wall panels exhibited satisfactory bending performance. Among these studies, the sandwich panels were subjected to bending loads with pinned supports. The sandwich panels were generally employed as exterior walls and were connected to the main structure, usually based on angled steel connectors, in which the actual constraint of the sandwich wall panel used as an exterior wall was significantly different from the pinned supports. Therefore, it is necessary to detect the bending performance of sandwich walls under actual boundary conditions.



Against the background, current investigations mainly explored the bending performance of the concrete sandwiched wall under pinned supports. Little attention has been paid on the bending behavior of concrete sandwiched wall under actual support constraints. This paper attempts to discuss the out-of-plane bending performance of sandwich walls connected to the top and bottom beams, in which the sandwich wall analyzed in this paper did not bear vertical loads. In total, four sandwich wall specimens with extruded polystyrene foam (XPS) layers were prefabricated. Different loading directions and opening details were designed for the various specimens. Out-of-plane bending tests were performed to detect the bending behavior, and typical failure modes were discussed. Load–deflection curves were also characterized in some key points. Strain distributions of the sandwich walls along their thicknesses were analyzed to reveal the composite action between the concrete and XPS layers. Subsequently, finite element modeling (FEM) was also established, of which the accuracy of the FEM was validated by the test results. Stresses of the steel truss and reinforcement wires were also discussed. Furthermore, the degree of composite action between the two layers of concrete was assessed in terms of the moment of inertia and bearing capacity. The experimental and analytical performance could provide a reference for the bending performance of sandwich walls connected to the steel beams.




2. Experimental Program


2.1. Test Specimens


Two groups of wall test specimens were prefabricated with various opening configurations. Each group consisted of two test specimens with the same constructional details. There were four test specimens overall, namely WP, WN, WPO, and WNO, in which P and N represent positive loading and negative loading, respectively; O referred to the test specimen with an opening. The total height and width of wall specimens were set at 2920 mm and 2760, respectively. Extruded polystyrene (XPS) was employed as the insulation material, and two layers of concrete were clamped on both sides of XPS, forming a concrete sandwich wall panel, as shown in Figure 1. The thickness of the two layers of concrete and XPS was 50 mm. To avoid any cracking of the concrete sandwich walls, the thickness of the concrete layer was chosen at 50 mm, with a nominal compression strength of 30 MPa. The steel bar truss was embedded in the concrete layer, in which the reinforcements with a diameter of 6 mm were placed at average spaces of 150 mm. In addition, the steel bar truss deck, composed of short reinforcements with diameters of 6 mm, was used to firmly connect the two layers of concrete without passing through the XPS layer.



In the construction process, the bottom layer of concrete was first poured with the reinforcements embedded in it. Subsequently, the XPS layer was placed on top of the bottom layer of concrete. Finally, the upper layer of concrete was poured.




2.2. Material Properties


The density and thermal conductivity of XPS used in this paper were 30 kg/m3 and 0.03 W/(m.k), respectively. Key reinforcements were extracted to conduct material tests in order to accurately capture the necessary properties from the material according to the tensile tests method for reinforcements shown in GB/T2975 [23]. Test results from the reinforcement components are shown in Table 1. Material tests were also performed to acquire the concrete material properties, as depicted in Table 2.




2.3. Loading Procedure


To investigate the performance of the wall specimens under both positive and negative bending conditions, specimens WP and WPO were tested under positive bending conditions, whereas specimens WN and WNO were subjected to negative bending conditions. Test specimens were connected to the steel beam using top and bottom angle connectors, as shown in Figure 2.



Figure 3 displays the schematic view of the test setup. It is relatively difficult to simulate uniform loads on the wall surface. A simplified loading method was employed using rigid beams to allocate the concentrate force on eight points on the top of sandwiched concrete wall, as shown in Figure 4. Moreover, the exterior sandwiched concrete wall was generally connected to the top and bottom steel beams through steel angles and bolts in engineering practice. Therefore, the similar connection method was also employed in this paper, as shown in Figure 4a.



Before the formal loading, preloading was performed to check whether the equipment was functional. During the formal loading, a step-by-step loading procedure was adopted using a hydraulic jack. The increments in loading force of each step were set at 10 kN. Test specimens were subjected to the loading of each step for about 15 min until failure.





3. Test Results


3.1. Failure Modes


In total, 29 regions, each with a width of 100 mm, were divided along its span, identified as #1–29. Specimens WP and WN exhibited similar failure patterns. Specimen WP was set as the example used to describe the failure modes. No obvious failure modes and bending deformations were noticed in the specimen before cracking. When the loading force reached 35 kN, cracking was initiated in section #16 and its depth was about 2/3 times that of the wall thickness. When the load increased to 50 kN, another crack appeared in region #12. As the load increased to 78 kN, slight bending deformation was noticed. With the further increase in load, more and more cracks were noticed and penetrated the thickness of the wall. When the load equaled 140 kN, slippage between the concrete layer and XPS was detected, and the crack along the span was noticed. When the load increased to 150 kN, the width of crack along the span grew to 5 mm and the XPS fractured. Afterwards, the deflection of the wall specimen increased sharply when the load reached to 160 kN and the loading procedure was terminated. Typical failure modes of specimen WP are shown in Figure 5.



Moreover, specimens WPO and WNO exhibited similar failure modes. Before the load increased to 33 kN, no test phenomena were detected among the specimens. Subsequently, a series of cracks emerged and spread to the middle of the wall thickness. When the load increased to 52 kN, obvious bending deformation was noticed in the test specimens. A penetration crack along the wall thickness was observed when the load reached 100 kN. At the same time, some cracks also appeared around the openings. As the load increased to 135 kN, slippage between the XPS and concrete was also noticed. With the load further increasing to 145 kN, the deflection increased significantly, whereas the load was kept almost constant. The test also ended at this time. After the loading, it demonstrated that the sandwich wall remained almost flat, and the connection angle exhibited obvious deformation. Typical failure modes are displayed in Figure 6.



In conclusion, the bottom concrete first cracked under bending. Subsequently, the XPS layer also exhibited fracture and slippage between the XPS and concrete, which was detected both under positive and negative bending conditions. However, the crack was mainly located on the 1/3 and middle span, and did not penetrate the wall along its thickness, which indicated that the two layers of concrete could work together through the steel truss connection. In addition, no local crushing was found during the test. Meanwhile, the additional constraints provided by the actual boundary conditions increased the stiffness and strength of the sandwiched wall to some extent.




3.2. Load–Deflection Curves


Several key points were selected to analyze their deflection during the test. The deflections of the key points were measured by the LVDTs, and the load was recorded by the pressure sensor. For specimens WP and WN, the deflections of five points were recorded in the test. For specimens WPO and WNO, the deflections of six points were recorded, as can be seen in Figure 7.



The load–deflection curves of test specimens are presented in Figure 8. For specimens WP and WN, similar load–deflection curves were displayed at the five points. Overall, the results showed that the deflection increased with the decrease in the distance between the points and middle span. In comparison, the deflection of specimen WP was larger than that of specimen WN, owing to the fact that the steel beam provided additional vertical constraints for the wall specimens when subjected to negative bending conditions. Moreover, the load–deflection curve of specimen WP reached the first inflection point when the uniform load (q) equaled to 3 kN/m2 due to the concrete cracking, whereas that of specimen WN reached the first inflection point when q reached 9 kN/m2. The load–deflection curve of specimen WP reached the second inflection point when q was 13 kN/m2, and that of specimen reached the second inflection point when q was 13.5 kN/m2. This also indicated that the cracking load of specimen WN was higher than that of specimen WP.



Figure 8 depicts the load–displacement curves of specimens WPO and WNO. It also demonstrated that the deflection of the points increased with the decrease in the distance between the point and the middle span. However, the maximum deflection of specimen WPO was almost equal to that of specimen WNO. In comparison, the inflection on the load–displacement curve of specimen WPO appeared when q equaled to 3 kN/m2, indicating that the concrete started cracking, while that of specimen WNO emerged when q was about 7.5 kN/m2. Afterwards, the load–displacement curves of specimens WPO and WNO both exhibited their second points of inflection when q increased to 12.5 kN/m2. Therefore, it could be determined that the cracking load of specimen WPO was lower than that of WNO. It also showed that the deflections on S5 and S6 were significantly larger than those of S1 and S2. This could be explained by the fact that the center of the eight loading points was closer to S5 and S6.




3.3. Strain Responses


Figure 9 shows the positions of strain gauges distributed throughout specimen WP in the 1/4 and middle span. As can be seen in Figure 10, the strain remained almost at zero before q reached 12 kN/m2. Afterwards, strains #5 and #6 decreased significantly, indicating that the upper concrete was in compression, whereas strains #1 and #2 of the lower concrete layer remained at zero due to the fact that the concrete in the middle span exhibited serious cracking and the strain gauges were broken. Similarly, strains #11 and #12 also decreased, whereas strains #7 and #8 increased sharply when q was higher than 12 kN/m2. This revealed that the upper and lower layers of concrete were in states of compression and tension, respectively.





4. Finite Element Modeling


To gain insights into the stress state and work mechanism of the sandwich wall under bending conditions, the numerical model was developed by ABAQUS software in this section, which was also beneficial for proposing design equation of the sandwiched wall.



4.1. Material Models


For the reinforcements embedded in the concrete slab, a bilinear model was generally employed to simulate the behavior of reinforcements, as shown in Figure 11a.



For the concrete in the sandwich wall, the stress–strain relationship demonstrated in GB 50010 [24] was adopted, and the concrete damage plastic model in ABAQUS was also employed to simulate the behavior of concrete, which is shown in Figure 11b. In the concrete damaged plasticity model, the dilation angle, eccentricity, stress ratio between the concrete under biaxial compression and uniaxial compression, K and viscosity parameter were taken as 30, 0.1, 1.16, 0.667, and 0.0005, respectively. Moreover, the damage variables in GB 50010 [24] were also assigned for the concrete in the sandwich wall. XPS exhibited relatively low stiffness and strength compared with the concrete and provided little contribution on the strength and stiffness of the sandwich wall, which is tentatively ignored in the FEM.




4.2. Element and Mesh Size


The concrete and XPS layers were all modeled using solid elements (C3D8R). Truss elements were assigned for reinforcement. Both XPS and reinforcements were embedded in the concrete without considering separation. The mesh sizes of XPS, concrete and reinforcements were set as 50 mm, whereas that of the sandbag was taken as 100 mm. A detailed FEM model is displayed in Figure 12. The static analysis step was employed to apply the out-bending loads and the complete integral algorithm was used. The actual run time of each model was about 40 min. The sandwiched wall was tied to the supports and all degree of freedoms of the supports were constrained.




4.3. Analysis of FEM Results


The comparison results between the FEM and test results are demonstrated in Figure 13. It can be concluded that the load–displacement curve of FEM coincided well with the test results, indicating that the FEM was able to reasonably predict the bending performance of the concrete sandwich wall.



Figure 14 presents the stress distributions of reinforcements in specimen WP. It showed that the reinforcement wire mainly appeared to yield in the middle span and its supports. The maximum stress was about 500 MPa. On the other hand, the steel truss parallel to the span direction exhibited yielding mainly in the middle span, and the maximum stress of the steel truss was 464 MPa, lower than that of the reinforcement wire. However, the steel truss perpendicular to the span direction showed relatively lower stress than the truss which was parallel to the span direction. Figure 15 displays the stress distributions of reinforcements of specimen WPO. It could be noticed that only a small portion of reinforcements in the wire achieved their yield stress, mainly located with the middle and 1/3 span near the opening. Comparatively, the reinforcements in steel truss parallel to the span direction showed higher stress levels with the maximum stress value of 439 MPa mainly distributed on the web reinforcements. Moreover, the strengthen reinforcements around the opening showed relatively high stress levels, indicating that the stress concentration appeared around the opening. It could be concluded that the reinforcements in the concrete sandwich walls did not all reach their yield strength, indicating that the two layers of concrete could not work together fully in the concrete sandwich wall. Therefore, it is necessary to discuss the composite action between the two layers of the concrete for the concrete sandwich wall.





5. Analytical Model of Composite Action


The degree of composite action (K) of the sandwich wall is an important factor that can reveal the interactive working degree of the components. When K equals to 0, it means that the two layers of concrete worked separately and the moment of inertia of the wall should be the summation of two layers of concrete. When K equals to 1, it means that the two layers of concrete works together, the moment of inertia of the wall should be calculated based on the whole section. Currently, there are two methods assessing the composite action of sandwich walls. One is related to the level of stiffness [25], and the other is related to the bearing capacity [26], both of which are expressed as:


   K s  =    I 0  −  I  nc      I c  −  I  nc      



(1)






   K b  =    F 0  −  F  nc      F 0  −  F  nc      



(2)




in which Ks and Kb denote the degree of composite action related to stiffness and bearing capacity, respectively. Inc and Ic represent the moment of inertia of the sandwich wall, with the degrees of composite action being 0 and 1, respectively. I0 is the moment of inertia of the sandwich wall when reaching the cracking load. Fnc and Fc represent the ultimate bearing capacity of the sandwich wall with composite action degrees of 0 and 1, respectively. F0 represents the ultimate bearing capacity of the sandwich wall.



Generally, the degree of composite action for the sandwich wall gradually decreased with the increase in load. Figure 16 presents the strain distribution of the sandwich wall with K values of 0 and 1.



For the sandwich wall before cracking, the moment of inertia could be expressed as [27]:


   A 0  = b h + ( n − 1 )  A s   



(3)






   x 0  =   0.5 b  h 2  +  (  n − 1  )   A s   h 0    b h +  (  n − 1  )   A s     



(4)






   I 0  =  b 3   [   x 0 3  +    (  h −  x 0   )   3   ]  +  (  n − 1  )   A s     (   h 0  −  x 0   )   2   



(5)




in which As is the area of reinforcements under tension, and b and h represent the width and thickness of the sandwich wall.



After cracking, the moment of inertia could be expressed as:


   x  cr   = (    n 2   μ 2  + 2 n μ   − n μ )  h 0   



(6)






   I  cr   =  1 3  b  x  cr  3  + n  A s     (   h 0  −  x  cr    )   2   



(7)




in which   μ =  A s  / b  h 0    and   n =  E s  /  E 0   .



The ultimate bearing capacity could be easily calculated according to the strain distribution. Table 3 and Table 4 list the degree of composite action for test specimens based on their strength and stiffness, respectively.



It could be observed that the degree of composite action of the test specimens based on their bearing capacities ranged from 33.05% to 45.53%, and, based on the moment of inertia, varied from 58.65% to 66.83%. It could also be seen that the degree of composite action of the sandwich walls under negative direction was slightly higher than that under positive direction, due to the fact that the steel beam provided additional constraints under negative bending conditions. The composite action degree of the sandwich wall without an opening was also slightly lower than that with an opening, owing to the fact that the two area layers of concrete decreased, whereas the connection force of the steel bar truss remained constant. Therefore, it is advised to judge the degree of composite action related to the bearing capacity of the sandwich concrete wall with an XPS layer of 30%, and with the degree at the moment of inertia at 50%. Once the degrees of composite action have been determined, the bearing capacity and moment of inertia could be calculated and used in designing this type of sandwich concrete wall.




6. Conclusions


In this paper, the concrete sandwich wall specimens considering the actual boundary conditions under positive and negative bending were analyzed using experimental and analytical methods. The following conclusions can be drawn:




	
Typical failure modes of the sandwich wall specimens observed from the test were the cracking of concrete, fracture of XPS and bending deformation. In comparison, the specimens under positive and negative bending conditions exhibited similar failure modes, and the deflection under positive bending conditions was larger than that under negative bending conditions, owing to the fact that the constraints provided by the steel beam increased the stiffness of the wall under negative direction to some extent.



	
The FEM considering the concrete damaged model was developed and compared with the experimental results. It demonstrated that the FEM could accurately capture the load-deflection curves of test specimens.



	
Through the analyses of reinforcements embedded in the wall, it could be observed that the reinforcement wire of the specimen all reached their yield stress in the area occurring maximum deflection in the test. In addition, the reinforcements near the opening demonstrated the stress concentration effect.



	
The composite action degree between the two layers of concrete was assessed in terms of the stiffness and bearing capacity. The composite action degrees related to the stiffness and bearing capacity were 58.65–66.83% and 33.05–45.53%, respectively. It is suggested that the moment of inertia of the sandwich wall panel could be calculated by taking the composite action degree of 50%, and the bearing capacity of the concrete sandwich wall could be observed by taking the composite action degree of 30%.
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Figure 1. Details of test specimens. (a) Specimens WP and WN. (b) Specimens WPO and WNO. 
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Figure 2. Connection details (Unit: mm). 
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Figure 3. Test setup. (a) Loading in a positive direction. (b) Loading in a negative direction. 
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Figure 4. Layout of loading points (Unit: mm). (a) Loading schematic. (b) Loading points. 
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Figure 5. Typical failure modes of specimen WP. (a) First crack at the load of 35 kN. (b) Bending deformation at the end of the test. (c) Bending deformation in the test. (d) Cracks at the bottom of the wall. 
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Figure 6. Typical failure modes of specimen WPO. (a) Cracks at a load of 50 kN. (b) Cracks around the opening. (c) Deformation of the connection angle. (d) Residual deformation after the loading. 
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Figure 7. Selected deflection points. (a) Deflection points of specimens WP and WN. (b) Deflection points of specimens WPO and WNO. 
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Figure 8. Load–deflection curves. (a) Specimen WP. (b) Specimen WN. (c) Specimen WPO. (d) Specimen WNO. 
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Figure 9. Strain distributions. 
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Figure 10. Strains of specimen WP. (a) Middle span. (b) 1/4 span. 
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Figure 11. Material models of concrete and reinforcements. (a) Reinforcements. (b) Concrete. 
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Figure 12. Finite element model of sandwich wall with reasonable mesh sizes. (a) Concrete layer. (b) Reinforcements. 
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Figure 13. Comparison between FEM and test. (a) WP. (b) WN. (c) WPO. (d) WPN. 
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Figure 14. Stress distributions of specimen WP. (a) Stress of reinforcement wire. (b) Stress of steel truss parallel to the span. (c) Mises stress contour plots of steel truss perpendicular to the span. The non-English term ‘平均’ means ‘Average’. 
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Figure 15. Stress distributions of specimen WPO. (a) Stress of reinforcement wire. (b) Stress of steel truss parallel to the span. (c) Stress of steel truss perpendicular to the span. (d) Stress of strengthened steel truss. The non-English term ‘平均’ means ‘Average’. 
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Figure 16. Strain distributions of the sandwich wall. (a) K = 0. (b) K = 1. 
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Table 1. Material properties of reinforcement.






Table 1. Material properties of reinforcement.





	Diameter of Reinforcement (mm)
	fy (N/mm2)
	fu (N/mm2)
	E (N/mm2)
	Elongation (%)





	6
	428.7
	563.5
	1.98 × 105
	20.6



	5
	407.3
	452.3
	2.01 × 105
	18.9



	8
	442.9
	484.6
	2.11 × 105
	19.5







Note: fy, fu and E are the yield strength, ultimate strength, and elastic modulus of reinforcements.
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Table 2. Material properties of concrete.
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	Size (mm)
	Curing Days
	Ec (N/mm2)
	fcu (N/mm2)





	C11
	150 × 150 × 300
	28
	3.08 × 104
	



	C12
	150 × 150 × 300
	28
	2.99 × 104
	



	C13
	150 × 150 × 300
	28
	3.06 × 104
	



	Mean
	
	
	3.04 × 104
	



	C21
	150 × 150 × 150
	28
	
	33.25



	C22
	150 × 150 × 150
	28
	
	31.92



	C23
	150 × 150 × 150
	28
	
	32.12



	Mean
	
	
	
	32.43







Note: Ec and fcu are the elastic modulus and compressive strength of concrete.
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Table 3. Degree of composite action related to strength.
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	Specimen
	Fnc (kN)
	Fc (kN)
	Fexp (kN)
	k





	WP
	37.60
	289.98
	121
	33.05%



	WN
	37.60
	289.98
	131
	37.01%



	WPO
	33.40
	269.68
	138
	44.26%



	WNO
	33.40
	269.68
	141
	45.53%
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Table 4. Degree of composite action related to stiffness.






Table 4. Degree of composite action related to stiffness.





	Specimen
	Inc (mm4)
	Ic (mm4)
	Iexp (mm4)
	k





	WP
	1.73 × 106
	10.37 × 107
	6.15 × 107
	58.65%



	WN
	1.73 × 106
	10.37 × 107
	6.25 × 107
	59.61%



	WPO
	1.56 × 106
	9.72 × 107
	6.37 × 107
	65.03%



	WNO
	1.56 × 106
	9.72 × 107
	6.54 × 107
	66.83%
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