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Abstract

:

The superimposed slab shear wall has been found to be more and more applicable in the building construction industry due to its building industrialization superiority. The hysteretic behavior of superimposed slab shear walls accounts for an important part of seismic performance analysis. This paper presents the results of a numerical study to investigate the hysteretic behavior of superimposed slab shear walls. Different calculation methods of the shear capacity of the combined interface and horizontal connection are introduced. The calculated results show that the shear capacity of the combined interface and horizontal connection is much larger than the ultimate shear capacity of a superimposed slab shear wall. Therefore, the bond slip effect of a combined interface and horizontal connection can be ignored in finite element analysis on the premise of it not affecting calculation precision. Three different theoretical analysis models, namely the vertical multi-line element model, bend–shear coupled fiber model and layered shell element model, were established in OpenSEES based on a macro-model and a micro-model. The results show that the calculated results of the vertical multi-line element model and the bend–shear coupled fiber model agree reasonably with the experiment results, whereas the calculated results of the layered shell model gave a relatively larger initial stiffness.
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1. Introduction


A superimposed slab shear wall is a kind of sandwich structure made of two layers of prefabricated concrete panels on both sides and one layer of cast-in-site concrete in the core, as shown in Figure 1. It has been broadly applied in the building industry recently due to its advantages of industrialized fabrication and relatively preferable integrity [1].



The theory and behavior of superimposed slab shear walls have been extensively studied worldwide [2,3]. Huang et al. [4] evaluated the structural performance of the lightweight double skin composite system filled with ultra-lightweight cement composite. The test of double-layer composite beams, shells and walls with shear connectors was executed, and the results indicate that the double-layer composite system has comparable performance with a system filled with ordinary concrete in terms of ultimate resistance and load deflection characteristics. Benayoune et al. [5] conducted an experimental and theoretical study on the structural performance of precast concrete sandwich panels (PCSP) under bending. The results show that the failure mode and crack mode of PCSP as a slab component are very similar to those of solid slabs. Hamid et al. [6] investigated the seismic performance of insulated sandwich wall panels (ISWP) under lateral cyclic loading. Experimental work was carried out to determine the lateral strength capacity, hysteresis loops (load–displacement) stiffness, ductility and equivalent versus viscous damping of ISWP. Hodicky et al. [7] investigated the composite action of 46 segments representing precast concrete sandwich panels (PCSPs) using a fiber-reinforced polymer grid/rigid foam as a shear mechanism. The results indicate that the increase of the spacing between the vertical lines of CFRP grids will increase the overall shear flow strength because of the increase of the bonding contact area between the rigid foam and the concrete surface. This research has guiding significance for the engineering application of superimposed slab shear walls.



Some researchers in China [8,9] have mainly focused on its seismic behavior. A series of tests regarding superimposed slab shear walls under low axial compression ratios was done to check whether this type of member has sufficient seismic performance [10,11,12]. The results show remarkable similarity concerning deformation patterns and failure modes in the loading process between the superimposed slab shear walls and ordinary cast-in-site shear walls, except for lower ultimate strength, insufficient deformability and inferior ductility in this new sandwich structure [13,14]. With the gradual deepening of research, some scholars began to pay attention to the mechanical action mechanism of precast layer and cast-in situ layer in the composite plate shear wall. Wang et al. [15] carried out quasi-static tests on four reinforced concrete composite shear walls with openings and two reinforced concrete shear walls with openings under cyclic loads. The results show that the precast and cast-in situ concrete members with this type of component can work together well under loads. Similar tests [16] were performed on three horizontally spliced reinforced concrete composite shear walls and one non-horizontally spliced reinforced concrete composite shear wall. Ye et al. [17] studied the seismic performance of five precast normal concrete (NC) composite shear walls infilling self-compacting concrete (SCC) and two precast NC composite shear walls infilling NC. The results indicate that the precast composite shear walls infilling SCC have good seismic behavior. The seismic behavior of superimposed slab shear walls under different axial compression ratios were further studied by Yang et al. [18]. A series of theoretical formulas were derived that demonstrate accordance with the test results. On the basis of the test results and the higher strength of prefabricated concrete, some of superimposed slab shear wall specimens even had higher performance than those of cast-in-site shear walls under high axial compression ratios. This research proves that the outer layer of the composite plate shear wall, namely the prefabricated layer, can participate in the load resistance process. However, the existing research results are all based on analyses of the macro data obtained from the tests. Some problems in the finite element simulation are still not well-solved, for example, whether the interface slip effect needs to be considered as well as the efficiency and accuracy comparison of different equivalent models and their selection principles [19].



In this study, the several problems needed to be solved in finite element analysis of hysteretic behavior of the superimposed shear wall were studied based on OpenSEES. Specifically, first, different calculation methods on shear capacity of combined interface and horizontal connection were introduced. Then, the bond slip effect of the shear wall interfaces and the reliability of the shear resistance provided by rebar joints are studied in this paper. Subsequently, three different theoretical analysis models, namely the vertical multi-line element model, bend–shear coupled fiber model and layered shell element model, were established in OpenSEES based on a macro-model and a micro-model. The finite element calculation results based on three types of models were compared with the test results to measure the accuracy and efficiency of different simulation methods. Some problems in the simulation were also solved, which can provide reference for similar research. Finally, the summary and the conclusions are given at the end of this paper.




2. Simulation of the Interface in Finite Element Model


Generally, the reinforcement trusses connecting the two layers guarantee the integration of the shear wall. The connection between the superimposed slab shear wall and its foundation is implemented by the rebar joint through the in-between horizontal construction joint. One notable problem is whether the bond slip effect of the shear wall interfaces should be considered, and the reliability of the shear resistance provided by the rebar joint is also a topic that requires further attention.



2.1. Shear Capacity of Combined Interface


There are five theories concerning the shear resistance of the combined interfaces: (1) Mattock’s shear-friction theory [20], which deems the interfacial shear force as being induced by shear friction; (2) ACI 318-19 [21]; (3) the Eurocode method [22], which deems cross-sectional shear force is composed of bond forces, interface friction and shear-resisting rebar; (4) A.K. Patnai’s research [23], which proposes that the ultimate shear stress of interfaces varies under different conditions; (5) the perspective of some Chinese researchers [24,25,26,27], which deems the interfacial shear force as being comprised of concrete forces and the shear-resisting rebar.



Table 1 summarizes the calculation results of ultimate shear strength of the combined interface utilizing the methods mentioned previously. In the premise of zero normal stress, supposing a roughness of 6 mm in the rough interface and 0 mm in the smooth interface, the shear capacity of the combined interface can be calculated by using the product of shear strength and interface area. From Lian [8], specimens W2 and W5 are cast-in-site superimposed slab shear walls, and specimens W3 and W6 are prefabricated superimposed slab shear walls. Among them, W2 and W3 are in an axial compression ratio of 0.1, and W5 and W6 have an axial compression ratio of 0. Their rebar details are illustrated in Figure 2.



The calculation results present great variation among the ultimate shear stress of interfaces. It can be concluded that the method proposed by ACI 318-19 [21] is quite conservative. The shear capacities of W2/W5 and W3/W6 are 1680.00 kN and 5724.00 kN, respectively, using the method of ACI 318-19 [21]. Meanwhile, the ultimate capacities of W2, W3, W5 and W6 are 429.00 kN, 412.00 kN, 240.00 kN and 239.00 kN, respectively, from the tests. Obviously, the shear capacity of the combined interface is much larger than the ultimate capacity of the superimposed slab shear wall. Herein, the bond slip effect of combined interface can be neglected when it is analyzed using finite element method (FEM).




2.2. Shear Capacity of Horizontal Connection


The connecting details of the reinforcement directly determine the shear capacity of the horizontal connection. Magana R.A. [28] proposes a connection method using sleeve grouting. Soudki et al. [29] proposes a connection method using various forms of mild steel (welded angle steel, sleeve, steel tube, bolt, etc.). JGJ1-2014 [30] provides a connection method by using welded rebar and cast-in-site pins. The connection details of the interface also contribute to the shear capacity of the horizontal connection. Commonly used prefabricated shear walls have dentiform or rough ground interfaces. A grouting and caulking procedure at the corresponding bottom rough face is conducted after the in-site installation. Figure 3 illustrates the typical reinforcement detail of a superimposed slab shear wall and its rough concrete interface.



There are few studies concerning the horizontal connection capacity of superimposed slab shear walls [31,32]. The calculation methods of shear capacity using different codes are summarized in Table 2. Specimens of W2/W5 and W3/W6 were analyzed using these formulas, and the calculation results are compared in Figure 4.



As Figure 4 shows, although considerable differences exist among the various methods, the calculated results are all larger than the test results except for W3. The reason is that the calculation method of ACI merely takes account of the shear resistance of reinforcement. It is relatively conservative due to the lack of consideration for axial force. Additionally, the no-slip detail at the bottom of the shear wall needs to be met to ensure a bottom-fixed FEM model does not have shear slip.





3. Hysterical Behavior of FEM Model


Research on the non-linear analysis of shear wall reinforcement is a challenging research hotspot [36,37]. There are two levels describing the analytical model: the macro-model and the micro-model [38]. Concretely, macro-model simplifies the shear wall into vertical multi-line elements, whereas the micro-model can be divided into a solid element model and a shell element model [39,40]. In this paper, for specimens W2 and W3 (on which low cyclic reverse loading tests with an axial compression ratio of 0.1 were conducted) and specimens W5 and W6 (on which low cyclic reverse loading tests with an axial compression ratio of zero were conducted), there are three kinds of superimposed slab shear wall FEM models established in the framework of OpenSEES: the vertical multi-line element model, bend–shear coupled fiber model and layered-shell element model. In addition, according to the research conclusions in the previous section, the constitutive relationship of concrete in the FEM model was assigned based on the concrete strength grade of the prefabricated layer and the cast-in-site layer, ignoring the bond slip effect of the combined interface and horizontal connection, as shown in Figure 5.



3.1. Macro-Model: Vertical Multi-Line Element Model


3.1.1. Element Model


Kabeyasawa [41] proposes a macro-model with three vertical line elements. It can simulate the shift of the neutral axis of a shear wall after stepping into the non-linear stage. However, challenging problems still exist when it comes to determining the bending spring stiffness and the deformation compatibility between the bending spring and the side column. Vulano [42] proposes a vertical multi spring model. It simulates axial stiffness and bending stiffness with multiple vertical springs and shear stiffness with one horizontal spring. Not only can it consider the shift of the neutral axis, but also the comprehensive combination of restoring force models from multiple materials. In addition, the impact on strength and stiffness from axial load variation can also be simulated. Figure 6 gives the illustration of this model in which Kh is the stiffness of the horizontal spring, K1, K2 and Kn are the stiffnesses of the vertical springs, h is the height of the wall element and ch is the height of the horizontal shear spring.




3.1.2. Material Model


Vertical springs can be simulated by using the Truss element with specified fiber properties over the cross-section. The fibers consist of rebar fibers and concrete fibers; each has a diversified constitution provided by OpenSEES. In the cyclic reverse loading process, the cracking effect of the cross-section (which can be modeled using Concrete06 in OpenSEES) can increase energy dissipation and decrease the pinch effect, as shown in Figure 7. As for the rebar fiber, Steel02 in OpenSEES can better simulate the Bauschinger effect, as shown in Figure 8, where fy is the yield strength of the rebar, E is the initial elastic module, Ep is the plastic hardening module and R is the parameter influencing the shape of the curve.



The properties of shear springs in the model are assigned by the Hysteretic material in OpenSEES, as shown in Figure 9. The parameters of this material can be determined by using two methods. One is the empirical formula proposed by Hirosawa [43] from many shear wall tests. The other is the amended inclined compression field theory. In this paper, Hirosawa’s empirical formula was chosen.




3.1.3. Analysis Results


In the finite element model, ten elements were divided along the height of the wall. Two steps were incorporated into the analysis. The first step was to apply a vertical load through ten subdivided load increments. The second step was to apply reverse horizontal displacement controlled by 5 mm displacement increments. Figure 10 summarizes the simulated results and the test results from four shear wall specimens.



From Figure 10, it can be concluded that the simulated vertical multi-line element under a low cyclic reverse load exhibited strength reduction and stiffness degradation. In this paper, the peak point of the load–displacement curve was selected as the calculation indicator for error. The test result and the simulated result for W2 were 429 kN and 399 kN, respectively, with an error of 6.9%. The test result and the simulated result for W3 were 412 kN and 379.82 kN, respectively, with an error of 7.8%. The simulated shear wall using the vertical multi-line element model under an axial compression ratio of 0.1 had an error of less than 8% compared with the test results. The test result and the simulated result for W5 (the superimposed slab shear wall with cast-in-site edge member) were 240 kN and 210 kN, respectively, with an error of 12.5%. The test result and the simulated result for W6 (the superimposed slab shear wall) were 239 kN and 202.1 kN, respectively, with an error of 15.4%. Table 3 lists a comparison of the peak points of the load–displacement curves based on the vertical multi-line element model for more intuitive analysis. The simulated shear wall with the vertical multi-line element model under an axial compression ratio of zero had an error less than 16% compared with the test results. For the macro-model with the vertical multi-line, the results discussed previously demonstrate a limited consistency of hysteretic behavior in the test results and simulated results because shear effect was not considered, both with axial load and without axial load. Therefore, in order to obtain more accurate simulation results from the hysteresis curve, other element models are needed.





3.2. Macro-Model: Bend–Shear Coupled Fiber Model


Shear force cannot be considered by the fiber element due to the lack of shear stiffness. To consider the shear effect, the section aggregator command in OpenSEES makes the shear constitutive able to be assembled in the fibrous section, as shown in Figure 11. This command was used to construct a section aggregator object, which aggregates groups of previously defined uniaxial material objects into a single-section force–deformation model. Each uniaxial material object represents a section’s force–deformation response for a particular section’s degrees of freedom. There was no interaction between responses in different degree-of-freedom directions. In this paper, Hirosawa’s empirical formula [43] was selected to define the shear constitutive, which is shown in Figure 9.



3.2.1. Element Model


The fiber model was frequently used in OpenSEES. There are two kinds of fiber model, namely the stiffness-based fiber model and the flexibility-based fiber model. The stiffness-based fiber model divides the element into several segments. With the help of integral point displacements obtained from the interpolation of cubic polynomials, it can provide precise results using a linear or approximately linear approach. However, non-linear behavior is hard to describe because of the limitation of the cubic interpolation function. Better results can only be obtained from a more precise meshing technique in the inelastic region. Likewise, the internal force at the integral points can also be obtained from the linear interpolation of the flexibility-based model with several divided segments. It gives a convergent result when the simulation of flexural beam elements is conducted, as well as during the simulation of non-linear concrete. Therefore, the flexibility-based model was selected for the analysis.




3.2.2. Material Model


Concrete01 was selected to simulate concrete, and its constitutive model is illustrated in Figure 12. In this figure, K indicates the concrete strength enhancement factor, Z indicates the slope of strain softening, fco indicates the cube compressive strength and εc indicates the concrete compressive strain at the peak loading. Its compressive backbone curve was from the amended Kent–Park model without the consideration of the action of the tensile concrete. The three stages of the backbone curve are described as the ascend stage, descent stage and platform stage. Meanwhile, Steel02 was selected to simulate rebar, as shown in Figure 7.




3.2.3. Analysis Results


As mentioned previously, there were also two steps in the analysis. The first step was to apply a vertical load through ten subdivided load increments. The second step was to apply horizontal displacement. Figure 13 summarizes the comparison of the simulated results and the backbone curves of the test results of four shear wall specimens.



The test result and the simulated result for W2 were 429 kN and 406.96 kN, respectively, with an error of 5.1%. The test result and the simulated result for W3 were 412 kN and 371.81 kN, respectively, with an error of 9.7%. The simulated shear wall using bend–shear coupled fiber model under an axial compression ratio of 0.1 had an error of less than 10% compared with test results. The test result and the simulated result of W5 were 239 kN and 226.29 kN, respectively, with an error of 5.7%. The test result and the simulated result of W6 were 239 kN and 203.53 kN, respectively, with an error of 14.8%. Table 4 lists a comparison of the peak points of the load–displacement curves based on the bend–shear coupled fiber model for more intuitive analysis. The simulated shear wall utilizing the bend–shear coupled fiber model under an axial compression ratio of zero had an error less than 15% compared with test results. Compared with the macro-model with the vertical multi-line, the results generated using the bend–shear coupled fiber macro-model show higher consistency of hysteretic behavior for the test results and simulated results.





3.3. Micro-Model


3.3.1. Layered Shell Element Model


Based on the mechanical properties of the composite material, the layered shell element can be used to describe the shear wall in-plane bend–shear coupling effect and out-of-plane bending effect. As illustrated in Figure 14, a layered shell element is divided into multiple layers with different thicknesses and material properties.




3.3.2. Material Model


The material model used in multi-layer shell element is a kind of two-dimensional material model based on smeared crack and damage mechanics, where the constitutive relationship is:
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where E1, E2, ν12, ν21 and G12 are non-damaged elastic constants, D1 and D2 are damage variables and the two-dimensional rebar models are Steel01 and Steel02 based on uniaxial materials with space angles.




3.3.3. Size Effect


A more precise meshing approach ends up with faster declination in its load displacement curve if an identical cracking and softening stress–strain curve is utilized for all elements in the concrete. This phenomenon is called the fracture size effect, as shown in Figure 15, where N stands for the number of elements. To deal with this problem, a generalized method is to use the crack band model to adjust the softening stage of the concrete. Herein, the stress–strain curve is replaced with a crack width–stress curve, as shown in Figure 16, and the area contained by the curve is described as fracture energy.



The shear transfer coefficient of the fracture surface is a complicated problem in the calculating process of the shell element. A trial value of 0.125 is recommended. In this paper, a lower value was taken in the range of the severely cracked concrete, whereas a higher value was taken in the core of the concrete.




3.3.4. Analysis Results


Figure 17, Figure 18, Figure 19 and Figure 20 summarize the FEM-simulated results and test results of the hysteretic curves from four shear wall specimens either prefabricated or cast-in-site, where different meshing sizes are also compared.



From the results, a layered shell element under a low cyclic reverse load properly simulated the strength reduction effect, stiffness degradation effect and pinch effect. Given the mesh size of 400 mm × 300 mm, the simulated result for W2 is 480.3 kN, which has an error of 11.9% compared with the test result of 429 kN. The simulated result for W3 is 413.5 kN, which has an error of 0.4% compared with the test result of 412 kN. The simulated result for W5 is 287.9 kN, which has an error of 20.0% compared with the test result of 240 kN. The simulated result for W6 is 251.5 kN, which has an error of 5.2% compared with the test result of 239 kN.



Given the mesh size of 200 mm × 150 mm, the simulated result for W2 is 494.8 kN with an error of 15.3%. The simulated result for W3 is 398.2 kN with an error of 3.3%. The simulated result for W5 is 283.3 kN with an error of 18.1%. The simulated result for W6 is 232.4 kN with an error of 2.7%. Compared with the results from the mesh size of 400 mm × 300 mm, the mesh size of 200 mm × 150 mm gave an equal effectiveness of predicting ultimate strength, and it performed better in evaluating hysteretic behavior. Table 5 lists a comparison of the peak points of the load–displacement curves based on the micro-model for more intuitive analysis. Under cyclic loading, simulated unloading stiffness and reloading stiffness were in close consensus with the test results.





3.4. Comparison of Simulation Accuracy of Skeleton Curve


Figure 21 compares the hysteretic backbone curves from the simulated results and the test results for three kinds of models (a mesh size of 200 mm × 150 mm was chosen for the layered shell element model). It can be concluded that the vertical multi-line element model and bend–shear coupled fiber model fit the test results well, whereas the layered shell model gave a larger initial stiffness.





4. Conclusions


In this paper, the shear strengths of the bottom rebar joints and combined interfaces of superimposed slab shear walls were calculated using the shear resistance calculation formula for horizontal connections. The hysteretic behavior of two different kinds of superimposed slab shear walls with different wall configurations (where the edge member was either cast-in-site or prefabricated) were studied by using the finite element method. Here are the conclusions:




	(1)

	
The shear strength of the combined interface is much larger than that of superimposed slab shear wall. Rebar trusses between the superimposed slab shear wall layers can provide reliable interface shear capacity. Based on this, when meeting the no-slip detail at the bottom of the shear wall through structural requirements, the consideration of interface slip effect in the FEM model can be avoided.




	(2)

	
The shear strength of the horizontal connection at the bottom of the superimposed slab shear wall can be calculated using different codes. An adequate shear strength can be provided with joint rebar. Furthermore, the fixed-end boundary condition can be possibly realized in the FEM model.




	(3)

	
A superimposed slab shear wall can be simulated by using three kinds of FEM models, namely the vertical multi-line element model, bend–shear coupled fiber model and layered shell element model. These three analytical models all give great results in simulating shear walls with different wall configurations. For hysteretic behavior simulation, unloading stiffness and reloading stiffness under cyclic loading using the layered shell element model is preferably consistent with test results. For backbone curve simulation, simulated results using the vertical multi-line element model and bend–shear coupled model provide excellent agreement with test results.
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Figure 1. Structural detail of superimposed slab shear wall. 
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Figure 2. Reinforcement detail of the specimens. 
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Figure 3. Detail of the horizontal connection. 
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Figure 4. Comparison of test results and calculated results on shear strengths of horizontal connections. 
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Figure 5. Simulation of superimposed slab shear walls in FEM model. 
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Figure 6. Vertical multi-line element model. 
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Figure 7. Constitutive model of Concrete06. 
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Figure 8. Constitutive model of Steel02. 
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Figure 9. Constitutive model of Hysteretic material. 
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Figure 10. Load–deformation curves based on the vertical multi-line element model. 
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Figure 11. Bend–shear coupled fiber model. 
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Figure 12. Constitutive model of Concrete01. 
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Figure 13. Load–deformation curves based on the bend–shear coupled fiber model. 
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Figure 14. Multi-layer shell element. 
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Figure 15. Load–deformation curve of different mesh numbers. 
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Figure 16. Stress–crack width curve and fracture energy. 
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Figure 17. Load–deformation curve of W2. 
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Figure 18. Load–deformation curve of W3. 
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Figure 19. Load–deformation curve of W5. 
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Figure 20. Load–deformation curve of W6. 
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Figure 21. Comparison of backbone curves for different models. 
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Table 1. Different calculation methods of shear strength.
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	Calculation Method
	W2/W5 Interface Shear Resistance (MPa)
	W3/W6 Interface Shear Resistance (MPa)
	W2/W5 Interface Shear Capacity (kN)
	W3/W6 Interface Shear Capacity (kN)





	1 Mattock shear-friction method [19,20]
	1.26
	2.39
	3780.00
	12,895.20



	2 ACI 318-19 [21]
	0.56
	1.06
	1680.00
	5724.00



	3 Eurocode 2 [22]
	1.53
	1.88
	4587.00
	10,152.00



	4 A.K. Patna’s formulation [23]
	2.20
	2.80
	6606.00
	15,120.00



	5 Lin’s formulation [24]
	1.65
	1.71
	4950.00
	9222.66



	6 Zhang’s formulation [25] (expansive cement)
	2.67
	2.72
	8014.50
	14,711.76



	6 Zhang’s formulation [25] (embedded rebar)
	2.73
	2.84
	8199.90
	15,354.36



	7 Yang’s formulation [26] (pre-cracking)
	2.47
	2.75
	7421.40
	14,852.70



	7 Yang’s formulation [26] (post-cracking)
	0.34
	0.62
	1009.44
	3344.22



	8 Nie-Wang formulation [27] (ultimate strength)
	1.14
	1.14
	3412.80
	6143.04



	8 Nie-Wang formulation [27] (residual strength)
	0.56
	1.06
	1680.54
	5729.40
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Table 2. Different calculation methods on shear strengths of horizontal connections.
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	Code
	Calculation Formula





	GB50010 [33]
	V ≤ (0.6 fyAs + 0.8 N) fy ≤ 360 MPa

where fy is the yield strength of reinforcement at interface;

As is the area of reinforcement at interface.



	ACI 318-19 [21]
	Vuh = φμAνhfνhy ≤ min{0.2 Aifc, (3.3 + 0.8 fc)Ai, 1.03 Ai}

where φ is 0.75;

μ is the friction coefficient, μ = 1.4 for overall cast-in-site interface;

μ = 1.0 for rough interface, μ = 0.6 for smooth interface;

fνhy is the yield strength of shear reinforcement at interface;

Aνh is the area of reinforcement at interface;

Ai is the area of cross-section.



	Eurocode 2 [22]
	τuh = cft + μσn + ρνhfνhy(μsinα + cosα) ≤ 0.5 νfc

where τuh is ultimate horizontal shear stress;

c, μ are the coefficients determined by the roughness of interface;

σn is the minimum normal stress;

for compression, it is positive, meanwhile σn ≤ 0.6 fc;

for tension, it is negative, meanwhile cft = 0;

ρνh = Aνh/Ai is the ratio of reinforcement with fine anchorage at interface;

α is the inclination angle of shear reinforcement;

ν is the concrete strength reduction factor caused by shear cracking, which is proposed to be

v = 0.6(1 − fck/250), where fck is the standard value of cylinder compressive strength.



	CSA A23.3-04 [34]
	    V   u h   = λ   φ   c     c + μ σ     A   c   ≤ 0.25   φ   c     f   c   ’     A   c    

where σ = (fyAs + N)/Ac;

fy is the yield strength of reinforcement;

    f   c   ’     is the compressive strength of concrete;

c = 0.25 MPa, μ = 0.6 for general cross-section;

c = 0.25 MPa, μ = 1.0 for rough cross-section;

φc = 0.65;

λ = 1.0 for general concrete.



	NZS 3101: 2006 [35]
	Vuh = φVn = φμ(Aνhfνhy + N)

where φ = 0.75;

μ is the friction coefficient;

μ = 1.4 for overall cast-in situ concrete;

μ = 1.0 for rough interfaces;

μ = 0.6 for smooth interfaces;

    V   n   ≤ 0.2   f   c   ’     A   c     and 8 Ac;

Fνhy ≤ 500 MPa.
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Table 3. Comparison of peak points of load–displacement curves based on the vertical multi-line element model.
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	Specimen
	Test Result
	OpenSEES Result
	Error





	W2
	429 kN
	399 kN
	6.9%



	W3
	412 kN
	379.82 kN
	7.8%



	W5
	240 kN
	210 kN
	12.5%



	W6
	239 kN
	202.1 kN
	15.4%
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Table 4. Comparison of peak points of load–displacement curves based on the bend–shear coupled fiber model.
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	Specimen
	Test Result
	OpenSEES Result
	Error





	W2
	429 kN
	406.96 kN
	5.1%



	W3
	412 kN
	371.81 kN
	9.7%



	W5
	240 kN
	226.29 kN
	5.7%



	W6
	239 kN
	203.53 kN
	14.8%
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Table 5. Comparison of peak points of load–displacement curves based on the micro-model.
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Specimen

	
Mesh Size

	
Test Result

	
OpenSEES Result

	
Error






	
W2

	
400 mm × 300 mm

	
429 kN

	
480.3 kN

	
11.9%




	
200 mm × 150 mm

	
429 kN

	
494.8 kN

	
15.3%




	
W3

	
400 mm × 300 mm

	
412 kN

	
413.5 kN

	
0.4%




	
200 mm × 150 mm

	
412 kN

	
398.2 kN

	
3.3%




	
W5

	
400 mm × 300 mm

	
240 kN

	
287.9 kN

	
20.0%




	
200 mm × 150 mm

	
240 kN

	
283.3 kN

	
18.1%




	
W6

	
400 mm × 300 mm

	
239 kN

	
251.5 kN

	
5.2%




	
200 mm × 150 mm

	
239 kN

	
232.4

	
2.7%.
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