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Abstract

:

In this paper, the influence of design parameters on the strength of steel–concrete composite shear walls is investigated by means of finite element (FE) simulations. The shear wall typology studied in this paper consists of multiple composite plate shear wall-concrete encased on one or both sides of the plates. The FE models include contact technology to capture debonding between concrete and steel, tensile cracking in concrete, and large deflection theory involving local instabilities. Some design parameters considered in this work are the height-to-width ratio of the steel plates and their thickness, number of steel plates, the cross-section of the columns, and the height-to-width ratio of the shear wall. Furthermore, a sensitivity analysis of the normalised shear strength per unit cost of structure for these design parameters is also studied. Our numerical predictions are validated successfully with experimental data reported in the literature, revealing the predictive capabilities of the model. The present results provide further insight into the structural behavior of steel–concrete composite shear walls and pave the way for the future development of more efficient and innovative steel–concrete composite systems.
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1. Introduction


In recent years, steel–concrete composite shear walls have been widely used in the construction of high-rise buildings, such as the Wuhan Centre Tower in China and Abeno Harukas in Japan, among others [1,2,3,4]. The steel–concrete composite shear wall system has favourable features, for instance, high bearing capacity, superior in-plane stiffness and strength, and a large level of ductility and energy dissipation. For these reasons, this structural system is of special interest for countries located in very active earthquake-prone areas. The steel–concrete composite shear wall consists of two CFST columns, a full-size steel plate connecting the columns, and shear stud anchors placed on both sides of the steel plate. The shear studs connect the lateral concrete volumes and the steel plates, allowing the system to act as a single element. Over the last few years, several experimental studies have been conducted to investigate the structural behavior of steel–concrete composite shear walls with CFST boundary columns. Guo et al. [5] studied the cyclic behavior of steel plate shear wall and composite steel plate shear wall systems. A new kind of connection between steel plates and reinforced concrete walls was proposed. Wang et al. [6] presented a CFST frame sandwich-insulation composite wall structure and investigated the seismic behavior of four full-size specimens under low-cyclic loading. An equivalent compression strut model was used to calculate the bearing capacity of the proposed structures. Later, Wang et al. [7] performed experimental tests on steel–concrete composite shear walls with CFST columns and steel plates. Huang et al. [8] used rectangular and T-shaped CFST boundary columns with an additional CFST column in the middle of the shear walls and steel plates on both sides of the wall connected by tie bars. Zhang et al. [9] studied the cyclic behavior of composite shear walls and used steel fibres to repair them. Wang et al. [10] studied the seismic behavior of steel–concrete composite shear walls. Nie et al. [11] carried out an experimental study on reinforced concrete filled composite plate shear walls. Lu et al. [12] performed an experimental study on the seismic performance of steel fibre reinforced high strength concrete composite shear walls with different steel fibre volume fractions. Ren et al. [13] investigated the seismic behavior of composite shear walls incorporating concrete-filled steel and FRP tubes as boundary elements. Dong et al. [14] proposed CFST columns as boundary elements with multiple steel plates and an I-shape steel central column. Qiao et al. [15] analysed shear walls with CFST boundary columns with a CFST central column and multiple steel plates. The behavior of other types of CFST columns was also investigated recently [16]. Yudong et al. [17] studied a semi-rigid connection steel frame with steel plate shear walls. Ghafar et al. [18] carried out experimental and numerical studies on the cyclic behavior of an innovative infill web-strips steel plate shear wall with rigid beam-to-column connections. Majlesi et al. [19] studied the semi-rigid connection of perforated steel plate shear walls with laterally braced steel frame. Xiong et al. [20] evaluated composite shear walls filled with demolished concrete lumps and self-compacting concrete after fire. Zhang et al. [21] investigated the seismic behavior of squat steel-reinforced concrete shear walls with high axial load ratio.



Regarding numerical studies of steel–concrete composite shear walls with steel boundary columns, few studies have been reported. Rahnavard et al. [22] performed a numerical study to investigate the reversed cyclic behavior on composite steel plate shear walls to evaluate the effects of different parameters on the performance of this system under cyclic loading. The computational model was compared with a steel shear wall without concrete, and several parameters were studied. Epackach et al. [23] investigated numerically the monotonic response of steel plate concrete composite shear wall piers. Rassouli et al. [24] evaluated the effect of light-weight concrete on the cyclic performance of composite steel plate shear walls. They concluded that the shear capacity of the specimen with light-weight concrete was approximately similar to the specimen with normal-weight one. Qi et al. [25] studied the stud anchor shear force demand in traditional composite steel plate shear walls using FE analysis. They incorporated an effective simulation of the boundary frame as well as reasonable interaction behaviors of elements and validated in comparison with available tests. More recently, Wang et al. [7] tested six innovative shear critical composite shear walls without tie bars to study the shear compression failure and ductility. Kisa et al. [26] studied a series of composite shear walls with different configurations with L-shaped cold-formed steel sheets.



Some advantages of using the steel–concrete composite shear walls with multiple steel plates and CFST columns are:




	(a)

	
Less steel is required when compared to systems with similar shear force demand, reducing the cost of the steel;




	(b)

	
Time savings in the construction process mainly because the welding process of additional shear stud anchors on the sides of the plate is not considered;




	(c)

	
Easier installation process with little amount of mechanical resources when multiple and smaller steel plates are defined;




	(d)

	
A reduction of the total weight of structure by reducing the size of the structural elements, foundations and excavation;




	(e)

	
Favourable architectural plan definition due to the increasing floor areas associated with a reduction of the cross-section of the composite shear wall.









The above literature review shows that, despite the increasing interest in steel–concrete composite shear walls, its structural behavior is still an open subject which still requires further investigation. In view of the existing gap in the understanding of this type of structural system, the main objective of the present paper is to investigate the influence of design parameters on the strength of steel–concrete composite shear walls by means of FE simulations. This study is based on the experimental studies carried out by Qiao et al. [15]. Contact technology is adopted to capture the contact interaction between concrete and steel. Furthermore, cracking is included in the constitutive modelling of concrete. Large deflection theory is also adopted in the modelling process. The parameters investigated are the height-to-width ratio of the steel plates and their thickness, the number of plates, the cross-section of the columns, and the height-to-width ratio of the shear wall.




2. Selected Experimental Case


The particular structural system investigated in this paper is taken from Qiao et al. [15]. This type of structure is classified as a composite plate shear wall-concrete encased (C-PSW/CE) in accordance with the ANSI/AISC 341-16 [27] nomenclature. C-PSW/CE includes steel plates and reinforced concrete encasement on one or both sides of the plate. Due to its relevance for the structural engineering community and the limited studies conducted in this context [28], the configuration investigated in Ref. [15] has been adopted as a reference or baseline for the present study. Furthermore, the choice of Qiao et al.’s work is also motivated by the complete experimental information available in this paper, particularly on the mechanical properties of the materials and the structural response of the system when subjected to loading and unloading cycles.



2.1. General Dimensions


In accordance with Qiao et al. [15], the specimen investigated herein consists of a one-fifth scale model. The dimensions and geometry details are shown in Figure 1. The dimensions of the steel–concrete composite shear wall are 960 mm high and 740 mm wide. The cross-section of the CFST column is 140 mm × 140 mm, with a thickness of 4 mm and a total height of 1810 mm. Both ends of each column are fixed at the top of the loading beam and at the bottom of the foundation to ensure appropriate anchorage. The concrete wall thickness is 140 mm. Six infilled 160 mm × 160 mm × 4 mm steel plates are welded to the steel columns and placed uniformly in a 2 × 3 array as shown in Figure 1. The vertical distance between consecutive plates is 120 mm. The dimensions of the loading beam and foundation are 350 mm × 300 mm × 950 mm, and 426 mm × 550 mm × 1540 mm, respectively.




2.2. Material Properties


The following material properties were obtained from Qiao et al. [15] and according to the Chinese code [29]. The steel column has a strength grade of Q345, and the strength of the multiple steel plates is Q235. Table 1 shows the mechanical properties obtained from coupon tests of these two steel grades. Here,   f y   is the yield strength,   f u   is the ultimate strength, and   E s   is the Young’s modulus of the steel.



The stress–strain curve of the steel is shown in Figure 2. The tangent modulus   E ′   is assumed to be   1 %   of the initial Young’s modulus [30]. In this figure,   ϵ y   is the yield strain, and   ϵ u   is the strain at the ultimate strength.



The strength grade of the concrete used in this work is C45 according to the Chinese code [31]. The CFST columns, shear walls, foundation, and loading beam were cast with the same concrete. The cylinder compressive strength of concrete,   f c ′  , can be calculated with the following expression [15]:


   f c ′  =  ( 0.66 + 0.002  f  c u  150  )   f  c u  150  ≥ 0.7  f  c u  150  ,  



(1)




where   f  c u  150   is the compressive strength obtained from 150 mm cubic samples. Therefore, for a nominal cubic compressive strength    f  c u  150  = 45.3  MPA   , the value of   f c ′   is   34.4  MPA   . Regarding the Young’s modulus of concrete (  E c  ), it can be determined according to ACI 318-14 [32] with the following expression:


   E c  = 4700   f c ′    .  



(2)







In order to define the concrete compressive stress–strain relationship, the modified Hognestad model [33] is used as shown in Figure 3.





3. Finite Element Modeling


The computational modelling of the C-PSW/CE with CFST columns is carried out using the commercial FE software ANSYS [34]. In order to create the geometry of the multiple steel plates and the columns, 3D 4-node SHELL181 elements were used. To model the concrete contained inside the columns and in the shear wall, 3D 8-node SOLID65 elements were adopted. To define the interaction between concrete and steel, a surface-to-surface contact element was used. The target surface was modelled with 3D TARGE170 elements, and the contact surface was modelled with 3D 8-node CONTA174 elements. That is, contact elements were placed between the steel columns and concrete infill, between steel columns and concrete wall, and between multiple steel plates and concrete wall. A typical finite element mesh is shown in Figure 4. The numerical model contains a total of 17,511 nodes, with 1496 SHELL181 elements, and 15,015 SOLID65 elements.



The constitutive response of steel was modelled with a conventional von Mises elasto-plasticity framework, with isotropic hardening. The constitutive response of concrete was modelled with an elasto-plastic behavior in compression and an elastic perfectly brittle behavior in tension. A failure surface was adopted from the Willam and Warnke model [35]. Here, cracking capabilities in tension were included in the formulation. However, crushing in compression was excluded from the modelling process given the high compressive strength of concrete when compared with its tensile strength. A uniaxial cracking stress of   3.5   MPa was assumed. The present concrete model assumes that, after cracks form, both normal and shear stiffness components are reduced. To model the loss of shear transfer in a cracked surface, a shear transfer coefficient is introduced. Typical shear transfer coefficients vary from 0.0 to 1.0, with 0.0 representing a smooth crack or complete loss of shear transfer, and 1.0 representing a rough crack or no loss of shear transfer [36]. In this work, shear transfer coefficients of 0.2 and 0.7 were chosen for open and closed cracks, respectively. These values proved to be suitable for a reasonable description of the material when subjected to loading and unloading scenarios.



Displacements were restrained at the bottom face of the foundation along the three global directions. A vertical distributed load and lateral displacements were applied to the loading beam. As a first step, a vertical load of   681.4   kN was uniformly distributed on top of the loading beam. Then, a monotonically increasing lateral displacement was applied to the left side of the loading beam as shown in Figure 4.



Large displacement theory was activated through all of the FE analyses. The Newton–Raphson iterative procedure was adopted during the solution of the nonlinear problem. The line search algorithm was selected to accelerate convergence. As the horizontal displacements were applied gradually in time, the static analysis option was chosen for an incremental solution with a time step size of   0.01  . Each computational simulation was carried out until extensive crack formation was detected in concrete, preventing the model to achieve convergence. This state was associated with the maximum shear strength of the structure, prior to display softening in the overall load–deflection curve.



Furthermore, cyclic loads were also applied to the structure in order to investigate the hysteretic response in accordance with the loading programme shown in Figure 5. Here, the cyclic loads were increased gradually up to reaching a maximum drift ratio of   2 %  . That is, a maximum displacement of   2 %   of the height   H t   shown in Figure 6.




4. Parametric Analysis


In this research, the variations of five design parameters were investigated in order to study their influences on the shear strength of the composite wall system. These parameters were the thickness t of the embedded steel plates, their height-to-width ratio   h / w  , the number of plates n, the width a of columns, and the height-to-width ratio   H / W   of the shear wall. Refer to Figure 6 for details on the geometric parameters studied here.



The choice of such parameters was based on their relevances in the design of a shear wall system. The values of these parameters varied within typical ranges found in structures of this type.



Twenty-four steel–concrete composite shear wall configurations were analysed. The design parameters studied are shown in Table 2. The steel plate thickness t varied from 2 mm to 6 mm. The variation of the height-to-width ratio   h / w   was carried out in two ways. First,   h / w   was changed from 0.8 to 1.2, keeping the value of w constant while varying h. Then,   h / w   was modified again, but keeping h constant while changing w. The number of embedded plates varied in pairs, from 2 to 10. The cross-section of columns was changed by modifying their width a between 120 mm and 160 mm. The height-to-width ratio of the shear wall,   H / W  , varied between 1 and 1.6. In addition, the structural configurations associated with those general dimensions detailed in Section 2.1 were considered to be the base reference configurations.




5. Numerical Results


5.1. Validation


In order to validate the present FE modelling strategy, our numerical results are compared with the experimental data reported by Qiao et al. [15] for the corresponding base configurations subjected to cyclic loading. Similar behaviors are found between the experimental tests and the numerical simulations. Table 3 shows the comparison between the main experimental data and our FE predictions. For the present validation, four stages are compared, corresponding to the initial cracking, the first yield point (i.e., the first point where the slope changes significantly), the second yield point (i.e., the second important change of the slope) and the maximum strength of the system.



The corresponding table shows a good agreement between the numerical simulations and the experimental results, particularly for the first three stages, that is, initial cracking, first and second yield points. It is noted that, up to the second yield point, both numerical and experimental curves coincide perfectly. This demonstrates the predictive capabilities of the present model. Nevertheless, the maximum shear strength is not reached by the FE model, given the high number of loading cycles, which is associated with significant and extensive fracturing of concrete.



In addition, the experimental crack pattern shown in Figure 7a is also compared with those cracks predicted by the FE model shown in Figure 7b, revealing a close matching. The main cracked regions are located between adjacent CFST columns, on the lower base next to the concrete foundation and on the top right corner between concrete and the steel column, as shown in red ellipses in the corresponding images. It must be noted that these cracks are produced by contact sliding between concrete and steel as shown in Figure 7c. Here, the model predicts the maximum sliding distance.




5.2. Effect of the Steel Plate Thickness


Figure 8 shows the variations of the overall shear wall strength for different plate thicknesses. Here, the x-axis depicts the plate thickness t for each configuration. The y-axis is the strength S of the composite shear wall. The five cases analysed here correspond to the CSW-1, CSW-2, CSW-3, CSW-4, and CSW-Base configurations, according to Table 2. For the specimens with thickness ranging from   2  mm    to   6  mm   , the strength increased from 425 kN to 710 kN, approximately. More specifically, the strengths for the configurations CSW-2, CSW-Base, CSW-3 and CSW-4 were 1.26, 1.3, 1.42, and 1.67 times the strength of configuration CSW-1, respectively. That is to say, by tripling the thickness of the multiple steel plates, the strength of the shear wall system increases by 67%.




5.3. Effect of the Height-to-Width Ratio of Steel Plates


The influence of different height-to-width ratios,   h / w  , on the shear wall strength S is shown in Figure 9. The   h / w   ratio ranged from   0.8   to   1.2  . As mentioned earlier, a first analysis consisted of changing   h / w  , keeping the value of w constant while varying h. Then, a second analysis consisted of varying   h / w  , keeping h constant and changing w. The cases analysed were the configurations CSW-5, CSW-6, CSW-7 and CSW-8 for a constant value of   w = 160    mm   , and the configurations CSW-9, CSW-10, CSW-11 and CSW-12 for   h = 160    mm   . The base configuration (  h / w = 1  ) was also included in this analysis. As expected, both trends were similar. When   h / w   increased from   0.8   to   1.2   with w being constant, an increase of 39% of the strength was observed with respect to the strength of configuration CSW-5. When h was kept constant, the strength increased by 26.3% approximately.




5.4. Effect of the Number of Embedded Steel Plates


Figure 10 shows the influence of the number of steel plates on the shear wall strength. Here, the x-axis represents the number of plates present in the FE model, while the y-axis is the strength S of the composite shear wall. All cases maintain the total weight of steel plates constant. The five cases analysed here are the CSW-13, CSW-14, CSW-15, CSW-16 and CSW-Base configurations, according to Table 2. The strengths of the specimens with   n = 2   and   n = 4   plates computed numerically were   3.6 %   and   1.8 %   lower than the strength of the base configuration, respectively. On the other hand, by increasing the number of plates from   n = 6   (CSW-base configuration) to   n = 8  , the strength increases from 555 kN to 566 kN. By increasing further the number of plates, up to   n = 10   plates, the strength of the composite shear wall system decreases to 538 kN approximately. At this point, the behavior of the steel plates tends to be influenced by the effect of local buckling, reducing the shear capacity.




5.5. Effect of the Width of the CFST Columns


Figure 11 shows the strengths of the composite shear wall system for different CFST columns width. In this analysis, the specimens are identified as the CSW-17, CSW-18, CSW-19, CSW-20 and CSW-Base configurations, where a represents the column width. In all cases, the column depth b is held constant. The resulting strengths obtained from the numerical models do not change significantly when the column width ranges from 120 mm to 140 mm (CSW-Base). Here, the strength varies from 530 kN to 554 kN, that is, a   4.3 %   increase. However, more significant increments are observed in the strength of the composite shear wall for column widths greater than 140 mm. For example, for a column width of 160 mm, the strength of the system increases up to 647 kN, representing a   17 %   increase with respect to the base configuration.




5.6. Effect of the Height-to-Width Ratio   H / W   of the Shear Wall


Figure 12 shows the strengths for different height-to-width ratios,   H / W  , of the shear wall. Here, the x-axis represents the height-to-width ratio   H / W  , ranging from   1.0   to   1.6  , while the y-axis is the strength of the composite shear wall. The five cases analysed here are the CSW-21, CSW-22, CSW-23, CSW-24 and CSW-Base configurations, according to Table 2. The CSW-Base configuration corresponds to the ratio of   1.3  . For the specimens with height-to-width ratio ranging from   1.0   to   1.15  , the strength decreased from 595 kN to 558 kN approximately. The strength of the system remains nearly constant for the specimens with height-to-width ratio ranging from   1.15   to   1.3  . For the specimens with the height-to-width ratio ranging from   1.3   to   1.6  , the strength decreased from 558 kN to 478 kN approximately. More specifically, the strength of the shear wall system decreases by almost 20% when the height-to-width ratio ranges from   1.0   to   1.6  .




5.7. Costs and Normalised Strengths


As the previous analyses show, the strengths for different configurations, which may be associated with different weights of steel and volumes of concrete leading to different costs, are normalised. Thus, Table 4 shows the total weight of steel structure   w s  , the total volume of concrete   v c  , the total cost of structure C, the strength S, and the corresponding normalised strength per unit cost   S / C  , for each configuration. Here, the cost C was calculated for prices of 1 and 121 USD, for 1   kg f   of steel and 1   m 3   of concrete, respectively. It is noted that these unit prices are reference values in the Chilean construction context and may vary from country to country. Nevertheless, the choice of other unit prices will lead to similar conclusions given the small changes observed in the concrete volumes found in Table 4. From the list of values, it can be observed that the configuration CSW-4 shows the maximum normalised strength. That is, for a plate thickness   t = 6   mm, the total cost of such a configuration is estimated as 170.47 USD, and the strength reached is 709.3 kN, resulting in a normalised strength of 4.16   kN / USD  . In contrast, CSW-1 shows the minimum normalised strength among all of the configurations, with a value of 2.57   kN / USD   when the plate thickness is   t = 2   mm. Another relevant configuration is the CSW-21, which shows the minimum cost among all of the configurations, with a value of 154.04 USD, and the second highest normalised strength equal to 3.85   kN / USD  .



Figure 13 shows the normalised strengths for the costs of individual configurations. The different curves represent the variations of individual design parameters. From this graph, it is observed that the curves associated with steeper slopes show that those parameters which have a greater influence on the normalised strength. A quick inspection of these curves shows that the normalised shear strength is more sensitive to the changes in the number of steel plates than in any other parameter. That is to say, the shear strength S increases much faster than the total cost C when increasing this parameter. On the contrary, the normalised strength is barely influenced by the changes in the width of the CFST columns, particularly for those widths a between 120 mm and 140 mm. This is attributed to the fact that the increment rates of the cost C and the shear strength S are very similar within this range of width values. For greater widths, the strength S increases slightly faster than the cost C, resulting in a steeper slope as shown in Figure 13.





6. Conclusions


In this paper, C-PSW/CE structures with CFST columns were investigated by means of FE simulations. Twenty-five C-PSW/CE configurations were analysed and the influences of several design parameters on their maximum shear strengths were investigated. In general, each parameter showed its own particular behavior and its influence on the structural strength. Such influence was quantified by means of several numerical simulations. The main conclusions obtained from the present research work are summarised as follows:




	
As the plate thickness increased from 2 mm to 6 mm, the shear wall strength increased from 425 kN to 710 kN. That is, by tripling the thickness of the plates, the strength of the shear wall system increased by 67%;



	
By increasing the   h / w   ratio from 0.8 to 1.2, the shear wall strength increased from 445 kN to 620 kN when w was kept constant, and from 475 kN to 600 kN when h was kept constant. These values represent the increases in the shear wall strength of 39% and 26.3%, respectively.



	
As the number of plates increased from 2 to 8, the overall strength increased nearly linearly from 535 kN to 566 kN approximately, that is, a 5.6% increase. However, the strength decreased abruptly up to 538 kN when 10 plates were considered. This reduction was attributed to the effect of local buckling in the plates.



	
The shear wall strength increased nearly quadratically from 530 kN to 647 kN, approximately, when the column width varied from 120 mm to 160 mm, that is, a 21.7% increase.



	
The shear wall strength decreased from 590 kN to 480 kN approximately, when the height-to-width ratio   H / W   of the wall increased from 1 to 1.6. This represents a 18.6% reduction.



	
The normalised shear strength per unit cost of structure is more sensitive to the changes in the number of steel plates than in any other parameter studied in this paper. It was the most influencing parameter on the normalised shear strength of the composite wall system among all of the parameters studied here.



	
The normalised strength is barely influenced by the changes in the width of the CFST columns. It corresponded to the least influencing parameter on the normalised shear strength among all of the parameters investigated in this paper.
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Figure 1. General dimensions of the shear wall structure investigated in this work, adapted from Qiao et al. [15]. 
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Figure 2. Idealised stress–strain curve for the steel. 
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Figure 3. Modified Hognestad model for concrete [33]. 
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Figure 4. Typical FE mesh of the shear wall system. Grey, cyan, and purple colours represent concrete, and steel of columns and plates, respectively. Note that, for the sake of clarity, only half of the geometry has been shown here. 
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Figure 5. Cyclic loading protocol for the numerical model. 
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Figure 6. Geometric parameters investigated in this paper. 
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Figure 7. (a) Crack pattern observed experimentally in the structure [15], (b) cracks predicted numerically, and (c) contact sliding distance. 
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Figure 8. Shear wall strength S for different values of plate thickness t. 
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Figure 9. Shear wall strength S for different   h / w   ratios. 
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Figure 10. Shear wall strength S for different numbers of steel plates, n. 
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Figure 11. Shear wall strength S for different CFST column widths, a. 
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Figure 12. Shear wall strength S for different   H / W   ratios. 
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Figure 13. Normalised strengths for the different costs of configurations. The colour of each curve is associated with the variation of a design parameter as shown in the legend. 
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Table 1. Mechanical properties of steel structural components.
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	Component
	Dimensions (mm)
	     f y   ( MPa )     
	     f u   ( MPa )     
	     E s   ( GPa )     





	Columns
	   140 × 140 × 4   
	375
	508
	205



	Plates
	   160 × 160 × 4   
	270
	401
	206
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Table 2. Design parameters of individual configurations.
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	Configuration
	h (mm)
	w (mm)
	t (mm)
	n (-)
	    h / w    
	a (mm)
	    H / W    





	CSW-1
	160
	160
	2
	6
	1
	140
	1.3



	CSW-2
	160
	160
	3
	6
	1
	140
	1.3



	CSW-3
	160
	160
	5
	6
	1
	140
	1.3



	CSW-4
	160
	160
	6
	6
	1
	140
	1.3



	CSW-5
	128
	160
	4
	6
	0.8
	140
	1.3



	CSW-6
	144
	160
	4
	6
	0.9
	140
	1.3



	CSW-7
	176
	160
	4
	6
	1.1
	140
	1.3



	CSW-8
	192
	160
	4
	6
	1.2
	140
	1.3



	CSW-9
	160
	200
	4
	6
	0.8
	140
	1.3



	CSW-10
	160
	   177.8   
	4
	6
	0.9
	140
	1.3



	CSW-11
	160
	   145.4   
	4
	6
	1.1
	140
	1.3



	CSW-12
	160
	   133.3   
	4
	6
	1.2
	140
	1.3



	CSW-13
	160
	160
	4
	2
	1
	140
	1.3



	CSW-14
	160
	160
	4
	4
	1
	140
	1.3



	CSW-15
	160
	160
	4
	8
	1
	140
	1.3



	CSW-16
	160
	160
	4
	10
	1
	140
	1.3



	CSW-17
	160
	160
	4
	6
	1
	120
	1.3



	CSW-18
	160
	160
	4
	6
	1
	130
	1.3



	CSW-19
	160
	160
	4
	6
	1
	150
	1.3



	CSW-20
	160
	160
	4
	6
	1
	160
	1.3



	CSW-21
	160
	160
	4
	6
	1
	140
	1



	CSW-22
	160
	160
	4
	6
	1
	140
	1.15



	CSW-23
	160
	160
	4
	6
	1
	140
	1.45



	CSW-24
	160
	160
	4
	6
	1
	140
	1.6



	CSW-Base
	160
	160
	4
	6
	1
	140
	1.3
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Table 3. Experimental data [15] and FE predictions.
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Initial Cracking

	
First Yield

	
Second Yield

	
Maximum Strength






	

	
   F c   (kN)

	
   θ c   (rad)

	
   F  y 1    (kN)

	
   θ  y 1    (rad)

	
   F  y 2    (kN)

	
   θ  y 2    (rad)

	
   F m   (kN)

	
   θ m   (rad)




	
EXP.

	
125

	
0.002

	
280

	
0.003

	
409

	
0.008

	
489

	
0.02




	
FEM

	
114.5

	
0.0012

	
280

	
0.0032

	
391

	
0.006

	
-

	
-
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Table 4. Costs and normalised strengths.
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	Configuration
	   w s    (kg    f   )
	   v c    (m    3   )
	C (USD)
	S (kN)
	     S C           kN USD      





	CSW-1
	97.89
	0.56
	165.65
	425.4
	2.57



	CSW-2
	99.10
	0.56
	166.86
	536.1
	3.21



	CSW-3
	101.51
	0.56
	169.27
	605.2
	3.57



	CSW-4
	102.71
	0.56
	170.47
	709.3
	4.16



	CSW-5
	99.34
	0.56
	167.10
	447.4
	2.68



	CSW-6
	99.82
	0.56
	167.58
	511.4
	3.05



	CSW-7
	100.79
	0.56
	168.55
	588.3
	3.49



	CSW-8
	101.27
	0.56
	169.03
	622.3
	3.68



	CSW-9
	101.51
	0.58
	171.69
	476.2
	2.77



	CSW-10
	100.82
	0.57
	169.79
	531.5
	3.13



	CSW-11
	99.86
	0.55
	166.41
	579.8
	3.48



	CSW-12
	99.50
	0.54
	164.84
	600.5
	3.64



	CSW-13
	100.30
	0.56
	168.06
	534.8
	3.18



	CSW-14
	100.30
	0.56
	168.06
	545.4
	3.24



	CSW-15
	100.30
	0.56
	168.06
	566.3
	3.37



	CSW-16
	100.30
	0.56
	168.06
	538.1
	3.20



	CSW-17
	93.48
	0.54
	158.82
	529.7
	3.33



	CSW-18
	96.89
	0.55
	163.44
	538.4
	3.29



	CSW-19
	103.74
	0.57
	172.71
	601.8
	3.48



	CSW-20
	107.12
	0.58
	177.30
	646.8
	3.65



	CSW-21
	88.70
	0.54
	154.04
	594.1
	3.85



	CSW-22
	94.50
	0.56
	162.26
	558.4
	3.44



	CSW-23
	106.30
	0.58
	176.48
	506.8
	2.87



	CSW-24
	112.12
	0.59
	183.51
	478.1
	2.60



	CSW-Base
	100.3
	0.56
	168.06
	554.9
	3.30
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