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In the paper, an innovative shear wall, which is referred to as steel fiber reinforced concrete (SFRC) shear wall with concrete filled steel tube (CFST) columns, is introduced, based on the high bearing capacity and large stiffness of concrete filled steel tube column (CFSTC) and good cracking resistance and strong toughness of steel fiber reinforced concrete. The loading mechanism of steel fiber reinforced concrete shear wall (SFRCSW) with concrete filled steel tube columns is analyzed, and shear bearing capacity calculation method. A simplified model of the steel fiber reinforced concrete shear wall web softening tension bar is proposed, concrete and distributed web reinforcement to the shear bearing capacity of steel fiber reinforced concrete shear wall web is identified. Furthermore, a new algorithm to obtain the shear bearing capacity of steel fiber reinforced concrete shear wall with concrete filled steel tube columns is established, and then it is validated by using the test results of steel fiber reinforced concrete shear wall with concrete filled steel tube columns under low-cycle repeated loading. The results showed that all tested shear wall specimens exhibited obvious shear failure characteristics and a typical diagonal cracking pattern after test. The steel fibers obviously improved the crack forms of the steel fiber reinforced concrete shear wall web and the seismic behavior of steel fiber reinforced concrete shear wall with concrete filled steel tube columns. In addition, the proposed calculation method is scientific and accurate to analyze and predict the shear bearing capacity of low-rise steel fiber reinforced concrete shear wall with concrete filled steel tube columns.
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1 INTRODUCTION
Reinforced concrete (RC) shear wall is a common anti-lateral force component in high-rise building that has been widely used in high-frequent earthquake prone area. The observation from recent earthquake reconnaissance indicated that the main reason why the RC shear wall was seriously damaged and even collapsed was its inadequate ductility and energy dissipation (Coull and Puri, 1967; Brunesi et al., 2018; Brunesi et al., 2019; Demirel et al., 2023; Ju et al., 2023; Xu et al., 2023). There are many problems that need to be solved urgently in the existing ordinary reinforced concrete shear walls located in high-intensity earthquake areas. In the current design code, the axial compression ratio of RC shear walls at the bottom of high-rise buildings needs to be strictly limited to meet the ductility requirements and avoid brittle failure. Therefore, the designed wall web is often very thick, which not only reduces the useable area and space of building, but also increases the self-weight of structure and construction cost. On the other hand, the restrained edge members of ordinary RC shear walls must be equipped with a large number of stirrups to effectively restrain concrete and prevent longitudinal reinforcement from buckling under compression. But intensive reinforcement of RC shear wall not only increases construction cost, but also affects construction quality.
The research shows that there are two main reasons for the insufficient ductility and energy dissipation performance of ordinary RC shear walls. First, the longitudinal reinforcements in the restrained edge members of RC shear wall yield prematurely, which leads to rapid degradation of the flexural capacity of RC shear wall. Second, the shear bearing capacity of the wall degrades rapidly after the concrete at the bottom of RC shear wall is crushed and peeled off, which reduces the energy dissipation capacity of RC shear wall. In order to improve the ductility and energy dissipation performance of ordinary RC shear walls, some new improvement measures have been put forward one after another, such as improving the reinforcement ratio and increasing the numbers of wall reinforcement, shear wall with vertical joint, shear wall with horizontal joint, shear wall with concealed bracing and steel reinforced concrete shear wall. However, the improvement of ductility and energy dissipation capacity of RC shear walls cannot simply rely on increasing the distribution reinforcement ratio, which will increase the construction difficulty, the joints in the wall web easily weaken the shear wall section, the addition of concealed bracing in the wall web easily lead complexity of wall reinforcement mode. In particular, along with the widespread application of high strength concrete (HSC), the cross-section size of shear wall can be decreased, but the brittleness of reinforced high strength concrete (RHSC) shear wall increases inexorably. Correspondingly, the seismic behavior of RHSC shear wall needs to be improved to meet the higher requirement (Athanasopoulou, 2010; Beyer et al., 2011; Li et al., 2023a; Li et al., 2023b). Nowadays, the research work focuses on the following two aspects to get better seismic performance of RHSC shear wall.
Firstly, the structural form innovation is adopted to improve the seismic performance of RHSC shear wall. Among the above measures used, it is feasible to set concrete filled steel tube (CFST) columns on both sides of the RC shear wall to form RC shear wall with CFSTCs, which can give full play to the advantages of the performance of steel tube and concrete (Han et al., 2009; Wu et al., 2018; Todea et al., 2021; Li et al., 2022; Yin et al., 2022; Yang et al., 2023), and greatly improve the bearing capacity of the RC shear wall (Shirali, 2002; Vetr et al., 2016). The test and theoretical study show that the CFST column (CFSTC) can effectively restrain the middle RC wall web, improve the crack shape of RC wall web, and still bear part of the load after the RC wall web gradually degenerates, indicating that the existence of the CFSTCs can make the RC shear wall form a dual channel seismic defense line and have good seismic behavior. Therefore, RC shear wall with CFSTCs is becoming more and more popular around the engineering practice in recent years.
Secondly, the latest research results of scholars at home and abroad show that adding steel fiber into concrete can effectively improve the seismic performance of RC members, including the RHSC shear wall (Bekő et al., 2015; Peng et al., 2015; Li et al., 2016; Li et al., 2023c). The seismic behavior of steel fiber reinforced concrete (SFRC) shear walls subjected to reversed cyclic loading have been tested by several scholars (Zhou et al., 2018; Lou et al., 2021; Zadeh et al., 2021; Zhang et al., 2022). Just as anticipated, because the randomly distributed steel fibers can effectively improve anti-cracking property, tensile strength, shearing property, toughness, durability and seismic performance of matrix concrete, they can greatly improve the seismic performance of SFRCSW (SFRCSW), reduce the degree of reinforcement aggregation, and increase construction efficiency (Li et al., 2023d; Li et al., 2023e; Gu et al., 2023). With the increase of the volume ratio of steel fiber, the bearing capacity, ductility and energy dissipation capacity of SFRCSW increase.
In this paper, a new kind of double composite shear wall referred to as SFRCSW with CFSTCs is introduced, which includes SFRCSW web and CFST boundary elements. In this new composite shear wall, the addition of steel fiber is helpful to improve the fracture properties of HSC, and using a steel tube as confinement can significantly improve the ductility and compressive strength of core concrete. SFRC web can improve its ductility and energy dissipation capacities, CFST boundary elements can enhance its load bearing capacity and rigidity. This kind of composite shear wall can adequately make use of the advantages of SFRC shear web and CFSTCs. Up to now, the project team has made rich research achievements in the early experimental study on the new composite shear wall, but the research results on mechanical mechanism and calculating method for shear bearing capacity of SFRCSW with CFSTCs are relatively few since the mechanical mechanism of the new composite shear wall subjected to the combined action of bending, compression and shear is very complicated. Moreover, determining the respective roles of steel tubes and steel fibers in concrete poses a complex challenge. Additionally, the calculating methods for shear bearing capacity of SFRCSW proposed in the existing literature are almost universally half-empirical equation based on test results, and there is no scientific and reasonable theoretical model (Liu et al., 2022). And ultimately, the calculation results for shear bearing capacity of SFRCSW with CFSTCs are not accurate enough.
The simplified softened strut-and-tie model for calculating the shear bearing capacity of RC elements damaged by inclined compression bar was established by Hwang and Lee (1999), Hwang and Lee (2002), which derived from the concept of strut and tie of RC elements, introducing a softening coefficient of concrete. And the equations satisfying the equilibrium, coordination and constitutive relation of cracked reinforced concrete were put forward. The shear bearing capacity prediction of different types of RC concrete members has been calculated by used the SSTM, and the calculation accuracy has been verified by comparing calculated shear bearing capacity with test results reported in previous literatures (Cardenas et al., 1973; Su and Wong, 2007; Jalali and Dashti, 2010).
In this paper, the loading mechanism of SFRCSW with CFSTCs is analyzed, and the shear bearing capacity of the SFRCSW with CFSTCs can be calculated by the superposition of the shear capacity of the CFSTCs and the SFRCSW web. The simplified softened strut-and-tie model of SFRCSW web composed of diagonal strut, horizontal and vertical resistant members is proposed, in which the contributions of steel fiber, concrete and distributed web reinforcement to the shear bearing capacity of SFRCSW web is identified. The randomly distributed steel fibers in SFRCSW web can be equivalent to horizontal and vertical finely distributed steel bars in the shear bearing capacity analysis of SFRCSW web. Furthermore, a new algorithm to obtain the shear bearing capacity of SFRCSW with CFSTCs is established, and then it is validated by using the test results of 11 low-rise SFRCSW with CFSTCs under low-cycle repeated loading. The results show that the calculated values are in good agreement with the experimental values for the 11 low-rise shear walls, and the proposed algorithm can be used to calculate the shear bearing capacity of SFRCSW with CFSTCs.
2 LOADING MECHANISM OF SFRCSW WITH CFSTCS
The previous test research showed that all low-rise SFRCSW with CFSTCs specimens exhibited obvious shear failure characteristics and a typical diagonal cracking pattern after test (Hwang and Lee, 1999; Zhao and Astaneh-Asl, 2004; Yang et al., 2011). The shear force transmission process of shear wall specimens can be roughly divided into two stages. In the early loading stage, the bending moment acting on the SFRCSW with CFSTCs specimens was borne by the CFSTCs, the horizontal shear was borne by the SFRCSW web, and the axial force was shared by the CFSTCs and the SFRCSW web. In the middle and late loading stage, the concrete cracks continued to develop, the stiffness of SFRCSW web gradually decreased, and the shear force transferred from shear wall web to CFSTCs. Therefore, the shear bearing capacity of shear wall with CFSTCs specimen is composed of two parts: CFSTCs and SFRCSW web.
And the SFRCSW web under the action of compression, bending and shearing formed intersecting oblique pressure and tension flow along the diagonal direction, as represented in Figure 1 above. The oblique pressure was borne by wall web concrete, forming a diagonal compression bar mechanism. And the oblique tension was mainly borne by the horizontal tie rod composed of horizontally distributed reinforcements and randomly distributed steel fibers and the vertical tie rod composed of vertically distributed reinforcements and randomly distributed steel fibers. Thus, a strut and tie action of SFRCSW web had been produced.
[image: Figure 1]FIGURE 1 | Shear resisting mechanisms of SFRCSW web.
3 CALCULATION METHOD FOR SHEAR BEARING CAPACITY OF SFRCSW WITH CFSTCS
3.1 Shear bearing capacity of CFSTCs
The shear bearing capacity of the SFRCSW with CFSTCs Vj can be calculated by the superposition of the shear capacity of the CFSTCs and the SFRCSW web according to the above analysis, shown as Eq. (1):
[image: image]
where Vw is the shear bearing capacity of SFRCSW web; Vcol is the shear bearing capacity of CFSTCs.
The shear bearing capacity of CFSTCs Vcol can be defined as Peng et al. (2015) (Eq. 2):
[image: image]
where αv is the shear coefficient of CFSTCs, αv = 0.97 + 0.2In(ξ), ξ is the steel tube confinement factor, ξ = αafya/fc, fya is the steel yield strength, fc is the axial compressive strength of concrete, αa is the steel ratio of CFSTC, αa = Aa/Aco, Aa and Aco are the cross-sectional areas of steel tube and core concrete in pipe, respectively; Asc is the total cross-sectional area of CFSTC; τscy is the shear yield strength, τscy = (0.422 + 0.313αa2.33) ξ0.134 (1.14 + 1.02ξ) fc.
3.2 Shear bearing capacity of SFRCSW web
The preliminary test results indicate that the steel fibers have not changed the loading mechanism of the shear wall, the loading mechanism of SFRCSW is similar to that of RC shear wall. According to the stress characteristics of the SFRCSW web, the randomly distributed steel fibers in shear wall web can be equivalent to horizontal and vertical finely distributed steel bars based on the simplified softened strut and tie model. Thus, the simplified softened strut and tie model of SFRCSW is composed of diagonal resistance mechanism, horizontal resistance mechanism and vertical resistance mechanism, as shown in Figure 1 above.
The inclination of diagonal compression bar mechanism for SFRC θ can be determined by Eq. (3):
[image: image]
where H is the SFRCSW web height; l is internal force arm of vertical couple of SFRCSW web, l = 0.9h, h is the section height of SFRCSW web.
The cross-sectional area of the diagonal compression bar, Astr, can be defined as Eq. (4):
[image: image]
where αstr is the section height of diagonal compression bar; bstr is the section width of diagonal compression bar, which is consistent with the wall section width b.
The section height of diagonal compression bar αstr can be roughly defined as Eq. (5):
[image: image]
where N ′ is the axial compressive force borne by the SFRCSW web; fc' is the compressive strength of a standard concrete cylinder (MPa).
The axial compressive force borne by the SFRCSW web N′ can be determined by Eq. (6):
[image: image]
where N is the axial compressive force borne by the SFRCSW with CFSTCs specimen; Ec is the elastic modulus for SFRCSW web concrete; Ea is the elastic modulus of steel tube; Eco is the elastic modulus of core concrete.
In Figure 1B, one horizontal tie rod and two flat struts form the horizontal force mechanism. And the horizontal tie rod value Fh can be defined as Eq. (7):
[image: image]
where Fh is the horizontal tie rod value; Fs, h is the horizontally distributed reinforcement tie rod tension force value, many test results showed that the horizontally distributed reinforcements in the wall web did not fully yield when the shear wall specimen failed, so the effective coefficient, η1, is suggested in the background, thus Fs, h = η1×As, h×fs, h, η1 is the effective shear resistance coefficient of horizontally distributed reinforcement, which can be approximately designated as 0.75 according to the study in the literature (Jalali and Dashti, 2010); and As, h is the cross sectional area of horizontally distributed reinforcements tie rod, fs, h is the tension strength of horizontally distributed reinforcement; Fsf, h is the horizontally distributed steel fibers tie rod tension force value, Fsf, h = Asf, h×fsf, Asf, h is the cross sectional area of horizontally distributed steel fibers tie rod, fsf is the tension strength of horizontally distributed steel fiber.
In order to reduce the cost of computation, the randomly distributed steel fibers in the three dimensions of the SFRCSW web can be equivalent to horizontally and vertically finely distributed steel bars in the shear bearing capacity analysis of SFRCSW, as shown in Figure 2. So the cross sectional area of horizontally distributed steel fibers tie rod, Asf, h, can be determined by Eq. (8):
[image: image]
where Asf is the cross-sectional area of a single steel fiber; nsf is the number of equivalent horizontal steel fibers, which can be determined by Eq. (9):
[image: image]
where ρf is the volume ratio of steel fiber; η2 is the equivalent reduction coefficient, which can be approximately taken as 0.41 based on the analysis for the experimental results in the literature (Gonzales and López-Almansa, 2012).
[image: Figure 2]FIGURE 2 | Steel fiber ties.
The cross-sectional area of horizontally distributed steel fibers tie rod, Asf, h, can be calculated by Eq. (10):
[image: image]
In Figure 1C, one vertical tie rod and two steep struts form the vertical force mechanism. And the vertical tie rod value Fv and can be defined as the following Eq. (11):
[image: image]
where Fv is the vertical tie rod value; Fs, v is the vertically distributed reinforcement tie rod tension force value, many existing test results showed that the vertically distributed reinforcements in the wall web did not fully yield when the shear wall specimen failed, so the effective coefficient, η3, is suggested in the background, thus Fs, v = η3×As, v×fs, v, η3 is the effective shear resistance coefficient of vertically distributed reinforcement, which can be approximately designated as 0.80 according to the study in the literature (Jalali and Dashti, 2010); and As, v is the cross sectional area of vertically distributed reinforcements tie rod, fs, v is the tension strength of vertically distributed reinforcement; Fsf, v is the vertically distributed steel fibers tie rod tension force value, Fsf, v = Asf, v×fsf, Asf, v is the cross sectional area of vertically distributed steel fibers tie rod, and Asf, v = 0.41ρfbh/cosθ according to the above analysis, fsf is the tension strength of vertically distributed steel fiber.
The horizontal shear resistance capacity value of SFRCSW web Vw is distributed to the three resistance mechanisms in a certain proportion (Jalali and Dashti, 2010), shown as Eq. (12):
[image: image]
where D is the pressure value of SFRC diagonal compression bar; Rd, Rh, and Rv are the horizontal shear resistance capacity ratios borne by diagonal, horizontal and vertical resistance mechanisms, respectively, which can be calculated by Jalali and Dashti (2010)(Eq. 13):
[image: image]
where γh is the ratio of horizontal shear resistance capacity value borne by the horizontal tie rod when the vertical resistance mechanism does not participate in shear resistance capacity distribution; γv is the ratio of vertical shear resistance capacity value borne by the vertical tie rod when the horizontal resistance mechanism does not participate in shear resistance capacity distribution. The values of γh and γv can be calculated by Mullapudi et al. (2013) (Eq. 14):
[image: image]
The failure criterion of simplified strut and tie model for the SFRCSW web is that the resultant force of diagonal compression strut, flat compression strut and steep compression strut at the joint region reaches the concrete compression strength as shown in Figure 1. In order to judge whether the SFRCSW web was damaged, the resultant force at the joint region must be checked. The maximum compressive stress σd, max generated by the three compression struts at the joint region can be defined as Eq. (15):
[image: image]
The stress-strain relationship of the distributed reinforcement in the SFRCSW web can be expressed as Eq. (16):
[image: image]
where Es is the elastic modulus of the distributed reinforcements; fy and εy are the yield strength and yield strain of the distributed reinforcements respectively; fs and εs are the actual stress and actual strain of the distributed reinforcements respectively; the only caveat here is that when the above calculation Equation 16 is applied to the horizontally distributed reinforcements and the vertically distributed reinforcements respectively, fs is taken as fs, h or fs, v, Es is taken as Es, h or Es, v, εs is taken as εs, h or εs, v, and fy is taken as fy, h or fy, v.
The stress-strain relationship of the randomly distributed steel fibers in the three dimensions of the SFRCSW web can be described as Eq. (17):
[image: image]
where Esf and εsf are the elastic modulus and actual strain of the randomly distributed steel fibers in the three dimensions of the SFRCSW web, respectively.
The existing test results have indicated that most of the randomly distributed steel fibers in the wall web are pulled out from the matrix concrete rather than damaged as a result of their good mechanical properties. Therefore, the tension strength of the randomly distributed steel fibers in the wall web, fsf, generally depends on the bonding strength between steel fiber and matrix concrete. And the following functional Eq. (18) relationship needs to be satisfied :
[image: image]
where λsf is the effective coefficient of steel fiber type, and the values of λsf for long straight, wave-shaped, and hooked steel fibers are 0.5, 0.75, and 1.0, respectively; τsf, max is the maximum bonding strength between steel fiber and matrix concrete, and according to the existing research results in literature (Hidalgo et al., 2002), τsf, max can be considered equal to 2.5fct here, fct is the matrix tension strength of SFRC; Aspf is the surface area of steel fiber, Aspf = πdflsfo, df and lsfo are the equivalent diameter and the effective bounding length of steel fiber respectively, and lsfo = 0.25 lf, lf is the length of steel fiber.
Thus, the tension strength of the randomly distributed steel fibers in the wall web fsf can be described as the following according to the Eq. (19):
[image: image]
In summary, the relationship between tension force values and strains of tie rod can be expressed as Eqs (20–22):
[image: image]
[image: image]
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where εs,h and εsf,h are the strains of the horizontally distributed reinforcements and steel fibers, respectively; εs,v and εsf,v are the strains of the vertically distributed reinforcements and steel fibers, respectively; εh and εv are the average horizontal strain and the average vertical strain of the SFRC wall web, respectively; Fyh and Fyv are the yield force values of the horizontal and vertical tie rods, respectively.
The research shows that the wall web will only rely on the concrete diagonal compression bar to transmit pressure and bear the shear force when there are no horizontal and vertical reinforcements in the wall, as shown in Figure 3B. If the wall web is equipped with horizontally and vertically distributed reinforcement, the tie rod formed by the two together can support the generation of concrete secondary compression bar, causing more concrete to participate in compression, as shown in Figures 3C, D, thus improving the shear bearing capacity of the wall web. The randomly distributed steel fibers in the wall web can be equivalent to horizontal and vertical finely distributed steel bars, which can further increase the pressure transmission path and improve the shear bearing capacity of the wall web. The contribution of horizontal and vertical reinforcements to the shear value Vw can be reflected by the tension and compression bar index K, shown as Eq. (23).
[image: image]
where Cd is the diagonal compressive strength of shear wall web concrete.
[image: Figure 3]FIGURE 3 | Simplified strut and tie model of the SFRC wall web.
Considering the softening effect of concrete, the shear value Vw can be expressed as Eq. (24):
[image: image]
where ζ is the concrete softening coefficient.
The value ζ can be determined by the following (Quiroz et al., 2013) (Eq. 25):
[image: image]
where εr is the average principal tensile strain corresponding to the average principal tensile stress of steel fiber reinforced concrete in the r-direction σr.
According to the principle of strain coordination, the relationship between the critical strains can be expressed by the following (Hung and Lu, 2015) (Eq. 26):
[image: image]
where εd is the average principal compressive strain corresponding to the average principal compressive stress of steel fiber reinforced concrete in the d-direction σd.
And εh = 0.002, εv = 0.002 (Vecchio and Collins, 1993), εd = −0.001 (Hwang et al., 2000), it can be obtained that εr = 0.005.
Thus, the value ζ can be expressed by the following according to the Eq. 27:
[image: image]
3.2.1 Determination of the K value
The simplified softening tension rod model has three resistance mechanisms and four combinations, as shown in Figure 3. The value of K varies depending on the combination method used. In the case where no reinforcing bar is employed in the concrete wall, the tension rod index, Kd, can be determined by utilizing Equation 23. It can be obtained that the index of Kd, the tension rod at this time is shown as Eq. (28):
[image: image]
When considering only the horizontal distribution of reinforcement in the wall, as depicted in Figure 3C, the resistance mechanism of the wall combines both oblique and horizontal forces. If the pressure rod is broken and the horizontal tie rod can still maintain elasticity, the index of the elastic horizontal tie rod [image: image] is shown as Eq. (29):
[image: image]
The above equation can be simplified to Eq. (30):
[image: image]
The balance tensile value of the horizontal tie rod [image: image] is shown as Eq. (31):
[image: image]
When the horizontal tie rod reinforcement is insufficient, the tensile force provided by it will be less than [image: image], and the horizontal tie rod indicator Kh can be calculated by linear interpolation Eq. (32):
[image: image]
In this equation: Fyh should consider the role of steel fiber, and refer to the Equation 20 for calculation:
Similarly, as shown in Figure 3D, the elastic vertical tension bar index [image: image] is shown as Eq. (33):
[image: image]
The above equation can be simplified to Eq. (34):
[image: image]
The balance tensile value [image: image] of the vertical tie rod is shown as Eq. (35):
[image: image]
When the vertical tie rod reinforcement is insufficient, the vertical tie rod indicator Kv is shown as Eq. (36):
[image: image]
In this equation: Fyh should consider the role of steel fiber, and refer to the Equation 21 for calculation.
When both horizontal and vertical reinforcement bars are configured in the wall, and the pressure rod is broken, and the horizontal and vertical steel bars are not yielded, the index [image: image] of the elastic tension bar is shown as Eq. (37):
[image: image]
To simplify the calculation, it can be approximated [image: image] as Hwang and Lee (2002) (Eq. 38):
[image: image]
Similarly, when the pull rod reinforcement is insufficient, it can be approximated [image: image] as Eq. (39):
[image: image]
3.2.2 The solve steps
a)Use Eq. 3 to calculate inclination angle of the diagonal bar [image: image]; b)Use Eq. 4 to calculate the cross-sectional area of the diagonal bar [image: image]; c)Use Eq. 27 to calculate softening coefficient [image: image]; d)Use Eq. 14 to calculate [image: image], [image: image]; e)Use Eqs 30, 34 to calculate [image: image], [image: image]; f)Use Eqs 31, 35 to calculate [image: image], [image: image]; g)Use Eqs 20, 21 to calculate [image: image], [image: image]; h)Use Eqs 32, 36 to calculate [image: image], [image: image]; i)Use Eq. 39 to calculate [image: image]; j)Use Eq. 24 to calculate the shear bearing capacity of the wall [image: image].
4 TEST VERIFICATION
Table 3 lists the 10 shear wall specimens in this paper and 18 shear wall specimens in related literature (Xingrong et al., 1993; Liao, 2007; Liao et al., 2009; Zhao et al., 2009; Yang et al., 2011), It covers different frame types, geometric dimensions, axial compression ratios, steel pipe shapes, steel fiber volume ratios, concrete strength and reinforcement ratios, The conversion relationship of concrete strength index is calculated according to the literature (Xiaoyan et al., 2014).
The 10 shear wall test pieces designed in this paper, In the specimen number, “RC” represents reinforced concrete shear wall, and “CFST” represents steel tube concrete frame shear wall, the steel pipe section size is hf × hf = 120 × 120 mm, the wall thickness is t = 3 mm. The first number after it indicates the shear span ratio; The second number indicates the steel fiber volume ratio, the brackets following the second number indicate the height of the steel fiber admixture and H is the height of the wall; The third number indicates the concrete design strength grade. In the design strength of concrete, those starting with “C” represent ordinary concrete, while those starting with “CF” represent steel fiber reinforced concrete, 0.1 in parentheses at the end of the number indicates an axial compression ratio of 0.1, 5D stands for steel fiber type as 5D. The meaning of the symbol before the parentheses is the same as described above. There are no other specimens specifically indicated in parentheses at the end of the specimen number, indicating that the axial compression ratio is 0.2, the steel fiber type is 3D, and the loading method is cyclic loading. The type and physical and mechanical properties of steel fiber are shown in Table 1. The steel bars are all made of HRB400 grade, and the steel is made of Q235B. The measured mechanical properties of steel are shown in Table 2. Other design parameters of the shear wall specimen, such as size and reinforcement, are shown in Table 3.
TABLE 1 | Physical and mechanical properties of steel fibres.
[image: Table 1]TABLE 2 | Mechanical properties of reinforcement and steel.
[image: Table 2]TABLE 3 | Shear wall specimen basic information sheet.
[image: Table 3]After loading, the 10 shear wall specimens mainly showed shear failure (Hidalgo et al., 2002; Hung et al., 2017; Paulay et al., 2022), the crack distributions of them are shown in Figure 4. It can be seen from Figure 4 that the crack development pattern of the shear wall specimen is mainly shear oblique crack. First, one or two oblique cracks appear on the side of the wall under tensile force, which has an angle of about 45° to the horizontal direction, and develops diagonally downward along the diagonal of the wall. As the loading continues, several crossed diagonal downward cracks appear one after another, and the crack width continues to increase. By the late loading stage, most of the oblique cracks of the wall have developed to the root of the wall after they are fully developed, and at the same time, a group or groups of cross-diagonal diagonal cracks with a large width of X shape are gradually formed, and the wall is divided into multiple oblique pressure columns by the oblique cracks, resulting in a failure mechanism similar to the oblique pressure rod. After the shear wall specimen reaches the peak load, the horizontal steel bar basically yields, and the oblique compression column reaches its ultimate compressive strength under the repeated load of tension and compression and is crushed, resulting in the wall concrete constantly crushing and peeling, and the shear wall specimen quickly enters the failure state, and the failure shows the characteristics of brittle failure. Although the frame type (steel tube concrete and reinforced concrete), steel fiber volume ratio, steel fiber type, concrete strength and axial compression ratio and other experimental design parameters of the shear wall specimen are different, However, the specimens of reinforced steel fiber concrete shear wall, steel tube concrete frame, ordinary concrete shear wall and steel tube concrete frame steel fiber high-strength concrete shear wall can be divided into four failure stages in the whole loading process: initial crack, through crack, peak load and limit, The addition of steel pipe and steel fiber did not change the shear failure mode of the shear wall specimen, but only differed in the degree of bending failure of the frame column, the crack morphology of the wall concrete and the overall failure speed of the specimen (Xingrong et al., 1993; Liao et al., 2009; Zhao et al., 2009; Yang et al., 2011).
[image: Figure 4]FIGURE 4 | Comparison of concrete crack distribution in walls of low-shear wall specimens.
In Figure 5, the shear wall specimen RC-1.0-00-C60 and CFST-1.0-00-C60, the shear wall specimen RC-1.0-10(H)-CF60 and CFST-1.0-10(H)-CF60, the results of the comparative test of the two groups of specimens were all indicate as following. Due to the strong shear resistance of the steel pipe concrete frame, the shear failure surface of the steel pipe concrete frame shear wall is limited to the middle wall, and develops along the diagonal direction of the wall, and finally the wall concrete oblique compression column gradually reaches its ultimate compressive strength and breaks and peels. The steel pipe frame columns on both sides of the back are gradually destroyed under the action of bending and shearing, resulting in the failure of the specimen, and the final failure is that there are more cracks in the wall and a wide distribution area; however, after the diagonal crack of the reinforced concrete shear wall appears, a shear failure surface that penetrates the entire shear wall obliquely is quickly formed, and finally the shear wall slips along the shear failure surface under horizontal load and rapidly fails. The above analysis fully illustrates the strengthening and restraining effect of steel pipe on intermediate wall concrete (Liao, 2007).
[image: Figure 5]FIGURE 5 | The first behavior is the shear wall crack pattern at peak load; the second behavior is the shear wall crack pattern at the end of the test.
Figure 5 also shows that after the incorporation of steel fibers, the development pattern of oblique cracks of concrete walls with or without steel fibers is basically the same. However, due to the reinforcement of steel fiber, with the increase of steel fiber volume rate, the cracks of the shear wall gradually become thinner and denser during peak load. For example, CFST-1.0-00-C60 specimens with steel tubular concrete frame shear wall without steel fiber have a maximum crack width of 2.0 mm at peak load, while steel tube concrete frame shear wall specimens with steel fiber volume ratios of 0.5%, 1.0% and 1.5% CFST-1.0-05(H)-CF60, CFST-1.0-10(H)-CF60 and CFST-1.0-15(H)- The maximum crack width of the CF60 at peak loading is only 1.6 mm, 1.2 mm, and 1.0 mm, respectively; the maximum crack width of RC-1.0-00-C60 RC-1.0-00-C60 without steel fiber reached 2.4 mm under peak load, while the maximum crack width of RC-1.0-10(H)-CF60 with steel fiber volume ratio of 1.0% was only 1.6 mm at peak load. Steel fibers significantly improved the distribution morphology of cracks (The presence of steel fiber reduces the crack spacing and maximum crack width of the wall; when there is no steel fiber, the average spacing of wall cracks is large, the maximum crack width is large, and the wall cracks show the characteristics of few and wide distributions. With the increase of the volume rate of steel fiber, the average spacing and maximum crack width of wall cracks continue to decrease, and wall cracks show fine and dense distribution characteristics. Therefore, the steel fiber can continue to transfer stress across the crack, and its existence can significantly improve the crack morphology.). It limits the width of the main crack, alleviates the crushing and spalling of concrete, and reduces the degree of damage of the shear wall.
Figure 5 also shows that after the incorporation of steel fibers, the development pattern of oblique cracks of concrete walls with or without steel fibers is basically the same. However, due to the reinforcement of steel fiber, with the increase of steel fiber volume rate, the cracks of the shear wall gradually become thinner and denser during peak load. For example, CFST-1.0-00-C60 specimens with steel tubular concrete frame shear wall without steel fiber have a maximum crack width of 2.0 mm at peak load, while steel tube concrete frame shear wall specimens with steel fiber volume ratios of 0.5%, 1.0% and 1.5% CFST-1.0-05(H)-CF60, CFST-1.0-10(H)-CF60 and CFST-1.0-15(H). The maximum crack width of the CF60 at peak loading is only 1.6 mm, 1.2 mm, and 1.0 mm, respectively; the maximum crack width of RC-1.0-00-C60, RC-1.0-00-C60 without steel fiber reached 2.4 mm under peak load, while the maximum crack width of RC-1.0-10(H)-CF60 with steel fiber volume ratio of 1.0% was only 1.6 mm at peak load. Steel fibers significantly improved the distribution morphology of cracks (The presence of steel fiber reduces the crack spacing and maximum crack width of the wall; when there is no steel fiber, the average spacing of wall cracks is large, the maximum crack width is large, and the wall cracks show the characteristics of few and wide distributions. With the increase of the volume rate of steel fiber, the average spacing and maximum crack width of wall cracks continue to decrease, and wall cracks show fine and dense distribution characteristics. Therefore, the steel fiber can continue to transfer stress across the crack, and its existence can significantly improve the crack morphology.). It limits the width of the main crack, alleviates the crushing and spalling of concrete, and reduces the degree of damage of the shear wall.
The Eqs 2, 24 are substituted into the Eq. 1 to obtain the calculation equation of the shear bearing capacity of the shear wall:
[image: image]
According to Eq. 40, the shear bearing capacity of the 28 shear wall specimens in Table 3 was calculated, and the comparison results between the calculated value and the test value are shown in Table 4. The average value of the test value of the shear bearing capacity of the 28 shear wall specimens and the calculated value of Eq. 40 was 1.038, the mean square deviation was 0.144, and the coefficient of variation was 0.139, and the calculated results were in good agreement with the test values.
TABLE 4 | Comparison of calculated and test results for shear bearing capacity of shear wall specimens.
[image: Table 4]5 CONCLUSION
In this paper, a new type of SFRCSW with CFSTC is proposed. The shear wall combines the advantages of steel tube concrete column and reinforced steel fiber high-strength concrete shear wall, which effectively improves the seismic performance of the shear wall such as bearing capacity, ductility and energy dissipation. The following conclusions can be drawn:
(1) The failure mode of low-rise SFRCSW with CFSTC is shear failure. The cracks in of the concrete wall are mainly typical oblique cracks, steel fiber can effectively limit the crack width of the wall concrete, improve the crack morphology, with the increase of the volume rate of steel fiber, the cracks of the shear wall are significantly thinned and dense, the crack distribution area is significantly increased, and the amount of crushing and spalling of the concrete wall is significantly reduced.
(2) The calculation model of the shear bearing capacity of SFRCSW with CFSTC can be calculated by using the superposition of the shear bearing capacity of CFSTC and the shear bearing capacity of SFRCSW. The shear mechanism of the wall plays the comprehensive role of the oblique compression rod-truss mechanism. The randomly distributed steel fibers in concrete can be compared to the reinforcement provided by horizontally and vertically distributed steel bars. To analyze the shear bearing capacity of Steel Fiber Reinforced Concrete with Steel Wires (SFRCSW), a calculation model is developed based on the simplified softening tension rod model. Based on this, the calculation method of shear bearing capacity of SFRCSW with CFSTC was established.
(3) Using the test results of 28 existing shear wall specimens under repeated low cycle repeated loading, the new algorithm based on the simplified softening tension rod model is verified to obtain the shear bearing capacity of low-rise SFRCSW with CFSTC, and the results show that the proposed calculation method is scientific and accurate, and the shear bearing capacity of low-rise SFRCSW with CFSTC under shear failure can be analyzed and predicted.
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(CEST-10-10(H)- CF60 s 55 750 120x510 | 120x30 02 266100 36917 1226 36917 o 10
CEST-10-15(H)- CF60 65 560 750 120x510 | 120%30 02 266100 36917 1226 36917 o 15
CEST-10-10(1)- CF40 83 1 750 120x510 | 120x30 02 266100 36917 1226 36917 o 10
(CRST-10-10(H)-CF80 656 6 750 120x510 | 120%30 02 466100 36917 120 36917 o 10
CIST-1L0-1000)-CRe00) | 552 554 750 120x510 | 120x30 o1 266100 36917 1226 36017 o 10
CRST-10-10(H)-CFOO(SD) | 556 558 750 120x510 | 120%30 02 266100 36917 1226 36917 o 10
SWLO2 Yangetal, (2011) | 348 348 70 Hoxae0 | 159x37 | 035 66120 310 1680 0 = =
CRSTSS$1 Liso, (2007) | 329 29 920 s5x860 | 12030 | 031 6@120 397 @120 397 e o
CRSTSS2Liao, (2007) | 329 29 920 sx860 | 120x30 | 08 66120 397 6120 97 - .
CRST-S-L1 Liso, Q007) | 329 29 20 | ssx120 | 20x30 | 031 @120 397 w120 397 = =
CRSTSL2Liso, (007) | 329 29 20 | ssx10 | 10x30 | 06 66120 397 66120 37 = -
CRSTCS1 Liso, 2007) | 329 29 920 Sx860 | 10x20 | 029 ss@120 397 %6120 7 = s
CRSTCS2Liao, 2007) | 329 29 920 s5x860 | 140x20 | 058 66120 397 66120 397 - -
CRSTCLL Liso, 007) | 329 29 20 | ssx120 | d0x20 | 029 6@120 397 0120 397 - -
CRSTCL2Liso,(2007) | 329 29 20 | ssx120 | M0x20 | 058 66120 397 66120 37 = =
SW-05-40 Zhao et al 22 - %0 | 200x%0 - o1 ss@1s0 310 o4 75 57 05
(009)
SW10-40 Zhoo et o, 238 = 900 200x900 - o1 ssa150 310 b4 735 57 10
@u09)
SWI5-40 Zhao et . 51 - 0 | 200x90 - o1 ss@1s0 310 o4 75 57 15
(009)
SW20.40 Zhao etal, 29 = 00 | 200x900 - s@150 310 oo s 57 20

(2009)
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