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Abstract

:

Shear walls are important vertical and lateral bearing element in structures. While shear walls with openings are fragile due to stress concentration and the quasi-brittle behavior of concrete in tension. Therefore, additional strengthening rebars are required for the shear walls with openings. However, it aggravates the problem of dense reinforcement which increases the steel cage manufacturing and concrete compaction problem and still lacks countermeasures against concrete damage and cracking. To reduce the rebar demand and improve the damage tolerance of squat reinforced concrete (RC) shear walls with openings, an optimized steel-fiber-reinforced concrete (SFRC) was adopted to understand the seismic performance by cyclical loading test. The tested specimens included a plain RC shear wall without strengthening bar around the opening (for comparison), an SFRC shear wall, and an SFRC shear wall with a reduced distributed steel bar. This paper mainly studies the effect of using SFRC to improve the seismic performance of the open shear wall and to replace the reinforcement around the opening and the shear reinforcement. The hysteresis curves, skeleton curves, stiffness degradation, bearing capacity degradation and energy dissipation of the specimens were analyzed. The results show that the failure can be delayed and relieved, the deformation capacity and energy dissipation can considerably improve, and rebars can be partially replaced by using SFRC.
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1. Introduction


Reinforced concrete (RC) shear walls are widely used in mid- and high-rise structures owing to their excellent horizontal and vertical resistance. Shear walls located in the core area of the structure generally suffer from the combined action of large axial and shear forces. The openings demand-induced stress concentration may cause brittle shear damages, augmenting the risk of failure of the walls and hindering their retrofit after an earthquake [1], or directly leaded to the failure of the entire structure [2,3].



Passed studies have experimentally found the influence of the opening on the seismic performance of shear walls [4,5,6,7,8]. The presence of openings reduced the displacement capacity and changes the damage pattern of the walls [9,10,11,12,13], and the squat shear walls with opening are mainly damaged as crack extension at opening corner and shear damage of the wall. Specifications such as ACI 318-08 [14], GB50010-2010 [15] and NZS 3101 [16] specify the strengthening requirement for the steel bars around the openings in the shear walls. According to China’s GB50010-2010 regulations, reinforcement bars should not be less than 50% of the cut steel, which often increases the difficulties of steel cage manufacturing and concrete compacting. Huang’s research suggested that connecting transverse reinforcement should be set to enhance effective transmission around openings beyond structural reinforcement specified by code requirements [17]. The requirements of transverse reinforcement with strong openings are also put forward in codes. However, dense reinforcement requirements greatly increase the difficulty of construction, and at present, there still lacks corresponding prevention and control measures for the damage and cracking of concrete.



The utilization of high-performance steel-fiber-reinforced concrete (SFRC) materials are characterized by their high fluidity, strength, durability, and remarkable strain hardening properties that allow the design strength of components to be maintained even under considerable deformation [18]. Compared to ordinary concrete, SFRC has significantly higher crack resistance due to the bridging effect of steel fibers which can prevent microcrack development and restrain damage propagation and accumulation under alternating loads. Current studies indicate that applying SFRC restrains initial shear cracking and damage. Liao et al.’s research [19,20] indicates that high-fluidity self-compacting steel-fiber-reinforced concrete can completely replace the horizontal reinforcement of beam-column joints. Therefore, researchers have utilized SFRC structural members for cracking prevention and strengthening purposes as well as in shear walls to improve their strength and ductility [21,22,23,24].



Zhao et al. [24] demonstrated significant improvements in crack resistance, ductility, and energy dissipation capacity when adding steel fibers to reinforced concrete shear walls. Lu et al. [22] and Zhang et al. [23] developed a new composite shear wall using steel-fiber-reinforced high-strength concrete (SFRHSC), and experimentally verified the seismic improving effect for the SFRC shear walls by cyclic loading test under different axial compression load. Carrillo et al.’s studies [25] showed that SFRC enhances seismic performance and substitutes lateral reinforcement in shear walls. Boita et al. [21] studied the possibility of replacing traditional reinforcing bars with SFRC in shear walls. Additionally, a shaking table study conducted by Carrillo et al. [25] on six low-rise shear walls reinforced with steel fibers demonstrated their effect on seismic performance and ability to replace transverse reinforcement.



Because of the quasi-brittle behavior of concrete in tension, shear walls with openings located in the core area of the lower stories of mid- and high-rise structures still face the great challenge of preventing stress concentration and shear failure. As demonstrated, the addition of steel fibers experimentally showed more effective in the shear wall specimens with openings than the solid specimens [9]. The seismic simulation study on the squat shear walls with opening provided evidence on the damage prevention effect [26]. As a result, the application of SFRC provided possibility to enhance the damage tolerance for the squat RC shear walls with openings.



To understand the seismic improving and the steel bar substitution effect, it is necessary to make clear the seismic behavior of the squat SFRC shear wall with window-opening. In this study, the optimized fly-ash SFRC was adopted to reach good compacting effect for the shear walls with openings. Three specimens, including a plain concrete shear wall for comparison, an SFRC shear wall, and an SFRC shear wall with a reduced ratio of distributed rebars, were tested under an axial compression ratio of 0.2 and increasing cyclic lateral loads. For these specimens, additional reinforcement bars were not placed around the opening as specified in the code to test the reinforcement effect of the SFRC, and crack development, seismic performance, and replacement of distributed reinforcement bars were studied.




2. Experimental Program


Shear walls with openings located in the core area, particularly those at lower stories, support large vertical loads. Figure 1 shows a frame-shear wall structure, as demonstrated, there are outer columns and core shear walls with openings. This is a kind of popular applied structural form for commercial and residential use. The shear wall with window opening at the lower part is selected as the research target. The loading beam is set to apply the vertical load and cyclical horizontal load. Under earthquake action, shear walls are easily damaged by the combined action of shear and compression, as Figure 1 shows, at the corner of the opening and the vertical bearing block. The top beam and bottom beam are also critical for shear and vertical load. The failure of these walls due to shear damage is generally brittle compared with flexural failure. Thus, maintaining the toughness of the shear walls with openings located in the core area is critical in mitigating the collapse of mid- and high-rise buildings during seismic events. As demonstrated by real seismic disasters and experiments, shearing cracks generally occur at the corners of the openings due to strain concentration.



Consequently, shear wall design codes, such as ACI318-08 and GB50010-2010, require reinforcing bars around wall openings. To determine their strengthening effect, these reinforcing bars were omitted in this study. Three shear wall specimens, including one made of traditional plain concrete, another made of the proposed SFSC, and a third made of SFSC but with a 30% reduction in distributed rebars, were designed and tested under cyclic loading.



2.1. Materials


2.1.1. SFSC and Plain Concrete


The concrete was designed with a strength of 60 MPa (C60 type) to match the strength demand imposed on structural elements under large axial compression. To obtain improved workability and flowability, the composite and mixing ratio of the SFSC were designed referring to the material optimization study [19]. The raw material composition included P.II 2.5 silicate cement, the fly ash in Class II with a mean particle size of around 0.4–100 μm, and end-hooked steel fibers with a tensile strength of 1275 MPa, length of 35 mm, equivalent diameter of 0.75 mm, length-to-diameter ratio of 47, and volume rate of 1.5%. Although shear walls with a 2.0% fiber volume fraction show significant improvement in their energy dissipation capacity, as shown in the literature [10], fluidity and compactness are major problems when mixing SFRC. Several studies have found that fiber clumping occurs for fiber volume fractions beyond 2.0% [22,23]. Pictures of the steel fibers, main ingredient, and SFSC mixture are shown in Figure 2. Correspondingly, the plain concrete without steel fibers was also prepared to cast the plain concrete shear wall. The compositions of the self-compacting SFRC and the plain concrete are listed in Table 1.



The flow properties and workability were tested via a slump test using a 30 cm-high inverted cone. The falling slump was 22.0 cm, and the slump diameter was 44 cm, indicating good fluidity and workability. According to the Technical specification for concrete pumping construction (JGJ T10-2011) of China [27], the falling slum for a 200 m-high structure is 19~22 cm, and the slum spread is 45~59 cm for a 400 m-high structure. Therefore, the workability and flowability of the manufactured composite in this study is excellent, which meet the needs of ordinary pumping concrete for 200 m-high structures.



To obtain the mechanical properties of the SFSC, dog-bone, cube (150 × 150 × 150 mm3), and prism specimens (100 × 100 × 300 mm3) were prepared and tested. Three standard cube specimens with dimensions of 150 × 150 × 150 mm were reserved when the wall concrete was cast. The workability was tested via the slump degree and slump flow tests. The SFSC stress–strain curves obtained from the prism specimens are shown in Figure 3; the cube compressive strengths fcu obtained from the cube tests are listed in Table 2.



As can be seen in Table 2, the average cubic, prism, and tensile strengths of the SFSC were 61.35, 54.12, and 2.01 MPa, respectively.




2.1.2. Steel Material Properties


Three steel bar specimens were tested for each rebar diameter used. The average tensile strength, modulus of elasticity, yield strength, ultimate strength, and elongation obtained during the tests are listed in Table 3.





2.2. Shear Wall Specimen Design


The specimens were designed at a 1:2 scale and according to the Concrete Structures Design Code (GB50010-2010) [15] and Buildings Seismic Design Code (GB50011-2019) [28]. Table 4 shows the description of the three shear wall specimens. Three shear wall specimens were cast, one with plain concrete and two with SFSC; the distributed vertical and horizontal rebars in one of the SFSC walls were the same as those in the plain concrete specimen, whereas in the other they were reduced by 30%. The steel reinforcement and specimen configuration are shown in Figure 4. The three shear walls were tested under the same loading sequence to analyze the effects of using SFSC on the seismic performance and failure mode of the walls, as well as the possibility that or degree to which the quantity of distributed rebars could be reduced due to the use of SFSC. Each specimen included top and bottom beams, which were designed as rigid parts to transfer the load and fix the specimen to the ground. The bottom concrete was also fabricated with C60 concrete before the shear wall, leaving a raw surface to ensure good contact. The shear walls and top beams were cast simultaneously to guarantee excellent integration.




2.3. Test Setup and Loading Sequence


The specimens were subjected to a constant vertical load and an increasing cyclic horizontal load. The bottom beam of the specimen was fixed, while a loading actuator was connected to the top beam. The loading device was a multi-function loading system (Bonneville JAW-3000) with vertical and horizontal loading capacities of 3000 and 2000 kN, respectively. The maximum travel of the horizontal actuator was 100 mm. One end of the horizontal actuator was fixed to the reaction wall, whereas the other acted on the top beam of the specimen through an L-shaped distribution beam; the vertical load was also applied to the loading beam by a vertical actuator.



A vertical compression load of 1200 kN was applied to each specimen and kept constant during the entire test. The horizontal loading sequence is illustrated in Figure 5. Before the formal start of each test, 40% of the vertical pressure was repeatedly applied two or three times to eliminate the uneven gap between the loading frame and the specimen. Similarly, the horizontal cyclic load was partially applied twice to confirm the proper functioning of the measurement system. This preload did not exceed 40% of the estimated crack load. The horizontal load was applied in displacement-controlled cycles, with an initial displacement of 2 mm. Before the specimen yielded, the displacement was incremented in 1 mm steps, applying each target displacement for one cycle. After the specimen yielded, the displacement increment step was 2 mm, and each cycle was repeated three times to determine the accumulated damage. After the lateral load dropped to 85% of its maximum value, each loading level was applied for one cycle until the test terminated. The loading or unloading speed was the same during the entire test to maintain a continuous and uniform loading sequence.



A schematic of the experimental setup is shown in Figure 6. As Figure 6 shows, the testing data were collected using sensors and a data-acquisition system. The force and displacement of the horizontal actuator were measured using its own inner collection system. Other measurements included the horizontal displacement at different heights, the relative vertical deformation, and the diagonal relative deformation of the wall. These displacements or deformations were measured using linear variable differential transformers (LVDTs) and collected by the data-acquisition system. Moreover, to monitor the strain variation during the entire loading procedure, digital image correlation (DIC) technology was employed in this experiment. To focus on the cracking and crushing procedure at the corner of the opening and the wall branch, the speckles were set on a lower corner of each specimen, as shown in Figure 6. Additionally, the test view is also shown in Figure 7. The DIC speckles were set on the back side of the specimen, as demonstrated in Figure 7.





3. Test Results


3.1. Damage and Crack Propagation


The three shear walls were designed for the shear deformation type, which was also demonstrated in the experiment. From the start of loading until cracking, all specimens were in an elastic working condition, and their load-displacement curves were linear. As the loading advanced, oblique cracks appeared at the corners of the window openings and horizontal cracks developed on both edges of the walls before and after yielding, with the steel-fiber-reinforced specimens clearly exhibiting the development of multiple cracks. After the load reached its peak, the crack propagation behaved as expansion instead of new crack generation. Simultaneously, the lateral strength gradually decreased corresponding with the concrete crushing. By the end of the loading sequence, the concrete diagonal cracks had intersected, the transverse reinforcement had been deboned, and the longitudinal reinforcement had yielded. The damaged front view and damage view at the upper corner of the specimens at as lateral displacement of 18 mm (corresponding to a lateral drift angle of 1/105) are shown in Figure 8.



3.1.1. Improvement of SFSC


During the testing procedure, it can be observed that the crack propagation including the width and spacing of cracks of the SFSC specimen (SWOF-W) were significantly lower than the plain concrete specimen under the same load level, which is also demonstrated in Figure 9. Using DIC technology, it can be found that, at the stage in which the lateral drift was 4 mm (drift angle is 1/475), many cracks appeared on the plain concrete specimen, while only tiny cracks appeared on the specimen made of SFSC, as Figure 9a,d show. In this experiment, the vertical crack first appeared on the lower beam below the window opening, which was caused by the high vertical load. When the lateral drift was 8 mm (drift angle is 1/238), the crack under the window opening expanded, the horizontal cracks extended, the oblique cracks generated and increased and concentrated at the vertical bearing block of the wall for SWO-W. Comparatively, cracks under the window opening also appeared on specimen SWOF-W, which were much tiny than those found in the plain concrete specimen; a horizontal crack also appeared on SWOF-W, but no oblique cracks were observed. When the lateral drift reached 16 mm (drift angle is 1/119), the crack under the opening further expanded, the maximum width was over 1.6 mm, the maximum width of horizontal crack was around 0.6 mm, the oblique crack growth increased, and the cracks were concentrated at the corner of the opening; additionally, a main oblique crack formed across the former oblique crack with a maximum width of around 0.8 mm; similarly, there were horizontal cracks at the lower part near the edge of the wall, which was induced by bending; there was also a crack under the opening and oblique crack at the vertical bearing block, but they were much smaller compared with those in the plain concrete shear wall. When the lateral drift was 18 mm, for the plain concrete specimen, the concrete on the right side of the window opening was completely damaged with the corner concrete crushed, the longitudinal reinforcement at the bottom of the vertical bearing corner was exposed, and the bearing capacity significantly decreased, as Figure 8b shows. In contrast, the SFSC shear walls reached the ultimate stage when the lateral drift was about 20 mm, their integrity was intact, the crack expansion was relatively slow, and the concrete was not spalled. Since there was no strengthening rebar around the opening, the damage pattern of the plain concrete specimen showed a significant oblique crack at the corner, as well as the concrete stripping from the rebar cage at the side of the opening. In comparison, the damage for the SFSC specimen was much lower. If more strengthening measures are taken around the corner, the reinforcing result may be better than the tested case.



As the test results demonstrated, the tension crack on the lower beam below the window opening can be reduced for the SFSC shear wall; the horizontal tension cracks at the vertical bearing block appeared at about 4 mm for the plain concrete specimen, while that appeared at about 8 mm for the SFSC specimen; additionally, the oblique crack at the vertical bearing block was significantly smaller with the cooperation of steel fiber.



Figure 10 demonstrates the ultimate damage state of the SFSC specimen (SFOW-W). Figure 10a shows the shear and compression damage at the upper corner of the shear wall. Figure 10b shows the tension-shear damage at the upper corner of the window. Figure 10c shows the shear damage on the upper corner block of the wall. As observed, the steel fiber embedded in the shear wall crisscrosses the cracks, which prevents the propagation of the cracks and keeps the shear wall intact during the deformation procedure. Therefore, the main role of the SFSC can be divided into the (a) compression constraint effect, (b) tension retardant effect, and (c) shear dowel effect. The reinforcing mechanics are shown in Figure 11.




3.1.2. Substitution of Distribution Reinforcement by SFSC


The crack distributions are also detected via DIC technology at the lower corner near the loading end, as Figure 6 and Figure 7 show. The recognized cracking propagation by DIC is demonstrated at a lateral displacement of 4 mm, 8 mm, and 16 mm, corresponding to a lateral drift angle of 1/475, 1/238, and 1/119.



Compared with the plain concrete wall specimen, the distribution-reinforcement-reduced SFSC shear wall did not significantly weaken. From Figure 9a,g, it can be found that cracks at the lower beam below the opening initially appeared, which were tiny compared to those found in the plain concrete wall, and the edge horizontal cracks were fewer and smaller than those of the plain concrete one. When the lateral drift increased to 8 mm, there were more horizontal cracks and the oblique crack appeared at the vertical bearing block of the SFSC wall (SWOF-W (@200)), but the horizontal cracks were much less and tiny compared with the plain concrete specimen and no oblique cracks appeared at the end of the horizontal cracks compared with those of the plain concrete wall. At the stage of lateral drift reaching 16 mm, the cracks of SFSC with reduced reinforcement further increased and widened; there were two main oblique cracks on the vertical bearing block, but the maximum crack was within about 0.6 mm, while that of the plain concrete specimen was 1.6 mm below the opening; the maximum oblique crack was also around 1.0 mm. As observed and compared, even with reduced distribution reinforcement, the SFSC shear wall still performed with an improved crack prevention effect for oblique and horizontal crack propagation. A large distribution space induced more oblique cracks on the vertical bearing block, while SFSC prevented the crack from further concentrated propagation, which generally resulted in brittle failure prevention.





3.2. Hysteretic Behavior


3.2.1. Hysteresis Curves


To understand the seismic behavior of the shear wall specimens, the hysteretic load-displacement curves, which are shown in Figure 12, were analyzed. The lateral load at the top of the specimen was measured using the inner system of the horizontal actuator. The lateral displacement Δ was obtained as the relative displacement between the base of the specimen, and the load centroid was measured by the LVDTs.



As Figure 12 shows, the loading curves of each specimen in the positive and negative directions are straight before yielding. After yielding, the stiffness of the walls gradually degraded, and the hysteresis loop gradually formed a bow. After it reached its maximum lateral bearing value, the lateral bearing force of the plain concrete specimen degraded and rapidly lost its bearing capacity, while those of the SFSC specimens gradually decreased to the ultimate stage.



The area enclosed by a hysteresis loop represents the dissipated seismic energy of the specimen. The variation in the area enclosed by each hysteresis loop with the displacement for the three specimens during the loading process is shown in Figure 13. It can be seen that the energy dissipation capacity of the two specimens with steel fibers was better than that of the ordinary reinforced concrete specimen at all stages of the loading process. As shown, when the displacement reaches 8 mm (lateral drift angle of 1/238), the energy dissipation capacity of the SWOF-W specimen is 7.12% higher than that of the SWO-W, the difference between the energy dissipation capacities of the SWOF-W and SWOF-W (@200) specimens being less than 1%. When the displacement reaches 12 mm (lateral drift angle of 1/158), the energy dissipation of the SWOF-W specimen increases by 12.00% compared with that of the SWO-W specimen, and the energy dissipation of SWOF-W (@200) is almost the same as that of SWOF-W at this stage. When the displacement reaches 22 mm (displacement ratio of 1/86), the energy dissipation of the SWOF-W is 14.24% higher than that of SWOF-W (@200), whereas the SWO-W wall has already failed. During the whole loading process, the energy dissipation capacities of both specimens with steel fibers were better than that of the ordinary concrete specimen, indicating that the addition of steel fibers effectively improved the seismic energy dissipation capacity of the shear walls with openings. The energy dissipation capacities of the SFSC and plain concrete shear walls were similar during the early loading stage, but they significantly increased in the late loading stage. The SFSC shear walls showed improved energy dissipation capacity and the shear wall with reduced reinforcement still possessed much better energy dissipation capacity compared with the plain concrete shear wall. The reinforcing effect of SFSC was still better than that provided by the 30% reinforcement in the ordinary concrete shear wall. The results reflect that the reinforcing effect of SFSC can be used to reduce the distribution reinforcement to resist the shear force.




3.2.2. Skeleton Curves


The specimen skeleton curves are shown in Figure 14. The characteristic points are marked in the figure and summarized in Table 5. According to these results, the shear wall specimens show elastic characteristics in the initial loading stage, with the stiffness of the SWOF-W and SWOF-W (@200) walls before yielding being slightly greater than that of the SWO-W wall.



Compared with the peak bearing capacity of SWO-W, those of SWOF-W and SWOF-W (@200) were 12.9% and 13.8% higher, respectively. After the specimens reached the peak bearing capacity, the ordinary concrete shear wall SWO-W exhibited a sharp decrease in the bearing capacity, while the SFSC shear walls SWOF-W and SWOF-W (@200) experienced a ductile failure mode after a flat load drop. Even after reducing the reinforcement, the post-peak horizontal bearing capacity of the SWOF-W (@200) shear wall decreased slightly and provided better ductility.



Compared with a shear wall with an aspect ratio of approximately 2.0, the deformation capacity of the shear walls tested in this study was low [10,11], which was because the failure was mainly caused by shear damage. This shear damage was significant at the corner of the opening for both the plain concrete wall and SFSC wall, and the vertical bearing block for the plain concrete wall, as Figure 9 shows.




3.2.3. Load-Bearing Capacity Degradation


The load-bearing capacity degradation is the decrease that structural members exhibit under repeated loading cycles with the same displacement amplitude. The bearing capacity degradation of a wall is of great significance to its force and seismic performance, and the rate of bearing capacity degradation or decay determines its ability to resist the load. The Chinese JGJ/T 101-2015 building seismic test procedure standard [23] specifies the bearing capacity degradation coefficient λi obtained from each cycle, and the same loading amplitude can be used to examine the bearing capacity reduction performance of the specimen, as follows:


   λ i  =  V j i  /  V j   i − 1     



(1)




where   V j i   denotes the ith cyclic peak load during jth level of loading, and   V j  i − 1    denotes the i – 1th cyclic peak load during jth level of loading.



This study calculated the bearing capacity degradation coefficient of the specimens for all displacement levels using the third cycle relative to the first cycle, as shown in Figure 15.



Figure 15 shows that the bearing capacity degradation coefficient of SFSC shear walls is generally higher than that of plain concrete shear walls. Specifically, at the late stage of loading, the plain concrete specimen experiences rapid strength degradation due to irreversible damage to its concrete and steel bars, resulting in a loss of the shear-bearing capacity. In contrast, SFSC elements exhibit a relatively smooth and slow decrease in bearing capacity, consistent with their behavior observed in the skeleton curve. Therefore, SFSC also prevents rapid degradation of the bearing capacity during cyclic loading.




3.2.4. Residual Deformation


The residual deformation of the shear wall is an important index for assessing the magnitude of the self-replacement capability of shear wall members during loading. The residual deformation is defined as the deformation of the structural member when it is unloaded to zero. To demonstrate the residual deformation of the walls influenced by the SFSC, the residual lateral drift and drift angle of the three shear wall members under each loading condition level were calculated, and the results are shown in Figure 16, as well as the residual deformation limits at each performance level specified in the code.



As demonstrated, the residual deformation angle of the SFRC wall (SWOF-W) is significantly less than that of the plain concrete wall (SWO-W). The residual deformation of the reduced reinforcement SFRC wall (SWOF-W (@200)) is between those of the above two specimens. With an increase in the displacement angle, the residual deformation angle of the SFRC walls increased but lower than that of the plain concrete wall (SWO-W). When the lateral displacement increased at about 16 mm, the plain concrete wall was ultimate damaged, while the specimens SWOF-W and SWOF-W (@200) still maintained lateral bearing capacity. In these three specimens, the SFRC wall (SWOF-W) performed best with lowest residual displacement, and SWOF-W (@200) with reduced reinforcement had restricted residual displacement particularly before yielding stage.



FEMA P58-1 identifies four damage states (DS1) associated with residual drift. These damage states range from the onset of damage to nonstructural components to near-collapse of the structure. Damage State 1 (DS1) represents that no structural realignment is necessary for structural stability; Damage State 2 (DS2) represents that realignment of the structural frame and related structural repairs required to maintain permissible drift limits for nonstructural and mechanical components and to limit the degradation of the structural stability (i.e., collapse safety); Damage State 3 (DS3) represents that major structural realignment is required to restore the margin of safety for lateral stability. As specified, the limit residual drift ratio of DS1 is 0.2%, and the limit residual drift of DS2 is 0.5%.



As is shown in Figure 16, when reaching DS2, the residual lateral drift angles of SWO-W, SWOF-W, and SWOF-W (@200) are 0.8166%, 1.017%, and 0.8029%, respectively. SWOF-W (@200) reaches DS3 (the limit residual drift ratio is 0.5%) when the lateral drift angle is 1.3084% (1/76), while the maximum residual displacement of SWOF-W and SWO-W is about 0.3% and 0.25%.



In terms of the controlling effect of residual deformation, it can be obtained that the residual limit specified in code for low-aspect-ratio shear walls with openings under a high axial load is over-estimated; the residual displacement of failure state is around 0.25% to 0.3% in this case; SFSC significantly prevents the residual displacement from rapid growing compared to the plain concrete wall; even when reducing the amount of distribution reinforcement by 30%, the specimen made of SFSC still performed better than the plain concrete wall.





3.3. Bending and Shear Displacement


The lateral deformation of the shear walls is generally caused by shear deformation, bending deformation, and horizontal slip, which can be expressed by Equation (2).


   U t  =  U s  +  U f  +  U  s l    



(2)




where Ut is the total lateral horizontal deformation, Us is the horizontal deformation of the shear wall due to shear, Uf is the horizontal deformation of the shear wall due to bending, and Usl is the horizontal deformation of the shear wall due to slipping.



The displacement was measured by deformation meters as Figure 6 shows. The lateral slip of the shear wall specimens observed in this test was very small; thus, it is ignored in the analysis. The bending deformation was measured using LVDT arranged on both sides of the wall. The shear deformation of shear walls is obtained using the “X” shaped displacement meter; this method is proposed by Hiraishi on the surface of the wall to obtain the average shear deformation by measuring the diagonal length change [29]. The deformation value calculated from the displacement meter measurement in the test must be corrected [27] to obtain the following deformation calculation formula:


   U f  = α h (  V 1  −  V 2  ) / l  



(3)






  θ = (  V 1  −  V 2  ) / l  



(4)






    U ¯   s , X c o r r e c t e d   =      D 1  m e a  s 2    −  h 2    −    D 2  m e a  s 2    −  h 2     2  + (  1 2  − α ) θ h  



(5)




where l and h are the width and height of the wall, respectively; Dmeas1 and Dmeas2 are the diagonal lengths of the shear wall after deformation measured by the test; V1 and V2 are the heights of both sides of the wall after deformation measured by the test; Uf is the horizontal deformation produced by bending of the specimen;    U ¯  s  , Xcorrected is the average shear deformation; θ is the rotation angle of the top beam; α is the center of rotation of the shear wall bending deformation to the ratio of the distance from the top of the measurement to the full height of the measurement; according to the literature [30], α is recommended as 0.67. The diagram of each symbol is shown in Figure 17.



The shear and bending deformation of the individually extracted shear walls at all levels of loading conditions and the variation in the shear-bending deformation ratio of the shear walls with lateral displacement are shown in Figure 18. Comparing the magnitude of bending deformation and shear deformation of each specimen, it can be seen that the damage form of all three shear walls is shear damage, and the ratio of shear deformation to bending deformation of steel fiber fine stone concrete shear wall SWOF-W is slightly smaller than that of plain concrete SWO-W, which shows the effect of steel fiber admixture on the shear resistance of shear walls, while the shear deformation of SWOF-W (@200) accounts for a larger percentage, and changing reinforcement rate affects the damage mode of shear walls.



When the lateral displacement reaches 8 mm, the shear deformation rates of SWO-W, SWOF-W, and SWOF-W (@200) are 1.44 mm, 0.37 mm, and 0.95 mm, respectively. When the lateral displacement reaches 12 mm, the shear deformation rates of SWO-W, SWOF-W, and SWOF-W (@200) are 2.78 mm, 1.36 mm, and 2.37 mm, respectively; SWO-W failed when the lateral displacement reached 16 mm, while the shear deformation rates of SWOF-W and SWOF-W (@200) were 2.99 mm and 5.31 mm, respectively. These shear displacements at different loading stages indicate that the shear deformation can be greatly restricted for the SFSC wall, and even with the distribution reinforcement reduced by 30%, a slightly higher shear-resistance performance for SFSC wall was observed.




Shear Deformation Ductility


Since the failure of the specimens in this study is the domain by shear failure, to find the shear deformation development, Figure 19 shows the lateral load-shear deformation skeleton curve of the specimen. Correspondingly, the shear displacement ductility was calculated, and the results are listed in Table 6.



The data presented in Figure 19 and Table 6 show that the SFSC wall (SWOF-W) has better shear displacement ductility than the SWO-W specimen. The SWOF-W (@200) sample also showed a significant increase in shear ductility of 96.9% and 14.91%, respectively, compared to the ordinary plain concrete specimen SWO-W. These results prove that adding steel fibers greatly improves member shear ductility, preventing brittle shear failure and promoting a more ductile pattern. Additionally, replacing some of the steel reinforcement with steel fibers is feasible for enhancing shear ductility.




3.4. Seismic Damage Analysis


In this study, the damage index was determined using the Park–Ang [31] seismic damage model. To account for the shear domain failure mode of the shear walls, Perus [32] and Gan Jinfeng’s studies [33] were consulted during the calculation. The resulting curve of the damage index in relation to lateral displacement is presented in Figure 20.



At the beginning of loading, the damage index was almost 0 because the members were in the elastic phase. With the increase in loading displacement, the damage index of the specimen started to increase, and the maximum lateral displacement of the specimen approached in three cycles of the same level of loading, while the damage index continued to increase.



Owing to the crack prevention and shear capacity reinforcement, the damage index was significantly less than that of the plain concrete walls. As can be seen from Figure 20, under the same loading displacement, the damage index of the SWO-W specimen was the largest, followed by the SWOF-W (@200) specimen, and the damage index of the SWOF-W specimen was the smallest. When the specimens were loaded to 8 mm for the third time, the damage indexes of SWO-W and SWOF-W (@200) were 0.1078 and 0.0741, respectively, while the damage index of SWOF-W remained 0 for the yield displacement having not been reached; when the specimens were loaded to 12 mm for the third cycle, the damage indexes of SWO-W, SWOF-W, and SWOF-W (@200) were 0.5109, 0.1996, and 0.2943; when the specimens were loaded to 16 mm for the third time, the damage indexes of SWO-W, SWOF-W, and SWOF-W (@200) were 0.9907, 0.4314, and 0.5463, respectively. The damage index of the SFSC wall with reduced reinforcement also showed an improved damage prevention effect compared with the plain concrete wall.




3.5. The Equivalent Viscous Damping Coefficient


The equivalent viscous damping coefficient curves of the two members were drawn separately in terms of the energy dissipation capacity of the specimens, as shown in Figure 21. It was observed that the energy dissipation capacity of the SWOF-W specimen after loading up to the yield displacement was significantly higher than that of the plain concrete specimen (as indicated by the red line in the figure), with the improvement of the viscous damping coefficient under the same displacement condition. The energy dissipation capacity of specimen SWOF-W (@200) after loading up to the yield displacement was also significantly higher than that of the plain concrete specimen (as indicated by the red line in the figure), with the improvement in the viscous damping coefficient under the same displacement condition. When the lateral displacement reached 8 mm, the equivalent viscous damping coefficients of SWO-W, SWOF-W, and SWOF-W (@200) were 0.0995, 0.1242, and 0.1306, respectively; when the lateral displacement reached 12 mm, the equivalent viscous damping coefficients of SWO-W, SWOF-W, and SWOF-W (@200) were 0.0822, 0.1249, and 0.11956, respectively; when the lateral displacement reached 16 mm, the equivalent viscous damping coefficients of SWO-W, SWOF-W, and SWOF-W (@200) were 0.0861, 0.1182, and 0.1199, respectively.





4. Summary


4.1. Improving Effect of SFRC on Seismic Performance


Comparison are carried out between the plain concrete specimen (SWO-W) and SFRC specimen (SWOF-W), the two specimens were same in the configuration and distributed reinforcement spaced of 150 mm.



In terms of specimen strength, considering the skeleton curve characteristic points and displacement ductility coefficient listed in Table 3, it was found that the yield, peak, and ultimate loads of the SWOF-W specimen increased by 16.39%, 15.64%, and 3.68%, respectively, compared with those of the SWO-W specimen, which indicates that the use of SFRC contributed to enhancing the strength of the specimens.



Similarly, regarding the shear capacity of the specimens, based on the characteristic points of the shear deformation skeleton curve and shear ductility coefficient of the specimens summarized in Table 4, it can be seen that the yield, peak, and ultimate shear loads and the shear ductility coefficient of the SFRC specimen (SWOF-W) increased by 21.69%, 12.98%, 3.08%, and 96.91%, respectively, which indicates that the SFRC improved the shear capacity of the members particularly for the shear ductility.



In terms the equivalent viscos damping coefficient, when the lateral displacement is 8 mm, 12 mm and 16 mm (corresponding to the lateral drift angle is 1/237, 1/158 and 1/119), it is improved by 24.82%, 51.95% and 37.28% respectively for SFRC wall to plain concrete wall.



From the tested results, the seismic capacity including lateral bearing capacity, shear displacement prevention capacity, shear ductility and the equivalent viscos damping coefficient are greatly improved. The existing of steel fibers help to dissipate more energy during the loading procedure, which is related to the three reinforcing effects of constrain, deboning and dowel effect. For this high axial shear damage domain shear walls with openings, the use of SFRC plays positive damage prevention role, which is important in the damage state evaluation of these mid-high-rise concrete structures. It is prospective in the future application for next generation of high resilient structures.




4.2. The Substitution Effect of Steel Fiber Concrete for Steel Bar


Comparing specimens SWO-W and SWOF-W (@200), these two specimens were made of plain concrete and SFRC in terms of material, and SWO-W was constructed with distributed reinforcement spaced at 150 mm, whereas SWOF-W (@200) was design with reinforcement spaced at 200 mm. The test results of the two specimens were compared to determine the effect of replacing part of the distributed reinforcement with steel fibers.



In terms of specimen strength, from the skeleton curve characteristic points and displacement ductility coefficient listed in Table 3, it was found that the yield, peak, and ultimate loads of specimen SWOF-W (@200) increased by 14.92%, 12.11%, and 0.54%, respectively, compared with those of the plain concrete wall, which indicates that the use of steel fibers instead of distributed reinforcement is feasible while ensuring member strength.



Similarly, regarding the shear capacity of the specimens, based on the characteristic points of the shear deformation skeleton curve and shear ductility coefficient of the specimens presented in Table 4, it can be seen that the yield, peak, and ultimate shear loads and the shear ductility coefficient of the SWOF-W (@ 200) specimen were 25.17%, 13.80%, 3.83%, and 14.92% higher, respectively, than those of the plain concrete specimen, which indicates that the use of steel fibers instead of distributed steel reinforcement improved the shear capacity of the members.



In terms the equivalent viscos damping coefficient, when the lateral displacement is 8 mm, 12 mm and 16 mm (corresponding to the lateral drift angle is 1/237, 1/158 and 1/119), it is improved by 31.25%, 45.45% and 39.26% respectively for SFRC wall with 30% reduced reinforcement to plain concrete wall.



Since dense reinforcement always bring inconvenient for construction and have little improvement on cracking prevention for concrete, the substitution of distribution reinforcement is important for constructing. Moreover, the use of SFRC still shows improved lateral bearing capacity, shear deformation ductility and energy dissipation capacity, which demonstrates the presence of SFRC is equal or even better than the reinforcing function of 30% of the distribution reinforcement. Thus, it is significant on constructing process as well as on disaster prevention effect by applying the SFRC.





5. Conclusions


The seismic performance of the SFRC shear walls with openings was manufactured and tested under cyclic loading with an axial compression ratio of 0.2. Two aspects were focused on the improving effect of SFRC and the substitution possibility of the strengthening rebars and the shear resistance rebars. The following conclusions can be drawn from this study:




	1.

	
The failure evolution comparison indicates that the presence of SFRC can delay the appearance of horizontal cracks; the oblique crack can be significantly lightened for the bridging effect of the steel fibers;




	2.

	
Compared with the ordinary plain concrete shear wall specimen, the SFRC shear wall exhibits significantly improved seismic performance and the damage of the opening corner was significantly relived;




	3.

	
The SFRC wall with 30% reduced distribution rebar still shows improved seismic capacity comparing to the plain concrete wall which indicate the participate of the SFRC can substitute part of the shear rebar.









With improved tensile and shear toughness, the use of SFRC shows great positive damage prevention role for this high axial shear damage domain shear walls with openings, and it is also experimentally improved that it achieved good seismic performance by substitution part of the strengthening rebar around the opening corner and distribution rebar. For the future application, it is still necessary to improve the dispersion property of the steel fibers to achieve better seismic performance than that demonstrated in this study and the exact performance prediction formula can be proposed.
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Figure 1. Diagram of core wall with opening. 






Figure 1. Diagram of core wall with opening.
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Figure 2. Pictures of the components: (a) the steel fibers: (b) coarse aggregate, and (c) SFSC mix. 
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Figure 3. Stress–strain curves of SFSC under compression. 
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Figure 4. Configuration of shear wall specimens. 
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Figure 5. Loading sequence. 
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Figure 6. Test setup. 
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Figure 7. Manufacturing and testing view. 
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Figure 8. Damage view of the SFSC shear walls with window at lateral displacement of 18 mm: (a) SWO-W; (b) SWOF-W; (c) SWOF-W (@200). 
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Figure 9. Crack propagation on different states. 






Figure 9. Crack propagation on different states.



[image: Buildings 13 01550 g009a][image: Buildings 13 01550 g009b]







[image: Buildings 13 01550 g010 550] 





Figure 10. The reinforcing effect of the hook-end steel fiber within the SFSC shear wall (SFOW): (a) the shear and compression damage at upper corner; (b) tension-shear damage at the upper corner of the window; (c) the shear damage on the wall. 
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Figure 11. The three-reinforcing effect of steel fibers in the concrete matric members: (a) compression constraint effect; (b) tension retardant effect; and (c) shear dowel effect. 
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Figure 12. Hysteresis curves of the specimens. 
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Figure 13. Energy dissipation capacity of each hoop. 
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Figure 14. Skeleton curves of specimens. 






Figure 14. Skeleton curves of specimens.



[image: Buildings 13 01550 g014]







[image: Buildings 13 01550 g015 550] 





Figure 15. Load-bearing capacity degradation curves. 
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Figure 16. Residual deformation curves. 
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Figure 17. Bending and shear deformation calculation model. 
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Figure 18. Comparison of the deformation components in different specimens. 
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Figure 19. Lateral load–shear deformation curves. 
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Figure 20. Top displacement-damage index curves. 
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Figure 21. Equivalent viscous damping coefficient. 
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Table 1. Compositions of the self-compacting SFRC (kg/m3).
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	Items
	Cement
	Fly Ash
	Coarse Aggregate
	Fine Aggregate
	Water
	Additive
	Steel Fiber





	Plain concrete (C60)
	644
	136
	412
	963
	250
	4.5
	0



	SFSC
	644
	136
	412
	963
	250
	5
	156
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Table 2. Concrete mechanical characterization test results.
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Items

	
Cubic Strength

(MPa)

	
Prism Strength

(MPa)

	
Tensile Strength

(MPa)

	
Limit Strain

(%)




	
SFSC

	
Plain Concrete

	
SFSC

	
Plain Concrete

	
SFSC

	
Plain Concrete

	
SFSC

	
Plain Concrete






	
Strength

	
60.74

61.42

61.88

	
61.25

62.33

60.57

	
53.65

54.95

53.76

	
56.05

56.21

57.19

	
3.88

4.01

4.38

	
-

	
0.68

0.62

0.71

	
-




	
Average

	
61.35

	
61.38

	
54.12

	
56.48

	
4.09

	
-

	
0.67

	
-








Note: the tensile strength and limit strain is not obtained using the equipment for the brittle damage.
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Table 3. Mechanical properties of steels.
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	Items
	Yielding Strength (MPa)
	Maximum Strength (MPa)
	Young’s Module (105 MPa)
	Elongation





	HRB400 C 6
	524.67
	545.00
	2.06
	5.3%



	HRB400 C 10
	454.00
	617.00
	2.00
	26.2%
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Table 4. The description of the three shear wall specimens.






Table 4. The description of the three shear wall specimens.





	
Specimen No.

	
Concrete Type

	
Distribution Bars

	
Edge Longitudinal Bars

	
Aspect Ratio

	
Design Compression Axial Ratio






	
SWO-W

	
Plain concrete

	
HRB400, C 6@150

	
HRB400, 8 C 10

	
0.95

	
0.2




	
SWOF-W

	
SFSC

	
HRB400, C 6@150

	
0.95

	
0.2




	
SWOF-W (@200)

	
SFSC

	
HRB400, C 6@200

	
0.95

	
0.2








Note: Specimen No. SW—Shear Wall, O—Opening, F—Fiber, W—Window; considering the opening, the design axial compression ratio is that of the wall limb.
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Table 5. Lateral load and top displacement at different service states.
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Specimen No.

	
Loading Direction

	
Yielding

	
Peak

	
Failure




	
Δy (mm)

	
Fy (kN)

	
Δm(mm)

	
Fm (kN)

	
Δu (mm)

	
Fu (kN)






	
SWO-W

	
Push

	
6.80

	
731.20

	
13.87

	
867.2

	
15.98

	
807.9




	
Pull

	
7.77

	
681.39

	
16.52

	
837.7

	
-

	
-




	
Average

	
7.29

	
706.30

	
15.20

	
852.45

	
15.98

	
807.9




	
SWOF-W

	
Push

	
7.59

	
830.87

	
19.29

	
979.79

	
24.37

	
832.82




	
Pull

	
8.71

	
813.21

	
17.73

	
991.81

	
24.41

	
842.45




	
Average

	
8.15

	
822.04

	
18.51

	
985.8

	
24.39

	
837.635




	
SWOF-W (@200)

	
Push

	
8.04

	
833.99

	
13.99

	
986.9

	
19.47

	
838.87




	
Pull

	
6.84

	
789.41

	
13.61

	
924.41

	
21.05

	
785.74




	
Average

	
7.44

	
811.7

	
13.8

	
955.655

	
20.26

	
812.305
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Table 6. Lateral load, shear displacement, and shear displacement ductility at different service states.






Table 6. Lateral load, shear displacement, and shear displacement ductility at different service states.





	
Specimen

	
Loading Direction

	
Yielding

	
Peak

	
Failure

	
Ductility Coefficient




	
Δy (mm)

	
Fy (kN)

	
Δm (mm)

	
Fy (kN)

	
Δu (mm)

	
Fu (kN)

	
μ






	
SWO-W

	
Push

	
0.680

	
692.70

	
3.552

	
867.2

	
4.690

	
807.9

	
6.897




	
SWOF-W

	
Push

	
0.635

	
842.94

	
3.691

	
979.79

	
7.266

	
832.82

	
13.581




	
SWOF-W (@200)

	
Push

	
1.204

	
867.02

	
3.107

	
986.9

	
9.543

	
838.87

	
7.926
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