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Abstract

:

To replace conventional concrete with coal gangue concrete in the construction industry, lateral cyclic loading tests were applied to three shear walls with different coal gangue replacement rates in this study, in which the replacement rate of coal gangue was 0%, 50%, and 100%. The load-displacement hysteretic curves and backbone curves of the shear walls obtained from tests were analyzed to compare the failure process and seismic performance of each shear wall. The results indicate that the stress performance and failure morphology of coal gangue concrete shear walls and conventional concrete shear walls are extremely similar, and the characteristics of the hysteretic and backbone curves are approximately the same. With the increase in the coal gangue replacement rate, the bearing capacity and ductility of the three shear walls gradually decrease, the strength degradation gradually becomes significant, and the energy dissipation capacity becomes worse, but the difference is not obvious, and all of them can meet the requirements of seismic performance. In addition, with the increase in the coal gangue replacement rate, the stiffness degradation gradually slows, so it is feasible to construct a shear wall using coal gangue concrete instead of conventional concrete.
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1. Introduction


As a kind of solid waste produced during coal production, coal gangue has caused serious pollution to the surrounding environment. At present, coal gangue has become the largest source of solid waste and has increased year by year [1,2,3]. Currently, coal gangue can be applied to the construction industry to realize industrial production. On the one hand, the utilization of solid waste resources is realized, which is in line with the concept of green and environmental protection. On the other hand, the development direction of construction industrialization is achieved. Testing proves that the construction material processed using coal gangue has the advantages of lightweight, low hygroscopic rate, and meets strength requirements [4].



Compared with conventional concrete, the performance of coal gangue concrete is different, and its practical application in building structures is also restricted. Therefore, only by analyzing the influence of coal gangue as an aggregate on the performance of concrete (such as strength, and bonding properties [5]) through experimental research and looking for improvement methods can the characteristics of coal gangue with high efficiency and low energy consumption be fully utilized. Currently, many studies on coal gangue concrete have been performed by scholars, and corresponding results have been achieved. Chen [6], Zhang et al. [7], and Wang et al. [8] made concrete using coal gangue and tested its basic properties. It was found that it is feasible to replace conventional coarse aggregate with coal gangue [6,7,8]. Zhou et al. [9,10,11] tested the mechanical properties of concrete prepared using coal gangue and proved that it meets mechanical properties requirements. The new thermal insulation concrete prepared by Zhang et al. [12] using coal gangue can still meet the strength requirements under the condition of large thermal conductivity. Wang et al. [13,14] proved that the strength of coal gangue concrete is related to the gradation of coal gangue, and the mechanical properties can be improved by adding steel fiber. Yang et al. [15] found that calcined coal gangue can improve the strength of coal gangue concrete. In addition, Cui et al. [16,17] studied the crack resistance of C30 coal gangue concrete caused by drying shrinkage in different environments and different contents of spontaneous combustion coal gangue as test variables. Liu et al. [18,19] studied the water absorption performance of coal gangue concrete under different times and different coal gangue replacement rates and studied the durability of coal gangue concrete under different pH values.



Nowadays, structural health monitoring has become an important method to ensure the safety of structures [20]. Because the basic properties of coal gangue concrete research are more mature, coal gangue concrete has gradually been applied to structures by scholars. Tan et al. [21] carried out a low-cyclic reciprocal load test on six reinforced coal gangue concrete low shear walls and studied the influence of the shear span-to-depth ratio, concrete strength, and reinforcement ratio on the seismic performance of coal gangue concrete low shear walls. At the same time, the calculation formula of the shear bearing capacity of a coal gangue concrete low shear wall was proposed [21]. Li et al. [22] carried out a finite element simulation of coal gangue concrete-filled steel tubular beam-column joints under reciprocating loads. The results show that the joints have excellent seismic performance and show good ductility and energy dissipation performance [22]. Wu et al. [23] carried out a static test of four reinforced coal gangue concrete beams and found that the stress form and failure process of reinforced coal gangue concrete beams are similar to those of conventional reinforced concrete beams. Furthermore, the constitutive relationship formula of coal gangue concrete was proposed [23]. Li et al. [24] conducted cyclic loading tests on coal gangue concrete columns to study the ductility and energy dissipation capacity of coal gangue concrete columns under different axial compression ratios. Zhou et al. [25,26] tested the bending performance of the spontaneous combustion coal gangue sand light concrete unidirectional composite slab and proved its feasibility as a floor slab. Wang et al. [27] and Bai et al. [28] studied the flexural performance and shear performance of coal gangue concrete beams with a variable coal gangue replacement rate. The results show that the mechanical properties of reinforced concrete beams are less affected by coal gangue concrete, and there is a certain safety factor [27,28]. Zhang et al. [29] made GFRP tube-coal gangue concrete-steel tube hollow columns by replacing conventional concrete with coal gangue concrete and conducted axial compression tests with GFRP tube wall thickness, hollow ratio, steel tube wall thickness, and concrete type as variables. A low-cycle reciprocal load was applied to coal gangue concrete frame columns and frame middle joints by Bai et al. [30,31] to study the seismic performance.



At present, most of the experimental studies on the seismic performance of coal gangue concrete shear walls focus on low shear walls, and few research were conducted on medium-high shear walls. Moreover, the test variables are mainly set with shear span-to-depth ratio, concrete strength and axial compression ratio and so on, without involving coal gangue replacement rate. In addition, the study of seismic performance is limited to some indicators and is not systematic. Based on these, in this paper, the coal gangue replacement rate is used as the research parameter. Through a lateral cyclic loading test of shear walls with coal gangue replacement rates of 0%, 50%, and 100%, the influence of the coal gangue replacement rate on the failure process and seismic performance of shear walls is analyzed, and the feasibility of using coal gangue concrete to replace ordinary concrete to make shear walls is verified. The theoretical basis for the structural design of coal gangue concrete shear walls is provided by the experimental data.




2. Materials and Methods


2.1. Specimen Design


In this experiment, the purpose and content of the test, laboratory equipment conditions, and other factors were comprehensively considered. According to the requirements of transportation, installation, loading, and measurement in the design and production of reinforced concrete shear wall specimens in JGJ/T 101-2015 [32], three coal gangue concrete shear wall specimens were designed. The conventional concrete shear wall was designated RFSW-1, the concrete shear wall number with a 50% coal gangue replacement rate was designated CGSW-2, and the concrete shear wall number with a 100% coal gangue replacement rate was designated CGSW-3. The shear wall height was 1200 mm, the width was 600 mm, the thickness was 120 mm, and the shear span-to-depth ratio was 2. The concrete strength grade of the coal gangue concrete shear wall was C30, and the reinforcement of the shear wall was made of HRB335 rebar. The horizontal and vertical reinforcements of the wall were in line with the structural conditions in JGJ 3–2010 [33]. All specimens had the same overall dimensions and arrangement of reinforcements (refer to Figure 1). The parameters of the specimens are shown in Table 1. The specimen preparation process (refer to Figure 2) included steel bar blanking, binding steel cage, installing steel strain gauges, supporting template, pouring and curing concrete, and installing concrete strain gauges.




2.2. Material Properties Test


2.2.1. Test Materials


In this study, ordinary Portland cement and grade II fly ash were used as cementitious materials. Polycarboxylate superplasticizer with a water reducing rate up to 20% was used as the water reducing agent. Natural river sand with a fineness modulus of 3.06 was used as the fine aggregate. Natural crushed stone and spontaneous combustion coal gangue with particle sizes of 5–20 mm were used as coarse aggregates. The aggregate used for concrete is shown in Figure 3.




2.2.2. Basic Properties of Coal Gangue


In this paper, the selected spontaneous combustion coal gangue is taken from Fuxin gangue mountain, its appearance and microscopic morphology are shown in Figure 4. The main chemical composition of coal gangue and natural coarse stone are shown in Table 2.



It can be seen from Table 2 that the main chemical composition of spontaneous combustion coal gangue is SiO2 and Al2O3, while the main chemical composition of the natural coarse stone is CaO. The principle is that there are certain differences between the formation of coal gangue and natural coarse stone, as well as the formation of regions. Therefore, there are some differences in the basic properties of coal gangue and natural coarse aggregates.



	1.

	
Strength







Strength is one of the most important properties of concrete. Coal gangue is a discrete material, with a different original composition, the strength of coal gangue will change. However, the total strength of coal gangue is less than the natural coarse aggregate, which has a certain impact on the mechanical properties of concrete.



	2.

	
Water absorption rate







The water absorption rate of spontaneous combustion coal gangue is significantly higher than that of natural coarse aggregate. The main reason is that spontaneous combustion coal gangue has large porosity and many micro-cracks, which can absorb water saturation in a short period of time. The saturation can reach 85% within 1 h and above 95% within 1 day. Due to the large porosity and high water absorption of spontaneous combustion coal gangue, the workability of concrete mixture construction is affected under the condition of direct use on site. Therefore, it was necessary to apply additional water to the coarse aggregate of spontaneous combustion coal gangue at 80% water absorption for prewetting treatment one hour before mixing [34].



	3.

	
Bulk density and apparent density







With the increment of spontaneous combustion coal gangue porosity, density and apparent density of spontaneous combustion coal gangue can be lower than those of the natural coarse aggregate. Moreover, the mechanical action in the crushing process also enhances the possibility of internal microfractures.



	4.

	
Crushing value







The crushing value of spontaneous combustion coal gangue is greater than that of natural coarse aggregate, indicating that the strength of spontaneous combustion coal gangue is lower. This is because spontaneous combustion coal gangue has many microfractures, large porosity, and loose structure. In the meantime, the characteristics of the material itself make it have a high content of needle-like particles in the crushing process. Therefore, the usage of spontaneous combustion coal gangue in concrete with high strength requirements should be restricted.



In summary, the basic performance of spontaneous combustion coal gangue is quite different from that of natural coarse aggregate, but it can still meet the basic requirements of coarse aggregate. Therefore, from the perspective of aggregate technical parameter requirements, spontaneous combustion coal gangue is feasible for preparing concrete below the C40 strength grade [35].




2.2.3. Material Properties Test


The mix proportion and main mechanical properties of coal gangue concrete are shown in Table 3. According to GB/T 50081-2002 [36], cube specimens with dimensions of 100 × 100 × 100 mm and prismatic specimens of 100 × 100 × 300 mm were prepared to test the concrete compressive strength and elastic modulus.



Due to the large water absorption rate of spontaneous combustion coal gangue, as well as to ensure that the moisture in the cement mortar is not absorbed, the size of the water-cement ratio is adjusted to ensure that the concrete strength grade is C30 [27].



According to GB/T 228.1-2010 [37], two types of reinforcements need to be set aside in advance, including three 500 mm steel bars in each group, and their mechanical properties were tested. The mechanical properties of the reinforcement obtained through tensile testing are shown in Table 4.





2.3. Loading Protocol


Each specimen was gradually loaded to the required value using a vertical jack, and the load remained constant throughout the test process, in which the axial compression ratio was 0.1. The horizontal jack was controlled by an oil pump to achieve lateral cyclic loading. It was difficult to determine the yield point of the specimen during the test, so displacement control loading was adopted. The drift ratio parameter θ = D/H was defined (where D was the displacement of the top of the specimen, and H was the height of the loading beam half of the specimen to the foundation beam). The test loading protocol was divided into seven levels. The preloading drift ratio θ was 1/1500; when the drift ratio θ < 1/240, the increment of θ was 1/1000; and when the drift ratio θ ≥ 1/240, the increment of θ was 1/240. The test loading protocol diagram is shown in Figure 5, and the specific values of the loading drift ratio are shown in Table 5.




2.4. Test Measurement


The experiment was carried out in the structural laboratory of Liaoning Technical University, and a quasi-static test method was used to simulate seismic action. The vertical load and horizontal displacement were applied through vertical and horizontal jacks during the whole test process, respectively, and the load and displacement were measured by force sensors and displacement meters. To ensure that the vertical load was uniformly transmitted to the entire specimen, a load distribution rigid plate was set. During the horizontal movement of the loading beam, the slip device needed to be set to ensure that the upper equipment could move horizontally with the loading beam. In the loading process, a spherical hinge was used to prevent deviation of the test data due to the tilt of the upper equipment. The foundation beam of the specimen was connected to the self-balancing reaction frame by high-strength bolts and an L-shaped consolidation steel plate to achieve vertical and out-of-plane constraints. The horizontal direction was constrained by a steel plate and high-strength bolt to achieve complete fixation at the bottom of the specimen. To prevent the influence of the slip of the foundation beam on the test results, a base slip displacement meter was placed on the foundation beam. The test setup is shown in Figure 6.



In the test, the reinforcement strain and concrete strain needed to be measured. To better study the stress characteristics of the plastic hinge zone of coal gangue concrete shear walls, reinforcement strain gauges were placed at the stirrups and longitudinal reinforcements at the bottom of each specimen. In addition, reinforcement strain gauges were obliquely arranged on the upper part of the longitudinal reinforcement. For concrete strain gauges, strain flowers were placed around and at the center of the specimen. The specific distribution of the strain gauges is shown in Figure 7, where G1–G4 are the strain gauges at the bottom of the stirrup, and H1–H7 are the strain gauges at the bottom of the longitudinal reinforcement, and Z1–Z9 are the strain gauges at the top of the longitudinal reinforcement.





3. Results and Discussion


3.1. Test Phenomenon


According to the experimental phenomena, stress performance and failure morphology of concrete shear wall specimens CGSW-2 and CGSW-3 mixed with coal gangue were similar to those of conventional concrete shear wall specimen RFSW-1. Horizontal cracks first appeared at the bottom of the specimen. As the horizontal displacement increased, horizontal cracks gradually developed obliquely, and the inclination angle of the diagonal crack increased with crack height. New horizontal cracks appeared continuously along the height of each specimen. With a further increase in horizontal displacement, the crack width became larger and more intensive. At the same time, a vertical crack appeared at the bottom of the hidden column. Finally, a main horizontal crack was formed at the bottom of each specimen. The concrete at the corner of the specimen was crushed from the specimen. At the same time, the longitudinal reinforcements of the specimen could be seen buckling and were exposed, and the bearing capacity of the specimen decreased gradually.



From the failure process and morphology of specimen RFSW-1, the cracks of the whole specimen were dense, uniform, and roughly symmetrical. In addition, the cracks were mainly concentrated at the bottom of the specimen. The height of the concrete falling off from the corner of the specimen wall was 75 mm, and the width was 50 mm. The highest crack was 550 mm from the foundation beam, and most of the cracks were horizontal-oblique development cracks. The specimen was fully damaged and had a typical bending-shear failure mode. Failure morphology of specimen RFSW-1 is shown in Figure 8a.



From the failure process and morphology of specimen CGSW-2, the crack distribution and cracking process of the specimen were not significantly different from those of specimen RFSW-1, but the number of cracks was slightly greater than that of specimen RFSW-1. Concrete falling ranges of the specimen corners on both sides of the specimen were 150 × 75 mm and 75 × 50 mm, respectively. The highest crack was 700 mm from the foundation beam. The specimen was seriously damaged and had a typical bending-shear failure mode. Failure morphology of specimen CGSW-2 is shown in Figure 8b.



From the failure process and morphology of specimen CGSW-3, the crack distribution and cracking process of the whole specimen were slightly different from those of specimens RFSW-1 and CGSW-2, but the number and width of cracks are greater than those of the other two specimens. The falling ranges of concrete on both sides of the specimen were 100 × 75 mm and 125 × 50 mm, respectively. The highest crack was 650 mm from the foundation beam, and the specimen exhibited bending-shear failure. Failure morphology of specimen CGSW-3 is shown in Figure 8c.



It can be seen from the destruction process of the three specimens that the difference between the coal gangue-made shear wall and the ordinary concrete-made shear wall is not obvious. The damaged area for the former is larger, because the coal gangue shear wall is more seriously damaged than the natural coarse aggregate when it is subjected to lateral cyclic loading. As the spontaneous combustion coal gangue forms more flaky blocks in the coal seam, it is easier to form needle flakes when crushed. Therefore, the grain shape of the spontaneous combustion coal gangue is worse than that of natural coarse aggregate. Nevertheless, since the needle-like aggregate will adversely affect the working capacity and strength of concrete, the shear wall made of coal gangue has a larger area of damage than the ordinary concrete shear wall.




3.2. Hysteretic Curve


In this paper, a specimen inclined to the left was called a “push” specimen, and the horizontal force and displacement were recorded as positive values. Otherwise, it was called a “pull” specimen, and horizontal force and displacement were recorded as negative. The hysteretic curves of the three specimens obtained from the test are shown in Figure 9.



Figure 9 shows that the hysteretic curves of the specimens with different coal gangue replacement rates are roughly the same. First, the hysteretic curve of each specimen is close to the oblique line before the crack occurs, and the bearing capacity changes linearly with the horizontal displacement. In addition, the area of the hysteretic loop is small, the residual deformation is close to zero, and the energy dissipation capacity of the specimen can be ignored. This is due to the small lateral cyclic loading on the specimen and the elasticity stage of the specimen. With the increase in horizontal displacement, the specimen began to crack. Meanwhile, the shape of the hysteretic curve is slender and narrow, and the relationship between load and displacement is no longer linear. The energy dissipation of the specimen is not obvious. When the specimen reaches the yield state, a bond slip occurs between the steel and concrete, and the hysteretic loop shows a “pinching” phenomenon. In addition, the unrecoverable residual deformation of the specimen occurs, and the energy dissipation of the specimen is obvious. When the specimen reaches the peak state, the hysteretic loop is fuller. Until the load capacity decreased to 0.85 times the peak load, the specimen that reached the limit state was unable to continue the test, the hysteretic curve exhibited large residual deformation, and the specimen showed good energy dissipation capacity.



The hysteretic curves obtained from the test are not completely symmetrical. Because there is residual deformation after forward unloading and the residual deformation needs to be offset when reverse loading, the reverse displacement can increase, and there is a virtual displacement in the test process. In addition, due to the existence of a vertical load in the test process, the slip device at the top of the specimen produces large friction, which will have a certain impact.



Comparing the hysteretic curves of the specimens, as the replacement rate of coal gangue increases gradually, the plumpness of the hysteretic curve decreases, and the residual deformation reduces gradually, indicating that the energy dissipation capacity gradually deteriorates. In addition, the compressive strength and elastic modulus of coal gangue concrete are lower than those of conventional concrete. Therefore, with increasing coal gangue replacement rate, the peak load and the ultimate displacement of the specimen are gradually reduced.




3.3. Backbone Curve


The backbone curve of each specimen can reflect the structural characteristics at different stages, including strength, stiffness, ductility, energy dissipation capacity, and collapse resistance. The backbone curves of the specimens in this test are shown in Figure 10.



Figure 10 shows that the three backbone curves are divided into ascending and descending stages, without abrupt changes in bearing capacity and stiffness, and the curves are smooth, showing the characteristics of typical backbone curves. At the same time, the stiffness and bearing capacity of the specimen change with the state of the specimen. From the initial stage of loading to the cracking point, the backbone curve is approximately straight, and the inclination angle is large, indicating that the stiffness of each specimen is maximum at the beginning, and the bearing capacity also increases, which is in the elastic state. The backbone curve of each specimen flattens gradually after cracking, indicating that the stiffness is gradually degraded, and the bearing capacity continues to increase until the yield point. The bearing capacity of the specimen increases slowly after yielding. After the specimen reaches the peak point, the backbone curve is in the descending stage, and the bearing capacity decreases sharply until the specimen is destroyed.



By comparing the backbone curves of the specimens, the slope of the backbone curve gradually decreases with the increasing coal gangue replacement rate, indicating that the initial stiffness of the specimens gradually decreases. In addition, the larger the replacement rate of coal gangue is, the smaller the bearing capacity and ultimate displacement of the specimen are.




3.4. Load Carrying Capacity


The load values corresponding to the characteristic points of the specimens are shown in Table 6. Because positive and negative bearing capacities are asymmetric, the values in the table are the average values of the positive and negative load values.



In this paper, the geometric mapping method is selected to determine the yield point of the specimen, as shown in Figure 11. The Y point determined by the method of Figure 11 is the yield point. The ultimate point is defined when the horizontal bearing capacity of the descending section of the specimen backbone curve drops to 0.85 times the peak load, or the horizontal bearing capacity does not drop to 0.85 times peak load, but the specimen can no longer withstand the load.



In Figure 11, Point O represents the origin point, Point A represents the peak point, Point Y represents the yield point, and Point B, C and D represent the auxiliary point. Besides, Fm represents the peak load, Fy represents the yield load, Δu represents the ultimate displacement, Δm represents the peak displacement, and Δy represents the yield displacement.



Table 6 shows that with the increase in the coal gangue replacement rate, the load values at the characteristic points of the three specimens decrease. Horizontal ultimate bearing capacity of specimen RFSW-1 is the largest. Compared with specimen RFSW-1, the peak load of specimens CGSW-2 and CGSW-3 decreases by 6.8% and 12.4%, respectively, while the yield load decreases by 5.6% and 8.5%, respectively, indicating that the increase in the coal gangue replacement rate will reduce the horizontal bearing capacity of the concrete shear wall specimens.



This is because the strength of spontaneous combustion coal gangue is between natural coarse aggregate and light aggregate, and the destruction surface of spontaneous combustion coal gangue is generally along its joint surface. So, the joint surface has become the weak link of spontaneous combustion coal gangue. On one hand, the strength of the joint surface is lower than the overall strength. On the other hand, with the increasement of the mortar strength, the aggregate strength will be even lower than the mortar strength. Thus, the concrete strength is controlled by the mortar to the aggregate. Above all, even if the amount of cement is increased, it is not significant to improve the strength. The strength of the concrete not only depends on the distribution of the joints of the spontaneous combustion coal gangue aggregate, but also relates to the strength along the direction of the joint. Therefore, the horizontal bearing capacity of coal gangue concrete shear wall is lower than that of the ordinary concrete shear wall, and with the increase of coal gangue replacement rate, the horizontal bearing capacity gradually decreases.



The yield ratio, defined as the ratio of the yield load to the peak load, can reflect the strength reserve capacity of the structure. A small yield ratio indicates the safety of the specimen, but if the yield ratio is too small, the strength cannot be fully utilized, and the material is wasted. According to Table 6, the larger the replacement rate of coal gangue is, the larger the yield ratio of the specimen is, indicating that the strength reserve capacity becomes worse. However, there is no significant difference in the yield ratio of the specimens, and they are all less than 0.85, indicating that they have good strength reserve capacity.




3.5. Steel Strain


The strain curves of the four measuring points of the specimens at different characteristic points are shown in Figure 12.



Figure 12 shows that the strain values of measuring points H1, H5, Z9, and G1 of the three specimens at the crack point are small, and the difference is not obvious. The reinforcements bear less load under lateral cyclic loading in the early stage of loading. After each specimen reaches the yield point, due to the plastic development of reinforcement, the strain value changes irregularly, so the strain values at different measuring points begin to appear different, and the strain value difference gradually becomes obvious. For instance, according to the strain values of the four selected characteristic positions, the strain value of H1 at the bottom of the reinforcement at the outermost side of the hidden column is the largest. The strain value of G1 at the bottom stirrup of the hidden column and the strain value of H5 at the bottom of the vertical distribution reinforcement at the outermost inner side of the hidden column is in the middle. The strain value of Z9 at the top of the outermost stressed reinforcement of the hidden column is the smallest, and the steel bar does not yield when the specimen reaches the limit state. The above examples show that the bottom of the longitudinal reinforcement of the hidden column first yields under the lateral cyclic loading, followed by the stirrup at the bottom of the hidden column and the bottom of the vertical distribution of the reinforcement of the specimen, while the strain of the reinforcement at the top of the longitudinal reinforcement is small.



In addition, with the change in the coal gangue replacement rate, the strain values of the three specimens are also different. The strain values of the four measuring points at the limit point are negatively correlated with the replacement rate of coal gangue. Compared with RFSW-1, the strain values of measuring point H1 in the ultimate state of specimens CGSW-2 and CGSW-3 decrease by 9.0% and 17.7%, respectively.




3.6. Deformation Capacity


The ductility coefficient can be used to measure the ductility of structures. In this study, the displacement ductility coefficient is selected to reflect the ductility performance of shear walls. The larger the displacement ductility factor is, the better the ductility and seismic behavior of the specimens. It is defined as follows:


  μ =    Δ u     Δ y     



(1)




where Δu is the ultimate displacement of the specimens and Δy is the yield displacement of the specimens.



The displacement and displacement ductility coefficients corresponding to the characteristic points of the specimens are shown in Table 7.



Table 7 shows that with the increase in the coal gangue replacement rate, the yield displacement of the specimens increases gradually. Compared with specimen RFSW-1, specimens CGSW-2 and CGSW-3 increased by 3.8% and 7.1%, respectively. However, the ultimate displacement gradually decreases with the increase in the coal gangue replacement rate. Compared with specimen RFSW-1, specimens CGSW-2 and CGSW-3 decreased by 0.9% and 3.1%, respectively, indicating that the increase in the coal gangue replacement rate will lead to the deterioration of the ductility of the specimens, but the difference is not obvious.



This is because coal gangue is subjected to tensile circulation under lateral cyclic loading. Since the surface of coal gangue is rougher and the water absorption rate is larger compared to the natural coarse aggregate. Water is sucked in from the cement slurry near the interface before the cement condenses. Thus, the water-ash ratio near the interface is reduced, resulting in higher adhesion strength of cement stone and coal gangue. The tensile strength of the spontaneous combustion gangue concrete depends on the tensile strength of the spontaneous combustion coal gangue aggregate. Moreover, tensile damage is similar to other light aggregate concrete failures, which are prone to damage, running through the coal gangue joint surface of larger particles. Additionally, the tensile strength is lower than that of ordinary concrete, so with the increase of coal gangue replacement rate, the ductility of shear walls becomes worse.



It can be seen from the displacement ductility coefficient that with increasing coal gangue replacement rate, the displacement ductility coefficient gradually decreases, indicating that the ductility of the specimen is negatively correlated with the coal gangue replacement rate. However, the displacement ductility coefficients of the three specimens in this study are between 3.59 and 3.96, and the ductility meets the requirements. It can be seen from the drift ratio that the drift ratio decreases with increasing coal gangue replacement rate, indicating that the coal gangue has a negative impact on the deformation capacity of the specimens. However, the drift ratios of the three specimens in this study are all greater than the elastoplastic maximum displacement angle of 1/120 required in GB 50011-2010 [38], which proves that the elastoplastic deformation ability of the specimens is good and meets the seismic design requirements of building structures.




3.7. Stiffness Degradation


The secant stiffness K of the specimens is the ratio of the peak load to the peak displacement in each cycle. It is defined as follows:


   K i  =    |  +  F i   |  +  |  −  F i   |     |  +  Δ i   |  +  |  −  Δ i   |     



(2)




where Ki is the secant stiffness of the concrete shear wall specimen under cycle i, ±Fi is the peak load of the specimen under cycle i, and ±Δi is the peak displacement of the specimen under cycle i.



The secant stiffness degradation curves of the specimens are shown in Figure 13.



Figure 13 shows that the secant stiffness degradation curves of the three specimens are similar, and the stiffness degradation of the specimens is obvious. The slope of the secant stiffness degradation curve is larger from cracking to yielding, which indicates that the stiffness degradation of the specimen is faster in this stage. However, the slope of the secant stiffness degradation curve decreases gradually from the specimen yield to the ultimate state, indicating that the stiffness degradation of the specimen becomes slow at this stage.



In addition, with the increase in the coal gangue replacement rate, the initial secant stiffness of the three specimens decreases gradually because the elastic modulus of coal gangue concrete is lower than that of conventional concrete. The secant stiffness of the three specimens after reaching the limit state is close, indicating that the coal gangue replacement rate is negatively correlated with the degradation rate of specimen stiffness. That is, the stiffness degradation rate of specimen CGSW-3 is more uniform.



The secant stiffness at the characteristic point of the specimens is shown in Table 8, where βyc, βmy, and βum are stiffness attenuation coefficients. Table 8 shows that the characteristic point secant stiffness of the three specimens decreases with the increasing coal gangue replacement rate. Compared with specimen RFSW-1, the cracking secant stiffness of specimens CGSW-2 and CGSW-3 decreases by 10.6% and 21.0%, respectively, while the ultimate secant stiffness decreases by 10% and 20.6%, respectively. The βyc > βyc > βum of the three specimens show that the stiffness degradation rate of the three specimens changes from fast to slow.




3.8. Strength Degradation


In this study, the strength degradation of the specimen is represented by the ratio of the peak load of each cycle to its maximum load value in the same loading level, called the strength degradation coefficient. It is defined as follows:


   λ i  =    F  ij      F  imax      



(3)




where Fij is the peak load of the specimen under cycle j in loading level i, and Fimax is the maximum load value of the specimen in loading level i.



The strength degradation curves of the three specimens are shown in Figure 14.



Figure 14 shows that the bearing capacity of the three specimens degraded during the loading process. Before reaching the yield state, the strength degradation of the specimens is not serious, all above 0.98. After reaching the peak state, the strength degradation of the specimens gradually becomes obvious, and with increasing horizontal displacement, the strength degradation ratio increases.



In addition, Figure 14 shows that the strength degradation of specimens CGSW-2 and CGSW-3 is more obvious than that of specimen RFSW-1, indicating that the increase in the coal gangue replacement rate accelerates the speed of strength degradation and has an adverse impact on the specimens. This is because of the low strength of coal gangue. It is more likely to be damaged or even crushed when subjected to lateral cyclic loading. As the ductility of the gangue concrete shear wall is poor compared with that of ordinary concrete, it is easier to fail suddenly. Moreover, the horizontal bearing capacity will also drop suddenly, so with the increase of the replacement rate of coal gangue, the degradation of the strength of the shear wall is gradually significant, but the impact is not obvious.




3.9. Energy Dissipation Capacity


In this study, the equivalent viscous damping coefficient is used to measure the energy dissipation capacity of the specimen. The larger the equivalent viscous damping coefficient is, the better the energy dissipation capacity of the specimen. It is defined as follows:


  ξ =  1  2 π      S  ABCDA      S   Δ ODF    +  S   Δ OBE       



(4)




where S∆ODF and S∆OBE are the areas of triangles surrounded by positive and negative maximum horizontal load values and displacement axes of hysteretic loops, respectively, and SABCDA is the area surrounded by the hysteretic loop. The calculation of the equivalent viscous damping coefficient is shown in Figure 15.



In Figure 15, Point O represents the origin point, Point B and D represent the maximum horizontal load point of hysteretic loops, Point A and C represents the point at which the hysteresis curve intersects the x-axis, and Point E and F represents the displacement corresponding to the maximum horizontal load point.



The equivalent viscous damping coefficient of the three specimens is shown in Table 9.



Table 9 shows that the equivalent viscous damping coefficient of the three specimens increases with increasing loading displacement, indicating that the area of the hysteretic loop of the three specimens gradually increases and the energy dissipation capacity gradually improves at the later stage of loading. In addition, the equivalent viscous damping coefficient of specimen RFSW-1 is larger than those of specimens CGSW-2 and CGSW-3, but the difference is not obvious, indicating that the increase in the coal gangue replacement rate will reduce the energy dissipation capacity of the specimen. This is because the horizontal bearing capacity of gangue concrete shear walls is lower than that of ordinary concrete, and the ductility and plastic deformation ability are poor, so the energy consumption capacity is weak. However, specimens CGSW-2 and CGSW-3 still have a strong energy dissipation capacity.



The ratio of the energy dissipation value of the hysteretic loop of the specimen to its elastic energy is called the energy dissipation coefficient E. It is defined as:


  E =    S  ABCDA      S   Δ ODF    +  S   Δ OBE      = 2 π ξ  



(5)







The energy dissipation coefficients of the specimens are shown in Figure 16. Figure 16 shows that the energy dissipation coefficient of the specimens increases with increasing horizontal displacement. In the early stage of loading, the energy dissipation coefficient increases rapidly, while in the late stage of loading, it increases slowly. Furthermore, the energy dissipation coefficient of the specimen is negatively correlated with the replacement rate of coal gangue.





4. Finite Element Analysis


4.1. Finite Element Model Establishment


The finite element software ABAQUS was used to conduct a finite element simulation comparative analysis of concrete shear walls with a coal gangue replacement rate of 100%. The geometric dimensions and loading system of the coal gangue concrete shear wall finite element model are consistent with the test. The wall, loading, and foundation beams are simulated by C3D8R unit, while the T3D2 unit simulates the reinforcement parts. The model is fully fixed at the lower boundary. Meanwhile, the degrees of freedom outside the plane at the upper part of the specimen is constrained to avoid the specimen’s extra-plane movement. The constitutive relationship is taken from the test results. The plastic damage model is adopted for the concrete. The finite element model of the specimen is shown in Figure 17.




4.2. Finite Element Model Validation


The finite element and test skeleton curves of the specimen are shown in Figure 18, and the comparison between bearing capacity and displacement is shown in Table 10.



It can be seen from Figure 18 that the skeleton curve simulated by the finite element software ABAQUS is consistent with the test, which can well reflect the force performance of the coal gangue concrete shear wall specimens. It can be seen from Table 10 that the bearing capacity and displacement of the characteristic points obtained by the finite element simulation have some errors compared with the test, but the relative error is within 10%. It indicates that the established finite element model has achieved certain rationality and accuracy and could simulate the bearing capacity and deformation capacity of the coal gangue concrete shear wall specimens well.



Compared to the experiment, the error obtained from the finite element simulations may be because the concrete defined in the simulations is an isotropic homogeneous material. In contrast, concrete is a mixture of multiple materials, and its nonlinear inhomogeneity cannot be simulated. In addition, the finite element simulation adopts a separate model, which assumes that the steel reinforcement has good adhesion to the concrete and cannot simulate the slip issue of the specimen in the test.




4.3. Finite Element Model Parameter Analysis


Since only the axial pressure ratio of 0.1 is set in the test. In this section, five models of coal gangue concrete shear walls with axial pressure ratios of 0.1 to 0.5 are set up, numbered CGSWN-1 to CGSWN-5. The skeleton curve simulated by the finite element software ABAQUS on the five models is shown in Figure 19, and the resulting characteristic point load and displacement are shown in Table 11.



It can be seen from Figure 19 that with the increase of the axial pressure ratio, the ultimate displacement of the specimen gradually decreases. In addition, the initial stiffness of the specimen will increase due to the increasement in the axial pressure ratio. It is mainly because the enhancement in axial compression ratio makes the vertical force restraint on the cracking and residual deformation of the specimen significantly enhanced, thus improving the overall stiffness of the specimen.



It can be seen from Table 11 that the yield load and peak load of the specimen increase with the increasement of the axial pressure ratio. It is because the enhancement in the vertical force will increase the compressive stress on the section of the specimen, and offset the tensile stress generated by part of the tensile side, so the load is increased. In addition, due to the increase of the axial pressure ratio, the ductility coefficient of the specimen gradually decreases, indicating that the deformation ability decreases.



Above all, the axial pressure ratio specifically impacts the ductility and seismic performance of the coal gangue concrete shear wall. The axial pressure ratio should be avoided from a high value in the actual project, to ensure that the ductility and seismic performance of the wall are not significantly affected. The horizontal bearing capacity of the gangue concrete shear wall with the axial pressure ratio between 0.2 and 0.3 is high, and the ductility is also guaranteed. Hence, the seismic performance is the best.





5. Conclusions


In this paper, three concrete shear walls with coal gangue replacement rates of 0%, 50%, and 100% were subjected to lateral cyclic loading to observe the crack development in the three specimens under lateral cyclic loading and study the influence of different coal gangue replacement rates on the seismic performance of the specimens. The following conclusions are drawn:




	
The crack development of shear wall specimen RFSW-1 with a coal gangue replacement rate of 0% was dispersed and uniform, and the crack width was small. The shear wall specimens CGSW-2 and CGSW-3 with coal gangue replacement rates of 50% and 100%, respectively, had denser crack development and larger crack widths.



	
The stress performance and failure morphology of the three specimens were very similar, and the characteristics of the hysteretic and backbone curves were roughly the same. The failure modes of the three specimens were all typical bending-shear failure.



	
By comparing the bearing capacity, deformation capacity, strength degradation, stiffness degradation, and energy dissipation capacity of the specimens, the bearing capacity, deformation capacity, strength degradation, and energy dissipation capacity of the specimens were negatively correlated with the replacement rate of coal gangue, but the difference was small. However, the stiffness degradation of the specimen is positively correlated with the replacement rate of coal gangue.



	
Although the shear wall specimens CGSW-2 and CGSW-3 with coal gangue replacement rates of 50% and 100%, respectively, were worse than the shear wall specimen RFSW-1 with a coal gangue replacement rate of 0% in bearing capacity and deformation capacity, the difference is not obvious, and the requirements of seismic performance can be met. Through finite element simulation, it can also be seen that coal gangue concrete shear walls have the best seismic performance at the axial pressure ratio between 0.2 and 0.3. In addition, shear walls made using coal gangue can reduce the weight of the wall, save cost and reduce waste. Therefore, it is feasible to make shear walls using coal gangue concrete instead of conventional concrete.









6. Prospect


In this paper, the seismic performance of the gangue concrete shear wall with different replacement rates has been studied and specific results have been achieved. However, due to the limited test conditions and time constraints, the current research still needs to be improved. For the next step of the project to proceed smoothly, the author believes that the future research direction and ideas can be carried out from the following three points:




	
The number of specimens can be increased, and the appropriate range of replacement can be determined by changing the coal gangue replacement rate.



	
The different design parameters can be tested and studied, such as shear span-to-depth ratio, concrete strength grade, etc. Through the comparison of different design parameters, the seismic performance of the gangue concrete shear wall is further understood.



	
The seismic performance of more structures, such as gangue concrete beams, plates, columns, nodes and frames can be studied. The research results can be applied to different building structures by comprehensively evaluating different gangue concrete structures.
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Nomenclature




	
The list contains the nomenclature employed in the current study.




	
Latin Letters




	
K

	
Secant stiffness




	
E

	
Energy dissipation coefficient




	
Greek Letters




	
θ

	
Drift ratio




	
μ

	
Displacement ductility coefficient




	
Δ

	
Displacement




	
β

	
Stiffness attenuation coefficients




	
λ

	
Strength degradation coefficient




	
ξ

	
Equivalent viscous damping coefficient
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Figure 1. Dimensions and arrangement of specimen reinforcements. 
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Figure 2. The specimen preparation process. 
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Figure 3. Concrete aggregate. 
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Figure 4. Appearance and microstructure of coal gangue (a) Macrostructure (b) Microstructure. 
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Figure 5. Test loading protocol diagram. 
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Figure 6. Test setup (a) Schematic diagram (b) Practice diagram. 
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Figure 7. Strain gauge layout (a) Reinforcement strain gauges (b) Concrete strain gauges. 
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Figure 8. Failure morphology of the specimens (a) RFSW-1 (b) CGSW-2 (c) CGSW-3 (d) Comparison. 
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Figure 9. Hysteretic curves of the specimens (a) RFSW-1 (b) CGSW-2 (c) CGSW-3 (d) Comparison. 
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Figure 10. Backbone curves of the specimens. 
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Figure 11. Geometric mapping method. 
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Figure 12. Strain curves of the specimens (a) RFSW-1 (b) CGSW-2 (c) CGSW-3 (d) Comparison. 
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Figure 13. Secant stiffness degradation curves of the specimens. 
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Figure 14. Strength degradation curves of the specimens. 
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Figure 15. Calculation of the equivalent viscous damping coefficient. 
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Figure 16. Energy dissipation coefficients of the specimens. 
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Figure 17. Finite element model (a) Loads and boundary conditions (b) Meshing. 
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Figure 18. Backbone curves of the test and finite element. 
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Figure 19. The skeleton curve of the specimen under different axial pressure ratios. 
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Table 1. Parameters of the specimens.
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	Specimen

Number
	Specimen Size

(mm)
	Coal Gangue

Replacement Rate
	Coal Gangue

Concrete Strength Grade
	Axial

Compression Ratio





	RFSW-1
	1200 × 600 × 120
	0%
	C30
	0.1



	CGSW-2
	1200 × 600 × 120
	50%
	C30
	0.1



	CGSW-3
	1200 × 600 × 120
	100%
	C30
	0.1
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Table 2. Chemical composition of coal gangue and natural coarse stone.
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	Chemical Composition
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	K2O
	Na2O





	Coal gangue (%)
	59.34
	25.28
	4.66
	2.00
	0.20
	2.53
	1.15



	Natural coarse stone (%)
	4.05
	1.60
	0.77
	0.67
	60.44
	0.28
	0.11
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Table 3. Mix proportion and main mechanical properties of the coal gangue concrete.
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Specimen

Number

	
Mix Proportion (kg/m3)

	
Mechanical Properties




	
Cement

	
Water

	
Fly Ash

	
Water

Reducing

Agent

	
Natural

Sand

	
Natural

Stone

	
Coal Gangue

	
Compressive Strength

(N/mm2)

	
Elastic

Modulus

(×104 N/mm2)






	
RFSW-1

	
262.50

	
150.00

	
70.00

	
4.11

	
753.00

	
1040.00

	
–

	
38.42

	
3.18




	
CGSW-2

	
348.00

	
178.00

	
87.00

	
7.91

	
860.00

	
395.00

	
395.00

	
35.54

	
3.11




	
CGSW-3

	
376.00

	
171.25

	
94.00

	
7.05

	
769.00

	
–

	
710.00

	
33.86

	
3.05











[image: Table] 





Table 4. Mechanical properties of the reinforcement.
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	Rebar

Specifications
	Diameter

(mm)
	Elongation

(%)
	Yield

Strength

(N/mm2)
	Ultimate

Strength

(N/mm2)
	Elastic Modulus

(×105 N/mm2)





	HRB335
	6
	16
	508
	665
	2.1



	HRB335
	12
	14
	465
	658
	2.0
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Table 5. Lateral cyclic loading protocol.
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	Loading Step
	Displacement Amplitude (mm)
	Cycle Number
	Drift Ratio





	1
	±1.00
	1
	1/1500



	2
	±1.50
	1
	1/1000



	3
	±3.00
	2
	1/500



	4
	±6.25
	2
	1/240



	5
	±12.50
	2
	1/120



	6
	±18.75
	2
	1/80



	7
	±25.00
	2
	1/60
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Table 6. Characteristic point bearing capacity of the specimens.
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Specimen

Number

	
Characteristic Point Bearing Capacity (kN)

	
Yield Ratio




	
Crack Load

	
Yield Load

	
Peak Load

	
Ultimate Load






	
RFSW-1

	
68.980

	
102.091

	
137.961

	
117.267

	
0.74




	
CGSW-2

	
66.052

	
96.394

	
128.525

	
109.246

	
0.75




	
CGSW-3

	
62.716

	
93.427

	
120.905

	
102.769

	
0.77
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Table 7. Characteristic point displacement and ductility coefficient of the specimens.
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Specimen

Number

	
Characteristic Point Displacement (mm)

	
Ductility

Coefficient

	
Drift

Ratio




	
Crack

Displacement

	
Yield

Displacement

	
Peak

Displacement

	
Ultimate

Displacement






	
RFSW-1

	
2.67

	
6.24

	
12.78

	
24.71

	
3.96

	
1/52




	
CGSW-2

	
2.82

	
6.48

	
12.67

	
24.48

	
3.78

	
1/53




	
CGSW-3

	
2.98

	
6.68

	
12.47

	
23.95

	
3.59

	
1/54
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Table 8. Characteristic point secant stiffness of the specimens.
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Specimen

Number

	
Characteristic Point Secant Stiffness

	
βyc

	
βyc

	
βum




	
Crack Stiffness

	
Yield Stiffness

	
Peak Stiffness

	
Ultimate Stiffness






	
RFSW-1

	
22.84

	
15.76

	
10.78

	
5.40

	
0.69

	
0.68

	
0.53




	
CGSW-2

	
20.42

	
14.57

	
10.14

	
4.86

	
0.71

	
0.7

	
0.48




	
CGSW-3

	
18.05

	
13.99

	
9.70

	
4.29

	
0.78

	
0.69

	
0.44
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Table 9. Equivalent viscous damping coefficient ξ of the specimens.
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RFSW-1

	
CGSW-2

	
CGSW-3




	
Loading Displacement

	
ξ

	
Loading Displacement

	
ξ

	
Loading Displacement

	
ξ






	
1.00

	
0.159

	
1.00

	
0.116

	
1.00

	
0.079




	
1.50

	
0.176

	
1.50

	
0.141

	
1.50

	
0.111




	
3.00

	
0.182

	
3.00

	
0.147

	
3.00

	
0.114




	
0.189

	
0.155

	
0.120




	
6.25

	
0.190

	
6.25

	
0.173

	
6.25

	
0.161




	
0.194

	
0.177

	
0.167




	
12.50

	
0.195

	
12.50

	
0.184

	
12.50

	
0.173




	
0.193

	
0.187

	
0.177




	
18.75

	
0.200

	
18.75

	
0.188

	
18.75

	
0.178




	
0.196

	
0.189

	
0.181




	
25.00

	
0.207

	
25.00

	
0.192

	
25.00

	
0.187




	
0.203

	
0.195

	
0.190
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Table 10. Characteristic point bearing capacity and displacement of the test and finite element.






Table 10. Characteristic point bearing capacity and displacement of the test and finite element.





	
Data Type

	
Characteristic Point Bearing Capacity

(kN)

	
Characteristic Point Displacement (mm)




	
Yield

Load

	
Peak

Load

	
Peak

Displacement

	
Ultimate

Displacement






	
test

	
93.427

	
120.905

	
12.47

	
23.95




	
finite element

	
101.837

	
113.099

	
12.13

	
22.36




	
Error (%)

	
9.00

	
6.46

	
2.73

	
6.64
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Table 11. The characteristic point parameters of the specimen under different axial pressure ratios.






Table 11. The characteristic point parameters of the specimen under different axial pressure ratios.





	
Specimen

Number

	
Axial Pressure Ratio

	
Characteristic Point Bearing Capacity

(kN)

	
Characteristic Point Displacement

(mm)

	
Ductility

Coefficient




	
Yield

Load

	
Peak

Load

	
Yield

Displacement

	
Ultimate

Displacement






	
CGSWN-1

	
0.1

	
101.837

	
113.099

	
3.76

	
22.36

	
5.95




	
CGSWN-2

	
0.2

	
123.724

	
137.054

	
3.72

	
21.80

	
5.86




	
CGSWN-3

	
0.3

	
137.069

	
152.586

	
3.69

	
21.38

	
5.79




	
CGSWN-4

	
0.4

	
152.381

	
163.810

	
3.63

	
19.54

	
5.38




	
CGSWN-5

	
0.5

	
165.397

	
170.159

	
3.61

	
19.11

	
5.29
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