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Abstract

:

A bolt-connected precast reinforced concrete deep beam (RDB) is proposed as a lateral resisting component that can be used in frame structures to resist seismic loads. RDB can be installed in the steel frame by connecting to the frame beam with only high-strength bolts, which is different from the commonly used cast-in-place RC walls. Two 1/3 scaled specimens with different height-to-length ratios were tested to obtain their seismic performance. The finite element method is used to model the seismic behavior of the test specimens, and parametric analyses are conducted to study the effect on the height-to-length ratio, the strength of the concrete and the height-to-thickness ratio of RDBs. The experimental and numerical results show that the RDB with a low height-to-length ratio exhibited a shear–bending failure mode, while the RDB with a high height-to-length ratio failed with a shear-dominated failure mode. By comparing the RDB with a height-to-length ratio of 2.0, the ultimate capacity, initial stiffness and ductility of the RDB with a height-to-length ratio of 0.75 increased by 277%, 429% and 141%, respectively. It was found that the seismic performance of frame structures could be effectively adjusted by changing the height-to-length ratio and length-to-thickness of the RDB. The RDB is a desirable lateral-resisting component for existing and new frame buildings.
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1. Introduction


A reinforced concrete (RC) shear wall is commonly used as an infilled lateral load-resisting component in RC frames for high-rise buildings. The RC frames with infill RC shear walls exhibited better performance compared with the traditional bare RC frames because of the insufficient lateral stiffness and resistance of RC frames. The frame columns and beams are used to resist the vertical loads and moments due to earthquakes, while the RC shear walls (RCSW) resisted the majority of shear forces [1]. The initial researches focused on different kinds of RCSW systems and conducted experimental and theoretical investigations on their seismic performance [2,3,4]. Furthermore, experimental and numerical studies were performed to analyze the mechanical behavior of different types of connections between RC walls and building frames [5,6,7]. However, the RC shear walls may exhibit oversized lateral stiffness resulting in an insufficient lateral deformation capacity of the structure with an insufficient load-carrying capacity. Besides, the shear force carried by the RC shear walls may be transmitted as tension or compressive force to the frame columns [8]. To prevent severe damage from occurring at the end of frame columns, strong columns must be designed to comply with the design principle of “strong frame, weak wall”. Furthermore, to meet the architectural requirements, the effects of different kinds of openings on the seismic performance of RCSWs also need to be investigated, which may make the seismic design of RCSWs more difficult.



Three major issues should be considered for the frames with RCSW systems. Firstly, a few RC shear walls might be placed in the first story for the stores and open lobbies due to the architectural demands. These buildings may have a soft first story if insufficient shear walls are placed in the first story compared to the upper stories [9]. Secondly, rapid repair and retrofit methods of a severely damaged component are desired for structures after an earthquake occurs [10,11]. The RC shear walls are commonly connected with frame columns and beams cast in place; thus, the frame columns and beams may be destroyed if the retrofit work is performed on the damaged walls. Lastly, the dimensions of the infill walls are determined by the dimensions of the surrounding frame. The lateral stiffness and resistance of the structure are mainly adjusted through the thickness of the walls. However, the thickness is a strict rule for the RC walls due to stability requirements [2]. Therefore, the lateral stiffness and resistance of the RC frames with RCSWs are difficult to change on a large scale to meet the optimization design of RC structures.



In the past decades, the RC wall panel (RCWP) was introduced by Kahn and Hanson [12] as a strengthening member to enhance the performance of RC structures. It was also proposed as a retrofit/repair strategy for the RC frames [13] because the member could be connected to structures with precast construction. Engineered cementitious composite materials (ECC) were proposed for RCWP due to their good performance to dissipate energies generated from earthquakes [14], and a series of experimental and theoretical investigations were performed. In recent years, many researchers have suggested that the RC walls should be separated with frame columns, including separating the RC infill wall from the RC frame by slits [15], and slitting the separated RC infill wall [9]. Other types of steel wall panels, such as double-skin wall panels [16] and panel wall strengthened systems [17,18,19,20], were proposed and analyzed. Different from the steel wall panels, the RC wall panels were commonly connected to the boundary frames with cast-in-place construction. Thus the RC wall panels are difficult to remove or repair. The precast concrete components or structures should be developed for the rapid construction of new structures and repairing existing damaged structures under seismic hazard, and it is important to guarantee the desired structural performance for the precast structures [21,22]. The connections are the key aspects of obtaining precast structures’ desired performance [23,24,25,26]. Therefore, a new type of connection could realize the rapid construction and replacement of RC wall panels and could also ensure the connecting performance between RC wall panels and boundary frames.



Based on the researches presented here, the bolt-connected precast reinforced concrete deep beam (RDB) is proposed in this paper. It connects to the frame beam with high-strength bolts. It exhibits some advantages to handle the above issues compared to the other RC walls for the following reasons. Firstly, the RDB can be flexibly placed, and thus it provides architectural space for the installation of doors and windows. Secondly, it can be easily assembled or removed from the bolted connection; thus, it can be rapidly and cost-efficiently fabricated in building repair or retrofit. Lastly, the length of the RDB could be selected in a wide range; thus, it can achieve a wide range of initial stiffness and lateral resistance. In addition, the main deformation of the deep beam is combining bending and shearing deformation; thus, RDB may exhibit better ductility by comparing it with the RC infill walls for relatively sufficient plastic development of materials. It is also a part of a project that uses a deep beam as a lateral resisting system.



In this study, experimental investigations of two precast reinforced concrete deep beam specimens that were 1/3 scaled were performed, and numerical studies of RDBs were conducted and verified by test results. The initial stiffness, as well as the mechanical behavior of the bolt connections, were also discussed and calculated. Such results provide information for the seismic design of bolt-connected precast RDB components.




2. Materials and Methods


2.1. Material Properties


In Table 1, the average cube compressive strength of concrete material, as well as the material performance of reinforcing bars, is presented. The concrete and reinforcement steel bars were designed as C30 and HPB235, respectively. Based on the Chinese standard GB50081 [27], concrete cube specimens taken from the batches of concrete were tested. Three repeatable specimens were fabricated with 28 days of standard maintenance, and the average values were used. For the high-strength bolts used in this paper, the yield strength was 800 N/mm2, and the yield-failure ratio was 0.8. The pretension force applied to each bolt was 125 kN.




2.2. Test Specimens


In the test program, two bolt-connected precast reinforced concrete deep beams (RDB) were designed on a 1/3 scale and different height-to-length ratios (RDB-A and RDB-B were 2.0 and 0.75, respectively). The dimensions of these specimens and the test setup are shown in Figure 1. The height of RDBs was 900 mm, and the length was 450 mm for RDB-A and 1200 mm for RDB-B, respectively. The clear height of the specimens was 810 mm. The thickness of the specimens was 60 mm. The reinforcing bars were arranged at a distance of 75 mm, and the diameter was 8 mm.




2.3. Setup and Measurements of Test Specimens


The construction details of the test device and the specimens are presented in Figure 2. To distribute the load in the RDBs more evenly, a distribution member was designed to connect to the actuator through M45 bolts. Two angles were placed at the two sides of RDBs, and these angles were equipped back-to-back to support the RDBs. M20 high-strength bolts were used to connect the angles and the RDBs. The angles were connected to the base beam and distribution member by M20 bolts, and they were connected to the strong floor by anchorage bolts. To ensure that no out-of-plane deformation developed in the specimens during the tests, two rigid beams were constructed to provide lateral supports. Two pairs of sliding constraints were installed between the rigid beams and the distribution member.



Three displacement-based linear transducers were used for measuring the lateral displacement of the specimen. They were placed at the two sides of the RDBs and the base beam, and they were used to measure the relative lateral deformation of the test specimens. The stress distribution of the RDBs was traced by uniaxial strain gauges, and they were placed along the reinforced bars to analyze the mechanical behavior of the RDBs, as presented in Figure 3. The loading pattern of the test specimens was designed based on the Chinese standard JGJ 101 [28], and it was controlled by displacement. The diagrams of the loading pattern are shown in Figure 4. An increment of 1 mm on displacement was used at the elastic mechanical stage, and the displacement did not repeat at the same loading level. The increment was increased at the elastic–plastic stage, and the displacement was repeated three times at the same loading level. Two methods were used to determine the yield displacement of the test specimens: some of the strain gauges exceeded the yield value, and the slope of the load–displacement curves decreased sharply.





3. Test Results


3.1. Failure Mode and Hysteretic Behavior


The RDB-A failed to combine with the bend and shear destroy. An inclined crack was found at the bottom of the deep beam at the 2 mm loading step. At this loading step, concrete spalling was observed at the top side corner of the deep beam, but the reinforcing bars were not exposed, as shown in Figure 5a. New cracks were observed at the corner and bottom of the specimen at the story displacement of 3 mm, and a major crack had obviously developed along the direction of 45° in a horizontal direction. When the displacement reached 5 mm, the concrete at the bottom corners was apparently crushed, as presented in Figure 5b, which resulted in exposing the stirrups. A crisp noise was produced from the high-strength bolts at this step. After that, a relative slip deformation was found, and the cracks developed quickly. The final failure pattern of the RDB-A specimen is depicted in Figure 5c.



The RDB-B failed, dominated by the shearing destroy. The first crack was found at the bottom corner nearby, with the first high-strength bolt at the story displacement of 2 mm. When the displacement had reached 3 mm, such cracks could not be closed, as shown in Figure 6a, and a crisp noise was heard from the high-strength bolts. The first diagonal crack was detected; it was formed along the direction of 45° in a horizontal direction when the lateral displacement was 5 mm, as shown in Figure 6b. After that, more other inclined cracks were formed at the center region of the deep beam. The final failure mode is presented in Figure 6c.



The relation curves of lateral load and displacement curves of the specimens are depicted in Figure 7. The force and displacement results of some key points are presented in Table 2. When the height-to-length ratio of the RDB specimen decreased from 2.0 to 0.75, the ultimate capacity, initial lateral stiffness and ductility increased about 277%, 429% and 141%, respectively. The results indicated that the height-to-length ratio is an important factor in adjusting the strength and stiffness of the RDBs on a large scale.




3.2. Ductility and Energy Dissipation


In this paper, the displacement-based ductility coefficient μΔ is utilized to represent the ductility performance of RDBs. The μΔ is determined by the displacements when the specimens yield and fail, and the calculation is μΔ = Δmax/Δy. The equal energy method is used to obtain the value of Δy. The failure displacement is defined as 85% times the maximum value [8]. The ductility results are listed in Table 2. The RDB-B exhibited better ductility than the RDB-A, indicating that the ductility of RDBs increases if the height-to-length ratio reduces.



To evaluate the energy dissipation performance of RDB specimens, the energy dissipation coefficient E is used. The detailed calculation and the diagram are shown in Figure 8a [8]. The energy dissipation coefficients of the test specimens in this paper are presented in Figure 8b. The results show that the energy dissipation coefficient decreases with the increase of the lateral displacement for the most part. The energy dissipation capacity of RDB-A is close to the RDB-B, indicating that the energy dissipation capacity of RDBs changes little by decreasing the height-to-length ratio. Due to the limited number of specimens, it should be highlighted that the effects of the height-to-length ratio on ductility and energy dissipation coefficient are not regular.




3.3. Elastic Stiffness


The boundary condition is an important factor to determine the stiffness as well as the ultimate strength of RC deep beams [29]. Thus, the boundary conditions of the RDBs can be simplified as a deep beam with fixed supports [8], and the idealized diagram is presented in Figure 9a. The initial stiffness of the RDB could be obtained by considering the bending deformation and shearing deformation of the RDB. The deformation diagram and force distribution diagram of the RDBs associated with lateral force F are shown in Figure 9b.



The lateral displacement of RDBs Δw is a combination of bending deformation ΔwM and shearing deformation ΔwV. The displacement of RDBs can be calculated based on the Graph Multiplication Method in basic theory in structural mechanics:


   Δ w  =  Δ  wM   +  Δ  wV   =    V w   h 3    12  E c   I w    +   1.2  V w  h   G A    



(1)




where Iw, Vw and A are the moments of inertia, shear force and section area of RDBs, respectively; Ec and G are the elastic modulus and shearing modulus of concrete. Thus, Equation (1) can be expressed as:


   Δ w  =    V w     E c  t    [   1     (  l / h  )   3    +   2.88    (  l / h  )     ]   



(2)




where h is the effective height and l is the effective length. The elastic lateral stiffness Ke is calculated as:


   K e  =    E c  t    [     (  h / l  )   3  + 2.88  (  h / l  )   ]     



(3)







Table 3 presents the comparison of the elastic lateral stiffness of the test specimens obtained from Equation (3) and the tests. It was found that the error is no more than 20%, and the values derived from the equation slightly overestimate the lateral stiffness of the test specimens. It can be concluded that the imperfections of the specimens and uncertainty in test procedures were not considered in the equation. However, the overestimation can also be treated as safety reserves in the structural design of RDBs.




3.4. Mechanical Behavior of the Bolt Connection


The frictional types of high-strength bolts were used in the tests to transfer the shear forces. Thus, it is important to ensure the effectiveness and reliability of the bolt connections. In this paper, the mechanical behavior of the bolt connections is divided into two main phases; they are: (1) phase I, the carried shear force of a bolt is less than its friction force; (2) phase II, the carried shear force of a bolt is larger than its friction force.



A mechanical diagram of RDBs at phase I is presented in Figure 9c; the shear force of bolts generated from the lateral load (Nv) and bending moment (Nm) are included in the diagram. The lateral force is considered as an even distribution force on the bolts; the shear force of each bolt is determined as Nv = Vw/n, where n is the number of the bolts in a support of RDBs. According to Figure 9c, Mw = Vwh/2 = 0.405Vw for the RDB-A, thus the Nm = Mw/4D = 0.675Vw, and Nv = Vw/3. The largest shear force is 0.75Vw. For the mechanical diagram of RDB-B, Mw = Vwh/2 = 0.405 Vw and Nm4 = 0.225Vw, and Nv = Vw/8. The largest shear force is 0.26 Vw.



At phase II, due to the carried shear force of the bolts that exceeded the friction force, the bending moment is carried by the RDB, and thus the bolts carry the shear force solely. The largest shear force of the bolts is 0.33 Vw and 0.125 Vw for the RDB-A and RDB-B, respectively.



The shear force carried by the bolts in specimens is 10.35 kN and 39.06 kN for the RDB-A and RDB-B (Table 2), respectively. Thus the largest shear force is 7.76 kN and 10.16 kN in phase I for bolt connections in RDB-A and RDB-B, respectively, and the largest shear force is 3.42 kN and 4.88 kN in phase II for the bolt connections in RDB-A and RDB-B, respectively.



The friction force NvuI in phase I and shear resistance NvuII in phase II of the bolts used in this paper are:


   N  vuI   = 0.9  n f  μ P  



(4)






   N  vuII   =   π  d 0    2   4   f v   



(5)




where nf is the number of frictional faces of bolts; μ is the anti-sliding coefficient between bolts and angles, and it is determined as 0.3 according to suggestions [8]; P is the pre-tensile force, it is 125 kN in this study; d0 is the clear diameter of bolts, and it is 20 mm; fv is the yield shear strength of bolts, and it is 320 MPa.



Thus NvuI = 67.5 kN and NvuII =100.5 kN can be calculated according to Equations (4) and (5), and the calculated values represent the loading resistance of a high-strength bolt at the two phases. The calculated values are larger than the maximum shear force of the bolts during tests; thus, it can be concluded that high-strength bolts are safe enough in the test specimens. According to test results recorded by the LVDTs, there was also no slipping behavior or bolt-damage failure observed in the test specimens.





4. Numerical Study


4.1. Validation of Finite Element Model


The numerical study was performed by ANSYS, as presented in Figure 10, and the “Solid 65” and “Pipe20” elements were selected out to model the mechanical behavior of reinforced concrete. A bilinear model was used for the reinforcements, and the material test results such as the elastic modulus, yield stress and ultimate stress were derived from material test results. The concrete damage plasticity model in ANSYS was used for the concrete material in RDBs, because it considers the nonlinear behavior of concrete after it cracks or crushes. The compressive strength curve was taken from the compressive test results of the concrete, and the tensile cracking strength was estimated as 5.6% of the compressive strength. The 3D 8-node solid element captured the cracking and crippling behavior of the concrete. The same mesh sizes (50 mm) were used to mesh the model. The intersectant nodes in concrete elements and reinforcing bar elements were coupled together at the same positions so that they could cause consistent deformations. The boundary conditions of the bottom and top side of the concrete panel are considered as a fixed connection (at the bottom side, fixed the X, Y, Z, Rot X, Rot Y and Rot Z; at the top side, fixed the Y, Z, Rot X, Rot Y and Rot Z; the X-direction represents the direction that applied lateral loads). The lateral load is assumed as a uniform load to apply to the top side of the concrete panel in the finite element model, and this mechanical assumption was valid by Jiang et al. [8].



The limitations of the modeling method are: (1) the effects of bolt connections, including the influence on stress concentration and the weakness on RC walls, are not considered in this model; (2) the bond-slipping deformation between reinforcements and concrete is not considered in the model.



The comparison between test and FEM results on lateral–loading curves and failure modes are presented in Figure 11 and Figure 12, respectively. There is a relatively close agreement between the test results and FEM results in the elastic and elastic–plastic stage. For the RDB-A, the peak shear force of RDBs during the tests and FEM analysis is 10.35 kN and 12.22 kN, respectively, and it is 39.06 kN and 45.24 kN for RDB-B specimen, respectively. The difference in maximum shear force value between tests and FE models is no more than 18%. Besides, the failure modes of FEM (Figure 12) can predict the position where concrete cracking is in the test specimens at the estimated boundary conditions. Thus, it can be concluded that the numerical method could effectively simulate the nonlinear behavior of the RDBs, especially for the ultimate lateral resistance of RDBs, even though the largest error is about 18%. However, the loading, deformation and degradation changing processes are basically predicted by the numerical method, and it is assumed that the method can be used for the following parametric study to analyze the effects of different parameters on the mechanical performance of RDBs.




4.2. Parametric Analysis Study


A parametric analysis was performed to summarize the effects on geometrical and material parameters based on the verified numerical modeling method in Section 4.1. The following parameters were considered: height-to-length ratio (α), height-to-thickness (β) and material type of concrete. The height of RDBs is determined as 900 mm, which is the same as the test specimens. The thickness of RDB includes 60 mm, 80 mm and 100 mm. The height-to-length ratio of RDB is ranged from 0.75 to 2.0. The compressive strength of concrete includes three types: 25 N/mm2 (C25), 30 N/mm2 (C30) and 35 N/mm2 (C35). Table 4 presents the detailed information of these RDB models. The effects on lateral loading–displacement curves with parameters of height-to-length ratio, height-to-thickness and material type of concrete are shown in Figure 13.



As the results presented in Figure 13a show, it can be concluded that the height-to-length ratio of the RDB is showing a high contribution to the shear resistance of the RDBs. A higher height-to-length ratio of the RDB results in a higher shear resistance throughout all of the loading levels, as demonstrated by the test results. According to Figure 13b, it can be seen that the shear resistance of RDB is increasing with the increase in compressive strength of the concrete material. However, the increment is decreasing with the increase in the compressive strength. The shear resistance of RDB is obviously increasing with the decrease in the height-to-thickness ratio of RDB (see in Figure 13c), and such increment is increasing with the decrease in the height-to-thickness ratio of RDB.



Therefore, it can be concluded that the shear resistance of RDB can be efficiently strengthened by a large margin by decreasing the height-to-length ratio and increasing the height-to-thickness ratio of RDBs. However, the material type of concrete shows little effect on the seismic performance of RDBs.





5. Conclusions and Discussions


In order to understand the mechanical behavior and seismic performance of RDBs, two scaled specimens were designed and tested under cyclic loads, and the corresponding nonlinear FE models were established and verified. The conclusions are listed as follows:




	(1)

	
The first crack formed at the corner of RDB-A due to large normal stress, but the first crack of RDB-B formed at the center region due to large shear stress. Besides, the RDB-A failed with a bending–shear failure mode for both typical horizontal and diagonal cracks that developed in the RDB-A; while the RDB-B failed with a shear dominating failure mode, as only diagonal cracks were observed in RDB-B. This indicates the bending–shear dominated mechanical behavior of RDB-A and the shear dominated mechanical behavior of RDB-B;




	(2)

	
By comparing the RDB with the height-to-length ratio of 2.0, the ultimate capacity, initial lateral stiffness and displacement-based ductility of the RDB with a height-to-length ratio of 0.75 increased 277%, 429% and 141%, respectively. This indicates that the height-to-length ratio is a good choice to adjust the capacity and stiffness of RDB to cater to the performance requirement of building structures;




	(3)

	
According to the parametric analysis, the shear resistance, elastic lateral stiffness and displacement-based ductility are significantly enhanced when decreasing the height-to-length ratio of RDB, which is similar to the test results. The height-to-thickness ratio shows a general influence on the seismic performance of RDBs, but the effect of concrete strength on the seismic performance of RDBs is relatively small.









The bolt-connected RC deep beam (RDB) proposed in this paper is quite different from other types of RC shear walls. The bending–shear mechanical characteristic of RDBs is a benefit for the plastic development of RC materials. The length of RDBs could be an effective parameter to adjust the lateral stiffness and resistance of frame structures, and the RDBs could be flexibly arranged to achieve the architecture requirement. According to the failure patterns of RDB specimens, the bolt connection was effective to ensure the performance utilization of RDBs. Thus, the bolt connection could be treated as a reliable connection for RC deep beam and boundary frames. The authors have conducted experimental and numerical analyses on steel frames with steel panel walls, RC panel walls and composite steel panel walls [17,18,19,20]. The aim of this paper is to investigate the seismic performance of RDBs solely and to understand the collaborative working relationship between the steel frames and RDBs. We found that the seismic performance of the steel frame with RDB specimens is better than the sum of the steel frame and the RDB based on the test results. Though the numerical model developed in this paper is simplified compared to the macroscopic model [20], the simple model proposed in this paper has relatively good accuracy in predicting the lateral resistance of RDB.
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Nomenclature




	Py
	yield strength;



	Δy
	yield displacement;



	φy
	yield drift ratio;



	Pmax
	maximum strength;



	Δmax
	maximum displacement;



	φmax
	maximum drift ratio;



	μΔ
	displacement ductility coefficient;



	E
	energy dissipation coefficient;



	F
	lateral force of the RDBs;



	h
	effective height of the RDBs;



	l
	effective length of the RDBs;



	t
	effective thickness of the RDBs;



	Δw
	lateral displacement of the RDBs;



	ΔwM
	bending deformation of the RDBs;



	ΔwV
	shearing deformation of the RDBs;



	Iw
	moment of inertia of the RDBs;



	Ec
	elastic modulus of the concrete;



	G
	elastic shear modulus of the concrete;



	A
	cross-section area of the RDBs;



	Ke
	elastic stiffness of the RDBs;



	Ke-theoretical
	theoretical elastic stiffness of the RDBs;



	Ke-experimental
	experimental elastic stiffness of the RDBs;



	Vw
	shear force of the RDBs;



	Nv
	shear force of a bolt due to lateral load;



	n
	the number of bolts;



	Nm
	shear force of a bolt due to bending moment;



	D
	distance between bolt connections;



	NvuI
	friction force of the high strength bolts at phase I;



	NvuII
	ultimate shear resistance of the high strength bolts at phase II;



	nf
	the number of frictional faces;



	μ
	anti-sliding coefficient;



	P
	pre-tensile force of the high strength bolts;



	d0
	clear diameter of the bolts;



	fv
	yield shear strength of the bolts;



	α
	height-to-length ratio;



	β
	height-to-thickness ratio.
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Figure 1. Test setup and test specimens. 
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Figure 2. Details of the test device, specimens, connection details and boundary conditions. 
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Figure 3. Arrangement of uniaxial strain gauges on the reinforcing bars. 
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Figure 4. Loading patterns for the test specimens. 
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Figure 5. Failure modes of the RDB-A. 
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Figure 6. Failure modes of the RDB-B. 
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Figure 7. Loading-displacement curves of the specimens. 
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Figure 8. Energy dissipation results of test specimens. 
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Figure 9. Deformation and force diagrams for RDBs and bolt connections. 
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Figure 10. Deformation and force diagrams for RDB. 
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Figure 11. Comparison of the load-displacement relationship between the test and FEM results. 
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Figure 12. Failure pattern comparison of the tests and FEM predictions. 
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Figure 13. Effects of parameters on seismic performance of RDBs. 
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Table 1. Mechanical properties of concrete and reinforcing bars.
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Material

	
Item

	
Result






	
Concrete

	
Average cube compressive strength, fcu

	
45.3 MPa




	
Reinforcing bars

	
Diameter, D

	
7.8 mm




	
Yield strength, fy

	
237.0 MPa




	
Tensile strength, fu

	
536.7 MPa




	
Elastic modulus, Es

	
207.2 × 103 MPa




	
Elongation ratio, Δ

	
36.6%
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Table 2. Force, displacement and ductility results.
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Test

Specimen

	
Yield Value

	
Maximum Value

	
Ductility Value

μΔ = Δmax/Δy




	
Py (kN)

	
Δy (mm)

	
φy (%)

	
Pmax (kN)

	
Δmax (mm)

	
φmax (%)






	
RDB-A

	
9.23

	
3.07

	
0.34

	
10.35

	
3.63

	
0.40

	
1.18




	
RDB-B

	
25.69

	
2.08

	
0.23

	
39.06

	
5.90

	
0.65

	
2.84
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Table 3. Comparison of elastic stiffness of the theoretical and experimental test results.
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Specimen

	
Elastic Lateral Stiffness (kN/mm)

	
Error




	
Ke-theoretical

	
Ke-experimental






	
RDB-A

	
13.08

	
11.06

	
15.4%




	
RDB-B

	
69.71

	
58.48

	
16.1%
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Table 4. Parameters analyzed for RDBs.
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Specimens

	
Effects

	
h/mm

	
t/mm

	
l/mm

	
Concrete

	
Parameters




	
α

	
β






	
RDB-1

	
Height-to-length ratio of RDB

(α = h/l)

	
900

	
60

	
450

	
C30

	
2.0

	
15




	
RDB-2

	
900

	
60

	
600

	
C30

	
1.5

	
15




	
RDB-3

	
900

	
60

	
750

	
C30

	
1.2

	
15




	
RDB-4

	
900

	
60

	
900

	
C30

	
1.0

	
15




	
RDB-5

	
900

	
60

	
1050

	
C30

	
0.75

	
15




	
RDB-6

	
Strength of concrete material

	
900

	
60

	
600

	
C25

	
1.2

	
15




	
RDB-7

	
900

	
60

	
600

	
C35

	
1.2

	
15




	
RDB-8

	
Height-to-thickness ratio

(β = h/t)

	
900

	
80

	
600

	
C30

	
1.5

	
11.25




	
RDB-9

	
900

	
100

	
600

	
C30

	
1.5

	
9








Note: h, l and t are the height, length and thickness of the RDB, respectively.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
(a) Spalling of concrete ~ (b) Crack at the corner (©) Failure of the RDB-A





media/file13.png
(sdrsD) peo’]
e < _

w
T ! ' _ _ -
L
N -2
_[ |
| B m
X N
NuU\ A , I A R
WHHT R 5
ps RN
= i e AN e
- 11 NN S
E RN :
= z.___:_:',/ ?/,//’///l. g
An L R A
_ R Fe
O. I /,
_ -2
F\J. I 1
w
| ! : : "
< S o I F |
(NP peoT |
(sdrspd peo1_
N N — < : :
T T ! ! _ _ m
m I = OO0
- \O
ot N
S 2
S B
So -
g [ N
; g
A 3 g
a
m_w. i -
- o
m I L OO
o
| | _ : _ n
g Z - o vy < =

(N peoT

(b) RDB-B

(a) RDB-A





media/file12.jpg
(@ RDBA fees
(b) RDBB





media/file18.jpg
(b) Reinforcement model

(a) Concrete model





media/file9.png
(a) Spalling of concrete (b) Crack at the corner (c) Failure of the RDB-A






media/file14.jpg
0 H 7 3

Dipcenen )
(@) Calculation method (b) E-displacement curves





media/file20.jpg
Load P(kN)

I
£
n

<3
S
n

=3
N

W
S
n

-40

—=— RDB-A (Test)
- o RDB-A (FEM)
—e— RDB-B (Test)
- o RDB-B(FEM)

-15

T T T T T
-10 -5 0 5 10
Displacement A(mm)

15





media/file23.png
(b) Test for RDB-A

]
(o)
o
Ly
o
[t ]

£13.387

faf o o .._.-.__ N
r e H
b H o
X 1] -
T Iy °
TLTTYN

127.738

-A

143 .43

-

m |
0 o
C O
B o

Wl O i v

C T T

L LY

121 Z4Z

T ==
B mlo

9z2.933

RN

_1
%

1.?!..!#!..!;!;!;!;!#!5 m

_.rfl?iriﬂlal#!.lria! -l

cd. 745

AVBVEVBVRVRRLRY
dﬂlﬂ!;ﬂrl;lMﬂ“MWM
ABLEVRLER TR R,
PABARLBABAETRARA R
LABVBRARRIRL R
AR BRARRRRY
ABRAR YRR R

(a) FEM for RDB

46.437

48 S AT LT SEN
LT BB

TTTLX
TrLY S
TTIXIIETLTI T TELT
Y N LLT YT X,
b o e ohe olw v o o o
s o1 4
e 3
- e —
CED ENETEL -
P R - '
" + ENEETATEL] ]
s vk oh N —
[ |
Ma A o
u
AL LL.L.L.T.] L L. L o o [ar]
L L EL] CE T wo- e =) o = )
TTEXT) s o & 2 o LT \
W e o o e o e o o
s it o a a9 o
T T e e o o o o Lo
Nedsop LY LY LY —
e o e o C
A b 4 a4 - ¥
oo oth o T [T CT
Ao o & o
E T T EELE -t C T
e do 9 e o
g i e o e
X o otepats
Jkno;a:: CREI L :._ng....-:-
T o e Wru._
T LL LT E
]
XL L TX] '
TL T X —
XL —
B e | —
X
L et
i, e i,y R, T P VT AT 4
A e e = w _l.r!_..{_!_.f
T e ey -
.’i_r.ﬂa ey SRRl S TR,
N
T
-
—
'
e 2y
L
L R T O Ln}
AT AR Y &
e
i
)]
Q)
L
: —
i =
W el T P, T L}
'

(d) Test for RDB-B

Z23d4. 302

124

(¢c) FEM for RDB-B

24.768

41.591





media/file5.png
5 ' @ 5)
@
O O @)
4 @)
@ -8 —
@)

75@6@“ I 15
(@]

@]
8
%) @2 | @
3813 75 |38138], 75 | 75 |38

(a) RDB-A

3 @ﬁ 2
@ & 0
O @, @) @)
@
a_ | @ @@ @ ;
(@, Q @) @)
19 -
O @, @) @)
&) &3
. B
3 3

83

68 3636, 68 , 82

(b) RDB-B

80

/8






media/file15.png
F/ 0O _
/A //// } E A/mm
D// _ Sue * Sapy
- SOBE + SODF

(a) Calculation method

Energy dissipation cofficient £

1.2

[E—
[E—
1

=
e
]

0.9 - )
0.8 “e
—a—RDB-A
- & RDB-B
0.7 | T | T | T
0 3 6 9 12
Displacement 4(mm)

(b) E-displacement curves






media/file19.png
N N N N R

r

— '
o B S

Y

o 1

Ty
ET
(]

J.".w,#ﬂﬂfiﬂﬂﬂiﬂfﬂ#ﬁ#ﬂfiﬂff#ﬂffﬂﬂ#ﬂﬁf
.ﬁ.._.....ﬂ.#f.rﬂ#ﬁffﬂ#ﬂfﬂ#ﬂffdﬂrfﬂﬂfffﬂfff

Mo AR AR R AAAARAA R Y,
...".ﬁﬁffﬂﬁ.ﬂfFfffﬂﬂfﬂﬂﬂffﬂrﬂfﬂﬂffﬂﬂ'
#ﬁfﬂ#ff#ﬂffffffﬂfffffffﬂﬂdﬂﬁff#
i AR AAA AR AR AR AR AR
.._.,._,%ﬂffff#Hﬂffﬁffffdﬂffffffffﬂffff
W SO OAAAAA R AR ALY,
ATATEITILTARELLRRTARAR AR AR A
s e

YA e 1
B R R I B S 2.

(b) kéiﬁf-(;rcement model

(a) Concrete model





media/file2.jpg
) Comecton detsis et deviee (@ Boundary codions





nav.xhtml


  applsci-11-05356


  
    		
      applsci-11-05356
    


  




  





media/file11.png





media/file6.jpg





media/file24.jpg
Load PN)

e )
W oTongh i ()

Displcsent )
(b) Material type of concrete

“ -t
2
o
3
" —ona
N N <ment s

(©) Height-to-thickness ratio ()

®- -
“ - :.
“
u
.
! NE\/‘

/ e
P Py ) H celuols
“ . e “ i
I IR RR AR 2R ) I TR I I T 0





media/file1.png
(a) Test setup

Distribution
A
= member ctuator
Q
A o o q (=] VDT-1
o Reaction
QS 'RDB wall
— N
Anchorage bolts |+ \ High-strength
,/ \ bolts
LVDT-3 ¢° 6 o & mmlVDT-2
= 7 \
S 4 Base beamy

2
SABS 5 8
=
@
P @

.

b 8@75
ys @ 1125 75
) 1 ] 1t
M © / © O O (@] (@]
0
g 9
E=2
>—2) @
2 @40 o o) o) o) o)

5]

900

+

[
N

10

900






media/file10.jpg
(a) Cracks at the comer  (b) Diagonal cracks at the center region (©) Failure of the RDB-B





media/file7.png
1RDB-A
04

All‘l‘l#“““““““
TR

(a) RDB-A

|

|

(b) RDB-B





media/file16.jpg
(3) Deformation diagram

»

ROB

i Y

(b) Force diagram (@) Force distribution of bolt connections





media/file3.png
__Distribution
member

Angles ;]:{F Hwh strength

bolt
| RDB
~——specimen
(60mm)
High-strength
Allgl?* . ./ bolts
Base = [ =
beam

(a) Connection details

. " EEEmTT
Dlslnbutl on member
Bl “& r

(b) Test device

' Reaction w all

-

e —

l‘v'

Distributi on member

(c) Boundary conditions






media/file22.jpg
(b) Test for RDB-A

(€) FEM for RDB-B (d) Test for RDB-B.





media/file17.png
VD/z\

> =7\

Vw

AW:AWM+AWV 4 Nm D
\ \ Q? ' B T 4
\\ \\ f< S O O O 0O ] ] 7 RDB-A L (3—>
\ \ — Ny N
\ \ - y LNm ¥
\ \ |RDB RDB - WN
\ \ — é RDB-B Nims e N
= m2
\ \ |
\ \ >< © N © RN © NN © NN O - | G—} G—} G—p G_p::<=|
777777777777 "y l ,'V Vw MW:VWh/Z \ M

e D D2, /

(a) Deformation diagram (b) Force diagram

(c) Force distribution of bolt connections





media/file4.jpg
4

2
<5

e

8

)

Ao n e b asse s o ne s
(b) RDBB






media/file25.png
Load P(kN)

80 60
- K—xk
60- VAN
| # % 40 -
40 - / oo .
* 0
] e A
20 o/ "/ - \\ 20-
- / 1 ~~
- '/Ef"kla; S
O- n> - v :; O- ﬂ-—
. i\\ II_./“/. g
- . —
-20 Q /./9 O/ -20_
' oI/ —=—RDB-1
40 - *\ A
Y yal —o—RDB2
' \, & —e—RDB-3 -404
60 ‘*’ —o— RDB-4
'80'|'|'|'|'|'|'|_'*|—R-D]?-5- -600 +————— 1 1 T
-0 8 6 4 -2 0 2 4 6 8§ 10 -0 8 -6 -4 -2 0 2 4 6 8
Displacement 4(mm) Displacement A(mm)

(a) Height-to-length ratio («) (b) Material type of concrete
60

40 -

204

Load P(kN)
e

220 -

40 -

-10

3 6 -4 -2 0 2 4 6 8

Displacement 4(mm)

(c) Height-to-thickness ratio (p)





media/file0.jpg
Distibuton
Actator

(©ROB-B.





media/file21.png
Load P(kN)

0°4
40 -0
II./‘ o\.
@) \
RN
204 J e
/ D,E'.‘EED-B/._—.
O
0+ %
o l——l—-—ﬂ-ﬂ'“'l- |:|>H ‘n
o\.\
-20 - Qo000
% ! —u— RDB-A (Test)
VO - o- RDB-A (FEM)
40 - od —e— RDB-B (Test)
- 0- RDB-B (FEM)
] ' T y T ' T ' T y
-15 -10 -5 0 5 10

Displacement A(mm)

15





