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Abstract

:

Although the anchorage location of longitudinal reinforcing bars is a significant design element for flexural behavior, the conventional anchorage method of using longitudinal reinforcing bars has limited applications in new types of structures, such as composite structures. Therefore, this study examined the effect of the anchorage location of longitudinal reinforcing bars on the flexural behavior of slabs at the junctions of developed composite basement walls (SCBW) under monotonic loads at the top free end of the slab. The test results showed that the slab with longitudinal reinforcing bars anchored to the cast-in-place pile (CIP) in the composite basement wall exhibited ductile behavior accompanied by the yielding of the longitudinal reinforcing bars, a relatively wide area of vertical cracks propagating along the slab length, and a plastic plateau flow in the load–deflection relationships. In particular, the slab with longitudinal reinforcing bars anchored to the basement wall experienced severe crack concentration localized at the junction of the composite basement walls and concrete spalling in the basement walls, which resulted in no yielding of the longitudinal reinforcing bars and no cracks in the slab. Consequently, in a slab, it is recommended that longitudinal reinforcing bars be anchored into the CIP by penetrating the steel plate.
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1. Introduction


The anchorage of longitudinal reinforcing bars is a significant design element for flexural behavior [1,2]. An insufficient anchorage length of the longitudinal reinforcing bars can cause not only a reduced flexural moment but also a decrease in ductility [3]. Hence, ACI 318-19 [4] and EC 2 [5] specify the anchorage length of longitudinal reinforcing bars along the length of the flexural member or details of the 90° hook of the longitudinal reinforcing bars arranged in an axial member section. Robuschi et al. [6] reported that an adequate anchorage length of longitudinal reinforcing bars in reinforced concrete beams enables the development of 100% of their tensile stress, leading to ductile flexural behavior. Monney et al. [3] emphasized that a 90° hook is ideal for anchoring longitudinal reinforcing bars in members where sufficient anchorage length cannot be provided. However, although the 90° hook is the ideal method for anchoring longitudinal reinforcing bars, the location of the anchorage within a connection, such as at a beam-column or slab-column/wall junction, can be significantly affected by the flexural behavior [7]. Singhal et al. [7] emphasized that longitudinal reinforcing bars in flexural members must be anchored using a 90° hook that passes the centerline of the cross-section in columns or walls to obtain sufficient ductile behavior in the flexural members. Zhu et al. [8] emphasized that the slab-wall junction must be carefully designed, considering the low shear strength that results from the narrow wall section anchored by the longitudinal reinforcing bars of flexural members. Chalot et al. [9] demonstrated that an additional X-shaped FRP bar in a slab-wall junction can improve the joint’s ductility and energy dissipation capacity under cyclic loading. Wang et al. [10] reported that a new type of shear reinforcement at the anchorage location of the longitudinal reinforcing bars of a slab contributes to the ductile behavior of the slab. Liu et al. [11] confirmed that the conventional anchorage method is also suitable for obtaining sufficient flexural strength, ductility, and energy dissipation capacities of thick slab-wall joints in a new large-span slab-wall structure.



Stress transfer from concrete to a reinforcing bar through bonding is one of the most crucial parameters in the numerical analysis of RC structures [12,13,14]. The relative displacement between the concrete and the reinforcing bar, referred to as a slip, can result from cracks in the concrete near the reinforcing bar and contact slip on the reinforcing bar’s surface. Much attention has been devoted to the need for a simplification method for this complex interaction on the surface around the reinforcing bar without compromising the accuracy of the analysis. De Maio et al. [12,13] introduced an embedded truss model with a bond–slip relation contained in the CEB-FIP Model Code [14] and the contact interface between the reinforcing bar and the concrete, considering ribbed bars with good bond conditions. Several specific slip parameters were applied to allow for bond slips in the longitudinal direction of the reinforcing bar, and the analysis results were in good agreement with the experimental results. Rimkus et al. [15] performed a finite element analysis of RC beams based on the smeared crack approach, considering bond slips between concrete and a reinforcing bar. Their study found that the bond stress–slip model, when used in conjunction with the crack model, tended to replicate the de-bonding action, resulting in an overestimation of the crack’s width. Therefore, it was concluded that the perfect bonded contact between the concrete and the reinforcing bar was suitable for the bonding model of ordinary ribbed reinforcing bars.



Although the anchorage method of using longitudinal reinforcing bars has a significant effect on the flexural behavior of the beams or slabs, there have been very few studies on this topic with regard to the flexural behavior of composite basement walls. In particular, the studies mentioned above have only focused on the flexural behavior of conventional wall-slab junctions with conventional anchorage details of the longitudinal reinforcing bars of the slab, resulting in their limited application for new types of structures, such as composite structures. Jeon [16] emphasized that it is not easy to anchor the longitudinal reinforcing bars of the slab to the cast-in-place pile (CIP) sections of composite basement walls because the CIP is cast before the basement walls are constructed. Therefore, the longitudinal reinforcing bars of the slab in the slab composite basement wall (SCBW) may be improperly arranged, resulting in an insufficient anchorage length and inadequate shear reinforcement [10,11]. Insufficient anchorage length and shear reinforcement can also result in low shear capacity, leading to diagonal tension or splitting failures at the wall-slab junction. Hence, considering this weakness of the wall-slab junction, it is necessary to evaluate the effect of the anchorage method of using longitudinal reinforcing bars in the slab on the flexural behavior of the slab in composite basement walls.



This study examined the flexural behavior of slabs with different anchorage locations of longitudinal reinforcing bars at the junctions of developed composite basement walls. To investigate the effect of the anchorage location of the longitudinal reinforcing bars on the flexural behavior of the slab, flexural tests and finite element analysis (FEA) were conducted on the specimens, considering the details of the slab-composite basement junction. Two slab-composite basement wall specimens were prepared and applied to the top free end of the slab. The flexural behavior of the slab was evaluated based on the test results of the failure mode, the load–deflection relationships, and the deflection ductility ratio. In particular, the stress and strain behaviors of the steel plate for fixing an SSC used to join the CIPs and basement walls were investigated using FEA. In addition, to verify the stress transfer efficiency of the longitudinal reinforcing bars in the slab, the yield location of and variations in the stress and strain as the load increased were examined.




2. Research Significance


The test and FEA results regarding the effect of the anchorage location of longitudinal reinforcing bars on the flexural behavior of slabs at the junction of composite basement walls are valuable data for flexural design. The stable flexural and ductile behaviors of the longitudinal reinforcing bars of the slab anchored in the CIP were examined by analyzing the test results, including the failure mode, load–deflection relationships, and the deflection ductility ratio, as well as the FEA results that investigated the stress and strain of the steel plate used to fix the SSC and the longitudinal reinforcing bars. Specifically, this study provides findings that verify the stress transfer efficiency of longitudinal reinforcing bars in slabs with different anchorage locations at the junctions of composite basement walls.




3. Experimental Details


3.1. Test Specimens


A cast-in-place pile (CIP) is a temporary structural member constructed to form a retaining wall for excavation before the basement of a building is constructed. Therefore, the CIP is generally reinforced with H-beams or reinforcing bars to secure structural safety against the flexural moment and shear force caused by earth pressure. However, in this study, CIP and basement walls were synthesized and designed as a permanent structure to increase the effective basement area resulting from the decrease in the thickness of the cross-sectional basement wall. Figure 1 and Table 1 present the details of the slab composite basement wall (SCBW) specimens. Two SCBW specimens were prepared with different anchorage locations of longitudinal reinforcing bars arranged in the slab within the composite wall as the main parameters. In accordance with ACI 318-19 [4], longitudinal reinforcing bars of slabs with discontinuous ends must be anchored with 90° hooks across the center line of the slab-wall junction. In addition, to prevent the concrete splitting failure of the longitudinal reinforcing bars of slabs, the hook must be reinforced with stirrups at intervals of less than 3   d b   , where    d b    is the diameter of the longitudinal reinforcing bar. However, stirrups were not placed on the hooks of the longitudinal reinforcing bars, to enable us to investigate the effect of the anchorage locations of the longitudinal reinforcing bars on the splitting failure resistance of concrete. The longitudinal reinforcing bars of the slab were anchored to the cast-in-place pile (Specimen C) or the basement wall (Specimen B) in the composite basement. To be anchored in the cast-in-place pile (CIP) for Specimen C, half of the longitudinal reinforcing bars penetrated a steel plate installed between the CIP and the basement wall and were then bent to a 90° hook inside the CIP; the remaining were bent to a 90° hook inside the basement wall (Figure 2). To anchor them to the basement wall of Specimen B, the longitudinal reinforcing bars were bent to a 90° hook inside the basement wall. As shown in Figure 2, in the SCBW specimens, the slab was designed in a conventional manner, whereas the composite basement wall was designed by compositing cast-in-place piles (CIPs) and reinforced concrete basement walls, which were connected using a socket-type shear connector (SSC) developed by Jeon [16].



The slab had a length equal to 1450 mm and a rectangular cross-section width    B  s l a b     = 800 mm and thickness    t s    = 240 mm. Reinforcing bars with diameters of 19 and 16 mm were used as the longitudinal reinforcing bars of the slab, producing a longitudinal reinforcing bar ratio (   ρ s   ) of 0.012. To prevent unpredictable shear failure in the slab, reinforcing bars with diameters of 13 mm were used as the shear reinforcement at 200 mm intervals, producing a shear reinforcing bar ratio of 0.005. The composite basement wall consisted of a CIP section with a cross-section width    B  C I P     = 680 mm and a height    D  C I P     = 345 mm and a basement wall section with a cross-section width    B  w a l l     = 800 mm and a thickness    t w    = 175 mm. Longitudinal reinforcing bars with diameters of 16 mm were arranged in both the CIP and the basement walls. As shear reinforcing bars, the reinforcing bars with diameters of 13 mm were arranged transversely in the CIP section at 225 mm intervals. A steel plate was installed to fix the SSC used for compositing between the CIPs and the basement walls (Figure 2).




3.2. Material Properties


The designed compressive strength (   f  c d    ) values were 21 MPa for the CIP and 30 MPa for the basement wall and the slab. The measured compressive strength (   f c ′   ) values were obtained according to ASTM C39 (2015); they were 20.79 MPa for the CIP and 32.16 MPa for the basement wall and the slab. Table 2 lists the mechanical properties of the reinforcing materials used in the SCBW specimens. The yielding strengths of the reinforcing bars with diameters of 13, 16, and 19 mm were greater than 400 MPa, and their elastic moduli were approximately 200,000 MPa. The yield strengths of the steel plate and SSC were 355 and 240 MPa, respectively.




3.3. Test Set-Up


Figure 3 shows the flexural test setup for the two SCBW specimens. In the SCBW specimens, the composite basement wall was fully fixed to the strong frame using the four rock bolts with a diameter of 50 mm. An actuator with a capacity of 3000 kN was used to apply top loading to the SCBW specimens. To reduce the effects of eccentric loads, a hinge assembly was installed on both sides of the actuator. A load cell with a capacity of 1000 kN was installed between the actuator and the hinge to record the variation in the load during the test. A linear variable displacement transducer was installed along the loading point to measure the deflection variation during the test.





4. Finite Element Analysis (FEA) Procedures


4.1. Modelling


The FEA procedures for the SCBW specimens using the ABAQUS program [17] and model variations are presented in Figure 4. The overall test configuration, specimens, boundary conditions, and loading were used to simulate the experimental tests. The models included all the structural components, including the CIP, basement wall, slab, steel plate, SSC, and reinforcing bars, that were used in the test specimens. Considering the symmetric nature of the shape and boundary conditions, only half of the specimens were modelled. Each model consisted of a half-width composite wall, and the slab was rotated by 90° such that the composite wall was positioned in the horizontal direction, while the slab was in the vertical direction. The displacements in all directions were restrained at both ends of the composite wall to reflect fixed support conditions. A displacement-based monotonic load was applied to the center of the loading plate located at the end of the slab. A symmetric boundary condition against the X direction was assigned by restraining the displacements in the Y and Z directions at the surface of the symmetry.



Two finite element models (Models C and B) were constructed corresponding to the testing program. Minor adjustments were made to Model C (Specimen C), whereas Model B (Specimen B) explicitly incorporated the structural components of Specimen B. In Specimen C, half of the longitudinal reinforcing bars in the slab were anchored to the CIP using a welding coupler, which was welded to a steel plate, with a 90° bent bar on the other side. Rather than introducing a welding coupler, longitudinal reinforcing bars with a 90° hook at the end were anchored to the CIP by simply penetrating the steel plate in the model.




4.2. Finite Elements and Types


The models employed a combination of solid (C3D8R) and truss elements (T3D2). The solid element is a three-dimensional brick element composed of eight nodes with six degrees of freedom (DOF) at each node; it was used for most of the models. The truss element used for the reinforcing bars was a one-dimensional beam element composed of two nodes, assuming only axial deformation. Owing to the accuracy and efficiency of the analysis, the finite element sizes were limited to 10–15 mm for the solid elements (Figure 5) and 20 mm for the truss element, based on the FEA results [18]. In particular, the overall mesh size was automatically granted within the limited size and with a minimum mesh size of about 3 mm using ABAQUS’s meshing option.




4.3. Interactions and Constraints


Because the model is composed of various structural components, contact surfaces are inevitably formed between them. Contact surfaces are expected in concrete-reinforcing bars, concrete–steel plates, concrete-SSCs, and steel plate-SSCs. For simplicity, the SSCs were considered fully tied to the steel plate, and there was no relative displacement between them at the connecting faces. The reinforcing bars were assumed to be placed within the concrete under perfect bonding conditions by adopting the embedding constraint option in ABAQUS [17]. Both tangential and normal behaviors at the contact surfaces between the concrete and steel plate with SSCs need to be considered. For the tangential behavior, a penalty method using Coulomb friction was adopted, where two contacting surfaces can carry shear (frictional) stress up to a certain limit without relative motion and start to slide when the shear stress reaches the limit. In other words, when the shear stress reaches the limit, the surfaces begin to slip. The limit is closely related to the friction coefficient. In this study, a friction coefficient of 0.15 was assigned based on a trial-and-error approach. For the normal behavior, the hard contact mode was selected to minimize penetration on contact and to allow for contact between surfaces followed by separation.




4.4. Material Models


The concrete, reinforcing bar, and steel models used in the analysis are shown in Figure 6. Three concrete strengths (   f c ′    = 21, 30, and 35 MPa) are required for the models. A concrete strength of 21 MPa was used between the CIPs without reinforcing bars, whereas the others were used for the remaining models with reinforcing bars. A concrete damaged plasticity (CDP) model was used to assess the nonlinear behavior of the concrete. The CDP model is a constitutive model based on a combination of plasticity and damage mechanics theories. For a concrete strength of 21 MPa, the compressive stress–strain relationship in Equation (1) given in EC 2 [5] without considering the confinement effect can be expressed as follows:


   σ c  =  (    k η −  η 2    1 +  (  k − 2  )  η    )   f c ′   



(1)




where  η  is the compressive strain ratio in the concrete (=   ε c  /  ε  c 1    ),    ε  c 1     is the compressive strain in the concrete at the peak stress (=  0.7    (   f c ′   )    0.31   ≤ 0.0028  ), and  k  is the factor (=  1.05 E ×  |   ε  c 1    |  /  f c ′   ). The corresponding tensile stress and strain were set as 10% of the concrete strength and 0.001, respectively. Based on research conducted by Nguyen and Kim [18] (Figure 6b), the concrete confinement effects were partially incorporated for a concrete strength of 21 MPa and above with reinforcing bars. For the partial confinement effect, the coefficients  α  and  γ  were chosen to be 7.0 and 0.85, respectively. The coefficients  α  and  γ  represent the partial confinement effect in the compressive stress–strain relationship introduced by Ellobody et al. [19]. The  α  value can be a number between 1.0 and 11.0 depending on the degree of confinement. An  α  value of 1.0 represents an unconfined condition and 11.0 represents a fully confined condition. The  γ  value can vary from 1.0 for no degradation to 0.5 for a 50% decrease in the peak stress. Therefore, concretes with high  α  and  γ  values exhibit more ductile behavior in the descending branch in the compressive stress–strain relationship. In addition, the tensile stress–strain relationship used in Equation (2) is as follows:


    σ t  =    f t     ε  c k      ε t      for    ε t  ≤  ε  c k     



(2a)






    σ t  =  (     f t    β  ε  c k   −  ε  c k      )   ε t      for    ε t  >  ε  c k     



(2b)




where    f t    is the tensile strength, and    ε  c k     is the tensile strain at    f t   . The    f t    value was assumed to be 10% of    f c ′   , and  β  was set to 50 for the purposes of analytical stabilization. The material properties of the reinforcing bars obtained from the test results are as shown in Figure 6c. Figure 6d shows the trilinear stress–strain relationship used for the constitutive models of the steel, as per Xu et al. [20]. Depending on the type of steel, the mechanical properties considered in this study are summarized in Table 3.





5. Results and Discussion of the Test and FEA Results


5.1. Crack Propagation and Failure Mode


Figure 7 shows the failure modes of the SCBW specimens obtained from the flexural tests and FEA. In the SCBW specimens with the longitudinal reinforcing bars of the slab anchored in the CIP (Specimen C), the initial flexural cracks occurred in the maximum-moment region near the composite basement wall junction. Flexural cracks appeared in the slabs as the load increased. After the yielding of the longitudinal reinforcing bars in the slab, some cracks propagated in both the CIP and the basement wall sections. After reaching the peak load, the cracks in the composite basement wall junction intensified. Finally, the concrete crushing failure occurred in the compression zone, resulting in the termination of the flexural test. As shown in Figure 7a, anchoring the longitudinal reinforcing bars by penetrating the steel plate into the CIP was effective in distributing the cracks along the length of the slab or at the junction with the basement wall. These trends were completely different from those observed in the SCBW specimens with the longitudinal reinforcing bars of the slab anchored on the basement wall (Specimen B). In Specimen B, the initial flexural cracks occurred in the maximum-moment region near the composite basement wall junction. As the load increased, some cracks propagated only in the basement wall section, and no cracks occurred in the slab. Subsequently, the cracks that occurred in the basement wall section intensified, and, after the peak load was applied, concrete spalling of the splitting cracks occurred in the basement wall section, resulting in the termination of the flexural test. This is because the shear strength of the concrete cover where the longitudinal reinforcing bars were anchored was not sufficient to resist the shear force introduced by the tension force of the slab in flexure, resulting in splitting failure before the longitudinal reinforcing bars were yielded. As shown in Figure 7b, it can be concluded that anchoring the longitudinal reinforcing bars into the basement wall was unfavorable for distributing cracks along the slab’s length. In particular, splitting cracks near the anchorage location of the longitudinal reinforcing bars must be controlled to minimize the development of intensified cracks in the composite basement wall junction.




5.2. Load–Deflection Relationship


Figure 8 shows the load–deflection relationship of the SCBW specimens obtained from the flexural test and FEA. In the SCBW specimens with the longitudinal reinforcing bars of the slab anchored in the CIP (Specimen C), the load–deflection relationship was similar to that observed in conventional reinforced concrete one-way slabs governed by flexure. The load–deflection relationship can be described according to four stages: the initial crack, the yielding of the longitudinal reinforcing bar, the peak load, and the plastic plateau flow after the peak load. However, these trends were completely different from those observed in the SCBW specimens with the longitudinal reinforcing bars of the slab anchored on the basement wall (Specimen B). The load–deflection relationship of Specimen B can be described according to three stages: the initial crack, the peak load, and the rapid load reduction after the peak load. As a result, Specimen B showed brittle flexural behavior with a sudden decrease in the load after the peak load because the longitudinal reinforcing bars of the slab did not yield. As shown Figure 9, in general, diagonal tension and compression stress are generated at the slab-wall junction as the result of stress [21]. In addition, in the anchored position at 90°, the shear force introduced by the tension force of the slab must be resisted by the concrete cover surrounding the anchored longitudinal reinforcing bars. The resistance of the shear force at this position is maintained until the longitudinal reinforcing bars reach the yield point, contributing to the ductile behavior of the slab. However, as shown in the experiments and FEA, in Specimen B, the shear force resisted in the concrete cover where the longitudinal reinforcing bars were anchored was lower than that introduced by the tension force of the slab; thus, the concrete cover was split before the yield of the longitudinal reinforcing bars was reached. As a result, Specimen B showed a rapid drop in the applied load due to the splitting failure. The most significant difference in the load–deflection relationship between Specimens C and B was the ductile behavior after the peak load, which was dependent on whether the longitudinal reinforcing bars yielded.




5.3. Flexural Moment


Based on the equivalent stress block specified in ACI 318-19 [4], the nominal flexural moment (   M n   ) of the slab can be calculated using the following equation, without considering the longitudinal compressive reinforcing bars:


  ϕ  M  n ( A C I )   = ϕ  A s   f y   (  d −  a 2   )   



(3)




where  ϕ  is the strength reduction factor (=0.9),    M  n ( A C I )     is the nominal flexural moment calculated by ACI 318-19,    A s    is the number of longitudinal tensile reinforcing bars,  a  is the equivalent stress block [=   A s   f y  / ( 0.85  f c ′   B  s l a b   )  ], and  d  is the effective depth of the longitudinal tensile reinforcing bars. Using Equation (2), the   ϕ  M  n ( A C I )     values of the SCBW specimens were calculated to be 150.6 kN·m. As summarized in Table 4, this value was similar to the experimental value obtained for the SCBW specimen with the longitudinal reinforcing bars of the slab anchored in the CIP (Specimen C), whereas it was 1.17 times higher than that obtained for the SCBW specimen with the longitudinal reinforcing bars of the slab anchored in the basement wall (Specimen B). This implies that, although half of the longitudinal reinforcing bars were anchored to the CIP by penetrating the steel plate, an    M n    value similar to that of    M  n ( A C I )     was observed in the slab, resulting from the development of the yield stress of the longitudinal reinforcing bars in the slab. Therefore, Equation (2) specified in ACI 318-19 [4] can be used to estimate the SCBW specimen with the longitudinal reinforcing bars of the slab anchored in the CIP by penetrating the steel plate. It was also confirmed that anchoring the longitudinal reinforcing bars to the basement wall was not sufficient to induce the longitudinal reinforcing bars to yield. Meanwhile, the    M n    values of Specimens C and B obtained from the FEA were 175.5 kN·m and 123.5 kN·m, respectively, which were similar to the experimental values, irrespective of the anchorage location of the longitudinal reinforcing bars. As a result, based on the FEA procedure, the    M n    value of the SCBW specimen can be effectively predicted with high accuracy, and it is expected that it can be used for a wide range of parametric studies.




5.4. Deflection Ductility Ratio


The deflection ductility ratios (   μ Δ   ) of the SCBW specimens were calculated using the equation proposed by Park and Paulay [21]:


   μ Δ  =  Δ n  /  Δ y   



(4)




where    Δ n    and    Δ y    denote the deflections at the peak load and yielding of the longitudinal reinforcing bars in the slab, respectively. Note that Equation (3), used to obtain the    μ Δ    value, is applicable only to the SCBW specimen with the longitudinal reinforcing bars anchored in the CIP (Specimen C) because the longitudinal reinforcing bars in the slab of the SCBW specimen, which are anchored in the basement wall (Specimen B), did not yield until the test was terminated. Table 5 compares between experiments and predicted values obtained from the FEA and from the model of Yang et al. [18,22]. The    μ Δ    value of Specimen C was 2.14, which is similar to the values obtained from the FEA and the model of Yang et al. [18,22]. This implies that anchoring the longitudinal reinforcing bars by penetrating the steel plate into the CIP was an effective means of achieving ductile behavior in the slab.




5.5. Stress and Strain of the Longitudinal Reinforcing Bars in the Slab


Figure 10 and Table 6 show the maximum stress and strain of the longitudinal reinforcing bars in the slab according to each stage described in the section on the load–deflection relationship. Note that this section was analyzed based only on the FEA results. In the SCBW specimens with the longitudinal reinforcing bars of the slab anchored in the CIP (Specimen C), at the point of the initial crack, the maximum stress and strain of the longitudinal reinforcing bars in the slab occurred near the composite basement wall junction, with values of 84.7 MPa and 0.00042, respectively, which were 83% lower than those obtained from the yielding of the longitudinal reinforcing bars. The yielding location of the longitudinal reinforcing bar was near the composite basement wall junction. At the peak load, the maximum stress and strain values of the longitudinal reinforcing bars in the slab occurred in the potential plastic hinge near the composite basement wall junction and were 596.7 MPa and 0.042, respectively: 1.17 and 21 times higher, respectively, than those obtained from the yielding of the longitudinal reinforcing bars. After the peak load, the longitudinal reinforcing bars of the slab experienced a stress exceeding 400 MPa in the region between the composite basement wall and 0.2 L  along the slab. Notably, this region was similar to the predicted value (271 mm) of the equivalent plastic hinge length (   L p  = 0.08  a s  + 0.022  d b   f y   ) proposed by Priestley and Park [21]. This implies that anchoring the longitudinal reinforcing bars by penetrating the steel plate into the CIP is sufficient to develop the yield stress of the longitudinal reinforcing bars in the slab, resulting in ductile behavior. However, as with the analysis of the load–deflection relationship, these trends were completely different from those observed in the SCBW specimens with the longitudinal reinforcing bars of the slab anchored to the basement wall (Specimen B). In Specimen B, at the point of the initial crack, the maximum stress and strain values of the longitudinal reinforcing bars in the slab occurred near the composite basement wall junction and were 84.6 MPa and 0.0041, respectively, which were similar to the values observed in Specimen C. At the peak load, the maximum stress of the longitudinal reinforcing bars in the slab occurred near the composite basement wall junction, with a value of 462 MPa. This value was approximately 10% lower than that obtained from the yielding of the longitudinal reinforcing bars, indicating that the stress of the longitudinal reinforcing bars in the slab did not contribute significantly to the ductile flexural behavior. Instead, the longitudinal reinforcing bars of the basement wall near the composite basement wall junction were obtained. After the peak load, the stress and strain values of the longitudinal reinforcing bars in the slab remained within a range similar to that obtained at the peak load, and the number of yielded longitudinal reinforcing bars in the basement wall increased. Consequently, transverse reinforcement must be provided for the longitudinal reinforcing bars of the basement wall near the composite basement wall junction to prevent buckling and concrete spalling caused by splitting cracks.




5.6. Stress of the Steel Plate and Socket-Type Shear Connector (SSC)


Figure 11 and Table 6 present the von Mises stress of the steel plate and SSC based on the FEA results according to each stage described in the section on the load–deflection relationship. In the SCBW specimens with the longitudinal reinforcing bars of the slab anchored in the CIP (Specimen C), the maximum stress in the steel plate and SSC occurred near the location penetrated by the longitudinal reinforcing bars of the slab. The stresses in the steel plate and SSC increased gradually and were 226.5 MPa and 153.2 MPa, respectively, at the point of yielding of the longitudinal reinforcing bar. Specifically, the stress in the steel plate reached the yield point after the peak load, whereas the SSC remained in an elastic state until the FEA was terminated. This implies that the steel plate located near the area penetrated by the longitudinal reinforcing bars of the slab played a crucial role in anchoring the longitudinal reinforcing bars of the slab. However, these trends were completely different from those observed in the SCBW specimens with the longitudinal reinforcing bars of the slab anchored on the basement wall (Specimen B). In Specimen B, at the initial crack, the maximum stresses in the steel plate and SSC occurred near the anchorage location of the longitudinal reinforcing bars of the slab in the basement wall section. After the initial crack, only the stress in the SSC installed in the basement wall section increased gradually. At the peak load, it reached 236.8 MPa, which is similar to the yielding strength of the SSC. However, the stress in the SSC and the steel plate installed in the CIP section remained in an elastic state until the FEA was terminated. This implies that the tensile stress in the longitudinal reinforcing bars of the slab was not transferred to the CIP at the composite basement wall junction.





6. Conclusions


To investigate the effect of the anchorage location of longitudinal reinforcing bars on the flexural behavior of slabs at the junction of composite basement walls, flexural tests and FEA of SCBW specimens were conducted. The following conclusions were drawn:




	
The SCBW specimens with the longitudinal reinforcing bars of the slab anchored in a CIP tended to exhibit conventional flexural behavior and failure modes in slabs governed by flexure, accompanied by the yielding of the longitudinal reinforcing bars. After the longitudinal reinforcing bars of the slab yielded, plastic plateau flow occurred in the load–deflection relationship.



	
The SCBW specimens with the longitudinal reinforcing bars of the slab anchored in the basement wall tended to show brittle slab behavior after the peak load due to splitting cracks occurring only in the basement wall section, with no cracks in the slab.



	
The flexural moment of the slab in the SCBW specimens with the longitudinal reinforcing bars anchored in the CIP was similar to the values predicted from ACI 318-19 and the FEA procedure, because the longitudinal reinforcing bars of the slab yielded.



	
The deflection ductility ratio (   μ Δ   ) of the slab in the SCBW specimens with the longitudinal reinforcing bars of the slab anchored in the CIP was 2.14, which is similar to those obtained from the FEA and the model of Yang et al. [22]. Therefore, anchoring the longitudinal reinforcing bars by penetrating the steel plate into the CIP was an effective means of achieving ductile behavior in the slab.



	
After the peak load, the stress of the longitudinal reinforcing bars of the slab in the SCBW specimens with the longitudinal reinforcing bars anchored in the CIP exceeded 400 MPa in the region between the composite basement wall and 0.2 L  along the slab.



	
In the slabs in the SCBW specimens with the longitudinal reinforcing bars anchored in the CIP, as the load increased, the stresses in the steel plate and socket-type shear connector gradually increased. In particular, the stress in the steel plate reached the yield point after the peak load, whereas the SSC remained in an elastic state until the FEA was terminated.



	
In the SCBW specimens with the longitudinal reinforcing bars of the slab anchored in the basement wall, the stresses in the longitudinal reinforcing bars of the slab, steel plate, and SSC installed in the CIP section remained in an elastic state even after the peak load. This is because the concrete splitting failure occurred along the anchored longitudinal reinforcing bars of the slab before the longitudinal reinforcing bars yielded.



	
Based on the flexural test and FEA results, it was determined that anchoring the longitudinal reinforcing bars by penetrating the steel plate into the CIP was effective in developing the ductile behavior of the slab. However, anchoring the longitudinal reinforcing bars to the basement wall was not effective in developing the ductile behavior of the slab, owing to the occurrence of concrete spalling and splitting cracks at the basement wall junction. Therefore, it is necessary to provide shear reinforcement to the basement wall junction to control concrete splitting failure, according to ACI 318-19 specifications.
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Figure 1. Details of the SCBW specimens (unit: mm). 
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Figure 2. Details of the slab composite basement wall junction. 
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Figure 3. Test setup of the SCBW specimens (unit: mm). 
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Figure 4. FEA procedures of the SCBW specimens using an ABAQUS program. 
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Figure 5. Set-up of finite element meshes. (a) Concrete. (b) Steel plate and SSCs. 
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Figure 6. Constitutive model of the concrete and reinforcing bars employed in FEA. (a) Concrete strength. (b) Concrete. (c) Reinforcing bar (test results). (d) Steel materials. 
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Figure 7. Failure modes of the SCBW specimens. (a) Specimen C. (b) Specimen B. 
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Figure 8. Load–deflection relationship of the SCBW specimens. (a) Specimen C. (b) Specimen B. 
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Figure 9. Actions at the exterior slab composite basement wall junction caused by stress resultants. 
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Figure 10. Maximum stress and strain of the longitudinal reinforcing bars in the slab. 
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Figure 11. Von Mises stress of steel plate and SSC. 
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Table 1. Details of the SCBW specimens.
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Speci-men

	
Main Parameter

	
In the Slab

	
In the CIP

	
In the Basement Wall




	
Anchorage Location of the Longitudinal Reinforcing Bar of the Slab

	
Longitudinal Reinforcing Bar

	
Shear Reinforcing Bar

	
Longitudinal Reinforcing Material

	
Transverse Reinforcing Bar

	
Vertical Reinforcing Bar

	
Horizontal Reinforcing Bar




	
Diame-ter (mm)

	
     ρ s     

	
Diame-ter (mm)

	
     ρ v     






	
C

	
A 90° hook inside the CIP

	
19 and 16

	
0.012

	
13

	
0.005

	
Steel plate (150 × 6) and 18- ϕ 16

	
 ϕ 13 @ 225

	
5- ϕ 16 and 3- ϕ 13

	
 ϕ 13 @ 200 and  ϕ 13 @ 400




	
[image: Buildings 13 01775 i001]




	
B

	
A 90° hook inside the basement wall




	
[image: Buildings 13 01775 i002]








[Note    ρ s    = longitudinal reinforcing bar ratio,    ρ v    = shear reinforcing bar ratio.]
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Table 2. Mechanical properties of the reinforcing materials in the SCBW specimens.
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Type

	
Yield Strength (MPa)

	
Tensile Strength (MPa)

	
Elastic Modulus (MPa)






	
 ϕ 13

	
437

	
579

	
206,596




	
 ϕ 16

	
467

	
635

	
196,805




	
 ϕ 19

	
506

	
646

	
197,584




	
Steel plate

	
355

	
490

	
200,000




	
SSC

	
240

	
400
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Table 3. Mechanical properties of steel materials used in FEA.
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	Type
	Yield Strength

(MPa)
	Tensile Strength

(MPa)
	    E h    

(MPa)





	Steel plate
	355
	490
	0.02 E 



	SSC
	240
	400
	0.1 E 







[Note:    E h    = hardening modulus,  E  = elastic modulus.]
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Table 4. Summary of experimental results.
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Specimen

	
Experimental Values




	
    P y    

(kN)

	
    P n    

(kN)

	
    Δ y    

(mm)

	
    Δ n    

(mm)

	
     μ  Δ ( E X P . )      

	
    M  n ( E X P . )     

(kN·m)






	
C

	
123.5

	
136.4

	
26.1

	
55.9

	
2.14

	
177.3




	
B

	
-

	
99.0

	
-

	
28.1

	
-

	
128.7








[Note:    P y    = load at the yielding of the longitudinal reinforcing bars of the slab,    P n    = peak load,    Δ y    = deflection at    P y   ,    Δ n    = deflection at    P n   ,    μ  Δ ( E X P . )     = deflection ductility ratio,    M  n ( E X P . )     = maximum flexural moment.]
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Table 5. Summary of predicted results obtained by FEA, the model of Yang et al., and ACI 318-19.
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Specimen

	
Predicted Values

	
Comparison




	
FEA Results

	
Yang et al. [22]

    (  = 0.62    [   (     ω s  0.7        (  1 +   ω s  ′   )   3     )     (    2300    ρ c     )    0.5      (     a s   d   )    0.1    ]    − 1.2    )    

	
ACI 318-19 [4]

	
     μ  Δ ( E X P . )      

    /  μ  Δ ( F E A )      

	
     μ  Δ ( E X P . )      

    /  μ  Δ ( Y a n g   e t   a l . )      

	
     M  n ( E X P . )      

    /  M  n ( F E A )      

	
     M  n ( E X P . )      

    / ϕ  M  n ( A C I )      




	
    Δ y    

(mm)

	
    Δ n    

(mm)

	
     μ  Δ ( F E A )      

	
    M  n ( F E A )     

(kN·m)

	
     μ  Δ ( Y a n g   e t   a l . )      

	
   ϕ  M  n ( A C I )     

(kN·m)






	
C

	
28.6

	
65.5

	
2.29

	
175.5

	
2.30

	
150.6

	
0.94

	
0.93

	
1.01

	
1.18




	
B

	
-

	
38.1

	
-

	
123.5

	
-

	
150.6

	
-

	
-

	
1.04

	
0.85








[Note:    μ  Δ ( F E A )     = deflection ductility ratio calculated by the FEA procedure,    M  n ( F E A )     = nominal flexural moment calculated by the FEA procedure,    μ  Δ ( Y a n g   e t   a l . )     = deflection ductility ratio calculated by Yang et al. [22],    ω s    = longitudinal reinforcing bar index,     ω s  ′    = compressive longitudinal reinforcing bar index,    ρ c    = unit weight of concrete,    a s    = shear span,  d  = depth of the longitudinal reinforcing bar,  ϕ  = strength reduction factor,    M  n ( A C I )     = nominal flexural moment calculated by ACI 318-19.]
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Table 6. The maximum stress based on the FEA results according to each stage described in the section on the load–deflection relationship.
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Specimen

	
Type

	
Maximum Stress (MPa)




	
At the Initial Crack

	
At the Yielding of the Longitudinal Reinforcing Bar

	
At the Peak Load

	
At the Termination of FEA






	
C

	
Longitudinal reinforcing bars in the slab

	
84.7

	
512.2

	
596.7

	
623.5




	
Steel plate and SSC

	
13.1

	
226.5

	
287.5

	
358.8




	
B

	
Longitudinal reinforcing bars in the slab

	
84.6

	
-

	
462.0

	
411.3




	
Steel plate and SSC

	
21.7

	
-

	
236.8

	
255.0
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