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Abstract

:

This study investigated the grouted sleeve splices and corrugated duct splices between shear walls and footing. In this regard, three shear walls were experimentally tested. One wall was cast monolithically with the foundation (RCWS), whereas two walls were precast. One wall was connected to the foundation using splice sleeves (PGWS), and another with corrugated duct splices (PCWS). All the walls were tested under reverse cyclic loading and a constant axial load. It was observed that the performance of specimen PGWS was controlled by rocking, and a premature connection loss was observed at one of the grouted sleeve splices. The hysteretic performance of specimen PCWS was close to that of specimen RCWS, whereas extensive pinching was observed in the hysteretic response of specimen PGWS. The peak load, ductility, secant stiffness, and energy dissipation of specimens RCWS and PCWS were in good agreement, whereas the energy dissipated by specimen PGWS was considerably lower than the corresponding values of specimens RCWS and PCWS. Nonlinear fiber-based modeling in OpenSees was performed using SFI-MVLEM elements. The predicted hysteretic response of the OpenSees model was in close agreement with the experimental response.
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1. Introduction


Several disadvantages are associated with conventional cast-in-place (CIP) or monolithic construction, such as being laborious and time-consuming. In addition, it is difficult to maintain construction quality in monolithic construction [1]. The use of precast (PC) concrete can overcome these issues, especially in the construction of high-rise buildings. The use of PC concrete has been around since the late 19th century [2]. In a similar context, the use of PC shear walls has gained interest in recent years [3,4,5,6,7,8].



The performance of a PC structure mainly depends on the performance of the connections between the individual components. An adequate connection between two adjacent components is vital to ensure the proper load transfer mechanism and avoid premature failure attributed to poor connection details. Further, ACI 318-19 [9] recommends ensuring a similar performance of a PC shear wall as that of a CIP shear wall. At present, the most common method to connect a PC shear wall to the adjacent members is either using grouted sleeve splices (GSS) or corrugated duct splices (CDS) [1].



Invented in the 1960s, GSS have been the most commonly deployed method for the panel-to-panel or panel-to-foundation connection due to their short and convenient construction [10,11,12]. Belleri and Riva [13] investigated the use of GSS in column-to-footing connections. Comparisons were made with traditional CIP column-to-footing connections. It was observed that the GSS connection resulted in a similar performance as that of the CIP connection in terms of ductility and dissipated energy. Further, the grout used in the GSS connection provided confinement to the longitudinal bars, and their buckling was prevented. Peng et al. [14] adopted a mortar sleeve connection for the longitudinal bars in PC shear walls. The performance of the mortar sleeve connection was investigated under cyclic loading. The sleeve connection was found to effectively transfer longitudinal bar stresses. Further, the failure mode of the shear wall with mortar GSS was similar to the failure mode of the CIP shear wall. However, the energy-dissipating capacity of the PC shear wall was less than the capacity of the CIP shear wall. Soudki et al. [15] tested six full-scale PC shear walls with GSS, including a control CIP shear wall under reverse cyclic loading and constant axial load. Steel sleeves were installed at the two edges, whereas the ductility and energy dissipation of the shear walls with GSS connections were found to be comparable to the ductility and energy dissipation of the CIP shear wall. Xiao et al. [16] highlighted the issues of GSS connections, including the backflow of the grout during grouting, resulting in a defected grout connection. In this regard, grout defects of different sizes were intentionally introduced in the GSS connection to assess the resulting performance of PC shear walls. The defected GSS connections were found to adversely affect the performance of PC shear walls, mainly when the longitudinal bars were in tension. Further, a longitudinal bar in a GSS connection without defects was observed to achieve its full capacity.



Despite demonstrating good performance under cyclic loading tests, the use of GSS connections may not be cost-effective [17]. Further, grouting defects significantly affect the performance of PC shear walls [16,18]. Corrugated duct splices (CDS) have recently gained significance due to their lower costs. Further, the length of corrugated duct splices can be made longer than GSS splices. As a result, the defect tolerance of the grout is considerably enhanced [17]. Popa et al. [19] investigated the performance of scaled PC columns with steel CDS connections at their bases. The hysteretic response and energy dissipation of PC columns with CDS connections were found to be similar to those of CIP columns. Fan et al. [20] investigated the performance of GSS and CDS connections at PC column-footing junctions in comparison to the performance of CIP specimens. For ease of construction, large-diameter bars were used. In the case of the GSS connection, the formation of a plastic hinge above the GSS connection resulted in the buckling of longitudinal bars and the rupture of transverse bars, adversely affecting the overall performance of the specimen. In the case of CDS connections, the slip of large-diameter bars and surrounding concrete resulted in pronounced pinching in the hysteretic response. A possible solution to reduce pinching in the case of CDS connections with large-diameter bars was identified using longer CDS lengths. Nonetheless, PC columns with CDS connections exhibited higher ductility and lateral load capacity than those of the columns with GSS connections. Zhi et al. [21] tested three PC shear walls with CDS connections and CIP shear wall. Metallic corrugated pipes were used for the CDS connection at the front and back of the PC shear walls, close to the vertical sides. The three PC shear walls were differentiated depending on the type of longitudinal bars inside the CDS connection, such as ordinary bars, high-strength bars, or post-tensioned bars. It was observed that the inclusion of high-strength or post-tensioned bars inside the CDS improved the performance of shear walls in terms of ductility and energy dissipation. Xue et al. [17] tested six full-scale shear walls under reverse cyclic loading. The walls were tested under an axial load ratio of either 0.12 or 0.3. The PC shear walls used either the GSS or CDS connections. The hysteretic curves of PC shear walls were found to be wider than the hysteretic curves of CIP walls, ascribed to the improved confinement provided by GSS or CDS connections. The PC shear walls were found to have similar ductility to those of the CIP shear walls under low axial loads. However, the ductility of PC shear walls was higher than the ductility of CIP walls under high axial loads. The state-of-the-art concerning the use of CDS connections in PC shear walls is very limited at the moment. Previous studies have demonstrated that the use of CDS connections could be an effective solution for the PC members’ connections [17,19,20,21]. Further, it was demonstrated by Xue et al. [17] that CDS connections can be an alternative to the conventional GSS connections in PC shear walls with a height of 2750 mm.



The present study tends to increase the limited experimental database on the use of CDS connections in shear walls. The main objectives of the present study include performing an experimental comparison of shear walls with GSS and CDS connections subjected to hysteretic loadings. In particular, the efficacy of GSS or CDS connections is assessed on short shear walls, i.e., up to 1200 mm. At present, no study has been conducted that predicts the hysteretic behavior of PC shear walls with CDS connections. The present study also tends to fill this gap by performing nonlinear analysis on PC shear walls with GSS or CDS connections. In particular, the present study focuses on the application of GSS or CDS horizontal wall-to-footing joints.




2. Experimental Program


2.1. Test Matrix


This study intended to perform an experimental comparison of shear walls with GSS or CDS horizontal connections. Therefore, three shear wall specimens were tested in this study, comprising one cast-in-place (CIP) specimen (RCWS), one precast (PC) specimen with grouted sleeve splices (PGWS), and one PC specimen with corrugated duct splices (PCWS). The length and width of all specimens were 800 mm and 120 mm, respectively. The height of all specimens was 1190 mm. These details are summarized in Table 1.




2.2. Specimen Details


The structural details of three test specimens are presented in Figure 1. All specimens comprised two boundary elements with denser reinforcement and a web element in between the boundary elements. All the walls were connected to beams at the top and to footings at the bottom to replicate the actual construction details. The longitudinal reinforcement consisted of deformed bars of 10 mm diameter. The center-to-center spacing of longitudinal bars within the boundary elements was 110 mm, whereas it was increased to 177 mm within the web. The longitudinal reinforcement was tied along the boundaries using deformed bars of 10 mm diameter. The spacing of 10 mm diameter ties was 150 mm toward the lower half of the shear walls, whereas the spacing was increased to 300 mm near the top. The ties within the boundary elements comprised round bars of 9 mm diameter. The spacing of ties within boundary elements was 75 mm at the bottom and 150 mm near the top of the shear walls. The structural details of the top beam are also shown in Figure 1.



As mentioned before, grouting sleeve splice and corrugated duct splice methods were adopted in this study to compare the corresponding structural responses of PC shear walls. The details of corrugated duct splices are shown in Figure 1b. Three corrugated ducts were installed along the centerline of the section, with one within the web, and the other two within the boundary elements. The height of the corrugated duct was kept at 450 mm, whereas the height of the protruding bars (i.e., deformed bars of 20 mm diameter) from the footing was 400 mm. The center-to-center spacing of corrugated ducts was 315 mm. For the PGWS specimen (see Figure 1c), the sleeves were installed at similar locations. The height of the protruding bars in the PGWS specimen was 165 mm, whereas the height of the bar above the sleeve was 500 mm. For both splice methods, a gap of 20 mm was left between the shear wall and footing, which was later filled using a high-strength grout. The concrete cover was considered 20 mm for all walls.




2.3. Construction Procedure


Currently, the most prevalent approach for connecting a PC shear wall to neighboring members involves the utilization of grouted sleeve splices (GSS) or corrugated duct splices (CDS) [1]. GSS, which were invented in the 1960s, have traditionally been widely used for connecting panels in PC shear walls or linking panels to the foundation. This method gained popularity due to its ease of construction and the relatively short time required for implementation [10,11,12]. However, their cost-effectiveness may be questionable [17]. Grouting defects can significantly impact the performance of PC shear walls [16,18]. Recently, corrugated duct splices (CDS) have gained significance due to their lower costs and ability to accommodate longer splice lengths, enhancing the tolerance for grout defects [17]. Since experimental studies that involve a direct comparison of these methods are scarce, this study chose to adopt these two methods to connect the shear walls with footings. The shear wall and footing of specimen RCWS were cast monolithically, as shown in Figure 2a, whereas the footings and shear walls were fabricated separately for specimens PCWS and PGWS. Corrugated ducts of diameter 50 mm and sleeves were embedded in the walls at prescribed locations (see Figure 2b). The PC wall panels with protruded duct and sleeve openings for grouting are shown in Figure 2c. The PC wall panels were then erected and placed above the footing, with corrugated ducts and sleeves concentrically located above the bars protruding from the footing. Finally, the gap between the walls and footing was filled using a high-strength grout, followed by the grouting inside the corrugated ducts and sleeves.




2.4. Material Properties


The footings of all beams were cast using a single batch of concrete with a cylindrical strength of 34.13 MPa. The concrete used for the fabrication of specimens RCWS, PCWS, and PGWS was obtained from a single batch with a cylindrical strength of 32.68 MPa on test day. The properties of the grout and concrete are listed in Table 2, whereas the properties of steel bars are listed in Table 3. High-performance non-shrink cement (product name SikaGrout-214-11 TH) was used to prepare high-strength grout. For concrete, three cylinders of standard size, i.e., 150 × 300 mm (Diameter × Height), were used, whereas for grout, three cubes of size 50 × 50 × 50 mm were used for strength properties.




2.5. Test Setup


All specimens were subjected to displacement-controlled reverse cyclic loading. The amplitudes of the cyclic loading history are plotted in Figure 3. Three cycles at each drift ratio were applied. In addition to the cyclic loading, all specimens were subjected to a constant axial load of 150 kN. This axial load was equivalent to an axial load ratio of 0.05.



A typical test setup is shown in Figure 4a. The axial load and cyclic loading history were applied using hydraulic actuators, whereas the intensity of the applied load at each time instant was monitored with the help of load cells. Several linear variable differential transducer LVDTs were installed to record the deformation of shear walls, as shown in Figure 4b. A logger was used to record the applied load history. Strain gages were attached to the longitudinal bars at the wall and foundation junction in all specimens to monitor the longitudinal strains, as shown in Figure 4b.





3. Experimental Results


3.1. Crack Patterns and Failure Modes


The evolution of cracks in the specimen RCWS is shown in Figure 5. At a low drift ratio of 0.1%, cracks at the base were observed. The orientation of cracks dictated the presence of shear-dominated behavior at small drift ratios. At a drift ratio of 0.2%, significant horizontal cracking at both sides of the specimen RCWS was observed, suggesting flexural domination in addition to the existing shear forces. By increasing the drift ratios, both the shear and flexural cracks widened and propagated toward the middle. Several flexural cracks were found to merge with existing shear cracks, indicating a flexural-shear behavior. At a drift ratio of 3%, significant diagonal cracking was observed along the full height of specimen RCWS. In addition, considerable flexural cracks were observed at the base. At high drift ratios, the specimen RCWS exhibited wide cracks at the wall-footing junction, and the rocking behavior was noticed.



The evolution of cracks in the specimen PCWS is shown in Figure 6. Unlike specimen RCWS, significant shear and flexural cracks were not observed in the specimen PCWS until a drift ratio of 0.2%. Beyond the drift ratio of 0.2%, shear and flexural cracks started to appear. At a drift ratio of 1%, the quantity of shear and flexural cracks was significant, and existing cracks propagated toward the centerline of the specimen. Cracks at the wall-footing junction appeared at low drift ratios, and their sizes increased as the loading progressed. At a drift ratio of 2.5%, concrete crushing was observed near the corners of the junction. The concrete crushing was predominant at a drift ratio of 4%.



Crack patterns at various drift ratios in the specimen PGWS are shown in Figure 7. Flexural behavior was found to be dominant till a drift ratio of 0.2% in the form of horizontal cracks. The smallest number of shear cracks at a drift ratio of 1% was observed in the specimen PGWS. However, the cracks at the wall-footing junction were considerable at a drift ratio of 1%. Interestingly, the increase in drift ratio did not induce a significant increase in the number of flexural cracks. At a drift ratio of 1%, the existing flexural cracks propagated in a diagonal direction, indicating a flexural-shear behavior. The specimen PGWS demonstrated large cracks, and the PC wall in the specimen PGWS seemed to be dislocated from the footing. Thus, the behavior of the specimen PGWS was found to be dominated by the rocking mechanism due to the presence of large cracks at the wall-footing junction.



The ultimate failure modes of three specimens are shown in Figure 8. The failure of the specimens RCWS and PCWS accompanied extensive concrete crushing at the wall base. In addition, buckling of the longitudinal reinforcement was observed in the exposed regions, whereas splitting of concrete in the horizontal and diagonal direction indicated a flexure-shear-dominated behavior. In contrast, the failure of the specimen PGWS did not accompany substantial horizontal and diagonal splitting. However, large cracks at the wall-footing junction indicated the failure of grouted sleeve splices, resulting in a dominant rocking behavior.




3.2. Hysteretic Response and Ductility of Shear Walls


The measured hysteretic load-deflection response of all specimens is shown in Figure 9. By visual inspection, it is evident that the hysteretic behavior of the specimens RCWS and PCWS was comparable. On the contrary, the hysteretic response of the specimen PGWS demonstrated extensive pinching. This was expected after witnessing extensive cracking at the wall-footing junction and the predominantly rocking behavior of the specimen PGWS. This is an indication that the use of grouted sleeve splices did not result in an efficient connection between the PC shear wall and footing. On the other hand, the connection by corrugated duct splices resulted in pinching as low as the pinching in the CIP shear wall (i.e., the specimen RCWS), suggesting the effectiveness of corrugated duct splices. The lateral load-deflection envelopes are presented in Figure 9d. In terms of peak lateral strength and initial stiffness, no significant difference was observed among the three specimens. In addition, the rate of post-peak strength degradation could not be differentiated among the three specimens. In terms of pinching, the specimen PGWS demonstrated the highest pinching. While the load-deflection hysteretic responses of the specimens PCWS and RCWS exhibited similar pinching characteristics.



The key parameters of the hysteretic response of all specimens are listed in Table 4. The definition of displacement ductility index μ is shown in Figure 10 and mathematically represented in Equation (1) [12].


  μ =    Δ  0.8      Δ y     



(1)




where    Δ  0.8     is the displacement corresponding to a 20% drop in peak lateral strength and    Δ y      is the yield displacement defined in Figure 10a [22]. The estimated ductility for all specimens from the backbone curve is also shown in Figure 10. It is evident that the ductility levels of the specimens RCWS and PCWS were above 6.0, whereas the ductility of the specimen PGWS was above 6.0 in the push direction only. The specimen RCWS did not perform well in the pull direction, which can be attributed to the substandard connection between the wall and footing. Further, the peak load sustained by the specimen PCWS was greater than the peak load sustained by the specimen RCWS, whereas the specimen PGWS sustained a lower peak load than the peak load sustained by the specimen RCWS.




3.3. Lateral Deformation Components


Extensive instrumentation was deployed to capture the contribution of the individual lateral deflection components. The captured contribution of shear, flexure, and rocking mechanisms to the total lateral deflection at various drift ratios is plotted in Figure 11. It can be seen in Figure 11a that the contribution of shear, flexure, and rocking to the total deflection was presented throughout the loading history. In addition, the contribution of the three components increased as the loading progressed. For the specimen PCWS, the contribution of shear and flexure was low at small drift ratios. This can be validated by the cracking patterns in the specimen PCWS in Figure 6. The contribution of shear to the total deflection evolved rapidly as the drift ratios increased, which is again, corroborated by the extensive shear cracking observed at drift ratios greater than 1.5% in the specimen PCWS. Finally, the contribution of shear and flexure was insignificant compared to the contribution by rocking to the total deflection of the specimen PGWS. This is again confirmed by the cracking patterns observed in the specimen PGWS (see Figure 7). The contribution of rocking to the total deflection of the specimen PGWS was approximately 70%. This is substantiated by the noticeable cracks at the wall-footing junction in the specimen PGWS. The resemblance in cracking patterns and the estimated contribution of different components to total deflection suggest that the applied instrumentation accurately captured the individual components.




3.4. Energy Dissipation


The dissipated energy was calculated as the area under hysteretic loops. The calculated dissipated energy along various drift ratios is plotted in Figure 12, whereas the total dissipated energy by each specimen is presented in Table 4. At small drift ratios, i.e., below 1%, the dissipated energy of all specimens evolved slowly. Further, the cumulative energy of all specimens below the 1% drift ratio was comparable. Above 1% drift ratio, the specimen PGWS did not follow the trend of dissipated energy of the CIP shear wall, i.e., the specimen RCWS. This can be ascribed to the extensive pinched hysteretic response of the specimen PGWS due to the rocking mechanism. On the contrary, the total energy dissipated by the specimen PCWS was 87.6 kN-m in comparison to the value of 76.6 kN-m for the specimen RCWS.




3.5. Secant Stiffness Degradation


The secant stiffness degradation is another criterion to estimate the rate of strength degradation under hysteretic loading. It is defined as the secant stiffness of the line joining the origin and peak load at each drift ratio. The estimated secant stiffness for all specimens in the push direction is plotted in Figure 13. It is evident that the corrugated duct splice resulted in strength degradation of the PC wall that was comparable to the secant stiffness degradation of the CIP monolithic shear wall. The substandard nature of grouted sleeve splices is evident in Figure 13 as the secant stiffness of the specimen PGWS at each drift ratio was lower than those of specimens RCWS and PCWS. The rapid stiffness degradation at low drift ratios in all specimens can be attributed to the tensile cracking of concrete and the evolution of shear cracks.




3.6. Strains of Longitudinal Reinforcement


Various strain gages were installed on the longitudinal bars at the wall-footing junction. The measured strains in the specimen RCWS are shown in Figure 14a. Six strain gages were installed on six longitudinal bars in the specimen RCWS. It can be seen that the longitudinal bars in the boundary elements attained higher strains than the strains of longitudinal bars in the web element. Nonetheless, all the longitudinal bars attained yield stress at a drift ratio of 0.75%. The specimen PCWS had three strain gages attached to the protruded bars in corrugated ducts, as shown in Figure 14b. The bars within boundary elements attained yielding at a drift ratio of around 0.5%, whereas a delayed yielding in the middle bar was observed. Finally, strain measurements in the specimen PGWS are shown in Figure 14c. The bar at location L1 could not attain yielding. This can be attributed to the premature failure of grouted sleeve splices at location L1. This can be explained by the wide crack observed at the wall-footing junction in the specimen PGWS.



In light of the ongoing discussion, it is inferred that the specimen PGWS suffered connection damage at location L1. This is confirmed in Figure 14, where the strain gage mounted to the longitudinal bar at location L1 could not measure the yield strain due to the loss of connection at the same location. This may be attributed to the assumed grout defect at location L1. This is because existing studies have highlighted the issues concerning the difficulties in maintaining the grout quality within the grouted sleeve splices [16,18].





4. Numerical Simulations


In this part, the open-source computational platform of OpenSees [23] was used to model the shear wall. It was demonstrated that the specimen PGWS suffered from connection damage. As a result, the response of the specimen PGWS was substantially dominated by rocking, resulting in extensive pinched behavior. Since the connection damage was attributed to an unforeseen grout defect, the wall PGWS was not modeled. The objective behind the testing of corrugated duct splices was to assess their efficiency in maintaining the wall-footing connection under reversed cyclic loading. In short, it was desired to have a similar hysteretic response from the specimen PCWS as that of the specimen RCWS. It was shown in Section 3 that the peak load, ductility, energy-dissipation capability, and secant stiffness of the specimen PCWS were all the same as those of the specimen RCWS. Therefore, it is inferred that corrugated duct splices can effectively be utilized in the connection of precast wall panels. To this end, a single shear wall was modeled in OpenSees representative of the specimens RCWS and PCWS. The modeling details are described below.



The class of the Multiple Vertical Line Element Model (MVLEM) in OpenSees was utilized to model the hysteretic behavior of the shear wall. In particular, the macroscopic modeling approach that utilizes the two-dimensional fiber-based formulation of the Shear-Flexure Interaction-Multiple Vertical Line Model (SFI-MVLEM) was adopted [24,25], as shown in Figure 15. The SFI-MVLEM approach models the member by stacking elements in series. Each element in the series is representative of steel and concrete properties along the member width. Each element is connected to rigid beams at the top and bottom, where three global degree-of-freedoms are defined at the center of each rigid beam. The relative rotation between the top and bottom beams is assumed to occur at the center of rotation, which is further assumed to act at a distance of 0.4 times the element height from its base [26]. Each element is divided into a number of RC panels along its length. The longitudinal internal forces within each element are represented through a membrane action, where the constitutional law of RC panels is evaluated by utilizing the Fixed Strut Angle Model (FSAM) [27].



In practice, the boundary elements of a shear wall incorporate better confinement than the web. This phenomenon can easily be modeled using the SFI-MVLEM modeling approach, as the width and thickness of an individual RC panel can be controlled. Further, different constitutive stress-strain laws of concrete and steel can be assigned to different RC panels.



4.1. Element and Panel Discretization


In the present study, a shear wall representative of the specimens RCWS and PCWS was modeled using three SFI-MVLEM elements, as shown in Figure 16. A single RC panel was used to model the boundary element at each end, whereas three RC panels were used to model the web of each element. The length of boundary RC panels was taken as 150 mm, whereas the length of three web panels was 167 mm. The height of element one and element two was 380 mm, and the height of element three was 430 mm.




4.2. Material Constitutive Relations


Concrete properties within the boundary regions were evaluated using the model of Mander et al. [28]. The uniaxial material ConcreteCM was used to model the uniaxial concrete behavior, which is the hysteretic concrete model developed by Chang and Mander [29]. The ConcreteCM material has the ability to model the pinching of the load-deflection behavior in the form of an optional gap parameter. The gap parameters take a value of 0.0 or 1.0, with 0.0 denoting a less gradual gap closure (more pinching) and 1.0 denoting rapid gap closure. In the present study, the default value of 0.0 was adopted for the gap parameter. The SFI-MVLEM must be used in conjunction with FSAM material belonging to class nDMaterial in OpenSees, which represents the plane stress-stress constitutive relationship of the RC panels. The definition of FSAM needs two input parameters:  ν  and  α  to account for the concrete friction coefficient and stiffness coefficient of reinforcement dowel action, respectively. In the present study, values of 0.08 and 0.005 were adopted for  ν  and  α , respectively.



The uniaxial steel stress-strain relation was incorporated using SteelMPF material, which was originally formulated by Menegotto and Pinto [30], and later extended by Filippou et al. [31] to incorporate isotropic hardening. The Bauschinger effect was included in the form of a curvature parameter   R 0  , which was taken as 15.0. Further, the curvature degradation was incorporated by input parameters   a 1   and   a 2  , which were taken as 0.96 and 0.11, respectively. The default values of isotropic hardening parameters were adopted in the present study.




4.3. Comparison of Predicted vs. Experimental Hysteretic Response


A comparison of the predicted hysteretic response and experimental hysteretic response for the specimen PCWS is shown in Figure 17a. The initial stiffness of the predicted response was slightly overestimated, whereas the predicted trend of the post-peak strength degradation was observed to be in good agreement with the experimental trend. The predicted peak load of the wall in both directions was also observed to be in good agreement with the experimental results. The total dissipated energy under the predicted hysteretic loops was 77.8 kN-m, whereas the corresponding experimental value was 79.98 kN-m, resulting in an error of −2.7%. A comparison between the predicted (same as that for the specimen PCWS) and experimental hysteretic responses of the specimen RCWS is shown in Figure 17b. It can be seen that the OpenSees model was able to trace the hysteretic response of specimens RCWS and PCWS with good accuracy, whereas the extensive pinching in the hysteretic response of the specimen PGWS was underestimated, as shown in Figure 17c. It can be inferred that the adopted model for shear wall in OpenSees is unable to capture pinching of high magnitude, and other material models need to be investigated.





5. Discussions


The failure mechanisms of the specimens RCWS and PCWS involved extensive concrete crushing at the base of the walls. Additionally, buckling of the longitudinal reinforcement occurred in the exposed regions, while splitting of concrete in horizontal and diagonal directions indicated a flexure-shear-dominated behavior. In contrast, the specimen PGWS exhibited a distinct failure mode. It did not exhibit significant horizontal and diagonal splitting, but large cracks at the wall-footing junction indicated the failure of grouted sleeve splices, resulting in a prominent rocking behavior. Xiao et al. [16] brought attention to the challenges associated with GSS connections, specifically the issue of grout backflow during the grouting process, which can lead to defective grout connections. To investigate the impact of these defects on the performance of PC shear walls, grout defects of varying sizes were deliberately introduced into GSS connections. The study revealed that these defective GSS connections had a detrimental effect on the performance of PC shear walls, particularly when the longitudinal bars were under tension. On the other hand, it was observed that a GSS connection without defects allowed the longitudinal bar to achieve its full capacity. Thus, it can be inferred that the issues related to the grout backflow can significantly affect the performance of GSS connections, with noticeable detrimental effects. This issue manifested itself in the hysteretic response of the specimens. The hysteretic behavior of the specimens RCWS and PCWS exhibited similar characteristics. However, the hysteretic response of the specimen PGWS displayed significant pinching. This behavior was anticipated due to the extensive cracking observed at the wall-footing junction and the predominant rocking behavior of the specimen PGWS. These findings suggest that the use of grouted sleeve splices did not result in an effective connection between the PC shear wall and footing. The inefficient connection contributed to the observed pinching behavior and indicated limitations in the performance of the grouted sleeve splices in this context.




6. Conclusions


This study investigated the splice sleeve and corrugated duct splices between RC shear walls and footings. In this regard, three shear walls were experimentally tested. One wall was cast monolithically with the foundation (RCWS), whereas two walls were precast. One wall was connected to the foundation using splice sleeves (PGWS) and another with corrugated duct splices (PCWS). All walls were tested under reverse cyclic loading and under a constant axial load. The following important conclusions can be deduced:




	
The crack patterns and ultimate failure modes of the specimens RCWS and PCWS were close to each other, whereas the failure of the specimen PGWS was characterized by a wide crack at the wall-footing junction. Further, the number of flexure and shear cracks in specimen PGWS was lower than the corresponding number in specimens RCWS and PGWS, suggesting that the mode of failure in the specimen PGWS was mainly controlled by rocking.



	
The hysteretic load-deflection behavior of the specimens RCWS and PCWS was identical in terms of initial stiffness, ductility, peak load, pinching, and energy dissipation. On the contrary, the hysteretic response of the specimen PGWS exhibited extensive pinching in both directions, which can be attributed to the rocking behavior. It was observed that the contribution of rocking to the total lateral deformation of the specimen PGWS was predominantly high as compared to the corresponding contributions in the specimens RCWS and PCWS. As a result, the total dissipated energy by the specimen PGWS was significantly low compared to the corresponding values of other specimens. Different deformation components were extracted, and it was found that the contribution of rocking to the total lateral deformation of specimen PGWS was up to 70%.



	
For drift ratios below 1%, all specimens exhibited a gradual evolution of dissipated energy. The cumulative energy dissipation among the specimens was similar within this range. However, above a 1% drift ratio, the specimen PGWS deviated from the dissipated energy trend observed in the specimen RCWS (representing a cast-in-place shear wall). This can be attributed to the extensive pinched hysteretic response caused by the rocking mechanism in the specimen PGWS. In contrast, the specimen PCWS demonstrated a higher total dissipated energy of 87.6 kN-m compared to the specimen RCWS, which recorded a value of 76.6 kN-m.



	
The secant slope vs. drift ratio response of all the specimens was identical. Strain gages attached to the longitudinal bars suggested that all longitudinal bars in the specimens RCWS and PCWS yielded, whereas one longitudinal bar in the splice sleeve of the specimen PGWS could not achieve yielding. This suggests that the splice sleeve connection at the corresponding had failed prior to attaining yielding. This can be attributed to the grout defect that has been encountered in previous studies. Thus, corrugated duct splices not only provide an excellent alternative to grouted sleeve splices’ connections but also eliminate the risks associated with grout defects.



	
Nonlinear fiber-based modeling in OpenSees was performed using SFI-MVLEM elements. The nonlinear modeling was limited to specimens RCWS and PCWS, and a single model was created that was representative of both specimens. The predicted hysteretic response of the OpenSees model was in close agreement with the experimental response.
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Figure 1. Structural details of test specimens: (a) specimen RCWS; (b) specimen PCWS; and (c) specimen PGWS (units: mm). 
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Figure 2. The construction process of shear walls. (a) Construction of RCWS specimen. (b) Sleeves and ducts installed. (c) Concrete casting in PC shear walls. (d) Grouting at wall base. (e) Grouting in sleeve splices. (f) Grouting in duct splices. (g) Erected PC walls. 
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Figure 3. Applied reverse cyclic loading history. 
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Figure 4. (a) Typical test setup and (b) location of LVDTs and strain gages (units: mm). 
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Figure 5. Evolution of cracks in specimen RCWS. 
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Figure 6. Evolution of cracks in specimen PCWS. 
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Figure 7. Evolution of cracks in specimen PGWS. 
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Figure 8. Failure modes of all specimens. (a) RCWS specimen; (b) PCWS specimen; (c) PGWS specimen. 
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Figure 9. Hysteretic response of specimen (a) RCWS; (b) PCWS; (c) PGWS; and (d) lateral load-deflection envelopes. 
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Figure 10. (a) Definition of displacement ductility μ; (b) specimen RCWS, (c) PCWS, and (d) PGWS. 
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Figure 11. Contribution of various mechanisms to total lateral deformation in specimen (a) RCWS; (b) PCWS; and (c) PGWS. 
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Figure 12. Dissipated energy vs. drift ratio relation. 
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Figure 13. Secant stiffness vs. drift ratio of all specimens. 
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Figure 14. Measured strains on longitudinal reinforcement at various drift ratios for specimens (a) RCWS; (b) PCWS; and (c) PGWS. 
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Figure 15. Representation of SFI-MVLEM model and element (credit: opensees.berkeley.edu accessed on 4 May 2023). 
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Figure 16. Discretization of the shear wall along the height and length for assigning SFI-MVLEM elements and RC panels, respectively. 
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Figure 17. Comparison of predicted vs. experimental hysteretic response for specimens (a) PCWS; (b) RCWS; and (c) PGWS. 
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Table 1. Experimental framework.
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	Type of Wall
	Designation
	Height (mm)
	Length (mm)
	Width (mm)





	Cast-in-situ wall
	RCWS
	1190
	800
	120



	PC wall with corrugated duct splices
	PGWS
	1190
	800
	120



	PC wall with grouted sleeve splices
	PCWS
	1190
	800
	120
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Table 2. Properties of concrete and grout.
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RCWS

	
PCWS

	
PGWS






	
Concrete Cylinder Strength (MPa)

	
Footing

	
Wall

	
Footing

	
Wall

	
Footing

	
Wall




	
34.13

	
32.68

	
34.13

	
32.68

	
34.13

	
32.68




	
Axial load (kN)

	
150

	
150

	
150




	
Grout (50 × 50 × 50 mm) (MPa)

	
-

	
97.58

	
97.58
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Table 3. Properties of steel bars.
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	Bar Type
	Yield Strength (MPa)
	Tensile Strength (MPa)





	RB9
	311.49
	466.72



	DB10
	412.19
	620.36



	DB12
	509.45
	617.58



	DB20
	502.74
	646.38
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Table 4. Summary of peak loads, ductility, and dissipated energy.
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ID

	
Direction

	
     P  m a x     ( kN )    

	
    0.8  P  m a x     ( kN )    

	
      Δ   0.8      

	
      Δ  y     

	
   μ   

	
Dissipated Energy (kN-m)






	
PCWS

	
Push

	
165

	
132

	
3.3

	
0.53

	
6.23

	
87.6




	
Pull

	
193

	
155

	
3.1

	
0.42

	
7.38




	
RCWS

	
Push

	
155

	
124

	
2.7

	
0.44

	
6.14

	
76.6




	
Pull

	
181

	
145

	
3.1

	
0.45

	
6.89




	
PGWS

	
Push

	
151

	
121

	
3.1

	
0.44

	
7.04

	
39.5




	
Pull

	
171

	
137

	
2.15

	
0.58

	
3.71
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