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Abstract

:

Featured Application


The results of this study provide evidence for the structural design of multi-tee-type precast concrete slab systems under construction loads, particularly for the design of shear reinforcement at the dapped ends.




Abstract


Multi-tee-type precast concrete (PC) slab systems are widely used for the construction of modular high-load long-span buildings. However, the structural safety of the dapped end is uncertain, owing to the unanchored shear reinforcement at the construction stage. This study proposes the use of clip-type shear reinforcement at the dapped ends of multi-tee PC slabs to secure their structural performance at the construction stage. To investigate the performance of this approach, a monotonic loading test was performed on simply supported PC slabs, considering structural safety at the construction stage. The reinforcement details of the PC slab’s dapped end (with existing Z-type or proposed clip-type shear reinforcement) and the shear-to-span ratio (12.8 or 6.4) were considered as test parameters. The load–deflection relationship, failure mode, strength ratios to the predicted strength, and shear reinforcement strains were analyzed. The results showed that the tested flexural strength ratio of the PC slabs at the construction stage to the design flexural strength was 1.20–1.40. The enclosed shape and diagonal arrangement of the clip-type shear reinforcement enabled sufficient anchorage performance at the dapped end, indicating that clip-type shear reinforcement can be viable for use at the dapped ends of PC slabs under construction loads.
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1. Introduction


Recently, owing to the rising labor costs in the construction market, precast concrete (PC) systems have been increasingly used in modular high-load long-span buildings (e.g., underground parking lots, logistics centers, and large shopping malls). To improve the construction and economic efficiency by reducing the number of PC structural members, one-way PC structure systems using prestressed PC girders and PC slabs are mainly used (Figure 1a).



PC slabs make up most of this one-way PC structural system. Hence, reducing the PC slab volume has a great influence on the construction cost. The slabs used in the one-way PC method include hollow core slabs [1,2,3,4,5,6,7,8,9,10,11,12], double-tee slabs [13,14,15,16,17,18,19,20], and inverted-tee slabs [21,22,23,24,25,26,27,28]. The double-tee slab, which has a section with the largest distance between the compression zone in the concrete and the tensile reinforcing bar for flexural bending, has great section efficiency when compared with its member weight.



However, in the double-tee slab, the depth of the slab is larger than that of other slab-system types, resulting in an increase in the total building height. To overcome this disadvantage, the Precast/Prestressed Concrete Institute (PCI) design handbook [29] allows the height of the member to be reduced to half the overall height of the slab in order to reduce the floor height of the double-tee slab. The structural strength is secured through the shear reinforcement of the deformed end, which is called a dapped end (see Figure 1b). However, unless it is appropriately designed, local damage may occur at the dapped end.



To stably secure the structural performance of the dapped end of a double-tee slab, a multi-tee slab system, which uses a slab with an additional web installed on the outermost end of the double-tee slab [30], was developed (Figure 1c). In recent years, new construction methods have been proposed to combine structural and thermal insulation work by installing expanded polystyrene (EPS) between the webs of the multi-tee slab for improved constructability and to shorten the construction time (Figure 1c).



However, technical issues should be addressed when applying this new construction method. In general, the dapped end can be severely stressed when the concentrated load is applied, and the cross-sectional shape changes rapidly. Thus, shear failure may occur at the dapped end, as shown in Figure 2a [31]. Special care should be taken to design the dapped end by providing appropriate shear reinforcement [29] when it is introduced in a multi-tee PC slab.



To analyze and improve the shear behavior of the dapped end of the PC slab, a strut–tie model was proposed in the existing literature [31] (Figure 2b). In the strut–tie model of the dapped end, the dotted line and solid line indicate the compressive force and tensile force, respectively, and the value on the line represents the magnitude of the load acting on the element. According to the strut–tie model, to prevent a diagonal tensile failure at the corner of the bent portion by the reaction force R, a tensile-resistant member that has the same force magnitude as the reaction force R should be placed at the BC element in Figure 2b. Therefore, in the design of the dapped end, shear reinforcing bars are generally placed to resist the tensile force loaded on the BC element (Figure 2c).



However, as can be seen in Figure 2c, because the shear-reinforcing bar is anchored to cast-in-place (CIP) topping concrete and additional flexural reinforcing bars to integrate members on the PC member, an intact anchorage cannot be expected prior to the placement and curing of the CIP topping concrete (i.e., at the construction stage). Therefore, at the construction stage, the structural safety of the dapped end may be vulnerable unless additional shear-reinforcing bars are placed.



Currently, to improve the vulnerable structure of the dapped end, due to the unanchored shear reinforcement at the construction stage, Z-shaped shear-reinforcing bars are placed inside the PC slab (Figure 3a). However, the Z-shaped shear reinforcement is not anchored in the flexural rebars. Therefore, in place of the Z-shaped shear reinforcement, clip-type shear reinforcement (Figure 3b) was proposed. The clip-type shear reinforcement, as a closed type, was arranged in the direction of the tensile stress generated at the dapped end for an optimal design to improve the anchorage performance. The structural efficiency of the diagonal and continuous shear reinforcement can be found in the existing literature [32,33,34].



In this study, to investigate the structural safety of a multi-tee PC slab at the construction stage, three multi-tee PC slab specimens were tested. The major parameters were the details of the dapped end reinforcement and the shear span ratio. The load–deflection relationship, failure mode, tested to predicted strength ratios, and shear reinforcement strains were analyzed. This study specifically focused on the performance characteristics of the existing Z-shaped shear reinforcement and the proposed clip-type shear reinforcement installed at the PC slab’s dapped end. Furthermore, the insulation material (EPS) attached to the lower part of the multi-tee PC slab at the construction stage was investigated. Based on the test results, design considerations were proposed.




2. Test Program


2.1. Test Parameters


Table 1 lists the test parameters of the specimens. The major parameters were the reinforcing details of the slab’s dapped ends (Z-type shear reinforcement or clip-type shear reinforcement) and the shear-to-span ratios (12.8 or 6.4). The letters within the names of the specimens indicate the test parameters. The first letters, ZS and CS, refer to Z-type shear reinforcement and clip-type shear reinforcement, respectively. The second number, 12.8 and 6.4, indicates the shear-to-span ratio of the PC slabs. In Specimen ZS-12.8, the existing Z-type shear reinforcement was used for the slab’s dapped ends. In Specimen CS-12.8, the proposed clip-type shear reinforcement was used to improve the performance of the anchorage and structural capacity. In Specimens ZS-12.8 and CS-12.8, the shear-to-span ratio was 12.8, which is close to that found in actual practice. In CS-6.4, to induce a shear failure in the PC slabs, the shear-to-span ratio was decreased to 6.4.




2.2. Specimen Design and Fabrication


Figure 4 shows the dimensions and reinforcement details of the test specimens. The slab length was 9220 mm for Specimens ZS-12.8 and CS-12.8 and 4640 mm for Specimen CS-6.4 (Figure 4a). The dimensions of the section of the PC slab specimen prior to the placement of the CIP concrete are shown in Figure 4b. The section had three webs, with EPS installed between the webs. Two prestressed strands of ϕ15.2 wire were installed at the bottom of each web (i.e., six strands of wire). A D16 non-prestressed reinforcing bar was additionally placed at the outermost layer of each web (i.e., 3-D16 bars in three webs). Wire mesh was placed at the top flange (Figure 4b), and 6-D16 flexural reinforcement was placed at the bottoms of the dapped ends. Horizontal reinforcement was also placed to prevent cracking.



The lattice reinforcement and stirrups for shear reinforcement were not anchored to the top CIP concrete at the construction stage (Figure 4c). Thus, the stirrups were designed to be exposed. On the other hand, the Z-type and clip-type shear reinforcements were designed to anchor inside the PC slabs (Figure 4d). In ZS-12.8, Z-type shear reinforcement was placed at the dapped ends. In Specimens CS-12.8 and CS-6.4, clip-type shear reinforcement was diagonally placed at an angle of 45°, with the member axis considering the stress directions (Figure 2b). Furthermore, the 6-D16 flexural reinforcement at the bottom of the dapped ends was placed upright in the vertical direction for better constructability (Figure 4d).



A steel form was used to fabricate the specimens. The wire strands used in the PC slabs were subjected to a tensile force of 65% of the ultimate strength. After demolding the formwork, the wire strands were cut when the concrete compressive strength reached 75% of the design strength (i.e., 30 MPa).




2.3. Test Conditions and Test Setup


Figure 5 shows the loading and supporting conditions of the PC slabs under a service load (Figure 5a) and a construction load (Figure 5b). At the service stage after structure completion, the PC slab was integrated with a beam formed by the CIP topping concrete. Thus, the PC slab was subjected to positive and negative bending moments at the center and slab ends, respectively (Figure 5a). On the other hand, at the construction stage before the CIP topping concrete placement, the PC slab was simply supported on the beam under its self weight and the construction load with a positive bending moment (Figure 5b). In this study, to investigate the structural performance of the proposed system at the construction stage, simply supported PC slabs, prior to the CIP concrete placement, were tested (Figure 5b).



Figure 6 shows the test setup simulating an actual construction stage in practice. The specimens were simply supported by steel zigs at both ends. Monotonic loading was applied at the center of the PC slab using the displacement control method. Strain gauges were attached to the wire strands and reinforcing bars to evaluate the strains of the flexural reinforcement and the contributions of the shear reinforcement. Linear variable differential transformers (LVDTs) were placed at the bottoms of the specimens to measure deflection (Figure 6). To prevent potential damage to the LVDTs underneath the slab in case the specimen collapsed, the test was paused at a certain high loading, and the LVDTs were carefully removed, except for the LVDT measuring the central deflection. Then, the test was continued with the single LVDT at the center.




2.4. Strength Prediction of the Specimen


As the concentrated loading was applied to the center of the simply supported PC slab at both ends (Figure 6), one of the following failure modes was expected: (1) a flexural yielding of the center, (2) a shear failure of the PC slab, or (3) a shear failure of the dapped end, as summarized in Table 2.



The flexural moment corresponding to the flexural yielding at the center of the PC slab can be predicted as follows:


   M n  =  {   A  p s    f  p s    (   d p  −  a ’  / 2  )  +  A s   f y   (  d −  a ’  / 2  )   }   



(1)




where Aps is the area of the prestressed longitudinal tension reinforcement (mm2), fps is the stress in the prestressed reinforcement at a nominal flexural strength (MPa), dp is the distance from the extreme compression fiber to the centroid of the prestressed reinforcement (mm), d is the effective depth of the slab (mm), a′ is the depth of the equivalent rectangular stress block (mm), As is the area of the non-prestressed longitudinal tension reinforcement of the slab (mm2), and fy is the specified yield strength for non-prestressed reinforcement (MPa).



The predicted flexural moment at the center of the specimens could be calculated using Equation (1), as shown in Table 2 (1). The corresponding load at the center could be calculated, excluding the flexural moment by the self weight of the slabs as follows:


   P m  =  {   (   M n  −  M  s e l f    )  /  (  l / 2  )   }  × 2  



(2)




where Mself is the flexural moment at the center caused by the self weight of the specimen (wl2/8, w, and l are the distributed load due to the self weight and the span length of the specimen, respectively). Using Equation (2), the flexural strength when flexural yielding occurs at the center can be obtained, as shown in Table 2 (2).



On the other hand, a shear failure may occur at the slabs or the dapped end. The shear strength contributed by the concrete was calculated as follows:


   V c  = 1 / 6    f c    ’     b w  d  



(3)




where fc′ is the compressive strength of concrete (MPa) and bw is the width of the slab web (mm). The shear strength of the concrete in the PC slab Vc, except for the dapped end parts, could be calculated as shown in Table 2 (3), using Equation (3). For this calculation, the lattice type for the shear reinforcement was excluded, because the lattice was not anchored to the top. In this study, when Vc was calculated, the shear strength contribution of the prestressing force was ignored because, in the dapped end parts, the strand was not placed, and at the center of the PC member, its contribution was minimized or omitted. On the other hand, the shear strength of the concrete in the dapped end parts Vc-dap could also be calculated using Equation (3), as shown in Table 2 (5).



The shear strength contribution by shear reinforcement in the dapped end could be calculated as follows:


   V s  =  A  s t    f  v t    (  sin θ + cos θ  )   



(4)




where Ast is the area of the shear reinforcing bar at the end of the dap (mm2), fyt is the yield strength of the shear reinforcing bar (MPa), and θ is the angle between the reinforcing steel and the member axis (see Figure 3), with 90° for the Z shear reinforcement and 45° for the clip-type shear reinforcement.



Assuming a sufficient anchorage performance of the shear reinforcement (Z-type or clip-type), the shear strength of the dapped end Vn-dap could be the sum of the shear contributed by the concrete (Equation (3)) and the shear reinforcement (Equation (4)), as shown in Table 2 (6). The load applied to the specimen was transferred to both ends. Thus, the load at the center when a shear failure occurred near the supports could be approximately calculated by considering the self weight of the specimen as follows:


   P v  =  (   V n  −  W  s e l f   / 2  )  × 2  



(5)




where Vn is the nominal shear strength (i.e., Vc + Vs) and Wself is the weight of the specimen.



To apply Equation (5), it was assumed that the shear failure occurred near the simple support points. The load applied to the PC slab center for a shear failure of the specimen Pv-cent, excluding the dapped end, could be obtained as shown in Table 2 (4) using Table 2 (3) and Equation (5). Likewise, the shear strength when a shear failure occurred at the dapped end could be obtained as shown in Table 2 (7) if the shear reinforcement did not work (Pv-dap(c)) and Table 2 (8) if the shear reinforcement worked (Pv-dap(n)).



Ultimately, the expected maximum load was the smallest value among the loads when a flexural failure occurred at the center (Pm), a shear failure occurred at the member (Pv-cent), or a shear failure occurred at the dapped end (Pv-dap(c) or Pv-dap(n)). Therefore, when the shear reinforcement of the dapped end did not work, the expected maximum load of the specimen Plower could be calculated as the smallest value among Pm, Pv-cent, and Pv-dap(c), as shown in Table 2 (9), for each specimen. Likewise, when the shear reinforcement of the dapped end worked efficiently, the maximum expected strength could be calculated as the smallest value among Pm, Pv-cent, and Pv-dap(n), as shown in Table 2 (10), for each specimen. Table 2 (9) and (10) also specify the expected failure mode that governs the predicted strength.





3. Results and Analysis of the Tests


3.1. Material Strength


Table 3 shows the formulation of the concrete (nominal compressive strength of 40 MPa) used in the PC slab specimens. To measure the actual concrete compressive strength, three 100 mm × 200 mm concrete cylinders were tested for each specimen on the day of the test, according to ASTM C39M-20 [35]. The average value of the three concrete cylinders is presented in Table 2 for each specimen, with a concrete compressive strength fc’ of 43.9–59.0 MPa.



Table 4 shows the yield and tensile strengths of the reinforcing bars and prestressed wire strands used in the specimens. To evaluate the mechanical properties of the reinforcing bars, lattice bar, and the prestressed wire strands, three coupons were tested for each type, according to ASTM E8M-16 [36], and the average values are presented in Table 4. The yield strengths of the steel were defined using the 0.2% offset method for materials with unclear yield plateaus.




3.2. Load–Displacement Relations and Overall Behaviors


Figure 7 and Figure 8 show the load–displacement relationship and ultimate failure mode of each of the specimens, respectively. In Figure 7, the vertical axis indicates the load measured from the actuator, and the horizontal axis indicates the displacement measured from the central LVDT located underneath the PC slab (LVDT 6 in Figure 6). Figure 7 also shows the predicted flexural strength Pm (Equation (2) or Table 2 (2)), shear strength Pv-dap(c) (Table 2 (7)), and service load at the construction stage, which accounts for the CIP topping concrete and working load. At the construction stage, PC slabs should be able to support the CIP topping concrete at approximately 15 cm and a working load (1.5 kN/m2) during the CIP topping concrete pouring. All the specimens were within the elastic range under the service load, as shown in Figure 7.



In Specimens ZS-12.8 and CS-12.8, which had a high shear-to-span ratio of 12.8, a ductile flexural behavior with flexural cracks at the center of the PC slab was observed without any failure of the dapped ends (Figure 7a,b and Figure 8a,b). For CS-6.4, with the shear-to-span ratio reduced to 6.4 to induce a shear failure, the load carrying capacity rapidly decreased after the peak strength, and more flexural shear cracking occurred than in Specimens ZS-12.8 and CS-12.8. However, the flexural cracks occurred at the center of the PC slabs, and the specimen ultimately failed, with concrete crushing at the extreme compression fiber. Similar cracking patterns also occurred at the other outer surfaces of the specimens.



In Specimens ZS-12.8 and CS-12.8 with Z-type and clip-type shear reinforcements, respectively, almost identical behavior was observed (Figure 7a,b). However, in Specimen ZS-12.8 with Z-type shear reinforcement, cracks occurred at the dapped end approximately when the load was increased to 160 kN, whereas no damage was observed at the dapped end in Specimen CS-12.8 with clip-type shear reinforcement until the end of the test. This disparity in the damage pattern at the dapped end will be analyzed in Section 4 in detail.



As can be seen in Figure 8a, the insulation (EPS) attached to the lower part of the PC slab remained attached without any damage until the ultimate failure of the PC slab, which indicates that the adhesion between the EPS insulation and the PC slab was secure until the ultimate failure of the PC slab.



Table 5 summarizes the test results of the specimens, including the yield load Py, measured maximum load Ptest, the load at failure or the load at the end of the test Pu, the corresponding drift ratios δy (yield drift ratio at Py), δtest (the drift ratio at Ptest), δu (ultimate yield drift ratio at Pu), initial and yield secant stiffness (Ki and Ky), ductility ratio δu/δy, and the mean value of the normalized strain in Z-type or clip-type shear reinforcements at each load level (i.e., Py, Ptest, and Pu). The yield drift δy was defined using the yield secant stiffness Ky, corresponding to 75% of the maximum strength (i.e., at Py). The ultimate drift δu was defined as the post-peak drift, corresponding to 75% of the maximum strength (i.e., at Pu) [37]. The drift ratios were obtained by dividing the displacement by the shear span lengths of specimens.



In Specimens ZS-12.8 and CS-12.8 with Z-type and clip-type shear reinforcement, respectively, the load at each level (i.e., Py, Ptest, and Pu) and the corresponding drift ratios were almost identical. Thus, the ductility ratios were similar to each other (δu/δy = 3.29 and 3.17 in ZS-12.8 and CS-12.8, respectively). On the other hand, in Specimen CS-6.8 with the shear-span ratio reduced to 6.4, the ductility ratio δu/δy was increased to 5.73, owing to the lower yield drift ratio δy and larger ultimate drift ratio δu than those of Specimen CS-12.8 with a shear-to-span ratio of 12.8. Although all the specimens failed in flexure, in Specimen CS-6.4 with the shear-to-span ratio reduced to 6.4, the strain of the clip-type shear reinforcement significantly increased due to the increased shear demand (Table 5).



Figure 9 shows the displacement distributions measured by the LVDTs for ZS-12.8 for the service load, double the service load, and the load corresponding to the removal of the LVDTs. Under the service load, the specimen showed elastic deformations due to the noncracking concrete (Figure 7a and Figure 9), which indicates that the structural safety of the PC slab system was secure under the construction load. Under double the service load considering a potential higher load, owing to the flexural cracking at the center of the PC slabs, the central displacement was increased by the decreased stiffness, resulting in a larger curvature at the center. This behavior was more significant under the maximum measurement (248 kN).




3.3. Comparison of Tested Strength to Predicted Strength


In Figure 7, the predicted strengths of each specimen are shown. For Specimens ZS-12.8 and CS-12.8, if the anchorage performance of the dapped end’s shear reinforcement was insufficient, the predicted strength would decrease, owing to a shear failure at the dapped end, as indicated by the green dashed line. On the other hand, if shear failure was prevented at the dapped end, a flexural failure would be expected, as shown by the red, long dashed line in Figure 7a,b. Because Specimens ZS-12.8 and CS-12.8 ultimately failed in flexure at the center (Figure 7a,b and Figure 8a,b), the tested to predicted strength ratios were 1.22 and 1.20, respectively (Table 2 (13)). This indicates that, by using Z-type or clip-type reinforcement, the flexural strengths of the PC slabs at the construction stage could be predicted with an adequate safety margin.



Figure 10 shows the strain distributions of the wire strands and tensile reinforcement bars of ZS-12.8 under the service load, double the service load, and the ultimate load. At the ultimate load, the strains of the wire strands and the tensile reinforcement at the center were greater than the yield strain. The yield strain of strand εy′ was calculated as 0.45εy (εy − 0.65εy+ 0.1εy), considering the loss of the strain 0.65εy, owing to the introduction of prestress, and the strain due to the short-term loss of 0.10εy. Therefore, in the case of Specimen ZS-12.8, the ductile behavior after flexural yielding was confirmed. Likewise, the strain distributions of CS-12.8 were almost identical to those of ZS-12.8.



In CS-6.4, with the shear-to-span ratio reduced to half (Table 2 and Figure 7c), a shear failure was expected to occur in members other than the dapped end if the shear reinforcement exhibited appropriate performance. However, as shown in Figure 7c and Figure 8c, although a number of flexure shear cracks appeared in the member, the ultimate failure occurred at the center of the PC slab with concrete crushing. In CS-6.4, the strains of the strands and the tensile reinforcing bars were slightly smaller than those of Specimens ZS-12.8 and CS-12.8. However, they exhibited 2.5 to 2.8 times the yield strains, showing ductile behavior similar to that of Specimens ZS-12.8 and CS-12.8. The tested strength to predicted strength ratio was 1.40 (Table 2 (13)).



None of the specimens suffered the shear failure expected from the predicted strengths, including CS-6.4, with a smaller shear-to-span ratio. This was because the contributions of the unanchored shear reinforcement (straight shear reinforcement and lattice shear reinforcement) were excluded from the strength prediction. Thus, it is necessary to further study the partial contribution of the unanchored shear reinforcement to the shear strengths of the PC slabs.





4. Discussion


The purpose of this study was to compare the performance of the Z-type shear reinforcement and the proposed clip-type shear reinforcement installed at a PC slab’s dapped end during the construction stage. The performance characteristics of the two types of shear reinforcement were analyzed through the damage pattern of the dapped end and the strain pattern of the shear reinforcement.



Figure 11 shows the dapped ends at the end of the test. In ZS-12.8, local cracks appeared near the dapped end. In Specimens CS-12.8 and CS-6.4 with clip-type shear reinforcement, no damage was observed at the dapped end. Particularly in CS-6.4, despite the 2.5 times higher loading than that of Specimens ZS-12.8 and CS-12.8, damage was effectively prevented by using clip-type shear reinforcement.



Figure 12 shows the strain distributions of the unanchored shear reinforcement (S1–S4) and shear reinforcement (Z1 or C1–C2), placed at the dapped end for each region (A–D) of each specimen. The horizontal axis indicates the central displacement of the PC slabs, and the vertical axis indicates the measured strains of the shear reinforcement. In ZS-12.8, the strains for the Z-type shear reinforcement (Z1) were very limited and were close to those of the unanchored shear reinforcement (S1–S4), except for those of Region (C), where the strains of the shear reinforcements were much greater than those of other regions (i.e., Regions (A), (C), and (D)). Owing to the limited anchorage performance of Z-type and unanchored shear reinforcement, the damage was likely to concentrate only on a support without stress distribution to the other supports. Furthermore, in Region (C), the strain of the Z-type shear reinforcement (Z1) was not significantly greater than the unanchored shear reinforcement (S1–S4). This result indicates that the Z-type shear reinforcement demonstrated poor anchorage performance and ineffective load transferring at the dapped end because it was not properly anchored into the concrete without enclosing flexural reinforcement.



On the other hand, in Specimens CS-12.8 and CS-6.4, the strains of the clip-type shear reinforcement (C1 and C2) were much greater than those of the unanchored shear reinforcement (S1–S4). Furthermore, unlike Specimen ZS-12.8 with Z-type shear reinforcement, the strains of all the clip-type shear reinforcements in Regions (A–D) were uniformly distributed, showing greater load distribution capacities in Specimens CS-12.8 and CS-6.4. This was because (1) the clip-type shear reinforcement improved the anchorage performance, owing to the enclosed details, and (2) the clip-type shear reinforcement was arranged in the same direction as the resultant force of the tensile strut (Figure 2b).



As shown in Figure 12 and Table 5, in the clip-type shear reinforcement in Specimens CS-12.8 and CS-6.4, the strains of C2, measured closer to the loading point, were greater than those of C1, which was measured further away. This result indicates that the clip-type shear reinforcement should be located close to the loading point. Particularly in CS-6.4 under a higher shear force, the measured strains of the clip-type shear reinforcement reached approximately 0.002, which was approximately 80% of the yield strain. This shows the structural efficiency of the diagonally positioned clip-type shear reinforcement.




5. Conclusions


Recently, PC systems have been increasingly used in modular high-load long-span buildings. In particular, a one-way PC structural system that utilizes prestressed PC beams and PC slabs facilitates secure construction and economics. When constructing a one-way PC structural system, multi-tee PC slabs with dapped ends have been increasingly applied to reduce the floor height and improve structural performance and constructability. However, at the construction stage, the structural safety of the PC slabs is compromised, owing to the unanchored shear reinforcement.



This study proposed the use of clip-type shear reinforcement at the dapped ends for multi-tee PC slabs. To investigate the structural performance of the multi-tee PC slabs at the construction stage, the performance characteristics of the proposed reinforcement at the dapped end, and the damage level of the insulation (expanded polystyrene) attached to the bottom of the multi-tee PC slab, a monotonic loading test was performed for simply supported PC slabs, considering the construction stage. The major test parameters were the reinforcement details of the PC slab’s dapped end (Z-type or clip-type shear reinforcement) and the shear-to-span ratio (12.8 and 6.4). Based on the test, the load–displacement relationship of the multi-tee PC slab, failure mode, strength ratios to the predicted strength, and shear reinforcement strains were analyzed. The major findings of this study are summarized as follows:




	
In the case of a general multi-tee PC slab at the construction stage, the behavior was governed by flexural failures rather than a shear failure of the dapped end or a member, owing to the slender shapes and high shear-to-span ratio;



	
The insulation material (EPS) attached to the bottom of the multi-tee PC slab was intact with the PC slab until the slab’s ultimate failure without any particular damage. This indicates that the adhesion between the insulation and the PC slab could be secured until the ultimate state, as well as at the construction stage;



	
The tested-to-predicted flexural strength ratios of the PC slabs at the construction stage were 1.20–1.40. This indicates that the flexural strength can be predicted with an adequate safety margin according to the predicted equations in the current design codes. By excluding the shear contributions of the unanchored shear reinforcement (straight shear reinforcement and lattice shear reinforcement), the shear performance of the PC slab at the construction stage showed a very conservative prediction. Thus, further study is needed to determine the contribution of unanchored shear reinforcement;



	
The existing Z-type shear reinforcement at the dapped end showed limited anchorage performance, similar to that of unanchored shear reinforcement. This was because the Z-type shear reinforcement was not anchored into the concrete and had no enclosing flexural reinforcement, resulting in ineffective load transfers at the dapped end;



	
The clip-type shear reinforcement proposed in this study at the dapped end showed superior structural performance. Clip-type shear reinforcement improved the anchorage performance because of the enclosed detail and because it was arranged in the same direction as the resultant force of the tensile strut. The closer it was located to the loading point of the dapped end, the more effective the clip-type shear reinforcement was expected to be.
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Figure 1. One-way precast concrete (PC) slab with insulating materials. (a) Construction of a PC frame with a one-way PC slab. (b) PC slab with a dapped end. (c) Multi-tee PC slab with expanded polystyrene (EPS). 
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Figure 2. Structural design of dapped end of the PC slab. (a) Crack pattern at the dapped end. (b) Strut–tie model for the dapped end. (c) Shear reinforcement for the dapped end. 
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Figure 3. Proposed shear reinforcement for the dapped end of the PC slab. (a) Existing Z-type shear reinforcement. (b) Proposed clip-type shear reinforcement. 
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Figure 4. Specimen details: (a) plan; (b) sections (ZS-12.8); (c) sectional reinforcement (ZS-12.8); and (d) reinforcement detail of the dapped end (Region ‘A’) (units in mm). 
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Figure 5. Loading and support conditions of the PC slabs under the (a) service stage (fixed support) and (b) construction stage (simple support). 
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Figure 6. Test setup (units in mm). 
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Figure 7. Load–deflection relationships of the specimens: (a) ZS-12.8, (b) CS-12.8, and (c) CS-6.4. 
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Figure 8. Failure modes of the specimens: (a) ZS-12.8, (b) CS-12.8, and (c) CS-6.4. 
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Figure 9. Deformed shape of Specimen ZS-12.8 under loading. 
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Figure 10. Flexural strain of ZS-12.8 under the following loadings: (a) strand at the slab’s center; (b) rebar at the slab’s center; (c) strand at the slab’s corner; and (d) rebar at the slab’s corner. 
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Figure 11. Damage at the dapped ends of Specimens (a) ZS-12.8, (b) CS-12.8, and (c) CS-6.4. 
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Figure 12. Strains for Z-type and clip-type shear reinforcement under loading. 
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Table 1. Test parameters of the specimens.
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	Specimen
	Shear Reinforcement for the Dapped End
	Shear-to-Span Ratio (= a/d) 1





	ZS-12.8
	Z-type reinforcement
	12.8 (4610/360)



	CS-12.8
	Clip-type reinforcement
	12.8 (4610/360)



	CS-6.4
	Clip-type reinforcement
	6.4 (2320/360)







1a = length from the loading point to the support (mm), and d = effective depth of the slab (mm).
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Table 2. Comparison of the predicted and tested strengths of the specimens.
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Specimen

	
fc′

(MPa)

	
Predicted Strength

	
Expected

Maximum Load

	
Test Results




	
Flexural Yielding

	
Shear at PC Slab

	
Shear at Dapped End




	
Mn

(1)

(kN·m)

	
Pm

(2)

(kN)

	
Vc

(3)

(kN)

	
Pv-cent

(4)

(kN)

	
Vc-dap

(5)

(kN)

	
Vn-dap

(6)

(kN)

	
Pv-dap(c)

(7)

(kN)

	
Pv-dap(n)

(8)

(kN)

	
Plower

(9)

(kN)

	
Pupper

(10)

(kN)

	
Ptest

(11)

(kN)

	
Failure Mode

(12)

	
Ptest/Pm

(13)






	
ZS-12.8

	
50.9

	
613

	
239

	
182

	
312

	
111

	
313

	
169

	
573

	
169 1

	
239 2

	
291

	
Flexure

	
1.22




	
CS-12.8

	
59.0

	
617

	
241

	
196

	
340

	
120

	
691

	
186

	
1329

	
186 1

	
241 2

	
289

	
Flexure

	
1.20




	
CS-6.4

	
43.9

	
608

	
511

	
170

	
313

	
103

	
675

	
180

	
1323

	
180 1

	
313 3

	
715

	
Flexure

	
1.40








Mn and Pm are the flexural moment and corresponding load, respectively, at the flexural yielding at the slab center, Vc is the shear strength of the concrete in the slab, Pv-cent is the load applied to the PC slab center for a shear failure of the member, Vc-dap and Vn-dap are the shear strength at the dapped ends excluding and including the contribution of the shear reinforcement, respectively, Pv-dap(c) and Pv-dap(n) are the corresponding loads at the slab center for Vc-dap and Vn-dap, respectively, Plower is the smallest value among Pm, Pv-cent, and Pv-dap(c), Pupper is the smallest value among Pm, Pv-cent, and Pv-dap(n), and Ptest is the tested peak strength. 1 Shear failure at the dapped end. 2 Flexural yielding. 3 Shear failure at the PC slab.
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Table 3. Concrete mixture proportions.
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Nominal Strength

(MPa)

	
W/C (%)

	
Unit Weight (kg/m3)




	
W 1

	
C 2

	
S 3

	
G 4

	
SP 5






	
40

	
34.0

	
160

	
471

	
829

	
933

	
4.24








1 W = water. 2 C = concrete. 3 S = sand. 4 G = gravel. 5 SP = super plasticizers.
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Table 4. Mechanical properties of the reinforcing bars (units in MPa).
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	Type
	Yield Strength fy
	Tensile Strength fu





	D10
	460.16
	570.50



	D13
	531.57
	675.45



	D16
	579.95
	755.43



	Lattice bar
	589.97
	661.23



	Strand Φ15.2 (1860 MPa)
	1733.69
	1884.39
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Table 5. Summary of test results.
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Specimen

	
Load (kN)

	
Drift Ratio (%)

	
Ductility

δu/δy

	
Secant Stiffness (kN/mm)

	
Mean Value of Normalized Strain in

Z-Type or Clip-Type Shear Reinforcement 1 (ε/εy)




	
At Py

	
At Ptest

	
At Pu




	
Py

	
Ptest

	
Pu

	
δy

	
δtest

	
δu

	
Ki

	
Ky

	
Z1 or C1 2

	
C2 3

	
Z1 or C1 2

	
C2 3

	
Z1 or C1 2

	
C2 3






	
ZS-12.8

	
218

	
291

	
225

	
1.49

	
4.18

	
4.93

	
3.29

	
7.10

	
3.25

	
0.012

	
-

	
0.024

	
-

	
0.027

	
-




	
CS-12.8

	
216

	
289

	
214

	
1.56

	
4.21

	
4.95

	
3.17

	
6.86

	
3.09

	
0.040

	
0.083

	
0.073

	
0.131

	
0.098

	
0.154




	
CS-6.4

	
536

	
715

	
538

	
0.52

	
1.20

	
5.95

	
5.73

	
37.75

	
23.03

	
0.327

	
0.477

	
0.520

	
0.611

	
0.580

	
0.704








Py is the yield load, calculated similar to Section 4.7 of ACI 374.2R-13 [37], Ptest is the measured maximum load, Pu is the load at failure or end of the test, δy is the yield drift ratio at Py, δtest is the drift ratio at Ptest, δu is the ultimate drift ratio at Pu, Ki is the initial secant stiffness at 0.35% drift, and Ky is the secant stiffness at the yield drift δy (=Py/δy). 1 The mean value of the strains in Z-type or clip-type shear reinforcement at the center and corner of the slab was used. The strain was normalized by the yield strain of the rebars (εy = 0.002383). 2,3 C1 and C2 are the strain of clip-type shear reinforcement, measured further away from and closer to the loading point, respectively.
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