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Abstract

:

Precast, prestressed hollow core slabs (HCS) are commonly used by the construction industry for floor and roof systems worldwide. Generally, the web shear strength governs the shear design of such members. This is because the web width resisting shear stresses is relatively small and the prestressing force at the bottom of the slabs restrains flexural cracking. Although most of the available design codes follow Mohr’s circle of stress for estimating the web shear cracking capacity of HCS, they produce different and scattered predictions. This paper gives more insight into the web shear design provisions of prestressed HCS in five of the available design codes. These codes include ACI 318, Eurocode 2, European standard EN 1168, CSA-A23.3, and AASHTO LRFD design specifications. A set of 229 data points was established from experimental investigations available in the literature on prestressed HCS that failed in the web shear. The dataset was used for evaluating the web shear design methods in the five codes. The results of the analysis indicated that both the simplified method of AASHTO and the ACI 318-19 method produced very conservative predictions. In contrast, the Eurocode 2 method produced unconservative predictions for most of the specimens in the dataset, whereas the ACI 318-05 method gave unconservative predictions for deeper sections. On the other hand, reasonable predictions were obtained by the EN 1168 method while the CSA-A23.3 method provided better predictions. Proposed modifications were presented for improving the predictions of the ACI 318, Eurocode 2, and EN 1168 web shear design methods for prestressed HCS.
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1. Introduction


Hollow core slabs (HCS) were developed in the 1930s in Germany. At that time, HCS were precast non-prestressed members while precast prestressed HCS were developed later in the 1950s, in Germany and United States [1]. HCS units are concrete members with continuous voids provided to reduce the self-weight and fabrication cost of the units. Figure 1 shows typical slab cross-sections of different depths. They are primarily used for floor and roof systems of buildings and warehouses. Additionally, they can be used as wall panels, spandrel members, and bridge deck units [2].



HCS are efficient precast structural elements as they combine the benefits of prestressing and light self-weight. They have high mechanical concrete properties as they are fabricated under controlled conditions in precast plants. HCS are reinforced in the longitudinal direction only using prestressed strands. Therefore, the prestressed strands serve as the primary reinforcement and are installed and pulled prior to placing the concrete. The units are produced on casting tensioning beds by means of either dry (extrusion) casting or wet casting. In the dry method, a very low slump concrete is extruded through a machine. The voids are created by augers or tubes and the concrete is compacted around the cores [2]. Figure 2 shows an extruding machine associated with tubes for creating the voids. On the other hand, the wet method uses normal slump concrete. Stationary, fixed forms, or slip forms that move with the machine create the sides of the slabs. In this method, pneumatic tubes are typically used for creating voids. After hardening the concrete, the ends of the strands are released and the long slab is saw-cut into units of the desired length. The extrusion method is the commonly used manufacturing technique of HCS. That technique prevents any other reinforcing steel to be added either in the longitudinal or lateral direction. Therefore, the shear strength of the units is contributed by concrete only. For this reason, concrete quality must be constant, controlled, and certified at all stages of production [1].



Prestressed HCS were first produced with a total thickness varying from 150 mm to 250 mm. This relatively small thickness did not allow using such slabs in longer spans. However, with the successful use of the units in different applications, thicker HCS sections of an overall depth of 400 to 500 mm were developed to resist higher loads and to be used for longer spans. Circular voids are commonly used in HCS of smaller sections, whereas noncircular voids were commonly associated with deeper sections, as can be seen in Figure 1.



Because web shear failure is the predominant mode of failure in HCS, several studies have been carried out over the years to investigate such a mode of failure [3,4,5,6,7,8]. Recently, with the introduction of deeper HCS of a thickness greater than 300 mm, one major disadvantage became apparent. Tests of extruded HCS units by several U.S. manufacturers [9] have shown that for deeper sections, some of the tested HCS units failed in a web shear at 60% or less of the load predicted by the ACI 318-05 [10]. As a consequence, the ACI 318-08 design provisions [11] require the use of minimum shear reinforcement in hollow core units of overall depths greater than 315 mm in case the factored shear force is greater than 50% of the calculated design shear strength of the concrete. The code also requires that the web shear capacity must be reduced by 50% if no minimum shear reinforcement is provided. Adding stirrups in hollow core units is not possible due to the special manufacturing technique used. This means that the alternative of a 50% reduction in shear capacity is used for the design of hollow core units thicker than 315 mm which, in turn, reduces the cost efficiency of such units. Recently, several investigations have been conducted attempting to explore the causes of the reduced shear capacity of thicker HCS sections [12,13,14,15,16,17,18].



The aim of this paper is to examine the validity of the web shear design provisions prescribed in different design codes for prestressed HCS. The selected design codes and standards included in this study are the ACI 318 [10,19], Eurocode 2 [20], European standard EN 1168 [21], CSA-A23.3 [22], and AASHTO LRFD bridge design specifications [23]. These codes are selected because they cover the different approaches available for determining the web shear strength of HCS. The predictions of these design codes are compared with experimental data of 229 HCS tested in previously published studies. This relatively large database has a wide range of parameters known to influence the web shear capacity of prestressed HCS.




2. Theoretical Background


The failure due to web shear cracking generally occurs in prestressed HCS near the support where the slab is uncracked in bending. Therefore, flexural stresses, shear stresses, and principal stresses resulting from their combined action can be determined from the principles of classical mechanics and Mohr’s circle of stress. With reference to Figure 3a, a small element located at the centroidal axis at a section located near the support will be subjected to shear stresses v acting on the vertical faces. These shear stresses will be counteracted by shear stresses of the same magnitude on the horizontal faces to satisfy the equilibrium of the element. The element will also be subjected to horizontal compressive stress fpc due to the prestressing force, as shown in Figure 3b. Then, Mohr’s circle can be constructed to find the principal stresses, as shown in Figure 3c,d. The principal tensile stress f1 can be represented as follows:


   f 1  = −    f  p c    2  +      (     f  p c    2   )   2  +  v 2     



(1)







When the principal tensile stress f1 reaches the concrete tensile strength ft, web shear cracking occurs and the corresponding shear stress can be called web shear stress, vcw. By replacing f1 with ft and v with vcw in Equation (1) and solving for vcw, we obtain the following:


   v  c w   =  f t    1 +    f  p c      f t       



(2)







The concrete web shear stress vcw can be given by:


   v  c w   =    V  c w   Q    b w  I    



(3)




where Vcw is the web shear force, Q is the first moment of the area above and about the centroidal axis, I is the moment of inertia of the cross-section, and bw is the web width of the cross-section. By substituting vcw in Equation (3) into Equation (2), the web shear strength Vcw can be written as follows:


   V  c w   =   I  b w   Q     f t 2  +  f t   f  p c      



(4)







Thus, at a specified section and by knowing the geometric properties of the cross-section of HCS, the tensile strength of concrete, and the compressive stress at the centroidal axis of the cross-section due to prestressing force, the web shear strength can be evaluated. Equation (4) is integrated into many design codes for determining the web shear capacity of HCS. The compressive stress fpc at the centroidal axis of the cross section due to prestressing force can be calculated as follows:


   f  p c   = α    f  p e    A p     A c     



(5)




where fpe is the effective prestress stress, Ap is the cross-sectional area of prestressing strands, Ac is the cross-sectional area of the concrete HCS, and α is the ratio of the prestress at the critical section to the fully effective prestress of the strands.




3. Overview of the Web Shear Design Equations for Prestressed HCS


The web shear design provisions for prestressed HCS specified by the ACI 318 code [10,19], Eurocode 2 [20], European standard EN 1168 [21], CSA-A23.3 standard [22], and AASHTO LRFD specifications [23] are briefly presented in the following subsections. All of these codes use Mohr’s circle of stress for calculating the web shear capacity of HCS, except the CSA-A23.3 method [22]. It should be pointed out that the fib model code [24] has almost the same provisions of the web shear design of HCS as EN 1168 [21] and, consequently, is not presented here.



3.1. The ACI 318 Code


Equation (2) represents the basis of the ACI 318 equation for determining the web shear capacity of prestressed members. Although the ACI 318 assumes that ft is approximately   0.33    f c ′      at the occurrence of web shear cracking, the code uses a conservative value of   0.29    f c ′      in its equation with a 12% reduction from that of the assumed value. Thus, Equation (2) can be rewritten as follows:


   v  c w   = 0.29    f c ′      1 +    f  p c     0.29    f c ′         



(6)







Equation (6) is a quadratic equation and can be simply approximated by the following equation:


   v  c w   = 0.29    f c ′    + 0.3  f  p c    



(7)







Thus, the shear force will be:


   V  c w   =  (  0.29    f c ′    + 0.3  f  p c    )   b w   d p   



(8)




where    f c ′    is the specified compressive strength of concrete, bw is the web width, dp is the depth of prestressing steel and need not be taken less than 0.8 h, and h is the overall depth of the member. The ACI 318 equation for the web shear is the same as Equation (8), with the addition of the term Vp, which is the vertical component of the effective prestress. For HCS, Vp generally equals zero because horizontal strands are used. Therefore, Equation (8) represents the ACI 318 equation of the web shear resistance of HCS. It is presented in the ACI 318-05 [10] and earlier versions of the code and, because of the concern regarding the web shear resistance of deeper sections of HCS, the ACI 318-08 [11] and later versions of the code require a minimum amount of shear reinforcement to be provided in HCS for thickness that is greater than 315 mm. This is in the case that the factored shear force is greater than 50% of the design shear strength of the concrete. Otherwise, the web shear capacity must be reduced by 50%. Providing stirrups in hollow core units is not possible due to the special manufacturing technique used. This means that the alternative of a 50% reduction in shear capacity is used in the design of hollow core units deeper than 315 mm. To account for this concern, Equation (8) is modified to be as follows:


   V  c w   =    {       (  0.29    f c ′    + 0.3  f  p c    )   b w   d p                                                              h ≤ 315   mm       0.5  (  0.29    f c ′    + 0.3  f  p c    )   b w   d p                                                h > 315   mm            



(9)







The ACI 318 code [10,11,19] assumes that the location of the critical section of web shear failure is at h/2 from the inner face of the support, as shown in Figure 3a, where h is the total depth of the slab. Therefore, the stress fpc in Equations (8) and (9) is calculated at the critical section which is generally located within the transfer length where the shear force is at a maximum and the prestress force is less than the full amount. The code permits the transfer length to be taken as 50db for prestressing strands, where db is the nominal diameter of strands. The code also indicates that the value of      f c ′      for calculating Vcw in Equations (8) and (9) has not to be taken to be greater than 8.3 MPa.




3.2. Eurocode 2


The Eurocode 2 [20] design equation for the web shear strength of HCS is based on Equation (4), where the shear strength is limited by the tensile strength of the concrete, as follows:


   V  c w   =   I  b w   Q       (   f  c t d    )   2  +  α l   σ  c p    f  c t d      



(10)




where fctd is the design tensile strength of concrete, which is defined as:


   f  c t d   =    f  c t k , 0.05      γ c     



(11)




where γc is a partial safety factor for concrete and the characteristic tensile strength fctk,0.05 is calculated as:


   f  c t k , 0.05   = 0.7 ×  f  c t m    



(12)







The mean value of the tensile strength of the concrete fctm is given as:


   f  c t m   =    {      0.3 ×    (   f  c k    )    2 / 3                                                                f  c k   ≤ C 50 / 60       2.12   l n    (  1 +    f  c m     10    )                                         f  c k   > C 50 / 60            



(13)




where fck is the characteristic compressive cylinder strength of the concrete and fcm is the mean value of the concrete cylinder compressive strength. The code indicates the relationship between fck and fcm as follows:


   f  c m   =  f  c k   + 8  (  MPa  )   



(14)







The factor αl in Equation (10) is the ratio of lx/lpt2, where lx is the distance of the section considered from the starting point of the transfer length and lpt2 is the upper bound value of the transfer length, which is defined as:


   l  p t 2   = 1.2  (     α 1   α 2  ∅  σ  p m 0      η  p 1    η 1   f  c t d    ( t )     )   



(15)




where α1 = 1.0 for a gradual release, =1.25 for a sudden release; α2 = 0.25 for tendons with a circular cross-section, =0.19 for 3- and 7-wire strands;  ∅  is the nominal diameter of tendons; σpm0 is the tendon stress just after release; ηp1 = 2.7 for indented wires, =3.2 for 3- and 7-wire strands; η1 = 1.0 for good bond conditions and 0.7 otherwise; and    f  c t d    ( t )    is the design value of tensile concrete strength at the time of release.



In Equation (10), the concrete compressive stress σcp is calculated at the centroidal axis due to the effective prestressing force. Similar to the ACI 318 method [10,11,19], the calculation of the web shear capacity according to Equation (10) is specified to be at a section of a distance of h/2 from the inner edge of the support.




3.3. European Standard EN 1168


The European standard EN 1168 [21] provides two methods for determining the web shear strength of HCS: the simplified method and the general method. The standard indicates that the simplified method can be used as an alternative to the general method. It is similar to the Eurocode 2 method [20] in Equation (10) with a few modifications, which is presented as follows:


   V  c w   = φ   I  b w   Q       (   f  c t d    )   2  + β  α l   σ  c p    f  c t d      



(16)




in which, φ and β are reduction factors of 0.8 and 0.9, respectively.



The general method specified by the standard accounts for the main findings and recommendations of Yang [7], which is presented as follows:


   V  c w   =   I  b w   ( y )     Q c   ( y )     (       (   f  c t d    )   2  +  σ  c p    ( y )   f  c t d     −  τ  c p    ( y )   )   



(17)




where:


   σ  c p    ( y )  =   ∑   t = 1  n   {   [   1 A  +    (   Y c  − y  )   (   Y c  − Y  p t   )   I   ]  ×  P t   (   l x   )   }  −    M  E d    I  ×  (   Y c  − y  )   



(18)






   τ  c p    ( y )  =  1   b w   ( y )    ×   ∑   t = 1  n   {   [     A c   ( y )   A  −    Q c   ( y )  ×  (   Y c  − Y  p t   )   I  + C  p t   ( y )   ]  ×   d  P t   (   l x   )    d x    }   



(19)




where bw(y) is the web width at height y; Yc is the height of the centroidal axis; Qc(y) is the first moment of the area above height y and about the centroidal axis; y is the height of the critical point on the line of failure; lx is the distance of the considered point on the line of failure from the starting point of the transmission length; σcp(y) is the concrete compressive stress at height y and distance lx; n is the number of tendon layers, A is the area of concrete cross-section; Pt(lx) is the prestressing force in the considered tendon layer at distance lx; MEd is the bending moment due to the vertical load; τcp (y) is the concrete shear stress due to the transmission of prestress at height y and distance lx; Ac(y) is the concrete area above height y; Cpt (y) is a factor taking into account the position of the considered tendon layer and its value equals −1 when y ≤ Ypt and 0 when y > Ypt; and Ypt is the height of the position of the considered tendon layer.



The standard specifies that Equation (17) is applied with reference to the critical points of a straight line of failure rising from the edge of the support with an angle of 35o with respect to the horizontal axis. The critical point is the point on the failure line where Vcw according to Equation (17) is the lowest. Unlike the ACI 318 [19] and Eurocode 2 [20] methods, the EN 1168 standard [21] accounts for the flexural stresses resulting from the eccentricity of the prestressing force and bending moment due to vertical load, as seen in Equation (18). Additionally, the standard accounts for the internal shear stress developed after transferring the prestressing force to the concrete, as given by Equation (19). For HCS deeper than 450 mm, the standard recommends the shear strength calculated by either Equation (16) or (17) to be reduced by 10%.




3.4. Canadian Standard CSA-A23.3


The Canadian standard CSA-A23.3 [22] specifies a unified method for evaluating the shear capacity of reinforced and prestressed concrete members. The method is recommended for determining both the flexural shear and the web shear capacities of concrete members. The method is based on the simplified modified compression field theory [25,26].



In this method, the web shear strength of HCS can be determined according to the following equation:


   V  c w   =   0.4    (  1 + 1500  ε x   )    ·   1300    (  1000 +  s  z e    )       f c ′     b w   d v   



(20)




where dv is the effective shear depth taken as the greater of 0.9d or 0.72h, and sze is the equivalent crack spacing parameter which accounts for the influence of coarse aggregate nominal maximum size ag, where:


   s  z e   =   35  s z    15 +  a g     



(21)







The crack spacing parameter sz can be taken as dv. The term εx in Equation (20) is the longitudinal strain at mid-height of the cross-section and is calculated as:


   ε x  =      M f     d v    +  V f  −  V p  + 0.5  N f  −  A p   f  p o     2  (   E s   A s  +  E p   A p   )     



(22)




where Mf and Vf are the factored moment and shear occur simultaneously at the section of interest, Vp is the component of the effective prestressing force in the direction of the applied shear force, Nf is the factored axial load, As is the area of reinforcing steel in the flexural tension zone of the section, Es is the modulus of elasticity of the reinforcing steel, Ap is the area of prestressing tendons in the flexural tension zone of the section, fpo is the stress in the prestressing steel when the stress in the surrounding concrete is zero, and Ep is the modulus of elasticity of prestressing tendons. For HCS, there is no reinforcement except prestressing strands, so As = 0. Additionally, Vp = 0 because the strands are horizontal and Nf = 0 because there is no axial load. Therefore, Equation (22) becomes:


   ε x  =      M f     d v    +  V f  −  A p   f  p o     2  (   E p   A p   )     



(23)







The code specifies that the term      f c ′      in Equation (20) is not to be taken greater than 8.0 MPa.




3.5. AASHTO LRFD Design Specifications


The AASHTO LRFD specifications [23] provide a broadly applicable general shear design procedure based on the simplified modified compression field theory [26] similar to the Canadian standard CSA-A23.3 [22]. Alternatively, the specifications provide a simplified procedure for calculating the web shear cracking resistance Vcw. Since the general method is similar to that of the CSA-A23.3 [22] presented in the preceding section, it will not be presented here. The simplified procedure prescribed by the specifications represents a lower bound estimate of Vcw for prestressed HCS. This is because it considers the tensile strength of concrete ft as 0.16     f c ′     , corresponding to that of shear cracking in reinforced concrete members or prestressed members with a low level of prestressing [27].


   V  c w   =  (  0.16    f c ′    + 0.3  f  p c    )   b w   d p   



(24)







Equation (24) is similar to Equation (8) regarding the ACI 318 method [10], except that the tensile strength of concrete at the occurrence of the web shear cracking is reduced from 0.29     f c ′      to 0.16     f c ′     . Another difference between the two methods is that the AASHTO LRFD specifications [23] permit the transfer length to be taken as 60db for the prestressing strands instead of 50db specified by the ACI 318 [10,11,19].





4. Experimental Database


A relatively large database was collected from previous investigations as part of this study for the purpose of assessing the validity of the above design procedures. The database included 229 prestressed HCS test results from 19 different studies [4,5,8,9,13,17,18,28,29,30,31,32,33,34,35,36,37,38,39]. The criteria adopted during collecting the database are (1) no issues or problems reported during testing the HCS; (2) no excessive initial end slip of prestressing strands reported for the slab; (3) all slabs failed explicitly in the web shear; (4) all slabs were simply supported and were tested under the line loading system over the entire width of the slab; and (5) the shear span to depth ratio, a/dp, for all slabs was larger than 2.5. The database had a broad range of design parameters. The thickness of the slabs, h, ranged from 155 to 503 mm while the web width, bw, of the slabs ranged from 215 to 495 mm. The concrete compressive strength,    f c ′   , ranged from 41.4 to 95.8 Mpa, the shear span to depth ratio, a/dp, ranged from 2.5 to 7.1, and the compressive stress fpc at the centroidal axis of the cross section due to fully effective prestressing force ranged from 1.84 to 8.83 MPa. These material and geometrical properties of the slabs represent the mean and nominal values, respectively. The distributions of these key design parameters of the HCS in the database are presented in Figure 4, whereas Table 1 gives relevant details of the slabs in the database. For each range in the figure, the number of specimens is that of specimens greater than the lower limit of the range up to and including the upper limit of the range. It should be pointed out that the details of the HCS of Hawkins and Ghosh [9] are reported in the study by Palmer and Schultz [12]. Additionally, the details of the HCS of TNO [37], Masini [38], and the University of L’Aquila [39] are reported in the study by Bertagnoli and Mancini [40].




5. Evaluation of the Design Procedures Using the Experimental Database


The compiled database was used for evaluating the performance of the web shear design equations presented previously for HCS. The web shear capacity was calculated assuming prestressing losses of 15%. No strength or material reduction factors were used in the calculations. It should be noted that the general method of the European standard EN 1168 [21] was not included in this evaluation because it requires knowing specific geometrical information about the cross-sections of the slabs, which is not provided for the majority of the slabs in the database. Additionally, it should be noted that the partial safety factor γc of the Eurocode 2 method [20] is set equal to 1.0 for comparison. Statistical measures were used for evaluating the performance of each design method, as given in Table 2. The ratio of the experimental web shear strength to the predicted one Vexp/Vpred was calculated for each slab in the database. For each design method, Table 2 gives the average ratio Vexp/Vpred, coefficient of variation (COV), minimum and maximum values, and percentage of unconservative predictions with Vexp/Vpred less than 1.0. The evaluation of the design methods is also presented in Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 by plotting the ratio Vexp/Vpred against one of the parameters known to affect the web shear of HCS: h,     f c ′   , a/dp, and fpc.



Table 2 indicates reasonable predictions for the 2005 version of the ACI 318 code [10], Equation (8), as the average ratio of Vexp/Vpred being 1.2 with a COV of 18%. However, the method provided 20% of the predictions on the unconservative side. Figure 5 presents the performance of the method against the design variables. Figure 5a indicates that the predictions of Equation (8) are affected by the thickness, h, of the HCS. It can be seen that there is a general trend of the decrease in Vexp/Vpred with the increase in h. The figure also shows that most of the unconservative predictions are for slabs of 400 and 500 mm total thickness. This explains why the the ACI 318 committee introduced a reduction factor of 0.5 (Equation (9)) for deeper sections into the 2008 and the following versions of the codes [11,19]. This factor is responsible for the very conservative scatter predictions of the 2019 version of the ACI 318 code [19], as given by Equation (9), as can be seen in Table 2 and Figure 6. The average ratio of Vexp/Vpred for this method was 1.73 with a COV of 33%. Additionally, Figure 6a indicates that the predictions of Equation (9) are affected by h in an opposite way to that of Equation (8). The figure shows the increase in Vexp/Vpred with the increase in h with all predictions of the deeper sections on the conservative side. More conservative predictions were even obtained by the simplified method of the AASHTO specifications [23], as given by Equation (24). Table 2 and Figure 10 indicate that the equation provided conservative predictions for all HCS in the database, as the average ratio of Vexp/Vpred was 1.96. The method showed less scatter predictions compared with the ACI 318 method, as given by Equation (9), where it provided a COV of 19%. This level of conservatism is expected considering that this method is intended to represent a lower bound of the web shear strength of prestressed members [27], as well as a unified method for the shear design of reinforced and prestressed concrete members. It can be seen in Equation (24) that the tensile strength of concrete ft at the occurrence of web shear cracking is expressed as 0.16     f c ′     . This tensile strength level is corresponding to flexural shear cracking in reinforced concrete members, not 0.33     f c ′      corresponding to web shear cracking in prestressed members. On the other hand, Table 2 shows that the Eurocode 2 [20] method, as given by Equation (10), gave the most accurate predictions, as the average ratio of Vexp/Vpred was 0.99 with a COV of 18%. Nevertheless, more than one-half of its predictions were on the unconservative side with a percentage of 56%, as given in Table 2 and shown in Figure 7. This large percentage of unconservative predictions is not acceptable from a design perspective. This also explains why the European standard EN 1168 [21] introduced the reduction factors φ and β into Equation (16) for the purpose of providing an improved version of Equation (10). These modifications resulted in improved predictions of the web shear capacity of HCS, as can be seen in Equation (16) in Table 2 and Figure 8. The percentage of unconservative predictions was reduced from 56% to 14% with an average ratio of Vexp/Vpred of 1.26 and a COV of 17%. Table 2 indicates that better predictions were obtained by the Canadian standard CSA-A23.3 [22], as given by Equation (20), which can be also shown in Figure 9. This method gave the best combination of the average ratio of Vexp/Vpred and the percentage of unconservative predictions, where their values were 1.27 and 8%, respectively.




6. Proposed Modifications to Design Procedures


The results of this evaluation indicated a wide band of variation between the predictions of the different design methods included in this study. This variation reached about 100% between the largest and lowest average ratio of Vexp/Vpred, as can be observed in Table 2. This happened even though most of the presented methods follow Mohr’s circle of stress for estimating the web shear cracking capacity of prestressed HCS. In fact, this is attributed to different causes, which will be discussed in the following subsections, during proposing modifications to the design methods. The modifications are proposed for the design methods of the ACI 318 code [10,19], Eurocode 2 [20], and European standard EN 1168 [21]. No modifications are suggested to the design methods of both the CSA-A23.3 standard [22] and AASHTO specifications [23]. This is because the CSA-A23.3 method showed good and reliable predictions for the web shear resistance of prestressed HCS. On the other hand, the level of conservatism of the predictions of the AASHTO method [23] may be argued since the method is intended to give a lower bound estimate of the web shear capacity of prestressed HCS, as discussed previously.



6.1. Proposed Modifications to the ACI 318


The results of this study showed that the web shear capacity calculations of the ACI 318 [10], as given by Equation (8), for HCS were unconservative for deeper sections. In contrast, the calculations of the ACI 318 [19], as given by Equation (9), appeared to be uneconomically conservative for deeper sections due to the reduction factor introduced in Equation (9). In a previous study [18], the authors explained the cause of unconservative predictions resulting from Equation (8) for deeper sections of HCS. This is because Equation (8) uses the term bwdp, representing the sheared area of the cross-section of the slab, instead of the term Ibw/Q. Web shear cracking generally occurs at the end regions of HCS where the slab is still uncracked in flexure. Therefore, the use of the term bwdp is not accurate. To show the difference between the two terms, the ratio of (I/Q)/dp was plotted in Figure 11 against the thickness, h, of the slabs in the database. The figure shows that the ratio of (I/Q)/dp decreased with the increase in h. This ratio for shallow sections was around 0.9, while it decreased up to 0.75 for deeper sections. This means that Equation (8) overestimates the web shear capacity by up to 33% for deeper sections. To account for this finding, Equation (8) is proposed to be modified by introducing a size effect factor k [18], as follows:


   V  c w   =  (  0.29    f c ′    + 0.3  f  p c    )   b w  k  d p   



(25)




where k is determined as:


  k =  (    750   450 + h    )    ≤ 1  



(26)







It is intended by this factor to gradually reduce the web shear capacity of HCS while h increases.



To verify this modification, Equation (25) was used to predict the web shear strength of the HCS in the database. A comparison between the predicted shear strength and experimental ones is given in Table 3 and presented in Figure 12. It can be seen in Figure 12a that the predictions for deeper sections improved and their accuracy became independent of h. The average ratio of Vexp/Vpred was 1.27 with a COV of 17% and the percentage of unconservative predictions was 10%. It may be argued that this percentage of unconservative predictions is larger than the percentage of 5% known to be accepted as an upper limit for design equations. To further modify the ACI 318 method [10,19], the term (vexp—0.3fpc)/(f’c)0.5 was plotted in Figure 13 against f’c for the HCS in the database, where vexp is the experimental shear stress at failure calculated as VexpQ/(bwI). Figure 13 shows that the tensile strength of concrete at the occurrence of web shear cracking for slabs of unconservative predictions by Equation (25) ranged between   0.22    f c ′      and   0.28    f c ′     . Therefore, Equation (25) can be further modified by replacing the tensile strength of the concrete value of   0.29    f c ′      with   0.25    f c ′      as an average value for the values of slabs with unconservative predictions, as follows:


   V  c w   =  (  0.25    f c ′    + 0.3  f  p c    )   b w  k  d p   



(27)







Equation (27) was used for calculating the web shear capacity of the slabs in the database and was compared with the experimental ones. The results of the comparison are given in Table 3 and presented in Figure 14. It is evident that the percentage of unconservative predictions was reduced to 4%, while the average ratio of Vexp/Vpred increased to 1.42, showing a more conservative performance compared with Equation (25), as expected from this modification.




6.2. Proposed Modifications to Eurocode 2


The results of this evaluation indicated that the Eurocode 2 [20] method provided unconservative predictions for the web shear resistance of 56% of the slabs in the database. Unlike the ACI 318 method [10,19], the Eurocode 2 [20] design equation, Equation (10), uses the right term Ibw/Q for the sheared area of the cross-section of HCS. Therefore, the poor performance of Equation (10) may be related to the way that the concrete tensile strength, as well as the transfer length, are calculated. To investigate these possible causes, the design tensile strength of the concrete fctd used in Equation (10) was calculated for the slabs in the database and plotted in Figure 15 against the lower bound tensile strength of the concrete   0.25    f c ′      determined in the preceding section. It should be confirmed again that the partial safety factor γc in Equation (11) was set equal to 1.0 and fctd was turned to be fctk. Figure 15 clearly shows that the calculated fctk was higher than   0.25    f c ′      for all slabs. The average ratio of    f  c t k   / 0.25    f c ′      was calculated for all slabs and found to be 1.46. This suggests that a reduction factor of 1/1.46 = 0.68 is to be introduced with fctd into Equation (10). Similarly, the transfer length of prestressing strands, lpt2, used for calculating the factor αl in Equation (10) was calculated for all slabs and plotted in Figure 16 against the transfer length corresponding to 50db. This value of transfer length was chosen as it represents an average value between two different studies [4,12] for measuring the transfer length of prestressing strands in HCS. The experimental measurements of Walraven and Mercx [4] indicated that the transfer length of prestressing strands was less than 50db, while the opposite was obtained by Palmer and Schultz [12]. Figure 16 shows that the calculated transfer length lpt2 of Equation (15) is less than 50db. The average ratio of lpt2/50db was calculated for all slabs and was found to be 0.8. This reduction factor is also introduced into Equation (10) with the factor αl. The proposed modification of Equation (10) is given as follows:


   V  c w   =   I  b w   Q       (  0.68  f  c t d    )   2  + 0.8  α l   σ  c p   ( 0.68  f  c t d     )  



(28)







To verify these modifications, Equation (28) was used for calculating the web shear strength of the slabs in the database and compared with the experimental ones. Table 3 and Figure 17 show the performance of Equation (28). The percentage of unconservative predictions showed significant improvement, where it was reduced from 56% to 4% at the expense of the increase in the average ratio of Vexp/Vpred to 1.4.




6.3. Proposed Modifications to EN 1168


The European standard EN 1168 [21], Equation (16), provided better performance compared with the original equation of the Eurocode 2 [20], Equation (10). However, the percentage of unconservative predictions was 14%. In order to have this percentage within the acceptable limit, Equation (16) is proposed to be modified by reducing the factor φ from 0.8 to 0.73.


   V  c w   = 0.73   I  b w   Q       (   f  c t d    )   2  + 0.9  α l   σ  c p    f  c t d      



(29)







This modification was verified by calculating the web shear strength of the slabs in the database using Equation (29). The calculated values were compared with the experimental ones, as given in Table 3 and presented in Figure 18. It can be seen that the modification resulted in a decrease in the percentage of unconservative predictions from 14% to 5%, while the average ratio of Vexp/Vpred increased to 1.39.





7. Conclusions


A database of 229 shear test results was collected from the literature to evaluate the web shear design procedures of prestressed HCS. The design procedures included in this study were the ACI 318 code, Eurocode 2, European standard EN 1168, CSA-A23.3, and AASHTO LRFD design specifications. The main findings of this study can be summarized as follows.




	-

	
Both the simplified method of the AASHTO and the ACI 318-19 method produced very conservative predictions for the web shear resistance of prestressed HCS. In contrast, the Eurocode 2 method produced unconservative predictions for 56% of the slabs in the database. On the other hand, the ACI 318-05 method showed unconservative predictions for HCS of deeper sections. Reasonable predictions were obtained by the simplified method of the EN 1168 standard, whereas better predictions were obtained by the CSA-A23.3 method.




	-

	
Proposed modifications to the design equations of the ACI 318, Eurocode 2, and EN 1168 were presented. Furthermore, the proposed modified equations were verified against the HCS in the database and more reliable predictions were obtained.
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Figure 1. Typical HCS cross sections (all dimensions are in mm). 
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Figure 2. An extruding machine for manufacturing HCS. 
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Figure 3. Stress state in an element near the support. (a) HCS elevation, (b) element stresses; (c) Mohr’s stress circle, and (d) element principal stresses. 
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Figure 4. Ranges of design parameters of HCS. (a) Total thickness, (b) web width, (c) concrete compressive strength, (d) shear span to depth ratio, and (e) compressive stress due to full effective prestressing force. 
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Figure 5. Predictions of the ACI 318-05 design equation against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 6. Predictions of the ACI 318-19 design equation against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 7. Predictions of the Eurocode 2 design equation against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 8. Predictions of the EN 1168 design equation against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 9. Predictions of the CSA-A23.3 design equation against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 10. Predictions of the AASHTO design equation against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 11. Variation of the (I/Q)/dp ratio with slab thickness. 
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Figure 12. Predictions of Equation (25) against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 13. Concrete tensile strength at the occurrence of web shear cracking. 
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Figure 14. Predictions of Equation (27) against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 15. Calculated tensile strength of the concrete fctk versus   0.25    f c ′     . 
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Figure 16. Calculated transfer length lpt2 versus 50db. 
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Figure 17. Predictions of Equation (28) against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Figure 18. Predictions of Equation (29) against (a) total thickness, (b) concrete compressive strength, (c) shear span to depth ratio, and (d) compressive stress due to the fully effective prestressing force. 
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Table 1. Experimental database of prestressed HCS.
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	Reference
	Number of Slabs
	Slab Thickness, h (mm)
	Total Width of Slab,

b (mm)
	Web Width, bw (mm)
	Concrete Compressive Strength,    f c ′    (MPa)
	Shear Span to Depth

Ratio, a/dp
	Compressive Stress fpc Due to Full Effective Prestressing (MPa)





	Sarkis et al. [28]
	2
	200
	1196
	232
	60.5
	3.2
	6.05



	Asperheim and Dymond [29]
	11
	305
	1219
	233–495
	72–83.6
	3.03
	5.94–7.61



	Joo et al. [30]
	2
	400
	1200
	276
	66
	2.92
	6.06



	Lee et al. [31]
	3
	265
	1200
	237
	48.7
	2.61
	6.26



	Nguyen et al. [32]
	2
	400
	1200
	275
	66.8
	2.82
	4.59



	Meng et al. [33]
	2
	305
	1216
	228
	52.2–59.3
	2.78
	2.3–4.59



	Truderung et al. [34]
	5
	305
	1216
	229–252
	63.2–83.6
	2.93
	3.07–5.85



	Park et al. [35]
	8
	200–500
	1200
	242–300
	60.5
	2.8–3.0
	3.43–4.41



	El-Sayed et al. [18]
	23
	200–500
	900–1200
	245–363
	50.1–78.3
	2.78–3.1
	2.78–6.41



	Tawadrous and Morcous [17]
	5
	406
	1200
	353
	68.9
	3.09
	3.96



	Dudnik et al. [36]
	4
	300
	1216
	330
	76.8
	3.0–3.5
	5.43



	Palmer and Schultz [13]
	19
	300–500
	1200
	302–439
	53.9–68.7
	2.5–4.0
	2.35–6.89



	Hawkins and Ghosh [9]
	11
	400
	1200
	292–404
	41.4–74.7
	3.2–5.79
	2.38–6.35



	Pajari [8]
	49
	200–503
	1145–1177
	215–327
	49.6–81.1
	2.69–5.24
	1.84–6.13



	TNO [37]
	39
	260–400
	1200
	241–449
	52.6–95.8
	2.86–3.16
	3.57–8.83



	Masini [38]
	13
	160–420
	1200
	335–444
	44–52.6
	2.75–4.62
	2.24–6.88



	University of L’Aquila [39]
	14
	155–500
	1200
	215–414
	59.2
	2.7–3.54
	1.92–4.36



	Becker and Buettner [5]
	7
	200–250
	1016
	330–432
	41.4
	3.6–7.1
	3.04–4.9



	Walraven and Mercx [4]
	10
	260–300
	1197
	250–294
	55.4–63.9
	3.5–5.11
	2.58–6.01



	Total
	229
	155–503
	900–1219
	215–495
	41.4–95.8
	2.5–7.1
	1.84–8.83
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Table 2. Statistical analysis of design equations.
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Equation

	
Experimental-to-Predicted Ratio, Vexp/Vpred




	
Average

	
COV

	
Minimum

	
Maximum

	
Percentage of Unconservative Predictions






	
ACI 318-05 [10], Equation (8)

	
1.20

	
18%

	
0.63

	
1.76

	
20%




	
ACI 318-19 [19], Equation (9)

	
1.73

	
33%

	
0.81

	
3.26

	
3%




	
Eurocode 2 [20], Equation (10)

	
0.99

	
18%

	
0.61

	
1.52

	
56%




	
EN 1168 [21], Equation (16)

	
1.26

	
17%

	
0.77

	
1.95

	
14%




	
CSA-A23.3 [22], Equation (20)

	
1.27

	
18%

	
0.81

	
1.88

	
8%




	
AASHTO [23], Equation (24)

	
1.96

	
19%

	
1.05

	
2.88

	
0
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Table 3. Statistical analysis of proposed design equations.
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Design Method

	
Equation

	
Experimental-to-Predicted Ratio, Vexp/Vpred




	
Average

	
COV

	
Minimum

	
Maximum

	
Percentage of Unconservative Predictions






	
Proposed modification to ACI 318

	
Equation (25)

	
1.27

	
17%

	
0.71

	
1.85

	
10%




	
Equation (27)

	
1.42

	
16%

	
0.80

	
2.06

	
4%




	
Proposed modification to Eurocode 2

	
Equation (28)

	
1.4

	
18%

	
0.87

	
2.16

	
4%




	
Proposed modification to EN 1168

	
Equation (29)

	
1.39

	
17%

	
0.85

	
2.14

	
5%
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