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Abstract

:

This study evaluated the shear performance of prestressed concrete hollow core slabs (HCS), which are convenient to use as floor structures of flexible spaces. A total of 18 specimens, with cross-sectional height and presence of topping concrete as variables, were fabricated by extrusion. A four-point loading test was conducted using simply supported beams. The results showed that shear performance satisfied the requirements of ACI 318-19 regardless of cross-sectional height or presence of topping concrete. Through comparison with past studies, the web-shear strength of HCS was found to be influenced by compressive stress due to prestress at the centroid, compressive strength of concrete, and shear span-to-depth ratio.
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1. Introduction


To enhance user satisfaction and to meet the demands of the times, extensive efforts are being made to introduce multi-purpose flexible spaces in modern architectural structures. Structural members with long spans are essential for flexible structures, but larger cross-sections involve higher costs and increase the overall weight. As such, it is necessary to develop a rational structural system that remains lightweight.



Compared to general reinforced concrete slabs, prestressed concrete hollow core slabs (HCS), members with hollow cores and more structurally efficient cross-sections, are widely used in Europe and North America as tendons in upper and lower layers to help achieve superior flexural rigidity and strength [1,2,3,4,5,6,7]. Figure 1 presents the manufacturing site of D, which manufactured the specimens used in this study. In the case of HCS, strands placed on a long-line bed of 90–180 m are jacked at once, and members are fabricated through extrusion with placing of high-strength, zero-slump concrete. This not only facilitates mass production, but also enhances overall quality of structures through the dense packing of concrete [8].



HCS members, which are manufactured in factories and assembled on-site, have a short construction period and allow easy on-site management. They are widely used in structures requiring long-span floors such as distribution centers, discount stores and semiconductor factories. They are especially advantageous for long-span structures thanks to their reduced weight from the use of hollow cores [9,10]. However, high strength concrete with low slump is placed without molds, and the mix is extruded while compacting. As such, the placement of transverse reinforcement is almost impossible [7], and structural evaluation is important at member ends where shear force is dominant because the introduction of prestress causes high stress concentration. In addition, the accuracy of the strength prediction for securing the structural safety of the prestressed concrete members are required.



Due to these effects, a study [11,12,13,14] has been conducted to reasonably predict the shear strength of prestressed concrete members. Laskar et al. [11] proposed a shear strength prediction formula that reflects the influence of shear span-to-depth ratio (a/d) on the shear strength evaluation of prestressed concrete I-beams by comparing the experimental results with previous studies. Cladera et al. [13] presented and validated a simplified mechanical model to make it easier for practitioners to use for shear design purposes. Hoogenboom [14] proposed a practical method using finite element analysis to efficiently evaluate the section forces of HCS with openings.



Using members manufactured by D, this study conducted shear experiments with cross-sectional height and presence of topping concrete as variables to evaluate the structural performance of HCS. Qualitative requirements of shear performance were experimentally verified by comparing the experimental results to analytical results derived based on design codes and the findings of previous studies.




2. Shear Strength of HCS


As shown in Equation (1), the Korea Concrete Institute Model Code (KCI 2017) [15] and American Concrete Institute Standard (ACI 318-19) [16] specify that the design shear strength of a prestressed concrete member must be equal to or greater than the factored shear strength.


   V u    ≤ ϕ  V n   



(1)







Here,    V u    is the factored shear strength and    V n    is the nominal shear strength.



Depending on the two types of shear failure, the shear strength of an HCS member without transverse reinforcement can be classified into flexural-shear strength (   V  c i    ) and web-shear strength (   V  c w    ), given by Equations (2) and (3), respectively. According to the Code, the smaller of the two values should be used.


   V  c i   = 0.05 λ    f  c k      b w   d p  +  V d  +    V i   M  c r e      M  m a x     ≥ 0.17 λ    f  c k      b w   d p   



(2)






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



(3)







Here,  λ  is the lightweight concrete factor,    f  c k     is the compressive strength of concrete,    b w    is the web width,    d p    is the distance from the compressive edge to the center of the tendon cross section,    V d    is the shear force of the cross section due to fixed load,    V i    is the factored shear force due to applied load,    M  c r e     is the crack moment due to applied load,    M  m a x     is the maximum factored moment due to applied load,    f  p c     is the compressive stress of concrete in consideration of stress loss of prestress at the cross-sectional centroid that is in resistance to applied load, and    V p    is the vertical component of jacking force where inclined tendons are used.



In the case of HCS, thin webs are the most vulnerable structures due to the hollow cores, and shear strength is likely to be determined based on web-shear strength. Since the calculation of effective cross section is important in evaluating shear strength, Precast/Prestressed Concrete Institute (PCI) [17] recommends the use of web width in the calculation of design member force.



For HCS, the formation of web-shear cracks should be prevented in the transfer length section, where effective prestress is not fully exhibited. If the decrease in effective prestress is reflected at dangerous cross sections, web-shear strength decreases by about 30% according to Equation (3). Equation (3) is based on the study of Hawkins and Ghosh [2], who found that using Equation (3) to derive the web-shear strength may overestimate the actual strength of HCS members with heights greater than 300 mm because the web-shear strength of HCS members exceeding 380 mm falls in the range of 58 to 85% [8]. KCI 2017 and ACI 318-19 specify that web-shear strength should be halved for thick HCS members exceeding 315 mm in height and not meeting the minimum requirement for transverse reinforcement.



To ensure the continuity considering the floor diaphragm of slabs, topping concrete is placed on HCS, and the slabs are used in the form of composite cross-sections. As described by PCI, the web-shear strength of HCS members can be obtained by substituting topping concrete with a transformed section. Since topping concrete generally has a lower compressive strength than that of the concrete used in HCS members, the elastic modulus of concrete (  n =  E  R C   /  E  H C S   ≤ 1  ) is used when calculating web-shear strength based on a transformed section.




3. Experimental Program


3.1. Materials


To evaluate the shear performance of HCS, the concrete used for specimens had a specified compressive strength of 45 MPa, as shown in Table 1. The specified compressive strength of topping concrete was set at 24 MPa. Crushed gravel and crushed sand were used as coarse aggregates and fine aggregates in the concrete. The maximum size values of coarse aggregates for HCS and topping concrete were 19 mm and 25 mm, respectively, while that of fine aggregates was 5 mm.



To examine the dynamic characteristics of concrete in relation to the concrete mix, a concrete cylinder with size of  ϕ 100 × 200 mm was fabricated. Curing was carried out under the same conditions for all specimens. The concrete compressive strength experiment was conducted according to days taken for specimen failure; the results are presented in Figure 2 and Table 2. The concrete compressive strength of HCS shown in Table 2 was obtained from 55 × 55 mm cube samples extracted from specimens. The compressive strength values of HCS and of topping concrete averaged 48.2–48.7 MPa and 27.0–28.1 MPa respectively, which exceed the design strength. The compressive strength measured from the concrete cylinder of HCS averaged 46.8 MPa, which differs from that of the cube samples by 1.4 to 1.9 MPa.



To introduce prestress, the specimens were fabricated from strands (SWPC 7BL). The strands had a yield strength of 1581 MPa and tension of 1860 MPa; those with diameters ( ϕ ) of 12.7 mm and 9.5 mm were placed in the upper and lower parts to ensure the proper cross-sectional properties.




3.2. Specimens


To evaluate shear performance in relation to cross-sectional height and presence of topping concrete in HCS, specimens were fabricated according to the data in Table 2. In the specimen names, S and CS indicate HCS with or without topping concrete, respectively. The numbers 265, 320, and 400 represent the heights of HCS without taking into account the topping concrete.



As shown in Table 2 and Figure 3 and Figure 4, the specimens have cross-sections of 1200 × 265 (320, 400) mm, lengths of 3000 (3400) mm, and pure spans of 1700 (2100) mm. In the case of S series, the shear span-to-depth ratio (a/d) was designed to be in the range of 2.14–2.61, depending on the effective depth for shear failure to occur. For CS series, the range was 1.50–1.94 due to the influence of topping concrete.



As shown in Figure 3 and Figure 4, HCS was designed to reflect the preferred reinforcement characteristics in the field, according to the height of the cross section. S265 (CS265) used tendons as strands regardless of the presence of topping concrete, placing 6- ϕ 12.7 and 2- ϕ 9.5 at the bottom, and 4- ϕ 9.5 at the top. For S320 (CS320), 8- ϕ 12.7 was applied to the bottom of the cross-section, and 2- ϕ 9.5 to the top. For S400 (CS400), 10- ϕ 12.7 was placed at the bottom, and 3- ϕ 9.5 at the top. All specimens were subject to a tendon tensile strength of 65% as jacking force. Transverse reinforcement was not taken into account. As shown in Figure 5, a coarse finish with a height of 6 mm was applied to the top surface of specimens to ensure integrated behavior with consideration of topping concrete.




3.3. Loading and Measurement Methods


As shown in Figure 6, a four-point loading test was conducted using simply supported beams. A universal testing machine (UTM) with a load capacity of 2000 kN was used. The displacement control method (1.0 mm/min) was employed to apply a continuous load, and the experiment was carried out until stress decreased to 85% of peak load. The deflection of specimens was measured by installing a linear variable differential transducer at the bottom middle, where the most deformation occurs.





4. Experimental Results and Discussion


4.1. Shear Force-Deflection Relationship


The shear force-deflection relationships of HCS are shown in Figure 7 and Figure 8. Shear force is expressed using the load measured from the hydraulic load cell of the universal testing machine. Deflection is derived from the displacement measured using the LVDT installed at the bottom middle of the loading points of the specimens. Regardless of cross-sectional height or presence of topping concrete, the behavioral characteristics observed in all specimens were linear up to the formation of diagonal cracks. Even after diagonal cracks occurred, the specimens exhibited linear behavior with increasing load. Due to the influence of web-shear cracks, stress decreased after reaching peak stress.



As shown in Figure 7 and Table 3, S265 of S series experienced diagonal cracks on average at 202.2 kN, and deflection on average at 1.58 mm. The peak shear force of S265 averaged 308. 1 kN, and the corresponding deflection was 6.74 mm. S320 and S400 experienced diagonal cracks on average at 322.9 kN and 231.1 kN, and deflection at 1.88 mm and 1.59 mm, respectively. The peak shear forces of S320 and S400 were 434.1 kN and 403.4 kN, respectively, with corresponding deflection values of 12.25 mm and 11.16 mm.



As shown in Figure 8 and Table 3, CS265 of CS series experienced flexural cracks on average at 356.8 kN, and deflection on average at 1.50 mm. The peak shear force of CS265 averaged 481.8 kN, and the corresponding deflection was 7.88 mm. CS320 and CS400 experienced diagonal cracks on average at 491.2 kN and 488.7 kN, and deflection at 2.17 mm and 2.15 mm, respectively. The peak shear forces of CS320 and CS400 were 697.9 kN and 715.9 kN, respectively, with corresponding deflection values of 17.28 mm and 13.72 mm.



As shown in Table 3, compared to S265, S320 had average shear force increases of 58.9% and 40.9% during crack formation and peak stress with increasing effective depth, and average deflection increases of 19.0% and 81.8% respectively. Similarly, CS320 and CS265 had average increases in shear force of 37.7% and 44.9%, and average increases in deflection of 44.7% and 119.3%, respectively. In general, HCS with topping concrete had an average increase in shear force of 52.1–111.5% during crack formation and 56.4–77.5% during peak stress with decreasing shear span-to-depth ratio. With the exception of the comparison between S265 and CF265 during crack formation, the deflection at crack formation and peak stress increased by an average of 15.4–35.2% and 16.9–41.1%, respectively. These results indicate that an increase in effective depth significantly increases shear resistance in the case of the CS series, even for non-overlapping experimental sections.




4.2. Cracking Pattern


Cracking patterns at peak load for S and CS series are shown in Figure 9 and Figure 10, respectively. As shown in Figure 9, regardless of cross-sectional height, S series experienced inclined cracks in experimental sections during initial loading, and the flexural cracking load was observed in the pure flexural sections between loading points of the specimen because some specimens had lower flexural cracking loads than web-shear cracking load. The cracks formed in experimental sections grew significantly with increasing load, and ultimately, most specimens showed shear failure under the influence of web-shear cracking after flexural yielding and before reaching the peak stress of flexural.



As shown in Figure 10, CS320 and CS400 of CS series experienced diagonal cracks in experimental sections during initial loading, and exhibited flexural cracks in pure flexural sections between loading points with increasing load. On the other hand, CS265 experienced flexural cracks for the first time in pure flexural sections between loading points, followed by diagonal cracks with increasing load. Due to the influence of topping concrete, there was not much difference in shear strength or load during the formation of flexural cracks.



With the exception of S265-2, S series specimens showed a decrease in stress after the formation of diagonal cracks. Diagonal cracks formed on the opposite sides of experimental sections during peak stress, which in turn caused a decrease in stress. Following the formation of diagonal cracks, CS series exhibited linear behavior of a constant gradient with increasing load, and experienced a decrease in stress with the formation of web-shear cracks in webs after reaching peak stress.




4.3. Shear Strength


To evaluate the shear strength of HCS in relation to cross-sectional height and presence of topping concrete, the experimental results were compared to the analytical results based on KCI 2017 [15] and ACI 318-19 [16], as shown in Table 3. In the experiment, shear strength was calculated using the hydraulic load cell of the universal testing machine (UTM). For the analytical results based on KCI 2017 and ACI 318-19, shear strength was the smaller of the two values among flexural-shear strength (   V  c i    ) and web-shear strength (   V  c w    ). As recommended by PCI [18], in calculating shear strength, only the web width of HCS was considered for HCS. For more precise analysis of shear strength of HCS with topping concrete, the actual width of topping concrete was measured, and the results are shown in Table 3. The influence of topping concrete was calculated by applying the transformed section method with consideration of the elastic modulus of concrete.



For S series, the shear strength of S265 averaged 308.1 kN in the experiment, and 212.7 kN in the analysis. The average ratio of analytical to experimental shear strength was 1.45. S320 and S400 had average experimental shear strengths of 434.1 kN and 403.4 kN, and analytical shear strengths of 257.6 kN and 352.3 kN, respectively. The average ratios of analytical to experimental shear strength were 1.69 and 1.14, respectively. As for CS series, CS265 had an average experimental shear strength of 481.8 kN and an analytical shear strength of 260.3 kN, resulting in an average ratio of 1.85. CS320 and CS400 had average experimental shear strengths of 697.9 kN and 715.9 kN, and analytical shear strengths of 320.5 kN and 413.2 kN, respectively. The average ratios of analytical to experimental shear strength were 2.18 and 1.73, respectively.



Comparing shear strength values to analytical results based on KCI 2017 and ACI 318-19, as shown in Table 3, the average ratio of analytical to experimental shear strength was 1.14–1.69 for S series, and 1.73–2.18 for CS series. That is, shear strength conditions were satisfied regardless of cross-sectional height or presence of topping concrete. In addition, the analytical results based on KCI 2017 and ACI 318-19 had a tendency to provide predictions on the safe side, and CS series had a ratio 29–52% higher than that of the S series. As such, further research is needed to develop prediction equations that allow more rational calculation of shear strength of HCS members with topping concrete.




4.4. Analysis of Key Influence Factors On the Web-Shear Capacity


As mentioned in Section 2, due to the vulnerable structure resulting from prestress and hollow cores, shear strength of HCS is likely to be determined by web-shear strength rather than flexural-shear strength. For a more objective evaluation of the effects of web-shear strength, a comparative analysis was performed with experimental results from previous studies as key influence factors [6,18,19,20,21,22,23]. 164 sets of experimental data were retrieved from previous studies, and a summary is provided in Table 4.



Figure 11 compares the experimental results with the results of previous studies; shear strength was nondimensionalized (   ν  t e s t   /    f c ′     ) for more objective comparison of key influence factors. From Figure 11a,b, with increasing compressive strength and shear span-to-depth ratio, we can see a proportionate increase in both experimental results and previous study results. The variable shown in Figure 11c, which shows the effect of compressive stress with consideration of stress loss of prestress at the cross-sectional centroid, showed a more prominent increase compared to other variables, and had the greatest influence on web-shear strength. This is also indicated in previous studies of prestressed concrete beams under shear and torsional loading [24]. In Figure 11d, which shows member height as a variable, both experimental results and results from previous studies decreased in similar ways. However, compared to the web-shear strength (  0.29    f c ′     ) recommended in the design codes, the results were consistent with those of previous studies. As reported by Palmer and Schultz [5], HCS members were not significantly affected by size.





5. Conclusions


To evaluate the shear performance of HCS, this study conducted shear experiments with cross-sectional height and presence of topping concrete as variables. Comparing the experimental results to the analytical results based on the design codes and previous studies, the following conclusions were derived.



	
Regardless of the presence of topping concrete, HCS exhibited linear shear behavior of a constant gradient, and experienced typical web shear failure with decreased stress due to diagonal cracks formed in webs during peak stress.



	
Such tendencies were observed in the comparison of S and CS series. The effective depths of S and CS series increase with the increase in cross-sectional height and inclusion of topping concrete, and the resulting decrease in shear span-to-depth ratio significantly enhances shear resistance. S and CS series having the same experimental sections showed increases in shear force and deflection with increasing cross-sectional height.



	
Comparing shear strength values to analytical results based on KCI 2017 and ACI 318-19, the average ratios of analytical to experimental shear strength were 1.14–1.69 for S series and 1.73–2.18 for CS series. That is, shear strength conditions were satisfied regardless of cross-sectional height or presence of topping concrete. In particular, CS series had ratios 29–52% higher than those of the S series. Prediction equations that allow more rational calculation of shear strength of HCS with topping concrete should be developed.



	
The experimental results of HCS were found to be similar to the results of previous studies. Among the key influence factors, web-shear strength was most influenced by compressive strength of concrete due to prestress at the cross-sectional centroid. Web-shear strength was partly influenced by concrete compressive strength and shear span-to-depth ratio, but the extent of that influence was insignificant compared to the key influence factors.
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Figure 1. Extrusion method of hollow core slabs (HCS): (a) Casting by extrusion machine; (b) Extruded HCS. 
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Figure 2. Stress-strain relationships of concrete. 
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Figure 3. Details of S series (unit: mm): (a) S265; (b) S320; (c) S400. 
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Figure 4. Details of CS series (unit: mm): (a) CS265; (b) CS320; (c) CS400. 
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Figure 5. Upper surface of CS series (unit: mm). 






Figure 5. Upper surface of CS series (unit: mm).



[image: Applsci 10 01636 g005]







[image: Applsci 10 01636 g006 550] 





Figure 6. Test setup (unit: mm): (a) Photograph; (b) Elevation view. 
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Figure 7. Shear force-deflection relationships of S series: (a) S265; (b) S320; (c) S400. 
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Figure 8. Shear force-deflection relationships of CS series: (a) CS265; (b) CS320; (c) CS400. 
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Figure 9. Crack patterns of S series at peak load: (a) S265; (b) S320; (c) S400. 
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Figure 10. Crack patterns of CS series at peak load: (a) CS265; (b) CS320; (c) CS400. 
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Figure 11. Analysis of key influence factors on the web-shear capacity: (a) Concrete compressive strength; (b) shear span-to-depth ratio; (c) Prestress introduced in centroid of section; (d) Height of member. 
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Table 1. Concrete mix proportions.
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Concrete

	
fck

(MPa)

	
W/C

	
S/a

(%)

	
Unit Weight (kg/m3)




	
W

	
C

	
S

	
G

	
AD






	
HCS

	
45.0

	
0.32

	
43.8

	
120

	
380

	
856

	
1100

	
3.20




	
Topping

	
24.0

	
0.49

	
47.6

	
165

	
340

	
882

	
970

	
2.82








fck—compressive strength of concrete mix design; W/C—water cement ratio; S/a—fine aggregate modulus; W—water; C—cement; S—fine aggregate; G—coarse aggregate; AD—water reducing admixture.
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Table 2. Properties of specimens.






Table 2. Properties of specimens.





	
Specimens

	
f’c (MPa)

	
Size (mm)

	
Prestressing Strand

	
a/d

	
H

(mm)

	
N




	
HCS

	
Topping

	
h

	
b

	
l

	
Bottom

	
Top






	
S265

	
48.7

	
-

	
265

	
1200

	
3000

	
6- ϕ 12.7

2- ϕ 9.5

	
4- ϕ 9.5

	
2.61

	
-

	
3




	
S320

	
48.3

	
320

	
8- ϕ 12.7

	
2- ϕ 9.5

	
2.14

	
3




	
S400

	
48.2

	
400

	
3400

	
10- ϕ 12.7

	
3- ϕ 9.5

	
2.27

	
3




	
CS265

	
48.7

	
28.1

	
265

	
3000

	
6- ϕ 12.7

2- ϕ 9.5

	
4- ϕ 9.5

	
1.94

	
80

	
3




	
CS320

	
48.3

	
27.0

	
320

	
8- ϕ 12.7

	
2- ϕ 9.5

	
1.50

	
120

	
3




	
CS400

	
48.2

	
27.0

	
400

	
3400

	
10- ϕ 12.7

	
3- ϕ 9.5

	
1.69

	
3








f’c—compressive strength of concrete; h—height of section; b—width of section; l—length; a/d—shear span-to-depth ratio; H—height of topping concrete; N—number of specimens.













[image: Table] 





Table 3. Comparison between analytical and experimental results.






Table 3. Comparison between analytical and experimental results.





	
Specimens

	
f’c

(MPa)

	
H

(mm)

	
Experimental Results

	
Analytical Results

(KCI 2017&ACI 318-19)

	
Exp.

/Ana.




	
VCrack

(kN)

	
δCrack

(mm)

	
VPeak

(kN)

	
δPeak

(mm)

	
Vci

	
Vcw

	
Vn

	






	
S265

	
1

	
f’c,HCS = 48.7

	
-

	
204.0

	
1.63

	
313.3

	
7.30

	
276.1

	
212.7

	
212.7

	
1.47




	
2

	
235.1

	
1.72

	
316.0

	
9.10

	
1.49




	
3

	
170.6

	
1.39

	
295.1

	
3.81

	
1.39




	
Mean

	
203.2

	
1.58

	
308.1

	
6.74

	
-

	
-

	
-

	
1.45




	
S320

	
1

	
f’c,HCS = 48.3

	
-

	
322.9

	
1.86

	
413.5

	
9.85

	
386.7

	
257.6

	
257.6

	
1.61




	
2

	
317.3

	
1.77

	
440.1

	
11.45

	
1.71




	
3

	
328.5

	
2.02

	
448.8

	
15.44

	
1.74




	
Mean

	
322.9

	
1.88

	
434.1

	
12.25

	
-

	
-

	
-

	
1.69




	
S400

	
1

	
f’c,HCS = 48.2

	
-

	
230.9

	
1.71

	
414.6

	
4.75

	
447.7

	
352.3

	
352.3

	
1.18




	
3

	
213.7

	
1.39

	
386.2

	
11.96

	
1.10




	
2

	
248.6

	
1.68

	
409.4

	
16.77

	
1.16




	
Mean

	
231.1

	
1.59

	
403.4

	
11.16

	
-

	
-

	
-

	
1.14




	
CS265

	
1

	
f’c,HCS = 48.7

f’c,T = 28.1

	
87.0

	
361.7

	
1.54

	
464.2

	
7.41

	
410.3

	
261.1

	
261.1

	
1.78




	
2

	
86.5

	
355.2

	
1.46

	
499.0

	
7.90

	
408.9

	
260.7

	
260.7

	
1.91




	
3

	
84.7

	
353.6

	
1.49

	
482.2

	
8.34

	
404.0

	
259.2

	
259.2

	
1.86




	
Mean

	
356.8

	
1.50

	
481.8

	
7.88

	
407.7

	
260.3

	
260.3

	
1.85




	
CS320

	
1

	
f’c,HCS = 48.3

f’c,T = 27.0

	
126.7

	
502.8

	
1.98

	
726.3

	
19.33

	
614.5

	
326.4

	
326.4

	
2.23




	
2

	
116.3

	
497.2

	
2.43

	
623.1

	
13.01

	
581.7

	
318.3

	
318.3

	
1.96




	
3

	
114.5

	
473.5

	
2.11

	
744.3

	
19.49

	
576.4

	
316.9

	
316.9

	
2.35




	
Mean

	
491.2

	
2.17

	
697.9

	
17.28

	
590.9

	
320.5

	
320.5

	
2.18




	
CS400

	
1

	
f’c,HCS = 48.2

f’c,T = 27.0

	
113.0

	
494.9

	
2.17

	
815.5

	
21.51

	
639.1

	
411.7

	
411.7

	
1.98




	
3

	
118.2

	
512.3

	
2.43

	
613.8

	
6.08

	
651.6

	
416.1

	
416.1

	
1.48




	
2

	
113.0

	
458.8

	
1.85

	
718.4

	
13.58

	
639.1

	
411.7

	
411.7

	
1.74




	
Mean

	
488.7

	
2.15

	
715.9

	
13.72

	
643.2

	
413.2

	
413.2

	
1.73








VCrack—shear force of at cracking; δCrack—deflection of at cracking; VPeak—shear force of at peak; δPeak—deflection of at peak; Vci—flexural-shear strength; Vcw—web-shear strength.
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Table 4. Summary of previous studies.






Table 4. Summary of previous studies.





	Researchers
	f’c (MPa)
	h

(mm)
	bw

(mm)
	d p

(mm)
	Ag

(cm2)
	Aps

(mm2)
	a/d
	fpc

(MPa)
	Vtest

(kN)





	Palmer

and Schultz [6]

(24 specimens)
	53.9

−68.7
	304.8

−508.0
	299.5

−438.9
	256.5

−448.8
	-
	954.8

−1587.1
	2.5–4.0
	1.0–5.5
	221.2

−609.7



	Pajari [18]

(50 specimens)
	38.1

−63.7
	200.0

−500.0
	215.0

−335.0
	160.0

−453.0
	1190.0

−3000.0
	372.0

−1953.0
	2.7–5.7
	1.8–7.0
	80.4

−528.0



	Walraven

and Mercx [19]

(19 specimens)
	64.0
	255.0

−300.0
	250.0

−294.0
	225.0

−265.0
	1710.0

−1990.0
	470.0

−940.0
	1.7–6.7
	2.5–5.9
	181.6

−286.3



	TNO [20]

(39 specimens)
	55.9

−113.9
	255.0

−400.0
	241.0

−449.0
	202.0

−350.0
	1720.0

−2610.0
	853.7

−1684.4
	2.9–3.2
	3.6–8.8
	224.0

−652.0



	Bertagnoli and Mancini [21]

(14 specimens)
	55.0

−65.7
	163.0

−421.5
	335.0

−444.0
	133.0

−378.5
	1120.0

−2380.0
	278.8

−1435.0
	2.8–4.5
	2.3–6.8
	97.0

−478.0



	Celal [22]

(8 specimens)
	62.9

−67.9
	206.0

−305.0
	229.0

−313.0
	158.0

−255.0
	1501.4

−2069.9
	502.5

−888.3
	3.0–3.8
	3.6–5.0
	163.0

−297.0



	Park et al. [23]

(10 specimens)
	60.5
	200.0

−500.0
	242.0

−300.0
	168.0

−452.0
	1215.9

−2554.1
	504.8

−899.6
	2.5–3.1
	4.0–5.1
	81.9

−454.4







Ag—cross sectional area; Aps—cross sectional area of tendon; fpc—prestress introduced in centroid of section.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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