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Abstract

:

Several design standards have been developed in the last two decades to estimate the punching capacity of two-way reinforced concrete (RC) slabs reinforced with fiber-reinforced polymer (FRP) reinforcement. FRP-RC design standards include the recently published ACI 440.11-22, CSA/S806-12, and JSCE-2007. These models are either based on empirical data or semi-empirical methods and calibrated using different databases. Additionally, these standards do not have provisions for connections with shear reinforcement. Therefore, a reliable worldwide database for developing and assessing the applicability of such provisions with test results is vital. This study presents a worldwide and up-to-date database for punching shear of FRP-RC slabs. The database includes 197 tested connections, comprising interior and edge connections, with and without shear reinforcement, and a wide range of materials and cross-sectional properties. The database was used to evaluate the accuracy of the mentioned standards in predicting the punching shear capacity. For connections without shear reinforcement, it was determined that the three design standards yielded similar performance with different conservatism levels. ACI 440.11-22 yielded the most conservative results, with average Vexp/Vpred ratios of 2.04 compared to 1.28 and 1.3 for other models. For connection with shear reinforcement, specimens with Evf > 100 GPa resulted in Vexp/Vpred ratios less than 1.0 for ACI and CSA standards.
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1. Introduction


Due to reinforcing steel bar corrosion, the deterioration of reinforced concrete structures, buildings, and bridges is a major problem that shortens the service life of steel-reinforced concrete (RC) structures. Fiber-reinforced polymer (FRP) reinforcing bars have emerged as a cost-effective alternative to traditional steel bars due to their high corrosion resistance. Compared to conventional steel rebars, FRP bars exhibit superior tensile strength, demonstrating linear elastic behavior until failure without a yield plateau. Their elastic moduli are lower compared to steel, typically ranging from 20% to 80% of the elastic modulus of steel, depending on the type of fibers used [1]. FRP bars can be made of aligned fibers of glass (GFRP), carbon (CFRP), basalt (BFRP), or aramid (AFRP). Other advantageous properties of FRP bars are their high strength-to-weight ratio and non-magnetic properties. Several established design guidelines for FRP-RC members include ACI 440.11-22 [2], CSA/S806 [3], and JSCE [4]. The design of FRP-RC is continuously updated based on the research findings.



Punching shear in flat-plate FRP-RC slabs is a major concern that usually governs the design [5], where inclined shear cracks surface near columns to form a truncated pyramid-shaped failure surface, as illustrated in Figure 1. This phenomenon arises due to the relatively small thickness of the slab and its direct support on columns, resulting in high shear stresses transferred between the slab and columns. Several experimental studies have shown that FRP-RC slabs exhibit a lower punching shear capacity than their steel-RC counterparts, even when having the same flexural reinforcement ratio. This discrepancy is attributed to the lower axial and transverse stiffness of FRP reinforcement compared to steel bars, leading to wider cracks, reduced aggregate interlock and dowel action resistance, and a shallower neutral axis depth [5,6]. Consequently, punching shear models in FRP design guidelines incorporate the elastic modulus as a variable. Additionally, when utilizing FRP bars as shear reinforcement to resist punching shear, it is important to note that the tensile strength of the bent portion is significantly lower than that of the straight portion. Therefore, the shear contribution provided by FRP shear reinforcement depends on the bent strength or the level of stresses attained in the shear reinforcement [7].



The adopted models for punching shear in FRP-RC slabs are empirically or semi-empirically calibrated with experimental data. The majority of the experimental data used in the calibration have been obtained before developing the models and focus on punching shear due to concentric loading [5]. Additionally, proposed models may not have been calibrated with the same database, which makes it inconvenient to compare models calibrated using different databases. In this study, an intensive literature review was conducted to create an up-to-date evaluation database for punching shear of FRP-RC slabs. The database includes interior and edge connections (i.e., concentric shear force and unbalanced bending moment), with and without shear reinforcement. The database is used to assess punching shear models adopted in design guidelines. The assessment is conducted based on statistical measures.




2. Concentric and Eccentric Punching Shear Behavior


As mentioned, punching shear failure starts with inclined cracks propagating from the tension to the compression side around the columns when the combined shear and flexural stress exceeds the concrete capacity, forming a truncated pyramid-shaped failure surface. In the case of an interior slab–column connection in braced frames, only shear stresses are transferred from slab to columns, and the negligible moment is transferred at the connection. The imposed stresses can be calculated as shown in Equation (1), where Vf is the factored shear force transferred between slab and column, d is the slab effective depth, and bo is the perimeter of the critical section at a distance of d/2 from column face. This assumes a uniform stress distribution along the critical perimeter (Figure 2a). However, studies have indicated that stress at the corners of the critical section is higher [8].


    v   c   =     V   f       b   o   d    



(1)







When a lateral load or unbalanced moment causes a transfer of moment between the slab and column, a fraction of the unbalanced moment will be transferred by direct flexure (γf), and the remaining will be transferred by shear (γv), according to Equation (2) (where b1 is the width of the critical section in the direction of the unbalanced moment and b2 is the width of the critical section perpendicular to b1). Accordingly, the maximum shear stress can be computed by adding the shear stresses due to direct shear (Equation (1)) and the shear stresses due to the moment transfer about the centroid of the critical section in Equation (3) (Figure 2b,c), where Mf represents the factored moment transferred between the slab and column, Jc denotes a property of the critical section similar to the polar moment of inertia, and e represents the distance from the centroid of the critical shear section to the point where shear stress is being calculated. This shear stress model is adopted in both ACI 318-19, ACI 440.11-22, and CSA/A23.3-19 [5]. However, the JSCE provisions include the effect of eccentric loading by a factor (1/α), as will be shown in the next section. Typically, connections between slabs and columns positioned at corners and edges experience moment transfer and eccentric loading. However, these scenarios have received less attention in research compared to internal slab–column connections subjected to concentric loads [9].


    γ   v   = 1 −   1    1 + ( 2 / 3 )     b   1   /   b   2       



(2)






    v   c   =     V   f       b   0   d   +     γ   v     M   f   e     J   c      



(3)







The current design codes do not include provisions for including the contribution of shear reinforcement in punching shear. However, by following the design provisions for steel-RC two-way shear, the resistance of the slab can be computed by combining the concrete resistance (Vc) and the shear reinforcement resistance (Vf) if it exists, according to Equations (4) and (5), where Avf, ffv, and s are the total shear reinforcement area, the stress in shear reinforcement, and the spacing of shear reinforcement, respectively. The ACI 440 and CSA/S806 limit the stress in shear reinforcement (for one-way shear) to 0.005 Ef (Ef = elastic modulus of FRP shear reinforcement).


    V   n   =   V   c   +   V   f    



(4)






    V   f   =     A   v f     f   f v   d   s    



(5)








3. Code Provisions


Punching shear design models for FRP-RC slabs typically adapt existing models designed for steel-RC slabs to accommodate the notable differences between FRP and steel, particularly focusing on variations in axial stiffness. This section reviews the FRP-RC punching shear models adopted in ACI 440.11-22, CSA/S806-12, and JSCE 1997.



3.1. Punching Shear Model Adopted in ACI 440.11-22


In 2005, Ospina, through statistical analysis, demonstrated that the one-way shear model initially proposed by Tureyen and Forsch in 2003 [10] could be adapted to address shear transfer in two-way concrete slabs [11]. This adaptation resulted in Equations (6a)–(6e), which are utilized for computing concentric punching shear. Presently, this model is integrated into ACI 440.11-22 [2]. It is worth noting that Equation (6a) corresponds to the fundamental punching shear model outlined in ACI 318 for steel-reinforced concrete (RC) slabs, but multiplied by a factor of 2.5 kcr to consider the axial stiffness of fiber-reinforced polymer (FRP) reinforcement. The parameter kcr represents the ratio of the elastic neutral axis depth to the depth of longitudinal reinforcement and can be determined for slabs using the equation provided for rectangular sections in Equation (6b). Furthermore, the model incorporates the size effect (λs) as depicted in Equation (6e). In Equations (6a)–(6e), f′c, bo, d, Nc, and ρ denote the concrete compressive strength, perimeter of the critical section at a distance of d/2, effective depth, modular ratio, and average tensile longitudinal reinforcement ratio, respectively.



Research has indicated that Equation (6a) of the shear model could underestimate shear capacity significantly for lightly reinforced concrete elements like slabs. Consequently, a lower limit (Equation (6d)) is prescribed accordingly (Nanni et al., 2014) [12].


    V   c   =  0.8      λ   s        f  ′    c      k   cr     b   o      d     



(6a)
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      V   c     min    = 0.132       f   ′     c      b   w      d   



(6d)






    λ   s   =    2   1 + 0.004 d    ≤ 1.0  



(6e)








3.2. Punching Shear Model Adopted in CSA/S806-12


As per CSA/S806-12 [3], the punching shear resistance is determined by selecting the lowest resistance calculated from Equations (7a)–(7c). The parameters βc, λ, and αs represent the ratio of the long side to the short side of the column cross-section, the concrete density factor, and the coefficient specific to the type of column (four for interior, three for edge, and two for corner columns), respectively. Similarly to the principles set forth in ACI 440, the positioning of the critical shear perimeter is standardized at a distance of d/2 from the column face. Equations (7a) and (7b) are specifically devised to accommodate variations in column shape and the ratio of shear perimeter to slab depth, thus enhancing the shear strength assessment. Furthermore, a size effect is factored in for slabs with an effective depth exceeding 300 mm by incorporating a capacity adjustment with the term of (300/d)0.25.


    V   c   =    1 +    2     β   c        0.028    λ   ϕ   c         E   reft   ρ     f   ′     c        1 / 3      b   o      d   



(7a)






    V   c   =         α   s   d     b   o        + 0.19       0.147     λ    ϕ   c         E   reft   ρ    f  ′     c        1 / 3      b   o      d   



(7b)






    V   c   =  0.056    λ   ϕ   c         E   reft   ρ    f  ′     c        1 / 3      b   o      d   



(7c)








3.3. Punching Shear Model Adopted in JSCE (2007)


The JSCE provides the punching shear resistance for two-way slabs in Equation (8) [4]. Factors βd, βp, and βr consider the size effect, reinforcement ratio, and elastic modulus (axial stiffness), along with the column perimeter-to-slab depth ratio (u/d) as outlined in Equations (8b)–(8d). Equation (8e) imposes a restriction on the concrete compressive strength (fpcd), limiting it to 36 MPa. Furthermore, the factor α accommodates load eccentricity (set to 1 for concentric loading), while the safety factor γb is set at 1.3. The factor 1/α accounts for the unbalanced moment (eccentric loading), as shown in Equation (8f), where ex and ey are load eccentricities in the x and y directions (mm), respectively, and bx and by are critical section dimensions in the x and y directions (mm), respectively.


    V   c   =   β   d       β   p       β   r       f   pcd       γ   b       1   α     b   o      d   



(8a)






    β   d   =   1 / d     4    ≤ 1.5   



(8b)






    β   p   =   100 ρ   E   reft   /   E   s     3    ≤ 1.5   



(8c)






    β   r   =  1 + [ 1 / ( 1 + 0.25  u / d  ) ]   



(8d)






    f   pcd   = 0.2    f   c   ′     ≤ 1.2   MPa   



(8e)






  α =  1 + 1.5        e   x   +   e   y           b    x    b  y         



(8f)









4. Punching Shear Database


An extensive literature survey of punching shear experimental programs for FRP-RC slabs performed between 1995–2019 was conducted. A total of 197 punching shear tests were collected from 41 studies (listed and cited in Appendix A Table A1 [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40], Table A2 [23,41,42,43,44,45,46,47,48,49], Table A3 [50], and Table A4 [23,41,46,47]). Out of the 197 tests, 155 specimens were subjected to concentric loading and 42 specimens were subjected to eccentric loading simulating the addition of an unbalanced moment. One hundred and eighty specimens were tested without shear reinforcement and 17 were tested with shear reinforcement. Figure 3 shows the characteristics of the collected database.



Variables collected in the database include: column and slab dimensions, slab effective depth (d), concrete compressive strength (f′c), tensile reinforcement ratio (ρ), elastic modulus for tensile reinforcement (Ef), shear reinforcement properties (if exist), and unbalanced moment-to-shear force (M/V). Figure 4 shows the distribution and range of d, f′c, and ρ in the collected database. The importance of the database in this study comes from the need for an experimental database to conduct a data-driven code evaluation, and from the size of the presented database, where the presented database is the largest database published in the literature to the authors best knowledge. With the large experimental database, different loading scenarios were evaluated, and different codes will be evaluated with the same database.




5. Assessment of Design Provisions


For comparison reasons, the database was divided into two parts; connections without shear reinforcement (180 specimens) and connections with shear reinforcement (17 specimens). The difference between the two parts in terms of the number of specimens is due to the limited number of tests conducted with shear reinforcement. The comparison was conducted using statistical measures, including average (Avg), standard deviation (SD), coefficient of variation (CoV), and absolute average error (AAE) of the experimental-to-predicted ratios (Vexp/Vpred). The AAE was calculated according to Equation (9). In addition, the number of specimens with Vexp/Vpred < 0.75 is reported. In the case of eccentric load, the eccentric shear stress model mentioned in the CSA/A23.3-19 and ACI 318-19 codes (Equations (2) and (3)) was adopted to estimate the applied shear stress to connections for all design models.


  A A E =   1   N     ∑  i = 1   N          V   p r e d . , i   −   V   e x p . , i       V   e x p . , i          



(9)







5.1. Assessment of Design Models for Connections without Shear Reinforcement


The Vexp/Vpred ratios for the connections without shear reinforcement in the database are plotted in Figure 5 for the ACI 440.11-22, CSA/S806-12, and the JSCE-2007 design models described in Section 4. The ratios are plotted versus the effective depth (d), concrete compressive strength (f′c), reinforcement ratio (ρ), and the FRP tensile reinforcement elastic modulus (Ef). The Vexp/Vpred ratios are also listed in Appendix A Table A1 and Table A2.



It can be noted that all models provide conservative predictions with Avg value Vexp/Vpred ratios greater than 1.0. However, the ACI 440.11-12 model results in the highest conservatism among the models, with an Avg. of 2.04 compared to 1.28 and 1.3 for the CSA/S806-12 and the JSCE-2007 models, respectively. The high conservatism of the ACI 440 model was expected as the model assumes that only the uncracked region of the slab contributes to the shear capacity. The high conservatism for the ACI 440.11-22 model results in a high SD and AAE, while the CSA/S806-12 and the JSCE-2007 models have similar measures. However, all models result in a similar CoV of 23%. Despite the differences in statistical measures, all models result in a horizontal trendline with all variables indicating a consistent bias across the variables’ ranges. This also implies that the models are applicable to the whole range of variables. Additional development in this area can be found in recent publications [51,52,53,54].




5.2. Assessment of Design Models for Connections with Shear Reinforcement


Design guidelines discussed in Section 4 do not include provisions for punching shear with FRP shear reinforcement. However, the ACI 318-19 design standard and researchers’ studies recommend reducing the concrete contribution (Vc) to half when shear reinforcement exists. This led to Equations (10) and (11) for ACI 440.11-22 and CSA/S806-12, respectively. No recommendations for the JSCE-2007 were found. The shear reinforcement contribution (Vf) is calculated according to Equation (5), where the stress in shear reinforcement (ffv) is taken as ffv = 0.005 Evf, as recommended for beam shear reinforcement the design standards. Similarly to the previous section, the Vexp/Vpred ratios for connections with shear reinforcement in the database are plotted in Figure 6 and listed in Appendix A Table A3 and Table A4. The ratios are plotted versus the shear reinforcement area (Avf) and elastic modulus (Evf).


    V   c    = 0.4    λ   s       f  ′     c      k   cr     b   o      d   



(10)






    V   c    = 0.028    λ   ϕ   c         E   reft   ρ    f  ′     c        1 / 3      b   o      d   



(11)







The statistical measures indicate that the ACI 440.11-22 model results in conservative predictions with an Avg of 1.34 for the Vexp/Vpred ratios. The CSA/S806-12 model results in a slightly unconservative estimate with Avg of 0.98 for the Vexp/Vpred ratios. However, the ACI 440 results in higher variability, as indicated by the 32% CoV compared to 25% for the CSA/S806-12 model. On the other hand, the trendlines indicate downward trends with respect to the variables for both models. By examining the Vexp/Vpred ratios with respect to Evf, it can be noted that all specimens with Evf > 100 GPa resulted in Vexp/Vpred ratios less than 1.0. This indicates that the proposed procedures (Equations (10) and (11)) are not applicable for CFRP shear reinforcement. In addition, it should be noted that these specimens are from the same study. Further evaluation is required when additional experimental data are available.





6. Summary and Conclusions


Several design standards have been developed in the last two decades to estimate the punching capacity of two-way FRP-RC slabs, including the recently published ACI 440.11-22, CSA/S806-12, and JSCE-2007. These models were empirically or semi-empirically derived and calibrated with different databases. Additionally, these standards do not have provisions for connections with shear reinforcement. Therefore, a reliable worldwide database for developing or assessing the applicability of such provisions with test results is vital. This study presents a worldwide and up-to-date database for punching shear of FRP-RC slabs. The database includes 197 tested connections comprising a wide range of materials and cross-sectional properties. The database was used to evaluate the accuracy of the mentioned standards in predicting the punching shear capacity. The following conclusions can be drawn from the study:




	
The surveyed worldwide database comprised 197 punching shear tests for FRP-RC column–slab connections. In the database, 67% of the specimens were reinforced with GFRP, followed by CFRP (30%) and BFRP (3%). The percentage of specimens subject to an unbalanced moment (eccentric loading) was 21% compared to 79% of the specimens subjected to concentric loading. Moreover, less than 10% of the specimens were reinforced with FRP shear reinforcement. The database covered a wide range of material and cross-sectional properties.



	
For connections without shear reinforcement, the ACI 440.11-12 model resulted in the highest conservatism among the models, with an Avg. of 2.04 compared to 1.28 and 1.3 for the CSA/S806-12 and the JSCE-2007 models, respectively. The high conservatism of the ACI 440 model is due to the assumption that only the uncracked region of the slab contributes to the shear capacity. The high conservatism for the ACI 440.11-22 model resulted in a high SD and AAE, while the CSA/S806-12 and the JSCE-2007 models had similar measures. However, all models resulted in a similar CoV of 23%. All models resulted in a horizontal trendline with all variables indicating a consistent prediction accuracy across variables’ ranges.



	
For connections with FRP shear reinforcement, the statistical measures indicate that the ACI 440.11-22 model resulted in conservative predictions with an Avg of 1.34 for the Vexp/Vpred ratios. The CSA/S806-12 model resulted in a slightly unconservative estimate with Avg of 0.98 for the Vexp/Vpred ratios. However, the ACI 440 resulted in higher variability, as indicated by the 32% CoV compared to 25% for the CSA/S806-12 model. On the other hand, the trendlines indicate downward trends with respect to the variables for both models.



	
By examining the Vexp/Vpred ratios with respect to Evf, it can be noted that all specimens with Evf > 100 GPa resulted in Vexp/Vpred ratios less than 1.0. This indicates that the proposed procedures (Equations (10) and (11)) are not applicable for CFRP shear reinforcement. Further evaluation is required when additional experimental data is available.



	
In future work, it is recommended that researchers focus on connections with FRP shear reinforcement in terms of experimental and analytical work due to the limited data available in this area.
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Table A1. Connections under concentric loading without shear reinforcement.






Table A1. Connections under concentric loading without shear reinforcement.





	
Specimen

	
Location

	
Type

	
L1

(mm)

	
L2

(mm)

	
C1

(mm)

	
C2

(mm)

	
d

(mm)

	
       f ′    c      

    ( M P a )    

	
     E   f     

(GPa)

	
      ρ   f      

	
      V   e x p      

    ( k N )    

	
      V   e x p          /   V   P r e d      




	
ACI 440.1R-22

	
CSA/S806-12

	
JSCE (1997)






	
El-Ghandour et al. (2003) [13]




	
SG1

	
interior

	
GFRP

	
2000

	
2000

	
200

	
200

	
142

	
32

	
45

	
0.18

	
170

	
1.16

	
1.13

	
1.06




	
SC1

	
interior

	
CFRP

	
2000

	
2000

	
200

	
200

	
142

	
32.8

	
110

	
0.15

	
229

	
1.55

	
1.2

	
1.11




	
SG2

	
interior

	
GFRP

	
2000

	
2000

	
200

	
200

	
142

	
46.4

	
45

	
0.38

	
271

	
1.54

	
1.25

	
1.24




	
SG3

	
interior

	
GFRP

	
2000

	
2000

	
200

	
200

	
142

	
30.4

	
45

	
0.38

	
237

	
1.66

	
1.25

	
1.18




	
SC2

	
interior

	
CFRP

	
2000

	
2000

	
200

	
200

	
142

	
29.6

	
110

	
0.35

	
317

	
2.2

	
1.29

	
1.22




	
T. Hassan et al. (2000) [14]




	
1

	
Interior

	
CFRP

	
1800

	
3000

	
575

	
225

	
165

	
59

	
147

	
0.57

	
1000

	
2.25

	
1.46

	
1.54




	
2

	
Interior

	
CFRP

	
1800

	
3000

	
575

	
225

	
165

	
59

	
147

	
0.57

	
1200

	
2.7

	
1.75

	
1.85




	
3

	
Interior

	
CFRP

	
1800

	
3000

	
575

	
225

	
165

	
59

	
147

	
0.57

	
1328

	
2.3

	
1.94

	
2.04




	
Rahman et al. (2000) [15]




	
1

	
interior

	
CFRP

	
2000

	
2500

	
250

	
150

	
162

	
42

	
85

	
0.3

	
622

	
3.08

	
2.15

	
2.02




	
2

	
interior

	
CFRP

	
2000

	
2500

	
250

	
150

	
162

	
42

	
85

	
0.3

	
698

	
3.46

	
2.41

	
2.27




	
3

	
interior

	
CFRP

	
2000

	
2500

	
250

	
150

	
162

	
42

	
85

	
0.3

	
575

	
2.85

	
1.99

	
1.87




	
4

	
interior

	
CFRP

	
2000

	
2500

	
250

	
150

	
162

	
42

	
85

	
0.3

	
534

	
2.64

	
1.84

	
1.74




	
5

	
interior

	
CFRP

	
2000

	
2500

	
250

	
150

	
162

	
42

	
85

	
0.3

	
584

	
2.89

	
2.02

	
1.9




	
H.J. Louka (1999) [16]




	
1

	
interior

	
GFRP

	
3000

	
1800

	
575

	
225

	
175

	
43

	
41.3

	
1

	
500

	
1.43

	
0.95

	
0.9




	
2

	
interior

	
GFRP

	
3000

	
1800

	
575

	
225

	
175

	
43

	
41.3

	
1

	
1050

	
2.99

	
2

	
1.88




	
3

	
interior

	
GFRP

	
3000

	
1800

	
575

	
225

	
175

	
43

	
41.3

	
1

	
875

	
2.5

	
1.67

	
1.57




	
4

	
interior

	
GFRP

	
3000

	
1800

	
575

	
225

	
175

	
43

	
39.3

	
1

	
1090

	
3.11

	
2.11

	
1.98




	
5

	
interior

	
GFRP

	
3000

	
1800

	
575

	
225

	
175

	
43

	
39.3

	
1

	
1180

	
3.37

	
2.29

	
2.15




	
c1

	
interior

	
CFRP

	
3000

	
1800

	
575

	
225

	
175

	
55

	
100

	
1

	
1180

	
2.32

	
1.54

	
1.57




	
c2

	
interior

	
CFRP

	
3000

	
1800

	
575

	
225

	
175

	
55

	
100

	
1

	
1000

	
1.97

	
1.31

	
1.33




	
c3

	
interior

	
CFRP

	
3000

	
1800

	
575

	
225

	
175

	
55

	
100

	
1

	
1200

	
2.36

	
1.57

	
1.6




	
K. Bouguerra et al. (2011) [17]




	
G-200-N

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
165

	
49.1

	
44.5

	
1.2

	
732

	
2.02

	
1.23

	
1.27




	
G-175-N

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
143

	
35.2

	
41.6

	
1.2

	
484

	
1.82

	
1.12

	
1.06




	
G-150-N

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
118

	
35.2

	
41.6

	
1.2

	
362

	
1.73

	
1.06

	
1.04




	
G-175-H

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
143

	
46.8

	
41.6

	
1.2

	
704

	
2.38

	
1.48

	
1.53




	
G-175-N-0.7

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
143

	
53.1

	
41.6

	
0.7

	
549

	
1.75

	
1.32

	
1.43




	
G-175-N-0.35

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
143

	
35.1

	
41

	
0.35

	
506

	
1.98

	
1.77

	
1.68




	
C-175-N

	
interior

	
CFRP

	
3000

	
2500

	
600

	
250

	
145

	
40.3

	
122

	
0.4

	
530

	
1.9

	
1.16

	
1.14




	
Dulude et al. (2013) [18]




	
G(0.7)30/20

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
130

	
34.3

	
48.2

	
0.71

	
329

	
1.89

	
1.16

	
1.16




	
G(1.6)30/20

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
130

	
38.6

	
48.1

	
1.56

	
431

	
1.92

	
1.12

	
1.14




	
G(0.7)45/20

	
interior

	
GFRP

	
2500

	
2500

	
450

	
450

	
135

	
44.9

	
48.2

	
0.71

	
400

	
1.42

	
0.91

	
1.03




	
G(1.6)45/20

	
interior

	
GFRP

	
2500

	
2500

	
450

	
450

	
130

	
32.4

	
48.1

	
1.56

	
504

	
1.74

	
1.03

	
1.11




	
G(0.3)30/35

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
285

	
34.3

	
48.2

	
0.34

	
825

	
1.64

	
1.24

	
1.19




	
G(0.7)30/35

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
280

	
39.4

	
48.1

	
0.73

	
1071

	
2.04

	
1.23

	
1.2




	
G(0.3)45/35

	
interior

	
GFRP

	
2500

	
2500

	
450

	
450

	
285

	
48.6

	
48.2

	
0.34

	
911

	
1.21

	
0.97

	
1.1




	
G(0.7)45/35

	
interior

	
GFRP

	
2500

	
2500

	
450

	
450

	
280

	
29.6

	
48.1

	
0.73

	
1248

	
2.17

	
1.25

	
1.32




	
Hassan et al. (2013b) [19]




	
G(0.7)30/20-B

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
135

	
39

	
48.2

	
0.71

	
386

	
1.98

	
1.24

	
1.25




	
G(1.6)30/20-B

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
130

	
32

	
48.1

	
1.56

	
451

	
2.11

	
1.25

	
1.27




	
G(1.6)45/20-B

	
interior

	
GFRP

	
2500

	
2500

	
450

	
450

	
130

	
39

	
48.1

	
1.56

	
511

	
1.68

	
0.98

	
1.07




	
G(0.3)30/35-B

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
285

	
39

	
48.2

	
0.34

	
782

	
1.46

	
1.13

	
1.11




	
G(0.7)30/35-B-1

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
280

	
30

	
48.1

	
0.73

	
1027

	
2.24

	
1.29

	
1.26




	
G(0.7)30/35-B-2

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
280

	
47

	
48.1

	
0.73

	
1195

	
2.08

	
1.29

	
1.34




	
G(0.3)45/35-B

	
interior

	
GFRP

	
2500

	
2500

	
450

	
450

	
285

	
32

	
48.2

	
0.34

	
1020

	
1.68

	
1.25

	
1.3




	
Matthys, S., and L. Taerwe. (2000) [6]




	
C1

	
interior

	
CFRP

	
1000

	
1000

	
133 *

	
133 *

	
96

	
30.4

	
91.8

	
0.27

	
181

	
2.81

	
1.87

	
1.76




	
C1̕

	
interior

	
CFRP

	
1000

	
1000

	
203 *

	
203 *

	
96

	
30.4

	
91.8

	
0.27

	
189

	
2.25

	
1.5

	
1.51




	
C2

	
interior

	
CFRP

	
1000

	
1000

	
133 *

	
133 *

	
95

	
29.6

	
95

	
1.05

	
255

	
2.78

	
1.7

	
1.61




	
C2՛

	
interior

	
CFRP

	
1000

	
1000

	
203 *

	
203 *

	
95

	
29.6

	
95

	
1.05

	
273

	
2.28

	
1.39

	
1.41




	
C3

	
interior

	
CFRP

	
1000

	
1000

	
133 *

	
133 *

	
126

	
28

	
92

	
0.52

	
347

	
3.53

	
2

	
1.81




	
C3՛

	
interior

	
CFRP

	
1000

	
1000

	
203 *

	
203 *

	
126

	
28

	
92

	
0.52

	
343

	
2.75

	
1.56

	
1.52




	
CS

	
interior

	
CFRP

	
1000

	
1000

	
133 *

	
133 *

	
95

	
27

	
147.6

	
0.19

	
142

	
2.37

	
1.49

	
1.43




	
CS՛

	
interior

	
CFRP

	
1000

	
1000

	
203 *

	
203 *

	
95

	
27

	
147.6

	
0.19

	
150

	
1.92

	
1.2

	
1.24




	
H1

	
interior

	
(C&G)

	
1000

	
1000

	
133 *

	
133 *

	
95

	
96.7

	
37.3

	
0.62

	
207

	
1.83

	
1.51

	
1.92




	
H2

	
interior

	
(C&G)

	
1000

	
1000

	
133 *

	
133 *

	
89

	
29.3

	
40.7

	
3.76

	
231

	
2.31

	
1.47

	
1.4




	
H2՛

	
interior

	
(C&G)

	
1000

	
1000

	
71 *

	
71 *

	
89

	
29.3

	
40.7

	
3.76

	
171

	
2.38

	
1.51

	
1.3




	
H3

	
interior

	
(C&G)

	
1000

	
1000

	
133 *

	
133 *

	
122

	
26.3

	
44.8

	
1.22

	
237

	
2.42

	
1.4

	
1.29




	
H3՛

	
interior

	
(C&G)

	
1000

	
1000

	
71 *

	
71 *

	
122

	
26.3

	
44.8

	
1.22

	
217

	
2.93

	
1.69

	
1.41




	
Joo-Ha Lee et al. (2009) [20]




	
GFU1

	
interior

	
GFRP

	
2300

	
2300

	
225

	
225

	
110

	
36.3

	
48.2

	
1.18

	
222

	
1.72

	
0.98

	
0.96




	
GFB2

	
interior

	
GFRP

	
2300

	
2300

	
225

	
225

	
110

	
36.3

	
48.2

	
2.15

	
246

	
1.46

	
0.89

	
0.87




	
GFB3

	
interior

	
GFRP

	
2300

	
2300

	
225

	
225

	
110

	
36.3

	
48.2

	
3

	
248

	
1.28

	
0.8

	
0.78




	
Hemzah et al. (2019) [21]




	
C-F-S-10-4

	
interior

	
CFRP

	
600

	
600

	
88.6 *

	
88.6 *

	
75

	
51

	
144

	
0.3

	
103

	
2.21

	
1.34

	
1.33




	
C-F-S-10-6

	
interior

	
CFRP

	
600

	
600

	
88.6 *

	
88.6 *

	
75

	
52

	
144

	
0.45

	
127.3

	
2.53

	
1.43

	
1.44




	
S-F-D-10-4

	
interior

	
CFRP

	
600

	
600

	
100

	
100

	
75

	
46

	
144

	
0.6

	
111.5

	
1.89

	
1.11

	
1.09




	
S-F-D-10-6

	
interior

	
CFRP

	
600

	
600

	
100

	
100

	
75

	
60

	
144

	
0.9

	
128.7

	
1.69

	
1.03

	
1.1




	
S-F-S-10-4

	
interior

	
CFRP

	
600

	
600

	
100

	
100

	
75

	
52

	
144

	
0.3

	
78.65

	
1.56

	
0.95

	
0.97




	
S-F-S-10-6

	
interior

	
CFRP

	
600

	
600

	
100

	
100

	
75

	
48

	
144

	
0.45

	
107.25

	
2.04

	
1.16

	
1.16




	
S-F-S-7.5-4

	
interior

	
CFRP

	
600

	
600

	
100

	
100

	
55

	
49

	
144

	
0.41

	
57.2

	
1.74

	
0.98

	
1.03




	
S-F-S-7.5-6

	
interior

	
CFRP

	
600

	
600

	
100

	
100

	
55

	
49

	
144

	
0.61

	
78.65

	
2

	
1.18

	
1.24




	
Elgabbas et al. (2016) [22]




	
S2-B

	
interior

	
BFRP

	
3000

	
2000

	
600

	
250

	
167

	
48.8

	
64.8

	
0.8

	
548

	
1.49

	
0.92

	
0.94




	
S3-B

	
interior

	
BFRP

	
3000

	
2000

	
600

	
250

	
167

	
42.2

	
69.3

	
0.79

	
665

	
1.88

	
1.15

	
1.12




	
S4-B

	
interior

	
BFRP

	
3000

	
2000

	
600

	
250

	
167

	
42.2

	
64.8

	
0.8

	
566

	
1.64

	
1

	
0.97




	
S5-B

	
interior

	
BFRP

	
3000

	
2000

	
600

	
250

	
167

	
47.9

	
64.8

	
1.2

	
716

	
1.67

	
1.06

	
1.07




	
S6-B

	
interior

	
BFRP

	
3000

	
2000

	
600

	
250

	
167

	
47.9

	
64.8

	
0.4

	
575.8

	
1.58

	
1.22

	
1.25




	
S7-B

	
interior

	
BFRP

	
3000

	
2000

	
600

	
250

	
167

	
47.9

	
64.8

	
0.4

	
436.4

	
1.2

	
0.93

	
0.94




	
Gouda and El-Salakawy (2016b) [23]




	
G-00-XX

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
38

	
68

	
0.65

	
421

	
1.75

	
1

	
0.97




	
Nguyen-Minh and Rovňák (2013) [24]




	
GSL-PUNC-0.4

	
interior

	
GFRP

	
2200

	
2200

	
200

	
200

	
129

	
39

	
48

	
0.48

	
180

	
1.28

	
0.91

	
0.87




	
GSL-PUNC-0.6

	
interior

	
GFRP

	
2200

	
2200

	
200

	
200

	
129

	
39

	
48

	
0.68

	
212

	
1.51

	
0.96

	
0.91




	
GSL-PUNC-0.8

	
interior

	
GFRP

	
2200

	
2200

	
200

	
200

	
129

	
39

	
48

	
0.92

	
244

	
1.73

	
0.99

	
0.95




	
El-Tom_Ehab (2007) [25]




	
1

	
interior

	
GFRP

	
1900

	
1900

	
250

	
250

	
110

	
66.8

	
41

	
1

	
282

	
1.64

	
1.05

	
1.28




	
2

	
interior

	
GFRP

	
1900

	
1900

	
250

	
250

	
110

	
62

	
41

	
1.2

	
319

	
1.93

	
1.15

	
1.37




	
3

	
interior

	
GFRP

	
1900

	
1900

	
250

	
250

	
110

	
64

	
41

	
1.5

	
384

	
2.28

	
1.27

	
1.53




	
4

	
interior

	
GFRP

	
1900

	
1900

	
250

	
250

	
150

	
64

	
41

	
1.2

	
589

	
2.31

	
1.39

	
1.58




	
5

	
interior

	
GFRP

	
1900

	
1900

	
250

	
250

	
145

	
70.1

	
41

	
1.2

	
487

	
1.91

	
1.17

	
1.38




	
6

	
interior

	
GFRP

	
1900

	
1900

	
250

	
250

	
135

	
67.6

	
41

	
1.2

	
437

	
1.92

	
1.17

	
1.38




	
Zaghloul et al. (2014) [26]




	
F1

	
interior

	
GFRP

	
1500

	
1500

	
200

	
200

	
82

	
37.4

	
46

	
1.1

	
165

	
2.13

	
1.2

	
1.21




	
F2

	
interior

	
GFRP

	
1500

	
1500

	
200

	
200

	
112

	
33

	
45.87

	
0.81

	
170

	
1.59

	
0.94

	
0.91




	
F3

	
interior

	
GFRP

	
1500

	
1500

	
200

	
200

	
82

	
38.2

	
45.9

	
1.29

	
210

	
2.52

	
1.43

	
1.47




	
F4

	
interior

	
GFRP

	
1500

	
1500

	
200

	
200

	
82

	
39.7

	
46.1

	
1.54

	
230

	
2.51

	
1.46

	
1.51




	
F5

	
interior

	
GFRP

	
1500

	
1500

	
200

	
200

	
82

	
30

	
46.1

	
1.1

	
168

	
2.31

	
1.31

	
1.35




	
F6

	
interior

	
GFRP

	
1500

	
1500

	
200

	
200

	
82

	
29.4

	
46.1

	
1.1

	
185

	
2.55

	
1.45

	
1.51




	
D.A. Jacobson et al. (2005) [27]




	
1

	
interior

	
GFRP

	
2300

	
2000

	
635

	
250

	
161

	
38

	
33

	
0.98

	
537

	
1.69

	
1.2

	
1.11




	
2

	
interior

	
GFRP

	
2300

	
2000

	
635

	
250

	
161

	
37

	
33

	
0.98

	
536

	
1.71

	
1.2

	
1.11




	
3

	
interior

	
GFRP

	
2300

	
2000

	
635

	
250

	
161

	
37

	
33

	
0.95

	
531

	
1.69

	
1.21

	
1.11




	
7

	
interior

	
GFRP

	
4300

	
2000

	
635

	
250

	
161

	
34

	
33

	
0.98

	
721

	
2.39

	
1.67

	
1.54




	
8

	
interior

	
GFRP

	
4300

	
2000

	
635

	
250

	
161

	
51

	
33

	
0.98

	
897

	
2.43

	
1.81

	
1.86




	
Carlos Ospina et al. (2003) [28]




	
GFR-1

	
Interior

	
GFRP

	
2150

	
2150

	
250

	
250

	
120

	
29.5

	
34

	
0.73

	
199

	
1.55

	
1.03

	
1.04




	
GFR-2

	
Interior

	
GFRP

	
2150

	
2150

	
250

	
250

	
120

	
28.9

	
34

	
1.26

	
249

	
1.94

	
1.08

	
1.1




	
NEF-1

	
Interior

	
GFRP

	
2150

	
2150

	
250

	
250

	
120

	
37.5

	
28.4

	
0.87

	
203

	
1.4

	
0.97

	
0.96




	
N. Banthia et al. (1995) [29]




	
1

	
Interior

	
CFRP

	
600

	
600

	
100

	
100

	
55

	
41

	
100

	
0.31

	
65

	
2.24

	
1.46

	
1.46




	
2

	
Interior

	
CFRP

	
600

	
600

	
100

	
100

	
55

	
52.5

	
100

	
0.31

	
61

	
1.86

	
1.26

	
1.37




	
3

	
Interior

	
CFRP

	
600

	
600

	
100

	
100

	
55

	
41.5

	
100

	
0.31

	
72

	
2.47

	
1.61

	
1.61




	
El-Gamal et al. (2005) [30]




	
G-S1

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
159

	
49.6

	
44.6

	
1

	
740

	
2.13

	
1.38

	
1.43




	
G-S2

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
159

	
44.3

	
38.5

	
1.99

	
712

	
1.82

	
1.15

	
1.15




	
G-S3

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
156

	
49.2

	
46.5

	
1.21

	
732

	
2.14

	
1.3

	
1.35




	
C-S1

	
interior

	
CFRP

	
3000

	
2500

	
600

	
250

	
165

	
49.6

	
122.5

	
0.35

	
674

	
1.85

	
1.22

	
1.26




	
C-S2

	
interior

	
CFRP

	
3000

	
2500

	
600

	
250

	
165

	
44.3

	
122.5

	
0.69

	
799

	
1.86

	
1.19

	
1.19




	
L. Nguyen-Minh and M. Rovnak (2013) [24]




	
GSL-PUNC-0.4

	
interior

	
GFRP

	
2200

	
2200

	
200

	
200

	
129

	
39

	
48

	
0.48

	
180

	
1.28

	
0.91

	
0.87




	
GSL-PUNC-0.5

	
interior

	
GFRP

	
2200

	
2200

	
200

	
200

	
129

	
39

	
48

	
0.68

	
212

	
1.51

	
0.96

	
0.91




	
GSL-PUNC-0.6

	
interior

	
GFRP

	
2200

	
2200

	
200

	
200

	
129

	
39

	
48

	
0.92

	
248

	
1.76

	
1.01

	
0.96




	
S.H. Ahmad et al. (1994) [31]




	
CFRC-SN1

	
interior

	
CFRP

	
690

	
690

	
75

	
75

	
61

	
42.4

	
113

	
0.95

	
92.5

	
2.31

	
1.39

	
1.32




	
CFRC-SN2

	
interior

	
CFRP

	
690

	
690

	
75

	
75

	
61

	
44.6

	
113

	
0.95

	
78.8

	
1.94

	
1.17

	
1.12




	
CFRC-SN3

	
interior

	
CFRP

	
690

	
690

	
100

	
100

	
61

	
39

	
113

	
0.95

	
96

	
2.07

	
1.26

	
1.21




	
CFRC-SN4

	
interior

	
CFRP

	
690

	
690

	
100

	
100

	
61

	
36.6

	
113

	
0.95

	
99

	
2.17

	
1.32

	
1.25




	
S. El-Gamal et al. (2007) [32]




	
G-S4

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
175

	
44.1

	
44.6

	
1.2

	
707

	
1.88

	
1.14

	
1.12




	
G-S5

	
interior

	
GFRP

	
3000

	
2500

	
600

	
250

	
175

	
44.1

	
43.4

	
1.2

	
735

	
1.98

	
1.2

	
1.18




	
AlHamaydeh and M. Orabi (2021) [33]




	
0F–60S

	
interior

	
GFRP

	
2000

	
2000

	
250

	
250

	
109

	
38

	
50.6

	
2.81

	
463

	
2.24

	
1.4

	
1.41




	
0F–80S

	
interior

	
GFRP

	
2000

	
2000

	
250

	
250

	
109

	
38.2

	
50.6

	
2.11

	
486

	
2.65

	
1.61

	
1.63




	
0F–110S

	
interior

	
GFRP

	
2000

	
2000

	
250

	
250

	
109

	
38.2

	
50.6

	
1.53

	
436

	
2.74

	
1.61

	
1.63




	
1.25F–60S

	
interior

	
GFRP

	
2000

	
2000

	
250

	
250

	
109

	
39.8

	
50.6

	
2.81

	
455

	
2.17

	
1.35

	
1.39




	
1.25F–80S

	
interior

	
GFRP

	
2000

	
2000

	
250

	
250

	
109

	
39.8

	
50.6

	
2.11

	
506

	
2.73

	
1.65

	
1.7




	
1.25F–110S

	
interior

	
GFRP

	
2000

	
2000

	
250

	
250

	
109

	
39.8

	
50.6

	
1.53

	
498

	
3.09

	
1.81

	
1.86




	
Q. Zhang et al. (2005) [34]




	
CS1

	
interior

	
CFRP

	
1900

	
1900

	
250

	
250

	
100

	
31

	
120

	
0.41

	
251

	
2.29

	
1.29

	
1.33




	
CS2

	
interior

	
CFRP

	
1900

	
1900

	
250

	
250

	
100

	
33

	
120

	
0.54

	
293

	
2.32

	
1.35

	
1.38




	
CS3

	
interior

	
CFRP

	
1900

	
1900

	
250

	
250

	
100

	
25.7

	
120

	
0.75

	
285

	
2.09

	
1.28

	
1.36




	
CSHD1

	
interior

	
CFRP

	
1900

	
1900

	
250

	
250

	
100

	
35.9

	
120

	
0.54

	
325

	
2.51

	
1.45

	
1.46




	
CSHD2

	
interior

	
CFRP

	
1900

	
1900

	
250

	
250

	
100

	
38.6

	
120

	
0.75

	
360

	
2.36

	
1.41

	
1.45




	
CSHS1

	
interior

	
CFRP

	
1900

	
1900

	
250

	
250

	
150

	
85.6

	
120

	
0.36

	
399

	
1.35

	
0.89

	
1.12




	
CHSHS2

	
interior

	
CFRP

	
1900

	
1900

	
250

	
250

	
150

	
98.3

	
120

	
0.5

	
446

	
1.41

	
0.85

	
1.12




	
Bank L. and Xi Z. (1995) [35]




	
1

	
interior

	
CFRP

	
1800

	
1500

	
250

	
250

	
76

	
30

	
143

	
2.05

	
186

	
1.14

	
0.75

	
0.82




	
2

	
interior

	
CFRP

	
1800

	
1500

	
250

	
250

	
76

	
30

	
143

	
2.05

	
179

	
1.09

	
0.73

	
0.78




	
3

	
interior

	
CFRP

	
1800

	
1500

	
250

	
250

	
76

	
30

	
143

	
1.81

	
199

	
1.28

	
0.84

	
0.91




	
4

	
interior

	
CFRP

	
1800

	
1500

	
250

	
250

	
76

	
30

	
156

	
2.05

	
198

	
1.17

	
0.78

	
0.84




	
5

	
interior

	
CFRP

	
1800

	
1500

	
250

	
250

	
76

	
30

	
156

	
1.81

	
201

	
1.25

	
0.82

	
0.89




	
6

	
interior

	
CFRP

	
1800

	
1500

	
250

	
250

	
76

	
30

	
156

	
1.49

	
190

	
1.27

	
0.83

	
0.9




	
A. Hussein et al. (2004) [36]




	
G-S1

	
interior

	
GFRP

	
1830

	
1830

	
250

	
250

	
100

	
40

	
42

	
1.18

	
249

	
2.11

	
1.17

	
1.22




	
G-S2

	
interior

	
GFRP

	
1830

	
1830

	
250

	
250

	
100

	
35

	
42

	
1.05

	
218

	
1.98

	
1.12

	
1.13




	
G-S3

	
interior

	
GFRP

	
1830

	
1830

	
250

	
250

	
100

	
29

	
42

	
1.67

	
240

	
1.9

	
1.12

	
1.17




	
G-S4

	
interior

	
GFRP

	
1830

	
1830

	
250

	
250

	
100

	
26

	
42

	
0.95

	
210

	
2.21

	
1.23

	
1.31




	
H. Zhu et al. (2012) [37]




	
A

	
interior

	
GFRP

	
1500

	
1500

	
150

	
150

	
130

	
22.2

	
45.6

	
0.42

	
176

	
1.93

	
1.33

	
1.28




	
B-2

	
interior

	
GFRP

	
1500

	
1500

	
150

	
150

	
130

	
23.5

	
45.6

	
0.42

	
209

	
2.23

	
1.55

	
1.47




	
B-3

	
interior

	
GFRP

	
1500

	
1500

	
150

	
150

	
130

	
23.4

	
45.6

	
0.55

	
245

	
2.62

	
1.67

	
1.58




	
B-4

	
interior

	
GFRP

	
1500

	
1500

	
150

	
150

	
130

	
23.8

	
45.6

	
0.29

	
167

	
1.77

	
1.4

	
1.32




	
C

	
interior

	
GFRP

	
1500

	
1500

	
150

	
150

	
130

	
44.4

	
45.6

	
0.42

	
252

	
1.96

	
1.51

	
1.44




	
Khanna et al. (2000) [38]




	
1

	
interior

	
GFRP

	
2000

	
4000

	
500

	
250

	
138

	
35

	
42

	
2.4

	
756

	
2.4

	
1.45

	
1.49




	
Oskouei et al. (2017) [39]




	
NW59

	
interior

	
GFRP

	
800

	
800

	
250

	
250

	
176

	
59

	
58

	
0.7

	
719

	
2.35

	
1.49

	
1.6




	
Hassan et al. (2013a) [40]




	
G(1.6)30/20-H

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
131

	
75.8

	
57.4

	
1.56

	
547

	
1.85

	
1.06

	
1.35




	
G(1.2)30/20

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
131

	
37.5

	
64.9

	
1.21

	
438

	
1.9

	
1.12

	
1.13




	
G(1.6)30/35

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
275

	
38.2

	
56.7

	
1.61

	
1492

	
2.21

	
1.29

	
1.25




	
G(1.6)30/35-H

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
275

	
75.8

	
56.7

	
1.61

	
1600

	
1.96

	
1.1

	
1.34








Note: * Indicates equivalent rectangular dimensions for circular column.













 





Table A2. Connections under eccentric loading without shear reinforcement.
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Specimen

	
Location

	
Type

	
L1

(mm)

	
L2

(mm)

	
C1

(mm)

	
C2

(mm)

	
d

(mm)

	
       f ′    c      

    ( M P a )    

	
     E   f     

(GPa)

	
      ρ   f      

	
M/V

	
      V   e x p      

    ( k N )    

	
      V   e x p          /   V   p r e d      




	
ACI 440.1R-22

	
CSA/S806-12

	
JSCE (1997)






	
A.H. Hussein &E. F. El-Salakawy (2018) [41]




	
H-1.0-XX

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
80

	
65

	
0.98

	
0.15

	
461

	
1.82

	
1.15

	
1.3




	
H-1.5-XX

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
84

	
65

	
1.46

	
0.15

	
541

	
1.83

	
1.18

	
1.34




	
H-2.0-XX

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
87

	
65

	
1.93

	
0.15

	
604

	
1.79

	
1.2

	
1.36




	
Gouda and El-Salakawy (2016a) [42]




	
GN-0.65

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
42

	
68

	
0.65

	
0.15

	
363

	
1.98

	
1.15

	
1.16




	
GN-0.98

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
38

	
68

	
0.98

	
0.15

	
378

	
1.86

	
1.08

	
1.05




	
GN-1.13

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
39

	
68

	
1.13

	
0.15

	
425

	
1.95

	
1.15

	
1.13




	
GN-0.65

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
70

	
68

	
0.65

	
0.15

	
380

	
1.6

	
1.07

	
1.21




	
Gouda and El-Salakawy (2016b) [23]




	
G-15-XX

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
42

	
68

	
0.65

	
0.15

	
363

	
1.98

	
1.15

	
1.16




	
G-30-XX

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
42

	
68

	
0.65

	
0.3

	
296

	
2.05

	
1.19

	
1.21




	
R-15-XX

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
40

	
63.1

	
0.65

	
0.15

	
320

	
1.78

	
1.05

	
1.05




	
Zaghloul (2007) [43]




	
ZJF1

	
interior

	
CFRP

	
1500

	
1500

	
250

	
250

	
74

	
46

	
100

	
1.33

	
0.22

	
171

	
2.33

	
1.5

	
1.63




	
ZJF2

	
interior

	
CFRP

	
1500

	
1500

	
250

	
250

	
74

	
47

	
100

	
0.87

	
0.22

	
144

	
2.34

	
1.45

	
1.59




	
ZJF3

	
interior

	
CFRP

	
1500

	
1500

	
250

	
250

	
74

	
46

	
100

	
1.33

	
0.3

	
134

	
2.12

	
1.37

	
1.49




	
ZJF4

	
interior

	
CFRP

	
1500

	
1500

	
250

	
250

	
100

	
46

	
100

	
1.48

	
0.22

	
250

	
2.19

	
1.36

	
1.48




	
ZJF6

	
interior

	
CFRP

	
1500

	
1500

	
250

	
350

	
100

	
47

	
100

	
1.48

	
0.22

	
235

	
1.69

	
1.06

	
1.19




	
ZJF8

	
interior

	
CFRP

	
1500

	
1500

	
350

	
250

	
101

	
26.7

	
100

	
1.48

	
0.22

	
185

	
1.59

	
1.02

	
1.1




	
Eladawy et al. (2020) [44]




	
G4(1.06)H

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
151

	
92

	
62.6

	
1.06

	
1.72

	
140

	
2.2

	
1.47

	
1.68




	
Eladawy et al. (2019) [45]




	
G1

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
151

	
52

	
62.6

	
1.06

	
1.293

	
140

	
2.16

	
1.23

	
1.34




	
G2

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
151

	
46

	
62.6

	
1.51

	
1.33

	
140

	
1.95

	
1.16

	
1.22




	
G3

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
151

	
46

	
62.6

	
1.06

	
0.872

	
180

	
2.15

	
1.23

	
1.29




	
El-Gendy and El-Salakawy (2016) [46]




	
RD-XX-M

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
41

	
60

	
0.85

	
0.4

	
191

	
1.98

	
1.11

	
1.11




	
SC-XX-L

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
37

	
61

	
0.85

	
0.2

	
239

	
1.78

	
1

	
0.97




	
SC-XX-M

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
40

	
61

	
0.85

	
0.4

	
227

	
2.36

	
1.32

	
1.31




	
SC-XX-H

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
37

	
61

	
0.85

	
0.6

	
159

	
2.18

	
1.23

	
1.19




	
Mostafa and El-Salakawy (2018) [47]




	
H-0.9-XX

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
80

	
60.85

	
0.84

	
0.4

	
251

	
1.89

	
1.28

	
1.46




	
H-1.35-XX

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
85

	
60.85

	
1.35

	
0.4

	
272

	
1.87

	
1.18

	
1.35




	
H-1.8-XX

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
80

	
60.85

	
1.8

	
0.4

	
288

	
1.77

	
1.14

	
1.3




	
El-gendy and El-Salakawy E. (2018) [48]




	
GSC-0.9

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
40

	
60.5

	
0.9

	
0.4

	
227

	
2.3

	
1.3

	
1.29




	
GSC-1.35

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
42

	
60.5

	
1.35

	
0.4

	
264

	
2.21

	
1.3

	
1.31




	
GSC-1.8

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
42

	
60.5

	
1.8

	
0.4

	
278

	
2.05

	
1.24

	
1.25




	
GRD-0.9

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
41

	
60

	
0.9

	
0.4

	
191

	
1.93

	
1.09

	
1.09




	
Salama et al. (2019) [49]




	
G

	
edge

	
GFRP

	
2500

	
1350

	
300

	
300

	
160

	
41.4

	
53

	
1.55

	
0.31

	
314

	
2.28

	
1.34

	
1.35











 





Table A3. Connections under concentric loading with shear reinforcement.
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Specimen

	
Location

	
Type

	
L1

(mm)

	
L2

(mm)

	
C1

(mm)

	
C2

(mm)

	
d

(mm)

	
       f ′    c      

    ( M P a )    

	
     E   f     

(GPa)

	
      ρ   f      

	
Avf

(mm2)

	
s

(mm2)

	
n

	
     E   v f     

(GPa)

	
     V   e x p     

kN

	
      V   e x p          /   V   t h e o      




	
ACI 440.11-22

	
CSA/S806-12






	
Hassan et al. (2014) [50]




	
G(1.2)200-GCS(d/2)

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
131

	
37.5

	
64.9

	
1.21

	
71

	
70

	
16

	
44.8

	
614

	
1.24

	
1.15




	
G(1.2)200-CCS(d/2)

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
131

	
37.5

	
64.9

	
1.21

	
71

	
70

	
8

	
130.4

	
514

	
0.77

	
0.72




	
G(0.3)350-GSS(d/4)

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
284

	
29.5

	
48.2

	
0.34

	
129

	
70

	
8

	
44.6

	
885

	
0.98

	
0.89




	
G(1.6)350-GSS(d/4)

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
280

	
40.2

	
56.7

	
1.61

	
129

	
70

	
8

	
44.6

	
1761

	
1.61

	
1.50




	
G(1.6)350-GBSS(d/4)

	
interior

	
GFRP

	
2500

	
2500

	
300

	
300

	
280

	
37.5

	
56.7

	
1.61

	
129

	
70

	
16

	
44.6

	
1869

	
1.02

	
0.96




	
G(1.6)350-CSS(d/4)

	
interior

	
CFRP

	
2500

	
2500

	
300

	
300

	
280

	
38.2

	
56.7

	
1.61

	
129

	
70

	
8

	
124.4

	
2024

	
0.84

	
0.79




	
G(1.6)350-CSS(d/3)

	
interior

	
CFRP

	
2500

	
2500

	
300

	
300

	
280

	
40.2

	
56.7

	
1.61

	
129

	
100

	
8

	
124.4

	
1886

	
1.05

	
0.98











 





Table A4. Connections under eccentric loading with shear reinforcement.
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Specimen

	
Location

	
Type

	
L1

(mm)

	
L2

(mm)

	
C1

(mm)

	
C2

(mm)

	
d

(mm)

	
     f ′   c     

MPa

	
Ef

(GPa)

	
      ρ   f      

	
Avf

(mm2)

	
s

(mm2)

	
     E   v f     

(GPa)

	
n

	
M/V

	
     V   e x p     

kN

	
      V   e x p   /   V   t h e o      




	
ACI 440.11-22

	
CSA/S806






	
A.H. Hussein &E. F. El-Salakawy (2018) [41]




	
N-1.0-S5

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
43

	
65

	
0.98

	
127

	
120

	
68

	
12

	
0.15

	
595

	
1.76

	
1.01




	
N-1.0-S6

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
43

	
65

	
0.98

	
127

	
120

	
68

	
12

	
0.15

	
583

	
1.48

	
0.86




	
N-1.0-C5

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
43

	
65

	
0.98

	
71

	
120

	
52

	
12

	
0.15

	
527

	
1.66

	
1.33




	
Gouda and El-Salakawy (2016b) [23]




	
R-15-75

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
42

	
63.1

	
0.65

	
113

	
120

	
60

	
8

	
0.15

	
385

	
1.11

	
0.92




	
R-15-50

	
interior

	
GFRP

	
2800

	
2800

	
300

	
300

	
160

	
42

	
63.1

	
0.65

	
113

	
80

	
60

	
8

	
0.15

	
401

	
0.84

	
0.73




	
Mostafa and El-Salakawy (2018) [47]




	
N-0.9-C6

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
45

	
61

	
0.85

	
71.3

	
120

	
52

	
6

	
0.4

	
253

	
1.88

	
1.45




	
Salama et al. (2019) [49]




	
G-CS-1.75d

	
edge

	
GFRP

	
2500

	
1350

	
300

	
300

	
160

	
47.6

	
53

	
1.55

	
71

	
80

	
45.7

	
12

	
0.31

	
370

	
2.08

	
1.23




	
G-CS-4.25d

	
edge

	
GFRP

	
2500

	
1350

	
300

	
300

	
160

	
51.3

	
53

	
1.55

	
71

	
80

	
45.7

	
12

	
0.3

	
440

	
1.34

	
1.16




	
G-SS-4.25d

	
edge

	
GFRP

	
2500

	
1350

	
300

	
300

	
160

	
52.5

	
53

	
1.55

	
71

	
80

	
45.7

	
12

	
0.3

	
486

	
1.8

	
1.27




	
El-Gendy and El-Salakawy (2016) [46]




	
RD-75-M

	
edge

	
GFRP

	
2800

	
1550

	
300

	
300

	
160

	
41

	
60.2

	
0.85

	
113

	
120

	
60

	
6

	
0.4

	
256

	
1.41

	
1.06
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Figure 1. Punching shear failure in column–slab connection. 
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Figure 2. Shear stress distribution in (a) interior connection with concentric load, (b) interior connection with eccentric load, (c) edge connection with eccentric load. 
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Figure 3. Characteristics of the surveyed database (197 specimens). 
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Figure 4. Distribution of design parameters in the database: (a) effective depth; (b) concrete compressive strength; (c) tensile reinforcement ratio. 
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Figure 5. Shear strength ratio using ACI 440.11-22, CSA/S806-12, and the JSCE-2007 design models for specimens without shear reinforcement versus design parameters. 
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Figure 6. Shear strength ratio using ACI 440.11-22 and CSA/S806-12 design models for specimens with FRP shear reinforcement versus design parameters. 
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