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Abstract. Reinforced concrete (RC) flat slabs are widely used in modern construction due to their 

architectural flexibility and construction efficiency. However, the presence of openings near columns 

can significantly reduce punching shear capacity and increase the risk of brittle failure. This study 

evaluates the predictive accuracy of existing methods by comparing seven international design codes 

(ACI 318-19, Eurocode 2, BS 8110-1997, TS500, ECP 203-2018, NBR 6118, and JSCE) with one 

analytical model, namely Model Code 2010 (MC2010) and three empirical models developed by 

Teng, El-Shafiey, and Köroğlu. The calculated results are validated against two independent 

experimental datasets reported by Anil et al. and El-Shafiey et al. The results reveal significant 

inconsistencies among the methods. For the Anil dataset, the Vexp/Vcal ratio ranges from 0.57 to 1.09 

and is predominantly below 1.0, indicating a tendency toward unconservative predictions. In contrast, 

for the El-Shafiey dataset, the ratio varies between 0.93 and 1.26, reflecting a more conservative trend. 

Notably, the mean deviation reaches up to 88.33% for MC2010 (LoA-II), highlighting the limitations 

of current approaches. These findings indicate that the conventional critical perimeter reduction 

approach fails to fully capture the combined effects of opening location, size, and shape on stress 

distribution and load transfer mechanisms. Therefore, there is a clear need to develop new predictive 

models with a stronger mechanical basis that explicitly incorporate the geometric characteristics of 

openings. 
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1. INTRODUCTION  

Reinforced concrete (RC) flat slabs are a structural system in which the slab is directly 

supported by columns without the use of intermediate beams. This system has been widely 

adopted since the 1950s due to its significant architectural and construction advantages [1]. 

Characterized by a relatively uniform thickness and the absence of beams, flat slabs provide a 

continuous ceiling surface, enhancing spatial flexibility for layout and partitioning. Moreover, 

eliminating beams reduces the overall story height, simplifies formwork and reinforcement 

detailing, and consequently shortens construction time. In addition, the uninterrupted ceiling 

space facilitates the installation of mechanical, electrical, and plumbing (MEP) systems, 

including electrical wiring, water supply and drainage, and air conditioning [2, 3]. 

However, despite these advantages, flat slabs also present several limitations that must be 

carefully considered in design. In particular, due to the absence of stiffening beams, the flexural 

stiffness of flat slabs is lower than that of beam-supported slab systems, leading to an increased 

risk of excessive deflection under loading [4]. More critically, punching shear failure at the 

slab-column connection is the governing and highly dangerous failure mode. In this region, the 

concentration of localized stresses can cause the column to punch through the slab, forming a 

truncated conical failure surface. This type of failure is brittle, occurs suddenly with little to no 

prior warning, and may trigger progressive collapse of the entire structural system if not 

adequately addressed in design (Fig. 1). 

  

Figure 1. Punching failures in flat slab: (a) failure modes in a typical flat slab, (b) consecutive phases 

for axisymmetric solicitation (central column) [5], (c) Structural failure at the Piper's Row Car Park, 

Wolverhampton, UK (1997) [6]. 

In practice, the provision of openings in slabs is inevitable and often unavoidable to 

accommodate technical systems such as ventilation, lighting, air conditioning, water supply and 

drainage, electrical installations, and fire protection. To optimize usable space, these service 

openings are typically concentrated near columns and/or walls (Fig. 2). In some cases, due to 

architectural requirements, large openings are introduced in slabs, for example for staircases or 

atrium spaces (Fig. 3). In addition, many openings are created after construction has been 

completed as part of renovation or upgrading of technical systems (Fig. 4). 

The presence of openings in slabs, particularly when located within the critical shear 

perimeter, has detrimental effects on structural performance. These include a reduction in the 

volume of concrete available to resist shear near the column, as well as disruption of the 

continuity of both concrete and reinforcement. Consequently, the overall stiffness and punching 

shear capacity of the slab are significantly reduced, leading to an increased risk of brittle failure. 
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Figure 2. Technical openings adjacent to columns. Figure 3. Architectural slab openings. 

 

Figure 4. Post-construction openings. 

The shear behavior of flat slabs with openings is a complex problem governed by multiple 

geometric parameters of the openings, including size, location (distance from the column face), 

shape, and number. Regarding location, studies have shown that openings placed close to the 

column face are the most critical, and their adverse effect diminishes as the distance increases. 

Specifically, Mercimek et al. [7] reported that increasing the distance between the opening and 

the column edge can enhance the shear capacity of the slab by approximately 25%, while El-

Shafiey et al. [8] observed an increase of up to 36%. Conversely, openings located adjacent to 

the column face may reduce the shear capacity by about 43% (Anil et al. [3]) and 40% (Elsayed 

et al. [9]) compared to those positioned farther away. However, when openings are located 

beyond a certain threshold distance, their influence becomes negligible. This threshold has been 

reported as greater than 1.5h (where h is the slab thickness) by El-Shafiey et al. [10], 4h 

according to ACI 318-19 [13], as adopted by Al-Rousan et al. [1] and 6d (where d is the 

effective depth of the slab) according to Eurocode 2 [11]. In terms of shape, circular openings 

are generally considered more favorable as they avoid stress concentration at sharp corners, 

which is typically observed in square or rectangular openings. For instance, El-Shafiey et al. 

[8] demonstrated that slabs with circular openings exhibit approximately 18.88% higher 

punching shear capacity compared to slabs with square openings of equivalent area. 

Furthermore, the complexity increases in cases involving eccentric loading (unbalanced 

moments), as highlighted by Bursać et al. [12], or when multiple openings are arranged 

asymmetrically around the column, as reported by Ha et al. [4]. 
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As discussed above, since brittle failure is the governing failure mode of RC flat slabs with 

openings, this structural system requires careful calculation, assessment, and control. Current 

international design codes, such as ACI 318-19 [13], Eurocode 2 (EC2) [11], BS 8110-1997 

[14], TS 500 [15], JSCE [16], ECP 203-2018 [17], and NBR 6118 [18], all provide specific 

provisions for estimating the residual punching shear capacity by reducing the length of the 

critical shear perimeter (b₀), typically implemented by removing the portion of the perimeter 

intercepted by tangential lines drawn from the column center to the opening boundaries. 

In Vietnam, the punching shear capacity of flat slabs with openings is also addressed in 

TCVN 5574:2018 [19]. Similar to international design codes, the standard assumes that the 

presence of openings reduces the effective load-carrying area in the slab-column connection 

region, thereby decreasing the punching shear capacity. However, the influence of critical 

factors such as the interaction between multiple openings, as well as their shape and number, is 

not explicitly incorporated into the current provisions. As a result, their predictions may become 

unreliable when openings significantly disrupt the critical shear region. 

To address these limitations, more advanced theoretical models have been developed. 

Model Code 2010 (MC2010) [20], developed on the basis of the Critical Shear Crack Theory 

(CSCT), introduced an approach with different Levels of Approximation (LoA I and LoA II) 

to predict punching shear capacity more accurately through the slab rotation. In parallel, several 

improved analytical models have been proposed to fill the gaps in existing design provisions, 

notably the model by Teng [21], which accounts for flexural reinforcement ratio and column 

shape, and the model by El-Shafiey [10], which was developed from Teng’s formulation by 

incorporating additional correction factors related to the size and location of openings. More 

recently, Köroğlu [22] proposed a new nonlinear correction factor based on the shear perimeter 

ratio to more accurately represent the actual reduction in punching shear strength. Nevertheless, 

previous studies have often focused only on selected design codes or specific datasets, resulting 

in a lack of systematic assessment and comprehensive comparison between design provisions 

and analytical models across diverse experimental databases. 

Therefore, this study aims to provide a comprehensive assessment of the predictive 

performance of punching shear capacity in RC flat slabs with openings by comparing 

commonly used design codes and advanced analytical models against two representative 

experimental datasets reported by Anil et al. [3] and El-Shafiey et al. [8], which cover a wide 

range of opening configurations and provide complete geometric and material information 

required for implementing all investigated methods. Based on this evaluation, the study seeks 

to clarify the bias trends and applicability ranges of each approach, thereby establishing a 

foundation for the development of more accurate predictive models in future research. 

2. PUNCHING SHEAR CAPACITY OF RC FLAT SLABS WITH OPENINGS 

In this section, the punching shear capacity of RC slabs with openings is calculated in 

accordance with design codes, including ACI 318-19 [13], EC 2 [11], BS 8110-1997 [14], 

TS500 [15], ECP 203-2018 [17], NBR 6118 [18], and JSCE [16], as well as analytical models 

such as CEB-FIP Model Code 2010 [20], Teng et al. [21], El-Shafiey et al. [10], and Köroğlu 

et al. [22]. These predictions are then compared with the experimental results reported by Anil 

et al. [3] and El-Shafiey et al. [8] to evaluate the accuracy of each design provision. The 

equations used to determine the punching shear capacity according to the design codes and 

analytical studies are presented in Table 1 and Table 2. 
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Table 1. Punching shear capacity equations according to design codes. 

Ref Critical perimeter Equation 

ACI 

318-19 

[13]  

'

s c 0

's
c c 0

0

'

s c 0

2
0.17 1

min 0.083 2

0.33

f db

d
V f db

b

f db









  
+  

 
  

= +  
 





                       (1) 

0b  denotes the critical perimeter located at a distance 

of d/2 from the column face, adjusted to account for 

the shadow effect of any openings (mm). 

'

cf  is the compressive strength of concrete (MPa). 

d  refers to the effective depth of the slab (mm). 

  is the ratio between the longer and shorter sides of 

the column. 

s indicates the column location factor, with values of 

40 for interior columns, 30 for edge columns, and 20 

for corner columns. 

 is taken as 1.0 for normal-weight concrete. 

s

2
1.0

1 0.004d
 = 

+
                                             (2) 

 

EC 2 

[11]  

 

 

( )
1/3

c ck 00.18 100 lV k f db=                                       (3) 

ckf  is the characteristic cylinder strength (MPa). 

d is the effective depth of the slab (mm). 

0b is the critical control perimeter located at a distance 

of 2d from the column face, with reductions applied 

based on the projected area of any openings (mm). 

l  - is the longitudinal reinforcement ratio. 

1/2
200

1 2k
d

 
= +  

 
                                                 (4) 

 

NBR 

6118 

[18] 

 

( )
1/3

c ck 0100V k f b d =                                            (5) 

 - is a coefficient taken as 0.13. 

1/2
200

1k
d

 
= +  

 
                                                        (6) 

All remaining parameters are defined in accordance 

with EC2. 
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BS 

8110-

1997 

[14] 

 

 

1/3 1/31/4

s cu
c 0

m

1000.79 400

25

A f
V db

bd d

    
=     

    
               (7) 

m 1.25 =  (coefficient). 

cuf  is the compressive strength of concrete (MPa). 

sA

bd
 represents the longitudinal reinforcement ratio. 

0b is the control perimeter at 1.5d from the column 

face, reduced by shadow projection for openings 

(mm). 

TS500 

[15]  

 

 
 

pr ctd pV f u d=                                                           (8) 

 is a coefficient taken as 1.0 for axial loading 

conditions. 

ctdf  denotes the design tensile strength of concrete. 

( )
1/2

ctd ck0.35f f=                                                      (9) 

ckf  represents the characteristic compressive strength 

of concrete. 

pu  is defined as the control perimeter located at a 

distance of d/2 from the column face, adjusted to 

account for reductions due to the projected (shadow) 

area of openings (mm). 

ECP 

203-

2018 

[17]  

 

 

 
 

( )

( )

( )

s cu
0

0 c

cu
c 0

c

cu
0

c

0.8 0.2

min 0.316 0.5

0.316

d f
b d

b

fa
V b d

b

f
b d









  
+  

 

  

= +  
 





                  (10) 

 

cuf  is the compressive strength of concrete (MPa). 

c  represents the partial safety factor for concrete. 

a

b
 is defined as the column aspect ratio (or loaded area 

ratio). 

All other parameters are defined in accordance with 

ACI 318-19. 
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JSCE 

[16] 

 

 
 

 
 

 

d p r pcd p

pcd

b

f u d
V

  


=                                              (11) 

( )' 2

pcd cd0.2 1.2 N/mmf f=                                 (12) 

'

cdf - is the design compressive strength of concrete 

(MPa). 

4
d 1000 / 1.5d =                                                (13) 

3
p 100 1.5 =                                                     (14) 

( )r

1
1

1 0.25 /u d
 = +

+
                                           (15) 

d is the effective depth of the slab (mm). 

 is the longitudinal reinforcement ratio. 

u refers to the loaded perimeter. 

b - is a coefficient taken as 1.3. 

pu  is defined as the control perimeter of the critical 

section, located at a distance of d/2 from the column 

face or loaded area. 

 

CEB-

FIP 

Model 

Code 

2010 

[20]  

 

'

MC c 0V k f b d=                                                      (16) 

 

The coefficient k  captures the effect of crack 

opening due to shear and is determined based on the 

slab rotation  and the coefficient related to the 

maximum aggregate size dgk . 

dg

1
0.6

1.5 0.9
k

k d



= 

+
                                      (17) 

dg

g

32
0.75

16
k

d
= 

+
                                                (18) 

The slab rotation   (in radians) at the critical section 

is defined as: 

Level of approximation I: 

ys

s

1.5
fr

d E
 =                                                            (19) 

Level of approximation II: 
1.5

ys Ed

s Rd

1.5
fr m

d E m


 
=  

 
                                             (20) 

The other parameters, including '

cf , d and 0b , follow 

the same definitions as specified in ACI 318-19. 
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Table 2. Punching shear capacity equations according to analytical models. 

Ref Critical perimeter Equation 

Teng et 

al. [21]  

 

c 0
pre

v db
V


=                                                        (21) 

1/4

2

1

b

b


 
=  
 

                                                       (22) 

1 2,b b  denote the short and long sides of the critical 

perimeter, respectively. 

( )
1/3

1/3 '

c c0.6v f=                                              (23) 

d is the effective depth of the slab (mm). 

 is the longitudinal reinforcement ratio. 
'

cf  is the compressive strength of concrete based on 

prismatic specimens (MPa). 

EL-

Shafiey 

et al. 

[10] 

 

 

( ) ( ) ( )
1/31/3' '

u c 0V CC f b d=                               (24) 

  is the longitudinal reinforcement ratio. 

The coefficient C, which reflects the influence of 

opening size, is defined as follows: 

For slabs without openings: 0.8C =  

For slabs with openings: 

 ( ) ( )
1/3 1/3

min 0.75;0.75 / ;0.75 / 20C c a L a =
 

 

(where: c is the column dimension in the direction 

of the opening, a is the opening size, and L is the 

span length of the slab). 

The coefficient C′, accounting for the position of 

the opening, is expressed as: 

'

s

0.08
1

x
C

t
= +                                                    (25) 

where ts is the slab thickness, and x is the distance 

from the opening to the closest point between the 

opening and the column. 
'

cf , d and 0b  are defined in accordance with ACI 

318-19. 

Köroğlu 

et al. 

[22] 

 
opening

opening solid

solid

U
V V

U

 
=  

 
       (linear)           (26) 

2

opening

opening solid

solid

U
V V

U

 
=  

 
   (nonlinear)       (27) 

solidV  is the punching shear capacity of the solid slab. 

solidU  is  the critical perimeter of the solid slab, 

defined at a distance of d/2 from the column face. 

openingU is the effective perimeter accounting for the 

presence of openings in the slab. 
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3. VALIDATION AGAINST EXPERIMENTAL DATA 

In this section, the punching shear capacity of RC flat slabs with openings is evaluated 

using both current design codes and available analytical formulations proposed in the literature. 

Experimental data reported by Anil et al. [3] and El-Shafiey et al. [8] are adopted as reference 

benchmarks. The calculated punching shear capacities are summarized in Table 3, while the 

corresponding prediction ratios Vexp/Vcal are presented in Table 4. 

To enhance the interpretability of the results, the prediction accuracy and dispersion are 

further visualized using scatter plots (Fig. 5) and a boxplot representation (Fig. 6). While the 

scatter plots provide a direct comparison between predicted and experimental values, the 

boxplot enables a statistical assessment of the distribution and variability of the prediction ratios 

across all models. 

  

a) b) 

Figure 5. Predicted vs. experimental punching shear capacity, a) Anil et al. dataset and                

b) El-Shafiey et al. dataset. 

Figure 5 illustrate the relationship between predicted and experimental punching shear 

capacities for the datasets of Anil et al. and El-Shafiey et al., respectively. The solid line y=x 

represents perfect agreement, while the dashed lines indicate the ±20% deviation bounds, 

commonly adopted as an acceptable accuracy range. 

For the Anil dataset (Fig. 5a), most data points are located above the y = x line, indicating 

that the predicted capacities generally exceed the experimental values. This observation is 

consistent with the prediction ratios reported in Table 4 (0.57-1.09), where the majority of 

values are less than unity. The mean prediction errors ( )( )exp pre exp 100%V V V−   are negative, 

ranging from 3.27% to 48.29%, with the MC2010 model (LoA-II) showing the largest deviation 

(88.33%). This trend indicates a systematic overestimation, which may lead to unconservative 

design, particularly when openings are located near the column and affect the critical shear 

region. 

In contrast, for the El-Shafiey dataset (Fig. 5b), the majority of data points lie below or 

near the y = x line, indicating that the predicted capacities are generally lower than the 
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experimental values. The corresponding ratio range (0.93-1.26) and positive mean errors 

(1.89%-33.99%) further support this trend. In this case, the influence of openings is less critical, 

and the reduction in shear capacity may be overestimated by current design formulations.  

 

Figure 6. Boxplot of prediction ratios Vexp/Vcal for all models across both datasets. 

Figure 6 presents the distribution of the prediction ratios (Vexp/Vcal) for all investigated 

methods. Median values close to unity indicate good prediction accuracy, while narrow 

interquartile ranges (IQRs) represent more consistent performance. In contrast, wide IQRs and 

outliers indicate greater sensitivity to opening configuration. Notably, Köroğlu Eq. (27) exhibits 

several extreme outliers, suggesting that current formulations cannot consistently capture the 

influence of openings on punching shear behavior. 
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The contrasting trends between the two datasets are mainly attributed to opening location. 

Openings close to the column (Anil dataset) significantly disrupt the load transfer mechanism, 

resulting in predominantly unconservative predictions, whereas openings farther from the 

column (El-Shafiey dataset) generally lead to more conservative predictions. Among the 

investigated geometric parameters, the distance from the opening to the column has the greatest 

influence on prediction accuracy because it directly affects stress transfer, while the effects of 

opening size and shape are comparatively secondary. 

The observed differences among the prediction methods mainly arise from their underlying 

assumptions. Most design codes rely on critical perimeter reduction and therefore cannot 

adequately represent stress redistribution around openings. Although MC2010 incorporates 

slab rotation through the Critical Shear Crack Theory (CSCT), it does not explicitly account for 

the presence of openings. Similarly, empirical models perform best within their calibration 

range. These findings suggest that future predictive models should explicitly incorporate 

opening geometry, stress redistribution, and crack development. 

From a practical perspective, ACI 318-19 and Eurocode 2 generally provide conservative 

predictions and remain suitable for routine design. However, when openings are located close 

to the column, additional verification using advanced numerical analysis or experimental 

evidence is recommended. 

4. CONCLUSION 

This study systematically evaluated the predictive performance of seven international 

design codes (ACI 318-19, Eurocode 2, BS 8110, TS500, ECP 203, NBR 6118, and JSCE), one 

analytical model (MC2010), and three empirical models (Teng, El-Shafiey, and Köroğlu) for 

estimating the punching shear capacity of reinforced concrete flat slabs with openings using 

two independent experimental datasets. 

The results show that prediction accuracy strongly depends on the opening configuration. 

For the Anil dataset, where openings are located close to the column, most methods 

systematically overestimate the punching shear capacity, with negative mean errors ranging 

from 3.27% to 48.29%, potentially leading to unconservative design. In contrast, for the El-

Shafiey dataset, where openings are located farther from the column, the predictions are 

generally conservative, with positive mean errors ranging from 1.89% to 33.99%. These results 

demonstrate that the commonly adopted critical perimeter reduction approach cannot 

consistently represent the influence of openings on punching shear behavior. 

Although MC2010 incorporates slab rotation through the Critical Shear Crack Theory 

(CSCT), its prediction accuracy remains unsatisfactory for slabs with openings, with errors 

reaching 88.33%. Similarly, the empirical models proposed by Teng, El-Shafiey, and Köroğlu 

provide reasonable predictions only within their calibration ranges, indicating limited 

robustness for general applications. 

This study is limited to slab-column connections with square columns under concentric 

loading and mainly considers normal-strength concrete slabs without shear reinforcement. 

Therefore, the conclusions should not be directly extended to other column geometries or 

loading conditions. Future studies should validate these findings using broader experimental 

databases and develop prediction models that explicitly account for opening geometry, stress 

redistribution, and crack development. 
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