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Abstract: This paper proposes an adjusted function for estimating the punching shear load-carrying capacity 
of concrete flat slabs without shear reinforcement according to the Brazilian standard code. The Adjusted 
function considers the influence of the steel fiber content. Data from 68 steel fiber reinforced concrete slabs 
(SFRC slabs) were used, simulating the connection of flat slabs with square section columns. These slabs 
were obtained from a study conducted by 14 different researchers. The parameters used for the adjusted 
function were the fiber content and the compressive strength of the concrete. The adjusted function was 
obtained by curve-fitting. The result from the adjusted function shows a relation in the order of 1.3 between 
the experimental rupture load and the calculated load, a value close to that already obtained by the normative 
text when the calculation is for conventional concrete. This shows that the proposal presented here keeps the 
same level of security with a confidence index of 96% in comparison with other authors’ models presented in 
this study. 

Keywords: load-carrying capacity, steel fiber reinforced concrete, SFRC, punching shear, flat slabs. 

Resumo: Este trabalho propõe uma função para estimar a capacidade de carga com ruptura na punção de lajes 
lisas de concreto sem armadura de cisalhamento de acordo com a norma brasileira. A função considera a 
influência do teor de fibra de aço na adição do concreto. Foram utilizados dados de 68 lajes de concreto 
armado com fibras de aço, simulando a ligação de lajes lisas com pilares de seção quadrada. Essas lajes foram 
obtidas a partir de um estudo realizado por 14 pesquisadores diferentes. Os parâmetros utilizados para a função 
foram o teor de fibras e a resistência à compressão do concreto. A função foi obtida por ajuste de curva. O 
resultado da função ajustada mostra uma relação da ordem de 1,3 entre a carga de ruptura experimental e a 
carga calculada, valor próximo ao já obtido pelo texto normativo quando o cálculo é para concreto 
convencional. Isso mostra que a proposta aqui apresentada mantém o mesmo nível de segurança com um 
índice de confiança de 96% em comparação com os modelos de outros autores apresentados neste estudo. 
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1 INTRODUCTION 
The traditional structural system of reinforced concrete structures is characterized by slabs, beams and columns. In 

this system, loads are applied directly to the slabs, which transfers it to the beams. The beams transfer the efforts to the 
columns, which are supported by the foundation of the building. However, a new system emerged at the beginning of 
the 20th century, as an innovative structural model, to which beams are not used and the forces from the slabs are 
directly transferred to the columns. Because the slabs have uniformity due to the absence of the beams, they were called 
flat slabs Gasparini [1]. However, in this structural system there is the possibility of collapsing the flat slabs by punching 
shear mechanism. 

Punching Shear can occur as the result of a concentrated load applied to a structural element. In flat slabs, for 
example, the collapse occurs in the connection with structural elements. The magnitude of shear efforts generated by 
the concentrated forces are high, which can cause the rupture of the slab. 

One of the punching shear load carrying-capacity design methods adopted by several standards codes is called the 
critical perimeter surface. It consists of verifying whether a uniform shear stress that is applied to a determined critical 
surface, perpendicular to the slab's median plane, located at a distance from the face of the column is compatible with 
the concrete's shear strength in this same region. If the shear strength is not sufficient to withstand the shear stress, the 
use of punching shear reinforcement is indicated. ABNT NBR 6118 (2014) [2] indicates studs-type connectors 
preferably as a punching shear reinforcement. 

According to ABNT NBR 6118 (2014) [2], the shear stress is given by : 

𝜏𝜏𝑆𝑆𝑆𝑆 = 𝐹𝐹𝑆𝑆𝑆𝑆
𝑢𝑢𝑢𝑢

 (1) 

Where: 
FSd = Load-carrying capacity (Force); 
u = shear critical perimeter (Length); 
d = average slab effective depth in both directions (Length). 

For slabs without punching shear reinforcement, the stress of the compressive concrete diagonal is checked, 
considering the critical perimeter as the perimeter of the column or loaded area. In addition, a control perimeter with a 
slab distant up to twice the average of the slab's effective depth (𝑑𝑑) is checked. Figure 1 shows the control perimeter 
for central columns sections of rectangular and circular sections . 

 
Figure 1. Critical Shear Perimeter C and C '(Adapted from ABNT NBR 6118 (2014) [2]). 

Equations 2 and 3 show the shear strengths of the control surfaces related to the contours C and C ', respectively. 
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𝜏𝜏𝑟𝑟𝑟𝑟1 = 0.27(1 − 𝑓𝑓𝑐𝑐𝑐𝑐
250

)𝑓𝑓𝑐𝑐𝑐𝑐 (2) 

𝜏𝜏𝑟𝑟𝑟𝑟2 = 0.13 �1 + �20
𝑑𝑑
� (100𝜌𝜌𝑓𝑓𝑐𝑐𝑐𝑐)1/3 (3) 

Where: 
τrd1, τrd2 = shear strength of slabs without punching reinforcement (MPa); 
fck = concrete’s compressive strength; 
fcd = (fck/γc) – concrete design strength; 
d = Average slab effective depth in both directions; 
ρ = (ρxρy)0.5 – Flexural Reinforcement Ratio in both directions of the slab, at up to 3d from the edge of the column or 
loaded area (dimensionless). 

The estimated load-carrying capacity of slabs can be found by replacing τrd1 or τrd2 in Equation 1 and isolating the 
calculation force, as shown in Equation 4: 

𝐹𝐹𝑟𝑟𝑟𝑟 ≤ �𝜏𝜏𝑟𝑟𝑟𝑟1𝑢𝑢𝑢𝑢𝜏𝜏𝑟𝑟𝑟𝑟2𝑢𝑢𝑢𝑢
 (4) 

The accuracy of the standard code equations in comparison to experimental results presents a significant 
discrepancy. According to Dantas [3], who compares a series of experimental results of slabs without shear 
reinforcement, on average the relationship between the experimental load-carrying capacity and one obtained according 
to ABNT NBR 6118 (2014) [2] is 1.3. It is important to note that this relationship is obtained without the use of 
normative safety factors of increase / reduction. 

In general, the addition of steel fibers to the referred mechanism contributes to the ductility of the system, cracking 
control and load redistribution [4]–[10]]. Also, experimental tests showed that monitored reinforcement bars presented 
a reduction in the strains observed in comparison to concrete slabs without steel fibers [8]. Other authors presented that 
the critical shear perimeter presented an increase by the addition of steel fiber content ([4] and [11]]). This differences 
in performance contribute to increasing the load-carrying capacity of flat slabs. 

Recently, it was published a Brazilian Standard Code for designing fiber reinforced concrete elements, the ABNT 
NBR 16935 (2021) [12]]. The Brazilian code recommendations for punching shear depends on post-cracking 
parameters 𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹,𝑘𝑘, demanding a 𝑃𝑃 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 from a three-point bending test. This study presents an alternative study for 
estimating the load-carrying capacity for steel fibers reinforced concrete flat slab collapsing by punching based on the 
results from 68 experimental tests and without the need for post-cracking parameters. 

Regarding design, recent research has shown that the use of steel fibers can increase the punching shear strength of flat slabs, 
as well as transform the dynamics of the rupture of the slab-column connection, from fragile to ductile [4]–[6], [13]–[23]. The 
models studied in this paper presented this increase compared to other to slabs molded by conventional concrete. 

This work aims to propose an adjusted function in the formulation existing in the NBR 6118 standard code ABNT 
NBR 6118 (2014) [2] that estimates the load-carrying of flat reinforced concrete slabs, considering the steel fibers 
contents. To determine this adjustment function, results from 68 tests of fiber reinforced concrete slabs supported on 
their edges and tested under concentrated load applied in a square section, using the slab-column connection (without 
the use of shear reinforcement). 

2 ANALYTICAL METHOD 
The proposed adjustment Function G is based on two parameters. The first parameter is given by the steel fiber 

content. The second is the dimensionless parameter k, which is adjusted according to the experimental results and 
defined according to the concrete compressive strength (𝑓𝑓𝑐𝑐). The adjustment function applied to the NBR 6118 standard 
equation ABNT NBR 6118 (2014) [2] is given by (5) and (6): 

𝜏𝜏𝑟𝑟𝑟𝑟1 = 0.27 �1 − 𝑓𝑓𝑐𝑐𝑐𝑐
250
� 𝑓𝑓𝑐𝑐𝑐𝑐𝐺𝐺�𝑉𝑉𝑓𝑓 ,𝑘𝑘� (5) 
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𝜏𝜏𝑟𝑟𝑟𝑟2 = 0.13 �1 + �20
𝑑𝑑
� (100𝜌𝜌𝑓𝑓𝑐𝑐𝑐𝑐)1/3𝐺𝐺�𝑉𝑉𝑓𝑓 ,𝑘𝑘� (6) 

Since τrd2 is lower than τrd1 in most cases, adjustment of the dimensionless parameter k is performed only in Equation 
6. Still, according to Dantas [3], several types of adjusted function are proposed for the Function 𝐺𝐺, of which, the one 
with the best adaptability in relation to the experimental results is given by Equation 7. 

𝐺𝐺�𝑉𝑉𝑓𝑓 ,𝑘𝑘� = (1 + 𝑙𝑙𝑙𝑙 �1 + 𝑘𝑘𝑉𝑉𝑓𝑓� ) (7) 

Where: 
k = Parameter that correlates the compressive strength of concrete (dimensionless); 
Vf = Steel fiber content (% by volume of concrete). 

2.1 Definition of the Parameter k 
The function G was adjusted by a logarithmic fitting-curve of the experimental tests conducted by authors presented 

in a database. Table 1 shows the list of researchers and the number of tests used to adjust the proposed function. All 
experimental tests from this study database simulate the slab-column connection, with square section columns molded 
in reinforced concrete and SFRC slabs without shear reinforcement. 

The parameter k is adjusted according to the compressive strength of the concrete (Table 2). The method used to 
adjust the parameter is based on two hypotheses: the average of the experimental / theoretical rupture load ratio is the 
closest to one (1); in none of the individual results, the experimental / theoretical rupture load ratio is less than one (1). 
Table 2 shows each compressive strength used. Figure 2 shows the iterative process to obtain the parameter 𝑘𝑘. 

Table 1. Experimental papers 

Author Tests Author Tests 
Narayanan and Darwish [4] 12 Musse [19] 2 

Theodorakopoulos and Swamy [13] 20 De Hanai and and Holanda [20] 8 
Shaaban and Gesund [14] 12 Cheng and Parra-Montesinos [21] 10 

Harajli et al. [15] 10 Nguyen-Minh et al. [22] 12 
Vargas [16] 6 Gouveia et al. [23] 6 

Azevedo [17] 6 Barros et al. [5] 8 
McHarg et al. [18] 4 Alves [6] 3 

The process of adjusting the Parameter 𝑘𝑘 consists of an iterative method where the Equation 4 to 7 are applied from 
each result of the experimental test of the data base varying 𝑘𝑘. The steel fibers behavior is sensitive to the concrete 
compressive strength, which indirectly influences the bond mechanism of the fiber in the concrete matrix. Thus, the 
Parameter 𝑘𝑘 from the Function G is adjusted for each compressive strength values of the database experimental tests 
(see Figure 2). Parameter 𝑘𝑘 is defined by minimizing an Error Parameter of subsequent iterations(𝑅𝑅𝑖𝑖 and 𝑅𝑅𝑖𝑖−1, where 𝑖𝑖 
is the iteration number, see Figure 2). 

Table 2. Analysis intervals of parameter k. 

Concrete strength (MPa) Parameter 
20~30 k20 

30~40 k30 
40~50 k40 
50~60 k50 
60~70 k60 
70~80 k70 
80~90 k80 
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Figure 2. Flowchart of the iterative process . 

The parameters used in the proposed adjustment function are the concrete compressive strength (fc), flexural 
reinforcement ratio (ρ), slab effective depth (correlated with slab thickness, h), equivalent square column width (bp), 
steel fiber content in percentage of the concrete volume (Vf). 

From the pre-selected data, the experimental results of some researchers are discarded for the determination of 
parameter k. This assumption is because the relation of the experimental load capacity (Pexp) and the load-carrying 
capacity estimated by ABNT NBR 6118 (2014) [2] (PNBR) of the slabs reference values are outside the “appropriate 
safety” range according to Collins [24], Dantas [3]. Still, in the whole process of the analytical model, despite being 
based on the equations of ABNT NBR 6118 (2014) [2], the load increase and / or resistance reduction coefficients of 
that standard are not used. In total, there are 90 slabs, 22 of which are reference slabs. 

3 RESULTS AND DISCUSSIONS 
Figure 3 show the dispersion of h, fc, ρ, bp, and Vf, of the 68 slabs to adjust the parameter k. 
From the results of the adjusting process showed in Figure 2, Table 3 shows the average results of the relationship 

(Re,tm) experimental load-carrying capacity (Pexp) and theoretical load-carrying capacity of the model (Pmod). In addition, 
Table 4 presents the results of the Parameter 𝑘𝑘 for each compressive strength range. 

 
Figure 3. Dispersion of parameters. 
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The adjusted ABNT NBR 6118 (2014) [2] equations are presented in Equations 8 to 10: 

𝐹𝐹𝑟𝑟𝑟𝑟 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝜏𝜏𝑟𝑟𝑟𝑟1, 𝜏𝜏𝑟𝑟𝑟𝑟2)𝑢𝑢𝑢𝑢  (8) 

𝜏𝜏𝑟𝑟𝑟𝑟1 = 0.27(1 − 𝑓𝑓𝑐𝑐
250

)𝑓𝑓𝑐𝑐�1 + 𝑙𝑙𝑙𝑙 �1 + 𝑘𝑘𝑉𝑉𝑓𝑓��  (9) 

𝜏𝜏𝑟𝑟𝑟𝑟2 = 0.13 �1 + �20
𝑑𝑑
� (100𝜌𝜌𝑓𝑓𝑐𝑐)

1
3�1 + 𝑙𝑙𝑙𝑙 �1 + 𝑘𝑘𝑉𝑉𝑓𝑓��  (10) 

Where: 
k = Dimensionless parameter, defined by the strength class of the concrete (Table 4); 
Vf = Steel fiber content in % of m3 volume of concrete. 

Table 3. Experimental / theoretical rupture load ratio by strength class. 

fc Number of slabs k Re,m 
(MPa) X S CV 
20~30 10 0.248 1.118 0.171 15.32 
30~40 15 0.132 1.262 0.167 13.21 
40~50 23 0.208 1.305 0.201 15.39 
50~60 13 0.319 1.11 0.082 7.37 
60~70 4 0.548 1.031 0.027 2.61 
70~80 2 0.615 1.019 0.026 2.6 
80~90 1 0.218 1 - - 
Total 68 - 1.199 0.187 15.59 

Re,m – Relationship between the experimental and proposed load-carrying capacity load; X – Sample mean; S – Sample standard deviation; CV – Coefficient 
of variation in %. 

The experimental results include only connections of center and square section slabs and columns. Therefore, this 
adjusted function is recommended to be applied in similar situations. There is a relatively small number of tests that fit 
to compressive strength above 60 MPa, which prevent the definition of a Parameter 𝑘𝑘 for this range that is statistically 
satisfactory. 

Although the analysis of the fibers is done according to the fiber content (in percentage), factors such as fiber 
strength and fiber geometry also affect the behavior of the SFRC, but not as significantly, compared to the fiber content 
Narayanan and Darwish [4] De Hanai and Holanda [20]. Figure 4 presents the results of the relation between the 
experimental load-carrying capacity and proposed adjusted function (Rem) according to the concrete compressive 
strength applied on each experimental tests from database. 

Table 4. Parameter k. 

Compressive Strength (fc) Parameter Value 
20~30 k20 0.248 
30~40 k30 0.132 
40~50 k40 0.208 
50~60 k50 0.319 
60~70 k60 0.548 
70~80 k70 0.615 
80~90 k80 0.218 

The results of 𝑅𝑅𝑒𝑒,𝑚𝑚 showed that the proposed adjusted function presented a conservative estimative of the load-
carrying capacity of experimental tests for all compressive strength from the studied experimental test of the database. 
In other words, all values of 𝑅𝑅𝑒𝑒,𝑚𝑚 are higher than 1.0 which means that the load-carrying capacity estimated by the 
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proposed adjusted function is lower than the experimental tests from the authors of the data base. Compressive strength 
in a range of 30-40MPa present the most conservative estimative while compressive strength in a range of 60-70MPa 
present 𝑅𝑅𝑒𝑒,𝑚𝑚 less conservative in comparison with other results from Figure 4. 

A comparative study of the load-carrying capacity of the experimental tests from data base and other 
analytical and theoretical model proposed by Narayanan and Darwish [4], Harajli et al. [15], De Hanai and 
Holanda [20] and Higashiyama et al. [11] is showed in Figure 5. A comparative estimative from the proposed 
model presented in this paper is also presented in Figure 5a. For each graph in Figure 5, the x-axis presents the 
load-carrying capacity measured on the experimental tests, the y-axis presents the load-carrying capacity 
estimated by the respective theoretical model and each point of the graph is an experimental test from the 
database. For an estimated load-carrying capacity equal to the measured on the experimental test the point 
should be projected in a 1:1 line. Points projected above the 1:1 line presents experimental results lower than 
the estimated results by the theoretical model. Points projected below the 1:1 line presents experimental results 
higher than estimated by the theoretical model (conservative results). 

 
Figure 4. Average results of the application of the adjustment function in relation to 𝑓𝑓𝑐𝑐. 

From Figure 5, the proposed model (Figure 5a) presents a lesser dispersion of the relationship between experimental 
and theoretical load-carrying capacity, especially for results up to 200 kN. The proposed model also presents a tendency 
to estimate the load carrying capacity of slabs that reach higher values (for example, 500kN). The dispersion of the 
projected point that represents the experimental tests from the data base is higher for the other authors estimative 
models, which means that the results were not accurate. In addition, some results are projected above the 1:1 line, which 
means that the load-carrying capacity measured on the experimental tests are lower that the estimated results, which 
presents a risky estimative. This could be observed in Figure 5b to 6e (Narayanan and Darwish [4], Harajli et al. [15], 
De Hanai and Holanda [20] and Higashiyama et al. [11], respectively). 

Table 5. Confidence index. 

Model 𝑹𝑹𝒆𝒆,𝒎𝒎 (Mean) 
𝑹𝑹𝒆𝒆,𝒎𝒎  

(Standard 
Deviation) 

𝑹𝑹𝒆𝒆,𝒎𝒎  
(Variation 

Coefficient) 
Confidence Indicator 

Proposed Model 1.29 0.23 18% 96% 
Narayanan and Darwish [4] 1.59 0.76 48% 74% 

Harajli et al. [15] 1.50 0.65 44% 74% 
De Hanai and Holanda  [20] 1.50 0.60 40% 77% 

Higashiyama et al. [11] 1.49 0.56 37% 72% 
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Figure 5. Comparison of rupture load prediction models. 

Defining as a confidence index the percentage of slabs for which the experimental load is greater than the theoretical 
load, the proposed model presents a confidence indicator of 96%. The confidence indicator was calculated considering 
all slabs from database. However, the other models analyzed presented lower confidence indicators. In addition, the 
proposed model presents an average relationship between experimental and estimated results of 1.29 while Models 
proposed by other authors presents 𝑅𝑅𝑒𝑒,𝑚𝑚 from 1.49 (Higashiyama et al. [11]) to 1.59 (Narayanan and Darwish [4]), this 
could be observed by the dispersion of the results on Figure 5. Table 5 shows the relationship of the confidence index. 

Phenomena observed in steel fiber reinforced concrete are considered in Narayanan and Darwish [4], Harajli et al. [15] 
and Higashiyama et al. [11] models, for example, the change in the punching shear rupture surface due to the addition of 
steel fibers in the concrete mixture. However, the parameters in these models to considered are empirical values and could 
lead in to not accurate estimative. 

4 COMPARISON WITH THE BRAZILIAN CODE ABNT NBR 16935 (2021) [12] 
To compare the recommendations of ABNT NBR 16935 (2021) [12] and the proposed model in this paper, a case 

study of estimating the punching shear load-carrying capacity was conducted. Four flat slabs experimental tests 
conducted by Alves et al. [25] were estimated. 

ABNT NBR 16935 (2021) [12] demands the post-cracking parameters, such as P x CMOD curve of steel fiber 
concrete. The study and production of the fiber and concrete materials proportion for these flat slabs experimental tests 
were conducted by Silva [26], which studied the P x CMOD curve of the same concrete used to mold the experimental 
tests of Alves et al. [25]. 

The experimental test was conducted in 1800mm x 1800mm x 130mm flat slabs, molded in steel fiber reinforced 
concrete with the addition of 50kg/m3 (𝑣𝑣𝑓𝑓 = 0.64%) of a hooked-end type DRAMIX RC 50/60. The fibers had a 
nominal diameter of 0.90 mm, a length of 60 mm and a size factor of 65. The experimental P x CMOD test was 
conducted in a 150mm x 150mm x 500mm concrete specimen with 125mm notch in its midspan. Table 6 presents the 
properties of the experimental tests conducted by Alves et al. [25]. Table 7 presents the properties of the steel fiber 
reinforced concrete properties of the experimental tests conducted by Silva [26]. For further details of the experimental 
tests the authors recommend reading study of Alves et al. [25] and Silva [26]. 
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Table 6. Experimental tests properties from Alves et al. [25]. 

Slab L h d a 
𝝆𝝆 

𝒗𝒗𝒇𝒇 𝒇𝒇𝒄𝒄 𝑷𝑷𝒆𝒆𝒆𝒆𝒆𝒆 
(mm) (mm) (mm) (mm) (%) (MPa) (kN) 

L1-50-1 1800 130 99 250 0.016 0.64 42.01 469 
L1-50-2 1800 130 99 250 0.016 0.64 42.01 469 
L2-50 1800 130 98 250 0.016 0.64 42.01 513 
L3-50 1800 130 99 250 0.016 0.64 42.01 455 

L – Slab length; h – Slab thickness; d – Average effective depth measured after the experimental tests; a – Column length; 𝜌𝜌 – Flexural reinforcement ratio; 
𝑣𝑣𝑓𝑓  – Steel fiber content; 𝑓𝑓𝑐𝑐  – Average concrete compressive strength; 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 – Punching shear load-carrying capacity measured in the test; 

Table 7. Steel fibers reinforced concrete P x CMOD properties from Silva [26]  

Identification 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 Opening 𝑭𝑭𝑹𝑹,𝒊𝒊 𝒇𝒇𝑹𝑹,𝒊𝒊 
(mm) (kN) (MPa) 

C40/50-1 

𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷1 0.5 13.24 4.24 
𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷2 1.5 12.89 4.12 
𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷3 2.5 12.67 4.06 
𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷4 3.5 11.05 3.54 

C40/50-2 

𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷1 0.5 12.83 4.10 
𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷2 1.5 13.21 4.23 
𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷3 2.5 11.79 3.77 
𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷4 3.5 11.90 3.81 

𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝑖𝑖  – Crack mouth opening displacement for the i opening displacemnet; 𝐹𝐹𝑅𝑅,𝑖𝑖  – Residual force measured at 𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝑖𝑖; 𝑓𝑓𝑅𝑅,𝑖𝑖  – Residual tensile 

strength measured at 𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝑖𝑖; 

From Table 6 and Tabel 7, L1-50-1 and L2-50 were molded with C40/50-1 and L1-50-2, L3-50 were molded with 
C40/50-2, the average compressive strength for both specimens was 42MPa. The load-carrying capacity estimate model 
by the recommendation of ABNT NBR 16935 (2021) [12] is presented in Equation 11 to 14. 

𝑉𝑉𝑅𝑅𝑅𝑅 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝐹𝐹 + 𝑉𝑉𝑅𝑅𝑅𝑅,𝑠𝑠 (11) 

𝑉𝑉𝑟𝑟𝑟𝑟,𝐹𝐹 = 𝑉𝑉𝑅𝑅𝑅𝑅,𝑓𝑓 + 𝑉𝑉𝑐𝑐 (12) 

𝑉𝑉𝑅𝑅𝑅𝑅,𝑓𝑓 = 𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹,𝑘𝑘
𝛾𝛾𝐹𝐹

𝜇𝜇𝜇𝜇 (13) 

𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹,𝑘𝑘 = 𝑓𝑓𝑅𝑅3
3

  (14) 

Where 𝑉𝑉𝑅𝑅𝑅𝑅 is the load-carrying capacity, 𝑉𝑉𝑅𝑅𝑅𝑅,𝐹𝐹 is the contribution of the steel fiber reinforced concrete, 𝑉𝑉𝑅𝑅𝑅𝑅,𝑠𝑠 is 
the contribution of the shear reinforcement ratio, 𝑉𝑉𝑅𝑅𝑅𝑅,𝑓𝑓 is the fiber contribution in the load carrying capacity of 
the steel fiber reinforced concrete, 𝑉𝑉𝑐𝑐 is the contribution of the concrete in the load carrying capacity of the 
steel fiber reinforced concrete, 𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹,𝑘𝑘 is the tensile residual strength of the steel fiber reinforced concrete, 𝜇𝜇 is 
the critical punching shear perimeter, 𝑑𝑑 is the effective depth and 𝑓𝑓𝑅𝑅3 is the residual tensile strength measured 
at 𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷3. 

Table 8 presents the results from the comparison of the estimative of the load-carrying capacity conducted by ABNT 
NBR 16935 (2021) [12]. Table 9 presents the results from the Proposed Model. Table 10 presents the comparison of 
the ABNT NBR 16935 (2021) [12] and the Proposed Model. 
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Table 8. Estimative of the load-carrying capacity – ABNT NBR 16935 (2021) [12] 

Slab d 𝝆𝝆 𝒇𝒇𝒄𝒄 𝒇𝒇𝑹𝑹𝑹𝑹 𝒇𝒇𝑭𝑭𝑭𝑭𝑭𝑭,𝒌𝒌 𝝉𝝉𝑹𝑹𝑹𝑹𝑹𝑹 𝝁𝝁 𝑽𝑽𝒄𝒄 𝑽𝑽𝑹𝑹𝑹𝑹,𝒇𝒇 𝑽𝑽𝑹𝑹𝑹𝑹,𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 
(mm) (MPa) (MPa) (MPa) (MPa) (mm) (kN) (kN) (kN) 

L1-50-1 99 0.016 42 4.06 1.35 1.77 2244.07 393.66 300.32 693.98 
L1-50-2 99 0.016 42 3.77 1.26 1.77 2244.07 393.66 279.32 672.98 
L2-50 98 0.016 42 4.06 1.35 1.77 2231.50 393.66 295.62 684.28 
L3-50 99 0.016 42 3.77 1.26 1.77 2231.50 393.66 274.95 663.61 

Table 9. Estimative of the load-carrying capacity – Proposed model 

Slab D 𝝆𝝆 𝒇𝒇𝒄𝒄 𝒗𝒗𝒇𝒇 𝑽𝑽𝒄𝒄 𝒌𝒌 
𝑽𝑽𝑹𝑹𝑹𝑹,𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 

(mm) (MPa) (%) (kN) (kN) 
L1-50-1 99 0.016 42 0.64 393.66 0.208 442.86 
L1-50-2 99 0.016 42 0.64 393.66 0.208 442.86 
L2-50 98 0.016 42 0.64 393.66 0.208 437.23 
L3-50 99 0.016 42 0.64 393.66 0.208 437.23 

Table 10. Comparison Experimental, ABNT NBR 16935 (2021) [12] and Proposed Model 

Slab 𝑽𝑽𝑹𝑹𝑹𝑹,𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝑽𝑽𝑹𝑹𝑹𝑹,𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝑽𝑽𝒆𝒆𝒆𝒆𝒆𝒆 𝑽𝑽𝑹𝑹𝑹𝑹,𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨
𝑽𝑽𝑹𝑹𝑹𝑹,𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷
�  𝑽𝑽𝒆𝒆𝒆𝒆𝒆𝒆

𝑽𝑽𝑹𝑹𝑹𝑹,𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨
�  

𝑽𝑽𝒆𝒆𝒆𝒆𝒆𝒆
𝑽𝑽𝑹𝑹𝑹𝑹,𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷
�  

(kN) (kN) (kN) 
L1-50-1 693.98 442.86 469 1.57 0.68 1.06 
L1-50-2 672.98 442.86 469 1.52 0.70 1.06 
L2-50 684.28 437.23 513 1.57 0.75 1.17 
L3-50 663.61 437.23 455 1.52 0.69 1.04 

Since there were no shear reinforcement in Alves et al. [25] experimental tests, 𝑉𝑉𝑟𝑟𝑟𝑟,𝑠𝑠 was assumed as zero. As a 
simplification, ABNT NBR 16935 (2021) [12] recommend calculate the 𝑉𝑉𝑐𝑐 with the same recommendation for conventional 
concrete presented in ABNT NBR 6118 (2014) [2]. 𝑓𝑓𝑅𝑅3 was obtained by the P x CMOD curves conducted by Silva [26] and 
presented in Table 7. In addition, the safety factors were assumed as 1, including 𝛾𝛾𝐹𝐹 presented in Equation 13. This decision 
was assumed to compare the results of the proposed method and the ABNT 16935 (2021) [12] without any interference of 
safety factors. The Equation 4, Equation 9 and Equation 10 were used to estimate the load-carrying capacity for the proposed 
model. 

From the comparison presented in Table 10, the results from ABNT NBR 16935 (2021) [12] and Proposed Models 
differs for estimating the load-carrying capacity of the slabs tested by Alves et al. [25]. The ABNT NBR 16335 (2021) 
presented estimative over 1.5 times higher in comparison with the Proposed model. 

This could be justified by the simplification of model proposed by ABNT NBR 16935 (2021) [12], where the tensile 
strength of the steel fiber reinforced concrete in the punching shear critical perimeter was 𝑓𝑓𝑅𝑅3/3. Silva [26] presented 
that the residual tensile strength of the steel fiber does not present a constant behavior in relation with the crack opening. 
This is also observed by other authors ([3], [4], [7], [8], [13]–[15], [22], and [23]). In additions, the use of safety factor 
for the steel fibers (𝛾𝛾𝐹𝐹 = 1,5) still gives estimative higher than experimental tests. 

The Proposed model recommend the use of a statistical parameter (𝑘𝑘), which is based on experimental tests with 
similar conditions of the compressive behavior. The more experimental results used to calibrate the parameter 𝑘𝑘 the 
better results for estimate the load-carrying capacity. From Table 3, for estimate the results of load-carrying capacity 
of Alves et al. [25] tests, the parameter k was calibrated with 23 experimental tests with similar compressive conditions 
(compressive strength in a range of 40-50 MPa, similar properties of steel fibers and similar content of steel fibers). 

Although the results presented in Table 10 were in a good agreement with experimental test, the parameter k should 
be better calibrated for slabs reaching compressive strength of 60-90 MPa. A larger number of slabs is needed to 
improve the values of k in that range. However, Figure 5a presented that the estimative for the proposed model of all 
the 68 slabs data base were conservative results. In other words, in Figure 5a all the points representing the experimental 
tests were projected below the 1:1 line, where experimental load-carrying capacity is higher than the estimative from 
the proposed model. 
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5 CONCLUSIONS 
This study presented a proposed model for estimate the punching shear load-carrying capacity for steel fiber 

reinforced concrete flat slabs. The proposed model was based on the Brazilian standard code by a logarithmic adjusted 
curve G for the contribution of steel fibers on punching. The adjusted function G was based on the results of 68 slabs 
experimental tests database. 

For testing the accuracy of the load-carrying capacity estimate by the proposed model, the results were compared 
by the estimative of other authors steel fibers reinforced concrete punching shear models. The proposed model presents 
a better response in the analyzed slabs (mainly for load-carrying capacity up to 200kN) compared to the other analyzed 
models with an average of Rem of 1.3 and the highest confidence index of 96%, despite considering only the content of 
steel fiber as a parameter of fibers. 

In relation to the Rem, average, the proposed equation has the same level of safety as the Brazilian standard equation, 
the Brazilian standard equation for slabs without fibers already has an experimental / theoretical load-carrying capacity 
ratio of 1.3, similar value found for the proposed model (both without safety factors). 

In addition, a comparison with the ABNT 16935 (2021) [12] presented an estimative higher than the experimental 
results conducted by Alves et al. [25] where the proposed model presented a good agreement. This could be justified 
by the simplification on considering the residual tensile strength proposed by the ABNT NBR 16935 (2021) [12] while 
the proposed model is based on statistical parameter that could be improved incorporating more results from 
experimental tests. 

The result of this paper is constantly in update with testing of parameters k and adjusted function G. The authors 
intend to incorporate other experimental tests in the database and analyze its sensibility to geometric and physical 
database parameters such as h, fc, ρ, bp, and Vf. 
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Erratum: Proposal for estimating the punching shear load-
carrying capacity of steel fibers reinforced concrete flat slabs 

In the article “Proposal for estimating the punching shear load-carrying capacity of steel fibers reinforced 
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