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Abstract: The study of shear failure in concrete beams is one of the subjects growing in importance due to 
both the recent reformulations, and increasingly higher cross-section depths used. For instance, the recent 
updates in the ACI 318 (2019) shows the need to incorporate the size effect in the design of reinforced concrete 
elements. In this study, the same database adopted by the ACI-ASCE Committee DAfStb 445-D has been 
used to calculate shear strength, with and without the consideration of size effect, i.e., the design prescribed 
by ACI 318 (2014), ACI 318 (2019), Frosch et al. (2017), and the ABNT NBR 6118 (2014). Later these 
predictions are compared with test results. A dispersion analysis has outlined the trends regarding compressive 
strength, span to depth ratio, longitudinal reinforcement ratio and beam depth. Every variable was discussed 
per interval, delineating the causes related to the observable trends. Regarding the most prominent influences 
(effective depth and longitudinal reinforcement ratio), the approaches considering them directly through 
factors had provided results with no appreciable trends, with lower coefficients of variation (COV) and 
substantially more conservative for higher cross-section depths. As the Brazilian code does not consider both, 
a correction factors, determined by a two-step regression analysis on these parameters to adjust this design, 
are briefly introduced. 

Keywords: fracture, size effect, concrete shear strength, reinforced concrete beams without stirrups, 
complementary mechanisms. 

Resumo: O estudo da ruptura ao cisalhamento em vigas de concreto armado é uma dessas áreas que têm 
avultado em importância tanto devido às recentes reformulações efetuadas quanto as peças de seções cada vez 
maiores utilizadas. Por exemplo, as recentes atualizações no código ACI 318 (2019) apontam para a 
necessidade que tem sido demonstrada de incorporar o efeito escala no projeto de seções de concreto armado. 
Nesse estudo, o banco de dados adotado pelo Comitê ACI-ASCE DAfStb 445-D foi utilizado para cálculo da 
resistência ao cisalhamento, com e sem efeito escala, prescritas nas formulações ACI 318 (2014), ACI 318 
(2019), Frosch et al. (2017), e ABNT NBR 6118 (2014). Em sequência, as predições foram comparadas com 
os resultados de ensaios. Uma análise da dispersão delineou as tendências concernentes à resistência à 
compressão, taxa vão-cisalhamento, taxa de reforço longitudinal e altura da viga. Cada uma das variáveis foi 
discutida por intervalo, discutindo as causas relacionadas às tendências observadas. No que tange as maiores 
influências (altura útil e taxa de reforço longitudinal), das abordagens que os consideram diretamente, 
resultaram em saídas sem tendências apreciáveis, com menores coeficientes de variação (COV) e 
satisfatoriamente mais conservadoras para seções com maiores alturas. Como o código brasileiro não 
considera esses fatores, fatores de correção obtidos mediante uma análise de regressão efetuada em duas 
etapas, são brevemente introduzidos. 

Palavras-chave: fratura, efeito escala, resistência ao cisalhamento do concreto, vigas de concreto armado, 
mecanismos complementares. 

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6622-6104
https://orcid.org/0000-0001-7641-4400
https://orcid.org/0000-0001-6523-2687


I. J. S. Ribeiro, J. R. C. Pessoa, and T. N. Bittencourt 

Rev. IBRACON Estrut. Mater., vol. 16, no. 2, e16208, 2023 2/24 

How to cite: I. J. S. Ribeiro, J. R. C. Pessoa, and T. N. Bittencourt, “Analysis of shear strength of complementary mechanisms trends in reinforced 
concrete beams,” Rev. IBRACON Estrut. Mater., vol. 16, no. 2, e16208, 2023, https://doi.org/10.1590/S1983-41952023000200008 

1 INTRODUCTION 
The progression of acquisition and monitoring systems, in juxtaposition with theoretical development and new 

approaches, provide different perspectives to safely achieve the goal of design structures more economically. The study 
of concrete shear strength of complementary mechanisms is one of those areas that have attracted researchers due to 
recent reformulations of the codes, together with the more demanding designs. 

First, Ritter approached the cracked behavior of concrete due to loads by a truss, with parallel chords, with 
compressed struts that were inclined with a fixed angle of 45°, later expanded for torsion applications by Mörsch. 
Because this approach had provided conservative results compared with available tests in the period, it was 
disseminated in the literature [1]. 

Several approaches and models followed, regarding the change of the diagonal crack angle, load transfer 
mechanisms considered, and tensile strength after cracking, juxtaposed with its prominence in the final shear strength. 
In the attempt to better describe the shear behavior, these complementary mechanisms were included in the design 
codes. Nevertheless, its calculation is still done in a multitude of approaches delineating the lack of scientific consensus, 
which tends to reflect in empirical expressions in various codes [2]. 

Illustrating, the long standing ACI 318 [3] expression for the shear strength of the cross-section mechanisms (𝑉𝑉𝑐𝑐), 
was updated to consider both the size effect and the longitudinal reinforcement ratio (𝜌𝜌𝐿𝐿) in the ACI 318 [4]. One of 
the proposals to the north American committee, the Unified Approach by Frosch et al. [5] although was not adopted, 
presents an approach based on the depth of the compression zone. The authors state that this means to consider the 
average shear stress over the uncracked cross-section instead of over the effective depth. 

Despites the better fitting of the newest version of north American code, the results obtained through ACI-DAfStb 
445-D Database [6]–[8], shows a wide range in the influencing parameters, whose tendencies could be even more clear 
with additional analysis [6]–[8]. 

Simultaneously, in Brazil, the calculation of shear strength for concrete beams is governed by ABNT NBR 6118 [9] 
prescribing simple design formulation for the complementary mechanisms, based on concrete tensile strength for both 
models. Therefore, the current code may be improved regarding the contribution of the aforementioned mechanisms. 

Hence, the comparison between the results predicted by the ACI 318 [3], ACI 318 [4], The Unified Approach [5] 
and ABNT NBR 6118 [9], regarding the scatter though the intervals in relation to main design parameters may allow a 
broader comprehension of localized or overall trends, as well as possible optimization of the current design by inclusion 
of correction factors related to these trends. 

2 SHEAR STRENGTH OF COMPLEMENARY MECHANISMS OF REINFORCED CONCRETE BEAMS 
The first approach to the shear strength of concrete beam, was originally proposed by Ritter, and later generalized 

by Mörsch. Next, aiming for the simplicity of application for designs, some codes have incorporated other load transfer 
mechanisms to this model, as well as formulations with variable compression strut angle. The generalized truss, 
considering the contribution of shear transfer cross-section mechanisms, is present in the Brazilian code ABNT NBR 
6118 [9]. 

2.1 Shear Transfer Mechanisms 
After cracking, different mechanisms allow the transfer of shear stresses. The principals have been summarized into 

cantilever action, shear transfer at the interfaces, dowel action, residual concrete tensile strength, and arch effect [1], [3], [4], [10]: 
• Cantilever effect: Cracked concrete may transfer shear stresses between two flexural cracks, a region designated 

as “tooth”, fixed in the compression zone [11]. The concept was brought up by Kani [12], who, considering bending 
cracks do not transmit shear stresses, states that the beam would resist this effort through a compressed region in 
the upper envelope of the cracks formed together with the bending of each of these regions. 

• Interface Friction: The phenomenon of shear transfer through cracks is defined as interface shear transfer, or crack 
friction. However, this designation infers the dependence of the crack surface conditions, not being a property of 
the material. Sato et al. [13] affirmed that the relative slip between the interfaces and concomitantly this action, 
were higher for lower a/d rates. Fernández Ruiz et al. [14] corroborate this understanding and state that the load 
transfer capacity of this mechanism is limited by the surface roughness that is influenced by the aggregate size 
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(micro level), ripples and changes in the direction of the crack (meso level), and by relative displacement (macro 
level). 

• Dowel action: This mechanism is defined by the capacity of the beam to transfer stresses through the concrete 
longitudinal reinforcement, which acts as a pin between the interfaces generated in the propagation of a diagonal 
crack. 

• Residual concrete tensile strength: According to the ACI 445R [1], the basic explanation for this mechanism is 
because after cracking, a few portions of concrete bridge the cracks and continue to transmit stresses to small 
openings. In juxtaposition, concrete has a quasi-brittle fracture behavior, summarily characterized by the stress 
relaxation curve that occurs after the peak tensile load. 

• Arch effect: The previously described mechanisms are modeled from the consideration of a constant lever arm 
between the compressed and tensioned fibers, which implies in the variation of the tensioned reinforcement stresses 
according to the loads for which the cross-section is submitted. These mechanisms are classified as shear transfer 
mechanisms. Alternatively, the forces on the stressed reinforcement may be fixed and the lever arm varies, which 
corresponds to a compression field of the plasticity theory with force transmission through a direct compressed 
strut. This mechanism develops through the failure of all the others and is associated with the longitudinal 
reinforcement loss of adhesion [14], [15]. 

2.2 Kani’s Valley 

The mechanisms have different relevance, varying with parameters such as the transverse reinforcement, height, 
shear span to effective depth ratio, or longitudinal reinforcement ratio. When studying how slenderness influenced the 
preponderance of shear transfer or the arch effect, Kani [12] exposed the Kani Valley, where four distinct regions may 
be seen on the response due to slenderness, as illustrated in Figure 1. 

 
Figure 1 – (A) Shear span (a) to effective depth (d) to a point load (B) Kani’s valley 

Specimens S1, S2, S3, and S4 are beam tests with several slenderness available from Leonhardt and Walther [16]. 
The tests show for small a/d ratios, as S1, results closer to those predicted by the theory of elasticity, and the shear 
strength is governed by the 𝜌𝜌𝐿𝐿, calculated by Equation 1: 

𝜌𝜌𝐿𝐿 = 𝐴𝐴𝑠𝑠
𝑏𝑏𝑤𝑤𝑑𝑑

  (1) 

where 𝐴𝐴𝑠𝑠 is the area of the steel in the cross-section, 𝑏𝑏𝑤𝑤 is the width of the beam and 𝑑𝑑 is the effective depth, i.e., the 
distance from the centroid of tensile reinforcement to the most compressed fiber. 

Then, even around the a/d=2.4 ratio, where S2 is located, the governing mechanism is the arch effect, in which 
bending cracks propagate in the stably compressed struts [15]. For slightly larger spans the cross-section transfer 
mechanisms predominate, where S3 is, until the longitudinal reinforcement begins to govern with the shear stress 
transfer mechanisms still developing. 
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3 SHEAR STRENGTH MECHANISMS EXPRESSIONS 
Several concrete design codes had incorporated the concrete strength to adjust the results of an obtained dataset. 

The ACI 318 originally, came from the observation of several parameter in numerous tests where the longitudinal 
reinforcement rate (𝜌𝜌𝑤𝑤), a/d ratio, and “concrete quality”, which had per measure 𝑓𝑓𝑐𝑐′ (𝑀𝑀𝑀𝑀𝑀𝑀), were the most influent 
variables. After fitting two tendency lines to the dataset of that period, result in the long stand relation, which lasts until 
the new version, in S.I. units on Equation 2: 

𝑉𝑉𝑐𝑐 = 0.166𝜆𝜆�𝑓𝑓𝑐𝑐′𝑏𝑏𝑤𝑤𝑑𝑑 (2) 

where 𝑏𝑏𝑤𝑤(mm) is the width of the cross-section, 𝑑𝑑(mm), 𝜆𝜆 is the aggregate factor, being 𝜆𝜆 = 1.0 for normal weight 
type. However, in the last version of the code [4], if the provided transversal reinforcement is less than the minimum, 
a new expression (3), most be used: 

𝑉𝑉𝑐𝑐 = 0.644𝜆𝜆𝜆𝜆𝑠𝑠(𝜌𝜌𝐿𝐿)1/3�𝑓𝑓𝑐𝑐
′  𝑏𝑏𝑤𝑤𝑑𝑑 (3) 

where 𝜌𝜌𝐿𝐿 (%) is the longitudinal reinforcement ratio and 𝜆𝜆𝑠𝑠 is a dimensionless size effect factor calculated by Equation 4: 

𝜆𝜆𝑠𝑠 = �
2

1+ 𝑑𝑑
254

  (4) 

Some other similar proposals were made by Frosch et al. [5]. The approach inferred that since reinforcement 
stiffness is a primary parameter in shear strength, an effective reinforcement ratio could be defined according to the 
Equation 5: 

𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜌𝜌𝐿𝐿𝑛𝑛 (5) 

where 𝑛𝑛 is calculated by Equation 6: 

𝑛𝑛 = 𝐸𝐸𝑟𝑟
𝐸𝐸𝑐𝑐

  (6) 

where 𝐸𝐸𝑟𝑟 is the modulus of elasticity of the longitudinal reinforcement and 𝐸𝐸𝑐𝑐 the modulus of elasticity of the concrete. 
Since the stiffness of the reinforcement also affects the location of the neutral axis, the author sought to develop a 
formulation considering the depth of the cracked cross-section of the concrete, through the Equation 7: 

𝑐𝑐 = 𝑘𝑘𝑘𝑘 (7) 

where 𝑘𝑘 is defined by Equation 8: 

𝑘𝑘 = �2𝜌𝜌𝐿𝐿𝑛𝑛 + (𝜌𝜌𝐿𝐿𝑛𝑛)2 − 𝜌𝜌𝐿𝐿𝑛𝑛 (8) 

The use of “𝑐𝑐”, instead of the usual approaches, allows the incorporation of other effects, as simplifying the design 
when multiple layers become necessary [5]. From these considerations, the authors fitted an expression to a dataset, 
with the Equation 9, in S.I. units: 
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𝑉𝑉𝑐𝑐 = �0.415�𝑓𝑓𝑐𝑐′𝑏𝑏𝑤𝑤𝑐𝑐�𝛾𝛾𝑑𝑑 (9) 

where 𝛾𝛾𝑑𝑑 is a size effect factor that must be taken as 𝛾𝛾𝑑𝑑 = 1,00 if the depth from the first layer of reinforcement (𝑑𝑑𝑡𝑡) 
is less than 10 in (25.4 cm), or if 𝑑𝑑𝑡𝑡 is simultaneously less than 100 in (254 cm), and the transverse reinforcement is 
higher than the minimum ratio. If these conditions are not fulfilled, the size effect should be calculated by Equation 10: 

𝛾𝛾𝑑𝑑 = 1.4

�1+𝑑𝑑𝑡𝑡𝑑𝑑0

  (10) 

where 𝑑𝑑0 = 254mm, if the transverse reinforcement is less than the minimum, or 𝑑𝑑0 = 2540𝑚𝑚𝑚𝑚. The proximity to 
the Type II size effect law (SEL), proposed by Bažant, is observed. The author had performed an analysis in energy 
terms through an asymptotic approach describing the transitional behavior between the plasticity theory and Linear 
Elastic Fracture mechanics [17] 

Finally, the current Brazilian code, the ABNT: NBR 6118 [9] does not consider the size effect and is solely based 
on concrete resistance to compression. On the model I, a fixed angle truss model, the shear strength of the 
complementary mechanisms is calculated by the expression 11 in S.I. units: 

𝑉𝑉𝑐𝑐 = 0,6𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑤𝑤𝑑𝑑  (11) 

where 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 is the concrete tensile design resistance, calculated by Equation 12: 

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 = 0,7𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
𝛾𝛾𝑐𝑐

= 0.7𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐
1.4

= 0.5𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 (12) 

Where 𝛾𝛾𝑐𝑐 is the concrete compressive strength safety factor and 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 is the concrete tensile average resistance, 
calculated by (13) if the concrete has 𝑓𝑓𝑐𝑐𝑐𝑐 < 55𝑀𝑀𝑀𝑀𝑀𝑀 or else (14): 

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 = 0,3(𝑓𝑓𝑐𝑐𝑐𝑐)
2
3 (13) 

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 = 2,11 𝑙𝑙𝑙𝑙(1 + 0,11𝑓𝑓𝑐𝑐𝑐𝑐)  (14) 

where 𝑓𝑓𝑐𝑐𝑐𝑐 is in MPa. As the safety factor is included in this analysis is not desirable that this prediction returns shear 
strength smaller than tests results. 

4 MATERIALS AND EXPERIMENTAL PROGRAM 
The survey carried out included 1356 beam tests from the ACI-DAfStb database, from the American and German 

committees. These data were obtained from several authors and initially filtered using the criteria set out in 
Reineck et al. [6], removing specimens with lack of information. The primary outputs were two sets: 1008 slender 
beams and 348 non-slender beams. The filters also ensure that the failure under analysis was due to shear, that the 
beams have the same type of anchorage in the longitudinal reinforcement and with a width greater than 5 cm. 

Another additional filter was applied so that only concrete for structural purposes, with 20 MPa < 𝑓𝑓𝑐𝑐𝑐𝑐< 100MPa, 
would be part of the set. Nonetheless, the North American code adopts the control of 10% chance of failure for this 
parameter, being 𝑓𝑓𝑐𝑐′ the resistance meeting this criterion. The European and Brazilian codes, on the other hand, adopt 5%, 
and the 𝑓𝑓𝑐𝑐𝑐𝑐 is the strength fulfilling these criteria. Therefore, the value of 𝑓𝑓𝑐𝑐′ was set to 𝑓𝑓𝑐𝑐𝑐𝑐 for both the filter and for the 
calculation of the Brazilian code, for this database. The conversion was the same performed by Reineck et al. [6] to 
comparisons with codes using similar control, calculated by Equation 15: 
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𝑓𝑓𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐′ − 1,6 (15) 

This equation is obtained considering a scatter of ∆𝑓𝑓 = 4 𝑀𝑀𝑀𝑀𝑀𝑀 [6] to the same database. For instance, considering 
the cylinder compressive strength of 24th reference of Annex A, the Table 1 is obtained: 

Table 1- Expression of Reineck et al. [6] applied to two specimens 

Author Specimen 𝒇𝒇𝒄𝒄′  (𝑴𝑴𝑴𝑴𝑴𝑴) 𝒇𝒇𝒄𝒄𝒄𝒄(𝑴𝑴𝑴𝑴𝑴𝑴) 

Drangsholt, G.; Thorenfeldt, E. (1992) B11 51,60 𝑓𝑓𝑐𝑐𝑐𝑐 = 51,6 − 1,6 = 50,00 
B21 75,38 𝑓𝑓𝑐𝑐𝑐𝑐 = 75,38 − 1,6 = 73,78 

Moreover, the samples were restricted to data with a/d > 2.4 and beams with point loads. After this process, a 
database with 617 slender beams without stirrups with point loads used was obtained from 88 studies collected in the 
literature, according to Annex A. 

4.1 Design Models 

Having filtered data as input, the model codes in ACI 318 [3], ACI 318 [3], the Unified Approach [5], and ABNT: 
NBR 6118 [9] were used to calculate the shear strength of the complementary mechanism. Each of the models generates 
a prediction of the shear strength of the complementary mechanisms (𝑅𝑅 = 𝑉𝑉𝑐𝑐), by using data such as 𝑏𝑏𝑤𝑤, 𝑑𝑑, compressive 
strength, and 𝜌𝜌𝐿𝐿 for each of the beams. Furthermore, each of these beams were tested until failure, and the database 
contains the ultimate strength of the test (𝑆𝑆 = 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡). 

A satisfactory approach would have no tendencies, be as close to one as possible and have a small coefficient of 
variation. Additionally, when partial safety factors are considered, they should have an S/R>1 for most of the database, 
as shown in Reineck et al. [6], who used the 95% percentile for analysis of the ACI 318 [3]. This condition implies that 
the model predicted a lower resistance than measured in the test; therefore, the design would be reliable. Concomitantly 
S/R should not be much higher than 1, for project optimization. Henceforth, two upper limits (UL), establishing the 
percentiles of 5 and 10 of the results were set to analysis, and will be represented by a light blue dashed line (UL 5%) 
and a dark blue dashed line (UL 10%). This limit allows to identify optimum responses, i.e., closer to 1. The Figure 2 
illustrates these concepts. 

 
Figure 2- Dispersion points of analysis 

5 RESULTS AND DISCUSSIONS 

The distribution of the database through the analyzed parameter is in Figure 3, where the frequency per ranges of 
the parameters is exhibit: 
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Figure 3- Distribution of the data 

From the distribution, becomes clear the concentration of data in the first interval, except for 𝜌𝜌𝐿𝐿, associated with the 
technical difficulties with higher 𝑓𝑓𝑐𝑐′, 𝑎𝑎/𝑑𝑑, and 𝑑𝑑, hence, there is a need to expand the data to a better analysis. All the 
dispersion plots of S/R in relation to each of these parameters are in the following section. Additionally, in the Table 2 
are shown the upper limits (UL) to both 5 and 10% limits, obtained by establishing limits to the dataset in such way 
that the UL fractile are reached. 

Table 2- Upper Limits to 5 and 10% 

Model Upper Limit (5%) Upper Limit (5%) 
ACI 318-14 2,42 2,09 
ACI 318-19 2,17 1,87 

Frosch et al. [5] 2,37 1,97 
NBR6118-14 2,61 2,20 

The Unified Approach by Frosch et al. [5] and the Brazilian code present higher limits, which indicates more 
conservative results to the database. Furthermore, an expression related to mean and COV by the Equation 16 is 
proposed: 

𝑈𝑈𝑈𝑈 = 𝜇𝜇 + 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 (16) 

where 𝜇𝜇 is the mean and k is a factor related to the model sensitivity. The difference between 𝑈𝑈𝑈𝑈 and 𝜇𝜇 is the distance 
from the mean to the corresponding upper limit. Thus, 𝑘𝑘 indicates a distance normalized by the COV. From Table 2 
and Equation 16, considering the mean and COV obtained by the design codes model applied to the dataset (to be 
presented in sections 5.1 to 5.3), Table 3 is obtained: 

Table 3- Upper Limits to 5 and 10% 

Model Upper Limit (5%) Upper Limit (10%) 
ACI 318-14 𝑈𝑈𝑈𝑈 = 𝜇̅𝜇 + 2.33𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈 = 𝜇̅𝜇 + 1.50𝐶𝐶𝐶𝐶𝐶𝐶 
ACI 318-19 𝑈𝑈𝑈𝑈 = 𝜇̅𝜇 + 2.70𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈 = 𝜇̅𝜇 + 1.50𝐶𝐶𝐶𝐶𝐶𝐶 

Frosch et al. [5] 𝑈𝑈𝑈𝑈 = 𝜇̅𝜇 + 3.14𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈 = 𝜇̅𝜇 + 1.92𝐶𝐶𝐶𝐶𝐶𝐶 
NBR6118-14 𝑈𝑈𝑈𝑈 = 𝜇̅𝜇 + 2.51𝐶𝐶𝐶𝐶𝐶𝐶 𝑈𝑈𝑈𝑈 = 𝜇̅𝜇 + 1.51𝐶𝐶𝐶𝐶𝐶𝐶 

The Table 3 shows the Frosh et al. [5] approach as the more conservative, followed by the ACI 318 [4], instead of 
ABNT NBR 6118 [9]. 
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5.1 ACI 318 

Initially the two models of the North American Code are considered. The mean of S/R of the ACI 318 [3] for the 
filtered database was 1.49 with COV=0.40. Also, 6.96% of the values that have S/R<0.75. In juxtaposition, the new 
code (ACI 318 [4]) had a mean of 1.48 with COV= 0.25 with 0.48% of the values, for which S/R<0.75. The values 
agree with Kuchma et al. [8] although he has applied different filters to the same set. Additionally, the Upper Limits to 
both 5 and 10 percentiles are smaller in the newest version; therefore, the model presents an optimized design. 
Accounting the multitude of studies accumulating data in each portion, the dispersion could be better evaluated per 
intervals. 

5.1.1 Compressive Strength 

Figure 4, exhibit ACI 318 [3] (yellow) and ACI 318 [4] (blue) regarding compressive strength. As shown in Figure 
3, the interval from 20 to 40 MPa, comprehends most of the test results. Hence, is expected that standard deviation 
increases. However, is possible to see a strong trend of decreasing in S/R mean as compressive strength increases that 
is not related to this. The ranges concentrating most of the values against safety are 60-100 MPa, with higher COV and 
lower means. The standard under analysis stipulates, for the calculation of a maximum value for 𝑉𝑉𝑐𝑐 of 𝑓𝑓𝑐𝑐′ = 82.76MPa, 
which may help to reduce the variation associated with this parameter. Moreover 𝑈𝑈𝐿𝐿5 and 𝑈𝑈𝐿𝐿10 delineates a more 
conservative model between 20 and 40 MPa. Although the newest code version has a smaller band of dispersion there 
are more results above 𝑈𝑈𝐿𝐿10. 

 
Figure 4- S/R in relation to 𝑓𝑓𝑐𝑐′ to ACI 318 [3] (yellow) and ACI 318 [3] (blue) 

The Table 4 expose in detail the tendencies of this dataset. 

Table 4- ACI 318 [3] and ACI 318 [4] results 

N 𝒇𝒇𝒄𝒄′  (MPa) ACI 318 [3]  ACI 318 [4] 
S/R<1 (%) Mean COV S/R<1 (%) Mean COV 

423 20-40 13.71 1.52 0.40 1.18 1.56 0.24 
86 40-60 10.47 1.48 0.29 1.16 1.44 0.19 
60 60-80 33.33 1.40 0.49 30,00 1.24 0.30 
48 80-100 20.83 1.29 0.35 18.75 1.2 0.23 

In the newest code version, a reduction in the S/R<1 values, is noted, with 33 tests for this formulation and only 
three, considering the factor φ=0.75 indicating both model guarantees the safety, and it can still be optimized. Lower 
COV's in all intervals, with an observed tendency to decrease with the increasing in compressive strength, is presented, 
even more accentuated than the previous formulation. Similar patterns are also observed in relation to the results with 
an S/R<1 in the intervals. Bažant et al. [18], observed the same trend, attesting the proportionality with √𝑓𝑓𝑐𝑐 ' as 
satisfactory, which Kuchma et al. [8] ratify, when analyzing this parameter in the new standard. Since both curves use 
this proportionality, the result reiterates this understanding. 
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5.1.2 Shear Span to Effective Depth Ratio 
The Kani’s Valley stats that when 𝑎𝑎/𝑑𝑑 ≥ 2.40 the contributions of the shear transfer cross-section mechanisms are 

preponderant, linearly approaching itself to the prediction of the theory of plasticity as the ratio reaches values ranging 
from 6 to 8 [10], [12], [15], [16]. Hence, it is useful to group in intervals that may allow a better analysis among them. 
Figure 5 show the model error (S/R) in relation to span to depth ratio (a/d). This filtered dataset only has only beams 
with 𝑎𝑎/𝑑𝑑 ≥ 2.40 . There are no trends concerning the data in the ACI 318 [3]. In turn, the ACI 318 [4], presents a slight 
decrease trend. Finally, the 𝑈𝑈𝐿𝐿5 and 𝑈𝑈𝐿𝐿10 demonstrates most of the highly conservative values located between 2.4 <
𝑎𝑎/𝑑𝑑 < 3, where the shear transfer cross-sections mechanisms are preponderant, as stated in section 2.2. Notably, ACI 
318 [4] is more conservative (more values above 𝑈𝑈𝐿𝐿10). 

 
Figure 5 - S/R in relation to 𝑎𝑎/𝑑𝑑 to ACI 318 [3] (yellow) and ACI 318 [3] (blue) 

The Table 5 shows the results obtained per interval in detail. 

Table 5 – S/R x a/d results 

N 𝒂𝒂/𝒅𝒅 (-) ACI 318 [3]  ACI 318 [4] 
S/R<1 (%) Mean COV S/R<1 (%) Mean COV 

390 2.40 – 3.55 19.74 1.48 0.45 5.90 1.54 0.46 
154 3.55 – 4.70 11.04 1.54 0.30 4.54 1.43 0.19 
45 4.70 – 5.85 2.22 1.47 0.16 2.22 1.36 0.10 
28 5.85 – 8.15 0.00 1.41 0.19 3.57 1.29 0.16 

Two main trends appear from the analysis, i.e., the COV’s are smaller for the ratios above 4.70 and most of results 
where S/R<1 is in the first intervals. Both have feasible explanations in the Kani’s study. For higher values of a/d, the 
approximation of the current version leads to satisfactory results. Nonetheless, the first intervals, where the cross-
section mechanisms govern the shear transfer, have the most significant fraction with S/R<1. 

The simplified version approximates the a/d ratio through the 𝑉𝑉𝑑𝑑/𝑀𝑀 term, through the 0.166λ coefficient without 
significant changes. Additionally, the decreasing values of the mean in the new formulation, may be related to the 
consideration of longitudinal reinforcement by the term 𝜌𝜌𝐿𝐿, to be discussed in next section. 

5.1.3 Longitudinal Reinforcement Ratio (𝝆𝝆𝑳𝑳) 
Figure 6 exhibit a clear tendency to increase in the S/R mean in the ACI 318 [3] that does not explicitly include the 

influence of this parameter on strength. To light reinforced beams parameters this design has most of the non-
conservative values. Similarly, most of excessively conservative results lay on the beams with greater reinforcement 
ratios. 

The ACI 318 [4] presents no notable trends regarding this parameter, indicating the introduction of 𝜌𝜌𝐿𝐿 as an efficient 
way to correct this design. Furthermore, the upper limit to oldest version shows interval between 2 to 3%, holding most 
of the highest conservative values. However, there is a strong tendency which affect this analysis. The newest code is 
more conservative with no appreciable localized changes regarding 𝑈𝑈𝐿𝐿5 and 𝑈𝑈𝐿𝐿10. To analyze the changes in the 
database, it is useful to group through intervals, once more, obtaining the Table 6. 
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Figure 6- S/R in relation to 𝜌𝜌𝐿𝐿 to ACI 318 [3] (yellow) and ACI 318 [3] (blue) 

Table 6- S/R x 𝜌𝜌𝐿𝐿 results 

N 𝝆𝝆𝑳𝑳 (%) ACI 318 [3]  ACI 318 [4] 
S/R<1 (%) Mean COV S/R<1 (%) Mean COV 

168 0-1.30 50.00 1.00 0.30 10.71 1.41 0.20 
232 1.30 – 2.60 4.74 1.47 0.23 4.74 1.47 0.21 
154 2.60 – 3.90 1.32 1.75 0.26 2.63 1.50 0.24 
68 3.90 – 6.70 0.00 2.29 0.39 0.00 1.62 0.39 

The most of results against safety are found in lightly reinforced beams whereas higher COV's and predictions with 
higher means are observed for the experiments with higher 𝜌𝜌𝑤𝑤 rates. When considering longitudinal reinforcement rate 
with the proportion �𝜌𝜌𝐿𝐿3  directly, trends were not recognized. Lower COV's were obtained compared with the previous 
approach, although there is still a tendency for the S/R ratio to increase with the reinforcement ratio. In addition, lightly 
reinforced beams retain, proportionally, most of the designs against safety, and for higher reinforcement ratio, 
oversizing occurs, with higher COV’s. 

This effect was studied by El-Ariss [19] who, when adjusting a numerical model, specifically for the contribution 
of the pin action of the longitudinal reinforcement, observed its contribution was essential to lightly reinforced beams, 
for a correct prediction, pointing the need to investigate how other parameters as compressive strength and bar diameter 
affected the contribution of this mechanism. 

5.1.4 Effective Depth 
The Figure 7 show a remarkable trend of mean decreasing as the effective depth increases to the ACI 318 [3]. In 

the turn, the new design code, significantly corrects the model error in first intervals, leading to smaller S/R, and 
increasing its value in the rest of dataset. 

 
Figure 7- S/R in relation to 𝑑𝑑 to ACI 318 [3] (yellow) and ACI 318 [3] (blue) 

Table 7 exhibit in detail the trends regarding the beam depth. There is an increase in predictions against safety 
(S/R<1) with the increase in the height of the beams under analysis, which together with the COV’s in the settled 
intervals, attest the reliability of the trend. Regardless, in the ACI 318 [4] there is a significant reduction in data with 
inadequate design, with a lower mean of 1.31 in the intervals taken, with lower coefficients of variation, indicating a 
good fit through the adoption of the factor for the size effect. The proposed upper limits delineate the most conservative 
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values in the smaller beam depth to both design code. Even though the ACI 318 [4] is more conservative there were 
small changes regarding the values above 𝑈𝑈𝐿𝐿5 and 𝑈𝑈𝐿𝐿10, but with less tendencies. 

Table 7- S/R x d results to ACI 318 

N 𝒅𝒅 (mm) ACI 318 [3] ACI 318 [4] 
S/R<1 (%) Mean COV S/R<1 (%) Mean COV 

225 0-250 1.78 1.86 0.35 2.22 1.58 0.28 
298 250-500 10.40 1.40 0.27 4.36 1.42 0.19 
37 500-750 48.65 1.09 0.34 18.92 1.39 0.25 
33 750-1000 81.82 0.78 0.37 27.27 1.31 0.28 
24 1000-2000 75.00 0.78 0.39 4.17 1.61 0.18 

Baẑant's approach, which was adopted in the new version of the code, performs an asymptotic analysis of concrete, as a 
quasi-brittle material, between the constant resistance prescribed by the theory of plasticity, and the Linear Elastic Fracture 
Mechanics (LEFM), which claims the inelastic process zone as negligible compared to cross-section dimensions. 

Since even for data with dimensions of the order of 2 m in height, good fits were obtained by applying the factor, 
the FPZ did not become negligible for the range adopted, with a transitional formulation between the LEFM and the 
plasticity theory being adequate. 

5.2 Unified Approach 
Using the proposed expression of Frosch et al. [5], the mean to the database was 1.59 with COV=0.27. Only eight 

results had S/R≤ 1 and one bellow 0.75. This proposal was calibrated to this database on Frosch et al. [5]. The model 
has the highest upper limit in the analysis with the more conservative design. 

5.2.1 Compressive Strength (𝒇𝒇𝒄𝒄′ ) 
The Figure 8 show S/R in relation to 𝑓𝑓𝑐𝑐′ to this approach. First, no trends are noted, and the approach is the more 

conservative. This is also corroborated by the upper limits, which shows more values above them across the intervals. 
However, the same interval (20-40 MPa), still has the most values above the proposed upper limits. A more detailed 
analysis is possible by filtering the data similarly to the last section, as show in Table 8. 

 
Figure 8- S/R in relation to 𝑓𝑓𝑐𝑐′ to Frosch et al. [5] 

Table 8- S/R x 𝑓𝑓𝑐𝑐′ to the Unified Approach 

N 𝒇𝒇𝒄𝒄′  (MPa) S/R<1 (%) Mean COV 
423 20-40 0.44 1.61 0.28 
86 40-60 0.00 1.59 0.20 
60 60-80 10.00 1.50 0.35 
48 80-100 0.00 1.52 0.21 
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The COV’s have more uniformity among the groups and the same decreasing trend whereas 𝑓𝑓𝑐𝑐′increases. The 
formulation remains satisfactorily in favor of safety along the compressive strengths. Since 𝑓𝑓𝑐𝑐′ is considered with the 
same proportion of the previous code, considering the depth of the uncracked compressed zone and the scale effect may 
be one of the generators of the distinction among the analyzed data. 

5.2.2 Shear Span to Effective Depth Ratio 

Figure 9 shows S/R in relation to a/d. Once more, no strong trends are present. This is expected because this 
parameter is not directly considered. However, the dispersion band and S/R through the intervals are different. Thus, 
the Table 9 show the dataset information in detail. Once more the upper limits allow to demonstrate that the highest 
values are between 2.0 to 3.0 as explained in section 2.2. 

 

Figure 9- S/R in relation to 𝑎𝑎/𝑑𝑑 to Frosch et al. [5] 

Table 9- S/R x a/d to the Unified Approach 

N a/d (-) S/R<1 (%) Mean COV 
392 2.40 – 3.55 0.26 1.84 0.25 
154 3.55 – 4.70 0.00 1.51 0.16 
47 4.70 – 5.85 0.00 1.43 0.12 
25 5.85 – 8.15 0.00 1.45 0.20 

In general, there is a reduction in COV's while a/d ratio approaches itself to the right level of the Kani valley. 
Muttoni and Ruiz Fernandez [10] obtained good adjustments for the ranges 2.47 to 3.0, extended in Ruiz 
Fernandez et al. [2] to 4.5, considering the contribution of the shear transfer mechanisms of the cross-sections. 

In juxtaposition, the formulation by Frosch et al. [5] is close to these authors, considering the depth of the cracked 
compression zone, calculated to contemplate the higher rigidity of the reinforcement and consequent alteration of the 
compressed zone and obtained designs with satisfactory performance in all ranges. 

5.2.3 Longitudinal Reinforcement Ratio (𝝆𝝆𝑳𝑳) 

Figure 10 shows the S/R in relation to 𝜌𝜌𝐿𝐿 to this approach. Notably, no trends are present, and the results are 
dispersed in a more uniform manner in a smaller band, over all the dataset. The same interval (2 to 3%) has most of the 
values above the upper limits. 
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Figure 10- S/R in relation to 𝜌𝜌𝐿𝐿 to Frosch et al. [5] 

Dividing in intervals by the same criteria, Table 10 is obtained: 

Table 10 – S/R x 𝜌𝜌𝐿𝐿 to the Unified Approach 

N 𝝆𝝆𝑳𝑳 (%) S/R <1 (%) Mean COV 
168 0-1.30 2.98 1.61 0.30 
232 1.30 – 2.60 1.29 1.54 0.19 
152 2.60 – 3.90 0.00 1.57 0.28 
65 3.90 – 6.70 0.00 1.72 0.37 

In the intervals taken there are no observable trends; therefore, there is a correct consideration of the term, although 
higher COVs are still observed for higher rates of longitudinal reinforcement. The dispersion band is the smallest among 
the considered design to this dataset, nevertheless, this approach also has the more conservative approach. 

5.2.4 Effective Depth 
Figure 11 shows S/R in relation to 𝑑𝑑 to this approach. No trends until 𝑑𝑑 is over 1000mm where an increasing 

trend occurs. This dispersion is like ACI 318 [4] but is more conservative, mainly to the smaller beam depths. 
Even after the size affect factor, the smallest beams depth concentrates most of the values above 𝑈𝑈𝐿𝐿5 and 𝑈𝑈10. 
This may be related to correlation between longitudinal reinforcement and size effect, which was not considered 
on this approach. Utilizing the same intervals to this parameter to the previous code the Table 11, is obtained 
to analyze in detail. 

 
Figure 11- S/R in relation to 𝑑𝑑 to Frosch et al. [5] 
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Table 11 – S/R x 𝑑𝑑 to the Unified Approach 

N 𝒅𝒅 (mm) S/R <1 (%) Mean COV 
225 0-250 0.00 1.70 0.25 
298 250-500 0.34 1.48 0.20 
37 500-750 10.81 1.49 0.32 
33 750-1000 9.09 1.50 0.24 
24 1000-2000 0.00 2.06 0.47 

Good adequacy is denoted by the smaller dispersion band, by the mean of S/R demonstrating results closer to those 
tested and with less variation for the distinct ranges, with adequate values for practical purposes. 

The size effect is also calculated with 𝛼𝛼 ×  𝑑𝑑1/2, but there is a difference. The transitional dimension 𝑑𝑑0 is a function of the 
ZPF, and it is sensitive to the inhomogeneities of the material [20]. In this model, even when a transversal reinforcement greater 
than the minimum is provided, a size effect could be applied if 𝑑𝑑 ≥ 2,54𝑚𝑚, i.e., a suppression to size effect may occur, but it 
will not become negligible as the height increases. The adjusted value for the database under analysis provides more conservative 
results for the lower range, and the with adequate adjustment for higher beams. 

5.3 ABNT: NBR 6118 [9] 
The application of the Model I formulations of the Brazilian standard provides a mean of 1.58 with COV= 0.42 and 

14.10% with S/R<1. Moreover, the upper limit to the fractile of 5 (𝑈𝑈𝐿𝐿5 = 2,61), is the most conservative among all 
the analyzed approaches. 

5.3.1 Compressive Strength (𝒇𝒇𝒄𝒄𝒄𝒄) 
It is important to comprehend that 𝑓𝑓𝑐𝑐𝑐𝑐 is different from 𝑓𝑓𝑐𝑐′ (which is related to the 10%) control of acceptable results. The 

same trends concerning the highest conservative models are obtained to this model, i.e., on the range 20 to 40 MPa. The results 
obtained after the calculations are exposed in the Figure 12. The S/R in relation to 𝑓𝑓𝑐𝑐′ have a similar trend to ACI 318 [3], i.e., 
there is a decrease trend over the dataset, slightly more prominent. The Table 12 shows the dataset results in detail. 

 
Figure 12- S/R in relation to 𝑓𝑓𝑐𝑐′ to NBR 6118:2014 

Table 12 – S/R x 𝑓𝑓𝑐𝑐𝑐𝑐 to NBR 6118: 2014 

N 𝒇𝒇𝒄𝒄𝒄𝒄 (MPa) S/R <1 (%) Mean S/R COV 
423 20-40 11.35% 1.65 0.41 
86 40-60 11.63% 1.48 0.29 
60 60-80 31.67% 1.43 0.32 
48 80-100 22.92% 1.29 0.37 

Eighty-seven of S/R results are below 1. As the NBR factor of 1.4 was considered, the ϕ=0.75 usual to American codes are 
not considered. In addition, there is a high dispersion, which is expected, based on what was previously discussed for the 
American code ACI 318 [3], i.e., the contribution of concrete calculated by Model I of the code does not consider the size effect, 
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nor the change of the rate of longitudinal reinforcement. The proportionality to 𝑉𝑉𝑐𝑐 with the compressive strength is calculated by 
�𝑓𝑓𝑐𝑐𝑐𝑐2
3  for values below 55 MPa and by a function of the natural logarithm for higher values, distinct from the previous codes. 

In the initial ranges there are fewer predictions against safety, compared with the ACI code 318 [3], with non-
negligible coefficients of variation. The trend with increasing resistance is also towards a reduction in the S/R factor, 
as shown by the increase in the S/R<1 column and decrease in the mean. When compared with both ACI 318 [4] and 
the Unified Approach, the trends regarding this parameter are similar. 

5.3.2 Shear Span to Effective Depth Ratio (a/d) 

The Figure 13 shows S/R in relation to a/d. First, no trends are presented in the dispersion, being the differences 
observed in the previous approaches in the COV`s observed, as well as the dispersion band of the dataset. 

 

Figure 13- S/R in relation to 𝑎𝑎/𝑑𝑑 to NBR 6118:2014 

Considering the explained intervals, the Table 13 is obtained. Where the Brazilian code shows the same behavior 
presented in the ACI 318 [3], i.e., no trends concerning the mean, most of the results with S/R<1 are located next to 
inflection point of Kani’s valley and the lesser COV’s are also in the higher a/d values. Hence, the influence of not 
considering a/d appears increasing the variance, and consequently the fraction to which S/R<1 near to a 𝑎𝑎/𝑑𝑑 = 2.4. 

Table 13 - S/R x a/d to NBR 6118: 2014 

N 𝒂𝒂/𝒅𝒅 (-) S/R <1 (%) Mean COV 
392 2.40 – 3.55 17.44 1.58 0.48 
154 3.55 – 4.70 10.39 1.61 0.31 
47 4.70 – 5.85 2.22 1.61 0.17 
25 5.85 – 8.15 0.00 1.55 0.20 

5.3.3 Longitudinal Reinforcement Ratio (𝝆𝝆𝑳𝑳) 

The results of S/R in relation to 𝜌𝜌𝐿𝐿, to Brazilian code, are in the Figure 14. The current Brazilian design code has 
most of the values to which S/R<1 to light reinforced beams, with a strong increase trend. The same pattern was 
observed and analyzed in the ACI 318 [3], pointing some similar correction to this trend may be effective. 
Simultaneously, the range of 2 to 3% has most of the values above the proposed upper limits. Alternatively, the unified 
approach proposal [5], could be use. Nevertheless, this change implies in considering the depth of the compressed zone, 
a substantial transition from our current design. 
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Figure 14- S/R in relation to 𝜌𝜌𝐿𝐿  to NBR 6118:2014 

The details of this dispersion are shown in the Table 14. Once more, the trends of this code are like ACI 318 [3], 
with the most results to which model error are below 1 regarding longitudinal reinforcement occurring for the light 
reinforced beams and the excessively safe outcomes in the higher 𝜌𝜌𝐿𝐿. 

Table 14 - S/R x 𝜌𝜌𝐿𝐿 to NBR 6118: 2014 

N 𝝆𝝆𝑳𝑳 (%) S/R <1 (%) Mean COV 
168 0-1.30 44.05 1.05 0.32 
232 1.30 – 2.60 5.17 1.54 0.25 
152 2.60 – 3.90 1.32 1.87 0.27 
65 3.90 – 6.70 0.00 2.42 0.42 

Samora et al. [21] state that, from tests like those contained in this database, within the same range of compressive 
strength, for the lowest rates of longitudinal reinforcement, there was a greater contribution of the other complementary 
mechanisms, increasing with the increase in strength in compression and decreasing with the diameter of the bar. 

An explanation is based on the study of Krefeld and Thurston [22], which is also used by Ruiz Fernandez et al. [2] in the 
model incorporated in the Swiss standard, Critical Shear Crack Theory (CSCT), which considers other parameters such as 
spacing between bars of reinforcement, diameter of bars, concrete tensile strength, and deformations in the reinforcement, 
obtaining adequate fits. Hence, the formulations under analysis presenting a direct proportionality only with the rate of 
reinforcement may underestimate the contribution of this mechanism, which would induce high S/R values. 

5.3.4 Effective Depth 
The Figure 15 exhibit S/R in relation to 𝑑𝑑 for the Brazilian code. A strong decrease trends, like ACI 318 [3] occurs, 

i.e., excessively conservative design for shallow beams, decreasing until non conservative results to higher beam depth. 
The excessively conservative design occurs to smallest beams depth. Once more, as the trends are near the old north 
American code, the incorporation of a size effect factor could result in a more reliable design. 

 
Figure 15- S/R in relation to 𝑑𝑑 to NBR 6118:2014 
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Finally, disposing the results to analysis in the same intervals, Table 15 is obtained. There is a clear trend towards 
a reduction in the S/R mean with increasing height, with COV`s in the same range as those found in the ACI 318 [3] 

There is a gradual increase in predictions against safety with the effective depth, juxtaposed with lower means, even 
below 1, for the last range. This parameter, together with the longitudinal reinforcement rate, are the strongest 
influences, which could provide optimized dimensions if adjusted to the Brazilian standard. 

Table 15 - S/R x d to NBR 6118 [9] 

N 𝒅𝒅 (mm) S/R <1 (%) Mean COV 
225 0-250 2.22 1.96 0.38 
298 250-500 9.40 1.49 0.28 
37 500-750 37.84 1.14 0.38 
33 750-1000 75.76 0.80 0.39 
24 1000-2000 70.83 0.85 0.42 

Considering that increasing higher beams depths are being used in engineering practice there is a need to correct 
this trends that may lead to unsafe design conditions to higher beam depths. A correction may be realized in two steps: 
1- A minimum square regression using a power law (like ACI 318 [4]) to a 𝜌𝜌𝐿𝐿 factor; 
2- A linear regression to dataset after (1), after applying a transformation in 𝑑𝑑 using size effect law. 

These steps result in: 

𝑉𝑉𝑐𝑐 = 5.2𝛾𝛾𝑒𝑒𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑤𝑤𝑑𝑑𝜌𝜌𝐿𝐿0.44 (17) 

where 𝛾𝛾𝑒𝑒 is: 

𝛾𝛾𝑒𝑒 = �
1,53

1+ 𝑑𝑑
254

   (18) 

Leading to Figure 16, where S/R is represented as Model Error (ME). No notable trends are present, pointing to a 
better approach, which still must calibrate its partial safety factors. The purple line represents 𝑈𝑈𝐿𝐿10 to this model in 
𝑈𝑈𝐿𝐿10 = 1.60. The fitting curve and the analysis of this model is still in study. 

 
Figure 16- Model Error (ME) to the proposed model. 

6 CONCLUSIONS 
The analysis of the selected parameters has allowed to outline trends, as well as to analyze sources of dispersion of 

predictions not only in a global manner, but in localized phenomena, e.g., the 𝑎𝑎/𝑑𝑑 influence over the model error, and 
the tendencies regarding longitudinal reinforcement ratio. In Annex B there is a summary of the main conclusions 
obtained through this study 
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When comparing the ACI 318 [3] and ACI 318 [4], the non-consideration of the size effect and the longitudinal 
reinforcement ratio directly generates a larger dispersion band and non-conservative results for higher depths and lightly 
reinforced concrete beams, respectively. Therefore, the benefit of incorporating these parameters is notorious. The 
improved observed behavior with the proper consideration of these effects emerges even clearer when the Unified 
Approach by Frosh et al. [5] is introduced. In this model, the calculation considering the concrete and reinforcement 
stiffnesses, also the reinforcement ratio through the depth of compression zone, leads to the best results. However, it 
was also the more conservative model. 

Finally, the ABNT: NBR 6118 has provided results like the North American previous code (ACI 318 [3]), which 
suggests the benefits of incorporating the size effect and the urgency to adapt to the Brazilian standard, considering the 
increasing dimensions of the structural elements used currently. The joint exposure of American codes (previous and 
current version) to the filtered database provides an overview of the changes generated by applying 𝜌𝜌𝐿𝐿 and 𝜆𝜆𝑠𝑠 factor, 
which provide a basis for the analysis of the current Brazilian code. As a suggestion, two steps adjust is suggested 
considering the obtained results. The results briefly introduced exhibits the proposed model reduced tendencies and 
may be calibrated to the targeted safety, which is still in study. 
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ANNEX B – CONCLUSION SUMMARY 

Parameter 
Design Formulation 

ABNT:NBR6118 (2014) ACI 318 (2014) ACI 318 (2019) Frosch et al. (2017) 

𝑓𝑓𝑐𝑐′ 
There is a decrease trend over 

the dataset, slightly more 
prominent 

A strong trend of 
decreasing in S/R 

mean as compressive 
strength increases 

Decreasing in S/R mean 
as compressive strength 

increases 

No trends are noted, and the 
approach is the more conservative 

a/d 

No trends concerning the 
mean, most of the results with 

S/R<1 is located next to 
inflection point of Kani’s 

valley 

No trends concerning 
the mean, most of the 
results with S/R<1 is 

located next to 
inflection point of 

Kani’s valley 

a slight decrease trend No strong trends are present 

𝜌𝜌𝐿𝐿 

Most of the values to which 
S/R<1 to light reinforced 

beams, with a strong increase 
trend 

Most of the values to 
which S/R<1 to light 

reinforced beams, with 
a strong increase trend 

Presents no notable 
trends regarding this 

parameter, 

No trends are present, and the 
results are dispersed in a more 

uniform manner 

d 

A strong decrease trends 
occurs, with excessively 
conservative design for 

shallow beams, decreasing 
until non conservative results 

to higher beam depth 

A strong decrease 
trends occurs, with 

excessively 
conservative design 
for shallow beams, 

decreasing until non 
conservative results to 

higher beam depth 

Significantly corrects 
the model error in 

shallow beams, leading 
to smaller S/R, and 

increasing its value as 
the beam depth 

increases 

This dispersion is like ACI 
318:2019 but is more 

conservative, mainly to the 
smaller beam depths 
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