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Abstract

In the last years, many design code models of one-way shear strength have been replaced or improved.
However, the Brazilian code model did not follow the same tendency. In this study, we purpose to
discuss and compare the theoretical and mechanical basis of different design code models for one-
way shear of reinforced concrete members without stirrups. To this, we bring together the models
provided in design codes for concrete structures from different countries. Apart from that, we
compare the experimental shear capacities with the one provided by these models for two tests
described in the literature. The ratio between experimental shear capacities varied between 0.80 to
1.33 for the test W105 and between 0.43 to 0.91 for the test AT-1. The main parameter changed
between these two tests was the member thickness, which changed from 0.21m in the first to 0.91 m
in the second. In this study, we conclude that design code models that incorporate parameters to deal
with the size effect and shear slenderness show a higher level of accuracy regardless of the member
thickness. Furthermore, the model of shear strength provided by the ABNT NBR 6118:2014 needs to
be replaced or improved to be used for members of large thicknesses.
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1 Introduction

The shear strength of reinforced concrete members without stirrups is one of the main topics studied
in the literature. Proof of that is a large number of semi-empirical and mechanical based models
described in the technical literature and provided by design codes (Bentz et al., 2006; Cladera et al.,
2016; Muttoni & Fernandez Ruiz, 2008). Between the reasons for this, we can cite the absence of
well-accepted models of shear strength that balance accuracy with the easiness of use for the daily
engineer. Apart from that, many researchers disagree about the main shear transfer mechanisms and
on what drives the shear failure.

In the last ten years, several professional associations replaced or improved models of shear strength
in design codes for one-way reinforced concrete members without stirrups (AASHTO, 2017; ACI
Committee 318, 2019; AS 3600, 2018; fib, 2012). This move occurs mainly to correct unsafe
predictions of shear strength for members with large thicknesses. Since shear failure usually occurs
without reinforcement yielding, they can develop sudden and require costly repair tasks (Burgoyne
& Scantlebury, 2006; Johnson et al., 2007; Kottari et al., 2020). On the contrary way to most
countries, the one-way shear model provided in the Brazilian code (ABNT NBR 6118 2014) for
reinforced concrete members without stirrups was not replaced or improved in the last revision.
Therefore, unsafe predictions of shear strength can occur if the model is used outside of the conditions
recommended in the technical literature (Joint Technical Committee ABECE/IBRACON, 2015).
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We purpose to discuss the limitations of the Brazilian code model for one-way shear strength of RC
members without stirrups and review the main models of shear strength used in codes of practice. For
this, we bring together the main shear models provided by different design codes and we explain the
background of each model. Apart from that, and we compared the experimental and predicted shear
capacities by different models for two tests: (i) test W105 from Conforti et al. (Conforti, Minelli, and
Plizzari 2017) and (ii) test A1-T1 from Lubell (Lubell 2006).

2 One-way shear models
2.1 Brazilian code - ABNT NBR 6118:2014

According to item 19.4.1 of the Brazilian code, the one-way shear strength of reinforced concrete
slabs without transverse reinforcement is calculated as follow:
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trd IS the shear strength stress calculated from the concrete's tensile strength; k is a coefficient that
depends on the longitudinal reinforcement ratio that reaches the supports and the effective depth d,
which works like a simplified size effect parameter. p) is the longitudinal reinforcement ratio; ocp is
the normal stress due to prestress, and by and d are the cross-section dimensions in a distance d from
the support edge.

2.2 European code - NEN 1992-1-1:2005

According to 86.2.2 of the European code NEN 1991-1:2005 (CEN, 2005), the one-shear strength of
reinforced concrete members without shear reinforcement is calculated by (SI units: fck in [MPa]):
Ved.cecz = [CRd,ck(loopl fou ) + Kioe, ] b,d > (V +kog, )bwd (8)
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Crd,c IS an empirical factor used for characteristic shear strength calculations and it was derived from
comparison with experimental results (Regan, 1987) and calibrated through reliability analysis on
176 beams tests (Konig & Fischer, 1995). Craq,c may be calculated as 0.18/yc; where y. is the partial
safety factor for concrete in shear, generally equal to 1.5; k and vmin are coefficients that assume values
of according with the national annex of each country, with recommended values in the Dutch annex

(CEN, 2005) of k = 0.15 and v,,;,=0.035k"”./f",.. The effect of loads applied within 0.5d < a, < 2d to

the shear force Veq may be multiplied by 0.25 < fec < 1, which accounts for the improved arching
action for this load.



While some models allow deal with the problem of members under concentrated loads close to the
support by reductions of the acting shear load by the sake of simplicity (CEN, 2005; fib, 2012). Others
consider that for non-slender members (a/d<2.5), the problem should be solved by strut and tie-
methods (Jackson et al., 2007; Vollum & Fang, 2015).

2.3 American code - ACI 318:2014

The model from ACI 318:2014 was developed by MacGregor & Hanson (MacGregor and Hanson
1969) and present two approaches for calculation. The simplified method considerer only the
influence of the concrete tensile. Note that this method does not considered the influence of the
longitudinal reinforcement ration, shear slenderness, and size effect in the shear strength. In the
detailed formula, on the other hand, it is accounted for the influence of the shear slenderness and
longitudinal reinforcement ration in the shear strength. However, for many years the first equation
was well accepted for engineers due to its simple format for the daily practice and the conservative
results for design. Apart from that, the detailed equation also does not consider the size effect, which
was the most concerning for many years until the replacement of this code in 2019.
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2.4 fib Model Code 2010

The fib Model Code 2010 (fib, 2012) shear provisions introduce the approach entitled "Levels of
Approximation - LoA" for shear calculations in the design and assessment of existing structures. This
approach means that different levels of accuracy in the prediction of the shear strength may be
required according to the design situation, which will demand less or more refined calculations
models. For instance, in LoA |, fewest parameters are required for the sake of simplicity and
conservative assumptions are made in order to reach safe predictions of capacity, which is the
preferable case for the design of new structures or preliminary calculations of more complex
structures. In LoA Il of approximation, a higher number of parameters are required, which will
increase the calculations but will improve the accuracy of the prediction, with a lower level of
conservatism. Both methods are raised in the Simplified Modified Compression Field Theory
(SMCEFT), which warrants a physical explanation for most parameters (Bentz et al., 2006).

The shear strength of reinforced concrete members without shear reinforcement is calculated in
§7.3.3.2 of fib Model Code 2010 by (with fe in [MPa]):
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In high strength concretes, shear cracks go through the aggregate particles rather than around, which
provides smoother surfaces of contact between the two portions of the cracks and decrease the

aggregate interlock (Walraven, 1981). Due to this behavior, the value ./ f. is limited to a maximum



of 8 MPa. ky is the factor accounting the tensile stresses in the cracked concrete by a combination of
a strain effect factor (ex) and size effect factor (member size z), and is equal to the factor g in the
original Simplified Modified Compression Field Theory (Bentz et al., 2006).
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The strain effect accounts for the reduced capacity of transfer shear forces under large crack openings,
which means considerer the shear slenderness effect. The aggregate size is considered within Kqg,
where dg is the specified maximum size of the aggregate (Sigrist et al., 2013). Due to the same reason

of limit /., < 8MPa, dyshould assume a value zero for high strength concretes. kqq is defined as:

3
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In the LoA I, ky is simplified by assuming kqg = 1.25, which means a maximum aggregate size > 9.6

mm, and &x = 0.00125 or half of the yield strain of the longitudinal reinforcing bars with fyx = 500
MPa (Sigrist et al., 2013). Therefore, k, for LOA | becomes:

>1.75 (14)
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Similar shear provisions are included in the Canadian design code (CSA Committee A23.3, 2004).

2.5 American code - ACI 318:2019

In the ACI 318:2019 shear provisions, the shear capacity owing to concrete is calculated in different
ways for members with or without stirrups, as follows in S.1. units:
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Ay is the shear reinforcement ratio; A is the coefficient to account for reduced shear capacities with
lightweight concretes. The new provisions from ACI 318:2019 (ACI Committee 318, 2019)
outstanding compared to the previous one (ACI Committee 318, 2014) by including a size effect
parameter As, which is based on the fracture mechanics (Bazant et al., 2007). However, the new model
also provides improvements regarding its physical meaning:

- While in the previous version, the ultimate shear strength was assumed as the diagonal cracking
strength (Belarbi et al., 2017), which is not based in a physical model, the updated version agrees
better with models based on the compression chord capacity.

- The influence of axial loads is better described in the new model, since the effect of axial loads
and prestressing forces are dealt with the same formulation (Kuchma et al., 2019), while in the
previous version there were different formulas to take into account the same effect.

Different formulas calculate the concrete contribution to the shear strength for members with and

without shear reinforcement. Note that for members with the minimum amount of shear
reinforcement the size effect is not considered.

2.6 Swiss Code SIA 262:2013

The shear strength calculation model provided in the Swiss code SIA 262: 2013 is based on the critical
shear crack theory (CSCT) (Muttoni & Fernandez Ruiz, 2008). The shear strength per unit length is
given by:
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If the reinforcement remains in the elastic regime, the longitudinal strain in the design section &, shall
be determined according to:
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If the plastic deformations of the reinforcement cannot be neglected &y can be calculated by:

f
&y ::L5E_yd (27)
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The acting bending moment per unit length meq and the yielding moment per unit length mg shall be
calculated at a control section located at a distance d/2 from the plate of load introduction or the edge
of the support. The flexural strength mr can be calculated, assuming a plastic behaviour of the
reinforcement after yielding, as:

f
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3 Reference tests

In this study, we used as reference tests: (i) W105-phil4 from Conforti et al. (Conforti et al. 2017)
and (i) test A1T1-East from Lubell (Lubell 2006). Table 1 shows an overview of the section and
material parameters of these tests. Table 1 shows that the main geometrical difference between these
two tests refers to the member thicknesses d. Since both tests were loaded over the full width, we
neglect the influence of the member's width in the shear behavior. In Table 1, the ratio a/d is the shear
slenderness parameter used in this study, on which “a” is the distance between axes of support and
loading plate.

Table 1 - Parameters overview from the reference tests.

Parameter Test 1 Test 2
Test W105@14 AlT1
b (m) 0.105 2.016
d (m) 0.21 0.916
ald [-] 2.50 2.95
p1 (%) 1.4 0.76
pt (%) 0 0.018
fy (MPa) 546 465
fem (MPa) 44.4 64
dag (mm) 16 10
Vexp (KN) 26 1133

4 Results and Discussions

In this study, we compared experimental and predicted shear capacities by different design code
models: (ABNT NBR 6118 2014); EN 1992-1-1:2005 (CEN, 2005); ACI 318: 2014 in the simplified
and detailed version (ACI Committee 318, 2014); ACI 318:2019 (ACI Committee 318, 2019), Model
Code 2010 with Levels of Approximation I and Il (fib, 2012) and SIA 262:2013.

Figure 1 show that the ratio between experimental and predicted shear capacities Vexp/Vca Varied
between 0.75 and 1.85 for the test W105®14 of Conforti et al. (Conforti et al. 2017). Both limits refer
to the predictions with different levels of approximation with the Model Code 2010 formulation,
being the most conservative prediction provided by the LoA 1. Despite the LoA 1l provided an unsafe
prediction of shear strength, the calculated shear strength overestimate the experimental one in less
than 25%.

The current American model (ACI 318:2019) showed an conservative prediction of the shear
strength. On the other hand, the Brazilian model (ABNT NBR 6118:2014) show a unconservative
prediction with the ratio Vexp/Vca = 0.80. The prediction of the Swiss Code was almost equal to the
one from ABNT NBR 6118:2014 for this test. The best accuracy was reached with the detailed
calculation of the ACI 318:2014, with a ratio Vexp/Vcal €qual to 1.00. This model includes the shear
slenderness effect by the ratio M/Vd, which improves the accuracy in this case compared to the
simplified version of ACI 318:2014.
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Figure 1 - Comparison between experimental and predicted shear capacities with shear
provision from different design codes for the test W105®14 of Conforti et al. (Conforti et al.
2017).

Figure 2 shows the comparison between experimental and predicted shear capacities with the same
models, but for the test AT-1-East of Lubell (Lubell 2006), with a member thickness close to 1.00 m.
In this analysis, the ratio Vexp/Vca varied between 0.46 and 0.91. Note that all models predicted higher
shear capacities than the verified one, hence unsafe predictions. The best prediction, Vexp/Vca closer
to 1, was reached with the LoA Il of the Model Code 2010, whose prediction overestimated the
experimental shear capacities in less than 10%. The best result is explained by the physical derivation
of this model, which accounts for the strain effect (shear slenderness) and member size effect (size
effect).

The most unsafe predictions occurred with the models provided in the ABNT NBR 6118:2014 and
ACI 318:2014, with ratios Vexp/Vcar 0f 0.52 and 0.44. Note that in these cases the shear models
overestimated the shear capacities in more than 40%, which is a critical result. Due to critical results
like this, the American code included in the last revision a size effect parameter. The shear strength
with the ACI 318:2019 overestimates the shear capacity in less than 15%. Therefore, significative
improvement in the shear strength model of the ACI 318:2019 was reached regarding the size effect.
In Figure 2, the level of accuracy reached by the SIA 262:2013 was comparable to the one from
Model Code 2010 for LoA I1. A similar level of approximation for these models indicates that they
deal well with the strain effect (shear slenderness) and size effect.
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Figure 2 - Comparison between experimental and predicted shear capacities with shear
provision from different design codes for the test A1T1-East of Lubell (Lubell 2006).

5 Conclusions

- Mechanical models of shear strength have been adopted in most codes of design of concrete
structures, except the Brazilian and European. However, the European code model is currently
being revised and shall be replaced by a mechanical based model also. Despite the American
code model does not deal directly with the shear slenderness effect, it was included as an
improved size effect parameter, which can be considered a step forward compared to the
Brazilian code.

- Semi-empirical models as provided in the ACI 318:2014 and ABNT NBR 6118:2014 may
overestimate the shear capacity in more than 40% for members with large thickness. In the ACI
318:2019, a size effect parameter improved the provisions for large thickness members
significantly. In the Brazilian model, the improvement or replacement of the size effect parameter
IS needed.

Mechanical models of shear strength, such as the provided in fib Model Code 2010 (fib,2012) cover

well both applications in new design and assessment of existing structures since it includes different

formulas according to the required level of approximation and deals physically with the size effect
and the shear slenderness influence.
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