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Abstract The ductile behavior of reinforced concrete
(RC) cross-sections has always been desirable for building
codes and standards. However, the threshold to distinguish
ductile and brittle behavior of RC cross-sections proposed
by building codes has yet to be evaluated [1-4]. This
behavior mainly depends on the type of RC cross-section
whether it is under- or over-reinforced. While there is not
much research conducted on general comparison of the
three codes of ACI 318-19, BS 8110 and Eurocode 2 (EC2)
regarding design and analysis of RC structural elements,
the specific detailed investigation on the threshold for
under- and over-reinforced RC cross-sections has yet to be
conducted. This article aims to determine the most accurate
threshold used to distinguish under- and over-reinforced
RC cross-sections amongst the three aforesaid codes by
scrutinizing fundamentals and assumptions. A RC
cross-section with strain distribution diagram over the
section for the three statuses of under-reinforced, balanced,
and over-reinforced cross-section is discussed in this
research. A theoretical approach is adopted to compare the
threshold through the depth of neutral axis of balanced
steel concrete cross-sections. The method of calculation is
associated with the maximum tensile strain of longitudinal
steel bars at the cross-section. The depth of neutral axis is
considered to be equal to effective depth of the
cross-section multiple by a coefficient. This coefficient is
the focus of the comparison. The coefficient is directly
given as a number by BS 8110 and EC2. In ACI 318-19
there is no direct value given for the threshold, which

leaves no choice other than the accurate calculation of
depth of neutral axis for the balanced reinforcement which
is in form of an equation. The article concludes that ACI
318-19 provides the most accurate threshold to classify
under- and over-reinforced RC cross-sections while EC2
provides the least accurate threshold. The accuracy of
threshold proposed by BS 8110 is between those of
ACI318-19 and EC2. The scope of this research is confined
to singly- and doubly-reinforced concrete cross-sections
with any shape using ordinary concrete.

Keywords Concrete Cross-Section,
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1. Introduction

Globalizations has brought up all comparison issues
regarding methods and techniques adopted for the
construction industry and building codes and standards
have not been apart from it [5-7]. While there is not much
research conducted on general comparison of the three
codes of ACI 318-19, BS 8110 and Eurocode 2 (EC2)
regarding design and analysis of RC structural elements,
the specific detailed investigation on the threshold for
under- and over-reinforced RC cross-sections has yet to be
conducted. Under-reinforced RC cross-sections result
ductile behavior which allows crack development in the
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building and consequently notifies the residents before the
building collapses. This is the reason why
under-reinforced cross-sections are in favor of those of
over-reinforced which cause a sudden collapse. This
indicates the importance of the research topic and its
practicability. Ductile and brittle behavior of RC sections
play a significant role in flexural design [8, 9]. In recent
years numerous studies have been conducted on flexural
analysis and behavior of RC sections using ACI 318-19
[10-13], while the fundamentals and assumptions used to
distinguish the ductile and brittle failure in flexural design
of RC sections have left behind. Despite research
conducted on flexural capacity of RC beam cross-sections
using ACI 318 [14, 15] the comparison of ACI 318, BS
81110 and EC2 is yet to be discussed by scrutinizing the
fundamentals and assumptions made. Nevertheless, a few
researches have discussed RC cross-sections design by
comparing the three aforementioned codes from general
aspects [16, 17]. By investigating and analyzing a wide
range of RC cross-sections varied in geometry, material
property and reinforcement ratio, it was concluded that the
difference of design strength between ACI 318 and BS
8110 are minor for flexural designs, moderate for axial
compression designs and considerable for shear designs
[18].

A comparative study conducted on BS 8110 and EC2
regarding the tensile and shear reinforcement required for
design of RC beam cross-sections revealed that EC2
requires less amount of reinforcement in comparison to
that of BS 8110 for both flexural and shear designs [19].
In prior research, BS 8110 and EC2 were compared for
design and analysis of beam, but the research did not
conclude in favor of either BS 8110 or EC2, and just
stated that the approach of EC2 is less restrictive and more
extensive than BS 8110 [20, 21]. However, this
conclusion seems to be valid for only part of EC2 as the
shear design method proposed by EC2 using the concept
of variable strut inclination restricts the users in terms of
selection of appropriate truss model. Overall, the
threshold to distinguish ductile and brittle behavior of RC
cross-sections proposed by building codes has yet to be
evaluated. This article aims to determine the most
accurate threshold used to distinguish under- and
over-reinforced RC cross-sections amongst ACI 318-19,
EN 1992-1-1 (Eurocode2) and BS 8110.
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2. Materials and Methods

In ductile or under-reinforced RC cross-sections, the
tensile steel bars reach yield strain at loads lower than
load at which the concrete reaches failure strain. It gives
enough warning before failure, which is recommended by
building codes. In brittle or over-reinforced RC sections
the tensile steel bars yield after the concrete reaches the
failure strain, and it occurs without early notice. Therefore,
a threshold has been proposed by codes and standards to
distinguish under- and over-reinforced RC sections, where
the amount of tensile reinforcement is balanced. However,
another threshold to classify the level of ductility of
ductile cross-section is lacked in codes.

In this research, sequentially, a RC cross-section with
strain distribution diagram over the section for the three
statuses of a, b and c respectively representing
under-reinforced, balanced, and over-reinforced
cross-section is scrutinized. Then, the research adopts a
theoretical approach to compare the threshold proposed by
the three aforementioned codes. The comparison is made
through the depth of neutral axis of cross-sections in these
three statuses. The method of calculation is associated
with the maximum tensile strain of longitudinal steel bars
at the cross-section. The depth of neutral axis is directly
proportional to the aforementioned tensile strain.

In next step, the article considers the depth of neutral
axis equal to effective depth of the cross-section multiple
by a coefficient, and scrutinizes this coefficient which is
directly given as a number by BS 8110 and EC2, and
indirectly given in form of an equation in ACI 318-19.
Graphs are plotted based on the values for the coefficients
using the three codes and accuracy of the coefficient is
discussed according to the assumptions made by the codes.
Figure 1 indicates depth of neutral axis for under-,
balanced and over-reinforced RC section. This
cross-section has deliberately been selected to be in an
irregular shape to cover all types of cross-sections.

In ductile or under-reinforced cross-sections, the tensile
strain in steel bars is more than that of brittle or over-
reinforced, and for balanced steel sections is in between.
Therefore, as shown in Figure 1, g, < &3 < & and
consequently x, < X, < X, where x is the depth of neutral
axis from the top concrete fibre. If €, is the yield strain of
steel bars, then the strain in steel bars in the three statuses
of a, b and c is as below.
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Ep = & (balanced)
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Figure 1. Depth of neutral axis for under-, balanced and

over-reinforced RC cross-section

3. Results and Discussion

The plastic behavior of RC cross-sections made of
ordinary concrete with the grade below 50 MPa is
considered in this research. The scope of this research
doesn’t include deep beams due to the nonlinear strain
distribution over the RC cross-section [22-24]. According
to Bernoulli’s principle, ordinary beam cross-section
which is a flat plane will remain flat plane after beam
deformation and will not curve out-of-plane. Bernoulli’s
principle is applied to elastic, elasto-plastic and plastic
behavior of material. Therefore, the strain distribution
diagram over the cross-section is linear regardless of the
shape of cross-section as shown in Figure 2. It is assumed
that the beam is subject to downward load and therefore,
the top fiber and bottom fiber in RC cross-section are
under compression and tension, respectively.

E(—, max

A

Et,max

Figure 2.
cross-section

Linear strain distribution over irregular-shaped RC
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Where,

Ecmax: the maximum compressive strain at top fiber
of concrete

€t mayx * the maximum tensile strain at bottom fiber of
concrete

& : the tensile strain at reinforcement bars

In EC2 and BS 8110, the threshold to distinguish
under- and over-reinforced RC cross-sections is the depth
of neutral axis of the section for balanced reinforcement.
In ACI 318-19 there is no direct value given for the
threshold, which leaves no choice other than the accurate
calculation of depth of neutral axis for the balanced
reinforcement. In balanced steel status, e4=¢,

From Figure 2,

e/ Es=X/ (d-Xp) > Xp=dX €/ (Ecutey) (1)

Where,

Xp: depth of neutral axis from the top concrete fiber in a
balance-reinforced RC cross-section

Ecy . the maximum strain at the extreme concrete
compression fiber

Esp: the tensile strain at the balanced steel bars

€y: reinforcement yield stress

d: effective depth of cross-section

The equation below is proposed in this article.

Xp= axd

()
o: coefficient

The equation (1) is the same for doubly-reinforced RC
cross-sections as the linear strain distribution diagram
over the cross-section is the same. x, is the threshold to
distinguish the under- and over-reinforced RC
cross-sections. ACI 318-19 doesn’t specify any value for
o in equation (2) and the only valid method is adopting the
direct equation (1) resulted from strain distribution over
the cross-section. The equation (1) is for the calculation of
X, and is independent from the shape of RC cross-section.
However, EN 1992-1-1 (EC2) and BS 8110 simply
propose a value for a instead of an equation as shown in
Table 1.

The scope of this research is confined to ordinary
concrete, and therefore the concrete grade above C55/67
falls out of the scope. According to ACI 318-19 (22.2.2.1),
the maximum strain at the extreme concrete compression
fibre shall be assumed equal to 0.003. Moreover,
according to AC 318-19 (R22.2.2.21), the maximum
concrete compressive strain at crushing of the concrete
has been observed in tests of various kinds to vary from
0.003 to higher than 0.008 under special conditions.
However, the strain at which strength of the member is
developed is usually 0.033 to 0.004 for members of
normal proportions, materials and strength. Assuming a
common value for the yield strain of steel reinforcement
equal to 0.002 and a range of 0.003-0.008 with increment



Civil Engineering and Architecture 9(6): 1754-1758, 2021

of 0.0005 for &, the values of a are plotted in Figure 3.

According to the graph in Figure 3, the coefficient o
increases from 0.60 to 0.80 when ¢, increases from 0.003
to 0.008. a is constantly 0.5 according to BS 8110 code,
and 0.45 for ordinary concrete according to EC2.
Therefore, a is calculated accurately based on equation (2)
which is obtained from the linear strain distribution over
RC cross-sections. a proposed by BS 8110 code is less
accurate than that of ACI 318-19 but more accurate than
that of EC2. There are two lines representing EC2 in
Figure 3 as EC2 provides different values depending on
the grade of the concrete.

o versus Ecu

EC2-below C50/60
Figure 3. The values of a based on the three code

Table 1. Comparison of the coefficient o amongst the three codes

ACI BS
Code 318-19 EN 1992-1-1 (EC2) 8110-1:1997
Clause NA cl.5.6.3 cl.3.44.4
0.45 (concrete strength
class < C50/60)
+ .
¢ e (Boitey) 0.35(concrete strength 0.5
class > C55/67)

The lower value of o indicates lower depth of neutral
axis from the top concrete fiber in a balance-reinforced
concrete cross-section (x,), and consequently greater
tensile strain in tensile reinforcements. This results in a
more ductile behavior of RC cross-section, which is in
favor of all codes and standards. ACI provides the most
accurate  threshold to  distinguish under- and
over-reinforced RC cross-sections and EC2 provides the
less accurate threshold while that of BS 8110 is in
between.

4. Conclusions

The  thresholds to  distinguish under- and
over-reinforced RC cross-sections proposed by ACI
318-19, EN 1992-1-1 (EC2) and BS 8110 were
scrutinized and compared in this article by adopting a
theoretical approach. The comparison was made through
the depth of neutral axis of cross-sections with balanced
tensile reinforcement. The scope of the research included
both singly- and doubly-reinforced RC cross-sections with
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any shape. The depth of neutral axis was considered to be
equal to effective depth of the cross-section multiple by a
coefficient. This coefficient is the focus of the comparison.
The coefficient is directly given as a number by BS 8110
and EC2. In ACI 318-19 there is no direct value given for
the threshold, which leaves no choice other than the
accurate calculation of depth of neutral axis for the
balanced reinforcement which is in form of an equation.
The article concludes ACI 318-19 provides the most
accurate threshold to distinguish the under- and
over-reinforced RC cross-sections and EC2 provides the
less accurate threshold while that of BS 8110 is in
between. This research could be further developed for the
classification of minor ductile and major ductile RC
cross-sections as there is not yet any threshold in codes to
distinguish the level of ductility of ductile cross-sections.
In addition, further research could shed light on the range
of ductility which is optimized and required for the
construction and buildings.
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