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ABSTRACT
A comparison between the predicted and experimentally-established behaviour of over 150
reinforced-concrete beam specimens (selected from 465 test results considered) revealed that
around 20% of the specimens exhibited a shear, rather than the expected flexural, mode of failure.
The work presented herein investigates the possibility that the causes of shear failure reflect the
shortcomings of the code methods adopted for calculating flexural capacity. It is found that the
predicted values of flexural capacity tend to underestimate their experimentally-established
counterparts, by up to 17% on average. It is shown that by accounting for the triaxial stress conditions
invariably developing in the compressive zone through a simple modification of code-proposed stress
blocks, the correlation between predicted and experimental values is similar to the best possible one

resulting from the development and use of an artificial neural network model.
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NOTATION

is the shear span

is the cross-sectional beam/column width

is the effective beam/column depth

is the axial strain in concrete

is the stress resultant in concrete on account of bending

is the compressive strength of concrete (established from cylinder tests)

is the characteristic value of f;

is the strength of concrete in direct tension

is the yield stress of longitudinal and transverse steel, respectively,

activation function of ANN

is the cross-sectional beam/column height

is the calculated cross-sections flexural capacity

is the experimentally flexural capacity

is the axial load

is the output values of ANN

is the column’s longitudinal reinforcement ratio

is the beam’s compressive longitudinal reinforcement ratio
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Pt is the beam’s tensile longitudinal reinforcement ratio

Pv Is the beam/column’s compressive stirrups reinforcement ratio

Oa is the mean axial compressive stress developing in concrete on account of bending
Oc is the transverse compressive stress in concrete

Ot is the transverse tensile stress in concrete

Ti is the target value of the ANN

Wij is the weight coefficients of the ANN

Xj is the input values of the ANN

Vi is the output of the ANN

Bi is the bias value of the ANN
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INTRODUCTION

In order to safeguard against shear types of failure, reinforced concrete (RC) structural
elements are designed so that their load-carrying capacity corresponding to flexural capacity is
smaller than that corresponding to shear capacity by an adequate margin of safety. This objective is
deemed to be achieved when shear design is based on the use of a design load corresponding to
flexural capacity. In this case, implicit is the assumption that the calculated value of flexural capacity
is at least equal to its “true” value, since a smaller value may not prevent a shear type of failure
occurring before a structural element’s flexural capacity is exhausted.

And yet, as discussed later, an extensive literature survey of published experimental work
assessing the behaviour of RC beam/column specimens reveals that, although the calculated values
of load-carrying capacity corresponding to shear capacity are larger than their counterparts
corresponding to flexural capacity, there is a number of specimens of over 20% the number of those
considered in the literature survey which exhibited a shear rather than the expected flexural type of
failure. This discrepancy, which is significant since it involves a number of specimens well over the
5% acceptable limit, may reflect shortcomings of the methods for calculating either flexural or shear
capacities or both.

As regards the methods adopted by codes for calculating flexural capacity, it is easily
established by experiment that the latter are usually underestimated. This problem is widely
recognized in earthquake-resistant design and current code provisions aiming to safeguard ductile
behaviour recommend the use of “strength enhancement” factors which lead to an increase in
flexural capacity up to 30% in certain cases [EC8 2004]. The causes of this underestimation are
commonly attributed to discrepancies between the true and assumed material properties, and, in
particular, to the strain hardening of the steel reinforcement, which is not usually allowed for in the

calculation [EC2 2004].
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And yet, allowing for strain hardening results in an increase of the tensile force sustained by
the flexural reinforcement, which, for purposes of internal force equilibrium, must be balanced by an
increase of the force sustained by concrete in the compressive zone. Since the calculation of flexural
capacity is based on the assumption of a uniaxial stress field in the compressive zone, the increase of
the force sustained by concrete can only occur through an increase of the depth of the compressive
zone. The latter increase inevitably leads to a reduction of the internal force lever arm and this sets
an upper limit to the resulting increase in flexural capacity. As a result, even when allowing for strain
hardening, current code methods of calculation may still underestimate flexural capacity.

However, there is published experimental evidence which shows that adopting uniaxial
stress-stain characteristics is incompatible with the measured deformational response of concrete in
the compressive zone of RC beams (even in the absence of compression reinforcement and stirrups)
at their ultimate limit state in flexure, and that the stress conditions within this zone are triaxial rather
than uniaxial [Kotsovos 1982]. In fact, these stress conditions have been found to develop due to
transverse deformation compatibility purposes which are not considered by current code methods
of calculation [Kotsovos 1982]. These findings have led to a simple modification of the code-adopted
methods for calculating flexural capacity such that the development of triaxial stress conditions is
allowed for [Kotsovos 2011].

To this end, the present work is concerned with the evaluation of both the original and the
modified version of the methods adopted by current codes for assessing flexural capacity. It is based
on a comparative study of the predicted values with their experimentally-established counterparts
resulting from an extensive literature survey of work on the behaviour of RC beam/column elements.
An indication of the best possible correlation between predicted and experimental values is obtained
through the development and use of an artificial neural network (ANN) model intended to produce

an upper limit to one's expectations regarding the ability of a method for the calculation of flexural
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capacity to provide predictions which correlate closely to their experimentally established
counterparts. ANNs are used due to their ability to objectively analyse the available test data
(discussed in the following section and provided in Tables A1 and A2 in the form of Supplemental
Data) and empirically quantify the effect of certain parameters on key characteristics of specimen
behaviour (e.g. flexural capacity). It is noted however, that the applicability of the ANN model
developed herein is limited to the databased employed in the present study for its
training/calibration. In what follows the presentation and discussion of the results is preceded by a
concise description of the methods of calculation investigated and the ANN model developed, as well

as the presentation of the experimental information used in the comparative study.

EXPERIMENTAL RESULTS

The experimental information used in the present work resulted from an extensive literature
survey of around 460 test results on the behaviour of RC beam/column elements. It includes design
details, material properties and data on structural response to the applied loading such as load-
deflection curves, failure modes and load-carrying capacity. A variety of testing arrangements was
used to test the specimens under transverse load which in the case of columns was combined with
axial load; a number of the test specimens represented portions of columns extending either
between successive points of contra-flexure or beam/column joints, or between a beam/column joint
and a point of contra-flexure.

The specimens investigated were designed so as to exhibit either a flexural or a shear mode
of failure. The ability of the design method to achieve its aim was assessed by comparing the expected
mode of failure with its experimentally-established counterpart. The correlation between calculated
and experimental values of flexural capacity is based on the use of test data resulting from tests on

specimens which failed as expected, i.e., exhibited a flexural mode of failure.
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The specimens’ design details, material properties, load-carrying capacities and failure modes
are provided in Tables Al and A2 as Supplemental Data. Full design details and description of the
experimentally-obtained information on structural behaviour is provided in the publications cited in

the Supplemental Data.

CALCULATION OF FLEXURAL CAPACITY
Common procedure
The procedure commonly adopted for calculating flexural capacity of cross sections of RC
beam/column elements is outlined in Fig. 1. From the figure, it can be seen that the calculated value
essentially results from the solution of a system of equations describing the equivalence between
internal and external actions, the conditions of deformation compatibility and the material properties
linking forces with deformations. The formulation of the equations is based on the following
assumptions:
1. Plane sections remain plane during bending (Bernoulli hypothesis);
2. full bond between concrete and steel, i.e., the strains of concrete and steel are equal at the
level of the steel reinforcement;
3. the stress-strain behaviour of concrete in the compressive zone is defined from the results of
tests on cylinder/prism specimens;
4. complete loss of strength of concrete in the tensile zone;
5. flexural capacity Mtis attained when the strain of concrete at the extreme compressive fibre
attains a critical value .
Moreover, the code requirements for strength and ductility are achieved when Mt is attained after

yielding of the tensile reinforcement.
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With the strain distribution at the ultimate-limit state fully defined along the depth of the
compressive zone's depth on the basis of assumptions 1 and 5, the stress distribution is also fully
defined by correlating the stress to the already known strain at any given level of the compressive
zone through the use of the stress-strain behaviour of concrete established as described in
assumption 3. Thus, the stress resultant F¢ (see Fig. 1) in the compressive zone can be obtained by
integrating the stresses along the zone's depth. In order to simplify the calculation of F¢, all methods
investigated herein replace the stress distribution established as described above with an equivalent
rectangular stress block defining both the magnitude and point of application of Fc. In fact, the
characteristics of the stress block are amongst the parameters investigated, the other parameters
being the stress conditions assumed to develop in the compressive zone and the value of & (see
assumption 5).

Code methods

The formulation of the methods is based on the additional assumption that the behaviour of
concrete in the compressive zone is adequately described by stress-strain curves such as those shown
in Fig. 2 established from uniaxial compression tests. From the figure, it can be seen that the curves
comprise ascending and gradually descending branches, the latter assumed to be valid until axial
strain (i.e. the strain in the direction of the applied compression) attains a critical value €. The code

specified values forg. are:

ACl 318: € =0.003 (1a)

EC2: € =0.0035 (1b)

From the curves in Fig. 2, the one (drawn with dashed line) describing the relation between
axial stress and axial strain is used (as described in the preceding section) to obtain the "true" normal

stress distribution in the compressive zone. The parameters 0, k1 and kz, which, as indicated in Fig.



1, are required to define the equivalent rectangular stress block (and therefore the magnitude and

point of application of F¢), are specified by ACI 318 [ACI 2011] and EC2 [EC2 2004] as follows:

ACI 318: (2a)

=0.85
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develop in any RC structural element for transverse deformation compatibility purposes) on concrete
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And yet, in accordance with the findings of experimental work described elsewhere [Kotsovos
1982, Kotsovos 2011], this assumption is not correct on both counts: the gradually descending
branches of the stress-strain curves (strain-softening) do not describe material behaviour, but merely
reflect secondary testing procedure effects; when these effects are eliminated, concrete is
characterised by a complete and immediate loss of load-carrying capacity (see Fig. 3) [Kotsovos
1983]. On the other hand, small transverse stresses have a considerable effect on concrete
behaviour; a transverse stress of the order of 0.1f may either increase load-carrying capacity by over
50%, when compressive, or reduce it to zero, when tensile (see Fig. 4) [Kotsovos and Newman 1977].
In fact, from Fig. 4, it may be seen that the increase of the compressive strength 0a in the axial
direction with increasing transverse pressure 0¢ is adequately described by the following expression

[Kotsovos and Newman 1977]:

0a=fc+ 50(: (3)

Such values of the transverse stresses have been shown to develop at the ultimate-limit state
of RC beams in flexure and, therefore, the presence of triaxial stress conditions (depicted
schematically in Fig. 5) cannot be ignored [Kotsovos 1982, Kotsovos 2011]. In fact, it has been shown
that strains over 0.003 or 0.0035 (measured at the extreme compressive fibre when flexural capacity
is attained) do not reflect post-peak uniaxial stress-strain characteristics, but describe the response
of concrete under triaxial compression [Kotsovos 1982, Kotsovos 2011]. Moreover, flexural failure
occurs when the strength of concrete is exhausted under compression-tension stress conditions
developing in regions of the compressive zone adjacent to those including deep flexural cracks (see
Fig. 5) [Kotsovos 1982, Kotsovos 2011].

If it is assumed that the transverse stresses (0c) at the cross sections including deep flexural

cracks are numerically equal to the transverse tensile stresses (0t) developing in the adjacent cross

11
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sections, then, when flexural failure occurs (i.e. ot = ft), 0c = |ft]. It has been proposed, therefore, that
the calculation of flexural capacity can allow for the development of triaxial stress conditions in the
compressive zone when the intensity (0a) of the stress block in the compressive zone (see Fig. 1) is

obtained from equation (3) by replacing dc with |ft|[Kotsovos 2011], i.e.,

0a=fc+5|ft| (4)

Moreover, the parameters ki and kz are set k1 = 1 and ko = 0.5, whereas the value of ftmay be obtained
either as recommended by the codes or from the following expressions [Concrete Structures Euro-

Design Handbook 1994]:

ft = fro(for/foko) /2 for normal-strength concrete (5a)

where foa=fc-8 (with f; being the uniaxial compressive strength of concrete), feo=10, fio= 1.4 (mean

value), 0.95 (minimum value) and 1.85 (maximum)

ft = froln(1+fc/fco) for high-strength concrete (f.« =60 MPa)  (5b)

where f=10, fio= 2,12 (mean value), with all values of strength expressed in MPa.

DEVELOPMENT OF ANN MODEL
Background information
ANNSs is a soft computing method that mimics the manner in which the human brain
functions. The brain has the ability to remember and react to a certain action on the basis of previous
experiences; this is attempted to be reproduced by the ANN technique described in what follows.
In particular, ANNs are used to estimate or approximate functions depending on several input
parameters the effect of which may not be clearly established or quantified. According to their

adaptive nature and their ability to remember information introduced to them during their training,

12
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they have the ability to learn, generalize, categorize and predict values. Over the last years ANN have
been applied in various aspects aiming to derive the load carrying capacity of structural elements
[Abdalla et al. 2007, Alacali et al. 2011, Arslan 2010, Cladera and Mari 2004a, Cladera and Mari 2004b,
Jung and Kim 2008, Mansur et al. 2004, Maru and Nagpal 2004, Sipos et al 2013,Yang et al 2007]; in
the present work ANNSs are used to predict flexural capacity.

The code of the ANN procedure for the prediction of flexural capacity has been developed
within the Matlab environment and the work flow for its development can be divided into three
primary steps: i) collection of data, ii) architecture of network and iii) training/validation the ANN
procedure.

Collection of data

The collection of data step is carried out outside the framework of ANN toolbox software. For
the beam and column elements considered, databases are created from test results obtained from
the literature describing the behavior of 296 beam and 169 column specimens with various design
characteristics from which the input and output data of the beam and column ANN model is
developed.

The selection of the parameters used as input data has been based on the commonly shared
view that that these parameters have a dominant effect on beam/column behaviour (ACl 2011, EC2
2004). They are the following: the uniaxial cylinder compressive strength (fc) of concrete; the cross-
sectional beam/column width (b) and height (h); the effective beam/column depth (d) (distance from
extreme compression fiber to centroid of longitudinal tension reinforcement); shear span to depth
ratio (av/d); the location of multi-layered longitudinal reinforcement in the compression and tensile
zones code defined by the cross section's flexural capacity (Mca) calculated in accordance with EC2;
the column's longitudinal reinforcement ratio (pi) and yield stress (fy); the beam’s tensile (pit) and

compressive (pic) longitudinal ratio and yield stress (fyi);, the beam’s/column’s stirrups reinforcement

13
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ratio (pv) and yield stress (fy); and the imposed axial load (N). The parameter used as target data is
the experimentally flexural capacity (Mexp).

The maximum and minimum values of the input and target values together with the units
used are shown in Table 1. It should also be noted that, in order to minimize the likelihood of
numerical instabilities and/or low convergence rates, the values of the input and target parameters
have been normalized in the range [0.1,0.9] [Castellano and Fanelli 2000, Krogh and Vedelsby 1995,
Utans et al 1995].

Architecture of ANN

The process of building the network involves the number of neurons to be used and the way
the latter are organized and connected with each other. Free-forward multi-layered networks are
used which are included in the matlab library. These networks contain neurons that are organized
into layers with connections strictly in one direction, so as no back loops can be created. Both beam
and column models created contain the same architecture characteristics: an input layer with a
number equal to the member of parameters described in the preceding section, two hidden layers
of nine neurons each and the output layer containing of one neuron describing the target output (see
Fig 6).

Each link foarming between consecutive neurons is assigned a specific weight which is
multiplied with the input values generated by the neurons. The input of each neuron (yi) of a layer is
the sum of the weighted (wijixj) inputs of the previous layer, including a variable 0 (bias) introduced
for each neuron, and transfered to it through an activation function g as:

= (= + )

=1

14
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The activation function for both networks created is the logistic sigmoid between input and
hidden layer and the hyperbolic-tangent sigmoid between the hidden layers and the hidden and
output layer defined in matlab as 'logsig' and 'tansing' respectively.

Therefore, each hidden layer has a weight matrix w, a bias vector b and an output vectory.
Traninig/Validation of network

Before the training of the network begins the input and output sets are randomnly divided
into subsets of training, validation and test equal to 60%, 20% and 20% of the set of data in the
database respectively [Castellano and Fanelli 2000, Krogh and Vedelsby 1995, Utans et al. 1995]. The
training process that follows involves learning and tuning the values of the weigths and biases of the
networks (the values of which are initially randomly assigned) so as to optimize the network
performance, according to an iterative training process.

The default performance function taken is the mean square error between the network

outputs, defined as 'mse’, and expressed as:

= =is(- 7
=1

where Ti and O; are the target and output values respectively.In the present model T; is defined as
the experimental flexural capacily (Mexp) and O; the flexular capacity computed by the ANN model
(Mann).

The error obtained at each iteration is computed from the difference between the computed
output and the desired output (target). To minimize the error, such as the output values of the ANN
essentially agree with the target values, the back-error propagation algorithm (or Delta rule) is

employed [Basheer and Hajmer 2000, Svozil et al 2015]. This process is carried out from right to left

of the ANN and makes use of the information provided from the database. According to this process,

15
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after the error from all the training set presented is computed, the weights and biases are readjusted
in order to obtain more accurate outputs and thus smaller errors.
This iterative process, which can be schematically be seen in Fig. 7 is repeated until one of the
following conditions is met:
I.  The maximum number of 100 iterations (epochs) of training after which the algorithm
terminates the training process
II. A maximum of 6 validation failures are exhibited. Validation failure occurs when the
performance of the ANN during each iteration fails to improve or remains constant.
. The value of performance goal becomes 10 expressing the difference between the target
and output values and

IV.  The minimum performance gradient becomes 10°1°

COMPARATIVE STUDY

As discussed in section 2, the comparative study presented in what follows is based on the
use of experimental information obtained from the literature. This information has resulted from 465
tests on RC beam/column specimens whose design details are provided in Tables Al and A2 (in
Supplemental Data) together with their experimentally-established load-carrying capacities and
modes of failure. The values of load-carrying capacity corresponding to flexural and shear capacities
as predicted by ACI318 and EC2 for all specimens in Tables A1 and A2 are provided in Tables A3 and
A4 (also in Supplemental Data) where the predicted mode of failure corresponding to the smallest of
the two aforementioned values of load-carrying capacity of each element is compared with its

experimentally-established counterpart.

16
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From Table A3, it can be seen that ACI 318 and EC2 fail to predict correctly the mode of failure
of 24 and 37, respectively, of the 161 beam specimens for which the experimentally-established
mode of failure was flexural, i.e., the adopted design methods failed to safeguard the intended
behaviour in up to 23% of the specimens investigated. It appears, therefore, that the code
requirement for only up to a 5% likelihood of failure of the design methods to achieve their objective

is not satisfied.

In contrast with the beam specimens, the impression is given that the 5% limit code
requirement is satisfied for the case of the column specimens. This is because Table A4 shows that in
only 4% of the column specimens for which the experimentally-established mode of failure was
flexural (i.e. 7 out of 162 specimens were found by ACI 318 to exhibit a shear, rather than the
intended flexural, mode of failure). However, even in this case, not definite conclusions regarding the
efficiency of the methods can be drawn, since of the column specimens investigated only a very small
number was typical (in that the specimens exhibited points of contra-flexure) of columns of real
structures and these were the specimens which failed in shear. In fact, columns exhibiting points of
contra-flexure are well known to continue to be prone to shear types of failure, in spite of all code
revisions that have been made to date since these types of failure were first observed (see Figs 8 to
10).

The above deviations between predicted and experimentally-established behaviour may be
attributed to shortcomings of the methods adopted for calculating the resistance to either flexure or
shear or both. The present work is concerned with the assessment of the code methods adopted for
calculating flexural capacity and, in particular, with an attempt to establish the significance of
allowing the effect of the triaxial stress conditions which, as discussed in section “Alternative

method”, such conditions invariably develop in the compressive zone of RC beam/column elements

17
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at their ultimate-limit state. The assessment of the code methods adopted for safeguarding against
shear types of failure forms the subject of a paper in progress.

Tables A5 and A6 (in Supplemental Data) show the calculated values of flexural capacity
together with their experimentally-established counterparts of the specimens in Tables A3 and A4
which exhibited the intended flexural mode of failure. The relationships between calculated and
experimental values of flexural capacity are depicted in Figs 11 and 12 for the case of the beam and
column, respectively, specimens, whereas the mean values, standard deviation and 95% confidence
limits of the calculated values of the flexural capacities normalised with respect to their
experimentally-established counterparts are provided in Table 2; the normal distributions of the
normalised values of flexural capacity are presented in Figs 13 and 14.

A comparison of the mean values of the calculated normalised values of flexural capacity
included in Table 2 shows that the method of calculation allowing for the effect of triaxial stress
conditions developing in the compressive zone (alternative method) produces results which deviate
from 1.0 (best prediction, i.e. calculated value-to-experimental value = 1.0) by only up to 4% on
average, with 4% being also the deviation of the mean value resulting from the ANN model which is
considered to provide the best fit to the experimental data. Moreover, the table shows that, unlike,
the code methods, the alternative method produces results which are not affected by the presence
of an axial force combining with the bending moment. The apparent dependence of the values of
flexural capacity resulting from the code methods on the presence or not of axial force is considered
to reflect the code methods' shortcomings regarding the assumption of uniaxial stress conditions in
the compressive zone.

From Figs 13 and 14, it can be seen that the values of flexural capacity calculated through the
use of the ANN model exhibit a larger spread than their counterparts calculated through the use of

the code methods; however, the latter underestimate the 'true' flexural capacity (i.e. the

18
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experimentally-established values) by an amount which can be as large as 17% on average. On the
other hand, the values of flexural capacity calculated through the use of the alternative method not
only exhibit a spread as small as that of their counterparts resulting from the code methods, but also
their deviation from the 'true’ flexural capacity is as small as that obtained from the ANN model.

For 10 out of the 24 and 15 out of the 37 cases of beam specimens for which it is shown in
Table A3 that ACI 318 and EC2, respectively, predicts a flexural, rather than the experimentally-
established shear, mode of failure, the cause of shear failure appears to be due to the significant
underestimation of the flexural capacity which, as discussed earlier, may underlie shear failure. The
values of the beams' load-carrying capacity corresponding to flexural capacity together with their
experimentally-established counterparts are provided in Tables 3 and 4. From the experimental
values shown in the tables, it appears that the beams' values of design load are smaller than those
corresponding to the 'true' flexural capacity by amounts ranging between at least 1% to 17%, the
latter range, as discussed earlier by reference to Table 2 and Figs 12 to 15, reflecting the effect of the
triaxial effect of the triaxial stress conditions in the compressive zone not allowed for by the code
methods.

The remaining 14 out of the 24 and 22 out of the 37 shear failures appear to be also linked
with shortcomings of the code shear methods which, as discussed earlier, form the subject of a paper

in progress.

CONCLUDING REMARKS

The conclusions drawn regarding the ability of the design methods to safeguard the
requirements of current codes for structural performance is primarily based on experimental

information on the behaviour of RC beam elements. This is because only a small number of 4 out of
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the 169 column elements investigated are typical of columns of real structures, since only these
specimens exhibit points of contra-flexure. In fact, these specimens were the only ones found to fail
prematurely in shear.

The literature survey of the experimental work on the behaviour of RC beam elements
revealed that, of the around 190 specimens designed to exhibit ductile behaviour, over 20% failed
prematurely in a brittle manner. In nearly half of the latter specimens, the cause of brittle failure
appears to be the inability of the methods incorporated in design codes for calculating flexural
capacity to produce values which safeguard load-carrying capacity smaller than its counterpart
corresponding to shear capacity.

The above shortcoming is attributed to the assumption underlying the code methods of
calculation in that uniaxial stress-strain characteristics adequately describe the deformational
behaviour of concrete in the compressive zone of RC beam/column elements throughout the loading
history. It is shown that, by allowing for the effect of triaxial stress conditions which invariably
develop in the compressive zone of such elements at their ultimate-limit state, it is possible to obtain
values of flexural capacity which deviate from their experimentally-established counterparts by as
little as the best possible fit to the latter values achieved through the development and use of an
ANN model. The effect of the triaxial stress conditions is allowed for through a simple modification
of the compressive-stress block as proposed in the literature.

Moreover, through a comparison between the code-predicted values and their
experimentally-established counterparts, it is found that the code methods underestimate flexural
capacity by as much as 18% on average and this, as discussed earlier, explains the premature brittle

type of failure suffered by a number of RC beam elements designed to exhibit ductile behaviour.

Acknowledgments

20



©CO~NOOOTA~AWNPE

This research was supported by the HORIZON 2020 Marie Sktodowska-Curie Research Fellowship
Programme H2020-660545, titled: ANALYSIS OF RC STRUCTURES EMPLOYING NEURAL NETWORKS
(ARCSENN). It was also supported by the James Watt Scholarship to PhD students offered by Heriot

Watt University.

REFERENCES

Abdalla JA, Elsanosi A and Abdelwahab A (2007) Modeling And Simulation Of Shear Resistance Of R/C

Beams Using Artificial Neural Network. Journal of the Franklin Institute 344(5):741-756.

Alacali SN, Akbas B and Doran B (2011) Prediction Of Lateral Confinement Coefficient In Reinforced

Concrete Columns Using Neural Network Simulation. Applied Soft Computing11(2):2645-2655.

American Concrete Institute. Building code requirements for structural concrete (ACl 318M-14) and

commentary (ACI 318MR-14). Michigan, USA: ACI; 2011.

Arslan MH (2010) An Evaluation Of Effective Design Parameters On Earthquake Performance Of RC

Buildings Using Neural Networks. Engineering Structures 32(7): 1888-1898.

Basheer IA and Hajmeer M (2000) Artificial Neural Networks: Fundamentals, Computing, Design, And

Application. Journal of Microbiological Methods 43:3-31.

Castellano G and Fanelli AM (2000) Variable Selection Using Neural-Network Models.

Neurocomputing 1-13.

Cladera A and Mari AR (2004) Shear Design Procedure For Reinforced Normal And High-Strength
Concrete Beams Using Artificial Neural Networks. Part |: Beams Without Stirrups. Engineering

Structures 26(7):917-926.

21



©CO~NOOOTA~AWNPE

Cladera A and Mari AR (2004) Shear Design Procedure For Reinforced Normal And High-Strength
Concrete Beams Using Artificial Neural Networks. Part Il: Beams With Stirrups. Engineering Structures

26(7):927-936.

Concrete Structures Euro-Design Handbook”. Eibl J. (Editor), Ernst &Sohn, 1994/96, 764 pp

Eurocode 2 (EC2). Design of concrete structures. Part 1-1: General rules and rules of building. British

Standards 2004.

Eurocode 8 (EC8). Design of structures for earthquake resistance. Part 1: General rules, seismic

actions and rules for buildings. British Standards2004.

Jung S and Kim KS (2008) Knowledge-based prediction of shear strength of concrete beams without

shear reinforcement. Engineering Structures30(6):1515-1525.

Kotsovos GM (2011) Assessment of the flexural capacity of RC beam/column elements allowing for

3D effects. Engineering Structures 33(10), 2772-2780.

Kotsovos MD (1982) A Fundamental Explanation of the Behaviour of Reinforced Concrete Beams in
Flexure Based on the Properties of Concrete under Multiaxial Stress. Materials & Structures, RILEM,

15(90):529-537.

Kotsovos MD (1983) Effect of Testing Techniques on the Post-Ultimate Behaviour of Concrete in

Compression. Materials & Structures, RILEM, 16(91): 3-12.

Kotsovos MD and Newman JB (1977) Behaviour of Concrete under Multiaxial Stress. ACI Journal

Proceedings74(9): 453-456.

Krogh A and Vedelsby J (1995) Neural Network Ensembles, Cross Validation, and Active Learning.

Advances in Neyral Information Processing Systems 7:21-238.

22



©CO~NOOOTA~AWNPE

Mansour MY, Dicleli M, Lee JY and Zhang, J (2004) Predicting The Shear Strength Of Reinforced

Concrete Beams Using Artificial Neural Networks. Engineering Structures26(6):781-799.

Maru S and Nagpal AK (2004) Neural Network for Creep and Shrinkage Deflections in Reinforced

Concrete Frames. Journal of Computing in Civil Engineering 18(4):350-359

Sipos TK, SigmundV andNyarko MH (2013) Earthquake Performance Of Infilled Frames Using Neural

Networks And Experimental Database. Engineering Structures 51:113-127.

Svozil D, Kvasnicka V and Pospichal J (1997) Introduction To Multi-Layer Feed-Forward Neural

Networks. Chemometrics and Intelligent Laboratory Systems 43-62.

Utans J, Moody J, Rehfuss S and Siegelmannt H (1995) Input Variable Selection for Neural Networks:
Application to Predicting the U.S. Business Cycle. IEEE Transactions on Knowledge and Data

Engineering 118-122.

Yang KH, Ashour AF and Song JK (2007) Shear Capacity of Reinforced Concrete Beams Using Neural

Network. International Journal of Concrete Structures and Materials 1(1):66-73.

List of tables
Table 1: Maximum and minimum values of the input and target parameters
Table 2: Mean values, standard deviations and 5% confidence limits of normalised flexural capacity

for beam/column elements without and with axial force

Table 3: RC beam specimens with load-carrying capacity corresponding to shear capacity larger than
load-carrying capacity corresponding to flexural capacity found experimentally to fail in shear: Values
of load-carrying capacity corresponding to flexural capacity calculated by EC2 method and values of

experimentally-established load

23



©CO~NOOOTA~AWNPE

Table 4: RC beam specimens with load-carrying capacity corresponding to shear capacity larger than
load-carrying capacity corresponding to flexural capacity found experimentally to fail in shear: Values
of load-carrying capacity corresponding to flexural capacity calculated by ACI 318 method and values

of experimentally-established load

List of figures
Figure 1: Calculation of flexural capacity
Figure 2: Stress-strain relationships and crack patterns established from uniaxial compressive tests
Figure 3: Axial stress-axial strain curves obtained from uniaxial-compression tests on concrete
cylinders using various means to reduce friction at the specimen-loading platen interfaces (Kotsovos
1983)
Figure 4: Strength envelope of concrete of concrete under axisymmetric states of stress
Figure 5: Schematic representation of the stress conditions in the compressive zone of the portion of
an RC beam in pure bending
Figure 6: (a) Typical artificial neuron, and (b) artificial neural network adopted for the present work
Figure 7: Calibration procedure of ANN model
Figure 8: Pier brittle collapse in Kobe
Figure 9: Column brittle failure in Athens
Figure 10: Bridge deck and pier brittle failure at Northridge
Figure 11: Correlation between experimentally-established values of flexural capacity of RC beam
elements and their counterparts predicted by (a) ACI 318, (b) EC2, (c) the alternative method and (d)

the developed ANN model

24



©CO~NOOOTA~AWNPE

Figure 12: Correlation between experimentally-established values of flexural capacity of RC column
elements and their counterparts predicted by (a) ACI 318, (b) EC2, (c) the alternative method and (d)
the developed ANN model

Figure 13: Normal distribution of normalised values of flexural capacity of RC beam specimens

Figure 14: Normal distribution of normalised values of flexural capacity of RC column specimens

25



Figure 1

Click here to access/download;Figure;Fig. 1.tif =

g,
-’l[
’ Fo’ e ———
' 5, - 8 O M, h/2
F. ; _X_
N | w2
S B s = X
- - Fs
Internal actions External actions
Compatibility Equilibrium
€'s= Epo(x-d')/x F.+F,-F,=N (a)
&= Eqoold-x)/x M, = F, (h/2-0.5%) + (F', # F)(h/2-d")  (b)

iven parameter

¢ Geometric characteristics (b,h,d,d A A L)
¢ Material properties (f.-&, curve for steel, failure
criterion for concrete: £,,,=¢,

esyl

Egy2 &

Steel properties

Solution process

1.
2.
3.

Assume A'.and A,within elastic and plastic ranges of behaviour, respectively.

Solve eq. (a) for x and replace in compatibility equations.

Check for steel properties; if A, and Aoutside the assumed range of behaviour, adjust
eq. (a) and restart process from item 2.

Replace x in eq. (b) and calculate M,.

Figure 1


http://www.editorialmanager.com/sb/download.aspx?id=126832&guid=0c931d92-3728-40b1-a008-fd5a0dc5d4ce&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126832&guid=0c931d92-3728-40b1-a008-fd5a0dc5d4ce&scheme=1

Figure 2 Click here to access/download;Figure;Fig. 2.tif

1.2 | ] I ||
lateral strain 8 axial strain
. C
00 f\‘ |
‘ '
. Crack I E \\ D
(S pattern .
o 06 77— oA a8 BC cCoO | Y
0 0/ ﬁ ; E ‘
A i W [
0.3 X T -
Microcracks Continuous cracks | :
f.= 38 MPa
0.0 . ; 4
-15 -10 k- 0 Y - 10

strain - mm/m

Figure 2


http://www.editorialmanager.com/sb/download.aspx?id=126833&guid=ff5c1a00-3a26-4824-80b2-8e177ffcad3b&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126833&guid=ff5c1a00-3a26-4824-80b2-8e177ffcad3b&scheme=1

Figure 3 Click here to access/download;Figure;Fig. 3.tif

1.2 :
------- active restraint
1.0 . - = =« steel platen |
p f‘ = == brush platen
0.8 : N =+ rubber layer
- ‘ ..
o, — MGA pad
£ o6 L“ N i
Q . \ .
v\
0.4 \ \\
LY .
0.2 ’ : T pr—
P, 0, : peakload and corresponding axial displacement
0.0
0 0.5 1 1.5 2
6/6,

Figure 3


http://www.editorialmanager.com/sb/download.aspx?id=126834&guid=ef5eccd1-4ba2-4920-899b-fd2ba87da371&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126834&guid=ef5eccd1-4ba2-4920-899b-fd2ba87da371&scheme=1

Figure 4 Click here to access/download;Figure;Fig. 4.tif =



http://www.editorialmanager.com/sb/download.aspx?id=126835&guid=e64058c8-f8ec-4663-a8d9-acf07b460459&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126835&guid=e64058c8-f8ec-4663-a8d9-acf07b460459&scheme=1

Figure 5 Click here to access/download;Figure;Fig. 5.tif

primary flexural cracks

Figure 5


http://www.editorialmanager.com/sb/download.aspx?id=126836&guid=fd99bd45-277d-4850-8fa2-32cb6bb81861&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126836&guid=fd99bd45-277d-4850-8fa2-32cb6bb81861&scheme=1

Figure 6 Click here to access/download;Figure;Fig. 6.tif

(b)


http://www.editorialmanager.com/sb/download.aspx?id=126837&guid=1fa0be33-ee50-4ac7-a0db-4c678f2562b8&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126837&guid=1fa0be33-ee50-4ac7-a0db-4c678f2562b8&scheme=1

Figure 7 Click here to access/download;Figure;Fig. 7.tif

Preparation of database
in a tabular form

Selection of the
parameters and targets

a

Architecture of the ANN

Initialization of the
weights and bias

Selection of training,
validation and test data

1

Computation of ANNs
outputs

l

Computation of error E;

YES
@ | Save weights and bias

NO

YE
@ > Save weights and bias

NO
Readjust weights and
bias

0e



http://www.editorialmanager.com/sb/download.aspx?id=126838&guid=9ae261bb-d902-42e5-bcad-c08a8c963cd3&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126838&guid=9ae261bb-d902-42e5-bcad-c08a8c963cd3&scheme=1

Figure 8 Click here to access/download;Figure;Fig. 8.tif



http://www.editorialmanager.com/sb/download.aspx?id=126853&guid=bc50b326-3b87-48ef-bbae-57d9881e726e&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126853&guid=bc50b326-3b87-48ef-bbae-57d9881e726e&scheme=1

Figure 9 Click here to access/download;Figure;Fig. 9.tif =



http://www.editorialmanager.com/sb/download.aspx?id=126854&guid=f0201a53-8b51-4882-97cf-067e6bf95593&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126854&guid=f0201a53-8b51-4882-97cf-067e6bf95593&scheme=1

Figure 10 Click here to access/download;Figure;Fig. 10.tif 2



http://www.editorialmanager.com/sb/download.aspx?id=126855&guid=4e77fb63-8053-41ca-abf8-66ff23b6b527&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126855&guid=4e77fb63-8053-41ca-abf8-66ff23b6b527&scheme=1

Figure 11

1600

1200

400

1600

1200

800

MAU

400 800 1200 1600
MEXP

(a)

® o

]

400 800 1200 1600
MEXF’

(c)

1600

1200

400

1600

1200

800

MNN

400

Click here to access/download;Figure;Fig. 11.tif =

800 1200 1600

800 1200 1600

EXp


http://www.editorialmanager.com/sb/download.aspx?id=126856&guid=89af2478-03ca-4433-b62d-7e57bd34efc1&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126856&guid=89af2478-03ca-4433-b62d-7e57bd34efc1&scheme=1

Figure 12 Click here to access/download;Figure;Fig. 12.tif 2

1600 1600
o
1200 1200
e

800 800
< O
= =

400 400

e
0 ( :n
0 400 800 1200 1600 0 400 800 1200 1600
Mexp Mexp

(b)

1600

1200

800

0 400 800 1200 1600 0 400 800 1200 1600

Mep

(c) (d)


http://www.editorialmanager.com/sb/download.aspx?id=126857&guid=d597c95e-b64f-467a-923d-51c8613f5e8e&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126857&guid=d597c95e-b64f-467a-923d-51c8613f5e8e&scheme=1

Figure 13 Click here to access/download;Figure;Fig. 13.tif 2

35

e A ]

3.0

shseneuns EC2

Normal Distribution



http://www.editorialmanager.com/sb/download.aspx?id=126858&guid=0f7b169f-a730-431e-a2b8-0f6f86983a41&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126858&guid=0f7b169f-a730-431e-a2b8-0f6f86983a41&scheme=1

Figure 14 Click here to access/download;Figure;Fig. 14.tif 2

Normal Distribution



http://www.editorialmanager.com/sb/download.aspx?id=126859&guid=db5a4878-433b-446c-a15d-e793a7c87e31&scheme=1
http://www.editorialmanager.com/sb/download.aspx?id=126859&guid=db5a4878-433b-446c-a15d-e793a7c87e31&scheme=1

Tables 1 to 4

Click here to access/download;Table;tables 20180910.docx %

Table 1
Parameters/ Beams Columns Unit
targets Max value Min value Max value Min value
fc 126.2 22.0 118.0 17.9 MPa
b 510 100 550 100 mm
h 678 150 550 100 mm
d 515 113 470 85 mm
a/d 7.00 1.73 8.70 2.00
PP, Pic) (0.0557,0.0263) (0.0018,0.0013) 0.0087 0.0527 -
fy 889 250 560 313 MPa
Pv 0.0224 0.0010 0.0299 0.001 -
o 876 224 1424 255 MPa
N - - 5373000 0 N
Mcal 1552.5 2.6 1536.0 6 kNm
Mexp 1566 2.5 1561.0 7.0 kNm
Table 2
Mean values (standard deviations) and 5% confidence limits of normalised flexural
Axial force capacity
ACI/EXP EC2/EXP ALT/EXP NN/EXP
No (beams) 0.908 (0.146) 0.92 (0.128) 0.96 (0.134) 1.05 (0.281)
0.89t00.93 0.91t00.94 0.941t00.98 1.02t0 1.08
Yes (columns) 0.83(0.113) 0.86 (0.106) 0.96 (0.113) 1.01 (0.202)
0.82t0 0.85 0.84t0 0.88 0.94t0 0.98 0.97 t0 1.05
Table 3
Ni?:gér Beam specimen ID F|exb?:?égr)rymg capacity ;el;': test/flexure
1 B2-3 322.9 337.5 1.045
2 C2-1 289.1 292 1.01
3 C2-2 291.5 303 1.039
4 C2-3 289.8 326 1.125
5 D2-3 328.2 337 1.027
6 D2-4 327.7 337.5 1.03
7 E1-2 213.4 223.5 1.047
8 D4-3 163.4 166 1.016
9 29f-2 222.8 234 1.05
10 C310-D10 123.8 1324 1.069
11 C310-D20 124 139.8 1.127
12 V18-2 151.2 172.2 1.139
13 V18-2c 151.2 153 1.012
14 B2 174.3 182.5 1.027
15 C1 130.8 141 1.078
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Table 4

Serial Beam specimen Load-carrying capacity - kN
Number IFI)D Flexure (ACI318) test test/flexure
1 D4-1 317.5 341.5 1.075
2 290-2 214.5 217 1.012
3 29f-2 218.2 234 1.072
4 C310-D10 120 132.4 1.103
5 C310-D20 120.2 139.8 1.163
6 V18-2 149.2 172.2 1.154
7 V18-2c 149.2 153 1.025
8 B2 168.3 182.5 1.084
9 Cl 127 141 1.11
10 C2 135.1 145 1.073
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