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Abstract

The computer aided models have received much attention in the recent years for solving diverse civil
engineering applications. In the current review, the applications of artificial intelligence (AI) methodologies
in modeling beam shear strength are presented. The review is attempted to give an insightful version
for Al models progression in modeling diverse shear strength of structure beams types. Several essential
components are surveyed and summarized including, the types of the applied Al models, the input
parameters used for the development, types of the additive material, number of the modelled dataset,
performance metrics, sources of the modelled data and data availability. Based on the reported literature,
several significant core aspects on the Al model’s implementation are assessed and discussed scientifically.
Future research directions are presented with respect to the exhibited literature review.

Keywords: Beam shear strength; artificial intelligence; review; parametric analysis; structure design.

1. Introduction

Shear strengthening of Reinforced Concrete (RC) beams has received relatively little study compared
to flexural strengthening, which has received the majority of attention [1]. Structures with brittle
failure to shear force are particularly harmful. This is mostly caused by the sudden, unexpected
structural collapse mechanism caused by shear. Shear force is the primary force experienced by deep
beams, with a shear span to effective depth proportion (a/d) of less than two [2]. In both analytical
approach and design, the behaviours of a deep beam exposed to vertical static stress vary dramatically
from those of the narrow beam.

Because of the fast and brittle fracture of reinforced concrete (RC) beams caused by shear action
and the absence of logical design formulas in building regulations, the behaviour and design of RC
beams under shear remain a source of worry for structural engineers. Concerns about the outdated
shear design methodology at the time were highlighted by the partial collapse of the Wilkins Air
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Force Depot building in Ohio in 1955 [3], which was brought on by the shear failure of RC beams.
In order to avoid such unexpected failures, design code techniques have been developed and tightened
since then.

Researchers are currently debating the shear modes of failure, the resistant mechanism at cracked
phases, and the function of different factors [4], [5]. Additionally, investigations on the defining
characteristics that influence the shear strength of RC beams have been conducted [6]-[9]. These
criteria involve beam size and form, reinforcing quantity, shear-span/eftective-depth proportion, and
material strength. The standard method utilized in most studies to estimate how these characteristics
affect an RC beam’s shear strength begins with an expected version of the practical or analytical
formula [10]. A regression analysis utilizing experimental data is then performed to identify the
unknown coeflicients needed to fit the test data into the formula [11]. The shear strength of RC
beams may be predicted using various models. However, a comparative analysis of these models
[9] has shown that they are only useful for understanding the experimental data utilized for their
calibration. The variations in the variables employed and the specifics of the trials might be to blame
for this disagreement.

There are many methods by which shear force is conveyed in reinforced concrete members
[12]-[14]. The shear resistance of uncracked concrete in the compression zone, the interlocking
action of aggregates along the rough concrete surfaces on either side of the crack [15], and the dowel
action of the longitudinal reinforcement all contribute to carrying shear force for thin beams with
a/d greater than 2.0 to 3.0. For relatively short beams, however, arch action primarily resists shear
force following the breakdown of beam action. According to test findings, the concrete strength,
longitudinal steel proportion, shear span-to-depth ratio, and effective depth are the key determinants
of the shear strength of reinforced concrete beams without web reinforcement. Of course, variables
like the max aggregate size, bar diameter, and flexural crack spacing exhibit minor contributions.
The shear strength forecast models that are now in use incorporate some of these basic components,
but the impacts of these elements are calculated differently in each model.

It is well known that the shear failure of strengthened concrete beams devoid of web reinforcement
is a classic instance of brittle failure and exhibits a considerable size impact. Reinhardt [16] first used
fracture mechanics to forecast shear strength in 1981. He examined the scant test data for shear failure
based on linear elastic fracture mechanics. It was later shown that the nonlinear failure mechanism
seems to be a better fit to characterise the brittle collapses of concrete structures because the size
impact predicted by linear elastic fracture mechanics is too severe in the case of concrete. Meanwhile,
Bazant [8] provided a straightforward and approximative size impact rule based on nonlinear fracture
mechanics. Bazant’s size impact rule is in good correlation with test findings, according to much
research [8], [17]-[19]. Nevertheless, there is a significant inconsistency between the test results and
the prediction made by Bazant’s rule, especially for large-sized specimens. Kim and Eo [20] have
developed a modified Bazant’s size impact rule to lessen the disparity.

The brittle and sudden nature of the shear failure of RC beams made it a major concern [21].
Hence, conventional steel stirrups have been found as effective shear reinforcements that can prevent
the sudden failure of concretes and improve the shear capacity [22]. However, some challenges face
the integration of stirrups in thin, congested, and irregular sections [23]. One of the problem:s is
related to the placement of concrete in the spacing between stirrups due to the available small gap
and this can lead to the presence of voids in the resulting concrete [24]. Furthermore, the use of
conventional stirrups requires a great human effort that increases construction costs. Hence, steel
fibers have received considerable attention as the alternative material in recent years due to their
ability to provide the required shear reinforcement when used in sufficient quantities [25]. The use
of steel fiber reinforced concrete (SFRC) in the construction industry has been associated with many
advantages; for instance, the study by [25] noted the ability of fibers to improve shear resistance
by reducing the width of cracks and facilitation of the diagonal transfer of the tensile stresses. The
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shrinking behavior and post-cracking toughness of concretes can also be improved using fibers
[26]; the inclusion of fiber into concretes has also been reported to enhance the dowel resistance
due to the improvement of the tensile strength of the concrete in the splitting plane along with the
reinforcements [27]. A fiber volume fraction of 1% has been reported by [27] to be sufficient for
the control of shear failure transition from the catastrophic mode to the controlled ductile failure
mode. Considering these advantages of steel fibers, the ACI building code has permitted the minimal
replacement of stirrups with steel fibers in concrete structures [28]. Therefore, the shear capacity
of SFRC must be accurately determined even though it is not an easy process due to the complex
nature of the shear transfer mechanisms in SFRC beams, as well as the orientation of the fiber at
the crack interface [26]. Currently, the shear strength of SFRC beams is mainly determined using
empirical models that involve statistical experimental data analysis. The study by [29] developed
an equation that accounts for the tensile strength of concrete and the shear span-to-depth ratio
while linking the tensile and compressive concrete strengths with Wright’s formula [30]. Kwak
et al. [31] performed 12 tests on SFRC beams when developing a relationship that accommodates
the effect of fiber inclusion using Zsutty’s equation for RC beams [32]. The introduced empirical
formulations over the literature are associated with several limitations and thus the development of
advanced computer aided models were the reliable alternative methodologies for the beam shear
strength determination.

In order to forecast the shear strength of both FRP-reinforced concrete elements with and
without stirrups, group method of data handling networks (GMDH) is used and tested [33], [34].
There are a total of 12 significant geometrical and mechanical characteristics taken into account
as input parameters for the GMDH. New models are created for two scenarios with and without
shear reinforcement using two readily accessible, recently gathered extensive datasets of 112 and 175
data samples, respectively. A number of codes of practise are compared to the suggested GMDH
models. The same datasets are also used to create an artificial neural network (ANN) model and
an ANFIS-based model to further evaluate GMDH. The statistical error parameters are used to
assess the correctness of the created models. The findings demonstrate that the GMDH outperforms
previous models and may be utilised as a useful and successful tool for shear strength forecasting
of members with and without stirrups. Additionally, parametric and sensitivity studies are used to
assess the relative weight and effect of input factors on the forecast of the shear capacity of reinforced
concrete components.

It was worth to survey the Scopus database for the adopted research on beam shear strength
modeling using the development of machine learning models. 205 keywords were majorly recognized
over the literature as reported in Figure 1a. Based on the several clusters generated in accordance
with the VOSviewer algorithm software, this research domain is getting more interesting than
before and multiple aspects related to the concrete properties, dimensional design, concrete additive
materials, modeling algorithm types, etc. Figure 1b indicates that more research were adopted
recently and concerning the types of the fiber reinforcement, the diverse variant of the data mining
models, material bond strength, types of structure and others. Figure 1c explains the globalization
interest popularity for the studied beam shear strength prediction. United states, China and Vietnam
were the majorly devoted more attention on this problem investigation. However, nearly 30 other
countries were having interest in studying this problem. The current survey was introduced due
to the missing of such a review research over the literature. It is very essential to introduce the
current review with the motive to have an insightful vision for Al progression in modeling diverse
shear strength of structure beams types. The goals of this review are (i) to recognize the adopted
Al models over the literature for solving the beam shear strength, (ii) to identify the significant of
the utilized parameters “geometric, concrete properties and etc.” on the beam shear determination,
(iii) to survey the various types of the additive material targeted to enhance the concrete properties,
(iv) to understand the influence of the dataset span on the modeling procedure, (v) to spot the data
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availability over the literature and finally (vi) to check the performance metrics were used for the
modeling evaluation. Hence, based on the reported literature, numerous core aspects were assessed
and discussed scientifically. Future research directions are presented with respect to the exhibited
literature review.

2. Beam Shear Strength Literature Review Using Al Models

2.1 Artificial Neural Network Model (ANN)

The brain systems of humans are greatly simplified in ANN models. Artificial neurons are computa-
tional units that are similar to the neurons found in the biological nervous system [35]. The output,
hidden, and input layers make up the majority of the ANN model. A signal connects every neuron
in the nth layer to the neurons in the (1 + 1)-th layer. A weight is given to each link. Every input
might well be multiplied by its appropriate weight to determine the output. To obtain the finalized
ANN output, the output is processed by an activation function [36].

Various technical and scientific challenges could benefit from the application of the ANN. As
a result, the ANN has several applications [37], including picture compression, signal processing,
differential formulas, medical diagnostics, stock market forecasting, and function approximation
[38]-[41].

Biological neural networks are consistent with ANN models [42]. They are made up of the top
layer, any hidden layers, and the bottom layer [43]. The input layer is on the top layer, while the
output layer is on the bottom layer. There are nodes known as neurons in each layer of an ANN.
A node is a network building component that utilizes a sum and transfer function to handle data.
The number of neurons in the hidden layer affects how well the ANN predicts outcomes; while this
isn’t always the case, studies show that having more neurons improves how closely model outputs
resemble training data. To represent a dataset using learning methods, the ANN model is trained.
Because ANN models just need input data and do not divulge the transfer functions, they are entirely
black box models [44]. Even nonlinear, piecewise, discontinuous, and other types of connections
may be accommodated by them. Training, validation, and testing points may be separated out of
the experimental dataset. The learning process may benefit from the validation and training points,
whereas the testing points may be utilized to assess the model’s capacity for prediction after the
learning phase [45].

Building energy efficiency and consumption activities often make use of neural network technol-
ogy [46]. The responsibilities of predicting the load on air conditioning systems, electricity usage,
and analysis of energy use are where ANN are first utilized [47]. Additionally, thermal insulation
qualities of materials and the heat and thermal insulation of building walls are studied using neural
networks [48]. The study and optimization of HVAC control systems, as well as the quick prediction
of non-uniform indoor pollutant concentration, are two tasks in which neural networks are utilized
[49].

However, there are currently no logical and simple-to-use formulae accessible in design software
that correctly anticipate the shear strength of RC beams with transverse reinforcement. Therefore,
utilizing data from previous trials, the current research investigates the viability of employing ANNs
to predict the shear strength of beams with transverse reinforcement. By definition, an ANN is a
network of linked processing units that may be taught to translate an input data into a desired output
[50]. ANNs may be a useful tool to forecast the shear strengths of RC beams failing in shear since
the shear behavior of these beams is affected by a number of complicated characteristics and the
experimental data that are accessible were dispersed [51], [52].

The preparation of rational shear design formulas that use these theories seems to be very complex
because there are predictable and unpredictable factors that are interdependent, despite the fact
that several rational truss model theories have been suggested over the past 20 years, including the
MCEFT [53] and the RA-STM [54], to forecast the deformation and strength properties of shear
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elements. Thus, the equilibrium requirements of the straightforward 45-v-truss model theory put
forward by Ritter and Morsch at the start of the 20th century serve as the foundation for the majority
of shear design formulas. Most design standards, including the ACI building code, employ these
equations after they have been statistically updated to take into account the impact of flexure and the
longitudinal reinforcement proportion on the RC beams shear strength [55]. The formulae only
calculate an RC beam’s shear strength as the sum of its shear strength from concrete alone and its
shear reinforcement alone. Once compared to actual findings, it was shown that the RC beams shear
strength estimated to use these straightforward formulas was quite conservative. This was mostly
due to the formulas’ presumption that there is no interactions between shear resisting mechanisms,
which conflicts with the results of several studies [56], [57]. To anticipate the shear strengths and
behavior of shear-dominant structures, many rational truss model theories were created. Table 1
presents the adopted literature on the implementation of neural network models for share strength
prediction of beam concrete.

By definition, an ANN is a network with connections between its inputs and outputs, whose
connections are made up of neurons. A neural network’s primary computing abilities are its capacity
to learn functional correlations from instances and to use self-organization to find patterns data. Many
researches have been done over the last 20 years to use ANNS to forecast the shear strength of RC
components. In order to test and train their ANN against 176 RC beams with shear reinforcement,
Mansour et al. [58] constructed an ANN. Goh [59] looked into whether neural networks could be
used to assess the ultimate strength of deep RC beams exposed to shear and came to the conclusion
that the assumptions made by neural networks were more accurate than those made by traditional
formulas. Utilizing 111 deep beam tests, Sanad and Saka [60] also investigated the application of
ANN approaches to forecast the ultimate shear strength of reinforced concretes deep beams. In order
to forecast the shear strength of typical and great strength concrete beams without and with shear
reinforcement, Cladera and Mari [61] used ANNs. Depending on a parametric research carried
out using ANNs, Cladera and Mari have created novel formulations for beams without and with
shear reinforcement [62]. Utilizing an ANN, Oreta [63] carried out a size impact research on the
shear strength of RC beams without shear reinforcement. Additional research into the application of
ANNS s for RC beams without shear reinforcement was conducted by Jung et al. [64] and Seleemah
[65]. The shear capacity of FRP reinforced concrete beams and steel-fibre reinforced concrete beams
have both been effectively predicted using ANNGs. Le et al. [66] used ANN to forecast the axial
load capacity of steel tube columns filled with concrete and found that ANN had more accuracy
than the present code formulas. The maximum axial load of concrete-filled steel pipes was predicted
using Asteris et al. [67] unique hybrid predictive model, which combines balancing composite
movement optimization and ANN. In order to forecast the unconfined compressive strength of
granite using non-destructive texts, Armaghani et al. [68] employed ANN. Additionally, ANNs have
been employed in structural damages evaluation [69], and to predict additional concrete parameters
including tensile strength and compressive strength.

In 2006, predicting the shear strength capacity of steel fiber reinforced concrete (SFRC) beams
was done theoretically using an ANN models [70]. Where two models were developed using
enormous data collected from the existing experimental results for construct and validate these ANN
models. The typical architecture of building the ANN model presented in Figure 2a and the process
of neuron is shown in Figure 2b. The effects of varied parameters on the shear strength of the SFRC
beams were considered such as the span-depth ratio, concrete compressive strength, length-depth
ratio, and steel fiber contained ratio. The validation of the proposed ANN models was confirmed
since achieved accurate prediction results compared to the existing tested results by others.

In 2006, predicting the shear strength capacity of steel fiber reinforced concrete (SFRC) beams
was done theoretically using an ANN models [45]. Where two models were developed using
enormous data collected from the existing experimental results for construct and validate these
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ANN models. The typical architecture of building the ANN model presented in Figure 2. The
effects of varied parameters on the shear strength of the SFRC beams were considered such as the
span-depth ratio, concrete compressive strength, length-depth ratio, and steel fiber contained ratio.
The validation of the proposed ANN models was confirmed since achieved accurate prediction results
compared to the existing tested results by others.
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Figure 2: The typical architecture of multilayer feed forward neural network, a) Network architecture; b)
Processing neuron [70].

The ultimate shear strength capacity of SFRC corbel without steel stirrups was estimated by
developing an ANN model [71]. Figure 3 presents the typical shear failure of SFRC corbel without
stirrups. The algorithm called Lavenberg-Marquardt was chosen for build the proposed ANN model
using the MATLAB program. Compared to the most available test results and those obtained using
the existing models, the proposed ANN model in this study was fairly satisfied the prediction values.
After the validity of the proposed model was confirmed, the effects of further parametric studies
were investigated on the failure and strength capacity of the SFRC corbel without stirrups.
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Figure 3: Typical cracks at shear failure of SFRC corbel without steel stirrups [71].

An ANN model was proposed to predicting the shear strength capacity of RC beams externally
wrapped with fibre reinforced polymer (FRP) sheets [72]. In addition to the effects shear span-
to-depth ratio, the proposed model considered the effect of varied strengthening configurations.
Figures 4a and 4b showed some of the failure mode of the tested RC beams strengthened with FRP
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sheets (beams with T and Rectangular cross-section). In Addition to the results of tested specimens in
this study, additional results of 84 RC beams that obtained from existing studies were all used to train
and verify the proposed ANN model. The validity of the model was sufficiently confirmed among
the existing code standards such as the American guideline (ACI 440.2R), Federation for Structural
Concrete (fib14), Italian National Research Council (CNR-DT 200), Australian guideline (CIDAR),
and Canadian guideline (CHBDC) for verification.

(b)

Figure 4: Failure mode of RC beams bonded with FRE a) T-section, b) Rectangular-section [72].

The database of 430 results obtained from the literature are used to generate a ANN model
to theoretically predict the shear strength capacity of the SFRC beams without steel stirrups [73]
that presented in Figure 5. Compared to the available empirical and existing code expressions, the
proposed ANN model in this study achieved the best prediction accuracy since it is considered a
wide range of parameters. The proposed model help the designers for initially predicting the proper
parameters of the SFRC beams before proceed with experimental approach.

v d
As
As
o o
[ > L] «—b—
() test specimen, side view () cross-section

=
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Figure 5: Geometry and loading scenario of RC beam without stirrups [73].
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2.2 Support Vector Machine Models

SVM is developed as a ML-based classification algorithm and has found application in different
tasks, such as pattern recognition, classification, and prediction. SVM maps instances by creating a
hyperplane in an N-dimensional plane that guarantees the maximum distance between instances of
a class [248]. In the N-dimensional plane, data points that are close to the hyperplane are known as
support vectors; they are responsible for the position and orientation of the hyperplane. A higher
dimensional nonlinear hyperplane is used to separate classes that cannot be separated by a linear
hyperplane. Such cases are addressed using some accessible kernel functions, such as polynomial,
sigmoid, and radial basis function (RBF) kernels. SVM is expensive computationally and requires a
prolonged training time. It can regularize and can work with both linear and nonlinear data forms.
The process of using SVM to construct hyperplane between two data groups for classification tasks
is presented in Figure 6a.

&= Error tolerance

““’Sm o ) a=c, Error SVs
k L5 @ < ¢, Margin SVs (b)
[y o @ #0,5Vs
~ ¢ = + ve degree of
R @) penalized loss
_ Non 8Vs . ErrorSVs i@ = Lagrange
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deviation

Margin SVs ) /

Figure 6: (a) Non-linear SVR vapnik’s e-insensitivity loss function, (b) the mechanism of the SVR model.

The mode of operation of SVR algorithm differs significantly from that of other regression
algorithms [249]. For instance, most regression frameworks strive towards sum of squared error
minimization while SVR considers the error when it is within a given range [250]. The operation
mode of this regression method resembles that of SVM, but rather than providing a class as output,
SVR generates a real number. In the presence of an error, SVR offers flexibility towards minimization
of the coefficients (e-value) while optimizing them for better performance [251]. To ensure that
both low and high miss are penalized equally, SVR is trained with symmetrical loss function. Its
computation complexity is independent of the dimension of the input shape. SVR implements
nonlinear operations using polynomial kernel as represented as follows: f (x;, x; = (x; x % x %), where
x; and Xj represent two varying observations in the considered dataset, r represent the polynomial
coefficient, while d is the degree of the Gaussian RBF and polynomial kernel that presented as follow

S i, xj = e'ylle"?/llz), where x; and x; represent are two varying observations in the considered
dataset, while 7y is the kernel spread. It can generalize excellently and can achieve high prediction
accuracy. Figure 6b is a depiction of this process. Table 2 presents the adopted literature on the
implementation of hybrid AT models for share strength prediction of beam concrete.

Several parameters are affected on the shear strength capacity of the RC beams with/without
steel stirrups including the parameters of web-width, span-depth, and steel reinforcement ratios, as
shown in Figure 7. Thus, an empirical model was developed using the machine learning approaches
for predicting the shear strength capacity of these RC beams [252]. The dataset of 194 and 1849
tested samples of RC beams with and without stirrups, respectively, were used for this purpose.
High accuracy was achieved by the proposed model for predicting the shear strength of RC beams
with/without stirrups those tested by others.
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Figure 7: Geometry of RC beam with and without steel stirrups [252].

The machine learning framework was adopted to develop an artificial algorithm model to predict
the failure mode and shear strength capacity of Ultra-High Performance Concrete (UHPC) beams
[253]. The database of 360 tested samples of UHPC beams that have varied geometric, loading
scenario, materials properties, and fiber properties had been used to develop the proposed model.
The database analyzed using different algorithms, which are the support vector machine (SVM),
k-nearest neighbor (k-NN), ANN, and genetic programing (GP). Figure 8 presents the schematic
procedure of the proposed machine learning methodology. The reliability of the proposed model was
confirmed by a valid compassion with the values obtained using the existing design methods in codes,
and with those established from the experimental tests of UHPC beams with varied configurations
and reinforcement details.
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2.3 Evolutionary Computing Models

A group of global optimization techniques that take into account organic development is known as
evolutionary computation [302]. This approach begins with the creation of a group of individuals
who work together to solve problems [303]. An algorithm may be used to create the initial population
at random. A health test is used to assess individuals, and the results indicate how effectively they
handle the issue based on how well the feature performs. Following that, various operators, including
convergence, mutations, selecting, and reproduction are also applied to individuals who are affected
by natural evolution [304]. Depending on the fitness magnitudes of recently evolved individuals, a
new population is generated. Some entities are eliminated so that the population number may remain
constant with the surrounding environment. This approach is maintained until the terminating
requirements are satisfied. EC seems to be a branch of artificial intelligence and soft computing. The
following are the main difficulties faced by ECs.

* Inability to repeat experiments: EC suffers from a lack of acknowledged benchmark issues,
the difficulty of evaluating performance, and the absence of standardized implementations and
algorithms.

* Poor performance: EC method performance was inefhicient when comparing to other CI ap-

proaches because of the lengthy defining lengths of the algorithms and schemes.

Unsuitable for real-time situations: Simple problems with accessible derivative information

are not suited for EC approaches. Repeated calculations of the fitness magnitude might be

computationally costly for particular issues. The solution’s quality or optimal are not guaranteed
since it is stochastic.

Genetic Programming, Genetic Algorithms, Evolutionary Programming, and Evolution Strate-
gies are four traditional EA versions that vary in their evolution and method of representation
(see Figure 9). Rechenberg and Schwefel developed evolutionary strategies. Instead of utilizing
recombination, real numbers have been used in evolutionary strategies to describe the solutions, and
selection and self-adaptive mutations have been used as searching operators. The most desirable
person is chosen to reproduce in the next generation (elitism) [305]. To produce new people for the
following generations, self-adaptive mutation is used [306].

Evolutionary
Algorithms

Genetic
Programming

Evolution Evolutionary Genetic
Strategy Programming Algorithm

Figure 9: Evolutionary algorithms classification.

Fogel created evolutionary programming to tackle engineering issues with populations of finite
state machines. The approach is depending on a description of the issue in string form and does not
have a specific kind of representation for such people. Recombination is not used in this optimization
strategy, unlike evolutionary strategies [307].

The genetic algorithm, created by Holland, is the most well-known kind of EA [308]. The people
are represented by this stochastic method in a linear and binary-coded representation. Typically, a
population of randomly created individuals serves as the starting point for the evolutionary process.
Rearrangements and mutations operators are used by a genetic algorithm to address optimization
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issues [309]. Inverting the genetic information’s parameters is a common way to create mutations.
The fitness, a magnitude of an optimization problem in the optimization process, rates each person’s
quality [310].

Informatics [311], [312], mechanical engineering [313], [314], and Electrical engineering [315]
are a few technical areas where EAs have recently been used. Additionally, research has focused on
the application of machine learning for structural damage tracking [316], [317] and evolutionary
algorithms (EAs) as cutting-edge optimization tools to update finite element (FE) models for damage
detection [318]-[320]. EAs are strong mathematical tools that may be used to tackle challenging
optimization issues with high nonlinearity, multimodal interactions, etc. Single-objective EAs have
been employed alone [321] or in combination with the weighted sum technique [322]-[325] to
address FE model update issues. The distribution of solutions along the Pareto optimal front, which
is crucial to determining the caliber of the achieved solution, might not even be properly guaranteed
even though a single-objective evolutionary algorithm requires sufficient knowledge of the problem.
Additionally, choosing the optimal weight combination is a challenging process. The typical method
of trial and error is ineffective for this job when dealing with sophisticated FE model update issues.
Due to these factors, a few studies have used multi-objective EAs to update FE models for detection
of defects. Their research has successfully shown that multi-objective functions are superior to
single-objective functions when employing the weighted sum approach. On the other hand, the use
of EAs for structural detection of defects depending on FE model update is still not well understood.
The established literature review research on the beam shear strength prediction using the feasibility
of evolutionary computing models was demonstrated in Table 3.

Gene expression programming (GEP) and genetic programming (GP), two EC techniques that
were deemed suitable for simulating different civil engineering applications, are among the several
kinds of Al models [326]. When the idea of GP was initially proposed, Koza [327] was the one who
first created these models. When attempting to find a mathematical function that fits a collection
of data, they were theoretically designed based on the genetic algorithm (GA), an algorithm used
for the implementation of symbolic regression [328]. Regarding the viability of employing EC to
resolve issues like circuit design, multiagent systems, and time-series prediction, various efforts were
undertaken [329]. Similar to this, during the last 20 years, a number of scholars have investigated
whether EC may be used to address issues with hydrology, climatology, the environment, and
ecology [330].

Over the last ten years, the areas of automotive, structural, aerospace, etc. engineering have shown
increased interest in the study area of structural damage diagnosis uses the finite element (FE) model
update. There have been several research on updating FE models for structural damage diagnosis
using direct, sensitivity-based, probabilistic, statistical, and iterative techniques. In contrast, a sort of
contemporary technique for FE model update is called evolutionary algorithms (EAs). Although a
thorough assessment is missing, structural damage diagnosis via FE model update by evolutionary
algorithms is an ongoing research area. Alkayem et al. [331] reviewed important elements of
FE model update using evolutionary algorithms to identify structural deterioration. The topic of
structural damage identification and the different FE model update strategies are first presented in a
theoretical context. Second, a summary of the different residuals between the dynamic properties
of the FE model and the corresponding physical model is provided. These residuals were utilized
to build the objective function for tracking damage. Third, issues with the parameter selection for
FE model update are looked into. The fourth step examines the use of evolutionary methods to
update FE models for damage detection. Finally, a case study comparing the applications of two
single-objective EAs and one multi-objective EA for damage detection based on updated FE models
is shown. The use of evolutionary algorithms-based FE model update to resolve damage detection
issues is suggested as a last line of inquiry. This research should aid in identifying key areas for future
theories, approaches, and technological advancements in evolutionary algorithm-based FE model
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update for structural damage identification.

A genetic algorithms (Gas) approach was developed to predict the shear strength capacity of
the RC beams externally bonded with FRP [332]. The schematic view of the RC beam externally
bonded with FRP is shown in Figure 10. The adequacy of the results predicted using the proposed
approach was compared to those obtained using the existing methods such as the Eurocode (EC2),
ACI 440, Colotti model, Matthys Model and ISIS Canada. Compared to the effects of the ultimate
strain in FRP sheets, and the ultimate stress in transverse steel bars, the study showed that the shear
span-to-depth ratio showed the most significant effect on the shear capacity of RC beams bonded

with FRP.

P/2 P2

e % 13m fx F [
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e — 0.15m

Figure 10: Schematic of RC beam externally bonded with FRP [332].

A new model called Gene Expression Programming (GEP) was developed to predict the shear
strength capacity of RC deep beams [333]. A database collected from 214 test results was adopted for
developing and verifying the proposed GEP model. The schematic parameters of the RC deep beam
is presented in Figure 11. Compared to the existing models of the Canadian Standard Association
(CSA) and the American Concrete Institute (ACI), the proposed GEP model in this study achieved
better prediction strength capacity values, and well agreed with those obtained using the ANN
model.
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Figure 11: Schematic details of RC deep beams [333].

A new Al model named biogeography-based programming (BBP) has been developed to predict-
ing the shear capacity of the concrete beams reinforced with Fiber Reinforced Polymer (FRP) bars
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[334]. The geometry of FRP bars reinforced concrete (FRP-RC) beams without stirrups presented
in Figure 12. The validity of the proposed BBP model for predicting had been examined with the
results obtained using the existing Al models and experimental results done by others, where the
proposed model achieved the most accurate shear capacity results of FRP-RC beams.

(mmmmm
=

Figure 12: Geometry of FRP-RC beam without stirrups [334].
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2.4 Fuzzy Logic (FL) Models

The human decision -making process differs significantly from that of machines; for instance, humans
have other choices in-between “yes” and “no” which is lacking in machines. This is a fuzzy-logic
system of making decisions. In a fuzzy logic system, there are modules with which the system
makes decisions. During module fuzzification, a membership function (MF) is used to generate
a membership degree (which can range from large positive to large negative) from crisp inputs.
Then comes the knowledge base with some IF-THEN rules that are conceptualized from human
behaviours. The inference engine provides reasoning for the input by comparing the input with
the established rules. Then, this reasoning is converted to crisp output by the fuzzification module.
The popularity of Fuzzy logic is driven by its flexibility and ease of use. The basic structure of
Fuzzy logic system is depicted in Figure 13a. A neuro-fuzzy system (NFS) refers to a network of
Fuzzy systems represented as ANN in a manner that they can be optimized using either genetic
algorithm (GA) or backpropagation. This system can be implemented using the Mamdani approach
as presented by [388]. This approach requires that the system input and output must be a fuzzy
quantity. It is a good model for human inference systems because of its reliance on the min-max
operations structure; it can be easily understood by humans even though its complexity increases
as the number of input rules increase. The five layers used in this model for prediction tasks are as
follows: (i) Fuzzification layer: the input vector that consists various features enters this layer for
the calculation of its membership value. The membership value is generally calculated using the
Gaussian function [388]. (ii) Fuzzy inference layer: the fuzzy rules of this layer are based on the
input vector via the multiplication of the calculated membership values. (iii) Implication layer: the
calculation of the resulting membership functions is done in this layer based on their strength. (iv)
Aggregation layer: here, the multiplication of _ring strength & resulting parameters are aggregated.
(v) Defuzzification layer: This layer produces the final crisp output via a defuzzification process; this
process follows the Center of the Area method.

The structure of the layers of the Mamdani FNN is depicted in Figure 13b. The Takagi Sugeno
neuro-fuzzy system is the other approach; it is also known as ANFIS as it is a combination of the
NN and fuzzy inference system (FIS) [389]. Owing to the fixed membership function of the FIS,
it does not usually have learning ability. These problems are solved using the five layered ANFIS
approach; it generates the IF-THEN rules from expert knowledge; the system is computationally
more efficient because it avoids the extensive initialization stage.

The grade membership functions are generated in the first layer; these functions include Gaus-
sian functions, trapezoid functions, and triangular functions; they are used for the _ring strength
generation. In the second layer, the grade of the MF is used to estimate the _ring strength. A
comparison of the output of each model is made and the product or minimum of the outputs is
selected. Normalization is done in the 3rd layer by dividing the _ring strength of a rule by the
overall _ring strength. The next layer is defuzzification which involves the calculation of the output
using the weighted parameters. Then, the sum of the defuzzified nodes is aggregated to get the
overall ANFIS output in the last layer. The structure of ANFIS model is depicted in Figure 13c. The
square layers can be adjusted with some optimization frameworks, such as BP or GA. The established
literature review research on the beam shear strength prediction using the feasibility of fuzzy logic
models as demonstrated in Table 4.

Because to the intricacy of the shear transfer mechanism, accurate prediction of the shear be-
haviour of Reinforced Concrete (RC) beams—as opposed to its flexural behavior—is a difficult
task. Compared to beams made of regular strength concrete, this problem may be more serious
for high-strength concrete (HSC) beams. The current work uses the M5” method to potentially
establish a novel formulation for forecasting the shear strength of HSC narrow RC beams without
stirrup, which is an effective rule-based data mining technique [390]. The prediction of the shear
strength involves a large database with a number of useful characteristics that take into account the



20 Zainab Al-Khafaji ef al.

W1
[a ‘ Crisp — 1
Input
Crisp
2 Output
Y W2
— Gl

Crisp X Crisp
Toput ~ Puzzifer ‘ Defuzzifier ~Gutpit
v
Crisp
Crisp Output
Intelligence Input
Fuzzy Input Set Fuzzy Output Set 2 L
Y Wz )
Fa
XY
I Fuzzification Normalization @ Inference implication First-order polynomial

Figure 13: (a) The basic structure of fuzzy logic system model, (b) the structure of the layers of the Mamdani
FNN, (c) The structure of ANFIS model.

geometrical and mechanical qualities of the concrete, aggregate, and reinforcement. The proposed
model outperforms the most popular design codes in terms of correctness, as shown by a comparison
between the two. Furthermore, the dependability of the suggested formulation is further supported
by the safety study based on the Demerit Points Classification scale.

The shear strength of the high strength concrete (HSC) RC beams without steel stirrups had been
predicted using the adaptive nerou-based inference system (ANFIS) [391]. Figure 14 presents the
shear resistance components of the RC beams without having a steel stirrups. The fuzzy model was
developed based on enormous data collected from of about 122 experimental database that included
varied parameters, such as, concrete shear span to depth ratio, compressive strength, and tensile
reinforcement ratio. The validity of the ANFIS model was examined with experimental results
which achieved mean value and coefhcient of variation equal to 0.995 and 11.97%, respectively.

I V=VCC+V,1+Vd
Figure 14: Shear resistance components of RC beams without steel stirrups [391].

There are several related research have been adopted using fuzzy logical model for modeling
shear strength. Among several, one study [392], the authors developed two types of models including
group method of data handling (GMDH) and adaptive neuro fuzzy inference system (ANFIS),
were developed to predict the shear failure of concrete beam-column joint. The sample of the test
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presented in the research was displayed in Figure 15. In Figure 15 the structural joint frame is
presented where a panel between the beam and columns. The researchers approved their proposed
models for determining the shear failure.
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Figure 15: Structural beam—columnjointfmme [392].

The shear capacity of the exterior RC beam-column joint has been estimated using a combination
of three soft computing techniques which are ANN, GMDH, and ANFIS [393]. The effects of seven
(7) parameters were considered, including the steel yield stress and the reinforcement ratio of the joint
stirrups, compressive strength of concrete, width of the joint panel, column’s cross-section, beam
tensile and compressive longitudinal reinforcement ratios, and column longitudinal reinforcement
ratio. The typical forces distribution on the exterior RC beam-column joint are shown in Figure 16.
The efficiency of developed model was verified with the existing experimental results, where the
effects of beam reinforcement was showed the most important factor in the estimated shear capacity
of exterior RC beam—column joint.
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Figure 16: Structural beam-column joint frame [393].
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2.5 Ensemble Models

The past few years have witnessed a remarkable implication of the newly explored ensemble ML
including for example random forest (Figure 17a) and decision tree (Figure 17b) models for solving
the Vs problems of structural engineering. For instance, the study by [261] reported the use of
“Gaussian Process regression (GPR) and random forest (RF) models” for the prediction of ultimate
shear resistance for SFRC slender beams without stirrups. The development of the models relied
on 326 experiments on SFRC slender beams called from literature; 75% of the dataset was used for
the model training while 25% was used to test the model. The proposed models were compared
statistically to the experimental results for performance, as well as against the existing fib Model
Code 2010, German guideline, and Bernat et al. model. The performance of the proposed RF model
showed close agreement with the experimental Vs. Furthermore, both GPR and RF showed the
lowest bias & variability with no obvious trend with the input variables. However, the observed
inconsistencies in the predictions using the existing shear design equations upon the variation of the
shear span to effective depth ratio remains a major problem; hence, there is a need for reliability
analysis.

Figure 17: (a) The structure (y[ random foresl model, (b) the structure of the decision tree model.

The study by [476] aimed at solving the issue of overfitting and coming up with a more reliable
method for ultimate Vs prediction using a decision-tree-based ensemble ML algorithm that uses a
gradient boost framework. The whole training samples were used without the validation set during
the development to improve the robustness of the results; K-fold cross-validation was used to reduce
the randomness in test samples selection. The results show better performance of the extreme gradient
boosting framework (XGBoost) on the dataset that contains 205 samples. XGBoost also achieved the
highest precision and generalization compared to the benchmarking techniques.

The use of ML models to predict the Vs of recycled aggregate concrete (RAC) was reported by
[477]. The study assessed the established shear design equations for conventional concrete beams
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on RAC beams and found that the equations achieved inaccurate estimations when applied to the
shear test database for RAC beams. As such, the study proposed the use of ML models as alternative
predictors. The procedure involves the use of Grey Relational Analysis (GRA) to first rank the
significance of the parameters in consideration of their impact on the Vs of the RAC beams. This is
followed by using Vs simulation using ANN & RF models. The analysis showed that the two models
performed better predictions than the existing equations. A parametric study was further conducted
to determine the trends of the influencing role of the parameters on the shear resistance of RAC
beams and from the result, the replacement ratio of RA was significant but less influential than the
structural parameters.

A hybrid model of RF and beetle antennae search algorithm was suggested by [252] for Vs
prediction in RC beams. Two datasets were used to train the model (a set of RC beams with stirrup
containing 194 samples and a set of RC beams without stirrup containing 1849 samples). The
model achieved a good level of prediction accuracy on the adopted datasets, recording correlation
coefhicients of 0.9367 on a dataset with stirrups and 0.9424 on the dataset without stirrups. The
robustness of the proposed method in the prediction of the shear design of RC beams with/out
stirrups was validated, thereby paving the way to intelligent designs.

The Vs of RC beams improves by incorporating steel fibers in the concrete mix; hence, it is
important to understand this mechanism to be able to accurately make estimates of engineering
designs. XGBoost model was introduced by [478] a new ML model for the prediction of Vs of SERC
beams; the model was based on 507 experimental data and the considered predictors were “the ratio
of shear span to effective depth, concrete CS, longitudinal reinforcement ratio, volume fraction,
aspect ratio, and type of fiber.” The performance of the proposed XGBoost was better than that
of numerous ML models in terms of achieving accurate predictions. The parametric study showed
that the most influential parameters were the shear span to effective depth ratio, concrete strength,
longitudinal reinforcement ratio, & volume fraction of fiber.

A practical approach to the use of ensemble models to predict the Vs for RC deep beams with/out
web reinforcements was presented by [479]. The predictive model was developed using 4 ensem-
ble ML models (RF, gradient boosting regression tree, adaptive boosting, and XGBoost). The
performance of the model was validated using the 10-fold cross-validation method while the hyper-
parameters were identified using the grid search method; the outputs of the model were interpreted
based on partial dependence analysis and feature importance. The model developed relied on a total
of 271 test data on RC deep beams. The evaluations showed good performance of the model in terms
of predicting the SS; the model also performed better than the other conventional ML models. Sensi-
tivity analysis was also performed to determine the important factors of the ensemble models. The
outcome suggested better performance of the ensemble models compared to the mechanics-driven
models in terms of discrepancy and predictive accuracy.

The ensemble approaches are used in a practical but thorough manner to forecast the shear
strength of deep reinforced concrete beams with or without web reinforcements [33]. In this work,
four common ensemble machine learning models—Random Forest, Adaptive Boosting, Gradient
Boosting Regression Tree, and Extreme Gradient Boosting—are used to create a predictive model
after first introducing the principles of the backdrop of ensemble machine learning techniques. The
process for applying these strategies to train a predictive model is then described in detail. A total
of 271 test data sets were gathered to train the models in order to forecast the shear strength of
reinforced concrete deep beams using ensemble techniques. All of the models successfully forecast
the shear strength and outperform more conventional machine learning techniques.

As a contrast, the traditional mechanics-driven shear models are also used. The relevance of
the input variables is determined by analysing the sensitivity of the important ensemble model
components. It is demonstrated that the ensemble machine learning models outperform mechanics-
driven models in terms of both disagreement and accuracy of prediction. The shear strength of
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reinforced-concrete (RC) deep beams can be predicted using a novel Al method called "optimized
supporting vector machines with adaptive ensemble weighting" (OSVM-AEW), which is based on
two support vector machine (SVM) models and the symbiotic organisms search (SOS) algorithm [480].
The SOS optimization method serves as the optimizer in an ensemble learning-based system, which
integrates the least-squares supporting vector machine (LS-SVM) and supporting vector machine
(SVM) supervised learning models. In OSVM-AEW, SOS was incorporated to concurrently choose
the best SVM and LS-SVM parameters as well as manage the coordination of learning outputs.
According to experimental findings, OSVM-AEW meets the highest standards for assessment in
terms of root-mean-squared error (0.5265 MPa), mean absolute percentage error (7.68 percent),
mean absolute absolute error (0.3854 MPa), coefhicients of determination (0.9254), and coefhicients of
correlation (0.9620). This work illustrates the effective use of OSVM-AEW as a tool to aid structural
engineers in the design of RC deep beams.

When designing structural elements, the reinforced concrete (RC) beams shear strength is crucial.
For the benefit of civil engineers, an efficient mathematical technique for precisely predicting the
RC beams’ shear strength should be developed. In this study, a hybrid AI model is presented for
accurately forecasting the shear strength of different RC beam types. The least squares support vector
regression (LSSVR) and the smart firefly algorithm (SFA) were combined to create the hybrid Al
model. The SFA was then utilised to improve the prediction accuracy of the LSSVR by optimising
its hyperparameters. The hybrid Al model for forecasting the shear strength of RC beams was
trained and tested using three sizable datasets. Comprehensive comparisons between the hybrid Al
model’s predicted accuracy and that of individual AI models, ensembles of Al models, and empirical
techniques were conducted [481]. The comparative findings demonstrate that in forecasting the
shear strength of a variety of RC beam types, the hybrid Al model performed better than the others.
In instance, the hybrid Al model produced a mean absolute percentage error (MAPE) of 21.703%
for the test data of RC beams without stirrups. The hybrid Al model produced a MAPE of 12.941%
for estimating the shear strength of RC beams with stirrups. The hybrid Al model’s MAPE for RC
beams with FRP reinforcement was 18.951%. In order to assist civil engineers in developing RC
beams, this hybrid Al model may be a better solution.

The metaheuristics-optimized ensemble system (MOES), a unique Al-based method, was created
by Chou et al., [482] to greatly aid civil engineers in obtaining precise estimates of the mechanical
strength of reinforced concrete (RC) materials. By fusing a metaheuristic optimization method with
effective Al models, MOES blends the benefits of hybrid and ensemble models. The best optimized-
weight-ensemble model is produced by the metaheuristic algorithm, which concurrently determines
the ideal hyperparameters for each unique Al approach and modifies its weights. In particular, the
produced MOES was created by combining the least squares support vector regression, radial basis
function neural network, and forensic-based investigation optimization method. In order to assess the
performance of MOES and compare it to that of other single Al models, traditional ensemble models,
hybrid models, and empirical approaches, four case studies of forecasting the structural mechanics
of RC beams were conducted. The cross-validation analysis findings show that MOES was the
most trustworthy method, attaining the best values across all performance assessment indices. The
MOES's reliability, effectiveness, and stability were disclosed by the automated predictive analytics.
As a result, the suggested method is a very effective tool for forecasting the structural mechanics
of RC beams. The main addition of this study to the pertinent body of knowledge is how MOES’
performance in predicting the mechanical strength of RC beams has redefined how an ensemble Al
model is optimised.

2.6 Hybridized Artificial Intelligence (HAI) Models

A software system is often referred to as a hybrid intelligent system once it simultaneously uses a
variety of Al sub-fields’ techniques and methods, including: neuro-symbolic, neuro-fuzzy, hybrid
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connectionist-symbolic models, fuzzy expert, connection expert, genetic fuzzy, evolutionary neural
network, fuzzy rough hybridizations, reinforcement learning with fuzzy, neural, or evolutionary
techniques, and also symbolic reasoning [483]-[486].

Every natural intelligence system was hybrid from the standpoint of cognitive science because
it executes mental processes at both the sub-symbolic and symbolic levels. The significance of Al
Systems Integration has been a topic of growing debate over the last several years. based on the idea
that software that uses some of the models stated above or techniques for computer vision, voice
synthesis, etc. were already developed, and that comprehensive Al systems may now be produced by
integrating these systems [487].

In the digital era, the bulk of labor would be done by hybrid intelligence, a combination of Al
and human, employing complimentary traits that, when combined, strengthen one another. Human
intelligence excels at quite different tasks than artificial intelligence. The capabilities of Al models are
(still) constrained, whereas those of humans are not. It excels in carrying out specified, well-defined
activities that are based on a particular kind of data in a controlled environment. Artificial general
intelligence will need a lot of training data in compared to humans, who could only learn from a
small number of examples and cannot work with specific data types, including soft data. It is crucial
to keep in mind that humans have an unmatched competitive advantage in this area [488].

The brain thrives in ways that the Al entirely fails since they employ very different methods. In
large data sets, machine learning algorithms do better than humans in finding intricate and subtle
patterns. Nevertheless, even in the presence of noise and ambiguity in the input, as well as when
circumstances abruptly shift, the brain is still capable of processing information efhiciently. For this
reason, Al and humans should work together to form a hybrid intellect.

AT has lately been used to forecast the mechanical characteristics of concrete materials because of
its great efficiency and accuracy in modeling the nonlinear relationship between input factors and
outputs. To anticipate the compressive strength of lightweight foamed concrete, for instance, Yaseen
et al. [489] used an extreme learning machine technique while taking into account the impacts
of cement quantity, dry density, the proportion of water to binder, and foamed volume. Pham et
al. [490] developed a model using the Firefly algorithm (FA) in the least squares support vector
regression to describe the functional connection between compressive strength and the components
of high-performance concrete. By combining the ANN model with the improved FA, Bui et al.
[491] were able to estimate the compressive and tensile strengths of high-performance concretes.
Many research have reported on the use of Al to estimate the mechanical strength of fiber-reinforced
concrete. To predict the compressive, split tensile, and flexure strengths of SFRC, for example,
Mashhadban et al. [492] proposed ANN and particle swarm optimization approach.

The nonparametric random forest algorithm seem to be a collection of random decision trees
used to handle nonlinear regression issues [493]. Numerous civil engineering problems [493], [494]
have shown their superiority in numerical prediction. However, it has not yet been determined if
RF may be used to estimate DIF of SFRC. The amount of relevance of every factor that influence
for the DIF of SFRC may also be assessed thanks to RF’s ability to quantify the relative importance
rating of every input parameter. Tuning RF hyper-parameters seems to be a consideration while
developing RF algorithm so as to get accurate forecasting (for example, the trees and leaves/tree
numbers). Al-based optimisation methods are used to finish the tuning process. FA is regarded as
one of the most effective optimization tools available, with perfect convergence speeding and success
rates, as shown by [491], [495].

In order to help the RF model forecast the DIF magnitudes of the SERC, Yang et al. [496] used
FA, where the DIF magnitudes of SFRC are predicted using an Al method, and where the combined
effects of six factors involved, such as strain rate, matrix strength, fiber dosage, fiber shape, fiber
tensile strength, and fiber aspect proportion are examined. Additionally, these impacting factors’
relative weights are measured and presented. By using the experimental CDIF and TDIF datasets
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obtained for training and testing, the suggested hybrid RFFA model’s effectiveness and validity were
proven. The anticipated outcomes show that the created model is a reliable and effective way to
forecast the DIF magnitudes for SERC. The relative significance of every input variable is also looked
at Table 5. It is discovered that the SFRC DIF magnitudes are most responsive to matrix strength.

A new model for predicting the shear strength of concrete beams reinforced by steel fibers
using the Support Vector Regression algorithm combined with the Particle Swarm Optimization
(SVR-PSO) was developed in [497]. The materials and dimensional properties are the main variables
that used to construct the suggested model. The loading scenario of steel fiber-reinforced concrete
(SFRC) beam described in Figure 18. Acceptable accuracy had been achieved by the developed
SVR-PSO methodology in this study compared to the existing ANN-PSO model with attending a
lesser number of input data.

Applied
loads

(a)

Y%

—
A Roller j ringe

Figure 18: Description qf SFRC beam loading scenario [497].

A nonlinear hybrid model of Response Surface Method and Support Vector Regression (RSM-
SVR) was developed to theoretically predicting the shear strength capacity of SFRC beams [498].
The schematic structure of the new hybrid RSM-SVR model is presented in Figure 19. The data
collected from 139 experimentally tested results of AFRC beams without stirrups were adopted
for build and verify the developed hybrid RSM-SVR model in this study. The influence of varied
steel fiber volume, longitudinal steel ratio, and the normal and high strength concrete strength
are considered. The prediction achieved by the hybrid RSM-SVR model was adequate over the
comparable models.

A new Al model called (SVR-FFA) that hybridized from support vector regression (SVR) with
firefly optimization algorithm (FFA) was developed to predict the shear capacity of SFRC beam
without stirrups [499]. The related beam properties including the concrete materials and dimensions
are utilized to construct the proposed SVR-FFA model. Figure 20 presents the stress components of
a single steel fiber. The validity of this SVR-FFA model was confirmed against the classical model of
SVR.

Furthermore, in order to estimating the shear strength capacity of the RC beams, three ANNs
models have been proposed in [501]. The structures of these models are a feed-forward neural network
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Figure 19: The schematic structure of the hybrid RSM-SVR model [498].

|

Figure 20: The siress component of single-fiber transferred perpendicular and parallel cracks (a), computed
mean stress (b), and local stress at crack (c) [499], [500].

with the Levenberg-Marquardt algorithm, and one middle layer. The typical shear resistance
components in the RC beam are shown in Figure 21. The data of 194 experimental test results are
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used for developing and verifying the proposed model. The study concluded that the new proposed
model reasonably predicted the shear capacity of RC beams compared with the results obtained by
the ACI-318 code’s formula.
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Figure 21: Typical shear resistance components in RC beam [501].
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3. Literature Review Assessment

This section is presented an assessment for the presented literature on the development of Al models
for simulating the beam concrete shear strength. Those assessments are essential for the conducted
review where more informative understating for the underlying concept for the established modeling
procedures, types of fibers, data span, limitation of the empirical formulations, the significant of the
parametric analysis and the pros and cons of the developed Al models.

i. Despite the high accuracy of the existing ML models in shear strength prediction, their imple-
mentation still faces certain problems. For instance, sensitivity analysis has shown that the fiber
factor has little effect on the predicted shear value, but this is not consistent with some previous
studies possibly due to the influence of different fiber types contained in the database on the shear
strength of the resulting concrete; hence, these models cannot capture the exact effect of each
fiber in some cases as it rather reveals the average effect on the entire dataset. Therefore, future
studies should focus on the investigation of such a limitation.

ii. Even though this is achievable by considering the fiber characteristics as model input parameters,
effort should be made towards the development of a strong and comprehensive dataset that can
reflect the complex influence of such features during the training and testing phases of the model.
The proposed models have also been noted to have limited applicability as they can only be
applied to a specific range of variables, prompting the need to verify the generalization capability
of the models to large-scale beams that exhibit complex behaviours. The extension of the model
to large-scale beams can be achieved only when the comprehensive dataset on such beams is
available and this demands further investigation.

iii. Various studies have been focused on concrete shear strength capacity prediction; yet, the clear
path to the prediction of the shear failure mechanisms of concrete elements remains unclear as
most of the available expressions on shear design differed in forms and have failed to the needed
safety factor against shear failure. Therefore, many researchers have devoted time and effort to
the study of the behavior of concrete beams over the past few years, resulting in the development
of various theoretical models that investigate the relationship between several forces, such as
torsion, axial, bending, and shear strengths.

iv. The limited validity range of empirical models is their major challenge as their development is
mainly based on few data instances, making their validity and accuracy over new instances a
doubt. Hence, machine learning (ML) models were developed recently as potential alternatives
to the empirical models for the prediction of the mechanical strength of concrete materials [575].
The development of these ML models involved numerous databases that contain several features
and a wide range of values; this is the reason for the strong generalization capability of the
ML models; it also accounts for their higher accuracy in determining the strength of concrete
materials produced from different components. The use of SVM and ANN in the prediction of
the mechanical strength of SFRC has been reported [498]; these models are used either alone
or in combination with other algorithms as a hybrid model. Being that these models cannot
generate a mathematical equation that can describe the nature of the relationship between the
predictors and the predictands, they are often referred to as “black box” models.

v. The literature review research indicated that empirical equations and standard codes that were
designed for the beam shear strength determination are not efficient and effective and this was
observed for all reinforcement types. Also, the development of the empirical equations and
standard codes exhibited a noticeable limitation against the generalization of the implementation
for all types of structural beam. Hence, the proposal of the soft computing models technologies
come up with reliable solution for modelling shear strength behaviour.

vi. There were four main categories of ML models were applied over the literature for simulating
the shear strength of RC beam including classical neural network models, fuzzy logic models,
evolutionary computing models and the most recently discovered the hybrid ML models.
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vii. The ML models were developed for shear strength prediction using several geometric, fiber
properties “if existed”, loading and material characteristics. Evaluation and assessment for those
parameters is very essential for the modeling development. Hence, identification of the significant
of each parameter can contribute to the best knowledge of beam design.

viii. The classical ML models including (e.g., ANFIS, ANN, SVM) have major drawbacks which
is the hyper parameters tuning for the internal network. Hence, the proposition of the hybrid
ML version was an excellent developed technology for solving this problem. However, proper
selection for optimizer comes as a critical issue for solving this modeling procedure.

ix. Based on the tabulated literature, a varied number of experimental dataset were used for the
models development. This is clearly initiate a kind of redundant aspect of the modeling procedure.
It is advisable to set a minimum standard number of experimental laboratory dataset as a guideline
for future development of soft computing models.

x. Among all the applied soft computing models, the evolutionary computing models such as genetic
programming model could have the merit and provided the feasibility to generate a formulation
for the simulate dataset. However, several limitations have been reported for those models.

4. Possible Future Research

i. As per the reported survey, several researches have presented the simulated data of beam shear
strength and their related parameters such as geometric, concrete properties and the additive
material of reinforcement. It is suggested to initiate a standard database that is accommodating all
the reported data over the literature in which accessible for interested researchers of this domain.
In addition, to avoid repetitive introduced soft computing models.

ii. Exploration of more reliable nature inspired optimization algorithms can be further explored
to tune the classical Al models. In which better learning process can be attained where more
accurate predictive models can be established.

iii. Uncertainties of data and related input parameters toward the beam shear strength considered as
essential concern to be investigated in parallel with the predictive model’s prediction accuracy.

iv. Parametric investigation is highly important for such a case of theoretical modeling where the
significant of each predictor can be physically explained especially for concrete mixture that
contain additive materials.

v. Expert system is always the eager for structural engineers/designers to be ultimately accomplished
for the purpose of using predictive models based Al can be practically implemented for real
engineering practice.

Abbreviations

Artificial neural network (ANN), slab width (b)), slab height (h), slab effective depth (d)), span
length (Isan), average concrete cylinder compressive strength (f,,), longitudinal reinforcement ratio
(px), transverse reinforcement ratio (p,), distance from the slab edge to the center of the load (b,),
dimension of the loading plate (/;,,4), ratio of sectional moment to product of sectional shear and
effective depth (Mg/Vd,), ratio of clear shear span to effective depth of slab (a,/d;), slab shear capacity
(Vr), length of or radius of the loading pad or column (b), punching shear strength of slab (1),
Pearson correlation coefficient (R) , effective depth (d), web width (b,,), flange width (b), overall
beam depth (/), shear span to depth ratio (a/d),concrete compressive strength f;), reinforcement ratio
(rho), modulus of elasticity of fiber reinforced polymer (Ey), modulus of elasticity of steel (E;), yield
strength of steel (f,), maximum aggregate size (d,), average concrete compressive strength (fept);
bearing plate length in longitudinal direction on flexural tension side (bear), shear span (a), fiber factor

(F), tensile strength for fiber (f,,,,r), length of fiber (), diameter of fiber (dy), percentage longitudinal

steel ratio (p;), percentage fiber volume fraction (i), shear reinforcement ratio (p,), fiber length (Ly),
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fiber diameter (df), presstressing level (0,,), ultimate shear force (V,), ultimate shear stress (1), hear

capacity (V), amount of longitudinal reinforcement (p;), concrete design strength (f;), longitudinal
reinforcement area (Ay), clear span to depth ratio of deep beam (L/D), type of wrapping scheme
(wf‘/sfr), width of FRP (w[r), center to center spacing steps (Sj)’ axial tensile strength of concrete (fy,),

yielding strength of transverse reinforcement (f;,), angle between principal fiber orientation and the

longitudinal axis of the member (B), design rupture strain of fiber reinforced polymer reinforcement
((—:ﬁ,), total fabric design thickness (tf), yield stress (f,s), reinforcement factor (w), arch action factor (e),

vy, = 0.147F, splitting tensile strength (f;), computed value of split- cylinder strength of fiber concrete
Q‘;pﬁ), reinforcement ratio of joints stirrups (py), effective width of joint panel (b;), cross section

column width (), column longitudinal tensile ratio (p,,), Shear strength of reinforced concrete
joint (V]), web thickness (#,), flange thickness (t), connector length (L.), shear strength capacity of
composite beam (L), joint eccentricity (JE), ratio of the number of not-free in-plane surfaces around
a joint panel to the total number of in-plane surfaces of the joint panel (JP), joint conferment factor
(TB), beam reinforcement index (BI),joint transverse reinforcement index (]I),Joint shear (Vj), FRP
longitudinal reinforcement ratio (py), FRP transverse reinforcement ratio (py,), elastic modules of

FRP transverse reinforcement (E,), cross sectional area of the reinforcement as a proportion of the
cross sectional area of the beam (p,), Height of cross section (H), clear shear span (a,), coefhicient
of variation (COV), mean absolute error (MAE), mean square error (MSE), Squared correlation
between outputs and targets in the network (R?), tandard deviation (SD), root mean square error
(RMSE), mean absolute percentage error (MAPE), modified agreement index (d), modified Nash
and Sutcliffe efficiency (NSE), Standardized root mean squared error (SRMSE), relative root mean
squared error (RRMSE), Legate and McCabe’s index (LMI), mean relative error (MRE), Piecewise
multiple linear regression (PMLR), average value of the ratio between experimental and analytical
results (AVG), mean bias error (MBE), modified beetle antennae search (MBAS), random forest
(RF), logistic regression (LR), multiple linear regression (MLR), back propagation neural network
(BPNN), random tree (RT), feature selection (FS), Gaussian process (GP), Genetic programming
(GP), Support vector machine (SVM), k-nearest neighbor (KNN), Gene expression programming
(GEP), linear genetic programming (LGP), nonlinear multiple regression (NMR), biogeography -
based programming (BBP), genetic algorithm (GA), adaptive neuro fuzzy system (ANFIS), group
method of data handling (GMDH), fuzzy inference system (FIS), smart firefly algorithm (SFA),
least squares support vector regression (LSSVR), sequential minimal optimization — based support
vector regression (SMOreg), Particle swarm optimization (PSO), support vector regression (SVR),
response surface method (RSM), firefly algorithm (FFA), gradient boosted decision trees (GBDTs),
relative error (RE), Willmott Index (W1), mean error (ME), imperialist competitive algorithm (ICA),
Real-Coded Genetic Algorithm (RCGA).

Conflicts of Interest: The authors have no conflict of interest to any part.
References

[1] S. Kar, A. R. Pandit, and K. C. Biswal, “Prediction of FRP shear contribution for wrapped
shear deficient RC beams using adaptive neuro-fuzzy inference system (ANFIS),” Structures, vol.
23, no. August 2019, pp. 702-717, 2020.

[2] I. C. Syal and A. K. Goel, Reinforced Concrete Structure. S. Chand Publishing, 2008.

[3] H. Stamenkovic, “Inflection points as statical supports are responsible for structural failure of
AMC warehouse in Shelby, Ohio, 1955,” Matériaux Constr., vol. 10, no. 6, pp. 375-384, 1977.
[4] M. A. Mohtadi-Bonab and H. Ghesmati-Kucheki, “Important factors on the failure of pipeline
steels with focus on hydrogen induced cracks and improvement of their resistance,” Met. Mater.
Int., vol. 25, no. 5, pp. 1109-1134, 2019.



Knowledge-based Engineering and Sciences 35

[5] F. Y. Tagi, M. A. Mashrei, and H. M. Oleiwi, “Experimental study on the effect of corrosion on
shear strength of fibre-reinforced concrete beams,” in Structures, 2021, vol. 33, pp. 2317-2333.
[6] G. Russo and G. Zingone, “Flexure-shear interaction model for longitudinally reinforced
beams,” Struct. J., vol. 88, no. 1, pp. 60-68, 1991.

[7] R. C. Fenwick and T. Paulay, “Mechanisms of shear resistance of concrete beams,” J. Struct.
Div., vol. 94, no. 10, pp. 2325-2350, 1968.

[8] Z. P. Bazant and ].-K. Kim, “Size effect in shear failure of longitudinally reinforced beams,”
1984.

[9] G. Russo and G. Puleri, “Stirrup effectiveness in reinforced concrete beams under flexure and
shear,” Struct. J., vol. 94, no. 3, pp. 227-238, 1997.

[10] S. Koo, D. Shin, and C. Kim, “Application of principal component analysis approach to
predict shear strength of reinforced concrete beams with stirrups,” Materials (Basel)., vol. 14, no.
13, p. 3471, 2021.

[11] T. Jayasinghe, T. Gunawardena, and P. Mendis, “Assessment of shear strength of reinforced
concrete beams without shear reinforcement: A comparative study between codes of practice
and artificial neural network,” Case Stud. Constr. Mater., vol. 16, p. 01102, 2022.

[12] Y. E. Ibrahim, K. Fawzy, and M. A. Farouk, “Effect of steel fiber on the shear behavior of
reinforced recycled aggregate concrete beams,” Struct. Concr., vol. 22, no. 3, pp. 1861-1872,
2021.

[13] S. Arabiyat, H. Katkhuda, and N. Shatarat, “Influence of using two types of recycled
aggregates on shear behavior of concrete beams,” Constr. Build. Mater., vol. 279, p. 122475,
2021.

[14] M. A. El Zareef, M. S. Elbisy, and M. Badawi, “Evaluation of code provisions predicting
the concrete shear strength of FRP-reinforced members without shear reinforcement,” Compos.
Struct., vol. 275, p- 114430, 2021.

[15] M. Tirassa, M. F. Ruiz, and A. Muttoni, “Influence of cracking and rough surface properties
on the transfer of forces in cracked concrete,” Eng. Struct., vol. 225, p. 111138, 2020.

[16] H. Reinhardt, “Mafistabseinfluf} bei Schubversuchen im Licht der Bruchmechanik.,” Beton-
und Stahlbetonbau, vol. 76, no. 1, pp. 19-21, 1981.

[17] Z. P. Bazant and Z. Cao, “Size effect of shear failure in prestressed concrete beams,” ACI .,
vol. 83, no. 2, pp. 260-268, 1986.

[18] Z. P. Bazant and H.-H. Sun, “Size effect in diagonal shear failure: influence of aggregate
size and stirrups,” ACI Mater. J., vol. 84, no. 4, pp. 259-272, 1987.

[19] Z. P. Bazant and M. T. Kazemi, “Size effect on diagonal shear failure of beams without
stirrups,” ACI Struct. ., vol. 88, no. 3, pp- 268-276, 1991.

[20] J.-K. Kim, “Size effect in concrete specimens with dissimilar initial cracks,” Mag. Concr.
Res., vol. 42, no. 153, pp- 233-238, 1990.

[21] M. Khuntia, B. Stojadinovic, and S. C. Goel, “Shear strength of normal and high-strength
fiber reinforced concrete beams without stirrups,” ACI Struct. J., vol. 96, no. 2, pp. 282-289,
1999.

[22] G. Luo, X. Li, Y. Zhou, L. Sui, and C. Chen, “Replacing steel stirrups with natural fiber rein-
forced polymer stirrups in reinforced concrete Beam: Structural and environmental performance,”
Constr. Build. Mater., vol. 275, p. 122172, 2021.

[23] C. Li, M. Zhao, H. Geng, H. Fu, X. Zhang, and X. Li, “Shear Testing of Steel Fiber
Reinforced Expanded-shale Lightweight Concrete Beams with Varying of Shear-span to Depth
Ratio and Stirrups,” Case Stud. Constr. Mater., p. €00550, 2021.

[24] M. Shahnewaz and M. S. Alam, “Genetic algorithm for predicting shear strength of steel
fiber reinforced concrete beam with parameter identification and sensitivity analysis,” J. Build.
Eng., vol. 29, no. December 2019, p. 101205, 2020.



36

Zainab Al-Khafaji ef al.

[25] H. H. Dinh, “Shear Behavior of Steel Fiber Reinforced Concrete Beams without Stirrup
Reinforcement.” 2009.

[26] K. S. Kim, D. H. Lee, J.-H. Hwang, and D. A. Kuchma, “Shear behavior model for steel
fiber-reinforced concrete members without transverse reinforcements,” Compos. Part B Eng.,
vol. 43, no. 5, Pp- 2324-2334, 2012.

[27] R. Narayanan and I. Y. S. Darwish, “USE OF STEEL FIBERS AS SHEAR REINFORCE-
MENT.,” ACI Struct. J., 1987.

[28] M. Basteskir, M. Engen, T. Kanstad, and K. T. Foss3, “A review of literature and code
requirements for the crack width limitations for design of concrete structures in serviceability
limit states,” Struct. Concr., vol. 20, no. 2, pp. 678-688, 2019.

[29] A. Sharma, “Shear strength of steel fiber reinforced concrete beams,” in Journal procceding,
1986, pp. 624-628.

[30] P. J. E. Wright, “Comments on an indirect tensile test on concrete cylinders,” Mag. Concr.
Res., vol. 7, no. 20, pp. 87-96, 1955.

[31] A. K. Tureyen and R. J. Frosch, “Shear tests of FRP-reinforced concrete beams without
stirrups,” ACI Struct. J., 2002.

[32] T. Zsutty, “Shear strength prediction for separate catagories of simple beam tests,” in Journal
Proceedings, 1971, vol. 68, no. 2, pp. 138-143.

[33] A. Kaveh, T. Bakhshpoori, and S. M. Hamze-Ziabari, “GMDH-based prediction of shear
strength of FRP-RC beams with and without stirrups,” Comput. Concr. An Int. J., vol. 22, no.
2, pp. 197-207, 2018.

[34] A. Kaveh, T. Bakhshpoori, and S. M. Hamze-Ziabari, “Development of predictive models
for shear strength of HSC slender beams without web reinforcement using machine-learning
based techniques,” Sci. Iran., vol. 26, no. 2, pp. 709-725, 2019.

[35] B. Karimi, P. Mohammadi, H. Sanikhani, S. Q. Salih, and Z. M. Yaseen, “Modeling wetted
areas of moisture bulb for drip irrigation systems: An enhanced empirical model and artificial
neural network,” Comput. Electron. Agric., 2020.

[36] S. Sharma, S. Sharma, and A. Athaiya, “Activation functions in neural networks,” Towar.
data Sci., vol. 6, no. 12, pp. 310-316, 2017.

[37] A. Kurani, P. Doshi, A. Vakharia, and M. Shah, “A comprehensive comparative study of
artificial neural network (ANN) and support vector machines (SVM) on stock forecasting,” Ann.
Data Sci., pp. 1-26, 2021.

[38] N. Kriegeskorte and T. Golan, “Neural network models and deep learning,” Curr. Biol.,
vol. 29, no. 7, pp. R231-R236, 2019,

[39] P. Zhao and K. Wu, “Homotopy optimization of microwave and millimeter-wave filters
based on neural network model,” IEEE Trans. Microw. Theory Tech., vol. 68, no. 4, pp.
1390-1400, 2020.

[40] O. I. Abiodun, A. Jantan, A. E. Omolara, K. V. Dada, N. A. Mohamed, and H. Arshad,
“State-of-the-art in artificial neural network applications: A survey,” Heliyon, vol. 4, no. 11, p.
e00938, 2018.

[41] Z. M. Yaseen, “An insight into machine learning models era in simulating soil, water bodies
and adsorption heavy metals: Review, challenges and solutions,” Chemosphere, vol. 277, p.
130126, Aug. 2021.

[42] X. Pan, T. Zhang, Q. Yang, D. Yang, J.-C. Rwigema, and X. S. Qi, “Survival prediction
for oral tongue cancer patients via probabilistic genetic algorithm optimized neural network
models,” Br. J. Radiol., vol. 93, no. 1112, p. 20190825, 2020.

[43] J.-T. Huang, J. Li, D. Yu, L. Deng, and Y. Gong, “Cross-language knowledge transfer
using multilingual deep neural network with shared hidden layers,” in 2013 IEEE International
Conference on Acoustics, Speech and Signal Processing, 2013, pp. 7304-7308.



Knowledge-based Engineering and Sciences 37

[44] S. M. Cabaneros, J. K. Calautit, and B. R. Hughes, “A review of artificial neural network
models for ambient air pollution prediction,” Environ. Model. Softw., vol. 119, pp. 285-304,
2019.

[45] M. B. Yilmaz, B. Yanikoglu, C. Tirkaz, and A. Kholmatov, “Offline signature verification
using classifier combination of HOG and LBP features,” in 2011 international joint conference
on Biometrics (IJCB), 2011, pp. 1-7.

[46] S. Das, A. Swetapadma, and C. Panigrahi, “A study on the application of artificial intelligence
techniques for predicting the heating and cooling loads of buildings,” J. Green Build., vol. 14, no.
3, pp. 115-128, 2019.

[47] S. Beheshti, A. Sahebalam, and E. Nidoy, “Structure dependent weather normalization,”
Energy Sci. Eng., vol. 7, no. 2, pp. 338-353, 2019.

[48] X. Fei, S. Youfu, and R. Xuejun, “A simulation analysis method based on PSO-RBF model
and its application,” Cluster Comput., vol. 22, no. 1, pp. 2255-2261, 2019.

[49] R. Z. Homod, “Analysis and optimization of HVAC control systems based on energy and
performance considerations for smart buildings,” Renew. Energy, vol. 126, pp. 49-64, 2018.
[50] H. Tran-Ngoc, S. Khatir, G. De Roeck, T. Bui-Tien, and M. A. Wahab, “An efficient
artificial neural network for damage detection in bridges and beam-like structures by improving
training parameters using cuckoo search algorithm,” Eng. Struct., vol. 199, p. 109637, 2019.
[51] L. Nguyen-Ngoc et al., “Damage detection in structures using particle swarm optimization
combined with artificial neural network,” Smart Struct. Syst., vol. 28, no. 1, pp. 1-12, 2021.
[52] D. J. Armaghani, G. D. Hatzigeorgiou, C. Karamani, A. Skentou, I. Zoumpoulaki, and P. G.
Asteris, “Soft computing-based techniques for concrete beams shear strength,” Procedia Struct.
Integr., vol. 17, pp. 924-933, 2019.

[53] F. J. Vecchio and M. P. Collins, “The modified compression-field theory for reinforced
concrete elements subjected to shear.,” ACI J., vol. 83, no. 2, pp. 219-231, 1986.

[54] T. T. C. Hsu, “Softened truss model theory for shear and torsion,” Struct. J., vol. 85, no. 6,
Pp. 624635, 1988.

[55] A. C. 1. Committee and 1. O. for Standardization, “Building code requirements for structural
concrete (ACI 318-08) and commentary,” 2008.

[56] H.S. S. Abou El-Mal, A. S. Sherbini, and H. E. M. Sallam, “Structural behavior of RC beams
containing a pre-diagonal tension crack,” Lat. Am. J. Solids Struct., vol. 15, 2018.

[57] A. R. A. Calderon, “Capacity of Reinforced Concrete Beams with Insufficient Shear Detail-
ing.” State University of New York at Buffalo, 2020.

[58] M. Y. Mansour, M. Dicleli, J. Y. Lee, and J. Zhang, “Predicting the shear strength of
reinforced concrete beams using artificial neural networks,” Eng. Struct., vol. 26, no. 6, pp.
781=799, 2004.

[59] A. T. C. Goh, “Prediction of ultimate shear strength of deep beams using neural networks,”
Struct. J., vol. 92, no. 1, pp. 28-32, 1995.

[60] A. Sanad and M. P. Saka, “Prediction of ultimate shear strength of reinforced-concrete deep
beams using neural networks,” J. Struct. Eng., vol. 127, no. 7, pp. 818-828, 2001.

[61] A. Cladera and A. R. Mari, “Experimental study on high-strength concrete beams failing in
shear,” Eng. Struct., vol. 27, no. 10, pp. 1519-1527, 2005.

[62] A. Cladera and A. R. Mari, “Shear design procedure for reinforced normal and high-strength
concrete beams using artificial neural networks. Part I: Beams without stirrups,” Eng. Struct.,
2004.

[63] A. W. C. Oreta, “Simulating size effect on shear strength of RC beams without stirrups
using neural networks,” Eng. Struct., vol. 26, no. 5, pp. 681-691, 2004.

[64] S.-M. Jung, S.-E. Han, and K.-S. Kim, “Prediction of shear strength using artificial neural
networks for reinforced concrete members without shear reinforcement,” J. Comput. Struct.



38

Zainab Al-Khafaji ef al.

Eng. Inst. Korea, vol. 18, no. 2, pp- 201211, 2005.

[65] A. A. Seleemah, “A neural network model for predicting maximum shear capacity of concrete
beams without transverse reinforcement,” Can. J. Civ. Eng., vol. 32, no. 4, pp. 644-657, 2005.
[66] T.-T. Le, P. G. Asteris, and M. E. Lemonis, “Prediction of axial load capacity of rectangular
concrete-filled steel tube columns using machine learning techniques,” Eng. Comput., pp. 1-34,
2021.

[67] P. G. Asteris, M. E. Lemonis, T.-A. Nguyen, H. Van Le, B. T. Pham, and C. Structures,
“Soft computing-based estimation of ultimate axial load of rectangular concrete-filled steel tubes,”
Steel Compos. Struct, vol. 39, no. 4, pp- 471-491, 2021.

[68] D. J. Armaghani et al., “Predicting the unconfined compressive strength of granite using
only two non-destructive test indexes,” Geomech. Eng, vol. 25, no. 4, pp. 317-330, 2021.

[69] C.-B. Yun, J.-H. Yi, and E. Y. Bahng, “Joint damage assessment of framed structures using
a neural networks technique,” Eng. Struct., vol. 23, no. 5, pp. 425-435, 2001.

[70] B. B. Adhikary and H. Mutsuyoshi, “Prediction of shear strength of steel fiber RC beams
using neural networks,” Constr. Build. Mater., 2006.

[71] S. Kumar and S. V. Barai, “Neural networks modeling of shear strength of SFRC corbels
without stirrups,” Appl. Soft Comput. J., vol. 10, no. 1, pp. 135-148, 2010.

[72] H. M. Tanarslan, M. Secer, and A. Kumanlioglu, “An approach for estimating the capacity
of RC beams strengthened in shear with FRP reinforcements using artificial neural networks,”
Constr. Build. Mater., 2012.

[73] M. Abambres and E. O. L. Lantsoght, “ANN-based shear capacity of steel fiber-reinforced
concrete beams without stirrups,” Fibers, vol. 7, no. 10, pp. 1-24, 2019.

[74] V. C. Li, R. Ward, and A. M. Hamza, “Steel and synthetic fibers as shear reinforcement,”
ACI Mater. J., vol. 89, no. 5, pp- 499-508, 1992.

[75] M. A. Mansur, K. C. G. Ong, and P. Paramasivam, “Shear Strength of Fibrous Concrete
Beams Without Stirrups,” ]. Struct. Eng., 1986.

[76] T. Y. Lim, P. Paramasivam, and S. L. Lee, “Shear and moment capacity of reinforced
steel-fibre-concrete beams,” Mag. Concr. Res., vol. 39, no. 140, pp. 148-160, 1987.

[77] S. A. Ashour, G. S. Hasanain, and F. F. Wafa, “Shear behavior of high-strength fiber
reinforced concrete beams,” ACI Struct. J., vol. 89, no. 2, pp. 176-184, 1992.

[78] R. N. Swamy, R. Jones, and A. T. P. Chiam, “Influence of steel fibers on the shear resistance
of lightweight concrete I- beams,” ACI Struct. J., vol. 90, no. 1, pp. 103-114, 1993.

[79] R. Narayanan and I. Y. S. Darwish, “FIBER CONCRETE DEEP BEAMS IN SHEAR.,”
ACI Struct. J., vol. 85, no. 2, pp- 141-149, 1988.

[80] P. Adebar, S. Mindess, D. St.-Pierre, and B. Olund, “Shear tests of fiber concrete beams
without stirrups,” ACI Struct. J., vol. 94, no. 1, pp. 68-76, 1997.

[81] B. H. Oh, D. H. Lim, S. W. Yoo, and E. S. Kim, “Shear behaviour and shear analysis of
reinforced concrete beams containing steel fibres,” Mag. Concr. Res., vol. 50, no. 4, pp. 283-291,
1998.

[82] N. Ahn, H. Jang, and D. K. Park, “Presumption of shear strength of steel fiber reinforced
concrete beam using artificial neural network model,” J. Appl. Polym. Sci., vol. 103, no. 4, pp.
2351-2358, 2007.

[83] K. H. Tan, K. Murugappan, and P. Paramasivam, “Shear behavior of steel fiber reinforced
concrete beams,” ACI Struct. J., vol. 90, no. 1, pp. 155-160, 1993.

[84] N. 1. Fattuhi, “Column-load effect on reinforced concrete corbels,” J. Struct. Eng., vol. 116,
no. 1, pp. 188-197, 1990.

[85] N. I. Fattuhi, “Strength of SFRC corbels subjected to vertical load,” J. Struct. Eng., vol. 116,
no. 3, pp. 701-718, 1990.

[86] N. L. Fattuhil and B. P. Hughes, “Reinforced steel fiber concrete corbels with various shear



Knowledge-based Engineering and Sciences 39

span-to-depth ratios,” Mater. J., vol. 86, no. 6, pp. 590-596, 1989.

[87] N. L. Fattuhi and B. P. Hughes, “Ductility of reinforced concrete corbels containing either
steel fibers or stirrups,” Struct. J., vol. 86, no. 6, pp. 644—651, 1989.

[88] B. P. Hughes and N. L. Fattuhi, “Reinforced steel and polypropylene fibre concrete corbel
tests,” Struct. Eng. Part A J. Inst. Struct. Eng., vol. 67, no. 4, pp- 68-72, 1989.

[89] R. Bashir and A. Ashour, “Neural network modelling for shear strength of concrete members
reinforced with FRP bars,” Compos. Part B Eng., vol. 43, no. 8, pp. 3198-3207, 2012.

[90] A. El-Sayed, E. El-Salakawy, and B. Benmokrane, “Shear Strength of One-Way Concrete
Slabs Reinforced with Fiber-Reinforced Polymer Composite Bars,” J. Compos. Constr., vol. 9,
no. 2, pp. 147157, 2005.

[91] D. H. Deitz, I. E. Harik, and H. Gesund, “One-way slabs reinforced with glass fiber
reinforced polymer reinforcing bars,” Spec. Publ., vol. 188, pp. 279-286, 1999.

[92] Y. Mizukawa, Y. Sato, T. Ueda, and Y. Kakuta, “A study on shear fatigue behavior of
concrete beams with FRP rods,” Non-metallic Reinf. Concr. Struct., vol. 2, pp. 309-316, 1997.
[93] N. Duranovic, K. Pilakoutas, and P. Waldron, “Tests on concrete beams reinforced with
glass fibre reinforced plastic bars,” Non-metallic Reinf. Concr. Struct., vol. 2, pp. 479-486, 1997.
[94] N. Swamy and M. Aburawi, “Structural implications of using GFRP bars as concrete
reinforcement,” in Proceedings of 3rd International Symposium, FRPRCS, 1997, vol. 3, pp.
503-510.

[95] A. Lubell, T. Sherwood, E. Bentz, and M. Collins, “Safe shear design of large wide beams,”
Concr. Int., vol. 26, no. 1, pp. 66-78, 2004.

[96] A. F. Ashour, “Flexural and shear capacities of concrete beams reinforced with GFRP bars,”
Constr. Build. Mater., vol. 20, no. 10, pp. 1005-1015, 2006.

[97] S. Tottori and H. Wakui, “Shear capacity of RC and PC beams using FRP reinforcement,”
Spec. Publ., vol. 138, pp. 615-632, 1993.

[98] T. Nagasaka, H. Fukuyama, and M. Tanigaki, “Shear performance of concrete beams
reinforced with FRP stirrups,” Spec. Publ., vol. 138, pp. 789-812, 1993.

[99] H. Nakamura and T. Higai, “Evaluation of shear strength of concrete beams reinforced with
FRP,” Doboku Gakkai Ronbunshu, vol. 1995, no. 508, pp. 89-100, 1995.

[100] F. Matta, A. Nanni, T. M. Hernandez, and B. Benmokrane, “Scaling of strength of FRP
reinforced concrete beams without shear reinforcement,” in Fourth International Conference on
FRP Composites in Civil Engineering (CICE2008) Zurich, Switzerland, 2008, pp. 1-6.

[101] A. K. El-Sayed, E. F. El-Salakawy, and B. Benmokrane, “Shear capacity of high-strength
concrete beams reinforced with FRP bars,” ACI Struct. J., vol. 103, no. 3, p. 383, 2006.

[102] A. K. El-Sayed, E. F. El-Salakawy, and B. Benmokrane, “Shear strength of FRP-reinforced
concrete beams without transverse reinforcement,” ACI Struct. J., vol. 103, no. 2, p. 235, 2006.
[103] A. G. Razaqpur, B. O. Isgor, S. Greenaway, and A. Selley, “Concrete contribution to the
shear resistance of fiber reinforced polymer reinforced concrete members,” J. Compos. Constr.,
vol. 8, no. 5, pp. 452-460, 2004.

[104] S. P. Gross, D. W. Dinehart, J. R. Yost, and P. M. Theisz, “Experimental tests of high-
strength concrete beams reinforced with CFRP bars,” in Proceedings of the 4th International
Conference on Advanced Composite Materials in Bridges and Structures (ACMBS-4), Calgary,
Alberta, Canada (quoted from Razagpur and Isgor, 2006), 2004.

[105] M. Tariq and J. P. Newhook, “Shear testing of FRP reinforced concrete without trans-
verse reinforcement,” in Proceedings, Annual Conference of the Canadian Society for Civil
Engineering, 2003, pp. 1330-1339.

[106] S. P. Gross, J. R. Yost, D. W. Dinehart, E. Svensen, and N. Liu, “Shear strength of normal
and high strength concrete beams reinforced with GFRP bars,” in High performance materials
in bridges, 2003, pp. 426-437.



40

Zainab Al-Khafaji ef al.

[107] J. R. Yost, S. P. Gross, and D. W. Dinehart, “Shear strength of normal strength concrete
beams reinforced with deformed GFRP bars,” J. Compos. Constr., vol. 5, no. 4, pp. 268-275,
2001.

[108] T. Alkhrdaji, M. Wideman, A. Belarbi, and A. Nanni, “Shear strength of GFRP RC beams
and slabs,” in Proceedings of the international conference, composites in construction-CCC,
2001, pp. 409-414.

[109] A. Khalifa, A. Belarbi, and A. Nanni, “Shear performance of RC members strengthened
with externally bonded FRP wraps,” in Proceedings (CD-ROM) of Twelfth World Conference
on Earthquake, Auckland, New Zealand, January, 2000.

[110] P. Alagusundaramoorthy, 1. E. Harik, and C. C. Choo, “Shear strength of R/C beams
wrapped with CFRP fabric,” 2002.

[111] G. Sakar, “Shear strengthening of RC beams subjected to cyclic load using CFRP strips,”
Adv. Compos. Lett., vol. 17, no. 6, p- 096369350801700604, 2008.

[112] N. Araki, Y. Matsuzaki, K. Nakano, T. Kataoka, and H. Fukuyama, “Shear capacity of
retrofitted RC members with continuous fiber sheets,” in Non-metallic (FRP) reinforcement for
concrete structures, proceedings of the third symposium, 1997, vol. 1, pp. 515-522.

[113] A. Kamiharako, K. Maruyama, K. Takada, and T. Shimomura, “Evaluation of shear
contribution of FRP sheets attached to concrete beams,” Non-Metallic Reinf. Concr. Struct., vol.
1, pp. 467-474, 1997.

[114] M. J. Chajes, T. F. Januszka, D. R. Mertz, T. A. Thomson, and W. W. Finch, “Shear
strengthening of reinforced concrete beams using externally applied composite fabrics,” Struct.
J.. vol. 92, no. 3, pp. 295-303, 1995,

[115] Y. Sato, T. Ueda, Y. Kakuta, and T. Tanaka, “Shear reinforcing effect of carbon fiber
sheet attached to side of reinforced concrete beams,” in Proceedings of the 2nd International
Conference on Advanced Composite Materials in Bridges and Structures, ACMBS-II, Montreal
1996, 1996.

[116] Y. Sato, “Ultimate shear capacity of reinforced concrete beams with carbon fiber sheet,”
in Proceedings of Third International Symposium of Non-Metallic (FRP) Reinforcement for
Concrete Syructures, 1997, vol. 1, pp- 499-506.

[117] J. Jayaprakash, A. A. A. Samad, A. A. Abbasovich, and A. A. A. Ali, “Shear capacity
of precracked and non-precracked reinforced concrete shear beams with externally bonded
bi-directional CERP strips,” Constr. Build. Mater., vol. 22, no. 6, pp. 1148-1165, 2008.

[118] A. Khalifa and A. Nanni, “Improving shear capacity of existing RC T-section beams using
CFRP composites,” Cem. Concr. Compos., vol. 22, no. 3, pp. 165-174, 2000.

[119] K. Umezu, “Shear behavior of RC beams with aramid fiber sheet, Japan Concrete In-
stitute, non-metallic (FRP) reinforcement for concrete structures,” in Proceeding of the third
international symposium, 1997, vol. 1, pp. 491-498.

[120] L. Taerwe, H. Khalil, and S. Matthys, “Behaviour of RC beams strengthened in shear by
external CFRP sheets,” in Proceedings of the Third International Symposium on Non-Metallic
(FRP) Reinforcement for Concrete Structures (FRPRCS-3), Sapporo (Japan), 14-16 oktober
Volume 1, 1997.

[121]]. A. O. Barros, S. J. E. Dias, and J. L. T. Lima, “Efficacy of CFRP-based techniques for the
flexural and shear strengthening of concrete beams,” Cem. Concr. Compos., vol. 29, no. 3, pp.
203-217, 2007.

[122] G. Monti and M. Liotta, “Tests and design equations for FRP-strengthening in shear,”
Constr. Build. Mater., vol. 21, no. 4, pp. 799-809, 2007.

[123] A. Khalifa, G. Tumialan, A. Nanni, and A. Belarbi, “Shear strengthening of continuous RC
beams using externally bonded CFRP sheets,” in American Concrete Institute, Proc., 4th Inter-
national Symposium on FRP for Reinforcement of Concrete Structures (FRPRCS4), Baltimore,



Knowledge-based Engineering and Sciences 41

MD, 1999, pp. 995-1008.

[124] C. Diagana, A. Li, B. Gedalia, and Y. Delmas, “Shear strengthening effectiveness with CFF
strips,” Eng. Struct., vol. 25, no. 4, pp- 507-516, 2003.

[125] O. Anil, “Strengthening of RC T-section beams with low strength concrete using CFRP
composites subjected to cyclic load,” Constr. Build. Mater., vol. 22, no. 12, pp. 2355-2368, 2008.
[126] U. Naik and S. Kute, “Span-to-depth ratio effect on shear strength of steel fiber-reinforced
high-strength concrete deep beams using ANN model,” Int. J. Adv. Struct. Eng., vol. 5, no. 1, p.
29, 2013.

[127] J. Kwak, Y. K., Eberhard, M. O., Kim, W. S., & Kim, “Shear Strength of Steel Fiber-
Reinforced Concrete Beams without Stirrups,” ACI Struct. J., vol. 99, no. 4, 2002.

[128] R. H. Shah and S. V Mishra, “Crack and deformation characteristics of SFRC deep beams,”
J. Inst. Eng. India. Civ. Eng. Div., vol. 85, no. mai, pp. 44—48, 2004.

[129] G. J. Parra-Montesinos, “Shear strength of beams with deformed steel fibers,” Concr. Int.,
vol. 28, no. 11, pp. 57-66, 2006.

[130] H. M. Tanarslan, A. Kumanlioglu, and G. Sakar, “An anticipated shear design method for
reinforced concrete beams strengthened with anchoraged carbon fiber-reinforced polymer by
using neural network,” Struct. Des. Tall Spec. Build., 2015.

[131] B. B. Adhikary, H. Mutsuyoshi, and M. Ashraf, “Shear strengthening of reinforced concrete
beams using fiber-reinforced polymer sheets with bonded anchorage,” Struct. J., vol. 101, no. 5,
pp- 660-668, 2004.

[132] O. Anil, “Improving shear capacity of RC T-beams using CFRP composites subjected to
cyclic load,” Cem. Concr. Compos., vol. 28, no. 7, pp. 638-649, 2006.

[133] A. Bousselham and O. Chaallal, “Effect of transverse steel and shear span on the performance
of RC beams strengthened in shear with CFRP,” Compos. Part B Eng., vol. 37, no. 1, pp. 37-46,
2006.

[134] K. T. Quinn, “Shear strengthening of reinforced concrete beams with carbon fiber rein-
forced polymer (CFRP) and improved anchor details.” 2009.

[135] S. Altin, O. Anil, Y. Kopraman, C. Mertoglu, and M. E. Kara, “Improving shear capacity
and ductility of shear-deficient RC beams using CFRP strips,” J. Reinf. Plast. Compos., vol. 29,
no. 19, pp. 2975-2991, 2010.

[136] Y. Mitsui, K. Murakami, K. Takeda, and H. Sakai, “A study on shear reinforcement of
reinforced concrete beams externally bonded with carbon fiber sheets,” Compos. Interfaces, vol.
5, no. 4, pp. 285-295, 1997.

[137] M. Abdel-Jaber, “Shear strengthening of reinforced concrete beams using externally bonded
carbon fibre reinforced plates.” Oxford Brookes University, 2001.

[138] A. Khalifa and A. Nanni, “Rehabilitation of rectangular simply supported RC beams with
shear deficiencies using CFRP composites,” Constr. Build. Mater., vol. 16, no. 3, pp. 135-146,
2002.

[139] O. Chaallal, M. Shahawy, and M. Hassan, “Performance of reinforced concrete T-girders
strengthened in shear with carbon fiber-reinforced polymer fabric,” Struct. J., vol. 99, no. 3, pp.
335-343, 2002.

[140] A. Li, C. Diagana, and Y. Delmas, “Shear strengthening effect by bonded composite fabrics
on RC beams,” Compos. Part B Eng., vol. 33, no. 3, pp. 225-239, 2002.

[141] H. Naderpour, O. Poursaeidi, and M. Ahmadi, “Shear resistance prediction of concrete
beams reinforced by FRP bars using artificial neural networks,” Meas. J. Int. Meas. Confed., vol.
126, pp. 299-308, 2018.

[142] “Shear behavior of concrete beams reinforced by FRP rods as longitudinal and shear
reinforcement,” Non-Metallic (FRP) Reinforcement for Concrete Structures. CRC Press, pp.
370-377, 2004.



42

Zainab Al-Khafaji ef al.

[143] M. Guadagnini, K. Pilakoutas, and P. Waldron, “Shear Resistance of FRP RC Beams:
Experimental Study,” J. Compos. Constr., vol. 10, no. 6, pp. 464—473, 2006.

[144] M. Alam, Influence of Different Parameters on Shear Strength of FRP Reinforced Concrete
Beams without Web Reinforcement. 2010.

[145] M. S. Alam and A. Hussein, “Effect of Member Depth on Shear Strength of High-Strength
Fiber-Reinforced Polymer—Reinforced Concrete Beams,” J. Compos. Constr., vol. 16, no. 2, pp.
119-126, 2012.

[146] E. C. Bentz, L. Massam, and M. P. Collins, “Shear Strength of Large Concrete Members
with FRP Reinforcement,” J. Compos. Constr., vol. 14, no. 6, pp. 637-646, 2010.

[147] C. H. Kim and H. S. Jang, “Concrete Shear Strength of Normal and Lightweight Concrete
Beams Reinforced with FRP Bars,” J. Compos. Constr., vol. 18, no. 2, p. 4013038, 2014.

[148] B. Singh and K. Jain, “An Appraisal of Steel Fibers as Minimum Shear Reinforcement in
Concrete Beams,” ACI Struct. J., vol. 111, no. 5, 2014.

[149] T. Greenough and M. Nehdi, “Shear behavior of fiber-reinforced self-consolidating
concrete slender beams,” ACI Mater. J., vol. 105, no. 5, p. 468, 2008.

[150] D. R. Sahoo and A. Sharma, “Effect of Steel Fiber Content on Behavior of Concrete Beams
with and without Stirrups,” ACI Struct. J., vol. 111, no. 5, 2014.

[151] A. Shoaib, A. S. Lubell, and V. S. Bindiganavile, “Shear response of lightweight steel fiber
reinforced concrete members without stirrups,” Mater. Struct., vol. 48, no. 10, pp. 3141-3157,
2014.

[152] R. Manju, S. Sathya, and B. Sylviya, “Shear strength of high-Strength steel fibre reinforced
concrete rectangular beams,” Int. J. Civ. Eng. Technol, vol. 8, pp. 1716-1729, 2017.

[153] G. Arslan, R. S. O. Keskin, and S. Ulusoy, “An experimental study on the shear strength of
SERC beams without stirrups,” J. Theor. Appl. Mech., p. 1205, 2017.

[154] G. J. Parra-Montesinos, ]. K. Wight, H. H. Dinh, A. Libbrecht, and C. Padilla, “Shear
strength of fiber reinforced concrete beams without stirrups,” Univ. Michigan Ann Arbor, MI,
USA, p. 39, 2006.

[155] D. R. Sahoo, S. Bhagat, and T. C. V. Reddy, “Experimental study on shear-span to
effective-depth ratio of steel fiber reinforced concrete T-beams,” Mater. Struct., vol. 49, no. 9,
pp. 3815-3830, 2015.

[156] T. Tahenni, M. Chemrouk, and T. Lecompte, “Effect of steel fibers on the shear behavior
of high strength concrete beams,” Constr. Build. Mater., vol. 105, pp. 14-28, 2016.

[157] C. Cucchiara, L. La Mendola, and M. Papia, “Effectiveness of stirrups and steel fibres as
shear reinforcement,” Cem. Concr. Compos., vol. 26, no. 7, pp. 777-786, 2004.

[158] D. H. Lim and B. H. Oh, “Experimental and theoretical investigation on the shear of steel
fibre reinforced concrete beams,” Eng. Struct., vol. 21, no. 10, pp. 937-944, 1999.

[159] H. H. Dinh, G. J. Parra-Montesinos, and J. K. Wight, “Shear Behavior of Steel Fiber-
Reinforced Concrete Beams without Stirrup Reinforcement,” ACI Struct. ..., no. 106, pp.
597-606, 2010.

[160] D. D. L. Aratjo, F. G. T. Nunes, R. D. Toledo Filho, and M. A. S. de Andrade, “<b>Shear
strength of steel fiber-reinforced concrete beams,” Acta Sci. Technol., vol. 36, no. 3, p. 389,
2014.

[161] P. Casanova and P. Rossi, “Can steel fibers replace transverse reinforcements in reinforced
concrete beams?,” Mater. J., vol. 94, no. 5, pp. 341-354, 1997.

[162] H. Aoude, M. Belghiti, W. D. Cook, and D. Mitchell, “Response of Steel Fiber-Reinforced
Concrete Beams with and without Stirrups.,” ACI Struct. J., vol. 109, no. 3, 2012.

[163] F. Minelli and G. A. Plizzari, “On the Effectiveness of Steel Fibers as Shear Reinforcement.,”
ACI Struct. J., vol. 110, no. 3, 2013.

[164] T. H. K. Kang, W.Kim, Y. K. Kwak, and S. G. Hong, “Shear testing of steel fiber-reinforced



Knowledge-based Engineering and Sciences 43

lightweight concrete beams without web reinforcement,” ACI Struct. J., vol. 108, no. 5, pp.
553-561, 2011.

[165] P. Casanova and P. Rossi, “High-strength concrete beams submitted to shear: steel fibers
versus stirrups,” Spec. Publ., vol. 182, pp. 53-68, 1999.

[166] M. R. Zarrinpour and S.-H. Chao, “Shear Strength Enhancement Mechanisms of Steel
Fiber-Reinforced Concrete Slender Beams.,” ACI Struct. J., vol. 114, no. 3, 2017.

[167] K. Noghabai, “Beams of fibrous concrete in shear and bending: experiment and model,” J.
Struct. Eng,, vol. 126, no. 2, pp- 243-251, 2000.

[168] N. Randl, T. Mészdly, and P. Harsinyi, “Shear behaviour of UHPC beams with varying
degrees of fibre and shear reinforcement,” in High Tech Concrete: Where Technology and
Engineering Meet, Springer, 2018, pp. 500-507.

[169] W. Pansuk, T. N. Nguyen, Y. Sato, J. A. Den Uijl, and J. C. Walraven, “Shear capacity
of high performance fiber reinforced concrete I-beams,” Constr. Build. Mater., vol. 157, pp.
182-193, 2017.

[170] C.-G. Kim, H. Lee, H.-G. Park, G.-H. Hong, and S.-M. Kang, “Effect of Steel Fibers on
Minimum Shear Reinforcement of High-Strength Concrete Beams.,” ACI Struct. J., vol. 114,
no. 5, 2017.

[171] S.-H. Cho and Y.-I. Kim, “Effects of steel fibers on short beams loaded in shear,” Struct. .,
vol. 100, no. 6, pp- 765-774, 2003.

[172] T. H. K. Kang, W. Kim, L. M. Massone, and T. A. Galleguillos, “Shear-flexure coupling
behavior of steel fiber-reinforced concrete beams,” ACI Struct. J., vol. 109, no. 4, pp. 435-444,
2012.

[173] D. Dupont, “Modelling and experimental validation of the constitutive law and cracking
behaviour of steel fibre reinforced concrete,” KU Leuven Leuven, Belgium, 2003.

[174] G. Batson, E. Jenkins, and R. Spatney, “Steel fibers as shear reinforcement in beams,” in
Journal Proceedings, 1972, vol. 69, no. 10, pp. 640-644.

[175] J. Zhao, J. Liang, L. Chu, and F. Shen, “Experimental study on shear behavior of steel fiber
reinforced concrete beams with high-strength reinforcement,” Materials (Basel)., vol. 11, no. 9,
p- 1682, 2018.

[176] R. L. Jindal, “Shear and moment capacities of steel fiber reinforced concrete beams,” Spec.
Publ., vol. 81, pp. 1-16, 1984.

[177] S.-W. Shin, J.-G. Oh, and S. K. Ghosh, “Shear behavior of laboratory-sized high-strength
concrete beams reinforced with bars and steel fibers,” Spec. Publ., vol. 142, pp. 181-200, 1994.
[178] C.-K. Huang, H.-Z. Zhang, and Z.-G. Guan, “Expérimental study on shear résistance of
steel fiber reinforced high-strength concréte beams,” Spec. Publ., vol. 228, pp. 687-704, 2005.
[179] K.-H. KwakK, J. Suh, and C.-T. T. Hsu, “Shear-fatigue behavior of steel fiber reinforced
concrete beams,” Struct. J., vol. 88, no. 2, pp. 155-160, 1991.

[180] T. M. Roberts and N. L. Ho, “Shear failure of deep fibre reinforced concrete beams,” Int. J.
Cem. Compos. Light. Concr., vol. 4, no. 3, pp. 145-152, 1982.

[181] J.-H. Hwang, D. H. Lee, K. S. Kim, H. Ju, and S.-Y. Seo, “Evaluation of shear performance
of steel fibre reinforced concrete beams using a modified smeared-truss model,” Mag. Concr.
Res., vol. 65, no. 5, pp. 283-296, 2013.

[182] N. Spinella, P. Colajanni, and L. La Mendola, “Nonlinear analysis of beams reinforced in
shear with stirrups and steel fibers,” ACI Struct. J., vol. 109, no. 1, p. 53, 2012.

[183] C. E. Chalioris and E. F. Sfiri, “Shear performance of steel fibrous concrete beams,” Procedia
Eng., vol. 14, pp. 2064-2068, 2011.

[184] M. Cohen and H. Aoude, “Shear behavior of SFRC and SCFRC beams,” in Proceedings of
the 3rd International Structural Specialty Conference, Edmonton, AB, Canada, 2012, pp. 6-9.
[185] H. Aoude and M. Cohen, “Shear response of SFRC beams constructed with SCC and Steel



44

Zainab Al-Khafaji ef al.

Fibers,” Electron. J. Struct. Eng, vol. 14, pp. 71-83, 2014.

[186] M. A. Qissab and M. M. Salman, “Shear strength of non-prismatic steel fiber reinforced
concrete beams without stirrups,” Struct. Eng. Mech, vol. 67, no. 4, pp. 347-358, 2018.

[187] S. Furlan Jr and J. B. de Hanai, “Shear behaviour of fiber reinforced concrete beams,” Cem.
Concr. Compos., vol. 19, no. 4, pp. 359-366, 1997.

[188] A. N. Dancygier and Z. Savir, “Effects of steel fibers on shear behavior of high-strength
reinforced concrete beams,” Adv. Struct. Eng., vol. 14, no. 5, pp. 745-761, 2011.

[189] J. Krassowska and M. Kosior-Kazberuk, “Failure mode in shear of steel fiber reinforced
concrete beams,” in MATEC Web of Conferences, 2018, vol. 163, p. 2003.

[190] D.-Y. Yoo and J.-M. Yang, “Effects of stirrup, steel fiber, and beam size on shear behavior
of high-strength concrete beams,” Cem. Concr. Compos., vol. 87, pp. 137-148, 2018.

[191] S. Gali and K. V. L. Subramaniam, “Shear behavior of steel fiber reinforced concrete using
full-field displacements from digital image correlation,” in MATEC Web of Conferences, 2017,
vol. 120, p. 4003.

[192] A. Shoaib, A. S. Lubell, and V. S. Bindiganavile, “Size effect in shear for steel fiber-reinforced
concrete members without stirrups,” ACI Struct. J., vol. 111, no. 5, pp. 1081-1090, 2014.

[193] A. Shoaib, “Shear in Steel Fiber Reinforced Concrete without Stirrups,” Univ. Alberta
Edmonton, AB, Canada, 2012.

[194] B. Il Bae, H. K. Choi, and C. S. Choi, “Flexural and shear capacity evaluation of reinforced
ultra-high strength concrete members with steel rebars,” in Key engineering materials, 2014,
vol. 577, pp. 17-20.

[195] A. S. Abdul-Zaher, L. M. Abdul-Hafez, Y. R. Tawfic, and O. Hammed, “Shear behavior of
fiber reinforced concrete beams,” J. Eng. Sci. Assiut Univ, vol. 44, pp. 132-144, 2016.

[196] N. D. Hoang, “Estimating punching shear capacity of steel fibre reinforced concrete slabs
using sequential piecewise multiple linear regression and artificial neural network,” Meas. J. Int.
Meas. Confed., vol. 137, pp. 58-70, 2019.

[197] L. F. Maya, M. F. Ruiz, A. Muttoni, and S. ]. Foster, “Punching shear strength of steel fibre
reinforced concrete slabs,” Eng. Struct., vol. 40, pp. 83-94, 2012.

[198] M.-Y. Cheng and G. J. Parra-Montesinos, “Evaluation of Steel Fiber Reinforcement for
Punching Shear Resistance in Slab-Column Connections—Part I: Monotonically Increased Load.,”
ACI Struct. J., vol. 107, no. 1, 2010.

[199] R. Narayanan and I. Y. S. Darwish, “Punching shear tests on steel-fibre-reinforced micro-
concrete slabs,” Mag. Concr. Res., vol. 39, no. 138, pp. 42-50, 1987.

[200] H. Higashiyama, A. Ota, and M. Mizukoshi, “Design equation for punching shear capacity
of SFRC slabs,” Int. J. Concr. Struct. Mater., vol. 5, no. 1, pp. 35-42, 2011.

[201] X. W. Wang, W. L. Tian, Z. Y. Huang, M. ]. Zhou, and X. Y. Zhao, “Analysis on punching
shear behavior of the raft slab reinforced with steel fibers,” in Key Engineering Materials, 2009,
vol. 400, pp. 335-340,

[202] D. D. Theodorakopoulos and N. Swamy, “Contribution of steel fibers to the strength
characteristics of lightweight concrete slab-column connections failing in punching shear,” Struct.
J... vol. 90, no. 4, pp. 342355, 1993.

[203] S. D. B. ALlexander and S. H. Simmonds, “Punching shear tests of concrete slab-column
joints containing fiber reinforcement,” Struct. J., vol. 89, no. 4, pp. 425-432, 1992.

[204] J. B. Hanai and K. M. A. Holanda, “Similarities between punching and shear strength of
steel fiber reinforced concrete (SFRC) slabs and beams,” Ibracon Struct. Mater. Jo vol. 1, no. 1,
2008.

[205] R. N. Swamy and S. A. R. Ali, “Punching shear behavior of reinforced slab-column
connections made with steel fiber concrete,” in Journal Proceedings, 1982, vol. 79, no. 5, pp.
392-406.



Knowledge-based Engineering and Sciences 45

[206] P. J. McHarg, W. D. Cook, D. Mitchell, and Y. S. Yoon, “Benefits of concentrated slab
reinforcement and steel fibers on performance of slab-column connections,” ACI Struct. J., vol.
97, no. 2, pp. 225-234, 2000.

[207] R. Suter and L. Moreillon, “Punching shear strength of high performance fiber reinforced
concrete slabs,” in 3rd FIB international congress, Washington (USA), 2010.

[208] L. Nguyen-Minh, M. Rovidk, and T. Tran-Quoc, “Punching shear capacity of interior
SFRC slab-column connections,” J. Struct. Eng., vol. 138, no. 5, pp. 613-624, 2012.

[209] M. H. Harajli, D. Maalouf, and H. Khatib, “Effect of fibers on the punching shear strength
of slab-column connections,” Cem. Concr. Compos., vol. 17, no. 2, pp. 161-170, 1995.

[210] M. Abambres and E. O. L. Lantsoght, “Neural network-based formula for shear capacity
prediction of one-way slabs under concentrated loads,” Eng. Struct., vol. 211, no. June 2019, p.
110501, 2020.

[211] E. O. L. Lantsoght, C. van der Veen, ]. C. Walraven, and A. de Boer, “Database of wide
concrete members failing in shear,” Mag. Concr. Res., vol. 67, no. 1, pp. 33-52, 2015.

[212] K. Reiflen and J. Hegger, “Experimental study on the shear capacity of concrete slabs,” in
Conference Proceedings IABSE-IASS Symposium London, 2011.

[213] T. Jaeger and P. Marti, “Reinforced Concrete Slab Shear Prediction Competition: Experi-
ments.,” ACI Struct. J., vol. 106, no. 3, 2009.

[214] T. Jiger, Querkraftwiderstand und Verformungsvermdgen von Stahlbetonplatten, vol. 305.
vdf Hochschulverlag AG, 2007.

[215] T. Jiger and P. Marti, Versuche zum Querkraftwiderstand und zum Verformungsvermogen
von Stahlbetonplatten, vol. 294. vdf Hochschulverlag AG, 2006.

[216] O. Graf, Versuche iiber die Widerstandsfihigkeit von Eisenbetonplatten unter konzentri-
erter Last nahe einem Auflager. 1933.

[217] E. E. Richart, “Reinforced concrete wall and column footings,” in Journal proceedings,
1948, vol. 45, no. 10, pp. 97-127.

[218] F. E. Richart, “Reinforced Wall and Column Footings Part 2,” in Journal Proceedings,
1948, vol. 45, no. 11, pp- 237-260.

[219] E. E. Richart and R. W. Kluge, “Tests of reinforced concrete slabs subjected to concentrated
loads: a report,” University of Illinois at Urbana Champaign, College of Engineering ..., 1939.
[220] P. Serna-Ros, M. A. Fernandez-Prada, P. Miguel-Sosa, and O. A. R. Debb, “Influence of
stirrup distribution and support width on the shear strength of reinforced concrete wide beams,”
Mag. Concr. Res., vol. 54, no. 3, pp- 181-191, 2002.

[221] F. Leonhardt, “Beitrage zur Behandlung der Schubprobleme im Stahlbetonbau, 4. fortset-
zung des Kapitals II: Versuchsberichte,” Bet. und Stahlbetonbau, vol. 57, pp. 54-64, 1962.

[222] F. Leonhardt and R. Walther, The Stuttgart shear tests, 1961: contributions to the treatment
of the problems of shear in reinforced concrete construction. Cement & Concrete Association,
1962.

[223] K. Reiflen and ]. Hegger, “Experimentelle Untersuchungen zur mitwirkenden Breite fiir
Querkraft von einfeldrigen Fahrbahnplatten,” Beton-und Stahlbetonbau, vol. 108, no. 2, pp.
96-103, 2013.

[224] R. Diaz de Cossio, J. Moe, P. L. Gould, and J. G. Meason, “Shear and diagonal tension-
Discussion,” in ACI Journal Proceedings, 1962, vol. 59, no. 11, pp. 1323-1339.

[225] G. Kani, Kani on shear in reinforced concrete. Deptartment of Civil Engineering, Univer-
sity of Toronto, 1979.

[226] K. S. Rajagopalan and P. M. Ferguson, “Exploratory shear tests emphasizing percentage of
longitudinal steel,” in Journal Proceedings, 1968, vol. 65, no. 8, pp. 634-638.

[227] H. Aster and R. Koch, “Schubtragfihigkeit dicker Stahlbetonplatten,” BETON-U STAHLBE-
TONBAU, vol. 69, no. 11, 1974.



46

Zainab Al-Khafaji ef al.

[228] K. H. Reineck, R. Koch, and J. Schlaich, “Shear Tests on Reinforced concrete beams with
axial compression for offshore structures,” Inst. fiir Massivbau, Univ. Stuttgart, 1978.

[229] F. J. Heger and T. J. McGrath, “Design method for reinforced concrete pipe and box
sections,” Assoc. TCotACPAssociation TCotACPeditor. Camebridge, Massachusetts. San Fr.
Calif. Simpson Gumpertz Heger Inc., p. 243, 1982.

[230] D. W. Cullington, A. F. Daly, and M. E. Hill, “Assessment of reinforced concrete bridges:
Collapse tests on Thurloxton underpass,” in BRIDGE MANAGEMENT 3. INSPECTION,
MAINTENANCE AND REPAIR. PAPERS PRESENTED AT THE THIRD INTERNA-
TIONAL CONFERENCE ON BRIDGE MANAGEMENT, UNIVERSITY OF SURREY,
GUILDFORD, UK, 14-17 APRIL 1996, 1996, pp. 667-74.

[231] A. Coin and H. Thonier, “Essais sur le cisaillement des dalles en beton arme,” in Annales
du batiment et des travaux publics, 2007, pp. 7-16.

[232] A. A. Olonisakin and S. D. B. Alexander, “Mechanism of shear transfer in a reinforced
concrete beam,” Can. J. Civ. Eng., vol. 26, no. 6, pp- 810-817, 1999.

[233] P. K. Ekeberg and E. PK, “Load-carrying capacity of continuous concrete slabs with
concentrated loads,” Nord. betong, vol. 4, pp. 1536, 1982.

[234] K. Reiflen and J. Hegger, “Experimentelle untersuchungen zum querkrafttragverhalten
von auskragenden fahrbahnplatten unter radlasten,” Beton-und Stahlbetonbau, vol. 108, no. 5,
pp. 315-324, 2013,

[235] G. A. Rombach and R. R. Velasco, “Schnittgréfien auskragender Fahrbahnplatten infolge
von Radlasten nach DIN-Fachbericht,” Beton-und Stahlbetonbau, vol. 100, no. 5, pp. 376-389,
2005.

[236] G. A. Rombach and S. Latte, “Shear resistance of bridge decks without shear reinforcement,”
in International FIB symposium, 2008.

[237] G. Rombach and S. Latte, “Querkrafttragfihigkeit von Fahrbahnplatten ohne Querkraft-
bewehrung,” Beton-und Stahlbetonbau, vol. 104, no. 10, pp. 642-656, 2009.

[238] E. O. L. Lantsoght, “Shear in Reinforced Concrete Slabs under Concentrated Loads Close
35 to Supports,” 2013.

[239] S. E. Mohammadyan-Yasouj, A. K. Marsono, R. Abdullah, and M. Moghadasi, “Wide
beam shear behavior with diverse types of reinforcement,” ACI Struct. J., vol. 112, no. 2, pp.
199-208, 2015.

[240] R. A. Miller, A. E. Aktan, and B. M. Shahrooz, “Destructive Testing of Decommissioned
Concrete Slab Bridge,” J. Struct. Eng., vol. 120, no. 7, pp. 21762198, 1994.

[241] I. K. Fang, C. K. T. Tsui, N. H. Burns, and R. E. Klingner, “Load Capacity of Isotropically
Reinforced, Cast-in-Place and Precast Panel Bridge Decks,” PCI J., vol. 35, no. 4, pp. 104-113,
1990.

[242] P. E. Regan, “Shear resistance of concrete slabs at concentrated loads close to supports,”
Polytech. Cent. London, London, UK, pp. 1-24, 1982.

[243] P. E. Regan and H. Rezai-Jorabi, “Shear resistance of one-way slabs under concentrated
loads,” Struct. J., vol. 85, no. 2, pp. 150-157, 1988.

[244] H. Furuuchi, Y. Takahashi, T. Ueda, and Y. Kakuta, “Effective width for shear failure of
RC deep slabs,” Trans. Japan Concr. Inst., vol. 20, pp. 209-216, 1999.

[245] E. G. Sherwood, A. S. Lubell, E. C. Bentz, and M. P. Collins, “One-way shear strength of
thick slabs and wide beams,” ACI Struct. J., vol. 103, no. 6, p. 794, 2006.

[246] R. Vaz Rodrigues, “Shear Strength of RC bridge deck cantilevers,” in 6th International
PhD Symposium in Civil Engineering, IBK Publikation SP-015, 2006, no. CONF, pp. 160-161.
[247] R. Vaz Rodrigues, A. Muttoni, and O. Burdet, “Large scale tests on bridge slabs cantilevers
subjected to traffic loads,” in Proceedings of the 2nd fib Congress, 2006, vol. 1, no. CONF, p.
232.



Knowledge-based Engineering and Sciences 47

[248] A. Este, F. Gringoli, and L. Salgarelli, “Support vector machines for TCP traffic classifica-
tion,” Comput. Networks, vol. 53, no. 14, pp. 2476-2490, 2009.

[249] L. Cornejo-Bueno, J. C. N. Borge, E. Alexandre, K. Hessner, and S. Salcedo-Sanz, “Accurate
estimation of significant wave height with support vector regression algorithms and marine radar
images,” Coast. Eng., vol. 114, pp- 233-243, 2016.

[250] M. Zounemat-Kermani, A. Mahdavi-Meymand, M. Alizamir, S. Adarsh, and Z. Mundh-
erYaseen, “On the Complexities of Sediment Load Modeling using Integrative Machine Learning:
An Application to the Great River of Loiza in Puerto Rico,” J. Hydrol., p. 124759, 2020.

[251] B. Keshtegar and Z. M. Yaseen, “Reinforcing bar development length modeling using
integrative support vector regression model with response surface method: New approach,” ISA
Trans., 2021.

[252] J. Zhang, Y. Sun, G. Li, Y. Wang, ]. Sun, and J. Li, “Machine-learning-assisted shear
strength prediction of reinforced concrete beams with and without stirrups,” Eng. Comput., pp.
1-15, 2020.

[253] R. Solhmirzaei, H. Salehi, V. Kodur, and M. Z. Naser, “Machine learning framework for
predicting failure mode and shear capacity of ultra high performance concrete beams,” Eng.
Struct., vol. 224, no. September, p. 111221, 2020.

[254] M. P. Collins, E. C. Bentz, and E. G. Sherwood, “Where is shear reinforcement required?
review of research results and design procedures,” ACI Struct. J., vol. 105, no. 5, pp. 590-600,
2008.

[255] T. Zhang, P. Visintin, and D. ]. Oehlers, “Shear strength of RC beams with steel stirrups,”
J. Struct. Eng,, vol. 142, no. 2, p- 4015135, 2016.

[256] S. Lu, M. Koopialipoor, P. G. Asteris, M. Bahri, and D. J. Armaghani, “A novel feature
selection approach based on tree models for evaluating the punching shear capacity of steel
fiber-reinforced concrete flat slabs,” Materials (Basel)., vol. 13, no. 17, p. 3902, 2020.

[257] C. Chen, G. Zhang, J. Yang, and J. C. Milton, “An explanatory analysis of driver injury
severity in rear-end crashes using a decision table/Naive Bayes (DTNB) hybrid classifier,” Accid.
Anal. Prev., vol. 90, pp. 95-107, 2016.

[258] S. Abbinaya and M. S. Kumar, “Software effort and risk assessment using decision table
trained by neural networks,” in 2015 International Conference on Communications and Signal
Processing (ICCSP), 2015, pp. 1389-1394.

[259] T. A. Nguyen, W. A. Perkins, T. ]. Laffey, and D. Pecora, “Knowledge-base verification,”
Al Mag., vol. 8, no. 2, pp. 69-75, 1987.

[260] A. A. Yaseen, “Punching shear strength of steel fiber high strength reinforced concrete
slabs.” M. Sc. Thesis, Department of Civil Engineering, University of Salahaddin ..., 2006.
[261] O. B. Olalusi and P. O. Awoyera, “Shear capacity prediction of slender reinforced concrete
structures with steel fibers using machine learning,” Eng. Struct., vol. 227, p. 111470, 2020.
[262] E. O. L. Lantsoght, “Database of shear experiments on steel fiber reinforced concrete beams
without stirrups,” Materials (Basel)., vol. 12, no. 6, p. 917, 2019.

[263] P. Smarzewski, “Hybrid fibres as shear reinforcement in high-performance concrete beams
with and without openings,” Appl. Sci., vol. 8, no. 11, p. 2070, 2018.

[264] M. Pourbaba, H. Sadaghian, and A. Mirmiran, “Flexural Response of UHPFRC Beams
Reinforced with Steel Rebars,” Adv. Civ. Eng. Mater., vol. 8, no. 3, pp. 411-430, 2019.

[265] C. Kahanji, F. Ali, and A. Nadjai, “Structural performance of ultra-high-performance
fiber-reinforced concrete beams,” Struct. Concr., vol. 18, no. 2, pp. 249-258, 2017.

[266] Y. L. Voo, S. J. Foster, and R. I. Gilbert, “Shear Strength of Fiber Reinforced Reactive
Powder Concrete Prestressed Girders without Stirrups,” J. Adv. Concr. Technol., vol. 4, no. 1,
pp. 123132, 2006.

[267] Y. L. Voo, W. K. Poon, and S. J. Foster, “Shear Strength of Steel Fiber-Reinforced Ultrahigh-



48

Zainab Al-Khafaji ef al.

Performance Concrete Beams without Stirrups,” J. Struct. Eng., vol. 136, no. 11, pp. 1393-1400,
2010.

[268] I.-H. Yang, C. Joh, and B.-S. Kim, “Shear behaviour of ultra-high-performance fibre-
reinforced concrete beams without stirrups,” Mag. Concr. Res., vol. 64, no. 11, pp. 979-993,
2012.

[269] S. Ahmad, S. Bahij, M. A. Al-Osta, S. K. Adekunle, and S. U. Al-Dulaijan, “Shear behavior
of ultra-high-performance concrete beams reinforced with high-strength steel bars,” ACI Struct.
J.. vol. 116, no. 4, pp. 3-14, 2019.

[270] W.-Y. Lim and S.-G. Hong, “Shear tests for ultra-high performance fiber reinforced
concrete (UHPFRC) beams with shear reinforcement,” Int. J. Concr. Struct. Mater., vol. 10, no.
2, pp. 177-188, 2016.

[271] F. Baby, P. Marchand, and F. Toutlemonde, “Shear behavior of ultrahigh performance
fiber-reinforced concrete beams. I: Experimental investigation,” J. Struct. Eng., vol. 140, no. 5,
p- 4013111, 2014.

[272] K. Bunje and E. Fehling, “About shear force and punching shear resistance of structural
elements of Ultra High Performance Concrete,” in International Symposium on UHPC, 2004,
pp. 401-411.

[273] D.-Y. Yoo and Y.-S. Yoon, “Structural performance of ultra-high-performance concrete
beams with different steel fibers,” Eng. Struct., vol. 102, pp. 409-423, 2015.

[274] M. Bermudez and C.-C. Hung, “Shear Behavior of Ultra-High Performance Hybrid
Fiber Reinforced Concrete Beams,” in International Interactive Symposium on Ultra-High
Performance Concrete, 2019, vol. 2, no. 1.

[275] A. Yavag, U. Hasgul, K. Turker, and T. Birol, “Effective fiber type investigation on the
shear behavior of ultrahigh-performance fiber-reinforced concrete beams,” Adv. Struct. Eng.,
vol. 22, no. 7, pp. 1591-1605, 2019.

[276] M. Pourbaba, A. Joghataie, and A. Mirmiran, “Shear behavior of ultra-high performance
concrete,” Constr. Build. Mater., vol. 183, pp. 554-564, 2018.

[277] U. Hasgul, A. Yavas, T. Birol, and K. Turker, “Steel fiber use as shear reinforcement on
I-shaped UHP-FRC beams,” Appl. Sci., vol. 9, no. 24, p. 5526, 2019.

[278] T. Mészly and N. Randl, “Shear behavior of fiber-reinforced ultra-high performance
concrete beams,” Eng. Struct., vol. 168, pp- 119-127, 2018.

[279] O. Q. Aziz and S. A. Yaseen, “Optimum Position of Shear Reinforcement of High-Strength
Reinforced Concrete Beams,” Eng. Technol. J., vol. 31, no. 1 Part (A) Engineering, pp. 42-52,
2013.

[280] J. Qi, X. Ding, Z. Wang, and Y. Hu, “Shear strength of fiber-reinforced high-strength
steel ultra-high-performance concrete beams based on refined calculation of compression zone
depth considering concrete tension,” Adv. Struct. Eng., vol. 22, no. 8, pp. 2006-2018, 2019.
[281] L.-Z. Jin, X. Chen, F. Fu, X.-F. Deng, and K. Qian, “Shear strength of fibre-reinforced
reactive powder concrete I-shaped beam without stirrups,” Mag. Concr. Res., vol. 72, no. 21, pp.
1112-1124, 2020.

[282] J. Hegger and G. Bertram, “Shear carrying capacity of ultra-high performance concrete
beams,” Tailor Made Concr. Struct., pp. 341-347, 2008.

[283] A. M. Yousef, A. M. Tahwia, and N. A. Marami, “Minimum shear reinforcement for
ultra-high performance fiber reinforced concrete deep beams,” Constr. Build. Mater., vol. 184,
pp. 177-185, 2018.

[284] B. A. Graybeal, “Structural behavior of ultra-high performance concrete prestressed I-
girders,” United States. Federal Highway Administration. Office of Infrastructure ..., 2006.
[285] S. A. Yaseen, “An Experimental Study on the Shear Strength of High-performance Re-
inforced Concrete Deep Beams without Stirrups,” Eng. Technol. J., vol. 34, no. 11 Part (A)



Knowledge-based Engineering and Sciences 49

Engineering, pp. 2123-2139, 2016.

[286] P. Rossi, D. Daviau-Desnoyers, and J.-L. Tailhan, “Probabilistic numerical model of
cracking in ultra-high performance fibre reinforced concrete (UHPFRC) beams subjected to
shear loading,” Cem. Concr. Compos., vol. 90, pp. 119-125, 2018.

[287] X. Cao, X.-F. Deng, L.-Z. Jin, F. Fu, and K. Qian, “Shear capacity of reactive powder
concrete beams using high-strength steel reinforcement,” Proc. Inst. Civ. Eng. Build., pp. 1-16,
2019.

[288] A. Yavas and C. O. Goker, “Impact of Reinforcement Ratio on Shear Behavior of I-Shaped
UHPC Beams with and without Fiber Shear Reinforcement,” Materials (Basel)., vol. 13, no. 7, p.
1525, 2020.

[289] X. Wu and S.-M. Han, “First diagonal cracking and ultimate shear of I-shaped reinforced
girders of ultra high performance fiber reinforced concrete without stirrup,” Int. J. Concr. Struct.
Mater., vol. 3, no. 1, pp. 47-56, 2009.

[290] S. Gomaa and M. Alnaggar, “Transitioning from Shear to Flexural Failure of UHPC Beams
by Varying Fiber Content,” in International Interactive Symposium on Ultra-High Performance
Concrete, 2019, vol. 2, no. 1.

[291] H. Zheng, Z. Fang, and B. Chen, “Experimental study on shear behavior of prestressed
reactive powder concrete I-girders,” Front. Struct. Civ. Eng., vol. 13, no. 3, pp. 618-627, 2019.
[292] M. H. Mohammed, “Shear Behavior of Reactive Powder Concrete Beams with and without
Coarse Aggregate,” AUT J. Civ. Eng., vol. 2, no. 1, pp- 87-96, 2018.

[293] M. M. S. Ridha, K. F. Sarsam, and I. A. S. Al-Shaarbaf, “Experimental study and shear
strength prediction for reactive powder concrete beams,” Case Stud. Constr. Mater., vol. 8, pp.
434-446, 2018.

[294] C. Tibea and D. V Bompa, “Ultimate shear response of ultra-high-performance steel
fibre-reinforced concrete elements,” Arch. Civ. Mech. Eng., vol. 20, pp. 1-16, 2020.

[295] I. H. Yang, C. Joh, and B.-S. Kim, “Structural behavior of ultra high performance concrete
beams subjected to bending,” Eng. Struct., vol. 32, no. 11, pp. 3478-3487, 2010.

[296] J. Hegger, D. Tuchlinski, and B. Kommer, “Bond anchorage behavior and shear capacity
of ultra high performance concrete beams,” in Proceedings of the International Symposium on
Ultra High Performance Concrete, 2004, pp. 351-360.

[297] M. Pourbaba, H. Sadaghian, and A. Mirmiran, “A comparative study of flexural and shear
behavior of ultra-high-performance fiber-reinforced concrete beams,” Adv. Struct. Eng., vol. 22,
no. 7, pp. 1727-1738, 2019.

[298] C. Magureanu, 1. Sosa, C. Negrutiu, and B. Heghes, “Bending and shear behavior of
ultra-high performance fiber reinforced concrete,” in 5th International Conference on High
Performance Structures and Materials, Tallin, Estonia, 2010, pp. 79-89.

[299] V. Kodur, R. Solhmirzaei, A. Agrawal, E. M. Aziz, and P. Soroushian, “Analysis of flexural
and shear resistance of ultra high performance fiber reinforced concrete beams without stirrups,”
Eng. Struct., vol. 174, pp. 873-884, 2018.

[300] S. Chen, R. Zhang, L.-]. Jia, and J.-Y. Wang, “Flexural behaviour of rebar-reinforced
ultra-high-performance concrete beams,” Mag. Concr. Res., vol. 70, no. 19, pp. 997-1015, 2018.
[301] K. Wahba, H. Marzouk, and N. Dawood, “Structural Behavior of UHPFRC Beams without
Stirrups,” in 3rd International Structural Specialty Conference, 2012.

[302] Z. M. Yaseen et al., “A novel hybrid evolutionary data-intelligence algorithm for irrigation
and power production management: Application to multi-purpose reservoir systems,” Sustain.,
2019.

[303] A. D. Mehr, V. Nourani, E. Kahya, B. Hrnjica, A. M. A. Sattar, and Z. M. Yaseen, “Genetic
programming in water resources engineering: A state-of-the-art review,” J. Hydrol., 2018.
[304] M. Abbasi, M. S. Bin Abd Latiff, and H. Chizari, “Bioinspired evolutionary algorithm based



50

Zainab Al-Khafaji ef al.

for improving network coverage in wireless sensor networks,” Sci. World J., vol. 2014, 2014.
[305] M. Jamei, I. Ahmadianfar, X. Chu, and Z. M. Yaseen, “Prediction of surface water total
dissolved solids using hybridized wavelet-multigene genetic programming: New approach,” J.
Hydrol., vol. 589, no. August, p. 125335, 2020.

[306] I. Rechenberg, “Evolutionsstrategie, volume 15 of problemata.” Friedrich Frommann Verlag
(Giinther Holzboog KG), Stuttgart, 1973.

[307] D. B. Fogel, L. J. Fogel, and . W. Atmar, “Meta-evolutionary programming,” in Conference
record of the twenty-fifth asilomar conference on signals, systems & computers, 1991, pp.
540-541.

[308] J. H. Holland, “Genetic Algorithms,” Sci. Am., vol. 267, no. 1, pp. 66-72, 1992.

[309] H. A. Afan et al., “Input attributes optimization using the feasibility of genetic nature
inspired algorithm: Application of river flow forecasting,” Sci. Rep., vol. 10, no. 1, pp. 1-15,
2020.

[310] J. H. Holland, Adaptation in natural and artificial systems: an introductory analysis with
applications to biology, control, and artificial intelligence. MIT press, 1992.

[311] H. Zhang, X. Cao, J. K. L. Ho, and T. W. S. Chow, “Object-level video advertising: an
optimization framework,” IEEE Trans. Ind. informatics, vol. 13, no. 2, pp. 520-531, 2016.
[312] S. Milner, C. Davis, H. Zhang, and J. Llorca, “Nature-inspired self-organization, control,
and optimization in heterogeneous wireless networks,” IEEE Trans. Mob. Comput., vol. 11, no.
7, pp. 1207-1222, 2012.

[313] F. A. Chaudhry, M. Amin, M. Igbal, R. D. Khan, and ]. A. Khan, “A novel chaotic differential
evolution hybridized with quadratic programming for short-term hydrothermal coordination,”
Neural Comput. Appl., vol. 30, no. 11, pp. 3533-3544, 2018.

[314] N. F. Alkayem, B. Parida, and S. Pal, “Optimization of friction stir welding process using
NSGA-II and DEMO,” Neural Comput. Appl., vol. 31, no. 2, pp. 947-956, 2019.

[315] S. Surender Reddy and P. R. Bijwe, “Differential evolution-based efficient multi-objective
optimal power flow,” Neural Comput. Appl., vol. 31, no. 1, pp. 509-522, 2019.

[316] S. Chatterjee, S. Sarkar, S. Hore, N. Dey, A. S. Ashour, and V. E. Balas, “Particle swarm
optimization trained neural network for structural failure prediction of multistoried RC buildings,”
Neural Comput. Appl., vol. 28, no. 8, pp. 2005-2016, 2017.

[317] M. Vafaei and S. C. Alih, “Adequacy of first mode shape differences for damage identification
of cantilever structures using neural networks,” Neural Comput. Appl., vol. 30, no. 8, pp.
2509-2518, 2018.

[318] Y. Cha and O. Buyukozturk, “Structural damage detection using modal strain energy and
hybrid multiobjective optimization,” Comput. Civ. Infrastruct. Eng., vol. 30, no. 5, pp. 347-358,
2015.

[319] S.-S. Jin, S. Cho, H.-]. Jung, ].-J. Lee, and C.-B. Yun, “A new multi-objective approach to
finite element model updating,” J. Sound Vib., vol. 333, no. 11, pp. 2323-2338, 2014.

[320] B. Jaishi and W.-X. Ren, “Finite element model updating based on eigenvalue and strain
energy residuals using multiobjective optimisation technique,” Mech. Syst. Signal Process., vol.
21, no. 5, pp. 2295-2317, 2007.

[321] A. Kaveh, S. M. Javadi, and M. Maniat, “Damage assessment via modal data with a mixed
particle swarm strategy, ray optimizer, and harmony search,” 2014.

[322] D.-S. Jung and C.-Y. Kim, “Finite element model updating on small-scale bridge model
using the hybrid genetic algorithm,” Struct. Infrastruct. Eng., vol. 9, no. 5, pp. 481-495, 2013.
[323] T. Marwala, “Finite-element-model updating using computional intelligence techniques:
Applications to structural dynamics,” 2010.

[324] F. Shabbir and P. Omenzetter, “Particle swarm optimization with sequential niche technique
for dynamic finite element model updating,” Comput. Civ. Infrastruct. Eng., vol. 30, no. 5, pp.



Knowledge-based Engineering and Sciences 51

359-375, 2015.

[325] 1. Boulkaibet, L. Mthembu, F. De Lima Neto, and T. Marwala, “Finite element model
updating using fish school search and volitive particle swarm optimization,” Integr. Comput.
Aided. Eng., vol. 22, no. 4, pp. 361-376, 2015.

[326] A. Danandeh Mehr, V. Nourani, E. Kahya, B. Hrnjica, A. M. A. Sattar, and Z. M. Yaseen,
“Genetic programming in water resources engineering: A state-of-the-art review,” Journal of
Hydrology. 2018.

[327] J. R. Koza, Genetic programming: on the programming of computers by means of natural
selection. MIT press, 1992.

[328] M. Najafzadeh and A. R. Kargar, “Gene-Expression Programming, Evolutionary Polyno-
mial Regression, and Model Tree to Evaluate Local Scour Depth at Culvert Outlets,” J. Pipeline
Syst. Eng. Pract., 2019.

[329] A. Dineva et al., “Review of soft computing models in design and control of rotating
electrical machines,” Energies, vol. 12, no. 6, p. 1049, 2019.

[330] Z. M. Yaseen, A. El-shafie, O. Jaafar, H. A. Afan, and K. N. Sayl, “Artificial intelligence
based models for stream-flow forecasting: 2000-2015,” J. Hydrol., vol. 530, pp. 829-844, 2015.
[331] N. F. Alkayem, M. Cao, Y. Zhang, M. Bayat, and Z. Su, “Structural damage detection
using finite element model updating with evolutionary algorithms: a survey,” Neural Comput.
Appl., vol. 30, no. 2, pp. 389-411, 2018.

[332] M. Nehdi and H. Nikopour, “Genetic algorithm model for shear capacity of RC beams
reinforced with externally bonded FRP,” Mater. Struct. Constr., vol. 44, no. 7, pp. 1249-1258,
2011.

[333] A. H. Gandomi, G. J. Yun, and A. H. Alavi, “An evolutionary approach for modeling of
shear strength of RC deep beams,” Mater. Struct. Constr., 2013.

[334] E. M. Golafshani and A. Ashour, “A feasibility study of BBP for predicting shear capacity
of FRP reinforced concrete beams without stirrups,” Adv. Eng. Softw., vol. 97, pp. 29-39, 2016.
[335] M. Nehdi, H. El Chabib, and A. A. Said, “Proposed Shear Design Equations for FRP-
Reinforced Concrete Beams Based on Genetic Algorithms Approach,” J. Mater. Civ. Eng., vol.
19, no. 12, pp. 1033-1042, 2007.

[336] E. F. G. Shehata, “Fibre-reinforced polymer (FRP) for shear reinforcement in concrete
structures,” 1999.

[337] A. H. Gandomi, A. H. Alavi, and G. J. Yun, “Nonlinear modeling of shear strength of
SFRC beams using linear genetic programming,” Struct. Eng. Mech., 2011.

[338] T. Uomoto, R. K. Weerarathe, H. Furukoshi, and H. Fujino, “Shear strength of rein-
forced concrete beams with fiber reinforcement,” in Proceedings: Third International RILEM
Symposium on Developments in Fiber Reinforced Cement and Concrete, 1986, pp. 313-325.
[339] M. R. A. Kadir and J. A. Saeed, “Shear strength of fiber reinforced concrete beams,” Eng.
Technol. Journal, Sci. J. Univ. Technol., vol. 4, no. 3, pp. 98-112, 1986.

[340] S. K. Kaushik, V. K. Gupta, and N. K. Tarafdar, “Behavior of fiber reinforced concrete
beams in shear,” in Proceedings of the International Symposium on Fiber Reinforced Concrete,
1987, pp. 1-133.

[341] M. I. Vamdewalle and F. Mortelmans, “Shear capacity of steel fiber high-strength concrete
beams,” Spec. Publ., vol. 149, pp. 227-242, 1994.

[342] D. Kachlakev and D. D. McCurry, “Behavior of full-scale reinforced concrete beams
retrofitted for shear and flexural with FRP laminates,” Compos. Part B Eng., vol. 31, no. 6-7, pp.
445-452, 2000.

[343] T. Kage, M. Abe, H. S. Lee, and F. Tomosawa, “Effect of CFRP sheets on shear strength-
ening of RC beams damaged by corrosion of stirrup,” in Proceedings of the Third International
Symposium: Non-Metallic (FRP) Reinforcement for Concrete Structures, Japan Concrete Insti-



52

Zainab Al-Khafaji ef al.

tute, Sapporo, Japan, 1997, pp. 443-450.

[344] T. C. Triantafillou, “Shear strengthening of reinforced concrete beams using epoxy-bonded
FRP composites,” ACI Struct. J., vol. 95, pp. 107-115, 1998.

[345] K. Uji, “Improving shear capacity of existing reinforced concrete members by applying
carbon fiber sheets,” Trans. Japan Concr. Inst., vol. 14, 1992.

[346] R. L. Hutchinson and S. H. Rizkalla, “Shear strengthening of AASHTO bridge girders
using carbon fiber reinforced polymer sheets,” Spec. Publ., vol. 188, pp. 945-958, 1999.

[347] S. Matthys and L. Taerwe, “Concrete slabs reinforced with FRP grids. II: Punching
resistance,” J. Compos. Constr., vol. 4, no. 3, pp- 154-161, 2000.

[348] B. Tiljsten and L. Elfgren, “Strengthening concrete beams for shear using CFRP-materials:
evaluation of different application methods,” Compos. Part B Eng., vol. 31, no. 2, pp. 87-96,
2000.

[349] A. Carolin and B. Tiljsten, “Experimental study of strengthening for increased shear
bearing capacity,” J. Compos. Constr., vol. 9, no. 6, pp. 488-496, 2005.

[350] A. Carolin and B. Tiljsten, “Theoretical study of strengthening for increased shear bearing
capacity,” J. Compos. Constr., vol. 9, no. 6, pp. 497-506, 2005.

[351] M. N. S. Hadji, “Retrofitting of shear failed reinforced concrete beams,” Compos. Struct.,
vol. 62, no. 1, pp. 16, 2003.

[352] F. Bencardino, V. Colotti, G. Spadea, and R. N. Swamy, “Holistic design of RC beams and
slabs strengthened with externally bonded FRP laminates,” Cem. Concr. Compos., vol. 28, no.
10, pp. 832-844, 2006.

[353] G. Spadea, F. Bencardino, and R. N. Swamy, “Structural behavior of composite RC beams
with externally bonded CFRP,” J. Compos. Constr., vol. 2, no. 3, pp. 132-137, 1998.

[354] T. Norris, H. Saadatmanesh, and M. R. Ehsani, “Shear and flexural strengthening of R/C
beams with carbon fiber sheets,” J. Struct. Eng., vol. 123, no. 7, pp. 903-911, 1997.

[355] R. N. Swamy, P. Mukhopadhyaya, and C. J. Lynsdale, “Strengthening for shear of RC
beams by external plate bonding,” Struct. Eng., vol. 77, no. 12, 1999.

[356] G.]. Al-Sulaimani, A. Sharif, I. A. Basunbul, M. H. Baluch, and B. N. Ghaleb, “Shear repair
for reinforced concrete by fiberglass plate bonding,” Struct. J., vol. 91, no. 4, pp. 458-464, 1994.
[357] S. L. Wood and O. Bayrak, “Shear behavior of reinforced concrete T-beams strengthened
with carbon fiber reinforced polymer (CFRP) sheets and CFRP anchors,” 2011.

[358] M. R. Islam, M. A. Mansur, and M. Maalej, “Shear strengthening of RC deep beams using
externally bonded FRP systems,” Cem. Concr. Compos., vol. 27, no. 3, pp. 413-420, 2005.
[359] B. Tiljsten, “Strengthening concrete beams for shear with CFRP sheets,” Constr. Build.
Mater., vol. 17, no. 1, pp. 15-26, 2003.

[360] S. Altin, O. Anil, and M. E. Kara, “Improving shear capacity of existing RC beams using
external bonding of steel plates,” Eng. Struct., vol. 27, no. 5, pp. 781-791, 2005.

[361] A. S. Mosallam and S. Banerjee, “Shear enhancement of reinforced concrete beams strength-
ened with FRP composite laminates,” Compos. Part B Eng., vol. 38, no. 5-6, pp. 781-793,
2007.

[362] S. Y. Cao, J. F. Chen, ]J. G. Teng, Z. Hao, and ]. Chen, “Debonding in RC beams shear
strengthened with complete FRP wraps,” J. Compos. Constr., vol. 9, no. 5, pp. 417-428, 2005.
[363] M. S. Abdel-Jaber, P. R. Walker, and A. R. Hutchinson, “Shear strengthening of reinforced
concrete beams using different configurations of externally bonded carbon fibre reinforced plates,”
Mater. Struct., vol. 36, no. 5, pp- 291-301, 2003.

[364] L. F. Kara, “Prediction of shear strength of FRP-reinforced concrete beams without stirrups
based on genetic programming,” Adv. Eng. Softw., 2011.

[365] M. Tariq and J. P. Newhook, “Shear testing of FRP reinforced concrete without transverse
reinforcement capacity,” in Proceedings of CSCE2003-Annual Conference, Moncton, NB,



Knowledge-based Engineering and Sciences 53

Canada (quoted from Razagpur and Isgor (2006)), 2003.

[366] A. H. Gandomi, G. J. Yun, and A. H. Alavi, “An evolutionary approach for modeling of
shear strength of RC deep beams,” Mater. Struct. Constr., vol. 46, no. 12, pp. 2109-2119, 2013.
[367] J. Park and D. Kuchma, “Strut-and-tie model analysis for strength prediction of deep
beams,” ACI Struct. J., vol. 104, no. 6, p. 657, 2007.

[368] G. Aguilar, A. B. Matamoros, G. Parra-Montesinos, J. A. Ramirez, and ]. K. Wight,
“Experimental evaluation of design procedures for shear strength of deep reinfoced concrete
beams,” 2002.

[369] N. S. Anderson and J. A. Ramirez, “Detailing of stirrup reinforcement,” Struct. J., vol. 86,
no. 5, pp. 507515, 1989.

[370] A. P. Clark, “Diagonal tension in reinforced concrete beams,” in Journal Proceedings,
1951, vol. 48, no. 10, pp. 145-156.

[371] F.-K. Kong, P. J. Robins, and D. F. Cole, “Web reinforcement effects on deep beams,” in
Journal Proceedings, 1970, vol. 67, no. 12, pp. 1010-1018.

[372] J.-K. Oh and S.-W. Shin, “Shear strength of reinforced high-strength concrete deep
beams,” Struct. J., vol. 98, no. 2, pp. 164-173, 2001.

[373] C. G. Quintero-Febres, G. Parra-Montesinos, and ]. K. Wight, “Strength of struts in deep
concrete members designed using strut-and-tie method,” ACI Struct. J., vol. 103, no. 4, p. 577,
2006.

[374] K. N. Smith and A. S. Vantsiotis, “Shear strength of deep beams,” in Journal Proceedings,
1982, vol. 79, no. 3, pp. 201-213.

[375] K.-H. Tan, F.-K. Kong, S. Teng, and L. Guan, “High-strength concrete deep beams with
effective span and shear span variations,” Struct. J., vol. 92, no. 4, pp. 395-405, 1995.

[376] Y. Sharifi and A. Moghbeli, “New predictive models via gene expression programming
and multiple nonlinear regression for SFRC beams,” . Mater. Res. Technol., vol. 9, no. 6, pp.
14294-14306, 2020.

[377] D. S. R. Murty and T. Venkatacharyulu, “Fibre Reinforced Concrete Beams Subjected to
Shear Force.(Retroactive Coverage),” in International Symposium on Fibre Reinforced Concrete.,
1987, vol. 1, p. 1.

[378] G. Balazs, I. Kovacs, and L. Erdelyi, “Flexural behaviour of RC and PC beams with steel
fibers,” in Third International RILEM Workshop on High Performance Fiber Reinforced Cement
Composites, 1999, pp. 499-508.

[379] J. Rosenbusch and M. Teutsch, “Shear design with (0 - €) method,” in International RILEM
Workshop on Test and Design Methods for Steelfibre Reinforced Concrete; Schnutgen, B.,
Vandewalle, L., Eds, 2003, pp. 105-117.

[380] T. Hockenberry and M. M. Lopez, “Performance of fiber reinforced concrete beams with
and without stirrups,” J. Civil, Environ. Archit. Eng., vol. 4, no. 1, pp. 1-7, 2012.

[381] G. Campione, C. Cucchiara, L. La Mendola, and M. Papia, “Steel-concrete bond in
lightweight fiber reinforced concrete under monotonic and cyclic actions,” Eng. Struct., vol. 27,
no. 6, pp. 881890, 2005.

[382] G. Campione, L. La Mendola, and M. Papia, “Shear strength of steel fiber reinforced
concrete beams with stirrups,” Struct. Eng. Mech., vol. 24, no. 1, pp. 107-136, 2006.

[383] R. N. Swamy and H. M. Bahia, “INFLUENCE OF FIBER REINFORCEMENT ON
THE DOWEL RESISTANCE TO SHEAR.,” in ] Am Concr Inst, 1978.

[384] A. F. Ashour, L. F. Alvarez, and V. V. Toropov, “Empirical modelling of shear strength of
RC deep beams by genetic programming,” Comput. Struct., 2003.

[385] A. R. Khaloo and N. Kim, “Influence of concrete and fiber characteristics on behavior of
steel fiber reinforced concrete under direct shear,” ACI Mater. J., 1997.

[386] F. Majdzadeh, S. M. Soleimani, and N. Banthia, “Shear strength of reinforced concrete



54 Zainab Al-Khafaji ef al.

beams with a fiber concrete matrix,” Can. J. Civ. Eng., vol. 33, no. 6, pp. 726-734, 2006.

[387] B. A. Schantz, “The effect of shear stress on full scale steel fiber reinforced concrete beams,”
Master Sci. thesis, Dep. Civ. Environ. Eng. Clarkson Univ. Potsdam, NY, 1993.

[388] S. Kar, S. Das, and P. K. Ghosh, “Applications of neuro fuzzy systems: A brief review and
future outline,” Appl. Soft Comput., vol. 15, pp. 243-259, 2014.

[389] N. Walia, H. Singh, and A. Sharma, “ANFIS: Adaptive neuro-fuzzy inference system-a
survey,” Int. J. Comput. Appl., vol. 123, no. 13, 2015.

[390] A. Kaveh, S. M. Hamze-Ziabari, and T. Bakhshpoori, “M5’algorithm for shear strength
prediction of hsc slender beams without web reinforcement,” Int. J. Model. Optim., vol. 7, no. 1,
p. 48, 2017.

[391] M. Mohammadhassani, H. Nezamabadi-Pour, M. Suhatril, and M. Shariati, “An evolution-
ary fuzzy modelling approach and comparison of different methods for shear strength prediction
of high-strength concrete beams without stirrups,” Smart Struct Syst Int ], vol. 14, no. 5, pp.
785-809, 2014.

[392] H. Naderpour and M. Mirrashid, “Shear Failure Capacity Prediction of Concrete Beam-Column
Joints in Terms of ANFIS and GMDH,” Pract. Period. Struct. Des. Constr., vol. 24, no. 2, p.
040190006, 2019.

[393] H. Naderpour and K. Nagai, “Shear strength estimation of reinforced concrete beam—column
sub-assemblages using multiple soft computing techniques,” Struct. Des. Tall Spec. Build., vol.
29, no. 9, pp. 1-15, 2020.

[394] K. Nasrollahzadeh and M. M. Basiri, “Prediction of shear strength of FRP reinforced
concrete beams using fuzzy inference system,” Expert Syst. Appl., 2014.

[395] W. Zhao, K. Maruyama, and H. Suzuki, “Shear behavior of concrete beams reinforced by
FRP rods as longitudinal and shear reinforcement,” in Rilem Proceedings, 1995, p. 352.

[396] I. A. Bukhari and S. Ahmad, “Evaluation of shear strength of high-strength concrete beams
without stirrups,” Arab. J. Sci. Eng., vol. 33, no. 2, p. 321, 2008.

[397] M. Yaqub, “Shear behavior of high-strength concrete beams without shear reinforcement.”
MSc thesis, Taxila University, 2002.

[398] A. Elahi, “Effect of reinforcement ratio and shear span on shear strength of high-strength
concrete beams.” MSc Thesis, Taxila University, 2003.

[399] M. Safa et al., “Potential of adaptive neuro fuzzy inference system for evaluating the factors
affecting steel-concrete composite beam’s shear strength,” Steel Compos. Struct., 2016.

[400] . Mansouri, M. Shariati, M. Safa, Z. Ibrahim, M. M. Tahir, and D. Petkovi¢, “Analysis
of influential factors for predicting the shear strength of a V-shaped angle shear connector in
composite beams using an adaptive neuro-fuzzy technique,” J. Intell. Manuf., vol. 30, no. 3, pp.
1247-1257, 2019.

[401] M. Adachi, K. Ishida, S. Fujii, F. Watanabe, and S. Morita, “Bi-directional seismic loading
tests of high-strength r/c corner column-beam subassemblage, Part 1: Outline of experimental
results,” in Summaries of Technical Papers of Annual Meeting, 1995, pp. 91-92.

[402] H. Aoyama, S. Lee, A. Tasai, and S. Otani, “Bond characteristics of beam bars passing
through reinforced concrete interior beam-column joints using high-strength concrete, Part
1: Outline of experiment,” in Summaries of Technical Papers of Annual Meeting Architectural
Institute of Japan, 1993, pp. 837-838.

[403] M. R. Ehsani and J. K. Wight, “Exterior reinforced concrete beam-to-column connections
subjected to earthquake-type loading,” in Journal Proceedings, 1985, vol. 82, no. 4, pp. 492-499.
[404] Y. Endoh, T. Kamura, S. Otani, and H. Aoyama, “Behavior of R/C beam-column connec-
tions using lightweight concrete,” Trans. Jpn. Concr. Inst, vol. 13, pp. 319-326, 1991.

[405] S. Fujii and S. Morita, “Behavior of exterior reinforced concrete beam-column-slab sub-
assemblages under bi-directional loading,” in Pacific conference on earthquake engineering,



Knowledge-based Engineering and Sciences 55

1987, vol. 1, no. 987, pp. 339-350.

[406] Y. Goto, O. Joh, and H. Yoshida, “Characteristic of beam reinforcement bond and failure
after beam reinforcement yielding in interior RC beam column connection,” Proc. Japan Concr.
Inst., vol. 21, no. 3, pp. 655-660, 1999.

[407] T. Kamimura, H. Takimoto, and S. Tanaka, “Mechanical behavior of reinforced con-
crete beam-column assemblages with eccentricity,” in 13 th World Conference on Earthquake
Engineering, 2004.

[408] F. Kusuhara, K. Azukawa, H. Shiohara, and S. Otani, “Tests of reinforced concrete inte-
rior beam-column joint subassemblage with eccentric beams,” in 13th World Conference on
Earthquake Engineering. Vancouver, BC, Canada, 2004.

[409] R. T. Leon, “Shear strength and hysteretic behavior of interior beam-column joints,” Struct.
J.. vol. 87, no. 1, pp. 3-11, 1990.

[410] T. Matsumoto, H. Nishihara, M. Nakao, and J. J. Castro, “Performance on shear strength of
reinforced concrete eccentric beam-column joints subjected to seismic loading,” in Proceedings
of the 9 th US National and 10 th Canadian Conference on Earthquake Engineering, Paper,
2010, no. 1457.

[411] D. F. Meinheit and J. O. Jirsa, “Shear strength of R/C beam-column connections,” J. Struct.
Div., vol. 107, no. 11, pp. 2227-2244, 1981.

[412] M. Nakamura, S. Desho, S. Usami, and T. Kato, “Experimental study on interior beam-
column join using high strength concrete and rebars,” Proc. Archit. Inst. Japan, 1991.

[413] N. Asou, T. Nagashima, and S. Sugano, “Force characteristic of beam column connection
using high strength concrete (Fc600) and reinforcement (SD490),” Proc. Japan Concr. Inst., vol.
15, no. 2, pp. 553-558, 1993.

[414] H. Noguchi and T. Kashiwazaki, “Experimental studies on shear performances of RC
interior column-beam joints with high-strength materials,” in 10 th World Conference on
Earthquake Engineering, 1992, pp. 3163-3168.

[415] M. Seckin and K. Ogura, “Experimental studies on reinforced concrete beam-column
joints (exterior),” Trans. Japan Concr. Institute, Extra, no. 2443, 1979.

[416] H. Shinjo, K. Matsunaga, H. Kawakami, and H. Kosaka, “Loading tests of RC beam-
column joint using high-strength concrete,” in Reports of Technical Research and Development
Center of Sumitomo Mitsui Construction Co, vol. 9, 2009.

[417] N. Takamori, K. Hayashi, S. Sasaki, and M. Teraoka, “Experimental study on full-scale
R/C interior beam-column joints,” Proc. Japan Concr. Inst., vol. 28, no. 2, pp. 283-288, 2006.

[418] A. G. Tsonos, “Cyclic load behaviour of reinforced concrete beam-column subassemblages
of modern structures,” WIT Trans. Built Environ., vol. 81, 2005.

[419] S. M. Uzumeri, “Strength and ductility of cast-in-place beam-column joints,” in From the
American Concrete Institute Annual Convention, Symposium on Reinforced Concrete Structures
in Seismic Zones, San Francisco, 1974., 1977, no. SP-53 Conf Paper.

[420] N. Yashita, Y. Ishiwata, M. Ichikawa, J. Furukawa, H. Morimoto, and Y. Matsuzaki,
“Experimental study on reinforced concrete interior beam-column joint with high rise R/C
structure,” in Summaries of Technical Papers of Annual Meeting Architectural Institute of Japan,
1996, pp. §41-842.

[421] S. ZAID, “Test of Joint Reinforcing Detail Improving Joint Capacity of R/C Interior Beam
Column Joint,” in The 1st Japan-Korea Joint Seminar on Earthquake Engineering for Building
Structures, 1999.

[422] L. M. Megget, “Cyclic behaviour of exterior reinforced concrete beam-column joints,”
Bull. New Zeal. Soc. Earthq. Eng., vol. 7, no. 1, pp. 27-47, 1974.

[423] K. Nishi, K. Ota, and Y. Ohwada, “An experimental study on beam-column joint of
exterior frame under biaxial seismic load,” in Summaries of Technical Papers of Annual Meeting



56

Zainab Al-Khafaji ef al.

Architectural Institute of Japan, 1992, pp. 207-208.

[424] B. B. Canbolat and ]. K. Wight, “Experimental investigation on seismic behavior of eccentric
reinforced concrete beam-column-slab connections,” ACI Struct. J., vol. 105, no. 2, p. 154, 2008.
[425] M. Nishiyama, T. Nishizaki, H. Muguruma, and F. Watanabe, “Seismic design of prestressed
concrete beam-exterior conlumn joints,” Trans. Japan Concr. Inst., vol. 11, pp. 439-446, 1989.
[426] Y. Ohwada, “A study on RC beam-column connection subjected to lateral load (9),” in in
Japanese), Summaries of Technical Papers of Annual Meeting Architectural Institute of Japan,
1973, pp. 1297-1298.

[427] Y. Ohwada, “A study on effect of lateral beams on RC beam-column joints (2),” Proc.
Archit. Inst. Japan, vol. 61, pp. 241-244, 1977.

[428] S. Otani, Y. Kobayashi, and H. Aoyama, Reinforced concrete interior beam-column joints
under simulated earthquake loading. University of Tokyo, Department of Architecture, 1984.
[429] Y. Owada, “Seismic behaviors of beam-column joint of reinforced concrete exterior frame
under varying axial load,” in 10 th World Conference on Earthquake Engineering, Madrid, Spain,
1992, pp. 3181-3184.

[430] E. Ozaki, A. Nishio, K. Tajima, and N. Shirai, “Damage evaluation of RC beam column
joints based on the image measurement,” Proc. Japan Concr. Inst., vol. 32, no. 2, pp. 301-306,
2010.

[431] G. S. RaffaelleE and J. K. Wight, “Reinforced concrete eccentric beam-column connections
subjected to earthquake-type loading,” Struct. J., vol. 92, no. 1, pp. 45-55, 1995.

[432] M. Shin and . M. LaFave, “Modeling of cyclic joint shear deformation contributions in
RC beam-column connections to overall frame behavior,” Struct. Eng. Mech., vol. 18, no. 5, pp.
645-670, 2004.

[433] B. J. Smith, “Exterior Reinforced Concrete Joints with Low Axial Load Under Seismic
Loading: A Report Submitted in Partial Fulfilment of the Requirements for the Degree of Master
of Engineering at the University of Canterbury, Christchurch, New Zealand.” University of
Canterbury, 1972.

[434] S. Takatani and M. Maruta, “Experimental study on bond behavior of mechanical anchorage
in beam column connections,” Proc. Japan Concr. Inst., vol. 25, no. 2, pp. 463468, 2003.
[435] K. W. Chang, Y. I. Kim, and Y. H. Oh, “Slab effect on inelastic behavior of high strength
RC beam-column joints,” . Korean Concr. Inst., vol. 9, no. 2, pp. 167-177, 1997.

[436] S. Teng and H. Zhou, “Eccentric reinforced concrete beam-column joints subjected to
cyclic loading,” Struct. J., vol. 100, no. 2, pp. 139-148, 2003.

[437] M. Teraoka, “A study on seismic design of R/C beam-column joint in high rise frame
structure,” Research Report of Fujita Institute of Technology, Extra Issue, 1997.

[438] C. C. Chen and G. K. Chen, “Cyclic behavior of reinforced concrete eccentric beam-
column corner joints connecting spread-ended beams,” ACI Struct. J., 1999.

[439] S.-C. Chun and D.-Y. Kim, “Evaluation of mechanical anchorage of reinforcement by
exterior beam-column joint experiments,” in Proceedings of 13th world conference on earthquake
engineering, 2004, no. 0326.

[440] N. Chutarat and R. S. Aboutaha, “Cyclic response of exterior reinforced concrete beam-
column joints reinforced with headed bars - Experimental investigation,” ACI Struct. J., 2003.
[441] A. ]. Durrani and J. K. Wight, “Behavior of interior beam-to-column connections under
earthquake-type loading,” in Journal Proceedings, 1985, vol. 82, no. 3, pp. 343-349.

[442] M. R. Ehsani, A. E. Moussa, and C. R. Valenilla, “Comparison of inelastic behavior of
reinforced ordinary-and high-strength concrete frames,” Struct. J., vol. 84, no. 2, pp. 161-169,
1987.

[443] W. Li and C. K. Y. Leung, “Shear span—depth ratio effect on behavior of RC beam shear
strengthened with full-wrapping FRP strip,” J. Compos. Constr., vol. 20, no. 3, p. 4015067,



Knowledge-based Engineering and Sciences 57

2016.

[444] E. Grande, M. Imbimbo, and A. Rasulo, “Effect of transverse steel on the response of RC

beams strengthened in shear by FRP: Experimental study,” J. Compos. Constr., vol. 13, no. 5,
pp- 405-414, 20009.

[445] I. Funakawa, “Experimental Study on Shear strenghthening with Continuous Fiber Rein-
forcement Sheet and Methacrylate Resin,” in Proceeding of Third International Symposium of
Non-Metallic (FRP) Reinforcement for Concrete Strutures, 1997, vol. 1, pp. 475-482.

[446] S. H. Al-Tersawy, “Effect of fiber parameters and concrete strength on shear behavior of
strengthened RC beams,” Constr. Build. Mater., vol. 44, pp. 15-24, 2013.

[447] T. Jirawattanasomkul, J.-G. Dai, D. Zhang, M. Senda, and T. Ueda, “Experimental study

on shear behavior of reinforced-concrete members fully wrapped with large rupture-strain FRP

composites,” J. Compos. Constr., vol. 18, no. 3, p. A4013009, 2014.

[448] U. lanniruberto and M. Imbimbo, “Role of fiber reinforced plastic sheets in shear response

of reinforced concrete beams: experimental and analytical results,” J. Compos. Constr., vol. 8, no.
5, pp. 415-424, 2004.

[449] A. Beber and A. Campos Filho, “CFRP composites on the shear strengthening of reinforced

concrete beams,” Rev IBRACON Estruturas, vol. 1, 2005.

[450] A. Godat, Z. Qu, X. Z. Lu, P. Labossiere, L. P. Ye, and K. W. Neale, “Size effects for
reinforced concrete beams strengthened in shear with CFRP strips,” J. Compos. Constr., vol. 14,
no. 3, pp. 260-271, 2010.

[451] M. Bocciarelli, S. Gambarelli, N. Nistico, M. A. Pisani, and C. Poggi, “Shear failure of RC

elements strengthened with steel profiles and CFRP wraps,” Compos. Part B Eng., vol. 67, pp.
9-21, 2014.

[452] A. A. Abdul Samad, N. Ali, N. Mohamad, J. Jayaprakash, K. F. Tee, and P. Mendis, “Shear
strengthening and shear repair of 2-span continuous RC beams with CFRP strips,” J. Compos.
Constr., vol. 21, no. 3, p- 4016099, 2017.

[453] A. Alzate, A. Arteaga, A. De Diego, D. Cisneros, and R. Perera, “Shear strengthening of
reinforced concrete members with CFRP sheets [Refuerzo externo a cortante con ldminas de

CFRP en elementos de hormigén armado],” 2013.

[454] D. Mostofinejad, S. A. Hosseini, and S. B. Razavi, “Influence of different bonding and

wrapping techniques on performance of beams strengthened in shear using CFRP reinforcement,”
Constr. Build. Mater., vol. 116, pp. 310-320, 2016.

[455] T. El-Amoury and A. Ghobarah, “Seismic rehabilitation of beam—column joint using
GFRP sheets,” Eng. Struct., vol. 24, no. 11, pp. 1397-1407, 2002.

[456] A. El-Nabawy Atta, S. El-Din Fahmy Taher, A.-H. Khalil, and S. El-Din El-Metwally,
“Behaviour of reinforced high-strength concrete beam—column joint. Part 1: experimental

investigation,” Struct. Concr., vol. 4, no. 4, pp- 175-183, 2003.

[457] S. Fujii and S. Morita, “Comparison between interior and exterior RC beam-column joint
behavior,” Spec. Publ., vol. 123, 1991.

[458] M. Gebman, “Application of steel fiber reinforced concrete in seismic beamcolumn joints,”
San Diego State University, 2001.

[459] G.-J. Haand C.-G. Cho, “Strengthening of reinforced high-strength concrete beam-column
joints using advanced reinforcement details,” Mag. Concr. Res., vol. 60, no. 7, pp. 487-497,
2008.

[460] G.-J. Ha, J.-K. Kim, and L. Chung, “Response of reinforced high-strength concrete

beamcolumn joints under load reversals,” Mag. Concr. Res., vol. 44, no. 160, 1992.

[461] S. Hakuto, R. Park, and H. Tanaka, “Seismic load tests on interior and exterior beam-column
joints with substandard reinforcing details,” ACI Struct. J., 2000.

[462] T. Kaku and H. Asakusa, “Ductility estimation of exterior beam-column subassemblages



58

Zainab Al-Khafaji ef al.

in reinforced concrete frames,” Spec. Publ., vol. 123, pp. 167-186, 1991.

[463] C. G. Karayannis, C. E. Chalioris, and K. K. Sideris, “Effectiveness of RC beam-column
connection repair using epoxy resin injections,” J. Earthq. Eng., 1998.

[464] C. G. Karayannis, C. E. Chalioris, and G. M. Sirkelis, “Local retrofit of exterior RC
beam—column joints using thin RC jackets—An experimental study,” Earthq. Eng. Struct. Dyn.,
vol. 37, no. 5, pp. 727746, 2008.

[465] Y. Kurose, Recent studies on reinforced concrete beam-column joints in Japan. Phil M.
Ferguson Structural Engineering Laboratory, University of Texas at ..., 1987.

[466] R. Park and J. Milburn, “Comparison of recent New Zealand and United States seismic
design provisions for reinforced concrete beam-column joints and test results from four units
designed according to the New Zealand Code,” Bull. New Zeal. Natl. Soc. Earthq. Eng., vol.
16, no. 1, 1983.

[467] H. Shiohara and F. Kusuhara, Benchmark test for validation of mathematical models
for non-linear and cyclic behavior of R/C beam-column joints. Department of Architecture,
Graduate School of Engineering, University of Tokyo, 2007.

[468] A. Tsonos, “Cyclic load behaviour of reinforced concrete beam-column subassemblages
designed according to modern codes,” Eur. Earthq. Eng., vol. 20, no. 3, p. 3, 2006.

[469] H. F. Wong and . S. Kuang, “Effects of beam—column depth ratio on joint seismic
behaviour,” Proc. Inst. Civ. Eng. Build., vol. 161, no. 2, pp. 91-101, 2008.

[470] T. Paylay and A. Scarpas, “Behavior of exterior beam-column joints under large load
reversals,” Bull NZ Natl Soc Earthq. Eng, vol. 14, no. 3, pp. 131-144, 1981.

[471] N. W. Hanson and H. W. Conner, “Seismic resistance of reinforced concrete beam-column
joints,” J. Struct. Div., vol. 93, no. 5, pp. 533-560, 1967.

[472] F. Alameddine and M. R. Ehsani, “High-strength RC connections subjected to inelastic
cyclic loading,” J. Struct. Eng., vol. 117, no. 3, 1991.

[473] C.P. Antonopoulos and T. C. Triantafillou, “Experimental Investigation of FRP-Strengthened
RC Beam-Column Joints,” ]. Compos. Constr., 2003.

[474] C. E. Chalioris, M. ]. Favvata, and C. G. Karayannis, “Reinforced concrete beam-column
joints with crossed inclined bars under cyclic deformations,” Earthq. Eng. Struct. Dyn., 2008.
[475] C. P. Pantelides, C. Clyde, and L. D. Reaveley, “Performance-based evaluation of reinforced
concrete building exterior joints for seismic excitation,” Earthq. Spectra, 2002.

[476] A. Kaveh, A. Dadras Eslamlou, and R. Mahdipour Moghani, “Shear Strength Prediction
of FRP-reinforced Concrete Beams Using an Extreme Gradient Boosting Framework,” Period.
Polytech. Civ. Eng., pp. 1-12, 2021.

[477] Y. Yu, X. Zhao, J. Xu, C. Chen, S. T. Deresa, and J. Zhang, “Machine learning-based
evaluation of shear capacity of recycled aggregate concrete beams,” Materials (Basel)., 2020.
[478] J. Rahman, K. S. Ahmed, N. I. Khan, K. Islam, and S. Mangalathu, “Data-driven shear
strength prediction of steel fiber reinforced concrete beams using machine learning approach,”
Eng. Struct., vol. 233, no. December 2020, p. 111743, 2021.

[479] D. C. Feng, W.]. Wang, S. Mangalathu, G. Hu, and T. Wu, “Implementing ensemble learn-
ing methods to predict the shear strength of RC deep beams with/without web reinforcements,”
Eng. Struct., vol. 235, no. January, p. 111979, 2021.

[480] D. Prayogo, M.-Y. Cheng, Y.-W. Wu, and D.-H. Tran, “Combining machine learning
models via adaptive ensemble weighting for prediction of shear capacity of reinforced-concrete
deep beams,” Eng. Comput., 2019.

[481] J.-S. Chou, T.-K. Nguyen, A.-D. Pham, and N.-T. Ngo, “Shear strength prediction of
reinforced concrete beams by baseline, ensemble, and hybrid machine learning models,” Soft
Comput., vol. 24, no. 5, pp. 3393-3411, 2020.

[482] J. Chou and N. Nguyen, “Metaheuristics-optimized ensemble system for predicting me-



Knowledge-based Engineering and Sciences 59

chanical strength of reinforced concrete materials,” Struct. Control Heal. Monit., vol. 28, no. 5,
p. €2706, 2021.

[483] S. Wengert, G. Csinyi, K. Reuter, and J. T. Margraf, “A Hybrid Machine Learning
Approach for Structure Stability Prediction in Molecular Co-crystal Screenings,” J. Chem.
Theory Comput., vol. 18, no. 7, pp. 4586-4593, 2022.

[484] T. Mukhopadhyay, S. Naskar, S. Chakraborty, P. K. Karsh, R. Choudhury, and S. Dey,
“Stochastic oblique impact on composite laminates: a concise review and characterization of the
essence of hybrid machine learning algorithms,” Arch. Comput. Methods Eng., vol. 28, no. 3,
pp. 1731-1760, 2021.

[485] X. Wang, Y. Liu, and H. Xin, “Bond strength prediction of concrete-encased steel structures
using hybrid machine learning method,” in Structures, 2021, vol. 32, pp. 2279-2292.

[486] S.-P. Zhu, B. Keshtegar, N.-T. Trung, Z. M. Yaseen, and D. T. Bui, “Reliability-based
structural design optimization: hybridized conjugate mean value approach,” Eng. Comput., pp.
1-14, 2019.

[487] A. A. H. Alwanas, A. A. Al-Musawi, S. Q. Salih, H. Tao, M. Ali, and Z. M. Yaseen, “Load-
carrying capacity and mode failure simulation of beam-column joint connection: Application of
self-tuning machine learning model,” Eng. Struct., vol. 194, no. November 2018, pp. 220-229,
2019.

[488] Z. M. Yaseen, H. Faris, and N. Al-Ansari, “Hybridized Extreme Learning Machine
Model with Salp Swarm Algorithm: A Novel Predictive Model for Hydrological Application,”
Complexity, vol. 2020, 2020.

[489] Z. M. Yaseen et al., “Predicting compressive strength of lightweight foamed concrete using
extreme learning machine model,” Adv. Eng. Softw., vol. 115, pp. 112-125, Jan. 2018.

[490] A.-D. Pham, N.-D. Hoang, and Q.-T. Nguyen, “Predicting compressive strength of high-
performance concrete using metaheuristic—optimized least squares support vector regression,” J.
Comput. Civ. Eng., vol. 30, no. 3, p- 6015002, 2016.

[491] D.-K. Bui, T. Nguyen, J.-S. Chou, H. Nguyen-Xuan, and T. D. Ngo, “A modified firefly
algorithm-artificial neural network expert system for predicting compressive and tensile strength
of high-performance concrete,” Constr. Build. Mater., vol. 180, pp. 320-333, 2018.

[492] H. Mashhadban, S. S. Kutanaei, and M. A. Sayarinejad, “Prediction and modeling of
mechanical properties in fiber reinforced self~compacting concrete using particle swarm opti-
mization algorithm and artificial neural network,” Constr. Build. Mater., vol. 119, pp. 277-287,
2016.

[493] C.-C. Yeh, D.-]. Chi, and Y.-R. Lin, “Going-concern prediction using hybrid random
forests and rough set approach,” Inf. Sci. (Ny)., vol. 254, pp. 98-110, 2014.

[494] P. Chopra, R. K. Sharma, M. Kumar, and T. Chopra, “Comparison of machine learning
techniques for the prediction of compressive strength of concrete,” Adv. Civ. Eng., vol. 2018,
2018.

[495] ].-S. Chou, W. K. Chong, and D.-K. Bui, “Nature-inspired metaheuristic regression
system: programming and implementation for civil engineering applications,” J. Comput. Civ.
Eng., vol. 30, no. 5, p- 4016007, 2016.

[496] L. Yang, C. Qi, X. Lin, J. Li, and X. Dong, “Prediction of dynamic increase factor for steel
fibre reinforced concrete using a hybrid artificial intelligence model,” Eng. Struct., vol. 189, pp.
309-318, 2019.

[497] Z. M. Yaseen, M. T. Tran, S. Kim, T. Bakhshpoori, and R. C. Deo, “Shear strength
prediction of steel fiber reinforced concrete beam using hybrid intelligence models: A new
approach,” Eng. Struct., vol. 177, no. April, pp. 244-255, 2018.

[498] B. Keshtegar, M. Bagheri, and Z. M. Yaseen, “Shear strength of steel fiber-unconfined
reinforced concrete beam simulation: Application of novel intelligent model,” Compos. Struct.,



60

Zainab Al-Khafaji ef al.

vol. 212, pp. 230-242, Mar. 2019.

[499] A. A. Al-Musawi, A. A. H. Alwanas, S. Q. Salih, Z. H. Ali, M. T. Tran, and Z. M. Yaseen,
“Shear strength of SFRCB without stirrups simulation: implementation of hybrid artificial
intelligence model,” Eng. Comput., vol. 36, no. 1, pp. 1-11, Jan. 2020.

[500] F. Zhang, Y. Ding, J. Xu, Y. Zhang, W. Zhu, and Y. Shi, “Shear strength prediction for
steel fiber reinforced concrete beams without stirrups,” Eng. Struct., vol. 127, pp. 101-116, 2016.
[501] H. Naderpour and M. Mirrashid, “Bio-inspired predictive models for shear strength of
reinforced concrete beams having steel stirrups,” Soft Comput., 2020.

[502] O. Gencel, C. Ozel, W. Brostow, and G. Martinez-Barrera, “Mechanical properties of
self-compacting concrete reinforced with polypropylene fibres,” Mater. Res. Innov., vol. 15, no.
3, pp. 216-225, 2011,

[503] A. A. Al-Musawi, “Determination of shear strength of steel fiber RC beams: application of
data-intelligence models,” Front. Struct. Civ. Eng., 2019.

[504] N. Vu-Bac, T. Lahmer, Y. Zhang, X. Zhuang, and T. Rabczuk, “Stochastic predictions of
interfacial characteristic of polymeric nanocomposites (PNCs),” Compos. Part B Eng., vol. 59,
pp. 80-95, 2014.

[505] N. Vu-Bac, M. Silani, T. Lahmer, X. Zhuang, and T. Rabczuk, “A unified framework for

stochastic predictions of mechanical properties of polymeric nanocomposites,” Comput. Mater.
Sci., vol. 96, pp. 520-535, 2015.

[506] N. Vu-Bac, R. Rafiee, X. Zhuang, T. Lahmer, and T. Rabczuk, “Uncertainty quantification

for multiscale modeling of polymer nanocomposites with correlated parameters,” Compos. Part

B Eng,, 2015.

[507] N. Vu-Bac, T. Lahmer, H. Keitel, . Zhao, X. Zhuang, and T. Rabczuk, “Stochastic predic-
tions of bulk properties of amorphous polyethylene based on molecular dynamics simulations,”
Mech. Mater., 2014.

[508] H. E. Yakoub, “Shear stress prediction: Steel fiber-reinforced concrete beams without

stirrups,” ACI Struct. J., vol. 108, no. 3, pp- 304-314, 2011.

[509] M. Shahnewaz and M. S. Alam, “Improved shear equations for steel fiber-reinforced

concrete deep and slender beams,” ACI Struct. J., vol. 111, no. 4, pp. 851-860, 2014.

[510] A. Hasanzade-Inallu, P. Zarfam, and M. Nikoo, “Modified imperialist competitive algorithm-
based neural network to determine shear strength of concrete beams reinforced with FRP,”].
Cent. South Univ., vol. 26, no. 11, pp- 3156-3174, 2019.

[511] P. V Vijay, S. V Kumar, and H. V. S. GangaRao, “Shear and ductility behavior of concrete

beams reinforced with GFRP rebars,” in PROCEEDINGS OF THE 2ND INTERNATIONAL

CONFERENCE ON ADVANCED COMPOSITE MATERIALS IN BRIDGES AND STRUC-
TURES, ACMBS-II, MONTREAL 1996, 1996.

[512] C. R. Michaluk, S. H. Rizkalla, G. Tadros, and B. Benmokrane, “Flexural behavior of
one-way concrete slabs reinforced by fiber reinforced plastic reinforcements,” ACI Struct. J., vol.
95, pp. 353-365, 1998.

[513] F. Abed, H. El-Chabib, and M. AlHamaydeh, “Shear characteristics of GFRP-reinforced

concrete deep beams without web reinforcement,” J. Reinf. Plast. Compos., vol. 31, no. 16, pp.
1063-1073, 2012.

[514] H. Jang, M. Kim, ]. Cho, and C. Kim, “Concrete shear strength of beams reinforced with

FRP bars according to flexural reinforcement ratio and shear span to depth ratio,” in Proceedings

of 9th International Symposium on Fiber Reinforced Polymer Reinforcement for Concrete

Structures, FRPRCS, 2009, vol. 9.

[515] R. S. Olivito and F. A. Zuccarello, “On the shear behaviour of concrete beams reinforced

by carbon fibre-reinforced polymer bars: an experimental investigation by means of acoustic

emission technique,” Strain, vol. 46, no. 5, pp. 470-481, 2010.



Knowledge-based Engineering and Sciences 61

[516] M. S. Alam and A. Hussein, “Unified shear design equation for concrete members reinforced
with fiber-reinforced polymer without stirrups,” J. Compos. Constr., vol. 17, no. 5, pp. 575-583,
2013.

[517] A. S. Farghaly and B. Benmokrane, “Shear behavior of FRP-reinforced concrete deep
beams without web reinforcement,” J. Compos. Constr., vol. 17, no. 6, p. 4013015, 2013.
[518] F. Matta, A. K. El-Sayed, A. Nanni, and B. Benmokrane, “Size Effect on Concrete Shear
Strength in Beams Reinforced with Fiber-Reinforced Polymer Bars.,” ACI Struct. J., vol. 110,
no. 4, 2013.

[519] L. Massam, “The behaviour of GFRP-reinforced concrete beams in shear.” 2001.

[520] G. Zhang et al., “Reinforced concrete deep beam shear strength capacity modelling using
an integrative bio-inspired algorithm with an artificial intelligence model,” Eng. Comput., 2020.
[521] T. Zhang, D. ]. Oehlers, and P. Visintin, “Shear strength of FRP RC beams and one-way
slabs without stirrups,” J. Compos. Constr., vol. 18, no. 5, p. 4014007, 2014.

[522] A. Sharafati et al., “Development of advanced computer aid model for shear strength of
concrete slender beam prediction,” Appl. Sci., 2020.

[523] K. Jin-Keun and P. Yon-Dong, “Shear strength of reinforced high strength concrete beam
without web reinforcement,” Mag. Concr. Res., vol. 46, no. 166, pp. 7-16, 1994.

[524] M. T. Moustafa, “Behaviour of high strength concrete beams.” MS Thesis, Alexandria
University, 1999.

[525] A. G. Mphonde and G. C. Frantz, “Shear tests of high-and low-strength concrete beams
without stirrups,” in Journal Proceedings, 1984, vol. 81, no. 4, pp. 350-357.

[526] R. Pendyala and P. Mendis, “Experimental Study on Shear Strength of High-Strength
Concrete Beams,” ACI Struct. J., vol. 97, no. 4, 2000.

[527] S. Shin, K. Lee, ]. Moon, and S. Ghosh, “Shear Strength of Reinforced High-Strength
Concrete Beams with Shear Span-to-Depth Ratios between 1.5 and 2.5,” ACI Struct. ., vol. 96,
no. 4, 1999,

[528] Y. Yoon, W. Cook, and D. Mitchell, “Minimum Shear Reinforcement in Normal, Medium,
and High-Strength Concrete Beams,” ACI Struct. J., vol. 93, no. 5, 1996.

[529] Y. Xie, S. Ahmad, T. Yu, S. Hino, and W. Chung, “Shear Ductility of Reinforced Concrete
Beams of Normal and High-Strength Concrete,” ACI Struct. J., vol. 91, no. 2, 1994.

[530] S. Perera and H. Mutsuyoshi, “Shear Behavior of Reinforced High-Strength Concrete
Beams,” ACI Struct. J., vol. 110, no. 1, 2013.

[531] S. Ali, “Flexural and shear behavior of high-strength concrete beams,” University of
Engineering & Technology, Taxila, 2001.

[532] R. Grimm, “Influence of fracture mechanics parameters on the bending and shear bearing
behavior of highstrength concretes,” Construction Engineering of the Technical University of
Darmstadt, Berlin (In German), 1997.

[533] M. Hallgren, “Flexural and shear capacity of reinforced high strength concrete beams
without stirrups,” 1994.

[534] B. A. Podgorniak-Stanik, “The influence of concrete strength, distribution of longitudinal
reinforcement, amount of transverse reinforcement and member size on shear strength of re-
inforced concrete members,” MASc thesis, Dep. Civ. Eng. Univ. Toronto, Toronto, Ontario,
Canada, 1998.

[535] J. Morrow and L. Viest, “Shear Strength of Reinforced Concrete Frame Members Without
Web Reinforcement,” ACI J. Proc., vol. 53, no. 3, 1957.

[536] G. Remmel, “For tensile behavior of high-strength concrete and its influence on the shear
capacity of slender members without shear reinforcement,” Construction engineering of the
technical university of Darmstadt, Berlin (In German), 1991.

[537] H. Scholz, “A lateral force support model for components without shear reinforcement at



62

Zainab Al-Khafaji ef al.

failure of normal strength and high strength concrete,” 1994.

[538] G. Drangsholt and E. Thorenfeldt, “High strength concrete,” SP2—Plates Shells. Rep. 2.1,
Shear Capacit. High Strength Concr. Beams; SINTEF Struct. Concr. Trondheim, Norw., 1992.
[539] D. Angelakos, E. Bentz, and C. MP, “Effect of Concrete Strength and Minimum Stirrups
on Shear Strength of Large Members,” ACI Struct. J., vol. 98, no. 3, 2001.

[540] P. Adebar and M. P. Collins, “Shear strength of members without transverse reinforcement,”
Can. J. Civ. Eng., vol. 23, no. 1, pp. 3041, 1996.

[541] M. Salandra and S. Ahmad, “Shear Capacity of Reinforced Lightweight High-Strength
Concrete Beams,” ACI Struct. J., vol. 86, no. 6, 1989.

[542] M. S. ISLAM, H. J. PAM, and A. K. H. KWAN, “SHEAR CAPACITY OF HIGH-
STRENGTH CONCRETE BEAMS WITH THEIR POINT OF INFLECTION WITHIN
THE SHEAR SPAN.,” Proc. Inst. Civ. Eng. - Struct. Build., vol. 128, no. 1, pp- 91-99, 1998.
[543] M. Hamrat, B. Boulekbache, M. Chemrouk, and S. Amziane, “Shear Behaviour of RC
Beams without Stirrups Made of Normal Strength and High Strength Concretes,” Adv. Struct.
Eng., 2010.

[544] S. Kulkarni and S. Shah, “Response of Reinforced Concrete Beams at High Strain Rates,”
ACI Struct. J., vol. 95, no. 6, 1998.

[545] M. Hallgren, “Punching shear capacity of reinforced high-strength concrete slabs.,” 1998.
[546] J. Hanson, “Tensile Strength and Diagonal Tension Resistance of Structural Lightweight
Concrete,” ACI J. Proc., vol. 58, no. 7, 1961.

[547] A. Shah and S. Ahmad, “An experimental investigation into shear capacity of high strength
concrete beams,” 2007.

[548] M. Collins and D. Kuchma, “How safe are our large, lightly reinforced concrete beams,
slabs, and footings?,” Struct. J., vol. 96, no. 4, pp. 482-490, 1999.

[549] K. Al-Shaleh and K. N. Rahal, “Shear behavior of K850 reinforced concrete beams with
low transverse reinforcement,” KUWAIT J. Sci. Eng., vol. 34, no. 2B, p. 35, 2007.

[550] J. Sagaseta and R. L. Vollum, “Non-linear finite element analysis of shear critical high
strength concrete beams,” Archit. Civ. Eng. Environ., vol. 2, no. 4, pp. 95-106, 2009.

[551] A. S. A. Eisa, “Shear strength of high strength concrete beams,” Master’s Thesis, Zagazig
Univ. Zagazig, Egypt, 2005.

[552] S. H. Ahmad, A. R. Khaloo, and A. Poveda, “Shear capacity of reinforced high-strength
concrete beams,” in Journal Proceedings, 1986, vol. 83, no. 2, pp. 297-305.

[553] A. H. Mattock and Z. Wang, “Shear strength of reinforced concrete members subject to
high axial compressive stress,” in Journal Proceedings, 1984, vol. 81, no. 3, pp. 287-298.

[554] A. H. Elzanaty, A. H. Nilson, and F. O. Slate, “Shear capacity of reinforced concrete beams
using high-strength concrete,” in Journal Proceedings, 1986, vol. 83, no. 2, pp. 290-296.

[555] K. F. Sarsam and J. M. S. Al-Musawi, “Shear design of high-and normal strength concrete
beams with web reinforcement,” Struct. J., vol. 89, no. 6, pp. 658-664, 1992.

[556] R. J. Frosch, “Behavior of large-scale reinforced concrete beams with minimum shear
reinforcement,” Struct. J., vol. 97, no. 6, pp. 814-820, 2000.

[557] E. J. Tompos and R. J. Frosch, “Influence of beam size, longitudinal reinforcement, and
stirrup effectiveness on concrete shear strength,” Struct. J., vol. 99, no. 5, pp. 559-567, 2002.
[558] J.-Y. Lee and H.-B. Hwang, “Maximum Shear Reinforcement of Reinforced Concrete
Beams.,” ACI Struct. J., vol. 107, no. 5, 2010.

[559] J--Y. Lee, I.-]. Choi, and S.-W. Kim, “Shear Behavior of Reinforced Concrete Beams with
High-Strength Stirrups.,” ACI Struct. J., vol. 108, no. 5, 2011.

[560] B. Bresler and A. C. Scordelis, “Shear strength of reinforced concrete beams,” in Journal
Proceedings, 1963, vol. 60, no. 1, pp. 51-74.

[561] B. Bresler and A. C. Scordelis, Shear Strength of Reinforced Concrete Beams: Series I1.



Knowledge-based Engineering and Sciences 63

Institute of Engineering Research, University of California, 1964.

[562] W. J. Krefeld and C. W. Thurston, “Studies of the shear and diagonal tension strength of
simply supported reinforced concrete beams,” in Journal Proceedings, 1966, vol. 63, no. 4, pp.
451-476.

[563] A. Placas, “Shear failure of reinforced concrete beams,” 1971.

[564] R. N. Swamy and A. D. Andriopoulos, “Contribution of aggregate interlock and dowel
forces to the shear resistance of reinforced beams with web reinforcement,” Spec. Publ., vol. 42,
pp. 129-168, 1974,

[565] H. B. Ly, T. T. Le, H. L. T. Vu, V. Q. Tran, L. M. Le, and B. T. Pham, “Computational
hybrid machine learning based prediction of shear capacity for steel fiber reinforced concrete
beams,” Sustain., 2020.

[566] A. Amin and S. J. Foster, “Shear strength of steel fibre reinforced concrete beams with
stirrups,” Eng. Struct., vol. 111, pp- 323-332, 2016.

[567] G. Arslan, “Shear strength of Steel Fiber Reinforced Concrete (SFRC) slender beams,”
KSCE J. Civ. Eng., vol. 18, no. 2, pp. 587-594, 2014.

[568] D. Dupont and L. Vandewalle, “Shear capacity of concrete beams containing longitudinal
reinforcement and steel fibers,” Spec. Publ., vol. 216, pp. 79-94, 2003.

[569] A. E. KURTOGLU, “Predicting the Shear Strength of Fiber Reinforced Concrete Corbels
Via Support Vector Machines,” Cumhur. Sci. J., vol. 39, no. 2, pp. 496-514.

[570] J. Thomas and A. Ramaswamy, “Mechanical Properties of Steel Fiber-Reinforced Concrete,”
J. Mater. Civ. Eng., vol. 19(5), pp- 385-392, 2007.

[571] . R. Deluce, “Cracking behaviour of steel fibre reinforced concrete containing conventional
steel reinforcement.” 2011.

[572] N. L. Fattuhi, “SERC corbel tests,” Struct. J., vol. 84, no. 2, pp. 119-123, 1987.

[573] N. I. Fattuhi, “Strength of FRC corbels in flexure,” J. Struct. Eng., vol. 120, no. 2, pp.
360-377, 1994.

[574] A. E. Kurtoglu, M. E. Gulsan, H. A. Abdi, M. A. Kamil, and A. Cevik, “Fiber reinforced
concrete corbels: Modeling shear strength via symbolic regression,” Comput. Concr., vol. 20,
no. 1, pp. 65-75, 2017.

[575] W. Ben Chaabene, M. Flah, and M. L. Nehdi, “Machine learning prediction of mechanical
properties of concrete: Critical review,” Constr. Build. Mater., 2020.



	Introduction
	Beam Shear Strength Literature Review Using AI Models
	Artificial Neural Network Model (ANN)
	Support Vector Machine Models
	Evolutionary Computing Models
	Fuzzy Logic (FL) Models
	Ensemble Models
	Hybridized Artificial Intelligence (HAI) Models

	Literature Review Assessment
	Possible Future Research
	Abbreviations
	Conflicts of Interest: black The authors have no conflict of interest to any part.

