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Abstract

In recent years, several experimental tests have been conducted on the shear strengthening of reinforced concrete (RC) beams
strengthened by fiber-reinforced polymer (FRP) systems. In this regard, some equations have also been proposed to estimate
the shear strength of beams reinforced with FRP systems. The aim of this study is to investigate the estimation of the shear
strength of beams reinforced with FRP systems using an artificial neural network model. For this purpose, a comprehensive and
extensive review of forty published articles has been carried out to compile data on 304 RC beams strengthened with externally
bonded FRP systems to improve their shear strength. These laboratory results have been used to provide a database for the
ANN model to evaluate the shear behavior. The input to the ANN model consists of the 11 variables, including the sectional
geometry, reinforcement ratio, FRP ratio, and the characteristics of concrete, steel reinforcement, and composite material, while
the output variable is the shear strength of the FRP-strengthened RC beam. In order to evaluate the effectiveness of the neural
network model in estimating the shear capacity of RC beams, the results obtained from the neural network model are compared
with the equations from the Publication No. 345 and ACI 440.2R guidelines. The comparison of the results shows that the pre-
dictive power of the proposed model is much better than the experimental guidelines. Specifically, the mean absolute relative
error (MARE) criteria for the studied data is 13%, 34% and 39% for the ANN model, ACI 440.2R guideline and the Publication
No. 345 guideline, respectively.
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1. Introduction in recent years. Fiber-reinforced polymers are among
the most desirable materials for repair due to their high

All over the world, concrete bridges and structures re-  strength-to-weight ratio and anti-corrosion properties

quire reconstruction, repair, strengthening or complete
replacement as they approach the end of the structure’s
service life, increase in traffic loads, change of use and
reduced structural integrity caused by corrosion to the
reinforcing steel (Mabsout et al., 2004; Noél & Soud-
ki, 2011; Saadatmanesh & Ehsani, 1991). The use of
polymer-based composites for the improvement of
reinforced concrete structures has grown significantly
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and can lead to an increase in the service life of the struc-
ture (Saadatmanesh & Ehsani, 1991; Shahawy et al.,
1996; Sobuz et al., 2011). In general, the strengthening
of existing concrete structures or their restoration due
to the lack of proper design and construction, lack of
maintenance and repair, structural events such as earth-
quakes, bearing double design loads, improving defi-
ciencies caused by erosion, increasing the structure’s

© 2024 Author. This is an open access publication, which can be used, distributed and reproduced in any medium according to
the Creative Commons CC-BY 4.0 License requiring that the original work has been properly cited.

https:/www.cmms.agh.edu.pl/

ISSN 1641-8581


https://doi.org/10.7494/cmms.2024.3.0830
https://orcid.org/0009-0007-1144-2241
mailto:nezami@grad.kashanu.ac.ir
https://orcid.org/0009-0007-1144-2241
https://creativecommons.org/licenses/by/4.0/

H. Nezaminia

ductility, or other cases by using suitable materials, and
the correct implementation methods are done conven-
tionally (Gamino et al., 2010; Sobuz et al., 2011). The
use of composite materials made of fibers embedded in
a polymer resin medium as polymers reinforced with
FRP fibers has been introduced as a necessity in replac-
ing traditional materials and existing practices (Beber
& Campos-Filho, 2005). An FRP system is defined as
the fibers and resins used to create the composite lam-
inate, all applicable resins used to bond it to the con-
crete substrate, and all applied coatings used to protect
the constituent materials. Coatings used exclusively for
aesthetic reasons are not considered part of an FRP sys-
tem. FRP materials are lightweight, noncorrosive, and
exhibit high tensile strength. These materials are readily
available in several forms, ranging from factory-made
laminates to dry fiber sheets that can be wrapped to
conform to the geometry of a structure before adding
the polymer resin (American Concrete Institute, 2008).

Following the expansion of the need and atten-
tion to strengthening using composite materials and
in order to apply technical knowledge, design meth-
ods have also been developed. Explaining the analysis
methods and considering the safety coefficients in the
design with economic considerations led to the formu-
lation of the calculation and implementation guidelines
and regulations, including the American Concrete In-
stitute (2008) 440.2R regulations, Management and
Planning Organization of Iran (MPO) (2006) Publica-
tion No. 345, International Federation for Structural
Concrete (fib) (2001), National Cooperative Highway
Research Program (NCHRP) Report 514 (Mirmiran
et al., 2004), and standard Japan Society of Civil Engi-
neers (Maruyama, 2001) pointed out. The Internation-
al Federation for Structural Concrete (2001) recently
published a publication on the guidelines for designing
externally bonded FRP reinforcement for RC struc-
tures. The CSA-S806 by the Canadian Standard Asso-
ciation (CSA) (2002) is also active in developing and
formulating guidelines for FRP systems. In the Unit-
ed States, ACI Guide 440.2R has been published as
a guide for the design and implementation of strength-
ening concrete buildings with FRP systems.

The design equations presented in the guidelines
are based on research results on conventional dimen-
sions and proportional prismatic members, while FRP
systems have effective performance on other non-pris-
matic members as well. These guidelines only apply to
FRP strengthening systems used as additional tensile
reinforcement. It is not recommended to use these sys-
tems as compressive reinforcement. While FRP materi-
als can support compressive stresses, there are numer-
ous issues surrounding the use of FRP for compression.

For example, the microbuckling of fibers can occur if
any resin voids are present in the laminate; laminates
themselves can buckle if not properly adhered or an-
chored to the substrate, and highly unreliable compres-
sive strengths result from misaligning fibers in the field.
Therefore, the compressive strength of FRP materials is
ignored (American Concrete Institute, 2008).

The cause of shear failure, even for simple rein-
forced concrete elements, is a complex mechanism,
and this will take a more complicated form with the
use of polymer fibers in reinforced concrete elements
(Téljsten, 2003). Therefore, estimating the final shear
strength of reinforced concrete beams is very important,
especially in design cases. In most of the existing de-
sign models, the evaluation of the design shear strength
of a reinforced concrete beam reinforced with polymer
fibers is obtained from the sum of the contributions of
concrete, reinforcing steel (stirrups, ties, or spirals), and
polymer fibers (Khalifa & Nanni, 2000; Triantafillou
& Antonopoulos, 2000). The contribution of the first
two cases can be calculated according to the provisions
of the existing design regulations. Therefore, the main
difference between the existing design patterns lies in
how to evaluate the contribution of polymer fibers. In
this regard, experimental relationships (Chaallal et al.,
1988; Khalifa et al., 1999; Norris et al., 1997; Taljsten,
2003; Triantafillou & Antonopoulos, 2000; Triantafil-
lou & Plevris, 1992; Zhang et al., 2004) and several
analytical equations (Chaallal et al., 1988; Ianniruberto
& Imbimbo, 2004; Pellegrino & Modena, 2008; Tél-
jsten, 2003) have been introduced using regression
analysis of laboratory data. To develop such models,
it is necessary to assume a combination and a template
for empirical relationships and then obtain unknown
parameters. Several studies have been done on beams
from different viewpoints (Alambeigi et al., 2020; Are-
ias et al., 2019; Firouzi & Kazemi, 2023; Dadgar-Rad
& Firouzi, 2021; Karami et al., 2020; Zur et al., 2023).
The success of such a process in the mentioned studies
is difficult due to the large number of parameters affect-
ing the strength of the beam.

In contrast, the use of artificial neural networks
provides an alternative method that overcomes these
problems. An artificial neural network consists of
a network of simple processing elements (neurons),
which can display the overall complex behavior de-
termined by the relationship between processing el-
ements and system parameters. This unique feature
enables the neural network to solve complex problems
that cannot be solved with existing analytical meth-
ods. This is true even for problems whose mathemat-
ical and physical models are not well known. For this
reason, the neural network can be used to estimate and
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evaluate the shear strength of beams reinforced with
appropriate polymer fibers.

The purpose of this study is to investigate the pos-
sibility of using a multi-layer feed-forward network to
estimate the ultimate shear strength of concrete beams
reinforced with polymer fibers. For this purpose, a da-
tabase has been compiled from the report analyzing
the results of the existing articles. Then, in order to
evaluate the efficiency and performance of the neural
network model in estimating the shear capacity of rein-
forced beams, the results obtained from the neural net-
work model are compared with the relationship values
of regulations from Iran and America.

2. Materials and methods

2.1. FRP materials

The FRP reinforcement system is one of the composite
materials consisting of two parts of fiber or reinforce-
ment fibers surrounded by a polymer resin matrix, as
shown in Figure 1 (American Concrete Institute, 1996).
FRP fibers, which have elastic technical characteristics
and are very resistant, are considered the main bearing
component in the FRP material (they make up between
40% and 70% of the volume). The FRP resin also basi-
cally acts as an adhesive medium that holds the fibers
together (Norris et al., 1997). Among the most com-
mon resins, e.g., epoxies, polyesters, are often used in
a wide range of environmental conditions. The most
widely used resins are epoxy resins, which are used
to impregnate dry FRP sheets and bond them to rein-
forced concrete members. The main role of the resin
matrix is to transfer shear from the reinforcing fiber to
the adjacent material, protect the fiber in environmental
conditions, prevent mechanical damage to the fibers,
and finally control the local buckling of the fibers under
pressure (Shahawy et al., 1996).

Reinforcing Fiber

O
O O

Interphase Coupling Agent

O}

Polymer Resin Matrix

Fig. 1. Components of the FRP system
(American Concrete Institute, 1996)

FRP composite fibers (FRP Sheets) are sheets of
FRP with a thickness of several millimeters. FRP sheets
are attached to the concrete surface with strong and suit-
able adhesives. The fibers form the stiffness and strength
of the FRP system. In general, 4 types of woven FRP
fibers are used for strengthening with FRP, which in-
clude carbon fibers, glass, aramid and basalt (Interna-
tional Federation for Structural Concrete, 2001). In FRP
reinforcements, one should not rely on their strength to
compressive loads. However, their tolerance against the
pressure caused by the application of alternating bending
anchors or changes in the way of loading can be con-
sidered. However, in any case, the compressive strength
of FRP reinforcing components is ignored (American
Concrete Institute, 2008). Design recommendations are
based on limit state design principles. Reinforced or
improved concrete buildings with FRP materials are de-
signed based on the recommendations for resistance and
serviceability, and from the load factors provided in the
Iranian concrete regulations and ACI318 and ACI 440
regulations for American calculations. Additional re-
duction factors applied to the contribution of the FRP
reinforcement are recommended to reflect uncertainties
inherent in FRP systems compared with steel reinforced
and prestressed concrete. The reduction factors associat-
ed with FRP are adjusted to achieve a confidence index
above 3.5. Reliability indexes between 3.0 and 3.5 can be
encountered in cases where relatively low ratios of steel
reinforcement combined with high ratios of FRP rein-
forcement are used (American Concrete Institute, 2008).

The existing concrete substrate strength is an im-
portant parameter for bond-critical applications, includ-
ing flexure or shear strengthening. It should possess the
necessary strength to develop the design stresses of
the FRP system through bond. The working concrete,
including all repaired surfaces, as well as the main
concrete, must have sufficient direct tensile and shear
strength to transfer force to the FRP system. The min-
imum tensile strength of concrete is 1.4 MPa, which is
measured by tensile testing according to ACI 503R or
ASTM D4541. FRP systems should not be used when
the concrete substrate has a compressive strength of
less than 17 MPa (American Concrete Institute, 2008;
Mirmiran et al., 2004).

When increasing flexure capacity, the structure will
be loaded closer to its maximum shear capacity. Tal-
jsten (2003), even shows in a full-scale test that flexural
strengthening can induce shear failure. On the other hand,
a structure with brittle failure in shear can be strengthened
so that the failure mode will change to a more ductile and
friendly mode (Carolin & Téljsten, 2005; Collins & Rop-
er, 1990). A beam must have a certain safety margin
against shear failure since shear failure is more dangerous
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and less predictable than flexural failure (Al-Sulaimani
et al., 1994; Carolin & Téljsten, 2005).

There are several methods for shear strengthening,
such as additional reinforcements covered with concrete
and bracing with steel and CFRP external bonding. For
optimal use of the capacity of FRP materials during the
shear strengthening of reinforced concrete members by
FRP, external reinforcements are attached in the main
direction of the fibers, parallel to the maximum of the
main tensile stresses. FRPs used for shear reinforcement
and repair can be used in three configurations: Complete
wrapping, U-Wrap, and bonding to two opposite sides of
the beam. In all wrapping schemes, the FRP system can
be installed continuously along the span of a member or
placed as intermittent (discrete) strips. For the complete
wrapping repair technique, the FRP sheet fully wraps the
beam cross-section with the fibers fixed in the transverse
direction along the beam, as shown in Figure 2 (Chen
& Teng, 2003). When the beam is completely wrapped
(the most effective case), the probability of debonding
is slim, and the full capacity of the FRP sheet can be
utilized (American Concrete Institute, 2008). In the
U-Wrapping repair technique, the FRP sheet is applied
to three sides of the beam’s cross-section because the top
face is not accessible. For side bonding, the FRP sheets
are applied on the two side faces of the beam when the
bottom face of the beam is not accessible.

a) b) ¢)

FRP laminates
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Fig. 2. Schematics of shear reinforcement by adding exter-

nally bonded FRP laminates: a) side bonding; b) U-Wrap;

c¢) complete wrapping. Each applied as intermittent strips (I)

or a continuous sheet (II) along the length of the member
(Chen & Teng, 2003)

FRP debonding is the process where an FRP sheet
peels off the concrete surface to which it is bonded.
Both ends of the FRP sheet tend to separate from the

concrete surface before the FRP sheet reaches its ulti-
mate tensile capacity (Chen & Teng, 2003).

A rupture of an FRP occurs when the materials
have reached their ultimate tensile strength, causing the
fibers to fracture.

2.2. Neural Network

The most important application of Artificial Neural
Networks (ANN) in civil engineering is the estimation
of nonlinear functions with appropriate accuracy.

The most common type of neural networks is
multi-layer Feed-Forward networks, which consist of
an input layer, one or more hidden layers, and an output
layer. A weight is considered for each connection. The
input layer receives the input data and transmits it to
the neurons of the hidden layer. Then, after processing,
the data is entered into the output layer. The output of
the neurons of the output layer of the prediction neural
network is a function of the input data.

There is no universally accepted method for de-
termining the optimal number of neurons and layers
for each problem, and for that, it is necessary to act
based on experience and trial and error. An example
of a feed-forward multilayer neural network is shown
in Figure 3.

Input layer hidden layer Output layer

Fig. 3. Schematic diagram of 3-layer network

According to Figure 3, the output in the last layer
is obtained from Equation (1):

In this case, / and H represent the input and
the hidden layer, respectively, and w represents the
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weights of the layers. p and ¢ are the number of input
and hidden layer neurons respectively, f'is the transfer
function of the output layer, and g is the transfer func-
tion of the hidden layer. The error backpropagation
algorithm is one of the most widely used algorithms
for training multi-layer feed-forward artificial neural
networks. In this method, the technique of gradient
descent is used to minimize the error function, during
which the errors are propagated backward from the
output layer to the input layer and the weights are
modified to minimize the error. Therefore, the train-
ing process includes the gradual modification of the
weights in order to minimize the error function. This
process continues until one of the stopping criteria is
satisfied.

Before starting the simulation, the input data
should be divided into three groups (Kasabov, 1996):

1. Training data: These data are used among the la-
beled data to guide the training process, and these
data are also used to update the weights of the
neural network during training. Typically, 60%
to 70% of the total data are randomly selected as
training data. After the network has been trained
by these data, the weights have found their final
value so that the network obtains the least error for
the training data.

2. Validation data: This is used to monitor the quality
of the neural network model of the system during
the learning process and to determine the learning
stop condition for the training process (20% of the
total data).

3. Test data: after the network was trained by the
training data until reaching the minimum error,
the rest of the data (remaining 20%) that did not
play a role in training was given as input to the
network and the network’s response with the de-
sired response (their label) is compared and thus
the efficiency of the trained network is tested.

3. Methodologies
for estimating the shear strength of
FRP-strengthened RC beams

Today, due to the increase in the use of FRP materials,
numerous regulations and recommendations such as
ACI Committee 440.2R (American Concrete Institute,
2008), Management and Planning Organization of Iran
(MPO) (2006), International Federation for Structural
Concrete (fib) (2001), National Cooperative Highway
Research Program (Mirmiran et al., 2004), Japan Soci-
ety of Civil Engineers (Maruyama, 2001), and Canadi-
an Standard Association (CSA) (2002) have been pub-

lished in different countries of the world for the design
of concrete structures reinforced or reinforced with
polymer fibers. It seems that flexural reinforcement is
well documented in these regulations, although some
unclear points remain. This is despite the fact that the
behavioral understanding of reinforced concrete struc-
tures that are designed for shear strengthening is still
at a stage where similar design rules either do not exist
or have been addressed briefly (Adhikary & Mutsuy-
oshi, 2004; Diagana et al., 2003; Pellegrino & Modena,
2002; Téljsten, 2003; Triantafillou & Antonopoulos,
2000). For example, Carolin & Taljsten (2005) have
shown that the composite is not uniformly stressed
when bonded to the sides of a beam and that the strain
field must be studied further to understand the behavior
of a member strengthened in shear.

According to Figure 2, the use of externally
bonded FRP laminates in typical wrapping schemes
(Completely wrapped, U-wraps or side bonding of
the web) and the placement of its fibers along the
cross-section or perpendicular to the possible shear
cracks, effectively increases the shear strength of
the elements. The additional shear strength created
by this method depends on various parameters such
as: sectional geometry, the strengthening pattern, the
compressive strength of the concrete, etc. (Diaga-
na et al., 2003; Pellegrino & Modena, 2002; Ozden
et al., 2014). Therefore, the amount of this increase in
strength is always limited depending on the operation
criteria and in accordance with the load conditions of
the member. In recent years, several guidelines and
design recommendations have been proposed to esti-
mate the shear strength of reinforced concrete beams
when they are reinforced with polymer fibers. In all
the proposed designs, the design shear strength, V,
of a concrete beam reinforced with polymer fibers is
calculated from Equation (2):

Vd=VC+VS+Vf )

where V_is the contribution of concrete, V is the con-
tribution of transverse steel and ¥, is the contribution of
FRP in the shear strength of the beam. In this regard,
V. and V can be obtained by using the relations of the
existing regulations, so the main difference between the
proposed plans is the way to calculate V. In the follow-
ing, each of these parameters will be explained in the
ACI Committee 440.2R (American Concrete Institute,
2008) and the Publication No. 345 (Management and
Planning Organization of Iran, 2006). In addition, the
method of simulating the shear behavior of reinforced
concrete beams reinforced with polymer fibers is ex-
plained with the help of a neural network.

2024, vol. 24, no. 3
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3.1. Shear strength of
FRP-strengthened RC beams —
ACI 440.2R

According to chapter 11 of this regulation, the shear
strengthening of members is important because the
increase in shear strength leads to flexural failure of
the member, which in this case, has a more ductile
behavior than shear failure. This regulation stipulates
that the design shear strength of concrete member
reinforced with FRP system, (JV)), should be high-
er than the required shear strength (factored shear),
(V), in the section under consideration. The design
shear strength is calculated by multiplying the nomi-
nal shear strength (7)) by the strength reduction factor
according to Equation (3):

v, >V, €)

According to American concrete regulations, the
strength reduction factor @ is considered equal to 0.85
in shear or torsion mode. The nominal shear strength of
a concrete member reinforced with the FRP system is
obtained from the total contribution of concrete, shear
steel and polymer fibers. Also, an additional reduction
factor (W) is applied to the contribution of FRP, which

7
is in accordance with Equation (4):

V. =aW, + I/s+l1{f_l{f) 4

where Y, is equal to 0.95 for the case where the polymer
fibers have completely wrapped members, and 0.85 for the
three-sided FRP U-wrap or two-opposite-sides strength-
ening schemes. V, which is equal to the shear strength
provided by concrete for non-prestressed members in
a state that is only under the effect of shear and bending,
using Equations (5) and (6), and V, which is equal to the
nominal shear strength provided by shear bars, according
to Equation (7) is derived according to the ACI Commit-
tee 440.2R (American Concrete Institute, 2008).

V.=017\//.bd )
v, = Eo.m\/f +17p, Z}djb” (6)

- A4y f, (sina+cosa)d 7

s

N

where f is specified compressive strength of con-
crete [MPa], b is the width of the web [mm], d is the
distance from extreme compression fiber to the centroid
of tension reinforcement [mm], M, is the factored mo-
ment at a section [N-mm], V, is the factored shear force
at the section [N], and finally, the ratio p =4 /(b d)
where 4 is the area of nonprestressed steel reinforce-

ment [mm?’]. In Equation (7), 4, is the area of shear re-
inforcement spacing s. Angle o is the angle defining the
orientation of reinforcement. f) , is the specified yield
strength ]j “of transverse reinforcement [MPa].

The contribution of the FRP system to the shear
strength of a member is based on the fiber orientation
and an assumed crack pattern (Khalifa et al., 1999). The
shear strength provided by the FRP reinforcement can
be determined by calculating the force resulting from
the tensile stress in the FRP across the assumed crack.
The shear contribution of the FRP shear reinforcement
is then given by Equation (8):

v A, fr(sina+cosa)d,

7 ()

Sy

where 4, is the area of FRP shear reinforcement with
spacing s, whose value is equal to 2ntfwf [mm?], where
n is the number of plies of FRP reinforcement, 1 is the
nominal thickness of one ply of FRP reinforcement,
and w, is the width of FRP reinforcing plies [mm)]. dfv is
the effective depth of FRP shear reinforcement in mil-
limeters, and a is the angle of the FRP shear reinforce-
ment strip with the longitudinal axis of the member.
ffe is the effective stress in the FRP, stress level attained
at section failure and is obtained from Equation (9):

Je= &k, ©)

where €, is equal to the effective strain and it is calcu-
lated according to Equations (10) and (11) according to
the different arrangements of FRP sheets.

For reinforced concrete column and beam mem-
bers completely wrapped by FRP, the loss of aggregate
interlock of the concrete has been observed to occur at
fiber strains less than the ultimate fiber strain. To pre-
clude this mode of failure, the maximum strain used for
design should be limited to the smallest value of 0.004
and 0.75 of the design failure strain (g,). In this case,
the effective strain is calculated from Equation (10).

(10)

Bonded U-wraps or bonded face plies, FRP
systems do not enclose the entire section (two- and
three-sided wraps), have been observed to delaminate
from the concrete before the loss of aggregate interlock
of the section. For this reason, bond stresses have been
analyzed to determine the usefulness of these systems
(Triantafillou & Plevris, 1992), and the effective strain
is obtained according to Equation (11):

g, = 0.75% <0.004

(11)

It should be noted that in Equations (10) and (11),

g, is obtained from the product of the reduction factor

of the environmental conditions and the ultimate failure

e, =Kg,<0.004
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strain reported by the factory. This coefficient is con-
sidered equal to 0.95 and 0.75 for mild environmental
conditions and the type of carbon and glass fibers, re-
spectively. The bond-reduction coefficient is a function
of the concrete strength, the type of wrapping scheme
used, and the stiffness of the laminate. It is obtained
from Equation (12):

— klkZLe

L= <0.75
11900 ,

(12)

The active bond length (L)) is the length over
which the majority of the bond stress is maintained.
This length is calculated by Equation (13):

23300

:W (13)

The bond-reduction coefficient also relies on two
modification factors, &, and k,, that account for the concrete
strength and the type of wrapping scheme used, respec-
tively. Calculate k, from Equation (14) and calculate &,
in case a U-wraps stirrup is used, from Equation (15).
Equation (16) is used for two sides bonded scheme.

(8]
27

(14)
d, —L
_ Y5 T
k, = dfv (15)
d, 2L
k. = A e
2 d (16)

fo

It should be noted that the total shear strength
provided by the steel shear reinforcement and the FRP
shear reinforcement must follow Equation (17):

V,+V, <0.66\fb,d (17)

3.2. Shear strength of
FRP-strengthened RC beams —
Publication No. 345

Chapter 9 of this guide contains the general criteria for
using FRP materials as external stirrups, in order to in-
crease the shear and torsion strength of reinforced con-
crete sections. Based on this, the final shear strength of
the section V' is calculated using Equation (18):

Vr = (Pch + (\D\V\ + (pfrpVﬁp (18)

where ¢, ¢ and ¢, are the partial safety factor of
concrete (equal to 0.6), steel equal to (0.85) and FRP
material equal to 0.85, respectively. The ultimate shear
strength provided by concrete, V, and the ultimate

shear strength provided by shear reinforcement, V,
are obtained from the Iranian concrete code “ABA”.
The shear strength provided by FRP materials ( Vﬁp)
is added to include the contribution of the FRP shear
reinforcement. ¥ and V, are calculated from Equa-
tions (19) and (20):

V.=02fb,d (19)

V=42 (20)
Y

The contribution of FRP material from the shear is
determined according to Equations (21) and (22):

E_¢e. A, d,. (sinf3+cosf)
_ Zrp®rpefip e s
V/ _ P fip P Sp (21)
Jrp
Aﬁp = thrp Win 22)

The effective depth of FRP stirrups, d - is con-
sidered as the distance from extreme compression fi-
ber to centroid of tension reinforcement, and in the
case where the section is completely wrapped around,
it is assumed to be equal to h (beam height). The effec-
tive strain of FRP materials, € is obtained through
testing and applying Equations (23) and (26), and in
any case, the lowest value obtained from the above
two methods is considered. But the effective strain
€ should be limited to 0.004, because in the higher
range of strain, the loss of the aggregate interlock of
the concrete has been observed due to the opening of

cracks.

(23)

gﬁ‘pe 8frpu

R, the ratio of effective strain to ultimate strain in
FRP stirrups is obtained from Equation (24), and the
ratio of FRP shear reinforcement, Py is obtained from
Equation (25):

)
R=0.8),| — (24)
pﬁ‘p Jip
2t w,
Sip " fip
Py =— (25)
: bwsfrp

In Equation (24), coefficients A, and X, for carbon
fibers are: A, = 1.35 and A, = 0.3, aramid fibers and
glass: A, =1.23 and A, = 0.47.

¢ /‘rpklkzLe
g, =P _~° 26
9525 20

In order to consider the possibility of debonding

of FRP sheets, the effective strain is considered equal
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to the lowest three values A, B and C: effective strain
limit € e the value obtained from Equation (10) and
the value presented in Equation (11), respectively.

il
27.6

__ S ee
ke, =t e

27

(28)

where k, is an index of concrete shear strength and £k,
is an index for the type of wrapping scheme. In Equa-
tion (28), n, is the number of free ends of FRP stir-
rups on one side of the beam. If we have FRP beams
on only 2 side faces, n, = 2, and if thP srrup is U-wraps,
then n, = 1. When k, < 0, the FRP system is ineffec-
tive in sheanless FRP restraint is provided in a suitable
manner. The effective restraint length, L , is calculated
ung Equation (29), which is proposed based on exper-
imental data:

253350
’ (tﬁ‘pE/"rp)oj8 (29)
It should be noted that the ultimate shear strength
of the section is limited to the Equation (30):

V.=V +V,+V, <V.+08¢//bd

w

(30)

3.3. Shear strength of
FRP-strengthened RC beams
using a neural network

In Figure 4, the neural network architecture used in
this research is presented. This feed-forward neural
network consists of three layers. Nodes represent
neurons, and arrows represent weighted connections.
This network includes 11 neurons in the input lay-
er, 10 in the hidden layer, and 1 in the output layer.
The number of input and output neurons depends on
the problem to be solved, while the number of hidden
layers and the number of neurons may be checked by
different situations, and the most optimal one is se-
lected. The network training is done by updating the
weights related to the connections between neurons
based on the known input and the output patterns or
learning patterns using aeraverocess. These weights
indicate the influence and strength of a connection
among neurons.

Considering the many parameters that influence
the beam shear failure mode, creating an efficient
neural network requires an appropriate selection of

input variables. However, it should be kept in mind
that increasing the input neurons to a neural network
may reduce the accuracy and efficiency of the training
process (Kasabov, 1996). In this article, the selection
of input parameters is based on the shear capacity
relationships that were examined earlier. As a basic
idea, the ACI Committee 318M (American Con-
crete Institute, 2005) regulations specify that three
variables have the greatest contribution to the shear
strength of concrete, these variables include: 1 — £,
2-A4/bd,3~Vd/ M, After counting trial and er-
ror, 11 main variables were considered as input to the
network (Tab. 1).

In this research, a comprehensive and extensive
review of forty articles', has been carried out to com-
pile data on 304 reinforced concrete beams reinforced
in shear using FRP sheets (Tab. A1, Appendix A). These
laboratory results have been used to provide a database
for the ANN model. The 304 analyzed beam samples
are randomly divided into three groups: a) training data
set comprising 60% of the total data set (182 data); b)
validation data set comprising 20% of the total data set
(61 data); c) the test data set consists of 20% of the total
data set (61 data).

All beams were simply supported with various
span lengths, and they were subjected to two concen-
trated loads symmetrically placed about the midspan.
In the data collection, different schemes of FRP shear
strengthening for reinforced concrete beams are con-
sidered (Fig. 2) (Completely wrapped, U-wraps or side
bonding of the web). The FRP sheets can be applied as
intermittent strips (like stirrups) or a continuous sheet
along the length of the member. In addition, the param-
eters available in the laboratory database have a wide
range of loading arrangement, sectional geometry, ma-
terial properties, reinforcement ratio, as well as geom-
etry, arrangement and mechanical properties of FRP
external reinforcement. Therefore, we will have a wide
range of failure loads.

! Abdel-Jaber et al., 2003; Adhikary & Mutsuyoshi, 2004;
Alzate et al., 2013; Barros & Dias, 2006; Beber & Campos-
Filho, 2005; Bousselham & Chaallal, 1988; Bukhari et al.,
2010; 2013; Cao et al.,, 2005; Carolin & Tiéljsten, 2005;
Chaallal et al., 1988; Deniaud & Cheng, 2001; Diagana et al.,
2003; Dias & Barros, 2012; Grace et al., 2003; Grande et al.,
2009; Islam et al., 2005; Kamiharako et al., 1997; Khalifa
et al., 1999; Khalifa & Nanni, 2000, 2002; Kim et al., 2008;
Leung et al., 2007; Mofidi & Chaallal, 2014; Mofidi et al.,
2014; Monti & Liotta, 2007; Norris et al., 1997; Ozden et al.,
2014; Panda et al., 2011; Pellegrino & Modena, 2002, 2008;
Saadatmanesh & Ehsani, 1991; Singh, 2013; Sundarraja
& Rajamohan, 2009; Tiljsten, 2003; Tanarslan et al., 2008;
Teng et al., 2009; Umezu et al., 1997; Zhang & Hsu, 2005;
Zhang et al., 2004.
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Tensile modulus of elasticity of FRP [Mpa], E¢
Design stress of externally bonded FRP reinforcement [Mpa], fy

Effective depth of FRP shear reinforcement [mm], dg,
The effective width of FRP shear reinforcement strip in the
longitudinal direction of the beam to the center-to- enter distance
of FRP stirrups, wy/sy
Number of plies of FRP reinforcement in the thickness of each
layer [mm], ng X t;

First layer - Input layer

Ultimate shear strength of
reinforced concrete beams with FRP, N

\—{Third layer - Output layer

Neural Network Architecture

Second layer - Hidden layer

Fig. 4. Schematic diagram of the neural network architecture

In the neural network structure, according to Ta-
ble 1, all the significant variables in the data are consid-
ered input variables for the model. The number of hid-
den layers was equal to one, and the number of neurons
in the hidden layer was chosen equal to 10. Here, the
number of neurons in the hidden layer was optionally
considered to be 10, it should be noted that more neu-
rons in the hidden layer require more calculations, and
if the number is too high, it will cause overfitting of the
data. However, a network with more neurons will solve
more complex problems (Alwosheel et al., 2018).

Also, in neural network training, the Levenberg—
Marquardt backpropagation algorithm is used with
a tangent sigmoid transfer function in the hid-
den layer and a linear transfer function in the output
layer. It should be noted that the neural network’s
performance is based on the Mean Squared Error
(MSE) using the MATLAB program. The optimal
network was selected based on the lowest error rate
and the highest correlation coefficient between the
data. The network specifications are given in Ta-
ble 2.

Table 1. Range of input and output variables

No. Variable Symbol Minimum | Maximum Average
Input element

1 | beam/slab width [mm] b 75.00 600.00 172.09

2 | effective depth of cross-section [mm] d 124.60 720.00 304.10

3 | cylindrical compressive strength of concrete [MPa] S 10.60 71.40 34.80

4 | area of transverse reinforcement per spacing s [mm?/mm] A /s 0.00 2.01 0.24

5 | yield stress of transverse steel [MPa] Sroo 0.00 650.00 225.03

6 | number of free ends of an FRP stirrup* n, - - -

7 | tensile modulus of elasticity of FRP [MPa] E, 5.30 640.00 201.23

8 | design stress of externally bonded FRP reinforcement [MPa] Ju 112.00 4500.00 3032.89

9 | effective depth of FRP shear reinforcement [mm]** d, 80.00 800.00 306.97
the effective width of FRP shear reinforcement strip in the

10 | longitudinal direction of the beam to the center-to-enter w/s, 0.11 1.50 0.73
distance of FRP stirrups

1 Ielzgllblzry (e)rf ngs]of FRP reinforcement in the thickness of I 0.04 210 043

Output element
1 | laboratory ultimate shear strength [N] | v.. | 459 881.20 173.80

" n, is the number of free ends of the FRP stirrup on the side of the beam (n, = 2 for side plates, n, = 1 for a U-wrap, and n, = 0

for completely wrapped).

" The effective depth of FRP shear reinforcement d

(e

underneath the slab to the bottom of the internal steel stirrups. For the rare case of completely wrapped member

is taken as the distance from the free end of the FRP shear reinforcement

,d L, is taken as

the total height of the section (Canadian Standard Association, 2002).
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Table 2. Network specifications

No. Parameter Specifications
1| Network function Marquardt backprapagation) as a raining function | X MSE
2 | Network structure 11-10-1
3 Number of training data 182 0.991 296.29
4 | Number of validation data 61 0.969 700.13
5 | Number of test data 61 0.946 964.38
6 | Number of all data 304 0.981 511.38

3.3.1. Efficiency criteria of models

There are various indicators to evaluate the perfor-
mance of estimation and forecasting models. In the fol-
lowing section, the criteria for measuring the number of
prediction errors will be discussed.

The correlation coefficient R expresses the degree
of correlation between the estimated results of the mod-
el and the real data, which is calculated based on Equa-
tion (31). In fact, the correlation coefficient measures
the linear relationship between two variables, obvious-
ly, the closer its value is to one, the closer the estimated
values are to the actual values.

2 Ve =V, V0
R - o ——5 (D
PEEEAD A

The performance indicators used are the Mean Abso-
lute Relative Error (MARE), Mean Absolute Error (MAE),
Mean Squared Error (MSE), Root Mean Squared Er-
ror (RMSE), and Root Mean Squared Relative Error
(RRMSE). These are calculated using Equations (32)—
(36), and can range from zero (indicating excellent per-
formance) to infinity (indicating very poor performance).

-V,
MAREle”—”’JxlOO (32)
nog e,i

D I A (33)

n

n 2

s = 2 =V0) (34)

n
RMSE =/ MSE 35
RRMSE = RA;SE (36)

e

In the above relationships, V. is the laboratory
shear values, V is the average laboratory shear values,
v, is the predicted shear values by regulation relations

or neural network model and I7p is the average pre-
dicted shear values. n is the number of exaned samples.

3.3.2. Comparison of neural network architectures

The environment used to build neural networks is
MATLAB R2013b. It will be possible to compare the
architecture of neural networks by running nntool tool-
box and addressing input and output data (an 11 x 304
input data matrix that represents 304 samples of 11 ele-
ments and an 1 x 304 output data matrix that represents
304 samples of 1 element. These input and output ele-
ments are listed in Table 1).

By considering feed-forward backprop network
type, there will be a wide range of learning func-
tions. A comparison of all learning functions and cor-
responding performance results are listed in Table 3.
Note that as a primary solution, the default values for
the nntool toolbox were selected as follows: MSE as
a performance function, tansig (tangent sigmoid trans-
fer function) as a transfer function, two-layer network
and ten hidden neurons. The MATLAB toolbox does
not refer to the inputs as a layer. Therefore, a two-lay-
er network means a network that consists of an output
layer, a hidden layer plus an input layer, as shown in
Figure 3. In this section, learning and transfer functions
are discussed, and in the next section, the number of
layers and the number of hidden neurons are discussed
in ANN complexity adjustment.

As can be seen in Table 3, the best performance re-
sults are obtained by Trainbr (Bayesian regularization
backpropagation) and Trainlm (Levenberg—Marquardt
backpropagation) learning functions. Both of these
learning functions update the weight and bias values
according to Levenberg—Marquardt optimization, but
the Trainlm function is faster than the Trainbr function
and is often even the fastest backpropagation algorithm
in the toolbox, although it does require more memory
than other algorithms. Therefore, by choosing Trainlm
as the training function, other effective parameters will
be investigated.
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Table 3. Comparison of all learning functions and corresponding performance results using nntool - MATLAB R2013b toolbox

Training function MSE R Training function MSE R
Trainbfg: BFGS quasi-Newton back- 204151 | 0933 Traingda: Gradient descent with adap- 2652096 | 1.853¢26
propagation ' ' tive learning rate backpropagation ) '
Trainbr': Bayesian regularization Traingdx: Gradient descent with
back ro. a a};ion g 435.59 | 0.975 | momentum and adaptive learning 22076.16 | 1.853¢%

propag rate backpropagation

Traincgb: Conjugate gradient backprop- Trainlm?: Levenberg—Marquardt
agation with Powell-Beale restarts 111855 1 0.949 backpropagation S11.38 0.981
Traincgf: Conjugate gradient backprop- 177257 | 0912 Trainoss: One-step secant backprop- 1005.10 0.954
agation with Fletcher—Reeves updates ' ' agation ’ ’
Traincgp: Conjugate gradient backprop- 161026 | 0930 Trainr®: Random order incremental take a long B
agation with Polak—Ribiére updates ’ ’ training with learning functions time
aTng?ilfr?: Gradient descent backprop- 77763.62 | —0.117 | Trainrp: Resilient backpropagation 1225.23 0.920
Traingdm: Gradient descent with Trainscg: Scaled conjugate gradient
momentum backpropagation 253100.80 1 0.338 backpropagation 1244.57 0.950

!'Trainbr: is a network training function that updates the weight and bias values according to Levenberg—Marquardt optimization.
It minimizes a combination of squared errors and weights, and then determines the correct combination so as to produce
a network that generalizes well. The process is called Bayesian regularization.

2 Trainlm: is a network training function that updates weight and bias values according to Levenberg—Marquardt optimization.
3 Trainr: trains a network with weight and bias learning rules with incremental updates after each presentation of an input.

Inputs are presented in random order.

Three transfer functions can be selected for each
layer (tan-sigmoid, log-sigmoid and linear transfer
function — Fig. 5). Therefore, in a two-layer network,
there will be a total of 9 choices for the transfer func-
tions. A network of two layers, where the first layer is
tangent sigmoid and the second layer is linear, can be
shown to have the best performance results.

a)

b)

c)

74

a = purelinfn)

Fig. 5. Transfer Function Diagrams: a) tan-sigmoid transfer
function; b) log-sigmoid transfer function; c¢) linear transfer
function

3.3.3. ANN complexity adjustment

For the number of hidden layers and the number of hid-
den neurons, different choices lead to ANN with differ-
ent levels of complexity. For example, adding more neu-
rons to a particular hidden layer increases the network’s
capacity because it has more degrees of freedom.

An ANN’s training process aims to produce a model
that approximates the underlying data generating process
(DGP) based on previous observations (so-called train-
ing data). A successful approximation of the underlying
process implies that the trained network is generalizable,
meaning that it maintains a consistent performance in
the available data used for training and on future data
generated by the same DGP. Importantly, an ANN may
fail to deliver such performance consistency if the net-
work is excessively complex compared to the underlying
data generating process. In this case, ANN performs very
well the training data, but fails to maintain a similarly
strong performance on different data generated by the
same DGP, which are used for validation purposes (so-
called validation data). This issue is known as overfit-
ting. Another issue that may impact the extent to which
a trained ANN’s is generalizable is known as underfit-
ting, which means that the ANN is too sple compared to
the underlying DGP. As a result, it performs poorly on
both training and validation data. In this case, the ANN
cannot accurately capture the relation (embodied in the
DGP) between input and observed choices. In sum, it is
essential for the analyst to consider the relation between

2024, vol. 24, no. 3
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complexity and performance. The above-described con-
cepts of under- and overfitting a learning machine are
shown in Figure 6 (Alwosheel et al., 2018).

Low model complexity (compared to the under-
lying DGP) is represented in Figure 6 on the left-hand
side: here, models perform poorly on both training
and future data, as they impose assumptions that are
too simplistic on the DGP. In contrast, very complex
models are represented on the right hand side. These
models perform well on the available data, but fail to
obtain a similarly strong performance on validation
data generated by the same DGP. The ideal level of
complexity is found in the range where the valida-
tion error is low, and the divergence between train-
ing and validation error (thus the vertical distance
between the red and green lines) is small (Alwosheel
et al., 2018).

This section adjusts the ANN complexity by adding/
removing hidden neurons and the number of hidden
layers. For example, if the underlying DGP is com-
plex, an ANN with very few hidden neurons (in the
extreme case: only one hidden neuron) will underfit
this DGP. In contrast, using a large number of hidden
neurons will lead to overfitting. Various ANNs with
different levels of complexity (i.e., different number
of hidden neurons) are estimated using the training set.
Then, the performance of each of the estimated ANNs
is evaluated on the validation set. The network that
has the best performance with respect to the valida-
tion set is selected, as its complexity falls in the ideal
level of complexity range shown in Figure 6. Subse-
quently, to provide an unbiased evaluation of the se-
lected network, ANN performance is further evaluated
on the testing set. If the ANN also performs well on
the testing data, the analyst can be confident that the
network has successfully learned the underlying DGP?
(Alwosheel et al., 2018).

Figure 7 shows the relationship between ANN com-
plexity (i.e., the number of hidden neurons) and the
correlation coefficient R obtained on training, valida-
tion, and test datasets. The network that provides the
best performance on the validation data is then select-
ed. Figure 7 shows that ten hidden neurons provide the
best performance (on the validation set). Using more

2 In some cases, training the ANN and adjusting its com-
plexity may not result in a low generalization error, which
means that the ANN has failed to approximate the underly-
ing DGP to a sufficient extent. One possible reason of this
outcome is that the used data are insufficient in size; i.e.,
when trained on a very small dataset — relative to the num-
ber of nodes in the network — the ANN may end up memo-
rizing observations rather than learning the underlying DGP.
In this case, it is recommended to use larger datasets (Al-
wosheel et al., 2018).

than ten hidden neurons does not affect the result-
ing correlation coefficient R, implying that ANN has
learned the input/output relationship with ten neurons.
According to Occam’s razor principle, an explanation
of a set of data should be limited to the bare minimum
that is consistent with the data (Alwosheel et al., 2018).
In Figure 7, increasing the complexity does not result
in better performance. Therefore, the simplest model
that describes data is preferred, which in this case is an
ANN with ten neurons.

R ———
Overfitting

—
Underfitting

Error

Validation error

Ideal level of
1 complexity }

| —
'

Training error

Model complexity

Fig. 6. A conceptual representation of the relationship
between model complexity and performance

1 —~— =

S A\ | A

08 - f \
I { \
I [

0,6 f 1 §
o A [ I \
04 i | A

N
02 |/ V

0 &‘J . I . o -
1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20
Number of hidden neurons

—s—training —— validation ——test

Fig. 7. Number of ANN hidden neurons
vs the correlation coefficient R values
for training, validation, and test datasets

Note that a different number of hidden layers have
also been implemented for this study. By choosing the
3-layer network (Fig. 3), it can be shown in a similar
way that adding more hidden layers does not improve
the prediction performance.

It is expected that the more complex the ANN is,
the more data will be needed for training the network,
leading to a larger sample size (Alwosheel et al., 2018).
Therefore, according to what was ateempted by choos-
ing a network with 3-layers and 10 hidden neurons, the
complexity of the network falls in the ideal level of
complexity range shown in Figure 6, where the valida-
tion error is low, and the divergence between training
and validation error is small.
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4. Presentation of results

Table 4 shows the neural network model’s performance cri-
teria and two [ranian and American regulations for all data.

Table 4 calculated from a comparison of design
shear strength values obtained by ACI 440.2R-08 and
ACI 318-08, design shear strength values obtained by
Publication No. 345 — ABA and shear strength values
obtained by neural network model with actual experi-
mental shear strength values measured in the laborato-
ry, as it is shown in Table A1 (Adppendix A).

As it is clear from Table 4, all efficiency criteria
for the neural network model are better compared to

both regulations, so that, for example, the correlation
coefficient of the neural network model is close to 1,
while this criterion does not have suitable values for the
two regulations. Also, in the comparison of the two reg-
ulations, considering all efficiency criteria, the results
of the American regulations are more accurate than the
Iranian regulations.

Figure 8a—c shows the predicted values of the neu-
ral network model compared to its actual (laboratory)
values, respectively, for three categories of training,
validation, and testing datasets. Figure 8d shows the
predicted values of the neural network model compared
to its actual values for all data.

Table 4. Performance criteria of shear strength estimation models for all data

Relationship/model Equation | MARE [%] | MAE MSE RMSE | RRMSE R
ACI 318-05 and ACI 440.2 (2008) 3) 34.24 62.13 7261.52 85.21 0.49 0.8419
Publication No. 345 — ABA (18) 38.94 69.93 8268.94 94.70 0.55 0.8418
ANN MODEL model 13.46 16.97 511.38 22.61 0.13 0.9811
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Fig. 8. Comparison of laboratory shear strength Vi (KN) with shear strength predicted by ANN model for:
a) training data; b) validation data; c) test data; d) all data
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In Figures 8a—c, the diagonal axis shown is lo-
cated where the predicted and experimental val-
ues have the same value. Therefore, the density of
points around the diagonal axis shows more accu-
rate predicted values. As expected, a better predic-
tion has been obtained for the training data set com-
pared to the other two sets, and the dispersion of
the data around the diagonal axis is less in this set.

Figure 9 presents the graph of the actual shear
strength values compared to the output of the regula-
tions and the neural network model for all 304 data is
presented. As it is clear from the diagram, the neural
network model benefits from more agreement with
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the real values compared to the output of the regu-
lations.

Table 5 has been prepared to evaluate and com-
pare the relationship between Iranian and American
regulations, as well as the neural network prediction
model in the use of all types of FRP wrapping schemes
(completely wrapped, U-wraps or side bonding of the
web, each applied as intermittent strips or a continuous
sheet along the length of the member). All the data are
placed in their specific wrapping schemes and using
performance indicators, the error between the output
values of the regulations or the neural network model
and its actual values has been estimated.

183
199
205
211

Fig. 9. Experimental shear strength compared to ANN model and regulations codes for all data

Table 5. Comparison of the relations between Iranian and American regulations, as well as the prediction model of ANN
in the use of various types of FRP wrapping schemes

Relationship/model MARE[%] | MAE | MSE | RMSE | RRMSE R
ACI 318-05 and ACI 440.2 (2008)
Side bonding — discrete strips 27.1 29.6 1541.3 39.3 0.39 0.410
Side bonding — continuous sheet 322 50.2 37251 61.0 0.38 0.820
U-wrap — discrete strips 33.9 50.7 4286.8 65.5 0.44 0.890
U-wrap — continuous sheet 32.5 62.1 6498.8 80.6 0.43 0.830
Completely wrapped — discrete strips 40.1 91.8 14565.6 120.7 0.53 0.900
Completely wrapped — continuous sheet 46.9 130.9 24436.7 156.3 0.56 0.660
Publication No. 345 — ABA
Side bonding — discrete strips 35.2 38.4 2302.2 48.0 0.48 0.440
Side bonding — continuous sheet 35.2 54.5 4342.2 65.9 0.41 0.840
U-wrap — discrete strips 39.1 56.8 5149.3 71.8 0.48 0.890
U-wrap — continuous sheet 36.5 71.6 8739.2 93.5 0.50 0.790
Completely wrapped — discrete strips 44.9 102.1 17256.3 131.4 0.58 0.910
Completely wrapped — continuous sheet 50.5 142.8 30185.0 173.7 0.62 0.660
Neural network model
Side bonding — discrete strips 12.8 11.0 210.4 14.5 0.14 0.900
Side bonding — continuous sheet 13.1 17.6 576.1 24.0 0.15 0.960
U-wrap — discrete strips 19.1 17.5 555.1 23.6 0.16 0.970
U-wrap — continuous sheet 10.4 16.1 429.2 20.7 0.11 0.979
Completely wrapped — discrete strips 11.1 18.4 509.6 22.6 0.10 0.990
Completely wrapped — continuous sheet 10.8 23.5 938.2 30.6 0.11 0.978
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Figure 10 graphically shows the prediction error
of the neural network model, the Iranian and American
regulations according to Mean Squared Error (MSE)
for different types of FRP wrapping schemes. From
Table 5 and Figure 10, it can be concluded that in all
the data and in all the beam shear strengthening pat-
terns in all cases, the neural network model has the
lowest estimation error by a large difference from the
others, and it shows that the output of this model is
closer to the real values. After the artificial neural net-
work model, the estimated values of the relationship
of the American regulation predict a lower estimation
error than its corresponding Iranian relationship. In
the American and Iranian regulations, as well as in
the neural network model, from a general point of
view and ignoring the type of applying FRP laminates
(intermittent strips or a continuous sheet), the lowest

180
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ACI 318-05 and ACI 440.2 (2008)

M Side bonding - discrete strips
W U-wrap - discrete strips

B Completely wrapped - discrete strips

amount of estimation error belongs to the side bonding
of the beam, followed by the U-wraps stirrup and at the
end the completely wrapped. In the case that, the beam
is strengthened with a completely wrapped scheme,
the regulations show the highest amount of error, one
of the main reasons for that is limiting the total shear
capacity of the steel and FRP shear reinforcement to
0.66 ﬂ b,d for the relationship of the ACI 318-05
and ACI 440.2 and the value of 4x0.2x \/wa for the
relation of Publication No. 345. This is despite the fact
that in such cases, the real shear strength is higher than
what the regulations predict. It is worth mentioning
that in all wrapping schemes, where the FRP system
is installed in the form of intermittent strips (discrete
strips), the regulatory relations show a lower error val-
ue than the similar case of a continuous sheet along the
length of the member.

120

100

8

6

4 I

> f i
: m"HER

Publication No. 345 - ABA

ANN model

Side bonding - continuous sheet

m U-wrap - continuous sheet

B Completely wrapped - continuous sheet

Fig. 10. Comparison of the prediction error of various FRP wrapping schemes in the regulations and the neural network model

5. Conclusion

In this study, the shear strength of RC beams reinforced
by FRP with different wrapping schemes has been in-
vestigated by artificial neural network. To model the
neural network, beam width, beam height, compressive
strength of concrete, the ratio of the area of transverse
reinforcements to the distances between them, the
yield stress of transverse reinforcements, the number
of free ends of FRP stirrups, FRP modulus of elasticity,
strength tensile FRP, the effective depth of FRP stir-
rups, the effective width of the FRP shear reinforce-
ment strip in the longitudinal direction of the beam to

the center-to-center distance of the FRP stirrups, the
number of FRP layers multiplied by the thickness of
each layer as 11 input variables and the value of the
total shear strength of the beam as a variable output
were all considered.

By comparing the results based on the efficiency
criteria of the data-based models, it can be concluded
that in all types FRP wrapping schemes (completely
wrapped, U-wraps or side bonding of the web, each ap-
plied as intermittent strips or a continuous sheet along
the length of the member), the neural network model
has the lowest error by a large difference from the oth-
ers, and after that, the relationship of the American
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concrete code ACI 440.2R is in the second place with
less error than its corresponding Iranian relationship.
Specifically, the values of the correlation coefficient
for an artificial neural network, American concrete
code and Iranian concrete code are 0.9811, 0.8419 and
0.8418, respectively. In addition, the percentage of the
Mean Absolute Relative Error (MARE) in the neural
network model is about 13%, which is 21% and 26%
less than the results of the American and Iranian reg-
ulations. In addition, in all three wrapping schemes,
from a general point of view and ignoring the type of
applying FRP laminates (intermittent strips or a con-
tinuous sheet), the lowest amount of estimation error
belongs to the side bonding of the beam, followed
by the U-wraps stirrup and finally the completely
wrapped. Finally, it can be said that it is difficult to
create a general model to estimate the shear strength
due to the complexity of the shearing mechanism of

concrete beams and the various parameters affecting
it. Therefore, the exact values of shear strength are
not available. Regulations such as American concrete
regulations and Iranian concrete regulations each use
empirical formulas provided for a set of specific data,
but using a neural network model using a set of lab-
oratory data has greater accuracy in estimating shear
strength.
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Shear strength estimation of a FRP-strengthened RC beam...
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Shear strength estimation of a FRP-strengthened RC beam...
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