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Abstract: The use of fiber-reinforced polymer (FRP) jackets as external confinement is becoming
popular, especially in seismic areas, because of its ability to enhance the strength and ductility of
reinforced concrete to perform as a sustainable symmetric structural member. Therefore, various
researchers have worked out for the prediction of strength and strain models of FRP-confined
concrete. This study presents the improved strain models for the FRP confined cylindrical concrete
members. Different previously proposed models of axial strain of FRP-confined concrete were
evaluated based on a large database of 678 specimens from previous experiments and an improved
model was proposed using the general regression analysis technique. Furthermore, the proposed
model was validated using the previous experimental work of FRP-wrapped concrete cylinders and
their finite elements analysis (FEA) using the ABAQUS software. The accuracy of the proposed strain
model was quite satisfactory in comparison with the previous experimental and FEA results of the
present study. Moreover, the proposed empirical strain model was used for the parametric study to
investigate the effect of different geometric and material parameters such as the compressive strength
of unconfined concrete, diameter of the cylinder, elastic modulus and thickness of the FRP layers, on
the axial strain of FRP-wrapped cylinders. A close agreement among the proposed strain models
and experimental outputs was observed. This study will help in understanding the behavior of
sustainable FRP-confined symmetric concrete members.

Keywords: symmetry; FRPs; confined concrete; strain model; sustainability

1. Introduction

Recently, in densely populated earthquake regions, advanced FRPs are being increasingly used
for the urgent retrofitting, rehabilitation and strengthening of damaged structures because of the
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advantages of increasing the ductility and strength of reinforced concrete (RC) columns wrapped with
externally FRPs confinements. The increase in axial strength and strain of RC columns is the main
reason for the attraction of the use of fiber-reinforced polymers (FRP) confinements. The repairing,
strengthening and ductility enhancement of RC compression members is one of the most popular
applications of the FRP composites in both corrosive and seismic environments [1]. The advantages of
the FRP composites include corrosion resistance, lightweight, high strength to weight ratio, durability,
chemical resistance, dimensional stability and electromagnetically neutral [2]. The factors affecting the
FRP confinement are elastic modulus of FRP (Ef), thickness of FRPs (nt), angle of orientation of FRP
wraps, and unconfined strength of concrete material ( f ′co) [3]. Nowadays, FRP confinement has become
an advanced technology for increasing the efficiency and strength of structural concrete [4]. FRPs are
preferred over conventional steel jacketing due to their easy handling, slight disturbance of concrete
members, easy installation and less time for construction [5].

The strengthening technique, which is influenced by the orientation, geometry, and shape of
the concrete member, is also very important for increasing the capacity of structural members [6,7].
The strength of confined concrete is reduced when the fibers are used at an angle between the
longitudinal and transverse directions of concrete members [8]. The damaged concrete structures due
to earthquakes lose their serviceability and strength and thus, they need retrofitting and rehabilitation to
enhance strength and ductility [9]. The high corrosion resistance properties of FRPs make them suitable
for being used in marine and coastal structures [10]. The applications of FRPs are not limited to concrete
building members but also in the bridge piers to enhance their strength by lateral confinement [11–13].
In fact, the increase in strength and ductility of concrete members after FRPs wrapping is due to the
confinement and prevention of the lateral expansion of concrete material. This effect of confinement is
more dominant in case of triaxial state because the concrete would be subjected to multiaxial loads
when FRP wrapping resists lateral expansion [14].

Various researches have been performed in the literature for predicting the axial strain (ε′cc) of
externally confined concrete members based on different techniques [15–22]. Based on the concept
of the linear relationship between the confinement pressure and strain, the strain models were
proposed [17,22]. Lam and Teng [20] proposed the strain model based on the concept of dilation
behavior and volume strain of concrete. In addition, the strain model proposed by Mander et al. [16]
uses the concept of the energy balance method according to which the additional strain energy of
confined concrete is equal to energy required to break the FRP hoops. It was observed from the
literature that most of the studies focused on the predictions of axial compressive strength of confined
concrete members but, fewer models were proposed for axial compressive strain. For a designer,
the enhancement of axial compressive strain is very important for concrete structural elements after
addition of the FRPs. The previously proposed empirical models poorly predict the strains of confined
concrete members as compared with the experimental predictions [23]. Moreover, the mean absolute
error (MAE) of prediction of confined concrete strength is less than 20% while, that for confined
concrete strains ranges from 35% to 250%. Thus, the literature shows excellent performance for the
strength models but not good for the predictions of corresponding strains. Moreover, the previously
proposed strain models for FRP confined were established using small experimental databases,
simple spreadsheets, curve fitting techniques with limited curve fitting variables and functions in
which researchers could not cover all the interrelations and combinations of the parameters. It had
been targeted to determine the confinement effects of the FRP wrapping on different physical and
mechanical properties of concrete members such as compressive strength, flexural strength and tensile
strength [18,24]. However, a further research with a large experimental database is needed to propose
a more general strain model for confined concrete.

Based on the experimental work, analytical models for the axial strain of confined concrete
compression members were proposed [15–21] which played an important role in predicting the
approximate analysis results, but they do not fully explore the fundamental behavior and interaction
mechanisms between confinement materials and the concrete. To overwhelm the inadequacy of these
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proposed models for confined concrete, one can move towards the three-dimensional finite elements
analysis (FEA) with all the deficiencies of analytical models explicitly represented. In comparison with
the experiments, FEA simulations can save the cost and time by developing the numerical models
which predict the complex damage behavior accurately [25]. To speed up the simulations and simplify
the FEA model, it is essential to consider some assumptions, but it is also important to follow the
conditions to be applied in experiments. There should be a balance in model complexity, element types
and mesh sizes to enhance the precision of the results and to reduce the time of calculation work. Thus,
numerical methods with strong background knowledge of FEA are more efficient and convenient tools
to be used for engineering research [26]. The structural performance of FRP-confined concrete was
accurately predicted by FEA models [27–31].

In the current research, regression analysis was employed to study the strain prediction of the
FRP-confined concrete. Previously proposed strain models for FRP-confined concrete compression
members were developed using small data points giving larger deviations but presently proposed
models were proposed using a large experimental database of axial strains of 678 concrete members
externally confined with FRPs that were collected from previous researches and evaluated based on
some statistical indices such as coefficient of determination (R2) and root mean square error (RMSE)
using the previously proposed strain models. Furthermore, the validation of the empirical model
was performed by a previous experimental work of 18 FRP confined concrete cylinders and their
nonlinear finite element analysis (FEA). An extensive parametric study was performed using the
proposed empirical strain model to investigate the sensitivity of various parameters of confined
concrete. The significance of the present study is that the proposed models can accurately capture
the axial strain behavior of confined concrete which is helpful for the analysis and design of confined
concrete members and for the implementation of confined concrete in construction industry.

2. FRP Confinement Mechanism

In literature, the proposed strain models contain some common variables such as confinement
stiffness ratio ρk, strain ratio ρε, hoop rupture strain of fibers εh,rup and maximum confinement stress
fl. The relations for ρk and ρε were presented by [32].

ρε =
εh,rup

εco
(1)

ρk =
2Eft

(
f′co
εco

)D
(2)

where ‘t’ is the thickness of FRP sheets, ‘Ef’ is the elastic modulus of confinement sheets in the
transverse direction of specimen, ‘f′co’ is the unconfined strength of concrete and ‘εco’ is the ultimate
compressive strain that corresponds to the compressive strength of concrete. Figure 1 represents
the confinement stresses due to FRP-jackets with a hoop diameter D. The relationship between the
maximum confinement stress and different variables as shown in Figure 1 can be represented by
Equation (3). The hoop rupture strain can be represented by Equation (4) [33].

fl = ρερkf′co =
2Efεh,rupt

D
(3)

εh,rup =
εf

f′0.125
co

(4)

where, εf is the maximum tensile strain of fibers.
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Figure 1. Confinement mechanics of fiber-reinforced polymer (FRP) sheets.

First of all, the strain model for FRP confined concrete was proposed by [15]. According
to this model, the ultimate strain increases with the circumferential stiffness of confined concrete.
Mander et al. [16] gave the strain model for concrete confined with steel stirrups which was adopted by
ACI 440-2R-02 [34] for design guidelines of FRP confined concrete. In strain model proposed by [17],
it was assumed that the FRP confinement reaches to its maximum tensile strength in hoop direction
which is not possible. Samaan et al. [18] developed the strain model for FRP-tubed confined concrete
and concluded that the effective hoop strain at rupture is less than that obtained from uniaxial tensile
tests. The first strain model which includes the actual rupture strain of FRPs (εh,rup) was developed
by [19]. Lam and Teng [20] proposed the strain model for FRP confined concrete based on a small
experimental database of 76 sample points by taking into consideration the actual failure strain of
wraps. Later on, this model was refined by Teng et al. [21] based on 18 tested specimens which gave
close agreement with the experimental results of axial compressive strains. Table 1 represents the strain
models used in the present study for the evaluation of currently developed database and to select a
general form the currently proposed strain model.

Table 1. Previous strain models for confined concrete.

Model Expression for Strain of Confined Concrete

Fardis and Khalili [15] model εcc = 0.002 + 0.001
E f t
D f ′co

(7)

Mander et al. [16] model εcc
εco

= 1 + 5( f ′cc
f ′co
− 1) (8)

Karbhari and Gao [17] model εcc = εco + 0.01 fl
f ′co

(9)

Samaan et al. [18] model εcc =
f ′cc− fo

E2
(10)

where fo = 0.872 f ′co + 0.371 fl + 6.258

and E2 = 245.61 f ′co
0.2 + 1.3456

E f t
D

Toutanji [19] model εcc
εco

= 1 + (310.57εh, rup + 1.90)( f ′cc
f ′co
− 1) (11)

Lam and Teng [20] model εcc
εco

= 1.75 + 12ρkρ
1.45
ε (12)

Teng et al. [21] model εcc
εco

= 1.75 + 6.5ε0.8
k ρ1.45

ε (13)

3. Materials and Methods

3.1. Formulation of Analytical Models

In the present study, a design-oriented strain model was proposed based on a large experimental
database of 678 confined concrete cylinders (S2 datasheet). The statistical information of the database
is shown in Table 2. The whole process was performed using curve fitting technique giving the best
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fit after minimizing some statistical parameters such as R2, RMSE, and the sum of squared errors
(SSE) between the predictions of previous models and experimental values. The evaluations of strain
models given by Fardis and Khalili [15], Mander et al. [16], Karbhari and Gao [17], Samaan et al. [18],
Toutanji [19], Lam and Teng [20] and Teng et al. [21] were performed using the collected database. The
models selected for evaluation have wider use in literature. The statistical parameters R2 and RMSE
are represented by Equations (12) and (13), respectively.

R2 = (
n(
∑

xy) − (
∑

x)(
∑

y)√[
n
∑

x2 − (
∑

x)2
]
[n
∑

y2 − (
∑

y)2
)

2

(5)

RMSE =

√∑
(x− y)2

n
(6)

Table 2. Statistical information of collected database.

D (mm) H (mm) nt (mm) Es (GPa) f’co (MPa) εco (%) εcc (%)

Min 51.00 102.00 0.09 10.00 12.41 0.17 0.33
Max 406.00 812.00 5.90 663.00 188.20 1.53 4.62
Mean 153.70 307.57 0.92 174.59 43.52 0.27 1.60
+ S.D 43.91 87.83 1.06 120.06 22.31 0.14 0.82
* COV 0.29 0.29 1.16 0.69 0.52 0.52 0.52

+ Standard Deviation. * Coefficient of Variance.

Where n is number of data points; x is the experimental value and y is the predicted value of
confined concrete strain. The value of parameter RMSE varies from zero to one giving a perfect
prediction at zero. Similarly, the value of parameter R2 also varies from zero to one; one shows a
perfect correlation and zero represents that there is no correlation between experimental and predicted
values of strains. The difference between experimental and predicted values was taken as error and
SSE was minimized to achieve the best fit. A smaller value of SSE shows a tight fit of the empirical
model to the experimental data. The performances of the previously proposed confined concrete strain
models with R2 and RMSE were represented in Figure 2.
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Figure 2. Performance of previously proposed and presently proposed strain models of confined
concrete on the developed database.

3.2. Evaluation of Models

The strain model proposed by Fardis and Khalili [15] represents the performance on the previous
experimental database with R2 of 0.34 and RMSE of 4.6 which tell that the concept behind this model,
i.e., the ultimate strain increases with the circumferential stiffness of confined concrete, was not
accurate. Mander et al. [16] model shows the performance with R2 = 0.63 and RMSE = 2.37 which
is a relatively good performance due to which this model was recommended by ACI 440-2R-02 [34].
Similarly, Karbhari and Gao [17] model shows the performance with R2 = 0.66 and RMSE = 8.68;
Samaan et al. [18] model shows the performance with R2 = 0.35 and RMSE = 3.80; Toutanji [19]
model shows the performance with R2 = 0.67 and RMSE = 4.32; Lam and Teng [20] model shows the
performance with R2 = 0.72 and RMSE = 2.74 and Teng et al. [21] model shows the performance with
R2 = 0.73 and RMSE = 2.13. These evaluations represent that the model proposed by Teng et al. [21]
gave the best performance among the evaluated models. The values of R2 and RMSE for all the
evaluated models were also presented in Table 3. Therefore, the general form of this model was selected
as final for the current study as given by Equation (14). After determining the constants of the selected
form of strain model, the proposed nonlinear analytical model for strain of FRP confined concrete is
given by Equation (15).

εcc/εco = α+ βρλ1
k ρ

λ2
ε (14)

where α, β, λ1 and λ2 are constants which were determined by using general regression analysis.

εcc/εco = 1.85 + 7.46ρ0.71
k ρ1.17

ε (15)

Table 3. Values of coefficient of determination (R2) and root mean square error (RMSE) for various
previously proposed models on the developed database.

Researcher RMSE R2

Fardis and Khalili [15] model 4.6 0.34
Mander et al. [16] model 2.37 0.63
Karbhari and Gao [17] model 8.68 0.66
Samaan et al. [18] model 3.8 0.35
Toutanji [19] model 4.32 0.67
Lam and Teng [20] model 2.74 0.72
Teng et al. [21] model 2.13 0.73
Proposed model 1.93 0.74
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The performance of the proposed analytical strain model is given in Figure 3 using the database of
678 points with the R2 = 0.74 and RMSE = 1.93. These statistical indices show that the performance of
currently proposed strain model is better than that of the previously proposed models with significant
accuracy because the index of RMSE is less and index of R2 is higher for the proposed model which
is desirable.
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4. Validation of Proposed Empirical Model

For the validation of proposed strain models, a nonlinear FEA work was performed for FRP
confined concrete cylinders. The predictions of FEA model were compared with currently proposed
and previous strain models.

4.1. Nonlinear Finite Element Analysis (NLFEA)

Numerical methods are more efficient and economical tools as compared with experiments for
the structural analysis and engineering research [26]. These methods can save the cost and time by
developing the numerical models that can capture the complex damage behavior accurately. The finite
element modelling of cylinders confined with FRPs was done using the commercial software ABAQUS
(version 6.14, Simulia corp., Providence, U.S, 2013). The results of proposed model were validated
using the load-deflection curves from the literature [35]. A control cylinder was used to propose a
numerical model after the calibration of different parameters such as dilation angle, viscosity parameter
of concrete, mesh size and element types of the concrete. The behavior of concrete was simulated
by using concrete damaged plasticity (CDP) model and FRP wraps were simulated using Hashin’s
damage model [36,37]. To define the contact between concrete column and FRP sheets, a perfect
bond was defined by applying “tie” constraint between them. The accurate definition of the bonding
behavior between the FRP sheets and concrete is very important for the precise predictions [38,39].
The boundary conditions and meshing used in the numerical model of cylinder were presented in
Figure 7. The bottom end of cylinders was fixed for displacements and rotations in all directions
and displacement control technique was used for the application of load on the top surface. During
the calibration process of finite element model, the default values for shape factor Kc = 0.667, for
eccentricity = 0.1 and for compressive stresses ratios = 1.16 were taken to define the plastic behavior of
concrete in ABAQUS. The compressive behavior as shown in Figure 8a, was used for concrete in the
present study. The linear elastic behavior of concrete may be taken up to 0.4 fcm [40]. The relations
proposed by [41] were used to find the average compressive strain εc1 and the ultimate strain εcu1 of
the concrete as presented by Equations (16) and (17).

εc1 = 0.0014
[
2− e−0.024 fcm − e−0.140 fcm

]
(16)

εcu1 = 0.004− 0.0011
[
1− e−0.0215 fcm

]
(17)
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To define the stress-strain relationship of concrete, the model given by Eurocode [42] was used
given by Equation (18).

σc = fcm
kη− η2

1 + (k− 2)η
(18)

where,
k = 1.05Ecm

εc1

fcm
, η =

εc

εc1
(19)

The tensile behavior of concrete was defined by modified tension stiffening model [43] (see
Figure 8b).

A control model was selected for the calibration purpose having a single layer of FRP material
with compressive strength of 12.5 MPa. Firstly, the selected concrete cylinder was calibrated to achieve
a reliable finite element model (FEM) in which the numerical results of stress-strain are in close
agreement with experimental results and then, this calibrated model was utilized for the simulations
of all FRP-wrapped cylinders. Various viscosity parameters of 0.00001, 0.0010, 0.0030, 0.0055, 0.0070,
0.0090 and 0.0110 were studied to predict the effect of this parameter on the stress-strain behavior of
concrete. A viscosity parameter of 0.0055 gave the best approximation for the stress-strain behavior
of plain concrete and hence, this value was selected for the viscosity parameter of concrete in the
current work.

The effect of dilation angle, viscosity parameter and mesh size of concrete are shown in Figure 9.
The experimental peak value of stress was 12.5 MPa at a strain of 0.0017. From the first subplot of
Figure 9, it can be examined that the peak stress value matches the experimental value when the values
of the viscosity parameter and dilation angle are 0.0055 and 30◦, respectively. For dilation angle, the
Drucker–Prager plastic potential function was used as given by Equation (20).

G(σ) =

√
(εσtotanψ)2 + q2 +

1
3

I1tanψ (20)

where, αp is the dilatancy parameter according to Lee and Fenves [44] having a value of 0.2, for which
the dilation angle should be near to 30◦. After the calibration for dilation angle of concrete, the value
of 30◦ gave the best approximation as compared with the previous experimental stress–strain results of
the control specimen.
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Figure 9. Effect of (a) viscosity parameter, (b) dilation angle and (c) mesh size on stress–strain behavior
of control cylinder specimen (C12.5-1L).

The numerical model of the control cylinder presented here is highly depending upon the mesh
size because of the strain localization phenomena. To achieve better results of control specimen in
terms of load-deflection curve, it is important to use smaller mesh size but not enough smaller to
enhance the analysis time and burden of computer to solve the equations formed by the FEA procedure.
Different mesh sizes ranging from 10 mm to 40 mm were used to see the effect of the variation of
the mesh size dependency but found better results at mesh size of 20 mm. From Figure 9, a close
agreement with experimental stress was achieved when the mesh size of 20 mm was used with the
viscosity parameter of 0.0055 and dilation angle of 30◦. Similarly, it can be observed that the strain
of 0.0017 was achieved by using viscosity parameter, dilation angle and mesh size of 0.0055, 30◦ and
20 mm at the same time, respectively.

The influence variation of stress ratio, eccentricity and shape factor for the plastic behavior of
concrete in CDP model was also investigated but their effect on stress-strain behavior of cylinders was
negligible. Thus, the default values, i.e., Kc = 0.667, ε = 0.1 and σb0/σc0 = 1.16 were used. The effect
of different element types of concrete was also studied in this research. All the element library of
ABAQUS for the 3D stress elements of concrete was studied to check the effects of elements types
of concrete. The hexahedral, tetrahedral and triangular elements with different formulations were
analyzed giving the best approximate at C3D8R elements.

For the simulations of FRP sheets, the Hashin damage model was used. The FRP material can be
considered as a 2D filament object having different moduli of elasticity in longitudinal and transverse
directions and its behavior can be defined by two stages: the first is elastic stage defined by modulus of
elasticity and Poisson’s ratio as shown in Table 4 and the second is the plastic stage which is defined by
Hashin’s [37] failure model. ABAQUS Standard follows the Hashin’s theory [36,37] for the prediction
of damage criterion of FRPs using four damage mechanisms which are fiber tension and compression
and matrix tension and compression. The failure of FRP resulting due to shear can be defined by
Equation (21) as presented by [45]:

γxy = G−1
xyσxy + ασ3

xy (21)
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where, γxy is shear strain in x-y plain, Gxy is the shear modulus of elasticity of FRP and α is the
nonlinearity factor having a value of 55 × 10−5 MPa−3. The different variables for the Hashin damage
model are given in Table 5. The strength properties in the transverse direction were taken as small
values compared with the properties in longitudinal direction [30].

Table 4. Elastic behavior of FRP.

Property Value

Longitudinal modulus of elasticity, E1 (GPa) 230
Transverse modulus of elasticity, E2 (GPa) 16.583
Longitudinal-transverse Poisson’s ratio, υ12 0.3
Shear moduli G12, G13, G23 (MPa) 9188.5, 12259, 5911

Table 5. Damage variables of Hashin’s Model.

Property Value

Tensile strength in fiber dir. (MPa) 3900
Compressive strength in fiber dir. (MPa) 3120
Tensile strength in transverse dir. (MPa) 210.6
Compressive strength in transverse dir. (MPa) 643.5
Shear Strength in longitudinal dir. (MPa) 210.6
Shear Strength in transverse dir. (MPa) 276.9

4.2. Discussion of Results

Figure 10 shows the compressive strengths and strains of unconfined and confined concrete
cylinders tested in the previous study [35]. The average stress-strain curves of experimental cylinders
were plotted against the FEA results.
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The experimental results confirmed the increase in strength and ductility with the increasing
number of FRP layers. It was observed that the increase of 69.42% and 87.20% occurred in axial strength
of confined concrete of 12.5 MPa strength for single and double wraps of FRP, respectively and an
increase of 60.82% and 103.20% occurred for 16.5 MPa concrete with single and double wraps of FRP,
respectively as compared with plain concrete specimens. Similarly, the axial strain of cylinders was
increased by 409.26% and 277.78% using single layer of FRP and 464.81% and 459.72% using double
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layer of FRP with 12.5 MPa and 16.5 MPa, respectively. This discussion shows that the confinement is
effective in low strength concrete for both strength and ductility of concrete.

The average percentage discrepancies between the experimental and FEA results of FRP confined
concrete cylinders were 14.93% and 16.93% for axial strength and axial strain, respectively. These
discrepancies may be due to the minor inaccuracies due to the difference between actual and testing
and boundary conditions, assumptions made during FEA and the accuracy of the testing instruments.
However, the overall experimental stress-strain curves of all the cylinders were predicted accurately by
the FEA results showing that the selected constitutive FEA model can be utilized for the simulations of
FRP-confined concrete.

The crack patterns of some specimens obtained from FEA results are shown in Figure 11. The finite
element crack patterns were represented through maximum principal plastic strains because the
concrete damaged plasticity model (CDPM) assumes that the cracks in the concrete start when there
is a positive value of maximum principal plastic strain. The FEA cracks in concrete can also be
represented by tensile principal stresses [2,46]. Figure 11 represents the cracking patterns of a plain
concrete cylinder, a double-layered FRP cylinder with strength of 12.5 MPa and two cylinders with
single and double layers of FRP sheets having the concrete strength of 16.5 MPa. It can be visualized
that the FEA crack patterns are in a close agreement with the experimental cracks proving that the
FEA software ABAQUS accurately predicted the behavior of FRP-wrapped concrete. The FEA cracks
decrease with less expansion of concrete cylinders as the confinement thickness increases which is
experimentally true.
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The average percentage discrepancies of the predictions of proposed empirical strain model
from experimental and FEA results were 13.51% and 37.81%, respectively, which shows that the
proposed model can predict the strain of FRP-confined concrete. All the results for compressive strains



Appl. Sci. 2020, 10, 333 14 of 18

of confined concrete obtained from previously proposed empirical models, present experimental
measurements, numerical and empirical predictions are presented in Figure 12.
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The percentage discrepancies of strain models proposed by Fardis and Khalili [15],
Mander et al. [16], Karbhari and Gao [17], Samaan et al. [18], Toutanji [19], Lam and Teng [20]
and Teng et al. [21] from the experimental results were 25.34%, 10.07%, 103.01%, 3.80%, 16.47%, 25.61%,
and 27.00%, respectively. It can be visualized that the proposed analytical equation is giving more
precise predictions in comparison with experiments as discussed in the previous section. The maximum
error was represented by Karbhari and Gao [17] model with a discrepancy of 103.01%. This discrepancy
may be due to the reason that this model does not capture the true behavior of composite concrete
and considers the constant confinement level without confinement jackets. Moreover, this model was
proposed on the wrong assumption that the FRP material can reach its maximum tensile strength in
the transverse direction.

5. Parametric Studies

An extensive parametric study was performed by using the proposed empirical model to
investigate the effects of the parameters including (a) unconfined concrete strength, (b) elastic modulus
of FRP, (c) diameter of concrete cylinders and (d) total thickness of FRPs layers. For the study of
each parameter, the objective is to see the effect of that parameter on axial strain of confined concrete.
The constant and varying values of the studied parameters are shown in Table 6. The effect of any two
parameters was observed at a time in three-dimensional plots while keeping the other parameters
constant as shown in Figure 13.

Table 6. Statistical information of the parameters used in parametric studies.

Parameters Constant Values Varying Values

D (mm) 150 100, 150, 200, 250, 300, 350, 400, 450, 500, 550
nt (mm) 0.75 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95, 1.05
Ef (GPa) 200 110, 125, 140, 155, 170, 185, 200, 215, 230, 245
fco (MPa) 25 5, 10, 15, 20, 25, 30, 35, 40, 45, 50



Appl. Sci. 2020, 10, 333 15 of 18
Appl. Sci. 2019, 9, x FOR PEER REVIEW 16 of 19 

 

 

Figure 13. Parametric studies using proposed strain model. 

5.2. Effect of Cylinder Diameter (d) 

The diameters of concrete cylinders used for the parametric study are from 100 mm to 550 mm 
at an increment of 50 mm. The variation of 𝜀  due to the increase of concrete diameter (d) is 
presented in Figure 13a,b,f. It can be observed that the 𝜀 of concrete increases up to 84.14% when 𝑓ᇱ  increases from 5 MPa to 50 Mpa and d increases from 100 mm to 550 mm at constant Ef and nt. 
When d increases from 100 mm to 550 mm with an increase of Ef from 110 GPa to 245 Gpa, the 
decrement of 25.62% occurred in 𝜀. Therefore, it can be visualized that at lower diameters, the effect 
of Ef on 𝜀 is significant. Similarly, when the thickness of FRP increases from 0.15 mm to 1.05 mm 
at the same increase of d, an increase of only 6.82% occurred. However, at lower d, the effect of 
increasing the thickness of FRP is more significant. 

5.3. Effect of Elastic Modulus of FRP (Ef) 

The effect of variations of Ef is shown in Figure 13b,c,d. The different values used for the Ef are 
110 GPa to 245 GPa at an increment of 15 GPa. When the Ef increases from 110 GPa to 245 GPa with 
an increase of d from 100 mm to 550 mm, 𝜀 increases by 25.62%. Similarly, when Ef increases from 
110 GPa to 245 GPa and thickness of FRP increases from 0.15 mm to 1.05 mm, the increment in 𝜀 
was 133.80%. The combined effect of Ef and 𝑓ᇱ  was shown in Figure 13d, which represents that the 
increase of 58.57% occurred due to increase of Ef from initial to final value with an increase of 50 MPa 
in 𝑓ᇱ . This study concludes that the effect of increment of Ef is more significant for 𝜀 with the 
increase of nt. 

5.4. Effect of Thickness of FRP Layers (nt) 

The range of thickness of FRP layers was 0.15 mm to 1.05 mm at an increment of 0.10 mm. The 
effect of variations of thickness of FRP layers is shown in Figure 13c,e,f. When nt increases from 0.15 
mm to 1.05 mm and Ef increases from 110 GPa to 245 GPa, the increment in 𝜀 was up to 133.80%. 
When nt increases from 0.15 mm to 1.05 mm with an increase of 50 MPa in 𝑓ᇱ , 28.48% increase in the 𝜀 occurred showing that the effect of increasing the nt is more significant at higher values of 𝑓ᇱ . 
Similarly, the effect of increasing the nt at larger diameters of concrete was negligible, but at lower 
values of diameter, the effect of increment of nt on 𝜀 was significant as presented in Figure 13f. 

In general, by increasing the unconfined concrete strength (𝑓ᇱ ), the confined concrete strain (𝜀) increases slightly and by increasing the thickness of FRP (nt), there is a significant increase in 

Figure 13. Parametric studies using proposed strain model.

5.1. Effect of Concrete Compressive Strength ( f ′co)

The different values of unconfined concrete strengths ( f ′co) being used for the parametric study
are 5 MPa to 50 MPa at an increment of 5 MPa. The effect of f ′co variation is shown in Figure 13a,d,e.
It was noted that when f ′co increases from 5 MPa to 50 MPa and diameter of cylinder (d) increases from
100 mm to 550 mm at constant thickness (nt) and elastic modulus of fibers (Ef), the confined strain
(εcc) using the proposed model increases by 84.14%. When the elastic modulus of FRP increases from
110 GPa to 245 GPa at same increment of f ′co, the εcc of concrete increases by 58.57%. Similarly, when
the f ′co increases from 5 MPa to 50 MPa with the increase of fiber thickness from 0.15 mm to 1.05 mm,
an increase of 28.48% takes place in the εcc. This section shows that the effect of increment of f ′co is
more dominant when the diameter of specimen is increased. The hoop rupture strain of cylinders was
determined using Equation (4) [33].

5.2. Effect of Cylinder Diameter (d)

The diameters of concrete cylinders used for the parametric study are from 100 mm to 550 mm at
an increment of 50 mm. The variation of εcc due to the increase of concrete diameter (d) is presented in
Figure 13a,b,f. It can be observed that the εcc of concrete increases up to 84.14% when f ′co increases from
5 MPa to 50 Mpa and d increases from 100 mm to 550 mm at constant Ef and nt. When d increases from
100 mm to 550 mm with an increase of Ef from 110 GPa to 245 Gpa, the decrement of 25.62% occurred
in εcc. Therefore, it can be visualized that at lower diameters, the effect of Ef on εcc is significant.
Similarly, when the thickness of FRP increases from 0.15 mm to 1.05 mm at the same increase of d, an
increase of only 6.82% occurred. However, at lower d, the effect of increasing the thickness of FRP is
more significant.

5.3. Effect of Elastic Modulus of FRP (Ef)

The effect of variations of Ef is shown in Figure 13b–d. The different values used for the Ef are
110 GPa to 245 GPa at an increment of 15 GPa. When the Ef increases from 110 GPa to 245 GPa with
an increase of d from 100 mm to 550 mm, εcc increases by 25.62%. Similarly, when Ef increases from
110 GPa to 245 GPa and thickness of FRP increases from 0.15 mm to 1.05 mm, the increment in εcc was
133.80%. The combined effect of Ef and f ′co was shown in Figure 13d, which represents that the increase
of 58.57% occurred due to increase of Ef from initial to final value with an increase of 50 MPa in f ′co.
This study concludes that the effect of increment of Ef is more significant for εcc with the increase of nt.
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5.4. Effect of Thickness of FRP Layers (nt)

The range of thickness of FRP layers was 0.15 mm to 1.05 mm at an increment of 0.10 mm.
The effect of variations of thickness of FRP layers is shown in Figure 13c,e,f. When nt increases from
0.15 mm to 1.05 mm and Ef increases from 110 GPa to 245 GPa, the increment in εcc was up to 133.80%.
When nt increases from 0.15 mm to 1.05 mm with an increase of 50 MPa in f ′co, 28.48% increase in
the εcc occurred showing that the effect of increasing the nt is more significant at higher values of f ′co.
Similarly, the effect of increasing the nt at larger diameters of concrete was negligible, but at lower
values of diameter, the effect of increment of nt on εcc was significant as presented in Figure 13f.

In general, by increasing the unconfined concrete strength ( f ′co), the confined concrete strain (εcc)

increases slightly and by increasing the thickness of FRP (nt), there is a significant increase in εcc.
Similarly, the effect of the increase of elastic modulus of FRP (Ef) on εcc is significant. However, the
effect of increasing the diameter of concrete (d) was opposite. At lower values of diameter, the value of
εcc was higher.

6. Conclusions

The present study aims to evaluate the effectiveness and reliability of FRP wrapping on plain
concrete and to propose the FEA and empirical models for predicting the axial compressive strain of
FRP confined concrete. The main conclusions derived from the present study work are as given:

• The proposed analytical strain model performed well in the previous experimental database of
678 samples with R2 = 0.74 and RMSE = 1.93. Thus, the performance of proposed model on the
previous experimental database shows its superiority over the previous models.

• The FEA performed in the present study shows that the average percentage discrepancies between
previous experimental and current FEA results for FRP confined concrete cylinders were 14.93%
and 13.88% for strength and strain, respectively. It shows that the finite element (FE) model traced
the experimental behavior of FRP-confined concrete accurately.

• The average percentage discrepancy for axial strain between the previous experimental and
proposed empirical model results was only 13.51%. Similarly, the average percentage discrepancy
for axial strain between present NLFEA and proposed empirical model results was only 37.81%.
Thus, the proposed empirical model for confined concrete strains was in a close agreement for
performance with the experimental and NLFEA results.

• The parametric study using the proposed empirical model concluded that the axial confined
strain of concrete increases with the increase of unconfined strength and thickness of FRP layers
and its elastic modulus, while no significant effect was observed for increasing the core diameter
of concrete.

• From the comparisons of this study, it can be concluded that the proposed empirical and FEA
models can predict the axial strain of FRP-confined concrete with accuracy and are helpful for
engineers in analyzing and designing the FRP-confined concrete compression members.
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