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Abstract Although many numerical investigations are avail-
able on external strengthening of reinforced concrete
columns using fiber-reinforced polymer jackets, there are
few numerical investigations presented on rectangular/square
reinforced concrete columns subjected to cyclic lateral load-
ing. In the present work, numerical analyses on square rein-
forced concrete columns strengthened using fiber-reinforced
polymer and steel bars were carried out. This paper is divided
into two parts. In the first part, two numerical models were
presented to predict the cyclic behavior of the columns
strengthened using either glass fiber-reinforced polymer or
steel bars. The results of the first part showed a good accor-
dance between the numerical modeling and the experimental
laboratory tests. The second part reports a numerical investi-
gation that evaluates the comparative behavior of reinforced
concrete columns strengthened with glass fiber-reinforced
polymer subjected to cyclic lateral loading, in which a
parametric study related to the amount of the glass fiber-
reinforced polymer material wrapping with 1-3 layers was
performed. The results of the parametric study revealed that
although the general behaviors of the columns are slightly
similar in terms of load capacity and maximal displacement,
the solicitations at the glass fiber-reinforced polymer material
scale and the values of the cracks corresponding to the maxi-
mum load are different. The main objectives of this numerical
modeling were to provide a comparison between the numer-
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ical models and the experimental tests and to show the
necessity to perform more complex numerical simulation to
describe the behavior of strengthened materials in finer scale.
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1 Introduction

Many existing reinforced concrete (RC) frames buildings
located in the seismic zones are deficient to resist moderate
to severe earthquakes [1]. The need to improve the resis-
tance performance of the existing buildings is a more and
more pressing in the area of rehabilitation of the concrete
structures. In order to ensure compliance with the security
levels required by various applicable regulations, including
requirements in deformability and in resistance, the struc-
tural members may need to be upgraded to current seismic
requirements, as existing structural components inadequately
reinforced may be deficient in terms of their seismic strength.
Strengthening such elements is a method to increase the flex-
ural [2], axial compressive [3] and shear strengths [4]. The
methods of strengthening depend on the type of structure
and loading. For structures subjected mainly to static loads,
increasing flexural and axial compressive strengths is more
considerable. For structures subjected mainly to dynamic
load, increasing flexural and shear strengths is more consid-
erable, and improving column ductility and rearrangement
of column stiffness can be achieved by repairing techniques.
Among several techniques of strengthening of structural ele-
ments, the composite materials as the most commonly used
fiber-reinforced polymers (FRP) due to their high longitudi-
nal modulus of elasticity, high ultimate strength and the weak
resistance variation between them are quoted. The columns
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are more critical members in a concrete structure. Their fail-
ure may lead to a partial or even a total collapse of the whole
structure. The behavior of structures under cyclic loads can
be used as mean of evaluating the behavior of structures using
different types of strengthening [5-8].

Significant researches have been devoted to RC columns
strengthened using FRP, and numerous models were pro-
posed. Mazzucco et al. [9] simulated the behavior of concrete
columns strengthened with carbon fiber-reinforced polymer
under axial loading using a damage model. The model was
applied on circular and square columns under monotonic
compressive loading. Manal [10] verified the performance
of FRP strengthened concrete columns under combined
axial-flexural loading where it has presented an optimization
technique for retrofitting RC columns using FRP. The same
type of loading was performed in experimental investiga-
tion on rectangular RC columns using carbon fiber-reinforced
polymer (CFRP) by Alireza et al. [11]. Various parameters
such as CFRP thickness, eccentricities, and fiber orientation
were considered. From the study, it was found that the over-
all behavior of the specimens revealed an increase in the
moment capacity and stiffness with an improvement of duc-
tility causing a greater level of energy dissipation. Increasing
the number of longitudinal layers would improve the CFRP
stiffness decreasing the curvatures.

Najwa et al. [12] performed an investigation on different
types of cross sections of concrete columns, including circu-
lar, square and rectangular strengthened with fiber-reinforced
polymer composites. A modified concrete damaged plastic-
ity (MCDP) was used in this investigation. The influence of
the different input parameters of concrete damages plasticity
model on the monotonic behavior was studied, and it was
shown that the MCDP predicts the monotonic stress—axial
strain response of the FRP-confined concrete columns. In
[13], Barbato performed a simple frame finite element model
in which the load-carrying capacity and ductility of rein-
forced concrete circular columns confined with externally
bonded fiber-reinforced polymers are estimated. The collapse
mechanism, reinforcement steel yielding, and FRP rupture
can be simulated by this model. Jinsup et al. [14] performed
experimental and numerical studies on the seismic perfor-
mance of non-seismically detailed RC columns retrofitted
with glass fiber-reinforced polymer (GFRP) strengthening
device in order to improve the shear strength and ductility of
weak-in-shear columns. It was found that the improvement
in shear behavior is observed by comparing strains in the
transverse re-bars, which are increasing when more amount
of GFRP strip is incorporated to the column. In [15], Fate-
meh et al. studied the behavior of RC columns confined by
FRP and conventional lateral steel reinforcement and a con-
stitutive stress—strain model was implemented.

Almost all the previous studies were undertaken at the full
scale of the RC columns strengthened with FRP. There are
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few studies which attempted to model the finer scale of the
structural elements in order to take into account the parame-
ters that influence the structural behavior at coarse scale. In
this paper, numerical simulations of RC columns strength-
ened with composite materials are presented. This paper is
presented in two parts. In the first part, numerical models are
developed to predict de behavior of experimental columns
strengthened with GFRP and steel bars under cyclic lateral
loading. The second part reports a comparative study related
to the amount of the GFRP material wrapping with vary-
ing the number of layers (from 1 to 3) in order to describe
its influence on the RC columns behavior and to reveal the
necessity of applying a multi-level model to describe the real-
istic behavior of RC columns strengthened with GFRP at the
full scale.

2 Research Significance

The use of externally bonded FRP composite for strengthen-
ing and repair can be a cost-effective alternative for restoring
or upgrading the performance of existing concrete columns.
Even though a lot of research has been directed toward cir-
cular columns, relatively less works have been performed on
square and rectangular columns, to examine the effects of
external confinement on the structural performance. How-
ever, the vast majority of all columns in buildings are square
and rectangular columns. Therefore, their strength and reha-
bilitation need to be given attention to preserve the integrity
of building infrastructure. This paper contributes to the
understanding of the cyclic behavior of square RC columns
strengthened with GFRP and steel bars using the finite ele-
ment modeling.

3 Experimental Program Description

According to the experimental tests performed in the Lab-
oratory of Civil Engineering Faculty, Department of CCIA
[16] (see Figs. 1, 2), two RC columns were strengthened
either using GFRP or steel bars. For the first column strength-
ened using GFRP (named C6C1-GW-BC), lateral winding
of GFRP jackets was applied on the base of the column.
The overlap length of the GFRP jackets was 600 mm. No
anchorage of the GFRP jackets to the footing of the col-
umn was applied in the experimental tests (see Fig. 5c). It
should be noted that the notation C6C1-GW-BC means that
the concrete column (C6C1) was wrapped using glass FRP
(GW) and confined in its base (BC). For the second column
strengthened using steel bars (named C3C-BM-AF), two
longitudinal steel bars were placed on left and right sides
of the base of the column and chemically anchored to the
footing. Vertical silts were cut into the cover concrete, about
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Fig. 1 General view of experimental stand element C6C1-GW-BC
after retrofit with crack pattern [16]

Fig. 2 General view of experimental stand element C3C-BM-AF after
retrofit with crack pattern [16]

2cm deep. Afterward, holes were drilled in the footing of the
column for anchorage of the steel bars. The steel bars were
placed into the holes and chemically anchored to the footing
using the resin anchor HILTI HIT-RE500. According to the
technical data of the resin anchor HILTI HIT-RE500 [17],
anchorage of the steel bars was performed using a length of
180 mm. The last step of the strengthening using steel bars is
the filling of the vertical silts using epoxy mortar. The overlap
length of the steel bars at the base of the column was 700 mm.
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Fig. 3 Plan of reinforcement elements

It should be noted that the notation C3C-BM-AF means that
the concrete column (C3C) was strengthened using steel bars
(BM) and these bars were anchored to the footing (AF). Since
the implementation of this concept in Japan in the 1980s, this
technique has been widely used. Its great advantage is the
flexibility offered in terms of adaptability to different section
shapes and positions of elements.

The details of the geometry and reinforcement of the
columns are shown in Fig. 3. Using presses application of
hydraulic force, the attempts were subjected to cyclic lat-
eral loading without axial force. To generate lateral load,
hydraulic pump was used in experimental tests (see Fig. 4).
The steps of the preparation of the columns strengthening are
presented in Fig. 5.

The compression tests on concrete and tensile tests on steel
bars were carried out in order to determine the strength char-
acteristics of the columns. The mechanical characteristics of
the reinforced concrete and the diameters of the steel bars are
shown in Tables 1 and 2, respectively. A test on a reference
column was made to determine the limit of elastic behavior
of the column [16]. The results showed that the elastic limit
is achieved when the loading reaches 25kN corresponding
to the displacement of 24 mm.

4 Finite Element Modeling

The aim of the numerical analysis is the description of the
behavior of the RC columns as were done experimentally.
Two RC columns strengthened with either steel bars (Fig. 6)
or GFRP materials (Fig. 7) were modeled. 2D finite element
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Fig. 4 Elements of the test bench

model was created using the software of analysis of con-
crete and reinforced concrete structures ATENA [18]. From
the element library of ATENA software, 2D four-node solid
structural element (SBETA) was used to model the concrete
of the columns. The solid element has four nodes with two
degrees of freedom in each node, namely translations in x
and y directions. Steel bars and GFRP bars were represented
by two-node structural bar elements.

The application of loading on the studied columns was
performed similar to the experimental tests [16] and was
divided into two phases. In the first phase, several load steps
of imposed force (each having a value of 1kN) were applied
until the model reaches the elastic limit. In the second phase,
several load steps of imposed displacement (1 mm each) were
applied until failure. Five monitoring points were defined in
order to control force and displacement, namely one mon-
itoring point for control of displacement (D1) (see Fig. 8)
and four monitoring point for control of force at the load
application points (right and left of the column). The five
monitoring points were situated at a same point of load appli-
cation. InFig. 8, U and P represent the imposed displacement
and force, respectively. The signs ‘4’ and ‘—’ represent the
right and left direction, respectively. The column strength-
ened with GFRP was subjected to the same values of the
imposed step forces and step displacements (1 kN for force
and 1 mm for displacement) similar to the column strength-
ened with steel bars. The numerical analysis was terminated
when the 75% of the ultimate load was reached. The geom-
etry of the columns and the load application were similar
to the experimental ones. The mechanical characteristics of
GFRP and steel bars used in this study are shown in Table 3.

5 Constitutive Model Law

Nonlinear behavior for concrete was used. For the model
of strain softening of the concrete in compression, strain
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softening law based on strain was used. In this case, the soft-
ening law is defined by means of the softening modulus. The
model of tensile softening was used with the exponential
crack opening law based on the crack band theory [19]. This
formulation is suitable for modeling of crack propagation in
concrete.

Based on the smeared crack concept, the rotated crack
model [20] for cracks was used in order to take into
account the rotation of the cracks directions when the
principal strain axes rotate during the loading. The stress—
strain behavior of reinforcing steel was represented by
the nonlinear stress—strain relationship and cyclic rules
proposed by Menegotto and Pinto (Fig. 9) [21]. As no
debonding was observed during the experimental tests, per-
fect bond between reinforcing materials (GFRP and steel
bars) and concrete was considered in the numerical model-
ing.

6 Comparison of the Numerical Analyses with the
Experimental Results

6.1 Column Strengthened with Steel Bars

The experimental and numerical lateral force—displacement
relationships of the column strengthened using steel bars are
presented in Fig. 10. From the figure, it was observed that
the maximum displacement in the numerical analysis and
experimental test was 54.04 and 55.00 mm, respectively, and
the maximum force supported by the column in the numer-
ical analysis and experimental test was 49.24 and 38.15kN,
respectively. The results showed that the model overestimates
the force supported by the column. However, it gives a good
estimate of the ultimate displacement. The overestimation
of the force can be observed because of some micro-cracks
appeared in the concrete before starting the loading, these
micro-cracks may occur because of the non-hydration of
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Fig. 5 Samples preparation: a
cleaning of surface, b uniform
application of the epoxy resin
correction, ¢ application of
wrapping tissue of GFRP, d
application of side bars [16]

Table 1 Mechanical characteristics of concrete

Table 2 Mechanical characteristics of steel bars

Concrete C16/20 Steel bars ¥18, #10, #12 and #16

Compressive Elastic modulus Tensile strength Tensile strength Elastic modulus Density
strength (MPa) E (MPa) (MPa) (MPa) E (MPa) (kg/m3)
27.5 34,500 2.187 560 200,000 7850

some particles of cement. It can be seen that the numerical
model presents a similar rigidity comparing to the experi-
mental one.

Figures 11 and 12 show the failure of the column strength-
ened using steel bars in experimental test and numerical
modeling, respectively. Since the steel bars were anchored
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Fig. 6 Layout of steel bars [16]

Fig. 7 Layout of GFRP sheets [16]

to the support of the column, the base of the column was not
fractured while vertical cracks appeared at the contact zone of
the concrete with the longitudinal steel bars when the cyclic
lateral loading is increased. The observed failure illustrated
in Fig. 12 obtained with the numerical model reflects the
failure mode of the column in experimental test.

@ Springer
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Fig. 8 Displacement and force application points [16]

Table 3 Mechanic characteristics of GFRP and steel bars

Nr. Material Elastic Tensile Density Thickness
modulus strength (kg/m3 ) (mm)
E (MPa) (MPa)
1 GFRP 70,000 2250 2530 0.17
2 BM 200,000 560 7850 # = 12mm
fs
PP | -
Egec =b X Es
ES

Fig. 9 Menegotto—Pinto stress—strain model [20]

6.2 Column Strengthened with GFRP

Figure 13 shows the behavior of the column strengthened
using GFRP in numerical analysis and experimental test. The
maximum displacement and load of the numerical model
were 77.82mm and 28.01 KN, respectively, while for the
experimental test were 78.34 mm and 31.85 kN, respectively.
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Fig. 10 Curve of comparison between the numerical and experimental test for the column C3C-BM-AF

Fig. 11 Observed failure mechanism of the column C3C-BM-AF in
experimental [16]

These results showed a small difference in the displacement
with 0.67% and a difference with 12.83% of force over in
experimental test comparing to the numerical modeling. The
slight difference for the numerical behavior is observed in
the little smaller areas enclosed by the hysteretic behavior
model and a slightly higher peak load capacity. This may
be attributed to the numerical model in which perfect bond
between concrete and GFRP and negligence of GFRP creep
for the short-term cyclic loading were assumed. However,
it is seen from the figure that the ductility of the column is
predicted close to the ductility achieved by the experimental
results. The ultimate displacement is well predicted by the

Y

Fig. 12 Observed failure mechanism of the column C3C-BM-AF in
numerical modeling

numerical model. In general, the numerical model reflects
the behavior of the column experimentally studied.

Although modeling cyclical pattern of material was
refined and calibrated to reflect properly the behavior of
the column, it should be noted that these types of model-
ing are sensitive to material changes in microscale that may
be encountered in the real elements (aggregate uniform in
shape and size, compaction slightly different element on its
height, contact FRP-concrete, etc).

Failures of the column studied in experimental test and
numerical modeling are illustrated in Figs. 14 and 15, respec-
tively. The crack increases in number and width at the base
of the column when the load is increased. Because of the
no anchorage of the GFRP material to the support, it is seen

@ Springer
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Fig. 13 Curve of comparison between the numerical and experimental test for the column C6C1-GW-BC

Fig. 14 Observed failure mechanism of the column C6C1-GW-AF in
experimental [16]
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Fig. 15 Observed failure mechanism of the column C6C1-GW-AF in
numerical modeling

that the GFRP wrap and the base of the column were frac-
tured when cyclic lateral loading was increased. It is shown
from the figures that the numerical analysis reflects the failure
mode of the column experimentally tested.

@ Springer

7 Comparative Study on the Behavior of the RC
Column Strengthened with GFRP

7.1 Numerical Modeling and Characteristics of the
Column

In this part, numerical investigation that evaluates the com-
parative behavior of RC column strengthened using GFRP,
under cyclic lateral loading without axial force, was reported.
Parametric study related to the amount of the GFRP material
wrapping with varying the number of layers was performed,
in order to describe the influence of number of GFRP layers
on the RC columns behavior. Three models of square cross
sectional columns were modeled under cyclic lateral load-
ing without axial force. The number of GFRP layers was
varying from 1 to 3 layers. The computation of these models
was performed using the software of analysis of concrete and
reinforced concrete structures ATENA [18].

The analysis study was performed on the same column
presented in Fig. 3 of the first part, with the same character-
istics of the concrete and reinforcement presented in Tables 1
and 2 (see above). The characteristics of the GFRP composite
material are shown in Table 4.

The loading application of the column used in this study
was performed with the same loading application noted in
Sect. 4 for the column C6C1-GW-BC (see above Fig. 7).
Perfect elastoplastic model for steel bars was used. For the
GFRP material, bilinear model was used.

7.2 Results and Comparison

The numerical results of the column strengthened using
GFRP with varying the number of layers from 1 to 3 layers
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Table 4 Characteristics of GFRP composites

Material Elastic modulus E (MPa) Tensile strength (MPa) Density (kg/m?) Thickness (mm) Limit strain (%)
GFRP 70,000 2170 5530 " .
Force - Displacement ——GW 3 Layers

< GW 1, 2 and 3 Layers ——GW 2Layers

Al 40 ~— GW 1Layer

e

S

e

-80 o
Displacement [mm]

Fig. 16 Behaviors of the column strengthened with 1-3 GFRP layers

are illustrated in Fig. 16. Due to the rupture of GFRP layers,
it is seen from the figure that all the columns strengthened
using 1, 2 and 3 layers reach their maximal load capacities
of 29kN, while around 60 mm of maximal displacement was
estimated. Itis illustrated from the figure that adding the num-
ber of GFRP layers to the RC columns did not enhance their
capacity to support more than 29 kN. This may be because of
two reasons. First, the applied load considered in this study
was only cyclic lateral loading without an axial force. Second,
GFRP material was applied laterally at the base of the col-
umn without anchorage to the support. However, it is shown
in the figure that after the columns reach 20 mm of displace-
ment, the residual displacement is decreased in the case of
the columns strengthened with 2 and 3 GFRP layers com-
paring to the column strengthened with only 1 GFRP layer.
Therefore, it can be seen that adding the number of GFRP
layers can be advantageous to limit the residual displacement,
and consequently the damage for such a case of strengthen-
ing and loading type. This can be improved by comparing the
crack width of each column. The obtained values of the crack
width corresponding to the maximum load of the columns
strengthened with 1, 2 and 3 GFRP layers were 16.9, 11.9
and 10.9 mm, respectively. It can be seen that the values of
the crack decrease with increasing the number of layers. It

proves that adding the number of GFRP layers limits the
apparition of the damage.

In order to describe with more details the behavior of the
columns strengthened using different number of GFRP lay-
ers (1-3 layers), it was necessary to highlight the different
parameters that characterize the behavior of the strengthen-
ing material at GFRP material scale. Using ATENA code,
the maximum values of partial internal forces (internal force
in each node of bar element of GFRP), stress and strain in
each bar element of GFRP were obtained. These values are
illustrated in Table 5. The first column of the table (Nr) rep-
resents the number of GFRP bars in the critical zone starting
from the base of the column (see above Fig. 7).

It can be seen from Table 5 that the values of partial inter-
nal force, stress and strain change when the number of GFRP
layer is increased. It was observed that although the general
hysteretic behavior of the columns strengthened with differ-
ent number of layers is similar in terms of load capacity and
maximal displacement, the solicitations at the GFRP materi-
als scale are different. Figures 17, 18 and 19 show the ultimate
values of partial internal force, stress and strain at the GFRP
material scale of the column strengthened with 1-3 GFRP
layers.

From these curves, the difference of the solicitations was
observed as follows:

@ Springer
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1 8 Conclusions
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¥ Numerical investigations were performed on square RC

columns strengthened with composite materials. These numer-

ical investigations were presented in two parts. In the first

8 part, comparative study between numerical modeling and
experimental tests of RC columns strengthened with GFRP
and steel bars was presented. It was concluded that both
numerical models for the columns strengthened with GFRP
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1-3 GERP layers the cyclic behavior of RC columns strengthened with differ-
ent types of composite materials.

In the second part, comparative study on the RC column
with varying the number of GFRP layers (from 1 to 3) was
performed. The results showed similarity of the hysteretic
behavior in terms of load capacity and maximal displace-
ment. However, decreasing of residual displacement and

1230 limiting the crack width (damage) were observed when addi-
tional GFRP layers were added. This proves the efficacy of
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adding the number of layers in such a case of strengthening
square RC columns subjected to cyclic lateral loading. Fur-
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behavior of the columns strengthened with different number
of GFRP layers is similar in terms of load capacity and max-
Fig. 18 Ultimate values of stress of the column with 1-3 GFRP layers ~ 1mal displacement, the solicitations at the GFRP materials
scale are different, namely partial internal force, stress and
strain. It was concluded that varying the number of GFRP lay-
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