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Abstract: This paper investigates theoretically the
performance of square solid reinforced concrete
(RC) columns circularized with concrete segments
and strengthened with Carbon Fiber Reinforced
Polymer (CFRP) under bi-axial load eccentricities.
The layer-by-layer method is presented to calculate
the axial load and bi-axial bending moment. The
theoretical results were first verified with
experimental results of uni-axially loaded
circularized and CFRP confined square solid RC
columns. Also, they were verified with experimental
results of bi-axially loaded square solid RC columns
that exist in the literature. It was proved that the
adopted theoretical models and layer-by-layer
method were in good agreement with the
experimental results. After validating the reliability
of the theoretical model, this study theoretically
examined the performance of CFRP confined
circularized square solid RC columns under bi-axial
load eccentricities subjected to the effect of the
number of layers of CFRP and the effect of
unconfined concrete strength. It was found that
circularization increased the performance of CFRP
confined square solid RC columns under bi-axial
eccentricity for the axial load and bi-axial moments.
However, the performance was less than that of the
corresponding columns subjected to uni-axial load
eccentricity. Also, the performance of CFRP
confinement increased with the number of CFRP
layers and the unconfined concrete strength.
Furthermore, the CFRP confinement performance
was less significant with higher bi-axial eccentricity.
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1. INTRODUCTION

The change in seismic maps, the modification ductility compared to steel [1-4]. Columns are
of structure usage, aging of structures, and important structural members that withstand
degradation of structures due to the the loads from slabs and beams and transfer
environment, in addition to the cost of them to the foundation. The columns are
demolishing and constructing new buildings, designed according to the types of the
are behind the motivation of the rehabilitation transformed load. The types of applied loads on
of concrete structures. The strengthening of a specific column depend on its location.
concrete structures aims to enhance the Columns can be subject to either concentric or
behavior of concrete in terms of strength and eccentric axial loads. The eccentric loads can
ductility under various applied loads. Fiber- result in either uni-axial bending moment or bi-
reinforced polymer (FRP) is one of the axial bending moment according to the position
preferred materials for strengthening and of the applied eccentric axial load with the axis
upgrading concrete members. The FRP of the cross-section (Fig. 1). For non-circular
materials are desired over steel due to their columns, the eccentric load in some cases
higher corrosion resistance, strength-to-weight applied at the same time about both principle
ratio, and flexibility in strengthening concrete axes, in this case the bi-axial bending design of
members against shear, bending, strength, and column should be considered.

Main reinforcement
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Fig. 1 Position of the Applied Eccentric Loads.

Square RC column
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Many research studies showed that FRP
confinement improves the behavior of solid
concrete columns in terms of strength and
ductility [5, 6]. Numerous studies investigated
the confinement of columns under axial
concentric loading [5-11]. Few studies have
investigated the FRP confinement under uni-
axial eccentric loads, in which the column is
subjected to eccentric axial load and uni-axial
bending moment [12-14, 15, 16]. Few research
studies investigated the behavior of bi-axially
loaded FRP confined solid columns [17-19].
Many research studies investigated the
confinement efficiency for solid columns with a
large range of corner radii [20, 21]. Most
previous research studies reported that
reducing the corner sharpness results in higher
confinement efficiency, in which the circular
sections results in the highest confinement
efficiency. One of the methods to eliminate the
corner sharpness is by attaching one precast
concrete segment to each sides of the non-
circular column. These segments change the
cross-section into a circle before wrapping with
the required number of FRP [22-27]. The
circularization can increase the strength,
ductility, and bending moment capacity of FRP
confined square solid concrete columns under
different uni-axial load eccentricities [22].
However, the behavior of FRP confined
circularized concrete columns subjected to bi-
axial bending moment is not understood. The
number of transverse layers of FRP and the
eccentricity of the applied load can significantly
affect on the confinement. The higher number
of transverse layers of FRP results in higher
confinement effectiveness for solid columns as
the stiffness of wrapping materials increases [8,
21, 28, 29]. Also, higher load eccentricity
reduces the efficiency of confinement for solid
columns. [22]. Based on the above literature, it
has been found that, there was no study has
examined the behavior of the FRP confined
circularized square solid concrete columns
subjected to bi-axial bending moment. Also,
due to the square shape of the original core
column of circularized specimens, bi-axial load
eccentricities need to be considered. To fill this
gap, this paper examines theoretically the
behavior of FRP confined circularized square
solid RC concrete columns subjected to bi-axial
bending moment. For this purpose, constitutive
confinement strength and strain models
available in the literature, along with the layer-
by-layer technique, are presented in this study
to calculate the load and the bi-axial bending
under different bi-axial eccentricities. To justify
the validity of the theoretical analysis for
predicting the axial load and the axial/bi-axial
bending, the theoretical results were compared
with the experimental results for bi-axial
analysis of square solid columns [19] and uni-
axial analysis of circularized solid RC columns

[24]. After justifying the validity of the
theoretical analysis, the axial load-bi-axial
bending moment interactions are presented,
and a parametric study was conducted to
investigate the effects of the number of CFRP
layers, as well as different unconfined concrete
strengths, on the axial load and corresponding
bi-axial bending moment. The methodology of
the analysis is deeply detailed in the theoretical
section.

2, THEORETICAL ANALYSIS

In this section, theoretical analysis for the FRP
confined solid RC column’s section is presented
to calculate the axial load-uni-axial/bi-axial
bending moment for columns under load
eccentricities. The assumptions of the section
analysis before and after the analysis are
explained. The constitutive strength and strain
models for unconfined and confined concrete
available in the literature are adopted to
determine the ultimate confinement strength
and strain, in addition to stress-strain formulas.
Also, the modeling of steel bars and FRP sheets
is detailed. The analysis process and steps for
the layer-by-layer method, in which the section
is divided into layers, are illustrated.
2.1.Modelling of Circularized Solid
Concrete Specimens Confined with FRP
The literature showed that the behavior of
circularized specimens is similar to that of
circular specimens [22, 24]. Therefore, the
circularized specimens in this study are
modeled as circular specimens regardless of the
probable debonding between the precast
concrete and the core column. The lateral
expansion of concrete due to Poisson’s effect
results in the confinement of the wrapped FRP,
which resists the increased diameter and
changes the state of stresses of concrete from
bi-axial into tri-axial. Based on the equilibrium
of the forces on the confined section, the FRP
confinement pressure (f,,,¢) is determined as:

2(EfrupKe €rp)t
fconf, _ ( frup e frp) (MPa) (1)

where Egy, is the elastic modulus of FRP, t is
the nominal thickness of FRP, R is the radius of
the column, and k. is the strain efficiency
factor; a value of 0.586 was used for k., which
was initially used in Lam and Teng [30] and
multiplied by the &g, i.e., the maximum FRP
strain in the coupon test, to present the real
rupture strain of FRP (g¢yp).
Lam and Teng [30] presented a model to
determine the strength for circular concrete
columns confined with FRP, as follows:

fcc fconf.

- = — 2

o TR, )

where f., is the unconfined concrete strength,
f.. is the compressive strength of FRP confined
concrete, and k is a factor used, i.e., equals 3.3.
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In the present study, the strain at ultimate
stress of FRP confined concrete developed in
Lam and Teng [31] was used as:

f € 0.45
Eou = 0o [1.75 + 12— (—“'r“") ] 3)

co 8(3()
Eh,rup
€co
strain divided by the unconfined axial strain
corresponding to the unconfined concrete
strength f.,, and e, is the strain at ultimate
stress of FRP confined concrete.
The stress at a certain strain of confined
concrete specimens was calculated by adopting
the Lam and Teng’s model [31], as follows:

2 .
o {Ecsc _ BB g ce < Ho (g)
ci —

where represents the FRP hoop rupture

af,, E.— Ez
feo + Eze. forg < g. < g 5)

2f,

where is the portion of transition

C

between the linear first stage (unconfined
concrete) and the second stage (confined
concrete) in the axial stress-axial strain
behaviour, ¢ is the axial strain corresponding
to stress (f.) of the confined concrete, ¢, is the
ultimate compressive strength of the confined
concrete, f‘z‘;ﬁ is the slope of linear second part
cu

of the axial stress- axial strain curve of confined
concrete, and E is the modulus of elasticity (the
slope of the first part). E. was calculated
according to ACI 318 M-2011 [32], as follows:

E. = 4730 \[f:, (MPa) (6)

2.2.Modeling of RC Columns

The confinement of steel ties was ignored in this
paper, according to ACI 318 M-2011 [32],
similar to that of circular steel helices. The
compressive strength of the unconfined
concrete was calculated by the axial stress-axial
strain model proposed in Popovics [33], as

follows:

fc = ch £co (0_1+(€’:C_C())u) (7)
— EC
O Lk (8
¢ £co

The model developed by Tasdemir et al. [34]
was adopted to determine ¢, according to:

£ = (—0.0067f,," +29.9, +1053)x10° (9)
2.3.Steel Reinforcement Modelling
It is well known that the behavior of steel used
as reinforcement is elastic up to the yield
strength (f,y). The axial compressive stress and
axial tensile stress of steel bars (f;) were
calculated by multiplying the axial strain (g5) by
the elastic modulus (E,), to yield:

f = Eggs < f (10)

2.4.Modeling of FRP Materials
The FRP is a linear elastic material, in which the
tensile stress of FRP was calculated as:

fFrp = EFrp SFrp = ffrup (11)

2.5.Axial Load-Bending Moment
Interactions (Theoretical Modelling
using Layer by Layer Method)

In this study, the layer-by-layer method was
presented to determine the axial load-bending
moment behavior where, the column’s section
was divided into a finite number of layers with
Ah thickness (Ah = 1mm in this study). Only the
compressive strength of concrete was
considered, while the concrete was neglected in
the tension zone. The plain section was
assumed to remain plain under bending and the
slip between the concrete and the embedded
steel reinforcement and/or the FRP was
neglected. Also, no debonding was assumed
between the concrete segments and the square
column. Figure 2 illustrates the sketch of the
cross-section for the circularized specimens.
The details of the symbols in Fig. 2 are as
follows:

y;i =R, —Ah(i—0.5) (12)
where y; is the distance between the center of
the iy, layer and the center of the circular
section, R, is the radius of the circular section,
and i is the distance between the furthest top
point of the section and the bottom of the i,
layer (Fig. 2).
where the width of the i, layer was calculated
as:

b; =2 /(R% -y?) (13)

The axial strain at the center of the iy, layer (&)
. . . Vi .

is a linear promotional (a) to the maximum
axial strain at the furthest compressed fibre
(gcy), along the depth of the cross-section, as

shown in Fig. 2, and was calculated as:
vi
Eci = Scua (14)

where dy is the distance from the furthest
compression fibre to the neutral-axis.
The stress at the iy, layer (f,;) was calculated
using the stress-strain model developed by Lam
and Teng [31] for FRP confined concrete (Egs.
9 and 10).
After determining the stress and strain at each
layer, the axial load of the iy layer was
determined as:

P = f(;i A (15)
where (A;) is the area of the iy, layer.
The bending moment(M,;) in the iy, layer was
calculated as follows:

M= Puy (16)
where (P) is the load in the iy, layer.
The strain at each longitudinal steel bar (g;)
was calculated from:

dn—dsi
&i = Ecu dn (17)

where dg; is the distance between the centre of
the steel bar and the centre of the circular
section. The negative and positive values of €g;
refer to the condition of the longitudinal steel
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bar under tension and compression,
respectively.
The compressive and tensile stresses (f;;) of the
longitudinal steel bar were calculated by
multiplying the elastic modulus of the steel bar
(E;) by the strain of the steel bar (g;) as:
fg =Eseg < fsy (18)
where fg; is the yield stress of the steel bar.
The tensile force/compressive force (Fg;) of the
longitudinal steel bar was determined by the
multiplication of the tensile/compressive stress
(fs) by the area of the steel bar (Ay;), as follows:
Fi = Asifsi (19)
The total axial load of the specimens was
determined from:
Pu =0.85 Z?:l Pci + Z:lzsl l:“si (20)
The total moment of the specimens was
determined from:

M, = P:ll M, + ZP:SII) Fsi Vsi (21)
where nl is the layers’ number of concrete in the
circular section, and nsb is the number of
longitudinal steel bars. The eccentricity was
calculated by dividing M,, by P,. The theoretical
calculations were applied using an Excel sheet.
An initial value of eccentricity (e) was used.
Then, by iterations, the calculations continued
until the required eccentricity was reached.
Then, the iterations stop, in which the values of
axial load and bending moment were adopted.
In this section, the available experimental
results were adopted to justify the
aforementioned theoretical analysis, in
predicting the axial load-uni-axial/bi-axial
bending moment for the CFRP confined
circularized solid RC columns. The theoretical
results were justified with the experimental
results in Punurai et al. [19] for bi-axial analysis
of square solid RC columns and with the
experimental results in Pham et al. [24] for uni-
axial analysis of circularized solid RC columns.
Details of the experimental investigations and
results, including failure mode, axial load-axial
deformation behaviors, and flexural behavior,
were reported in Punurai et al. [19] and Pham
et al. [24]. The experimental program for each
study was briefly detailed.
3.1.Experimental Study in Punurai et al.
[19]

Punurai et al. [19] tested five CFRP-wrapped
RC slender columns under combined axial
load-bi-axial bending moment, i.e., tested to
failure. The specimens were designed with a
quarter scale. The specimens were designed
according to the ACI code with a square cross-
section of 76mm side length and 1220mm
length. The bi-axial eccentric loading of
50.8mm was applied by heavy RC loading
brackets of 178x178x203 mm cast at each side.
The compressive strength of concrete was
targeted to be 40MPa. The steel reinforcement
of the specimens was designed with four No.10
rebars as main longitudinal reinforcement tied

with gage 12 plain steel as transverse
reinforcement distributed at 76mm center-to-
center space. The concrete cover was 12.7mm.
The first specimen was designed as a control
specimen without CFRP wrapping. Four
specimens were confined with CFRP sheets.
The CFRP sheets were applied as follows: One
transverse CFRP layer, double transverse CFRP
layers, one longitudinal layer, and a combined
longitudinal layer and transverse layer for the
second, third, fourth, and fifth specimens,
respectively. However, only the specimen that
was wrapped with two transverse layers of
CFRP was considered in the present study. All
specimens were subjected to displacement-
controlled loading of 1.3mm increments per
minute. The strength, ductility, and failure
mode were reported. More details are reported
in [19].

3.2.Experimental Study in Pham et al.
[24]

Pham et al. [24] investigated experimentally
the behavior of CFRP-wrapped square solid
concrete columns circularized with precast
concrete segments having different
compressive strengths. Sixteen reinforced
concrete columns were prepared and tested.
The columns were classified into four groups of
four columns. The columns in the first group
were circularized with concrete segments
having the same concrete strength as the core
solid column, and then confined with three
CFRP layers. The square cross-section of
columns in the second and third groups was
changed to circular using concrete segments
having the concrete strength of 43MPa and
100MPa, respectively, and then wrapped with
three layers of CFRP. However, only the
columns in the first group were considered for
verification in the present study. The core
specimens were designed with a square cross-
section of 150mm side length and 8oomm
height, and the circularized specimens had a
212.12mm diameter. The steel reinforcement of
all specimens was four 12 mm deformed
longitudinal bars of 568MPa tensile strength
and 6mm plain transverse steel ties of 478MPa
tensile strength placed at 120 mm center to
center. The compressive strength of concrete
was 44MPa. Three specimens from each group
were tested as columns under axial concentric,
25 mm axial eccentric and, 50 mm axial
eccentric loads. One specimen from each group
was tested as beam under a four-point load. The
average maximum tensile force per unit length
of the wrapping material (CFRP) from the
coupon test performed according to ASTM
D7565 [35] was 2089N/mm, the strain at the
maximum tensile strength was 0.0174mm/mm,
and the modulus of elasticity was 121kN/mm.
More details of the experimental study can be
found in Pham et al. [24].
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3.3.Verification of Theoretical Axial
Load-Bi-axial Moment Interactions for
Square Solid RC Specimens with the
Experimental Results
Table 1 shows the experimental results of the
research studies selected from the literature
versus the theoretically calculated results. The
experimental moment of the tested column
specimens and beam specimens was calculated
from Egs. 22 and 23.

M, = Py (e + 8) (22)

My, = Poax (1/6) (23)
where B, is the maximum axial load, e is the
applied eccentricity, 6 is the lateral deflection,
and [ is the length of the span for the beam
specimens, i.e., [ =700 mm for the FRP
confined circularized beam specimen. For the
FRP confined square solid RC columns
subjected to bi-axial bending moments, the
experimental axial loads were 1.04 and 1.02
times the theoretical axial load for specimens
C2 and C4, respectively. Also, the experimental
bi-axial bending moment was 1.04 percent and
1.03 times the theoretical bi-axial bending
moment for specimens C2 and C4, respectively.
For the FRP confined circularized square RC
columns subjected to uni-axial bending
moments, the experimental axial loads were
0.99, 0.86, and 0.87 times the theoretical axial
load for specimens in group Cf under concentric
load, 25 mm eccentric, load and 50 mm
eccentric load, respectively. Also, the
experimental uni-axial bending moment was 1.1
and 0.96 times the theoretical uni-axial
bending moment for specimens in group Cf
under 25 mm eccentric load and 50 mm
eccentric load, respectively. It is clear from
Table 1 that the layer-by-layer technique with
the aforementioned confined and unconfined
concrete models was in good agreement with
the experimental results.
3.4.Theoretical Axial Load-Bi-axial
Bending Moment Interactions for
Circularized CFRP Confined Solid
Square RC Specimens (Parametric
Study)
The axial load-bi-axial bending was compared
with its counterpart’s axial load-uni-axial

Table 1 Experimental vs. Theoretical Results.

bending moment to investigate the effect of
loading conditions. Furthermore, to evaluate
the influence of the number of CFRP layers and
the influence of different concrete compressive
strength on the behavior of circularized square
solid RC specimens, a parametric study was
conducted theoretically.

The specimens considered were a square solid
RC specimen of 150 mm side length and
8oomm height that was modified into a circular
section of 212mm diameter and confined with a
different number of CFRP layers. The steel
reinforcement of core square RC specimen was
four deformed bars of 500MPa tensile strength
and 12mm diameter as main reinforcement tied
with plain steel of 250MPa and 6mm diameter
as stirrups. The CFRP had a 500MPa tensile
strength per unit length and 0.016mm/mm
ultimate tensile strain. Both the core square RC
specimen and the circularizing concrete
segments were considered with 47MPa
concrete strength. The aforementioned models
and the layer-by-layer method were utilized to
present the axial load-bending moment
interactions. The considered circularized RC
columns are classified into two groups. The
specimens in the first group were subjected to
concentric, 25mm uni-axial load eccentricity,
somm uni-axial load eccentricity, and four-
point load. The specimens in the second group
were subjected to concentric, 25mm bi-axial
load eccentricity, 50mm bi-axial load
eccentricity, and four-point load. The
considered specimens are nominated as
follows: the C letter refers to Circularized, the F
letter refers to FRP wrapping, and then the B or
U refers to either Bi-axial or Uni-axial load
eccentricity. The n, i.e., 1,2, 3, or 4, refers to the
number of CFRP layers, and the fc, i.e., 30,35,
40, or 45, refers to the compressive strength of
unconfined concrete. For example, CFB-n=3
refers to the specimen circularized and
wrapped with three layers of CFRP and
subjected to bi-axial load eccentricity, and
specimen CFU-fc=35 refers to the specimen
circularized and wrapped with CFRP having
concrete of 35MPa unconfined compressive
strength.

Specimen as
Study nominated in the

Load Eccentricity

Load Bending moment
(P) (kN) (M) (kN-m)

experimentalstudy ex(mm) ey(mm) Exp. Theo. Pixp/Prheo Ebxp  Ttheo. Mexp/Mitheo.
Punurai C2 50.8 50.8 43.6 41.8 1.04 3.13 3 1.04
etal. [19] C4 50.8 50.8 45 44 1.02 3.23 3.14 1.03
Cf-o 0 0 3400 3411 0.99 - - -
Pham et Cf-25 25 o 1513 1756 0.86 49 44 1.1
al.[24] Cf-50 50 o 969 1117 0.87 53.5 56 0.96
Cf-f flexural 0 0 0 0 43 20.8 -
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Fig. 2 Sketch of Stress and Strain Profile of FRP Confined Circularized Column under bi-Axial Load
Eccentricity with (Layer by Layer Method).

3.4.1.Effect of Number of Layers of CFRP
on The Axial Load-Uni-axial Bending
Moment and Axial Load-Bi-axial
Bending Moment Interactions for
Circularized Square Solid RC Columns
(Comparative Study)

Two groups were considered to examine the
influence of the number of CFRP layers (1, 2, 3,
and 4) on the axial load and corresponding
bending moment of the CFRP confined
circularized columns. Figure 3 presents the
axial load-bi-axial bending interactions for the
RC columns circularized and wrapped with
different numbers of layers of CFRP (nL=1, 2, 3,

3500

3000

2500

< 2000
©
©
o
—
= 1500
x
<
1000

500

and 4). Figure 3 shows that the ultimate axial
load and the corresponding bi-axial bending of
the circularized RC columns increased with the
number of CFRP layers under bi-axial load
eccentricity. However, the effectiveness of
CFRP number of layers on the axial load and bi-
axial bending moment decreased with the
increased load eccentricity. Similar outcomes
were reported by Li and Hadi [36]. This
behavior can be explained by the reduced
compression zone of the concrete section, and
the column becomes more controlled by the
tension failure with the increased eccentricity.

—@— CFB-n=1
—aA: - CFB-n=2
--#--CFB-n=3
—il— CFB-n=4

30 40 50 60

Biaxial. Bending Moment.

Fig. 3 Axial Load-bi-Axial Bending Moment Diagram of Circularized Columns Wrapped with
Different Numbers of CFRP Layers.
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Figure 4 presents the comparative behavior
between the uni-axially and bi-axially loaded
circularized square solid RC columns with
different numbers of CFRP layers (1, 2,3, and
4). It can be clearly seen in Fig. 4 that the CFRP
performance was lower for bi-axially loaded
specimens than their counterparts, uni-axially
loaded specimens with the same number of
CFRP layers. The difference in the axial load
was high for the columns when subjected to
25mm eccentricity compared to 50mm
eccentricity. Also, the uni-axially loaded
specimens under 25mm load eccentricity
showed higher bending moment than their
counterpart bi-axially loaded specimens for
different numbers of CFRP layers. However, it
is clear from Fig. 4 that the higher moment for
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uni-axially loaded specimens than the bi-axially
loaded specimens was more significant when
the specimens were subjected to 25mm
eccentricities than that of 50mm eccentricities.
This behavior is due to the arrangement of the
steel geometry in both cases. The two main steel
bars were under compression, and the other
two steel bars were under tension for the uni-
axially loaded specimen. While for the bi-axially
loaded specimens, there was one steel bar in the
compression region and another steel bar in the
tension region. On the other hand, for
specimens subjected to 5o0mm load eccentricity,
most of the steel bars became under tension
position for uni-axially and bi-axially loaded
specimens, which can reduce the difference
between the two cases.
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Fig. 4 Comparative Axial Load-Bending Moment Diagram of Uni-Axially and Bi-Axially Loaded
Circularized Columns Wrapped with Different Numbers of CFRP Layers.

3.4.2.Effect of Unconfined Concrete
Compressive Sirength on the Axial
Load-Uni-axial Bending Moment and
Axial Load-Bi-axial Bending Moment
Interactions for Circularized Square
Solid RC Columns (Comparative Study)
To examine the effect of unconfined concrete
compressive strength on the axial load-bending
moment interaction of bi-axially loaded CFRP

confined circularized concrete columns and
compare the results with their counterparts,
uni-axially loaded specimens, two groups of
four specimens were considered herein.
Specimens in the first group were subjected to
bi-axial load eccentricity, while the specimens
in the second group were subjected to uni-axial
load eccentricity. The four specimens in each
group were considered to have different
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unconfined concrete compressive strengths of
30, 35, 40, and 45. Figure 5 presents the axial
load-bi-axial bending moment interactions for
the circularized RC specimens. Figure 5 shows
that the wultimate axial load and the
corresponding bi-axial bending moment of the
circularized RC columns increased with the
unconfined concrete compressive strength
under bi-axial load eccentricity. However, the

3000
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1500

1000

Axial. Load (kN).

500

effectiveness of the unconfined concrete
compressive strength on the axial load and
corresponding bi-axial bending moment
decreased with the increase in the load
eccentricity. This behavior can be due to the
reduction in the compression zone of the
concrete section, in which the confined
concrete is reduced with the increased
eccentricity.

=@ CFB-f'c=30 mPa
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e=ff= CFB-f'c=40 mPa
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Fig. 5 Axial Load-bi-Axial Bending Moment Diagram of Circularized Columns Wrapped with
Different Unconfined Compressive Strengths of Concrete.

Figure 6 compares the uni-axially and bi-axially
loaded circularized square solid RC columns
with different unconfined concrete compressive
strengths of 30, 35, 40, and 45 MPa. It can be
clearly seen in Fig. 6 that the CFRP
performance was lower for bi-axially loaded
specimens than their counterparts, uni-axially
loaded specimens with the same unconfined
concrete compressive strength. The difference
in the axial load was high for the columns when
subjected to 25mm eccentricity compared to
s5omm eccentricity. Also, the uni-axially loaded
specimens under 25mm load eccentricity
showed higher bending moment than their
counterpart bi-axially loaded specimens for
unconfined concrete compressive strength.
However, it is clear from Fig. 6 that the higher
moment for uni-axially loaded specimens than
the bi-axially loaded specimens was more
significant when the specimens were subjected
to 25mm eccentricities than that of 5omm
eccentricities. This result might be because of
the arrangement of the steel geometry in both
cases. The two main steel bars were under
compression, and the other two steel bars were
under tension for the uni-axially loaded
specimen. For the bi-axially loaded specimens,
one steel bar was in the compression region,
and one steel bar was in the tension region. On
the other hand, for specimens subjected to
somm load eccentricity, most of the steel bars

became under tension position for uni-axially

and bi-axially loaded specimens, which can

reduce the difference between the two cases.
4.CONCLUSIONS

This study investigates theoretically the axial

load-bi-axial bending moment of the

circularized and CFRP confined RC columns.

The theoretical study was justified with

previous experimental studies. Then, it

investigated the effect of the number of CFRP
layers and the unconfined concrete
compressive strength on the axial load-bi-axial
bending moment of the square circularized and

CFRP confined RC specimens under different

uni-axial and bi-axial load eccentricities.

According to the theoretical results, the

following conclusions are drawn:

e The layer-by-layer method with Lam and
Teng’s models showed reasonable
theoretical results for the axial load and bi-
axial bending moment compared to the
experimental results adopted from the
literature.

e The increased number of layers of CFRP
increased the performance of the axial load
and bi-axial bending moment of the

circularized CFRP confined concrete
specimens. However, the performance
decreased with the increased load

eccentricity. It was the highest for the
concentrically loaded specimens..
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e The increased unconfined concrete
compressive  strength increased the
performance of the axial load and bi-axial
bending moment of the circularized CFRP
confined concrete specimens. However, the
performance decreased with the increased
load eccentricity. It was the highest for the
concentrically loaded specimens.

e The CFRP confined circularized concrete
specimens sustained lower axial load and
bending moment when subjected to bi-
axial load eccentricity compared to uni-
axial load eccentricity.
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NOMENCLATURE

RC Reinforced Concrete
CFRP Confinement with Fiber Reinforced Concrete
Efyp  Elastic Modulus of FRP, GPa

t Nominal Thickness of FRP, mm

R Radius of the Column, mm

Fon Unconfined Concrete Strength, MPa

f;c Compressive Strength of FRP Confined
Concrete, MPa

E, Modulus of Elasticity of Unconfined, GPa

E, Modulus Of Elasticity of Confined Concrete,
GPa

E Elastic Modulus of Steel, GPa

Eprp Elastic Modulus of FRP, GPa

Vi Distance from the Furthest Compression Fiber
to the Neutral-Axis, mm

R, Radius of the Cross Section, mm

by Number of Layer

dy Distance from the Furthest Compression Fiber
to the Neutral-Axis, mm

P, Axial Load of the iy, Layer, N

M, Bending Moment(M,) in the iy, Layer, N-m

P, Axial Compressive Load of the Specimens, N

M, Moment Capacity of the Specimens, N-m

Pnox  Maximum Axial Load, N

e Applied Eccentricity, mm

ex Eccentricity in the X axis, mm

ey Eccentricity in the y axis, mm

Greek symbols
feonr.  Confinement Pressure of FRP, MPa
ke Strain Efficiency Factor

€ryp  Maximum Strain of FRP mm/mm

Hoop Rupture Strain of FRP, mm/mm

Axial Strain of Unconfined Concrete, mm/mm

Strain at Ultimate Stress of FRP Confined

Concrete, mm/mm

f Axial Compressive Stress and Axial Tensile
Stress of Steel, MPa

fsy Yield Strength of Steel, MPa

€ Axial Strain of Steel, mm/mm
frrp Axial Tensile Stress of FRP, MPa
Errp Axial Strain of FRP, mm/mm
€ Axial Strain At the Centre Of The iy, Layer,
mm/mm
) Lateral Deflection, mm
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