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Analytical investigation on the behavior of circular and square RC columns
strengthened with RPC and wrapped with FRP under uniaxial compression

Abstract

This paper presents an analytical approach to predict the uniaxial compression behavior of circular and
square reinforced concrete (RC) columns strengthened with reactive powder concrete (RPC) jackets and
wrapped with fiber reinforced polymer (FRP). The analytical axial load-axial strain responses of the
strengthened RC columns were compared with experimental axial load-axial strain responses. The
analytical approach presented in this study conservatively predicted the ultimate axial load of the
strengthened RC columns. Also, a parametric study was carried out to investigate key factors that
influence the axial load-axial strain response of the strengthened RC columns. It was found that the ratio
of the RPC jacket thickness to the diameter or side length of the base RC column significantly influenced
the service axial load, ultimate axial load and ductility of a strengthened RC column.
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Abstract

This paper presents an analytical approach to predict the uniaxial compression behavior of
circular and square reinforced concrete (RC) columns strengthened with reactive powder
concrete (RPC) jackets and wrapped with fiber reinforced polymer (FRP). The analytical axial
load-axial strain responses of the strengthened RC columns were compared with experimental
axial load-axial strain responses. The analytical approach presented in this study conservatively
predicted the ultimate axial load of the strengthened RC columns. Also, a parametric study was
carried out to investigate key factors that influence the axial load-axial strain response of the
strengthened RC columns. It was found that the ratio of the RPC jacket thickness to the
diameter or side length of the base RC column significantly influenced the service axial load,

ultimate axial load and ductility of a strengthened RC column.
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1. Introduction

Reinforced concrete (RC) columns in vital infrastructure such as high-rise buildings and
highway bridges may need to be rehabilitated due to a number of reasons. These reasons
include deterioration due to the corrosion of steel reinforcement, inadequate design, functional
changes and construction errors. Jacketing with RC is one of the most widely practiced
techniques for strengthening deficient RC columns because of the ease of the construction and
availability of the construction materials [1-3]. The traditional RC jacket is usually applied to
the RC column by casting a concrete layer reinforced with steel bars and ties or with welded
wire fabric around the column. The strength, stiffness and ductility of the deficient RC columns
improve by the RC jacket [4, 5]. However, jacketing with RC is associated with a few
disadvantages including increases in the dead load, requirements for the dowelling and
anchoring with the base RC column, slow progress of the construction and decrease in the

available space of the strengthened structure [1, 3].

Several studies investigated the behavior of RC columns strengthened with high strength
RC jackets. Takeuti et al. [6] revealed that the use of high strength RC jacket decreased the
thickness of the jacket and achieved the required load capacity. However, the concentrically
loaded RC column strengthened with high strength RC jacket usually shows a quasi-linear
response up to the maximum axial load followed by a sudden drop in the axial load [7].
Jacketing with high strength RC also has disadvantages similar to the jacketing with normal

strength RC including the dowelling and anchoring with base RC columns.
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Jacketing with steel has been widely used for retrofitting RC columns. However, steel
jackets experience poor corrosion resistance. Steel jackets may also experience buckling during

the installation and service life [8, 9].

Structural rehabilitation of RC columns with fiber reinforced polymer (FRP) has been
increased rapidly worldwide. The FRP composite has a high strength to weight ratio and high
corrosion resistance. From a practical point of view, the FRP composite can be easily wrapped
around RC columns [9, 10]. It is well known that the strengthening of RC columns with FRP
depends mainly on the lateral confinement pressure [8]. However, the confinement pressure
decreases when RC columns are subjected to eccentric axial loads [11, 12, 13, 14]. Also,
confinement pressure decreases with the increase in the diameter of the column. Moreover,
FRP wrapping provides only a negligible enhancement in the yield strength and maximum
flexural load of RC columns [15]. Although circular FRP jackets generate uniform confinement
pressures onto the concrete column, square FRP jackets generate nonuniform confinement
pressures onto the concrete column due to the stresses concentration at the corners of the
column. As a result, the confinement efficiency of square FRP jackets is less than the

confinement efficiency of circular FRP jackets [16].

The shape modification of the square columns to circular columns is one of the techniques
used for improving the confinement efficiency of square RC columns [13]. Precast segments
constructed with normal and high strength concrete were used as shape modifiers for square
RC columns [13, 17]. However, it was found that precast concrete segments can be damaged
during the installation with the concrete core [17]. Therefore, precast segments constructed

with steel fiber reinforced concrete were recommended [17].
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The reactive powder concrete (RPC) is a high-performance concrete with a dense structure
containing fine particles graded to compact efficiently [18, 19]. The homogeneous structure
and the presence of steel fiber within the matrix decreases the differential tensile strain and
increases the energy absorption of the RPC [19]. Lee et al. [20] and Chang et al. [21] used the
RPC as a novel repairing and strengthening material for small concrete specimens. Hadi et al.
[22] and Algburi et al. [23] used the RPC jacket and FRP wrapping as a new jacketing system
for strengthening RC columns. In Hadi et al. [22], circular RC column specimens were
strengthened by a thin layer of RPC and wrapped with carbon fiber reinforced polymer (CFRP).
The specimens were tested under concentric axial load, eccentric axial loads and four-point
bending. It was found that jacketing with RPC and wrapping with FRP was an effective
technique for increasing the yield load, ultimate load and energy absorption of circular deficient

RC columns.

Algburi et al. [23] used the RPC as a new shape modification and strengthening material for
square RC columns. The square RC column specimens were circularized with RPC jackets,
wrapped with CFRP and tested under concentric axial load, eccentric axial loads and four-point
bending. The RPC was found to be an efficient shape modification material for the square RC
columns. Circularization of the square RC column specimens with the RPC jackets increased
the yield load, ultimate load and energy absorption of the specimens significantly. It was also
found that wrapping the RPC strengthened columns with FRP increased the ultimate load and

energy absorption of the columns.

It is evident that the jacketing systems proposed in Hadi et al. [22] and Algburi et al. [23]
were effective for strengthening the circular and square RC columns, respectively. However, a

significant number of experimental and theoretical studies are required before the wide
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practical application of these jacketing systems. Hence, the aim of this paper is to develop an
analytical approach for the axial load-axial strain responses of circular and square RC columns

strengthened with RPC jackets and wrapped with FRP.

This paper presents an analytical approach for investigating the responses of the circular and
square RC columns strengthened with RPC jackets and wrapped with FRP under axial
compression. This paper also presents a parametric study to investigate the most important
parameters that influence the axial load-axial strain responses of the strengthened circular and
square RC columns. The parametric study investigates the influence of confinement ratio,
unconfined compressive strength of the RPC jacket and the ratio of the RPC jacket thickness
to the diameter or side length of the base RC column on the axial load-axial strain response,
ductility and service axial load of the strengthened RC column. The analytical approach

developed in this study can be used as a guideline for strengthening deficient RC columns.

2. Development of the analytical axial load-axial strain responses of the strengthened RC
columns

2.1. Theoretical assumptions

In this study, a deficient circular RC column with a diameter d and area of longitudinal steel
bars A is assumed to be strengthened with a circular RPC jacket and wrapped with FRP. The
RPC jacket is assumed to have a constant thickness t. Also, a deficient square RC column with
a side length b is assumed to be circularized with RPC jacket and wrapped with FRP. The RPC
jacket for the square RC column is assumed to have a thickness t; at the middle of the square
section and a thickness t, at the corners of the square section. The strengthened circular and

square RC columns are assumed to have a diameter D. Figure 1 shows the cross-sections of
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circular and square RC columns constructed with normal strength concrete (NSC),

strengthened with RPC and wrapped with FRP.

The axial load of circular or square RC column strengthened with RPC jacket and FRP
wrapping is assumed to be the summation of the axial load components of the confined NSC
of the core, confined RPC of the jacket, and longitudinal steel bars. The experimental axial
load-axial strain responses of the specimens tested by Hadi et al. [22] and Algburi et al. [23]
showed that confinement of the RPC jacket and the internal lateral steel reinforcement did not
influence the axial load-axial strain response of the specimens up to the ultimate axial load.
However, the confinement effect of the lateral steel reinforcement was significant after the
ultimate axial load and the columns achieved a softening response. The softening response
represents the behavior of the base RC column. As this study investigates analytically the
responses of the strengthened RC columns up to the ultimate axial load, the confinement effect

of the lateral steel reinforcement was ignored.

Figure 2 shows the conferment effect of the FRP on the RPC jacket and the concrete core
of the base RC column. It is noted that both NSC and RPC in the strengthened columns are
subjected to the same external lateral confinement pressure by the FRP wrapping. Therefore,
the axial load of the strengthened RC columns calculated in this study took into the account the
axial compressive stress of the FRP-confined NSC for the core, the axial compressive stress of
the FRP-confined RPC of the jacket and the axial compressive stress of the longitudinal steel

bars.
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2.2. Modelling of NSC, RPC and longitudinal steel bars

In this study, a full bond between the deformed steel bars and the NSC core as well as a full
bond between the RPC jacket and the NSC core were assumed to be achieved. The last
assumption was based on the studies of Hadi et al. [22] and Algburi et al. [23] in which a full
bond between the RPC jacket and the NSC core was achieved by adequately preparing the
surface of the base RC column. Therefore, the axial compressive strains in the NSC, RPC and
the longitudinal steel bars were assumed to be equal up to the ultimate axial load.

Over the last two decades, several models were presented to depict the response of the FRP-
confined concrete under uniaxial compressive load [9, 24, 25]. The model proposed by Lam
and Teng [25] for the FRP-confined concrete in circular columns was adopted in both ACI
440.2R-2008 [26] and ACI 440.2R-2017 [27]. Also, Lam and Teng [25] model was validated
with a large experimental testing database. Therefore, the FRP-confined compressive stress of
the NSC (f..,) for a given axial compressive strain of €, was calculated using the stress-strain

model in ACI 440.2R-2017 [27], as follows:

(Eco B EZO)Z 2

fcco= ECOSC_TSC OSSCSSto

fclo + EZOEC €to < €c < €cco (1)

2fz
0 = T~ By @

co 20

Ezo _ fcco;‘" - fco (3)

cco
Eco == 4730 fclo (4)

where £, is the unconfined compressive strength of the NSC. The f,., is the FRP-confined

compressive strength of the NSC.



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

The f.., was calculated using Eq. (5) [27].

fc’co = fc’o + 3-3Lpfkafl (5)

where W is a reduction factor, which was taken as 0.95 [27] and k,, is a shape modification

factor, which was taken as 1 [27].

The f; is the lateral confinement pressure by the FRP, which was calculated using Eq. (6).

_ Znthfo
fi= Te (6)

where n is the number of the FRP layers, ¢ is the thickness of the FRP layer, Ef is the modulus

of elasticity of the FRP layer and €, is the effective strain of the FRP layer.

In ACI 440.2R-2017 [27], €, is recommended to be 0.55&f,, where g, is the ultimate

tensile strain of the FRP determined by the flat coupon test.

The €., is the compressive strain of the NSC corresponding to the FRP-confined

compressive strength of the NSC. The €., was calculated using Eq. (7) [27].

0.45
€cco = €co [1-5 + 12kb£_/f)(gf_e) ] <0.01 (7)

€co
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In Eq. (7), €., is the compressive strain of the unconfined NSC at f/,, kb is the shape

modification factor, which was taken as 1 [27].

It is important to note that ACI 440.2R-2017 [27] reported that improvement in strength of
concrete having compressive strength equals to or more than 70 MPa should be based on
experimental results. Several experimental studies showed that the axial strength of RPC
columns with compressive strengths of 110-160 MPa was improved by FRP wrapping [19, 22,
23]. Xiao et al. [28] revealed that the models proposed for the confined compressive strength
of the NSC closely predicted the confined compressive strength of the high strength concrete.

Therefore, the FRP-confined compressive stress of the RPC jacket (f.;) was modelled using

the stress-strain model in ACI 440.2R-2017 [27] as:

2
(ECj _Ezf) 2

E.ie. — - € 0<e <g;
fccj = e 4fcj ‘ ¢ Y (8)
fC,j + EszC Stj < €c < Sccj
ey = —Jei 9)
E.; — Ej;
gy, = Lo e (10)

Eccj

where fc’j is the unconfined compressive strength of the RPC and E; is the modulus of
elasticity of the RPC. The E.; was calculated using Eq. (11), which was proposed by Ahmad

et al. [29].
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E.; = 4360 / £l (11)

The f¢; is the FRP-confined compressive strength of the RPC, which was calculated using

Eq. (12) [27].

feej = fej +33%¥kafi (12)

The €, is the compressive strain of the RPC jacket corresponding to the confined

compressive strength of the RPC, which was calculated using Eq. (13) [27].

0.45
gccj = Scj [15 + 12kb ﬂ(gf_e) < 0.01 (13)

7
fcj Ecj

where €.; is the axial compressive strain of the unconfined RPC at f7;.

To model the axial compressive stress in the longitudinal steel bars (f;), an elastic—perfectly

plastic model was used.

fs = Esgc < fy (14)

where Ej is the modulus of elasticity of steel, which can be taken as 200 GPa and f;, is the yield

strength of steel.

The axial load of circular and square RC columns strengthened with RPC jacket and FRP

wrapping was calculated using Eq. (15).

10
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Nt = fccj(At _Ag) + fcco(Ag - As) +Asfs 0< €c < Eccj (15)

where N; is the axial load of the strengthened RC column, A; is the total cross-sectional area

of the strengthened RC column and A is the gross cross-sectional area of the base RC column.

It is noted that the experimental axial load-axial strain responses for the strengthened
circular and square RC columns showed three ascending branches. The first branch represents
the response of unconfined NSC core and unconfined RPC jacket, the second branch represents
the response of confined NSC core and unconfined RPC jacket and the third branch represents
the response of confined NSC core and confined RPC jacket. However, all the available stress-
strain models were derived to illustrate the response for concrete columns having one type of
concrete. These models usually present the response of concrete column in two branches
represent the unconfined concrete and confined concrete, respectively. For NSC, the
confinement effect usually occurs at an axial compressive strain of about 0.002, which
represents the compressive axial strain corresponding to f,,. Therefore, the analytical axial
load-axial strain in this study is presented in two branches. The first branch is up to an axial

strain of 0.002 and the second branch is up to £.;.

The axial loads calculated using Eg. (15) were generally higher than the experimental axial
loads for the axial strains higher than 0.002. This was probably because of the multiple
confinement effect of the NSC and RPC in the second branch of the axial load-axial strain
response (after compressive strain of 0.002). In the second branch, the RPC was not confined
up to an axial compressive strain of about 0.003. After the axial compressive strain of 0.003,

the confinement effect of RPC started. However, the confinement efficiency of the RPC is less

11
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than that of the NSC. The different confinement efficiencies of the NSC and RPC may
complicate the calculations and lead to a non-conservative ultimate analytical axial load.
Therefore, reduction factors were used for the compressive stresses of the NSC and RPC
corresponding to the axial compressive strains higher than 0.002. As a result, the final axial
load of circular and square RC column strengthened with RPC jacket and FRP wrapping at any

axial compressive strain were calculated as follows:

Ni = feej(Ar — Ay) + frco(Ag — As) + Asfs 0 <eg.<0.002 (16.1)

Ny = 0.72f.j(A, — Ay) + 0.85f.co(Ay — As) + Asfy  0.002 < g, < g; (16.2)

where 0.72 and 0.85 are reduction factors. The reduction factors have been included to achieve
a conservative ultimate analytical axial loads. Also, the column behavior changed from a quasi-
bilinear behavior to an initial quasi-linear behavior followed by a transition region with
softening response then linear ascending response. The last behavior agrees with the observed
behavior of FRP-confined ultra-high strength concrete investigated in a recent study by de
Oliveira et al. [30]. Since the RPC is considered an ultra-high strength concrete, the use of the
reduction factors was required to match the behavior of the FRP-confined RPC in axial load-
axial strain response of strengthened RC column. Egs. (16.1) and (16.2) are proposed to depict
the axial load-axial strain response of base RC column constructed from NSC of compressive
strength 20 MPa to 50 MPa and strengthened with RPC of compressive strength > 95 MPa then

wrapped with FRP.

12
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2.3 Service axial load of the strengthened RC columns

Under the service axial load, the concrete of the base RC column and the strengthened RC
column should not reach the lateral cracking strain. Also, the longitudinal steel bars should not
reach the yield strain [15]. Therefore, ACI 440.2R-17 [27] limits the service stress in the
concrete to 60% of the compressive strength of concrete and the service stress in the steel to
80% of the yield strength of steel. In this study, the service axial load of the circular or square
RC column strengthened with RPC and wrapped with FRP (S;) was calculated from the

transformed-section analysis using Eqgs. (17), (18) and (19) whichever is lower.

0.6f 17
S = ECCO [Ej(At - Ag) + EC(Ag — As) + EsAq] 0
c
0.8f 1
S = E—y [Ej(At - Ag) + EC(AQ - AS) + Es4s] to
N
0.6f..; 1
S = E.CC] [Ej(At - Ag) + Ec(Ag - As) + EsA] o
j

2.4 Ductility of the strengthened RC columns

The ductility of the strengthened RC columns in this study was calculated based on energy
absorption. The ductility was calculated as the area under the axial load-axial strain curve up
to the axial compressive strain corresponding to the ultimate axial load to the area under the
axial load-axial strain curve up to the axial compressive strain of 0.002. The axial compressive
strain of 0.002 was assumed to represent the yield axial strain. This is because the axial
compressive strain of 0.002 corresponds to the unconfined compressive strength of NSC core

and is lower than the yield strain of steel bars [31].

13
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3. Experimental program and results

3.1. Description of the specimens

This section presents the experimental results of base and strengthened RC column specimens
tested under concentric axial load. Full details about the preparation of the specimens and
testing procedure can be found in Hadi et al. [22] and Algburi et al. [23]. Each of these two
studies involved testing 16 column specimens, and in this study only two specimens are
considered from each of these studies. In Hadi et al. [22], two circular RC column specimens
were constructed from NSC. One of these two circular RC column specimens was considered
as a reference specimen and identified as Specimen C. The other specimen was strengthened
with RPC, then wrapped with CFRP and identified as Specimen CJF. In Algburi et al. [23],
two square RC column specimens were cast with NSC. One of these two square RC column
specimens was considered as a reference specimen and identified as Specimen S. The other
specimen was circularized with RPC, then wrapped with CFRP and identified as Specimen

SJF.

The RC column specimens were tested using a Denison compression testing machine with
a capacity of 5000 kN. The data were acquired by a Data Acquisition System. The axial strain
was captured by two strain gauges. The strain gauges were attached at the mid-height of two
opposite longitudinal steel bars in the base circular and square RC column specimens. All the

column specimens were tested under concentric axial load.

3.2. Experimental axial load-axial strain responses of the specimens
The experimental axial load-axial strain responses of Specimens C and CJF are shown in Fig.
3. The service axial load of Specimen C was calculated from the transformed-section analysis

using the service stress limits in ACI 440.2R-17 [27]. The service axial load of Specimen C

14
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was found to be 421 kN. Specimen C achieved an ultimate axial load of 615 kN. The ductility
of Specimen C was calculated as 3.9. The final failure of Specimen C occurred by the crushing

of the concrete and buckling of the longitudinal steel bars.

In general, the axial load-axial strain response of Specimen CJF included three ascending
branches up to the ultimate axial load. Specimen CJF showed a quasi-linear initial axial load-
axial strain response up to the axial strain of about 0.002. This was followed by an ascending
branch with slope less than the slope of the initial branch. The second ascending branch of the
axial load-axial strain response was associated with the confinement effect of FRP wrapping
on the NSC core. The increase in the axial load continued up to the axial load corresponding
to an axial strain of about 0.003. After reaching the axial strain of 0.003, the axial load-axial
strain response of Specimen CJF demonstrated a slight decrease in the axial load with
increasing axial strain. The decrease in the axial load was followed by the third ascending
branch of the axial load-axial strain response. The slope of the third ascending branch was less
than the slope of the second ascending branch. The third ascending branch of the axial load-
axial strain response of Specimen CJF was associated with the confinement effect of FRP
wrapping on the RPC jacket. The increase in the axial load continued up to the ultimate axial
load at an axial strain of about 0.006. The service axial load of Specimen CJF was 2.1 times
the service axial load of Specimen C. The ultimate axial load of Specimen CJF was 3.4 times
the ultimate axial load of Specimen C. The ductility of Specimen CJF was 1.36 times the
ductility of Specimen C. After the ultimate axial load, the axial load of Specimen CJF dropped
in two steps to about 50% of the ultimate axial load. Afterwards, the axial load-axial strain
response of Specimen CJF exhibited softening response due to the confinement effect of the
lateral steel helices of the base circular RC column specimen. The softening response

dominated the behavior of Specimen CJF up to the end of the test. Failure of Specimen CJF

15
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occurred by the rupture of FRP and crushing of RPC jacket at the upper one-third segment of

the specimen.

The experimental axial load-axial strain responses of Specimens S and SJF are presented in
Fig. 4. The service axial load of Specimen S was 573 kN. Specimen S achieved an ultimate
axial load of 798 kN and a ductility of 3.3. The final failure of Specimen S occurred by the
crushing of the concrete and the fracture of the steel ties. The service axial load of Specimen
SJF was 2.52 times the service axial load of Specimen S. The ultimate axial load of Specimen
SJF was 4.56 times the ultimate axial load of Specimen S. The ductility of Specimen SJF was
1.6 times the ductility of Specimen S. Specimen SJF failed by the rupture of FRP and crushing

of RPC jacket at the mid-height of the specimen.

4. Comparison between the analytical and experimental axial load-axial strain responses
of the strengthened RC columns
The analytical approach presented in Section 2.2 was used to plot the analytical axial load-axial

strain responses of Specimens CJF and SJF using spreadsheets.

Figure 5 compares the analytical and experimental axial load-axial strain responses for the
circular RC column strengthened with RPC jacket and wrapped with FRP (Specimen CJF).
The initial quasi-linear portion of the analytical axial load-axial strain response matched the
initial quasi-linear portion of the experimental axial load-axial strain response. However, after
the compressive strain of 0.002, the analytical axial load was lower than the experimental axial
load. At the compressive strain of 0.003, the analytical axial load was 87% of the experimental
axial load. After the compressive strain of 0.004, the analytical axial load-axial strain response

presented in this study well matched the experimental axial load-axial strain response and was
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conservative in predicting the ultimate axial load. At the maximum experimental compressive

strain of 0.006, the analytical axial load was 98% of the experimental axial load.

Figure 6 shows the analytical and experimental axial load-axial strain responses for the
square RC column circularized with RPC jacket and wrapped with FRP (Specimen SJF). The
analytical and experimental axial load-axial strain responses of Specimen SJF matched well up
to the compressive strain of 0.002. At the compressive strain of 0.003, the analytical axial load
was 91% of the experimental axial load. Between the compressive strain of 0.004 and the
maximum experimental compressive strain, the analytical axial load became closer to the
experimental axial load but remained conservative. At the maximum experimental compressive
strain of 0.006, the analytical axial load was 95% of the experimental axial load. In general,
the analytical axial load-axial strain responses presented in this study matched well with the
experimental axial load-axial strain responses for the circular and square RC columns

strengthened with RPC and wrapped with FRP.

5. Parametric study

In the parametric study, the influences of three factors on the service axil load, ultimate axial
load and ductility of the circular and square RC columns strengthened with RPC and wrapped
with FRP were investigated. The first factor is the confinement ratio. The confinement ratio in
this study is the ratio of the confinement pressure to the unconfined compressive strength of
the strengthened RC column. The second factor is the unconfined compressive strength of the
RPC jacket. The third factor is the ratio of the RPC jacket thickness to the diameter or side

length of the circular or square base RC column.
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To investigate the influence of the three factors on the service axial load, ultimate axial load
and ductility of the strengthened RC columns, two base RC columns with circular and square
cross-sections were assumed to be the existing (base) RC columns. The circular base RC
column was assumed to have a diameter of 500 mm and the square base RC column was
assumed to have a side length of 500 mm. The two base circular and square RC columns were
assumed to be reinforced with longitudinal steel bars having a reinforcement ratio of 0.02. The
yield tensile strengths of the steel bars were assumed to be 400 MPa (assumed to be deteriorated
in existing structures). The NSC of the two base circular and square RC columns was assumed

to have an unconfined compressive strength of 30 MPa.

Figure 7 shows the influence of the confinement ratio of the FRP wrapping on the axial
load-axial strain responses of the circular and square RC columns strengthened with RPC and

wrapped with FRP. The base circular RC column was assumed to be strengthened with RPC
jacket with a thickness of 50 mm (t/d = 0.1). The base square RC column was assumed to be

strengthened with RPC jacket with a thickness at the corners of the square section of 50 mm
(tz/b = 0.03). The RPC jacket was assumed to have an unconfined compressive strength (f;)

of 100 MPa. Each circular or square RC column strengthened with RPC was assumed to be
wrapped with FRP of a confinement ratio (fl/fc’av) =0.08,0.15and 0.3. The f,,,, is the average
weighted unconfined compressive strength of the NSC and RPC in the strengthened section.
This parametric study showed that the confinement ratio (fl/fc,av) did not have any significant
influence on the service axial load of the circular or square RC column strengthened with RPC
and wrapped with FRP. Figure 7 shows that an increase in the fl/fc,av of the circular RC column

strengthened with RPC and wrapped with FRP from 0.08 to 0.3, increased the ultimate axial
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load and ductility by 45% and 104%, respectively. An increase in the fl/ £ of the square RC
cav

column circularized with RPC and wrapped with FRP from 0.08 to 0.3, increased the ultimate

axial load and ductility by 46% and 97%, respectively.

Figure 8 shows the influence of the unconfined compressive strength of the RPC jacket (f;)

on the axial load-axial strain responses of the strengthened RC columns. In Fig. 8, the base RC

columns were assumed to be strengthened with RPC jackets of f;; = 100MPa, 150 MPa and

200 MPa. The RPC jacket thickness for the circular base RC columns (t) was taken as 0.1d
and for the square base RC columns (t,) was taken as 0.03b. The fl/f, was taken as 0.15 for
cav

the all strengthened RC columns. Figure 8 reveals that an increase in the f; of the circular RC

column strengthened with RPC and wrapped with FRP from 100 MPa to 200 MPa, increased
the service axial load and ultimate axial load by 16% and 45%, respectively, and decreased

the ductility by 2%. An increase in the f; of the square RC column circularized with RPC and

wrapped with FRP from 100 MPa to 200 MPa, increased the service axial load, ultimate axial

load and ductility by 19%, 57% and 5%, respectively.

Figure 9 shows the influence of the t/d ratio and tz/b ratio on the axial load-axial strain

responses of the strengthened RC columns. In Fig. 9, the base circular RC column was assumed
to be strengthened with RPC jacket of t = 0.05d, 0.1d, 0.125d and 0.167d. The base square

RC column was assumed to be strengthened with RPC jacket of t, = 0.03b, 0.05b, 0.1b and

0.125b. The f; was taken as 100 MPa and the fl/ £ was taken as 0.15 for all the strengthened
cav

RC columns. Figure 9 shows that an increase in the t/d ratio of the circular RC column

strengthened with RPC and wrapped with FRP from 0.05 MPa to 0.167 MPa, increased the
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service axial load, ultimate axial load and ductility by 64%, 96% and 30%, respectively. An
increase in the tz/b ratio of the square RC column circularized with RPC and wrapped with

FRP from 0.03 MPa to 0.125 MPa, increased the service axial load, ultimate axial load and

ductility by 32%, 44% and 13%, respectively.

To achieve a significant enhancement in the axial load-axial strain response for the deficient
circular or square RC column, the ratio of the RPC jacket thickness to the diameter or side

length of the base RC column is recommended to be 0.1 or 0.05, respectively.

6. Conclusions

This study presented an analytical approach to predict the axial load-axial strain responses for
circular and square RC columns strengthened with RPC and wrapped with FRP. The analytical
axial load-axial strain responses were compared with experimental axial load-axial strain
responses. The study also presented a parametric study to investigate the most influencing
factors that affect the axial load-axial strain responses of the strengthened RC columns. Based

on the results of this study, the following conclusions can be drawn:

1. The developed analytical approach takes into account the contributions of the confined NSC
core, the confined RPC jacket and the steel reinforcement bars up to the ultimate axial load.
2. The analytical axial load-axial strain responses presented in this study were conservative
and matched well the experimental axial load-axial strain responses.

3. Increasing the ratio of the RPC jacket thickness to the diameter or side length of the base
RC column had a considerable positive influence on the service and ultimate axial loads as well
as ductility of the strengthened RC column. The ratio of the RPC jacket thickness to the
diameter or side length of the base RC column was found to be the most significant factor on

the service axial load of the strengthened RC column. The ratio of the RPC jacket thickness to
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the diameter or side length of the base RC column is recommended to be 0.1 or 0.05,

respectively.
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