
WARSAW UNIVERSITY OF TECHNOLOGY Index 351733

FACULTY OF CIVIL ENGINEERING
COMMITTEE FOR CIVIL AND WATER ENGINEERING

POLISH ACADEMY OF SCIENCES ISSN 1230-2945

DOI: 10.24425/ace.2024.148918

ARCHIVES OF CIVIL ENGINEERING

Vol. LXX ISSUE 1 2024
© 2024. Guang Guo, Li Zhou, Bangkang Wang. pp. 389 –404
This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits use, distribution, and reproduction in any
medium, provided that the Article is properly cited, the use is non-commercial, and no modifications or adaptations are made.

Research paper

A new model for predicting the axial compression capacity
of reinforced concrete cylinders strengthened with CFRP

Guang Guo1, Li Zhou2, Bangkang Wang3

Abstract: Numerous scholars have identified the shortcomings of imprecise terminology and substantial
computational inaccuracies in the current models for predicting the axial compression capacity of CFRP-
strengthened reinforced concrete (RC) cylinders. To improve the prediction accuracy of the axial compressive
capacity model for CFRP-strengthened RC cylinders, the present axial compressive capacity model for
CFRP-strengthened RC cylinders was scrutinized and evaluated. Drawing on Mander’s constraint theory
and the concrete triaxial strength model, a novel axial compressive capacity model for CFRP-strengthened
RC cylinders was proposed. This study collected 116 experimental data on the axial compression of
CFRP-strengthened RC cylinders and analyzed the accuracy of various models using the data. The findings
indicate that the model proposed in this study outperforms other models in predicting axial compression
capacity and demonstrates high prediction accuracy. Furthermore, an analysis is conducted on the variation
law of the model’s predicted value with respect to the design parameters. The proposed model in this
study identifies concrete strength, stirrup spacing, and elastic modulus of CFRP as the primary factors that
influence the axial compression capacity of CFRP-strengthened RC cylinders.
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1. Introduction

During the operation of buildings, due to factors such as functional changes in space,
requirements for installing equipment, and degradations in materials, the structural members
of buildings need to be strengthened. Reinforced concrete (RC) structure is the most commonly
used building structure in the world. Hence, the reinforcement of the concrete members has
received much attention. Carbon fiber reinforced polymer (CFRP), as a lightweight, high
strength and corrosion resistant composite material, is widely used in strengthening concrete
structures [1]. Previous studies have shown that the utilization of CFRP can significantly
improve the compressive strength and ductility of concrete [2].

RC columns are the most important components in the structural system, its performance
directly affects the structural safety of buildings. Therefore, the strengthening performance of
such components has received widespread attention. In the past two decades, scholars from
various countries have conducted in-depth research on CFRP-strengthened RC columns, a large
number of cylinders have been fabricated for testing the mechanical properties of the columns.
Demers and Neale [3] conducted tests on 16 CFRP-strengthened RC columns to investigate the
effects of concrete strength, longitudinal reinforcement, stirrups, and pre-damage on the axial
compressive bearing capacity of the columns. Additionally, the nominal loading strength of
the concrete was also derived. Unfortunately, the relationship between the lateral confinement
and the axial compressive strength of the column has not been thoroughly studied. Harajli [4]
proposed a prediction model by considering the combined effects of CFRP and stirrups.
Although the model has a certain prediction accuracy, it still shows slight shortcomings.
The main issue is that the interaction between the two constraints has not been explored
yet, and the predicted values are too high. Hu and Seracino [5] compared and analyzed
previous axial compressive capacity models of CFRP-strengthened RC cylinders. To obtain
a more accurate prediction model, the interaction between CFRP and stirrup constraints was
considered. Unfortunately, during the calculation of the bearing capacity of CFRP-strengthened
RC columns, this proposed model only simply superimposes the strength growth values brought
about by the separate constraints of the stirrups and CFRP. Teng et al. [6] proposed a new
model for predicting the axial compression capacity of CFRP-strengthened RC columns, which
was deduced from the model recommended by Jiang and Teng [7]. In which, the bearing
capacity growth value brought by stirrup constraints was considered. This study indicates that
the predicted values of the proposed model are relatively close to the test values. But in some
cases, the predicted value is higher than the test value.

For CFRP-strengthened RC cylinders, a great number of prediction models were proposed
by scholars to predict the axial compression capacity of this kind of cylinder [4–6,8–18]. It
should be noted that most of these models are derived from the strength theory of actively
confined concrete, which was proposed by Richard et al. in 1928. According to the literature
written by Teng and Lam [19], the axial compression capacity model of CFRP-strengthened
RC cylinders can be roughly divided into two categories: (1) the design-oriented model and
(2) the analysis-oriented model. In the first category, the stress-strain model is represented by
a closed-form expression, and the mathematical model is directly fitted based on experimental
data. In the second category, the incremental iterative numerical method was used to predict the
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bearing capacity of CFRP-strengthened RC cylinders, which has a deeper theoretical foundation
and can also be extended to specimens with similar constraints, making the prediction model
more applicable. Among the existing axial compression capacity prediction models of CFRP-
strengthened RC cylinders, most of them are design-oriented models [4, 8–16], while there are
few analysis-oriented models [5, 17, 18]. In addition, the predicted values of these models are
generally larger than the test values.

On the basis of previous research by scholars, this study aims to establish an innovative
model for predicting the axial compression capacity of CFRP-strengthened RC cylinders. In this
model, the axial compression capacity of CFRP-strengthened RC cylinders can be divided into
four parts: the contribution of unconstrained concrete, the contribution of longitudinal steel bars,
the increment of bearing capacity of the core concrete under the combined constraint of stirrups
and CFRP, and the increment of bearing capacity of the external concrete under the constraint of
CFRP. In addition, we also realize that the bearing capacity of concrete in the core area should
not exceed its triaxial ultimate compressive strength value. Subsequently, 116 experimental data
were collected [3, 8, 11, 12, 20–27], and the prediction accuracy of each model was analyzed
using these data. Finally, an analysis is conducted on the variation law of the model’s predicted
value with respect to the design parameters. We hope that the results of this study can provide
a reference for the actual engineering design of CFRP-strengthened RC cylinders.

2. Test data and existing models

2.1. Test data

A total of 116 axial compression test data of CFRP- strengthened RC cylinders from
existing literature were collected. The collected data includes the geometric dimensions of
cylinders, material strength, spacing of steel bars, the elastic modulus of materials, and ultimate
fracture strain of CFRP, etc. The details of the test data are listed in Table 1. To simplify the
expression, the table mainly listed the range of the design parameters.

Table 1. Test data of CFRP-strengthened RC cylinders

Literature Number of
cylinders

Height-
diameter
ratio

Diameter
(mm)

Concrete
strength
(MPa)

Stirrup
constraint

ratio

CFRP
constraint

ratio

Intensity
ratio

Demers et
al [3] 8 4.00 300 24.50~38.24 0.00~0.05 0.11~0.17 1.31~1.51

Pessiki et
al [20] 2 3.60 508 29.15 0.01 0.09~0.13 1.33~1.72

Carrazedo
[25] 4 3.00 190 29.33~32.27 0.10~0.21 0.08~0.18 1.60~2.13

Continued on next page
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Table 1 – Continued from previous page

Literature Number of
cylinders

Height-
diameter
ratio

Diameter
(mm)

Concrete
strength
(MPa)

Stirrup
constraint

ratio

CFRP
constraint

ratio

Intensity
ratio

Matthys et
al [26] 2 5.00 400 29.16 0.03 0.10~0.21 1.86~1.87

Rigazzo
and

Moreno
[27]

2 8.00 200 12.59 0.06 0.20~0.79 2.47~3.44

Ilki et
al [8] 14 2.00 250 15.11~27.58 0.03~0.14 0.16~0.83 1.97~5.77

Eid et
al [21] 14 3.96~4.74 303~253 25.76~43.46 0.05~0.24 0.07~0.21 1.67~2.73

Chastre
and

Silva [11]
6 3.00~5.00 150~250 32.27~32.30 0.004~0.01 0.09~0.36 1.75~3.05

Lee et
al [12] 12 2.00 150 36.2 0.13~0.46 0.10~0.50 1.39~4.17

Benzaid
[24] 39 2.00~6.45 155~197 21.43~61.80 0.01~0.02 0.06~0.56 1.05~4.22

Wang [22] 8 3.00 204~305 22.46 0.02~0.08 0.12~0.35 1.85~3.09

Zhang
[23] 5 3.71 350 22.12~40.69 0.00~0.03 0.07~0.18 1.34~2.00

Total 116 2.00~8.00 150~508 12.59~61.80 0.00~0.46 0.06~0.83 1.05~5.77

Note: concrete strength refers to the axial compressive strength of an unconstrained concrete
cylinder, which can be represented by fco; stirrup constraint ratio is the ratio of effective
lateral restraint force of stirrups to concrete strength, which can be expressed as f ′ls/ fco; CFRP
constraint ratio is the ratio of effective lateral restraint force of CFRP to concrete strength,
which can be expressed as f ′lf/ fco; intensity ratio is the ratio of the axial compressive capacity
of the CFRP- strengthened RC cylinder to concrete strength, which can be expressed as fcc/ fco.

2.2. Existing models

For the convenience of conducting the following research, the symbols used in the
calculation model should be clarified first. The sketch view of the CFRP-strengthened RC
cylinder and symbols are shown in Fig. 1. According to the schematic analysis in the figure,
the symbol definitions are as follows: N is the axial compressive bearing capacity of CFRP-
strengthened RC cylinders; ε f and E f are the ultimate fracture strain and elastic modulus of
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CFRP, respectively; f ′ls is the effective circumferential restraint force of the stirrup, which can
be calculated by Eq. (2.1); flf is the circumferential restraint force of CFRP, which can be
calculated by Eq. (2.2); fl,core and fl,cover are the compressive strength of the core concrete and
the external concrete, respectively. For the effective circumferential restraint force induced by
the stirrup and CFRP, the calculation expressions are as follows:

f
′

ls =
2keAsh fyh

sds
(2.1)

flf =
2E f ε f t f

D
(2.2)

where: ke – the effective constraint coefficient of the stirrup; Ash and fyh – the cross-sectional
area and yield strength of the stirrup, respectively; s and ds – the longitudinal center spacing
of the stirrups and the cross-sectional diameter of the concrete in the core area, respectively; t f
– the calculated thickness of CFRP; D – the diameter of the cylinders.

Fig. 1. Sketch view of CFRP-strengthened RC cylinders: a) Longitudinal section, b) Transverse section

According to the calculation model proposed by Mander et al. [28], the effective constraint
coefficient of the stirrup can be calculated using the following equation:

(2.3) ke =



(
1−

s′

2ds

)2

(1−ρcc)
Circular stirrup(

1−
s′

2ds

)
(1−ρcc)

Spiral stirrup
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where: s′ – the longitudinal net spacing of the stirrups; ρcc – the volume reinforcement ratio of
the longitudinal bars relative to the concrete in the core area.

Based on the defined symbols, the symbols in the expressions of the existing models have
been unified, which is conducive to comparison.

2.2.1. Model proposed by megalooikonomou et al.

Based on the prediction model proposed by Spoelstra and Monti [29] and Braga et al. [17],
Megalooikonomou et al. [18] developed a new model for predicting the axial compression
capacity of CFRP-strengthened RC cylinders. The model is similar to the model proposed by
Braga et al. [17]. The improvement of the model lies in the discussion of the difference between
the actual fracture strain and the ultimate fracture strain of CFRP. Moreover, the influence
of design factors such as buckling of longitudinal reinforcement on the bearing capacity of
cylinders was discussed in detail. The expression of the proposed model is shown below.

(2.4) N = Acore fc,core + Acover fc,cover

(2.5)
fc,core

(
fc,cover

)
fco

= 2.254

√
1 + 7.94

fl,core
(
fl,cover

)
fco

− 2
fl,core

(
fl,cover

)
fco

− 1.254

(2.6) fl,cover = flf, fl,core = flf + f ′ls

where: fc,core and fc,cover – the axial compressive strength of the core concrete and the external
concrete, respectively; Acore and Acover – the cross-sectional areas of the core concrete and the
external concrete, respectively.

2.2.2. Model proposed by hu and seracino

Hu and Seracino [5] proposed a new model for predicting the axial compression capacity
of CFRP-strengthened RC cylinders. The proposed model is developed based on the models
proposed by Jiang and Teng [7] and Mander et al. [28]. In the new model, the relative constraint
stiffness of stirrups and CFRP was introduced as an important parameter of the model. However,
it should be noted that the calculation of the axial compression capacity of CFRP-strengthened
RC cylinders only simply superimposes the bearing capacity growth values brought about
by the separate constraints of the stirrup and CFRP, ignoring the combinatorial constraint
relationship between CFRP and the stirrups. This results in a relatively large predicted value
for the new model. The expression of this model is presented as follows:

(2.7) N = fco A + 3.5 flf A + ©«2.254

√
1 + 7.94

( f ′ls
fco

)
− 2

( f ′ls
fco

)
− 2.254ª®¬ fco Acore

where: A – the cross-sectional area of the cylinder.
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2.2.3. Model proposed by teng et al.

In 2007, Jiang and Teng [7] proposed a calculation model for predicting the axial
compression capacity of plain concrete cylinders strengthened with CFRP. Subsequently,
a new model was proposed by Teng [6] for predicting the axial compression capacity of
CFRP-strengthened RC cylinders, which is based on the model proposed by Jiang and Teng [7].
The establishment of the model is based on experimental data, taking into account the strength
increase caused by stirrup constraints, introducing the relative stiffness ratio of CFRP and
stirrups, and improving the calculation model of concrete cylinders constrained by stirrups
proposed by Mander et al. [28]. The expression of the proposed model is as follows:

(2.8) N =
©« fco + 3.5 flf + 3.12 fco


f ′ls

fco

(
1 + 0.202ρ0.145

f

) 
0.736ª®®®¬ A

where: ρ f – the relative stiffness ratio between CFRP and stirrups, which can be calculated by
the following equation.

(2.9) ρ f =

2E f t f
D

2keEsh Ash
sds

=
E f t f sds

keEsh AshD

where: Esh – the elastic modulus of the stirrup.
Among the existing models, the above three models are commonly used to predict the axial

compression capacity of CFRP-strengthened RC cylinders. Thus, the models were selected as
reference models for comparative analysis.

3. Model proposed in this study

Based on existing research, it can be concluded that the axial compressive bearing capacity
of CFRP-strengthened RC cylinders can be divided into four parts: the contribution of
unconstrained concrete, the contribution of longitudinal steel bars, the increment of bearing
capacity of the core concrete under the combined constraint of stirrups and CFRP, and the
increment of bearing capacity of the external concrete under the constraint of CFRP. Based
on the above analysis, the load-bearing components of CFRP-strengthened RC cylinders can
be divided into three parts: the longitudinal steel bars, the core concrete, and the external
concrete. For the load-bearing contribution of longitudinal steel bars, it is necessary to clarify
the strength of the steel during the compression process. For the load-bearing contribution of
the external concrete, the material strength of the external concrete under CFRP constraints
needs to be clarified. For the load-bearing contribution of the core concrete, the material
strength of the core concrete under combinatorial constraints of CFRP and stirrups needs to be
clarified.
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For better analysis, it is necessary to unify the strength of unconstrained concrete in the
collected test data. In the data collected in this study, most of the specimens are medium
to large-sized specimens with a diameter of no less than 250 mm (maximum 508 mm), as
shown in Table 1. Numerous studies have shown that the ultimate compressive strength of
an unconstrained concrete cylinder with a large size may be significantly lower than that of
the standard cylinder with dimensions of 150 × 300 mm [3,11,23, 30]. Therefore, this study
uses the strength conversion formula proposed by Chastre and Silva [11] to calculate the
compressive strength of unconstrained concrete cylinders, which is expressed as follows.

(3.1) fco =
1.5 + D/H

2
fc

where: fc – the compressive strength of a standard cylinder; D and H – the diameter and height
of the cylinder, respectively.

3.1. Load-bearing contribution of longitudinal steel bars

Wang et al. [22] found that longitudinal steel bars generally do not buckle before the stirrups
or CFRP of CFRP-strengthened RC cylinders break. In addition, for CFRP-strengthened RC
cylinders with loading plates at both ends and well-constrained, it is evident that the vertical
displacement of their longitudinal reinforcement is equal to that of the cylinder [23]. Therefore,
this study does not consider the impact of buckling and sliding of longitudinal reinforcement on
the axial compression capacity of CFRP-strengthened RC cylinders. Hence, the load-bearing
contribution of longitudinal steel bars can be expressed as follows.

(3.2) Ns = fyl Asl

where: fyl and Asl – the yield strength and total cross-sectional area of the longitudinal
reinforcements, respectively.

3.2. Load-bearing contribution of the external concrete

In CFRP-strengthened RC cylinders, due to the smaller area of the external concrete
compared to the core concrete, and the combined constraints of CFRP and stirrups on the
core concrete, the resistance of the cylinder under compression mainly comes from the core
concrete. In addition, the external concrete is destroyed before the destruction of the core
concrete. Therefore, this study assumes that the constraint effect of CFRP mainly acts on the
core concrete, thus ignoring the load-bearing capacity increment of CFRP on the external
concrete. Hence, the load-bearing contribution of the external concrete can be expressed as
follows.

(3.3) Ncover = fco Acover

where: Acover – the cross-sectional area of the external concrete.
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3.3. Load-bearing contribution of the core concrete

Previous experimental studies have shown that the circumferential fracture strain of CFRP
generally does not reach the material’s ultimate fracture strain during the loading process of
CFRP-strengthened RC cylinders [20, 31–33]. Lam and Teng [33] collected a large amount of
experimental data for analysis and found that the fracture strain rate of CFRP was between
0.586 and 0.851, with an average value of 0.6. Therefore, in this study, the fracture strain rate
of CFRP was taken as 0.6.

(3.4) εh,rup = 0.6ε f

where: εh,rup – the actual circumferential ultimate fracture strain of CFRP, ε f – the ultimate
fracture strain of CFRP.

As shown in Fig. 1b, the circumferential restraint force on the core concrete can be
calculated using the following equation.

(3.5) f ′l,core = f ′ls + f ′lf

where: f ′lf – the effective circumferential restraint force provided by CFRP, according to
Eqs. (2.2) and (3.4), f ′lf = 0.6 flf ; f ′ls – the effective circumferential restraint force provided by
stirrups.

This study uses the three-parameter strength model proposed by Mander et al. [28] to
calculate the stress increment of core concrete under combined constraints, and the calculation
formula is as follows.

(3.6) ∆ fc,core =
©«2.254

√
1 + 7.94

f ′
l,core

fco
− 2

f ′
l,core

fco
− 2.254ª®¬ fco

Therefore, the axial compressive strength of core concrete can be expressed as

(3.7) f ′c,core = fco + ∆ fc,core

In the actual calculation process, the compressive strength value of concrete calculated by
Eq. (3.7) may exceed the limit value of concrete triaxial strength. Therefore, for the compressive
strength of the core concrete, the smaller value between the value calculated by Eq. (3.7) f ′c,core
and the triaxial compressive strength f ′′c,core should be selected.

According to the research findings of Qian et al. [34], the strength criterion of concrete
under triaxial stress conditions is shown as follows.

(3.8) (σ1 − σ3)
2 +

(
Kc − 1 −

1
Kc

)
σ1 +

σ3
Kc
+

(
1

Kc
− 1

)
= 0

where: σ1 – the ratio of the lateral constraint strength of the core concrete to the uniaxial
compressive strength of the concrete standard cylinder (σ1 = − f ′

l,core/ fc); σ3 – the ratio of the
vertical triaxial compressive strength of the core concrete to the uniaxial compressive strength
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of the concrete standard cylinder (σ3 = − f ′′c,core/ fc); Kc – the ratio of the uniaxial compressive
strength to the uniaxial tensile strength of concrete, which can be calculated as follows.

(3.9) Kc =
fck
ftk

where: fck – the uniaxial compressive strength of concrete; ftk – the uniaxial tensile strength of
concrete.

According to the method proposed in the literature [35, 36], the relationship between the
axial strength of concrete and the compressive strength of concrete with standard cubes is
shown below.

fck = 0.4 f 7/6
cuk(3.10)

ftk = 0.24 f 2/3
cuk(3.11)

where: fcuk – the compressive strength of concrete with standard cubes.
In this study, the relationship between fcuk and fc is determined according to the method

suggested by Zhou and Su [37].
In summary, considering the contribution of the above three components to the bearing

capacity ofCFRP-strengthenedRCcylinders, the expression for predicting the axial compression
capacity of CFRP-strengthened RC cylinders proposed in this study is as follows.

(3.12) N = fyl Asl + fco Acover +min
{

f ′c,core, f ′′c,core
}

Acore

4. Validation of models
The models described in Section 2.2 and the model proposed in this study were selected to

verify the prediction accuracy. Based on the collected 116 test data, the predictive effects of
each model for predicting the axial compression capacity of CFRP- strengthened RC cylinders
were analyzed. The comparison between predicted and experimental values is shown in Fig. 2.
In which, AV represents the average value, SD represents the standard deviation, and AAE
represents the coefficient of variation, which can be calculated according to Eqs. (4.1)–(4.3).
In addition, the distribution characteristics of the ratio of predicted values to experimental
values are shown in Fig. 3.

It can be seen from Fig. 2 that the predicted values of previous models are higher than
those of the model proposed in this study, primarily because the constraint effect of CFRP and
stirrups on concrete cylinders were overestimated in previous models. For the model proposed
in this study, the average ratio of the predicted value to the experimental value is close to
1.0. Moreover, the standard deviation and the variation coefficient are relatively smaller. This
indicates that the model for predicting the axial compression capacity of CFRP-strengthened
RC cylinders, which was proposed in this study, has a higher prediction accuracy.

AV =
∑ Npre

Ntest

/
n(4.1)
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Fig. 2. Comparison between predicted and experimental values: a) Model of Megalooikonomou (2012),
b) Model of Hu and Seracino (2013), c) Model of Teng (2015), d) Model of this paper

SD =

√
1
n

∑ (
Npre

Ntest
− AV

)2
(4.2)

AAE =
∑ ��Ntest − Npre

��
Ntest

/
n(4.3)

Fig. 3 shows the distribution histogram of the ratio of predicted values to experimental
values for each model. The Shapiro-Wilk test (S-W test) on mathematical statistics was adopted.
It can be seen that the significance of the model proposed in this study is greater than 0.05,
which conforms to the normal distribution. Besides, the model of Megalooikonomou et al. [18]
also showed the normal distribution of the data. For the models proposed by Hu and Seracino [5]
and Teng [6], the significance of the data is less than 0.05, this indicates that the data does not
conform to the normal distribution. In addition, the 95% confidence interval for the ratio of
the predicted value to the experimental value of Megalooikonomou et al. [18] is (1.17, 1.26),
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Fig. 3. Distributions of the ratios of predicted values to experimental values: a)Model ofMegalooikonomou
(2012), b) Model of Hu and Seracino (2013), c) Model of Teng (2015), d) Model of this paper

while the 95% confidence interval for the ratio of the predicted value to the experimental value
of the model proposed in this study is (0.96, 1.04). This indicates that the predicted values of
the bearing capacity prediction model proposed in this study are close to the experimental
values, and the prediction results are more accurate.

5. Sensitivity of the model to various parameters

In order to explore the sensitivity of the proposed model to various parameters, six different
specimens were selected from the collected data, and the ratio of the predicted value to the
experimental value is in the range of 0.95 to 1.05. The compressive strength of the concrete
cylinder, the height-to-diameter ratio, the thickness of the protective layer, the stirrup spacing,
the stirrup strength, and the CFRP strength were selected as the analysis parameters. The
variations of the predicted values of the model with different parameters were explored, and
the analysis results are shown in Fig. 4.
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Fig. 4. Variations of the predicted values of the model with different parameters: a) Standard cylinder
axial compressive strength f ′c (MPa), b) Height to diameter ratio H/D, c) Concrete cover thickness C
(mm), d) Stirrup spacing S (mm), e) Elastic modulus of CFRP E f (GPa), f) Stirrup strength fyh (MPa)

From Fig. 4, it can be observed that the predicted values of the model proposed in this
study are more sensitive to the changes in the compressive strength of the concrete cylinder,
the CFRP strength, and the stirrup spacing, but less sensitive to the changes in parameters such
as the height-to-diameter ratio, the thickness of the protective layer, and the stirrup strength.
Among them, concrete strength is the most important factor affecting the bearing capacity of
CFRP-strengthened RC cylinders. When the strength of concrete increases, the load-bearing
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contributions of the external and core concrete are effectively increased. Increasing the spacing
of stirrups will lead to a decrease in the bearing capacity of the core concrete. It should be noted
that the decrease in bearing capacity is relatively small while the spacing of stirrups exceeds
150 mm. This is due to the fact that the effective restraining effect of the stirrups will be lost
while the stirrup spacing exceeds a certain value. The increase in the elastic modulus of CFRP
will also significantly increase the axial compression bearing capacity of the core concrete.
Due to the neglect of the constraint effect of CFRP on the external concrete in this model, the
bearing capacity of the external concrete remains unchanged. Increasing the height-to-diameter
ratio will slightly reduce the bearing capacity of CFRP-strengthened RC cylinders, which is
consistent with the fact that an increase in the slenderness ratio of the components will lead to
a decrease in bearing capacity. Increasing the thickness of the protective layer will slightly
reduce the bearing capacity of the component, because as the thickness of the protective
layer increases, the area of the constrained core concrete will decrease. Although the bearing
contribution of external concrete has increased, its increase is smaller than the decrease in the
bearing capacity of the core concrete. In addition, increasing the strength of the stirrup will have
very little impact on the bearing capacity of CFRP-strengthened RC cylinders. The possible
reason is that the increase in the bearing capacity of core concrete under the dual constraints of
CFRP and stirrups will be constrained by CFRP and stirrups, rather than a single factor.

6. Summary and conclusions

To more accurately predict the axial bearing capacity of CFRP-strengthened RC cylinders,
this paper summarized and analyzed the existing prediction models. A novel prediction model
based on Mander’s constraint theory and the concrete triaxial strength model was proposed. In
addition, a total of 116 experimental data were collected in this study, and the accuracy of the
proposed model was verified through these data. The main research conclusions are as follows.

1. Based on the analysis of existing prediction models, a new prediction model is proposed
by consideringMander’s constraint theory and the concrete triaxial strength model. In the
proposed model, the contribution of components in bearing capacity is divided into three
parts: the longitudinal reinforcement contribution, the external concrete contribution,
and the core concrete contribution.

2. Compared with existing prediction models, the model proposed in this study has a higher
prediction accuracy. For the proposed model, the comparison results show that the
average ratio of the predicted value to the experimental value is close to 1.0, and the
proposed model has a better standard deviation and variation coefficient. Further, the
distribution histogram of the ratio of predicted values to experimental values showed
that the data of the proposed model conforms to the normal distribution.

3. The sensitivity of the proposed model to various parameters was studied, and it can be
found that the predicted values of the proposed model are more sensitive to the changes
in the compressive strength of the concrete cylinder, the CFRP strength, and the stirrup
spacing, but less sensitive to the changes in parameters such as the height-to-diameter
ratio, the thickness of the protective layer, and the stirrup strength.



A NEWMODEL FOR PREDICTING THE AXIAL COMPRESSION CAPACITY . . . 403

Acknowledgements

This research work was financially supported by the Innovation Fund Project of Survey,
Design and Research Institute Co., Ltd of Guizhou University (GDKC [2022] No. 08) and the
Innovation Project of Guizhou Jianyan Technology Group Co., Ltd (JYKJ [2022] 01).

References
[1] S. Jurczakiewicz and S. Karczmarczyk, “Composite materials in conservation of historical buildings: examples

of applications”, Archives of Civil Engineering, vol. 68, no. 1, pp. 73–89, 2022, doi: 10.24425/ace.2022.140157.
[2] D.H. Cheng and B.S. Chen, “Review of Research on Concrete Columns Reinforced with CFRP”, Anhui

Architecture, vol. 27, no. 1, pp. 53–55, 2020, doi: 10.16330/j.cnki.1007-7359.2020.01.017.
[3] M. Demers and K. Neale, “Confinement of reinforced concrete columns with fibre-reinforced composite

sheets—An experimental study”, Canadian Journal of Civil Engineering, vol. 26, no. 2, pp. 226–241, 1999, doi:
10.1139/l98-067.

[4] M.H. Harajli, “Axial stress–strain relationship for FRP confined circular and rectangular concrete columns”,
Cement and Concrete Composites, vol. 28, no. 10, pp. 938–948, 2006, doi: 10.1016/j.cemconcomp.2006.07.005.

[5] H. Hu and R. Searcino, “Analytical Model for FRP-and-Steel-Confined Circular Concrete Columns in Compres-
sion”, Journal of Composites for Construction, vol. 18, no. 3, 2014, doi: 10.1061/(asce)cc.1943-5614.0000394.

[6] J.G. Teng, G. Lin, and T. Yu, “Analysis-oriented stress-strain model for concrete under combined FRP-steel
confinement”, Journal of Composites for Construction, vol. 19, no. 5, 2015, doi: 10.1061/(asce)cc.1943-
5614.0000549.

[7] T. Jiang and J. G. Teng, “Analysis-oriented stress-strain models for FRP-confined concrete”, Engineering
Structures, vol. 29, no. 11, pp. 2968–2986, 2007, doi: 10.1016/j.engstruct.2007.01.010.

[8] A. Ilki, O. Peker, E. Karamuk, C. Demir, and N. Kumbasar, “FRP Retrofit of Low and Medium Strength Circular
and Rectangular Reinforced Concrete Columns”, Journal of Materials in Civil Engineering, vol. 20, no. 2,
pp. 169–188, 2008, doi: 10.1061/(asce)0899-1561(2008)20:2(169).

[9] R. Eid and P. Paultre, “Analytical model for FRP-confined circular reinforced concrete columns”, Journal of
Composites for Construction, vol. 12, no. 5, pp. 541–552, 2008, doi: 10.1061/(asce)1090-0268(2008)12:5(541).

[10] M.A. Issa, R.Z. Alrousan, and M.A. Issa, “Experimental and parametric study of circular short columns confined
with CFRP composites”, Journal of Composites for Construction, vol. 13, no. 2, pp. 135–147, 2009, doi:
10.1061/(asce)1090-0268(2009)13:2(135).

[11] C. Chastre and M.A.G. Silva, “Monotonic axial behavior and modelling of RC circular columns confined with
CFRP”, Engineering Structures, vol. 32, no. 8, pp. 2268–2277, 2010, doi: 10.1016/j.engstruct.2010.04.001.

[12] J. Y. Lee, C.K. Yi, H.S. Jeong, S.W. Kim, and J.K. Kim, “Compressive response of concrete confined with
steel spirals and FRP composites”, Journal of Composite Materials, vol. 44, no. 4, pp. 481–504, 2010, doi:
10.1177/0021998309347568.

[13] C. Pellegrino and C. Modena, “Analytical model for FRP confinement of concrete columns with and without
internal steel reinforcement”, Journal of Composites for Construction, vol. 14, no. 6, pp. 693–705, 2010, doi:
10.1061/(asce)cc.1943-5614.0000127.

[14] Z. Y. Wang, D.Y. Wang, S.T. Smith, and D.G. Lu, “Experimental testing and analytical modeling of CFRP-
confined large circular RC columns subjected to cyclic axial compression”, Engineering Structures, vol. 40,
pp. 64–74, 2012, doi: 10.1016/j.engstruct.2012.01.004.

[15] F. Shirmohammadi, A. Esmaeily, and Z. Kiaeipour, “Stress–strain model for circular concrete columns
confined by FRP and conventional lateral steel”, Engineering Structures, vol. 84, pp. 395–405, 2015, doi:
10.1016/j.engstruct.2014.12.005.

[16] Y. Wei, X. Zhang, G. Wu, and Y.F. Zhou, “Behaviour of concrete confined by both steel spirals and fiber
reinforced polymer under axial load”, Composite Structures, vol. 192, no. 15, pp. 577–591, 2018, doi:
10.1016/j.compstruct.2018.03.041.

https://doi.org/10.24425/ace.2022.140157
https://doi.org/10.16330/j.cnki.1007-7359.2020.01.017
https://doi.org/10.1139/l98-067
https://doi.org/10.1016/j.cemconcomp.2006.07.005
https://doi.org/10.1061/(asce)cc.1943-5614.0000394
https://doi.org/10.1061/(asce)cc.1943-5614.0000549
https://doi.org/10.1061/(asce)cc.1943-5614.0000549
https://doi.org/10.1016/j.engstruct.2007.01.010
https://doi.org/10.1061/(asce)0899-1561(2008)20:2(169)
https://doi.org/10.1061/(asce)1090-0268(2008)12:5(541)
https://doi.org/10.1061/(asce)1090-0268(2009)13:2(135)
https://doi.org/10.1016/j.engstruct.2010.04.001
https://doi.org/10.1177/0021998309347568
https://doi.org/10.1061/(asce)cc.1943-5614.0000127
https://doi.org/10.1016/j.engstruct.2012.01.004
https://doi.org/10.1016/j.engstruct.2014.12.005
https://doi.org/10.1016/j.compstruct.2018.03.041


404 G. GUO, L. ZHOU, B. WANG

[17] F. Braga, R. Gigliotti, and M. Laterza, “Analytical stress-strain relationship for concrete confined by steel
stirrups and/or FRP jackets”, Journal of Structural Engineering, vol. 132, no. 9, pp. 1402–1416, 2006, doi:
10.1061/(asce)0733-9445(2006)132:9(1402).

[18] K.G. Megalooikonomou, G. Monti, and S. Santini, “Constitutive model for fiber-reinforced polymer-and
tie-confined concrete”, ACI Structural Journal, vol. 109, no. 4, pp. 569–578, 2012, doi: 10.14359/51683876.

[19] J.G. Teng and L. Lam, “Behavior and modeling of fiber reinforced polymer-confined concrete”, Journal of Struc-
tural Engineering, vol. 130, no. 11, pp. 1713–1723, 2004, doi: 10.1061/(asce)0733-9445(2004)130:11(1713).

[20] S. Pessiki, K.A. Harries, J.T. Kestner, R. Sause, and J.M. Ricles, “Axial behavior of reinforced concrete columns
confined with FRP jackets”, Journal of Composites for Construction, vol. 5, no. 4, pp. 237–245, 2001, doi:
10.1061/(asce)1090-0268(2001)5:4(237).

[21] R. Eid, N. Roy, and P. Paultre, “Normal- and high-strength concrete circular elements wrapped with FRP
composites”, Journal of Composites for Construction, vol. 13, no. 2, pp. 113–124, 2009, doi: 10.1061/(asce)1090-
0268(2009)13:2(113).

[22] D.Y. Wang, “Experimental and analytical investigation of seismic performance of nonductile RC frames
retrofitted with FRP”, D.O. thesis, Harbin Institute of Technology, China, 2012.

[23] Y.X. Zhang, “Behavior of large-size FRP-jacketed circular and rectangular reinforced concrete columns”, M.A.
thesis, Hong Kong Polytechnic University, China, 2012.

[24] R. Benzaid, “Contribution à l’étude des matériaux composite dans le renforcement et la réparation des éléments
structuraux linéaires en béton”, M.A. thesis, Mentouri University of Constantine, Algeria, 2010.

[25] R. Carrazedo, “Mecanismos de confinamento e suas implicações no reforço de pilares de concreto por
encamisamento com compósito de fibras de carbono”, M.A. thesis, University of São Paulo, Brazil, 2002.

[26] S. Matthys, H. Toutanji, and L. Taerwe, “Stress–strain behavior of large-scale circular columns confined with FRP
composites”, Journal of Structural Engineering, vol. 132, no. 1, pp. 123–133, 2006, doi: 10.1061/(asce)0733-
9445(2006)132:1(123).

[27] A.O. Rigazzo and A.L. Moreno jr., “Design parameters for reinforced concrete columns strengthening with
CFRP”, IBRACON Structural Journal, vol. 2, no. 2, pp. 167–186, 2006.

[28] J.B. Mander, M.J. Priestley, and R. Park, “Theoretical stress-strain model for confined concrete”, textitJournal of
Structural Engineering, vol. 114, no. 8, pp. 1804–1826, 1988, doi: 10.1061/(ASCE)0733-9445(1988)114:8(1804).

[29] M.R. Spoelstra and G. Monti, “FRP-Confined Concrete Model”, Journal of Composites for Construction, vol. 3,
no. 3, pp. 143–150, 1999, doi: 10.1061/(ASCE)1090-0268(1999)3:3(143).

[30] A.D. Luca, F. Nardone, F. Matta, A. Nanni, G.P. Lignola, and A. Prota, “Structural evaluation of full-scale
FRP-confined reinforced concrete columns”, Journal of Composites for Construction, vol. 15, no. 1, pp. 112–123,
2011, doi: 10.1061/(asce)cc.1943-5614.0000152.

[31] M. Shahawy, A. Mirmiran, and T. Beitelman, “Test and modeling of carbon-wrapped concrete columns”,
Composites, Part B:Engineering, vol. 31, no. 6-7, pp. 471–480, 2000, doi: 10.1016/s1359-8368(00)00021-4.

[32] Y. Xiao and H. Wu, “Compressive behavior of concrete confined by carbon fiber composite jackets”, Journal of
Materials in Civil Engineering, vol. 12, no. 2, pp. 139–146, 2000, doi: 10.1061/(asce)0899-1561(2000)12:2(139).

[33] L. Lam and J.G. Teng, “Design-oriented stress-strain model for FRP-confined concrete”, Construction and
Building Materials, vol. 17, no. 6-7, pp. 471–489, 2003, doi: 10.1016/s0950-0618(03)00045-x.

[34] Z.Z. Qian and C. Qian, “Unified Strength Criterion for Concrete Under Complex Stressed States”, Chinese Civil
Engineering Journal, vol. 29, no. 2, pp. 46–55, 1996.

[35] Z.W. Yu and F.X. Ding, “Unified Calculation Method of Compressive Properties of Concrete”, Journal of
Building Structure, vol. 24, no. 4, pp. 41–46, 2003.

[36] F.X. Ding and Z.W. Yu, “Unified calculation method for tensile mechanical properties of concrete”, Journal of
Huazhong University of Science and Technology (Urban Science Edition), vol. 21, no. 3, pp. 29–34, 2004.

[37] L. Zhou and Y.S. Su, “Axial bearing capacity of concrete filled steel tubular columns based on tie-arch model”,
Journal of Basic Science and Engineering, vol. 27, no. 3, pp. 565–575, 2019, doi: 10.16058/j.issn.1005-
0930.2019.03.009.

Received: 2023-07-05, Revised: 2023-09-26

https://doi.org/10.1061/(asce)0733-9445(2006)132:9(1402)
https://doi.org/10.14359/51683876
https://doi.org/10.1061/(asce)0733-9445(2004)130:11(1713)
https://doi.org/10.1061/(asce)1090-0268(2001)5:4(237)
https://doi.org/10.1061/(asce)1090-0268(2009)13:2(113)
https://doi.org/10.1061/(asce)1090-0268(2009)13:2(113)
https://doi.org/10.1061/(asce)0733-9445(2006)132:1(123)
https://doi.org/10.1061/(asce)0733-9445(2006)132:1(123)
https://doi.org/10.1061/(ASCE)0733-9445(1988)114:8(1804)
https://doi.org/10.1061/(ASCE)1090-0268(1999)3:3(143)
https://doi.org/10.1061/(asce)cc.1943-5614.0000152
https://doi.org/10.1016/s1359-8368(00)00021-4
https://doi.org/10.1061/(asce)0899-1561(2000)12:2(139)
https://doi.org/10.1016/s0950-0618(03)00045-x
https://doi.org/10.16058/j.issn.1005-0930.2019.03.009
https://doi.org/10.16058/j.issn.1005-0930.2019.03.009

	Guang Guo, Li Zhou, Bangkang WangA new model for predicting the axial compression capacity of reinforced concrete cylinders strengthened with CFRP

