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The seismic performance of the bridge column, such as pier or pile, is a time-dependent property which may decrease in
resistance to the deterioration or natural hazards along the structure’s service life. The most effective strengthened method
for degraded bridge columns is the jacketing method, which has been widely developed and investigated through
numerous studies since the 1980s. This paper presented a modeling method, as well as a comprehensive parametric study,
on seismic performance of bridge columns strengthened by a newly developed strengthening method with prestressed
precast concrete panels and fiber-reinforced polymer reinforcements (PPCP-FRP). A modeling method of bridge columns
strengthened with PPCP-FRP was first presented and validated with test results. The influence of design parameters, such
as axial load ratio, equivalent FRP reinforcement ratio rate (EQFRR), expansion ratio, and shear span ratio of strengthened
columns, were then further evaluated in terms of lateral load capacity, ductility, energy dissipation, lateral stiffness, and
residual displacement of strengthened columns. The peak load of strengthened columns increases with the increasing of
EQFRR due to the unique failure model of strengthened columns characterized by the fracture of FRP bars. The initial
stiffness of strengthened columns increased by 300% with the increasing of expansion ratio by 45%, and a stable postyield
stiffness stage was obtained by most strengthened columns in analysis. The residual displacement of strengthened columns
decreases rapidly with the increasing of EQFRR, which indicated that a better repairability could be achieved by the
strengthened column with a relatively high EQFRR.

1. Introduction

The seismic performance degradation objectively exists on
underwater bridge columns, as piers and piles, during their
long-term service periods due to unpredictable factors, such
as extreme scouring or corrosion, which have been identified
as the most common causes of bridge failures in the United
States [1, 2]. The most effective retrofitting method for
the degraded bridge columns is jacking; their forms, as well
as their seismic effects, have been widely developed and
investigated through numerous experimental studies since
the 1980s.

Concrete jacketing was the earliest developed method
used to enhance the lateral stiffness and strength of the col-
umns. Priestley et al. [3] reported that adding a relatively
thick layer of reinforced concrete (RC) in the form of a jacket
around the column could enhance the flexural strength and
shear strength of columns. Bett et al. [4] reported a repairing
study with concrete jacket subject to a shear deficient RC col-
umn, showing that the columns strengthened by concrete
jacket became much stiffer and stronger laterally than
the original column. Meanwhile, the drawbacks of con-
crete jacketing were also obvious such as high cost, low effi-
ciency, and limited effect on flexural strength and ductility
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improvement; therefore, steel jacketing was developed in the
1990s. Chai et al. [5] reported a retrofitting investigation on a
circular column, which was designed with an insufficient lap
splice length of the longitudinal bars, with a bonded steel
jacket at its plastic hinge region, and showed that steel
jacket retrofitting could effectively restore the flexural
strength and ductility of the column and improve the lat-
eral stiffness by 10 to 15 percent. Studies on failure mode
investigation conducted by Priestley et al. [6] proved that
steel jacket retrofitting could also change the inelastic defor-
mation pattern of the columns, from the predominantly
shear deformation for the as-built columns to the predom-
inately flexural deformation for the retrofitted columns, and
the elastic stiffness and ductility of the columns could also be
significantly improved simultaneously.

From the 21st century, new materials and methods have
been developed to keep up with the gradually increasing
demand for retrofitting, such as high durability and low
vulnerability, in which the development and use of FRP
composites could be the most representative example in
structural retrofitting projects. One of the most attractive
applications of FRP composites is their use as confining
devices for concrete columns, which may result in remark-
able increases in strength and ductility [7, 8]. It is proved
by many researches that the FRP composites, especially with
high deformability and low elastic modulus, such as basalt
fiber composites [9], polyethylene terephthalate (PET)
fiber-reinforced polymer composites [8, 10], and FRP ropes
[11, 12], have a positive effect to the axial compressive ability
of FRP-confined concrete. The FRP composites could also be
used as the longitudinal reinforcement to improve the seis-
mic performance of bridge columns such as flexural capacity,
yet have little impact on, or might even lower, the lateral stiff-
ness of the strengthened columns, especially when the FPR
bars were embedded into the columns [13–16]. Other
researchers concentrated on the combination of the different
jacketing methods. The prestressed steel jacketing (PSJ) was
developed by Fakharifar et al. [17] for rapid and cost-
effective repair of severely damaged circular RC columns.
The results showed that the PSJ successfully restored the ulti-
mate stress and displacement ductility of the columns, but
only limitedly restored the initial stiffness of the column by
84% of the as-built column. Meanwhile, the anchored dowel
bar showed its essential role in resisting lateral force; by
linking the column and footing with anchored dowel bars,
the lateral performance of the column such as ultimate
stress, initial stiffness, and displacement ductility were all
enhanced by at least 20%. Li et al. [18] also reported an exper-
imental investigation on the corrosion-damaged RC columns
strengthened with a combined CFRP sheet and steel jacket,
which indicated a better effectiveness than the columns
strengthened with only CFRP sheets or steel jacket in terms
of strength and ductility. Conventional jacketing methods
could enhance the flexural strength, shear strength, or even
ductility of columns but with unneglectable drawbacks, such
as high cost, low efficiency, and poor durability. With the rec-
ognition of life-cycle maintenance requirement and the
advancement of retrofitting methods for the structures, new
efficient jacketing methods were demanded to keep up with

the gradually increased demand on retrofitting, such as high
durability and low vulnerability.

This paper presented a modeling method, as well as a
comprehensive parametric study, on seismic performance
of bridge columns strengthened by a newly developed
strengthening method with PPCP-FRP. The PPCP-FRP
method is mainly developed for the rapid retrofitting of
the underwater bridge columns, for which conventional ret-
rofitting usually requires a cofferdam construction ahead of
the repairing to build a relatively easy-to-work construction
environment, which is a far less ideal one due to its low
cost-efficiency and applicability. The PPCP-FRP method
enhanced the cost-efficiency and applicability by using the
prestressed precast concrete panel (PPCP) as the formwork
(cofferdam). A modeling method of bridge columns strength-
ened with PPCP-FRP was first presented and validated
with test results. The influence of design parameters, such
as axial load ratio, EQFRR, expansion ratio, elastic modu-
lus of FRP reinforcement, compressive strength of con-
crete, and shear span ratio of column, were then further
evaluated in terms of the lateral load capacity, ductility,
energy dissipation, lateral stiffness, and residual displace-
ment of strengthened columns.

2. Modeling Method of Bridge Columns
Strengthened with PPCP-FRP Method

2.1. Design of PPCP-FRPMethod. The PPCP-FRP retrofitting
is mainly composed of precast concrete panels, steel strands,
longitudinal FRP bars, FRP spiral stirrup, and mortar, as in
Figure 1(a). The principle of strengthening with reinforced
concrete is adopted in PPCP-FRP retrofitting to achieve a
significant improvement on the lateral stiffness of the col-
umn; however, to enlarge the section of the column, instead
of using a common steel mold, a newly developed quick-
assembled concrete mold, composed of precast concrete
panels (PCP), is applied to facilitate the construction process.
The longitudinal FRP bars, which are embedded into the col-
umn base, as well as the FRP spiral stirrup were adopted as
the strengthening reinforcement to enhance the overall flex-
ural capacity and repairability of the column. Prestressed
steel strands were used to integrate PCPs into a fixed ring;
however, due to the fact that prestressing was relatively low
(less than 10% of the ultimate tensile strength of steel
strands), its confinement effect (to concrete materials) was
mostly neglected in this paper considering the stress lagging.
The mortar was used for filling up the space between the
original column and PCP to join the original column, FRP
reinforcement, and PCP together. The retrofitting processes
could be summarized as follows: (a) embedding of FRP bars
into the column base, (b) installation of the FRP spiral
stirrup, (c) assembly of PCP, (d) prestress steel strands,
and (e) grouting, as shown in Figure 1(b). The detailing of
embedding FRP bars into the column base was shown in
Figure 1(c), and an embedding depth of 350mm was applied
for all kinds of FRP bars in this paper.

2.2. Modeling. The modeling of bridge columns strengthened
with the PPCP-FRP method was based on the fiber analysis
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concept, in which the flexural member was represented by
unidirectional material fibers, and was realized in OpenSees
(OS) [19].

The real cross section and the modeling cross section of
strengthened specimens are shown in Figure 2. The real
cross section is composed of the PCP section, the mortar
section, and the original column section, as shown in
Figure 2(a). The PCP section was excluded from the model-
ing cross section due to its minor contribution on vertical
load bearing and transverse confinement to the column.
The mortar and original column sections were divided into
three sections in modeling, which were concrete core 1, con-
crete core 2, and concrete cover, as shown in Figure 2(b),
based on the different confinement conditions applied by
steel spiral stirrup and FRP spiral stirrup. Particularly, the
cover of the original column and the mortar confined by
the FRP spiral stirrup were considered with only one section
(concrete core 1) in modeling, which was based on the fact
that the concrete cover of the original column usually had
deteriorated and would be removed anyway before the retro-
fitting, as in the experiment.

The real column in the experiment and the column
model in the modeling are shown in Figure 3. In the

experiment, three 1/4-scale circular-section bridge columns
were initially designed and manufactured. The diameter
and height of the initial column were 300mm and
1275mm, respectively, and the shear span ratio equaled to
4.25, a little larger than those in other common columns,
which was to ensure that the shear span ratios of the speci-
mens would be larger than 3 after strengthening; therefore,
the flexure failure mode could be achieved. The volumetric
transverse reinforcement ratio was equal to 0.09%. One of
the columns was regarded as the control column, while the
other two were further strengthened with PPCP-FRP, as
shown in Figure 3(a). Different types of FRP reinforcement,
which are referred to as basalt fiber-reinforced polymer
(BFRP) reinforcement and carbon fiber-reinforced polymer
(CFRP) reinforcement, were used as strengthening reinforce-
ments for different specimens; however, the strengthening
reinforcement ratio, calculated based on the equivalent
strength principle, remained almost the same for both speci-
mens, as shown in Table 1, in which ρorl refers to the longitu-
dinal reinforcement ratio of the original column (i.e., control
column) before strengthening, as in (1); ns refers to the
amount of longitudinal steel bars; As refers to the cross-
sectional area of longitudinal steel bars; Acr refers to the
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Figure 1: Design and retrofitting processes of the PPCP-FRP method.
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Table 1: Details of all the specimens.

Specimen
label

ρorl
(%)

Strengthening reinforcement
ρeql
(%)Type

FRP
bar/ρeqf l (%)

FRP spiral
stirrup/ρeqf t (%)

CC 1.1 \ \ \ 1.1

SCB 1.1 BFRP 8Φ7.8/1.1 Φ5.9@50/1.8 1.8

SCC 1.1 CFRP 8Φ6/1.2 Φ4@40/1.9 1.9

SC3

E W

(a) Real column under testing

Displacement‐based
beam-column

element

Zero‐length‐
section element

Node 1

Node 0

Node11

Integration
point

Element 1

Element 0

Lateral load
Vertical load

Node 2

Element 2~10

(b) Column model in OS

Figure 3: Real column and column model.

cross-sectional area of the original column; ρeqf l and ρeqf t
refer to the additional equivalent longitudinal and transverse
reinforcement ratio of strengthened columns, respectively, as
in (2) and (3); nf refers to the amount of longitudinal FRP
bars; Acr′ and dcr′ refer to the cross-sectional area and diam-
eter of the strengthened columns, respectively; dcr′ equals to
370mm in this paper; s refers to the spacing of the FRP spiral
stirrup; Aeqf l and Aeqf t refer to the equivalent longitudinal
and transverse cross-section areas of the FRP bars, which
were calculated based on the equivalent strength princeple,
as shown in (4) and (5); f uf l and f uft refer to the ultimate
stress of longidufinal and transverse FRP bars, respectively;
Af l and Aft refer to the actual cross-sectional areas of longitu-
dinal and transverse FRP bars, respectively; and ρeql refers to
the equivalent longitudinal reinforcement ratio of the
strengthened column, as in (6).

ρorl =
ns ⋅ As
Acr

, 1

ρeqf l =
nf ⋅ Aeqf l

Acr′
, 2

ρeqf t =
4Aeqf t

s ⋅ dcr′
, 3

Aeqf l =
f uf lAf l
f s

, 4

Aeqf t =
f uftAft
f s

, 5

ρeql =
nfAeqf l + nsAs

Acr′
6

The tests were performed using a loading system, as
shown in Figure 3(a). All of the specimens were subjected
to a combination of constant axial load and lateral cyclic
loads. A constant axial load of 287 kN (normalized axial load
ratio equals to 0.16) was first applied to each specimen with a
hydraulic jack. Then, the lateral cyclic load was first con-
trolled by a force which started at ±10 kN and then increased
by ±10 kN at each load step until the column yielded. After
the column yielded, the cyclic loading pattern was converted
to a displacement-based control and each load step was
repeated three times. Each specimen was instrumented with
the following devices to measure its lateral load and corre-
sponding displacement, deformations, and strains: (1) load
sensor installed at the head of the actuator, (2) LVDT
installed on the top of the specimen that works with the load
sensor to measure displacement, and (3) strain gauges
bonded onto the reinforcing bars.

A column model, which is composed of displacement-
based beam-column (DBBC) elements (element 1~ 10) and
zero-length-section element (element 0), was built in model-
ing, as shown in Figure 3(b). Each DBBC element contained
three integration points. The zero-length-section element
was located at the bottom of the model to consider the strain
penetration of longitudinal bars. Node 0 was fully fixed dur-
ing the test, while node 1 was constrained only at dof 1 and 2.
In addition, the vertical and lateral loads were applied to
node 11 and the loading patterns were exactly the same as
in the experiment.

2.3. Material Parameters. Two different kinds of concrete
were used to build the original column and PCP, respec-
tively. The 28-day compressive strengths (f c′) of these con-
cretes were equal to 25.1MPa and 40.5MPa, respectively,
and the corresponding elastic moduli (Eo) were equal to
24.9GPa and 36.3GPa. The 28-day compressive strength
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and elastic moduli of mortar were equal to 32.7MPa and
22.6GPa, respectively.

Concrete 02 in OS was used for simulating the concrete
material, which was realized by defining the initial elastic
tangent (Eo), compressive strength (f c′), compressive strain
(ɛco = 4f c′/Eo), ultimate strength (or crushing strength for
unconfined concrete) (f cu), ultimate strain (or crushing
strain for unconfined concrete) (ɛcu), tensile strength (f t),
and ratio (λ) between unloading slopes at ɛcu and Eo, as
shown in Figure 4. The modified Kent-Park model [20] was
used as the compressive skeleton curve, which maintained a
balance between simplicity and accuracy. For unconfined
concrete, the crushing strength was usually set to “0” (or a
quiet small value), which represents that no strength was
considered for unconfined concrete after it was crushed.
However, for concrete cover in this paper, the crushing
strength should be considered due to the fact that the outside
PCPs kept in a good shape until the end of the experiment,
which means that a relatively strong confinement could be
continuously applied to the “concrete cover” even after it
has crashed. Due to a lack of experimental studies on axial
compressive behavior of concrete confined with PCPs, 0.5
times of compressive strength was assumed for the crushing
strength of concrete cover, and the crushing strain equals to
−0.004. For concrete core 1 and concrete core 2, the ultimate
strengths and strains would be enhanced by the single or dual
confinements provided by the FRP spiral stirrup and steel
spiral stirrup. However, due to a lack of experimental studies,
a series of existing FRP-confined concrete models [21–23]
were adopted to calculate the ultimate strengths and strains
for the concrete materials. For concrete core 1, the ultimate
strength and strain were calculated by using the FRP sheet
confined concrete model proposed byWu et al. [21]; the ulti-
mate strength was taken as 1.8 times of its compressive
strength, and the ultimate strain equals to −0.02. For concrete
core 2, the ultimate strength and strain were expected to
be larger than those of concrete core 1 due to an extra con-
finement provided by the steel spiral stirrup [22]. However,
due to the potential negative effects such as stress lagging
of the FRP spiral stirrup or a weak old-new concrete
interface, which could possibly lower the ultimate strength,
a conservative ultimate strength, which equals to 2 times of

the compressive strength [23], was taken for concrete core
2, and the corresponding crushing strain remains the same
with that of concrete core 1. The detailed setting of the
parameters of concrete materials in OS are shown in Table 2.

The dimensions and mechanical properties of all rein-
forcements used in the experiment were experimentally
measured, as listed in Table 3, in which D and E refer to
the diameter and elastic modulus of reinforcement, respec-
tively, f y and f u refer to the yield stress and ultimate stress
of reinforcement, respectively, and εu refers to the fracture
strain of reinforcement.

Steel 02 material in OS was adopted for modeling the
longitudinal steel bars in modeling, by defining parameters
such as elastic modulus of steel bar (Es), yield stress,
strain-hardening ratio (b = 0 01) between postyield tangent
and initial elastic modulus, and transition parameters from
elastic to plastic branches (R0 = 18, cR1 = 0 9, and cR2 =
0 15) [19]. Hysteretic material in OS was applied for
modeling the longitudinal FRP bars by defining stress
and strain values of feature points on the envelope curve
[19]. The compressive strength of FRP bars was assumed
equal to 50% of its tensile strength, and the compressive
elastic modulus was assumed the same as the tensile elastic
modulus based on the experimental studies conducted by
Deitz et al. [24]

2.4. Comparison between Test Results and Modeling Results.
In the experiment, a classic flexural failure mode including
concrete crushing and longitudinal steel bar buckling (some
fractured in the end) was observed for the CC specimen, as
shown in Figure 5(a). The test phenomena of SCB and SCC
were basically the same. After the test, the concrete panels
of SCB and SCC were removed and the fracture of longitudi-
nal FRP bar was observed, as in Figure 5(b).

The hysteresis load-displacement (L-D) curves of all
specimens showed that the overall seismic performances of
all strengthened specimens, including the lateral loading
capacity, stiffness, and ductility, were significantly enhanced
through the strengthening process with PPCP-FRP, as shown
in Figure 6. Due to the relatively big ultimate strain of BFRP
reinforcements, the force level of BFPR reinforcements in
SCB would be smaller than that of CFPR reinforcements in
SCC when similar strains were applied to these FRP rein-
forcements, as illustrated in (7), in which F f refers to the
force level of the FPR reinforcement, E f refers to the elastic
modulus of the FRP reinforcement, and Af and Aeqf refer
to the actual and equivalent cross-section area of the FPR
reinforcement. This could be further illustrated as follows:
The increasing speed of the force level would be relatively
slow for the FRP reinforcement with a relatively high ulti-
mate strain in the strengthened column, which could be ben-
eficial to the adequate utilization of the material strength
(especially to the steel reinforcement in original column)
and therefore enhance the stability and energy dissipation
capacity of the strengthened column.

F f = εE fAf = εf sAeqf
E f
f u

= εf sAeqf ⋅
1
εu

7

Stress

Strain

ft
Et

E0 = 2fc’/𝜀co

𝜆E0

𝜀co, fc’ 

𝜀cu, fcu

Figure 4: Model of concrete in OS.

5International Journal of Polymer Science



The L-D curves of all specimens were consistent with
the experimental curves, as shown in Figure 6. The hyster-
etic curves of all specimens agreed well with those in
experiments. The characteristic values of L-D curves, as
shown in Figure 7, as well as their errors with the character-
istic values of experimental curves, were calculated and are
listed in Table 4. The yield load (Fy) and peak load (Fp), as
well as their corresponding displacements (Δy, Δp), agreed
well with the test results with the maximal errors of 3.6%
and 12.1%, respectively. In addition, the postyield stiffness
of the L-D curves was calculated, as shown in Table 4,
which also agreed well with those of test results with a
maximal error of 11.1%. Moreover, the residual displacement
of the L-D curves, which equals to the mean value of the pos-
itive and negative residual displacements of the L-D curve of
each cycle, was compared with that of experimental curves in
Figure 8, in which the residual displacement values were
basically consistent with the experimental residual dis-
placement values especially within the residual displacement
limit, which was 1% of the column height according to the
Japanese code [25], as shown in Figure 8(a). Furthermore,
the development of residual displacement with the drift
ratio of L-D curves agreed well with those of experimental
curves, as shown in Figure 8(b), all of which indicated a
high accuracy of the modeling method on predicting the
seismic behavior of columns strengthened by the PPCP-
FRP method.

3. Parametric Study

3.1. Parameter Setting. A comprehensive parametric study
was conducted to further evaluate the seismic performance
of the strengthened columns with different parameters, such
as axial load ratio (n), EQFRR (αρ), expansion ratio (κs), elas-
tic modulus of FRP reinforcement (E f ), compressive strength
of concrete (f co′), and shear span ratio of the column (λ). The
set value of each parameter, corresponding to the contrivable
range for each parameter, are listed in Table 5.

The axial load ratio in this paper particularly equals to the
axial load divided by the compressive strength of concrete
and the cross-sectional area of the original column. A com-
mon range of axial load ratio for bridge columns, which
was 0.05~ 0.2, was adopted.

The EQFRR equals to the ratio of the additional equiva-
lent longitudinal reinforcement ratio of the strengthened col-
umn to the longitudinal reinforcement ratio of the original
column, as in (8), and a range of 0.05~ 0.43 was adopted
for EQFRR.

αρ =
ρeqf l
ρorl

8

The expansion ratio equals to the ratio of Dcf to Dcs, as
shown in Figures 2(b) and (9). It should be noted that two
major factors were coupled in κs, which were the expansion
of the cross-section area and the variation of the distribution
of FRP bars, considering the irrationality of the strengthening
design by simply enlarging the cross-sectional area without
rearranging the FRP bars. In this paper, the thickness of
the concrete cover was fixed at 20mm for all possible set
values of the expansion ratio, which means that when a
bigger κs was applied in the analysis, a farther distance
would be achieved by FRP bars away from the neutral axis
of the cross section.

κs =
Dcf
Dcs

9

The elastic modulus of FRP reinforcement was designed
for considering the different types of FRP reinforcements
manufactured with different fibers, such as glass fiber, ara-
mid fiber, basalt fiber, and carbon fiber. The ultimate

Table 2: Detailed setting of the parameters of concrete materials in OS.

Concrete material parameters
Setting value in OS

Concrete core 2 Concrete core 1 Concrete cover

f c′ compressive strength −25.1MPa −32.7MPa −32.7MPa

Eo elastic modulus 24.9 GPa 22.6GPa 22.6GPa

εco compressive strain 4 ∗ f c′/Eo 4 ∗ f c′/Eo 4 ∗ f c′/Eo

f cu/f c′ ratio of ultimate strength (or crushing strength) to compressive strength 2.0 1.78 0.5

εcu ultimate strain (or crushing strength) −0.02 −0.02 −0.004

f t tensile strength −0 14 ∗ f c′ −0 14 ∗ f c′ −0 14 ∗ f c′
Et tension softening stiffness f t/0.002 f t/0.002 f t/0.002

λ ratio of unloading slope at εcu to Eo 0.1 0.1 0.1

Table 3: Dimensions and mechanical properties of all
reinforcements.

Reinforcement type D/mm E/GPa f y/MPa f u/MPa εu/%

Steel bar 10 210 446 615 16.8

Steel spiral stirrup 6 210 446 615 16.8

Steel strand 3 161 \ 1653 2.4

BFRP bar 7.8 63 \ 1382 2.2

BFRP bar/BFRP
spiral stirrup

5.9 63 \ 1382 2.2

CFRP bar 6 170 \ 2560 1.5

CFRP spiral stirrup 4 170 \ 2560 1.5
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strength of these FRP reinforcements usually differs from
each other but within a certain range. In this paper, a con-
servative value (1400MPa) for the ultimate strength of
FRP reinforcements was set for all kinds of FRP reinforce-
ment to simplify the modeling approach. Therefore, the
ultimate strain of FRP reinforcement would vary with E f
due to the inverse relationship between these two factors;
basically, when a bigger E f was applied, a smaller ultimate
strain would be achieved by FRP reinforcement in the
parametric study.

The compressive strength of the concrete and the shear
span ratio of the column were also considered in a parametric
study according to the design and analysis basics for the
bridge column [3, 26]. The shear span ratio equals to the col-
umn height divided by the cross-sectional diameter of the
original column.

A default value for each parameter was proposed, as
in Table 5, for conducting the qualitative study on seis-
mic behavior of strengthened columns. When a specific
parameter was being investigated, other parameters could
fix at the default value and would not impose any effect
to the results.

3.2. Typical Load-Drift Curves with the Variation of
Specific Parameter

3.2.1. Axial Load Ratio. The typical load-drift curves with the
variation of axial load ratio are shown in Figure 9(a), in
which the yield load and peak load of the curves increase with
the increase in axial load ratio. The increase in yield load was
due to the fact that the yield of steel bars was postponed
because of the relatively slow development of stress in steel
bars when a relatively high axial load ratio was applied. In
addition, increasing the axial load ratio would potentially
increase the flexural bearing capacity of the column by
increasing the depth of the compression zone of the cross
section of the column, in which case the peak force of the
column would be enhanced, as displayed on the typical
load-drift curves.

3.2.2. EQFRR. The typical load-drift curves with the variation
of EQFRR are shown in Figure 9(b), in which the postyield
stiffness, peak force, and corresponding drift ratio increase
with the increase in EQFRR. A relatively high postyield stiff-
ness could be expected for the specimens with a relatively
large EQFRR due to the fact that a relatively high lateral load
would be achieved by a strengthened column during the
postyield stiffness stage when a relatively large EQFRR was
applied under a certain drift ratio. In addition, since the
cross-section failure of the column was characterized by the
fracture of FRP bars in analysis, the peak moment of the cross
section would increase, while the depth of the compression
zone of the cross section would decrease with the increase
in EQFRR; therefore, the peak force and corresponding drift
ratio would increase with the increase in EQFRR.

3.2.3. Expansion Ratio. The typical load-drift curves with the
variation of expansion ratio are shown in Figure 9(c), in
which the initial stiffness, postyield stiffness, and peak force
increase, while the drift ratio of the peak force decreases with
the increase in expansion ratio. Since the lateral stiffness of
the circular column was proportional to the fourth power
of the cross-sectional diameter, a significant enhancement
of initial stiffness and postyield stiffness should be expected
by simply increasing the expansion ratio. In addition, enlarg-
ing the cross-sectional area of the column fundamentally
equals to a decrease in shear span ratio of the column and
reduction in the depth of the compression zone of the cross
section, which would further lead to an increase in peak force
and a decrease in its corresponding drift ratio.

3.2.4. Elastic Modulus of FRP Reinforcement. The typical
load-drift curves with the variation of elastic modulus of
FRP reinforcement are shown in Figure 9(d), in which the
postyield stiffness increases, while the drift ratio of the peak
force decreases with the increase in elastic modulus of FRP
reinforcement. The increase in the postyield stiffness was
due to the same reason as in EQFRR. The decrease in drift
ratio of the peak force was due to the fact that a relatively high

Longitudinal steel bar buckling
(some fractured in the end)

(a) CC

Precast concrete
panel cracking

Longitudinal
BFRP bar fracture

After removing the
concrete panel

(b) SCB

Figure 5: Failure mode of the specimens.
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elastic modulus implied a relatively low ultimate strain for
FRP reinforcement when the ultimate strength of FRP rein-
forcement was fixed in a parametric study.

3.2.5. Compressive Strength of Concrete and Shear Span
Ratio of Column. The typical load-drift curves with the vari-
ation of the compressive strength of concrete are shown in
Figure 9(e), in which the drift ratio of the peak force
decreases with the increase in compressive strength of the
concrete, which was due to the indirect effect imposed by
the decrease in depth of the compression zone of the cross
section. The typical load-drift curves with the variation of
the shear span ratio of the column are shown in Figure 9(f).
Since the effect of the shear span ratio of the column was
basically overlapped within the effect of the expansion ratio,
a similar tendency was displayed on these two sets of curves.
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Figure 6: L-D hysteresis curves of all specimens.
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The increase in initial stiffness and postyield stiffness, with
the decrease in shear span ratio, was due to the fact that the
lateral stiffness of the circular column was inversely propor-
tional to the square of the column height. The increase in
peak force and the decrease in corresponding drift ratio, with
the decrease in shear span ratio, were basically due to the
same reason as analyzed in the expansion ratio.

3.3. Effect of the Parameters to the Seismic Performance

3.3.1. Lateral Load Capacity and Ductility. The yield load
and peak load are two representative characteristics of the
lateral load capacity of the column. Among all parameters,

EQFRR showed the most significant effect on yield load
and peak load. When the steel bars of the column began to
yield, a relatively high stress would be achieved by FRP bars
when a relatively high EQFRR was applied, and the yield load
of the column would increase with the increase in EQFRR. In
addition, since column failure was characterized by the frac-
ture of FRP bars, when a higher EQFRR was applied for
strengthened columns, a higher peak load would be obtained.
As shown in Figure 10(a), the peak load of specimens signif-
icantly increased with the increase in EQFRR. Moreover, the
shear span ratio affects the yield load and peak load of the
column as well, by presenting an approximate inverse rela-
tionship with both yield load and peak load, due to the same
reason as common RC columns [27].

The ductility (μ) of the column, as in Figure 7, is mostly
influenced by EQFRR and elastic modulus of FRP rein-
forcement, as shown in Figure 11. The ductility decreases
with the increase in EQFRR, as shown in Figure 11(a),
due to the fact that the yield of the column had been post-
poned with the increase in EQFRR; the reason is presented in
Figure 10(a). The ductility decrease with the increase in elas-
tic modulus of FRP reinforcement, as shown in Figure 11(b),
was simply due to the fact that the drift ratio of the peak
load had significantly decreased with the increase in elastic
modulus of FRP reinforcement; the reason is illustrated in
Figure 9(d).

Table 4: The characteristic values of calculated L-D hysteresis curves and the error to the test results.

Specimen
label

Fy Δy Fp Δp k2
Analysis
(kN)

Error
(%)

Analysis
(mm)

Error
(%)

Analysis
(kN)

Error
(%)

Analysis
(mm)

Error
(%)

Analysis
(mm)

Error
(%)

CC 47.3 2.1 12.9 10.4 51.97 3.0 27.6 12.2 \ \

SCB 74.53 1.0 14 9.1 109.8 0.1 78.8 8.8 0.54 11.1

SCC 74.2 2.9 11.9 4.0 104.1 3.6 47.3 12.1 0.84 11.1

Error = test − analyse /test.
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Figure 8: Comparison between modeling and test results on residual displacement.

Table 5: Parameter value setting.

Parameters n αρ κs E f /GPa f co′/MPa λ

Set value

0.05 0.05 1.1 25 15 3.5

0.1 0.11 1.2 50 25 4.5

0.15 0.18 1.4 100 35 5.5

0.2 0.25 1.6 150 45 6.5

0.33 200

0.43

Default value 0.1 0.11 1.4 50 25 4.5
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Figure 9: Typical load-drift curves with the variation of different parameters.
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3.3.2. Energy Dissipation. To evaluate the energy dissipation
capacity of the strengthened columns, a cyclic loading analy-
sis was conducted in OS with a similar loading pattern as in
experiments for all specimens in analysis with different
parameters. For each specimen, three major factors [3],
including energy dissipation (Eh), elastic strain energy (Ee),
and equivalent viscous damping ratio (ξeq), were calculated
for each hysteric loop with MATLAB.

Among all parameters, the shear span ratio showed the
most significant effect on energy dissipation capacity. Both
of the energy dissipation and elastic strain energy decrease
rapidly with the increase in shear span ratio, as shown in
Figure 12(a), due to the stress level decrease in columns. In
addition, the equivalent viscous damping ratio, which reflects
the plastic strain energy, was relatively small for a column
with a relatively big shear span ratio, which was due to the
fact that the plastic strain energy was mainly contributed by
concrete cracking, which would be relatively less to a column

with a relatively big shear span ratio, especially when the drift
ratio was relatively small. As shown in Figure 12(b), when the
drift ratio equals to 0.01, the equivalent viscous damping
ratio of the column (=0.048) when λ = 8 85 was only 32%
that of the column (=0.148) when λ = 3 18, and this differ-
ence would gradually diminish with the increase in drift
ratio. After the drift ratio reached 0.09, the development of
the equivalent viscous damping ratio was almost coincident
for all specimens with the increase in the drift ratio.

Due to the elastic property of FRP reinforcement, which
contributes no energy dissipation to the column, the energy
dissipation of columns with different EQFRR would remain
constant, which has been proved in analysis, as shown in
Figure 13(a); the energy dissipation curves with different
EQFRR were basically coincident with each other. In addi-
tion, increasing EQFRR would downgrade the stress level of
steel bars by “transforming” more stress from the steel bars
to the FRP bars; the elastic strain energy of each cycle of
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Figure 10: Variation of the characteristic load with different parameters.
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hysteresis loops may increase with the increase in EQFRR
under a certain drift ratio, which has also been proved in
analysis. The elastic strain energy and equivalent viscous
damping ratio, which refers to plastic strain energy, gradually
increases and decreases with the increase in EQFRR, as
shown in Figures 13(a) and 13(b), respectively. Moreover,
the equivalent viscous damping ratio increased relatively

slowly with the increase in drift ratio when a relatively high
EQFRR was applied, as shown in Figure 13(b), which indi-
cated that the increase in EQFRR could slow down the devel-
opment of plastic strain energy in columns.

3.3.3. Lateral Stiffness. The lateral stiffness of the bridge col-
umn is a time-dependent property which may decrease in

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
0.0

5.0 × 103

1.0 × 104

1.5 × 104

Eh and Ee dropping with the increase in 𝜆

n = 0.1 𝛼𝜌 = 0.11
𝜅s = 1.2 Ef = 50

fco' = 25

En
er

gy
 d

iss
ip

at
io

n 
pe

r c
yc

le
 (J

)

Drift ratio

Eh (𝜆 = 3.18) Ee (𝜆 = 3.18)
Eh (𝜆 = 4.19) Ee (𝜆 = 4.19)
Eh (𝜆 = 5.26) Ee (𝜆 = 5.26)
Eh (𝜆 = 6.39) Ee (𝜆 = 6.39)
Eh (𝜆 = 7.59) Ee (𝜆 = 7.59)
Eh (𝜆 = 8.85) Ee (𝜆 = 8.85)

(a) Energy dissipation

n = 0.1 𝛼𝜌 = 0.11
𝜅s = 1.2 Ef = 50

fco' = 25

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
0.00

0.05

0.10

0.15

0.20

0.25

0.148

0.048

Eq
ui

ve
rle

nt
 v

isc
ou

s d
am

pi
ng

 ra
tio

 (𝜉
eq

)

Drift ratio

𝜆 = 3.18
𝜆 = 4.19
𝜆 = 5.26

𝜆 = 6.39
𝜆 = 7.59
𝜆 = 8.85

(b) Equivalent viscous damping ratio

Figure 12: Variation of energy dissipation indicators with drift ratio along with λ.
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Figure 13: Variation of energy dissipation indicators with drift ratio along with αρ.
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resistance of the gradually weakening anchoring condition
affected especially by scouring along the structure’s service
life [28]. Therefore, extra stiffness demands should be consid-
ered in the strengthening process. Since the stiffness of the
column is proportional to the flexural stiffness of the cross
section (EI) and inversely proportional to the second power
of the column height (h), the most effective way to enhance
the stiffness is to change the dimensions of the column, such
as enlarging the cross-sectional area or “shortening” the
height of the column, which had been directly and indirectly
considered in analysis through the expansion ratio and shear
span ratio of the column, respectively. Take expansion ratio
as an example; the initial stiffness (k1) of the specimen
increased by 300% with the expansion ratio increased by
45%, as shown in Figure 14(a), which suggested a high effi-
ciency of expansion ratio on improving the initial stiffness.

Other parameters, such as elastic modulus of FRP reinforce-
ment, could also contribute to the initial stiffness yet not as
remarkable as the expansion ratio and shear span ratio of
the column, as shown in Figure 14(b).

A stable postyield stiffness stage was obtained by most
specimens in the analysis. The column with a higher post-
yield stiffness generally represents less damage and better
repairability when the earthquake strikes [29, 30], and the
variation of postyield stiffness with different parameters was
also evaluated in the analysis. Since the FRP reinforcement
mainly contributes to the postyield stiffness of the column,
the postyield stiffness increases rapidly and almost linearly
with the increase in the elastic modulus of FRP reinforce-
ment, as shown in Figure 14(b). Other parameters such as
expansion ratio could also contribute to the postyield stiff-
ness yet not as remarkable as the elastic modulus of FRP rein-
forcement, as shown in Figure 14(a).

3.3.4. Residual Displacement. The residual displacement is
a critical parameter for evaluating the repairability of the
structure after earthquakes [25], and it basically increases
linearly with the drift ratio regardless of any parameters
applied to the model, as shown in Figure 15. Residual dis-
placement was mostly affected by EQFRR which showed a
rapid decrease with the increase in EQFRR, as shown in
Figure 15. This was due to the fact that the plastic deforma-
tion of the column developed rather slowly when a relatively
high EQFRR was applied, which further indicated that a
better repairability could be achieved with a relatively high
EQFRR for the strengthened column.

4. Conclusions

A modeling method based on the fiber analysis concept was
realized in OS, in which the cross-section model of the
strengthened column was simplified based on different con-
finement conditions applied by a steel spiral stirrup and an
FRP spiral stirrup, and the strain penetration of longitudinal
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bars was also considered in the column model by using a
zero-length-section element. A comprehensive parametric
study was then further conducted to evaluate the influence
of design parameters, such as axial load ratio, equivalent
FRP reinforcement ratio rate (EQFRR), expansion ratio,
elastic modulus of FRP reinforcement, compressive strength
of concrete, and shear span ratio of the column, in terms of
lateral load capacity, ductility, energy dissipation, lateral stiff-
ness, and residual displacement of the strengthened column.
The conclusions could be summarized as follows:

(1) The hysteric curves in the modeling were consistent
with those in experiments. The yield load and peak
load in modeling agree well with those in experiment
with a maximal error of 3.6%. The postyield stiffness
of hysteric curves is also closed to that of experimen-
tal hysteric curves with a maximal error of 11.1%. In
addition, the residual displacement of each hysteric
loop in modeling is basically consistent with that
in the experiment, especially within the residual
displacement limit, all of which indicates the high
accuracy of the modeling method on predicting the
seismic behavior of columns strengthened by the
PPCP-FRP method.

(2) The lateral load capacity and ductility of strength-
ened columns were mostly affected by EQFRR. The
yield load of strengthened columns increases with
the increase in EQFRR due to the relatively high
stress achieved by FRP bars when the strengthened
column started yielding. The peak load of strength-
ened columns increases as well with the increase in
EQFRR but due to the different fact that the column
failure is characterized by the fracture of FRP bars;
therefore, when a higher EQFRR was applied, the
higher peak load would be obtained by strengthened
columns. The ductility of the strengthened columns
decreases with the increase in EQFRR due to the fact
that the yield of the column was postponed with the
increase in EQFRR.

(3) The shear span ratio of the column showed the most
significant effect on the energy dissipation capacity of
strengthened columns. With the increase in shear
span ratio, both energy dissipation and elastic strain
energy decrease rapidly due to the stress level
decrease in columns. In addition, the equivalent vis-
cous damping ratio, which reflects the plastic strain
energy, was relatively small for a column with a rela-
tively big shear span ratio, which was due to the fact
that the plastic strain energy was mainly contributed
by concrete cracking, which would be relatively less
to a column with a relatively big shear span ratio,
especially when the drift ratio was relatively small.

(4) The initial stiffness of strengthened columns was
extremely sensitive to the expansion ratio, which
increased by 300% with the expansion ratio increased
by 45%. A stable postyield stiffness stage was obtained
by most strengthened columns in a parametric study,

and the value of postyield stiffness increases almost
linearly and rapidly with the increase in elastic
modulus of FRP reinforcement. The residual dis-
placement of strengthened columns was mostly influ-
enced by EQFRR, which rapidly decreases with the
increase in EQFRR due to the fact that the plastic
deformation of the column developed relatively slow
when a relatively high EQFRR was applied, which
further indicated that a better repairability could be
achieved by applying a relatively high EQFRR in the
strengthening process.
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