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With the continuous development of the ductility capacity concept for seismic design of bridges, the ductility capacity of many
existing bridges does not meet the requirements of the current code for seismic performance because of the low reinforcement
ratio and reinforcement corrosion of reinforced concrete (RC) piers. Because of their superior mechanical properties and low
price, basalt fibre-reinforced polymer (BFRP) sheets have potential application in the seismic retrofits field of existing bridges. To
study the seismic strengthening effect of RC pier columns, scaled specimens with standard reinforcement ratios, with low
reinforcement ratios according to the past code and with corroded reinforcements, were designed and manufactured and then
wrapped and pasted with BFRP sheets on the plastic hinge areas. Pseudostatic tests were conducted to verify the seismic
performance of the strengthened and unstrengthened specimens. Experimental results showed that the ultimate flexural capacity,
deformation capacity, and energy dissipation capacity of strengthened RC pier columns were superior. Especially for strengthened
specimens with low reinforcement ratios or corrosion reinforcement, their seismic performance could rival than that of columns
with standard reinforcement ratios, which showed the advantage of BFRP sheets in the seismic retrofitting of existing bridge piers.

1. Introduction

Bridge damage in earthquakes leads to traffic interruption and
economic losses [1]. At present, there are a large number of
viaducts designed according to the elastic seismic design
method adopted by the previous seismic design code for
highway bridges [2]. After Wenchuan earthquake of 2008, the
seismic design code for bridges [3] adopted the ductility seismic
design concept which recommends two-stage design and two-
level fortification. Additionally, the newest Seismic Ground
Motion Parameter Zonation Map of China (GB 18306-2015)
increased the areas of seismic fortification intensity of 7° and
above and put forward the concept of very rare groundmotion
[4]. .erefore, bridges in service designed according to the
previous seismic design code cannot meet the seismic per-
formance objects of the current seismic design code.

Reinforced concrete (RC) piers of existing viaducts would
bear various loads and might also be subjected to the marine
environment or severe atmospheric conditions. Chemical

erosion always causes corrosion and mechanical degradation
of reinforcements, which affects the usability and safety of the
structures. When corroded RC piers are subjected to earth-
quakes, serious damage or even collapse may occur. Aseismic
design is adopted to prevent bridge collapse and control
seismic damage to a certain extent. At present, the seismic
concept design combining elastic superstructure and ductile
substructure is used mostly in the seismic design of bridges
[5, 6]. Plastic hinges can appear in certain positions of RC pier
columns to realize the ductility seismic design [7, 8].
.erefore, reinforced concrete piers with insufficient flexural
ability or ductility ability, unclear plastic hinge positions, or
clear positions that are hard to repair need to be retrofitted.

Many studies have been carried out on the seismic re-
inforcement of viaduct piers with fibre-reinforced polymer
(FRP) sheets [9, 10]. At present, commonly used fibres
include aramid fibre-reinforced polymer (AFRP), glass fibre-
reinforced polymer (GFRP), and carbon fibre-reinforced
polymer (CFRP), and CFRP is the most widely used material
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because of its excellent properties [11, 12]. However, CFRP is
largely imported in China, and its high cost restricts the
application. Compared with other FRPs, basalt fibre-rein-
forced polymer (BFRP) shows a series of good mechanics
performance, as shown in Table 1. More importantly, BFRP
is derived from natural minerals and worthy to be spread,
with advantages of low cost and nonpollution [13, 14].

.ere are few studies on the application of BFRP sheets in
the seismic strengthening of building and bridge structures. Lu
et al. [15–17] conducted a study on the seismic performance of
earthquake-damaged concrete frame joints reinforced by BFRP
sheets. .e results showed that the seismic performance of
strengthened joints was greatly improved, and all 3-dimensional
reinforced concrete frame joints strengthened by BFRP sheets
achieved the design object of strong-column and weak-beam.
Wu et al. [18] conducted a contrastive study of strengthened
short RC columns with BFRP bundles (not BFRP sheets) and
CFRP sheets. It was recommended that BFRP bundles can
significantly improve the shear capacity and change the failure
mode of short RC columns. Because there is less research on
BFRP sheets used in seismic strengthening of viaduct piers,
quasistatic loading tests of 1 : 5 scaled pier columns were
conducted under low-cycle reciprocating loading to obtain the
hysteresis performance curve, and then stiffness, flexural ca-
pacity, equivalent viscous damping coefficient, and energy
dissipation parameters were analysed to reveal the improve-
ment efficiency of BFRP sheets in seismic strengthening.

2. Experimental Design

2.1. Specimen Design and Fabrication. Five scaled specimens
of circular RC pier columns, 2100mm high and 240mm di-
ameter, were designed and fabricated. Two specimens were
designed with standard reinforcement ratios and one of them
was strengthened; one specimen was designed with lower
reinforcement ratio and strengthened; and two specimens were
designed with standard reinforcement ratios and corroded and
one of them was strengthened. .e geometric dimensions and
reinforcement details of specimens are shown in Figure 1. .e
tested cubic compressive strength of concrete was 43.2MPa.
Longitudinal reinforcement included hot-rolled ribbed steel
bars 10mm in diameter, and the tested yield strength was
498.3MPa. Stirrup bars adopted hot-rolled plain steel bars
8mm in diameter, and the tested yield strength was 358.3MPa.

2.2. Corrosion and Strength of Specimens. A flume filled with
NaCl solution at a concentration of 3.5% was set up in the
plastic hinge area of two specimens. Stainless steel tubes
were placed in the flume as electrochemical cathodes, and
one longitudinal steel bar extending through the top of
specimens served as electrochemical anodes. .e concen-
tration and volume of the NaCl solution remained un-
changed during the electrifying process [19, 20]. .e
designed density was determined to be 0.6mA/cm2

according to Faraday’s formula. Details of the corrosion
specimens are listed in Table 2, and the electrification
process is shown in Figure 2. At the end of corrosion process,
both the corroded longitudinal and stirrup steel bars showed

pitting corrosion. .e actual corrosion rate was evaluated by
the cross-section method. .e tested diameters of longitu-
dinal and stirrup steel bars were 9.8mm and 7.1mm, re-
spectively. .e yield strengths of longitudinal and stirrup
steel bars were 309.2MPa and 281.4MPa, respectively.

Mechanical properties of the BFRP sheets used for
strengthening are shown in Table 3. First, the surface of
specimens was polished and smoothed, and then the BFRP
sheets coated with adhesive were wrapped and adhered to
the specimens. .e adhesive was XW-500-A carbon fibre,
and the colloidal properties are listed in Table 4. To avoid
damage in the lap areas, the lap length was set at 100mm.
One layer of the BFRP sheet was wrapped vertically in the
tensile direction, and two layers were wrapped laterally. .e
adhesion height of each layer was set at 400mm.

2.3. Measuring Points Arrangement and Loading System.
Four strain gauges were symmetrically pasted on longitu-
dinal steel bars located on both sides of each specimen. Two
strain gauges were pasted on two stirrup bars on one side of
the specimen. Four concrete strain gauges were pasted on
both sides of each specimen. Four displacement sensors were
laterally installed on both sides of the specimen. Another
displacement sensor was set up at the top of specimen to
measure the lateral deformation of the specimen top. .e
details of measuring points are shown in Figure 3.

According to the seismic design code [3], the axial
compression ratio of regular viaducts should not exceed 0.3.
.erefore, the axial compression ratio was set 0.2 during
tests. .roughout tests, the vertical load of 146.0 kN was
applied at the top of specimens and kept constant. Lateral
reciprocating loads were applied to the specimen top, as
shown in Figure 4(a). A loading rule of variable amplitude
displacement control was adopted to conduct the pseudo-
static tests (Figure 4(b)). Testing ended when the lateral
bearing capacity of the specimen decreased by 85% of the
maximum value or when the specimen was destroyed [21].

.e dynamic response of the structural components
under seismic loads is partly different from the pseudostatic
tests, because of the different Young’s Moduli of concrete
when it is exposed to quasistatic loads rather than dynamic
excitation [22]. However, quasistatic tests can effectively
obtain the mechanical properties of structural members, thus
providing technical support for the research of the structural
resilience model and structural failure mechanism and mode.

3. Experimental Results

3.1. Failure Characteristics of Columns. As shown in Fig-
ure 5, failure characteristics of the strengthened and
unstrengthened specimens under quasistatic loading were
different. At the initial loading stage, lateral cracks appeared
at the plastic hinge area of unstrengthened columns. With
the increase in loading, lateral cracks gradually extended and
widened. Finally, concrete at the plastic hinge area crushed
and the column failed. For the corroded specimen, there
were vertical and lateral corrosion cracks with a width of
0.05–0.15mm before loading (Figure 2(d)). In the initial
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stage of lateral loading, corrosion cracks extended and new
cracks appeared gradually. As the lateral load continued to
increase, corrosion cracks elongated and widened and more
lateral cracks developed. Finally, concrete in the plastic hinge
area was crushed, concrete between the corrosion cracks fell
o�, and the column specimen failed.

For specimens strengthened by BFRP sheets, a slight
crackling sound could be heard from the surface of the BFRP
sheets in the initial stage of lateral loading, which was caused
by a slight fracture between the sheets and the colloid. At the
same time, lateral cracks appeared above the reinforced area.
As the lateral load continued to increase, lateral cracks in the
unstrengthened area above the strengthened area gradually
extended and then cracks appeared in the connection be-
tween the column bottom and the base. Finally, the cracking
failure appeared at the connection between the column and
the cap, whereas the plastic hinge area strengthened by BFRP
sheets remained in a good condition.

3.2. Hysteresis Curve. �e load displacement curves of rein-
forced concrete columns are drawn according to the lateral load
and displacement of the specimen top, as shown in Figure 6.

It can be seen in Figure 6 that the reinforcement ratio,
steel corrosion, and BFRP sheets all a�ect the energy dis-
sipation of specimens. �e hysteresis loop area, �exural
capacity, and ultimate displacement of the unstrengthened
specimen NU-1 were smaller than those of the strengthened
specimen NU-2. Under multidirectional forces including
lateral loads and axial pressure, BFRP sheets delayed the
creation and expansion of cracks in the plastic hinge area
and thus delayed concrete failure. In addition, the
strengthened specimen LU-2, with a low reinforcement
ratio, showed an equivalent hysteresis loop area and �exural
capacity with the unreinforced column NU-1, with a
standard reinforcement ratio.

When the steel bars in specimen NC-1 were corroded,
the �exural capacity and ductility of the specimen were

Table 2: Design parameters of specimens.

Numbering �eoretical
corrosion rate (%)

Actual corrosion
rate (%)

Longitudinal
reinforcement ratio (%)

Volume stirrup
ratio (%)

Strengthened by
BFRP sheets

Axial
pressure ratio

NU-1 — — 1.7 1.0 No 0.2
NU-2 — — 1.7 1.0 Yes 0.2
LU-2 — — 1.1 0.5 Yes 0.2
NC-1 8.0 7.3 1.7 1.0 No 0.2
NC-2 8.0 7.2 1.7 1.0 Yes 0.2
1, unstrengthened; 2, strengthened; C, low reinforcement ratio; N, standard reinforcement ratio; U, uncorroded.

Table 1: Comparison of di�erent FRPs.

Type Tensile strength (MPa) Elastic modulus (GPa) Maximum elongation (%) Suitable temperature (°C)
BFRP 3000–4800 80–110 3.30 −200–650
GFRP 3100–4650 73–86 5.20 −60–350
CFRP 3500–6000 230–250 2.20 −100–500
AFRP 2900–3400 70–140 3.60 −60–250
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Figure 1: Details of specimens: (a) standard reinforcement ratio; (b) low reinforcement ratio (unit: mm).
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(a) (b)

(c) (d)

Figure 2: Corrosion of specimens: (a) beginning; (b) during corrosion; (c) after corrosion; (d) corroded crack.

Table 3: Mechanical properties of BFRP sheets.

Mass density (kg/m3) Tensile strength (MPa) Elastic modulus (GPa) Elongation at break (%)
3000 3200 105 2.6

Table 4: Colloidal properties of carbon £bre adhesive.

Tensile strength (MPa) Elastic modulus (MPa) Elongation at break (%) Bending strength (MPa) Compressive strength (MPa)
≥40 ≥2500 ≥1.5 ≥50 ≥70

Vertical force
sensor

Displacement meter

Horizontal force sensor

Displacement sensor

BFRP

25
0

14
0

(a) (b)

Figure 3: Measuring points arrangement: (a) deformation measuring points; (b) strain measuring points (unit: mm).
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reduced to a certain extent (Figure 6(d)). After the BFRP sheet
strengthened the corroded column, it restrained the lateral
expansion of concrete, limited the extension and widening of
corrosion cracks, and delayed concrete failure. As a result, the
ultimate flexural capacity of the corroded specimen NC-2 was
higher than that of unstrengthened specimen NC-1, and the
ultimate displacement also greatly increased.

3.3. StrainAnalysis. .e strain of the longitudinal steel bars,
stirrups, and BFRP sheets of specimens are shown in
Figure 7.

As can be seen in Figure 7, under the same conditions,
the reinforcement strain of the strengthened specimen is
lower than that of the unstrengthened specimen. At the same
time, the yield strain and ultimate strain of the strengthened
specimen are both delayed compared with those of the
unstrengthened specimen. In Figure 7(c), S-1 and S-2, re-
spectively, represent the vertical strain on the basalt fibre
sheet surface 140mm and 390mm from the bottom of

specimen. It can be seen in the figure that the vertical strain
of the BFRP sheet increases rapidly after the steel reaches
yield no matter where it is.

3.4. Skeleton Curves. .e skeleton curves of specimens were
obtained according to the tested hysteretic performance
curves, as shown in Figure 8. Furthermore, yield load Fy,
peak load Fp, ultimate load Fu, and corresponding drift ratios
θy, θp, and θu as well as ductility coefficient μ can be obtained
and are shown in Table 5. Ductility coefficient μ reflects the
ductility of reinforced concrete columns and can be cal-
culated according to the following formula:

μ � θu/θy,

θu � Δu/l,

θy � Δy/l,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(1)

where Δy and Δu represent the top displacement of columns
at the stage of longitudinal bars yielding and the stage when

NU-1

(a)
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(b)

NU-2

(c)

LU-2

(d)

NC-2

(e)

Figure 5: Failure characteristics of specimens: (a) NU-1; (b) NC-1 (c) NU-2; (d) LU-2; (e) NC-2.

(a) (b)

Figure 4: Loading system: (a) test devices; (b) actual lateral displacement applied.
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the �exural capacity decreases to 85% of themaximum value,
respectively; l is the height of the circular column and equals
1200mm.

As can be seen in Figure 8 and Table 5, after the steel bars
were corroded, the �exural capacity and ductility of the
specimen were signi£cantly reduced. It also can be inferred
that when the reinforcement ratio decreased, �exural ca-
pacity and ductility of columns would decrease too. How-
ever, the ultimate �exural capacity and deformation capacity
of columns strengthened by BFRP sheets were higher than

those of unstrengthened columns. �e ultimate �exural
capacity and lateral displacement rate of NU-2 were 13.46%
and 38.04% higher than those of NU-1, respectively. �e
�exural capacity of LU-2 was strengthened to the �exural
capacity level of NU-1, and its ultimate lateral displacement
was 22.77% higher than that of NU-1. �e ultimate �exural
capacity of NC-2 was increased by 18.71% compared with
NC-1 and recovered to the �exural capacity level of NU-1.
�e corresponding lateral displacement ratio was increased
by 37.25% compared with NC-1 and 28.07% compared with
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Figure 6: Tested hysteresis curve of columns: (a) NU-1; (b) NU-2; (c) LU-2; (d) NC-1; (e) NC-2.
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NU-1. It can be concluded that compared with the
unstrengthened columns, BFRP sheets can signi£cantly
improve the ductility performance of reinforced concrete
columns.

3.5. Energy Dissipation and Equivalent Viscous Damping
Coe�cient. Figure 9(a) shows the energy dissipation process
of specimens during cyclic loading. �e energy dissipation
parameter ED represents the area of each hysteretic loop of
cyclic loading. �e cumulative energy dissipation Es of
specimens from initial loading to failure can be predicted by
using the following formula and is shown in Figure 9(b):

ES �∑
n

i�1
EDi, (2)

where EDi is the energy dissipation of specimens during
cyclic loading.

According to Figure 9, reinforcement corrosion reduced
the energy dissipation capacity of columns and so did a low

reinforcement ratio inevitably. Compared with the specimen
NU-1 with a standard reinforcement ratio, the energy dis-
sipation of NU-2 and LU-2 strengthened by BFRP sheets
increased by 46.41% and 16.59%, respectively. Compared
with the specimen NC-1, the cumulative energy dissipation
of specimen NC-2 increased by 41.82%.

�e equivalent viscous damping coe¥cient ξeq also re-
�ects the energy dissipation capacity of columns, which can
be calculated by using the following formulas:

Ee( )i �
+Fi
∣∣∣∣

∣∣∣∣ +Δi
∣∣∣∣

∣∣∣∣ + −Fi
∣∣∣∣

∣∣∣∣ −Δi
∣∣∣∣

∣∣∣∣
2

, (3)

ξeq �
EDi( )

2π Ee( )i
, (4)

where Ee is the elastic energy dissipation, and it is the sum of
the area of ABO and OCD in the triangle in Figure 10; +Fi
and −Fi are the maximum and minimum loading values of
the £rst hysteresis loop during the level of i cyclic loading;
and +Δi and −Δi are corresponding displacement values.

NU-1
NU-2

Yield strain

Ultimate strain

–6000

–4000

–2000

0

2000

4000

6000

8000

10000

12000
M

ic
ro

str
ai

n 
(μ
ε)

–40 –20 0 20 40 60–60
Displacement (mm)

(a)

NU-1
NU-2

–50

0

50

100

150

200

250

300

M
ic

ro
str

ai
n 

(μ
ε)

–40 –20 0 20 40 60–60
Displacement (mm)

(b)

S-1
S-2

–2000

–1000

0

1000

2000

3000

4000

St
ra

in
 (μ

ε)

–40 –20 0 20 40 60–60
Displacement (mm)

(c)

Figure 7: Strain analysis: (a) longitudinal reinforcement; (b) stirrup; (c) BFRP sheet of NU-2.
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Here, the equivalent viscous damping coe¥cient ξeq is
calculated by taking the £rst hysteresis loop of the last
loading cycle before column failure, as shown in Table 6.

�e equivalent viscous damping coe¥cient of NU-2 was
20.00% higher than that of NU-1, and the equivalent viscous
damping coe¥cient of NC-2 was 9.68% higher than that of
NC-1. BFRP sheets slowed the development of cracks and
increased the energy dissipation capacity of columns. At the
same time, BFRP sheets also dissipated part of the energy.
�e equivalent viscous damping coe¥cients of NC-1 and
NC-2 were 3.33% and 13.33% higher than those of NU-1,

perhaps because rust £lled the pores and cracks of concrete
and increased the friction between rust and concrete. �e
equivalent viscous damping coe¥cient of LU-2 was close to
that of NU-1, which indicated that BFRP sheets can improve
the equivalent viscous damping coe¥cient of columns with
low reinforcement ratios to the level of columns with
standard reinforcement ratios.

3.6. Sti�nessDegradationRule. Because sti�ness varies in the
loading process, secant sti�ness Kgi is usually used to
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Figure 8: Column skeleton curve: (a) NU-1and NU-2; (b) NU-1and LU-2; (c) NU-1, NC-1, and NC-2.

Table 5: Test result of specimens.

Specimen
Yield Peak Ultimate

Ductility parameter μ
Fy (kN) θy (%) Fp (kN) θp (%) Fu (kN) θu (%)

NU-1 26.71 1.08 32.72 2.18 27.78 3.74 3.47
NU-2 32.14 1.09 37.01 2.75 31.52 4.79 4.38
LU-2 27.01 1.03 32.13 2.85 27.31 4.36 4.26
NC-1 24.49 0.84 29.48 1.53 25.12 3.49 4.16
NC-2 28.92 0.99 35.14 2.81 29.82 4.79 4.87
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represent sti�ness during seismic response analysis. Secant
sti�ness can be calculated according to the following for-
mula, and the schematic diagram is shown in Figure 10:

Kgi �
+Fi
∣∣∣∣

∣∣∣∣ + −Fi
∣∣∣∣

∣∣∣∣
+Δi
∣∣∣∣

∣∣∣∣ + −Δi
∣∣∣∣

∣∣∣∣
. (5)

�e sti�ness degradation curves of tested specimens are
shown in Figure 11.

�e sti�ness of all specimens decreased along with the
increase in lateral displacement. �e sti�ness degradation
rate of NC-1 was higher than that of NU-1, which indicated
that reinforcement corrosion would accelerate sti�ness
degradation. �e sti�ness degradation curves of LU-2 and
NU-1 were basically the same.�e sti�ness degradation rates
of strengthened specimens were lower than those of
strengthened ones. Because of the restraining e�ect of BFRP
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Figure 9: Energy dissipation analysis: (a) energy dissipation ED; (b) cumulative energy dissipation ES.
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Figure 10: Schematic diagram of energy dissipation and secant sti�ness.

Table 6: Equivalent viscous damping coe¥cient of specimens.

Specimen Energy dissipation ED (kN·mm) Elastic energy dissipation Ee (kN·mm) Equivalent viscous damping ratio ξeq
NU-1 2517.30 1327.42 0.30
NU-2 3685.23 1646.62 0.36
LU-2 2275.50 1248.82 0.29
NC-1 2327.78 1178.45 0.31
NC-2 2973.72 1416.84 0.34
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sheets, sti�ness degradation was delayed and ductility was
increased, so that the strengthened columns could still
maintain a marginally higher �exural capacity in the case of
high deformation and low sti�ness in the later loading stage
of the tests.

4. Conclusions

Comparative quasistatic tests of scaled reinforced concrete
pier columns strengthened by BFRP sheets and
unstrengthened ones were carried out under constant axial
pressure load and lateral reciprocating load. �e failure
characteristics, hysteretic performance, skeleton curves,
energy dissipation, equivalent viscous damping coe¥cients,
and sti�ness degradation are compared and analysed.

(1) When the unstrengthened reinforced concrete col-
umn was damaged, the concrete on both sides of the
plastic hinge area fell o� in large quantities, whereas
BFRP sheets e�ectively restrained cracks and crush
of concrete in the plastic hinge area.

(2) Under the same conditions, the yield strain and
ultimate strain of the strengthened column appeared
later than that of the unstrengthened column.
Moreover, under the same lateral displacement, the
stirrup strain of the strengthened column was lower
than that of the unstrengthened column.

(3) Reinforcement ratio and corrosion rate both a�ected
the energy dissipation of reinforced concrete col-
umns. �e �exural capacity and ultimate displace-
ment of strengthened specimens were higher than
those of the unstrengthened ones. �e strengthened
specimen with a low reinforcement ratio showed
signi£cantly higher ductility and ultimate �exural
capacity than the column with standard re-
inforcement ratio. When the reinforced concrete
column was corroded, its �exural capacity and
ductility were reduced to a certain extent. However,

the lateral load capacity and ductility of the
strengthened corroded column were close to those of
the uncorroded column.

(4) �e ultimate lateral deformation capacity and duc-
tility coe¥cient of the strengthened columns with
standard or low reinforcement ratios and the
strengthened corroded specimen were all higher
than those of the unstrengthened column with a
standard reinforcement ratio.

(5) �e energy dissipation capacity of the strengthened
corroded column and the column with a low re-
inforcement ratio was restored to that of the
uncorroded column with a standard reinforcement
ratio.�e sti�ness of the column decreased gradually
with the increase in lateral displacement, but sti�ness
degradation rates of strengthened columns were
lower than that of unstrengthened ones.
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