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The concrete bridge pier damaged during earthquakes need be repaired to meet the design standards. Steel tube as a traditional
material or FRP as a novel material has become popular to repair the damaged reinforced concrete (RC) bridge piers. In this
paper, experimental and finite element (FE) studies are employed to analyze the confinement effectiveness of the different repair
materials. The FE method was used to calculate the hysteretic behavior of three predamaged circle RC bridge piers repaired with steel
tube, basalt fiber reinforced polymer (BFRP), and carbon fiber reinforced polymer (CEFRP), respectively. Meanwhile, the repaired
predamaged circle concrete bridge piers were tested by pseudo-static cyclic loading to study the seismic behavior and evaluate the
confinement effectiveness of the different repair materials and techniques. The FE analysis and experimental results showed that the
repaired piers had similar hysteretic curves with the original specimens and all the three repair techniques can restore the seismic
performance of the earthquake-damaged piers. Steel tube jacketing can significantly improve the lateral stiffness and peak load of

the damaged pier, while the BFRP and CFRP sheets cannot improve these properties due to their thin thickness.

1. Introduction

In recent years, bridge piers all over the world result in differ-
ent damage after a majority of the devastating earthquakes
[1]. Apart from the victims and the direct economic costs
associated with the replacement of these damaged bridge
piers, the disruption of crucial roads over a large time
period created tremendous difficulties in the logistics of get-
ting assistance to the impacted areas, therefore aggravating
the initial consequences of the earthquakes [2]. If damaged
bridge piers could be repaired and rehabilitated rapidly,
it would be both more economical than demolishing and
reconstructing the bridges and also extremely important for
rescue efforts after an earthquake [3]. Several traditional
reinforcement techniques and the latest ones have been appli-
cable to different reinforcement demand for improving the
bearing capacity of bridge piers, seismic strengthening, and
postearthquake repair, including increasing composites cross
section area, near-surface-mounted, external prestressing,
steel jacket, and FRP composites exterior spiral and longi-
tudinal rebar repaired with dog bone bars [4]. Increasing

composites cross section area and external prestressing are
simple and mature in design and construction, while they
are easily subjected to other factors such as site environment
and cost. The most widely and promisingly used practical
techniques for repair of earthquake-damaged RC bridge piers
are steel tube jacketing and FRP wrapping. Therefore, it
is indispensable to study and compare their reinforcement
effects on earthquake-damaged RC bridge piers.

Many scholars had done some research on reinforcement
of bridge piers with steel jacketing or FRP wrapping and
obtained certain achievements. Chai et al. [5] analyzed six
large-scale reinforced concrete piers strengthened with steel
jackets. Matsumoto et al. [6] indicated that steel jacketing
is the most popular strengthening method for railway RC
viaduct columns in Japan. The existing RC column retrofitted
with 6 to 12 mm thick rectangular steel plates was tested and
the ductility of steel jacketed member was evaluated. Gu et al.
[7] conducted an experimental study on 17 circle concrete
columns retrofitted with FRP under seismic load to evaluate
the confinement effectiveness of the type and the amount of
FRP. Sun et al. [8] reported a rapid repair technique using



early-strength concrete with high fluidity and CFRP sheets.
The experimental and theoretical results show that this
technique is rapid and highly effective. Lee et al. [9] indicated
that the main reasons for the selection of steel jackets or
CFRP lie in their popular use in structural retrofit applica-
tions. Furthermore, continuous BFRP newly developed for
application in civil infrastructure shows obvious advantages
in mechanical and chemical properties and high ratio of
performance to cost in comparison to other FRP composites
as well as conventional steel materials [10]. Zhang et al. [11]
indicated the outstanding characteristics of basalt fiber:
high temperature resistance, ablative resistance (materials
in high temperature and flame ability to maintain constant
quality), good acid-proof and alkaline-proof characteristics,
and thermal stability. The mechanical property and cost of
BFRP are close to aramid fiber reinforced polymer (AFRP)
and glass fiber reinforced polymer (GFRP), but with better
physical properties.

Although an increasing amount of research is becoming
avaijlable on repair techniques of RC bridge piers, compar-
isons of the seismic behaviors of RC bridge piers repaired
with different materials are scarce. Steel tube repair is the
most efficient way to increase the strength, ductility, and
seismic behavior of the damaged piers. However, steel jacket
improving the stiffness of individual piers may induce more
force during earthquakes and further damage to other capac-
ity protected components, which makes an analysis of the
entire bridge system necessary. In this paper, three small-
scale circle RC bridge piers were damaged using pseudo-static
loading and then repaired with steel tube, BFRP, and CFRP,
respectively. Modeling approaches describing the hysteretic
behavior of the piers were investigated by using ANSYS
software as well. The experimental and FE studies were
employed to compare the seismic behaviors and confinement
effectiveness of the three different repaired piers. The failure
modes, energy dissipation, and stiffness degradation of the
piers were studied and compared.

2. Experimental Study

2.1. Original Specimens. In this paper, the dimensions of the
specimens were based on the main bridge piers of Yuzixi-1
Bridge in Sichuan Province of China, which was damaged by
Wenchuan Earthquake in 2008. Three originally undamaged
circle RC bridge pier specimens were designed to present
a one-fifth scale of the prototype piers. Furthermore, the
diameters and quantity of the steel bars were given according
to the equivalent reinforcement ratio as well as arrangement
of steel bars in the original piers, as shown in Figure 1. The
height of the piers measured from the top of the footing to
the application point of the horizontal force was 2000 mm
and the height of the footing was 500 mm. Each specimen was
reinforced with 9 longitudinal steel bars of 12 mm in diameter
with a yield strength of 310 MPa. The longitudinal steel bars
were evenly distributed in a circle with a constant clear cover
of 15 mm which is the minimum requirements for protective
layer. In addition, the specimens were reinforced with 6 mm
spiral bars with a yield strength of 210 MPa spaced at 40 mm.
The longitudinal reinforcement ratio and stirrup ratio of the
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FIGURE 1: Details of the original specimens (unit: mm).

bridge pier were 1.92% and 1.09%, respectively. The tested
cube compressive strength of the concrete in the three spec-
imens was 36.7 MPa, 40.6 MPa, and 40.8 MPa, respectively.
The difference of the aggregates and other mixtures in the
prototype piers and in the specimens can be ignored due to
the similar compressive strength of the concrete. The damage
mode of the original specimens under the pseudo-static
cyclic loading was constraint damage in the flexural plastic
hinge region near the bottom of the piers where, subsequent
to flexural cracking, cover-concrete crushing and spalling
occurred, as shown in Figure 5(a).

2.2. Repair Procedures. To investigate the confinement effec-
tiveness of different materials and techniques, three speci-
mens were repaired by steel tube, CFRP, and BFRP, respec-
tively. The criterion of repair design in the paper referred
to the standard of design code for strengthening concrete
structure [12]. Specimen A was repaired by jacketing a steel
tube with a thickness of 1.7 mm, a diameter of 300 mm, and
a length of 2000 mm according to the actual repaired bridge.
The steel tube had a yield strength of 400 MPa and a modulus
of elasticity of 200 GPa. Specimen B was repaired by wrapping
two layers of BFRP sheets. The BFRP sheet had a tensile
strength of 2303 MPa, a modulus of elasticity of 105 GPa, a
rupture strain of 1.83%, and a thickness of 0.111 mm (provided
by the manufacturer). Specimen C was repaired by wrapping
two layers of CFRP sheets. The CFRP sheet had a tensile
strength of 3400 MPa, a modulus of elasticity of 245 GPa, a
rupture strain of 1.67%, and a thickness of 0.111 mm (provided
by the manufacturer).

The thickness of the steel tube was given according to
the equivalent reinforcement ratio of the prototype piers,
while the thickness of CFRP and BFRP sheet was given
according to the confining effectiveness [13]. A study had
shown no significant size effect for FRP wrapped RC columns,
despite the fact that the specimens were much smaller than
the real columns [14]. All the piers had a circular section
with a diameter of 260 mm, except for specimen A-R with a
diameter of 300 mm due to the thickness of the steel tube and
the concrete filling. The details of the original specimens and
repaired specimens are shown in Table 1.
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TABLE 1: Details of the specimens.

Specimen Diameter (mm) f, (MPa) Reinforcement method
A 260 36.7 None

A-R 300 36.7 Steel tube jacketing
B 260 40.6 None

B-R 260 40.6 BFRP wrapping

C 260 40.8 None

C-R 260 40.8 CFRP wrapping

TABLE 2: Mix proportions of self-compacting concrete with high
fluidity (kg/m”).

Wat Water-
Water Cement Sand Aggregate ater cement
reducer .
ratio
190 380 625 1205 57 0.5

The damaged concrete in the plastic hinge zone near the
bottom of the piers was removed and the damaged region
was finished by early-strength concrete with a compressive
strength of 47.1 MPa. The surface of the piers was smoothed
using a concrete grinding machine after the early-strength
concrete was cured for 24 hours. A steel tube was jacketed
to specimen A and fixed on the footing by a steel flange as
shown in Figure 2. The anchored flange was used to install
the steel tube on the damaged piers rather than improve
the reinforcement effect. Self-compacting concrete with high
fluidity was filled in the between of the pier and steel tube.
The proportion for the mixtures of the concrete is shown in
Table 2. Fine aggregate was coarse sand and the size of coarse
aggregate was not more than 20 mm. Specimens B and C were
repaired by wrapping two layers of BFRP and CFRP sheets,
respectively, along the whole length with fiber orientation in
the circumferential direction and an overlap length of 50 mm.
Both the BFRP and CFRP sheets were saturated with mixed
epoxy, and a coat of epoxy was applied to the surfaces of the
specimens. Any air bubbles were squeezed out using a roller
brush.

2.3. Experimental Setup. All specimens were tested using the
same experimental setup, as shown in Figure 3. The axial
compressive load was applied via a hydraulic jack which can
be controlled with a calibrated pressure gauge. The axial load
was 150 kN and the axial load ratio was 0.2. The lateral load
was applied by an actuator supplied by MTS Systems Corpo-
ration with the capacity of 250 kN. Strain gauges were bonded
on the tension and compression sides of the longitudinal
steel bars and the surface of the repaired materials in the
longitudinal direction. The lateral displacement of the piers
was measured by one LVDT at the height of the horizontal
actuator.

All specimens were subjected to plastic cyclic loading
while carrying a constant axial load through the test. The
loading process was shown in Figure 4. The lateral loading

Baseplate

FIGURE 2: Details of the steel flange (unit: mm).

cycles were controlled by lateral force or displacement incre-
ments. Firstly, all specimens were tested under force control,
with a loading ratio of 0.5kN/s and a load increment for
each cycle of 5kN. When the strain of the longitudinal steel
bars recorded by the strain gauges reached the yield strain
1650 x 107° after 4 cycles at a lateral force of 20kN, the
lateral displacement recorded by the LVDT at the height of
the horizontal actuator was determined as the experimental
yield lateral displacement A y. The yielding loading occurred
at a lateral force of 20 kN. The yielding displacements of the
three original specimens A, B, and C are 28.36 mm, 27.09 mm,
and 26.65 mm, respectively. The displacement control loading
history for the original specimens included three complete
cycles for A = 1Ay, 2Ay, 3Ay, and 4Ay. The damage level of
unreinforced specimens was 4A y. The displacement control
loading history for repaired specimens included three com-
plete cycles for A = 1Ay, 2Ay, 3Ay, and so on, until the
shear capacity of the specimens declined to 85% of the peak
load.

2.4. Experimental Results and Discussions

2.4.1. Failure Modes. Specimen A-R was observed in which
the bottom of the steel tube yielded during 2Ay cycles
and the yield zone spread with the lateral displacement
increasing. The cracks appeared on the surface of the footing
during 4A y cycles and the cracks propagated with the lateral
displacement increasing. Concrete spalling occurred at the
footing and the yield zone in the steel tube increased during
5Ay cycles. The shear capacity of the specimen decreased
obviously during 6A y and the test was stopped.

Specimen B-R was observed in which two horizontal
cracks appeared on the surface of the BFRP near 200 mm
from the bottom of the pier during 2Ay cycles. The crack
appeared near the junction between the pier and the footing
during 3Ay cycles. The crack propagated with the lateral
displacement increasing and the cracks in the BERP cross the
whole circle surface of the pier during 6Ay cycles. The test
was stopped during 7Ay cycles.

Specimen C-R was observed in which horizontal cracks
appeared at the bottom of the pier during 3Ay cycles. A
horizontal crack appeared on the surface of the CFRP during
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FIGURE 4: Loading history.

4Ay cycles and the number of the cracks increased with the
lateral displacement. The cracks in the CFRP crossed the
whole circle surface of the pier during 6Ay cycles. The test
was stopped during 7Ay cycles.

2.4.2. Hysteretic Curves. The original specimens have similar
hysteretic behavior, as shown in Figure 6. The hysteretic
curves of the original and repaired specimens are compared
in Figures 7-9. Compared to the original specimens, the
repaired specimens had larger ultimate displacements and
stable changes in stiffness at later stages. In addition, more
stable hysteretic loops with larger hysteretic loop area were
found in Figure 7. All the original and repaired specimens
have good plastic deformation capacity and energy dissi-
pation, which indicated that all the three repair techniques
can recover the seismic performance of the earthquake-
damaged piers. Table 3 compares the energy parameters of
all specimens. It shows that the steel tube repair increases
the strength, ductility coeflicient, and damage index [15] by
33.8%, 85%, and 283%, respectively, compared to the original
piers. The strength index I, ductility coefficient y, which had

Force, Displacement A/Ay TaBLE 3: Comparisons of the energy parameters.

éEEEEEEEEEEEE:EE:_:_:_ T Specimen  Force/kN A /mm A, /mm Un w
% F------- A 37.0 28.36 56.79 2.0 30.13
al A A M A /\ ]\ A A /\ AR 496 21.05 7756 37 11551
A _V_V_V_\[_\/_\/v V \/ vv V B 31.9 2709 6626 24 3939
431 I A B-R 39.8 31.59 105.36 3.4 90.87
g U
C-R 32.4 26.26 112.95 43 83.37

been used by Abela and Attard [16], and damage index W can
be expressed as

I max —r max
Fmax

A u

ba =7 1
iy W

1 & (K\(AY

vz (i)(5)

FmaxA 1i=1 Kl A 1
where F, ., and F, . _, are the maximum bearing capacity of

the origlnal and repaired specimens, respectively, A, is the
yield displacement, A, is the ultimate displacement, wj is the
energy dissipated in the ith cycles, K is the secant stiffness in
the ith cycles, and K| is the idealized elastic lateral stiffness.

2.4.3. Skeleton Curves. The skeleton curves of the original
and repaired specimens are compared in Figure 10. Specimen
A-R showed a significant improvement in the lateral stiff-
ness and peak load when compared with the original spec-
imen. Specimens B-R and C-R showed a similar behavior in
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FIGURE 5: Failure modes of the specimens: (a) the original specimen; (b) specimen A-R; (c) specimen B-R; (d) specimen C-R.
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the lateral stiffness and peak load when compared with the
original specimens. Therefore, the BEFRP and CFRP sheet can
only recover the seismic performance of the damaged pier.

3. FE Analysis

3.1. FE Models. The general purpose software package
ANSYS was used. A nonlinear FE model was developed. The
concrete is modeled with 8-noded Solid65 elements [17-20].
Solid45 elements were used for the steel plates at the support
in order to avoid stress concentration of loading point. The
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steel tendons are modeled with one-dimensional elements
LINKS. In order to avoid the termination of computing due
to size effect, Shell43 element was used for steel tube. FRP
jacket is modeled by linear elastic thick shell element Shell41
without bending strength. A perfect bond was assumed
between the FRP jacket and the concrete by sharing the same
nodes at the contact surface as recommended by previous FE
studies [21, 22].

To account for the confinement effect, concrete is
modeled with multilinear isotropic hardening (MISO). The
compressive stress-strain curve based on concrete structure
design code which defines the constitutive relationship of
concrete under uniaxial compression [23] was shown in
Figure 11(a). Stress-strain curves of longitudinal reinforce-
ment and stirrup were shown in Figures 11(b) and 11(c). In
addition, the William and Warnke five-parameter model was
used as the failure criterion of concrete under multiaxial
stress conditions, in which the failure surface is defined by
at least two constants: the concrete ultimate uniaxial tensile
strength, f,, and the ultimate uniaxial compressive strength,
f.. Maximum tensile stress criterion (Rankine) is utilized to
evaluate the concrete cracking. The failure will occur when
the magnitude of the major principal stress of RC exceeds
the value which caused fracture in a simple tension test;
that is, concrete cracking and the tensile stress relaxation
will occur when the stress reaches the maximum tensile
stress. The shear transfer coefficients for open and closed
cracks were 0.5 and 0.95, respectively [24, 25], which had
significant influence on the FEA results. Meanwhile, the
multilinear kinematic hardening (BKIN) model for stress-
strain relationship of the steel bar and the steel tube was
adopted, as shown in Figure 11(d). CFRP and BFRP sheets are
ideal elastic materials with a linear stress-strain relationship,
as shown in Figure 11(e).

The column was modeled with the separate type finite
element, which was a typical model with good bonding
between concrete and steel bars. In addition, Solid65 and
LINK8 are normally used to simulate concrete and steel
bars in ANSYS, respectively. Concrete, steel bars, and tube
were joined with common nodes [26]. The 15mm concrete
protective cover was not considered in the FE model to
simplify calculation. Concrete columns and steel bars were
modeled together. The birth-death element method was used
to simulate the repair processing in FE. The elements of
the steel tube, CFRP, or BFRP as death elements were not
activated during the original piers damaged. After that, the
elements of the repaired materials were activated to birth
elements, and then the loading cycles applied to the piers were
continued until failed. When the strain of the longitudinal
steel bars reached the yield strain 1650 x 107%, the RC piers
buckled in FE. This was the same as the experiment results.

3.2. FE Results and Discussions. The hysteretic curves between
experimental results and FE results of the repaired piers are
compared in Figure 12. As shown in the figure, agreement
is good for the curves, which demonstrates that present FE
analysis is accurate. The similar comparisons can be obtained
for the FRP repaired piers. The strength of the damaged
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FIGURE 10: (a) Comparison of the specimen A skeleton curves. (b) Comparison of the specimen B skeleton curves. (c) Comparison of the

specimen C skeleton curves.

bridge pier repaired with BFRP or CFRP increased margin-
ally, which is in agreement with the experimental results. The
hysteresis curve and skeleton curves are shown in Figures
13 and 14. Figure 13 showed that the hysteretic curves of
the specimen repaired with the steel jack had larger areas
compared to others. It indicated the hysteresis curve of
steel tube repaired pier is full and approximately spindle-
shaped. Comparing with other repaired piers and the original
pier, steel tube repaired pier has better plastic deformation
capacity, seismic behavior, and energy dissipation capacity.
As shown in Figure 14, the steel tube repairing significantly
improves the lateral stiffness and peak load, while the FRPs
repairing has only marginal improvement due to their thin

thickness. The FE results shown in Figures 13 and 14 are
similar to those obtained from tests. Finite element analysis
results showed that the steel tube repaired pier had a 60.6%
and 61.1% increase in the initial stiffness and strength,
respectively, compared to the original piers.

The range of steel jacket buckling in compressive area
increased gradually, and the repaired pier failed when the
longitudinal reinforcement yielded ultimately. After failure
the pier has obvious deformation, but crushing in concrete
element is not significant due to the steel jacket confinement.
The strength and ductility increased by FRP wrapping in this
paper are not obvious. It is because of the different design
criterion, concrete deterioration, and thin thickness of FRP
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sheets. Figures 13 and 14 showed that the enhancement of
the lateral stiffness by FRP wrapping was limited in com-
parison with steel tube jacketing. The experimental results in
literatures [27, 28] showed that the hysteresis curve of FRP
confined concrete columns shows obvious phenomenon of
pinch effect and poor ductility, which is in accord with the
FE results in this study.

4. Conclusions

In this paper, experimental and FE studies were conducted
to investigate confinement effectiveness of different materials

Horizontal force (kN)

20 40 60
Displacement (mm)

—— Original pier
----- Steel tube repaired pier

—s— BFRP sheet repaired pier
--#- CFRP sheet repaired pier

FIGURE 14: Comparisons of the skeletons obtained from FE analysis.

and techniques in retrofitting circular earthquake-damaged
concrete bridge piers. Three 1/5 scale piers were predamaged
by pseudo-static cyclic loading and repaired by steel tube,
BFRP, and CFRP sheets, respectively. The repaired piers were
tested by pseudo-static cyclic loading to fail. The experimen-
tal and FE results showed that the repaired piers had similar
hysteretic curves with the original specimens and all the
three repair techniques can recover the seismic performance
of the earthquake-damaged piers. Steel tube jacketing can
significantly improve the lateral stiffness and peak load of the
damaged pier, while the BFRP and CFRP sheets wrapping
cannot improve these properties due to their thin thick-
ness. Experimental results showed that the steel tube repair
increased the strength, ductility coeflicient, and damage
index by 33.8%, 85%, and 283%, respectively, compared to
the original piers. Finite element analysis results showed
that the steel tube repaired pier had a 60.6% and 61.1%
increase in the initial stiffness and strength, respectively. In
addition, FRP sheet wrapping was a more attractive technique
for the cases where there was severe access confinement or
associated high costs with installation time.
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