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Abstract. The seismic performance evaluation and retrofit process are very important in damaged
bridges. If the result is not appropriate, then retrofit process are required. In this paper, to validate
the seismic performance of retrofitted bridge experimentally, an experimental study was
conducted to verify the application and efficiency of the jacket retrofit method to ensure seismic
performance of damaged reinforcement concrete (RC) bridge piers. A total of 4 RC bridge piers
was made and then 3 piers were pre-loaded under the range of service load to be damaged. These
piers were retrofitted and repaired using a carbon fiber reinforced polymer (CFRP), steel plate,
and fiber steel composite (FSC) plates. These retrofitted and repaired piers were subjected to
monotonic loading. Hysteresis and ultimate behaviors of the 3 RC piers were evaluated and
compared with those of 1 non-damaged pier (standard specimen). As a test result, the retrofitted
and repaired RC bridge piers applied by the jacket retrofit method were ensured under the targeted
displacement ductility and ultimate load. The ultimate load and displacement ductility of the pier
retrofitted and repaired by FSC plate were higher than those of other piers by CFRP and steel
plates and also the pier by FSC plate showed better energy dissipation capacity than others.
Generally, RC bridge pier retrofitted and repaired with the jacket retrofit method has low ductility
but it was found that the pier retrofitted and repaired by FSC plate combined with CFRP and steel
wire had overcome effectively this disadvantage through ductility evaluation based on the concept
of energy numerically. This experiment showed that one could improve the safety margin and
targeted ductility by repairing the cracks, spalls, etc. of the damaged RC bridge piers appropriately
and then retrofitting them with the high ductile materials. The responses of existing damage
bridges are compared with those of retrofitted bridge by jacket method for earthquake of target
level, and also seismic performances are evaluated. By the test and analysis results it can be
concluded that the proposed seismic retrofit method was found to be valid.

Keywords: seismic performance, damaged RC piers, CFRP, steel plate, FSC plate, ductility,
concept of energy, earthquake of target level.

1. Introduction

Most of existing bridges already display developed agedness and their seismic performance in
case of potential earthquakes are being questioned. An earthquake can make the member of the
bridge damaged. In case of large damage, it can lead the collapse of the bridge. The bridge that
can be damaged during earthquakes should be secured of required seismic performance. First,
proper seismic performance evaluation should be executed in order to ensure seismic performance.
If serious damage is expected as a result of evaluation, it is required to retrofit the bridge.
Currently, a wide variety of methods has been proposed for a seismic retrofit [1-3]. The study on
the one of these seismic retrofit methods repairing and retrofitting damaged major members such
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as concrete slabs and girders by using composite materials such as Fiber Reinforced Polymer
(FRP) and steel plate has been extensively done [4-7]. For Reinforcement Concrete (RC) piers in
particular, the simple and effective method retrofitting the RC piers by covering with the steel
plate or FRP externally has been suggested. The retrofit of RC piers with steel plate was first
proposed by Sun et al. [8], since then study on this method has been continuously done by Preistley
et al [9]. In addition, the study on applying FRP plate instead of steel plate to increase ductility
and strength of piers has been done by Matsuda et al. [10], Xiao et al. [11] and etc. [12, 13].

However, there is a disadvantage that brittle failure of the structure occurs if the damaged
structural members are retrofitted by the FRP jacket generally because retrofit FRP material is
brittle and interface failure occurs at the bonding surface. In recent years, in order to enhance these
shortcomings, Fiber Steel Composite (FSC) plate combined with FRP and steel wires has been
developed. Thus, in this paper, the application and efficiency of jacket retrofit method were
experimentally verified to obtain seismic performance of the damaged RC piers. This study was
carried out by following steps. A total of 4 RC piers with same reinforcement ratio were made.
The behavior of one RC pier (standard specimen) was evaluated under the repeated monotonic
increasing loading, a quasi-static test. The other 3 RC bridge priers were pre-loaded under the
initial yielding force measured by the quasi-static test of the standard specimen to be damaged.
The cracks of 3 damaged piers were repaired by injecting epoxy and then were retrofitted by using
FSC plate, Carbon Fiber Reinforced Polymer (CFRP), and steel plate. The hysteretic behavior of
each repaired and retrofitted specimen under the cyclic loading was evaluated respectively.
Maximum force and maximum displacement of 3 piers were compared with those of standard
specimen. The responses of existing damage bridges are compared with those of retrofitted bridge
by jacket method for earthquake of target level, and also seismic performances are evaluated.

2. Experimental program
2.1. Specimen production

A total of 4 RC piers was made in order to compare seismic retrofit performance
experimentally. Standard specimen, specimen retrofitted by CFRP, specimen retrofitted by FSC
plate, and specimen retrofitted by steel plate were made and the behaviors of each specimen were
evaluated respectively.
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Fig. 1. Cross section of specimen (unit: mm)
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In order to compare performance between standard specimen and retrofit specimens, the detail
arrangement of reinforcement and section of the specimens were made identically. Though
specimens were circular in cross section, foundation and coping of the specimens had different
cross sections because the foundation should have greater stiffness than the pier to be fully fixed
and the section of the coping should be determined by considering shape and size of the actuator.
The 28 days concrete compressive strength (f,g) was in the 24 MPa. Pouring the concrete into the
specimens was done at the foundation first and then done at the pier. Strain gauges were attached
to the main and stirrup reinforcement to measure the strain of reinforcement before pouring
concrete. Main reinforcement was D,, (Diameter of 22 mm), hoop reinforcement and cross-tie
were D, (Diameter of 13 mm). As using that reinforcement, the problems about geometric and
material similarities that might arise because of a small-scale model was excluded as much as
possible. The material properties of the specimen are provided in Table 1. The cross section of
specimen is shown in Fig. 1 and the making of the specimens are shown in Fig. 2.

Table 1. Material properties of specimens (unit: MPa)

Concrete Steel reinforcement
Compressive strength 27 Yield strength | 423
Elastic modulus 21,700 | Tensile strength | 600

2.2. The process of test and measurement detail

By using an actuator with built in a load cell and a displacement cell, loads and displacement
of the specimens were measured. Flexural failure was expected because aspect ratio was 4.13 as
1650 mm in the height and 400 mm in the diameter of the pier. Thus, plastic hinge could be
occurred mostly at the bottom of the pier, so strain gauges were attached to the bottom of the pier.
For the quasi-static test, the axial force corresponding to 0.15%f,g%concrete section (Ay) was
constantly loaded using an oil jack. And the lateral force was loaded as a displacement control
method using hydraulic actuator with capacity of 500 kN. The lateral load was loaded repeatedly
as 3 cycles up to the yield displacement (Ay) obtained from the experiment. Installation locations
of the gauges and a range of loading for quasi-static test are shown in Fig. 3.

2.3. Pre-loading and retrofit process
Except for the standard specimen, the other 3 RC bridge priers were pre-loaded under the initial
yielding force measured by the quasi-static test of the standard specimen to be damaged in advance

and then were retrofitted by using FSC plate, CFRP, and steel plate after repair of crack by
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injecting epoxy. The result of the pre-loading test is shown in Fig. 4.

The amount of retrofit for each method was determined to make the same strength. The
material properties of CFRP, steel plate and FSC plate are provided in Table 2. And the mechanical
behavior of CFRP, steel plate and FSC plate are provided Fig. 5. The process of repair and retrofit

is shown in Fig. 6.
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Table 2. Material properties of CFRP, steel plate and FSC plate
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Retrofit material | Tensile strength, MPa | Elastic modulus, MPa
CFRP 3,55 2.35%103
Steel plate 320 2.00x103
FSC Plate 2 2.15x10°
P ) —— - CFRP
,,/ ——  FSC Plate
Y,
/ Steel Plate

€
Fig. 5. Mechanical behavior of CFRP, steel plate and FSC plate
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a) FSC plate retrofit b) CFRP retrofit I ¢) Steel plate retrofit
Fig. 6. Repair and retrofit of the damaged specimen by pre-loading

3. Test results

As a test result, an initial crack of the standard specimen occurred horizontally at the interface
between a foundation and a pier. And as the load was gradually increased, the horizontal and
vertical cracks were occurred at the middle of pier. Finally, as typical flexural failure such as a
separation of the concrete cover and crushing was shown, load-carrying capacity was drastically
reduced. In case of repaired and retrofitted specimens, the initial cracks occurred horizontally
above the boundary of the retrofit plates. As the load was gradually increased, the horizontal and
vertical cracks were occurred at the middle of the piers. However, the numbers of vertical cracks
were significantly less than those of the standard specimen due to the retrofit effect. As the load
was increased, the reinforcement was yielded and showed ductility and then failures were finally
shown as a debonding of the retrofit plates. The results of testing, failure and load-displacement
curves for each specimen are shown in Figs. 7-9.

Fig. 7. Testing photo of the specimens

Retrofit efficiency was evaluated and compared between the standard specimen and repaired
and retrofitted specimens by the retrofit method as shown in Fig. 10. The retrofit specimens have
relatively higher strength and ductility than the standard specimen. The specimen with FSC plate
retrofit has greater retrofit effect than the others relatively. Despite the advantages of retrofit
material, the specimens with FRP and steel plate have lower retrofit efficiency because of defects
that occur during construction or curing of concrete and bonding performance degradation.
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’ b) Retrofit specimen c) troﬁt specimen d) Retrofit specimen
with steel plate with FSC plate with CFRP
Fig. 8. Failure photo of the specimens
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Fig. 9. The load-displacement hysteresis curve
4. Seismic performance evaluation

The pushover analysis with controlled displacement was implemented for the standard, CFRP,
steel plate and FSC plate. With the outcome, the relationship between the top displacement and
the base shearing force of the bridge is calculated. The distribution shape of load is generally
important in the case of implementing the pushover analysis. Based on the Korean design response
spectrum of elasticity [3], the seismic coefficients €, and C;; were modified and used. The
coefficients were C4, = 0.224 and C, = 0.322. Fig. 11 shows the capacity spectrum of each type
of specimen. The configuration of capacity spectrum proved that the standard specimen could not
satisfy the capacity demand, whereas the seismic retrofit with CFRP and FSC plate specimens
achieved all the demanded standards.

Ductility of reinforced concrete beams and piers retrofitted by the jacket retrofit method is
generally reduced by brittle failure pattern such as the brittle nature of retrofit material and early
debonding at the bonding surface, etc. However, it is insufficient to judge whether the structure
has the required ductile capacity with only simple comparison of the displacement-ductility. Thus,
this paper evaluated the ductility of each specimen based on the concept of energy. Ductility based
on the concept of energy is defined as the ratio of any two of inelastic, elastic, and total energies.
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In using the energy ratio, however, it is not easy to determine elastic energy and inelastic energy.
In this paper, the method of finding a point where the load was changed differently in the
load-deflection curve was selected and the inflection point of energy was determined. The method
of calculating the energy ductility indices is shown in Fig. 12.
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Fig. 10. Comparison curves between the standard specimen and retrofit specimens
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The slopes, S;, S,, and S; were calculated by numerical integration and the loads, P; and P,
were the points where another extended slope are met and P; was ultimate load. The elastic and
inelastic energies can be calculated using Eq. (1) and the energy ratio of inelastic energy and total
energy can be calculated using Eq. (2):

P,S; + (P, — P)S, + (P; — P,)S
S = 191 (2 1;2 (3 2)3’ (l)
3

where S, S;, S5, Ss: slopes, P;, P,, P3: loads:

_ Inelastic Energy (E;) 2
" Total Energy (E;) .

According to the study results by Grace [14], ductile failure is dominant when the energy ratio
is greater than 75 %, and semi-ductile is considered when the energy ratio is in range of 70-74 %.
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If the energy ratio is less than 69 %, brittle failure is dominant.

The ductility of specimens can be classified according to the energy ratio shown in Table 3.
The failure type of the retrofit specimens was classified as ductile failure in this test. It is
restrictively found that the retrofit structure with the jacket retrofit method secures ductility. It is
considered that ductility is increased by the improvement of confinement effect of RC piers
because retrofit materials are bonded to the outside of the piers as the type of jackets and material
resistance is enough against tensile force under ultimate behaviors.

Table 3. Ductility evaluation using the concept of energy

Specimen Yield load Ultimate load Energy ratio Ductility
Load (kN) | Displacement (mm) | Load (kN) | Displacement (mm) (E;/Ep)
Standard 65.77 13.72 110.27 51.21 0,76 Ductile
Steel Plate |  73.23 13.85 125.17 98.72 0,87 Ductile
CFRP 74.92 13.97 120.46 105.23 0,88 Ductile
FSC Plate 75.06 14.09 134.38 150.17 0,92 Ductile

5. Conclusions

The seismic repair/retrofit performance of jacket retrofit method for damaged RC piers was
evaluated and compared experimentally. This study concluded that all specimens repaired and
retrofitted by the jacket retrofit method secured targeted displacement ductility and ultimate load.
Maximum load and displacement of the specimen retrofitted by FSC plate are higher than those
by CFRP and steel plate and it showed better dissipation capacity of energy. Although there is a
disadvantage of less ductile on the specimen retrofitted by the jacket retrofit method, it was found
that this disadvantage could be overcome effectively in FSC Plate combined with FRP and steel
wire. This was verified numerically by ductility evaluation using the concept of energy. The
responses of existing damage bridges are compared with those of retrofitted bridge by jacket
method for earthquake of target level, and also seismic performances are evaluated.

As aresult, it was experimentally found that if the damaged RC piers were repaired properly
and then retrofitted by materials with high ductile capacity, they could secure safety margin and
targeted ductility prior to be damaged. However, there were local failures due to defects that occur
during construction or curing of concrete and bonding performance degradation. This could cause
unexpected failure, and the system and plan should be considered in order to prevent local failures.
By the test and analysis results it can be concluded that the proposed seismic retrofit method was
found to be valid.
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