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This paper addresses experimental studies on the seismic retrofit performance of
reinforced concrete circular columns with poor lap-splice details using GFRP wrapping.
Five full-scaled model columns of 1.2 m diameter and 6.55 m height were classified as
one column with no lap-splice, another column with lap-splice, and the other three
GFRP wrapped retrofitted columns with lap-splice and tested using quasi-static cyclic
loading test. The as-built column suffered a brittle failure due to the bond failure of
lap-spliced longitudinal reinforcement. The retrofitted columns using GFRP wrapping
showed significant improvement of seismic performance. However, the predicted
flexural failure mode was not achieved and the longitudinal bars were not yielded.
Failure modes of the retrofitted columns are considered to be the gradually delayed bond

slip in lap-spliced longitudinal reinforcement.
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1.INTRODUCTION

Recent earthquakes such as in South Asia in 2004, and in
Fukuoka in 2005 have demanded the prevention of disasters.
Especially, the existing bridge columns which have built prior to
current seismic design codes and construction practices urgently
should be retrofitted and upgraded to current seismic standards.

Based on the evaluation on the data of the bridge
management systems in Korea Institute of Construction
Technology, 77 % of all the bridges in South Korea were
estimated to have insufficient transverse reinforcement, lap
splices in the plastic hinge region, and seismic details. The
columns with lap-spliced longitudinal bar, which were located at
the lower column end to form the connection between the
footing and the column for easer construction, will experience
the brittle failure attributed to lap-splice bond failure.

Several composite jacket systems have been developed and
validated in laboratory or field conditions to prevent bond-slip
failure of the existing bridge piers and to improve the seismic
performance. Chai et al. (1991) proved that steel jacketing was
an effective method to retrofit bridge columns. Matsuda et al.

(1990) tested a system for bridge pier retrofit using
unidirectional carbon fiber sheets wrapped in the potential
plastic hinge region. The carbon fiber sheets were bonded using
epoxy resin. Priestley et al. (1991) conducted experimental
testing on 40 % scale-down bridge piers retrofitted by glass fiber
Jackets, which were more economical than carbon fiber jackets.
Test demonstrated significant
performance with increased strength and ductility. Many
researchers proposed a retrofit measure using GFRP and CFRP
wrapping (Saadatmanesh et al. 1994; Seible et al. 1995). Xiao et
al. (1997) conducted a retrofit column test using prefabricated
GFRP composite jackets. Ma et al. (2000) experimentally
proved the effectiveness of carbon fiber composite jacketing
system. Priestley et al. (1996) and Seible et al. (1995) proposed
design methods to retrofit the lap-spliced column using FRP,
respectively.

Methods of construction can be differentiated into two
general classes of wrapping processes, hand lay-up sheets and
prefabricated FRP panel. Although a prefabricated FRP jacket
system has a simple retrofit procedure, the discontinuity of
composite fiber and low-bonding capacity caused the

improvement of seismic
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rehabilitated columns to develop lower improved performance.
Wet lay-up, sometimes referred to as hand lay-up, is an FRP
technique often used in structural rehabilitation applications,
where FRP sheets or fabrics are bonded to the exterior of
reinforced concrete. This technique has advantages; it is easily
and rapidly performed in the field. However, quality control is
extremely important in this procedure, and skilled labor is often
required.

In this study, a retrofit method using continuous GFRP

wrapping has been proposed and experimentally validated. This
can prevent the existing bridge piers with lap-spliced
longitudinal bars in plastic region from failing. The Continuous
GFRP wrapping method guarantees uniform quality as well as
solves the disadvantages of fiber discontinuity.
The strains of lap-spliced longitudinal bar were measured to
verify whether the longitudinal bar yielded or not. Also, to
estimate the confining stress of the GRP and to evaluate the
confined effect of the hoop bars, the dilation strains were
recorded. The prototype is an existing circular reinforced
concrete bridge pier designed and constructed in 1979 following
the pre-seismic codes. The total of five fullscaled column
specimens were constructed. After they were retrofitted with
GFRP, the seismic performance was estimated by cyclic loading
test with drift ratio increasing instead of displacement ductility.

2. FULL-SCALE SPECIMEN DESIGN
2.1 Specimen Preparation

The prototype column designed following the pre-seismic
codes has been served since it constructed in 1979. It is a simple
eight-span bridge with seven piers of rather irregular height and
two abutments. The model columns were designed based on a
full-scale of prototype colummn. The total of five columns of
6550 mm tall and 1200 mm diameter were tested.

As shown in Figure 1, the circular column section was
reinforced with thirty seven No. 8 longitudinal bars (nominal
diameter = 254 mm), which constituted the total longitudinal
steel ratio of 1.67 % of the gross sectional area. All longitudinal
bars were lap-spliced in the lower end of the column with a
lap-splice length of 870 mm. The specimen was transversely
reinforced with No. 4 hoop bars (nominal diameter = 12.7 mm)
with a spacing of 300 mm. The design of the column was based
on a steel bar of actual yield strength of 294.1 MPa and a
concrete strength of 23.5 MPa. The aging effect of old concrete
was ignored. The design axial load was 1520 kN, which
corresponded to 5.7 % of column axial load capacity based on
nominal concrete strength and gross sectional area.
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Figure 2. GFRP wrapping equipment

As shown in Fig. 2, 1.2m width FRP wrapping in the lap-spliced
region was conducted using automated FRP wrapping
equipment in KICT (Korea Institute of Construction
Technology) structures laboratory. This equipment was
designed to control fiber orientation angle, width, and thickness
of FRP wrapping. Since this equipment wraps wetted fiber
bundles continuously, better confinement effect can be achieved
than that of jacketing or sheet bonding. In the FRP wrapping
fiber orientation angle is limited to 5° to provide better
confinement effect and uniform continuous wrapping. The
details of specimens are shown in Table 1. The mechanical
properties of FRP were determined according to ISO 527-5 [5]
and ISO 14129 [6]. The mechanical properties of GFRP from
the coupon test are summarized at Table 2. The wrapping length
of GFRP was chosen to be 1200 mm, which was 1.4 times of
the lap-splice length.
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Table 1. The details of FRP wrapping specimens

Specimens . GEFRP
Labels Details thickness
As-built column 870 mm
lap-splice _
Continuous bar Continuous
column bars
6 mm GFRP 6 mm
870 mm
8 mm GFRP lap-splice 8 mm
10 mm GFRP 10 mm

Table 2. Material properties of the GFRP

Elastic modulus E; 28944 MPa

Ultimate strength Jui 3733 MPa

Ultimate strain & 0.0129
2.3 Experimental Program

To evaluate the seismic performance, the cyclic loading tests
were conducted. Axial load of 1520 kN was applied to the test
column using a +500 mm stroke actuator with the capacity of
3500 kN before imposing lateral displacement. The lateral
seismic force was applied by the horizontally positioned actuator
at the top of the column. The lateral loading scheme used in the
tests was based on the drift ratio which is defined by the lateral
displacement divided by the column height. As shown in Figure
3, the drift ratio was increased every 0.25% with two loading
cycles conducting. Because the longitudinal bars don’t yield due
to the bond slip in the lap-spliced, the cyclic loading is controlled
by the drift ratio instead of the displacement ductility factor. The
ultimate displacement is defined as a displacement measured at
20% reduction of the maximum lateral load. Figure 4
schematically shows test setup.
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Figure 3. Loading history for test columns
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Figure 4. Column test setup

The lateral loading was measured by calibrated load cells.
The lateral displacement at the point of lateral loading position
was recorded by a linear variable differential transformer
(LVDT). Strain gauges were attached on the surfaces of starter
bars and main bars to measure the longitudinal deformation.
Dilation strains of GFRP and hoop bars were measured by strain
gauges mounted on the jacket and the surface of hoop bars.

3. TEST RESULTS AND DISCUSSION
3.1 Test Results

As shown in Figure 5(a), the as-built column developed an
unstable response due to lap-spliced bond failure between the
longitudinal main and starter bars. The first flexural crack was
observed at a drift ratio of 0.5 % or at a lateral displacement of
30.5 mm. The first vertical crack was occurred at a drift ratio of
1.25 % (76.25 mm). As the drift ratio increased to 1.5 % (91.5
mm), cracks were spread within the lap-spliced region and the
load-carrying capacity rapidly dropped due to the bond failure,
as shown in Figure 6(a). The test was terminated at a drift ratio
of 1.65 % or a displacement of 101.0 mm. The maximum lateral
force of the as-built column was recorded as 643 kN
corresponding a displacement of 91.5 mm. After the lap-spliced
bond failure, its load-carrying capacity settled at 200 kN.

As observed in Figure 5(b), the performance of the
continuous bar column, which did not have lap-spliced starter
bars in the plastic hinge region, was better than that of
lap-spliced column. The failure of the continuous bar column
occurred at a drift ratio of 3.05 % or a lateral displacement of
185.8 mm, when the compression buckling of longitudinal bar
was observed, as shown in Figure 6(b).

Figure 7(a) depicts the retrofitted columns with GFRP. A gap
of 30 mm was provided to avoid additional strength
enhancement and damage of footing. The FRP thickness of
retrofitted columns was 6 mm, 8 mm and 10 mm, respectively.
Compared to the lap-spliced column, the retrofitted columns
developed very stable hysteretic loops and exhibited
significantly improved seismic performance, as observed in
Figure 8(a), (b), and (c). Flexural cracks were observed at the
colurmn base, as shown in Figure 7(b). The retrofitted columns
reached 3.1 to 3.2 times the ultimate displacements of the
as-built column. Throughout the testing, no rupture of GFRP
was observed. As the drift ratio increased, the degradation of the
load-carrying capacity and deterioration of the bonding within
the retrofitted region were observed. Figure 9 compares the
lateral load-displacement envelope curves for all the tested
columns. The maximum lateral force of the retrofitted columns
was noted as 763 to 776 kN, corresponding to a displacement of
31510318 mm.
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3.2 Discussion

The reason why the displacement ductility cannot define is
that the yielding of the longitudinal bar of the lap-spliced column
never occurs. Therefore, it is impossible to calculate the yield
displacement of the lap-spliced column and to define the
displacement ductility factor (4), which is defined as the ratio of
the maximum displacement to the yield displacement at the
theoretical first yield of tension bar. Therefore the estimated

displacement ductility factor (), instead of the displacement

ductility factor (1), is defined as, using the theoretical yield
displacement of the column with continuous bars (4,).

= ..AL” 0
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The estimated displacement ductility of the as-built column
is calculated as 2.6, whereas that of the continuous bar column is
4.8. The estimated displacement ductility of the retrofitted
columns was evaluated as 8.2 to 8.3. This showed that the
retrofitted  columns developed higher ductility capacity
compared to the lap-spliced column and even the column with
continuous bars. Test results of all the columns are summarized
in Table 3.

Table 3. Test results of all columns

Specimen (‘l/('% (ﬁ’l’;n‘“) (l‘{/f:llt) ( ::ll;bl ) Hest
As-built 6430 915 (3670 |1010 |26
Continuous bar| 7200 1475 5752 |1858 |48
6mmGFRP | 7749 2563 5977 (3158 |82
8mmGFRP | 7628 |2569 5946 (3183 |83
10mmGFRP | 7756 2577 5297 |3148 |82

Ve - Maximum lateral load (kN)

A, - Displacement at maximum lateral load (mm)
V.4 : Failure lateral load (kIN)

A4, Displacement at failure (mm)

;m : Estimated displacement ductility factor

Strain gauges were attached to the surface of GFRP at the
bottom of the column in the push and pull faces and mounted on
the main and starter bar in the lap-spliced region. The strain
distributions of the longitudinal bar of the tested columns were
shown in Figure 10. In case of the column with continuous bar,
the strain gauge readings confirmed the yielding of the
longitudinal bars, as shown in Figure 10(a) and (b). However,
the strain gauge readings of the lap-spliced column confirmed
the lap-spliced bond failure between the main and starter bars.

Although the main and starter bar strain slightly exceeded the
yield strain value of 1500 we, the unyielding of the lap-spliced
longitudinal bar was confirmed by the recorded strains of the
gauges, regardless of the GFRP thickness. If GFRP perfectly
confined concrete to ensure plastic hinge rotation and effectively
prevented the lap-spliced bond failure, the lap-spliced
longitndinal bars had to be yielded. It is estimated that the
behavior of the retrofitted columns at large displacements would
be gradually delayed bond-slip of the lap-spliced longitudinal
bars. The strain distribution of the main bar at 1.2 m height from
the bottom, as shown in Figure 10(c), verified the yielding of the
main bar. It is suggested that the plastic hinge was located at the
end of the GFRP wrapping region.
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The dilation strain distribution of GFRP recorded for all the
retrofitted columns was from 900 to 2000 zeat 0.5 m height and
from 2000 to 4000 ueat 1.2 m height, as shown in Figure 11(a)
and (b). Especially, the strain dispersion of 8 mm thick
retrofitted column with increasing the height was the smallest of
all rerofitted columns and maintained approximately 2000 ue
The maximum recorded GFRP strain value was about 4300 ue,
which was about 33 % of the ultimate GFRP strain used in the
test. This means that the GFRP of the retrofitted columns didn’t
damaged at all. According to the thickness of GFRP wrapping,
the dilation strain of GFRP varied. Therefore, To retrofit the
lap-spliced column with GFRP, the retrofit design equation is
suggested that the dilation strain of GFRP should be estimated
according to the thickness of GFRP.

In case of bridge columns constructed before 1991 in South
Korea, it was common to contain insufficient transverse
reinforcement. In case of all the tested columns, the hoop bars
were closed by lap splices placed at 300 mm centers. The
measured strain of the hoop bar verified the insufficient amount
of confining pressure provided by the hoop bars and confirmed
the unyielding of hoop bars, as shown in Figure 12(a) and (b).
Even though the columns were retrofitted with GFRP, the strain
of hoop bar didn’t varied. Therefore, it is conservative that the
confining effect of hoop bar should be ignored.
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4. CONCLUSION

The five prototype column constructed in 1979 and four
retrofitted columns with GFRP were conducted by cyclic
loading test increasing the drift ratio. From the test results, the
following conclusion can be drawn:

1) Compared to the as-built column developed an unstable
response due to lap-splice bond failure, the retrofitted
columns developed very stable hysteretic loops and exhibited
significantly improved seismic performance. The estimated
displacement ductility of the as-built column is calculated as
2.6, whereas that of the retrofitted columns was evaluated as
821083

2) The strain gauge readings of the retrofitted columns
confirmed the unyielding of the lap-spliced longitudinal bars
within lap-spliced region (870 mm), regardless of the GFRP
thickness. The failure behavior of the retrofitted columns was
estimated gradually delayed bond=slip of the lap-spliced
longitudinal bars. Therefore, it is impossible to define the
displacement ductility factor and to conduct the cyclic loading
test using it. Instead of it, it is concluded that applying the drift
ratio to the lap-spliced column test is more reasonable as our
experiments.
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3) To retrofit the lap-spliced column with GFRP, the retrofit
design equation is suggested that the dilation strain of GFRP
should be estimated according to the thickness of GFRP and
the confining effect of hoop bar ignored.
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