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Strength and Ductility of RC Columns
Retrofitted by FRP under Cyclic Loading

Tavio', Karmila Achmad?, Parmo®, and Agus Sulistiawan*

Abstract—Rapid increasing of population and limited city area as well as better awareness on the green open area of the city,
which is ideally about 30 percent, have forced the development of the buildings vertically. The increasing number of high-rise
buildings and skyscrapers are the evidence that the development of the buildings in the cities of Indonesia are heading towards
the over-ground space. However, the vertical development is known to be highly vulnerable to earthquake hazard. The revised
Indonesian seismic map has increased the seismic load in most of the seismic zones in Indonesia. To create a safe and healthy
city, a comprehensive urban planning and design is required. A good urban planning and code-based design must also be
adopted to assure a safe building structure for the dwellers. This study is intended to observe the possibility of using alternative
materials to improve the performance of the existing buildings which have not followed the existing earthquake-resistant
building code through the implementation of Fiber Reinforced Polymer (FRP) wrap on structural members. The strength and
ductility enhancements of the columns retrofitted with external confinement using FRP are found when compared with the
unconfined control column. The results indicated that the maximum loads of each confined columns have increased by 33.52,
54.97, 36.61, and 40.73 percent, respectively, for columns C-1G, C-1C, C-1RC, and C-1RG. The ductility of columns C-1C and
C-1G have increased by 122.73 and 53.30 percent, but decreased by 15.24 and 66.31 for columns C-1RG and C-1RC when
compared with the unconfined control column C-1, respectively. This is due to the unintended premature failure at the upper
end of the column C-1G and an indication that the secondary fiber direction which was placed vertically has contributed to the

longitudinal steel of C-1RC in increasing its capacity.
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|. INTRODUCTION

urrently rapid development of the cities in Indonesia

tends towards the over-ground space. It is indicated
by the development of high-rise buildings and
skyscrapers in many cities of Indonesia. This is due to
the rapid growth of the citizens and the limited city area.
Furthermore, there is a Green Spatial Arrangement
Policy, which requires at least 30 percent of the city area
for green open space. However, a poor planning and
design of a building structure on the over-ground space
has led it vulnerable to the seismic hazard. This is even
exacerbated by the location of Indonesia in the ring of
fire belt. Indonesia lies on the unstable faults and nearby
the subduction zones of tectonic plates, i.e. Eurasia,
Pacific, and Indo-Australia. The latest seismic map of
Indonesia has accommodated the increase of earthquake
vulnerability of the buildings in Indonesia by increasing
the design earthquake load.

There are two important things to be considered when
designing a structure, namely the strength and ductility.
The strength of a structure deals with the indication of
strength increase beyond the initial capacity. The
ductility of a structure deals with the sign of better post-
peak response beyond the peak to prevent a brittle failure
due to the earthquake which can bring to the sudden
collapse of a building. The increase of seismic intensities
in several seismic zones in Indonesia (SNI 1726-2012
[1]) has challenged the designer and expert to come up
with an innovative solution to meet the latest building
code requirements [2] for the existing buildings which
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have been constructed and designed in accordance with
the earlier seismic map and building code versions [3].

Column plays a very important role in a building since
the failure of columns might lead to a fatal collapse of a
building. Moreover, the columns in a building are very
vulnerable to seismic strike. Therefore, an intensive
research studying the possibility of improving the
columns to withstand the seismic load is deemed
necessary. In the research, the seismic load is simulated
by cyclic loading [4-13].

Previous researches carried out by other mainly
focused on circular reinforced concrete columns
confined by Fiber Reinforced Polymer (FRP) wrap. Very
little study has been conducted on square or rectangular
reinforced concrete columns confined with FRP wrap
[14]. The square columns are more popular and
commonly used in a building rather than circular
columns. Additionally, the behaviors of square and
circular columns are totally different since square
columns have much lower confining effectiveness rather
than the circular ones [15-25]. Thus, in order to better
understand the seismic behavior of the square reinforced
concrete columns confined by FRP wraps, several
column specimens were designed, cast, experimentally
tested in the laboratory under cyclic loading, and
examined.

Il. METHOD

A. Specimen Details

Five column specimens observed in the study are as
follows: (1) one unconfined reinforced concrete column
as a control specimen; (2) two reinforced concrete
columns wrapped with a single layer of CFRP and GFRP
as external confinement prior to cyclic loaded; and (3)
two unconfined reinforced concrete columns which
underwent the first stage of cyclic loading to simulate the
medium earthquake until they have reached lateral drift
ratio of 2.2 percent prior to be repaired by the injection
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grouting. These columns continued to undergo the
second stage cyclic loading after retrofitted with CFRP
and GFRP wraps as external confinement.

All five column specimens prepared and cast in the
research were identical. The last two specimens
described above underwent two-stage cyclic loadings, so
that totally there were seven times of cyclic loadings
conducted. The designations of the specimens are as
follows: (1) the unconfined column specimen (C-1), (2)
the column specimens confined by GFRP (C1-G) and
CFRP (C-1C), and (3) the column specimens retrofitted
with GFRP (C-1RG) and CFRP (C-1RC). The
dimensions of the reinforced concrete column specimens
were all the same, i.e. 350 x 350 mm with an effective
height of 1100 mm. The longitudinal bars used in the
columns are eight 19 mm-diameter deformed bars. The
diameter of transverse steel used is 10 mm spaced at 200
mm.

B. Test Setup

The experimental test was carried out at the Center for
Research and Development of Settlement, Ministry of
Public Works, Bandung, Indonesia. The column
specimens were positioned standing vertically in a
loading frame which was mounted on the strong
laboratory floor. The complete test setup with a column
specimen ready for test can be seen in Figure 1. The axial
load was retained constantly during the test, while the
cyclic loading was variously applied to the column
specimens.

C. Injection and FRP-Wrap Application

Injection agent used for sealing the cracking of
concrete after first-stage loading of column specimens
C1-RG and C1-RC was a combination of MC-Fastpact
1264 and epoxy resin MC-Dur 1200. In order to obtain
an optimum result, the injection process must be
conducted several times at every injected point. Once the
injection was done completely, the columns were
allowed to cure for approximately 24 hours thereafter,
and they were ready for implementation of FRP-wrap
(column specimens C-1RG and C-1RC).

The FRP-wrap application used a wet lay-up method
with full jacketing installment. The main fiber direction
is oriented horizontally with 200-mm overlap. A single
layer of FRP was applied for the overall height of the
column specimens. Additional two layers were wrapped
at the upper part of the column specimens (775 mm long
from the top of the columns). These additional layers
were introduced to avoid any failure at the non-test
regions. The FRP-wrap application on the column
specimens C-1G and C-1C were carried out only after
the concrete surfaces dried prior to the cyclic loadings.
For retrofitted column specimens, the FRP-wrap
applications were introduced after injected with the
grouting agent to repair the cracks and damages due to
the first stage of cyclic loading.

The investigation is basically an experimental study on
the effects of the change of a discharge valve seat (from
a profile that is provided by the OEM) on the vibration
and cylinder chamber pressure characteristics of a single-
stage, single-acting air reciprocating compressor. The
study is conducted in several working pressures.

The aim of the study is to know the effects in vibration
and cylinder chamber pressures when there is a change
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of the geometry of a discharge valve seat. The results are
intended to become a reference for those who are
interested designing a valve seat profile, in order to
increase durability and performance of a reciprocating
compressor. The air reciprocating compressor with an
unmodified discharge valve seat becomes a baseline to
which results of modified valve seats to be compared.
The discharge port is chosen because the high pressure
happens in a discharge stage (compared to a suction
step).

I11. RESULT AND DISCUSSION

A. Mode of Failure

Initial crack occurred on the unconfined column
specimens was a curved crack located in the plastic
hinge region. The maximum load Py, of 278.9 kN was
attained at lateral drift ratio of 2.75 percent in the first
cycle. The mode of failure of column specimen C-1 is
illustrated in Figure 2. The mode of failure of column
specimen C-1G was characterized by the crushing of
concrete and the torn-off of FRP wrap. At lateral drift
ratio of 3.5 percent during the first cycle of cyclic
loading, the column head was failed indicated by the
concrete crush and the GFRP wrap was torn off at the
column corners. The highest load achieved during the
test of column specimen C-1G was 372.4 kN. The test
was continued with no axial load applied which caused
the lateral load-displacement curve dropped drastically.
When the lateral load reached 142.6 kN with the
displacement of 56.78 mm, the failure of GFRP wrap in
the plastic hinge region began to be visible. The mode of
failure of column specimen C-1G is depicted in Figure 3.
The failure of column specimen C-1C was indicated by
the change of the FRP resin color and the damaged
surface of the concrete in the plastic hinge region. The
maximum load P, was 432.2 kN at lateral drift ratio of
5 percent during the first cycle of loading. The final
condition of column specimen C-1C is shown in Figure
4. The failure of column specimen C-1RG was initiated
by the concrete spalling and GFRP torn-off. The
maximum load P, achieved was 414.6 kN at lateral
drift ratio of 5.0 percent. The concrete spalling was
occurred at lateral drift ratio of 5.5 percent at lateral load
of 326.3 kN. The failure of column specimen C-1RG
occurred in the second stage of cyclic loading is shown
in Figure 5. In the second stage of cyclic loading, the
failure of column specimen C-1RC was due to the
crushing of the concrete and the torn-off of CFRP in the
plastic hinge region. The maximum lateral load was
noted at 392.5 kN with a maximum displacement
measured from LVDT2 of 65.48 mm. The failure of
column specimen C-1RC during the second stage of
cyclic loading is shown in Figure 6.

B. Lateral Load-Displacement Relationship

Based on the P-¢ curve, the phenomenon occurred
during the test could be determined for column
specimens C-1, C-1G, C-1C, C-1RG, and C-1RC. The
maximum load Py, were 278.9 kN, 372.4 kN, 432.2 kN,
381.0 kN, and 3925 KkN. The maximum lateral
displacements . Were measured as follows: 53.24 mm,
56.78 mm, 96.46 mm, 56.56 mm, and 65.48 mm,
respectively, for column specimens C-1, C-1G, C-1C, C-
1RG, and C-1RC. The maximum percentages of
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increased load to column specimen C-1 were 33.52
percent, 54.97 percent, 36.61 percent, and 40.73 percent
for C-1G, C-1C, C-1RG, and C-1RC, respectively. The
maximum percentages of increased lateral displacement
Smax 10 column specimen C-1 were 6.65 percent, 81.18
percent, 6.24 percent, and 22.99 percent for column
specimens C-1G, C-1C, C-1RG, and C-1RC,
respectively. The maximum percentages of increased
stiffness to column specimen C-1 were 32.41 percent,
55.36 percent, 33.77 percent, and 42.89 percent,
respectively, for column specimens C-1G, C-1C, C-1RG,
and C-1RC. The complete lateral load-displacement
curves can be seen in Figure 7.

Based on the analysis of the P-6 curves, the
displacement ductility (u;) of each column specimen can
be determined. The displacement ductility s for column
specimen C-1, C-1G, C-1C, C-1RG, and C-1RC were
5.44, 4.75, 11.89, 10.38, and 2.17, respectively. The
increase of the displacement ductility of column
specimens C-1C and C-1RG were 118.68 and 90.81
percent, respectively. However, there were unexpected
failure occurred on column specimens C-1G and C-1RC
during the test, the displacement ductilities of both
columns have decreased. The cause of the decrease of
displacement ductility of column specimens C-1G
compared to column C-1 was the failure of the column
head during testing which has caused the test was
continued with no any axial load applied. This caused the
displacement ductility decreased by 12.74 percent. For
column specimen C-1RC, the displacement value has
also decreased by 60.11 percent compared to column
specimen C-1 (control column) since the longitudinal
steel bars have yielded during the late stage of testing.
This has caused the ratio of the ultimate to yield
displacement became low. In addition, there was an
indication that the secondary carbon fiber in vertical
direction has strengthened the longitudinal steel bars of
the column, which in turn, has increased the capacity of
the column specimen C-1RC which was higher than that
of column specimen C-1.

C. Moment-Curvature Relationship

Based on the analysis moment-curvature relationship,
there was an increase in the maximum moment capacity
for confined and retrofitted column specimens compared
to the unconfined column specimen, either for GFRP and
CFRP wraps, as illustrated in Figure 8. The maximum
moments of all column specimens were 328.04 kN-m,
434.37 kN-m, 509.63 kN-m, 438.83 kN-m, and 468.73
kN-m for column specimens C-1, C-1G, C-1C, C-1RG,
and C-1RC, respectively. Based on the analysis of the
moment-curvature relationships, it can be shown that
there were increases in maximum moment M., when
compared to column specimen C-1, namely 32.41
percent, 55.36 percent, 33.77 percent, 42.89 percent for
column specimens C-1G, C-1C, C-1RG, and C-1RC,
respectively.

The curvature ductility for column specimens C-1, C-
1G, C-1C, C-1RG, and C-1RC were 5.61, 4.76, 12.51,
8.60, and 1.89, respectively. Similar to the displacement
ductility, the increased curvature ductility for column
specimens C-1C and C-1RG compared to column
specimen C-1 were 122.73 percent and 53.30 percent.
The curvature ductility of column specimens C-1G and
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C-1RC were decreased by 15.24 percent and 66.31
percent compared with column specimen C-1.

1V. CONCLUSION

Based on the results of the research of strengthened
and retrofitted square reinforced concrete column
specimens using GFRP and CFRP external confinement
methods subjected to cyclic loading, it can be concluded
as follows:

A. From the three parameters measured during the test,
i.e. Prax Omax and M., there was an increase of
strength of all strengthened and retrofitted column
specimens with FRP wrap compared to the
unconfined column specimen.

1) From the maximum load P, the increases to
column specimen C-1 were 33.52 percent, 54.97
percent, 36.61 percent, and 40.73 percent for
column specimens C-1G, C-1C, C-1RG, and C-
1RC, respectively.

2) From the maximum lateral displacement &yayx, the
percentages of increase of column specimens C-
1G, C-1C, C-1RG, and C-1RC to column
specimen C-1 were 6.65 percent, 81.18 percent,
6.24 percent, and 22.99 percent, respectively.

3) From the maximum moment M., the increase of
column specimens C-1G, C-1C, C-1RG, and C-
1RC to column specimen C-1 were 32.41 percent,
55.36 percent, 33.77 percent, and 42.89 percent,
respectively.

B. Two parameters were used to determine the increase
of ductility, i.e. displacement ductility (us) and
curvature ductility (u,). The values of ps and p, have
increased for column specimens C-1C and C-1RG
and decreased for column specimens C-1G and C-
1RC.

1) The increase of displacement ductility compared
to column specimen C-1 were 118.68 percent and
90.81 percent, respectively, for column specimens
C-1C and C-1RG. The decrease of u, for column
specimens C-1G and C-1RC were 12.74 percent
and 60.11 percent, respectively, compared to
column specimen C-1.

2) The percentage of curvature ductility increase of
column specimens C-1C and C-1RG to column
specimen C-1 were 122.73 percent and 53.30
percent, respectively. The decrease of u,
compared to column specimen C-1 were 15.24
percent and 66.31 percent, respectively.

3) The occurrence of the unexpected failure at the
column head has caused the cyclic loading in the
next stage must be conducted without axial load,
thus, the value of displacement ductility and
curvature ductility of column specimen C-1G
decreased.

For column specimen C-1RC, the first yield occurred
in the late stage of testing. This has caused the
unexpected ratio of ultimate to vyield displacement
became lower. In addition, there was an indication that
the secondary carbon fiber in vertical direction has
strengthened the longitudinal steel bars and increased the
capacity of column specimen C-1RC higher than column
specimen C-1. It resulted in lower value of both
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Figure 1. Column specimen test setup
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