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Abstract

Structures experience damage and deterioration over their life cycle. The recent increase in interest in sustainable
development of cities is re-evaluating the long-term use of structures. Therefore, researches on the retrofitting
method for existing structures is receiving high attention again. However, there are very few cases where the direct
comparison between the repair and retrofitting effects of structures has been experimentally verified. In this study,
retrofitting methods and repair methods with carbon fiber sheets for reinforced concrete columns under shear failure
were investigated. 10 reinforced concrete columns were tested under reversed cyclic loading. As a result of the experi-
ment, it was found that, when reinforced with CFS strips, the increase in the width of the strip serves to enhance

the strength and ductility of the reinforced member by providing confinement against shear cracks occurring

in concrete. It was confirmed that as the number of overlaps of CFS increased, a greater strength-enhancing effect
and ductility-enhancing effect appeared. However, the two-way reinforcement of CFS did not show a great effect

in improving strength and ductility. As a result of evaluating the repair performance of damaged members using CFS,
it was found that the strength and ductility of the repaired specimen exceeded the original strength and ductility

of the base material as well as the strength and ductility of the reinforced specimen.

Keywords Carbon fiber sheet, Reinforced concrete column, Shear strengthening, Repairing

1 Introduction

Recently, as one of the methodologies for reducing the
load of the construction industry on the environment,
the demand for long-life buildings is increasing. Since
buildings are subject to deterioration and damage dur-
ing their life cycle, it is essential to find a suitable meth-
odology for retrofitting structures in order to extend
the life cycle of buildings. In particular, it is important
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to secure the ability of buildings to resist repeated natu-
ral disasters. This is because the secondary and tertiary
earthquakes have a serious impact on the performance of
structures, as already confirmed from the 1999 Kocaeli
earthquake in Turkey and the 2010 and 2011 earthquakes
in New Zealand. In particular, in the case of the New
Zealand earthquake, after the first earthquake damaged
the non-seismic detailed reinforced concrete structure,
shear failure occurred in the columns of the lower part of
the building due to the accumulated damage in the sec-
ond earthquake [Sucuoglu, 2002; Uckan et al., 2002; Kam
etal,, 2011].

Non-seismic detailed reinforced concrete columns
are particularly prone to shear failure as they have low
shear strength. Methods that can be applied to increase
the shear strength of non-seismic detailed reinforced
concrete columns include section extension, steel plate
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retrofitting, prestressing, and FRP jacketing. Among
them, in the case of cross-section expansion or prestress-
ing, there are restrictions on the use of indoor space
after retrofitting, and in the case of steel plate reinforce-
ment, problems with the integrity between the retrofit-
ting materials and the original member and corrosion
may occur. In addition, section expansion method and
the steel plate retrofitting method entails an increase in
weight.

FRP sheet has high strength-to-weight ratio and is sta-
ble against corrosion. In addition, the out-of-plane flex-
ibility possessed by FRP sheet has the advantage of being
applicable to various cross sections and providing con-
venience in construction. In addition, relatively fast con-
struction speed can be an advantage in remodeling and
repair projects.

Due to these advantages, the review of the structure
of FRP has been steadily progressing from the end of the
twentieth century to the present. Reinforcement using
CERP has the largest number of experimental histories
among FRP reinforcement methods. As a result of pre-
vious studies [Ma et al., 2000; Ye et al., 2002], the rein-
forcement effect for non-seismic detail using CFRP was
shown to be an improvement in both stiffness and ductil-
ity. In particular, there is also the study result of mechani-
cally examining that CERP sheet has a reinforcing effect
on diagonal cracks [Ye et al, 2003]. Along with the
study on the reinforcement of structural members using
CERP [Priestly & Seible, 1993; Saadatmanesh et al., 1997;
Haroun et al., 2003; Khaloo, 2020], there are also research
results on the repair using CFRP. A study on the repair of
damage such as corrosion of rebar, cracking and spalling
of yield concrete of reinforcing bar was conducted [Li &
Sung, 2003; Guo et al., 2022; Yasir et al., 2022; Fakhari-
far et al,, 2015; Yingwu et al., 2020; Fahmy et al., 2010].
In addition, recently, a study was conducted on the con-
finement effect of CFRP and the reinforcing effect caused
by the embedding of reinforcing bars at the same time.
[Hashemi et al., 2022]. As a result of the experiment, it
was confirmed that an increase in strength and ductil-
ity can be expected at the same time when repaired with
CERP.

It was confirmed through past studies that the CFRP
reinforcement effect is also related to the performance
of the member to be reinforced. Therefore, in order to
clearly evaluate the reinforcement effect, it is necessary to
simultaneously review the CFRP reinforcement effect for
undamaged members and the CFRP reinforcement effect
for damaged members. However, it is difficult to find a
case study that directly compares the reinforcement effect
before and after damage.

Therefore, in this study, verification of the reinforcing
effect of CFRP was first performed, and the degree of
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performance restoration of the damaged member was
specified by checking the expression level of the reinforc-
ing effect when damage occurred in the base material.

2 Design Equations for CFS Retrofitting

2.1 Shear Reinforcement Ratio

Kataoka et al. (1997) proposed a method of calculating
the total reinforcement ratio by converting the amount of
reinforcement to the amount of transverse reinforcement
for a reinforced concrete column whose shear strength
has been supplemented using CFRP. In this study, the fol-
lowing Egs. (1) to (3) were used to define the amount of
reinforcement:

> owD) = spw + hw, 1
rE
Zpw(2) =spw + Exfpw, 2)
S
0;
Sou() = sou+ 7" s, (3)

where X, is total shear reinforcement ratio, sp,, is shear
reinforcement ratio for rebar, ¢p  is shear reinforcement
ratio of CFS, fE is elastic modulus of CFS, (E is elastic
modulus of rebar, ro  is tensile strength of cFS and 0,
is yield strength of shear rebar.

2.2 Flexural Strength
For reinforced concrete columns with multiple layers of
reinforcements, the Building Center of Japan (1997) and
the Architectural Institute of Japan (1990) suggested the
method calculating the ultimate flexural strength through
the following equations:

when N < 0.4bDf

N
M,, = 0.8a,,0,D + 0.5ND [ 1 — ,
u = O8aoyDF < bchk) @)
when N > 0.4bDf
Ny — N
M =<O.8 D + 0.12D? ) _ Dmax Z N
“ Ais0yD + Jok <Nmax—0.4bchk

(5)
whereNy,qx = bDfoy + AgsOy, Ay is total area of longitu-
dinal reinforcements(cm?), D is total depth of column
(cm), b is column width(cm), fii is compressive strength
of concrete(kgf /cm?), N is applied axial load(kgf), 5Oy is
yield strength of steel rebar (kgf /cm?) and ag is total area
of longitudinal reinforcement(c?).
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2.3 Bond Strength

The Japanese Society of Architects also describes the
evaluation of the bond behavior related strength of
CES retrofitted column [AI], 1998]:

. tand(1 — B)bDv [y
Qsub = Thu Z Vje + 2 (6)

< bjtvefer /2,

where Thu = Teo + TSts
Teo = [0'4{(17 - Edb)/zdb} + 0.5] \/E, when N; <4,

Tt = H%—:lm}p(vb\/ﬂ} /d, , when N; >4,
Tst = SP@b\/Jg/dh N is number of longitudinal rein-

forcements on one layer, tant = +/ (L/D)?>+1—1L/D,
B = {tou X W/(bsingcos®)}/(vefek) » Py, = 0w +7 Pw
> 4 is sum of circumferences of longitudinal reinforce-
ment, j; is spacing between rebar(cm), v, is effectiveness
factor of compressive strength of concrete and it can be
calculated by using 0.7 — £+ /2000, L is net height of the
column (cm) Xdj, is summation of reinforcement diame-
ter arranged with one layer.

2.4 Shear Strength

In calculating the shear strength of rectangular rein-
forced concrete columns reinforced with fiber sheets,
the Japan Disaster Prevention Association uses the
modified Hirosawa shear strength equation and
revised the shear strength equation of the column sug-
gested by AIJ to use the following two equations. Both
equations are modified by converting the reinforce-
ment amount of the fiber sheet into transverse rein-
forcement. In particular, Eq. (7) relates to a column on
which a symmetrical moment acts when a horizontal
load is applied:
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3 Test Program
3.1 Variables and Specimen Detail
Experimental plan to examine the retrofitting effect
of carbon fiber sheets on reinforced concrete columns
with low level of shear strength when existing rein-
forced concrete structures do not meet the perfor-
mance level required by the latest design standards or
have experienced damage due to earthquakes, etc., was
established. In this study, the occurrence and propaga-
tion of cracks, changes in load-bearing capacity, and
safety were evaluated through the test for reinforced
concrete columns under the lateral load. The speci-
mens were largely divided into RC series, CF series,
and RAD series. The RC-series specimens were con-
structed by adjusting the amount of shear reinforce-
ment based on the shear-failure-type specimen and
the flexural-failure-type specimen. For the CEF-series
specimens, the specimens were planned by adjusting
the amount of reinforcement of the carbon fiber sheets
in order to quantitatively evaluate the shear reinforce-
ment effect on the shear fracture type RC columns. The
RAD-series test specimens were to examine the repair
effect of CFS on damaged reinforced concrete columns,
and they were planned to have shear reinforcement that
can experience the target displacement. The damage
was determined based on the target displacement, and
repair for the damage consisted of epoxy injection and
CFS jacketing for cracks with a crack width of 0.2 mm
or more. A total of 10 specimens were produced, with
3 RC-series specimens, 5 CF-series specimens, and 2
RAD-series specimens to check the reinforcing capac-
ity of the carbon fiber sheet after damage.

Finally, each experimental group is classified accord-
ing to the amount of shear reinforcement. For example,
in the case of RC-015, 015 means that the shear rein-

Our = 0.068p03 (180 + £ )
sl = M/Qd + 0.12

T 2.7\/spwsow +aP o+ 0.100}.19;', 7)

Qsu2 = bji S(Pyoy)cotd + tand (1 — B)vfxbD/2,
(@)

where Y (Pyoy) = sPyso,, + afPWfoW,
g = Llxcor’e) 2 Pyon)}

- UCfck ’
cotp = min{Z.O, D, E(vj,f;(’;w) - 1.0, % is shear

span-to-depth ratio, op is axial stress (kgf/cm?), « is
strength reduction factor, p; is tensile reinforcement ratio
(%), j length of moment arm, ¢ is angle of compressive
strut of concrete.

forcement ratio is 0.15%. In the case of reinforcement
with CFS, as can be seen in Table 1, it was calculated by
adding the shear reinforcement amount of RC and the
shear reinforcement amount of CFS.

All specimens were designed to have a square cross
section of 300X 300 mm and the height of all columns
to be 900 mm. The main reinforcing bars of all speci-
mens were arranged as 12-D13, and the amount of
reinforcement of shear reinforcing bars and fibers was
planned using the concept of shear reinforcing ratio.
The specifications of each specimen are shown in
Table 1, and the details of the specimen are shown in
Fig. 1.
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Table 1 Test specimens

Classification Specimens ID Shear CFRP layout Shear reinforcement ratio (%)

reinforcement
Width [mm] Number of Direction CFRP Shear Total
layer reinforcement

RC RC-015 $6@130 - - - - 0.151 0.151
RC-059 D10@80 - - - - 0.592 0.592
RC-118 D10@40 - - - - 1.183 1.183

CF CF-026 ¢6@130 40 1 HOR 0.0228 0.151 0.259
CF-038 ¢6@130 85 1 HOR 0.0484 0.381
CF-050 ¢6@130 900 1 HOR 0.0740 0.503
CF-086 p6@130 900 2 HOR 0.1480 0.856
CF-VH $6@130 900 2 HOR+VER 0.0740 0.503

RAD CF-RAD-200 ¢6@130 900 1 HOR 0.0740 0.503
CF-RAD-50 D10@80 900 1 HOR 0.0740 0.592 1219
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Fig. 1 Details of test specimens (unit: mm)

3.2 Materials

The compressive strength of the concrete used to man-
ufacture the specimens was planned to be 27 MPa. The
compressive load test of the concrete was performed

Table 2 Mechanical properties of steel reinforcements

according to KS F 2405 using a cylinder specimen with
a diameter of 200 mm and a height of 100 mm [Korean
Agency for Technology and Standards, 2006]. The 28-day
compressive strength was 35.3 MPa and the elastic mod-
ulus was 24,231 MPa. At this time, the magnitude of the
elastic modulus was determined by the slope determined
by the stress at a strain of 50 p and the stress at 1/3 stress
of the maximum strength in the stress—strain curve.
There were a total of three types of reinforcing bars used
in the production of the specimens. The deformed rein-
forcing bar D13 was used as the longitudinal reinforce-
ment, and the ¢ 6 round reinforcing bar and the D10
deformed reinforcing bar were used as the shear rein-
forcement. Each reinforcing bar was tested according to
KS B 0802 [Korean Agency for Technology and Stand-
ards, 2007] and the test results are shown in Table 2.

The carbon fiber sheets used as the retrofitting mate-
rial had an actual design thickness of 0.110 mm and a
standard construction thickness of 0.45 mm. The tensile
strength of the sheet was 3,482 MPa and the design mod-
ulus of elasticity was 230,535 MPa. The strain at fracture
was found to be 1.5%.

3.3 Test Setup

The specimen was fastened to the reaction floor so that
the base of the column could be completely fixed, and
a guide frame and a ball jig were installed to prevent

ID Elastic modulus Yield strength Yield strain Tensile strength Elongation
[MPa] [MPa] 1076 [MPa]

»6 195,219 721 3701 795 253

D10 178,547 412 2270 544 17.7

D13 167,751 455 2708 648 19.2
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Fig. 2 Details of test set up (unit: mm)

out-of-plane deformation due to axial load while the
lateral force was applied. As for the axial force, a load
of 0.15f;x A4 was applied in a load control method using
actuators with a capacity of 250 kN installed on both
sides of the specimen. The axial force allowed the same
amount of load to be maintained during the experiment.
Lateral load was applied at the midpoint of the column
height so that a constant moment could act on the speci-
men using actuators with a capacity of 1000 kN.

The lateral force was applied through displacement
control, and the lateral displacement of the specimen was
controlled based on the member angle divided by the
height of the loading point. It was gradually increased to
the drift angles of 1/400, 1/200, 1/100, 1/67, 1/50, 1/33,

0.08

1/20, and 1/15 rad. Considering the amount of the lon-
gitudinal reinforcing bars of the specimens conducted in
this study, 1/100 rad displacement angle at which yield is
expected and 1/50 rad rotational angle at which the max-
imum load is expected were repeatedly applied twice.

The test setup plan and loading plan of the specimen
are shown in Figs. 2 and 3, respectively.

4 Test Results and Analysis

4.1 Mode of Failure

The failure pattern of the test specimens were explained
by dividing them based on the application of retrofit-
ting method, the amount of reinforcement and repairing
method. The RC-series specimens were reinforced only
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Fig.4 Crack pattern of test specimens at the ultimate state

with shear rebars in the columns, and the failure pattern
was changed according to the shear reinforcement ratio.
The failure pattern of each specimen is shown in Fig. 4.
RC-015 was designed to be the lowest shear reinforce-
ment ratio of 0.151%. A fine hair crack occurred at a dis-
placement angle of 1/400 rad, and shear cracks occurred

(e) CF-038

(f) Specimens reinforced
with whole area of

column

at the top of the column while experiencing a load of
189.3 kN at a displacement angle of 1/200 rad. After the
shear crack in the opposite direction occurred at the
pulling force of the corresponding displacement angle, it
was finally failed with the sudden expansion of the shear
crack width at 1/100 rad displacement angle.
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RC-059 was reinforced with a shear reinforcement ratio
of 0.592% with deformed reinforcing bars. It exhibited
ductile behavior compared to RC-015. The initial flexural
crack occurred at a rotational angle of 1/400 rad, and the
flexural crack spread at a rotational angle of 1/200 rad.
Shear cracks appeared while experiencing 1/100 rad rota-
tional angle, and after damage was accumulated, cracks
in the vertical direction were observed at the top end of
the column along the direction of the longitudinal rein-
forcing bars at 1/67 rad rotational angle. As the negative
force was experienced (pulling load), spalling of concrete
spread and shear cracking progressed. At a rotational
angle of 1/50 rad, the shear crack width was enlarged,
and at a rotational angle of 1/20 rad, the shear crack
width was rapidly enlarged and finally failed due to peel-
ing off of concrete cover.

RC-118 has the largest shear reinforcement ratio in the
RC series. Initial cracks occurred in the form of flexural
cracks at a rotational angle of 1/200 rad. At 1/100 rad
rotational angle, diagonal cracks occurred in the center
of the column, but the development of flexural cracks
was more pronounced. Afterwards, the propagation of
flexural cracks were observed without the development
of shear cracks until a rotational angle of 1/67 rad. At a
rotational angle of 1/50 rad, the diagonal cracks began to
spread, and crushing occurred at the end of the column.
At 1/33 rad displacement angle, the crushing phenom-
enon accelerated, and at 1/20 rad rotational angle, the
concrete collapsed at both ends of the upper column.

The CF-series specimens consist of specimens to inves-
tigate the retrofitting effect of the carbon fiber sheets.
CFSs were attached on the column with same details of
RC-015 specimen to confirm the effectiveness of ret-
rofitting of CFS, where shear failure occurs predomi-
nantly. The width and thickness of CFS were changed
to prepare various types of test specimens. Unlike the
specimens with CFS strips, such as CF-026 and CF-038,
cracks could not be observed for the specimens retrofit-
ted through whole area of the columns. Therefore, there
were no failure pattern observation results in Fig. 4 for
specimens CF-050, CF-086, CF-VH, CF-RAD-200 and
CF-RAD-50. The CFS strip was attached to the specimen
so that the center line of the shear reinforcing bar and the
center line of the strip coincide.

CF-026 was a specimen with 40-mm-wide sheets
attached at 130-mm spacing, and shear cracks occurred
at the top and bottom of the column at a rotational
angle of 1/200 rad. At 1/100 rad rotational angle, flexural
cracks occurred in the upper part, and cracks of about
60—70 mm occurred in the second upper sheet. Cracks
with a length of 100 mm were also observed in the sec-
ond lower sheet. Then, while experiencing the spread of
shear cracks, concrete cover peeling cracks occurred at
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1/67 rad rotational angle in the longitudinal rebar direc-
tion. After that, the accumulation of damage proceeded
in the form of spread of shear cracks and peeling off of
the concrete cover, and the sheet fractured at a rotational
angle of 1/20 rad and finally failed.

CF-038 was a specimen with a sheet width of 85 mm.
After initial flexural cracking at 1/200 rad rotational
angle, shear cracking occurred at 1/100 rad rotational
angle. As the hysteresis progressed, the shear crack
spread and the length of the shear crack progressed
at 1/67 rad rotational angle. At a rotational angle of
1/50 rad, a crack occurred in the sheet parallel to the
sheet, and finally failed while experiencing fracture of the
sheet at a rotational angle of 1/20 rad.

CF-050 was an entirely wrapped test specimen with
CFS, and the sheet is made of one layer of CFS. Since the
CES covered the entire surface of the specimen, it was
difficult to check the progress of the crack. However, it
was confirmed that the upper and lower bending cracks
occurred between the column and the loading beam at
a rotational angle of 1/200 rad. At a rotational angle of
1/50 rad, the sheet peeling occurred at the top of the
column, and at a rotational angle of 1/20 rad, the sheet
peeling off at the upper part of the column occurred. In
this case, delamination of the sheet progressed, leading to
failure at 1/15 rad rotational angle.

CF-086 retrofitted with two layers of CFS. This speci-
men exhibited similar behavior to CF-050. The fracture
was concentrated on the upper and lower parts of the
column, discoloration occurred at 1/67 rad rotational
angle, and the sheets at the upper and lower ends of the
column fracture occurred at 1/20 rad and 1/15 rad rota-
tional angles, resulting in final failure.

CF-VH was a specimen that was planned to examine
the directional effect of the carbon fiber sheets. Flexural
cracks first occurred at 1/100 rad rotational angle with
the specimen retrofitted by one layer each in the horizon-
tal and vertical directions. At 1/50 rad rotational angle,
cracks occurred in the lower face of the column, and
sheet fracture occurred at 1/33 rad of rotational angle.
At a rotational angle of 1/15 rad, longitudinal cracking of
the sheet in the vertical direction was confirmed, and the
sheet was finally fractured as sheet peeling occurred one
after another.

For RAD series specimens, the first and second load-
ing stages were applied. During the first loading stage,
damages at certain rotational angles were induced to the
specimens. During the second loading stage, damaged
test specimens were repaired with CFS wrapping and
loaded again with the same loading history as shown in
Fig. 3.

CF-RAD-200 is the same specimen as RC-015, and
it was found to behave similarly to RC-015 up to a
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displacement angle of 1/200 rad. The main damage of
RAD-200 was the initial flexural crack and the flex-
ural shear crack that developed from this flexural crack.
Among the cracks that occurred in the test specimen,
cracks with a width of 0.2 mm or more were repaired
with epoxy, and one-ply sheet wrapping was performed.
The repaired specimen, CF-RAD-200, cracked first at
the top and bottom of the column at 1/100 rad rotational
angle. The sheet was damaged from a rotational angle
of 1/67 rad, and some peeling off of the sheet occurred
while experiencing a rotational angle of 1/33 rad and
a rotational angle of 1/20 rad. At a rotational angle of
1/20 rad, the sheet peeled off, and test specimen was
finally destroyed as it expanded to the top and bottom of
the specimen at a rotational angle of 1/15 rad.

CF-RAD-50 is a specimen subjected to the force up to
1/50 rad rotational angle. The specimen experienced the
propagation of flexure and flexural shear cracks occur-
ring at rotational angles of 1/200 rad and 1/100 rad. At
1/50 rad rotational angle, shear cracks appeared in the
center and the experiment was terminated. CF-RAD-50
retrofitted with CFS had cracks at the upper and lower
ends of the column at a displacement angle of 1/200 rad,
and then the damage to the carbon fiber sheet at the end
was accumulated up to a rotational angle of 1/50 rad.
After repeated loading for a rotational angle of 1/50 rad,
crushing occurred at the bottom of the column, and the
carbon fiber sheet was peeled off, and this phenomenon
continued until the final fracture occurred.

P,,,; maximum load applied to the specimen, P yield
load, P,,: load at the first yielding of flexural reinforce-
ment, 8,45 displacement at maximum load,dy: displace-
ment at yield load,dy,: displacement at the first yielding
of flexural reinforcement, §,: displacement at the load of
0.80P14x

4.2 Load-Displacement Relation

Fig. 5 shows the load—displacement relationship of all
specimens. Table 3 summarizes the yield strength and
ultimate strength of each specimen and the correspond-
ing displacement. At this time, the yield point of the
member was determined through the method shown in
Fig. 6.

The characteristics of each specimen are summarized
as follows by dividing them into RC series, CF series,
and RAD series as discussed about the failure mode.
RC-015 is the specimen with the lowest shear reinforce-
ment ratio, and after the member experienced yielding,
it reached its maximum strength and experienced brittle
shear failure that occurred at the same time. In the RC
series, it was confirmed that the brittle behavior was alle-
viated as the shear reinforcement ratio increased. RC-059
showed a maximum load of 279.6 kN and experienced
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greater strength and greater displacement than RC-015.
In relation to the failure mode, the failure occurred
in a form induced from flexural failure to shear failure.
RC-118 is a specimen in which shear failure is prevented
by having a high shear reinforcement ratio. In the hyster-
esis curve, it was confirmed that large slip did not occur
during unloading and loading. However, some problems
occurred in the device for preventing out-of-plane dis-
placement during the test of the specimen, resulting in a
decrease in strength at 1/100 rad and 1/67 rad rotational
angles. During the experiment, adjustments were made
to the device, and it was confirmed that it showed a frac-
ture form dominated by flexural failure.

CF series are test specimens to confirm the capability of
CFS, and the effect of retrofitting was confirmed through
retrofitting of RC-015, which showed brittle fracture.
CF-026 is a member retrofitted by using a CFS with a
width of 40 mm, and the CFS is attached in the form of
a strip. The maximum load appeared at 1/100 rad rota-
tional angle, and after experiencing the maximum load, it
showed a large decrease in stiffness and strength. In addi-
tion, the pinching phenomenon occurred significantly
in the hysteresis behavior. CF-038 was a test specimen
with a strip width of 85 mm and exhibited the maximum
bearing capacity at 1/100 rad rotational angle, and it was
confirmed that the loss of load-bearing capacity occurred
slower than CF-026.

Unlike CF-026 and CF-038, CF-050 was retrofitted
by wrapping of CFS which is different from the general
shear fracture type RC columns. The maximum load-
bearing capacity was found to occur at 1/100 rad rota-
tional angle, but it was confirmed that the degradation of
the load-bearing capacity occurred gradually.

CF-086, to which the largest amount of reinforcement
was applied, is a specimen in which two layers of carbon
fiber sheets were wrapped in the horizontal direction. The
test specimen’s maximum load-bearing capacity reached
its maximum at 1/100 rad rotational angle, but the load-
bearing capacity was stably maintained up to 1/50 rad
rotational angle, and as the pinching phenomenon was
greatly improved, it did not experience a significant loss
of load-bearing capacity up to 1/20 rad displacement
angle. It was confirmed that the loss of load-bearing
capacity was experienced less than 80% at 1/15 rad rota-
tional angles. CF-VH was a specimen in which CFS were
wrapped in two layers, but the CFS were arranged in an
orthogonal direction. The maximum bearing strength of
the specimen was found at 1/67 rad rotational angle, and
the pinching phenomenon was improved compared to
CF-050, but the maximum deformation capacity did not
reach the deformation capacity of CF-050.

CF-RAD series were test specimens to verify the repair
and retrofitting effects of CFS on damaged members. In
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Fig. 5 Load-displacement relationship

the case of CF-RAD-200, it was confirmed that the effect
on the damage of the member was a decrease in stiff-
ness at the initial and maximum bearing capacity, and a
stiff degradation of load-bearing capacity. In addition, it
was confirmed that the pinching phenomenon was more
pronounced than that of the CF-050. CF-RAD-50 has
the same shear reinforcement details as RC-059 that had
experienced rotational angles up to 1/50 rad. However,
after the load-bearing capacity similar to the maximum
bearing capacity appeared at 1/67 rad rotational angle, it
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experienced deformation up to 1/15 rad rotational angle
without any decrease in the load-bearing capacity, and
the hysteresis curve was changed from the shear fracture
type to the flexural fracture type.

4.3 Ductility and Energy Dissipation

In order to compare and examine the ductility of each
specimen, the ductility ratio was first defined. The duc-
tility ratio was calculated based on the displacement at
yield, the displacement at the maximum strength, and
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Fig.5 continued
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Table 3 Test results
ID Py,r Sy,r Py 6y Pmax Smax Sy
[kN] [mm] [kN] [mm] [kN] [mm] [mm]
RC-015 + * * 151.1 242 198.2 587 587
- -1756 —2.67 -216.8 —4.47 —4.47
RC-059 + 2256 6.815 1913 3.95 2364 8.90 18.19
- -218.8 —5.62 —279.6 -12.11 —15.01
RC-118 + —309.0 —8.745 197.2 6.21 2914 27.30 50.73
- -256 —457 —3296 -13.32 —44.88
CF-026 + 279.6 8115 209 3.00 279.6 8.12 13.53
- —-190.3 —-340 —2453 -9.03 —13.51
CF-038 + —266.8 —7.995 198.2 3.28 270.8 8.68 18.08
- -1864 —2.69 —272.7 —13.75 —27.58
CF-050 + —260.9 —13.200 180.5 275 249.2 8.80 27.02
- -197.2 —3.60 —260.9 —13.20 —27.78
CF-086 + 267.8 7465 206 355 279.6 9.07 60.00
- —201.1 —2.78 —285.5 -9.32 —45.10
CF-VH + 2472 10.840 199.1 333 257.0 18.23 21.80
- —-189.3 —2.53 —267.8 —-13.40 —44.22
CF-RAD-200 + 2188 11.505 217.8 6.76 281.5 18.12 45.00
- —2364 —-4.46 —2894 -19.04 —27.28
CF-RAD-50 + 2384 6.205 2354 6.12 3129 53.66 59.85
- —2354 —6.37 -310.0 —44.17 —59.96

the displacement at the point where it decreased by
80% after the maximum strength as defined in Fig. 6 to
summarize the experimental results. The displacement
ductility ratio was calculated using Eq. (9).

= ©)
8y
P A
Pmax
P, p 0.8P, ..
0.6P

. max

8 8111 ax 8U

y

Fig. 6 Yielding of test specimens

where p is displacement ductility ratio, o4 is objective
displacement for calculating displacement ductility ratio
and d, is displacement at yielding of test specimens.

Table 4 shows the displacement ductility ratios for
both the positive and negative direction of loading
because the displacement ductility ratios are different
between the positive and negative forces. The displace-
ment ductility ratio could be expressed in two ways: the
ratio of the displacement during the experience of max-
imum strength to the yield displacement and the ratio
of the ultimate displacement (displacement at 80% of
the maximum load).

It can be confirmed that the change in the displace-
ment ductility ratio of the RC-series specimens was
directly affected by the amount of shear reinforcement,
that is, the shear reinforcement ratio. The reason that
the increase rate of the displacement ductility ratio for
the ultimate state is higher than the increase rate of the
displacement ductility ratio for the maximum strength
is because the increase in the shear reinforcement ratio
causes a change in the failure mode from shear fail-
ure to flexural failure. Therefore, in this section, the
increase in the displacement ductility ratio with respect
to ultimate strength is mainly considered.

Since all CF-series specimens were retrofitted speci-
mens for specimens with the lowest displacement duc-
tility among RC-series specimens, the ductility increase
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Table 4 Displacement ductility factor
ID HMpeak Kult

Pos Neg Avg Pos Neg Avg
RC-015 242 1.68 2.05 242 1.68 2.05
RC-059 225 2.16 2.205 4.60 267 3.635
RC-118 440 292 3.66 8.18 9.83 9.005
CF-026 271 2.65 2.68 451 3.97 4.24
CF-038 264 512 3.88 551 10.27 7.89
CF-050 3.21 3.67 344 9.84 7.73 8.785
CF-086 256 336 2.96 16.92 16.25 16.585
CF-VH 548 530 539 6.56 17.48 12.02
CF-RAD-200 2.68 2.03 2.355 6.65 6.12 6.385
CF-RAD-50 8.78 6.94 7.86 9.79 942 9.605

effect of carbon fiber sheets could be confirmed through
CF-series specimens. As the displacement ductility ratio
of the specimen increased in the order of CF-026 and
CEF-38, it was found that increasing the width of the strip
plays an effective role in increasing the ductility ratio.
When the test specimens were fully wrapped by CES, the
displacement ductility ratio of CF-050 wrapped with one
layer increased to 428% compared to the behavior before
retrofitting, and for CF-086, wrapped with two layers of
CES, it increased to 809%. In CF-VH, two layers of CES
were used, but the direction of the CFS was different.
The increase in the displacement ductility ratio was 586%
compared to the displacement ductility ratio of the base
material. This is a smaller value than CF-086, which is
reinforced with two layers in the same direction, which
means that reinforcement in the same direction as the
existing stirrup is more effective in enhancing ductility
for the reinforcement of shear-failure-type members.
Looking at the specimens repaired by single layer
wrapping of CFS, CF-RAD-200 increased by 311% com-
pared to the displacement ductility ratio of the RC-015.
Although this is a smaller value than the 428% increase in
the displacement ductility ratio of the CF-026 which had
no damage before loading, it was shown that a relatively
large ductility can be secured even after repair and ret-
rofitting. The displacement ductility ratio of CE-RAD-50
was 9.6, indicating that CF-RAD and CF-RAD-50 had a
larger displacement ductility ratio to maximum strength.
The energy dissipation capacity is an important indi-
cator that can be used to determine the deformability
of the reinforced concrete members. The capability of
the energy dissipation of the member that can be calcu-
lated by the area of the hysteresis curve when the cyclic
loading experiment is performed is shown in Fig. 7.
The retrofitting effect on the undamaged members is
shown in Fig. 7a. It was confirmed that the early shear

failure before reinforcement was greatly alleviated and
high energy dissipation was maintained by retrofitting.
As can be seen from 1/20 rad rotational angle at which
the final fracture begins, the larger the strip width, the
greater the energy dissipation, and it was confirmed
that the largest energy dissipation amount could be
secured for wrapping specimens. When double-layer
wrapping was performed, it was confirmed that it has
the ability to extend the deformation capacity. It caused
the increase of energy dissipation capacity of the
member.

The energy dissipation capacity of the repaired speci-
men was compared with that of the retrofitted speci-
men and shown in Fig. 7b. CE-RAD-200 was a specimen
that had been repaired after damage applied to RC-015,
and CF-RAD-50 was a specimen that had been repaired
to a specimen with the same details as RC-059. It was
confirmed that both specimens secured significantly
improved energy dissipation capacity compared to the
energy dissipation capacity of the specimen before fail-
ure. In particular, it was found that CF-RAD-50, which
had been repaired for RC-059, can secure energy dissipa-
tion capability that surpasses the flexural behavior of the
RC member. This is thought to be because CFS restrains
the concrete from falling off. However, as the repaired
specimen had damage, it was confirmed that the energy
dissipation capacity was lower than that of the specimen
to confirm the retrofitting ability before failure.

5 Retrofitting and Repairing Effect of CFS

5.1 Strain of Shear Reinforcements and CFS

To examine the shear strength increase effect of CFS, the
strain of shear reinforcement and CES are investigated
as shown in Fig. 8. In Fig. 8a, the strain history of shear
reinforcement and CFS at the upper position of the col-
umns where shear cracks are concentrated was shown
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in order to examine the retrofitting effect of the sheets.
Among them, the wire strain gauge attached to shear
rebars of CF-038 was dropped off prematurely during
the test and thus could not be measured. In the case of
RC-015, as can be seen from the failure mode and load-
displacement curve, the shear reinforcements did not
experience significant deformation due to shear failure.
On the other hand, in the case of CF-026 reinforced with

retrofitting method

CFS

CES of 40 mm width, the amount of deformation of the
CES increased, while the deformation of the reinforcing
bars did not significantly increase and it was confirmed
that the elastic state was maintained. This means that
the main reinforcing mechanism of CFS directly pre-
vents the crack width expansion. Fig. 8b shows the strain
of the CFS sheets and reinforcing bars of the specimens.
In the case of CF-086, the strain gauge attached to the
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reinforcing bars fell off. As shown in CF-026, the reason
why the strain change of CFS was more prominent than
that of reinforcing bars was considered to be because
CES was the element that firstly resists the expansion of
crack width. It was confirmed that CFS experienced a
large deformation even in CF-086, which had two layers
of CFS.

To examine the repair effect of CFS in Fig. 8¢, the
shear reinforcement of CF-RAD-200 and the strain of
CFS were compared with that of CF-050. In the case of
CF-RAD-200, it was confirmed that the strain change of
the shear reinforcement was related to the decrease in
stiffness during the damage process by showing a larger
strain at the initial stage of loading. Stiffness can be calcu-
lated by dividing the value of the maximum load for each
cycle by the displacement under that load [Saadatmanesh
et al,, 1997]. However, it was confirmed that the behav-
ior was similar to that of CF-RAD-200. The strain of CFS
also showed a large strain at the beginning of loading, but
it can be confirmed that the amount of strain of CFS after
yielding of the member was smaller when repair is made.
This is considered as a result of the increase in the inter-
nal rigidity of the member due to the epoxy injection.

5.2 Evaluation of Strength and Ductility

The change of strength and ductility according to the
reinforcement ratio of the specimens are shown in
Fig. 9a, b respectively. In order to understand the effect
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of reinforcement and repair according to the shear rein-
forcement ratio, the reinforcement ratio was calculated
by using Eq. (3). The increase in strength of the repaired
and retrofitted specimens compared to the RC-series
specimens, which are the standard for retrofitting and
repairing, was only up to 33%. On the other hand, it was
confirmed that the deformation capacity was greatly
improved in proportion to the amount of reinforcement.
For CF-RAD-200, the maximum strength enhancement
effect was confirmed, it was confirmed that the displace-
ment ductility ratio for the extreme state increased by a
maximum of 6.66 times. As can be seen from the com-
parison with RC-118, it is considered that the change in
fracture mode is due to the fact that CFS played a role as
a shear reinforcement until the development of flexural
strength.

5.3 Evaluation of Existing Prediction Methods

In order to evaluate the prediction methods available
for repair and retrofitted reinforced concrete columns
using CFS, the predicted values calculated by Eqgs. (4)
to (8) and experimental results were compared. Table 5
summarizes the comparative results for each experimen-
tal result. Among them, the prediction result by Eq. (7)
is shown with high accuracy. As a result of evaluation
through the conversion equation of the strength reduc-
tion coefficient through Eq. (10), o = 1.0 was suggested
by using test results. However, Japan Disaster Prevention
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Table 5 Prediction and evaluation of test specimens strength

Page 150f 16

ID Qtest o = 0.67 =10 Qsu2 % Qsub g’—“’: Qpy
[kN] [kN] [kN] o [kN]

Qaun % Qaun %
[kN] [kN]

RC-015 21141 203.66 1.04 203.66 1.04 207.48 1.02 282.33 0.75 320

RC-059 258 259.18 1.00 259.18 1.00 295.28 0.87 324.71 0.79

RC-118 31049 305.58 1.02 305.58 1.02 41849 0.74 381.51 0.81

CF-026 26242 216.02 1.21 22131 1.19 235.73 .11 284.49 0.92

CF-038 271.74 227.59 1.19 237.11 1.15 26742 1.02 287.04 0.95

CF-050 272.23 246.53 1.10 261.93 1.04 329.71 0.83 291.85 0.93

CF-086 255.06 237.7 1.07 25045 1.02 299.11 0.85 289.49 0.88

CF-VH 26242 237.7 1.10 25045 1.05 299.11 0.88 289.49 0.91

CF-RAD-200 28547 237.7 1.20 25045 1.14 299.11 0.95 289.49 0.99

CF-RAD-50 31147 279.68 1.1 288.61 1.08 38445 0.81 331.77 0.94

Association suggested the value of 0.67 for «, two val-
ues were compared. Predicted value by using o = 1.0
was more accurate than the value calculated by using
a = 0.67. However, relatively high accuracy also be
secured by using o = 0.67.

6 Conclusion

The conclusions obtained from the experiments con-
ducted to evaluate the performance of the hysteresis
characteristics and the maximum bearing capacity of the
reinforced concrete columns shear-reinforced with car-
bon fiber sheets are as follows:

1) According to the test of this study, CFS retrofitting
for reinforced concrete column can change the fail-
ure pattern of the reinforced concrete columns, espe-
cially from shear failure to flexural failure.

2) In the evaluation of the maximum shear strength of

reinforced concrete columns retrofitted with CES for

the increasing shear strength of reinforced concrete
columns, the strength reduction coeflicient « for CFS
was evaluated as 1.0 which was higher than the value

6.7 used in the shear strength formula of the Japan

Disaster Prevention Association. This equation tends

to underestimate the performance of reinforced con-

crete columns retrofitted by CES.

It is thought that the shear retrofitting effect of CES

can be evaluated by using the method of reinforcing

index suggested by AlJ.

It is judged that the minimum value obtained by

comparing the shear strength equation, the bond

strength equation, and the shear strength by flexural
strength can evaluate the maximum shear strength of
the columns well.

3

=

4

=~

5) It was found that the stiffness and strength were not
significantly affected by the increase or decrease in
the amount of carbon fiber sheet reinforcement.

6) It was found that the energy dissipation capacity
increased as the shear reinforcement ratio increased.

7) As the amount of reinforcement of CFS increased,
the ductility ratio increased from 81 to 709% and
the deformability from 162 to 920%, indicating that
reinforcement of the carbon fiber sheet improved the
ductility and deformability.
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