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In this study, the graded carbon fiber (CF) sheet configuration is proposed as a retrofit method for circular
steel columns subjected to cyclic lateral loading and a constant axial force. The proposed graded carbon
fiber sheet configuration optimizes circumferential CF sheet reinforcement by providing additional layers
in the lower region of the columns where stress is concentrated. Two retrofitting methods were considered,
first is the application of reinforcement before loading (reinforcement model) and the latter is the applica-
tion of reinforcement after the specimen has undergone ultimate failure (repair model). Finite element anal-
ysis was performed to determine the optimum design for the proposed configuration. An experimental study
is then conducted to further verify the effect of the graded configuration on the horizontal loading capacity,
energy absorption, and buckling deformation of circular steel columns. It is concluded that the graded con-
figuration can improve the ductility and strength of the steel columns for both reinforcement and repair

models.
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1. INTRODUCTION

In Japan, the number of bridge structures reaching 50
years and older will double its current number in the next
two decades. With the ever-increasing number of aging in-
frastructures, the need to repair and maintain these struc-
tures is becoming imperative. Because of its location in the
Pacific Ring of Fire, the country experiences a high num-
ber of earthquakes which makes seismic resistance an im-
portant consideration in repair and maintenance. Reports
on the damage of the Great Hanshin-Awaji Earthquake (1995)
have shown that circular piers are prone to severe local
buckling damage (elephant foot bulge) near its base" ).
Circular steel piers, due to their high strength and applica-
bility on narrow sites, are commonly used in urban areas
and damage to this structure can leave a huge impact after
an event of a strong earthquake. Thus, an efficient seismic
retrofitting method is needed for the emergency restoration
of buckled steel piers. As a general seismic retrofitting
method for existing steel piers, the concrete filling method
and steel jacketing have been adopted. However, heavy
machinery and long construction periods are needed for

construction, and they do not have good workability con-
sidering the required working space and weight increase.

Carbon fiber (CF) sheet wrapping is being promoted as
a seismic retrofitting method because CF sheets are light-
weight, high-strength, and durable materials that are easy
to install® 4. This material is widely used as one of the
seismic reinforcement applications for concrete structures.
However, it is hardly applied to steel structures. Experi-
mental studies conducted on steel piers subjected to cyclic
loading have shown that local buckling can be reduced by
wrapping multiple layers of fiber reinforcements in the cir-
cumferential direction® - ®. It has been concluded that sup-
pression of the plastic deformation results in improved
toughness of test specimens. Moreover, it was found that
the number and range of reinforcement influence the cyclic
behavior and must be designed accordingly.

In addition, a study on the applicability of this method
on the performance recovery of an already buckled speci-
men has shown that up to 90-95% of the bearing capacity
before damage can be recovered®. It has been clear that
out-of-plane deformation of the already buckled specimen
can be suppressed until the CF breaks.
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In general, the reinforcement of steel columns with CF
sheets has a positive effect on the loading capacity and en-
ergy absorption of the specimens. However, the constrain-
ing effect of CF reinforcements results in a diamond buck-
ling mode (inward buckling) which drastically decreases
the bearing capacity upon failure® - ¥,

In this study, the graded configuration of CF sheet rein-
forcement is proposed to improve the buckling defor-
mation and delay the failure of circular steel piers sub-
jected to constant vertical loading and static horizontal cy-
clic loading. The behavior of steel columns with graded
thickness has shown positive improvements in strength,
ductility as well as post-buckling deformation®. The ap-
plicability of using varying thickness in the reinforcement
of CF sheets and its effect on the seismic performance is
examined in this study.

Initially, finite element analysis (FEA), which has been
proven effective in reproducing hysteretic behavior of
steel columns'?, was used to select the optimum design of
the number and range of CF layers of the proposed config-
uration. Then, an experimental study was carried out to
confirm the seismic reinforcement effect of graded CF
configuration. The efficiency of the retrofitting method
was verified by comparing buckling deformation, horizon-
tal loading capacity and the ultimate limit (point at which
horizontal strength drops to 95% of peak and buckling is
visually confirmed'") of the specimens.

2. OUTLINE OF EXPERIMENT

(1) Circular steel specimen

In this study, a JIS STK400 grade steel (carbon steel
tube for general structure) with a height of 1900 mm and
an outer diameter of 457.2 mm was considered as shown
in Fig.1. The material properties of the column specimen
are summarized in Table 1. To prevent buckling near the
base of the column, a section change from 7 = 12.7 mm to
t1 = 9.5 mm is introduced at a position 2 = 300 mm from
the base. In addition, stiffening ribs (12 pieces) with a
height of 150 mm and a thickness of 16 mm are welded at
the column base. The specimen was welded to a rigid steel
plate with a thickness of 32 mm at the top and bottom to
affix it to the base plates and the loading block jig. The
specimen diameter-thickness ratio parameter R, and the
slenderness ratio parameter 4 were designed to be within
the applicable range (0.03 <R, <0.08, 0.2 <1<0.4) stated
in the Road Bridge Specification'? as shown in Egs. (1)

d(2).
and (2) Ra, 2
Rt =?FV3(1_U ) (1)

_2n oy
’1—,"\/; @)

Here, R:: radius thickness parameter, t: plate thickness,
oy: yield stress, Es: Young's modulus of steel, v: Poisson's
ratio of steel, 4: effective buckling length, »: secondary ra-
dius of the cross-section. The yield stress (oy), Young's
modulus (E5), and Poisson's ratio (v) of the steel were de-
termined from the material tests on specimens cut from the
circular steel specimen.

(2) Loading configuration

The test specimen is subjected to a constant vertical load
to represent the superstructure weight which was set as
10% (492.9 kN) of the yielding axial force similar to the
reference study®. A gradually increasing cyclic horizontal
loading is then applied at the top of the specimen by dis-
placement control using the loading program shown in
Fig.2. The positive loading side corresponds to the pulling
direction of the horizontal loading jack whereas the are
negative loading side is the pushing direction. The hori-
zontal yield displacement (dy) was calculated using Eq (3)
shown below.

(n-E O

Here, dy: horizontal yield displacement, H,: horizontal
yield load, /: loading height, EI: bending stiffness, oy:
yield stress, P: axial force, A: cross-sectional area, and S:
section modulus. The calculated yield horizontal displace-
ment of the specimen is approximately 10 mm and a max-
imum of +9, was applied considering the maximum
stroke of the test equipment. The dimensions of the speci-
men and the loading configuration are adopted from an ex-
isting experimental study®.

In this study, two cyclic loading programs were used
depending on the type of retrofitting procedure: reinforce-
ment and repair. The specimens for these two retrofitting
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Fig.1 Schematic View of Test Specimen

Table 1 Material properties

Materials Properties Symbols | Units Values
Yield Stress oy MPa 368.9
Steel Column | Elastic modulus Es MPa 205,000
(STK400) | D-t parameter Ry - 0.074
Slenderness ratio A - 0.328
Elastic modulus Eer MPa | 245,000
CF sheet - - :
(UT70-30G) DSS}gn tl}lckn?ss tef mm 0.167
Poisson’s ratio Vef - 0.2
Epoxy resin | Elastic modulus En MPa 3,430
(AUP40T1) Thickness Vi mm 0.38
Fiber content Vy % 50
Thickness tefip mm 0.334
CFRP Elastic modulus Ei MPa 111,800
Elastic modulus E MPa 12,900
Shear Modulus Gu MPa 3,600
Poisson’s ratio Vit - 0.29
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procedures will be referred to as (1) R - reinforced speci-
men and (2) S - repaired specimen.

For the reinforcement procedure, CF sheet bonding was
performed on the circular steel specimen under no loads.
Then, the vertical load and cyclic loading program shown
in Fig.2(a) is applied. However, because of overheating is-
sues in the horizontal loading jack during the experiment,
loading was only completed until +80,.

For the repair procedure, an unreinforced specimen was
initially subjected to a primary loading, shown in Fig.2(b),
until the ultimate limit is reached. In this study, this condi-
tion was observed during the +66, cycle. After the primary
loading, the horizontal jack was unloaded to 0 kN while
the vertical load was maintained constant since it repre-
sents the superstructure weight. A residual displacement of
approximately -35 mm was observed upon the unloading
procedure which was maintained during the repair proce-
dure. CF sheet bonding was then performed and secondary
loading, shown in Fig.2(b), was then applied to determine
the strengthening effect of the CF sheet.

(3) Carbon fiber sheet reinforcement

High-strength CF sheets (UT70-30G) were used for the
reinforcement and repair of the circular steel specimen.
The reinforcements are applied, in circumferential direc-
tion, above the section change (4 = 300 mm from the base)
where buckling is expected to occur. The CF sheets are
bonded to the specimen by vacuum-assisted resin transfer
molding (VaRTM) method. Initially, bristle blasting was
performed on the column specimen to remove the coating
layer and produce a coarse surface. Next, to improve the
bonding strength between the steel and the reinforcement,
primer epoxy resin (E258R) was applied and was allowed
to cure for 24 hours. Unevenness in the primer resin layer
was then removed using a sander. The specimen is then
covered with a chopped strand mat sheet followed by con-
tinuous wrapping of CF sheet. Sufficient tension was ap-
plied to minimize the wrinkles in the resulting CFRP. To
ensure the restraining effect and prevent slippage, a lap
length of 200 mm was provided at the start and endpoints.
Peel ply and distribution media are then applied and the
whole reinforcement area is covered with vacuum film.
After applying vacuum pressure and performing leakage
check, epoxy resin (AUP40T1) was injected. The CFRP
was cured at 30 °C for at least 24 hours before loading con-
ditions were applied. The properties of the reinforcement
materials are shown in Table 1.

The graded configuration (R-G) of CF sheet reinforce-
ment is proposed in this study to further improve the sup-
pression of elephant foot bulge (EFB). Moreover, it opti-
mizes the CF sheet reinforcement by increasing the range
of reinforcement and providing more layers in the region
where stress is concentrated. It is comprised of two seg-
ments of reinforcement: (I) thick CFRP layer and (II) thin
CFRP layer. The former is from 2 = 300 mm to # = 450
mm whereas the latter is from 4 =450 mm to 4 = 700 mm
with fewer CF sheet layers as shown in Fig.3(a). The range
and number of sheets in R-G was determined considering
the optimum uniform configuration (R-U) reinforcement.
For the uniform configuration, a constant number of CF

sheet layers are wound at a height of # = 300 mm to / =
600 mm from the base as shown in Fig.3(b). The number
of layers for the reinforcement configurations are deter-
mined by FEA.

3. SEISMIC DESIGN USING FINITE ELEMENT
ANALYSIS

(1) Modeling of specimen

Finite element analysis was performed using the large
strain nonlinear procedure of the general-purpose finite el-
ement program MSC Marc/Mentat 2019. The steel speci-
men and CFRP were modeled using 4-node thick shell el-
ements as shown in Fig.4. The region within reinforcement
was modeled using a mesh of 10 mm x 20 mm to accu-
rately model the buckling while the other regions were
modeled using a larger 20 mm x 20 mm mesh.

The steel was modeled as an isotropic elasto-plastic ma-
terial with a kinematic hardening model of plasticity which
can predict hysteretic behavior under cyclic loading with a
relatively good accuracy'?. The true stress — true plastic
strain plot obtained from the tensile tests was used to de-
fine the plasticity of steel. The CFRP was modeled as an
elastic orthotropic material using the modulus obtained us-
ing the Halpin-Tsai model equations as shown in Table 1.
Contact analysis option of FEA was then used to bond the
steel and CFRP elements. The glued cohesive contact was
used and perfect bonding between steel and CFRP was as-
sumed.

For the boundary conditions, the displacements of all
the nodes at the base of the specimen were restrained. A
vertical load 0f 492.9 kN is applied at a node located at the
top of the column model. The horizontal cyclic loading is
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also applied at the same node using the loading program
shown in Fig.2.

(2) Design of reinforcement

Initially, the performance of uniform configuration un-
der reinforcement loading program was examined using
the finite element model (FEM) shown in Fig.4(b). Vary-
ing number of CF sheet layers, from 1 to 10, was used for
the analysis of uniform configuration. Moreover, a con-
stant range of 300 mm, which was confirmed to be the op-
timal range®, was used for all R-U models. The envelope
curves of the relationship between horizontal load and dis-
placement of specimens with a uniform reinforcement of
CF sheet are shown in Fig.5. It can be observed that an
increase in the number of CF sheet reinforcements in-
creases horizontal loading capacity and ductility. How-
ever, reinforcement beyond 9 layers of CF sheet results in
over reinforcement of the section resulting in the occur-
rence of EFB above the reinforcement region at 2 = 650
mm from the base. Reinforcement of 9 layers of CF sheet
provided an average increase of 15.72% on the horizontal
loading capacity and provided twice the ductility perfor-
mance of the unreinforced specimen based on the ductility
factor. Hence, the R-U-9 model has been set as the basis
for the selection of the graded configuration.

For the graded configuration (R-G), several combina-
tions for the range and number of CF sheet layers. A para-
metric study was performed to determine the suitable com-
bination for the range of segment I and segment II rein-
forcement. As seen in Fig.3(a), the range of the thick
CFRP layer is 150 mm. This is because of the expected
stress concentration due to buckling deformation, as ob-
served in the unreinforced model. For the thin CFRP layer,
FEA was conducted to determine the sufficient range
which is 250 mm. The number of layers of CF sheet was
adjusted to satisfy the condition that the reinforcement vol-
ume of graded configuration models is at most the volume
of R-U-9 reinforcement. The models discussed in this sec-
tion and their corresponding maximum horizontal loads
and ductility factor are summarized in Table 2. In addition,
the CFRP ratio, which is calculated by dividing the rein-
forcement volume of the model by the reinforcement vol-
ume of R-U-9, for each model is also indicated.

The envelope curve of the graded configuration models
is shown in Fig.6 It can be seen that the proposed R-G
models have similar performance with R-U-9 up to the
+50, cycle. At this cycle, the R-U-9 model has reached its
peak and local buckling already occurred resulting in a de-
crease in capacity in the succeeding cycles. Although the

R-G models have higher horizontal loading capacities
compared to R-U-9, the difference is considered insignifi-
cant and is limited to at most 4.08% increase on the uni-
form configuration.

The ductility factor (uos = dos/dy, where dos: displace-
ment at which peak horizontal load drops to 95%), on the
other hand, has been improved by the R-G models with at
most 16% higher ductility factor compared to R-U-9. R-G
models reached the maximum horizontal loading at higher
cycles resulting in a delayed failure as compared to R-U-
9. However, R-G-12/3 was unable to improve the ductility
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Cyclic Horizontal
Load

} Reinforcement area

Fixed Displacement
(all directions)

(a) Boundary Conditions

t=9.5 mm
t=12.7 mm
Stiffening ribs
CFRP (uniform)
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CFRP (thin layer)
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I

(b) R-U () R-G
Fig.4 Finite Element Model
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Fig.5 Envelope Curves for Uniform Configuration

Table 2 Summary of Analytical Results

Model* CFRP Maximum Horizontal Loads (kN) Ductility Factor uos
Ratio (+) side % inc. (-) side % inc. (+) side 1195/1495-N (-) side 1495/1495-N
N - 413.2 - -411.6 - 4.2 1.00 -3.9 1.00
R-U-9 1.00 478.6 15.82 -475.9 15.63 8.2 1.98 -7.9 2.03
R-G-9/5 0.96 488.7 18.27 -486.8 18.27 8.4 2.02 -8.1 2.07
R-G-10/4 0.93 489.8 18.53 -494.7 20.19 9.1 2.19 -8.2 2.11
R-G-11/4 0.98 493.4 19.40 -498.1 21.03 9.2 2.21 -8.3 2.12
R-G-12/3 0.94 486.2 17.67 -490.3 19.12 7.4 1.78 -7.0 1.78

*N: no reinforcement, R: reinforcement, U: uniform, G: graded configuration

*CF sheet layers are specified in the model name: R-G-(sheets at segment I)/(sheets at segment II)
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as seen in the sudden drop in capacity after +74, loading.
It was observed that providing 3 layers in the thin CFRP
layer is not enough and resulted in severe inward buckling
as shown in Fig.7. The rest of the models provided better
ductility performance than R-U-9 with R-G-10/4 and R-G-
11/4 providing significant improvements.

The buckling deformation of the FEM is shown in
Fig.7. Here, the deformation of the negative side of the
column along the horizontal axis (x-axis in FEM) is plotted
against height. The deformation was obtained at -84, since
the buckling is controlled by the reinforcement up to this
point. For the N model, severe damage has already oc-
curred and EFB phenomenon is visible. On the other hand,
in the column reinforced using the uniform design (R-U-
9), EFB is prevented but the constraining effect of CF sheet
led to an inward buckling of about 20 mm from the out-of-
plane direction of the column. R-G models, except R-G-
12/3, provided a more controlled buckling deformation
compared to R-U-9. R-G-10/4 and R-G-11/4 provided al-
most similar results and minimized the out-of-plane defor-
mation to at most 5 mm. The deformation was distributed
throughout the height of reinforcement with the maximum
at 1 = 350 mm and a gradual decrease in deformation at
higher heights. The minimal out-of-plane deformation in
R-G-10/4 and R-G-11/4 resulted in better performance in
both horizontal loading capacity and ductility perfor-
mance. Because of the close behavior between the two
models, the R-G-10/4 model that has a lower reinforce-
ment ratio was selected as the reinforcement design for this
study.

4. EXPERIMENTAL RESULTS AND DISCUSSION

(1) Buckling deformation and CFRP failure

Fig.8(a) shows the unreinforced specimen after the cy-
clic loading. An outward bulge developed at # = 350 mm
to £ =450 mm from the base after the cyclic loading was
unloaded. This bulging is more prominent on the negative
side and was observed starting from -59, loading. After the
unloading of the horizontal jack, the buckling is about 10
mm in the out-of-plane direction of the column at # = 400
mm from the base.

Fig.8(b) shows the condition of the reinforced specimen
after being subjected to cyclic loading (up to £86y). By vis-
ual inspection, no severe buckling deformation occurred
and the graded CF sheet reinforcement suppressed the ex-
pected EFB condition that occurred in the unreinforced
specimen. Based on the strain data, at -6, loading,
debonding occurred on the negative side at # = 400 mm
and 4 = 500 mm from the base of the column. Debonding
progressed on the negative side until the final loading and
it was observed that at # = 350 mm to 4 = 450 mm from
the base have debonded. In addition, a crack in the circum-
ferential direction was observed at 42 =400 mm on the neg-
ative side. The positive side underwent less damage and no
debonding was observed. Crack initiation on the outermost
layer of reinforcement was observed at # =400 mm. Based
on these results, most of the damage occurred in the thick

region of reinforcement, and minimal damage was ob-
served in the thin region which confirms that the 4 layers
at 1 =450 to & =700 mm are sufficient.

Fig.9 shows the status of damage in the repaired speci-
men after the cyclic loading. During the +£2J, loading,
debonding was observed at # =350 mm and % = 450 mm
on the negative side of the specimen. At +6Jy loading,
debonding occurred at 2 =350 mm and # =400 mm on the
positive side. A fracture sound was observed during -74,
loading and a huge crack was observed in the circumfer-
ential direction of the negative side of the specimen. At the
final loading, severe damage occurred in the CFRP rein-
forcement at the range 2 = 350 to 42 = 400 mm from the
base as seen in Fig.9(b). The buckling that initially just
occurred along the axis of loading has also propagated in
the direction perpendicular to the axis of loading at a sim-
ilar height. Similar to the reinforced specimen, the damage
has been prominent at the range 4 = 300 mm to # = 450
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mm from the base where the thick CFRP layer of the
graded configuration was applied.

(2) Horizontal loading capacity and behavior of hyste-
resis loop

The relationship between the horizontal load and dis-
placement is shown in Fig.10 and the maximum horizontal
loads for both positive and negative loading are shown in
Table 3. In the unreinforced specimen, the maximum load
is 404.94 kN (+5d,) for the positive loading side and -
407.18 kN (-40,) for the negative loading side. The behav-
ior for the positive and negative loading sides are relatively
similar until peak load. However, because of the progres-
sion of buckling on the negative side, the loading capacity
was reduced to 90.8% (-6dy) of the peak for the negative
side whereas the positive side was only reduced to 96.3%
(+64y) of the peak. Based on the previous study®), a rapid
decrease is expected beyond the +6J, loading and bearing
capacity is much lower than the ultimate limit beyond this
loading. Hence, the N specimen is only loaded until £6J,.

The hysteresis curve of the reinforced specimen is in
Fig.10 (a) and the maximum load is 457.94 kN (+84y,) on
the positive side and -450.79 kN (-7J,) on the negative
side. This is a 15.6% and 10.7% increase on the maximum
load for the positive and negative loading sides, respec-
tively. After £60, loading, debonding initiated at the nega-
tive side of the column resulting in a minimal increase in
capacity beyond this point. Similar to the unreinforced
specimen, the negative side reached maximum load at an
earlier cycle. At the final loading, a 1.7% decrease in peak
was observed for the negative side, whereas no decrease
was observed in the positive side. The results indicate that
the reinforcement using the graded CF sheet configuration
is effective in suppressing the buckling deformation. The
behavior is also in agreement with the analytical results
wherein the decrease in loading capacity after reaching
peak load is very minimal.

Fig.10 (b) shows the hysteresis curve for the repaired
specimen using the graded CF sheet design. The maximum
horizontal loads for the repaired specimen are 442.23 kN
(+76y) on the positive side and -399.11 kN (-44,) on the
negative side. This shows that the repair by graded CF
sheet configuration can recover the same level of perfor-
mance before damage and can provide an increase of
9.22% loading capacity for the positive side. On the nega-
tive side, the maximum horizontal load obtained is 1.98%
lower than that of the unreinforced specimen, which could
be considered minimal. After the fracture of CFRP at -74,,
a decrease in capacity was observed in the succeeding cy-
cles. During the final loading £94,, the loading capacity in
the positive side was reduced to 75.7% while the negative
side was reduced to 50.7%. The difference in capacity re-
duction at final loading is attributed to the initial buckling
on the negative side and the residual displacement left after

the unloading in the unreinforced test. This shows that
higher displacements were applied on the negative side as
compared to the positive side resulting in lower perfor-
mance on the negative side. The results show that repair by
graded CF sheet configuration can provide sufficient rein-
forcement to provide maximum loads similar to that of the
unreinforced columns.

(3) Ductility performance and energy absorption rate
The ductility of the specimens was evaluated using the

ductility factor (uos = dos/dy) which corresponds to the dis-

placement wherein the failure of the specimen was reached

(a) Side View (b) Negative Loading Side
Fig.9 Damage of Repaired Specimen After Cyclic Loading
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Table 3 Summary of Experimental Results

Model Maximum Horizontal Loads (kN) Ductility Factor uos Energy Absorption Rate Against N
(+) side (-) side (+) side (-) side (+) side (-) side

N - Exp 404.9 (+55,) -407.2 (-45,) 6.0 5.4 1.00 1.00

R - Exp 467.9 (+89,) -450.8 (-75,) 8.0 8.0 1.14 1.19

S - Exp 4422 (+75)) -399.1 (-45,) 8.1 5.5 0.98 1.03
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divided by the yield displacement. This is considered the
ultimate limit and beyond this point, horizontal loading ca-
pacity drops significantly due to the progression of local
buckling!D. The ductility factors for the experiment are
summarized in Table 3.

For the reinforced specimen, since failure was not
reached during the cyclic loading, a ductility factor of 8.0
was used for both the positive and negative directions. It is
found that there is an increase in ductility of more than
33.3% and 48.8% for the positive side and negative side,
respectively. This difference in ductility performance can
be attributed to the larger decrease in peak observed on the
negative side of the unreinforced specimen which is not
the case for the reinforced specimen. The graded CF sheet
reinforcement is provided a more stable behavior and is
effective in reinforcing circular steel pier specimens.

In the repaired specimen, an increase in the ductility
performance of 34.4% was observed on the positive side.
On the negative side, a minimal increase of 2.4% was ob-
served. As mentioned previously, the repair was per-
formed in a condition where residual displacement is pre-
sent on the negative side. Nevertheless, the repair by
graded CF sheet configuration was able to provide a simi-
lar ductility performance as the unreinforced specimen.

In addition, the performance recovery of test specimens
was also evaluated using the energy absorption rate. The
energy absorption rate was calculated by dividing the area
under the envelope curves, until £8J,, of each specimen by
the area of the unreinforced specimen envelope curve.
Since the unreinforced specimen of this study was only
loaded until £64,, the area from the reference study® was
used. The envelope curves are shown in Fig.11 and the en-
ergy absorption rates are summarized in Table 3. The en-
ergy absorption rate for the reinforced specimen is about
14% higher in the positive direction and 19% higher in the
negative direction than that of the unreinforced. Similar to
the ductility factor discussed earlier, the higher rate ob-
served on the negative side is attributed to the larger de-
crease in capacity after the peak observed on the negative
side of the unreinforced specimen. For the repaired speci-
men, the positive side has an energy absorption rate of
97.8% while the negative side is higher by about 2.6% than
that of the unreinforced specimen. For the positive side,
the energy absorption rate is lower than the unreinforced
from *19, to £44, but energy is recovered from £54, until
final loading. Because of the negative residual displace-
ment present in the repair procedure, lower displacements
are actually applied on the positive side resulting in lower
horizontal loads and energy absorption rates observed at
the early cycles. Since the energy absorption rate of the
positive side is only lower by 2.2% than the unreinforced
specimen, it can be concluded that repair of a damaged
specimen by graded CF sheet configuration can recover
the performance of the unreinforced specimen.

The energy absorption rate was also compared to that of
the reference study®. In the reference study, a uniform con-
figuration with 7 layers of CF sheet and a range of 300 mm
was used as a reinforcement and repair method. In addi-
tion, hand lay-up method, with an estimated 30% fiber
content, was used as the bonding method of CF sheets in

the said study. The summary of energy absorption rates for
the reference study is shown in Table 4. In comparison,
the energy absorption performance in the reinforcement
procedure is almost similar to the reference study. How-
ever, a huge improvement can be observed in the repair
procedure where the reference study failed to recover the
performance of the unreinforced specimen. The graded CF
sheet configuration used in this study provided an increase
of 8.8% to that of the reference. In the reference study (S -
Ref), a drop in capacity was observed after -36, for the
negative side and after 50, for the positive side. Whereas
in the experimental results (S - Exp) using graded CF sheet
configuration it was observed at -4J, and 79, for the nega-
tive and positive loading sides, respectively. This resulted
in a higher reduction in capacity observed at the final load-
ing of the reference study which affected the energy ab-
sorption capacity.

(4) Comparison with analytical results

Fig.11 shows the peak envelope curves obtained from
the relationship between the horizontal load and horizontal
displacement for the experimental and analytical results. It
can be observed that the general behavior of the experi-
mental and analytical envelope curves is in agreement. For
the reinforcement, a steady behavior beyond peak was ob-
served for both experiment and analysis. For repair, the en-
velope curve for the negative side is close to the envelope
curve of the unreinforced specimen. On the positive side
of repair, both analytical and experimental envelope
curves are both initially below the curve of the unrein-
forced specimen and eventually become higher after sev-
eral cycles. However, it can be seen that peak load and ul-
timate point for the experiment were achieved at lower
loading cycles. This can be attributed to the limitations of
the kinematic hardening plasticity model used in the
FEA!0.

Table 4 Comparison of Energy Absorption Rate Against N of
Reference Study®

Model (+) Direction (-) Direction
N - Ref 1.00 1.00
R - Ref 1.11 1.19
S - Ref 0.92 0.90
500 ey
400 L s
2 300 -/
£ 200 L
E 100 g
‘:_“S O 1 1 1 1
8 -100 B N - Exp
E \*\ ------- N - Ana
2 -200 RN i R - Exp
-300 \\ | = R - Ana
~~~~~~ \\ S - Exp
-400 . = ==% o =====-- S-Ana
-500 [ S=semmmmooooo?

-90 -60 -30 0 30 60 90
Horizontal Displacement (mm)

Fig.11 Experimental and Analytical Envelope Curves
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Although a difference in the horizontal displacements at
which maximum and ultimate points occurred was ob-
served, the horizontal loading capacity was predicted to
some extent. For the unreinforced specimen, a minimal
1.6% difference was observed between the experiment and
analysis. However, for the reinforced and repaired speci-
mens, higher percent differences of 7.3% and 5.0% were
observed. Consequently, the increase in loading capacity
due to the retrofit procedures was found to be also higher
in the analysis than in the experiment. For the reinforce-
ment procedure, an average increase of 19.80% was ob-
served in the analysis and only 13.14% in the experiment.
In the repair procedure, an increase of 7.39% and 3.62%
for the reinforcement and repair procedures was observed,
respectively. This is attributed to the conservative model-
ing of CFRP in the FEA. Since debonding and fracture of
CFRP were not considered, the specimens were fully rein-
forced throughout the specimen in the FEA, which is not
the case for the experiment, resulting in higher horizontal
loading capacities in the analysis.

5. CONCLUSION

In this study, the graded carbon fiber sheet configura-
tion is proposed as a seismic retrofitting method for circu-
lar steel specimens. The results obtained are shown below.
(1) In the reinforcement using the graded carbon fiber

sheet configuration, severe out-of-plane deformation
was prevented resulting in an average increase of
13.4% horizontal loading capacity. The ductility per-
formance was increased by an average of 41.1% and
it was found that the effect varies depending on the
direction of loading.

(2) In the repair using the graded carbon fiber sheet con-
figuration, the initial buckling deformation was main-
tained until the failure and debonding of the carbon
fiber sheets. The horizontal loading capacity after re-
pair can recover at least 98% to that of the non-dam-
aged specimen. The ductility performance can be fully
recovered by repair with an improvement of 34.4% on
the positive side.

(3) In comparison with a reference study that uses uni-
form configuration reinforcement, the graded CF
sheet configuration provided similar energy absorp-
tion performance for the reinforcement procedure but
improved the energy absorption performance for the
repair procedure.

(4) The finite element modeling using the kinematic hard-
ening constitutive model and the plasticity behavior
obtained from tensile tests can provide the loading ca-
pacity for all specimens which are in agreement with
the experiment. However, the modeling used does not

provide an accurate representation of the load and dis-
placement relationship observed in the experiments.
As future work, further analysis will be performed to
provide a better agreement between analytical and experi-
mental results. In addition, the failure and debonding of the
reinforcement, which influences the relationship between
the horizontal load and horizontal displacement, will be
studied and incorporated in the design stage.
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