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In this study, the retrofitting effect of carbon fiber (CF) sheet wrapping method on circular steel piers
subjected to cyclic loading was evaluated quantitatively using finite element analysis. To verify the accu-
racy of the finite element analysis model, the analytical results were compared with the experimental results
obtained from the previous study. The circular steel specimen was subjected to an axial force equivalent to
10% of yield axial force and a gradually increasing cyclic transverse load at the top of the specimen. Two
retrofitting method were considered, first is the wrapping of seven layers of CF sheet before the loading of
the specimen (reinforced specimen) and the latter is the wrapping of CF sheets after the specimen has
undergone ultimate failure (repaired specimen). For the finite element analysis model, the column specimen
was modeled as 4-node shell elements while CF sheet was modeled as 2-node truss elements. The validity
of the analysis model was verified by considering the appropriate constitutive law for the steel specimen
and by investigating the mode of application of the vertical loading. For the CF sheet elements, the capacity
to resist compressive forces and presence of initial stresses were considered. The results showed that the
reinforcement model can quantitatively evaluate the horizontal loading capacity and the buckling mode.
For the repaired model, the horizontal loading capacity can be approximately evaluated as well, but is lim-
ited to the range where the horizontal displacement is small.

Key Words : carbon fiber sheet, circular steel bridge pier, seismic retrofitting, buckling, finite element
analysis

1. INTRODUCTION and maintain these structures are becoming impera-
tive. In particular, circular steel piers are prone to lo-

In Japan, the number of structures reaching 50  cally buckle during an occurrence of a strong earth-
years and older will double from its current number ~ quake". Being commonly used in urban areas, dam-
in the next two decades. With the ever-increasing  age to this structure can have a huge impact after an
number of aging infrastructures, the need to repair ~ event of a strong earthquake. Thus, an efficient seis-
mic retrofitting method is needed for the emergency
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restoration of buckled steel piers. As a general seis-
mic retrofitting method for existing steel piers, con-
crete filling method and steel jacketing have been
adopted. However, heavy machinery and long con-
struction period are needed for construction, and they
do not have good workability and efficiency consid-
ering the working space and weight increase.

To address this issue, the application of carbon fi-
ber (CF) sheet winding method is being promoted?”
3. CF sheets are lightweight, high-strength, durable
materials that are easy to install. This material is
widely used as one of the seismic reinforcement ap-
plications for concrete structures. However, it is
hardly applied to steel structures.

Experimental studies have been conducted on CF
sheet wrapping reinforcement® - © for circular steel
piers, and local buckling can be reduced by wrapping
multiple layers of CF sheet in the circumferential di-
rection. It has been stated that the occurrence of plas-
tic deformation can be slowed by suppressing the oc-
currence which results to improved toughness. Thus,
it has been proposed as a method of seismic retrofit-
ting for steel piers®.

In addition, an experimental study on performance
recovery when a CF sheet is externally bonded on a
circular steel bridge pier that has been buckled has
been conducted”. It has been clear that buckling has
been suppressed until the CF sheets break.

In the seismic retrofitting method by winding CF
sheets, it is important to design the number and range
of layers of CF sheets that are optimal for the dimen-
sions and cross section of the circular steel pier. The
cyclic elasto-plastic behavior of circular steel piers is
required to accurately predict the deterioration be-
havior of the envelope of the hysteresis curve and the
local deformation mode due to repeated deformation.
Investigations mainly by nonlinear analysis methods
using three-surface models® have been conducted,
and it has been reported that cyclic behavior can be
reproduced.

On the other hand, there are few examples of ana-
lytical studies on seismic retrofitting of circular steel
piers by winding CF sheets, and sufficient studies in-
cluding modeling have not been conducted. In partic-
ular, for the purpose of emergency recovery of a
buckled circular steel bridge pier, it is necessary to
create a model that is as simple and rational as possi-
ble.

Therefore, in this study, in order to quantitatively
evaluate the performance recovery by reinforcing and
repairing the CF sheet wound in the circumferential
direction, an analytical study was conducted and
compared with the experimental study of the previ-
ous research.

2. OUTLINE OF EXPERIMENT

(1) Test specimen

The specimen used in the experiment of the previ-
ous study had a hollow circular cross section with a
height of 1900 mm and an outer diameter of 457.2
mm as shown in Fig. 1. Stiffening ribs (12 pieces)
with a thickness of 16 mm is welded at a position 150
mm from the base of the specimen to prevent the oc-
currence of buckling near the base. A section change
from t2 = 12.7 mm to t; = 9.5 mm is introduced at a
position 300 mm from the base so that the buckling
does not occur near the stiffener. The specimen was
welded to a steel plate with a thickness of 32 mm at
the top and bottom to join the bottom plate and the
loading block jig. Specimen diameter-thickness ratio
parameter Rt and the slenderness ratio parameter A
were designed to be within the applicable range
stated in the Road Bridge Specification” as shown in
Egs. (1) and (2).

R, = §%./3(1 —v?), (0.03 <R, <0.08) (1)
A _2h oy 02<R, <04 (2
T arNE’ 0.2=<R <04

Here, Rt radius thickness parameter, t: plate thick-
ness, oy: yield stress, Es: Young's modulus of steel, v:
Poisson's ratio of steel, h: effective buckling length,
r: secondary radius of the cross section. The yield
stress (oy), Young's modulus (Es), and Poisson's ratio
(v) of the steel were determined from the material
test. The properties of the pier specimen are summa-
rized in Table 1. The axial force ratio, ratio between
the weight of the superstructure to the yield load of
the pier, used is 0.1 with reference to previous stud-

ies?.
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Fig.1 Schematic view of the test specimen.
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(2) Loading configuration

The outline of the experimental setup is shown in
Fig. 2. After applying a constant vertical load (P), to
assume the superstructure weight, a horizontal load is
applied by displacement control method. The loading
position of horizontal load is at the center of the load-
ing block installed at the top of the specimen. As
shown in Fig. 2, this height is 1832 mm from the top
of the stiffeners.

The vertical load (P) was controlled to be constant
by load control assuming 10% (492.9 kN) of the
yielding axial force as described above. The cyclic
loading applied is an increasing multiple of the yield
horizontal displacement of the column. The yield
horizontal displacement Jy was investigated using
beam theory and FE analysis. The yield horizontal
displacement calculated by beam theory was 9.5 mm
and the yield horizontal displacement based on FE
analysis was 11.6 mm. For the experiment, the yield
horizontal displacement dy was set to 10 mm.

The direction pulling the horizontal jack is the pos-
itive side (+) and the direction pushing is the negative
side (-) as shown in Fig. 2.

Three circular steel specimens were investigated
using this loading setup: unreinforced, reinforced and
repair specimen. The unreinforced specimen serves
as the control setup while the reinforced and repair
specimens are the ones subjected to CF sheet winding
method.

(3) Reinforcement by CF sheet wrapping

High strength CF sheets (fiber weight: 300 g/mm?,
tensile strength: 3.4 kN/mm?, elastic modulus: 245
kN/mm?) were used for the reinforcement of the cir-
cular steel specimen. Seven layers of carbon fiber
sheets, with a range of 300 mm, were wound in the
circumferential direction at a height of 300 mm to
600 mm from the base. Fig. 3 (a) shows the loading
program for both the unreinforced and reinforced
specimen. In the reinforcement experiment, the car-
bon fiber sheets were bonded before the increasing
cyclic loading was applied.

(4) Repair of buckled specimen by CF sheet wrap-
ping

The loading program for the repair experiment is
shown in Fig. 3 (b). For the repair experiment, the
specimen was first damaged by the primary loading
by increasing cyclic loading. The predetermined
damage was defined as the point where the horizontal
strength of the circular steel piers dropped to 95% of
its peak, and buckling can be visually confirmed”.
Based on the unreinforced specimen, this damage oc-
curred at the end of = 6 dy loading. After the primary
loading (+ 6 dy) for the repair experiment, the hori-
zontal force of the horizontal jack was released while

the vertical load (P). Then, it was repaired by wrap-
ping with 7 layers of CF sheet, and the secondary
loading is applied. The secondary loading follows the
loading plan used for the unreinforced and reinforced
specimen.

3. ANALYTICAL MODEL

(1) Finite element model

Table 1 Specimen Specifications.

Steel grade STK400
Column Height H (mm) 1900
Outer Diameter D (mm) 457.2
Inner Diameter d (mm) 438.2
Yield Stress oy (N/mm?) 368.9
Young's Modulus E (kN/mm?) 200
Yield Strain g 1800
Poisson's ratio v 0.3
Diameter-thickness Parameter Rt 0.074
Slenderness Ratio Parameter A 0.328
Axial force ratio P/Py 0.1
Diameter/thickness ratio D/t 48.1
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Fig. 2 Outline of Loading Equipment
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Table.2 Material Properties of Carbon High strength
Fiber SheetsType of CF sheet
CF sheet design thickness tef (mm) 0.167
Tensile Strength (kN/mm?) 34
Young’s Modulus (N/mm?) 245
Breaking Strain (x10°) 14,000
Table 3 Analysis Parameters

Model Classification F P I
N-FO Unreinforced X - -
N-F1 Unreinforced O - -
R-FOPO Reinforced X X -
R-FOP1 Reinforced X O -
S-FOPOIO Repair X X X
S-FOPOI1 Repair X X O

where F — Vertical Control, P — Compression Resistance, | —
Stress Initialization

The finite element analysis of the elasto-plastic be-
havior due to cyclic loading is performed using the
large strain nonlinear procedure of the general-pur-
pose finite element program MSC Marc 2019. The
steel specimen was modeled using 4-node thick shell
elements with a mesh size of 10 mm x 10 mm. The
base of the column up to 600 mm height was modeled
using a finer mesh of 5 mm x 5 mm since the buckling
occurs within this region”. The stiffeners were also
modeled using the thick shell elements in MSC Marec.
The finite element model of the column specimen is
shown in Fig. 4 (a).

The plasticity of steel (up to 18% of plastic strain)
was obtained from the results of tensile tests on cou-
pon specimens cut from test specimens as shown in
Fig. 5 (a). The true stress — true plastic strain plot
from the tensile test was applied in the model together
with the kinematic hardening as the constitutive law.
The use of kinematic hardening model can provide a
relatively close deformation pattern of circular steel
piers subjected to cyclic loading®.

For the boundary conditions, the displacements of
all the nodes at the base of the specimen were re-
strained. A vertical load 0f 492 kN (10 % of the yield-
ing axial force) is applied at a node located at the top
of the column model. The cyclic loading is also ap-
plied at the same node using the loading condition
shown in Fig. 3.

The CF sheets in the finite element analysis were
modeled using 2-node truss elements as shown in
Fig. 4 (b). The nodes of the truss element of the car-
bon fiber sheet coincides with the nodes of the shell
element of the circular steel pier for continuity. The
corresponding area the truss elements are calculated
based on the number of layers (n), thickness of CF
sheets (1cf) and the effective width (B) as shown in Eq.

3).
Acf:BXthXTl (3)

Here, number of CF sheets is 7 while the effective
width (B) is 5 mm for the middle truss elements 2.5
mm for the truss elements at the top and the bottom.

The resin used for winding the carbon fiber sheet
is an important material since it is bonded and inte-
grated with the steel member. However, most of the
mechanical contribution is made by the carbon fiber
sheet. Thus, to maintain the simplicity of the model-
ing, only the properties of carbon fiber sheet were
used and the properties of the resin were disregarded.

Table 2 shows the material properties of the CF
sheet used for the finite element analysis. The
Young's modulus of the CF sheet is the average
value, and the tensile strength is the characteristic
value provided by the manufacturer. The breaking
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strain is calculated from the relationship between ten-
sile strength and Young's modulus, assuming linear
behavior up to tensile strength. The stress and strain
relationship of the CF sheet is shown in Fig. 5 (b).
Two stress and strain relationship for the CF sheet
was considered for the analysis: compression re-
sistant and non-compression resistant.

The finite element models and analysis parameters
considered for this study are summarized in Table 3
and are discussed in the following sections. In this
study, the unreinforced, reinforced, and repair mod-
els are denoted as N, R, and S, respectively.

(2) Modeling of vertical loading jack

The unreinforced specimen model was created
based on the properties in the previous section. In this
model, the modeling of the vertical actuator was ex-
amined. The vertical point load applied at the top of
the analytical model represents the superstructure
weight. In the experiment, the vertical loading jack
acts as a swivel attached to the loading frame and to
the loading block at the top of the specimen. Strictly
speaking, the vertical load does not act vertically at
the top of the specimen at all times. On the other
hand, in the analysis, it is controlled so that it is al-
ways loaded vertically. Two unreinforced model was
used for this analysis: vertical jack modeling as ver-
tical point load (N-F0) and vertical jack modeling us-
ing a 2-node truss element (N-F1).

Fig. 6 (a) shows the FE analysis model considering
the vertical jack (N-F1). The 2778 mm vertical load
jack in the experiment was modeled using a two-node
truss element connected to the top of the column
specimen. As shown in Fig. 6 (b), a pin connection at
the top of the two-node truss element is used to rep-
resent the swivel motion of the vertical load jack. In-
itially, a linear expansion coefficient was set for the
truss element, then a change in temperature is applied
in the element to introduce a constant axial force of
492.9 kN regardless of the position of the vertical
jack. The amount of temperature change was con-
trolled appropriately according to the horizontal dis-
placement to keep the axial force constant.

Fig. 7 shows the results of the experiment, the
model not controlling the vertical load direction (N-
F0) and the model controlling the vertical load direc-
tion using thermal stress (N-F1). The relationship be-
tween load and horizontal displacement is shown.
Comparing the hysteresis curves of the two analytical
model, it can be seen that there is a minimal differ-
ence between the analytical results. Table 4 shows
the comparison between the maximum loads in the
positive and negative direction and the horizontal dis-
placement where it occurred. For the positive direc-
tion, the N-FO model provides a more accurate result

while for the negative direction, the N-F1 model gov-
erns. However, the difference in the maximum values
are small and it can considered that the modeling of
the vertical jack has a minimal effect on the analytical
results.

From the above results, it is considered that the dif-
ference in modeling of the vertical loading jack di-
rection has little effect on the analysis results. Therefore,
it was decided to adopt a model with a fixed vertical
direction (N-FO0) that can be easily evaluated.

(3) CF sheet modeling using truss elements

In the finite element model, the CF sheets are mod-
eled as truss elements as discussed previously. To
further assess the validity of using truss elements to
represent CF sheet in the finite element model, two
parameters were examined: the compression re-
sistance of CF sheet and the initial stresses during ac-
tivation in the repair model.

(a) N-F1 Model (b) Jack Dimension
Fig.6 Finite Element Analysis Model

100

Horizontal Load (kN)

Horizontal Displacement (mum)

Fig.7 Influence of Vertical Loading Jack on Cyclic Loding

Table 4 Comparison of Maximum Horizontal Loads

Model (+) Direction (-) Direction
N-E 411.0 kN (+54y) 392.7 kN (-5dy)
N-FO 409.8 kN (+34y) 410.1 kN (-29y)
N-F1 404.9 kN (+3dy) 406.5 kN (-2dy)
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a) Compression resistance of CF sheet

The CF sheet can resist compressive force assum-
ing that the resin has fully impregnated the CF sheet
and hardened. However, it must be considered that
the carbon fiber sheet cannot fully resist compressive
forces when delamination occurs. In the reinforce-
ment experiment, no delamination occurred and only
cracking in the circumferential direction was ob-
served. It is possible that the CF sheet in the experi-
ment have resisted the compressive forces during
loading. In order to confirm this effect, two models
with varying 2-node truss element properties were
prepared and compared: a reinforcement model (R-
FOPO) that does not resist compressive forces and a
reinforcement model (R-FOP1) that resists compres-
sive forces.

The summary of the maximum horizontal loads for
each model is shown in Table 5. The maximum hor-
izontal load of R-FOPO was 445.2 kN (+ 3 dy) on the
positive side, 443.9 kN (-3 dy) on the negative side,
with an error was 3.8% on the positive side and 0.5%
on the negative side. The maximum load of R-FOP1
is +455.9 kN (+ 4 dy) on the positive side, -454.5 kN
(-3 dy) on the negative side, with an error of 1.5% on
the positive side, and 1.9% on the negative side. The
maximum horizontal loads are close to the experi-
mental value. Similar with the reinforced model, the
horizontal displacement at maximum load is different
for the experiment and the analytical results. A de-
crease in the horizontal capacity can be observed in
the analytical models beyond 4 Jy displacement
whereas the experimental results reached the peak at
7 dy displacement.

In the experiment, no buckling occurred in rein-
forced specimen the until the 9 dy loading. At the end
of the loading, a diamond buckling with an inward
buckling at a height of 400 mm at the compression
side (-) of the steel column and an outward bulge was
observed on the tension side (+) was observed”. For
the R-FOPO model, the mode of failure is also by di-
amond buckling with an inward bulge at both sides
was observed at the end of loading. The R-FOPI
model showed a more similar behavior with the ex-
periment at the end of loading. However, for the R-
FOP1, the buckling occurred at -5 dy displacement
which resulted to excessive deformations observed at
the end of loading.

Fig. 8 shows the envelope of the hysteresis curve
for both directions of the experiment and analysis.
The performance recovery of the column specimen
was determined by comparing the area under the en-
velope curve until the final loading. Due to the differ-
ence in the behavior from the elastic portion until
peak, a huge difference between the absorption ca-
pacity was calculated for the experiment and analy-

sis. Table 6 shows a comparison of energy absorp-
tion rates. When comparing the energy absorption of
the two reinforcement analytical models with that of
the experiment, a difference of about 15% can be
seen for R-FOPO, while there’s an error of about 7%
for R-FOP1.

From these results, the R-FOP1 model may be able
to provide a closer approximation of the maximum

mm-)

Yield Dhsplacement (8,)

(a) Circumferential Stress at Pt. 1

Yield Displacement (8,)

(b) Circumferential Stress at Pt. 2
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(d) Stress Measurement Location
Fig.9 Circumferential Stress of CF Sheet
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load and energy absorption capacity. On the other
hand, the circumferential stress of the CF sheet in the
experiment and analysis model shown in Fig. 9
shows that the circumferential stress generated in the
carbon fiber sheet during the experiment was very
small. However, in the case of R-FOP1, compressive
strain exceeding the compressive strength of general
carbon fiber sheet of 500 N/mm? was generated, in-
dicating that the reinforcing effect of carbon fiber
sheet was overestimated. From the results, R-FOPO,
which is conservative, is adopted in modeling a rein-
forcing sheet using two-node truss elements. When
considering the pressure resistance of carbon fiber
sheet, it is necessary to appropriately consider the
material strength.
b) Initial stress in the CF sheet upon activation

In the repair experiment, CF sheet is bonded to the
column after it reached the ultimate limit (6 dy) in the
primary loading. The CF sheet is manually bonded to
the buckled circular steel pier, so when the resin of
the CF sheet is cured, the CF sheet is stress free. In
the analysis of the repair specimen, if special control
is not performed when activating the two-node truss
element, the carbon fiber sheet elements exhibits a
different initial condition from the actual repair pro-
cedure. Therefore, in order to confirm the influence
of the initial stress in the CF sheet elements, a model
that controls the stress initialization upon activation
(S-FOPOI1) and a model that uses the default settings

Table 5 Comparison of Maximum Horizontal Loads
Model (+) Direction
R-E 459.5 kN (+7 dy)
R-FOPO 445.2 kN (+3 dy)
R-FOP1 455.9 kN (+4 dy)

(-) Direction
441.9 kN (-6 dy)
443.9 kN (-3 dy)
454.4 kN (-3 dy)

ntal Load

: 3 4 3 (&) s
Horzontal Displacement (5/dy

Fig.8 Load-Displacement Envelope Curve of Reinforced Speci-
men

Table 6 Comparison of Energy Absorption Rate

Model (+) Direction (-) Direction
R-E 1.000 1.000
R-FOPO 0.862 0.830
R-FOP1 0.942 0.907

in the activation (S-FOP010) were created and com-
pared using a pushover analysis. For simplicity, only
a static loading with a maximum displacement of 9 dy
was applied to check the stress initialization. The CF
sheet elements are deactivated until ultimate limit is
reached (+6 dy) and are activated beyond this point.

Fig. 10 shows the plot of the circumferential stress
of the CF sheet in the compression side of the column
after activation of the truss elements, right after acti-
vation and at the final loading of the models. Here,
we can see that upon activation, there are no stresses
in the S-FOPOI1 model while in the S-FOPOIO model
there is an initial stress distribution with a maximum
of 510 N/mm?. This initial stress can be attributed to
the buckling of the column due to the static loading.
In the increment right after activation, a maximum
difference of 484 N/mm? between the two models can
be observed in the buckling location. In the final
loading, the stress difference at all points are almost
negligible except for the peak of the buckling region
(h =370 to 380 mm) with a difference of 340 N/mm?.
From this graph, it can be seen that the initial stress
has a huge impact upon activation, but the difference
decreases eventually after several loading. In addi-
tion, the CF sheet elements here were modeled not to
resist compressive forces resulting to zero stresses at
certain heights.

Comparing the load and displacement curve of the
pushover analysis, it can be seen that both models ex-
hibited the same behavior as shown in Fig. 11. The
maximum loading for each model after the repair us-
ing CF sheet elements are 422.8 kN for the S-FOPOIO

Circumferents I| Str L"-"‘j I'I ;I .I mm=)
Fig.10 Circumferential Stress Distribution in the Compression
Side of the Pushover Analysis

4 S0 60 70§

Horizontal I ‘--_-\|". 1cement (n

Fig.11 Load and Displacement Curve of the Pushover Analysis
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model and 420.1 kN for the S-FOPOI1 model. From
these results, it can be confirmed that even though
there are differences in the CF sheet stresses due to
the stress initialization parameter, it has no signifi-
cant effect on the loading capacity. Thus, to maintain
the simplicity of the modeling, the S-FOPOIO gov-
erned and the default activation settings was used for
the repair model.

4. COMPARISON OF EXPERIMENTAL
AND ANALYTICAL MODEL

(1) Buckling mode comparison

In this section, the modes of buckling of the test
specimens in the experiment and in the analytical
model are compared. In Fig. 12, the buckling mode
at the end of loading for the experimental and analyt-
ical model of the unreinforced specimen are shown.
It can be seen that the N-FO model was able to repro-
duce the elephant foot buckling that occurred in the
experiment. The location of buckling for the analyti-
cal model occurred at a height of 400 mm in the di-
rection of the loading and 375 mm at the axis perpen-
dicular to the loading. In the experiment, the buckling

(a) Experiment (b) FEM
Fig.12 Comparison of Failure Mode in Unreinforced Specimen

(a) Experiment (b) FEM

Fig.13 Comparison of Failure Mode in Reinforced Specimen

(a) Experiment
Fig.14 Comparison of Failure Mode in Repair Specimen

(b) FEM (Primary) (¢) FEM (Secondary)

occurred at 400 mm and 350 mm for the axis parallel
and perpendicular to loading, respectively.

In the reinforcement experiment by CF sheet wrap-
ping, no sign of buckling was observed until the 9 dy
loading. An inward buckling at a height 400 mm from
the based was observe at the completion of loading as
shown in Fig. 13 (a). In the analytical model (R-
FOPO0), deformation initially occurred at -4 dy loading
where the tension side buckled inward at height of
360 mm. At the end of loading, both sides of the col-
umn have deformed inside for about 30 mm at the
same height as shown in Fig. 13 (b).

In the repair experiment, the primary loading was
performed up to +6 Jy before the repair, and as a re-
sult, the bulge was formed at a position of 400 mm
from the base. However, at +8 dy of the secondary
loading, almost all of the CF sheet in the range of 375
to 450 mm from the base was broken”. Fig. 14 (a)
shows the state of the repaired column at the end the
loading.

Due to the difference in the horizontal displace-
ment at maximum loading observed in the unrein-
forced specimen, it was decided to change the load-
ing condition for the S-FOPOI0 model. From the un-
reinforced model (N-FO0), it was observed the the ul-
timate limit occurred at 4 Jy. Hence, in order to com-
pare the repair behavior at the same condition, the
primary loading applied for the repair specimen is
only until 4 Jy then secondary loading, same as in the
experiment, was applied after. Fig. 14 (b) and Fig. 14
(¢) shows the mode of buckling in the S-FOPOIO
model. After the primary loading, an outward buck-
ling was observed which is similar to that of in the
experiment.

In the analytical model, after applying the CF sheet
elements, the outward bulge due to the primary load-
ing was suppressed which was not the same for the
experiment. As seen in Fig. 14 (a), the CF sheet
cracked in the circumferential direction and have
peeled from the column. The debonding of CF sheet
and the failure of resin was not considered in the
FEM model which resulted to a very different buck-
ling deformation. In addition, as the horizontal dis-
placement applied increases, the steel column tends
to buckle inside because of the circumferential con-
straint added by the rigidity of the CF sheet elements.

(2) Horizontal load and horizontal displacement
relationship

The relationship between the horizontal load and
displacement for the unreinforced model is shown in
Fig. 7. Based on this graph, a huge difference has al-
ready been observed between the experimental and
analytical model. Although the analytical results
were able to provide a close approximation of the
maximum horizontal load, it was not able to match
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the horizontal displacement in which the maximum
load occur. The maximum load was reached earlier at
+3 dy as compared to the +5 dy observed in the exper-
iment. This resulted to a much lower capacity at
larger displacements for the analytical model.

For the reinforced model, shown in Fig. 15 (a), the
maximum loading was reached at different displace-
ment just like the unreinforced model. In the analysis,
the maximum horizontal force was reached after 3 dy
loading which is not the same as the experiment
where the maximum load occurred after 7 Jy loading.
The reinforced model (R-FOPO) was not able to re-
produce the hysteretic behavior experiment but it was
able to provide the loading capacity of the specimen.
The maximum loads in the positive and negative di-
rection are shown in Table 6. It can be seen here that
the maximum horizontal loads are almost the same
with just an error of 3% in the positive direction and
0.5% in the negative direction.

The results of the secondary loading on the repair
specimen are shown in Fig. 15 (b). In this plot, it can
be seen that the horizontal displacement during the
maximum loading was also different just like in the
other specimen. In the experiment, the maximum
horizontal load of 411.1 kN is much higher than the
377.1 kN obtained in the analytical model with an er-
ror of 8%. The same case was observed in the nega-
tive direction with the experimental value of 378 kN
much higher than the 359.7 kN obtained in the ana-
lytical model with an error of 5%. This can be at-
tributed to the different buckling mode that in the ex-
periment and analytical model. The analytical model
experienced a much severe buckling resulting to a
lower capacity.

(3) Comparison of performance recovery by en-
ergy absorption

Fig. 16 shows the envelope curve of the experi-
mental and analytical results for all specimen. The
envelope curve was obtained from the relationship

Table 6 Comparison of Maximum Horizontal Loads

Classification Experiment Analysis
+ 459.5 kN 445.2 kN

R - 441.9 kN 443 9 kN
+ 411.1 kN 377.1kN

S - 378.0 kN 359.7kN

Table 7 Comparison of Energy Absorption Rate

Classification Experiment Analysis
+ 1.000 1.000
N
- 1.000 1.000
+ 1.169 1.136
R
- 1.266 1.133
S + 0.957 1.018
- 0.904 0.984

between the horizontal load and the horizontal dis-
placement. The vertical axis is the ratio between the
horizontal load and yield horizontal load (Hy) while
the horizontal axis is the ratio between the horizontal
displacement and the yield horizontal displacement
(dy). Tables 6 and 7 show the comparison of maxi-
mum horizontal loads and the comparison of energy
absorption rate, respectively.

The energy absorption of the specimen is evalu-
ated by calculating the area under the envelope
curves. Since the envelope curves of the analytical
result does not have the same behavior as the experi-
ment, the energy absorption rates were calculated
separately for the experimental and analytical data.

00

Horizontal Load (kKN)

Horizontal Displacement (mm)

(a) Reinforced Specimen

=10 10400

Horizontal Load (kN)

Horizontal Displacement (mm)
(b) Repair Specimen
Fig.15 Load and Displacement Relationship

vad (HH,)

Horizontal Le

Horizontal Displacement (6/5,)

Fig.16 Summary of the Envelope Curve
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The energy absorption rate for the reinforced and re-
paired specimen are calculated as a ratio with the en-
ergy absorption of the unreinforced model.

In the analytical results, the energy absorption for
the reinforced model (R-FOPO) is higher than the un-
reinforced model by about 13% in both positive and
negative directions. However, in the experiment, the
reinforced specimen increased the energy absorption
by 17% in the positive direction and 27% in the neg-
ative direction.

In the repair model, the S-FOPOIO have provided
higher absorption rates compared to the experiment.
A difference of about 5% in the positive direction and
10% in the direction was observed. Higher values
were observed since the peeling and cracking of the
CF sheet was not considered in the analytical model.

From these results, it is clear that the maximum
load can be predicted to some extent by the analysis
method using a simple model, but it is difficult to
evaluate the energy absorption rate. In order to accu-
rately understand the elasto-plastic behavior of the
carbon fiber sheet wrapping reinforcement, it is nec-
essary to model the compression properties and frac-
ture behavior of the carbon fiber sheet more accu-
rately in the range where large horizontal displace-
ment is applied.

5. CONCLUSIONS

In this study, regarding the reinforcement and re-
pair of circular steel piers by carbon fiber sheet wrap-
ping conducted in a previous study, the modeling of
carbon fiber sheets and nonlinear analysis consider-
ing buckling deformations was performed and stud-
ied. The results obtained are shown below.

(1) In considering the direction of the vertical jack
actuator, which represents the superstructure
weight, the difference in the experimental and
analytical models are negligible and has a
minimal effect on the analysis result.

(2) It was found that it was possible to evaluate
the maximum load in the analysis model of the
carbon fiber sheet wrapping reinforcement of
the circular steel pier using the two-node non-
restraining truss element. However, the behav-
ior and energy absorption after the maximum
horizontal force showed a large difference be-
tween the experiment and the analysis because
the modeling of carbon fiber sheet failure was
not enough.

(3) In the analysis of CF sheet repair of a buckled
circular steel pier, the effect of the initial stress
distribution upon activation has a minimal ef-
fect on the final state of the model. Therefore,

the initialization of stress when the two-node
truss element is activated can be neglected for
simpler modeling.

(4) The finite element modeling using the kine-
matic hardening constitutive model and the
plasticity behavior obtained from tensile tests
can provide the loading capacity for all speci-
mens which are in agreement with the experi-
ment. However, the modeling used does not
provide an accurate representation of the load
and displacement relationship observed in the
experiments of the previous study.

As a future work, detailed modeling to improve the
unreinforced specimen must be focused on. In partic-
ular, modifications in the model must be done to pro-
vide load and displacement relationships similar to
that of the experiment. The influence of modeling the
CF sheets using 2-node truss elements in the perfor-
mance recovery can be further verified if the load and
displacements match the experimental results. In ad-
dition, the peeling of the carbon fiber sheet and the
behavior when the carbon fiber sheet reaches the
breaking strain must also be integrated in the model
to improve the results in the repair model.
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