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Abstract

One of the major drawbacks of structure strengthening by fiber reinforced polymer wrapping using materials such as CFRP and
AFRP, whose strength and stiffness are high, is the brittle nature of failure mode, which is caused by fracture of the fiber due to low
fracturing strain. A series of experiments were conducted to investigate the efficiency of using two new types of fibers, polyethylene naph-
thalate (PEN) and polyethylene terephthalate (PET) fiber, for seismic strengthening of RC piers. These fibers have the properties of low
stiffness and high fracturing strain. Specimens strengthened by PET and PEN fiber sheets wrapping showed considerable improvement in
shear capacity and ductility compared to the control specimen. Both PET and PEN showed no tendency to fiber breakage before the pre-
defined ultimate deformation. Pier behaviors such as shear deformation and strain development in both fiber and steel shear reinforce-
ment, and the piers, ultimate failure modes, were carefully examined. Shear deformation increases rather rapidly after peak load and
concrete shear capacity decreases with the increase in shear deformation. Stiffness of fiber affects the development of shear deformation
and the descending branch of the load—deformation curve after the peak load. A simple model to predict the piers deformation capacity,

based on the experimental results, was proposed.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The recent large earthquakes in Japan exposed the
vulnerabilities of its existing reinforced concrete structures.
The Great Hanshin earthquake revealed that structures
designed by the old design code need strengthening of their
shear capacity. Furthermore, in the structures with com-
paratively high shear capacity, it was also noted that
increased ductility in order to withstand large seismic
action is necessary.

Strengthening of reinforced concrete piers with fiber
material jacketing has proven to be able to meet these
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two demands efficiently. The usage of fiber material in
the strengthening scheme is preferable to steel in many
cases [1-4] due to the advantages of fiber compared to steel
[5,6]. The high strength-to-weight ratio of fiber, resistance
to corrosion and easy handling and installation make fiber
reinforced polymer (FRP) jackets the preferred material for
strengthening.

Due to the above-mentioned advantages, conventional
FRP materials such as aramid, carbon, and glass are
frequently used for seismic strengthening of reinforced con-
crete piers. Many researchers have proven the effectiveness
of their application in shear and ductility enhancement.
However, it should be noted that due to their low fractur-
ing strain capacity, these fiber materials tend to fail sooner
due to fiber breakage before the structures can fully utilize
their reinforced strength [3,7]. The breakage of fiber causes
a loss of confinement and a sudden loss of load-carrying
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Fig. 1. Stress and strain relationships of various materials.

capacity and directly limits the ductility potential. Because
this can lead to sudden failure of the structure, breakage of
fiber is not favourable. In the design procedure the limita-
tion of fiber strain is used to determine the reinforced con-
crete (RC) piers strength capacity to avoid rupture of fiber
material [8].

New fiber materials such as polyacetal fiber (PAF),
polyethylene naphthalate (PEN) and polyethylene tere-
phthalate (PET) have properties of large fracturing strain
and low stiffness in comparison to aramid, carbon, and
glass fibers [9-11]. Fig. 1 shows the stress—strain relation-
ships of various fiber materials. Previous studies [9] using
polyacetal fiber showed that large fracturing strain fiber
is less likely to fracture before the RC piers reach their ulti-
mate deformation. Continuous shear force and enhanced
ductility could be gained from the fiber to compensate
for the reduction concrete shear capacity due to damage
induced by large cracks and seismic action.

The objective of this research is to investigate the shear
strengthening and ductility enhancement of reinforced con-
crete piers confined with high fracturing strain fiber mate-
rials, PET and PEN. Based on these test results, models
for predicting the ultimate deformation of strengthened
RC piers are proposed.

2. Experimental program
2.1. Details of test setup

A total of 15 RC piers in four experimental batches were
constructed to represent a rectangular pier of a regular
bridge, while the bottom part represented the footing of
the pier. The first and second batch specimens were rectan-
gular piers with a cross section of 400 x 400 mm. The third
and fourth batches were rectangular piers with dimensions
of 600 x 600 mm. The pier cross section areas of third and
fourth batches were enlarged to give closer resemblance
and response to actual pier dimensions. The size effect
was not considered as a parameter in this research. All pier
corners were rounded with a rounding radius of 25 mm.

Table 1
Specimens details

Specimen  f! ald  p (%) pw (%) pe (%)  Fiber material

First batch

SP1 29.5 3 2.87 0.16 - -

SP2 29.5 3 2.87 0.16 0.13 A2

SP3 29.5 3 2.87 0.16 0.38 PEN

SP4 29.5 3 2.87 0.16 0.37 PET

Second batch

SP5 31.7 3 2.87 0.16 0.19 PET

SP6 31.7 4 2.87 0.16 0.12 PET

SP7 31.7 4 2.87 0.16 0.06 PET

SP8 31.7 4 2.87 0.16 -

SP9 31.7 4 3.59 0.16 0.12 PET

SP10 31.7 4 2.15 0.16 0.06 PET

Third batch

SP11 31.7 4 2.82 0.2 0.25 PET

SP12 31.7 4 2.82 0.2 0.125 PET

Fourth batch

SP13 34.5 3 2.82 0.2 0.29 PET

SP14 23.7 3 2.82 0.09 0.42 PET

SP15 31.1 3 2.82 0.09 0.42 PEN

Table 2

Shear capacities

Specimen  V, Vs Viot M, Va Vied/  Ductility
(kN)  (kN) (kN) (kNm) (kN) 7,

First batch

SP1 151 79 230 331 288 0.8 5.09

SP2 151 79 230 331 288 0.8 11.84

SP3 151 79 230 331 288 0.8 10.65

SP4 151 79 230 331 288 0.8 11.42

Second batch

SP5 155 79 234 334 290 0.8 7.98

SP6 155 79 234 334 223 1.05 9.05

SP7 155 79 234 334 223 1.05 8.46

SP8 155 79 234 334 223 1.05 7.40

SP9 169 79 248 401 267 0.93 8.76

SP10 151 79 230 265 177 1.3 10.41

Third batch

SP11 318 206 524 1018 463 1.13 8.52

SP12 318 206 524 1018 463 1.13 7.54

Fourth batch

SP13 327 105 432 1051 637 0.84 7.76

SP14 289 83 372 1010 612 0.61 4.12

SP15 316 83 399 1058 641 0.62 6.87

Tables 1 and 2 give details of the test specimens. The
first and second batch specimens used 19 mm deformed
bars for longitudinal reinforcement and 6 mm deformed
bars for stirrups. The third batch specimens used 25 mm
deformed bars for longitudinal reinforcement and 10 mm
deformed bars for stirrups. The fourth batch specimens
used 25 mm deformed bars with differing shear reinforce-
ment ratios. SP13 of the fourth batch used 10 mm
deformed bars for stirrups, while SP14 and SP15 of the
fourth batch used 6 mm deformed bars for stirrups. The
longitudinal reinforcements in the piers were extended into
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Fig. 2. Arrangement of reinforcements. (a) 400 x 400 mm specimen, (b)
600 x 600 mm specimen.

the footing. Details of the reinforcement arrangement are
shown in Fig. 2.

Fiber wrapping in the specimens was done in two parts
of the piers. Aramid (A2), PEN and PET fibers were used
to wrap the plastic hinge area. Details of the fiber material
used for plastic hinge area are listed in Table 1. The plastic
hinge area is considered as area 1.0D for the first and sec-
ond batch specimens and 1.5D for the third and fourth
batch specimens from the face of the footing, where D is
the section depth of the rectangular pier. High stiffness
fiber material wrapping using Aramid (Kevlar) was applied
to the area beyond the plastic hinge. This measure was
taken to ensure that the failure of the strengthened speci-
mens would be concentrated at the plastic hinge area and
to observe the effectiveness of the respective fibers.

The first batch was carried out in order to verify the
effectiveness of the new fiber materials, PEN and PET, in

shear strengthening and ductility enhancement for shear
capacity-deficient piers, compared to that of Aramid (A2)
fiber. The aim was to achieve a ductility ratio, which is
the ratio of ultimate deformation to yield deformation, at
an ultimate state greater than 10, according to JSCE rec-
ommendations [12]. The first batch consisted of four spec-
imens: a control specimen and three specimens
strengthened with three different fiber materials, AFRP,
PEN and PET, respectively. The tensile capacity of the
fiber materials was kept the same in all three cases. Each
specimen had rectangular pier dimensions of 400 x 400 x
1500 mm and footing dimensions of 1100 x 600 x
1050 mm.

The second batch was carried out in continuity with the
previous batch in order to determine the effects of fiber vol-
umetric ratio and shear strength ratio on ductility perfor-
mance. It consisted of six specimens: a control specimen
and five PET-strengthened specimens with different ratios
of PET fiber and shear strength to flexural strength. Each
specimen had rectangular pier dimensions of 400 x 400 x
1850 mm and footing dimensions of 1100 x 600 x 700 mm.

The third batch was carried out in continuity with the
second batch, with larger pier and footing dimensions
and different fiber ratios. This batch consisted of two spec-
imens with different fiber ratios. Each specimen had rectan-
gular pier dimensions of 600 x 600 x 2400 mm and footing
dimensions of 1500 x 1500 x 850 mm.

The fourth batch was carried out for the purpose of
investigating the effects of replacing steel shear reinforce-
ment with PEN and PET fiber material. It consisted of
three specimens, each having rectangular pier dimensions
of 600 x600x2000 mm and footing dimensions of
1500 x 1500 x 850 mm.

2.2. Material properties

The specimens within the same batch were cast together
with one batch of concrete. Each batch of the concrete was
tested to obtain the concrete’s compressive strength. Steel
reinforcements consisted of tie reinforcements and longitu-
dinal reinforcements. Both reinforcements were tested to
find the stress—strain relation. Table 3 shows the properties
of the steel reinforcements used in this experiment.

Four types of fiber were used in the experiment. Aramid
(Kevlar) material was used to strengthen the area beyond
the plastic hinge area for all strengthened specimens. A2,

Table 3

Properties of steel reinforcement

Item Sp 1-10 Sp 11-12 Sp 13 Sp 14-15
Longitudinal reinforcement D19 D25 D25 D25

Yield strength (N/mm?) 394 370.9 388.2 388.2
Young modulus (N/mm?) 1.76E + 05 1.83E + 05 1.94E + 05 1.94E + 05
Shear reinforcement D6 D10 D10 D6

Yield strength (N/mm?) 382.8 361.4 361.4 328
Young modulus (N/mm?) 1.91E + 05 1.85E + 05 1.92E + 05 1.64E + 05
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Table 4

Properties of fiber materials

Ttem Aramid Aramid PET PEN

Kevlar (A1) Teknora (A2)

Ultimate 2670 3246 923 1028
strength
(N/mm?)

Ultimate 0.022 0.041 0.138 0.045
strain

Young 1.22E+05 7.95E + 04 6.70E + 03 2.26E + 04
modulus
(N/mm?)

PEN and PET fibers were used to strengthen the plastic
hinge area (Table 1). Table 4 shows the properties of the
fiber materials used in this experiment.

2.3. Instrumentation and testing procedure

All specimens were well instrumented during testing to
monitor load, deflection at the loading point, and strains
at several locations. Three transducers (LVDT) were
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mounted on rigid steel frames to measure lateral displace-
ment of piers. The loading devices are shown in Fig. 3. Five
LVDTs were mounted on the plastic hinge area to measure
the shear deformation (Fig. 4). Two LVDTs were mounted
directly atop the pier to measure pier base rotation. Four
LVDTs were mounted at the pier base to measure horizon-
tal slip and rotation of the base. Strain gauges were used to
measure the strain development in the flexural reinforce-
ments, shear reinforcements and fiber confinements. Strain
gauges to measure longitudinal reinforcement strain were
mounted on the longitudinal reinforcements located at
the middle of each flexural side. All shear reinforcements
had strain gauges mounted at the center of each shear side.
Fiber strain was measured by extensive application of
strain gauges at the plastic hinge area for all flexural and
shear sides.

The specimens were subjected to a combination of cyclic
horizontal load and constant axial load. A compressive
vertical load equal to 1.0 MPa, representing the dead load
of the superstructure, was applied. Displacement at the
loading point of the specimens, when longitudinal rein-
forcement at the bottom of the pier yielded, was considered

D

f—

Aramid fiber

Shear strengthening

P

PET fiber

Ductility
strengthening

Fig. 4. Measurement for shear deformation.
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as flexural yielding displacement (d,), and the correspond-
ing load was yielding load (Py). Horizontal cyclic load
was applied gradually in increments of 1.0d, for each cycle,
consisting of push/pull loading conditions until the pier
was unable to sustain the applied load. The ultimate defor-
mation was defined as the displacement amplitude when
the applied load dropped to the yielding load under either
push or pull loading conditions.

3. Experimental results and discussion
3.1. General description

In the first-batch specimens, the control specimen (SP1)
showed brittle shear failure. Shear reinforcement yielding
occurred at —1dy, and extensive diagonal shear crack
occurred in the specimen at 2d,, which caused a loss of
specimen load-carrying capacity. SP1 was able to develop
a ductility ratio of 5.09 at the ultimate state. Other speci-
mens that were strengthened using fiber wrapping showed
ductile shear failure. A typical characteristic of ductile
shear failure was that, after the peak load was achieved,
a decrease of load occurred gradually due to widening of
the flexural shear crack, which caused a decrease in the
concrete contribution. Although the specimens were ini-

a 300

tially designed as piers with insufficient shear capacity,
the fiber confinement was able to provide additional shear
capacity and allowed the specimens to develop their plastic
flexural strength. All strengthened specimens were able to
develop the ductility ratio greater than 106, (see Table 2
and Fig. 5): SP2, SP3 and SP4 developed ductility ratios
of 11.84, 10.65 and 11.42, respectively. Initial yielding of
the shear reinforcement occurred at 34, and yielding of
all shear reinforcements in the plastic hinge area occurred
at 50, followed by buckling of the longitudinal reinforce-
ment at 66,. Buckling was indicated by bulging of the cover
concrete through the fiber sheet at the plastic hinge area. The
fiber in the strengthened specimens showed no breakage,
with the largest strain development for SP2, SP3 and SP4
recorded at 23120u, 23270 and 30460u, respectively. SP5
of the second batch was compared to SP4 of the first batch.
Due to the lesser amount of fiber, SP5 showed ductile shear
failure with larger strain development (45320u) compared to
SP4, which resulted in a smaller ductility ratio of 7.98. Ara-
mid fiber wrapping above the plastic hinge area of SP5 rup-
tured while PET fiber in the plastic hinge zone showed no
breakage due to the large fracturing strain of PET.

The second and third batch specimens (SP6-SP12) dem-
onstrated flexural failure. A typical characteristic of flex-
ural failure was that after peak load was reached,
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Fig. 5. Load-displacement hysteretic loops. (a) Flexural failure, (b) ductile shear failure.
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specimens were able to maintain it until the shear reinforce-
ment yielded. As the shear reinforcement yielded, it was
followed by buckling, which indicated the commencement
of member failure. In the control specimen (SPS), yielding
of all shear reinforcements occurred at 56y, followed by
buckling of longitudinal reinforcements at 66, when load-
carrying capacity suddenly dropped. The strengthened
specimens showed a slower decline in load-carrying capac-
ity after yielding of the shear reinforcement. The ductility
ratio at the ultimate state for the strengthened specimens
was presented in Table 2. Breakage of PET fiber was
observed, after the ultimate state, at the corner of the spec-
imen in SP7, SP9, SP10, SP11 and SP12. Breakage of PET
occurred in SP7 at 119, with a recorded strain value of
11%, in SP9 at 114, with a recorded strain value of 13%
and in Spl0 at 130, with a recorded strain value of 9.5%.
SP11 and SP12 showed breakage of PET fiber; however,
strain values could not be measured since the strain gauges
were already broken. Damages to the specimens can be
seen in Fig. 6.

The fourth batch specimens revealed ductile shear fail-
ure. In SP13, shear reinforcement yielding occured at 26,;
however, buckling was not immediately observed. It is
assumed that buckling was delayed due to the large amount
of fiber used for confinement. Buckling occurred at 7d,. In
SP14 and SPI15, shear reinforcement yielding occured
before the flexural reinforcement yielded. The fiber confine-
ment was able to provide additional shear capacity and
allowed the specimens to develop their plastic flexural
strength. Both SP14 and SP15 reached peak load 20,
before the load-carrying capacity began to decrease. Buck-
ling of the flexural reinforcement occurred at 49, and
caused a more severe decrease in load carrying capacity.
No fiber breakage was observed for this batch.

Debonding of fiber was observed in all specimens.
Before the debonding occurred, the strain gauge that was
intersected by the shear crack line showed the greatest
value of strain. The debonding of the fiber occurred grad-
ually, starting from the shear crack line and extending in a
lateral direction. After debonding occurred, the strain
gauges showed fairly similar values. The experimental

a
|
L]
)

results showed that fiber in the crack line area will start
to debond once the strain reaches 4000 pm. The debonding
of the fiber from the concrete surface resulted in a lower
fiber contribution to shear capacity. This subject will be
covered in detail in Section 3.3.

Two failure modes were observed for all strengthened
specimens: flexural failure and ductile shear failure
(Fig. 5). Flexural failure occurs when the column develops
its plastic flexural strength followed by yielding of the steel
shear reinforcements. Due to yielding of the steel shear rein-
forcement, the stiffness of the confinement decreases.
Decreased confinement together with load reversal causes
a decrease in load carrying capacity of the concrete. Inade-
quate lateral support from the transverse reinforcements
also allows the longitudinal reinforcements to buckle. Buck-
ling is the starting point of the descending branch in load-
deformation curves. Typical load-deformation hysteretic
loops for this failure mode can be seen in Fig. 5(a).

Ductile shear failure occurs when the column develops
its plastic flexural strength but ultimately fails in shear.
Widening of the flexure-shear crack after flexural reinforce-
ment yielding results in the deterioration of concrete shear
capacity due to the loss of aggregate interlocking. Stiffness
degradation in the hinge zone also allows further larger
shear deformation to occur. A typical load deformation
hysteretic loop for this failure mode can be seen in
Fig. 5(b).

3.2. P-6 curves

As shown in Fig. 7, SP2-SP4 showed ultimate ductility
ratios greater than 10 despite the fact that the reference
specimen SP1, whose shear strength ratio was less than
1.0, showed a much smaller ductility ratio. This fact indi-
cates that PET and PEN confinement could provide suffi-
cient shear capacity contribution regardless of their low
stiffness. For ductility-enhancement purposes, the applica-
tion of PET and PEN was also proven to be cost effective
compared to aramid fiber: the comparison of the material
cost for the aramid, PEN, and PET in this batch was
8:6:3. Based on this result it was decided to use PET as

Fig. 6. Damage to specimens. (a) Ultimate state (no breakage), (b) fiber breakage, (c) plastic hinge damage.
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the fiber material in the plastic hinge zone for the next
batch of experiments.

For specimens with sufficient shear capacity (SP6, SP7,
SP8, SP11 and SP12) with shear strength ratios greater
than 1.0 before strengthening, the application of PET could
enhance ductility. SP6 and SP7, with fiber ratios of 0.12%
and 0.06%, respectively, had greater ultimate ductility com-
pared to control specimen SP8. SP11 and SP12 also showed
that additional PET confinement gives greater ductility.

The fourth batch specimens were all designed as shear
deficient columns (or with shear strength ratios of less than
1.0). In this batch, SP13 was compared to SP14 and SP15.
Both SP14 and SP15 had a certain amount of their steel
shear reinforcement replaced with PET and PEN fiber,
respectively, in order to have the same ductility as SP13,
which had more steel shear reinforcement. SP14 and
SP15 had the same fiber ratio. As can be seen from
Fig. 7, SP15 had greater ductility compared to SP14, and
approximately the same ductility as SP13. From the exper-
imental results it is concluded that in the case of a seriously
shear-deficient column, high fracturing strain fiber material
(PET) can still compensate for the insufficiency of steel
shear reinforcement despite its low stiffness; but that a
greater amount of fiber is required in comparison with
the case of high stiffness fiber material.

3.3. Development of strains in PET sheets and shear
reinforcement

The average strain for both steel shear reinforcement
and fiber wrapping was calculated taking the average of
the strain that developed along the shear crack line. Since
all specimen surfaces were covered by fiber, direct observa-
tion of the crack line was not possible. The locations of the

strain gauges at different heights showing maximum strain
were considered to be intersected by the shear crack. The
shear crack line was predicted by connecting the location
of the strain gauges location at different heights at an early
deformation level where debonding of fiber had not
occurred.

As mentioned in Section 3.1, debonding occurred when
fiber around the shear crack line reached 4000 pm and
started to expand in a lateral direction with a rather similar
value of strain development. The average strain of fiber
along the shear crack line was used in the analysis process
before debonding occurred. After debonding occurred, the
average strain value of all strain gauges at the plastic hinge
area, excluding the strain gauges at the bottom corner of
the piers, was used in the analysis process. The strain
gauges in the corner were excluded to minimize the effect
of strain development due to the confinement effect.

At low deformation levels, steel and fiber tended to
show similar strain development for all specimens. Greater
fiber strain development was noticed in specimens with
ductile shear failure, more so than in specimens with flex-
ural failure according to the experiment results. This
showed that fiber provided a larger shear contribution to
shear capacity in compensating for the lack of shear capac-
ity in specimens with ductile shear failure, such as SP2-SP4
and SP13-SP15, since those specimens had initial shear
strength ratios of less than 1.0. The amount of strain that
developed in the fiber also depended on the amount of fiber
used. As shown in Fig. 8(a), SP7 showed higher strain
development compared to SP6, since less fiber was used
in SP7 for strengthening.

At higher deformation levels, different strain develop-
ment of the shear reinforcement and fiber was observed
later in the experiment. The average strain observed in
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the fiber and steel shear reinforcement is shown in Fig. 8(a)
and (b) for specimens with flexural failure and ductile shear
failure, respectively. For specimens with flexural failure,
PET fiber developed higher average strain compared to
steel shear reinforcement at a higher deformation level.
The difference was due to the confinement effect of the
fiber, which caused high strain development at the corner
of the pier. For this reason the strain of fiber at the bottom
corner was excluded from the analytical process. In speci-
mens with ductile shear failure, debonding of the fiber from
the concrete surface was noticed at a high deformation
level. Fiber debonding started at the area around the crack
line and propagated to both sides of the crack line. Due to
this debonding, the PET fiber showed less strain develop-
ment than the steel shear reinforcement. In addition, the
loss of bonding between the fiber and the concrete caused
A reduction in the fiber contribution to the shear-resisting
mechanism and larger shear crack propagation. As a result,
the concrete started to lose its shear contribution, and, in
addition, the pier’s load carrying capacity was reduced.
When subjected to higher deformation levels, the loca-
tions of the maximum strain value were different from

those at low deformation levels, especially for specimens
with flexural failure. The maximum strain locations were
mostly at the corner of the piers. These locations did not
show the actual crack line, nor did the corresponding strain
show the actual fiber shear contribution. Therefore average
fiber strain, excluding the strain in the corner, was used for
the analysis since it gave a better representation of the
actual shear contribution.

3.4. Deformation components

To understand the seismic performance of RC piers
strengthened using PET fiber, it is essential to understand
the effect of fiber wrapping on their deformation capability.
Many researchers have used fiber modeling to predict the
ultimate deformation of RC piers strengthened with con-
ventional FRP materials. The corresponding ultimate state
usually depends either on crushing of the concrete or the
fracturing strain of FRP; however, these experimental
results showed that for RC piers strengthened with PET
and PEN, the ultimate state was not governed by FRP
fracture as mentioned above. Another aspect is that fiber
modeling for flexural deformation has difficulty in dealing
with the deformation due to shear and corresponding shear
deterioration due to cyclic loading, which produces a duc-
tile shear failure as mentioned above. Fig. 9 shows a typical
P-0 curve modeled on the basis of experimental results. In
this curve, C is the point where flexural cracking occurs, Y
is the yield point, 4 is the approximate point of displace-
ment at which the maximum load is reached after the yield-
ing point, and M is the point of maximum displacement,
where the maximum load is maintained before the decrease
of load-carrying capacity. In the case of ductile shear fail-
ure specimens, points 4 and M might be close to each
other, or even have the same point, due to shear failure
in which specimens cannot utilize their flexural strength.
In flexural failure specimens, point M might correspond
to the buckling of longitudinal reinforcements or concrete
failure due to concrete crushing. Fig. 10 describes these
failure modes. The dashed line represents flexural failure
and the solid line represents ductile shear failure. In ductile
shear failure the RC pier can not fully utilize its flexural
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Fig. 9. P-6 curve model.
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capacity due to the decrease in shear capacity, and the RC
pier fails. The decreasing slope of load-carrying capacity
depends on the amount of fiber used for specimen wrap-
ping. Greater fiber strengthening will result in a slower
decline in load carrying capacity.

The following sections will experimentally and analyti-
cally discuss the deformation components at the character-
istic points shown in Fig. 9. The deformation components
are separated into deformation due to bending, pullout and
shear, as can be seen in Fig. 11. Lastly, an empirical equa-
tion was proposed to determine the decreasing slope of
load carrying capacity.

3.4.1. Drift ratio due to pullout

Deformation of strengthened RC piers at the loading
point due to pullout of the steel reinforcement from the
footing can be calculated by the following equations (see
Fig. 11):

LS

= 1
o =-— (1)
where
) pullout deformation (cm)

N i |‘_Af b j l‘_Ashear -
P P

| |
| |
| L |
.
| [

[~ Apull
|
|
|
I
I
|

£y

d-x

e

S pullout of reinforcement (cm), which can be ob-
tained in experiment by integrating the longitudinal
reinforcement strain which occurred in the footing

L shear span (cm)
d effective height of cross section (cm)
X neutral axis depth (cm), which can be obtained by

comparing the tensile strain of the longitudinal
reinforcement to the compression strain of the lon-
gitudinal reinforcement at the opposite side during
the experiment

As shown in Fig. 12(a), pullout deformation had a sig-
nificant effect at a minor displacement level. However with
increasing displacement, plastic rotation developed in the
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Fig. 12. Pullout drift angle at yield and maximum load. (a) Pullout
deformation versus total deformation, (b) drift ratio due to pullout of
reinforcement at yielding load, (c) drift ratio due to pullout of reinforce-
ment at maximum load.

Fig. 11. Deformation components. (a) Flexural deformation; (b) shear
deformation; (c) pullout deformation.
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plastic hinge and the effect of pullout deformation became
less significant. At yielding load and maximum load, pull-
out deformation of about 30% of total deformation and
became +17% at the ultimate state.

The slip of reinforcement can also be predicted analyti-
cally at the yielding load using Egs. (2) and (3), and after
yielding of the longitudinal reinforcement using Egs. (4)
and (5) based on paper by Ishibashi et al. [13]. This analysis
method was based on the bond between reinforcement and
surrounding concrete proposed by Shima et al. [14]. The
equations proposed in these papers are also used in the
JSCE code for seismic performance verification [15]. The
pullout deformation equations proposed by Ishibayashi
et al. for different stages of reinforcement strain are as
follows:

Slip of reinforcement at yield strain:

740y - &,(2 + 35008, )

S P @ (2)
oy = 1+0.9e"4(-%) (3)
Slip of reinforcement after yield:
¢
= . 4
S=s X7 (4)

where s value is different for each strain level of
reinforcement.

e When the reinforcement strain takes the value of yield
strain (ey)

s = &,(2 4 3500¢,) - oy (5.1)

e When the reinforcement strain is at the initiation point
of strain hardening area (&)

5 =0.5(eh — &) +5(gy) (5.2)

e When the reinforcement strain takes the value at the
change in gradient of the non-dimensional slip in the
reinforcement strain hardening area (e,)

s =0.08(fy — fy)(ea — &n) + s(&m) (5.3)
(o132 )
ST 0130 — Ay
e When the reinforcement strain is greater than ¢,
5 =0.027(f, — fy)(&s — ) + 5(¢a) (5.4)
where
S pullout of reinforcement (cm)
s non-dimensional measure of reinforcement pull-
out
Oty effect of bar spacing
10 diameter of reinforcement bar (cm)
% strength of footing concrete (N/mm?)
fy yield strength of reinforcement (N/mm?)
Ju tensile strength of reinforcement (N/mm?)
Cs bar spacing (cm)

&y strain at reinforcement yield

&sh strain at initiation of reinforcement strain harden-
ing

€a point of non-dimensional slip gradient change in
strain hardening area

& reinforcement strain

Substituting the slip of reinforcement value in Eq. (3), the
deformation of piers due to pullout of reinforcement can be
gained analytically and plotted in Fig. 12(a). The compari-
sons between the experimental results and the analytical
results at the yielding load and the maximum load are shown
in Fig. 12(b) and (c), respectively. The prediction results are
somewhat conservative for both yielding and maximum load
levels, but the analysis represents the result nevertheless.

3.4.2. Drift ratio due to shear deformation and
deterioration of concrete

The shear deformation was measured using the instru-
ments shown in Fig. 4. With the obtained value of length
from five transducers, shear deformation can be calculated
using the method proposed by Jaqin et al. [10]. The truss
model proposed by Ueda [16] was used as the analytical
method.
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Fig. 13. Shear deformation development. (a) Ductility versus shear
deformation ratio to total displacement, (b) transverse reinforcement
strain versus shear deformation ratio ().
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As seen in Fig. 13(a), shear deformation increases its
contribution to the total deformation with the increase of
displacement amplitude. At the ultimate state, it occupies
about 5-12% of the total deformation depending on the
shear steel reinforcement ratio and the fiber strengthening
ratio. Shear deformation in two specimens, SP14 and
SP15, shows much higher values and different tendencies
compared to the other specimens in Fig. 13(a). According
to experimental observation, this was possibly due to the
instability of the test instruments for measuring the shear
deformation at the hinge zone for these last two testing
specimens. Fig. 13(b) shows the development of shear
deformation ratio (y) with the average strain in FRP sheets.
It is indicated that at the same level of strain development
in the fiber, greater shear deformation occurs for piers with
a high fiber ratio.

Increasing shear deformation causes significant damage
to the concrete at the plastic hinge zone and causes it to
lose its shear contribution. In the experiment, decrease in
the concrete contribution to shear strength was observed
with the development of shear strain (y) (see Fig. 14). In
Fig. 14 the shear capacity contributed by concrete is calcu-
lated by subtracting the steel and fiber shear reinforcement
contribution based on the truss analogy method from the
applied shear force. The peak shear capacity of concrete
observed during the experiment was higher than that
predicted by the JSCE code [12] (see Table 2 and Fig. 14).

As the concrete deteriorated, the shear contributions
from the steel reinforcement and the fiber increased to
compensate for the loss of shear capacity of the concrete.
When the shear steel reinforcement yielded, the fiber
started to give a larger contribution to shear capacity,
accompanied by fiber elongation. However, the elongation
of fiber was also accompanied by the widening of the shear
crack; in other words, a more rapid deterioration of con-
crete shear capacity. In general, the potential shear capac-
ity decreases due to the deterioration of concrete as shown
in Fig. 10. When the potential shear capacity of the piers
reduces to the level of their potential flexural capacity,
the load carrying capacity starts to decrease. Therefore,

m
Q
2
=
2l
>
~
a
>
()
3}
>
0 f f I
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Y
Fig. 14. Concrete strength reduction versus shear deformation ratio.

the issue of how to predict shear deformation and model
the change in the potential shear capacity during the devel-
opment of flexural deformation seems to be important,
since large shear deformation at the hinge zone causes dete-
rioration of the concrete contribution to shear, and conse-
quently affects ductility development. This will be a task to
the future, to follow the present study.

3.4.3. Drift ratio due to bending

In this paper, deformation due to bending is separated
into two parts: the elastic flexural bending component
and the plastic component. The conventional moment-cur-
vature method can be used to predict the elastic flexural
bending component before the steel yielding. For simplic-
ity, elastic flexural displacement is calculated from Euler’s
beam theory in which Branson’s equation for the effective
moment of inertia is applied

n3

5 =
" 3E,

(6)

where V' is applied shear force, E. is Young’s modulus of
concrete, L is shear span, and I, is the effective moment
of inertia according to Branson [17], which can be calcu-
lated as follows:

Mg\’ Mg\’
Iezzg(MC) +zcr{1—(M° )} 7)

where
1, moment of inertia of concrete gross
I, moment of inertia of cracked concrete

M., cracking moment
M .x maximum moment

Fig. 15(a) shows the comparison of yield deformation
from the experiment and from the analytical formula.
Yield deformation from the analysis is considered as a
summation of pullout deformation calculated using Egs.
(1)-(5), and elastic flexural deformation using Egs. (6)
and (7). The analytical result shows a smaller value com-
pared to the experimental result because the pull out defor-
mation equation is somewhat conservative.

After the yielding of the longitudinal reinforcement,
deformation due to rotation within the plastic hinge dom-
inates the total displacement of the piers. Plastic flexural
deformation is back-calculated by subtracting the elastic
flexural deformation, deformation due to pullout, and
shear deformation from the total deformation in the exper-
iment. The rotation due to plastic deformation (6,,) can be
calculated using Eq. (8)

L
op = b (L_7p> (8)
where
L shear span

L, plastic hinge length
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Fig. 15. Flexural deformation. (a) Yielding displacement, (b) plastic drift
ratio at the maximum load.

0 rotation due to plastic deformation
Op plastic deformation

The plastic rotation at the maximum load before the
decrease of load-carrying capacity from the experiment
was compared to that calculated by Eq. (9), which is the
equation for plastic rotation for unstrengthened RC struc-
tures calculated from JSCE [15]. This equation suggests that
the maximum plastic rotation depends on the ratio of shear
and longitudinal reinforcement. Fig. 15(b) shows that the
present JSCE code [15] gives a conservative prediction for
the plastic rotation of RC piers strengthened with PET fiber.

_0.021k - p,, +0.013

Omp = 0.79p, + 0.153 ®)
where

Omp plastic rotation at the maximum load

ks factor to consider the strength of lateral re-bars
DPw lateral reinforcement ratio (%)

Oy tensile reinforcement ratio (%)

To reflect the strengthening effects of large fracturing
strain FRP materials, a new factor K; is introduced in

the modeling and calculated from experimental results as

follows:

Omp(0.79p, + 0.153) — 0.013
0.021k,p,,

Ky = (10)
The experimental relationships between Ky and Ej,pgp, are
plotted in Fig. 16(a). It is indicated that K, increases with
the Egpppp meaning the plastic rotation at the maximum
load increases with the tensile stiffness of the FRP provided
for confinement. An empirical formulation (11) can be
given, as follows, to K, through linear regressing

Ko = 0.0019E¢, - pr, + 3.65 (11)

Therefore a modified formulation based on the JSCE for
predicting the plastic rotation of RC piers strengthened
with large fracture strain FRP can be written as follows:

0.021k,Kop,, +0.013
Oy = w 12
P 0.79p, + 0.153 (12)

where, K is the factor representing fiber confinement
The comparison between the analytical prediction and the
experimental result is shown in Fig. 16(b). By giving a factor
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Fig. 16. Plastic rotation. (a) Relation of Ky and Epppryp, (b) plastic
rotation comparison of analysis and experimental results.
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Ky as a function of fiber confinement stiffness, the plastic
rotation of strengthened RC piers using PET fiber can be pre-
dicted with reasonable accuracy. As Fig. 16(a) shows, plastic
rotation can be improved by a higher fiber ratio.

4. Prediction of drift ratio at the ultimate state

It is difficult to distinguish all deformation components
in the descending part beyond point M in Fig. 9 due to the
breakage of the strain gauges and the instability of the test-
ing instruments. The assumption is that the descending
slope of load-carrying capacity is of a linear decreasing
rate, which is proposed by JSCE [15] for practical design
use, applied here as follows:

M
0, =10 1 -——= 13
o=t (15 (13)
where
0, total drift ratio at ultimate state
0 total drift ratio at maximum load
M, ultimate moment which can be considered as same

value of yield moment

moment at peak load

n factor to consider the gradient of linear softening
of members

It can be clearly seen in Fig. 7 that the FRP confinement
ratio does not only influence the starting points of the
descending parts but also influences the descending slope
n in the P—d envelope curves. Fig. 17(a) shows the relation-
ship between 5 and strengthening fiber ratios, K. It can be
inferred that the initial ratios of shear to flexural capacity
of the piers before strengthening, and the strengthening
ratio, are influential upon ductility. A comprehensive
parameter K, is introduced

Vw + Vc . Efl‘p : pfrp

K, =
Vmu Ew " Pw

(14)

where the first and second parts represent the nature of the
RC piers before strengthening and the strengthening ratio,
respectively. By regression, the following equation to pre-
dict the descending part can be obtained:

=1.22K, + 0.04 (15)
where
n factor to consider the gradient of linear softening
of members
Vi contribution of steel shear reinforcement
Ve concrete shear contribution predicted by JSCE

Vinu shear force corresponding to flexural capacity
Epp, modulus elasticity of FRP

Pfrp FRP ratio (%)

E, modulus elasticity of steel shear reinforcement
Pw steel shear reinforcement ratio (%)

By using this equation and the models for predicting the
drift ratio at the maximum load, the ultimate deformation
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Fig. 17. Ultimate rotation. (a) Relation of # and % . E‘%ﬁ““, (b) ultimate
rotation comparison of analysis and experimental results.

of strengthened RC piers can be predicted for practical
design use. Fig. 17(b) provides a comparison between the
experimental results and the analytical ones. It is apparent
that the modeling for ultimate deformation presents rather
good accuracy.

5. Conclusions

Experiments were performed in order to determine the
effectiveness of new fiber materials, polyethylene tere-
phthalate (PET) and polyethylene naphthalate (PEN),
which have low stiffness and high fracturing strain profile,
as externally wrapped shear reinforcement. From the
experiments, the following conclusions were obtained:

e RC piers wrapped by PET and PEN fiber sheets with
large fracturing strain could efficiently enhance the duc-
tility of reinforced concrete (RC) piers regardless of their
low stiffness. The large fracturing strain allowed the fiber
to contribute sufficient shear force at the ultimate state
while avoiding fiber rupture.

e PET and PEN can be used for shear strengthening of
RC piers lacking transverse reinforcement if an ade-
quate amount of fiber is provided, despite their low
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stiffness. However, for RC piers that are heavily insuffi-
cient in shear capacity, it might be less cost effective to
use PET and PEN since a large amount of fiber is
necessary.

e The strain development of both externally bonded fiber
sheets and internally placed steel shear reinforcements
are rather similar in RC piers wrapped with fiber sheets.

e Debonding of fiber tends to occur early in RC piers defi-
cient in shear due to large stress concentration along the
crack area of the concrete.

e Shear deformation of RC piers wrapped with FRP
sheets increases with the increase in shear contribution
by shear reinforcement (fiber sheets and steel ties in this
study) and increases rapidly after yielding of the steel
shear reinforcement.

e At the same level of strain development in externally
wrapped fiber, larger shear deformation occurs for piers
with a high fiber ratio. As result, the shear deformation
at the hinge zones causes a deterioration of the concrete
contribution to shear and affects ductility development.
Modeling the change of shear capacity during the devel-
opment in flexural deformation is necessary.

o A concept for determining the characteristic P— curves
of RC piers strengthened with large fracture strain FRP
materials — PEN and PET - is proposed. The present
JSCE seismic design equation proposed for RC piers
underestimates the pullout deformation and the plastic
flexural rotation at the starting point of the descending
parts of P-6 curves of FRP strengthened RC piers.
Hence new formulations are put forward and verified
by experimental results.

e Formula for predicting the ultimate deformation of RC
piers strengthened with large fracture strain FRP mate-
rials are proposed and show acceptable accuracy in com-
parison to the experimental results.
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