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This study investigates the effectiveness of FRP wire to confine concrete. For this purpose, axial compres-
sive tests are conducted with three parameters, peak strength of concrete, confining amount of FRP wire,
and epoxy application. The behavior of the FRP-wire confined concrete is examined in the axial and cir-
cumferential directions as well as in terms of volumetric strain. Each behavior is discussed according to
the stiffness ratio of the confining FRP wire to concrete. Moreover, the confinement effectiveness of the
FRP wire is estimated using the actual rupture strain of the FRP wire as well as the ultimate tensile strain.
Both cases show slightly larger effectiveness than that of FRP sheet confined concrete. The external jacket
of the FRP wire increases the peak strength satisfactory and restrains volumetric expansion when the
stiffness ratio of the jacket is sufficiently large. The failure of the FRP wire confined concrete occurs at
the mid-height of the cylinder. Furthermore, this study investigates the behavior of partially confined
concrete exhibiting smaller peak strength compared to the corresponding fully confined specimen, as
it appears to have a smaller stiffness ratio.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

External jackets using steel plates initially showed good perfor-
mance in terms of increasing the displacement ductility and flex-
ural strength of lap-spliced reinforced concrete (RC) columns
[1,2]. However, the installation method of the steel jacket was
somewhat inconvenient due to the requirement of grouting to fill
up the gap between steel and concrete. Moreover, the grouting in-
creased the cross-sectional area at the jacketed region and the dy-
namic characteristics of the jacketed structure were disturbed
relative to the as-built structure. Jackets using fiber reinforced
polymer (FRP) sheets or tubes subsequently came to the forefront
as an alternative to the steel jacket on the basis of several relative
benefits. The strong points of the FRP jacket are that it does not in-
crease the cross-sectional area and a multiple layered jacket is
available. However, an adhesive should be used to bond the FRP
sheet to the concrete surface or another FRP sheet. This process
is usually conducted manually, and tight attachment is not guaran-
teed. Perfect attachment of the FRP sheet on the concrete is one of
the critical factors to induce immediate causing the confining pres-
sure of the FRP sheet against the bulge of concrete.
Harries and Carey [3] conducted experimental tests to examine
the effect of the gap between the concrete and the jacket on the
behavior of confined concrete. They carried out compressive tests
of concrete cylinders with a gap between the concrete and the
jacket and compared them to the results with those obtained for
a case without a gap. In the test, the gap was built by wrapping
typical plastic wrap used in the kitchen. The effect of the gap
was that the peak strength as a function of lateral strain appeared
early. The measured lateral strain on the jacket did not represent
the bulge of the concrete inside, given that the jacket did not dilate
immediately according to the bulge inside the concrete due to the
gap.

Several prestressing techniques have been introduced to over-
come this problem. However, the prestressing methods are not
easily applied to RC columns, as they require a special and/or large
device to stretch FRP sheets. Xiao and Ma [4] suggested an external
pressing method to attach a prefabricated FRP jacket on a RC col-
umn using several belts. However, they still used an adhesive on
the concrete surface to bond the prefabricated FRP jacket as well
as lateral band-strips to apply lateral pressure on the FRP jacket.
This method was more efficient to obtain perfect attachment of
the FRP sheet than the previous manual attachment methods since
they apply external pressure on the FRP jackets.

Choi et al. [2,5] suggested a new steel jacketing method for RC
columns, where external pressure is used to attach the steel jacket
to concrete instead of grouting. The effectiveness of the jacketing
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method was proved through the experimental tests of concrete
cylinders and RC columns. The method is similar to Xiao and
Ma’s method and the perfect attachment is critical to obtain satis-
factory performance. Harries and Kharel [6] and Harries and Carey
[3] noted the presence of a gap between the concrete and the con-
fining jacket due to the slackness in the confinement and explained
the effect of the gap. They also indicated that the behavior of wo-
ven fabric was similar to that of the gap. As presented in the afore-
mentioned studies, overcoming the problem of the gap or the
slackness of the jackets of steel plate or FRP fabrics is challenging.
This study sheds light on the advantages of wire-type jackets for
confining concrete structures without a gap or slackness.
2. FRP wire jacket and specimens

2.1. FRP wire jacket

Glass-fiber reinforced polymer (GFRP) wire of 1.0 mm diameter
was used in this study. The area of the wire was 0.785 mm2 and the
tensile strength and ultimate strain of the wire were 1230.6 MPa
and 2.94 � 10�2, respectively. Therefore, the estimated Young’s
modulus in tension was 41.84 GPa. Firstly, the wire was wound
around a large reel, as shown in Fig. 1a, and the reel was equipped
with a device to provide friction resistance at its side when rolling.
The wire was stretched over a concrete cylinder on a special device
manufactured for this study, as shown in Fig. 1b. The device held a
concrete cylinder and wrapped the wire around the cylinder with a
specific pitch. Note that no adhesive was applied on the concrete
surface. During the winding, the wire was stretched with a con-
stant tension because of the frictional resistance of the reel. Tensile
force of 25 N was measured using a spring balance, as shown in
Fig. 1c and d. Therefore, the stress and strain in the wire due to
the tensile force were 31.83 MPa and 7.73 � 10�4, respectively.
The stress was too small to develop an active confining effect on
the concrete but sufficient to tightly wind the wire on the concrete
surface without any gap. After several windings of the wire, super
(a) Reel of FRP wire

(c) Measuring tensile force of the wire

Fig. 1. FRP wire an
glue was applied on the wire to prevent release of the wire during
the rolling. After finishing the winding, super glue was also applied
on the wire at the other side. The glue provided holding action for
the wire and prevented release of the wire. Fig. 2 shows the process
of confining the concrete cylinder by the FRP wire jacket. Several
previous studies of shape memory alloy (SMA) wire jackets were
conducted [7–10] and have used anchoring nails to hold SMA wire.
The FRP wire jacket, however, can be fixed by applying glue at both
ends and does not make any scar on the concrete surface. A 10 mm
section of the cylinder at both ends was not wrapped by the FRP
wire in order to avoid interaction of the FRP wire jacket during a
compressive test. The proposed jacketing method can wrap a con-
crete cylinder with multiple layers; the second layer of the jacket
can be built following the same procedure as used for the first
layer. Fig. 3 shows the cases of single-, double-, and triple-layered
FRP wire jackets and an epoxy applied specimen.
2.2. Specimens and test set-up

This study used concrete cylinders with a diameter of 150 mm
and height of 300 mm to obtain the compressive behavior of con-
fined concrete. Two variables were considered, peak strength of
concrete and amount of confining FRP wire; three design strengths
of concrete and three amounts of FRP wire were also considered.
The design strengths were 25, 35, and 45 MPa, respectively, and
the amounts of FRP wire were one, two, and three layers. The vol-
umetric ratio for the FRP wire jacket can be calculated using the
following equation:

qm ¼
4Aj

sD
ð1Þ

where Aj = cross-sectional area of the jacket, D = diameter of cylin-
der, and s = spacing between wires. The calculated volumetric ratios
for each amount of FRP wires were 2.09%, 4.19%, and 6.28%, respec-
tively. To obtain an equivalent thickness of FRP sheet jackets which
(b) Special rolling device

(d) 25 N tensile force

d tensile force.



(a) Starting of rolling (b) Rolling wire

(c) Complete rolling      (d) Jacketed specimen

Fig. 2. FRP wire rolling procedure.

Fig. 3. Types of specimens: (a) single layer, (b) double layer, (c) triple layer, (d) epoxy application, (e) non-epoxy application, and (f) partial jacket.
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have the same volumetric ratios of the FRP wire jackets, the below
formulation can be used:

qm ¼
4tj

D
ð2Þ

where tj = thickness of FRP sheet jacket. Therefore, the matching
thickness is 0.785 mm for 1.0 mm diameter wire.

The pitch from center to center for all specimens was 1.0 mm
and any gap between wires did not exist. Three specimens were
prepared for each case and a total of 36 specimens including nine
plain specimens were prepared. Epoxy was applied on the outer
surface of FRP wire for two out of three specimens in each case.
The epoxy was expected to provide shear resistance between wires
and restrain the relative movement of the wires. For the remaining
one specimen in each case, both ends of 5 mm length were applied
with epoxy over the super glue to provide sufficient holding. The
last variable was a partially wrapped jacket; the first layer was
wrapped fully from top to bottom, whereas the second was
wrapped partially at the middle of the specimen with a length of
180 mm or 230 mm. The bulge of the concrete cylinder during
the compressive test occurs mainly at the middle and the wire at
both ends may not provide significant passive confining pressure.
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For partial jackets, three cylinders of 35 MPa were used for each
case. Table 1 shows the test matrix of this study.

The tests were conducted with displacement controlled mono-
tonic loading. For the test, two sole plates were placed at the top
and bottom of each specimen, and three displacement transducers
with a 120� angle were placed between the plates to measure axial
deformation of the specimen. Furthermore, an extensometer with
a gage length of 100 mm was installed at the middle of the speci-
men to achieve the axial deformation of the specimen. Finally, an
extensometer was installed in the lateral direction to measure
the circumferential deformation of the specimen. Fig. 4 illustrates
the test set-up used in this study.
3. Test results of full jacketed specimens

3.1. Axial behavior

In the initial loading step, the axial deformation measured by
displacement transducers may be overestimated due to a contact
problem between the sole plate and the concrete surface. When
the contact is not perfect in the beginning, the stress–strain curve
consequently shows a much smaller slope than the actual slope.
The deformation from initial to peak strength was therefore mea-
sured by an extensometer. However, after the peak strength, the
FRP wire did not show composite behavior with the inner concrete,
because slipping between the FRP wire and concrete occurred with
increasing deformation. Therefore, after the peak strength, the
deformation measured by the displacement transducer was used
to draw the axial stress–strain curve of the specimen, since the sole
plates contacted the concrete surface perfectly and the measured
displacement thus reflects the deformation of the concrete cylinder
precisely.

Fig. 5 shows the axial stress–strain curves of the confined spec-
imens compared with those of the plain specimens. Table 2 also
illustrates the corresponding peak strength and the ultimate strain,
which indicates the failure-point of the FRP wire. In the table, ‘‘F’’
and ‘‘P’’ denote full and partial jacket, respectively. The number
in the middle indicates the layer number or the length of the par-
tial jacket. ‘‘N’’ and ‘‘E’’ denote non-epoxy and epoxy application.
The average peak strength and the corresponding strain of plain
concrete specimens are presented in the table. The average peak
strengths for 25, 35, and 45 MPa specimens were 36.1, 47.2, and
57.1 MPa, respectively. The corresponding strains at peak strength
varied from 2.28 � 10�3 to 2.57 � 10�3.

The axial stress–strain curves of the concrete confined by the
FRP wire jacket showed bilinear behavior with a transition region,
corresponding exactly with the axial behavior of concrete confined
by FRP sheets or tubes. In general, more confinement increased the
peak strength and failure strain. In each suite of specimens, the
strength ratio (f 0cc=f 0co) increased with more use of FRP wire, and
the relationship between the two parameters was almost linear.
However, there were two remarkable observations: (1) softening
behavior was observed after the peak strength and hardening
Table 1
Test matrix.

Types 25 MPa 35 MPa
Epoxy Non-epoxy Epoxy Non-epoxy

Full jacket
Single 2 1 2 1
Double 2 1 2 1
Triple 2 1 2 1

Partial jacket
180 mm 2 1
230 mm 2 1
behavior appeared following the softening and (2) strength degra-
dation appeared approaching the failure point.

Csuka and Kollar [11] indicated that the softening and following
hardening behavior of confined concrete after the peak strength
are related to the stiffness ratio of the confining stiffness to that
of unconfined concrete. The confining pressure of the FRP-wire
jacket is calculated as given below.

fl ¼
2f jAj

sD
¼ 2EjejAj

sD
ð3Þ

where fj = hoop stress in the jacket, Ej = elastic modulus of the wire,
ej = ultimate strain of the wire, Aj = cross-sectional area of the jack-
et, D = diameter of cylinder, and s = spacing between wires
(s = 1 mm in this study). In the above equation, the remaining part
excluding ej is the stiffness of the jacket in the circumferential direc-
tion. Therefore, the stiffness ratio, qs, is defined as:

qs ¼
2EjAj

sDEc
ð4Þ

where Ec is the elastic modulus of unconfined concrete; this study
adopted a value of 4750

ffiffiffiffiffi
f 0co

p
recommended by ACI 318M-02 [12].

The calculated stiffness ratios of the confined concrete are shown
in Table 3. Csuka and Kollar [11] argued that the softening and fol-
lowing hardening were due to the low stiffness of the jacket. For
higher stiffness, the stress–strain curves were monotonically
increasing. Based on this observation, the single-layered jackets
for all types and the double-layered jacket for the 45 MPa specimen
were low stiffness jackets. They also proposed a limit on the stiff-
ness ratio of a low stiffness jacket as follows:

qs;lim it ¼
0:0195þ f 0co�40

3100 ; if f 0co 6 40 MPa

0:0195þ f 0co�40
12;000 ; if f 0co P 40 MPa

(
ð5Þ

The calculated limits of the low stiffness ratio were 0.01824,
0.0201, and 0.0209 for the 25F, 35F, and 45F specimens, respec-
tively. Comparing the stiffness ratio limits to the values in Table 3,
Eq. (5) worked well for the 25 and 35 MPa specimens; the speci-
mens with smaller stiffness ratios than the limit showed softening
and hardening, and the specimens with larger stiffness ratios than
the limit showed monotonically increasing behavior. However, for
the 45F specimen, the stiffness ratio of the double-layered speci-
men (0.0244) was larger than the limit (0.0209), but two of the
three specimens showed softening and hardening behavior,
although the degree was much smaller than that of the single-lay-
ered specimens. Therefore, in general, the axial stress–strain
behavior of the FRP-wire confined concrete corresponded to the
observations of Csuka and Kollar [11].

Csuka and Kollar also investigated the effect of the confinement
ratio on the axial stress–strain curve. The confinement ratio (qc) of
the confined specimens was calculated using the following
equation:

qc ¼
fl

f 0co
ð6Þ
45 MPa
Epoxy Non-epoxy

2 1 Three specimens for each design strength
2 1
2 1



(a) Non-epoxy applied specimen (b) Epoxy-applied specimen

Fig. 4. Test set-up for axial compressive test.
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Fig. 5. Stress–strains curves of confined specimens in axial and circumferential
direction.

Table 2
Peak strength and ultimate strain of confined specimens.

Type f 0cc (MPa) ef (%) f 0cc=f 0co ef,cir (%) Plain concrete

25F-1-1E 73.92 2.97 2.05 2.65 f 0co ¼ 36:08 MPa
eco = 2.57 � 10�325F-1-2E 73.15 2.89 2.03 2.49

25F-1-3N 69.27 2.57 1.92 2.21
25F-2-1E 112.5 4.45 3.12 2.32
25F-2-2E 113.8 4.38 3.15 2.26
25F-2-3N 110.0 4.02 3.05 2.08
25F-3-1E 138.9 5.40 3.85 2.13
25F-3-2E 139.8 5.18 3.87 2.17
25F-3-3N 141.2 5.76 3.91 2.03

35F-1-1E 75.00 2.63 1.59 2.23 f 0co ¼ 47:16 MPa
eco = 2.52 � 10�335F-1-2E 74.64 2.73 1.58 2.09

35F-1-3N 70.55 2.16 1.50 2.07
35F-2-1E 114.3 3.70 2.42 2.18
35F-2-2E 101.4 2.67 2.15 1.69
35F-2-3N 112.4 3.36 2.38 2.04
35F-3-1E 146.5 4.72 3.11 2.14
35F-3-2E 142.9 4.61 3.03 1.98
35F-3-3N 144.9 4.54 3.07 2.04

45F-1-1E 75.16 2.20 1.32 1.89 f 0co ¼ 57:10 MPa
eco = 2.28 � 10�345F-1-2E 82.44 2.45 1.44 2.22

45F-1-3N 74.81 1.95 1.31 1.67
45F-2-1E 109.0 2.54 1.91 1.73
45F-2-2E 111.0 2.30 1.94 1.79
45F-2-3N 113.9 2.10 1.99 1.83
45F-3-1E 146.9 2.93 2.57 1.89
45F-3-2E 142.1 2.61 2.49 1.62
45F-3-3N 131.4 2.59 2.30 1.76

Table 3
Stiffness and confinement ratios of confined concrete.

Type 25 MPa 35 MPa 45 MPa

f 0co (MPa) 36.1 47.2 57.1
Ec (MPa) 28539.6 32633.6 35893.2

Stiffness ration (qs)
1 Layer 0.0153 0.0134 0.0122
2 Layer 0.0307 0.0268 0.0244
3 Layer 0.0460 0.0402 0.0366

Confinement ratio (qc)
1 Layer 0.3568 0.2729 0.2256
2 Layer 0.7136 0.5458 0.4511
3 Layer 1.0704 0.8187 0.6767
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It is clear from Table 3 that a lower confinement ratio produced
more noticeable softening/hardening behavior. However, Csuka
and Kollar [11] showed that different stiffness ratios produced
monotonic or softening/hardening behavior despite that they had
the same confinement ratio. In relation to the confinement ratio,
several previous studies have raised the issue of insufficient con-
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finement. Mirmiran et al. [13] reported that the stress of confined
concrete at the ultimate strain falls below f 0co when the confine-
ment is insufficient. The criterion for a circular specimen was
fl=f 0co < 0:15. Later, Spoelstra and Monti [14] suggested a lower va-
lue, fl=f 0co < 0:07, using their analysis-oriented model. In Table 3, all
confinement ratios were larger than both criteria, and all curves in
Fig. 5 showed larger ultimate strengths than the unconfined peak
strength. The confined concrete specimens in this study thus had
sufficient confinement, although a few specimens had low
stiffness.

The bulge of the concrete cylinder in the lateral direction varied
according to the height of the specimen, indicating that the devel-
oped stresses in the wires were different. If the difference in the
stress between two adjacent wires became larger than the fric-
tional resistance of the concrete surface to the movement of wires,
stress redistribution might occur. The wire-stress at the middle of
the specimen would then decrease and the strength increment
would be weakened. Strength degradation did not occur for the
concrete confined by FRP sheets or tubes, however, as the stress
redistribution was not observed.

The application of epoxy provided shear resistance between the
wires and prevented stress redistribution between wires. There-
fore, the epoxy applied specimens were expected to show larger
peak strength than the non-epoxy applied specimens. This hypoth-
esis was clearly verified for the single layered specimens of 25F and
35F: the epoxy applied specimens showed 6% larger peak strength
than the non-epoxy applied specimens. However, the hypothesis
was not suitable for the cases of high strength concrete and/or
multi-layered confinement. For the multi-layered jackets, inner
wires were subjected to pressure from the outer wires, and stress
redistribution was impeded. For high strength concrete, the failure
strains of FRP wires were relatively small compared with those of
low or middle strength concrete, and the wire-stress at the middle
of the specimen did not fully reach the ultimate strain. It appears
that the early failure of FRP wires did not produce a sufficient
stress-difference between wires to generate stress redistribution.

3.2. Circumferential and volumetric behavior

Circumferential strain was estimated by dividing the measured
circumferential deformation by the perimeter of a specimen. The
curves of axial stress versus circumferential strain are shown in
Fig. 5. The curves also showed bilinear behavior except for the case
of the softening/hardening behavior; this was similar to the behav-
ior of concrete confined by a FRP sheet or tube.

The failure strains in the circumferential direction, as indicated
in the fifth column of Table 2, generally decreased with increasing
amount of FRP-wire confinement. In addition, the circumferential
failure strains were smaller than the ultimate tensile strain of the
FRP wire; this also corresponded to previous studies of FRP sheet
or tube confinement. The circumferential failure strain showed a
tendency to decrease with increasing confinement and peak
strength of the unconfined concrete, and the ratios of the circum-
ferential failure strain to the ultimate tensile strain of the FRP-wire
ranged from 55% to 90%. Xiao and Wu [15] conducted compressive
tests of concrete confined by FRP sheets and indicated that the cir-
cumferential failure strains were approximately 50–80% of the
rupture strains obtained from tensile coupon tests. Lam and Teng
[16] also investigated the circumferential failure strains of concrete
confined by FRP sheets reported in several studies, including Xiao
and Wu’s study [15], and obtained a similar tendency to the above
range with an average value of 63%. The present results are consis-
tent with those of previous studies.

The epoxy application appeared to increase the circumferential
failure strain for single-layered jackets due to restriction of stress
redistribution. However, for multi-layered jackets, the effect was
not observed clearly. As previously mentioned, for multi-layered
jackets, the inner jacket was pressured by the outer jackets, which
prevented stress redistribution.

The volumetric strain of concrete during the compressive test of
a cylinder can be calculated using the axial and circumferential
strain as follows:

evol ¼ e1 þ e2 þ e3 ¼ eaxial þ 2ecir ð7Þ

where e1 is the axial strain, and e2 and e3 are lateral strains in the
lateral directions, which are the same as the circumferential strain.
When e1 takes a positive sign and the others are negative, volumet-
ric strain evol is positive for a volume reduction (compaction) or neg-
ative for a volume increase (dilation). It is well known that the
volumetric strain of unconfined concrete shows compaction almost
linearly up to 75–90% of the peak strength. At this point the direc-
tion of the volume change is reversed, resulting in a volumetric
expansion near or at the peak strength. For confined concrete, Sam-
aan et al. [17] compared the volumetric behaviors of FRP-confined
and steel-confined concrete. They indicated that steel-confined con-
crete showed abrupt volume expansion with yielding of steel. How-
ever, for FRP-confined concrete, the volumetric behavior is totally
different from that of steel-confined concrete, since the circumfer-
ential stress of the FRP increases linearly up to its rupture point.
Mirmiran and Shahawy [18] measured the volumetric response of
FRP-confined concrete with varying amounts of FRP confinement
and indicated that lateral expansion of concrete can be effectively
diminished with an adequate amount of FRP confinement.

The volumetric strains of full FRP wire-confined concrete are
shown in Fig. 6 with the normalized axial stress f 0cc=f 0co, which is
the ratio of the peak strength of confined concrete to that of uncon-
fined concrete. In Fig. 6a, for the 25F specimen, the volumetric
strain of the single-layered specimen changed from compaction
to dilation at an axial stress above the peak strength of unconfined
concrete, and the dilation increased continuously until failure. The
double-layered specimen reversed the dilation but failed in the
expansion region. However, the triple-layered specimen curtailed
the expansion of volume effectively, as also reported by Mirmiran
and Shahawy [19], and the dilation was reversed at a normalized
axial stress of approximately 2.1. The specimen failed in the com-
paction zone. However, the triple-layered specimen in the 35F
specimens permitted slightly more dilation, although it reversed
the dilation. In addition, in the 45F specimen, the triple-layered
specimen failed to control the expansion of volume. It was ob-
served that the same amount of FRP wire confinement showed dif-
ferent volumetric behavior according to the type of concrete.
Therefore, the volumetric behavior of confined concrete was af-
fected by properties of the concrete and external jacket. To explain
this, Mirmiran and Shahawy [18] introduced the stiffness ratio,
which has been defined already in the above. However, they used
f 0co instead of Ec, since Ec is a function of f 0co. This study used the stiff-
ness ratio defined in Eq. (4). When a stiffness ratio of a FRP wire
jacket was relatively small, the volume of the specimen expanded
until it was failed. However, the sufficiently large stiffness ratio re-
stricted the volume expansion. For 25F specimens in Fig. 6a, the
single-layered specimen increased volumetric strain until its fail-
ure while the triple-layered specimen effectively restrained the
volume expansion. In Fig. 6, the double-layered jacket of 25F and
35F specimens reversed the volume expansion but did not enter
contraction zone at failure; for the two cases, the stiffness ratios
were 0.031 and 0.027, respectively. Additionally, the triple-layered
45F specimen showed the similar behavior as other 45F specimens
with the stiffness ratio of 0.037. The triple-layered 35F specimen
has the lowest stiffness ratio of 0.04 associated with the effective
restriction of the volume expansion. From the observation, it ap-
pears that a marginal stiffness ratio for restraining volume-expan-
sion ranges between 0.037 and 0.04. The specimens with a double-
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Fig. 6. Volumetric behavior of FRP wire-confined concrete.
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layer of 25F and 35F and a triple-layer of 45F, respectively, had
high stiffness ratios but failed to restrict the volumetric expansion.
The stiffness ratio limit for restraining volumetric expansion has
not yet been investigated and further study is required.

The volumetric behaviors of epoxy applied specimens are com-
pared with those of non-epoxy applied specimens in Fig. 6d. For
the single and double-layered specimens, the epoxy applied and
non-epoxy specimens showed almost the same behavior. For the
triple-layered specimen, the epoxy applied specimen showed
somewhat effective compaction at around the failure point. In gen-
eral, epoxy application on the outer surface of the FRP-wire jacket
appeared not to significantly affect the volumetric behavior of FRP-
wire confined concrete.

3.3. Failure mode

The FRP wire-confined concrete cylinders showed different
types of wire-fracture according to the application of epoxy as
shown in Fig. 7. When epoxy was applied on the outer surface of
(a) 45F-1-1E (b) 25F-1-3N

Fig. 7. Fracture-types of FRP w
the FRP wire, a bundle of wires at the mid-height of the specimen
was fractured simultaneously due to circumferential tension (see
Fig. 7a). This is the most common failure mode for concrete con-
fined by FRP sheets [16,20]. For non-epoxy application, the sin-
gle-layer wire fractured at a single point and unfastened (see
Fig. 7b). However, for multiple layers, the wire fractured at mul-
ti-points simultaneously at the mid-height of the specimen (see
Fig. 7c), since the specimen failed abruptly due to expansion at
the mid-part.

Fig. 8 shows the failure types of interior concrete. These are
classified into two categories: (1) the crushing at the mid-part
without separation into several parts: and (2) fracture with large
horizontal cracks including crushing at the mid-part. The first type
corresponded to the class of specimens with softening/hardening
behavior. In this case, the failure of concrete occurred at the local
maximum point of the curves, and the concrete was totally crushed
at the local minimum point. After that, the hardening behavior was
due to the elasticity of the FRP wire. However, for the second type,
the failure of concrete occurred at the end of the transition of the
(c) 45F-3-3N

ire jacketed specimens.



Type 25F 35F 45F

1 layer

2 layer

3 layer

Unconfined

Fig. 8. Failure types of inside concrete.
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curves, and the interior concrete was confined effectively by the
FRP wire jacket. Then, the FRP wire jackets fractured abruptly at
the mid-part, and the concrete at this region then expanded
abruptly, which caused contraction in the axial direction due to
Poisson’s effect and large horizontal cracks. The second failure type
occurred in the specimens in which volumetric expansion was re-
strained effectively. Therefore, the failure type of interior concrete
appeared to be related to the stiffness ratio. For the second case,
another presumption is possible. These horizontal cracks were
caused by shearing which developed from sudden expansion of
the concrete due to confinement ruptures at one side while the
FRP jacket was still working in hindering expansion of concrete
at the other side of the crack.

The single-layered specimen of 45F with a low stiffness ratio
showed a large diagonal crack that was similar to the crack pattern
of the unconfined concrete. The diagonal or vertical crack disap-
peared with increasing stiffness ratio, and mid-part crushing
developed.

3.4. Partially jacketed specimens

The stress–strain curves for partially jacketed specimens in the
axial and circumferential directions are shown in Fig. 9. Addition-
ally, the figure presents a comparison of volumetric strains be-
tween fully and partially jacketed specimens. The corresponding
values are presented in Table 4. The peak strengths of the partially
jacketed specimens were smaller than those of the fully jacketed
specimens. For the 230 mm case, the average peak strength was
94.8% of that of the fully jacketed specimens, and the value for
the 180 mm case was 68.1%. Also, the percentage of ultimate
strains was 76.9% and 71.0% for the 230 and 180 mm cases, respec-
tively, compared to the full-jacket case. In Fig. 9a, the 230 mm jack-
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Table 4
Peak strength and ultimate strain of partially jacketed specimens.

Type f 0cc (MPa) ef (%) f 0cc=f 0co ef,cir (%) Plain concrete

35P-230-1E 99.11 2.71 2.10 1.69 f 0co ¼ 47:16 MPa
eco = 2.52 � 10�335P-230-2E 108.3 2.46 2.30 2.11

35P-230-3N 103.2 2.31 2.19 2.12
35P-180-1E 87.93 2.44 1.86 1.40
35P-180-2E 88.25 2.56 1.87 1.50
35P-180-3N 96.93 1.89 2.06 1.84
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et specimens followed the equal path of the fully jacketed speci-
men up to the beginning of the transition zone. However, the slope
of the second linear zone was slightly smaller than that of the fully
jacketed specimen. This means that the 230 mm jacket was less
effective in terms of confining concrete after the transition zone,
with propagation of a dilation region toward the ends of the spec-
imen. The 180 mm jacketed specimens showed smaller stress at
the transition zone than that of the fully jacketed specimens as
well as the softening and subsequent hardening behavior men-
tioned previously. The cause of the two observations was the rela-
tively low stiffness ratio of the 180 mm jacketed specimens. Fig. 10
shows the failure modes of the partially jacketed specimens. The
180 mm jacket fractured at the end of the specimen including
the junction region of the partial jacket. Therefore, the stress
started to decrease at an earlier time point than for the fully jack-
eted specimen, and failure at the end zone also occurred earlier;
these two factors caused a drastic decline of the peak strength.
For the 230 mm jacket case, the initial decrease of the stress did
not occur. However, the fracture developed around the mid-height
of the specimen including the junction of the partial jacket, result-
ing in earlier fracture. Therefore, the 230 mm jacketed specimen
showed similar peak strength to that of the fully jacketed speci-
men. The volumetric strain curve for the 230 mm jacket specimen
followed the curve for the full-jacket specimen after the transition
zone but showed slightly larger expansion at around the failure
point. However, the 180 mm jacket specimen expanded at smaller
stress as compared to the full or the 230 mm jacket specimen.
Therefore, the 180 mm jacket did not restrain the expansion of
concrete in the first linear zone, as shown in Fig. 9c.
4. Analysis of confinement effectiveness

4.1. Confinement effectiveness

Most of the existing models to estimate peak strength of con-
fined concrete have adopted the following form:

f 0cc

f 0co
¼ 1þ k1

fl

f 0co
ð8Þ

where k1 is the confinement effectiveness coefficient. The equation
was first suggested by Richart et al. [21], and Fardis and Khalili [22]
noted that the model could be used for FRP-confined concrete. Ri-
chart et al. [21] estimated a k1 of 4.1 for actively confined concrete,
and Miyauchi et al. [23] reported a k1 of 2.98 for FRP-confined con-
crete; in the models, k1 was a constant. In other models, k1 was a
function of fl=f 0co [24–26] or fl [17]. This study adopted the model
with a constant k1, since the model is simple and favorable to com-
pare the confinement effectiveness of the FRP wire jacket with the
results of other studies.

Table 3 and Fig. 11 show the calculated confinement ratios and
the regression results, respectively, for all specimens. Comparing
the confinement effectiveness according to the peak strength of
unconfined concrete, the values of k1 were estimated as 2.78,
2.46, and 2.10 for the 25F-, 35F-, and 45F-specimens, respectively.
Therefore, the confinement effectiveness for lower peak strength
concrete was better; the k1 value of 25F-specimen was larger by
32.5% than that of the 45F-specimen. Using all data, k1 was esti-
mated as 2.55. Lam and Teng [27] suggested a k1 of 2.0 for concrete
confined by FRP sheets based on a wealth of experimental data.
However, the proposed value was too conservative, and the aver-
age value of the used data was 2.62 with very large scatter. There-
fore, the k1 of the FRP wire jacket in this study is similar to that of
FRP sheet jackets in previous studies.

4.2. Circumferential rupture strain

In general, the rupture strains ejr of concrete confined by FRP
sheets in the circumferential direction are smaller than the ulti-
mate strains efu obtained from tensile coupon tests; the rupture
strains are approximately 60% of the ultimate strains [16]. This
study observed the same phenomenon in concrete confined by a
FRP wire jacket. For FRP sheet jackets, the causes were posited to
be (1) stress concentration in cracked concrete leading to localized
strain and premature rupture of FRP sheets [28]; and (2) the curva-
ture effect of FRP sheets on the tensile strength of FRP. The first
cause is only valid when bonding between FRP and concrete is se-
cured. However, for the FRP wire jacket in this study, there was no
epoxy between the FRP and concrete, and bonding was not pro-
vided- only friction existed between them. If the difference be-
tween the stress in cracked concrete and the stress in other parts
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becomes larger than the frictional force, stress redistribution in the
FRP wire occurs, which reduces the peak stress in the wire. Since
the frictional force increases with increasing tensile force in FRP
wire, the frictional force, after a critical point, can prohibit stress
redistribution in the wire, and the wire may be ruptured due to
stress concentration. Therefore, it appears that the first cause is
partially valid for the FRP wire jacket. However, the second cause
cannot be applied for the wire, since wire does not have bending
rigidity related to curvature. It can be explained that the concrete
specimen was fractured explosively and the stress was dropped
suddenly; the FRP wires were fractured at the ultimate tensile
strain due to the sudden expansion of the concrete; however, the
stress–strain curve was truncated at the peak strength; and thus
the failure strain of the FRP wire was smaller than its ultimate ten-
sile strain. The previous study also indicated in situ properties
which includes the misalignment or damage to jacket fibers during
handling and lay-up; the inclusion of residual strains during lay-up
resulting from flaws in the substrate concrete, uneven tension dur-
ing lay-up, or temperature, creep, and shrinkage incompatibility
between the concrete and FRP jacket; and the cumulative probabil-
ity of weaknesses in the FRP material since jackets are much larger
than tensile coupons [28]. FRP wire jackets can eliminate all the
in situ properties which may induce earlier rupture of FRP sheet
jackets.

Fig. 12 shows the ratio of FRP rupture strains in the circumfer-
ential direction to the ultimate strain of the FRP wire. The rupture
strains decreased with increasing amount of FRP wire and the peak
strength of unconfined concrete. The range varied from 55% to 90%,
and the average of all data was 69.5%, which is slightly larger than
the corresponding value of concrete confined by FRP sheet jackets.
When the ratios were displayed with confinement ratios, a large
scatter was observed, which corresponded to the results for FRP
sheet jackets [16].

Based on the above observations, Lam and Teng [16] suggested
the use of the actual confining pressure fl,a to estimate the confine-
ment effectiveness in Eq. (6); fl,a was calculated using the FRP rup-
ture strains measured from experimental tests. Fig. 13 shows the
regression results for each type of specimen and data of all speci-
mens. The values of k1 were 3.82, 3.65, and 3.51 for the 25F, 35F,
and 45F specimens, respectively. k1 for all data was estimated as
3.71. Lam and Teng [16] indicated that k1 increased to 3.3 from
2.0 for FRP sheet jackets when the actual confining pressure was
used. Therefore, the k1 value of 3.71 for the FRP wire jacket was
close to that of the FRP sheet jacket. In Fig. 13, the difference be-



Fig. 12. Ratio of rupture strain of confined concrete in circumferential direction to
ultimate strain of FRP wire as function of (a) peak strength of unconfined concrete
and (b) confinement ratio of confined concrete.
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tween the k1 s of the 25F and 45F specimens was 8.7%; the corre-
sponding value in Fig. 11 was 32.5% using the ultimate strain of the
FRP wire. This indicated that the actual confinement effectiveness
was the same regardless of the peak strength of unconfined
concrete.

5. Discussion and applicability

The general behavior of concrete confined by a FRP wire jacket
was similar to that of concrete confined by a FRP sheet jacket.
Fig. 13. Estimation of confinement effective
However, the installation method of the FRP wire jacket was differ-
ent from that of the FRP sheet jacket. The FRP sheet jacket should
be attached on concrete using an adhesive such as epoxy, which in-
duces bonding action between FRP and concrete. In this case, stress
concentration in the FRP sheet developed in the vicinity of cracked
concrete. For the FRP wire jacket, the wire is stretched with a small
amount of tensile force and is wrapped around concrete without
the use of adhesive. This process can be conducted manually or
by a special machine which is similar to a yarn roller. Both cases
are easier than the attachment of FRP sheets on concrete with
adhesive by totally man’s work. Considering speed of installation
and used materials, the winding method of FRP wires would be
more cost-effective than attaching FRP sheets.

This study applied epoxy on the whole outer surface of the FRP
wires; this aimed to prevent stress redistribution of the wires due
to stress difference between wires. The stress redistribution may re-
duce the confining effect of the wires and this was verified through
an experimental test [3]. However, as illustrated in Table 2, the
epoxy application did not increase the peak strength significantly
comparing with the non-epoxy application. Epoxy is temperature
susceptible and the epoxy application consumes installation time
and increases installation cost. Therefore, the epoxy application on
the outer surface of FRP wires is not recommended.

The holding method in this study worked well for the test of
concrete cylinders, since the dilation at the end of the concrete cyl-
inder is relatively small and the developed strain in the wire is also
small. Therefore, the holding action of epoxy can endure tensile
force due to the compressive test. If the end of the wire is placed
at the location of large dilation, the epoxy holding may fail, as
shown in the partial jacket of 180 mm. In RC columns, the largest
dilation develops at the bottom of the column, where the end of
the wire should be placed. Therefore, the epoxy holding method
may not be applicable, and other holding method should be taken
into account. FRP wire can be easily wound around RC columns
using a winding machine, and this method is much more effective
than manual attachment of FRP sheets using an adhesive. Conse-
quently, the FRP wire jacket appears to be very effective for circular
RC columns as a seismic retrofitting scheme.
ness using actual confining pressure fl,a.
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6. Concluding remarks

This study proposed the use of FRP wire for external jackets of
concrete and suggested an installation method to wind the FRP
wire on the concrete surface. This study also conducted axial com-
pressive tests of concrete cylinders to investigate the confining
effectiveness of a FRP wire jacket with three variables: the amount
of FRP wire, the peak strength of unconfined concrete, and the
application of epoxy. The FRP wire jackets successfully increased
the peak strength and failure strain of confined concrete. As the
case of the FRP sheet confined concrete, the axial stress–strain
curves of the FRP wire confined concrete showed typical bilinear
behavior. However, when the stiffness ratio of the FRP wire jacket
was not sufficient, the behavior showed local maximum and min-
imum points and, thereafter, increased the stress up to the failure
point. The limit of the low stiffness ratio suggested by a previous
study generally corresponded to the observations of the FRP wire
confined concrete.

The rupture strain of the FRP wire jacket in the circumferential
direction ranged from 55% to 90% of the ultimate strain obtained
from the tensile test of the FRP wire. The observations were consis-
tent with those of the FRP sheet jacket. This study discussed the
causes of early fracture of the FRP wire based on the stress redistri-
bution of the wire and described the volumetric behavior of FRP
wire confined concrete with the stiffness ratio. It was observed that
a stiffness ratio of 0.04 was a marginal value to restrain volumetric
expansion.

The failure of the FRP wire confined concrete occurred at the
mid-height of the cylinders and the wires at mid-height ruptured
simultaneously when the epoxy was applied outside of the FRP
wire. However, the wire without epoxy application fractured at a
single point and released. Epoxy application on the outside surface
of the FRP wire jackets did not significantly affect the behavior of
the FRP wire confined concrete, although the epoxy application re-
strained the stress redistribution in the wire.

The partially jacketed specimens showed smaller peak strength
than the corresponding fully jacketed specimens. In addition, the
end of the partial jacketing portion was fractured when the length
of the partial jacket was relatively small. Therefore, the partial
jacket appeared to show a smaller stiffness ratio compared to the
full jacket of the FRP wire.

The confinement effectiveness of the FRP wire jacket was esti-
mated as 3.71 using the actual confining pressure, which was cal-
culated with the actual rupture circumferential strain of
specimens. The estimated value was similar to that obtained for
FRP sheet jackets. The confinement effectiveness became large
with smaller peak strength of concrete when the ultimate tensile
strain of the FRP wire was used to calculate the lateral confining
pressure of the wire. However, if with use of the actual rupture
strain, the confinement effectiveness was similar regardless of
the peak strength of concrete.
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