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Abstract

Axial compression test was conducted to investigate the effect of confinement on plain concrete cylinders by wrap-
ping polyethylene naphthalate fiber reinforced polymer (PEN FRP) with large rupture strain (LRS) capacity. To draw
comparison on the confinement effect by PEN FRP wrapping, the confining effect by basalt FRP (BFRP) wrapping was
also investigated. A total of 25 tests was completed. Test variables were two different FRP composites (PEN FRP, BFRP)
and number of FRP layers (1, 2, 3 layers of PEN FRP and 2, 4, 6 layers of BFRP) in the main confinement tests (21 tests).
In the additional confinement tests, the test variable was overlap length of PEN FRP (four tests). Confinement by BFRP
and LRS PEN FRP was both effective as demonstrated by continuously ascending stress—strain relationship of the con-
fined concrete. The PEN FRP wrapped concrete deformed more both axially and laterally to develop strength equiva-
lent to that of the BFRP wrapped concrete. A simplified procedure for rational modelling of stress—strain relationship
of the confined concrete was suggested. The suggested procedure is applicable for both BFRP and PEN FRP confined

circular concretes on condition that basic confinement test data specific to the FRP composite are provided.
Keywords: basalt fiber, PEN fiber, large rupture strain, confinement, concrete cylinder, modelling

1 Introduction

The confinement effect on concrete by fiber reinforced
polymers (FRP) such as carbon FRP (CFRP), glass FRP
(GFRP), and aramid FRP (AFRP) has been investigated
since o/a 1980 (Kurt 1978; Fardis and Khalili 1981). Many
researchers concentrated on the effect of confinement
and the modelling of the stress—strain behaviour of the
FRP-confined concrete using concrete cylinders and
prismatic specimens with square and rectangular cross
sections. FRP wrapping can be used for the external con-
finement of RC columns when the existing transverse
reinforcement detail is not proper or poor. FRP provides
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a concrete column under compression with a triaxial
stress state. The confined concrete fails at a larger axial
strain than that of the unconfined concrete. At the same
time, the lateral pressure provided by the FRP increases
the compressive strength of concrete. As a result,
enhanced stress—strain behavior of the confined concrete
is achieved.

Recent advances of polymer engineering provide broad
range of fibers with different engineering properties, and
possible application of the new fibers other than carbon
fiber, glass fiber, and aramid fiber (hereinafter called
“more conventional fibers”) in civil engineering discipline
are drawing attention. During the last decade, a new class
of fibers with large rupture strain (LRS) capacity such as
polyethylene terephthalate (PET) fiber and polyethylene
naphthalate (PEN) fiber with about 4.5-15% ultimate
rupture strain has emerged, while more conventional
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fibers typically have 1-3% ultimate rupture strain (Ang-
gawidjaja et al. 2006; Dai et al. 2012; Choi et al. 2015;
Zhang et al. 2017). For example, thin bi-axial PET fiber
sheet is often used as geotextile fabric. PET fiber has very
low elastic modulus (about 1/20th of steel), good tensile
strength at relatively large strain, and ultimate tensile
strain of about 15%. PEN fiber has higher elastic modulus
than PET fiber, good tensile strength, and ultimate strain
of about 8%. Both PET and PEN fibers have nonlinear
stress—strain relationship.

In this study, PEN FRP was used to confine plain con-
crete cylinders to investigate the effect of confinement.
The PEN FRP was chosen over the PET FRP as prelimi-
nary investigation showed that the PEN fiber is more
durable than the PET fiber especially in wet and alkaline
environment. To draw comparison on the effect of con-
finement on concrete by LRS PEN FRP, basalt fiber rein-
forced polymer (BFRP) was chosen because of relatively
few existing research on the confinement effect by BERP.

Basalt fiber, which is also relatively new to civil engi-
neering application, is produced from basalt rocks and
has chemical composition and material properties similar
to those of glass fiber (Prasad and Talupula 2018). Basalt
fiber has excellent thermal resistance such that it can
be used as insulating material replacing asbestos which
poses health hazards by damaging respiratory systems
(Singha 2012). Basalt fiber shows linear-elastic stress—
strain behavior. Table 1 summaries physical properties of
various fibers often used in civil engineering. The stress—
strain plots of the various fibers determined by authors
are shown in Fig. 1.

2 Research Background and Objectives

During the last decade, several researchers have per-
formed research using PET FRP and/or PEN FRP for
the purpose of concrete confinement. Dai et al. (2011)
investigated the behavior of 42 FRP wrapped concrete
cylinders, that consisted of 36 AFRP, PET FRP or PEN
FRP confined concrete cylinders and six control cylin-
ders. Test variables were different fibers (AFRP, PET FRP,

Table 1 Physical properties of various fibers.
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Fig. 1 Stress-strain relationship of various fibers.

PEN FRP) and number of FRP layers (1, 2, 3 plies). Under
compressive loading, all AFRP-confined specimens failed
by tensile rupture of AFRP jacket because of hoop ten-
sion at about 3% strain. All PEN FRP confined specimens
failed also by tensile rupture of PEN FRP jacket at larger
hoop tensile strain over 4%. PET FRP-confined speci-
mens either failed by delamination between plies or hoop
tensile rupture of PET FRP. They have concluded that
both PET FRP and PEN FRP can enhance the ductility of
the LRS FRP-confined concrete substantially because of
large rupture strain with a smaller increase in compres-
sive strength compared with conventional FRP. They also
proposed an analytical model for the stress—strain behav-
ior of LRS FRP-confined cylindrical specimens based on
the existing model by Jiang and Teng (2007).

Saleem et al. (2018) tested a total of 54 prismatic speci-
mens that consisted of circular, square, and rectangular
cross sections wrapped by PET FRP. Test variables were
number of PET layers (1, 2, 3 layers) and corner radius
of square or rectangular cross sections. Axial stress-lat-
eral strain response of PET FRP-confined circular speci-
mens was bilinear with a transition zone between the
two almost straight segments, while it was trilinear in
case of square and rectangular specimens. They observed
that the lateral strain-axial strain response of PET

Type Tensile strength Rupture strain Elastic modulus Density (g/mm?3) Remarks
(MPa) (GPa)

Carbon fiber 1970 0.012 169.0 0.0018

Aramid fiber 2209 0.028 80.1 0.0014

Glass fiber 792 0018 450 0.0025

Basalt fiber 1226 0.019 684 0.0027

PEN fiber 842 0.090 17.5 0.0014 Nonlinear o-¢ relationship
PET fiber 613 0.150 7.1 0.0014 Nonlinear o—¢ relationship

Average values from 10-12 tensile tests.
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FRP-confined circular specimens is not well predicted by
existing models.

BF wrapping on concrete also has been studied recently
(Ludovico et al. 2010; Campione et al. 2015; Sadeghian
and Fillmore 2018; Ma et al. 2018). Ludovico et al. (2010)
used bidirectional basalt laminates preimpregnated with
epoxy resin or latex and then bonded with a cement-
based mortar (BRM) to confine 23 concrete cylindrical
specimens. The BRM confining system could provide a
substantial gain both in compressive strength and ductil-
ity of concrete members.

Campione et al. (2015) studied the behavior of concrete
cylinders externally wrapped by basalt fiber under both
monotonic and cyclic compression. Due to very thin bi-
axially woven BF sheet used by the authors, the speci-
mens confined with one or two layers of BF showed strain
softening behavior with small increases in resistance and
a significant increase in ultimate strain. The specimens
confined with three layers of BF showed temporary sof-
tening right after the peak followed by a plastic-like sta-
bilized stress—strain behavior. They concluded that BFRP
confinement was able to stabilize post-peak behavior of
extensively cracked concrete even for low confinement
ratio.

Sadeghian and Fillmore (2018) used unidirectional BF
to test twelve cylinders wrapped with 2, 4, 6 layers of
BFRP. Wrapping the plain concrete cylinders with 2, 4,
6 layers of BFRP increased the strength with a factor of
1.41, 1.92, and 2.36, respectively. They especially inves-
tigated the distribution of hoop strains using six strain
gauges at mid-height of the cylinder under axial com-
pression. Difference of hoop strains between the overlap
and the non-overlap regions was not significant and the
average strain could represent the overall dilation of the
specimens.

From above, it is understood that Dai et al. (2011) first
presented the behavior and the numerical modeling of
concrete cylinders confined by LRS PEN/PET ERP while
Saleem et al. (2018) concentrated on comparison of the
stress—strain behaviors of the prismatic specimens with
circular, square, and rectangular cross sections confined
by PET FRP. Saleem et al. also compared the predictions
of lateral strain-axial strain response by existing models
with the experimental results of PET FRP-confined cir-
cular specimens. They, after comparison of the existing
models and their test data, concluded that the existing
models were unable to predict well the lateral strain-axial
strain response of PET FRP-confined circular specimens.
The model by Dai et al. provided good prediction in case
of moderately confined specimen, but underestimated
the lateral strains in case of more heavily confined speci-
mens (by Dai et al.,, the axial-to-lateral strain relation-
ship in the existing model by Jiang and Teng (2007) was
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modified as it was originally proposed based on the test
results of concrete confined with conventional FRPs).
Saleem et al. suggested that further refinement in the lat-
eral strain-axial strain relationship is needed. There is a
clear need for additional research that expands data on
the behavior of concretes confined by LRS PEN FRP to
facilitate the application of this new class of LRS fiber. In
addition, although many analytical modeling methods
have been suggested, there is a need for refinement espe-
cially for the application of LRS FRP.
The objectives of this research are as follows:

— Expand test data on confinement effect of low to nor-
mal strength concrete by LRS PEN FRP as well as by
BERP;

— Compare and identify the differences, if any, in the
behavior of the concretes confined by LRS PEN FRP
and more conventional BFRP including stress—strain
relationship, failure mode, and effectiveness of fibers;

— Investigate the overlap length of LRS PEN FRP; and

— Suggest a simplified modeling method of FRP-con-
fined concrete.

Use of LRS FRP can be effective for the seismic
strengthening of RC structures and members as it dem-
onstrates significant ductility and energy absorption
capacity. It is shown in this paper that the current sim-
plified design oriented modeling approach gives a good
prediction of stress—strain relationship of concretes
confined by LRS PEN FRP as well as more conventional
BERP. The varying overlap lengths have been tested in an
attempt to suggest a proper length for the LRS PEN FRP.
It is also noted that the FRP efficiency factor has been
often reported as a fixed value specific per fiber type. It
will be shown that the FRP efficiency factor may vary for
the LRS FRP depending on the level of lateral confine-
ment and the failure mode such as debonding failure.

3 Material Properties and Test Preparation

3.1 Fibers and Adhesive

Inorganic basalt continuous filaments are produced from
basalt rocks by melting and extrusion process similar to
that of glass fiber filaments. The physical properties of BF
vary depending on the source rock as mineral level and
chemical composition can differ significantly from one
location to another (Singha 2012). On the other hand,
synthetic PEN fiber is a thermoplastic polymer of the
polyester family. Figure 2 shows a spool of BF roving and
a roll of uniaxial PEN fiber sheet used in this study.

The material properties in tension of BF roving, PEN
fiber roving, PEN fiber sheet, and PEN FRP (PEN fiber
sheet +adhesive) were measured. Tensile tests of BF
and PEN fibers were performed following ISO 10406-2
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b PEN fiber sheet

a Basalt fiber roving
Fig. 2 BF and PEN fiber

(2015). In Table 2, the thickness of BF roving and PEN
fiber roving was determined from the cross-sectional
area and the width of each fiber roving.

The nominal cross-sectional area was determined using
density provided by the manufacturer and Eq. (1):

w

A=—.
pl

(1)
where A—cross-sectional area, mm? w—weight of test
specimen, g; p—density, g/mm?; /[—length, mm.

The mechanical properties of a two-part epoxy (adhe-
sive) used in this study in tension were determined fol-
lowing ASTM D638 (2008). The tensile properties of
BF, PEN fiber, and adhesive are summarized in Table 3.
Figure 3 shows stress—strain relationship of BF and PEN
fiber. In Table 3 and Fig. 3a BF roving has linear-elastic
stress—strain behavior with tensile strength of 1226 MPa,
ultimate rupture strain of 1.95% in tension, and elastic

Table 2 Physical properties of BF and PEN fiber.
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modulus of 68.4 GPa. PEN fiber roving has nonlinear
stress—strain relationship with strength of 822 MPa and
about 8% ultimate strain with a secant elastic modulus
of 17.4 GPa up to 1% strain: i.e. the elastic modulus of
PEN fiber is low (only about 1/4th of BF). The nonlinear
stress—strain behavior of PEN fiber was modeled using a
bilinear relationship as shown in Fig. 3b where the first
line connects the origin and the stress at 1% fiber strain.
The bilinear relationship shown in Table 3 and Fig. 3b
was later used for modeling stress—strain behavior of
concretes confined by PEN FRP (see clause 4.2).

3.2 Preparation for Confinement Test
3.2.1 Concrete Cylinders Used for Main Confinement Test
and Additional Confinement Test

To investigate the effect of confinement by BFRP- and
LRS PEN FRP-wrapping, 21 concrete cylinders with
150-mm diameter and 300-mm height were prepared
and tested including three Control cylinders, nine BFRP
wrapped cylinders, and nine PEN FRP wrapped cylinders
in the main confinement test program as summarized
in Table 4. Concrete with 20-mm nominal size crushed
coarse aggregate and 150-mm slump was cast using plas-
tic cylinder molds. All specimens were demolded after
one day and cured under water (T=20+3 °C). After
28-day wet cure, top surface of the specimen was lightly
ground to make even surface for compressive testing. The
28-day compressive strength of three replicate cylinders
was 23.5 MPa (average of three test results with a stand-
ard deviation of 0.16 MPa).

One of the objectives of this study was to investigate
the overlap length of LRS PEN FRP. After completion of

Type Density (g/mm3) Width (mm) Thickness (mm) Cross-sectional area Shape of cross-section
(mm?)

Basalt fiber roving 0.0027 4.00 0.113 045 Rectangular

PEN fiber roving 0.0014 237 0.840 2.00 Circular

Basalt fiber roving—KV41; uniaxial PEN fiber sheet—PEN600.

Table 3 Tensile properties of BF, PEN fiber and adhesive.

Type Strength (MPa) Rupture strain (%) E, E,
(GPa) (GPa)

Mean Standard deviation Mean Standard deviation

BF roving 1226 62.7 1.95 017 684 -

PEN fiber roving 822 18.1 8.03 0.51 174 8.30

PEN fiber sheet 842 259 9.01 0.71 17.5 833

PEN FRP 912 27.1 9.13 0.63 214 8.59

Adhesive 41 1.7 258 0.25 16 -

1. E,=secant modulus corresponding to 1% strain; 2. E,=slope of the second line for PEN fiber; 3. PEN FRP =PEN sheet + adhesive, amount of adhesive used for PEN

FRP is 100% of fiber by vol.; average of twelve tests for BF and ten tests for PEN fiber.
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Table 4 Type and number of tests: main and additional
confinement tests.

Test program Type No. No. of FRP
of cylinders  layers
Main confinement test  Control 3 -
BFRP wrap 9 2,4,6
PEN FRP wrap 9 1,23
Additional confine- Control PEN 1 -
ment test FRP wrap 3 2

1. Three replicate specimens for each test variable in main confinement test; 2.
in additional confinement test, the test variable was varying overlap length for 2
layers of PEN FRP confinement: overlap length =nil, 50 mm, 150 mm.

the main confinement tests, four additional confinement
tests were conducted as shown in Table 4 to evaluate the
effect of different overlap lengths using concrete cylin-
ders wrapped by two layers of PEN FRP. Test methods
were the same as the main confinement test except for
the compressive strength of the control concrete.

3.2.2 Fiber Wrapping

A total of four electronic strain gages of 60-mm length (a
set of two vertical strain gauges at 180° angle and another
set of two horizontal strain gauges at 180° angle, respec-
tively) were bonded on a concrete cylinder before fiber
wrapping at mid-height as shown in Fig. 4a. Test varia-
bles were two different FRPs (BFRP, PEN FRP) and num-
ber of FRP layers (2, 4, 6 layers of BFRP and 1, 2, 3 layers
of PEN FRP) in the main confinement test. The stiffness
of confinement by PEN fiber sheet 1, 2, and 3 layers is
similar to that by BF 2, 4, and 6 layers, respectively, as

shown in Table 5, where the stiffness of confinement E, is
defined by Eq. (2) as a function of fiber elastic modulus,
fiber thickness, and diameter of the concrete cylinder:

2Ery
E=— 2)
where E—modulus of elasticity of the fiber; #,—thickness
of fiber; D—diameter of concrete cylinder.

The fiber volume ratio for specimens confined by BF 2,
4, and 6 layers is 0.60%, 1.21%, and 1.81%, while that of
specimens confined by PEN 1, 2, and 3 layers is 2.25%,
4.5%, and 6.74%, respectively, in Table 5. Adhesive
amount of 100% and 200% by fiber volume was applied
on the PEN fiber sheet and the BF rovings, respectively.

//” N\
( )
X ,,//
"
|8
( 1
s
a Control b BFRP c PEN FRP
confinement confinement
Fig. 4 Concrete cylinder types.
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Table 5 Parameters of main confinement test.
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Fiber type No. FRP layers  Cylinder diameter (mm) E;(GPa) T;(mm) E, (MPa) Fiber vol. ratio
(%)
BF 2 150 684 0.226 206 0.60
4 0.452 412 1.21
6 0.678 618 1.81
PEN FRP 1 214 0.840 239 225
2 1.680 479 4.50
3 2520 719 6.74

Fiber vol. ratio=vol. of fibers/vol. of concrete per unit length.

From the fiber volume ratio, it can be seen that the PEN
FRP wrapping is thick (e.g. One layer of PEN FRP is about
2 mm thick). In Table 5, Effor the PEN FRP is used rather
than that of the PEN fiber sheet because the amount of
adhesive used for the PEN FRP is substantial due to high
fiber volume and so the effect of the adhesive needs to be
included.

Uniaxial PEN fiber sheet and BF rovings were cut in
predetermined lengths. Small amount of adhesive was
first applied on concrete cylinder surface prior to fiber
wrapping to fill micro voids on the surface and also to
improve bond between concrete and fibers. Concrete
cylinders were then manually rolled up on the PEN fiber
sheet or BF rovings placed on horizontal flat surface in
wet layup without any introduction of pretension force.
Whole height of a cylinder was wrapped except 10-mm
length at top and bottom ends of a cylinder, respectively.

All BFRP wraps had 50-mm overlap length based on
bond test results by one of the authors (Baasankhuu
2019). The overlap length varied for PEN FRP wrap-
ping: the overlap length for PEN fiber sheet 1 layer was
150 mm (about 1/3rd of the perimeter), 50 mm for 2 lay-
ers, and nil for 3 layers. The effect of the varying overlap
lengths for the PEN FRP confinement was evaluated by
additional confinement test, which was performed after
completion of the main confinement test.

3.2.3 Procedure of Confinement Test

Pure axial compression test was performed after 7 days
of adhesive hardening. A set of three linear variable dis-
placement transducers (LVDTs) with 50-mm gauge
length vertically mounted on a special compressometer
was used to measure axial displacements. In addition,
another set of three 50-mm LVDTs mounted horizon-
tally on the compressometer was used to measure dis-
pacements in the radial direction on concrete surface
for the Control specimens and on FRP in case of the FRP
wrapped specimens. The LVDTs were at 120° angle with
each other both horizontally and vertically as shown
in Fig. 5. 1200-kN capacity universal testing machine
(UTM) was operated in displacement control at a ramp

rate of 0.6 mm/min. A data logger connected to com-
puter was used for electronic data retrieval and storage
while the data acquisition rate was one data set per five
seconds.

4 Confinement Test Results

4.1 Results of Main Confinement Test

Both BFRP and PEN FRP were effective to increase axial
strength, axial strain as well as lateral strain (or hoop
strain) of the FRP-confined concrete over the unconfined
concrete in all confinement tests. Axial load data were
retrieved from load cell of the UTM while the LVDTs and
the strain gauges provided displacement and strain data,
respectively. The vertical LVDT readings were converted
to axial strains taking into account the LVDT gauge
length. The horizontal LVDT readings (displacements in
the radial direction) were converted to hoop strains using
principles of the mechanics of materials. At the same
axial load level, the strain readings from LVDTs were in
general a little larger than those from strain gauges. For
the interpretation of the test results, the strain gauge
reading were given priority and used as much as possible.
At large strain values, however, data from LVDTs were
also heavily utilized especially for the confinement by
LRS PEN FRP wrapping.

4.1.1 Stress-Strain Behavior of Confined Concrete

The confinement test results are summarized in Table 6
and also shown in Fig. 6 in terms of axial load versus
axial/hoop strain plots for BFRP- and PEN FRP-con-
fined specimens as well as Control specimens. It can
be seen that all BFRP and PEN FRP wrapping schemes
adopted in this study provided “sufficient confinement”
(or “hardening”) as demonstrated by continuously
increasing strengths with increasing axial and/or hoop
strains in Fig. 6 (ACI 440.2 2017).

In Table 6, the confinement by BFRP 2, 4, 6 layers
results in 35.2-62.5 MPa axial strength while that of
unconfined concrete is 24.8 MPa (average of three tests).
The confinement by PEN FRP 1, 2, 3 layers results in
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a Control cylinder
Fig. 5 Compression test under progress.

b BFRP wrapping

¢ PEN FRP wrapping

Table 6 Summary of FRP confinement test results.

Index  f;,(MPa) f/.(MPa) g,(m/m) g, (m/m) f ,€&,(MPa) gq&,(m/m) &, (m/m) f(MPa) f/f,, Failure
mode
C-C-1 250 0.0024
C-C2 24.6 0.0019
C-C3 24.8 0.0020
C-B2-1 37.0 0.021 256 0.0014 0.019 3.99 0.16 RP
C-B2-2 354 0.021 26.3 0.0010 0.021 4.39 0.18 RP
C-B2-3 332 0.020 232 n/a 0.023 4.79 0.19 RP
C-B4-1 479 0.027 255 0.0009 0.022 9.16 037 RP
C-B4-2 50.2 0.025 29.8 0.0006 0.019 7.64 0.31 RP
C-B4-3 489 0.025 29.6 0.0009 0.018 7.40 0.30 RP
C-B6-1 62.0 0.034 26.8 0.0011 0.020 1259 0.50 RP
C-B6-2 62.7 0.031 289 0.0008 0.022 13.80 0.55 RP
C-B6-3 629 0.031 28.0 0.0010 0.019 12.04 048 RP
C-P1-1 339 0.033 20.7 0.0011 0.032 451 0.18 DB
C-P1-2 339 0.034 22.8 0.0013 0.031 441 0.18 DB
C-P1-3 339 0.033 23.6 0.0009 0.038 5.09 0.20 DB
C-P2-1 420 0.035 266 0.0006 0.034 9.32 0.37 DB
C-P2-2 40.7 0.037 24.8 0.0012 0.040 10.62 042 D-R
C-P2-3 416 0.039 27.7 0.0005 0.046 11.75 047 D-R
C-P3-1 62.6 0.061 26.7 0.0008 0.067 2351 0.94 DB
C-P3-2 62.6 0.052 27.3 0.0009 0.043 16.67 0.67 DB
C-P3-3 62.6 0.054 279 0.0008 0.050 18.85 0.75 DB

Specimen index. C—circular cross section; B2, 4, 6—BFRP 2, 4, 6 layers; P1, 2,3 —PEN FRP 1, 2, 3 layers; 1, 2, 3—replicate no.; RP—FRP rupture; DB—FRP delamination;
D-R—delamination followed by FRP rupture.

33.9-62.6 MPa axial strength of the confined concretes
(average of three tests). The maximum axial strain is
0.021-0.032 m/m for BFRP wrapping and it is 0.033—
0.056 m/m for PEN FRP wrapping. The maximum hoop
strain for BFRP wrapping is 0.02-0.021 m/m and it is

0.034-0.053 m/m for PEN FRP wrapping.

Test results show that similar strength of the confined
concretes was attained by BFRP or PEN FRP wrap-
ping with similar stiffness of confinement E;: i.e. E; is
206-618 MPa for BERP and it is 239-719 MPa for PEN
FRP in Table 5. The axial strength of concrete confined
by the PEN FRP was achieved at much higher axial/hoop
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Fig. 6 Axial stress-axial/hoop strain plot of BFRP and PEN FRP confined concretes.

strains of the confined concrete than the BFRP wrapping
(or PEN FRP wrapped concrete deformed more later-
ally to develop axial strength equivalent to that of BFRP
wrapped concrete). All BFRP wrapped specimens failed
by rupture of BFRP in tension at about 2% hoop strain.
All PEN FRP wrapped specimens failed by delamination
between FRP layers or delamination followed by FRP
rupture in tension at about 3.5-6% hoop strain (aver-
age of three tests). The maximum hoop strain was typi-
cally much smaller than the PEN FRP’s ultimate rupture
strain of about 9% in tension due to FRP debonding (see
Table 3).

4.1.2 Strength Enhancement

It is well known that the strength improvement of con-
fined concrete can be expressed by Eq. (3) according to
early work by Richart et al. (1928):

foe =foo Ky (3)

where f/. is maximum stress of confined concrete, f, is
maximum stress of unconfined concrete, k1 is a coeffi-
cient used to express strength enhancement by confine-
ment, and f; is lateral confining pressure provided by
ERP.

The lateral confining pressure in Eq. (3) can be deter-
mined by Eq. (4):

_ %y

. @

fi

where f; is stress of FRP at maximum load,  is thickness
of FRP, and D is diameter of concrete cylinder.

In case of BFRP with linearly-elastic stress—strain
behavior, Eq. (4) becomes Eq. (5):

2Ererty
fi=—L )
where Ef is elastic modulus of FRP and & is effective
strain of FRP at fiber rupture.

In case of FRP with non-linear stress—strain relation-
ship such as PEN FRP, f; (stress passively developed in the
FRP by lateral expansion of concrete subjected to axial
compression) can be determined according to constitu-
tive relationship of the specific FRP (see Fig. 3b). Based
on nine test data on BFRP and PEN FRP, respectively,
linear regression analyses were performed to determine
k1 using Egs. (3) through (5) with results shown in Fig. 7.
Figure 7 shows that k;=2.88 for BFRP with coefficient of
determination R>=0.93 and k;=1.80 for PEN FRP with
R?>=0.90. k; of PEN FRP is smaller than that of BFRP
because of low elastic modulus of LRS PEN FRP.

4.1.3 Strain Enhancement and Ultimate Poisson’s Ratio

Wu et al. (2006) suggested that the ultimate Poisson’s
Ratio (defined as the ratio of lateral strain over axial
strain at the maximum load in confined and cracked
concrete) of sufficiently confined concrete tends to an
asymptotic value and the ultimate strain of FRP-confined
concrete could be predicted through calculation of the
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Fig. 8 Relationship of axial stress and Poisson’s Ratio of FRP-confined
concrete (Wu et al. 2006).

ultimate Poisson’s Ratio as shown in Fig. 8. In Fig. 8, Sa-1
is unconfined concrete, Sa-2 is concrete confined with
high-elastic modulus CFRP, while Sa-3, -4, -5 are con-
cretes confined by CFRP, GFRP, and AFRP, respectively. It
is clear that, in each experiment, the Poisson’s Ratio con-
verges to an asymptotic value at the peak for the confined
concrete.

Figure 9 shows test results in this study which show
that, with increasing lateral confining pressure f,, the
ultimate Poisson’s Ratio v tends to decrease. In Fig. 9, for
BERP that has high elastic modulus, the ultimate Pois-
son’s Ratio is sensitive to lateral pressure such that the
ultimate Poisson’s Ratio decreases rapidly with increasing
lateral pressure. On the other hand, for PEN FRP that has
low elastic modulus, the ultimate Poisson’s Ratio tends to
decrease with increasing lateral confining pressure. The
curve-fit shows an exponential function for the BFRP
and a linear equation for PEN FRP. The ultimate Poisson’s

Ratio of confined concretes is between 0.6 and 1.2 for
BFRP wrapping, and it is between 0.8 and 1.2 for PEN
FRP wrapping.

As shown in Fig. 9, the ultimate Poisson’s Ratio v
decreases with increasing lateral confining pressure f,
while f; increases with increasing elastic modulus and
effective strain of FRP at rupture in Eq. (5). The current
results show that the stiffness of FRP as well as ductility
of FRP (effective rupture strain) affect the ultimate Pois-
son’s Ratio significantly: i.e. both stiffness and ductility
of FRP influences the ultimate axial/lateral strain of the
confined concrete. This is an observation in line with
results of existing research (Lam and Teng 2003; Lorenzis
and Tepfers 2003; Teng et al. 2009).

The relationship between axial strain e, lateral
strain ¢, and the Poisson’s Ratio v at maximum stress is
expressed by Egs. (6) and (7) for BFRP- and PEN FRP-
confined concretes, respectively, using results of the
regression analyses shown in Fig. 9.

—04
v = 0.4981 </ff> . (6a)
04
gcc = 2.0g; (/ff> . (6b)
V= ¢&;/&c. (6¢)

where v is ultimate Poisson’s Ratio, f; is confinement
pressure, ¢; is hoop strain, and & is axial strain at maxi-
mum load.

v = 1.0246 — 0.0271 (ﬁ) (7a)
co
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(7b)

Ecc = €1/ <1.0246 —0.0271 </ff> )
co

4.2 Simplified Modeling for Stress-Strain Relationship
Many researchers proposed a theoretical model which
can be categorized as design oriented model (Nanni and
Bradford 1995; Toutanji 1999; Xiao and Wu 2000; Lam
and Teng 2003; Lorenzis and Tepfers 2003; Teng et al.
2009; Pham et al. 2013; Wu et al. 2006) and analysis ori-
ented model (Jiang and Teng 2007; Mirmiran and Sha-
hawy 1997; Spoelstra and Monti 1999; Karabinis and
Rousakis 2002; Becque et al. 2003; Binici 2005; Pellegrino
and Modena 2010; Cascardi et al. 2017). Toutanji (1999)
proposed a design-oriented model that consists of two
distinctive regions (or two curves). In the first curve, the
stress—strain relationship is similar to that of plain con-
crete since lateral expansion of concrete is small. In the
second curve, as the FRP wrap is fully activated, the stiff-
ness is stabilized around a constant rate. Xiao and Wu
(2000) suggested a bilinear model. Lam and Teng (2003)
proposed a model where the first part is Hognestad
parabola and the second part is a straight line. However,
Saleem et al. (2018) observed that the lateral strain-axial
strain response of PET FRP-confined circular specimens
is not well predicted by existing models. Dai et al. (2011)
proposed a modified analytical model for the stress—
strain behavior of LRS FRP-confined cylindrical speci-
mens based on existing model by Jiang and Teng (2007).
In this study, a simplified construction of the stress—
strain relationship of sufficiently confined concrete
is attempted using k;, Egs. (3) through (5), and axial
stress-Poisson’s Ratio relationship shown in Figs. 9
and 10. In the current approach of simplified modeling
which consists of one curve and one straight line, the

first curve can be modeled as suggested by Ahmad and
Shah (1982). The construction of the first curve has
been described elsewhere (Toutanji 1999; Ahmad and
Shah 1982). It is assumed that the first curve and the
second straight line meet at an axial strain of 0.0020
(instead of 0.0021 determined from test) for simplicity
(ACI 440.2 2017; Mander et al. 1988; Nanni and Brad-
ford 1995). The second and straight line can be defined
by following steps described below:

1. On positive x-axis of the stress—strain plot,
€,;=0.0020 (same as ¢,,) is first located (see Fig. 11a).

2. On y-axis, f,, corresponding to ¢, is the same as [,
(Alternatively, f.. can be more. accurately determined
from test data as shown in Fig. 14).

3. Using axial stress-Poisson’s Ratio relationship, e,
corresponding to ¢, is located along negative x-axis:
€= €.1 XVecl: X=f,, @ & and y=ve1 in Fig. 11(b).

4. On negative x-axis, &= =&, : €, yp =Egryp X FRP effi-
ciency factor: g, is rupture strain of fiber deter-
mined from tensile coupon test in Table 3; see clause
5.3 for the FRP efficiency factor.

5. On y-axis, [, is determined using Eqgs. (3) and (4)
and the strength enhancement factor k;: see clause
4.1.2 for strength enhancement factor.

6. On positive x-axis, €., is determined by dividing ¢,
by Veceu While veeey is asymptotic value of v (or ulti-
mate Poisson’s Ratio) in Fig. 11b.

The stress—strain relationship modeled using the cur-
rent procedure is plotted with test data for BFRP- and
PEN FRP-confined concretes in Fig. 12. By using the cur-
rent approach, modeling of the stress—strain relation-
ship of concretes confined by more conventional BFRP
and LRS PEN FRP is both possible. It is noted that the
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Fig. 11 Construction of simplified stress—strain model.

first and curved portion of the model shown in Fig. 12
is constructed using work by Ahmad and Shah (1982)
considering boundary conditions at the origin and at the
transition of the first curve and the second straight line.

4.3 Results of Additional Confinement Test

Four additional confinement tests were performed after
completion of the main confinement tests: one Control
cylinder and three PEN FRP wrapped cylinders using
two layers of PEN FRP. Test variable was different overlap
lengths (nil, 50 mm, and 150 mm) to observe the changes
in the behavior of the confined concretes with differ-
ent overlap lengths. Table 7 summarizes the test results.
Figure 13 shows the axial stress-axial/hoop strain plots

determined from test. Table 7 and Fig. 13 show that, as
the overlap length changes, the stress—strain behavior of
the confined concrete changes. Axial strength of C-P2-
150 mm is 60 kN while that of both C-P2-0 mm and C-P2-
50 mm is 53 kN: i.e. the axial strength is reduced by about
13% for C-P2-0 mm and C-P2-50 mm from that of C-P2-
150 mm. The measured maximum hoop strains are almost
the same in Fig. 13, but the axial strain of C-P2-0 mm is
smaller than that of C-P2-150 mm.

5 Discussion on Confinement Test Results
and Validation of Suggested Model
5.1 f/,andf_ ate,
For unconfined concrete, ¢,,=0.0021 and f”,,=24.8 MPa
on average from the test results in Table 6 and Fig. 6. Test
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Table 7 Summary of Additional confinement test results: PEN FRP confinement.
Index fo £, fl. Ecu €hrup fi fi/f}, Failure
(MPa) (m/m) (MPa) (m/m) (m/m) (MPa) mode
Control 350 0.002
C-P2-0 mm 525 0.033 0.037 9.96 0.31 RP
C-P2-50 mm 52.7 0.042 0.040 10.64 033 D-R
C-P2-150 mm 60.3 0.037 0.039 1043 0.32 RP

C—cylinder; P2—PEN FRP 2 layers; 0, 50, 150 mm—overlap length of 0 mm, 50 mm, and 150 mm (1/3rd of cylinder perimeter length); RP—FRP rupture, D-R—

delamination followed by FRP rupture.

results shown in Fig. 14 show that the ratio of f,, @ ¢,
over f/,, ranges between 1.0 and 1.2 for the BFRP wrap-
ping, while the ratio ranges between 0.85 and 1.13 for
the PEN FRP wrapping. It is understood that f,. @ ¢, is
higher than f’,, for BFRP-confined concretes, while f;,
@ ¢, is about the same as f’,, (or increase slowly with
increasing f) for PEN FRP-confined concretes due to low
elastic modulus of LRS PEN FRP: i.e. the lateral confining
pressure f; is relatively small at ¢,, because of low elastic
modulus of LRS PEN FRP.

5.2 Failure Mode and Overlap Length

All BERP wrapped specimens had 50-mm overlap length.
As all BFRP wrapped specimens failed by rupture of
BERP in hoop tension outside the overlap region, it can
be construed that the 50-mm overlap adopted provided
the overlap length needed for the thin BFRP used in this
study. On the other hand, three different failure modes
were observed from the concrete cylinders confined by

Axial stress, MPa

80

(o))
o

N
o

N
o

0

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

Strain, m/m

Fig. 13 Stress-strain relationship: additional confinement test.
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PEN FRP: (1) delamination failure; (2) failure by delami-
nation and rupture; and (3) FRP rupture. Most PEN
FRP-confined specimens showed delamination failure
between FRP layers. In the delamination failure, local
debonding between layers of PEN FRP typically started
within mid 2/3rd portion of the vertical joint and the ini-
tial localized debonding slowly spread along the vertical
joint. Close to the maximum load, a horizontal strip of
PEN fiber sheet was sheared off by cutting through weft
of the fiber sheet at top and bottom of the strip, which led
to a delamination failure as shown in Fig. 15c. In Tables 6
and 7, two specimens (C-P2-2, 3) in the main confine-
ment test and a specimen in the additional confinement
test (C-P2-50 mm; see Fig. 16b) failed by delamination
followed by sudden FRP rupture: i.e. failure by delami-
nation and rupture. In addition, two PEN FRP wrapped

specimens (C-P2-0 mm and C-P2-150 mm) failed by sud-
den rupture of PEN FRP at the mid-height of the cylinder
as shown in Fig. 16a and Table 7.

Dai et al. (2011) used overlap length of at least 150 mm
for the PEN FRP wrapping. They reported that all PEN
FRP jackets failed by hoop tensile rupture of the FRP
jacket at about 4.5% hoop strain. Based on observations
on the stress—strain behaviors and the failure modes
determined in this study as well as existing test results by
Dai et al. (2011), it can be suggested that the proper over-
lap length for the PEN FRP is at least 150 mm.

5.3 Hoop Rupture Strain and FRP Efficiency Factor

The FRP efficiency factor (FEF) is defined as the ratio of
the hoop rupture strain of FRP during compression test
of the confined concrete over the rupture strain of FRP

a Control conc.

Fig. 15 Failure mode of Control and BFRP- and PEN FRP-confined cylinders: main confinement tests.

b BFRP rupture

¢ PEN FRP debonding
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Fig. 16 Failure mode of PEN FRP-confined cylinders: additional confinement tests.

b C-P2-50mm:
debonding and rupture

determined by tensile coupon test (g,,,,/€,,). FEF is
often smaller than unity (ACI 440.2 2017).

In Fig. 17a, ¢,,,,,/€;,,, ratios determined from test are
shown for the BFRP wrapping, where the ratios range
between 0.92 and 1.20 with an average of 1.04. A solid
horizontal line shows the average value in Fig. 17a. By
downward translation of the solid line, a new dashed can
be defined such that the dashed line represents the 95%
fractile of the test data by ¢,,,,/€,,,=0.896. For sim-
plicity, FEF of 0.89 can be finally suggested for the BFRP
wrapping. It is noted that the current suggestion also
agrees with result of an existing study: e.g. Suon et al.
(2019) suggested the hoop strain efficiency factor of 0.88
for 12 circular specimens confined by 3, 6, and 9 layers of
BERP sheet.

In Fig. 17b, ¢, ,,,/€;,,, ratios determined from test are
shown for the PEN FRP wrapping, where the ratios range
between 0.34 and 0.73 with an average of 0.45 (including
both main and additional confinement tests). ¢, ,,,,/€;,,,
ratio increases with increasing f/f’,, in Fig. 17b. By
regression analysis, a linear equation (solid line) is deter-
mined with coefficient of determination R*=0.83. Again,
a dashed line can be defined which satisfies 95% fractile
of the test data as shown in Eq. (8). Equation (8) clearly
indicates that the FEF increases with increasing lateral
stiffness for PEN FRP.

For PEN FRP, FRP efficiency factor (FEF)
= 0.21 + 04(fi/f},) ®)

where f; is lateral confining pressure and f’,, is maximum
stress of unconfined concrete.

It is noted that the hoop rupture strains of PEN FRP
determined in this study are similar to those reported by
Dai et al. (2011). The hoop rupture strains in this study
range between 3.1% and 6.7% with an average value of
4.2% in Table 6, while Dai et al. (2011) reported that the
average hoop rupture strain was 4.5% while it ranged
between 3.6% and 5.2% in their confinement study of
normal strength concretes confined using 1, 2, 3 layers of
PEN FRP.

5.4 Validation of Suggested Model in View of Merged Test
Data

In this study, a simplified approach for rational modeling
of the stress—strain behavior of FRP-confined concrete
has been proposed, which is applicable both to more
conventional fiber based FRP composite and LRS FRP
composite. Dai et al. (2011) and Saleem et al. (2018) have
published test results of concrete cylinders confined by
AFRP and LRS PET and PEN FRP, which provide a total
of 39 test data: 36 tests by Dai et al. and three tests by
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Saleem et al. Authors have tested 21 concrete cylinders
confined by BERP or LRS PEN FRP. So a total of 60 test
data has been collected. The strength enhancement fac-
tor k; was reevaluated by regression analysis of the
merged data as shown in Fig. 18a, where k; =2.45 for the
merged data with R*=0.79. Using Eq. (3) and k,=2.45,
the axial strength was calculated and compared with the
test data with results shown in Fig. 19a. Figure 18b shows
results of another regression analysis for the relationship
between the ultimate Poisson’s Ratio and lateral pres-
sure for the merged data. Using Eq. (9) and rupture strain
from tests (eh,mp in Tables 6, 7, and 8), the ultimate axial
strain was calculated and compared with the merged data
with results shown in Fig. 19b. Figure 19a shows that
almost all data falls between the+20% margin of error.
In Fig. 19b, it is understood that the axial strain is not as
well predicted as the axial strength.

1 —0.293
v = 0.6948 x (//) . (9a)
co
)7 0.293
Ecou = 1.4392 X &),y X (//) . (9b)
co
V = Eprup/ Eccu- (9¢)

It is noted that, to construct a simplified stress—strain
relationship, the minimum requirement is a set of basic
test data for control and confined concretes because such
data are needed to determine the strength enhancement
factor k; and the ultimate Poisson’s Ratio v specific to the
fiber type. In addition, the suggested procedure is only

applicable to sufficiently confined cylindrical concrete
(i.e. heavily confined-hardening, ACI 440.2 2017).

6 Conclusions

Stress—strain relationship of plain concrete cylinders
confined by PEN FRP composite was investigated using
low to normal strength concretes. To draw comparison
on the behaviour of concrete confined by LRS PEN FRP,
behaviour of concrete confined by BERP was also inves-
tigated. Results of current work demonstrate that both
BFRP- and LRS PEN FRP-wrapping are efficient method
for strengthening concrete columns. Findings of this
study are as follows:

1. Similar improved strengths could be attained from
plain concrete cylinders confined by 2, 4, 6 layers of
BERP wrapping or 1, 2, 3 layers of PEN FRP wrapping
with similar stiffness of confinement E; (E;=206—
618 MPa for BFRP wrapping; E;=239-719 MPa for
PEN FRP wrapping). The compressive strength of
confined concrete by BFRP 2-6 layers/PEN FRP 1-3
layers was 1.4-2.5 times that of the unconfined con-
crete.

2. The strength of concrete wrapped by PEN FRP was
achieved at much higher axial/lateral strain of the
confined concrete than the BFRP wrapping: PEN
FRP wrapped concrete deformed more laterally to
develop axial strength equivalent to BFRP wrapped
concrete.

3. Measured maximum axial strain was 2.1%-3.2%
for 2—6 layers of BFRP wrapping and 3.3%—5.6% for
1-3 layers of PEN FRP wrapping, respectively (Axial
deformation of the PEN FRP confined concrete was
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about 150%—175% of that of the BFRP confined con-
crete). The maximum hoop strain was 2.0%—2.1%
for 2—6 layers of BFRP wrapping and 3.4%—5.3% for
1-3 layers of PEN FRP wrapping, respectively (lateral
deformation of the PEN FRP confined concrete was
about 175%—250% of that of the BFRP confined con-
crete).

Strength enhancement factor k; of 2.88 for BFRP
wrapping and 1.80 for PEN FRP wrapping is sug-

gested as a result of regression analyses of the current
test data. The k; is low for LRS PEN FRP because of
low elastic modulus.

. FRP efficiency factor (FEF) of 0.89 is suggested for

BERP wrapping based on current test results. On the
other hand FEF varied for the PEN FRP wrapping
depending on the lateral pressure. FEF increases from
0.27 for 1 layer of PEN FRP wrapping and 0.51 for
three layers of PEN FRP wrapping. As early delami-
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nation of LRS PEN FRP that occurs before FRP rup-
ture in tension is responsible for the low FEF of the
LRS PEN FRP, an effective method is desired that can
arrest the debonding between the LRS FRP layers to
improve on the efficiency of the PEN FRP wrapping.

6. Based on current test results, at least 50-mm and
150-mm overlap lengths are suggested for BERP and
PEN FRP wrapping, respectively.

7. The strength enhancement factor k;, ultimate Pois-
son’s Ratio v, and FRP efficiency factor were used for
simplified modeling of the stress—strain relationship
for the confined concrete. The suggested modeling
method is applicable to sufficiently confined cylindri-
cal concrete.

It is noted that, since application of the confinement
study results is often on RC piers (e.g. seismic strength-
ening of existing RC piers), the durability properties of
the FRP composites exposed to different outdoor expo-
sure conditions are also needed. Such research is under
progress by the authors for PEN FRP composites used in
this study.
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A: cross-sectional area, mm?; D: diameter of concrete cylinder, mm; E;: secant
modulus corresponding to 1% strain of PEN fiber (or PEN FRP), GPa; E: slope
of the second line for PEN fiber (or PEN FRP) used in bilinear model, GPa; £
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