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Abstract: Bond and durability characteristics of basalt fiber reinforced polymer (BFRP) and polyeth-
ylene naphthalate (PEN) fiber/PEN FRP were investigated. Magnitude and distribution of the bond stress
between BFRP/PEN FRP and concrete were investigated by double lap shear test. Four different types
of durability test were performed: (1) Beam bond test following accelerated conditioning protocols by
ACI 440.9R using plain concrete beams strengthened with BFRP or PEN FRP; (2) tensile test of PEN
fiber/PEN FRP after immersion in 1N NaOH, 3% NaCl solutions, and water up to 6 months; (3) tensile
test of PEN fiber/PEN FRP after immersion in 5% and 10% diluted solutions of HCI; and (4) exposure
to natural outdoor environment. Bond test results indicated high bond stress developing over relatively
short distance for BFRP that has high elastic modulus (Egr = 68.4 GPa) while relatively low bond stress
developing over longer length for PEN FRP that has low elastic modulus (Epen = 17.4 GPa). In the beam
bond test, very good behavior was shown by PEN FRP after 4 month’s exposure to wet and alkaline
conditions while moderate behavior was shown by BFRP. Overall, the performance of PEN fiber/FRP

was satisfactory in all durability tests conducted in this study.

Keywords: fiber reinforced polymer; double lap shear test; durability; beam bond test; basalt fiber;

PEN fiber.
1. Introduction

Various fibers, including carbon fiber (CF), ar-
amid fiber (AF), glass fiber (GF), and basalt fiber
(BF), are used for the purpose of external strength-
ening of RC structures and members. The mechani-
cal characteristics common to CF, AF, GF, and BF
include linearly-elastic stress-strain relationship,
high tensile strength, and high elastic modulus while
they have relatively small rupture strain (< 3%). On
the other hand, a new class of fiber including poly-
ethylene terephthalate (PET) fiber and polyethylene
naphthalate (PEN) fiber has non-linear stress-strain
relationship, good strength in tension, low elastic
modulus, and large strain capacity in tension (4%-
15%): i.e. PET/PEN fibers are often said to have
LRS (large rupture strain) capacity.
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In this study, bond and durability characteristics
of two different fibers were investigated: BF and
PEN fiber. BF is an inorganic fiber produced from
natural basalt rocks by melting and extrusion process
[1, 2]. BF, which has been used in Civil Engineering
discipline only recently, is more economical than CF
or AF. Basalt fiber has excellent thermal resistance
such that it can be used as insulating material replac-
ing asbestos which poses health hazards by damag-
ing respiratory systems [1]. PEN fiber is a synthetic
fiber and is a product of petrochemical industry. PEN
fiber has good strength (over 800 MPa) and low elas-
tic modulus (about 1/4™ of BF), exhibits non-linear
stress-strain behavior, and has large rupture strain in
tension (7%-9%).

Thin BFRP sheets are often used for external
strengthening in flexure and/or shear of RC beams
[3, 4]. BFRP sheet or the basalt fiber rope can also
be utilized for seismic strengthening of RC columns
in the form of external wrapping [5-7]. Bond charac-
teristics of BF bonded to concrete using adhesive
have been investigated [8-10]. Shen et al. studied
bond behavior of 21 test specimens by double lap
shear test subjected to different strain rate. Effective
bond length of BFRP ranged between 56-72 mm
while the effective bond length decreased with the
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increasing strain rate which varied between 70
mm/sec to 0.07 mm/sec [8]. Xie et al. studied the
bond behavior BFRP-concrete interface subjected to
wet-dry cycling in a marine environment using 26
small beams specimens [10]. The concrete beams
were externally strengthened using BFRP sheet on
the tension side. The test specimens were immersed
in salt water with concentration of 3.5% and sub-
jected to wet-dry cycles up to 360 days (one cycle
per day). All beam specimens were tested by 4-point
bending. For the control specimens, the failure mode
was debonding of the adhesive layer before exposure
while the failure mode changed to BFRP fracture in
tension after exposure to marine environment. The
fatigue strength of the BFRP/concrete interface after
the wet-dry cycling was approximately 60% of the
ultimate load capacity (of the control specimen). Ex-
isting durability test results of BFRP indicate that the
BF may also degrade under wet and alkaline condi-
tions [11]. The durability performance of BFRP can
be improved by coating the BF with zirconium diox-
ide or titanium dioxide [12-14].

Recent research explored possible application
of the LRS PET FRP and PEN FRP composites
mainly for the external strengthening of the RC col-
umns by confinement utilizing its large rupture strain
capacity [15-20]. Baasankhuu et al. compared the be-
haviour of concrete cylinders confined by BFRP and
PEN FRP [18]. The strength of confined concrete
wrapped by PEN FRP was achieved at much higher
axial/lateral strain of the concrete than the BFRP
wrapping: PEN FRP wrapped concrete deformed

more laterally to develop axial strength equivalent to
BFRP wrapped concrete. Park et al. reported results
of a rare study on the flexural strengthening of RC
beams using PET FRP [21]. Despite very low elastic
modulus (about 1/20th that of steel) of PET FRP, the
external strengthening by 6-mm-thick multi-layer
PET FRP sheet was effective to significantly im-
prove the flexural strength and ductility of the RC
beams. PET FRP sheet did not debond from the con-
crete substrate at ultimate.

At present, there are few studies that focused on
the bond behavior between LRS PEN FRP and con-
crete. In addition, few studies can be found in the ex-
isting literature either on the durability characteris-
tics of PEN FRP clearly indicating a research need.
One objective of this study was to investigate and
compare the bond behavior of BFRP-to-concrete and
PEN FRP-to-concrete interfaces in terms of magni-
tude and distribution of the bond stress. Bond behav-
ior was investigated by double lap shear test in this
study. The other objective was to investigate the du-
rability characteristics of BFRP, PEN fiber/PEN
FRP. Four different durability tests were performed:
(1) beam bond test by accelerated conditioning pro-
tocols (ACP) by ACI 440.9R for both BFRP and
PEN FRP; (2) durability test of PET fiber/FRP under
wet, saline, alkaline conditions up to 6 months; (3)
durability test of PET fiber/FRP under acidic condi-
tions; and (4) exposure to natural outdoor conditions.
The durability test program especially concentrated
on the PEN fiber/FRP.

Table 1 Mechanical properties of fiber roving and adhesive

Type Stress Strain E: E2 Area T::S:;( Density

(MPa) (%) (GPa) (GPa) (mm?) (mm) (g/mm?®)

Basalt fiber roving 1226 1.95 68.4 n/a 0.45 0.113 0.0027

PEN fiber roving 822 8.03 17.4 8.30 2.00 0.840 0.0014
PEN fiber sheet 842 9.01 175 8.33 -- -- --
PEN FRP 912 9.13 21.4 8.59 -- -- --
Adhesive 40.9 2.58 1.59 - - - -

NOTE: 1. Results show mean value of 12 tests for fibers and 5 tests for adhesive; 2. PEN fiber shows bilinear
response and so the slope of the first and the second line is shown as E; and E, respectively (see Fig. 1(b); 3.
Adhesive mechanical properties were tested 7 days after hardening.

2. Material properties and test method

2.1 Material properties of fibers and adhesive
Tensile properties of BF roving, PEN fiber rov-
ing, PEN fiber sheet, and PEN FRP (i.e. PEN fiber
sheet embedded by two-part epoxy) were tested fol-
lowing 1SO 10406-2 with results summarized in Ta-
ble 1 [22]. Twelve tensile tests were completed for
each fiber/FRP while the mean values are shown in
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Table 1. Figure 1(a) shows the stress-strain relation-
ship of BF and PEN fiber determined in this study.
In Figure 1(a), the stress-strain relationship is linear
for BF while it is non-linear for PEN fiber. The non-
linear stress-strain relationship of PEN fiber can be
modelled using a bilinear relationship with each line
having a slope of E; (slope of the first line connecting
the origin and the stress corresponding to 1% strain)
and E; (slope of the second line), respectively, as
shown in Table 1 and Fig. 1(b). For the double lap
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shear test, beam bond test, and tensile test of the
BFRP and PEN FRP, a two-part epoxy (adhesive)
was used. The tensile properties of the adhesive were
determined following ASTM D638 [23]. As shown
in Table 1, tensile strength, ultimate strain in tension,
and elastic modulus of the adhesive are 40.9 MPa,
2.58%, and 1.59 GPa, respectively. A universal test-
ing machine (UTM) of 50-kN capacity was used for
tensile tests of fibers/FRP and adhesive.
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(b) Bi-linear model of PEN fiber

Fig. 1 Stress-strain relationship of BF and PEN
fibers

Table 2 Test variables of double lap shear test

2.2 Double lap shear test

As the LRS PEN fiber has low elastic modulus,
a significant thickness of the PEN FRP is needed
when strengthening RC members such as RC beams,
columns, etc. [18]. Bond stress that develops at the
interface between the thick PEN FRP layer and the
concrete substrate can be high because a thicker FRP
may induce higher bond stress, which in turn may
lead to a premature debonding failure at the FRP-
concrete interface [24, 25]. Bond investigation by
double lap shear test was planned both for the PEN
FRP- and the BFRP-strengthened concrete speci-
mens to investigate magnitude and distribution of the
bond stress that develops between the FRP and the
concrete.

Modified double lap shear test setup was used
following recommendations of CSA S 806 Annex P
in general [26]. Figure 2 shows a double lap shear
test specimen used in this study. Size of the test spec-
imen was 140 (b) x 150 (h) x 550 mm (L). Concrete
with 30-MPa target strength was designed, cast in the
laboratory, and wet cured for 28 days. The 28-day
compressive strength was 36.0 MPa. A thin steel
plate placed at center of specimen at time of casting
practically disconnected a specimen into two con-
crete blocks of equal length. A 16-mm diameter
grooved steel rod was installed in the middle of each
concrete block in the axial direction with about 300-
mm length protruding outside the concrete block (for
use by testing grip of UTM). 28 days after casting,
two opposing side faces of the concrete blocks were
lightly roughened using a hand grinder. Two layers
of BF rovings or single layer of PEN fiber sheet was
applied (brrp = 100 mm, Lege = 500 mm), respec-
tively, on the roughened faces using the adhesive
with amount of 200% by vol. for BFRP and 150% by
vol. for PEN FRP (The same amount of adhesive was
used for BFRP and PEN FRP, respectively, through-
out this study). Seven days after application of the
adhesive, multiple 5-mm-long electronic strain
gauges were installed on the surface of BFRP and
PEN FRP starting from center of the specimen at 21-
mm spacing on center as shown in Fig. 2.

Type No. of No. of fex Fiber thk. Adhesive thk.
layers test (MPa) (mm) (mm)
BFRP 2 2 36.0 0.226 0.452
PEN FRP 1 2 36.0 0.840 1.260

The double lap shear test specimen was sub-
jected to tensile force during test using 1,200-kN-ca-
pacity UTM operated in displacement control (ramp
rate = 1 mm/min). The applied load was measured
using load cell of the UTM. Signals from the strain
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gauges and the load cell were electronically recorded
by a data logger. Two replicate specimens were
tested for each FRP type. Table 2 summarizes test
variables of the double lap shear test.
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Fig. 2 Double lap shear test specimen [21]

2.3 Beam bond test

100 (b) x 100 (h) x 400 (L) mm plain concrete
beam specimens were used for the beam bond test
following guide to accelerated conditioning proto-
cols (ACP) of durability assessment by ACI 440.9R
[27]. Concrete with 60-MPa compressive strength
was cast in the laboratory and wet cured for 28 days.
A 50 x 100 mm acrylic plate (thickness =2 mm) was
inserted in the beam mid-span on the tension side up
to beam half-height to create a notch as shown in Fig.
4(a). After 28 days of wet cure, two layers of BF
rovings or single PEN fiber sheet was externally
bonded on the bottom surface of the beam using ad-
hesive. Concrete surface was lightly roughened be-
fore the FRP application. Both BFRP and PEN FRP
were 80 mm wide and 200 mm long (See Fig. 4(a)).
A week after the FRP application, the specimens
were subjected to three different environmental con-
ditions: Room condition (T = 23°C +/- 3°C) and im-
mersion in water and 1N NaOH solutions, respec-
tively (Temperature of water and NaOH solution =
60°C +/- 3°C). After immersion for 3,000 hours (4-
months) in water and in the alkaline solution, the
beams were retrieved and stored in the room condi-
tion for two days. Flexure test by three-point loading

(a) Water

Fig. 3 Beam bond test specimens immersed in water/alkaline solutions and stored in room condition

(b) IN NaOH
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following recommendations of ACI 440.9R was car-
ried out using a 1,200-kN UTM at ramp rate of 0.6
mm/min as shown in Fig. 4 [27]. Five replicate
beams were tested for the BFRP- and the PEN FRP-
strengthened beams, respectively.

A small strip of BFRP or the PEN FRP was ad-
hered using adhesive to one end of all beam bond
specimens as shown in Fig. 3(c). After completion of
the beam bond tests, the BFRP or PEN FRP strip at-
tached at the end were subjected to pull-off test using
a pull-off testing device equipped with a 50 x 50 mm
square steel end plate. The steel end plate was ad-
hered to the BFRP or PEN FRP strip using two-part
epoxy after the FRPs were cut to fit 50 mm x 50 mm
steel end plate (See Fig. 5). Seven days after the ad-
hesive application, the pull-off test was performed as
shown in Fig. 5(d). Average bond stress in tension
was determined by dividing the maximum pull-off
load (Pmax) by the contact area (A = 2,500 mm?). The
pull-off test results of the FRPs retrieved from the
specimens immersed in water and 1N NaOH solution
and those stored in the room condition were com-
pared.

]

p

(c) Room condition
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Fig. 5 Pull-off test

2.4 Tensile test of PEN fiber/FRP before/after
exposure to NaOH/NaCl solutions and wa-
ter
In this phase of study, durability characteristics

of PEN fiber/FRP (i.e. Uniaxial PEN fiber sheet and

PEN FRP) were investigated by observing weight

change and change in the tensile properties before

and after exposure to different environmental condi-
tions up to 6 months. Multiple PEN fiber/FRP tensile
specimens were prepared in length of 400 mm (PEN
fiber sheet) or 300 mm (PEN FRP). Test specimens

were immersed in three different environments: i.e.

Water (i.e. 100% R.H. at 40°C) and 3% NaCl and 1N

NaOH solutions at 20°C, respectively. The above en-

vironmental conditions simulated completely wet

condition, seawater, and sound concrete with high al-
kalinity, respectively.

() PEN fiber sheet
Fig. 6 PEN fiber/FRP specimens immersed in NaOH/NaCl solutions or water
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The weight measurement and the tensile test
were carried out before the durability test began and
after immersion for 1, 3, and 6 months to determine
the weight loss and the strength/stiffness loss in ten-
sion, if any. After each planned immersion period,
test specimens were taken out of the environmental
chamber and dried for two days in a container about
quarter full of silica gel. After the specimens were
dried, they were weighed using a high precision scale
(accuracy = 0.0001 g) and then the tensile test was
performed following 1SO 10406-2 (ten tests each).
Scanning electron microscopy (SEM) photos were
taken before/after the planned immersion period.
Figure 6 shows PEN fiber sheet and PEN FRP spec-
imens immersed in NaOH, NaCl solutions, or water.

(b) PEN FRP
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2.5 PEN fiber/FRP immersion in diluted acidic

solution

This specific durability test by tensile testing af-
ter immersion in acidic solution was carried out only
for PEN fiber/FRP. Tensile test coupons consisted of
PEN fiber sheet and PEN FRP, which were im-
mersed in diluted acidic solutions of 5% HCI or 10%
HCI for 3, 7, and 14 days. After the planned immer-
sion period, the specimens were retrieved, dried for
2 days and subjected to tensile test. Tensile strength
after immersion in diluted acidic solution was com-
pared to that of the control specimen. Three replicate
specimens were tested.

2.6 Exposure in natural environment for PEN

fiber/FRP

This test was carried out for PEN fiber/FRP
only. PEN fiber sheet and PEN FRP tensile test spec-
imens were prepared which were exposed in the out-
door conditions in South Korea starting from late
winter (T = 0°C ~ -10°C, R.H. = 30%-40% typ.) to
early summer (T = 20°C-30°C, R.H. = 40%-60%
typ.). After six-months’ exposure in the natural envi-
ronment including direct sun ray and U.V., the spec-
imens were retrieved and subjected to tensile test.
Change of tensile strength before/after exposure was
examined using ten replicate specimens of PEN fi-
ber/FRP, respectively.

3. Test results

3.1 Double lap shear test results

The double lap shear test was performed using
two different FRP composites adhered to concrete:
BFRP (2 layers) and PEN FRP (1 layer). Figure 7
schematically shows the location of the strain gauges
attached on the surface of FRP and the force acting
on FRP at center and in between the strain gauge lo-
cations. As soon as a test specimen shown in Fig. 2
is subjected to tensile force P, the concrete is sepa-
rated into two parts due to a thin steel plate placed at
center and, as a result, each FRP sheet bonded on the
side face of the concrete block is subject to a tensile
force of P/2 at center (loading end). Bond stress (u)
acting at FRP-concrete interface between i and

Top view

(i+1)" strain gauges in Fig. 7 can be determined from
Egs. (1) through (4), where the stress is determined
from strain readings of the strain gauge:

'Ti = a}_(ty). .................. (D
THY =gt (ty)ooi . )
AT =T —THY . (3)

= i—; ........................... (4)

Where T' = tensile force acting on FRP at i
strain gauge, o' = axial stress of FRP at i strain
gauge location, t = thickness of FRP, x = distance
between two adjacent strain gauges, y = width of
FRP.

Table 3 summarizes the maximum axial strain
observed by the measured strain (ex-rp), COrrespond-
ing axial stress (ox-frp), tensile force acting on the FRP
layer (Psrp), and the maximum bond stress (Umax) de-
termined by Egs. (1) through (4). Figures 8 and 9
show distribution of axial strains and bond stresses
for 126-mm distance starting from center for BFRP
and PEN FRP, respectively. It is observed from
Table 3 and Fig. 8 that the maximum axial strain,
axial stress, in Table 3 and Fig. 9, the maximum axial
strain, axial stress, FRP tensile force, and bond stress
are 0.7%, 149 MPa, 15.1 kN, and 3.0 MPa, respecti-
vely, for PEN FRP-1 while they are 0.82%, 172
MPa, 17.4 kN, and 4.3 MPa for PEN FRP-2. The dis-
tance the bond stress develops (L.) is 63-84 mm for
BFRP while it is 105 mm for PEN FRP. The distance
the bond stress develops as shown in Figs. 8 and 9
and Table 3 is known as the effective bond length Le
in literature: i.e. even if the bond length of the FRP
is larger than L., the bond stress still develops within
Le. It can be seen that the effective bond length of
BFRP (63-84 mm) determined in this study agrees
well with that suggested by Shen et al., where the ef-
fective bond length varied between 56-72mm depen-
ding on the strain rate [8]. The bond stress between
BFRP and concrete at the interface is relatively high
and narrowly distributed as shown in Fig. 8 and
Table 3. On the other hand, the bond stress is rather
low and distributed over a larger distance for PEN
FRP in Fig. 9 and Table 3. In all tests, the failure
mode was debonding at the FRP-concrete interface
as shown in Fig. 10 and Table 3.

Side view

¢ 7 = D —> Ti=i= Tr-AT
—_—

AT

Fig. 7 Force (P/2) acting at center and away from center [21]
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Table 3 Summary of test results at maximum fiber strain (ex.frp)

Flber type Sx.frp O'x.frp Afrp Pfrp Le Umax Umean Umax / Fallure mode
(MPa) | (mm?) | (kN) (mm) | (MPa) | (MPa) | Umean
BFRP-1 0.0141 963 22.6 21.8 84 7.4 2.16 3.4 debonding
BFRP-2 0.0119 812 22.6 18.4 63 8.4 3.50 2.4 debonding
PEN FRP-1 | 0.0070 149 84.3 15.1 105 3.0 1.20 2.5 debonding
PEN FRP-2 | 0.0082 172 84.3 17.4 105 4.3 1.38 3.1 debonding
16000 3
14000 ¥ —8—39
Ty 12000 § 369 h
g 10000 % 50 E
% 8000 ¥ g
T 6000 T o2 g
R | —e—303 2
2000 T
0 +———+— T
0 21 4 63 84 105 126 0 21 42 63 & 105 126
Distance from center (mm) Distance from center (mm)
(a) BFRP-1 (a) BFRP-2
1500
— —=—39
% 1000 1 36.9 >
8 H
= o
-~ &
g 500 T =
. E
0 t
0 _21 4263 8 105 126 0 21 42 63 84 105 126
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- m39 = =0
% ] 36.9 %,
2 67 2 6 m27.1
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(c) BFRP-2

Fig. 8 Distribution of axial strain, axial stress, and bond stress at varying level of BFRP tensile force
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Fig. 9 Distribution of axial strain, axial stress, and bond stress at varying level of PEN FRP tensile force

3.2 Beam-bond test results of BFRP and PEN

FRP

The beam bond test specimens were retrieved
after 4-months’ immersion in water or alkaline solu-
tion (LN NaOH) as well as the control specimens
(stored in room condition for 4 months) and tested
by flexure test by three-point loading following ACI
440.9R [27]. As the applied load increased, a tensile
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crack quickly appeared and developed upward star-
ting from top of the notch (See Fig. 4). At peak load,
BFRP- and PEN FRP-strengthened beams failed ei-
ther by debonding at the FRP-concrete interface or
FRP fracture in tension. Average peak load of C-
BFRP (Control), RH-BFRP (R.H. 100%), and
NaOH-BFP (1N NaOH) was 15.5 kN, 15.7 kN, and
7.94 kN, respectively, as shown in Table 4. Average
peak load for C-PEN FRP, RH-PEN FRP, and
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NaOH-PEN FRP was 19.7 kN, 17.4 kN, and 17.4
kN, respectively. Equation (5) was used to determine
beam bond retention (or residual mechanical pro-
perty) as suggested by ACI 440.9R [27].

Table 4 Results of beam bond and pull-off tests

_ Ppy

Rep =522 % 100 (%)

Where, Py is peak load of water/alkali condi-
tioned specimen, Py is peak load of Control speci-
men and Rep is beam is beam bond retention.

Index Beam bond test Pull-off Index Beam bond test Pull-off
Load Reb Test Load Reb Test

(kN) (%) (MPa) (kN) (%) (MPa)
C-BFRP 15.5 -- 5.23 C-PEN FRP 19.7 -- 4.47
RH-BFRP 15.7 100 3.97 RH-PEN FRP 17.4 88 3.56
NaOH-BFRP 7.94 51.2 3.55 NaOH-PEN FRP 17.4 88 1.90

NOTE: Results shown are average of 5 tests.

(b) BFRP

” (c) Debonding faiure

Fig. 10 Double lap shear test in progress and failure mode

Table 4 summarizes the beam bond test results in
terms of peak load and beam bond retention. The
beam bond retention is 88% for PEN FRP both for
wet condition and in alkaline condition. On the other
hand, the beam bond retention is 100% and 51% in
wet condition and in alkaline condition, respectively,
for BFRP. Test results indicate that BFRP may be
vulnerable for alkaline exposure. Figures 11 and 12
show the beam bond test specimens after test. In Fig-
ure 11 which shows the control specimens, the fail-
ure occurred at the FRP-concrete interface both for
BFRP and PEN FRP. C-PEN FRP shows some con-
crete attached to the debonded FRP surface while C-
BFRP shows almost complete and clean interface
failure. Figure 12 shows top surfaces of C-BFRP,
RH-BFRP, and NaOH-BFRP after beam bond test.
C-BFRP retains original dark brown color of the
BFRP in Fig. 12(a). On the other hand, yellowish
discoloration of BFRP is shown for RH-BFRP in
Fig. 12(b) while the discoloration is more severe for
NaOH-BFRP in Fig. 12(c). It has been reported that
the basalt fiber can be degraded under soaked, saline,
and alkaline environment while the degradation of
the basalt fiber can be significantly slowed down by
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oxide coating such as zirconium deoxide and tita-
nium deoxide coating [12-14]. Since the basalt fibers
used in this study were not coated, further investiga-
tion on the durability properties of the basalt fiber
was not pursued.

As described in Clause 2.3, the pull-off test of
BFRP or PEN FRP bonded to the end of the beam
bond test specimens was also performed after the
completion of the beam bond test. Table 4 and Fig-
ures 13 and 14 show the results of pull-off test. Pull-
off test results indicate that both immersion in water
and alkaline solution at an elevated temperature tend
to degrade the bond between concrete and
BFRP/PEN FRP. C-BFRP (Control), RH-BFRP, and
NaOH-BFRP have average pull-off bond strength of
5.23 MPa, 3.97 MPa, and 3.55 MPa, respectively, in
Table 4, while average bond strength of C-PEN FRP
(Control), RH-PEN FRP, and NaOH-PEN FRP is
4.47 MPa, 3.56 MPa, and 1.90 MPa, respectively. C-
BFRP specimens failed mostly in concrete substrate
while NaOH-BFRP specimens failed partially in
concrete substrate. RH-BFRP specimens failed
mostly at interface. PEN FRP pull-off specimens
show partial failure at interface and concrete sub-
strate for C-PEN FRP, and clean interface failure for
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RH-PEN FRP and NaOH-PEN FRP specimens indi-
cating damage at the interface by 4-months’ immer-
sion in water and alkaline solutions.

3.3 Test results of PEN fiber/FRP before/after
exposure to NaOH, NacCl solutions and wa-
ter
Table 5 compares the weights/weight losses be-

fore and after 30, 90, and 180 days of exposure for

PEN fiber sheet and PEN FRP under three different

conditions of completely wet (Wet, 40°C) and 3%

NaCl and 1N NaOH solutions (20°C), respectively.

In Table 5, PEN fiber sheet shows 0.33%, 0.18%,

and 10.5% weight loss after exposure to Wet, NaCl,

and NaOH conditions, respectively, while the loss is

0.80%, 0.76%, and 4.34% for PEN FRP, respec-

tively, after 180 days. PEN fiber shows some nega-

tive effect under alkaline environment. However, the
possible negative effect of alkaline environment on

PEN fiber is significantly reduced in case of PEN

FRP as the PEN fiber is embedded in the adhesive

matrix.

(a) C-BFRP

X

(b) RH-BFRP

(a) C-BFRP (b) C-PEN FRP

Fig. 11 Control specimens after beam bond test

(c) NaOH-BFRP

Fig. 12 BFRP specimens after beam bond test

Table 6 summarizes the tensile test results for
PEN fiber sheet and PEN FRP in terms of tensile
strength and elastic modulus before and after 30, 90,
and 180 days. In Table 6, the tensile strength of PEN
fiber sheet after 180 days is 114%, 115%, and 97%
of control when exposed to Wet, 3% NaCl, and 1N
NaOH conditions, respectively. The tensile strength
for PEN FRP after 180 days is 98%, 96%, 93% for
Wet, 3% NaCl, and 1N NaOH conditions, respec-
tively. Elastic modulus is also shown in Table 6. The
elastic modulus (E;) after 180 days ranges 98%-
103% for PEN fiber sheet and 100%-104% for PEN
FRP, respectively. It can be concluded that the PEN
fiber/FRP has satisfactory resistance after exposure
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to all three environmental conditions of Wet, 3%
NaCl, and 1N NaOH after 180 days.

Figure 15 shows SEM images before and after
180 days of exposure to different environmental con-
ditions, where no significant change is visible be-
fore/after exposure. In Figure 15(a), the longitudinal
surface of PEN fiber filament is very smooth and
clean while the diameter is 30 um before exposure.
In Figure 15(b)-(d), after 180 days’ exposure to wet,
saline, and alkaline conditions, the surfaces do not
show any significant trace of chemical etching or
bruises in all conditions.
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3.4 Influence of acidic condition

Figure 16 compares the test results of PEN fi-
ber/FRP before and after immersion in 5% and 10%
diluted solutions of HCI for 3, 7, and 14 days: i.e.
Tensile strengths after immersion are normalized in
terms of tensile strength before immersion in Fig. 16.
Itis seen in Fig. 16(a) that the tensile strength of PEN
fiber sheet after immersion tends to be affected a lit-
tle, while the tensile strengths are almost unaffected

in Fig. 16(b) for PEN FRP specimens.

3.5 Exposure to natural environment

As described earlier, PEN fiber sheet and PEN
FRP tensile test specimens were prepared and ex-
posed in natural outdoor conditions for six months.
Tensile test results are summarized in Table 7 after
six months’ exposure in the natural environment in-
cluding direct sun ray and U.V. Degradation is
clearly noticed for PEN fiber sheet while the degra-
dation is significantly reduced for PEN FRP in Table
7.

6 1
= 47
% ]
g 27
i
¢ 2%
E

I T

(a) C-BFRP

(b) RH-BFRP

(c) NaOH-BFRP

(d) C-PEN FRP

(¢) RH-PEN FRP

(f) NaOH-PEN FRP

Fig. 14 Failure mode of pull-off test specimens
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Table 5 Summary of weight measured before/after exposure to wet, 3% NaCl and 1N NaOH conditions

Environ- Temp Weight Weight af- Weight loss after (%)

Fibertype | = ot ©) be(‘;c;re teré?‘)d 30d 90d 180d
PEN fiber Wet 40 7.7040 7.6784 0.37 0.22 0.33
sheet NaCl 20 7.6722 7.6583 0.02 0.02 0.18
NaOH 20 7.6815 6.8789 1.64 5.51 10.5

Wet 40 11.177 11.088 0.44 - 0.80

PEN FRP NaCl 20 11.007 10.924 0.16 0.05 0.76
NaOH 20 11.083 10.602 0.73 1.70 4.34

NOTE: PEN uniaxial fiber sheet consists of 6 PEN fiber rovings; 2. Specimen length is 400 mm for PEN fi-
ber roving, and PEN fiber sheet and 300 mm for PEN FRP; 3. Adhesive amount is 150% of fiber by vol. for
PEN FRP; 4. Average of twelve measurements

Table 6 Summary of tensile test results before/after exposure to wet, 3% NaCl and 1N NaOH conditions

. . Tensile strength before/after Elastic modulus before/after
Fiber Environ- | Temp.

type ment (°C) (MPa) (GPa)

before | 30d 90d 180d | before | 30d 90d 180d

PEN fi- Wet 40 786 932 961 15.9 17.3 18.0

ber sheet NaCl 20 842 923 935 966 17.5 17.2 16.9 17.9

NaOH 20 861 851 816 17.0 17.7 17.2

Wet 40 893 902 897 20.7 19.7 21.3

PEN FRP | NaCl 20 912 952 935 880 21.4 20.3 20.0 21.4

NaOH 20 857 900 844 21.9 20.3 22.2

NOTE: Average of twelve tests
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(d) IN NaOH
Fig. 15 SEM photos of PEN after exposure for180 days to different environmental conditions
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Fig. 16 Results of tensile test of PEN fiber/FRP after immersion in acidic solutions
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Table 7 Summary of tensile strengths for PEN FRP after exposure in natural conditions for up to 6 months

Fiber type Before After 6 months After/Before
(MPa) (MPa) (%)
PEN fiber sheet 842 594 70.5
PEN FRP 912 814 89.3

NOTE: Average of 10 tests
4. Conclusions

Bond between BFRP-to-concrete and PEN
FRP-to-concrete interface was studied in terms of
distribution and magnitude of bond stress by double
lap shear test. In addition, durability characteristics
of BFRP and PEN fiber/FRP have been studied by
(1) beam bond test following accelerated condition-
ing protocols for durability assessment by ACI
440.9R, (2) fiber tensile test before/after immersion
in 1IN NaOH and 3% NacCl solutions, and water, (3)
fiber tensile test before/after immersion in diluted
acidic solutions, and (4) exposure to natural outdoor
environment. The durability investigation by beam
bond test included both BFRP and PEN FRP. Other
durability investigations concentrated on PEN fi-
ber/FRP. The following conclusions can be drawn
from the current experimental study.

(1) Double lap shear test results show that the bond
stress that develops at the interface between
BFRP and concrete is relatively high and nar-
rowly distributed: Maximum bond stress was 8.4
MPa and distance the bond stress distributed was
63-84 mm for BFRP. On the other hand, the
bond stress was relatively low and distributed
over a larger distance for PEN FRP: Maximum
bond stress was 4.3 MPa while the distance the
bond stress distributed was 105 mm for PEN
FRP. Test results show that the effective bond
length L is 84 mm for BFRP and 105 mm for
PEN FRP.

Beam bond test results show that the behavior of
PEN FRP under wet and alkaline conditions is

)

3)

(4)

()
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relatively good with beam bond retention of 88%
after immersion in water and alkaline solutions
for 4 months. Behavior of BFRP was not as good
under alkaline environment with the beam bond
retention of 51.5% after immersion for 4 months.

Results of weight measurement and tensile test
of PEN fiber/FRP before and after wet, alkaline,
and saline conditions indicated possible degrad-
ing of PEN fiber under alkaline condition. For
the PEN FRP, however, the weight reduction
(about 4%) and reduction of the tensile strength
was small (7.5%) and there was no change of the
elastic modulus before/after immersion for 6
months.

Tensile strength of PEN FRP immersed in 5%
and 10% diluted acidic solutions of HCI was
very good after 14 days: no reduction in 5% so-
lution and less than 3% reduction in 10% solu-
tion. Tensile strength of PEN FRP after exposure
for 6 months in natural environment showed
about 10% reduction.

In overall, the performance of PEN fiber/FRP
was satisfactory in all durability tests conducted
in this study.
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