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Abstract: This paper presents an experimental study on the
alkali-resistant properties of basalt fiber reinforced polymers
(BFRP) bars under a typical concrete environment. BFRP
bars were embedded in concrete and exposed to different
aggressive environments, including tap water, saline solution
and ambient temperature environments, to study the effects of
the type of solution and relative humidity ( RH) on the
durability of BFRP. Meanwhile, BFRP bars were directly
immersed in an alkaline solution for comparison. The
acceleration factor describing the relationship between the
alkaline solution immersion and the moisture-saturated
concrete was also obtained. Aging was accelerated with a
temperature of 60 C. The results show that the chloridion in
the saline solution does not have any harmful effects on the
degradation of the concrete-encased BFRP bars. Contact with
an alkaline (high pH) concrete pore-water solution is the
primary reason for the degradation of the BFRP bars. The
degradation rate of concrete-encased BFRP bars is accelerated
when a high temperature and a high humidity are present
simultaneously. The degradation rate of the BFRP bars is
relatively quick at the initial stage and slows down with
exposure time. Results show that the degradation of 2. 18 years
in moisture-saturated concrete at 60 ‘C corresponds to that of
one year when directly immersed in an alkaline solution (other
conditions remaining the same) for the BFRP bars analyzed.
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I n a marine environment, the deterioration of tradition-
al reinforced concrete ( RC) structures is primarily
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caused by corrosion of the steel reinforcement, which is a
result of the permeation of chloridion (Cl~) contained in
seawater or salt fog; fiber reinforced polymer (FRP) rods
have emerged as one of the most promising and affordable
solutions to this problem'". The degradation mechanisms
of FRP rods and steel bars in a marine environment are
different due to their different chemical compositions.
Further studies on the durability of FRP rods, specifically

“e . . [2-6]
within a concrete environment, are requ1red

. Among
various FRP composites, the newly developed BFRP
composites manufactured with natural volcanic rocks ex-
hibit extraordinary advantages. They are environmentally
friendly, require low energy consumption for production,
are recyclable, and have a high performance to cost
. To date, studies have focused primarily on the

short-term mechanical properties of BFRP bars and long-

- (7
I'ath[

term mechanical properties in severe aggressive environ-
ments have not been a concern. However, an understand-
ing of the long-term mechanical properties of FRP bars,
specifically within a concrete alkaline environment, is
crucial for their application in concrete.

From the literature review, it can be concluded that to
evaluate the alkali resistance of FRP bars in concrete, the
tests are usually accelerated by immersion of the FRP bars
in a simulated concrete pore solution, with a controlled
elevated temperature™'"'. However,
primarily for glass composites, have shown that this
method is too severe and prematurely degrades the FRP

bars, leading to limited life expectancies and conservative
112]

previous studies,

predictions'”” . For instance, Mufti et al. """ conducted an
outdoor investigation on five in-service concrete bridge
structures across Canada (in service for 6 to 8 years).
The glass fiber reinforced polymer ( GFRP) bar reinforced
concrete cores were analyzed with a scanning electron mi-
croscope (SEM) and energy-dispersive X-ray spectrosco-
py (EDS). It was found that the glass fibers and the
Robert et al. '

placed cement mortar-wrapped GFRP bar specimens in

GFRP/ concrete interface were intact.

water with temperature controlled at 23, 40 and 50 C;
the tensile strength at 40 C and 50 C declined by 10%
and 16% after 240 d, respectively, much less than the
degradation of GFRP bars immersed in an alkaline solu-
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tion. However, studies on the durability of a promising
alternative material, concrete-encased FRP bars, particu-
larly the newly developed BFRP bars, in seawater are in-
sufficient!" .

This paper presents an experimental study on the dura-
bility of concrete-encased BFRP bars.

were placed in tap water, saline solution with an ambient

The specimens

temperature environment to simulate the conditions expe-
rienced by a concrete structure in freshwater, seawater
and an ambient environment, respectively. The degrada-
tion of BFRP bars in a simulated concrete pore-water so-
lution and in moisture-saturated concrete were compared,
and the acceleration factor between the two environments
was quantified.

1 Experimental Program
1.1 Materials

The ribbed basalt FRP bars used in this paper were
manufactured by a Chinese company (Jiangsu GMV New
Material T&D Co., Ltd.). The bars were manufactured
from continuous basalt fibers impregnated with an epoxy
matrix using the pultrusion process and were post cured in
a 200 C oven for 2 h. The spacing of ribs was d and the
depth was 0.06d, where d represents the nominal bar di-
ameter of 6 mm. The volume fraction of basalt fiber was
65% , as provided by the manufacturer. The composition
of the concrete by weight was W, Weenent Wervel® Wena =
200:417:1 159 :624. The water-cement ratio was 0. 48,
and the diameter of gravels used was approximately 10
mm. The pH value of the concrete pore-water was 12. 70
to 12. 75. It was measured by extracting solutions of
crushed and ground concrete powder after aging according

to Sun et. al'™'.

1.2 Specimens

All the bars were cut into 760 mm in length, as speci-
fied by the ACI 440. 3R—04 B2 061 and were divided
into two series: 1) Specimens without concrete case (5
unconditioned and 20 immersed in alkaline solution) and
2) Concrete-encased specimens (65 bars). The concrete
was cast around only the middle 200 mm of the bars. The
mold was a PVC pipe with an inner diameter of 70 mm.
Therefore, the thickness of the cover concrete was 32
mm, which is commonly used in buildings. A layer of

waterproof epoxy resin was applied to both ends of the
concrete cylinder and to the exposed BFRP. This ensures
that the solutions permeated only through the circular side
surface. Each end was sand-blasted and placed in a 250
mm long steel tube grouted with an epoxy matrix to create
grip ends for axial tension. The prepared concrete-en-
cased specimens are shown in Fig. 1.

(b)
Fig.1 Specimens preparation. (a) Details and dimensions of con-

crete-encased specimens(unit: mm); (b) Specimens ready for immer-

sion

1.3 Test plan

The detailed test plan is shown in Tab.1. The tested
specimens were divided into five groups: A, B, C, D
and E. Group A samples were embedded in concrete and
then immersed in tap water to simulate a humid environ-
ment. Group B samples were embedded in concrete and
immersed in a saline solution to simulate a marine envi-
ronment or the use of deicing salts on highway bridges.
Group C samples were concrete encased and placed in an
ambient temperature.
test in which bare FRP bars are directly immersed in an
alkaline solution was adopted for group D samples. The
five specimens of group E were first placed at an ambient
temperature for 180 d and then immersed in tap water for

A conventional accelerated aging

another 60 d. The accelerated aging was performed by
immersing the specimens in a temperature-controlled tank
as shown in Fig. 2. Because of instrument breakdowns
during the initial 7 d, the temperature was maintained at
(60 +5) T, and it was lowered to the specified 60 C for
the following exposure times after appropriate adjustment.

Tab.1 Test program

Embedded in

Exposure time/d

Group Environment Temperature/ C
concrete or not 15 30 60 90 120 240
A Yes Tap water — 5 5 5 5 —
B Yes Saline solution — 5 5 5 5 —
C Yes Indoor air Ambient temperature =~ — 5 5 — 5 5
D No Alkaline solution 5 5 5 5 — —
E Yes Embedded in concrete and placed indoor for the first 180 d and then immersed in tap water under ambi-

ent temperature for another 60 d (5 specimens) .

Note: The number 5 represents that there are 5 specimens in each group; — represents no specimens.
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\

Fig.2 Specimens immersed in the temperature-controlled tank

The composition of the alkaline solution consisted of
118.5 g Ca(OH),, 0.9 g NaOH, and4.2 g KOHinl L
of deionized water, as proposed by the ACI 440.3R—04
B2,
D1141—98""" | the composition of simulated sea water
consisted of 24. 53 g NaCl, 5. 20 g MgCl,, 4.09 g
Na,SO,, and 1.16 g CaCl,in 1 L of deionized water.

For groups A, B and D, the temperature was con-
trolled at 60 ‘C to accelerate the degradation effect of ag-
ing. 60 C was lower than the glass transformation tem-

According to the recommendations of ASTM

perature 7, and was not intended to produce any thermal

degradation mechanisms'"®

. The test program started at
the beginning of August and finished at the beginning of
April of the following year. Thus, the ambient tempera-
ture for groups C and E was the temperature in Nanjing,
China during the period from August to March (tempera-
tures ranged from -6 to 39 C). After each period, the
concrete wrap was carefully removed from the middle of
each concrete-encased specimen using a pressure testing

machine to avoid any additional damage.
2  Test Results
2.1 Visual observation

The original BFRP bar was black in color. After expo-
sure, groups A, B and D’s BFRP bars changed from the
original black to gold, which is similar to the color of the
basalt fibers themselves. This change suggests that the
bonding of the resin and fibers was damaged during the
corrosion. The surface appearances of specimens after 30
d of corrosion are shown in Fig. 3. Loose fibers were ob-
served on the surface of groups A, B and D, and as the

Fig.3 Appearance of BFRP bars after 30 d in different envi-

ronments

corrosion continued, surfaces in group D became looser,
whereas surfaces in groups A and B were unchanged be-
cause of the confinement of the concrete. There were no
obvious changes to the surface color and configuration of
group C specimens.

2.2 Interfacial conditions

The typical appearance of the corroded BFRP bar em-
bedded in concrete is shown in Fig.4(a), and the groups
B and C FRP/concrete interfaces after 120 d of exposure
are shown in Fig. 4(b). The group C FRP/concrete inter-
faces was intact. However, the group B FRP/concrete in-
terfaces was not as tight as those in group C because of
the severe corrosion of the BFRP bars.

(b)
Fig.4 BFRP bars’ appearance after being conditioned. (a)
BFRP bars were embedded in concrete after splitting; (b) Enlarged view

of the FRP/concrete interface of group B and C after 120 d of exposure

2.3 Tensile properties

Fig. 5 shows typical load-displacement curves for both
the unconditioned and conditioned bars from groups A
and C after 120 d of exposure. The load-displacement
curve of group C was almost coincident with that of the
unconditioned BFRP bar with the exception of some deg-
radation of the ultimate tensile strength. The group A’s
curve was clearly different from the other two. From the
curves, it was found that the failures of unconditioned
and group C specimens were catastrophic with a sudden
load decline, whereas the declining group A curve was
gentler compared to the others.

Fig. 6 shows the typical failure mode of the group A
BFRP bars after 120 d of exposure. It was observed that
the outer fibers were gold in color without any resin at-
tachment, and the inner fibers remained black in color
with resin attached, revealing that the corrosion of the
FRP bars occurred, starting from the outside to the inside



326

Zhu Ying, Wu Gang, Dong Zhiqiang, Wang Xin, and Wu Zhishen

451 ~
7\
40‘ \
I 1
35r ! 1
L 1
B 30 dit
§ 251 Group C(120 d)
.§ 201 2=\
15f ( ‘, Unconditioned
101 ‘o !
5r Group A(120 d)
00 2 4 6 8 10 12 14 16 18 20 22

Displacement/ mm

Fig. 5 Typical load-displacement curves of conditioned and
unconditioned BFRP bars

gradually. During the tensile test of group A specimens,
the external exposed fibers bulged and were fluffed out
constantly with little noise and the fibers ruptured from
the outer to the inner layers gradually. Moreover, slight

fluctuations on the load-displacement curve were ob-
served. The tensile test results for the unconditioned and
conditioned specimens are summarized in Tab. 2.

[N

\ Inner fibers

Fig.6 Typical failure mode of BFRP bar of group A (120 d
exposure)

Tab.2 Tensile test results

Tensile strength

Elastic modulus Utimate tensile strain

Exposure
Group tisle/d Average/ /% CV/% Average/ /% v V% CV/%
MPa GPa GPa
Uncm;‘;m"“ed 1 398.3 0 2.16 45.8 0 0.78 0.030 5 0 2.19
30 765.8 45.2 1.10 43.7 4.6 1.61 0.017 5 4.5 2.49
R 60 711.4 49.1 2.34 41.9 8.6 4.73 0.017 0 44.3 4.56
90 688.2 50.8 6.15 39.1 14.7 4.85 0.0177 42.1 14.08
120 613.8 56.1 7.75 39.8 13.1 6.51 0.014 5 52.4 4.56
30 817.1 41.6 5.24 4.3 7.8 2.98 0.019 1 37.2 6.02
5 60 732.2 47.6 1.64 43.4 5.3 1.44 0.016 9 44.7 0.20
90 643.5 54.0 7.74 4.0 8.3 4.44 0.0149 51.3 5.94
120 556.8 60.2 4.29 41.9 8.6 4.64 0.013 3 56.4 4.28
30 1377.3 1.5 2.92 45.0 1.9 0.31 0.030 6 ~0.4 2.85
60 1341.5 4.1 3.00 44.6 2.8 0.32 0.030 1 1.3 2.99
¢ 120 1340.8 4.1 5.28 44.5 2.9 2.54 0.030 1 1.2 2.93
240 1384.2 1.0 1.61 45.3 1.2 0.35 0.030 8 ~1.0 1.26
15 813.0 41.9 1.40
30 711.3 49.1 7.64
D 60 562.2 59.8 5.25
90 469.0 66.5 7.10
E 240 1355.1 3.1 4.53 45.11 1.6 0.41 0.0300 1.5 4.23

Note: The elastic modulus and ultimate strain of group D were not measured due to the extreme soft surface and CV means the coefficient of variation.

Tab. 2 shows that the degradation of Group D speci-
mens was serious; the loss of strength was 66. 5% after
direct immersion in the 60 C alkaline solution for 90 d.
A comparison with the concrete-encased specimens
(group A, B) indicates that direct bathing in this solution
accelerated the degradation.

As shown in Fig.7, group A and B specimens showed
an obvious tensile strength degradation after 30 d condi-
tioning at 60 C. The BFRP bars experienced 45.2% and
41.6% reductions in tensile strength, respectively. How-
ever, only a 1.5% reduction was observed for group C
specimens. In groups A and B, the degradation rate obvi-

ously decreased with the duration of immersion. Similar

degradation trends for GFRP bars were observed by Robert

14]

et al'"". In contrast, almost no tensile strength reduction

—— Group A
—&— Group B
—4— Group C
—*— Group E

Tensile strength/MPa

90 120 150 180 210 240

Exposure time/d

30 60

Fig.7 Tensile strength of BFRP bars embedded in concrete
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of group C BFRP bars was observed for as long as 240 d.
The observed slight reduction in tensile strength (less than
5% ) may have been caused by damage during the con-
crete crush or because of the discreteness of the material.
According to the experimental investigation, it can be
concluded that BFRP bars
placed indoors possess excellent durability performance.

The immersion temperature clearly affected the BFRP
bar strength loss. After the additional 60 d immersion in
tap water (January and February in Nanjing, China, av-
eraging 5 C), the five group E specimens experienced a
loss of strength of only 3.1% . Whereas, for the five
group A specimens, the loss of strength was 49. 1% after
immersion in 60 ‘C tap water for 60 d. This phenomenon
might be the result of the increased diffusion rate of the
pore-water solution into the BFRP bar and of the acceler-
ated chemical reactions with elevated temperatures.

Fig. 8 shows the change in the elastic modulus for
groups A, B and C. It can be observed that the loss in
elastic modulus in group C were negligible (less than
3% ). In contrast, group A and B specimens displayed a
slightly larger decrease, ranging from 4.6% to 14.7%,
and the coefficients of variation were also higher, as
shown in Tab. 2. It should be noted that the elongation
measured by the attached extensometer may have been af-
fected by the serious loose surface, resulting in inaccurate

embedded in concrete and

data. Thus, the elastic modulus of group D was not
measured.
50(
l%—é ‘
& 401 -~
g —— Group A
;5 30t —=— Group B
é —&— Group C
E 200
3
& 10f
0

0 30 60 90 120 150 180 210 240
Exposure time/d
Fig.8 Elastic modulus of BFRP bars

As shown in Fig. 9, the ultimate strain remained stable
in group C, whereas a strain reduction trend was observed
in groups A and B. The reduced ultimate strain trend was

3.5r
5 30 A
2
'E 2.5 —&— Group A
; 2.0 —=— Group B
é 1.5 —&— Group C
£ 1.0}
£
5 0.57
0 . . . . s . . )
0 30 60 90 120 150 180 210 240

Exposure time/d

Fig.9 Ultimate tensile strain of BFRP bars

similar to the tensile strength trend because of the relative-
ly constant tensile modulus.

3 Discussions
3.1 Effects of humidity

The significant strength loss (56.1% ) for the group A
specimens after 120 d is a result of both the elevated tem-
perature and the continued bathing (a moisture-saturated
concrete environment can provide adequate pore-water,
allowing the embedded BFRP bars sufficient contact with
the alkaline solution). Nevertheless, when the moisture
level of the concrete is low (in Nanjing, the annual mean
RH is approximately 76% ), the degradation rate will be
reduced because of the weakened alkaline environment.
High humidity ( sufficient moisture) is considered as a
pre-condition for a rapid strength loss in BFRP bars. High
temperature is another condition essential for the rapid
degradation of embedded BFRP bars. In summary, an
environment with high humidity and a high temperature
simultaneously is extremely unfavorable for the concrete-
encased BFRP bars. Conversely, if these conditions do
not exist simultaneously, a sound long-term durability can
be obtained.

3.2 Effects of chloride ion

The group A specimens were immersed in tap water,
whereas the group B specimens were immersed in a saline
solution. The degradation trends shown in Fig. 7 indicate
that there are no significant differences in the decrease in
tensile strength of the concrete-encased BFRP bars wheth-
er immersed in tap water or salt solution. This conclusion
was consistent with the primary experimental results of
Robert et al. """ on GFRP bars. The chloride ion, which
is harmful to a RC structure, has no additional adverse in-
fluence on the durability of BFRP bars. This provides a
significant justification to use FRP bars as an alternative
to steel bars, particularly within marine structures.

3.3 Effects of concrete wrap

Bare BFRP bars from group D were immersed in a sim-
ulated concrete pore-water solution, whereas group A
specimens were concrete-encased and immersed in tap
water. As shown in Fig. 10, the tensile strength of BFRP
bars in group A and group D exhibited similar down-
trends, indicating that the degradation mechanism for
BFRP bars in the two environments ( alkaline solutions
and moisture-saturated concrete (RH = 100%)) are the
same. The strength loss in group D was higher than that
in group A, which was 49. 1% and 59.8% in group A
and group D, respectively, after 60 d of immersion; was
50.8% and 66.5% in group A and group D, respective-
ly, after 90 d of immersion. In a solid porous material
such as concrete with a pore solution instead of free wa-
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ter, alkali movements are, to some extent, restricted.
Without the restriction of concrete encasement, direct im-
mersion provides degradation acceleration in a moisture-

saturated concrete environment.

Tensile strength/MPa

00 30 60 90 120 150

Exposure time/d

Fig.10 Tensile strength of BFRP bars
3.4 Acceleration factors

According to the most widely used degradation model
for FRP bars presented by Bank et al. """, and adopted by
Davalos et al. "', the shapes of the strength retention
curves were approximated by straight lines based on a
logarithmic time scale. The model was first developed by
Litherland et al. ™ and was applied to predict the long-
term performance of glass fiber concrete ( GRC). As
shown in Fig. 11, the two lines, representing concrete-en-
cased (groups A and B) and bare ( group D) specimens,
are approximately parallel. However, the degradation rate
of group D was accelerated because of the absence of a
concrete wrap. In this case, the acceleration factor can be

obtained from the distance between the curves. The cal-
culation procedure is
Bzi’:]olgu*lgtb (1)
th

where g is the acceleration factor; ¢ is the time for a con-
crete-encased specimen to reach a given degradation; and
t, is the time for a bare specimen to reach the same level
of degradation. Comparison of the horizontal displacement

701 y=-0.309 6x+1.0556
60t R%>=0.9576
50F

40t y=-0.309 6x+0.951 0

Tensile strength retention/%

2 _
3O_R =0.989 8
20l ® Group A
A Group B
108 o Group D
0 . . )

1.0 1.2 1.4 1.6 1.8 2.0 2.2

Exposure time/d

Fig. 11 Strength retention versus time for BFRP bar

of the curves gives an acceleration factor of about 2. 18.
That is, the degradation of 2. 18 years of exposure in

moisture-saturated concrete results in the same loss of
strength of BFRP as that of one year directly immersed in
a simulated alkaline solution.

It is complicated and inconvenient, but closer to the re-
al application, to conduct an accelerated aging test on
FRP bars encased in concrete. With the acceleration fac-
tor B, the FRP bar loss when embedded in concrete can
be calculated using the direct solution immersion data.

4 Conclusions

In this study, an investigation to quantify the durability
of concrete-encased BFRP bars is conducted. Test varia-
bles included temperature, humidity, exposure time and
solution type (tap water and saline water). As a compari-
son, bare BFRP bars were immersed in simulated con-
crete pore-water for up to 90 d. Based on the results of
this study, the following conclusions (applicable to only
the product tested) can be drawn:

1) The aging of BFRP bars occurred from the outer
layers to inner layers gradually. The change in the tensile
strength of the tested BFRP bars at a high temperature of
60 C was significant within the initial 30 d; it began to
stabilize as the immersion duration increased.

2) The degradation of concrete-encased specimens
within an indoor environment was negligible. Significant
tensile strength loss was obtained after conditioning in
moisture-saturated concrete ( water or saline water) at a
high temperature. High humidity and high temperatures
are essential conditions for the rapid degradation of BFRP
bars; if these conditions are not met simultaneously, a
sound long-term durability can be obtained.

3) There was no significant difference in the durability
of the concrete-encased BFRP bars, whether immersed in
The degradation of the
BFRP bars was primarily induced by the alkaline pore-
water solution instead of Cl~. Therefore, using BFRP

tap water or in salt solution.

bars as a replacement for steel bars is considered an effec-
tive approach to improving the durability of concrete
structures in Cl~ concentrated environments.

4) The aging of BFRP bars in moisture-saturated con-
crete was less pronounced than those directly immersed in
a simulated pore-water solution, even at high tempera-
tures (60 C), which makes for a more aggressive envi-
ronment. According to the preliminary results, for the
BFRP bars used in this paper, the degradation of 2. 18
years in moisture-saturated concrete at 60 C corresponds
to that of one year directly immersed in alkaline solution
(All other conditions are the same).
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