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Strengthening effects of BFRP on reinforced concrete beams
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Abstract: Reinforced concrete (RC) beams externally bonded
with basalt fiber reinforced polymer (BFRP) are experimentally
investigated by using different numbers of bonding plies,
transverse anchorages as well as the initial conditions of
The BFRP
strengthening are compared with those of the carbon fiber

strengthened beams. performances of the
reinforced polymer ( CFRP) and the glass fiber reinforced
polymer ( GFRP) under the same experimental condition.
Experimental results indicate that the strength and ductility of
the strengthened beam with two plies of the BFRP are improved
remarkably than those with one ply. The strengthening effects of
the BFRP lie between those of the CFRP and the GFRP. The
BFRP strengthening is little influenced by pre-cracks of
concrete. Most failures are caused by interfacial debonding
induced by flexural cracks in the experiment. Clamping of U-
wraps along the whole beam is less efficient than endpoint
anchorage for increasing the ultimate load of the strengthened
beam. Finally, the models suggested by the five guidelines for
predicting the debonding strain of the CFRP are extended to the
BFRP and the conservative estimates of the debonding strain of
the BFRP are given as well.
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he fiber reinforced polymer (FRP) has been consid-
T ered as a kind of highly efficient material for struc-
tural upgrading and retrofitting due to its lightweight,
corrosion resistance, nonmagnetic property and easy con-
structability. The carbon fiber reinforced polymer
(CFRP) and the glass fiber reinforced polymer ( GFRP)
have been extensively applied in the rehabilitation of dete-
riorated concrete structures since the 1970s,
strengthening behaviors have been widely investigated in
past decades''™ . In spite of the well demonstrated advan-
tages of these strengthening methods, their drawbacks,
such as high cost, low fireproofing, incompatibility of

and their

resins and substrate materials, and the strict requirements
of strengthening surfaces and temperatures, are obvious.
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The strengthening performance of the basalt fiber rein-
forced polymer ( BFRP) has drawn attention in recent
years. The basalt fiber is made from melted basalt rocks
formed by natural volcanic molten magma and has the
properties of large strength-to-weight ratio and high dura-
bility"*™. BFRP costs less than other FRPs since the raw
materials are rich in reserve, easily obtained and energy
saving in production®. It is known that the strength of
the basalt fiber is about 30% of the carbon fiber and 60 %
of the glass fiber, respectively. In addition, the basalt fi-
ber has the advantages in terms of insulation and resist-
ance to oxidation, abrasion, acid, alkali, and to low and
high temperatures. It also has a unique property of short
time resistance to high temperature over 1 000 C and it
can be exposed to a temperature of 760 C with only a
10% loss of strength'”, making itself an ideal strengthe-
ning material in thermal environments.

As its properties have been gradually understood, the
BFRP is found to be more efficient in rehabilitation of con-
crete structures than the conventional FRPs™™ Generally,
the high tensile strengths of CFRP and GFRP cannot be
completely used due to the frequent happenings of interfa-
cial debonding for FRP strengthened beams. In this case,
different ultimate tensile strengths of CFRP, GFRP and
BFRP have little effect on the yielding strength of the
strengthened beam. Furthermore, BFRP reinforcement
possesses a higher ratio of performance-to-cost than other
FRPs, which effectively reduces the budget of structural
rehabilitation. The strengthening performance of the BFRP
on reinforced concrete (RC) beams is experimentally in-
vestigated in this paper. The research indicates that the up-
graded strength and the ductility of the strengthened beam
with BFRP are both between those with CFRP and GFRP.
Strengthening of two plies of BFRP on pre-cracked RC
beams performs the most efficiently among the test speci-
mens. Most of the failures of the strengthened beams with
BFRP are caused by interfacial debonding induced by flex-
ural cracks. Clamping of U-wraps along the strengthened
beam is efficient in preventing debonding failure, but a
lower ultimate strength of the beam is obtained than that
with endpoint anchorage.
BFRP can be predicted through the formulae presented in
the guidelines, where all the formulae are based on CFRP,
and a conservative estimation is obtained.

The debonding strain of the

1 Experimental Program

An experiment is carried out to investigate the contribu-
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tion of the BFRP on the enhancement of the RC beam. A
total of nine simply-supported 2 m long RC-beams are
constructed. The profile of the specimen is shown in Fig.
1. The longitudinal reinforcement consists of two ¢14
mm deformed steel bars with a yielding strength of 335
MPa. The average compressive strength of the concrete is
26.8 MPa. RC beams externally bonded with one and
two plies of BFRP, CFRP and GFRP have been tested.
For understanding the interfacial bonding of the BFRP on
the substrate, two schemes of transverse anchorages are
set up: one along the beam and the other at the endpoint
of the BFRP sheet. The mechanical properties of the
FRPs used in the experiment are displayed in Tab. 1.
Araldite epoxy of XHI80A and XHI180B are laid between
the FRPs and the concrete. Pre-cracked beams strength-
ened with the BFRP are also tested .
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Fig.1 Profile of the specimen (unit: mm)

Tab.1 Material properties of FRPs used in the experiment

Tensile strength/ Modulus of Thickness/ Elongation/

FRP MPa elasticity/GPa mm %
CFRP 3400 230 0. 167 1.5
GFRP 1615 93 0.177 2.4
BFRP 2000 90 0. 107 2.0

2 Experimental Results

The experiment is conducted by using a YAW-10 000F
hydraulic machine with an increasing load step of 5 kN.
The cracking load of concrete f,, the yielding load of
steel reinforcement f,, and the ultimate load of beam f,
are recorded and presented in Tab. 2. The ductility of
each beam is measured by the deflection of the beam, the
FRP strain and the strains of steel reinforcement and con-
crete. The yielding deflection w, the ultimate deflection
w, of each beam and the detailed strengthening schemes

are also listed in Tab. 2. For evaluating the enhancement
of each FRP, the ratios of strength and ductility of the
strengthened beam to those of the control beam, i.e., p,
and p,, are calculated and shown in Tab. 2.

The failure mode is mainly governed by the yielding of
the steel reinforcement, the crushing of the concrete and
the debonding of FRP from the substrate. The propaga-
tion of cracks on the control beam is shown in Fig. 2.
The debonding failure shape and crack propagation of one
of the strengthened beams are illustrated in Fig.3. It can
be clearly seen that the pattern of concrete cracks is amel-
iorated by strengthening of the BFRP. There is little
difference in inhibiting concrete cracking among the
strengthened beams with the three FRPs. Although most
failures of the strengthened beams are caused by debond-
ing of FRP laminates induced by flexural cracks, abrupt
fracture of strengthening laminates and U-wraps also oc-
curs in the experiment.

Fig.2 Crack pattern of the control beam
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Fig.3 Crack pattern of the strengthened beam

The experimental study shows that clamping of U-
wraps along the whole beam cannot work more effectively
in upgrading ultimate strength than that at endpoints. The
compatibility of interfacial strain is restricted by close
placement of U-wraps along the whole beam, leading to
high strain concentration in BFRP laminates near concrete
cracks and early brittle fracture of BFRP between two U-
wraps, as shown in Fig. 4.

Tab.2 Strengthening schemes and records of experimental data

Label of beams Strengthening schemes fo/KN  fy/KN f/KN w/mm w,/mm P Pd
B-1 Control beam 39 124 157 4.6 22
B-1B-a 1 ply BFRP, end U-wraps 42 137 162 4.7 18 .04 0.82
B-1B-b 1 ply BFRP, precracked and end U-wraps 112 146 4.1 19 .94 0. 86
B-2B-a 2 plies BFRP, end U-wraps 54 151 186 4.8 16 .17 0.73
B-2B-b 2 plies BFPR, precracked and end U-wraps 154 192 4.3 18 .21 0. 82
B-2B-c 2 plies BFPR, U-wraps along beam 47 139 177 4.8 17 .14 0.77
B-1C 1 ply CFRP, end U-wraps 37 130 161 5.0 17 .03 0.77
B-2C 2 plies CFRP, end U-wraps 50 151 196 4.3 12 .26 0.54
B-2G 2 plies GFRP, end U-wraps 49 129 189 4.6 19 .20 0. 86
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Fig.4 U-wraps clamping along whole beam

3 Discussion

3.1 Upgrading performance of strengthened beams
with BFRP

The effects of the BFRP layer number on the strength-
ened beam are investigated in the experiment. The results
show that the strength and ductility of the strengthened
beams are obviously improved with increasing the number
of layers. Strengthening of two plies of the BFRP is more
effective for upgrading the loading capacity of the
strengthened beam than one ply of the BFRP, as shown in
Fig.5. The yielding load, the ultimate load and the duc-
tility of the beam strengthened with two plies of BFRP are
increased by 18%, 17% and 22% compared with the
control beam, respectively.

Deflection/mm
Fig.5 Beams with different plies of BFRP

To find the retrofitting performance of BFRP on pre-
damaged beams, two beams are loaded by 80% of the
loading capacity before being strengthened. For B-1B-b,
the pre-damaged beam reinforced with one ply of BFRP,
the ultimate load is little improved even though the crack-
ing load is much higher than that of the control beam. As
for B-2B-b, the pre-damaged beam reinforced with two
plies of BFRP, the increments of the yielding load, the
ultimate load and the ductility are 24%, 21% and 18%,
respectively, as shown in Fig. 6. The behavior of the
BFRP strengthened beam is not affected by pre-damage,
and the strengthening effects of the BFRP on the pre-
damaged beam are more remarkable than those on the in-
tact beam.

Interfacial debonding is the most common mode of fail-
ure in the experiment which restricts the strengthened
beam to reach its ultimate loading capacity. For preven-
ting the interfacial separation, many schemes of trans-
verse anchorages have been studied in previous research-
es. Following the experimental results in Refs. [9 —10],
the reinforced beam B-2B-c is laterally anchored with U-
wraps of 60 mm in width and 50 mm in space
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Fig. 6 Enhancement of pre-cracked beams

along the beam. It is found that clamping BFRP with
close placement of U-wraps along the whole beam is less
efficient than clamping at two endpoints with respect to
upgrading ultimate strength, as shown in Fig. 7. The ulti-
mate strength and ductility of this scheme are increased by
13% and 23% compared with the control beam B-1, but
3% and 6% less than the beam B-2B-a of endpoint an-
chorages, respectively. Although interfacial debonding is
avoided, the tensile stress of the BFRP is distributed
unevenly in a longitudinal direction due to the constraints
of the close placement of U-wraps. Consequently, the
interfacial compatibility of strain cannot be realized, and
local concentration of high strain is generated near flexur-
al cracks of the concrete, which causes BFRP to partially
rupture. Overall, the reinforcement of two plies of BFRP
with endpoint anchorage is more effective in improving
the performance of strengthened beams than that of other
strengthening schemes.
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Fig.7 Effect of different anchorages

3.2 Comparative study of BFRP to CFRP and GFRP

A comparative study is carried out to investigate the
strengthening effects of RC beams enhanced with the
BFRP, CFRP and GFRP. Cracking of concrete can be ef-
fectively inhibited by external bonding of the three FRPs.
The similar failure of debonding occurs for each FRP
strengthening. The improvement of the load capacity of
beams bonded with two plies of FRPs is more noticeable
than that with one ply. The cracking strengths of beams
bonded with two layers of the three FRPs are almost the
same. The yielding strength of the beam bonded with
BFRP is 3% lower than that with CFRP, and 14% higher
than that with GFRP. The contributions of BFRP, CFRP
and GFRP to upgrading the strength of RC beams are
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18% , 25% and 20%, respectively, as illustrated in Fig.
8. It is concluded that the total performances of the
strengthened beams bonded with the BFRP lie between
those with the CFRP and the GFRP.

200

1 1
0 5 10 15 20 25
Deflection/mm

Fig.8 Reinforcement of various FRPs

4 Predicted Debonding Strain of BFRP vs. Its
Actual Value

Many models have been developed to predict the up-
grading strength of RC beams externally bonded with
CFRP since the 1990s"""’. The models that are used to
compute debonding strain presented in the guidelines'*™"”
are listed in Tab. 3. All the models are based on laborato-
ry and field data obtained from CFRP strengthening, and
hence cannot be directly applied to other strengthening
materials even though the same computational principles
are adopted. To investigate the debonding strain of
BFRP, the models in the guidelines are extended and the
comparative results of predicted-to-experimental ( P-E)
debonding strains of CFRP and BFRP are summarized in
the right two columns of Tab. 3.

Tab.3 Models of predicted debonding strain and ratios of P-E
Ratios of P-E

Guidelines Formula —_—
CFRP BFRP
CECS1461'2 & =scu(w’%)< [er] <0.01  1.39 0.93
ACI 440113 e =0.42 ﬂ < 0.9, 0.51 0.67
nebgty *
TR551 = o _ 2n 0.42  0.56
e =0.58, WE, < . <0.008 O. :
2
ISCEM gy = [ 200 fw 0.51  0.67
teneEy Ym
Fib bulletin fuf
141167171 eq =0.23 T‘tf 0.45 0.59

Conservative estimates about 50% of the actual values
of debonding strains are obtained based on the formulae
presented in the guidelines. The debonding strain deter-
mined by CECS146 is much greater than others since it
assumes an ideal failure that the yielding of steel rein-
forcement, crushing of concrete and rupture of FRP occur
at the same time. The ratio of the predicted-to-experi-
mental values rises 10% when the formulae given by the

guidelines are extended to determine the debonding strain
of BFRP. That is to say, the predicted debonding strain
accounts for about 60% of the actual values,
safe in the application of BFRP. Since the upgrading of
the strengthened beam is affected by many factors inclu-
ding occurrences of uncertain failures, an unduly conser-
vative estimation is needed throughout the design proce-
dures.

and it is

5 Conclusion

BFRP can be applied in strengthening RC beams,
whose overall performance lies between those of the
CFRP and the GFRP. Cracking of concrete can be effec-
tively inhibited by external bonding of BFRP. The upgra-
ding strength and ductility of strengthened beams with
two plies of the BFRP are more remarkable than those
with one ply. Little difference is found for the intact
beam and the pre-cracked beam strengthened with BFRP.
Clamping BFRP near endpoints is more efficient than that
along the whole beam with the upgrading ultimate load.
The debonding strain of the BFRP can be predicted
through the formulae presented in the guidelines, which
gives a conservative estimation. Since the BFRP owns a
higher ratio of performance to cost, eco-friendly quality
and unique high temperature resistance than the CFRP and
the GFRP, it can be a superior option as a strengthening
material.
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