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Structural Performance of Reinforced Concrete Beams Strengthened with
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ABSTRACT The main purpose of this study is to develop a sprayed FRP repair and strengthening method, which is a new tech-
nique for strengthening the existing concrete structures by mixing one of the carbon or glass chopped fibers and one of the epoxy or
vinyl ester resins with high-speed compressed air in open air and randomly spraying the mixture onto the concrete surface. At present,
the sprayed FRP repair and strengthening method using the epoxy resin has not been fully discussed. In order to investigate the material
property of the sprayed FRP, this study carried out tensile tests of the material specimens, which were changed with the combinations
of various variables including the length of chopped fiber and the mixture ratio of chopped fiber and resin. These variables were set
to have the equal material strength, compared with that of one layer of the FRP sheet. As a result, the optimal length of glass and
carbon chopped fibers was turned out to be 38 mm, and the optimal mixture ratio between chopped fiber and resin was also turned
out to be 1 : 2 from each variable. And also, the thickness of the sprayed FRP to have the equal strength to one layer of the FRP sheet
was finally calculated. In this study, a series of experiments were carried out to evaluate the strengthening effects of flexural beams,
shear beams and damaged beams strengthened with the sprayed FRP method, respectively. The results revealed that the strengthening
effects of the flexural and shear specimens were reasonably similar to those of the FRP sheet, and the developed Sprayed FRP tech-
nique is able to be used as a strengthening scheme of existing RC building.
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Fig. 2 Equipment for sprayed FRP
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Table 1 Variables of material tests

Length Ratio of mixture
(mm) Epoxy
Glass 14, 28, 38, 536|1:3, 1:2.5, 1:2| 14, 1:3, 1:2

Carbon 28, 38 1:2.5, 1:2 1.3, 1:2

Chopped fiber
PP Vinyl ester

Table 2 Material properties

Tensile | Modulus | Design

Material strength Jof elasﬁcit% thickness
(MP2) (MPa) (mm)
Roving Carbon 5
3,920 [235%10 -
type | [M company]
Fiber Glass 500 |25%10°] 1
Sheet | [C company]
e
P Carbon | 3550 1235 10° 0.167
[S company]
Epoxy 45 ) )
. [J company]
Resin

Vinyl ester
30
[J company]
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Fig. 3 Stress-strain relationships of glass and carbon chopped
fibers and epoxy and vinyl ester resins
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Fig. 5 Strengthening process of sprayed FRP

Table 3 Test results of specimens and sprayed FRP thickness for design

Specimen Fiber Resin g (Yo) o, (MPa) Design thickness (mm)
G38:E=1:2 Glass Epoxy 0.833 119.305 42
G38:VE=1:2 Glass VE 1.036 117.050 44
C38:E=1:2 Carbon Epoxy 0.488 182.385 3.0
C38:VE=1:2 Carbon VE 0.657 116.825 4.0
* * 2-D1o
Q: % %’8 2-013
(@ s . &) g
leolla
00 _ 80 900 200 . 200 150
FY DIO@150
2100, 8 D10@100
* * 2-D13(SD40)
r KA
m 5 ss 55 L? s8 ] g )
;?-&3 -
mnT 250 500 ‘ 750 Tmo
D10@250(SD30)
2200,

Fig. 4 Details of typical flexural and shear beams

(unit: mm)
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Table 4 Material properties of concrete

Flexural beam Shear beam
Specified concrete strength Compression strength (MPa) Specified concrete strength Compression strength (MPa)
(MPa) 14 days 28 days (MPa) 14 days 28 days
19.3 23.1 29.2 35.6
24 183 19.9 30 29.5 34.7
194 299 29.7 309
Average 19.0 243 Average 29.5 337

Table 5 Material properties of reinforcing bar

Type Modulus of elasticity Eg (<10% (MPa)| Yield strength f, (MPa) | Tensile strength f, (MPa) | Elongation (%)
D10 1.86 4714 536.6 179
SD40 D13 1.82 375.1 5672 19.6
D22 1.75 380.8 499.7 199
SD30 D10 1.78 4145 458.6 16.7
Table 6 Summary of flexural beam specimens
Specimen Material Spray |Damage ' Damage class
BN - - - B EI%IILHI llvlv
B-GS-U Glass fiber sheet U - 0 o s ‘
S a1 Rebars
B-EG-SB | Epoxy + Glass chopped fiber B - £ ebars yielding uckling
N
B-EG-SU EpOXy + Glass chopped fiber U - Cracking Concrete falllng in
BCR-EG-SB| Epoxy + Glass chopped fiber B m compression
B-VG-SB | Vinyl ester + Glass chopped fiber| B -
B-VG-SU | Vinyl ester + Glass chopped fiber | U - ° Displacement

Note) B : bending, N : normal, CR : cracking, GS  glass fiber sheet,
E :epoxy, V:vinyl ester, G:glass chopped fiber, C: carbon
chopped fiber, S :spray, B :bottom, U : bottom + side
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Fig. 6 Relationships between damage degree and load-
displacement of flexural member”

Fig. 7 Loading and measurement of flexural beam
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Table 7 Summary of shear beam specimens

Specimen Material Spray | Damage
SBN-NT - - -
SBN - - -
SB-GS-U Glass fiber sheet U -
SB-EG-SI Epoxy + Glass chopped fiber I -
SB-EG-SU Epoxy + Glass chopped fiber U -
SBCR-EG-SI| Epoxy -+ Glass chopped fiber I m
SB-VG-SI | Vinyl ester + Glass chopped fiber | 1 -
SB-VG-SU | Vinyl ester + Glass chopped fiber | U -
SB-CS-U Carbon fiber sheet U -
SB-EC-SI Epoxy + Carbon chopped fiber I -
SB-EC-SU | Epoxy + Carbon chopped fiber U -
SBCR-EC-SI| Epoxy + Carbon chopped fiber | m
SB-VC-SI | Viny! ester + Carbon chopped fiber] 1 -
SB-VC-SU | Viny! ester + Carbon chopped fiber| U -

Note) SB : shear beam, N : normal, T tension, CR : cracking, GS :
glass fiber sheet, CS : carbon fiber sheet, E : epoxy, V: vinyl ester,
G : glass chopped fiber, C : carbon chopped fiber, S : spray, I : side
U : bottom + side

Damage class
() vl
= L () v v
= Concrete compressive
S failing
7 Rebars buckling
Cracking
0 Displacement

Fig. 8 Relationships between damage degree and load-
displacement of shear member”

Fig. 9 Loading and measurement of shear beam
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(d) SB-EC-SI
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Fig. 10 Failure of specimens
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Fig. 11 Load-displacement relationship of flexural beams (glass
chopped fiber)

Table 8 Summary of test resuits (unit: kN, mm)
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w7} A8A (SB-EG-SI 2 SB-EC-SH$}t 79 558 2
7 Z37F ettt Figo 129 fElddf B7Fe] SB-

400

e SBN
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e SB-VG-SU

300

200

Load (kN)

[¢]
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Fig. 12 Load-displacement relationship of shear beams (glass
chopped fiber)

) Cracking Yield Maximum Tsrrp .
Specimen Vo 5o v, 5 V. 5 ¥ 7 Failure mode
BN 134 2.85 36.1 991 60.8 3555 - -
B-GS-U - - 753 16.03 108.8 41.17 - -
B-EG-SB 112 1.95 74.5 204 824 31.23 49
B-EG-SU 134 2.25 82.1 32.72 83.0 3545 42 32 F
BCR-EG-SB 123 2.08 583 17.61 74.5 31.68 3.6
B-VG-SB 11.2 1.61 68.9 17.51 73.0 27.57 4 35
B-VG-SU 12.8 1.78 76.0 17.43 90.9 32.90 29
SBN-NT 56.0 1.39 - - 1453 5.89 - - S
SBN 37.1 091 2304 8.44 246.4 995 - -
SB-GS-U - - 256.7 824 3114 21.34 - - FiS
SB-EG-SI 764 1.76 3049 9.76 3357 15.89 4.7
SB-EG-SU 54.5 1.04 - - 306.8 9.40 42 44 S
SBCR-EG-SI 369 1.06 294.5 9.57 3257 16.08 4.1 F+S
SB-VG-SI 61.3 1.55 229.1 7.04 297.1 11.71 44 3.8 S
SB-VG-SU 74.5 1.51 300.6 9.17 3248 12.47 2.7
SB-CS-U - - 3121 17.62 326.6 22.96 - - FiS
SB-EC-SI 66.3 2.15 3145 12.39 343.6 21.38 2.7
SB-EC-SU 66.0 1.84 264.7 9.44 3042 1221 3.0 2.7 S
SBCR-EC-SI 352 0.92 3152 11.04 3329 16.46 3.5 F+S
SB-VC-SI 26.5 044 - - 276.9 8.50 4.0 4.6 S
SB-VC-SU 69.9 1.62 - - 305.3 9.02 4.0 33

Note) 1 : Sprayed FRP design thickness, f: Sprayed FRP thickness, F : Flexural failure, S : Shear failure
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Fig. 13 Load-displacement relationship of shear beams (carbon
chopped fiber)
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Fig. 14 Definition of investigated stiffness
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Fig. 15 Stiffness-displacement relationships of flexural beams
(glass chopped fiber + epoxy resin)
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Fig. 16 Stiffness-displacement relationships of shear beams
(glass chopped fiber + epoxy resin)
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Fig. 17 Stiffness-displacement relationships of shear beams
(carbon chopped fiber + epoxy resin)
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Fig. 18 Comparison of SFRP and FRP test results
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