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Prediction of Ultimate Strength and Strain of Concrete Columns Retrofitted
by FRP Using Adaptive Neuro-Fuzzy Inference System
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ABSTRACT Aging and severe environments are major causes of damage in reinforced concrete (RC) structures such as build-
ings and bridges. Deterioration such as concrete cracks, corrosion of steel, and deformation of structural members can significantly
degrade the structural performance and safety. Therefore, effective and easy-to-use methods are desired for repairing and strength-
ening such concrete structures. Various methods for strengthening and rehabilitation of RC structures have been developed in the
past several decades. Recently, FRP composite materials have emerged as a cost-effective alternative to the conventional materials
for repairing, strengthening, and retrofitting deteriorating/deficient concrete structures, by externally bonding FRP laminates to con-
crete structural members. The main purpose of this study is to investigate the effectiveness of adaptive neuro-fuzzy inference sys-
tem (ANFIS) in predicting behavior of circular type concrete column retrofitted with FRP. To construct training and testing dataset,
experiment results for the specimens which have different retrofit profile are used. Retrofit ratio, strength of existing concrete,
thickness, number of layer, stiffness, ultimate strength of fiber and size of specimens are selected as input parameters to predict
strength, strain, and stiffness of post-yielding modulus. These proposed ANFIS models show reliable increased accuracy in pre-
dicting constitutive properties of concrete retrofitted by FRP, compared to the constitutive models suggested by other researchers.

Keywords : neuro-fuzzy inference system, FRP composite material, ultimate strength, ultimate strain
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Fig. 1 Stress-strain curves of concrete confined by CFRP
laminates (f; Axial stress at the boundary point of the
first and second region where the jacket is beginning
to get fully activated)
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Table 1 The number of data set in each prediction case

Case Training set| Test set
Prediction of strength (F,) 291 16
2 |Prediction of strain (g) 98 16
3 |Secondary elastic modules (E,) 88 16
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Table 2 Examples of training data set (part in 291 samples)
Data fa (MPa) | tg, (mm) |layer (ply) kind Eg, (GPa)| f, (MPa) | p (%) D (mm) | h (mm) | f, (MPa)
1 28.9 0.0193 2 A 210 2,173 0.2575 15 30 493
2 333 0.12 4 G 25.2 560 24144 10 20 110.7
3 28.9 0.0193 2 A 210 2,173 0.2575 15 30 49.1
4 333 0.0193 3 A 210 2,173 0.3864 10 20 101.2
5 31.8 0.011 3 C 230 3,456 0.1467 15 30 82.65
6 333 0.0193 3 A 210 2,173 0.3864 10 20 105
7 34.4 0.011 4 C 230 3,481 0.1467 15 30 87.02

tgy - thickness of FRP, Eg,, : Young's modulus of FRP, p : volume ratio, fy, : ultimate strength of FRP, ' : confined strength, A : aramid,

G : glass, C: carbon
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24

st=2E32|Ests| =22 223 M15 (2010)

RV

ﬁ = 1.0 +2'25(}3‘Q )

0471/\1
e ERER e
fck FRPZ H7tE AdA| 9 F3t=7
fu.ls}(a—.:z__'.7]-1f—0ﬂ/\i./] % ZHP/] ~]C')l"»é_—7<4--1-_{:-

—

9] AFA S o] AFA ThE setE o] &3 A
IEioﬂ Z&A1A HH Fig. 73 2ol °oF 24.8%°] 2a+&

S Yeh L gtk £3] 90 MPa o)/de] utE FEo
HL I BAEEARE AR Rt de AeFE YE
Tt Fig 82 el o8-8 dolEHE 2 (7)ol At
22 o] AFeA MAAG FRAAALES ALe 735
o] o FHE YEtd Zo R, o] dAFolX F53 TR
AA2H Z]EARIA BT L He] WellA Bt

Al
4
32 d2aT e Ao ey

AAE FEHAAA LS oS A|2HS A

sl71918ke] 16719 A EAS Table 49 7+o] wu 4
5ol A zﬂ*‘ok“iv} AEAE ARt FAAY A
150 x 300 mmAIE 3}, FF o] AFoA 7Idsl= Y5
7159 BAERE dS5387] Yot Bk AEs =
A2l thEk =ol= 4wl 150 x 600 mm AHAA| o] F
d2 EEste A¥S AL AFHES 2 %—%E
e 93 Ay FAA A £ PVCHO|ZE
o=z o]gste] ATt

AHEE 23 EE AAZE 21 MPag Al ste] g

H A X o ot O

hJ

HE AAste™ 2 wjgv]= Table 50 YeER AT
B4 F 2E ARAE d71E0H 280 Bt e
o, FEEE 20.1 MPal 2 UET
2.5
< Youssef * This study
2 o oo
2
=
S1s
=
S
g 1
=
0.5
0 . . . .
0 30 60 90 120 150

Experimental value (MPa)

Fig. 8 Comparison between Yossef and this study



Table 4 Retrofitting volume ratio

Table 7 Material properties of epoxy

Name £ (%) [Size (mm) Name P (%) [Size (mm) Mixing weight ratio |Compressive| Adhesive
H2-10 0.5333 N2-0 0.2667 Base Hard strength strength Usage
H2I1T | 02667 N23 | 0.2667 compound | N | (MPa) | (MPa)
H2-12 0.1778 N3-1 0.8 3 1 32.1 16.5 Adhesive
H2-13 0.1333 N3-3 0.4
H2-14 0.1067 150600 N3-1 04 150>300

- : . : H 1Al E/48 Tables 6, 791 YERY AT
H2-1 1-T| 0.5333 N3-1 0.8
H2-1 1-A| 0.5333 N3-0-A 0.8 - -

AlS] al =

H2-1 1-B| 0.5333 N3-1-B | 08 43 HE AR
H2-11-B

L Splice (T:0, A-24, B:48 cm)
Space (0:2.5, 1:5, 2:7.5, 3:10, 4:12.5cm)

Width (I:25 mm, I1:50 mm)
Thickness (2 mm, 3 mm)
Size (H 600, N 300)

Table 5 Mix properties of concrete

Design Mixture (kg/m’)

Slump| W/C

strength

Mbay | ™| )| ¢ [ W s |G

Air (%) |Admix.

21 120 | 54.7 | 327 | 179 | 864 | 951
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Table 6 Material properties of FRP
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Table 8 Test result

Specimen fi (MPa) & E, (MPa)
H* 26.61 0.0023 —25974**
H2-10 32.63 0.003 12810.59
H2-11 31.28 0.0033 2527.83
H2-12 30.67 0.0028 —13138.2%*
H2-I3 31.43 0.0027 —24890.9%*
H2-14 30.48 0.0027 —34703.1%*
H2-I 1-T 34.86 0.0032 11652.96
H2-T1 1-A 35.33 0.0037 5081.056
H2-1 1-B 37.02 0.0036 22674.68
N* 21.13 0.0018 —19276.4%*
N2-10 25.70 0.0031 3156.05
N2-113 26.66 0.0031 2852.00
N3-II1 26.83 0.0039 9814.00
N3-113 25.87 0.0035 4602.43
N3-11 26.57 0.0034 6210.99
N3-1 I-T 29.07 0.0036 8967.37
N3-1 0-A 28.59 0.00378 5697.24
N3-1 1-B 29.81 0.0037 7984.13

*H and N are reference specimens
**(-) symbol means 'desending' at Fig.1
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