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ABSTRACT

Reinforced concrete beams are often retrofitted with various FRP composite sheets. This paper is focused on the
comparison of structural performance of various FRP sheets and proposal of the retrofitting design formula.

Effects of the FRP kinds(AFRP, GFRP, CFRP) and the reinforcing steel ratio on behavior of the retrofitting
beams are tested and analyzed with particular emphasis on the maximum load capacity, stiffness, and ductility.
The experimental work included 4 point flexural testing of 3.2m span reinforced concrete beams with bonded

external reinforcements.

The results show that the difference of FRP kinds is not large and the flexural load capacity is mainly affected
by stiffness of the retrofitting materials. This paper also proposes the design formula on the retrofitting reinforced
concrete flexural members and checks with this experimantal work and previous research results.

Keywords : retrofitting, FRP, flexural performance, stiffness, load capacity, design formula
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Table 1 Test variables

Reinforcement ratio

. Retrofitting _
Beam Retroﬁttmg Ply| length . Ratio
material (m) | before | after |with 0y
(%)
SBC None - - 0.009% - 369
SAL| AFRP | 1| 30 |000%|00135| 519
SA2| AFRP | 2 300 | 00096 00174| 669 Fig. 2 Test setting
SGl GFRP ! 300 000% | 00138 531 Table 2 Strength of concrete and re-bar
SG2| GFRP | 2 300 | 0009% | 00181 | 696 - . -
Material Kind of strength Strength (kgf/cm)
SCl| CFRP | 1 300 |[00096| 0014 | 55 N Compression 7
sc2| CRRP | 2| 30 |o00006|00172| 662 e S litting tension 26
D10 4763
__ m ot Re-bar Tension D13 5141
T e D 19 27
Eg N D10@150
Steel strain gage = Table 3 Material properties of retrofitting material
2-D19
b Ttemn Unit AFRP GFRP CFRP
] < gt‘f“Sﬂe] kefem? | 546843 | 661299 | 86794
iy e = S‘Iev‘;l%fhm]per kefem | 5255 5603 512,03
174 span  loading point  span center FRP Thickness mm 0% 0.8 059
Fig. 1 Specimen detail E modulus | kgf/em’ | L14x10° | 72x10° | 2.35x10°
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Table 4 Material properties of epoxy adhesive

Item Unit Value Remark
Tensile strength e’ 500 KS L 513
Elastic modulus e | 28000 KS L %513

Elongation % 2.0 KS L 2513
Density e’ 118 ASTM D 7%
3. g ¥ 24y
31 guid

FRPE AM3to] HR7g AJFAEL Table 5014 e}
Uso| kel w9 gulge Fubt Jehds
AR FRd WE WEe FZAE g4

A ATt SR mel 1487 739l

0 1 2
Strengthening detail (FRP ply)

Fig. 3 Max. load comparison

Table 5 Test results and analysis
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Fig. 4 Load capacity ratio between test and formula (1)

Test result Previous Increase over unplated | Load per equivalent FRP stiffness

Bearn proposed Test max./ (%) reinforcement ratio (e ED Test max. /

Yield load | Max. load | formuila (1) | formula (1) _ FRP stiffness

(ton) (ton) (ton) Test max. | Formula (1) | Test max. | Formula (1) {ton)

SBC 1062 11.69 990 1.18 0 0 1218 1031 0 -
SAl 1198 1486 1466 101 21 48 1101 1086 1970 T4
SA2 1381 16.16 1936 083 B % 29 1113 3940 410
SG1 11.94 1413 1512 093 21 5 1024 10% 1,115 1268
SG2 1390 1682 2031 083 4 16 29 1122 2229 755
SC1 1315 1525 1451 106 0 47 1138 1083 2,49 611
SC2 1456 1667 1904 038 43 R %9 1107 491 34
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Fig. 6 Analysis with equivalent steel ratio
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Fig. 7 Analysis with stiffness of FRP plates
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Fig. 9 Load-displacement analysis assumption6> Fig. 12 Diagram for ductility (formula (2))
Table 6 Test result and analysis of load-deflection curves
Section properties Load-deflection curve
I . .
Beam | Neutral | Moment | Increase over | .. | oo | 2plies/Iply | After | onjies/ply ratio | Elastic | Total 3
axis |of mema unplated <o unplated ratio yielding o range |energy to |Ductility
(cm) (cm) (%) pe ?%) (initial) slope (after yieldng) | energy |Max. load
SBC 929 25700 0 0.70 0 - - - 68 582 856
SAl 1006 30900 202 081 16 Lo 0.037 " R 50 6.30
SA2 10.74 35800 393 091 30 . 0.169 . 113 a5 3H
SG1 974 28700 117 082 17 L1 0086 Lo 106 607 573
SG2 | 1015 | 31500 26 093 3 ' 0165 ' 103 511 49
SCL 1025 32200 2.3 083 19 L0 00% Lo 116 553 477
SC2 11.08 38200 486 091 30 ' 0.163 . 122 409 336
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Fig. 13 Failure drawings
Table 7 Test results of failure aspect
Strain at failure ( x10° )
Failure aspect
Concrete at
Beam compression face FRP
SBC 361 - Flexural
SAl 383 13623 Center-delamination
SA2 2823 7328 Center~delamination
SG1 3210 21801 FRP fracture
SG2 3065 8230 Center-delamination
SCL 2002 9175 Center-delamination
SC2 2004 9902 Center-delamination
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Fig. 14 FRP strain distribution of SAl
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Table 8 Comparison with proposed formula

Proposed
formula formula
(5) 6)

SBC | 1169 990 118 990 118
SAL 1456 1309 113 1178 126
SAZ | 1616 1458 111 1312 123
SG1 1413 1416 1.00 11.33 12
SG2 1682 1659 101 1327 127
SCl 525 1270 120 1270 120
SC2 1667 138 1.20 138 120

Test load Proposed

(ton)

ratio with
test

ratio with

test

= 16 ——
o 14
=
12
e
10— ~~——¥—— CFRP Test
- 8 r - - - =¥ - - -CFRP proposed
®© g~ GFRP Test
Q 4 - - & - - -GFRP proposed
E et AFRP Test
2] --rm--- AFRP proposed
0

Control 1 Ply 2 Plies
Strengthening detail

Fig. 15 Comparison with proposed formula
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Table 9 Comparison with previous research results

Specimen details Test Previous | Proposed Test /
Researcher result proposed | - formuta sal Remarks
b | h | L o | AL A b || | T oma | 6) pm(‘;
(m | (m) | m |&kg/emd | (crd | @) | (e | em) ton 3) (ton)
Ll ™| 15 {20 | 60 | 157 1006 | 15 | 012 |CFRP| 697 | 88 | 61l 114
Rahimi
M| 15| 20| 60 | 157 |1L06] 15 | 018 [GFRP| 616 | 909 | 641 | 0%
Nigiven ? | 12 | 15 | 13 | 32 | 2% |oses| 8 | 012 |cFRP| 589 | 910 | 766 | o7 develoiﬁ‘nfflength
PMeta® 15 | %5 | 20 | 50 |94 | 0 | 13 |03 |GFRP| 197 | %57 | 195 | 101
Quantrll | 10 | 10 | 90 | 50 | 08 | 057 | 8 | 012 |CFRP| 408 | 515 | 442 | 092 | low E modulus
In(S =
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% Gt wA AR R mE AT o glom, ® Aol ek WA AEALAS
CFRP = 10 o %9] ¥ A AL JEe] ATAse) vad
AFRP = 09 . . L
GERP - 08 u Ahgs B3 A7 zte Aoz RAEHG
A719] Aol wet ZF FAje e 9 AEARE A ZHAlel 2
3l B th3-9) Table 8 2 Fig. 158 #o] E Q79
ARAAE o D% A= dHEE wwd Z oFsta o] =80 gzusAge] 519 Post-doc. H44| L]
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[o=P S Rs]
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Fod 9L e A

=

HA% uRolE Bn

1}2}3}3) (delamination)

beams strengthened with externally bonded FRP
plates,” Jourral o composites for construction,
Vol5 No.l, Feb. 2001, pp.44~56.

Dai Minh Nguyen et al, "Brittle failure and bond
development length of CFRP-concrete beams,”
Jourral of composites for construction, Vol5 Nol,
Feb. 2001, pp.12~17.

Phalguni Mukhopadhyaya and Narayan Swamy,
"Optimizing structural response of beams strength-
ened with GFRP plates,” Journal of composites for
construction, May 1998, pp.87~%.

. R]Quantrill et al, "Experimental and analytical
investigation of FRP strengthened beam response:
Part 1" Maguzine of concrete research, No. 177,
Dec. 1996, pp.331~342.

ACI Committee 440, "Guide for the design and
construction of externally bonded FRP systems for
strengthening concrete structures,” ACI, Jan. 2000.
C. Allen Ross et al, "Strengthening of reinforced
concrete beams with externally bonded composite
laminates,” ACI Structural Journal, Mar.—April
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