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Theoretical Analysis for Strengthening Effects of RC Beam with Reinforced
FRP Sheet

Sang-Su Ha'*

Abstract: The objective of this study is to assess the strengthening effects of fiber reinforced polymer(FRP) sheets such as Carbon fiber, Glass fiber,
and PET(polyethylene terephthalate) on reinforced concrete flexural members. Variables of theoretical analysis are types of strengthening materials,
material properties and amount of strengthening materials. A virtual flexural member without FRP sheets was created as a control specimen to
understand the structural behavior of the non-strengthened specimen in terms of elastic and ultimate cross section. In total, 11 specimens including
one non-strengthened and ten strengthened specimens were investigated. Various variables such as types of strengthening, strengthening properties,
and amount of strengthening were studied to compare the behavior of the control specimen with those of strengthened specimens with regard to
moment-curvature relationship. Results of theoretical analysis showed that the moment capacity of strengthened specimens was superior to that of
the control specimen. However, the control specimen indicated the best ductility among all the specimens. As the amount of strengthening increased,
flexural performance was improved. Furthermore, the results indicated that the ductile effect of members was affected by the ultimate strain of FRP
sheets. The strengthening effect on the damaged member was similar to that on the non-damaged one since there was less than 10% difference in terms
of flexural strength and ductility. Therefore, even if a damaged member is treated as non-damaged for analysis there is probably no noticeable difference.

Keywords: Carbon fiber, Glass fiber, PET(polyethylene terephthalate), standard specimen, elastic cross section, ultimate cross section,
moment-curvature curve, strengthening effect
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Fig. 1 Standard plane for target flexural members
Table 1 Design bending moment of selected members
’U}“ *) Ml b d As’ ¢Mi *%)
Member 5 '
[kN/m] [kN.m] [mm] [mm] [mm’] [kN.m]

A - 0 2-D10 0.0129 82.9

g e 292 e 350 439

A 220%% 5-D22 0.0101 251

B - -395%Y 350 587 5-D25 0.0123 441
e 292

A 198+ 350 439 4-D22 0.0038 207

; o~ %2
D, 29.2kN/m = 2.7m X (1.2wp+ 1.6w;) (wp : 5kN/m? w : 3kN/m?) * )
cwl® 29.2x7.8?

R 5= 222k N,
2P
o, 20 2><2279.8><7.8 o 305kNm (P, = w,x 1)
P 8XT.
. = msgixm: 198kN.m (P, = w, < 1)

#1601, = 0.85 % A,f,(d— a/2),
(a=A.f,/(0.85f.b), f, = 400MPa, f.. = 24MPa)

L

Fig. 2 Moment diagram of A member

J. Korea Inst. Struct. Maint. Insp. 101



strengthening

7 materials
? ______________ — P L. . §
/: strengthening materials ;\
| -2P,L/9 5
-2P L/S P.L/9
P 7 P.L/9
| strengthening range _ |
IS > !
l< - S|
“1

[S

Fig. 3 Moment diagram of B member
22 B2 22N

AT A§T BYA B AFA L] AEEAS Table 2

ol kR e} ko] 7] 129 ol ke 2hS X G540,
o, B2 S = M8 E P T2l Fig 49} 2ok

Table 2 Mechanical properties of fibers and Epoxy

Fiber type [I\leg;] [i/f] [(?Pfa] Th[if(‘f:lkmn]ess
CFS 1,820 0.94 193.6 0.17
GFS 958 1.68 57.0 0.34
PET 627 15.2 7.4* 0.05

Epoxy 40.9 2.58 0.16 -

* secant modulus corresponding to 1% strain is given from PET
tensile test.
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Fig. 4 Stress-strain relationship of fibers”
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Fig. 5 Cross section and input data for theoretical analysis
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Fig. 6 Strain, stress, and internal forces distribution in elastic state
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Fig. 9 Strain, stress, and internal forces distribution in ultimate state

Table 3 Theoretical values for non-strengthened specimen

b d Ps c €. €4 Mn, (b

mm mm % mm % % kN.m 10%mm

Elastic 300 439 0.87 1454 0.099 0.200 1794 6.8
state ! *2 4 #6 56

8
Ultimate 300 439 0.87 782 0.300 1.384 186.1 384 :

5 7
state #3 * *

*!. Neutral sxis, c=¢€, ><d/(ey +€r) = 145.4mm

cXe,  145.4x0.002
(d—c)  (439—145.4)

x(d—ec) _ 0.003 (439 —78.2)
c 78.2

=0.00099

2 . .
*“:Compressive strain, €, =

€eu

*:Tensile strain, ¢, = =0.01384

**%:Normal flexural strength,
2 , , ’
= 2o, (0 x 2ok XA X (e d )+ A (o)

0L = qx(d—%)-&-q_ < (d—d)

*57.Curvature in elastic and ultimate state,
*%y - %: dEj ¢’ 125?3?123@ - (439 —01.?1(5).24)mm =6.810""/mm
8 Ductility ratio, n= z: = 368; 5.6
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Fig. 10 Moment-Curvature curve of standard specimen
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Table 4 Theoretical values for the specimens

b d A, p, Strengthening
oo Seee o, Twes Ayl ppo pyipg
mm’ % %

1 N-S 300 439 1146 087 - - - - -
2 SC-1 S 1 0039 445
3 SC-2 300 439 1146 0.87 CFS 102 2 0077 8.90
4 SC3 153 3 0116 1335
5 SG-1 102 1 0077 890
6 SG2 300 439 1146 0.87 GFS 204 2  0.155 17.80
7 SG3 306 3 0232 2670
8 SP-5 75 5 0057 6.54
9 Sp7 150 7 0077 890
e300 439 1146 0.87 PET

10 SP-10 150 10 0.114 13.09
11 SP-15 25 15 0171 19.63
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Fig. 11 Strain, stress, and internal forces distribution in elastic state
of strengthening cross section
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Table 5 Theoretical values of strengthened specimen for various variables

CFSE R7}3H AgAe] vl E-
1ol A K= nle} 2ko] CFS k3

£1.18- 1.50 2 VEPtoH, d*é—f—}o. 2 ~ 0.61 = 743}
T AS 2 UBRT Fig. 145 BA3sHA] &2 APAN-9)9
GFSE B3t Ao R E- S ESHwE I =2 g1
7 EI=1.15-1.35 2 Uehs e m, 44420.85 ~ 0.70 4
ERT Fig. 155 BAJ8HA] &2 AFA(N-S)9} PETE 277
Sk AEAe] ZHE-ZES ¥ W =2 R Y=
1.01-1.032 YePte ™, A2 0.99 ~ 0.96 YEFTH
SC-2, SG-1, SP-7 A& A(Table 52] &% F-H)5-L BFwko]
BT FU AFA R BATH(p,)7) 0.77%] AFAEE
37 =+= CFS > GFS >PET 0.2 $4=3}31, A4S PET >
GFS>CFS =2 2 5% 51-& ¢ & Qlth. o] =Fig. 13 - Fig.
159] 1] J.LJEHJ—OH/"]C 2o ANE HAF3 g &
AT E3E Table 59 St A off F Rl Ee} 24 B} o]
o]FoiR= THAA S FRHE v|(M,/M,) B FEH
(¢o) b)) ZZF1.00 ~ 1.07, 1.00 ~ 0.94 2 YER} 7ol
A dgo] WA o RS AA Y-S wjof FF o] T
Aol RS w) A= IA) & 208 ed:

Elastic section state

Ultimate section state

Actual strengthening effect Ratio

no. i spec. i Types

D6 @ 6 ® c

¢ C”+5 T'5+f €c A/[l/ ¢!I ¢ «a Cr+s T.s+f €.

® © OO O Vv 6 6

ﬂ[u ¢u ¢ a Gy Ts+/ €e ]l[a éa M, M ¢u ?,
W ® © @ [l/ M, ¢y b

10 10 oy 29 B9
mm kN kN % kN.m mm mm kN kN % kN.m mm mm kN kN % kN.m ® @ G ®
mm mm mm
1 i N-S - 1145.4458.4458.40.099 1794 6.8 ;782 66.5 45844584 0.3 186.1 38.4:78.2 66.5 458.4 4584 0.3 186.1 38.4:5.63 1.00 1.04 1.00
2 i SC-1 146.1462.5462.50.100 181.1 6.8 :94.9 80.7 551.2 551.2 0.3 220.3 31.6:94.9 80.7 551.2 5512 0.3 220.3 31.6:4.63 1.00 1.22 1.00

3 { SC-2 | CFS i146.0466.7 466.70.100 182.9 6.8 :111.9 95.1 644.0 644.0 0.3 253.1 26.8:108.4 92.1 625.0 625.0 0.3 246.5 27.7:3.92 1.03 1.38 0.97

4 :SC3

147.5470.9470.90.101 184.8 6.8 :126.3 107.3 721.4 721.4 0.3 279.5 23.8:117.8 100.1 675.7 675.7 0.3 264.0 25.5:3.46 1.07 1.51 0.94

5  SG-1

145.7459.9459.90.099 1804 6.8 :92.1 78.3 535.7 535.7 0.3 214.7 32.6:89.9 76.5 524.0 524.0 0.3 210.4 33.4:4.78 1.02 1.19 0.98

6 i SG-2 i GFS i146.2463.2463.20.100 181.5 6.8 :102.6 87.2 593.5593.5 0.3 2354 29.2:99.1 84.3 574.6 574.6 0.3 228.7 30.3:4.28 1.04 1.30 0.97

7 : SG-3 146.6465.7465.70.100 182.5 6.8 :111.4 94.7 641.1 641.1 0.3 252.1 26.9:106.9 90.9 617.0 617.0 0.3 243.7 28.1:3.94 1.04 1.38 0.97
8 i SP-5 145.4458.7458.70.099179.5 6.8 :79.2 67.3 464.0 464.0 0.3 188.2 37.9:79.2 673 464.0 464.0 0.3 188.2 37.9:5.56 1.00 1.05 1.00
9 i SP-7 145.5458.7458.70.099 179.5 6.8 :79.5 67.6 466.0 466.0 0.3 189.0 37.7:79.5 67.6 466.0 466.0 0.3 189.0 37.7:5.54 1.00 1.05 1.00
PET

10 i SP-10 145.5458.8458.80.099179.6 6.8 :80.2 68.1 469.5469.5 0.3 190.3 37.4:80.2 68.1 469.5 469.5 0.3 190.3 37.4:5.49 1.00 1.06 1.00
11 i SP-15 145.5459.1459.1 0.099179.7 6.8 i 81.2 69.0 475.1 475.1 0.3 1924 37.0:81.2 69.0 475.1 475.1 0.3 1924 37.0:5.42 1.00 1.07 1.00

D, @, @ ¢ : neutral axis ® ¢, : curvature in elastic section state

@, ©, ® c.,, - compressive force of concrete and steel @ M, : bending Moment in ultimate section state

@, 10, @ 7,., - tensile force of steel and reinforcing materials (3 ¢, * curvature in ultimate section state

@, @), ® e, : compressive concrete strain at top layer @ M, : bending Moment in actual strengthening

® M, : bending Moment in elastic section state ) ¢, : curvature in actual strengthening
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Fig. 13 Comparison of Moment-Curvature by CFS strengthening
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