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Experimental Research on the Rehabilitation Effects and Punching Shear
Load-Carrying Capacity for the Evaluation Equation of RC Slabs with CEFS

by

Toshiaki Sawano *, Tadashi Ase *, Ming-Chien Hsu ™", Tetsukazu Kia* and Masatake Nisumayasur ™

The authors have conducted a fatigue load test due to a fixed point-loading on the reinforced concrete (RC) slabs
strengthened with carbon fiber sheets (CFS) on those bottom sides; subsequently, the reinforcement effects by
virtue of their residual strengths after the static load tests were evaluated and then the theoretical equation of the
load carrying capacity as to the CFS-reinforced RC slabs has been proposed. As the result, the increasing strength
ratios of the non-damaged CFS-reinforced RC slab and the CFSreinforced RC slabs subjected to the stress hysteresises
under the running vibration loads of £20% and +30% amplitudes were 1.35, 1.24 and 1.09 times in comparison with
the static strength of CFS-unreinforced RC slab, respectively. Furthermore, the theoretical equation of punching
shear load carrying capacity of the CFS-reinforced RC slab accumulating the CFS-effective increment to that of the
ordinary RC slab has been proposed ; consequently the theoretical value agrees well with the experimental one
whether the CFS-reinforced RC slab is non-damaged or not.
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Table 1 Physical properties of concrete and reinforcements.

Compressive Rebar (SD295A, D10)
Speci strengthof | Yield | Tensile Young's
pecimen
concrete strength | strength modulus
N/mm? N/mm? N/mm? kN/mm®
RC-Slab 35.0 370 511 200

Table 2 Physical properties of Carbon Fiber Sheet (CFS).

- . Tensile Young's
Unit ht{ Thickn
Name of CFS it wei ickness strength modulus
(g/m?) (mm) (N/mm?) | N/mm?)
High strength
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Fig. 1 Specimen size and reinforcement arrangement.
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Fig.3 Cracking patterns and CFS peeled off.
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Table 3 Maximum load carrying capacity and failure modes.

Maximum | Average | Ratio | Maximum

Tost load-carrying | value NA | Deflection

. Failure Modes
Specimen

capacity (k)| &N) (kN) (mm)
N-§-1 2353 2378 _ 13.7  |Punching shear failure
N-§-2 240.2 ’ 12.8  |Punching shear failure|
C-§-1 3153 318.1 134 6.5 Punching shear failure|
CS-2 3209 ) 1.34 6.8 Punching shear failure!

C-V20(60)| 300.0 300.0 | 1.26 9.9 Punching shear failure
C-v20(84)| 290.3 2903 | 1.22 8.6 Punching shear failure
C-V30(60)| 2752 2752 | 116 8.7 Punching shear failure
C-V30(77)] 259.5 259.5 | 1.09 8.2 Punching shear failure
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Fig. 4 Relationship between strain and cycle times.

4000 —r —¢—C-V20(60) —o— C-V20(84)
o ——C-V30(60) —— C-V30(77)
< 3000 —
R
.§ 2000 == i Al
k]
v2 1000
59
: b
0

1 10 100 1000 10000 100000 1E+06 1E+07
Fatigue cycles

(1) Perpendicular to running direction of span

4000
S 3000 -
OO == i - M B
£ 2000 =
g i
1000 - —*—C-V20(60)  ——C-v20(84) |||
5 —a— C-V30(60) —a— C-V30(77)

0 PILT0E T TUTTIg TII[Im T VU0 T TUTTHE ?
1 10 100 1000 10000 100000 1E+06 1E+07
Fatigue cycles

(2} Running direction of span

Fig. 5 CFS strain.
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Re-bars strain (x10) Re-bars strain (x10°®) C-V30(60) 5607 0.297 8117 0429
C-V30(77) 5418 0.287 7466 0.395

(1) Perpendicular to running  (2) Running direction of span

direction of span

Fig. 6 Load and strain relationship (Re-bar).
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Fig. 7 Load and strain relationship (CFS).
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Fig. 8 Mechanical model of punching shear failure for
RC slab (Static load).”

LTHZTWA, 22T, RFEBRIZK B hfd sl
& % #EAfinR RC IR OATE & & AW far J3 I3 S 0
F2EE TV I KO & 2 A hX ) ##H$ %
¥, AV ) — FOBAWRIE fuotd, FH L VAR
F¥brar2) - rOXAMRENX Qa)EEHTs. &
7o, FYTNHMRERTIV 2 — F O5REE {13,
RA (2.0) 10 & HIW 3.
Vep = fvo]2(a+ 2Xpn ) Xa+ 2(b+ 2Xq) X }
+{2(4Ca+2dq+b)Cr+2(a+2dn)Ca} (@)
foyo = 0.688 200610 f2 — 8ON/mm? (2.2)
ff = 0.269 1% @.b)
22T, Vo o izEgAMA S (N), a, b ki
OEF, BIBHHAONE (mm), Xn, Xq: EE,
BRI O SLE O E (mm), dw, da @ GRS
i, BHSFOE N E (mm), Cm, Ca: HIBEFEHEN,
BN RD (mm), fwo @ TV 2 Y — FOHANTER
g (N/mm?), fi: 2 v 2 ) — FO51EMRE (N/mmd),
f. 1 3V 2 ) — bOEHEE (N/mm?)

#EAHAE RC KRR O EFI L & & AW )1 %28 (2) &
DEML, ZOHEH A Table 4 1589, 72, ZOfE%
CFS #lis& RC FRIRIZ %613 5 RC RS2 T F5 Dl 1D
RHNSEH T 5.

4-1-2 FEITHEERER AKRFEROISIEEE CFS #Hlid
RC IRMiEEAMARIT, BRIEITIREDE R EIZ L > TSN
JERE S H7-Z &6, RCIRMGRIE, EfTmESMER-L
7350 ORI & AW AT X AW 5. EfT i E A
fEF % RC KO 2 AW 2T T IUE, KO
S0y TOUSH RN B E F#iPH % A7 fof BE SRS Kk B L
7R DU R 2> 5 2 R0 D 4 % (UCw) & L TGHEM L
7= D5 [RERT 22 B T RE O X EANNEIZB L TiE, =
9672 AFRP ¥ — b THfisk L 7z RC RO BAIZ Fig
S0 299 15° B OfaigHh Tk % 8 AW AR & h T
W3, ZoOfEFHEE # AHGIKISER T 5 &R0 0K
A4f5LR0, ERIL TS,

ko, EfFE %52 % RC RO % 1 Al
FI% Fig. 91T L, ik = ¢ AMrm R 28 3) &
LTHA%.
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Fig. 9 Mechanical model of punching shear failure RC

slab (Running load).'”

Ve = fovo{2(a+ 2Xpn ) Xa+ 2(b+ 2Xq) X }
+f{2(2dq+b)} 2Cny
foyo = 0.688 £20610 < £ = 80N/mm?
f, =0.2691,%
KREERDISJTERE CFS #fisk RC RIRIZH % RC KM
DR O FHNZIER 3) AT 5.
4 -2 CFS ##5 RC FRIRDIFK & ¥ A BT 5
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Ok = -2 AWTRiBRm %, MR RC RIR Ot
J1& CFS fiigic & % fiingiitfar )1 & 235504095 Z &1l
%. %27, CFS ffish RC IRIRO whadi faf F1:0%, 2 4
M CFS DI J1 % ZR$ 5. AW IR 4T &
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CFS i RC KM DRIk & AWt 4 71570l A O
VAND—BEd 5. 22T, CFS 2§ B icix,
Table 11Z/R U 7= CFS O5[5E&% 12, Table 4 IR L7z
KRR AT 5. $abb, 1k H ORI
CFS D7 |55 2l A Ok FR %k & W U TR L,
2 g H & 5 1R R A5 R OISR R A LR
WL, Wi AAE L7228 Dh CFS DOm0/ ag
AT ZEEhD. £, CFS O 5 4 il 7 1 21
DRHT L2 1 EH I, O A 6 45 B2 5540
L7ZEi, § &b bl F O ER b &IRRIED 2 £
DF&E L CFS DJE X ty oW ((b+2H) ty) (2 CFS D55k
HRIE fy o EAKIREREL Ber1a ZFEC/AENT (Gyer - Berrr) &
SHE$ %, 20 CFS OK & HIAO5 3R OEE A5 )
(EPsin6) 23 1 EHO U 2RI & 5. F7z,
2 J& H 1 CFS Dt /7 171 & Blie f 5 1A O i L= 2
&G, BlEA T O EE a &, RIED 2 50K
&L CFS OJE & t; Dl ((a+2H) to) 12, CFS DR &)
DGR IE fy.or & AKIREREL Ber-12 & F U 72519k )
(fyor * Bet-12) ZHHH U Z2FEE 105771 (EPsing) A3 fnf
heks., koT, 2O CFS Ao H§ 2k % Al
it @ELThz26M3
DI L&Y, CFS ik RC RIS % 2 AW H1%5E
7L % Fig. 10 & U, CFS ffis ik % £ AW )] Vepsc
2, XGELTHA6NS.
1) Hfisk CFS V09 2 #ifk & & AW ) Vep.ors
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Fig. 10 Mechanical model of punching shear failure
for CFS-reinforced RC slab (Static load).

Vepers = {(b+ 2H)ty £y ot Besr 1} sin 6
+{(a+ 2H)ty &y ot BerLo} sin 6

ZZTC, fyof - CFS O3S (N/mm?), ti, t2 @ CFS
DIEE (mm), L1, Perre - BT I KO A 51
D CFSKWARE, 0 @ eHEplf (= 45 %)

2) CFS #ifiig RC IIROMHL Z 1 AWTINAT )T & Veps.c
Vep.s.e = Vepre+ Vep.crs

= fu0{2(a+ 2Xpm ) Xa+ 2(b+ 2X4) Xom }
+£{2(4Ca+2dq+b)Cry + 2(a+ 2d 1 ) Ca}
+{(b+2H)ty-fy, ot Berr1 }sin @ 5)
+{(a+ 2H)ty-fy ot BerL2} Sin 6
fevo = 0.688,0610 2 = 80N/mm?
fi = 0.2691.%°

CFS fifin RC RN D B GwAMHE Z it faf 71 22X (5) & 0 5
H U 7245 % Table 5 1289,

BB EE CFS fifisg RC IRIE, AEfTIREIfEIZX 5 4
TIGEST ORI &2 7272012, kIl /A ks
KO AN SR O BLE LS - O U EI 2 8 T IRIC R 2
LTW5, L2z ->T, RCIKROMAIOFMIZIE, &

@

Table 5 Experimental and Theoretical load-carrying

capacities.
Experimental Theoritical load-carrying capacity

maximum . .

Test Specimen | load-carrying| RC slab CFs CFS reinforced| Ratio
. RC slab Poa/ Ve
capacity [ (V,pes kN) [ (Vo crss KN) (Vo kKN)
(e KN) ®

N-S-1 235.3 1.03
N-S-2 240.2 2217 1.05
C-§-1 3153 2277 77.6 305.3 1.03
C-S-2 321.0 ’ 72.8 300.5 1.07
C-V20(60) 300.0 148.0 97.8 245.8 1.22
C-V20(84) 290.3 ) 103.2 251.2 1.16
C-V30(60) 275.2 1480 97.2 2452 1.12
C-V30(77) 259.5 ) 91.8 239.8 1.08
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Fig. 11 Mechanical model of punching shear failure
for CFS-reinforced RC slab (Running load).

O HREE U 7B EAMER U 7235 A Otk & & Al
i far A& U, CFS filiniic & % Fgaiiler ) & & Adt
THZELETS. &k, ZOBAHOMERAZ 200 Halo
WEIT IR\ R IR AT\, AT 1 215 T 5.

L72h5T, CFS OHfisizhFC & B i J1 D5 A%
T EFBROLA LA E T 5. Ko T, EfTEIME
Fi9 % CFS #link RC IRER Ok = 2 AW 122 € 70
Fig. 11 LTS5 2605, 72, EFWEMEHTS
CFS fiii RC IRk & & AWriit 4 11 Vepre 1358 (6)
ELThHZ6N5.

Vep.rc=Vep.re+ Vep.crs
=fwo{2(a+ 2Xm ) Xq+ 2(b+ 2X4)Xm }
+£{2(2dq+ b)}2Cpy
+{(b+2H)t; fy.cr BerL1} sin 6 (6)
+{(a+ 2H)ty fy ot BerLo ) sin 6
foyo = 0.688,0610 < f2 = 0N/mm?
f, = 0.269 %

IS J1JERE CFS fifisdk RC KM D M4k & & A Wit i ) %
X (6) K FH L7245 R % Table 5 1SR L7z,

4-3 EBR{ECIEREDLE

KFERIZF51F % CFS fifisk RC RIROBE GG % & A
fifiwi 71 % Table 5 12789,

IR A DG AE, FEERAE I3 L CfkER A N-S-1
T 1.03 1%, HAAN-S2 T105f5& &0, SERIL 724G
G ohs.

FAR15 RC IRAR % CFS fifiai L 7= i3k A& C-S-1 & CFS i
RPEERI T /1% CS1, 2 ¢, ZhZh 305.3kN, 300.5kN
THy, FEMEE T 5 &, Z2h2h 1.03 1%, 1.07 %
LD, FEBRE LEPIL 2R & ko7

%72, IBJIERE CFS filiie RC PRI OPE AL = 2 Addiit
fiind, A C-V20 (60)1d 245.8kN TaH 1, F2ERfi &
BEREOLIZ 122 2D, RRFEERIES LRl > T3,
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» %M, CFS fifisk RC IRIOREEHIHk % w1220
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FOTBMRI AW T % 2 & TR LR VTREL £ 5
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5 i
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REETTR ISR LT 1.5 1% & 2.0 {5 OFE T 200 JiHl 0
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<, OFAROMMEIH Nz X612, FHNFERIZX
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