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Concrete Slab based on the Definition of Limit State

ABSTRACT

The failure mode of concrete reinforced with FRP is defined as the concrete crushing and the fiber rupture and the definition of limit
state is a slightly different according to the design methods. It is relatively difficult to predict of FRP reinforced concrete because the
mechanical properties of fibers are quite depending on its of fibers. The design code by ACI440 committee, which has been developed
mainly on GFRP having low modulus of elasticity, is widely used, but the applicability on other FRPs of this code has not been
sufficiently verified. In addition, the ultimate and serviceability limit state based on the ACI440 are comparatively difficult to predict
the behavior of member with the 0.8~1.2 p, because crushing and rupturing failure can be occurred simultaneously is in this region of
reinforcement ratio, and predicted deflection is too sensitive according to the loading condition. Therefore, in this study, reliability and
convenience of the prediction of structural performance by design methods such as ACI440 and MC90 concept, respectively, were
examined through the experimental results and literature review of the beam and slab with the reinforcement ratio of 0.8 ~ 1.4. As a
result of the analysis, it can be applied to the FRP reinforced structure in the case of the simple moment-curvature formula (LIM-MC)
of Model Code, and the limit state design method based on the EC2 is more reliable than the ultimate strength design method.
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g0 FRP BAAR= -2 913d0] §laL, Aol Hislo] o]
7] wiol] FRP B0 2 HAE EI-E Fx2Ee] Aol
gl 71 2ol YAl I (Gribniak et al., 2013; Ko, 2014;
Pecce et al., 2000). FRPEZAE 1% 459} o8 1gsl=
A2 FAE, A=} S ule} tjsh 23] A}
7Fsaiehe o] 9lck FRP BgRole et fekifol
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A3 FAPE IRk o R AREEHIL it

FRP B7Ze] o8 AsE A dedt AEdEel Apl=7]
wize]] 2= i es AT S Tl 70 Y%auliele]
A2 A0 TRAIF P pulrusion) W BO A
shaL glom, FIe|ELe] FXdeE 918 EE o] & (ribbed),
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ARg-31aL QQi(Fib Bulletin 40, 2007; ACI-440.1R, 2015). 18
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Bulletin 40, 2007; ACI-440.1R, 2015).

ACL440.IRQO1SY= A1k See] nhe 23heke vy
S PR 8K ow), A ke e
OIS 2T ekl e 2R ek Stk
(Bischoff, 2005). o]¢]] uk5ke] Fib Bulletin 40(2007)& <228
Aol 7RkgE FIEREAAIFE A8ete] W SAPENE siAst
= S AHESIE glom, A S141e Buro Code2(olat
EC2; BS EN 1992, Eurocode 2, 2004)1} CEB-FIP Model Code
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FRPEZE52|E Ho| Fulji= FRP B0 w2} (a) 22
E ¢}3)(concrete crushing failure), (b) T&w}(balanced failure)
9} (c) 73R FFHFRP rupture failure)] FE|E zH=c} IR
521 FRP9] mhcke BA) HAle] FdutE fdatr] wiel
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FE §he} WAL shdo] Al WAshs T aty] B
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FE 8 E(e,=0.003 in Eq. (1); €,,=0.0035 in Eq.
Q), f~ETR|E AAYSAE, £,~FRP 040 QI
EJ=)(characteristic value), /= FRP AANAZE(= Cyf,),
e BAVFEE= f . = f e —30) Cpi FRPO W2 3
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7128 e ATE(ACI-440.1R, 2015; Benmokrane et al.,
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Al Eq. (Dol disixle A Cp)E 283k 739-<} Eq. (2)9)
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(b) FRP Rupture Failure Mode

Fig. 2. Sectional Analysis of FRP Reinforced Concrete Member under Flexural Loading

Ay 362,

= 0<e, =€, 9
’Yffa[bd (36(56(2 _ 6(2) ( EL ed) ( a)
Ayt
= 7‘f Sk < <
C ’Yff(y]bd (6(2 =€ = E(:tl?) (9b)

2.3 oI5-He oIS

FRP mgsiels 2Ale] 572 FRP el ] 7k
=, Pele] RERLyRAY) oJF Bavke the g s
(tension-stiffening) &40 WALy wfjFol] tjoksl B3l T
o qF5o] FALE o] Rlasa ik Weke 2 GFRP B2
< Mg gl ddid ez AFlo] wo) whAskal, B
Q7L o]y o' Ao gl A -Hsla) Ttk
Al vepdtk(Bischoff and Scanlon, 2007; Kharal and Sheikh,
2017). ACI 440041 = FrA=s et Fadwe| ey
B AAS ARSI Aokl 9lom, EC2E Huhay) vyl
o] AHS 2Rt 2 ARl ARS rshes A4
skaL itk 22 MC20102 QP3783) &ks whedsh mHlE-=;
EENH A7S R 5 AES FHo 2] ARAFEEEE ot
IRV s Al W71 4= 7] whzell Fae] HEd

=5 Hop &7 4 5 Sl ARl Sink

=

2.3.1 ACI 440.1R-15

FRPEZ FI2JE Faj= FoIae|erzje} g 72 54
502 dlsle] 2)FAolE shE5e] 2, YA A%
o) Tk wep AelES gste] uE wRsjon} Sve
oIARHIEE #83le] A& 2H3IaL 3tk(Aiello and Ombres,
2000; Docevska et al., 2018). ACI4409]|4+= 2000 Ath7}A]=
Aut AZFTI|ER ]| thsle] A|eFE Bransong] $HibchHo)zp
HE(L )ol o AR WES 2M8sle] FRP B S=1eeqA)
o A7) o5l ARgBIIO L, AFlo] T EaL Qs SV
& S8] ¥hedabA] 2slel7] wiitell #Als= Bischoffe] Yo
&I+t AKBischoff, 2005; Bischoff and Scanlon, 2007; Bischoff
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and Gross, 2010)Z n}e}o 2 Eq. (10)% 22 S&3klehdo)x}
RHEE AARBKL Atk Eq. (10)2 HAA(E DS A83hk=

M, .. M, .. .
Branson<] ]q( M’ )3—5-]”(1—(][/—')3)9] FE3hchHo)
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AR} fafshy, T g FA%(1/ E)E 2831
o] Branson®] &Rt} F&wr} rh= Ag3o] Sick

= ‘ = (10)

o7, M, = 0.63/f,, %
GAHAERE, y= shaddol] e AlGRAsE iy =3—
3(a/L) —4(4(0,/M,)~3)(a/L)?

3(a/L)—4(a/L)?

, [, FERRIoIIETIE, [ ulE

T

2(M,/M,), 473748k =

)

2.3.2 Eurocode 2 (EC2)

EC2(BS EN 1992, Eurocode 2, 2004)9llX= Eq. (11)9]] <J3}
THEHT v ] 270 2RE] BAXFE A= E
Sk glew, 434AskA] 232 Eq. (12)0] ol e <= Slrk

§=0,4,+06,(1-¢,) (11)

oJ714], 6= Qﬂ%‘, o =HITt e A3, o=t A, (=

1— 3 J;) ., B=LO(R7131), 0.5(1853ks:, aels), f, =t

erio]] 2gakzol olg Bae) $9, /, — e
B EEEE

(

5= Pa
48E T

(3L%—4a?) (12)

2.3.3 M= MC2010 MS DHIE-ZEI(LIN-MC)
Model Code(CEB-FIB, 2010):= Eq. (11)] 3237} 3
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FRP H732- gJ4o] WhalA] 937] wiie] Eq. (13b)= Agksw,
w7l wet Eae|Erh sk FRP7} shekse S3kde)
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SIECHA| - =4 ¢
2) FEHA : h= o= (13b)
ECU
3) SR k= (13¢)
€ €
1) Ol - e — _JTP . Teu
1) A k=S
3.2) TekA ru__ Ce
2) A R= d—z =z

HIZIBERA 9] Estae} FAEJIGIHL Eq. (14)
o} o] 7P < 3lorf; FRP BARA|e) Qrg7dslasi= HAdA)
o] BARy Sl B 23t o)l ulet A skt 2wk
¥} FaRE Ao} 20] Fes P dol A vEht
], TAWYA sl5e] SR Felel daEth
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Ae,, =04 o) Ps.er

(14a)

A
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. 25(h—d)b

e,

5egk 3 FRPO] e dAl #jole} Hlaslo] FRP HIgHA]2]
o] FA] ek AL AHoR w& IAstET| gk
7], Kharal and Sheikh(2017)2] S7tollM= ARG E3&
ANBIAL Ak 7o FRP Wde] Fabdtee) Has) fAICHY,
GFRP$} BFRP= eV Al w71 wiieol] QPd-e-= 2k8+] 212
E9} FARRE HEo] WA Ho A BT Aanzkgeo]
diF oz golAA] ) wepx] FFZ=e|ES) vlulsto] FRP
BAZaeES] gEbHe] Sy 24 Tdd daite] E=g
E9] Qg ]ofee] sobAAl Erk et o}k FRP B4
ZaERA] QPstate) tielirls W8l AAIEo] A
2t} Acciai et al.(2016)9] GFolxle= HIEARE Sefne]
TEHFo] 78~152 mmolul, FRP HAEEe] Fa7Ae
119215 mm& #2510 m, Kharal and Sheikh(2017)] 37
e F2e] & jIFE W9ldA] FRPO] QPdstaalrt de]
2.0-2.54H21 ARH o2 HF3Ie whhA £ Aelrd=
FRPEAEHE. S84 A Pgsladts 2.0 A¢,, 2 Wit

to

dl

2
Ll

3.1 AHaA=l

FRPRZ} ZIHERA = FHRAR AN o= Fejr}t F28
7 H3lgt 4= 9k 53] AAMe el ojuie Rl et
=27 v=r] wigel] gy EAnolxe] A EAS B3 Favt
itk weh 2 AFtoa= FRP B3NS #3R73u)9) A8k
HRelN] BAFSho 2x] AdAME e w2 GFRPS} BFRP 27%A)2]
AgApole BAgkaz) stk FRPEZ 238|E FAl= Fig. 37
22 Z3} zol7} 650x180 mme] THS 2z, X7} 1,800
mm?] UEF S 478 WA R HES Ak

7 45 MPaola, A¢d)] 289 GFRPS}

ZIYE HAY

=0T
BFRP BA7e] o8k Ade Table 191 Aefsialor, eHdAls

+ CSA S806(Canadian Standards Association, 2012) ¥ o]]
Sfste] ek

AR AR 2704 Fig 39k 22 PO R ARksiglon,
AR (a/d)= 4.430] HEE A7 3554 300 kN2

Table 1. Typical Material Properties of GFRP and BFRP Reinforcing Bars

Reinforcing Material | Norminal Diameter | Area (mm?) Tensile Strength (MPa) Elastic Modulus (GPa) Peak strain at failure (%)
Glass FRP 13 122 927.9+29.6 49.0+5.4 1.89
Basalt FRP 13 122 1067.2+103.9 50.5+6.2 2.11
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Loading point

Strain gage
<¢,‘ D10 steel rebar /\/GFRP or BFRP rebar 7—
N /

!

650mm R\\\\

7q ‘ Concrete Strain gage
=

135.5

46.5

[ ] [ ]
250 600 600 600 250

L 2300mm
<

Fig. 3. FRP Reinforced Concrete Slab Section

Table 2. Design Moment and Balanced Reinforcement Ratio of Reinforced Concrete Slab

Py, (Y0) Ultimate Design Moment (KNm)
p (%)
Eq. (1) Eq. (2) Eqgs. (3) and (7) (¢44,) Eqgs. (5) and (8) (14,)
0.55%4.57 (C)
0.636 0.63x4.87 (C)* 468(C)
GFRP . 0.722
(0.421) 0.55%4.58 (F) 450 (F
0.55%5.74 (F)* 430(0)
0.562 0.579%4.93 (C)
0.504 0.65%4.93 (C)* 474(C
BFRP " 0.571
(0.332) 0.55%5.31 (F) 5.12.(F)
0.55%6.63 (F)* :
Steel 0.915 4.285 (KCD 4.04 4.02

*: not applied an environmental coefficient in Eqs of ACI440

ARololEE AMgale] S-S etk ST FUNSL = SAETHe ACKA0E B3AG e} ARgle] I shAElL
BRG] AAE Z4e90m, Fig. 3o Uepd 23 o] Fibi 9] #@uasl Wi Ao BAHT. BFRPS
Zoppel 1358 WA A W O o] MRE A9 ACA0S B AR Fip Bulleting w28 Thaze
Aol AAjekick AT el 7lzo] weh 078-1L11 o vheptor) AAEs B Qs Zlow BAEglrk
pp®) HSPE HES A 13 mm FRP WASS A el webd dEgulel S o] AR Aold 2rke Leh
fov), Bagmele seush A% vluE sl A1 TG = Bsllrkleg 2 e o) BaEEele RaAle} vl

>

5 s 5 d5(f,) 400 MPagl D163-5 470 v sto] Adide g T EAsks Zes e

AAAE o] AFsI). AAeH NS B 3R]

o} AARAEE Table 241 Fefatlom, H2 a8} 22 T7]A 3.2 AxH=E

59 7Agell= ATE ek &R (MR ek Alo] GFRP¢} BFRPRZ: &flHe} AR} &ejHe] Aee 14
= skso] 5

AE37Ye] AEgE Ao sk ACI4402] Eq. (8)o oJ3hd 7R HEAEE 5, 27 Wols B

AATE el wet kT ol dwalelrt 34 & shAA] o] SHskElE TS AR Htkh o] FIHA
o1 FRP 3] = 2o} & Zlo g BAERit) a3 R LFAstA o] WAL, slEs 7l whet e Bl
9} 24 FRP 2745 48 4v}, GFRP= #7155 12fd AR G ABAEEICE: HEaR= Fig 49} 2o,
79 ACI4403} Fib Bulletin 25 IR7A o, SH4AGS RC <#E. 2342} GFRP A3A)= 37g 1A% H2Ho 7
Il e A9+ ARPIHR BAAE Flo = BAE ), 37 o)== FelE VERRIAL, BFRP A3AIE 0 AT

i
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(c) Steel Rebar

Fig. 4. Failure Patterns of Reinforced Concrete Slab

180
160 BFRP(EQ.S) ey
140 .-'GFRP(Eq 8)
-" We- | o \
120 Steel rebar(KCI) e oy
E 7 BERP(Eq. 3)
= )
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Fig. 5. Loads-Displacement Relationship of FRP Reinforced Slab
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Table 3. Sectional Properties and Material Properties of Specimens Described in References

FRP L (mm) |a (mm) b (mm)|h (mm)|d (mm)|p (%)| p/pacr | fu(MPa) | f,(MPa) | Ep,(GPa)
C4 GFRP (C-Bar) | 2,300 | 800 500 250 212 | 045 1.05 30 746 42.0
Abdall 16 GFRP (Isorod) | 2,300 | 800 500 250 212 | 0.63 1.26 30 692 42.0
alla
LL200c | CFRP (Leadline)| 3,000 | 1,150 | 1,000 | 200 162 | 0.30 0.87 30 1970 147.0
[150 A | GFRP (Isorod) | 3,000 | 1,150 | 1,000 | 150 112 | 0.49 1.03 30 692 42.0
D-G1x13 GFRP 2,000 | 1,000 | 100 200 180 | 0.74 1.26 74 690 40.8
Acciai et al.

S-C1x9 CFRP 2,000 | 1,000 | 200 100 80 04 1.43 43 2068 124.0
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Fig. 9. Comparison of Load-Displacement Relationships on the
Test Results of Abdalla(2002)
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Fig. 10. Comparison of Load-Displacement Relationships on the
Test Results of Acciai et al.(2016)

ACI440¢] Z=R]E 3l3)7)5o0] Bgao)7] ulite] 2A)e} AJolat
RS ¢l gl Ao vkt ARgehio g A7)
H LL200CE B 7ReEk sk 2dshs 2102 A=l
on, 2A AFA| g ol ofal o] ThHA R
ofgh A A7t FRP BAHA = tha 248 o
=]9ick Wbk FRP 54 AN dEHEAHE 71E0 =2 3193 E)
s gepd SR eE B ARkl HEHos
| 28 Ao = HekEch
A 27 Aol S o] SPyslEwA] #7
Z7Fsh= whd, ACI4403 EC29] WPol| A= ]2}
3] RHAEA] edskow, Ak vhdshe
MC20109ellx] FEA o2 ST ACI4400014] AATEFL
= Eq. (1007 EC2= FF8lE o) F AM83152 1.5M, 57}
2] Zge) 7t - Hujsls7A] v nlashl Sk FEke
LEhfjo] sRA] Asdhs ool AjolE vRERAIC L MC2010
o 71238 LIN-MC= T gslzgol$ #2] AP o= o|53}e] FRP
RAAe] Aol Z55 T] FRtehs 2102 wkerk CFRPE KAt
¥ ZgHe] A9 Bischoff and Scanlon(2007)2] ACI440.1R157]

kAol Z=m Fpchg7hear, 7] LIN-MC3} EC29] ofl&-a=
2.5M, 7] AdEet A9 Ak lSE Ik

THEA) Q] 1.48)] ooz BAFE Acciai et al.(2016)2]
A= APy B Sdg AP e dshks o R

Vol.40 No4 August 2020 379



A ool W FRP Rebar 17 #aelE Lajne] 32A% of

AS= Ak et 232 ACI4409] Eq. (10)0] 7ds Zdoize
2 Y Agear glom, o] SMIthHOIARWIE(L) AFgA
&= sz WE A7t ske 29 we v viztst
7 wreE] wEe] Ao g dekdt) o]of wkate] LIN-MC2}
EC29] o=y sisxtiol BAlgle] Akt A s
@]—éﬂ?ﬂﬁ)ﬂ, FRP i7o H,] )ﬂsﬂﬂE_ }\H:HXJ oz 7 pas H]—oﬂs}
1 e o7 FkEnh

=

4. 2E
Zogle 2% 50 MPa7A= 2=e]Ee] SIS Aoleh=
HRHel| wlel IR e] xjol} ZA| WhEhs Ao s BAIEQ)

o} FYAE AgSH i Aol U B0 B

il

HURDISE Sk FRP 5l 4] e} AR Sl
e TR SRS sk glov), 2aEEe] I

&S Atk WHA FRP A B840 7]%05}e]
0.8~1.4pbli7‘ﬂlﬂ Zol7ztollr s} dolel sidld 4
= Ao BAET: AdEyt 53 Blaspd =2l upd
@ d=1E Alged vk FEEATE A8k = EC29t
Model Codeol] 71915} sy} Ajdo g AaZyte) 2 Ux]
Sh= Ao = FAEglon, FxA% 7Nkl ACI4409] A
e FERANNR)) AE cZaPie AR} Ao w v
oIA&= Aoz FHzkE|Qchk
APl BAle] H7e ACI440, EC29} 418 e
SHEASIM-MO)I] 25 7o) Ak Avkg LheRiglont, 15
M, oPgol ACIH40 AIgkale] o] mlasshl Z7ksle] @b}
Z7¥eke Ao R FAETh 3k ACK402] AgHle S5
o we A% ()7h BRekL, 33 Afel Sl ArjHo 2 3]
W djZx=g) vjsle] MC907 LIN-MCE= FRPO] £59) 5%
Z0) ik gRfe] 58] 2R AR et 8] Ao s
=& Aoz dtEn.

20l 2

B o= sl 71917129344(2018R1D1A1B07049278)

Aol Y= AF Tk

References

Abdalla, H. A. (2002). “Evaluation of deflection in concrete
members reinforced with fibre reinforced polymer (FRP) bars.”
Composite Structures, Vol. 56, No. 1, pp. 63-71.

380 Journal of the Korean Society of Civil Engineers

Y

Acciai, A., D’Ambrisi, A., De Stefano, M., Feo, L., Focacci, F. and
Nudo, R. (2016). “Experimental response of FRP reinforced
members without transverse reinforcement: Failure modes and
design issues.” Composites Part B: Engineering, Vol. 89, pp.
397-407.

ACI-440.1R (2015). Guide for the design and construction of
structural concrete reinforced with fiber-reinforced polymer
(FRP) bars, Farmington Hills, MI.

Aiello, M. A. and Ombres, L. (2000). “Load-deflection analysis of
FRP reinforced concrete flexural members.” Journal of Composites
for Construction, Vol. 4, No. 4, pp. 164-171.

Benmokrane, B., Elgabbas, F., Ahmed, E. A. and Cousin, P.
(2015a). “Characterization and comparative durability study of
glass/vinylester, basalt/vinylester, and basalt/epoxy FRP bars.”
Journal of Composites for Construction, Vol. 19, No. 6,
04015008.

Benmokrane, B., Ali, A. H., Mohamed, H. M., Robert, M. and
ElSafty, A. (2015b). “Durability performance and service life of
CFCC tendons exposed to elevated temperature and alkaline
environment.” Journal of Composites for Construction, Vol. 20,
No. 1, 04015043.

Bischoff, P. H. (2005). “Reevaluation of deflection prediction for
concrete beams reinforced with steel and fiber reinforced
polymer bars.” Journal of Structural Engineering, Vol. 131, No.
5, pp. 752-767.

Bischoff, P. H. and Gross, S. P. (2010). “Equivalent moment of
inertia based on integration of curvature.” Journal of Composites
for Construction, Vol. 15, No. 3, pp. 263-273.

Bischoff, P. H. and Scanlon, A. (2007). “Effective moment of
inertia for calculating deflections of concrete members containing
steel reinforcement and fiber-reinforced polymer reinforcement.”
ACI Structural Journal, Vol. 104, No. 1, pp. 68-75.

BS EN 1992, Eurocode 2 (2004). Design of concrete structures.

Canadian Standards Association (2012). Design and construction of
building components with fibre-reinforced polymers (No. 2).
Canadian Standards Association.

CEB-FIB (2010). CEB-FIB model code 2010-final draft.
Thomas Thelford, Lausanne, Switzerland.

Choi, S. W., Yang, J. H. and Kim, W. (2010). “Influence of tension
stiffening effect on deflection and crack width in RC members.”
Journal of the Korea Concrete Institute, Vol. 22, No. 6, pp.
761-768 (in Korean).

Docevska, M., Arangjelovski, T., Markovski, G. and Nakov, D.
(2018). “Numerical and analytical model for serviceability limit
states of RC elements.” Gradevinar, Vol. 70, No. 11, pp.
943-952.

Fib Bulletin 40 (2007). FRP reinforcement in RC structures, TG9.3,;

Fib Bulletin 50 (2010). Bulletin: Structural concrete: textbook on
behaviour, design and performance; updated knowledge of the
CEB/FIB Model Code 1990.

Fib Bulletin 51 (2010). Bulletin: Structural concrete: textbook on
behaviour, design and performance; updated knowledge of the
CEB/FIB Model Code 1990.



Gooranorimi, O., Claure, G., Suaris, W. and Nanni, A. (2018).
“Bond-slip effect in flexural behavior of GFRP RC slabs.”
Composite Structures, Vol. 193, pp. 80-86.

Gribniak, V., Cervenka, V. and Kaklauskas, G. (2013). “Deflection
prediction of reinforced concrete beams by design codes and
computer simulation.” Engineering Structures, Vol. 56, pp.
2175-2186.

Kharal, Z. and Sheikh, S. (2017). “Tension stiffening and cracking
behavior of glass fiber-reinforced polymer-reinforced concrete.”
ACI Structural Journal, Vol. 114, No. 2, pp. 299-310.

Ko, S. H. (2014). “Experimental study for GFRP reinforced
concrete beams without stirrups.” Journal of the Korea Institute
for Structural Maintenance and Inspection, Vol. 18, No. 2, pp. 21-29
(in Korean).

Pecce, M., Manfredi, G. and Cosenza, E. (2000). “Experimental
response and code models of GFRP RC beams in bending.”
Journal of Composites for Construction, Vol. 4, No. 4, pp.
182-190.

Pilakoutas, K., Neocleous, K. and Guadagnini, M. (2002). “Design
philosophy issues of fiber reinfored polymer reinforced concrete
structures.” Journal of Composites for Construction, Vol. 6, Nol.
3, pp. 154-161.

Vol.40 No4 August 2020 381



