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Fig. 1. grading of aggregate curve
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Table 2. properties of adhesive
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Table 1. properties of CFRP sheets
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Table 3. Mix properties of the concrete (1 m?)
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Fig. 2. Concrete specimens strengthened with CFRP sheets
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Fig. 3. The “pull-off” test (a) test method (b) Disk applied to surface of specimen (c) device mounted on the specimen (d)
test result
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Fig. 4. Schematic representation of “pull-off” test and failure modes (a) specimen details (b) failure in the substrate (c) fail-
ure at the top surface of concrete and adhesive (d) Epoxy resin/adhesive failure at interface (e) Bonding adhesive failure at
dolly
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Fig. 5. Twist-off test (a) torque wrench to apply torsional force (b). the dolly disk bonded on specimen (c) test result
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Fig. 6. Schematic representation of “twist-off” test
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Fig. 7. Tests performed for measuring the mechanical properties of mortar (a) Cubic specimens (b) bow tie specimens (c)
tensile strength test (d) compressive strength test
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Table 4. Aggregate size distribution
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Fig. 8. Mesoscopic concrete sample (a) spherical aggregates (b) aggregate, mortar and ITZ phases
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Fig. 9. Stress-strain curve of concrete (a) uniaxial compression loading (b) uniaxial tension loading
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Table 5. Mechanical properties of the CFRP sheets and cohesive zone
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Fig. 11. Applied loading, boundary conditions and mesh of CFRP strengthened concrete

50 O i (SlSe Olasein i gl el S a4 63y
5 oS Gialejl oo sl e sladiges 59, » 558 Aw oy
ot INO 5 ITZ s o,Lad § S Canglie o0 plosl jLis
BPFSER U R RIS R '] JCH PRV PUEIR SN ERNCAIA
930 ooleite ) 00l (g3luJohe (S digad (o sie 0575 5 (5,35,
sl 00 00l ul.......a CFRP ouss Cogl (359 o‘,a.ﬁ 4
Sl b gow aw sl Jow 5l solazwl b sgame il oo
6“’; ¥ LgLasL‘)LA.” 9 O ‘5\)’.?1 ‘_g‘).g (C3D8R) 6“’; A Ry
4>l Jow 5wl ool plosl CERP 555 6l (§4R) S50 slas
CFRP (55 i olod (g3l s S yho Caalied b oty
chw 10 CH eSS mie b (o)l ,L el ouls eolaul o g
9 CFRP d)j ‘;...:Lia Slasrie sl 00l JLA.C‘ &m.n) G.YL:

£g

68 )L ol yo oo a8 F Ly o Jae VY S o Lol onds
FoB siloands jshaie 4y el oals ool (LaS (5550 Lal)d
Glie o one Jao po "Ghang 5 e Sl paS” ile]
B9 5 (P s Higed S92 (37 (slorie oud tales] (sladiges
900 b ply i & ojie (nl Bas 5 k00,5 bl CFRP
oliie )3) (soeSi iy ol a0 s e iilyge e sles O
oo +I¥0 coslis L CFRP 5, o oo 10+ slal L (550
e Jaw 10 .allb oo yie o B i b lopls o3 o
odd Ll (655, (o o3 (g 50 @l s (0 VU ez
15 0 g e due Y ojie jo oul aid S a0 e ojlusl Lol
Sl Slaseie ool 4Bl ol e Lo 0 G T 51 50

ol 00 43‘)‘?50 Js‘..\?)b w).'dau...’(_gb}‘jCFRP Lé)ﬁ



OF YO aio V¥ v Jho o) ojloss Y 090 yS yual ul)o.c (oo A s

O oaidd Slid pdlas wlasiw .f Jgus
Table 6. Material properties of concrete constituent
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Table 7. Material properties of concrete constituent in validation
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Fig. 13. Validity of stress-strain curve (a) uniaxial compression; (b) uniaxial tension.
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Fig. 14. Stress-strain curve of concrete obtained from numerical and experimental models
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Table 9. “pull-off” test result
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Fig. 15. Failure mode of “pull-off” test
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Fig. 16. Stress distribution under tension loading (a) core of concrete (b) CFRP sheet
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Fig. 17. Damage distribution in the core under tension loading
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Table 10. “twist-off” test result
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Fig. 18. Failure mode of “twist-off” test
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Fig. 19. Stress distribution under shear(torsion) loading (a) core of concrete (b) CFRP sheet
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Fig. 20. Damage distribution in the core under shear(torsion) loading
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Fig. 21. Load-displacement curve (a) tension loading (b) torsion loading
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Table 11. Comparison of bond strength obtained from numerical and experimental models

) VES IRV
M a

8o

M)

‘smli;.iu)"l
")

©gous

G5 s

JATN

Y/IVF

YIXY

JANS

A+ 4

Y

(Gham) oo

@b glhe [Y0] ailbe (205 Stz culie 5 i
gdse oaalie i Ve 5 A Johir 0 a5 jsbplen alRiiles]
Gt Gl Sl e Gt el o (St Cuaglis
it Sy Coglhe polhe og S Bl "o
L8 Sl & plgioe ) (LS (S Cuaglie 4 o
ol o5 Comd oty e S57sr sty 6L Jlas! 1y a5
Sty Cmg i (Sl g958 (RlBl Sl g lid sla i
5 oas” Glel s S oo (S Culie Gl a0
s eans go @) 1) (Sairen Cuoslie s 5l 15" abiblone “lans

il s 500 g plo s SBhasl L3b cou

G5 a —F

P gy 5 SV Coslie gwp Al (pl Soe
L sbp g oS 6,08 L cou CFRP (3,9 bosds sl oy
ol 5o ead plxl lislesl sl o aBislesl 5 so0e i,
O sk & " Gy g e 51 ST Galel el Geios
Sl Jelod ail oo badiged (LD g (o225 Sz Cuwglie
€930 oolede 10) 5 il Juld g (gom 4 Djg0 4 Sgue
odinz 4>l Jao 65, L lag)] Jlasl 4oL 3 CERP 5
o ol g5 e o 4il,) s & 4z L bl s (CZM)
el ol hd e b )

o YL B g Zwglie o 4y (gooe mls Billae )
ol odal 3929 ds iSu ol 40 GRS Hl0Be (i ¢ aslaSi
5 98 & Sard oial 3525 ) col Jlme 50 50 (iznen
RO IARVISEICOX 1] U I//PRH YOS BRI

5o iy et ¢ ailaKiw Gl bl ATZ) Jlisil 4ol -Y

oy

"

RO PRV R P

Wb cos (SouS Cwglie mSlas VY Jsus mls sillas
sdel Cewdy JSLLKe YV soae Joo 10 ojsme ST LiiS
sdel s (Sdiwns Coglie jlade a5 Canl Jb> o ol c!
ol adle JSablSe VY ek S a8 el
o, VA sasli;:.,a'uﬂ Jde a4 Caes g0 Jaw DS e
Coglin piSlas VY Jgoo bl o VY ISG L gillae il oo
(i) s SN o sone Joa Sl Jol> Koz
"t itleg] o IS le3] b5 a5 ISyl A3
Cawds JSKubKo Y/ (goae Joo 4 Cad duoy0 VY ST L
@ b dnkd G xbhe g a8 il axg wb ol sl
logs b ooles B o (S0, ol 5l (s iyl Julo
56 izmed 5 o i 53 Gloms (ST gl (s B
axkd (L35 Cuglio b ool Sslis ¢ agme eyl Jolse
O gl (g0 Swglie GRalS carse Jalse ol ol (s
oagal (goae Jaw ;o 0ud o)Ll Jelse aSul 4y axg5 b 00 )5 0
Joe 5l eel sy (SideenS Canglio cplpln wod o ai8)S
Jelse (28,5 i 53 b atlin alRtalejl Joa ity (s30e
sode oo 5l ool s gulis cuiS lgs o 2Kialesl a5, 5T
Syl Jed LB il L,:_mli.i..il.aﬂ =l

9 (5 Mz Ceaglie jlade gous Joa ) Jol> mlis gillas
Sty Sooglio 5| iy CFRP (59 b ooty sl iy aiged
6ykd slo ps iy S Jleel S ol sl canay oaiS
Sy 9 8 czge (5)La8 la i (nl 09l o0 ol diged jo
@l 23,5 o ol mr Wgey Gl azys 5 o Gl e

s (S Mz Ceoglite LILe wo o LS 35 liBe sla s



05 YD dxbo NFe o JL» A b)lo.a.f} HY 0)93 ‘)Mf).m‘ ul)o.c L;u.'.,\..Q(c 4\.1)...-0

mm . &laSew o 58,5 ks g

max

mm/mm «,laé 3,5 c

mm/mm . iiS 55,5 g,
mm CFRP 5,5 o, bf
N/mm? (0 oaiS Caglie 1o
S

mm . gl>al>

Jimm? . Sl cwsSs o550 G

&y

[1] A. Di Tommaso, U. Neubauer, A. Pantuso, ES. Rostasy,
Behavior of adhesively bonded concrete-CFRP joints
at low and high temperatures, Mechanics of Composite
Materials, 37(4) (2001) 327-338 %@ 0191-5665

[2] J. Yao, ].G. Teng, J.E. Chen, Experimental study on FRP-to-
concrete bonded joints, Composites Part B: Engineering,
36(2) (2005) 99-113 %@ 1359-8368.

[3] ].G. Teng, J.-F. Chen, S.T. Smith, L. Lam, FRP: strengthened
RC structures, 2002.

[4] B. Mohammadi, K.S. Asl, A. Farrokhabadi, Matrix
cracking and induced delamination in symmetrically
laminated composites subjected to static loading by using
multi scale damage mechanics, (2017).

[5] V. Palmieri, L. De Lorenzis, Multiscale modeling of
concrete and of the FRP4€“concrete interface, Engineering
Fracture Mechanics, 131 (2014) 150-175 %@ 0013-7944.

[6] Y.B. Zaitsev, FEH. Wittmann, Simulation of crack
propagation and failure of concrete, MatA©riaux et
Construction, 14(5) (1981) 357-365 %@ 0025-5432.

[7] G.I. Barenblatt, The mathematical theory of equilibrium
cracks in brittle fracture, Advances in applied mechanics,
7(1) (1962) 55-129.

[8] J. Wang, Cohesive-bridging zone model of FRP4€“concrete
interface debonding, Engineering fracture mechanics,
74(17) (2007) 2643-2658 %@ 0013-7944.

[9] E Chen, P. Qiao, Debonding analysis of FRPa€“concrete
interface between two balanced adjacent flexural cracks
in plated beams, International journal of solids and

structures, 46(13) (2009) 2618-2628 %@ 0020-7683..

s WSt iy 4 o o5 agli 5 Vi S35 s o
b (NS 5 el O s a5 S 35,5 5,000 5l il o
S oo 0Dy i3 93 cnl e (S,

oyyme 55 LBAS Tl Cov gode bl gl Y
&9 8P 2 g 50 L CFRP Gy o ool 25z 4 slo
85 el Jo o el il azily malS GBI s g il 55 a3
CERP (5,5 SLLI jo (25 Jlade (i (0 )NS5k o
el 00l 35 0le

Sl oaS” gy 5l esel Ceway aBaglejl b ollao ¥
Casl 5 Wil )0 (sode @ (izen o i 5 b
Caoglie 5l yli Sy Soiws Cwglic CFRP 5,5 b oo
Wgad ;3 e gz NS,k Jlosl Jl n adl oo (285 (S
Sl ge a5 Sad e dbml (g)lid sla i Gl oYU mlaw
S M Senglie (il At o 5 Shasl (695 g g Ja3
230 5 o

abadloes "o 1 2iS" ioles] ool Cewds s sllae -0
S5 3B o |y and o Bl 1) (S Caglia oy 515
Sl ges ;08 oy ple g Sl

SBS JLy (Fir Swglie @l ol F
oL Ol clie Gllail g ogame yledl Joe jo oo JpE g
&ly oosSUT 580e 5 50 55350 CZM. Joe 51 eoliiwl ¢ alXinle;]
s yge b5 4 elie Jow o2 CFRP Jlail asl

e Cow o
mm? .colew A

d)w U-‘-”‘" )lﬁ-’“ d

%X JVOW [ P d

N/mm? b5 s

Ny

N/mm? (&, s

mm . g8 S gleds r

mm* . _dad il oles J

d s b S5l ons o, coailaSin ez asys  P(d)

og



OF YO daxbo MY Jl.w A D)Lou:': HY 0)93 ‘).....g)ml uI)A.C u,w.h.e(o 4_»)“»

[19] X.Z. Lu, J.G. Teng, L.P. Ye, J.J. Jiang, Bonda€“slip
models for FRP sheets/plates bonded to concrete,
Engineering structures, 27(6) (2005) 920-937 %@ 0141-
0296.

[20] M.L. Benzeggagh, M. Kenane, Measurement
of mixed-mode delamination fracture toughness of
unidirectional glass/epoxy composites with mixed-mode
bending apparatus, Composites science and technology,
56(4) (1996) 439-449 %@ 0266-3538.

[21] X. Liu, J. Jiang, G. Wang, J. Wang, R. Xu, Debonding
analysis of curved RC beams externally bonded with FRP
plates using CZM, Engineering Structures, 205 (2020)
110103 %@ 110141-110296.

[22] L.N. Lowes, Finite element modeling of reinforced
concrete beam-column bridge connections, University of
California, Berkeley, 1999.

[23] L.M. Nikbin, M.H.A. Beygi, M.T. Kazemi, J.V. Amiri,
E. Rahmani, S. Rabbanifar, M. Eslami, A comprehensive
investigation into the effect of aging and coarse aggregate
size and volume on mechanical properties of self-
compacting concrete, Materials & Design, 59 (2014) 199-
210 %@ 0261-3069.

[24] O. Buyukozturk, O. Gunes, E. Karaca, Progress on
understanding debonding problems in reinforced concrete
and steel members strengthened using FRP composites,
Construction and Building Materials, 18(1) (2004) 9-19
%@ 0950-0618.

[25] R. Chendes, S. Dan, L. Courard, Comparison of

shear and pull-off tests for testing adhesion of different

content limestone fillers mortars used as repair system,

Construction sustainability: efficient solution for

design, execution and rehabilitation of the building %@

6065546623, (2013).

[10] R. Xu, C. Liu, CZM-based debonding simulation
of cracked beams strengthened by FRP sheets, Journal of
engineering mechanics, 138(2) (2012) 210-220 %@ 0733-
9399.

[11] C. Carloni, T. Da€™Antino, L.H. Sneed, C.
Pellegrino, Three-dimensional numerical modeling of
single-lap direct shear tests of FRCM-concrete joints
using a cohesive damaged contact approach, Journal of
Composites for Construction, 22(1) (2018) 04017048 %@
04011090-04010268.

[12] B.S. En, 480-11. Admixtures for concrete, mortar
and grout-test methods-part 11: determination of air void
characteristics in hardened concrete, London: British
Standards Institution, (2005).

[13] Al Astm, D7522, D7522M,4€ceStandard Test
Method for Pull-Off Strength for FRP Laminate Systems
Bonded to Concrete Substrate, (2015).

[14] D. Astm, 4541, Standard Test Method for Pull-Off
Strength of Coatings Using Portable Adhesion Testers,
Annual Book of ASTM Standards, (2002) 1-13

(15]
of in-situ strength of concrete, Journal of Testing and
Evaluation, 35(6) (2007) 602-608 %@ 0090-3973.

(16]

M. Naderi, New twist-off method for the evaluation

AlJ. Wagner, A practical introduction to the lattice
Boltzmann method, Adt. notes for Statistical Mechanics,
463 (2008) 663.

[17] Q. Xiong, X. Wang, A.P. Jivkov, A 3D multi-phase
meso-scale model for modelling coupling of damage and
transport properties in concrete, Cement and Concrete
Composites, 109 (2020) 103545 %@ 100958-109465.

[18] E Javidrad, M. Mashayekhy, A Cohesive zone model
for crack growth simulation in AISI 304 Steel, Journal of
Solid Mechanics, 6(4) (2014) 378-388 %@ 2008-3505.

35-56.
DOI: 10.22060/cee}.2021.19027.7033

M. Naderi, R. Rahbari, Numerical and experimental study of failure mode of CFRP
strengthened concrete under tension and shear loading, Amirkabir J. Civil Eng., 53(1) (2021)

S gl Ao oyl 4 iR

00






	_مجيد_قلهكي1،_محمد

