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Experimental performance assessment of scaled-down FRP-retrofitted reinforced
concrete beams under consecutive low-velocity impact loading using near surface
mounted method
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Keywords Abstract

In this research, experimental and numerical studies have been conducted to investigate the performance
of concrete beams reinforced with FRP materials using the Near Surface Mounted (NSM) reinforcement
method. In this method, the separation of FRP is delayed, and these materials are less exposed to adverse
environmental conditions. In this study, after achieving a suitable mix design for concrete and performing
dimensional analysis for scaling laboratory samples, six concrete beam samples were constructed. These
six samples were divided into two groups, one subjected to low-velocity impact loading and the other to
static bending loading. In each group, a control sample without reinforcement was considered. Additionally,
two of the beams were reinforced using GFRP rebars, and the other two were reinforced with CFRP
composite plates. According to the results, the beams reinforced with CFRP plates and GFRP rebars
experienced an increase in flexural strength by 15.3% and 24.7%, respectively, compared to the control
sample under static bending loading. Furthermore, the maximum displacement of these samples at the mid-
span under impact loading decreased by 23.36% and 40%, respectively. Also, due to the increased stiffness
of the FRP-reinforced samples, the acceleration at the center of the span in these beams significantly
increased compared to the control sample. Based on this, it can be concluded that concrete beams reinforced
with FRP materials using the NSM method show satisfactory performance under static and dynamic loading.
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10 344.74 533.03 22.59
12 532.58 656.83 12.37

2403

4..3; O Hg0 &L.w‘ L)"’"’} 6L¢u~.vl.o)] 6)‘5.0 O ygo & ‘u.t| » 05)1.6 |
alie Salis 5 Sl Sl 5 UK 53 55 Sl slasge s

Al Llez

bl wldlw -3
S 3bupslin 092 ( alRisloj] sadiges (>l b Wig,; mades 4 (i cnl o

aalss 4l o ol gl il § ar s g G Glotale;l g ladiges

Bl graige (>15b 5 solal 5IUT -1-3
slolfiws cud b (2l lad og sgame alex I sl
2B osdee Sl sjlse el o golanll wllasde (rizes 5 5,15k
B Gilesl 5 ol 0550 (oaBly el 50 1) ladiged g ol pwaipe
Wgd e cuilis &30 4 Glalel 990 laaised Loy, cnl 5l ol
TS 4k 5l ealitl daojle (390 wlede Jgel (25 glke 51 (S
ol 2 lFee b (Kb omny o s ol elal b [11]

el ke 5 S5 & o] o i

f(xl,x,z,...,xk) =0 (1)

Ol anil e Al (SO0 sla i X1, X2, 1., XK (398 abasl,y jo oS

0903 o33l 5 JSS @ Gl e |y alal,

g(my, 7oy e, ) = 0 ?

bl oo e wny (9 Sk TT1, T g, vy Ty ) 50 &5

ol bl o alins ol glaiaS ol 355 abal, ;o 5 skiie
sladalos yo ploy bl adboe ez g Job colej Jold oS
oolitl g, bl 5l Olgioe prr Selly sl g bl 08 (Sealizs
lopiie (olos )3 play 9 o2 sk (ol CueS Sl 4 425 L 350
Ol o0 ABld 2525 0 pf 5 LD Wl el ] (5 lid Cunglie aiile Lol
s ey g sl e ol v il 3, Slbes 6 S U

Gges g (2l Ages 33 (g S g lop s PXSL 4k Wl
)90 ol Gl ps Gl oo Shle nl s pln 5hadl plp Sl oad elide
5 ol Jae o ooliil 050 Wl a5 5,50 40 dga3 deloma |, i
00 Oy 4 428 b aigh 485 L 0 LSy 1) ead (el sladiges
A winlys aodB 5 JSE 4 (wlidie culpd Sialejl Dbt

Sw, = Sp, = Sk, (3)

Dged 4y ol aiged o 4l 59 S SWp Sl oskie 358 Lals, yo a5

Wged & Comd (ol diges ;0 4l bghu glis)| g......;Shp w0l oliie
oo digad 4y Lol digas (55970 (63l Cad sl S Sy, g 00 (el
oo o pb 52 pwain wbde cu o ORI L aslol o aiil e 0l
Lo susles QL] 5 & hgo 4 oals ubde Joo g ol Jow 1 mlas
B 5 oS i b lacssls dadiges ojluoslel (loj ,o ST & azgs
e bl ogals b 53,5 Lulite gl 1) w55 3520 413k 45 sie e

! Buckingham Pi Theorem



2850l s Jlgie (14 56 (ST )L o FRP (slacs jouelS b mhows <S03 33 )3 uos g pii (jb9) & 0ubnggi 9 (wlido (i (S0 45 S 5Shec ()55 () 2

b S35 53 s gy 4 (AR LojT (Graiges gl -3-3
TS a Al e Gl )3 Bdod (nl o eolital 850 las (Brme 5l
Egatme ;0 Ab walym aBly, 5 gledises gyl e 5 cale anl )3
d3e dw oS Cowl oad a3 I a3 s sty ol lp S s sae b
s s b (glas 1o (6513551 o D0 a9 090 A ied ()51 o
oxd Jlael ) g9 09,5 95 (nl Oloo gl o5 w285 wimlys 18 by
odd 48,8 LAy Cogli ol ald dged sas S5 09,5 o 0 bl ge
& aded 0 8o by BT aisad 5 ()5 aYaiz bl um aiged ool
e ol S 4 S5 losiia gl o5 )9 e o )
Cosl g & 0adly sk gladiges Siblei 5 IS5 5 aliglel sladiges

R N & S LS PR

= 4012

300

P0@
150
oL, Bl
20 20 Two 25x1.4
200 2,0 o 91 N T it

NS, NI-H1

Fig. 4 Cross-sectional shape of test specimens
2Eile;] sladiges ablio sloi 4 JSi

[ Grs.Grim | | css.csim |

3 el Cagl by 4 edbiCush sladises 5 KL K0 (g5 ]
A3 oo inled | mhaw SGo 3

S bl o i bojl -4-3

e 0aStils K SlKe oliule;l jo (Siliwl e glotoles]
bl s 6y9me S5 (6 8L o€ 5l oaliiul b s el olKils oyl jos
sy b Sy ool Oso 4 )05 )L g5l 00l bl 5 100
Jheel S sloys 4 slahais aw jied Oyeo 4 g 059 0.004 mm/s
Sl G b e ols el Gl slaers s el oad
lios 50 S Glee 9 S5 ol GlagSll las oy Gl s
o8 o inled |y glalass aw ies iolej] (gan S 6 S

Fig. 5 NSM-retrofitted concrete beams
NSM (b9, 42 oabilashi (i (slo s 5 JSub

a8 o3a3] 3l oS slaaair (Sl Slasiin (rpai jslite 4
s b)) o) sl s ooliol ASTM D3039 [15] il 3lae
(ki oSl o joeals olKtyles] o (515 cod il b Sl seisy olSiws
3 )oilid Blae (6 RSl s el o plol S el olSiiils 2l
ool oy solital iales] sl cas (Seilegiy B 5l 9 005 2 MM/min
259 39l Dyge 4 Sl gy ez ol (8 SlMbl @ azsi L
5 o081 yochos 14 ey cuslbies .l ond 58 760 GLI oz
Sialej] 50 eolaiwl 0550 (sloaiges sl oads (3,155 yio Lo 50 5,9 250
Sialesl 3)50 diged ez 5 035 yo ke 25 (20 5300 Jsb (slls naS
SIS 0009y @l a4z s bosry ol b 28 )18 e 228
OO 520 Kigal 4 b olfiws conlin palats pae Lo 4 g oz
ol oo a2 IS jo miS iolesT s Ll ous

1400 -
e CFRP-1
1200 1 e CFRP-2
e CFRP-3
= 1000 -
[a
S 800 -
(2]
2 600 -
9 400
200 -
0 ; ; .
0 0.2 0.4 0.6 0.8
Strain (%)

Fig. 2 Stress-strain graph of CFRP

CFRP )5 o5 govie 2 JSi

[16] o lailisl 51 oy, (oS Cuglin (g ,Sojlail Capz Sk
3w g 0l aBu; olailinl slal b GeSidw LJB SN ouiS coen
2 Cepu b paiS g 0L con S Lo sladiges wiels 72 cudS
s e Giales 1y o5y 2,8 i loges 3 S Lauxs )5 1,8 mm/min
Bz Bilhe S Giiale)] plml Cuz () sladiges (s3luoslal ogos
Gl gl S05 )3 cral Sugl hg) 4 ladiged (s3lupglie o,
o 9 9bml (S Gl (iS5 azg o g)ked bl o oS wilee & 50
29 GuF kb B (Sl sy ol 505 51 LS cnl 595 s
ples Cales )0 9 a5 518 Ll 9)0 (S)aelS euisS Cu sk las asldl
Bgdise p inhy b oL

40
= 30
[a
S 2
A
£ 10
[%p]
0 . - .
0 0.02 0.04 0.06

Strain (%)
Fig. 3 Stress-strain graph of epoxy

Gy G A5 e 3 IS

2404

<03)940l8 (5 )9Ud 9 pole Ay s



<9408 (5)9Ud 9 pole Ay s

2850l s Jlgie (14 56 (ST )L o FRP (slacs jouelS b mhows <S03 33 )3 uos g pii (jb9) & 0ubnggi 9 (wlido (i (S0 45 S 5Shec ()55 () 2

Coow & (polo g 5 oals ools Jlal s 090 glas )l a4 Lil > Lo
99 5l Bl pas 5 0y93 p sliwly Lads jolaie 4 35800 by 5 S e
o oalaiwl wiloads Jate oliws 4y (63508 Ojgo 4y a5 Slogl Judgy

ol oo oald ioled 9 S 40 a0 Lioles] (s S el

Fig. 8 Failure mode of test specimens under flexural loading

i (6,105 ,L Cov sladiges (Kt 550 8 S

Fig. 9 Impact loading test setup
o halel a5 9 S

ety Sl cos alale] sladiges 5w ol cud o
LS)}:J C“"“'ul‘i‘)"‘"‘ Gl o0l oolaiwl 65*‘15* 9 LS)}:?J ‘C"““L)Li“)"*"

2405

i Near Surface
Experimental Performance Assessment of the !
Mounted (NSM) FRP-Retrofitted Reinforced Conercte Beam |

under Flesural Loading

Rersher
Amiral Howeinnia

Superviser
o T

NS

s i i §
Fig. 6 Test setup for flexural loading

S o alas] 53215, 6 UK

Slr by alas vy (Sasmets oz g5 Jloged 7SS Bk
Ol logai (nl & 4z b e go (i ( Slul (6)85,L cod (sladiges
e 0 8o 5 518 Vi b oady sl sladigel (g y3me )k byl
ol aBls ol 330 aalls diged 4 Cons 24.71% 515.26% 55 @

Ohles 8 US55 e cod ladised aled Cunds SR S5
et O Hgo i dald digel Sisend 890 (JSD 1l Budo el 0ol ool
O & e ] ClSE 090 03 Sladigel (ched Syl L oS ooy
ol 00,8 oy s

250 -
z
< 200
]
©
o
4 150 -
o)
2
2 100
<
<0 ——GRS
——CSS

0 25 5 75 10 125 15 175
Midspan Deflection (mm)

Fig. 7 Load-displacement graph for flexural loading experiment

Sl e Galesl e it — 58 jlo5e3 T S

omly s o b 405 Sl lo3l-5-3
Sl po )13,k Co adiged o i (slo 5 (Senlins J18) ()1 Hslate &
alie Golejl ol )0 ooliiul 8,50 (sladiges ilasd 5 18 ol e yu b
Ll s gl baiges coles aidb co slabass dw Sios Liolej] (sladiges
J18] a8 (6,135,L o lasbin] a5 azg5 b .anil o ool yu 50 2IFASS
AoolSeSS 4y g JUil pore g 405 1 50 o s (Sabaddy 5l 6 S ol Cx
@ o¥sd S 93 (59, p Loy ool (550 Ll ol jsle 4 ccnl
oz 5l GialesT cnl 5o solitl 5,50 aliyy wilazd S 18 e La 75 b
b3 55 55 b gl ailbioe 0,59k 150 oy (sl g 055 SV
Wby onl el ok 43S 5185 50 e o Ll 5 b a0 slatles]

! Linear Vertical Displacement Transducer



2850l s Jlgie (14 56 (ST )L o FRP (slacs jouelS b mhows <S03 33 )3 uos g pii (jb9) & 0ubnggi 9 (wlido (i (S0 45 S 5Shec ()55 () 2

oy 65l.cd 5 L3 4,0 LialesT o GRISHL oS b diges anlsl o
Oy a8 Sglas cpl b oog CSI-HL a8 b diges ailie diged ol ;0 S5
Egoe ) mlodg (6555 (oI5 wald 405 Jlael e )3 5 (5,Lad amb
1y e 3,Skes GRIFHL o5 b igei o 2l8ilos] Slanlive 4 a>g5 b
el ools las 095 3l s cov sladigas o

35 sloys wlas by (Kepss Glojy azdu)i Jloges 12 S5
Sl alfasle;] Glialie @b aas o ol 1) 4, cod il
 dilony g STas olomlr Gliee o it Sughl (oo diges &5 28500
Plr o a4 aals diged lp lony 5 2 Tao (S0 i (e W3S 25
4 CSI-HL o5 L g0i gl (355 polie .ail oo 7.69 mm 428.68 mm
iy 4 GRI-HL oS L aigei gl 52,14 mm 5 21.98 mm il o5 5
e pis lime K00 Sile 4 b e 1.23 mm 4 17.19 mm Ll
S @ wlh dges 4 Zuws GRI-HL 4 CSI-HL slo,s iSlas
ol a8l zals 40% 423.36%

-30 1 ——NI-H1

Midspan Deflection (mm)
S

Time (ms)

Fig. 12 Time histories of displacement under impact loading
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