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“Polypropylene
SNylon
6Composite
"Paste

$Mortar

9Slurry




YOI s o 4 S0 pllas

(Slomms b Guyile g SUI o ¥ g bl oo pe 50 (B0l s b aatine SUI
las (pl 58, 10 pae jlans el Glase a1y 52 90 ol o 0 See 9 Soiwgn 035155
D2 oo imled 1) SLI s Lol gzl VLY pgas LS o wo2l)

CEMENT PASTE: AGGREGATES: OTHERS:
- Cvffmte”t coarse (gravel); recycled waste;
o - et , fine (sand, microsand); unwanted materials;
- Additives and pozzolanic cement replacement: L
fly ash, silica fume, ground slag, polymers, clay, etc. | | e organics; voids;
- Admixtures: superplasticizers; viscosity agents;

accelerators: retarders; air entrraining agents; ...
- Unwanted pores, micropores, ...

|
FIBER l MATRIX

BOND

A

‘COMPOSWEI

[1] ol 525 b S0 00lo 0 sl &2 S 5y 11.Y IS

Slooww o ypilo VLYY

&=l JBwblBe V0o BYoo (6)Lid Canglio b (olagy o590l e (5351550 8,20 b
ol b0, S e )18 ool 050 adye il Glapleisle 5 g5le i )0 9 g
O 09 g0 MUM@JW@sL&jowQ;JM O 5k, (6, lid Caglio
9095 Spdy S8 9 Cuoglie (59,55 S5 5l am cousiSls (Adlan (lge 4 Vb Cglin b
S SVl Lsy ol 06,8 oo ]38 it Cod oaieSl pdlas oS Gloj Lams o s
@ 5 LS nl )b Gl L webge LSS 5y (S G (i 0 (LIS 055
23 o0 &5 SUSL Sl Sold 50 g wps o S (b9 S5 Sy g 0l Jate oo
b Slaaalionl )3 bons el ol b (FoeSa g by sl (225 Cenglie

Bond



Egogo dodan A

D98 Sgaote (oo o3Il & 55 (B Cueglie 593,50 jskie i sl (82T Cunlie
iS5l ol slaS (o 28 5 GhalS sl gl sty 5l (e 0,8kl oolivi
a5 1y gl 5| oS iy @l 59 3,8kn o8 L1 Ll Lol s b s
Sl jelite 4 o5y waless oo iz (dl 9o 5 g Sanl (o dhaie &SC H9a
plos 5o Wlgiy a5 onnns Sl 9 2o (635 5 (FAiSS cans el 5 g gnl Ll b
S i 55 GRS Ceoglie 5 95 (6 KD Sl o SIS, ok Slon
Oy Sl pled jo Bolas Ojguas a5 BLIL L a4 olisS § S3U slaasls, 51 oolasul

SLIY.Y.Y

e ritiano 3G o BLII 4 gehas 053 o150 5 (328 ( SilSle Dluogas 5| (5l
syt &5 (6,500 (elos bl (o oolinul 9,90 BLI (6105 Coalo g (Sowgy £ o5
Cobsb ccunglin it 1 el wia3 0 B S5 o |y S 1 25 G S
CAx (Sl d9b (pled (Sp e (Sl Jgde (S5 Gl Jole (55 (5288
s bl 55 (BBl glo (Shy 5 (Dl el (s jes (5 5

t el BLI glasl guc ails G j0 00,5 o5 vgaome ol 4 plgs pl a5 cldls

SBUI el 1,5 oVe8 b (o5l oV g8 ¢ K5 as o¥g8 BLII Jolis 1 g0V g8 LI .
c.b..u c( 5/‘ o%b cvéﬁ)lﬁ c?da.?u ca)‘d.g)lé cfooLw)Lg).@LB Ji..) A A 6&Y5§

9 SOV.Y S 0 . Wgd oo (go diwd Al glgil 4 (6,0l s g alaie

ol 00 00lS pygual 4 60V 68 BLII guy asws

' b8 OMas il 0 plie glacos BUII oLl glacs UL LY

4Straight

SHooked

6Crimped

"Spiral

8Twisted

! Alkali-Resistant (AR)



U S s Glorws 4l S50 llas

]
5
= Straight (round, flat or of any shape)
g
E
e
L
[}
°
c
= Round with end buttons
b= —
c
; Round with end paddles
2 § pr———
s @ Round with hooked ends
@ =3 £
] ] -
8 E L el -
= i)
e 0
E 5 Indented surface
2 = = = e e
RN\
- Polygonal twisted

Crimped (round, flat or of any section)

arch with bend ends

Along the fibre

)

oY ed BLII elgil :Y.Y JSi

50 LT Casglio ol 3 s (goiiins wleds g oS 3L o o cgian BLII LY
Seie yos Job 10 Hlaws yod )0 39250 (LB 0lge g Log) b uled sl ol >
20,5 Sl 0ad oo e

S 5 ookl (ohsl b 9 "okogn (b)) Lacrddl (b b ]

e SU s Giolag axdu b ole Cue s SU g6 ol el SUIL LY

] 2l Tes3Ishe SLITBLI (ol 51 (6550l diged S Lol o0

owplo g BLII wles sl Y.YLY

5 oS b B S35 al) moile g BLI T ot sl ;5 oyloems juas lislos
s_JL»..aW9 Ju‘ o)‘w‘ 9 ua.u?' 4&5-\ a (.MLJLSQ y‘y&;&)blﬁ, 6‘)‘0 d5.> S d..~>L:
Sl L’S.Q.Qj S| Ao GLM» W)_\Lo (§O0SDY J.»S...w 9‘):>‘ L}.MM 9 Ju‘ C-Ea&

1Polypropylene
2Polypropylene and Polyethylene
3Cellulose fiber
nterfacial Transition Zone(ITZ)




Ego90 Loy Vo

Sronb § (Sl pdlan ;0 ITZ Cslbes . ail aisly Colses jiog,Seo Yoo b Bo s
S i (Shze 9 Lol Slilo 4l ol Slovw las jo0 &5 Jpo el SHU Ly
258 s 53 1y (o yra o2 0, YO B Y0 3505 1) (saensg Lonsd 4l 5 0L 0
SR (ool Awd A e S5 51 BLIN (Sl wb pdlas [0 ITZ (g o jglasea

F g o0

S (505, Yoo 2305) Sl Sy 5l 2550 S S8 L MBI )
il o Lo VB o /) dga (6,8 b plog g (s0Ys8 BLII Logos

WWICES WS I | 55 3 SUWERSR VI KON PUUWRGA B ICUN S TSNV NP SY: IR | SPPR ¢

I8 ol 5l e 9,00 Fo B0 0gax a8 b LSl b g ()5 et L8

slawi Ll (£gmae BLIIGL, w5l glasws O ygar BLIT g o5 ool YU s LY
las Lawp oae e e b v w4 Gl e a5y, SO0 39290 SLI
6‘MJU)W¢LOM‘A>M)‘;9U‘UJ‘W‘QS—QALS)LQ.MAL).MJ)JLA)O-E)LA?‘
BLII 3)lge cam 5o 5 wdb g add iz | Yoomo glaiis) BLII Laziles L

2335 oo oslitl (gl ) &g o0 (g (b g amely S

s live oy slaaslaSins (1l s assl ay Sals BLII sy Gl bl o 117 sl

ool il ol Jzdss L SoH, olyd 5l slay B Glbl Sle casl alie (09
@ Ol Cond g losw O1,3 BEL o515 Lo a0 BUI g ladslaSews Bl o ol Jsdss

U5 55,5 o s b &5laSiens 5 BLINslasl L2al331 b & 0l o 4l sl 1o WU Lo

el 7 a9 g0 5186 b slosuay ol Lol

aS Cowl u..d.S‘ﬂ u.s‘ )i.’Lu odudy U"‘ .Y Jiw d.’Lb.A )la”j)‘%d f‘ A7 bé-‘)—”
SOl g saS bl (0055 & o (orrg SIS ) pelans S s jglme o L3

'Macro fibers

2Micro fibers

3Bundled fibers
4Microstructure

5Calcium Hydroxide

6Wall effect and Barrier effect




WOl mase Glosw by S)e mllas

S9>g S>o8 OIS gl ol S S o KoL bl jo a5l g wyle (g i

20,08

BOUNDARY ZONE

/ BULK ZONE
£g R
1

e,

BULK ZONE
BOUNDARY ZONE

}— D —1
DENSITY l

[6] SLIN b oS B ol 4o ol yd sloand! F.Y IS

ol o 5o sy L ile 9 BLII Sailas o was o lis aisle] Slaalie

0,5 ogs les i y3 o3l (hp coBS b L ol Bl o g 958 (o oll Lyl
& sy L 4ol 53 alande BB 2 IS8 i ol & (5305 slacSin, b
5 To 5 g0 ool BLIN LI 5 2ag So Vo b Fo caslieds
ey g5y SLITSLE 13 Hloss jod Jlisli oS Cunl (o (9050 (ol 4 a5 L
Sl ] bl g 009 5eSTpe 3, BLIG1bl o il asb .ols (o)l &gl

3 g BLI 031031 058 5Ly . uils sl lams i yile 500 glaciand b Slox

Jo (BUIT ALl o 3d3s pals g jla> g 0)lg0 Sl 28, o ol (o 50 9 plesw
ol 5 ok Sladss (o p ol S8t 5 1TZ o Sy cobs o o

ool )l (50,5 sl ol plnil Wigy xlans 5 Slos 350 sl o Conle



Eyo90 ddon WY

ks (ACT 116 <o pod bl g ) See b Vpgd K el uodisg S 5
=l Jyazme Jlo plyie 4 (( SoySIl o8 (Slao,s5 )3 0sd adss 5y Sl (559k e
V] b oo s sl G3LIT L cwlasl oy sSls a5

kg Sn y50 et o S35 555 e Lojis Guansg Seon 3

o /Yo /Y oga5 ;0 Tl ojlasl a8 el G gal g Jbs e Sl b 3oy Lo 1,3
Lol cal oo o0aline (Lo (23S0l 00le lgie & Ml )3 rknng jSee L 0BL 0 g Se
g S bl o Vb 0 Slae b s 0o ol 51 ealissl s 0 g pol U 50
Sy el Ky o 8005 &5 Ll 510,10 0,5 (6 S 1B B g,y (6 pmS B 5l (K5 il
s (] g (5SS Jols Jgane yolo 4 45 095 o0 e (gukoms el (Sli2l Lo
To3b o 5,00l 3 998 (0 505 kg Soe (BL ilin (S (liee 4z e (IS sk &
Sl 5500 51 el Jgaxe i 3l oy Vgame ueakws Soan (g5l Touds S g

19,5 0,Lal 15 8;lg0 0 g g0 03B o o g e

b Gl edking Sio Vb wles mhaws 4 4z g5 b aS Ol 4y 5L )

L;m‘é-?'d*:‘ggfd &wﬁw‘oau&)";m“f ?ﬁj.’.‘élq..‘l..‘ 16‘)‘0& CALS:*‘)[S -Y

.o)lo

b Bl (e sk ks S 099380 b o P SOk O LY

(S ) a5 5 Sl o o JUi] 4l J5ul55 215 s Sne ads) 5
Oloss juo> 0355 )0 9290 Mdlio yizmad LAlb oo s 25T 50 Cams Wig a5 o]
b ol ol oy 3585 (2l 5 (% Ceaglio Slidl (e Az LatiSu 0 S5 |y

wﬁ“‘*@u‘Pd‘)b‘)‘))'“bL"aO°9~\>U~°WLQ§|=\-’YQ\9.&=\.’3!WJ[_°_,_,I

(F.Y) S5 llas . enl lomas yoos 0353 5| siaS 4l 1l Canglie Logas 45 (395 oo

1Silica fume

2Fresh concrete
3Hardened concrete
4Water Demand
"Workability
6Bleeding




W s g S by b

Sl 153 ploeas] St g laKsw )3 Bl bl o Sobél Ol sezs Lo a0 izl 4l
Q,g‘ O CH 4 o)\o S poan L5“.> slas c(Wall effect and Barrier effect) @la.w SO g_i.o).a
2,8 o S0 S0 6L®MJ|WWML
L oS cl Sloas oz Gglilyae 5o pdy (ST slens (Y5350 S Gy Soe
oo Soldl O cads o CSH ol SISl Sljon LS5 4 ools ylas (2aSTly CH
Sleogasr OISl e O] 0gd 0 Dlyd (gan, o ploudl Caels g v o oS |,
Plo> gt b Sl Wla&oin 5 locs oo (o Wigy Ceoglie Sgne & bog o ( S
U‘M QL?U‘ g,\.cl.a ijgm )‘ ool J.:L:LSQ Lg).uw.: wl Mﬁ)iaﬁ 65[?
oold Jiolidllyamsl (ol 4815 uadocws Ko 3oy sl D)3 L0480 ITZ o ala>do LB
B (Snsgy Cunglio S5y Ll Guknsy o (109381 i oo GhalS ) l Cesless
aS OPVA § SCb ST asle (6 5y 0lgo 5l oolanl o5 o 2o )0 YO U Sloss Ly yilo

[9(&] 09.«.»‘50 J.«o)é Yoo ¥ U“")"Laﬁ du‘ JL&J‘ O gudy? u.CL' ML’LSO ;.j)u) J.‘>J.tl3

o> g oS HL8, byl YLY

Oz g sl poles mlans g B¢ o e Sloguas (o Ol i slul b 13l la Lo o
B 5 @i dSs cCwglie jo (g pRaiar Gl Elas (pl adgs 5 il sla
5 S 650 @ Lol Fwly ellp BLIN & mhae slan ol 435 & 500 Ll
3,5 o (G diwd S
YL o Slose 3Bl 5l Lol 5,50, 5L dol sl 1335 JLu ;o Reinhardt ¢ Naaman
s wlas (pl 10,5 — 25 povee S8 2Ll Sl e Slorw 4l wlas &
SIS L8 wllas cpl (10,5 (15 gove S0 5 (lsie madiane (185 (6,153

Slogs (saitins ;0 pllas (ol ol ol cams (i ()5 Subcdn 4t L) Y258

Poly Vinyl Alcohol
’High Performance
3Strain Hardening




Eyo90 dinion Y

oie b Jsane S 5 Dl £.Y U slas 08,5 wanlys 15 Wl o Slae L L
ol (5,5 Sae ) (525 Canglin ugmainals Gl 58y IS5 G131 ool
OB L plys (nS ISL cod Vb o Sae b BUT o S S 0ol Hlas
JS mali8l l Lol ol yor 3 ool o ds Ced  2lS Coglie ol38I L (6 pdy SO
Lo 5)S — G gien 5o ()T Sabirs a4l les Cuglie (31 plgs g pdy

5] sl S (5355

Coventional FRC Single Crack
and

Ap444 A Strain-Softening Localization
I " A Behavior W

{ -

. "

))) j}lg;

X O—L[ D

W 0 i

Strain "Hii- Crack Opening

pet- B Softening
Branch

Il

El

HPFRCC < >
Behavior Multiple
O e B Cracking and
1)) s
E //'/_( Localization
o~ A Multiple Cracking _ W
(“—") B e (strain-hardening) Softening ——
® Branch ==
| Elasti an =
— Slope = Elastic w—
D Modulus €pelb, c ::*__‘G
0 W
Eee STRAIN <4——» CRACK OPENING
(Material and Structural Ductility) (Surface Energy, Material Ductility)
L2 |

~od

ELONGATION

1(@) FRC: () bl o)l i io )5 - jios oonne Silods duglio F.Y S

[f]JHPFRCC

¢«Naaman Yoo¥ Jlu ;0 ¢ GLIl & mhice  locews al pdlas (guaoains Cou aolsl jo
G0 diwd oyl @lg o ol a1 0.Y S gilae LI slaiyo gl IS (guis s S

JAT o)le 1y BUIl s s (sl s plos (6,5 jo cobl

IStrain Softening



pc

HPFRCC typical
(Strain-hardening and ¢
multiple cracking) H

FRC typical
Matrix \(Strain-softening)
HEAY

HPFRCC -

Eec STRAIN pc
(or elongation)

STRESS

A\

Tensile Strain Hardening:
P;’ z U’f )EV‘I’*I‘EIJSIOIT

DHFRCC

Deflection Hardening:

(If )cl‘f-bending = If s ”f )cri-fensfun\
v

4 MOR

Tensile Strain Softening: ﬁ Jr

Vf < (Vf )eri-tension e

(Deflection-hardening
and multiple cracking)

\ Deflection Softening: 1
Matrix Deflection-softening
PN

LOAD

Vf < (Vf )crz—bendﬁng

) 0,
¢ DEFLECTION ¥

[N S g (o jLdy bl o LI sl eyso A5 gucudiows :0.Y &

Syl dole 0o Ghmpda Rlre 5 st JB RS Sl a4 ol

75 LSl lply el BUIN 4 s (2 Gl Slasl 5 o Shg 51 S0 55
5 dlas (ol el rogs sl ooyl iyes 9 59,95 S5l G o058,
ot ) (278 288 Slaiolesl g (nlil el 110,550 VL Comnl 5l b e
09250 9 000 ezl aile 28 losle ot el 0o soliswl () lows (euivns yuf L
g cEle jo laases g elBliole;] Moo wolos] § ¥ opls i duwge IS 0l

wb sloco;euls Slaogas gjluacs sl |y sind slaiole;l Tlas;le g g

Sy 2t gl oy sl Slinlel o adl g wlosls anuwgs (2iS o Sl
Lo.clonis I CJL«M ool sl A Qg,oj 3l &= oSl Las L5@)15
asb Lo 1) mdlas ol ol Glisgas (5,505l Sl o Qe.oj G 0929 (> o]

1Post-cracking

2 American Society for Testing and Materials(ASTM)
3JCI

‘RILEM



Eyo90 dion VP

g 4> S5 (o5 5 alols (S5 jei ood ol b el cnl sl 5LS 3550 5L
o U slo oo aas )L, ol olaslesl asb s 1, (55,95 S5 )3T L s
ASTM C1609 o,k Gollas (glakats jlom> iod g0l Sloj g Hledus lioles

ol 00U 00591 ¢ G oyl o ool 0,90

- ’:’u LR S ‘.V.Y

2 Sed S 5o (ol a8l dnwgs o ikl ge3l So a5 Sloy B SG pel o e
525 Olee diged CElu jo oS o Aoy i slo QBA)’T =l o Volel ,50 oals g

—

1005 cule,

Cin ds B0 JBlas bye b a8 b pe 0aslB b (6 giie 5 (slailsin (sladiges @

(Sl 35553 plaSye) wlaSiws (05585 ylad pl 2ol BU Jobo pl 2 e
Al L8 0,90 polae JBlas plpaw b go b 5,57 oLl slp Tl Jobbo @

3150 50 Soydy slexe 55555 ald 008 & y50 S3b jlaz ablie gl (a5l azils @

REIRN?

Syl Oygo 0 0l Cdio 0y Syga b ;w So,b slyls Wf(_gua)w °

3] 9 151 b ol 4 e il s cmms

podomo € pilS YLYLY

Lo 205 et 9 (2eiS Congliie untS Gy (2 Siemlion s (i2S sla g0l a2 S
)‘9"""“) 9 00 L)T@L"’ J..,.l;u 9 d..so LS‘)}‘ (_45 LM[JGA LQ%S)—’ ;M)b 9 LJ“"’)S &.JL‘B)Q

09,5 0 &S (Wlouds Byxe (il sla g, SIS las lais ol ade o o o]

1ACI
2Size Effect
3Gauge Length




Sin Sl a3l b alio b g0l (S 0,809, 0355 0 )18 melin e sl b,
25 S s e Ko alginl diges S Bybgs a4 (5,8 5L Jlesl b oS wll o
o5 558 oo bl ot Jlas! slab sbiwly o g (5,8 amiw slacal o Lo yis cbleS,y
Slr o oygesl Jeed il 058 g0 digad (25 @ e oole (225 Cnglie (e U
pL Olgise | 25 o)lge Wl el SUI & s o2 llas 25 olos 2b))

Ky
YogS b Suiilaz yge)l @
Tad ybgd 095 Sudilaz (ygejl @
TBglw,b (yg03l
ASTM 496 _wlw! p T Joi pigo LiiS Cuoglie Qg.o)'T 3l eolazwl 45" clbls axgi wub

dog Ul @ mhase oty @l (aiS LS euiae e () 1y (52 09e3)

T3] 355

o LSy VLYY

iz peitiane (RS alojl (gl Wb ) dzgi bl 4S5y oS jshilen
S o olgeuin |y FRC oS )1, obs,) sl (cied sloiolos] 203l o lasbl
e Bpges alail S0 (o9, b bur 5 SUI @ grlane 020 (oo Cunglin (nsd
ooy 3 b 9 ASTM C1609/C1609M g ASTM C78/C78M (sl laslil gsllas ((glalais aw
ASTM 293/ C293M o,laibwl b pollae (slakais o> jies) Tailes lawg 5 135,0
L ks, g cdlb ¢ Lied Cwglic poogdle ASTM C1609/CL609M .0 pdy oo & ygu0

dged S8l Lauled o 2Lyl 35 Ty el S g clSl Gl o (P - A) e s

'Wedge Splitting Test(WST)

2Double Edge Wedge Splitting Test(DEWS)
3Double punch-Barcelona test

4Brazilian splitting test

>Third-point loading

SCenter-point loading



Ego90 ddon A

Pl o ol gulis Jodod 098 (0 00ls Glis (B pnds )b (pove pj 4ol Loy
|y e Slinlosl Gise onl sl @RSk E5 5 Glabejl Gledz (Aiged i |
(Wigad dwdid ol jsb 4 LS 0 (g pez (XS (o0 |8 ooliul 550 L°9-°‘ S

el 00l S35 Ikl o sle oole Lo g dsied ¢6, 1080 dal ¢ lon

EN 14651

Job b Bl mhae Slocws 4l o s otes )13, 2151 sl (2bg)l o) lwsbinl S
Ss sl a5 ¢ (fodae Boo B ailas) e L BOXNBoX\0o sl g e L Fo
alas lawg s o ,l8L L g wilee Sbiow jidu aile 10 o doe YO Goe a0 BISS

ST L 5 M s S5 Sy cygafl ol Bl .Y UK Gillas ((slabeis a)

A
> Section AA’ Detail A

-
-
~

X

[A] EN14651 (yg03] oylodua 1£.Y S



Q> uﬁ*"j CJLA.’ )‘ Q).h.\.’so ‘obu‘ Clip Gauge u_i.’ ALMBAJ VGBI aslas jw)b 6)'5
Sy Sadl calizes jlade lo> a4 bgs o 0dilendl Lied  L8uiS Cioglin g Coglin ol

On
fur .

I
|
: : CMOD [mm]
CMOD,; = 0.5 CMQOD,= 1.5 CMOD;=2.5 CMOD4= 3.5

[1] EN 14651 (wlal p Sy  Soljb —Ceoglio cod jlogos V.Y SO

Sy ailas Saiib Jolee (iod Connd o L (B @ s sl s guiuadb (gl
o] sl oads Syxo (£22) s oo o/ & o oo Y/
o @ cogal nl Gyl 51 BL @ mhe Slovs by lliae (S dns 18, 25 )
diged ddxin (50,85 Sy wle adly 0 a5 Calu loy y0 oals Jlasl (gowess S5 0429
b Bl glagis 655 e cools bl el (sasl ol (B5b 510l ISl el

KPRV

ASTM C1550

S g SOl eolannl b BUIT s s s siias Coglie (5,5 o3luil (6l s,
sk 0B eSS dus (555 45 Jo )0 €358 00 (515 350 50 &S (S (0 o |y 0,5 axio
Sliglojl So0 b ol oS ©9lis 5 903l (ol potie g2 oSl ol oyl o )ls 18wl
SUS 5 5500 5550 S50 (FonS Bbloo (15 223553k €989 S 4 65 el ()] e

D) ol o sl jieS 55 ed Slislejl ol 5l slabi>de LB jsb 4 o020 b
!Crack Mouth Opening Displacement (CMOD)




Eyoge doden Vo

Gollae (o5 65,1 b ailgind) e Lo Aoo Jhab 5 s Lo VO caolieds b (glopls lorio
Bloo B0 yosi b caieds o pa e ¥ ) Cao o b (000 J 205 &5 ALY IS

g Ghilesl e e FO

Support point with
/ pivots and transfer
4 plate

Specimen

<" LvDT

- .'_).....

LVDT yoke anchored
at transfer plates

[VWJASTM C1550 yg05] yloduz g digws dudid tA.Y S

ool o (65,50, 5 oy, ool b eads Sialesl sla diges o Slas (A.Y) S 3ollas
wdz Jslae jokan) (6350 Contd by (105 5l oads QLI ool B 6,550 g9, 5

N ] S g0 00z (05 Ojgeas (o e Fo g Vo cVo 80 s B (5,

40 -
30
- il
a2
-g“ 20
3 Integrate the area under the curve
1 between the (corrected) origin and
the specified central deflection
10 4
0 T T T T T T T T T 1
0 10 20 30 40 50

Net Deflection, mm

[VWJASTM C1550 (3903 310 youaks —g s  Suxin digod 1.Y S



ASTM C 1609/C 1609M

23l 6le ogesl B glae (el sols ASTM C1018 ikl (350l oS laskw! ol
Joles (65,31 ASTM €1609 o lasbl el BLI @ mlie slo i sias Ologas
4 1) 55 alas palls Jsbo 1/150 Jolro ()Be0ynds b eyt )b (s ) haws
s 2SI & s il byl SUT e e sl G 2B 35l L e

] 0l 8o rdiges (gly ojlail g0 (BUII Jobs g aslaSecw

()...Aé.».a) \ﬂao XYoo XYoo @

(o ign) Boo XVBo XVDo @

33,5 o drog fa oo VOB B0 BLII (55l 5,190 (sl 155,52 Aiged
95 2 po 4ok L 4 30 b aised 25aST 5 6N prns G305l 2l o
bl b eols 4S5 slacshale 5wl (iomy 5 3550 5l 29> o bl (e diged
HLS joeals el gy mhaw a5 Jls po Wb e ys Lacil Lo 1y 065 jemme (590 i,
coiy ol 5,8 18 rolesl 0 90 (Gl p a4 Cand iz 40 065) Sl

Sinle] il ot dgas i (10.¥) UK 5,15 3925 55 b Jles] gl Bilo plans
ar oo ks 1 o skl b sl

Wilgs g0 8 s J S &g (6,105, o o Yo XYoo XYoo olasl b diged (51

(6los gy Jolae B i 5 ams 5 J8) Galojl Sleil b aids pr jio deo oV ol
99 & e g 13,5 98 Lawgs dilas oy aadi Jolas plmle g 09d Jlesl gl 4
g wilen 0 = 55 B 8 (B0 o — b (pove Suld 50 09b 0 s Seslusl 15 Bk
WY S0 5o (Gl el (F0d S 5 (Sud 053,18 (552) o0 005l aiged come

20,5 o ol o laslinl pl golas



£ 5090 dlon VY

[\Y] ASTMC1609/C1609M bl g3 9031 cyloduz VoY S

GlSbeys .Y

SHL5 oy ooy cloals il slag go aloa 51 alidee J¥o 4 Slorw 4l wllas
oyl oslil 05,8 o 8 Secalion ,b s ST petile Lk )| 5 Yo e yoo b
Joas el (65900 95l )18 ()l ot (sl slagyledl &8 (25,5 # 5 b Lo o SIS
Sl 155 o Sralind (S ¢ oy poli 251 (5 LS e 5 15 (533
35 (53,55 S g dds sl
aloz 5l Sibowl ()ISL o Wb o Soe L BLIT &4 s Sloes by wlas L3,
SB; ot g (g2 0 48N cunlio plyo 9 Dollae (655l i 28l Vb gy S5
5 s G| syl 5 (sland slos,) bl 5o 5 S o llas o
oals SLAl 5 005 Sme j589 4 Ssbiwl al (5)l5L 50 Alas (pl Collas L2uiS LS,
Hbd, Sy el vgase  Swlos slag,l38,L cou Gledbl g ools Jl> ol b el
il gl e cglosles ¥olee gl Sl (gl gliie (6,383 banl s s pellias ol



Y oML &y Ll bl sladile

L = Span length

Pp = P, = Peak Load = First-Peak Load

dp = 31 = Net deflection at Peak and First-Peak Loads
fe = f; = Peak Strength and First-Peak Strength

ﬂﬁo = Residual Load at net deflection of L/600

f;,f,)o = Residual Strength at net deflection of L/600

RSDO = Residual Load at net deflection of L/150
Po= B <1 ;5 = Residual Strength at net deflection of L/150
= i 7,5, = Area under the load vs. net deflection curve 0 to L/150
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8p = Net deflection at Peak Load
f1 = First-Peak Strength
fo = Peak Strength
PJ, = Residual Load at net deflection of L/600
f(,f,’o = Residual Strength at net deflection of L/600
P, = Residual Load at net deflection of L/150
/15 = Residual Strength at net deflection of L/150
P 7,%, = Area under the load vs. net deflection curve 0 to L/150
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PHYSICAL SPECIFICATION CHEMICAL SPECIFICATION
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| F5/ 8| 3 |55 8|
NO. Test | 8 €| g | = |NO.| Component S |8 g| =
[ m @ = - w @ -— e
w + [72] 7] Q w = 0 0
& = o 14 o = )
[ [
1 E_‘I,irjne;geris By Blsine 3155 | Min 2900 [Min2800| 390 1 Si0, 2111 |Min 20.5 Min 20
2 | Autoclave expansion 0046 | Max06 |Max08| 391 2 Al,O5 448 | Max5 | Max6
3 | Setting time 3 Fes0s 391 | Max5 | Maxs |
3
3-1 | Initial Time (min) 135 | Min70 |Min4s| 392 4 CaO 63.36 = - S
3-2 | Final time (hr) 320 | Max5 | Max6 | 392 5 MgO 137 [Max2.5| Max5
4 | Compressive Strength (Kg/cm?) 6 S0O; 258 |Max2.9| Max3
4-1 | 1 Day - - - 393 7 Na;O 043 z = &
&
4-2 | 2 Day - - - 393 8 K.O 048 2 =
4-3 | 3 Days 240 | Min 170 |Min100| 393 9 L.O. 242  |Max29| Max 3
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Maximum Pull-out Load

Notation Load (’—f‘“ Tmae  DIF | Slip

N % MPa mm

P 50-0.1 459.5 50.6 11.94 1.00 | 1.7

P 50-10 477.1 525 1240 1.04 |19

P 50-300 486.4 53.6 12.64 1.06 | 2.2

P 70-0.1 2473 50.8 899 1.00 | 1.6

P 70-10 2448 50.3 891 099 | 1.7

P 70-300 261.5 53.7 9.64 1.06 | 2.1

P 92-0.1 157.7 515 7.55 1.00 | 1.1

P 92-10 1589 519 7.61 1.01]| 1.3

P 92-300 182.3 595 873 1.16 | 1.9

'Equivalent bond strength
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Completed Pull-out

Notation Work 7, Work* DIF

N.mm MPa —Z

mm?2 —

P 50-0.1 3088 9.10 7.965  1.00

P 50-10 3578 10.54 9.223  1.16

P 50-300 3723 10.97 9.678 1.21

P 70-0.1 1895 7.88 9.652  1.00

P 70-10 1971 8.20 10.042 1.04

P 70-300 2549 10.60 12.986 1.35

P 92-0.1 1152 6.30 10.159 1.00

P 92-10 1190 6.51 10.492 1.03

P 92-300 1534 8.39 13.531 1.33
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B 92-0.1 B 92-10 B 92-300
Unit
0.1 == DIF | 10 7= DIF | 300 == DIF
KN 16.728 1.00 | 16.650 0.99 | 22.138 1.32
MPa | 5.02 1.00 | 4.99 0.99 | 6.64 1.32
LOP
mm | 0.043 1.00 | 0.041 0.95 | 0.042 0.98
J 0.421 1.00 | 0.350 0.83 | 0.587 1.39
KN 23.735 1.00 | 25.161 1.06 | 30.684 1.29
MPa | 7.12 1.00 | 7.55 1.06 | 9.21 1.29
dos
mm | 0.500 1.00 | 0.500 — 0.500 —
J 10.067 1.00 | 10.450 1.04 | 13.656 1.36
KN 25.564 1.00 | 26..983 1.06 | 32.238 1.26
MPa | 7.67 1.00 | 8.09 1.06 | 9.67 1.26
MOR
mm 1.136 1.00 | 1.026 0.88 | 0.669 0.59
J 25.400 1.00 | 23.710 0/93 | 20.168  0.79
KN |22471 1.00|20.076 0.89 | 22332 0.99
MPa | 6.74 1.00 | 6.02 0.89 | 6.70 0.99
ds
mm | 2.000 1.00 | 2.000 — 2.000 —
J 46.395 1.00 | 45.188 0.97 | 55.289  1.19
KN 18996 1.00 | 15.460 0.81 | 17.429 0.92
MPa | 5.70 1.00 | 4.64 0.81 | 5.23 0.92
d3
mm | 3.000 1.00 | 3.000 — 3.000 —
J 67.205 1.00 | 63.214 0.94 | 75.307 1.12
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Peak Load Peak Slip Peak Work Total Work

Notation
N mm N.mm N.mm
P 50-10 (1) 494.2 1.6 537 3921
P 50-10 (2) 404.0 1.5 421 3892
P 50-10 (3) 473.0 1.7 556 3563
P 50-10 (4) 469.7 2.2 772 3344
P 50-10 (5) 526.1 1.9 656 3421
P 50-10 (6) 485.6 2.3 626 3325
CV(%) 8 19 18 7
Average 477.1 1.9 595 3578
600 T
500 +
400 +

Load (N)
(3]
E

[N ]
<
—
I
T
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Peak Load Peak Slip Peak Work Total Work

Notation
N mim N.mm N.mm
P 50-300 (1) 494.1 1.9 553 3464
P 50-300 (2) 461.2 2 622 3638
P 50-300 (3) 480.0 2.3 649 3636
P 50-300 (4) 523.5 2.5 741 4017
P 50-300 (5) 487.3 2.2 584 3872
P 50-300 (6) 472.1 2.4 603 3714
CV(%) 4 10 10 5
Average 486.4 2.2 625 3723
o P 50-300 L
)
500 | 3
—4
4001 | 5
& |
Z I 6
L —
"g 300 = AVERAGE
S
200 : =
\_/ — _
100
0 1 T T T T T T T T T T T T T ]
0 5 10 15 20
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P 70-0.1 (6 yuw Sl (S (39 oo gl oY1 Jgor

Peak Load Peak Slip Peak Work Total Work

Notation

N mm N.mm N.mm
P 70-0.1 (1) 237.9 1.2 215 1874
P 70-0.1 (2) 235.4 1.7 287 1819
P 70-0.1 (3) 257.5 1.8 331 1978
P 70-0.1 (4) 220.7 1.9 272 1746
P 70-0.1 (5) 260.1 1.6 315 1871
P 70-0.1 (6) 272.2 1.5 281 2080
CV(%) 7 14 13 6
Average 247.3 1.6 284 1895

05 P 70-0.1 .
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Peak Load Peak Slip Peak Work Total Work

Notation
N mm N.mm N.mm
P 70-10 (1) 253.8 1.7 279 2408
P 70-10 (2) 202.0 1.8 246 2112
P 70-10 (3) 233.0 1.4 373 1718
P 70-10 (4) 255.1 1.9 351 1833
P 70-10 (5) 244.0 1.1 196 1897
P 70-10 (6) 280.8 2.1 435 1860
CV(%) 10 20 26 12
Average 244 .8 1.7 313 1971
300 -
250 A
200 -
~
2z
-
= 150 -
®
S
100 -
50
0
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P 70-300 (g o S (Sl (19 inlol @il 0.1 Sz

Peak Load Peak Slip Peak Work Total Work

Notation

N mm N.mm N.mm
P 70-300 (1) 286.1 2.3 397 2579
P 70-300 (2) 238.1 2.1 255 2487
P 70-300 (3) 254.8 1.9 264 2196
P 70-300 (4) 251.7 2 316 2194
P 70-300 (5) 262.0 2.1 356 2794
P 70-300 (6) 277.2 2.3 377 3045
CV (%) 6 7 16 12
Average 261.5 2.1 327 2549

W P 70-300 —




o5 655 Sk MA
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Peak Load Peak Slip Peak Work Total Work

Notation

N mm N.mm N.mm
P 92-0.1 (1) 138.6 1.3 132 1172
P 92-0.1 (2) 137.0 1.2 124 1187
P 92-300 (3)* 151.6 0.8 72 1096
P 92-01 (4) 141.5 1.4 124 1031
P 92-0.1 (5) 188.8 1.0 138 1177
P 92-0.1 (6) 188.9 1.1 151 1251
CV (%) 14 17 20 6
Average 157.7 1.1 124 1152

P 92-0.1 —
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P 92-10 (g o SLI (Sl (33 o)l @il V.1 Jsor

Peak Load Peak Slip Peak Work Total Work

Notation
N mm N.mm N.mm
P 92-10 (1) 168.1 1.4 135 1188
P 92-10 (2) 148.9 1.7 189 1111
P 92-10 (3) 144.6 1.1 100 1245
P 92-10 (4) 147.6 1.5 155 1262
P 92-10 (5) 194.6 0.9 107 1302
P 92-10 (6) 149.6 1.2 118 1030
CV(%) 11 21 23 8
Average 158.9 1.3 134 1190
200 T+
150 +
-
Z
-
= 100 +
@ ]
] ]
-l ]
50 1
0




Soged 6525 ke Yo

P 92-300 (g yw SLI  SuudiS (g s Siilo il gl (AT Jga

Peak Load Peak Slip

Peak Work Total Work

Notation
N mim N.mm N.mm
P 92-300 (1) 172.8 2 183 1536
P 92-300 (2) 199.9 1.5 143 Failure
P 92-300 (3) 190.6 2.1 233 1594
P 92-300 (4) 169.2 2.2 199 1518
P 92-300 (5) 188.8 1.8 182 1428
P 92-300 (6) 172.5 1.8 157 1596
CV(%) 6 12 16 4
Average 182.3 1.9 184 1534
LA P 92-300 —1
—2
3
—4
150 + 5
6
= AVERAGE

Load (N)
=

A

N
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Unit B92-0.1a B92-0.1b B92-0.1 c Average COV%

P KN 16.994 17.389 15.802 16.728  0.831

f MPa 5.10 5.28 4.74 5.04 0.27
LOP

o mm 0.042 0.044 0.042 0.043 0.001

T KN.mm 0411 0.458 0.394 0.421 0.033

P KN 25.544 25.050 20.610 23.735  2.717

f MPa 7.66 7.52 6.18 7.12 0.82
do.s

o mm 0.500 0.500 0.500 0.500

T KN.mm 10.744 10.396 9.062 10.067  0.888

P KN 27.612 27.086 21.994 25.564  3.103

f MPa 8.28 8.13 6.60 7.67 0.93
MOR

o mm 1.012 1.114 1.281 1.136 0.136

T KNmm 24419 26.413 25.365 25.390  0.995

P KN 22.134 23.547 21.725 22471 0.995

f MPa 6.64 7.06 6.52 6.74 0.29
dy

0 mm 2.000 2.000 2.000 2.000

T KN.mm 49.627 48.647 40.910 46.395  4.775

P KN 16.366 19.191 27.432 18.996  2.073

f MPa 491 5.76 6.43 5.70 0.62
ds

0 mm 3.000 3.000 3.000 3.000

T KNmm 68830 70.252 62.533 67.205  3.354
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Unit B92-10a B92-10b B 92-10 ¢ Average COV%

P KN 17.214 15.731 17.010 16.650 0.801

f MPa 5.16 4.72 5.11 4.99 0.24
LOP

o mm 0.041 0.039 0.042 0.041 0.002

T KNmm 0.349 0.336 0.365 0.350 0.011

P KN 26.633 19.996 28.852 25.161 4.601

f MPa 7.99 6.00 8.66 7.55 1.38
do s

o mm 0.500 0.500 0.500 0.500

T KNmm 11.278 8.441 11.620 10.450 1.751

P KN 27.903 21.811 31.236 26.983 3.902

f MPa 8.37 6.54 9.37 8.09 1.28
MOR

o mm 0.939 1.221 0.918 1.026 0.138

T KNmm 23.206 23.883 24.041 23.710 0.362

P KN 20.322 19.623 20.076 20.076 0.321

f  MPa 6.10 5.89 6.08 6.02 0.09
do

O mm 2.000 2.000 2.000 2.000

T KN.mm 46.742 40.136 48.687 45.188 3.660

P KN 16.246 17.451 12.682 15.460 2.025

f MPa 4.87 5.24 3.81 4.64 0.61
ds

o mm 3.000 3.000 3.000 3.000

T KN.mm 65.049 59.058 65.536 63.214  22.946
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Unit B 92-300 a B 92-300 b B 92-300 ¢ Average COV%

P KN 22.933 21.638 21.842 22.138  0.696

f MPa 6.88 6.51 6.55 6.65 0.20
LOP

o mm 0.044 0.042 0.039 0.042 0.003

T KN.mm 0.618 0.608 0.535 0.587 0.046

P KN 32.808 35.583 23.660 30.684  6.239

f MPa 9.84 7.10 10.68 9.21 1.87
dos

o mm 0.500 0.500 0.500 0.500

T KNmm 14.493 14.923 11.52 13.656 1.835

P KN 34.132 25.307 37.274 32.238  6.204

f MPa 10.244 7.59 11.18 9.67 1.86
MOR

o mm 0.936 0.29 0.782 0.669 0.337

T KNmm 29.076 6.277 25.151 20.168 12.189

P KN 20.626 16.519 29.851 22.332  6.828

f MPa 6.19 4.96 8.96 6.70 2.05
da

o mm 2.000 2.000 2.000 2.000

T KN.mm 58.782 41.158 65.927 55.289 12.749

P KN 15.938 13.855 22.494 17.429  4.508

f MPa 4.78 4.16 6.75 5.23 1.35
ds

o mm 3.000 3.000 3.000 3.000

T KNmm 77479 56.445 91.996 75.307  17.875




Abstract

In recent decades, many of the weaknesses associated with concrete brittleness have im-
proved with the development of fiber-reinforced concrete. This is due in particular to
several developments involving the matrix, the fiber, the fiber-matrix interface, the com-
posite production process, a better understanding of the basic mechanisms controlling
their particular behavior, and a continually improving cost-performance ratio. Today,
fiber-reinforced concrete has a high energy absorption capacity, which intensifies the in-
terest in studying their behavior at loading rates above the static range. This study
aims to investigate the effect of loading rate on the fibers-matrix interface behavior and
its relationship with the bending behavior of fiber-reinforced concrete. For this purpose,
the pull-out performance of three hooked fibers with different aspect ratios was evalu-
ated by employing an innovative arrangement under various loading rates ranging from
the static to the seismic level. Also, the bending performance of reinforced beams with
one percent by volume of fibers according to (ASTM C1609) subjected to loading in the
same strain rate range with pull-out tests. The digital image correlation (DIC) method
was used to measure mid-span deflection and observe the pattern of crack propagation in
the two-dimensional strain field. Experimental results reveal that tensile stress of fibers,
the fiber-matrix bond strength, and the work done was increased with increasing loading
rate. The bond strength per unit area for fibers with an aspect ratio of 92 is more than
twice that of fibers with an aspect ratio of 50 at all loading rates. On the other hand,
load capacity, toughness, and equivalent bending strength were calculated to evaluate the
bending behavior with changes in loading rate. As the strain rate increases, the bending
capacity 26% increases. But the strain rate sensitivity of toughness and equivalent flexural
strength to changes in strain rate decreased with an increasing deflection in the middle of

the span. Based on the composite theory, the fiber-reinforced concrete bending strength
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under dynamic loading can be effectively predicted by using the fiber-matrix bond, the

dynamic increase coefficient and, the fiber-related parameters.

Keywords: Loading rate, Fiber Reinforced Concrete (FRC), Bond strength, bending be-

havior, Dynamic Increase Factor (DIF)
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