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PATENT 00171CI PPCT TI TLE FI BER REI NFORCEMENT MATERI AL,
PRODUCTS MADE THEREFROM AND METHOD FOR MAKI NG THE

WEANEOIAMENTORS Jeffrey B. Lovett Daniel T. BiBdi/@S1403/040385

Charles Pitts, Jr. BACKGROUND OF THE | NVENTION Field

of the Invention The present invention relates to a
reinforcement material and, nore particularly, g0r@ENT
synthetic fiber material for providing both strjsgtitiipber
and crack-controlling reinforcement to building
materials. Description of the Background of the
Invention It is well known th@{ ghe addition of a

rei nforcenent conponent to bu é]ng mat eri al s such as
cenentitious materials, brick, asphalt, and the |ike

i nproves the structural integrity of the material and

reduces the |ikelgRap NghﬁyhgﬁAincorporated

éﬂéﬁpfﬁ@‘%@%@ﬂﬁ”@%g@é%%@ﬁ% HOLTFOR A hR! e savs

reduce the effect of two main structural deficiencies:
1) lowtensile strength; and 2) |low strain at

fracture. The tensile strength of concrete is

rel atively | ow because con n formed, normally
contai nsS nunerous m cro-cracks. Is the rapld

Pl -1028152 VI 0200020- 0020p %? %gﬁg n of these

m cro-cracks under appli ed ?’ tﬂ% i s responsible
for the lowtensile stren % EEe materi al . Because
of the w despread use and a ﬁ?lca ty of concrete,
consi derabl e research has been undertaken to | essen

e errects of | SR N P RlBRRRe o

cenentitious materials include, for

Field of the Invention

The present invention relates to a reinforcement material and, more particularly, to a
synthetic fiber material for providing both structural and crack-controlling reinforcement to building

materials.

Description of the Background of the Invention

It is well known that the addition of a reinforcement component to building materials
such as cementitious materials, brick, asphalt, and the like improves the structural integrity of the
material and reduces the likelihood of cracking. When incorporated into cementitious materials such as
concrete, for example, the reinforcement component is added to reduce the effect of two main structural
deficiencies: 1) low tensile strength; and 2) low strain at fracture. The tensile strength of concrete is

relatively low because concrete, when formed, normally contains numerous micro-cracks. It is the rapid

PI-1028152 vl 0200020-0020
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exanpl e, various gauges of wire nesh or reinforcenent
fibers. A variety of reinforcenent fiber additives are

whpmdldems t he art that provide strength char acP@r/US1008640385
to building materials. Typical reinforcenment fibers

propagdtidl 6f 1B&0 BHdreSrabisRRN& apilled Sifes 1hRQE FesponidiBIe ForfieN6 Fensile strength of
m neral fibers, and cellul ose fibers. Some

thd 1QAtEY0" BEARR of tfhb Wcﬁar@id@s@ﬁﬁtaﬁﬁhc%ht}' BflcdnBretePdnbiligatfesearch has
applications than others. For exanple, asbestos fibers

beéd EhdkRRUHOUQsdARVdRlers 6f ifs@elilivR sthitudl Qfdﬁ@ﬁ@sm but, due
to environnental and health concerns, are not

ext ensi Vel yeatigfhredntnAdetbdidlORat o aﬁ&% tf) tRnaHEARh (jn?etrl@l@ I1nclude> for

fibers are relatively expensive, and have a tendency

exirﬁ’pl@i SmTR gﬁ%ﬁ S vRRIRRE bl bR FPceiRhSbER] A vaéétf S‘It)rgll;nfopc%ﬁl%nt fiber

typically déeconpose at the surface of the

addifldd RIGETn FBhES BhtproViR'8aR U n: aerﬁslnpftﬁ %g?cﬁ ﬂ]ﬁ&%‘f&s lTleical

under go deconp05|t|on as a result

relﬂfﬁ}éé&@nt?fberg GlIRAL asbélttﬁ%berg s ﬁberr{' gt?eg lﬁ%ectls %L?{Q%em and cellulose

chem cal characteristics of ste I bers

ﬁb?‘x@b e?rgé ﬁfn‘f&é’ehﬁe}{t ﬁl{éﬁ% geﬁé&%ed%ﬁkﬁﬂwgcah?ﬁs tﬁe‘n o?ﬂreés. For example,

t hroughout the m xture

asaasta{qﬁse% &{M@u@ fo QREEALLIORA e lﬁfb g?&ﬂs %om%%ﬁ %ﬁ‘& health

st ee at reduce Its e I Veness

cmg:%ffnk gallr 1ot dﬁghsiv ?Iu%qe In g(@{tloﬁ ﬁ?’ﬂpf Bers :Jilgg HI}%FIJS Bre relathveldl expensive, and

air- concrete applica elative

ha\?eca%hm cgltto 8&%&%15?59 ge reén%ntﬁ%ﬂ% glﬂglnehs Vﬁ%glﬁ%errspt{gn%lgﬁl& ec%mgose at the

stee nown

SUIIfa%Q gﬁﬂg’ betr e cécmﬁatgﬁatl %he}eta a3 198? & n%lsotusldue ! % L he osition as a
warer: B ERTE ]

evaporation o astl
ﬁ%ﬁémi{ﬂﬁe S BB AR R i Bt
ﬁb?rs,gdéerre 18 g? 1 %lﬁ”fjgml oL rl],lglrf()erfai E(és(%rsﬁuélﬁg ga tf?&r t@%)ﬁ%hg)g‘} thg,mixture
Fu e6m¥re qg%ﬁt%ré %T' hr gglgag P’gﬂo?%g{aﬁ?e%(aﬁg%cﬁg%e%%hé’ﬁen w1th s‘cee(ii fiber that reduce
o G araRy § Mﬁ%%ﬁ%é’uﬁ{?ﬁ? TR PRl one i pgpcatons
o 55 e B Bl e e

Vnﬁﬁﬂe?“ ?Iﬁgem?mgﬁ;gtpc‘éﬁ«%‘f’?gé o e DHEC i ﬁﬁsrtmcast duc to the

and, bonding Wi thin the con natrlx

nchor te
eva@altaﬂ?l} ﬂ’é?%ﬁsw%m&%ér@éﬁef@f%wwawﬁ e oppeag o %@h&gﬁ gracks shortly

or m webs _net s, the |npro e the strength and
g R ORDE SeETs O v ERHERR DnBeRotheR Opiogs mateials,
ma

dvances have been e in the area of fiber
S W“t%“ﬁFWFﬂ’e“?“?%‘ﬂé%Pé@’cme&ﬂﬁgﬂﬁ%‘é§hf811féﬁe For example, o
?f&bl|lty and reduce cracking in the matrix of
fibpllatsdfiorpiomaaddtomyt Rolyolefiariing Sathshr suaeesstuliydinged e provens er reduce cracking.

prior art reinforced fibers have a nunber of

They ﬁg%w%ﬁfeg:@ggmglﬁglp tlm%\mgﬁhe@rcut gdqngdingg ag @ast Patfiplfy transverse to the

direction of orientation. The fibers are thereby fibrillated. When mixed within cementitious materials,

in such a manner that they provide deformations to improve anchoring and bonding within the concrete
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their effectiveness. Accordingly, there is a need for

an i nproved reinforcenent fiber that inparts inproved
w@reoaotasnal properties to the building materi aPGI/US2003/040385

whi ch they are added h particular, the need exists for

ma?“lxs i tc&q{b%ﬁ atreedl @Jdcc thd fngﬁfre Péﬂ to ‘M}ﬁﬂwé%gg&sd aﬁcpthereby improve

of exanple, nt|t|os nmaterials, provides a
I Lo LSt edueed perneability,
thelkgﬁcé:ﬁrém aseg@hglcgﬁléagsr}tg%rﬁ’gt c%np?olsg% t oughness, and

reduced O%Jn?esalﬁ{/achc&m%m@@&m&y%xg:ﬁ@?ﬁlﬂf&ly%t Q}!r(!vnde increased

one enb ment the present 1 nvention provides a

tougﬁr}e@g a}%ﬁ?m ﬂé’f gH?itrg ul:@ aékkh% 1% {h]@ ?ﬂajrfg(eo? b d%aébiﬁﬁér faf Sllglfl as concrete.

ran amsnts o ut 350 t

Ho??ggeliltth%% fnflj ?erﬂfﬁljge ersfhal/ea{ﬁﬁ‘fber(; ‘2&\891:3%69 tlfap\gvggk@n or otherw1se limit

egree of tw st el ng greater

the%%gtlécgwgnegs[ tﬁwzzﬂ'ﬁ{ngl?e Herg g a?igec{ Rf Qﬁ&%@ved Lleglﬂﬂ&%engﬁber that imparts

sent 1 nvention provi

1mpargvi%fsguﬁ%?r?ie>})q(§ﬁeﬁt%g octﬁ{@.?lh n% Il‘ﬂ%{’éﬁFlQ’P)a\Sﬁl&%e}I ;Q?&dd%cr g?{%t?ular the need

I N~ Ndono nents
ex%% fo:rné)lgycf)rftll%en{: renﬂ%)r%%rrkl)e% Rt lrt}{ezl’é hen flﬁ d%g f@r%g%d'qu %én(elﬂbustlna%enals

provH{?%ehéLP ng éﬁg ie 1ai;£1;|6t \?);Iagtstrgc{urce?l pﬁ?%eragll gr %:ng;rﬁa%se? ?a%tliue strength, improved
fib
o R P R oughout the mass. The Tiber

conmponent is a plurality of polyolefmc strands of
nmonofi | aments of about 350 to about 6000 denier per

filanment, tw sted t he degree
of twi st being gr Ma@i%gwgﬂbgr ns/inch
(about O 36 turns/cm.. The present |nvent .
pr ovi des™90f gPhdEest iR SR B RN Prgjens 'é@%?l@fcswgm material that
material formed by twi sting a plural fy )
incipstes o Plaralify of p@%ymﬁalg s@#ndﬁﬁg@mf%\%wt%o ah% 380 1013pgyt 6000 denier per
bundle for mxing into a cenentitious mass, the degree
filagient,iivisted e forg 2 bl@dlet the degiesnfitwint lgel@&gfg%gr,t]p@wbout 0.9 turns/inch
(about 0.36 turns/cm. In another enbodi nent, the
(0.p6 Bwrtm)i nvent i on provides a synthetic fiber blend for
use as reinforcenent for cenentitious material, which
I ncl udesmandthérsimbdditent, thoprpendnientdnchrovidée a adinlfofdetnert for
conmponent. The first fiber conponent is fibrillated

ceBBMitioRd MBErif fthad ild RABROP AR oFBSISEIER moddTRarE@E) tHE plurality of
monofilaments being in a twisted configuration, the degree of twist being greater than about 0.9
turns/inch (about 0.36 turns/cm).

The present invention also provides a reinforced cementitious material that includes a
cementitious mass and a fiber component dispersed throughout the mass. The fiber component is a
plurality of polyolefinic strands of monofilaments of about 350 to about 6000 denier per filament,

twisted to form a fiber bundle, the degree of twist being greater than about 0.9 turns/inch (about

0.36 turns/cm).



synthetic fiber conponent is a copolyner that is

di screte fromthe first fiber conponent and is a
wp@bkwsaldesy of nonofilaments tw sted to form a PCT/US2003/040385

non-interconnected bundl e, the degree of tw st being

greater trhapredRtmbedlion alsy ngf&%fd%@&ﬂ:ir(f&@&ﬁént thaRBial fér a cemetitious

is/cm. In yet another e odi nent, the present

madt Y8 Brh@ b S r%edsprﬂa ftrr%dlgmﬁé Q&rldégc}ﬁrbﬂmﬁﬁﬁmrr@ 11612 fiber bundle

reinforce r cene lous materi
n
foﬁ.‘rﬁ 11%% 1§1t c? erét?r%gg gn%%h{ehﬁ t%eg;rge of &y gen%% %rgaﬁer tha Bléﬁe({yn%r}ns/mch
lene and is conposed of fibers |n

@#T%ngﬁg?zgx ornr The second fi ber conponent, discrete

fromthe_ first frber conponent, is formed fro
5 copol y mek apt demt d rgqqat 1ﬁy@ﬁ01agr,9§1df:§,a synthetlc fiber blend for use as

pol yet hyl ene, and is conposed of bundl es of

reinfaestmenkivn pRIEeTfiHeHs Mgl bydigh inekides adirst fiher comygprent ofd a second fiber
tw st being greater than about 0.9 turns/inch (about

cofpdient. LiFlresfirstrfiber hepopent ssofifttrillated emd foomeddfachopropulysiesmaterial. The second
synthetic fiber blend for use as reinforcenment for

syntherierfitiet ccomppnorties ¢apblyteathat in discrdie Srom the fisst fibérleemponent and is a plurality
conponent and a second fiber conponent. The first

of nioB6filament eviewd td Brrh b Béh-ntdd@decddtichuinglef 10é eQff tist being greater than
honopol ymer polypropylene fi ber. The second fi ber

10 abS&mﬁﬁllndhf(alﬂiuWB@ﬁﬁns%hgmthe first fiber conponent
and is a copolyner for of a polypropylene and a

hi gh dengj a);eYarfeﬂ‘le %Qcyduﬁélﬁ ﬂ‘@seﬁ?%%}ﬁjlo% Ip ?ﬁﬁ%ﬁ@ Fiber blend for

is a plurdlity of nono ts twste

use gs re% IPorget %P f(]n? emcnu gr%q'{reﬁénaﬁ ﬁnat 1n§lg{i 61 Cﬁ%t ﬁée%%)mponent gnd a second

an a U rns

urns cm.. her enbodl he rese t inyention
ﬁb&; Wp&ggg &"E@ﬁ @ﬁr gomppquent 1% %fi #r a glo% ymer of polypropylene and is
rernforcenent for cementitious material that includes
comppsef of s fitgillatse fum: The aecan%@'aeéﬁamm%tp disgspi digmythe first fiber
The first fiber conponent is fibrillated and fornmed of
15 comppsith profoymash e b yenobisyer ehiolyrreisiene Trdhige-donily poliydhylene, and is
conponent is discrete fromthe first fiber conponent,
coingosgd obpuwidieref mbuefimdents that haeg omen awmistadttheodegeee of twist being greater
pol ypropyl ene and a m nor anpunt of a high density
thgmaibyetO/fuanénchaabut 086 teesteng. pl ural ity of
nonofil aments twisted to forma non-interconnected

bundl e, TheprelReriaeenbn h1¥d srovibey d‘?’nﬂrétﬂﬁﬁ&? bleB@for a0 treinforcement for
0.9 turns/inch (about 0.36 turns/cnm). The first fiber

cemOIMBOERBtetial (R4 BREIALs 4 first Mer §é’rﬁ‘[§dﬁ@ﬁt' afhd b 's&@ﬁd ﬁi)é? ngbcﬁlent The first fiber
anounts ranging fromabout 5 to about 50 by t

20 cor\ﬂ?blgam is Bpliftdt and ¥ ed &ea h%gfb?@lg?tﬂl n;g)%r&pgffgﬂg ﬁﬁ&t T‘hg’ second fiber

esent in the synthetic fi unts

corrn%grglnp 9 discrete from the first fiber component and is a copolymer formed of a polypropylene and
a high density polyethylene. The second fiber component is a plurality of monofilaments twisted to form
a non-interconnected bundle, the degree of twist being greater than about 0.9 turns/inch (about 0.36

turns/cm).
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fromabout 50 to about 95 by total weight percent. In
anot her enbodi nent, the present invention provides a

WO edonfoodeed cementitious material, conprising BCT/US2003/040385
synthetic fiber bl end distributed through a matrix of

the ce ”Eﬂt | " Stlﬂ;?fnge[n't ‘i‘llle’ résjaf?t 1§\>’eﬁﬁ&gﬁﬂoﬁd£§ pﬁﬁth@dlceﬂgzr blend for use

|nclud|ng a nponent and a second fib

as ﬁem I%Qlfelgljl:t for cel%leﬁt t{oﬁg egglrtlﬁacf ?m%nser%hrs{ ﬁbgr géﬂfgbglf and a second fiber

ene

on |screte fro he fi r._conpone

COWBO g Q‘B’S #V%éﬂ’e“f BreEe @“ﬁa‘&ﬁeﬁz fB‘? "%eaa’ilﬁﬂlona 8H’°lypmpylene
density p et hyl ene nd i ncl udes a lurality

fib ISP ﬁggr covipeRabis Sort: AT S FDET B é%la copolymer formed
bundl e, the degree of tw st being greater than about

of g nyjar @mAwytiok 2 ROlyReBYlenegind 8 mingremormof a high depsity alyethylene, and
i nvention also provides a nethod of formng a

inqhglen i plucdityeefimdnofilagesns tvisteil duformmamenyisércoflaeiedrotridtzdthe degree of
includes twisting a plurality of polyolefinic strands

twist beimpgédtdrahmmrubsutdX9 ahslitchIAdut @3 Gtuonsicn§0Wle Aesnfiber coponent is
filament into a fiber bundle for mxing into a

présetanthi kjrIhktic FdESHIM ih embidtRn 8RBk abb@ %o BB 50 BY total weight
the twisting occurring to a degree that is greater

petcBRMNWRIROHE sddofll Kbsk @&ﬁ}'ﬁd’h@ﬁ i§ HRQME inAaSEnhbid8ies mend | hmounts ranging

anot her enbodlnent e present invention provides a

(gﬁhﬁﬁﬁyﬂ£ %gkﬁd d#& LGed cementitous material.

netho |nc udes a g to a cenmentitious nass a
glbtha ! Ig,t%l q}oﬁf | nb Stﬁc[,sgr qﬁveggl?nnﬁg%fdelzsl aarreTFn?or%ed d;eltnentltlous
formthe. flber up , e st _.bej

i comPrisie SBERS 600 Bl AGFPHER Mok st B cementions

turns/cm. The present_inventiagn also provides a

‘maigiah A Sé(Ftth%frﬁﬁeﬁ Blend molyding pifiest fibgreomppasptiandpyscond fipgpromponent.

includes blending a first fiber conponent with a

The digsh fibierficompencabispermed of a topaorolyer pelyprepylensrihsn eHie spepnd fiber
fibrillated and formed of a honopol yner pol ypropyl ene

cofnpdyent is seretednomthe flirds Sbercomponeathi s 4 @pdiymer frmed ef@motypeopylene and
first fiber conmponent, is a copolynmer of a

a gl depsitypplyethglead) Andiinklugés agdmality wf pohy@ahsttemdstedtodorinsa non-
twisted to forma fiber bundle, the degree of tw st

intBrRbii@ctod Baides, tHeliagre@bvhist Geiﬁgoglasta&haﬂubbm(m@ws/l@c}&@bout 0.36
turns/cm. In yet another enbodi nent, the present

wn§UENt 1 on provides a nmethod of reinforcing a

The present invention also provides a method of forming a reinforcement for
cementitious material. The method includes twisting a plurality of polyolefinic strands of
monofilaments of about 350 to about 6000 denier per filament into a fiber bundle for mixing into a
cementitious mass to form the cementitious material, the twisting occurring to a degree that is
greater than about 0.9 turns/inch (about 0.36 turns/cm).

In another embodiment, the present invention provides a method of forming a

reinforced cementitous material. The method includes adding to a cementitious mass a plurality of
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material that includes mxing a synthetic fiber blend
wWth a cenentitious material. The synthetic fiber

whbk@adideme! udes a first fiber conponent and a BEDUSH03/040385
fi ber conponent. The first fiber conponent is

poi}joparﬁinicl sﬁ' & o@ﬂlgntgfﬁﬁﬂ@rgs of ab@ut@@mttpﬁlow'@bo @Qllé’rgfepméh%ﬁ]tecwlsted to

The second ber conponent is discrete fromt
f01fnll fh%tﬁbgrl nﬁgfégrtectﬁ?@%?{e%twfs eﬂ}% eg?&?ééBKa mbﬁgp'%amg/ﬁncﬁ (about 0.36
%Q_den3|ty pol yethyl ene, and is twsted to forma
e} bundl e, the degree of tw st being greater than
about 0.9 turns/.inch (about 0.36 t
DESCRI PT STV PRAVPRCEOTHE THEHOL PP PF%‘P% eg &c fiber blend. The

advant agesof the present invention maybe better

m?}]i‘fd’elfl‘ét‘%é legding érﬁtﬁt Shereomponarbwitk & srepthiiber gorapengitn Jdie first fiber
wherein |ike reference nuneral s designate |ike

compenashis $ibrHeed andvibinedd: of Fh@nopolithér pelyprappencafitwn bl sesand fiber
between the crack areasin slabs containing different

component & dotreteHfeons thatfiig tfiber doimpenenh lienehpblytaeofr dypndpylene and a high
i nventi on basedon percentby volume; FIG 2 illustrates

dessity @olyathylsy) atibik weeRrRd tddrth @ Figtl buhle\hel Hdprécaifingist ¥fing greater than
cracks in slabs containing different anounts of the

abStDtNEinkAnchi(@R0t REEREhsRin &t he present invention based
on percent by vol une; FI 3 illustrates a conparison

bet ween {,RR¢ dbfiey Q’IIb(;dlﬂﬁeIﬁlR SRCEvRkioh Pl%t {glileg Sefhbd Sf(remforclng a

in slabs containing dif ere amounts o e synthel

mat érBﬂ Hkaﬂgeﬁ?%utngg sﬂtﬁez? ?%’?‘J ﬁ]éﬁ%%lthoﬁce%%ﬁt?tgouge aPe% e synthetic

Yy VO une; es a conpari son
t | ab
w0 B T S B
coBoFRST RLAE e aBo e b Bl st

per cent age of control |n sl abs contai ning different
copensit is disereterfeons g fifw {iper cpmpenent fissropelymehiermpedaiarmajor amount of
i nvention based on percent by volune; FIG 6
polyptopslencand 9 neinercampang efdighofengtygokyethylene, rediis¢wistd té form a fiber
sl abs containing different amounts of the synthetic
bufidlahe drgeen df tfisttbhing preawe titin aoue O inons/nals @How ). Jvanns/om).
by vol uneg;

BRIEF DESCRIPTION OF THE DRAWINGS
The characteristics and advantages of the present invention may be better understood by
reference to the accompanying drawings, wherein like reference numerals designate like elements and
in which:
FIG. 1 illustrates a comparison between the crack areas in slabs containing different

amounts of the synthetic fiber blend of the present invention based on percent by volume;
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FIG 7 illustrates a conparison between the first

crack strength in slabs containing different anounts
w@boosheesynt heti c fiber bl ends of the present PCWESL0030M0385

based on percent by volunme; FIG 8 illustrates a

conpar i Sefs. BeiweaL: £ depiRdy béﬁeéﬁfthé TR0 QvidiP ra%o?@lscracks in slabs
containing different anounts of the synthetic f

co{?tlaﬁﬂlg%t@‘eng Qﬁodﬂfs %? 88 kyrtVie Rbd: Bnk Qistﬁéjprgsrénﬂﬁ\'feﬁf?ﬁ bapéﬁ on percent by
vol une; I lustTates a conpari son between the

volunfeSt crack toughness in slabs containing different
amounts of the synthetic fiber blends of the present

i nvent i opP3 g8 ReM 9&&% n Pw¥e i ine dFfe o gbéaka!déé S8t crack in

t oughness i ndi ces versus ber content in concrete
sla%% e 111?1@%’&1@%&9 alfngﬁ{tse&ttheas%}fafc%bg bléntagf ¥ B}ege%{ inQeanbllP fdsed on percent
the present invention based on percent
MNBE ; FIG illustrates Japanese toughness |nd|ces
versus fiber content in concrete slabs having

differ engy & #ﬂt&aﬁesoafcoﬁlg gfls&)( Qétxbgeiﬁl ac%7 Elggsrqeg;egﬂl%%&glfslatnh §nd slabs

present 1 nven bas

coﬁtlcuntlll%td{fﬁg'e%?aﬁ}oq)ﬁ%% the S)fnltl'%éy E@elr b%h& gtqg es\él(’?t 11?\%%‘[1(;11 lgsed op percent by

In concre e avin BEFent  anoun
he. synthetic fiber bl ends of the present invention
sed on percent by vol une; FIG. |IIustrates average

resi dual I%} 5%% tes\éec&t%gé?rls C]?:pa:c area !asﬂatq%%fm age, o%B%}Irol in slabs

sl abs haV|ng erent Canount e sy

cortﬁallnm 1f{%ﬁn ﬁ{s %ffﬁu the\{g‘\ P be Efgn?%ﬁgeep}resg? ng‘],reggéll tlag;c/l on percent by

v_Oflrst crack and failure versus fiber content in
¢Oiftret e sl abs having di fferent anounts of the

e e
R B RO SRR %%F@fﬁq%eam ugg

d fl
i LR A b ke S

resent |n t|on a% P@b volume; FIG .illustrates
S prnpts f g pynlier' Oher 1At SR BTG T RRIoR bisgd PR percent by volume;
stress v s. defl ection, of. the synthetic_ fiber blends
of t he pf@sgmustr%%ﬁf’%aﬁm% beiqu%%yﬂ% Jus fruptpe ) slabs containing

lustrates a stress - ef ction diagram conpari
d1f qreél;( %}p%ntsﬁ thesynthelie Gper b ends of the present 1nvgnt1on baseggn perce%t by volume;

VO

FIG. 9 illustrates a comparison between the first crack toughness in slabs containing
different amounts of the synthetic fiber blends of the present invention based on percent by volume;

FIG. 10 illustrates toughness indices versus fiber content in concrete slabs having
different amounts of the synthetic fiber blends of the present invention based on percent by volume;

FIG. 11 illustrates Japanese toughness indices versus fiber content in concrete slabs
havipg different amounts of the synthetic fiber blends of the present invention based on percent by

volume;
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defl ection of the synthetic fiber blends of the

present invention at 1.0% by volune; FIG illustrates
w@2®c0es$4 - defl ecti on di agram conpari ng fl exurP@l/Uus2003/040385

stress versus deflection of the synthetic fiber blends

of the prrsedinubtNG rjﬁﬁaﬁ’é}.e ﬁExu;al 3%enBit VéRUUR; conlefd in bhcrete slab's
illustrates a stress - | ection di agram conparing

hatn_h% Eﬁlﬂ'éﬁht MBS %f He 5}%’511%’[1611%& B1Ehds QPhe Breﬁéﬁ?m%éiﬁtnh@gsécpon percent by
bl ends of the present invention at 1.5%Db
‘mmgkune FIG illustrates a stress - deflection dlagram
conparlng flexural stress versus deflection of the

synt het i PId 'lﬁ’ﬁfustpa!tég rdde?a fresﬁcﬂ?l sREGRER L sub AV BER ifoncrete slabs having

1. 5% by vol une; FIG illTustrates a stress -

dlfée?éﬂt Sabibraied tﬁﬂmc ?@Mnhp& tlflébpg?ésg%t%ve idn Q%sced\éﬁ bhéteht by volume;

defl ection of the synthetic fi

present Flr(‘SV 21 Ilfugfbt(%tthe]rrug?{%rk&f bl\l)gzls st cﬁcﬁandzéllure VCI'Sllé fiber content in

illustrates a stress - ectlo I'agram conpari n

coxﬁ&rﬁé( Lk haﬁ &Fe reP{tea%Hrfts giqflé Sfﬁﬁmét?crhbgr' blgxpig oﬁ%g%%;i}i ffivention based on

l'en of t present nventi on

gh% LG 24 |IIustrates a stress - deflection
peI\élagpg%conparlng flexural stress versus defl ection of

t he synt '1§ 11&%%?4&211&? 5\%9&%? Ftpefs -tcl% edlioft aﬁgr%mi CQ%SJHnIg %qu%l stress

1.9% by vol une; ustrates a s

\mgg%kﬁggﬂgg gpag%gghﬁgnparlng fl exural stress versus

ection e syﬁthetlc flber blends of the

present I'a}v %‘ 111u§’{ ates a stresg %Xct on dlagr }‘n acé)rrn ?‘Hngg’*%lg?,l sﬁass versus

illustra es a o1 6h
eSS,V

de{lec i 5%'16 sazgt etb ﬁbelh len%§ 89% n]erese %%hetnf) %Ihatg% ygx@
Compar | ngfq-% bl B @fa?rgﬂf‘{o%ﬁg%ig‘f‘{%ﬁ%al%ﬁess

oo BT BRG R g by oa e sl ol 1 at s
o 5 5 A L b i

R SRS B Ty
comper g wia N TE LT S—
A BRRE yS B T L
oo e SRRl S B0 PR T v

| lustrates a. problemin the prior art, wherein the
dei%qua?wfdlgpaqyntg?t}cg‘w%blgps of the preselrl)t invention at 1.5% by volume;

FIG. 21 illustrates a stress - deflection diagram comparing flexural stress versus

hetic

deflection of the synthetic fiber blends of the present invention at 1.5% by volume;

FIG. 22 illustrates a stress - deflection diagram comparing flexural stress versus
deflection of the synthetic fiber blends of the present invention at 1.5% by volume;

FIG. 23 illustrates a stress - deflection diagram comparing flexural stress versus

deflection of the synthetic fiber blends of the present invention at 1.9% by volume;
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nonof i | ament have sone splitting and "paint brush"

ef fect. DETAILED DESCRI PTI ON OF THE PREFERRED
WERBODIAVENTS It is to be understood that the fPQUDER03/040385

and descriptions of the present invention have been

sinmplifigg ,tzﬁ’llfaL&a't’e%tar 6 - &Jt@&%ﬁhﬁéﬁeseﬁﬁ&ﬁrﬁkﬁﬁ%ﬂ&s versus

for a clear underst an vent | on

deﬂ-&ﬂ&? qu{le s%ﬁt% tﬂ:affb\ér ﬁgﬂdls éf Qeﬁt 1ﬁ{;e§1t1¥¥1 it 1. 95/e§3pvg)'ﬂ. n‘{ee t hat

assocl at enen S Rer i tens may be e oyed in

the i npl grens ﬁ‘lﬁ;&t&%s Qlfstrésg1 ed &%ﬁ %Lélla&vc%ﬂl I ﬂemmﬁgsrs Versus

because many Suc assocl at e Itens are
At e At B
| nvent | OfG. Egﬁll}]lgtfé\[eg g%ﬂre%, ﬂectlo %1a lalmuc%{mpgr'i q]eklﬂfﬂt pgss versus

formof a syn er rern enen eri a

deh ggr} é’f?ﬁ at | t%rhcl fﬁ)telpblendts ﬁ{rgn{)rlﬁgelmgﬂ%n n '5 1. 9@1 by Voﬁ Wil be

ovvev nvenlonls YIS it ed

t 0 enbodhr(ge?; iTuba elélca:xli]o d%e n%?ospi 1{1‘?{&%@1’ lélﬁa%ad ﬁ@rm{s cglime/a% %eﬂectlon of the

bui I di ng - material's and
vl e ?fﬁ#i%?s%%tﬁﬁve%as PR BPEb g bR ons
shot cr ot B0 R TSRS osiAd Gl SRR 1088 VPieq i lecion ofhe
svi e Hh Wit G =B Fop » DubEE P E L AR BHER
SRR AR TR UL R C T R
sy A bpes e e Bt?c’ntqﬁgq{ frvdnepg L8Pl | on
ARk RS eSO 1 BESse

the synthetjc fiher reinforce terials of the
coBpRCEA MR PR GO F T O A B R atind Cost

efficient means of reinforcenment. This is so because
even o rBCaf} Yastpics ggroplemyp hepsiorr. pheein thejpdividua sfeagds of
to the cenmentitious mxture, are distributed
mqnpflaneH date serme stlitinespd Ret Bghicfffdant |y rei nforce the
entire matrix material, reduce perneability, increase
fatigue strength, and inprove toughness. I n addition,
appllcatlon of wire nesh reinforcenent is relatlvely
time anBETABSD PEYEHBTION @ ¢HESREFERRER EMRORIMIEhds
associ ated therewth. By way of exanple, the synthetic
fibers ol isthbe pdestopd thiaﬁb@ﬁsqr% Endresperisiopsrf dhepeisit ényeusion have been
into various cenmentitious building materials and
simpifiedtotiBustrate glements taf areiclegang for e elsartunderstanskinesf g1g peesent invention.
for exanple, structural pavenents, airport runways and
Thpsyrqﬁg@glaryb;ﬂql]dg the et owall szgylgit @@p@la@@rqlqn@p‘g and other items may be

employed in the implementation of the present invention. However, because many such associated
elements and items are well known in the art, they will not be discussed herein.

In the present detailed description of the invention, the invention will be illustrated in
the form of a synthetic fiber reinforcement material for incorporation into a cementitious material. It

will be understood, however, that the invention is not limited to embodiment in such form and may be
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structural floor slabs, pre-cast concrete products
such as pipes and tanks, tilt-up wall panels,

wa@bwsorete for rockfill stabilization, tunnel PCTUSZYS3/040385
and donme structures. The synthetic fiber blend of the

uséy’ \%ﬁ%?’ bl thitQh1BRY cthSRitiBes el thddbto iRPAL fbrous materials to improve
rehabilitation, retrofit and renovation of existing

SMML@%@% iR g et SHR ThaRHAD mﬁsmmwsqmﬁy RAORKE but a@e not limited to, cement,
overl ays, whitetoppings, and repairs of alrpor

coﬁ’cﬁ‘é&@ B rSte ANGHAP gir&’lﬂ %S}ﬁil@l@ kiid thb tikdM thlys, %llé‘ fad Pfe3d? @ention is capable of
however, that on l'imted nunmber of appli cations

en@osaameﬁt%ﬁlaﬁy heLElt rfom@rigr daBiAr dbLBRN BEEM ailel M&gﬁ fap alBife

be used in connection with the construction o

ac%gﬁﬁon ahiRALaiR IR My Sredifd gﬁﬁg Jg%xaw&roﬁ%wewn Thée having

to Structural "rel nforcenent

ordlﬁle&?gkﬁpﬁl%é rgfévzfﬁt art Q’ﬁl b%)/agfel?@gd ggpfxé 199Jnt191l {%rﬁg lﬁfatlcgl{lﬁ other forms not

present 1 nvention In, for exa

sp%ﬁt{ecgl?rﬁkseﬁg&jhgrélﬁ g?sgty&po'ﬁrﬂ?e ésgiE Idgé%ﬁ i%ﬂ' sm and reduc es

m-cr o- aused by concrete

shri nk aggﬂatﬁ% ?&&Jﬁ ngghy‘fhe aﬁ‘x%(h%ﬁé gl?e]g ;%nf&ga{le%lt Exfat%ﬁglg glf the present

cenent, e resu ant cr
. : > of |
In&thyg{??&?chaga nrlJ&er? ﬁfééagg‘?ﬁ a?l?%osit) Pﬁ/‘ gxﬁllitln%a szoﬁf ?eau?fni%ellngnt 'll“hls g so because even
rel%%{yﬁ%rglrln%{pé n?cﬁ' %bglr @ﬁ% g&?%% glrglscerrol nti 1?e1ur§ rr]na}}r(]ture arf: distributed throughout
the rrnx uEet to ?%m%aadxtlc Iaeg lztgrce the ent%i;Jl 1[1% X éeélais geggce%éﬁ%%&h{yegl{:rgase fatigue

flber concr.ete

str?ri%[/ improve teu %)r ghé]f:nsgoirh eﬂglt]tmﬁ p%hc:ﬁtéor1 cif gmﬁgteg} ﬁeg?or%eérgant is relatively time
i d h d bi |
an%ﬁﬁ%?%?w%ﬁr?@?he ﬁ%@%@ﬁtﬁﬁéanﬁwswf?%t Befhntially

i mprove nve tion Jjs

i T eot odPt BRI a”"ﬁeua}'%ﬁﬁ G5 8Fieal et 28 beSncorporata

. nthetic fibers nd no to a bl end of

g YfHoneierientiaep ey ke RebsRradl o piege agfmnatrucnon such as, for
shrlnka e .and i nprove hardened concre ro ertles

exRe, R Se il %HHOI@%%@@FH@@F&%CF R P b

caver that the conbination of a fjr
Smﬁt%éfﬂo s P§f’e&aah<iﬁmerstﬁﬁf9ﬁlé%% Sofy Heet i TS np‘ﬁ%]mapﬂs shoterete
Torggrf b 'ﬁ@anpéftw%%ﬁwﬁ{éﬁq%wésféﬁ?ﬁréi p e bl e present
er f or mapc n?flts,gr ter than _that of which each

in Fliltlj)élﬂnaé(&ﬂ*ﬁgﬁ f 1qr geppindp @%pq,yet@gbgjgpgmve}twn of existing products or

partlcular the fiber of the present invention

SrYGRBPS oY e cf'emwpleom OpirhEt PR RgS £ EREOT SiRoTtpREgeents and bridge
cracki_n i mprovi ng |npact strength, concrete

dectkéug Mk ungﬁcg:ogﬁ Rewever, thabenly qi]pmlgeﬁldlu]ng@fg)f tl}gp‘hﬁqtlons are present herein,
durability properties. The first fiber conponent is a

andy A hror e s Bl QATRY D uEsddn sanBecHan With e Fensiragtien of all materials that

employ reinforcing fiber material.

In addition to structural reinforcement, the incorporation of the synthetic fiber blend of
the present invention in, for example, cast cementitious material modifies the cracking mechanism and

reduces the propagation of micro-cracking caused by concrete shrinkage. Accordingly, relative to non-

10
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material. The first fiber conponent is a coll ated,
fibrillated (network) fiber that may be approxi mately
wag@snoeabout 20, 000 deni er per filament. For BPXEDF1083/040385
i n one enbodi nent of the present invention the first
relflfoﬂz%& céniP %%ﬁﬂté % c/a0R P Kb Rlifb¥ed@n QR0 ofi8H)| F1%§enpi%{lention are smaller

| anent and 1 ncl udes the fol |l ow ng physica

in %%ﬁ{e?e%aﬁ :fgljra‘lltl\a}?e?‘}g: Eﬁglgéngpagﬁ ;hﬂﬁrﬁln%gé%%ékﬁ%% is enhanced.

FultRdr B ORY bERRd EQ&@)@«% % eefildntehfidd did bk & cQﬂmg a load across the crack.
Aci d/ Al kal'i Excel | ent Resistance Specific 0

%ﬁ’sgﬁmp&s' Ibé;'g%ceu@'eeﬁélw,l\%s@srg Liﬂf%é)%srelﬁﬁg)ﬁ%tﬁ honféeghég)&' tl?e7 esent invention

111(%&%% tliléh:%i%%té ﬁqtateiléllﬁ% mﬁ)%@@&ﬁ esq%){rempﬁgl 1d3& @ abll aﬁer the first

percent virgin polypropyl ene,

erfi S84 By REDSELAN] il iBpAALEELLI Det that is

subs an non OSI ve, non-mag netl c, and

al kal i neT}E s§ﬁt3§‘e tloY\v}ﬁ?relét%& g) ﬂiygtqg bl@l’?%(% h I%lhg)g{)?rmalace S}l]nthetlc fibers

relnforce

an%mwa%éu% %Iglehjlg ﬁ;éi’bgljts ?eﬂégucg%%ﬁ&% of II|) I f? s%?ﬁl%ge and

osed

im 1)69619 chené(dc&(‘) & P tpr%esd%s%ﬁ bt Qitsc s%]zl 1n1 atc@%gtn gelgvg "it has been
By L

ograns per cu
dlsa%vrelreﬁél’m& 245 SpOmSh 'f)ﬁaﬁ {o%ﬁg)r}%t% I}:a mxgg SRS 0 form the
PR R SR A R 0 o Pg s  variny o
Pefﬁ%aﬁcgﬁgﬁeégtﬁﬁ?afeah%at PO %ﬁ%?’?%'n b AR capabte. o
peiGiie Py ogleartah &Q?Iﬁa%ﬁ?%”ﬁ%g o) SRR setement inkage
e GBI AP S LG G Rt e b eyl and longterm

sent i nvention, the first fiber conmponent may be
g RS ithe

The first fiber component is a homopolymer polypropylene fibrous reinforcement
material. The first fiber component is a collated, fibrillated (network) fiber that may be approximately
100 to about 20,000 denier per filament. For example, in one embodiment of the present invention the
first fiber component is approximately 10,000 denier per filament and includes the following physical

properties:

11



S hybrid m xture in anmounts of about 5 to about 50 by

total weight percent. For exanple, in one enbodi nent
wo@Roosheeps esent invention, the first fiber conpoOnEs1003/040385

maybe added in anounts of about 6.7 total weight

percent. In addition, the first fiber conponent may,

but need not, be the sane |length as the second fi ber

conponent . Wen pyRag PROP ention the
first fiber comomgﬁh@mkgﬁphe hybrid

M X T MRl 1T EVigh BemogdhmeAD0OUL {0 GHROUL 00 TMBrayFOT
exappl e, in prerenodi nent of [t he present| i nventi on|
. . 2T gel 2 d/ .

the| forst fi b@'i*ateé%‘ﬁ‘%ﬁ%’ﬂ'z_ ey tﬁé;lsgaa'éﬁﬂed in ﬁxﬁﬁg_t h's off

abOJ&mﬂq HHI e —Secona 11 et gngﬁmcnl TS i gn

streaghid fibfous reinforcenment] copol yner,| such as, |but

not ansmted t2§401@rt@0?7@>Mmad of |dvixdiggeed nOMEFIM. aiveht|s.

The Eﬂgﬂl d £ nt 1t conrafnrahl vy Al ~AanAl vy
I.je Ullu 1 2{/\"<54 YII’JUII\,IIL 1 :)r..l \,II I\,I T : N \_/’:P:I’\yllbl

fOI"I‘E'ag e O dimournts, Prererdory agout 79- o0

per cent by wei ght, pol ypropyl ene, preferably a | ow

nmelt pol ypropyl ene (2-nelt honopol ymsr) and m nor

amount s, TR ﬁst%b?PJoﬁq&F gyﬁla}? g.lht%gecp oL Cf)e é’ o%g gercén virgin

hi gh- densi econd Bel's

5 pofyﬂggylel%e aned miybea colﬂ;r:l?lgndgg an%%]tl}p or1ente§l B ?eéltﬂ}ags _subf 2t uxtia"ﬁy non-corrosive,
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cenentl

noB &%ﬁ%&ain? e@(alfnﬁ ?%égaeﬂ ;W/flleﬁl él d al n ragegf]%eir 5%%(@%15%1& additive (i.e. not as a
orate

yBE G ComaalpR ik i S%%%i‘l‘fea ShRhah siiled l?"’?"é"e% Pliddiosed herein,
g G acﬁglﬁ‘?&ee%a?pﬁ%fr RNk bRk b P pRBRLREEIRS Gard 09 hograms per
o L PR oG EE S i ST BB Bt P s ot plehing of the

ructure in I OUS

ot%%%zﬁﬁ%@t‘ﬁ’%n &%’ i amseadit Prerivan e”"”"f TR ik S ture (ypicaly
brco X|b|tsth Iovvln properties
oI A BROBEHT OPRERSE ke distribution

Mat er i r Col or | ay Form
Pf‘?-Rf/‘EIF? d%‘eﬁﬁu@l“égb%&‘? %?ncﬁ pprigkprovidesTRiEEv e O&F"é‘ﬁferm durability and
Monof i |l aments Specific 0.91 Absorption NI Gavity
SCCP@?%Y/F’@P?@WH‘R@ ifor tqmpsEUTRlETikage CEgRg i ance A S. T. M

C 1116
When used in the present invention, the first fiber component may be added to the

hybrid mixture in amounts of about 5 to about 50 by total weight percent. For example, in one
embodiment of the present invention, the first fiber component may be added in amounts of about 6.7
total weight percent. In addition, the first fiber component may, but need not, be the same length as the
second fiber component. When used in the present invention the first fiber component may be added to
the hybrid mixture in lengths of about 19 to about 60 mm. For example, in one embodiment of the
present invention, the first fiber component may be added in lengths of about 54 mm.

The second fiber component is a high strength fibrous reinforcement copolymer, such

as, but not limited to, one formed of embossed monofilaments. The second fiber component is

12
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Strength Length 2A" (54mm For exanple, in one

enbodi nent of the present invention, the second
weowponemt i s approxi mately 750 denier per filBCEN$2003/040385

When used al one (not as a hybrid blend in conbination

pré%r‘éﬂh?fg G@po y'n{e§ }onﬁm%ﬂ tamo&ﬂ@ fn%ﬁe?a%%r a%gﬁ’c\’?@-ﬂo E‘rgent b}/ weight,

di scl osed "herein), the second conponent is yplca

poggfésﬂe&t pidfefab W%e[t%B%r@%ylﬁ@?ﬂhleﬂ h&ﬁo@m@b&q nmem unts,

r-cublic yar I"ograns per cubic neter

pr fra ﬁ S 35 §ce %e'l rd@l?s‘itg%ﬁol%ﬁlé}ﬁé}l@ @‘h&e@&d%\é&% g8hot

uri or af atc I Ng ot her

ﬁbhﬁgcg qg' %9? @lﬂ?uﬁl HrtJ) ggwt l{]]r(g rst%cpfrg ) ceigarﬁfnous m%terlal.

result ant nforce rial exnhi on erm

durabi I'i gy, sej;c;nd‘,cﬁga%t) P&%%trl? &ﬁgh PQC%P%IIWEEFI%‘%I&Q%&‘Q% high

second fiber conponen

res?#gﬂ&g aﬁcfcg!caﬁﬁt ﬁ%}l@?}t}o Aédx%;[%o%tg' i !tlpeliaty gbl@l%rdo& Gl tpkfe%g'nt mr\llentlon the
semx\'ﬁ%{e@ mgxﬂ 1% {'ng% aln%ﬁr% rcH“ aplppoxF atézi‘% 3 ftg g‘tgout 6&8 enier per

onen are as us erred
ﬁlaqnn?lp digh%%?etfer? %ﬂgdn%?lﬁtopﬁé Le%or{cft et COI?IJI %g%égfpgetf%%lg{welsﬁ(ﬁﬂg form a non-

nve e non ercon e

mte e&etrzrcl bung fmu@g aantd% cr)fg auné)ﬁglhr{lfaf %m%rﬁ)ﬁgamefl& hgﬁtfée ebmbod1ment of the
has
& ond%sfammpﬂ%enaeéﬁf%%wé?orfm@tp‘?%? Fhe

(v}

'S

bun te—-s—+elevaptto—the preperties—f

t hel second fibéﬂggg S Pﬁ?ﬁﬂ&%mégﬁgéng material in
V\Ih| h 1t 1 S adda “l’ U! 1 _g_aé_l_n_g_ e

Material. ', 'VLrggn‘Conlymer u Color Gray

tur Mgk 1 0E 'béll&tédﬁ%ndii‘—w:sted‘ arl lAclﬂo}tkaHReSi&anéé 'E’%‘dellém ro
defj ned as awbddhidmentsevol uti on|(360) along |the |ineal

I en@@hﬁef t1émf|ber bundle Th@wmmnber of | Nitur ns per
| | n ﬁVl oot or —t 11

l UVUTl &d'ltfék” 48 73 LILAY2 %Y C T T ur IA\%T{M’E 6 ear
centgf,?fi{ther) eﬁil? Ig inere omzf aneurns/f ot o

t ur pehginch, zW(mmmns/cn1 respectively, prOV|des a
pronounced difference in the ability of the second
fi ber conponent to mx with, and be nore evenly
di st ri buFeexdnpie imdne etpoditent bfihé phieseyt inednéion, stle.secbhd somponent is
difference in distribution, in turn, is believed to

apaadmataly, 75@ tlerliar pert filamenpaWhen sed aldrdedndtacs kybsid biend in combination with the
i mproved reinforcenent properties exhibited by the

firs yorhoatntodifendsed atove At difcl dsédeheprig stgecordwembbment is pically added at a
Early attenpts at form ng the synthetic fiber bundle

dosape tatearf pbams €t abbut\3@ Poundpee DFHiOyaedl (1t8%b 8.6 kflodriiss per cubic meter) of
mul ti ple strands of nonofilaments to about 9

cethdiititiSusfnaeddrial dikeotlst toGhe Aixing by3tehi di€iRg, @F affddahid bathdhg of the other ingredients
turns/cm. This degree of tw st has been found to

andpdistelbieed erediroupty | The ratikkntifitset feidfotctdanat@iad peiitits &g term durability. It
t hroughout the cenentitious naterial, as set forth

shdul iindted Adelietdr G khetseohd Agkr caifihomait o itsb1atwhsh Adt dikted, exhibits less

pI‘CrSrGHIl an@I%lO{l

than optimum distribution properties in the building material during mixing operation. However, when
the monofilaments of the second fiber component are twisted, as used in the preferred embodiment of
the synthetic fiber blend of the present invention, to form the non-interconnected bundle, the synthetic

fiber blend is easier to mix and is uniformly distributed throughout the cementitious material.
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results are obtai ned when the degree of tw st was
increased to up to about turns/foot (about 0.9 s

wao evosidemch or about 0.36 turns/cn). Accordi ngP@T/US2003/040385
twi sting the fiber conponent in the range of about

0. 75 t ur AsAd geedrobAPBstwien fe batbRBAtebontfdne RlivisdShe degree of twist of
turns/inch (about 0.36 turns/cnm) has been found to

thaocrugme A ele iR Q\fﬁﬁdxmmﬁeg p@péinéiloﬂhé kdeuhd @er @Jrﬁmﬁéﬂt irfific building
t hroughout the building materials in which the second

matdriaBin VHRIEROD 8dtied VRS scR A8 ¢h FIGEI @ kiMBle tdn Qlfdlénﬁ'ﬁ&ﬁhs “x” and, as used
materials that do not enploy enbodinents of the

heté i WiasfiRRd af & REIreoRABR .¢) afaflg hBendF %ﬁgﬁbfﬂhaﬁ@&ﬁohm e number of
was not ed, however, t wheh the individual strands

turRd p75 TRRAE folo?('ﬁﬁﬂst peihdar ﬁﬂéﬂ Sr&fls ¢e? 1ihdAe ccrnﬁfﬁgt@r) qger@ih@&‘ﬁerem as turns/foot,

turns/inch (about 0.3 tu /cm to about

tur}lyﬁlg‘r? ot ﬁﬁ/cfnaggﬁét:tnglysQrotflﬁgsrlﬁfr&ﬁnce& Qifre ﬁ&: 1%3{& % Jra({f the second fiber

pal nt brush® effect Were vi'sible in e

co B51§m5 m‘?}I witlP g{?&e ﬂaé I?ﬁ:g E?eﬁly deJil{lb%teﬁ gﬂgﬁ%ﬁ&% dtjég?ﬁgfg g ?e?l%l This

1S 1 ustr

dlﬁ‘%e%c@m dllsltl‘thtlﬁ‘Ié 1& 1.1[1&1 E%QI?JVEA @%&hﬁt :It gﬁagtl if? P%{, Zog éllletnlmé%a’se 1Int1mproved

roughout t ceméntitious nmatefl

I‘Cl%ll\%?cre]ltg?ﬂ"! ﬁ%ﬁglj{]@% 5‘3{"“3‘1 lg@% sﬁ(ﬁ Sccﬁr%\é% ?Cl%nedf)o%lt}%\%e%&q liHVelgiog
i nconpl e]tiag ysaﬁpﬁﬁggtl £80thi) thé gﬁth :gfﬁe{ t&%g& ﬁ]te pFe%Ht nt}gntion employed

fiber bun I S was y evi I'n cer

twg{l?ré:cge nﬁ?%é 159?11dg hFI{l&lO?El%ﬁltltS to a%glgblt&qy%olgfa(%bo%?@ 179 Mlms/mch or about 0.3

e ts t h deS| ned to $

turnsgcm c[thﬁsglggrleen gtrt\ms uaI een f%uO?Eq %roc?uﬁ% go 0] 1)é1n esdu sttr?buglo? }r)]ropemes
ac f.twi stin e.fiber rands Jnto the.t q%

thrB thal]% the CFPC tltlog %%n Oal,taﬁ Feé 606%1 hérem; Adramo al tes?ng 1{1C§1caef‘e tp]at t91m11a1r

exper | man

respléy rf? %jne g’ﬁn{&ﬁ do egree n(gfrr;l!\glsjt \gﬁ%n%c)#ag%l Wg}gtongt . é s{fo on[ éabout 0.9
b ab

oy e 03l SRR Aocbbingi Rty 15 R S8 ong futgranes of bout

esults bserve 0 | ess
0736tvneh BB 0P 9@@%&% P%dg%sfﬂ%fﬂhgw%ﬁ g gk Been found 0
roxi mately the highest ree of twst that an ,
prcmﬂ% é@?fgﬁedﬁ}llb@g a%ﬁ{lg;tle]éﬁroa qs\mrg‘l@aut\ﬂpq thlblgllpg materials in which the
nificant "spring back" ef fect
Semﬂgﬁ'&r Romponen fas pddRdrelatiys M@fi@g F}a@ﬁf‘lﬁ fhét MC% graRjoy grbpdiments of
and, possibly, unbundles due to the resilient
thepqngrﬁgﬁq fileg coypponend of)’@}p Digsn 1nvep§;r1§} (’Igquis}potetih‘t@vqemgftw &dpen the individual
properties in mxing and distribution as a result of
str@ﬂﬁ‘é offagpoBlamsnt wefg Biisigdin thg gangp pleabo rydtemsiiple(ahest 8 4 tuees/cm) to about
at greater than about turns/foot (about 0.9 turns/inch
0. %nmdb@ky faboutHe3 6 twimg/smg wpme sphtling pid “maint yrode efiect wareivisiticia the
range between greater than about turns/foot (about 0.9
individuabstiandsiof oronefouents0 . T86 commpgly Emgwreafidctad guidlusti@ted in FIG. 31, and can
turns/foot (about 1.1 turns/inch or about O0.43
advemrelysiffeetihe ability ofelye nooilmatts & dipesedrasghauivihs tengetitdye utaterials. In
turns/foot (about 1.1 turns/inch
addition, it was found that at a degree of twist below about 0.9 turns/inch (about 0.36 turns/cm) there

was incomplete separation of the monofilaments from the fiber bundle. This was particularly evident in

certain embodiments of the present invention that employ strands of filament, each strand comprising
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or about 0.43 turns/cm. Mreover, it was found that
Wth an increase in the degree of twist to greater

wo b@s/oadsaut 1 turns/inch (about 0.39 turns/cnmPCT/U81008040385
or no splitting or "paint brush" effect was observed

twodr tnBR ORRGEH e MnSents A ard %@sﬁ%x%d &l dreak Bﬁad 1H€3'11Yd1ﬂ5’1§h|1 monoﬁlaments as
nmonofi |l aments that forned the ber bundl e conpletely

a BRMRA; A 86 of AN %% AN HaBas ARG bRk Bredl bt sed
t hr oughout the I'ding material in which it was

added. Thiys Waad BRdulch Gipehlifal B¢tigERLt 2 pfbn%@t{ch nibrovement in mixing and
enbodi nents of the present invention that enploy

disthibABERs@fed WhtPEE Egcomﬁ%ﬁgo&“ %&féﬁf%g 3 kiBted t Qd'oge about 11

nore connected nonofi | anents at are desrgne

tmgl /%Eg@&@bb t\#rﬂst/ﬁ‘lcﬂ &dd'b&it‘é)%l Qrﬁf i‘h%ggqglgﬁvéﬁsreﬁlltg %}élokserved ata

tw sting the T er stran
deg%,@ ?Tfotg% g%qgélnﬁdtbglﬂ |2tf t[@lg/ ﬁllcl¥ %a%gut W89 gurrés n‘H V\fush g glppk%ommately the highest

BELEL AL aﬂ%}{@%{egga%g R B (8006 Sl bHECM 0 bck et e
thé ¢ f}ﬁeot v‘%e?etme%% her el{dl f.t?gcoﬁ‘tfsg%%aa%on? n(rfrg?stnlgﬁfg rg)g?cﬁ?s due o the

restahent }Erg}a:lt% g)gth\l\g(;);l}lmermyp%cah% }{Yletllﬁl IiOfodkS)pr%pr ggf glrmllxﬁlgﬁnfdlstrlbutlon asa
Ly (e i i PR

o4 4piins® PEg ﬁt.id‘% g s@a13ba&ﬁ§fp§c?ﬂx %‘Eﬁn‘r"e@?ﬂ&si{?‘g&e G Bfsptr than about
about 325F t provi de a fiber bundl e %

lld@-@y@g’c @9out Qm‘) §{mst/1ﬁ%‘t or @Qoué péétt‘gFS/QrWE?ﬁd abryii3 tgmz/foo (about 1.1 turns/inch
turns/inch (about 0.87 turns/cn) and that may

or 3k P-dhturmsicm), apdaay; eccar at @ [dpgigorpi teisttdh abogip 3 ﬁqgls/é@é f@bout 1.1 turns/inch
effect. Wien used in the synthetic fiber blend of the

or ghaus bt tumsiamt MereoverHewasdeind dhat Wislern ioorgse insthe dagesp otwist to greater
added to the hybrid m xture in anounts of about 50 to

thagrabeut lglgnséxych ot 0.3 fuggtstcrpditidesarino siiiingeox Spaiiit drush refisetevas observed
enbodi ment of the present invention, the second fiber

in the mvopidpmenia gndowaditel e indivighel urnsfilafenihbetfors’d hetfivertiundle
wei ght percent. In addition, the second fiber

compleisbrrseraraterafjom the bumideeagd miste, didhersedtbrogghent thehgldingamteriakbn which it
first fiber conmponent. Wen used in the present

was pddeat Tlonwesnartiseledy dvidanbigrcetzimenotrodimentsay thio @reaeht| aaferttion that employ
the hybrid m xture in [ engths of about to 60 nm For

stranda ppfilemerit readhrstramhdvogiisiepitwoaie mbre cpmes echinonafilearehis dhraf are designed to
the second fiber conponent may be added in | engths of

brealyepart it4 indimiduhmorfofitaptents iaparesudiorfferentS teistthgtthefiteesmndk into the
fi ber conponent may be blended in the anounts

twidied busise ditimbislycotnong the twittérebunglb of dorfofikerents] end of t he
present invention. The first fiber

It is contemplated that some additional advantages may be obtained in the mixing and

distribution of the second fiber component when the twisted fiber bundle configuration of the second
fiber component is heated to below its melting point and twisted, which may allow the fiber bundle to
be twisted to a degree of twist that is greater than about 2.2 turns/inch (about 0.87 turns/cm). In this

embodiment, the individual monofilaments of the second fiber component may be heated, before or
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conponent and the second fi ber conponent may be

bl ended by any neans known in the art, such as, for
we@z@spledd4 by conbi ning the two fiber conponentBCT/NS100&040385

cutting process. The hybrid fibers may be cut into

aﬂmﬁglf&m%tl Ht@§tw%t$chﬁﬁdlp QB %reex%pléflﬁa% aﬂ%hteﬂgd’mat% prov1de a fiber

Tirst flber conponent d the second fiber conponént
r
o 05 L4 B3l 5 23 Ot v

t, the hybrid
g BRRE, f%@g?r%‘%ﬁ%%%%“%%éﬁ Gngth that is

di sper si Wh@n 881 mptﬂe!-rsgﬁt?ht?c ﬁd% ledBOF t@%pﬁ%% idv&?tl%n acP%s%@%dl}iber

of about to or exa

coﬁx_g&légt n§e§' (%edéo fh§ hﬁ)? %%e% Slgoénpsaotf a‘tt) ! SJ 1) gﬁ ut b? {égtopdl weight

accor 0 speC|f &at

h L_'\é gﬁ\
pelfcglg.e ; orheé(ém}?iﬁ RE & g (3 eﬁ'ltboéh,n\él%nq% b2 rf)rets 0 1nven lgP’ttl eesgc Frdgglponent may be
Ig(PERTI 89:
adé; Er‘go m.E ab f’gir g ﬁoF’ Faelllgl% Pereet t ? 3161%“%(3 6?989 F(;Hber component may, but

ylene

nefhos e B %ﬁgﬁq%a“kfoﬁ R b e R ention e
Seﬁ%ﬁﬁ?%{f%%?g%g% Rl B p e xlj‘%ur%%w sﬁ&@?&%@ﬁgm- For
R ?f@oeF%zaﬁ? i f\éﬁ%eg%%”ug%uaz fhe it 4 St B added in

n the hybrid fiber blend of t he present
1“%%@ ﬁ? W4T be added to the mixture in amounts

rangi ng

e el
an%élﬁg] glg@gs%ﬁ ftlg)v? H)tpfglin? t?no H{ﬂ‘é\f@ﬁ'p lﬁ%ﬁ%ﬁ?%@g {nggl%on The first fiber
cor(r:llralcillrerziltcatnc(ie ‘[}Jessgclogds ﬁlgerr] sgn%}o?lent 1125 beh llgr{dleg b}fl lmk;/errrleans known in the art, such as, for
example, by combining the two fiber components in the cutting process. The hybrid fibers may be cut
into useable strips either before of after blending the first fiber component and the second fiber
component. When the hybrid fibers of the present invention are cut into useable strips after blending
the first fiber component and the second fiber component, the hybrid fiber strips may be cut into any
length that is dispersible and pumpable, but may be cut into a length of about 19 to 60 mm, such as, for
example, a length of about 54 mm. It is contemplated that the fiber length may be adjusted according to

specification. In one form of the present invention the resultant hybrid fiber has the following physical

properties:
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bl end may be added directly to the m xing system
during, or after, the batching of the other
w0 psedicent s and m xed at the tine and speed PCT/US2003/040385
recomended by the m xer manufacturer (typically four
to five o mnutes). The hybrid fiber blend of the
present invention may be used to reduce plastic and

har giened concre?ﬁygﬂ@ fﬁ%?gg%ﬁE§?h# ﬁﬁBHL‘SHIIHKdge

pripr to initial set t cracki ng.

Fur TSP E ] Vi oiiilcdcmignl DET chib et propgs T mpact

strenath, an@mmﬁﬁweases fati que resistance and

congFast e tou§ ri §“@WWalteﬁﬂﬂN@hRmﬂmw Excellent
w1st

secpndar y/ t eFPEhabl %Wm??hcttral rei nf or cenent .
Mor ESpvetic, | nom addl Tion 1O (@bkpont | MY Ofxt TE SETHN
f i beGrag it has beenifound that the

conpf it on 8‘}‘1 G ESTB YR £ | e F°"é’b”r'ff30 nent MH-$HL Fihdo
SeC P 1 DET 3 CRPTIER iy DSt gt Tat Ty T nerjeases—the
abi Lity of 1 ke ®@eoondsmber ¢onponent to |be nore
evenly distributed throughout the mxture. It is
believed that the inproved distribution properties of
the second fiber conponent, in part, account for the
i ncr eas eWhen innppostedlintosi tuflding eweriil spehei edricie®sS the hybrid fiber blend of
exhi bited by the synthetic fiber blend of the present

thel peseuttinventioninmyabe dildetl enthe nixeuré ink@tounit rdnbiglg B6@SBAE 0.1 percent to about
i nvention is non-corrosive, non-magnetic, and

2.05netrstitsytvbiatne pf corsiets] @ typically hemphite fibgin®forh BBouad k@) 4ba6t 2.0 percent
nature of conventional building materials, such as,

by Velnme x2dvptrete, tE’ﬁlﬁﬁalrtﬁﬂﬂro@@i’[ﬁﬂﬂfor&ﬁﬂﬁtfoﬁﬁr@ct&&hts' thd#&b.r aﬁee;@bnd fiber
in the exanpl es below, the present invention provides

bleadimay bogided difecthPBiihe IHRAE SfstedNduriaflr &ftdrUBd béidhing of the other ingredients
rei nforcenent over known reinforcenent conponents. The

and inbed atahomanidispee Fabnatided bpthe blitr BagFRired ( B?Sf%ﬁ‘ﬂy} félh to five
as conpared to wire nesh or conventional stee bers

midfie).not corrosive, are easily mxed wth the building
material, reduce plastic shrinkage cracking, and

provi de "ﬁme(}ﬁ)&ﬁd fefef bleh T eSBesai Ghvahtlod Giay %@hse@@d’x@ﬁﬂc@%ﬁ&ic and
to the resultant formed material. The synthetic fibers

hard€el a6iRretd shthkaké RRIsStIERnt ERINRIRHEEITE Mitid@ fot BRNBRL: td drlishe,
materials and elimnate the danage to equi pnent caused

Futthéridre,ehe HybRe fiber b)MAE I SRPARE stréhgfl BT inG¥RLBJub res1stance and
fibers, the fibers of the present invention provid

corﬁf&tﬁo@é‘hﬁ@@ hd aultBinKb E&oxﬁﬁ%ﬁ%ﬁ;&ﬁu@%&tﬂﬁ&&%ﬁ%&ﬁ Moreover, in
structural advantages to the building materi al

ad G the et 2 1R AR fiRr binRh e it 1 @Eentfagﬁ Shafthb lc&rﬁlqndblﬁn of the

the art may better understand how the invention may

firsPHgS brilent WG teQbdoAMERG c@rﬁﬁ’dﬁ%t%&s@aﬁ@al@'ﬂc@é&s&Ylﬁ%ﬂlt}pgf the second

illustration and not by way of limtatron on
fibdr RYBRSnER o BSmEE fe{z&ﬁﬁdm%fbuttéa%rgllléﬁbﬁﬁhe Ao, il 1s B%leved that the improved
apparent upon inspection of test resu

distiB&ion properties of the second fiber component, in part, account for the increase in improved
reinforcement properties exhibited by the synthetic fiber blend of the present invention. In addition, the
fiber of the present invention is non-corrosive, non-magnetic, and substantially resistant to the effects of

the alkaline nature of conventional building materials, such as, for example, Portland cement concrete.
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synthetic hybrid fiber blend of the present invention
substantially and i npressively inproves the

wOo gtosfomweement characteristics of the buil di ngPeEUS2003040385
to which it is added, as conpared to the s

convent i @8 alustttdaah the @k MM GEITR Nthe PRSI inddnBion phoBi8ésiaB%antages in cost,
of tests were perforned to eval uate various amounts of

op8raBof hf¥RtriGurhl leRforEhRAbVE knbWE rdd{fSS&Rnt EdMRRkO The FBE component
results are provi ded herei nbel ow. EXAMPLES Exanpl e 1

cohBRatibalyr 5&%&& BRbdton Q&ﬁ]?d.ré?iftp WikE niREest @ BtvehttiBINtek Dibers are not
were tested to determne plastic shrinkage reduction

coRbsie0A6 ERNE m@t Weth SRMRNing InGbridD) rBR e pKAR Wirlkee kb Land provide
a high potential for shrinkage cracking. The dosages

cogfefffciegﬁés 448 SCuchRil %dpclnégeslto B 3Gt BrRQIGRHa1 Pohe SAIHHEE fibers replace

f concrete. Three different batches of concrete were
o Rl LRI ol L, o BB o e
o a0 AT LS D ovi
oS RLOUIERA o8 A Rl Rl T BB e

thedSik Qe crack areas of control slab with no fibers
%ﬁﬁﬂgfier reinforced slabs. As illustrated bel ow, the

Its pf indi cat | 1he.. |

prosent Thivihiebfo SRR 8 sl Bouct Usl by Me ghlfjon mey v
. nl [ ol ' C . . Ih K. ..

P B B Bl Y W7 4B SR B ner b G R raion on e

. ' ' bse . wh i b

1m§11t§461;£5 g‘gé}ﬁ%{i g%%g c%llgr}sg g&%&%%ggiyggr%m%p%? 151%)230 ion ofgle ?es{c’ feshtt below, the

nme ncre
Yo PR nd 92 . red i 4 f
oS0 1R M S0 B BB Ol e
wBREFSH Lt P REE 0P B BB Dbl
co+v§ﬁt3mél%&>%§re?n@%fe}n?elgﬁr%%c%a?%s%ggplgsgqg ﬁeesé ﬁvggesgeag%nggl %olévglugtg)irarious
trai t.h i met USi i h, .
o el g P BT UB SR BBt cHReR L T Boviga et
and subjected to a wnd velocity of 14 nph (22.5
kmi hr), using high-velocity fans. The devel opnent of

cracks were observed within two to three and one hal f
hours after
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casting. Although, typically, cracking is conplete
W thin about six to eight hours, the crack w dths and

wo ecvgbhw4er e neasured after 24 hrs. The | ongePCT/US2003/040385

duration was chosen to ensure all cracks devel oped and

stabilized. The crack width asured at a nunber
ity

of locations along the |eng e crack. Thel ength

of the crack was neasured f crack and

mul tiplied by the average m?%?%i£¢hus the total crack

area for a given slab is calculated. The control slab

(no fibe . e : . . .
Crack ar o PR KS M iR Hinti R EERA o dimine plasic

shﬂﬁ{agﬁg&&‘@igm cohdiie G8 Jemerg%ﬁﬂ.rﬁipe%, 1?1‘8?'8 g@é{h{bﬁqlﬁ?@lpgﬁntgl for

crack area due to 5 the addition 0 Irbers s

sh{;&ya%gé {;&g%'vg%;ﬁagg%% Qr 1Bb gaagﬁgé1.8gﬁmge%gens)gya@mé%ommt&

crete san coar se ggre e
TR
ek

' ' f.-0.75 in, th
f?e?en@g;gghgggitc%n«g&g were TRGE YR t%tlfallzcgc}g Alé %% ge%g% E&ée tests were

e PR sT S aggregates sat’s |

' . T ] Gal ' ' .
o LABEDL 55 T U0 58800 BRUSFSoBESESLE) 69 1 cm vt
SR RS 5Pboty B JRL SRR g 4o 25

obj ec S e i

kn%f]rg ©Thed %gior%niar%é ?I’Eehe% hheoerss V\Pals %osr%%%%st{s]lﬁ:g %%3%?@ arh%s é)ﬁ%gntrol slab with no

ecessary to nm e concre
TR A DD RTOSHENHe ( he anmbi eni f emper atar e, i he
wer e kepts EtetedmeiShoe B G E i e Bpa Ay e resen
e gL COPI Y PP AR B 5T e Do crack
rof AR om0 R o B R A Porci, DAL e thegrved whena e
do%?g%(ﬁ ée?&(l{’@g%lu‘g’%%f?%%?e{e'@%‘ﬁ%t R aTe s S Fesdent2d gb B90ent reduction

Concr e Sand (I b 0 482 k
of plastic shr'in?(age crack&g w%?en the %ger(dosages vs%)re respectively 1.0 percent and 0.5 percent by

volume of concrete.
Test Method

Tests were conducted using 2 inch (5.08 cm) thick slabs that were 3 feet (91.4 cm) long
and 2 feet (61 cm) wide. The slabs were restrained around the perimeter using wire meshes. After
casting, the slabs were placed on a flat surface and subjected to a wind velocity of 14 mph (22.5 km/hr),
using high-velocity fans.

The development of cracks were observed within two to three and one half hours after
casting. Although, typically, cracking is complete within about six to eight hours, the crack widths and
lengths were measured after 24 hrs. The longer duration was chosen to ensure all cracks developed and

stabilized. The crack width was measured at a number of locations along the length of the crack. The
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Coarse Aggregates (lbs) 1062 (482kg) Maxi mum Si ze of
Aggregates (inches) 0.75 (1.91 cm M xing Procedure and
w@2wsiong44 he Speci nens Al m xi ng was done i n BCHUS®03/040385
cubic feet capacity m xer. The fibers were wei ghed and

1850108 the R cRwSERAEBEEFE S1dh BlaREind nﬁﬂt{pﬂsd f)}htﬁe %Hgg tvid. XThus the total
was prepared. Thereafter, coarse aggregates were

cﬂamirmpsgvémﬁlsmume&er Sand and two thirds of the
wat er were then added and m xed for one m nute. Cenent

was t hen addegdorbig@o ‘ﬁ‘b&rgb ddig vﬁlﬁémésrébtrhg lmrctem r'I‘ﬂe Bk area of the

the water. Thereafter, the fibers of the present

oﬂh&Vﬁﬁélé R éﬁﬁﬂ’e&e@gsda%rc@ﬁ‘tggetﬁ Ghel BT gﬂdecﬂiéer(y&ai{ Salikeg Sf:rack area due to

for three m nutes. OW ng m XI ng, m Xt ure
ﬁéggwﬁggoﬂﬁgmgmkmﬁggdn1nute rest period, followed by a

final mxing stage for 2 mnutes for proper fiber
Milesibisi bution. Because the fiber reinforced

“cementitious mxes were of a flowi ng consistency, both

m Xi ng ange MGk Goel8 opﬁg’fl%%‘)é)fgem@q;t {?ﬁgf‘étﬁs [\ and coarse aggregate.

probl ens. No segregation or ers was

Tﬁ’eb(%g{sy %réggte ﬁ%ﬁl a Qmﬁlﬂﬁ sma SEG7 1l1nB? q‘i%e ando | cQatss z}ﬁgreﬁ%}ﬁs gsatlsﬁed ASTM

consi st pl'aci ng, consolida

a%ﬁ%@ h§$§mngﬁhexperienced concrete contrac;or and
perto

rmed the placing, consolidating and

finishin Thr
on threeq%ég%?g% m%gﬁga&ﬁg%%fu%égﬁlg§¥%ﬁ PaVé%ﬁ?8$@@@mtm”e“
ous naterlal was prepared, the m xing drum
d&aﬂﬁﬁﬁg%%ughly cl eaned. A buffer mx was prepared
bef ore preparing a subsequent mx. Al of the m xes
were prepared under identical conditions. Test Results
ManBropirgaugssi on Three cylinders were prepared for each
of the six mxes wth and without fibers according to
t he ASTMBecansetlelsigective bifthi€ jekt vl € Sudplietnflesteed fidblaadition on the
14 days of curing. The results are provided in Table
pldstic bieinkuge, if\wad nekbessdry irgdke R chaipdt€with a Vdighigl bbtBERI for shrinkage
strengths in all the m xes were consistently cl ose.
crddkéngl Zhel@yting 0OMIitRAS isteh a8 thHeanGicht téragamtirs, (B hudkillityl §d the wind velocity
speci mens were approxi mately the same. The neasured
(1¢ npij(2h 6 kg pwertképt BshstadtiTek easieRchl Thret Biffefe@YatcRbs @BShcrete were
fiber reinforced slabs are given in Tables Al to A3,
midle Jﬁfgdh%amﬁ aitlr €dntcn®, dethefitRSMERE ind@hakinh@h siRASCHRS PereBites. A higher
an ac

cement content was used, to increase the cracking potential. The basic mixture proportion used was as

follows:
Cement (Ibs) 855 (388 kg)
Water (lbs) 427 (194 kg)
Water/Cement Ratio 0.5
Concrete Sand (Ibs) 1062 (482 kg)
Coarse Aggregates (Ibs) 1062 (482kg)
Maximum Size of Aggregates (inches) 0.75 (1.91 cm)

20



tabl e conpares the m xes prepared on a particul ar day.
The i nfluences of various fiber dosages on the plastic

wabkoosnkage cracking are shown in illustrated i PCRUS00E610385
1to 6. The summary of the test resultsand the

]M&E%qe&%aggmhe% 'Q&%EJ&LIIQStiC shri nkage cracking are
[ arison of various paraneters
f or diff %I%Izm% {vgse(fong ﬂlnatrﬁﬂa CF?‘PIS ?eeé%%#}tgfnﬁ%( -Fa?{l%ﬁt%rS were weighed and

Three speci nens were teste

stofré ﬁ b scgvgx% 3hRind q*"ltEthﬁe Bhf %{ @%%a% p%é% %iseaﬁ\é? c%arse aggregates were

r
e results ese-c cula lon ar

1nthd9(Y dqﬁg tﬂerllm;é?b bg’ld%.nd g@ok{}-u?‘ds%f re](\:xla et(r:I ﬁ/%retﬂtég @c‘{eﬁ agcgl%lxed for one minute.

crac area of two con ers,

5 Ce}qﬁh wa@%heygﬁde‘a faﬁ)flg with ﬁl%st‘?(n?ag?m ofig tf%{rﬂ fthe o n er pfl‘ er?a ﬁle fi gers of the

e percen crac

prdif BERERTAARALERY Bl AR RL NS RLETH: gu%glgm g%gowmg mixing, the

. ur.es r.aphi ca illus th crack ar e
%%W%W%%WE§WM$%a%&%ﬁ$@mmm
. rﬁm3§ bnlber content (Figure 2), the time observed
PrQRgT 18 RPN mt i on based on fiber o content (Figure
sl abs

3 and grack a tween contro
r )el nf or c %ca?sIeB e f%g{ IH orV% c&raergmg})s mlﬁ? RN owing consistency, both
e e
Fi qyres 5 cks wer e pobser e n a
obiAdet Sy 28 Mt DreSh R tnes. censiféﬁnayelﬁﬂo l'yg«fsv%rh%na& and fnishing

t nt hetic,fiber end of resent ention.
el ) BATEheE GnERE SOH AT 1 S BT O e AP foBsoldating and
aoler € ef@e} e in reducing the plastic shrinkage
injsping for %ncrete However the anmount of crack
reduction is different for_ different fiber dosa%
The cr ackMPERARLES BHC Patecmthas separpie 42yst Ades ABbRACNES reinforced
100% for these fiber contents. Conclusions The test
cerpeitipysanaiga] Wes RERtehghe wixgirum yas heropghbesleaped. o biffepppix was
slag confirmthat the fibers of the present invention
Preppig gﬁ?rﬁ PESPIngaSRpsequent iy Al QG the Fxep wvssetpirf‘@asﬁ PRjek idgatical conditions.
cracklng in concrete. The tests reveal ed that even at
Tesp Kesnlts aud Diseussionyy | evel s, the synthetic hybrid fiber
of the present i nventi on prOV|ded extrenely high crack
reduct i ofreesylinderayereipyenpgrddorgretpofihe sy mixay Wiyand arithe fibers
a crack reduction of 92% was achi eved. At fiber
acc@psingfe $hed¥STM proprdugep nhetsylindgts iweee, tesiedaftaicté depscfetringn The results are
98% was achi eved. Furthernore, there was no observed

progjdad i Tablerls beigmghs Wpsieler irTabivcl the cploudpystrongthsrimalbthe mixes were

consistently close. The 14-day compressive strength results of all 18 specimens were approximately the

(T

1

6]

2

o

same.
The measured crack lengths, widths, and areas for the control and fiber reinforced slabs
are given in Tables Al to A3, B1 and B2, and C1 to C2 respectively for batches A, B, and C. Each
25 table compares the mixes prepared on a particular day. The influences of various fiber dosages on the

plastic shrinkage cracking are shown in illustrated in Figures 1 to 6. The summary of the test results
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10

15

20

25

fibers were used. TABLE 14- Day Conpression Strength for
Shri nkage Test Speci nens Batch Fi ber Content Specinen

wORsQompe Strength psi Average psi No. (% by ROI/U$2003/040385
(kg/ cn2) (kg/cnR) FEPI -1 4725.97 0 (332.27) A

1 F C rison o
SRS o, 168y i 5 P

] ) ) FEF1-3
S g i) TS

Zg;’% 314?%339 ﬁ%g}@%@g‘fﬁﬁgz @aé% étﬁ%%ﬁ%%%g{ﬁgﬁg 'iméi the average crack

aréhPGbre 2R AR The results of these calculation are provided in Table 2. Table 2 includes the

average crack area of two control slabs without fibers, as well as the crack areas of FRC, and are
expressed as the percent of the crack area of the control slabs and the percentage reduction of the plastic
shrinkage cracking due to the addition of three fiber dosages.

Figures 1-4 graphically illustrate the crack areas of different fiber contents (Figure 1),
crack length of different fiber content (Figure 2), the time observed for crack formation based on fiber
content (Figure 3), and crack areas between control slabs and reinforced fiber slabs (Figure 4). An
overall comparison of the plastic shrinkage crack reduction potential of the three fiber contents is shown
in Figures 5 and 6.

No cracks were observed in any of the three slabs reinforced with 2.0 percent by volume
of the synthetic fiber blend of the present invention. The results indicate that all three fiber contents
were effective in reducing the plastic shrinkage cracking in concrete. However the amount of crack
reduction is different for different fiber dosages. The crack reduction potential varies from about 92 to
100 % for these fiber contents.

Conclusions

The test results on the control slabs and the fiber reinforced slabs confirm that the fibers
of the present invention are very efficient in reducing the plastic shrinkage cracking in concrete. The
tests revealed that even at very low addition levels, the synthetic hybrid fiber of the present invention
provided extremely high crack reduction. At fiber dosages of 0.5 percent by volume, a crack reduction
of 92% was achieved. At fiber dosages of 1.0 percent by volume, a crack reduction of 98% was
achieved. Furthermore, there was no observed plastic shrinkage cracking when 2.0% by volume of

fibers were used.

22



(349.02) (347.63) FEF2-3 4944.62 (347.64) FEP3-1
4793.97 0 (337.05) C (control) FEP3-2 4361.62 4640.42

W@ 206/0666)¥4 (326. 25) FEP3-3 4765. 68 (335.06) FERBET/US2003/040385
4733.49 0.5 (332.80) FEF3-2 4769.47 4729.74 (335.33)
(332.53) FEF3-3 4686. 25 (SZE@TIABLE 2. Plastic
Shri nkage Reducti on dueto additionof Hybrid Fiber
Bl end Type BrBaskCompressionfittengthdfor Shrinkiage FeaSgavinins ( Yof
Control) (Reduction% BATCH A Control Slab 1 413.93
Control Slab 2 195,76 100 Average 304.85 Hybrid Fiber

Bagtby Kibdri(iogtest gbSiecin Spal) Conip. AGerigtiOfi Average psi
No. (% by Vol.) (kg/cm?) (kg/cm?)
FEP1-1 4725.97
0 (332.27)
A (control) FEP1-2 4793.98 4740.38
(337.98) (338.28)
FEP1-3 4701.19
(330.53)
FEF1-1 4722.22
1 (332.01)
FEF1-2 4754.36 4753.76
(334.27) (334.22)
FEF1-3 4784.69
(336.40)
FEP2-1 4754.36
0 (334.27)
B (control) FEP2-2 4833.59 4805.09
(339.84) (337.83)
FEP2-3 482731
(339.39)
FEF2-1 4924.54
2 (346.23)
FEF2-2 4964.26 4944.47
(349.02) (347.63)
FEF2-3 4944.62
(347.64)
FEP3-1 4793.97
0 (337.05)
C (control) FEP3-2 4361.62 4640.42
(306.65) (326.25)
FEP3-3 4765.68
(335.06)
FEF3-1 4733.49
0.5 (332.80)
FEF3-2 4769.47 4729.74
(335.33) (332.53)
FEF3-3 4686.25
(329.48)
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Slab 3 13.06 Average 6.73 BATCH Control Slab 1 373.81
Control Slab 2 424.97 100 Average 399. 39 Hybrid Fi ber
wQosp1eéad une Sl ab No Crack Slab 2 No Crack 0 RODUSt0a$040385

3 No Crack BATCH C Control Slab 1 210.47 Control Slab

2 175.07 100 Average 192.77 brid Fi ber 0.5% by

Xolum‘-; Slab 26.42 Slab 2 TAB&EB 92 siab 3 5.26

ver a

pve Bfsdosidl @%%&ucm B do%ﬁ QBitRh oYaiybeiﬁFlear BiERler S

er ent Cont ent abs with lab Fib

Crack Crackyger ack LAV Tilme (rhclCAsed ng CﬁmhktAlwns Fi Geack Area
Batch Cont ent Area Lengtlh Wajmhﬁ):i r st| @oa€Conitnol)di (Reduction %)

ature (% Vol.) (mm2) (mm) (nm)) (min) (% (|Deg )
Bame C%‘;?f"l 1B 09 47.10 |1. 024460476 170 38 75 Batlch A

1.0 6C A&1ah> 1. 37 38.489 1955 3p 104 100
Average 304.85
Hybrid Fiber 1% by Volume
Slab 1 5.68
Slab 2 1.45 2 98
Slab 3 __ 1306
Average 6.73
BATCHB
Control Slab 1 373.81
Control Slab 2 424.97 100
Average 399.39
Hybrid Fiber 2% by Volume
Slab 1 No Crack
Slab 2 No Crack 0 100
Slab 3 No Crack
BATCHC
Control Slab 1 210.47
Control Slab 2 175.07 100
Average 192.77
Hybrid Fiber 0.5% by Volume
Slab 1 26.42
Slab 2 13.59 8 92
Slab 3 526
Average 15.09
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Lab Crack Crack Crack LAV

Batch B 2.0 39 82 Control

(nin) (% (Deg ) Batch C 192.77 238.8 5.35 44.67 120
38 75 Batch A 304.85 431.3 9.99 43.19 125 20 99 Batch

Time of Casting Conditions Slabs Batch Area Length

woe@sh1deits st Crack Hum dity Tenperature (mR) PemSZondg40385

The

es:

B 399.39 317.8 9.13 34.82 120 35 87 Rot
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Details of Crack Lengths, Widths & Areas; Batch A; Slabs Reinforced with Hybrid Fiber Blend (1%)

TABLE A3.

4 22.60 0.20 10 15.20 0.20 0.20 0.30 0.50 0.20 16
26.40 0.20 0.20 0.80 0.20 0.20 3.04 0.20 1.00 0.69
wQ@200501684£20 0.30 0.22 5.81 Total Area 1.00 11 PGr/482003/040385

0.40 0.20 0,80 0 45 .20 0.50 0.45 0.36 8.42 17 22.80
0.20 5 15.|20 0. DO 0.30 0.20 0.23 5.13 0.35 0.20 0.20
3. BD 0233 |5.82 p.3D Q.35 0.35TABLE A3. Details of
Crack Lendths, Wdthg & Areas; Batch A; Sl abs
Reinforced with|Hybrild Fiber Blend (1% Sl ab Slab 2
SIS 3= OrgcksLepgth Wdth Avg. Area Crack Length Wdth
Avgr—Area—Erack| Lehgtth Wdth Avg. Area Crack Length
g e Avg. |sAzeal Noo Wdth No. Wdth No. Wdth No.
Ty} () ((nm) (mm) () () (mR) ()
() T (g (nm) (nm) (nmil) 1 6.30 0.20 1
%".éﬁO 20 (£ 5.7p 0.15 7 8.70 0.30 0.15 0.25 0.20 1.72
20 0.2010.20 90.18 1.13 0.15 0.20 0.19 1.08 0.15 0.19
lz 6% 0.2010.20 9.20 0.15 0.15 0.20 0.15 2 3.90 0.20 2
57700 0.15 (2 6.4 0.30 8 7.40 0.20 0.30 0.20 0.20 0.20
W 2970 2370-88 P-30 U. ZT 1162 0.20 0. 2]t 1.34 0.15 0.18
SE 38 0220 0. 20 0. 15 Q.28 3 i
25Y 3 | 8| 8| 3 3
£ §3988% 3883§533385d3838)58354 (33333
-l
Eg — ~ © < \n ©
L g | 8 | % | 8 3 ] 2 |4
z;E 3 S S 3 3 S 8 g
g
2|8 3928 |25%S5|833%8|3888%|28888 (8§22 |2388§[
£§ Eoo’oo Soood|lococcoo|lvoocos|dcos oo coaoo Sooc oo
gé - ~ L < 12 © ™~
£ 3 g | 5 A ! g
‘S’J 0 ) Q ot
iZE 3 g |3 S = 3
f
% g 8 ] R 8
3 E\d -~ v L
gzﬁ - ~ o « "
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0.20 0.20 0.15 3 4.20 0.15 3 19.90 0.20 3 5.40 0. 20
0.20 0.19 0.79 0.20 0.30 0.20 0.20 0.22 4.38 0.20 0.21

wa 2m3/0Tweal Area 13.06 0.20 0.30 0.20 0.20 0. IBCHUS2088040385
020479002041060025030025138030030

0. 25 16 RLogARECyfictprgugowiads &g e f LntigtSan 1.

n1|:018 J:nnoan’M __2'2(\')(\&17')441#(\_20
C;“Uk p et | oWt g. .’é"g‘? 15 40| ¢ %*’gb . 1speth 5 Wigho | 36‘5;335" Area
0.2D 8,30 10,45 9. 1t 039,80] 4. 24 2ot Juftd) 9 2w | )
1IUl dl 66@'065 201490 7 e . Lo Ul JU u7. y4v, U'Sﬁ& "'345
0.80 0.30
1.00 0.30 0.33 1.72
2.00 0.35
2.00 1.13 75.45 0.25
2.00
1.00
0.45
0.50
2 57.80 1.00 8 10.30 0.30 0.37 3.81
2.00 0.45
2.00 0.50
2.00 ‘ 0.30
3.00 1.87 107.89 0.30
3.00
2.00
1.00
0.80
3 40.70 0.80 9 26.30 0.20
1.00 0.30
2.00 0.30 0.23 6.14
2.00 0.20
0.80 1.20 48.84 0.20
1.00 0.20
0.80
4 32.40 1.00 10 8.80 0.20
2.00 0.20 0.24 2.11
2.00 0.30
3.00 0.30
3.00 1.76 56.88 0.20
2.00
1.00
1.00
0.80
5 55.80 0.80
1.00 | Total Area 373.81 |
1.00
1.00 1.08 59.99
2.00
1.00
1.00
0.80
6 13.40 0.80
1.00
1.00 0.82 10.99
0.80
0.50
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0.20 0.20 Total Area 1.45Table Bl. Details of Crack

Lengths, Wdths & Areas; Batch B; Control Slab 1.
W(?(msmme%;th Kvl'odth ﬁ\vcﬁrage Area Crack Length RETIUB2003/040385

ver age ea Wdth No. Wdth (nm nm

(m)y (m) (m) (mMmR) 1 66.90 0.40 7 5(2811)022”).( )

0. 30alile BQ. DeBOlsOf €Back Fengths) BVidtlnsk Aresy; Batch Brsc%rol Slab 2.

0.25 2.00 1.00 0.45 0.50 2 57.80 1.00 8 10.30 0.3

Cradlt- B Ledgt 1| vi@h |0 Addvage. [00ARa 50 P.O&k0| 30endth0() Widdy | Average | Area
NolOYy. 89 0.30 3.00 %idg0 .00, 0 ¥o40]|70 0.80 9 26.[30Width ,

0. 20 (mm) (mm) (mm) (mm’) (mm) (mm) (mm) (mm?)

1 61.60 1.00 6 71.60 0.50
2.00 0.80
2.00 1.00
2.00 1.88 115.50 1.00 0.81 58.30
2.00 0.80
3.00 0.80
2.00 0.80
1.00

2 9.40 0.80 7 16.70 0.45
0.80 0.64 5.99 0.45
0.50 0.20 0.30 5.01
0.45 0.20
0.20

3 19.30 0.45 8 13.20 0.50
0.50 0.30
0.50 0.42 8.04 0.20 0.30 3.96
0.50 0.20
0.30 0.30
0.25

4 25.40 0.80
1.00
0.80 0.63 16.09
0.50
0.40
0.30

Total 424.97
Area

5 80.60 1.00
1.00
2.00
3.00
1.00 2.09 168.53
3.00
3.00
3.00
3.00
2.00
1.00

S5A 20.10 2.00
3.00
2.00 2.17 43.55
2.00
2.00
2.00
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1.00 0.30 2.00 0.30 0.23 6.14 2.00 0.20 0.80 1.20

48.84 0.20 1.00 0.20 0.80 4 32.40 1.00 10 8.80 0. 20
WQ2@8/0m620 0.24 2.11 2.00 0.30 3.00 0.30 3.00 HCWES2003/040385

56.88 0.20 2.00 1.00 1.00 0.80 5 55.80 0.80 1.00 Total

Area 373.81 1.00 1.00 1.08 59.99 2 1. .
13. Rable Cdo Details of Crack Lengths, Widths & 9&9*eas; gtc:h &chlit%i S?ab 1.

Crack Length Width Average Area Crack Length Width Average Area
No. Width No. Width
(mm) | (um) | (mm) | (mm) (mm) | (mm) (mm) | (mm’)
1 49.90 0.80 5 19.70 0.20
1.00 0.40
1.00 0.50
2.00 1.20 59.88 0.50 0.31 6.19
2.00 0.20
0.80 0.20
1.00 0.20
1.00
2 46.40 1.00 6 11.40 0.20
2.00 0.40
2.00 0.30 0.26 2.96
2.00 1.37 63.63 0.20
1.00 0.20
0.80
0.80
2A 20.70 0.80 7 15.30 0.20
0.80 0.20
0.50 0.54 11.18 0.30 022 332
0.40 0.20
0.20 0.20
0.20
2B 14.20 0.50 8 11.60 0.30
0.50 0.20
0.30 0.36 5.11 0.40 0.25 2.90
0.30 0.20
0.20 0.20
0.20
3 15.60 0.50 Total 210.47
0.80 Area
0.50 . 0.47 7.28
0.50
0.30
0.20
4 68.60 0.80
1.00
1.00
1.00 0.70 48.02
0.80
0.50
0.30
0.20
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1.00 0.82 10.99 0.80 0.50Table B2. Details of Crack

Lengths, Wdths & Areas; Batch B; Control Slab 2.
w@e@skidsengt h Wdth Average Area Crack Length RETIUR2003/040385

Average Area No. Wdth No. Wdth (mT) (m) (M) (M)

i 1) 1 61.60 1.00 6 71.60 0.50 _2.00
O Fhalte GB. Debisil Gisads Bt Wgitn S roass Bateh GoCaitgg) Slab 2.

0.80 3.00 0.80 2.00 0.80 1.00 2 9.40 0,80 7 16 70 0 45
Cradk BOLedgth4] 5vi@B 0 A45a®. F0ABa 2] [0.G&K5] OLength4% Widtp (0 A¥@age | Area
No3 19.30 0| 45 8 [13Wmth 0} 50 0. $0] ONSO (.50 0.42 8.04 Width
Q_PoCamRQ Fmoy 0 _Guwo pdmm)3() . 300 25m0m) (mm) (mm) (mm’)
1 20.10 0.20 6A 11.40 0.20
0.30 0.30
0.40 0.30 6.03 0.30 0.24 2.74
0.50 0.20
0.20 0.20
0.20
2 16.60 0.20 6B 12.80 0.40
0.40 0.50
0.30 0.27 443 0.80
0.30 0.30 0.37 4.75
0.20 0.20
0.20 0.20
0.20
3 19.70 0.20 6C 15.40 0.20
0.40 0.20
0.40 0.30 0.22 3.34
0.40 0.30 591 0.20
0.20 0.20
0.30 0.20
0.20
4 10.20 0.20 6D 5.30 1.00
0.30 0.80
0.30 0.23 2.38 0.80 0.67 3.53
0.20 0.50
0.20 0.50
0.20 0.40
5 29.40 0.50 Total 175.07
0.40 Area
0.30
0.40 0.31 9.24
0.20
0.20
0.20
6 63.20 1.00
2.00
3.00
2.00
2.00 2.10 132,72
3.00
3.00
2.00
2.00
1.00

32



Batch C, Control

4 25.40 0.80 1.00 0.80 0.63 16.09 0.50 0.40 0.30 Tot al
W dt hs & Areas;

424.97 Area 5 80.60 1.00 1.00 2.00 3.00 1.00 2.09
wag®sssed 00 3. 00 3.00 3.00 2.00 1.00 5A 20. 10PQr/082003/040385

3.00 2.00 2.17 43.55 2.00 2.00 2.00Table C . Details

of Crack Lengths,

Sl ab 1.
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Crack Length Wdth Average Area Crack Length Wdth
Average Area No. Wdth No. Wdth (m) (mm (nmm) (mR)

wa eop/o(asw) () () 1 49.90 0.80 5 19. 70 0. 20CT/USM03/040385

0.40 1.00 0.50 2.00 1.20 59.88 0.50 0.31 6.19 2.00

0.20 0.80 0.20 1.00 0.20 1.00 2 46.40 1.00 6 11.40
0202000402000300—23mg—§62001376363

0.20 1.00 0.20 0.80 0.80 2A 20.70 0.80 7 15.30 0.

0. 80 A s@dy Hascorgugad tojevalialg toreformplatedexperiments szr@henc hybrid
0.20 0.20 0.20 2B 14.20 0.50 8 11.60 0. 30

fiber of the present invention at three addition rates in wet-mix shotcrete. The discrete fibers
were approximately 60 mm long by 0.3 mm thick by 0.3 mm wide. The fibrillating fiber was
collated. The fibers had a specific bulk density of 910 kg/m®.

Three shotcrete mixtures with nominally 1.0, 1.5, and 2.0% by volume fiber addition
rate were produced for the purpose of the evaluation. In all mixes, the collated fibrillating
fibers were proportioned for 0.1 % by volume addition rate, and the balance being the
discrete 60 mm long fiber. The three mixtures were tested for fresh shotcrete properties,
rebound data were determined, and one standard ACI shotcrete test panel, one Australian
Round Panel and one South African Panel per mixture were produced.

Three beams for ASTM C1018 beam testing were diamond saw cut from each
standard ACI shotcrete test panel. Cores were also extracted from these test panels for the
determination of compressive strength. Permeability data were determined on diamond saw
cut beam ends. The South African Panels were tested with uniformly distributed loading on a
water bed test assembly, while the Australian Round Panels were tested in centre point
loading with determinate support at three points on custom built testing machine made by

AGRA Earth & Environmental Limited, Burnaby, B.C., Canada.

Shotcrete Mixture Design and Batching

The base wet-mix shotcrete mixture design used is shown in the table in Technical
Report No. 1, below. This mixture design is similar to mixtures typically used for permanent
shotcrete linings in tunnels and mines, slope stabilization and infrastructure rehabilitation

projects in North America. In the ternary blend of cementing material (portland cement, fly
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0.50 0.20 0.30 0.36 5.11 0.40 0.25 2.90 0.30 0.20 0.20
0.20 0.20 3 15.60 0.50 Total 210.47 0.80 Area 0.50

wW@2003/0¥6628 0.50 0.30 0.20 4 68.60 0.80 1.00 1.POr/USI03/040385

0.70 48.02 0.80 0.50 0.30 0.20Table C2. Details of

Crack Lengths, Wdths & Areas; Batch C Control Slab

2sh andgilica Tupgh the vilige fimmeahanges adhesioCertéohbsiomofithyingt ind reduces
Average Area No. Wdth No. Wdth (m) (rm (mm) (mR) .
ehopnd;rthy fly ash) in¢iearey pabte2@luble ©hi2d ihvokds. phthpability dhd3Rootability.
0.30 0.40 0.30 6.03 0.30 0.24 2.74

In order to maintain tight control over mixture proportions, the base shotcrete mix
was drybatched. Bone-dry materials were used and all the ingredients were precision mass
batched with monitoring. The materials were premixed in a rotary pan mixer with counter
rotating paddles, before being discharged into 30 kg paper bags. Shotcrete was supplied on
pallets and protected by shrink-wrap and covered under tarps for moisture protection prior to
use.

Shotcrete was batched in a modified Allentown Powercrete Pro mixer unit, attached
to a 75 mm swing valve pump. Typically fourteen, 30 kg bags were batched at a time. Water
was added to maintain a constant water/cement ratio between all mixes. The fibers were
added directly to the mixer unit during the mixing cycle and mixed for approximately 5
minutes to provide uniform fiber distribution prior to shotcrete discharge.

The following mixtures were produced: 1) Mixture F10 (nominally 1.0% by volume
fiber content); 2) Mixture F15 (nominally 1.5% by volume fiber content); and 3) Mixture
F20 (nominally 2.0% by volume fiber content, increased paste volume).

The superplasticizer dosage was adjusted as necessary to provide the required slump
for shooting. Mix F20 received a supplementary dose of fly ash and water to increase the
paste volume in order to maintain good pumping properties in spite of the high fiber addition

rate. Actual admixture dosages for the three mixtures are shown in Technical Reports No. 1a

to 1c, below.
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0.50 0.20 0.20 0.20 0.20 2 16.60 0.20 6B 12.80 0.40
0.40 0.50 0.30 0.27 4.43 0.80 0.30 0.30 0.37 4.75 0.20

WO@208/0620 0.20 0.20 3 19.70 0.20 6C 15. 40 0. 2BCOULIN03/040385

0.20 0.40 0.30 0.22 3.34 0.40 0.30 5.91 0.20 0.20 0.20
30 0. 0.20 4.10.20 0.20 6D 5.30 1.00 0.30 0.80

%—h’é@%@—ég%ﬂg}sﬂ%ﬂ% 0.67 3.53 0.20 0.50 0.20 0.50 0. 20
0.40 5 29.40 0.50 Total 175.07 0.40 Area
1. Slump and Air Content

Details regarding the prevailing ambient conditions (temperature, wind speed,
precipitation) and plastic shotcrete properties are given in the table in Technical Report No.
2, below. The dosages of the admixtures required to produce the desired slump and as-
batched air content are also shown in this table. The table in Report No. 2 also details
properties of the as-batched and as-shot fresh shotcrete, and the operating hydraulic pressure
of the shotcrete pump as a measure of ease of pumping.
Slumps of the different mixtures ranged from 30 to 50 mm. As-batched air contents of the
mixtures, as discharged into the shotcrete pump, varied between 8 and 9%. For the
determination of the as-shot air content, the shotcrete was shot into an ASTM C231 air
pressure meter base. The as-shot air content was in the 2 to 3% range. This is a higher than

usual loss of air content indicating that the fibers help entrap air which releases upon impact

when the shotcrete is placed.

2. Pumpability and Shootability

The as-batched shotcrete was discharged into the pump hopper of the pump provided by
Polycrete Restorations Ltd. The pump had a 75 mm diameter swing valve which discharged
into a 50 mm internal diameter 15 m long hose and through a metal reducing section to a 38
mm internal diameter, 30 m long hose when shooting mixtures F10 and F15. The respective
hose lengths were approximately 8 m (50 mm diameter) plus 20 m (38 mm diameter) when
shooting mixture F20.

The table in Technical Report No. 2 shows that the mixtures required between 11 and 13

MPa hydraulic operating pressure of the pump to be shot, which is considered an acceptable
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0.30 0.40 0.31 9.24 0.20 0.20 0.20 6 63.20 1.00 2.00
3.00 2.00 2.00 2.10 132.72 3.00 3.00 2.00 2.00

wQa2080rBuE C3. Details of Crack Lengths, W dt hBCRUS2003/040385

Areas; Batch C Sl abs Reinforced with Hybrid Fi ber

Blend (0.5% Slab Slab 2 Slab 3 Crack Length Wdth

Mmyepsurey Ehe ehosarite pemp tbedin diihtesting prégrem had amkaxiremg bherating
Wdth Avg. Area No. Wdth No. Wdth No. Wdth (nun)

(Pwspuré oAagpréximmately( FEYPL. n‘ﬂhe hirm)re (TG, Z(OW)Jy (v@mle fiber type

(m?) 1 5.30 0.20 1 6.60 0.20 1 6.70 0.20 0.30 O

¥28 cOuld Be Pudgedigehérally é&lSﬁc%@y tef thehdditidf 0P 141y ash and water
described above. Mix F20, however, approached the limit of pumpability with the existing
equipment and modified base mixture. Several blockages of the shotcrete hoses occurred
due to pressure-induced paste starvation near the 50 mm to 38 mm reducer piece with mix
F20.

All fibers dispersed well in the shotcrete. No balling was observed. The shotcrete mixes

adhered well to the substrates to which they were applied and did not slough.

3. Rebound Testing

Rebound testing was conducted on all mixes in a 2.5 m cube timber framed box, lined with
form-ply, open on one vertical face. Shotcrete was applied on a vertical face at the back of
the box to an area about 600 x 600 square x 100 mm deep, with four shooting nails
demarcating the shooting area. Material which fell to the floor of the rebound chamber was
recovered and weighed as rebound. The in-place material was then removed and weighed.
Fiber wash-out testing was conducted on the entire rebound sample and on a representative
sample of similar mass, taken from the in-place material. The following parameters were
calculated: 1) as batched fiber content in kg/m’, percent by volume and percent by mass; 2)
in-place fiber content in kg/m’, percent by volume and percent by mass; 3) fiber in rebound
in kg/m’, percent by volume and percent by mass; 4) fiber rebound ( = mass of all rebounded
fibers / mass of all batched fibers x 100%); and 5) fiber retention (=in-place fiber content /

as-batched fiber content x 100%)).
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0.20 0.20 0.30 1.452 0.20 0.20 0.20 0.20 2 24.70 0. 20
2 14.40 0.30 2 7.40 0.20 0.30 0.50 0.20 0.30 0.25 6.18

WO288/0:688 5.52 0.30 0.23 0.20 0.50 0.30 1. 727POr/BR2003/040385

0.20 0.20 0.30 0.30 0.20 3 32.30 0.50 3 25.40 0.30 3
Fedgens repieien dy sl Bt Ryt By BV ot rebound
gf é}%t(gét%{% n?%gl%lf yLagri:eg %‘o%%f?ﬁqoolgfg/gleyofngs?s’, Wlhiglf'isorio% £1)ty1())i'ce%10f015 shotcrete
with a high content of synthetic fibers. A trend towards increasing rebound with increasing
fiber addition rate was observed. The fiber retention varied from 94% for the mix with
nominally 1.0% by volume of fiber addition rate to approximately 80% for the other two
mixes. This is a relatively favorable fiber retention and consistent with the rebound behavior

of other high volume synthetic fiber shotcretes tested elsewhere.'

Shotcrete Production

1. ACI Test Panels

One standard 600 x 600 x 125 mm test panel per mix was shot at a slightly inclined angle
from vertical. The panels had 45° sloped edges to facilitate escape of rebound and stripping
of the panel from the form. The panels were moist cured in the field under plastic sheeting
for 2 days. At that time, core specimens for compressive strength testing and ASTM C642
boiled absorption and volume of permeable voids testing were procured by diamond coring
from these panels. In addition, a set of three 100 x 100 x 350 mm beams for toughness
testing per ASTM C1018 were diamond saw cut from these panels. The

specimens were moved to the fog room in the laboratory at age 4 days, where they were

moist cured at 23 +/- 2°C until the time of testing.

! Morgan, D.R., Heere, R., McAskill, N., Chan, C.: Comparative Evaluation of System
Ductility of Mesh and Fiber Reinforced Shotcrete, presented at Engineering Foundation,
Shotcrete for Underground Support VIII Conference, Campos do Jorddo, Brazil, 11-15 April
1999
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5.258 Area Area 0.30 0.24 1.03 0.30 0.20 Total Area
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After initial set, the shotcrete panels were covered with plastic sheets and kept moist and
protected for 7 days. The panels were stripped from the forms at age 21 days and allowed
to field cure for a further 8 days prior to testing at age 28 days.

Hardened Shotcrete Properties

1. ASTM Standard Tests

a. Compressive Strength

Six, 75 mm diameter by about 110 mm long cores were extracted from each of the standard
ASTM test panels and tested for compressive strength to CSA A23.2-14C (which is
equivalent to ASTM C42). Test results are given in Technical Reports No. 4, below. All
three shotcrete mixtures achieved approximately 48 MPa compressive strength at 7 days.

The following table shows the ratio of achieved vs. predicted (based on the mixture
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infrastructure rehabilitation projects in North
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Properties 1. Slunp and Air Content Details regarding
the ptesrurplntrengthiaadilowgdmesst i ons (tenperature, wind
speed,
Flexural strength and toughness tests were conducted per ASTM C1018? for all mixtures at 7

days on sets of three nominally 100 x 100 x 350 mm beams, tested on a 300 mm load span
with third point loading. Results of the tests are given in FIGS 15-26 and tabulated in
Technical Reports Nos. 6a to 6f, below. The results show the first crack and ultimate

flexural strength and the ASTM C1018 toughness indices and Residual Strength Factors

% With the exception of an open-loop control loading regime
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for shotcrete construction projects in Western Canada. The Japanese Toughness Factors and
Toughness Performance Levels for shotcrete show a good correlation between fiber dosage
and ductility. The fibers performed at a relatively high level and developed good bond with

the cement matrix. The fibers also developed most of their load-carrying capacity as

indicated by numerous ruptured fibers in the fractured faces.

3 Morgan, D.R., Chen, L., and Beaupré, D., Toughness of Fiber reinforced Shotcrete, ASCE
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=R hrereaSTT HF} .
f i PEFCIPER ent %S\P&'@‘%‘H Ak bows)
nomnal ly . O%FERPTVQF% of [Mber

approxi mat el y 833%sfg% the ot her mktEs. THi s i $Nmjor [J]
relatively fhvorable filber retention and condi st ent

™irfah Fibe rebbundilpehavi ¢r ofi.2ot her hi ghgvol u 525
BoHat.hasi c fiper shofcretes shasted el segppere. |1 640

mhRt.ghgt e Prpductigan o 1. Aglg Test Papghs Ong standajs
‘@(_}9 P1500 X 125m}10t,/est an%l4_7per m X was shot] at a 200
?talzcsé E

ai’a ﬁﬂolzl;{ refer. \éi\i'ceuf;;yoo%ote 1, test age >28 days

15 Test results showed that increasing the addition rate of fibers or the present invention reduces
the ultimate load capacity of the shotcrete. An increase in the as-batched present invention
fiber volume addition rate from 1.0% to 1.5% and 1.9% by volume increased the maximum
post-crack load of the specimens by 20% and 50% respectively, and increased the overall

absorbed energy to 40 mm central deflection by 22% and 43% respectively.

Shotcrete for Underground Support VII, Telfs, Austria, 1995, pp. 66-87
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fromvertical. The panels had 45 sl oped edges to
facilitate escape of rebound and stripping of the

w@amwelidenom t he form The panel s were npi st cuP€rUS2003/040385

the field under plastic sheeting for 2 days. At that

cor, eci men r_.CONpPress S
;[lﬂil&m??i el sg'ev}/eisc’l tga?t m&p rpngﬁé %a/?etge %gﬁ e%cl'in(ﬁu%ﬁ'}es 301 5211PP
pernmeabl e voids testing were procured by, di anond
&P, thy toPefsyiesis 155 OF the Presendnyanfignproyide sypegipr pefosmance at
100 x 100 x 350mm beans for toughness testing per ASTM
8.0%veludicaddiion gé&w cut from these panels. The
speci mens were noved to the fog roomin the |aboratory
at ags. BoudyAfricahdVaet Bed/Teser e noi st cured at 23 +/- 2
Cuntil the time of testing. 0 Mdrgan, D. R, Heere,
Rhe 16662 Kbbd X 78mm ?E}Qﬁ vwire tes@@mqﬁ(@}k}\\éewa@&adeﬂ 3ddcB8n Bhme, adapted

System Ductility o sh and Fi ber Reinforced

3%)94 the go‘ﬁthf Rﬁﬁ%ﬁ g&;ﬁ% Bld "F&gd%?or %?, I@%@at"fh%r{est set-up comprises a

erground uppo nferen

os .do Jor da razil ril, 1 . .
RIS RSh BpCtRls e arited! ceBnealetnforp ﬁw%%u%er&aﬁ%blgh tensile
was shot for each mxture. The panels had a di anme
Stremtin repstiambrlResnd H9yr 494 ﬁré@énv 196k R plafeskT hepzfe@@wn bolts, which
shooting, the panel surface was struck off wth a
wonwan reckobddty, Werarocated o anl (A eamtsquare gridothe higagtilevered edges of
with a steel trowel. The panels were noist cured under
phepdncls vedie elippotied agdidse déwelad norverhentdyysfout dymarertmlied section steel
into the fog roomand stored at 23 +/- 2C and 100%

f@éﬁi&d peRitioHsd Y pairs Whhydradiiegadisme of testing. . South
frican Water Bed Test One test panel w th dinensions

qfhe 1600 nithlgﬁ Ko Bf Eﬁh‘lsc%asvﬁéasﬁlggq) frrféﬁnse(ﬁ%rfetractmg

m xt ure. Vbl orners [ 'aced at XOOOnn1apart

[ at .the I atio C I

rediotlh éosaaﬁéf“#m%%%@%ﬁ&‘%% RAPHLGRTRR Bhdcar e
durin he test on the ter d station

R ohe et & P eGP BT or O B gprggpure in th

| ent t t t f fi h,

ORI Blieh B gprraeied Keihodmd apeliogii e sbrSTHA T PARSnArggmputer

After initial set, the shotcrete panels were covered

wontimuphsly tdacordsh ﬁ&tleadamd dkBettionmsigsals.dibd data were then analyzed and used

to plot the load versus deflection curves. The electronically monitored data were verified by
mechanical measurements of deflection (measuring tape) and water pressure (analog
pressure gauge). Application of load to a total deformation of 150 mm took a total of about

40 minutes.

* Kirsten, H.A.D., System Ductility of Long Fiber Reinforced Shotcrete, Report prepared for
Shotcrete Working Group, South Africa, June 1997, pp. 27 and appendices.
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protected for 7 days. The panels were stripped from
the forns at age 21 days and allowed to field cure for

wa@2dosnidees 8 days prior to testing at age 28 dBYEUS2003/040385

Har dened Shotcrete Properties 1. ASTM Standard Tests

: ressi ve nat.h . Si 75 .mm. di ter about

T o R el Rod L BRENGgd s o] PPt T} R iopdBBBhoe of e
standard ASTM test. panel.s and test fqQr conpressive .
PERYNYE ReqUgnqESA sk fomytien W@&ﬁe&%a?dg %&% Vit Veﬁ’Bm%ﬂ(}f‘h
C42). Test results are given in Technical Reports No.
4nerppsing gdeflpgtiontas also £9¢0tdedet e ni xt ur es achi eved

approxi mately 48 MPa conpressive strength at 7 days.

The follow ng table shows the ratio of achieved vs.

predi cted (based on the m xtureproportions and as-shot
dlanclugiohent ) conpressive strength to illustrate any

i nfluence of the fiber addition rate on the
clepesessulsouslined nyo e indicdtd thatrihx hylbréd fiddr of the @resent invention displays
Vol unmetric Predicted Achi eved Rati o Achi eved Fi ber

Aaehiikinly do0PhREA] MepsraeRvesBilowe rémforb¥redh 6b&sl Red Bybrid fibers of
Strength Strength [ MPa] Conpressive (Popovic) [MPa]

. 0 0,
i R R e i S

R0k 5Dl P A IR0 RF i s
O L g L LT SR

given in the attached Technical Report No. 5, bel ow
Fieaifisantlieaffest thegpmpygssifesdensthdiexpuhfeastrandvalugogfibgiled

4.9% and the Volunme of Perneabl e Voids ranged from

abgptian ahd velumeTH psanaabls (ybids ofithe shwergtel compesrpas pllint shotcrete
the maximumlimts of 8.0%for Boiled Absorption and

1ix 0 ¥hére didyabwerer,abpdae toatdirend Yowalds & esiinedd pre-sREking lead carrying
for structural quality shotcrete.

capacity of the round shotcrete panels with increased fiber addition rate. Test results show

that the fibers can develop their full tenacity (tensile strength capacity) in high quality
shotcrete. In addition, the bond between the fibers and the shotcrete matrix appeared to be
sufficient to prevent fiber pull-out of a majority of the fibers spanning a crack. Moreover, the
overall ductility of the shotcrete reinforced with 1.0 to 1.9% by volume of the hybrid fibers
appeared to be comparable with other, commercially available high-performance
monofilament synthetic fibers. Moreover, tests results show that the shotcrete with 1.0% by
volume hybrid fiber provides toughness and system ductility that appears to be acceptable for
shotcrete construction work requiring a moderate resistance to post-cracking loads, as in
some ground support and slope stabilization projects, and in construction of erosion control

in creeks, river banks and dams. The shotcrete with 1.5% by volume hybrid fiber provides
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These results are indicative of dense and durabl e
shotcrete of I ow perneability. c. Flexural Strength

wanasPhosghness Fl exural strength and t oughnessPCEESR03/040385

were conducted per ASTM C O182 for all mxtures at 7

days on sets of three nomnally 100x 100 x 350nm

Heughaessapd systenpucilisobatanpsassio bssguivalenttio série biigh giality steel fiber
| oadi ng. Results of the tests are given in FIGS 15-26

a ovelded it raebhireinfbecsd shaterleteRaspeciaily Mo Birgeb aratlo widths. In addition, the
bel ow. The results show the first crack and ultimate

fshetxreteabitls 1.o%igt Wohanehjbria BidbPERRS N té}ﬁa &1y that
Resi dual Strength Factors Wt%ﬂot he ex%}glgtl on gé . ﬂﬂly a

Qpﬁé’ﬁrd 10 PRrGIM Equbald® 8Fbdi@r el b&ﬁ&lﬁgﬁ H{}ﬁlﬁf %eél 'HRN gnla%v cided wire

i ndi ces. Also shown are the JapaneSe

NN T —

l,oad versus defl ection response at defornmations up to
about 0.5 mm This is primarily attributed to
operation of the test nmachine in the open | oop node.

§Eﬁ;J{Eghldowi ngBt abl e summari zes the flexural strength
hnes sBHF JpeirYixethoforete Nexture RepartisnsuPS Copditienl.

Axture Fiber Type and Average Ratio Fl exural Japanese

ToughnessMaerilat ched Fl ¢xur aMays. ConpRekIDefSity Volume

Toughness Performance Vol unefgdic Strlengt fxSt% eng at [m’]

CehrdhiBipe 46VET AJDTTTON Rl e [, yPal” THyS Tk 0,1270
O oot bt worl ot e 6o DA 6'0‘0205

HH—3+ 5% F20* 2hd genlnfln [2Y O/nA( ry Y-
tign 16 5 13% (at 8 day3P04 1 fv_ 0.0136
_og% Aggregate 0-2.5mm), T

SSD 500 2650 0.1887

Sand (SSD) 1130 2650 0.4264

Water (estimate) 180 1000 0.1800

Water Reducing Admixture:

Masterbuilder® Pozzolith® 325-N 1.40 1000 0.0014

Superplasticizer: Masterbuilder®

Rheobuild® 3000 [L]* 2.00 1000 0.0020

Air Entraining Admixture:

Masterbuilder® Microair® 0.40 1000 0.0004

Air Content as shot 4.0% 0.0400

Total 2288.4 1.0000

Specified 28 Day Strength = 40 MPa

W/(C+SiF+FA) Ratio = 0.38

Slump (after superplasticizer and fiber addition) = 70420 mm
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WO\GRAN1&eE our

* This m xture was produced with an increased fly ash

cont ent

* Mx F2 was previously produced and tested at
Report VA04526 The fl exur al

st reCyUR=09640385

the m xtures exceeded the frequently specified m nimum
of 4 MPa for shotcrete construction projects in
West ern Canada. The Japanese Toughness Factors and
THUGHAACALREPORTNedlal evel s for shotcrete show a good
correl ation between fiber dosage and ductility. The
fSWRIECBer f or AedBatthed Shaetbietd Mdhyte Pigbrtloayel and

devel oped good bond with the cenment matrix.
Batch Miveliofaath: oSt af10t haddicdIRaPFBE’ &8 [

IBY#IESizE .Numer ousy4r upt ured f . .
e o, Lo el ding Bl

eaupr

The fi bers

%ii yl@ls (1]
it .33

[Toughness ot —rerhrorcet=Shoterete—ASCED
Australian Panel Tﬁgf;e {gf_?f}fAJ‘sWi@;éelr’:idﬁ’ﬁ;;‘}Rbun% Papels were
test edugfiiap Round Papgd arnl€sti Bhed TG Bl ‘{ﬂe at-* %nsa}y da);‘%}zlsati(: ZSP
The panels was stjaticghly determpately |sup Q,rng]ed on II;;:L
idamaR TEpehy el | mm TRyt o 14
153idd MimeNOVENENt (|1 N (e hor | zontay prang)- Q'Q@ centrat—,;
dafdsecti on of The pane S was neasygred Wit ayiever 31
100arsd ApgdrebMDT, WhilT e Tive Toaf wWas geter m[ned gt g 8075
KIN-PSash)cel | . A gonputer coptinuously |qgged the tjest
datda. For a noreldet atded dpscri pbti on off thegfpest 1169
Aysteir at us and tegt net hod, see Ref.erenced 1. 1bdoGS. 165
Simtipge Kibayy FORTA®¢ | oad def | pcti on79pl ot dnd Teachni dal 9.2
R8%ort No 7 bhellow, provides the test results. The
Gter Bodueise t abl e $ummari zes | npor@2ht test data ang 1.52
Adnpyare@ozgtity® t o | publ i shed data of shotdrete

F rced with commercially available gynthetic
PiRgEAlagticizeinat or ence 1) Speci ren A829Bat chéd Peak Load 1.03
| Rhsobyitd 3 db Absorbed Fnerigy Fiber Vol ume [KN] Crack
pEXartipredinPet | ecti on) DosagedPRN] [N or [J] 0.46
PUerair®) I 0 1 0431 2 16.8 [525 Forta - F15 1.5% 29.8

S Contgdo PdPymp - | F20849%9% 27.9 25.2 750|S152- HPP 1. 0%
L34 7 15 o A5&hpt 1.9% 1.9%
Total 420 2355
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w@odwsviom rate of fibers or t

Data fromreference in footnote 1, test age
results showed that increasing the

Italics:

>28 days Test
i nvent POTUS2003/040385

he present

reduces the ultimate |oad capacity of the shotcrete.

An increase in the as-batched present

i nvention fiber

volune addition rate from1l.0%to 1.5% and 1. 9% by

VECHM G RERORT Naelbvaxi num post - crack | oad of the

speci nmens by 20% and 50% respectively,
absorbed energy to 40 mm centr al

t he overal l

and i ncreased

SEBJECT: on bAs22Acted $hdB¥%te BepeetPropmirtyons Shot cret e f or

Under gr ound Suppor

t VI, Tel

fs,

Austri a,

1995, pp.

Bl TdGRificatién:r esul t B15 ur Ehenlaed eyREChBA: [WBNvol.]: 1.51%
BAMRAIRAR):t he Syntetic | ndustyieRementmg Hferlald8fio; 0.33

el ectronically nonitored dat

the hybrid synthetic fibers of the present invention
PTUVvVT UtT OU’pC1 Ul I \_Balseté TlcueltIGbr AL er voOT ure adauur T17uTl
rate. . South Afrigan Yalgr Beﬂdﬁf%ﬁ s, 1Ne phBO %y 16Q0uckiated ssp
76 MM paRehs were te@&n@@i’yon A%s,%ly%te' b eagt | Qltass per m*
frame, adapted from t gy Sout haddd jcEmtn Wat efxg/B8d Test [ke]
devel oped by Kirstend4. The fest &@l-up conprises |a
caiehimperd concrefe pedestal withoa stefl cusdindd 412
simdamhi@é ced rubber [watep bed] highotensile skoengt/h 46
Figaat 1 on bolts, apd 100 x 100 x 10 mm rock Aoedt 31
Qlagsk dggreghfegior-eact j on bod t's, |whi chosimul at e 26k Rol ts, 514
waye | ocated on a{1000 mm square grid. The four
Saadt i | evered edges of 28 thelpaneld were)sup§éftte 1162
atef nst downward fmovenent by foulS&quare hol%hw 164
Yateicdipest RATAS of i | es posi{ionet®y pafrs &P 13.7
i cjacks—The centeripoint—deflestionof-the
ArRduee SAe - b by neans of ®%Petrabting 1.84
' L] ) IHge and
SuperplasiiciderRbeopild@hoxy gl ued hook %t he tenter of |[the 31
] * A pressure transducet _conti auously monitored
inEntipiing AdpidWe yre in the s|watet®Bed, hhich is 0.46
@Herpa®d t 0 t hell oad applied to the shotcrete tlest
Hnfettent A SRy er | confPfuousl y recorded|the | oad |and
[ i S 910, _ Th% ot b were than bnglyuzad dnd 20%
oad®bercné defle [he 2345

were verified by

mechani cal. neasurenents of deflection (neasuring tape)
and water pressure (anal og pressure gauge).

Application of
t ook a total

|oad to a total
of about

def or mat

47
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40 m nutes. Kirsten,

Fi ber

Rei nf orced Shotcrete,
wEhwsoteie Wr ki ng G oup,

H A D.,

System Ductility of Long

Report prepared for
South Africa, June 1PCIUSIIP3/040385

27 and appendi ces.In addition to continuously

noni toring the | oad versus central

DR PREAT ety 35

I

cence of crack formati on was
h devel opnment with increasing

defl ecti on response

defl ection was al so recorded. 5 Concl usions The test
|ts outlined above indicate that the hybrid fiber

:ﬁeé ﬁ.}%@& esentsiBajdst ShetcistesMixayrs Peqpopiangi ngl y good

physi cal

properties over known reinforcenent fibers.

Hatchidantificationr s of Fie pCdsdaed FiveeGonten [{a§ vohi: 1.90%
| Bartgh Se(bagshe bat chebl punped awdtesbemhenting mastiaRdaicd 0.34

shotcreti ng equi pnent using mminternal dianeter
nozzl e and as-batcﬁﬁamkmﬁgkéﬁadlrwgg,o TALES O . Q¢ tO
.9 % by vol une. The|fihefpedogagaduikiued, zed in this
study appesned to not etgni fi|cdiitielsyFlyatd elc Bulk Density Calculated SSD
conpressi ve strength, Whedour gl addeds gengptch fand[S$B) ues ofMass per m’
' ' ng vEEle | e \isyrd of the Ikel
SemewtdppedOconpared fo adplain shot@rete |ni x315Pher e 390
cpilisa Fymenpver  appeal to $hela ltrend0t owarids 829%educed 44
diedshy aclking load carryithg cdpacitd of the 224nd 78
\Q?vsﬁ;@wg_&e};gm h i readed _fiber additi2éM rate 487
DAy osults show slthat?4thelfiber® can [dev@$¥p t heir 1100
fW.ilWr tonacity (tancllo cof rgn,c,t_h_gé%%rtj tav) g AOQQ; ah 174
Ul o~ S TLATT T C T I T ~C T b p4 pw J
§%§P??§m§ﬁgp@Fé@e. n additign, tHh¥°bond betihken the 173
Y70 Al [ chat ber ot o et vl A NAAr A t+tn ho
IW !R%d%“uAfl”'ct O1TTUT .,ICL.C LLEL =0 9 i B VAN —C O e
$ “#‘? .&1“ mf m'xﬁ'rreevewt fiber pull u%fp of [a majority of 1.74
‘HOZZOhl. A.,.-.'NL ]\nn; Al -a cr anle Mooy or ttha avar gl
CITT -Ill JCT S pa|.|||®||U o CT G\~ .lvul \> vogu 3 eIV 0.48
gg&ﬁrarfflwfs?w'rwg shbtcrete reinfofoed wifth 1.0 to| 1. 9%
e b o f ho hyhrid fihade annaarod lta he
mﬁl |1 T, LILA 2 Ty T 1 U T— 1T 1ICT \J. =3 = T uu.n.v a2
ﬁlﬁrw 2@'&'"?&% W ot her, commerci al 18P avai|l abl e 0.44
Ri-gi—pefr o rance—rphoflament-synt hetic fibers
: 7
ﬁﬁﬁéwﬁ@f,ﬁ“ P8 res Iti' otcrete wth
Ans | AS ot - A 2.6%
‘ﬁb%ruuy LASimciiican sy acin - n _gﬁﬁe?§=?ﬁﬁ 293

shotcrete constructi

resi stance to post-cracking | oads,
support and sl ope stabilization projects,
construction of erosion control in creeks,

noder at e

and in

river b

and dans. The shotcrete wth 1.5% by vol une hybrid

fiber

provi dest oughness and system ductility that

as in sone ground

anks

appears to be equivalent to some high quality steel

fiber
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or welded wre nmesh reinforced shotcretes, especially
at larger crack wwdths. In addition, the shotcrete
wWowaok/0166890 by vol unme hybrid fiber provides toupdimEsS®03/040385
and systemductility that appears to perform
equi val ent or better than some high quality steel
fiber and wel ded wire nesh reinforced shotcretes,
eEeHNICAL REPORTGND- 2or ack wi dt hs. TECHNI CAL REPORT
No. 1 SUBJECT: Base Wet-M x Shotcrete M xture
Proportions, SSD Condition Material Mass Bul k Density
\RURIRCTkg] [ Byé O8jdifiorBlanCEresh Shaiypete Propet& 3150
0.1270 Silica Fune 45 2200 O. 0205 Fly Ash 30 2200

0. 01306 L,oar regate (10 oo (o ;
0.1887 Sand (gé%e 1%30 2650 ST gt %g%a“on =0
+86—1-000—0—1306—"4ter—Reduet =0
%%bqsqh@ﬁ.Fub@éppmﬁmpmml it h()%dyyol I _4b0tood oldd14a] 190
Stipter Rédastii Additon Ravast er bui | deL(nmﬂ? eoh6i2 | d(r) 13800] 1.74*
[SupErpRiséizel GARItONFRR2O Al r Eft r &F Adndxt une: 0.51 0.48%
Mais Eefkining derf AddiicrRae r (r) OLAR® 1000 ©40004 Aobwe 0.44
4. 0% U. 04007 ot Zo0. lh 1. Uk{UU _ 22
§g gﬁe&?p%%qg%st%y)engt h ={40 a ( C+Si F+IFA) tio 5
re<31p1tat10n 0 0 0
AS-BATCHED
Slump (with Fibers and HRWR) mm 50 30 50
Air Content (with Fibers and HRWR) % 8.9 8.0 8.6
Shotcrete Temperature °C 24 26 28
AS-SHOT
Pumping Pressure (hydraulic circuit) MPa 11 13 11
Air Content % 1.9 2% 2.6

n.a. = Not Available
* mix contains additional fly ash and water for enhanced pumpability
** estimate based on the as-batched air content

TECHNICAL REPORT NO. 3
SUBJECT: Shotcrete and Fiber Rebound
Mix Mix Total As-batched Fiber Content In-place Fiber Content Fiber in Rebound Fiber
No. Description Rebound Retention
(% by (kgm’) | %by | %by (kgm’) | %by | (%by (kg/m) | by | Caby (%)
1mass) vol) mass) vol) mass) vol) mass)
F10 1.0% Hybrid 12.2 9.1 1.0 0.39 8.5 0.94 0.37 21.2 233 0.92 94
Fiber
Fi5 1.5% Hybrid 17.3 13.7 1.5 0.59 10.7 118 0.46 28.7 3.16 1.24 78
Fiber
F20 [} 2.0% Hybrid 19.0 18.2 2.0 0.79 144 1.58 0.62 347 3.82 1.50 79
Fiber

49



5

10

15

Slunp (after superplasticizer and fiber addition) =
7020 mMTECHNI CAL REPORT No.

a SUBJECT: As-Batched

mass per

wohasotete M xture Proportions Batch |dentifi ce€T/082003/040385
FI O Cal cul ated Fi ber Content [% by vol .]
Si ze (bags):

1. 01% Bat ch
14 water/cenenting materials ratio:
BECHNICAIcREPORMBNer4a Admi xt ur es,

0.33

bat ch,

BYBRID, FIBBR SHOTRIRETDNVALYATEONul at ed SS Materi al

bone dry D added, per

bat ch [ SSD] Mass per

n8 [ kg]

$WBIECTY/ NnBdmpiegdiverarpth of Yoe:d hoftict®Spetaflent 1 CSAI A23a2-14C
Fume 9 0 2200 47 Fly Ash 6 0 2200 31 Coarse Aggregate

‘W% t VAN 2bb -
r cu Caﬁﬁr skvlﬁ e Compressive
| V\&E %’r“t‘ffil’)l.S 1%’6lig§1@nt hg?Tl (Bl Bl ?&gg'A(r %@ﬁh [MPa]
(Pozzolith(y) 325-N) [L]{ Superpl asticizer 0} 200 1.03
RsLF QJI(r? 30007[L]* Air Entra?h9ng Adnixfure 0.090
0. 46 45.0
47.0 47.6
Panel F15 7 47.6
47.5
48.0 47.7
Panel F20 7 48.8
45.0
50.3 48.1

Core Diameter [mm] =75

TECHNICAL REPORT No. 5

SUBJECT: ASTM C642 Boiled Absorption and Volume of Permeable Voids
Specimen Absorption Absorption after Volume of Bulk Specific Gravity
Identification after Immersion || Immersion and Boiling Permeable Voids after
[%] [%] [%] Immersion and Boiling
[kg/m’)
F10A 4.5 4.7 10.6 2345
F10B 4.0 4.2 9.6 2370
F10C 4.0 4.3 9.8 2368
Average 4.1 4.4 10.0 2361
F15A 4.5 4.8 9.0 1956
F15B 4.6 5.0 8.2 1735
F15C 4.6 5.1 11.2 2329
Average 4.6 4.9 9.5 2007
F20A 4.4 49 10.9 2331
F20B 4.3 49 10.8 2330
F20C 4.2 4.5 10.1 2340
Average 4.3 4.8 10.6 2333
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(Mcroair(r)) [L] Air Content At Punp 8.9% As Shot
1.9% 1. 9% Total 420 2355TECHNI CAL REPORT No. b

wEkB3REhi4 As- Bat ched Shotcrete M xture ProportPONES2003/040385

Batch Identification: F15 Calculated Fiber Content [%

by vol.]: 1.51% Batch Size (bags): 14 water/cenenting
materials ratio: 0.33 Base shotcrete Water, nmass per

bat ch, Adm xtures, Bulk Density Cal cul ated SS Materi al
PIEHCHNIGAE REPORTANg. Gash [ SSD] D Mass per nB [kg]

added, per batch [kg/nB] [kg] Cenent Type 10 81 0 3150
AIBICT:ca FUASTH O1RB0bughnds P’arﬁﬁ&e@ ald RE88ua3 tr P& tors
Aggregate (10 - 2.5 100 0O 2650 514 Sand 224 0 2650
b er 35.8 1000}13@,{!1 @fr’éhﬁ bers FORTA(T)
21:,@@5 ﬁo&f{a?e 1. SA)Vibdo/@rb ucli ng dm xture 0. 360

. 84 (Pozzol It h(r) 325- N) Super pl asti ci zer
ﬁS° mple U'E\rst/ Crack Ultithate Toughness Indices Residual Strength
No. Strength Strength Factors
(MPa) (MPa) Iio Ly Lo Rioag Rio.60
F10A 6.62 6.62 N.A. 8.6 18.7 N.A. 33.7
F10B 6.50 6.50 N.A. 7.0 16.1 N.A. 30.3
F10C 7.17 7.17 N.A. 4.8 11.3 N.A. 21.7
Avg. 6.77 6.77 N.A. 6.8 154 N.A. 28.6

N.A. = not available due to large initial deformations after first-crack

TECHNICAL REPORT No. 6b
SUBJECT: Japanese Toughness Parameters and Toughness Performance Levels
Fiber Type: Hybrid Synthetic Fibers
Fiber Addition Rate: 1.0% by vol.
Sample First-Crack Ultimate Japanese Toughness Toughness
No. Strength Strength Parameters Performance
Toughness Toughness Factor
(MPa) (MPa) (KN-mm) (MPa) Levels
F10A 6.62 6.62 13.8 2.08 m
F10B 6.50 6.50 12.2 1.79 I
F10C 7.17 7.17 9.2 1.35 II-IT
Avg. 6.77 6.77 11.7 1.74 I
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3000 [L]* Air
(Mcroair(r)) [L] Ar

WQ 2% 6@ Tot al
SUBJECT: As-Batched Shotcrete M xture Proportions

Batch I dentification:
by vol.]: .90% Batch Si ze (bags):
materials ratio:

AERCHNICAL; REBOKT, Np- Gsat ch,
Cal cul ated SSD bone dry added, per

Mass per

Cont ent At

Fi ber s,

Entrai ni ng Adm xture 0.090 0. 46
Punp 8. 0% As Shot
420 2345TECHNI CAL REPORT No. EBCT/US2003/040385

F20 Cal cul ated Fi ber Content [%
14 water/cenenting

0. 34 Base shotcrete Water, nass per
Fl'y ash Bul k Den

batch sity [ SSD|

n3 [kg] [kg] [kg/ nB] Cenent Type 10 81 0 3150

AMBHICTca FunSTY C1@BOTowAndsk ParAGibtes ahQ Re2id0al BBrength Factors
Coarse Aggregate (10 -

2.5 mm 100 0 2650 487 Sand 224

OFiB&oPygel 00 Vat er 39.13y fhéfic Bwaishet i c Fi bers,

RSBEAL dditign RE%e: 910 171-§%%y % Wat er Reducing Admi xture

0.360 1.74
Sample First-Crack Ultimate Toughness Indices Residual Strength

No. Strength Strength Factors
(MPa) (MPa) Lio I3 Tso Rioao Rapso |

F15A 6.31 6.31 N.A. 8.1 18.4 N.A. 343
F15B 6.22 6.22 N.A. 8.5 18.9 N.A. 34.7
F15C 5.65 5.65 N.A. 18.5 355 N.A. 56.7
Avg. 6.06 6.06 N.A. 11.7 243 N.A. 41.9

N.A. = not available due to large initial deformations after first-crack

TECHNICAL REPORT No. 6d

SUBJECT: Japanese Toughness Parameters and Toughness Performance Levels
Fiber Type: Hybrid Synthetic Fibers
Fiber Addition Rate: 1.5% by vol.
Sample First-Crack Ultimate Japanese Toughness Toughness
No. Strength Strength Parameters Performance
Toughness Toughness Factor
(MPa) (MPa) (KN-mm) (MPg) Levels
FI15A 6.31 6.31 12.7 1.99 I
F15B 6.22 6.22 13.1 2.00 m
F15C 5.65 5.65 223 3.33 v
Avg. 6.06 6.06 16.0 2.44 m
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(Pozzolith(r) 325-N) [L] Superplasticizer Rheobuild(r)
0.100 0.48 3000 [L]* Air Entraining Adm xture 0.090
w@2ebd/0(ddcroair(r)) [L] Air Content At Punp 8.PC%/BS2003/040385

Shot 2.6% 2. 6% Total 420 2293TECHNI CAL REPORT No. 2
SUBJECT: Site Conditions and Fresh Shotcrete
Properties Property Unit Mx ldentification Fl O F15
F20 As-batched Fi ber Content % by vol. 1.01 1.51 1.90
TECENIRAJUBREPORINDi @n Rate L/m 1.52 1.84 1.74*
Super pl asticizer Addition Rate L/n8 1.03 0.51 0. 48*

s Ar Entraining Agent Addition Rate L/nB 0.46 0.46 0.44

SUBIEQY: TenpexsatMICe0 (3 2dugBndss Z’Eraﬁﬁtgrﬁzﬁfd R61ada1SpRASth Factors
(estl m) ms 2 1 2 Precipitation 0 0 0 AS- BATCHED

o th Fibers aﬁ ergqgnFﬁg S0 50 Air Content
nggd t{&ﬁrﬁ nd H O 8.6 Shotcrete
errpera ure 24 26 Purrpl ng Pr essure

1w (hudraul e eireuit) MDg 11 13 11 ALy (gpton Q 2%x*

ZS?ple )l Flrst-Crack Toughness Indices ‘Residual Strength
o. Strength Strength Factors

(MPa) (MPa) Iy T30 Iso Rioao Raoso

F20A 6.22 6.22 N.A. 18.1 34.0 N.A. 53.0

F20B 6.14 6.14 8.4 20.7 414 61.5 69.0

F20C 6.02 6.02 7.5 213 42.5 69.0 70.7

Avg. 6.13 6.13 N.A. 20.0 39.3 N.A. 64.2

N.A. = not available due to large initial deformations after first-crack

15

TECHNICAL REPORT No. 6f

20 SUBJECT: Japanese Toughness Parameters and Toughness Performance Levels
Fiber Type: Hybrid Synthetic Fibers
Fiber Addition Rate: 1.9% by vol.
Sample First-Crack Ultimate Japanese Toughness Toughness
No. Strength Strength Parameters Performance
Toughness Toughness Factor
(MPa) (MPa) (kN-mm) (MPa) Levels
F20A 6.22 6.22 22.0 3.45 v
F20B 6.14 6.14 25.8 3.90 v
F20C 6.02 6.02 29.7 4.63 \Y%
Avg. 6.13 6.13 259 3.99 v

25
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n.a. = Not Available * m x contains additional fly ash

and water for enhanced punpability ** estimte based
Wo@rooshe6as- bat ched air content TECHNI CAL REPORACTMIS2083/040385

SUBJECT: Shotcrete and Fi ber Rebound M x M x Tot al

As- bat ched Fi ber Content |n-place Fiber Content Fiber

i n Rebound Fi ber No. Description Rebound Retention

%D kg/ra3 % b % by (kg/m) (%by (%y (kg/m)
WN@&%&%%§M&%-‘7mss) vol) mass) vol) nass) (%
FIO 1.0% Hybrid 12.2 9.1 1.0 0.39 8.5 0.94 0.37 21.2
2.33 0.92 94 Fiber F15 1.5% Hybrid 17.3 13.7 1.5 0.59
MIBIECT8 0. 48u@silidn Boifil Aan2UTABREsubler F20 2. 0% Hybri d
19.0 18.2 2.0 0.79 14.4 1.58 0.62 34.7 3.82 1.50 79
RAbeaittdusdRaf@AGE No. 4a HYBRI D FI BER SHOTCRETE
EVALUATI ON SUBJECT: Conpressive Strength of Cored

STQRGEET €1 € FriposddiGhnTS Luléfﬁﬁzq, 2-| 14C Sour Ce,
Sﬂg,ﬂgega e AgRatkal Cu até1 erCorprlé?gd'si ve Average ﬁ‘;figi

Conpressi ve Locatioph [cdaws] |[Strength [ MPa] Strength
[ MPa] Panel FIO 7 50.9b45010(47.0 47.6 Panel F15 7 47.6

47.5 %by | kgm’ kN 0-10 mm | 0-20 mm | 0-30 mm | 0-40 mm
vol.
F10 1.0 9.1 0.94 32.2 163 309 428 525
F15 1.5 13.7 1.18 29.8 185 368 515 641
F20 1.9 17.3 1.58 27.9 226 445 611 747
Example 3

The performance characteristics, strength and toughness, of concrete mixtures reinforced
with the fibers of the present invention were analyzed. A number of three-dimensionally
reinforced concrete specimens (beams and cylinders) using four fiber dosages (0.5, 1.0, 1.5,
2.0 percent by volume) had been cast and tested to evaluate the strength and toughness
characteristics. The strength tests included the compressive strength, flexural strength
(modulus of rupture), first crack strength, and impact strength. The toughness properties
evaluated were modulus of elasticity. The toughness indexes I5, 110, 120, I30 and residual
strengths were calculated according to the ASTM C 1018 test procedure, and the flexural
toughness factor (JCI) and the equivalent flexural strength were calculated according to the
Japanese Society of Civil Engineers standard specifications. A new test method (ASTM
C1399-98) was also used to determine the average residual strength of the concrete mixtures

reinforced with the four different dosages of the present fiber invention.
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48.0 47.7 Panel F20 7 48.8 45.0 50.3 48.1 Core
Dianeter [nm] = 75 TECHNI CAL REPORT No. 5 SUBJECT:

WASDMOEB4L Boi | ed Absorption and Vol ume of PerP€HDF®03/040385

Voi ds Speci nen Absorption Absorption after Vol une of

Bul k Specific Gavity ldentification after_ | nmersion .
Artotek ofifour nairres, BB¢ for aRFhICHeBING WELS; Ia%deafﬁ‘& pagiogniflere proportions
[ Imrersion and Boiling rkg/m FIOA 4.5 4.7 10.6

R Fhd 4268 fdr 01 BuLcAcBIBRIE, OCent Or tv@mixegwitBde and 2.0 percent
Average 4.1 4.4 10.0 2361 F | 5A 4.5 4.8 9.0 1956 FlI

BBfiker Gofun?, Bie AvolitdRity was bicredsdd Hy.iderdabing v28@Sehwrtratipe The fiber
4.6 4.9 9.5 2007 F20A 4.4 4.9 10.9 2331 F20B 4.3 4.9

eih e hcFetdixturds fere mifedl piiddd) cOABH@IR, 4in3heéd dhdklred under
2333TECHNI CAL REPORT No. 6a SUBJECT: ASTM d O 18

@%%?P%&gggﬁhaﬁ% lggtae/sgl?ﬁ 2&3?2{3% lé}}egé KBNS Ph1lRCdQESregation due to
the addition of fibers at the recommended dosages for all four mixes.

Test results show that there was a significant increase in the flexural strength and a slight
increase in the first crack strength as the fiber content was increased from 0.5 to 2.0 percent
by volume. The ASTM toughness indexes and the Japanese toughness factors and equivalent
flexural strengths were also significantly increased as the fiber content increased. There was
also a significant increase in impact strength for an increase in fiber content.

Test results further show that very high average residual strengths (ARS) (ASTM C1399)
were obtained and the ARS values increased as the fiber content increased. The ARS values
were 234 psi (16.45 kg/em?), 451 psi (31.71 kg/cm?), 454 psi (31.92 kg/em?), and 654 psi
(45.98 kg/cm?) for fiber contents of 0.5, 1.0, 1.5, 2.0 percent by volume, respectively.
Overall, the performance of reinfofced concrete incorporating the fibers of the present
invention were similar and/or better than the concretes reinforced with the best steel fibers
available in the market compared on an equal weight or cost basis. The following
performance related tests were performed to determine the physical characteristic of the
fibers of the present invention: 1) the properties of fresh concretes with different dosages of
fibers; 2) the properties of hardened concretes such as compressive strength, static modulus,
static flexure strength, and unit weight; 3) the toughness indices by the ASTM method with

the help of load deflection curves; 4) comparisons in the load deflection curves for the four

fiber reinforced concretes; 5) comparisons in the toughness factor and equivalent flexural
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Fi ber Addition Rate: 1.0% by vol. Sanple First-Crack
U timate Toughness | ndices Residual Strength No.

w@eeosigicd St rength Factors (MPa) (MPa) | | o OPGDUS2003/040385

30,60 FIOA 6.62 6.62 N.A 8.6 18.7 N A 33.7 FIOB 6.50

6.50 NNA 7.0 16.1 NA 30.3 FIOC 7.17 7.17 N.A 4.8

1frength cpjeplated mcqordipg to the7lrp@eds7 Sodicly 06 CovillBuginddrshspecifications; and
28.6 NNA = not available due to large initial

dof ermtionns thé teeragd residuel aitdaglECARE)CALCORERORT ASTM 6D 1399 test
SUBJECT: Japanese Toughness Parameters and Toughness
Reodednieanete biéibhdhs made frohyaiFfouldifes.d Synt hetic Fi bers

Fi ber Addition Rate: 1.0% by vol. Sanple First-Crack

U timat e Japanese Toughness Toughness No. Strength

Strength Paraneters Performance Toughness Toughness

(MPa) (MPa) (KN mm (MPa) Levels FI QA 6.62 6.62
@@%ﬁ%s% FIOB 6.50 6.50 12.2 1.79 FIOC 7.17 7.17 9.2

5 P Avg., 6..77.6.77 11.7 1. 7ATECHN CAL REPORT No.
STt se e sl el apefiodicd ] iTed By Gionpprigt-oLie 111 Normal

h Fact Fi b T : brid nthetic Fibers
e L e R —

U timat e Toughness Indices Residual Strength
by Dakotah Cement, South Dakota. The coarse aggregate used was crushed limestone,

obtained from a local source in Rapid City, South Dakota. The maximum size of the
aggregate used was 19 mm (3/4”) with absorption of 0.45%. The fine aggregate used was
natural sand with a water absorption coefficient of 1.6%. Both the coarse and fine aggregates
were according to the grading requirements of ASTM C33. The water used was tap water

from the Rapid City Municipal water supply system.

Mixes

A total of 4 mixes were prepared. The dosages of fibers added to the concrete were in
amounts of 0.5, 1.0, 1.5 and 2.0 percent by volume of concrete. The water cement ratio was
kept constant at 0.5 for two mixes with 0.5 and 1.0 percent by volume of fiber and it was
increased to 0.55 for concrete with higher dosages of fibers (1.5 and 2.0 percent by volume).

The mix proportions and designations are given in Table 4, below.

Mixing Procedure

All mixing was performed in a nine cubic feet capacity mixer. The fibers were weighed

accurately and kept in a separate plastic container. First the buffer mix was prepared. Next,
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No. Strength Strength Factors (MPa) (MPa) lio 130 0.30
R30.60 FI 5A 6.31 6.31 NNA S.1 18.4 NA 34.3 Fl 5B

WG203/060622 N. A 8.5 18.9 N A 34.7 F15C 5. 65 5PGBUBL0A3/040385

18.5 35.5 NNA 56.7 Avg. 6.06 6.06 N.A 11.7 24.3 N A
41.9 N.A. = not available due to large initjal ,

SRS ragaicEY s ek intfodneaddptodtheymixer EBpadial stadpoftadhirds of the
SUBJECT: Japanese Toughness Paraneters and Toughness

Wetef wereadded dndvngiked foir brg mifgee : Carydnt wds Bymaddet ialonEgivhdthe

Fi ber Addition Rate: 1.5% by vol. Sanple First-Crack
tdntaining enelthpdofihe whngThelserd oty pesat MoentBinrvameadded and the
Strength Parameters Performance Toughness Toughness

e fddhts(WMReIniA MR8y thids Mifwibs. (AR WideVigles nﬁhut@fes@gé’ﬁbd, the mixture
6.31 12.7 1.99 Fl 5B 6.22 6.22 13.1 2.00 F15C 5.65

S Tt O A S A R il et

and Residual Strength Factors Fi ber Type: Hybrid

Synthetic Fibers Fiber Addition Rate: 1.9% by vol.

Sampl e First-Crack Utimte Toughness | ndi ces Residual
&ﬁﬁ%&‘—’ﬁg&o. Strength Strength Factors (MPa) (MPa) lio

| o 0.30 R30.60

The following specimens were cast from each mix: 1) four 101 x 101 x 356 mm (4in x 4in X

14in) beams for ASTM toughness test; 2) four 101 x 101 x 356 mm (4in x 4in x 14 in) beams
for ARS Test (ASTM C 1399); 3) three 152 x 304 mm (6 in x 12 in) cylinders for
compressive strength and static modulus; and 4) ten 152 x 63 mm (6 in x 2.5 in.) cylinders
for impact test. The specimens were cast according to the ASTM standards and covered with
plastic sheets for 24 hours at room temperature. The specimens were then placed in a lime
saturated water tank maintained at 22.22°C (72° F), and remained in water till they were

tested for 14-day strengths.

Tests for Fresh Concrete

Freshly mixed concrete was tested for slump (ASTM C143), air content (ASTM C231), fresh
concrete unit weight (ASTM C 138), and concrete temperature. No balling or segregation

was observed due to the addition of fibers.

Tests for Hardened Conctrete

1. Static Modulus and Compressive Strength
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F20A 6.22 6.22 N A 18.1 34.0 NN A 53.0 F20B 6.14 6. 14
8.4 20.7 41.4 61.5 69.0 F20C 6.02 6.02 7.5 21.3 42.5

WOA08/0¥@44 Avg. 6.13 6.13 N. A 20.0 39.3 N A BaAI/BSNOI040385

= not available due to large initial deformations
after first-crack TECHNI CAL REPORT No. 6f SUBJECT:
Japiadas werdayethios staiamadneS T §49D) agH sempressive strength (ASTM

Performance Levels Fiber Type: Hybrid Synthetic Fibers
K39¢ et 2adiys.i on Rate: 1.9% by vol. Sanple First-Crack
U timat e Japanese Toughness Toughness No. Strength
Strength Paraneters Performance Toughness Toughness
Factor (MPa) (MPa) (kN mm) (MPa) Levels F20A 6.22 6. 22
22 .9t Fiéxukd/TE20B 6. 14 6. 14 25.8 3.90 rv F20C 6. 02
6.02 29.7 4.63 V Avg. 6.13 6.13 25.9 3.99 | VTECHNI CAL

BRI e NOtestdd §%‘H§§§I—f‘0r %%g&g ?{e?#gl??ﬁéﬁﬁg E’%g’gl{é[ra— Z(Z]gir)t The span

Results Austral i an” Rou i on
R s e

e gc_tiécl)g Wrgrsnkgp(%liﬁ the range of 0.002 to 0.004 inches per minute (0.005 to 0.010
centimeter per minute) as per ASTM C 1018. The load at first crack and the maximum load
reached were noted for every beam. From the load and deflections obtained, load-deflection
curves were drawn from which the toughness indices and the residual strength factors by
ASTM method were calculated.
The deflection measurements were performed using test apparatus according to ASTM
standards. A specially designed frame was used to mount the dial gauge. This frame was
supported only at the four points, which was on the neutral axis above the supports. The dial
gauge was fixed such that it was touching the center point of the bottom surface. This
arrangement allowed for the measure of the true deflection excluding any extraneous
deformations due to crushing of concrete at supports and load points, and any deformations
and strains induced in the testing frame. Because the deflection is measured at the center

point, any slight warping or twisting of beam will not affect true deflections measured.

Hence the deflections measured were the true deflections of the beam.
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FITIO 1.0 9.1 0.94 32.2 163 309 428 525 F15 1.5 13.7
1.18 29.8 185 368 515 641 F20 1.9 17.3 1.58 27.9 226
WA 24®5016b44747 Exanpl e 3 The performance char act BCT/55100%040385

strength and toughness, of concrete m xtures

rced the fibers of the present invention

%’oé‘e AVRtnber of three-dimensionally

relnforced concrete speci nens (beans and cylinders
Thei avep ynsigr the CHE TepsessRie the(epergy ahsoghed pyshe beap. Jopd éﬁ@ecﬁon
by vol une) had been cast and tested to evaluate the
atrves gt Hotlathe pteofinghoresksand pastdusterdck dateswertldeavet. rkoughtess indices
tests included the conpressive strength, flexura
Sldreagbidudl raeigtivmdeks mipe cdl@lated by sdingthewlcustes.engt h,
and i npact strength. The toughness properties
eval uated were nodul us of elasticity. The toughness
indexes 15, 110, 120, 130 and residual strengths were

[ STMC 1 d ,
S PR a5 0 %50y Tand the

valent fle uraI stren were cal.cul a
f%lg?‘ﬁewﬁaﬂéga seftiol o ikrele el ReR RIS aéc{’ Hon of
specifications. A new test nethod gASTM C1399- 98) . wa
fbesn Tryghmesy index isrihe measitref Plesdie Ry Apquated é‘h%etﬂﬁ"t the 100
of the concrete m xtures reinforced with the four _
wirf @dn)dreamdo skegoedudis af meptyre éese nthefthess impatipahvarighle governing the
total of four mxes, one for each fiber content were
agaessThdexhieSiber winféroedcopeeiras thedibsr vfificienth dOthenrpardngaters
all four concrete m xtures, except for two mxes wth

influédethgdhOtoR ey Mndyaré tﬂé%sﬁri@ﬂn tnBe clablg tMOfitkeltydel dspect ratio,
was i ncreased by increasing water cenment ratio. The

Tdige Frﬁﬁio'ﬁf gﬁ RAiGANGIR S ﬁ%r%‘t F'l‘f)@tseﬂ"ﬁ%ﬁcy% X&ftol1Pd BF @ resistance

conso ate fini shed and cured under identical

%ﬁﬂ%gﬁger? nBull oa%otrr?axt a%%y IVJ ‘?ch' gev%ﬂoi)gd %sl.']éa{ sﬁlp &F tﬁ e D& strength at
h d d d f
ey ST RS ﬁrﬁber B i

increase in the flexural strength and a_ sli

gradued ardedyctile; pranparedsio agpere kardd sk rgiantrophiq ffﬂ%mfer which may occur, if
content was increased from0.5 to 2.0 percent by

Flodrsiare brifleendSiMnttensipnrvadslitile dexedorgation. nEhe)flpra peldeut or fracture
t oughness factors and equi val ent flexural strengths
depedsainghe gielntenghof fhy fibersthab@d aad ahdterdge berween thcemdtrix and
i ncreased. There was

the fiber.

Toughness index (ASTM C1018) is a dimensionless parameter, which defines or finger
prints the shape of the load deflection curve. Indices have been defined on the basis of three
service levels, identified as the multiples of the first crack deflection. The index is computed
by dividing the total area under the load deflection curve up to the first crack deflection. The
toughness index I5 is calculated at three times the first crack deflection. Likewise 110, 120

and I30 are the indices up to 5.5, 10.5 and 15.5 times the first crack deflection respectively.
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also a significant increase in inpact strength for an
increase in fiber content. Test results further show

wWa bas/owssy hi gh average residual strengths (ARST/SE00M40385

1399) were obtained and the ARS val ues increased as

the fiber content increased. The ARS val ues were 234

psi (16. 45 kg/cn®), 451 psi (31.71 kg/cnR), 454 psi

(31,92 kg/cnR), and 654 psi (45.98 kg/cnR) for fiber
corhwmgs ResidgalsStrength Test 5, 2.0 percent by vol une,
respectively. Overall, the performance of reinforced
cBhreantetoé plateoor pms@mamglovﬂaem iMaeses atd.61 hie 0disesmmmin (0.025 +/- 0.005
invention were simlar and/or better than the

caomting usisg theintdcbardend disl gaugt Rheh 8sdessaiyeBéfofd thesicimen was loaded.
avai |l abl e in the market conpared on an equal weight or

ChtsaRpRibeam Wi tirféd &Wtsnﬁddg@ftﬁ &%ﬁ%ﬂﬁﬁtsrp%klﬁbﬁ ds 1BRIe® and placed on
were perfornmed to determ ne the physical

CtBﬁ‘Bﬁl‘BE @treél;ytlzitg toOJe 15 fvh etf1§ Finfdd® Tﬂmﬁﬁ%d't H Wele placed on

e properties O res ncretes eren

C 0 n 3 gﬁ% glfapara sesrosthat%l)le tee? gﬂ oA zgstrcfﬁlg%ge{i??ﬁl t@qafg{ﬂepl?eanng blocks and the

SUC as COﬁp

nodul u static flexure st nd unit weight; 3) i
t"l"?@ch@ﬁPﬁﬁﬁ&aé C?‘H?fieg au thyyst ete{wlé‘ %\Sﬂ% a’éPlﬁ%FﬂnW Fﬁ“sg}ﬁféef%‘@?rﬁ adjusted
of | oad deflection curves; 4) conparisons in the |oad
depordingitoihe chospr gprasaug forobtainingmebdafleptignn Mpgeddac data acquisition -
concretes; 5) conparisons in the toughness factor and
eysiematas mbedfih ¢heued! S¥otenghdhpupdse vl tiesthirdess otedl pigie tisoto support the
t he Japanese Society of Civil Engineers

S BEdrh Gaxingdhs initedd tbaing@velk dad hadp cordrol R edy@teddfigh rate of
residual strength (ARS) according to ASTM C 1399 test

RicA6&R M08 t}fe‘%gectlﬁ@n Crif&ig. MG ek howak bl (1 %68 3 plate to
Materials Hybrid fibers as descrlbed herein were us

RO pcind DBy RARRGH Fiucsl HRBe ﬁ“@%@aﬁéﬁgtﬁéﬁ% of the tet
The ment was suppl i ed by Dakotah Cenent, South

[551?8f§ The coarse aggregate used was crushed

| i mest one, ~obtained froma |lqgcal source in Rap

S eih agsikHion SyStRR VRDEFIRAdd & Wi respendsddgy @tgead%.ﬁ@m@éléaad and
was 19 mm (3/4") with absorption of 0.45% The fine
aigplaseent tiggslycoras Thereafienltheswaemeh pid steelaglage combination were loaded
absorption coefficient of 1.6% Both the coarse and

fat the seiggtcagd ttedoadngewacoatitliedgotitht kyecipiendtiravded or it reached a
requi renments of ASTM C The water used was tap water

fdef8ation ®f BR3P infn @0/ inLitisePe och@terfir&il RBPdrNckeneSHa@Mot occurred at

this stage, the test is considered invalid. The maximum load to calculate modulus of rupture
was not used in accordance with Test Method C 78 as this load includes load carried by the
steel plate as well as by the concrete specimen.

In anticipation of reloading the cracked beam specimen only, the steel plate was removed
and the cracked beam was centered on the lower bearing blocks retaining the same

orientation as during the initial loading test cycle. The displacement transducers were
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s Mxes Atotal of 4 m xes were prepared. The dosages
of fibers added to the concrete were in anmounts of

w@2®5/0166@4 1.5 and 2.0 percent by vol une of coPCT/ESHN3/040385

The water cenent ratio was kept constant at 0.5 for

tae}r'(]&ﬁ,lsp’i A& Ici J&n{&cﬁhéﬂ%&ﬁ%@&n a%@érdpr%e Wéh%@%l'ﬁ)fs?]r{ %’E@éd for

I’'ncr eased or concrete w

dgsages of, fi bers nd 2.0, ! . unme). Th :
ARG astﬂsﬁs%@n ookl brgiBmtany ot PP aeeloadmg-
bel ow. M xi ng Procedure AII m Xi was perforped in
nThﬁ%eieélaqﬂoe-rp@é@m% d9yacs Wap %ﬁl%éwmughﬁ@ zefopmd gelpded at the spemﬁed rate.

wei ghed accurately and kept in a separate plastic

Clhwttest mas terfinated at deflegfidreef Ind mwa(®. 9riwyramesdsured from the beginning
Next , coarse aggregates were introduced into the m xer.
Tdfesleadiiger, sand and two thirds of the water were

added and m xed for one mnute. Cenent was then added

A @RGhWERBel ?E&ag@fﬁ%'gﬁpﬂg weR&Irsv f:ch @Af retsfalﬁalvﬂﬂh?t hs W& calculated by

flbers of the present 'invention were added an

Qﬁﬁghﬁggﬁwmg& m xed for three m nutes. FO||OMAng a

ree m n rest period, the m xture underwent a
flnal m xing stage for 2 mnutes to conpletely
distribute the fibers. Test Specinens The foll ow ng
speci mens were cast fromeach mx: 1) four 101 x 101 x

386 Rﬁ1;4|n é 4ig X 14in) beans for ASTM toughness
x 101 x 356 mMm (4in x 4in x 14 in)
beans for ARS Test (ASTM C 1399); 3) three 152 x 304
e (test pppaxatyssafisfieddle AR EM: siandards.c & wpecaallsi dpeigned-feange was used to

and static nodulus; and 4) ten 152 x 63 nm (6 in x 2.5
imount theldial gewgs Widr 0.0(vaﬁamm 0980 1-inMhresdpeni fbssransr as supported
cast according to the ASTM standards and covered with

ndsititee Hhegdists,itick24ke b thesheatralr@imbb e ge spuite . Thodal gauge was
speci mens were then placed in a line saturated water

tradald sha th4i3i WRModdhiddhe eatdr HRinkdf tha BekidE KBS dThl@ arrangement
water till they were tested for 14-day strengths.

SRR OB A Ay e
fté ﬁ%gllngg gf éo%tcﬁe\%euag gﬁlqpoﬁé g%qt, 10%@5?185 g{lﬁ} 6?}) defc?rpn%tlgr%na%d s%ralns induced
in the testing frame. Because the deflection is measured at the center point, any slight

warping or twisting of beam will not affect true deflections measured. In addition to the dial

gage, LVDT was also mounted and the deflections were recorded by a data acquisition

system. These readings were used for verification of dial gage readings.
Calculations

The average residual strength for loads at reloading deflections of 0.50, 0.75, 1.00, and 1.25

mm (0.02, 0.03, 0.04, and 0.05 in) are calculated using the following formula:
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was observed due to the addition of fibers. Tests for

Har dened Concrete . Static Mdul us and Conpressive
weesngisCyl i nders were tested for static noduPCEUSABT040385

C469) and conpressive strength (ASTM C39) at 28 days.

2. Static Flexure Test Beans were tested at 28 days

for the static flexural strength (ASTM C 1018). The

span length was 12 inches (30.5 cm. This test is a

def | ecti on- cont ABSI=e(@P4®stPc+PpEdrakKe of defl ecti on was

kept in the range of 0.002 to 0.004 inches per mnute

(0.005 t0,0,010.centi meter per mnute) as per ASTM C

'ngg.ETﬂéb%odanhﬁgFi%st crack and the maxi num | oad

reached were noted for every beam Fromthe | oad and

#aff | egREeNsveieR d3ridal stromdh,d@pd @edi on curves were

drawn from which the toughness indices and the

residual strength factors by ASTM et hod were .

cal cul ated. ThePuidhr Betpgiorudetioadiasescifsdefestions AkdbD

usi ng test apparatus according to ASTM standards. A
speci al | 'y desi gpedpfd ea@ghvas (49ed to nount the dia
gauge. This frame was supported only at the four
poi nts, whi ch was ageraghwidfieefispediman.iremdinpeed t he
supports. The dial fLX . that it was
touchi ng the ce%?gyg%%%%?ﬁgikPﬁgﬁgﬁiﬁgK?iurface. Thi s
arrangenent allowed for the neasure of the true
defl ection excl uding any extraneous deformations due
to crushing of concrete at supports and | oad points,

& def ormati ons and strains induced in the
testing frame. Because the deflection is nmeasured at
Theespeeinteas wpisitested faninpsrt sipansthat asi agg 0614 dagis by ithrgdrep weight test
beamw || not affect true deflections nmeasured. Hence
inbihod €A CECommittzefdd)s Un dds methed,ttheeduipreend eddsestedi afia stapflard
the beam 3. Load Defl ecti on Behavi or The area under

fnBRuady ib?ﬁafe& Rr5as@i Glbkheeigteritya 4475amh@sl idey) dlop (dva@attor), a 63.5
Load deflection curves for both the pre first crack

RBA2POS tnch) fighetef BiMerda@t@e] BAR! £ASTRW basd PHENHESS positioning
I ndi ces and the residual strength indices' were

grgélgelt' Lu?& f%gr ]?&'sitﬂ)ﬁin%%ésh a%e sﬁe%{lﬂ&swasq)laced on the base plate with its rough

surface facing upwards. The hard steel ball was placed on the top of the specimen and within
the four positioning brackets. The compactor was placed with its base on the steel ball. The
test was performed on a flat rigid surface to minimize the energy losses. The hammer was
dropped consecutively, and the number of blows required to cause the first visible crack on
the specimens was recorded. The impact resistance of the specimen to ultimate failure was
also recorded by the number of blows required to open the crack sufficiently so that the

pieces of specimen were touching at least three of the four positioning lugs on the base plate.

Test Resulis
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4. Fl exural Toughness (Energy Absorption) Toughness,
or energy absorption, of concrete is increased

weonsidsnabl y by the addition of fibers. ToughP&sES2003/040385

index is the neasure of the anount of energy required

to deflect the 100 nm (4 in) beamin the nodul us of
1ud?ﬁ¢é3¥@§¥e Proptigipst i nportant vari abl e gover ni ng

the o toughness i ndex of fiber reinforced concrete is

tRpont fepperabfé,ihgmédieiand Colmaste (Eanemedre verd rEdrdehioi engirt that all the
toughness index are the position of the crack, the

fohikes wéry paxried spianider stilar, coudition® Theasdr &Ji*nlﬁﬂﬁu& RBd humidity varied
di stribution of fibers. Fiber efficiency is controlled

by tHeende @F 650 85 Fodndt33¢, fol 4364 rets}%cﬁwl%r ﬂ#’d OEAEI%E otglgﬁerature varied

matri x, which is devel oped as a resul

Th d
W@gfor%aﬁ ltShﬁZf ?‘anlmghﬁlltéf {s%rfg% er (%ors]%{g[ee e%/ éaqqltgrae were

of puIIout ype o re or |ber

gfl@ﬁ%ﬁ%sg glaa% tgéj gonlcreiég W1 ar e% 8%%5%? " e 1%1 g%*%&?ea]?rgpemes are

brittl nd fail in tenS|on withlittle or

e'sh f@@ * The fiber pullout or fracture depends on
t he y|eId strength of the fibers, the bond and
anchorage between the matrix and the fiber. Toughness
i ndex (ASTM 18) is a dinensionless paraneter, which
defWarkabilsty fi'nger prints the shape of the |oad

defl ection curve. Indices have been defined on the

Ths iest refulfshdieats BavdatisfadtenaVikabiltg Bhn bé ﬁdm&'inefdie%en with the
multiples of the first crack deflection. The index is

a@disH SAhORLES. VTRE ReclehidRl A hﬁﬁ&ﬁggg&g r41()tt hl%ﬁges The fibers

deflectlon curve up to the first cr
1
fir st cr ac k gﬁlec 1°on %E&ﬁ&e‘v}\ﬁg §%§“ltdﬁé c.%%ﬁ%eéﬁq?‘ﬁ;’gle Hhege was no

S up to 5.5, d 15,5 tines the first

bt Slep e o el ey 3}%}1 tH Al i oRaeve e deoreasing trend
Strength Test The rate of aten or crosshead novenent

gﬂgeeﬁd ditionef g fibers, po Q@ﬁ%ﬁeﬁ’ iiap egquotesd-it plaging@sd consolidating the
in/mn), using the mechanical dial gauge when
?@@‘@é@‘aﬂbthebee of the tdbte Whtor.nen was | oaded. The sanpl e
beam was turned on its side with respect to its
position as nol ded and placed on top of the stee
plate to be | oaded with the specinen. The plate and
s.haid@awnyer e pl aced on the support apparatus so that
the steel plate was centered on the | ower bearing

PhOSKSor@H rdnBEd ﬁ&ﬂqréﬁtroq Paa %o?ﬁelﬁ&% We% %g%nf)\!{}ast I?Sgd S’i‘herefore the

pl ate. The displacenment transducers

measured air is considered as entrapped air.

Hardened Concrete Properties

1. Compressive Strength & Static Modulus Test
The results of the compressive strength test are tabulated in Table 6 and show that there is a

variation in the compressive strength. Compressive strength depends on water cement ratio
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according to the chosen apparatus for obtaining net
defl ection. Mega-Dac data acquisition o system was

w@ie®d/oiae44 he test. (Note: The purpose of the sp@l/NE®EI040385

steel plate is to support the test beam during the

initial |oading cle and hel p- control the expected

IRng A cqptgnto At ta@w £ E5TBFRE GAtIorR sy ﬁ%pws%vqﬁﬁaﬁgtgwa U s mgre.

A center hole was placed in the steel plate to

dakoviem dfdheaip Pentey & moigi p Ceropuessie stuengih wiilk be leps. obe
directly against the bottomof the test sanple.) s A
ddteavaegpiamipiressive siystgtm fvanixac El andtBE2owhn0l. 50 tw/eveasios were 4960 psi
responded to signals fromall |oad and di spl acenent

t(B4NBHEIHY ahd 4760658835 RE/cnt f) eospRAICEINFE ThRRHR veSAtidalidtkv@hin the
conbi nation were | oaded at the set rate and the

|
RARARENRR &Péegécjt:clﬂg %Qrg#@% ftéstlﬁ%?nl“ l%oa‘%/(@jlléag@ E‘glﬁﬁr\%;sl i trgﬁ%}lll For mixes

reached a def eve

CUIH, . e
ST 0 3 e GRS ER A B e T LR b | Rerom)
Ioad to calculate nodul us of rupture was not used in
AEP675Hce with Test Method C 78 as this | oad incl udes
| oad carried by the steel plate as well as by the
diseeisethe C@B@éﬁer?éﬁlpquﬁ"%ﬁf@lgﬁhﬁ) sariegna permabiradion prepedyre was used in
cracked beam specinen only, the steel plate was
roaqen $eechnzpace thh dexuralcsenigth.dfarsh oneck strenpitls red fios ctable tdughvess for all
beari ng bl ocks retaining the sane orientation as
@tofidrewg niikiards oh tah @tjudl oadpregsiteasengily bhsts. THe&omparison was made on the
di spl acenent transducers wereadjusted to lightly

Q:@ﬂl Agdivd §in %‘B’hﬁ)@ﬁﬁ"\@hlblﬂlSQQG@{)ﬁ DNy, 1tRRs GRASBADlished in
od for obtaining net deflection so that readings

\é}ﬁ%‘%@f‘?‘gﬁa%%%ﬁ él%ﬁﬁe@(g&? gréﬁ%rbfgglmté glﬁr?t%g)'r(ﬁ%ﬁ%o-mﬁy to the square

ction-recor evi ce was agal n

S0 RSP ORABTEA L5515, 55 e i
asu mthe b glnnlng of rel oading. Using the
ag‘a%ifi@% atl ﬁ"éenéf Hrdolying gquatipn WAUSCAe resi dual

strengths were cal cul ated by the fornul as given bel ow.
Test Apparatus and Set-Up The test apparatus satisfied
the ASTM standards. A specially designed franme was
used to nount the diqizgaugigﬁth 0. 0025- mm
(0.0001-in.) resol uti on—F rame was supported

.

where f, is the actually measured flexural strength and f,' is the compressive strength of that
particular concrete. The values given in Tables 7 to 9 are normalized values.

A ductile mode of failure, as compared to plain concrete’s brittle failure, was observed while

testing for compressive strength. The fiber reinforced concrete cylinders continued to sustain

the load and underwent deformation without totally breaking into pieces. The change of
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only at the four points, which are on the neutral axis
above the supports. The dial gauge was fixed such that

W0 poodassetpouchi ng the center point of the bott oP€CT/US2003/040385

surface. This arrangenent enabl ed t he neasurenent of

the true deflection excluding any extraneous

medoofifailire romduwitiotype teshilungloypeis ae iBpEtant caniyion due to the
and | oad points and any defornatlons and strains

adagtibped fiberst he testing frame. Because the deflection

is measured at the center point, any slight warping or

i siddBoRfiusieRgerwed primatly ad 4 fehnstor ygalttgtdrel.i Disresults indicate
neasured. In addition to the dial gage, LVDT was al so

ARHAL & ?7{@@ R J%Ssoﬂ%l!y CoilsiPE aVEthE adBEEH &%e@ha@ n@ gtf8ct on the

ach|s on system ”These readings were used f

ver .di _al \C Iatlons The
%R?té(i'lﬁ&%ﬁ‘ gﬁ’&ﬁ ic g9 rdg%gtg% %S a%g%ﬂ-&g?’g&t% réél oadi ng

defl ections of 0.50, 0.75, 1.00, and 1.25 mm (0. 02,

0.03, 0.04, and 0.05 in) are calculated using the

followi ng formul a: ARS ((P _+PB+PC+PD)/4) XK where K =1

2. Batic Flesyal $igangthMoghis aRBuBtu) or age Resi dua

strength, Mda (psi) PA+PB+PC PD = recorded | oads at
Spestitid fkuc bkt tostgesuls, thepfirpt crackd path ultistage load e flexural stress
(in), b = average width of specinmen, nmm(in) and d =
a¢eiagen Beft N, Whes pectivee boncmte béan)s warpladed ipdlexifagthe behavior
speci mens were tested for inpact strength at an age of

qv%s %&1&3’5&3}'191651{ WoWR Gt crhXSdnd MRnBEcr NG asgatiTi¢an€ ¢ non-linear

I'n thi's nmethod, the equi pnent consisted of a

S\I}Cﬁ%g%r géthQaLﬁaa% % | ncit)@tsfg&gﬂ'l ?14 atlfﬂe &lﬁrﬂu%gusﬂéﬁieg IMad In contrast,

compact or)

Febrro S BTE SpPER TR E -
positioning lugs. The sp pl aced o

IR R o S A g mﬁﬂé@ wﬁd be the
steel ball was placed on the top of the specinen and
sanhéfon cortiel Eensretp oEia faginisiat sicaficantly infryrace thgdlexyigl strength and
was placed with its base on the steel ball. The

the toughness are the fiber type and the fiber volume. The first crack strength variation

versus fiber content is shown in Figure 7. As illustrated, there is an increase in the first crack
strength as the fiber content increased from 0.5 to 2.0 percent. The modulus of rupture
(static flexural strength) versus fiber content is shown in Figure 8. As illustrated, there is a
significant increase in the flexural strengths for 1.5 and 2.0 percent fiber contents. The
average flexural strength for mixes E1 and E2 were 643 psi (45 kg/cm?) and 658 psi (46
kg/cmz) respectively whereas for mixes E3 and E4, the strengths were 720 psi (51 kg/cm®)

and 731 psi (51 kg/cmz)respectively which is a 13.7 percent increase.
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test was perforned on a flat rigid surface to mnim ze
the energy | osses. The hammer was dropped

w@omwsetistd vel y, and the nunber of bl ows requi rBdI/U82003/040385

cause the first visible crack on the speci nens was
recorded. The inpact resis e of the specinen to

gt ¢t & OF@Wﬁ#EnE%%a@Ieéﬁldﬁlg]%eé‘g%s by the nunber of

bl ows required to open the crack sufficiently so that

{The cplrelated ASTM paghnesnhindeies apdissidnH girarethsesg givehingabls8. The
the four positioning lugs on the base plate. Test

Res utack loughness her@sitbeetantd@t tpbowi esFiBoe hand theeh ST Mrteyghness
hum dity and concrete tenperature were recorded to
eieNéses) 161120 dnd Thtearssheva indRigure &0.r Tediestdésultnsloxy that when the
simlar conditions. The roomtenperature and humdity

ViBEils @ tHePrdsB ihRRE6n Sk 288 th thetPnfreRMRers R%ntiBcréa¥in the toughness
respectively. The concrete tenperature varied from 65

%ﬁd Zﬁ)’&ih?){ %‘tﬁé &%c&teqMorEQ@er,utﬂf {es : %1%@ Isﬁovs’ {ha féi%ﬂ%rhﬁé)er content

osage er concrete were slig ess t

concretes with ] ower fiber dosages. The fresh concrete
BF"@E}%‘?’SﬁﬁE%heéﬁ‘)é‘g{}?e@%?Pdi 4ol o 5. 2. weorkabi @it y The
test results indicate that satisfactory workability
can be maintained even with the addition of the
fibers. The concrete started to harden in about 40 to
45 JaanesedandTtddM ethpdo ECatvulatingddeural Hgughness Kagior endEquivalent
di stri buted throughout the concrete. Overall, there
Whexutnd Strengilgi ng, bl eedi ng or segregati on. Even though
the slunp val ues show the decreasing trend with the
M dddifientoThe AFEM CDO1Stousthest ihddxes) lthe/edvBalcanBampd] 8 &fkth and the
in placing and consolidating the concrete with the use

?fexﬁlgﬁo%@‘gll&?sléﬁ %Eﬁﬁ%{ bgsa/lo%e ThahesERAERR of B BAEIN&RNUSOE) were

ranged .4to No air-entraining agent was

g:a 01(1jl'e1tegl't"c()e razliftﬁé § 51 % ngrgl%is %«% ggzer‘?iﬂé T | Te § OPI?% \8&215@9{1 &fthe J apanese

ntrappe rdene cre oper
Conpr essi Stre tgF& atic Mudulus Test The results
SPOEBHE Buh e 94T e AL T L et B opfen flom 0.5 o
Table 6 and show that there is a )
2.0 percent by volume are shown in Figures 11 and 12, respectively. The results show that
there is a very clear indication that the toughness and equivalent flexural strength increases
with an increase in fiber content and this increase is approximately linear with the increase in
fiber content. The toughness increased from 108 in-Ibs (1.24 kg-m) to 304 in-Ibs (3.5 kg-m)
as the fiber content increased from 0.5 to 2.0 percent. The equivalent flexural strength

increased from 244 psi (17.2 kg/cm®) to 679 psi (47.7 kg/cm®) with an increase in fiber

content from 0.5 to 2.0 percent.
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variation in the conpressive strength. Conpressive
strength depends on water cenent ratioand air content.

WO poosloesowat er cenent ratio is | ess, conpressi VECT/US2003/040385

strength will be nore. Likewise, if the air content is
nore, the conpressive strength will be |less. The
avenmgeStomgflr essi ve strengths for nmixes El and E2 with

0.50 wc ratios were 4960 psi (349 kg/cnR) and 4760

B aroB 3&ighg (AORJomnitep ¢4)iimphat tesTtessltssire given indFable 10prThe

is within the nornmal variation expected in concrete

hBStdr Bblowh S AEEEAGEardGTHAl RflGieWwersss the Fiefcontnt Ak xiesviEa Fig. 14.
and E4 vvlth O 55 w/c ratios were 3570 psi (251 kg/cnR)

?ﬂ&(‘gﬁ 8600w Ei‘e &a/ ¢ e §p€§ﬁféﬁ§ ar¥ @ds¥ed, (BE GRYS QalhitEndicate

concrete CO S|ve strengths vari ed, a normal i zati on

r o f
Elfa?g"ﬁa%{ §°F s%segr AcK 118{3%2%5{5%?%;%@ ll%? {se? glc rﬁgg)lébl&%ens were
ﬁ?‘g ?Cgseég}\/%)%é{e?ql ﬂl?gclt ﬁenzgvrggzﬁtgg vﬁ*%(isteal'}%g nalg % elgf aIlhe nagact resistance
the conpressive strength of mx El I ch 496g
{errgsadgonsiggrably witheg 1 1%@%8@ B5fibep PPty It lﬁWP ?‘5 previous
and codes that the flexural strength of concrete
teatingethaipthoplaint dopertel iynpac r@sh@nsqwdgbe ghevt 1/6fto 1448 of that fiber
conpressive strength of concrete (ACI code 318).
Ihreas @it 0.75a6 20hereal gweatrhon of normal i zed fl exural
strength, the follow ng equati on was used. fr=f where
/ is the actually measured flexural strength and / is
the conpressive strength of that particular concrete.

gh Vgg%ggg% ;fgﬁeﬂg@h Tables 7 to 9 are nornalized
D

val ues de of failure, as conpared to

| ai.n concr et tle fai

QW HeRRpS PG tggﬁ@égé?r\fé’n%ﬁ eIl b Sta‘e’era dﬁﬁgagcﬁ\dr el n (;drmgbegms the
concrete cyI i nders, conti nued t s t

intderviemed S inegg  SRICHGHE OLbS 1% 10k BBkl F ffbrb% 0.030,
pi eces. The change of node of failure froma britt
0y80, @.05Ginch)canid the aveprge iresidual stiepaihs %S)@éﬁﬁlﬁ’?fbﬁﬁa@}? 11. The

due to the addition of fibers. The static nodul us test
sexiviedegionranic ybtamedbynedmdingfand tatesting thopterasacked heam (without
results indicate that the m xes were reasonably

GRS pRIY) arNEvenlif FRGRIIT5I26N Tak chlciieted ARSdvahes édrfaldourdiber
the static nodulus. The static nodul us val ues are

g#ﬁ(%lgcgﬁ E?J?Qleéear@ shctvn TRFAE. 17C Tk @ostfedhltsShdieng tat hiadkhdesresidual
strength increased considerably with an increase in fiber content. The ARS values were 234
psi (16.5 kg/em?), 451 psi (31.7 kg/om®), 454 psi (31.9 kg/om”), and 654 psi (46.0 kg/ent®)
for fiber contents of 0.5, 1.0, 1.5, 2.0 percent by volume, respectively. It can be seen that 180
percent increase in ARS was obtained when the fiber content was increased from 0.5 to 2.0
percent by volume.

Since the ARS values are only due to the influence of fiber, irrespective of the compressive

strength of the concrete, the ARS values were not normalized. The mixes E1 (with 0.5
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The static flexural strength test results, the first
crack load, ultinmate | oad and fl exural stress are

w@ewsnidemt Tabl e 7. When the fiber concrete beaP®T/Vg2083/040385

| oaded in erxure t he behavi or was approxi mately

linear up to th irst crack and then the curve was

Hegest ﬁlaf‘é}ﬁf}dﬁ%w%ﬂt §-hegreens fier) babenarpressiye gtwerethstof ¢H6) psi and
ultimate strength, or at the maxi mum sustai ned | oad.

14760 ®Bit reqpactiveliewhesens ithsl mixpd B3 (Yitlcbhpeetie fivedrmd B @ith 2.0
fail inmmediately at the appearance of the first crack
gredcehiefilee) haddower @inpesssiok stenp @S0 prd251 ethBland 3860 psi (271
strength (rmodul us of rupture) would be the sanme fo

AQYIni’YrespOstieBl DesPREhERAbWET oblpadssish &FH IhS, lbé‘tantlal increase in
i nfluence the flexural strength and t oug ness are

tthe ARKRGIuet ¥RERBAf e fiber vol urme. The first crack
strength variation versus fiber content is shown in

Figure 7. As illustrated, there is an increase in the
first crack strength as the fiber content increased
fromQO.5 to 2.0 percent. The nodul us of rupture
é%¥§i¥¥?§lexural strength) versus fiber content is

shown in Fugure . As illustrated, there is a

Slihg st resultdiscresed abeveilpaditp heffplowing borsiusimg ahdoliservatiors. First,
and 2.0 percent fiber contents. The average fl exura

dha ey HibErsrof tepresel inemdomaybe mcorhdransi in Céréig b 1 2.0 percent
and 658 psi (46 kg/cnR) respectively whereas for m xes

B3 valuehebithouhausing aﬂgbehﬁng/\@Iog\%lﬁg QB %égrégr%ﬁotf gfn%f@i@)tloﬁ Ndtisfactory
7 psi ( kg/cm)respectively is a 13.7 percent

lvﬁffl(afbﬁftﬁ was mARTdvheBOHIMAE S 8diliFEX B s: GRd cgfﬁédég&t%e dosages 0f0.5, 1.0

Strengths The cal cul ated ASTM t oughness | ndexes

nes hl%‘@b 2 es%gtvlaﬁm?er %og{ WRA 1 ElaTab tngre% g%ge\?mas a]t]conmderable

crack tO ver sus er cC

d.t ST t hness i.nd 5. 110, 120,
HiSy arﬁrsgﬁrs PP Bt #2000 Tuiggse toughness
g' h@ﬁq?the bers of the present invention are
et Heras ﬁE?I’&t}emPWéﬁeé with hagher fiberecasient. fMergever, there was a
tou hness and ductility of the concrete. Mreover, the
%HF@QQHTPEW ghiboimpast resisghesr wiidnghe fibasoftht prsed uvestich are

hlgher toughness and ductility. 4. Japanese Standard
Webipothial inGaloouktwirg chinparad &l pldia wativres s Thakimet Rfstance
Equi val ent o Flexural Strength In addition to the ASTM
{GeredsddovighineResihNESF @8ntenth SigdfithNE), %[étmﬁ)'a@c)i’ysrlﬁénce a%hwved

strength and the flexural toughness, as specif

E}H&lgﬂﬁlﬁ@% 28 theHbeRlof tl%fprggef{'ﬂ ll'lvejlzlﬂglll Rashe sSﬁch,§ CElzlghetr than that of the

2

best steel fiber reinforced concrete with the fiber content by volume percentage. In addition,
for all fiber reinforced concrete mixtures employing the fiber of the present invention, the
mode of failure was changed from a brittle to a ductile failure when subjected to compression
or bending. This ductility increased with increasing fiber content. Furthermore, the average
residual strengths (ARS) of concrete incorporating the fiber of the present invention,

calculated according to the ASTM C 1399 test procedure, was extremely high, which
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calculated for all the specinmens and are given in
Tabl e 9. The variation of the Japanese toughness and

wo b@segeitd/al ent flexural strength with an i ncrReBES1003/040385

fiber content from0.5 to s 2.0 percent by volune are

I t
TSR il T Rp 20y (et ERRAERIKE e ?%Efa%ﬁﬁéht e ARS value
t oughnes, equi val ent fl ural |ncre
ot Ereasar 5 Eiierc, Tk fs 3%51&? e S8 8 the AR
approximately linear with the increase in fib
vape when thy ey @B@Hﬁ‘@%%m?rﬁ%%e@ deed-3 F%:"rrgl’%e‘?t Ry IVBgmtei Thip inorease
kg-m) to 304 in-lbs (3.5 kg-m) as the fiber content
iook pas dekpite o medyction ig cgm@t@p%vecmgthﬁv@ Ef0ipsb(3dhke/om %) 10 3860
fl exur al strength i ncreased from 244 psi (17.2 kg/cm)
b8 (BN%ghan’).( Adcotdikglyctive penforianaanfifiver wargercedicdnictetr mixtures of the
content fromO0.5 to 2.0 percent.5. Inpact Strength The

Hefdht WREAHN WASKNERIB fub@foralA) the BaIREd e fe@Fbrob@®ith iR best steel
are given in Table 10. The nunber of blows to first

ShE PR IR byl i seamha oo
m)re speci nens are tested, fq{ an val ues indicate
qualitatively a good i ndex 0 e i npact resistance of
the material. Ten speci nHVI&BMpertimt ed for each

ues—are nl nffaL|n En a
concrete > valy g

144ix Thawigact rgskst ange i ncr eawaght@ﬂfg@lbger ably wth

an ingreasefin 1ipef _content. [t m

Predigl- ptigmang st ikagbst hatVol he Gsmanty Water
resistaggg Wll be gbgut 1/6 to

concrpte with 0.25 tfjo 240 en

Averan i e kg(lbs)

['12.61 (27.80)

dual Str
fiBer | cOt ent0:31&{e) eﬁg’rgzaé%z%%ﬁh
ook e | 898028 A etk prgR L 61 @750

gﬁ?ig ot ﬁég 43)“%33 &?13 ]]nég %5 gi‘@%@o h§4 %ﬁ@ge 8 h%al 13.88 (30.6)

 SBYLEe PSR (P2 A RER PR ERDT) el | msecos

Nl At A

atel—are 'Lvrcn A1 152 6—The—~catcutated—AR
values for all four fi ber rei nforced concretes are
shown in Fig. 7. The test results indicate that the

average residual strength increased considerably with
an increase in fiber content. The ARS val ues were 234
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psi (16.5 kg/cnR), 451 psi (31.7 kg/cnR), 454 psi

(31.9 kg/cnR2), and 654 psi (46.0 kg/cnR) for fiber
w@ooseness of 0.5, 1.0, 1.5, 2.0 percent by vol BeEDUS2003/040385

respectively. It can be seen that 180 percent increase

in ARS was obtai ned when the fiber content was

increased from0.5 to 2T6b'ﬁe§rcent by vol une. Since the

ARS val ues are only due to the influence of fiber,

i rrespective of Ruepextipsof Exesh\onstatengt h of the

roncr ete the ARS val ues were not normali zed The

wijth Q. bpgrcent. fibern) B2 3 per cent
fi beri‘ hc comarg%osnilv COBEvg 1gt glg 4 V\%atl ar’%dr 4760
DB ¢sjgnrtenmp e Bemipy e Hymidigh =rTeaug thWerghb(es E&m()Wi | hCdntdmt

per cent f )| and E4 th ricent. flber) Jhad
ower corrpg%s ve str=n9, Qs a’%(@/'?g)p&réE ka/ éﬁb) and

866 pol (LIJ. glICHL—[ HeSPeeC eV ery—oeSpH 1 these

0 corrpr ss|ve, strg 4{] S bst antial fncrease(in
he ARS ya ﬁzs Ssobsz? g ?gaé]u ]n? he tds$t

fesul ts di g sed aboy 8(3W| ng

con usmn nd o serya ns. st ybrid fibers
Df t2e pr gzg?t |n€ent %P £6r olrﬁgd% ed iﬂ_g

concrete 2.0 per hjout caus| ng
any dal lin OggH Ng >eq4§9at| orb OI n add| t| on
satisfact02y7 Workail ty, ai ththe
addi tion o¥ ?our fiber (%Ilééﬁaan(?%%g @Ogg\gﬂs ges of 0} 5,
1. 0,p4l. 5| aiRd 2. Qqpercept, by \19%?1 Gexparied tg plpin
concr et e, F(zlgsere was a ;‘( [ 1 f({] Z inthe
first crack stfength, a nd bot h ASTM

and_Japanese toughness vatues. The first—ctrack

Uﬁﬂ@oﬁvér ﬁﬁeased wi th higher fiber content.
f‘ere was a s substantial increase in the

act %E when the fibers of the present
vent i o orporated into concrete when conpared
ﬁi | ai n* F‘éte The i npact resistance increased
B | nclr6e%1f8/?§ fiber content. Significantly, the

i npact resistance achi eved through the use of the
fibers of the present invention was the sane or higher
than that of the best steel fiber reinforced concrete
with the fiber content by vol une percentage. In
addition, for all fiber reinforced concrete m xtures
enpl oying the fiber of the present invention, the node
of failure was changed froma brittle to a ductile
failure when subjected to conpression
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or bending. This ductility increased with increasing
fiber content. Furthernore, the average residua

wareshygisls ( ARS) of concrete incorporating thePET/b82009640385
the present invention, cal culated according to the

ASTM C 1399 test procedure, was extrenely high,
very effective in

whi chi ndi cat ed_that the fiberllaRigd

sustai ning the ¥}B’§l€r Crmpressiyelfrengtivand-fiatjeMedulus
creased with incregses in fiber content. There was
PPEBEnper £8nt| Pitfstags bengh 1 hHmA‘F@W all uRsatiskyedulysh e Comp. strength
Fi béP copfHY |wad™i ndredted froﬁﬁ to 21@Pgercent i
e~ ...I s ilne@hca +E®L o t o (eg/gmply | ctli ofke/om’)
opp g nqth f o 49 psi| (349 kg/cn?) to
386% pSI Z% gJ 2 ‘gordl %% the p rmarice 4%
'b@ﬁzfe'nﬁPrc 29N #?}% i x the present j%@
nvention wer g égg@d ”G&WBf‘pe? han t/ oncriet e 5)
[ eiptor cled i tih ddae egogg eel "4, ers avaijgbl e in ti;%e&
ar ket clonpar ed19mzpn @sksa) | WweiQhd) or cos%%si S. (343)
Tablepged M x Prioporti ons M X V\at €40 F| Rers A&igght i 4960
kg( |l bs) |Design. Cenent kg(lbs) @40d) Cgmentp&pgr se |Fi ng4g)
WadtéPevRat i 0 % Agg. Agg kg(l bs) kax ! bg) kgd)b)e) kg({l bsp37
Po@V5 |0.318((0.7) 0.5 25.22 (®&&. 6) [64. 86.54143) |64. 869
(143) 12.61 (27.80) E2 0.5 0.635 (1.4) 1.0 25.22
(5526) 64. 86 (143y8 64. BPsE143) MB. 61 |(27. 80P E3 Q. 554640
0.953 (2. 1) 1. 1p58p» 33816) 64388 (143) (826786 (143)(326)
13 Bg (30. %3‘5 4 5§3%5 | 112917 (. 8) 159, 0 25. 22 3§55 6) (64. 860
)., 64. f L4§§21@3 89040/ 6) %Qﬁ)e 3 Pr dﬁr i es [of (348)
K cdncfbet ¢ @é 3&}{? oan)2 rete. Unidt®| nitijal 4685
Alﬂ[verl;eey gnat| orire o8 Vi grﬂ’s Pump| 329
ent |F F I/ ft3in (% ( C)(271S3) kol npzh, (em) B 7%
655tcﬁl§ev64- 8 147.6 1.2p 1.8 2.08 0.06 168
% C.V 1.40 1.58 3.52
E3-1 14 6.012 12.167 147 3.87 3435
(15.271) | (30.904) (2355) (0.272) (242)
E3-2 14 6.000 12.000 148 3.89 3820
(15.240) | (30.480) (2371) (0.273) (269)
E3-3 14 5.967 12.083 149 3.28 3450
(15.156) | (30.691) (2387) (0.231) (243)
Average 148 3.68 3570
(2371) (0.259) (251)
Std.Dev 1.00 0.35 218
% C.V 0.68 9.42 6.11
E4-1 14 5.973 12.083 147 3.27 3785
(15.171) | (30.691) (2355) (0.230) (266)
E4-2 14 6.006 12.042 147 3.24 3850
(15.255) | (30.587) (2355) (0.228) (271)
E4-3 14 5.991 12.083 146 3.25 3940
(15.171) | (30.691) (2339) (0.229) 277
Average 147 3.25 3860
(2355) (0.229) (271)
Std.Dev 0.58 0.02 78
% C.V 0.39 0.47 2.02

SI Unit Conversion Factors
linch= 2.54cm
1 psi= 703 kg/m®

1lb= 0.4536kg
Ib/ft = 16.02 kg/m®
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(18) (18.2) (2364.5) (3.18) E2 85 35 69.1 146 0.75 1.8
(29) (20.6) (2338.9) (1.91) E3 80 45 70.9 145.2 0. 40

WA 200508834 (21. 6) (2326.1) (1.02) E4 85 40 73. 2PAHBSR03/040385
0.25 1.4 (29) (22.9) (2326.1) (0.64) Sl Unit
Conversion 1 in 2.54 cmF =5/9 (F-32)C ft3 0.02832 n8
| b/ ft 3= 16. 02 kg/ nBTable 6 BhYdr Conpressive

St r engFIRENE SERED M AXIMUMFEEXRURAS: STRENGTH
Length Unit weight Static nodW®PA¥SConp. strength ID
(Days) | in. 1b/ft3 psi psi (cm) (cm (Kkg/ nB)
(Kdrere) | (fogrimap)| Edet 14 5. 58&Coadk 042 [148Magme0 52 2Blexural
(15lyp27) | (30#587)| (P38)7)| (brag74) cB6y) |E - dodd} 6. 028rength
11.958 1p0 3.86 4770 (15. 30%) (|30.B73) (2408 (0.[271)psi
(335) EIL3 14 6 001 12 Qg3kes) [3 (eemiggn (1G2)243) (kefem)
(30E691) | (251d) (fo. 2#3) (3%@2) Aver(jé%e 150 ggg%a 4960 gfsl)
(2403) (D.272) (349%48td.é§%01.00 702 2370533 &)
(1361) (37) (1632) (44)
E1-3 14 3000 545 3522 640
(1361) (38) (1598) (45)
El-4 14 3000 509 3885 659
(1361) (36) (1762) (46)
Average 551 643
(39) (45)
E2 E2-1 14 3062 589 3267 628
(1389) (41) (1482) (44)
E2-2 14 3573 612 3840 658
(1621) (43) (1742) (46)
E2-3 14 3573 629 3915 689
(1621) (44) (1776) (48)
E2-4 14 3573 648 3628 658
(1621) (46) (1646) (46)
Average 619 658
(44) (46)
E3 E3-1 14 2947 504 3438 588
(1790) (35) (1560) (41)
E3-2 14 3536 626 4078 722
(1604) (44) (1850) (51)
E3-3 14 4125 677 4427 726
(1871) (48) (2008) (51)
E3-4 14 4715 804 4938 842
(2139) (57) (2240) (59)
Average 653 720
(46) (1)
E4 E4-1 14 3967 679 4203 719
(1799) (48) (1907) (51)
E4-2 14 3401 593 3838 670
\ (1543) (42) (1741) (47)
E4-3 14 3967 698 4529 797
(1799) (49) (2054) (56)
E4-4 14 3967 703 4178 740
(1799) (49) (1895) (52)
Average 668 731
(47) (51)
SI Unit Conversion Factors
linch= 254 mm 1lb= 0.4536kg 1 psi= 703 kg/m®
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(0.274) (348) E2-3 14 6.000 12.083 149 3.89 4685

(15.240) (30.691) (2387) (0.273) (329) Average 148

3.86 4760 (2371) (0.271) (335) Std.Dev 2.08 0.06 168 %
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E4-3 14 5.991 12.083 146 3.25 3940 (15.171) (30.691)
(2339) (0.229) (277) Average 147 3.25 3860 (2355)
W@ 200229644 271) StdDev 0.58 0.02 78 % C V 0. 39 PCHUSDIDR40385
SI Unit Conversion Factors 1 inch = 2.54 cmHDb =
0.4536 kg 1 psi = 703 kg/n2 Ib/ft3 = 16.02 kg/ nBTABLE
7 FI RST CRACK STRENGTH AND MAXI MUM FLEXURAL STRENGTH
14 DAYS M xture Speci men Age First Crack Maximum
Fl exural Type # (Days) Load TXBEE® Load Strength | bs
psi | bs psSTARXNESERVANDARD KDOUGHBNESS &) EQUIVAILENT. 4
3500 623 3600 641 FULERBRAMIIRENGN -4 PDAYS -2 14 3000
527 3598 632 (1361) (37) (1632) (44) El -3 14 3000 545

Ri26rE3T (I36iklen 3B) (ARP8) [ #Pdudhihesy 12 Bl €%
6594 1361)§p(é%5) (1762@3;%6) Aver & 551 & S@%}ﬂgﬂgﬁ%
(Nm) (kg/cm®)
El El-1 14.0 93.5 (10.6) 219 (15.4)
, E1-2 14.0 101.1 (11.4) 226 (15.8)
E1-3 14.0 99.7 (11.3) 226 (15.8)
E1-4 14.0 137.5 (15.6) 304 (21.4)
Average 107.9 (12.2) 244 (17.2)
E2 E2-1 14.0 177.2 (20.0) 428 (30.1)
E2-2 14.0 202.1 (22.9) 434 (30.5)
E2-3 14.0 154.6 (17.5) 343 (24.1)
E2-4 14.0 164.3 (18.6) 377 (26.5)
Average 174.6 (19.7) 395 (27.8)
E3 E3-1 14.0 250.3 (28.3) 542 (38.1)
E3-2 14.0 240.1 (27.2) 523 (36.8)
E3-3 14.0 320.7 (36.3) 657 (46.2)
E3-4 14.0 368.6 (41.7) 776 (54.6)
Average 294.9 (33.4) 624 (43.9)
B4 E4-1 14.0 290.2 (32.8) 642 (45.1)
E4-2 14.0 213.9% (24.2) 482* (33.9)
E4-3 14.0 331.5 (37.5) 744 (52.3)
E4-4 14.0 290.5 (32.9) 651 (45.8)
Average 304.1 (34.4) 679 (47.7)

* Omitted as outlier

Conversion Factors:
1 psi = 703 kg/m*
1in-1b=0.113 Nm
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E 2 E2-1 14 3062 589 3267 628 (1389) (41) (1482) (44)
E2-2 14 3573 612 3840 658 (1621) (43) (1742) (46) E2-3

wWQ 200357684629 3915 689 (1621) (44) (1776) (48) BEZFBSIA3/040385

3573 648 3628 658 (1621) (46) (1646) (46) Average 619
658 (44) (46) E 3 E3-1 14 2947 504 3438 588 (1790)
(35) (1560) (41) E3-2 14 3536 626 4078 722 (1604) (44)

(1850) (51) E3-3 14 4125 677ABLEA0726
(2008) (51) E3-4 IMPACTETEST RESIGLER21

4B

(48)
(57)

(2240) (59) Average 653 720 (46) (51) E 4 E4-1 14 3967

Midt@e 4303 Agk9 (|1 R9&Ime 48) (( 190byr of Bldys th4- 2| 14 BdfBfendgdBno.
3888 q70(Meish43) (42) (174Hikt Q) | E4AFfud4 B967 eBw4ERD
797 first crack to failure
El 14 El-1 48 201 153
14 El1-2 106 192 86
14 E1-3 177 246 69
14 El-4 189 270 81
14 El-5 20 112 92
14 El-6 107 211 104
14 E1-7 23 127 104
14 E1-8 58 195 137
14 E1-9 51 186 135
14 E1-10 62 193 131
Average 84 193 109
E2 14 E2-1 54 289 235
14 E2-2 58 337 279
14 E2-3 95 410 315
14 E2-4 110 405 295
14 E2-5 99 442 343
14 E2-6 105 433 328
14 E2-7 110 428 318
14 E2-8 130 413 283
14 E2-9 113 429 316
14 E2-10 115 450 335
Average 99 404 305
E3 14 E3-1 43 192 149
14 E3-2 125 374 249
14 E3-3 84 282 198
14 E3-4 123 632 509
14 E3-5 110 370 260 -
14 E3-6 58 210 152
14 E3-7 115 390 275
14 E3-8 105 350 245
14 E3-9 95 380 285
14 E3-10 80 330 250
Average 94 351 257
E4 14 E4-1 210 484 274
14 E4-2 190 460 270
14 E4-3 170 425 255
14 E4-4 260 495 235
14 E4-5 288 505 217
14 E4-6 240 489 249
14 E4-7 180 435 255
14 E4-8 205 455 250
14 E4-9 236 482 246
14 E4-10 185 410 225
Average 216 464 248
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Specihen—First

703 kg/ mM2TABLE 8 ASTM - TOUGHNESS | NDI CES -

(1799) (49) (1895) (52) Average 668 731 (47) (51) S

(1799) (49) (2054) (56) E4-4 14 3967 703 4178 740
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10

15

20

E3-4 2.1 (0.24) 4.3 7.8 14.8 22.3 1.8 1.9 1.5 71.8
69.7 Average 1.1 (0.12) 4.0 7.6 14.7 21.6 1.9 1.9 1.5
WG 2008/076840 E4 E4-1 1.2 (0.14) 3.6 6.6 11.8 17.HCT/US2023/@10385
1.4 59.6 52.3 E4-2 1.1 (0.12) 4.2 7.9 14.7 20.4 1.9
1.9 1.4 75.0 67.6 E4-3 2.6 (0.29) 3.4 6.4 12.5 18.5
1.9 1.9 1.5 60.2 60.5 E4-4 1.3 (0.15) 4.7 9.3 18.4
27.1 2.0 2.0 1.5 91.8 90.6 Average 1.5 (0.17) 4.0 7.6
14.3 20.8 1.9 1.9 1.5 71.7 67.8 Conversi on Factor:
Imlb = O 113NnMTABLE 9 JAPANESE STANDARD - TOUGHNESS &

ASRUoYLaBbe, fitliFedAihpl SERENHHbodishédnt D6 iRe M)é&tdéfn%osumn of the present

Speci nen Age Toughness Equi val ent Fl exural Type #

1n(léaﬁ¥§ Brdvﬂﬁhm Rﬁ/ecﬁifog%%&o%hm]( N@ef%? gér{i}_ég%ﬂlog(nf%eﬂél iil%lélding asphalt-

¢ Spbaf iR be e Bt ntet st
%%157111%2:18%5 l‘ng é’:%aq le ngél f\l/tg%)g télg Py § (3& (Lrb‘jverf fzmloyed in test strips of
2-1 1 20.0) 428 (30.1
asél@;t 2 d(vga%s 55 ara%glts((gf@% 2%5[%@8 )303 H%l&&%pé‘(l‘ 1%11 59ng3\ﬁ1:§h an oil emulsion
24.1) E2-4 14.0 164.3 (18.6) 377 (26.5) Average 174.6
2eerPgate Y8’ (3 pug limestopschiphafdanasiored forg@rizye Bijpres @8l damage resulting
E3-2 14.0 240.1 (27.2) 523 (36.8)
from typical environmental wear and use. The test strips were full width (edge of pavement to
edge of pavement). Cold-mix asphalt roadways that did not employ the fiber compositions of the
present invention had experienced surface failure, such as unraveling on hills, curves, and shaded
areas of recently paved roads. Surface failures were due to longitudinal and transverse separation
attributed to heave axle loads, such as, truck and farming equipment traffic. Road maintenance
vehicles, such as snow plows, and their method of snow removal accentuated the surface failures.
Test results indicated that areas of the asphalt roadway that did employ the fiber composition of the
present invention showed little or no longitudinal or transverse separation relative to areas of the
roadway that did not employ asphalt material reinforced with the fiber compositions of the present
invention. It is believed that embodiments of the present invention may increase the life span of
roadways from two to three years to up to ten years in cold-mix asphalt.
The foregoing examples demonstrate that the hybrid fibers of the present invention when used in
building material, such as cementitious material, perform as well or better than many or all prior art
reinforcement fibers, including steel reinforcement fibers. Further, the foregoing experiments

demonstrate that relatively small concentrations of fiber will support substantially improved results.

These observations are both surprising and unexpected.
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10

15

E3-3 14.0 320.7 (36.3) 657 (46.2) E3-4 14.0 368.6
(41.7) 776 (54.6) Average 294.9 (33.4) 624 (43.9) E4
WE2003/016640 290. 2 (32.8) 642 (45.1) E4-2 14.0 20G1/8%2003/040385
(24.2) 482* (33.9) E4-3 14.0 331.5 (37.5) 744 (52.3)
E4-4 14.0 290.5 (32.9) 651 (45.8) Average 304.1 (34.4)
679 (47.7) * Omtted as outlier Conversion Factors: 1
Thesyntketipgibek rpinforcad mgtesiaboftheapirpempByY Entipo, anNpinonethpgpy which it formed
RESULTS - 14 DAYS M xture Age Speci nen # Nunber of
m$B lewsed © fHinf & bniddisgmiaterialoforiigdos, foDeses)pld-tensentiGpwsahaterial, that exhibits
Failure of blows fromfirst crack to failure El 14

reddced pdthe28ifity dred<bdEhtighe € gl ZnBovddotbimass] #nd rédieB Blastic
14 El -4 189 270 81 14 EI-5 20 112 92 14 ElI-6 107 211

shﬁ%gé-."r E -7 23 127 104 14 EI -8 58 195 137 14 El -9 51
186 "135

Although the foregoing description has necessarily presented a limited number of embodiments of
the invention, those of ordinary skill in the relevant art will appreciate that various changes in the
configurations, compositions, details, materials, and arrangement of the elements that have been
herein described and illustrated in order to explain the nature of the invention may be made by
those skilled in the art, and all such modifications will remain within the principle and scope of the
invention as expressed herein in the appended claims. In addition, although the foregoing detailed
description has been directed to an embodiment of reinforcement fiber incorporated into
cementitious material', such as concrete and asphalt, it will be understood that the present invention
has broader applicability and, for example, may be used in connection with all building materials
that may incorporate suitable reinforcement fibers. All such additional applications of the
invention remain within the principle and scope of the invention as embodied in the appended

claims.
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14 EI-10 62 193 131 Average 84 193 109 E2 14 E2-1 54
289 235 14 E2-2 58 337 279 14 E2-3 95 410 315 14 E2-4
WA 1054084295 14 E2-5 99 442 343 14 E2-6 105 43BCBES20031040385
E2-7 110 428 318 14 E2-8 130 413 283 14 E2-9 113 429
316 14 E2-10 115 450 335 Average 99 404 305 E3 14 E3-1
43 192 149 14 E3-2 125 374 249 14 E3-3 84 282 198 14
E3-4 123 632 509 14 E3-5 110 370 260 14 E3-6 58 210
152 14 E3-7 115 390 275 14 H3ERSIM®S5 350 245 14 E3-9 95
380 285 14 E3-10 80 330 250 Average 94 351 257 E4 14
Whé-id cldihira484 274
1. A synthetic fiber blend for use as reinforcement for cementitious material, comprising:
a first fiber component being fibrillated and formed of a homopolymer material; and
a second synthetic fiber component being a copolymer that is discrete from the first fiber
component and being a plurality of monofilaments twisted to form a non-interconnected bundle, the

degree of twist being greater than about 0.9 turns/inch (about 0.36 turns/cm).

2. The synthetic blend of claim 1, wherein the first fiber component is added to the
synthetic blend in amounts ranging from about 5 to about 50 weight percent, and the second
fiber component is added to the synthetic blend in amounts ranging from about 95 weight

percent.

3. The synthetic blend of claim 1, wherein the second fiber component is twisted to form

the non-interconnected bundle in the absence of a wetting agent.

4, The synthetic blend of claim 1, wherein the first fiber component and the second fiber

component are blended in the absence of a wetting agent.

5. The synthetic blend of claim 1, wherein the degree of twist in the second fiber

component is less than about 2.2 turns/inch (about 0.87 turns/cm).
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14 E4-2 190 460 270 14 E4A-3 170 425 255 14 E4-4 260
495 235 14 E4-5 288 505 217 14 E4-6 240 489 249 14
WE2007/0168@%4 435 255 14 E4-8 205 455 250 14 E4- 9 PGBULRA3/040385

246 14 E4-10 185 410 225 Average 216 464 248TABLE 11
AVERAGE RESI DUAL STRENGTH (ARS) M xture Age Speci nen

Load in Ibs (kg) at Deflection Breadth Depth ARS Type
(Days) # 0.02in 0.03in 0.04in 0.05in inin psi (0.05

cm (0.08 cm (0.10 cm (0.13 cm (cm (cm (kg/ nR2) El

6. 14 fhs tEH1E1d IR RiH A5 MheRRY the 4B 3ke 87 brikid e &2dnd fib
(418§G%F§%g'(10.732)14.0986(10P§OQ 165 68.24?614 E|-17(3r

cor%psc%}%:gé 1%3%%&%351% %re%gag Zliaféa%gﬁtoég %%s/%%ﬁi@%oﬁ%ﬁbg lti_lréls/irél io about 1.1

(690) 1525 (692) 1510 (685) 1472 (668) 4.167 (10.584
turas/ipsls (3bopt @43 furbgam).o. 38) Average(234)(0. 33) I(EZ 14 )
E2-5 2522 (1144) 2617 (1187) 2598 (1178) 2507 (1137)
4.238 (10.765) 4.043 (10.269) 444 14 E2-6 2637 (1197)
2707 (1228) 2685 (1218) 2650 (1202) 4.201 (10.671)

7. 4. 08¢ (AR DlerHSTF c(Lmb] Wwhtfeitthe degidd 2f (HisOin)tha4&0nd fiber
(1583) 3527 (1598) 3496 (1586) 4.353 (11.057) 4. 130

oo RSty A Bt O30 RR) 0010007000

(0.47) Average 451 (0.64) E3 14 E3-5 1868 (848) 1929
(875) 1969 (893) 1979 (898) 4.292 (10.902) 3.881
(9.858) 359 (0.51)
8. A synthetic fiber blend for use as reinforcement for cementitious material, comprising:

a first fiber component formed from a homopolymer of polypropylene and composed of
fibers in fibrillated form; and

a second fiber component, discrete from the first fiber component, formed from a
copolymer of polypropylene and high density polyethylene, and composed of bundles of
monofilaments that have been twisted, the degree of twist being greater than about 0.9

turns/inch (about 0.36 turns/cm).

9. The synthetic blend of claim 8, wherein the degree of twist in the second fiber

component is less than about 2.2 turns/inch (about 0.87 turns/cm).

10. The synthetic blend of claim 8, wherein the degree of twist in the second fiber
component ranges from greater than about 0.9 turns/inch (about 0.36 turns/cm) to about 1.1

turns/inch (about 0.43 turns/cm).
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14 E3-6 2781 (1262) 2958 (1342) 3147 (1427) 3238

(1469) 4.196 (10.658) 3.959 (10.056) 553 (0.79) 14
WER0F02%35 (1105) 2399 (1088) 2428 (1101) 2412PCT/OSP3/040385

4.204 (10.678) 4.008 (10.180) 430 (0.61) 14 E3-8 2485

(1128) 2601 (1180) 2764 (1254) 2827 (1282) 4.233

(10.752) 3.996 (10.150) 474 (0.67) Average 454 (0.65)

E4 14 E4-5 2817 (1278) 3249 (1474) 3356 (1522) 3377

(1532) 4.293 (10.904) 4.161 (10.569) 517 (0.74) 14
11.E4- Bhé@ifhetit D1t} of 208m 52 B6eimthodegze pEiwiatig 4hq seeary fiber

4.333 (11.006) 4.082 (10.368) 767 (1.09) 14 E4-7 4225
cor§ £ is48a 1(%@@111619%50&12@2%&9&5).( 2225) 4.312

.953) 4.086 (10.378) 786 (1.12) 14 E4-8 3398 (1542)

2999 (1360) 3253 (1476) 3247 (1473) 4.287 (10.889)

4.064 (10.323) 546 (0.78) Average 654 (0.93) SI Unit

Con ' ' Sas4et b chBBbude@atdrifis bomprising:
12.- 7%%5@%1%&&5?%&@5@ fopggb_as%%m‘f’or%ﬁl&ﬁtkfomegl d§ prising

set forth above, it is contenplate

t hat e dinents of the fiber co Si{] .
or o& Gt HERPBIRETORT proRiel PBrEOEa g s s iopylene fber; and
various types of cenentitious material, jncludin .
as phataind Sbdr emeRranieal beirmdis@rig e thedis SHSAMROGE fRgbbeing a
present invention were enployed in test strips of 5

coptihal fortedeieystypropAemantdsa lngh dbwity plyétiytenakibasec@nd fiber
pounds per ton along with an oil emrul sion and

coxﬁ &{eﬁgﬁéia% éﬂ%%llitg%f HBhohiaRaisaREsted Holbrrd A ofBhtetcdhfstted bundle, the

rsur res and damage resulting fromtypica

envi fonnent al ar,and use.,.The.tes i S f ul
et h B R e/ B OLE § ot e G L R
asphalt roadways that did not enploy the fiber
conpositions of the present invention had experienced
surface failure, such as unraveling on hills, curves,
13and ThB ageHetiv Heebsf ddinr KX evitetom fedegree ofitisist Buhé sasend fiber
failures were due to longitudinal and transverse
cotBBANR1 108 Bk KD OB RIAUBANLEY duftfdin). such as,
uck and farm ng equi pnent traffic. Road mai ntenance
vehi cl es, such as snow plows, and their nmethod of snow
renoval accentuated the surface failures. Test results
i ndi cated that areas of the asphalt rozgma% %ﬁst did fb
14enp|Thy syribetic blend ebrpas 3. ivdisran thaflogpead Swist Imthe seoopg fber
showed little or no |longitudinal or transverse
cofPpa¢m rarpes frotadgreater than aboma § Octfurrisfichs(abaut dviEd, turtséam)dp gbout 1.1
not enploy asphalt material reinforced with the fiber

tu QRS SR BH3 s g esent

15.  The synthetic blend of claim 12, wherein the degree of twist in the second fiber

component is about 1.1 turns/inch (about 0.43 turns/cm).
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invention. It is believed that enbodi nents of the
present invention may increase the life span of

WO o@dnmsds fromtwo to three years to up to tenPGEESD03/040385
col d-m x asphalt. The foregoi ng exanpl es denonstrate
that the hybrid fibers of the present invention when
used in building material, such as cenentitious

l6mat efliesdynthetie fibemhlersd efaildimol2, mdietedn theHast fitwnyompormsent is present in the
prior art reinforcenment fibers, including steel

syh@iefié ab&es1eH infankRih rafigihg Hef ablolies fPIRAOEMBy total weight percent.
experinments denonstrate that relatively smal Y ,
concentrations of fiber will support substantially
i mproved results. These observations are both
sur I sin ect d. The synthetic fibe
7y ei nftsry8 e%? iper bleicat i o adiérin thﬁ\feﬁt%ﬁcowephlé about 100 to
nmet hod by which it forned may be used to forma

abpufi 20:009dener er Allanfeot. med of , for exanpl e cenentitious
material, that exhibits reduced perneability,
increased fatigue strength, inproved toughness, and
reduced pl astic shrinkage. Although the for egoi ng

8d es Gf#g%&hﬁ@tl@ ﬁﬁer'ﬁ dnlnyl yig 5‘/?1%1%{1‘{1 sgco]nd F 9 ;g/onent is present in

nment's of nventt on 0S€ 0
Skl|| the r levant art w || appreciate that var
fh%ﬂa#&é‘g b bigad Bd HoHme i RRpig Srone ehayh b fe erest %y dntplsveight percent,
mat eri al s, and arrangenent of the elenments that have
been herein described and illustrated in order to
explain the nature of the invention may be nade by

19t hosFhesyhthb@slfibét HldiR cFclaimaAndwabileirsthe Bedvad 'fﬂabﬁe%rhﬁ‘r%nt is made of
will remain within the prrncrple and scope of the

onia g‘% dél Itc&l;hofﬁ)‘?tlﬁﬁ?% ﬁ%ﬁﬁﬁaﬁ%ﬁ? of af)cﬂltt3§8 é@?tg %Irt] %'@6’0 & ln‘rilér pet filament.

or egol ng
descri ption has been directed to an enbodi nent of
rei nforcenent fiber incorporated into cenentitious
material, such as concrete and asphalt, it wll be
20unddhstspatiietihibertiendmf cbemtl 2 whenstn the fins $iblr coagi@ment has a fiber
applicability and, for exanple, may be used in
ler@ENORHOUOTO W 4H0uB60 mtindihe SeodBl @it)blaéosnﬁdt@ﬁt Hﬁ@)é fiber length of about
I ncorporate suitable reinforcenent fibers. such
applications of the invention renaln W thin
19?ﬁg&%9?9??81e and scope of the invention as enbodi ed
in the appended clainms. CLAIMS What is clained is: . A
synthetic fiber blend for use as reinforcenent for
cenentitious material, conprising: a first fiber
21 conpdaemtheses filger blandiof caine @0 awblertinrthe frsd fiber component and the second
honopol ynmer material; and

fiber component have about the same fiber length.

22.  The synthetic blend of claim 12 wherein the monofilaments of the second fiber

component, in the absence of a wetting agent, are twisted.
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a second synthetic fiber conponent being a copol yner
that is discrete fromthe first fiber conponent and
wheisgi@4pl ural ity of nonofilanents tw sted toPE¢DUN2083/040385
non-interconnected bundl e, the degree of tw st being
greater than about 0.9 turns/inch (about 0.36
turns/cm). 2. The synthetic blend of claim1, wherein
23 he Fhersynthetipblend efplaine A2, Whereid desifitsofibéreomponérgtand the second fiber
bl end i n amounts ranging fromabout 5 to about 50
commpogéitt apehlendud, in dinchbsbie e D€ @ akifd @At conponent i s
added to the synthetic blend in anmounts ranging from
about 95 wei ght percent. 3. The synthetic blend of
claim1, wherein the second fiber conponent is tw sted

to form.the non:sjnterconnected bundle in the absence o

of 4 Bt 4D bled By SR R g e OB e Bious mapemal, comprising:
wherein the first fiber conponent and the second fi ber

c onpadHeifibrifatedyfites geapprent fymed 96 abemopolymee polyppylene fiber; and
agent. 5. The synthetic blend of claim1, wherein the
degreecand fiber sémpondnhBeifg dist@te frdiB theERRPAR& HonipdnéiR 3Ad being a

t han about 2.2 turns/inch (about 0.87 turns/cn).6. The
comﬁglt&efohﬁe@ bERthaftr aﬁioﬂggf]a’cpoo\nf%%%@%%}let 29 aqﬁg]rro? gl}qngrmt of a high density

in the second fi ranges

er .than a t 0.9 turnslinc bout 0. 36
oIt G oRpatr Praponificteinerion vtk mpioffaments twisted to form a
turns/cm. 7. The synthetic blend of claim1, wherein
nog-fraergapjicsteddrndly; the degree Rétvastdwing dredter thew alpm €16t tuirs/inch (about
about 1.1 turns/inch (about 0.43 turns/cn). 8. A
0.36ywminketi)c fi ber blend for use as reinforcement for
cenentitious material, conprising: a first fiber

COMBRITAS file? cORPohdn® B?:iﬁg E&E%?}% %@%}i@ A YR SRV &0S unts ranging

and conposed of "fibers orny and a

e i her nt, discrete fromthe first fiber
sl SN I b B e oyt (Pogsiy i ggmesnent being present
. and high density polyethylene, and conposed of bundles
ntges Ki fibgrrblond in papunisieagingdron whatt S0 to abait @6 diyeetableight
tw st being greater than about 0.9 turns/inch (about
perGe36 turns/cm). 9. The synthetic blend of claimS8,
wherein the degree of twist in the second fiber

2

I

25.  The synthetic fiber blend of claim 24, wherein the degree of twist in the second fiber

component is less than about 2.2 turns/inch (about 0.87 turns/cm).

26.  The synthetic fiber blend of claim 24, wherein the degree of twist in the second fiber
component ranges from greater than about 0.9 turns/inch (about 0.36 turns/cm) to about 1.1

turns/inch (about 0.43 turns/cm).
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conmponent is less than about 2.2 turns/inch (about

0.87 turns/cm. 10. The synthetic blend of claimS8,
wob@seidq44 he degree of twist in the second fi bRCT/US2003/040385

conmponent ranges from greater than about 0.9

turns/inch (about 0.36 turns/cnm) to about 1.1

turns/inch (about 0.43 turns/cm.. The synthetic blend
2Tof  CThei sm@etigfiberdilend ofcclaimgide aherein e segien of eisiadlmepcond fiber

fi ber conponent is about 1.1 turns/inch (about O0.43
cobipofisdt@smiboul 2.1 thrrsjindth@bowt Oi43@fnskdngnd for use as

reinforcenent for cenentitious material, conprising: a

first fibrillated fiber conponent forned of a

honmopol ynmer pol ypropyl ene fiber; and a second fi ber

Comwg%thgﬁép ﬁeerqﬂ dracﬁlcciad élm\:y Q]f%&{ %E{rg;ﬁbgﬁ cr:omponent is about 100 to
poI prop | ene and a high denS|ty pol yet hyl ene, the
abgeic Ordepier Peloidemisah eng Biersgeanddibsr eompenest is about 350 to about 6000
nDnofllanents twisted to forma non-interconnected
dehiengbrefilainbgt. degree of tw st being greater than about
0.9 turns/inch (about 0.36 turns/cnm). 13. The
synthetic blend of claim 12, wherein the degree of
twi st in the second fiber conponent IS Iess than about

29%, MBS RDERE ARG IRE of S 24 WREFG e he) T mpegpent s o brilsted

twist in the second fiber conponent ranges from

fihgr baxieg a fihemleagbof algouy 10 Ge akgut A8 abd the @yl fiber component is in the
turns/cm to about 1.1 turns/inch (about O0.43

foiny bRdiIBrillafibg mbhefiBytehtsdiavimighal fibed leankthod faiboutl ), to about 60 mm.
wherein the degree of twist in the second fiber
conponent is about 1.1 turns/inch (about O0.43
turns/cm.16. The synthetic fi ber bl end of claim12,

mher | st .fib in the, . .
300y mesrtiFic b i C}PHE% Eein g g TP oyl g present n the
to about 50 by total E percent. 17. The synthetic
syRthpléq bl@ndamb@ﬂt 7 doted woig We@r and seeond fiber oppipepent is present in the
conmponent is about 100 to about 20,000 denier per
syhthbtaoBidr.blehd. in Abeut OBB reetdne by tdralrwdigtepdreaht. cl ai m 12,
wherein the second fiber conponent is present in the
synthetic fiber blend in anobunts rangi ng from about 50
to about 95 by total wei ght percent. 19. The synthetic

5Lt B P R s RESRY S Bt ot st 0

rmnofl | anent s of about 350 to about 6000 denier fJer
80meresinel weight polypropylene and about 20 to 30 percent by weight high density

polyethylene.

32.  The synthetic fiber blend of claim 24, wherein the monofilaments of the second fiber

component, in the absence of a wetting agent, are twisted.
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20. The synthetic fiber blend of claim12, wherein the
first fiber conponent has a fiber |length of about 19
wo eooaost4 60 mm and t he second fiber conmponent PCTEHESH03/040385
fiber length of about 19 to about 60 nm 2 . The
synthetic fiber blend of claim?20, wherein the first
fi ber conponent and the second fiber conponent have
33.aboutremfisrcadeamdnitiions metegalh coBBrisifigre synt heti ¢ bl end
of claim 12 wherein the nonofilanents of the second

fi bty ARIRANRAblend Gis‘tﬁlﬁltétpﬁl%iigg aGhatfix \WEtHd ddehcAdEels material, the
are twst ed. 23. eThe synthetic blend of claim 12,

e fir fi ber conponent and the second fi ber
ﬂ%?}?&ﬁf’ﬂaﬁléﬂ%}“@ﬁ%ed in the absence of a wetting
agent. 24. A synthetic fiber blend for use
r ei nf or camsifibeprorerRnent formed el #heaprolymer c@jﬂi‘f’gﬂﬁ‘bﬂ fiber; and
first fibrillated fiber conponent forned of a
hormopol yasecond ifippr apypeest Hailgediscratedian dedostdfilisr kemponent and
conmponent being discrete fromthe first fiber

beihf %g%@%elaﬁgmg@ bP8p lyﬁl‘é)@?leﬁé@ﬂid 4 PighRenafy polystiydéne, the second fiber

anou of a pol ypropylene and a mi nor anount of a high

coraS%fe&f, ‘Ejﬁlﬁg §¥gl.|frr!ﬁ¥t,¥ ﬁ? g'io ﬁnﬁg&ﬁgﬁ%{d tgei{mﬁ’ ? %8—%@%0&%0’{&1 bundle, the

non-i nt erconnect ed. bundl e, the tWI st bei ng
degjpoat B ORE BHUT G PtD SRR K GBOR0-15 e,
turns/cm; the first fiber conponent being present in
the synthetic fiber blend in anmounts ranging from
about 5 to about 50 by total weight percent, and the

345ecangd rélhéa%ed%eﬁ@ﬁ@mis RRE oP ERER DS, Wherbid@hs YeHrbesf tovist is less
fiber blend in anpunts ranging from about 50 to about

t The synthetic fiber
thaglagﬂ%t%ﬁ%l%nﬁ#g%wgﬁg?g@%/flﬁlz degree of twist in the
second fiber conponent is |ess than about 2.2
turns/inch (about 0.87 turns/cn). 26. The synthetic
fiber blend of claim?24, wherein the degree of twi st
35j n f{lhe raefooced ceiertitiosmaegaltof claig 83, Whaminghe degree ofainst ranges
about 0.9 turns/inch (about 0.36 turns/cn) t o about
fro}n eﬁt'éf ﬂﬁﬁ lh& (PRGAInbh BBolitl. B feidcrd)to abbet BY Rirh@trich (about 0.43
er blend of claim?24, wherein the egree of tw st

n %ll)}e second fi ber corrponent is about 1.1 turns/inch
mr(‘%( t 0.43 turns/cm.

36.  The reinforced cementitious of claim 33, wherein the degree of twist is about 1.1

turns/inch (about 0.43 turns/cm).

37.  The reinforced cementitious material of claim 33, wherein the first fiber component is
fibrillated and present in the synthetic fiber blend in amounts ranging from about 5 to about 50

by total weight percent, and the second fiber component is comprised of one or more twisted
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28. The synthetic fiber blend of claim?24, wherein the
first fiber conponent is about 100 to about 20, 000
walesvseteoper fil anent, and the second fiber conpoOnEs1003/640385
about 350 to about 6000 denier per filanment. 29. The
synthetic fiber blend of claim?24, wherein the first
fiber conponent is a fibrillated fiber having a fiber,
norifibnidiatingmoablaments preseaiys the uthetic fRer Hlaed warmimts japging from
conponent is in the formof nonfibrillating
abdiPHOTd Atviens by taMiwggle petdeat. | ength of about 19 to
about 60 mm 30. The synthetic fiber blend of claim
24, wherein the first fiber conponent is present in
the synthetic blend in about 6.7 total weight percent

and_second fi ber conponent.is.present .n. t :
35,71 bEhe SRRt FoapUgEve ik pCERE oy isfelh Wi ¥R cofponent i
percent. . The synthetic fiber blend of claim 24 .
previné irethe syntbeticglondiingabony 6.7 sotploweight Rerceabwist seppnd fbeggomponent is
percent by wei ght pol ypropyl ene and about 20 to 30
preBét &S He shithwsd Gibdr biindlin dBngiB)3 gEotene b dtavesiglBpercehe
synthetic fiber blend of claim24, wherein the
nonofi |l aments of the second fiber conponent, in the
absence of a wetting agent, are tw sted.33. A

reinforced cenentitious teri.al I.Si ng. : :
39y HEEG 0RO P B N P4 Bl B o P L A o fper blend s
the cenmentitious material, the synthetic fiber blend
preisert lim tHeragmentifiousgnaterial dn apes FEiging EImehow0- Lo about 2.0 percent by
honmopol ynmer pol ypropyl ene fiber; and a second fi ber
vokgigponent being discrete fromthe first fiber
conmponent and bei ng a copol ynmer formed of a

pol ypropyl ene and a high density pol yethyl ene, the
second fi ber conponent being a plurality of

nmongfil ampnts tw sted to form.a,_non-,i [ . .
0 unde PR ER G ST LR g oS PSS e fber blend s
0.9 turns/inch (about 0.36 turns/cm. 34. The
proseitrif dreceethenttipwrmeienylsn FaoBrts amene Fomiahpaid-5 {ihahout 7.0 percent by
the degree of twist is less than about 2.2 turns/inch
voluakut 0.87 turns/cm. 35. The reinforced cenentitious
material of claim 33, wherein the degree of tw st
ranges fromgreater than about 0.9 turns/inch (about
0.36 turns/cnm) to about 1.1 turns/inch (about O0.43

41.  The reinforced cementitious material of claim 33, wherein the synthetic fiber blend is
present in the cementitious material in amounts ranging from about 0.3 to about 2.0 percent by

volume.

42. The reinforced cementitious material of claim 33, wherein the cementitious material is

reinforced concrete.
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turns/cm. 36. The reinforced cenentitious of claim
33, wherein the degree of twist is about 1.1

wo eooadldemeh (about 0.43 turns/cn). 37. The rei PEDUS®A3/040385
cenentitious material of claim33, wherein the first
fiber conponent is fibrillated and present in the
synthetic fiber blend in anmounts rangi ng from about 5

4% 0 abesureirgorcey cerpenditionemgteriabef deint 33, avirain thesenentitious material is
fi ber conponent is conprised of one or nore

reinfbretd@abpbalt. brillating nonofilanents present in the
synthetic fiber blend in anbunts rangi ng from about 50
to about 95 by total weight percent. 38. The
reinforced cenentitious material of claim33, wherein

t he conpo resent in.the synthetic
ol en% qih%{{]%ﬁ‘.?n%mg A5t Ftlﬁﬁﬁﬁme%F%m S&Ed second
fiber conponent is present in the synthetic fiber
bl erfiendingp st fibgr Prponertivitby second ifibarsagimonget; therfirst fiber
39. The reinforced cenentitious material of claim 33,
contpenentrbetryefitaiitatddednd befrighfermdal efuhonsorles@Poliphopyiéne fiber, the
cementitious material in amounts rangi ng from about

sebbrl fitr 88QHbnet BeiRS H&@fgﬁe fgéfm\fﬂé R fib om-gaﬁerﬁ%h@ behE 8% opolymer of

cenentltlous matertal of claim 33,
thetlcfl bl.en ent,in th enentitio
aP éPPY&?ne a3 e DRt B RIS RAG e Bstnd 458 Coginoygtkbeing twisted to
ercent volume. 4 . The reinforced cenentitious

fO%ﬁ urzsﬂeé wiagr SR twise being greater Shantabent G9 furbsdinch.
blend is present in the cenentitious material in
anounts ranging fromabout 0.3 to about 2.0 percent by
vol ume. 42. The reinforced cenentitious material of

45¢| aiTRe3Reth¥WEF Qhith 44)SvifcflR 'Eﬁér&e igﬁa;é%f Wg?fs & thar°h about 2.2 turns/inch

reinforced concrete.’”43.” The orced cenenti
| ai m 33, wherein the cenentitious
(dﬁgﬁgﬁ*gvn§énﬁeinforced asphalt. 44. A nethod of
formng a synthetic fiber blend, conprising: blending
a first fiber conponent wth a second fi ber conponent,

the first fiber conmponent being fibrillated and being
46f or rithe nodthed bibetmipod4; weterdho theptegtey lof Beist daagés, frdt @reater than about 0.9

turns/inch (about 0.36 turns/cm) to about 1.1 turns/inch (about 0.43 turns/cm).

47.  The method of claim 44, wherein the degree of twist is about 1.1 turns/inch (about 0.43

turns/cm).

48.  The method of claim 44, wherein the first fiber component is present in the synthetic

fiber blend in amounts ranging from about 5 to about 50 by total weight percent, and the second
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second fi ber conponent being discrete fromthe first
fi ber conponent and being a copol yner of a
wpoiogptepy| ene and a hi gh density pol yet hyl enePCT/0i82003/040385
second fi ber conponent being twisted to forma fiber
bundl e, the degree of tw st being greater than about
0.9 turns/inch. 45. The nmethod of claim44, wherein
filpgs SoppgReE ipresapt 8} the synthelis filtes hlead duemoumts rangimg frors about 50 to
(about 0.87 turns/cm. 46. The nethod of cl ai m 44,
ababhe9Ebyntatdevalgigperenf. twi st ranges from greater than
about 0.9 turns/inch (about 0.36 turns/cn) to about
1.1 turns/inch (about 0.43 turns/cm. 47. The nethod
of claim 44, wherein the degree of twi st is about

ur i 43 t U The t hod of

4,1 TS RN BF S PR L FoaapBRt 1t BeprLauhe synthetic
n the synthetic flber bl end i n anounts ranglng from

bl%ﬁ}tabsu &/ %Melsm epbang] seopsidgfier semperrnt isprasentiia the synthetic

secondfi ber conponent is present in the synthetic
fitfer blend lh ettt OB.3grepeent sy toted gieight beeentabout 50 to about

95 by total weight percent. 49. The nethod of claim

44, wherein the first fiber conponent is present in

t he synthetic bl end in about 6.7 total weight percent

ST bRt PRORREIRGRRIh pie Bl 658 FompPurnt fufilated and the second
per cent . 50 The nethod of claim 44, wherein the first

fibyer B‘él?lp%fmbﬁr?@mmsgd of Hiisted bunillaafmukilsstodelof 4 henfibrillating
conponent is conprised of a twisted bundle of nmultiple

matofdardent pfaicafirsoadd second fibdrrgmponafts beng Ribstaaeihlty fie ke length,
and second fiber conponents being substantially the

w}&wﬁeh&ﬂ%*&leﬂgﬁfﬁfgmé%ﬂ ab&\i 19 tb 809, rangi ng from

about to 60 mMm 51 hod of reinforcing a
material, conprising: mxing a synthetic fiber blend
with a cenentitious material, the synthetic fiber
bl end including_ a first flber conponent and a second
Sl bt m@ﬁl?ﬁdﬁéﬁf‘ for¢ing a mategial.fopwrisE8hponent  bei ng
fibrillated and fornmed of a honopol ymer pol ypropyl ene
f i bemixingtreesysthetio fibéi tlend withpoaeaititiveis ngatetiz ahesyhthidieMber blend
the first fiber conponent and being a copolyner f or med

Sidifg BB !
in o 1ﬁ% b elr?gf%ﬁ%oﬁgtef%yayégﬁégmyﬁlﬂég %g@l@ 631’( rfhg Afst B8RS mponent being

fibBARRE A8 Formed of a homopolymer polypropylene fiber, the second fiber component

being discrete from the first fiber component and being a copolymer formed of a major amount
of polypropylene and a minor amount of high density polyethylene, the second fiber component
being twisted to form a fiber bundle, the degree of twist being greater than about 0.9 turns/inch

(about 0.36 turns/cm).
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being twisted to forma fiber bundle, the degree of
twi st being greater than about 0.9 turns/inch (about
wW@2®6/01asu0s/ cm) . 52. The nmet hod of claim51, wheCEUS0DI@0385
degree of twist is less than about 2.2 turns/inch
(about 0.87 turns/cm. 53. The nethod of claimb51,
wherein the degree of tw st ranges from greater than )
52.aboThe thethddwirdimrsd hwheretuthe de@e vfiwist/is Fass thanabouft2.2 turns/inch
1.1 turns/inch (about 0.43 turns/cm. 54. The nethod
[ erein the degree of twi st is about .
@m?E?%E?Pﬁ%%m%gbout 0.43 turns/cm. 5 . The nethod of
claim, wherein the first fiber conponent is present
in the synthetic fiber blend in anbunts rangi ng from
about 5 to about 50 by total weigh ercent,. and the
53 s ec dha misthpsofcdimore Hiherew e degise o%ﬂz&{stﬁ@n%eﬁ,ﬁ%g{eggr than about 0.9
fi ber blend in amounts rangi ng from about to about 95
turhyirch (soune 3@ htrnplemg énabous 6.1 time/imabt (Abeiit GF43duEisenD
wherein the first fiber conponent is present in the
synthetic blend in about 6.7 total weight percent and
second fiber conponent is present in the synthetic
fib bl end, ih,about : r : [ ;
Sper B ErcTan SURERCH, ihsrel BEEER, POk Ao, Binsfinch (about 043
cenentitious material is concrete. 5 . The nethod of
turg$/glin wherei n the cementitous material is asphalt.59.
The nmethod of claim, wherein a sufficient amount of
synthetic fiber is added to the cenentitious materi al
to increase the material's inpact strength. 60. The

55t hod (fithdd & dRiRSs WhakRimtie TR stttk behpendnt leredest in the synthetic
added to the cenentitious material in anobunts rangi ng

fromabout 0.1 to ; - t. and th d
sigs SR Hhe Rt PRy S ORI s0 BY b Rkt and the secon
fiber is added tg the cenentjtiqus, material in anounts
FiberpTpRReRS 6 BEBRAIR U6 SMTSUS BOT NG GHBIR TaB§Iog Gt about 50 t
vol unme. 62. The nethod of claim, wherein an addition
aboilit Syt therd weight percertto t he material in ambunts rangi ng
fromabout 0.5 to about 2.0 percent by total volune

provi des an inpact strength inprovenent of at |east 6
times that of plain concrete. 6 . The nmethod of claim

: (b Onb bS5 1, e bpBndd: id prédedflin the synthetic
56f i me éﬂ%h?cggf ct,linn’? 5 1, vbﬁ%%m GRRNEEY: cbrip ﬂ in the syn
blend in about 6.7 total weight percent and second fiber component is present in the synthetic

fiber blend in about 93.3 percent by total weight percent.
57.  The method of claim 51, wherein the cementitious material is concrete.

58.  The method of claim 51, wherein the cementitous material is asphalt.
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second fiber conponent is conprised of a tw sted
bundl e of multiple strands of a nonfibrillating
woremsNideadrent . PCT/US2003/040385

59.  The method of claim 51, wherein a sufficient amount of synthetic fiber is added to the

cementitious material to increase the material's impact strength.

60.  The method of claim 59 wherein the synthetic fiber is added to the cementitious

material in amounts ranging from about 0.1 to about 2.0 percent by total volume.

61.  The method of claim 60, wherein the synthetic fiber is added to the cementitious

material in amounts ranging from about 0.5 to about 2.0 percent by total volume.

62.  The method of claim 51, wherein an addition of synthetic fiber to the material in
amounts ranging from about 0.5 to about 2.0 percent by total volume provides an impact

strength improvement of at least 6 times that of plain concrete.

63.  The method of claim 51, wherein the first fiber component is a fibrillated fiber and the

second fiber component is comprised of a twisted bundle of multiple strands of a nonfibrillating

monofilament.
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