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BACKGROUND OF THE INVENTION

20 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,

2s  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

30 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
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exanpl e, worveuae@auges of wire nesh or reinforcenment fipogrs2008/0¢@ss ety of
reinforcenent fiber additives are known in the art that provide strength
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steel fibers. It is known that concrete has a tendency to shrink after it
has been #shetosdifers et kpown togeyitsreilestiym regiforesrpeat Rutrfivg foigvirenmental pdeglihc
shrinkage causes the formation of shrinkage cracks shortly 20 after the
casting ofonees, argmerextcasivalngsed waaRdHan, glhs pndstech Ebespare raliivelk expsasisy and
fibrous materials, synthetic fibers are known to reduce such cracking caused
by earl|y Ppivastdndensytodepempese ingementisipysineaterigls. Sieplrfibersaniadlly fesempdsoptibel from a
polyolefin fil mhas been successfully used to prevent or reduce cracking.
The fi ber surfagecof gterfibertintbrend imatapiak whereasglasniiberstrontinuowslyindengo Hécamgosition aeast
partially transverse to the direction of orientation. The fibers are -

t her eby f rekuli dflttmtaictlindAfabme ofi cementwidlshj due ethepltysical @ud chrmiicat chatasteritits ofistesluch a
manner that they provide deformations to i nprove anchoring and bondi ng

W t hi n t hfbets) theredd Hmei MENRGH biti b y4idktribGilhd b2 Q€3 fiDet @R Baghoumaliermixturd he cut
fibers are dispersed through the m xture, open to formwebs nets, and

t her ebys | Ripthenore, tHeee B¢ cettagiphysivatiandiopethtivpalalefitienzies inhsdchtogithokeet fiter that reduce
cementitious matrix. Some advances have been made in the area of fiber

r ei nf or cefPéftectivenddt.OSticH deficivatiesineitde, fop eGRDHRS febaund irdlalf-platddicbitret@iiglicabiohic e
cracking in the matrix of building materials, such as concrete. s However,

the pri or airblafiRlyHig apmbhtltesitS hitay EquipnitdiHaE freth coritscd bith MeagiesiveRat Weaken

or, otherwise, limt their effectiveness. Accordingly, there is a need for

an inproved rei nf onceMRNn thitRedcerdid Bk a keBGHC) B shifiCIrRY R HasHelGabtliudtto tRY Operti es
to the building materials to which they are added. In particular, the need

evaporation of excess mixing water. Plastic shrinkage causes the formation of shrinkage cracks shortly

£

20  after the casting of the concrete, that weakens the matrix thereof. Unlike other fibrous materials,
synthetic fibers are known to reduce such cracking caused by early plastic shrinkage. For example, a
fibrillated fiber formed from a polyolefin film has been successfully used to prevent or reduce cracking.
The fibers are stretched multiple times and then cut along lines at least partially transverse to the
direction of orientation. The fibers are thereby fibrillated. When mixed within cementitious materials,

25  in such a manner that they provide deformations to improve anchoring and bonding within the concrete
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bundl e for [ into a cenentitious mass, the degree of tw st being

gr eat ey t??&gimaﬁoﬁilgf@ugedtnlﬁ#ﬁﬂhﬁelﬁﬁge(about 0.36 turns/cm). 5 In anot her
enbodi ment, the present invention provides a synthetic fiber blend for use
as reinforcement for cenentitious material , Which includes a first fiber
conponent and a second fiber conponent. The first fiber conponent is
fibrillated and fornmed of a RUNMIBARYF THRINMENIIONThe second synthetic

fi ber conponent is a copolynmer that is discrete fromthe first fiber
conponent and i s a Ipbmneredtiotiynentothe presmi invantiomprovitles asfibedreirfofcement aaterial that
non-i nterconnected bundl e, the degree of tw st being greater than to about

0.9 turnsincheaés hmitty o@p&ﬁol&ﬁmﬂ St of théhofiRineaR QF Ayut BFUQAbSR GD00 ddhrr peresent
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15 filament, twisted to form a fiber bundle, the degree of twist being greater than about 0.9 turns/inch

.&

(0.36 turns/cm).

In another embodiment, the present invention provides a reinforcement for
cementitious material that includes a plurality of polyolefin monofilaments, the plurality of
monofilaments being in a twisted configuration, the degree of twist being greater than about 0.9

20 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

26 (.36 turns/cm).
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than about 0.9 turns/inch (about 0.36 turns/cm).

The present invention also provides a synthetic fiber blend for use as reinforcement for
cementitious material that includes a first fiber component and a second fiber component. The first fiber
20 component is fibrillated and is formed of a homopolymer polypropylene fiber. The second fiber
component is 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

turnsfcm).
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15 component is discrete from the first fiber component, is a copolymer formed of a polypropylene and

a high density polyethylene, and includes 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).

The present invention also provides a method of forming a reinforcement for

20 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

25 reinforced cementitous material. The method includes adding to a cementitious mass a plurality of
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conparison between the first crack toughness in slabs containing 20

di f f er ent matetielthat ingludeimixéygn $yothetc fibasblend ith d seréntitioes watesalnThe symtheti¢ on
based on percent by volune; FIG 10 illustrates toughness indices versus
fi ber confiesrblend thides efist fbeabsmpanentragd a decohd fibsricompanent. STheffiritHibersynt het i ¢
fi ber blends of the present invention based on percent by volunme; FIG 11

i Il ust r at gsmpbARRALERTllaRd GRA BSifhed BEH KddfopyBinet'SolipriiSilent BES Mheisibof@fibdret e
sl abs having different anounts of the synthetic fiber blends of the present

i nvent i oncQasathGNaREEE BB thY first fiber component, is a copolymer formed of a major amount of

15 polypropylene and a minor amount of high density polyethylene, and is twisted to form a fiber

bundle, the degree of twist being greater than about 0.9 tums/inch (about 0.36 turns/cm).

BRIEF DESCRIPTION OF THE DRAWINGS
The characteristics and advantages of the present invention may be better understood by
20 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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iIIustratv%ﬁm;tehe nunmber of blows to first crack and failure versus fiber
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illustrates an aveﬁ%éﬂg S1r‘13'ﬁ{<§'1és$sal © m?%fsf’rélé%f'%eﬁ%m%ﬁ'(g%%ag ea]éailjr\f’cn%ﬁ% @?&ﬂ%‘ stress
i o versus,deflection.at 1.0% by. .vol -l 6.l lustrates. a stress -

dof | ect | GHEOOTAR B AR 13 ot hesdlond O o teSesk B ioR bfed i dpran

synt het i % fiper blends of the present invention at 1.0% by volune; FIG 17
i1l ustrat® 4™t ress - defl ection diagram conparing flexural stress versus
defl ection of the gynthetic fiber blends of the present invention at 1.0% by
volume; 15 FIG 18F1G: filipiratpsacomparspp adtween grack aies BSHogR SRFFakHIAbs Apkalabh g
flexural stress versus deflection of the synthetic fiber blends of the
present iSAMamingdifferant ameyugsief thg synihetic fibar elend of the pressntigyeptionsbagedrqagpereent by

defl ection diagram conparing flexural stress versus deflection of the

synt het i ¥oRM$er bl ends of the present invention at 1.5% by volune; FIG 20
illustrates a stress - deflection diagramconparing flexural stress versus
20 defthection of t R §yllustsates acompiyisen pituesnsragk anchzs afrcecseipge of qontrel inghibat 1. 5%
by volume; FIG 21 illustrates a stress - deflection diagram conparing

fl exural ocontriping difsrentiamougitsiof the synthretio fibar hilgnd ofthderedent ifivebtion akedradpersént bre
present invention at 1.5% by volume; FIG 22 illustrates a stress -

def | ect i onludieagr am conparing fl exural stress versus deflection of the
synthetic fiber blends of the present invention at 1.5% by volune; 25 FIG
23 illustrates a sFiES§sllustradefd combarizon of cagk aren ecdngiin imgab kentainiag disferemts s
versus deflection of the synthetic fiber blends of the present invention at
1. 9% by \a@louseof tBe synthetic fiber blend of the present invention based on percent by volume;

15 FIG. 7 illustrates a comparison between the first crack strength in slabs containing
different amounts of the synthetic fiber blends of the present invention based on percent by volume;
FIG. 8 illustrates a comparison between the modulus of rupture in slabs containing
different amounts of the synthetic fiber blends of the present invention based on percent by volume;
FIG. 9 illustrates a comparison between the first crack toughness in slabs containing
20  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
havigg different amounts of the synthetic fiber blends of the present invention based on percent by

25 volume;
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versus deflection of the synthetic fiber blends of the present invention at
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| def lectj th hetic fiber hlends af th
vention i na shotioel st Eeedi b e Res BreRBath i BB oq

defl ection.pl ot conparin oad._.versu ntral deflection of th i

Synt hott o HFPISELaniAuaR L i TheE DERE of g areTab Vo PERLPLREFE By 1. 506
by volume; FIG 29 jllustrates_a | oad ¢deflection plot conparing |oad versus
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descriptions of the present invention have been 20 sinplified to illustrate
el ementes  vérsws deffestionedt W8 rhy vobimea cl ear under st andi ng of the present
invention. Those of ordinary skill in the art will recognize that -

associ at ed el ement FIGnk itheskrates a stesss: defsetirediagrap caymding Aexubed straspyesswent at i on
of the present invention. However, because many such associated elenents
and i t ens déleationalf thelsymatic ifibertbileadsofithe frésent invetdtionaol.0Bdydolemessed herein. In

the present detailed description of the invention, the invention will be
illustrated in 25 HGelFilhisirated a fress-defd@tiocdibdgrivg comparing de-aesrerdss vaeduer i al  f or
incorporation into a cenentitious material. It wll be understood, however,

that the udféeitnl of theisgntiebic fibérbldnebftic pRd¥bn diveRtivh at NOBWERoluAEM and may be 9
WO 2005/ 016644 PCTI US2003/ 040385 used with any building naterials and

conposidions rel at ipg. 18Riskhes 4 ks -WeRectibbddifiem BB Fexut strddPvedne
structural strength or integrity. Such materials and conpositions include,

but are n@dnebtididrad sjithetic €B& Mends of the present invention at 1.0% by volume; |

FIG. 19 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, 20 illustrates a stress - deflection diagram comparing flexural stress versus

20 deflection of the synthetic fiber blends of the present invention at 1.5% by volume;
FIG. 21 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. 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;
25 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;



concr et e, wolhebsig1eéqQ, nortar, grout, asphalt, and the |ikpergBesoiyds! e t he
present invention is capable of enbodinent in many different fornms, for

ease of descriptio jS.detailed descripti.on and the acconpanyi ng

i v ngs. i scl bse. ATy SERR ¢ oo defeaibL it amisine Aol BN T Those
having ordinary skill in_the relevant art wi|l be able to adapt the

i nvent i ond%"t&’ﬁﬁf EAR °ﬁh“&%&ﬁflﬁrpﬁﬁeqﬁ&vm@ﬂébﬁ?22’&"? resented herein
based upon the pre t_description. Relatiye to wire nesh, the synthetic
fiber reinfor cenen%?(ﬁ'ﬁéﬁ‘fsgfﬁgsp ‘b?“'efsﬁé’c%?@%q\%‘gram FRARRR P lexprad eV B ror e

effective _and cost efficient means of reinforcenent. This is so because even
i o rel ati Yedlegrion ohfhe syntistin E"‘r(ﬂenﬁﬁ e pregeid inventigadt 1o ORECEBRENt i ti ous

m xture, are distributed throughout the m xture to significantly reinforce
the entfire matrix Aae-e0iilystreteeaitiess -detlsrtiendipgrany comppsing Hewral sfSHYFESUS st r engt h,
and i nprove toughness. In addition, application of wire nesh reinforcenent

i s rel ati daflegtionjofithe syylptic Sbesblongs of theipyesend ipventionehb % bivelpmat  demands
associated therewith. By way of exanple, the synthetic fibers of the present
i nventi on may be i Ad@r3idHustratgs a lpgd dafewion alof ennpatiegiead vergus cantril deflestipryof the
materials and products used for building or construction such as, for

exanpl e, synthetd filrea blepds\wé the ptesgnt tivention in arshoteraiepasaldt 1.6%6 bpedymér i dge deck
overlays and barriers, structural floor slabs, pre-cast concrete products
such as pi pes and (Fa@GK238 illusirhtes aljpadvelflectioa plet eympeting loadteesus Santralrdefidetion ¢f the
stabilization, tunnel |inings and done structures. The synthetic fiber blend
of t heiopr smthatic fibenblemisiof the pregend ingentibe in sshotcie@paticd piall. 3% by ediahe;| i t at i on,
retrofit and renovation of existing products or 20 structures such as, for
exanpl e, in overl ayG. 20hilisehtepplondidefledivd plobfaipafinglbadiversnd tdntriplalé et &f tind
bridge decks. It will be understood, however, that only a |limted nunber of

appl i cat i githefid FocPbIBSRBE the febdndinverdiog! intd bbtcrelRQaivl BSIEI bY fol@ms;i on nay be used
in connection with the construction of all materials that enploy

reinforcing fiber mageiifdstratfandfibbolin®R of he prekdi inVEmon Whbeh WL tibert NE
i ncorporation of the synthetic fiber blend of 25 the present invention in,

for  exanplGapofhidtls tHRIRA A fartRiifir BEFRoF Alisté kiR of REa@r acki ng mechani sm and
reduces the propagation of m cro-cracking caused by concrete shrinkage.

Accordingly, I el atipiS. 19uReHes todibh ZPptt 3R Whelel b A49RE o

rei nforced cenent, e resulta crac I'ber reinforced concrete of the

present i J ﬁEgazl - F LI el FT pernmeability of the material is
reduced, gl}réﬁ ?gegb%g?ﬁa e iélf%% &Aldng%tralhngﬂl%gtenhanced. Furt hernore, the
bl ended fibers of the present invention are capable of carrying a | oad

across the crack. In addition, as will be discussed below tests of the

fiber reinforced GQAGHPES r¥scRITIBNGIRE bEMHNEEN EMBODIMENTS

It is to be understood that the figures and descriptions of the present invention have been

20 simplified to illustrate elements that are relevant for a clear understanding of the present invention,
Those of ordinary skill in the art will recognize that associated elements 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 illusirated in

25 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



s i ndi catwotbedoisdae concrete material has inproved touglpoaasersoadss dual
| oad carrying ability after the first crack, and may have substantially

| mor oved haARaRh ofARishe ﬂﬁ%mall%ﬁﬁi Ph55Hhs kﬂ.&ﬁgﬁgﬁ{a tht 6 150tk o e

bl end of ce syn nore particul ar

.b I end of ﬁlgﬁ%}feﬁ Opl% grl{arr Sper &aﬁsqgs gglﬁp%?iﬁgnes%cfh@eatﬁﬁ é.l% nﬁﬂﬁﬁf@:ﬁﬁgg n?eg Ly a i |

i mprove harden ncre scuss reaf

fi bor andedoRc Bk pORAC RO ﬁhat“h delfe TR V"%y i Ser s BORE TG

8¥:SSQEfolve oy BERGR LR, b o {ﬁs fatnsﬁﬁ”% Hi B F'es @Eﬂpinéﬁi 7
 pr X'véﬁae:caﬁwavin%ﬂmmvggﬁlf@%ratﬁaﬁgg Pl dirghe SAPPROLhe ik e

| mproving ipact. stren con hpness and oth structural and

| ong- t er n?rﬁgg'aa@lgm Pt Vﬁ'i“d‘ﬁ‘é‘fl £ 8l Rt P e iopas o ?P;S‘Bﬂ&‘rﬂ theyr orgs not

honopol yner Eol ypropyl ene, fi brous rei nf orcenent material. The first fiber

conponent speeilicplly gresented derein hgsqdupan B PreyekAeSBIPRIN- f | ber that nay be

approximately 100 _to about 20,000 denier per filanent. For exanple, in one

embodi ment of the [Relstiunio wirepessh,itissyrthgtic fibprreipforsement marigl oé the present

approxi mately 10,000 denier per filament and includes the follow ng physical

20 pr oper lyesion provigen poBSLigatys sul Petriigszonemg arsBroamays| Thlis PREPERTIVES OF

THE FI RST FI BER COMPONENT Material Virgin Hormopol ymer Color G ay

pol ypropyfetativelyonath agunts oEfberivhen kddad edhajetnentitings wiixtri are digiiimtdd)| traughout

Resi stance Specific 0.91 Absorption Nil Gavity Tensile 28-40 ksi.

(200- 272 tpaiixt@e typdignifivently’yeBfofcelthe @titeimarix Beteraigtduct pergedtslitp, incteasaifatigithe

first fiber conmponent may, but need not, be formed of 100 percent virgin
strength, and improve toughness. In addition, application of wire mesh reinforcement is relatively time

and labor intensive due to the placement demands associated therewith,
By way of example, the synthetic fibers of the present invention may be incorporated
15  into various cementitious building materials and products used for building or construction such as, for
example, structural pavements, airport runways and tarmacs, bridge deck overlays and barriers,
structural floor slabs, pre-cast concrete products such as pipes and tanks, tilt-up wall panels, shotcrete
for rockfill stabilization, tunnel linings and dome structures. The synthetic fiber blend of the present
invention may also be used for repair, rehabilitation, retrofit and renovation of existing products or
20  structures such as, for example, in overlays, whitetoppings, and repairs of airport pavements and bridge
decks. It will be understood, however, that only a limited number of applications are present herein,
and that the present invention may be used in connection with the construction of all materials that
employ reinforcing fiber material.
In addition to structural reinforcement, the incorporation of the synthetic fiber blend of
25 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



s pol ypr oyl o016ead may be a color blended and ful ly orpcanisebsfoyéygs that is
substantially non-corrosive, non-magnetic, and al kaline resistant. \Wen

d al . fib in i i .. i di
U524 & 0N e LB oL S BIE SR bl oy Bl

er co I SCUSSE ow, as cl'6sed
her ei n),

.the first conponent is.typical d t a dosage .rate of 1.5
pounds. pein Bt B BimeEHRY 88} magui BB indff Gind oo BF A0G & By e
material directly tq.the m Xi system during, or,after. the batchjin f the
To ot hor Firipeesre e s e peiind vt ¥ bl F rbtyneca oty b ock xer
manuf acturer, (typicaglly,. fou o five.m putes The first fiber conponent
ot byt s BOUEHHRE W o isctmRed sl S b b SR bgarele o the pirseny GBS ot
fiber reinforced material proyjdes relatiyely goo ong termgdurability and
seconddr yPEERH zﬁhaF%Wmﬁmaﬂaaﬁm?f@ﬁe&é?%wwg?ﬁlqduﬁﬁa@ﬁc%s Rhily aftetasfingfs ed
in the present invention, the first fiber conponent nmay be added to the is
hybrid mi $8¢h and meyduswbdagplbamprrred mmctienstancso by total wei ght percent.
For example, in one_ enbodiment of the present invention, the first fiber
conponent maybe addd8PiesenhinyeRtion sgiregisstio e hgbrip blend pRhighvperiprmanse pmistic fiters
addition, the first fiber conponent ‘mag/, but need not, be the sane |ength as
the secopif mptseertieatho treklendyl smthetie fibaryfo peducetheeffeqts of plosisshinkagerpad i r st
fi ber conponent may be added to the hybrid mxture in |engths of about 19
to about 6@prenhhaderedezomit propariesone wilhbratiicnsed in gfeatehdetgilbelnve #diat beemvent i on,
the first fiber conponent may be added in | engths of about 54 mm The second
fi ber oonpisseertd that the dompination effadirst cériypmment Sibereind & sacomhamponanpiiey toeform theich
as, but not limted to, one formed of enbossed nonofil anents. The second
fi ber conjydndfiber biend 2f OpROASNOEOH dch oG/ sLipH S0 re DG Bient rosdties aiud a/vasiety of
copol ynmer formed of mmjor anpbunts, preferably about 75-80 percent by weight,
pol ypr opy pefoemanoe bénefita Bleytenthirothatrof vhicp edcl fiberpyihponent(i¥individuallyaapadtd, irer ) , and
m nor anounts, preferably about 20-25 percent by weight, high-density
pol yet hyl paificulaltBe Si€ 6fthe predeey ifivefifion ifiiprovéd dohird] lodblestic iandsettlehlagtyshhiltkagot  pul |
apart to forma net like structure in the cenentitious material. s The
second fi beskifpormieiaftbving inghabtisGbngtif Baeiciatoughdsy RldfiticPbrfuctibd] @atiol@éinig hi gh
resi stance, and excellent flexibility. As incorporated in the hybrid bl end
of the,pr _@.ﬁmﬁt?,bfbg@fﬂgg_on, the second fiber conponent includes nonofilanents
of approxi mately 350 to about 6000 denier per filament. The preferred

enbodi ment of the sgegpdsbdr Q&ﬁpdﬁ&ﬁ%l%ﬂiop&l?m&fp%fy?foﬁﬁbﬁé oMb rGffolcOmdRr M a

non- interconnected bundle of multiple strands of a nonfibrillating

monof i | angfferiy! ?h@ﬁﬁ%ﬁép&%‘)%%}%is%fcoﬁ%, i1 ReA S orky WiRPihhiARey deAfproGRARY

fi ber conponent exhibits the OW ng properties:
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

20  properties:

11



PHYSI CAL wWbBQbbshdlikda® OF THE SECOND FI BER COVPONENT Mat er ipgit/igé20@3i0s0389] Col or

Gray Form Col | ated Hybrid- Tw sted Aci d/ Al kal
Monofi |l aments Specific 0.91 Absorption Ni

Resi st ance Excel | ent
Gravity Tensile 70-106 Icsi.

(485-730 Moa) Conpliance A.S.T.M C- 1116 Strength Length 2'/" 54nmm For
exanpl e, i n one—erbodrrrentod Th 6P t—renttom—tihe—second conponent is
approxi matel y |750 deni er E . | one (not as$ a hybrid
blend in conbiﬁ&:hgﬂ %&%gwhﬁbpmrh1q1 Lo Bfer discﬁg§cd abeye, and

di scl osed hergin), the|sghR@.COMponent |s fypically added at |a 15 dosage
rate of about [#oim0 aboUiCoiE&l Fp@eradse per clbddamgar d (1E8emn0 13. 6 ki | ograns per
cubic neter) d Lt ' nge Lhe mi xingisystem during,
or after, the |Fffhing 8f' the other ingr i stributed

t her et hr ough. leT €S UG, (20035T MpRye1 111 0 iin SEXMoiets long term
durability. |t[straaoul d| ver| that the second fiber conponent,
by itself, whddenghy tyjld¢dyjmm ss——than optinumdistyibution

properties in the building materi al

during m xing operation.

However,

when

20 the nonofilaments of the second fiber conponent are twi sted, as used in

the preferred

enbodi nent of

the synthetic fiber blend of the

pr esent

i nvention, to for m¥hadrshBbericemeaness magcubaped opiobeformadef $§0merpenti virginf i ber bl end
is easier to mx and is uniformy distributed throughout the cenentitious
mat eri al . pdlgpraNPle2e,05d 02 Belacoke blewB2AGOE fully 088 Eed fibetthat ibmbstarftisllnubntdoerbsivehen

t he second fi ber

conmponent |

s twisted, the degree of tw st of

the bundle is

rel evant ten-mignetil, sud dlkaliné wsistputo et nsed alofic dshdibsereinforcefrichiokiditionfemerds ai n t he

building materi al

i n which

it is added. As set forth in FIG

30, a single

turn i s i bbnitliblend th c@mbinationowith thascorsldider domperient, discussbd belo@dasalisclased tkdein),

revol ution (360) along the linear

| ength of the fiber bundle.

The nunber of

S turns pee fikst Befgoném O tyitdlly addep @ a dosdpe &dte 610 pohdstper dibicpard (0.0 kidégrams per

centineter),

fiber

identified herein as turns/foot,

respect i velbic meEpuf deSnidtiops @RS aretlgl Htﬁ@mﬁdﬂfg%?d _ :
conponent to mx with, and be nore evenly distributed throughout,

tuni s/ i nch,

or

turns/cm

téin Higpdtiakier the GhtcHifeofaRcond

t he

bui | di fg HMéSHRdrédientsTdAd $nixed at a time and speed recommended by the mixer manufacturer (typically

four to five minutes). The first fiber component exhibits good mixing and uniform distribution

properties. The resultant fiber reinforced material provides relatively good long term durability and

secondary/temperature control for temperature/shrinkage cracking.

15

‘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

20

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



di f f er enogoiosiiiédaii bution, in turn, is believed to accegptus2@BiokBest in
part, for the increase in inproved rei nforcenent properties exhibited by

h h b bl 0 E
form ng. «HeeeplaiSt e APl ol R BrERSE e Rl s e RV R E T
twisting t

0,75 1 rciohs %ﬂﬁéﬁﬂﬁ 35 o e R Biene el hglapd Qﬁ’%:ﬁ a3 gt ”%éfhc’c’%eﬁa? Sind
Lo SRR bt 29 RSkl S‘?%’ﬁll S e A S

that sim res S, are btaln when t he degree of tw.st was increased to
up to ab %Pf“uff %‘F@' 38t Put 2BBL qeghlfe&pﬂ(gyrgﬁb e gmentiliops mgteay- turns/crr)
Accordingly, tw stl h |ber co onen in the range of ou g
turns/ fnch (about 6' FEﬁ?WP@m G“@mth § aﬁa&wg ighg
turns/cm has been found tQ rovi oved m xing and distribution
propert i &SIEtRICE YR StFellqnh ge’BIE}PWd AH glcwa@rgﬁgﬁ Hythe hsﬁnmee% of thpresepldByeatian, her
conponent was added, relative to building materials that do not enpl oy
embodi mengesongsfiber qempppentinelides noneidaments S aprsonimately 3R toabet G0 deRigERR i on. | t
was noted, however, that when the individual 20 strands of nonofilament were
tw sted ifamp. Theprefered amhodiment of theseqond fibes companpe is prefebly twisisd torfprm snagbout
0.9 turns/inch (about 0.36 turns/cn), sone splitting and "paint brush”
ef f ect weintsropimsiciod buridie affmaltiplendiands ¢liahondibrilatidg mofofilonest.i lhaneembpdin®ini of the
commonly known effect 10 is illustrated in FIG 31, and can adversely
af f ectiot hpesaittiihvettjong fhe sévendrilren £ érhpomen exhitiits thati feifevisgpropertieaghout t he
cenmentitious materials. In_addition, it was found that at a degree of tw st
bel ow about 0]9 turns/incPHYSIOAL PROMERTIESOKTHEL here 25 wag i nconpl ete
separation of [the nonofi | aiSECOND FIBER OOMRONENDuUNdl e. This Was particularly
evident in c¢Ma@aian e gt quplying_ Of t he |pesent | nvep6won t hafl enpl oy strands
of filament, v&'t!h st rarfd“ab‘UﬁHfﬂS’F‘ﬁg 14 A 2U88F@E6 SBEIPCT/ U$S2003/ 040385 two
Mo, ,. daci ruacs o lor—a-arl H
or nore Conn6\ IIUIIL. IILO that—afr YR ol g1ea t 'J'm:n earx—apart I nto
i ndi vi dual an@amyanents as a result gf the act of tmnstlng;the fiber

strands into ﬂ—ﬂ'@sﬂbw st|editbundiseio Mpd) Wag doowisnee t hr ouphsexmarkfent al testing

that a pronou lovenent |+ n-m xing-and distribution regqulted when the

second comnpon %ﬁ@@%-&h—&—ﬁﬁ%-s-t-&b 11 s turns/foot

(about 0.9 turns/inch or about 0.36 turns/cm. These inproved results were

observed at a degree of tw st tha about 2.2 tung/inc about 0. 87
CUrns) om - whi oh | EOLARBl ETATPOREn i fastent GE D Bf SCupbeOnpHAS i

unheated fiber bun can be tw sted w thout si n|f i back”
o f oot (| SBRORIRAIRy ST o SRR TP B SR P ey DR LD i R0 il ea
form and, possibly, unbund|les due to the  resili ent properties of th

pol ymer ) . firfycempenent; disgusied pbeyie ARd disglpss g Bereinks dheiseropd somngnent i tymicafly pddgd P‘d‘n as a

15 dosage rate of about 4 to about 30 pounds per cubic yard (1.8 to 13.6 kilograms per cubic meter) of

cementitious material directly to the mixing system during, or after, the batching of the other ingredients
and distributed therethrough. The resultant fiber reinforced material exhibits long term durability. It
should be noted, however, that the second fiber component, by itself, when not twisted, exhibits less
than optimum distribution properties in the building material during mixing operation. However, when
20 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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i 0 resul twgfoddiAsfigaree of twist in the fiber bundl e wepeTiRaGidfossisat
greater than about 11 turns/foot (about 0.9 turns/inch or about 0.36

turns/cm, and typigal ccyrred, in, the r e he e er, t han., about
11 turns/ f oot (abo&tﬁlaﬁl’ént ?Jurnﬁs |‘H%7?rh6°rs°%qgggip e 9%‘8%%&1%3%%%?%5&8@3%%&?@1%
turns/foo about 1.1 turns/jinch or 0 0.43 [ns/c .and occur at
a degree %LFLFW% r%efvmgg%{yf ﬁ’ﬁ]%{"ﬁﬂnr%?pfng%? éil(ﬂéanscgfﬁnd%g? ¢ Ilﬁlp‘ﬁrgs FIRER bglg‘%{ngdbout
0.43 turns/cn,. reopver,, Jit f.au at .with an. . asg,in the degree
of twist ?‘6“‘@‘8&‘?’/@?“1 s agfled, ‘“8%%3?“‘1‘“%-5@/% SiRetF R iden fed s S‘uﬂ%?sc‘ﬁiﬂfj little
or no spljtting,aqr rpai brush" effect S ohserv in th of i Lanents,
and near| r?ﬂ”llg?%@cq %&iﬁgﬁ ’E?ﬁ%““t‘%ﬁ@f ] *ﬁ%ﬁﬂﬁﬁ?efrﬁﬁﬁﬁ’fﬁme’f IWQSIFFEQW““H%W&E e
conpletely separated fromthe bundl e and were disbursed {hroughout the

Dol 1l i, NS 6P e oot (RS BT oo O5 A8 e IR SRR Osh AR DY 26 DRGSR | 1
certain enbodi nents of the present jnvention that enpl oy .strands of
filament , MEEAFhS ERYCTL SERBFES IR Tavidss B Prancipred ditimense indhe #hilify o hesrenddiben at
are designed to 20 break apart into individual nonofilanments as a result of
the act ofomBRAEE forfpxtyith, ud e o qvey distripytest thioughoutihetbuiidipg mateal. This j nat el y
formng the tw sted bundle of nonofilanments. It is contenplated that sone
addi t i onaflifferéncgrin disfeibutiprsin Fan,dpealieyed do dcpounh et lnaskinrpgriafacthe micsaseiibimprayad of t he
second fiber conponent when the tw sted fiber bundle configuration of the
second f jedorceneeniiuenertics exhibited by thetsmthstir Sberiblend nfsthe prasgniipyentiomnd t wi st ed,
which may allow the fiber bundle to 2s be twisted to a degree of tw st that
is greater than abdatly &tepaptsiat frarhing te syralietio fib& b8irdl¢ ofithespreseht inventiqnamployed
enbodi ment, the individual nonofilanments of the second fiber conponent nay
be heat ediwitting dreenuitiple shanda©Of 20T 18MmEAd aFoGlTY UBRIGE (DIRIBH turad/ineh ortzbout §.3
formed into a twisted bundle, to, for exanple, up to about 325F that may
provi de atutishe), Thisidagtee ofitwistihgs et fogtidie pakiudevdosd mixhatant distyibeddnaropeitian about
2.2 turns/inch (about 0.87 turns/cm) and that nmay substantially reduce or
el i m nat ethtdughduptht B@indadiibus@fatetial, as séfonh hdeinl Addifidial eyting hrdlidated thabeirmild| end of
the present invention, the second fiber s conponent nay be added to the
hybrid m kil @rel oBtadie® WhérSthe e gpd @ twi Ovak McrRipediio Mo Byout D @insMgt Gbéut 00er cent .
For exanple, in one enbodi nent of the present invention, the second fiber

conpongnt wiBNndA®r atRUAESh tufhsRAR URGSratfzlydRitihg B3 fiBer RinPbneiih GRiradd@ bEHBAE. | N
addition, the second fiber conponent may, but need not, be the sanme | ength

as the Ti§93 nhdsARh (RRUPES &hs/cn)is Ebeddﬁ(ﬁﬂtuhﬁ/iﬁdﬂ?aﬁ%ﬁé%‘ furAsToAD)Had 480 Foifd roSe€CONd

fi ber conponent may be added to t ybrid mxture in | engtths of about 19 to

00, g SRR Rkl OO RS, e A B S5 bR O 1

second fiber component was added, relative to building materials that do not employ embodiments of

the untwisted fiber component of the present invention. It was noted, however, that when the individual
20  strands of monofilament were twisted in the range of about 0.75 turns/inch (about 0.3 turns/cm) to about
0.9 turns/inch (about 0.36 turns/cm), some splitting and “paint brush” effect were visible in the
individual strands of monofilaments. This commonly known effect 10 is illustrated in FIG. 31, and can
adversely affect the ability of the monofilaments to disperse throughout the cementitious materials. In
addition, it was found that at a degree of twist below about 0.9 turns/inch (about 0.36 turns/cm) there
25  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

14
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according to sgpecification. In one formof the present invention the

r esul t ant 9a8%PB of rist {epthanpbeut ddstumgfinch (abag O arnséem), which approgmatelyghe jphest
2005/ 016644 PCT/ US2003/ 040385 PHYSI CAL PROPERTI ES OF THE FI BER BLEND

Mat eri al d#gregiofiwis thobrnowheated dies tymdle cas1 bstwisied yithaus pighifierst “sparghack) affaet dicp-
Hybrid- Fibrillated/ Acid/ Al kali Resistance Excellent Tw sted Mnofil anent
Bundl e Fitheeffestwhessin Sfbasibpadle gntwmsts Romadis pristeh foxinjand, Gpssibly, ynbradies due taxbe 110
ksi. (620-758 Mpa) Conpliance AA.S.T.M C- 1116 Strength Length "A (19mm),

1' h"  ( 38=tesilien® properti@Afithe polgtyer) 6 Bypiealllerimprovest propeaties ¢h inixing and tistribationgs 2
material such as concrete, the hybrid fiber blend of s the present

i nventioonresmiiyof the deghekeaf twist in tie fivertiundle wiers nzeanweta$ greatathacpbbutdintueddiost (Ghoft
percent to about 2.0 percent by volume of concrete, and typically in
anmount s r@egirnsgndhrod sboRb0.06 titnFenh)parditgpidall oddupel it dtrangd Yetwedr yrented thad anr et e,
to inmpart inproved reinforcenment characteristics thereto. The hybrid fiber

11 turns/foot (about 0.9 turns/inch or about 0.36 turns/cm) and about 13 turns/foot (about 1.1 turns/inch

=

or about 0.43 turns/cm), and may occur at a degree of twist of about 13 turns/foot {(about 1.1 turns/inch
or about 0.43 turns/cm). Moreover, it was found that with an increase in the degree of twist to greater
15 | than about 1 turns/inch (about 0.39 turns/cm), little or no splitting or “paint brush” effect was observed
in the monofilaments, and nearly all the individual monofilaments that formed the fiber bundle
completely separated from the bundle and were disbursed throughout the building material in which it
was added. This was particularly evident in certain embodiments of the pregent invention that employ
strands of filament, each strand comprising two ore more connected monofilaments that are designed to
20  break apart into individual monofilaments as a result of the act of twisting the fiber strands into the
twisted bundle, ultimately forming the twisted bundle of monofilaments.
1t 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
25 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

15
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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
20 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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the length of the crack. The 19
10 minutes).

-IU

The hybrid fiber blend of the present invention may be used to reduce plastic and
hardened concrete shrinkage and settlement shrinkage prior to initial set that leads to cracking.
Furthermore, the hybrid fiber blend improves impact strength, and increases fatigue resistance and
concrete toughness as an alternate secondary/temperature/structural reinforcement. Moreover, in

15 addition to the twisting of the second fiber component, it has been found that the combination of the
first fiber component with the second fiber component substantially increases the ability of the second
fiber component to be more evenly distributed throughout the mixture. It is believed that the improved
distribution 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

20 fiber of the present invention is non-corrosive, non-magnetic, and substantially resistant to the eifects of

the alkaline nature of conventional building materials, such as, for example, Portland cement concrete.
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to make the concrete with a very high potential for shrinkage  cracking. The
testing c%"r?bﬁ?‘i’%‘ﬁ’é{em;%%e&EOftcﬁBgﬂgﬁﬁ‘%éﬁlﬁtmﬂéﬁb‘%?tﬁ?lmt%@etdﬁéa&%‘?ﬁ%ﬂw&“ @Y t he
wi nd velocity (14 _nph) (22.5 km hr) were kept constant for each batch.
Three di f Petehiibersa i sopparedin othes yntfhgticdive fibgrs of therpmesentipveniinarovidsnt ent s,
cenment contents and maxi mum si ze of coarse aggregates. A higher cenent

cont ent waere getive mixingperatieroand Wwéwmgalagwwgqsa? thebriddipgrasteriakindyhighe
proportion used was as 20 follows: Cenent (lIbs) 855 (388 kg) Water (I bs)
427 (194 thepjare yileér / Cement. Ratio 0.5 25 Concrete Sand (Il bs) 1062 (482 kg)
Coarse Aggregates (Ibs) 1062 (482kg) Maxinmum Size of Aggregates (inches)
0.75 (.91 cnm) 20 el fhoseskiiled Al awspaiBtesndassandiion theinpntierael ke and
Casting the Specinmens Al mxing was done in a nine cubic feet capacity

m xer. Thgadticgslthe fallowingmeampleshragiden by way of illustration and not by way of limitation on the

invention as defined by the claims. As will be apparent upon inspection of the test results below, the
synthetic hybrid fiber blend of the present invention substantially and imprcssiveily improves the
reinforcement characteristics of the building material to which it is added, as compared to the

1s  conventional fiber reinforcement materials. A series of tests were performed to evaluate various

amounts of a synthetic fiber blend of the present invention. The results are provided hereinbelow.
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stored i Ryg2:RPsa1 € container. First the buffer m X wapcpfuBasesass
Thereafter, coarse aggregates were introduced into the m xer. Sand and two

thirds of the water were then added Mﬁg for one"m nute. s Cenent was
t hen added along with the renaining of the water. Thereafter, the
fibers of the present invention were add«?d and the ingredients were m xed
for three minutes. Following mixing, EEEP&dxture was subject to a three

m nute rest period, followed by a final m xing stage for 2 mnutes for
proper fiber distribution. Because the fiber reinforced cenentitious m xes
were of a flow ng %ﬁé’fbggé tic ﬁg?rﬁ"qf&e REPSRRtrigyenip W%@Ft%t%?@‘lﬁ%\i’lﬁ“éd out
w t hout any problens. No segregation or balljing of the fibhers was observed
i n any Sof Shfipkagpeduction P’FF"BFTB%PS & RS mixesoknoMa t frbibit 3-high potanty) for

consol idating, and finishing the slabs, an experienced concrete contractor
and fi ni sthenkage prackinge I'he desapns € fibrg used Jistsd)- 3. dQtand &0 Rergent by velume pigoresete.al | t he
sl abs. Three batches were nade on three separate days. After each batch of
r ei nf or cefhreq differentbatches phepucrtgiveerq madeiada totaboiblostibs Were taviedi Hlep testuwrovas

t horoughly cl eaned. A buffer m x was repared before preparing a subsequent
mx. All @mducltﬁéunimeg-O\i@héS-B&@thi@blslﬁhwfg@tr\vasa&ﬁ(%élcnamiandbfﬁgt.(ﬁl Fakwide.
Results and Di scussion Three cylinders were prepared for each of the six

m xes W t Fhearagk developmentwal enlenced by osinfi fanp that canpeodd@TMwndoelodiraf 44 mph 2.5
cylinders were tested after 14 days of curing. The results are 20 provided
i n Tabloe Knvht)eThwperfdsnantd efshesafiemis was chmpdrel Wingithearalareadaficosttal datgwitisnd n al |
the m xes were consistently close. The 14-day conpressive strength results
of all 18fitepeand fiberseinforced eighygr oxi mately the sane. The neasured crack

| engths, widths, and areas for the control and fiber reinforced slabs are
given in Tabl es Al AkéhAatedbeld) thelBesultodTaheGeststinditate thersiefitickswEkhy¢ ptedént bat ches
A, B, and C. Each 25 table conpares the m xes prepared on a particul ar day,
The i nf | UgiAsEEn, af thy adshge Ssell] SBEficANEASRBedIRe pliktic siinkSdel ifi cérldfetd) TAE Bradk 2&Ki Ng
are shown in illustrated in Figures 1 to 6. The summary of the test results

21 WO 2002466 %dicl fed/ W52 05/ fefted @Pthe pRA chitRetd ENE EAtIAOVds@Fsttlel Med SMiRE ast i C

shrinkage cracking are given in Table 2. The conparison of various .
par anefer @osi%érof dbhbese fB} vdliRe5f SARGE WhsSusbd THRR W 08 pdrddhkt ShdD2 pIRERSBRARE! MENS

were tested Tor each of the three fiber contents and the average crack
?’;S?Z ‘é"?r t_?_f gﬁﬂ@'ﬁé&%ﬂ'l’lﬁ‘l%a% ﬁrgiﬁ}fg[ »fi}lgfﬁ WelfbeLdosigBEnGe FRpeLH R 1.0 PertdnPar 0OV lerbeRt byN
volume of concrete.
Test Method
Tests were conducted using 2 inch (5.08 cm) thick slabs that were 3 feet (91.4 cm) long
20 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 kan/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

2s  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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| engt h of %‘a‘.%‘? garéﬁ?g'f’? Sga;%l%gél]ctugaﬁ%d'(Fi gure 2), the tinme observed for crack
formati on based on fiber .i ont ent igure 3 cr areas between
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of the plagtic shrinkage crack reduction potential of the three fiber

Cont ent & PReLcwad 5l pOCPealeRH o HR g b bt GO Bk SR ghedp ¢ ne
three slals reinforced.with 2.0 percent by volunme of the synthetic fiber

bl end of ﬁﬁé"@b%‘%‘%ﬁ#eﬁsﬁﬁf’é’%ﬂegn The results indicate that all three fiber
contents iﬁ me&e effective in reducing the plastic shrinkage cracking in
concrete. er the anmount of crack reduction is different for different
fi ber dosages. The crack reduction tential varies fromabout 92 to 100 %
for these fiber corliéaicralsGRRSESiosAS THIPE Leeimente SaFiels ol 10l GO FBRERELS | abs
and the fiber reinforced slabs confirmthat the fibers 20 of the present

i nvent i on The eoajae pgerespteihag a mpaxippymy sigg 9€-AYyin: Bathding sud eoatsp ppereeaigesalsfied WSAM i n
concrete. The tests revealed that even at very low addition levels, the
synt het i c aggregatedequirp@entf t he present invention provided extrenely high
crack reduction. At fiber dosages of 0.5 percent by volune, a crack

reduct kon of 92% \iEhs cherhical wediphysical piopertiesd Sedwbriddynthety fihersaeadwang/thosslasine, a
crack reduction of 98% was achieved. Furthernore, there was no observed

pl asti c sidescribedgerenx acki ng when 2. 0% by vol une of 25 fibers were used. 22 WO
2005/ 016644 PCT/ US2003/ 040385 TABLE |I 14-Day Conpression Strength for

Shri nkage Test Speci rens Batch Fi ber Content Specinmen No. Conp. Strength
psi Avera si__No. (%by Vol.) cme cn2 FEP1-1 4725.97 0 (332.27) A
(control) @E&T—P%ma%" 3.98 4740. 38

Because the objective of this test was to study the influence of fiber addition on the

15 plastic shrinkage, it was necessary to make the concrete with a very high potential for shrinkage
cracking. The testing conditions, such as the ambient temperature, the humidity, and the wind velocity
(14 mph) (22.5 km/hr) were kept constant for each batch. Three different batches of concrete were
made with the same water contents, cement contents and maximum size of coarse aggregates. A higher

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

20 follows:
Cement (Ibs) 855 (388 kg)
Water (Ibs) 427 (194 kg)
Water/Cement Ratio 0.5

25 Concrete Sand (1bs) 1062 (482 kg)
Coarse Aggregates (Ibs) 1062 (482kg)
Maximum Size of Aggregates (inches) 0.75 (1.91 cm)

20



(337.98) woIBe2Ake4FEPL- 3 4701.19 (330.53) FEF1-1 4722 pas2003R20384)
FEFI -2 4754.36 4753.76 (334.27) (334.22) FEF1-3 4784.69 336.40 FEP2-1

4754. 36

FEP2-2 4833.59 4805.09 (339.84) (337.83)
HGFS 5, 2 (346.23) FEF2-2 4964.26 4944, 47

349.02) (347.63 749'4 62 (347.64) . FEP3-1. 47 337 0
Econtrol))(FEPS 2) 43‘§E gzt’éaﬁ onpn %’6%”6%‘3‘)6?% @xeq:glﬁag%;;erw 06)

FEF3-1 4733.

10

15

20

25

stored in a separatg c(‘;gn%amSe?) Flrslf.:EF%uécrﬁZu? %as4p7rep4é1?e 9 TIZereaﬂer, coarse aggregates were

introduced into the mixer. Sand and two thirds of the water were then added and mixed for one minute.
Cement was then added along with the remaining one third of the water. Thereafter, the fibers of the
present invention were added and the ingredients were mixed for three minutes. Following mixing, the
mixture was subject to a three minute rest period, followed by a final mixing stage for 2 minutes for
proper fiber distribution.

Because the fiber reinforced cementitious mixes were of a flowing consistency, both
mixing and placing were cafried out without any problems. No segregation or balling of the fibers was
observed in any of the mixes. In order to maintain consistency in placing, consolidating, and finishing
the slabs, an experienced concrete contractor and finisher performed the placing, consolidating and
finishing for all the slabs.

Three batches were made on three separate days. After each batch of reinforced
cementitious material was prepared, the mixing drum was thoroughly cleaned. A buffer mix was
prepared before preparing a subsequent mix. All of the mixes were prepared under identical conditions.
Test Results and Discussion

Three cylinders were prepared for each of the six mixes with and without fibers
according to the ASTM procedures. The cylinders were tested after 14 days of curing. The results are
provided in Table 1, below. As illustrated in Table 1, the cylinder strengths in all the mixes were
consistently close. The 14-day compressive strength results of all 18 specimens were approximately the
same.

The measured crack lengths, widths, and areas for the control and fiber reinforced slabs
are given in Tables Al to A3, Bl and B2, and C1 to C2 respectively for batches A, B, and C. Each
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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Average 13?0%9 \ngrc calculated. The results of these calculation are provided in Table 2. Table 2 includes the

s average crack area of iwo 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
10 content Gigme 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
15 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
20  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

25 fibers were used.
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Batch | Fiber Content | Specimen No. | Comp. Strength psi 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 472222

1 (332.01)
FEF1-2 475436 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 4827.31

(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 476947 4729.74
(335.33) (332.53)

FEF3-3 4686.25

(329.48)
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Type Crack Area Crack Area Crack Area
(mm?) (% of Control) | (Reduction %)
BATCH A
Control Slab 1 413.93
Control Slab 2 19576 100
Average 304.85
Hybrid Fiber 1% by Volume
Slab 1 5.68
Slab 2 1.45 2 98
Slab 3 —d3.00
Average 6.73
BATCHB
Control Slab 1 373.81
Confrol Siab 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 Siab 2 17507 100
Average 192.77
Hybrid Fiber 0.5% by Volume
Slab 1 26.42
Slab 2 13.59 8 92
Siab 3 —_326
Average 15.09
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U 0 8 n“Q)?mmﬁJli ~1 =n e~ 0000 0O Oy 6000e0 O00GRHEHFAREKE 000000
3 h~1~ ~ ~ N, Y ~Z Na N W 2005/016644 PCT/ US2003/ 040385 Tabl e
Bl Details of Crack Lengths, Wdths & Areas; Batch B; Control Slab 1. Crack
Length Wdth Akablejsl.PetaileetCrackdeagths)Widths &AreasBatek B; CoptrolFlabi. No.
Wdth (om mm(mm) me mmmm (M me 1 66.90 0.40 7 5.20 0.45 0.80 0.30

1. 00 0. 30CtheB3 Length |2wWiath (. Bloragd®.|OQrda 1|3 | 76radib |0 Ledgtl. OWidth. QOAvethgel5| AdeH(
2 57.80|1.8% § 10.30]0.30 (. 3vidiB. 81 2.0 ¢. 4%. 4.00 0.5 2.00 ovige (3. 00
1.87 1074-89 0. |3(mm} (Q(mm) | (mm) | (mm’) (mm) (mm) (m) | (mm’)
1 66.90 0.40 7 520 0.45
0.80 0.30
1.00 0.30 0.33 1.72
2.00 0.35
2.00 1.13 7545 0.25
2.00
1.00
0.45
0.50
2 57.80 1.00 8 10.30 030 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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RPEFEPDNNDN

.00 1.06v0 0801668 40. 70 0.80 9 26.30 0.20 1.00 0.30 2p@Ruedfefs3 6. 14
.00 0.20 0.80 1.20 48.84 0.20 1.00 0.20 0.80 4 32.40 1.00 10 8.8
.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

.00 0.80 5 3PahiéB2. BRtalls @O CFadkll.enfitina Widths & Ardas)Batch() Condihl 3Hb0 2. 00

.00 1.00 0.80 6 13.40 0.80 1.00

1.00 0.82 10.99

0. 20

Crack
No.

Length

(mm)

Width

(mm)

Average
Width

(mm)

Area

(mm’)

Crack
No.

Length

(mm)

Width

(mm)

Average
Width

(mm)

Area

(mm’)

1

61.60

1.00
2.00
2.00
2.00
2.00
3.00
2.00
1.00

1.88

115.50

6

71.60

0.50
0.80
1.00
1.00
0.80
0.80
0.80

0.81

58.30

9.40

0.80
0.80
0.50
045

0.64

3.99

16.70

0.45
0.45
0.20
0.20
0.20

0.30

5.01

19.30

0.45
0.50
0.50
0.50
.30
0.25

0.42

8.04

13.20

0.50
0.30
0.20
0.20
0.30

0.30

3.96

2540

0.80
1.00
0.80
0.50
0.40
0.30

0.63

16.09

80.60

1.00
1.00
200
3.00
1,00
3,00
3.00
3.00
3.00
2.00
1.00

2.09

168.53

SA

20.10

2.00
3.00
2.00
2.00
2,00
2.00

2.17

43.55

30

Total
Area

424.97




0.80 0. 50W2R0Vm186A@5/ 016644 PCT/ US2003/ 040385 Tabl e B2.pcpeifudafnsfiss Cr ack
Lengths, Wdths & Areas; Batch B; Control Slab 2. Crack Length Wdth Average
Area Crack Length Wdth Average Area No. Wdth No. Wdth (m) mm (my) mE
mm (nmm)  mm mi TabRICEoD¢tatloofCrarkd@ngths (Widthe & Hraas; Batch €; Control Slabd. 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.[4Brack).|30edgti64 Widd | OAvbingd .|5Areh %o OCRok 5. Qkngtlh). BOVidth2 ) Awrazd |3 Arba
0.45 8 13.89 (4. 50 0[50 0.30Wi@h5Q 0. 42 18J0AN®. 0 0.30 B.96 0. 53@dd. 20 O.
0.30 025 4 25 ¢ben | geem |ogmey doces’sd 16,09 | (mm) | Gom) | (mm) | cumd)
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
Q.80 0.20
0.50 0.54 11.18 0.30 0.22 3.32
040 0.20
0.20 0.20
(.20
2B 14.20 0.50 8 11.60 0.30
0.50 0.20
0.30 0.36 511 0.40 0.25 2.90
0.30 0.20
0.20 0.20
0.20
3 15.60 0.50 Total 21047
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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0.50 0. 40w0QodHM166kat al

2.09 168.53 3.00 3.00 3.00 3.00 2.00 1.00 5A 20.10 2.00 3.00
2.17 43.55 2.00 2.00 2.00 30 WO 2005/016644 PCT/ US2003/ 040385 TabI e Cl.
Detai |l s of CraTkbledilytietaild ¥tk Lengthe,Widthd & Keas;Eatch € C8hariol SlabCr ack
Length Wdth Average Area Crack Length Wdth Average Area No. Wdth No.

W dt h

424.97 Area 5 80.60 1.00 1.00 ;Cq%szgm,g@mg_ 00
.00

32

| Qe igth fdi MAvEFEke | A¥ea . ©deko |1 ¥ength U Adthl] UlvethgétU  Area
No. Widih No. Width
(mm) {(mm) (mm) (mm’) (mm) (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
030 0.27 443 0.80
0.30 0.30 0.37 4,75
0.20 0.20
020 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 530 1.00
0.30 0.80
0.30 0.23 238 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
040 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
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0.20 4 68.%0 200s8@6644. 00 1.00 1.00 0.70 48.02 0.80 0. 58ctRs3M3nthigd 31 WO
2005/ 016644 PCTI US2003/ 040385 Table C2. Details of Crack Lengths, Wdths &
Areas; Batch C, Control Slab 2. Crack Length Wdth Average Area Crack Length
W dth Average Area No. Wdth No. WdtEzamplaZm (mm) mm nmmm (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 AGdy whslondted 1@ Ovahidtelifle Bdorthiddled ékpéimentabynthe@Ohfdbrid7 4. 43

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 fbet@f 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
s 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,

10 rebound data were determined, and one standard ACI shofcrete 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 shotcrefe test panel. Cores were also extracted from these test panels for the
determination of compressive strength. Permeability data were determined on diamond saw

15 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 Desien and Batching

20 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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rebound; the fly ash increases paste volume which improves pumpability and shootability.

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

5  batched with monitoring. The materials were premixed in a rotary pan mixer with counter
rotating paddies, 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

10 toa 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

15 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

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

to Ic, below.
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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.
5 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
10 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.
15
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
20  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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Canada. Shotcrete M xture Design and Batching 20 The base wet-m x shotcrete
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one

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
15 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)
20 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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Properties 1. Slunp and Air Content
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
15 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 foughness

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.

20

! 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 Jordgo, Brazil, 11-15 April
1999
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M x F20, howsietiar. Theppredwehswt invevdriical orierftationapd Bnishedtoan ehuiviientdxcast-i ng 5
equi prent and nodi fied base m xture. Several bl ockages of the shotcrete

hoses occur ceftretelsigfaco fipiskasivpa-twodydest foesiik:-off and atdl aowsbadisHimg 50 mm to
38 nm reducer piece with mx

After initial set, the shotcrete panels were covered with plastic sheets and kept moist and

15 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

20  Six, 75 mm diameter by about 110 mm long cores were exfracted 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 shoicrete 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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varied from 12 to 19% by mass, which is not atypical for shotcrete wth a
hi gh conient of synthetic fibers. A trend towards increasing rebound wth

increasing fiber addition rate was observed. The fiber retention varied

from 94% for t hepnByitel AbsoSptidaahd FolumelofPUerhnabieordige of fiber addition rate
to approximately 80% for the other two mxes. This is a relatively
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hi gh vol une synthetic fiber shotcretes teste ere. rete

Production ,to, 1 | .Test. Panel s st apdar.d 6 X 125 mm,test panel
per i x. v HeAEEhef TEohORRLRERGY Ny PAIgH TG peloesal G o ADPIRfon 180 S2Rb1 5 had
45 sl oped edges to facilitate escape of rebound and strippin

4.2% to 4.9%, and the Volume of Permeable Voids ranged from 9.5% to 10.6%. These

10 results are very low compared to the maximum limits of 8.0% for Boiled Absorption and
17.0% for Volume of Permeable Voids commonly specified for structural quality shotcrete.
These results are indicative of dense and durable shotcrete of low permeability.

¢. Flexural Strength and Toughness
Flexural strength and toughness tests were conducted per ASTM C1018? for all mixtures at 7

15 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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11-15 April 999, 38 WD 2005/ 016 /US 3/ 040385 2 Australl n Round
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days. Hard¢ned Shot cret § obf opeér t i es
F2+* I* generation, 6.5 12% (at 8 days) 4.1 v
2.0%
* This mixture was produced with an increased fly ash content

** Mix F2 was previously produced and tested at AGRA, see our Report VA04526

Q)

10
The flexural strengths of the mixtures exceeded the frequently specified minimum of 4 MPa
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
15 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

41
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about 110 mmlong cores were extracted fromeach of the standard ASTMtest
panel s and tested for conpressive strength to CSA A23.2-14C (which is
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effect of fiber addition rate on conpressive strength was evident. 5 b.
Boi | ed Absotgbk Acemprtsr Getinpeust lo tgstedatao Fora moze daailedidescaiptioel thest s
conducted on three beamend saw off portions at 10 days are given in the
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ranged from 4.4%to 4.9% and the Vol une of Perneable Voids ranged from

9.5% to 10. G TetRAER RePort BRUY,IERI0W, roviicy tHeQ¥t eRpAared to the maximumlimts
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100 x 100 x 350 mm beans, tested on a 300 nm | oad span

Specimen As-batched | Peak Load | Maximum Post- Absorbed Energy
Fiber Volume [kN] Crack Load (0-40 mm Deiflection)
Dosage [kN] [Nm] or [J]
Forta - F10 1.0% 31.2 16.8 525
Forta - F15 1.5% 29.8 20.0 640
Forta - F20 1.9% 27.9 252 750
S152-HPP 1.0% 34.7 15.2 290

Italics: Data from reference in footnote 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 ceniral deflection by 22% and 43% respectively.

Shotorete for Underground Support VII, Telfs, Austria, 1995, pp. 66-87
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1.7 111 1. dogoeihs South African; Walsr Bed Test gigyeioned by Kirsfernofreigst spt-upyeoraprises an,
6.1 13% 4.0 N 1.9% F2** 1% generation, 6.5 12% (at 8 days) 4.1 1V 2.0%*
Thi s m xt ur eeinfgcysk eoaarstedpegestal with 2 stseleconbided tejnforshd obberewater bedyhighRensilas
previously produced and tested at AGRA, see our Report VA04526 10 The

fl exural st rstieggthseanfion beltsyand W0k 108 xeWd@th foble bbht @ltean Thy reapie bl dwhichi mum
of 4 MPa for shotcrete construction projects in Wstern Canada. The

Japanese TOUGRARRSoEIABIR] VerNBcatePDA NETISmMEN 146 PRACEhd- RYLLMtiRered RAs&ERt €
show a good correlation between fiber dosage
10 the panels were supported against downward movement by four square hollow section steel
profiles positioned by pairs of hydraulic jacks.
The center point deflection of the panels was measured by means of a retracting
extensometer mounted on an aluminum bridge and attached to an epoxy glued hook at the
center of the panel. A pressure transducer continuously monitored the water pressure in the
15 water bed, which is correlated to the load applied to the shotcrete test panel. A computer
continuously recorded the load and deflection signals. The data were then analyzed and used
to plot the load versus deflection curves. The electronicaily 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

20 40 minutes.

4 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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and duct i kv Yoos/dlwead | bers perforned at a rel atively hi ghpd-gysioofs@ssdevel oped
good bond with is the cenent matrix. The fibers al so devel oped nost of their

| oad-carrying capacity as indicated by nuynerous ruptured fibers in the
fractured fdgaddition igsogppougly monitpyieg the joad versus gspe sfelectign respoisgih s of
Fi ber reinforced Shotcrete, ASCE 41 WO 2005/016644 PCT/ 11S2003/ 040385 2.
Austral i an PRand] th espuentesf sreck famation Renneebried dlreckwidth devsiopmentrwith Round
Panel Testing machine at age 7 days. The panels was statically
det er m nat elifcrédsingaiefledionwais lalse eecevdedel i ng supports with m ni num constraint
to radial novenment (in the horizontal plane). The central deflection of the
panels s was neasured with a | ever nounted LVDT, while the | oad was
determined with a 80 kN load cell. A conputer continuously |ogged the test
data. For, a djpkRsidas ai | ed description of the test apparatus and test
met hod, see Reterence 1. FIGS. 27-29 provide the |oad deflection plot an
Techni cal RegQr v/ e i I 1

SRR st Pults outlﬂ‘,reh?ééé\{ g@i%fétg Bt fnd ﬁxl%rﬁfﬁbér% Hletp?eseJQﬁe:}lfS?élﬂe@%%a

tabl e sunmari zes | nport ant ata and conpares themto pu

io shotcrete reinforce it h, commer ci al avai l.abl e t hetic, fihers.

(Ref r ence. ByiresBeR eeRt Rbisict BRBHEPCuRr kbal Rt Remeblbrs RhCurrdabenaf oy

Fi ber Volunme [kN] Crack Load (0-40 mm Deflection) Dosage [KN] [NM or [j]
Forta - Fl OhS psgestinyeniong6isumt Iopghqoaldbebatshad, gumped gdabormiSnEandas ¢ o - F20
1.9%27.9 25.2 750 S152-HPP 1.0% 34.7 15.2 290 |Italics: Data from

r ef er ence i rshétomting tapifgment @sing 3§ exm> dBerokd diniefer iozdle amksasttiachedh Hverdddition
increasing the addition rate of fibers or the present invention reduces the

ul ti mat el oasecaial id 9 9 by RuBbOTEY Blie dosiBe irtilied Ab s shudypagedranehed
present invention fiber volune addition rate from1.0%to 1.5% and 1.9% by

vol une incr i _ . _ 20% and
R G L L L

tral deflecti by .22% 43% ' ._Shot t.e for.uUnd d
cent el def |, getlof BT be oS Sblng Shterc A RE o b Baa REGL 0V

d
of

mix. There did, however, appear to be/a trend towards a reduced pre-cracking load carrying
capacity of the round shotcrete panels with increased fiber addition rate. Test results show

15 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-cut 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

20  monofilament synthetic fibers. Moreover, tests results show that the shotorete 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



42 VWO 20Qp4 9dR@14PCTI US2003/ 040385 The test results fRCT/82003D493%d t hat
when conpared to the Synthetic Industries S-152HPP fiber, the hybrid
synthetic fibers of the present invention provide superior perfornmance at

1. 0% vol unetoagitiess and syaére dudilitBthat dppédrs todmrequivhent iBedmé biph qualiipetedidiier x 1600
X 76 nun panels were tested on AGRA's water bed reaction frame, adapted
from the SOMtd?eldﬁdrw%emeﬁﬂbrmhzﬁﬁétesd@s}sé‘&aBﬂﬂ 1R2YeritkdckvAdths. ThAdkBSthset - up

conprises a reinforced concrete pedestal with a steel confined reinforced
rubber wat e . Ghye ' ; ' 00 x 10
mm r ock bol {h°%?eg?‘é’§!‘q$ré8£2§c I 51215%‘%%% B“’\%ﬁﬁ% gtdug%egﬁ#éf%s@%%&@g???} wer e

| ocated on a 1000 squar.e grid., The four cantil evered edges aof 10.the
panal o wer cREEHD BT Gar NEPR 0 RFed e e PR au st g ) Wl Wik
section steel profiles positioned by pairs of _(%dr aulic jacks. The center
poi nt def | e@@shcrnmﬁfrchwéogmt espoiallyad dasgar etack widtha AE ABRERORENo.

ext ensoneter nounted on an al um num bri dge and attached to an epoxy gl ued
hook at thel center of the panel. A pressure transducer continuously
nonitored the water pressure in the is water bed, which is correlated to the
| oad applied to the shotcrete test panel. A conputer continuously recorded

the | oad angUBSECESt i ON Bak@Wak-Mix ShetcRe.Mixi@E rdpofiond BYIY Cesligid used to
plot the |oad versus deflection curves. The electronically nonitored data

wer e veri f =% T Tal C o T as o F T ST { and
wat er prespure {anaﬁ@%‘eﬂ%r essure gpuge) -2 Rppl i ¢at' ]ﬁﬁéﬁm oaa tgvlémﬁgt al
def ormat i OEQL.LLM—QQ:&LT Q0 of 20 4 j ‘
H A D., Sys€ememdIypé 10ty of Long F ber #e nforced SBbS&rete| Refd270 pregjar ed
for Shot ef gitiea Wanki ng G oup, South Afri4sa, June 192700 pp. R7 and205
appendi cesj pgA {0 20057016644 PCITJS2003{;,04038% " Tnoagll T10h T0o®asg I nugusly
nonitorin S alfderrectl on esponse or tne anel, The
sequence g Ew%cﬁ@#?ﬁ@?é%% relcor degOO Crack vmpd&Eidjevel Dpne%tlsgv}t h
RS P E) 113 4536830 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

10 Specified 28 Day Strength = 40 MPa
W/(C+SiF+FA) Ratio = 0.38

Slump (after superplasticizer and fiber addition) = 70+20 mm
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The test &eSMdiscdyt!ined above indicate that the hybri eécfrigsesosoiosshe
present invention displays surprisingly good physical properties over known
rei nforcenent fibers. The hybrid fibers of the present invention (60 nm

| ong) coul d be batched, punped and shot with standard shotcreting equi pnment

usi ng 38 MTECENICAL REPOREN0Zz! e and as-batched fiber addition io rates
of 1.0 to 1.9 %by volune. The fiber dosage utilized in this study appeared

to not si QQM@LI y af‘&gggtcﬁaps}ﬁ,mg% yeeprgérerg&gt h, flexural strength and
per

val ues of boiled absorption and vo une abl e voids of the shotcrete
fzw;?;id;? LS -, B Egﬁp@x b A TR 1 0
Wpé’ﬁ ﬁs‘ncreased i ber addi t ‘?{FF%F %tP ?1%?39'[ gaghow is

shotcrete p

that the fj _Lena y)
in high quglity shotcrete. fibers and|the
shotcrete fratrix _appeared tj pGP'P“l’BTi’tSSBf a
majority of the spanhi _ | | S t{ of
t he shot cr gée—oitai-oacad—wi{-h—d =t Lo

appear ed t pCEment bRl ohl o 5 414

hi gh- per f of-#E$d8M90 ppnofil 3 , —H - ; -t—%—t—-S—l’—.:;—SH-I-— S
show t hat {-E¥28hot oret e wit] 0% VOt —-hy b l—f—u-%m rprgwi-des=—t-oughiiess
and system 'Algf:f’if“‘t hat appear@0 to be acceptabl e|for ?%hot dret e 517
construct i p—rEtR tH-+g1a ..Uﬁg. ater+est skanee—t “““*ﬁ%rac%&r}gmﬁads as
in some gfgHt - Hzatiotr—proi culgao e g 16
constructi bg ‘_' 5 FO‘R 11 cks,l.;g vetr—hanks gders: Ye
shotcrete &c%fmby Vo hybrl d fjber provideg 44 2045/ 016844

PCT/ US2003 ¢ TauT Job Tty hat—appears to13g

equi val ent @qual ity steel fiber or wellded wire rresh reinforged
shot cretes sBNG al Ty at rger crack| widths. In addition, tthe shotcrefe

with 1.9% ﬁu¥§b‘la§t’i&’zen“y””v TOer provifes tpgghmesy amdsystgm adughgt Tty
that appe kﬁeq};@ld@%’béﬂ%}m eqlln val ent "or| better than|sone hi gh qual ity steg¢l

fi ber and —rernforceg—shofgepetes [ espectat iy —at4haruet
crack wi dt iy, Tk %‘Bﬁé&ﬁx PORT No. 1 [SUBJ CQI9 Bas¢ \et-M x shot cret e

+las \ /a1
y—vortfre—1h ns

M xture Pr Kﬁdﬂltgﬂ{ ; A\f.lgh{n]};uncn t|819|,';1‘.) vai-e++eat—iverss—Bt-k—Den
As Shot 1.9% 1.9%

Total 420 2355

10
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Cerment Typeo 26bs496548150 0. 1270 Silica Fune 45 2200 0. 029ft/ukkgosisbss30 2200
0.0136 Coarse Aggregate (10 - 2.5 mm, SSD 500 2650 0.1887 Sand (SSD) 1130
2650 0.4264 Water (estimate) 180 1000 0.1800 Water Reduci ng Adm xture:

Mast er bui | der(r) Pozzolith(r) 325-N 1.40 1000 0.0014 Superpl astici zer:

Mast er bui | JFECHNIAS RFPAORT No30dB0 N 2. 00 1000 0.0020 Air Entraining

Adm xture: Masterbuilder(r) Mcroair(r) 0.40 1000 0.0004 Air Content as
shot 4.0% 0.0400 Total 2288.4 1.0000 10 Specified 28 Day Strength = 40 MPa

W (C+Si F¢FARURIRCT: = 0. 36-Bhionaa Sidtcis Mk mbautions zer and fiber addition)
= 70f20 nun 45 V\o 2005/ 016644 PCT/ US2003/ 040: 5 TECHNI CAL REPORT No. |a

SUBJECT: As [o PP rete ur d tbflcatlon
F10 Cal cul aE ﬁ Fg ‘3"192"“ % ent [9 & §/ vgf’f?ﬁ%? / c[ﬁa 901 ]I(agrh/%
wat er / cenenBrHY SHERPEE s rati ol%0. 33 Bas & %% 8?’3?@1 ?%‘1?8 8n§3 ?ur es,
mass per batch-_Ei Lhors _Fly ach Bullk Dengity Cal o g;edé&l?ag@;augagnme
dry added, per batch [SSDI I\/tls%asﬁ?t"f?ﬁ [ atgr, m Cénent_n 10 81 0 315(
414 mass per batch, Admixtures, Bulk Density Calculated SSD
Material bone dry Fibers, Fly ash [SSD) Mass per m’
[kel added, per batch [kg/m’] fke)
_Lkg]
Cement Type 10 81 0 3150 412
Silica Fume 9 0 2200 46
Fly Ash 6 0 2200 3
Coarse Aggregate (10 - 2.5 100 0 2650 514
mm)
Sand 224 Y 2650 1162
Water 35.8 1000 164
Synthetic Fibers, FORTA® 2.685 910 13.7
1.5%
Water Reducing Admixture 0.360 1.84
(Pozzolith® 325-N) [L]
Superplasticizer Rheobuild® 0.100 051
3000 [L1*
Afr Entraining Admixture 0.090 0.46
(Microair®) [L]
Air Content At Pump 8.0%
As Shot 2.0% 2.0%
Total 420 2345

10
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Silica Fugey RoSoref® 47 Fly Ash 6 0 2200 31 Coarse AggFEmesmodfiossd 2650
517 (10 - 2.5 m 2) Send 224 0 2650 1169 \ater 35.8 1000 165 Synthetic

Fi bers, FORTA(r) 1.790 910 9.2 1.0% Water Reducing 0.295 1.52 Adm xture

(Pozzolith(r) 325-N) ] Superplasticizer 0.200 1.03 Rheobulld(r) 3000 [L]*
Air Entrai niﬁmﬁcml’&]@gﬁ"dc% (Mcroair(r) [L] Air Content At Punp
8.9% As Shot 1.9% 1.9% Total 420 2355 10 46 WD 2005/ 016644

PCTI US20031040385 TECHNI CAL REPORT No. |Ib s SUBJECT: As-Batched Shotcrete
M xt ure Br o SUBJECE: Bat c AsiRiohied Sheteictedviixtiird Bropattions at ed Fi ber Content [ % by
vol.]: 1.51% Batch Size (bags): 14 water/cenenting materials ratio: 0.33

Base shot cr eftcl¥deRtificalisns Per brfoch, cslnand BibesCodRtlt [sBsHel.}:y1.68% cul at ed

SSD Materi =i bers, ash [SS . . . per
5D VRL T hatPPSfe fiakfl Der o, H ash | SO ahsimditihg HaterkliHrict 5

Base shotcrete Water,
mass per Admixtures,
Material batch, Fibers, Fly ash Baulk Density Calculated SSD
bone dry added, per batch [SSDJ Mass per m’
[ke] [ke] _[kg/m’] [kg)
Cement Type 10 81 0 3150 3%
Silica Fume 9 0 2200 4
Fly Ash 6 10 2200 78
Coarse Aggregate (10 - 2.5 mm) 100 0 2650 487
Sand © 224 0 2650 1100
Water 39.8 1000 174
Synthetic Fibers, FORTA® 3.580 910 17.3
2.0%
Water Reducing Admixture 0.360 1.74
(Pozzolith® 325-N) [L]
Superplasticizer Rheobuild® 0.100 0.48
3000 [L)*
Air Entraining Admixture 0.090 0.44
icroair®) [L)

Air Content At Pump 8.6%

As Shot 2.6% 2.6%
Total 420 2293

10
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Silica Fuggg SoSodd@P 46 FlI Ash 6 0 2200 31 Coarse AQOrggaiiSobiéhosss2. 5 100
0 2650 514 MM Sand 224 0 2650 1162 Water 35.8 1000 164 Synthetic Fibers,

FORTA(r) 2.685 910 13.7 1.5% Water Reduci ng Adm xture 0.360 1.84
ozzolith(r) 325-N) ILI Superplasticizer Rheobuild(r) 0.100 0.51 3000 [L]*
A r Entrai niTECANTCALUREPORION0.Z 46 (Mcroair(r) [L] Air Content At Punp
8.0% As Shot 2.0% 2.0% Total 420 2345 10 47 WD 2005/ 016644

PCT[ US2003/ 040385 TECHNI CAL REPORT No. |Ic 5 SUBJECT: As-Batched Shotcrete

M xture Rropardysp: Bat chiw demditidsGal FREA ShdbrefedGptrdsed Fi ber Content {9% by
vol.]: 1.90% Batch Si ze (bags): 14 water/cerrentlng materials ratio: 0.34

Base shot crete=Yéter—— oSS et AT RS, ity Fetcih—Fpers—Fry=egh
Bul k Densitly Cal cul at ebf bone dry @ at G Bl per n@i g
g kg/m] fKal Cenent Type 10 81 0Q 3150[39Q F10 15 F20
As-batched Fiber Content % by vol. 1.01 1.51 1.90
Water Reducer Addition Rate L/m’ 1.52 1.84 1.74%
Superplasticizer Addition Rate L/m’ 1.03 0.51 0.48*
Air Entraining Agent Addition Rate L/m’ 0.46 0.46 0.44
Ambient Temperature °C 21 21 22
Ambient Wind Speed (estim.) m/s 2 1 2
Precipitation 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
10 *¥ gstimate based on the as-batched air content

TECHNICAL REPORT NO. 3
15
SUBJECT: Shotcrete and Fiber Rebound
Mix Mix Total As-batched Fiber Content In-place Fibor Content Fiber in Rebound Fiber
No. Description Rebound Retantion
(% by Gegfm’) | Goby | (hby (/) | (oby | (aby (kg/m’) | @by | (%by (%)
mau) vol) nAss) vol) mass) vol) ma.ﬁ
Fl10 1.0% Hybrid 12.2 2.1 1.0 0.39 8.5 0.94 0.37 212 233 0.92 94
Fiber
Fi3 1.5% Hybrid 17.3 13.7 I.5 059 10.7 118 0.46 287 KT 1.24 8
Fiber
F20 || 2.0% Rybrid 19.0 18,2 2.0 0.7% 14.4 1.58 0.62 34.7 3.82 1.50 72
Fiber

20
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Silica Fureo203/02&Q9 44 Fly Ash 6 10 2200 78 Coarse AggteaRb@sadkhzss 2. 5 nmM
100 0 2650 487 Sand 224 0 2650 1100 Water 39.8 1000 174 Synthetic Fibers,
FORTA(r) 3.580 910 17.3 2.0% Water Reducing Adm xture 0.360 1.74

(Pozzol i t h( TECIRHCAL REPORPNopHast i ci zer Rheobuil d(r) 0.100 0.48 3000 FLI*

Ai r Entrai nBHYBRWDFEER SHOTORETEAEVALUAGEON(r)) [L] Air Content At Punp
8.6% As Shot 2.6% 2. 6% Tot al 420 2293 to 48 WD 2005/ 016644

PCT/ 1JS200350495 of'&recﬁ c?%f F&}neﬁt&féjs@ﬂ@hill@és and

Fresh Shptcrete ﬁopert S Proper Uni cation F10 F15 F20

As- batched et 4= =54 Yatpr—Redue
Rate Lm 1. Ez 1Soace, 74 S@IB@FE&M QJ @Fat%GPWS?FSWSt s 6%“50 @8‘“@1’%‘1“’6 m
Ai r Entrai hindosafi ' ) JnRStrengthdMRBalo 44 repgth fMPab At ir e
C 21 21 22| Anbient Wpnpd Speed (estlim) nl/s 2 1 2 Pr=C| pltatlon 00 0
Panel F10 7 50.9
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

10 TECHNICAL REPORT No. 5

SUBJECT: ASTM C642 Boiled Absorption and Volume of Permeable Voids
15
Specimen Absorption Absorption after Volume of Bulk Specific Gravity
Identification after Immersion | Immersion and Boiling Permeable Voids after
%] %] %] Immersion and Boiling
, [ke/m’)
F10A 45 4.7 10.6 2345
F10B 4.0 4.2 9.6 2370
Fl10C 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 49 109 2331
F20B 43 4.9 10.8 2330
F20C 4.2 4.5 10.1 2340
Average 4.3 4.8 10.6 2333
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AS- BATCHE@OQ obMebadl th Fibers and HRAR) nm 50 30 50 Ai rpc@pudze0dioadasst h
Fibers anda HRWNR) % 8.9 8.0 8.6 Shotcrete Tenperature 0C 24 26 28 AS- SHOT
Punpi ng Pressure (hydraulic circuit) MPa 11 13 11 Air Content % 1.9 2** 2.6
n.a. =Not Available * m x contains additional fly ash and water for enhanced
punpability 10 ** estimte based on the as-batched air content TECHN CAL

REPORT NO FrdieNfA BEPORINS 68t € and Fi ber Rebound M x mi x Total
As. bat cbed Fi ber Content In-place Fiber Content Fiber in Rebound Fi ber No.

Descrlpt Ong B«Pgﬁ Ret e m (% by

8%5by i) ea#}g ggsgﬂgz 92100(%‘3%@:# 48% %ﬁéﬁi}“ﬁﬁi ﬁfgﬁ%ﬁfo 58 39
ri

1071180&); 3.61247§ﬁ’fE§t%?9§t13”§“6% brid 19.0 18.2 2.0 0.79

14.4 1.58 oFd iop Rates 50 7d-0%pyr¥el 20 49 WO 2005/016644

PCT/ USZOOS/FQM&- TECHNI CAI _REPCRT No 43 HYBRID FIBER SHOTCRETE _EVAL UATI ON
SUBJECT rrapdes | | FirGitOraeln tl’ﬁﬂtbriateC(Pr ed Shbughnesedi@peci nens t Resi@BISteRS, 2-14C
5 No Strength Strength Factors
(MPa) (MPa) Lo Ig_o Leo ng_,g_ R%ﬂ:

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, 303

F10C 717 7.17 N.A. 4.8 11.3 N.A, 21.7

Avg. 6.77 6.77 N.A, 6.8 15.4 N.A. 28.6

10
N.A. =not available due to large initial deformations after first-crack

15 TECHNICAL REPORT No. 6b

SUBJECT: Japanese Toughness Parameters and Toughness Performance Levels
Fiber Type: Hybrid Synthetic Fibers
zo  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 -1
Avg, 6.77 6.77 117 1,74 I

51



Source, SR RbhRsA0e Cal cul ated Conpressive Average ComrigsSvssodsecation
[days] Strength MPa Strength MPa Panel F10 7 50.9 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 D aneter
[mM] = 75 10 TECHNI CAL REPORT No. 5 SUBJECT: ASTM C642 Boil ed Absorption and
Vol une of Perneable Voids 5 Specinmen Absorption Absorption after Vol unme of
Bul k Speci f IFECHNYCAY. REPORTI No.@at i on after | mrersion | mersion and Boiling
Permeabl e Voids after [ [ [Y9 ImrersnBoiling 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

AVIIIRIOL £ N & B R R i g AT

4.5 10.1 Zsﬁber'éfly%re? ARGSaS 1%1y%n%%3yr?fthetic Fibers

Fiber Addition Rate: 1.5% by vol.
10
Sample First-Crack Ultimate Toughness Indices Residual Strength
No. Strength Strength Factors

(MPa) (MPa) Iy Lo Leg ng_._ag Ragen
F15A 6.31 6.31 N.A. 8.1 18.4 N.A. 34.3
F15B 6.22 6.22 N.A, 8.5 18.9 N.A, 347
F15C 5.65 5.65 N.A. 18.5 35.5 N.A. 56.7
Avg. 6.06 6.06 N.A. 11.7 24.3 N.A. 41.9

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

15

TECHNICAL REPORT No. 6d

SUBJECT: Japanese Toughness Parameters and Toughness Performance Levels
20
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'tmm) {MPa) Levels
F15A 6.31 6.31 12.7 1.99 il
F15B 6.22 6.22 13.1 2.00 il
F15C 5.65 5.65 223 3.33 v
Avg. 6.06 6.06 16.0 2.44 m

25
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50 WO 200W® 1064466 CTI US2003/ 040385 TECHNI CAL REPORT NopctigsmosidsddsCT: ASTM
C1018 Toughness Paraneters and Residual Strength Factors Fiber Type: Hybrid
Synthetic Fibers Fiber Addition Rate: 1.0% by vol. Sanple First-Crack

U timate Toughness I ndices Residual Strength No. Strength Strength Factors
a a 110 ho 160 Rio R3060 FIQA 6.62 6.62 N.A. 8.6 18.7 NNA 33.7 FIOB 6.50
6.50 N. A 7TBCHNICAY. REPORBNoHHC 7. 17 7.17 N A 4.8 11.3 NA 21.7 Avg.
6.77 6.77 NNA. 6.8 15.4 N A 28.6 10 N.A = not available due to | arge
initial deformations after first- crack is TECHNI CAL REPORT No. 6b SUBJECT:

Japanese T . Para er Type:
HyBri d Synt 'Ii]%éil bers@%?&gwgg | on gfgegzi%{dg%‘é@;ﬁ/ Iﬁqﬁéﬁétggﬁgtbg yP

First-Crac nat e - Japanese g Z}ﬁfness No. Strength Strength
Par anet er s c Toughne%%ﬁ%?ﬁ Wctor a a nma Levels F10A
1

6.62 6.62 aeNCB6 12.2 1.79 111 FIOC 7.17 7.17 9.2

1.35 1129 Av 67767 11.7 1. 74 111 51 WD 2005/ 016644

PCTI uszoosfv 0%BPB5 | FECERIXCALURERORT No. @eughness Indices Residual Strength
No. Strength Strength Factors

{MPa) (MPa) Iio I3g Ie Ry 030 Rsog

F20A 6.22 6.22 N.A. 18.1 34.0 N.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 69.0 70,7
Avg, 6.13 6.13 N.A, 20.0 39.3 NL.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) {MP3) (KN-mm) (MPa) Levels
F20A 6.22 6.22 22.0 345 v
F20B 6.14 6.14 25.8 3.90 v
F20C 6.02 6.02 29.7 4,63 \i
Avg 6.13 6.13 259 3.99 v

25
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5 SUBJECTw@2008l0486@48 Toughness Paraneters and Resi dual gtresgiokofoass ors

Fi ber Type: Hybrid Synthetic Fibers Fiber Addition Rate: 1.5%by vol. 10
Sanmpl e First-Crack U timte Toughness Indices Residual Strength No.
Strength Strength Factors a a |l | R10.30 Rw F15A 6.31 6.31 N A 8.1 18.4
N.A 34.3 F15B 6.22 6.22 N.A 8.5 18.9 NA 34.7 F15C 5.65 5.65 NA 18.5
35.5 NA. 56.TECRNICAZ, REPORIGNN.7A. 11.7 24.3 NA. 41.9 N A = not available
due to large initial deformations after first-crack i 5 TECHNI CAL REPORT No.
6d SUBJEGT: Japanese Toughness Paraneters and Toughness Perfornance Levels
20 Fiber TysUBOTI d SynAnbedliag Rouh®Psnel FésbResutddi tion Rate: 1.5% by vol.
Sanple First-Crack Utimte Japanese Toughness Toughness No. Strength

Strength Pargimet-fhs Fiahl ¥ag@e&e Toughness Toughness Factor (Nga) a -nma

Levels F15A 6.31 6.31 12.7 1.99 111 F15B 6.22 6.22 13.1 2.00 111 F15C
5. 65 5. 65 ZE—3—SP=tiv—Fv T E86—6—06-#6=CRr—dd—in}| AL=SAO-2885+-0+66714
j Fiber Addition To situ eak_ Energy
PCT/ Us2003/}0 um eSr Rate Fiber Load Nm=J
Content
% by vol.
%by | kg/m’ kN 0-10mm | 020 mm | 0-30 mm | 0-40 mm
vol.
F10 1.0 9.1 0.94 322 163 309 428 525
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
10
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
15 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, 130 and residual
20  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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TECHNI CAL wbBekJo1bkae 6€ 5 SUBJECT: ASTM C1018 Toughness d
Residual Strength Factors Fiber Type: Hybrid Synthetic Eegg{ggéog{ogoesggl

Addition Rate: 1.9% by vol. 10 Sanple First-Crack U timte Toughness

| ndi ces Resiaddaul ofSoireimdied, ondbldor eath ﬁmtcbnt&itrmﬁ:hdd:amwasic néixtiRepradditiénsO |
R10. 30 R30.60 F20A 6.22 6.22 N.A 18.1 34.0 N.A 53.0 ---FOB 6.14 6.14 8.4

20.7 41. 4 lee?etﬁgsﬁneﬁ%fcﬁu%n&et%m?mésl%ﬁ( %tﬁ%tv‘@oﬁ%xé%v%ﬁx 175aﬁi/20p@mé1§ 6.13

N.A. 20.0 39.3 = not ava e due to large initial

Japanese TolymkbSietiskt. HeFhREl o lEbCe b B ooy ﬁ%ﬂf?’“?%ﬁa%pe

Hybrid Synthetjc Fi bers Fiber Add|t|on Rate 1. 9% vol | e, First-Crack
Utimmate Jaﬁ%{ﬂ%sc& d-PORFGFR FUEIURES FgFaxed; nlgsed, @P@#S%tﬁg §msélﬁe,ﬁ Fadeter s

Performance Toughness Toughness Factor s a mma Levels F20A 6.22 6.22 22.0
3.45 |V sF20®nécal gomlitions2 The test genlisindicapoiiateh@e was 0@ balting orseg@gationalue fo 6. 13
6.13 25.9 3.99 IV 25 53 WD 2005/ 016644 PCT/ US2003/ 040385
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
10 flexural strengths were also significantly increased as the fiber content increased. There was
also a significant increase in impact sirength 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 kgfem?), 454 psi (31.92 kg/em®), and 654 psi
15 (4598 kg/cmz) 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
zo 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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TECHNI CAL wW-ReE#l16bis 7 5 SUBJECT: Austral i an Round Panelpdps$200@®i085s
Australian Round Panel Test M x Fiber Addition In situ Peak- Energy Nunber
Rate Fiber Load Nm .1 Content by vol. % by kg/mKkN 0-10 nm 0-20 mm 0-30 mm

040 mm vol .sireddih taldul9ted abcdiding 20 thellapandOSatzdy b2GivillBigideets shacificationd and. 8
185 368 515 641 F20 1.9 17.3 1.58 27.9 226 445 611 747 10 Exanple 3 The

per for mance @hGLRGHSK i the Sverddd Sl &%Fmoaa@e%orﬂg &P BT &C MhEd YLLS

reinforced with the fibers of the present Invention were anal yzed. A nunber

of three-di [@?%3‘9‘?%4%? %%g{ﬂ% Qmagﬁg?%?@?ﬁ%%faépeci mens (beans and

cyl i nders) osages 1.5, 2.0 percent by vol une)
had been cast and tested to evaluate the strength and toughness
characteristics. The strength tests included the conpressive strength,
flexural strength (nodulus of rupture), first crack strength, and inpact
strengt h.s THMateralghness properties eval uated were nodul us of elasticity.
The toughness indexes 15,110,120, 130 and residual 20 strengths were

cal cul at ed ddyhviddibers as dedchibedEtéih @etdris8d ambtestpd incthidexperimem, Tipe FII NxrmaA|

t oughness factor (JCl) and the equivalent flexural strength were cal cul ated

accor di ng t driMhd céMmBRIEHTyiNL AISTI CAB0 EquirkmENIWAERd. TheB&admlwas supplied
specifications. A new test nethod (ASTM C1399-98) was al so used to

det e e 15 BASIRASIGE SO pabon bople BSORRIGARE ST Gogafe 1 0 oo
e SRR R Xt o SRR
10  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.

15 Mixes
A total of 4 mixes were prepared. The dosages of fibers added to the concrete were in
amounts 0of 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).

20  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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wer e the wamos@akeal | four concrete m xtures, except fompciyws0030assth 1.5
and 2.0 percent by fiber volune, the workability was increased by

i ncreasing water cenent ratio. The fiber reinforced concrete m xtures were
m xed, pl acesrse aggnegatadscareiniroficad stie the aniserc Thewafierdwand snd thenthirdséf the
conditions. The test results indicate that there was no balling or

segr egat i onv#l¢tavdre addel @nd diitddi foromeimihiite € Cemait wdighene@dedsontedtithidgages for
all four mxes. Test results show that there was a significant increase in

the flexur Ei’Emz?ihfn?'?ﬂE iRt te Whtk:O ithe ﬂbgﬁgo? ?%Ei)ﬁés@nttiﬁ'?enﬁbﬁ YerdCddabdamiith@ngt h as

the fiber content was I ncreased fromO. .0 percent by volune. The ASTM

t oughness . n ughhess facto i e
lonural supgegrns Wik biEs 15 PBRE RS, RO Rg s AR i ALK b B bsd?
increased. There was _al.so a significant increase,in_ inmpack strength for an
i ncreasé i MOFFHERt "’c%‘ﬁ’t‘@ﬂ’f‘.ng?"ég‘i %Fggmllftgs ?&PWH@FG?%%W}’PW&EG éléeFSy hi gh aver age
residual strengths (ARS) (ASTM d 399) were obtained and the ARS val ues

i ncreased as the fiber content increased. The ARS values were 234 psi
(16.45 kg/cnR), 451 psi (31.71 kg/cm, 454 psi (31.92 kg/cm), and 654 psi is
(45. 98 kg/ e Sfeciimehs ber contents of 0.5, 1.0, 1.5, 2.0 percent by vol une,
respectively. Overall, the performance of reinforced concrete incorporating

the fibers 1 fiviRg §BiMens WaKSab( ffoin WRhSniR! ryifb@rmq&dmrxl 358k (4ih Rdtin & he

concretes reinforced with the best steel fibers available in the nmarket

conpar ed Oon 48 nEM4H Aoy %&%{03%38%%5%&&01 g fijSB%\gF Q%iﬁ é:ptﬁﬁ {( P4 5@ b

related tests’were perfornme rmne the physic racteristrc of the
20 fibers r j ti.on: t roperties of fresh concretes
with diff e?%%ﬂgagﬁgég}@%b%?@e%&es;&%ﬁgg‘pﬁ’ab@%ﬁ 1B HEAFR G concr et es
such as conpressive strength, static nodulus, static flexure strength, and
uni t wei ghtcompyessivestrcngtiand static morelas and 43 e 126708 M ol X¢2-6 in.) ofiedue| p of

| oad defl ection curves; 4) conparisons in the |oad deflection curves for the
four fi berforisipatidesteThe specinene werepstaornuding twoths ASTM btendaodsgind eseerdédagitlor and
equi val ent flexural 55 WO 2005/016644 PCT/ US2003/ 040385 strength

cal cul at ed p60 KltbetiGor 2t Rdues al 26030 G efBat.CTNe Qcifedt WwelsBén1R&ed in a lime

specifications; and 6) evaluation in the average residual strength (ARS)

di t est § [ |1
Four m was TRORH ol nifbiuc Bl 23802 Bl ol et LR AR el

tested |0 il BXPRELRL e dyPe 111 Normal

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 concreie temperature. No balling or segregation

20  was observed due to the addition of fibers.

Tests for Hardened Concrete

1. Static Modulus and Compressive Strength
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Por t | and wigp@Bhigad | STyi ng ASTM C 150 requi renents was peSgds200heosnent was
supplied by Dakotah Cenent, South Dakota. The coarse aggregate used was
crushed linestone, obtained froma |ocal source in Rapid City, South

Dakot a. Theyilmsersrwerestested fof statiembdulagySad Cd62)snd compreigvaniteaSh{ASTM t h
absorption of 0.45% The fine aggregate used was natural sand with a water
absor pti on gO%ifigcdagsit of 1.6% Both the coarse and fine aggregates were
according to the grading requirenents of ASTM C33. The water used was tap
water fromthe Rapid Cty Minicipal water supply system is Mxes A total
of 4 m xes were prepared. The dosages of fibers added to the concrete were

in anount 0. A 1.5 and 2.0 percent by volune of concrete. The
wat er ceme?r cgtt%\tlcilie’ﬂé%?esﬁept constant at 0.5 for two mxes with 0.5 and 1.0

percent by volune of fiber and_ it was,  increased to 0.5 or concrete with
hi gher dosaﬁfé’é‘séﬁmﬁeﬁ@i§t2(31.aBs@ﬁﬂlefﬁﬁcﬁé?‘@é]rﬁrewh\@gﬁ@@ﬁ@- RIRP x
proportions and designations are given in Table 4, below. M xing Procedure
Al m xi ng length way Poinglas (305 smphi Fais testos e defestion-gpritilled test. The rataele fi bers
were wei ghed accurately and kept in a separate plastic container. First the
buf fer m x defisction eyaa kegt.in thexbinge 05 6,00O2N0GY DdlES Hér MM BHOO K @WAOB8S5 coar se
aggregates were introduced into the m xer. Thereafter, sand and two thirds

of the watghtinGEFpeRdifitlePRIPerAREN ¢ 00180 Mhe Tkt Girst GRBE M B Makign RAded
along with the remining one third of the water. The fibers of the present

i nvention [.ngr edi } ; ] .
Fol I owi ng SeiehsEeiEhofator Al S0 Hedodihd dBheciilns QbR FRGTRAUARR 1
stage for 2 mnutes,to conpletely distribute the fibers. Te Speci mens The
ol Dowi g SHBLER MR SORmGRcl i el iices 4nt it i Chahtuenelp RoibTse rm ( 41
X 4in x 14in) beanms for ASTM toughness test; 2) four 101 x 101 x 356 mm
(4in x 4i n ASTM methodyessprgalenlefed.or ARS Test (ASTM C 1399); 3) three 152 x 304
mm (6 in x 12 in) cylinders for conpressive strength and static nodul us; and
4) ten 152 The@sfleotiof heasuramehtdSwere perforytied nsiap Sest pparatnpaocbrdingstt ASTMV

speci nens were cast according to the ASTM standards and covered with

pl asti c she@hdarlior A dfecily dRsighed TRPHD WATRES Rkt thEl¥al gREL] MRRASTNR Wast hen
placed in a line
supported only at the four points, which was on the neutral axis above the supports. The dial
15 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.

20  Hence the deflections measured were the true deflections of the beam.
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sat ur at edvpb@rnéank mai ntai ned at 22.22C (72 F), and r papiiRemsosnsyater till
they were is tested for 14-day strengths. Tests for Fresh Concrete Freshly
m xed concrete was tested for slunp (ASTM Cl143), air content (ASTM C23 1),
fresh condrbead DeflectioeBehvict ASTM C 138), and concrete tenperature. No

bal ling or segregation 20 was observed due to the addition of fibers. Tests
f or Har den®he @engundet thelurvStrepresentyitith dnegryabsbriairyrthebeane Riadelefiedtiob7 WO
2005/ 016644 PCT/ US2003/ 040385 Cylinders were tested for static nodul us

(ASTM CA69%uraexdofRitR iR SR Bt Shtieadpds{ st Mok @af) wale d#dwil a¥Sughress plditel C
Fl exure Test s Beans were tested at 28 days for the static flexural strength

(ASTM C 104‘;’&)&? mﬁ“@ﬁ@g@'{i%"g’%°41§¥15‘@§§§F3ei{3§'9“§e Gies. This test is a

defl ection-confro e rate Ion was kept in the range of
0.002 to 0.004 inches per mnute (0.005 to 0.010 centinmeter per mnute) as
per ASTM C 1018. The load at first crack and the maxi mum | oad reached were
noted for every beam Fromthe |oad and defl ections obtained,

| oad- def | ettt Flgkural Foughness SERGERRARROEMINTY r om whi ch t he t oughness i ndi ces and
the residual strength factors by ASTM nethod were cal cul ated. The

def | ect i onToughsenscorenersy absoeptpay dfmonwete isincrgasted sonsijepaiabythe additiodofng t o
ASTM standards. A specially designed frane was used to nount the dial

gauge. Thi fhds.aTughBéss iR ROhE 8RN of (B¢ arhdifit bDeHerdyQbdtlied et asomn t he
neutral axis above the supports. The dial is gauge was fixed such that it

was touchi pg, ﬁﬂﬁ) Al ﬁrﬂﬁ)’?t’?ﬂ‘é@éfﬁf’fﬁ(‘jgﬁtt Pihe xﬁHétfilﬁgﬁaélWﬁble?o‘i&H&gQFé“

all owed for the neasure o ection ex I ng any” extraneous

deformati ons due tqQ crushin f concrete . at.,su rts | oad points, and
oy orty oRbefies hnteit fuBlonf el f o vty BERIehey. DRet SR AR 0L o
deflection, is neasured at the center poin any s|light warping or tw sting
of beam wi Mflugpsingthe faughness mdepoare dhenogition Hé@% ﬁﬁéﬁ.t{‘?gbﬂé}’i@egﬁpﬁ‘g % | ecti ons

measured were the true deflections of the beam 58
volume fraction and the distribution of fibers. Fiber efficiency is controlled by the resistance

of the fiber to pull out from the matrix, which is developed as a result of the bond strength at
the fiber matrix interface. The advantage of pullout type of failure of fiber is that, it is
15 gradual and ductile, compared to a more rapid and catastrophic failure, which may occur, if
fibers are brittle and fail in tension with little or no elongation. The fiber pullout or fracture
depends on the yield strength of the fibers, the bond and anchorage between the matrix and
the fiber.
Toughness index (ASTM C1018) is a dimensionless parameter, which defines or finger
20  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 IS5 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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VO 2005/ Q4§ Shtdnnésdd US2003/ 040385 3. Load Defl ection Bepayiy@icod sl €a under
the curve represents the energy absorbed by the beam Load defl ection
curves for both the pre first crack and post first crack data, were drawn.
Toughness indices and the residual strength indices' were cal cul ated by
using these curves. 5 4. Flexural Toughness (Energy Absorption) Toughness,
or energy ahsAvdpideResidasl SteAgthelest i's increased considerably by the addition
of fibers. Toughness index Is the nmeasure of the anopunt of energy required

to deflect Tﬂberatje%@pla%'o%_rdsmea%ﬁﬁ%m&t A€ seTRHIES!S/- @fls;ﬂa!:]@?dﬁmobﬁﬂﬁ O.T)h§drm$t

i nportant variabl e governing the t oughness index o I ber reinforce

concrete is; L: hCl: ; i i t

t oughness in eg)’g%lggpﬁgﬁ{%%l??%al g%g?ﬁxgne@rﬁéc%gﬂ’)?hgfoﬁ tgér%tg%ég%ass]%gg? ratio,
vol ume fraction and the distributiqn of, fibers. Fiber efficjency s

Sont rol % BF el hsematas aed g 1 g WiHbEPes o tmosgn 5 mfied Aad Riagerior
which is developed as a result of the bond strength at the fiber matrix

i nterface. ‘vpefthgvigakrye tobe loadadavith thy precistent Tihe plage 11 the besm vereplagedon ¢ j s
is gradual and ductile, conmpared to a nore rapid and catastrophic failure,
whi ch rmay othe support appdratbescsthatrtbe {3edl tptatewasmentesdd oni the fosres baamingilookd akltthe or
no el ongation. The fiber pullout or fracture depends on the yield strength

of the fi bejchcretdRamMan canered s gy AGEpRR! WA isplaCerh®i brhXsdasts weleadfubto@r -
Toughness i ndex (ASTM C1018) is a dinensionl ess paraneter, which defines or

finger 20 pa[ch@h@g&??e??@%ﬁa@%atﬁtﬁ?folr miﬂﬂgvr’ef@ﬂe?%ff %?@-Dé@&ﬂt&ﬁ%uﬁ %5 been

defined on t service e entifTed as t mul'tipl es
of the first crack deflectiaogn. . The dndex is_.conputed by .dividingt t ot al
o ea urtfer RERGR SR MG ThE ot o R TER seplpple b Orsihertdfe | The
toughness index 15 is calculated at three tinmes_the first crack deflection.
Li kewi se | 1tgstPoam durieg the dnitigldoading Gyplgiapdhelp gontepl thexpagsedhightateof 5 i nes t he
first crack deflection respectively. 59 WO 2005/016644 PCTI US2003/ 040355

5. Aver age dRflectohnalf tit specigieh ufiestrackieg. rAatantay holel wesgitaced ircthe stetlgdede twovenent
was set at 0.65 +/- 0.15 mmmn (0.025 +/- 0.005 in/mn), using the

mechani cal gcathm@adie plavinga dnpleenéit randdgée pobk AeaBAGhIRNNYBStINPatREl test

sample.)
15 A data acquisition system was activated and it was responded to signals from all load and
displacement transducers. Thereafter, the specimen and steel plate combination were loaded
at the set rate and the loading was continued until the specimen cracked or it reached a
deflection of 0.50 mm (0.02 in), whichever occurred first. If cracking had not occurred at
this stage, the test is considered invalid. The maximum load to calculate modulus of rupture
20 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 The sanpbeodd@aggsdas turned on its side wth respect tecithf208mkdskdNn as
nol ded and placed on top of the steel plate to be | oaded with the speci nen.

The plate angd the heam were placed on . the support, appayatus so .that the
steel plat eaﬁﬁ&.&edcfedkgg wepriaet te G%WPIB&?QCWMCME%H EhECtOd LRy et e beam
was centered on the steel plate. The displacenent transducers were adjusted
accor di ng t ebtainimgakbdafiectignrarthat ueprdings wetst iminmadiageiy ebtained vpan begm relvedjng. Dac
data acquisition 20 systemwas used in the test. (Note: The purpose of the
st ai nl ess sTkedefletiddnerecarding devippond agairebroighs to izemundielondeg 4t lte spedifiedadate.

| oadi ng cycle and help control the expected high rate of deflection of the
speci men UPPRe ktads itéithinatedR Aldefledtioh 8f VAS nidh ALSFin) & hiBuel F BE BéEndi
accommodat e pl aci ng a di spl acenent transducer probe directly agai nst the
bott om of t&g.ﬁg@b sanple.) IS A data acquisition systemwas activated and
it was responge & signals fromall |load and displacenent transducers.
Thereafter, t.he _specinen and steel plate conbinatipon were | oaded t the set
Fate and+ VPG GG RSk She 9ok YA e R g e PR aR Bt pBled Bl hog
a deflection of 0.50 mn (0.02 in), whichever occurred first. If cracking
had not occtiefeamulas givenibslost age, the test is considered invalid. The maxi mum
| oad to cal cul ate nodul us of rupture 20 was not used in accordance with Test
Met hod C 78 as this load includes load carried by the steel plate as well
as by the concrete specinen. In anticipation of reloading the cracked beam
speci men only, the steel plate was renoved and the cracked beam was

centered onTedngpbmgaﬁwsétq@ bl ocks retaining the sane orientation as

during the initial Toading test cycle. The displacenent transducers were 60

Vo 20054916%.341‘35}%&&%9 sﬁﬁ@&éﬁsmbﬁ%&aﬁﬂ. tﬁf%dcbigﬁ%hééiggﬁﬂlh%h Ja@ﬁ?eg?@m
ance wth the chosen net hod r o

sanple 1 n accor taining net deflection so

t hat readi ngs e .l medi at t ai pon _beam rel.oadi ng. The

def | ect on. PRt sial Haet B R0 5 Aol e N e3iatoL rHAE R sra RO ¢ he
specified rate.  The test was term nated at .a deflection of 1.25 nm (0.50
in) as nmeas®HEat he s padtspwhicharany theneptral axivzheve the sugpor. Thedigkgauge patkage
the graphs were drawn and the residual strengths were cal culated by the
fornul as gi fixed such that it Fes touglipg thetcenterpoint ©& thelpottom surface. This arrangement

enabled the measurement of the true deflection excluding any extraneous deformations due
15 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. 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.
20
Caloulations
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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10 The t ewD Bpp@Ebefsus sati sfied the ASTM standards. A spean@z2bisdess gned
frame was used to nount the dial gauge with 0.0025-mm (0. 0001-in.)
resolution. This frane was supported only at the four points, which are 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 arrangenent

enabl ed the neasurement ofaArde (P vpz1PetPa k¥ excluding any extraneous
deformations due is to crushing of concrete at supports and | oad points and
any deformations and straips induced in the testing frame. Because the

def | ect i on WherendeShifodf , mmt (@ "denter point, any slight warping or tw sting
of beamw |l not affect true deflections neasured. In addition to the dial
gage, LVDT u@s alfd= e oNs were recorded by a data
acquisiti or?msyst em m#e&ggﬁfea I %%@g@éygggé%)g for verification of dial gage
readi ngs. 20 Cal culations The average residual strength for |oads at

rel oadi ag defl ecti ons of @Pa5Pg+R+FHT récofiled leadsl atlspeGfiedrbefleOtidid, NQIbO3, 0. 04,
and 0.05 in) are calculated using the followi ng fornmula: 61 WO 2005/ 016644
PCT/ US2003/ 040385 ARS = ((_PA+PE-;§&;§%/. x K Were K=1/ bd2 , mf 2
((m2) and ARS = Average Ré<ith#afe W Mpa (psi) 5 PA+PB+PC+PD =
recorded | oads at specifi g gRlds8 Wi R spebintdnPinin (i) anaspan | ength, mm (in),
b = average wi dth of specinmen, nun (in) and d = average depth of speci nen,
nmm (in) ao Inpact test Thel Speerigadepth wbspecimest mth imr | npact strength at an
age of 14 days by the drop weight test mnmethod (ACI Conmittee 544). In this
nmet hod, the equi pnment consisted of a standard manually operated 4.54 kg
(101bs) weight with a 457 mm (18 inch) drop (conpactor), a 63.5 mm(2-1/2

inch) dbangnpict fat dened steel ball, a flat steel base plate with a
positioning as bracket and four positioning lugs. The speci men was placed on

the base bl pobivhdhsiicke feBd or i3t B5ghR R e YA AlSs oyl ipikigthal bal

was pl aced on e speti nen
method (ACI Committee 544). In this method, the equipment consisted of a standard

manually operated 4.54 kg (10 Ibs) weight with a 457 mm (18 inch) drop (compactar), a 63.5
mm (2-1/2 inch) diameter hardened steel ball, a flat steel base plate with a positioning

15 bracket and four positioning lugs. The specimen was placed on the base piate 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

20 the specimens was recorded. The impact resistance of the specimen to ultimate failure was
also recorded by the nﬁmber 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 Results
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t he fourwipRbdéigesng brackets. The conpactor was pl acedcavidroosigodssse on the
steel ball. The test was perforned on a flat rigid surface to mnim ze the
energy | osses. The hanmer was dropped consecutively, and the numnber of )
bl ows requilr Ecbsh ConaetsPrepeetichi r st vi si bl e crack on 20 the speci nens was
recorded. The inpact resistance of the specinmen to ultimate failure was

al so r ecor Resmhsmpdieture hinaiditg andediotetd RAPEraRE Wore@RRdddne efsuackatallithe ci ently
so that the pieces of specinmen were touching at |east three of the four

posi ti oni ngy; . . G . _
e U005 s S burli ol pberRlritat %“%?“?%,-eﬁﬁ?t”ghétg‘?ﬁ%%%‘ﬁ’?‘@? fored y

and concrete,tenper YEILE, r.d to ensurethat all .the . .mxes re
carried out® tl},ll%] c‘s)f%r# FZ? con"l(lllld'(t§ ?g’r}gggﬁ{“t{?p?%bvﬁﬁ e‘#‘rtfé;lpg?r&tlg &R )rﬁ’gla?%
varied in_the ran f .6oF 1t F and 35%1t0 45% respectively. The concrete
t enper at ur g"Wi*@ﬁ%ﬁFéﬁ%%%Cgo yniy weighs obhigher dosage fifigs GONGIEICHYRIE of hi gher
dosage fiber concrete were slightly Iess than the concretes with |ower

fi ber dosaglghtlyfese thapdhercopersies stith lpwenfiber dasegesr dhe feshoopnieteTabpestics are
Wirkability to The test results indicate that satisfactory workability can
be mai nt ai given VEdbled.t h the addition of the fibers. The concrete started to
harden in about 40 to 45 mnutes. The fibers mxed well and were uniformy

di stributed throughout the concrete. Overall, there was no bridging,
bl eedi ng or segregation. Even though the slunp val ues show t he decreasing
trend wt tion of the fibers, no difficulty was encountered in

pl aci ng and consolrdating the is concrete with the use of the table
vi brat or. Al r ntent The ai.r, conte ranged froml.4 to 1,8 % No
i £ anP ai HBR{FSUGBRE Ml SR A G bRt oo SRS der ed as
entrapped air. 20 Hardened Concrete Properties 1. Conpressive Strength &
Static Mdaddidomeidhe fibars.r Bha gongretsrstaried tokardandan gha 48t dhguinpiese Jihe fbers
tabul ated in Table 6 and show that there is a '

mixed well and were uniformly distributed throughout the concrete. Overall, there was no

bridging, bleeding or segregation. Even though the slump values show the decreasing trend

with the addition of the fibers, no difficulty was encountered in placing and consolidating the

15 concrete with the use of the table vibrator.

3. Air Content
The air content ranged from 1.4 to 1.8 %. No air-entraining agent was used. Therefore the
measured air is considered as entrapped air.

20

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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vari at i oRy@ Rods/agssdPNPr essi ve strength. Conpressive strepgrfustiepedndss on wat er
cenent ratio 63 WO 2005/016644 PCT/ US2003/ 040385 and air content. If the

water cenment ratio is | ess, conpressive strength will be nore. Likewise, if
the air cordandnir costentorifthe twater compateatis iv &ess compressivenitiehgtbovillds snordhe aver age
conpressive strengths for mxes El and E2 with 0.50 w c ratios were 4960 psi
(349 kg/ cnR)ikewide, 47166 aip SonteA3IOMls P, thie)comprsyecsniength will bbigs.sl i ght vari ation
is within the s normal variation expected in concrete testing. The average

conpr essi venﬁarv@fagé BorhessiVesRengtisXormekel R Md ED Qnﬁﬁ S0 Eatfok QRre D66 pAS70 psi

(251 kg/cnR) and 3860 psi (271 ch) respectively. Because the concrete
conpressi v i or der
to Gonpar eefeﬁ%@?rq&?gﬁ%‘%ﬁﬂa AW’? L. | %ésﬁg%* i ¥ 3 e L

t oughness for to conc te m Xt ures on an e ual reSS| stren th
basi's. The ‘PSWS‘aW%%‘?P R Sif H‘e°°B?F°'E°H%“‘B% 43 8"%‘%‘?’@ 9{ “E?‘es whi ch

is 4960 psi_(349 kg/cm. It was well-established in Ilterature and codes
that the flBXkanddi4 with R35mvic Biior warer3STe psi 42 1dee/am 0 post 336Hrnal (271 kelo squar e
root of the conpressive strength of concrete (ACI code 318). Therefore, for
t he cal cul aespeotivetyf. nor mal i zed flexural strength, the follow ng equation was

used. is fr =f 4960 . Wwhere f, is the actually neasured fl exural
strength ar@ecfause theScohb@t &ﬁﬁb ‘él@en%ﬂi& emgdd) a @brmidlidhtiondRbdedtie!vals ussag" et e.
The val ues g| ven in Tabl es aré nornalized val ues. 20 A ductile node

of failure,, ?96ﬂ?gir§ﬁ1e%xﬂﬂaﬁé&%€zgﬂlhgtﬁér&ﬁjsh@{;%tdnﬁ il kFoug s RS “’Ed

whi | e test|ng onpressive s rel nforced concr e

cylinders contipued to sustalnl ‘ .0agQ gtg vvent def or mat i on Wlﬂ'_[l hout

t ot al | y*%r R TPMEeSAnAtsgua fﬂB’PE“ﬁdﬁ“g%“B é’ﬂ‘““ RFTEBYYas made on the

PCT/ US2003/ 040385 node of failure froma brittl %pe to a_ ductile type is

an i npor t arfompeesEive BrrngBYPianiE Blowhich is 4368ppi (347 ]63"31?1 b &t as welleestablished ihpdul us

test served primarily as a nmeans of quality control. The results indicate
literature and codes that the flexural strength of concrete varies proportionally to the square

root of the compressive strength of concrete (ACI code 318). Therefore, for the calculation
of normalized flexural strength, the following equation was used.

15

fi= f,,¥4960

(]

fﬂ

where fr, 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.

20 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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that the WOxees/ame64a r easonably consistent and the additipeftn@hodsiohsygs had no
effect on the s static nodulus. The static nodulus values are given in Table
6. 2. Static Flexural Strength (Mdulus of Rupture) The static flexural

st rengt h t estde oEfuilintesfron b briftlertype toaalnktile Gad is an inipoetant contaitiutorddelte lher al
stress are given in Table 7. Wen the fiber concrete beans were | oaded in
fl exure, thadibebhafitees.i 0 was approximately linear up to the first crack and
then the curve was significantly non-linear and reached its peak at the

ultimate ste ﬁ@mo&ﬁlu@festtsgﬁreﬂﬁﬁﬁﬂﬂg‘asg?%é%zm%ﬁﬁ'@onﬂr& AR LL:AR indichiEe

control (plal % concrete beans woul afely at the appearance of
the first K. . n LSt Cr r.en a exdral strength
(modul us o?ﬂ aﬁglﬁtn&lr%e]s)dw%lrﬁcago%g&t‘{?g&&glgr%gﬁé ra%'élgﬁ rggﬁb%gﬁ%dcrl!é éfec net?lf actors

that signifjcantly influence t flexural ,strength and is the toughness are
the fiber F%%H‘Qﬁéuf'ﬁthef%mﬁ?‘ﬁﬁ@ﬁmﬁ'%g?‘ief‘é‘% %ﬂ%ék 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 nodulus of rupture (static flexural strength)
versus fi b@r StatietFbexural StredpiviModulds afRuptuBe) As il lustrated, there is a
significant increase in the flexural strengths for 1.5 and 2.0 percent fiber

contents. Tihesidfic ﬂbﬁﬁ&ﬁg&et%ﬂew@ulﬁ,tﬂl@ﬂﬂt HraélOloadliut@fiatEloadRdd Bexutlis@eRf43 pSi
(45 kg/cnR) and 658 psi (46 kg/cnR) respectively whereas for m xes E3 and

E4, the stg {,J},%P;T%Vﬁ 77 APudisthe f}@&fﬁ%f&%émﬁ@&e Yo%ﬁecpﬁféf]sa(%, 318 8@%’}% 644

kg/ cn2) respecti ve ich1s a percent 1 ncrease.

PCT/ US2003/ 040385 . 3 TM To ness | nde d Resi dual .Strengths. The

Cal cul 4 od “RSIRTOUGIHOTERT HoBIBE B Hea dhe e Fgn oK SEn B JaR TR Tabi o
8. The first crack toughness versus fiber content is shown in Figure 9 and
the ASTM t 8udjrraehed itsprakeat die ultimate shyengtly or athemaxioum astainsddoadn Irpeptwast, 10.
The test results show that when the 5 fibers of the present invention are

added t o t lthe wotelr(plein) chrmrete beamawould fadldsmediatdinat thoappcarsse ofdnafinitaredkl ity
of the concrete. Mreover, the test results show that higher fiber content

produces aahd BéiRe ittediigtRRE Stradith shicfldxutal Mrength (dddaNe sLruphaé)dasutd Bethbod of

Cal cul ating Fl exural Toughness Factor and Equivalent 10 Flexural Strength

In additi O'Q%;hé’ﬁotr BEntfoPEdAretd OFRe 00 ANRAS R MRARKLRAUIARE tRHtxHA} GRingth!agy U 2l
strength and the
15 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
20  average flexural strength for mixes E1 and B2 were 643 psi (45 kg/cm?) and 658 psi (46

kg/em?) respectively whereas for mixes E3 and B4, 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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flexural weugisnassas as specified by the Japanese Soci et ypcqfyseboshohosg§gi neers
(JSCE) were calculated for all the specimens and are given in Table 9. The

variation of the Japanese toughness and the equivalent flexural strength
wi th an i nct-eASEMi Toughtess Indexesand Residual Strengths as 2. 0 percent by vol une are
shown in Figures 11 and 12, respectively. The results show that there is a
very cl ear Mabatﬂt&dmsmuoug}naeﬁm&hamd rasithhabehgths avetgiviehéx Tatdé 8sThengt h
increases wth an increase in fiber content and this increase is

appr oxi mat egq¥ draquauﬁghwegs RetsiEfibdr coMasas sdwnlih Pﬁg&ueo@ﬂidaﬁé As’fh@tohguﬁsmes S
increased from 108 in-lbs (1.24 kg-nm to 304 in-|bs : as the fiber

20" nor easae Rre Ry L0 78 o lePEif R 107 nEf %%Dﬁ9ﬁ?<‘*'ﬁﬁ?}§§“9flwth?hr "

i ncrease i [ content fromO. erc nt.. 66, WD 2005/ 01664

PCT/ US260 3?‘3’ &‘gr%he Bresep| 7‘6’5%‘1“"%9]‘%‘?@?41&‘%%"‘5& Fedﬁim ’(“ﬁ\(%ﬁ‘sec%%ﬁ e%44)

i npact test results are given in Table 10. The nunber of bl ows to first
crack and fandapctiliy pfthe corarates Morgroves, iertest emglis-show that Sighntibes coptent 14,
Though a relatively sinple test, if nore specinens are tested, the nmean

val ues indimadwesahitghttritowhmlaydducgﬁt;d i ndex of the inpact resi stance of the
material. Ten specinmens were tested for each concrete and the average
values are plotted in Fig. 14. The inpact resistance increased considerably
with an increase in fiber content. It is well known from previous testing

that the plai a fbl &%@g of that
fiber conc‘;rale"!ta %ﬁ%‘ﬁ%mﬂﬁg orfe%jgﬁ%en %é/\dr%l/lo’jlﬂ %gécé&/agvtgﬁgéé %éesi dual
Strength Faur re tested for fiber content. The average w dt hs and
depths Of t vx @?ﬁ% he |oads obt ai ned upon rel oading at defl ections of
0.5, 0.75, 1. and 1.25 nm (0.020, 0.03Q, 0.040, 0.050 inch), and_ the
average r esIP&Q@FO% 1o 1R SSTM CARSS tonghness indexes fhaggiivalent flexyral stigngth and the

| oad-defl ection curves obtained by reloading and re-testing the pre-cracked
beam (wi t hollaxural toughnessas gcaifisyl bathe Jgpanese Savicky @Civil Engmeerf IBCEAMEIH at ed ARS
values for all four fiber reinforced concretes are shown in Fig. 7. The
test resul t@ldulskdofes £l theapecihensame arQivends Tablab. Thé vaingioh of hegmaew
considerably with an increase in fiber content. The ARS val ues were 234

toughness and the equivalent flexural strength with an increase in fiber content from 0.5 to

ot

15 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-1bs (3.5 kg-m)
as the fiber content increased from 0.5 to 2.0 percent. The equivalent flexural strength

20  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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psi (16. Swiogpbesmpe44451 psi (31.7 kg/cnR), 454 psi (31.9 pe@@Fhosnashds 654 psi
(46.0 kg/cn2) 20 for fiber contents of 0.5, 1.0, 1.5, 2.0 percent by vol une,

respectively. It can be seen that 180 percent increase in ARS was obtai ned
when t he fiSbd@mpaxStremgthwas i ncreased fromO0.5 to 2.0 percent by vol une.
Since the ARS values are only due to the influence of fiber, irrespective of

the conpr eghe dfop WwéislaTACh Comniiiee AN GhRCEtestirBRIARR givihuf Tabie 6. The
normal i zed. The mxes El (with 0.5 67 WD 2005/ 016644 PCT/ US2003/ 040385

percent fi betheadi@ids to'Writlrabi InP8 ﬁ%%é@&%&%ﬁ@gg&&g@%&%%pfgm hs of

4960 psi and 4760 psi, respectively, ereas t wth 175 percent

fiber) and,E4 (With,2.0 .paercent.fiber).ha r . conpressive. strengths,
3570 boi ( 350oR0h bl siRB RS rapdep S ate b, FRBEENAYEF RGBT [

t hese | ower conpressive ,sérer} ths, a substantial increase in s the ARS

val ues Wias IBHERHYFD 888 fRdera Shrampetdesigtance Pl materi]. S TeDeeimSBOYE | ead to
the follow ng concl usions and observations. First, the hybrid fibers of the
present i nuestadifoneash gonszety andthp eyeargecyalugs asimlatied dn Big. 14 Theompagtaesistante by
vol une w t hout causing any balling, clogging, and segregation. In addition,
sat i sf act olincreasedt sembiderably witisanmiacredsaiimfberwottentt fiteis acdiliknown fiofn previous | ber
contents at the dosages of 0.5, 1.0, 1.5, and 2.0 percent by vol une.

Conpar ed t @esihginat e pRiiféchordid ipRciesistance Kl bel SEAR NS toi1NGTTARe fAbét the first
crack strength, flexural strength and both ASTM and Japanese toughness

val ues. Th i A t I@J}@] i sed with higher fiber content.

Mor eover, ?thédrréév\%é@ogﬁ%gaéd S agwg‘:ﬁﬁlﬁ%crease in the inpact resistance when
the fibers of the present invention are incorporated into concrete when
conparéd to plain concrete. The inpact resistance increased with increasing
fiber content. Significantly, the inpact resistance achieved through the
use of t he 6f Ayerage Besidpal Sgeegtbnt i nventi on was the sane or higher than that
of the best steel fiber reinforced concrete with the fiber content by

vol ume per Femt lzegms were @skdd far diber @atehd r Tl averagbwidtiiseind fdepthe of the beanest the

m xtures enploying the fiber of the present invention, the node of failure

was changedodds btamed ipdd fealiigat 8fettidnS of @5) 0175 1) e Uik [(ROROL 0.030,
conpression or bending. This ductility increased with increasing fiber

cont ent . F‘éf()ttlb,[e(?igﬂl; Iﬁg@; Q,g%tﬁ%’ ﬁ%&%ﬁ redifinl %g%§ FARSHE BiveA\RoTab 1 CORG et €

i ncor porating T esent tron,

15 load-deflection curves obtained by reloading and re-testing the pre-cracked beam (without
the steel plate) are given in FIGS. 15-26. The calculated ARS values for all four fiber
reinforced 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 values were 234
psi (16.5 kg/em?), 451 psi (31.7 kgfem?), 454 psi (31.9 kg/em?), and 654 psi (46.0 kg/cm?)

20  for fiber contents 0f 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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cal cul at g B6GAk;Ng to the ASTM C 1399 test procedur e pcwas2eostonessel y hi gh,
which 68 WO 2005/016644 PCT/ US2003/ 040385 indicated that the fiber was
very effective in sustaining the post crack |oad. The ARS val ue increased
wi t h i ncr epsmeentifibef)iahé E2 ¢with & fpercEhicfiterMiad cempie8avesrengths of 4i60@sismdi n t he
ARS val ue when the fiber content was increased fromO0.5 to 2.0 percent by

vol unme. Thus60 pie, repestively) WheRRhaihie nidRs Wt (ith 10sbréent Hher) & iSE0 Ve
strength from%Ggs%‘Ssi 349 kg/cnR) to 3860 s psi (271) kg/ cnR). Accordingly,

t he perfor &%r@&ﬁ 8r) hhd Rfwer 8hMpREGRLEARS, ﬁ%ﬁcﬁﬁ] @g{@ﬁzﬁ 'T}#Jﬁﬁo @Ei\i{mﬁflﬂt t he

I nvention e simlar or superior than t orce

best st eel | bers av.ajla Jnthe market co red, on an. e | weight or
cost basi s.k fﬁ'&’ EGSHEC%?)%&' Ere %ﬁ%ﬁﬁsgﬁ(’g’ RERRETE® S FB&'P‘% aé‘ﬁ‘b‘fﬂ”%#ﬁn‘f&aﬁg si gn.
Cenent kg(l.bs). Vol Oerren% Coayse Fine Water Ratio % Agg. Agg k bs k bs k bs
k bs EF ot ARBygugsgvasobgereds 2o (55.6) 64.86 (143) 64.86 (143)
12.61(27.80) E2 0.5 0.635 (1.4) 1.0 25.22 (55.6) 64.86 (143) 64.86 (143)
12.61 (27.80) E3 0.55 0.953 (2.1) 1.5 25.22 (55.6) 64.86 (143) 64.86 (143)
13.88 (30.6) E4 0.55 1.27 (2.8) 2.0 25.22 (55.6) 64.86 (143) 64.86 (143)
13. 88 (30. @onclidlo@d® WO 20051016644 PCT/ U82003/ 040385 Table 5 Properties of
Fresh Concrete M x Room Room Concrete. Unit initial Air Designation Tenp

Humi dity TP tesiieiiildisch4sBP aeRB iAo thEfolfdwihdédnbiusions And obsérvatidasBikst(cm El
65 45 64.8 147.6 1.25 1.8

the hybrid fibers of the present invention may be incorporated in concrete up to 2.0 percent

10 by volume without causing any balling, clogging, and segregation. In addition, satisfactory
workability was maintained with the addition of four fiber contents at the dosages of 0.5, 1.0,
1.5, and 2.0 percent by volume. Compared to plain concrete, there was a considerable
increase in the first crack strength, flexural strength and both ASTM and Japanese toughness
values. The first crack strength increased with higher fiber content. Moreover, there was a

15 substantial increase in the impact resistance when the fibers of the present invention are
incorporated into concrete when compared to plain concrete. The impact resistance
increased with increasing fiber content. Significantly, the impact resistance achieved
through the use of the fibers of the present invention was the same or higher than that of the
best steel fiber reinforced concrete with the fiber content by volume percentage. In addition,

20  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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(18) (18v@¢2@8@@$45) (3.18) E2 85 35 69.1 146 0.75 1.8 p&R@k20020s0835 (2338. 9)

(1.91) E3 80 45 70.

73.2 145. 2
2.54 cm F=

145.2 0.40 1.4

(27) (21.6) (2326.1) (1.02) E4 85 40

lrgi}cg? éhai edqu)wgﬂ 9%5%%?2?&51‘% 0’1%6'?{%20% gﬂlr?tgi ggn;grsi n 1in=

2005/ 016644 PCT/ U82003/ 040385 Table 6 Cylinder Corrpre55| ve Streng th and

Static Mdinciess
| D (Days)

strength
El -1

El-2 14 6.025 11.958 150 3.86 4770

Ayerage 150 3. 88 4960

0. 67

in.

in.

106 psi

pSi

Goeigh weveasg &n fherrentent. Taeigotes en i B0 prepe dnopase indh
| b/ fr

.02 237

| us Conp.
(cm (cm) ms k cn?) k cn®

14 5. 98l5e WherDth2 fibdicadie@OWBLRGreased FroBY ) to B0 pEBE)t byy®Bim)e. (Mhisindpase367)
(15.304) (30.373) (2403) (0.271) (335)
El-3 14 6. &Qkpkﬁea&$ué5$mﬁmﬂanﬁﬁﬁﬁxﬁ%ﬁvaﬁﬁmgmsﬂmﬁﬂkmIgzemskgkﬁf?%3B&I343)
(2403) (0.272) (349) Std.Dev 1.00

0. 54 ﬂm?@ 1 kg/fem?). Accordingly, the performance of fiber reinforced concrete mixtures of the

present invention were similar or superior than the concrete reinforced with the best steel

fibers available in the market compared on an equal weight or cost basis.

Table 4
Mix Proportions
Mix | Water Fibers Weight in kg(lbs)
Design.| Cement | kg(ibs) | Vol Cement Coarse Fine Water
Ratio % Agg. Agg

kg(lbs) | kg(lbs) kg(lbs) kg(lbs)
El 0.5 0.318(0.7) | 0.5 | 25.22(55.6) | 64.86 (143) | 64.86(143) | 12.61(27.80)
E2 0.5 0.635(1.4) | 1.0 | 25.22(55.6) | 64.86 (143) | 64.86(143) | 12.61 (27.80)
E3 0.55 ]0953(2.1)| 1.5 {2522(55.6) | 64.86 (143} | 64.86(143) | 13.88 (30.6)
E4 0.55 1.27 (2.8) | 2.0 { 25.22(55.6) | 64.86 (143) | 64.86 (143) | 13.88 (30.6)

19
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E2-1 14 3 146 3.79 4640 (15.438) (30.691) (23390 p%s (326
E2-2 14 ?‘gg{gs’%ﬁ%? 150 3.90 4950 ((15 21)2)((30 9021)((2403§26?360%27§)((34%3)

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) (0.2Tdhle6335) Std.Dev 2.08 0.06 168 oC.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. G§Qndied 0PFAB (3n8243820 (15.240) (30.480) (2371)
(0.273) (269) E3-3 14 5.067 12 083 149 3. 28 8450 (15.156) (30.691) (2387)

(0.231) (2¢3)y—Averayge if 6873570 (2371 (106259 (251 —Std. Dev 1.00 0. 35
218 % C. Vv 0OMis 9, 4@0@ 1 1Rocm] - Fomﬂ‘ets')hQ?@thZ 08kitia 7 [3. 2AI378b6 (15.171)
(30.691) ( Zﬁg%ngo % B&GMity Fdemn 1# & 147-3geaft B850 (15.255)
(30.587) (PR35 7 g 228 271) t% 5 I.JL4. e%%pl lgég 25 3P40 (15.171)
(30.691) (R339) (0.2 F277) Avé’FagJa 111’4/17933. 25 3!860 236’/5) (P.229) (271)
Std. Dev 0.p8 0.02 1’8("9}@ V_0.39| 00y P.@®Bgm’) (cm)
El 65 45 64.8 147.6 1.25 1.8
(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 14
@7 (L6) | (2326.1) | (1.02)
E4 85 40 73.2 145.2 0.25 14
(29) (22.9) | (2326.1) | (0.64)
5
SI Unit Conversion
lin= 2.54 cm
F = 5/9 (°F-32)°C
fi* = 0.02832 m?

10 Ib/f= 16.02 kg/m?
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SI Unit %Mﬁ%isﬁﬁh Factors s 1 inch = 2.54 cm1 | b = 0.¢5p0s%83/d40831 = 703
kg/nm2 I b/ft" = 16.02 kg/n8 71 WO 2005/016644 PCTI US2003/ 040385 TABLE 7

FI RST CRACK STRENGTH AND MAXI MUM FLEXURAL STRENGTH 14 DAYS M xture Speci nen
Age First Crack Maximum Fl exural TypeTdblelfays) Load Stress Load Strength

| bs psi | bs psi cn? cnP C3lindir CopressiiStpehigtiHidStatid Modiu88) (44) (1633)
(45) E1-2 14 3000 527 3598 632 (1361) (37) (1632) (44) E1l- 3 14 3000 545

3522 640 [TE3&eilen( PShael I ietds 45 Lot 4 Ot PO F G0 ol TREER 36)
(1762) (46 Aper agmaphl 648 (39) i _45% 4 589 326;% 8| (1389)
(41) (1482) (44) ER-2 14 3&m3 612cap4d 6 42)kgled) | E2-3 14
3573 629 3p15 689 [(1621) (44) (1776) (48 628 658 (1621)
(46) (1646) (HL) 14 5.995 12.042 149 3.90 5225
(15.227) | (30.587) (2387) (0.274) (367)
El.-2 14 6.025 11.958 150 3.86 4770
(15.304) | (30.373) (2403) (0.271) (335)
E1-3 14 6.001 12.083 151 3.89 4880
(15.243) | (30.691) (2419) (0.273) (343)
Average 150 31.88 4960
(2403) (0.272) (349)
Std.Dev 1.00 0.02 237
% CV 0.67 0.54 4.79
E2-1 14 6.078 12.083 146 379 4640
(15.438) | (30.691) (2339) (0.267) (326)
E2-2 14 5.989 12,167 150 3.90 4950
(15.212) | (30.904) (2403) (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
% C.V 1.40 1.58 3.52
E3-1 14 6.012 12.167 147 387 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 12,083 149 328 3450
(15.156) | (30.691) (2387) (0.231) (243)
Average 148 3.68 3570
(2371) (0.259) (251)
Std.Dev 1.00 0.35 2138
%CV 0.68 9.42 6.11
F4-1 14 5973 12.083 147 327 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
%CV 0.39 0.47 2,02
SI Unit Conversion Factors
s linch= 254cm 1lb= 0.4536 kg
Ipsi= 703 kg/m® Ib/fe = 16.02 kg/m®
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Aver age w@z(ﬁ@,m““m) (46) E3 E3-1 14 2947 504 3438 S588-{aIRMnk0aB) (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) (S5WABMEE4-1 14 3967 679 4203 719 (1799)
(48) (1907) (51)FISF CRACKISDRENGTH3ASH MARINIUM FLEKURAL STRENGI#/) E4-3 14
3967 698 4529 797 (1799) (49) (2054) ¥4¥AY&4-4 14 3967 703 4178 740 (1799)
(49) (1895) (52) Average 668 731 (47) (51) 5 SI Unit Conversion Factors 1

i nch= 25. 4 TMRuklD] SpecMe0] Kagd PS|_ - FifGmR0l T N7 WExitn 200 SFoLB0
PCT/ US2003/ 0 5| <t W ~-I~(Bhysy {O0Load ¥+ [0 BN Yl OnloadON M Vtrehdh 00 00 0 O
00 ~CO00 V1 Ci VijVi Oo fl4 O @ f¥st- [COpsN Yy f Vibs~n r| ~t oMl vi|d v v d
r ~Or ~or I '"CODOD U (ke) | (kefom®) (kg) (kg/cm?)
El El1-1 14 3500 623 3600 641
(1588) (44) (1633) (45)
El-2 14 3000 527 3598 632
(1361) (37) (1632) (44)
El-3 14 3000 545 3522 640
(1361) (38) (1598) (45)
Ei-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
(449 (46)
E3 E3-1 14 2847 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 4538 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)
5  SIUnit Conversion Factors
linch= 254mm Ilb= 0.4536kg 1 psi= 703 kg/m’
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HON ~j

Speci nen Age Toughness Equi val ent Fl exural
El-1 14.0 93.5 (10.6) 219 (15.4)
E1-3 14.0 99.7 (11 3) 226 (157ABLES-4 14.0 137.5 (15 6) 304 (21.4)

psi
(15.8)

Uncm E

Average 107.9 12.2
202.1 (22.9) 434 (30.5) E2

(18.6) 377 (26 5)

542 (38.5%
(46. 2)

N MoSld16644+N Mer "M

.-~NM cr
WWWO'y WWWWO0 U WD 2005/016644 PCT/ US2003/ 040385 TABLE 9 JAPANESE
STANDARD - TOUGHNESS & EQUI VALENT FLEXURAL STRENGTH - 14 DAYS M xture

sﬁ%ﬁml“r@Uéﬁvﬁsé

T

Average 174.

Type # (Days)

?3‘3?
41)

.-~N Mre WWW WpetWisbdsiodésss W W W W >

i nch-1bs Strength
El-2 14.0 101.1 (11.4) 226

E2-2 14.0

E2 4 14.0 164.3
14.0 250.3 (28.3)

S B S PRy (3. 3) 657
Né}_ 0 [36IPeRImaRL I7) N (54 %3’0“&5 ‘?sé Tg@T 2&)‘”%2 L ( A 9)
# ays) inch-1
(Nm) (kg/cm

El El-1 14.0 93.5 (10.6) 219 (15.4)
: El1-2 14.0 101.1 (11.4) 226 (15.8)
El-3 14.0 99.7 (11.3) 226 (15.8)

El-4 14.0 137.5 (15.6) 304 (21.4) 1
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)
E4 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-Ib=10.113 Nm
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E4 E4-1 WoQ0RRPsds (32.8) 642 (45.1) E4-2 14.0 213. 9* f,gfmégm,?,gg,gs 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) * Qmtted as outlier Conversion Factors: | psi =
703 kg/n2 | in-1b = 0.113 Nm 74 WD 2005/ 016644 PCT/ 11S2003/ 040385 TABLE 10
| MPACT TEST RESULTS - 14 DAYS M xture PgBLE@®Ci nen # Nunmber of Blows to

Difference in no. Type (DayMPACTIESS RESULCTS-uda®dOFsbl ows from first
crack to failure El 14 E1-1 48 201 153 14 EI-2 106 192 86 14 E1-3 177 246

69 14 T'W‘ x Agst [ 2Spbefmen # 20 1 1Runier of Blowkts~ © 107 Differeht¥nnots E£1-7 23
127 104 14~nﬁl -8 SE;,a 5 13'? 14 El-BispCrackOP Idmure 14| E1- 1Qridvs 5893 131 |Aver age
84 193 109 E2 14 E2-1 54 289 235| 14 E2-2|58 337 2V9 fid cledktadfaile 410 315
El 14 El-1 48 201 153
14 El1-2 106 192 86
14 Ei-3 177 246 69
14 Ei-4 189 270 81
14 El-5 20 112 92
14 El-6 107 211 104
14 E1-7 23 127 104
14 El1-8 58 195 ' 137
14 E1-9 51 186 135
14 El1-10 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 EB2-7 110 428 318
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 43 192 146
14 E3-2 125 374 249
14 E3-3 84 282 198
14 E3-4 123 632 509
i4 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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14 E3-2 125 374 249 14 E3-3 84

14 E2-4 3iotOmee> 14 E2-5 99 442 343 14 E2-6 105 43%13@@oosledodse-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
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UN N t+ bqq;c}\mpfemlv-Fob e:pamﬁle, embodlments of the present invention were employed in test strips of

5  asphalt roadways in amounts of about 2.0 to about 3.3 pounds per ton along with an oil emulsion
and aggregate (3/8” (1 cm) limestone chip) and monitored for surface failures and damage resulting
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

10 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

15  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

20 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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s  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

10  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 maten'al‘, 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

1s  invention remain within the principle and scope of the invention as embodied in the appended

claims.
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WO 2005/ 016644 PCT/ US2003/ 040385 As set forth above, it is contenplated that
enbodi nents of the fiber conposition of the present invention provide

i nproved properties to various types of cenentitious material, including
asphal t- based material. For exanple, enbodi nents of the present invention
wer e ewpdt @yeimédist est strips of s asphalt roadways in anounts of about 2.0
to about 3.3 pounds per ton along with an oil enulsion and aggregate (3/8"
(1 cm linmestone chip) and nonitored for surface failures and danage
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and transverse separation attributed to heave axle | oads, such as, truck and
far m ngTROHePARMSrcdmeal mhierial BOAGiMRIWAERMARCR ore¥ SNtwid Sless SR RS 2 SRANL/REIPWS
and their nethod of snow renoval accentuateérthe surface failures. Test
result@“?ﬂ%?%%ﬂ%@m@hat areas of the asphalt roadway that did enploy the
fiber conposition of the present invention showed little or no | ongitudinal
or transverse separation relative to areas of the is roadway that did not

enpl oy Aapiher reinfereamangmaterizl of elpidell whistein thewdegrer BEPVIE mngesiram ggaterghaniageut 0.9

Pr esenfims/AnBY &Bbit 836 tdrBs/én?) t@%du?}’?ﬁnrﬁs'ﬂﬁéh Ghed Rl the present invention
may increase the life span of roadways fromtwo to three years to up to ten
years in cold-mx asphalt. The foregoing exanples denonstrate that the
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as cenmentitious material, pertormas wel oF better than many or all prior
art  2ong/ehf orcement fibers, including steel rei nforcenent fibers. Further,
the foregoi ng experinents dennnstrate that relatively small concentrations
of fiber will support substantially inproved results. These observations

ar e bdt hhsstibepreirdorognennniateridopegimed whefinWe 2045/ ade @04/ SPATiess0iahen.0385 The
synthetic fiber reinforced material of the present invention, and the nethod
by which it formed may be used to forma building material formed of, for
exanpl @Tb@ﬁbnteiﬁémmenmmemlaf ¢laimh g twherehi thié stendsraschucopdlymer fvsadsi dfipolypropylene
|ncreas§d {i ye strength, inproved toughness, and reduced plastic
shrlnkagg / hough the foregoing description has necessarily presented a
l'imted number of enbodinents of the invention, those of ordinary skill in

the r %I ‘Ia“heairger taélir;[forcement ARRLASY a1m é nat eremé}ﬂelz (%%glyr%grain ot 17§1 8(} ;?eer'\cent by weight
polypropylene and about 20 25 percent by weight polyethylene.

8. The fiber reinforcement material of claim 6, wherein the polypropylene is a low melt polypropylene and the

polyethylene is a high density polyethylene.

9. The fiber reinforcement material of claim 1, wherein the length of the component is about 19 to 60mm.
10. The fiber reinforcement material of claim 1, wherein the fiber bundle is non-interconnected.

11. The fiber reinforcement material of claim 1, wherein the monofilaments are nonfibrillating.

12. A reinforcement for cementitious material, comprising: a plurality of polyolefin monofilaments of about

350 to about 6000 denier per filament, the plurality of monofilaments being in a twisted configuration, the
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configurations, conpositions, details, materials, and arrangenent of the

el enents that have been herein described and illustrated in order to
explain the nature of the invention nay be nade by those skilled in the
art, and all such nodifications will remain within the principle and scope
of t helegr@e bMWRNbdiY préuter ShapaB&A 09 thiay/@ti(absut D6 nagpanded cl ai ns. I n addition,
al t hough the foregoing detailed description has been directed to an

enbodi ment of reinforcenent fiber incorporated into cenentitious material,
such as. mefibestkfattheashitadidl of ¢ldimWi2l Whdd€in thediegrsd efadist Radss thBauEB B fukns/inch

i nvention S b[ogder applicability and, for exanple, may be used in
connedfoYR0-§4 PSS bui I ding materials that may incorporate suitable

rei nforcenent fibers. Al such additional applications of the is invention
remain within th rinciple and scaope of the invention as enbodied in the
appendédThectjlbﬁi Sriplorbemepyattenial ORg sl JecWhesein the JETFS OfdsF BReFs R UHHRBEN al
conpr i iehs/ikh gdﬁdﬁt&i.ElG_ttﬂm%mP@'a}S&Jt@ﬁ'tﬁlhgin?éﬁ (86H9 .49 urhdaRf i | aments of about
350 to about 6000 denier per filament, twisted to forma fiber bundle, the
degree of tw st being greater than about 0.9 turns/inch (about O0.36

t ur ns/18Mhe ter rkMordnREr mAitSid bRHSEMNhIBh BiedBlreObr thishis Abdut | WREHSInEh bRt
degree of twist is less than about 2.2 turns/inch (about 0.87 turns/cm. 3.
The fiWBrumEemY or cement material of claim1, wherein the degree of tw st
ranges fromgreater than about 0.9 turns/inch (about 0.36 turns/cm to
about 1.1 turns/inch (about 0.43 turns/cm. 4. The fiber reinforcenent

mat er i 14l Theffiber iginfaraemeptrsaterial of Haimdi@gviasein thecoipentitipus ragdesipd isTonereteir ns/ i nch
(about 0.43 turns/cn). 5. The fiber reinforcenment material of claima1l,
wherein the strands are about 750 denier per filament. 6. The fi ber

r ei nf df camenforcamend forapmeftitiobsamaterial, conprisérigna phurlitt af apldsletin mopofdaprotsythrer

forme . : i [ el

rat or (AP BRI Bein i RAIELING ARGy ol defRE ol MTERRFRBBERTRIL 09,
pol y prtapyinein@ban .38 houy'cr@OwhGeip dregementivipusweitgial ispophpkt hyl ene. 8. The fi ber

reinforcenent material of claim®6, wherein the polypropylene is a |ow nelt

pol ypropyl ene and the polyethylene is a high density polyethylene. 9. The
fi ber I8ehndidforedemicntititiue magkialpfongiriaingn alcemedtaioes massiend) efilgr bongfonérh dispaseponent
is abqut 19 to 60 10. The fiber r inﬁpr e Jmat er| of ~cl ali.m
wher eﬁﬁro?%gutftﬁ%rg?s%% félreé ccl)nslporrllglll,]t_blclﬁtg a Ip@aarlll e%fg};)glgsghm%ands gfl méNofifamBhe otl dbout

350 to about 6000 denier per filament twisted to form a fiber bundle, the degree of twist being greater than

about (.9 turns/inch (about 0.36 turns/cm).

19. The fiber reinforcement material of claim 18, wherein the degree of twist is less than about 2.2 turns/inch

(about 0.87 turns/cm).

20. The fiber reinforcement material of claim 18, wherein the degree of twist 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).

21. The fiber reinforcement material of claim 18, wherein the degree of twist is about 1.1 turns/inch (about

0.43 turns/cm).

22. The fiber reinforcement material of claim 18, wherein the strands are a copolymer formed of

polypropylene and polyethylene.
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11. The fiber reinforcenent material of claim1, wherein the nonofilanents
are nonfibrillating. 12. A reinforcenent for cenentitious material,
conprising: a plurality of polyolefin nonofilanments of about 350 to about
6000 denier per filanment, the plurality of nonofilanents being in a tw sted
conf i g3r e fibdr, reinf@cemett e of @fimt 23 ﬁherae tHaGofblaadred abotxas s8perdént By Qeight
turns/rgpqmﬁ about 0.39 rns/cq} %g fiber rei nforcenent material of

cl ai mPPYPropKigheAnf abqyt %I%Peé%@'“bl? Yeip POIP’%t Yl#%s than about 2.2 turns/inch
(about 0.87 turns/cn) 14. The fiber reinforcenent materi al of clain112

wher ei he. d e of tw st ranges frontgreater t han about turns/rnch
(aboutzqott‘@ beg R resment et o ol 3y Whorein Msdsrethpd distcompangnt is P‘rPé‘i Ehip 601 The
fiber reinforcenent material of claim 12, wherein the degree of twist is
about 1.1 turns/inch (about 0.43 tu ns/cn) 16, The fiber_reinforcenent

mat er i%a1 Thsfiber rginfaraementaieraal af ¢iam Weartin thecrraoHlaments ae npaibgpineandthe fiver A

rei nf oue@ERMbondfércs@oRt i tious material, conprising: a plurality of

pol yol ef i n nonofil aments, the pIuraIity of nonofilanments being in a tw sted
configuration, the degree of twi st being greater than about 0.9 turns/inch
(aboutze0TIRGider e PSdrEdilent MAIEHA bPchiRe) SCRRBRAR tHelcOtent B ShdsR s coser@sphal t. 18. A
reinforced cenentitious material, conprising: a cenentitious nmass; and, a

fi ber conponent di spersed throughout the mass, the fiber conponent belng a
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denier per filanent orma bundl e degree of twist
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| ess than about 2 rns/inc out 0. 87 turhst

r ei nf cbows 9drtumsfinck fabait 06 teths(em), BBereintlerceinantitions masgiscasplpft. t wi st ranges from
greater than about 0.9 turns/inch (about 0.36 turns/cm to about 1.1
turns/inch (about 0.43 turns/cn). 21. The fiber reinforcenent material of

cl ai m2B8A reunfercement tltatpridbtgr eenehtitions state'risl fatuted by mrviitirtgutrphsﬁlitﬂ oﬁpoajwﬂrcb'mtc str@nd4 3
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The f |clamentmeusnﬁass cthaendagtee fitvastibeihg grfeateri thanmbaﬁl 0.9%has/@ich (abbet Ccfiﬁpmin;lnre}. is about
75 80 percent by weight polypropyl ene and about 20 25 percent by wei ght
pol yet hyl ene.
29. The reinforcement material of claim 28, wherein the degree of twist is less than about 2.2 turns/inch (about

0.87 turns/cm).

30. The reinforcement material of claim 28, wherein the degree of twist 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).

31. The reinforcement material of claim 28, wherein the degree of twist is about 1.1 turns/inch (about 0.43

turns/cm).
32. The reinforcement material of claim 28, wherein the cementitious mass is concrete.,
33. A reinforcement material for a cementitious material formed by twisting a plurality of polyolefinic strands

of monofilaments into a fiber bundle for mixing into a cementitious mass, the degree of twist being greater

than about 0.9 turns/inch (about 0.36 turns/cm), wherein the cementitious mass is asphalt.
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24. The fiber reinforcenment material of claim 18, wherein the |length of the
conponent is about 19 to 60 mm 25. The fiber reinforcenent material of
claim 18, wherein the nonofilanents are nonfibrillating and the fiber

bundl e is non-interconnected. 26. The fiber reinforcenent material of claim
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cenentitious nmass, the degree of tw st being greater than about 0.9
turns/inch (about 0.36 turns/cm. 29. The reinforcenent material of claim
28, wher Bhefcinforced sgjpengitioys majgrigl ofjclaim 34, svherpinthe eanee of twistig lepssthinabaut 2ebout
0. 87 tynbRck Mbout 337 ekgchyei Nforcement material of claim28, wherein the
degree of twst ranges fromgreater than about 0.9 turns/inch (about 0.36
turns/cm to about 1.1 turns/inch (about 0.43 turns/cm. 31. The
r ei nf gy.C ; =1 i . L i I t 1.1
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for a cenentitious nmaterial formed by twisting a plurality of polyolefinic
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reinfore enentitious material, conprising: a synthetic fiber blend

di stributed through a matrix of the cenentitious material, the synthetic

fib | d,. | [,udi :, fi i b d of .h |
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The reinforced cenentitious material of claim 34, wherein the degree of
twist is less than about 2.2 turns/inch (about 0.87 turns/cm.

39. The reinforced cementitious material of claim 34, wherein the first fiber component is present in the
synthetic 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.

40. The reinforced cementitious material of claim 34, wherein the synthetic fiber blend is present in the

cementitious material in amounts ranging from about 0.1 to about 2.0 percent by volume.

41. The reinforced cementitious material of claim 34, wherein the synthetic fiber blend is present in the

cementitious material in amounts ranging from about 0.5 to about 2.0 percent by volume.

42. The reinforced cementitious material of claim 34, 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.
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36. The reinforced cenentitious material of claim 34, wherein the degree of
tw st ranges fromgreater than about 0.9 turns/inch (about 0.36 turns/cm
to about 1.1 turns/inch (about 0.43 turns/cn). 37. The reinforced
cenentitious of claim34, wherein the degree of twist is about 1.1

t ur ns/48 1rHe réinfoaisll cdnehitious WiaRsiaCotklaind 84, wheRin' thd seh@hGiths GRREAILE feindbiSedBhRE.Al
of claim34, wherein the first fiber conponent is fibrillated and present
in the synthetic fiber blend in anmobunts rangi ng fromabout 5 to about 50 by
t ot al eTightinforked Cdttentifid matdiial FRRAN 4, fWhbRin BORRAIIus hidteiRiMPreinFackdakphane or
nore twi sted nonfibrillating nonofilaments present in the synthetic fiber
bl end in anbunts ranging fromabout 50 to about 95 by total weight percent.
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cementjtious material of claim34, wherein the synthetic fiber blend is

pr eser?m ynanrptercersicetpd pyndls s theabsepsef aettiadeAY-s r angi ng from about 0.1 to
about 2.0 percent by volune. 41. The reinforced cenentitious material of
claim 34, wherein the synthetic fiber blend is present in the_ cementitious

mat er 1481 A fikerapiplorrement nwiarial comprisingbppirabity s pelyelefinic stands of sroneflpmesys eigbente.
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concrete. . The reinforced cenmentitious erial of claim34, wherein the
cementthe ﬁr@t@empml aridgs fiksiliafed o prmetyfalhomopodgner matdrigkr  r ei nf or cemrent
material, conprising: a plurality of polyolefinic strands of nonofil anents
of about 350 to about 6000 denier per filanent, twisted to forma fiber
bundl &7. thedibdenginémcenfent material bedlaio 491 whetran the Hiast fiberlpompor@nidis prgsensihiamotnt{ about
0.36 t n iJ.
i st SRy ool B SRkl R A b sFon S PR TR Che RO, B
agent .frofiabody Xtobbout f@veightrpesment material, conprising: a plurality of
pol yol efinic strands of nonofilanents of about 350 to about 6000 denier per
filament, twisted to forma fiber bundle, the degree of tw st being greater
t han 48bDhetfiber iQinfaicenshi matbrial afxﬂutném Bher¢inl the $irg fiper cotmporentantl te spdoud &ibdért y  of
st rands_of nDnofl%gnequ forn1 .St fuber conponent, the fiber
r ei nf SPERMEAY A RRIPsies 1y ?ﬂ??WEP 8 P8& ™My a second fiber conponent that is
dlscrete from the first fi ber conponent and is fibriIIated and formed of a
mat er 47. The_fi.be i nf t materi
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19 to about 60 mm and the second fiber component has a fiber length of about 19 to about 60 mm.

50. The fiber reinforcement material of claim 46, wherein the first fiber component and the second fiber

component have about the same fiber length.
51. The fiber reinforcement material of claim 46, wherein the first fiber component is a copolymer formed of a
major amount of a polypropylene and a minor amount of a high density polyethylene, and the second fiber

component is formed of a homopolymer polypropylene fiber.

52, The fiber reinforcement material of claim 46, wherein the second fiber component is about 100 to about

20,000 denier per filament.

83



rangi ng fromabout 50 to 95 wei ght percent and the second fiber conponent is
present in anmounts ranging fromabout 5 to about 50 wei ght percent. 48. The
fi ber reinforcenent material of claim46, wherein the first fiber conponent
and the second fiber conponent are blended in the absence of a wetting
agent. 49. The fiber reinforcenent material of claim46, wherein the first

fi ber copponent has a fiber length of about 19 t bout 60 and t he
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CONMPOn@aRtornSctéd ARR ity IKe bbskie B d wettingagei®] or anount of a pol ypropyl ene and a
m nor anount of a high density pol yethyl ene, and the second fi ber conponent
is formed of a honopol yner pol ypropyl ene fiber. 52. The fiber reinforcenent
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58. The reinforcement for cementitious material of claim 54, wherein the first fiber component and the second

fiber component have about the same fiber length.

59. The reinforcement for cementitious material of claim 54, wherein the first fiber component is a copolymer
formed of a major amount of a polypropylene and a minor amount of a high density polyethylene, and the

second fiber component is formed of a homopolymer polypropylene fiber.
60. The reinforcement for cementitious material of claim 54, wherein the first fiber component is about 350 to

about 6000 denier per filament and the second fiber component is about 100 to about 20,000 denier per

filament.
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mm 58. The reinforcenment for cenmentitious material of claimb54, wherein the
first fiber conponent and the second fiber conponent have about the sane
fiber length. 59. The reinforcenment for cenmentitious material of claim 54,
wherein the first fiber conponent is a copolynmer forned of a major anount
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first pdiyeeylea@nponent i s about 350 to about 6000 denier per filanment and
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mat er i urther conprising a second nent Iscrete from
t he fifrem theifisss fibereappenent and prcfitiridlated prd foimedefa hwuombm ehatgfiala honopol yner
material. 64. The reinforced cenentitious material of claim63, wherein the
first fiber conponent is present in anmounts ranging fromabout 50 to 95
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65. The reinforced cementitious material of claim 63, wherein the first fiber component and the second fiber

component are blended in the absence of a wetting agent.

66. The reinforced cementitious material of claim 63, wherein the first fiber component has a fiber length of

about 19 to about 60 mm and the second fiber component has a fiber length of about 19 to about 60 mm.

67. The reinforced cementitious material of claim 63, wherein the first fiber component and the second fiber

component have about the same fiber length.
68. The reinforced cementitious material of claim 63, wherein the first fiber component is a copolymer formed

of a major amount of a polypropylene and a minor amount of a high density polyethylene, and the second fiber

component is formed of a homopolymer polypropylene fiber.
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about 19 to about 60 mm and the second fiber conponent has a fiber |ength of
about 19 to about 60 nm 67. The reinforced cenentitious material of claim
63, wherein the first fiber conponent and the second fiber conponent have
about the sane fiber length. 68. The reinforced cenentitious material of
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plurality of strands of nonofilanments are twisted to forma

non-interconnected bundle in the absence of a wetting agent. 74.
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further conprising secon conponent is discrete from the first
fi ber conponent and is fibrillated and fornmed of a honopolyner material. 75.
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abs end'&aenfonmomt thengntogenient material further comprising a second fiber component that is discrete from

the first fiber component and is fibrillated and formed of a homopolymer material.
75. The reinforcement material of claim 74, wherein the first fiber component is present in amounts ranging
from about 50 to 95 weight percent and the second fiber component is present in amounts ranging from about

5 to about 50 weight percent.

76. The reinforcement material of claim 74, wherein the first fiber component and the second fiber component

are blended in the absence of a wetting agent.

77. The reinforcement material of claim 74, wherein the first fiber component has a fiber length of about 19 to

about 60 mm and the second fiber component has a fiber length of about 19 to about 60 mm.
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77. The reinforcenent material of claim74, wherein the first fiber
conponent has a fiber length of about 19 to about 60 mm and the second

fi ber conponent has a fiber |length of about 19 to about 60 mm 86 78. The
reinforcenent material of claim74, wherein the first fiber conponent and
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85. A fiber reinforcement material, comprising: a plurality of polyolefinic strands of monofilaments of about

350 to about 6000 denier per filament, twisted to form a fiber bundle in the absence of a wetting agent.

86. The fiber reinforcement material of claim 85, wherein the reinforcement is a reinforcement for

cementitious material.
87. The fiber reinforcement material of claim 86, wherein the cementitious material is concrete.
88. The fiber reinforcement material of claim 86, wherein the cementitious material is asphalt.

89. A reinforcement for cementitious material, comprising: a plurality of polyolefin monofilaments of about

350 to about 6000 denier per filament, the plurality of monofilaments being in a twisted configuration in the
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92. A reinforced cenentitious material, conprising: a cenentitious nmass;

and, a fiber conponent dispersed throughout the nass, the fiber conponent
being a plurality of polyolefinic strands of nonofil anents of about 350 to
about 6000 denier per filanment twisted to forma fiber bundle in the absence
of a wbkhde®Pa deRAL age¥8. The reinforced cenentitious material of claim?92,
wherein the cenentitious material is concrete. 94. The reinforced
cenmentitious material of claim92, wherein the cenmentitious material is
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to about 6000 denier per filanent into a fiber bundle in the absence of a
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99. The reinforced cenentltlous material of claim98, wherein the
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95. A reinforcement material for a cementitious material formed by twisting a plurality of polyolefinic strands
of monofilaments of about 350 to about 6000 denier per filament into a fiber bundle in the absence of a

wetting agent for mixing into a cementitious mass.

96. The reinforcement material of claim 95, wherein the cementitious material is concrete.

97. The reinforcement material of claim 95, wherein the cementitious material is asphalt.

98. A reinforced cementitious material, comprising: a synthetic fiber blend distributed through a matrix of the
cementitious material, the synthetic fiber blend, including: a first fiber component formed of a homopolymer
polypropylene fiber; and a second fiber component being discrete from the first fiber component and being a
copolymer formed of a polypropylene and a high density polyethylene, the second fiber component being a
plurality of monofilaments of about 350 to about 6000 denier per filament twisted to form a fiber bundle in the
absence of a wetting agent.

99, The reinforced cementitious material of claim 98, wherein the cementitious material is concrete.

100. The reinforced cementitious material of claim 98, wherein the cementitious material is asphalt.
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