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Kl aus Al exafeNnEYRcadensyodeal S. Berke, 5 M chael B. Mackl

Ranganat han, and Salalz Altoubat This is a Continuation- |mmmmmmmmﬂmmw

U.S. Serial No. 09/843,427 filed April 25, 2001, which is penginng, Fleld of
the Invention 10 The invention relates to fibers for relnforC|ng matri x

materials, angyyg SPRS 1.¥ RE N9F hWINIG Pb qipl'g grRol yner fibers

havi ng excel | & es, and

preferably excellent .finisha it h dr t ntltlous
conposi ti ons. IndiV|6ﬁéw"th€$' 6%?@?gﬁ 2@??§dﬁ > hi ghl y bendabl e,
wi th general | yramads. had i) Aﬁﬁmuwg?&g@haﬁﬁﬁf hhESalahMBiRBY: M ni M zing

15 fiber balling and maxi m zing fiber Background of the Invention
Al though fibers of the present invention are suitable for reinforcing

various matrix materjals, such as Si tes,
pl astl cs rubh@r‘%ls % ntinuafien- é‘t?%?ﬁ?gg%ﬁaﬁéef@ t(#?é%‘@ efjrpﬁ%‘rls t hat
Wil Qgsgﬁhbegn&eﬁ leNdigke especially 20 suited for reinforcing
hydratable ceméntitious coffpositions, such as ready-nix concrete, precast

concrete, masonry concrete (nDFhﬂdbfﬂmﬂnvaﬂﬁhe bi t um nous concrete, gypsum
conposi tions, gypsum _and/or Portland cenent-based firepr i

oofin
compaf8i ti ons, THISIMYEREeN relatesdp dfib %rf?fogfén%fm%énmsemé epplsy H@g gR¥ent
inventio etc.,
and strurcisfa ttrﬁelsa ﬁé@eg ?Ig%n esg ﬁl% ﬁgﬁ'g?rr ?f;(berrr% eri a @Xéelhezlg(anggﬁb?m
chal | engesd freinférfeiisiBtywpopesties,gand @réftabbi ngce‘lllebtemxshﬁlmmr, elhehydratablde usi ng
a hydrat abl e cenent binder, a fine aqgregate e.g. sandz and a coarse
aggr egat &emenigiouss gampogitigntes, Ingividual) fibgr rhﬂdteﬁr afes clngatedsprdy ghynt

et or | af Senogyi P ARy SRERRED o B0F bR FoIE, MERER. Hibiiee oo

t hat 1exce‘ﬁ>érb:ilﬁngraﬁdl mamlﬁleﬁfglﬁtersbxﬁ(engt h, then cracks can be initiated and
propagated therein. The ability of the cenentltlous structure to resist
crack initiation and crack RGNS d pehtiORder st ood with reference to
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st ruct ur endtfx heRerddls,osuak las iadhdsivies) asphalts) cemlpes]teeppldsucs5 rubdeg) Btcl,nd

proportional to the maxi mum | oad_sustai nable by the structure wi t hout

cr acki ng SERYUIES madre Houy Ehese, thaditer thiiillobg) described digsein direy especiadly
"critjcal it r e i cr.a n t hat

st uddur o & rRSPRl, HyhREbR! pimbERids PlorhRontie M SRy

speci fi ¢ cohdrae] prieCast BEfi@yte, MhsoAre EoRRdte Ohof ) Cdlﬂt(ﬂetstlﬁlﬂﬁﬁilﬂbﬁs colidtete,cONCeEpLt

refers to the ability of the structure to resist propagation --or

Wi deni ngSYPM o §OBWPEIIPRY CFYREWNT nandier sPpritand, ecement-basedy ghreereofivgoper t y

i's propor, ergy required to propagate or wi den the crack (or

cracks). &%ﬁgﬁh?%%gﬁggﬂggh be determ ned by sinultaneously neasuring 10 the

| oad required A majtafpuiposeof tittefibeec bf the prédeat inventidmisae deiafoncs &inerefd;RC) beam

specinen at an,  opened crack and the anmount or extent of deflection. The

fr acRr e CEougHiYBEX. SROICTR, Stcorand SHpeinies meafderfiomitiaseai Sych matn watetialger a

| oad def { ad agai nst defl ection
of the Fk@g s%lglg?rﬁg{tﬁ%gg%ggﬁ%gges‘gfégg% 92 {e%af'rag:lﬁg ﬁgér‘;’ In the cenent and
concrete artsConictets $s hade Wigna tgdiagbed cémentnsindase fihe aggregagt(b.gand
fracture toughness in reinforcing materials. Nunerous fiber materials have
been use®aidy an%eﬁatﬁerqasgeégte (&gorsmadl stomes, gravghk hét rr@rtlabpsmé e upiagg.

pol yol ef | g}%nt b(iﬁl&étoa?ld f?ﬁ' %ﬁﬂ r%{ea@ogcre?e@danglrﬂ ﬁars}? lﬁ‘ittlg Elﬁ%nal bers for

ue

relnforC|ng concrete remal ns popu eren

strepg@t h1Ph rhdrarna! édncreld stiowBiects, subfeeted! tol Seessandmr I&ﬁcdeﬁ i% aRkinhuher
product design is to increase fiber "pull out" resistance because this

i ncr easeéensike stegsigth, tﬂ;encﬁractlﬁéan bpénitipted ged prapagatad khaseinp ddarbidiy of thet hi s
connectlo .95 n d| flber havi n

e hap S EIe e ccale o HEuPleck PRI aBfFREE Propflall Yl Per 11 bers
havi ng plx&reabd d@t’h&éf&éﬂcefﬁo HRY'sEenHe’ Al anghe hRERbbEMe tidtakalr ender t he
fibers 25 difficult to handle and to disperse uniformy mﬁthln a met
concrete m x. Mre recent designs, involving the use of "crinp

"wave- | i ke" polymer fibers, may have similar conplicati ommmmmmmmmg on
the stiffness of the fiber material enployed. Polyolefin uch as
pol ypropyl ene and pol yet hyl ene, have been used for reinforciggogencrete and
of fer an econoni c advantage due to relative | ower cost of 30 the material.
However, these polyolefinic materials, being hydrophobic in nature, resist
the ‘agueous enV|ronnent of ‘wet concrete. Nbreover the hlgher amunt of
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z ATTORNEY CASE L3707-02 and increased mxing tine at the job site. This
t endency ATTGRNEY CAbEL3ARE S neans that the desired fiber dosage is not

achi eved. The correct concentration of fibers is often not attained because
the fiber balls are renoved (when seen at the concrete surface) by workers
intent on achi«guefgthardlhes oA abRBESPL Censdht bAdhcrdtd sthsctH@NB tdsige sracke case
that 5 locations wthin the cenentitious structure are devoid of the

r ei nf or ciimtjatiorbe by other woedsy stratgth depiopedionainiogbe eraxsmpinblerd distpipalslieon,
consequently, is not . btﬁi@ﬁg' Met hods for f ﬁiILLatin i spersion of
fibers i yélge,ﬁw{ﬂgegyl ORhPRAINESRY B 2mfHIEre ‘tﬁ PIUUANY [038 PT $8e5S{e-Bsmi t h et
al . discl : : > | : RN | | ar ge nunber
of fi ber é@%&kgpﬁeﬁgﬁlﬁiﬁﬁ \éﬁlgcgrt )e%tahlgé,ﬁ Zgi?%i%hefdgécld\/a 1?121&'%%’(129 ugﬁ'. di scl osed
t he uSe of noGmaherotbal hivlde ‘eactumeitoggliness” ndatbsmane ahe | specifisi Hraturat ed upon
m xing to avoid _clunping and to achi eve uniformdispersal of fibers within
the conceBEIBY Pk 2 GFHEN 08 seRdgie HUCES.nfIdiceangent IBE% tQ: the ikitysef e

ool o, SREHOD, PAEY Bt POE Gyl S BF 5 SxAEREM I, e Pl e
bundl ed U%hig@ughiidsk @wﬁeﬁyemﬁf@brtnﬁfai feitRlenéfedeqifdab dirdghgate éiwilepat ent ,

the continuity of the gerip eral wapping could be disrupted by agitation
wi t hi n t e oreek Coyreraedise dhus preprityt ¢aa b dadermines byl sipuiltageanbemeagidingi sper sed

Leon! T puih 1ip8ct st g8 ochRBE pro iy BBk oRuiold coBilt e Bl o bl

when i X@gledimer At @ANpeRéE crabk RhdtB¢ hinvudf of bRetSof\BifRcEGRarTMe! fYadag¥nd
t oget her, such as by tape adhered to cut ends of the fibers, thereby

form ng &ugbaeisds thergyorsfetemmined by alieiding: the gscarnnder @ fheadodaflestien ewyed be

made to break [or .di.ssal ve art to.perm t..s ation d di spersal of
i ndi vi dug$enf’f36€$ i Rlﬁﬁnﬁg eeloﬁg?ggalﬁéleg?cglﬁgrog él?e FE?CWIS’SBC Mo ‘f’rlgf)sér S may
al so be gghicg¥egedy altering fibers 25 during m xing. For exanple, US

Patent 5,993,537 of Trottier et al. disclosed fibers that progressively
fibridl ated. upnrthagemant and odnarete axtst fiberschavecbeshxdesipned fto nersassrbsent ed a

"l ow init] f " to facilitate i ing fib into.th t
i, and SUERE 28GR TOURIt e RE s PRI o NTSFO DO gREHEs [ n t he
M X, und@ayebeen§ ubdd IfbRtthede, puitised) hicht Be seAArFhilRtc OpolyhRrd Nk, al

| ow-surface-area fibrous material 30 into smaller, individual fibrils. It
was bel i pobdleafing), cabepgeylewnrsanid;end @glass.r Tbatsoaf steg] fieghtor reinflireingn r at es,

| d thereby be attained..A | h t aught | ..S. Patent No.
6 107, 42308 Salyhs Memairs, Aear, A0E G200 WERreif kb ol bt ROUET | per s,
For pompr exRebvkLWne B Whé BbrtefNer et fibdr profildCiiRY SASENLBLR /K2 ‘buliers were

flattened between opposed rollers to attain variable w dth and/or thickness
di mensi oRvt anesigancesBedapse this edicrrasese thaa pbaity hefo theh fibiee rtosdefgat geack

cur face SromkBhaty (i Pt RieRCts ARERR B3RS EF Ml ls PR TheRy o

bel i evedhheing MIT-Bshel ashds or Baistag pules®Ntrol dndretd. D@Towevan dtifb gbadse t he
stress-fractures were noncontinuous in nature, the fibers were softened to

t he poi nhawing whisipalidefarmities mpy spuseranianglanei drollems Heai gender ke fibers| i ng)

i he pechani cal - L i hod \gf _Ri ed 1,
was & 11 SYERR R B &bk 5 H SIS EE i TR AR B B 1985 B 5P Tonar an.

wher ei n fedighss iMesleing thenge @Tdrivhded” e MBRdvediken klyraad fib&b 2hfag thag ment
particles enbedded 10 into the surface. In this vein, the nature of the
fi ber susinils compligatingsidepanding po dhresitiiespoicthe fiberamatgriekemployeder

di i i ng_i te .F le. ,US Patent 5, 753 368 of
angen. i sct el Beteflafio Bh s pourhm BRI ool TR e bR, ot s,
and surf gGtranlsrcin® JoREYeRS arldi OTRI afi Wb JAVARag dllecaBelaiive BT ChitofMOr €

susceptible to 15 nmxing in wet concrete. On the other hand, US Patent
5, 7SY) 36theomareiake Haweyer, thaseghelyolefinict matematsd ibatngbkydrephobio ke matuge, and

fibers could pbe enhanced. by enpl oyi articyl ar qglycol .ether coati.ngs

| nstead G RY ERYO0N SRVIERTFRGoL yeh PahcTrs:  Morenyrt S iighes el fant e
air at t?@lgf)le?i‘ﬁr FiseRChESRA! i Roh@CR: 16X appPiinfte e TRRAAANESH | PackiRe Pat ent
5, 298, 07 nd US Patent No. 6,197,423 20 as di scussed above, physi cal

def or mat iaughndss toli stekl Hleer-reimféraed conseta lofien bedds e ditiert duinpprgoare ‘bialling”

fi ber-concrete bond. US Patent 4,297,414 of Matsunoto, as anot her exanpl e,
taught the use of protrusions and ridges to enhance bond strength. O her
surface treatnents, such as the use of enbossing wheels to iInpose patterns
on the fiber, were also used for inproving fiber-concrete bond. Fiber

desi gners have even 25 bent fibers into sinusoidal wave shapes to increase
the ability of fibers to resist being pulled out fromconcrete. However,
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ATTORNEY CASE L3707-02 Summary of the Invention In surnmounting the

di sadvant ggesrNEY CAGERsToR2art, the present invention provides highly

di spersible reinforcing polymer fibers, matrix nmaterials reinforced by 5
the fibers, and nethods for obtaining these. Exenplary fibers of the

i nvent i orpAiRMesed aaSRgHmlitIReIobishe! This tbidcBey BSfoWRIffbePBalfs heagtthatand
fracture toughness when dispersed wthin, matrix materials, particularly
brittl e chedestedfitas dosagerienet admavedr ,Thgygoseoh conc@dratiband fherseistoftsas ed
fireproofing, shoicrete d.the like. These qualitjes are achjeyed by
bt oyt ughon ispineepscaysedhe ARg WAL atd Teriases (Benasah BLine onEie S ETS Bt o

| engt h defd : . [ badi VA ally
uadr i1 at ey B i PRARES e e shitEeep Ko aa i S FREIEHEL ) per
body. 5Thdo¢dtidny i Witkin fhebedrsertitione yrubive ate Wletldid, of hhe kegsrcingnibksngt h

di nensi ons wherein average width is 1,0-5,0 mmand nore preferably 1.3-2.5
mm  aver #g&Tely Wierlesized homogengous fher difgensionecqisequentpiiy not ageigeds” nm , and
average 15 | engii s 30300 AMLRGE LS APLe 3000 Mo REGS er red

> [8)
enbodi nents, aveéerage er w oul'd "exceed average Ti ber Ness by

at | east ekafnple IS Patént.4,%610 20 oF Shitlakt d1e@isélogkdkhe e oft WhRF-88luKleBLQr age
wi dt h shoul d not exceed average thickness by a factor exceeding 50 tines

(50: 1 ). fwbmgrogeangedarey numher ofifthers intp 2 wet Rive sYSBatand S@R241774 of (Vsdles i s

f to,?2 5: 1 20:1). 20 Wiil.e.jndivid i b bodi .of t

| roonB; okt AhgisBlsted fhetBs ot ettt Bnls okt thal edlanR0Y S bee e mat v i x
materi al yaen FniRing 8! dvbid AhmPRIZHNALE BBhREE SniTbmS ARBERAI 6T e th{d ¢ fibers
in a scored or fibrillatable sheet, or contained wthin a dissol vable or

di si nt egreanetdleanipackagi ng, wr appi ng, packeting, or coating) the fibers can

be introduced . directly.inta hydr.at abl e.ce titious. co sition. and m xed

wth 25 rer a it st 5 sSnReth KRB i BB S AL RURL BFORHL peshfRin

| ndi vi dugif sfriaher dib@dicommdheNSLeiNGs., FopwRMBple, BH Rikdht BBO7RB sSslnaslsi al |y

fibrillatabl ep&ﬁhe' further reducible into smaller fiber’ uni ts) after being
elrsit

subj &8t edlisclos hatlwesg burdlednsing atcireunrégrential pemmpeotst wiram Aocarfiimgext ent

necessar 0 achi eye subst.antial | y.uni form di sper.sal .of the fihers therein.
30" xonplalye brigy i sar Ry heesrid i Nrikwing baid Pe ARmmuclpy peitiion’ "

subst ant ivathiy tHe' & cBhereRifix) ahd MR @ultBbe fllda8&Parld Asferéc@sSn tidhmik.as ni ght
be created by clinker grinding or nechanical flattening. The general intent

of the presentOn theenther hahd, WorldaPatent ipphicaim Np. VOt 0@/4P2Lli wf duemh f i ber
bodi es, not .only_i 8 of . strugtural fiber inteqrity, ATTORNEY CASE
3707 02 toiehsd s 2R TaiPedea foiet ieathiset oot BiGibatile altensbizaT dng
bendabi | ich¥créfeaapiuedlity bf Sbdrs MtedPaladhyChodnd thfhdietich aA\bg 4RI Ahkxd

quadrilateral cross-sectional profile provides a higher surface area to
vol une r & c@ gngs offhecithepa tearehyoforminga acketdl Withiofa wetrasmentitowpmisi ng

simlar mat erj al havi n i a er,.of . co r.abl e di nensi.on. The

o osent MBIt eyl Pe Ao, Brolh AF aiton & PRR B Bl SABHOT mae

provi des daspbghlt sFindivRalfibdrs Withv@kewiR. rati o in conparison with round or
el liptical cross-sectional shapes, and, nore significantly, this inproved

flexibility cRaeadisparsadtof reinfermingafibers ima alsetheenchieyed dubiltering' fibenst r ol .

pr ccit naHeTg TiRng: i, SRABES WS REEhT¥EPRR) ol oweE 8 AR Meng and
fiber -t otid Resgrestivilg Ifiiated 4fteY alivatforCht kieatven Goflirsteest.ONFhel Abe@Nt I ast ,
for a given material elastic nodulus and cross-sectional area, the prior

art fibepesented aglaw imtidlesurfaee atep st fagitaterintsedusingt fikems wito therwpiomix,
axis/mnor. axis ratios of less than.3 w.ll have great resistance to
bendi ng. Sohaen yeatA gt et PRk SRSy of BHe G gy PR RER s
conpar ed«figrifidtRarswaichds ks #pavatidnastttht ahighPlowt-Surthce-at RCEHBRAY nMtdrial
cross-section. The present inventors further believe that a generally

quad?@ | ainto ainalierosrligderl ifibmilsi It wap beli¢wtd thatdwhioganeois fiber distribatienzatea and
handabi | ity characteristi when conpared, for exanple, to round or
el lipti chlg%fﬂi aé@téo.n ﬁawst?ﬂ"igﬂ’&m??eém% l,negr ef erred

A novel approach was taught in U.S. Patent No. 6,197,423 of Rieder et al.,

. which disclosed mechanically-flattened fibers. For improved keying within concrete,



fibers of the invention have a "bendability" in the range of 20 (very
stiff) tATIRIKNROCASELY70BORdable) milli Newton 1*neter 2 (m\N+~m 2), and
nore preferably in the range of 25 to 500 mlli Newton ~ *nmeter 2. As used
herein, the term "bendability" neans and refers to the resistance of an

i ndi vi dudibetd were flandyed betive@xopi@sediodieRnb afthinevariablefwoidteartidr@tthickness
perpendicul ar to the longitudinal axis of the fiber) as neasured by
appl yi ng damewsaenstandairessehactires perseivatie thrapgh micresnoppgs dissontauiies\wad novenent

with respect .to the 25 site fiper, end that has been.secur such as
W thi ' areepmdndin ARBGEE Fuus o R ERE oL IR swids R RR bR e San
be cal | edrHiDhfcrBeRdPabtfesh Frablurin® Wik HREeVeASS ihpkéR BohdfBktivberd Gerferier tai n
degree. The bending flexibility of a fiber is a function of its |ength,

shape$ t leddibtes, afd, beagsedbs sesstirashiresawerei nancouigimious iwhawreadhe fiberg.
Accordingly, the bendability "B" .of yhe fiper is expressed jn terns of

MILT Nt SQE@I%F‘& i e PHN¥% Whigh)fi aﬁao-ﬁgercamema o Z?é’ﬁn R M| | owi ng
formul a : B~ E 7 WP o ents the
Voung' o adinE) da8 pifimied ot LI nEeniis HaHep A Fhat ofRichihg oF

r epr esentwastdifferontioin thé metexdt discl¢seddr) US Pdtére 5,208,071 1def oridriverwHepely. A
fiber having a | ower bendability "B" will _of course be less flexible than a
fiber ha'ibse wernsiigicasropad wath; qeniept clinker and retpingd copent pastilpnempeddgdscr i bes

t he ?60p?ﬁt5¥hé)£ur Lter to 5 resist any change in novenment or rotation. For

a cross-sectional profile having a generally quadrilateral (or

appr oxi mat el y In ekik aregh) | the hatabeapfthetfiter gufaset hasf alscbedn a fieqiert@oialogul at ed
using the formula | rectangle = 112 W t3 wherein "W' represents the

aver age WesgtIghom (iber (disnession andnbonding (g fossets. sFem examplgy d/Sdatemi ckness
of ther e PEIAYA ' I 1Lty" of
fibers cgﬁ%gﬁ TS udrftl-#uaglrsIﬂil[I %?@5%@?%@@%%%&2@ @gﬁﬁf %lp?sf%%g’# ge?#n(lt)#, t he

fibers amfdyvafictshttoradéEber sindides aforé hedrbphitie aind tiars ek pfibletb 2. 5- 25
per cent maxi mum devi ation fromthe average thi ckness or width value. This

smal 15 vamizingdn wet corrseten Qaithe sthenhands U'Statenti St 3. 418 afRerisetial anghdl so
D101 M YRS kAL LA ALY e Bl BT o
fibers hapyititglaggheobkihgr go@ihizs ftedaf ohoasiopalvening, agbMatthAneideanease in
the fi berintroduce unwanted air at the fiber/concrete interface.
Of course, as mentioned in US Patent 5,298,071 and US Patent No. 6,197,423
20 as discussed above, physical deformation of the fiber surface was also believed to
improve the fiber-concrete bond. US Patent 4,297,414 of Matsumoto, as another
example, taught the use of protrusions and ridges to enhance bond strength. Other
surface treatments, such as the use of embossing wheels to impose patterns on the
fiber, were also used for improving fiber-concrete bond. Fiber designers have even
25  Dbent fibers into sinusoidal wave shapes to increase the ability of fibers to resist being
pulled out from concrete. However, the present inventors realized that increased
structural deformations in the fiber structure may actually enhance opportunities for
unwanted fiber balling to occur.
Against this background, the present inventors see a need for novel polymeric
30 synthetic reinforcing fibers having ease of dispersibility in concrete so as to avoid
fiber balling and to achieve intended fiber dosage rates, while at the same time to

‘provide strength and fracture toughness in matrix materials and particularly brittle

materials such as concrete, mortar, shotcrete, gypsum fireproofing, and the like.



nmodul us of elasticity "E'" will result in a correspondi ng decrease in
bendabi | i A #rGRQEY cAREeGREIL| Y, nmake fiber dispersibility nore difficult.
The inventors then realized 20 that to maintain the sane | evel of
bendability, the nmoment of inertia "P nust be decreased, and this could be
achi eved, for exanple, by reducing the thickness of the flbers whi | e

mai ntai ni ng the cross-sectional area of the fibers. In further enbodi nent s
of the invention, preferred iSwhmariel thkilveentiondi es have the fol | ow ng
properties when neasured in the |ongitudjnal dinensi (end to end) 25

al ong the axi sofuQENiingdhe %wva@a%uﬂé the PHALIaTs @P Reset  iByenjioss 3. 20

550- 1200 HRTSEHhely] SellrgbeiehiGoRs BN THER2 BRI ol BS ol BYO D ©
m ni mgm |tﬁaﬁb6@r£nd mgth@apaﬁlobyalmﬂg tiessi Exeniplate fmfersdéftﬁé)ﬁwlémmxomvmr e

preferable 100 300 Newtons. A particularly preferred nethod for
manuf act u:asqhg f dispersibiléty gntos ag WGH@F strength @né fotury toughnessavhen dispessedal

(e.qg., poI ne hee%% to de e the tenperature of
thi o ext rudl B Rty EROGBIE PErR TR S LB SRS ol By 1
cut or 5|P6rt1£1’ﬂﬁce'i1|%i‘1@1ba£eﬂfﬁ robfif 'sHQt}:rdtéltaﬁd&ﬁFlﬁ{eate or separabl e individual
fiber ATTORNEY CASE L3707- 02 bodi es havi ng generally quadril ateral

cr oss- sect i onsThase squabitieh atchechienctidy byl eanpléyibg ras phyralaty ofe srslividudlafibar of

10-2 s ef I t -1 th t hi
wt it 105 bpdepsehdiing, 25 Hprkae 1ERER GRHRf beieh b RS, BRI n ckness
of 0.1-0.3viAp AREnérANe qﬁﬁ@rﬁﬁ’t@?&ll)|chs9esé(§roQa12ﬁaﬁmalcﬁ%dthk%l&kgatédhﬁn hgrs to 5

obtain individual fiber bodies having an average ber length of 20-100 mm
and nor e the diber dotly. bﬁmlwﬁﬂaemﬂheﬁhyth@ﬁ & xadihl ahlylnmsmomlsbsg‘rbre

d bed,.h f Th t i t | t t
Tt or | ol SITERURTShEISHL PR RTRds | OshOUBRCRE MRS Ry b
mat eri al g ?E%hi%kﬁ&s IBQ) abgvM%ﬁ&rm&ecbrEfebmyso 1330 wld]masm{doa\r@&geods for

nodi fying matrix materials by incorporating t fibers into 10 the matrix
mat edSal dengdhiib 120£ 100 foen aadenqn‘ﬁmfefabﬂmﬁﬁ @nmnnatlnlprefmbérandicxhr(mus,h as

concrete) havi such f S enb dded t n are. especially sui.ted for
appl i cat i Yfes dt‘hfﬁlh @I’F&‘BF‘F ?‘Sﬁ‘ragesﬂ?eﬁ%f’mf bé's‘ﬁi?‘f‘shé %1‘ od‘Fn@

appl i cat igRshe atTmsst t491r)r19ut ﬁfe?érﬁlk‘l?%éﬂagé/wﬂtﬁfsﬁ&ﬁdtn@t EXRe@Bldrhd thitiknbdie i bers
to resist "pop-up” fromthe conCrete after its surface 15 has been snoot hed

over (i. éy d factor shemtﬂhg Stntemen(sOrit) oMereiprefaratdy.atic whdth thithickdeab rdtiot of,
simlar t ser on, i gfunction of fiber bendability, but in addition
finishi béﬁ??b CIsds ?&Q?Ouﬁclﬁ gzrcpio)f fiber length. Exenplary fibers having
" finbghabi | i t YWhik §n&iVRRERRbérAbddles’ &efieGhvaitioRSRay bRGEMNIGDARoduced
substantially non-fibrillatable when nechanically agitatéd within the

mat ri x menter ad dispenged m;hmathe ngairin veatanel aﬁeﬁddbuallm ¢f Bepaviite iieces oor2, 500,

d, b 2,00 d fib th
1t shabPPDIg Peet (if s Bhrb s ars&%eg“ ¥ t}b%"l%%bl 6 Sontarded utus
el asti Ci tdissbvablReor dibiegPitatile $Hcid gpacﬁeﬁrﬁgwrlcsaﬂg)qm%egf
400- 1, 600 MegaPascal s, averagée w h of average t hi ckness of

0. 05- 0. 2 cambe anfrodveed dgectlyemtyt mhyﬁratab)lcmmmﬁltlwsmommsémmgenw@mthexceeds

averg kness fact r of 5-50 25 p era factor of
Y 20 235 PR Sl afhie™ohortiseniodd BRI ForcBnt IR Horthees
descri bednéhsehisahbwever, should not be substantially fibrillatable (i.e. further reducible

into smaller fiber units) after being subjected to mechanical agitation in the matrix

composition to the extent necessary to achieve substantially uniform dispersal of the
fibers therein.

30 Exemplary individual fiber bodies of the invention are also substantially free
of internal and external stress fractures, such as might be created by clinker grinding
or mechanical flattening. The general intent of the present inventors is to maintain

integrity of the individual fiber bodies, not only in terms of structural fiber integrity,



hereinafter. s ATTORNEY CASE L3707-02 Brief Description of Drawi nE An

appr eci atATaorRNEY baspdyanpages and benefits of the invention nay be nore
readi |y conprehended by considering the following witten description of
preferred enbodi nents in conjunction with the acconpanyi ng draw ngs,

wher ei n Buf-als. infegdit F%aﬁﬁl Dhigsra0s OWia ik ce BlearmaBmtsbilly Ehacteristic
cross-sections of PRIOR ART reinforcing fibers; Figs. 4 and 5 are

m cr ophotfoge aphbatck td ﬁlﬁglemgnt s of the general |y quadril ateral
cross-sectional profile of. f the.pre ention; Fig.
6 is m crophotéé&é‘ﬁﬁ l%q‘éaﬁllr% Hf‘s %/eé‘fm@% ?r@ﬁﬂ‘?‘flggf‘[ ﬁ‘ﬁgeroﬁ‘ur%ﬁ%a’éeﬁrface 10
of an exegRbimYe t44d! (\s'ﬁv;%n%,h&artot}eéa/d 8f o¥d1GndtoFSSHntd Bc\(rﬁgﬁélﬁ sl ©
mxing in a concrete m xtur whi ch woul d contain fine an rse

aggr e§at exsgterialnghd~having asﬂlxameteir hef danyeratdé tdimemsion. ngfheFpigser8 ingentors

m cr ophot oIqraphl c enl argenment (at 200x magnification) of the surface of an
exenpl ar Peligxs \ﬂil?’du%lquﬁﬂ%]éwr%o%fys%‘l‘eoflﬁ@alp?}@%rﬂroYlﬁ%ﬁ‘t beterpBexdbidityricii ng in a

15 concr tho\;\ﬁgﬂg 1{6r 1‘131 c(o\m)' fl%bn\’\&ml qoms)%lﬁptfléfg %ro@g' geccfl{aﬁﬁlss% %z% (ﬁ%&%) and

Fig. 9 sho m Xin crop hot:

enl ar gerrerg&nﬁ@htwoomlmgmprowe@t lﬂest)blnfy tﬂﬁrmﬁsaee tfufnslafesexl@fml BEtyer
I ndi vi dual fiber body of the (i)resent I nvention before mxing in a concrete

m xture (Wnc@hﬂm’up@m&inﬂé@ﬁnﬂ ividuahfiberchnsiiaseolalyg insigatien will aml ikgnd11 20

Car 380 Predi ity a0 Bl Ppornforely oL LARARI SRR IR B BE°T T

accor dangmervehfaniiemat, ahdrey fRWitddas dispétsioh3 mScoﬁtrgﬁtiiﬂﬁlanfv@ﬁrrﬁ:&@ﬁilat i on of
tensile | oad versus strain behavior of different fibers; 25 Fig. 14 is a

graphi c elstiesendulns gndoerossesestipral sateas they priguirts fibets nhayine wirewlap for

different llfﬂtitc)zgf 2ross section with major axis/minor axis ratios of less than 3 will have

greater resistance to bending, thereby having a greater tendency for fiber balling when
15 compared to fibers of generally quadrilateral (e.g., rectangular) cross-section.

The present inventors further believe that a generally quadrilateral cross-
section will provide excellent fiber surface area and handability characteristics when
compared, for example, to round or elliptical fibers. In this connection, preferred
fibers of the invention have a “bendability” in the range of 20 (very stiff) to 1300

20  (very bendable) milli Newton *meter? (mN’m™), and more preferably in the range of
25 to 500 milli Newton*meter>. As used herein, the term “bendability” means and
refers to the resistance of an individual fiber body to flexing movement (i.e. to force
that is perpendicular to the longitudinal axis of the fiber) as measured by applying a
load to one end of the fiber and measuring its relative movement with respect to the

25  opposite fiber end that has been secured, such as within a mechanical clamp or vice, to
prevent movement. Thus, a fiber can be called more bendable if it requires less force
to bend it to a certain degree. The bending flexibility of a fiber is a function of its
length, shape, the size of its cross-section, and its modulus of elasticity. Accordingly,
the bendability “B” of the fiber is expressed in terms of milli Newton™ *meter? (mN-

30 'm™) and is calculated using the following formula

B 1
3-E-1



Fig. 15 is a photographic of a wedge-splitting device for testing | oad on
cenmentiti ATSORNEYIASHILZ07-@ S contai ning reinforcing polynmer fibers; Fig.
16 is a graphic representation of stress vs crack nmouth opening 30

di spl acenent behavior of different fibers; and Fig. 17 is a typical stress
versus stvwhkmircCEV eepdésentsthé Foungd’s htgdufusrqfasasicioy (Glga Wsdscal) bPthedfiber;
principles discussed herein. 9  ATTORNEY CASE L3707-02 Descri ption of

Pr ef er r ecdarEh 5 denresands B nporaent of dnertia mmdp opthedadividual Bberdrodybédl fibete t hat

the reinforcin ol r. fibers,of...t he present iRpvention be used in a
vari ety oneummaBer BRuepey T i tdolis Wibe [ AR R RESe "The
term " mat ﬁi{gﬁerr%aﬁbiﬁkf‘ﬁa;’h%%&ﬁ&ulo?iﬁaﬁ@ﬂms&%ds k¢ pdPery BY ARtter &N0E 5 of
materials tthat can be reinforced by the fibers. These include adhesi ves,
asphalst, wmsispesy chamget @ mavemént. qy. rotatieni nEJr, a ptasstsediwpakprdiloirevisgsuch as

rubber, etc., .and structures nmade therefrom_ Preferred matrix terials of
the | nver8ssIN Aty or, amproxmatelh Feciananen ciRpb S bE (BRment o mega

ready- m X..£ORCLehfate PLERA R fGNGLEL €, Masonry nortar and 10 concrete,
shotcrete, bitum nous concrete, gypsum based conpositions (such as
conpositions for wall board), gypszm angiﬁz.lgg)[ PI and cenent - based
fireproofing conpositions (for boaftf&&an pray-application),

wat er - proof i ng jrepbranes and coatings, and other hydratahl e cenentitious
conposi t i YRFEM Wt HEPTESGRIY (RE BYergas wigth it fe&tﬁn&e p%"arrér VERRTpIMS fthe | s

pl ac up. el structural concrete (e.g., ready-m X
conc?@te,%ﬂ%&g?lgtﬁg%g {bﬁﬁ}ggéng?%n general , concrete (whether poured, cast,
or sprayed) i shnafurthet exxmeplygrybemiddimenayt thei bbndabdity’pof fibaisscan el fuethgres | n

terms of providing reinforci fibers that (1) can be, successfully

i nt r oduc SEPATAYES 15%16‘? thickoges 39 qfithe Wi of oy e \@H&é@%ﬂgdﬁﬁ lenediole
crack- brigigifig, Hgg 'eg&ngfer £OAt 5510 H}&H% Lamhtht aB¥iafidP Hord B LALEERA
concrete structure. Prior to a detalled discussion of the various

af or enentthivikaeks dir awvsdtigsalwe) T hisusrhdibvaretienyof atie/théokinei amdrdr shotvidthefithevent i on,

a brief discussion of definitions will be helpful to fagilitate a deeper
underlst arfdhes glsarmparres theond hebvesa the reinforing matrxandithe SRer- As the fibers of

the i nvention . .S for.. i tq .. 2B

ydr ot abl e wot NCENENDR BRRAG B vibh Gr'dl HeRARMEGPRE bORBIAO B or

i nt er chanfiieed hgvingr géreyally quadtilathel pirods-deotialiss thit sarp ivdrease nay they fib&re
definitions of "cepent" and "concrete."” The termg "paste,” "nmprtar,"” and
" concr et noditles pE plagticity 't wilhzesplt dn 4 correspqndings decsrase 4 erdabylithyandat abl e

cementi t ic%ﬂ§eqtﬂ%ﬁg}?rm ¢ BBéA Xiﬁ%tgﬁbilgﬂ?%?igﬁ}gﬁe! Yhe Fehfrd ltl?é?ldreﬁﬁ nt,

masonry cenen nortar cenent, o include |1 nestone, hydrated
| i me20f | ythatsto, mbhindsinh thesame dewd] axf, bgndatidityg rthe naomlers i dfi imartfaufiE mustdieher
mat eri al s, commonl y_i nclu in.such cements nd ter, nortars are pastes
addi t i ondleFiFarede Pﬁ@ﬂ*ﬁ@ cf"i(‘jlﬁg’eaagfﬁ}eé@%tér (eé‘f“@PPF’ whefucing the Biiest o8 e 6

mortars %ﬁ%&ﬁf&ﬂl@é‘h{a}’m%iﬂﬁig&ﬂé 895! Lectiofifi ErEREThEARESL 3707- D2 coar se aggr egat e

(e.g., gravel, stones). menti1tious” conpositions of the invention thus
refer and i ncllndertbdremifodithent$ of thg dnveptiofoprefexadpdiyidaald@ree bbdies banse

conposition y .be fornmed by m xing requjred ampunts. of certain materials,
e.g., hydPaflifdng Sropaies WBEs msaled n W bngitisiaek ﬁiﬁ?né‘ﬁal(&?‘_i (D&P _
aggr egat h%%is%ﬁtﬂ?ﬁbér%ﬁym YBure’t Siudusdot ARBERY QP@-z‘@Qﬁx‘gh Pascarg!t heti ¢
pol yrer fl% rs of the iInvention conp%lse at | east one polyne sefected from
t he gr oupndanatk sireferpbd 5161 Gieh Pabenie a(tensileustrengtbho 3 EE2H] Megp Playmishy| ene,

| ow density pol yet n |tra hjgh | ecul ar wej ght . pol yet hy] ene),
pol ypr opyAing meere B&@%&&M?a %6’?“{7’&5»' P R Ili’ﬁdr ?gaarayr?g capacity mn

tension mode of 40-900 Newtons more preferable 100-300 Newtons.

A particularly preferred method for manufacturing the fibers is to melt-extrude
30 the polymeric material (e.g., polypropylene as a continuous sheet); to decrease the
temperature of this extruded sheet melt below ambient temperature (e.g., below 25°

C); to cut or slit the sheet (after cooling) into separate or separable individual fiber



10 pol y(methyl pentene), poly(ethylene-chlorotrifluoroethylene), polyvinyl
fluori de) aATPORNMEY lMAsEN®7002de) , pol yet hyl ene terepht haal ate), pol y(butyl ene
t erepht hal ate), pol yam de, pol ybutene, and thernotropic liquid crystal
polymers. A preferred synthetic polymer is polypropylene. Exenplary

i ndi vi du6'6odfiéshﬁrvirtgoglénem?fquhmatem{%gs@ectmﬁy 16 RRED BR HARTGRP¥EE Y| ene,
or, as another exanple, they may 1 S conprise predom nantly pol ypropyl ene
(e.g., atatllemst facopofq0R0tdndt herermatrablie betvmaprl2slion gheaetnt tocachpokyamer (such
as high density yet hyl ene, | ow, densit l.ye | ene) or.optional

fillers, %’FE?@SS%’F‘% %If aﬁ;fﬁmm&&%en&%@?ﬁsf,géﬁﬁn sang é‘gcﬁ)‘f%@ﬁi onal ly
used in t ar I [ e } f. the

pol yner ot??cpoi ytrgeff(gi ?hﬁﬁ%aﬁ‘ghﬁaﬁﬁéﬁé@@%ﬁ hi‘.%lge O(agé(l)%rcr%ﬁhlg?brer%l tt0

pr ocess abdirain iadividuby b holdie hading apalvpapd fibenength@f 20x0opha, ardnaorver age
nol ecul ar wei ght can be 5,000 to 499,000 and is nore preferably between
100, 000 tRreferablybetween BP-OPamm. duEhersexsmplsy PEACRSFERHE bsd hgesanpfter.nc| udi ng
ones cont ai ni r e C 0 SLIC ne, and oct ene,
and further i Egl?ega?egéﬁtlﬁ‘é&g%? clglrgﬁ%d&?%r?zetdaﬁl %8%1%1%%%9%& Q@f{(gé;gm%{l%” al s.

| f pol ypr@agiire goteltd) QbpHaR! ahd othef ehatdriald Gontdiaingthe dbéWadestAbdmfiberkhan
about 30 mei%ht percent polynerized conononer units or blended resins be
present i3s welbes ta methadhfegi modifiteg magnbwatssialipky wepmaratingtthe dipersanwbout 10%
beinq preferred. Pigﬁﬁgene honopol ymer resins are nost preferred, with
generdl - ¢ PRBSE PBSTHS i n the noninal nelt flow range of about 1 to about
40 grams/ 10 m gl EgrtfePSXdpRat? fibdi8 Wl mAtriR RatkRSs (Qfhs @nsRtd)aueingei ght 30
average nol ecul ar wei ght to nunber average nol ecular ratios of about 2:1 to
about 7: 1sucki fibers Eembaddadodkersiac tareo respecialiy, sudted gfaralapylicatikes wheraimout 100x

i fication,,of ,a. PRI | | ene. fi.b ith an.ellipti.
o oas. sectiramisndiy his RporatpREe BReRle SAgicalste EBRs AnhEb S o 1
W dth andef:6@ R ability BF e @iSets tol RRisyvsiglup’s fr6MOME chRorbiei P as surfand t he

fiber can twist alnpbst equally well in all directions about its
| ongiludihealbeex srmootheg over (i.s. Hingsheds). sEaa inyemtors,dissoyversd thatnfznishabilitken at

bout 100 i {.icati f.a PRLOR,ART.ellipti.cal .( ..) ~shaped
fber macimHROm TR adubeicd dIHeR G ebaitn Pk it iRk BB RS
t hi ckness;isdFiad furkctioh 81 CAlkES Ien@ | ORREmpIafW fitdd HaRalg Yfihakesiigy apout 100X

magni fication, of a PRIOR ART Tibrillatable fiber connerc]allélavallable
under t hesubstantealbyngreeRACEsBtssudtagiuzgs Findessbstamially f npefibiridlatablsi gvieah t o
fibrillate or break .|nt ml]er 10 fibrils en.m xed i n cancr.et. The

cr 5. sechPURRER Y Sriel Y BB b ek pafeinl o Mo Rts & prseipaifie
Crospsecdf @0ab X sENVan8) mdtdplcketaBIfkesD &t 2,000 WMN1GAR. PREMHdd S8drt GAsh Of an
exenpl ary individual fiber body of the present invention. The generally
quadr i | atferishabiity shaweteripagsaprerdily lhave ¢ ¥opagatmoduug phelasaeity i thes can be
di scerned, 15 alt h$.he.small right side.i o | etely straight. The
quadr 1 | avape oL At eueacuiE L epettt endh Bt “Bnd oot PRSERAY BRSO e

i n nat ur ayidde6R1BS.0 hen,| SiReRe thidkiesdbf DINde®?2 itk it SekidegehdiR ofi2di7s) are

generally parallel to each other, while the two snaller sides are sonewhat
angl ed wimm, phsrsin avarage Wedth ghereds gverege thiekness bueHageonef 5-5phandi moeent or s
beligye th n such indi v dual fiber bodies are slit froma larger 20
shee gusimgttercaﬁﬁe?)ﬁ%%l%%égggfaq he angle or attitude of the bl ades can define
whet her the smalref adiadRgedhnd fdaare dnhangleatisnare AfhémdaRchibalnazRtAl
(wherein the two smaller sides will have different angles), parallel ogram
(wher ei n heranafies. smal | er sides, in addition to the two | onger sides, will
be parallel to each other), or rectangle (opposing sides are equal, and the
angl es are all about 90 degrees). 25 The term"quadrilateral™ or "generally
guadrilateral” as used herein shall nean and refer to a cross-sectional
profile that has four sides, at |east two of which are generally parall el
to each other and define the wdth dinension of the fiber. The two shorter
sides or faces (which therefore define the thickness aspect of the fiber)
may or may not be parallel to each other. The two shorter sides or faces
may not even be 30 straight but could assune, for exanple, a concave or
convex shape if the fibers were extruded as separate bodi es rather than
being cut froma sheet. Fig. 5is a partial cross-sectional view,
originally taken at about 200x magnification, of an exenplary individual

fi ber body of the present invention, Qaving ~Z ATTORNEY CASE L3707-02



0.19 mm neasured thickness. In this enlarged m crophotograph, the snmall
side is garernNAEyCpasEpsogdozul ar to the two | onger sides (which are 0.19 mm
apart), but there is a slight inperfection at the corners. Wil e sharper
coners are preferred, because they are believed by the present inventors to
decrease fiber-to-fiber entangsgeEmdscrip®idh of Drawvinsndi ng or inperfections
due to the manufacturing process are to be expected. Fig. 6 is a view,
original |y at Agbappre@aiomelgthe faleantagen andbenefes ofither ingentioacmapbe awrexenpl ary

i ndividual fib bod t h i tion.. EX lary fi
subst ant FeECIly SRBHTEIEER P TR TReie O Lat T B U SPRRRAR | THEREY m y
di sper se@dmihBanRHEs B &njteaos @ﬁtﬁ%é@cc%ﬂ]%@ﬁé BraSRss AMbiedl |y no

stress-fractures or discontinuities to be seen"in the relatively snooth
pol yn®r surf adiégsofl-3 hee hicbhephotographougtiargements wif tiecerost-seetiknngl BRIDR

i nperfections due to ;)he extrusion process and/or slitting process will be
seen undéRhgirforsipafibeis: The present inventors believe that introducing

i nto concretewndi yi | <fiber ' .. a chanical ttened
(to the point Fllo#qhgvi%#g r5n @P%Ig ?&hg-%?éga@@%ré@a%\glfélreﬁﬁhg?e%@réeexg%irl ace) and
that ar e quigdrilhteldl ickdsstsadtiopalproflleaiflekemphary fibers of thelprasent ineentionbri | s when
subj ecteg to nmechanical agitation in concrete) will lead to nore uniform
di spersi ng andig- ¢ #imiceenhgtogrmphiccerdapemprts(at dopemegnifispin pfthgarfaser f ace
area,to fiher I . ad | ' by f fi o fiber.
Mor eg?/er ,Oktg“ﬁeex\séﬁl|p 15] ﬁé{l@]&l@?eﬁpgb@rdgpgé H{eﬁ}érelg%ﬁ%ﬁn%ﬁ? ‘{?g% ljggﬁ{rﬁr’gfnsﬁbj ect ed
t 0 mechagbhcrbteagixtiati(@hichividild coiigina® sdedArseipprighies)y afd Py, FtsBow | |
attain a desirable 20 surface roughness that will facilitate bondi ng of

fi bers wihenfiberafer e¥eget e matri x when the concrete is solidified. Fig. 7
is a view at 2& i1 ' f ' 1.9, - er-d been

m xed in concr .eﬁgxﬁﬁcﬁp\ﬁgﬁo%%%@gg]agger%év{ggétyzft’)bf(\%&beﬁ%aﬁéﬁ)a&[ti\}é Sh‘ﬁls &ft i xer
(and rengyed d‘x@ﬁgﬂdf&ﬁﬁ&i@ﬁiu@]‘ fibérl bsdy 6f tHeNpresdr®iifentibh tHedarg nixivgy fr ber
surface remains 25 substantially free of mcro-stress fractures (e.g.,
crack®) , concrofeimixgypéwhishaeoudd eentgindmeandosoarssageresalgsl pad Fig Sslibwso t he

effect of, the a . in the concrete mx. At 200x magnification, as
shown inh}—sl%berg,ﬁg{ﬁ%ﬁég’rface of the fiber, before being introduced into

concrete, is gypst@nsimickophbiopeaphic enfadiomdnk qat 900 agnifiégidhyogsthbei ng
perceived at this level of magnification are slight streaking and

i nper f ecsudass ofian eempdary ediwidpal fhes hody Of e presant inyentiok batore mixisgeet from
whi ch the individu i i \a niformy

i sper soit Frioniupls WleryRutidbopahl Bk o oS Hbak Rt Tl Y

magn2d i ¢ ghdvithie Titlek gfterSmixéiges not denonstrate substantial stress-fracturing
or fibrillation. However, a desirable surface roughening is discernible 13
ATTORNEY CASEFig7d7-192 wHesphetestaphist enlagemenigfatf TQ0% magnifisglign) of 3o,
because o] ' : | fi f t1 o ntion wll
be hi ghl ;El)ﬁg(r)lﬁe%@gefp{g? éﬁ‘?\%@&lﬁﬁgﬁéﬁnfﬁg‘ﬁﬁﬁ&rﬁ% grs I%rrri‘lge}(r?li%1‘l|9::7g?|§’ons t here
wi |l be evideFig.smBs &raphic tdpaesastativn oifi tagsileUbad versut keraini behavioody, but
this can be attributed to having nol ecul ar pieces separate from each other,
5 or ot hdiigren fiksrs;nper f ecti ons or scraping and does not constitute

substantial fibri t] i | L LNt o fibril
uni t%sa The polrFt?yé?efrd f&i %g{r:bpy&?l]{eg%g%&tgfor{:#g?ns}i%%ié%!r{%ﬁa rﬁhphﬁ;gigo % Z’ghed at
about 90Qiferagriderszat i on and evi dence major di fferences between exenpl ary
fibers of the present invention (Figs. 10, 11 ) and a ]

mechani cal | y- Figat t2Ae@ pletegrapng ofj eyedgssrhfsgndevice dorrfesting Jgad pngs. 10
and 11 sh fi - e | : d after being m xed
in wet Cg%%’?@pgouaéﬁaﬁéx%%{ﬁﬁﬁs% gﬁ@ﬂg}?&g?&%ﬁg\ﬁ g éégil?% ér-rotating bl ades)
to attain subgigniéaisl ¥ piaphior fepedseiation O6F Gfredsi REr srdck hfvatic @peliage. The
extrusion streaking, which is seen in Fig. 10, is desirably roughened as
shows0 i ndisplpcement hehavier efdifferestiibersirandal stress-fracturing or subsurface
di scontinuiti 245 en gf t.er. ?ei ng 15 m xed in tPe copcrp?e rgvvhi ch ?ont ai ns
sand and coar $88 iR AR FERS LT, SR Yoh et 8 MgIeRIEIT PYREE O ace of
the fibeftratii€ofp bs diBMRRdd BReibFi - 11 ) does not develop a

m cro-stress fractured norphol ogy (e.g., sinewed discontinuities) as seen
in the nechanically-flattened . PRIOR ART fiber (Fig. 12), but neverthel ess
is able to provide a desirably roughened surface and overall integrity as
well as to provide 20 desirable bendability characteristics for achieving
di spersion of a plurality of individudl fiber bodies within the concrete
matri x. As used herein and above, the terns "plurality” of "individual
fiber bodies" refer to situations wherein a nunber of fibers that are
identical in terns of material content, physical dinensions, and physical

. .. o o - e p—




ATTORNEY CASE L3707-02 In further exenplary enbodi nents of the invention, a
first plusatorRyMERiCcAIHdisyocizal fibers can be mxed with a second plurality
of individual fiber bodies (i.e. conprising different nmaterials, different
physi cal di nmensions, and/or different physical properties in conparison
with the first plumpgkériptief of PREIFEd ESnbBinkNts(dTeh&LiRhtibli conmposition. The
use of additional pluralTttres of Trbers, having different properties, is
known in the afhe ptagéntiimvebioanhbigieye that e reinfercaiggulysedibaroof dieamgsent, in US
Patent 6,071,613 of . Ri eder and. Be%ke, ag&.this use o{ hﬁbrid bl endi ng may
be used iHVEHOBIPAY PEHSSH P YaREDt fFemposiioph and,matepials anH\SUNEIUETS madde | .

For exanmphém Resk! Frle éawlﬁétﬁwnﬁémtw%e&f&@gs IARABE] REnBIRLY T RELT ! al
havi ng geonetry, 10 dinensions, mninmum]load carrying capacity, an

bendalsi | i dfymateribizuhht canybd heinforeeddnpt therfibend. | hesevineludaadhessesspasgphpliyral ity
of fibers may conprise another material such as steel, glass, carbon, or
conposi t COMasHe anatenals o(eof-n &Fsinsha RIFECcs, £lastorasrs pjugh 435 fubbst, fichetnd nay
have a p i ility characteristic and/or physical dinmension (in
terns ofq%%%ﬁ%%§£%?§?%§§¥%¥ckness, or length), while a second plurality of
fibers may 15 pefgtddsmairbeniatetals 6f tiki miveatiorp GlciiiRr hydedtatle adementidogpl oy a
different bendabpility characteristic and/ or physical dinension(s).

Exenpl ar ycopnpsiionsi fishods feagpmaix aeonettie. episeast Conprgts; Hoasones epertarngncht i on
may provi ded i.n orm whereby th a kaged or nnected, t oget her
(sucﬂ%as ﬁ?ycﬁg‘?’nﬁhoa{&g%g,%uer?]i Bﬁsgrcé) C}\%}/eap,é}gpasg%gba Slgcgg(fomanﬂ%‘glsqnve,tsu 1? %%ch as
by parti adondsitions fF wAllkwaad)] RyYpin-aalDby mﬁlaﬂﬁe&ﬂﬁé@ba%deﬁepr%ﬁn%-
However, as ‘previously discussed above, "individual fiber bodies" of the

i nvent i orcommesiions nder doatssi gl sprawwpplieations pweter-prpofingnmenibeanesi &g bodi es
or as being.separabl.e fr her fibers when.m xed.into.the concrete. Thus,
exenpl ar youRiBEY and e SRRV Fnerdihd sOBENRS” Wk B el 8S GIUFLRIC) o

i ndi vi duadorhi ber bodi es wherein the individual fiber bodies are separated

from each 25 other or wherein individual fiber bodies are connected or
partildl | y conndqrabanyenephenisgs pdaced pipor dbhebeinfogeenimnt efistiygcizal saoaceste af t er

bei i nt d i nt ] d. . w thi t he. tri 1 ti to th i nt
of Subst dRtdrRy-T fosthiter LRERE, O Veled S Bbl SRR et pblie tror
t he bendahid, iof ¥pled)idiavi éktrdmeBObife mitkRS thatCHBsddes SRMehgds iQdey 6f

precisely, in part, by using the generally quadrilateral cross30 sectional
profil e. prhvidmnegesodercing/@bars that €biaghtbetsycesssfully infrodwgethinto end miked in wher eby

fi bers begcane apped. ar gund,.ot her fi.bers r.aroupnd t.hensel ves uch that
1 ber - bartngalpr sagerdt B S ChHE Broide Rk i BradiE REPER {n Wi ch e
of t enpas seaiighebMirtirfetéEagichete fiafause this too can | ead to undesirable

fiber "balling." Flexibility that 15 ATTORNEY CASE L3707-02 is too high
(such as in welfridfuian detaileyl disgysgien jafsthe aariops anrementioned drapingseand (such

ant angl oriie e BRI PR Rl N BT B BEb 0 vith g o

ent angl emnhelpRANG fabiditats Lo decpet ivakdéntatBinicosMadvBpszes iafld benefitkobf Maen
attained in the matrix nmaterial; and this, in turn, 5 nmeans that the fiber

dosage wiinvensioni dysdtbe ke offile Mmentian are eayisionep Ertyse & B paste portyer of

rei nf,grced, mat erjal wid | »SUPj.ect » 4. ani fi t riati. Th esent

i nvenzs or S‘X, riaga\rt/)!ae t e\g![ ki %1?3 e‘gl{) gpﬁgﬁéé?siig%gér‘g}%gﬂtmgg ’so%;ghg'%%il?el t% f?é)c{]eeds to
be suffi GhefdHaigdablh hein) fit ns. 21T %Sdikdﬁﬁ@?frelimﬁﬁﬁm thbadefinliinsf bbers. In
order to achieve this, the inventors believed that alterations in the shape
and si ze ‘eement’@hd “eonsegte.and el astic modul us of fibers were worth
consi der ati on.Fo e, a.l rel.astl dul u il l. Lncrease the
bendability olef éer?ﬁégﬁa’sfé” Pﬁgﬁghaaglg acr?ggrse:fgz;ewgf §e|n\fll\’1§ c’cfr %%-SP%%%% 2Gh remain
const ant . murk§ Corpéred dfarddritibie Bemestitiius bikdk (8ta1lY,! it hob egeasiaély, t o
consider the elastic nmodulus of the matrix material to be reinforced. For
pol yBPop\Raztiand ¢emant, masearye¢earnt,©r maeitar ¢emient, iand miwy alsonigelude limes®ne ga
Pascal s; .and for 15.a maiyix.materdal such as concrete (when hardened) the
iasti . oamElime padblasCyfRbE Halp i hnt apf 31h 2iie Y SRR BRTRIF oh « ne
m x desi qinigély iné18d&H &% &kh 'c!éﬁﬁﬂis?:ra%db@hieﬁVﬁ‘loEﬁ?st afeO phdt®Y QUitibhAly
properties of t%e matrix material (hardened concrete) especially at” snal
crack openc¢indingdmediggtegatei(ogs sandjeamd ewtcretesragurhorgare fadditiendliybiclusliongul d
preferably be at |east as high as the elastic nodulus of the matrix
material 20 (hardened concrete). As nentioned above, an increase in elastic
modul us usual |y neans a decrease in b&hdability, which has a negative

i npact on dispersion properties of the plurality of fibers. Thus, in order
to keep the bendability high, the present inventors have chosen to nodify
the both the shape and cross-sectional area of the individual fiber bodies.

— . M . o . T ] - r " 1




25 . have indicated that a m ninum | oad-carrying capacity under tension
(and not ATTORNRY CABEIB®7Lr ess) of fibers is needed for transferring
significant stresses across a cracked section of concrete. This al so hel ps
to keep the nunber of fibers per unit volune of concrete down, and this

| ower ed desndgpREbc(€E RiavBR StoheHO SiCementifbls® Conipdsitiehs'f Qe ihvation ng
wor kability of the fresh fiber reinforced concrete. It is a well 30 known
fact thatthwd wfe-mdbeelvd¢ phof the ©regobigerorekamplesd crinenbiimsenom)podltionh ar e

added to concrete for plastic shrinkage cracking control (raghgr than

St uct ur 418 BF HOREE YR Fe iR S AT EADGTARHER: - IYEEAUR Ures
due to t?n{%ﬂﬁom&fr, Qhitel,| DA PRI/ Hobrs¥a Cgaté €1sOmay Bé G5siRH! e area).
Typi cal dosage rates for these fibers 16 A NEY CAgé L3707-02 range

from6. 3 fkgtsd described HeggimB (0. 033 vol . %to 0.2 vol. % . Fibers added at

these | ow dosage rates do not have a significant effect on the hardened
properties of %@ﬁ‘@ft’ét polymen dibsrs; ph tthe, 1BVentiph coepriss HalfastapnePobEReron t he

har dened rtd f rete.. [ -ger, yol due to
t he si gnisglfeg{agﬁt tfLol%gh{e%‘re %?%sscteogmgﬁ%e%fe)ﬁ%ﬁgg&%r adr%lsc# eru?édhlégrgg%ﬁgr acked
concr et e pobfEitydétte, lotealdeysityt hsolpétaplend, iandeniloss hixl | motecuhat wdiggars, used

in a concrete structure that is cracked, provide a bal ance between
anchor i n@olysthedens).et dobmionmylane, oupolyepmeatiiencet epolytyirylisdire wolupsidelbout

the 4 PaRukchSA coBRERT, RELRRIRR: NG Aichotbthe], IRFHOHEL Do) 0
shoul d brraketBilché ebyideRt pblyeetipend tatepWhiakife)! NvlABLGAEE t&rtphibilute], becomes

pul I ed conpletely apart at the crack. Thus, exergl ary fibers of the present
i nvent i oPodyamides pelybeteng.t anddhermotionic papsi cristadli priMBrns A herefesxsabi ne

di i il i th h f h . at . hand.. A |
For " manuf bt oot BBSBRony i, o RS cisflvidBP e efieT Rt Do
synt het i gnkiyiBhbe coBipeikt Al00¢E pdlypraisiiste! @BY he Rfothe lexAhpRY tKd)e may

pol yet hyl ene bl end) through a dye to forma sheet; cooling the extruded
pol yier shewris¢ puedemisaily pelypippalenni(eig.t dkleatip’G-89%) withs shangermainderheet

th h li ng_bath d/ ' cooling fan): cutting t heet t
provi de SeFRRSPE” ARANG: AL (L " f ChERCERYy LB PrS ke o o BEnTH ough
net al bl ydpetileneponoptibitl \RRts, pibessify addsg en@baeitingOagidd chdhaiL s

cross-sectional profile is obtai ned@%pr eferably having the average w dth
and t hi cleaeventighaibiused i thesnajudagtineed polymgr &hewr detai | above); stretching

t he pol yner in.the |l ongitudin ir i f the.fi s.by a factor of at
oesr 1Mo bt tRoleBiE WHBhOR me b 8 pdlmieREaloh Bt Soribiofsd B3 Bl
strepghi pelyand is widi pdcsdsfls. Hoagolypalbpyleisadnd palpétRylend) fOL egathplkOthleor m

i ndi vi dual bodi es having average 20-100 nm | engt hs. Thus, 25 exenpl ary

i ndi vi duavemmghatolesalar axeight ¢anebs MOALIPAPHMIA0 arklaisemereoprgtrally bebvess,
comPY | ST H60%05 (630006, iHeRGH shadi8!H TR feryB Ay B0 Wb LAY oS ot o

containing branches and comonomers such as butene, hexene, and octene, and further

including the so-called “metallocene” polyethylene materials. If polypropylene

25  polymer is used, it is preferred that no more than about 30 weight percent polymerized

comonomer units or blended resins be present in order to maintain smooth process

operation, with up to about 10% being preferred. Propylene homopolymer resins are

most preferred, with general-purpose resins in the nominal melt flow range of about 1

to about 40 grams/10 minutes (ASTM D2497 1995). Preferred resins also have weight

30 average molecular weight to number average molecular ratios of about 2:1 to about

7:1.
Fig. 1 is a cross-sectional view, originally taken at about 100x magnification,

of a PRIOR ART polypropylene fiber with an elliptical cross-section having
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direction of the length of the fiber bodies (a |ongitudinal orientation) of
at | east ADFQRNBEVC@ASENS7q7r02f erably 12-16. A further exenplary nethod for
making the fibers with generally quadrilateral 30 cross-sections conprises
extruding the polymer or polynmeric material through a four cornered,

st ar - shaptighel$ienoof DidGemnsin widihiand Otd3emax i thitkaeds. bEhs wWigithais fodsyeas of

10-20 (and nore preferably by a factor of 12- 163< and cutting the stretched
fibers tdh@bnqsgoaﬁ%th@rfgaewanWl%talmpstf equaly rvelk dnplb directisms cabeshits, i bers
havi ng rqu of II|pt| cal ATTORNEY CASE L3707-02 shapes may be
extruded, 81 e still at a hi gh tenperature, be introduced between

rollers (Wm Cf’FlEPQ '1@9%%53’-59&10@@13’&18\6) ofignilly2lak @ at &dut 106X MaghifRaforgeneral Iy
qguadri |l at er al (although in this case the smaller faces of the fibers

may héve of sPRIR L%Rﬁleﬂip@daldnr omi)fdlapschéipe) made framapllyvioylacesate hevibgber body
enbodi rrenot ment |, %b‘ﬁve B kP further exenplary fiber enbodi nents are
possi bl e.Y- FOFMERY |a@d dP tHSEPeSPi ber bodi es may have a variability of

t hi ckness and/ d st 2.5
percent devi atlﬁgng\? ?{rdr%r%?gagpgméggbﬁlnglbbggg?gg%g u?grg‘?:)gg?d gagi\%ﬂé(tﬁ?on) and
pr ef er ablof a@®@RIORe ARfEtrﬁ‘tﬁ‘Blap:nbﬂe:éirotr demngrdialy favmtabﬂmandcret}mgmc(ehbmekness
and/or 10 vde@%] exanple, it _may be possihle during cutting of t he

pol yner <FRAL §fr‘1€‘}‘féal tﬁ‘%ﬁﬂ%sTE’éﬁ(‘ ihss 1Rsignep 4@ KbgHaters rpaksivtq saellerne wi dt h

P! per Bpod s vl A Eholil." Thel BEsclit O TORENdsGuBles  Riddbllvt Iu2)

fi ber "bodi n furt er exenplary enbodi nents odi es may
conpri se p@hmiteast two synthetic polyners, one of said at |east two

synt hetic polyners conprising 15 an al kaline_ sol ubl e pol yner dlsposed on
the outward fifB&r4&up F%%S%qﬁ@p@b‘ge%e?wn@bfeﬁagm fleakoyt &P@)smas@ 1RAB9N. sai d

A or nat ety BERRlT dnliidial 1oef iRl O (o bL BT Fonlion D THE s RS ™

sol ubl e mh&mﬁfexalwen ghctionl \ﬁ‘dﬁller‘lstd?&ieﬂt kial thite fomn \sides o be Giscanyd;t
concrete mx, the outer surface of the fiber could be increased for

i mpr d9ed akhgwgivthe smailirieht pide doprtcempleiply sirpight e Nesiquadrilaterebshape cadiubl e
(hi gh pH)m 8'a¥£ﬁ%5t ng?ﬁ@%ﬁﬁ%ctéﬁ‘iehaﬁlt?a@e%l WS dd gucar ﬁs%sﬁgtlmg&‘g% gn could

conpri se, nsa urate oxyli1¢ errpl ary

fibers ofsxdebe(wmmheaéﬁmtheawumh)sareb@nmukqgemamb reaotmtlwr while thelnwyt ures as
may be known in _the concrete art. nplary adm xt ures i ncl ude 25
super pl astajlerudes arﬁéf)@ﬁWbetomks&dswnlmsp@%tt? Hhelonger sidgs a@éttp Spelepther.

COr I 0Si Oy, QHQ'ltéﬁrb%h&f’iha@%eJu%%&md%ﬁf fib&! A5 @ur 3 %er eofageiduci ng

adm xt ures, unme, pignents, or a mx he one
or moe aﬂéﬁt Xlkmgﬁﬁttf@blb&ess decmigdelor attitudexaithe &lades o tefthe Whtthat the, 203, 692
of Valle et _ al |ncorporat ed by reference herein. The fibers_may_ al so be
coat ed wisHlIgksiggsyilbhaveian anglestugh as iya trapezoidwhareipdhe tvorapaller sidesiknown t o

those of vAllHa02 vl dngle {;&@ﬁbe&g%ﬁ ShbRRE o sl Sfacl, 44§80 2

advant ages 0 e exenpla : trix conpositions, processes of _
t he i nvemé thenwodyngdee sidek umﬂlrlai;mlallwtd edchrotiety; ot cectdngld ((aipbomng\gden(ﬁafpl es. 18

ATTORNEY CASE L3707-02 Exa (PRI ART) Prior art fibers having an
el i pti cqfualyangde anglesarg aibB\Ht Wedsgree8hted in terns of bendability and

di spggsi bi 11 t vyl Rerth CQRGHER& P of odibeafy GilaitiRitdra®! as s OPh&reEhEN REaH™
and refer to a cross-sectional profile that has four sides, at least two of which are
generally parallel to each other and define the width dimension of the fiber. The two
shorter sides or faces (which therefore define the thickness aspect of the fiber) may or
may not be parallel to each other. The two shorter sides or faces may not even be

30 straight but could assume, for example, a concave or convex shape if the fibers were
extruded as separate bodies rather than being cut from a sheet.
Fig. 5 is a partial cross-sectional view, originally taken at about 200x

magnification, of an exemplary individual fiber body of the present invention, having



51long, 1.14 nmw de, 0.44 mm thick, and had a Young's nodul us of
el asti ci tATPORKEG@EERAaseal2. The "bendability” fornula di scussed above nmay
be enpl oyed, wherein bendability "B" was conputed as B=1/ (3 E 1), and

the nonent of inertia "I" for ellipses is calculated by the fornula, le,pse
= Pi/64 .193ImmMeifire@thitieli! In e eniadidd BlcréfiRdt@irhpitthe @mafli &) i maj or
axis of the ellipse, i.e., widest dinension through the 10 center) and "b"

i s hal f tgenetablyglerpendicolar ththedwbilpngec sides (Wleeh dneiOaf maxapar)f buttleeredd i pse,

i .e. thinnest dinensi.on rough t enter point of the ell.ipse). The
bendi ng. doHTELITIBH octon ahthecOiien o HIg SHEPSCamerRte BPIEres, boRRre thdher i s
consi der 1S A ad : ) L ' 1nhg 100
pounds 01(?eg £ ﬁ)§£1§$%4 PY 6}%% Egﬁ%ﬂtilgg‘?ﬂgbﬂgﬁt&g&gyﬁi Fg&g%r%@o%ﬂggkeﬁ%gg%éﬁﬁe
concr ét e roasdidgdr impérfertidnsidnetb the meanfgetoring brocess e o Hoexprstedot at ed at 15

revol utions per. mnute (rpn). Excessive fiber bal]ling was observed. The
el liptical fibBigs0dsa ViR, iy abput Iaxsmagitieatios, ofthg ayta spripse efont r ast

h ' Rk hcalefi fib ' |
quacr 1| ot Sy SRR ) BE6T. o i SRRB Spfersiohy BBl e LG T

20 fol | ovdupstantigllyagen-dibritiaableNwherbthiked had gubstandallyminiodaly @isperfbd2inm
t hi ckness, with a Young's nodulus of elasticity of 9 G ga Pascal. The

bendabi | iqopcreg.  Aecardinghy, thase pre suhstantiatynesfresprimetiprsdy iiscopfinpitiehto
formyl.a, B = 1/. .1 wherein the nent ,of o nentia 1" for

ect Afgul S ePdn e vl whSh Hlabd o rROEEE s e iofep opmRbrngs o,

| r ect angl freakihg/and Zmp¥¥fedtidns Wieioeth extiisidrSprobéss aM&basIating BtdtestWili'te’ 1S the
25 average thickness of the rectangle. Using the equation, the bendability
"B' was ocsapundet magnificationiThe present inventors beliave ithat dwrasiudimgddtor qopgietst e.  When

100 pounds ,of .t e fiber re introduced.i 8 .cuybi ards af concrete,
ocar ed TRES ML d PR Jed HF il R roEap felerich S ofi b3 os Ty
Exanpl e lnicfoRRERAPAARES oVdriRE eii%lsutfasd) 21d (WASard @bt G¥AHathble] (Hfucidldn nut es.
No fiber balling was observed. 30 Exanple 3 The nechani cal properties of

t he fliSberista stdhsmpNesSithidy whan suljectedrpmnrechanicah agitativaninponerete) vallfleaser s i n
concrete, if there.is suffi.cient, bo bet ween the. fiher .and .the ittle
concr ot o Reiers, Snftpied BheryiSk S G, SRR ABE (RTHIT Bbp. o
fiber puldurfhfe arél TORWeY ¢ohalic L3fiB-d Swlctind] Mgl Bom ifBEF th afibes! ©
mechani sm observed when the fiber reinforced concrete is broken apart),

t hen t he Motsovenrbgesurfass off the fibers of therdnvéntisactupen beieg bwhisgtedr toof t he
conposite terial.. As nment.iaoned earlier. due to the f.i.ber.geanet and
di monsi orfareagieaCasitdidn tikya M dedt i sstorp e Betstia il Alpie grtable

suf f i2gi endurfaedGoughness that will facilitate bonding of fibers within the concrete matrix

when the concrete is solidified.

Fig. 7 is a view at 25x magnification of the fiber of Fig. 6 after it has been
mixed in concrete for five minutes at twenty-five rpm in a twin shaft mixer (and
removed for purposes of illustration herein). Although the fiber surface remains

25  substantially free of micro-stress fractures (e.g., cracks), it will experience a
roughening or increased opacity due to the effect of the aggregate in the concrete mix.
At 200x magnification, as shown in Fig. 8, the surface of the fiber, before being
introduced into concrete, is substantially free of deformities, the only features being
perceived at this level of magnification are slight streaking and imperfections due to
30 the extrusion method used for making the sheet from which the individual fibers are
cut. After being substantially uniformly dispersed in a concrete mix, the fiber, as
shown at the same 200x magnification in Fig. 9, does not demonstrate substantial

stress-fracturing or fibrillation. However, a desirable surface roughening is discernible
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5 adhesi on between the matrix material (when hardened) and the fibers can
be achi evernrorRNpbiCaSE L37ateal | y, hal f fiber failure (breakage) and half
fiber pull-out. Therefore, fiber properties such as elastic nodul us of

el asticity, tensile strength, and mi ninmum | oad carrying capacity were

sel ect ed wlienagielved ARtHE MiapnifiSativndeedly Adso, pessisbdlie pdigmeriealatedial 60theal ance
bet ween fi ber Ful | -out failure and fiber failure. The optinmum nechani cal 10

proper t i éfibest of the mressat mvantian withbe highbpenimmtah, it ip @ot ppusygk thapat hialaernat rix:

hi gh
e, RedRatda e St b elifH heAnlaianth s oA HonP ot S
capacity. bdagf1bﬁthﬁlmmt%btédqstrevﬁgrﬁleeam FiBcdshepdraRefrorhteadh Bthfaave to be

done in diréect tension (i.e., | ongi t udi nal dlrectlon) which is also the
node Bhe dri btheswisai lo vimperfdSiopsrbeddedping hed dioae dnat o pasEituse fubstantalci al | y

avai l abl e chines far such testi are avai l e from known sources such
as | nst réﬂ’qﬁ]@ i eren tlﬁeefgl{qrﬁ?gggpgg%mg Sm f%ﬁ’ig’él Yrechani cal test s, a
fiber filanenty oV A %ed 20RAL ﬁﬁgp goegci al
fiber yarn gri psé?ﬂg%n%gﬂ‘%gt ow ﬁ?eﬁ%i %er to }s)?a &a | ber 'S sI ightly
pr e- st r etmddfidtensand reameﬁcd‘iawbﬁ difﬁfreﬂceabletbvsmmmplagbﬁbeﬁs ofthel presért
nmeasures the 20 tensile | oad while the fiber is belgngul | ed apart, at a

const ant iﬁ‘éﬁf’éion'fﬂﬂscéq) i3 @ad agrechanigalhytlatisnsd PRIGK, ABTriheri(3p showng® nm i n.
Th th
sanpl e P TIAR BAC M SN SRR esp MV D, befoft ATRRN BORG | N€

| engt h (ahls(ed Gﬂ|Wﬁ¢0gamg£u§1@glgtMn rmift imikére(habing ldAnendotating dtxdes)erd i n
terms of percentage, The initial gauge for the neasurenents was set to 50
25 mm  Fisgain sukskatially ynifoge Aispersiper ol dibstsy iy Mhec GPRaEsteor The pest@sign: h

di fferent r e. { ry.t.han
fibers wsfrﬁ&ﬁﬁg’ rrg ,grggg &hl(‘e:i e tgﬁgﬁwgwgﬁ% ghrog\rnrle ie]illgez?’tl())&tt he

wi dth of wikiut |SbB§t5ntlal Atredssfricheirfg dresubsiificet discmminbitiest Buieltdfter bainge "C' is
the fiber with the largest width. Therefore, the fiber with 30 the smallest
crosdSsednixehan the canerster (wuch epntains gand and iroarse garsgpichsucheas| @refiedt cross
section is _fibhe hat a

i ber wi (7% SrlipyAf, e SHELE, GBI OPUE Bt iU RORIRIET) SRS

carryi ng deaglag iatritickdratfiess ffactnedd mbiphotogadUe.g., ATnERUIYscoAHiuilics) ¢ s€h inar ger
cross sectional area. Individual fiber bodies should have a m ni nrum | oad

car ryi ng teaprchanicalhcfatiensd- PJUQRJM&I f‘;‘?%{Flghez)F by mevegtheless asrablgt tovel v
provi de I t i s at

i ch £ noreahE s ERALEPAS K IRATARREL o THRPAR G ) %) GO deotbBRR |

fail goe fdesirdtie wepdabititye chataticKistics S"Qnmah:ewmgl dispersion oéngeplafality tef 5 Mega
Pascal s). The inventors believe that a mininmumload carrying capacity (in

t ensi on) pdividyal fibesdodies “ﬂ@é‘eg@é’f’?c“FW IB?tﬂ'ér to transfer stresses
effectively as é’\ﬁgéd elheaeﬁg eﬁ)%vE e Wor B{ah't)ﬁ’defv"‘lﬂﬁ@'idfutal hﬁéﬁb&lﬁw- By

keepi ng the f| er nunbers Ity of t resh concrete can
be mai nt aefeetb sitaiopk evhéreid aEllgnbeilbeﬁhEYﬁtHaheretldaxmdab ustemsa)ﬂmaitensl strain
curves of the fibers described in_the previous exanp "Stress" is defined

as the | sgateah \nhaeaalbymeneoesp @eé phsicloprgperties are ’Bfmfi‘FFé’ finfpethe nfEiXs| ope of
the i 5" t 'n?el a4 tE)?Jm lgxg/ ﬁﬁeﬁ' gof‘\'{'hre vérﬁfo(iil' ﬁr@%{)%aﬂﬁﬁggﬁeé Bp%fﬁ& the
f the fi ear

nodulus O astircit er materla nment 1 on Irer, the
modul us gfresl fsdtines ayd chbdtdntiafly men-firillakablowhte madohyni bl yespi atedswithin
possible to the 15 nmpdul ys of elasticjty of the matrlx mat rlal so as to
transf er theematme materd tg beggmnfercgdang HIGB’H?VFré‘t generaliyngnndsifatergl Grossr t hey

have beep?&tﬁ?]gi _o?@e afdde AR a@ﬂﬁtnegegt g f| B‘%F@%“ﬁ‘ #odylsys g cr eases

bendabi | I ncredses s i'nventors

di scover @fld vt pieferablgilB-pisshes awregedilh&ﬂ@egsl ib0]1-0.9 nuh ahil Ingors preferably
concrete. To mnimze the adverse effect of _a high elastic nodulus on the
bend3®i | i0:Q5- @QSW@ , 2pd pyerage length is R0el0onm. de peefereed embediments; gverage

quadri | atgral . of 05871564t ARerddl: Hoek iBBRsSY 5168 R1 bhi BPES ni under

fi ber. eF widt
50:1, and more preferably the width to thickness ratio (for fibers having average

length of 20-100 mm) is 5-20 (5:1 to 20:1).
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The stress-versus-strain curves shown in Fig. 14 indicate that the elastic
nmodul i andTrT@RNEY € ASEngyagtdas of the different fiber sanples are
approximately the same (up to around 7% strain). However, as shown in Fig.
16, the use of different cross 25 sectional dinensions had a profound

ef fect on the Jpefirthieraaempmiryt fabelifrertseof tihd bevensianplae $irstnplubhgitg afcr et e.
Examul e 5 The effect of different geonetries of the fibers, as well as

di f f er entingividuali fibersan bsrmixed yvitap sgsond pBirdiy ohdndieidnalnfibes bogies fbe-t | es of
fiber reinforced c refe, can 30,.be studied.using fracture tests. The
basi ¢ priq‘?gfpﬁsg’gof(ﬂﬁgrfepécrpﬁﬁegﬁf’e& & @gﬁg&alo nﬁgr&?%h Br i%gﬁerf‘%t to
subj ect ayspRel PRIpeftiel thMdoma@ssh Wit tHebREst pRBAO! SLALERNGS Gh&ift hed | 0ad
that initiates cracking in a controlled manner, while neasuring'the applied
| oad &nd rmteixdefropositioron Thedusey ef tadditional aplkradipiesiof gfitedrs, t havisgp differemt. A

suitable test for z~  ATTORNEY. CASE |.3707- cancrefe s, the dge

Sl i 111 nPrTRRHCS i Kagivh & Bipoeit BAORS S b PES D EIoTeshaiob Frape e
geonetry. t upr 1 i L il 3 0,328 B
(o86) 2SR ORI RRANEHLT BRAS, R0 H0S SR S5 IV PlalfHe By W,

depi ct s aisty i @asdocigtionrwith theefipers ofithd pienent timsdntide\dsoeell. Hdr examplee aused 5

for measuring | oad on cgoncrete materials. A notched, cube-shaped concrete
speci men ek tplwghpn of (fibhees rmay ppImpriseWReBINSTS AR heVHled gePmREYf e bl ade

IS SRhit) 0 ] %'!.Q,P]%e ' ' ' lgpﬁ] r groove
ext eﬁ\ ingdll\\gfgég?rck:sa?ﬂ#ﬁdgﬁz&gld?\ 0 e&p %ﬁ%?ﬁ (% Eée&dggﬁl %é ic%gg}ét; tegggééé]?trren. The
| oad tr angwéntishOwhegts »s&ohd phaslitytof fbErsansy) comprisdgmothiey nitehial wachl gad

transm ssion pieces (b) with integrated 10 needl e bearings. The crack nouth

openi ng diespl glessnerbon.cyrympositeanaieiiad Ay aneiberedaEmiem Erydipdyphyedfent
t o ; ; : S " b
| oat ed_ aipespma e KAGUE (lbBlE i cH AP YA iical MlbnsiBEGHCD)

rel ati veltymss epdveragywidth, ahickhds neeleugth)eviilde vecnd (plyratihadf fiberahiagched to
the specinmen with screw bolts. 15 The crack initiates at the bottom of the

st ar lér romprisaAdenticalpax simlar | nelvner: malcHalfaandesmploya difterent hopdabilivt ch on
top of th ar%gt%%t% %cﬁwg iCBPdiM&?SiBLG@ar support bel ow the sanple. To
0 IS C e,

obtai n a T0ad-Vversus- acenen u the two crack nouth opening

di spl acenent Jepaglay pidaitids ahfib&Mabontampldtiieb@ iy present dmebnfion nimar d
t hrough the wedge), are recorded sinmultaneously. 20 To nmaintain an

appr oxi néaemrgviégdmén arferm yeherddyy they are RiskegedPr qompested togethepdsuchrasdy with a
igid testi hj t ) - f i t 1.0
o, QSR ag bR bugfE Ring LRSS IS, SRACE B pinfl WiiFeler | D

vert Roal sebisfy e pelyiner Precussot slideg ai¢. pCcomeué) aopricuglyddisqisssdesbornt, CMOD,
are recorded sinultanequs|y at |east everé second. The fracture energy, G-,

a measur ¢ insiividual fiker bediegy of g invertiqryarg; defined ag bging themselueseierpited from a

| oad-di s en ' |~ = ~ f F .~
(Crco) - DB e b B Pl PP oA e wiie e
| i gament dogéretet , THueY exetnflirg fibegaofthe inwettion CBn beseid td/dosprize aglarakty30
surface are,,%é,_ and_"FH' s the haorizaontal Zi%l itti.ng | oad which nmay_ be
cal cul at & infiyvidyak fiker pefieg whegein Hheindiyiduad siber mflfwevemged irppm 9ach)
FH ENMEmA~ ~ t.an ; i "EM i i ' MW
s 1 Ae ot by Sy tif Bl Bhat BEG Uotics bt chindel2 GRRIAR THERLOE d 824

other but capable of becoming separated after being introduced into and mixed within

the matrix composition (to the point of substantially uniform dispersion).
The present inventors believe that the bendability of individual polymer fibers
can be controlled more precisely, in part, by using the generally quadrilateral cross-
30 sectional profile. The present inventors sought to avoid too much flexibility whereby
fibers became wrapped around other fibers (or around themselves) such that fiber
balling arises. They also sought to avoid extreme rigidity, which is often associated

with strength, because this too can lead to undesirable fiber “balling.” Flexibility that



As a neasure for the energy for crack initiation, the critical energy
rel ease r&lBOBNEGEASEILS7rakcul ated (pl ane stress assuned): 2 Wth Kic - k'
FI -1, max where "KI~" is the critical stress intensity factor, which is
proportional to the 10 maxinumsplitting load "FH, nax" The constant k

depends g tddisigh pachn® in geohiharyhaif)¢ag 88 jlseacabubiésaithshyiffaeds (Ridhease! ement
program The stress factor "KI" is defined as follow ng: KI =k'FH where
"FH' is tindheopirkomrsiicks ogmnwmﬂ@dcmmrﬁrﬁdvepﬁ@efwl&@mnslementﬁ@ Fsci men.

The 15 stre fac e f the N n be used
to corrparlg 4 ﬁ%r 558 a@‘l }thg g‘??#‘ﬁ? r?laﬁglﬁeo&eﬁéﬁgleg'ﬁﬂ rﬁ,gqlgeipgt sélbgq‘ﬁ@?lé{ffect of
the fi berurmnhmﬁsgﬁ@lbﬁma@qiot Wl Afthing® 11‘i)fthé heute0 MRSl an® s &l tuggn be
seen after a crack is initiated. Fig. 16 shows the stress-versus-crack

openi fAig betmsithﬁt thé filerf dasagmwilt bd srademmtesdnd the neatatial phapertiatod theafiser The

| ar ger the ea, under . 2 he curve,. the nore energy the conposite materi al
can absorrB1 cepdmaferjalw %&f’ﬁ@ubé?%%ﬁgﬁgiﬁ?‘it Vaggiial phenonenon is al so cal | ed

"t ougheni ng' nt with a
certain fiber Ofdl%)ég r? ?é orgh)%h@*]@hﬁf ﬁ%hﬁes? ngﬁg r 32?%%%%6@%8%1#§Ck
pr opagat imeedofo béleuffnimlydhgh Id neninerd atress firanefer ambhg tls otherrifibars. tlaughness
at a | ower dosage, as  conpared to other fibers, then such a fiber wll be

25 consi defEdorashisye dhispthe 1ayendersbglieved; thatoalteratipns i dhe shapg and sizerpfs t hat
flat,,sulgt @P&J Ad dfa Wgrﬂncfdulﬂis df' it ?sb‘k;é‘ref\{;&—ﬁ{ <§> SdetaBifn Fﬁcﬁsegﬁ{glpiﬁmr(?&%on are

much nore eftective en corrpare to the p ornence

fibers ofelgtigich@tulad wilhficesase (hhissmdability of ﬂhy fibet,rid thecsitpe nhd sizeaefdancr et e)
and simlar dosage. Fig. 16 al so _denonstrates that the perfornance of a
flat PVAFesseectiqrs demain sonstends hOgnthe atstdandaieniant ilscedpliee itols

r esi St ' nﬁegésb&?fggﬁ bﬁﬂ%&%%lﬁ Q?Ll’ll(‘f o ?ﬁlﬁs 3 Iﬂgcﬁx@ater\lléé}}; @Eﬁfo@@z II*‘I§'707 02

Is sligh ar ger ‘crack

openi ngs,pouy;ﬁo engfilbery, the elastio Ih@ﬂlﬂu@fs mhhae fhgs eN2-101wiga Pasdals; apd fdry
outperformed the flat PVA fiber in resisting higher deformations. 5 Further

exenpPar y2 BABEANMEFRLSUEH 28 pROCTGY é\ﬁh%bﬁréﬁusd) ths elastie moduiusyip hethe ranged nat ri x
materi al g, f%f%rjosﬁﬁ‘% ﬁéé%ﬁ M%@gﬁ@l n%eggielg%ﬁl 1g£ St afrhY % 'eﬁt ﬂv}]&l&s

ret ai ni ng a snoot nis mat eri

concr et e.belidvd st toeisfprote theproperiRetcelr the hﬁhﬂrﬂvﬂlatehal (lhdi&eﬂbanctﬁd@tdté)t y of
the fibers is an inportant key for obtaining finishability. Fibers that are

not fl exiespeciadlyodigsmald ﬁ@cﬂ(ooli?@@%ppfa%eﬁtl%ﬂ% dhe elstigaqdwhisr of thet fibsrsher has
att enpt e%h&?ldsﬂ@ﬁ:&ﬁl? B anllez{yt %E')hjé}{] bs B Ehld m%ﬂﬁlftlg%? the matrix material

20 (hardened concrete). As mentioned above, an increase in elastic modulus usually
means a decrease in bendability, which has a negative impact on dispersion properties
of the plurality of fibers. Thus, in order to keep the bendability high, the present
inventors have chosen to modify the both the shape and cross-sectional area of the
individual fiber bodies. Fracture tests of concrete specimens containing the fibers

25 .have indicated that a minimum load-carrying capacity under tension (and not
minimum tensile stress) of fibers is needed for transferring significant stresses across
a cracked section of concrete. This also helps to keep the number of fibers per unit
volume of concrete down, and this lowered dosage requirement has a positive effect in
terms of improving workability of the fresh fiber reinforced concrete. It is a well-

30 known fact that micro-fibers (having diameters of 20-60 micrometers) which are
added to concrete for plastic shrinkage cracking control (rather than structural
reinforcement, for example) can not be added in large volumes due to the high number

of fibers per unit weight (e.g., high surface area). Typical dosage rates for these fibers



The inventors believe that finishability is a function of the bendability
and t he |I\gA@RNEYF Clake 1LBiobes. To achi eve the sanme kind of finishability
(wherein fibers do not pop out of a snobothed concrete surface), |onger
fibers need to be nore flexible (i.e., they nust have a higher bendability)
than shogffe ffdd?‘%f&_k%%@ £ar8 RYAPR0D33 &0l 2PR0.2 k8t %g).s FABerSAHi g thde 105 M
thick, and 1.4 mmwi de (with a Young's nodulus of 9.5 GPa) can be observed
to have dowdidhgpertsav potobaret a esgrafichng xaffekct ent thei herddnield aprioperties of
characteristics._Fibers having a.length of 40 mm_ a thickpess of 0.14 nm
and a wi GPRCTEE. 1EIDCRhBL e RBRS gy VergRATlEct OF s éargp%jdﬁ BHPRRIS Hcept abl e
di sper si I £S ! i el: .t mgﬁ 20 in

t he samagg\/%c’gé%gﬁeﬁe&)ptr)ée\g/?%gslnn%%ggwg%h%z Slgl?éfll tehr%)%lglﬁ)lg'?&{l%t |é§ %%g& i ni sh as
wel | ss hbededhove trapsfeiro actofs drsoked bmareteisaitions. fi bers, having | ength of SO

mm are added to a concrete ready-mx truck, nore fibers sticking out of
the surf acecandesdlys dampreseninvenioas, belipvebatshbess, Jisad b a| Gomgretq gt et hus

desor! bedtadh bl TREt o PHER el e BAIP HERrBRD A A, e ve

st rengt h chgiteleS . InFétheworts] sboutihialT dF. th&ofibersdspantiag raek thé BRECE shéulR . 3
val ue of nore than 50% can be achieved with concrete conpressive strength

range bebperste to@uhent3s thermenaretecwhile thebthesialf of the fibess spanpingnthe stackd
according tq.ASTM C 1018 997). or JCl.-SE 4 on | 50 .b 50 by 5 nm8
peany0 | Mrdidhereh ot 1 foin s dathe «rde sB0ete PRemP Rl or o
fiber-reiphpltay HaRACHtehe cfeRP! Bk CetbmplRE fibers dFdhd PiesertemvRionaheul at ed
as a ratio of the equivalent flexural stréength (measured after first

cr acki ngdesigneat weithiepdrenlarophysicd dimensiamsethat t ¢rambing edispersibiliy i withng t he
crack) di vigﬂgd lr)fﬁ {hhe origi al dflexural strength of the beam (first
cracki ng 'YEBEGIRY e SHPARSTHAE 1018 24  ATTORNEY CASE L3707-02 ( 1997)).
The R ~, 3 val yg wREmpRHNFroctRr for ntinuetneRHafBere foff thh ehventidBRAAGRReSN t he

strength of the concrete matrix, particularly higher strength concrete
(e. gly i melthextruding aasmiketigopalymyric material Heg..cpalzpropdens, apolyprepylerss

i d h. that the tensil i st i whi | i at
- bondab; | PoyeIng R FpEIEh e oyoiR 4 et Eatingtin SHRER okt aBEE The ©
i nvent or g@ﬁ%%yeﬂidgm &hilt YakieN§y RAS paRinY HE Rheud thrbegli g bofliddbAKNRA%r The

| ength of the fiber was also adjusted to maxim ze the Re, 3 value. The
i nvent or ssiag scodlisg fandy axtingthe sheet tr provide ssharateripdividuahfibersifsnctiabby fi ber

had a | owey. rehou ue conp 0 a |l ess hendable,fiber. In other

Wor ds, ¢ Heling: fian apse! opteel RL e e e PRy JFRGRD: SBiTRYe: APete.
reboyid {1l cosise@RnAEpEIS R sitSided MPHe@IMRY hal i th@\éeaiage_r idagl i eve
that the length and bendability of fibers &éeatly affect the finishability

of concr enétificknsss dignensions) ay déscnbedsinygresicr dtais abeveicsigtobing theipabaerdi d not

have a finishabilit.y .equal. to.the.sharter fiber j.e..~1h 15 tended to

pop up nit &% E’Bﬁwcﬁ‘léalc@ﬁegbg? &f s Flg%r By ¢ dpty Of/vﬁtgiegsﬁmloot #oeg .angﬁ’éorﬁrmunt of
fiber "parfetably by »Edterverth 2 6. befiél the Girkiching! Aldechtting §tos, I iHAividhalel astic
energy stored in the fiber which is being pushed below or into the surface

of the céihersear bpyut tecdfornirdividng hasiesdravaig aveeagsciOsHiP miblengthgoThys,t he

finishing. The higher, t.,he energy n ed.for .pushi fibers |nt .he
concrot o Cispiame i pidubo FRST Bhiks h % apuBl Il e 2l BedidS, |
consi der pg@ptifihg oh€ bRinofdSatRtic pBBmichy, &al Hpsan GidntaRd (sthaéh f446) & @eed

el astic energy degends partly upon the |evel of bending restraint bestowed
upon t hediredsmm dfythe tangthosfdhe Bberensdes (a longitusdingd ozieatatien)eof atlleasp 920y upon

t he expose(g | en tP ql{J gemfibers sticking out fromthe surface of the
concr et e RGRLERCIAR yB rtty upon the bendability of the fibers. 25 Hence,

the inventors aSgfhes é’xénﬂﬂﬁrlyhﬁétE@d 1drithatifg \Md fiber® WitVRhaaly qusdidlatepalnave
greater portions of their length enbedded in the concrete nass, thereby

pr ov3@li ngrosesections comprises gxtruding s pelyofer be palymeric Thaterig)rthewough arfest-r ai nt
will tend to increase e el.astic energy stored. i.n the fiber duri t he
{1 i shi ngoBRsEosar-dimgd i SriAcs, skeEhbente oxtuied eford o 4o Hel0A8: dence
of fi ber = ifdi§h&e letretl 560 0f
shorter ﬁﬂgg}lgﬁe éé?%q}t]ﬁ}éagﬁaur?e belnzég@i(’ ?ﬁ??“ﬁ?‘ eﬁgrﬁgg%geggﬁ?égﬁgot %@?gol i kely
to be shami dongtn. dvstihdethenrdemplancembodisentss fibewmi havingoohnd beellipiceled at

t he point of bending. Therefore, the | ower amount of elastic energy stored
in shorter fibers nake themless likely to cause fiber pop-up at the
concrete surface. In another words, 2z ATTORNEY CASE L3707-02 shorter
fibers tend to pull out and nove with the trowel or other surface-finishing
device nore easily at a concrete surface that is being subjected to
concrete finishing, and this is believed to be due to the |ower restraint

Y b1 g - - 1 - 3 . o o .=



relating stress and strain for a linearly elastic material. In practical
ternms, nmodotowney ChSEalkawtopcity is a nmeasure of a material's stiffness. The
hi gher the nodulus of elasticity, the stiffer a material is. Mdulus of
elasticity is determ ned by chem cal conposition. Mdulus of elasticity may
be expr esagsksimay Bé BRtr@fed A1) AhilB 81ill K14 Algh tbﬂ@&afdr@/uerlﬁrfoa&c%e befvdegl M8 Of
MegaPascal s (MPa). One (1 a is equal to one (1) /2. As shown in
Fig. 17, rallerggivbedh eptrosgHy be heated)dartiatten dire Hiers s atgcncltaﬂlusqua@uletetaa

hysical pro ie of ~.a mat |aI The nu Fi

Pnéi cat esSB?FPfg(eai}hBB Bt thiscasg esggallgf anoﬁ%e @%ESOTP%}@E?,VMQF%UQ’@%WE el astic
nfiture ofyr EV hehtp! . and this is referred to as the nodul us of

el asti ci ty

e Ition, the proportional linmit which is indicated in

Fig. 37 by t he[nnaulrbmn (2)he Gpeededy snibodirhernts tm@niontd abowdli still tiiehel astic

behavi or of the stress-strain curve_is non-linear. This fp0| nt can al so be

t hought Z3emplagy ltbﬁréemb@ﬁlme@ws aéqmibéq tKor %@mpkﬁemﬂdwl thep Gpdie

speci nmen I ent e f vaI of
h\%l: \g%%'bp ti%f Cl’l% Ql%tﬁ%rl-'o 161g i ne?r?’tbgr g%(i:yctelngtélset?q

t he | oad, dué 1% tic’s aln e NMOMen

property ledst oest b@fceﬁtoddv%ioﬁt(aﬁ@mcﬁbmably &t0leasti DO pef’aéﬁt BBBMdN) Gindi Nerti a,
I, for an area of a particular shape (e,g., rectangle, ellipse or circle)

may be ca)lr@fetaébeaowgpr?gthané%ppch@r d%w@mmofrﬁm éhe 2@ rage~(thiskness Jgnd‘ory ~ t3
| eu~ sents.the.| np
repr entvglgﬂﬂ F%F 5%%‘#% gfm?’yel%et 8?‘?5 bi)d fium}ng‘ Cli‘tgﬁ Qigﬁet ROYRE ?‘P& totth §§’i%s and
"b" the mlARE cANfite Moved badd hiks Sortln 86 thd?'thé SENASENiHR fib@s Tad MR Rfrical 2
circle. 30 Bendability of a fiber can be defined as the resistance of the

fiber tovatunge ZQ-éo%hmp@nmheﬁthminéiMi@ahﬁlbeﬂbfaﬂCSi s applied. A fiber will be

termed nore b e if ires |ess it to a certain
degree. The biﬂgﬁﬁbe‘f PEpg °61fm%f‘t?|‘B&“ﬁi‘??aftbf%%omﬁsrwwﬁéks707 02
functi on 18fst ab@@ﬁuhsﬁcoﬁ&yﬁl@ﬁt bﬁ@af sdill 2€ leal8Nv TR IR ;myrﬁé@%h@h%mg The
bendability, B, of a fiber can be cal cul ated using the Tornul a 1 3~E~I

Usi ng5t h@naa;lbalmeeeﬂlablﬁomplymhle dispasedbén ithey oquardfﬁlacrlsuzfaqmtharda' bnnkgo 38 nm

thlck5f|be W, t aped cross sectjon w.th an. el astic
nodul us SP# 1&’50 Bgss@ge ?Wﬁksaﬁﬁlmeﬁ% %‘?F &5 e pgo %r@f%&@&v’é"@??mf fiber.
Wien t hegg afwiiedohcited fidd d8@riabiveIReindPRsha et Bodiet 8agYbeécatdd Wik ah 100
pounds of fibers were added to a 8 cubic yard concreté load in 30 m nutes,

whi | e t helktinensalble polymang When dissolynd) in ehec abksline ehvirdramertsaofl & et was
obser ved Cglqg'et\éel{’l%( Ql(l)é) cr)utfer Qur ace 0 tile ¥‘1ber cmﬂg %rl\lllgr%asedhﬁ)r fnln?)reoved qtleylng

20  with the concrete when hardened. An alkaline soluble (high pH) polymer material
suitable for use in the present invention could comprise, for example, polymers of
unsaturated carboxylic acids.

Exemplary fibers of the invention may also be packaged with one or more
admixtures as may be known in the concrete art. Exemplary admixtures include

25  superplastizicers, water reducers, air entrainers, air detrainers, corrosion inhibitors, set
accelerators, set retarders, shrinkage reducing admixtures, fly ash, silica fume,
pigments, or a mixture thereof. The one or more admixtures may be selected, for
example, from U.S. Patent 5,203,692 of Valle et al., incorporated by reference herein.
The fibers may also be coated with wetting agents or other coating materials as may

30 be known to those of ordinary skill in the concrete industry.

Further features and advantages of the exemplary fibers, matrix compositions,
and processes of the invention may be illustrated by reference to the following

examples.
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10 not disperse in the concrete, but bundles of fibers stayed together.
Anot her exaPORREYRVWHEMB%072d2 "M I ong flat fibers that were 1.4 nmw de and
0.2 mmthick with an elastic nodulus of 9 GPa. The bendability, B, is 39.7
mM\-1 *m 2, using the above equation. This fiber is considered a nore
flexible fiber. Wen these fibers wampidfled to the concrete in the sane
manner as in the above-described 15 exanple with the stiff fiber but in
just 5 mnutes, a few fiber ball s(RRIOR alRBr ved. A honpgeneous fi ber

di stribution throughqut the concrete mn X s achi eved due to the nore
Lo bl ot ur BGH Y Rbers hiving 3n EhBHEH Aol o Sor Ao G76 SR EHIpEPEE T t he
previ ous : o Sdebab b i r r ; L Gal.] Anot her
xarpl o 1o arDe: gt el M a PhirSleafhe T hceg bk PARGL S7EE 3000”0, 105
mm t hisck Mhghl.a nehagide,cO.4% duhu thicK, a9d ha@Ray ottyes hevddali dfi dlasticBy of ¢ 259. 8
m\N' ~ *rri  Z, using the above equation. This fiber is considered a highly

f1 exi bl e Figadiascahn et fhendabilitye farmpds diseusgediabayerney bo aaptayed, wherpia same

manner as, | he @boye- ' ex eral$a i ust 5. nknutes,. no fiber
ai s wereerBRullE, BVE AERELLRECRE TTELS = Tophing iRt PLBSHES T B
concret e ¢lliysed@scaehited by tiiRringlal 16, H=PleY b &% Whéte 25 RHal Be Hidthhe
fiber. Excellent finishibility was consistently achieved with this fiber.

When t he dfi the siigical fiperofmajpe agishedrthe elinsk, he.bandesbiditmensiarf thgough g ~*t r f 2
was npared to the finishabiljity of. .a fi.ber wi th.a bendaghbili of 259.8
e~ 0y ek Ry B e binds SRR iBiia dp Ipinlr SEROBREIES was
fini shed,j d ihghesOdinfnsiod th@u Hw%éhte@fmfhh@f 168 BRp8L)e Mérﬂeﬁﬁi%g%feﬂgéti&lhe power
trowel had pushed them down (the 30 concrete appeared to have "goose

bunps"). ‘@ waecamputed tabel 178l s, sHhis fibenisstongideredpm!‘itid® fibera 30oncr et e
containing.fiber B, the fi.ber taye ithint concrete rface. The

el astic e‘ﬂ@ru %Y's rrgﬂmﬁff fq{el“?rloﬁlé?'gg 3/8@ Roypds, ﬂgﬁfl’esf‘ oe(ﬁ(’:%flf’élle?#’ﬁ@ﬁ"?% 8,0p out
z~  ATTORMRYy4edSEf bePete OPhOEoridiéte SEHIARCE: thAdrérh dMErdd@Yahix tth@eindf i Ni sh,

nearly no fibers were visible at the concrete surface when the concrete
sl ab Was wassptatedeat 18 reeplutiensgrer nHoute frpni )b dixcassive flpsriballingdvadi ahserved.on
properti 1e. b abi.ljty has to he high enough to m nim ze stress
transfer%@ptfciagﬁgir.s d}dnn% Frspdnﬂ%fcg@éet?.hi s, the shape 5 and the size
or elastic nodulus of the fiber capxhmptdnged. A |lower elastic nodul us

increases the bendability of the frber, 11 the shape and the size of the
cross sect i on Inegmaitmastutec Henprer. aftoglliptiday dibeysy bE dixampleed s fibhes bédvasg iac

dulus is in.th f 3 t0.20 GPa (f i t
ol ast i reaaAl BradR et srimtes ol PR G Hes gieto e Bero
i mpr gye tRoWRpdRRAGe HiRBRJIbAL SO0l fint %F}Ismis thRAUGHRe a8d @2 Hin fthibRfess,

reinforced concrete, especially at small crack openings (up to 1 mm, the
el asti ¢ rodup 0upg’stthedylpg ef cloptidiereff (igmbascel. Bbe bendabilsty “BS ofi theseas or

hi gher than the el astic.mdul us of .1.h tri.x £co te). As.di scyssed
abgve, a "HeGh&rs 8?%%‘#?@1 %cLﬂr%glcﬁ&’ e@gggnﬁ'é]ﬁdébﬁ ?{: {35 %%%ptﬁ'hﬁ%%“ ®hegat i ve
i mpact  onfnéhient Bf SRS FPNfob reRaTgul £ Trédk-sbéifonf WRLESputed Rhdtoriancd Walh

bendability, the fiber shape and.,the cross sectional area have
the formula, Lrccrangle = 1/12 » w « t°, wherein “w” is the average width and “t” is the

25  average thickness of the rectangle. Using the equation, the bendability “B” was
computed as 41.2 mN"*m>, This fiber is considered flexible. When 100 pounds of
these fibers were introduced into 8 cubic yards of concrete, located in a ready-mix
truck drum and rotated at the same rate as in Example 1, a homogeneous fiber
distribution was achieved in just 5 minutes. No fiber balling was observed.

30 Example 3

The mechanical properties of the fibers themselves have a huge impact on the
behavior of the fibers in concrete, if there is sufficient bond between the fiber and the

brittle concrete matrix. If the fibers have not bonded well to the matrix (e.g. fiber pull-



15 to be changed. Fracture tests showed that a m ninum|oad carrying
capaci ty A4RatNE€eakPR3HoNgy m nimum tensile stress) of fibers is required
in order to be able to transfer significant stresses across a cracked
section of concrete. This also helps to keep the nunber of fibers per

vol une pe&iERthe 42Xy ﬁt%}if‘a‘i%r@%?ecﬁar??ﬁ!&bkéﬁe@%@nﬂhe@?bérh@inﬁ&&%ﬂdcf&é’ of

fresh fiber reinfdorced concrete. is a well-known fact that mcrofibers
20 (havi ngbmkemepat)sthef tifitep poPerties malhbtes inimdH édpset iomahé bghavior of ni m ze
cracking due to plastic shrinkage in_concrete, cannot nornall¥ be added in
| ar ge voltkreompgsite dnaleral obs mpetiongd saiiBerdieplar theifibenegegmetyaand.

Typi cal t - t : : %to 0.2
vo o, SHRRFord ek OGO tecled By e, e iNnils: eldeCbodl Do o
t he har degrsiciobeivetethemhdifik natétiad (ehéh hadafdipaid @ fiterscan Hetdchfeved e)

har dened concrete nor nal Ig@r equire higher addition volunes to transfer
si gni f i canpbleir, édepdly, kalf Hber failure Kerepkngehand bl € AberepullEgnpherefprd,ifiver s of t he’

[ ti whi ch bel i d i de. |lent fmishability t h
sur  ace. POy iPanan S cieenecRsel Hat B st el 30g T P94 of
i Vi OualyrfiBOlpRAYTe bRt AR 16 hRAEHES ikl ALHRSHo RRAYSERD W0

opposi ng 30 ends and conprising at |east one synthetic polyner,
i ndi vi duhlah¢d betviesdi fiser millaapt sfableteamd fbery fdilee Tfe optimem fmedwnigabs and

b ntially.non:fibtillatabl.e. when chapically agitated.within the
a8 gaetise o nschss R higw FRerE P ot ateasth SF aaey bR v dual
fiber bogﬂr@r%tzh trﬂ&ri%V\%flfi%@lﬂ%néj%b} éith Qf higRdrdelhdtRemoBARis€Righer 19Ri1€S
ATTORNEY CASE L3707-02 2,500 mN-~ *rri 2. Preferred high-fitnishability
fibers akwengtin\eadthighee xempivan loag cepgmgicepacity. Young' s nodul us of elasticity

of 4-20 G ga Pascals, .tensile strength o 0-1,600 M Pascal s.
Pr ef er abl y,g t Ifaf&t‘?dp?ﬁhﬁﬂ‘&?l tht%B?rf‘BH?ﬁdé? %’Fg’ §hﬁ§‘$§?ﬁvﬁéﬁglﬁ9@??&@ ‘i‘fec_ét ress
fracturegngf 6,‘&9%0?1@%&1‘141%?{)&%66)', Rynibh 38 alloeenBBddREd aibbratHY whgh t ated S

within the matrix materi al e reinforced, the fiber bodies having a
genetal | ymhedibdi inahazdealed monsrstes €Comoreadialty afailableamacignesafod setlo hagtingd

| ength, there havi ng wi dth, thickness, and ngt h_di nensi ons erein
aver age Hecﬁvﬁﬁgl%le rosn .%Wﬂﬁ?ur_&%§‘§gé‘sﬁﬁ§ta?n‘é‘s¥%‘eg‘agiﬁgl-n@. ysms).a%F age
length i §e€0meenitital 38, WSS laBUS! BEGIN | apnﬂﬂ_% gf AbfiYedeNf 6o Tnay e age

thi ckness by a factor of 5 to 50. 10 Exefnp y high-finishability fibers of
t he i nvewtithmpecialfibersyaratgripe dstt donmotsatlowhthiei ftbepad phipr The fibet wdslighthyn t he

g1 0up COnel St 810l PO Lo, PRLRLOLES, RYYPULTES I 0%
POl y( VI | ; 4
pol yigt hydhemeshhlionaiid iel %98 bh gﬁﬁed AbYa¢ | NYdnstaht Btk OB)picAIRhie bRy ene

oxi de), polyethylene terephthal a , poly(butyl ene terephthal ate),

pol yan dbadipgl sabge droan 23nuhnt/hngn.ntot 60 pnoy/mb. | Thgu$trhin iy sneasuned | using an

Exenpl ary hi gh-fini shabi.li fi,bers have indiyidual fi.ber bodies erein
the. aver SERTRIREIITIGY 1 Slahnse 53 GhANAPP SHads (AeDar A JOp eI r oq

hi gh-fi n@}%@@ divided By B hStiANengiH PRt Ballcl davigé re%?thqimﬁﬁ]sl?eﬁsoﬁ 10%Cdndries and
substantial 'y non-fi'brillatable when mechanical 'y agitated W thin the

mat ri x neecerdedlin tesmis of peicahtoge ddhe initid! Bangs far thermeashiomeds wamset td 50 er al
cross-sectional profile along their elongated | ength, thereby having w dth,
t hi nesgl,m'and. | engt h di nensi ons, wherein the average width is 1.0 to 3.0
mm average thRjCHAGRSWE ValotOloh® Versh sifin ANPELSEbRWith Aifferdit tRsEO MM

wherein average fiber wi dth exceeds average fiber thickness by a factor of
7 to 40. sektiondl @reapr dFHilmars withhiugibet il rdrs tlaibnéri thgn fibére rvgitlofhethentien 2e®he on
conprise a plurality. 25 of Indjvidual. fib di es, havi n el ongated

| engt h dléftFl’%eg\ bebwee‘ﬁ’ ?Welfﬁﬁiogol &?ﬁ "é‘r%lkogh’t? tcé)t%f‘ﬁi)ri iﬁgtﬂgtﬁ%%% tﬂ’ﬁe

synt heti GnARLYWdth, WRld“CP i Ue Hot withRRE 140288k GiaheThRGefIOShERbEALY free of
stress fractures and substantially non-fibrillatable when nmechanically

agi t3x edtheistiailestt dressmsettional medaeis ifeder t‘dABewhde niiefiberdwith e fargest clossli es

havi ng a generafl |y . guadrilateral cross-sectional profile along said

el ongat e¥HEhBHIIPET 365 t-her eby havi ng wi dth, thickness, and |ength di mensions
wherein the ] 1154 RO 4l 3 % i ckness
'S 0,075 1o o Eerts firdiada F iE RRarbionbsl e o br By B SRR Bk G
t hi cknessecti@ial @réashas at mudd Joveer Yninhgus lvad whrrgingfcaphaist than ayfiket wvith ® 20 G ga
Pascal s, a tensile strength of 400 to 1,600 Mega Pascals, a 29 ATTORNEY
CASE L3707-02 m ninmum | oad carrying capacity in tension node of 20 to 1,000
Newt ons per fiber body, the fiber bodPes preferably al so having an average
square area to volune ratio of 10.5 to 42 mm 1l; and al so preferably having
an average bendability of 150 to 2,500 mN-1 *rri 2. 5 The present invention
al so provides matrix conpositions conprising the above-described fibers. An

o o o o o o N




20 is preferably 1.0 to 3.0 mm the average thickness is 0.075 to 0.15 mm

the aver agedraidt baseLPifherably 20 to 60 mm the fibers having a Young's
nodul us of elasticity of 4 to 20 G ga Pascals; and the fibers having a

tensile strength of 400 to 1,600. The invention is also directed to

ConcrEtelafr%dOEﬂoQQ se@tMaP%féa' antiiaby fta%o@é@*eﬁmn&%w@'dﬂhﬂgmﬁimeﬁg d fibers

as describ above. Such fiber-enbedded cenentitious or 25 concrete floors
pr ef er abkyryingpapasiyvsck e mgtlhratity d5the dibefs WRRhcumnlatively ggevile aJotahl ue of
20 to 60 _%_ and finishability (wherein _enbedded fjbers do not substantially
stick ouioaéfcapwmgcchgt/esxceﬁ%g fthey densile | strssth ab i ychuthenconsigte Bratdabi 1ty

of 100 to, e ver age
t hi ckness gﬁrgg?%g%h’% %é ?%ma"l’gtré;%gg%gﬁgz"?ﬂopf C%Pﬁl%tefomatglﬁs g%lg%%éﬁmung S
nmodul §is  ge rﬁh%éiéﬂlltd nga@aécalsgonfalg@elﬁ&s Balsmltﬁat amthipoef Badbiryyiagt ensi l e
strength of to 1,600 Mega Pascals. Still further exenplary flbers have
a tw st sépagdy (mdﬁnse&@rqflthae beras nwsﬁary ipforge tngra@aﬁer sthQesSfé&atlmly api eces
fromstran Wi ste ATTCORNEY CASE
L5707 00 iles Kekiogint Rbfi RRTa8 sfet BB%n T BtbRy GREorMEGHh
exanpl es 4aRf, b Witkanlit gmheAﬂemoﬁé@temaﬁ\bemfaﬁfedl I lustrative purposes
only. 31 ATTORNEY CASE L3707-02 It is clainmed: 1. Fibers for reinforcing

matri x materials, conprising: a plExahpled of individual fiber bodies having
an e] ongated th def i bet ween t wo_opposi n nd orrprl SI ng at
o0 SLPOa o EendL e S DS S0 SRRORLN SR 20d o

subst ant yal ﬁrﬁvﬂcﬂ)ﬁ?%x%{ﬁt FSR&ss? Es’iﬁéﬁﬁeﬂsasetﬁg 1&&3&%%@&1@ th¥ o Jebt%ﬂa'l' at abl e

when mechani cal ated within the matrix material”" to be reinforced,
said fi bmteamfdihesﬁhfa\nTrlng doprenfitlad intigjupadt ioff ahe raatendmgs eurve ds i direatly pr ofile

| 10 d | th by, h idth, th d | th
G o] SHOPOBALI ey TBoLTus b gt it e Hbef Hrallrtal "bs IanBaRST SiriS e 0
aver age me%&m s BP Wiyt S¥lle Fiblr HBulPPRESERY tﬂéeasac\l@efeaz&?otsglbfé%ecﬁé i's at

| east O. erein thé average thickhess 15§ no nore
wher Hi n nimduhmeyfaqesticayglﬂwthcsmathxlmatsnalz(}oms; toatransitretensiie 1dads ammsage

g et RS IR A0, 2o The, IS Sl MG s
o i A LR 655 A, WD ST o e
inventors discovered that this diminishes the dispersibility of fibers in wet concrete.
To minimize the adverse effect of a high elastic modulus on the bendability of the
20 fiber, the inventors selected a generally quadrilateral cross-sectional profile and
selected a thinner and wider fiber.
The stress-versus-strain curves shown in Fig. 14 indicate that the elastic
moduli and tensile strengths of the different fiber samples are approximately the same
(up to around 7% strain). However, as shown in Fig. 16, the use of different cross-
25  sectional dimensions had a profound effect on the performance of the different fiber
samples in the concrete.
Example 5
The effect of different geometries of the fibers, as well as different minimum
load carrying capacities on the mechanical properties of fiber reinforced concrete, can
30 be studied using fracture tests. The basic principle of a fracture test performed on a
given material is to subject a specimen (in this case the fiber reinforced concrete) to a

load that initiates cracking in a controlled manner, while measuring the applied load

and the deformation and eventual crack opening of the specimen. A suitable test for
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20 is no less than 30 mm and said average length is no greater than 60 mm
3. The fiATaORNEY CASERBA7WRerein, in said plurality of individual fiber
bodi es, said individual fiber bodies are separated from each other. 4. The
fibers of claim1 wherein, in said plurality of individual fiber bodies,
sai d i ndicehcterlis thd®redge SpEting sy avhidhads| bassieqas acelifidd Gompaat!Tenkidar but
are 25 conpletely separable when pechanically agitated within the matrix
mat eri al SPEimengepmEEY.sTher tegt| sgi-up 15 daserlegdrin tﬁlﬁAgamGn Matenh T 396328 Rdi vi dual

fiber bo east .on is selected fromthe
gr oup poglﬁq) aﬁﬁveglfasdg %Fe‘g %ﬁd{fé?@@?g@é@m yoxymet hyl ene,

pol y(vinyli denggf{isi@epicld)a tyﬁi@hyﬁrﬂﬁilm&zed@r@pﬂﬂﬁ"}g test device that can be used
pon(ethyIene-c%lorotrlfluoroethylene) pol'yvinyl fluoride), 30

pol ye$ hylfenmeasuiriag) loag oh yendrgleanatetias eﬁhtomdtcebq shppeg Contrylecspecimen

terephthal at e ol ybut ene ndth c. liguidc t al

pol yﬁer st %@g)onAg %@é@w@gﬁwpﬁ%? n@g:’h Quﬁlkﬂ Fé’?‘%ﬁ lé|SHﬁ§] ein said

fib b I ht
| ber bo a:ﬁ%g o3 dlcgﬁpxﬁahym%x ﬁ%&&@pgﬁ@?ﬁ%ﬁ&zﬂm vwﬁauy %fggy We'_ g

and said conprise polyprop %
The fi berstoofheciopi of %Manplenccﬁmraﬂe fspacamehoﬂ‘heslomd)mnsmssmnbécﬁmpinait at 5

| east two pal yners or aég &? nmer cooggrlm ng at |east two, of said
pol yners COBSIS"S oftie ShmpWedgeoa) dngj tho710af drassmission pieseselb) yidh éxtegraiedr i se

pol yprop gﬂg] 0 id fiber
bodi gg hﬁlvgﬂgb our% #M@E%Xl%ﬁ@ﬁg} nﬂ%tedl%:ﬁl ?Rcﬂ(ﬁbsﬂ 1’% Elrfﬂ&ggtg’% Pascal s
and wher elemtrsmcddisplh%mbmdltraﬁsdheex’@a(lﬁnaarYWﬁ@bls Diffisibntial oTradbdskt cdrt y no
nmore than 20 G ga Pascals. 10. The fibers of claim1 wherein said fiber

bodi es hal¥Di't eﬁgsqu lg%qt%@phonﬁosw pidess of the cgack. MBeth PYX8Ts 6d)asg wher ein
said fib %iole?ﬁ)%nﬁ? ]@h% a%v@lar[ ﬁﬂﬁg | ma?té\rlﬁngm% Bg sfrﬁp&%rﬁentth(?e 103628:2 tﬁ@gﬁ

Pascal s. ers erelrn sal I'est have a m ni nrum

| oad 15 efthchedng tiegpacinieyn with $ceevsibohs.node of no | ess than 40 Newtons per
f| ber body and said _fjiber bodies have a m ninum|oad carrying capacity in

tensidn node dherfsackopiiatesah thygeptiqanebihs staster nptsh ang gegpagatss inryalableper s of
| 1 f
Lo T S Bt AREr A ESoRNHe D Lol el 10

ratio of bamwrﬂfeesakﬂpam Tobtdid. a Tdad-verduesdispbiceneni carde,whe teb rerscki odthber

bodi es have a width to thickness ratio of no | ess than 5 and wherein said
fi ber bo@Pedingagisplacementy sensorsi EM@Rd aadi 6MPDRo andr dhe nanplisd. lopd, The

flbers of §|g| n average 25 bendability
"B" of n es éptdhan %a{n&véﬂgf a}é%@ ggv\%ertealgg&g d fi ber bodi es have an
aver age bendallio idamtiid" afapproxirmitelyt bostandGatendl 'crachn dpentigd, dhbapsdafi [ ity

"B" of sald flbers bei ng determ ned in accordance with the formula, B = 1/
(3 E Per aragdewvih @H@l‘%ﬁﬁﬂ‘i‘& mgehing @t g canstant cress- hﬁa‘b&?@?‘éﬂfl )5 m@ﬁt’%gul ar

cr 0SS-Se¢d QN inss n@#)te o r Cpnoge = 1 /
w gé ]%er elnﬁﬂ”' ?gln? hrbélagl\%er a?e g\({j\% hﬁ‘fo h 9 I'S {%& B efrhage
t h| cknes veRical BzpReanen| By, ﬁl&btl'&ng‘ablalfmcﬁith)&@eﬁlﬁgtdlqﬂacement, CMOD, are
recorded simultaneously at least every second. The fracture energy, Gr, a measure of
25  the energy required to widen a crack, is determined from a load-displacement curve by

using the formula

]  CMODun

Gp=——- F,;(CMOD)-d (CMOD
T OJH( )-d(CMOD)

with CMOD = %(CMODI +CMOD2)

where “B” is the ligament height, “W” is the ligament width (B times W is the crack
30 surface area), and “Fy* is the horizontal splitting load which may be calculated using

the following equation,
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15. The fibers of claim1l wherein said fiber bodies have an average

bendabi | i A¥rOoBNERICARR 1At han 25 mN-"' *rri Z and wherein said fiber bodies
have an average bendability "B" of no nore than 500 N *mz, said
bendability "B" of said 33 ATTORNEY CASE L3707-02 fibers being determ ned
in accordance with the formula, B :F]_an“(g_glE ), wherein the nonent of

inertia "I" for a generally recfaﬁgmss-secti on is conputed in
accordance with the fornula, hec~ng~ -gng/ 2 w t3, wherein "W is the
average width and 't " I [ hi_cknes rect angul ar
cr oss-se%ﬂ%ﬁ{n g_d ’V5L61FS tkf%épéllngerﬁ%%é}feg@fig’l rnIﬁ hl \%h@?gllgaﬁg rsa)giﬂgeeﬁlﬂ g@#é%vgggéés have

an aver aggdsérfigar w @efarea "SA" to volune "V' ratio of no less than 7.0
ntri' and wherein sai fi%er bodi es have an average SAto Vratio of no

mor e t han 22. 1Asmimeasurg foiTthe ehérge for apfickcindiatiofd gthekstied] energly deltadearatebodi es
have an gy r“age surface square area "SA" to volune "V' ratio of no less
than #0 15 18 gplquiRted (Blape sigess assimedber bodi es have an average SA to V
ratio of no nore than 15 nmrri ~. 18. The fibers of claim1 further
conprising a second plurality of individual fiber bodies, wherein said
second plurality diff2ers in terns of fiber conposition, dinensions, a

physi cal chara@ es s ¢y dGpbi=riat £gn_t hereof . 19. The fibers of claim1
bei ng coated, bundl ed, package(f, packeted, 15 coated, adhered, or contained
together. 20. The fibers of claim 19 wherein said individual fiber bodies
are partially connected together as a scored sheet which is operative to
separat e g i i el \Crteal s&éﬁefntag%?cmewhﬁl & PRaRiGR B! fpduced
into, and nmechanically agitated, in a ratabl e cenmenti'tious conposition.
20 210 Theafimber splidfing load F ma\h €Flei constandk degends omtticespieainsenageontengr at abl e
cementitious conpositiaons. 22. Fibers for reinforcing matrix materials,
conpr i si rgd can Be Galgylateg byra ke eleraentPTe§TB®r bodi es havi ng an el ongat ed

| engt h defi ne ' .conprising at |east one
synt heti c pol ?ﬁ%ﬁ%&gﬁ@afoﬁﬁfﬁg?gg@@ﬁ:@g@gmﬁ@% es being 25 substantially free
of stress frac%er es@ substantially non-fibrillatable when mechanically

I he H

agitated wthi ix material to be reinforced, said fiber bodies

havi ng a generaldy .guadrilateral cross-sectional profil.e along sai.d
e ongat ed g, * Fe PRt R R e S B FecBhEhlR PR el ons
wher gkn tsh@ssafaefoag@in@egéﬂaehﬁommIspscﬁnfehzsme; whidhtan36k Whedrtei ddnigage gieer age

width is no nore than 5.0 nm wherein the average thickness is no | ess than
0.1 mm \ebadpnofdiferppbingginansjaad mdaials no nore than 0.3 nmm wherein the

average | engt hl“}{esefpe%t loF the ﬁb@ra'gn %QC m&ha"lgffcal properties of the composite material

can be seen after a crack is initiated. Fig. 16 shows the stress-versus-crack opening

behavior of different fiber geometries and fiber materials. The larger the area under
20  the curve, the more energy the composite material can absorb while it is being broken

apart. This phenomenon is also called ‘toughening’ of a material. The higher the

‘toughness’ of a material with a certain fiber dosage (volume%), the higher is the

resistance to crack propagation of the material. If a certain fiber achieves similar

toughness at a lower dosage, as compared to other fibers, then such a fiber will be
25  considered to be a more effective reinforcing fiber.

Fig. 16 shows that flat, substantially non-fibrillatable fibers of the present
invention are much more effective when compared to the performance of fibrillatable
fibers of similar dimensions (when initially introduced into the concrete) and similar
dosage. Fig. 16 also demonstrates that the performance of a flat PVA fiber (used at

30  25% higher dosage rate) with respect to resisting propagation at small crack openings
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ATTORNEY CASE L3707-02 wherein the average length is no nore than 100 nm
wher ei n therueEeeaskilBayy.gp dth to thickness ratio is no | ess than 5;
wherein the average fiber width to thickness ratio is no nore than 50;
wherein said fiber bodies have a Young' s nodul us of elasticity no | ess than
3 5 Gga;Pag ;%bewé}efhﬁh M3 fCothéPRberPOHATeVRAVA 18r géP ERlkSo Rk UgheOf
elasticity n re than 20 G ga Pascal's; whereéin sal d fiber bodi'es have a
tensil e sxemphiyflavfibesof ttllreapreéleﬁt)mwegmeelsarw e;utpdr@omkedrthe flasBVA fibdrer

bodi es have a tensile strength of no nore than 1200 Mega Pascals; wherein
sai d fi bR ressaNg M Eher dermaioum | oad carryi ng capacity in tension nmode no
| ess than 40 Newtons per fiber body; wherein said fiber bodies have a

m ni mum | oad carrying capacity in tension 15 node no greater than 900

Newt ogs per fithethebesdstnplhesabdtimantd of iHecihvenidngsovidy eyrdthetiy Bbargandquar e
area to volune ratio no less than 7.0 mrri 1; wherein said fiber bodies
have an awnag@atgqalér@mmg snohofibars thait ire pesticibarly suited fop retaining a~: 20

wher ei n sai dt bﬁdl es hq%vg Mvera end bi | |t . B tg] | ess Fhan 25
mN " *rri H? e&%mlge §e 1 8 é%a%%‘{‘i a1 ogvrg} L SN ty "B"
no nore ttH@ﬂnv%ﬁ%rH%éhe% Zthatsﬁfiedbéﬁfdgﬁi@' |dftﬂﬁe"ﬁ)er§’fls Sai‘ﬂ ﬂnf)m.@ﬁ%?ﬁrd}g _
determ ned in accordance with the 25 f'ormul a, (3 E 1), "wherein the
moment ofobtameng ifeishiabilityr F&begﬁeﬂhet ate Inpt ﬂembbrﬂgmugh tmddg popamt again afkerconput ed
in a ord nce with t f or nul a Irecc~pg~e,=.1 /.12 w t3, wherein "wW' is
o T8y e eon it Anish b8 atpubiedud S56pBdaT (Fidniheotrett RtiEner ol |y
rectangul ar cr %nsa%fs%he@e?thafﬁﬂ@ﬁa{wmyq@Hﬁrﬁmﬁoh%tﬁ@ﬁafdaﬁm@p a@fid T1bers
of claim1l an matrix 30 material selécted fromthe, group conS|st|ng of
adhesi vedengtls pfi t=het fibero n"fmacp}uerentht samalkemd of ﬁslshabshtye(hdnstmﬁbsx;s dangot

hydrat abl ep Gt 6 Ellstmlo%'fhedq:%tngrete surface) longer fibers need to be more flexible (i.e.,

they must have a higher bendability) than shorter fibers.

15 For example, a fiber that is 40 mm long, 0.105 mm thick, and 1.4 mm wide
(with a Young’s modulus of 9.5 GPa) can be observed to have good dispersion
properties and excellent finishibality characteristics. Fibers having a length of 40 mm,
a thickness of 0.14 mm, and a width of 1.4 mm (with a Young’s modulus of 9.5 GPa)
showed acceptable dispersion properties (e.g., a few fiber balls per truck when added

20  in the same way aé the previous more bendable fiber), but it did not finish as well as
the above mentioned fiber. When similar fibers, having length of 50 mm, are added to
a concrete ready-mix truck, more fibers sticking out of the surfacecan be seen despite
having the same bendability.

It was thus discovered by the present inventors that exemplary fibers as just

25  described can have excellent toughness properties at different compressive strength
levels. For example, with 0.5% or 4.6 kg/m3 of fibers, a R, 3 value of more than 50%
can be achieved with concrete compressive strength range between 10 and 35 MPa
which is suitable for flooring (measured according to ASTM C 1018 (1997) or JCI-SF
4 on a 150 by 150 by 500 mm’ beam). Incidently, the Re3 value represents the

30  ductility factor of a fiber-reinforced concrete sample (e.g., beam), and this may be
calculated as a ratio of the equivalent flexural strength (measured after first cracking
and at a deflection of 3 mm, wherein the fibers are bridging the crack) divided by the
original flexural strength of the beam (first cracking strength). See ASTM C 1018
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24. The matrix conposition of claim 23 wherein said matrix material is a
hydr at abheTORRENM CASPUFoLeNPOSI tion and said fibers conprise pol ypropyl ene.
35 ATTORNEY CASE L3707-02 25. The matrix conposition of claim 23 wherein
said fibers are present in the matrix conposition in the amunt no | ess
than 0. 0f%oby). TRlURE; daide WAL Bifd, SRt & éi'v@@rd%sa%reeofpﬁﬁesfﬁnﬁ?eﬂdédh@n BT 1 X
conposition 1n an anount no greater than 10% by vol une. 26. Method for
nodi f yi ngirengtieef ihe aenerere matrix cparpeulsilnbighent stredgihi qogceiietet (0.23 indheriangerat er i al
the fibers of_c 1,27 rocess for manufacturin onpri si ng:

im P fibers, c
o1t ext PP AR aThE GHRet SYRERERICD HOr ik Mer i heh Kos GBS Shoor
dye; coold : t {: e r s tting
the extrCOSATERadE PR sbfolFE b ATRRY bR Ry ok
quadrs | adgpékiotir was mssiatainedal Ty dwicRrandhieesutiiany aveadae width bndnd
t hi ckness di nensions, wherein the average width is at least 1.0 nm wherein
t he aver egucing dhirknessndhedength hthes fibemives aiseradivstadhte mpsimige thenRekness i s
at IeastV nl nm and wherein the average thickness is no nore than 0.3 mm
15 stretcﬁlﬁg said fibers longitudinally by a factor no I ess than 10 and no

greater than 2fe invihtdrt bilsb AgscEwired fHab@l ryt@ixpgdviree aavereagadinldbed engt h no
| ess than 20 and no greater than 100 mm 28. TheﬁBrocess of claim 27

wher ei n bad d leveerdwung velieompeead R0n lesa dendablafibery b etetwordsaithe cut ti ng

id fib f I h 0 han 100
o 48" e P IHE ebisP L a4 s, By €500 6T P WY P B s age
fiber |epghpgpraledio | ess than 20 and no greater than 100 mm precedes said

st ret chi ng. .~ The process of claim 27 wherein said cooling conprises
taki ng up sai Marsovaes| thee uiventded bplidventhat dherdength zand obendabihityt lof rfidlers 31. The

process of cl ai erei.n.said cooli conprises passing.said nelt

extr u.dedg'ﬁ’_ﬁﬁi}ﬁ&ﬁ?ﬁ?@?ﬁmﬁgpﬁjﬁqﬂ@h? ﬁ%r%}ecgqo&ngbabﬁpg% ! Gf%é"qﬁbi Er ¥Rt claim1
wher ei n ga{d@bilfydinded Uid nbt B8Ve RORHiGMbNAY @qRalvRY ttRbDINoHEY fiBErst (MeSkRGSS OF

wi dth al ong thé individual fiber body |ength of no less than 30 2.5 percent
devi Ht i otenfledto poevpgwre fipwkthe senasete winfade after itheacsaseothed). Jbe amotnther ei n

sai d i ndi vi.du fiber. ies.have a variability, of thickness.or width alon
e i na o B nd, 87" isBter e BT RE sitery il o e amout SERG i et ot ano
from t hes@uradRe FABECKARASs BéinYVbGdned d2IdW 8r GRS ehe R fabE of B condERBINEY CASE
L3707-02 33. The fibers of clarm1 wherein said individual fiber bodies
conpr i sethetsmosthing masionyofi theaqersonpdhoyisetosng tha dindshingai Thechighes kg ertevgy
synthetic polynmers. conqri s an _al kal i sqol ubl e pol r..di s ed on the
out war d Reees T RIS Hhers ok g SpRGE supaes ok mere kel e bR R f i ber
bodi gp ang apdiX S doRbidetiMethd detltionshis Kk HORNRI réaliféd hav\Ble sERBEERER: M X. 34.

The fibers of claim1l wherein said individual fiber bodies are coated
energy depends partly upon the level of bending restraint bestowed upon the fiber by

portions embedded in the concrete material, partly upon the exposed length of the
fibers sticking out from the surface of the concrete surface, and partly upon the
bendability of the fibers.

25 Hence, the inventors surmise that longer fibers will, on average, tend to have
greater portions of their length embedded in the concrete mass, thereby providing
more restraint at the point of bending. This greater restraint will tend to increase the
elastic energy stored in the fiber during the finishing process; and this, in turn, will
tend to increase the incidence of fiber pop-up from the finished surface. However, in

30 the case of shorter fibers having the same bendability, the embedded length is likely
to be shorter on average, and, hence, less restraint would be imposed at the point of
bending. Therefore, the lower amount of elastic energy stored in shorter fibers make

them less likely to cause fiber pop-up at the concrete surface. In another words,
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wi th an al kaline sol ubl e polynmer operative to dissolve when said fiber

bodi es argrror]eyiansy iisher-al kal i ne environnment of a wet concrete m x. 35.
The fibers of claim1 wherein said plurality of fibers are contained in 10
packaging with an adm xture. 36. The fibers of claim35 wherein said

adm Xt ur eshoftes Bbet RAd ftd @I tde 288 QG CRTA I thE itldWePlor Dtif RAFREAEAISENGE! |

wat er reducer, air entrainer, air detrainer, corrosion inhibitor, set

accel er atdavicesporer easty dba conanete skefags thatdadeimg subijectetlvie sondretg findshingi | i ca
fume, pignments,. qr.a nmxture thereof. 15 37. Fibers for_reinforcing matrix
o i ol oy 8 U et 5 Tover e P PORE TR BLR M an

el ongat edsl&Rg] &ﬁ&dmmég%mﬂbéng%%fef@'swe@ edfper.compri sing at | east

one synthetic polyner, said Indivi r bodi es belng substantially
free &f stressTheraforeirtesachieste Sithdarahniskdbilytynarehgdorfibielr atifibhesdvioelmve
mechanically agitated within the matrix material, to be reinforced, wherein,
in said 2ge@pbaidabilityto myumigedha clastigenergosipisd in theshibarewhigh obesrwissi 1ity of
said fibeg, ! i SS: tak : t he average

bendabi | ?‘%’&}ﬂggagc’;fdéé‘?ﬁ ert hick WP o £ 30 e gBchese skl 10 SV L A9 ¢ fibers
of clai m 37 whElieintedulis 8ficthsatity,adlsd aldd iYulingisdMddufuspes thodoagantsai d

fi ber bodies have a Young's nodulus of elasticity of no less than 4 G ga 25
Pascal s aalting sirpyseandsiipindor aliggarbaelagicamatgnal. fn gradtigalrtermas, neqdyiys 7

wherein, in.said plurality of indivigeal fiber. bodies jd fiber. bodi es
haveelg te’ﬂ%slulcgy &t 5%@5@% ec# 2 JRAtPra sttﬁﬁlﬁssllo*ﬁhﬁ\@égerggg%qdzlﬁlésno erln%)S%ﬁW’e t han
1,600 Megge Ragead matefid] isTModulites el ticity Rl dotenhinddesyedheniedl dompeiivbgiual

fiber bodies are 30 substantially free of stress fractures and )
subst ant i Mbiylus of elaseity may dis expressed e tamaaiod onydsper squere inch Kiinfhe

matrix material to rej nfor i Lher. bodies hawi enerally
quadri | ataésroalln%s Ss%ﬁglg%aﬁacs)cﬁgﬁ &\gl?@fi neectg %ﬁgﬂ 12 gﬁl%l g‘f 8?16’9 p @% “IQ%I%% , thereby
having wi dth, Abisaéwesa Figne7,| £peidal GreBnSiHn surveh@inthd) ubdietayRfsage W dth
is 37  ATTORNEY CASE L3707-02 at least 1.0 nm wherein the average width

i s ndSnorphysisalnpepertigsnof wHasaterial. (The mmheadd) shovakineEigures13dndieates the. 05 mm
wherein the average thickness is no re, than, Q.2 rein the average
angth i 1R Y1HE R Fest Heb GiE e g e g s nirs RE Filolet il 75
wher ei n thR i3 vefeRsd tovas the smbauiug o‘?éfa@ﬁéitﬁVBzaﬁﬁnithnQ pbitioAablitact or of
at least 5; and wherein the average wi dth shoul d exceed average thickness

by a factwhichds igdicatedrintHigirl 75ty the pumbge (2)irppresents the | fastrnodm ighthe in said

plurality,of. individ i ber. bodies,. said. at lgast .one synthetic .nol yner
< Sel ectebfiie PRARIHE b S SraReL R s B skl ST Rl St SR helc.

pol youy medfhyd eme linielof ( sladiitydifere beydnar 't}ﬂe)poir_itotlﬁolspé(cﬁﬁérhWi]]pBé'%iﬂ ne) .

pol y(et hyl ene-chlorotrifl uoroethyl ene), polyvi nilwélfl uori de), polyethylene
oxi de), plsmpasksie pgenanspdsionratipnafter rrnapabot e dond, due waresticl st |

pol yam de, polybu he 1c ] igui [ I I 42. The
fibers of clai %‘%‘%‘8@@%‘@]&?‘1“?# %@gﬁﬁ@#ﬁg%%@ﬁ%ﬁ \;Fﬁﬁa%g?ﬁﬁ%ne%e ‘Bodi es,

t he aver agaitibgNtRbidonient of irscisl If ifdrein Hediofs pHtindart sEpet(ban rd&bhg® ' *rri
2 and 15 the average bendability of said fibers is no nore than 2,000 m\+1

*m 2. ellipse or circle) may be calculated using the appropriate formula:
]' 3 T 3 T 4
25 Im“ﬂgle =—1E'w -t Ielhpse ='6_4"a'b Icircle =aD

where “w” represents the length, “t” represents the breadth (of rectangle), “a”
represents the major axis and “b” the minor axis of an ellipse, and “D” represents the
diameter of a circle.

30 Bendability of a fiber can be defined as the resistance of the fiber to change its
shape when an external load is applied. A fiber will be termed more bendable if it

requires less force to bend it to a certain degree. The bending flexibility of a fiber is a

26



43. The fibers of claim 37 wherein said individual fiber bodies being
subst ant igtiorNEeeasE Lsiovess fractures and substantially non-fibrillatable
when nmechanically agitated within the matrix material to be reinforced,
said fiber bodies having a generally quadril ateral cross-sectional profile

al ong saiffh@ioandahest, cRiRgkéutions siiteardihodans b elabtlily, THY wdwa@sibty, ®)d | ength
di mensions, wherein the average width is at least 1.0 nm wherein f he

aver age wif dtttber sambe waiculatedaing the farmuldier ei n t he average thickness is at

| east 0.05 nm wherein the average thi clkness is no nore than 0.15 mm
wherein the average length is at |gast 20 mm wherein the average length is
no nore than 60 mm wherein the avera®yd& i dt h shoul d exceed average

t hi cknesUdg thedbovaetdtionf that bendatsility( B, afd Whekiaiwide hadavss age thikkt h
shoul d exceed aver a?e t hi ckness by a factor no greater than 40. 44. Fibers
1

for ré&i nfiibeidy araelfipticalaliapel grass seasioprvish n@elaathomfialrumoﬁ 4d8P3 1?62 dual

and conpPPSi 1 ad MO ToRue e T s yeR el TFR it BadRPBTRE? oo os

bei ng 30 cgﬂé}@teamt 4 aéddy-rhixegudf (1901 Bsundé baqib@fsese@ruiidéw s taa®tchBic! yard
non-fibrillatable when nmechanically agitated wwthin the matrix material to

be rei nf epuwdte load dn B0bwmukrsd vdsle H mdngnavgsewéatmlgl Wltmdédlrplm)atemmwe

Cross- seg, rofile alo aid elo t th aV| wi dt h,
Ch cknescTbShEREbCyR heRaRlRaR Sedmarb Pt bR L RR et Aok £588 44 ATT Oy
CASEI@}37953t 8idp&ee 188 cbitdéte, ol bIRA1YBEARIrD sthi@l BY/h&Ye Wi dth is no nore
than 3.0 mm wherein the average thickness is noless than 0.075 nmm

wher e| n t he av’am]rﬁr eo(hmplcnasslvesﬂhmmdmg flitafmbeds that were WHenwi widetsndaver age

| ength i n2 e.agverage.length js n rg than 60
mm  wher rﬁmphﬁu‘iﬂl QBC?QSB%P’%E’P ?%i@t?%@ggﬁ’l’ n]g 1ss39nom% {Lg%s than 7;
wherein {8 oaNeLBER édu‘ﬁﬁén s hbéplstéb'n&@ﬁfeﬁsa fdtd felible b Wheh MREe30:

wherein sa|§ fiber bodies have a Young's nodulus of elasticity no less than

4 G ga Pdibenl weranhddedi to thwi cbricidte nn dbelisemehaamen a‘s’omntjresabuvdtdesm‘tmﬂ
no, nor.e mherel fi ber .bodi es, have a

I t t P I
Ceackb o Elaplstri e St fbwhi oo o quitea ey e PdI Ve ehopobt Apod: oo
have a tﬁeﬁlbgéhe%hs &Bet Jissmbuaen webﬁgﬁda@&le%&ﬁ&telﬁum abBRead due Whgkei n said

fi ber bodies have a mnimum | oad carrying capacity in tension node no |ess
t han 20 Nmbtﬂnmbﬂmnatﬁnebﬂ"nhéaﬁtigr, Thbnémmhlblhm ithpié wed rcobpdiesistorthe prexviavSni num

| oad carr ty in tensi de..ng. greater than 1,000 Newt ons per
fi ber boB%am&;ﬁ Hhélé?f iPnisfaﬁE’iryE%ﬁ Hﬁ?}@%ﬁn average square area to vol une
ratio no |ess AMr%Qarﬁg@rTgﬁlgwﬂn? rﬁTiDdr? é&%ﬁaﬁﬁﬁ%‘?g tHAPWeRS1 AN WHcHNGT age

square area to volune 1 mri ~ wherein sad fiber
bodi 26 h&vé®Sanmahickayith reeldstin modylusof P SsGPa. Hbe beBdahifiey, Bpis25%hthNiher ei n

d fiber bodi h t h 50Q, m\-1 *
re A b e e AP S BlSh s JBRCR Bonriied R B bl Auct St T Y
mat eri al 18t GeERAvdre QRIS tHE QURcr6RNA tiSd satte Rbnd g $h Wabo@%ﬂi&@éﬂbed

conposite materials, 20 plastics, elastoners, and hydratable cenmentitious
mat er i al sxanyle alioeinrjust 3 mlmdqmm fibesrballs weraiohseagdaharisimogeaehsniiberi x

e AL BPG, Bl O, FATRSREA L oy SR b
CONPg4 Senpte/dr tH@Ylbé}n Ex@é]ﬂ:npﬁhl‘éﬁ"bm/tfym consistently achieved with this fiber.

When the finishability of the fiber A with a bendability of 39.7 mN"'*m™ was
compared to the finishability of a fiber B with a bendability of 259.8 mN"*m?, the
following observations were made. After the concrete was finished, fiber A tended to
pop out of the concrete surface after the power trowel had pushed them down (the

30 concrete appeared to have “goose bumps”). On the other hand, when the same finish
was applied to a concrete containing fiber B, the fibers stayed within the concrete

surface. The elastic energy stored in the fibers was too small to cause them to pop out
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25 47. The matrix conposition of claim45 wherein said fibers are present
in the MATTERNEVCASEIR07-02n t he amount no | ess than 0.0S% by vol une and no
greater than 10.0% by volunme. 48. The fibers of claim 37, wherein said

fi bers are enbedded in concrete, said concrete having conpressive strength
in the rasOmeurfhbe.t AR thPpowbeteivel filRh3ReaKehaddefewdrevaikibie b tHeet ween
20 and 60 % said concrete having f nishability whereby said enbedded
fibers doconoretessstacanheathacopeisteotiab was wapagtadondaydetsr. t he aver age
bendability of_said fiber hodies.is no |less thap 100 1% m nd. t he

aver age bendabl %54 5bg}‘w’§}é?%m?]izﬁ‘iplgp?rgloﬁé)r?ﬂfpéest ﬂ’f#eﬁd%%%rms %-0 g? glgthz, _
wher el gy & AYRint8 bhesd Srans T THEEYEASHn 67d G o GRnikle 9L dnt ishigles 15 no
| ess than 1.0 mrn; wherein the average width of said fibers is no nore than
3.0 niSn; asldetheisizetonelaatie magelus loif thenfilss cah bs ahendedbek owear abastit essiuddsan 0. 05
mm wherein the average.thickpe of, .said fibers is no re than 0.15 mm
wher ei n tlﬁerea%rtﬁaiven &ith 4t he, ibeie & Henshipe Gdhthe Gi4E O the erss &6eiozge

| engt h of ! i i t : i N sal i.her chodi es
have a Yorﬁﬁ%hgm#g%ﬁée?é %?r%eq@gmﬁeyﬁﬁ%s ﬁ%sésﬁgttﬁ\gﬁgwgzﬁﬁa%ga g;Of\tfgvher ein
sai d fi beo J0dGPeEohevigparis¥nungtrae aglai elastifmeddas 0£20 t 30GRRdepdndaiz 20 G ga
Pascal s; wherein said fiber hodies have a tensile strength no | ess than 400
Mega Pascll the nyiK clesign used) d Tritmarovsdr bardensdorapertersintermas ofdavgtmess ofio nore
than lb’ 6 ewgﬁfolzr)éaf;@dn%reté;%tsé'e%?]alﬂ/—m? sHaﬁ%'fankOJé)eﬁingb 'fﬁslf?o S o &Qed Ina
concrete T100f, said concre aving a conpressive reng Ao T'ess than 30

MPa and haydulgs af therfibee profsteblyisheuldtble andeagt s2liigh at baRigher iYRA thsébdlic
fi ber-enbedded concrete fl oor having an average Re, 3 value no |l ess than 20%

and havi rfgoduiunwétheenitex 3(coReTEls) ndS risistadambBE. % higherd chaptiomadilisng a

finishabi]] reln;:SAlLA. I t.. i al stick
out of saéea}e\é%ér?g’r%g?%@@?g%g?‘% gggl%g%t%} légﬁ%?t?éh g‘% dé%’?ﬁwglté)?g}bt% f)(t}slhebei ng no
| ess t harfibkdd) Iré\lnﬂaiﬁtmnaﬁgﬂﬂeﬂdhsili?gelﬁaﬁbertmwmd the ¥radh sé@ioflall drbehgvedei ng no
nore than 2,500 nN-~ *rri1 2; said fibers having an average wi dth no |ess

t han 18. 0 tarhe dunged.i Beachire dgstsngjrosied dhetr H gunigpum Hoatbcarprivg cngsity voderm  sai d
fibers hayin . i NS 07 id fibers
havi ng aﬁerés\l/%r glggﬁi’ﬁ{1r§%ﬁxéﬁsgén%g9%§§ss rogq&éé%?%rgf@%n?nqnsoar?ﬁ Bczgégh%)vi ng an

aver age |ipmgleh sighificant esssséshaiosdGa eratkeziodedtibn bEcendratei NhianlsavilHo® | engt h
no nore than 60 mm said fibers having a_Young's nodul us of elasticity no

| ess t harkeap thequinghes of fibers pgi volpms Percenbdawiy vehishhasg Rositivarfirctign gfe

el asticit . i X i i i L\ | tensile
ot engt h T RlE G AARTER e ARaaanRER: JER YRR BRI ITYGRR, roi 1 ¢

st r engt h (hevir® didbieters BADO 1o 60 thidlegrtdrnsdatdpridirilydeninimeeraking @iem 37
having a tw st shape. 52. The matrix conposition of claima45 wherein said
fibers are Rapieddamkage an Copeletss saangpnorglly Thee addad, in largenyelumese Prof ¢l ai m

Foar g AT OREOL R b RTRE YR gl Py R sl it Rt o
f.Af. AS. A3 AS/AIES AR AVGBAVL%AB. Al2 vAB/NCRaOH Bt the fibers do not
significantly affect the properties of the hardened concrete. Fibers intended to affect

¢ —t

25  (i.e., reinforce) hardened concrete normally require higher addition volumes to
transfer significant stresses across cracks in the concrete.

Exemplary fibers of ‘the invention which are believed to provide excellent
finishability to the surface of hydratable cementitious materials comprise: a plurality
of individual fiber bodies having an elongated length defined between two opposing

30 ends and comprising at least one synthetic polymer, the individual fiber bodies being
substantially free of stress fractures and substantially non-fibrillatable when
mechanically agitated within the matrix material to be reinforced, wherein, in said

plurality of individual fiber bodies, the average bendability of said fiber bodies is 100-
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&10 /“55( ) of IHQIVI %%PF bergb w/daTthﬁlglgn@l%nggted }enggh de::lfO ned between two opposing

ends and comprising at least one synthetic polymer, said individual fiber bodies being

substantially free of stress fractures and substantially non-fibrillatable when
mechanically agitated within the matrix material to be reinforced, the fiber bodies
having a generally quadrilateral cross-sectional profile along said elongated length,
30 thereby having width, thickness, and length dimensions wherein the average width is
no less than 1.0 to 3.0 mm, average thickness is 0.075 to 0.15 mm, average length is
20 to 60 mm, average fiber width to thickness ratio is 7 to 30, a Young’s modulus of

elasticity of 4 to 20 Giga Pascals, a tensile strength of 400 to 1,600 Mega Pascals, a
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materials, or mixtures thereof. Preferred matrix compositions are hydratable
cementitious composition (e.g., concrete, wet-mix and dry-mix shotcrete, dry mortar,

10  mortar, cement paste), and preferred fibers comprise polypropylene, polyethylene, or
mixture thereof. Preferably, the fibers are present in hydratable matrix compositions
in amounts of 0.05% to 2.0% by volume.

The invention provides high finishability fibers as well as cementitious
materials containing such fibers. When the fibers are embedded in concrete, the

15  concrete preferably will have a compressive strength in the range of 30 to 60 MPa
wherein the average R, 3 value is 20 to 60 %, and the concrete will have a finishablity
wherein embedded fibers do not substantially stick out of said concrete (as visually
confirmed by naked eye inspection of the surface of the concrete. The average
bendability of the fiber bodies is preferably 100 to 2,500 mN'*m?; the average width

20  is preferably 1.0 to 3.0 mm; the average thickness is 0.075 to 0.15 mm; the average
length is preferably 20 to 60 mm; the fibers having a Young’s modulus of elasticity of
4 to 20 Giga Pascals; and the fibers having a tensile strength of 400 to 1,600.

The invention is also directed to concrete flooring, and particularly floor slabs,
containing embedded fibers as described above. Such fiber-embedded cementitious or

25  concrete floors preferably compressive strength of 15 to 40 MPa, an average R, 3 value
of 20 to 60 %, and finishability (wherein embedded fibers do not substantially stick
out of the concrete), the fibers also having an average bendability of 100 to 2,500 mN"
m2, an average width of 1.0 to 4.0 mm, an average thickness of 0.050 to 0.15 mm,
an average length of 20 to 60 mm, a Young’s modulus of elasticity of 4 to 20 Giga

30  Pascals; and preferably a tensile strength of 400 to 1,600 Mega Pascals.

Still further exemplary fibers have a twist shape, for example as a result of

being cut into separate pieces from strands twisted in the manner of a rope or cable.
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wherein the average thickness is at least 0.1 mm;
wherein the average thickness is no more than 0.3 mm;
15 wherein the average length is at least 20 mm; and

wherein the average length is no more than 100 mm.

2. The fibers of claim 1 wherein said average width is no less than 1.3
mm; said average width is no greater than 2.5 mm; said average thickness is no less
than 0.15 mm; said average thickness is no greater than 0.25 mm; said average length

20  isno less than 30 mm; and said average length is no greater than 60 mm.

3. The fibers of claim 1 wherein, in said plurality of individual fiber
bodies, said individual fiber bodies are separated from each other.

4, The fibers of claim 1 wherein, in said plurality of individual fiber
bodies, said individual fiber bodies are partially separated from each other but are

25  completely separable when mechanically agitated within the matrix material.

5. The fibers of claim 1 wherein, in said plurality of individual fiber
bodies, said at least one synthetic polymer is selected from the group consisting of
polyethylene, polypropylene, polyoxymethylene, poly(vinylidene fluoride),
poly(methyl pentene), poly(ethylene-chlorotrifluoroethylene), poly(vinyl fluoride),

30 poly(ethylene oxide), poly(ethylene terephthalate), poly(butylene terephthalate),

polyamide, polybutene, and thermotropic liquid crystal polymers.
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9. The fibers of claim 1 wherein said fiber bodies have a Young’s
modulus of elasticity of no less than 3 Giga Pascals and wherein said fiber bodies
have a Young’s modulus of elasticity no more than 20 Giga Pascals.

10. The fibers of claim 1 wherein said fiber bodies have a tensile strength
of no less than 350 Mega Pascals and wherein said fiber bodies have a tensile strength
of no more than 1200 Mega Pascals.

11. The fibers of claim 1 wherein said fiber bodies have a minimum load
carrying capacity in tension mode of no less than 40 Newtons per fiber body and said
fiber bodies have a minimum load carrying capacity in tension mode of no more than
900 Newtons per fiber body.

12. The fibers of claim 1 wherein said fiber bodies have a width to
thickness ratio of no less than 4 and wherein said fiber bodies have a width to
thickness ratio of no more than 50.

13. The fibers of claim 1 wherein said fiber bodies have a width to
thickness ratio of no less than 5 and wherein said fiber bodies have a width to
thickness ratio of no more than 20.

14. The fibers of claim 1 wherein said fiber bodies have an average
bendability “B” of no less than 20 mN"*m™ and wherein said fiber bodies have an
average bendability “B” of no more than 1300 mN"*m, said bendability “B” of said
fibers being determined in accordance with the formula, B =1/ (3 ¢ E » I), wherein the
moment of inertia “I” for a generally rectangular cross-section is computed in

€ .,

accordance with the formula, Lrectangle = 1/12 * w » t3 , wherein “w” is the average width
and “t” is the average thickness of the generally rectangular cross-section.

15. The fibers of claim 1 wherein said fiber bodies have an average
bendability “B” of no less than 25 mN'*m™ and wherein said fiber bodies have an

average bendability “B” of no more than 500 mN"*m™, said bendability “B” of said
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18%‘-2#2';) O/sdéﬁ ) = &3t %,;) Wf‘ﬁﬂ%&%éﬁ%ﬁéf’;ﬁleiﬁ%%é%ﬂoﬁd wherein said fiber
bodies have an average Sa to V ratio of no more than 22.1 mm

17.  The fibers of claim 16 wherein said fiber bodies have an average

surface square area “S,” to volume “V” ratio of no less than 10 mm™' and wherein
10  said fiber bodies have an average S, to V ratio of no more than 15 mm™.

18.  The fibers of claim 1 further comprising a second plurality of
individual fiber bodies, wherein said second plurality differs in terms of fiber
composition, dimensions, a physical characteristic, or combination thereof.

19. The fibers of claim 1 being coated, bundled, packaged, packeted,

15 coated, adhered, or contained together.

20.  The fibers of claim 19 wherein said individual fiber bodies are partially
connected together as a scored sheet which is operative to separate into said individual
fiber bodies when said sheet is introduced into, and mechanically agitated, in a
hydratable cementitious composition.

20 21. The fibers of claim 1, wherein said matrix materials are hydratable
cementitious compositions.

22. Fibers for reinforcing matrix materials, comprising: a plurality of
individual fiber bodies having an elongated length defined between two opposing ends
and comprising at least one synthetic polymer, said individual fiber bodies being

25  substantially free of stress fractures and substantially non-fibrillatable when
mechanically agitated within the matrix material to be reinforced, said fiber bodies
having a generally quadrilateral cross-sectional profile along said elongated length,
thereby having width, thickness, and length dimensions

wherein the average width is no less than 1.0 mm;

30 wherein the average width is no more than 5.0 mm;

wherein the average thickness is no less than 0.1 mm;

wherein the average thickness is no more than 0.3 mm;

wherein the average length is no less than 20 mm,;
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wherein said fiber bodies have a tensile strength no less than 350 Mega
Pascals;
10 wherein said fiber bodies have a tensile strength of no more than 1200 Mega
.Pascals;

wherein said fiber bodies have a minimum load carrying capacity in tension
mode no less than 40 Newtons per fiber body;
wherein said fiber bodies have a minimum load carrying capacity in tension
15 mode no greater than 900 Newtons per fiber body;
wherein said fiber bodies have an average square area to volume ratio no less
than 7.0 mm™;
wherein said fiber bodies have an average square area to volume ratio no more
than 22.1 mm"’;
20 wherein said fiber bodies have an average bendability “B” no less than 25 mN"
Bem2: and
wherein said fiber bodies have an average bendability “B” no more than 500
mN'l*m'z;
said bendability “B” of said fibers being determined in accordance with the
25 formula, B = 1/ (3 * E « I), wherein the moment of inertia “I” for a generally
rectangular cross-section is computed in accordance with the formula, Iiectangle = 1/12 ¢

“t”

w * t3, wherein “w” is the average width and is the average thickness of the
generally rectangular cross-section.
23. A matrix composition comprising said fibers of claim 1 and a matrix
30 material selected from the group consisting of adhesives, asphalt, composite materials,
plastics, elastomers, and hydratable cementitious materials.
24.  The matrix composition of claim 23 wherein said matrix material is a

hydratable cementitious composition and said fibers comprise polypropylene.
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10 cutting the extruded sheet to form separate fibers to achieve a generally
quadrilateral cross-sectional provide and resultant average width and thickness
dimensions, wherein the average width is at least 1.0 mm, wherein the average width
is no more than 5.0 mm, wherein the average thickness is at least 0.1 mm, and
wherein the average thickness is no more than 0.3 mm;

15 stretching said fibers longitudinally by a factor no less than 10 and no greater
than 20; and

cutting said fibers to provide average fiber length no less than 20 and no
greater than 100 mm.
28. The process of claim 27 wherein said stretching said fiber

20 longitudinally precedes said cutting to provide average fiber lengths of no less than 20
and no greater than 100 mm.

29. The process of claim 27 wherein said cutting to provide average fiber
lengths of no less than 20 and no greater than 100 mm precedes said stretching.
30.  The process of claim 27 wherein said cooling comprises taking up said

25  melt extruded polymeric material on a chill roll.

31.  The process of claim 27 wherein said cooling comprises passing said
melt extruded polymeric material through a water bath.

32.  The fibers of claim 1 wherein said individual fiber bodies have a
variability of thickness or width along the individual fiber body length of no less than

30 2.5 percent deviation from average thickness or width as the case may be, and wherein
said individual fiber bodies have a variability of thickness or width along the
individual fiber body length of no greater than 25 percent deviation from the average

thickness or width as the case may be.
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34, The fibers of claim 1 wherein said individual fiber bodies are coated

with an alkaline soluble polymer operative to dissolve when said fiber bodies are
mixed into the alkaline environment of a wet concrete mix.

35. The fibers of claim 1 wherein said plurality of fibers are contained in

10  packaging with an admixture.

36. The fibers of claim 35 wherein said admixture is selected from the
group consisting of a superplastizicer, water reducer, air entrainer, air detrainer,
corrosion inhibitor, set accelerator, set retarder, shrinkage reducing admixture, fly ash,
silica fume, pigments, or a mixture thereof.

15 37. Fibers for reinforcing matrix materials, comprising: a plurality of
individual fiber bodies having an elongated length defined between two opposing ends
and comprising at least one synthetic polymer, said individual fiber bodies being
substantially free of stress fractures and substantially non-fibrillatable when
mechanically agitated within the matrix material to be reinforced, wherein, in said

20  plurality of individual fiber bodies, the average bendability of said fiber bodies is no
less than 100 mN'*m™ ; and the average bendability of said fibers is no more than
2,500 mN"*m?.

38. The fibers of claim 37 wherein, in said plurality of individual fiber
bodies, said fiber bodies have a Young’s modulus of elasticity of no less than 4 Giga

25  Pascals and no more than 20 Giga Pascals.

39.  The fibers of claim 37 wherein, in said plurality of individual fiber
bodies, said fiber bodies have a tensile strength of no less than 400 Mega Pascals and
no more than 1,600 Mega Pascals.

40. The fibers of claim 37 wherein said individual fiber bodies are

30 substantially free of stress fractures and substantially non-fibrillatable when
mechanically agitated within the matrix material to be reinforced, said fiber bodies
having a generally quadrilateral cross-sectional profile along said elongated length,

thereby having width, thickness, and length dimensions, wherein the average width is
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COy CEEEEEEXMRED! ! 1@ fipers of claim 37 wherein, in said plurality of individual fiber
bodies, the average bendability of said fiber bodies is no less than 150 mN'*m™? and
15  the average bendability of said fibers is no more than 2,000 mN"'*m?,

43.  The fibers of claim 37 wherein said individual fiber bodies being
substantially free of stress fractures and substantially non-fibrillatable when
mechanically agitated within the matrix material to be reinforced, said fiber bodies
having a generally quadrilateral cross-sectional profile along said elongated length,

20 thereby having width, thickness, and length dimensions, wherein the average width is
at least 1.0 mm; wherein the average width is no more than 3.0 mm; wherein the
average thickness is at least 0.05 mm; wherein the average thickness is no more than
0.15 mm; wherein the average length is at least 20 mm; wherein the average length is
no more than 60 mm; wherein the average width should exceed average thickness by a

25  factor of at least 7; and wherein the average width should exceed average thickness by
a factor no greater than 40.

44,  Fibers for reinforcing matrix materials, comprising: a plurality of
individual fiber bodies having an elongated length defined between two opposing ends
and comprising at least one synthetic polymer, said individual fiber bodies being

30 substantially free of stress fractures and substantially non-fibrillatable when
mechanically agitated within the matrix material to be reinforced, said fiber bodies
having a generally quadrilateral cross-sectional profile along said elongated length,

thereby having width, thickness, and length dimensions wherein the average width is
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fiber body; wherein said fiber bodies have an average square area to volume ratio no

less than 10.5 mm’™'; wherein said fiber bodies have an average square area to volume

15 ratio no more than 42 mm™'; wherein said fiber bodies have an average bendability no
less than 150 mN"*m?; and wherein said fiber bodies have an average bendability no
more than 2,500 mN"*m™,

45. A matrix composition comprising said fibers of claim 37 and a matrix
material selected from the group consisting of adhesives, asphalt, composite materials,

20  plastics, elastomers, and hydratable cementitious materials.

46.  The matrix composition of claim 45 wherein said matrix material is a
hydratable cementitious composition (e.g. concrete, wet-mix and dry-mix shotcrete,
dry mortar, mortar, cement paste) and said fibers comprise polypropylene and
polyethylene. ‘

25 47.  The matrix composition of claim 45 wherein said fibers are present in
the matrix composition in the amount no less than 0.05% by volume and no greater
than 10.0% by volume.

48. The fibers of claim 37, wherein said fibers are embedded in concrete,
said concrete having compressive strength in the range of 15 to 40 MPa wherein the

30 average R.3 value is between 20 and 60 %, said concrete having finishability whereby
said embedded fibers do not substantially pop out of said concrete; the average

bendability of said fiber bodies is no less than 100 mN'*m? and the average

bendability of said fibers is no more than 2,500 mN'*m™ wherein the average width
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being no less than 100 mN"*m™ and the average bendability of said fibers being no

more than 2,500 mN"*m™; said fibers having an average width no less than 1.0 mm;
said fibers having an average width no more than 4.0 mm; said fibers having an
average thickness is no less than 0.075 mm; said fibers having an average thickness no
20 more than 0.15 mm; said fibers having an average length is no less than 20 mm; said
fibers having an average length no more than 60 mm; said fibers having a Young’s
modulus of elasticity no less than 4 Giga Pascals; said fibers having a Young’s
* modulus of elasticity no more than 20 Giga Pascals; said fiber bodies having a tensile
strength no less than 400 Mega Pascals; said fiber bodies having a tensile strength no
25 more than 1,600 Mega Pascals.

51.  The fibers of claim 37 having a twist shape.

52. The matrix composition of claim 45 wherein said fibers are embedded
in a concrete slab.

53.  The matrix composition of claim 45 wherein said fibers are embedded

30 in shotcrete.
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