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- Although fibers of the present invention are suitable for reinforcing various

matrix materials, such as adhesives, asphalts, composites, plastics, rubbers, etc., and
structures made from these, the fibers that will be described herein’are especially

20 suited for reinforcing hydratable cementitious compositions, such as ready-mix
concrete, precast concrete, masonry concrete (mortar), shotcrete, bituminous concrete, -
gypsum = compositions, gypsum- and/or Portland cement-based fireproofing
compositions, and others.

A major purpose of the fibers of the present invention is to reinforce concrete,

25  e.g., ready-mix, shotcrete, etc., and structures made from these. Such matrix materials
pose numerous challenges for those who design reinforcing fibers.

Concrete is made using a hydratable cement binder, a fine aggregate (e.g.,
sand), and a coarse aggregate (e.g., small stones, gravel). A mortar is made using
cement binder and fine aggregate. Concretes and mortars are hence brittle materials.

30  If a mortar or concrete structure is subjected to stresses that exceed its maximum
tensile strength, then cracks can be initiated and propagated therein. The ability of the
cementitious structure to resist crack initiation and crack propagation can be

understood with reference to the “strength” and “fracture toughness” of the material.
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out” resistance because this increases the ability of the fiber to defeat crack
propagation. In this connection, US Patent 3,953,953 of Marsden disclosed fibers
having “J’-shaped ends for resisting pull-out from concrete. However, stiff fibers
having physical deformities may cause entanglement problems that render the fibers
25  difficult to handle and to disperse uniformly within a wet concrete mix. More recent
designs, involving the use of “crimped” or “wave-like” polymer fibers, may have

similar complications, depending on the stiffness of the fiber material employed.

Polyolefin materials, such as polypropylene and polyethylene, have been used
for reinforcing concrete and offer an economic advantage due to relative lower cost of
30 the material. However, these polyolefinic materials, being hydrophobic in nature,
resist the aqueous environment of wet concrete. Moreover, the higher amount of
polyolefin fibers needed in concrete to approximate the strength and fracture

toughness of steel fiber-reinforced concrete often leads to fiber clumping or “balling”
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tape adh cut ends of the fibers ormng a "pac " Wthin
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honogeneous f i0rethedbeef iHabd, WbrldaPateht Mppllicaitsi NoOﬁNOat)eBlQZEDldfCLédﬁer eby be
attained. (published 8/24/00) disclosed fibers “packeted” together but separable when mixed in
20 concrete. A plurality of fibers were separably-bound together, such as by tape adhered
to cut ends of the fibers, thereby forming a “packet.” Within a wet cementitious mix,
the packets could be made to break and/or dissolve apart to permit separation and
dispersal of individual fibers within the mix.
The dispersal of reinforcing fibers may also be achieved by altering fibers
25  during mixing. For example, US Patent 5,993,537 of Trottier et al. disclosed fibers
that progressively fibrillated upon agitation of the wet concrete mix. The fibers
présented a “low initial surface area” to facilitate introducing fibers into the wet mix,
and, upon agitation and under the grinding effect of aggregates in the mix, underwent
“fibrillation,” which is the separation of the initial low-surface-area fibrous material
30 into smaller, individual fibrils. It was believed that homogeneous fiber distribution, at
“higher addition rates, could thereby be attained.
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,



A novel approach was taught in U S. Patent No. 6,197,423 of R eder et al.,
whi ch di scl osed nechanically-flattened fibers. For inproved keying within
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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  bent 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.



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 tine to 'provide strength and fracture toughness in'F#JUPQWS
materials and particularly brittle materials such as concrete, nortar,
shotcrete, gypsumfireproofing, and, the like. 4 15 JUL 2005 Summary of the
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P the fibers is from 5 to 20 (5:1 to 20:1).

20 While individual fiber bodies of the invention may optionally be introduced

into and dispersed within the matrix material as a plurality of separate pieces or
separable pieces (i.e. fibers in a scored or fibrillatable sheet, or contained within a
dissolvable or disintegratable packaging, wrapping, packeting, or coating) the fibers
can be introduced directly into a hydratable cementitious composition and mixed with
25 relative ease to achieve a homogeneous dispersal therein. Individual fiber bodies
themselves, however, 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. o
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,



fibers therein. 30 Exenplary individual fiber bodies of the invention are

al so substantially free of internal and external stress fractures, such as
m ght be created by clinker grinding or mechanical flattening. The §&rblk 2805
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respect to the 25 opposite fiber end that has been secured, such as within a
mechani caompheedp for exdngele, too royndeve riliptiosle freers.. Inlbhus ,conndcitibry prderrdse cal | ed
more ben 1 %lrseo} Ihei itnvern?tl lﬁl aglse Ellgggndfaglrlﬁ}g, 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



to bend it to a certain degree. The bending flexibility of a fiber is a
function of its |ength, shape, the size of its cross-section, and its
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expressed in terns of mlli Newton' *neter 2 (m\N 30 IM2 ) and is
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"E" represents the Young's nodulus of elasticity (G ga_ Pascal) of the fi ber;

and """ andpF erserrssnts Hee mer?@nt obmeftifeimng) %ﬁhﬂ)\nfbwdvﬁleﬁqudqos% dafiber ber
body. A ber [N o} ; " ourse be Iess
PPoni bl o hepng 1YY dbntar R B ST BPicblusy kg Fess) Meot8 a0 Y%y BEinE R
inertia 'highefl88kddbNRS “BTETRE RRBKNY 0P incf®d ¢1edeb@ibes HRSprobe@PWf GRABIR | N
novenment or rotation. For a cross-sectional profile having a generally

quadr 5| atresisil anfochaagp imsxmereteny or ectatiogulFor)a sivapesctiohal nmmha‘ahglanert ia

can be cal cul ted e formul a | recta e =1/12 w erein "w'
repr esentg§nﬁtr &@@@9% @f RPBOX el tecangl grl)aﬁliape“’tt e r"é‘b‘P t 9Cfe 10

aver age E%Bé@ﬁ?&l}p%&sﬁfgtﬁ ﬁ%ﬂﬁg In f_urther exenpl ary enbodi nents, the

"bendabi | bers “can rther improved if the thickness and/or the
wi dt h of theflbers are varied al ngthe L? th;of the fibers, for exanple
from2.5-25 percent nmaxi mum devi "F“B??‘efrlc{ { Re average t hi ckness or width

value. This small_variation of the thjck e S and/ e wdth of the 15
fiber al SGersr & eENERENRE PsrageHidin e rt ¢ ﬁF‘Eﬁ‘T‘I}ﬁ ttr iTRPISFAS HE i ber .

The :1 Ve;ﬁg&%% {hgalﬂegsegfth%%cyagngyg of the above equati on for "bendability" "B"

I be ving genera adrilateral cross-sections, that an increase

’__I n the fiber hlﬂlfdﬂﬂlérsex@ﬁlpﬁrﬁ%hiwdﬁlyeri'tﬁ"thW‘béndﬁBﬂllﬂ}l"’t of fibers wan bespanei ng
‘decrease in bendability and, consequently, make fiber dispersibility nore

di f1i cul dmprived ifhtherikiskaess Red{or thel widériobielibars a6 varrhelons thalengtie! | evel of
bendabi | 'tﬁe%/ ﬁbexjgg 5‘%%,%%9 ferder 4 b3 pteEcenP}fllfatxkrgﬁm 8]§$£tftﬁlsﬁg¥n %ﬂ; Ay el S COU' d be

achi eved y ‘reducl ng ness

nai nt ai Nigkigkebe ot WaEE vaRe! Thisamadnasiatbn bhehefthieRiicss ahd/ot thd Wailth eﬂﬂedl ment s
of the invention, preferred individual fiber bodies have the follow ng
propé?ti dbendlenimprayes g bond befvern iy reimipwie watms e she fiberd to end) 25

al ong the axi The 1m;e}i'1?or£ Iret:)a%zeé) Olg)(uew o?lgnu na%o%e @8&‘610%%09 f‘be%d%‘ill}g le otf 3-20

G ga Pascal s
fibers having generally quadrilateral cross-sections, that an increase in the fiber

modulus of elasticity “E” will result in a corresponding decrease in bendability and,
consequently, make fiber dispersibility more difficult. The inventors then realized
20  that to maintain the same level of bendability, the moment of inertia “T” must be
decreased, and this could be achieved, for example, by reducing the thickness of the
fibers while maintaining the cross-sectional area of the fibers.
In further embodiments of the invention, preferred indiVidual fiber bodies have
the following properties when measured in the longitudinal dimension (end to end)
25  along the axis ef the fiber body: a Young’s modulus of elasticity of 3-20 Giga Pascals
and more preferable 5-15 Giga Pascals, a tensile strength of 350-1200 Mega Pascals
and more preferable 400-900 Mega Pascals, and a minimum load carrying capacity in
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



Pascal s and nore preferable 400-900 Mega Pascals, and a m ni num | oad
carrying capacity in tension node of 40-900 Newtons nore preferabl ¢51)0-288%0
Newt ons. A particularly preferred nethod for manufacturing the fibers is to
mel t - ext iedRs halinkRneally qBAdrAateRl @Fds@lsedt®n to sRQLY BIcARYIVENR] FBe KON NUOUS
sheet); to decrease the "tenperature of this extruded sheet nelt bel ow

anbi ent taebgqastr afaoter ¢fel @20 abéInpave FBefetdbly beatween 12+16s thdretiyh sdhéste {maft er
cooling) into separate or separable individual fjiber 15 JUL 2005 bodies
havi ng g@Nerss Wi 2| P2 E i 85 a0te ke feaahly (b 2ry RBhaEh@n ArFagual
fibers by..af. | a 0, 0- preferably he - 16,

t her eby %(1(1)1@1%% ?eg’\?/g)'la%'%qg}\?eérnéglfgoﬁ %‘t%ﬁergﬁgfr%rgz 8 n(r%r&l'rﬁ gﬁ%k%ﬁ&pr € ésrlébl y
1.3-255 nutinhdiddud\fieadediet havikas avabgdfibeOledgtiwf 204 000he Aidekherabl y
0.15-0.25 mm and to cut the fibers to 5 obtain 1ndividual fiber bodies

havi ng amrefereblydretyveaet0-0@ pgehForthgexemplampresessapie degnridied harsinafiset ween
30-60 nm FurtIl?ler rgxe%mi)lvae;lﬁ IEr.é)cgss(fs e descri bed .hereinafter. The
present i nventiPorPTTEIEIEEIHPY AT ARY ECH: P R0 BACEFS: SALH S hcr et e,
nortar, shntsr $loferes Riphhk, arkNGthet RRlerfAR! &fn‘tﬁbiﬁg%@bﬁéx&'—d&cﬁl@&i fibers,
above-described fibers, as well as to nethods Tor nodifying matrix

mat er i al s welliasdormpetheds fog mdvefyingmmatiy materialsdyt ineonpatating thefibeisah®. Sti l |
further exenplary fi.bers and matrix materials (such as concrete) having
such!?i péhm %éﬁﬂtﬁﬂaltsher ein are especially suited for applications wherein
"finishability: & I : I i ferm
fini shabi| it gl frEp E’Eét’%ﬁ%%ﬁ%ggﬁa?‘?ﬁ ARR DA Rucfi Bl RSkt mgg%-eup" from
‘t he concsette fiferer embaldsdr flecsn 15rehaspdpédly soied hfed epmicafibne. whdreimi shed") .
The inventors djsgavered that finighability, .simlar to dispersion, is a
funct | on BRSRBLS" 58 ARBAT uchygs fparingemelicaionsni itsfav?{ﬁy?ﬁﬁgblhar so a
function fi : - fdher s »hayi B8 A A VAo
Subst ant a7y P2 ERIG e BRI KL GREng SR e ol HABL 0 B 2 o
when 15 methabéenadmaothagl ot €de. Wifinishad t)h ey entorvatigoveaded thatdirtistapilhgve an
average bendability 20 of 100 to 2,500, and,.  nore preferably, . 150 to 2,000
mNL * . SIRER &9 dEersiofe is2 himetion of fibsh hepdabilify.cvh it addifips dingshibalisy s abl y

have a YQung.,s u I pCity, | r.an 4 I ascal s, a
tensile g#?e%g?‘ﬁlgg& 4@0%?? golgﬁ%}ggapgé)éécnglf%&eaﬁ\ygfsag%‘/ﬁ i d?ﬁlg}cl)@lg&g- .0 mMm
aver age bilibsedanadg Gee OoPSstfks? fractumsd aad eswtgeantialhgt horofibAlaidble menwher ei n

average wi dth _exceeds average thickness by a factor of 5-50 and nmore 25
pr ef er abmechanigallyzegtated gfithyd iy matrix material, and they have an average bendability

20  of 100 to 2,500, and, more preferably, 150 to 2,000 mN"*m?. Preferred fibers with
finishability characteristics preferably have a Young’s modulus of elasticity in the
range of 4-20 GigaPascals, a tensile strength of 400-1,600 MegaPascals, average
width of 1.0-5.0 mm, average thickness of 0.05-0.2 mm, and average length of 20-75
mm, wherein average width exceeds average thickness by a factor of 5-50 and more

25 préferably by a factor of 7-40.

Further advantages and features of the invention are further deséribed in détail

hereinafter.



Furt her advantages and features of the invention are further described in
detail hereinafter. s 15 JUL 2005 Brief Description of Drawi ng An :
appreci ation of the advantages and benefits of the invention may be Ifollé 2005
readi |y conprehended by considering the following witten description of

-preferred enbodiments in conjgpet bedtrMiidh JfBraAGREMaNYiI ng draw ngs,
wherein 5 Figs. 1-3 are m cropmp'm’mﬂrgé‘ﬁgnts of the cross-sections
of PRI OR ART Areappreciationg of tHeerdsantkgegsandbeanfitsofahe invieatiop hotydgr mphd ¢

enl argenments of the generally . quadr.i I?t eral cr oss-%ecti onal _praofile of

exenpl ar yeadelksecpglmﬁhwég B esBsiderng e fdlewing yrmitisn; deseRRtiLAD PG Eshi ¢
| i f:icatian, e : ~ | ‘
DG Efbplfticrts i BiHclibf AidRd aontpdy LA figs Whedin 2 €XeMPIELY

m xtuse (whi clFiggul-3l aomicdphotdgigphid) enlaf@iatsagfihe isesdctioas @ f PRJOR? shows
the fiber after mxing, Fig. 8 is m crophotographic enlargenent (at 200x
magni f i caRbreinfercingébeisi f ace of an exenplary individual fiber body of the

present invention hefore mxing.in.a, 15 concrete m xtur whi ch uld
contain fine tfh%f'c%a_raé‘g gggafeeglglfcégr_fl}m%aplﬁfg.en gfﬁbe\ﬂgs ?fﬁé}(‘?i %‘g’re_ré& er

m Xing; GL&trildRrd]l Tréts GSEQRMAL HYEAPYH &eﬁ?lﬁy GBER YT tHAre AP 1vERGM;T | cation) —of
the surface of an exenplary individual fiber body of the present invention
bef ore mi xi ng Fig.r6 & monephetazraphit enlergemient (@t R6x inthgodivatiom) ¢fi the sarfacecoar se
aggregates), and Fig.. 11. 2 ho the fiber after mxing; Fi.g. 12 is a
o S hobbgh S3RRP IR AT GiaRADPaPoB0BY BaBer AT U BHOK TRRIERT ART {1 ber
mechani cghl etk AbGBeWhich WGAR LRFMEM m&@rfeaég%%ga@s)l%Zdﬁgﬁ sH:o'\x%: 13 1s a
graphic representation of tensile |oad versus stTain behavior of I fferent
‘fibers; B fibeyaftédmising; gr aphi c representation of tensile stress versus
strai n behavi gr of. diffsrent i bers; hic of a

wedge-splittit gg-&e\?mémﬂ’ plogep Cﬁlqr%%géfgxatlgg):ﬁ';ﬂ?@? '%ltﬁigg?;rg&hffﬁuﬁﬁeeri al s
g}?ntsf?'r glsgg \E/Ifslééxgr é%prgﬂlgﬁi%ggﬁfi g&ﬁf Sf thd Eresérﬁ ih§e1ﬁiogr@quﬂecm§)ﬁﬂé grgntation
15 concrete mixture (which would contain fine and coarse aggregates), and Fig. 9 shbws
the fiber after mixing;
Fig. 10 is microphotographic enlargement (at 900x magnification) of the
surface of an exemplary individual fiber body of the present invention before mixing
in a concrete mixture (which would contain fine and coarse aggregates), and Fig. 11
20  shows the fiber after mixing;
Fig. 12 is a microphotographic enlargement (at 900)( magnification) of a
PRIOR ART fiber mechanically flattened in accordance with US Patent 6,197,423;
Fig. 13 is a graphic representation of tensile load versus strain behavior of
different fibers;
25 Fig. 14 is a graphic representation of tensile stress versus strain behavior of
different fibers;
Fig. 15 is a photographic of a wedge-splitting device for testing load on
cementitious matrix materials containing reinforcing polymer fibers;
Fig. 16 is a graphic representation of stress vs. crack mouth opening
30  displacement behavior of different fibers; and

Fig. 17 is a typical stress versus strain curve of a material for purposes of

illustration of principles discussed herein.



30 di spl acenent behavior of different fibers; and Fig. 17 is a typical
stress versus strain curve of a material for purposes of illustration of
principl es di scussed herein. 9 15 JUL 2005 Description of Preferredl) JUL 2005
Enbodi nents of the Invention The present inventors believe that the

reinforcing. pol et 36icn 6f pldierRl F5ABSdinl AN he I VERMRA USed 11 a variety
of conpositions an [Mese. The term
"mat ri x mat er i Bhepresteriafatas belidvettkatdrel rdinforaimd palgmar Hiberadf tiengesdnt of

materials that can be rejnforced by the fibers. These include adhesi ves,
asphal t, NESHEIPRE DREEYT NA arichy @P/ compasitipgy and matgrialssandetgictyper@dguch as
rubber, etc. , d L hgr . I i al s of
the | nvent B AR TR abHE gHuAR ROk BRI ST B FE R U d RS
ready-5m XofCRRRFiglsethaPEBL BS keifOREIASH e theMRBAST YThe®y fndfudaidihediOes; QBSHAL, €,
shotcrete, bitum nous concrete, gypsum based conpositions (such as

conposi t i @meposise Mmaleriplsafwy., © lpﬁgur}?ﬂasaﬁﬁ/dﬂst%mﬂ sust aemeblerpgied and

fireproofin co sj,tians (for boards and spray-application),

wat er - pr _o%ﬂg%esrfg‘%? %_E%O%d coatings, and other= hydratabl e cementitious
conposi tions, MREIALN maft:dmataliVBF the Faveh@8iMinchrie hRirhtABleY cSRRIARLS | S

pl aced upon the reinforcenent of structural concrete (e.g., ready-mx
concr et e, castip@isitioas eyuch Hpvesady-mixn cgemnee aprecash naometete, (whsdring rmpoar esld  cast

or sprayed) is an extrenely brittle material that presents challenges in
Cer mel0of CHIPH ARHICTEL nPUAEIPALS {IOBETELe. ¢ EURSUp Pased roQEP RS SFH5H 9

i nt roduc i : 1 i i i jqa i de
orack- br 1R o By T Qe g TR et adia TEPmBbNe
‘concr et e nipesitions . (f6Y iboardsoaral dptagi-dppticaliony,u sateppraffingh enensbrhmess and

af orenenti oned draw ng nd_ further exenplary enbodinents of the invention,
a brief dio8EpRgSsPBA O&el?-zlaalaﬁﬁbéq geTReRfjtious Ca@pﬂgﬁmﬁu whether i Ay pavet Bi¥eeper
understanlf[a'hﬂg of advantages and benefits of the invention. As the fibers of
the invention are envisioned for use in the paste portion of 25 a hydratable
wet "igenment" oA pranagrehphasistierpiacedhipol tieyeinforedmere oftstrusaeal concrete

i nterchangeably herein), it _is. helpful to discuss prelimnarily the

def i ni ti d§E-drady-mEneERRoretg otk r dpweverTHisangralssongigts @vhetherpourgd, »  angd

"concr et ec"as@ro? sﬁﬁ&% igfanaéxttfenfgﬁsﬁgﬁle%gterial that presents challenges in terms of

providing reinforcing fibers that (1) can be successfully introduced into and mixed in

this matrix material and (2) can provide crack-bridging bonding strength in the
20  resultant fiber reinforced concrete structure.

Prior to a detailed discussion of the various aforementioned drawings and
further exemplary embodiments of the invention, a brief discussion of definitions will
be helpful to facilitate a deeper understanding of advantages and benefits of the
invention. As the fibers of the invention are envisioned for use in the paste portion of

25 a hydratable wet “cement” or “concrete” (terms which may sometimes be used
interchangeably herein), it is. helpful to discuss preliminarily the definitions of
“cement” and “concrete.”

” <C

The terms “paste,” “mortar,” and “concrete” are terms of art: pastes are
mixtures composed of a hydratable cementitious binder (usually, but not exclusively,
30 Portland cement, masonry cement, or mortar cement, and may also include limestone,
hydréted lime, ﬂy ash, blast furnace slag, pozzolans, and silica_ fume or other materials
commonly included in such cements) and water; mortars are pastes additionally

including fine aggregate (e.g., sand); and concretes are mortars additionally including

1o



m xtures conposed of a hydratable cenentitious binder (usually, but not
exclusively, 30 Portland cenent, masonry cenent, or nortar cenent, ﬁ@pﬂﬂaﬁﬂﬁ
al so include linmestone, hydrated linme, fly ash, blast furnace sl ag,

pozzol ans, and silica funme or other materials comonly included in such

cenents) cyakeWakRigateBlpt, dfSvelllstortaft eSerdéilitioudnedrhpositidis! dfdhé thvkhiién
aggregate (e.g., sand); and concretes are nortars additionally including 10
15 JUL 20bss referaansleinglyde el axf éhq borggoingyr Hoeexample rieegmentiions poinpo s

conpositions.of _the.invent.ion thus refer and include all of the fqregoing.
For " exarghB) b8 fOBREAPL FOHLE SHILE: PRBHPS iy 0 St by Rt (PR RUG T og

amount s - QfenafilighdbikBEL Watr Sandefifle and¥dEk@ e.gﬁ?er,@@}da?'liétﬁ%sf?{edl%ﬁl water,
and fine and/or coarse aggregate, as may be desired, wfh 5 fibers as

descr bbedibees a3 desciyadt hee¢inc pol yner fibers of the invention conprise at

| east one polymer selected fromthe group,. consisting of polyethylene

(i ncl udi ng hi ghndletis polymes| Bhers i ethe  yetioge fRNPYSeH @F Yeash e neOlymes ul tra
hi gh nol e r . gh et hyl , AP0 n o] t ene,
pol'y(vi nyFl i He irdotea o bRk pRUPIBARREE NinclRBERIEE ity

pol y( et hydoepghydédepr abwi fdersitpebblybipihe, paldy (witray! hikh uendle@lar welghf et hyl ene
oxi de), poly(ethylene terephthal ate), poly(butylene terephthal ate),

pol yani depolysshxiensd.enedolymepxlens nopelypkymethignel cppbiCainybéing neflgoride)pr ef er r ed

t heti | ' . i ndi vi dual . fi baodi f th
S B! orpStelgl by BBt iR BNk cnfiend] Sy il ShupgEh > O L0
15 conprigsy(Bthorasl Baide) Y ppBidtRyIeRY | httedge), ﬁélyﬂﬁgﬁéng OeRhthawitd)h t he

I g e

remai nder ‘conprising another polynmer (such as nsity pol yet hyl ene,
1 ow densipojyanpdé,y eohplitene) and topmairapic fliquidrosystgr pelyawing Al @ssfemedl/ or

tti t h tional | in .t f act f
bol yroe AIBEEGS SIERA T doPErSRT G SFevTRh gy Hehalo Aeh RO oL e
chosen sqpidmfont Ry e%%pqglsym%ip%lyﬁbfaylaﬁé;%;s%@bir@the!%oaxaﬁ@é:pﬂhep%%e and

pol yet hyl ene, for exanple, the ‘average nol ecul ar wei ght can be 5,000 to
499, 060 anothprise yedominetitéy ablyprapyiensels.g..1001@0070-99300wBbhe Defnbident gr ades

Comboner BT ShBEE e JRh dha P SRR OARRUPSHEr oMncaaRhg t he
so- cal | edyoiyietyAdled & WtioRA! IRLEYPeB&siBt i, ahdior MetRR) YPERDKuBINGs 2P PO ymTer
is used, it is préferred that no nore than about 30 wei ght percent
pol yner i aedvertomsitpnsed inthe mamsfatthenefa lyngifiierdie present in order to
maintain s nDOt’H'leprrngl%gglgr weight of the polymer or polymers should be chosen so thét the
20  polymer is melt processable. For polypropylene and polyethylene, for example, the
average molecular weight can be 5,000 to 499,000 and is more preferably between
100,000 to 300,000. Different grades of polyethylene may be used, including ones
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



operation, with up to about 10% being preferred. Propyl ene honopol yner
resins are nost preferred, with general -purpose resins in the nomnal nelt
fl ow range of about 1 to about 40 grams/10 mi nutes (ASTM D2497 199%%.JUL 2005
Preferred resins al so have wei ght 30 average nol ecul ar wei ght to nunber

average MRIRRHLA of BI9bARmPn @Mtang ‘0l63t R RPWhicknbsd- THE Gvidlh isSclBse to

cross-sectional view, originally taken at about 100x magnification, of a
PRI OR ARThjokhaspr epy | teadiber wen tms*.thalmmstehdmaﬂityl well ioradb sdnsetrtbnsoabdua\atsng n 15
JUL 2005, di.nensions of 0.96 min in width and 0.63 mmin thickness. The

wi dt h i s lepgR¥IR3 2 ckness, and the fi ber can twist alnost equally well in

all i eot | onegboyt ity sLANSAF Ui PakaR Bl Bt ook 308 AR AREAL "
el | i psi calf a(RRIOR ART shipriesl (Br bedl)-smed fffb@mnaﬂé mnﬂyélwmy&taatemwn@ 0.78 mm

wi dth and 0.42 mm t hi ckness. an 3 is a cross-sectional view, originally
t aken at Oabomm wobk apd §ri2fmmghickness. of a PRIOR ART fibrillatable fiber

|1 S t | . Fi . Thi
Frber 1 desi gHed for PO Fritap GrvoparRain iEos aural 1H6 Mgmitetion m xed
i n concrgfre; PRIGRCIAIBE -fieflatNalfieF %fnh?‘erél@ﬁﬁ'ﬁbﬁl%l@ vnbier HRb&ddedagRNUL . Fi g.
4 is a cross-sectional view, originally taken at about 100x magnification,

of an exéﬁ&A@E@ Btrdctuiad Uréthers.i Bbrs fitwdys désigried tpifibsidlate dmivrealt indm smater

gener q@l | at er.al cross-segtional profi I e i.s evi d%p |n t t four

si deé Bemhed, meengreitoubfie £10eS-sqetipnal, Prgife ysgmbles Hé letely
strai ght ﬁ;{lﬁ quadril ateral shape could nore accurately be characteri zed as
trapezoi (?a I'n nature, because the longer pair of sides (which define the
'‘wi dt h) are geriig.ad [sya pasakéotiontlovieacbriginiléy takediat ebdund 00xnmagsifidatien, si des
are sone at angled wi.th res ect to the_longer sides and each ot her. The
i nvent or§ bl |eé\?‘§p? tm‘é%féjr\‘a 15t  bdyv Pl dhe Prossat 1Bvsdiies: é( ggnerallyy om a

| ar ger ZQluﬁ\i;\lﬁﬁfeﬁaHSer%es‘éBﬁMa[‘%rQﬁl% gsevﬁeﬂff‘llﬁntﬂhtef&fr s"i‘&és' L06e Isc&lﬁgd b' ades

can define er t I"er sides w have an angl e such as I
trap@soi dithoduhrtae smialieighveids iahdteonspileely stright. hm/@mﬁrﬂiteﬂaemapamghlds)
paral l el ogram (wherein the two smaller sides, in addition to the two |onger

si des, wimqre gecysalielyl berharacterazad a5t trpeyoidgl inmatyrgnbrcauscothsdenssy PairRes are
equal, angh.t R&nARIIE e RldthPRRUEen2RIJEH AR o each other, while the two

smaller sides are somewhat angled with respect to the longer sides and to each other.
The inventors believe that when such individual fiber bodies are slit from a larger

20  sheet using cutting blades, the angle or attitude of the blades can define whether the
smaller sides will have an angle such as in a trapezoid (wherein the two smalier sides
will have different angles), parallelogram (wherein the two smaller sides, in addition
to the two longer sides, will be parallel to each other), or rectangle (opposing sides are
equal, and the angles are all about 90 degrees).

25 The term “quadrilateral” or “generally quadrilateral” as used herein shall mean
and refer to a cross-secttonal 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



25 The term "quadrilateral™ or "generally quadrilateral™ as used herein
shall nmean and refer to a cross-sectional profile that has four sides, at

| east two of which are generally parallel to each other and define tfhdaUL 2005
wi dt h di mension of the fiber. The two shorter sides or faces (which

thereforg f@ﬁ'{hﬂemémrédhﬂﬁ%%%s ﬁ?ﬁﬁgtenﬁﬁgerdhﬁlérbﬁﬁﬁagrﬂﬁy Ak solfysifohs be

parallel to each other. The two shorter sSides or faces may not even be 30
strai ght dentratigperpeadsulaefo thortwelangel sidesa(vdacic ared. ¥ mooapay), Bltahaeiid t he

fibers were, extruded as separate bodies rather than b%zr@% cut froma sheet.
Fig. 5 i< dighhipedfectippatthscomesnaly hile sarpeh Gogneiaprepre beapssahiey 200x

magni fic fa ofly. .0 S
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20  surface roughness 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 uhiformly 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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to provide a desirably roughened surface and overall integrity as well as
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of & | uéeaskrialt)l)é B]:andability characteristics for achieving dispersion of a plurality of
individual fiber bodies within the concrete matrix.

As used herein and above, the terms “plurality” of “individual fiber bodies™
refer to situations wherein a number of fibers that are identical in terms of material
content, physical dimensions, and physical properties are introduced into the matrix

25 material. Exemplary fiber bodies of the invention are substantially free of surface
stress fractures and substantially non-fibrillatable when mechanically agitated within
the matrix material to be reinforced, and they have a generally quadrilateral cross-
sectional profile along said elongated length, wherein average width is 1.0-5.0 mm.
and more preferably 1.3-2.5 mm, average thickness is 0.1-0.3 mm and more preferably

30  0.05-0.25 mm., and average length is 20-100 mm. In preferred embodiments, average
fiber width should exceed average fiber thickness by at least 5:1 but by no more than
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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toget her glglgj Cahbz?gs, p%¥1pheral wrap, a coating, adhesive, or such as by partial cutting or
20  scoring of a polymer precursor sheet, etc.). However, as previously discussed above,
“individual fiber bodies” of the invention are defined as being themselves separated
from other fiber bodies or as being separable from other fibers when mixed into the
concrete. Thus, exemplary fibers of the invention can be said to comprise a plurality
of individual fiber bodies wherein the individual fiber bodies are separated from each
25 - other or wherein individual fiber bodies are connected or partially connected to each
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
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or eS%I ! I(lr? eneg 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 temsion (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
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pulling the sheet through metal blades or rotary knives), whereby a generally
20  quadrilateral cross-sectional profile is obtained (preferably having the average width
and thickness dimensions as described in greater detail above); stretching the polymer
in the longitudinal direction of the fibers by a factor of at least 10 to 20 and more
preferably by a factor of 12-16. After the stretching and cutting steps, the individual
fibers can be cut to form individual bodies having average 20-100 mm lengths. Thus,
25 exemplary individual fiber bodies of the invention will have elongated bodies,
comprising one or more synthetic polymers, having an orientation (stretch ratio) in the
direction of the length of the fiber bodies (a longitudinal orientation) of at least 10-20
and more preferably 12-16.
A further exemplary method for making the fibers with generally quadrilateral
30  cross-sections comprises extruding the polymer or polymeric material through a four-
cornered, star-shaped die orifice, stretching the extruded fibers by a factor of 10-20

(and more preferably by a factor of 12-16), and cutting the stretched fibers to 20-100
mm lengths. In still further exemplary embodiments, fibers having round or elliptical
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concrete mix, the outer surface of the fiber could be increased for improved keying
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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In further exenplary enbodi ments, individual fiber bodies may conprise at

| east two synthetic polyners, one of said at |east two synthetic poiymﬁ;?
conprising 15 an al kaline sol uble polynmer disposed on the outward t¥ 005
surface thereby being operative to dissolve when said fiber bodies are m xed
into the al kaline environnent of g gﬁélc§ncrete m x. Alternatively,

i ndi vidual fiber bodies may be coa an al kal i ne sol ubl e pol yner.

When di ssolved in the al kaline eqpnugnngmn)of a wet concrete mx, the outer
surface of the fiber_ could be increased for inproved keying 20 with the
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concrete mx. These elliptical fibers were 50 nm 5 long, 1.14 nmw de, O0.44
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half the wwdth of the elliptical fibér (major axis of the ellipse, i.e.,
wi dest diTimecHiptinalt fireoudid nohdisperse enthés qorgrete." b" i s hal f the thickness of the
elliptical fiber (mnor axis of thﬁxa”iepfe

In contrast to the prior art elliptical fibers of Example 1, fibers having a

generally quadrilateral cross-section were used. These quadrilateral fibers had the

20  following average dimensions: 50 mm long, 1.35 mm wide, and 0.2 mm thickness,
with a Young’s modulus of elasticity of 9 Giga Pascal. The bendability “B” of these
fibers was computed in accordance with the formula, B = 1/ (3 ¢ E « I), wherein the
moment of inertia “T” for rectangular cross-section was computed in accordance with

GG 22

the formula, Irectangle = 1/12 ¢ w * t3, wherein 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-
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i.e. thinnest dinension through the center point of the ellipse). The

bendi ng deflection "B" was conputed to be 17.5 mMN-1*M2 . This fibe Si@IOZUUS
considered a "stiff' fiber. 30 mnutes were required for introduci n[; _{
pounds of these elliptical fibers into 8 cubic yards of concrete. The
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pounds of these fibers were introduced into 8 cubic yards of concrete,
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" Tber PiafreiRcr e aste Pl dlen RREbrn B sRETsBaH ol cRtiby BREITes of ¢ he
fl bers tB@_ VesriRavRl feduitgCa IIFRAGH PR m@ser @ﬁhtwwauﬁfs hithef BRI 1 N
concrete, there is sufficient bond between the fiber andthe brittle

‘concr eteslrmtgth sand |hiighehmiinien h)aﬂa;aeymgtcamtded well to the matrix (e.qg.

fiber pull- JUL, 2005 , out f ai mechani sm

obser ved Men%tlﬁrglefr?fffg?mf’ tfﬁ‘tﬁp%r(g g[n(@rté‘{egjbegltﬁeﬁ{) tgg’grdf)?e 14 ‘é?ftt he fi ber
properti esch! {i.chawReifidihdBdird HBAL twiith i &IREHRY e qhe fitees EAMRARA €
material. As menti oned earlier, due to the fiber geonetry and di nensi onal
rangés i nmbnddedehyhaéﬂfedtoedcxbsc t(ﬁempree@ielthy ai/arilabm orshinsufdrisucienestingnd 5

adhest on ReLune. the, TRLL XELer oL (e, hayplened) and Al Libs con be
oYL O mEagss by s shc e Lag! L Comai g
. sel ect edwsth spscibbfiba ymnlgtmpmha:tldnsmmyalhﬂv theshdrlte sliheTheldhabr GOslphtly
pre-stretched (less than 2 Newton of load is measured). A load cell measures the
20 tensile load while the fiber is being pulled apart at a constant rate. Typical rates of
loading range from 25 mm/min. to 60 mm/min. The strain is measured using an
extensometer, which is clamped onto the sample. Strain is defined as the length
change divided by the initial length (also called gauge length) multiplied by 100 and is
recorded in terms of percentage. The initial gauge for the measurements was set to 50
25 mm.

Fig. 13 shows various load versus strain curves of fibers with different cross .
sectional areas. Fibers with number 1 are thinner than fibers with the number 2. The
letters “A”, “B”, “C” are related to the width of the fibers: “A” is the fiber with the
smallest width, while “C” is the fiber with the largest width. Therefore, the fiber with

30  the smallest cross sectional area is fiber “1A”, while the fiber with the largest cross
section is fiber “2C”.

These curves provided in this example show that a fiber with a small cross

‘sectional area has a much lower minimum load carrying capacity than a fiber with a
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bal ance between fiber pull-out failure and fiber failure. The opt| mum
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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 m‘easuring the applied load

and the deformation and eventual crack opening of the specimen. A suitable test for
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wel | as keeping the nunber of individual fibers down. By keeping the fiber
nunbers down, the workability of the fresh concrete can be naintai ned.
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opening displacement sensors, CMOD1 and CMOD2, and the applied load
(downward through the wedge), are recorded simultaneously.

20 . To maintain an approximately constant rate of crack opening, the test is
performed with a rigid testing machine at a constant cross-head speed of 0.5 mm/min.
to 1.0 mm/min. depending on the wedge angle. The applied machine load, Fy;, the
vertical displacement, dy, and the crack mouth opening displacement, CMOD, are
recorded simultaneously at least every second. The fracture energy, Gg, a measure of

25  the energy required to widen a crack, is determined from a load-displacement curve by

using the formula

1 CMOD

Gr = ojFH (CMOD)-d (CMOD)

with CMOD = %—(CMOD 1+ 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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5 for neasuring |oad on concrete materials. A notched cube-shaped concrete

specinmen resting on a |linear support (which is nuch Iike a dull knifg Elade
is split) with load transm ssion equipnment situated in a rectangulaﬂ d balls
extending vertically down into the top of the sanple concrete specinen. The

| oad transm ssion equipment consisgs of a9glimwedge (a) and two | oad
transm ssion pieces (b) with inffggr weedl e bearings. The crack nouth
openi ng di spl acenent (CMOD) is_neasu@e&n /2}mo el ectroni c di spl acenment
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t he specf%ghoaﬁ%ﬁuﬁg%gﬁgggfts. 15 The crack initiates at the bottom of the

starter notch apd nisaepRJad @8 ehérgd 6t @tieinitiaidaetheforeiult ierSt Rldasd rat©t ch on
top of the concrete sanple to the Iinear support below the sanple. To
obt ai @ a ‘Toads velcslateddplopt sleevestumad)ve, the two crack nouth opening

di spl acenent sensors, CMOD1 and CMOD2, and the applied | oad (downward

t hrough the wedge), are recorded sinmultaneously. 20 To nmaintain an
approximately constgnt rate of crack opening, the test is perfornmed with a
rigid testing ppchi °aRN@%CQ§St§ﬂ .@oss-head speed of 0.5 nm/mn. to 1.0
m mi n. dependi i ongt he wedge“angl e. & appl i ed machine | oad, FM the
vertical displacenent, 6v, and the crack nouth opening displacenent, CMD,
are recorded sinultaneously at |east every second. The fracture energy, GF,

a neasure of 25 the erqy. required to.widen a crack, is deterrnmned froma
Ponddi spt iR mdb durbe Bea g THering felen oo et atagg o the

FE( wm)mg_ﬁmmitgng‘ﬁ&aa ENOD = fhd CMtani k HebdHdPdh t%%&ln’l&l géosmétﬂﬁ

| i ganent height, "W 1s the liganent wdth (Btines Wis the crack ™ 30
surf ace amdajpn banalcllaidd Hys fite dlemextqroghamspl i tting | oad whi ch may be

cal cul ated usi g Lher! oL NG EIPL Rllwag, 18 JUL 2005 FM mu -9.81 FH

K, =k-F

where “Fy*“ is the horizontal load measured during the fracture of the specimen. The
15  stress factor is independent of the specimen size, which can be used to compare the
behavior of different specimens and materials. |

The effect of the fiber on the mechanical 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 cértain 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.

Flg 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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wherein "FM' is the applied machine [oad, "mv' is the mass of the splitting
wedge, and "a" is the wedge angle. As a neasure for the energy for,cr CEﬂQ
initiation, the critical energy release rate 5 "AB" is calcul ated‘f;’ﬁa 5
stress assuned): 1~ T d - 12 2c with K1 ¢ = k FH max where "KI." is the
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(used at p®p o®5% hisgimthadomageete auréicchilonger édpsoteed do besnari fiyitde dpagat i on at -
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(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, 5 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 R.; 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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5 Further exenplary enbodi nents of the invention provide synthetic fibers,
and matrix materials conprising such fibers, that are particularly ﬁtﬂgt%ha
for retaining a snooth finish when enbedded in matrix materials su<1, ~
concrete. In this respect, the inventors believe that the bendability of
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a Young's nodulus of 9.5 GPa) can be observed to have good di spersion
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| ength of 40 nun, a thickness of 0.14 mm and a width of 1.4 mfMm (with a
Young' s nBHst us of 9.5 GPa) showed acceptabl e di spersion properties (e.g.,

a few fiber bafﬂén%ﬁtohrM%dwre@%sﬂmmylnﬁxtshstcm Y b@ﬁdatblr@ﬁp&ev' ous
nore bendable fiber), but it did not finish as well as the above nentioned

fiber. Wied aslomdra]ebcbulidevzslue bempargd Ite nglecks béncﬁBlenﬁ]berarIa abetedotds, tle concrete

ready-m x truck, nore fibers stickin out o hes c n, be seen despite
havi Hg t HEWachRY tsndapyad pyteriph digenots \?err ﬁ‘“ﬁ@ gﬂ@?ﬁh"eé‘é‘i&cq nvent or s

that exenp rgs){)dg};e?ers as just 25 descri bed can have excel |l ent toughness
properties erent conpressive strength |levels. For exanple, with 0.5%
or 4.6 kg/ nB Q¥lofddver, sthe anfRemt&rs visdligee ahattitee leniyen aid Yendsbilityeofidibessved wi t h
concrete conpressive strength range between 10 and 35 MPa . which is suitable

for f1 oordrersly( aiied hedmshaBHHY qoacmyrmoenn@@qr@g@ﬁjoe@rwmt SFame on a 150
by 150 b ts.t 0
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t hi s 15ay tbgled aalpopluptracredrona theaddnoretd sirfiee adut it adae rstnobtheayr The shbamgt h
(measured after first cracking and at a deflection of 3 nm wherein the

fibers ard fer J@Pﬁglpt He behieed) todeyligecdlyniplatereto Hiei ynemt of|cdastie AneEdsr engt h of
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str engt h thd sthbhihenaswdeonBe pepson pabtis donhgrtha/ﬁﬂisgxhgr Tht hehgt theeasgryet e
(e-g.. 1 qleza(?e% fro(r’jl ggsmng fibers into the concrete surface, the more likely the fibers will pop
20 up again. In considering this relationship, the inventors realized that the stored elastic
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 réstraint at the point of bending. This greatér 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 o.f 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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above 35 MPa). The fiber cross-section was then increased such that the
tensile resistance was increased while appropriate bendability for %Oﬁﬁr 05
finishability and 5 dispersion was mai ntai ned. The inventors achi eve %ﬂ
by increasing width and reducing thickness. The | ength of the fiber was
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bendability, the enbedded length is likely to he shorter on average, and,

hence, | é&@eﬁm 8lrGee- S%Im UTYeCqrrRspRRng fO tha&lastie et of the meaterAl, atker ef or e,
| kel y ¢ nBatdgepPl f HERI) FoRRRk B SRILEP PR SRR, oq BRESaREPugh{as. ' 25
15 JUL 2G@ch is indicated in Fig. 17 by the number (2) represents the first point at which the
elastic behavior of the stress-strain curve is non-linear. This point can also be thought
20  of as the limit of elasticity, for beyond this point the specimen will begin to
demonstrate permanent deformation after removal of the load, due to plastic strain.
The moment of inertia describes the property of matter to resist any change in
rotation. The moment of inertia, I, for an area of a particular shape (e.g., rectangle,

ellipse or circle) may be calculated using the appropriate formula:

1 3 VA 3 .
» e =377 Lt faz'a-b L = 7D

‘G 22 ’1 13 7’

where represents the length, “t” represents the breadth (of rectangle),
represents the major axis and “b” the minor axis of an elhpse, 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 1s zipplied. 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
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shorter fibers tend to pull out and nove with the trowel or other
surface-finishing Ii device nore easily at a concrete surface that15qupqmmg
subjected to concrete finishing, and this is believed to be due to the

| ower restraint of the shorter fibers causing the fiber to lay down with
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tend to force fibers to stick out of the finished concrete surface. The
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area of a p ape ipse or circ

cal cul at eﬁbe@mge tah@ecﬁppltl&pbbmiretef ar thel @me2mahfi@cisaigltiee a&&veAdéanbai apse =
64 a_ b lcfrde = ere "W represents the length, "t" represents the
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Bendabi | er can as t reS|stanc fiber to

change i trﬁorefl’bﬁﬂﬂe \Aﬁtﬁﬂ: @nthexiber. Mile firdsdbilisy fmm&bvﬁjcorﬂpirb@&f thai grévibes t er med
nore bendable if it requires less force to bend it to a certain degree. The
bendi ng fekamplsi but spillofot satisfaséeryifer @l apicationg. 2005

Another example involves 40 mm long flat fibers that were 1.4 mm wide and
20 0.105 mm thick with an elastic modulus of 9.5 GPa. The bendability, B, is 259.8 mN’
“m, using the above equation. This fiber is considered a highly flexible fiber. When
these fibers were added to the concrete in the same manner as in the above-described
example also in just 5 minutes, no fiber balls were observed. A homogeneous fiber
distribution throughout the concrete mix was achieved due to the highly flexible
25  nature of the fiber. Excellent finishibility was 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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function of shape, cross-sectional size, and nodul us of elasti city The
bendability, B, of a fiber can be cal cul ated using the fornul a: 3&@ h
Usi ng the above equation, the bendability, B, of a 1.2 nm w de and1(§=|§b2
thick 5 fiber with an elliptical shaped cross section with an elastic

modul us Qff tg e Shdade Gt élﬂloww ?rowelT Bhhf hORTy he %%fksu@% ¢linte St 'tﬁé fiber.
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the fiber. The finishibility inproved conpared to the previous exanple, but
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Iongflatflber that were 1.4, wi de and. 20 O thick with an
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conpased té betchandddni Blaatord tesys shbmdfthhtea rer\mdnh] leadbeardang capagitpfund&9. 8
mMN *n2, the follow ng observations were made. After. the concrete was
fi ni shed tesiagetN@T t@ﬁﬂ@b‘n’c fensile stres) odfiiheRs it soeed énﬁiﬁ?ra@eb%lﬁpkﬁrtoc he power
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elastic energy stored in the fibers was too small to cause themto pop out

workability of fresh fiber reinforced concrete. It is a well-known fact that microfibers

20  (having diameters of 20 to 60 micrometer), added primarily to minimize cracking due

| to plastic shrinkage in concrete, cannot normally be added in large volumes, on
account of the high numbers per unit weight ratio. Typical dosage rates range from
0.3 kg/m3 to 1.8 kg/n_l3 (0.03 vol.% to 0.2 vol.%), such that the fibers do not
significantly affect the properties of the hardened concrete. Fibers intended to affect

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 éurface 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
| substantiallly free of stress fractures and substantially non-fibrillatable when

mechanically agitate'd 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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27 15 JUL 2005 of the surface. After the power trowel finish, nearly no
fibers were visible at the concrete surface when the concrete sl ab SJUL
inspected a day later. For afiber with optim zed di spersion propertilées; tzlqg5
bendability has to be high enough to minimze stress transfer anong fi bers.
I n order [ 2 hi : Si | ast i | us of
the fi beré’g?%(%clggﬁ gﬁ%n'gefg?fekg?ogg?%lsé%b?gynggﬁrlsug?si%ngl?‘égsgls% teﬁgﬂgg‘lrr:}éabi lity
of the fiprepertie: ulifowmhyapmoduds bielastidey af 4-20&1ga Bssalse tdniside strereyiaidh
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mat ri x ( cpadriletey] cipss-siicions peafilablong said donpatad lengikittherchpbaying widder eases

bendabi | i whi ch  has egat.i ve impact on the.djspersio roperties of the
rbers.  Thikat. an Rgh SERAtRY ViR e Trdsoridhofel indd afb” Brivess

sect i onaly,RER&sNaVESLD.2t AP eveRaB d&hth ¥ 20178r Bnd; @l Swisheesl et dpatwRitii ni num

| oad carrying capacity under tension (NOT mninumtensile stress) of fibers

i s requi redferablyexieeds avepezedbickndse bytarfactef eff 5 i ghi f i cant stresses across a
per B ume. perCerPABALE NS Hooa e dnerFia: CpPitiott RFICABY 1§ty of
(having dAuEfe POREFAJoRPRETET e Boud Pp Sy HORMLEN oPRr IR, (oo s 0
‘cr acki ng mipxyhetiplast i pligkinytikagefluorid)n pobiwecthghmeotenapr pry(ethybmeadded i n
O il B S RSB SBtohT o o
he o dansibaite PRy IRRER: o) BOARRTpbYBRANE nd HERURRRE | €9 ©f

har ddsed lapicemttal polymetd. y require hi gher addition volunmes to transfer
significant stresses across.cracks in the concrete. lary fibers of the

Ex
i nvention whi dicearRiapyehighywdshabilisy Sbetehavedafividyal ﬁPFTngg ighihersin ithe t he

¢ it e : . R v of
i vi duglvoREn B a0 S R SR bre e Bty I
opposi ng faresndsubdiahtCliyfrdesd Mgress frhicaet and sutsymtialy nonfidrjlagble wWhen

i ndi vidual fiber bodies bein substantially free of stress fractures and
subst ant iTa¢ghgnigghy #§1kted qvg]glggheenwﬁyﬁmatenal to be reinforced, and have a generally

20  quadrilateral cross-sectional profile along their elongated length, thereby having

width, thickness, and length dimensions, wherein the average width is 1.0 to 3.0 mm;
average thickness is 0.05 to 0.15 mm, average length is 20 to 60 mm, wherein average

fiber width exceeds average fiber thickness by a factor of 7 to 40.
Further preferred high-finishability fibers of the invention comprise a plurality
25  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, the fiber bodies
having a generally quadrilateral cross,—seétional 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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mechanically agitated within the matrix material to be reinforced, wherein,
in said plurality of individual fiber bodies, the average bendabi |l ttﬁ oﬁ
said fiber bodies is 100- 28 15 JUL 2005 2,500 MN *m 2. Preferred!s JOL 2005
hi gh-finishability fibers also have the exenplary properties: a Young's

modul us %n%ﬂ%f’ f-o%htc%g?{ﬁgﬁaﬁgcig %ate. %38 %cfdieb%ff’ﬂﬁitcl ?,O@brﬁé\g{o{f}%gﬂ f$20- 1, 600

Mega Pascal's efera e 1'ndi vi dual odies are s antrally free

of stressddyaht fibesbadies prefsiAntisahbyinpan alélgé sduataike toaomeeehast cal |y
agitated 5 within the matrix nmaterial to be reinforced, the fiber bodies
havi ng a @ehér 47 mym’ g andialsp areferbl hagng geaveseabeptability oL d158rig 200

el ongat ed_J,epgt:h, thereby having wdth, thickness, and | ength di nensions,
wherein aVerafe width is 1.0-5.0 nm average thickness is 0.05-0.2 nun,

aver age | engt hijies p2ledtd inlEhti e ch1d @F SlidlesaHRRE oM pdsitiond &ndiral]gy texceeds
average thickness by a factor of 5to 50. 10 Exenplary high-finishability
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poly(ethyl ene terephthalate), poly(butylene terephthalate), polyam de,

pol ybut ervemeatidodshemnmisitami €.g.,lconktet) ivebt-aniy Sind| drpohix shoretExdrpmhatar,
hi gh-finishability fibers have_ individual fiber bodies wherein the average
benddBi | iMqrtars CABpRt Pagish Fapratesred BREES QARRIISE\POLYREPRY. RS PRIYGHWAGNG: @habi | ity

fibers arege: f f r : nﬁiﬁq Lal:
non-fibri llxg#gglltlegg%ZﬂFlﬂeyeﬁgel{%%gH?gg?{sygggf{sg@g%q{\kﬁ 't?af%iﬁﬂgt e %tﬁt r gﬂjﬂg erial to
be rei nf ahaedunand OHH9E ta2.g8ley @dlume20 quadril ateral cross-sectional profile

along their elongated |ength, thereby having _wdth, thickness, and |ength
di mensi ons, whEKeillenHen Favidge Mgl Fnishability fibers & well agsregEtions ckness

is 0.05 . : r gt Rl i g fiber

w dth oxcugids BRI AGE MER, Wi 5 ERuR A ButBET B E e

pr ef esr edohérgtt prictvraiabvilli Hayefd benigreadfivd Bgerighty & theorango P30S 60 MRy al ity

25 of individual fiber bodies having an elongated | ength defined between two
opposi ng Whaieis thhavesrgegiissiay 6201t 28t 7oopndd the ﬁpwﬁedmgkﬂ%@rﬁnlwbwy

11 e B e RShARIL Lok A5 Al SRS A
matri X nebgfimdd bo mked edydfigsgeeton tdfethki firfacbadi ®8 cdhertd)g Ehed@Reagd | Y
B ity o the fiver bodies ib proferibly 100 19 2,500 M S fhe averags 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"
Ym?, 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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30 thereby having wi dth, thickness, and | ength di nensi ons wherein the
average width is no less than 1.0 to 3.0 mm average thickness is 01@Eﬁ 5@%
0.15 into, average length is 20 to 60 nm average fiber width to thi'¢ E
ratiois 7 to 30, a Young's nodulus of elasticity of 4 to 20 G ga Pascal s,
a tensile stremgtprednt 480ertdnlis6Q WNeWA liPAGE M5 theafordhid® ekbnpRQ0md M ni num
| oad carrying capacity in tension node of 20 to 1,000 Newtons per fiber

body, t héldsiragenshwtichsrpprel wed bor/illapteasivaauinegessanlaver age square area to
volune ratio of 10.5 to 42 mm1; and al so preferably having an average
bendability of 150 to 2,500 m\-1*m2 . 5 The present invention also

provi des matri x conpositions conprising the above-described fibers. An
exenplary matrix conposition nmay be conprised of an adhesive, asphalt,
conposite material, plastic, elastoner, hydratable cenentitious naterials,
or mxtures thereof. Preferred matri x conpositions are hydratable
cenentitious conposition (e.g., concrete, wet-m x and dry-m x shotcrete, dry
nortar, 10 nortar, cenment paste), and preferred fibers conprise

pol ypr opyl ene, pol yethylene, or mxture thereof. Preferably, the fibers are
present in hydratable matrix conpositions in amunts of 0.05%to 2. 0% by
vol unme. The invention provides high finishability fibers as well as
cementitious materials containing such fibers. Wen the fibers are enbedded
in concrete, the 15 concrete preferably will have a conpressive strength in
the'range of 30 to 60 MPa wherein the average & 3 value is 20 to 60 % and
the concrete will have a finishablity wherein enbedded 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 mM\N-1 *M 2; the average wi dth 20
is preferably 1.0 to 3.0 nm the average thickness is 0.075 to 0.15 mm the
average length is preferably 20 to 60 nm the fibers having a Young's
nmodul 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 concrete
flooring, and particularly floor slabs, containing enbedded fibers as
descri bed above. Such-fiber-enbedded cenentitious or 25 concrete floors
preferably conpressive strength of 15 to 40 MPa, an average Re, 3 value of 20
to 60 % and finishability (wherein enbedded fibers do not substantially
stick ’
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out of the concrete), the fibers also having an average bendability of 100
to 2,500 mMN 1*m 2, an average wdth of 1.0 to 4.0 mm an average thickness
of 0.050 to 0.15 nm an average length of 20 to 60 nm a Young' $5igidoiges of
elasticity of 4 to 20 Gga 30 Pascals; and preferably a tensile strength of
400 to 1,600 Mega Pascals. Still further exenplary fibers have a tw st
shape, for exanple as a result of being cut into separate pieces from
strands twW gtgfmkqy the nanner of a rope or cable. 30 15 JUL 2005 The
present invention is not to be limted by the foregoing exanpl es and
illustrations which are provided for illustrative purposes only. 31 15 JUL
2005 It is cl inedirl. giberﬁHLor reinforcing.g concrete gonPo%itign,
conprising: a pfuralPsrs 5 THRIFiDe 4 GaNCTeie s QMPREHPRLOMPISHE: AREMEY G5t ed

I engt h P'efihdleﬂuﬁleﬁ%?%di’éy\ﬁa@ﬂ@%blﬂﬁ%a_%tﬁfén BRI ARQTRH SV AéppoSAg endine
synt hetic polymer, said individual Tiber %odles having surfaces that are

subst ant i a&nflgompasingft loastene synthelicipobgnérnshid mdivigualdibhubidies havingt t eni ng of

the fiber haqdie et we 0, d rollers, said.individual fiber bodiegs being
Subst ant | RS T AT TP APHRE drdles Riendf Frid B B BE T et
concr et e tRe fib& RUicE BEtweRE ©BpSsRA Yolleds, 36idii i GidaibEier Bbdiat bying Bhs@memily sper sal
of the fibers therein, and said fiber bodies having a generall

quadr i | at éwafibillaiahle inde smalen fiher BRity aftes MuKigedmmEt esriatele ekieAgt h, t QGL eby
Jua . . | ) . ! . s
o'l 695"t sbleopdrf G SR B il AN o fh HERSLATT MRS ekl B Shdfbpt? 10 19

wher ei n t ediy bavgg algbhakieGradritatéral drossssettidial Prdffbe alohg saibh elomigmed he aver age
thickness is no nore than 0.2 I wherein the average length is no | ess
than 20 mignstipiiasrelynhaving widsh. dpisknesphging lengthdimepsigns han 75 mm wherein sai d

07, 200 oo g YRGB i b Bl it 10 o5 Lher & Gne
more than 20 GilgeeiPdscalemige widthds no smirgthbhh Srmhndi es have a tensile
strength no | esvs?hetrqu %164281%ra|\g/§%%ckﬁlae§sc 1asln%;less than 0.05 mm; |
wherein the average thickness is no more than 0.2 mm;
wherein the average length is no less than 20 mm;
‘wherein the average length is no more than 75 mm;
wherein said fiber bodies have a Young's modulus of elasticity no less than 4
Giga Pascals;
wherein said fiber bodies have a Young's modulus of elasticity no more than 20
Giga Pascals;
wherein said fiber bodies have a tensile strength no less than 400 Mega Pascals;
wherein said fiber bodies have a tensile strength of no more than 1600 Mega
Pascals;
wherein said fiber bodies have a minimum load carrying capacity in tension
mode no less than 20 Newtons per fiber body;
wherein said fiber bodies have a minimum load carrying capacity in tension
mode no greater than 1000 Newtons per 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 ratio no more

than 42 mm™ ;
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wherein said fiber bodies have a tensile strength of no nore than 1600 Mega
Pascal s; wherein said fiber bodies have a mnimum |l oad carrying capacity in
tension node no | ess than 20 Newtons per fiber body; wherein saf il aﬂﬂf
bodi es have a m ninum |l oad carrying capacity in tension node no greater
than 1000 Newt ons per fiber body; wherein said fiber bodies have an average
square area to volune ratio no less than 10.5mm'; wherein said fiber

bodi es have anwheteinagisl Seprdodiea hete annvetsiga rendability "Bonemless tham 00 @dim 1; 32
15 JUL 20052 wherein said fiber bodies have an average bendability "B" nor

| ess t han 100 1 *M 2 ; and wherein said fiber bodies have an average

bendabi ity " Byh&rein s30T fibdribafied AL andVeragt BRada5Ait( "Bensiahbleithan Booof said
fibers being defermned in accordance with the formula, B=1/(3El), wherein

t he momen®Nof*Mrertia "1" for a generally quadrilateral is conputed in

accor danpe Wi € _Qn& Q&d];lﬁ)iﬁi%Lﬁ' ofl sﬁflc{ %l%\?% ﬁeén &51%'11F1?d }’l\{'acicgrrd%l{;'c% \gi\/ﬁfh%ge wi dt h

and "t" is the average thickness eneralTy qua atera

Cr 0ss- secfor@ila, B=1/08.1j, vaesiéin Ghe @b olf ildias 1" Mor 4 ferbdlly qulatiidterdlYs of
i ndividual fiber bodies, said individual fiker bodies are separated from
each ot hesomBitedrineacgordanas with thiedpmmula, b 8ivwnt”, Whersti "av" ik thesdvierage wfidth

i ndi vidual f,ber. bodies,..said Lpdividual fiber bodies are partially
separ at ed®i% (Brﬂsélé%?'lve&ac%‘?é?lc%'ﬁ?ss 8¥ @‘ec%ﬂ?f%@f %?Vn?aggﬁg?r%srseecmn nechani cal | y
agitated within the matrix nmaterial. 4. The fibers of claim1l wherein, in

said plurality of individual fiber bodies, said at |east one synthetic
pol ymer is sel2ct edThe Bbers hEclgmp d pvheonniin stid plwalityoif yedividnadber bodies,

pol ypropyl.ene,,. pol thyl ene | y£vinyl dine fluoride), poly(nethyl

pentene),éa?(gl i/‘}(%‘g‘%%%kﬁéﬁ"-dé%%‘?%‘?pﬁfa?ff%‘%%g%%y‘%?{e), pol y(vinyl fluoride),
pol y(et hyl ene oxide), poly(ethylene terephthal ate), poly(butylene

t er epht hal at e) ni de, pol ybutene, and thernotropic liguid crysta

|
pol yners. 5. T?»}ep? Bt b o laiin Wheran.dn feid plwalitypéindpdpalditephptiesse
pol ypr Opyéa?c}‘&dm%%?ghg@o‘r@ﬁ‘és DOp&BEy IBakicATBR LatCS N v 2L RRteciyPEr bodi es

conpri se polypro
separable when mechanically agitated within the matrix material.

4, 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(vinylidine fluoride), poly(methyl pentene),
poly(ethylene-chlorotrifluoroethylene), poly(vinyl fluoride), poly(ethylene oxide),
poly(ethylene terephthalate), poly(butylene terephthalate), polyarnide, polybutene, and
thermotropic liquid crystal polymers.

5. The fibers of claim 1 wherein said fiber bodies comprise polypropylene in
an amount no less than 75% by weight and said fiber bodies comprise polypropylene in

an amount up to 100%.

6. The fibers of claim 1 wherein said fiber bodies comprise a blend of at

least two polymers or a co-polymer comprising at least two of said polymers.

7. The fibers of claim 1 wherein said fiber bodies comprise polypropylene

and polyethylene.
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an anount up to 100% 6. The fibers of claim1 wherein said fiber bodies
conprise a blend of at least two polyners or a co-polyner conpri sirﬂ at
| east two of said polyners. 7. The fibers of claim1l wherein ggim:l- l ger
bodi es conpri se pol ypropyl ene and pol yet hylene. 33 15 JUL 2005 8. The
fibers of claim1, wherein said fibers are enbedded in concrete, said
concrete having conpressive strength in the range of 15 to 40 MPa wherein
the average R3., 3 vahagbérs obelineénwhEemrsdidditiérs sraiechbeddwt iatcondrate] sagd

te

finishabilit ereby said. enbedded fibers no, bstanti al | op out of
al " conciUEtete B rRst TRnEnan HerapieAlg @ DLt PRt b le ber s 1 or
rei nforci RY; valeORBeRIRn 20TRAB0DYI, 41d cERFRE haViRg finfshRbittyPkhirébPlaid | ndi vi dual

| engt h defi néd betweéen two ‘opposi ng ends

fiber bodies having an el ongated _
and conpr ¢mbedged fibers sotnob substaptialhepdrcoydoff yaié conaeted i ndi vi dual fi ber bodies
having surfaces that are substantially free of stress fractures induced by
mechani cal -flattening of the fiber bodi es between opposed rollers, said

i ndi vidual fiber boghefb&sonelamhhabdingadwisyshapenfibrillatable into snaller
fiber units after mxing in wet concrete to the extent necessary to achieve
substantially uniformdispersal of the fibers therein, and said fiber

bodi es havi ng gengs al | i | at e - ti . -Dr.of | . g said
el ongated | eng(%'h, F%’g}rsefév% av{c#&advm%&t%ﬁt © %ﬁﬁ@ﬂ?ﬁg’g’s?8@%‘19%%941%‘%8@&?25i ons
wher ei n t indivadied Aber budishhalingna el@gatet ebgthlddingdbetwides twod Bppdiingtends age wi dt h
is no nore than 5,0 mm wherein the average thickness is no |less than 0.075
mm wher 4 ConHEisgat iegst Qe syRed Pol¥mER sye Ardivigual fgher Hodigs havip@r ei n t he
aver age | i . i ) 2 J S No nore
Than 95 g Rp i 8P R0 e ek e T L oL Ak & 10 1Y
no | ess ttharibér bddigcbeRasemadpppsadhrell edsysaghindividuag fib&rdaidés bemgsubstMaiatlg’ s

nodul us of asticjty no nore than 2 G ga Pascal s; wherein said fiber

bodi es ha%l?‘é’”iléﬁael IEtosgﬁl}aélﬁbgherﬁE“tFé %“flﬁ‘grhg oYt epEeiede g &tent yher e n sai d
fiber bodh&3sHAME aghibfORIbsAnEAINPRETRmispdRal'Bf e iBER HGER, MOAid 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;

wherein the average width is no more than 5.0 mm;

wherein the average thickness is no less than 0.075 mm;

wherein the average thickness is no more than 0.15 mm;

wherein the average length is no less than 20 mm;

wherein the average length is no more than 75 mm;

wherein said fiber bodies have a Young's modulus of elasticity no less than 4
Giga Pascals;

wherein said fiber bodies have a Young's modulus of elasticity no more than 20
Giga Pascals;

wherein said fiber bodies have a tensile strength no less than 400 Mega Pascals;

wherein said fiber bodies have a tensile strength of no more than 1600 Mega
Pascals;

wherein said fiber bodies have a minimum load carrying capacity in tension
mode no less than 20 Newtons per fiber body;

wherein said fiber bodies have a minimum load carrying capacity in tension

mode no greater than 1000 Newtons per fiber body;
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Pascal s; wherein said fiber bodies have a m ninmum | oad carrying capacity in
tension node no | ess than 20 Newtons per fiber body; wherein said fiber
bodi es have a minimum |l oad carrying capacity in tension node no Y it 25
than 1000 Newt ons per fiber body; 34 15 JUL 2005 wherein said fiber bodies
have an average square area to volune ratio no less than 10.5 mm-1 ;
wherein said fiber bodies have an average square area to volune ratio no
nore than 42 mm1l; wherein said fiber bodies have an average bendability
"B" not |ess thqy e%6010 niy-r%bte *rr(;iZ ._and wherein said tfi bir bodi es have an
average bendabi 115 BHAIRET RRGIES hay5 40 FEGE8C SYaTS TSt VLRGN TS i ty B
of said fi hﬁz[rsubghﬁglgeterm ned in accordance with the fornmula, B=1/(3El),
wherein the nonent of inertia "I" for a generally quadrilateral is conputed
i n accor dance wiwhereingaifl diberpedies haye an aygrage sgveresdren tojyolymse 4o nguaetgge wi dt h
and "t" is_tﬁg}ledf%g{-egge t hi ckness of the generally quadril ateral ’
Ccross-section.

wherein said fiber bodies have an average bendability "B" not less than 100 mN

2. and

*m'
wherein said fiber bodies have an average bendability "B" not more than 2500
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 quadrilateral is
computed in accordance with the formula, I=1/ 12-w-t*, wherein "w" is the average width

and "t" is the average thickness of the generally quadrilateral cross-section.
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