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concrete, a coarse aggregate such as crushed gravel or small stones. If a structure
made from mortar or concrete is subjected to stresses that exceed its maximum tensile
strength, then cracks can be initiated and propagated in that structure.

15 The ability of the structure to resist crack initiation is understood in terms of
its “strength,” which is proportional to the maximum load sustainable by the structure
without cracking. This is measured by assessing the minimum stress load (e.g., the
“critical stress intensity factor™) required to initiate cracking.

On the other hand, the ability of the structure to resist propagation (or

20 widening) of an existing crack is described as “fracture toughness.” Such a property
is determined by simultaneously measuring the load required to deform or “deflect” a
fiber-reinforced concrete (FRC) beam specimen at an opened crack, and also by
‘measuring the extent of deflection. The fracture toughness is therefore determined b)}
dividing the area under a load deflection curve (generated from plotting ‘the load

25  against deflection of the FRC specimen) by its cross-sectional area.

Reinforcing fibers designed to increase both strength and fracture toughness
properties are known and discussed in US 6,197,423; US 6,503,625; US 6,265,056;
US 6,592,790; US 6,596,210; and US 6,773,646, which are owned by the common

assignee hereof. In these patents, Rieder et al. disclosed “micro-diastrophic” polymer



2 fibers having irregular and random di spl acenents of polynmer material,
stress fractures, and m croscopic elevated ridges. Subsequently, in US
6, 529, 525; US 6, 569, 526; US 6, 758,897; and US 6, 863,969, also owned by the

comon assi woeeoeiwef, R eder et al. disclosed 5 polyngit fdB@l8HpviI N9
I mproved strength and fracture toughnegs while retaining dispersibility. By

extruding and slitting a flat polypropylene film and stretching the slit
fibers using an extrenely high stretch rate, Rieder et al. achieved fibers
having a nodulus of up to 20 G gapascals. By avoiding the stress-fracturing
of the aforenentioned mcro-diastrophic flattening technique, the
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then stretcC genierate the surface protrusions. In order to achieve this
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was | ppr t %%Eiulhp,agt l'::&slf'eﬁ Gigapascals, and more preferably at least 20 Gigapascals and

more, for increasing the ability of a fiber-reinforced matrix material to resist crack
initiation.

Another objective is to provide fibers that enhance the fracture toughness of

the matrix material, its ability to resist deflection or widening of existing cracks. The

20  present inventors must, in other words, now consider how best to control pull-out

resistance of high modulus fiber materials. This property must be considered with

respect to the situation wherein the fibers span across a crack or opening in the matrix
‘material.

In US Patent 4,297,414, Matsumoto disclosed polyethylene fibers having

25 protrusions. These are made by mixing polyethylene having a melt index of not more

than 0.01 at 190°C under a load of 2.16 kg with polyethylene having a melt index of

more than 0.01, thereby to obtain a mixture having a melt index of 0.01 to 10. This

mixture was extruded under such conditions as to create a jagged surface, which was

then stretched to generate the surface protrusions. In order to achieve this extreme

30  melt-fracturing of the surface after the stretching treatment, it was important that “the

convexities and concavities of the extruded product should be as sharp and deep as

possible” (Col. 3, 11. 35-39). While no doubt making it more difficult to pull the fibers

out of concrete, these distressed protrusions and concavities are believed by the

present inventors to create potential breakage points or distressed features, which
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e
JP06263512A2 of Kajima, who disclosed reinforcing short fibers that gradually-
tapered from both ends toward the central part of the fibers. The geometry of the
Kajima’s fibers, which resemble two slender conical sections joined at their tops, was
designed to allow tensile stress on the fiber to be dispersed into a concrete or synthetic

20  matrix, such that the short fiber is mutually compressed and restricted, thereby
resisting crack openings in the matrix. The intent of Kajima is to distribute load on
the fiber to the matrix such that the load is not concentrated on one point, so that
propagation of cracking in the matrix is prevented by distributing the force throughout
the matrix.

25 The present inventors believe that prior art fibers, such as those disclosed in
Marsden and Kajima, lose reinforcing efficiency, because such fibers will tend to
break at a narrowed mid-section. In other words, the small waist or smallest diameter
will define the maximum load-carrying capacity of the individual fiber.

It follows that at the larger ends of such fibers, an excess of material in the

30  circumferential diameter provides anchoring of the fiber by radial compression of the
fiber ends during a crack-opening event in the surrounding matrix. However, this
excess fiber material at both ends does not contribute to the maximum load-carrying
capacity of the fiber, due to the fact that the breakage is designed to occur at the

smallest diameter.
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amplitude. One problem of crimped fibers, as noted in US 5,985,449 of Dill
(Specialty Filaments), is that fiber balling (e.g., agglomeration) in concrete is difficult
to avoid. Dill thus taught a bundling technique for aligning the fibers with each other
s0 as to minimize self-entanglement.
20 Aside from the difficulty in dispersal, it is believed that crimping does not
provide a wholly satisfactory solution to enhancing pull out resistance of the fibers.
This is because a crack does not always occur at the longitudinal mid-section of a
given fiber. The result is that crimped fibers can be pulled out of concrete or other
matrix in something of a “snake-like” fashion.
25 A novel improved tapered fiber is needed which avoids the foregoing
disadvantages, and which can be manufactured both conveniently and economically

to achieve high reinforcing efficiency as well as controlled pull-out resistance.
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Summary of the Invention In avoiding the disadvantages of the prior art, the
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| engt hs; and, Qﬂabﬁei@tmerdim%taé@\ef% Bliorl £A%he pY¥RektaRGHiHAA HOVIBASI ONS
along their lengths for resisting pull-out fromconcrete or other matrix
mat eri al . swbstantially nendtossafraciered aprachibrillatable shomt reinfpraingfibers Baving.<d st ance
of fibers re.r [ s Jmavi | s My fea 5 j;onal
areas al on&gl@tcﬁ‘g ??@é?ggft%‘é{fﬁ, bﬂgo%g‘?ﬁ?‘%%ges% llro}gss gwfn%g%lt ur.egsag?%gt%e%pby
mechaniScal ledgtias; tapdi orgthezotheyandy baing gt leastSwoftapssingrndiragnsiens algag their
protrusio LI Les. . cal < ?&E}lﬁg xt rusi on. Exenpl ary

bi -t aper egg?%se@g&ggﬁb%k’gﬁlog?:ﬁ}g@gcogxﬁe{egﬁdétoﬁﬁeg - glgte?nfﬂgﬁ'and nore preferably
10-60 mm per fi . : |l il [

di aneter of 10- %mu%m%g}%ég%g%ggﬁnhﬁﬁt&ﬁg&r gﬁlé—g)hgfésg%?%gé)\;f%&%odul us of
15 el ast i cire yredlized thy hawing sobstantilly Wilgapacrosstesctienall arenscalpneftlea SBPY in t he
range of - j . ensi ' - Wscal S;
and a | oaﬁgr(’:%d}’?o&i %8%’3%%‘3%%? ?ac%fré%(g%%cg%%%gvp\%g%é ﬁ%téém]?%’b%g?%ﬁgn enpl oyed
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matrix material. In the case of cracked concrete, it is preferred that the
fibers be desi : fHab ", isn ¢ crack
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diameter of 10-500, and more preferably in the range of 25-100; a modulus of

15 elasticity in the range of 5-250 Gigapascals, and more preferably in the range of 20-
100 Gigapascals; a tensile strength of 400-2,500 Megapascals; and a load catrying
capacity of 50-5,000 Newtons per fiber.

When employed in matrix material such as concrete, the fibers ideally provide

a balance between anchoring and pull-out when spanning a crack that occurs in the

20 matrix material. In the case of cracked concrete, it is preferred that the fibers be
designed such that half of the fibers spanning across the crack operate to pull out of

the concrete while the other half of the fibers spanning the crack should break entirely

at the point at which the concrete structure becomes pulled completely apart at the
crack. Maximum energy is thus absorbed, from the time the cracked concrete begins

25  to deform, until catastrophic failure of the concrete occurs.

The phrase “substantially uniform transverse cross-sectional area” means that
the cross-sectional area of the fiber body should not vary by more than 10%, and more
preferably by not more than 5%, along major axis Z which is defined by the shank or
elongated portion of the fiber body. A uniform cross-sectional area is believed by the

30 inventors to confer the highest reinforcing efficiency possible (unlike the thin-waisted

midsections of the Marsden and Kajima fibers mentioned in the Background). Fibers



at the point at which the concrete structure becones pulled conpletely apart
at the crack. Maximumenergy is thus absorbed, fromthe tine the cracked
concrete begins 25 to deform until catastrophic failure of the concrete
occurs. Thewpho@aewssubstantially uni formtransverse cragsyeR6ei7lognad area”
means that the cross-sectional area ot the fiber body should not vary by
nore than 10% and nore preferably by not nore than 5% along ngjor axis Z
which is defined by the shank or elongated portion of the fiber body. A

uni form cross-sectional area is believed by the 30 inventors to confer the
hi ghest reinforcing efficiency possible (unlike the thin-waisted

i dsect i OR§ té prédentMivestich aeoshiéey inmhaf itiegr e 52100 amedn ilengtheardaaiogy ound) .

Fi bers WO 2007/ 10 PCT/ 7/ 002471 _6 Qqf .t he rese i nvention,are
short in tH‘i%fFratbFl‘kgg'gSémE 13 6“5%%?“% ‘?‘%Bfelﬁera ¥ d2¥e gf% 1o 8590 rm i n
| engt h, anehdth&yedquivdi&it dbimetdtdfa0s00aspect ratio in terns of Iengt hto

equi val ent di aneter of 10-500. The phrase "two tapering di nensions" refers
to and descri bephel phrash ftmrﬁpérlnédhmmfohﬂgrdﬁ&badIaﬁd Edemrﬂhs nwa djffernt | engt h

of fiber. If th od or. shank ort| o[t b| ered

defi nes | dﬁ%’l"@&‘ﬁ%‘f‘ ‘]‘”Ehmé)ﬁ' %tﬁé’ﬁ?{lﬁe & t’é&g 851%? OJé% ned as
per pendi cuhaft tﬁ@ap%i@dsflgeriﬂﬂﬂnéﬂoﬂglﬂfﬂum Iit@f]or zaﬁwmthen hﬁmsaxes Xeand Y are

Cross- sect gnal ?ﬂd‘e of thezgl ber i ases ‘ﬁ di m ni shes gradufal ly in
t he direct e@ﬁ% 697 culgrdg axis ﬂ’d”?ea & URRSYELp LT Qss-stetiona

Cr 0ss- sectjrgfAR! of dAh&AbdrafBtdses Sﬂ@iﬁilﬁishésaérhdhauy lui hedirebti @iy deniﬂﬁt aesDD poi nt
along major axis Z |t is preferable.to have the fibers ralg ht _al ong axi s

axis Z. AsidoYmeveR ﬁaFﬁdra&fvetnrfecrp?smgm@éﬁreaéfemmﬁﬂmsmﬁ? unjf g and

cutti ng ofpoiAtt pbirkalohig mjorCdkid Z. BAS pRFGEKIE eshdve Bl fibdis Sﬁangﬁl@]wm mance,
thus it |s possible for the fibers ?o be bent, curved, tw sted even

crinped (& Fefts omp dending pk the; fiherg,gan %&@H'ﬁﬁhﬁmeﬁ%%mw 9f f or

definiti onfé ribeFsPXRRH 8 HoEEXPectddtb ABMish ihe pefformance! @S i ﬁqaorsmre fohe fiber
body or shank portlon be as strai ght as possible. Thus, exenpl ary fibers of

the i nventtheibewsighedent cprysdy t"l%‘&? PrRVieR gnfrwsd (Rshss s doxiferilthbeg
t her ebet WeRdmad tbnﬁﬂenaﬁhaé&nﬁlu@nﬂﬁt &Shinsha ﬁaﬁfpo§é&aﬁ&)em),09ﬁtt lag)dlnvihlxs?h S

substanti al lé non-stress-fractured and substantially non-fibrillatable upon

mi xi ngtd ntRyeigred that thefies ppdy orssbenkagm@éﬁéﬁ% Ftﬁlé‘ﬁ§sé’8?ﬁ98§| tes, concrete, 20

shotcrete, nortar, asphalt, or ‘Lhetlc ynmer, the bady portion defining
Thus, exemplary fibers of € invention comprlse a fiber body having two

opposed ends defining therebetween an intermediate elongated body (or shank)
portion which is substantially non-stress-fractured and substantially non-fibrillatable
upon mixing into a matrix material such as cementitious composites, concrete,
20  shotcrete, mortar, asphalt, or synthetic polymer, the body portion defining
longitudinal major axis Z and comprising (A) a substantially uniform transverse
cross-sectional area that deviates no more than 10%, and more preferably no more
than 5%, along the length of the elongated body portion which defines longitudinal
major axis Z; and (B) a transverse cross-sectional profile having two tapering
25 dimensions for pull out-resistance, the first tapering dimension occurring in a first
transverse minor axis X that is perpendicular to axis Z, the second tapering dimension
occurring in a second transverse minor axis Y that is perpendicular to both axes X and
Z; the first and second tapering dimensions having inverted tapering behaviors
wherein, as one moves from point to point along axis Z, (i) the first tapering
30 dimension along axis X increases as the second tapering dimension along axis Y
decreases, (ii) the first tapering dimension along axis X decreases as the second
tapering dimension along axis Y increases, and/or (iii) both aforementioned tapering

characteristics described in (i) and (ii) herein are present.
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X i ncr eas &nslusking bet nos dispited; tepreriraley oyphrsapsr e Arigngdepraritangle skapes.cubess, (i)
the first L Jensi L r’ﬁgﬁ’@ﬁ t apering
di nensi onqgiﬁgﬁ{gkfa&gisgdﬂg’i %i%g%%ﬂggﬁ}e%rﬁ?%ﬂi) ot eg to“?égrﬁ}ea%?ﬁggg%set aperi ng
char act er iskapess Thesprofite gan mnqdujate hetween )a fist shapeahaving aslist X/Woa#i007/ 102956
PCT/ US200 H@x‘% L - t s Qf.hes of the
fiber gr ezlé)lg%ﬁeb@egt Zloﬁﬁ?? udi r{gasa Su&tﬁlﬁgft{f?%%tug%{?%g ag&%i*%r a%\rllsgla%lhgquar e,

tri angl e, seqond eshaps dlavingha sesondoKAé rratioyuhatr is| differeat fodmpbe firsingrafidé.ygonal

shapes, a magu Vﬁﬁﬁ A0, . e il.e.can

nodul at e be f%@ﬁ" a #‘?’tg{fe gﬁ%pe avi néa‘?% Her&g% g&?s@%ggtss%&@ negé{tijérsear%ent al ong
X m nor aYeast dncd, dedimvye peésablgteoto Hfteanginvesyilhomy bg ipsisibladto baveapdond shape
havi ng a . L ahl (S | feaf £ . ] . profile.

Pr ef er abl ?/lﬁﬁ ?E‘g(’dﬁ{r%l P?Eelép%{' Elglgfaln bﬂzer gdr%%%&’??%efég%g{ﬂv@eaﬁl ilnrlé‘%%lalghd second XY
rati ogpat |lea Yy AR -t may be
possi bIOe to ha\%’e%g&t% gt t |t&m{/aﬁ%g§{%§?§n§la%%£@%§%f§’ %ngﬁ{taﬁ{eé %%tﬁﬁtﬁél%of t he

fi ber and cementitioupmatarialy epntaiging te firecss enwell py aretliods forl makipgthedibes. t o mat ri x
materials, including hydratable cenentitious materials containing the
fibers, as wel Fugberpsvheiggesiasd foatwics gf thednvenben gre fupthen deseribedvindetales and
features gm,é!la”'nventi on are further described in detail hereinafter. WO
2007/ 102956 PC fUSZOO?/ 002471 8 Brief Description of Draw ngs




An appreciation of the advantages and benefits of the invention may be nore
readily conprehended by considering the followng witten description of
preferred enbodinments in conjunction with the acconpanying draw ngs,
wherein 5 Fwg,20070e%6an il lustration of an exenpl ary shogdr/isberooF1 t he
present invention viewed along the Y axis (which is perpendicular to the

I ndi cated X and Z axes) wherein a first tapering behavior is shown between
first position Zi second position Z2; Fig. 1Bis an illustration of the
fiber of Fig. 1A viewed along the X axis 10 (which is perpendicular to the
indicated Y and Z axes) wherein a second tapering behavior is shown between

first position Z1 and second ht - . Is an illustrative
representation of the fiber i Des 2 ih 1B wherein the
cross-sectional areas at first position Z1 and second position_Z2 are shown
over | appi ng; 15ARjagprepiatips of the adviantages andcdenefits of dhg MVERKPILIAY b MRIE

exenpl ary féa@?)z cOhprlehéndeR 55 85MsideRng gﬁé RlloWi itfeh AScrigtfon YofprbRrehi ch i's
and Z f

per pendi cular to the 1 ndicated X axes) wherein a first tapering

behavi or i embofimants i gonjumetion vaifothe agcompanying drawiags. sgiesdidnt at i on of the
fiber of Fig. 2/,Vi : | aﬁy\gﬂ X ' LR the

I ndi cat%d Y and 'zl'li&\gg%nl Qér%%?ir?hg& Oeﬁég@o d toapé]?%rﬁ?q%ée?%?g?ﬁ%ughovm,

Fi g. 3A i svigwed |alangt thgt Y vaxis éphisheintperpendicolar 4o ch¢idrdiestednd ang 7 arxes) of t he
present in e} ' : gl : i i b Se IGHIALqLR the

i ndi cat ed %Q‘taelr{‘d‘p?gégég‘"gh%?&‘%pgs %P?")éstb%%‘g%%rtﬁﬁr%‘gb@séﬁ‘g’g/?gr@%g‘u h%‘\%‘}q"? Fig. 3B
is anotherZpl lustrative representation of the fiber of Fig. 3A viewed 25

shorain a seconlf a8 MBSRASH et fhel O HIE, LA USRS Hols MO X8I0
di agr ai® of (wlricleseppbendiculat totheoindicatedi Yivaed 4 axes) ovhersinkd sagofid tapesingand Fi g.
ol ers haseiof APefbclentiEt ARkl Shla BARGE 28T oo for i mparting a
gradual taperi Fig. 6€ ipan ildystnating) rdpecsentatian ofithe fiber sHoem inifig2 A7 akOIR 56
PCT/ USZOO?(V%Qx%fh?&le cross-sectional areas at first position Z, and second position Z; are shown
overlapping;
15 Fig. 2A is an illustrative representation of another exemplary fiber of the
present invention viewed along the Y axis (which is perpendicular to the indicated X
and Z axes) wherein a first tapering behavior is shown; ’
Fig. 2B is another illustrative representation of the fiber of Fig. 2A viewed
along the X axis (which is perpendicular to the indicated Y and Z axes) wherein a
20  second tapering behavior is shown;
Fig. 3A is an illustrative representation of another exemplary fiber of the
present invention viewed along the Y axis (which is perpendicular to the indicated X
and Z axes) wherein a first tapering behavior is shown;
Fig. 3B is another illustrative representation of the fiber of Fig. 3A viewed
25 along the X axis (which is perpendicular to the indicated Y and Z axes) wherein a
second tapering behavior is shown;
Fig. 4 is an illustrative diagram of an exemplary method of the invention for
making fibers; and
Fig. 5 is an illustration of a fiber material being shaped between opposed
30 rollers having undulations in their circumferential surfaces for imparting a gradual

tapering or bi-tapering features on the fiber.



9 Detailed Description of Preferred Enbodi nents As nentioned in the Summary
above, fibers of the present invention are substantially
non-stress-fractured and substantially non-fibrillatable. These two fi ber
char act eri swoasorao®selef i ned, for exanple, in US Patent G&aXH7H0Rk R eder
et al., also 5 owned by the commobn assi gnee hereof. By
"non-stress-fractured," the present inventors nean and refer to individual
fi ber bodies which are substantially free of internal and external stress
fractures, such as mght be created by grinding nmethods, nechani cal
flatteni ng nmethods (Conpare e.g., US Patent 6,197,423 of R eder et al.), or
by extrusion nethods which distress the 10 surface of the fibers (See e.g.
US Pat ent 4, 297, 414 ofDetsled Pescniptioniof Preferwed Embodimentsiere is to nmaint ai n
integrity of the individual fiber bodi es, not only in terms of structural

fiber integrityss bintigh&Pid 'ﬂ;eegﬁhﬁﬂarﬁ%ob@' ﬁl%@o?%h@fprés'&ﬁt ExNeﬂho§ yed ace area
whi ch contacts the surrounding matriXx material, such'that |1 -out

r esi st anceubsthatiallymonctiesshiagipred a@éﬁé‘?ﬁﬁ%ﬂt?llﬁﬁﬁﬂf@ml&@b’&y TlFf‘ée feAdbaLt ur er
from one Tdffleb@iiihel Acfifld, fébtxamble, BY s ¥Hied: 660! 928 Hider ot BF, Midsen!

I nvent ors mnean ber res that do not
subst aldt i adeedﬂn'dhceommDoamebéprebfber or fi br| | units when nechanically

mixed into and ggiddl G kb Rd: {*&{p@% i i QBRI RS BHVER

necessary to achl eve orm spers bers in the m x.
For exanpfiiter bodies whmhrauda\dsdanmlly)ﬁae nﬁirmmalmtl@pcteamalsum faxtwencrdt e, whi ch

t . h | d
ot reducd TRF 58 Meade By gHBRE HiliiSer, WAl bhisBlin Herh Qe 00
m Xi ng t hee.g.i U8Rate 611971438 of R@;ﬁeactealé,\mrhy;pxtrdslgpmeslmﬂs|whlcfh¢scm¢hcet e The
f et "I%Ubsméé %lﬂy Pb%r” ? for §D%{t&)£'41997t i Elihi;'/f%&“&?nq‘tg)ct gﬁér%ﬁé%he fibers

fract ured" non- A6l ¢ causeé uring nmanu

or m xi ng in2bt béretih® maintirs integroy o der iadiyjdual fibe bpdw idteontyin woneour f ace
bl em shes dsto he 38 t a nmcr Qpi eve a I wher e
the fi ber g’—ruga%xtrtféélateﬁugm s§ﬁf§ ’t’tegmy aq%sgmgm%ga \f%eégtg{s%%%#gaaph%nonena
are due tovlmmneo:item therssrronndihg rxpmh:yrmtermr sucm mamlbuatrrasistameprehmes and/ or

due to roughenin ace o nt of

200 egat o- B E A te Serellfy bt St @ Haci iR M o8 i Silo e nei, 50
consi dér ed rranlﬂyesmmiﬁbxlﬂmﬂﬂe,'smeemssént anvenwotsngeany anldi tbferr Itd atdmduailm'ibbhe sense
cont enpl atbeo%ies that do not substantially reduce into smaller fiber or fibril units when

mechanically mixed into and agitated within the matrix composition to the extent

necessary to achieve substantially uniform dispersal of fibers in the mix. For

example, when introduced into a matrix material such as concrete, which contains

20 sand and stone aggregates, the fibers of the invention should not reduce into smaller

fibrillar bodies during the time required for mixing the fibers such that they are evenly
dispersed in the concrete.

The term “substantially” is used for modifying the phrases “non-stress-

fractured” and “non-fibrillatable™ because, during manufacture of the fibers or mixing

25  of the fibers into concrete, it is possible for some surface blemishes or threads to be

seen at a microscopic level, particularly where the fiber are extruded from synthetic

polymer. Such microscopic phenomena are due to imperfections in the polymer or to

the extrusion process and/or due to roughening of the fiber surface on account of

mixing in aggregate-containing concrete. Such microscopic events, then, are not

30  considered manifestations of stress-fracturing or fibrillation in the sense contemplated

by the inventors.



by the inventors. WD 2007/102956 PCTIUS2 00 7100 2 4 7 1 10 The term
"matrix material s" includes a broad range of materials that can be

rei nforced by fibers, including adhesives, asphalt, ceram cs, conposite
mat eri al s (wO@097/1029%86i ns), plastics, elastonmers such as peihPebe7/085491
structures made fromthese materials. Breferred matrix materials of the

I nvention include hydratable cenentitious 5 conpositions such as paste,
nortar, ready-m x concrete, pre-cast concrete, shotcrete, grout, screed,
gypsum based concretes (such as conpositions for wall-boards), gypsum
and/ or Portland cenment-based fireproofing conpositions, waterproofing
menbr anes and cBae tenys matrid oathxals’hinghwles bbsoaskrange of lmnn@rlds)ﬂ’pbsm bens,

hi ch can. kPRl B! Bl OlamiBbedhobn ! Wt RpABSAhalils 0Nt 07

are used i e por a hydr
"concrete. f’esﬁi@ephsmsl clastomepsasitie 8s nibbezhamd Srm»reamede frcmrqw;s auhterialf

hydr at abl e ce i_nde i no VS nd
cenent, nasonrflprftﬁﬁe tma@ ef‘(a“ié eman ing %gg aka\r@ c{}ti?t‘a’gtone
hydrat edl  édmpsitfony sadhas pasae) uh@-tae,drebdyannx bonanae,epm4cag copcmmo Ishmex;eteand
silica funme _or oth 15 mat.eri {grrgqn used in uch nli—ﬁ% g d wat er .
Mortars ar 8BasiEE a&}'Pﬂ“Brng? °°f“h‘8 b ﬁ%‘ P nERIGH g’&it YHCRHS s and.
Concr et es gypsuiidr dndycr Rdﬂ]athdfbaridn)Lbad&dl ﬁﬂ:pn@fmgoaj‘xﬁ}ﬁ)s&g@&eg&t&?pmbﬁhg as smal |
stones and_cr shed nti.ti.o i tions invention
thus refer™j F‘?f&‘éoagﬂgs o r@é g%’ %ﬁmu%ﬁ%{ﬂ%‘?sém“é v(‘:’g‘r?gr?f“? ti ous

corrpositio&f@pllaﬁm‘d}ymdvebmxxrfmng r equi red amounts of 20 certain
ratabl e.cenenti t.i fine and/ or

oA U N SRS COTRL L B b SRSl
Exenpl ary fdeheng” ofmdrbwe,”i by ebhdaete may Thaepill IRveepastes (®high, zlnﬁt eftthre®r one or
T ST el POV TS5, PRLCEL RS, LLTLL S ALUR, SO0l Sl B "
pol yet hyl ewnenlt Qmsdﬁfysd:dnYenZ,Eorﬁﬁﬂer&YtEﬁD&xd Raylalb h{omd%i 1ghestmieenyt1raced\/\ei ght
pol v T ehe). rROLP OB St PG TRL N e, PELY A Sy 20, Lot o ©
conposi$ e nhtedals@onhbily aﬁedaﬁnbu&déeﬁnenis) ahd Ratek. Mummz&e Phstés ddditichallpnded
together b};lcﬁldlsnugl ﬁebggegrégea%é nsuglg as Qa%iigagdncretesnacli'g rmc;[rt(zlrsf gc{dr?lonally including
coarse aggregate such as small stones and crushed gravel. “Cementitious
compositions” of the invention thus refer and include all of the foregoing. For
example, a cementitious composition may be formed by mixing required amounts of
20 certain materials, such as hydratable cementitious binder, water, and fine and/or
coarse aggregates, as may be desired, with the fibers described herein. |
Exemplary fibers of the invention may comprise metal (e.g., steel) or one or
more synthetic polymers selected from the group consisting ‘of, but not limited to,
polyvinyl alcohol, polyethylene (including high density polyethylene, low density
25 polyethylene, and ultra high molecular weight polyethylene), polypropylene,
polyoxymethylene, polyamide, and thermotropic liquid crystal polymers. The
preferred geometry can also be obtained with a composite material such as a bundle of
fine filaments or fibrils bonded together by a suitable resin or inorganic binder to form
a thicker “macro-fiber” unit. For example, individual fiber bodies may comprise
30 continuous fine carbon or aromatic polyamide (commonly known as KEVLAR®
material) or glass/ceramic or ultrahigh molecular weight polyethylene or even metal
fiber filaments of very high modulus and strength bonded together by resins such as

nylon, epoxy, polyolefin, and others, to provide a composite fiber possessing the



a thicker "macro-fiber"” unit. For exanple, individual fiber bodies may
conprise 30 continuous fine carbon or aromatic pol yam de (commonly known as
KEVLAR(r) material) or glass/ceramc or ultrahigh nolecul ar wei ght

pol yet hyl engoio7aueBs netal fiber filanments of very hi ghpdieishdsmoRRo
strength bonded together by resins such as nylon, epoxy, polyolefm and
others, to provide a conposite fiber possessing the WO 2007/ 102956

PCT/ US2007/ 002471 11 required nodulus and strength. Qher possible
materials fromwhich the fibers can be formed include netals (e.g., steel,
stainless steel), inorganic (e.g.: glass, ceramc)). The draw ngs provide
i |1 ustrat i equindd maddlwm@cmngﬂagthefripbmﬂﬁemtéraﬂs frbmawﬁchdlqaﬁibﬁnembm of the

present inyvent The ha |ze PES 5 concept

and are notic/’ da%?ill“fl %%?é g,mtgef %"glr% ® V\% og %%&éﬁ I'ch define

t her ebet ween arn'henﬁmwmghl pto&udmdmstmmhaﬁhaq@mrst exump&ﬂycﬁbarsntocfadhmtw th and
udi n and 1 f the

defines a |lon centr
fiber is b‘?é)mprgl?ﬂfw&? tlgrprewfg)[vg% rﬁyg‘i]%%rf g‘?ﬁgé‘? Elgpﬁiﬂzsett? ﬁgﬁ?%ed by
hand SVS hg&dﬁc@{ ﬁﬁ(ﬂ Eﬁdndfﬁﬁiﬁn $@sdalbatTHef’ﬁﬂ)er§° hehﬂértw@aj’ppbﬁnﬂbﬁmwhiﬁh‘deﬁmd and
considered. in, three djnension e present
i nventi on. G?B“WF%EH%EF%‘B’W%%I’ ‘g&?rss a’g‘é&‘ﬂé’mﬁ’%ﬁ ?’@‘f‘%@' naj or
?ﬁ is Z \é\/lt lhi lohgmdmsad lgﬂdbeﬂrilf}ﬂoaatéd;mx_yof aﬂd gt h]‘lﬁls)/\lﬂt}he fibdias b%nt?ww&lsmnd to

e W or . wi der i ber a secon ransver se- m nor
axi s whi chiwisgted, Jmpsthg lg&sﬁ‘ﬁl’ 6“‘569‘?1“"5 ﬂc?tr hgﬁ%' %iﬁrn‘ﬁ‘e‘i"ﬁrfﬁat{’] #hal mj or
axis Z w | fipd@an de@nqmyade\a@d ad Gon¥iderRadn thikes dmaédsmauqiabe/f&qfu&ma@nd to
t he thi cknes di mensi, on where the fiber has aglcgval 91{4\3@%

tors

ot herw&e ¢ B RIps5EE nyéemnape LRESy&rsg mingy 6F1SI ThH é’eﬁfeé

cont enpl at @ajohakisiz Wlﬁ Héo&!%ié%ﬁdttﬂe hﬂye( (@idethishaill hmwcbohfegﬁoaatto ttRger i ng
di nensi ons, nd th he at L perlng di nensi ons nee F
necessari IV‘ °étW1 E’ﬁf‘%‘@n' d‘ﬁ%g W't Pe?ﬁ%’@t 3§ verse H"B?rk?é‘lls whichjig,

possi bl e, pdrgyn@icare, toZGoﬂ;ouibamn&n&ﬁ @p%ungn inidingi eRjorhaah 7 edildes at, for
exanpl e, a 45 de ree an% W t ﬁs t to the sec&gd t apering di nension.
For snal | ‘isl:%i“@ #3 ¥dht Zﬂﬂ thisywil Y qorrssRand fonthedhickhess ion it s

bel i evesl t WAdre Ry EiBer Bis aR RVAK irddidmRular, 08 SBERAG flaneloss-(deeioRANMhsdlbar ) for
the at |l east two tapering dinensions is nost convenient. As shown in Fig.

1A, an exebrgfi§dy short bi-tapered fiber 10 of the present
The present inventors contemplate that it is possible to have more than two

different tapering dimensions, and that the at least two tapering dimensions need not
necessarily be at 90 degree angles with respect to each other. It is possible, therefore,
20  to have one tapering dimension which resides at, for example, a 45 degree angle with
respect to the second tapering dimension. For small fibers as contemplated in the
present invention, however, it is believed that having an approximately 90 degree

angle (perpendicular) for the at least two tapering dimensions is most convenient.
As shown in Fig. 1A, an exemplary short bi-tapered fiber 10 of the present
25 invention has a first tapering behavior or characteristic when viewed along the
transverse minor Y axis, which is perpendicular to the transverse minor X axis and
longitudinal major axis Z. The major axis Z coincides with and is defined by the
elongated body portion (or shank) of the fiber 10 between one end, which is
designated first position Z,, and the other end, which is designated as second position
30 Z,. This first tapering behavior is seen, when moving the eyes from left to right of the
illustration, as a gradual narrowing of the width from Z, to Z, along the length of the

fiber 10.

Fig. 1B illustrates a second tapering behavior or characteristic of the

exemplary bi-tapered fiber illustrated in Fig. XA when rotated 90 degrees about its



25 invention has a first tapering behavior or characteristic when viewed
along the transverse mnor Y axis, which is perpendicular to the transverse
m nor X axis and |longitudinal major axis Z. The major axis Z coincides with
and i s defiwedodryoidse el ongated body portion (or shank)p@fudb@obisber 10

bet ween one end, which is designated f2irst position Z1, and the other end,
whi ch is designated as second position 30 Z2. This first tapering behavior

is seen, when noving the eyes fromleft to right of the illustration, as a
gradual narrowing of the width fromZl to Z2 along the length of the fiber
10. Fig. 1B illustrates a second tapering behavior or characteristic of the

exenpl ary lohgitiel athjdridner Z. Thefibenaedhawn ni Kjg. 1B) iskwimwedatiaigamarBOerskegr ees
about its WD 2007/.102956. PCT/ US2007/ 002471 12 | ongi tud{nal, .maj.or. axis Z.
The fi ber, ™HOT 88§ W%Haﬂsg‘?er& ,%lciu ar, 1p JG ansy SR, YN e F d lﬂ?é]tgpmg is X,
whi ch i s pakjoeagis QU Fie detonidaptriag betaw e ivieen, whetl moVingnite kgsscfrdmi defnal

maj or axis Z, ,The second.tapering, behayi ar i.s _seen, en ing t eyes
fromleft ©FEH Pé‘ﬁf’ %E‘*s“?%%"'iaF Ia&%"éf&‘ cngg ﬁzg"b?ht&%ﬁ%?% tg!ﬁ)g%gﬂ‘gc’fﬂﬁ%m Zi to
Z2 al oy tfiserliongth of the 5 fiber 10. Fig. 1Cis a conposite illustration
of the transverse 0Ss-sectign rafiles, taken at first position Z and
second positi onE ‘Zz? df at‘FPé“Qé%&FrSi"éﬁVt’B’? -0? é%pgyv;:qsgé:fosi@ectmqaﬂg{oltf)éetsed in
Figs. | angken atiistpositonez] dldaesoddopsitionds,nat thewkerhprary bi-tperbl fiber 10
transverse_axis X is designated in the horizontal direction of Fi i% 1C,
whi | e mi noflugigrted i Figsy L angyd.swhen viewed; lopsityding] anjer pxisA- MP8Lt i on of

Fig. 1C HeaMsQersd BRisCX G5 Yesigiftdd e Wrbhiaf dir&dtiohhéf BTl *milelthimbaper ed
fiber 10 at Z1 and Z2 are shown_as an _overl appi n%,cg osite illustration.
a8

The shibedU#Eresords Yois designated iry thepwsrtigah direckion of Heagey HistEeFsas OXi |
(located t@ctivl pfifllesOds thexdmplar bi-tipere@iiBef 10GAZEUnd Z,1hE shd DB aPf the Y

axi s) represent the change_in cross-sectional area occurri ngwl n the fiber 15

10 st art i n®YSRPPRINg SPmpptite; illystrations, nEhe,shaded gentiegs desptsdaalons Bsn@incséat i on Z1.

The shadedaxipgid d@aled @800 @b fohBe MEfNGHthe Yoais) anadhXeabetat 8dhéis AYT
(l ocated ahove the X axis) and AYB (|l ocated bel ow the X axis) represent the

change i n TEYLE thea¥ axis) epreseahthe shange in fgossieqtippak rga oy Bhthe f1oer 1 per

locatipn Zio aRing @EARHIJChIGT 7} mﬁﬁfbg&s;%m s setdnda6eR R ZeTHEGRAdEIe sum
total of AXL and AXR should be no nbre than 10% and
portions located along the minor Y axis and designateg as AY (located above the X

axis) and AYp (located below the X axis) represent the change in cross-sectional area

occurring in the fiber between first fiber location Z; and second fiber location Z,. The

difference between the sum total of AXy and AXRg should be no more than 10%, and

20 more preferably no more than 5%, of the sum total of AY'T and AY®; one of the

purposes of the present invention is to achieve fibers having a substantially uniform
transverse cross-sectional area along longitudinal axis Z.

In further preferred embodiments of the invention, the amount of tapering can

be determined in accordance with the following relationship:
25
AR/AL o (c*A)/(ge*n*Ly

wherein “AR” represents the change between the ratio R at Z; and the ratio R at Z;

(wherein R = width/thickness); “AL“ represents the length along axis Z of one

30  modulation (e.g., the distance between Z; and Z; in Figs. 1A and 2A); “C* represents

fiber tensile strength; “A” represents fiber cross-sectional area; “€* represents the

fiber compressive modulus; “n‘“ represents the number of modulations per fiber

length; and “L¢* represents the total length from end to end of the individual fiber.



20 nore preferably no nore than 5% of the sumtotal of AYT and AYB; one of
the purposes of the present invention is to achieve fibers having a
substantially uniform transverse cross-sectional area al ong | ongitudinal

axi s Z. In ywoahhdranms ef erred enbodi ments of the |nvent|%m§§3§07@mypt of
tapering can be determined in accordajice with the follow ng relationship:

25 AR/AL oc (as A/ (EnLf') wherein "AR' represents the change between the
ratio Rat Zi and the ratio Rat Zz (wherein R = width/thickness); "AL"
represents the length along axis Z of one 30 nodulation (e.g., the distance
between Zi and Z2 in Figs. 1A and 2A); "C' represents fiber tensile

strength; "A" rpRre¥enis hbaeﬁaaf&@ﬁ&hseﬁgemahea rﬁ g'&' arthplitn@é eiitse t he
fi ber conpressive npdul us; "n" represents_th of nodul ati ons per

fiber | ermgelile dimensiqnsy e.geplong HARY SR @XPOK 2P Iength fromend to end of the

| ndi vi dual T i DegnotVf? 3RApak BREpRATHNEANS (25 &ent kichtion $OBicHn he 11 ber
material, the |ar he  t aper,i ng anplitude in the %@oflle

di mensi onFig4y. | alf'@ﬁ’gl‘?vr‘!élﬁgl‘&@r"s‘%‘”ﬁ‘;(é‘é’ng(‘féﬂﬂ’e‘ﬁe TAIRGE A5 Yo iaip expdpal
bi -t aper edyiibiigs, WheRlvitwAdd BloRs §dtt tb YD tdfOMe | iBusihROR, bBtwdeh FirseAiverlne fi ber

10, which I's viewed along transverse mnor axis Y, has a gradual 5
wi deni ng, W?é‘ﬁn\ﬁleﬂncheF‘PMb@flf’C%t@nr%H{’d aferadval PAFQRINE AR YAth BRWERIen fi r st

fiber |ocaliofy fMiler 31tisH 29 M fhirBGHoek Rﬁaﬁarp@s Z¥ne s’aﬂﬁ fibed &@dyﬁlomwgfw ng in

wi dt h between second fiber location Z2 and third fiber | ocation The
sane fi bertrapgvarse gHagnaxis chdn KigadByekshasng serespending gradyal glecase it has a

cor r espondj,agn 4k %H@éendﬁx%{ ftafod 2, dn ti' 435&%3 l@&rtﬂ&ﬁ% bhd S cdrRSpdddRE £4 and a

second location 72, and a correspondi ng gradual increase in thickness
bet wedf scgradial linsrease dn triskegssl behraca qee@rat lasatigns Z, And thisgh degatien4s @st ration

of the cr Cb%%gw%@i@é iRRALGH Of mee&ossts%'éﬁ&a@?réﬁles Zékena&dz.zazq WeZ,, whayed in

the direction along major axis Z, he conp05|te over | appi ng
i || ust r at i\dewest int the diregtian aleng maim ams 4.imgay wmw|¢@c¢mp¢sstewsémﬂ% that the

di fferent S S e ZI 'ﬂﬁ@ﬁ

di fferent 1118{“ s%éﬁﬁfcﬁ 9f)bratle ﬁ*ﬁ’[‘)“}deﬁ‘ F‘? lrﬁ eﬁhltga%ér e(%ggl berpa’% shown in Figs.
2A and 2B aess-seetiayal profilesthaweed 05 Z1and b aculd hs different, thisrismoprefesab2 and from
Z2 10 44 The Crﬂ'&sbisﬁﬁérb@ Bidkr ) gﬁb\lvfﬁn %igs. 2A and 2B can be said to have two

modulations (i.e., from Z, to Z; and from Z; to Z3). The cross-sectional profiles or
shapes at Z; and Z3 are the same, and it is preferred that the distance Z; to Z, and
distance from Z, to Z; be approximately the same, such that the fiber 10 is said to
have two modulations or one complete modulation period or cycle of modulation.

20 A further exemplary bi-tapered fiber 10 of the present invention is shown in
Figs. 3A and 3B. The fiber 10, which is viewed in Fig. 3A along transverse minor
axis Y, has a gradual widening from Z; to Z, and from Z3 to Z; and a gradual
narrowing in width from Z; to Z; and Z; to Zs. The fiber 10, when viewed along
transverse minor axis X in Fig. 3B, has a corresponding gradual decrease in thickness

25 from Z; to Z; and from Z3 to Z4 and a gradual increase in thickness from Z; to Z3 and
Z4 to Zs. Preferably, the cross-sectional profiles of Z, and Z4 are the same, while the
cross-sectional profiles of Z;, Z3, and Zs are the same, and the distances between Z;,
Zy, Z3, Z4, and Zs are the same, such that the exemplary fiber 10 as shown in Figs. 3A
and 3B can be said to have four modulations or two complete modulation periods or

30 cycles of modulation.

While the exemplary fibers of Figs. 1A-1B, 2A-2B, and 3A-3B were shown
with fiber ends coinciding with extremest cross-sectional profile dimensions (i.e., of
largest or least dimensions along axis X or axis Y), this was intended for illustrative

purposes only, because the present inventors do not believe it necessary that the fiber



shapes at Z4 and Z3 are the sane, and it is preferred that the distance Zi
to Zz and distance fromZZ to Z3 be approximately the sane, such that the
fiber 10 is said to have two nodul ati ons or one conpl ete nodul ati on peri od
or cycl e ofwondwliatsson. 20 A further exenplary bi-taper atthidendfd7of the
present invention is shown in Figs, 34 and 3B. The fiber 10, which is
viewed in Fig. 3A along transverse mnor axis Y, has a gradual w dening
fromZ to Zz and fromZ3 to Z4 and a gradual narrowing in wwdth fromZt to
Z3 and Z4 to Z5. The fiber 10, when viewed along transverse mnor axis X in
Fig. 3B, has a correspondi ng gradual decrease in thickness 25 fromZ to Zz
and from Zéngtly bé4cuansad pregiselyussl to caineids avithn gredatesk midth portion XX 20s)Zr and 74
to Z5. Prefera Cl.QS e sane,
whi |l e theei'{l tsegxgtleoélt on’{a{(3 ;l;hz |&'lie6s?é1o#a %foga?é&ﬁaxﬂiwgé ar e"@%el&;sagfr‘rlégeand t he
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axi s) or thitkhgyest portion (Y axis). ThIS w | | be the case particularly

where the individual fiber bodies nDduI ti ns r cycles

o o 't 1 o) DI B e iy s oS AR & wie fngecat o chlindidy

modul at i ortmtwgedcehp tiwb @oirts £1oAF axis A Thedrefiéally| theredis ohinimbar(or eveneases and

decreases w dth corr.espondi g% t 0 a, .,decrease nd in rgﬁeﬁﬁef{xﬂ t hi ckness.
T HRE

Fur t her PRo) ¢r Paimym, guig fdP°4‘%%¥&°PSF%‘u’1“ faat P&t the

cr gs?] - sectth@ mmlbk@esefradob@xhr)b@é diffdr&ft oh;b@ﬂeﬁae%fmegdrmce@omﬂeﬁ tgases in

W at corresponail ng Y, two Creases nd, two i ncreases in

t hi ckness. Z fg‘ Bg gb‘?rh %E‘bﬁﬁﬁﬂﬁtbﬁ"ye a3t Fe?ﬁéqel%%‘f‘gamé‘ %‘Frﬁ?é"‘%ﬁber can
be obtg negh Bbre Ghdr uﬂayafhoamyudnwemtr&saoabon%ew& Zcrabhapess icahd y, there

s no mninmm (or even a
surround matrix material, more fibers within the batch of fibers used for treating the

matrix material, will have a chance to resist crack opening regardless of whether the
crack exists towards the middle or near the ends of the individual fibers.

Fig. 4 is an illustrative diagram of an exemplary method of the invention for

20 making fibers 10. In the case of synthetic polymer fibers, the polymer material is

extruded through a die 20 or other extrusion device preferably in a monofilament 8 or

sheet form, is cooled 24 such as by running through a water bath or between chill

rolls. If the polymer is in sheet form, then it should be slit into individual fibers after

this cooling stage. The individual fiber strands are then oriented (or stretched) in the

25 longitudinal direction to increase the (Young’s) modulus of elasticity. Optionally,

this can be done by drawing the polymer between opposed rollers 26, through a

thermal softening zone 27 (using an oven, hot air blower, or other heating device),

and then through another set or sets of opposed rollers rotating at a much faster rate

(e.g., 5-10 and more preferably 5-25 times faster than rollers 26). After the optional

30 orienting/stretching stage, the polymer strands 8 are shaped to have a modulating

profile by drawing the polymer between opposed rollers 30 having outer

circumferential surfaces having periodic undulations therein for deforming the

polymer and create a tapering feature in at least one dimension. The present inventors

believe that it may be possible for one set of rollers (such as designated at 30) to



fraction of) or maxi mum nunber of nodul ations required in a single fiber as
long as the width/thickness ratios (X/'Y) are different on both sides of a
reference point on the Z axis of the fiber. Preferred fibers will have at

| east one mwdub@iio®ss and preferably 15 no nore than thi rdggwReobslesdshons per
fiber body. Thus, if a crack opens in tshe surround matrix material, nore
fibers wthin the batch of fibers used for treating the matrix material,

wi |l have a chance to resist crack opening regardl ess of whether the «crack
exi sts towards the mddle or near the ends of the individual fibers. Fig. 4
Is an illustrative diagram of an exenplary nmethod of the invention for 20
nmeki ng fi bipdacel@pering mbdulatian intws Yimdnsions (Yuoh yxie X fndaxisy diteetiqms) pfrer

mat eri al xtruded .t hpo di e 20, or. othe si.on devi referably
in a nnnof'?‘Fafﬁl?ﬁtmgerd?l éﬁ@g’fa@oﬁnﬂecﬁ’%d 2Y5I° gcfogifs% ayge W"?‘&ﬁeﬁ?ﬁgi&t hr ough
a wat er baddifacé vaghleeess fifaylbe ery 31|05'éd [Hveh hiRoyghl ywee bppssing ralleeschaving m  t hen

it should be slit into.individua rs after this co |n st age. The
i ndi vi dual OYtensircuryfersptial supfaces yafh Qﬁ“io “5@ t"BP“%FFé’f?,fﬁE POpRAVIS %0

| ongi t ugli Nadhidle'REkéPFestiils frof @a§ oné bﬁﬂ{eY@.ue@ r&»::rg)paﬂddsc ﬁh‘ﬁduﬂﬁtmﬁ aadty.
Optionally, this can be dope dr aw the)g betvveg 0gpposed rollers
26, t hr oughePtherKithsfrodlsr FEFH'ﬂér%ﬁeA ftixe! 3’ r?)%ﬁ cam 8¢ ofiqIcliabyer | or

ot her heat gip@ntfeéh6€)with asmdambedlmhb&pt&h 8o tof ethefif lca® 'bes ©kG1IAEd Op@osed
rollers rotating. at a nmuch faster rate referably 5-25

e.g., 5-10 and por
times fast €MmiioH5H apphipdesand diequagay dp %41@(063‘? PEFRERdiggar, '@ﬁtﬁ%ﬁg?’é}f 84 chi ng
st age, theg@%memgtsfa@,agﬁﬁ are shaped to have a nodulating profile by
dr awi ng%t he pol between opposed_rollers 30, havi Eg outer circunferenti al

surfac®® havi ngly' ﬁ8e|5| i rcllpsteRnoR 9t GhEberanterial § bringeshapst PGWeFROPRSES mer  and

create a tafiefs 50 hbfRkWiiluldhions 3h6ta§£he9n@rdakﬁfa@§nansurﬁb@s RirSisfpaftinghyent or s
believe that it nmay be possible one set of rollers (such as deS| gnat ed

at 30) to medlzleml/tgwgseefmpwm@Wrotmf&notw seh o these Fplers hgvimgdhe at i ons

in two di R GNdmilROhtiuRations Xaxﬁ@éiexﬁfﬂb%d{asdﬂlé%édeﬁ&‘i%haﬁgl anflB& rélidpes2
material. Optionally, a second pair_ of ‘rollers 32 havi ng circunferenti al

surface undhowatindfia ey vhosmin &ied, thevwmben sfigrdulations 35 HsT Mgh (9 9ok s havi ng
outer ¢srcypfaiRmt bﬁbuﬁfdﬁir@%?%é’\flﬁdﬁla@r%ﬁﬁ Ocﬂé ea r‘# %@W&B'tﬁ@ Tolfer %Opsru?lfagésr ed, it

is possible to 5 achieve desired resul ts one of the rollers haV|ng
peri odi ¢ umﬂjlﬂé& itemperatge afhheofiber (sgmen ekqvp@m eqrmmwr@r ebfa@ room

Al ternati vehbherda@tn i§ Olb&Fab1eL 2F e Ofpofyter Vi@ not heated in the optional

orienting/stretching stage) are all within the control of the skilled artisan to achieve

the desired gradual tapering.

20 Again, it may be possible to achieve the bi-tapering effect described above
merely by using one set of opposed rollers where, for example, displacement of
polymer is achieved primarily in one of the transverse axis directions (e.g., axis X).
For example, the undulations 31 of the rollers 30 are used to control the thickness
tapering (in the direction of Y axis) while the polymer displaced provides the width-

25 wise tapering (in the direction of the X axis). Optionally, another set of opposed
rollers 32 as shown in Fig. 4 can be used, this time aligned with their rotational axes
perpendicular to the rotational axes of rollers 30 to achieve an accurate tapering
feature in the dimension perpendicular to opposed rollers 32. The curvature of the
undulations on the circumferential surface of this other set of opposed rollers 32 may

30  be slightly different than the undulation curvature on the first set of opposed rollers
30, in order to maintain a substantially uniform cross-sectional area along the length
of the fiber body.

Preferably, each of the rollers used in a set of opposed rollers has undulations

that are evenly spaced around their circumferential surfaces, and each of the rollers



circunference with suitable dianmeter and one of themcan be oscillated with
controlled anplitude and frequency in a direction perpendicular to the fiber
axis and the other being stationary. 10 Fig. 5is an illustration of a

fi ber mat erwel@/1beshig shaped bet ween opposed rollers 3Thagidgodandul ati ons
31 on their circunferential surfaces fwr inparting a nodul ated tapering
effect on the fiber 10. (Another set of these rollers having the sane or
simlar undul ations can be enployed as the perpendicularly angled rollers 32
shown in Fig. 4). As shown in Fig. 5, the nunber of undul ations 31 per inch
(or cm, 15 the anmount of curvature of the undul ations, the gap between the
rol ler 30 eithinacgisen sard rblﬂr&s h&rmecrlrahmmy Hifkddh eudhi etseby gmudi tuatheyn of

t enperature above room |rabI not
heated in [9®e Bbﬁﬁed’ﬁﬁ‘fg Ia aﬁ\é}ag ‘§n§9§§%°;h 2 18’ f"l‘i'?‘r’fﬁ?
control of u;t\dwatﬁhsbfe;éo@pbseaaallérmu&ﬂgr@mnthe desired gradual tapering. 20
Again, it may blg‘aposm b e to achi eye the bi- erln effect described above
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to the rotationg| adfRerObxenBlhl prodésstsr Me iresear Mlenfibn! fof tnakapefibery
feature i n the di nension perpendicul ar to opposed rollers 32 he curvature
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body. Pref ghgbiyva t§Reilg Kfeb fité thd Ebers USRIk b%p@ed?%llé?é cOPBeEratiob her s has
undul ations that are evenly spaced around their_ circunferential_ surfaces,

and each ofrept§danesing sffscipin seprofiyegrans sy disEnsieny ophich aremsragndicrir a gi ven
set of 150l [ LERhAier BE HERG AT degrdcd o) SICH 1BE 16048 AP mafotGRist dFathe t ey

fiber. If not, then alternatively a second set of opposed rollers can be used which are
arranged so as to have their rotational axes perpendicular to the rotational axes of said
first set of opposed rollers, so as to achieve a tapering effect in a second dimension.
The rotation and spacing of the rollers and roller sets should be designed such that the

20  cross-sectional area of the fiber remains substantially constant (i.e., + 10% or less)
along the fiber length.

In further exemplary embodiments of the invention, the fibers can comprise
two different sets of individual fibers, wherein a first set of fibers comprises the
above-described bi-tapered fibers, and a second set of fibers comprises fiber bodies

25 having a different fiber body geometry or body dimensions. For example, the second
set of fibers may not contain bi-tapered bodies, but may otherwise have different
geometrical shapes, such as flat ribbon (quadrilateral), round, oval, rectangular, or
other cross-sectional profile shapes. The second set of fibers can also be bi-tapered
but having different taper dimensions in terms of modulation distance (e.g., between

30  Z; and Z;) or distension (change in width or thickness) when compared to the first set
of fibers.

Moreover, the fibers of the present invention, though having elongated bodies

(or shank portions), do not necessarily need to be straight, since some bending,



rotate at the sane rate and such that the undul ati ons of each roller
coincide with the wundul ations of the opposed roller during rotation. An
exenpl ary process of the present invention therefore conprises 5

conpr essi ngwe weti1at9ser pol yner fiber between opposed r ol dcangs26@003a91
circunferential surfaces having matched undul ati ons which periodically
repeat in identical patter on each of said opposed rollers, thereby
creating a tapering of fiber material in each of two transverse di nensions
perpendi cular to the longitudinal major axis of the fiber. In a further
exenpl ary process of the present invention for nmaking fibers 10 conprises
extrudi ng audlgy eistig/ ek edrifiping Ombh9r materallp el aEng the bokanbfactyre or
optionally stretching the polyner to orient the material, and shaping the
fi ber mat ePPEPEMELINESSa first set of opposed rollers having circunferentia
undul ations conforned to, inpress a tapetin ffect into the fibers, The
opposed rol | er s&gﬁﬁrﬁgmo’ﬁé? SRR t°<a:€%§;ffaf%f'§§'e enfpregaing cXamples 28, of t wo
t r ansver seiiflistreuisis ORBich W fbvide®faranptmadieplposed onlyp each other (or at | east
45 degrees apart) and to the longitudinal major axis of the fiber. If not,
t hen aI?ernativer a second set of opposed rollers can be used which are
arranged so as to have their rotational axes perpendicular to the rotational
axes of said first set of opposed rollers, so as to achieve a tapering
effect in a second dinension. The rotation and spacing of the rollers and
roller sets should be designed such that the 20 cross-sectional area of the
fi ber remains substantially constant (i.e., 10%or less) along the fiber
|l ength. In further exenplary enbodi nents of the invention, the fibers can
conprise two different sets of individual fibers, wherein a first set of
fibers conprises the above-described bi-tapered fibers, and a second set of
fibers conprises fiber bodies 25 having a different fiber body geonetry or
body di nensions. For exanple, the second set of fibers may not contain

bi -t apered bodi es, but may ot herw se have different geonetrical shapes,
such as flat ribbon (quadrilateral), round, oval, rectangular, or other
cross-sectional profile shapes. The second set of fibers can also be

bi -tapered but having different taper dinmensions in terns of nodul ation

di stance (e.g., between 30 Z1 and Z2) or distension (change in w dth or

t hi ckness) when conpared to the first set of fibers. Mreover, the fibers
of the present invention, though having el ongated bodi es



(or shank portions), do not necessarily need to be straight, since sone
bendi ng, WO 2007/ 102956 PCT/ US2007/ 002481 17 curving, tw sting, or crinping
may naturally occur during the manufacture or packagi ng process. The
present invention is not to be limted by the foregoing exanpl es and

il lustrations, which are provided for illustrative purposes only. 5 18 It
S clalnﬁdschQﬂlbers for reinforcing a concrete or other matrix materi al,
conprising: fiber bodies having two opposed ends defining therebetween an

i nternmedi ate el ongated fiber body portion which is substantially
non- f r acfur ed FARIS FEREIPIORTING R SPRAPIE QRRETSr MakEaMAterial SOMRESIFG'x material such
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havi ng sa i'nverted tapering avi ors Sald fi bers having
an aspect r at the first andrsesoraf taperning dimeasiegahaanginventk diaperng éhavimrs Wbearein, t han
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the transverse cross-sectional area remaining substantially uniform along axis Z having said
inverted tapering dimensional behaviors; and

said fibers having an aspect ratio in terms of length to eguivalent diameter of not less
than 10 and not greater than 500, a modulus of elasticity not less than 5 Gigapascals and
not greater than 250 Gigapascals, a tensile strength not less than 400 Megapascals and not
greater than 2,500 Megapascals, and a load carrying capacity of not less than 50 Newtons
per fiber and not greater than 5,000 Newtons per fiber.

2. Thefibers of claim 1 wherein said fibers have a length of not less than 10 mm and
not greater than 60 mm.

3. The fibers of claim 1 wherein said fibers have an aspect ratio in terms of length to
equivalent diameter of not less than 25 and not greater than 500.

4.  The fibers of claim 1 having a modulus of elasticity not less than 20 Gigapascals and
not greater than 100 Gigapascals.

5. The fibers of claim 1 wherein the fibers have a cross-sectional area that does not
vary by more than 10% along the length of the fibers.

6. The fibers of claim 5 wherein the fibers have a cross-sectional area that does not
vary by more than 5% along the length of the fibers.



2. The fibers of claim1l wherein said fibers have a |l ength of not |ess than
10 mm and not greater than 60 mm 3. THe fibers of claim1 wherein said
fi bers have an aspect ratio in terns of length to equival ent dianeter of
not |ess than 25 and not great er than 500. 4. The fi bers of claim1 having a

nodul us of_elasticity not |ess than 20 G&_ﬁpascal S ? not greater than 100
G gapascal’s. g3hefiRgrsiaf glgirs 1draving At iRast r medulatigR wheigiy, tegross-

Cross- Segédu@ﬁla}of@rmhé fasdr istPESseRGind déBfanseyinEte dofespdridfitgotidedidiel engt h
of the fibers. 6. The fibers of claim5 wherein the fibers have a

cr oss- se@iq 'aﬁrgasweta'ckw does not vary by nore than 5% al ong the length of
the fibers. 19 7. The fibers of claim1 having at |east one quarter

nodul ati on wherein the cross section Profi |l e of the fiber increases and
decr eases §n vihgtiResAf claipdaving at dpast erameddationwhereindhe sLassisgclion RIRMess.

8. The fifiRe ﬁbé}fon%%d’r‘é%eg%ﬁh Rec@Hedreasds i9 WRIteSHHesHohaiRg Wesh&itilely N8 one

cross-section profil i ber once increases and once decreases in
wi dt h cofewsegreraiidmie 'ﬁ@gﬁ%ﬁtmltb'émessto one decrease and one increase in
t hi ckness. 9. The fibers of claim1 having no | ess than tw nodul ati ons and

no greater than thirty nodul ations per fiber bod 10. The fibers of claim
1 havi ng &.cr dbsfigewstaf slaém 1graymoine lmﬁhaaﬁwmg\oseb ng 1q greater fraagbitiavi ng

a first %[oa’ulggédsop%,ﬁgg@%denent along X minor axis divided by neasurement

al ong m nor axi second shape having a second X/ Y ratio that is
different fromthe first proflle 11. The fibers of claim 10 wherein said
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ultra hi I"'ecul we ypropylene
pol yam dfirst profilet her notropic liquid crystal polymers. 14. The fibers of
claiml wherein said fibers conprise pol ypropyl ene.

11. The fibers of claim 10 wherein said profile modulates between said first and second

X/Y ratios no greater than thirty times.

12. The fibers of claim 1 comprising a metal or polymer.

13. The fibers of claim 1 comprising a polymer selected from the group consisting of
polyvinyl alcohol, polyethylene, low density polyethylene, ultra high molecular weight
polyethylene), polypropylene, polyoxymethylene, polyamide, and thermotropic liquid crystal
polymers.

14. The fibers of claim 1 wherein said fibers comprise polypropylene.

15.  The fibers of claim 1 wherein said fibers comprise polyviny! alcohol.

16. The fibers of claim 1 wherein said fiber bodies comprise smaller fibril units bonded

together by a binder or resin.

17. The fibers of claim 1 being formed of metal and having no less than one modulation

and no greater than thirty modulations in cross-sectional profile dimensions per fiber.

18. The fibers of claim 1 comprising a polymer selected from the group consisting of
polyvinyl alcohol, polyethylene, high density polyethylene, low density polyethylene, ultra
high molecular weight polyethylene, polypropylene, poiyoxymethylene, polyamide, and



15. The fibers of claim1l wherein said fibers conprise polyvinyl alcohol.

16. The fibers of claim1 wherein said 3% ber bodies conprise snmaller fibril
units bonded together by a binder or resin. 17. The fibers of claim1 being
f or ned on‘henfmmipmaqududmystalgocmnéresadmbens hamag modedsathamtwo miodulatiorgramaitrer t han
thirty nodu] a fIOI’IS i.n cros ec t.i onal L @ nsi ons e flber 18. The
fibers ofeaieLiNANFIYURH} NS Wa NS CIATSTS gt@n@ RTEYCBRIT N [-consi sting of
pol yvi nyl al cohol, polyethylene, high density polyethyl ene, I ow density

pol yet hyl ultra wei ght' pol yet hyl ene, pol ypropyl ene,

pol yoxyrretﬁ%ll trlﬁ(gw{f%r?ﬁw&gntagm tg f'b?rﬁ%?ﬁlﬁﬁ? dpic iiquid crystal polyner;
said fibers having no | ess than two m)dul ations and no greater than

ei ght een dul_a ns in cross sectlon rof di mensions per fiber. 19. A
matri x mat h-lheé' ﬁrtsaﬂfmaﬂ'@ tor?@W'ls!S‘@raé #ﬁrgnt sotp O ipVIENg dPersor ¢l aim 1

conpri si waeratn a fraséet oMAbets Chpesds tﬁebstagéredrmbr@ stemdimfi Bﬁcﬂ 2.sechitbsation a
first set of fibers corr?rlses the bi-tapered fibers of claiml1l, and a second

set of fhesepavag{jeerpody gePmeBygr B%Hrﬁé’?“??s'ms %%f?”kff%ﬁéiddtﬁ%t &t PSRt from
said first set of fibers. 21. The fibers of claim 20 wherein said second set
of fibers does not contain bi-tapered bodies. 22. The fibers of claim 20

wherein sald Jbedhersiciagm 20wherein saigiseraidssesiof f'l%ﬁj‘éld%s RefcRoatain biapergd

di ff er engodigpering dinensions in ternms of nodul ation distance or distension
when conpared to said first set of fibers. 23. The fibers of claiml
wherein the bodies of said fibers are bent, curved, or crinped.

22. Thefibers of claim 20 wherein said second set of fibers comprises bi-tapered bodies
having different tapering dimensions in terms of modulation distance or distension when

compared to said first set of fibers.

23. The fibers of claim 1 wherein the bodies of said fibers are bent, curved, or crimped.





