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WO 00/ 26452 PCT/ US99/ 24691 5 ' ' a material is closely

rel ateg to the ehgirée! &hichtis enade T a hydraulic cement binder and fine and course

aggregates, is known to be a fairly brittle material. If its maximum tensile strength

is exceeded, then crack initiation and propagation will occur.” The concepts of
“flexural strength” and “fracture toughness” are useful for understanding crack
-e—eeeese e - behavior-in.concrete. ...

25 Flexural strength is related to the critical stress intensity factor, e.g., the
ability of a structure to resist crack initiation. - Since it is proportional to the
maximum sustainable load, flexural strength is measured as the minimum load or
stress required to initiate or start a crack under flexural loading.

Fracture toughness is related on the other hand to the specific “fracture

30 energy” of a concrete, e.g., the ability to resist the propagation or widening of an
opened crack. This toughness property is proportional to the energy required to
propagate or widen a crack. This property can be determined by simultaneously
measuring the load, which is required to deform or “deflect” a fiber-containing
concrete (FRC) sample at an opemed crack, and the amount of deflection.

35  Toughness is therefore determined by dividing the area under a load deflection

curve generated from plotting the load against deflection of the specimen by its

cross-sectional area.
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Which is directly proportional to the ratio of the fracture energy, G- and
the stored elastic energy at the maxinmumload, G, (1ch oc GFIG,). The
fracture toughness or energy of non-reinforced concrete is

sonewher e YR YPH&SFange of 50 to 200 Nm This low fracture ¥8§‘éﬁ%§ey¥5xg9li s the
main i ‘o reason for the.high brittleness of concrete in tension and
conpression. .. OnThe tduetitity?adfiampatesiahnis oidselyoreiated of e ehsraceAGiElkgthynder
tension) is rg@gheg, tre concrete cracks and fails (crumnbles). wever, it
i s known to WaCh g dEeQiypragortionalte the rationfthe fracure FrArgwaGe anddheistoredt of
ener gy requi - & i . C e~to a of conpl ete separation of
its fract ureélgﬁ}cf%g%.ﬂ%%%@%& %glri’st‘rgld‘ex(S)(?jé’?)éel , polyolefin, 15
carbon, nylon, ar@he dracans t@lghnicss hsrvénebBe of aupgeintaeed B6ncEste Ns WeR 1dw) an
article entitled "Flexural Characteristics of Steel Fibre and Polyethyl ene
Fi ber Hybri dsqmeqwhiess deide cangeradtss, to 200 My s Mhisdaw fomtungdeughinbssdis ahe main

fi ber-reinfor oncret.e. i y.cdi spersing di scontinuous, steel and
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provide it Whidakingt hﬁtdfﬁmtrbhmdecgeoﬂ&étﬂgﬂﬁ&?-teﬂﬁi&QQ§%€§JﬂEd,aﬁ@ cgncrg&()’
Conposites, Vol. 13 (Butterworth & Co. Ltd. 1982), PP._ 1-64-1-68-..
Kobayashi anerackso and dailso (reumbles)o e rHeweveny itvis| kneswroto ssee¢infording fibemdia by
shearing cold-rolled. steel, the di nensions heing ., 0.35 nmx 0.7 mmx 30 nmm
and  one-t hr EFEET LiFregsF g Iaﬂlr%mog%m}'et?ﬁwe@ntg bringhe cpnepete do & statsoft h of

40 mm and a letel sebdration 6F it s ) : ' S Eded
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fibers pndvi dabion,mytonyaremid; and plasshavy bperostigdeste fopsidhwsat resi st ance and

[ | asti biljty. Thi by d t | yol.efi J th
Singutar def i oi enfl Siefegpilel HeBi ChRgrpuRe of S BBk andene 1 n
other words, Fifeeelybfil/ReinforlcBs CoRsRR Kbtiyad gfdg rg{orﬁehagﬁ%dﬁﬁﬁé}.rgmrﬁed

pol yet hyl ene fibers 30 did not do when use e polyethyl ene
fibers increaswtetstmadegtbly dispasing cdisaintihoousatteeln anthi pdiydthylesd diversf ibear s di d

not. do when used al.one. However Kobayashi and Cho taught that their steel

fi bers shoul aa:ﬁgmﬁg@gegtpdoqtpée gatoc thet c?‘%/f%te t9oPrevide Hp bith cytrepgtlr andnas

extreme hLgss i g ' : j [ WO
26 t&i‘ghﬁés;sl. % %bb{z}bshﬂ@ngcﬁingﬁﬁt@omé&né@ Rl Ba(mﬂﬁerﬁﬁgl kCES.1198

98/ 27022, J. Seewal d di sclose gth concrete having enhanced
_ductility usilB$2)3pp.264-1R8/ nB8 of inorganic (e.g.,. steel) fibers ..

(approximat ely 0. & 2, & RoLEe8o Yol 05 HolBnty Do B 1 o2 ety

shearing cold-rolled steel, the dimensions being 0.35 mm x 0.7 mm x 30 mm, and

one-three percent by volume of polyethylene fibers having a length of 40 mm and a
25  (circular) diameter of 0.9 mm. The steel fibers provided flexural strength by resisting
crack initiation, and the polyethylene fibers provided fracture toughness by providing-
pull-out resistance and viscoelastic ability. This hybrid steel/polyolefin system
overcame the singular deficiencies of either steel or polyolefin fibers used alone. In
other words, steel fibers increased first-crack strength which the polyethylene fibers |
30  did not do when used alone; while the polyethylene fibers increased strength after
crack formation which the steel fibers did not do when used alone. However,
Kobayashi and Cho taught that their steel fibers should be used at one percent (1%)
volume, above which there was extreme loss of fluidity in the concrete.
In World Patent Application WO 98/27022, J. Seewald disclosed a high
35  strength concrete having enhanced ductility using 30-200 kg/m3 of inorganic (e.g.,

steel) fibers (approximately 0.4-2.6 percent volume) along with a smaller amount of
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nodul us. Although Seewal d taught using preferably seven ti rres as nuch steel

fi bers as i{g erneflbers it is not clear how he resg @Q%
fluidity pve $%62t hat woul d cert ai nly have been the concern 0 ayashi
and. Cho,” as just noted above. to Summary of the Invention The present
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percent) steel |bers an atten ant expense an I"Oss
di sadvant agd&obayiphi imdoCha] as st roredabdvee present invention takes into

account the use of two different fiber conmponents in which the primary
concern is achieving a high fiber surface area/fiber volune ratio and a

hi gh m)d%l us of elasticity in o of p) fiber ti conponents, and this is
beli eved® o be nore | mport ant tMMI ar fibers 20 made of a
particul ar mat er i'Tie préseficiadention erevidesemtimproved hiybrd fiByr sySRMOr Ricteasihge!
fibers. or none whatsoever, while at the sane tinme inproving overall

ductility.- the quﬁéﬂﬂé%%@m? to widening efoymath eracks s wel ablargendafermationsal | er

fib | ume, th b h t
Feal 1 zoq & nabteRy, shfdBineongrst WfRess JRHIYRAY ﬁh%nﬁ%tﬁssﬁ% B TAAS ek
account the dq;ehﬁ\gs Owhi®d avdi@ingi kigh -voRirnd @g@eﬂ (6 péroéiR) @{Eephbe@&natth@isat h

smal | and large crack openings. An exenplary fiber systemof the present
i nvent i off tmt@né@npxneggand(fhydléy loss disadvestagesnent conpri SI ng fibers having a

Y dul 0 L dth to.thick
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dianeter ratio of 25-125 (dianeter may be equival ent |amatg See AC
544. 1R-5), asurfave amg/fibervojumeaatiq @nd @thighrmodulvs ofw(basumy nmbn@ of)ﬂlecfannonent

Ot i Boled o e Bh oA Rt kST by ™
20 made of a particular material. Indeed, the present invention may employ all steel
o fibers, or none whatsoever, while at the same time improving overall ductility. _
Increased ductility is achieved using substantially smaller fiber volume than prior art
systems, because the present inventors realized that toughness is more efficiently
enhanced by taking into account the behavior of the fiber-reinforced concrete (FRC)
25  at both small and large crack openings.
An exemplary fiber system of the present invention thus comprises: (A) a
first component comprising fibers having a Young’s modulus of at least 30
GigaPascals and having a width to thickness ratio of 10-200 and an average length
of 5-50 mm (and more preferably 5-25 mm); and (B) a second component
30 comprising fibers having a length to diameter ratio of 25-125 (diameter may be
equivalent diameter, See ACI 544.1R-5), an average length of 10-100 mm.; the
volume ratio of component A to component B being at least 1:2, and more
preferably at least 1:3.
The present invention also provides a cementitious composition comprising

35  the above-described fiber system, as well as a method for increasing the ductility of



.35 t.he above-described fiber system as well as a nethod for increasing the
ductility of 3 WD 00/26452 PCT/US99/24691 5 a cenentitious material by
i ncor por at j he fiber system Qher advantages and fe t he
present i n\&gﬁf’@%ﬁ%re di scussed in further detail herei naftgrkl.l%%??/e .
Descriptiion of the Drawi hgs A conprehension of- the foll ow ng detail ed
descri pti®n atememtitiiuamyaterial byenbergdoraton of theyfitee sfsteml| | Otk advaytapéseand
acconpanyi ng,.drawi ngs, wherein. Fi % (J{ is a graph of conparative |oad
defl ection clRGEES ?fg e PEESEtInY§IioR de disgissgdandurtherdegail hreigafies) 5 n
(non-reinforced) concrete, conponent A fibers only, conponent B fibers
only, and a sanple of an exenplary hybrid fiber-reinforced concrete sanple
of the present invention conpBrief DgsdriptionoftieoDeswings and B 15 fi bers.
Det ai | ed Description of Exenplary Enbodi nents As previously nentioned, the
term"concrete" ré é?oglﬂf@"&s‘%rrﬁ%s‘h?i following, tdetailed g desceiptieht ofh iexeraplary
usual ly with_fj S . her el ter, however,
ki eﬁxbﬁcﬁg{%ﬂ& ﬁ&ﬁ?ﬁcﬁﬁ&é&GﬂE acf?ﬁggis{@ﬁ% d:%@m{é%, %h&ﬁin

t he term neans refers to any cenentl erlal® ' suchi-as cenent,
nortar cenent, an®#igrabdnaygrapiniod cofiipartative DeadsdefRytitre cuFved THO Foukr afifférent

pur poses of reinforcing the material. The present invention pertains to

i mproved hybEPRETEtE et saipplesisplaine(nepdeinfoseed) conerets; component ¢k dibers(enly. , any

Compos! £ | ons HERTRGE 508 b, A 2. Subn 5t ety WRBI- bkt Rigase
conponent A p@ir€te aimpldIF the Yedkat SnvERELA LOmpASing BSRT dHnipRHeRY AARIIVIECA69

(1994)) that is at |least equal to that of concrete, and is operative

t her eby t16 | fibewase resistance of the concrete to deflection at small crack
openings (e.g., mcrocracks and cracks that are just initiated). These may
al so be 30 characterized by a high wdth-to-thickness ratio which
translates to a high fi bgemiﬁurﬁ@,@@w,ﬁﬁg,@n{d@?mmdmg atio. This higher
fiber surface area to fiber volume characteristic _nmeans that the flexural

strength, as wel | Afs pravéousbudgnendienedsniie digemi [‘¢angretedf refprs tooric cemposidem be

i Lor - dosageRRg ot gl Wi tHR md Fote kel "R Y

20  hereinafter, however, the term means and refers to any cementitious material, such as

cement, mortar cement, and masonry, into which fibers may be incorporated for
purposes of reinforcing the material. |

The present invention pertains to improved hybrid fiber systems, methods for
reinforcing concrete (e.g., any cementitious material), as well as to concretes or

25 cementitious compositions having improved toughness and ductility.

The first fiber component A preferably has a Young’s modulus (as
determined by ASTM C469 (1994)) that is at least equal to that of concrete, and is
operative thereby to increase resistance of the concrete to deflection at small crack
openings (e.g., microcracks and cracks that are just initiated). These may also be

30 characterized by a high width-to-thickness ratio which translates to a high fiber
surface area to fiber volume ratio. This higher fiber surface area to fiber volume
characteristic means that the flexural strength, as well as the toughness and ductility
of the concrete, can be improved (as compared to concrete without the fibers) using
a relatively smaller dosage rate (0.1 - 0.4 % by volume). Fiber component A, is in

35  preferred embodiments, has a “flat noodle” or “flat” shape. Fibers of component A

preferably comprise steel (more preferably amorphous steel), carbon, or other



.35 preferred enbodi nents, has a "flat noodle" or "flat" shape. Fibers of
conponent A preferably conprise steel (nore preferably anorphous steel),
carbon, or_other 4 W 00/ 26452 PCT/US99/24691 5 materi al pﬁ,w'ulggalﬁgﬁ
required %BaP’a@‘anamy, at |east 30 G gaPascals (nore preferably at
| east 35 GPa, and nost preferably at |east 40-GPa). The second fi ber

conponent s B imateyjabrhavinge theo raguivad cwodules, t namgipess ledst FRC GigaRascalsl(mate

| ar ger deformat.i o . 0. . der .crack epj ngs), | s therefore
operative toW‘ﬁi’P&@s“g?‘?ﬁg‘eﬁf&gﬁ’tqﬂdé“%ﬁﬁﬁ%&aﬂb’e‘gj@*‘f g&gﬁa g cracked FRC
material to 1o co i FberESn B i i ' ﬁﬂ&g These
fi bers shoul d havgmg?i&&gspect raéﬁg&(?éigéﬁ%%g#\%hgﬂ% tgfzti&rrig.er %g}cn 5-125
(preferably 3pixat)l ankirger| dafgmiationd (4.@-,1Gderntracknopemings), pamf dy alrgfoRD- 55
mm so as to spanvégprg*eqr crack. openi ngs an%ﬁérans,f er stresses across the

fracture surPBE@Y Eraggtne fractyre anergy needed; to pring cxacked FRG matsial 1o
br ok . \ \ .
b1 by 10°n EGRolell RUER (e RoBIIGRERES of brbdletO  Thisk i stiotud R an

B fibers shoubpbcheativt (I¢rgdvequivalen ithnimery of 125t K25aipraferibly 86:80) dnd3a length
Preferably, steel and polyolefmfibers, when used in the present invention,
have def or me@f dA:1984nmg 3f more preferahly R0sH mue, S0Ascla, SPAMWIAKEEE SHRSH, ODERINGY her

non- strai ght Q. C t t he
shape of the @?l@ga?]gfegns erggeéﬁgazéfo\fé %gﬁ&gn%%bﬂé@geesn agengﬁs}rﬁﬁeerrFag a;I;R(L)k?m‘c’to

mention the vadgreabirkiiétancefto Madakhgeaforcesfthidugh et einbe@iéntdn the Cordtitd end
different than the prior art hybrid fiber systenms discussed in the
backgr ourld althsie abififfetopzhsednfragtirecanergyn The Molume; ofi qomponent: 4 tersomponent

fiber materi as. n | t,. A fibers of the

pr esent inveﬁﬁgﬂsé%ﬁ%gg%gg&g@ %@é@f’n?e&%geré@gﬁﬂ;é,& 1f r exanpl e, anorphous
steel (e.g., non- gr¥etadly, il ahd Pelydlefiaviiteds, awhérlited! @ thbiptdseRSTvérmionO
ranging from 10 to 200, and a length ranging from5-50 nm and nore

preferably 5 haye 2sformed Chapssnsuchasrash ng@n heximped,hiwjn-ceness tor cothas ey s,

can al so be used.as-component- A.of .this fiber system The main purpose of
these fibers s&c,axg%&glmyggcgﬁpprgv? the b nflh%hﬁfgn}eﬂgp#?ength of the matrix and
to i nprovgy the crarias3mershspessfane fibérs anamtlativy @olund)gerdtatged of filera(mo

possi bl e to use other materials having the requisite mninmm Young's
_.modul us (at |teasent®n. ipypriability of material) of the present invention are quite different

than the prior art hybrid fiber systems discussed in the background above.

The present invention is not limited in terms of the fiber materials, as noted

above. Exemplary component A fibers of the present invention can be made of steel,

25 such as, for example, amorphous steel (e.g., non-crystalline) fibers having a width to
thickness ratio ranging from 10 to 200, and a length ranging from 5-50 mm, and more
preferably 5 to 25 mm. Carbon fibers, which have a high elastic modulus, can also be
used as component A of this fiber system. The main purpose of these fibers of
component A is to improve the strength of the matrix and to improve the crack

30 resistance at small crack openings. It is also possible to use other materials having the
requisite minimum Young’s modulus (at least 30 GPa).

Exemplary component B fibers of the present invention should be fibers that
are operative to transfer stresses across the fracture surface (across the crack opening).
These fibers have to increase the resistance against crack propagation, which

35 iinproves the toughness at larger crack openings. This is considered to be a “crack

bridging effect.” These fibers of component B can be made of steel (preferably



. Exenpl-ary conponent B fibers of the present invention should be fibers that
are operative to transfer stresses across the fracture surface (across the
crack openj These fibers have to increase the resista ldgdy Crack
pr opagati&kag%?% 35 inproves the toughness at |arger crac olgg%? ngs. This
is consi'dered to be a "crack bridging effect.." These fibers of conponent B
can be nfde hopkestend|stqep fibers vdugh/have d PRt REIFtANSH I DOGBIefinFibers

hooked- end | fi A [ ve emnhanced, pul | ~out resistan or

ol yol ef 1 (EGraoly ABGfadh flnaR b5ivERIRRE FoNBRbaIGE: i e Bl Eidacsaee

pol ypr opy! erge ofitiésé fiberk iSRS vdlhes I9.930E % A&t phdTaaBly o BEVA. 46 %v&_l vol. 9%
- 5.0 vol. % and nore preferably 0.75 vol. % - Svol. % They shoul d have

a | ength of “.0Theoshawld haved length 0516160 arny apd mors Brefarablpn 26 - S5rmmeambl y
have a | ength to ival ent .di ameter ratio of 30 -.80. In concrete, the 10
preferred V(?ﬁftffé‘b&%ﬁta gef‘g@otr?p%qﬁ'é‘f‘?ie“é%f%?s‘ja 19 ‘H‘t}fa 'eébt I3 ¢onggete, theyt of
conponenh  ArdfeR& Polurhb AmoRROdTIRRDoAH BIHEE bd diehf 2%%3&@&%&&’& Githe When
conponent A"and B fibers were incorporated, were tested as +n the

followi ng ilAfibersati ve exanple. 15 Exanple 1 Flexural toughness

measurenents were. taken of fau ﬂ.ffe ent concrete sanples which were
nol ded into a be estﬂ‘éé}@e Yy btyl CORSTSS SYStMiYhs) csmponerh A And iB st
sanpl e was j PRy hofed ; nt ai ned.
conponent A@bi%t?re\rgg((ﬂgtog%:r?édénl y;teg@?%fgltdtﬁésgorlr%l e %gﬁ?%?ﬁggk%g 1%bnent B
fibers 20 (polyolefin) only; and a fourth sanple contained a hybrid
conbi nati on of fiber conponents A a B. . Fig. 1 shows |oad displ acenent
curves df the 4 different test sanpl gﬁﬂ@ﬁ‘ﬂb a Japanese Yoke defl ection

measuring system gp_,gaf ' 0 aj | s very
brittle, which i SFII n |lcgo?g%§ I?ﬁ%a%sét&%é% gvfg%q%@ht hg fP%gaﬁgeS%rgrp(?%%%S
maxi mum | oadainples ldhich weraaivdded ifitoe nmmacshapemessusing ¢00 aim By 206 m2i BP3QRL i on

is very small and, therefore, the fracture toughness, which is
propor t i onalMPe 4 fiEstsample Warcplain: (RenTeinfereed coneretedia wepndpaeple entained ver v

To 1 i cknos SRt A M el S £ M SERIC W80 aE solioBbnsnt ey St

as wel |l ms t(pelyolefin) only; and a fourth sample contained a hybrid combination of fiber

Fig. 1 shows load displacement curves of the 4 different test samples using a
Japanese Yoke deflection measuring system. The fracture behavior of the plain
concrete beam is very brittle, which is indicated by the steep drop of the load after the

25  maximum load has been reached. The crack resistance for crack propagation is very
small and, therefore, the fracture toughness, which is proportional to the area under
the load versus deflection curve, is very small.

When 0.25 vol. % of a 30 mm long amorphous steel fiber with a width to
thickness ratio of 70 was added to the concrete, the flexural strength as well as the

30 flexural toughness improved in comparison to the control concrete beam which lacked
reinforcing fibers. The load-carrying capacity of component A dropped with
increasing deflection of the beam.

When 1 vol. % of 51 mm. length polyolefin fibers was added to the concrete,
the flexural strength did not increase, but the toughness increased with increasing

35  deflection after the load dropped to 50% of its maximum. This clearly demonstrates



.30 f.l exural toughness inproved in conparison to the control concrete beam
whi ch | acked reinforcing fibers. The | oad-carrying capacity of conponent A
dropped wi @0 hbgseasing deflection of the beam Wen 1 vol pc¥pRbebsboimm

| engt h pol\}' 1%QPPR%f i bers was added to the concrete, the flexural strength
di d.not ‘i ncrease, but the toughness increased with increasing 35

def |l ecti of athateompanenvBdloes nyiimpravs duotidityfat very smealli orack openings bheendy gt
denonstrates, 6 WD g0/26452 PCT/ US99/ 24691 5 that conponent B does not

i nprove duct 1ATBETGK OPEMDES n| | crack openings but only at larger crack
openi ngs. \Wien bomenOBoIR BfHpdnéuta N aflt W MR AIRA {o0tHe GneRAS 1RE ?lcxﬁrEF

fl exural toughness inproved at small and | arge deflections. Wiile this
confirms thatoughnessniipnenedoat srhall raad diafgeedeflectiénsb e 'Whiberptltis exohfirmstthee rf or med

each conponent al one, e sigpnificantly it s or{s the presen
vent or o v eempeRteH af fyniierest Bburscatingits oumsttblrard SachronBongt doge:
anount s fi t ' kol &3 t . and
| ar ger c?gckﬁée ﬁ%ﬁg‘s‘? ag%g&tsgé‘ge(ﬁ&is%% g%%gﬁ%ﬁ% o‘FlLoeoxﬂg%p g?@hﬁsﬁ%én(f end
st eel fi ber s r¢latinelyd smaldernmetall asowitsnf Gbergeannsdverthelessrimpudveodiictilityatvhén ber

rei nforced congrete beans still can carry a.lot of |oad even at 15 | arge
crack openi n@&%ﬁmﬁgwg?%ﬂﬁwewgfﬁ@‘%%ﬂ{%@ﬁcw further advantages of

the present invent| [ 4. | | ' eness
and duct 11 ty.  Thepk SRt BE HoBkd bbb i plaE 453 ath RRhe b
brittl eness dibeflpuiloult thay fibey tefriforted Yondréte bedins still encsarnaaistrof-ibadegndef i ned
as being proportional to the ratio of stored elastic 20 energy and the
fracture Bnerldfge egackepeningsry to achi eve conplete failure. a.ax GFE where
Omax is the tensil &0k i § 1 1 SeuPR ' ength
of the specinen. lﬁ%lusi ew@rel%{%ft %‘aet ?%“Fgﬂqudstre%;%ﬁrﬁgg (ﬁi g’%eégagepgcture
ener gy i ncr edpemtioh haybedhdilitated 3 a discussioh abou lbrittldnesstandtdukctlitgs Theterdeer b
is inversely proportional to the 25 characteristic length Ich, which is
used to char #evesali »ays He Jemveuexpeessions tfae brisleaessalor qycBliyr ¢ i @Qaginaliyndhe

~t-akingthe s m%ﬁt?eh%];§ ﬁi@rﬁﬁésr%e%iayﬁgﬁijxe%ta% ‘l?e?&’gob'r[&bortibhal to the ratio of stored elastic

20  energy and the fracture energy Gr necessary to achieve complete failure.

2 T
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b=Tom 1
GF 'E ( )

where Oy is the tensile strength, E is the Young's modulus, and L is the length of
the specimen. It is evident that a lower strength and a higher fracture energy increases
the ductility of the material. The brittleness number b is inversely proportional to the
25  characteristic length lo4, which is used to characterize the influence of the material

properties without taking the shape of the specimen into account

G, -E
ly=—5 @
(o2

max

The characteristic length /3 can be used as a figure-of-merit for the “ductility”
of a material. I is closely related to the parameter R”” defined by Hasselman as a

30 figure-of-merit for the thermal shock resistance

2-G.-E
Run= O.ZF (3)



1'G: E(2) ch - 2 Amax The characteristic length |Ich can be used as a
figure-of-nmerit for the "ductility" of a material. Ich is closely related
to the par defined by Hasselman as a 30 figure-of- } t he
t her mal - sh 5@5’?%‘§$stance 2GF .E R 2 (3) Crmax 7 WD 00/ 2645 y&f%?;@%é%/ 24691
5 The paraneter Ris proportional to the ratio of the fracture energy for
crack prépaddeiperan@erdt 't Hie prapationalkto ¢henatig of the fractwrk enangy faacrash G c R' 11
cc GF (4) @topagatiom@gsaithe ffaoture érergynfer opuckt mitiatioadky.i ni tiation the critical
energy release rate G jc was calculated fromthe critical stress intensity
factor Kjc at crack initiation 10 accorqg..mgﬁg I[rwin (assum ng the
assunptions of linear elastic fracture nechap,cs theory can be app(fq ed at
the mximumload): x Gc = E~ with KL = k _ f?m (5) 2 where k is specinen
geomet ry dependerts pmeasves 1oF thereaemmidsr qrackiinisiation theemitichlenergyireleaseeate wi t hout
saying that Lch for, c rete.can. .only be increased by incyeasin 15 the
fracture ene Igwas'&alggppeééafgoﬁ i ctnltﬁlggltséﬁs ilpténsg{yrtgﬁtafﬁfw C’Eaﬁg"gﬂg for crack
initiatign 'a'écdi@ingd@Wiﬂ@qssnbﬁﬁglﬂﬁ@asgﬁm?ﬁ&s Be fAddr st frhdBRGRecBmhitd e
conpressive strength,-which. also-would decrease.- Equation 4 and 5 show
basi cal | y hdhearyetn béapplied scthemaxiomm dgadiz- has to- change, if the strength
varies, assumng that the ductility remins constant. 20 By considering

fracture energy characteristics at bgth small and | arge crack

def ormati ons, noreover, the pr eséi);=i—zéfferwitbr sKhavke- Bgken into accous) the
necessity to

where k is specimen geometry dependent parameter and Pj,;qy is the maximum

load. It goes without saying that /.5 for concrete can only be increased by increasing

15  the fracture energy. A decrease of the tensile strength or the energy for crack

initiation is not desired, because of the negative influence on the compressive

AR strength, which also_would decrease.. Equation 4 and 5 show basically how much the
fracture energy GF has to-change, if the strength varies, assuming that the ductility

remains constant.

20 By considering fracture energy characteristics at both small and large crack
deformations, moreover, the present inventors have taken into account the necessity to
consider Young’s modulus characteristics for enhancing ductility at small crack
openings, and the need to have large-fiber surface-area to fiber volume ratios and
different respective lengths in the hybrid fiber system (to bridge larger crack

25  deformations), so as to achieve overall enhanced toughness and ductility in fiber-
reinforced concrete (FRC) without relying upon high (1%) volumes of steel fibers and
the disadvantages which accompany such high volumes in FRC.

In further embodiments of the invention, the present inventors have considered
incorporating a further component comprising a crack-control agent (sometimes

30 referred to as shrinkage control agent), corrosion-control agent, or mixture thereof.
Such agents are generally known in the cement and concrete industries. For example,
calcium nitrite may be incorporated into the concrete (and/or coated onto the fibers) to
improve strength, and, particularly where an electrically conductive fiber (A or B) is

used, (e.g., steel, carbon) to resist cathodic effects when used in concrete having
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The .f oregoi ng exanpl es are provided by way of illustration only and are not
‘intended to linmt the scope of the invention. 9 WD 00/26452 PCTI US99/ 24691
51t is clained: 1. A hybrid fiber systemfor reinforcing concrete
conprising: (a) a first conponent A conprising fibers having a Young's
modul us "of a¥0 0028482t 30 G gaPascals and having a width to tRATASI¥BEr ati o
of 10-200, and an average |length of 5-50 nm and 10 (b) a second conponent
B conpri si gg fIﬂi@?faﬁn&ﬂ‘?‘Vi ng a length..to diameter ratio of 25-125, an
average length of 10-100 nm; the volune ratio of conponent A to conponent
B being at |east 11.2. 2A hybrid Bherispsternforaeimfaorcibg wbmorete nomprising:i ber s of said
first conponent A ' terjal .selected fromygetal and carbon. 15
3. The system of cfé?%‘g %?%p;%&gﬁ @5?@"?‘? f‘e%?“%‘&%a gg%rfdmecgﬂ‘ﬁo‘ﬁbeﬁﬁt B
conprise a material dease3 GigaPascats ami ledvingrdwiad twahiekiess ratid.of 1020848l em of
claiml1l wherein said fibers of saig first conponent A conprise anorphous
steel, and said fiber8 3¥FrageleRetl ot 8738 M@AMnent B conprise deforned steel,

pol yol efimg or a npjlalfeordEdnfithent?® cémpritlh L& refn said
fi bers of second gg;’rrpope%t B co?rrpl)ri semg_po %ﬁltesfeilﬂr‘lmg k léﬂgmfp et
conpri si ng_pol yet hyl aatéo of23-J35Y, sapydverage lengthnofc 10+ @0 mne; ¢tef volume ratio@wf The
system of claim4 wherein saiqd fibers second nponent B conprise
hooked-end steel fi h&PEP nfpfi%ﬂ%c%‘?gﬁ;ngmoépelﬁ éﬁﬁﬁ?si?\%)erei n said fibers of

sai d first conponep! A Thbsysteth GIEMIRNDWhereinoRld ABKEs BRAYAD Firdt 68ibéheh RM 10- 35
mm 8. The system_,of claim1 wherein said fibers of said second conponent

B are pol yol eCAMBF material selested frommetaland sarbama 9. The systemof claim 1
wherein sajd fiberg of &4 0, n ' i d
fibers of iss'econd cg'rrpon'ie‘l?l{ éytl%ngoérg}?%]@ef gh&gg;p%gs@%%gpf %383%83‘? E@‘Qﬂ‘)‘?ﬂgm
rati o of conpdheomprise aanateriab sedgctedefamn ntal andifblyoléfen. syst em of claim 1

further conprisi ng4f'i Co’i'ﬁeossylst%Pn cIan cqilaigxl { %wr%glasta?cp fibers of said first component A

comprise amorphous steel, and said fibers of said second component B comprise
deformed steel, polyolefin, or a mixture thereof.
20 S. The system of claim 4 wherein said fibers of second component B
__comprise a polyolefin comprising polyethylene, polypropylene, or mixture thereof, . . .
6. The system of claim 4 wherein said fibers of second component B
comprise hooked-end steel fibers.
7. The system of claim 1 wherein said fibers of said first component A

25  are amorphous steel and have a length from 10-35 mm.

8. The system of claim 1 wherein said fibers of said second component
B are polyolefin and have a length from 20-55 mm.
9. The system of claim 1 wherein said fibers of first component

comprise amorphous steel, said fibers of second component B comprise a
30 polyolefin, and the volume ratio of component B to A is at least 3:1.
10.  The system of claim 1 further comprising a corrosion inhibitor coated
on said fibers or to be incorporated into the concrete to be reinforced.
11.  The system of claim 1 further comprising a crack control agent
coated on said fibers or to be incorporated into the concrete to be reinforced.

35 12. A cementitious composition comprising a cement binder and a fiber

system comprising:

10



.on said fibers or to be incorporated into the concrete to be reinforced.
11. The systemof claim1l further conprising a crack control agent coated
on said fibers or to be incorporated into the concrete to be reinforced. 35
12. A cenentitious conmposition conprising a cenent binder and a fi ber

syst em ¢conpWOSVRES2 10 WO 00/ 26452 PCT/ US99/ 24691 5 (a) a F¢VEBHAbonent A
conprising fibers having a Young's nodul us of, at | east 30 G gaPascal s and

having a w dth to G Gicsmpbrént A wmﬁgn@%rsamma@ﬁi\iﬁgég@hﬁ@%ﬁ% of 5-50

mm and (b) a second conponent B conprising fibers hav ength to
di anmeter ratio of 2lsast38 GigaPageals-angddaving gmidthfto tdckness ratio of 10200y eidune

ratio of 10 conpone > .heing at least 1:2. 13. The
SRR RPN nl: 1

conposition of claim an additional conponent
conprising a crackbrantconti cagmpohent B comprising fitdis hatviag .a Rhghi st dis@etet her eof .

14. Method for enhanci.ng cidJ ity of a concrete conprising 15
i ncorporating (a) a faiuf’s‘{fd#()#aoﬁgr‘i‘f'e’ﬁgeclﬁﬁwi°§ilﬂgmpiq3'§r;s‘hﬁé{91“ﬁ‘§ ratiovefing' s

modul us ofjg at Ieastcgﬂpﬁﬂw%&ﬂp%n@,ﬁtﬁmﬂgeﬁ wdth to thickness ratio
of 10-200, and an average length of 5-50 M and (b) a second conponent B

conprising fibers Bavi riheacompngitiont of ¢laimel2rfurthe camprising 5-addiionahn
average | eng! fuglopdd- L0ty o! Bick Yo hithl,OcitbosichOTRIIER! of hBusO PO
thereof.
14.  Method for enhancing ductility of a concrete comprising
15 incorporating
(a) a first component A comprising fibers having a Young’s modulus of at
least 30 GigaPascals and having a width to thickness ratio of 10-200, and
an average length of 5-50 mm; and
(b) a second component B comprising fibers having a length to diameter
20 ratio of 25-125, an average length of 10-100 mm.; the volume ratio of

component A to component B being at least 1:2.
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