WO 200 / US2003/ 040385 PATENT 00171CI PPCT Fl BER
REI NFMW@%RI AL, PRODUCTS MADE THEREFROV| AND ﬁéﬂ&&@‘-‘?%m NG THE
SAME 10 I NVENTORS Jeffrey B. Lovett Daniel T. Biddle 15 H Charles Pitts,
Jr.  BACKGROUND OF THE I NVENTION 20 Field of the Invention The present
invention relates to a reinforcenent material and, norePAZENIcularly, to a
synthetic fiber material for providing both structural 8WJIEEREE controlling
reinforcenent to building materials. 25 Description of the Background of the
I nventsion It is well known that the addition of a reinforcenent conponent to
buil ding nmaterials such as cenentiti diBLEmterials, brick, asphalt, and the
| i ke i nproves the structural integrity of the material and reduces the
| i kel i hood of cracking. Wen incorporated into ceneatitious materials such as
concrete, for exanple, the reinforcenent conponent is added to reduce the
effect of two main struct fiBER REINFORCEMENT MATERJALL,ow tensil e strength; and
2) | ow strai n BRODUSTSIMADE THEREEROM, AN METHOD RUR RIAKINGITEE SAMEel ati vel y
| ow because concrete, when formed, normally contains nunerous m cro-cracks.
It is the rapid PI-1028152 v1 0200020- 0020 WD 20051016644 PCT/ US20031040385
propagation of these mcro-cracks under applied stress that is responsible
for the lowtensile strength of the material. Because of the w despread use
and applicability of concrete, consng¢eENPORSresearch has been undertaken to
| essen the effects of its deficient structural properties.

Jeffrey B. Lovett

Daniel T. Biddle

15 H. Charles Pitts, Jr.

BACKGROUND OF THE INVENTION

20 Field of the Invention
The present invention relates to a reinforcement material and, more particularly, to a
synthetic fiber material for providing both structural and crack-controlling reinforcement to building

materials.

25 Description of the Background of the Invention

It is well known that the addition of a reinforcement component to building materials
such as cementitious materials, brick, asphalt, and the like improves the structural integrity of the
material and reduces the likelihood of cracking. When incorporated into cementitious materials such as
concrete, for example, the reinforcement component is added to reduce the effect of two main structural

3o deficiencies: 1) low tensile strength; and 2) low strain at fracture. The tensile strength of concrete is

relatively low because concrete, when formed, normally contains numerous micro-cracks. It is the rapid
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Typi cal _rej rcement materials that are added to ce It erials

I ncl ude‘,voﬂgﬁgnﬁg&gxarrpl e, various gauges of wre msh”‘g?&ﬁéﬁzﬁ#@?@gﬁnt fibers.
A variety of reinforcenment fiber additives are known in the art that provide
st r engt Propagationaf epecmicroscracs wreer apphe strass diat igiresponpibls forthe lowdensilestecagtant i ber s
i ncl ude asbestos fibers, glass fibers, steel fibers, mneral fibers, and

cel | ul o materiple Bscausspfihe vaidesprsad ussand appligability of cencrde, censidsighble ssseardlyhapar t i cul ar
applications than others. For exanple, asbestos fibers are known to provide
ef f ect i besn pedepnksn telessen the gffectsiféls deficispiatrnewakarepertieand health io concerns, are
not extensively used. In addition, glass fibers and steel fibers are

rel atively expendiypical reinfgrcement anaterinle fiibare gdded tocrementitiosemateriaisinedwdei for ous
materials. Steel fibers typically deconpose at the surface of the fiber

r ei nfsor exathpleavasipusgangesbwemesh o seinférictymans filson tA vanetylf yeinfomdemens fiske c onposi t i on
as a result of the alkaline nature of cenent. Al so, due to the physical and
chem cahdditivas e knemingt the srt difat pripwidé strefigth eliasactetibties e building mateeials.f Typidat y i n
uniformy distributing the steel fiber throughout the m xture. is

Fur t her reifercenidnefitersindudeasteation fileny glagdibers ke bftetsaininerah fibeds, bnddetlinioiees i nher ent
with steel fiber that reduce its effectiveness. Such deficiencies include,
for exafffdre, Sofre béihboftement dibérs frle detedl suitad & pireiculddapplizationd Ban othe.dFdrekaipla/el y

hi gh equi pment costs due to equi pnent wear fromcontact with the steel

fibers. asbéstdsFibkrs @ifknbviddo pesvitieleBb@ivh BinfercdrRimEiBul Cdhe tdenvidbrinibitaBiridialint has been
cast due to the evaporation of excess mxing water. Plastic shrinkage causes
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concrete, that weakens the matrix thereof. Unlike other fibrous material s,
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has beeg BUCGARTtet dephfdiSaIndteRial) WhME g14¢ fitleRUftEhubiR a0 decoiiPos tiolg%£ g are

stretched nultiple tines and then cut  along lines at least partially
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1t is known that concrete has a tendency to shrink after it has been cast due to the
evaporation of excess mixing water. Plastic shrinkage causes the formation of shrinkage cracks shortly
20  after the casting of the concrete, that weakens the matrix thereof. Unlike other fibrous materials,
synthetic fibers are known to reduce such cracking caused by early plastic shrinkage. For example, a
fibrillated fiber formed from a polyolefin film has been successfully used to prevent or reduce cracking.
The fibers are stretched multiple times and then cut along lines at least partially transverse to the

direction of orientation. The fibers are thereby fibrillated, When mixed within cementitious materials,

25  in such a manner that they provide deformations to improve anchoring and bonding within the concrete



their e{fhobi ss. Accordingly, there is a need for i v

rei nforcerreh%ﬂ]s?@er that inparts inproved structural %&6%%3{3?%@3?0 t he
building materials to which they are added. In particular, the need exists
for a sypitiKethe eut fibsrmare dispassed threugh dlie miktire, opea to oo @gbsusts, dndthezsby impreve
cenentitious materials, provides a building material that exhibits reduced
per meabthg ptrspgthiand biading ehatagterisfice ofthe eemgrtitious mptrisved zo t oughness, and reduced
pl astic shrinkage. SUMMARY OF THE | NVENTION I n one enbodi nent, the present

i nventi on provi dé&emg afdvanges haveibednanasle ircthe aaefdiberteinfdreement ta prowide snceeagetl ur al i ty
of polyol efinic strands of nonofilaments of about 350 to about 6000 denier
per i stofighingssand durability,tand reducefcracking infthdymatrik affallilding nateridle,gnebeasobnctand. st bei ng
greater than about 0.9 tuns/inch (0.36 turns/cn). In another enbodi nent, the
pr esent Howeven thepniopartxeinfieced dibere have @ momber of difaivantagesribattwenkenwos, otteetveisd, Hinitt hat
includes a plurality of polyolefin nonofilanments, the plurality of

monof i | theie effestiveness g Aceordinglyyititetecisl a aeadfforgu iraproved reihforcemes fiber thdt irpinst  bei ng
greater than about 0.9 20 turns/inch (about 0.36 turns/cm. The present

i nvent i iMpraved strnptugal iptbperties to eervhiddingraterealerto twhich they areridddl @t pdrfidlar,ithclesdies a
cenentitious nmass and a fiber conponent dispersed throughout the mass. The
fiber cedgioeNiynihsticreinfrstirithd fitér it wheh ¥dde@{o, for exafipled BhentfiousBiartibls anent s of
about 350 to about 6000 denier per filanment, twisted to forma fiber bundle,
the degpg@d&fa &Jﬂﬂiﬁ%mb@ﬁﬂ%aﬂéﬂﬂﬁ@Ecdh&agexﬁﬁﬁlﬂﬁtggn&eésMﬁgdégﬁer[gﬂapﬂkﬂmv@@ 0.36
turns/cm. 3 WO 2005/016644 PCTI US2003/ 04038 The present invention al so

pr ovjdegughnkfi dhll PédacdiRMstidtgkdpal for a cemetitious material formed by
twisting a plurality of polyoléfinic strands of nonofilaments into a fiber
bundle for mxing into a cenentitious nmass, the degree of tw st being
greater than about 0.9 turns/inch (about 0.36 turns/cm. s In another

enbodi nent, the present i ngmgﬁm@ﬁ@ﬂt hetic fiber blend for use as
rei nforcement for cenentitious material, which includes a first fiber
conponent and a nd . f . . The flr i i
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15 filament, twisted to form a fiber bundle, the degree of twist being greater than about 0.9 turns/inch

(0.36 turns/cm).

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

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

The present invention also provides a reinforced cementitious material that includes a
cementitious mass and a fiber component dispersed throughout the mass. The fiber component is a
plurality of polyolefinic strands of monofilaments of about 350 to about 6000 denier per filament,
twisted to form a fiber bundle, the degree of twist being greater than about 0.9 turns/inch (about

25 0.36 turns/cm).



of nono{ ts twisted to forma non-interconnected t degree of
tw st bwn@ﬂ%ﬁégﬂ"er than 10 about 0.9 turns/inch (aboﬁ%@ﬂ%oﬂ&lﬁglcm. I n
yet another enbodi nent, the present invention provides a synthetic fiber

bl end for use asThegwesewfrigeeniion alsaprovidesareinforesmentmeterial #or atdemetitions| udes a
first fiber conponent and a second fiber conponent. The first fiber
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fibers in fibrillated form The second fiber conponent, discrete fromthe
first fifdraixih ito apenemitious massathé@sirdelof fviat HepPrears? thadhbaR DYRERMHENe and
hi gh-density pol yethyl ene, and is conposed of bundl es of nonofil aments that
have be@dbolitvd. 38 @fhs/cif)e degree of twi st being greater than about 0.9
turns/inch (about 0.36 tuns/cm. The present invention also provides a
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nonofilaments twi sted to form_a non-interconnected bundl e, the degree of

twi st beymkptig fiber compongnhisaronelymerdhat i discrate fpm (tahrst it senpangntiand isrpluralitnd
2005/ 016644 PCT/ US2003/ 040385 I n anot her enbodi ment, the present invention
provi deof monofilarhents twistédstoforiot em-ihtsrconmpeted hundle ithef degre wE twistbeing geeatenthan i ous
material that includes a first fiber conponent and a second fiber conponent.
The f4 r&boﬁbb&ﬁmﬂhﬂh(ﬁ%ﬂﬁo.ifstufﬁsﬂami).l | ated and forned of a honopol yner

pol ypropyl ene fiber. The second fiber conponent is discrete fromthe first

fiber conponent, nSeBnbMBOdmnEHRImdnE iHERAesentQhvetioProvidePiRieR fiker BRhY R OPY! ene
and a m nor anount "of a high density polyethylene, and “includes a plurality
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fi ber conponent _js present in the synthetic fiber blend in.amunts ranging to
f r om ab&PHIPEsEd p %ﬂtﬁ%yﬁats@f%t abe SreonsHibepemaponent, difpreln Gomdhe BT ront . ¢ ho
present invention provides a reinforced cenentitious

15 component, is formed from a copolymer of polypropylene and high-density polyethylene, and is

composed of bundles of monofilaments that have been twisted, the degree of twist being greater
than about 0.9 turns/inch (about 0.36 turns/cm).
The present invention also provides a synthetic fiber blend for use as reinforcement for

cementitious material that includes a first fiber component and a second fiber component. The first fiber
20 component is fibrillated and is formed of a homopolymer polypropylene fiber. The second fiber

component is discrete from the first fiber component and is a copolymer formed of a polypropylene and

a high density polyethylene. The second fiber component is a plurality of monofilaments twisted to form

| a non-interconnected bundle, the degree of twist being greater than about 0.9 turns/inch (about 0.36

turns/cm).



mat er i aﬁoﬁ? rﬁj;ai ng a synt hét ic fiber blend distri but@ﬂﬁ{}é@ﬂ%&g mat ri x of
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turns/inch (about 0.36 turns/cm. The present invention also provides a
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15 component is discrete from the first fiber component, is a copolymer formed of a polypropylene and

Bogeht

a high density polyethylene, and includes a plurality of monofilaments twisted to form a non-
interconnected bundle, the degree of twist being greater than about 0.9 turns/inch (about 0.36
turns/cm).

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

20 cementitious material. The method includes twisting a plurality of polyolefinic strands of

monofilaments of about 350 to about 6000 denier per filament into a fiber bundle for mixing into a
cementitious mass to form the cementitious material, the twisting occurring to a degree that is
greater than about 0.9 turns/inch (about 0.36 turns/cm).

In another embodiment, the present invention provides a method of forming a

25 reinforced cementitous material. The methed includes adding to a cementitious mass a plurality of
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DESCRI PTI ON OF THE DRAW NGS The characteristics and advantages of the present
i nvent i tommrtbe/fitwe binslle, ére dggrie pEiwist Heibg gre@er that ahouht turns/intle(abat 03panyi ng

drawi ngs, wherein like reference nunerals designate |like elenents and in
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FIG 2 illustrates a conparison between the length to width ratios of cracks

in S'sabﬁa_eﬁ]eammabmeﬂ&irggf@ﬁx@mbe@m&&t%m}aﬁem%%og@oﬁmenmepf the

present invention based on percent by volune; FIG ilTustrates a

conpari . j r | T in s slabs
cont ai iSSP REE RGN shd Kl of {orR e R orfbvidnd et e sELATEAT oo

i nvention based an perce by.volune: FIG 4 illustrates a co ri.son

bt vieen CUPRIERH SRTOR BOTHLR SRb e ST BIngRs 58PV IEI " » PORPIPHEMIA BT et
anmounts of the synthetic¢ fiber bl end of the present inventjon based on

per cent depity %Yﬂ%@?ne’l@dﬁ twyisted fo fpryis fibar bundle, thsrsarer ebiWiIHOLIRE EFFABF WK ar ea as
a percentage of control in slabs containing different anounts of the

synt het pouf 0.8 dymgfinelnthbort Ot Icugne/embnt i nventi on based on percent by vol une;

FIG 6 illustrates a conparison of crack area reduction in slabs containing
di f ferent anopuntls yetfanother embotiiment, thefprdsent idlertivh provitdése methabofireinfordng da on
based on percent. by volume; rs FIG 7 illustrates a conpari son between the

first cratdabhitendidis mikisd ABmieO6 fibdr Biend with ialckefifousmRienAils TRE syniiRtisynt het i ¢
fi ber blends of the present invention based on percent by volune;, FIG 8

i I ust r?iBéi%léﬁd%imﬁ%11ﬁﬂ?ﬁb&%ﬂﬁﬁ&eﬁ%ﬂ%%&h&'ﬁbé}fcoﬁlPBEérlf.eIﬂJﬁr&'ﬁ%Ql_S cont ai ni ng
different anounts of the synthetic fiber blends of the present Invention
based o @orHSJn‘éEt% ﬁ9r¥lla¥e(a| i Pormed of a homopolymer polypropylene fiber. The second fiber

component is discrete from the first fiber component, is a copolymer formed of 2 major amount of

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

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

BRIEF DESCRIPTION OF THE DRAWINGS
The characteristics and advantages of the present invention may be better understood by
20 reference to the accompanying drawings, wherein like reference numerals designate like elements and
in which:
FIG. 1 illustrates a comparison between the crack areas in slabs containing different

amounts of the synthetic fiber blend of the present invention based on percent by volume;



FIG 9 {vblztdéstélgg‘]éf??fgrcorrpari son between the first cr ag,?%&g%gg@ssi n sl abs

cont ai ni' ng ent anounts of the synthetic fib t he present
i nvention based on percent by volune; FIG 10 illustrates toughness indices
versus fiber contidd:2 illpstrates e pempearisondighvepmthe fegsthde Widdyraties of peksimslds t he
synthetic fiber blends of the present invention based on percent by vol uneg;
FI G 11centdining different agoprineithe syoibetinfibssblenddif te present inyention based cwpereent byi n
concrete slabs having different anmounts of the synthetic fiber blends of the
pr esent volwwent i on based on percent by 25 volume; 7 WO 20051016644

PCTI US20031040385 FIG 12 illustrates Japanese flexural strength versus
fiber content in HGrikillustmtes b adnspabison batyeeh the tme of the appearasce of the fisst gyektinet i ¢

fi ber blends of the present invention based on percent by volune; FIG 13

i |1 ust r slalssostrieing differentamhmats of the eymejtetic fileer blesd ofl theepresentritvention tased@n peredne sl abs
having s different anmounts of the synthetic fiber blends of the present

i nvent i bywdhaseed on percent by volune; FIG 14 illustrates the nunber of
blows to first crack and failure versus fiber content in concrete sl abs

havi ng different F@DilhSratel a bdifpasiyonitbefiebc crhdidedas BétResisomttol klBks 488 SNt

i nvention based on percent by volume; FIG 15 illustrates an average stress
- def | eedntdiingldiffere RAro@iP ol the Wnthbti e lerlof 8% presé® invétidH base@ b figéchosy at 1. 0%
by volune; FIG 16 illustrates a stress - deflection di agram conparing

f1 exur alolghéess versus deflection of the synthetic fiber blends of the
present invention at 1.0% by volume; FIG 17 illustrates a stress -

defl gction di agr G CoiNBRated 8 cdrhKisintetwib G8ck Y& 'S ¥ Percdtfek 6ELdnR A iRfatishe
synthetic fiber blends of ‘the present invention at-1.0%by volunme; is FIG 18

|1 ustr gdianife SRt hmonfSbe tRClyhMBiCHHRO5 & fsdrf? ShvErdtfok BaRb orf pér&emihyY € SUS
defl ection lé)lfﬁ)gt he synt0 ettlgc fsityitl)er bl ends o EHt‘nlﬁespr egent [ nve(r)ltf’on atwl. 0% by
volume; (Bl & 19 illustrates a stress - deflection diagram conparing flexural
stress versus deflection of the synthetic fiber blends of the present
invention at 1.5%hy; , i 00 o . - . def ion

ﬁel tSe f)l(’lﬁirtlla#gg g fJ’r:Aééir‘SO% of b&&ﬁ%@%&ﬁ?@mﬁaﬁsﬁ&ﬁ@% Jlllfe?

di agram conpari ng S versus ectron o e Synthetic

fiber blends QbS58 en BYBE blefl: Rberdod YsRonyRLdiY volume;

15 FIG. 7 illustrates a comparison between the first crack strength in slabs containing

different amounts of the synthetic fiber blends of the present invention based on percent by volume;
FIG. 8 illustrates a comparison between the modulus of rupture in slabs containing
different amounts of the synthetic fiber blends of the present invention based on percent by volume;
FIG. 9 illustrates a comparison between the first crack toughness in slabs containing
20 different amounts of the synthetic fiber blends of the present invention based on percent by volume;
FIG. 10 illustrates toughness indices versus fiber content in concrete slabs having
different amounts of the synthetic fiber blends of the present invention based on percent by volume;
FIG. 11 illustrates Japanese toughness indices versus fiber content in concrete slabs
having different amounts of the synthetic fiber blends of the present invention based on percent by

25 volume;



FI G leic(iHrOP%I%%es a stress - deflection di agram conpasingodsloGedds @l stress
efl'ect

ver sus 1on of the synthetic fiber blends of the present 1nvention at
1.5% by volune; E 22 illustrates a stress - defl ection diagramconparing
flexural stress \}:hgs{?s‘ﬁ“%tfef@@%qe esprak strength Yrrys I’%’cP‘?tB‘EI‘“‘E?F“éfﬁfﬁélabgf t he
present invention at 1.5% by volume; 25 FIG 23 illustrates a stress -

def | ect Poypefidigsnt arewinef derynthetic,Bhsrhlends pfdhepresentinpentiondased op perremb by t he
synthetic fiber blends of the present invention at 1.9% by vol une; 8 WO
2005/ 018¥%HS;PCT/ US2003/ 040385 FIG 24 illustrates a stress - deflection

di agr am conpar i ng.gf lexural stress versus deflection of the synthetic fiber
bl ends of the pre2@nt3 lpsraiss svsrentesiduad sirapgth versysfiber gontent ip sorjcrete sabs baving a
stress - deflection_diagramconparing flexural stress versus deflection of

t he syntifErenianqupts of e sghstiefiber lén%og@e mresenh ipaention hasad onlpedsrntdy vobimene; s FI G
26 illustrates a stress - deflection diagramconparing flexural stress versus
defl ection of the&lGyktiHestrates the pemben pEhleiss to ffirst brackynnd Sailute viersuefiter omteat inl. 9% by
volune; FIG 27 illustrates a | oad deflection plot conparing | oad versus

cent r al cehsfetesizbs bavingfdiffdrent amguntsof thesyrthdbie fibéy biandsofdlie présentpuvestémtbasedwent i on i n
a shotcrete panel at 1.0% by volune; FIG 28 illustrates a | oad defl ection

pl ot comzeant bygvdlweel ver sus central deflection of the (o synthetic fiber

bl ends of the present invention in a shotcrete panel at 1.5% by volune; FIG
29 il lustrates a HlGalb itlestrates 4 ayeragd stressc defeatiomndjagron domperiagi Sexnehtresd
deflection of the synthetic fiber blends of the present invention in a

shot ¢ evesypdefdctiat at 1.098byowolunee une; FI G 30 il lustrates an enbodi ment of the
present invention wherein the second fiber conmponent is twisted at a
particul ar degr eerIGf 16 Nlbstiatesla strekortefléctitnldiagian corptding HelokdPstreddvérduk Ust rat es a
problemin the prior art, wherein the individual strands of nonofil anent
have soQEfesitnl df&ﬂe%%}l_tﬁdﬁ@ fiberevldntls &rhesieserd fidveftion abEI%Ibl Eblulle:SCRI PTI ON OF THE
PREFERRED EMBODI MENTS It is to be understood that the figures and

descriptions of tie, prifedaies b ey IdeNEttibRYiBer @hmpatidg AbIR]1 sfds@terdu® 111 Ustrate
el ements that are relevant for a clear understanding of the present

i nvent i Qifectioh YIAR sPth e HbBAiShdSkfithd présQntthWéptﬁﬁtat Yodilvyveregni ze that associ ated
el enents and other itens nay be enployed in the inplenentation of the

presgnt i nventi ongGHARY@tes PRFEAUSRASRBY disstall cARpRip AbALNI stress versus
deflection of the synthetic fiber blends of the present invention at 1.0% by volume; -

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

deflection of the synthetic fiber blends of the present invention at 1.5% by volume;
FIG. 20 illustrates a stress - deflection diagram comparing flexural stress versus

20 deflection of the synthetic fiber blends of the present invention at 1.5% by volume;
FIG. 21 illustrates a stress - deflection diagram comparing flexural stress versus

deflection of the synthetic fiber blends of the present invention at 1.5% by volume;
FIG. 22 illustrates a stress - deflection diagram comparing flexural stress versus

deflection of the synthetic fiber blends of the present invention at 1.5% by volume;
25 FIG. 23 illustrates a stress - deflection diagram comparing flexural stress versus

deflection of the synthetic fiber blends of the present invention at 1.9% by volume;



el enents and itens are well known in the art, they will not be discussed

her ei n. wonobdfsgyaesent detail ed description of the in | i nvention
will be illustrated in 25 the formof a synthetic fi \gg}r}wééiphﬁfngébgsenent
material for incqrporation into a cementitious material. It wll be

under st ood, however: 24iustratesasiess datiscon diagrars comparing Bexurad stEsshsairent in such
formand may be 9 WD 2005/ 016644 PCT/ 11S2003/ 040385 used with any buil ding
mat er i afiflectiog of thesydhetic fher bieadsafitheprasent invensioppil- 9% % velusgious materials to

i nprove structural strength or int egr.itag. Such materials and conpositions

i ncl ude, but ar e FK&t25|ilysirptete sivsss -defiastion diagrasm eqrenaging Bewyrad slesseversyor t ar, grout |
asphalt, and the like. Thus, while the present invention is capable of

embodi ne&flection ofiig syrdietie Sbeblendsnf the present invention ef 1. 96 Sy volpmeion t hi s det ai | ed
description and the 5 acconpanying draw ngs di scl ose only specific fornms as
exanmpl es of the FHISAStlusiatesThirses -idaflaction diagrath pemppripk fléxural sirestiersue| evant art
wll be able to adapt the invention to application in other forns not

speci f i éedleftionof the synthetic fiber blendinf{thegrasp invertion pr 9% by velemer i ption. Rel ative to
wire nesh, the synthetic fiber reinforcenent materials of the present

i nvention provi dé1G 2Tolustrates eload deflectionl plobsimpefifg loadevetsusremtral deflectiai offtlr cenent .
This is so because even (o0 relatively small anmounts of fiber, when added to
t he cengmthietic fihes blandstofithe preseneinslérsibn intalshetcretelpamel gi1008% by helumg; xt ure to
significantly reinforce the entire matrix material, reduce perneability,

i ncrease fati gue FIGt28dgtries wlost defipstion plot congphrigsisad versugckilirhlideflectigpgiithecat i on
of wire nesh reinforcenent is relatively tine and |abor intensive due to the
pl acenesynthdidbbed blemts oOthe piessht infetionmintashotBiyte\panel af1.5%% Bydleme;t he synthetic
fibers of the present invention nmay be incorporated 15 into various

cementitious bui IFIG. Y iNdteed Alosd defectidh ptEdntpativifidad Rsubstintréli deflecBén of the
construction such as, for exanple, structural pavenents, airport runways and

t ar mac s synibeiiciGiRr Blesds oPie blefehs indéhfoR Alash@brdte pad Eﬂl@wa‘{rolﬁrhﬁor sl abs, pre-cast
concrete products such as pipes and tanks, tilt-up wall panels, shotcrete

for rockfill st alyidizoafis@stes in%@ﬁhnkﬁt%fﬁgﬁm?éﬁging%n%géﬂ#ﬁttﬁérsg&ndﬁpﬁ synthetic

fi ber blend of the present invention nay also be use or repair,

rehabi | bdniloh@iis tﬁﬁk&ﬁfdﬂm&ﬂﬁ:?ﬁk@%@%&é&, fbntivel 34 knghgpPr oducts or 20 structures
such as, for exanple, i'n overlays, whitetoppings, and repairs of airport

pavepgents and br igges: ifRGkss o fbnith b tDfriot BASHHAPMle dRNREands A 0N Y a

limted nunber of applications are present 'hereln, at the present

E[ E\e/ltent E%@%ﬁﬁ#ggﬁéﬁgh@?@%ﬁcﬁ%@@%f é_h‘ewe construction of all materials
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
It is to be understood that the figures and descriptions of the present invention have been
20 simplified to illustrate elements that are relevant for a clear understanding of the present invention.
Those of ordinary skill in the art will recognize that associated elements and other items may be
employed in the implementation of the present invention. However, because many such associated
elements and items are well known in the art, they will not be discussed herein.
In the present detailed description of the invention, the invention will be illustrated in
25 the form of a synthetic fiber reinforcement material for incorporation into a cementitious material. It

will be understood, however, that the invention is not limited to embodiment in such form and may be



In addI‘R, gostédf:i“s‘gructural rei nforcenent, the i ncorporgprmz&gm;&gs synthetic

fiber 5 the present invention in, for exanple, Cast cenentitious
material nodifies_the cracki ng mechani sm and reduces_the propagati on of

ni cr o- cYs5e With gnychwildiag materiels ardrcempositinns relaingsthersfothat ysefijrons materials foigpraye non- 10
WD 20051016644 PCTI US20031040385 reinforced cenent, the resultant cracks of
fiber r8RuEY seaeth ghiakegy. §P°htrﬁ%ﬂf5¥3@§émmn°ﬁ9@§tmcaweehuéar§ fel limited t9, pemgnbt h, t he
per neabi | i té of the material is reduced, and the ultinmate cracking strain is
enhanc egprcrefe, shoigesicnmodar, gAY, 5Phaltand the ke Ehuss whiledhqpressatrinventicpdmeapatic off e
capabl e of carrying a |oad across the crack. In addition, as will be

di scussembadisnesin magy differsnt formes, for pase of desoriptioncthiy detailasdsscaiption anf dhepr esent
invention s indicate that the concrete material has inproved toughness or

r esi duatccompaatyisg dryinggdisteseionly specifieforms es examples ofgheinkentiom dThesghakiag e
substantially inproved inpact resistance. The present invention is directed

t o a hytndinaryiskil imithe feldvantrartyyell boableto adaps tha frivertioo td apipication anudher fomngnot
particularly, to a blend of synthetic fibers to reduce the effects of plastic
shr i nkagpecificadly presgnted\hereinchraskdrupon the presest desquiptigrer ti es. As wil | be discussed in
greater detail below, it has been to discovered that the conbination of a
first conponent MRiehdve tamdreanesiedigrsgnthaiofiberacihfofdenerit niaberfalrofitk prsenbybri d fi ber
bl end of the present invention achieves surprising reinforcenent properties
and a viwéntiby protide pmbfefisttive endwsieiiicicat fiema bfreinfdiceeh) Athisad soMetbe wach fi ber
conponent is individually capable. In particular, the fiber of the present

i nvent i futivelPaalEencufts bf ier,oheidhdisd tochedithemiohd @XM, afHidntiadehrotgha@ki ng
whil e inmprovi ng i npact strength, concrete toughness ‘and other structural and

| ong- t emBriiure ty SfiifidahiYy lem@Re thd @Sire nldh®x hhtbr$d), rf:d@@fmrﬁ@iﬁi’lﬁ?ﬁﬁ&eab%ﬁgu
honopol ymer pol ypropyl €ne fibrous rei nforcenent material. The first fiber

conmponegtenih, Ad rb\%ttgnﬂggnésk [ labdigde ﬁ)pﬁéh%%ﬂ‘@ﬂ’ Wite l’flésﬁ ?émﬁﬁ@ﬁxcﬂf?s\i'eﬁ@vel time

approximately 100 to ut 20,000 dénier per filanent. For exarrpl e, in one
embodi Mgt miéaﬁveoale%@mt: aBofSet ae&anasfaesocﬁte& fkrebither component is
approxi mately 000 deni g per filanment and 1 ncludes the follow ng physical

20 properties: C&W&%‘EQN%%%%U&QE Kber e YRR Tveltidy Aoyl ieRThiRRI | ES OF

THE FI RST FI BER

15 into various cementitious building materials and products used for building or construction such as, for
example, structural pavements, airport runways and tarmacs, bridge deck overlays and barriers,
structural floor slabs, pre-cast concrete products such as pipes and tanks, tilt-up wall panels, shotcrete
for rockfill stabilization, tunnel linings and dome structures. The synthetic fiber blend of the present
invention may also be used for repair, rehabilitation, retrofit and renovation of existing products or

20  structures such as, for example, in overlays, whitetoppings, and repairs of airport pavements and bridge
decks. It will be understood, however, that only a limited number of applications are present herein,
and that the present invention may be used in connection with the construction of all materials that
employ reinforcing fiber material.

In addition to structural reinforcement, the incorporation of the synthetic fiber blend of

25 the present invention in, for example, cast cementitious material modifies the cracking mechanism and

reduces the propagation of micro-cracking caused by concrete shrinkage. Accordingly, relative to non-

10



Mat erial Virgin Honopol yner Col or Gray Pol ypropyl ene Form Col | at ed

Fi bril | wiocmosdreteess Aci d/ Al kal | Excell ent Resistance gaais063/04e38d Absorption
Nil Gavity Tensile 28-40 lasi. (200-272 Mpa) Conpliance A S. T. M C 1116

h f d

S]E r ?(I)VO ﬁeé‘l?%réed[z c\évl\'/n? ;%ﬁp remhﬁmﬁf Jr%crﬁ%otf qbglﬁlémfo?&g (8&1%[:&%%6’ pr?s?ﬁt Mﬁtgon maﬁ% £ Slr l”g
ted f. t hat t d

al kali g ¥ 'eé%esfegr@eam%ﬂﬂ?rg%@ 3 sedoefl BaRE Rt Epig PR BAITP Bl Vo

n us One as’a rern enen
gi()tscﬁ:sggmﬁ it B Q.hetble ?ds%(i: Bsgoggg% e?éeqtn ven%)fl ﬁIgtCFI?eaP g%%%‘&ﬁe??{d a%rg)%%?r%c tly
i S
e orfre AR B B 8%%@%1@#3@?@?@@%%? Syl Tiete b b B0 b

first fibé(r’ conpqnent . exhi IIS(%,Pgd m xi ng and uni form di stribution
propert @ Yrhagq Jubsipptially PRproved irpech eSO fGt er i al provi des rel atively good
|l ong termdurability and, secondar /te erature control for
t enper at ur e/ shr i niREEESTH BRAG s diRce 103 dybrdlend of ek pafrmanss stiednfberne £ rst
fi ber conponent may be added to the_ is hybrid mixture in ampunts of about 5
to abou@nrgewwafb@tﬂaw’mz}md o eynihetie ﬁb%tpr@eeﬁﬁb? gifects\of plagtic skopkagsiaidnt of the
present invention, the first fiber ¢ onent.  may be added in anounts of about
6.7 t oifBRIONgRIERCd SERERHPIOPITHiES, A Ml bf:}gswed injgreater detaibhelayy igdanlei® nay, but
need not, be the same |length as the second fiber conponent. \Wen used in the
pr esent diseaverad thatthe sasbinatien offs fisetcompanew fiberanda yecard comperent Sber tnfermmiper i d
m xture in | engths of about 19 to about 60 mm For exanple, in one enbodi nent
of the hyprigriibseiendiofithe prepashinverttion sdhjeyes spipsing winfpomesnt prmhﬂ@enchdwatyuoﬁ
| engt hs of about 54 mm The second fiber conponent is a high strength fibrous
r ei nf or pefoemance benefits geater tharcthat o which gach fiber compénentds individualdy dapableedn of enbossed
nmonofi |l aments. The second fiber conponent is 12

particular, the fiber of the present invention improves control of plastic and settlement shrinkage

cracking while improving impact strength, concrete toughhcss and other structural and long-term
15 durability properties.
The first fiber component is a homopolymer polypropylene fibrous reinforcement
material. The first fiber component is a collated, fibrillated. (network) fiber that may be approximately
100 to about 20,000 denier per filament. For example, in one embodiment of the present invention the
first fiber component is approximately 10,000 denier per filament and includes the following physical

20  properties:

11



WO 2005/&&9&?@%&/ US2003/ 040385 preferably a copol ynﬁéﬁgwrr?e/gﬁof maj or

anounts, pie y about 75-80 percent by weight, po &8s preferably
a low nelt polypropyl ene (2-nelt honopol yner), and m nor anounts, preferably
about 20-25 percent by weight, high-density polyethylene. The second fibers
do not fibrillate, i.e , they do not pull apart to forma net |ike structure
in the cementitious matePHWSICAL BRORERTIES OF FHE conponent ifs a high
tenacity, polyalefinic thr #IRSHEBERCH NENT| st ance. and eikcel | ent
flexibility.|Mserahcor opfs'aﬁqamwwft he hyhrGeer bl end olfG"EYhe presgent invention,
the second [T CoMPEiEr G Raes M idarentSrgkmapprox matel y 350 to
about 6000 denier per| filanent. The priedestaied enblo I rent of{ the second fi ber
conponent iSF dfker abl 881t wi st ed t o for mAtsemam- | ntfaviiconnect ed bundl e of

L

mul tipl e strpH88Yef al ngniibritlating—Honeiilanent nbodi ment of the
i0 present i hyumhtion, PRETECRTRY™ i ber |COMISTent e HIFFL fol | owi ng
properties: | PREHRIT ES OF THH NT Materi al
Virgin CL Color Giay Form Col |l ated Hybrid- Tw sted Acid/ Al kali Resistance
Excel l ent Mondl aments specific 0.91 Absorption Nil Gavity Tensile 70-106
ksi. (485-730 Mpa) Conpllaoce A.S.T.M C 1116 Strength Length 2''. 54nvn For
exanpl e, in one emhoftsidet coipoiiditmiy, BsteBéd riof) b8 Rrinedof 100 Bers&E fingn COMpONent is
approxi mately 750 deni er per filanment. Wen used al one (not as a hybrid bl end
i N cogbigafbiopReny, kil thdyobe alcbloSblefddBMATEIM oriefie® Hbkt Hfaflis AR Al dirksive s ed
herein), the second conponent is typically added at a is doSage rate of about

4 to abgish-mi@ndie URESIKPET réitint WRkGisddlaldhe b0 Athr RoikthlcORER it%réi.é?g&iag met er)

of cenmentitrous material directly to the mxing systemdurin r after, the

nat o Dbiia hia iR bRk g8 YRS dng A SRhbl kRl BN LOEQUARARRED, |

resultant fiber reinforced materia s long termdura

b t . . | | . t
D, 1oL s SRV Blnrd 08 RFBEERBo LS £0SBANR0Le: e LhSBIS KRR,
materi al cugild He&g) JFcshdiiGR %a?e&fapd?rectm%\é%xinmgm during, or after, the batching of the

10 other ingredients and mixed at a time and speed recommended by the mixer manufacturer (typically

four to five minutes). The first fiber component exhibits good mixing and uniform distribution
properties. The resultant fiber reinforced material provides relatively good long term durability and
secondary/temperature control for temperature/shrinkage cracking,
‘When used in the present invéntion, the first fiber component may be added to the
15 hybrid mixture in amounts of about 5 to about 50 by total weight percent. For example, in one
embodiment of the present invention, the first fiber component may be added in amounts of about 6.7
total weight percent. In addition, the first fiber component may, but need not, be the same length as the
second fiber component. When used in the present invention the first fiber component may be added to
the hybrid mixture in lengths of about 19 to about 60 mm. For example, in one embodiment of the
z0  present invention, the first fiber component may be added in lengths of about 54 mm.
The second fiber component is a high strength fibrous reinforcement copolymer, such

as, but not limited to, one formed of embossed monofilaments. The secend fiber component is

12



20 the ' nts of the second fiber conponent ar ' , used in

t he pre@rr}(rafégédlg%odi ment of the synthetic fiber bl engcg‘m@@]@%ﬁ??'ggent
invention, to formthe non-interconnected bundle, the synthetic fiber blend
i s easi Bleteraylyrd oppelyreer formed jof BRiAt amayhts;ipréferably ebouh 7 H8peossnt tytyeeighbnent i ti ous
material. 13 WO 2005/ 016644 PCT/ US2003/040385 It has been found that when the
second Pelyreepyleaenpirierphly p dow meltpalypropylsee @anglidomepolymin andminot smougtsndl e i s

rel evant to the distribution properties of the second fiber conponent in the
bui | di npreferablyeabputi20i24 pesent by weightshighddhmsity pidyethglend. dfhielsedond i@ do30t a si ngl e
turn is identified as 'Y and, as used herein, is defined as a full

r evol ut fibrillafe3 68, theyl domgt pulleapirt tedfonm 4 et Hkdstroftuteliethe céysentibousdlaeriallhe nunber of s
turns per linear foot (tam per linear inch or turns per |inear centineter),

i dentsi fi ed her ei Mhasecourd fitwt Campiopent {swrhigh/temacity, palyoléfiniothreadrhavingdijphct i vel vy,

provi des a pronounced difference in the ability of the second fi ber
conponerebisttacendnd exdetlént flaxiblilitye Astnicerperated linythel hytiridibient efithe prectifention, thee
building material. This difference in distribution, in turn, is believed to
account seceid fiteasmponenparchidesfinmmofilageritehapmsAmataly 35D taoabost 600kdenfeOpe e ment
properties exhibited by the synthetic fiber blend of the present invention.

i s Ear| filafkiite Thé prefetred embodingent dfahessgétnb fibér@otpditit iDprofttblyaivistel € fofe s foH-

i nvention enployed. twisting the nultiple strands of nonofilaments to about 9
t uns/ f opiterdonfiseteld bindi®ofinbiilifysé stAGds 0¥h nalIBHlatg Sronbflhm&dt CHone &hbsdifa®baRe Of

tw st has been found to produce good m xi ng and distribution properties

t hr opghgresent i Penti SR skdon@ Hber BBrhSdnbsmt lexhiBifs (ReSblldvARg ﬂ‘oﬁ&ﬁéi n. Additional testing
indicated that simlar results are obtained when the degree of tw st was

increased t Up 1O abOUppSICARPROPERTIESOF THEY | 5 turns/tjnch or about 0. 36
turns/cm. Accordingly, tdfcdnd co NERgPonent in theg range of about
0.75 turns/i - irginCopol —SgEgrs/ Tt (about 0. 36

turns/cm hdFeEEN T [OTsMed Bybrid- TGV d€ || AGUARMIREsistihek || Bigeland di|st ri buti on
properties t i1 di erials in which the |second fiber
conponent waPgffded, | %1 ative to bui | di**Hg"tat eri al 5"t hat dq not enpl oy

enbodi ment s [Gkngiet 1T (I 00 (285430 M ET LFBHHHE‘IL ofTRETH &SRt | nvention. "It

was noted, Howawer . [ hat when the individual 20 strands of [monofil anent were
twisted in tlhesgthangel 29 Gt 0 75 turns/inch (about 0 3 furns/cn) to about
0.9 turns/inch (about 0.36 turns/cn), sone splitting and "paint brush" effect
were visible in the individual strands of nonofilanents. This comonly known
effect 10 is il JForexample, inpn¢-erabodBrient ofte presant inigolions the yecand eoprponrenbisabi | ity of
the nonofilanments to di sperse throughout the cenentitious materials. In
addi t i onpproximately 75@danitr pérdidament. Vhpoysadalant (tohhssa hybrd blandib sombigation with the/ | nch
(about 0.36 turns/cn) there

first component, discussed above, and disclosed herein), the second component is typically added at a

15  dosage rate of about 4 to about 30 pounds per cubic yard (1.8 to 13.6 kilograms per cubic meter) of
cementitious material directly to the mixing system during, or after, the batching of the other ingredients
and distributed therethrough. The resultant fiber reinforced material exhibits long term durability, It
should be noted, however, that the second fiber component, by itself, when not twisted, exhibits less
than optimum distribution properties in the building material during mixing operation. However, when

20 the monofilaments of the second fiber component are twisted, as used in the preferred embodiment of
the synthetic fiber blend of the present invention, to form the non-interconnected bundle, the synthetic

fiber blend is easier to mix and is uniformly distributed throughout the cementitious material.

13



25 was | separation of the nonofilanments fro ' undl e. This
was parmpgéll%{;/ﬁevi dent in certain enbodi nents of thrpectljg(?s&édesﬁﬁﬁﬁsgvention
that enploy strands of filanment, each strand conpri si n_q 14 WD 2005/ 016644
PCTI US20031040385t % °‘%9rf°‘fP3F’éat wBenae seeond fbFT fompopFatis ttad thedegregiefdwistefd t o
break apart jnto. individual nonofilanpents as g result of the act of tw sting
the fi béie bundlesis grlevantte thedistribjtfion prpperish of the sepend fiber qogmparent ifths lyHdiag per i nent al
testing that a pronounced jnprovement in nmxing and distribution resulted
when t hBateggldnuhich iadded Afsst fodh w030 asingle ey Kentifisd a8 “padas wedut 11 5
tunms/ fbot (about 0.9 turns/inch or about 0.36 turns/cm. These inproved

resul t shetgirds dafined pafuld revalutionu@palesg thelingr lenghsofithefiber bundle. Thonumberef) | nch
(about 0.87 turns/cnm), which is approximately the highest degree of twi st

t hat santumspeslinegr fpvt&%\mswme@r iechypr Buenstpar lineerchentimdter) ddentifiad; heteincas turnsépeti ng
back" effect (i.e. the effect wherein a fiber bundle untwi sts fromits

t wi st edtuimsfirhaerdumyfern.geipesvelymyomides e prodoumcedodiffdrence irethe hbilityiof he sgsendfibes of t he
polymer). Typically, the inproved properties in mxing and distribution as a
i 0 r esubkempshent emideyjiheanddl mong evenly distribyated thinaghdut it twildieg matesals Thied at great er
t han about 11 turns/foot (about 0.9 turns/inch or about 0.36 turns/cn), and
t ypi cal Hifferzoceiin digtiibition indum aim jaichrettovaeount aekrast in gakiafor thl dncteasedid improved/ f oot
(about 0.9 turns/inch or about 0.36 turns/cm and about 13 turns/foot (about
1.1 t ur nsdforoerent propatisekhiBiteddyttherspshatioiberdienid oBtfie presdnt indéntian.degr ee of tw st
of about 13 turns/foot (about 1.1 turns/inch or about- 0.43 turns/cn).
Moreawver, it was Haflyatteoipiedt forning thesyntheticdibercbundle bihthe piesthtiavention sthpidyed O
greater is than about 1 turns/inch (about 0.39 turns/cn), little or no
splitti pgistip thetmiliijle RFan8dof nnbilamentérs abias @ fuvdtfooti(@boli &7 RS trch 8r@d6it®.3 and
nearly all the individual nonofilanments that formed the fiber bundle

conpl et @irivs/P Thia Hagee ot BRsttHAS bR Rsdh@t d ehixs Rkttt t he
(0] Eiflee 33’2‘?_““—'?%‘1’? ANk Siligbisetties

building material in which it was a s was particularly evident in

cert ai n yp&ieslit RRESeritiols 1atdiag SOt forth Mertih] AQditibml teSti!ifiicated a0 GRS arOf
filanment, each strand conprising two ore nore connected nonofil anents that

are desigiRdrd shiAftd WheR the ARREL of tWiktQuas Rdtedded URlp ORBGH 1 | AERMSG (ASutd.g esul t of
the act of twisting the fiber strands into the tw sted bundle, ultimtely
form nﬁ-ﬁt&ﬂn | Reil f AT g W=Tay =Tk dosn somne
addimtlglqgna a%lyéﬁ%dggg'gynafﬁg@ ég‘?ai ngyd In Etgﬂr%'g&i ng‘,’%g%ﬁ‘rﬁg‘%‘??@?’ﬁﬂ{b?%n of the
second fii ] fil | ' t he
fO7?%Ims9i§ %.3%9&%12{38% g.bggﬁ.sg\l}v&f(tﬁb&h%%?urﬁ&%%jl t%%'ﬁgeh &@dibf

second fiber conponent TS s nelting W st ed,
whi ch ! the .fib dl.e to 25 t Wi d £ i st that
e ol G55 A e Bl bl Pl eRE il =t 1

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

the untwisted fiber component of the present invention. It was noted, however, that when the individual
20 strands of monofilament were twisted in the range of about 0.75 turns/inch (about 0.3 turns/cm) to about
0.9 turns/inch (about 0.36 turns/cm), some splitting and “paint brush” effect were visible in the
individual strands of monofilaments. This commonly known effect 10 is illustrated in FIG. 31, and can
adversely affect the ability of the monofilaments to disperse throughout the cementitious materials. In
addition, it was found that at a degree of twist below about 0.9 turns/inch (about 0.36 turns/cm) there
2s  was incomplete separation of the monofilaments from the fiber bundle. This was particularly evident in

certain embodiments of the present invention that employ strands of filament, each strand comprising
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enbodi njpy | ,ndi vi dual nonofil anments of the secon ' nent may be
heat ed, W agbbadd O L6644 PO u52003104038g"é‘1£€ﬁ‘a’?39‘g'g3|%§g f or med

into a twisted bundle, to, for exanple, up to about 3250F that may provide a
fiber BWASH BOrR SeARegedmepodiaments fhat g §?51E1ﬂ£t9 break gpagidnta individyal menofjlamenty as
turns/inch ﬁabout 0.87 turns/cnm) and that may substantially reduce or

el i mi natedesuf &f Bpaqt aftwistiag the Miberstrandpjpiothe tidgted bindlée synt hetic fiber bl end of
the present invention, the second fiber s conponent may be added to the
hybrid mi xture i nit#¥abienedthrpugtexperiments! testingitent # p@gouRped ppedvemert iHmixingend ent .
For exanple, in one enbodi ment of the present invention, the second fiber

c onpone 1istrigiioryesuligdigben thesegond gamponght wes Sumed Bitlda tighteritwiskdbgve abpwrident . | n
addition, the second fiber conponent may, but need not, be the same |ength
as t he fumgfoof (apsat 0.8 brmsinehnr abom 8,36 duresicrn)n These ipprosalTesuitnwembbwsrved ta  second
fiber conponent may be added to the hybrid m xture in |l engths of about 19 to
60 nun. degree ofdwintdlasytiian about 2 Aremnsfintio@bsue 0.87 tufnstchs), whicisie Bproximeely d@mightdne
second fiber conponent naybe added in |engths of about 54 mm The first
fiber caepenemivisathat ah ithested tibe bluidiedan be rAGEEWitholPyigrivicabl “Sfrepdadkn cffbte (ieanount s
di scussed above to formthe hybrid fiber blend of the present invention. The

first fithedtfectorigRaneier Radlctunvitesan is ﬁﬁ&i@rfoﬁ@mp%&ﬂblymuﬂﬂkslah@ﬁd&d by any
means known in the art, such as, for is exanple, by conmbining the two fiber

conpone Rtsfiehtpropetties bf thé flyréry C%?ﬁ:all The k?%r@ﬁéd%rcfp@@i@i i iRihg DG Adttibutibis useabl e
e e

strips either before of after ndi ng first fiber conponent and the

second frkdAR bf the APRRIIERHist ity 8 BbdrbBnd i/ Wérk thedsue® aprer 4R aBR 3 £ RinsH OB EbbtO

cut into useable strips after blending the first fiber conponent and tﬂe

hat 1's A S BER BN, ¢ ke Bl oo o BT gD fer it etk P dhont *95" o

har 1 hd TARBS el o R §P oy o B UShenRap R ke e 13 BT ™

o S R e e b ol i ™
OF THE F

PROPERTI ES BER BLEND, ) . . .
or about 0.43 cm). Moreover, it was found that with an increase in the degree of twist to greater

are

15 | than about 1 turns/inch (about 0.39 turns/cm), little or no splitting or “paint brush” effect was observed
in the monofilaments, and nearly all the individual monofilaments that formed the fiber bundle
completely separated from the bundle and were disbursed throughout the building material in which it
was added. This was particularly evident in certain embodiments of the prcéent invention that employ
strands of filament, each strand comprising two ore more connected monofilaments that are designed to

20 break apart into individual monofilaments as a result of the act of twisting the fiber strands into the
twisted bundle, ultimately forming the twisted bundle of monofilaments.

It is contemplated that some additional advantages may be obtained in the mixing and
distribution of the second fiber component when the twisted fiber bundle configuration of the second
fiber component is heated to below its melting point and twisted, which may allow the fiber bundle to

25 be twisted to a degree of twist that is greater than about 2.2 turns/inch (about 0.87 turns/cm). In this

embodiment, the individual monofilaments of the second fiber component may be heated, before or

15



Mat er i a{Nﬂ\/@W{)]‘@g@Lypropyl enel Vi rgwi”n Col or Cray Capol ﬁﬁgﬁsgg&r/m&gl | at ed

Hybri d- d/ Acid/ Al kali Resistance cellent

Monofi | annt Bundl e Fi ber System Specific 0.91 Absorption Nil Guavity Tensile
90- 110 R¢r beipg fapmedsigtoniwisted brpsile, i &os exgrplerup o aboyt 335°E thatmappyoyde afibprh /.
(19mm), 1IW(38mm). 2% 54nan 2% Wen incorporated into a building materia
such asbendiechawing 2 degree afywist thpt is gueater Biap plpubi?.2 tusnstipgh (phoat@ Bt tuins/pehariddbat nay be
added to the mxture in anounts ranging fromabout 0.1 percent to about 2.0
per cent mgy supstautiplly ofduceon eliminate thespringhatleeffetty i n anounts rangi ng from about
0.5 to about 2.0 percent by volune of concrete, to inpart inproved

rei nf orcement cha used ig thesynthatic fiberdblend oEthy pissentiinfention, theseeond fibmy be added
directly to the m xing systemduring, or after, the batching of the other

i ngr edi esrhponerd muy he adsldd ot the ybrid mireura ihnsquets df sbeviditiie atsbatitty tothlowaighk er

manuf acturer (typically four to five to mnutes). The hybrid fiber blend of
t he pr epemdnt.i For exdmpds imany etnbodied of the prestuciaventiars tHeGedndl fibdi 26dponet nmgber et e
shrinkage and settlenment shrinkage prior to initial set that leads to

cr acki ngdded frLaniduets obabeyt I3t3etothlyoeighd pércene r Inlalidifich, ihepécon®Riber bfahers tmaggi h, and
I ncreases fatigue resistance and concrete toughness as an alternate

s econdanyedinetypetha bamnteclért asatieUirgt ibesionipOeh Wik usddin @@ \pedsent ifvernton@@di tion to
the twisting of the second fiber conponent, it has been found that the

conbi nakécend fber tdhpondrit iy bé added toAiI HIBIEMixtM inflerigh oS &HAIND th 6O AIM. FRAPONENt
substantially increases the-ability of the second fiber conponent to be nore

evenly dkawpld, Rdn8 dmbotirastd bOMé prefefit iiventist, e sédond Bbd? 8brhohesl iy dt 24d3@id Mproved
distribution properties of the second fiber conmponent, in part, account for
the i nclgaseofdBoitB@n@Yed reinforcement properties exhibited by the synthetic
fiber blend of the present invention. In addition, the 20 fiber of the

present inventi Onrﬂe%rsﬁ'%ér‘é%ﬁ&éﬁt\éﬁdm@@&aﬁ@ﬁlﬁ?&dnﬁ‘popé}ﬂﬁm§\dpﬁlﬁiéﬂ ifthd ¥ resistant
to the effects of the alkaline nature of conventional building materials,

such as pmbiis BB ShovE R EbrkAREh AT EDE: bRAE 6f RE fresent invention. The first fiber

component and the second fiber component may be blended by any means known in the art, such as, for
15 example, by combining the two fiber components in the cutting process. The hybrid fibers may be cut
into useable strips either before of after blending the first fiber component and the second fiber
component. When the hybrid fibers of the present invention are cut into useable strips after blending
the first fiber component and the second fiber component, the hybrid fiber strips may be cut into any
length that is dispersible and pumpable, but may be cut into a length of about 19 to 60 mm, such as, for
20 example, a length of about 54 mm. It is contemplated that the fiber length may be adjusted according to
specification. In one form of the present invention the resultant hybrid fiber has the following physical

properties:
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17 VO 2085366644 PCTI US20031040385 As illustrated inphfg %iﬁ@Pd 58 below, the
present 1 nvention pr ovi des advant ages i n cost, oper at1 on, structural

rei nforcenent over known reinforcenment conponents The fi ber conmponent

combi nation of the present invention, as conpared to wre nesh or
conventional—steel fibers are not _corrosive_ are easily mixed with the

bui | di ng matlerial, redud@YIGAL RROQPERFIESQF THECKi ng, and provi de s cost
efficiencied_and structural adWEBERBEENIY the resultant forjmed material. The
synthetic fi B@P’é"repll‘é'é‘%"“‘y%‘tl’@ﬂ‘}"’“ﬁ‘? ber k%Rbr rei nf o €@rent of| cementiti ous
material s a1 T Ticgokted HysHoCFRAARER t O] AR Relttmde deamt: Dy |st eel fibers. Wen
conpared to |ot her syjivretMogofifubelz®in@s the fi bers of [the presegnt invention

provi de nDrg_gLiggLQ@§$WWnung operatyon and increased structural advantages
to the buil difhg WQ%N in which thedP#® added[™0 In orlder that those

skilled in tf _ Rpareyy (e THEENIEQIs |may be practiced,
i nff,.é‘é?'“’? e

the follown dpy of illustdation and not by way of
limtation g o d by the cl?|ns. As will be apparent
upon i nspectiomrof—the test—resurts—betow—the—synthet+ec—Hybrid fi ber blend
of the present invention substantially and inpressively inproves the

rei nforcenent characteristics of the building material to which it is added,
as conpared to t 1s_convent.i.on | ber r or cenment er. eries of
tests were perfor e&'?cc?rp@{?gﬁ%d’ét?@% é‘iﬁ%@m ﬂ\ﬁ ﬁst@n‘fffteéh%ﬂgg‘?@@?@ bl end
of the ese nventi o results are rOV|ded her ei nbel ow.

2005/501 RS F%‘QBB@YS%@%” the ik preR am gng;fropp gboit i} Pﬂc?yfﬁtaﬁ%{ti c
fibers the present invention were tested to ,determ ne plastic s shrinkage
reduct i gﬂ PEfeer gh&ql'é%oifgv%e,@@mw}weﬁnmn%@wrﬁﬂwhoat Ri2bptt 24 PRICEH
potentlal for shrinkage crackin The dosages of fiber used were 0.5, 1.0
and 2. obyalunsef cpgersts e ipag fmpre rf@{*féfcemqfﬁF@éacm‘lﬁtf"é#@Fﬁ(’ bEbe by fber concr et e
were made and a total of 15 slabs were tested. The tests were conducted

usi ng ablendmayperpdde dirgotlyity themiting St durieg ovfis, Sherbatehing ofithe otbeningresiggtsand 2
feet (61 cm) wde. The crack devel opnent was enhanced by using fans that can
pr oduc eand mixeriat theltises ang speed Eaommendedby the mixekmamfacturer igpipallyiforimfite of t hese

fibers was conpared using the crack areas of control slab with no
10 minutes),

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

15 addition to the twisting of the second fiber component, it has been found that the combination of the
first fiber component with the second fiber component substantially increases the ability of the second
fiber component to be more evenly distributed throughout the mixture. It is believed that the improved
distribution properties of the second fiber component, in part, account for the increase in improved
reinforcement properties exhibited by the synthetic fiber blend of the present invention. In addition, the

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

the alkaline nature of conventional building materials, such as, for example, Portland cement concrete.
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fibers i reinforced slabs. As illustrated bel ts of the
tests iﬁl ?zgéﬂ(/@%‘ 4ﬁat the fibers of the present invent ?gﬁ{ﬁggﬁos[ﬂﬁgﬁ%osages

used, significant]y. reduced,the stic shrinkage in concrefe. The crack area
reduction varied 448%“1‘6@“&%8@%5’6%%%%% PR PEJHET RVBR28HINCPStc ki ng
was observed when a fiber_is dosage of 2. ercent by volu of concrete was
used. TH@F@"MS gEcHEA! epfprogmmept 9‘2’9 E&*@éﬁfl&‘g&ﬁ’eﬁc@aﬂﬁé&tﬁ- JEII“‘;@FT PmMPAhkage
cracki ng when the fiber ,dosages were respectively 1.0 percent and 0.5 percent
by vol W%eﬁk‘? Rrpsent Igenfion as qogipared torvare fagsh 05%?&@8?’@3“65 fiheys reffich (5. 08
cm) thick slabs that were 3 feet (91.4 cm long. zo and 2 feet (61 cm w de.
The sl aPREroRs@re aelymixehwitythe bldingmeatesial reducedlastic shrgkage prackings prskprovider or
casting, the slabs were placed on a flat surface and subjected to a w nd
vel oci t §osbetfigiancips anq simctyral advagiages totkg rewpltpnt formed matstiely Thesyntheticrihersaenlase opnent
of cracks were observed within two to three and one half hours after
cast i ngsteehifibere for reinforgernent pf sementitigukanaterialssand glirpinate ¢hevdampgeto aipmentéansedo ei ght
hours, the crack widths and 25 lengths were neasured after 24 his. The
| onger Ywsteed fbars. W bendompenad tothen symtheticafiterse tha fkesrs dfthepressadneentongiremide | zed. The
crack width was neasured at a nunber of |ocations along the |ength of the
crack. Tioe efft@ive\DiD0HoPcOLi6B dutl iRTTACSROOBRRA08Sges todhrediulldiog mategal ¢r wiiikh was
measured for each crack and nmultiplied by the average wi dth. Thus the total
crack attemarcadded. gi ven sl ab is cal culated. The control slab (no fibers) crack
val ue was set at 100 percent. The crack area of the other panels was
expressed as a pdnoriatthapehasé skilted icthe bt olay betigr trldersfaed benthe inventioh rmapbef crack
area due to s the addition of fibers is obtained. Materials The materials
consi st pfictived, AzTidlowipgedamplEem® igivet Bywayadf éllusizatidn ambhot bpwaeofdgdetgadngdhe The
coarse aggregate had a maxi mum size of 0.75 in. Both fine and coarse
aggr egaiventioabs ddfin byl dthims.0 45 @il Ecappatsht ipoRiispéction bOthd test resiiybelond, thand
physi cal properties of the hybrid synthetic fibers used were those as
descri beghtee¢ Bybrid fiber blend of the present invention substantially and impressively improves the

t

reinforcement characteristics of the building material to which it is added, as compared to the
15 conventional fiber reinforcement materials. A series of tests were performed to evaluate various

amounts of a synthetic fiber blend of the present invention. The results are provided hereinbelow.
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M x Proportions Because the objective of this test was to study the influence

of fibewordlod/dikea on the is plastic shrinkage, it vvaﬁ,({(lﬁfsg [ o nmake the
concrete wwth a very high potential for shrinkage crac mg&oa%ée(:”s%esti ng

conditions, such as the anbient tenperature, the humdity, and the w nd
velocity (14 nph) (22.5 kn hr) we?&%@@{fﬁ%onstant for each batch. Three

di fferent batches of concrete were nmade with the sane water contents, cenent
contents and maxi mum si ze of coarse %@é@at es. A higher cenent content was
used, to increase the cracking potential. The basic m xture proportion used
was as 20 follows: Cenent (lbs) 855 (388 kg) Water (Ibs) 427 (194 kg)

Wat er / Cement  Rat i redyybyidsayntbetic fibars of the prgsent Begntiomwere tesigg tadferming alestis

Aggr egat es (| 8;%’ 1062 (482kg) Maximum Size of Aggregates (inches) 0.75 (1.91
cm) 20 shapkaasaesiuptioned gonprsty Y GersenbzigBmixes, ihown g exhibit e bigh potentidl ionst i ng t he
Speci nens Al m xing was done in a nine cubic feet capacity m xer. The fibers
wer e weplyinkegegragking t Bieclgsages of fiberpigedavase @ 8t Qeind @10, pertentdy volume lofidohereteni x was
prepared. Thereafter, coarse aggregates were introduced into the m xer. Sand
and t wo Thiep diffsreatibatches afaensreteere d a ¢idad of Hiwlebsiwersdestals Thotestarverat €. s

Cenment was then added along with the remaining one third of the water.

Ther eaf senductedusingiaddligchy5.08 liw) thinkelob thiat was\dcfertt (Uit camrlengoanid @ decti(td ctprwide.
ingredients were mxed for three mnutes. Followi ng mxing, the mxture was
subj ect Thecracktdevedapmentwiasenhapedd hyesing fins thatl chopvediich w vand velwelty off Minfph (32.59e for 2
m nutes for proper fiber distribution. Because the fiber reinforced

cenent i kinfus The peformmrce obthesa fibtro wan@mpared isitgahe srackiaddal of @nfidlsiabgrithRel pl aci ng
were carried out without any problens. No segregation or balling of the
fibers vibas armlfiver ieidchbréed sABy of the mixes. In order to maintain consistency in
pl aci ng, consolidating, and finishing the slabs, an experienced concrete

contractor and fiAyiBfiGated BE16W hePEsulth 6f thd Rad Mbicate HAFAL bk bkE @&Ent fini shing
for all the sl abs.
invention, at the dosages used, significantly reduced the plastic shrinkage in concrete. The crack area
reduction varied from 100 to 92 percent of the plain concrete. No cracking was observed when a fiber
15 dosage of 2.0 percent by volume of concrete was used. There was 98 percent and 92 percent reduction
of plastic shrinkage cracking when the fiber dosages were respectively 1.0 percent and 0.5 percent by
volume of concrete.
Test Method
Tests were conducted using 2 inch (5.08 cm) thick slabs that were 3 feet (91.4 cm) long
20 and 2 feet (61 cm) wide. The slabs were restrained around the perimeter using wire meshes, After
casting, the slabs were placed on a flat surface and subjected to a wind velocity of 14 mph (22.5 km/hr),
using high-velocity fans.
The development of cracks were observed within two to three and one half hours after
casting. Although, typically, cracking is complete within about six to eight hours, the crack widths and

25 lengths were measured after 24 hrs. The longer duration was chosen to ensure all cracks developed and

stabilized. The crack width was measured at a number of locations along the length of the crack. The
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Thr ee %g&%l%@;e made on three separate days. Afterp8pg§085b4958s0f

rei nforce i'S cenentitious material was prepared, the m xing drum was
t horoughl y cl eaned. A buffer_m x was prepared before preparing a subsequent
mix. Al Heogth of fe cpark was ‘R@F@e{)@éﬁa&Féﬁ%ﬂ’éé‘Pmﬂé&Pl{ {Be pesgh otk oS thetetdly Resul t s
and Di scussi on_Three cylinders were prepared for each of the six mxes with
and wi t 6% 2F3 foep giv § ERIGPte% t he ASTM procedures. The cylinders were
tested after 14 days of curing. The results are 20 provided in Table 1,
bel ow. As iIIustrH%eéaﬂtMSl?‘hB’P%blﬁs) qrask valye Wachet at 400 pesesnt SThi gragh area ofgheni xes
were consistently close. The 14-day conpressive strength results of all 18
speci neRterRapels WpLxesessea A3 Bereenese of heecontiy and theypereentiredpaiion of csackates duaip dt hs,
and areas for the control and fiber reinforced slabs are given in Tables Al
to A3 BE adéiforpof fibgrsds arained. C2 respectively for batches A, B, and C. Each 25
tabl e conpares the m xes prepared on a particular day. The influences of
vari ous Matesials dosages on the plastic shrinkage cracking are shown in
illustrated in Figures 1 to 6. The summary of the test results 21 WO
2005/ 016644 PCT1UBe0tsridlscesdtedof dSTME ype! earenta gancretecsand dndigodrse agiragats. ¢
shrinkage cracking are given in Table 2. The conparison of various
par anet dhe cdacse agiirégdaterhad b nfakiomm sizerof 6.45 &1. Bethsiveand ¢aarst afgrezafes safibfied ASEPECi nens
were tested for each of the three fiber contents and the average crack areas
wer e calaggtegateaelquirdinents.esul t s of these cal cul ation are provided in Table 2.
Tabl e 2 includes the 5 average crack area of two control slabs w thout
fibers, as wel| aFhetchemicslagk plikied propbrtibR(E thediybriddyathetixfiieBSsaliweas thodeas per cent
of the crack area of the control slabs and the percentage reduction of the
pl asti ¢ dessHpédHemr@e cracking due to the addition of three fiber dosages.
Figures 1-4 graphically illustrate the crack areas of different fiber
contents (Figure 1), <crack length of different fiber content (Figure 2), the
time observed for crack formati on based on fiber so content (Figure 3), and
crack ahdadropertigasen control slabs and reinforced fiber slabs (Figure 4). An
overal | conparison of the plastic shrinkage crack reduction potential of the
three fiber cont eBecausehehspiive of tistesywasle swdiie influenqe offikes rdditignioa thebser ved i n
any of the three slabs reinforced with 2.0 percent by volune of the
synt het iplastiq sheinkalge, dtrwhs ofcessaty tp makathe canpreterith@veryfigh potentislifer shiitkageat e t hat al |
three fiber contents

cracking. The testing conditions, such as the ambient temperature, the humidity, and the wind velocity

(14 mph) (22.5 km/hr) were kept constant for each batch. Three different batches of concrete were
made with the same water contents, cement contents and maximum size of coarse aggregates. A higher

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

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

25 Concrete Sand (Ibs) 1062 (482 kg)
Coarse Aggregates (Ibs) 1062 (482kg)
Maximum Size of Aggregates (inches) 0.75 (1.91 cm)
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SS were ' I n reducing the plastic shrinkage cr ' ' ncrete.
I—bmever“ﬁéﬁ%@rfgéﬁt of crack reduction is different fmw%jf@%@gfi ber
dosages. The crack reduction potential varies fromabout 92 to 100 % for

t hese f iMiing 1Y sgimenEhe test results on the control slabs and
abs confirmthat the fibers 20 of the present

the fiber reinforced sl
i nvention are verll sfiXingwanioné in amindwubic feet dapaciiy anter. cThetfibers arpewaighad tmdng i n
concrete. The tests revealed that even at very |low addition |levels, the

synt het istorddyioa seglarbiclzentaioér. Fire therbaffenthix iway preparaln Thpseafter,dearseagpregateslwerdi gh
crack reduction. At fiber dosages of 0.5 percent by volune, a crack reduction
of 92% wadaet intvthe mixdt. $anHand woskich of thé witeOwgre ther Bdded yndmaixedir o mifidte. K
reduction of 98% was achieved. Furthernore, there was no observed plastic

shr i nka@lemerditadk theq adied alodg fth 1y rentiliningone third%f fhe hates. TiRfdafterSRe fibot2of\R
2005/ 016644 PCT/ US2003/ 040385 TABLE |I 14-Day Conpression Strength for

Shr i nk agfesek Givertiof tefeRdged aBathe Mnghddharls wefdthiRe foPfe intiRitesNFoll SvANPmixPigl @O It h psi
Averagepsl No. % Vol.) cme cm FEP1-1 4725.97 0 (332.27) A (control) FEP1-2

4793. 98nﬂ:?tﬂ1Q-Vo?b§sub§e33t3-an§)ae ﬁﬁﬁﬁ-r&gberﬁ@:f&no%veﬂ%glﬁﬁﬁ mikide Sage3or 2 Mfalibs br 4722. 22 1
(332.01) FEFI-2 4754.36 4753.76 (334.27) (334.22) EFT -3 4784. 69

proper fiber distribution.
Because the fiber reinforced cementitious mixes were of a flowing consistency, both
10 mixing and placing were carried out without any problems. No segregation or balling of the fibers was
observed in any of the mixes. In order to maintain consistency in placing, consolidating, and finishing
the slabs, an experienced concrete contractor and finisher performed the placing, consolidating and
finishing for all the slabs.
Three batches were made on three separate days. After each batch of reinforced
15 cementitious material was prepared, the mixing drum was thoroughly cleaned. A buffer mix was
prepared before preparing a subsequent mix. All of the mixes were prepared under identical conditions.
Test Resulis and Discussion
Three cylinders were prepared for each of the six mixes with and without fibers
according to the ASTM procedures. The cylinders were tested after 14 days of curing. The results are
20 provided in Table 1, below. As illustrated in Table 1, the cylinder strengths in all the mixes were
consistently close. The 14-day compressive strength results of all 18 specimens were approximately the
same.
The measured crack lengths, widths, and areas for the control and fiber reinforced slabs
are given in Tables Al to A3, B1 and B2, and C1 to C2 respectively for batches A, B, and C. Each
25 table compares the mixes prepared on a particular day. The influences of various fiber dosages on the

plastic shrinkage cracking are shown in illustrated in Figures 1 to 6, The summary of the test results
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(336.40) .. FEP?2-1 4754.36 0 (334.27) B (control) FEP2: 805. 09
(339.84.(¥@§§ﬁ§ FEP2- 3 4827.31 (339.39) FEF2-1 49%E%§§§a§m?@ﬁ . 23)

FEF2-2 4964. 26 4944. 47 (349.02) (347.63) FEF2-3 4944. 62 (347.64) FEP3-1
4793, 972andyhe pescentagy redystio inplasti shripkage crackinprre giyendp Zeble 2. Thrremesison g, 25)
FEP3-3 4765.68 (335,06) FEF3-1 4733.49 0.5 (332,80) FEF3-2 4769.47 4729.74
( 335. 33Yariousparampters fordifferentdghgrcontenis showgin Tablg 3wp 2005/ 016644

PCT/ US2003/ 040385 TABLE 2. Pl astic Shrinkage Reduction due to addition of
Hybrid Fi ber Bl erlduree specimens were tested for each of the three fiber contents and the average crack

areas were calculated. The results of these calculation are provided in Table 2. Table 2 includes the
5  average crack area of two control slabs without fibers, as well as the crack areas of FRC, and are
expressed as the percent of the crack area of the control slabs and the percentage reduction of the plastic
shrinkage cracking due to the addition of three fiber dosages.
Figures 1-4 graphically illustrate the crack areas of different fiber contents (Figure 1),
crack length of different fiber content (Figure 2), the time observed for crack formation based on fiber
10 content @igme 3), and crack areas between control slabs and reinforced fiber slabs (Figure 4). An
overall comparison of the plastic shrinkage crack reduction potential of the three fiber contents is shown
in Figures 5 and 6.
No cracks were observed in any of the three slabs reinforced with 2.0 percent by volume
of the synthetic fiber blend of the present invention. The results indicate that all three fiber contents
15 were effective in reducing the plastic shrinkage cracking in concrete. However the amount of crack
reduction is different for different fiber dosages. The crack reduction potential varies from about 92 to
100 % for these fiber contents.
Conclusions
The test results on the control slabs and the fiber reinforced slabs confirm that the fibers
20  of the present invention are very efficient in reducing the plastic shrinkage cracking in concrete. The
tests revealed that even at very low addition levels, the synthetic hybrid fiber of the present invention
provided extremely high crack reduction. At fiber dosages of 0.5 percent by volume, a crack reduction
of 92% was achieved. At fiber dosages of 1.0 percent by volume, a crack reduction of 98% was
achieved. Furthermore, there was no observed plastic shrinkage cracking when 2.0% by volume of

25 fibers were used.
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Type Cr ack Area Crack Area mm % of Contr .on BATCH A
Controla@&gﬁg/@%%%. 93 Control Slab 2 195.76 100 Aver?&é"%ﬁ&g’gws brid Fi ber

1% by Volunme Slab 1 5.68 Slab 2 1.45 2 98 Slab .3 13.06 Average 6.73 BATCH B
Control Slab 1 373.81 Control Slab 2TABHE®7 100 Average 399.39 Hybrid Fiber

é?n? ?/ oIVO lSF gﬁ fl g?o 12} %@g@?xﬁrg@@ ggéﬁn % grgglkifgﬁ]éol%@te P lﬁ‘gﬁ“’%@ ?O 7 ;)r alc_§ b rB;A\gGI;ll bCe r

0.5% by Volune Slab 1 26.42 Slab 2 13.59 8 92 Slab 3 5.26 Average 15.09 24

Batch | Fiber Content | Specimen No. | Comyp. Strength psi Average })si
No. (% by Vol.) (kg/em®) (kg/cm’)
FEP1-1 4725.97
0 (332.27)
A (control) FEP1-2 4793.98 474038
(337.98) (338.28)
FEP1-3 4701.19
(330.53)
FEF1-1 4722.22
1 (332,01)
FEF1-2 4754.36 4753.76
(334.27) (334.22)
FEF1-3 4784.69
(336.40)
FEP2-1 4754.36
0 (334.27)
B (control) FEP2-2 4833.59 4805.09
(339.84) (337.83)
FEP2-3 4827.31
(339.39)
FEF2-1 4924.54
2 (346.23)
FEF2-2 4964.26 4944 47
(349.02) (347.63)
FEF2-3 4944.62
(347.64)
FEP3-1 4793.97
0 (337.05)
C (control) FEP3-2 4361.62 4640.42
(306.65) (326.25)
FEP3-3 4765.68
(335.06)
FEF3-1 4733.49
0.5 (332.80)
FEF3-2 4769.47 4729.74
(335.33) (332.53)
FEF3-3 4686.25
(329.48)
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Plastic Shrinkage Reduction due to addition of Hybrid Fiber Blend
Type Crack Area Crack Area Crack Area
(mm?) (% of Control) | (Reduction %)
BATCH A
Control Slab 1 413.93
Control Slab 2 195.76 100
Average 304.85
Hybrid Fiber 1% by Volume
Slab 1 5.68
Slab 2 1.45 2 98
Slab 3 13,06
Average 6.73
BATCHB
Control Slab 1 373.81
Control Slab 2 424,97 100
Average 399.39
Hybrid Fiber 2% by Volume
Slab 1 No Crack
Slab 2 No Crack 0 100
Slab 3 No Crack
BATCHC
Control Slab 1 210.47
Control Slab 2 175.07 100
Average 192.77
Hybrid Fiber 0.5% by Volume
Slab 1 26.42
Slab 2 13.59 8 92
Slab 3 —— 526
Average 15.09
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Crack | Length | Widih | Average Area Crack Length Width Average Area
No. Width No. Width
(mm) | (mm) (mm) | (mm’) (mm) (mm) (mm) | (mm?)
1 66.90 0.40 7 5.20 0.45
0.80 0.30
1.00 0.30 0.33 1.72
2.00 0.35
2.00 1.13 75.45 0.25
2.00
1.00
0.45
0.50
2 57.80 1.00 8 10.30 0.30 0.37 3.81
2,00 0.45
2.00 0.50
2.00 ‘ 0.30
3.00 1.87 107.89 0.30
3.00
2.00
1.00
0.80
3 40.70 0.80 9 26.30 0.20
1.00 0.30
2.00 0.30 0.23 6.14
2.00 0.20
0.80 1.20 48.84 0.20
1.00 0.20
0.80
4 32.40 1.00 10 8.80 0.20
2.00 0.20 0.24 2.11
2.00 0.30
3.00 0.30
3.00 1.76 56,88 0.20
2.00
1.00
1.00
0.80
5 55.80 0.80
1.00 | Total Area 373.81 |
1.00
1.00 1.08 59.99
2.00
1.00
1.00
0.80
6 13.40 0.80
1.00
1.00 0.82 10.99
0.80
0.50
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Tabl e 81. Det/glﬂf'?g14 of Crack Lengths, Wdths & Areas; Ba?éﬁﬁggoﬁﬁ? Slab 1.

Crack Length Wdth Average Area Cr ack Length Wdth Average Area No W dt h

No. Wdth 0 $£0 030 1.00
0.30 0.33 1. %H]E?E ylyﬁé’gi bgmdgmld% %ﬁﬁ?%‘@%’% Béf)cﬂlg Q:‘g'tﬂ’gsha% 0.50 2

57. 804 40- 6—37—3—54 45—3 ~—36——3—00~1 87
107. 8p ‘§o Len %’b %ﬁﬁ‘ 14 ’t',’f"o s‘b"” Pffcm 0 8'5*“5“‘2( %’“b 23““’;‘;,;%‘30 04%8 12, 00
0.30 p2 M(mnvl) (mm) | (mm) | (um’) (mm) (mm) (mm) | (mm’
1 61.60 1.00 6 71.60 0.50
2.00 0.80
2.00 1.00
2.00 1.88 115.50 1.00 0.81 58.30
2.00 0.80
3,00 0.80
2.00 0.80
1.00
2 9.40 0.80 7 16.70 0.45
0.80 0.64 5.99 0.45
0.50 0.20 0.30 501
045 0.20
0.20
3 19.30 0.45 8 13.20 0.50
0.50 0.30
0.50 0.42 8.04 0.20 0.30 3.96
0.50 0.20
0.30 0.30
0.25
2 25.40 0.80
1.00
0.80 0.63 16.09
0.50
040
0.30

Total 424.97
Area

5 80.60 1.00
1.00
2.00
3.00
1,00 2,09 168.53
3.00
3.00
3.00
3.00
2.00
1.00
5A 20.10 2.00
3.00
2.00 217 43.55
2.00
2.00
2.00
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2.000.2%,9%8%204884020100020 0.80 4 32.40 1.00 10 8.80 0.20
2.00 0. 28'%*® ¥ 2.00 0.36 3.00 0.30 3.00 1.76 56PEEUBR0OI0493850 1. 00
1.00 0.80 5 55.80 0.80 1.00 Total Area 373.81 1.00 1.00 1.08 59.99 2.00

2005/ 016044 PR EbosfsgtEectibnep Hais Eattiel i CEMBIAL . s 6

2ot AJf\ D IR |
Ar eas; Crack Length Wfdﬁ Knerage Area Crack | Length | Width | Average | Area
No, Width No. Width
(omm) | (mm) | (um) | (mmh (om) | (om) | (om) | (mw)
1 49.90 0.80 5 19.70 0.20
1.00 0.40
1.00 0,50
2.00 1.20 59.88 0.50 0.31 6.19
2.00 0,20
0.80 0.20
1.00 0.20
1.00
2 46,40 1.00 6 11.40 0.20
2.00 0.40
2.00 0.3¢ 026 296
2.00 137 63.63 0.20
1.00 0.20
0.80
0.80
2A 20.70 0.80 7 15.30 0.20
0.80 0.20
0.50 0.54 11,18 0.30 0.22 332
0.40 0.20
0.20 0.20
0.20
2B 14.20 0.50 8 11.60 0.30
0.50 0.20
0.30 0.36 5.11 0.40 0.25 2.90
0.30 0.20
0.20 0.20
0.20
3 15.60 0.50 Total 210.47
0.80 Area
0.50 . 0.47 7.28
0.50
0.30
020
4 68.60 0.80
1.00
1.00
1.00 0.70 48.02
0.80
0.50
0.30
0.20
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Crack L ) di.h Average Area Crack Length Wdth Average Area No. Wdth
No. Wd{e"ﬁ%{;hr?ﬁlg“t(“r‘m (rm) mv nun (M) nmrmm 1 61. 60 PCRESE0004385 0 50 2. 00

0.80 2.00 1.00 2.00 1.88 115.50 1.00 0.81 58.30 2.00 0.80 3.00 0.80 2.00

045 0.20 0" MeSH Pilpe s el g s Bth 6 gL G ) 50

0. 30 \.‘83 \.EJ‘U - I{l;!' F—0—30 ‘i 2o 42&%—"*0 Cfescgth l.ggdthC SA’)%C" Qﬁ.af
¥ €| rea Trac 1] 1 verage ea
0.50 [oSqEk oLength” fr Mgt Jﬁz‘&i}ﬁ’ rac \versg
(mm) | (mm) (om) | (mm’) (mm) (mm) (mm) | (mm?)
1 20.10 0.20 6A 1140 0.20
0.30 0.30
0.40 0.30 6.03 030 0.24 2.74
0.50 0.20
0.20 0.20
0.20
2 16.60 0.20 6B 12.80 0.40
0.40 0.50
0.30 0.27 443 0.80
030 0.30 037 475
0.20 0.20
0.20 0.20
0.20
3 19.70 0.20 6C 15.40 0.20
0.40 0.20
0.40 030 022 334
0.40 030 591 0.20
0.20 0.20
0.30 0.20
0.20
) 10.20 0.20 6D 5.30 1.00
0.30 0.80
0.30 0.23 238 0.80 0.67 3.53
0.20 0.50
0.20 0.50
0.20 0.40
5 29.40 0.50 Total 175.07
040 Area
0.30
0.40 0.31 9.24
0.20
0.20
0.20
6 63.20 1.00
2.00
3.00
2.00
2.00 2.10 132.72
3.00
3.00
2.00
2.00
1.00
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Wdths &

Slab 1. Crack Length Wdth Average Area Crack Length

Cont r ol
Wdth Average Area No. Wdth No. Wdth mmmmmmnmi mmmm mm mi 1 49. 90
70 0.20 1.00 0.40 1.00 0.50 2.00 1.20 59.88 0.50 0.31 6.19 2.00

0.80 5 19
0. 20

Area 5vB0 2608016699 1.00 2.00 3.00 1.00 2.09 168.53 gcﬁgszogsfgzgsss& 00 3.00
30 WD
Batch C

2.00 1.00 5A 20.10 2.00 3.00 2.00 2.17 43.55 2.00
20051016644 PCT/ US20031040385 Table Cl. Details of Crack Lengths,

Ar eas;
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0. 80 0. 2@0 3(58)(] 4420 1.00 2 46.40 1.00 6 11.40 0.20 2.00 0.40 2.00 O, 30
0.26 2.9 21 ﬁ. é? 63.63 0.20 1.00 0.20 0.80 0.80 PETA52008/04038 7 15. 30
0.20 0.80 0.20 0.50 0.54 11.18 0.30 0.22 3.32 0.40 0.20 0.20 0.20 020 2B
14.20 0.50 8 11.60 0.30 0.50 0.20 ]Qcagﬁlé)l 36 5.11 0.40 0.25 2.90 0.30 0. 20
0.20 0.20 0.20 3 15.60 0.50 Tot al . 0.80 Area 0.50, 0.47 7.28 0.50

0.30 0.20 4 6§. sﬁ.l%vaag Qonducted to evaluate the reformulated experimental synthetic hybrid
fiber of the present invention at three addition rates in wet-mix shotcrete. The discrete fibers
were approximately 60 mm long by 0.3 mm thick by 0.3 mm wide. The fibrillating fiber was

5  collated. The fibers had a specific bulk density of 910 kg/m”.

Three shotcrete mixtures with nominally 1.0, 1.5, and 2.0% by volume fiber addition
rate were produced for the purpose of the evaluation. In all mixes, the collated fibrillating
fibers were proportioned for 0.1 % by volume addition rate, and the balance being the
discrete 60 mm long fiber. The three mixtures were tested for fresh shotcrete properties,

10 rebound data were determined, and one standard ACI shotcrete test panel, one Australian
Round Panel and one South African Panel per mixture were produced.

Three beams for ASTM C1018 beam testing were diamond saw cut from each
standard ACI shotcrete test panel. Cores were also extracted from these test panels for the
determination of compressive strength, Permeability data were determined on diamond saw

15 cut beam ends. The South African Panels were tested with uniformly distributed loading on a
water bed test assembly, while the Australian Round Panels were tested in centre point
loading with determinate support at three points on custom built testing machine made by

AGRA Earth & Environmental Limited, Burnaby, B.C., Canada.

Shotcrete Mixture Design and Batching

20 The base wet-mix shotcrete mixture design used is shown in the table in Technical
Report No. 1, below. This mixture design is similar to mixtures typically used for permanent
shotcrete linings in tunnels and mines, slope stabilization and infrastructure rehabilitation

projects in North America. In the ternary blend of cementing material (portland cement, fly
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PCT/ US2003/ Table C2. Details of Crack Lengths, Wdths & Areas; Batch

C, Control Slab 2. Crack Length Wdth Average Area Crack Length Wdth Average

Area  No.ashMrl dflidiGum¥y gk bihci%ﬂﬁ’@nlﬁﬂc@i a?aﬂastbﬁrmmmnloﬁtﬁe itk shddBdieés 11. 40
0.20 0.30 0.30 0.40 0.30 0.30 0.24 2.74 0.50 0.20 0.20 020 0.20 2

16,80, Sy 580 s o Sl B,

0.22 3.34

In order to maintain tight control over mixture proportions, the base shotcrete mix
was drybatched. Bone-dry materials were used and all the ingredients were precision mass
5  batched with monitoring. The materials were premixed in a rotary pan mixer with counter
rotating paddles, before being discharged into 30 kg paper bags. Shotcrete was supplied on
pallets and protected by shrink-wrap and covered under tarps for moisture protection prior to
use.
‘Shotcrete was batched in a modified Allentown Powercrete Pro mixer unit, attached
10 toa 75 mm swing valve pump. Typically fourteen, 30 kg bags were batched at a time. Water
was added to maintain a constant water/cement ratio between all mixes. The fibers were
added directly to the mixer unit during the mixing cycle and mixed for approximately 5
minutes to provide uniform fiber distribution prior to shotcrete discharge.

The following mixtures were produced: 1) Mixture F10 (nominally 1.0% by volume

15 fiber content); 2) Mixture F15 (nominally 1.5% by volume fiber content); and 3) Mixture
F20 (nominally 2.0% by volume fiber content, increased paste volume).

The superplasticizer dosage was adjusted as necessary to provide the required slump
for shooting. Mix F20 received a supplementary dose of fly ash and water to increase the
paste volume in order to maintain good pumping properties in spite of the high fiber addition

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

to 1c, below.
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1. Slump and Air Content
Details regarding the prevailing ambient conditions (temperature, wind speed,
precipitation) and plastic shotcrete properties are given in the table in Technical Report No.
5 2, below. The dosages of the admixtures required to produce the desired slump and as-
batched air content are also shown in this table. The table in Report No. 2 also details
properties of the as-batched and as-shot fresh shotcrete, and the operating hydraulic pressure
of the shotcrete pump as a measure of ease of pumping.
Slumps of the different mixtures ranged from 30 to 50 mm. As-batched air contents of the
10 mixtures, as discharged into the shotcrete pump, varied between 8 and 9%. For the
determination of the as-shot air content, the shotcrete was shot into an ASTM C231 air
pressure meter base. The as-shot air content was in the 2 to 3% range. This is a higher than
usual loss of air content indicating that the fibers help entrap air which releases upon impact
when the shotcrete is placed.
15
2. Pumpability and Shootability
The as-batched shotcrete was discharged into the pump hopper of the pump provided by
Polycrete Restorations Ltd. The pump had a 75 mm diameter swing valve which discharged
into a 50 mm internal diameter 15 m long hose and through a metal reducing section to a 38
20 mm internal diameter, 30 m long hose when shooting mixtures F10 and F15. The respective
hose lengths were approximately 8 m (50 mm diameter) plus 20 m (38 mm diameter) when
shooting mixture F20.

The table in Technical Report No. 2 shows that the mixtures required between 11 and 13

MPa hydraulic operating pressure of the pump to be shot, which is considered an acceptable
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me WO 2005{69&1? e%ﬁg{cgm 04935 fis t@{fﬁEBl-o%ra%n had a maximum operating

pressure of approximately 16 MPa. The mixture with nominally 2.0% by volume fiber type
F20 could be pumped generally satisfactory after the addition of the fly ash and water
described above. Mix F20, however, approached the limit of pumpability with the existing
s  equipment and modified base mixture. Several blockages of the shotcrete hoses occurred

due to pressure-induced paste starvation near the 50 mm to 38 mm reducer piece with mix
F20.
All fibers dispersed well in the shotcrete. No balling was observed. The shotcrete mixes
adhered well to the substrates to which they were applied and did not slough.

10
3. Rebound Testing
Rebound testing was conducted on all mixes in a 2.5 m cube timber framed box, lined with
form-ply, open on one vertical face. Shotcrete was applied on a vertical face at the back of
the box to an area about 600 x 600 square x 100 mm deep, with four shooting nails

15 demarcating the shooting area. Material which fell to the floor of the rebound chamber was
recovered and weighed as rebound. The in-place material was then removed and weighed.
Fiber wash-out testing was conducted on the entire rebound sample and on a representative
sample of similar mass, taken from the in-place material. The following parameters were
calculated: 1) as batched fiber content in kg/m3, percent by volume and percent by mass; 2)

20 in-place fiber content in kg/m’, percent by volume and percent by mass; 3) fiber in rebound
in kg/m’, percent by volume and percent by mass; 4) fiber rebound ( = mass of all rebounded
fibers / mass of all batched fibers x 100%); and 5) fiber retention ( = in-place fiber content /

as-batched fiber content x 100%).
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di anonds sanowinally i §ft Bavrume pbfibkaaddiia ratsto approximately 80% forthe ofor o wer e al so
extracted fromthese test panels for the determ nation of conpressive
strengt h. Raxesedhislis & yelatively farorsblel fberateitivn and coksivtent dvithake rkboumdtbehaaon ends.
The South African Panels were tested with uniformy distributed | oading on a
wat er bed pestheigewhne syHlidte AbBEshbl:ésabdctIRVuBR 'Panel s were tested in
centre point loading with determ nate support at three points on custom
built testing machine nade by AGRA Earth & Environnental Limted, Burnaby,
B.C., Canada. Shotcrete M xture Design and Batching 20 The base wet-m x

shotcrete glxtl%r&dgsci an used is shown in the table in Technical Report No.

1, bel ow esign is simlar to mxtures typically used for
permanent shotcrete linings in tunnels and m nes, slope stabilization and
i nf rasttf uctluACIIEpRMmelst ation projects in North Anerica. In the ternary
bl end of cementing material (portland cenent, fly 34 WO 20051016644

PCT/ US2003 Ont48&8d 606Gk 660hsl 185 mnutestfpane pet iix was shotat fashightlnihelmed anglelhesi on
and cohesion of the m x and reduces rebound; the fly ash increases paste
vol ume whi @lami vepticay, €Bhepaiiels Bad 43°)slapad eddes of Bbilitatd sscapervfostdand ardl stppiigai n
tight control over m xture proportions, the base shotcrete m x was

drybat ched ¢ fi@ rgﬁ%éi anm& ?Jﬂ@'ﬁe‘ggﬁeﬁs w&e%&a@wgh lin fhB Fiel VISR S8 ShabRh,

preci sion nass batched w th nitoring. The materials were premxed in a
rotary pan £oF i(a%rys.\xtttﬁat O%,nct:oeré specimens for compressive strength testing and ASTM C642

15 boiled absorption and volume of permeable voids testing were procured by diamond coring
from these panels. In addition, a set of three 100 x 100 x 350 mm beams for toughness
testing per ASTM C1018 were diamond saw cut from these panels. The
specimens were moved to the fog room in the laboratory at age 4 days, where they were

moist cured at 23 +/- 2°C until the time of testing.

20

! Morgan, D.R., Heere, R., McAskill, N., Chan, C.: Comparative Evaluation of System
Ductility of Mesh and Fiber Reinforced Shotcrete, presented at Engineering Foundation,
Shotcrete for Underground Support VI Conference, Campos do Jorddo, Brazil, 11-15 April
1999
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rotati ng‘f)addl es, before being discharged into 30 kg paper bags. Shotcrete
was suppM@a005/41664%| | et s and protected by shrink-wap aPCTUSMesewsssnder tar ps
for noisture protectlon prior to use. Shotcrete was batched' in a nodified

Al | ent own ro Pro mxer unit, attached io to a 75 nun sw ng val ve

punp. Typlgaxgi’“i ﬁf’ mﬁ%ﬁ?ﬁb bags were batched at a tine. Water was added
to maintain a constant water/cenent ratio between all mxes. The fibers were
added di r e@8¢ Hustepliom RBopndRanel was she for eaghmisturs. xiheparslehad sdiamptexefB0Por
approximately 5 mnutes to provide uniformfiber distribution prior to

shot cr et e uirsaridaveye appinamately #mmghivk x Aftershovking therpadelsedaceWasbtrudkof® F10
(nomnally 1.0% by volune is fiber content); 2) Mxture F15 (nomnally 1.5%

by vol ume withe oo wiethy-foanghddinidHed td 4 smodti Bnish Gith Aatdel rawdl YTiypavels ume fi ber
content, increased paste volune). The superplasticizer dosage was adjusted as

necessafy \suefenﬁcﬁwcqﬁdmeerrp%ﬁb slﬁén%t e 1@ ?or&hﬁgg G- mdVed ifté &erﬁgfdovrpd a

suppl enentary dose of fly ash and er to 1ncrease the paste volune in

order to I S . e .of t hi gh fiber addition
20 rate. AR %%f%‘ﬂ%?uf“ﬁ% 30 IRE e e B P e o |

Techni cal Reports No. la to 1c, below 35 WO 2005/016644 PCT/ US2003/ 040385
Shotcrete Plastic Properties 1. Slunp and Air Content Details regarding the
prevailing anbient conditions (tenperature, wind speed, precipitation) and
pl astic shdtBouth Afipean¥ater Bed Bask gi ven in the table in Technical Report No.

s 2, below. The dosages of the adm xtures required to produce the desired

sl unmp and ©@se testpaheidviti dimengidrardf 1600ex d600x &0hamithick wiak isot tfordach mbtieret abl e in
Report No. 2 also details properties of the as-batched and as-shot fresh

shot cr gf e, vaRdoimiPs WER pced 8t 1000 k! b 1?3& PE. %@&ié'l@caﬁ@ﬁs Whige AR bERSWEUIBUTD as a
measure of ease of punping. Slunps of the different m xtures ranged from 30

to 50 nm %%}(;1 wégsﬂ] into the
shotcrete Qﬁlnp, \%J;%?%%h Elee%\%géeln é‘?gﬁ% P%Qeﬂ & er ?negtn%{ @gﬁ!ﬁ%?ﬁ?c}]e
as-shot ai rtatgo%n € péne{ was s%h{) 'tncarvee}heca Gtienta %81% amf| ﬁmshe A%—M;ucl:\;a ént ?o cast-

concrete surface finish, using a two-by-four for strike-off and steel trowel finishing.
Afier initial set, the shotcrete panels were covered with plastic sheets and kept moist and
15 protected for 7 days. The panels were stripped from the forms at age 21 days and allowed
to field cure for a further 8 days prior to testing at age 28 days,
Hardened Shotcrete Properties
1. ASTM Standard Tests
a. Compressive Strength
20 Six, 75 mm diameter by about 110 mm long cores were extracted from each of the standard
ASTM test panels and tested for compressive strength to CSA A23.2-14C (which is
equivalent to ASTM C42). Test results are given in Technical Reports No. 4, below. All
three shotcrete mixtures achieved approximately 48 MPa compressive strength at 7 days.

The following table shows the ratio of achieved vs. predicted (based on the mixture
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the attached Technical Report No. 5, below. The values of Boiled Absorption ranged from

4.4% to 4.9%, and the Volume of Permeable Voids ranged from 9.5% to 10.6%. These

results are very low compared to the maximum limits of 8.0% for Boiled Absorption and

17.0% for Volume of Permeable Voids commonly specified for structural quality shotcrete.

These results are indicative of dense and durable shotcrete of low permeability.

c. Flexural Strength and Toughness

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

days on sets of three nominally 100 x 100 x 350 mm beams, tested on a 300 mm load span

with third point loading. Results of the tests are given in FIGS 15-26 and tabulated in

Technical Reports Nos. 6a to 6f, below. The results show the first crack and ultimate

flexural strength and the ASTM C1018 toughness indices and Residual Strength Factors

2 With the exception of an open-loop control loading regime
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Shot cr et e| PYBBHE t]i oRbeT kP andycy Favearaggnp| Ratig, °§'P,3-];dihr3° ey | 6J6UGNESS |
test pane| per nijx wASBaiebed at | Flevurgnt 1% Corpreside arkuehness grReplopnancal| The
panel s ha§l 45 sl opedVebugstric o f a%ttengtha} ¢ Hreoghat 3t | ebBastet and skevepping of
t he panel [from t he Addition Rate pangMPalvet e noDays cured i fMPae fli el d under
plastic shgeding | f oF genedstiom, At tégat [ime, 16 e speci nens fgr codpress) ve
strength festing fand Apphs C642}i s boil pd absorptionjand vol ufe of pernegable
voi ds tesfl Wer noY |dl gyond] COT T g, T FOMThegg paners. gfn
addition,igﬂget 0 ?ﬁ% %:oc *x 1100 x 350 nun beans for t oughness testipng per
ASTM C101 ' —Saw—ct—Fromt se—fanets—Fhe pecHes mved
to the foyFt®om ih h&R% tdl‘y6;ltﬂ ape 4 da% , where ?pey Wwer e “Ymi st| cured
at 23 +/-|2C until theld®%w of [testin
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* This mixture was produced with an increased fly ash content
** Mix F2 was previously produced and tested at AGRA, see our Report VA04526

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

for shotcrete construction projects in Western Canada. The Japanese Toughness Factors and

Toughness Performance Levels for shotcrete show a good correlation between fiber dosage

and ductility. The fibers performed at a relatively high level and developed good bond with

the cement matrix. The fibers also developed most of their load-carrying capacity as

indicated by numerous ruptured fibers in the fractured faces.

3 Morgan, D.R., Chen, L., and Beaupré, D., Toughness of Fiber reinforced Shotcrete, ASCE
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20 Morgan, D.R, Heere, R, MAskill, N, Chan, C : Conparative Eval uation of
System Dugd bdosloYss®d Mesh and Fiber Reinforced Shotcret epepiRsnsibfidast

Engi neeri ng Foundation, Shotcrete for Underground Support VIII Conterence,
Canmpos do JordMp, Brazil, 11-15 April 1999 38 WO 2005/ 016644

PCT/ US20031048%BRliar?PaneliBést al i an Round Panel Test One Australian Round Panel
was shot for each m xture. The panels had a dianmeter of 800 mm and were

appr oxi mat efpe Akudfiad Roid Pafid]s VeretBRat éﬂwRodda@aﬂaﬁtﬁn%’@E&ﬁﬁ zﬁ’%ée ﬁlz[ ck of f

wi th a wooden two-by-four and finished to a snoot el

trowel . TheI‘lR A LS| under, pl.astic sheeting in.the.field for
4 days, then %@é@ @%%%ﬁﬁ%#g% %’ %émﬁﬁ%%ﬁr}%u nog%gto g F‘E&f’ sav{w%gl PP “QHH"TB:M

Rel ative Hum dity untjl the tine of testipng. 3. _South Afrjcan ter Bed Test
One t oot paBRuaRth s} sied e Gy ha Berirontehilans) Thoceaal Ssflcchon einartagiar of
each mxture. 10 Void formers were placed at 1000 nm apart, i.e. at the

| ocati orks viesTBEasHEeR %@lqlsvmuatedééﬁ&, wdile thedogdoway determined with w80 kN boadf r ee
vertical novenent during the test on the water bed station. The panel was
shot in a veilt Acampotet eontintowsly laggedithatestkietd. For amosesdeitailetl dedcriptiorcafthe
concrete surface finish, using a two-by-four for strike-off and steel trowel

finishing. teétta?ﬁarata& hidrest ifdthod, B Ref@biceat FIGRRNTELS pYRAd: thO10RH aenetibiiplt ast i €
sheets and kept noist and is protected for 7 days. The panels were stripped

fromthe foferafn \% vm@'@ jeld cure for a further 8 days
prior to testi ﬁgﬁggﬂggé%gﬂdgﬁ[b%@%d ene%eéﬁg{%{rﬂ%fe Properties 1. ASTM
Standard Tests,.a. Conpressive.Strength, 20 Six, .75 nun dji angter, .. ut. 110
| oo cor Bl e TS At izgs RBSAT: 55t diabing/appifva BATARLUSI SRR and
tested for conpressive strength to CSA A23.2-14C (which is equivalent to
ASTM C4%) . sheterety eeinfprced with caminsriglly ayailablg syathe £Refgrenge el ow. Al |

three shotcrete m xtures achi eved approxi mately 48 MPa conpressive strength
at 7 days.

Specimen As-batched | Peak Load | Maximum Post- Absorbed Energy
Fiber Volume [kN] Crack Load (0-40 mm Deflection)
Dosage [kN] {Nm] or [1]
Forta - F10 1.0% 31.2 16.8 525
Forta - F15 1.5% 29.8 20.0 640
Forta - F20 1.9% 279 252 750
S152-HPP 1.0% 34.7 15.2 290

Italics: Data from reference in footnote 1, test age >28 days

15 Test results showed that increasing the addition rate of fibers or the present invention reduces
the ultimate load capacity of the shotcrete. An increase in the as-batched present invention
fiber volume addition rate from 1.0% to 1.5% and 1.9% by volume increased the maximum
post-crack load of the specimens by 20% and 50% respectively, and increased the overall

absorbed energy to 40 mm central deflection by 22% and 43% respectively.

Shotcrete for Underground Support VII, Telfs, Austria, 1995, pp. 66-87
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profiles positioned by pairs of hydraulic jacks.

The center point deflection of the panels was measured by means of a retracting

extensometer mounted on an aluminum bridge and attached to an epoxy glued hook at the

center of the panel. A pressure transducer continuously monitored the water pressure in the

1s  water bed, which is correlated to the load applied to the shotcrete test panel. A computer

continuously recorded the load and deflection signals. The data were then analyzed and used

to plot the load versus deflection curves, The electronically monitored data were verified by

mechanical measuremenis of deflection (measuring tape) and water pressure (analog

pressure gauge). Application of load to a total deformation of 150 mm took a total of about

20 40 minutes.

4 Kirsten, H.A.D., System Ductility of Long Fiber Reinforced Shotcrete, Report prepared for
Shotcrete Working Group, South Africa, June 1997, pp. 27 and appendices.
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WO 2005/ OW%SﬁgﬁpSZOOSI 040385 calculated fromthese #éﬂh%ﬁsml&'{éo shown

are the Japanese Toughness Paraneters and Toughness Performance Level s3. The
results show that there was sonme instability in the | oad versus deflection
response at In eddittomtmtcontisiougly menitring thé ldad vemsusTdentali deflpstiomaespbyse af thei but ed t o
operation of the test s machine in the open | oop node. The follow ng table

summari zes tpagel ftheyeguahce a0k fdimatich wisreeHdeals Trdkopiitt deslopieithatlt hr ee
m xtures tested. M xture Fiber Type and Average Ratio Fl exural Japanese

Toughness Assr&RinshRHedtdof Xk also Yetorde@MPr €ssi ve Toughness Per f or mance
Volumetric Strength Strength at 7 Factor Level Addition Rate a Days [M F10

2" generation, 6.8 14% 1.7 111 1.0% F15 2" generation, 6.1 13% 2.4 111 1.5%
F20* 2 generation, 6.1 13% 4.0 N 1.9% F2** 1& generation, 6.5 12% (at 8
days) 4.1 N~ 2.0%* This m xture was produced with an increased fly ash
content ** ﬁgilgﬁé&lvlgas previ ously produced and tested at AGRA, see our Report

VA04526 10 .Th | exur al.. st.rengt.h f t 1 Xt ures ceeded.the fr ently
speci fi ed m’lﬁpﬁﬁh@%‘l&f%d aﬁ% lgnﬁseﬁ%fhg{]@e Fﬁ%ﬁ%&?fﬁ‘ﬁ pb‘?sﬁ‘ﬁé’&‘fegn?%‘%%@?er n
Canada. The Japanese Toughness Factors and Toughness Performance Level s for
shotcrete sHBRrgnglysgod ngsaalafrpm{hwmw pi@forersreng Ebers,n Ghefapbrid|fibess of The
fibers perfornmed at a relatively high | evel and devel oped good bond with is
t he cenent e present ifivention {60 mmulosg) cvelddiebpetiedypeinped andshot witlostandaad r yi ng
capacity as indicated by nunmerous ruptured fibers in the fractured faces. 3
Mor gan, D. Rshotéffifig eduipmétt dsiBg 38 finbintdohal dik@ieth Nesse &d dsitathed Sbdifaadies

Shotcrete, ASCE

10 rates of 1.0 to 1.9 % by volume. The fiber dosage utilized in this study appeared to not
significantly affect the compressive strength, flexural strength and values of boiled
absorption and volume of permeable voids of the shotcrete compared to a plain shotcrete
mix. There did, however, appear to be/a trend towards a reduced pre-cracking load carrying
capacity of the round shotcrete panels with increased fiber addition rate. Test results show

1s that the fibers can develop their full tenacity (tensile strength capacity) in high quality
shotcrete. In addition, the bond between the fibers and the shotcrete matrix appeared to be
sufficient to prevent fiber pull-out of a majority of the fibers spanning a crack. Moreover, the
overall ductility of the shotcrete reinforced with 1.0 to 1.9% by volume of the hybrid fibers
appeared to be comparable with other, commercially available high-performance

20  monofilament synthetic fibers. Moreover, tests results show that the shotcrete with 1.0% by
volume hybrid fiber provides toughness and system ductility that appears to be acceptable for
shotcrete construction work requiring a moderate resistance to post-cracking loads, as in

some ground support and slope stabilization projects, and in construction of erosion control

in creeks, river banks and dams. The shotcrete with 1.5% by volume hybrid fiber provides
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41 WD 2005/ 016644 PCT/ US2003/ 040385 2. Australian Pane fustralian
Round Paf¥P 20301444 est ed on a Round Panel Testing nachi{ﬁ%ir/g?ioaoggﬁ% days. The
panel s was statically determ nately supported on three sw veling supports

with mni ' ' t (i ' L The
cent ral cof PRRPEng Bt U0 A arfBC U cqblviich 15 s60E hEA TN Bl |
while the | oad s .determned wth a 80 kN.I|pa cell. A. ter,.

cont i nuous! SF TGS Wgsﬁrg@forﬂs&ptcpe&s, %fPFﬁs?l@agéﬂf%ﬁﬁcéa&ka‘@@'gf%aﬁ%%fﬂ“’t he
test apparatus and_test nethod, see Reference 1. FIGS. 27-29 provide the |oad
def | ect i on shptstete with 1:p86 hyvelume hbris ibeggrovides tougbngss sndsytgmduehity that ¢

results. The follow ng table summarizes inportant test data and conpares them
t o publ i sheappeas to pekforn equinalentros better dianfsome bigh\qualkty steeifilrer amd welded wirt abl e
synthetic fibers. (Reference 1) Speci men As-batched Peak Load Maxi mum Post -
Absor bed Engédhteinforéedrshotetsspespbdidilyt dgger ok widthd TETHNECAEREPORT N sage
[KN] [Nn] or [T] Forts - F10 1.0% 31.2 16.8 525 Forta - F15 1.5%29.8 20.0
640 Forts,y- F20 1.9%27.9 25.2 750 5152-HPP 1.0% 34.7 15.2 290 |Italics:
Data fromreference in footnote 1, test age >28 days is Test results showed
that increasing the addition rate of fibers or the present invention reduces

the ul timatghaadreapacid.y, Wet-mgg &&rﬁ]&%%ﬁgpéﬂ}%rfg% QQ@I he as-bat ched
| a 0% :

present invention " fiber vol'une a onr B and 1. 9% by

vol ume i ncpease QB A 0.5 d 50%
respectively, and i Mategitded the over al IMasbsor hedBuWkBensitit o| 40 Wplmeent fal
defl ection| by 22% and 43% respectijely. otcrete der fgroun upponit
VII, Telfs Céanét Type 10995, pp. 66-B7 42000 20 5/ 01664y PCT] US2@0379403¢5
The test rg Mt Pyshd!T TNET SNowed That WhigR™ conpar €0 §gnd Ne SYNTN@ls
I ndustriesfg g 30 2200 0.0136

Coarse Aggregate (10 - 2.5 mm),

SSD 500 2650 0.1887

Sand (SSD) 1130 2650 0.4264

Water (estimate) 180 1000 0.1800

Water Reducing Admixture:

Masterbuilder® Pozzolith® 325-N 1.40 1000 0.0014

Superplasticizer: Masterbuilder®

Rheobuild® 3000 [L]* 2.00 1000 0.0020

Air Entraining Admixture:

Masterbuilder® Microair® 0.40 1000 0.0004

Air Content as shot 4.0% 0.0400

Total 2288.4 1.0000

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

Slump (after superplasticizer and fiber addition) = 70+20 mm
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M

fiber, the_h br| ynthetic fibers of the present inven Q¥iodgy superi or
performaﬁ’g‘é2 ‘%4%% vol unme addition rate. 3. South Afr?gg’?]]s%t/er Bed Test s

The 1600 x 1600 x 76 nm panels were tested on AGRA' s water bed reaction

frame, adapted fromthe South African Water Bed Test devel oped by Kirsten4.

The test sej ejhforced concrete pedestal with a steel
Po rt ci eagﬁ’r iulgg'?)li‘l‘ Nogid

confined reln wat er bed, high tensile strength reaction bolts,

and 100 x nm r oc s,..The reaction bolts, which sinulate
rock bol ts%ﬁé&mate Elﬂqohef()%‘@%ﬁi? é’rfgmﬂao NSThe four canti | ever ed
edges of® 10_t he_panel s were supported agai nst downward novement by four
square hol |E%¢§é&qt@wa§?lbe| pr 819 egab%gﬁedrmﬁomnt;{a@ byvald: Ilv)oéi%aul i c jacks.
The center PefichBizgdbagskti on of lhe panel s wateriernentinganagriakeratio 983 a
retracting__extensoneter nounted on an alum num bridge and attached to an
NOOK at the Cetse shdtorét g PaefAdmidurg@) €Ssur e transducer
y nonitored the hoassiperppatels Jur Eibéern Flylsk | § Bulkt Bensitye , Calkulatdd SS1
to thMajedald appl [ edbmedwhe isteddedipertbetctt est plESRY . A cHapperer
continuousfiyrecorded the | bad MQ&LMM@M&MMD
anal yzed eype100 pl ot [he |¥ad vdrsus deflection 8Pves| Thedld
el ectronic $ili mei tored data wePe verlified Gy Lhang298] pasur effent s pf
it land fater pressiffe (anfl Qg?2%ressure gduge)
al d&8orndtion &f 150 mmt &SR a yotal S&F abopt

20 40 mi nuj A-D_ Sw:f emDuctilitv]of Innn Elbher Reinforged
Shotcrete or—2hat r‘iel_e_AMB‘_ld_ng_ 50 S 6 ine
1997, pp. ehd annendi |43 W0 20d5/.016884 pCTl 152898/ 040385 165 addlti on
to continu %F”ﬁ“‘%‘?‘?f’t'@ﬂﬁw he load versus 'd&htral | def P&tiop resfdnse of the
panel, the teRee of—erae—torrat-e—was Mé:CfaLei. Cr-arek—w Lnant
with incrphaFrs H‘g?gl ec was al so rlecord&& s Cpncl usi ons The t8&t repults
outlined ap 'é‘ ha t he hybrild fi ber of t he present inventi on
di spl ays | j y—goeed-physteal—aro pcrtziwo - —RewWR—e+HAfFet m,...,.u
fibers. Th Pni?e\éllﬁm;g';ﬁo?ﬁrs of

Air Entraining Admixture ' 0.090 0.46

(Microair®) [L]

Air Content At Pump 8.9%

As Shot 1.9% 1.9%
Total 420 2355

10
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t he presegs idﬁglﬁﬁ%izpn (60 mmlong) could be batched, pu rgﬁgg%ﬂ%@ﬁt W th

st andard otcre I'ng equi pment using 38 mmi nternal di % and
as-batched fiber addition io rates of 1.0 to 1.9 % by volune. The fi ber
dosage utilized in this study appeared to not significantly affect the
conpr essi vergANIeal, REPORY Rb, f§ rengt h and val ues of boiled absorption and
vol unme of perneable voids of the shotcrete conpared to a plain shotcrete

m Xx. There did, however, appear to bela trend towards a reduced pre-cracking
| oad carryi acity und otcrete panels with increased fiber
addi ti orf raéf‘gB resﬁt%aagﬁg\ﬁgfngr {%Qf"t‘ffﬁ 4RO can develop their full
tenacity (tensile strength capacity) high quality_ shotcrete. In addition,
the bond beBateh idengifications, s andfihe gﬁﬁlé@gfﬁ’ehﬁwfm (el ddl S 8%6pe

suf fici ent BachSize&bagsyi ber pul M out of a waferrémenting matazialsitatéo:s0.8hanni ng a
crack. Moreover, the overall ductility of the shotcrete reinforced with 1.0
to 1.9% by volume of the hybf iBdsefskduretes rabl'e wth of her,
comerci alfjy avail abl e hi gh- ena‘swh@hcg hatalcalated S8 S
Mor eover, [t ests rMserdals show t hbdnedrhe Wisyreemhy bff i d
fiber prov des toughness and|sys{®m dug tlo be Bglcept apl e
for shot L ida)

post - crac eptTyped0 as in sone $roun suan)rL anH Q|§é§ﬁ? stlahj |43t i on
proj ect s, EiFM$na<frumLi oh of &rosibn confral mﬂﬂ(lnkq, rivedd hanksl and
dans. The %-b.)uﬁa.l-u.ms_h.)cbid_u_bf] 2200 des 44 9D
2005/ 0166 ‘PETi"%E?O’GﬁPO&%S t dfyhness and® syst e dué®q | | tly thatappeals to
be equi val %c sere—h-gh—atat-y—stept—H-ber—or-welded—wib—e—resh
rei nforce s‘“%“m%cret%:; espectal 'ﬁ‘ﬂ{n‘{ et Q:'ae% aacaz 50. +HadditPon—the
r ’ L N O 3578 1 1 ’

shotcrete +—Q06-v—) uu —Rybtt+-a—Fber f“gg.v:dcs +HoLrRess "“d13 ysten
ductility -\ ?mﬁgt?bsvl? perform equfval ent or bptter than sone high
quality st ded—wrTe—sfresh f U] ced—shotcretes,ygspecial |y
at |arger I‘“'lliﬁ;‘dﬁ %i{]’ﬁ% CHNI CAL REPOQT d%bl SUBJECT: Bade Vet-M x
Shotcrete t+ ~—SSB—Conth—t+ |100 at-er+at—ivass Bﬁfk}hﬁuai t
Vol ure M’g?j?é‘ﬁ‘t’ W00 3150 5 1270 '

Alr Entraining Admixture 0.090 0.46

(Microair®) [L]

Afr Content  AtPump 8.0%

As Shot 2.0% 2.0%
Total 420 2345

10
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Silica F 0.0205 Fly Ash 30 2200 0.0136 Coar, (10 -
2.5 mﬁ%ﬁﬂgﬂ%z@gw 0. 1887 Sand (SSD) 1130 2650 0.425%@%%?’9 égti mat e)
180 1000 0.1800 Water Reducing Adm xture: Masterbuilder(r) Pozzolith(r)
325-N 1.40 1000 0.0014 Superplasticizer: Masterbuilder(r) Rheobuild(r) 3000
[L]* 2.00 1QWTKHNIOALD REPORENJ.deni ng Adm xture: Msterbuilder(r) Mcroair(r)
0.40 1000 0.0004 Air Content as shot 4.0% 0.0400 Total 2288.4 1.0000 ao
Specified 28 Day Strength = 40 MPa W (C+Si F+FA) Ratio = 0.38 Slunp (after

super pl agti gugRcd i bgL paRHLd Siiorete Mi ﬂ:l?@ﬁ%gbrtiéés WO 2005/ 016644
PCT/ US2003/ 040385 = TECHNI CAL REPCRT No. ?a SUBJECT: As-Batched Shotcrete

A L S SO IR T L

:17i
i xtur es? mass per WA§

Base shotcr f {RUQS §-28ul k
Density Calgulated SSD Materjial bone dry added per batch [SSD Masg per in'
m Cenent e}O0 81 0 3150 414 Base shotcrete Water,
mass per Admixtures,
Material batch, Fibers, Fly ash Bulk Density Calculated SSD
bone dry added, per batch [SSD Mass per m’
[ke] _[kg] [kg/m'] [kg)
Cement Type 10 81 0 3150 350
Silica Fume 9 0 2200 44
Fly Ash 6 10 2200 78
Coarse Aggregate (10 - 2.5 mm) 100 0 2650 487
Sand © 224 0 2650 1100
Water 39.8 1000 174
Synthetlc Fibers, FORTA® 3.580 910 17.3
2.0%
Water Reducing Admixture 0.360 1.74
(Pozzolith® 325-N) [L]
Superplasticizer Rheobuild® 0.100 0.48
3000 [L]*
Air Entralning Admixture 0.090 0.44
icroair®) [L]
Air Content At Pump 8.6%
As Shot 2.6% 2.6%
Total 420 2203

10
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R

fglgaJMUW‘% gsdgégﬁ 47 Fl Ash 6 0 2200 31 Coarse Aggr%@#@ﬁ%g 8§650 517

4 0 2650 1169 Water 35.8 1000 165 S ers
FORTA(r) 1.790 910 9.2 1.0% Water Reducing 0.295 1.52 Adm xture
(Pozzolith(r) 325-N) Superplasticlzer 0.200 1.03 Rheobul I d(r) 3000 [L Air
Entrai ni ng AQCHENICALREPORT NQ2 (Mcroalr(r) [L] Air Content At Punp 8. 9% As
Shot 1.9% 19% Total 420 2355 10 46 WD 2005/016644 PCT/11S2003/ 040385
TECHNI CAL REPORT No. | b s SUBJECT: As-Batched Shotcrete M xture Proportions

Bat ch | dent igty n: | c e t % by vol.]: 1.51% Batch
Size ( baas) 8 er/ ceﬁlég?. r%!h %tﬂnq Erggéél}ogr?tgﬁ?? % )éase shotcrete V\at er,
mass per bat=ehe— SH=OG DLl G L SD__Motecial 'y
Fi bers, Fly ash [SSDDINBB@Wp [kg ablaitd, [per batMJlK Kknifien jorl kal
F10 F15 F20

As-batched Fiber Content % by vol. 1.01 1.51 1.90

Water Reducer Addition Rate L/m’ 1.52 1.84 1.74*

Superplasticizer Addition Rate L/m’ 1.03 0.51 0.48*

Air Entraining Agent Addition Rate L/m’ 0.46 0.46 0.44

Ambient Temperature °C 21 21 22

Ambient Wind Speed (estim.) m/s 2 1 2

Precipitation 0 0 0

AS-BATCHED

Slump (with Fibers and HRWR) mm 50 30 50

Air Content (with Fibers and HRWR) % 8.9 8.0 8.6

Shotcrete Temperature °C 24 26 28

AS-SHOT

Pumping Pressure (hydraulic circuit) MPa 11 13 11

Air Content % 1.9 2%* 2.6

n.a. = Not Available
* mix contains additional fly ash and water for enhanced pumpability
10 ** estimate based on the as-batched air content

TECHNICAL REPORT NO. 3
15
SUBJECT: Shotcrete and Fiber Rebound
Mix Mix Total As-batched Fiber Content Tn-place Fiber Content Fiber in Rebound Fiber
No. Description Rebound Reteation
(% by (kg/m) | (%by | (%by Gefm) | by | (aby || () | (hby | (Rby (%)
mass) vol) | mass) vol) mass) vol) mass)
FI10 §| 1.0% Hybeid 122 9.1 1.0 035 8.5 0.94 037 212 233 | om 94
Fiber
Fi15 || 1.5% RBybrd 173 13,7 1.5 0.59 10.7 118 046 28.7 e | L4 7
Fiber
F20 || 2.0% Hybrid 19.0 182 20 0.79 14.4 158 | 042 341 382 1.50 ™
Fiber

20

49



Cement Ty zég @1%4% 3150 412 Silica Fume 9 0 2200 46 F Ash 6 0 2200 31
Coar se Agﬁff’e Y&y - 2.5 100 0 2650 514 rmman) Sand 22PFEBBGMBS  \at er
35.8 1000 164 Synthetic Fibers, FCRTA(r) 2.685 910 13.7 1.5% Water Reducing

Adm xt ure 01‘ 36Q h r) 325- I'L1 Superpl asticlzer Rbeobul I d(r)
Fis

0.100 0.51 090 0.46 croair(r) [LI Ar
?Aé‘&gxﬁ&qg 420 2345 10 47 WD 2005/ 016644

Content At :
PCTI US2003/ 040385 TECI | MCAL REPORT No. 1c s SUBJECT: As-Batched Shotcrete
M xture Pr SRBREGES Bemnressiye Strergti af Corad Shatereteafpstimens to ¢$fbéﬂ3@01r4&-nt [ % by
vol.]: % 90% B lze (haas): 1. /. S _
Base shot qr et SoMiéber, [MmShotcpete AN muéﬂatedlmhﬂmeadwdoot Q\hmr @flﬁpreﬁ% gsh
Bul k Densilty Ke¥afibn at §d SSdayfone {Iry amifq@th pMPapat clf [ offPpMPHer 1
Panel F10 7 50.9
45.0
47.0 47.6
Panel F15 7 47.6
4 47.5
48.0 47.7
Panel F20 7 48.8
45.0
50.3 48.1

Core Diameter [mm] =75

10  TECHNICAL REPORT No. 5

SUBJECT: ASTM C642 Boiled Absorption and Volume of Permeable Voids
1s
Specimen Absorption Absorption after Volume of Bulk Specific Gravity
Identification | after Immersion | Immersion and Boiling Permeable Voids after
[%] [%] %] Immersion an;i Boiling
, ]
F10A 4.5 41 10.6 %%15
F10B 4.0 42 9.6 23170
F1G6C 4.0 4.3 9.8 2368
Average 4.1 44 10.0 2361
Fi5A 4.5 4.8 9.0 1956
F15B 4.6 5.0 8.2 1735
F15C 4.6 5.1 11.2 2329
Average 4.6 4.9 9.5 2007
F2CA 4.4 49 10.9 2331
F20B 4.3 49 10.8 2330
F20C 4.2 4.5 10.1 2340
Average 4.3 4.8 10.6 2333
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[kg] m 81 0 3150 390 Silica Fume 9 0 2200 10 2200
78 COarcgggg‘}é’a’}}e/"gi‘ke (10 - 23 m) 100 O 2650 487 Sand ﬁ&m%"ﬂﬁg%i%w 1100
Water 39.8 1000 174 Synthetic Fibers, FORTA(r) 3.580 910 17.3 2.0% Water
Reduci ng Adm xture 0.360 1.74 ozzoilth(r) 325-N) [L] Superplasticlzer
Rheobuil d(r) 0.100 0.48 3000 [LI* Air Entraining Adm xture 0.090 0.44
lcroalr(r) ' Punp 8. 6% As Shot 2.6% 2. 6% Total 420 2293 10
48 WO 2005/%@1@2&%9%&%385 TECHNI CAL REPORT No. 2 5 SUBJECT: Site
Condi ti ons sh Shat roperties Property Unit Mx ldentification
F10 F15°5F2 -‘éﬁ%chedgﬁﬁ"@gﬁ%ﬁg@n@&%ﬂwﬂm@ Residup] Strenggh Fagtets, Reducer
Addition Rate Un 1.52 1.84 1.74* Superplasticizer Addition Rate Um 1.03
0.51 0. 48* ¥ibenTypeer ai ni n ant Adyhrid Synthetie Bibedn8 0. 46 0.46 0. 44

Fiber Addition Rate: 1.0% by vol.
Sample First-Crack Ultimate Toughness Indices Residual Strength

No. Strength Strength Factors

(MPa) (MPa) Lo 1 In Lep Rios Raoso
F10A 6.62 6.62 N.A. 8.6 18.7 N.A. 33.7
F10B 6.50 6.50 N.A. 7.0 16.1 N.A. 303
F10C 7.17 7.17 N.A. 4.8 11.3 N.A. 217
Avg. 6.77 6.77 N.A. 6.8 154 N.A. 28.6

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

15  TECHNICAL REPORT No. 6b

SUBJECT: Japanese Toughness Parameters and Toughness Performance Levels
Fiber Type: Hybrid Synthetic Fibers
20  Fiber Addition Rate: 1.0% by vol.
Sample First-Crack Ultimate Japanese Toughness Toughness
No. Strength Strength Parameters Performance
Toughness Toughness Factor
(MP2a) (MPa) (IN-mm) (MPa) Levels
F10A 6.62 6.62 13.8 2.08 I
F10B 6.50 6.50 12.2 1.79 m
F10C 7.17 7.17 9.2 1.35 L0
Avg, 6.77 6.77 11.7 1.74 i
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Anmbi ent T, C 21 21 22 Anmbient Wnd Speed (est

Pr eci pi ta 5%553{18{48 AS- BATCHED Sl unp (with Fibers and h%ﬂﬂn@{oéﬁ%o 50 Air
Content (with Fibers and HRAR) 8.9 8.0 8.6 Shotcrete Tenperature 24 26 28
AS- SHOT Punping Pressure (hydraulic circuit) MPa 11 13 11 Air Content % 1.9
2** 2.6 n.a. =Not Available * m x contains additional fly ash and water for
enhanced pu?g%m i based on the as-batched air content

TECHNI CAL R ﬁ%@%ﬁ&?& e: Shot crete and Fi ber Rebound m x m x Tot al
As- batched Fi ber Content 1o-plam Fi ber Content Fiber in Rebound Fi ber No.

UneVt i oe® Rehaund 2t ent | % ftie) (91
by (%y (% SU W%&H é&’é@ﬁ%%‘?ﬁﬁd“&{@?&@@@%g 83 0. 94
0.37 21.2 233 0.92 94 Fiber PIS 1.5%Hybrid 173 13.7 1.5 0.59 10.7 1.18 0. 46
28.7 3.16 1FherByperi ber F20 2. &bxbrig Syatheticdiberag. 2 2.0 0.79 14.4 138 0.62
34.7 3.82 1F8eragiditioroBate20 49 \W5%bP®1016644 PCT/ US2003/ 040385

10

Sample First-Crack Ultimate Toughness Indices Residual Strength
No. Strength Strength Factors
(MPa) (MPs) Lo Lo 1 To 1 Ry Raos |
FI5A 6.31 6.31 N.A. 8.1 184 N.A. 34.3
F15B 6.22 6.22 NA. 8.5 18.9 N.A. 34.7
F15C 5.65 5.65 N.A. 18.5 355 N.A. 56.7
_Ave. 6.06 6.06 N.A, 11.7 243 N.A. 41.9

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

15

TECHNICAL REPORT No. 6d
SUBJECT: Japanese Toughness Parameters and Toughness Performance Levels
20
Fiber Type: Hybrid Synthetic Fibers
Fiber Addition Rate: 1.5% by vol.
Sample First-Crack Ultimate Japanese Toughness Toughness
No. Strength Strength Parameters Performance
Toughness | Toughness Factor
(MPa) (MPa) (kN-mm) (MPa) Levels
F15A 6.31 6.31 12.7 1.99 m
F15B 6.22 6.22 13.1 2.00 )i
F15C 5.65 5.65 22.3 3.33 IV
Avg. 6.06 6.06 16.0 2.44 i

25
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TECHNI CAL REPORT No. 4a HYBRI D FI BER SHOTCRETE EVALUATI ON SUBJECT:
Conpr essi wy wok61sgir of Cored Shotcrete Specimens to CSAMIBsRoaldits
Shot cret e Age Cal cul ated Conpressive Average Conpressive Locatsljﬁf)hn
Strength MPa Strength MPa Panel F10 7 50.9 45.0 47.0 47.6 Panel F15 7 47.6
47.5 48.0 47.7 Panel F20 7 48.8 45.0 50.3 48.1 Core D aneter [nun] = 75
10 TECHNI CAL REPORT No. 5 SUBJECT: ASTM C642 Boi |l ed Absorption and Vol une of

Per meabl e vog@ERN igf ogor ption Absorption after Volume of Bulk
I entl | cat

5 Sour ce,
8
Fdays]

Specific Gavity |on after I nmrersion I mrersion and Boiling
Perrreable Voids after [ [X9 [99 |ImersnBoiling FIQA 4.5 4.7 10.6 2345 MOB
4.0 42 10C 4. vera 0 61 F15A 4.5
4.8 9.0 19@1&1% 6. ey L1018 ndahers Biriing ot and Resigiial Signzth Factors
Fiber Type: Hybrid Synthetic Fibers
Fiber Addition Rate: 1.9% by vol.
10
Sample First-Crack Ultimate Toughness Indices Residual Strength
No. Strength Strength Factors
(MPa) (MPa) IL—? Tap !g RJ_#_ R:og
F20A 6.22 6.22 N.A. 18.1 34.0 N.A. 53.0
F20B 6.14 6.14 8.4 20.7 414 61.5 69.0
F20C 6.02 6.02 7.5 21.3 42.5 69.0 70.7
Avg. 6.13 6.13 N.A. 20.0 39.3 N.A. 64.2

15

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

TECHNICAL REPORT No. 6f
20 SUBJECT: Japanese Toughness Parameters and Toughness Performance Levels
Fiber Type: Hybrid Synthetic Fibers
Fiber Addition Rate: 1.9% by vol.
Sample First-Crack Ultimate Japanese Toughness Toughness
No, Strength Strength Parameters Performance
Toughness | Toughness Factor
(MPa) (MPa) (KN‘mm) (MPz) Levels
F20A 6.22 6.22 22.0 3.45 IV
F20B 6.14 6.14 25.8 3.90 v
F20C 6.02 6.02 29.7 4.63 A
AVE; 6.13 6.13 25.9 3.99 v

25
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Averse 4.6 4.9 9.5 2007

Fi ber Addition Rate:

| ndi ces Resi dual
F10A 6. 62 6TECHNECABREPGRT No.A 33.7 F10B 6.50 6.50 NNA 7.0 16.1 N A
30.3 F10C 7.17 7.17 NNA. 4.8 11.3 NA 21.7 Avg. 6.77 6.77 NA. 6.8 15.4 N A

28.6 10sN A =

first-crackgugrtacHN CAL,&E

Par anet ers and Toughness Per|

b“ﬁ%s@fgﬂd#éhﬁﬂﬁg%é

Fi bers 20 F
Japanese To
Toughness ]

10

15

20

Strength Factors
1. 0% by vol.
Strength

Fi ber Type:
Sample First-Crack U timte Toughness
No. Strength Strength Factors

Te 1. 0% by vol.

Ry,

not avail able due to large initial

TR P2RB 18

or nance Leve

er Type:

F20A 4.4 4.9 10.9 2331 F20B 4.3 4.9 10.8 2330 F20C
4.2 4.5 1Qol2089éMe6adAverse 4.3 4.8 10.6 2333 50 WO 2005/
PCTI US2003/ 040385 TECHNI CAL REPORT No. 6a s SUBJECT: AS
Par anet ers and Resi dual

iﬁ i @)10%04%3 oughness

Hybrid Synthetic Fibers

a al

deformations after
Japanese Toughness
Hybrid Synthetic

Sample First-Crack U timte
Strength Strength Paraneters Performance

6. 682 6 £2 13 8 2 N3 11

) R o R3060

1

" Fiber Addition | In site 3 Energy
Number Rate Fiber Load Nm=J
Content
% by vol.
%by | kg/m’ kN 0-10mm | 0-20 mm | 0-30 mm | 040 mm
vol.
F10 1.0 9.1 0.94 32.2 163 309 428 525
F15 1.5 13.7 1.18 29.8 185 368 515 641
F20 1.9 17.3 1.58 27.9 226 445 611 747
Example 3

The performance characteristics, strength and toughness, of concrete mixtures reinforced

with the fibers of the present invention were analyzed. A number of three-dimensionally

reinforced concrete specimens (beams and cylinders) using four fiber dosages (0.5, 1.0, 1.5,

2.0 percent by volume) had been cast and tested to evaluate the strength and toughness

characteristics. The strength tests included the compressive strength, flexural strength

(modulus of rupture), first crack strength, and impact strength. The toughness properties

evaluated were modulus of elasticity. The toughness indexes I5, 110, 120, I30 and residual

strengths were calculated according to the ASTM C 1018 test procedure, and the flexural

toughness factor (JCI) and the equivalent flexural strength were calculated according to the

Japanese Society of Civil Engineers standard specifications. A new test method (ASTM

C1399-98) was also used to determine the average residual strength of the concrete mixtures

reinforced with the four different dosages of the present fiber invention.
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F10B 6.50 6.50 12.2 1.79 |11l F10C 7.17 7.17 9.2 1.35 11-111 jj~ Av 6.77 6.77
11. 7 1. 74wd 400556440 20051016644 PCT/ US20031040385 TE ]%Oﬁﬁﬁ No. 6¢ 5
SUBJECT: ASTM C 1018 Toughness Paraneters and Resi dual Stirengt actors

Fi ber Type: Hybrid Synthetic Fibers Fiber Addition Rate: 1.5%by vol. 10
Sanpl e Fi r A totil a€ bouthiike¥pire f60¢:@h fibescohfedli wes nfdds. Thebasiolmx@é PropdfionsSt 1 engt h
Strength Factors a al | 160 Ro R'so F1I5A 6.31 6.31 NA 8.1 18.4 NA 34.3

F15B 6. 22 e redi 505 . 56.7
[vo. 5. 06 roRoNas 1 plfod Mercithnifuey et i sixedioth Lptnd 2 8perell™ oo

initial def | r ofisst-crack 2s. TECHNI.CAL PORT . No. BJECT:
Japanese T(? gfﬁ%é{s'ésw%%ﬁ{ééng? gf‘@@%\‘ﬁ#ﬁ%ﬁﬁﬁé?@ éelaflgﬁwgﬁlzggag\; (raszhg ) q%ﬁ ggFrber
Type: Hybrid Synthetic Fibers Fiber Addition e:.. 1.5%.by vol ., Sanple
First-Crac F@?%?WB“B‘S&%‘H—%@ RS aereu@%R@ted ished 2ad gyred sﬂaeéngt h
Parameters Performance Toughness Toughness Factor a a ntn a Levels

s  identical conditions, The test results indicate that there was no balling or segregation due to

the addition of fibers at the recommended dosages for all four mixes.
Test results show that there was a significant increase in the flexural strength and a slight
increase in the first crack strength as the fiber content was increased from 0.5 to 2.0 percent
by volume. The ASTM toughness indexes and the Japanese toughness factors and equivalent
10 flexural strengths were also significantly increased as the fiber content increased. There was
also a significant increase in impact strength for an increase in fiber content.
Test results further show that very high average residual strengths (ARS) (ASTM C1399)
were obtained and the ARS values increased as the fiber content increased. The ARS values
were 234 psi (16.45 kg/em?), 451 psi (31,71 kg/em®), 454 psi (31.92 kg/em?), and 654 psi
15 (45.98 kg/em?) for fiber contents of 0.5, 1.0, 1.5, 2.0 percent by volume, respectively.
Overall, the performance of reinfoﬁed concrete incorporating the fibers of the present
invention were similar and/or better than the concretes reinforced with the best steel fibers
available in the market compared on an equal weight or cost basis. The following
performance related tests were performed to determine the physical characteristic of the
aa  fibers of the present invention: 1) the properties of fresh concretes with different dosages of
fibers; 2) the properties of hardened concretes such as compressive strength, static modulus,
static flexure strength, and unit weight; 3) the toughness indices by the ASTM method with
the help of load deflection curves; 4) comparisons in the load deflection curves for the four

fiber reinforced concretes; 5) comparisons in the toughness factor and equivalent flexural
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F15A 6. 3?&%{&\1}&41 1.99 Il F15B 6.22 6.22 13.1 2.00 %é#lgigoé?{%@sﬁS 5. 65

22.3 3.3 6.06 6.06 16.0 2.44 111 25 52 WO 20
PCT/ US2003/ 040385 TECHNI CAL REPORT No. 6e 5 SUBJECT: ASTM C1018 Toughness

Par amet er s ﬁ&qgﬁec%icq}éiédg%%gﬁﬂ@ttg tﬁ:@%gﬁ%e?e Sch(:aiag.rof Hﬂ?&@g%@l theottiahiitint; dngFi bers

. . ; and
Fi ber Addition Rate: y vol . anp irst-Cra t1 mate Toughness

I ndi ces Resjidual e . t . I o P20A
695 6. 25 NDaceugtiph SHHE oyBhlge SR sHeng] JREST) sEBRIRE R0 At faof &O
F20C 6.02 6.02 7.5 .21.3 42.5 69.0 70.7 _Av . 6.13 6.13 N A 20.0 39.3 NA
64.2 N A. E°ﬁ?5‘f“°aﬁ95€hﬁ§5‘f°émﬂﬁé“ﬂdg fon} YJLIUAMAES|  def or mati ons after
first-crack 15 TECHNI CAL REPORT No. 6f 20 SUBJECT: Japanese Toughness
Par anet ers and Toughness Perfornmance Levels Fiber Type: Hybrid Synthetic
Fi bers Fi ber Addition Rate: 1.9% by vol. Sanple First-Crack U tinmte Japanese
Toughness TMatghialsss No. Strength Strength Paraneters Performance Toughness
Toughness Fact or

Hybrid fibers as described herein were used and tested in this experiment. Type I/Il Normal

Portland cement satisfying ASTM C 150 requirements was used. The cement was supplied

by Dakotah Cement, South Dakota. The coarse aggregate used was crushed limestone,

obtained from a local source in Rapid City, South Dakota, The maximum size of the

10  aggregate used was 19 mm (3/4”) with absorption of 0.45%. The fine aggregate used was
natural sand with a water absorption coefficient of 1.6%. Both the coarse and fine aggregates

were according to the grading requirements of ASTM C33. The water used was tap water

from the Rapid City Municipal water supply system.

15 Mixes

A total of 4 mixes were prepared. The dosages of fibers added to the concrete were in
amounts of 0.5, 1.0, 1.5 and 2.0 percent by volume of concrete. The water cement ratio was
kept constant at 0.5 for two mixes with 0.5 and 1.0 percent by volume of fiber and it was
increased to 0.55 for concrete with higher dosages of fibers (1.5 and 2.0 percent by volume).

zo  The mix proportions and designations are given in Table 4, below.

Mixing Procedure

All mixing was performed in a nine cubic feet capacity mixer. The fibers were weighed

accurately and kept in a separate plastic container. First the buffer mix was prepared. Next,
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a amma Levels F20A 6.22 6.22 22.0 3.45 |V F20B 6.14 6.14 25.8 3.90 IV

F20C 6. 026 Jd¢s/A8644 4- 63 V Av . 6.13 6.13 25.9 3.99 IV B i)4905/ 016644
PCTI US2003/ 040385 TECHNI CAL REPORT No. 7 s SUBJECT: Australian Round Panel
Test Results Australian Round Panel Test M x Fiber Addition In alto Peak-

Energy Nurbase Bgfrepales hete inadhcbiiinio thepiikan Thbreyfidr, sakd bivd to@) tirs\ofGhél 0 nm 0- 20
mm 0-30 M 0-40 nmm vol. Flo 1.0 9.1 0.94 32.2 163 309 428 525 F15 1.5 13.7

1.18 29. 8 135:r308e SR S4d mifedQorlor® nlifud, Eembntaias hA2Bdds ol inf g 10 Exanpl e

3 The performance characteristics, strength and toughness, of concrete

i xtur es. 1 el plgig Sfle witd I old\Garbd B Sivals B ALERIMerkiBY GRJ e lsGpanal yZed.

A nunber o I'mensionally i's rernforced concrete speci nens (beans and

cylinders) .usi four fib osages, (0.5, 1.0, 1.5, , 2.0 per.c by . vol une)
o been: & dunedifhys Pt nief br BRF Riues, Felating A e it BoRHOGIbe mite
characteristics. The strength tests included the c.on]]))r essive strength,

f1 exurals stunderyent a finah mixing stage fon 3 minuys tofcpmpletely distibutetkmfibess. and i npact

strength. The toughness properties

Test Specimens

The following specimens were cast from each mix: 1) four 101 x 101 x 356 mm (4in x 4in x
14in) beams for ASTM toughness test; 2) four 101 x 101 x 356 mm (4in x 4in x 14 in) beams
10 for ARS Test (ASTM C 1399); 3) three 152 x 304 mm (6 in x 12 in) cylinders for
compressive strength and static modulus; and 4) ten 152 x 63 mm (6 in x 2.5 in.) cylinders
for impact test. The specimens were cast according to the ASTM standards and covered with
plastic sheets for 24 hours at room temperature. The specimens were then placed in a lime
saturated water tank maintained at 22.22°C (72° F), and remained in water till they were

15 tested for 14-day strengths.

Tests for Fresh Concrete
Freshly mixed concrete was tested for slump (ASTM C143), air content (ASTM C231), fresh
concrete unit weight (ASTM C 138), and concrete temperature. No balling or segregation

20 'was observed due to the addition of fibers.

Tests for Hardened Concrete

1. Static Modulus and Compressive Strength

57



eval uat e | us of elasticity. The toughness ind 120, 130
and resi gﬂgﬁﬁ(‘%@q@g?engt hs were cal cul ated according to ?ﬁgﬁ]&é‘?ﬂo@]’%w t est
procedure, and the flexural toughness factor (JCI) and the equival ent
flexural stepnl WRE Rsed fsiihat #baaRs PASTIC469) hiicomRARE sEengiiagiTyy of O vil
Engi neers standard specifications. A new test nethod (ASTM C I399-98) was

al so used t@sﬁeﬁ?éﬁlﬁe the average residual strength of the concrete m xtures
rei nforced wth e four different dosages of the present fiber invention. 54
WD 2005/ 016644 PCTI US2003/ 040385 A total of four m xes, one for each fiber
content were nmade. The basic m xture proportions were the sanme for all four
concrete m xtures, except for two mxes with 1.5 and 2.0 percent by fiber
vol une, thewipheleriedestas i ncreased by increasing water cement ratio. The
fiber reinforced concrete m xtures were m xed, placed, consoli dated,

fi ni sheds anBeamsveete tastedrat 28 daje fior theastativoftetintal strengthASTIM €101 8) (Thespamndi cat e
that there was no balling or segregation due to the addition of fibers at

t he recomelengt wae12gehes (30.5akl). Thistestiseaiflecdidatcontolidd téstSTiRWwatelodt t here was
a significant increase in the flexural strength and a slight increase in the

first Cradee?feEt%iﬂ&rﬁkl@ﬁtﬁﬂﬁefahé@t’ifmttgﬂ.toomhés‘}fe&ﬁ-ﬁﬁﬁ@'gﬁ.é@%@:ﬁot0 2.0

percent by volune. The ASTM toughness i ndexes and the Japanese toughness
factors and_egui ya . rSéHP[ t I sigani fican

i ncreased as the #’ erlné%%{lgeﬁe?%l ncrgalgzéo}. 8%&\%&% &%ﬁks""ggglesrpabxﬁl Hnéi%aﬁ]t
increase in i ct strepgth for an jncr e.in fiper coptent. Test results
furt hor - shoAUIRA MepRaqshbE fveat by OB GRS i deigiors opafessh odqfeehao)
wer e obtained and the ARS val ues increased as the fiber content increased.
The ARS% al gekes wese drawgfroms which gheggughyess imdices 4ad thegpsidued strengthgadtems by 454 psi
(31.92 kg/cnR), and 654 psi is (45.98 kg/cn2) for fiber contents of 0.5, 1.0,
1.5, 2.0 peASEM méthod wererorlculatedpecti vely. Overall, the perfornmance of

rei nforced concrete incorporating the fibers of the present invention were

simlar andiky depetticimédianRnieh weniortRed Ustighiest fparatisabcdriifg REASTML eel
fibers available in the market conpared on an equal weight or cost basis.

The foll ow daRer | I . ] t he

physi cal chgf&lact er ﬁ?s#a?@ﬁ‘f(f)fd{s%g@%@ﬁp-&%ﬁ%egﬁﬁﬁgﬁgﬁﬁéﬁquéﬁvgﬁ% ?{’)lﬁé t he
roperties of fresh.c retes . wth.different dosages of  fibers: t.h

D ober 1 og SPPELNGE e Rbf Rl itk VAEET Rk BB R0 aBive i BRPOHs, The pial

modul usis gauge was fixed such that it was touching the center point of the bottom surface. This

arrangement allowed for the measure of the true deflection excluding any extraneous
deformations due to crushing of concrete at supports and load points, and any deformations
and strains induced in the testing frame. Because the deflection is measured at the center
point, any slight warping or twisting of beam will not affect true deflections measured.

20 Hence the deflections measured were the true deflections of the beam.
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static fl r ngth, and unit weight; 3) the toughness indices by the
ASTM net hﬁwytﬁ%‘?he hel p of |oad deflection curves; 4PCIORRYBO4BES" in the

| oad defl ection curves for the four fiber reinforced concretes; 5)

conpari song, tdad Defdcada BeRSsof act or and equi val ent flexural 55 WO
2005/ 016644 PCTI US2003/ 040385 strength cal cul ated according to the Japanese

-es dun °£HT9§¥§%‘ Wﬁ%ﬁ%‘i‘?ﬁ?ﬁ?‘*ﬁé& *?%“*’k%@ﬁﬁbﬁ%ﬂ%%ﬁ%%% al%ée*if’dﬁf the "
ner i - war BU B i Teame B Aok RRpod Bl et Ript et TRiBHRES 56881 ana

cenent satisfying ASTM C 150 requirenents was used. The cenent was supplied
by Dakot ah a@ﬁ’ér‘iﬁ%‘d‘@biﬁq’i‘gﬁd@f’ﬁ wercakcylated by ugige dhest eirvefed was crushed

| i mestone, obtained froma |ocal source in Rapid Cty, South Dakota. The
maxi munesi ze of the to aggregate used was 19 mm (3/4") with absorption of
0.45% The fine aggregate used was natural sand with a water absorption

coef fi ci eny. FlexirabToudhatds (EhaggAbigtionnd fine aggregates were according to
the gradi ng requirenents of ASTM C33. The water used was tap water fromthe

Rapi d G ty TMiRireia) en‘é‘(?;%yea;cbis%g@ﬁi B SohSleRTs iﬂc&abémmi&er&%gg tli@;]adﬂitiro‘h)é?s wer e

prepared. The dosages rs added to the concrete anount s of

0.5, 1.0, a [ The te ratio
was kept SR SRudubeRES L e oot SR Bmp T Bl OB B BRRF BETO0 | e o
fiber and it s..increased to 0,55 for concrete with higher dosages of
fibers (1.ZMKH0)bemE themodplps Q%W“HWE%tFStQ%ETWQSW°WﬁGF$%S&V% the
designations are given in Table 4, below. Mxing Procedure Al m xing was
per f or red itenghness mdex abiiker reinforagd gorareiy isrtheber e y.bOther prametarsi ghed
accurately and kept in a separate plastic container. First the buffer mx was
prepared. ekfencindthe daghtess ifiib arbdhdokitioRad Gie/chabR 3B6 fibegps asprgpmtgat es were

i ntroduced into the m xer. Thereafter, sand and two thirds of the
volume fraction and the distribution of fibers. Fiber efficiency is controlled by the resistance
of the fiber to pull out from the matrix, which is developed as a result of the bond strength at
the fiber matrix interface. The advantage of pullout type of failure of fiber is that, it is

15 gradual and ductile, compared to a more rapid and catastrophic failure, which may occur, if
fibers are brittle and fail in tension with little or no elongation. The fiber pullout or fracture
depends on the yield strength of the fibers, the bond and anchorage between the matrix and
the fiber.

Toughness index (ASTM C1018) is a dimensionless parameter, which defines or finger

20  prints the shape of the load deflection curve. Indices have been defined on the basis of three
service levels, identified as the multiples of the first crack deflection. The index is computed
by dividing the total area under the load deflection curve up to the first crack deflection. The

toughness index IS5 is calculated at three times the first crack deflection. Likewise 110, 120

and I30 are the indices up 10 5.5, 10.5 and 15.5 times the first crack deflection respectively.
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wat er wer‘go%bq%g“gpd m xed for one mnute. Cenent was tgg,glpgg@?{ﬂmg%ng wth
|

the remaining one third of the water. The fibers of th ention
were added and the ingredients were mxed for three mnutes. Following a
three mnute rest period, the mxture s underwent a final mxing stage for 2
mnutes to conpletely distribute the fibers. Test Specinens The foll ow ng

speci mens v&r&v&%l{gs{(ﬂm Mo 1) four 101 x 101 x 356 mm (4in X 4in X
14i n) beans for TM t oughneSs test; 2) four 101 x 101 x 356 mm (4in x 4in x

14 in) bea Lo T STM C.1399).; I 152 X in x 12
in) cyli ndgir;hge ‘in%r(’fgfc?rtf%r%gs%g\% aé rogﬁrﬁfcrﬁ végﬁgtgf g%? %hr(r)beﬁﬂ%gmna(ﬁgé%wptogﬁ%w X
63 mm (6 in_x 2.5 .in.) cylinders for inpact test._ The speci nens were cast
accor di ng tB/MiA) usiag e&é&fﬁﬂ?ﬁ@%ﬁﬂ‘g& éﬁ’eﬁﬂ%i’efﬁﬁa ¢ FRecUpIRYas lpaded.n 4 nour s
at roomtenperature. The specinens were then placed in a line saturated

wat er t ank samplerheamayasipmed on {tysideyith saspect torits pesition as meldsd and placadoay wer e

Is tested for 14-day strengths. Tests for Fresh Concrete Freshly m xed

concr et e watsp bEtheettelplate 60 berloadodSHTiM the dpkdimenaiThe platd andk thé BEMMvER Plabpd o r esh
concrete unit weight (ASTM C 138), and concrete tenperature. No balling or

segr egat i Onthe Gupjoft apPERhY SrthatuBe §teeliplite waktehictdd iifthé 10WRF Bearing ®fdcks iridthe
Har dened Concrete 1. Static Mdul us and Conpressive Strength 57 WO

20051016644, ' : ' ASTM
C169) and comei Rt bAORo on'il 4o P, 16 Rish oL AN Wlbaditt WEr MR (00
s Beans were tested_at .28 days for the.statli | exurgl sirength (ASIM C
T0n8) | The. oMETS fihehoymaPauhfor oBindlg et fofleofia Gebpc fidh spdhisitoh

defl ection-controlled test. The rate of deflection was kept in the range of
0.002 t¥ 0.%elem wasised indhe ety (Nater Thopwress of thy stainlesssstne] plateds togupport thet ) as

per ASTM C 1018. The load at first crack and the maxi mnum | oad reached were
noted for etestibgarodaring e anitidlieadingayclzradd tielp centtdl thresexpbdted mighiraté afad- def | ecti on

deflection of the specimen upon cracking. A center hole was placed in the steel plate to
accommodate placing a displacement transducer probe directly against the bottom of the test
sample.)
15 A data acquisition system was activated and it was responded to signals from all load and
displacement transducers. Thereafter, the specimen and steel plate combination were loaded
at the set rate and the loading was continued until the specimen cracked or it reached a
deflection of 0.50 mm (0.02 in), whichever occurred first. If cracking had not occurred at
this stage, the test is considered invalid. The maximum load to calculate modulus of rupture
20  was not used in accordance with Test Method C 78 as this load includes load carried by the
steel plate as well as by the concrete specimen.
In anticipation of reloading the cracked beam specimen only, the steel plate was removed
and the cracked beam was centered on the lower bearing blocks retaining the same

orientation as during the initial loading test cycle. The displacement transducers were
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10 curve fromwhi ch the toughness indices a Ldua
gt PRl fiht

strength ctors by ASTM nethod were cal cul ated. The d asurenents
were perforned using test apparatus according to ASTM standards. A specially
desi gned f rasjustedde lightlyocontachihe heam bamplé til acgerdapse withi the thasesermathed faruppor t ed
only at the four points, which was on the neutral axis above the supports.
The di al i sobgiinigg néedeflbdtiondo shat beatlings weie im@Rdiateligsbitaiged fondeaheclopling)t of the
bottom surface. This arrangenent allowed for the neasure of the true

def | ecti on Precdeledtiil-rBEbrdRY dEAEERE agaUrOighPlol ZRRSardY8lobdedat HRRbASHI aeONCr et e
at supports and load points, and any deformations and strains’induced in the

testing fr ; iy i t )l At ., any
St 1 ght v pl ey et s OpREkLeDr | 95 BRI Ao Bokhe bhRidlle TV,
20 Hence tgg.ggf.ections nmeasured were the true deflections of the beam 58
WO 2005/°01654 °ﬁ%ﬁ$LE2003/040385 3. Load Deflection Behavior The area under
the curve represents the energy absorbed by the beam Load deflection_ curves
for both thdsipg theBxeelipagkage the graphs siere draws andrthe gesidual sirengthy wergrcalghlatetbighness
indices and the residual strength indices' were cal culated by using these
curves. 5 4the Firpwlas giveilbelgivness (Energy Absorption) Toughness, or energy
absorption, of concrete is increased considerably by the addition of fibers.
Toughness index is the neasure of the anobunt of energy required to deflect
the 100 mm (4 in) beamin the nodulus of rupture test. The npbst inportant
vari abl e governing the to toughness index of fiber reinforced concrete is the
fiber efficfﬁﬁgﬁpmghygmi%ﬂggpeters i nfluencing the toughness index are the
position of e crack, e fiber type, aspect ratio, volume fraction and the

di stribyti T, ' N, i.S ACQ01: ' nce of
the f1bdr ¢ oot ebBERs sbkRA mE STt Sikeds? AR dRhn B asE WaF Bl 07 (e
of a I ur o Bputisfickeaveyyit 09053 Em B EpL A Kiesolpiord M hate wihplenrt o 2" hor e
rapid and catastrophic failure, which may occur, if fibers are brittle and
fail in teneilpatthy foayr peints) whigh argondhenpytinl axis abyyethe surnortsy Thedial ganes wakt ur e

fixed such that it was touching the center point of the bottom surface. This arrangement
enabled the measurement of the true deflection excluding any extraneous deformations due
15 to crushing of concrete at supports and load points and any deformations and strains induced
in the testing frame, Because the deflection is measured at the center point, any slight
warping or twisting of beam will not affect true deflections measured. In addition to the dial
gage, LVDT was also mounted and the deflections were recorded by a data acquisition
system, These readings were used for verification of dial gage readings.
20
Calculations
The average residual strength for loads at reloading deflections of 0.50, 0.75, 1.00, and 1.25

mm (0.02, 0.03, 0.04, and 0.05 in) are calculated using the following formula:
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depends Otaﬂ@ﬂ‘}/i% d strength of the fibers, the bond and anchor age between
the matri 198 fiber. Toughness index (ASTM C1018) PCI/US2003/949385 onl ess
paraneter, which defines or finger 20 prints the shape of the |oad deflection
curve. Indices have been defined on the basis of three service |evels,
identified as the nultiples of the first crack deflection. The index is
conputed by dividing the total a u t | oad defl ection curve up to
the first crack deflecti o&%é@‘%ﬁgﬁﬂg@?‘aﬁex 15 is calculated at three
times the first crack deflection. Likew se 110,120 and 130 are the indices
up to 5.5, whereb Koap/ B, mm? (@)t he first crack deflection respectively. 59
WO 2005/ 016644 PCT/ US2003/ 040385 5. Average Residual Strength Test The rate
of platen or, crosshead novenent was set at 0.65 +/- 0.15 mmmn (0.025 +/ -
0.005 in/ &%), Aﬁﬁﬁg”?ﬁgeﬁﬁi%h?tﬁe&gﬂ‘dm@%ge when necessary, before the

speci nren was | oaded. s The sanple beamwas turned on its side with respect to

its position as nol ded an §p.0o : .ot | oaded

W th thg speci nen. The pl g’ gbgﬁg ?‘ﬁerﬁgg%dygsgegﬁpg%gﬁi %ﬁiegﬁ“ﬁ’é’@@lggort
apparatus so that the steel plate was centered on the | ower bearing bl ocks
and the concrete beam wad T@andmgth, mm (ie steel plate. The displ acenent
transducers were adjusted, according,.to the chosen .apparatus for obtaining
net defl ection. Mega-Dac 3a_t%1ve’éa§8l‘ﬁl%}’f’?m?c'%ensw€%%§s used in the test.
(Not e: The purpose of thedsiaiefugeasptﬁbﬁﬁiecia{eﬁ,tﬁrﬂ@)to support the test beam
during the initial |oading cycle and hel'p control the expected high rate of
defl ection of the specinen upon cracking. A center hole was placed in the
steel plate to accommodate placing a displacenent transducer probe directly
agai nst, the,, tQm of the test sanple.) is A data acquisition system was

jaan|

activated and 1t was responded to signals fromall |oad and displ acenent

t ransducer Thereafter, the.speci nen and steel plate copbinati on were | oaded
at the set hﬁf@cﬁﬂﬁsﬂﬁéﬁegﬁ‘gﬁﬁ nagL s '%’éﬂﬂﬁﬂfﬁﬂ%awggéap fesbked or
it reached a_ deflection of 0.50 nm (0.02 in), whichever occurred first. If
cracki ng haethegdi(AGE Egmmitiees44). Ty this snethpd, the gguipment cogsistedhaf aiendard nval i d. The

maxi mum | oad to cal cul ate nodul us of rupture 20 was not used in accordance
with Test enhally dpeia®edabs4 kg 0o weightwithie 45T vaml(18aneh) debpgornpeaetor), a 63.5

mm (2-1/2 inch) diameter hardened steel ball, a flat steel base plate with a positioning

15  bracket and four positioning lugs. The specimen was placed on the base plate with its rough
surface facing upwards. The hard steel ball was placed on the top of the specimen and within
the four positioning brackets. The compactor was placed with its base on the steel ball. The
test was performed on a flat rigid surface to minimize the energy losses. The hammer was
dropped consecutively, and the number of blows required to cause the first visible crack on

20 the specimens was recorded. The impact resistance of the specimen to ultimate failure was
also recorded by the nﬁmber of blows required to open the crack sufficiently so that the

pieces of specimen were touching at least three of the four positioning lugs on the base plate.

Test Results
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steel plate as well as by the concrete specinen.
the crac ecimen only, the stee
beam was centered on the | ower bearing bl ocks ret
as during the initial |oading test cycle.

60 WO 200510 Fe&h € onerblc pepifiés040385 adj usted to
sanple in accordance with the chosen nethod for

that readi BG3m¥efBelARE Humidilyan BbRr&e thnd
defl ection-recording device was agai n brought to

r
ified . he A ' .
25" reasur o BUFPOVT AE BB e A R} Bt

graphs were drawn a e _resi |, strengths
gi ven bel oW é’%‘lgeﬂggéﬁhatf’&é%ﬁ&l%e@ t"fé%épet?@é@c Y.
A special ly desi

st andar ds.

a_def

»QPaEurE’ G k@érﬁé’djfg%rﬂseqr% g@gﬂl

I n anticipation of rel oading

pl ate was rengvefsoadshoidse cracked

aining the same orientation

The di spl acenent transducers were:

lightly contact the beam
obt ai ni ng net deflection so
the

zero an at the

eC

1]

MR goom
Wei\re cal cul ated by )
aPRfgoReTste ERPSTANrCHTiEhe ASTM

ned frane was used to

e the
t he formnul as

ol b,

mount the dial gauge with

0. 0025- #m (fn:mm@‘bmﬁﬁl?il&-?e%g?ﬁ)i dile uftit iveights afrbighersdosagsifiber cancragewereat t he four

poi nts, which are on the neutral

axi s above the supports.

The di al gauge was

fixed such sligity leds thamstht conchatesgwitinlewerfiie dogages tTheffresh coreedtt pispate @ace. Thi s

arrangenment enabl ed the neasurenent of the true
ext raneous
poi nts and ‘any defornmati ons and strains induced
Because the deflection is neasured at the center
or twisting of beamw ||
t he dial

data acqui
gage readi
r el oadi¥ig

T was al so nounted and the def

20 Cal cul ati ons

not affect true defl ections neasured.

defl ecti on excludi ng any

h6w TRl eNs due is to crushing of concrete at supports and | oad

in the testing frane.

poi nt, any slight warping
In addition to
| ections were recorded by a

a \/
&'%W%IEVstem These readi ngs were used for verification of dial
The aver age residual

ngs.
ngt@étqsuiﬁsin@mte thmpsatigfagtory worabilitycan be pwintained eyep with¢he3, 0. 04,

strength for |oads at

and 0.05 in) are calculated using the followng formula: 61
addition of the fibers. The concrete started to harden in about 40 to 45 minutes. The fibers

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

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

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

15 concrete with the use of the table vibrator.

3. Air Content

The air content ranged from 1.4 to 1.8 %. No air-entraining agent was used. Therefore the

measured air is considered as entrapped air.
20

Hardened Concrete Properties

1. Compressive Strength & Static Modulus Test

The results of the compressive strength test are tabulated in Table 6 and show that there is a

variation in the compressive strength. Compressive strength depends on water cement ratio
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WO 2005/ US2003/ 040385 ARS = ((PA+PB+PPD)/ 4) =1 / bd2,
mm 2 ((i %}@?&gﬁg‘(’g& S = Average Residual strength, Ma (%é?’?sg&agg@%+Pc+PD =

recorded | oads at specified deflections, N (Ibt) 1 = span length, mm (in), b

= aver age Vindft cohte) FEMEWALer CBérit RticdB thss, domprRYSvea dRnsBMiN benopeci nen, mm
(in) 10 Inpact test The specinens were tested for inpact strength at an age

of 14 days fieyige ifthORir UGrtetlis 6%%@@@%2%%&%@3@%1%&%% 544). In this

met hod, the equi pnent consiste a y operated 4.54 kg (10

o atet or ol aal fon e g s AR SIRACR b0 o Bof BT B ng 15
win s rdaeRioel et st (i Halem feeobhRee o tochob Db RS Heod o ( he

top of the specinen and within the four positioning brackets. The conpactor
was pl aced normal varistianeexpeeted rreneretedesting| The aMarage cempressiee sieength foranixesn a f | at
rigid surface to mnimze the energy |osses. The hanmer was dropped
consecut i vetyanddidwitine.56 wib eation tvefel I676 pei €261 keain®) and 3869epst {291 kpfesf) Vi si bl e
crack on 20 the specinens was recorded. The inpact resistance of the specinen
to ul timat gefatdvelye Was al so recorded by the nunber of blows required to
open the crack sufficiently so that the pieces of specinen were touching at

0 2005/ 01 Gib20h oBHAR R RRe M Sufth ) ARG bR bt 1 ©F

tenperature, hum dit nd, congcrete_ t erature r ecorded to ensufre that
b1t o e thapate e g e B ek et £ Rk oHghfest e

tenperature and humdity varied in the range of 65F to 85F and 35%to 45%
r espect $ov e| GPnCrEiganizBiResastan equahsemaressive simgngth ags. f Thngogmarigpnpsss madg o3tk 8C) .

The unit weights of higher dosage fiber concrete were
compressive strength of mix E1, which is 4960 psi (349 kglcmz). It was well-established in

literature and codes that the flexural strength of concrete varies proportionally to the square
root of the compressive strength of concrete (ACI code 318). Therefore, for the calculation
of normalized flexural strength, the following equation was used.

15

fe= f,.V4960

\]

fﬂ

where f, is the actually measured flexural strength and f.' is the compressive strength of that
particular concrete, The values given in Tables 7 to 9 are normalized values.

20 A ductile mode of failure, as compared to plain concrete’s brittle failure, was observed while
testing for compressive strength. The fiber reinforced concrete cylinders continued to sustain

the load and underwent deformation without totally breaking into pieces. The change of
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slightly I ess than the concretes with |ower fiber dosages. The fresh concrete

properti ewoanes/ogsasen in Table 5. 2. Workability is The ﬁc@lsfl?szb b i ndi cate
that satisfactory workability can be naintained even with the aﬂdjlﬂ?ion of

the fibers. The concrete started to harden in about 40 to 45 mnutes. The
fibers m nesdewt Hilufefionie beittlertybeotor dactile $peiidati @potthantwoghibution M t6 ¢Hecr et e.
Overall, there was no bridging, bleeding or segregation. Even though the

sl unp val uggaqahe¥t s decreasing trend with the addition of the fibers, no
difficulty was encountered in placing and consolidating the 15 concrete with

t he use of . L hr ' nt Th irocontent ranged froml. 4
to 1.8 % l@ggﬁaﬁl@@rﬁ)ﬁ ?l\z(ix:s%ﬁ%ﬁ%&gﬁ{na@&as%eﬁﬁpﬁ@ﬁgpo% e °ﬁ%sé{§w Hatgir IS
consi dered entrapped air. .20 Hardened Concrete operties 1. npr essi ve
Strength &‘%ﬁ&"i‘&”‘ﬁﬁ%ﬁf%&“?@fyGﬂ?t%‘sﬁﬂ%%a&atﬂ?“g&@}%@fgg‘ﬂgﬁ%‘i%‘? kPR Whgt h t est
are tabulated in Table 6 and show that there is a variation in the

conpr es§i v&tatic modylup,. Tipsigiconadules luyes argigivedp &akle 6on wat er cenent ratio 63
WO 2005/ 016644 PCT/ US2003/ 040385 and air content. If the water cenent ratio
is less, conpressive strength will be nore. Likewise, if the air content is
nore, the conpressive strength will be |less. The average conpressive

strengt hs fzorsuﬁcmuals&gg%f_ il ST Falpnité)c ratios were 4960 psi (349
kg/ cnR) and 4760 psi (335 kg/cm), respectively. This slight variation is

Wi TR Ne e QORI Bhd R s FURAG! B A RONRAE e 164Xnd HifuaNEEQOS

conpressi ve strengt and c ratiros were 3570 ps

251 kg/ cn®) and .3 igf 271 kol cnp ively..B h
Compr ossi vt @ BRgIeyA i the S BERRT e Yok LGRS et o1 Gt 1o

conpare the flexural strength, first crack strength, and fjrst crack
t oughneds Y appreximagely. Bagar up bo the first erack and then tbe Guave espienifisantly noprlingef n
basis. The conpari son was made on the

and reached its peak at the ultimate strength, or at the maximum sustained load. In contrast,

the control (plain) concrete beams would fail immediately at the appearance of the first crack
and hence the first crack strength and flexural strength (modulus of rupture) would be the
same for control concrete. The factors that significantly influence the flexural strength and

1s  the toughness are the fiber type and the fiber volume. The first crack strength variation
versus fiber content is shown in Figure 7. As illustrated, there is an increase in the first crack
strength as the fiber content increased from 0.5 to 2.0 percent. The modulus of rupture
(static flexural strength) versus fiber content is shown in Figure 8. As illustrated, there is a
significant increase in the flexural strengths for 1.5 and 2.0 percent fiber contents. The

20  average flexural strength for mixes E1 and E2 were 643 psi (45 kg/cm®) and 658 psi (46
kg/cm?) respectively whereas for mixes E3 and E4, the strengths were 720 psi (51 kg/em®)

and 731 psi (51 kg/cmz)respectively which is a 13.7 percent increase.
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conpressive strength of mx El, which is 4960 psi (349 kg/cnR2). It was

wel | - est b beb@tbstn |iterature and codes that the flexpeplussioscigish of
concrete varies proportionally to the square root of the conpressive
strength of concrete (ACI. code 318). Therefore, for the calculation of

nor mal i zed 3f IASTM Joughness]gdexes andeResidupblirangthe quat i on was used. 15 f, = fro
4960 f where f" is the actually nmeasured flexural strength and f~ is the
conpr essi vdhscaleulgtel ASTM tonghnessintdéxes land residnal seengthsTdre given incBablg 8 €Fhei N Tabl es
7 to 9 are normalized values. 20 A ductile node of failure, as conpared to

pl ai n conciedterask kughidse vértusl fibeEconiténs isGhowh VERigi3igl ad theeAS THGolighhesiONPr €SSi Ve
strength. The fiber reinforced concrete cylinders continued to sustain the

| oad and uRgRLUEIR! 116SH0] ARUBEAre WhdIPIAF; | ¥ st ' The
change of 64 V%ngOS/OlGGM PCT/ US2003/ 4%3%5111@”{3%3&3?9%@?@@ rgﬁr‘fa brittle

type to_a i I (A9 I 0 | ion due to th ddition of
(7 ber s = T dltehof e nhdlin vdtfod FRALBAI, oCRREER BT Sifidhe e 50
control. The,results.jndicate  that the m xe re reasonahly consistent and
Che add 1 G0 B onaiis MR B bl Shir et Rt fpet comiBt oy at §
nmodul us values are given in Table 6, 2. Static Flexural Strength (Mdul us of
Rupt ur e) TW@@F%&@&GF&WS%Q@@@QBWMQ results, the first crack |oad,
ultimate | oad and flexural stress are given in Table 7. Wen the fiber
concrete beans were |oaded in flexure, the behavior io was approxinmtely
linear up to the first crack and then the curve was significantly non-Ilinear

and reached, ijhfanBRBtardard Methbd bf OBEGathip B6GE) Tolghrbs RRfr BRXERMAISNHST ai ned
|l oad. In contrast, the control (plain) concrete beans would fail imediately

at the 1@ppwﬁ&q§n?&r%ﬁ he first crack and hence the first crack strength and
fl exural strengt dul us of rupture) would be the sane for control

te. The f.act iqnd ficantl.y.infl hef | | .strength and
T the t oudhiedBSL BaEs A3t b thERs Hoddh RS Soleif nex ik e By i
strength variatjon _ versus fiber content is shown.in_Figure 7. As
i 11 ustr at edlexprktoughngssyas Preifiedenthe depeRgserSopiety ot Gtk Engineers (ISCE) were

calculated for all the specimens and are given in Table 9. The variation of the Japanese

.2

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

15 2.0 percent by volume are shown in Figures 11 and 12, respectively. The results show that
there is a very clear indication that the toughness and equivalent flexural strength increases
with an increase in fiber content and this increase is approximately linear with the increase in
fiber content. The toughness increased from 108 in-lbs (1.24 kg-m) to 304 in-Ibs (3.5 kg-m)
as the fiber content increased from 0.5 to 2.0 percent. The equivalent flexural strength

20 increased from 244 psi (17.2 kg/em?) to 679 psi (47.7 kg/cm?) with an increase in fiber

content from 0.5 to 2.0 percent.

66



strength er content increased fromO0.5 to 2.0 percent. The nodul us
of rupturgﬁ)%ﬂt}ﬁ”ﬁ;i‘% flexural strength) versus fiber contBGHUS28034HB386 i n
Figure 8. As illustrated, there is a significant increase in the flexural
strengt hs f50r 338% gtﬁ 0 percent fiber contents. The 20 average fl exural
strength for mpxes nd E2 were 643 psi (45 kg/cn2) and 658 psi (46

kg/cnR) re ectlvely es E3 and E4, the strengths_were 720 psi
(51 kg/ cne) eé‘ﬁ‘d’W@S %CI?%W&% ﬂ%%&@ﬁﬁfmtywmmgahleiﬁ heer cent

i ncrease. 65 WD 2005/016644 PCT/ US2003/ 040385 3. ASTM Toughness | ndexes and
Resi dual Stnusbgt ¢iblawetedistomckaad fingd faluro vgtisdbsiiberdentent aznshowadh Higal4.
strengths are given in Table 8. The first crack toughness versus fi ber

content i s Thoogina retativelywsimpl® tast) df hbre spésitvrsatioleied; she medevehses ifdicatel 0, 120, and
130 are shown in Figure 10. The test results show that when the s fibers of

the presentquhlvdevely onﬁrﬁdaﬁ&f% fnhabtiBsitaee OLIR ndl&i®, Tén Hacinfdri #8Re i n the

toughness and ductility of the concrete. Mreover, the test results show
that hi gher, .
Japanese SSteboh R shaRke pRl BT FRpAualld B pId qu??fﬁness it sphintice

Equi val ent . |s Fl exur th In addition to.the M C- 1018 to hness

i ndexes, t HFRCTEASE! 9%{15 fabﬁﬁ %@h&h nC1opse IR GeT coptmt tﬁe‘s vyl W&Iﬁ‘%w@ﬂﬁ as
speci fi ed by the Japanese Society of Civil Engineers (JSCE) were caI cul at ed
for all thdessipgthatiheslaimeoncrede ganastresiptancgyil be abouid/Gtarli kx ofdbatibet he Japanese
t oughness and the equivalent flexural strength with an increase in fiber

cont ent fr con@ets with 0.25 ©.200 pacax by vidymeol une are shown in Figures 11 and 12,
respectively. The results show that there is a very clear indication that

t he toughness and equival ent flexural strength increases wth an increase in
fiber content and this increase is approximately linear with the increase in

fiber contgtayelde ReSidENERA ncreased from108 in-l1bs (1.24 kg-rr) to 304
in-1bs (3. ?]kgvn{g% as tﬂe f| content increased from0.5 to 2.0 percent.
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loads obtained upon reloading at deflections of 0.5, 0.75, 1.0, and 1.25 mm (0.020, 0.030,

0.040, 0.050 inch), and the average residual strengths (ARS) are given in Table 11. The

15 load-deflection curves obtained by reloading and re-testing the pre-cracked beam (without
the steel plate) are given in FIGS. 15-26. The calculated ARS values for all four fiber
reinforced concretes are shown in Fig. 7. The test results indicate that the average residual
strength increased considerably with an increase in fiber content. The ARS values were 234
psi (16.5 kg/om?), 451 psi (31.7 kg/em?), 454 psi (31.9 kg/cm?), and 654 psi (46.0 kg/cm®)

20  for fiber contents of 0.5, 1.0, 1.5, 2.0 percent by volume, respectively. It can be seen that 180
percent increase in ARS was obtained when the fiber content was increased from 0.5 to 2.0
percent by volume.

Since the ARS values are only due to the influence of fiber, irrespective of the compressive

strength of the concrete, the ARS values were not normalized. The mixes E1 (with 0.5
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WD 2005 44,2 | US2003/ 040385 5. Inpact Strength T Tﬂ%ﬁ% t (AC
) é&%&ﬁgﬁm mp 9 ?’g bo3¥sE éﬂg' (

Comm tt act test results are given in Table nunber of
blows to first crack and final failure versus the fiber content are shown in

Fig. 14. Fbesdmiber)afld BRi(weh ¥ .0perahefie®Had chipfiesife eeﬁgmérsf'@serp@l dngsted, the
mean val ues indicate s qualitatively a good |ndex of the inpact resistance of

EQFEQ? o o R 2Rl Bl @ﬁg“?%{o%&“’“?gsﬁ?g*%#ﬁg%? BRI E o Goranl y
that Che pPECAY ?&ﬁ@#@?i%&ﬁﬁi’%ﬁ% sl 574 ot DB st RO R B! O gy

fiber concrete with 0.25 to 2.0 percent by volune. 10 6. Average Resi dual
Strength F&gfpnbbsﬁfge%ﬂér Desgnitsthess fovrer sempressivestirensthy, @ substaniighingiesfeis and
dept hs of the beans, the |oads obtained upon reloading at defl ections of
0.5, 0.795, ﬂl&@RSaaideSlw@EQbﬂde). 020, 0.030, 0.040, 0.050 inch), and the

aver age residual strengths (ARS) are given in Table 11. The 15

| oad-defl ection curves obtained by reloading and re-testing the pre-cracked
beam (wi thout the steel plate) are given in FIGS. 15-26. The cal cul ated ARS
val ues for ; fiber reinforced concretes are shown in Fig. 7. The test
results in |%§uéeﬁgat t he average residual strength increased considerably

W|than|n e fi.he nt value

ol gy, a6 ffrepl'disdRlsn AV R o B8 SOBRALE VR RES SpohienrBiion | P

kg/ cnR) 20 for fi ents of 0,5, 1.0, 1.5 2.0 percent by vol une,
respect i veltie hyprid %Sﬁsag%&me@tﬁamﬁ%m%h? E‘S?FPOWFF&IE&%@WH upfe2-Qaercemst ai ned
when the fiber content was increased from0.5 to 2.0 percent by vol une.

Si nce tine ARSolumiewathout causing pnyiballing clopging, ahd segnegatiof. Inj dddition; satisfagienyt i ve of
the conpressive strength of the concrete, the ARS val ues were not

nor mal i zed wolkwbility was miaint{inéd witlDthe additioi>fXohr fiket CorterfiS4lt the MEA3ds9205,31.040385
percent fi ber) and E2 (with 1.0 percent fiber) had conpressive strengths of

4960 psi ang, afd$0 &%bntw%n@ﬁé | Copparedd BlafPcont R, HeleSWaddconiidédblé. S5 per cent
fiber) and Ezi (w.tﬁ

increase in the first crack strength, flexural strength and both ASTM and Japanese toughness

values. The first crack strength increased with higher fiber content. Moreover, there was a

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

20 for all fiber reinforced concrete mixtures employing the fiber of the present invention, the
mode of failure was changed from a brittle to a ductile failure when subjected to compression
or bending. This ductility increased with increasing fiber content. Furthermore, the average
residual strengths (ARS) of concrete incorporating the fiber of the present invention,

calculated according to the ASTM C 1399 test procedure, was extremely high, which
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percent fywg8hosoisds! OWer conpressive strengths, 3570 psj, / ) and
3860 psi (271 Ikg/cmZ) respectively. Despite these Iome(r:&é%}noﬁ?@%oé%e

strengths, a substantial increase in s the ARS val ues was observed.
Concl Usi onéndichted thatdhe filees wias yeryieSeetive duisustainieg the pestceack heads Jhe dRiSriglue
concl usi ons and observations. First, the hybrid fibers of the present

i nvention Emyeabﬁmmsmﬁmﬂbﬁmomm%mw ah 4 8@ pErcparineeedse lthd&RRB0l ume
wi t hout causing any balling, clogging, and segregation. In addition,

sat i sf act okyjye WREKBRIiflbkt dontéhs wﬁ@ifﬂieﬁéeG%uW) 5ho b g?ret%éﬁi' Byl vluri¥, Triincihdaer

contents at the dosages of 0.5 1.5, and 0 percent by vol une.

Conpared t qégﬁﬁ first
crack stre(ril)go'fli)c Hﬂc? I'e aa%@;{c?%@ng{ Sﬁe ﬁi&g@%ﬂ’ %&)J%gl qu gs oh%ﬁtgggs
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Vor oover PHGPLThER° At el eare oliber eledier appeste rESRET BHEe. when
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conpar ed t@feﬁF‘HmY@ﬂB?beﬂeélmﬂﬂé‘r pupstien tharsthe gongrete reipfarced adtbdhepastsisehcr easi ng
fiber content. Significantly, the inpact resistance achieved through the use
of the fi bdibers@kailahle ip thestearketi compareil on anegual weighbersostbasisgher t han t hat of
the best steel fiber reinforced concrete with the fiber content by vol une
percentage. In addition, 20 for all fiDsbledei nforced concrete m xtures
enpl oyi ng the fiber of t he present invention, the node of failure was
changed froma brittle to a ductil eVi%PrapoEtionsen subj ected to conpression or
bendi ng. Tfrs—dyctTtHiy TNCreased w tiT T TICTr eas| ng fTer Ccm[ - Furt n?rr’mre,
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t he aver age Mikesi Wated |Str Qf s (ARS) of cWeightdn kg(b ifng the fiber of
t he present.inveption, at or.di ng AST 13‘)9 t
procedur e, Dv%?‘<F PP |§'&H&3 \\?ﬁi oroeett W) 2%6%?01664%“% 12088040485

i ndi cat ed [ hat { hRatioi ﬁer was veP/:y ef fective i Aggust pi nisgg the post cragk
| oad. The MRS val ue 5

. i ncreased W tth f( [eas fi berk tent. X e Was an

180 —Ret-e8 t ¢at p d
frompg.rgetno 51 Olp r%er 6’%5?‘27 Hu?f% ‘iﬁ. |g5 i :ﬁ%ﬁbﬁ% espl oee

ducti f 4 i

(5711c0) onb) EE apedia ndr %ﬁa%@réﬁ%ﬁi SRR (k3 ?rﬁ‘é?ﬁ_?fé%aﬁl ﬁf" i

mxtures of ke tﬁegsemgsbgzgpﬂgﬂ 2485 &%) [eh 36 125) PR%ELR) ¢ h‘f‘i?aat@&s)“””ete

rei nforced| W st™’s
0.55 | 1.27(2.8) | 2.0 | 25.22(55.6) | 64.86 (143) | 64.86(143) | 13.88 (30.6)
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fibers available in the market conpared on an equal weight or cost basis.
Tabl e 4 WM xodhepRrtions Mx Water Fibers Weight in 1 Idesiisésgaesssenment

kg(l bs) Vol Cenent Coarse Fine Water Ratio % Agg. Agg k bs k bs k bs k bs

El 0.5 0.318 (0.7) 0.5 25.22 (55.6) 64.86 (143) 64.86 (143) 12.61 (27.80) E2
0.5 0.635(1.4) 1.0 25.22 (55.6) O6Ralde5(143) 64.86 (143) 12.61 (27.80) E3
0.55 0.953 (2.1) 1.5 25.22 (55.6) 64.86 (143) 64.86 (143) 13.88 (30.6) E4

0.55 1.27 (2.8) 2.0 25. 22 proper®ies 6£Im%6h Cofieretdd4. 86 (143) 13.88 (30.6) 10 69
WO 2005/ 016644 PCT/ US2003/ 040385 Table 5 Properties of Fresh Concrete M x

Room Room [Concrete] ot ni t1 AT T DESTgITgtT on rerrfp"'HU'm-drty Tenp. Wei ght
Sl unp Content MixoF QRopp. | pReom | jCopagte.| ( Gt (K niBijtiaf cn EMir65 U5 64.8 147.6
L2818 [BBnkf) B2y ( Fe) | R 35 S Wioolhopp L8 (29) (20.6)
(2338.9) ([L.90) E3 Dercp 2 ¥y | Fendfl) | e (%‘ 0 oy b b 1) (1.02) E4
85 40 73.2 145.2 0]/25F1. ¢4 (29)| (ZB.9) (¥826.1) 0. 64 (%)
MY (C) | (kg/m’) (cm)
El 65 45 64.8 147.6 1.25 1.8
(18) (182) | (2364.5) | (3.18)
E2 85 a5 69.1 146 0.75 1.8
29) (20.6) | (23389) | (1.91)
E3 80 45 70.9 145.2 0.40 14
27 1.6 | (2326.1) | (1.02)
E4 85 40 73.2 145.2 0.25 14
(29) (22.9) | (2326.1) (0.64)
5
SI Unit Conversion
lin= 2.54 cm
°F = 5/9 (°F-32)°C
f*= 0.02832 m*

0 b= 16.02kgm’
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s Sl Uni bpn | in= 2.54 cmOF= 5/9 (F-32)C ftporRsidSamsgs 10 I b/W
= 16. 02 %@n@g@g&b\% 2005/ 016644 PCT/ US2003/ 040385 Tabl emél%(s,yl ?n@er

Conpressive Strength and Static Mdulus Specimen Age Diameter Length Unit
wei ght Static nodul us Conp. strength ITabfdgays) in. in. Ib/& 106 psi psi cm

cmm cm- cnr El-1 14 5CHindet Cotpresiid@SiSetith R Statit Mpdaig) (30.587) (2387)
(0.274) (367) EL-2 14 6.025 11.958 150 3.86 4770 (15.304) (30.373) (2403)

(0.271) (3P Fpecimeal] 3A bDiQHe'teriZ-Lg%ﬂ) TS Tnidwiight 2P CSlatic mbatine) | Gonip:s (2419)
(0.273) (343@);: I])Ave'agf)lSO is. 88 4980 (24@,&:}3&(0 272)105(p§4g§ St d# v 00 0.02
237 % C. V[0.67 0.4 4. 79 (-1 1&n. C78(1$é2%§% 14%%3,}2 4640 2438)
(30.691) (2339) (0]267) |(326) |[E2-2 14 o5. . .ES. 212)
(30.904) (240B)1(0f2724) |(3519%5 H2120424 (6. 004 12. P83 144y 3. 89} 4685 (15. 240)
(30.691) (2387) (0f273) |(@3937) | 30.587) | (2387) (0.274) (367)
El1-2 14 6.025 11.958 150 3.86 4770
(15.304) | (30.373) (2403) (0.271) (335)
El-3 14 6.001 12.083 151 3.89 4880
(15.243) | (30.691) (2419) (0.273) (343)
Average 150 3.88 4960
(2403) (0.272) (349)
Std.Dev 1.00 0.02 237
% C.V 0.67 0.54 4.79
E2-1 14 6.078 12,083 146 3.79 4640
(15.438) | (30.691) (2339) (0.267) (326)
E2-2 14 5.989 12.167 150 3.90 4950
(15.212) | (30.904) (2403) (0.274) (348)
E2.3 14 6.000 12,083 149 3.89 4685
(15.240) | (30.691) (2387) (0.273) (329)
Average 148 3.86 4760
(2371) (0.271) (335)
Std.Dev 2.08 0.06 168
%C.V 1.40 1.58 3.52
E3-1 14 6.012 12.167 147 3.87 ' 3435
(15.271) | (30.904) (2355) (0.272) (242)
E3-2 14 6.000 12,000 148 3.89 3820
(15.240) | (30.480) (2371) (0.273) (269)
E3-3 14 5.967 12,083 149 3.28 3450
(15.156) | (30.691) (2387) (0.231) (243)
Average 148 3.68 3570
(2371) (0.259) (251)
Std.Dev 1.00 0.35 218
% C.V 0,68 9.42 6.11
E4-1 14 5973 12.083 147 3.27 3785
(15.171) | (30.691) (2355) (0.230) (266)
B4-2 14 6.006 12,042 147 324 3850
(15.255) | (30.587) (2355) (0.228) 27
E4-3 14 5.991 12.083 146 3.25 3940
(15.171) | (30.691) (2339) {0.229) (277)
Average 147 3.25 3860
(2355) (0.229) @71
Std.Dev 0.58 0.02 78
% CV 0.39 0.47 2.02
SI Unit Conversion Factors
s linch= 254cm 1lb= 04536kg
lpsi= 703 kg/m® /£ = 16.02 kg/m’
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Average 148 3.86 4760 (2371) (0.271) (335) Std.Dev 2.08 0.06 168

1.58 3. 53y0 mdsbickss 6. 012 12. 167 147 3. 87 3435 (15.271) (SPuStdndosss
(0.272) (242) E3-2 14 6.000 12.000 148 3.89 3820 (15.240) (30.480)
(0.273) (269) E3-3 14 5.967 12.083 149 3.28 3450 (15.156) (30.691)
(0.231) (243) Average 148 3.68 3570 (P&8HE7(0.259) (251)
218

(30.691) (2355) (0.230) (266) E4-2 144DRPS 12.042 147 3.24 3850 (

oC. V 1.40
55)

(2371)
(2387)

Std.Dev 1.00 0.35
% C. V 0. 68FERSIPCRACK SERENGTH AND MAXEVIUBS FLEXUR A7 SBRENGIHD. 171)

15. 255)

(30.587) (2355) (0.228) (271) E4-3 14 5.991 12.083 146 3.25 3940 (15.171)
(30.691) (za@mme(o 23583imkr? (|7) Agd\V EF A0€ Fildl Cradk 20 JOOMakigamo)| ( Pleway) |(271)
Std.Dev 0./158 8pH2 /8 % C. V QDa®) U Zilad- U2 stass Ui t G@pwersji o tgrs 5 1
inch = 2.34 cm1 |p = 0.4536 kg 1 [psibs= {03 @/ nB® | b/ fgks = |16. Qg kg/[nB8 71 WO
2005/ 016644 PCT/ USR003/ 040385 (kg) (kg/cm®) (kg) (kg/om®)
El El-1 14 3500 623 3600 641
(1588) (44) (1633) (45)
El-2 14 3000 527 3598 632
(1361) 63D (1632) (44
El-3 14 3000 545 3522 640
(1361) (38) (1598) (45)
El4 14 3000 509 3885 659
(1361) (36) (1762) (46)
Average 551 643
(39 (45)
E2 E2-1 14 3062 589 " 3267 628
(1389) 41) (1482) (44)
E2-2 14 3573 612 3840 658
(1621) @3) (1742) 46)
E2-3 14 3573 629 3915 689
(1621) (44) (1776) (48)
E24 14 3573 648 3628 658
(1621) (46) (1646) (46)
Average 619 658
(44) (46)
E3 E3-1 14 2947 504 3438 588
(1790) (35) (1560) (41)
E3-2 14 3536 626 4078 722
(1604) (44 (1850) (51)
E3-3 14 4125 677 4427 726
(1871) (48) (2008) (51)
E34 14 4715 804 4938 842
(2139) (57) (2240) (59)
Average 653 720
(46) (51
E4 E4-1 14 3967 679 4203 719
(1799) (48) (1907) (51)
E4-2 14 3401 593 3838 670
; (1543) 42) (1741) 47
E4-3 14 3967 698 4529 797
(1799) (49) (2054) (56)
E4-4 14 3967 703 4178 740
(1799) 49 (1895) (52)
Average 668 731
(@7 (1)

5  SIUnit Conversion Factors

linch= 254 mm 1lb= 0.4536kg 1 psi= 703 kg/m®
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E3-2 14 3536 626 4078 722 (1604) (44) (1850) (51)
(1871) (4@ 20090R8) (51) E3-4 14 4715 804 4938 842
E4 E4-1 14 3967 679 4203 719

Average 653 720 (46) (51)

(51) E4-2 14 3401 593 3838 670

4529 797 (1799) (49) (2054) (56)
(1895) (52) Average 668 731
25.4 mm| |b = 0.4536 kg 1 psi
PCT/ U52003/ 040385

06 ~OoC Vi MV1 Vi
U:100CHO 01 10O WO00Ob O ct

JARAESE

(1543) (42) (1741) (47)
E4-4 14 3967 703 4178 740
s SI Unit Conversion Factors 1 inch

Lt
o

(47) (51)
= 703

B

E3-3 14 4125 677 4427 726
(21307/6B60304B8R40) (59)
(1799) (48) (1907)
E4-3 14 3967 698
(1799) (49)

72 WO 2005/ 016644

0'N . -
Mixture Specimen Age Toughness Equivalent Flexural
Type # (Days) inch-lbs Strength psi
(Nm) (kg/om’)
El El-1 14.0 93.5 (10.6) 219 (15.4)
: El1-2 14.0 101.1 (11.4) 226 (15.8)
El1-3 14.0 99.7 (11.3) 226 (15.8)
E1-4 14.0 137.5(15.6) 304 (21.4)
Average 107.9 (12.2) 244 (17.2)
E2 E2-1 14.0 177.2 (20.0) 428 (30.1)
E2-2 14.0 202.1 (22.9) 434 (30.5)
E2-3 14.0 154.6 (17.5) 343 (24.1)
E2-4 14.0 164.3 (18.6) 377 (26.5)
Average 174.6 (19.7) 395(27.8)
E3 E3-1 14.0 250.3 (28.3) 542 (38.1)
E3-2 14.0 240.1 (27.2) 523 (36.8)
E3-3 14.0 320.7 (36.3) 657 (46.2)
E3-4 14.0 368.6 (41.7) 776 (54.6)
Average 2949 (33.4) 624 (43.9)
F4 E4-1 14.0 290.2 (32.8) 642 (45.1)
E4-2 14.0 213.9* (24.2) 482* (33.9)
E4-3 14.0 331.5(37.5) 744 (52.3)
E4-4 14.0 290.5 (32.9) 651 (45.8)
Average 304.1 (34.9) 679 (47.7)

* Omitted as outlier

Conversion Factors:
1 psi = 703 kg/m?
1ip-1b=0.113 Nm
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==~ NM~N”"*"~ N Mtge NM~Mikkc ]. Nk 192 86 '
14 El.3 177 246 69
14 El-4 189 270 81
14 El-5 20 112 92
14 El-6 107 211 104
14 E1-7 23 127 104
14 El1-8 58 195 ' 137
14 E1-9 51 186 135
14 B1-10 62 193 131

Average 84 193 109

E2 14 E2-1 54 289 235
14 B2-2 58 337 279
14 B2-3 95 410 315
14 B2-4 110 405 295
14 E2-5 99 442 343
14 E2-6 105 433 328
14 B2-7 110 428 318
14 E2-8 130 413 283
14 E2-9 113 429 316
14 E2-10 115 450 335
Average 99 404 305

E3 14 E3-1 43 192 149
14 E3-2 125 374 249
14 E3-3 84 282 198
14 E3-4 123 632 509
14 E3-5 110 370 260
14 E3-6 58 210 152
14 E3-7 115 390 275
14 E3-8 105 350 245
14 E3-9 95 380 285
14 E3-10 80 330 250
Average 94 351 257

B4 14 E4-1 210 484 274
14 E4-2 190 460 270
14 E4-3 170 425 255
14 E4-4 260 495 235
14 E4-5 288 505 217
14 E4-6 240 489 249
14 E4-7 180 435 255
14 E4-8 205 455 250
14 E4-9 236 482 246
14 E4-10 185 410 225
Average 216 464 248

75



44
NT

LA b

©
5
X
()]
o
c
()]
©
>
=
O
E.
wn
wn
ol o
Z
O)
533
(@]
1 O
©
iy
22
r%ﬂn
=
i
22
n o
%)
w
N o
25
<
MX
cn =
(D)
-o9
w
g
2
NMW
%m
nOM_m
o
OO0
E
859
MWE
|
=N TH

< © ®mo
- - )2 - 2
n <t <™ NSO
— ,, O . 0O <t
- .0 ~—lW
L o oL
(o] O -« .0
— N~ A~
NgTJeanr /3 €0L =1sd | 31 9¢S°0 =qr1 una 45z =Tou |
ooy o9 SI0108,] UOTSIOAUO)) ITU() IS
. v o - .
= teddfise 95 o aSe1oAy
— BL°0) 9y | egE0T) v90' | (688°01) L8T Y| (€LvT) Lvze | (9uv) €sTe | (09€1) 666T | (cvsST) 86EE 8-vd 4!
10 &ERI)98L O 48LEa1) 980'% |{€56°01) Tiet | (STzT) soev | (bzzd) vosvy | (S81T)818F | (LI61)STTy Lvd vl
5 (6001292 | SegE ) T80y {(900°11) €ce'| (LviT) veLy | (sL12) 06Ly | (9£12) 6oLy | (TI61) SITV 9-vd vl
O @LORIT ] B695°01) 191'% |{(+06°01) €6Tv| (2esT) LLgs | (zzsT) 9seg | (vivl) 6bze | (8LTI) LIST S-vd vl 12|
O — <t — 20&5
¢ BRSH o] S Aoy
- _A/B.oﬁ i W 1w 966 |(zsLot) eey | (z8er) Lzse | (bse1) v9LT | (0811) 109 | (82II)S82 8-¢d 4!
— (190) 0siw | (02101 800 | (8L9°01) vOTH| (v601) TI¥T | (1OT1) 8ZbT | (8801) 66€C | (SOTT) SEVT L€H vl
' B Fss o) 656 |(ss901) 961 | (69¥1) seze | (Lav1) Lvie | (eveD) ss6T | (z9zD) 18LT 9-€H 1
U (15°0) 698 _{ cYgssd) 188 |(To601) T6T | (868)6L61 | (£68) 6961 | (SL8)6z61 | (8+8) 8981 S-¢d 14! £q
. N o .o
- gv{ﬁw\ﬁ/(f)ﬂ o o8eroAy
m ,MM )HED S zeoD) ehiy |[(9L8°01) Z8TH| (b06) T661 | (be6)650T | (LT6) ¥HOT (z6) T10T g-zd 4!
e )65 o &06v01) 0Ty | (LSO 1T) €56 | (98sT) 96b€ | (8651 TTse | (e8sT)o6vE | (LoST) zzes L-zd 1
By | eEr o)) 10w |{129°01) 10T+ | (zozn) 059z | (8121) 89T | (8zr) LoLz | (L611)L€9T 9-7d 1
B 1. 69Z'01) €¥0° |(s9L-01) 8€T v} (LE11) L0sT | (8L11) 865T | (L8IT) L19T | (¥PIT) ZTST S-td 14! [4:
B ~v . .oduo LW LW
2ReYVE | © oBuony
= 820) yoe o mmua.ot 950’y | (W8S 0 LoT'y| (899) zevl | (s89)o1st | (T69) szsT | (069) 1751 819 14!
26s0)iLs 005 01) sso'v |(sooon) seiv| (Zzo)zest | @zl zest | (LoL)ssst | (z89) zost L1d 14!
O GTOPL J o) 860y |eLonDszzy| (B 126 | (evh) sL6 (esv) L66 | (ss¥) ool o-18 14
SN+ AN — - - - - - S-1d 1 14
NS PPN
|2 D o o © &) () (@oero) | (mor0) (o 80°0) (w2 50°0)
— g L VoW w ws0'0 ("0 meo0 wz0'0 # (skeq) adL1,
oS J Tpdeqg ppeoig Tomoefod 18 (3) 5q] W PEO] uommoeds 28y s
C oo o .
= 59U I—F (STV) HLONTALS TVAQISTI IDVITAYV
N I 1T ATEVL
> o <=
m n .00~ Moo
O .ol .
— NN . (90)
<O — N~ (O
o ~AN ~DO N
ANL—0 @©
SV NN Dwe 5
POSolelzd




E4-4 14. Ou?f) .9) 651 (45.8) Average 304.1 (34.4) Itted as
outlier Convepg?lgﬁ‘&Factors: 1 psi =703 kg/n2 | in-1b %@%@03@#&?@“%
2005/ 016644 PCTI US20031040385 TABLE 10 | MPACT TEST RESULTS - 14 DAYS M xture
Age Specinmen # Nunber of Blows to Difference in no. Type (Days) First Crack
Failure of blows from first crack to failure El 14 El -1 48 201 153 14 El -2
106 192 86 14 E1-3 177 246 69 14 Bl-4 189 270 81 14 E1-5 20 112 92 14
E1l-6 107 211 104 14 E1-7 23 127 104 14 El-8 58 195 137 14 E1-9 51 186 135

L4 10 B e AP0 B P Tl G SRRl 25 27
invention provide improved properties to various types of cementitious material, including asphalt-
based material. For example, embodiments of the present invention were employed in test strips of

s  asphalt roadways in amounts of about 2.0 to about 3.3 pounds per ton along with an oil emulsion
and aggregate (3/8” (1 cm) limestone chip) and monitored for surface failures and damage resulting
from typical environmental wear and use. The test strips were full width (edge of pavement to
edge of pavement). Cold-mix asphalt roadways that did not employ the fiber compositions of the
present invention had experienced surface failure, such as unraveling on hills, curves, and shaded

10  areas of recently paved roads. Surface failures were due to longitudinal and transverse separation
attributed to heave axle loads, such as, truck and farming equipment traffic. Road maintenance
vehicles, such as snow plows, and their method of snow removal accentuated the surface failures.
Test results indicated that areas of the asphalt roadway that did employ the fiber composition of the
present invention showed little or no longitudinal or transverse separation relative to areas of the

15 roadway that did not employ asphalt material reinforced with the fiber compositions of the present
invention. It is believed that embodiments of the present invention may increase the life span of
roadways from two to three years to up to ten years in cold-mix asphalt.
The foregoing examples demonstrate that the hybrid fibers of the present invention when used in
building material, such as cementitious material, perform as well or better than many or all prior art

20 reinforcement fibers, including steel reinforcement fibers. Further, the foregoing experiments
demonstrate that relatively small concentrations of fiber will support substantially improved results.

These observations are both surprising and unexpected.
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14 E2-6 1 14 E2-7 110 428 318 14 E2-8 130 4 4 F2-9 113
429 316 93)%@9&§%¥ﬁ5 450 335 Average 99 404 305 E3 14%%§6ﬁéﬁﬁﬁ%8§%149 14
E3-2 125 374 249 14 E3-3 84 282 198 14 E3.4 123 632 509 14 E3-5 110 370
260 14 113-6 58 210 152 14 E3-7 115 390 275 14 E3-8 105 350 245 14 E3-9

20 220, 2ol RS, e Mot AR
205,217 Yo et o b AR T S i AR il
reduced permeability, increased fatigue strength, improved toughness, and reduced plastic
shrinkage.

s  Although the foregoing description has necessarily presented a limited number of embodiments of
the invention, those of ordinary skill in the relevant art will appreciate that various changes in the
configurations, compositions, details, materials, and arrangement of the elements that have been
herein described and illustrated in order to explain the nature of the invention may be made by
those skilled in the art, and all such modifications will remain within the principle and scope of the

10  invention as expressed herein in the appended claims. In addition, although the foregoing detailed
description has been directed to an embodiment of reinforcement fiber incorporated into
cementitious materiale such as concrete and asphalt, it will be understood that the present invention
has broader applicability and, for example, may be used in connection with all building materials
that may incorporate suitable reinforcement fibers. All such additional applications of the

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

claims.
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L. A synthetic fiber blend for use as reinforcement for cementitious material, comprising:

a first fiber component being fibrillated and formed of a homopolymer material; and

a second synthetic fiber component being a copolymer that is discrete from the first fiber
component and being a plurality of monofilaments twisted to form a non-interconnected bundle, the

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

2. The synthetic blend of claim 1, wherein the first fiber component is added to the
synthetic blend in amounts ranging from about 5 to about 50 weight percent, and the second
fiber component is added to the synthetic blend in amounts ranging from about 95 weight

percent.

3. The synthetic blend of claim 1, wherein the second fiber component is twisted to form

the non-interconnected bundle in the absence of a wetting agent.

4. The synthetic blend of claim 1, wherein the first fiber component and the second fiber

component are blended in the absence of a wetting agent.

5. The synthetic blend of claim 1, wherein the degree of twist in the second fiber

component is less than about 2.2 turns/inch (about 0.87 turns/cm).
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turns/inch (about 0.43 turns/cm).

7. The synthetic blend of claim 1, wherein the degree of twist in the second fiber

component is about 1.1 turns/inch (about 0.43 turns/cm).

8. A synthetic fiber blend for use as reinforcement for cementitious material, comprising:
a first fiber component formed from a homopolymer of polypropylene and composed of
fibers in fibrillated form; and
a second fiber component, discrete from the first fiber component, formed from a
copolymer of polypropylene and high density polyethylene, and composed of bundles of
monofilaments that have been twisted, the degree of twist being greater than about 0.9

turns/inch (about 0.36 turns/cm).

9. The synthetic blend of claim 8, wherein the degree of twist in the second fiber

component is less than about 2.2 turns/inch (about 0.87 turns/cm).

10.  The synthetic blend of claim 8, wherein the degree of twist in the second fiber
component ranges from greater than about 0.9 tums/inch (about 0.36 tums/cm) to about 1.1

turns/inch (about 0.43 turns/cm).
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O~r~ C vv /VV aaav ov (y ma rr~~ OWwW-.g[n .-1 W 2005/016644
PCT/ U82003W4’(9§§%16§5/ set forth above, it is contenpl at ed REIEYVS2803090388ent s of
the fiber conposition of the present invention provide inproved properties
to various types of cenentitious material, including asphalt- based naterial.
For exanpl e, enbodi nents of the present invention were enployed in test
strips of 5 asphalt r oadways in am)unts of about 2.0 to about 3. 3 pounds per

and moni chted 1O e e Blepd el R IRG fesrch of s if Ml g ivE el

envi r onnent aI wear and use. The test strips were full width (edge of pavenent
to edge ofcopweaensng yhoutdldurpsinehs(ghenttd.43sumaéom). t hat di d not enpl oy the fiber
conpositions of the present invention had experienced surface failure, such
as unraveling on hills, curves, and shaded io0 areas of recently paved roads.
Surface failures were due to |ongitudinal and transverse separation
attributed2t o heaymtheticl fiber bledd forsuse las aginforoemekt fon derhentitiong meteriahroentprisingf f i .
Road mai nt enance vehicles, such as snow plows, and their nmethod of snow

renoval accent L@ﬁ@dﬁm@atwﬁﬁ&%ﬂpahéﬂe FStned o‘f%%fon{o@awniei pbptdp3ieae fibBRtndr €as

of the asphalt roadway that did enploy the fiber corrp05|t| on Of the "present
i nvention showed |it nQ I 4t udin rse aratl n.relative
Lo areas of ¢ ne seeond Al ne Briak d5ieRTk i hé BER NP e B, ceo
with the fiber conpositions of the present _invention. i s believed that
enbodi rrentcgp@wmen@rpwé@éﬁmolmmlqnéﬁn%wghrﬁensasnolmbylpm dhesgggendofiberr oadway's
fromtw to three years to up to ten years in cold-mx asphalt. The foregoing
exanpl es dwmpeatitdiemg dpltralineofdnofilarhedietvaisted té foemal BeBintertonnectcd dindlkahe
used in building material, such as cenmentitious material, performas well or

better thag ’b&‘t@fstﬁ‘éxlﬁ%gfeh&hﬁﬁtabovft%é&&ﬁg/&l?%ﬁﬂfo§6'Bﬁ-ﬁs°le gyl uding st eel

relnforcene f1bers the toregoing experinents d nstrate that
relatively snall concentrations of fiber will support substantially inproved
results.

13.  The synthetic blend of claim 12, wherein the degree of twist in the second fiber

component is less than about 2.2 turns/inch (about 0.87 tlm1§/cm).
14.  The synthetic blend of claim 12, wherein the degree of twist in the second fiber
component ranges from greater than about 0.9 turns/inch (about 0.36 turns/cm) to about 1.1

turns/inch (about 0.43 turns/cm).

15.  The synthetic blend of claim 12, wherein the degree of twist in the second fiber

component is about 1.1 turns/inch (about 0.43 turns/cm).
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These observations are both surprising and unexpected. 77 WD 2005/ 016644

PCT/ US2004/PA0a8R6dihe synthetic fiber reinforced materi adcfistobsopisgssent

i nvention, and the nmethod by which it formed may be used to forma building
material formed of, for exanple cenentitious material, that exhibits reduced
perneability, increased fatigue strength, inproved toughness, and reduced

plastic giri nkaggynthettd b Hikhd dTR1fAM120FhESiHBE ﬁ&stmuepebxﬁﬁéneﬁﬁi@.m&wﬂlme

presented a |limted nunber of enbodi nents of the invention, those of

ordi nary es in
the conf ?g‘hbéﬂﬁ @?\%Tﬁ? gﬁf%%%p# tg?\‘éﬁg&%g@%@ ,8ut%¢°%ﬁ)|%3 @%‘?@3\@%& égﬁg t of the
el enents that have been herein described and illustrated in order to explain
the nature of the invention nay be nmade by those skilled in the art, and al
such nodifications wll remain within the principle and scope of the 1D

i nvention 1ds exfheaysthetihBberibleridofickemad@pwhereih the firstefibet corapistieni isabowt| 100 eaigh
the foregoing detailed description has been directed to an enbodi nent of

r ei nf or cergggit 7o dmrdehﬁg?gpﬂﬁeﬁg into cenentitious material, such as
concrete and asphalt wi || be understood that the present invention has
broader applicability and, for exanple, may be used in connection with al
building materials that may incorporate suitable reinforcenent fibers. A
such additional applications of the is invention remain within the principle
and scope 18f t Hieishtbetiq Bberdlendrafsiiinmd 2 whenein the sesond diber ¢emprnentrig prasent in
2005/ 016644 PCT/ US2003/ 040385 CLAIMS What is clained is: 1. A synthetic
fiber bl enke éynthetis ¢ibssblead i aﬁﬁ@.ﬁmﬂﬂh%lh g froaeqtdint 50 toafioulss B% tathl wel ghifipetogh O

a first fiber conponent being fibrillated and fornmed of a honopol yner
material; and a second synthetic fiber conmponent being a copolymer that is

di screte fron1the first fiber conponent and being a plurality of

nmonof i | ament ste 0 onnected b e, the degree

tw st bei e"‘Wn Fi%‘hﬁ &E?fn%d’r}ﬁ% 57" FEn EBWH&%%CQIEPW 3%2 0(BThe

synt hetic bI end of claim1, wherein the first fiber conponent is added to the
one or more nonfibrillating monofilaments of about 350 to about 6000 denier per filament.

20.  The synthetic fiber blend of claim 12, wherein the first fiber component has a fiber
length of about 19 to about 60 mm and the second fiber component has a fiber length of about

19 to about 60 mm.

21.  The synthetic fiber blend of claim 20, wherein the first fiber component and the second

fiber component have about the same fiber length.

22.  The synthetic blend of claim 12 wherein the monofilaments of the second fiber

component, in the absence of a wetting agent, are twisted.
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synthetic blend in anmounts ranging fromabout 5 to about_ 50 wei ght percent,
and the s¥b¥50F6p4der conponent is added to the synt heti'?fjww&g?“ﬂ:’ mount s
rangi ng from about 95 weight percent. 3. The synthetic blend of claima1,
wherein the second fiber conponent is twisted to form the non-interconnected
bundl e i n {he sence of tin nt.. 4. JThe.synthetic blend of ¢laimi1,
wherein tHe" fi ?&F%’?tg‘éﬁlc @%ﬂ%ﬁt@?ﬂﬁgéﬁg" eﬁ%“ﬁ?c%ﬁﬂﬁ]?%ﬁempoﬁﬁﬁﬂﬂ‘i&ﬁ“% ®Ended
in the absence of a wetting agent. 5. The synthetic blend of claim1l, wherein
t he degr esomponent ste hlendeddn shecabsenceiofa wettingagentent i s | ess than about 2.2
turns/inch (about 0.87 turns/cn). 79 WO 2005/ 016644 PCTI US2003/ 040385 6. The

synthetic blend of claim1l, wherein the degree of twist in the second fi ber
conponent ranges from greater than about 0.9 turns/inch (about 0.36 turns/cn

to about 3,1 t j l'éﬁ?ﬁ" sl het.ic. bl .of claim
1, wherei n]24t he Ajdgg{rt%égﬁgﬁﬂe??\nfég? f%n]é? ﬁ£e seg%%e?tl %égaﬁ?@#%ﬁs‘ﬁ?&k&}ag cg‘glgﬁgﬁﬁ‘. 1
tuns/inch (about_, 0.43 tur cm. 8. A synthetic fiber blend for use as

rei nf orcenent fadirs iﬂt?‘{lﬁéﬁié’omf”éﬂt fprmed &gﬁ hpmopglymes pplyprapylepe Sber aihonent
formed froma honmopol ynmer of pol ypropyl ene and conposed of fibers in
fibrillated forasecendditzer semponent beiag disoreproftemtithe first fibet eoniponenttand béingat fi ber
conponent, forned froma copolyner of polypropylene and high density

pol yet hyl eagolyaiefiforRigR 9F & th r&i&iﬁﬁ@ﬁaﬁcﬁlyprﬁ?ﬂ@ﬁé Ao aRRhunt 6P 4ehi

. . _'g@&alsi%
tw sted, the degree of twi st being greatéer an about 0.9 turns/inch (about
0.36 tuns/¢c . _The syn tic blend ., of claim reiln the degree . .of tw st
"n"the  sednetREE, B S8t et Sorbp e Rong PRy obRERFARmERR RNATE st b5
tunms/cn). 10. The synthetic blend of claim@8, wherein the deg{gge_ of twist in
t he secondopripisrconpesigsbbimdie, thadpgreerof tivishpeing greaten than2bowit0-9 funs/ingk (4beuh

(about 0.36 turns/cm to about 1.1 turns/inch (about 0.43 turns/cn). 80
0.36 turns/cm);

the first fiber component being present in the synthetic fiber blend in amounts ranging
from about 5 to about 50 by total weight percent, and the second fiber component being present
in the synthetic fiber blend in amounts ranging from about 50 to about 95 by total weight

percent.

25.  The synthetic fiber blend of claim 24, wherein the degree of twist in the second fiber

component is less than about 2.2 turns/inch (about 0.87 turns/cm).

26.  The synthetic fiber blend of claim 24, wherein the degree of twist in the second fiber
component ranges from greater than about 0.9 turns/inch (about 0.36 turns/cm) to about 1.1

turns/inch (about 0.43 turns/cm).
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VD 2005/ 038P FcH,IS2003/ 040385 11 The synthetic bl end.gficfilaignd, wherein

the degree o W st in the second fiber conponent is abou ans/ i nch
(about 0.43 turns/cm. 12. A synthetic fiber blend for use as reinforcenent
for cenentitious material, conprising: a first fibrillated fiber conponent

formed of ho #n,rytﬁﬁﬁ Mg%{ [ - : iﬂpﬁ ent
bei ng di sg?éter@lrag t ecg?‘lfrst fi g?ﬂ@g#bgﬁérﬁ{naﬁz}gge%’g?ﬁgﬂggtc%po fcrrer ormed of
a pol ypropyl ene and.a hij depsi, t l.yet hyl ene, the second fiber conponent
bei ng a p|°é’;nRPP l%ﬁb%g!rg]gﬂnéftﬂ%qﬁ't(ébcﬁ%osé%%ﬁ@msorm a non-interconnect ed

bundl e, the degree of tw st being greater than about 0.9 turns/inch (about
0.36 turns/cm. 13. The synthetic blend of claim 12, wherein the degree of
twist in the second fiber conmponent is |less than about 2.2 tons/inch (about

0. 87 turngBcnm Thé4ynthétc Slydtbieid of ciemd, ahereinthe¥itst fibehedpohehtis abRd10€ tf
twist in the second fiber conmponent ranges fromgreater than about 0.9

turns/inc i

turns/cm Qbﬁ@%ﬁ#?g %ser;/i% f hﬁ@gﬁ%@é #%]?Qg#%lld %b%ﬁc%%%éil lﬁ%pﬂ&et%gggé 3§°ugg OQQNI st
in the second fi ?ﬁer conponent is about 1.1 turns/inch (about 0.43 turns/cn).
81 WO 200%nieBRA Alpmantys2003/ 040385 16. The synthetic fiber blend of claim
12, wherein the first fiber conponent is present in the synthetic fiber

bl end i n amounts ranging fromabout 5 to about 50 by total weight percent.
17. The synthetic fiber blend of claim12, wherein the first fiber conponent
i s about 1@0 t rheahmHbti? b YierdetichimPal wﬁéljeﬁ‘lrﬁé‘?irst%ell'g cﬁiéﬁfi?%.tﬂb?illﬁfﬁger

bl end of claim 12, "wherein the second fiber conponent Is present in t

synt hetic fibgr .ble i,n ts rangin om aboyt 50 t.o..about 95 .t at al
v ght | pertiteh Eavine;§ Bbes JEn@ B e d 97 b 9 B of Hiesdchmdber Gapanenltoit e
second fiber conponent is made of one or nore nonfibrillating nonofilanents
of about Joon pHneribailaGuymoneflamentsdrving lafibenlengthof abpat K tetahewti 6 minber bl end
of claim 12, wherein the first fiber conponent has a fiber [|ength of about

19 to about 60 mm and the second fiber conponent has a fiber |ength of about
19 to about 60 mMm

30.  The synthetic fiber blend of claim 24, wherein the first fiber component is present in the

synthetic blend in about 6.7 total weight percent and second fiber component is present in the

synthetic fiber blend in about 93.3 percent by total weight percent.

31.  The synthetic fiber blend of claim 24 wherein the second fiber is formed of about 70 to
80 percent by weight polypropylene and about 20 to 30 percent by weight high density

polyethylene.

32.  The synthetic fiber blend of claim 24, wherein the monofilaments of the second fiber

component, in the absence of a wetting agent, are twisted.
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21. The synthetic fiber blend of claim?20, wherein the first fiber conponent
and t he seooomsoidsiper component have about the sane fibe epc /%%55}040%% The
synthetic blend of claim 12 wherein the nonofilanments of the second fiber
conponent, in the absence of a wetting agent, are tw sted. 82 WD 2005/ 016644
PCT/ US2003/ 040385 23. The synthetic blend of claim 12, wherein the first

fiber conppnenp raehrédiEcenfpiiidud nBRFal, gm oaent are blended in the absence of
a wetting agent. 24. A synt hetl c fiber end Tor use as reinforcenent for

ormod of a hoRSar g nbEp ERb Siifued f?ﬂ&ét sl o A B Rl RO o

being discrete fromthe f|r t fiber corrponent and being a copol yner forned of
a maj or afEthetic &ib €ene and a minor anount of a high density

pol yet hyl ene, the second f| ber conponent being a plurality of nonofilanents
twisted to forma afirstifibbrecogponent forméd iofH omegodymlergodypropyléns fiter;amdng
greater than about 0.9 turns/inch (about 0.36 turns/cm; the first fiber

conponent bei ng pr eggskond Kbk onipoRbMiteciny diskat AP Arft AP ehhodAPH9 from
about 5 to about 50 by total wei ght per cent and the second fiber conponent

bei ng pregent |nth e ing,from ut 50
to about @qém%§c?% ﬁ'ﬁ ‘?SH %Syl “{a?#é‘g‘é@mﬁ@ },y‘ﬂ‘ﬁf g‘Fé?ﬁ? @?ﬁ aim
24, wherein the degree of twi st in_the second fiber conponent is |ess than
about 2. 2cqmpensnt brineg ¢ Rlveality of gpnefilaments tyisteddo fompa sonrintercpanecteddunglecthe of
claim 24, wherein the degree of twist in the second fiber conponent ranges
from gr eaﬂ@‘reddifctwialbeing gheafer tthurnabou@.h tiradaich (8bonb036rtmsle). t o about 1.1
turns/inch (about 0.43 turns/cn). 83 WD 2005/ 016644 PCT/ 1JS2003/ 040385 27.
The synthetic fiber blend of claim24, wherein the degree of twist in the
second fi ber corrponent is about 1.1 turns/i nch (about 0.43 turns/cm. 28.

The YL o bRl el Dot PGS B, Vi 8 adg 2% SRR 1

than about 2.2 turns/inch (about 0.87 turns/cm).

35.  The reinforced cementitious material of claim 33, wherein the degree of twist ranges
from greater than about 0.9 turns/inch (about 0.36 turns/cm) to about 1.1 turns/inch (about 0.43

turns/cm).

36.  The reinforced cementitious of claim 33, wherein the degree of twist is about 1.1

turns/inch (about 0.43 turns/cm).

37.  The reinforced cementitious material of claim 33, wherein the first fiber component is
fibrillated and present in the synthetic fiber blend in amounts ranging from about 5 to about 50

by total weight percent, and the second fiber component is comprised of one or more twisted
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about 20,0 per f| | ament, and the second fiber conponent is about 350
t o about 68&#8%{"%?4& per fil ament. 29. The synthetic fi RGT/BI280A040385¢] ai m
24, wherein the first fiber conponent is a fibrillated fiber having a fiber

| ength of about 19 to about 60 mm and the second fiber component is in the

formof n n 19 to
about 60 mispBhadssh b TRRe: bABEL e AR ablrtind IR Wl Bt hom
fiber conp nen IS present inth synthetic blend in about 6.7 total weight
per cent a @byt DYIgtab Bistaht PFISe esent in the synthetic fiber blend
i n about 93.3 percent by total weight percent. 31. The synthetic fiber blend
of claim24 wherein the second fiber is formed of about 70 to 80 percent by
wei ght pol ypropyl ene and about 20 to 30 percent by wei ght high density

pol yethyl eyge.  3he rdinforSod deiftintifiots ﬁ@fen@l' SHthim33¢ bk the AMbLSHIRE Goﬁlﬁéz'nent is

nmonofi |l aments of the second fiber nponent, 1n the absence of wett1 ng

agent, are_tw /US 03/0 0385 3 A rei nforced
conent i (1 dehEingfs aiithebridn %‘é&ﬁﬁ@ et AR Bespa 0 FebRen S
through a matrix of the cepentitious material, the synt hetic fiber blend,
i ncl udi ng:Present indhe synehstic dbepblgac in shouhdH3 percentiiiioleh Mgight PFBMfpr opyl ene
fiber; and a second fiber conponent being discrete fromthe first fiber

conponent and being a copolyner formed of a polypropyl ene and a high density
polyethylene the second fiber conponent being a plurality of nonofil aments

twisted tag g@pq{b fIaetelnl £ste gal-lgt e A ﬁlt’

greater than about turiis ﬁﬁih %Eout X 63‘3t,&vrh§% C%@s?%t&& eerlr?’géing %rced
cementitious terial of. clal erein the degree tw st i.s, | ess . than
Cbout 2. 2 HrcheRCI e perpsoRuS pblial i ASNOue T FREH AU0MT 90,18 2ROH CLPRPRY Bl
material of claim 33, wherein the degree of twi st ranges fromgreater than
about 0.9 volursé.i nch (about 0.36 turns/cn) to about 1.1 tuns/inch (about 0.43

turns/cm. 36. The reinforced cenentitious of claim33, wherein the degree of
twist is about 1.1

40.  The reinforced cementitious material of claim 33, wherein the synthetic fiber blend is
present in the cementitious material in amounts ranging from about 0.5 to about 2.0 percent by

volume.

41,  The reinforced cementitious material of claim 33, wherein the synthetic fiber blend is
present in the cementitious material in amounts ranging from about 0.3 to about 2.0 percent by

volume.

42.  The reinforced cementitious material of claim 33, wherein the cementitious material is

reinforced concrete.
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turns/i nca’\ﬂ@%{ﬁﬁﬁ‘@h% turns/cm. 37. The reinforced ceari;;%rélzt %ﬁ JERt erial of

claim 33 e first fiber conponent is fibrill present in
the synthetic fiber blend in anobunts ranging fromabout 5 to about 50 by
total weight per cent and t he second fiber conponent is conprised of one or
more tw siygd fifto lPSEZ-Il; ateR A3 IAA 338 geﬁﬂf'{h‘s REHE Jltﬂidu@%atena% is
nonofi | anment s present | n the synthetic fiber bl &nd I n anod ranging trom
about 50 to bo;ét 9@ ]Py total weight percent. 38. The rei nforced cenmentitious
mat eri al wherein the first fiber conponent is present in the
synt hetic bI end in about 6.7 total weight percent and second fiber conponent
is present in the synthetic fiber blend in about 93.3 percent by total

wei ght percent. 39. The reinforced cenentitious material of claim 33, wherein
t he synt hedi ¢ A hethodl of formifig a pyrhétitt fiie blend, copmfiding: i ous material in anmounts
rangi ng fromabout 0.1 to about 2.0 percent by volune. 40. The reinforced

cement | t1ous Mgt a ffst Gb& BhbinettRRlFL SobilP b ok ?roh&}tf&xgqfr tperd 1S

present in the cenen I OUS I'n amount's rang ’roma out 0.5 to
about 2.0 percent, b oJ. u rced errent tiou erial of
ol ai m 33, hiepacth beie iR Band bringdrmsiala homonghEuE ao PrORS ae b M « | ous
material in anmunts ranging fromabout 0.3 to about 2.0 percent by vol une.
42. The r steondrfibsticompenent béing disengtecirim thedfirstfiber coaPonent ané being laeopolymer of
cenentitious material is reinforced concrete. 86 WO 2005/ 016644

PCT/ US2003/gadipaspyidhe: anala%lgl?ﬂéﬁsgf’ 961%@91&3@ tthd deRbigd ﬂBéerohﬂJlonéﬁt belnitiAisdeR to

wherein the cenentitious materi rei nf or ced asphalt. 44. A rret hod of

win QQSiﬁfﬁ@a?i%%*eﬁmétﬁgﬁ&neﬁf&dﬂtfﬁéﬁﬁ%f e B IERD SphBin e, SRS

and being fornmed of a honopol yner pol ypropyl ene fiber, the

45.  The method of claim 44, wherein the degree of twist is less than about 2.2 turns/inch

(about 0.87 turns/cm).

46.  The method of claim 44, wherein the degree of twist ranges from greater than about 0.9

turns/inch (about 0.36 turns/cm) to about 1.1 tums/inch (about 0.43 turns/cm).

47.  The method of claim 44, wherein the degree of twist is about 1.1 turns/inch (about 0.43

turns/cm).

48.  The method of claim 44, wherein the first fiber component is present in the synthetic

fiber blend in amounts ranging from about 5 to about 50 by total weight percent, and the second
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second fiber conmponent being discrete fromthe first fi and

being a CWBC?IOW 648t a pol ypropyl ene and a hi gh densi t?%ﬁ@g@ﬁ@ﬁg e, the
second fiber conponent being twisted to forma fiber bundle, the degree of
tw st being greater than about 0.9 turns/inch. 45. The nethod of claim 44,

wherein t A . . . 1\ . 0. 87
turns/cm Iﬁ%ilg eeﬁrrfelts #gécf% %tflh?féa%ﬁlzﬁ?ﬁ\%ﬁé? g‘:ﬁnmt?aﬁéo %@é@ngﬂ & vébg’tg 9?’(%%09%
fromgrea'hgr tgn apout. 0.9 turns/inch (about 0.36 turns/cnm) to about 1.1
turns/ i ncRPRULS, 3’[3“‘9 YolEt BEF 47. The nethod of claim44, wherein the
degree of twist is about 1.1 turns/inch (about 0.43 turns/cn). 48. The

met hod of claim44, wherein the first fiber conponent is present in the
synthetic fiber blend in anbunts ranging fromabout 5 to about 50 by total

wei ght pergent TheskthdiPofaia Y, wherdline QRS fHed Bdriphiieht 14$20R3¢ RS miheit ber

conponent is present in the synthetic fiber blend i n anbunts rangi'ng from

about 50 ab A Lght .perc . 49. The, net hod .of, cl aj,m.44,
wher ei n t?fgenfiil? gﬁ%ﬁti%%e %é&ﬁ%ﬁgﬁgeﬁs‘mﬂﬁ%@&ﬁ T CHRROTEDH S PEGSEL n the, hﬂghc about
6.7 total weight percent and second fiber conponent is present in the

synt heticfi %@dm@?&t%ﬁi’mﬂm@@lb@#ﬂbﬁﬁmﬁytotal wei ght percent. 50. The
nmet hod of claim44, wherein the first fiber conponent is fibrillated and the
second fiber conponent is conprised of a twi sted bundle of nultiple strands
of a nonfibrillating nonofilament, said first and second fi ber conponents

bei ng ubshant il nfeshdtPof iy A4 Mlidhkin Ll 88 BoftaP iU AR bt ALt o

about 19 to 60 mm Inforcing a teri conprising: m Xxi

a synthetigc fiber blend with enent j1ious terjal, the synthetic fiber
bl end | nclPGEPHEPARER! 1 COPHRE O MTrL O of T Bpleciisnas os AGRPGUAGRE .  he
first fiber conponent being fibrillated and forned of a honopol yner

pol ypr opy lmeonefilanient, said-frst@vlsedorid fikker compprentsheingaibsigntialycthe samé lengtht he
first fiber conmponent and being a copol ynmer formed of a mgjor anount of
pol ypr opy héegeiR Bathehalla NG gtiafiRigiHg RSm Bb&IR 19€580 kam ol yet hyl ene, the second
fi ber conponent being twsted to forma fiber bundle, the degree of tw st
bei ng greater than about 0.9 turns/inch

51. A method of reinforcing a material, comprising:

mixing a synthetic fiber blend with a cementitious material, the synthetic fiber blend
including a first fiber component and a second fiber component, the first fiber component being
fibrillated and formed of a homopolymer polypropylene fiber, the second fiber component
being discrete from the first fiber component and being a copolymer formed of a major amount
of polypropylene and a minor amount of high density polyethylene, the second fiber component
being twisted to form a fiber bundle, the degree of twist being greater than about 0.9 turns/inch

(about 0.36 turns/cm).
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(about 0.3 88 - - - - e WO 2005/ 016644

PCT/ USZOO3?’C¢1%§{E{6%£% The met hod of claimb51, wherein thRCHBSR00H049385t wi st i s
| ess than about 2.2 turns/inch (about 0.87 turns/cn). 53. The nethod of
claim51, wherein the degree of tw st ranges fromgreater than about 0.9
turns/inch_{abouyt 0.36.turns/ 0 about 1.1 turns/ out 0.43
turns/cn . 54, #‘PFQ“'IF{&PHG’E &mgﬁzw&?%%ﬁ@ﬁ#mlﬁ éﬁ*@é‘(‘ag ot i Zsturmsgncly oyt
1.1 turns/inch (about 0.43 turns/cn). 55. The nmethod of claim51, wherein
the first (abow0.Ebmptsam) is present in the synthetic fiber blend in amounts
rangi ng fromabout 5 to about 50 by total weight percent, and the second

fi ber conponent is present in the synthetic fiber blend in anmounts ranging
fromabout 50 to about 95 by total weight percent. 56. The nmethod of claim

51, e o1 .t horid frdinohioP Gl STPARGO oA REAE Yid uddhe SOHDEUEL fian GRG0 1

about 6.7 total ‘weig ercent an er compohent resent 1 n the
synt hetic abqut 93,3 cent ot a ercent. 57. The
met hod of ?:‘F%?P kgfalbo“ﬂgﬂg )t@é\b%ttp]i mﬁ%t@ﬂ“&b 4}92'-“%3% ete. 58. The
met hod of claimb51, wherein the cenentitous material is asphalt. 89 WO

2005/ 016644 PCTI US2003/ 040385 59. The nethod of claim 51, wherein a
sufficient anount of synthetic fiber is added to the cenentitious nateri al
to increassy,t herlﬁahethbabfalahﬂmc«m@r&mﬁaaégreeﬁ&wﬁdws ABub 29 tinsFAK (Qbo‘ifé 0.43
wherein the synthetic fiber is added to the cenentitious material in anmounts
rangi ng fr@pﬂ%@ut 0.1 to about 2.0 percent by total volune. 61. The net hod
of cl ai m 60, fein the synthetic fiber is added to the cenentitious
material in anounts ranging fromabout 0.5 to about 2.0 percent by total

vol une. 62. The method of claim51, wherein an addition of synthetic fiber to
the material in anmounts ranging fromabout 0.5 to about 2.0 percent by total
vol ume pr 0§4.desThemethpdof claim 51, wherein the first fiber component is present in the synthetic

fiber blend in amounts ranging from about 5 to about 50 by total weight percent, and the second
fiber component is present in the synthetic fiber blend in amounts ranging from about 50 to

about 95 by total weight percent.

56.  The method of claim 51, wherein the first fiber component is present in the synthetic

blend in about 6.7 total weight percent and second fiber component is present in the synthetic

fiber blend in about 93.3 percent by total weight percent.

57.  The method of claim 51, wherein the cementitious material is concrete.

58.  The method of claim 51, wherein the cementitous material is asphalt.
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strength iyighes j of at least 6 times that of plain c The
nmet hod of Wa@mﬁﬁ? wherein the first fiber conponent ispgf@g%oﬁfypﬁg?sed fi ber
and the second fiber conponent is conprised of a twisted bundle of nmultiple

strands of a nonfibrillating nono filament. 90 64. A fiber reinforcenent

mat eri al , 5¢oNMPThémdioddfRlaithd1] Wwierein Paifficib@lanivvat 6 Syafdtic FherRA04dd oMwNt S Of
about 350 to about 6000 denier per filanment, twisted to forma fiber bundle,

t he degre BAN] i : han rns/inch (about O0.36

tur ns/cm%gbﬁéﬁfﬁg%u@%rﬁ%ﬁﬁ% s.ra'gsﬁ'gisbta%t?sh%‘ﬁ%toﬁfi | aments are twisted to
forma non-interconnected bundle in the absence of a wetting agent. 65. A
fiber reinforcenment material, conprising: a plurality of polyolefmc strands
of nonofil aments of about 350 to about 6000 denier per filanment, tw sted to
forma fi6dr blheinethotdto chiiny5S@evherein thessynthetio fiberie addad to lbeceaimntitios. 9
turns/inch (about 0.36 turns/cm, wherein the plurality of strands of

nonof i | ankiatesiaf @raMcunts rafiging FRET aRID.INE Bbout REpdrédd® by tdtal volghsement nateri al
further conprising a second fiber conponent that is discrete fromthe first
fi ber conponent and is fibrillated and forned of a honopol ynmer material. 66.
The fiber reinforcenent material of claim65, wherein the first fiber
conponent is present iin _anpounts rapging from about 50 to 95 wei ght percent
and t he s@kondThe method afsiaina 00, whersiahe pynthstic fHer added %@Fﬁ&ﬂﬁfl‘tgmuﬁbout 5to
about 50 wei ght percent. 67. The fiber reinforcenment material of claim®65,
wher ei n t inatefiial intaniguinés ranging dwenabomh 0.5ttt ebaxt 2dgkrednt bg totelowohament are bl ended
in the absence of a wetting agent. 68. The fiber reinforcenent material of
claim 65, wherein the first fiber conponent has a fiber length of about 19
to about 60 mm and the second fiber conponent has a fiber |ength of about 19

to about 69 h L b reinforc nt terial ~of .claim@65..wherein
Lhe Tirst i be e dRpenanelmat, HEeBh R o B h kS HRAREBEE the sane
fiber length. 70. The fiber reinforcement material of claim65, wherein the
first fibapowssmagngrom ahowtdobloabenrt 2.9 pereent byrtotal velpee pae desangmpact

pol ypropyl ene and a m nor anmount of a high density pol yethyl ene, and the
second fi fesngthoimpoonemient 8f atdeased tindes shdt ofiplain gomeretol ypr opyl ene fi ber. 71.
The fiber reinforcenment material of claim65, wherein the second fi ber
conponent is about 100 to

63.  The method of claim 51, wherein the first fiber component is a fibrillated fiber and the
second fiber component is comprised of a twisted bundle of muitiple strands of a nonfibrillating

monofilament.
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about 20,000 denier per filament. 91 72. A reinforcenent for cenentitious
material, conprising: a plurality of polyolefin nonofilanments, the plurality
of nonofilaments being in a twisted configuration, the degree of tw st being
greater than about 0.9 turns/inch (about 0.36 turns/cm, wherein the
pluraljty qf nof.i L anents are twi.sted to forma non-interconnected bundle in
t he agjé'encg‘fb réa’m\;\%f I?eﬂgmgtgﬁ%’nctofnpr??f.‘g'A rei nforcenent for cenentitious
material, conprising: a plurality of polyolefin nonofilanments, the plurality
of nonofi amaﬂitl)i@ ctr@bnyglemcam}nm 6ﬁmogmeﬁ%ewba&3 tiBGOto/ ébﬁ)@t aégga@@rg& flrl]é’iﬁe‘il, bei ng
greater, than about 0.9 tyrns/inc out O. turns , wWherein the
pl uraF‘Y‘ft?‘;]B’f °%%€??8%#§%F€F?ﬁ%w&ﬁ%'{g &oafse aBB‘PPb‘B?réH{",‘S’"PHb(aP‘&t ABBr cenent
for ceifdn)f Wikkiiéin (e ipRirdliy off strhidd OF mosd¥ilaMenBiaROwastedas ftf afrioRtercsiiB@IENt t hat
is di cr?t,e fromthe first fiber conponent and is fibrillated and formed of

a horBpyisRthe 5 9f3Wetting agefke i nf or cement for cementitious material of
claim 73, wherein the first fiber conponent is present in anmounts ranging
from gbout 50 to, 95 wei ght percent, and the second fi ber conponent is present
in anggntsAré){’l‘?bTeH@rF mpfgRl WMPEsIB%out 50 wei ght percent. 75. The
reinforcenent for cenentitious material of claim73 wherein the first fiber

conponent gg Emﬁi%o-f p_?_ﬁ/ﬁf@ﬂﬂi,c Eiifrﬁﬂg oﬁf?(gmﬁgglr@ﬁts 8f ot BOUEDolitkobh Ig%ﬁ‘?ep §§rr}§%ne91{ a

wetting agent. e reinforcement for cenentitrous mater al m 73,
wher eiwistedto fpiny & fibet bprsile, e rdpgaeefitwistioeing gréatdy than pleavy0.A twhis/implo@bout 036 0 about 60

mm ang, £ S& i A eforyal ls36n t o about 60
nm 7% J‘?‘ﬁrg’ rg‘?ﬂ?gfﬁ?ﬁ%lﬁf forglmgg?r%ﬁ?ﬂlﬂﬂ%%lss mt%ﬁ%@{)?gmcq%g%ﬁﬂ}%&e\%merei n the
fi r st rdinforsement mptsrialfurthen domprising 9 sexondi fibdr bempanentpiuat ésrdisctete/feonathe first fibe sane
fiber ) : i t f L ptious material of claim?73,
wher eicéﬁ%éﬁﬁl ‘rygfﬂ bﬁ?ﬁ%‘{rﬁgg‘%ﬁgﬁﬁ}%opg@mgﬁg% §/arlr'er formed of a mgjor anount of
a pol ypropyl ene and a m nor anount of a high density polyethylene, and the

second.fib 0 t is for.oe f homo I ~,.pol ropyl ene fiber. 79.
TheCr8er t ofhe ARAPARGmit e RFT Al B, AATRR S RO LSRR o T2;
fi ber amonpomegitg fran alpmtus0 to92 widght pepceatrmd theGOAd fibericempient if pleseireintamaads t he

secong, £ Dot SATRYNE Mol So #gHbeA0, Lo about 20,000 deni er

67. The fiber reinforcement material of claim 65, wherein the first fiber component and the second

fiber component are blended in the absence of a wetting agent.

68. The fiber reinforcement material of claim 65, wherein the first fiber component has a fiber length

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

69, The fiber reinforcement material of claim 65, wherein the first fiber component and the second

fiber component have about the same fiber length.
70. The fiber reinforcement material of claim 65, wherein the first fiber component is a copolymer
formed of a major amount of a polypropylene and a minor amount of a high density polyethylene, and the

second fiber component is formed of a homopolymer polypropylene fiber.

71. The fiber reinforcement material of claim 65, wherein the second fiber component is about 100 to

about 20,000 denier per filament.
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per filanment. 80. The reinforcenent for cenentitious material of claim73
wherein the first fiber conmponent is formed of about 70 to 80 percent by
wei ght pol ypropyl ene and about 20 to 30 percent by weight high density

pol yet hyl ene. 81. A reinforced cenentitious material, conprising: a
cenentitious nmass; and, a fiber conponent dispersed throughout the nmass, the
fi ber conponent being a plurality of polyolefinic strands of nonofil anents
of abdlt 3AQGeihforcainentiforc@entilions materiedrcomptisimgnt tw sted to forma fiber
bundl e, the degree of tw st being greater t han about 0.9 turns/inch (about

0. 36 turns/c . erein_the lurality of stran%a of nmpnofilanents are

tw st ed t o2 PyFatity:pt pelolelin mep e@e BWW&}WGP meneilameisbaingin gfwigted ot ¢  ng

agent co uratfon @k ﬂfz@é&ﬂ‘fﬂwﬁﬂmﬂ{g cf,lréateﬂlﬁn AFuE0.9 Qirns/iGNREIUS 0.88 iurnsRnD SRR thé OUS
mass; spersed t hroughout the nmass, the fiber

i ber conponent
co rrpoﬂlr’il f3’[5’2 F‘Wﬁofﬁarﬁ?‘\}sr aip pyistedyio formip nagrintescprnected bindle in the picate of ANEHING of about
350 t ggegppout 6000 denier per filament twisted to forma fiber bundle, the
degree of twi st being greater than about 0.9 turns/inch (about 0.36
turns/cm, wherein the plurality of strands of nonofilanments forma first

fi ber 7z0ompAanEiRforcelbft fbieeMbMtoBfmaeR tonptiGhs material further conprising a
second fiber conponent that is discrete fromthe first fiber conponent and is

fibrillated and formed of a honopol yner material. 83. The reinforced
cenent i t i oupluralityerfipalyolefin mbadfilangts, b plusility cfironéfilaments bdieg in edwisledhent i s

pres e@én ﬁ%atr&n&g BL ed (ﬂ”@sgfs%ﬂﬁr g?épte?h}% hiboato b Rm?sﬁ#fg('ﬁqwaﬁ%% E? &@%@gn);\@% ebrb@as econd

fiber oneh present rangl ng
wei g hplurﬁd;tymf monOEAmenTmrm eifirst Gber edmpaewnthe tquorsemfmm & icethentifious| ngateriaBRrthesher ei n

the ! bhiishls SRR ARR SR BN RSBRAINT ol WRE g AURRNEN' A1.SuPhARIRS |1 the

absence o orced cenen of claim
82, wfemed 0fatH0mopmlym¢rmiat¢mt conponent has a fiber 93 length of about 19 to
about 60 mm and the second fiber conponent has a fiber length of about 19 to
about 60 mm 86. The reinforced cenmentitious material of claim82, wherein

t he f74.st Théeinfoompoanfontensntitidul eateeiglafidlaim 73, wherein the first fiber component is

present in amounts ranging from about 50 to 95 weight percent and the second fiber component is present

in amounts ranging from about 5 to about 50 weight percent.

75. The reinforcement for cementitious material of claim 73 wherein the first fiber component and the

second fiber component are blended in the absence of a wetting agent.

76. The reinforcement for cementitious material of claim 73, wherein the first fiber component has a
fiber length of about 19 to about 60 mm and the second fiber component has a fiber length of about 19 to

about 60 mm.

77. The reinforcement for cementitious material of claim 73, wherein the first fiber component and the

second fiber component have about the same fiber length.
78. The reinforcement for cementitious material of claim 73, wherein the first fiber component is a
copolymer formed of 2 major amount of a polypropylene and a minor amount of a high density

polyethylene, and the second fiber component is formed of a homopolymer polypropylene fiber.

79. The reinforcement for cementitious material of claim 73, wherein the first fiber component is about
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fi ber conponent have about the sane fiber length. 87. The reinforced
cenentitious material of claim82, wherein the first fiber conponent is a
copolymer forned of a nmjor anount of a pol ypropyl ene and a m nor anount of
a high density pol yethylene, and the second fiber conponent is forned of a

honmop r rapyl epe fiber. 88. The reinforced cenentitious material of
ci o 2050 honEMod RegeE ety 54 e potont fsnEmoonen dsbatt 106 sbows S1960%enz0, 000
deni eperfitamehi. | ament. 89. The reinforced cenmentitious material of claim82,
wherein the first fiber conponent and the second fiber conponent forma
synthetic fiber blend, the synthetic fiber blend being present in the

cenensd.t i Olig reinfusmicnt fan@tiehtition fmgierd of £l6iM Boehéteidthd fits? iBRBhpoheft iPET CENL DY
vol u 90.. Th einforced cepentiti ous material. _of claim89, wherein the
i 7o) v P

synt hOP¥ §fiape defegnt t Palypremylene andabenti2f st fperrsatby weightbight s r angi ng
f r om ddnsiitpobethylefte.about 2. 0 percent by volune. 91. The reinforced
cenentitious material of claim89, wherein the synthetic fiber blend is
present in the cenentitious nmass in anounts ranging fromabout 0.5 to about
2.0 psv.cenA rdliyfoiced toientitiols mAtefiel, edngprigmpent material for a cementitious
material formed by twisting a plurality of polyolefinic strands of
nonofilaments into a fiber bundle for mxing into a cenentitious nmass, the
degree of % mentitinys Agss: ideat er t han about 0.9 turns/inch (about 0.36
turns/cm, wherein the plurality of strands of nonofilanents are twisted to
forma non;j i S f a ywettin ent. 93. A
rei nfor cerr%{r-%l%yr %@@;ﬂ?‘gﬁﬁsﬁ %?éagﬁ}glé%g{ﬁﬁ{ ‘.Q%&?Ren@egrg?‘gw? Ig\r{\)lgn%éag ra?& (;sgt ing a

pl ur apalyojefivic sprands of mpaafilanensstaf abrais 3 B to alpo6000 densertper filamentawisteb &y fohmadl e f or

m Xi ng, | a nt i1 . ) he _de of. tw st j reat er. 1 han

about O B‘E@tlfr’ trlllg ? ?%%%Af%végé%f" r%%%c r E’hﬁrl‘l AL gé‘f? ,%mv%g?he al??“f ﬁgb E"Ig'lf{‘:g])’i ‘?@Frcdlf Ehgt r ands

of noploflityafistrinds of romofilaments &t tWistedto formnpuoumeintercohiteted bumdlcoin terbsencaattaer i al

furthe&ﬂﬁ%%gﬁgsing a second fiber conponent that is discrete fromthe first
COo f

fiber" ent and is fibrillated and forned of a honopol ynmer material. 94.
The reinforcenment material of claim93, wherein the first fiber conponent is

presegbt inA?&?t‘dr%%ce %4tirio%rs] |ggl lf rom lzglbo,ut 50 to 95 wei ght percent and the
second fi ber " conp TR 81“ Ent RS BBount s ranging from about 5 to about
50 wei ght percent. 95. The reinforcenent material of claim 93, wherein the
first fibe§canioienassamd the second fiber conponent are blended in the
absence of a wetting agent. 96. The reinforcenent material of claim93,

wherein the first fiber conponent has a fiber |ength of
a fiber component dispersed throughout the mass, the fiber component being a plurality of

polyolefinic strands of monofilaments of about 350 to about 6000 denier per filament twisted to form a
fiber bundle, the degree of twist being greater than about 0.9 tumms/inch (about 0.36 turns/cm), wherein the
plurality of strands of monofilaments form a first fiber component, the reinforced cementitious material
further comprising a second fiber component that is discrete from the first fiber component and is

fibrillated and formed of a homopolymer material.

83. The reinforced cementitious material of claim 82, wherein the first fiber component is present in
amounts ranging from about 50 to 95 weight percent and the second fiber component is present in amounts

ranging from about 5 to about 50 weight percent.

84. The reinforced cementitious material of claim 82, wherein the first fiber component and the second

fiber component are blended in the absence of a wetting agent.

85. The reinforced cementitious material of claim 82, wherein the first fiber component has a fiber
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about 19 to about 60 mm and the second fiber conponent has a fiber |ength of
about 19 to about 60 nm 97. The reinforcenent material of claim93, wherein
the first fiber conponent and the second fiber conponent have about the sane
fiber Iength. 98. The reinforcenent material of claim93, wherein the first

fi ber |cfQRBOBBRLI9itS alRduCERRM AR the EQLAEHber BSmpbnBRINY 2 REEP WAL OF atRuPRI Y R5RPY | ene
and a_m nor anount of a high density polyethylene, and the second fiber
conpoﬂ@ﬁm-is formed of a honopol yner pol ypropyl ene fiber. 99. The
reinforcenent material of claim93, wherein the first fiber conponent is
about 350 to about 6000 denier per filanment and the second fiber conponent

i s ab¥ut 15w reigfossd &emm,twanmﬁf@frclﬁye B2swheggiethe first fibgy conppanentapdthg sesemebnt

mat er Rk cothponbd hieIBoWRR! Binb fib&igenlziny St fi ber conponent is fornmed of about 70
to 80 percent by weight polypropyl ene and about 20 to 30 percent by wei ght
hi gh density pol yet hyl ene. 95

87. The reinforced cementitious material of claim 82, wherein the first fiber component is a copolymer

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

second fiber component is formed of a homopolymer polypropylene fiber.

88. The reinforced cementitious material of claim 82, wherein the second fiber component is about 100

to about 20,000 denier per filament.

89. The reinforced cementitious material of claim 82, wherein the first fiber component and the second
fiber component form a synthetic fiber blend, the synthetic fiber blend being present in the cementitious

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

90. The reinforced cementitious material of claim 89, wherein the synthetic fiber blend is present in the

cementitious mass in amounts ranging from about 0.3 to about 2.0 percent by volume.

ol1. The reinforced cementitious material of claim 89, wherein the synthetic fiber blend is present in the

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

92. A reinforcement material for a cementitious material formed by twisting a plurality of polyolefinic
strands of monofilaments into a fiber bundle for mixing into a cementitious mass, the degree of twist being
greater than about 0.9 turns/inch (about 0.36 turns/cm), wherein the plurality of strands of monofilaments

are twisted to form a non-interconnected bundle in the absence of a wetting agent.

93. A reinforcement material for a cementitious material formed by twisting a plurality of polyolefinic
strands of monofilaments into a fiber bundle for mixing into a cementitious mass, the degree of twist being
greater than about 0.9 turns/inch (about 0.36 turns/cm), wherein the plurality of strands of monofilaments

form a first fiber component, the reinforcement material further comprising a second fiber component that

is discrete from the first fiber component and is fibrillated and formed of a homopolymer material.

94. The reinforcement material of claim 93, wherein the first fiber component is present in amounts
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ranging from about 50 to 95 weight percent and the second fiber component is present in amounts ranging

from about 5 to about 50 weight percent.

95. The reinforcement material of claim 93, wherein the first fiber component and the second fiber

component are blended in the absence of a wetting agent.

96. The reinforcement material of claim 93, wherein the first fiber component has a fiber length of

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

97. The reinforcement material of claim 93, wherein the first fiber component and the second fiber

component have about the same fiber length.
98. The reinforcement material of claim 93, wherein the first fiber component is a copolymer formed
of a major amount of a polypropylene and a minor amount of a high density polyethylene, and the second

fiber component is formed of a homopolymer polypropylene fiber.

99. The reinforcement material of claim 93, wherein the first fiber component is about 350 to about

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

100.  The reinforcement material of claim 93 wherein the first fiber component is formed of about 70 to

80 percent by weight polypropylene and about 20 to 30 percent by weight high density polyethylene.
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