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Introduction

In 1978, FORTACorporation introduced the concept of thomensional synthetic
fiber reinforcement to the construction market worldwide. One of the successful early
product applications was the use in a wide variety oflaiced concrete projects. The
FORTA® family of standard synthetic fibers has enjoyed widespread use since that time in
both drymix gunnite and wemnix shotcrete applications, such as bridge deck toppings, lake
and reservoir linings, and artificial rock and waterscape projects. In these instheses,
standaregrade synthetic fibers were used in relatively low dosages (approximately 0.1% by
volume) to reduce temperature and shrinkesdated cracking, reduce rebound, and increase
toughness and lorgrm durability.

During that time, FORTA coninued to study and develop a secaheration
synthetic fiber that could offer improved performance benefits and affect the actual structural
properties of the concrete itself. In 1999, FORTihtroduced FORTAFERRT - a
structural synthetic fiber thatves up to its naméit St r ong As Steel 0. Thi
play an important role in the gmaced concrete market by enhancing toughness and
durability while offering a safer and easier alternative to conventional reinforcing steel.

Problems With Steel

For a lack of a better alternative, steel in various forms has been used as reinforcement
in shotcrete products and applications for many years. Though some primary steel is
necessary for various reasons, much of the steel reinforcement idwsupetd the critical
design of the shotcrete application. (FORT@ngineers can assist project designers and
specifiers in determining proper levels of steel replacement with structural synthetic fibers.)
The use of steel in various forms, has brougth W a compémentary set of problems related
to either inplace performance or the actual handling and placement of the steel.

Corrosion of reinforcing steel is a constant concern, and naturally affects theilong
durability and performance of théestreinforced concrete application. This concern is even
more important in a host of shotcrete applications that are constructed in a marine or water
environment, or in an underground leachate environment.

Steel reinforcement must be cut, bent, splicand attached to the project substrate,
which is very difficult and labor intensive. The handling of steel also adds a common risk for
injury and can be extremely dangerous. Also of concern is assuring the minimum necessary
concrete cover of the stetel protect it from the elements and project conditions. Rising costs



and increasing availability difficulties of steel in all foringar, fabric, and fiberg also add

to the concern regarding its use in many shotcrete project applications. Theseeptaagn
performance deficiencies of steel reinforcement served as further incentive for FORTA
Corporation to develop a level of synthetic fiber reinforcement that could serve as a viable
alternative.

Development of FORTAFERRO®

During the developmeérof the FORTAFERR structural synthetic fiber, FORTA
utilized their 4C's Fiber Performance Formula as a basis for improving each important fiber
characteristic. By maximizing each of these characteristic areas, the FEEERRC fiber
is able to impree on the level of steel replacement possible.

Configuration

The shape of the fiber is one of the most critical aspects with regards to anchorage and
pull-out of the fiber reinforcement. Monofilament fibers that are very fine in diameter and
round in shapdo not anchor in the concrete as well as heavier, deformed fibers. Normal
monofilament fibers would not be expected to act as a replacement for handingctural
steel, but would offer a reduction in shrinkage cracking and provide edge protection in air
placed concrete applications. Fibrillated-skaped fibers offer a much greater resistance to
pull-out, and as a result, have proven their abilityeflace nosstructural handling steel such
as wire mesh in a variety of shotcrete projects. To maximize resistance-tufpaiid post
crack behavior, the FORFRERR fiber involves a blend of two fiber shapes: a fibrillated
network configuration, alan with an embossed (deformed) configuration in a heaty
filament size. This unique blend of shapes gives the FORERRC fiber the ability to
control temperatureelated cracking as well as affect the structural properties of the concrete.

Chemidry

The chemical makep of the fiber is extremely important if the fiber is expected to
hold up in the aggressive alkali environment of Portland cement concrete. The fibriated
portion of the FORTAFERRC blend is made of 100% virgin polypropylenehich is inert
to alkali and chemical attackhe heavyduty filament portion is comprised of a proprietary
blend of two synthetic monomers, resulting in a high density, high modulus copolymer. This
copolymer is also inert to chemical and alkali attacid creates a very higdtrength fiber to
improve performance and residual strength benefits.

Contents

During FORTA™s structural fiber research, it became apparent that standard synthetic
fibers such as fine monofilaments, and even fibrillatetvork fibers, consist of a very high
level of surface area on a per pound basis. As a result of this surface area, it becomes difficult
to add sufficient quantities of these fiber types to approach structural reinforcement values,
without robbing too mucbf the paste content of the concrete mix. Standard dosage levels for
these fibers are generally 1.0 Ib./cu. yd. for fine monofilaments, and 1.5 Ibs./cu. yd. for



fibrillated networks with upper dosage levels in the range of 3.0 Ibs./cu.yd. The unigde blen
of fiber shapes that make up the FORFBERRC grade of fiber helps minimize the surface
area levels, and allows dosage rates to be increased without affecting the rheology of the mix.
To date, dosage rates for FORHERRCJ in various shotcrete applicatis have ranged

from 3 to 30 Ibs./cubic yard depending on reinforcement requirements.

Correct Length

With any fiber, the Critical Bond Length, which is the maximum length of fiber on
either side of a potential crack, is an important consideratidorigrterm performance.
Obviously longer fibers are better able to anchor within the concrete than short fibers that tend
to lose their grip and pull ouThe FORTAFERRC length of 2 1/4" (54 mm) maximizes the
fibers' Critical Bond Length, which allowké residual strength or pestack performance to
also reach their highest levels.

FORTA® Testing

Since its inception, the FORFRERRJ structural fiber has been rigorously tested in
a wide variety of both laboratory specimen and actual field testedures. FORTA
FERRJ fiber has consistently shown dramatic advantages in the areas of ductility, impact
resistance, shrinkage, and residual strength, as well as in areas of rebound reduction.

Compressive

FORTA-FERRCG was tested in compressioning standard 6" X 12" cylinders
(ASTM C39) at various dosage levels. At dosage levels e6@% by volume, or-#.5Ibs./
FORTA-FERRO# Compressive Strength - 28 days CU. yd, there was a marke
ASTM C-39 increase in compressive streng
performance. More importanth
R VR the mode of failure was reporte
B | asan extremely ductile one at ¢
e fiber dosages, instead of
conventional brittle and sudde
failure. This advantage ¢
enhanced ductility and uniqt
failure mode is naturally a ver
valuable feature to shotcre
project designers and builders.
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FORTA-FERRO? pounds per cubic yard
* Design mix - 5000 p.s.i.

*All fiber specimens showed extremely ductile mode of failure

Impact



FORTA-FERRC has also shown dramatic improvement to impact resistance as
tested by the ACI Committee 544 Drop Hammer

Impact Resistance of FORTA-FERRO® allow for specimer
: _ integrity, even aftel

first crack. Resistanc

to shock and impac
may play a valuable
role in a variety of
shotcrete applications
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FORTA-FERRO® Fiber Percent by Volume

Shrinkage

The unique fiber blend of headuty filaments and fibrillated networks allows the
FORTA-FERRC fiber to offer structural performance as well as reductions to plastic
shrinkage cracking. Conventional steel reinforcement, such as mesh, rebar, or steel fibers, has

Plastic Shrinkage Reduction of FORTA-FERRO® no ablllty to control Shrinkage
related cracking, and ai
typically effective onlyafter the

concrete has cracked. In testi
& 1 at 7.5 Ibs. per cubic yar
FORTA-FERRC® showed a
“ ] remarkable 92% reduction i
crack area caused by plas
“] shrinkage, and  approach
" | 100% at dosages of 30 Ibs.
cubic yard (2.0% by volume).

0.50% 1.00% 2.00%
FORTA-FERRO?® Fiber Percent by Volume

100

Crack Area Reduction (%)

Residual Strength



Residual strength is the amount of load in p.s.i. that can be carried by the fiber
reinforcement after the concrete has cracked. Fibers' ability to hold cracks tightly together is
a necessary feature in a wide variety of shotcrete applicatimts as slope stabilization or
tunnels. While standargrade synthetic fibers may offer residual strengths of 25 to 75 p.s.i.,
the FORTAFERRC structural fiber blend offers strengths of 250 to over 600 p.s.i. at the

Average Residual Strength of FORTA-FERRO® higher dosages normally consider:

for these applications. In the futur
800 this modified beam test (A.S.T.M.
700 1399) may also serve as
benchmark test method to comp:

the postcrack behavior of variou
fiber types and brands. Specifie
100 . could confidently call for a

performanceated standard by usin
a minimum (p.s.i.) residual streng
value, when fibers are beir
considered as a steel reinforcem
alternate.
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Average Residual Strength

Shotcrete Roundtable Test

The ability of the FORTAFERRC fiber to affect postrack behaviors quite evident
from load testing of the shotcrete roundtable pestedure. As dosages of this ldeggth,
heavy duty fiber increase, the abili

FORTA-FERRO® Shotcrete Round Table Test to sustain increased load even ai

initial crack also increases, offerir

4° a powerful performance value to

" wide variety of shotcrete proje
applications.
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ShotcreteRebound



Due to the impact velocity of the shotcrete materials, rebound or bofinogé the mix
ingredients from the construction surface is a normal occurrence, and adds to the waste
quotient of this air placed concrete construction method. In reboesting, the FORTA
FERRJ 3-dimensional fiber acts as a mechanical binder and cohesive agent, offering
noticeable and significant reductions in shotcrete rebound quantities.

Shotcrete and Rebound of FORTA-FERRO®

Percent by Volume

1.00% 1.50% 2.00%
FORTA-FERROQO® Fiber In Rebound

FORTA-FERRO® vs. Steel Fibers

One of the driving forces behind the development of a structural synthetic fiber was to
create a viable alternative to steel fibers frequently used in shotcrete applications. In addition
to concerns regarding corrosion and rising costs, steel fibersecanalienging to add, mix,
and shoot at the elevated dosages (50 to 120 Ibs./cu. yd.) used in these types of applications.
Readymix concrete producers often encounter difficulties in adding steel fibers in an even
manner that will facilitate uniform disbution and minimize clumping and balling, and must
monitor truck load restrictions after adding 500 to over 1,000 pounds of additional weight to a
10 cubic yard load due to the high dosage levels. In addition, steel fibers typically have little
if any dfect on the reduction of plastic shrinkage cracking, an area where synthetic fibers
shine.

As a result, FORTA Corporation performed comparative tests on variougnosiin
types and brands of steel fibers to explore the differences with regards teslasdgalso to
compare performance levels in various testing areas. These tests used the same shotcrete mix
proportions except for the different fiber types and dosages, and alldibérrced concrete
specimens were mixed, placed, consolidated, fidishad cured under identical conditions.
Tests were run for each fiber at dosages of 0.3 and 0.4% by volume of concrete, in areas of
compression (ASTM &39), flexural (ASTM G1018), impact resistance (per ACI 544), and
residual strength (ASTM -@399).



Detailed test comparison results showing the FORERRC fiber vs. each of the
three steel fiber types are available by contacting FORTA Corporation (U.S.A. Test Reports
#20-02/F, 2002/N, and 2@2/B.) In general, the FORFAERRC comparedextremely
well in all test areas, and did so at a dosage rate of approximately 1/10 that of the respective
steel fibers by weight (i.e., 0.3% = 4.5 Ibs./cu. yd. FORFERRJ = 40 Ibs./cu. yd. steel
fiber; 0.4% = 6.0 Ibs./cu. yd. FORFBRERRC = 50 Ibs./cu.yd. steel fiber). Of special
notice were areas of impact resistance and residual strength, where the FERR&’
fiber offered impressive results, even at considerably lower dosages by weight. For instance,
in one case the FORFTRERRC specimens at 4.fs./cu. yd. recorded over 300 impact
blows before failure, whereas its steel fiber counterpart at 40 Ibs./cu. yd. showed
approximately 175 blows at ultimate failure. At 6.0 Ibs./cu. yd., the FORERRC
showed approximately 425 blows, compared to apprately 225 blows for the steel fiber at
a 50 I b./cu. yd. dosage. I n resi earrgilg stren
ability after first crack, the results suggest that the steel fibers should be added at a range of 8
to 11 times the degie of the FORTAERRC fiber to achieve equal residual strength
performance. These comparative tests confirm FORERRG6s abi |l ity to of f
performance in areas of importance to shotcrete applications and projects, while adding other
valuablebenefits in the areas of cost as well as-fisendliness.

FORTA-FERRO® Applications

FORTA-FERRC has been used in a wide variety ofgleiced concrete projects as a
valuable performanermated reinforcement that is extremely easy to add, mix, aoot.sHn
both aboveground artificial rock and waterscapes, and underground tunnel linings, the non
corrosive characteristic of FORTRERRC is extremely attractive. FORTFRERRC has
also been used successfully in thousands of cubic yards eiweshotecete that were
produced from prédlended drybagged materials, primarily in underground tunnel projects.

FORTA® reinforced
shotcrete  artificial
rockscape at Cedar
Point in Sandusky
OH




