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The report prepared by ACI Committee 544 on Fiber Reinforced Concrete Steel FRC, Glass FRC, Synthetic FRC, and Natural FRC.
(FRC) is a comprehensive review of all types of FRC. It includes fundamental

principles of FRC, a glossary of terms, a description of fiber types, manufac-
turing methods, mix proportioning and mixing methods, installation prac-
tices, physical properties, durability, design considerations, applications,
and research needs. The report is broken into five chapters: Introduction,

ACl Committee reports, guides, standard practices, de
handbooks, and commentaries are intended for guidandg
planning, designing, executing, and inspecting construct
This document is intended for the use of individuals who
competent to evaluate the significance and limitations of
content and recommendations and who will accept respons
ity for the application of the material it contains. The Amerid
Concrete Institute disclaims any and all responsibility for
application of the stated principles. The Institute shall not b
able for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
uments. If items found in this document are desired by the|
chitect/Engineer to be a part of the contract documents,
shall be restated in mandatory language for incorporation b
Architect/Engineer.
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Fiber reinforced concrete (FRC) is concrete made primarily of hydraulic
cements, aggregates, and discrete reinforcing fibers. Fibers suitable for rein-
forcing concrete have been produced from steel, glass, and organic polymers
(synthetic fibers). Naturally occurring asbestos fibers and vegetable fibers,
such as sisal and jute, are also used for reinforcement. The concrete matrices
may be mortars, normally proportioned mixes, or mixes specifically formu-
lated for a particular application. Generally, the length and diameter of the
fibers used for FRC do not exceed 3 in. (76 mm) and 0.04 in. (1 mm), respec-
tively. The report is written so that the reader may gain an overview of the
property enhancements of FRC and the applications for each general cate-
gory of fiber type (steel, glass, synthetic, and natural fibers).

Brittle materials are considered to have no significant post-cracking ductility.
Fibrous composites have been and are being developed to provide improved
mechanical properties to otherwise brittle materials. When subjected to ten-
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544.1R-2 MANUAL OF CONCRETE PRACTICE

sion, these unreinforced brittle matrices initially deform elastically. The elas- 3.11—Cited references
tic response is followed by microcracking, localized macrocracking, and
finally fracture. Introduction of fibers into the concrete results in post-elastic L .
property changes that range from subtle to substantial, depending upon a(CShﬁgtReé;l_sygAtfzelulg g%er reinforced concrete
number of factors, including matrix strength, fiber type, fiber modulus, fiber » PD. Cree
aspect ratio, fiber strength, fiber surface bonding characteristics, fiber con- 4.1—IntroQuctlon . . .
tent, fiber orientation, and aggregate size effects. For many practical applica- 4.2—Physical and chemical properties of commercially
tions, the matrix first-crack strength is not increased. In these cases, the mosavailable synthetic fibers
significant enhancement from the fibers is the post-cracking composite 4.3—Properties bSNFRC
response. This is most commonly evaluated and controlled through toughness - . .
testing (such as measurement of the area under the load-deformation curve). 4.4—C.omp03|te prOdUCtlon teChnOIOQIeS
4.5—Fiber parameters

If properly engineered, one of the greatest benefits to be gained by using fiber 4.6—App|ications of SNFRC
reinforcement is improved long-term serviceability of the structure or prod- 4.7—Research needs
uct. Serviceability is the ability of the specific structure or part to maintain its ' .

strength and integrity and to provide its designed function over its intended ~ 4.8—Cited references
service life.

One aspect of serviceability that can be enhanced by the use of fibers is con((’:\IhI?Rptg)r %;I\éi%?é%b?e rreinforced concrete

trol of cracking. Fibers can prevent the occurrence of large crack widths that .
are either unsightly or permit water and contaminants to enter, causing cor- 5'1_|ntr0dUCt.|0n

rosion of reinforcing steel or potential deterioration of concrete [1.1]. In 5.2—Natural fibers

addition to crack control and serviceability benefits, use of fibers at highvol-  5.3—Unprocessed natural fiber reinforced concrete

ume percentages (5 to 10 percent or higher with special production tech- 5.4—Processed natural fiber reinforced concrete
niques) can substantially increase the matrix tensile strength [1.1]. 5.5—Practical applications

5.6—Summary

CONTENTS 5.7—Research needs
Chapter 1—Introduction, pp. 544.1R-2 5.8—Cited references
1.1—Historical aspects
1.2—Fiber reinforced versus conventionally-reinforced CHAPTER 1—INTRODUCTION
concrete
1.3—Discussion of fiber types 1.1—Historical aspects

Since ancient times, fibers have been used to reinforce
brittle materials. Straw was used to reinforce sun-baked
bricks, and horsehair was used to reinforce masonry mortar
and plaster. A pueblo house built around 1540, believed to be
the oldest house in the U.S., is constructed of sun-baked ado-
be reinforced with straw. In more recent times, large scale
commercial use of asbestos fibers in a cement paste matrix
began with the invention of the Hatschek process in 1898.

1.4—Production aspects
1.5—Developing technologies
1.6—Applications
1.7—Glossary
1.8—Recommended references
1.9—Cited references

Chapter 2—Steel fiber reinforced concrete (SFRC),

pp. 544.1R-7 Asbestos cement construction products are widely used
2.1—Introduction throughout the world today. However, primarily due to
2.2—Physical properties health hazards associated with asbestos fibers, alternate fiber
2.3—Preparation technologies types were introduced throughout the 1960s and 1970s.
2.4—Theoretical modeling In modern times, a wide range of engineering materials (in-
2.5—Design considerations cluding ceramics, plastics, cement, and gypsum products) in-
2.6—Applications corporate fibers to enhance composite properties. The
2 7—Research needs enhanced properties include tensile strength, compressive
2.8—Cited references strength, elastic modulus, crack resistance, crack control, du-

rability, fatigue life, resistance to impact and abrasion, shrink-

Chapter 3—Glass fiber reinforced concrete age, expansion, thermal characteristics, and fire resistance.

(GFRC), pp. 544.1R-24 Experimental trials and patents involving the use of dis-
3.1—Introduction continuous steel reinforcing elements—such as nails, wire
3.2—Fabrication 6 GFRC material segments, and metal chips—to improve the properties of
3.3—Properties of GFRC concrete date from 1910 [1.2]. During the early 1960s in the
3.4—Long-term performance of GFRC United States, the first major investigation was made to eval-
3.5—Freeze-thaw durability uate the potential of steel fibers as a reinforcement for con-
3.6—Design procedures crete [1.3]. Since then, a substantial amount of research,
3.7—Applications of GFRC development, experimentation, and industrial application of
3.8—GFRK panel manufacture steel fiber reinforced concrete has occurred.
3.9—Surface bonding Use of glass fibers in concrete was first attempted in the

3.10—Research recommendations USSR in the late 1950s [1.4]. It was quickly established that
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ordinary glass fibers, such as borosilicate E-glass fibers, areglass, synthetic, and natural fiber materials. Specific de-
attacked and eventually destroyed by the alkali in the cementscriptions of these fiber types are includedCimapters 2
paste. Considerable development work was directed towardsthrough5.

producing a form of alkali-resistant glass fibers containing

zirconia [1.5]. This led to a considerable number of commer- 1.4—Production aspects

cialized products. The largest use of glass fiber reinforced For identical concrete mixtures, addition of fibers will re-
concrete inthe U.S. is currently for the production of exterior sult in a loss of slump as measured by ASTM C 143. This
architectural cladding panels. loss is magnified as the aspect ratio of the fiber or the quan-

Initial attempts at using synthetic fibers (nylon, polypro- tity of fibers added increases. However, this slump loss does
pylene) were not as successful as those using glass or steghot necessarily mean that there is a corresponding loss of
fibers [1.6, 1.7]. However, better understanding of the con- workability, especially when vibration is used during place-
cepts behind fiber reinforcement, new methods of fabrica- ment. Since slump is not an appropriate measure of work-
tion, and new types of organic fibers have led researchers toability, it is recommended that the inverted slump cone test
conclude that both synthetic and natural fibers can success-(ASTM C 995) or the Vebe Test (BS 1881) be used to eval-
fully reinforce concrete [1.8, 1.9]. uate the workability of fresh FRC mixtures.

Considerable research, development, and applications of For conventionally mixed steel fiber reinforced concrete
FRC are taking place throughout the world. Industry interest (SFRC), high aspect ratio fibers are more effective in im-
and potential business opportunities are evidenced by contin-proving the post-peak performance because of their high re-
ued new developments in fiber reinforced construction mate- sistance to pullout from the matrix. A detrimental effect of
rials. These new developments are reported in numeroususing high aspect ratio fibers is the potential for balling of the
research papers, international symposia, and state-of-the-arfibers during mixing. Techniques for retaining high pullout
reports issued by professional societies. The ACI Committee resistance while reducing fiber aspect ratio include enlarging
544 published a state-of-the-art report in 1973 [1.10]. or hooking the ends of the fibers, roughening their surface
RILEM’s committee on fiber reinforced cement composites texture, or crimping to produce a wavy rather than straight fi-
has also published a report [1.11]. A Recommended Practiceber profile. Detailed descriptions of production methods for
and a Quality Control Manual for manufacture of glass fiber SFRC are found i€hapter 2
reinforced concrete panels and products have been published Glass fiber reinforced concretes (GFRC) are produced by
by the Precast/Prestressed Concrete Institute [1.12, 1.13].either the spray-up process or the premix process. In the
Three recent symposium proceedings provide a good summa-spray-up process, glass fibers are chopped and simultaneous-
ry of the recent developments of FRC [1.14, 1.15, 1.16]. ly deposited with a sprayed cement/sand slurry onto forms

Specific discussions of the historical developments of Producing relatively thin panels ranging frémto?, in. (13
FRC with various fiber types are included G@hapters 2 to 20 mm) thick. In the premix process, a wet-mix cement-

through5. aggregate-glass fiber mortar or concrete is cast, press mold-
ed, extruded, vibrated, or slip formed. Glass fiber mortar

1.2—Fiber-reinforced versus conventionally- mixes are also produced for surface bonding, spraying, or

reinforced concrete shotcreting. Specific GFRC production technologies are de-

Unreinforced concrete has a low tensile strength and a low scribed inChapter 3
strain capacity at fracture. These shortcomings are tradition-  Synthetic fiber reinforced concretes (SNFRC) are general-
ally overcome by adding reinforcing bars or prestressing ly mixed in batch processes. However, some pre-packaged
steel. Reinforcing steel is continuous and is specifically lo-
cated in the structure to optimize performance. Fibers are
discontinuous and are generally distributed randomly Fiber Reinforced
throughout the concrete matrix. Although not currently ad-
dressed by ACI Committee 318, fibers are being used in
structural applications with conventional reinforcement.

Because of the flexibility in methods of fabrication, fiber
reinforced concrete can be an economic and useful construc-
tion material. For example, thif{ to %/, in. [13 to 20 mm] Load
thick), precast glass fiber reinforced concrete architectural
cladding panels are economically viable in the U.S. and Eu-
rope. In slabs on grade, mining, tunneling, and excavation
support applications, steel and synthetic fiber reinforced
concrete and shotcrete have been used in lieu of welded wire «€—— Unreinforced Matrix
fabric reinforcement.

>
o Deflection

1.3—Discussion of fiber types i ) ,
There are numerous fiber types available for commercial Fig- 1.1—Range of load versus deflection curves for unrein-
and experimental use. The basic fiber categories are steelforced matrix and fiber reinforced concrete
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dry mixtures have been used. Flat sheet products that aré.6—Applications . _ . _
pressed, extruded, or vacuum dewatered have also been pro- As more experience is gained with SFRC, more applica-
duced. Long fibers are more effective in improving post- tions are accepted by the engineering community. ACI Com-

peak performance, but balling may become a problem as fi.mittee 318 “Building Code Requirements for Reinforced

ber length is increased. Techniques for enhancing pullout re.Concrete” does not yet recognize the enhancements that

sistance while keeping fibers short enough to avoid balling S_FRC makta_s available to structural element_s. As more expe
. . - ._~rience is gained and reported, more data will be available to
include surface texturing and splitting to produce branching ) ” S
and mechanical anchorage (fibrillation). Chapter 4 offers acontnbute to the recognition of enhanced SFRC properties in

o g T P this and other codes. The most significant properties of
full description of production technologies for SNFRC.

i ] i . SFRC are the improved flexural toughness (such as the abil-
Natural fiber reinforced concretes (NFRC) require special ity to absorb energy after cracking), impact resistance, and

mix proportioning considerations to counteract the retarda-fjexral fatigue endurance. For this reason, SFRC has found
tion effects of the glucose in the fibers. Wet-mix batch pro- many applications in flat slabs on grade where it is subject to

cesses and wet-compacted mix procedures are used in plamigh loads and impact. SFRC has also been used for numer-
production environments. Details for production methods of ous shotcrete applications for ground support, rock slope sta-

NFRC are presented {bhapter 5 bilization, tunneling, and repairs. It has also found
applications in plant-produced products including concrete
1.5—Developing technologies masonry crib elements for roof support in mines (to replace

SFRC technology has grown over the last three decades intavood cribbing). SIFCON is being developed for military ap-
a mature industry. However, improvements are continually plications such as hardened missile silos, and may be prom-
being made by industry to optimize fibers to suit applications. ising in many public sector applications such as energy
A current need is to consolidate the available knowledge forabsorbing tanker docks. SFRC applications are further sum-
SFRC and to incorporate it into applicable design codes. ~ Marized inChapter 2

A developing technology in SFRC is a material called SIF- GFRC has been used extensively for architectural clad-
CON (Slurry Infiltrated Fiber Concrete). It is produced by 9ing panels due to its light weight, economy, and ability to
filing an empty mold with loose steel fibers (about 10 per- be formed against vertical returns on mold surfaces without
cent by volume) and filling the voids with a high strength ce- bacl; forn:js. It h;aas "’EISO Eeendusec:c for rgané/' plant rganufac-
ment-based slurry. The resulting composite exhibits highture products. Pre-packaged surface bonding products are

- . . used for dry stacked concrete masonry walls in housing ap-
strength and ductility, with the versatility to be shaped by plications and for air-stoppage walls in minébapter ais-
forms or molds [1.17].

: o ] cusses the full range of GFRC applications.
GFRC technology is continuing to develop in areas of ma-  gNERC has found its largest commercial uses to date in slabs

trix_improvements, glass composition technology, and in on grade, floor slabs, and stay-in-place forms in multi-story

manufacturing techniques. New cements and additives haveyjidings. Recent research in fibers and composites has opened

improved composite durability, and new equipment and appli- up new possibilities for the use of synthetic fibers in construc-

cation techniques have increased the material’s versatility.  tion elements. Thin products produced with synthetic fibers can
SNFRC is a rapidly growing FRC technology area due to demonstrate high ductility while retaining integri§hapter 4

the availability of a wide spectrum of fiber types and a wide discusses applications of SNFRC for various fiber types.

range of obtainable composite enhancements. To date, the Applications for NFRC range from the use of relatively

largest use of synthetic fibers is in ready-mix applications for low volume amounts of natural fibers in conventionally cast

flat slab work to control bleeding and plastic shrinkage concrete to the complex machine manufacture of high fiber

cracking. This application generally uses 0.1 percent by vol-content reinforced cement sheet products, such as roof shin-

ume of relatively low modulus synthetic fibers. gles, siding, planks, utility boards, and pipesapter Hdis-
Higher volume percentages (0.4 to 0.7 percent) of fibers have?uSS€s NFRC in more detail.

been found to offer significant property enhancements to the 7 Glossar

SNFRC.’ ma'”.'y mqeased tqughpess after.cracklng and bette?’ The followir):g FRC terms are not already defined in ACI

crgck distribution with redgctlons in crack Wldt.h. Chapter.4 de- 116R “Definitions of Terms for Concrete.”

tails the current technological advancements in SNFRC in sep- 1.7.1—General terms

arate sections that discuss each specific fiber material. Aspect ratie—The ratio of length to diameter of the fiber
As described irChapter 5 natural fiber reinforced con-  pigmeter may be equivalent diameter.

cretes vary enormously in the sophistication by which they Balling—When fibers entangle into large clumps or balls
are manufactured. Treatment of the fibers also varies considipy 5 mixture.

erably. In less developed countries, fibers are used in a min- Bend-over-point (BOR)-The greatest stress that a materi-
imally treated state. In more advanced countries, wood pulpa| is capable of developing without any deviation from pro-
fibers are used. These fibers have been extracted by an agortionality of stress to strain. This term is generally (but not
vanced industrial process which significantly alters the char-always) used in the context of glass fiber reinforced concrete
acter of the fibers and makes them suitable for their end useGFRC) tensile testing. See “PEL” for flexural testing. The
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term “First Crack Strength” is the same property but often AR-GFRC-Alkali resistant-glass fiber reinforced concrete.

used for fiber concretes other than GFRC. GFRC—6lass fiber reinforced concrete. Typically, GFRC
Collated—Fibers bundled together either by cross-linking is AR-GFRC.
or by chemical or mechanical means. P-GFRC—Polymer modified-glass fiber reinforced concrete.

Equivalent diameter-Diameter of a circle with an area Polymer addition—ess than 10 percent polymer solids by
equal to the cross-sectional area of the fiber. See “SNFRGvolume of total mix.

Terms” for the determination of equivalent diameter. Polymer modified-Greater than or equal to 10 percent
Fiber count—The number of fibers in a unit volume of polymer solids by volume of total mix.
concrete matrix. 1.7.4—SNFRC terms

First crack—The point on the flexural load-deflection or Denier—Weight in grams of 9000 meters of a single fiber.
tensile load-extension curve at which the form of the curve Equivalent diameterBiameter of a circle with an area
first becomes nonlinear. equal to the cross-sectional area of the fiber. For SNFRC,

First crack strength-Fhe stress corresponding to the load equivalent fiber diameter, d, is calculated by:
at “First Crack” (see above) for a fiber reinforced concrete
composite in bending or tension. d= f[SRGT/Z

Flexural toughness-The area under the flexural load-de-
flection curve obtained from a static test of a specimen up to a \Where:

specified deflection. It is an indication of the energy absorp- f=0.0120 fo d in mm
tion capability of a material. f=0.0005 fo d in inches
Impact strength-Fhe total energy required to break a stan- D = fiber denier
dard test specimen of a specified size under specified impact SG = fiber specific gravity
conditions. Fibrillated—A slit film fiber where sections of the fiber

Modulus of rupture (MOR)+Fhe greatest bending stress at- pee| away, forming branching fibrils.
tained in a flexural strength test of a fiber reinforced concrete  Eiprillated networks—Continuous networks of fiber, in
specimen. Although modulus of rupture is synonymous with which the individual fibers have branching fibrils.
matrix cracking for plain concrete specimens, this is not the Monofilament-Any single filament of a manufactured fi-
case for fiber reinforced concrete specimens. See proportiongher. usually of a denier higher than 14. Instead of a group of
elastic limit (PEL) for definition of cracking in fiber rein-  fjaments being extruded through a spinneret to form a yarn,

forced concrete. monofilaments generally are spun individually.

. Monofilam?ntéingle filament fiber typically cylindrical Multifilament—A yarn consisting of many continuous fil-

In cross-section. _  aments or strands, as opposed to monofilament, which is one
Process fibers-+ibers added to the concrete matrix as fill- - strand. Most textile filament yarns are multifilament.

ers or to facilitate a production process. Post-mix denier-Fhe average denier of fiber as dispersed

Proportional elastic limit (PEL)Fhe greatest bending ihroughout the concrete mixture (opened fibrils).
stress that a material is capable of developing without signifi-  pra_mix denier-Fhe average denier of fiber as added to
cant deviation from proportionality of stress to strain. This ine concrete mixture (unopened fibrils).
term is generally (but not always) used in the context of glass Staple—Cut lengths from filaments. Manufactured staple
fiber reinforced concrete (GFRC) flexural testing. “Bend OVer fipars are cut to a definite length. The term staple (fiber) is

Point (BOP)" is the term given to the same property measuredseq in the textile industry to distinguish natural or cut length
in a tensile test. The term “First Crack Strength” is the samey,anufactured fibers from filament.

property, but often used for fiber concretes other than GFRC. SNFRC-Synthetic fiber reinforced concrete.
Specific surfaceFhe total surface area of fibers in a unit

volume of concrete matrix. _ o Tow—A twisted multifilament strand suitable for conver-
Toughness indicesFhe numbers obtained by dividing the - i, intg staple fibers or sliver, or direct spinning into yarn.
area under the load-deflection curve up to a specified deflec- 1.7. 5—NERC terms

tion by the area under the load-deflection curve up to “First
Crack.”

Ultimate tensile strength (UTS)Fhe greatest tensile stress
attained in a tensile strength test of a fiber reinforced concrete

Tenacity—Having high tensile strength.

NFRC—Natural fiber reinforced concrete.
PNF—Processed natural fibers

PNFRC—Processed natural fiber reinforced concrete
UNF—Unprocessed natural fibers

specimen.
1.7.2—SFRC terms 1.8—Recommended references
SFRC-Steel fiber reinforced concrete. General reference books and documents of the various or-
1.7.3—GFRC terms ganizations are listed below with their serial designation.

Embrittlement—oss of composite ductility after aging These documents may be obtained from the following orga-
caused by the filling of the interstitial spaces surrounding in- nizations:
dividual glass fibers in a fiber bundle or strand with hydra- American Concrete Institute
tion products, thereby increasing fiber-to-matrix bond and P. O. Box 9094
disallowing fiber slip. Farmington Hills, MI 48333-9094, USA
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American Society for Testing and Materials
1916 Race Street, Philadelphia, PA 19103, USA

British Standards Institute
2 Park Street, London W1A 2B5, England

Japanese Society of Civil Engineers
Mubanchi, Yotsuya 1 - chome, Shinjuku - ku, Tokyo 160,
Japan
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1.8.3—RILEM symposia volumes

1. Proceeding45,High Performance Fiber Reinforced Cement Compagsites
edited by H. W. Reinhardt and A. E. Naaman, Proceedings of the International
Workshop held jointly by RILEM and ACI, Stuttgart University and the Uni-
versity of Michigan, E & FN Spon, ISBN 0 419 39270 4, June 1991, 584 pp.

2. Proceedingd7, Fibre Reinforced Cement and Concregdited by R. N.
Swamy, Proceedings of the Fourth RILEM International Symposium on Fibre
Reinforced Cement and Concrete, E & FN Spon, ISBN 0 419 18130 X, 1992,
1376 pp.

3. Developments in Fibre Reinforced Cement and Cond®ét&M Sym-
posium Proceedings, RILEM Committee 49-TFR, 1986, 2 volumes.

4. Testing and Test Methods of Fibre Cement CompoRteEM Sympo-

RILEM
Pavillon Du Crous, 61 Av. Du President Wilson, 94235
Cachan, France

sium Proceedings, Construction Press Ltd., 1978, 545 pp.
5. Fibre Reinforced Cement and Concre®LEM Symposium Proceed-
ings, Construction Press Ltd., 1975, 650 pp. in 2 volumes.

1.8.4—Books

1.8.12—ACI committee documents
116 R Cement and Concrete Terminology
201.2R Guide to Durable Concrete

1. Balaguru, P. N., and Shah, S.Hiber-Reinforced Cement Composijtes
McGraw-Hill, Inc., 1992.

2. Daniel, J. I.; Roller, J. J;, Litvin, A.; Azizinamini, A.; and Anderson, E.
D., “Fiber Reinforced Concrete,” SP 39.01T, Portland Cement Association,

3. Majumdar, A. J., and Laws, \Glass Fibre Reinforced Cemeild-

4. Bentur, A., and Mindess, Sibre Reinforced Cementitious Compos-
5. Swamy, R. N., and Barr, Brjbre Reinforced Cement and Concrete:
6. Steel Fiber ConcretdJS-Sweden Joint Seminar, Elsevier Applied Sci-

7. Hannant, D. JFibre Cements and Fibre Concreteélghn Wiley and

211.3 Standard Practice for Selecting Proportions for No- skokie, 1991.
Slump Concrete
223 Standard Practice for the Use of Shrinkage—Com— ing Research Establishment (U.K.), BPS Professional Books Division of
. Blackwell Scientific Publications Ltd., 1991, 192 pp.
pensating Concrete
304 R Guide for Measuring, Mixing, Transporting, and ites, Elsevier Applied Science, 1990.
Placing Concrete
318 Building Code Requirements for Reinforced Con- Recent Developmentisevier Applied Science Publishers Ltd., 1989.
crete . . ence Publishers Ltd., 1986, 520 pp.
506.1R State-of-the-Art Report on Fiber Reinforced Shot-
crete Sons, 1978.

506.2R Standard Specification for Materials, Proportion-
ing, and Application of Shotcrete

544.2R Measurement of Properties of Fiber Reinforced A 820
Concrete

544.3R Guide for Specifying, Proportioning, Mixing, Plac- C 31
ing, and Finishing Steel Fiber Reinforced Concrete

544.4R Design Considerations for Steel Fiber Reinforced C 39
Concrete

549R  State-of-the-Art Report on Ferrocement c78

1.8.2ACI Special Publications Co4

SP-155 Testing of Fiber Reinforced Concrete, edited by D.C 143
J. Stevens, N. Banthia, V. S. Gopalaratnam, and P.
C. Tatnall, ProceedingsMarch 1995 Symposium,
Salt Lake City)

SP-142 Fiber Reinforced Concrete—Developments and In-C 172
novations, edited by J. I. Danieland S. P. Shah, C 173
(Proceedings, March 1991 and November 1991
Symposia, Boston and Dallas)

SP-124 Thin-Section Fiber Reinforced Concrete and Ferro-
cement, edited by J. I. Daniel and S. P. Shatg-(
ceedings February 1989 and November 1989
Symposia, Atlanta and San Diego)

SP-105 Fiber Reinforced Concrete Properties and Applica-

tions, edited by S. P. Shah and G. B. BatsBm

ceedings November 1986 and March 1987

Symposia, Baltimore and San Antonio)

Fiber Reinforced Concretergceedings Septem-

ber 1982 Symposium, Detroit)

Fiber Reinforced Concreter¢ceedings October

1973 Symposium, Ottawa)

C 157

C231

C 360

C 469

C 597
C 685
SP-81 C779

SP-44 C 827

1.8.5—ASTM standards

Specification for Steel Fibers for Fiber Reinforced
Concrete

Practice for Making and Curing Concrete Test
Specimens in the Field

Test Method for Compressive Strength of Cylindri-
cal Concrete Specimens

Test Method for Flexural Strength of Concrete (Us-
ing Simple Beam with Third-Point Loading)
Specification for Ready-Mixed Concrete

Test Method for Slump of Hydraulic Cement Con-
crete

Test Method for Length Change of Hardened Hy-
draulic Cement Mortar and Concrete

Procedure for Sampling Freshly Mixed Concrete
Test Method for Air Content of Freshly Mixed
Concrete by the Volumetric Method

Test Method for Air Content of Freshly Mixed
Concrete by the Pressure Method

Test Method for Ball Penetration in Freshly Mixed
Hydraulic Cement Concrete

Test Method for Static Modulus of Elasticity and
Poisson’s Ratio of Concrete in Compression

Test Method for Pulse Velocity through Concrete
Specification for Concrete Made by Volumetric
Batching and Continuous Mixing

Test Method for Abrasion Resistance of Horizontal
Concrete Surfaces

Test Method for Early Volume Change of Cemen-
titious Mixtures
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C 947 Test Method for Flexural Properties of Thin-Sec- 1.8 Krenchel, H., and Shah, S., “Applications of Polypropylene Fibers in

tion Glass-Fiber Reinforced Concrete (Using Sim- Scandinavia,Concrete InternationalMar. 1985. _
ple Beam with Third-Point Loading) 1.9 Naaman,.A.; Shah. S.; and Throne, Spme Development_s in
. Polypropylene Fibers for Concret&P-81, American Concrete Institute,
C 948 Test Method for Dry and Wet Bulk Density, Water peroit, 1982, pp. 375-396.
Absorption, and Apparent Porosity of Thin-Section 1,10 ACl Committee 544, “Revision of State-of-the-Art Report (ACI
Glass-Fiber Reinforced Concrete 544 TR-73) on Fiber Reinforced Concrete,” AQIURNAL, Proceedings,

C 995 Test Method for Time of Flow of Fiber Reinforced Nov- 1973, Vol. 70, No. 11, pp. 727-744.
Concrete Through Inverted Slump Cone 1.11 RILEM Technical Committee 19-FRC, “Fibre Concrete Materials,”

. Materials and StructuresTest Res., Vol. 10, No. 56, 1977, pp. 103-120.
C 1018 Test Method for Flexural Tothness and First 1.12 PCI Committee on Glass Fiber Reinforced Concrete Panels, “Rec-

Crack Strength of Fiber Reinforced Concrete (US- ommended Practice for Glass Fiber Reinforced Concrete Panels,” Pre-
ing Beam with Third-Point Loading) cast/Prestressed Concrete Institute, Chicago, 1993.

C 1116 Specification for Fiber Reinforced Concrete and 1-13 PCI Committee on Glass Fiber Reinforced Concrete Panels, “Man-
Shotcrete ual for Quality Control for Plants and Production of Glass Fiber Reinforced
Concrete ProductsMNL 130-91, Precast/Prestressed Concrete Institute,

C 1170 Test Methods for Consistency and Density of Roll- chicago, 1991.

er-Compacted Concrete Using a Vibrating Table 1.14 Steel Fiber Concreteedited by S. P. Shah and A. Skarendahl,
C1228 Practice for Preparing Coupons for Flexural and Elsevier Applied Science Publishers, Ltd., 1986, 520 pp.

Washout Tests on Glass-Fiber Reinforced Conerete o "o/ % PTG 0, 000, e amencan Conarete mstue, et
. . i .P. . B. , - , i itute, it,
C 1229 Test Method for Determination of Glass-Fiber Con- 1957 597 pp.

tent in Glass-Fiber Reinforced Concrete (GFRC) 1.16 Thin-Section Fiber Reinforced Concrete and Ferrocemedited
C 1230 Test Method for Performing Tension Tests on by J. I. Daniel and S. P. Shah, SP-124, American Concrete Institute,

Glass-Fiber Reinforced Concrete (GFRC) Bonding Detroit, 1990, 441 pp.
Pads 1.17 Lankard, D. R., “Slurry Infiltrated Fiber Concrete (SIFCORBph-

. L. crete InternationalVol. 6, No. 12, Dec. 1984, pp. 44-47.
E 84  Test Method for Surface Burning Characteristics of

Building Matenals CHAPTER 2—STEEL FIBER REINFORCED
E 119 Fire Tests of Building Construction and Materials CONCRETE (SFRC)
E 136 Test Method for Behavior of Materials in a Vertical
Tube Furnace at 750 C 2.1—Introduction
Steel fiber reinforced concrete (SFRC) is concrete made of
1.8.6—British Standards Institute hydraulic cements containing fine or fine and coarse aggregate
BS 476: Part4  Non-Combustibility Test for Materials ~ @nd discontinuous discrete steel fibers. In tension, SFRC fails
BS 1881: Part2 Methods of Testing Concrete only after the steel fiber breaks or is pulled out of the cement
matrix. shows a typical fractured surface of SFRC.
1.8.7—Japanese Society of Civil Engineers Properties of SFRC in both the freshly mixed and hardened

JSCE Standard I1l-1 Specification of Steel Fibers for Con- State, including durability, are a consequence of its composite
crete, Concrete Library No. 50, March, nature. The mechanics of how the fiber reinforcement

1983 strengthens concrete or mortar, extending from the elastic pre-

crack state to the partially plastic post-cracked state, is a con-

1.8.8—Indian standards tinuing research topic. One approach to the mechanics of
IS 5913: 1970 Acid Resistance Test for Materials SFRC is to consider it a composite material whose properties
can be related to the fiber properties (volume percentage,

1.9—Cited references strength, elastic modulus, and a fiber bonding parameter of the

1.1 Shah, S. P, “Do Fibers Increase the Tensile Strength of Cementfibers), the concrete properties (strength, volume percentage,
Based Matrices? ACl Materials Journal\Vol. 88, No. 6, Nov. 1991, pp. and elastic modulus), and the properties of the interface be_
595-602. . .

1.2 Naaman, A. E., “Fiber Reinforcement for Concre@mhcrete Inter- tween the fiber and the_ matn)?' A mo_re ge_neral and current ap-
national: Design and Constructiolpl. 7, No. 3, Mar. 1985, pp. 21-25. proach to the mechanics of fiber reinforcing assumes a crack

1.3 Romualdi, J. P., and Batson, G. B., “Mechanics of Crack Arrest in arrest mechanism based on fracture mechanics. In this model,

Concrete,"J. Eng. Mech. Div.ASCE, Vol. 89, No. EM3, June 1963, pp.  the energy to extend a crack and debond the fibers in the ma-

147-168. ; ; ;

1.4 Biryukovich, K. L., and Yu, D. L., “Glass Fiber Reinforced Cement,” trix rela_'teS.tO the p_ropemes of the composite.
translated by G. L. Cairn€ERA TranslationNo. 12, Civil Eng. Res. Application design procedures for SFRC should follow
Assoc., London, 1965, 41 pp. the strength design methodology described in ACI 544 .4R.

1.5 Majumdar, A. J., “Properties of Fiber Cement Composifem* G ; ; ; ;
) i ood quality and economic construction with SFRC re-
ceedings RILEM Symp., London, 1975, Construction Press, Lancaster, q y

1976, pp. 279-314. quires that approved mixing, placing, finishing, and quality
1.6 Monfore, G. E., “A Review of Fiber Reinforced Portland Cement control procedures be followed. Some training of the con-
Paste, Mortar, and Concretd,” Res. Dev. Labortl. Cem. Assoc., Vol.  struction trades may be necessary to obtain satisfactory re-

10, No. 3, Sept. 1968, pp. 36-42. ; ;
1.7 Goldfein, S., “Plastic Fibrous Reinforcement for Portland Cement,” sults WIFh SFRC. Genera”y’ eq-U|pment Currently used for
Technical ReportNo. 1757-TR, U.S. Army Research and Development conventional concrete construction does not need to be mod-

Laboratories, Fort Belvoir, Oct. 1963, pp. 1-16. ified for mixing, placing, and finishing SFRC.
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Table 2.1— Recommended combined aggregate gradations for steel fiber reinforced

concrete
Percent Passing for Maximum Size of
Ve i 3gin. Y, in. 3,in. 1in. 1Y, in.
U. S. standard sieve size (108mm) (132mm) (194mm) (25 mm) (382mm)
2 (51 mm) 100 100 100 100 100
1%, (38 mm) 100 100 100 100 85-100
1 (25 mm) 100 100 100 94-100 65-85
3/, (19 mm) 100 100 94-100 76-82 58-77
1/2 (13 mm) 100 93-100 70-88 65-76 50-68
3/8 (20 mm) 96-100 85-96 61-73 56-66 46-58
#4 (5 mm) 72-84 58-78 48-56 45-53 38-50
#8 (2.4 mm) 46-57 41-53 40-47 36-44 29-43
#16 (1.1 mm) 34-44 32-42 32-40 29-38 21-34
#30 (600p m) 22-33 19-30 20-32 19-28 13-27
#50 (300u m) 10-18 8-15 10-20 8-20 7-19
#100 (1500 m) 2-7 1-5 39 2-8 2-8
#200 (754 m) 0-2 0-2 0-2 0-2 0-2

Fig. 2.1—Fracture surface of SFRC

SFRC has advantages over conventional reinforced contio of length to diameter) from about 20 to 100, with any of
crete for several end uses in construction. One example iseveral cross-sections, and that are sufficiently small to be
the use of steel fiber reinforced shotcrete (SFRS) for tunnelrandomly dispersed in an unhardened concrete mixture us-
lining, rock slope stabilization, and as lagging for the sup- ing usual mixing procedures.
port of excavation. Labor normally used in placing mesh or ASTM A 820 provides a classification for four general
reinforcing bars in these applications may be eliminated.types of steel fibers based upon the product used in their
Other applications are presented in this report. manufacture:

2.1.1—Definition of fiber types Type I—Cold-drawn wire.

Steel fibers intended for reinforcing concrete are defined  Type [I—Cut sheet.
as short, discrete lengths of steel having an aspect ratio (ra- Type Ill—Melt-extracted.
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Type IV—Other fibers.
The Japanese Society of Civil Engineers (JSCE) has clas

sified steel fibers based on the shape of their cross-section
Type 1—Square section.
(] °®

Type 2—Circular section.
Type 3—Crescent section.

The composition of steel fibers_ generglly inclydes carpon moe o w
steel (or low carbon steel, sometimes with alloying constitu- o
ents), or stainless steel. Different applications may require B e b. Deformed Siit Sheet or Wire

different fiber compositions.

2.1.2—Manufacturing methods for steel fibers

Round, straight steel fibers are produced by cutting or
chopping wire, typically wire having a diameter between
0.010 and 0.039 in. (0.25 to 1.00 mm). Flat, straight steel fi-
bers having typical cross sections ranging from 0.006 tc
0.025 in. (0.15 to 0.64 mm) thickness by 0.010 to 0.080 in.
(0.25 to 2.03 mm) width are produced by shearing sheet o
flattening wire (Fig 2.2a). Crimped and deformed steel fibers

have been produced with both full-length crimping (Fig. ° more® v v
2.2b), or bent or enlarged at the ends only (Fig. 2.2c,d). Som ¢ Crimped-End Wire d. Flalne£nd o, Machined 1. Melt Extact
fibers have been deformed by bending or flattening to in- or Wire P

crease mechanical bonding. Some fibers have been collate
into bundles to facilitate handling and mixing. During mix-
ing, the bundles separate into individual fibers (Fig. 2.2c).
Fibers are also produced from cold drawn wire that has been
shaved down in order to make steel wool. The remainingsistance to the use of SFRC. Silica fume and accelerators
wires have a circular segment cross-section and may béave enabled steel fiber reinforced shotcrete to be placed in
crimped to produce deformed fibers. Also available are steelthicker layers. Silica fume also reduces the permeability of
fibers made by a machining process that produces elongatethe shotcrete material [2.10].
chips. These fibers have a rough, irregular surface and a cres-
cent-shaped cross sectidfid. 2.29. 2.2—Physical properties
Steel fibers are also produced by the melt-extraction pro- 2.2.1—Fiber properties
cess. This method uses a rotating wheel that contacts a mol- The fiber strength, stiffness, and the ability of the fibers
ten metal surface, lifts off liquid metal, and rapidly solidifies to bond with the concrete are important fiber reinforce-
it into fibers. These fibers have an irregular surface, and cresment properties. Bond is dependent on the aspect ratio of
cent shaped cross-sectidfig. 2.2). the fiber. Typical aspect ratios range from about 20 to
2.1.3—History 100, while length dimensions range from 0.25to 3 in. (6.4
Research on closely-spaced wires and random metallic fi-to 76 mm).
bers in the late 1950s and early 1960s was the basis for a patentSteel fibers have a relatively high strength and modulus
on SFRC based on fiber spacing [2.1-2.3]. The Portland Ce-of elasticity, they are protected from corrosion by the al-
ment Association (PCA) investigated fiber reinforcement in kaline environment of the cementitious matrix, and their
the late 1950s [2.4]. Principles of composite materials werebond to the matrix can be enhanced by mechanical an-
applied to analyze fiber reinforced concrete [2.5, 2.6]. The ad-chorage or surface roughness. Long term loading does not
dition of fibers was shown to increase toughness much moreadversely influence the mechanical properties of steel fi-
than the first crack strength in these tests [2.6]. Another patenbers. In particular environments such as high temperature
based on bond and the aspect ratio of the fibers was granted irefractory applications, the use of stainless steel fibers
1972 [2.3]. Additional data on patents are document&ein may be required. Various grades of stainless steel, avail-
erence 2.7Since the time of these original fibers, many new able in fiber form, respond somewhat differently to expo-
steel fibers have been produced. sure to elevated temperature and potentially corrosive
Applications of SFRC since the mid-1960s have included environments [2.11]. The user should consider all these
road and floor slabs, refractory materials and concrete prodfactors when designing with steel fiber reinforced refrac-
ucts. The first commercial SFRC pavement in the United tory for specific applications.
States was placed in August 1971 at a truck weighing station ASTM A 820 establishes minimum tensile strength and
near Ashland, Ohio [2.8]. bending requirements for steel fibers as well as tolerances
The usefulness of SFRC has been aided by other new defor length, diameter (or equivalent diameter), and aspect ra-
velopments in the concrete field. High-range water-reducingtio. The minimum tensile yield strength required by ASTM
admixtures increase the workability of some harsh SFRCA 820 is 50,000 psi (345 MPa), while the JSCE Specification
mixtures [2.9] and have reduced supplier and contractor re+equirement is 80,000 psi (552 MPa).

Fig. 2.2—Various steel fiber geometries
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Slump, mm easily be dispersed by vibration [2.16]. However, as

% 0 0% % % <0 shown in Section 2.2.3, a high aspect ratio is desired for

25 many improved mechanical properties in the hardened
Inverted 20} ° Inverted state. . .
Sone 4k 09 Cone The tendency of a SFRC mixture to produce balling of
3 Time, . . .
seconds  yol seconds fibers in the freshly mixed state has been found to be a
sk ds function of the maximum size and the overall gradation of
S T 0 the aggregate used in the mixture, the aspect ratio of the

10 8 8 4 2
Vebe Time, seconds

fibers, the volume fraction, the fiber shape, and the meth-
od of introducing the fibers into the mixture. The larger
the maximum size aggregate and aspect ratio, the less vol-
ume fraction of fibers can be added without the tendency
to ball. Guidance for determining the fiber sizes and vol-
umes to achieve adequate hardened composite properties,

Vebe
Time,
seconds

o o5 10 15 20 and how to balance these needs against the mix propor-
Slump, in. tions for satisfactory freshly mixed properties is given in
®  Maximum-aggregate size = 5/8 in. (14mm) SeCtiOI’l 2 3

O Maximum-aggregate size = 1 in. (25mm)

2.2.3—Properties of the hardened composite
Fiber Length = 3440 1 172 in. (19-38mm) 2.2.3.1Behavior under static loadingFhe mechanism
Fioer Volume = 075 to 1.5% of fiber reinforcement of the cementitious matrix in con-
crete has been extensively studied in terms of the resis-
tance of the fibers to pullout from the matrix resulting
from the breakdown of the fiber-matrix interfacial bond.
2.2.2—Properties of freshly-mixed SFRC Attempts have been made to relate the bond strength to
The properties of SFRC in its freshly mixed state are influ- the composite mechanical properties of SFRC [2.17-
enced by the aspect ratio of the fiber, fiber geometry, its vol-2.27]. As a consequence of the gradual nature of fiber
ume fraction, the matrix proportions, and the fiber-matrix pullout, fibers impart post-crack ductility to the cementi-
interfacial bond characteristics [2.12]. tious matrix that would otherwise behave and fail in a
For conventionally placed SFRC applications, adequatebrittle manner.
workability should be insured to allow placement, consolida- Improvements in ductility depend on the type and volume
tion, and finishing with a minimum of effort, while provid- percentage of fibers present [2.28-2.30]. Fibers with enhanced
ing uniform fiber distribution and minimum segregation and resistance to pullout are fabricated with a crimped or wavy
bleeding. For a given mixture, the degree of consolidation profile, surface deformations, or improved end anchorage pro-
influences the strength and other hardened material propervided by hooking, teeing or end enlargement (spade or dog
ties, as it does for plain concrete. bone shape). These types are more effective than equivalent
In the typical ranges of volume fractions used for cast- straight uniform fibers of the same length and diameter. Con-
in-place SFRC (0.25 to 1.5 volume percent), the addition sequently, the amount of these fibers required to achieve a giv-
of steel fibers may reduce the measured slump of the comen level of improvement in strength and ductility is usually
posite as compared to a non-fibrous mixture in the rangeless than the amount of equivalent straight uniform fibers
of 1 to 4 in. (25 to 102 mm). Since compaction by me- [2.31-2.33].
chanical vibration is recommended in most SFRC appli- Steel fibers improve the ductility of concrete under all
cations, assessing the workability of a SFRC mixture with modes of loading, but their effectiveness in improving
either the Vebe consistometer, as described in the Britishstrength varies among compression, tension, shear, torsion,
Standards Institution Standard BS 1881, or by ASTM C and flexure.
995 Inverted Slump-Cone Time is recommended rather 2.2.3.1.1 Compression+a compression, the ultimate
than the conventional slump measurement. A typical rela-strength is only slightly affected by the presence of fibers,
tionship between slump, Vebe time, and Inverted Slump- with observed increases ranging from 0 to 15 percent for up
Cone time is shown iRig. 2.3[2.13]. Studies have estab- to 1.5 percent by volume of fibers [2.34-2.38].
lished that a mixture with a relatively low slump can have 2.2.3.1.2Direct tension—n direct tension, the improve-
good consolidation properties under vibration [2.14]. ment in strength is significant, with increases of the order of
Slump loss characteristics with time for SFRC and non-fi- 30 to 40 percent reported for the addition of 1.5 percent by
brous concrete are similar [2.15]. In addition to the above volume of fibers in mortar or concrete [2.38, 2.39].
considerations, the balling of fibers must be avoided. A 2.2.3.1.3Shear and torsion-Steel fibers generally in-
collection of long thin steel fibers with an aspect ratio crease the shear and torsional strength of concrete, although
greater than 100 will, if shaken together, tend to interlock there are little data dealing strictly with the shear and torsion-
to form a mat, or ball, which is very difficult to separate al strength of SFRC, as opposed to that of reinforced beams
by vibration alone. On the other hand, short fibers with an made with a SFRC matrix and conventional reinforcing bars.
aspect ratio less than 50 are not able to interlock and carThe increase in strength of SFRC in pure shear has been

Fig. 2.3—Relationship between slump, vebe time, and
inverted cone time
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shown to depend on the shear testing technique and the corture energy. The behavior of concrete reinforced with var-
sequent degree of alignment of the fibers in the shear failurdous types of steel fibers and subjected to impact loads
zone [2.40]. For one percent by volume of fibers, the increas-induced by explosive charges, drop-weight impact ma-
es range from negligible to 30 percent [2.40]. chines, modified Charpy machines, or dynamic tensile
Research has substantiated increased shear (diagonal teand compressive loads, has been measured in a variety of
sion) capacity of SFRC and mortar beams [2.41-2.44]. Steelways [2.31, 2.32, 2.57-2.68]. Two types of comparisons
fibers have several potential advantages when used to aughay be made:
ment or replace vertical stirrups in beams [2.45]. These ad- 1. Differences between SFRC and plain concrete under
vantages are: (1) the random distribution of fibers impactloading; and
throughout the volume of concrete at much closer spacing 2. Differences between the behavior of SFRC under im-
than is practical for the smallest reinforcing bars which can pact loading and under static loading.
lead to distributed cracking with reduced crack size; (2) the In terms of the differences between SFRC and plain con-
first-crack tensile strength and the ultimate tensile strengthcrete under flexural impact loading, it has been found [2.63-
of the concrete may be increased by the fibers; and (3) the2.66] that for normal strength concrete the peak loads for
shear-friction strength is increased by resistance to pull-outSFRC were about 40 percent higher than those obtained for
and by fibers bridging cracks. the plain matrix. For high strength concrete, a similar im-
Steel fibers in sufficient quantity, depending on the geo- provement in the peak load was observed. Steel fibers in-
metric shape of the fiber, can increase the shear strength ofreased the fracture energy under impact by a factor of about
the concrete beams enough to prevent catastrophic diagona.5 for normal strength concrete and by a factor of about 3.5
tension failure and to force a flexure failure of the beam for high strength concrete. However, the improvement ob-
[2.44, 2.46-2.48]Fig. 2.4shows shear strength as a function served in the peak load and the fracture energy under impact
of the shear span-to-depth ratio, a/d, for SFRC beams fronin some cases was considerably smaller than that obtained in
several published investigations. The bulk of existing test static loading, possibly because of the increased fiber frac-
data for shear capacity of SFRC beams are for smaller thanures that occurred under impact loading. In comparing the
prototype-size beams. Limited test data for prototype-size behavior of SFRC under impact loading to its behavior under
beams indicate that the steel fibers remain effective as sheastatic loading, steel fibers increased the peak loads by a fac-
reinforcement [2.49, 2.50]. The slight decrease in beamtor of 2 to 3 times for normal strength concrete, and by a fac-
shear strength observed in these tests can be explained by ther of about 1.5 for high strength concrete. Steel fibers
decrease in shear strength with beam size observed foincreased the fracture energies by a factor of about 5 for nor-
beams without fiber reinforcement. mal strength concrete and by a factor of about 4 for high
2.2.3.1.4Flexure—ncreases in the flexural strength of strength concrete.
SFRC are substantially greater than in tension or com- 2.2.3.3Fatigue behavior-Experimental studies show
pression because ductile behavior of the SFRC on the tenthat, for a given type of fiber, there is a significant in-
sion side of a beam alters the normally elastic distribution crease in flexural fatigue strength with increasing per-
of stress and strain over the member depth. The altereccentage of steel fibers [2.31, 2.69-2.72]. The specific mix
stress distribution is essentially plastic in the tension zoneproportion, fiber type, and fiber percentage for an appli-
and elastic in the compression zone, resulting in a shift ofcation in question should be compared to the referenced
the neutral axis toward the compression zone [2.16]. Al- reports. Depending on the fiber type and concentration, a
though early studies [2.2] gave the impression that the

flexural strength can be more than doubled with about 4 20 ® — gy
percent by volume of fibers in a sand-cement mortar, it is Model Study: @ - 1% Fiber
now recognized that the presence of coarse aggregate cot Cralg&Love: @~ 0% Floors ook
pled with normal mixing and placing considerations lim- 16 |- ®- 1.6% Fibers (Hooks)
its the maximum practical fiber volume in concrete to 1.5 8 Bawon:  B-022%Floars

to 2.0 percent. A summary of corresponding strength data 8 8- asonfibars
[2.34] shows that the flexural strength of SFRC is about 12+ 9 T S ——

50 to 70 percent more than that of the unreinforced con- _V_ e & X-025t0 151%
crete matrix in the normal third-point bending test [2.35, bdVf, ® @ |smamon:  Fibers (Swaioh)
2.36, 2.51, 2.52]. Use of higher fiber volume fractions, or 8 o " o

center-point loading, or small specimens and long fibers & % ®

with significant fiber alignment in the longitudinal direc- ) o @ 0® 3

tion will produce greater percentage increases up to 150 T 0 ® 47

percent [2.34, 2.53-2.56]. At lower fiber volume concen-

trations, a significant increase in flexural strength may not o . , ) 1 P

be realized using beam specimens. 0 1 2 3 4 5 6
2.2.3.2Behavior under impact loadingFe character- Shear Span-to-Depth Ratio, a/d
ize the behavior of concrete under impact loading, the two ;.

- 2.4—Shear behavior of reinforced SFRC beams
most important parameters are the strength and the frac-
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2.2.3.5Modulus of elasticity and Poisson’s ratidrprac-
tice, when the volume percentage of fibers is less than 2 per-
Equivalent Flexural Strength, cent, the modulus of elasticity and Poisson’s ratio of SFRC

T are generally taken as equal to those of a similar non-fibrous
fe’mz concrete or mortar.

2.2.3.6 Toughness-Early in the development of SFRC,
toughness was recognized as the characteristic that most
clearly distinguishes SFRC from concrete without steel fi-

Toughness, T 5 Area OABC

Load

I-l-)'l Bi bers [2.78, 2.79]. Under impact conditions, toughness can be
[ KL | qualitatively demonstrated by trying to break through a sec-
i tion of SFRC with a hammer. For example, a steel fiber re-
ci inforced mortar pot withstands multiple hammer blows
) — before a hole is punched at the point of impact. Even then,
Deflection  mefp> By, =1/150 (span) the rest of the pot retains its structural integrity. In contrast,
2) JSCE SF-4 Method a similar pot made of mortar without steel fibers fractures
into several pieces after a single hammer blow, losing its
structural integrity.
Toughness Indices Under slow flexure conditions, toughness can be qualita-
.= Area OACD . . .
5~ Area OAD tively demonstrated by observing the flexural behavior of
A= Proportional Elastic Limit, simply supported beams [2.80]. A concrete beam containing
approximates first crack. G steel fibers suffers damage by gradual development of single
Load A or multiple cracks with increasing deflection, but retains
log %}2:_‘30’7‘%1 some degree of structural integrity and post-crack resistance

even with considerable deflection. A similar beam without
steel fibers fails suddenly at a small deflection by separation
into two pieces.
! These two simple manifestations of toughness serve not
i only to identify the characteristic of toughness in a qualita-
| tive sense, but also exemplify the two categories of testing
5 o FlA | " technigues for quantifying toughness; namely, techniques
v ey ijs 5 involving either high-rate single or multiple applications of
Deflection ——p» load, or a single slow-rate application of load.

The preferred technique for determining toughness of
SFRC is by flexural loading. This reflects the stress condition
Fig. 2.5—Schematic of load-deflection curves and tough- in the majority of applications such as paving, flooring, and
ness parameters shotcrete linings. Slow flexure is also preferable for determin-

ing toughness because the results are lower bound values, safe
for use in design. Other fully instrumented tests are often so
| complex that the time and cost are prohibitive [2.80]. In the
standardized slow flexure methods, JSCE SF-4 and ASTM C
1018, a measure of toughness is derived from analysis of the
load-deflection curve as indicated in Fig. 2.5. Details of these

full reversal of load is used [2.71]. . ; : : .
It has b h that the additi f fibers t i methods along with a discussion of their merits and drawbacks
as been snown that the adaition offibers to convention-, . presented iReferences 2.80, 2.81, and 2.8hese test

ally reinforced beams increases the fatigue life and decreaseﬁ1ethods provide specifiers and designers with a method to

the crack width un_der fatigue loading [2.70]. It has a_Iso beenspecify and test for toughness levels appropriate to their appli-
shown that the fatigue strength of conventionally reinforced .otinns. As an example, for SFRC tunnel liningsarid ko

beams made with SFRC increases. The resulting deﬂectior‘tougrmess indices sometimes have been specified. Also,
changes accompanying fatigue loading also decrease [2.74},yghness indices and residual strength factors corresponding
In some cases, residual static flexural strength has been 10 tg, higher end-point deflections as well as minimum flexural
30 percent greater than for similar beams with no fatigue his-strength requirements as described in ASTM C 1018 are also
tory. One explanation for this increase is that the cyclic Ioad—being used. The JSCE SF-4 equivalent flexural strength is
ing reduces initial residual tensile stresses caused bysometimes used as an alternate to design methods based on
shrinkage of the matrix [2.75]. first-crack strength for slab-on-grade design.

2.2.3.4Creep and shrinkagekimited test data [2.15, 2.76, 2.2.3.7Thermal conductivity-Small increases in the ther-
2.77] indicate that steel wire fiber reinforcement at volumes lessmal conductivity of steel fiber reinforced mortar with 0.5 to
than 1 percent have no significant effect on the creep and fred..5 percent by volume of fiber were found with increasing fi-
shrinkage behavior of portland cement mortar and concrete. ber content [2.83].

E

G

o T

b) ASTM C1018 Method

properly designed SFRC mixture will have a fatigue
strength of about 65 to 90 percent of the static flexura
strength at 2 million cycles when nonreversed loading is
used [2.72, 2.73], with slightly less fatigue strength when
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2.2.3.8Abrasion resistanceSteel fibers have no effect on  in.) do not allow corrosion of steel fibers passing across
abrasion resistance of concrete by particulate debris carried inthe crack [2.92]. If the cracks wider than 0.1 mm (0.004
slowly flowing water. However, under high velocity flow pro-  in.) are limited in depth, the consequences of this local-
ducing cavitation conditions and large impact forces caused ized corrosion may not always be structurally significant.
by the debris, SFRC has significantly improved resistance to However, if flexural or tensile cracking of SFRC can lead
disintegration [2.31, 2.57, 2.83-2.86]. Abrasion resistance as it to a catastrophic structural condition, full consideration
relates to pavement and slab wear under wheeled traffic isshould be given to the possibility of corrosion at cracks.
largely unaffected by steel fibers. Standard abrasion tests Most of the corrosion testing of SFRC has been performed
(ASTM C 779-Procedure C) on field and laboratory samples in a saturated chloride environment, either experimentally in
confirm this observation [2.87]. the laboratory or in a marine tidal zone. Corrosion behavior

2.2.3.9 Friction and skid resistanceStatic friction, of SFRC in aggressive non-saturated environment or in fresh
skid, and rolling resistance of SFRC and identical plain water exposure is limited. Based on the tests in chloride en-
concrete cast into laboratory-size slab samples were com-vironments and the present knowledge of corrosion of rein-
pared in a simulated skid test [2.88]. The SFRC Yaith. forcement, it is prudent to consider that in most potentially
(9.5 mm) maximum size aggregates. Test results showedaggressive environments where cracks in SFRC can be ex-
that the coefficient of static friction for dry concrete surfac- pected, corrosion of carbon steel fibers passing through the
es, with no wear, erosion, or deterioration of the surface, crack will occur to some extent.
was independent of the steel fiber content. After simulated To reduce the potential for corrosion at cracks or sur-
abrasion and erosion of the surface, the steel fiber rein- face staining, the use of alloyed carbon steel fibers, stain-
forced surfaces had up to 15 percent higher skid and rolling less steel fibers, or galvanized carbon steel fibers are
resistance than did plain concrete under dry, wet, and fro- possible alternatives. Precautions for the use of galva-

zen surface conditions. nized steels in concrete must be observed as outlined in
2.2.4—Durability ACI 549.
2.2.4.1Freezing and thawing-All the well-known prac- 2.2.5—Shrinkage cracking

tices for making durable concrete apply to SFRC. For  Concrete shrinks when it is subjected to a drying envi-
freezing and thawing resistance, the same air content crite-ronment. The extent of shrinkage depends on many fac-
ria should be used as is recommended in ACI 201. Expo- tors including the properties of the materials, temperature
sure tests have generally revealed that for freezing andand relative humidity of the environment, the age when
thawing resistance, SFRC must be air-entrained [2.89]. Air concrete is subjected to the drying environment, and the
void characteristics of SFRC and non-fibrous concrete are size of the concrete mass. If concrete is restrained from
similar in nature, supporting the above hypothesis [2.15]. shrinkage, then tensile stresses develop and concrete may
2.2.4.2Corrosion of fibers: crack-free concretdexpe- crack. Shrinkage cracking is one of the more common
rience to date has shown that if a concrete has a 28-daycauses of cracking for walls, slabs, and pavements. One of
compressive strength over 3000 psi (21 MPa), is well the methods to reduce the adverse effects of shrinkage
compacted, and complies with ACI 318 recommendations cracking is reinforcing the concrete with short, randomly
for water-cement ratio, then corrosion of fibers will be distributed, steel fibers.
limited to the surface skin of the concrete. Once the sur-  Since concrete is almost always restrained, the tenden-
face fibers corrode, there does not seem to be a propagacy for cracking is common. Steel fibers have three roles in
tion of the corrosion much more than 0.10 in. (2.5 mm) such situations: (1) they allow multiple cracking to occur,
below the surface. This limited surface corrosion seems to (2) they allow tensile stresses to be transferred across
exist even when the concrete is highly saturated with cracks, i.e., the composite maintains residual tensile
chloride ions [2.90]. Since the fibers are short, discontin- strength even if shrinkage cracks occur, and (3) stress
uous, and rarely touch each other, there is no continuoustransfer can occur for a long time, permitting heal-
conductive path for stray or induced currents or currents ing/sealing of the cracks [2.91].
from electromotive potential between different areas of  There is no standard test to assess cracking due to re-
the concrete. strained shrinkage. A suitable test method is necessary to
Limited experience is available on fiber corrosion in ap- evaluate the efficiency of different types and amounts of
plications subjected to thermal cycling. Short length fi- fibers. ASTM C 157 recommends the use of a long, pris-
bers do not debond under thermal cycling, although such matic specimen to measure free shrinkage. If it is assumed
debonding can occur with conventional bar or mesh rein- that the length of the specimen is much larger than the
forcement. Since the corrosion mechanism occurs in deb- cross-sectional dimensions, then the observation of the
onded areas, SFRC has improved durability over change in length with time can provide a measure of one-
conventional reinforced concrete for this application. dimensional shrinkage. If this long-prismatic specimen is
2.2.4.3Corrosion of fibers: cracked concreté-abora- restrained from shrinking, then uniaxial tensile stresses
tory and field testing of cracked SFRC in an environment are produced. If a restrained shrinkage test is carried out
containing chlorides has indicated that cracks in concrete such that essentially uniform, uniaxial tensile stresses are
can lead to corrosion of the fibers passing across the crackproduced, then such a test is somewhat similar to a uniax-
[2.91]. However, crack widths of less than 0.1 mm (0.004 ial tensile test.
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Table 2.2— Range of proportions for normal weight steel fiber reinforced concrete

3/gin. maximum-size | %/, in. maximum-size | 1Y, in. maximum-size

Mix parameters aggregate aggregate aggregate
Cement, Ib/yd 600-1000 500-900 470-700
w/c Ratio 0.35-0.45 0.35-0.50 0.35-0.55
Percent of fine to coarse
aggregate 45-60 45-55 40-55
Entrained air content, percent 4-8 4-6 4-5
Fiber content, vol. percent

Deformed fiber 0.4-1.0 0.3-0.8 0.2-0.7
Smooth fiber 0.8-2.0 0.6-1.6 0.4-1.4

An alternate simple approach is to use ring-type speci- Compared to conventional concrete, some SFRC mix-
mens as discussed References 2.76, 2.7and 2.93 tures are characterized by higher cement content, higher
through 2.96 While the addition of steel fibers may not fine aggregate content, and decreasing slump with in-
reduce the total amount of restrained shrinkage, it can in- creasing fiber content. Since consolidation with mechan-
crease the number of cracks and thus reduce the averagécal vibration is recommended in most SFRC
crack widths. Some results for SFRC ring-type specimens applications, assessing the workability of a SFRC mixture
are shown irFig. 2.6 It can be seen that the addition of with ASTM C 995 Inverted Slump-Cone Time or the
even a small amount (0.25 vol. percent) of straight, Vebe test is recommended rather than the conventional
smooth steel fibers 1 inch long and 0.016 inches in diam- slump measurement.
eter (25 mm by 0.4 mm in diameter) can reduce the aver- Conventional admixtures and pozzolans are common-
age crack width significantly the value of the plain ly used in SFRC mixtures for air entrainment, water re-

concrete specimen). duction, workability, and shrinkage control. A mix
proportioning procedure that has been used for paving
2.3—Preparation technologies and structural applications and in the repair of hydraulic

Mixing of SRFC can be accomplished by several meth- structures is described References 2.84nd2.97. Test
ods, with the choice of method depending on the job re- results indicate that lightweight SFRC can be formulated
quirements and the facilities available. It is important to with minor modifications [2.98]. Also, experience has
have a uniform dispersion of the fibers and to prevent the shown that if the combined fine and coarse aggregate
segregation or balling of the fibers during mixing. gradation envelopes as shownTiable 2.1are met, the

Balling of the fibers during mixing is related to a num- tendency to form fiber balls is minimized and workabil-
ber of factors. The most important factors appear to be the ity is enhanced [2.99, 2.100]. Alternatively, a mixture
aspect ratio of the fibers, the volume percentage of fibers, based on experience, such as those showrale 2.2
the maximum size and gradation of the aggregates, andcan be used for a trial mix. Once a mixture has been se-
the method of adding the fibers to the mixture. As the first lected, it is highly advisable that a full field batch be pro-
three of these factors increase, the tendency for balling in- cessed prior to actual start of construction with the
creases. Refer to ACI 544.3R, “Guide For Specifying, mixing equipment that will be used for the project. Rec-
Mixing, Placing, and Finishing Steel Fiber Reinforced ommendations for trial mixes and the maximum fiber
Concrete” for additional information. content for good workability are available from the steel

2.3.1—Mix proportions fiber manufacturers.

6 T T T
1.0 -40
Steel Flber
s =i Experimental Results
08§ —-O~—- Results from the 32
Theoretical Analysis
Average Average
Crack Width, 0.6 | — 24  Crack Width,
mm inx10
0.4 |- - 16
02} s
0 ] = 0
0 0.5 1.0 1.5 2.0

Fiber Volume, %

Fig. 2.7—Adding steel fibers to a loaded mixer truck via

Fig. 2.6—Average crack width versus fiber volume conveyor
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Fig. 2.8—Adding steel fibers via conveyor onto charging con-
veyor in a batch plant

2.3.2—Mixing methods
It is very important that the fibers be dispersed uniformly
throughout the mixture. This must be done during the

Fig. 2.9—Adding steel fibers to weigh batcher via conveyor
belt

2.4—Theoretical modeling
It is well recognized that the tensile behavior of concrete

matrices can be improved by the incorporation of fibers.

batching and mixing phase. Several mixing sequences hav&epending upon the fiber geometry and the fiber type, a

been successfully used, including the following:

1. Add the fibers to the truck mixer after all other ingre-
dients, including the water, have been added and
mixed. Steel fibers should be added to the mixer hop-
per at the rate of about 100 Ibs (45 kg) per minute,
with the mixer rotating at full speed. The fibers should
be added in a clump-free state so that the mixer blades
can carry the fibers into the mixer. The mixer should
then be slowed to the recommended mixing speed and
mixed for 40 to 50 revolutions. Steel fibers have been
added manually by emptying the containers into the
truck hopper, or via a conveyor belt or blower as
shown in. Using this method, steel fibers can be adde
at the batch plant or on the job site.

2. Add the fibers to the aggregate stream in the batch
plant before the aggregate is added to the mixer. Steel
fibers can be added manually on top of the aggregates
on the charging conveyor belt, or via another con-
veyor emptying onto the charging belt as shown in
Fig. 2.8 The fibers should be spread out along the
conveyor belt to prevent clumping.

3. Add the fibers on top of the aggregates after they are
weighed in the batcher. The normal flow of the aggre-
gates out of the weigh batcher will distribute the
fibers throughout the aggregates. Steel fibers can be
added manually or via a neeyor as sbwn in Fig.

2.9

SFRC delivered to projects should conform to the appli-
cable provisions of ASTM C 1116. For currently used
manual steel fiber charging methods, workers should be
equipped with protective gloves and goggles. Itis essential
that tightly bound fiber clumps be broken up or prevented
from entering the mix. It is recommended that the method
of introducing the steel fibers into the mixture be proven
in the field during a trial mix.

d

number of failure mechanisms can be achieved. In general,
analytical models are formulated on the basis of one or
more of these mechanisms of failure. It is therefore rele-
vant to describe the primary types of failure mechanisms
in fiber reinforced concrete composites.

Similar to the behavior of plain concrete, composite fail-
ure under most types of loading is initiated by the tensile
cracking of the matrix along planes where the normal ten-
sile strains exceed the ultimate values. This may be fol-
lowed by multiple cracking of the matrix prior to
composite fracture, if the fibers are sufficiently long (or
continuous). However, when short strong fibers are used
(steel, glass, etc.), once the matrix has cracked, one of the
following types of failure will occur:

1. The composite fractures immediately after matrix
cracking. This results from inadequate fiber content
at the critical section or insufficient fiber lengths to
transfer stresses across the matrix crack.

2. The composite continues to carry decreasing loads
after the peak. The post-cracking resistance is prima-
rily attributed to fiber pull-out. While no significant
increase in composite strength is observed, consider-
able enhancement of the composite fracture energy
and toughness is obtained, as ievah in Fig. 2.1Q
This toughness allows cracks in indeterminate struc-
tures to work as hinges and to redistribute loads. In
this way, the failure load of the structure may be sub-
stantially higher than for the unreinforced structure
although the flexural strength of the plain concrete,
tested on beams, is not increased.

3. The composite continues to carry increasing loads
after matrix cracking. The peak load-carrying capac-
ity of the composite and the corresponding deforma-
tion are significantly greater than that of the
unreinforced matrix. During the pre-peak inelastic
regime of the composite response, progressive deb-
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Fig. 2.10—Typical results of stress-displacement curves obtained from direct tension tests
on plain mortar matrix and SFRC

onding and softening of the interface may be respon-  Others [2.107] have proposed a fracture mechanics mod-
sible for the energy absorption processes. It is clear el to predict the crack propagation resistance of fiber rein-
that this mode of composite failure is essentially the forced concrete that is somewhat different from either of
same as for type 2, but provides higher failure loads these two approaches. Fracture resistance in fibrous com-
and controlled crack growth. posites according to this model is separated into the follow-
Based in part on the fundamental approach in their for- ing four regimes: linear elastic behavior of the composite;
mulation, analytical models can be categorized [2.101] as:Subcritical crack growth in the matrix and the beginning of
models based on the theory of multiple fracture, compositethe fiber bridging effect; post-critical crack growth in the
models, strain-relief models, fracture mechanics models, Matrix such that the net stress intensity factor due to the ap-
interface mechanics models, and micromechanics modelsP!i€d l0ad and the fiber bridging closing stresses remain
Fairly exhaustive reviews of these models are availableconstant (steady state crack growth); and the final stage
elsewhere [2.101, 2.102]. Brief reviews of the fracture me- where the resistance to crack separation is provided exclu-

chanics models and the interface mechanics models ar&Vely by the fibers. The model uses two parameters to de-

given here, as these are typically the most suitable for mod_sc_r!be the matrix _fracture propertieXg{c, modified
eling the inelastic processes in short-fiber composites. critical stress intensity factor based on LEFM and the effec-

Two broad categories of models can be identified from tive crack length, and CTOD, the critical crack tip opening

the fract hanics-based models. Th fund displacement, as described earlier for unreinforced con-
€ Iraclure mechanics-based modets. The more un_amenérete), and a fiber pull-out stress-crack-width relationship
tal class of models uses the concepts of linear elastic frac

) ‘as the basic input information.
ture mechanics (LEFM) to solve the problem of crack

initiati i ¢ and stability in th £ i All of the fictitious crack models rely on the stress-crack-
initiation, growtn, arrest, and stability In th€ presence ot~ 44, reations obtained experimentally. There have been

bers through appr_opriate changes in the stress intensity faCéome attempts at predicting the macroscopic stress-crack-
tor [2.1, 2.2]. Typically these models assume perfect bond,yiqsh rejations of the composite from a study of the me-
between the fiber and the matrix, and are one-parametetpanics of the fiber-matrix interface [2.24, 2.108-2.113].
fracture models. Unlike the classical LEFM models, some They can be grouped as models based on the shear-lag the-
of the later models implicitly account for the inelastic inter- o1y or modifications thereof [2.108-2.110, 2.113], fracture
face response during crack growth in such compositéSmechanics based interface models [2.24, 2.113], and nu-
through a nonlinear stress-displacement relationship for themerical models [2.24, 2.112] Many of these models have
fiber-bridging zone (process zone). This approach, whichpeen successful to varying degrees in predicting the peak
has come to be known as the fictitious crack model (FCM) pull-out loads [2.24, 2.108-2.113] and the load-slip re-
[2.102], is conceptually similar to that described earlier for sponse [2.110, 2.112, 2.113-2.115] of idealized aligned sin-
the fracture of unreinforced concrete. The major differenc- gle fiber pull-out. These models have been very useful in
es in the fictitious crack models [2.103, 2.106] are the sin- understanding the basic mechanics of stress transfer at the
gularity assumptions at the crack-tip, the criteria used for interface and showing that the interface softening and deb-
crack initiation and growth, and the stability of the crack onding play an important role in the fracture of such com-
growth. posites. However, significant research efforts will be
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needed to modify these models to predict the pull-out char-procedure. Other applications, as noted above, provide
acteristics of the inclined fibers that are randomly oriented more freedom to take full advantage of the improved
at a matrix crack (randomness in both the angular orienta-properties of SFRC.

tion as well as the embedment length). There are some applications where steel fibers have
been used without reinforcing bars to carry loads. These
2.5—Design considerations have been short span, elevated slabs, for example, a park-

The designer may best view SFRC as a concrete withing garage at Heathrow Airport with slabs 3 ft-6 in. (1.07
increased strain capacity, impact resistance, energy abm) square by %, in. (10 cm) thick, supported on four
sorption, fatigue endurance, and tensile strength. The in-sides [2.116]. In such cases, the reliability of the members
crease in these properties will vary from nil to substantial, should be demonstrated by full-scale load tests and the
depending on the quantity and type of fibers used. How- faprication should employ rigid quality control.
ever, composite properties will not usually increase di-  gome full-scale tests have shown that steel fibers are ef-
rectly with the volume of fibers added. fective in supplementing or replacing the stirrups in

Several approaches to the design and sizing of memberg,eams [2.44, 2.45, 2.117], although supplementing or re-
with SFRC are available. These are based on conventionabmcing stirrups with steel fibers is not an accepted prac-

design methods generally supplemented by special procetjce at present. These full-scale tests have shown that steel
dures for the fiber contribution. Additional information finers in combination with reinforcing bars can also in-

on design considerations may be found in ACI 544.4R, ¢rease the moment capacity of reinforced and prestressed

“Design Considerations for Steel Fiber Reinforced Con- -5ncrete beams [2.44,2.118, 2.119].

crete: These methods generally accpuqt for th? tensile Steel fibers can also provide an adequate internal restrain-

contrlbytlon of the SFRC when considering the internal ing mechanism when shrinkage-compensating cements are

Lortcestrlln the membek:. When suppgrted tb):‘ fu:l scz;le FEStused so that the concrete system will perform its crack con-
ata, these approacnes can provide satistactory desiangyq fnction even when restraint from conventional rein-

The major differences in the proposed methods is in theforcement is not provided [2.120]. Guidance concerning

determination of the magnitude of the tensile stress in-_,_ . . . . .
. : } hrinkage-compensating concrete is available in ACI 223.
crease due to the fibers and the manner in which the totaﬁ 9 P 9

force is calculated. Another approach is to consider cracks L
as plastic hinges in which the remaining moment capacityz'?_FeAgggﬁigzgis of SFRC will depend on the ingenuity
depends on the type and quantity of fibers present. Other

roaches that have been d are often empirical ngf the designer and builder in taking advantage of the stat-
approacnes that have been used are often empirical ang. o 4 dynamic tensile strength, energy absorbing charac-
may apply only in certain cases where limited supporting

test data have been obtained. They should be used witﬁe”sncs’ toughness, and fatigue endurance of this

o oo . composite material. The uniform dispersion of fiber
caution in new applications, and only after adequate in- : : .
vestigation throughout the concrete provides isotropic strength prop-

. erties not common to conventionally reinforced concrete.
Generally, for flexural structural components, steel fi-

bers should be used in conjunction with properly designedIovs:ssesr;tczggls'canons of SFRC are discussed in the fol-
continuous reinforcement. Steel fibers can reliably con- N .

fine cracking and improve resistance to material deterio- 2-6-1—Applications of cast-in-place SFRC

ration as a result of fatigue, impact, and shrinkage or Many cast-in-place SFRC applications involve slabs-
thermal loads. A conservative but reasonable approach foron-grade, either in the form of pavements or industrial
structural members where flexural or tensile loads occur floors. As early as 1983, twenty-two airport paving
such as in beams, columns, or elevated slabs (roofsProjects had beep_completed in the United States [2.121],
floors, or other slabs not on grade) is that reinforcing bars@nd over 20 million square feet (1.9 million square
must be used to resist the total tensile load. This is be-meters) of industrial flooring had been constructed in Eu-
cause the variability of fiber distribution may be such that rope through 1990 [2.122]. Many other projects, includ-
low fiber content in critical areas could lead to unaccept- ing bridge deck overlays and floor overlays, have been
able reduction in strength. reported [2.8, 2.123].

In applications where the presence of continuous tensile In 1971, the U.S. Army Construction Engineering Re-
reinforcement is not essential to the safety and integrity of search Laboratory performed controlled testing of SFRC
the structure, such as floors on grade, pavements, overfunway slabs subjected to C5A airplane wheel loadings.
lays, ground support, and shotcrete linings, the improve- Based on this investigation, the Federal Aviation Admin-
ments in flexural strength, impact resistance, toughness,istration prepared a design guide for steel fibrous concrete
and fatigue performance associated with the fibers can befor airport pavement applications [2.124]. Analysis of test
used to reduce section thickness, improve performance, odata indicated that SFRC slabs need to be only about one-
both. For structural concrete, ACI 318 does not provide half the thickness of plain concrete slabs for the same
for use of the additional tensile strength of the fiber rein- wheel loads.
forced concrete in building design, and therefore the de- An example of SFRC industrial floors is the 796,000 ft
sign of reinforcement must still follow the usual (74,000 nf) Honda Automobile Assembly and Office Build-
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ing in Alliston, Ontario, Canada, of which 581,000 sq.ft. corporated into RCC paving mixes with resulting
(54,000 n?) is slab-on-grade. This slab-on-grade is 6 in. improvements in material properties [2.133].
(150 mm) thick and reinforced with 0.25 vol. percent or 33 9. Bonded overlay repairs to over 50 bridge decks in Al-
Ibslyd (20 kgs/ni) of 2.4 inch long (60 mm) deformed fi-  berta, Canada [2.134].
bers. 2.6.2—Applications of precast SFRC
Other cast-in-place applications include an impact resis- Many precast applications for SFRC make use of the im-
tant encasement of a turbine test facility for Westinghouseprovement in properties such as impact resistance or tough-
Electric Corp., Philadelphia, PA [2.126]. SFRC containing ness. Other precast applications use steel fibers to replace
120 Ibs/yd (71 kgs/nd) of 2.0 in. by 0.020 in. diameter (50 conventional reinforcement in utility boxes and septic
mm by 0.50 mm diameter) crimped-end fibers was placedtanks.
by pumping. Although the concrete encasement included Some recent applications are cited:
conventional reinforcement, the use of steel fibers reduced Dolosse In 1982 and 1985 30,000 cubic yards (22,900
the required thickness by one-third. cubic meters) of SFRC were placed in over 1,500 42 ton
In 1984, 500,000 #(46,000 ) of 4-in. thick (100 mm) (38 MT) dolosse by the Corps of Engineers in Northern
SFRC was placed as a replacement of the upstream conCalifornia. SFRC was specified in lieu of conventional re-
crete facing placed in 1909 at the Barr Lake Dam near Dendnforcing bars to improve the wave impact resistance of the
ver, CO [2.127]. The SFRC mixture contained 0.6 vol. dolosse [2.135].
percent or 80 Ibs/y}(47 kgs/ni) of 2.4 in. by 0.039 in. di- Vaults and SafesSince 1984, most of the vault and safe
ameter (60 mm by 0.80 mm diameter) crimped-end fibers, Manufacturers in North America have used SFRC in pre-
and 1/, in. (38 mm) maximum-size aggregate. The SFRC cast panels that are then used to construct vaults. Thick-

was pumped to a slip-form screed to pave the 47 ft (14 m)"€SSes of vault walls have been reduced by up to two-thirds
high, 2.5 to 1 slope facing. over the cast-in-place method. Steel fiber contents vary

Several other applications of cast-in-place SFRC in- il Ie_ss than 1 \(olume percent to over 3 volume percent,
clude: SFRC is used to increase the impact resistance and tough-

1. Repairs and new construction on major dams and othepesS of the panels against penetration.
- ~ep ! Mine Crib Blocks These units, made with conventional

hydraulic structures to provide resistance to cavitation and . . .
concrete masonry machines, are routinely supplied

E?i\ée[rzegegr]osmn caused by the impact of large waterborne Olet'hroughout the U.S. for building roof support structures in

. I . coal mines. Steel fibers are used to increase the compres-
2. Repal_r_s and reha_bllltatlon of marine structures such asg;, o toughness of the concrete to allow controlled crushing
concrete piling and caissons [2.88]. and thus prevent catastrophic failures [2.136].
3. Bonded overlays in industrial floor and highway reha- Tilt-up Panels SFRC has been used to replace conven-

bilitation [2.128]. tional reinforcement in tilt-up panels up to 24 feet high (7.3
4. Slip-formed, cast-in-place tunnel lining [2.129]. m) [2.137].
5. Latex-modified SFRC bridge deck overlays in Oregon  precast GaragesSFRC is used in Europe to precast
[2.130]. complete automobile garages for single family residences.
6. Highway paving [2.131]. 2.6.3—Shotcrete
7. Large, 77,000 %(7,150 nf) industrial floor-on-grade Steel fiber reinforced shotcrete (SFRS) was first used in
[2.132]. ground support applications. Its first practical application,

8. Roller-compacted concrete (RCC) for pavement con-a trial use for rock slope stabilization in 1974 along the
struction. Recent work has shown that steel fibers can be inSnake River, Washington, showed very good results
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[2.138, 2.139]. Since that time, many applications have 6. Shear strengths of more than 4 ksi (28 MPa) have been
been made in slope stabilization, in ground support for hy-reported [2.150-2.155].

droelectric, transportation and mining tunnels, and in sol- Examples of stress-strain curves in compression and ten-
dier pile retaining walls as concrete lagging that is placedsion are shown iffigs. 2.11and2.12 Since SIFCON is not

as the structure is constructed from the top down [2.140-inexpensive, only applications requiring very high strength
2.142]. Additional references and more complete informa- and toughness have so far benefitted from its use. These ap-
tion on SFRS may be found in ACI 506.1R. plications include impact and blast resistant structures, re-

Besides ground support, SFRS applications include thin-fractories, protective revetments, and taxiway and
shell hemispherical domes cast on inflation-formed struc- pavement repairs.
tures [2.143]; artificial rockscapes using both dry-mix and  2.6.5—Refractories
wet-mix steel fiber reinforced silica fume shotcrete  Stainless steel fibers have been used as reinforcement in
[2.144]; houses in England [2.145]; repair and reinforcing monolithic refractories since 1970 [2.158]. Steel fiber rein-
of structures such as lighthouses, bridge piers, and abutforced refractories (SFRR) have shown excellent perfor-
ments [2.146]; channel lining and slope stabilization on the mance in a number of refractory application areas
Mt. St. Helens Sediment Control Structure; lining of oil including ferrous and nonferrous metal production and pro-
storage caverns in Sweden; resurfacing of rocket flame decessing, petroleum refining applications, rotary kilns used
flectors at Cape Kennedy, and forming of boat hulls similar for producing portland cement and lime, coal-fired boilers,
to ferrocement using steel fibers alone and fibers plusmunicipal incinerators, plus numerous other applications.
mesh. Historically, steel fibers have been added to refractory

2.6.4 —SIFCON (Slurry Infiltrated Fiber Concrete) concretes to provide improvements in resistance to crack-

Slurry Infiltrated Fiber Concrete (SIFCON) is a type of ing and spalling in applications where thermal cycling and
fiber reinforced concrete in which formwork molds are thermal shock have limited the service life of the refracto-
filled to capacity with randomly-oriented steel fibers, usu- ry. The presence of the fibers acts to control the cracking in
ally in the loose condition, and the resulting fiber network such a way that cracks having relatively large openings are
is infiltrated by a cement-based slurry. Infiltration is usual- less frequent and crack-plane boundaries are held together
ly accomplished by gravity flow aided by light vibration, or by fibers bridging the crack plane.
by pressure grouting. When viewed in the above manner, the measure of “fail-

SIFCON composites differ from conventional SFRC in uyre” of a SFRR involves the measure of the amount of work
at least two respects: they contain a much larger volumerequired to separate the fractured surfaces along a crack
fraction of fibers (usually 8 to 12 volume percent, but val- plane or completely separate cracked pieces of refractory
ues of up to 25 volume percent have been reported) ando that material loss (spalling) occurs. A convenient tech-
they use a matrix consisting of very fine particles. As such, nique to measure this property involves the measurement of
they can be made to simultaneously exhibit outstandinga flexural toughness index (ASTM C 1018).
strengths and ductilities. The following applications serve to illustrate where

Several studies have reported on the mechanical properstainless steel fiber reinforcement can provide improved re-
ties of SIFCON. While most have dealt with its compres- fractory performance. In each case, knowledge of the ser-
sive strength and bending properties [2.147-2.154], threevice environment and the benefits and limitations of
have addressed its tensile, shear, and ductility propertiesstainless steel fiber reinforcement guided the selection and
The following is a summary of current information: design of the fiber reinforced product.

1. Compressive strengths of SIFCON can be made to vary 1. Petrochemical and refinery process vessel linings: In
from normal strengths (3 ksi or 21 MPa) to more than 20 ksiview of the low processing temperatures involved, typically
(140 MPa) [2.147-2.152]. Higher strengths can be obtaineds00 to 1800 F (315 to 982 C), petrochemical and refinery ap-
with the use of additives such as fly ash, micro silica, and ad-plications appear ideally suited for the reinforcement of re-
mixtures. fractories with fibers. Steel fiber reinforcement has made it

2. The area under the compressive load-deflection curvesossible to eliminate hex-mesh support and to reduce spal-
for SIFCON specimens divided by the area under load-de-ling in various lining situations. Fibers have been used in re-
flection curves for unreinforced concrete can exceed 50.fractories placed in feed risers and cyclones (the latter in
Strain capacities of more than 10 percent at high stressesonjunction with abrasion-resistant phosphate-bonded casta-
have been reported [2.152]. bles).

3. Tensile strengths of up to 6 ksi (41 MPa) and tensile SFRR is also being used as replacement for dual-layer lin-
strains close to 2 percent have been reported [2.150-2.157]ing systems. The use of single-layer fiber reinforced refrac-

4. The area under the tensile load-deflection curves fortory eliminates the complex refractory support system in the
SIFCON specimens divided by the area under load-deflec-dual-layer lining which is a source of problems.
tion curves for unreinforced concrete can reach 1000 Refractories reinforced with steel fibers are currently be-
[2.157]. ing specified for cyclones, transfer lines, reactors and regen-

5. Moduli of rupture in bending of up to 13 ksi (90 MPa) erators, and for linings in furnaces and combustors.
have been reported [2.150-2.155]. Installation of the refractories by gunning (shotcreting) may
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limit the length or aspect ratio of the fibers used here. How-
ever, the use of high aspect ratio and/or long fibers will pro-
vide improved life at the same fiber level or equal life at
lower fiber levels (relative to shorter, lower aspect ratio fi-
bers).

The recent discovery that very high fiber levels (4 to 8 per-
cent by volume) can contribute to improved erosion/abrasion

resistance in refractories may stimulate increased interest for

applications in the petrochemical and refining industry
[2.144].

2. Rotary kilns: Fiber reinforced refractories are being
used throughout many areas of rotary kilns including the
nose ring, chain section, lifters, burner tube, preheater cy-
clones, and coolers. The use of fibers has extended the life o
the refractory to two or three times that of conventional re-
fractory.

3. Steel production: Stainless steel fibers are used in many.

steel mill applications. Some of the more notable applica-
tions include injection lances for iron and steel desulfurizing,

arches, lintels, doors, coke oven door plugs, blast furnace
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CHAPTER 3—GLASS FIBER REINFORCED for commercial production and distribution throughout
CONCRETE (GFRC) the world.
Since the introduction of AR-glass in the United King-

3.1—Introduction .
Much of the original research performed on glass fiber re—dom in 1971 by Cem-FIL, other manufacturers of AR

inforced cement paste took place in the early 1960s. Thiglass have come into existence. In 1975, Nippon Electric

work used conventional borosilicate glass fibers (E-glass)Glass (NEG) Company introduced an alkali resistant glass

and soda-lime-silica glass fibers (A-glass). The chemicaf-ONtaiNing & minimum qf 20 percent zirconia [3.3]. In
compositions and properties of selected glasses are listed | P73, Owens-Corning Flber.glas .|ntr0duced an AR—gIass
Tables 3.1[3.1, 3.2] and3.7 3.2, 3.3], respectively. Glass fiber. In 1976, Owens-Corning Fiberglas and Pilkington
compositions of E-glass and A-glass, used as reinforcemenprothers, Ltd. agreed to produce the same AR-glass for-
were found to lose strength rather quickly due to the Ven;'nulatlon to enhance the development of the alkali resis-
high alkalinity (pH = 12.5) of the cement-based matrix. tant glass product and related markets. A cro§s-llc§nse
Consequently, early A-glass and E-glass composites werd@as agreed upon. Subsequently, Owens-Corning Fiber-
unsuitable for long-term use [3.4]. glas stopped production of AR-glass fiber in 1984.
Continued research, however, resulted in the development Alkali resistant-glass fiber reinforced concrete is by far the
of a new alkali resistant fiber (AR-glass fiber) that provided Most widely used system for the manufacture of GFRC prod-
improved long-term durability. This system was named alka-Ucts. Within the last decade, a wide range of applications in
li resistant-glass fiber reinforced concrete (AR-GFRC).  the construction industry has been established.
In 1967, scientists of the United Kingdom Building Re-
search Establishment (BRE) began an investigation of al3.2—Fabrication of GFRC material _
kali resistant glasses. They successfully formulated a 1here are basically two processes used to fabricate
glass composition containing 16 percent zirconia thatGFRC materials. These are the “spray-up” process and the
demonstrated a high alkali resistance. Chemical composi-Preémix” process.
tion and properties of this alkali resistant (AR) glass are 3.2.1—Spray-up process
given inTables 3.1and3.2, respectively. Patent applica-  Since GFRC is principally used in thin sections, itis im-
tions were filed by the National Research Developmentportant that composite GFRC boards have uniform prop-
Corporation (NRDC) for this product [3.5]. erties in all directions within the plane of the board.
The NRDC and BRE discussed with Pilkington Broth- Spraying constitutes an effective process of achieving this
ers Limited the possibility of doing further work to devel- uniformity. At present, the spray process accounts for the
op the fibers for commercial production [3.5]. By 1971, majority of all manufactured GFRC products in the Unit-
BRE and Pilkington Brothers had collaborated and the re-ed States. On a world-wide basis, the relation of spray-up
sults of their work were licensed exclusively to Pilkington to the premix process is more evenly balanced.

Table 3.1— Chemical composition of selected glasses, percent

Component A-glass E-glass Cem-FIL AR-glas$ NEG AR-glass
SiO, 73.0 54.0 62.0 61.0
Nay,O 13.0 — 14.8 15.0
CaO 8.0 22.0 — —
MgO 4.0 0.5 — —
K,0 0.5 0.8 — 2.0
Al,05 1.0 15.0 0.8 —
Fe,03 0.1 0.3 — —
ZrO, — — 16.7 20.0
TiO, — — 0.1 —
Li,O — — — 1.0

Table 3.2— Properties of selected glasses

Property A-Glass E-Glass Cem-FIL AR-Glass NEG AR-Glass
Specific gravity 2.46 2.54 2.70 2.74
Tensile strength, ksi 450 500 360 355
Modulus of elasticity, ksi 9400 10,400 11,600 11,400
Strain at break, percent 4.7 4.8 3.6 25

Metric equivalent: 1 ksi = 1000 psi = 6.895 MPa
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In the spray-up process, cement/sand mortar and choppebat the recommended seven-day moist curing period for AR-
glass fibers are simultaneously pre-mixed and deposited frorGFRC panels could be replaced by the addition of at least 5 per-
a spray gun onto a mold surface. The GFRC architectural pargent polymer solids by volume followed by no moist curing,
el industry sets an absolute minimum of four percent AR-glasprovided a harsh curing environment does not exist (i.e., dry,
fibers by weight of total mix as a mandatory quality control re-hot windy weather, or low temperatures).
quirement [3.7]. The spray-up process can be either manual or Al of the data published on GFRC from the late 1960s to the
automated. Virtually any section shape can be sprayed or caghid-1980s was based on composites that were moist cured for
This enables architects to design and manufacturers to pr@even days and contained no polymer additions. Furthermore,

duce aesthetically pleasing and useful components. the majority of all published test data up to about 1980 was
Sprayed GFRC is manufactured in layers. Each complete paggsed on sand-to-cement ratios of 1-to-3.
of the spray gun deposits approximatélyto'/,-in. (4 to 6-mm) 3.2.2—Premix process

thickness. A typical,-in. (13-mm) thick panel thus requirestwo e premix process consists of mixing cement, sand, chopped
to three complete passes. After each layer is sprayed, the W?ié

o ss fiber, water, and admixtures together into a mortar, using
composite is roller compacted to ensure that the panel surfacevv_ [andard mixers, and casting with vibration, press-molding, ex-

Cr? nform_ to thf ranId Iice’ tg help remove entrapped air, and to aﬁ’uding, or slip-forming the mortar into a product. Manufacturers
the coating of g ass fibers by cement paste. i of AR-glass fiber claim that up to 5 percent by weight of AR-
Early composite manufacture used a dewatering process @ass fiber can be mixed into a cement and sand mortar without

removeblt he gxcgss mix 'watler that vr;/as necessary to agh|ev alling [3.5]. Higher concentrations of fiber can be mixed into the
sprayable mix. Dewatering lowers the water-cement ratio ang, 1, using high efficiency undulating mixers. Mixing must be

Increases the Iey el of .compactlon. Dewatering involves Suc'closely controlled to minimize damage to the fiber in the abrasive
tion applled.to e|thgr side of a permeable mold to remove X anvironment of the mix. Flow aids, such as water-reducers and
cess water immediately after spraying. The Sprl"W'de\'\/ate”nﬂigh—range water-reducing agents, are commonly used to facili-

process is most suited for automation where the composite Sie f o . ; : )
. ate fiber addition while keeping the water-cement ratio to a min-
transported over a vacuum system using conveyors.

AR-GFRC mix proportions in the late 1960s were primarily imum. Since premix composites generally have only 2 to 3

) > percent by weight of AR-glass, they are not as strong as sprayed-
composed of only cement, water, and fiber (neat cement m'X)E GFRC. Premix GFRC is generally used to produce small com-
When AR-GFRC was introduced commercially in the early b ' 9 y b

1970s, sand was introduced at weight ratios of one part sar%ex shaped components and specialty cladding panels.

to three parts cement. By the end of the 1970s, some manufa 3_p fies of GERC
turers were producing AR-GFRC at sand-to-cement ratios of"Y roperues of & . i
. Mechanical properties of GFRC composites depend upon fi-
1-to-2 and as low as 1-to-1 to reduce the amount of volumetn% . :
. . er content, polymer content (if used), water-cement ratio, po-
shrinkage. Throughout the 1980s and currently, typical Sandr_osi sand content, fiber orientation, fiber length, and curin
to-cement ratios are 1-to-1. There is currently research undef: Y, ' ' gmn, 9

: : : : 3.7]. The primary properties of spray-up GFRC used for design
AR-GFR h
\(/)vfasy a:)dl?r\\/ aer? tcl:ge?:leent GFRC mixes having greater amount are the 28-day flexural Proportional Elastic Limit (PEL) and the

For AR-GFRC products, forms are normally stripped on the28'day flexural Modulus of Rupture (MOR) [3.8]. The PEL

day following spray-up. Composites are then moist cured unti?ress is a measure of the matrix cracking stress. The 28-day

they have attained most of their design strength. Particular at- EL is. used 'in design as the limiting str.ess_ to ensure that long-
tention must be paid to curing. Because of their thin section'fem_]’ In-service panel stresses_a_lre malntaln_ed below the com-
AR-GFRC components are susceptible to rapid moisture |OSB<_JS|te cracking strength. In _addmon, demolding and other han-
and incomplete strength development if allowed to remain ircliNg stresses should remain below the PEL of the material at
normal atmospheric conditions. Therefore, to assure adequalB® SPECfic time that the event takes place [3.8].
strength gain of the cement matrix, a minimum of seven days A generalized load-deflection curve for a 28-day old GFRC
moist curing has been recommended [3.8]. Also, impropepomposne subjected to a flexure test is shown in Fig. 3.1. As in-
early age curing that leads to excessive drying may result iflicated by this generalized load-deflection curve, young (28-
warping or distortion of the thin GERC component shape. ~ day old) GFRC composites typically possess considerable load
The industry requirement of performing a seven-day mois@dnd strain capacity beyond the matrix cracking strength (PEL).
cure created a curing space problem for manufacturers. As a réhe mechanism that is primarily responsible for this additional
sult, many manufacturers were reluctant to perform this necesifrength and ductility is fiber pull-out. Upon first cracking,
sary moist cure. In the early 1980s, research was conducted much of the deformation is attributed to fiber extension. As load
the Portland Cement Association to eliminate the seven-dagnd deformation continue to increase, and multiple cracking oc-
moist cure in an effort to alleviate the manufacturers’ produc-curs beyond the proportional elastic limit, fibers begin to deb-
tion problems [3.9]. As a result of that research, composite®nd and subsequently slip or pull-out to span the cracks and
containing at least 5.0 percent polymer solids by total mix volresist the applied load. Load resistance is developed through
ume and having had no moist cure, were shown to develop 2¢riction between the glass fibers and the cement matrix as the fi-
day Proportional Elastic Limit (PEL) strengths equal to orbers debond and pull-out [3.10, 3.11].
slightly greater than similar composites containing no polymer Typical 28-day material property values for spray-up AR-
and subjected to a seven-day moist cure [3.9]. This indicate@FRC are presented irable 3.3[3.8]. Flexural strength is
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Table 3.3— Typical 28-day material property Dimensional changes in GFRC can be considerably greater
values for AR-GFRC than those of conventional concrete. This is the result of the

high cement content in the mortar matrix. Cyclic strains result-
Property AR-GFRC System* . . .
ing from wetting and drying can be as large as 0.15 percent,
Flexural strength, psi and strains of this magnitude are generally encountered
Modulus of Rupture (MOR) 2500-4000 throughout the service life of the facade panel [3.14]. Given
Proportional Elastic Limit (PEL) 900-1500 . . . . L
sufficient exposure, this dimensional sensitivity can lead to
Tensile strength, psi over stressing unless accommodated for in design. Over
Ultimate Tensile Strength (UTS) 1000-1600 ; ;
Bend Over Point (BOP) 700-1000 stressing or stress concentrations can cause cracks to dgvelop.
This can be critical in components that are overly restrained.
Shear strength, psi In addition, as the composite ages and becomes less ductile,
Interlaminar 400-800 . . .
In-plane 1000-1600 the most effective and practical way to accommodate dimen-
sion change is to eliminate restraint by using flexible connec-
'”é?%cr:);”e“gthv in. lb/if 55-140 tions as described isection 3.9[3.5, 3.8, 3.13, 3.14].
Experience with single skin, steel-stud/flex-anchor connec-
Dry density, Ib/f? 120-140 tion type panels has shown them to be less sensitive to long-
rcorved p e AR term cracking associated with restraint of panel movements
e oot o thnes o T o o1 caused by normal changes in moisture and temperature [3.15].
water-cement ratios range from 0.25 to 0.35. In the future, the application of surface coatings to reduce or

Metric equivalents: 1 psi = 6.895 kPa; 1 in.-Ifm.0.175

eliminate moisture movement and thereby reduce shrinkage
N-mm/mn?; 1 b/t = 16.019 kg/m

strains may turn out to be a valuable tool to deal with this phe-
nomena. In addition, surface coatings may reduce the extent of
determined according to ASTM C 947 and density is deter- €mbrittlement which usually takes place in moist conditions.
mined according to ASTM C 948. The durability performance of the composite material itself
GFRC made of cement, AR-glass fibers, sand, and water ids usually evaluate_d by determining the changes in strength
a non-combustible material and meets the criteria of ASTM E @nd toughness during exposure to natural weather or under ac-
136. When used as a surface material, its flame spread indeg€€rated aging conditions (immersion in hot water baths).
is zero [3.8]. GFRC made with an acrylic thermoplastic copol- TW0 basic theories have been suggested to explain loss in

ymer dispersion for curing purposes will not pass ASTM E Stréngth and strain capacity in GFRC composites. One theory
136, but will have a flame spread index of less than 25. is that alkali attack on the glass fiber surfaces results in the re-

Single skin GFRC panels can be designed to provide resisguction of the fiber tensile strength and, subsequently, reduc-

tance to the passage of flame, but fire endurances of greatefon ©f composite strength [3.16]. The second and most
than 15 minutes, as defined in ASTM E 119, are primarily 2ccepted theory suggests that ongoing cement hydration in

dependent upon the insulation and fire endurance charactervater-stored or naturally weathered GFRC results in hydra-
istics of the drywall or back-up core [3.12]. tion products penetrating the fiber bundles, filling the intersti-

tial spaces between glass filaments, thereby increasing the
3.4—Long-term performance of GFRC bond to individual glass filaments. This phenomenon can lead

Extended exposure of GFRC to natural weather environ-{© lack of fiber pull-out and results in a loss in tensile strength
ments will result in changes in mechanical properties. Fur-and ductility [3.10, 3.17, 3.18, 3.19]. It is possible that both
thermore, exposure of GFRC to normal natural weatheringPhenomena (alkali attack and filling of the interstitial spaces
cycles (moisture and temperature cycles) will result in cycli- between glass filaments) are occurring simultaneously and at
cal volumetric dimension changes. Changes in mechanicadifferent rates, with alkali attack being more significant in E-
properties and cyclical dimensional movements must be acglass fiber systems and the mechanism of filling interstitial
counted for by use of proper design procedures, such agpace between fibers being the main cause of strength and
those outlined irBections 3.and3.9.4and detailed in Ref-  ductility loss in AR-glass fiber systems [3.19, 3.20].
erences3.5, 3.8, 3.13, and 3.14 3.4.1—Strength and toughness retention of AR-GFRC

Most commercially manufactured GFRC composites will ~ Following the introduction of Cem-FIL AR-glass fiber in
experience reduction in tensile and flexural strengths and duc1971, test programs were independently initiated by BRE,
tility with age if exposed to an outdoor environment. The Pilkington Brothers Ltd., and Owens-Corning Fiberglas to as-
strength of fully-aged GFRC composites will decrease to sess long-term strength and toughness behavior of AR-glass
about 40 percent of the initial strength prior to aging. Howev- composites when exposed to a range of environmental condi-
er, strain capacity (ductility or toughness) will decrease to tions. Data for [0-year-old long-term strength durability tests
about 20 percent of the initial strain capacity prior to aging. have been published [3.16, 3.21] for composites having no
This loss in strain capacity is often referred to as compositesand and no polymer (neat cement composites). These data are
embrittlement. Embrittlement is time and environment depen- presented ifrigs. 3.2through3.4. As shown in Fig. 3.2, Mod-
dent and is accounted for in design of GFRC components as isllus of Rupture (MOR) decreased with time under natural
explained inSection 2.6 weathering conditions. After 10 years of natural weathering in
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the United Kingdom, the MOR decreased to nearly the Fig. 3.4—Modulus of rupture and proportional elastic limit
strength level of the Proportional Elastic Limit (PEL). In addi- versus age for neat cement AF-GFRC composites stored in
tion, data shown in Fig. 3.3 indicate that AR-GFRC compos- &I at 68 F (20 C) and 40 percent relative humidity
ites stored in water at 64 to 68 F (18 to 20 C) exhibited this
same MOR strength loss over the same period of time. How-ments, this strength reduction is shown to occur within their nor-
ever, composites stored at 68 F (20 C) and 40 percent relativenal life spans and may be a function of panel surface treatment
humidity exhibited relatively little MOR strength loss with (exposed aggregate and surface sealers) and environment. How-
age as shown in Fig. 3.4 [3.21]. ever, neither panel loading histories nor the effects of possible

In addition to the long-term natural aging test programs, panel surface treatments were considered in the investigation.
accelerated aging programs were conducted by all three ma- In addition, strength reduction has been shown to occur at
jor glass fiber producers so that projections of aged proper-faster rates in warmer, more humid climates [3.22, 3.24].
ties could be made in advance of the natural aging dataFigure 3.5presents modulus of rupture data for composites
Accelerated aging is accomplished by immersing compos-exposed to natural weathering in the United Kingdom and
ites in water at elevated temperature to expedite the cemerfor composites having undergone accelerated aging at ele-
hydration process [3.22, 3.23]. However, true aging of a spe-vated temperatures [3.22]. Data indicate that as the acceler-
cific GFRC product can only be accomplished through actu-ated aging temperature increases, a faster drop in MOR
al use of the product under normal in-place environmentalstrength is observed. A lower limit exists for the MOR
conditions. Any attempt to characterize the aged behavior ofstrength that is essentially equal to the PEL of the composite,
GFRC using accelerated methods is only an approximation.which is a measure of the matrix cracking strength of the re-

For GFRC panels (containing no polymer and made with ei-inforced composite.
ther neat cement or sand-to-cement ratios of 1-to-3), accelerated Use of accelerated aging procedures has led to strength
aging data have been correlated with data obtained from naturgbredictions extending over many years. Modulus of Rupture
weathering conditions for the purpose of projecting long-term strengths shown iRig. 3.5for composites aged at 122, 140,
durability. In an investigation conducted by Pilkington Brothers and 176 F (50, 60, and 80 C) have been combined with the
Ltd., this correlation was accomplished for different climates actual U.K. weathering results out to 10 years-ig. 3.6
throughout the world. Based on this investigation, it is projected[3.25]. This has been accomplished by displacing the higher
that for many exposure conditions, the MOR of GFRC compos-temperature accelerated strength results along the log-time
ites will eventually decrease to nearly the strength level of theaxis until they coincide with the strength results of compos-
PEL. For many GFRC products exposed to outdoor environ-ites stored in the U.K. weathering conditions. As shown in
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Fig. 3.6 results for the different acceleration temperature:
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Loss in strain capacity is also observed upon aging of GFR 7000 |- 1Pe68SSiPa Accelerated aging at:

composites. Shown iRig. 3.7are representative stress-strain P Egg:g;

curves in tension and bending for composites tested at 28 de 6000 I~ o 176°F (80°C)

and 5 years. All composites were stored in water at approx 5000

mately 68 F (20 C) [3.26, 3.27]. Unaged composites, tested MZ?’

28 days, exhibit strain capacities on the order of 1 percent fi 4000 |- A

both tension and bending tests as showfign3.7a Compos- AN Do

ites aged for five years in water at 68 F (20 C) show a substant 8000 = 0o

decrease in strain capacity as indicateéig 3.7b Loss in 2000 I 0o &abd o oko

strain capacity with aging, which is much greater than reductic 4 DD oo

in tensile or flexural strength, may be of greater significance t 1000 -~

the long-term performance since it leads to an increased ser . 1 | |

tivity to cracking. This characteristic of the material can be esti 0 1 10 100 1000

mated by impact resistance testing. For an in-depth discussi Age, years

of toughness durability, sé&=f. 3.28
It has been reported [3.29, 3.30]that additions of polymerkig. 3.5—Projected MOR versus age for neat cement AR-
to AR-GFRC provide valuable advantages, such as reducifgFRC composites stored in natural U.K. weathering condi-
absorption and reducing wet/dry shrinkage movementdioS and accelerated aging conditions

However, the AR-GFRC composites with polymer additions

did not correlate well with predictions of long-term strength 7000

from hot water accelerated aging tests versus performance B ® United Kingdom

real weathering exposure. 6000 R Ac;“:.g‘,';?;,“gg?:g"g;ﬁ“’”s
In hot water aging, polymer additions have been shown t 5000 = * ©, © 122°F (50°C)

provide no significant advantage in strength retention. Howe\mor, 4000 - °% 2 }‘7‘20,'; ﬁggog

er, there have been reports of improvements in strength rete **' 3000 |- &bg

tion during actual weathering exposure over several yea 2000 | e%ﬂma@":g oo

[3.29]. It has been reported that after 2 years in the hot Floric 1000 | Mot Equvaont ca

and Arizona climates, AR-GFRC with 5 percent polymer solids 1 psi=6.895 kPa

by volume of total mix and 5 percent by weight of total mix of 0 ; ; ; 110 2'0 410 1(1,0

a specially coated AR-glass (to be discussé&kirtion 3.4.3)1 Age, years

showed no Ioss_in MOR strength and retention of high stra.ir.1 IEig. 3.6—Accelerated aging data used to project long-term
failure [3.29]. With regard to comparisons of strength durabilitystrength of AR-GFRC under natural U.K. weathering condi-
between accelerated aging and real weathering, one researdf@ns

reports that polymer additions do not inhibit embrittlement of
the fiber system in total water immersion and hence do not lead
to strength retention [3.11]. However, in natural weathering
conditions, the water absorption is reduced, thereby postponil
the time effects of fiber embrittlement [3.29, 3.31]. The study 5000
has also shown that under natural weathering conditions, a mi

Tensile or
imum addition of 5 percent polymer solids by volume of total Bendng 4%

Metric Equivalent:

6000 MOR— 6000 [~  1psi=6.895 kPa

5000 —

Tensile or 4000
Bending

mix to GFRC provides improved strength retention over star “pe 3000 stress, o0 L TR
dard GFRC [3.29, 3.32]. [_ PEL

Due to the difference in measured performance betwee 2000 2000
GFRC with and without polymer additions using the standard hc 1000 fE—BOP W ore =
water immersion accelerated aging test, a test procedure aday. iyt
from the European asbestos-cement industry has been substitt % ofs 10 ° Ofs 10
[3.33]. The alternate accelerated aging test involves immersion Strain, % Strain, %
water at 68 F (20 C) for 24 hours followed by forced air drying a 2) 28-Day Test Results b) 5-Year Test Results

158 F (70 C) at a speed of 3.3 fps (1 m/sec) for 24 hours. This 1>

considered one cycle. The test typically involves at least 160 ekig. 3.7—Representative stress-strain curves in tension and

posure cycles. Better correlation between accelerated aging R&nding for 1 AR-GFRC stored in water at 68 F (20 C)

sults of this test and natural weathering have been observed for

composites containing polymer [3.31, 3.33]. approximately 2175 psi (15 MPa) compared to 1450 psi (10
The results show that for a polymer content of 5 percent byMPa) for unmodified AR-GFRC. Values for initial MOR (be-

volume of mix, modest improvements in MOR, PEL, and strainfore wet/dry cycling) was approximately 3915 psi (27 MPa)

at MOR have been obtained. MOR after 160 wet/dry cycles wasiith 5 percent polymer content by volume of mix compared to
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4205 psi (29 MPa) without polymer. Strain at the MOR was ap-and ductility [3.29, 3.33, 3.39-3.41], commercially available
proximately 0.25 percent compared to 0.1 percent for unmodi-GFRC systems will still experience reductions in strength and
fied AR-GFRC. Polymer contents of 9 and 12.5 percent by ductility at a rate that is environment dependent. Over the past
volume of mix showed more substantial retention of MOR few years, several new methods of improving the long-term du-
strength and strain. After 160 wet/dry cycles, MOR remained atrability of GFRC have been developed. All of these methods in-
approximately 3300 and 4000 psi (23 and 28 MPa), respectivevolve either specially formulated chemical coatings on the glass
ly. Strain at the MOR was approximately 0.8 and 1.0 percent,fibers or modification of the cement matrix.

respectively [3.33]. 3.4.3.1Glass fiber modifications-Since the introduction
3.4.2—Polymer (modified) E-glass fiber reinforced con-  of alkali-resistant glass fiber in 1971, several attempts have
crete (P-GFRC) been made to further improve glass fibers for use in GFRC.

In 1979, a different type of glass fiber reinforced concrete Most of these attempts have been directed towards improv-
was introduced in Europe [3.34, 3.35]. It consisted of E-glassing commercially available AR-glass fibers by application of
fibers embedded in a matrix that was made up of cementgspecial fiber coatings. These special coatings are intended to
sand, and a minimum of 10 percent polymer by volume of reduce the affinity of the glass fibers for calcium hydroxide,
mix. At the present time, there is little use of this system in the hydration product that is primarily responsible for com-
the United States. The majority of its use has been in the Euposite embrittlement. Some second generation AR glass fi-
ropean countries. The reason for incorporating a polymerbers, which are currently commercially available, are
into the cement matrix-glass fiber system is to provide im- examples of the potential benefits of fiber coatings. Long-
proved long-term durability. The concept behind achieving term durability data for composites manufactured with these
long-term strength durability through polymer modification fibers indicate that strength and ductility decrease at slower
of GFRC is described below [3.35, 3.36]. rates than conventional AR-glass composites. However,

There are generally 204 individual glass filaments within a there is still some loss in strength and toughness indicated by
glass fiber bundle. The diameter of a single filament is approx-current test results. Since predictions of long-term material
imately 10 microns. The width of spaces between glass fila-properties are based on a correlation of accelerated aging
ments is only two to three microns. The average diameter ofdata with natural aging data, it is still too early to make an ac-
an anhydrous cement particle is approximately 30 microns.curate prediction of how effective these fibers will ultimately
Therefore, most cement particles cannot pass into the spacde for improving the long-term strength and ductility [3.25].
between the glass filaments within a typical glass fiber bundle. Nippon Electric Glass Company, Ltd., [3.42] has found
However, formation of hydration products, specifically calci- that certain alkali resistant organic materials used as coatings
um hydroxide [Ca(OHj}, can occur inside these spaces and is for conventional AR-glass fiber will result in noticeable im-
thought by some to be the major cause of embrittlement androvements in fiber tensile strength retentieigure 3.8il-
the decrease in composite strength with time. lustrates the improved strength durability of conventional

In an attempt to reduce both physical embrittlement and AR-glass fiber strand when alkali-resistant organic coatings
chemical attack of the glass fibers, polymer particles wereare used. As indicated fig. 3.9 flexural strength tests per-
introduced into a system of E-glass fibers, cement, sand, andormed on aged GFRC composites containing coated AR-
water. These polymer particles are only a fraction of a mi- glass fibers confirmed that the improved fiber strength reten-
cron in diameter. Therefore, they can penetrate into the spaction does result in some improvement in the flexural strength
es between the glass filaments. Upon combining glass and aetention of the GFRC composite [3.42].
mortar containing a polymer dispersion, glass bundles take A method called “silica fume slurry infiltration” was de-
up water due to capillary forces acting in the spaces. The waveloped [3.43]to incorporate silica fume directly into the
ter carries the polymer particles into these spaces. The polyspaces between individual glass filaments in a fiber glass
mer particles adhere to each other as water is removedoving. It was discovered that by hand-dipping the rovings
through both evaporation and hydration of the cement. Theinto a commercially dispersed silica fume slurry, the spaces
result is a polymer film that spreads in and around the indi- between the individual glass filaments could be adequately
vidual glass filaments within each glass bundle [3.35-3.38]. filled with silica fume. Results of tests performed on aged

The polymer film reportedly performs two functions. It pro- composites containing 3 percent AR-glass fiber by weight
tects some of the individual glass filaments from alkali attack and fabricated using silica fume slurry infiltration indicated
and it partially fills the spaces between filaments thereby reduc-a substantial decrease in the rate at which strength loss takes
ing the effects of fiber embrittlement [3.36-3.38]. However, place [3.43]. It has not been determined whether this manu-
there are reports that polymer modification as high as 15 percerfiacturing method is commercially feasible.
solids by volume only provides about 50 percent coverage of Nippon Electric Glass Research laboratories have pro-
the E-glass filament surfaces and that those filaments not produced sprayed-up composites having 5 percent AR-glass and
tected by the polymer film become severely etched by alkali at-concentrations of silica fume up to 30 percent by weight of
tack after 17 weeks of accelerated aging at 122 F (50 C) [3.11]cement without significantly improving the aged strain ca-

3.4.3—Recent developments for improvement of GFRC pacity of the composite [3.42].
durability 3.4.3.2Cement matrix modificationsSver the years, sever-

Even though polymer additions to AR-GFRC have been al researchers have approached the GFRC strength durability
shown to reduce the rate at which GFRC composites lose strengthroblem by altering the cement matrix. Most of these efforts
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were geared towards trying to reduce or eliminate the formatiol 250

of calcium hydroxide produced during hydration. Fiber coating
Development of high alumina cement (HAC) and supersul- AR-glass Pt

phated cement represented early attempts at trying to modify tt \ (21O content 20% by weight) ) # Phernal

cement matrix. Although both of these cements were somewh:

effective in improving the long-term strength durability of GFRC Tensile 180 =

composites, other undesirable effects such as increased poros  strength of

and strength loss of the cement matrix were evident [3.44]. ~ Glass-Fiber Strand,

100 —

ksi
A more recent development is the use of lime reactive materi
als as cement additives. Silica fume and metakaolin as used 50
. Metric Equivalent:

standard portland cement have proved to be effective agents f aomsura

early reaction and elimination of calcium hydroxide. However, in N . 1
order to significantly reduce the levels of calcium hydroxide, very o 1 2 4 7
large percentages (greater than 20 percent) of the materials mt Time at 176 °F and 100% RH, days

be used [3.42].

Methods have been developed to incorporate large percentag
of silica into the cement matrix without dispersion problems
[3.42, 3.43]. However, incorporation of large percentages of sili-
ca fume has not shown to be a very cost effective method of irr Metric Equivalent
proving the long-term durability or aged strain capacity of GFRC. o eess

Recently completed research [3.45] has resulted in the con 4000
mercialization of a system, developed by Vetrotex, a subsidian
of St. Gobain, utilizing the addition of selected metakaolinites
and an acrylic polymer to the GFRC mix. This system, which MOR,
uses conventional production techniques, has shown to develc psi

giég. 3.8—Tensile strength of glass fiber strand with various
atings stored in OPC paste at 176 F (80 C)
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significantly higher aged properties than obtained using a con 2000 -
ventional AR-GFRC mix [3_ 46]. Hand-spray GFRC (5% by weight of glass fiber)
o ® Experimental fiber,J AR-

Another new development regarding improved long-term 1000 |- PVA. coated 'er}ér%g'iiﬁ,em is
strength durability of GFRC is CGC cement [3.42]. CGC ce- O Control 20% by weight
ment was developed in Japan by Chichibu Cement Company i | 1 1 | |

. . . . . 0
cooperation with Nippon Electric Glass Company, Ltd. This ce- 0 2 4 7 10
ment is claimed to produce no calcium hydroxide during Time in water at 176 °F, days

hydration. As indicated irig. 3.1Q tests performed on GFRC

composites fabricated using CGC cement and AR-glass fiberkig. 3.9—Flexural strength of GFRC composites incorpo-

indicated that initial 28-day strengths and ultimate strains (nof2ting AR-glass fiber with alkali-resistant organic coating

shown inFig. 3.10Q are essentially retained after exposure to ac—Stoer in water at 176 F (80 C)

celerated aging conditions. However, use of CGC cement in

composites fabricated using E-glass fibers was unsuccessful bétrain capacity and unlike CGC cement, this material does not

cause of the alkali attack on the glass fibers [3.42] require a specific temperature controlled curing environment
Primary curing after manufacture of sprayed or cast CGC cef3.48]. This cement is in commercial use in England. Research

ment is very important. Primary curing must be done accordingn the Blue Circle cement and other similar cements is currently

to the time-temperature curing regime showR@ 3.11Tem-  ynderway in the United States [3.49]. These new cements are

perature must be automatically controlled using temperatur@ased on calcium sulphoaluminate and do not contain the ce-

sensors at the heat sources (usually steam). In the wintgfent phases that cause the conversion problems associated with

months, precuring is an effective way of saving time within theq, 51ymina cement. Tests are continuing to identify any other
curing regime up to the final trowel finishing. The heating ratepossible secondary reactions

for primary curing must be maintained as noted to achieve opti-
mum properties. The secondary curing after steam curin% 5 Freeze

should be done indoors or in a protected area. In the case of thaw dq(ability
. T . Freeze-thaw durability of both AR-GFRC and P-GFRC com-
products stored outside, items should be covered with a plastic

. ) posites has been studied [3.11, 3.36, 3.46]. Research has indicated
sheet during the 7 days after demolding to prevent adverse dr¥r-] t AR-qlass fib froctivel th ¢ matri inst
ing from direct sunlight and wind. at AR-glass fibers effectively preserve the cement matrix agains

Another promising candidate is a new cement introduced bfignificant freeze-thaw deterioration in comparison with an unrein-
Blue Circle Cement Company of England [3.47]. This cement orced matrix. There are some indications of a slight decrease in
when combined with an additive developed by Molloy and As-PEL strength due to the effects of freeze-thaw cycling [3.11].
sociates of Hutchins, Texas, is similar to CGC in terms of aged Another study concluded that the freeze-thaw resistance of
performance, and is available as a concentrate for addition t8-GFRC composites is good due to the lower absorption and
portland cement composites. Data indicate improved agedreater ductility of the polymer modified matrix [3.36].
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3.6—Design procedures t = “Students t,” a statistical constant to allow for

In the United States to date, design procedures have only been the proportion of tests that may fall belgwThe
developed for AR-GFRC wall panels [3.8]. Design stress levels value is 2.5309 for the recommended 20 tests.
are based on a projection of the long-term properties. The long- Vy, Vi, = coefficient of variation of the PEL and MOR
term flexural strength of AR-GFRC exposed to natural weath- test strengths, respectively.

ering environments decreases with time to nearly, but not less 1,4 average 28-day PEL and MOR strengths are deter-
than, the strength level of the unaged Proportional Elastic Limit mined according to ASTM C 947.

(PEL). Furthermore, the PEL strength of AR-GFRC compos-
ites increases slightly with age. Therefore, design is conserva-
tively based on the assumption that the long-term Modulus of

3.6.12 Shear—Reference 3.8tates that direct shear seldom
controls the design of GFRC elements. Interlaminar shear sel-

Rupture (aged MOR) is equal to the 28-day PEL [3.8]. dom controls design unless the shear span-to-depth ratio is

When designing GFRC panels, service loads are set by theIess than 16. In-plane sh.ear, oceurring In diaphragms and
- . . . webs, seldom controls design. However, in-plane shear should
designing,governing building code and are multiplied by the

appropriate load factor from ACI 318 to determine factored be checked based on principal tensile stresses tha_t are I|m|t(_ad
: - by the allowable tensile stress. The allowable tensile stress is
loads. The following load factors and load combinations

should be considered as a minimum [3.8]: assumed to be equal to @#\,

0.75[1.4D + 1.7 (greater df, Wor 1.1E) + 1.6 (greater dl 3.6.1.3 Deflection—DPeflections due to service loads are

' ' ' or'T) ] ' ' generally limited td/,,,0f the span. This limit can be exceed-

where: ed when investigation shows that adjacent construction is not

D = bead load likely to be damaged by deflection.

E = Earthquake load 3.6.2—Connections _

L = Live load There are several methods being used to fasten GFRC pan-

M = Self-straining forces and effects arising from contrac- €IS to buildings. The fastening detail must provide for and ac-
tion or expansion due to moisture changes commodate creep, thermal and moisture induced panel

T = Self-straining forces and effects arising from contrac- Mmovement, field tolerances, and dimensional changes in the
tion or expansion due to temperature changes structural frame of the building.

W = Wind load Each manufacturer is required to test production connec-

3.6.1—Design stresses tions to establish test data for use in design. Test values are re-

3.6.1.1Flexural—Based on straight line theory of stress and duced by the appropriate safety factors to determine
strain in flexure, stresses due to factored loads should not ex-connection strength for use in design.
ceedf,;:

fu=¢sf’, 3.7—Applications of GFRC
Where: By far, the single largest application of GFRC has been
¢ = strength reduction factor the manufacture of exterior building facade panels. This
s = shape factor application makes up at least 80 percent of all GFRC archi-
f’, = assumed (aged) modulus of rupture or ultimate flexur- tectural and structural components manufactured in the
al strength U.S. Since the introduction of AR-glass in the 1970s,

The strength reduction factay)(is taken as 0.67. Derivation ~ growth in applications has been appreciable. According to
of this factor has been based on experience and judgment and i§e Precast/Prestressed Concrete Institute, over 60 million
not intended to be precise. The shape fagids (a reduction ~ square feet of GFRC architectural cladding panels have
factor to account for stress redistributions that occur in special been erected from 1977 to 1993. Initial problems in con-
cross sections. The basic strength test for GFRC in flexure usedrolling panel warpage were solved using steel-stud frames,
a solid rectangular specimen. The shape factor for this cross secwhich also facilitated efficient attachment to building
tion, which is also used for design of single skin panels, is 1.0. structures.

Shape factor suggested for flanged, box, or | sections is 0.5. Another large application of GFRC is surface bonding, which

Other values may be used if substantiated by test. is discussed ifection 3.10Use of GFRC in other applications,
The assumed (aged) modulus of ruptdef¢r design pur- such as electrical utility products—e.g., trench systems and distri-
poses is given by the lesser of the following: bution boxes—continue to increase as does surface bonding and
AotV 1/3f (1-tV.) floating dock applications. A growing application for GFRC is
2L 55 Y0 “’O 5 £ or 1200 psi (BMPa) building restoration, replacing existing walls and ornate tile fa-
' ' cades capitalizing on the light weight and shape versatility of the
where: composite. Other application areas in which GFRC components

f

yr = average 28-day PEL strength of 20 consecutive are either already commercially produced, under development, or

tests (each test being the average of six individ- show future potential are listedTiable 3.43.50, 3.51].
ual test coupons).
fur = average 28-day MOR strength of 20 consecu- 3.8—GFRC panel manufacture
tive tests (each test being the average of six indi-  Good GFRC manufacturing requires that manufacturers have
vidual test coupons). the required physical plant and equipment, trained personnel, as
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Fig. 3.10—Relative flexural strength of CGC-matrix GFRC
composites stored in water at 158 F (70 C)
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conditions)
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Fig. 3.11—Required curing regime for AR-GFRC compos-
ites manufactured with CGC cement

well as in-house quality control procedures to ensure a consis-

tency in quality from panel to panel and project to project [3.7].
It is not the objective of this document to describe specific

items relating to plant size or equipment type. However, the
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steel-stud/flex-anchor panel. Therefore, this section on panel
manufacture is exclusively devoted to the steel-stud/flex-anchor
type of panel construction. There are a few producers that man-
ufacture a sandwich panel using GFRC premix construction.

3.8.1—Steel-stud framing system [3.7, 3.8]

The steel-stud frame should be fabricated in accordance
with Metal Lath/Steel Framing Association’s “Lightweight
Steel Framing Systems Manual.” The studs are generally
placed at 16 to 24 in. (0.4 to 0.6 m) on center with the flex-
anchors (discussed #ection 3.8.Pspaced 16 to 36 in. (0.4
to 0.9 m) on center, based on design considerations. The pre-
fabricated stud frame will be moved several times both be-
fore and after skin attachment; therefore, welded rather than
screw connections are more desirable, although both systems
are acceptable. With welding, studs are usually a minimum
of 16 gauge material. Touch-up paint or coatings should be
applied to accessible welds of the light gauge material after
the stud frame has been fabricated. A photograph of a steel-
stud frame being manufactured is showfrig 3.12

Environmental conditions will usually determine to what
extent steel framing needs corrosion protection. Steel-studs
are available with a red oxide paint or galvanized finish (be-
fore slitting and forming). Flex-anchor and gravity anchors
may be zinc or cadmium plated before or after fabrication,
painted with a zinc-rich coating, or they may be stainless steel,
where the additional cost is justified by severe environmental
conditions.

After fabrication, the stud frame is ready to be attached to
the GFRC skin after the skin is sprayed and roller compacted
to its design thickness. The stud frame is positioned over the
skin with jigs to fix its location. Flex-anchors sometimes
telegraph through and show on the face of the panel, so for
production convenience they are usually set ftgro %/g in.

(3 to 10 mm) away from the surface of the GFRC skin. With
some finishes, they may touch the surface of the GFRC skin.
Where the flex-anchor is attached to the GFRC skin, the
bonding pad is manufactured in one of two ways. They are
the “green sheet overlay process” and the “hand-pack meth-
od.” Both methods require the operators to hand apply the
bonding pads and knead them into the GFRC skin. Time de-
lay between the final roller compaction of the GFRC skin
and the placement of the frame and the bonding pads should

GFRC plant should be clean, have an enclosed area for the pe kept to a minimum. This is necessary to ensure monolithic

spraying or casting operation, the ability to maintain tempera-
tures for adequate curing, well-maintained equipment for the
proper proportioning and mixing of the materials, as well as
equipment to deposit the materials in the forms. Furthermore,
a GFRC plant should have a comprehensive quality control
(QC) program for monitoring composite materials, in-process
manufacturing operations, finished product, as well as a com-
prehensive testing program to determine production compos-
ite properties and a system for maintaining QC records [3.7,
3.52, 3.53].
Since the introduction of GFRC panels in the early 1970s,

bonding of the bonding pads. If there is a significant time de-
lay, initial set of the skin could prevent the bonding pad from
achieving monolithic bonding to the skin and there could be
a potential for subsequent delamination [3.52, 3.53].

The bonding pad thickness over the top of the flex-anchor
contact foot should be a minimum ¥§ in. (13 mm) with a
bonding area of 18 to 32 f(13 to 20 x 1®mn¥). Care must
also be taken not to build up the bonding pad over the heel of the
flex-anchor and thus add undue restraint to skin movement.

The bonding pad over the cross piece of the flat bar tee grav-
ity anchor should be sized to adequately support the tributary

three basic panel types have been manufactured: (1) sandwichweight of the GFRC skin. Sizing of bonding pads should be

panel, (2) integral rib panel, and (3) steel-stud/flex-anchor pan-
el. Since the early 1980’s, the industry has evolved such that the
majority of facade panels being manufactured in the U.S. is the

based on actual axial and shear pull-off tests of bonding pads
in the fully aged condition. This is discussed furth&éation
3.9.4.
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Table 3.4— Applications of GFRC Table 3.4— Applications of GFRC, continued
General area Specific examples General area Specific examples
Livestock products Pavements Overlays (to control reflection cracking)
-water troughs
-feeding troughs Permanent and Bridge decking formwork
Agriculture -sheep dips temporary Parapets
9 -pig slurry channels Abutments
Sheds Waffle forms
Irrigation channels Columns and beams
Reservoir linings
Reparations Repair of deteriorating sculptured architef-
Interior panels tural—cornice, frieze, architrave
-single skin
-double skin (thermally insulated) Site-applied surface | Bonding of dry-block walls
-paint, tile, aggregate facings bonding Single skin surface bonding to metal lath
Architectural cladding| Exterior panels substrates
-single skin Ultra-low- cost shelters (stacked unmortared
-double skin (thermally insulated) mud brick)
-profile .
-paint, tile, aggregate facings, single skin Small buildings and | Sheds
enclosures Garages
Doors and door frames Acoustic enclosures
Windows, sub-frames, and sills _'F'?Skﬁ booth
Elements for suspended ceilings elephone booths
Raised access floor panels ) .
Architectural Interior fixtures Small containers Telecommunication junction boxes
component -prefabricated bathroom units Storage tanks, silos
-lavatory units Stop-cock and meter encasements and coyers
-bench tops Manhole encasements and covers
-shelving Utility boxes
Shells
Street furniture and Seats and benches components
Simple sheet cladding associated Planters
-flat Litter bins
-profiled Signs

Noise barriers
Bus shelters
Revetment facing panels

Asbestos replacement Promenade and plain roof tiles
Fire resistant pads
General molded shapes and forms

Pipes
P Water applications Low pressure pipes
Track-side ducting for cables and switchggar -drainage
Ducts and shafts -sewerage

Internal service ducts Sewer linings

Water channels (culverts)

; i Fire doors Canal linings

g/rseté)r;ostectlve Internal fire walls, partitions Field drainage components

Calcium silicate insulation sheets -inspection chambers
-hydrant chambers

Roofing systems (tiles, shingles) -head wall liners
Lintels -pipe drain inlets

General building Cellar grills and floor gratings -dffﬁnage covers, traps

(excluding wall sys- | Decorative grills and sun shades Télgntlisermg

tems and cladding Hollow non-structural columns or pillars e

panels) Impact resistant industrial floors _z\évrw:;m%gools, ponds
Brick facade siding panels -sewage treatment
Cellular concrete slabs -septic tanks

- - - - -storage tanks

Low-cost housing, Single and double skin cladding onto timbgr

schools, factory build-| frame construction

ings Prefabricated floor and roof units

Hollow buoys
Floating pontoons
Marina walkways
Workboats, dinghies

Marine applications

Sheet piling for canal, lake, or ocean revet
ments
Covers
-manholes
Metal placement -meters
-gasoline storage tanks at service stations
-grating covers for guttering
Hoods
Stair treads

Sun collector castings

Miscellaneous Artificial rocks for zoo or park settings
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equivalent to that which develops when their yield strength
is reached.

This simplified approach is proposed in recognition of the
difficulty in quantifying all factors. Gravity anchors then are re-
quired, and they should be flexible in the horizontal direction.

Figure 3.13shows the most common type of flex-anchor.
Although it is used with many variations, it is usually made
with a smooth, round rod not less tHain. (6 mm) in diam-
eter. (Diameter choice is influenced by the clear length of flex
anchor from weld to bonding pad and by whether or not a sep-
arate gravity anchor is provided.) It is welded at the top for
flexibility with groove welds, although a square bar may be
used for fillet welding convenience.

A plastic sleeve may be put over the anchor foot to minimize
restraint. Anchor orientation with the toes positioned toward the
center of the panel is advisable so that initial drying shrinkage
\ will tend to move the flex-anchor away from rather than toward
the stud. Also, rigid fire protection or thermal insulations should
be installed so as not to inhibit skin movement.

Unsupported edges of GFRC panels can bow or warp due to
moisture or temperature effects. This can present a problem
with panel alignment, as well as an unsightly joint. It is, there-
fore, recommended that the edge distance to the end steel-stud
be kept small to minimize warpage.

3.8.3—Gravity anchor connections [3.7, 3.8]

In larger, heavier panels, if the GFRC skin is attached to the
steel-stud frame with only flex-anchors, the flex-anchors may
provide excessive restraint and over-stress the skin. If the dead
load is carried separately by special gravity anchor connec-
tions, the flex-anchors can be made smaligrif. or 6 mm
minimum diameter), thereby substantially reducing the in-
plane restraint.

In its plane the skin is quite rigid. If the steel-stud frame is

3.8.2—Flex-anchor connections [3.7, 3.8, 3.49] made rigid with diagonals or heavy upper and/or lower tracks

In one connection method, the GFRC skin is attached to°" if the frame is uniformly supported by the structure, the
the steel-stud frame using flex-anchor connections. Thedravity load of the skin can be carried with a series of gravity
weight of the GFRC skin is transferred to the steel-studs byanchors.. This is usually accomplished WI"[h the trussed round
the bending strength of the flex-anchors. To ensure structuraP@r gravity anchors located on every typical steel-stud or ev-
integrity, the anchors must be of ample rigidity and strength €Y Other typical steel-stud as showrtrig. 3.14
to carry their tributary gravity and wind loads while still re-  fthe frame is supported at two points, it may be convenient
maining flexible enough to allow relatively unrestrained © Support the skin's dead weight at the two corresponding lo-
thermal or moisture movements of the skin. This method iscations. This allows the in-plane rigidity of the stud frame to
recommended for panels small enough that flex-anchor re€ lower since the skin weight is carried only by the panel con-
straint stresses are acceptable. nector studs or tubes directly to the building connections. The

If the flex-anchors are too rigid, they can induce high ten- connector studs or tubes may need strengthening locally for
sile stresses in the GFRC skin. Substantial GFRC skin movefull height. The remaining typical studs then act as floating
ments caused by normal temperature and moisture effectsstiffeners. This is usually accomplished with the flat plate tee
both uniform and gradient (through the skin thickness), cangravity anchor shown irrig. 3.15 By adjusting the plate
occur. In most circumstances, they result in the flex-anchorsheight and thickness, vertical strength of the anchor is
being stressed to their yield level. Flex-anchor stresses in exachieved without sacrificing horizontal flexibility.
cess of the actual yield stress may cause excessive deflec- In seismic areas, the longitudinal seismic force resistance
tions and, subsequently, material fatigue problems. Forrequirements must be achieved without excessive restraint.
design simplicity, it is suggested that all flex-anchors be as-When using flex-anchors alone or a flex-anchor/gravity an-
sumed to exert a restraining tensile stress in the GFRC skirchor system, stiffness of the steel-stud along the weak axis

Fig. 3.12—Fabrication of steel-stud frame
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Fig. 3.13—Examples of flex-anchors

GFRC Skin

must be considered. With a flat-plate tee system, it is advis-
able to strengthen only one (not both) of the gravity an-
chors to carry the seismic load. A horizontally oriented flat-
plate tee anchor may be used to carry the longitudinal seis-
mic force to the stud frame as shown in Fig. 3.16. There
will be rotational forces that the anchor system must carry,
if the seismic anchor system is not colinear with the center
of mass of the skin.

Since the gravity anchors provide the fixed point from or
toward which the GFRC skin moves, it may be advanta-
geous to put the gravity anchors at mid-height for vertical
panels. This also has seismic advantages in that overturning
moments are reduced. However, permanent tensile stresses
are produced, since the bottom half of the panel is hanging
from the gravity anchors. Generally, it is preferable to have
permanent stresses compressive, although they would have
to be weighed against the seismic stresses. Stresses in both
directions may also have to be considered at times [3.52,
3.53].

3.8.4—Connection tests [3.89, 3.49]

It is necessary that each producer perform a sufficient
number of tests to develop a data base from which an akg 3 16 Fiat-plate tee longitudinal seismic anchor
lowable design load can be determined for each type of
flex-anchor or gravity anchor. Seven test specimens made
in an identical manner to the panel anchors should be tedttificially aged connections and bonding pads indicate
ed. The highest and lowest values should be eliminated arsrength reductions of 25 to 50 percent with the failure
the average of the five remaining values should be used fgtane occurring typically at the bonding pad/panel inter-
determining the allowable design load [3.8]. face or as a shear wedge above the flex-anchor foot [3.52,

It is preferable to perform tests on representative, arti3.53]. A conservative safety factor of 4 to service loads
ficially aged specimens so that long-term material propershould be used on the aged test results. If the test speci-
ty variations are accounted for in design. Tests ofmens are unaged, a safety factor of 5 to service loads is

Fig. 3.15—Flat-plate tee gravity anchor

GFRC Skin
Bonding Pad \
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used on the test results. Test procedures that accuratelgtructure, it is common to supplement the light gauge steel-
simulate in-service conditions should be developed. stud framing by welding heavier plate or angle assemblies to
3.8.5—Steel-stud frame/GFRC panel design approaches [3.8] the studs in order to achieve better distribution of the load.
Depending on the panel configuration and skin attachmentHowever, in designs where welding is not practical or eco-
system, the stud frames may need to provide in-plane rigiditynomical, rolled structural shapes can be used in lieu of steel-
comparable to the GFRC skin so that each stud can support it§tuds. Since the freedom from restraint of the GFRC skin is
tributary portion of vertical loads. The frame must also have achieved by the flex-anchors, the stud-to-structure connec-
sufficient rigidity perpendicular to its plane to resist skin bow- tion usually needs to address only the typical building move-
ing forces caused by restraint of skin shrinkage. Bowing ten-ments such as floor deflections and wind and seismic drift.
dencies are generally greatest when the GFRC skin and th&lowever, the horizontal deflection perpendicular to the
bonded face mix are not dimensionally compatible. plane of the panel should be limited to prevent damage to in-
It has become apparent that some designers have not suterior finishes or windows that are attached to the steel-stud
ficiently recognized the effects of differential shrinkage frame.
and thermal expansion when panels are faced with a mate- 3.8.6—Surface finishes [3.8]
rial that has different volume change properties than the Most types of surface finishes used successfully with ar-
GFRC [3.54]. If polymer addition is used in the GFRC, it chitectural precast concrete will be acceptable on GFRC
should also be used in the face mix when possible, to ensur@anels. The absence of large coarse aggregate in the GFRC
compatibility and to increase the aggregate-to-cementmix allows it to follow closely the surface texture or pattern
bond. of the mold. A wide variety of surface patterns and textures
For integrally bonded facings, these effects can be mini-can be achieved by casting the panels against form liners. It
mized when the facing materials are selected to establisHs advisable to avoid sharp angles and thin projections when-
compatible material properties. When this is not possible, ever possible and to incorporate chamfers or radii at inside
careful consideration of the induced stresses must be recogeorners of the form.
nized in the design to ensure proper serviceability. For ap- A smooth, off-the-form finish may be the most economi-
plied facings, the use of flexible adhesives or bond breakerscal but is not recommended, because color uniformity of
and flexible anchors is recommended. In any case, propertiegray, buff, or pigmented surfaces may be difficult to achieve
used in analyses and design must be confirmed by each marand the cement film on the GFRC may develop surface craz-
ufacturer through testing of the materials. ing, that is, fine and random hair-line cracks. This crazing
The GFRC skin should not be relied on to provide bracing has no structural or durability significance, but may become
for stud stability. Depending on stud dimensions, supportVisually accentuated when dirt settles in the cracks. The es-
conditions, interior finish, etc., bridging may be required to thetic limitations of smooth GFRC may be minimized by the
prevent stud buckling. shading and depth provided by creating profiled surfaces,
The steel-stud frame for a GFRC panel can be analyzed bypuch as fluted, sculptured, or board finishes; by subdividing
many different methods. The GFRC skin spans betweenthe panel into smaller surface areas; by using white cement;
flex-anchors. It can be analyzed as (1) a simple beam beor by using of applied coatings.
tween flex-anchors, (2) a continuous beam over a row of Panels can be produced withg '/,-in. (3 to 13 mm) thick
flex-anchors, or (3) a two-way slab system over an area offace mix with decorative aggregates. The aggregate may be
flex-anchors. In most cases, the edge GFRC skin is unsupexposed by retarders; sand or abrasive blasting; acid etching;
ported and needs to be checked by the designer. or honing and polishing to produce the desired effect. Light,
The load from the GFRC skin is transmitted through the medium, or deep exposure of aggregates is possible.
gravity and flex-anchors to the steel-studs. From the studs, Differential shrinkage between the face mix and the GFRC
the load is transmitted by horizontal tracks and vertical con-backing is important and should be considered in the mix pro-
nector studs to the building connections and then to the strucportions. Mix proportions should be developed such that
ture. When the loads in the steel-stud frame exceed themoisture and thermal related movements between the bonded
capacity of the single stud, it is necessary to weld steel-stud$ace mix and GFRC backing are dimensionally compatible.
together or to use a rolled structural steel shape. The cement matrix also offers a wide choice of color vari-
Depending on the skin’s gravity transfer system and its re-ations through the use of gray, white, or buff-colored port-
lationship to the panel bearing connectors, diagonal bracedand cements or through the use of color pigments. Concrete
or strengthening of the horizontal tracks may be required.coatings or stains that are vapor permeable can be applied af-
Also, greater stud capacity is required at the connection lo-ter adequate surface preparation.
cations since they will resist the loads collected by the hori- When the surface of a GFRC panel has two or more differ-
zontal tracks. Increased capacity is usually accomplished byent mixes or finishes, a demarcation feature is necessary.
using double or boxed studs or by using a rolled structuralDifferent face mixes should have reasonably similar shrink-
shape. age behaviors to avoid cracking at the demarcation feature
Generally, the stud frame is attached to the structure withdue to differential shrinkage.
two load bearing connections (to eliminate indeterminate re- Natural stone veneers (such as limestone, marble, or gran-
actions) and additional non-load bearing (lateral) connec-ite in narrow strips, small squares and rectangles, or regular-
tions. At the connection of the steel-stud frame to the sized ashlar pieces) may also be attached to the GFRC skin.
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A bond breaker between the veneer and GFRC skin is neceszonditions such as wetting and drying and changes in tem-
sary to minimize bowing of the panel due to differential perature.
shrinkage. 3. Continued research to determine characteristics of fi-
Clay products, such as thin brick veneer, facing tile, and ar-ber-to-matrix bond, mechanisms of debonding, and fiber
chitectural terra cotta (ceramic veneer), may be attached tgullout.
GFRC, but it is necessary to consider the differential moisture 4. Research to evaluate the state of microcracking that may
and thermal movements of the clay product facing and GFRCexist at stress levels below or equal to the measured PEL.
backing. Exact replicas of original ornamental work, such as 5. Research to continue to develop guidelines for the use
terra cotta from historic buildings, can be made of GFRC.  of applied surface treatments on GFRC products. Surface
Sample panels of adequate size may be necessary to tranfreatments include paint, stain, exposed aggregate, tile, and
late design concepts into realistic production requirements.attached natural stone slabs. Production procedures should
With any integral or attached surface finishing material, con- be documented, service performance evaluated, and the ef-
sideration must be given to the thermal and moisture inducedect on long-term performance determined.
dimensional changes and the compatibility of these dimen- 6. Research to identify architectural face mixes having
sional changes. These considerations must account for thgroperties compatible with GFRC back-up mixes in regard

aged properties of the GFRC. to temperature and moisture induced volume changes.
7. Research to evaluate the long-term performance of
3.9—Surface bonding GFRC flex-anchor/bonding pad connections using accelerat-

Surface bonding is a new building concept used extensive-ed aging procedures.

ly for small commercial buildings as well as for sealing 8. Research to document all design-related GFRC com-
walls. Surface bonding has also been extensively used inyosite properties using the most recently introduced mix de-
mining applications. signs that have since formed the current industry standard for

Standard concrete block construction yields a wall very GFRC manufacture.
strong in compression, but weak in tension and flexural |mprovements in composite performance is a challenge
properties. The surface bonding concept provides propertiegor every materials-oriented scientist or engineer. The work
of compression and flexure in a unique way. Concrete blocksdescribed above will provide information and accelerate im-
are dry-stacked without mortar courses. Very small quanti- provement where needed. Research currently in progress on
ties of mortar are used on a selective basis to ensure that thgew mix proportions, additives, cements, and manufacturing
concrete blocks are stacking vertically plumb to a predeter-methods continues to improve the performance and proper-
mined height. After stacking, a layer of surface bonding ma- ties of GFRC.
terial composed of cement, sand, and alkali resistant glass
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CHAPTER 4—SYNTHETIC FIBER REINFORCED The earlier applications of synthetic fibers first used in the
CONCRETE (SNFRC) late 1970s had denier in the 300 to 400 range and lower as-
pect ratios. The finer denier fibers were used through the
4.1—Introduction 1980s.

A variety of fiber materials other than steel, glass, or nat-  appjications with finer denier fibers, that is, relatively
ural fibers have been developed for use by the constructionsma|| diameter and high aspect ratio fibers, began with fiber
mdgstry for fiber re!nfo'rced concrete: These flli?el’S' are C"’_‘te'volume percentages of approximately one-fifth of that which
gorized as synthetic fibers for use in synthetic fiber rein- haq peen previously used with the coarser fibers. These low
forced concrete, SNFRC for identification. volume applications appeared at 0.1 to 0.3 percent by vol-

4.1.1—Synthetic fiber types ume. However, even at these low volume additions, the fiber

Synthetic fibers are man-made fibers resulting from re- count (number of fibers in a unit volume of matrix) and spe-
search and development in the petrochemical and textile inific surface (surface area of fibers per unit volume of ma-
dustries. SNFRC utilizes fibers derived from organic trix) are comparable with values found with higher volume
polymers which are available in a variety of formulations. percentages of coarser size fibers.

Fiber types that have been tried in portland cement concrete 4.1.3—Developing technologies

based matrices are: acrylic, aramid, carbon, nylon, polyester, With the emergence of new areas of application, research
polyethylene and polypropylene. For many of these fibers, interest has moved to higher fiber contents where toughness
there is little reported research or field experience, while oth-index and other factors are design considerations. Toughness
ers are found in commercial applications and have been théndex is an indication of the load-carrying capabilities of the
subject of extensive reporting. fibers within the concrete matrix after first crack.

Table 4.1summarizes the range of physical properties of ~Basically, cast-in-place concrete will accommodate up to
selected synthetic fiber types. The effect of temperature on0.4 percent by volume of synthetic fibers with minimal mix
synthetic fibers is shown in this table by listing the tempera- proportion adjustments. Wet mix shotcrete with up to 0.75
ture at which fibers melt, oxidize, or decompose. Synthetic percent by volume will provide major increases in toughness
fibers are said to be melted when the crystalline portions ofindex values [4.3]. Fiber length and fiber configuration are
the polymers that they are made of are converted on heatingMportant factors at this fiber content. In slab-on-grade ap-
from a solid to a glassy or liquid state. The temperature atPlications, with collated fibrillated polypropylene fiber con-
which this physical change occurs is called the melting point.ténts up to 0.3 percent by volume, the fatigue strength has
If on heating a fiber decomposes before it melts, it is becausdncreased dramatically [4.4].
one of many possible chemical reactions as occurred at a The use of synthetic fibers in the form of layered mesh is
lower temperature before reaching the melting point. A typ- Similar in concept to the system known as ferrocement.
ical type of decomposition is oxidation. Oxidation is caused Progress in research and in the development of commercial
by the chemical reaction of the fiber with the oxygen in the Products has been rapid and has been reported in publica-
air. The temperature at which a decomposition occurs isfions on ferrocement in the U.S. and in publications on fiber
called the decomposition temperature. Decomposition is_remfprced concrete principally in Europe. Readers interested
usually noticed because the fiber quickly changes color,in this development should refer to the work of ACI Com-

fumes or undergoes an obvious chemical change. mittee 549.

4.1.2—Historical background . . .
. : . - 4.2—Physical and chemical properties of
Twentieth century interest in synthetic fibers as a compo- commercially available synthetic fibers

nent of construction materials was first reported in 1965 The durability and chemical compatibility of fibers in the
[4.1]. Synthetic monofilament fibers were used in blast resis- particular encapsulating matrix must be individually deter-
tant structures for the U.S. Army Corps of Engineers Re- mined. The fibers indicated below have generally performed
search and Development Section [4.2]. The fibers were of awell in portland cement matrices. Fiber manufacturers and
size and shape (geometry) similar to that which was then besuppliers should confirm the suitability of their fibers for the
ing tested using steel fibers (SFRC) and glass fibers (GFRC)intended application through independent third-party test-
They were one-half to one inch (13 to 25 mm) in length with ing.

a fiber aspect ratio (length to diameter, I/d) of between 50 4.2.1—Acrylic

and 100. In this project, it was also discovered that the addi- Acrylic fibers contain at least 85 percent by weight of
tion of what then was considered small quantities, 0.5 per-acrylonitrile units. Selected properties of acrylic fibers are
cent by volume, of synthetic fibers to concrete resulted in ashown inTable 4.1 Generally, acrylic fibers used in the tex-
composite with increases in both ductility and impact resis- tile industry have a tensile strength ranging from 30 to 50 ksi
tance [4.2]. However, it was another fifteen years before (207 to 345 MPa). However, special high tenacity acrylic fi-



Table 4.1— Selected synthetic fiber types and properties*

Equivalent Ultimate Ignition Melt, oxidation, or Water absorption
diameter, Tensile strength, Elastic elongation, temperature, decomposition per ASTM D 570,
Fiber type in. x 103 Specific gravity ksi modulus, Kksi percent degrees F temperature, degrees F percent by weight
Acrylic 0.5-4.1 1.16-1.18 39-145 2000-2800 7.5-50.0 — 430-455 1.0-25
Aramid | 0.47 1.44 425 9000 4.4 high 900 4.3
Aramid 1l 0.40 1.44 340 17,000 2.5 high 900 1.2
Carbon, PAN HM 0.30 1.6-1.7 360-440 55,100 0.5-0.7 high 752 nil
Carbon, PAN H¥ 0.35 1.6-1.7 500-580 33,400 1.0-1.5 high 752 nil
Carbon, pitch GP** 0.39-0.51 1.6-1.7 70-115 4000-5000 2.0-24 high 752 3-7
Carbon, pitch HB' 0.35-0.70 1.80-2.15 220-450 22,000-70,00 0.5-1.1 high 932 nil
Nylon+* 0.90 1.14 140 750 20 — 392-430 2.8-5.0
Polyester 0.78 1.34-1.39 33-160 2500 12-150 1100 495 0.4
Polyethylen&* 1.0-40.0 0.92-0.96 11-85 725 3-80 — 273 nil
Polypropylené&* — 0.90-0.91 20-100 500-700 15 1100 330 nil

*Not all fiber types are currently used for commercial production of FRC.

THigh modulus.

FPolyacrylonitrile based, high modulus.

§Polyacrylonitrile based, high tensile strength.

**|sotropic pitch based, general purpose.

ttMesophase pitch based, high performance.

ttData listed is only for fibers commercially available for FRC.
Metric equivalents: 1 in. = 25.4 mm; 1 ksi = 6.895 MPa; (degrees F - 32)/1.8 = degrees C.
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bers have been developed to replace asbestos fiber in many4.2.4—Nylon
fiber reinforced concrete products. These fibers have tensile Nylon is a generic name that identifies a family of poly-
strengths of up to 145 ksi (1000 MPa) [4.5, 4.6]. mers characterized by the presence of the amide functional
4.2.2—Aramid group—CONH [4.19]. Various types of nylon fibers exist in
Aramid (aromatic polyamide) is a high-modulus, man- the marketplace for use in apparel, home furnishings, indus-
made polymeric material that was first discovered in 1965trial, and textile applications. A nylon fiber’'s properties are
After many years of experimental research, a method to proimparted by the base polymer type (molecular weight, end
duce that material in fiber form was finally developed. Ara- groups, residual monomer, etc.), addition of different levels
mid fibers were initially produced for commercial of additives (light and heat stabilizers, delusterants, etc.),
applications by the early 1970s. Attempts to incorporate thisnanufacturing conditions (spinning, drawing, texturing,
fiber into concrete as a form of reinforcement began by theetc.), and fiber dimensions (cross-sectional shape and area,
late 1970s. It has been concluded that the mechanical profiiber length, etc.). Currently, only two types of nylon fiber
erties of a cement matrix reinforced with aramid fibers areare marketed for fiber reinforced concrete. They are nylon 6
sufficiently attractive to warrant further studies [4.7]. How- and nylon 66.
ever, the high cost of aramid fibers has been a limitation to Nylon fibers are spun from nylon polymer. The polymer is
commercial acceptance. transformed through extrusion, stretching, and heating to
Aramid fibers have relatively high tensile strength and aform an oriented, crystalline, fiber structure. In addition to
high tensile modulus, as shownTiable 4.1 Aramid fibers  conventional yarns produced by standard drawing, nylon fi-
are two and a half times as strong as E-glass fiber and fivber properties may be enhanced by special treatments includ-
times as strong as steel fibers per unit weight. ing over finishing, heating, air texturing, etc. Nylon fibers
The strength of aramid fiber is unaffected up to 320 F (16are available as multifilament yarns, monofilament, staple,
C). Aramid fiber exhibits dimensional stability up to 392 F and tow. For concrete applications, high tenacity (high ten-
(200 C) and is creep resistant [4.8, 4.9]. Aramid strand wittsile strength) heat and light stable yarn is spun and subse-
different numbers of fibers of varying diameter is also avail-quently cut into shorter lengths.
able. Nylon fibers exhibit good tenacity, toughness, and excel-
4.2.3—Carbon lent elastic recovery [4.20]. Selected properties for nylon fi-
Carbon fibers were developed primarily for their high bers are shown imable 4.1 Nylon is very heat stable and is
strength and stiffness properties for applications within the'eéadily used in commercial applications requiring this prop-
aerospace industry. Compared with most other synthetic fierty, such as tires [4.20]. Nylon is hydrophilic, with a mois-
ber types, carbon fibers are expensive and, as previouskdre regain of 4.5 percent [4.21]. The moisture regain
mentioned with aramid fibers, this has limited commercial Property does not affect concrete hydration or workability at
development. However, laboratory research has continued t®w prescribed contents ranging from 0.1 to 0.2 percent by
determine the physical properties of carbon fiber reinforcedvolume, but should be considered at higher fiber volume
concrete (CFRC) [4.10-4.18]. contents. Nylon is a relatively inert material, resistant to a
Carbon fibers have high tensile strength and elastic moduide variety of organic and inorganic materials including
lus as shown iable 4.1 They are also inert to most chem- Strong alkalis. It has been shown to perform well under ac-
icals. Polyacrylonitrile (PAN) based carbon fibers are celerated aging conditions [4.22].
manufactured by carbonizing polyacrylonitrile yarn at high 4.2.5—Polyester
temperatures while aligning the resultant graphite crystal- Polyester fibers—for example, polyethylene terephthalate
lites by a process called “hot-stretching.” They are manufac{PET)—are available only in monofilament form. Denier of
tured as either HM (high modulus) fibers or HT (high-tensile polyester fibers used in cement composites ranges from 15 to
strength) fibers and are dependent upon material source ardd0 [4.23]. To date, polyester fibers available to the concrete
extent of hot-stretching for their physical properties. Theyindustry belong to the thermoplastic polyester subgrouping.
are available in a variety of forms. This type of polyester exhibits physical and chemical char-
It has been shown that carbon fibers can be made from p&cteristics that depend on manufacturing techniques. Select-
troleum and coal pitch, which are less expensive than thed fiber properties are shown Trable 4.1 One of several
polyacrylonitrile fiber used to make PAN based carbon fiber.techniques involves the production of highly crystalline pel-
Pitch based fibers are also manufactured in two types. Gerlets, which are converted to filaments in a melt extraction
eral purpose (GP) fibers are made from isotropic (non-orifrocess and subsequently stretched approximately 400 per-
ented fiber structure) pitch and are low in tensile strength angent before cutting to desired length.
elastic modulus. High performance (HP) fibers are made All thermoplastics are temperature sensitive. At tempera-
from mesophase (highly oriented fibers) pitch which produc-tures above normal concrete service temperatures, fiber
es fibers with high tensile strength and high elastic moduluscharacteristics are altered. Temperatures above 536 F (280
Carbon fiber is typically produced in tows (strands) thatC) cause molecular breakdown [4.20].
may contain up to 12,000 individual filaments. Tows are Polyester fibers are somewhat hydrophobic (do not absorb
commonly pre-spread prior to incorporation in CFRC to fa-much water) and have been shown not to affect the hydration
cilitate cement matrix penetration and to maximize fiber ef-of the portland cement concrete [4.24]. Bonding of polyester
fectiveness. fibers within the cement matrix is mechanical.
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There is no consensus on the long-term durability of poly- ume percentages [4.34]. However, synthetic fibers have been
ester fibers in portland cement concrete. shown to be effective in the early lifetime of the composite
4.2.6—Polyethylene when the matrix is itself weak, brittle, and of low modulus.
Polyethylene has been produced for use as concrete reinFor mature concrete, improved material toughness is depen-
forcement [4.25] in monofilament form with wart-like sur- dent on the fiber volume content and fiber durability in the
face deformations along the length of the fiber. These matrix.
deformations are intended to improve the mechanical bond- Improved toughness and crack control properties with SN-
ing in cement paste and mortar. Selected fiber properties aré&RC have been demonstrated for some fiber types [4.35].
shown inTable 4.1 Test methods used for flexural strength and toughness test-
It has been reported that polyethylene fibers could be easing of FRC have been published [4.36, 4.37]. These methods
ily dispersed in concrete mixtures in volume percentages ofhave been applied to SNFRC as have other specialized tests,
up to 4 percent using conventional mixing techniques [4.26]such as for shrinkage and crack control. Work on standard
Polyethylene in pulp form has also been applied in con- test procedures to evaluate shrinkage and crack control is
crete mixtures. In this application the pulp, a fine irregular Presently being undertaken by ASTM Subcommittee
form of fiber, acts to retain cement fines by acting as filter C09.42.
fibers [4.27-4.29] and its use is intended as an alternate to the The bonding of current commercially available synthetic
use of ashestos fibers. fibers (nylon, polyester, and polypropylene) within the con-
4.2.7—Polypropylene crete matrix is mechanical. There is no chemical bond. The
Monofilament form fibers are produced in an extrusion modulus of elasticity and Poisson’s ratio of each material
process in which the material is hot drawn through a die ofWill have an effect on bonding properties as will the fiber ge-
circular cross section, generating a number of continuous fil-ometry and type derived from monofilament or fibrillated
aments at one time called a tow. tape. Tests like the drop weight impact test and the toughness
Fibrillated polypropylene fibers are the product of an ex- index test will show the bonding potential of various fibgr
trusion process where the die is rectangular. The resultingYPes @s well as the effect of other parameters such as fiber
film sheets of polypropylene are slit longitudinally into equal vVelume, fiber configuration, and fiber length.
width tapes. To achieve a lattice pattern, the tape is mechan- 4-3.1—Acrylic FRC
ically distressed or fibrillated with a patterned pin wheel or ~ Acrylic fibers have been applied in cement-based compos-
split film technique to produce the main and cross fibril net- ites as a replacement for asbestos fiber. In this process, fibers
works. In some cases, the fibrillated tape is twisted prior toare initially dispersed in a dilute water and cement mixture.
cutting to enhance the opening of the bundle. Fibers thusA pressure forming process follows in combination with
produced are termed collated, fibrillated polypropylene and vacuum dewatering. Composite thickness is built up in lay-
are cut to desired lengths [4.14, 4.30]. ers and the finished product has a low water to cement ratio
Selected properties of polypropylene fibers are shown inand has sufficient pre-set and pre-hardened strength permit-
Table 4.1 Polypropylene is hydrophobic, meaning it does ting it to be handled immediately [4.5, 4.42]. In this method
not absorb water. Polypropylene fibers are not expected toother fibers, termed process fibers, are added to maintain
bond chemically in a concrete matrix, but bonding has beenmixture homogeneity and reduce segregation during vacuum
shown to occur by mechanical interaction [4.31]. Polypropy- dewatering. These are generally cellulose or polyfiber pulp
lene fibers are produced from homopolymer polypropylene fibers.
resin. The melting point and elastic modulus, which are low Acrylic fibers have also been added at low volumes in con-
relative to many other fiber types, may be limitations in cer- ventional batch mixing processes to reduce the effects of
tain processes such as autoclaving [4.32]. However, refracplastic shrinkage cracking [4.6, 4.41]. This application is
tory product manufacturers use polypropylene fibers for similar to that discussed for polypropylene fibers, although
early strength enhancement and because they disappear far less field experience or research has been reported.
high temperatures, providing a system of “relief channels” One study has provided data regarding the effects of cer-

for use in controlling thermal and moisture changes. tain manufacturing parameters on the performance of com-
posites reinforced with high-tenacity acrylic fibers [4.5].
4.3—Properties of SNFRC This research was conducted to determine the effects of

Design methods for particular applications using low vol- acrylic fiber content, process fiber content and type, and
ume synthetic fibers have not yet been developed. Dependpressing pressure used during fabrication, on the mechanical
ing on the intended application, different manufacturers may properties of the product. Composites were fabricated using
suggest different volume content and fiber geometry. Accep-vacuum-dewatering and pressing technigues in an attempt to
tance criteria are prescribed in the ASTM Standard Specifi-simulate the Hatschek process, which is normally used for
cation C 1116 [4.33]. commercial, large-scale production of fiber-cement board.

Reports on compression strength, splitting tensile Flexural strength tests were used as a basis for evaluating
strength, and flexural strength tests generally result in thecomposite performance. The Hatschek process was devel-
conclusion that significant improvement in these strength oped in 1898 by Ludwig Hatschek. When producing com-
properties will not be observed in mature specimens whenposites using the Hatschek process, the fibers are initially
synthetic fibers are applied at relatively low (0.1 to 0.2) vol- dispersed in a dilute water/cement mixture. During the fabri-
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ficient “green strength” to be handled immediately [4.5,
4.42].

In one test series, acrylic fiber contents ranged from 1 to 3
percent by weight. Process fibers used for cement retention
in these specimens consisted 8§ percent by weight of cel-
lulose pulp in conjunction witht, percent by weight of
polyethylene pulp. Average flexural strength versus acrylic
fiber content is shown in Fig. 4.1. As indicated by this figure,
there is a trend for the Modulus of Rupture (MOR) to in-
crease and the Proportional Elastic Limit (PEL) to decrease
as the primary acrylic fiber content increases [4.5]. The in-
vestigation also determined that the total weight percentage
of process fibers used had little effect on the average flexural
strength of composites. Also, average flexural strength in-
creased as pressing pressure used during fabrication in-
creased from 500 to 1500 psi (3.5 to 10.5 MPa) [4.5].

4.3.2—Aramid FRC

Aramid fiber reinforced cement composites can be fabri-
cated using conventional mixing and forming techniques or
by using fabrication processes similar to those used to make
asbestos cement products [4.8, 4.9]. Because aramid fibers
are comparatively more expensive than other polymeric fi-
bers, aramid fiber reinforced concrete has primarily been
used as an asbestos cement replacement in certain high stress
applications. As with other asbestos replacement fibers, ara-
mid fibers exhibit poor filtration characteristics when used in
the Hatschek fabrication process. They should therefore be
used with a suitable filtration fiber whenever the Hatschek or
similar fabrication method is employed [4.25].

Aramid FRC composites have also been prepared using a
spray-suction technique [4.7]. With this technique, aramid
fibers and an atomized cement slurry were supplied from
separate sources and sprayed simultaneously onto a flat sur-
face to achieve a random fiber distribution. Excess water was
removed from the resulting mixture using suction from be-
low, and the top surface was troweled flat. Fiber contents of
up to 2 percent by volume were obtained [4.7].

Results of tensile, flexural, and the 1zod impact tests for
test specimens subjected to various curing conditions are re-
ported inTable 4.2[4.14].

Curing and aging conditions were varied among the test
specimens. The test results were compared with results from
tests performed on “control” specimens in order to assess the
long term strength durability of the aramid FRC. The control
specimens were subjected to a normal 28-day moist cure pri-
or to testing. The test results as showmable 4.2indicated
the following [4.14]:

1. For three selected curing environments (two years in
water at 68 F [20 C], two years in air at 68 F [20 C], and two
years in natural weathering at Garston, U.K.) the UTS and
MOR did not decrease. For the air storage condition, the
strain to failure and impact strengths increased and the PEL
stress decreased. For the water storage condition, the strain

cation process, a great deal of the initial mixing water is re- to failure and the impact strength decreased.
moved through vacuum-dewatering. Composite thickness is 2. Material behavior for underwater storage at 140 F (60
gradually built up by layering. Finally, the composite is C) was similar to that observed after storage at 68 F (20 C).

pressed to densify and remove still more of the water. Fin-

3. Exposure in air at 300 F (150 C) for 45 days resulted in

ished composites have very low water-cement ratios and suf-a slight decrease in tensile PEL and UTS.



Table 4.2— Material properties of aramid fiber reinforced concrete composites

Tensile properties

Bending properties

Young's MOR Modulus of Impact
Curing/aging UTS stress,| UTSstrain, | PEL stress, | PEL strain, Modulus, stress, PEL stress, | PEL strain, elasticity, strength,
conditions psi percent psi millionths ksi psi psi millionths ksi ft-Ib/in.2
Water 28 days 2335 1.53 1285 318 4045 6440 2235 891 2900 8.1
68 F 180 days 2175 1.28 1340 252 5380 6440 2365 773 3115 7.0
2 years 1970 1.08 1030 210 4915 6310 2565 850 3250 5.7
Air 180 days 2088 1.79 1050 265 3990 6775 1825 853 2235 8.4
68 F 2 years| 2146 1.69 554 167 3495 6585 1395 587 2540 10.5
Weather 2 year 2088 1.40 685 168 4105 6315 227 768 320% 6.
Water 7 days 2130 1.24 1295 258 4945 5730 1915 713 2725 8.1
140 F 50 days 2390 1.26 1045 230 4555 6020 1855 785 2320 5.9
180 days| 1780 1.11 910 185 4915 5540 2305 710 3320 5.2
Air 7 days| 1900 1.69 1075 348 3335 4990 1985 1300 1665 7.1
300 F 45 days| 1755 1.91 530 252 2335 5455 1990 964 2405 9.5
Autoclave 75
180 F 16 hrs 1365 1.14 805 212 3990 3610 1915 1290 1535 )
Control 28 dayg 1940 1.41 1110 283 3930 5280 1744 883 1985 10

Metric equivalents:

1 ksi = 1000 psi = 6.895 MPa; 1 ft-fb#r2.102 kJ/rf; (deg F-32)/1.8 = deg C.

4a=1047%"]
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4. Tensile, flexural, and impact strengths for the auto-
claved specimens were approximately 30 percent less tha
strengths for the control specimens.

Figure 4.2shows the composite behavior in flexure after two
years of aging in various environmerftgyure 4.3shows the
composite behavior in flexure after autoclaving and after sever
al weeks of aging in various environments. These test results it

dicated that aramid FRC composites can be expected to reta sending
most of their initial strength and ductility after long periods of S"®ss

exposure in adverse environments [4.7, 4.14].

Cyclic flexural loading was conducted to evaluate the fa-
tigue resistance of aramid FRC composites. Test results ir
dicated that the composite was resistant to fatigue at stress
significantly greater than the Proportional Elastic Limit
(PEL). No failures were recorded below the PEL (approxi-
mately 2175 psi [15 MPa]) after one million loading cycles
[4.7, 4.14).
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Tension tests were conducted to evaluate the effects of dil Deflection, in.

ferent fiber contents on tensile strength of aramid FRC com-

posites. Fiber contents ranged between zero and 2 percent Iyy. 4.4—Typical bending stress versus deflection curves
volume and the fiber orientation was unidirectional. Resultsfor composites containing 3 percent by volume of carbon
indicated that the Bend-Over-Point (BOP) decreased for fifibers of various tensile strengths

ber contents above 1.45 percent. However, the UTS,

Young'’s Modulus, and toughness increased as fiber contents

increased.

Researchers [4.43] have demonstrated the performanci
particularly in toughness, impact resistance, and flexural
performance, of aramid fiber reinforced cement, concrete
and mortar. The relative cost of these fibers has limited
widespread application.

4.3.3—Carbon FRC

Carbon fiber reinforced concrete (CFRC) may be fabricat-
ed by batch casting. Carbon fiber can be incorporated into .
cement matrix as individual fibers. Fibers incorporated dur- g mmm’ x10°
ing the batch mixing process are oriented randomly through
out the mix.

A satisfactory mix of chopped carbon fiber, cement, and
water is difficult to achieve because of the large surface are
of the fiber. Uniform dispersion of discontinuous low modu-
lus carbon fibers can be achieved [4.44] by use of a high er
ergy flexible base-type mixer, the addition of methyl
cellulose, and the use of a defoaming agent to eliminate ai
bubble formation. The use of condensed silica fume along 7 days
with a proper dose of superplasticizer is reported to be an ef 0 !
fective way of obtaining a uniform distribution in a cement 0 05
paste [4_45, 4.46]. Nylon by Weight of Cement, %

The effects of fiber orientation and distribution in carbon
fiber reinforced concrete composites has been reportedfig. 4.5—Nylon content versus impact strength at different
[4.11]. Instrumented impact test results using low modulus29€S
carbon fibers demonstrated substantial increases in impact
strength and fracture energy in proportion to the volumeposite specimens were produced by the sprayed-dewatered
fraction of fibers used [4.45]. process and used two different fiber lengths, 0.43 in. (11

Strength retention with age for composites was measurethm) and 1.25 in. (32 mm), and contained 0.6 to 1.3 percent
after storing specimens in water at 64 and 122 F (18 and 50ber by weight [4.11].

C) for one year [4.11]. Little change in strength was report- In another report [4.13], information on several other en-
ed. This trend was confirmed with the report that no signifi- gineering properties of CFRC has shown that the addition of
cant loss of strength was found for composite specimensarbon fibers results in improved impact strength, fracture
stored under water at 140 F (60 C) for one year. These conteughness, and dimensional stability. Both impact strength

1200 , , |

Imperial Equivalent:
£ :
1kgmm/m 3 1.4225x 10 in-ib/in.

1000 |~
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High-Tenacity Nylon Yarn Cut into
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1000

Displacement, mm

Fig. 4.6—Load versus load-line displacement curves for
acrylic, aramid, and nylon FRC

and fracture toughness of composites increased with in-
crease in fiber content. Measured shrinkage of composites
containing approximately 6 percent high-modulus carbon fi-
ber by volume was reportedly one-tenth that of the unrein-
forced cement matrix. Similarly, expansion of composites
stored in water was also less than that of the unreinforced ce-
ment matrix. Reduction in creep strain was also noted due to
the addition of carbon fibers.

The same study also investigated the effects of carbon fi-
ber addition on creep caused by static sustained loads and fa-
tigue due to dynamic loads [4.13]. Results of dynamic load

tests indicate that CFRC composites initially decrease in .

strength due to fatigue and then level off at some limiting
strength. This limiting strength was found to be much greater
than the matrix cracking strength. Results of static load tests
indicate ultimate strength reductions due to sustained loads
even when the applied stress was less than the matrix crack-
ing strength [4.13].

Another study reported the effects of the tensile strength o
low modulus pitch-based carbon fibers on the flexural
strength of CFRC composites [4.46]. Table 4.3 shows the
tensile strength, elastic modulus, and elongation for each of
the fiber types considered in the testsiure 4.4shows the
bending stress-deflection curves obtained for composites
containing each fiber type. According to the results, the ten-
sile strength of the fiber should be greater than 93 ksi (640
MPa) in order to reinforce the cement matrix effectively.
Composites contained 3 percent carbon fiber by volume. Fi-
bers were 0.40 in. (10 mm) long and were randomly dis-
persed in the cement matrix.

4.3.4—Nylon FRC

Nylon fiber was one of the earliest fiber types evaluated
for use in concrete. Initial interest stemmed from the Army
Corps of Engineers, whose primary purpose was to develop
blast-resistant concrete [4.1, 4.2]. It was found that nylon fi-
bers were particularly effective in controlling the impact
forces present in a blast situation, as measured by fragment
velocity, percent slab intact, and distance to the farthest frag-
ment. One study confirms nylon’s ability to resist impact
forces as aresult of blast. In this study, 3.28 ft (1.0 m) hollow
cubes were reinforced on two adjoining sides with 12 per-
cent by weight of 0.24 and 0.47 in. (6 and 12 mm) long fi-
bers, respectively. The hollow cubes were filled with water
and a 1.76 oz (50 gm) explosive placed in the center. The au-
thors confirmed the ability of nylon fibers to withstand blast
effects and act as a crack arrestor [4.47].

MANUAL OF CONCRETE PRACTICE

The ability of nylon fibers to impart impact resistance and
flexural toughness is well documented [4.1, 4.18, 4.47-4.51].
One study [4.50] of nylon FRC reports I1zod impact strengths
ranging from 4.5 to 17.1 ft-Ib/in. (0.24 to 0.91 Nm/mm) ver-
sus 0.64 ft-Ib/in. (0.03 Nm/mm) for plain concrete. Experi-
mental variables including fiber denier (15d to 235d), fiber
content (2 to 3 percent by weight), and curing conditions
(moist vs. dry) accounted for the range in impact strengths.
Another evaluation [4.47] of nylon FRC at a fiber content of
0.5 percent by weight using a drop weight setup revealed im-
pact strengths 5 times greater than plain concrete. At a fiber
content of 1 percent by weight, the impact strength was 17
times greater than plain concrete as showfidgn 4.5 The
nylon evaluated was a 70 denier/18 filament high tenacity
yarn cutinto 0.24 to 0.47 in. (6 to 12 mm) lengths at contents
of 0.5 to 1.0 percent by weight of cement. A third testing pro-
gram examining the effects of several parameters including
fiber denier (4 to 50d), fiber length (0.5 to 2 in. [13 to 51
mm]), curing condition, and fiber content (0.5 to 4.0 percent
by weight) shows nylon to increase impact resistance from
7.5 to 15 times that of plain concrete. The 1zod Pendulum
method was also used in this evaluation [4.18].

Several researchers have shown significant improvement
in toughness, ductility, and control of cracking with the use
of nylon fibers at contents ranging from 0.5 to 3 percent by
volume [4.22, 4.48, 4.49]. One particular study, using a Type
[l (high early strength) cement and silica sand matrix, mea-
sured first-crack stress, maximum strength, and toughness
using a compact tension test. Notched specimens were sub-

¢ jected to a four point bending load. A clip gauge was at-

tached to the specimen crack mouth to measure load-line
displacement. As shown iRig. 4.6 the data indicated a
modest increase in first-crack stress and maximum strength
while the ability to absorb energy in the post-crack region
(toughness) improved dramatically with the addition of 2 to
3 percent by volume of nylon fibers [4.49].

Nylon has been shown to be particularly effective in sus-
taining and increasing the load carrying capability of con-

Table 4.3— Mechanical properties of carbon fibers

Tensile Elastic Elongation,
Fiber type strength, ksi modulus, ksi percent
Fiber-A 63.8 3860 1.65
Fiber-B 83.6 4426 1.89
Fiber-C 93.4 4237 2.22
Fiber-D 96.9 4498 2.17
Fiber-E 98.4 4455 2.19
Fiber-F 99.0 4295 2.33
Fiber-G 106.6 4469 2.38
Fiber-H 110.9 4701 2.36

Metric equivalent: 1ksi = 6.895 MPa.
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crete following first crack [4.1, 4.48, 4.49]. Other 8000 —

researchers have demonstrated nylon’s ability to provide im- Metrc Equivalents:
proved toughness and crack control following exposure to an 1in. =26.4 mm
accelerated aging environment [4.22]. The accelerated envi-

ronment, a saturated brine solution heated to 122 F (50 C) 6000
was used to determine long-term durability. Flexural beams, g,
reinforced with 0.75 in. (19 mm) long nylon fibers at 0.5 per-  Load,
cent by volume, were subjected to this environment for spe- "¢
cific time intervals up to 360 days.

Conflicting results have been obtained with respect to
flexural strength. A number of researchers have shown

4000

increased flexural strength [4.1, 4.49-4.51]. Others as- 2000 ® First Crack Occurance

sert nylon fibers contribute very little to the improve- ® Secondary Crack Oceurance

ment of flexural strength even at high fiber contents Fin: Fracture Load of Plain Concrete in Flexure

[4.18, 4.48]. | 1 : | |
The effect of nylon fibers on compressive and splitting °o 0.04 0.08 0.12 0.16 0.20

tensile strength has been shown to be negligible in severa Deflection, in.

cases [4.49, 4.51]. One researcher concluded that compres-. . ]

sive strength of mortar mixes decreases with increasing fiber 19: 4-7—Typical flexural load-deflection curves of polyeth-
: . . ylene fiber reinforced concrete for various fiber contents

content. The nylon fiber, a 0.5 in. (13 mm), 15 denier mate-

rial was added at contents up to 1 percent by volume [4.51].

With respect to Spllttlng tensile Strength, the addition of ny- geometry, method of production and Composition of the ma-
lon at 2.4 percent by volume was shown not to significantly trix. This is true for all synthetic fiber types.
increase strength. For the purposes of this evaluation, a mor- 4 3 7.1Fresh concrete properties and workabilitfresh
tar mix containing high-early strength cement and silica sandconcrete properties and workability determined by three dif-
was used [4.49]. ferent methods (slump, inverted slump cone time, and Vebe
The effectiveness of low modulus, synthetic fibers to rein- time) were reported for collated fibrillated polypropylene fi-
force concrete and enhance its properties is controlled by theyer reinforced concrete having fiber contents ranging from
fiber/cement interface, fiber geometry, and fiber distribution 0.1 to 2.0 percent by volume [4.55-4.59].
[4.49]. Property improvements seen with nylon fibers are re-  gatisfactory workability was maintained even with a rela-
ported as being primarily a function of fiber geometry (high tjyely high fiber content (2.0 percent by volume) with the ad-
aspect ratio) and fiber distribution. Low bond strength be- jition of an appropriate amount of high-range water reducer
tween a certain type of nylon fiber and the cement matrix hasio maintain equal strength and water-cement ratio [4.59]. Al-
been reported [4.49]. though fibrillated polypropylene fibers, cement, and aggre-
The ability of nylon fiber to reduce concrete shrinkage has gates were added to the mixer simultaneously, no balling
been demonstrated in one test series. Nylon fibers added &jccurred even at higher quantities of fibers. The fresh con-
contents ranging from 1 to 3 percent by volume were showncrete with fibrillated polypropylene fibers had no surface
to decrease shrinkage by as much as 25 percent as measurgﬁ;eding and no segregation [4.55, 4.56, 4.58, 4.59].
by length change [4.52]. 4.3.7.2 Compressive strengthGempressive strengths
4.3.5—Polyester FRC have been reported for polypropylene FRC with fiber con-
Polyester fibers have been used in concrete to control plastents ranging from 0.1 to 2.0 percent by volume [4.14, 4.34,
tic shrinkage-induced cracking [4.49, 4.53, 4.54]. The fiber 4.55, 4,56, 4.58-4.61]. There is no consensus in the reported
is added at relatively low fiber contents, approximately 0.1 results. In general, it can be stated that the addition of
percent by volume for this purpose, as itis for other synthetic polypropylene fibers at different quantities has no effect on
fiber types. the compressive strength. The minor differences noticed are
4.3.6—Polyethylene FRC expected variation in experimental work. They can also be
As indicated inFig. 4.7concrete reinforced with polyeth-  due to variations in the actual air contents of the hardened
ylene fiber contents ranging from 2 to 4 percent by volume concrete and the differences in their unit weights.
exhibited a linear flexural load deflection behavior up to first  However, the addition of polypropylene fibers has a sig-
crack. This behavior is followed by an apparent transfer of nificant effect on the mode and mechanism of failure of con-
load to the fibers permitting an increase in load until fibers crete cylinders in a compression test. The fiber concrete fails
begin to break [4.26]. Multiple cracking is observed to occur. in a more ductile mode. This is particularly true for higher
4.3.7—Polypropylene FRC strength fiber concretes, whereas plain control concrete cyl-
Test data have been compiled for composites containinginders typically shatter due to an inability to absorb the ener-
polypropylene fibers at volume percentages ranging fromgy release imposed by the test machine at failure. Fiber
0.1to 10.0 percent. The material properties of these composeoncrete cylinders continue to sustain load and endure large
ites vary greatly and are affected by the fiber volume, fiber deformations without shattering into pieces [4.55-4.58].
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Fig. 4.8—Ratio of modulus of rupture to the square

It was also reported [4.57] that, for a specific concrete mix addition of fibers to the control concrete indicating that con-
used for both control concrete and fiber concrete, high quan-crete matrix qualities were not compromised by the addition
tities of fiber (2.0 percent by volume) produced concrete of fibers.
with poorer workability, more bleeding and segregation, rel-  4.3.7.4Flexural strength (modulus of ruptureBimilar to
atively higher entrapped air (13.9 percent), and lower unitthe compressive strength results, there is no consensus in the
weight. This resulted in a decrease in the compressivepublished literature about the effect of adding polypropylene
strength. This observation indicates the importance of ad-fibers on the first-crack strength and modulus of rupture. It
justing aggregate proportions when high quantities of fibershas been reported [4.34] that at a fibrillated polypropylene fi-
are used [4.57]. Optimum mixture proportions should be ob-ber content of 0.1 percent by volume, there was a slight in-
tained by trial mixes when using higher fiber volumes. This crease in flexural strength (0.7 to 2.6 percent), and at 0.2 to
was demonstrated in another investigation by the same au®.3 percent by volume there was a slight decrease. Others
thor [4.58]. It was shown that there was no reduction in com-[4.56] have reported that the modulus of rupture determined
pressive strength when 0.1 to 1.0 percent by volume of fibersat 7 and 28 days was slightly greater for fibrillated polypro-
were added. pylene FRC at fiber contents of 0.1 to 0.3 percent by volume

4.3.7.3Static modulus and pulse velocitwhen com-  in comparison to plain concrete.
pared on an equal compressive strength basis, it was shown When the same basic mix proportions were used, the mod-
[4.55-4.59] that the addition of fibrillated polypropylene fi- ulus of rupture decreased as the fiber content was increased
bers in quantities varying from 0.1 to 2.0 percent by volume from 0.1 to 2.0 percent by volume [4.59]. For 2.0 percent by
had no effect on the static modulus of elasticity as deter-volume fibrillated polypropylene FRC, the compressive
mined using ASTM C 469 test procedure. This was true strength was low due to the higher air content and, hence, the
when the concrete cylinders were tested at both 7 and 2dlexural strength was also low. Similarly, for 1.0 and 1.5 per-
days. cent fibrillated polypropylene fiber volumes, the compres-

Beams and cylinders were tested at 7 and 28 days for pulséive strengths were low, and hence, the flexural strengths
velocity according to ASTM C 597 for fibrillated polypropy- Were also low. As a result, the direct flexural strength com-
lene FRC with fiber contents ranging from 0.1 to 2.0 percentParisons may be misleading [4.5B]gure 4.8illustrates the
by volume [4.55-4.59]. The results showed that there was lit-€ffect of adding varying quantities of fibrillated polypropy-
tle or no effect on the measured pulse velocities due to thdene fibers to a basic plain concrete mixtlg. 4.8 note that

the modulus of rupturé, , values were normalized by divid-
300
Average

-— ing them by /f', . It is obvious that the mix proportions
- should be properly designed when higher quantities of fibers
are added in order to obtain suitable workability and
strength. In another investigation, the mix proportions were
optimized by trial mixes for higher quantities of fibrillated
polypropylene fibers [4.58]. When these optimized mix pro-
Number 200 portions were used, there was no change in compressive
ot Blows 5 Full Fal . strength and no change in modulus of rupture for higher vol-
ull Failure (G Series) . .
First Grack (G Series) ume percentages of fibrillated polypropylene fibers.
7Eull Failure (NF Series) 4.3.7.5Impact strength-A large number of test setups
First Grack (NF Seris) has been used to investigate the performance of polypropy-
05 » lene FRC under impact loading. Due to the variable nature of
such testing and the need to apply specialized analytical
: techniques to each test setup, cross test comparisons cannot
Fig. 4.9—Impact test results for polypropylene FRC be made. There are reports of increased impact strength

0.1

Fiber Percentage
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when using polypropylene fibers [4.1, 4.55, 4.57, 4.62-4.65]. sras = cwsizarr totigus sirseesi
However, in other tests no improvement was found [4.66- i R
4.68]. Impact strength improvement was reported to be a: : Tl = A0 P

high as 15 percent in uniaxial tension mode [4.64] and 5(C
percent in a flexural mode [4.63]. Using the ACI “drop-
P i
I WV e
=
0. 4.10—Fatigue strength for polypropylene FRC

weight” test according to AClI Committee Report 544.2R,
the impact strength was measured for polypropylene fiber re
inforced concretes with fiber contents ranging from 0.1 to
2.0 percent by volume and the same basic mixture propor
tions for all the concretes [4.57]. Both impact strength at first
crack and at complete failure increased significantly with the
addition of polypropylene fiber compared to the plain con- frel
trol concrete. In another investigation [4.55], concretes with

two different mixture proportions (water-cement ratio 0.40 TR
for NF Series and 0.5 for G Series) and three different fiber_.
contents (0.1, 0.5, and 1.0 percent by volume) were tested fc;:r'
impact strength using the ACI drop-weight test method. The
comparison bar chart for first crack and complete failure
shown inFig. 4.9shows that, for all fiber contents, the num-
ber of blows for first crack and complete failure are consid-
erably greater than that for plain concrete. Also, the impac
strength increases as fiber content is increased. Improveme
in fracture energy for polypropylene FRC was reported be-
tween 33 and 1000 percent [4.63, 4.66].

The effect of polypropylene FRC used with conventional- ;57
ly reinforced beams under impact loading has been reporte
[4.69]. In addition to the conventional reinforcement both
moderate strength and high strength concrete specimerisg. 4.11—,toughness indices for polypropylene FRC
contained 0.5 percent by volume of 1.5 in. (37 mm) long fib-

rillated polypropylene fibers. The improvement in impact tigue loading for four types of fibers including
fracture energy was twofold using moderate strength conpolypropylene fibers. Concretes with two fiber contents (0.5
crete (6000 psi [42 MPa]) and almost ten fold using highand 1.0 percent by volume) and using the same basic mixture
strength concrete (12,000 psi [82 MPal]). proportions were tested up to four million cycles. In this
4.3.7.6Fatigue strength and endurance limi®re of the  study, the endurance limits were not significantly improved.
important attributes of FRC is the enhancement of fatigueFor polypropylene FRC with 0.5 and 1.0 percent fibers by
strength compared to plain concrete. Failure strength is devolume, the endurance limits were 67 and 70 percent, re-
fined as the maximum flexural fatigue stress at which thespectively. For the plain control concrete, the endurance lim-
beam can withstand two million cycles of non-reversed fa-it was 65 percent [4.57].
tigue loading. In many applications, particularly in pave- |n another investigation, using optimized mixture propor-
ments and bridge deck overlays, full depth pavements andons, the flexural fatigue strengths were determined for con-
industrial floors, and offshore structures, flexural fatigue cretes having fiber contents of 0.1, 0.5, and 1.0 percent by
strength and endurance limit are important design paramevolume [4.58]. The flexural fatigue strengths are shown in
ters mainly because these structures are subjected to fatigiréy. 4.10 As shown in the figure, there is a trend toward in-
load cycles. The endurance limit of concrete is defined as thereasing fatigue strength as the fiber content is increased.
flexural fatigue stress at which the beam could withstand twoThe endurance limits for two million cycles (the ratio of the
million cycles of non-reversed fatigue loading, expressed asnaximum flexural fatigue strength to the modulus of rup-
a percentage of the modulus of rupture of plain concrete. ture) increased by 16, 18, and 38 percent for 0.1, 0.5, and 1.0
The flexural fatigue strengths and endurance limits havepercent fiber content by volume, respectively, in comparison
been reported for polypropylene FRC with various fiber con-to plain concrete [4.58].
tents [4.4, 4.55-4.59]. Specifically, the addition of polypro- Similar to steel FRC, polypropylene FRC also shows in-
pylene fibers, even in small amounts, has increased thereased static flexural strengths after being subjected to fatigue
flexural fatigue strength. Using the same basic mixture prodoading [4.55]. Thus, it can be stated that for polypropylene
portions, the flexural fatigue strength was determined forFRC subjected to fatigue stress below the endurance limit value,
three fiber contents (0.1, 0.2, and 0.3 percent by volume) anthere is an increase in the potential modulus of rupture value.
it was shown that the endurance limit for two million cycles 4.3.7.7 Flexural toughness and post-crack behavior—
had increased by 15 to 18 percent [4.56]. Another extensiv&lexural toughness and post-crack behavior have been re-
investigation [4.57] was conducted to determine the behavported for fiber contents ranging from 0.1 to 2.0 percent by
ior and performance characteristics of FRC subjected to favolume [4.3, 4.4, 4.30, 4.56-4.59, 4.70-4.73]. The toughness

N
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was determined using the ACI method reported in ACI Com- pressed as a percentage of maximum load were 45, 27, and
mittee Report 544.2R and ASTM C 1018. Mostly, the earli- 26 percent for beams with 0.1, 0.5, and 1.0 percent fiber by
est reported results were based on the ACI method and th&olume, respectively. The post-crack reduction in load gen-
most recent reported results were based on the ASTM metherally decreases as the fiber content increases, as shown in
od. It should be noted that the toughness index values deFig. 4.12[4.55].
pended to a large extent on the type of machine and type of Researchers [4.70] have also shown that composites rein-
loading method employed [4.73]. When load-controlled ma- forced with collated fibrillated polypropylene fibers dis-
chines were used, polypropylene FRC with 0.1 percent fibersplayed excellent post first-cracking behavior if produced
by volume failed suddenly without any appreciable increaseunder certain optimized conditions. Mechanical bonding
in toughness compared to control concretes [4.56]. This wasproperties of the polypropylene fiber were found to be great-
true for both 7 and 28 day tests. Beams with 0.2 and 0.3 perer for twisted collated fibrillated polypropylene fibers or for
cent by volume of fibers showed considerable increase infibers with buttons (enlargements) added to the fiber ends. It
toughness. A toughness indey) {falue between 2 and 3was was also determined that premixing the fibers to achieve a 3-
obtained. When the tests were conducted according todimensional random fiber distribution resulted in stronger
ASTM C 1018 with deflection-controlled machines or by and tougher composites than alternatively preplacing the fi-
closed-loop testing machines, even beams with fiber con-bers in a 3-dimensional mat. A representative flexural load-
tents of 0.1 percent by volume had toughness index values ofleflection curve for the collated fibrillated polypropylene fi-
3 or more [4.57]. However, even plain concrete beams (with-ber reinforced concrete composite described above is shown
out fibers) gave toughness index values of 3 when tested on )
closed-loop deformation-controlled machines. The reported 240 —
toughness index ) values varied from 3.5 to 4.8 for con- Thetsian
cretes with 0.5 and 1.0 percent fibers by volume. The calcu- ez
lated values for toughness indgy, Idetermined according to
ASTM C 1018, are shown iAg. 4.11[4.55]. The toughness
index depends largely on the estimate of the first-crack load.
Therefore, caution should be exercised in interpreting pub- Load,
lished toughness results. Ibs
At higher fiber contents, there is considerable improve- 120 |
ment in the 4, toughness index for polypropylene FRC as
shown inFig. 4.11
Factors such as fiber length, fiber material, fiber geometry,
and bonding characteristics also influence the toughness and
post-crack behavior. It has been reported that, due to the ad-
dition of polypropylene fibers at a fiber content of 0.1 per-
cent by volume, there is an improvement in the post-crack
behavior and energy absorbing capacity of concrete [4.57, 0 I I L |
. . . 0 0.2 0.4 0.6 0.8
4.63]. Beams reinforced with polypropylene fibers can sus-
tain loads beyond the first crack-load, but at a reduced load
level. The ability to absorb elastic and plastic strain energy Fig. 4.13—Representative load-deflection curve for opti-
and to conduct tensile stresses across cracks is an importanfized composite containing chopped polypropylene fiber
performance factor for serviceability. These factors provide
a mechanism for controlling the growth of cracks after crack 1
opening deformations have occurred. The fiber content has d
an influence on the post-crack load carrying capacity. Tests AN
[4.55] have shown that the post-crack reduction in load ex- N
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in Fig. 4.13 Multiple matrix cracking was associated with  accelerated drying conditions [4.35] indicated reductions of
the post-cracking behavior of the composite. 18, 59, and 10 percent for fiber volumes of 0.1, 0.2, and 0.3
Another testing program [4.30] showed that composites percent, respectively. Due to the high degree of variability
reinforced with polypropylene fibers can sustain loads be- associated with such testing, the authors caution against us-
yond the first cracking load. Research was conducted usinging these data to form the relationship between fiber amount
CompOSiteS reinforced W|th eithel’ monOfilament or f|br|”at' and Shrinkage reduction_ Test Specimens were Cured under
ed fibers. Tests were conducted to determine t_he effects of fi- water, then subjected to accelerated drying. Shrinkage strain
ber content as well as several other variables on the e q s time was plotted to compare specimens containing fi-
:nef[:hamtlialdprogernes of QOThpO?It?[S- Inckr_easets in f;ger (;o_n- bers with control specimens treated identically and simulta-
ent resulted in decreases in the first cracking strength an 'n'neously. These curves are showiFig. 4.15
creases in the ultimate strength of composites in flexure. . .
. : These same authors [4.35] also reported plastic shrinkage
Considerable shotcrete research, both in the laboratory .
reductions of 12 to 25 percent for polypropylene contents

and in the field, has been conducted with collated fibrillated ina f 011003 th | Plastic shrink
polypropylene fibers at contents ranging from 0.4 to 0.7 per- ranging from U.1 10 0.5 percen YVO ume. as_ IC shrinkage
tests followed ASTM C 827. During the tests, it was noted

cent by volume [4.3, 4.74-4.76]. Collated fibrillated polypro- ) e
pylene fibers are being used to replace conventional that the quantity of surface bleed water was significantly re-

reinforcement materials in tunnel lining and slope stabiliza- duced by the addition of fibers. It was suggested that the
tion applications. presence of fibers reduced settlement of the aggregate parti-

Research comparing post-crack properties of fibrillated Cles, thus eliminating damaging capillary bleed channels and

polypropylene fiber, steel fiber, and welded-wire fabric
(WWF) reinforced shotcrete show the fibrillated polypropy-
lene fiber at 0.6 percent by volume to have load carrying
properties similar to approximately 100 Ib?)(&Q kg/n¥) of
steel fiberand 4 x 4 - W2.1 x W2.1 and 6 x 6 - W2.9 x W2.9
[4.3].

4.3.7.8Shrinkage and crackingRectangular and square
slab specimens have been used to demonstrate the ability o
SNFRC at low volume fiber additions to control cracking re-
sulting from volume changes due to plastic and drying
shrinkage. Several reports [4.38-4.41] have shown that low
denier fiber, and therefore high fiber count (number of fibers
per unit volume), reduces the effects of restrained shrinkage
cracking.

One report [4.77] shows the ability of polypropylene FRC
to control drying shrinkage cracking. The tests were con-
ducted using ring type specimens to simulate restrained
shrinkage cracking. With the dimension of these specimens,
it can be assumed that the concrete ring is subjected to ap-
proximately uniaxial tensile stresses, when the shrinkage of
the concrete annulus is restrained by the steel ring. Then the
crack width is measured using a special microscope. Con-
cretes made with different amounts of polypropylene fiber
were studied. Results are showrfFig. 4.14 It can be seen
that the addition of polypropylene fiber reduced the average
crack width significantly (compared to plain concrete). A
theoretical mathematical model to predict crack width of
ring specimens subjected to drying was also developed.

There is presently no standardized procedure for quantify-
ing the effects of polypropylene, or any other synthetic fiber,
on plastic or drying shrinkage or on cracking that results
from volume changes under restrained conditions. However,
many procedures have been suggested and their results ar
being studied by the ASTM Subcommittee C09.42 Task
Group on shrinkage testing.

Reductions in drying shrinkage (or volume change) in un-
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preventing an increase in inter-granular pressures in the plas-
tic concrete. This reduced settlement helps account for the
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restrained specimens have been reported using polypropy-rig 4,15 Drying shrinkage strain versus time plots for
lene fibers at 0.1 percent by volume [4.35]. Unrestrained polypropylene fiber reinforced concrete sptcimens and com-
drying shrinkage tests conducted at an early age and usingpanion plain concrete specimens



544.1R-52

10

Micro Reinforced Cement Systems
1
&
@ PPl ad
8 o5 oot
[ ol
P 4
as
B s
N
6 Wm 2 = o
. m o3 s il ® 34
Strengthening o1 L0032 ® 41
Factor 119%22
®21
4 T Ld
',’ ® 30 50
:l ® 10
2 z 1 @  More Carbon Flbers
H | W More Steel Fibers
H
O Plain Paste O Equa
. |
[1] 40 80 120 160 200 240

Toughening Factor

Fig. 4.16—Carbon-steel hybrid fiber reinforced concrete

greater volume (lower density) with fibrous mixes discussed
earlier.

Although unrestrained shrinkage tests do provide some in-
formation about the shrinkage characteristics of fiber rein-

forced composites, results of these tests may not provide any

useful information regarding how composites respond to

shrinkage-induced stresses in a restrained condition. In the

restrained condition, shrinkage strains translate into tensile
stresses in concrete. After cracking, polypropylene fibers are

believed to transfer tensile stress across cracks and act to ar-

rest or confine crack tip extension so that many fine (hair-
line) cracks occur instead of fewer larger cracks [4.78].
Other research has shown that low volume contents, 0.1
percent, of low effective diameter polypropylene fiber sig-
nificantly limit crack size for plastic shrinkage cracks that
occur within the first few hours after casting [4.40, 4.41].
Composites reinforced with higher volume contents of
polypropylene fiber have also been shown to have an influ-

MANUAL OF CONCRETE PRACTICE

4.3.7.10 Tests at elevated temperaturds—has been
shown that polypropylene fiber reinforced concrete may not
be compatible with certain autoclave curing techniques
[4.32]. Results of tests indicate that composites cured in an
autoclave at 58 psi (0.4 MPa), 284 F (140 C) for 24 hours and
then oven-dried at 241 F (116 C) for 24 hours suffer a con-
siderable loss in ductility due to thermal oxidative degrada-
tion of the polypropylene fibers. It was later proven that the
thermal degradation was caused by the high oven-drying
temperature employed and that autoclave curing in conjunc-
tion with oven-drying could be used only if drying tempera-
tures are greatly reduced.

Full scale fire testing of metal deck composite slabs, uti-
lizing fibrillated polypropylene fibers and no other rein-
forcement, has been reported [4.79, 4.80]. Test results
indicated that the presence of fibers had no adverse effect
and that a two-hour fire rating could be achieved for unpro-
tected steel deck composite slab system and a three-hour fire
rating could be achieved for a protected steel deck composite
slab system.
4.3.8—Hybrid fiber reinforced concrete
Although not investigated extensively, the use of two or
more fiber types in the same concrete mix is considered
promising. The decision to mix two fibers may be based on
the properties that they may individually provide or simply
based on economics. Considerable improvement in the load-
deflection response was observed mixing steel with polypro-
pylene fibers [4.81].

In a more recent study [4.82], steel micro-fibers (25 mi-
crons in diameter and 3 mm long) and carbon micro-fibers
(18 microns in diameter and 6 mm long) both in mono- and
hybrid- forms were investigated. In the mono-form, steel fi-
ber provided better strengthening than the carbon fiber and
carbon fiber provided better toughening than the steel fiber.
Interestingly, in the hybrid form (in combination), they both
retained their individual capacities to strengthen and toughen

ence on restrained shrinkage and shrinkage induced cracking,q shown irFig. 4.16 It appears possible, therefore, that by

[4.71]. Composites reinforced with 2 percent polypropylene
fibers by volume can provide significant post-cracking
toughness effectively distributing shrinkage induced crack-
ing in mature concrete.

Multiple cracking displayed by hardened composites dur-
ing restrained shrinkage tests indicates the ability of the fiber
concrete to distribute shrinkage induced cracking strains.

4.3.7.9Bond strength-Generally speaking, the effective-

properly controlling fiber properties and combining them in
appropriate proportions, one can actually tailor-make hybrid
fiber composites for specifically designed applications.

4.4—Composite production technologies

Batch mixing is a widely used production method for all
types of SNFRC. Fibers are added to the wet mix directly
from bags, boxes, or feeders. Collated fiber types require

ness of polypropylene fibers in fiber reinforced concrete de- mechanical agitation during the mixing process to encourage
pends upon the mechanical bond between the fiber andthe breakup of fiber bundles and their dispersion through the
cement paste. Polypropylene is chemically inert and hydro- mixture. Prepackaged dry mixes that contain dispersed fibers
phobic, thus eliminating the potential for chemical bonding. and to which only water need be added are also available.
As a result, the mechanical bond of fibrillated polypropylene Preweighed fiber quantities in degradable bags are also
fibers can be greater than monofilament polypropylene fi- widely used to facilitate batching.

bers [4.14]. The fibrillated polypropylene fiber exhibits im- After batching, placement techniques include all the stan-
proved mechanical bonding as a direct result of cement dard methods such as batch casting, pumping, wet-mix shot-
matrix penetrating the fibrillated network that anchors the creting, and plastering. The use of dry-mix shotcrete for
network in the matrix [4.14]. This feature is called pegging. SNFRC is difficult due to the propensity for the relatively
A mechanical bond or adhesion with calcium silicate hydrate low density fibers, specific gravity of approximately 1.0, to
has been reported [4.31]. be blown out either by the shotcrete nozzle air pressure
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stream or by environmental air streams. Slip form machines 4.5—Fiber parameters

pose no problems with SNFRC mixes. In current commercial and industrial bulk concrete appli-
Polypropylene fibers have been incorporated into concrete cations, synthetic fibers are added to concrete in the low

using several methods [4.18, 4.30, 4.63, 4.83]. They may berange of fiber additions, approximately 0.1 percent based on

mixed as short discrete fibers of monofilament or fibrillated the volume of concrete. In these applications, the strength of

form. It has been reported that polyethylene fibers could be the concrete is considered to be unaffected and crack control

easily dispersed in concrete matrices in volume percentagescharacteristics are sought.

of up to 3 percent using conventional mixing techniques  Fiber additions of two or three times the volume above are

[4.26]. being tested and flexural strength and toughness increases
Acrylic fibers have been used in the Hatschek process, are being reported when concrete placement can be accom-
which is used to manufacture asbestos-cement board. plished without compaction difficulties.

Asbestos fiber conforms very well to the Hatschek process  Sjze and weight classification of fibers used in these appli-
because these finely fibrillated fibers provide excellent fil- cations use terminology originating in the textile industry.
tration characteristics that keep the cement particles uni- gpe example is the use of the term “denier.” Denier is de-
formly dispersed in the fiber/cement slurry and prevent fineq as the weight in grams of 9000 meters of fiber. When
segregation during vacuum dewatering. Acrylic fibers can- yetermining the denier of a fiber, a single filament is used.
not perform this function due to their relatively large diame- o 5 fipijlated tape, a standard width of the extruded film is

ter and sp'ec‘!ﬁc surfa?e. properties. Therefpre, .'t IS NECESSANY, \sed. The fiber denier is thus a measure of the fineness of the
that certain “process” fibers be used as filler in addition to

C o e - fiber. When applied to concrete mixtures, there may be dif-
acrylic reinforcing fibers to provide filtering characteristics ' ) N . )
. ' . . ferences between the fiber denier as it exists prior to batching
and prevent segregation of fine particles. Generally, acrylic L . . s .
fiber is incorporated at 1 to 3 percent by weight while pro- (pre-mlx flber c_Ienler) and as it exists after mixing (post-mix
cess fibers are added at 3 to 6 percent by weight. Some eX_f!ber denier), since some fiber types are d_e§|gned as collated
amples of effective process fibers are kraft cellulose pulp [1P€r bundles that separate during the mixing process. Fur-
fiber and polyethylene pulp fiber [4.5, 4.42]. thermore, the fibrillation pattern of an extruded sheet of
Concrete panels with monofilament polypropylene fiber polypropylene can vary from manufacturer to manufacturer.

have been produced using a spray suction dewatering tech-1 U, the denier of the main fibrils and cross fibrils may be
nique [4.18]. Monofilament fibers also have been used in a considerably different within the fibrillated network and
pressing technique [4.30]. from product to product.

With the hand lay-up technique, higher fiber volume per- Denier is a measure of fiber fineness and may be correlat-
centages (up to 12 percent) can be obtained than with con-€d to an equivalent fiber diameter or an equivalent fiber
ventional batch mixing techniques (up to about 1 percent). cross-sectional area. Figure 4.17 is a plot of the relationship
Spray suction dewatering techniques can produce compos-between the fiber type, as defined by denier and specific
ites with as high as 11 percent fiber by volume. gravity, and the equivalent fiber diameter in either inches or

Consistency is commonly measured by the slump test, millimeters [4.84]. Specifying the fiber denier alone is not
ASTM C 143. An apparent slump difference should be ex- enough, as the parent material, or the specific gravity, must
pected when comparing non-fibrous and SNFRC for other- also be known to obtain an average fiber geometry.
wise similar mix designs. In the case of hydrophobic fibers,
there is no loss of water to the fiber, but the fiber will provide 1.0
a plastic shear strength to the mix that will reduce slump. — e logd=11og 2 -19mm

Conventional ready-mixed concrete can easily be pro-
duced using monofilament or fibrillated fibers at 0.1 percent m—— logd= Jlog % -33in »a
volume with little loss of consistency as measured by slump. -
However, slump loss will increase more rapidly beyond this 0.1 Ll
point [4.14, 4.60]. The slump loss is dependent upon the fi- - )
ber length as well. Slump is often, though improperly, used Equivalent
as a measure of workability, and it is often said that the work- pFo% X
ability of concrete is reduced in the presence of fibers. How- P |
ever, with standard placement practices, fiber concrete will 0.01 ot Pt
work, place, and pump readily. No additional mixing water
is required and none should be added. Since the conventional
slump test is an inappropriate measure of workability for P dib
FRC, it is recommended that the inverted slump cone test ”
(ASTM C 995) or the Vebe Test (ACI 211.3) be used to eval- 0.001 -
uate workability. 1 10 100 1000

Synthetic fibers are usually added to ready-mix concrete at Fiber Denier or Fiber Specific Gravity
the batch plant [4.14]. Conventional placement methods are
applicable, including batch placement and pumping. Fig. 4.17—Fiber diameter versus denier relationship
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To determine the equivalent fiber diametkhefore or af- 10,000
ter mixing, for a fiber of known specific gravity apply the
following equation: 10
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where SG is the specific gravity of the fiber material and D
can be either the before-mix denier or the post-mix denier as
desired. With these equations, synthetic fibers can be com-
pared with other fiber types by their aspect ratio, L/d, where
L is the length of fiber and d is the equivalent fiber diameter. -

For example, synthetic fibers of polypropylene with a spe- L
cific gravity of 0.91 and which are comparable in size to steel
fibers, approximately 0.01 inches (0.025 mm) in diameter, 10°
are approximately 360 denier. The denier of the same size fi-
bers of steel would be approximately 3100. These are the Fig. 4.18—Fiber count or specific surface as a function of
type and size of synthetic fibers, 360 denier, which were first fiber volume and geometry
applied in synthetic fiber concrete production. Monofila-
ment, multifilament, or fibrillated synthetic fibers are cur- ber diameter. Put more simply, the number of fibers which
rently applied at far lower denier, down to 5 to 50. For thesetheoretically occupy and are distributed in a unit volume of
fibers, the equivalent diameter is only 0.001 inches (0.025concrete matrix, termed the fiber count (FC), can be deter-
mm) and therefore the aspect ratio is increased by ten timesnined from the relationship [4.84]:
for equal length fibers.

The following series of equations and tables is helpful FC = [0-01_22(\/)}
[4.84]. They provide the relationship between various geo- L(d")
metric and material type fiber parameters.
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Fiber Content, % by volume

4.5.1—Fiber spacing and surface area or in terms of fiber denier,
Fiber spacing and specific surface are key parameters in- 3
fluencing the behavior of fiber reinforced concrete both in FC = {w}
the plastic stage and in the hardened final product. where: L(PoMD)
The average fiber spacing is a function of fiber cross-sec-v = fiber content, percent by volume,

tional area, fiber volume, and fiber orientation. The averageL fiber length, in.,
fiber spacing is derived from the number of fibers crossing ad equivalent fiber diameter, in., and
unit area in an arbitrary composite cross section. It affectspmp = post-mix fiber denier, i.e., after dispersion of
both the rheological properties of the mix and, to a certain bundled or collated fiber.
extent, the mechanical properties of the hardened concrete. To determine how many more (or fewer) fibers of differ-
When mixing and casting FRC, the deformation and flow ent equivalent diameter will occupy a unit volume of con-
characteristics depend on fiber spacing. More energy is recrete matrix it can be shown that the fiber cog, varies
quired to distribute concrete throughout numerous narrow fi-inversely as the square of the fiber diameter as:
ber spaces than throughout a few large spaces. The ability of
fibers to act as crack arrestors is influenced in part by the dis- FC, = (d,/d;)°FC,
tance a crack can travel before it intercepts a fiber.

The fiber specific surface (FSS) is the predominant factor \yhere:

determining crack spacing and crack width. The greater therc, andFC, = fiber count (no. of fibers/ unit volume) for

specific fiber surface, the closer the crack spacing and the fiber types 1 and 2, respectively.

narrower the crack width. The FSS is a_funct_ion of the singled, andd, = equivalent fiber diameter for fiber types 1
fiber surface area and the number of fibers in a unit volume and 2, respectively.

of concrete, i.e., the fiber count. Similarly, using the definition of specific surface as the to-

For any given volume percentage of fibers of equal lengthta| surface area of fibers per unit volume of matrix, it is
that can ideally be assumed uniformly distributed in a con- shown below that the specific surface of fibers of unit length

crete mix the number of individual fibers per unit volume of and constant volume percentage varies inversely with the fi-
concrete varies inversely with the square of the individual fi- per diameter:
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FSS = (d,/d;)FSS shrinkage cracking. Uses include precast products, shotcrete,
and cast-in-place elements. Typically, the fiber lengfh,is
where: to 2%, in. (19 to 64 mm) with the predominance of demand
FSS andFSS = fiber specific surface for fiber types 1 for 3/, or 1%/, in. (19 or 38 mm) long fibers.
and 2, respectively. 4.6.1—Applications of carbon FRC
d; andd, = equivalent fiber diameter for fiber types Due to the current high cost of the carbon fiber, its appli-
1 and 2, respectively. cation has been limited. Suggested applications for carbon

Similar expressions have been derived for fiber cde@} (  fiber reinforced concrete [4.86] include: corrugated units for
or fiber specific surfacd<S9 as a function of weight dosage floor construction, single and double curvature membrane
rate, volume, specific gravity, denier, and diameter [4.84] asstructures, boat hulls, and scaffold boards. The use of carbon

shown below: fiber in combination with other fiber types has been dis-
» 5 5 cussed as a means of reducing the overall cost.
Fc - [ZABRDU0 )| _Jo0122v) | _ (3XDRT10)) _ 1508V)(SG(10) Carbon FRC has been successfully used in construction of
L(dz)(SG) L(dz) L(PyMD) L(PyMD)

free access floor systems used in computer rooms and office
s agtomgtion system rooms [4.14]. Lightweight g:arpon FRC
4-71(DRT)1/4 - {SO(V)(SGLZ} with microballoons as aggregate has been applied in the con-
[(PEMD)(SG)] (PoMD) struction of the Al Shaheed Monument in Iraq [4.10]. Car-
bon FRC curtain walls have been installed in the

2.36(DRT)(10_3)} _ [0'04(\/)} -

Fss= { as% d

where: construction of a 37 story office building in Tokyo, Japan,
FC= fiber count, fibers/irt. (divide FC by 16,390 for ~ reportedly resulting in substantial savings in both time and
mm° basis) money [4.44].
FSS= fiber specific surface, surface aredifdivide _Proponeqts of parbon F_RC suggest that reduction in_ the
FSS by 16,390 for mirbasis) minimum dimensions of pipes and boards can be obtained

with the use of carbon fibers. Ignoring economics, structural

DRT= dosage rate of fiber, Ibs/§/d applications appear promising. Optimization of manufactur-

V= fiber content, percent by volume ing processes for carbon fibers may bring costs down.

L= fiber length, in. 4.6.2—Applications of polypropylene and nylon FRC

d= equivalent fiber diameter, in. To date, most commercial applications of polypropylene

PoMD =  post-mix denier FRC [4.85, 4.88] and nylon FRC have used low denier, low
4.5.2—Graphical solution volume percentage (0.1 percent), monofilament (in the case

of polypropylene and nylon) or fibrillated fibers (in the case
of polypropylene). These fibers have been applied to non-
structural and non-primary load bearing applications.

Figure 4.18 is a nomograph [4.84] that gives the fiber
count,FC, or the fiber specific surfac€SS of unit length
fibers as a function of fiber volume and equivalent diameter. o ) . _ :

For example, if a specified volume percentage of fibers is . Currgnt applications include residential, commermal, and
entered along the base of the graph, the abscissa, and a Spéggustrlal_slabs on grade, slabs for composite me_tz_al d_eck
ified equivalent fiber diameter in inches is chosen on the di- construction, floor overlays, shotcrete for slope stabilization

agonal lines on the graph, then the vertical axis, the ordinateand pool cpnsftructl_on, precast units, slip form curbs, and
of the graph, gives the fiber count on a unit volume basis. ipmortar applications involving sprayed and plastered portland

this procedure, as in previous equations, it is assumed that fic€Ment stucco.

bers have a cylindrical shape and circular cross section. Fiber

count and specific surface for lengths of fiber of other than 4-7—Research needs . :
unit length, one inch (25 mm), can be found by dividing the In addition to the ongoing pursuit of the goal of developing

values found on the ordinate of the graph by the actual fibercost effective fibers with material properties and fiber geom-
length in the appropriate units etries that are best suited to particular applications or FRC

fabrication technologies, there is a need for further research

4.6—Applications of SNFRC in the fO”OW'_ng areas. . : ,
Commercial use of SNFRC currently exists worldwide, 1. Determine the effect of the addition of various fiber

primarily in applications of cast-in-place concrete (such as tyPes on control joint spacing for concrete flatwork.
slabs-on-grade, pavements, and tunnel linings) and factory 2. Continue to determine effectiveness of fibers as temper-
manufactured products (such as cladding panels, sidingature and shrinkage reinforcement.

shingles, and vaults) [4.85]. Currently, there are two differ- 3. Develop standardized test procedures for impact and fa-
ent synthetic fiber volume contents used in applications to-tigue loading to demonstrate performance differences
day. They are 0.1 to 0.3 percent, which is referred to as low-among various fiber types.

volume percentage, and 0.4 to 0.8 percent, which is referred 4. Develop composite applications and design parameters
to as high-volume percentage. There are also two differentusing conventional reinforcement in FRC concrete for struc-
physical fiber forms. They are monofilament and fibers pro- tural applications.

duced from fibrillated tape. Most synthetic fiber applications 5. Determine the fire resistant properties of fiber rein-
are at the 0.1 percent by volume level to control plastic forced composites.
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CHAPTER 5—NATURAL FIBER REINFORCED
CONCRETE (NFRC)

5.1—Introduction

Discontinuous short fibers are widely used in both types of
FRC all over the world. In this chapter, attention is focused
on the use of naturally occurring fibers for reinforcing con-
cretes, mortars, and cements. Concretes reinforced with nat-
urally occurring fibers are generally termed natural fiber
reinforced concrete (NFRC).

Many natural reinforcing materials can be obtained at low
levels of cost and energy using locally available manpower
and technical know-how. Such fibers are used in the manu-
facture of low fiber content FRC and occasionally have been
used in the manufacture of thin sheet high fiber content FRC.
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These fibers are typically referred to as unprocessed natural In this report, the various types of natural fibers available

fibers (UNF). for reinforcing concretes, the mix proportions, the method of
However, other natural fibers are available that have beenmixing, handling and placing, and the properties of fresh and

processed to enhance their properties. These fibers are ddérardened natural fiber reinforced concretes are described.

rived from wood by chemical processes such as the kraft pro-Additionally, some of the applications of the NFRC are pre-

cess. Kraft pulp fibers are used in sophisticated sented.

manufacturing processes, such as the Hatschek process, to

produce thin sheet high fiber content FRC. These fibers are5.2—Natural fibers

typically referred to as processed natural fibers (PNF) and 5.2.3—Unprocessed natural fibers

concretes made from them as processed natural fiber rein- Unprocessed natural fibers are available in reasonably

forced concretes (PNFRC). large quantities in many countries and represent a contin-
Although historically many fibers have been used to rein- uously renewable resource. UNFs require relatively small

force various building materials, until recently little scientif- amounts of energy and technical know-how for their pro-

ic effort has been devoted to the use of natural fibers forduction compared to some other types of fibers. In the his-

reinforcement. The use of some of the best known natural fi-torical context, the use of raw natural fibers in

bers such as sisal, coconut, sugarcane bagasse, plantain (b@enstruction substantially preceded the advent of conven-

nana), palm, etc., have mostly been limited to the productiontional reinforced concrete. Straw-reinforced, sun-dried

of fabrics, ropes, mats, etc. mud bricks for wall construction, and horse hair in mortar,

Table 5.1— Typical properties of natural fibers

Wood
Sugar fiber
cane Elephant | Water (kraft
Fiber type Coconut Sisal Bagasse Bamboo Jute Flax grass reed Plantain Musamba pulp)
Fiber length, | 5.4 N/A N/A N/A 7-12 20 N/A N/A N/A N/A 0.1-0.2
Fiber 0.004- 0.008- 0.002- 0.004- 0.001-
diameter, in. | 0.016 N/A 0.016 0016 | 0008 | NA N/A N/A N/A N/A 0.003
Specific 1.12- 1.02-
gravity 115 N/A 1.2-1.3 1.5 1.04 N/A N/A N/A N/A N/A 15
Modulus of 2750- 1880- 4780- 3770-
elasticity, ksi 3770 3770 2175-2750 5800 4640 14,500 710 750 200 130 N/A

Ultimate
- 17,400- 40,000- 26,650- 50,750- | 36,250-
stré?]gfll’:epsi 29,000 82,400 42,000 72,500 50.750 145,000 25,800 10,000 13,300 12,000 101,500

Elongation at

break, 10-25 3-5 N/A N/A 1.5-1.9 1.8-2.2 3.6 1.2 59 9.7 N/A
percent
Water

absorption, 130-180 60-70 70-75 40-45 N/A N/A N/A N/A N/A N/A 50-75
percent

Note: N/A = properties not readily available or not applicable.
Metric equivalents: 1 in. = 25.4 mm; 1 ksi = 1000 psi = 6.895 MPa

Table 5.2— Mechanical properties of several types of fibers

Average
Average diameter,Average length,| Absorption afterf Average fiber | Average tensile| Average bonding elongatgi]on,
Type of fiber in. in. 24 hr, percent| density (SG) strength, psi strength, psi percent
Bagasse 0.020 1.38 1225 0.639 3,670 36 N/A
Coconut 0.027 11.02 58.5 0.580 8,825 40 2.600
Jute 0.004 15.75 62.0 1.280 53,500 20 N/A
Maguey 0.014 15.75 63.0 1.240 54,400 N/A N/A
Lechuguilla 0.014 15.75 102.0 1.360 54,100 N/A N/A
Banana 0.011 3.70 276.0 0.298 10,960 35 3.000
Guaney (palm) 0.017 17.44 129.9 1.195 50,000 40 2.880
Bamboo Variable Variable 51.0 0.720 54,680 45 1.800

Note: N/A = Not available
Metric equivalents: 1 in. = 25.4 mm; 1 psi = 0.006895 MPa
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are typical examples of how natural fibers were used longsisal fibers [5.9]. These fibers are stronger than most of the
ago. other natural fibers, as can be seen fiiahle 5.1
In the late 1960s, a systematic evaluation of the engi- c. Sugar cane bagasse fibeBugar cane is cultivated in
neering properties of natural fibers, and of cement com-both tropical and sub-tropical regions. Sugar cane bagasse is
posites made with these fibers was undertaken. Thehe residue remaining after the extraction of the juice and
results of these investigations indicated that these fibergontains about 50 percent fiber and 30 percent pith with
could be used successfully to make thin cement sheets fanoisture and soluble solids constituting the remaining 20
walls and roofs. Appropriate manufacturing processespercent. In order to obtain good quality fibers, the pith and
were subsequently developed for commercial productiorother solids are removed from the fibers. The properties of
in various countries of Central America, Africa, and Asia. bagasse fibers depend, to a very large extent, on the variety
Products made with portland cement and unprocessed natf the sugar cane, its maturity, and on the efficiency of the
ural fibers such as coconut coir, sisal, sugarcane bagassmiilling plant. The properties given in Table 5.1 are consid-
bamboo, jute, wood, and vegetable fibers have been testezted to be typical.
for their engineering properties and possible use in build- d. Bamboo fiberBamboo belongs to the grass family and
ings in at least 40 different countries [5.1-5.9]. Although can grow to a height of 50 ft (15 m) with diameters varying
the results were encouraging, some deficiencies wergvithin the range of 1 to 4 in. (25 to 100 mm). It grows natu-
found in their durability. These seem to have resultedrally in tropical and sub-tropical regions. Dried bamboo
from the reaction between the cement paste and the fiberstems are commonly used for building temporary structures
and swelling of the fibers in the presence of moisture. Asuch as scaffolding. They may also be fabricated to form a
number of researchers are now investigating remediatontinuous reinforcing material for concrete. Bamboo fibers
measures for improving durability. are strong in tensiorm@ble 5.) and can be used as a rein-
5.2.2—Processed natural fibers forcing material. However, they have a high water absorp-
Processed natural fibers have been used in commercidion capacity, low modulus of elasticity, and special
production for the manufacture of thin-sheet fiber reinforcedequipment may be needed to extract them from the stems.
cement products since the mid-1960s initially as an adjunct e. Jute fiber.Jute is grown mainly in India, Bangladesh,
to asbestos and since the early 1980s as a sole reinforcing f&hina, and Thailand. It is grown solely for its fiber, which is
ber. Experimental use of these fibers greatly precedes thetraditionally used for making ropes and bags to transport
large scale commercial use. The first experiment with the usgrains and other materials ranging from cement to sugar.
of wood pulp as a replacement for asbestos in asbestos c8trong in tensionTable 5.}, jute fiber can also be used in a
ment dates back to World War I. The Norwegian fiber ce-cement matrix. The process of obtaining jute fibers is very
ment industry was forced to manufacture wood pulpsimple. Mature plants are cut and soaked in water for about
reinforced cement sheets for commercial use during this pe4 weeks, which completely decomposes the bark. The fibers
riod because they were unable to obtain their usual suppliethus exposed are then stripped from the stem, washed, and
of asbestos due to the war. dried.
5.2.3—Mechanical properties of natural fibers f. Flax. Flax is a slender and erect plant grown mainly for
5.2.3.1Mechanical properties of unprocessed natural fi- its fiber. Both the tensile strength and the modulus of elastic-
bers—nformation on mechanical properties of unprocessedty of flax are extremely high [5.13] compared to those of
natural fibers is available [5.5-5.40]. In this section, a briefother natural fibers, as may be seen frcable 5.1
summary of the results of research to determine the mechan- g. Other vegetable fiber©f the various vegetable fibers,
ical properties of various types of unprocessed natural fibersnly a few have been found to be potentially suitable as re-
is presented. The types of fibers for which the mechanicainforcing materials. The mechanical properties of the more
properties have been evaluated are giverighle 5.1 A promising fibers, namely elephant grass, water reed, plan-
brief description for some of the more commonly found nat-tain, and musamba, are listed Table 5.1 Investigations
ural fibers is presented below. have also been carried out to explore the possibility of using
a.Coconut fiber A mature coconut has an outer covering other natural fibers such as palm fiber and akwara fiber as re-
made of fibrous material. This part of the coconut, called theénforcing materials for concrete [5.14]. These fibers are usu-
husk, consists of a hard skin and a large amount of fibers en@lly removed manually from the stem of the plant.
bedded in a soft material. The fibers can be extracted simply 5.2.3.2 Mechanical properties of processed natural fi-
by soaking the husk in water to decompose the soft materidders—Processing of plant materials to extract the fibers is re-
surrounding the fibers. This process, called retting, is widelyferred to as pulping and the principal plant materials used for
used in the less developed countries. Alternatively, a mepulping are trees. Pulping involves breaking of the bond be-
chanical process [5.10] can be used to separate the fibersveen fibers in solid softwoods and hardwoods.
Coconut cultivation is restricted to the tropical regions of Af-  Pulping processes are classified as either full-chemical,
rica, Asia, and Central America. semi-chemical, or mechanical depending on the nature of the
b. Sisal fiber In Australia, sisal fibers have been success-defiberization process. Mechanical pulps are made essentially
fully used for making gypsum plaster sheets [5.7]. A consid-by grinding the wood to separate the fibers, while in chemical
erable amount of research has been carried out in Sweden fpulps the wood is chipped into approximately 1 inch cubes
developing good quality concrete products reinforced withand cooked in alkalis to dissolve the material that holds the fi-
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Lumber

~700 MPa ~7000 MPa h

* Tensile Strength

Fig. 5.1—A schematic representation of the substructure of a tree

bers together. Semi-chemical pulps are made with a combina- 5.3.1.4Water and admixturesFhe water to be used for the
tion of chemical cooking, which softens the fiber, followed by mix should be clean and of good quality. Admixtures such as
mechanical treatment to separate the fibers. accelerating agents may be used in order to decrease the influ-
It has been found that those components of the wood thaence of the glucose retardant. If mild steel rebars are not used
are removed in the chemical process are susceptible to alkaas additional reinforcement, calcium chloride could be used.
lis and are responsible for the degradation of unprocessedVater-reducing admixtures and high-range water-reducing
natural fiber reinforced cements and concretes. Thus chemi2gents can be added in order to increase the workability when
cal (kraft) pulps are more commonly used for the reinforce- Plastering. The use of organic-microbiocide is encouraged, for
ment of cement. Typical mechanical properties of kraft pulps the prevention of bacterial attack of organic fibers.
are also included iffable 5.1 5.3.1.5Fibers—T he length of fibers may vary from 1 to 20
Figure 5.1 briefly illustrates the structure of wood. A piece N- (25 t0 500 mm). Because fibers are natural materials, they

of clear timber may attain a tensile strength of approximately &€ not uniform in diameter and length. Typical values of di-
10 ksi (69 MPa). But lumber pieces often contain defects. In-2Meter for unprocessed natural fibers vary from 0.004 to
dividual fibers which constitute the reinforcing unit of tim- 0'0_3 in. (0.10 to 0'75_ mm) [5.2]. The mechanical properties
ber may have tensile strengths as high as 100 ksi (690 MPa?]c fibers are summanze.d.TI"abIe 02 .

or more [5.33]. Cellulose, the primary chemical constituent 5.3.1.6_Methods of m|X|ng:Fhe two methods of mixing

of natural fibers, exhibits a tensile strength of approximately and placing are (1) wet mix and (2) dry-compacted mix. In

930 ksi (6400 MPa). Among commercial trees, softwoods :hetvvet: mn;,da i;)\{v \/t(rJ]Iumgfrr?ctl(zn ?f;'b?rts is used. ;The V\r/]a'h
are the source of the so-called long fibers with typical er 1o be added o the mix has 1o fake into account the hig

lengths ranging from 0.1 to 0.3 in. (2 to 7 mm). Softwood fi- natural water content in the natural fibers. The mixing proce-

bers have widths ranging from 15 to 80 microns. Hardwoodsdure must comply with .ASTM C 94 process and portions of
e 1 ACI 304 recommendations. Trial batches are recommended
yield fibers that, on the average, are adautb Y/, the length

) . o and a batching plant is required. The recommended mixing
and about/, the. W'dt.h of softwood fibers. Even V\.”thm the procedure is to add cement with water and additives to form
same tree species, fiber strengths can vary considerably. a slurry. Then the fine aggregates are added. Finally, fiber is
i ) added and dispersed into the slurry. The sampling is to be
gb?ar]:rgtr;processed natural fiber reinforced done according to ASTM Practice C 172 and C 685. For

5.3.1—Materials and mixing compressive and flexural strength testing, ASTM C 39 and
C 78 are to be followed.

5.3.1.1 Mix proportions—Mix proportions for unproc- . . .
. : : The dry-compacted mix is generally used for industrial or
essed natural fiber reinforced concrete cannot be generalized .~ . . .
. . . - Semi-industrial projects. In the dry-compacted mix, the vol-
since there are a variety of natural fibers that can be used in . ! : .
i : : : : ume fraction of fiber used is about 10 times the volume frac-
conjunction with the other standard ingredients such as ce-. : . ' .
. . tion used in wet mix. The fibers are in a saturated-surface-

ment, pozzolans, fine aggregates, water, and admixtures.

i i dry condition for this type of mix. Trial batches are recom-
The types of natural fibers that can be used with these staNtended. The recommended mixing procedure is to add fi-

dard ingredients include: bagasse, sisal, jute, coconut, bapers in saturated-surface-dry condition to the cement and
nana, and palm. A brief description for each of the 5g4regates and then add a very limited amount of water.
constituents which is used for obtaining fiber reinforced con- Mixing can be done by hand, although mixing according to
crete is outlined below. ASTM C 94 is recommended. For compressive and flexural
5.3.1.2Cement-A cement that meets the ASTM standard strength, ASTM C 39 and ASTM C 78 are to be followed.
specification C 150 or C 595 can be used. The type of cementrhe dry mix samples are cast followed by the application of
recommended is Type I, although Type Il (high-early pressure since very little or no water is added to the mix.
strength) cement can be used in order to reduce hardening re- The volume percentage of unprocessed natural fibers used
tardation caused by the glucose present in most natural fibersn a mix varied from 3 to 30 percent depending on the type of
5.3.1.3Aggregates—Fhe aggregates should meet the gra- fiber used and the manufacturing procedure. Typical mix pro-
dation requirements specified by ASTM C 33, Standard portions for coconut fiber reinforced concrete for both the wet
Specification for Concrete Aggregates. mix and the dry-compacted mix are presentethinle 5.3
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Table 5.3— Mix proportions for wet mix and dry-

compacted mix
QO Aircured Cement Paste (28 days)
@ Autoclaved Mortar
Ai d M d
E A;:z:::d M:::: ((;ioda;:; ) . ) Dry-compacted
Ingredient Wet mix mix
30
Cement, Ib/yd 925-1000 880-925
Flexural °
Strength, 20|- Coconut fiber, Ib/ydl 30 370
MPa
Sand, Ib/ya 2500 2500
10F Water
1 MPa = 145 psi -in fiber, Ib/yc? 35 460
(estimate of (estimate of
0 ] 1 ] ] ] ] natural condition) | saturated-surface-
0 2 4 6 8 10 12 dry condition)
Fiber Weight, % -added, Ib/yd 630 800
(a) Flexural Strength Additives
-Calcium chloride, Ib 35 35
QO Aircured Cement Paste (28 days) -Microbiocide, oz 1.9 2.1
@ Autoclaved Mortar -Water reducers none none
O Aircured Mortar (450 days)
M Aircured Mortar (28 days)
3ok o Metric equivalents: 1 Ib/yt= 0.593 kg/r; 1 1b = 0.454 kg; 1 0z = 28.35 ¢
Fracture
Toughness, 2.0 . .
Kd/m? Table 5.4— Factors affecting properties of natural
fiber reinforced concretes
1.0 .
Factors Variables
1 kdfm® = 5.71 in.-bffin 2
1 | I i | | Fiber type Coconut, sisal, sugarcane bagasse, bamboo,
0 .
0 P 4 jute, wood, vegetables (akwara, elephant
6 8 10 12 grass, water reed, plantain, and musamba)
Fiber Weight, % .
Fiber geometry Length, diameter, cross-section, rings, and
(b) Flexural Toughness hooked ends
Fig. 5.2—Flexural strength and toughness versus fiber Fiber form kMOHO-filament. strands, crimped, and single-
weight fraction for cements and mortars reinforced with notted
wood fiber (Kraft pulp) Fiber surface Smoothness, presence of coatings
5.3.2—Properties of unprocessed natural fiber rein- Matrix properties Cement type, aggregate type and grading,
additive types
forced concrete
5.3.2.1General—The properties of unprocessed natural fi- Mix proportioning Water content, workability aids, defoaming
. . . . agents, fiber content
ber reinforced concrete, like those of any fiber reinforced
concrete, are affected by a large number of factors. The ma- Mixing method Type of mixer, sequence of adding constitu-
. . . ents method of adding fibers, duration and
jor ones are listed in Table 5.4. Clearly, the type and length speed of mixing
of fibers, as well as the volume fraction, are the most signif- - - —— -
. . Placing method Conventional vibration, vacuum dewatering
icant factors. Test results [5.10] show that for natural fibers for sprayed-up member, vacuum-press dewa-
the minimum fiber addition to provide some improvement in }Seig'rr]‘%rf]%r gbﬂi?’r;gewater“ member, extru-
the mechanical properties of the cement composite is about
3 percent by volume. The impact resistance is increased in Casting technique Casting pressure
most cases regardless of the fiber volume fraction, but other  cyring method Conventional, special methods

properties are not improved significantly and remain similar
to plain concrete. The properties of fresh and hardened un-
processed natural fiber reinforced concretes are briefly dis-

cussed in the following sections. . The other important aspect is “balling” of fibers. The ex-
5.3.2.2Fresh concrete-Fhe addition of unprocessed nat- (o1t to which balling may occur in a given mix is determined

ural fibers to concrete leads to reduced workability due to the  y the type and length of fibers used, the volume fraction of
increased surface area and water absorption of the fibers. It fipers, and the maximum size of the aggregate. Balling
is important, however, that the mix be workable. A mix that  should not be allowed to occur as it has a detrimental effect
is too stiff or too dry could lead to an inadequately compact-  on the strength. Certain mixing methods can be employed to
ed final product which is likely to contain voids and/or hon-  minimize the balling effect. Normally, the progressive addi-

eycombs. A mix that is too wet will, on the other hand, lead
to unnecessary strength reduction.
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_- Oven Drled
I rH Tested
[ 1 wet Tested

30

3 20—
Flexural
Water Strength,
Absorption, 36 MPa
% -
34 10
39 1 MPa = 145 psi
0 1 1 1 i 1 | 1
a0 0 2 4 6 8 10 12 14
1 kg/m® = 0.0624 Ib/f’ Fiber Content, % by mass
1 1 1
1,200 1,300 1,400 1,500 (a) Flexural Strength
Density, kglms
Fig. 5.3—Relationship between water absorption and den- 4. 1 o
. - ven Dried
sity of slurry-dewatered softwood Kraft fiber-cement com- AH Tested
posites at different weight fractions Wt Tosted
3.0+

tion of fibers at the end of the mixing process, after the other
ingredients have been mixed, reduces the balling effect. Al- _Fracture
. . . . Toughness, 2.0+

s0, the use of high-range water-reducing admixtures is found  kysm?
to substantially increase workability without adversely af-
fecting strength.

Depending upon the amount of fibers and the method of
mixing (dry batch or wet batch), unit weight may be reduced
to 94 Ib/ft (1500 kg/rﬁ) (compared to normal concrete ! L L
which is 145 to 155 IbAt(2300 to 2500 kg/). The work- 6 2 4 6 8 10 12 14

.- . Fiber Content, % by mass
ability of the dry-compacted mix is normally poor.

5.3.2.3Hardened concrete©ne of the important proper-  Fig. 5.4—Effects of moisture content on flexural strength
ties of the hardened composite is its strength. Since the unreand toughness of wood reinforced cement at different fiber
inforced cement mortar matrix possesses adequate strengtRONtents
for many applications, but is brittle, it is customary to study
the influence of fibers on the increased ductility that can be
achieved. Apart from strength, other aspects such as defor-
mation under load (stiffness), durability, cracking character-
istics, energy absorption, water tightness, and thermal

1 kit = S.71in-biin 2
1

combustibility. Typical results of these properties, are given
in Tables 5.and5.7[5.17, 5.21].

Unfortunately, the amount of available test data on the du-
| rability of unprocessed natural fiber reinforced concrete are

properties should also be evaluated. The most important con-imited. The following observations can, nevertheless, be
tribution of the fibers can be rationally evaluated by deter- Made, based on the existing literature [5.13]. _
mining the fracture toughness of the composite [5.14]. a. Unprocessed natu_ral f|b(_ar reinforced concrete is more
Table 5.5shows the strength characteristics of a typical vulner'a}ble than cher fiber .remforced conc'retes in terms of
composite, reinforced with jute fibers [5.11]. From this table durability. The.hlghly alkghne pore-water in the concrete
it can be seen that, in general, compressive strength is noS€eMs to deteriorate the fibers.
significantly affected by the addition of fibers, while tensile ~ b- Durability can be substantially improved by replacing
and flexural strength and toughness are all substantially in- 40 to 50 percent of the cement with silica fume, since the ad-
creased. Furthermore, for a particular fiber there exists andition of silica fume reacts with lime and considerably re-
optimum value for both volume fraction and fiber length. duces the alkalinity of the pore-water.
Detailed information on the behavior of composites made  ¢. Improved durability can be achieved by coating the fiber
with jute, coconut, sisal, bagasse, bamboo, flax, and someWwith suitable chemicals such as formic and stearic acid.
other vegetable fibers can be foundeferences 5.15.22 5.3.2.4Placing and finishing—Fhe placing and finishing
As mentioned earlier, a successful construction material of the unprocessed natural fiber reinforced concrete is de-
should possess desirable serviceability characteristics in ad-pendent on the method of mixing used (wet mix or dry-com-
dition to strength. A number of investigators have studied pacted mix). Placing of the wet mix may be achieved by
various natural fiber reinforced concretes to understand their using conventional equipment. Internal or external vibrators
behavior in terms of permeability, water absorption, thermal should be used. Other properties such as workability can be
conductivity, sound transmission, linear expansion, and measured by the slump test or the K-slump tester as per the
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Table 5.5— Effect of fiber length and volume fraction on strength parameters of jute-fiber reinforced
cement composr[es
Fiber
volume Flexural Compressive Tensile
Mix ratio fraction, Fiber Compressive Tensile Modulus of toughness, Young's Young's
cement/sand percent length,in. strength, psi| strength, psi| rupture, psi in.-Ib modulus, ksi | modulus, ksi

0 — 4560 175 410 0.3 2250 1400

1 1.0 5175 200 540 4.9 2050 1450

2 1.0 4350 285 650 7.7 1800 1700

1:0 3 1.0 5430 300 555 6.6 1850 1600

’ 4 1.0 5075 245 480 6.1 1900 1650

2 0.5 4435 250 565 5.8 2200 1500

2 0.7 4160 340 600 7.4 1600 1450

2 15 4520 255 640 7.3 1700 1350

0 — 5570 295 610 0.5 2150 2250

2 0.5 5430 365 815 7.8 2050 2600

1:1 2 0.7 4705 315 730 8.9 2050 1950

2 1.0 4750 315 650 9.7 1800 2100

2 1.5 4055 305 580 7.2 1250 2550

0 — 5070 305 545 0.4 1750 2600

2 0.5 4055 335 645 7.3 1450 3300

1.2 2 0.7 4165 360 670 8.9 1950 3250

2 1.0 4710 295 570 7.1 2050 2300

2 1.5 3620 235 545 6.6 2200 2400

Metric equivalents: 1 in. = 25.4 mm; 1 ksi = 1000 psi = 6.895 MPa; 1 in.-lb = 0.113 Nm

Table 5.6— Comparison of the properties of elephant-grass fiber reinforced roofing sheets
with those reinforced with asbestos fibers

Properties

Cement sheets reinforced with
elephant-grass fibers

Cement sheets reinforced with
asbestos fiber

Consistency at 25 percent water,

percent 15 1
Impact strength, ft-Ib 2.08 2.98
Flexural strength, psi 1500 2600
Impermeability Excellent Excellent
Water absorption, percent 16.3 20.6
Coetioient of ermal conductvty,
Sound transmission of 833 Hz signd|, 22 when dry 26 when dry
percent 30 when wet 40 when wet

Combustibility (BS 476-Part 4)

Non-combustible

Non-combustible

Linear expansion, percent

0.22

0.24

Density, Ib/ff

110

96

Metric equivalents: 1 ft-Ib = 1.356 J; 1 psi = 0.006895 MPa; 1 BTU/(ft x h x degrees F) = 1.731 W/(m x degrees R); 1 Ib/ft

=16.019 kg/m
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Table 5.7— Comparison of the physical properties
of coconut-fiber reinforced roofing sheets with
those of asbestos roofing sheets

[5.50]. In this case, the fiber is rolled by hand into a slurry of
cement and fine sand and compacted by rolling with a toothed
roller. Clearly this method is slow and labor intensive and is
not used in countries where labor is in short supply and expen-

Coconut-fiber sive. This method is not appropriate for manufacture of kraft
o , reinforced Asbestos wood pulp reinforced boards since the fibers are not long
Characteristics and properties| roofing sheets| roofing sheets
enough.
Pitch of corrugation, in. 5.75 5.75 5.4.2—Properties of the hardened processed natural fi-
Depth of corrugation, in 1.9 1.9 ber reinforced concretes
- i ' The performance of PNFRCs in both the short and long
Length of sheets, in. 59-79 59-118 term depends on the methods used for their curing and their
Width of sheets, in. 39 " mix proportions. The mix prpporﬂons used for commercial
products are not readily available.
Weight, lo/fé 24-25 28 Figures 5.2a and 5.Zhow typical effects of kraft pulp fi-
Breaking load for a span of 24 34 _ ber weight fraction on the flexural strength and toughness
in., Ib/ft (area underneath the flexural load-deflection curve) of ce-
Breaking load at a span of 40 inl, 13 3.4 mentitious materlals with dlffgrent mix proportions that hgve
Ib/ft been cured in different conditions. The results (all obtained
— at 50 percent R.H.) are indicative of improvements in flexur-
Thermal conductivity, 0.009 0.024 .. . .
keal/mm/m al performance of cementitious materials resulting from
= - kraft pulp fiber reinforcement.
Water permeability through almost nil — . .
finished surface in 24 hours In the case of slurry-dewatered wood fiber reinforced ce-
— — - - ment, it has been reported [5.37] that the density of the com-
Tonp Samtance as per 1.5 5913 > posite decreases and its water absorption capacity increases

Metric equivalents: 1 in. = 25.4 mm; 1 I3/# 4.88 kg/mf; 1 Ib/ft =
14.595 N/m; 1 ksi = 6.895 MPa

with increasing fiber content. The overall density of the com-

posite reflects the changing proportions of the constituent fi-
ber and the matrix. The void volume of the composite also
increases, but in a non-linear fashion, as the fiber content in-

ASTM recommended Penetration Test. Air content in the creases. The amount of water absorbed by wood fiber rein-
mix can be measured using ASTM C 231 or C 173.
For placing the dry-compacted mix, there is a need for a5.3[5.35].

forced cement depends on the density of the compésite,

special type of formwork since the mix is dry and has to be As far as the long-term durability of wood fiber reinforced
compacted with some pressure within the formwork. Once cement composites is concerned, it should be noted that kraft
the dry mix is placed inside the formwork, it is subjected to pulps have relatively low lignin contents. Noting the suscep-
a confining pressure of about 30 to 70 psi (0.2 to 0.5 MPa).tibility of lignin to alkaline attack, kraft pulps possess better
This confining pressure is applied for a period of about 24 durability characteristics than mechanical wood fibers in the
hours. Care should be taken not to apply a larger pressurighly alkaline cementitious environment [5.38].

than needed, since water (which is critical for hydration)  sy,dies on processed natural fiber reinforced cement have
may be squeezed out. The air content of the mix can be obgp gy that increase in moisture content tends to decrease the
tained using ASTM C 231 or ASTM C 173. The unit weight o5 strength and increase the flexural toughness of the
can be obtained using ASTM C 130. composites.Figures 5.4a and 5.4bompare the flexural
strength and toughness values, respectively, of slurry-dewa-
tered kraft pulp reinforced cement with different fiber con-

5.4.1—Production methods . . o .
. . . tents tested in wet or oven-dried conditions, or in an
The slurry-dewatering technique is commonly used for the . : :
environment of 50 percent R.H. Increase in moisture content

production of processed fiber reinforced cements and con- , ) )
cretes. In this method, the fibrous cement product is formedseems_to Weaken the bonding of matrix to fibers, thus en-
from a dilute slurry (about 20 percent solids) of fiber-cement couraging fiber pull-out rather than rupture a_t cracks_. The
or fiber-mortar. The excess water is removed from the S|urryweakened bond reduces flexural strength, while the friction-
through the application of vacuum dewatering and pressure?l €nergy consumed during pull-out tends to increase the
[5.35]. The product is then cured in air or in an autoclave to fracture toughness of the composite [5.37].
develop its strength and other mechanical properties. Indus- Further details on the performance of air-cured composites
trial production of this composite now occurs in Europe, are given inReferences 5.42 and 5.4Autoclave-cured
Australia, North America, South America, Asia, and South composites are dealt with in detail iteference 5.41The
Africa using kraft wood fibers with good results. long-term performance of both autoclaved-cured and air-
Hand methods can also be used by methods similar to thatured processed natural fiber cements is givétefierences
used in the manufacture of sisal/gypsum plaster composite$.45 to 5.49

5.4—Processed natural fiber reinforced concrete
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5.5—Practical applications 5.3 Castro, J., and Naaman, A. E., “Cement Mortar Reinforced with Nat-
In Africa, sisal fiber reinforced concrete has been used ex-:;a'es';it‘?egsy" ACI DURNAL, ProceedingsVol. 78, No. 1, Jan.-Feb. 1981,
Itggsgr?(ljy ;(;;n;ilgn\,%;; Orf tt’:lllr?lz (Egglig]}.atEGIZ5::r?ttsérzfse?i’bsel;- 5.4 ACI Committee 544Fiber Reinforced ConcreteSP-81, American
’ Concrete Institute, Detroit, 1984.
reinforced mortar and cement sheets are being used in Zam- 55 aziz, M. A.: Paramaswivam, P.; and Lee, S. L., “Concrete Rein-
bia for low-cost house construction [5.23], while wood and forced with Natural Fibers,;New Reinforced Concretesdited by R. N.
sisal fibers are being used for making cement composite panSwamy, Surrey University Press, U.K., 1984, 106-140.

el lining, eaves, soffits, and for sound and fire insulation. ~_ 36 AZiz, M. A,; Paramasivam, P.; and Lee, S. L., “Prospects of Natural
Fiber Reinforced Concretes in Constructiolmt. J. Cement Composites

Kraft pulp fiber reinforced cement has found major com- anq Lightweight Concretafol. 3, No. 2, 1981, pp. 123-132.
mercial applications in the manufacture of flat and corrugat- 5.7 Mansur, M. A., “Jute Fiber Reinforced Composite Building Materi-
ed sheet, non-pressure pipes, cable pit, and outdoor fibegrls,” Proc. 2nd Australian Conf. Eng. Materialdniversity of New South
reinforced cement paste or mortar products for gardeningwa5"985'P1981' PP 585}'3592- e G, K. and Das Gusta. N. G C t
_ _ o . . aramasivan, P.; Nathan, G. K.; an as Gupta, N. C,, oconu
[5.33-5.39, 5.41-5.49]. The durability of these,prOdUCtS n Fiber Reinforced Corrugated Slabkt. J. Cement Composites and Light-
outdoor exposure has been demonstrated with nearly 1Queight Concretevol. 6, No. 1, 1984, pp. 19-27.

years of commercial use of these materials. 5.9 Gram, H. E., and Skarendahl, A., “A Sisal Reinforced Concrete:
Study No. 1 Material,ReportNo. 7822, Swedish Cement and Concrete
Research Institute, Stockholm, 1978, pp. 1-15.

5.6—Summary
. . . . 5.10 Racines, P. G., and Pama, R. P., “A Study of Bagasse Fiber-Cement
Naturally available reinforcing materials can be used effec- Composite as Low-Cost Construction MateriaRidc. Int. Conf. Materi-

tively as reinforcement in portland cement concrete. Natural gs for Developing Countrie®angkok, 1978, pp. 191-206.

fiber reinforced concrete is suitable for low-cost construction, 5.11 Pakotiprapha, B.; Pama, R. P.; and Lee, S. L., “Behaviour of Bam-
which is very desirable for developing countries. It is impor- boo Fiber-Cement Paste Composites,"FerrocementVol. 13, No. 3,
tant for researchers, design engineers, and the construction in:983: Pp- 235-248.

. . 5.12 Campbell, M. D., and Coutts, R. S. P.,, “Wood Fiber-Reinforced
dustry to vigorously pursue the use of local materials. For Cement CompositesJ. Material Sciencds, 1980, pp. 1962-1970.

econom_ical quineering solutions to a V_ariety of pro_blems, 5.13 Coutts, R. S. P., “Flax Fibers as a Reinforcement in Cement Mor-

natural fiber reinforced concrete offers a viable alternative thattars,” Int J. Cement Composites and Lightweight Conciéte, 5, No. 4,

needs to be fully investigated and exploited. 1983, pp. 257-262.

: ; ; 5.14 Uzomaka, O. J., “Characteristics of Akwara as Reinforcing Fiber,”
d Wook?l flber? derived from the Kr.aft proc(;ehss possess highly Magazine of Concrete Researdfol. 28, No. 96, 1976, pp. 162-167.
esirable Per ormance-to-cosF ratios, an é've eeq SUCCESS-5 15 | ewis, G., and Mirihagalia, P., “Natural Vegetable Fibers as Rein-

fully substituted for asbestos in the production of thin-sheet forcement in Cement Sheetdagazine of Concrete Researdvol. 31,

cement products, such as flat and corrugated panels and nomo. 107, 1979, pp. 104-108.

pressure pipes. 5.16 Robles_—Austriaco; Pama, R. P; and \(alls, J, “Reinforcipg with
Organic Materials,’‘Concrete InternationalAmerican Concrete Institute,
Vol. 5, No. 11, 1983, pp. 22-26.

5-7_Resear_c_h needs . 5.17 Weerasinghe, A. L. S. D., “Fundamental Study on the Use of Coir-
The durability and performance of processed natural fiber riper Board as a Roofing Material,” M. Eng. Thesis, The Asian Institute of

reinforced cement is documented better than FRC made withrechnology, Bangkok, 1977.
unprocessed fibers. While the strength and elastic modulus 5-18 Lewis, G., and Mirihagalia, P., “A Low-Cost Roofing Material for

of cement products reinforced with processed natural fibersgsvfgoﬁ'l”g‘lcou”t”eS'BU"dlng and Environmendvol. 14, No. 2, 1979,

(e.g., kraft pulp) seem to actually increase upon weathering, 5 ;4 Swift, P. G., and Smith, R. B. L., “Sisal-Cement Composites as
more research is needed regarding the potential for embrit1 ow-Cost Construction Materials&ppropriate Technologytondon, Vol.
tlement under exposure to some aggressive environments. 6, No. 3, 1979, pp. 6-8.

The durability and moisture-sensitivity of unprocessed 5.20 Everett, A.Materials Batsford Technical Publications, London,
natural fibers are among the critical aspects of these compos}gg 12’1p?N227-237' . i ' .
. . . . . ew—A Wood-Fiber Cement Building Boardiustralia News,
ites that need to be further investigated. Research is needeg@s|ro industrial New Council of Scientific and Industrial Research, 1982.
to fully understand the mechanisms by which moisture and 522 coutts, R. S. P., and Ridikos, V., “Refined Wood Fiber-Cement
aggressive environments change the failure mechanisms anéroducts,’APPITA,Vol. 35, No. 5, 1982, pp. 395-400.
thus affect the strength and toughness characteristics of nat- 523 Subrahmanyam, B. V., "Bamboo Reinforcement for Cement Matri-
ural fiber reinforced composites. Potentials for the refine- 22> New Reinforced Concreteadited by R. N. Swamy, Surrey University

. X X ress, U.K., 1984, pp. 141-194.

ment of cementitious matrices in cellulose-cement 5.24 Narayana, S. K., and Rehman, P. M. A., “Bamboo-Concrete Compos-
composites to improve the durability characteristics also ite Construction,3. Inst. of Engineerdndia, Vol. 42, 1962, pp. 426-440.
need further investigation. These refinements may be con- 5.25 Youssef, M. A. R., “Bamboo as a Substitute for Steel Reinforce-

cerned with reducing the alkalinity and permeability of the ment in Structural Concretellew Horizons in Construction Materials,
edited by H. Y. Fang, Envo Publishing Co., Lehigh Valley, 1976, pp. 522-

matrix. 554,
] 5.26 “The Use of Bamboo and Reeds in Building Constructiuatjli-
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