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ABSTRACT 

This thesis evaluates the use of fibrous reinforced concrete as a 

viable structural repair alternative. An independent laboratory 

investigation was conducted to substantiate the validity of the marketed 

claims of Polypropylene Fiber Reinforced Concrete (PFRC) and of Steel 

Fiber Reinforced Concrete (SFRC) to improve the long-term performance of 

conventional portland cement concrete. The study found that SFRC 

significantly increases the compression strength, flexural behavior, and 

material toughness of PCC, whereas the test response for PFRC yielded 

minimal contributory strengths. The work examines the function of 

fibers; FRC's historical background, prevalent economic considerations, 

and modern repair applicational developments; remedies to overcome the 

negative aspects of SFRC; current research programs; and future trends. 

The author recommends trial field demonstration of Steel Fiber 

Reinforced Micro-Silica Dense Concrete (SFR-MSDC) as a cost-competitive 

material alternate in lieu of non-fibrous Latex-Modified Concrete (LMC) 

to more proficiently rehabilitate fatigue-distressed bridge decks. 



CHAPTER 1 

INTRODUCTION 

Recent media attention has focused on a growing public concern: 

the deterioration of our nation's infrastructure. Never before has 

there existed such an urgent need to determine the most engineering 

effective and economically advantageous means to rehabilitate our 

distressed and deteriorating systems. Both federal and state government 

authorities, along with many other public and private interest groups, 

have addressed this national issue by researching various ways to 

improve the durability of today's construction materials. Meanwhile, 

the general public has become increasingly aware of the repetitive 

maintenance tasks and minimal design life of bridge decks, pavement 

repairs, airport runways, and many other common applications which 

incorporate conventional construction methods and materials. The thesis 

will examine one of the most well-known and fundamental building 

materials now used in the construction industry: portland cement 

concrete. Attempts will be made to illustrate how the physical and 

material properties of portland cement concrete (PCC) can be improved 

via the introduction of tiny, toothpick-sized fibers that are evenly 

distributed throughout the entire mixture. 

1 
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Experience in the construction industry has shown that it is 

essential to conduct a detailed laboratory investigation prior to the 

formal introduction of any new product/material. Each and every year, 

several newly devised products and/or materials have gone beyond the 

initial laboratory phase to be further evaluated on a trial basis at the 

project level. Fibrous reinforced concrete (FRC) is one of these fairly 

new marketed construction materials that has proceeded into the field 

demonstration stage of research development. By definition, fibrous 

reinforced concrete is portland cement concrete composed of hydraulic 

cements containing fine or fine and coarse aggregate and discontinuous 

discrete fibers.^ Continuous wire meshes, woven fabrics, and long 

distinct rods are not considered to be discrete fibers. Over the years, 

a number of different types of fiber have been deemed suitable for use 

in portland cement concrete. The most common fiber types are produced 

from steel, organic polymers, and glass. The particular fiber types to 

be researched in this thesis report include a brand of steel fiber, that 

has deformed or hooked ends, and a distinct type of polypropylene fiber, 

which is collated in straight fibrillated bundles. 

To date, there has been limited research to investigate the use 

of fibrous reinforced concrete as a structural repair material 

alternative. The study shall distinguish the viability of FRC as a 

construction material alternative for bridge deck overlay restoration. 

1. A.C.I., Committee 544, 1982. p. 10. 

2. Mindess, S., and Young, F., 1981. p. 629. 
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Scope Of The Work 

Theoretically and in numerous published technical journals, 

fibrous reinforced concrete (FRC) is continually reported to be a 

tougher, more durable spall-resistant portland cement concrete with 

higher flexural strengths and fatigue endurance.3 >4,5 pr£mary 

objective of this research is to explore the validity of these 

marketable claims through independent, unbiased study in a controlled 

laboratory environment. 

Two different 'control' mix designs, a heavily-sanded standard 

mortar mix and a conventional portland cement concrete mix, shall be 

analyzed in compression and in flexure. The laboratory data to be 

collected will describe and critique the characteristics of: 

1. the concrete and mortar ingredients 

2. . the fresh (plastic) properties of the test specimens 

3. the experimental placement, casting, and curing procedures 

4. the hardened properties of the test specimens 

Specifically, the mortar mix will be tested in compression and 

comparisons will be drawn between the plain, non-fibrous 'control' 

mortar mix versus the polypropylene fibrous reinforced mortar 

3. Ramakrishnan, V., et al., 1989. Paper No. 880094, p. 1. 

4. Ramakrishnan, V., et al., 1989. Paper No. 880144, p. 1. 

5. Malisch, W.R., ed., 1985. p. 5. 
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(PFR-Mortar) mix and the steel fibrous reinforced mortar (SFR-Mortar) 

mix. The mortar specimens shall also be tested in flexure with 

comparisons made between the three aforementioned mortar mix designs 

plus a fourth mortar mix which is reinforced with 3-inch by 3-inch, 

ten gauge welded wire mesh fabric. Likewise, the portland cement 

concrete mixes shall be tested and compared in the same manner. As 

displayed in Table No. 1, the research program will determine the 

material response of eight separate mix designs with a total of seventy 

different test specimens. Methods to monitor the experimental test data 

will be analyzed via the thorough examination of the numerical scatter 

of the material responses by the tabulation of the coefficient of 

variation. The placement techniques, material consolidation procedures, 

and steel fiber dispersion/orientation will be critiqued through the 

utilization of X-ray radiographs. 

The research program shall also determine the toughness index 

of each laboratory mix design, the function of fibers in a cement-based 

composite, the relative significance of modern concrete admixtures and 

their relationship with FRC, the inherent economical considerations due 

to the added fiber cost, the recent applicational developments as a 

repair tool, and the identification of various unique problems 

encountered by both specifiers and on-site project personnel. The 

research program shall also attempt to discover a means to more profic

iently rehabilitate our nation's fatigue-distressed Interstate bridge 

deck wearing course surfaces. 
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Table No. 1: Experimental Programme 

Specimen 
Designation Type of Reinforcement 

No. of 
Flexure 
Beams 

No. of 
Compression 
Cylinders 

I. PCC Mixes: 

'Control' PCC none 

WWM-Concrete 3"x3" welded wire mesh 

PFR-Concrete 

SFR-Concrete 

II. Mortar Mixes: 

'Control' Mortar 

polypropylene fibers 
(Forta Fibre, Type A-1G) 

steel fibers 
(Dramix ZL-50/50) 

none 

WWM-Mortar 3"x3" welded wire mesh 

PFR-Mortar 

SFR-Mortar 

polypropylene fibers 
(Forta Fibre, Type A-5) 

steel fibers 
(Dramix ZL-30/50) 

Total Number of Test Specimens: 40 30 
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The Function Of Fibers 

It is common knowledge that all portland cement concrete fails 

in tension. Even when portland cement concrete fails in compression, 

the failure tends to be the cumulative result of all the tensile 

failures occurring at the cement paste-concrete aggregate interface.^ 

Stress concentrations are normally created in these isolated areas of 

weakness. Since the tensile strength of the cement paste is rather low, 

microcracks will soon propagate. Concrete structures are designed to 

minimize the tensile stresses that readily occur in flexure, diagonal 

tension, or due to differential strains.^ In theory, steel reinforcing 

bars, also known as primary reinforcement, are typically designed to 

carry all the tensile stresses. However, in reality this condition does 

not always hold true. Depending on the specific applied loads, tensile 

stress concentrations are relieved within the cement matrix as tiny 

microcracks in the paste link up to form larger cracks. Fibers improve 

the tensile strength of concrete by distributing the fluctuating 

stresses more homogeneously throughout the entire material composite. 

If adequate dispersion is accomplished, fibers will tend to bridge the 

microcracks and prevent further crack growth. In essence, the 

individual microcrack can proceed past the fiber only by failing that 

6. Koller, A., 1982. p. 47. 

7. Mindess, S., and Young, F., 1981. p. 629. 



fiber in tension or by causing the fiber to pull out of its encapsulated 

Q 

cement matrix. The applied load is transmitted through the cement 

matrix to the fibers by shear deformation. Basically, the load transfer 

arises as a result of the different physical properties of the 

particular type of fiber and the portland cement concrete. For 

instance, since steel has a Young's modulus (a.k.a. the modulus of 

elasticity) of approximately ten times that of conventional PCC,^ a 

steel fibrous reinforced concrete specimen should exhibit stronger, more 

durable traits than a plain, non-reinforced concrete specimen. 

In order to maximize the stress transmitted at the fiber-cement 

paste interface, the surface area of the fiber should be as large as 

possible compared to its cross-sectional area. Yet, a fiber that is too 

long for its particular cross-section will bend in the mixing process 

and can combine with other fibers to form interlocking clumps in the 

mix. This undesirable situation can create isolated fiber 

concentrations. In engineering terms, excessive fiber interlocking is 

commonly called 'balling1. To prevent balling, laboratory analysis has 

revealed that the fiber's length divided by its equivalent diameter 

should not exceed a numerical value of one hundred.^ A convenient 

numerical parameter describing the fiber length:diameter ratio is called 

the aspect ratio. 

8 .  

9. 

10.  

Mindess, S., and Young, F., 1981. p. 632. 

A.C.I., Committee 544, 1982. p. 13. 

Kesler, C.E., and Halvorsen, G.T., 1979. p. 234. 
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Historical Background 

One of the earliest references to a fiber reinforced 

construction material appears in the Holy Bible. In the book of Exodus, 

Pharaoh punishes Moses and Aaron by directing his staff, "Ye shall no 

more give the people straw to make brick, as heretofore: let them go and 

gather straw for themselves". Even in that early era, it was common 

knowledge that straw was needed to prevent the fresh brick from cracking 

as they dried in the sun. Besides hay and straw, other natural fibers 

such as animal hair were added to mud or clay to make bricks last 

longer many years before mankind really understood why. Consequently, 

the use of fibers to strengthen building products against cracking is a 

rather ancient construction practice.^ 

Today, in order to compensate for the inherently low tensile 

strength of concrete, it is common practice to use reinforcing steel 

rods, welded wire mesh fabric, or high tensioned prestressed cables to 

act as a second material which can carry the tensile stresses. The 

traditional concrete design approach usually treats reinforced PCC as 

two separate construction materials: steel in tension and concrete in 

compression. Theoretically, this philosophy cannot be faulted, even 

though concrete still cracks and spalls, has very little impact 

resistance, and exhibits minimal resistance to fatigue. In the late 

11. Godfrey, K.A., 1982. p. 45. 
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1950's, Professor James Romualdi of Carnegie Mellon University in 

Pittsburgh, Pennsylvania became interested in composite materials and 

the principles of 'crack arrest' and fracture analysis. Romualdi was 

the first to utilize the application of these principles to PCC and is 

presently known as the father of fiber reinforced concrete. Professor 

Romualdi holds one of the key United States patents (patent no. 

3,429,094 dated in 1969) on the use of randomly distributed short and 

thin steel fibers to reinforce concrete. Romualdi reasoned that if a 

second material of proper quality could be incorporated evenly 

throughout the PCC matrix, the behavior of the resulting composite may 

be an improvement over conventional concrete. The idea that steel 

fibers could provide improved tensile strength in concrete stemmed from 

existing fracture mechanics concepts. In 1963, Professor Romualdi and 

Gordon Batson formulated stress intensity factors using closely spaced 

1 9 wires as crack arresters. The next year, Romualdi and James Mandel 

showed that the theoretical results of closely spaced wires could be 

achieved by actually mixing short fibers directly into fresh mortar. 

Their research found unprecedented evidence that the critical crack 

spacing distance in concrete is between one-quarter to one-half of an 

inch.-^ If the fibers are spaced this close or closer, the tensile 

stress needed to get a crack to propagate unstably increases in inverse 

proportion to the specimen's fiber spacing. 

12.' Romualdi, J.P., and Batson, G.B., 1963. pp. 147-168. 

13. Romualdi, J.P., and Mandel, J.A., 1964. pp. 657-671. 
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In the early 1960's, experiments using plastic fibers in PCC 

with and without steel reinforcing rods were conducted by the United 

States Army. Other experiments using glass fibers have been researched 

in the U.S. since the early 1950's as well as in the United Kingdom and 

the Soviet Union. Several other notable early research breakthroughs 

and/or U.S. patents involve pioneering concepts in fiber bond strength 

and aspect ratio analysis.^ 

As mentioned later in Chapter 6, current research is quite 

varied. Some research is directed toward improving the overall 

effectiveness of fibers by placing them in strategic locations and in a 

favorable orientation. This pre-determined construction placement 

technique is referred to as 'fiber-zoning'.^ Other important studies 

1 fl 
involve fiber handling and batching improvements, ° newly devised 

automatic fiber dispensing equipment,^ and innovative modifications to 

I Q 

existing methods and specifications. ° Now, more than ever, the 

increased diversification of worldwide research activity and 

applicational development has caused the FRC industry to experience a 

steady rate of growth. 

14. A.C.I., Committee 544, 1982. p. 11. 

15. Shah, S.P., and Skarendahl, A., ed., 1985. p. 177. 

16. Robins, P.J., and Austin, S.A., 1985. p. 17, 18. 

17. Personal Correspondence, 1984. H.R. Egger, INTRADYM AG. 

18. A.C.I., Committee 506, 1982. pp. 13-18. 



CHAPTER 2 

ENGINEERING PROPERTIES OF THE EXPERIMENTAL COMPOSITES 

Polypropylene Fibrous Reinforced Concrete 

The type of polypropylene fibers used in the research programme 

are produced by stretching the synthetic polymer axially into circular 

cross-section monofilaments or thin film sheets. The film sheets are 

cut to the desired length, slit longitudinally into flat, fibrillated 

tapes, and twisted along their length to form a small fiber bundle.^ The 

fiber bundles are held together by cross linking along their length. 

These patented polypropylene fibers are commercially marketed and 

manufactured by Forta Fibre, Incorporated of Grove City, Pennsylvania. 

Originated in Switzerland in 1974, Forta Fibre has been produced and 

sold in the United States since 1978. Forta Fibre is a collated 

fibrillated polypropylene fiber bundle which opens up when placed in a 

PCC mixture. Specifically, as the polypropylene fibers are added into a 

rotary drum mixer, the friction between the fine and coarse aggregates, 

coupled with the agitation of the mixing blades, tend to spring the 

fiber latticework open to form an evenly dispersed monofilament system. 

1. Zollo R.F., 1982. p. 2, 3. 

2. Product Information, 1989. Forta Corporation. 

11 
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Since the virgin polypropylene material has a Young's modulus of 

approximately sixty times less than steel, the mechanical properties of 

polypropylene reinforced concrete (PFRC) will be quite different than 

those of other composites which contain more rigid fiber types. 

Typically, most fibers are deemed effective if certain static flexural 

strength levels can be readily attained at a prescribed age. However, 

PFRC is judged to be effective based on other engineering criterion. 

First of all, polypropylene fibers in a PCC mix are promoted as a type 

of secondary reinforcement that is designed to replace the non-struc-

tural wire mesh fabric needed to control the excessive rates of thermal 

expansion and contraction of the hardened concrete.^ 

In comparison to other FRC composites, polypropylene fibers are 

added to PCC in rather low fiber volumes. The recommended dosage rate 

for Forta Fibre is only 1.60 pounds per cubic yard of concrete.^ This 

low concentration translates into a fiber content of 0.10 percent by 

total composite volume. In most cases, as the polypropylene fiber 

content is increased the slump decreases. In conventional PCC mixes, 

the amount of slump directly corresponds with its relative degree of 

workability. By definition, workability is the ease or difficulty in 

the placement and consolidation of PCC with a minimum loss of 

homogeneity.^ Workability (a.k.a. placeability) is related to many 

factors: the maximum size of the coarse aggregate, the ratio of the fine 

3. Roller A., 1982. p. 44. 

4. Product Information, 1989. Forta Corporation. 

5. Portland Cement Association, 1968. p. 11. 
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to coarse aggregate, the specific particle shape, the influence of the 

concrete admixtures/additives, and the variability of the workmanship. 

As a general rule, the relative workability of a cementitious material 

decreases as the coarse aggregate increases, as the fiber content 

increases, and as the aspect ratio of the fiber increases.*' 

Past experience has found that slump is not a good measure of 

the workability of PFRC. Moreover, recent studies involving PFRC have 

reported 50 percent reduction in slump without a corresponding loss in 

material workability.^ Still, the basic slump cone test remains to be a 

popular quality control method to monitor the material consistency from 

batch to batch. The inverted slump cone test, devised especially for 

FRC composites by the American Society of Testing and Materials in 1984 

O 
(designated as ASTM C 995), has been found to be a more reliable 

measure of the mobility or fluidity of the fresh mixture and is very 

practical for field use.^ 

Besides helping to control plastic shrinkage strains, other 

advantageous properties of PFRC over plain, non-fibrous PCC include 

improvements to impact resistance, ductility, and durability.^ The 

polypropylene fiber network tends to create a three-dimensional 

'secondary' reinforcement that helps to distribute impact energy 

6. Mindess, S., and Young, F., 1981. p. 634. 

7. Zollo, R.F., 1982. p. 12. 

8. Annual Book of ASTM Standards, 1984. pp. 634-636. 

9. A.C.I., Committee 544, 1982. p. 16. 

10. Product Information, 1989. Forta Corporation. 
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loads over a greater surface area. In terms of ductility, concrete is 

quite brittle. The polypropylene fibers compensate for the brittleness 

by exerting a lower elastic moduli than its surrounding PCC matrix. 

Hence, polypropylene fiber reinforced concrete (PFRC) usually will not 

increase the strength of the composite and may potentially reduce it.^ 

Nevertheless, PFRC is still commercially advertised under the pretense 

to be more capable to withstand repetitive shock loadings, large varia

tions in temperature, and excessive drying shrinkage strains versus a 

plain PCC mixture. In certain applications, the aforementioned positive 

attributes of PFRC can correspond to an extended level of service with 

less maintenance. 

11. Mindess, S., and Young, F., 1981. p. 630. 
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Properties Of Steel Fibrous Reinforced Concrete 

Steel fibrous reinforced concrete (SFRC) is a type of composite 

material made of hydraulic cement, fine or fine and coarse aggregate, 

water, and a dispersion of discontinuous, small steel fibers. SFRC may 

also contain pozzolans, such as fly ash or silica fume, along with other 

concrete additives and admixtures.̂  Unlike the low fiber content of 

PFRC, steel fiber dosage rates normally range from 50 to 200 pound per 

cubic yard of concrete.^ The exact steel fiber content will vary with 

the particular SFRC application, the brand of steel fiber to be used, 

and the desired ultimate strength requirements. Currently, SFRC is 

available worldwide using steel fibers manufactured on at least four 

different continents.^ Extensive research and increased field use has 

pushed annual steel fiber production to about 20,000 metric tons. Steel 

fibers are commercially made in many sizes and shapes of various quality 

and by several different methods of production. The steel fiber's form 

and shape, both cross-sectional as well as longitudinal, are normally 

divided into two main categories: smooth and deformed. Smooth steel 

fibers have either a round or a flat, rectangular cross section, whereas 

deformed steel fibers are either crimped along their full length or bent 

12. A.C.I., Committee 544, 1984. p. 140. 

13. Malisch, W.R., ed., 1985. p. 5. 

14. Shah, S.P., and Skarendahl, A., ed., 1985. pp. 172-174. 
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only at the ends. The material classification of the steel fiber 

directly correlates to the specific chemical composition of the parent 

metal and are typically grouped as either carbon steel fibers or alloy 

steel fibers. Steel fibers are produced by cutting wire, shearing 

metal sheets, or from a hot-melt extraction process. ^ The most 

practical method of steel fiber production is to precisely cut cold-

drawn continuous wire to a desired length. Due to the rather smooth 

surface, this particular production technique will yield an inefficient 

fiber that does not develop sufficient bonding characteristics to 

utilize the full inherent strength of the steel fiber. Hence, smooth 

steel fibers will usually fail by pulling out of their surrounding 

cementitious paste. In order to correct the 'shear-slippage' debonding 

condition, methods have been devised to improve the mechanical inter

action at the steel fiber-cement paste interface. Greater mechanical 

interlocking is achieved when the smooth fibers are crimped along their 

entire length or are physically altered by either bending or enlarging 

the ends. These additional fabrication steps dramatically improve the 

steel fiber's pullout resistance and end anchorage capabilities, but 

tend to slightly raise the overall material cost. The other steel fiber 

production processes involve the shearing or slitting of flat sheets of 

thin, cold-rolled metal or via a melt-extraction technique. Melt-

extracted steel fibers are produced by a process whereby a rotating, 

15. Mindess, S., and Young, F., 1981. p. 629. 

16. Shah S.P., and Skarendahl, A., ed., 1985. p. 11. 

17. A.C.I., Committee 506, 1982. p. 7. 
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cooled disc with indentations of the size of the fiber is dipped into a 

molten pool of liquid metal and then quenched in the surrounding air. 

Although melt-extracted steel fibers are more economical to produce, 

they tend to exhibit a more brittle behavior and are less consistent in 

overall quality from batch to batch. 

For the past several years, deformed steel fibers have virtually 

taken exclusive control of the United States and world markets.A 

comparative evaluation of straight, smooth fibers versus deformed-end 

fibers revealed that sixty percent of the bent or deformed end fibers 

displayed essentially the same engineering property values as one 

hundred percent of the straight, smooth steel fibers.^ Deformed-end 

steel fibers affect the fiber-cement matrix bond by contributing a 

greater mechanical pull-out resistance known as end anchorage. 

For example, when subjected to intense tensile loads, fibers that do not 

possess end anchorage traits will quickly pull out and have a constantly 

decreasing load-carrying capability after the first visible crack has 

been achieved. Conversely, SFRC with quality deformed-end steel fibers 

may actually reach a point where the load-carrying capability begins to 

drop off with increasing deflection and then suddenly increases again 

with further deflection. The resulting toughness for this particular 

load versus deflection behavior will be higher than a plain, non-fibrous 

90 concrete specimen. By definition, toughness is the total energy 

18. Shah, S.P., and Skarendahl, A., ed., 1985. p. 174. 

19. Howell, R.A., 1982. p. 3. 

20. A.C.I., Committee 544, 1982. p. 15. 
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absorbed prior to complete separation of the specimen. This amount of 

energy can be readily measured by computing the area under the load-

deflection curve in flexure. In PCC, toughness is directly related to 

crack growth. When steel fibers are present, the crack cannot continue 

to propagate without stretching and debonding the particular fiber. As 

a result, considerable additional energy is necessary before complete 

material failure occurs. Test studies have shown that the main 

parameters influencing toughness are the specific type of fiber, the 

aspect ratio, the desired fiber volume percentage, the nature of defor-

O 1 

mation, and required fiber orientation or alignment. x Typically, the 

relative toughness of a specimen is conveniently expressed in a dimen-

sionless numeral known as the toughness index. The toughness index (TI) 

is regularly calculated as the area under the load-deflection curve out 

to 0.075-inch, divided by the area under the load-deflection curve up to 

the first visible crack (i.e. the specimen's proportional limit, defined 

as the first deviation from linear).^ In conventional non-reinforced 

PCC, a sudden failure is a remote possibility once the first crack load 

has been exceeded. If SFRC is utilized, then this sudden, violent 

failure is less likely. For instance, a plain, non-reinforced PCC mix 

is assigned a toughness index of 1.0, whereas a SFRC composite will 

usually have a TI value from 10 to 30. ̂ >24 

21. Shah, S.P., and Skarendahl, A., ed., 1985. p. 19, 334. 

22. Ramakrishnan, V., et al., 1979. p. 10. 

23. Godfrey, K.A., 1982. p. 50. 

24. A.C.I., Committee 544, 1982. p. 15. 
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For the past twenty years, extensive research has formulated 

various engineering properties for SFRC. A general consensus agrees 

that by adding quality steel fibers to a conventional PCC mixture, 

O C 

improvements can be detected in the impact strength, J flexural 

strength,^ fatigue endurance,^ relative toughness,^® and its ability 

on on 
to resist cracking, spalling, shattering, 3 abrasion, and cavitational 

damage.Yet, it should be recognized that the addition of the steel 

o 9 
fibers has a very little effect on the overall compression strength-3 

and degree of impermeability.-^ In order to express how well the fiber 

portion of the PCC composite is performing, the precise experimental 

control of the flexure test is very important.Similar to any other 

construction material, the satisfactory usage of SFRC depends on 

detailed economic considerations, past material performance, original 

construction workmanship, product availability, site accessibility, 

and job experience/expertise. 

25. Howell, R.D., 1982. p. 4. 

26. Ramakrishnan, V., et al., 1989. Paper No. 880094, 

27. Ramakrishnan, V., et al., 1989. Paper No. 880144, 

28. Shah, and Skarendahl, ed., 1985. p. 176, 318, 334 

29. Malisch, W.R., 1985. p. 5. 

30. A.C.I., Committee 544, 1982. p. 21. 

31. Houghton, D.L., et al., 1978. p . 666, 667 • 

32. A.C.I., Committee 544, 1984. p. 141. 

33. Galinat, M.A., 1984. p. 2. 

34. Mindess, S., and Young, F., 1981 p. 639. 
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Corrosion Of The Steel Fibers 

A normal misconception for SFRC is the potential for the steel 

fibers to corrode. It is common knowledge that the deterioration of PCC 

in a corrosive environment is created because the products of corrosion 

(i.e. rust) occupy a greater volume than the unreacted steel.This 

excessive expansion will eventually lead to a spalling effect of the 

exposed concrete. For that reason, uninformed specifiers will usually 

perceive that the steel fibers are basically one more variable which may 

possibly contribute to the premature spalling and cracking of the sound 

concrete. Simply put, corrosion is not a problem in SFRC applications. 

Long-term testing of SFRC at the Battelle Laboratories in Columbus, Ohio 

show minimal corrosion of steel fibers and no adverse effect on flexure 

strength after seven years of exposure to deicing salts.36,37 high 

chloride content did cause some external staining and/or a discoloration 

of the fibers at or near the exposed surface, but the internal 

encapsulated steel fibers displayed no corrosion whatsoever. Similar 

field research conducted off the coast of Australia has demonstrated the 

use of SFRC in breakwater units for over ten years.Except for the 

35. A.C.I., Committee 222, 1985. p. 4. 

36. Shah, S.P., and Skarendahl, A., ed., 1985. p. 493. 

37. A.C.I., Committee 544, 1982. p. 20. 

38. Godfrey, K.A., 1982. p. 49. 
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noticeable rusting of the exposed fibers, all internal steel fibers 

remained uncorroded. The investigation concluded that since the 

individual steel fibers do not actually touch one another, the 

electrolytic cell , that is conducive for corrosion, is not created. 

By definition, corrosion of a metal is an complex electro-chemical 

process that requires an oxidizing agent, the presence of moisture, and 

a continuous electron flow within the metal. Unlike SFRC, the situation 

existing with conventional reinforced PCC is quite different as the 

reinforcing steel's grid pattern (i.e. rebar mat) sets up a continuous 

conduction path and/or galvanic cell to permit the initiation of the 

corrosion process. In other words, since metal continuity does not 

readily exist between the individual steel fibers in a SFRC composite, 

corrosion will only occur at the exposed surface.̂ 9 

39. Godfrey, K.A., 1982. p. 49. 



CHAPTER 3 

LABORATORY TEST PROGRAM 

Research Objectives 

The primary objectives of this research program is to indepen

dently determine the compression, flexure, and toughness properties of 

various selected mortar and concrete mix designs in a controlled labor

atory environment. Comparative analysis will illustrate the precise 

contribution polypropylene fibers, steel fibers, and wire mesh fabric 

render to each of the 'control' mixes. Other research objectives 

include the assurance of proper experimental control by computing the 

coefficient of variance of the test results and by analyzing the steel 

fiber dispersion through the utilization of X-ray photography. The 

X-ray photographs (a.k.a. radiographs) will give insight to the 

performance of the author's modified consolidation technique of spading 

in lieu of standard dry-rodding. All other laboratory test procedures 

are performed in compliance to the ASTM standard guidelines and specifi

cations. Along with investigating the aforementioned material 

properties, the author shall also attempt to find the most economically 

advantageous and engineering efficient transportation-related usage for 

steel fibrous reinforced concrete. 

22 
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Selection Of Mix Proportions 

In the design of conventional PCC and standard mortar, the 

selection of suitable mix proportions involve a delicate balance between 

reasonable economy and the general requirements for placeability, 

ultimate strengths, long-term durability, and insitu appearance. The 

basic relationships governing these performance characteristics, as 

related to mix proportioning, include controlling the water:cement 

ratio, the mix consistency, and the portland cement. Additional factors 

that must be considered in the unique design of FRC include the maximum 

allowable coarse aggregate size, the type of fiber, and the fiber's 

size, shape, and content.^ A general rule regarding the selection of 

fibers is that the fiber length should be at least as long, or 

preferably longer, than the anticipated maximum aggregate size.^ 

Currently, there are no widely accepted quantitative guidelines 

for pre-selecting mix proportions for FRC to attain a desired level of 

relative toughness and ultimate flexural strength. As with any other 

high-strength construction repair material, a heavily-sanded PCC mix 

having a low water:cement ratio, a small maximum sized coarse aggregate, 

and a high portland cement content is usually the norm.^ 

1. Narayanan, R., and Kareem-Palanjian, A.S., 1982. p. 45. 

2. Kesler, C.E., and Halvorsen, G.T., 1979. p. 235. 

3. A.C.I., Committee 544, 1982. p. 15, 16. 
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Two non-fibrous 'control' mixes are tested: a standard mortar 

and a conventional portland cement concrete (PCC). The conventional 

Portland cement concrete (PCC) 'control' mixture is proportioned in a 

manner to reflect a common cementitious repair material and is designed 

according to the absolute volume method.^ Before the absolute volume 

mix design calculations are computed, the desired amount of portland 

cement (along with the specified values for slump, water:cement ratio, 

and maximum coarse aggregate size) must first be established. A 

detailed description of the specific experimental constitutes for the 

laboratory 'control' mixes can be observed in Table No. 2 on the next 

page. 

4. Portland Cement Association, 1968. p. 53. 



Table No. 2: Analysis of the "Control" Mix Designs 

Mix Proportions Mortar Concrete 

Portland Cement, 
ASTM Type I 

Coarse Aggregate 
(Pea Gravel) 

Fine Aggregate 
(Natural Sand) 

Water 

Total Density 

Water:Cement 
(W/C) Ratio 

Slump, Normal 

Air Content, 
Entrapped 

Fine Aggregate: 
Total Aggregate 
(F.A./Tot. Agg.) 

Sand:Cement Ratio 

Maximum Coarse 
Aggregate Size 

715 lbs./c.y. 

-0 -

1788 lbs./c.y. 

286 lbs./c.y. 

103.3 lbs./c.y. 

0.40 

1 to 2 inches 

2% 

100% 

2.5 : 1 

3/16 inch 

778 lbs./c.y. 

1238 lbs./c.y. 

1612 lbs./c.y. 

350 lbs./c.y. 

147.4 lbs./c.y. 

0.45 

1 to 2 inches 

2% 

56% 

2.07 : 1 

3/8 inch 
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The Hydration Process Of Portland Cement Concrete 

Portland cement concrete (PCC) is essentially composed of two 

main components: aggregate and paste. Aggregates are also classified 

into two distinct groups: fine and coarse. Fine aggregates consist of 

natural or manufactured sand having particle sizes normally smaller than 

one-quarter of an inch, whereas coarse aggregates usually have maximum 

particle sizes greater than one-half of an inch. Paste portion of 

concrete acts as a binder and is composed of portland cement, water, and 

entrained (or entrapped) air. Ideally, in properly casted PCC, each 

particle of aggregate is completely encapsuled in quality paste. 

Therefore, the overall strength characteristics of the PCC is greatly 

dependent upon the relative quality of the binding paste. The quality 

of the paste is mostly affected by the proper selection and continuous 

control of the water:cement ratio. The cementing properties of the 

paste are due to an exothermic chemical reaction between the portland 

cement and the water, known as hydration. In order to adequately 

evolve, the hydration process requires enough time and favorable 

conditions of temperature, humidity, and moisture.-' Basically, as the 

water:cement ratio increases above 0.50, the paste tends to thin out and 

results in a lower quality concrete with marginal ultimate strengths and 

less resistance to the destructive atmospheric elements. 

5. Portland Cement Association, 1968. p. 7, 8. 
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Experimental Ingredients 

The mix water used is tap water from the University of Arizona 

Civil Engineering Concrete Laboratory and is supplied from the City of 

Tucson's Municipal Water Supply System. The mix water is drinkable and 

free from any known undesirable chemical impurities. 

No special chemical admixtures or additives are present in any 

of the test specimens. The minimal air content, used in the formulation 

of the absolute volume mix design calculations, is due to the natural 

entrapment of tiny air bubbles within the fresh mixture. 

The type of cement binder used in all the laboratory test 

specimens is ASTM type I portland cement and is produced by the Arizona 

Portland Cement Company in Marana, Arizona. The portland cement factors 

for FRC composites are always higher than conventional PCC mixes, 

because a sufficient amount of paste must be present to completely coat 

and bind not only all the concrete aggregates, but also the added 

z: 
surface area of each fiber inclusion as well. In order to assure 

adequate bond strength between the steel fibers and the surrounding 

cementitious matrix, the typical cement content for SFRC usually ranges 

from 650 to 825 pounds of portland cement per cubic yard of concrete.^ 

6. Howell, R.A., 1982. p. 3. 

7. A.C.I., Committee 544, 1982. p. 16. 
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In FRC, the aggregates will take up about sixty to seventy-five 

percent of the entire mix volume. The concrete aggregates should be 

well-graded in size to obtain the best possible economy from the paste 

and should possess adequate material properties and pore structure. 

Since FRC is usually placed in adverse, corrosive environments or where 

high-strength is essential, the presence of quality aggregate is 

imperative. The engineering properties of the concrete aggregates used 

to make the laboratory test specimens appear in Table No. 3. The 

concrete aggregate's absorption rates and moisture contents were 

obtained by oven drying. Close examination reveals that both the fine 

and coarse aggregates are in a rather dry condition that will absorb 

slightly more than one-half pound of water per cubic yard of concrete.In 

order to assure procedural completeness, consistency, and accuracy the 

aggregate properties were derived by the strict implementation of 

standard ASTM test methods and practices. The source listing of each 

experimental method and/or practice is provided in Table No. 4. 

The type of coarse aggregate used in the laboratory test 

specimens is a three-eights of an inch maximum size riverbed pea gravel 

purchased from the ABC Sand and Gravel Company of Tucson, Arizona. The 

average sieve analysis of the pea gravel can be observed in Table No. 5. 

The type of fine aggregate used in both the standard mortar as 

well as in the PCC mixes is natural sand furnished by the University of 

Arizona Civil Engineering Laboratory. The average sieve analysis of the 

natural sand is shown in Table No. 6. The value of 2.75 for the 

fineness modulus of the sand implies an even gradation and a uniform 

particle size distribution. 
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Table No. 3: Engineering Properties of the Concrete Aggregate 

Property 

Absorption Rate 

Moisture Content 

Specific Gravity 
(saturated surface-dry) 

Fineness Modulus 

Dry Rodded Unit Weight 

Coarse Aggregate 

0.50% 

0.47% 

2.71 

not applicable 

97.5 lbs./c.f. 

Fine Aggregate 

0.40% 

0.38% 

2.70 

2.75 

99.0 lbs/c.f. 
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Table No. 4: Source Listing of Experimental Methods 

Source Standard Method or Practice 

ACI 544.3R Guide for Specifying, Mixing, Placing and Finishing 
Steel Fiber Reinforced Concrete 

ASTM C 29 Unit Weight of Aggregate 

ASTM C 33 Specification for Concrete Aggregate 

ASTM C 39 Test for Compression Strength of Concrete Cylinders 

ASTM C 70 Surface Moisture in Fine Aggregate 

ASTM C 78 Test for Flexural Strength of Concrete (Using Simple 
Beam with Third-Point Loading) 

ASTM C 125 Definition of Terms Relating to Concrete and 
Concrete Aggregate 

ASTM C 127 Specific Gravity and Absorption of Coarse Aggregate 

ASTM C 128 Specific Gravity and Absorption of Fine Aggregate 

ASTM C 136 Sieve Analysis of Coarse and Fine Aggregate 

ASTM C 138 Unit Weight, Yield, and Air Content of Concrete 

ASTM C 143 Slump of Portland Cement Concrete 

ASTM C 192 Making and Curing Concrete Test Specimens in the 
Laboratory 

ASTM C 617 Capping Cylindrical Concrete Specimens 

ASTM C 1018 Flexural Toughness of Fiber-Reinforced Concrete 
(Using Simple Beam with Third-Point Loading) 

PCA-Design Design of Concrete By the Absolute Volume Method 
and Control 
of Concrete 

ACI - American Concrete Institute 
ASTM - American Society of Testing Materials 
PCA - Portland Cement Association 



Table No. 5: Sieve Analysis of the Coarse Aggregate 

Sieve 
Size of 

Opening(in.) 
Accum. Weight 
Retained(lbs.) 

Percent 
Retained 

Percent 
. Passing 

3/8" 0.375 -0- -0- 100 

No. 4 0.1875 11.6 58 42 

No. 8 0.0937 19.0 95 5 

No. 16 0.0469 19.8 99 1 

Pan 20.0 100 0 

Table No. 6: Sieve Analysis of the Fine Aggregate 

Sieve 
Size of 

Opening(in.) 
Accum. Weight 
Retained(lbs.) 

Percent 
Retained 

Percent 
Passing 

3/8" 0.375 -0- -0- 100 

No. 4 0.1875 0.8 4 96 

No. 8 0.0937 2.6 13 87 

No. 16 0.0469 6.4 32 68 

No. 30 0.0232 10.4 52 48 

No.50 0.0117 15.6 78 22 

No.100 0.0059 19.2 96 4 

No.200 0.0029 19.8 99 1 

Pan - 20.0 100 0 

Fineness Modulus of the Natural Sand: 2.75 
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Depending on the particular type of fiber, the added cost of the 

O 
fibers is usually the most expensive ingredient of FRC. In selecting 

the type of fiber, an effort should be made to maximize the aspect ratio 

without unduly sacrificing the workability of the concrete. Two 

different types of fibers, as well as two separate sizes of each fiber 

type, were tested in the laboratory. As illustrated in Figure No. 1, 

the two types of fibers tested in the laboratory are polypropylene 

fibers and end-deformed steel fibers. The polypropylene fibers are 

commercially called Forta-Fibre and are produced by Forta Fibre, Inc. of 

Grove City, Pennsylavania. The fibers are marketed as a collated 

fibrillated polypropylene fiber bundle which opens in the fresh mixture. 

As recommended by the manufacturer, both 'control' mixes have similar 

polypropylene fiber dosage rates of 1.60 pounds per cubic yard of 

concrete, but contain different lengths of Forta Fibre. In particular, 

the standard mortar mix uses a three-quarter of an inch long Forta Fibre 

designated as Type A-5, whereas the PCC mix incorporates a one and 

one-half inch long fiber marketed as Type A-10. Normally, the 

recommended polypropylene fiber length is controlled by the maximum size 

of the coarse aggregate. 

The hooked or end-deformed smooth drawn low-carbon steel wire 

fibers used in this investigation are commercially known as Dramix and 

are manufactured by the Bekaert Steel Corporation of Niles, Illinois. 

Dramix fibers normally constitute about one percent of the total FRC 

volume and are batched at recommended dosage rates of 85 pounds per 

8. Kesler, C.E., and Halvorsen, G.T., 1979. p. 236. 



Figure No. 1: Types of Experimental Fiber 
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cubic yard of concrete. Dramix steel fibers are distributed in collated 

Type ZP and uncollated Type ZL. Loose Dramix Type ZL are tested in this 

study. Both types of Dramix fibers have an equivalent circular diameter 

of about two-hundredths of an inch (0.02-inch) or one-half of a milli

meter (0.50 mm). Similar to the prescribed lengths required by the 

polypropylene fiber manufactures, separate steel fiber lengths are also 

suggested for standard mortar mixes and PCC mixes. Specifically, the 

standard mortar mix uses Dramix steel fibers with a nominal length of 

approximately 1.20 inches (or 30 millimeters) and are designated as Type 

ZL 30/50, whereas the PCC mix contains a slightly longer fiber length of 

around 2 inches (or 50 millimeters) and are distributed as Type ZL 

50/50. 

The following two pages show the laboratory mix proportions as 

well as give insightful fiber information for each distinct type of 

fibrous reinforced concrete. The polypropylene fibrous mix designs for 

both the mortar (PFR-Mortar) and for the concrete (PFRC) are outlined in 

Table No. 7. In the same manner, the steel fibrous mix designs for 

SFR-Mortar and for SFRC are listed in Table No. 8. 
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Table No. 7: Polypropylene Fibrous Mix Designs 

I. Mix Proportions 

PFR-Mortar PFR-Concrete 

Portland Cement, Type 1 715 lbs./c.y. 778 lbs./c.y. 

Coarse Aggregate -0- 1238 lbs./c.y. 

Fine Aggregate 1788 lbs./c.y. 1612 lbs./c.y. 

Water 286 lbs./c.y. 350 lbs./c.y. 

Polypropylene Fibers 1.6 lbs./c.y. 1.6 lbs./c.y. 

Water:Cement Ratio 0.40 0.45 

Total Density 103.4 lbs./c.y. 147.4 lbs./c.y. 

Slump 1 to 2 inches 1 to 2 inches 

Air Content, Entrapped 2 percent 2 percent 

Maximum Aggregate Size 3/16 inch 3/8 inch 

II. Miscellaneous Polypropylene Fiber Information 

Polypropylene Fiber PFR-Mortar PFR-Concrete 

Manufacturer Forta Fibre,Inc. Forta Fibre,Inc. 

Type A-5 A-10 

Shape Straight, Collated 
Fibrillated Bundle 

Straight, Collated 
Fibrillated Bundle 

Length 3/4 inch 1i inch 

Diameter, 
One Filament 

1/10,000 inch 
(30,000 denier) 

1/10,000 inch 
(30,000 denier) 

Diameter, Approx. 1 inch Approx. J inch 
One Bundle 
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Table No. 8: Steel Fibrous Mix Designs 

I. Mix Proportions 

Portland Cement, Type I 

Coarse Aggregate 

Fine Aggregate 

Water 

Steel Fibers 

Water:Cement Ratio 

Total Density 

Slump 

Air Content, Entrapped 

Maximum Aggregate Size 

SFR-Mortar 

715 lbs./c.y. 

-0-

1788 lbs./c.y. 

286 lbs./c.y. 

85 lbs./c.y. 

0.40 

106.5 lbs./c.y. 

1 to 2 inches 

2 percent 

3/16 inch 

SFR-Concrete 

778 lbs./c.y. 

1238 lbs./c.y. 

1612 lbs.c.y. 

350 lbs./c.y. 

85 lbs./c.y. 

0.45 

150.5 lbs./c.y. 

1 to 2 inches 

2 percent 

3/8 inch 

II. Miscellaneous Steel Fiber Information 

Steel Fiber 

Manufacturer 

Tradename 

Shape 

Cross Section 

Length, L 

Diameter, D 

Aspect Ratio, L/D 

SFR-Mortar 

Bekaert Corp. 

Dramix ZL 30/50 

Straight with 
Deformed Ends 

Circular 

30 millimeters 

0.5 millimeters 

60 

SFR-Concrete 

Bekaert Corp. 

Dramix ZL 50/50 

Straight with 
Deformed Ends 

Circular 

50 millimeters 

0.5 millimeters 

100 
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Mix Preparation 

In the laboratory test programme, a total of thirty compression 

cylinders and forty flexure beams were cast. All test batches were 

mixed in a six cubic foot capacity rotary drum mixer. The particular 

mixing method^ used for each batch was performed according to the 

established guidelines set forth by the ACI Committee 544 and proceeded 

as follows: 

Step 1. The fine and coarse aggregates are premixed/blended 

together for one minute. 

Step 2. The loose experimental fibers are manually sprinkled into 

the revolving mixing drum and are allowed to agitate with 

the fine and coarse aggregates for two minutes. 

Step 3. The portland cement and water is added simultaneously and 

mixed as per the ASTM standard procedure of three minutes 

of mixing, followed by three minutes of rest, and then 

finally two minutes of additional mixing. 

The batching of the steel fibers into the rotary mixing drum is 

illustrated in Figure No. 2. It is important that the experimental 

fibers be dispersed uniformly throughout the mix aggregates before any 

of the mix water is added. In most cases, thorough examination of the 

second step can determine if total fiber dispersion is achieved. 

9. A.C.I., Committee 544, 1982. p. 17. 



Figure No. 2: Batching of Steel Fibers into a Rotary Mixing Drum 
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Before the experimental fibers and aggregates are premixed, it 

is recommended to manually shake the loose steel fibers through a 4-inch 

by 4-inch bar screen.^>H>12 This dumping process tends to prevent the 

potential for the frictional interlocking of the steel fibers and 

ensures an adequate separation. Even though it took over ten minutes to 

batch each set of test specimens, the laboratory mixing process seemed 

to proceed without difficulty and no undesirable internal fiber nesting 

or 'balling' occurred. 

10. 

1 1 .  

12.  

A.C.I., Committee 544, 1984. p. 144. 

A.C.I., Committee 544, 1982, p. 17. 

Mindess, S., and Young, F., 1981. p. 633. 
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Casting And Curing Techniques 

After each batch had been thoroughly mixed, the plastic (fresh) 

material was immediately transported by wheelbarrow to the nearby 

casting location where it was scooped into the test molds. A 

wheelbarrow of fresh SFRC is shown below in Figure No. 3, whereas a 

scoop of fresh PFRC can be observed on the next page in Figure No. 4. 

- r-^- /vitauny.'u 

-= I'-K I- '-"iJif# 

Figure No. 3: Wheelbarrow of Fresh Steel Fiber Reinforced Concrete 



Figure No. 4: Scoop of Fresh Polypropylene 
Fiber Reinforced Concrete 
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The compression cylinder specimens were cast in standard sized 

steel molds having a six-inch circular diameter and a twelve-inch 

nominal height. The steel cylinder molds were slightly greased to 

prevent excessive material adhesion. The flexure beam specimens mea

sured 4-inches wide by 4-inches deep by 14-inches long^ and were cast 

in specially constructed wooden molds made of three-quarters of an inch 

thick plywood. The joints of the flexure beam molds were secured with 

wood screws and high-strength glue. Like the steel compression cylinder 

molds, the beams were also greased prior to initial material placement. 

Proper casting procedures are critical in the reliable testing 

of FRC. As specified by the ACI Committee 544 the test specimens should 

be made using external vibration only. Internal tube vibration has been 

shown to over agitate the FRC composite causing excessive material 

segregation and unidirectional fiber orientation.^ In typical FRC test 

specimens, which are quite small and have a rather confined volume 

configuration, the standard slump cone "dry-rodding" procedure is not 

acceptable. As stipulated by ASTM C31, "dry rodding" is a method of 

specimen consolidation via physically tamping and/or penetrating a 

round, straight steel rod for twenty-five specified times in three equal 

lifts or layers. The steel rod measures five-eighths of an inch in 

diameter and approximately twenty-four inches long. Dry-rodding" will 

tend to direct fiber orientation by positioning most of the fibers 

perpendicular to the specimens' surface. This type of patterned, 

13. A.C.I., Committee 544, 1984. p. 141. 

14. A.C.I., Committee 544, 1982. p. 17. 
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non-uniform fiber dispersion should be avoided while casting FRC 

specimens. Instead, an external vibrator held against the side of the 

mold or by manually tapping the sides with a rubber mallet is an 

allowable means toward achieving adequate material consolidation. 

The method used to consolidate all the flexure beam laboratory 

specimens is shown in Figure No. 5. A one-quarter inch thick, 

square-edged steel plate (measuring two and one-half inches wide by 

sixteen inches long) compacted each specimen in a 'spading1 motion for 

twenty-five times in three separate layers. This modified consolidation 

procedure seemed to eliminate some of the air voids and to evenly 

distribute the fibers randomly throughout the entire matrix. In 

addition to 'spading1, before the surface of each specimen was hand 

finished, the sides of the mold were lightly tapped with a small rubber 

mallet. The tapping motion permits water to rise from the fresh 

material (a.k.a. bleeding) and form a liquid paste or slurry at the 

specimen's surface. As noted previously in Table No. 1, the 

experimental program investigates five concrete flexure beams as well as 

five mortar flexure beams that are each reinforced with a single layer 

of three inch by three inch, No. 10 AWG thickness of welded wire mesh 

fabric. The WWM fabric was placed one inch from the bottom (or three 

inches from the top) of each of the ten flexure beam specimens. Prior 

to fresh material placement, all four sides of the plywood beam molds 

were at marked the aforementioned distances to ensure proper WWM fabric 

positioning. In each case, the plain concrete (or mortar) material was 

placed, consolidated, and finished into a flexure beam wooden mold up to 

the one inch pencil mark. Next, the three inch by three inch WWM fabric 



Figure No. 5: Consolidating a Fresh Flexure Beam Specimen 
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was directly set on this first material lift as level as possible. 

Lastly, the mold was completely filled with fresh material the remaining 

three inch depth before proceeding to consolidate, vibrate, strike off, 

and float the individual test specimens. Since the presence of welded 

wire mesh fabric does not contribute in axial compression, the WWM spec

imens were tested only in flexure. 

After the casting procedures had been completed, all the test 

molds were labeled with their assigned laboratory number. Next, all the 

test specimens were covered with moist burlap and polyethylene plastic 

sheeting to remain undisturbed for 24 hours to air-cure at room 

temperature. After demolding, all the hardened specimens were 

immediately placed in a moist cure room (@76°F, 100% humidity) for 

thirteen consecutive days. It was visually observed during the 

demolding process and throughout the general handling of the specimens, 

that no drying shrinkage cracks were evident during the initial 

twenty-four hour set period. As soon as each hardened test specimen was 

demolded, it was quickly re-labeled with its earlier assigned laboratory 

number and immediately placed in the moist-cure room before any 

noticeable surface drying had occurred. In fact, throughout the actual 

disassembling of the specimen molds, no concrete or mortar material 

adhered to the formwork's surface. Furthermore, no excessively large 

air voids or "honeycombs" were detected implying sufficient mix water 

existed to adequately hydrate the cement permitting a thorough encapsu

lation of the fiber inclusions as well as all the concrete aggregates. 
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Test Procedures And Experimental Controls 

After the 14 day cure period was complete, all the test 

specimens were removed from the moist-cure room and stored at room 

temperature (72°F) at the University of Arizona Civil Engineering 

Concrete Laboratory. To provide a smooth surface, all the compression 

cylinder specimens were capped with a combination sulfur and lime mortar 

compound as directed by ASTM C 617. The compression cylinder specimens 

were then tested according to the procedures set forth in ASTM C 39. 

The actual laboratory set-up for the compression test is illustrated in 

Figure No. 6. Before the compressive load is applied, a compressometer 

was securely attached on each test specimen. The applied load was 

progressively increased between 20 to 50 pounds per square inch for each 

second and was read directly from the load cell dial gage of a hydraulic 

Foney, Inc. testing apparatus. The strain values were recorded at load 

increments of 5,000 pounds from a Lufkin dial gage. The dial gage, 

graduated to 0.0001 inch, was typically installed at the midpoint on one 

of the compressometer's vertical legs. 

Preceeding each compression test, separate laboratory reports 

were written to document the following variables: 

1. The cylinder's specific lab number 

2. The general appearance of each cylinder (i.e. detailed 

descriptions of any isolated honeycombs/voids, chipped edges, 

condition of the capping material, etc.) 
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Figure No. 6: Laboratory Set-Up for the Compression Cylinder Test 
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3. The ultimate load and the corresponding strain 

4. The failure load and the corresponding strain 

5. The duration of the total loading time 

6. Remarks describing the fracture pattern(s) 

An overview of the specific laboratory data for the compression tests 

can be readily examined in Table No. 9. 

In the laboratory tests for static flexure strength, third-point 

loading (as per ASTM C78)^-*'^ was applied to the flexure beams. The 

bottom of each flexure beam had a supported span length of 12 inches and 

was loaded on the top by a specially designed cast iron plate welded 

with two steel rods spaced 4 inches apart. Two photographs showing the 

laboratory set-up for the flexure test, along with a close-up view of 

the third-point loading mechanism, are provided in Figure No. 7 and in 

Figure No. 8. In order to maintain the specified loading rate of 0.01 

inch per minute, the flexure test had to be performed at a private 

material testing facility. Permission was graciously granted by the 

management of the Southern Arizona Testing Laboratory in Tucson to use 

their Tinius Olsen hydraulic loading device. The rather sensitive 

loading rate was easily held at a constant rate before and after the 

initial cracking of the test specimens. A Mitutoyo dial caliper, 

accurate to 0.001 inch, was used to measure the relative midspan 

deflection of each flexure beam. The applied load was directly recorded 

from the loading frame's built-in load cell at continuous increments of 

15. Annual Book of ASTM Standards, 1984. pp. 637-644. 

16. Shah, S.P., and Skarendahl, A., ed., 1985. p. 48. 
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Table No. 9: Laboratory Data for the Compression Test 

Topic 

Test Reference Source 

Laboratory Facility 

Testing Apparatus 

Compressometer1s Gage 

Scale of Gage 

Loading Rate 

Cylinder Dimensions 

Type of Test Mold 

Mixing Device 

Consolidation Method 

Cure, first 24 hours 

Treatment of Fresh Concrete 

Cure, Day #2 thru #14 

Cure Room Temperature 

Cure Room Humidity 

Failure Analysis 

Fracture Description 

Method or Description 

ASTM C 39 

University of Arizona 
Civil Engineering Concrete Lab 

Forney,Inc. (Model No. 59176) 

Lufkin Dial Gage 

Graduated to 0.0001 inch 

20 to 50 p.s.i./sec. 

6" diameter by 12" high 

Steel 

6 cu. ft. Rotary Drum Mixer 

"Spading" w/ a $" thick, 
2$" by 18" steel plate 

Air-Cured at Room Temperature 

Exposed Top Surface was covered w/ 
Wet Burlap and Plastic Sheeting 

Moist-Cured 

76° F (plus or minus 1° F) 

Approximately 100 % 

Non-Fibrous Specimens: Sudden 
Fiber Rein. Specimens: Ductile 

Crack growth occurred equally 
through cement paste & aggregate 

Capping Material Sulfur-Lime Mortar 



Figure No. 7: Laboratory Set—Up for the Flexural Beam Test 
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Figure No. 8: Third-Point Loading Condition 
for a Flexural Beam Specimen 
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0.0025-inch of deflection. As suggested by ACI Committee 544, certain 

common variables were documented in each flexure test. These test 

variables include: 

1. The flexure beam's laboratory number 

2. The general description of any hairline cracks or specimen 

defects 

3. The load and corresponding deflection at the first 'load-

induced' visible crack 

4. The ultimate flexure load and corresponding deflection 

5. The load at 0.075-inch deflection 

6. The overall beam dimensions after testing 

7. Remarks describing the primary fracture pattern 

Detailed information of the laboratory data for the flexure test is 

provided in Table No. 10. 

As with conventional concrete mix designs, the number of tests 

performed, the standard deviation, and the coefficient of variation are 

useful assurance tools to monitor the quality control of the FRC 

composites. Besides evaluating the scatter of the laboratory data, 

another experimental control was used to critique the author's modified 

consolidation procedure and to assure that adequate fiber dispersion was 

accomplished. After testing, randomly selected polypropylene and steel 

FRC flexure beam specimens were thinly sliced with a rock saw in the 

University of Arizona Geological Engineering Geomechanics Laboratory. 

The sliced samples were cut to varied thickness ranging from 8 to 14 

millimeters. The overall mix homogeneity, the cement paste bond (to the 

coarse aggregates as well as to the individual fibers), and the 
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Table No. 10: Laboratory Data for 

Topic 

Test Reference Source 

Type of Flexure Test 

Laboratory Facility 

Testing Apparatus 

Caliper Type 

Scale of Caliper 

Loading Rate 

Beam Dimensions 

Type of Test Mold 

Mixing Device 

Consolidation Method 

Cure, first 24 hours 

Treatment of Fresh Concrete 

Cure, Day #2 thru #14 

Cure Room Temperature 

Cure Room Humidity 

Failure Analysis 

i Flexure Test 

Method or Description 

ASTM C 78 

Simple Beam w/ Third-Point Loading 

Southern Arizona Testing 
Laboratory (Tucson, Az.) 

Tinius 01sen,Inc. 
(Model No. 68114-1) 

Mitutoyo Dial Calipers 

Graduated to 0.001 inch 

0.01 inch/minute of 
Midspan Beam Deflection 

4" width x 4" depth x 14" long 

3/4 inch Plywood Beams w/ Joints 
secured by Wood Screws & Glue 

6 cu. ft. Rotary Drum Mixer 

"Spading" w/ a J" thick, 
2i" by 18" Steel Plate 

Air-Cured at Room Temperature 

Exposed Top Surface was covered w/ 
Wet Burlap and Plastic Sheeting 

Moist-Cured 

76° F (plus or minus 1° F) 

Approximately 100 % 

Ductile Failures occurred in 
SFRC and Wire Mesh Beams (all 
other failures were sudden) 

Fracture Description Isolated within Center 1/3 of Span 



orientation and distribution of the fibers were visually observed from 

these sliced sample cross-sections. The typical steel fiber dispersion 

for a sawed SFRC flexure beam specimen is provided in Figure No. 9. In 

addition to the simple visual observation of the sliced test specimens, 

the flexure beams were also analyzed in three-dimensions (i.e. both in 

the breadth, depth, and length directions) via the use of X-ray 

photography, commonly referred to as radiography. The radiographs were 

supplied by Dr. Krishna Seshan of the University of Arizona College of 

Mines Metallurgical Engineering Department. 

Strict experimental control during the material proportioning, 

transporting/handling, batching, mixing, consolidating, casting, 

demolding, curing, and actual testing of each laboratory specimen is 

essential in the formulation of worthwhile, unbiased data. Once 

adequate experimental control is assured, material comparisons can then, 

and only then, be confidently established. Therefore, various methods 

to monitor aspects of experimental control were stressed to achieve 

procedural consistency and experimental validity. 



Figure No. 9: Analysis of Steel Fiber Dispersion 
on a Sawed Flexural Beam Specimen 
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Discussion Of The Test Results 

Compressive strength is seldomly the most important design 

parameter for FRC. Nevertheless, accurate compression strength tests 

are needed to establish the uniform characteristics of the basic 

'control' mixes. In the experimental program, the compression cylinders 

usually failed in a conical fracture pattern. Several test cylinders 

exhibited minor longitudinal splitting (a.k.a. columnar failure) as well 

as random shear deformation fracture patterns, but the predominant 

fracturing pattern was a ductile bulging halfway along the 12-inch 

height of the specimen. The typical appearance of the compression 

cylinder specimens after complete failure can be noted in Figure No. 10. 

In most cases, the visible cracks propagated equally through both the 

cement paste and the coarse aggregate. Since this fracture condition 

frequently occurred, it can be concluded that good specimen 

consolidation, adequate cement hydration, and sufficient coarse 

aggregate strength existed. 

In order to evaluate the fiber orientation and dispersion, 

various thinly sliced flexure beam specimens were photographed with 

X-rays. The laboratory exposures were printed on Kodak M-8 X-ray film 

paper. Standard procedures were used for the film developing and 

fixing. Radiographs were made from samples of polypropylene fibrous 

mortar (PFR-Mortar), polypropylene fibrous concrete (PFRC), steel 

fibrous mortar (SFR-Mortar), and steel fibrous concrete (SFRC). 



Figure No. 10: SFR-Mortar Compression Cylinder 
Test Specimens After Failure 
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The polyproylene fibers in both the mortar and concrete mixes could not 

be detected in the radiographs. Only the coarse aggregates (i.e. pea 

gravel), not the polypropylene fibers, could be distinguished from these 

particular radiographs. Conversely, the radiographs that were developed 

of the steel fiber specimens displayed good quality visual information. 

A typical radiograph of an 8 millimeter thick SFRC test specimen is 

illustrated in Figure No. 11. The X-ray photograph shows a relatively 

uniform steel fiber distribution. The steel fibers appear to be 

orientated in all directions with no isolated fiber concentrations. 

Current research studying the stiffness of SFRC has determined that the 

homogeneous dispersion of discrete fibers are necessary to achieve 

predicted material performance.^ Isolated fiber concentrations have 

been found to be as damaging as localized fiber voids. Random groups of 

closely spaced and/or interlocking fibers will interact to create a 

small area of high stiffness. The local fiber concentrations will act 

as inclusions within the FRC composite. The stiff inclusions will form 

points of "stress-growth zones" in which microcracks can readily develop 

and propagate. The X-ray photographs published in that particular study 

showed cracks passing through high local fiber concentrations rather 

1 ft than through sparse fiber areas. ° 

Several radiographs were analyzed in three separate film 

exposures for SFR-Mortar in Figure No. 12 and for SFRC in Figure No. 13. 

The test specimens were tilted 4.5 degrees from the normal film plan. 

17. Patton, M.E., and Whittaker, W.L., 1983. p. 16. 

18. Ibid. p. 13. 



Figure No. 11: X-ray Radiograph of an 8 mm thick 
SFR-Concrete Flexural Beam Specimen 



Figure No. 12: X-ray Radiograph of a 14 mm thick 
SFR-Mortar Flexural Beam Specimen 
(3 Separate Exposures) 



Figure No. 13: X-ray Radiograph of an 11 mm thick 
SFR-Concrete Flexural Beam Specimen 
(3 Separate Exposures) 



It can be determined that center exposure in both Figure No. 12 and 13 

displays the most conclusive visual data. That particular exposure 

(photographed at 79 KVP and developed at 4 ma-min) clearly defines the 

steel fibers as well as the coarse aggregates. 

The raw data recorded from the compression cylinder tests was 

transposed to formulate various material stress-strain curves. First, 

the applied load was converted to stress values that are expressed in 

units of pounds per square inch. Next, the actual strain values were 

transformed into units of micro-inches per inch (i.e. 0.000001 

inch/inch). Lastly, the data was plotted in graphic form with stress 

values represented on the vertical axis and strain values on the 

horizontal axis. In Figure No. 14, three separate mortar mixes can be 

evaluated by comparing the averaged stress-strain curves. The plain, 

non-reinforced standard mortar 'control' mix showed a sudden, complete 

failure after its ultimate compressive strength was obtained, whereas 

the polypropylene fibrous and steel fibrous mixes exhibited more gradual 

stress reductions with increased strain. Even at 4,000 micro-inches per 

inch of strain, both the PRF-Mortar and SFR-Mortar displayed quite 

ductile behavior. Upon comparison of the stress-strain curves in Figure 

No. 14, the SFR-Mortar withstood over 2.6 times as much stress at 4000 

uin/in. of strain than the PRF-Mortar specimens. Like the stress-strain 

curves generated in Figure No. 14 for the mortar specimens, Figure No. 

15 similarly displays the overall compressive behavior of the averaged 

concrete mixes. However, unlike the mortar mixes that show gradual 

stress reductions at increasing strains, the concrete mixes exhibited 

quite different stress rates with increasing strain. In fact, after a 
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14 day Compressive Strengths as per ASTM C 39 
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14 day Compressive Strengths as per ASTM C 39 
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strain of about 1,500 micro-inches per inch is exceeded, both the 

non-reinforced concrete and the PFRC displayed a total, sudden failure 

whereas the compressive strength reduction of the SFRC specimens 

remained somewhat gradual. This gradual decent on the SFRC 

stress-strain curve suggests that the steel fibers are indeed bridging 

the advancing microcracks. Consequently, the fractured SFRC composites 

withstood higher stresses with increasing strains. Upon analysis of 

each of the composites' ultimate compressive strength in Figure No. 16, 

it can be readily concluded that the inclusion of fibers in a 

cementitious material will not contribute an appreciable increase in 

ultimate compressive strength. In both the PFR-Mortar and PFRC mixes, a 

noticeable 10 percent compressive strength reduction was apparent versus 

the ultimate strengths of the plain, non-reinforced 'control' mixes. 

The 'parent' fibers' lower elastic moduli may explain why this modest 

compression strength reduction occurred in the polypropylene fibrous 

reinforced composites. Unlike the polypropylene fibrous reinforced 

specimens, both the SFR-Mortar and SFRC mixes showed appreciable 

ultimate compressive strength increases. Versus the plain, 

non-reinforced concrete and mortar control mixes, the SFR-Mortar mix 

exhibited a 26 percent increase in ultimate compressive strength whereas 

the SFRC mix showed a rather substantial 40 percent increase. This set 

of data suggests that the steel fibers were not harmful to the overall 

homogenic nature of the concrete/mortar matrices. No stress induced 

zones of weakness were detected in or near the steel fibers inclusions. 

Furthermore, good bonding within the surrounding cement paste was also 

evident. The hooked or deformed Dramix steel fibers used in the 
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research may have directly contributed to the higher ultimate 

compressive strengths by providing significant end anchorage and/or 

pull-out resistance at the fiber-cement interface. Nevertheless, steel 

fibers are deemed efficient when added into portland cement concrete 

based on their relative contribution to the composites' overall flexural 

strength and not to the modest compression strength gain. 

As a means of evaluating proper experimental control, the 

coefficient of variation for the test specimen's ultimate compression 

strength is listed in Figure No. 16. The coefficient of variation, 

defined as the standard deviation divided by the arithmetic mean, is 

always less than 0.13, which indicates good laboratory control. The 

test data's minimal fluctuation in material response also implies 

procedural consistency. One standard mortar specimen and one plain 

concrete specimen were discarded from the set of analyzed data due to an 

unacceptable loading condition in which the rate was applied too fast. 

These two specimens experienced violent, explosive failures as soon as 

the first visible crack was observed. In summation, the presence of 

fibers in a cement matrix will alter the mode of failure (i.e. from a 

brittle, sudden failure to a more ductile, gradual failure) and can 

possibly contribute an appreciable effect on the ultimate compressive 

strength. 

In order to achieve the most suitable gauge of the fiber's 

effectiveness, FRC construction contracts will usually specify a static 

flexure strength that is required to be obtained at a given age.^ A 

19. A.C.I., Committee 544, 1984. p. 141. 
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flexure strength of 700 to 1000 pound per square inch at 28 days are 

typical values. As provided in Figure No. 17 and again in Figure No. 

18, a significant difference exists in the flexure performance of plain, 

non-reinforced mixes versus the fibrous mixes and the mixes- containing 

wire mesh fabric. The plain, non-reinforced mortar and concrete flexure 

beam specimens continually displayed an immediate brittle failure once 

the first visible crack was observed at about a 0.01-inch midspan 

deflection. The polypropylene fibrous composites produced a slightly 

more ductile failure than the plain control mix, but could only 

withstand a modest applied load (between 100 to 400 pounds) with an 

increase in midspan deflection. The SFR-Mortar flexure beams compared 

favorably to the mortar reinforced with wire mesh fabric. As noted in 

Figure No. 17, beyond a 0.03-inch midspan deflection, the mortar 

reinforced with wire mesh fabric actually gained strength whereas the 

SFR-Mortar exhibited a slight decline in flexural strength. Conversely, 

a quite different condition existed with the SFRC specimens. As 

illustrated in Figure No. 18, the SFRC flexure beams could withstand 

over twice as much applied load when compared to the concrete specimens 

reinforced with wire mesh fabric. This condition held true as the 

midspan deflection slowly grew from 0.02-inches to when the test was 

terminated at 0.075-inches. The probable mode of failure of the SFRC 

flexure beams was the simultaneous yielding of the fibers and the cement 

paste matrix.xn fact, one could actually hear a distinct "popping" 

sound as the steel fibers failed in tension. Upon detailed examination 

20. Ramakrishnan, V., et al., 1981. p. 520. 
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of the SFRC flexure beams after complete failure, it was found that no 

steel fibers had pulled out from its surrounding cement paste. The 

deformed or hooked ends of the Dramix steel fibers contributed 

significantly to the increase in bond at the fiber-paste interface. 

As per ASTM C 78, the modulus of rupture (M.O.R.) was calculated 

for each flexure beam specimen. Figure No. 19 lists the M.O.R. values. 

Once again, the SFRC flexure beams displayed the highest load-carrying 

characteristics b-y exihibiting a 58 percent increase over the plain mix. 

The rather small coefficient of variation, as displayed in Figure No. 

19, indicates minimal scatter in the test response and adequate exper

imental control. In addition to establishing the modulus of rupture 

(M.O.R.) numerical parameters, the tabulation of the relative toughness 

index was also formulated to highlight the ability of the fibrous 

composite to stay together and still carry an appreciable load even 

after the specimen had cracked. The relative toughness (or post-

cracking energy absorption capacity) of PCC is considerably increased 

by the addition of steel fibers. The behavior tendency is quite 

apparent when observing the relative toughness histogram in Figure No. 

20 as both the SFRC and the SFR-Mortar specimens have a toughness index 

(TI) of over ten. The listed toughness index values imply that the 

plain, non-fibrous test specimens failed immediately after the first 

visible crack and are assigned a TI value of one.^l The SFRC flexure 

beam specimens clearly exihibited a much larger relative toughness 

versus the other concrete mix designs. Yet, this is not the case 

21. Ramakrishnan, V., et al., 1981. p. 521. 
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when comparing the mortar mix designs. The mortar flexure beams 

reinforced with wire mesh fabric displayed a 12 percent higher TI 

value than the SFR-Mortar specimens. The load carrying ability of the 

mortar reinforced with wire mesh fabric at large deflection rates 

(i.e. maintaining a one kip load at deflections over 0.04-inches) 

infer an efficient load transfer is developed from the 'brittle' mortar 

to the 'ductile' wire mesh fabric. 

In August 1984, the American Society of Testing and Materials 

Subcommittee C 09.03.04 established the standard test method for the 

flexural toughness of fiber reinforced concrete using a 4"x4"xl4" beam 

subjected to third-point loading and issued the test under the fixed 

designation number of ASTM C 1018.^2 More recently, another method to 

calculate the relative toughness had gained notoriety. Specifically, 

the state-of-the-art concept is based on three different service levels 

(expressed as I5, 1^0' an<* *30) which some researchers believe better 

correlates the post-cracking performance of FRC.^ por example, tough

ness index value I5 constitutes a midspan deflection of 3 times the 

first-crack deflection, whereas Î q and I3Q are index parameters up 

to 5.5 and 15.5 times the first-crack deflection. The ratios I10/I5 

and I30/I10 are reliable indicators of pure ductile behavior as ideal 

plasticity is achieved as the factors approach numerical values of 

2.0 and 3.0 respectively. Research professionals realize the distinct 

need to clarify the general interpretation of the toughness concept(s). 

22. Annual Book of ASTM Standards, 1984. pp. 637-644. 

23. Ramakrishnan, V., et al., 1989. Paper No. 880094, p. 10. 
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Summary of Findings 

As discussed earlier, the primary thesis objective was to 

substantiate the validity of the well-documented performance of fibrous 

reinforced concrete/mortar in an independent controlled laboratory 

environment. For the most part, the marketed claims of FRC being "a 

tougher, more durable concrete with higher flexural strength" seem to 

hold true in only the steel fibrous reinforced concrete specimens. The 

laboratory investigation found that SFRC improved the compression 

strengths as well as the flexure strengths. In contrast, PFRC displayed 

marginal contributions to the PCC 'control' mix. The summation of the 

compression test findings show that with respect to the plain 'control' 

mix, SFRC provided a 40 percent increase in ultimate compression 

strength while maintaining a significant improvement to the compressive 

strain capacity. Similarly, SFR-Mortar contributed a 26 percent 

increase in ultimate compression strength versus the standard 'control' 

mortar mix. Yet, SFR-Mortar exhibited a substantial 47 percent increase 

in compressive strain capacity at strain values exceeding 3000 

micro-inches per inch. The PFR-Mortar specimens could withstand higher 

compressive strains than its PFRC counterpart, but also displayed a 

modest 5 percent reduction in ultimate compression strength. Analysis 

of the flexure test findings infer that SFRC performed much better than 

any other experimental mix design. All in all, SFRC possessed greater 

post-cracking performance, better modulus of rupture capacity, and 
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higher relative toughness characteristics than either of the 

polypropylene fibrous composites or the test specimens that were 

reinforced with wire mesh fabric. Still, the wire mesh reinforced 

specimens definitely proved to be much tougher and flexurally stronger 

than the corresponding polypropylene fibrous mixes. In general, the 

polypropylene fibrous composites exhibited quite disappointing behavior 

in the compression tests as well as in the flexure tests. Through the 

comparative analysis of the consistent material response in both 

compression as well as in flexure, this independent laboratory test 

investigation can conclusively report that the addition of steel fibers 

into a cementitious material will increase the flexural strength and 

overall toughness of the composite. With respect to all the batches 

tested throughout this research, the composites reinforced with steel 

fibers showed appreciable increases in material ductility and ultimate 

compression strength. Overall, the compression stress-strain curves as 

well as the flexure load-deformation curves for both the SFR-Mortar 

mixes and SFRC mixes indicate quite similar material behaviors. The 

consistency of the various test results determined that adequate 

experimental control existed in the lab. The most prominent gauge of 

fiber performance occurs in the static flexure test as comparisons are 

drawn between the moduli of rupture values and the corresponding 

toughness indices. The test data also concludes that polypropylene and 

do not have a meaningful effect on the ultimate compressive strength. 

Therefore, compression strength tests should not be used as the sole 

primary design parameter for PFRC composites. 
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An interesting development is displayed in the ultimate 

compression strength histogram in Figure No.16 where both the PFR-Mortar 

and the PFRC mixes exhibited smaller ultimate compressive strengths than 

even the standard, non-reinforced 'control' batches. This unexpected 

decrease in compression strength for the polypropylene fibrous mixes may 

be attributed to excessive amounts of entrapped air or the rather low 

bond strength. A lack of quantitative test data prohibits the precise 

identification of this reduction tendency in compressive strength. 

In general, the SFRC specimens seemed to display the best 

overall test results. The addition of quality steel fibers are utilized 

more efficiently in a conventional portland cement concrete mix than in 

a standard mortar mix. The modulus of rupture and relative toughness 

histogram (shown in Figure No. 19 and 20) best support this hypothesis. 

The generated data in Figure Nos. 17 and 18 show that the mortar 

specimens reinforced with wire mesh fabric seem to comparably perform 

just as well if not better than the SFR-Mortar composites. This 

laboratory evidence suggests that in order to attain maximum FRC 

material behavior, the steel fibers require bonding to not only sand, 

water, and cement, but also some angular coarse aggregate. The coarse 

aggregate seems to aid the steel fibers in functioning as internal crack 

arrestors. The interlocking "anchoring-effect" of the randomly 

distributed steel fibers around the fine and coarse aggregates in a 

cement matrix help to densify the material mass. 



CHAPTER 4 

ECONOMIC CONSIDERATIONS 

Fibrous Reinforced Concrete's Added Material Costs 

Fibrous reinforced portland cement concrete is an expensive 

construction repair material. In most circumstances, the fibers are the 

single most costly ingredient in the entire FRC composite. In Table No. 

11, the manufacturers' January 1989 price list examines the added cost 

of both experimental fiber types as well as two other commonly available 

brands of steel fiber. In comparison, Bekaert Corporation's patented 

Dramix-brand steel fiber is about 40 percent more expensive than the 

Ribbon Technology Corp. and the Mitchell Fibercon, Inc. steel fiber 

product due to the added fabrication cost to deform the ends as well as 

the increased material cost for the high quality low-carbon steel wire. 

Moreover, the Xorex and Fibercon brands essentially add the same cost to 

each cubic yard of FRC. 

Since one cubic yard of conventionally proportioned PCC is 

generally in the price range from $47.00 to $50.00,-'-'^ it can be 

determined that the addition of quality steel fibers to a portland 

1. Product Information, 1989. Rohrer Builders Supply. 

2. Product Information, 1989. Youngstown Building Materials. 
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Table No. 11: Fiber Cost Data - January 1989 

Fiber Type Added Cost* 

I. POLYPROPYLENE FIBER 

A. Producer: Forta Fibre,Inc. 
Tradename: FORTA CR Type A-10 $9.00/c.y. 
Composition: Collated Fibrillated 

Polypropylene Bundles 
Deformation: none 
Fiber Length: l£ inches 
Fiber Content: 1.60 lbs./c.y. 

II. STEEL FIBERS 

A. Producer: Bekaert Corporation 
Tradename: Dramix ZL 50/50 
Composition: Cold-Drawn, Round Wire 
Deformation: Hooked Ends 
Fiber Length: 2.0 inches 
Fiber Content: 80 lbs./c.y. 

B. Producer: Ribbon Technology Corp. 
Tradename: Xorex 
Composition: Cold-Drawn, Crescent 

Shaped Wire 
Deformation: Full-Length Crimped. 
Fiber Length: 2.0 inches 
Fiber Content: 100 lbs./c.y.** 

C. Producer: Mitchell Fibercon,Inc. 
Tradename: FIBERC0N Deformed 
Composition: Cold-Rolled Slit Sheet 
Deformation: Rectangular Cross Section 

w/ Pinched Indentations 
Fiber Length: 1.0 inch 
Fiber Content: 100 lbs./c.y.** 

$52.00/c.y. 
(or 65c/lb.) 

$35.00/c.y. 
(or 35c/lb.) 

$36.00/c.y. 
(or 36<?/lb.) 

The above quantities are expressed in U.S. dollars per cubic yard 
of portland cement concrete and do not include shipping/handling fees. 

& & 
The above fiber contents are the recommended by the manufacturer for 
a typical bridge deck overlay SFRC application. 
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cement concrete matrix could potentially double its initial material 

cost. Even though the cost of the repair material may represent only a 

small portion of the total repair bill, the initial material cost is 

usually the deciding factor when choosing among several similar repair 

material alternatives. Due to the competitive nature of the bidding 

process, unless otherwise specified, the most expensive alternatives are 

more likely to be discarded. Consequently, contractors are hesitant 

that the large initial cost in using FRC will not only decrease their 

chances of being awarded the contract, but also reduce their firms' 

profit margin. Therefore, attempts should be made to analyze and 

establish the cost savings over the entire expected life of the product. 

The initial costs can be readily justified once research can 

conclusively prove that FRC's inherent material and physical properties 

would indeed lead to reduced maintenance, a lower possibility of sudden 

failure, and a longer service life. 

It is a well-known fact that any crack is an open path for 

moisture and chloride intrusion that eventually permits premature 

deterioration in concrete. In general, cracks appear when the volume or 

length change exceeds its internal strain capacity. SFRC increases the 

strain capacity (resistance to cracking) more than three times that of 

conventional portland cement concrete.^ Specifically, the addition of 

steel fibers to concrete increases the strain capacity from 400 pin./in. 

to 800 pin./in. when low quality straight steel fibers are used^ and 

3. "LMFC Bridge Deck Rehabilitation", 1981. p. 24. 

4. Schrader, E.K., 1980. p. 2. 
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and can potentially increase to 1800 jiin./in. or more when high-strength 

bend end steel fibers are specified. This dramatic difference in strain 

capacities help to account for FRC's high toughness indices and unique 

ability to deform without cracking. All in all, the combination of 

exhibiting greater control of drying shrinkage strains and thermal 

gradients in the fresh mix, along with the benefits gained from the 

improved engineering properties and overall durability in its hardened 

state, cause the added, one-time cost of the fibers to be quite 

insignificant when the total cost of the repair (material, labor, 

equipment, traffic control zones, user delays, etc.) is taken into 

consideration. 

In Table No. 11, it can be determined that polypropylene fibers 

are about one-fifth as costly as bent end steel fibers. The difference 

in price directly corresponds to the basic material strength 

characteristics of steel over polypropylene. Depending on which virgin 

fiber material is utilized, FRC remains to be cost-effective by pairing 

the right type and concentration of fibers with the expected abusive 

environmental conditions and/or site restraints for each particular kind 

of application. For example, in tunnel construction steel fibers have 

been pneumatically placed in a shotcrete application.^ Time studies at 

the job site have shown that sprayed SFRC can take as little as 

one-third the construction time as a replacement for conventional welded 

wire mesh reinforcement.® Eliminated are the labor-intensive needs for 

5. Barfoot, J., 1983. p. 9, 11. 

6. Godfrey, K.A., 1982. p. 45, 46. 



extensive scaffolding for the workmen, the placement of rock bolts to 

anchor the wire mesh, and the time involved to handle, shape, and 

install the mesh. A similar shotcreting technique allows SFRC to be 

sprayed directly onto an open rock slope for stabilization purposes. 

That particular project (conducted by the Union Pacific Railroad Co. on 

the Snake River near the Little Goose Dam) used about 600 cubic yards of 

SFRS to cover a surface area of 6900 square yards and documented an 

estimated cost savings of $50,000.00.^ 

Another practical and economical means of using SFRC is as a 

Portland cement concrete pavement overlay and as a concrete bridge deck 

overlay. Due to its higher flexure strength, the SFRC overlay can be 

O 
placed much thinner than conventional concrete overlays. Consequently, 

the thinner overlay system will not only minimize the additional dead 

load, but also substantially increase the fatigue strength and endurance 

limit. The benefits of increased fatigue strength are best realized in 

areas that are subjected to ever-increasing impact load cycles such as 

in heavily truck and/or bus trafficked pavements.^ 

In general, SFRC is a premium cementitious product whose economy 

depends on its discriminate utilization. The intelligent implementation 

of SFRC as a construction repair tool can extend the anticipated design 

life in certain high-strength applicational situations which have pre

maturely and historically failed due to an obvious lack of toughness. 

7. A.C.I., Committee 506, 1982. p. 20, 21. 

8. Hall, W.H., 1981. p. 1. 

9. Johnson, C.D., 1984. p. 39. 
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The Significance Of Concrete Additives/Admixtures 

Over the past decade, numerous different types of concrete 

additives and admixtures have been developed to make portland cement 

concrete a better, more economically advantageous construction material. 

These new chemical additives and admixtures allow field personnel 

greater material control by predetermining both the plastic as well as 

the hardened physical properties of the mix design. A general overview 

of several of the most commonly used concrete additives/admixtures, 

along with the expected positive and negative effect each particular 

ingredient may contribute (i.e. when used in conjunction with normal 

FRC), is provided in Table No. 12. Obviously, along with each concrete 

admixtures' specific contribution comes a distinctive price mark-up. 

The cost data of a common brand of superplasticizer, latex emulsion, and 

silica fume are presented Table No. 13. The manufacturers' unit prices 

are based on a desired total volume of 100 cubic yards of material and 

do no include any freight, shipping, or handling fees. It is noteworthy 

that due to the rather high dosage of latex emulsion, its added cost is 

over 30 times more expensive than superplasticizer and over 5 times more 

costly than condensed silica fume. (This cost high differential is 

further discussed in Chapter Seven.) 

Unlike ever before, today's design engineers/specifiers can 

experience more freedom to decide exactly how they want concrete to 

behave. However, all specified admixtures and additives should first be 
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Table No. 12: The 

Admixture 

Air-Entraining 
Agent 

Superplasticizers/ 
Water-Reducing 
Agents 

Accelerating 
Agents/Calcium 
Chloride 

Latex/ 
Dampproofing 
Agents 

Fly Ash/ 
Pozzolans 

Microsilica/ 
Silica Fume 

Effect of Admixtures in Fresh Concrete 

Effect on Portland Cement Concrete 

Adv.: -improves the durability during cycles of 
freezing and thawing. 
-improves resistance to surface scaling 
caused by de-icing materials. 

Disadv.: -high air contents reduce ultimate 
strengths. 

Adv.: -reduces the amount of mixing water while 
increasing the workability 
-delays the setting time 

Disadv.: -increases the drying shrinkage 

Adv.: -accelerates the setting and strength 
development 

Disadv.: -avoid using in hot temperatures 
-increases the drying shrinkage 
-amounts exceeding 2% by weight of cement 
may corrode reinforcement 

Adv.: -improves the impermeability and bonding 
potential 

Disadv.: -not effective in concretes that are in 
contact with water pressure 

-specified high dosage rates are 
expensive 

Adv.: -reduces cement content 
-helps control internal temps. 
-enhances pore-structure/improves 
impermeability 

Disadv.: -some reduction in strength at early ages 
(first 28 days) 

Adv.: -high early strengths 
-enhances pore structure/improves 
impermeability 

Disadv.: -requires more favorable cure period 
-susceptible to high shrinkage strains 
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Table No. 13: Concrete Admixture/Additive Cost Data - January 1989 

Type of Concrete List Price and Added Cost 
Admixture/Additive Application Rate ($US/c.y.) 

I. Superplasticizer $6.58/GAL. at 0.80 GAL./C.Y. $5.26 
-Rheobuild 1000 
(Master Builders,Inc.) 

II. Latex Emulsion $6.57/GAL. at 24.5 GAL./C.Y. $160.96 
-Modifier 'A' 
(Dow Chemical Co.) 

III. Microsilica/ $0.42/LB. at 70.0 LBS./C.Y. $31.46 
-EMSAC F-100T (i.e. 74.9 LBS./C.Y. @ 93% Purity) 
(Elkem Chemical Co.) 

IV. Polypropylene Fiber $5.63/LB. at 1.60 LBS./C.Y. $9.00 
-FORTA CR Type A-10 
(Forta Corp.) 

V. Steel Fibers 

1.-Dramix ZL 50/50 $0.65/LB. at 80 LBS./C.Y. $52.00 
(Bekaert Corp.) 

2.-RIBTECH, Xorex $0.35/LB. at 100 LBS./C.Y. $35.00 
(Ribbon Tech. Corp.) 

3.-FIBERC0N, Deformed $0.36/LB. at 100 LBS./C.Y. $36.00 
(Mitchell Fibercon,Inc>) 
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tested and critiqued in advance of actual job placement (via trial test 

slabs) in order to determine their material compatibility. Only by 

prior testing and through the technical guidance from the specific 

admixture/additive manufacturer can most 'down-the-road' mix design 

problems be adequately addressed and/or eliminated. 

Some of the earliest types of concrete additives that were 

developed and sold are various kinds of air-entraining agents.^ The 

concrete construction industry has recognized that air entrainment to 

Portland cement concrete can provide good durability in freeze-thaw 

environments, improve mix placement workability at the project site, and 

reduce excessive 'bleeding' of the fine aggregate toward the floated 

surface during finishing operations.^ Still, along with the advantages 

of air-entrainment also comes its drawbacks. Specifically, excessive 

amounts of air-entraining agents will create an overabundance of minute 

air bubbles (voids) that causes an appreciable reduction in compression 

strength and abrasion resistance. As per the ACI Committee 544, the 

suggested amount of air-entrainment required for normal weight SFRC with 

3/8-inch maximum size aggregate is from 4 to 7 percent.^ 

The introduction of superplasticizers have literally opened up 

an entirely new era in the concrete construction industry. 

Superplasticizers^ (a.k.a. high range water reducers or super water 

10. Portland Cement Association, 1968. p. 30. 

11. Ibid. p. 38. 

12. A.C.I., Committee 544, 1982. p. 16. 

13. Ramakrishnan, V., and Coyle, W.,V., 1983. p. 148, 244. 
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reducers) are highly recommended for use in FRC composites. Today, 

second-generation superplasticizing products will fluidify low-slump 

concrete and will retain its material consistency for 90 minutes with 

minimal slump loss. Conversely, first-generation superplasticizing 

admixtures have an active life of only about 30 minutes. Without ever 

realizing a need to retemper with water, a well-designed fresh 

superplasticized concrete mix will produce extended slump retention, 

good flowability, sufficient cohesiveness, minimal segregation, an 

increased rate of strength development at early ages, and improved 

placement limits on free fall and lift thickness. In economic terms, a 

low water-cement ratio concrete that has been superplasticized will 

reduce physical stress on the work force, limit wear on site equipment 

(i.e. pumps, vibrators, transit mixers, etc.), increase overall 

placement production, and achieve an appreciable savings in cement.^ 

The reaction of superplasticizers in a portland cement concrete 

mix is a quite complex chemical process. Each particular type of 

marketed superplasticizing admixture has its own unique chemical 

composition. Three types of superplasticizers are currently available 

in the United States:^ 

14. Voelker, W., 1982. p. 2, 14, 16. 

15. Peterman, M.B., and Carrasquillo, R.L., 1986. p. 33. 
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1. A sulfonated melamine formaldehyde condensate that forms a 

lubricating film on the cement particle surfaces. 

2. A sulfonated naphthalene formaldehyde condensate, which causes 

a reduction in the surface tension of the water. 

3. A modified lignosulfate that electrically charges the grains 

of cement so that they will repel each other. 

In each case, the internal friction between the particles in the 

superplasticized, cement-based matrix is reduced to permit a more 

complete hydration by better utilizing the portland cement and the 

existing water in the mix. In other words, the use of a super-

plasticizer will deflocculate the cement grains to result in a more 

efficient hydration that allows the concrete to display and maintain 

high plasticity without increasing the mixes' water content. 

Typically, FRC mixes are specified with high cement contents, 

small maximum-sized coarse aggregates, and a rather low water:cement 

ratio in the order of 0.35 to 0.45.Without a high range water 

reducer/superplasticizing agent, the aforementioned traits will usually 

create a rather dry FRC mix possessing minimal slumps, along with 

detrimental internal curl stresses and high drying shrinkage strains.^ 

A well designed superplasticized FRC mix will have good flowability, 

internal homogeneity, and high cohesion while temporarily 'fooling' the 

fresh concrete to behave in a more workable manner. Even at the rather 

low water contents, the individual fibers in a superplasticized FRC mix 

16. A.C.I., Committee 544, 1982. p. 16. 

17. Shah, S.P., and Skarendahl, A., ed., 1985. pp. 123-126. 



are more susceptible than ever to be thoroughly coated over their entire 

surface area by cementitious paste to create improved internal bonding 

as well as better end anchorage capacities within the substrate. 

Steel Fiber Reinforced Superplasticized Dense Concrete (SFR-SDC) 

is a costly high-strength repair product. The improvement in the 

workability of the fresh SFR-SDC, plus a nominal savings in the portland 

cement costs, justify the usage of a superplasticizer by limiting job 

time and reducing placement costs via higher labor and equipment 

productivity. Up to now, SFR-SDC has become increasingly popular in 

numerous high-strength applications where additional ductility, 

toughness, impact resistance, ultimate flexure strength, impermeability, 

1 ft freeze-throw resistance, and shatter resistance are essential.0 

Similar to SFR-SDC, a polymer latex additive can be used in conjunction 

with FRC. Latex-Modified Fiber Reinforced Concrete (LMFRC) groups the 

benefits of latex emulsion (such as adhesion improvement, permeability 

reduction, and increased durability in freeze-thaw conditions) with the 

greater flexural strength potential and crack-arresting properties of 

FRC. Research has shown that LMFRC substantially increases the adhesive 

bonding capacity to horizontal, as well as vertical concrete surfaces.^ 

A repair material possessing better adhesion characteristics can reduce 

the occurrence of material debonding and/or delamination from the 

existing underlying concrete surface. Various published studies have 

recently examined the adhesive parameters of LMFRC by performing the 

18. Ramakrishnan, V., 1983. p. 11. 

19. "LMFC Bridge Deck Rehabilitation", 1981. p. 23, 24. 



American Concrete Institute bonding test. The test results indicated 

that LMFRC exhibits greater internal strengths and shear bond strengths 

on 
than the adjoining existing concrete deck surface. u In terras of 

permeability reduction, LMFRC is not deemed to be totally impermeable. 

Still, it does provide a substantial increase in resisting chloride 

O 1 
penetration. A study conducted by the Federal Highway Administration 1̂ 

found that a 1-inch layer of latex-modified concrete (without fibers) 

supplies the same chloride protection as a 3-inch lift of conventional 

(w/c=0.50) bridge deck concrete. As a consequence, the latex-modifiers 

act to seal out deicing salts and/or moisture that would normally 

penetrate the surface and eventually cause premature rust and corrosion 

of the underlying reinforcing steel bars. 

Like superplasticized FRC, LMFRC is a premium repair material 

whose true value can be gained via a cost savings of its longer service 

life versus a more conventional repair product. The economic value of 

an extended, safe service life, of a reduction in maintenance costs, and 

of a decreased probability of sudden, catastrophic failure should be 

basic attributes toward judging the effectiveness between several repair 

material alternatives. 

Other than the added cost of fibers, one of the major factors 

which keep FRC quite expensive is its high cement content that is 

frequently specified for FRC composites to provide enough paste to 

adequately coat each individual fibers. As a means to reduce the 

20. "LMFC Bridge Deck Rehabilitation", 1981. p. 24. 

21. Clear, K.C., 1976. p. 30. 
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overall material cost of FRC, concrete admixtures known as' pozzolans 

have been used to increase the paste content without increasing the 

9 9 cement content. By definition, pozzolans are a pulverous siliceous 

or siliceous and aluminous substance that reacts chemically with slaked 

lime at ordinary temperature and in the presence of moisture to form a 

cement, Without moisture, pozzolans possess little or no pulverized 

cementitious value. But, in pulverized form and in the presence of 

water, pozzolans react with calcium hydroxide during the hydration of 

the portland cement to create compounds exhibiting cementitious 

behavior. Pozzolans are typically introduced into concrete mix designs 

as a partial replacement for cement. The two most common types of 

pozzolans used in the concrete industry today are fly ash (a.k.a. 

pulverized fuel ash) and silica fume. 

Fly ash is a fine residue that results from the combustion of 

ground or powdered coal. The most important contribution in the use of 

fly ash in SFRC is its ability to improve the workability and the fiber 

dispersability of the fresh mix. Portland cement contains about 

65 percent lime. In essence, fly ash will chemically react with the 

free lime to form cementitious paste. Since portland cement has a high

er specific gravity than fly ash and is normally replaced with fly ash 

on an equal basis, the volume of the cementitious paste in the entire 

mix will increase to more effectively lubricate the fibers as well as 

the other composite inclusions. Thus, the internal pore structure of 

the hardened fly ash modified PCC composite is enhanced to reduce 

22. Portland Cement Association, 1968. p. 39, 40. 
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permeability and to improve durability. Between 15-30 percent by unit 

weight of portland cement can be directly substituted or replaced by 

high-quality fly ash without having an adverse effect on workability, 

strength, and elastic modulus. However, higher fly ash contents over 

30% will exhibit adverse effects on the compression strength.23 Besides 

limiting the amount of costly portland cement needed in the mix, another 

advantage of fly ash is in its ability to produce a lower heat of 

hydration as the plastic concrete begins to harden. In practice, fly 

ash has been particularly useful in mass concrete applications and large 

volume placements to control excessive thermal expansive stresses due to 

high internal temperature gradients and in situations where 

'form-venting' is difficult and/or impractical. Since the drying 

shrinkage rates and overall heat release is somewhat greater for FRC 

composites than for conventional concrete, the incorporation of fly ash 

seems ideal as long as no harmful affects are incurred to the fibers. 

However, as a ground or powdered waste product of coal, fly ash tends to 

be highly variable in both its chemical and physical properties.24>25 

Of the 50 to 60 million tons of fly ash produced annually in the U.S., 

only 15 to 20 percent meet the requirements for use in concrete. D 

Continuous monitoring of the fly ash quality is advisable. Furthermore, 

it must also be realized that due to the nature of the hydration 

23. Bayasi, Z., and Soroushian, P., 1989. p. 1, 14. 

24. Shah, S.P., and Skarendahl, A., ed., 1985. p. 446. 

25. Swamy, R.N., 1983. p. 414, 415. 

26. Peterman, M.B., and Carrasquillo, R.L., 1986. p. 31. 
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mechanism of fly ash, slower than normal strength gains are probable at 

07 
relatively early ages. Fly ash concrete is also more sensitive to 

extreme temperature variations. Hence, the allowance of a more 

favorable cure period to fly ash-modified portland cement concrete is 

critical. 

Another concrete admixture that has traditionally been discarded 

as a waste product is silica fume and/or microsilica. Condensed silica 

fume and ferrosilicon dust are by-products resulting from the reduction 

of high-purity quartz with coal in open electric arc furnaces in the 

silicon metal and ferrosilicon alloy manufacturing processes.In 

portland concrete, condensed silica fume reacts with calcium hydroxide 

to form a well crystallized calcium silicate hydrate. Condensed silica 

fume is highly pozzolonic by containing 90 to 98 percent̂  0f pure 

microsilica as compared to the purity fly ash which is only 35 to 40 

percent. Condensed silica fume has a spherical particle size that is 

over 100 finer than a single portland cement grain. Since the powder is 

so very fine (i.e. less than one micron in diameter), the individual 

grains of silica fume can disperse into the tiny microscopic spaces 

between the cement particles to yield a greater densification of the 

matrix as well as a more efficient state of concrete hydration. The 

extreme fineness of the condensed silica fume particles increase the 

surface area and water demand. Therefore, the use of a superplasticizer 

27. Shah, S.P., and Skarendahl, A., ed., 1985. p. 445. 

28. Bayasi, Z., and Soroushian, P., 1989. p. 5. 

29. Product Information, 1989. Elkem Chemical Co. 
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is always needed in microsilica concrete for maintaining the consistency 

of the mix. Without a superplasticizer, silica fume will excessively 

dehydrate the mix (a minimum of 30 pounds of water per every 100 pounds 

of cement to achieve complete hydration). In practice, silica fume 

concrete additive is sometimes used in mix designs as a partial cement 

replacement, but in most cases it is usually introduced into the mix as 

a cement paste supplement. The optimum dosage rate of silica fume is 

suggested to be equivalent to 10% of the amount of portland cement in 

the mix.^0'31 Silica fume is sold to improve the performance of the 

Portland cement concretes' binder/initial-set phase and can increase the 

bonding ability of the newly placed, fresh mix to the reinforcing steel 

materials as well as to the existing concrete substrate. Thus far, only 

limited experimentation has been published on steel fiber reinforced 

concrete (SFRC) containing the silica fume modifiers.Durability and 

toughness levels never before attainable may now be achieved by 

researching and testing Steel Fiber Reinforced Micro-Silica Dense 

Concretes (SFR-MSDC) in the laboratory. 

Superplasticizers, latex-modifiers, fly ash, and silica fume are 

only but a few of the many different kinds of portland cement concrete 

additives and admixtures that are compatible with FRC. However, on the 

other hand, not all types of additives and admixtures can be used with 

SFRC. Concrete products containing chlorides, fluorides, sulfites, and 

30. Bayasi, Z., and Soroushian, P., 1989. p. 1, 13. 

31. Bunke, D., 1987. pp. 44-46. 

32. Ramakrishnan, V., and Srinivasan, V., 1982. pp. 326-334. 
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nitrates should never be used in SFRC without first referring to the 

manufacturer because these chemical have been known to adversely react 

with the steel fibers and cause premature corrosion.̂ 3 

As you can see, the technology of the concrete industry has 

evolved beyond the standard mix design proportions of solely portland 

cement, fine and coarse aggregate, and water. New chemical admixtures 

and previously discarded waste products are more widely tried than ever 

before. Technical advancements in the research and development of these 

and other state-of-the-art high-strength repair materials will 

ultimately depend on the skill, ingenuity, and/or desire of the 

specifying agencies to be willing to deviate from tradition and revise 

their habitual design operations. 

33. Shah, S.P., and Skarendahl, A., ed., 1985. p. 13. 
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Negative Aspects Of Fibrous Reinforced Concrete 

All in all, the benefits attained by FRC certainly outweigh its 

inherent potential problems. For that reason, the thesis report 

intentionally discussed the positive attributes of FRC. Yet, before the 

engineering benefits can be gained from the hardened FRC composite, the 

materials inherent potential problems must first be realized and 

systematically overcome. 

The primary reason for FRC's limited use is not its high initial 

cost, but its lack of detailed specification codes, standardized test 

methods and reliable laboratory data on its long-term material 

performance. The typical problems experienced in early field work (i.e. 

circa the early 1970's) included poor control of production rates, mix 

designs, and fiber handling, batching, and finishing techniques.34,35 

Today's problems stem from the fact that traditions simply do not easily 

favor new construction materials. A brief overview of SFRC's most 

common drawbacks and/or problems, along with some practical remedies, 

are provided in Table No. 14. 

Some of the usual problems associated with the placement of FRC 

are the noticeable decrease in material workability and the difficulty 

in ensuring a uniform distribution of the fibers without excessive 

34. Shah, and Skarendahl, 1985. p. 94, 109, 119, 445, 499. 

35. Gray, B.H., 1972. pp. 4-10. 



97 

Table No. 14: Problems Associated with SFRC 

Negative Aspect 

Large Initial Cost 

Fiber "Balling" 
(or Interlocking) 

Lack of Guidelines 
and Standard Specs. 

Poor Fiber Handling 

Poor Workability 

Oxidation/Corrosion 
of Exposed Fibers 

Difficulty in the 
Repair of Defects 

Limited Internal 
Vibration Requirement 

Possible Remedy or Solution 

-Longer Service" Life, Less Maintenance Tasks 
-Partial Cement Replacement with Fly Ash 
-Prescription Casting, 'Fiber Zoning1 Usage 

-Decrease Fiber Content and Aspect Ratio 
-Reduce Transit Mixer's Capacity 
-Use Water-Soluble Collated Fiber Bundles 

-Consult ACI and/or ASTM Published Reports 
-Utilize Manufacturer's Design Guides 

-Specify Fiber Pre-Bagging Batch Method 
-Use Fiber-Feeder Dispensing Unit 

-Specify Superplasticizers and Fly Ash 
-Modify Placement and Finishing Techniques 

-"Impression Striation" Texturing Technique 
-Submerge Fibers with Cover Aggregate 
-Specify Waterproofing Membrane and Thin 
Rubber-Based Asphaltic Overlay 

-Remove by 'Saw-Cutting and Lifting' Method 
-Specify Hydro-Demolition 
-Minimize Jack Hammering and/or Grinding 

-Use Roller Compaction Procedures 
-Use Vibrating Screed or Roller Finishing 
-Gently Tap Outer Falsework 
-Use Superplasticizer to Fluidify the Mix 

Safety Hazards from 
Loose/Protruding Fibers 

-Round Sharp Corners, Use Chamfer Strips 
-Limit Exposed Fibers (see above) 
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interlocking and bundling up. The decrease of the material workability 

of FRC is attributed to the large surface area of the fibers as well as 

the shape of the fibers in relation to the other ingredients of the 

concrete mass. Another shortcoming at the placement site is the 

possible occurrence of fiber balls or clumps.^ If the fibers are 

allowed to tangle, they will result in isolated voids throughout the 

mix. Enough voids of sufficient size in critical locations can lead to 

premature cracking in some instances, or complete failure. Other 

field-related problems which are associated with the use of FRC occur in 

the fiber handling, mixing, and finishing stages. In applications where 

manual fiber batching methods are used, workmen should be equipped with 

heavy gloves and protective goggles for obvious personal safety reasons. 

With respect to mixing, FRC has a tendency to develop fiber balls if 

over-mixed. Ready-mix transit trucks hauling FRC should be reduced to 

less than 75 percent of their rated capacity to prevent the formation of 

unwanted fiber balls during transport.^ Other allowances that can be 

exercised when placing FRC include using larger chutes, larger discharge 

gate openings, and possibly additional manpower at the batch plant. 

While finishing the fresh FRC sharp ends and corners should be rounded 

or chamfered to prevent injury by a protruding fiber. The most common 

finishing techniques used for texturing fresh SFRC should be slightly 

O O 
modified to limit excessive fiber exposure at the surface. ° 

36. Narayanan, R., and Kareem-Palanjian, A.S., 1982. p. 45. 

37. Gray, B.H., 1972. p. 8. 

38. Shah, S.P., and Skarendahl, A.,ed., 1985. p. 120. 
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When SFRC is subjected to very high and heavy traffic volumes in 

freeze-thaw environments, individual fibers may become loosened from the 

matrix as the cementitous paste begins to wear away. An abundance of 

exposed surface fibers are perceived as a serious potential safety 

hazard that can cause personal injury and/or property damage to 

automobiles, trucks, motorcycles, airplane engines, etc. Furthermore, 

if only one minute portion of an individual steel fiber is exposed to 

the surface, rusting will soon develop. A surface texturing/striating 

strategy that pushes down the steel fibers, instead of pulling them up, 

would be ideal. A stamping or "impression" technique to finish the 

surface can be implemented through the utilization of a modified 

magnesium 'bull-float' with precisely machined grooves or welded jutting 

protrusions, may be a suitable tool to submerge the surface (or near 

surface) steel fibers. 

The aforementioned circumstances are a select few of the many 

restrictions and/or modifications that are deemed necessary when working 

with FRC. Nevertheless, like any other newly tried construction 

material, these minor problems can be easily overcome through gained 

experience, intuitive hindsight, and basic common sense. 



CHAPTER 5 

CURRENT REPAIR APPLICATIONS USING SFRC 

Steel fiber reinforced concrete (SFRC) is a very diverse 

high-strength portland cement-based construction material. Within the 

last ten years alone, many new and innovative SFRC repair applications 

have been demonstrated. This chapter shall examine the following types 

of repair construction: 

1. Slab-on-grade concrete pavement repair 

2. Concrete bridge deck/overlay rehabilitation 

3. Mine/tunnel lining repair 

4. Hydraulic structural repair 

5. Refractory furnace lining repair 

6. Oil production platform repair 

7. Industrial floor slab replacement 

A brief outline for some of the most common SFRC applications in 

cast-in-place construction, in pre-cast construction, and in 

pneumatically sprayed/shotcrete construction are presented in Table No. 

15. 

The specific application which achieves the most diversified 

utilization of SFRC's beneficial properties is in the repair of 

100 
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Table No. 15: Applications of Steel Fiber Reinforced Concrete 

Application 

I. CAST-IN-PLACE CONSTRUCTION 

1. Slab-on-grade pavements 

2. Dams and Spillways 

3. Bridge Deck Overlays 

4. Industrial Floors 

5. Earthquake-Resistant 
Structures 

6. Nuclear Missile Silos 
(and Refractory Uses) 

7. Offshore Oil Platforms 

II. SHOTCRETE CONSTRUCTION 

1. Tunnel Linings 

2. Slope Stabilization 

III. PRE-CAST CONSTRUCTION 

1. Modular Panels 

2. Concrete Beams 

3. Security Vaults 

4. Coastal Breakwater Units 

Significance of SFRC 

-Reduces Plastic Cracking/Slab Thickness 
-Adequate Friction and Skid Resistance 
-Increases Service Life 

-Reduces Cavitation Damage 

-More Durable, High Fatigue Endurance 
-Longer Service Life, Less Maintenance 

-High Impact Strength, Spall-Resistancy 

-High Ductility, Less Probability of 
Sudden/Catastrophic Failure 

-Good Shatter/Spall Resistance Under 
Extreme Thermal Shock Loading 

-High Fatigue Endurance to Wave Action 

-Reduces Liner Thickness 
-Eliminates Wire Mesh Placement 

-High Flexural Strength in Weak Soils 

-Thinner Than Normal Panel Thickness 

-High Flexural Strength 
-Excellent Bonding to Reinforcing Steel 

-High Resistance to Explosive Loads 

-High Fatigue Endurance/Impact Strength 
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slab-on-grade concrete highway pavements.^ SFRC has also been 

incorporated for the repair of portland cement concrete (P.C.C.) 

pavements at airport parking aprons, taxiways, and runways, military 

warehouses, truck weigh stations, bus stations, and truck terminals. In 

the highway transportation industry, SFRC has been placed as a 

construction repair material to rehabilitate slab-on-grade P.C.C. 

pavements, to reconstruct concrete bridge deck (wearing course) 

overlays, and to restore the structural integrity of precast prestressed 

O 
concrete beams. 

The national media has frequently reported the accelerated 

deterioration and fatigue-related distress that occurs on our most 

heavily traveled urban interstate/intrastate highway networks. Upon the 

realization of the inevitable large scale decay of the highway 

transportation system, the Federal Highway Administration (FHWA) has 

adopted an ambitious Interstate 4R Program to provide the funds for 

resurfacing, restoring, rehabilitating, and reconstructing the 

Interstate System.^ The Interstate 4R Program was established by the 

Federal-Aid Highway Act of 1981 as an outgrowth of the previous 1976 

Interstate 3R Program of resurfacing, restoring, and rehabilitating. 

Consequently, a definite need has developed for both economical as well 

as durable materials to be utilized in the FHWA 4R Program. 

Rapid-setting composites that closely resemble the properties of the 

1. Badgate, M., et al., 1983. pp. 25-33. 

2. Shah, S.P., and Skarendahl, A., ed., 1985. pp. 69-92. 

3. America on the Move, 1984. p. 8. 
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base concrete are in great demand. Presently, the three most common 

rapid-setting cementitious materials used in highway construction repair 

include numerous brands of chemical-setting cements (such as modifiers 

based with magnesia phosphate, calcium sulphate, and ammonium 

phosphate), high-early strength Type III portland cement with a set 

accelerator, and polymer-based concretes that contain epoxy resins or 

latex emulsion modifiers.Besides differing widely in chemical 

composition, important factors involving the overall workability and 

speed of application, as well as the added material cost and desired 

mechanical properties, should all be considered when choosing a 

particular repair product. One of the primary requirements for a 

successful highway pavement repair is to achieve good bonding between 

the new patching material and the existing underlying uncontaminated 

surface. Methods to assure adequate bonding and to reduce the shrinkage 

potential of the fresh cement-based composite should be practiced in 

order to prevent detrimental cracking and delamination. Newly developed 

repair materials which have low water contents and the incorporation of 

superplasticizers can reduce the probability of shrinkage cracking.^ 

Shrinkage compensating cements in SFRC pavements have been used in 

several circumstances with positive results. Studies have confirmed 

that shrinkage compensating cement coupled with the steel fibers can 

provide the internal elastic restraining mechanism necessary for the 

4. Smith, K.G., et al., 1984. p. 1, 2. 

5. Temple, M.A., et al., 1984. p. 1, 2. 

6. Warner, J., 1984. p. 865, 866. 
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repair patch to effectively absorb any shrinkage stresses that are 

generated.^ 

Slab-on-grade portland cement concrete P.C.C. pavement repairs 

are normally classified as either full-depth slab replacements or as 

thin-bonded, partial-depth patches. Full-depth slab replacements are 

specified after it has been determined that the pavement damage is more 

extensive than simply surface scaling or spalling. Generally, 

full-depth repairs are caused by spongy subgrade or by joint-related 

problems. Thin-bonded, partial depth patching is typically warranted 

for random "pop-outs" of spalls in areas where the deterioration is 

minimal and does not extend too far below the pavement's reinforcing 

wire mesh fabric. Likewise, similar thin-bonded, partial depth patching 

methods are also applicable for minor deterioration on P.C.C. bridge 

decks and wearing course overlay systems. The bridge deck/overlay 

punchouts are normally created by spalling associated with deicing salt 

intrusion and/or the insufficient cover over the top mat of reinforcing 

steel.® 

Besides repairing highway pavements, SFRC has also been applied 

in numerous other pavement designs which require high-strength 

capability. Well-documented repairs^ to airfield runway, taxiway, and 

parking apron pavements, as well as to distressed slabs at 

heavily-loaded military warehouses and bus/tuck terminals, have used 

7. 

8 .  

9. 

Shah, S.P., and Skarendahl, A., ed., 1985. p. 95, 130. 

Higgins, D., 1982. p. 36. 

Shah, S.P., and Skarendahl, A., ed., 1985. pp. 77-92. 
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various SFRC mix designs with successful results. In general, SFRC 

pavement repairs are deemed to be most effective whenever its high 

strength characteristics can be implemented in situations that fully 

take advantage of its desirous contributions. Hence, over-stressed 

pavement areas, like interstate highway restrictive truck lanes, are 

excellent potential locations for SFRC. 

A new development in rehabilitation and repair of bridge 

decks/overlay systems is a unique high fiber volume SFRC composite made 

by pouring a low viscosity cement-based slurry directly into a bed of 

pre-placed steel fibers. No pre-mixing is required. This newly 

developed high-strength repair material is called Slurry Infiltrated 

Fiber Concrete (a.k.a. SIFCON).^ The cementitious slurry of SIFCON 

consists of portland cement, fly ash, water, and a superplaticizing 

chemical admixture. The high-range water reducer (or superplasticizer) 

permits a workable slurry viscosity while simultaneously maintaining a 

low water:cement ratio. SIFCON typically specifies for steel fiber 

contents ranging from 5 to 20 percent to display compression strengths 

of about 2 to 5 times that of conventional portland cement concrete. 

Since normal SFRC composites are usually designed to have fiber contents 

from only 0.4 to 2.0 percent by volume, it can be easily understood why 

SIFCON is an extremely high-priced, premium repair material that 

exhibits far superior resistance to cracking and spalling. Its ability 

to be constructed in very thin patches, as well as in large massive 

sections, allow SIFCON to be a viable material alternative in certain 

10. Lankard, D.R., 1985. pp. 199-217. 
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applications in which high ductility and increased strengths are 

mandatory. 

Early in 1984, the New Mexico State Highway Department (NMSHD) 

was made aware of the material properties and potential benefits of 

SIFCON. The NMSHD officials determined that SIFCON displayed enough 

promise to warrant a field demonstration to repair minor spalled areas 

on three interstate bridge decks near Albuquerque.^ The SIFCON bridge 

deck repairs are located on Interstate Route-25 and vary in thickness 

from l£ inches to 4J inches. In the field demonstration, half of each 

repair surface was finished with a 5/8-inch thick crushed 'seal coat' 

aggregate and the other half was left bare allowing the steel fibers to 

be exposed at the wearing surface. The cover aggregate was distributed 

over the entire SIFCON patch surface as a dry shake and quickly 

trowelled-in to submerge the exposed steel fibers. After a one year 

duration, the SIFCON repair patches, that possessed the exposed surface 

steel fibers, displayed some minor oxidizing discoloration whereas the 

seal-coat areas, that were finished with the thin layer of cover 

aggregate, exhibited minimal wear. In fact, the NMSHD officials were so 

impressed with SIFCON's initial test results that several other field 

demonstrations (to renovate nearby slab-on-grade interstate exit-ramp 

pavements as well as to repair a heavily damaged precast prestressed 

bridge beam) were quickly planned, programmed, and let out for bid.^ 

The major drawback for repairing bridge decks with SIFCON is that no 

11. Mondragon, R., 1984. pp. 1-5. 

12. Personal Correspondence, 1985. Bruce Schneider. 
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automated machine has yet been invented to place, consolidate, and 

finish the cementitous slurry. Put simply, SIFCON repairs must be 

placed solely by small mechanical mixing drums that tend to be rather 

labor intensive and time consuming. 

Steel fibrous reinforced concrete has the ability to be either 

cast-in-place, pumped to its desired location, or sprayed onto a surface 

as a 'shotcrete' technique. By definition, steel fiber reinforced 

shotcrete (SFRS) is mortar or concrete containing discontinuous discrete 

fibers which are pneumatically projected at high velocity onto a 

vertical or horizontal repair surface.̂  SFRS has been evaluated as a 

possible alternative to conventional welded wire mesh reinforcement in 

various types of tunnel lining repair construction. Recent published 

reports have documented that the use of SFRS in tunnel liner repair 

permits the shotcrete application to follow the precise contours of the 

jointed and/or blocky in-situ bedrock as closely as possible.^ In 

contrast to conventional wire mesh reinforced shotcrete, SFRS not only 

reduces the volume of shotcrete required, but also encompasses as little 

as on-third the overall construction time in order to place and finish 

the same amount of repair area.^ Eliminated are the extensive 

scaffolding needed for worker access, the rock anchors required for 

holding the wire mesh in place, and the increased labor to cut, shape, 

tie, and/or bend the welded wire mesh fabric. SFRS normally 

13. 

14. 

15. 

A.C.I., Committee 506, 1982. p. 3. 

Morgan, D.R., and McAskill, N., 1984. pp. 33-38. 

Godfrey, K.A., 1982. p. 45, 46. 
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incorporates up to 2 percent by volume of steel fibers with individual 

fiber sizes ranging from 0.50-inch by 0.01-inch to 2.50-inch by 

0.03-inch. The preferred fiber length is about one inch in length. 

Shorter fibers are easier to mix and place, but sacrifice high toughness 

and post-crack resistance properties. Longer fibers, although superior 

in producing high strengths, usually tend to create more plugging in the 

hose and have a higher fiber rebound rate.^ Many methods can be used 

to reduce excessive fiber rebound. The most effective of these methods 

include reducing the air pressure at the spray nozzle, using more fines 

in the mix (such as fly ash or silica fume), specifying smaller maximum 

aggregate sizes, having shorter, thicker steel fibers that are 

predampened to get more precise moisture content, and spraying at the 

wettest stable consistency without sacrificing the composite's 

strengths. 

Placement of SFRS tends to orient the individual fibers in a 

plane parallel to the surface being shot. This particular fiber 

orientation is beneficial toward increasing the flexural properties of 

the shotcreted material. Hence, SFRS can minimize rock displacement for 

tunnel lining repairs^ in loose ground (or weak, unstable rock) by 

1.) stiffening and strengthening the rock mass by filling open joints, 

voids, and fractures, 2.) transferring the rock load to surrounding 

stable in-situ rock via adhesion or shear, and 3.) acting as an outer 

membrane in bending or tension when the shotcrete's bond is low or has 

16. A.C.I., Committee 506, 1982. p. 6, 13, 18-20. 

17. Shah, S.P., and Skarendahl, A., ed., 1985. pp. 361-376. 
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delaminated away from an existing vertical rock face. Moreover, the use 

of systematic rock bolting in conjunction with SFRS has demonstrated a 

shearing strength several times greater than conventionally reinforced 

shotcrete. A SFRS tunnel liner, which is subjected to a combination of 

bending and shear stress concentrations, will exhibit increased shear 

performance once forced deformation and/or cracking has occurred. 

Steel fibrous reinforced concrete has also been used in the 

repair of hydraulic structures (i.e. sluiceways, spillways, dam outlets, 

stilling basins, etc.) in locations where the existing portland cement 

concrete surfaces have prematurely failed from either erosion or 

cavitation. The use of SFRC as either a replacement slab or as a means 

of structural repair has been demonstrated at Libby Dam in Montana, at 

Dworshak Dam in Idaho, and at Tarbela Dam in Pakistan.^ The data 

collected in each field investigation indicates that the use of SFRC 

significantly increases cavitation and erosion resistance as compared to 

non-reinforced portland cement concrete. 

The SFRC application that accounts for the largest dollar volume 

is in refractory plants to line the furnaces and vessels in which 

materials are processed at extremely high temperature environments 

produce thermal gradients and thermal shock loadings as well as 

sustained mechanical abuse.^ In order to possess the capability to 

withstand these intense abusive loadings, the SFRC material properties 

18.  

19. 

20. 

Houghton, D.L., et al., 1978. pp. 664-667. 

Schrader, E.K., and Kaden, R.A., 1976. p. 254, 259. 

Godfrey, K.A., 1982. p. 47. 
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of increased toughness and greater spall resistance are truly utilized. 

Current repair applications of SFRC in refractories use fiber contents 

of 0.5 to 2.0 percent by weight and are found in virtually all high 

temperature heavy industries, such as ferrous metal production, metal 

processing furnaces, petroleum refineries, cement production (kiln) 

9 1 facilities, and experimental coal gasification plants. In the years 

ahead, it is estimated that larger fiber contents between 6 to 8 percent 

will gain greater acceptance in the refractory liner repair industry.^ 

In general, SFRC will most likely continue to be a leading refractory 

concrete repair material as long as the lining lifetimes are increased 

O O 
enough to justify the higher fiber volumes and high material expense." 

In contrast to the rather basic aforementioned repair 

application, several other more innovative 'less-traditional" uses of 

SFRC have recently been tried by numerous research agencies throughout 

the world. A typical example of SFRC's 'new-wave' applicational 

development can be illustrated in the Northern North £ea^ in the 

restoration of several concrete gravity oil production platforms. With 

a water depth of about 500 foot and a constant exposure to intense wind 

and wave action, repair to the offshore oil platforms presented the 

Shell (United Kingdom) Exploration and Production engineers with many 

problems. The Shell Co. engineering team determined that short-term 

21. Shah, S.P., and Skarendahl, A., ed., 1985. p. 182. 

22. Personal Correspondence, 1986. Dr. David R. Lankard. 

23. Lankard, D.R., 1978. pp. 241-263. 

24. Faulds, E.C., et al., 1983. pp. 121-128. 



Ill 

preventive maintenance concrete structural repairs would be reduced if 

the impact resistance could be improved. It was suggested that a lean, 

(i.e. low water:cement ratio) concrete mix would suffice for the repair 

areas under the normal water-line, but the structural elements within 

the splash zone would require a more durable repair patch material, 

namely SFRC. Another similar SFRC application in an adverse ocean 

environment was in the construction of shore-protection structures, 

known as dollosse, at Humboldt Bay in California.^ Protection of the 

eroding seacoast was necessary since Humboldt Bay commonly has waves up 

to 40 foot high during periodic winter storms. Once again, SFRC has 

displayed greater long-term durability and fatigue resistance than its 

conventional cement-based counterparts. 

Another quite unique application of SFRC is in its use in the 

construction of explosive-resistant security vaults and military 

structures/shelters. Sensitive experimentation is currently being 

performed to design large scale models of hardened nuclear missile silo 

prototypes containing SFRC and/or SIFCON.^ Initial reports have 

expressed excellent energy absorption capability and greater impact 

resistance to the penetration of high-velocity projectiles. 

Lastly, when several senior members of the ASTM Committee on 

Fiber Reinforced Concrete were asked which particular SFRC application 

would most likely gain the single best industry-wide acceptance, the 

general consensus speculated that the industrial floor construction 

25. Godfrey, K.A., 1982. p. 47. 

26. Lankard, D.R., 1985. p. 214, 215. 
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industry would probably be impacted to the greatest extent. In effect, 

SFRC has been recognized for well over a decade to be an economical way 

of constructing foundations for machinery where systematic shock and 

vibrating forces, such as in a trash incinerator plant. The recent 

incorporation of standard guidelines specifying the usage of SFRC in the 

up-dated version of the "Industrial Floor Manual" and in the "Design 

Manual for Factory and Warehouse Floor Slabs" clearing acknowledge its 

expanding industrial acceptance.^ 

The previously highlighted applicational developments illustrate 

the versatility of the usage of SFRC. Still, the SFRC (and SFRS) 

applications are in fact only a select few of the many other 

high-strength uses that have now gone beyond the laboratory stage of 

product development. The ever increasing utilization of SFRC in repair 

construction, as well as in numerous other miscellaneous high-strength 

uses and yet unexplored applications, assure the continued flux of this 

modern technology. SFRC has already demonstrated to provide a viable 

technical, economic, and practical alternative in numerous types of 

repair construction. Nevertheless, the degree of success or failure in 

the overall acceptance of SFRC remains to be determined pending 

long-term performance evaluations of earlier demonstration 'pilot' 

projects. 

27. Godfrey, K.A., 1982. p. 50. 



CHAPTER 6 

THE FUTURE OF STEEL FIBROUS REINFORCED CONCRETE 

Fibrous reinforced concrete composites have stimulated more 

research now than ever before. Thus far, the usage of FRC is presently 

no more than an expensive specialty building and/or repair material. 

The future growth of FRC will primarily depend on establishing a 

standard design philosophy as well as a continuing emphasis on the 

development of equipment and placement techniques needed to permit 

construction on a much broader scale. 

In the United States alone, experimentation with fibrous 

cement-based composites have currently been conducted by the National 

Bureau of Standards, the Federal Highway Administration, The Portland 

Cement Association, The American Society of Testing Materials, several 

branches of the U.S. Defense Department, various State Highway 

Departments, and many other public and private universities and research 

institutes. The vast amount of national attention cannot possibly be 

discussed within the limited scope of this manuscript. Therefore, 

instead of mentioning numerous brief comments of many non-related 

research endeavors, this chapter shall examine the most common 

reoccurring tendencies within the field of FRC research that the author 

feels will most likely transform the technology and accelerate its 

implementation. 

113 
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Current Research Efforts 

The recent advent of the utilization of superplasticizers, 

latex-modifiers, silica fume, and fly ash has truly opened up a new 

realm of modern material advancement within the portland cement concrete 

industry. Typically, the most common types of modern FRC research 

programmes involve the analysis of SFRC in conjunction with one or more 

of these aforementioned state-of-the-art concrete admixtures/additives. 

For instance, several studiesare now evaluating the admixture 

compatability and parent material behavior of Steel Fiber Reinforced, 

Latex-Modified Concrete (SFR-LMC), Steel Fiber Reinforced 

Superplasticized Dense Concrete (SFR-SDC), Steel Fiber Reinforced 

Micro-Silica Dense Concrete (SFR-MSDC), and Slurry-Infiltrated 

Fibrous-Reinforced Concrete (SIFCON). These newly conceived 

high-strength material composites combine the proven advantages of SFRC 

with one or more different kinds of state-of-the-art chemical admixtures 

to create an ultra-durable construction material. At present, SFR-LMC, 

SFR-SDC, SFR-SSFMC, and SIFCON are being evaluated in closely monitored 

demonstration trials. If these pilot projects are deemed successful, 

SFR-LMC, SFR-SDC, SFR-SSFMC, and/or SIFCON could eventually play a 

1. Shah S.P., and Skarendahl, A., ed., 1985. p. 10, 44, 445. 

2. Ramakrishnan, V., 1979-89. references vary. 
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significant role in the reconstruction, rehabilitation, and repair of 

our nation's aging portland cement concrete pavements/structures. 

Another popular research trend is the concept of 'fiber-zoning' 

involves the predetermined placement of FRC in only certain strategic 

O 
locations. Put simply, in order to accomplish a full economical 

utilization of the fibrous zone, the fibers are specified in areas where 

stress concentrations are known to occur. The 'fiber zoning' placement 

technique has been practiced in re-lining refractory furnaces, in 

casting partially reinforced precast prestressed concrete beams, and in 

constructing structural joints and floor-column connections in 

earthquake resistant multi-story buildings. For example, recent 

experiments have formulated complex analytical models that will help 

identify the contribution of steel fibers to the dynamic stiffness and 

overall strength capacity of reinforced concrete members under 

high-intensity seismic loadings. Additional research is needed to 

define the limits of substituting SFRC in lieu of conventional 

reinforcing steel hoops/stirrups in order to reduce the rebar congestion 

at floor-column connections. Other similar studies have reported that 

the inclusion of steel fibers in concrete provides a practical method 

for increased ductility and improved shear reinforcement to the 

structural elements which are subjected to intense dynamic flexural 

loads (as well as combined bending, torsion, and shear forces) that can 

readily occur in buildings during an actual earthquake.^ 

3. Kesler, C.E., and Halvorsen, G.T., 1979. p. 235. 

4. Shah, and Skarendahl, ed., 1985. p. 177, 395, 403-406. 
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Another more traditional SFRC research activity is the on-going 

efforts to determine the most efficient geometric shape of the fiber. 

Over the past several years, there have been many conflicting published 

reports as to the relative significance of the fiber shape, type and 

size. Test results have found that the fiber concentration, not the 

fiber shape, is the primary contributing factor for the FRC composites' 

ultimate strength gain,-* whereas other related studies have concluded 

that bent/crimped fibers are about twice as effective as straight fibers 

for the same volume percentage.^ The formulation of reliable 

quantitative response parameters that examine the cost:benefit 

relationships of different fiber types, shapes, and sizes must be 

established. For instance, in order to prevent excessive safety factors 

and/or unwarranted 'over-designing', every field application of SFRC 

should be numerically rated to better justify the increased fabrication 

costs of bending or crimping the fibers. Similarly, test programs have 

also been conducted on concrete specimens containing square or 

closed-loop steel fibers.^ Besides seeking the optimum fiber shape, 

type, and size, other research studies are attempting to derive standard 

design procedures and useful engineering formulas to greater clarify the 

concept of fiber spacing, tjje mean;Lng 0f comparative toughness indices, 

and the expected fracture modes/failure mechanisms.® 

5. A.C.I., Committee 544, 1982. p. 14. 

6. Shah, S.P., and Skarendahl, A., ed., 1985. p. 394. 

7. Taylor, M.A., 1984. p. 31, 36. 

8. Visalvanich, K., and Naaman, A.E., 1983. pp. 128-138. 
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The final research tendency will be a discussion of various 

methods of dispensing steel fibers into the mix in order to overcome the 

poor handling characteristics of SFRC. A recent research program^ 

investigated the three most common ways to batch steel fibers: on site 

weigh batching, pre-bagging, and mechanical fiber dispensing systems. 

The study determined that on-site weigh batching was ideal on small 

construction contracts . The 'pre-bagging' fiber batching method proved 

to be neat and quite time efficient, but the additional bagging cost may 

be offset by the convenience of handling. The pre-bagging concept of 

fiber dispensing is best suited on larger volume projects in which 

access and space is severely limited. The mechanical types of automated 

fiber dispensing units yielded the most uniform fiber content and 

dispersability. However, to make these types of fiber introduction 

economical, the contract must be a large one with fairly easy access. 

For many years, steel fiber reinforced shotcrete (SFRS) has been 

successfully applied with either single or dual chamber 'feed wheel' 

type fiber metering and dispensing units. Today, fiber dispensing 

equipments' technological state-of-the-art consists of revolving barrel 

and segmented rotary types.^ In general, there are primarily two 

patented types of barrel 'fibre-feeder' dispensing systems: a Swedish 

1 1  1  O  

type and a German type. X,A The Swedish patented unit is a slightly 

9. Robins, P.J., and Austin, S.A., 1985. p. 17, 18. 

10. A.C.I., Committee 506, 1982. p. 17. 

11. Personal Correspondence, 1984. H. R. Egger 

12. Shah, S.P., and Skarendahl, A., ed., 1985. pp. 25-33. 
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pitched, horizontally-oriented cylindrical screen. Due to its lack of 

sufficient storage capacity, this unit requires continuous feeding of 

bulk fibers and uses a spike-lined rotating drum to separate the 

incoming fiber mass. Once in the drum, the loose fibers fall through an 

adjustable grille aperture to a receiving funnel where they are blown 

via a ring ejector into a spray nozzle. The German designed 

'fibre-feeder' unit consists of a truncated, vertically-oriented conical 

storage tank with a wider opening at the bottom and a smaller opening at 

the top. The loose fibers are feed through the top opening and fall via 

gravity toward the bottom of the tank to a slit which leads to a second 

cone. When this second cone is rotated, the fibers are then discharged 

through another slit into a receiving funnel and finally into the gun 

hopper. Unlike the Swedish unit, the German design allows a more 

controlled fiber output by fine adjusting the rotating speed of the 

lower cone. Both 'fibre-feeder' dispensing units have their advantages 

as well as their shortcomings. In order to further ease batching, 

experiments have been conducted by the U.S. Bureau of Mines to evaluate 

the use of a conveyor belt of a screw conveyor device inc'onjunction with 

the aforementioned automated systems. Similar research efforts^ have 

lead to the development of numerous equipment modifications, such as the 

removal of standard elastomeric wear linings at 90-degree elbows, the 

addition of miniature vibrators or revolving wiper arms on the hopper 

screen, and the installation of extra long taper reducing sections to 

avoid abrupt changes in hose size. Other SFRC research has pioneered 

13. A.C.I., Committee 506, 1982. p. 14, 17. 
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the concept of adhesive 'fiber bundling' by a patented process which 

joins individual fibers with water soluble glue to ease handling, to 

reduce the potential of fiber "balling", and to aid in the random 

fiber dispersion inside the concrete transit mixers.^ 

The aforementioned activities are only a few of the many 

diverse worldwide research efforts involving FRC composites. Before 

code writing officials can authorize the greater use of FRC as a repair 

material alternative, innovative efforts must be encouraged in order to 

transpose the technology beyond its present state-of-the-art . 

14. Product Information, 1989. Bekaert Corporation. 



120 

Future Trends 

In today's portland cement concrete marketplace, the status of 

steel fiber reinforced concrete is relative no more than a promising 

'speciality' high-strength construction material. Primarily 

attributable to its inherent high initial material cost, a broad 

industrial acceptance and an overall wide-spread usage seems doubtful. 

Nevertheless, throughout the 1990's, SFRC will most likely experience a 

slow, but steady growth. New and innovative applicational developments 

of SFRC will be demonstrated in prescribed locations where conventional 

Portland cement concrete has repetitively and prematurely failed due to 

a lack fatigue endurance and spall resistance. The following discussion 

shall explore some of the most probable trends that may lie ahead in the 

near future of the SFRC industry. 

In the United States, the American Society of Testing and 

Materials (ASTM) and the American Concrete Institute (ACI) have taken 

the initiative to set national policy and to lead in the establishment 

of detailed specifications in order to regulate the types of allowable 

fibers in FRC. The ASTM shall soon publish a "Standard Specification 

for Steel Fibers for Fiber Reinforced Concrete" (future designation No. 

A 820)as Well as establish toughness index categories for FRC.^ 

15. A.C.I., Committee 544, 1984. p. 142. 

16. Ramakrishnan, V., et al., 1989. Paper No. 880094, p. 10. 
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Directed efforts, such as these, will tend to universally create a 

clearer, more uniform interpretation of miscellaneous concepts. 

In addition to developing standardized definitions, design 

techniques, and test procedures, in the laboratory as well as in the 

field, some of the other future trends in SFRC research will most likely 

concentrate on: 1.) formulating computer-generated material behavior 

models, 2.) devising new design methods and numerical equations to allow 

the use of steel fibers to aid shear reinforcement via the partial 

replacement of reinforcing stirrups, and 3.) investigating more 

efficient 'second-generation' automated batching, casting, and finishing 

equipment. Over the years, various types of mathematical models^ have 

been conceived to predict the mechanical and material behavior of SFRC. 

These models have ranged from early fracture mechanics models to more 

advanced 'law-of-mixture' type concepts to far more sophisticated 

prototypes that consider the internal structure of the composite. One 

of these state-of-the-art behavior models is a micromechanical finite 

element model^® that utilizes separate finite elements to represent the 

matrix, fibers, and the fiber-matrix interface. Computer generated 

models, such as the micromechanical finite element model, are useful in 

determining the exact mode of material failure. 

17. A.C.I., Committee 544, 1982. p. 11. 

18. Shah, and Skarendahl, ed., 1985. pp. 219-223, 239, 273. 
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Another field where more extensive research is warranted exists 

in the building construction industry. For instance, in the design of 

seismic-resistant structures, analytical evaluation methods are needed 

to reliable predict the effectiveness of steel fibers to resist combined 

bending, torsional, and shear stresses that are induced by static and 

dynamic loads acting at beam-column interfaces.^ Future efforts will 

focus on ways to determine the safe limit(s) of substituting SFRC for 

reinforcing hoops and stirrups (i.e. primary reinforcement) that 

normally confine the longitudinal steel in heavy 'rebar-congested' 

floor-column joint locations.^ Furthermore, to more closely anticipate 

the expected service life for a particular SFRC composite, additional 

test data examining long-term reversal and non-reversal fatigue loading, 

along with low cyclic high amplitude loadings, will most likely be in 

O 1 
great demand in the near future. 

Other experimentation will investigate the effects of different 

finishing machines on specific FRC mix designs. For example, future 

projection for achieving a uniform striated, skid-resistant texture on 

the wearing surface of SFRC is by using a 'no slump1 roller compaction 

device that machines the surface to the desired texture.22,23 gy 

literally rolling the texture on the plastic SFRC surface, the exposed 

19. Shah, and Skarendahl, ed., 1985. p. 177, 377, 395. 

20. Ibid. p. 422, 441. 

21. Ramakrishnan, V., et al., 1989. Paper No. 880144, p. 1. 

22. Nanni, A., 1989. p. 1, 2, 7, 8. 

23. Shah, and Skarendahl, ed., 1985. p. 126, 130. 
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fibers can be submerged rather than being pulled up as is normally 

experienced in conventional coarse brooming, scoring, and/or burlap drag 

finishing techniques. Another area of future research will occur in 

tunnel liner reconstruction with the refinement of automated robot 

spraying steel fiber reinforced shotcrete pneumatic systems.^ The 

highway industry will seek more economical pavements, bridge deck 

overlays, and joint designs. A greater emphasis will be placed on the 

evaluation of various jointing methods and the necessity of FRC load 

transfer devices.^ In the construction of new highway rigid pavement 

slabs, SFRC has been suggested to be localized (via a 'slide form' 

technique) adjacent to both transverse contraction joints and 

longitudinal joints to improve sliding dowel/tie-bar performance.^ In 

bridge wearing course rehabilitation, newly developed casting methods 

will evolve, such as an integrally anchored SFRC bridge deck overlay 

system (patent pending), in which the new overlay is literally 'doweled 

and anchored' onto the existing bridge deck by removing small circular 

cores in a specified grid pattern.^ The concept of integrally anchored 

SFRC overlays may potentially reduce or eliminate the current 

delamination/debonding problem experienced by many State Highway 

Departments across the country. In the precast concrete industry, more 

prefabricated prestressed concrete beams will practice the concept of 

24. Shah, and Skarendahl, ed., 1985. p. 37, 43, 51. 

25. Ibid. pp. 127-129. 

26. Personal Correspondence, 1988. C. Gene Pettit. 

27. Personal Correspondence, 1986. Dr. David R. Lankard. 



124 

'fiber zoning' by emphasizing newly developed prescription casting 

techniques. Pre-designated fiber type, alignment, and orientation can 

make it possible for lighter concrete beams that have thinner webs and 

flanges.^® 

The advancement of stat-of-the-art- mix designs will probably 

yield the greatest potential toward permitting the usage of SFRC on a 

much wider scale. A combination of modern concrete admixtures and/or 

additives will help offset many of SFRC's negative qualities. The 

expanded use of shrinkage compensating cements, superplasticizers, or 

latex-modifiers in SFRC is expected to gain popularity. Likewise, the 

role of traditional waste products (such as fly ash, blast furnace slag, 

on 
silica fume, basaltic and metallic aggregates, u recycled concrete, 

miscellaneous organic binders, etc.) may be more significant in the 

years ahead. 

The aforementioned research topics of discussion are but only a 

few of the many diverse efforts that lie ahead for the assurance of the 

continued development of SFRC technology. Even though sufficient 

material performance data now exists for some selected applications, a 

dramatic increase in the worldwide usage of SFRC does not seem realistic 

until detailed specification codes and engineering manuals are adopted 

and become readily available. 

28.  

29. 

30. 

Shah, S.P., and Skarendahl, A., ed., 1985. p. 441. 

Nagaraj, T.S., and Dwarakanath, H., 1984. p. 2798-2809. 

Product Information, 1989. Master Builders, Inc. 



CHAPTER 7 

CONCLUSION 

As engineering professionals, we must take the bold initiative 

to skillfully confront the serious challenges that lie ahead to repair, 

restore, and/or reconstruct out depleting infrastructure. Within the 

Portland cement concrete (P.C.C.) industry, a more realistic 

implementational philosophy should be adopted to greater exploit the 

recent technological breakthroughs. Today's specifiers should not be 

satisfied with the conventional design approaches that result in a 

minimal service life and demand an extensive preventative maintenance 

program. For example, bridge design engineers must be willing to 

rethink and revise their long-established standard operations if the 

service life for an Interstate bridge deck overlay is reduced to a 

meager 4-7 years. As we near the twenty-first century, the fundamental 

rebuilding construction materials and procedural policies, which were 

mostly developed when the Interstate System was originally constructed 

in the 1950's and 1960's, should be modified to improve the material's 

overall durability and strength potentials. Long-term economic 

considerations must be allowed to play a greater role as heavier traffic 

volumes will most likely continue to increase . 

125 
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Recommendations And Concluding Remarks 

Fibrous reinforced concrete (FRC) has never been more attractive 

to the high-strength material specifier than it is now. With the aid of 

modern chemical admixtures and additives, FRC can be an economically 

competitive structural repair alternative. Yet, when used alone, the 

addition of solely quality fibers to a traditionally proportioned 

cement-based mixture will usually create a rather stiff and unworkable 

material possessing poor placeability characteristics. Since the 

attainment of an ideal, maintenance-free concrete material has not yet 

been invented, a more practical remedy is the selective combination of 

available chemical and waste products with the latest state-of-the-art 

practices in FRC mix design technology. 

As a construction project engineer for the Ohio Department of 

Transportation, I have personally witnesned a definite acceleration of 

fatigue-related distress as well as a non-tolerable level of service 

that frequently reoccurs to many of the most heavily semi-tractor 

trailer truck trafficked Interstate bridge deck overlay systems. These 

demanding situations, which are continuously subjected to cyclic fatigue 

loadings, merit a more advanced isotropic material mass than the mix 

proportions of current bridge deck overlay composites (see Table No. 

16). The addition of quality steel fibers to superstructure Class * S1 

concrete, to superplasticized dense concrete, to latex-modified 

concrete, and to micro-silica dense concrete will ultimately improve the 
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Table No. 16: Mix Proportions of Current Bridge Deck Overlay Composites 

Constituent 1 Class 'S'a S.D.C.b L.M.C.c M.S.D.C.d 

Portland Cement, 715 825 658 700 
Type I 

Coarse Aggregate 1530 1315 1315 1280 
(Natural Limestone) 

Fine Aggregate 1260 1300 1645 1430 
(Natural Sand) 

Water 315 297 240 252 

Water:Cement Ratio 0.44 0.36 0.36 0.36 

Slump, inches 
-Normal 2-4 1-2 4-6 1-2 
-Plasticized - 4-8 - 4-8 

Air Content, percent 4-8 6-10 5-7 6-10 

Micro-Silica Content - - - 10 % 
(percent by mass of cement) 

Latex Emulsion Dosage - - 24.5 
(gallons/cu.yd.) 

Superplasticizer Dosage - 0.8 - 0.8 
(gallons/cu.yd.) 

Max. Aggregate Size (in.) 1/2 3/8 3/8 3/8 

NOTE; Unless noted above, all quantities are in pounds per cubic yard. 

a. State of Ohio- D.O.T., 1989. pp. 167-169. 

b. O.D.O.T.- Supplemental Spec. No. 850, 1986. p. 4. 

c. O.D.O.T.- Supplemental Spec. No. 845, 1986. p. 4. 

d. O.D.O.T.- Special Proposal Note, 1987. p.4. 
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static flexural strength, the fatigue endurance limit, the impact 

strength, the spall/shatter resistance, the ductility, and the 

toughness. As expected, there exists an added cost differential for 

these desirable performance characteristics. A comparative cost 

analysis of Class *S* concrete, SDC, LMC, and MSDC (with and without 

fiber reinforcement) is provided in Table No. 17. The cost of the Class 

'S' , SDC, and MSDC mixes are all within a fairly close price range, 

whereas LMC tends to be very expensive. Due to the high specified 

dosage of rather costly latex-emulsion, the non-fibrous LMC mix is over 

55 percent more expensive than Steel Fiber Reinforced Micro-Silica Dense 

Concrete (SFR-MSDC) and is over 93 percent more expensive than Steel 

Fiber Reinforced Superplasticized Dense Concrete (SFR-SDC). This 

abundant cost savings, coupled with the beneficial attributes of the 

randomly distributed steel fibers in the mix, is quite noteworthy. The 

use of Steel Fiber Reinforced Micro-Silica Dense Concrete (SFR-MSDC) is 

strongly recommended in lieu of non-fibrous Latex-Modified Concrete 

(LMC) as an Interstate bridge deck overlay material alternative. The 

suggested mix proportions for SFR-MSDC are provided in Table No. 18. 

The annual castable volume of non-fibrous Micro-Silica Dense 

Concrete (MSDC) used in U.S. bridge-related applications has steadily 

increased from year to year as follows: 2 cubic yards in 1983, 15.4 

cubic yards in 1984, about 270 cubic yards in 1985, at least 1480 cubic 

yards in 1986, at least 3500 cubic yards in 1987, and around 23,000 

cubic yards in 1988.^ Current projections speculate that these 

1. Luther, M.D., 1988. p. 12. 
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Table No. 17: Composite Cost Analysis - January 1989 
(Dsing Experimental Fiber Types) 

Type of 
Air Entrained 
Concrete 

Class ' S' 
Superstructure 

Superplasticized 
Dense Concrete 

Latex-Modified 
Concrete 

Micro-Silica 
Dense Concrete 

Type of Mixture Reinforcement, $ U.S. Dollars/C.Y. 
Plain Polypropylene Steel 

Non-Fibrous Fiber Reinforced Fiber Reinforced 
Concrete 

$50.50 

$58.00 

$210.00 

$84.50 

Concrete 

$59.50 

$67.00 

$219.00 

$93.50 

Concrete 

$101 .00  

$108.50 

$260.50 

$135.00 

The above January 1989 manufacturer's price list quantities are 
expressed in $ U.S. dollars per cubic yard of cementitious material 
and are based on a desired total volume of one-hundred cubic yards. 

Price List Source 

Master Builders, Inc. 

Dow Chemical Company 

Elkem Chemical Company 

Type of Admixture 

Superplasticizer 

Latex-Emulsion 

Condensed Silica Fume 



Table No. 18: The Recommended FRC Composite for 
Interstate Bridge Deck Overlays 

(Steel Fiber Reinforced Micro-Silica Dense Concrete) 

Constituent 

Portland Cement, Type I 

Coarse Aggregate 
(Natural Limestone) 

Fine Aggregate 
(Natural Sand) 

Water 

Micro-Silica Dosage 
(w.r.t. 100 % microsilica) 

Steel Fibers, Deformed 
(fiber content varies w/ each brand) 

Superplasticizer (or HRWR) 
(conforms to ASTM C 494, Type F or G) 

Air Entraining Agent 

Water:Cement Ratio 

Slump, Normal 

Slump, Plasticized 

Air Content 

Maximum Coarse Aggregate Size 

Quantity 

700 LBS./C.Y. 

1280 LBS./C.Y. 

1430 LBS./C.Y. 

252 LBS./C.Y. 

70 LBS./C.Y. 

80-100 LBS./C.Y. 

12-15 FL.OZ./C.Wt. 

7-10 FL.OZ./C.Wt. 

0.36 

1 to 2 inches 

4 to 7 inches 

6 to 8 percent 

3/8 inch 
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implementational growth trends will continue. To date, SFR-MSDC has yet 

to be demonstrated on a bridge deck overlay project. Nevertheless, 

recent SFR-MSDC laboratory results conducted at the Michigan State 

University^ and the South Dakota School of Mines and Technology^ show 

promise as an ultra-durable, high-strength construction material 

alternative. Trial placement 'test slabs' are highly recommended prior 

to the actual placement of SFR-MSDC in order to grant the finishing crew 

ample experience to perfect their approach as well as to fine tune the 

mix to achieve the optimum workability and consistency within a 

predetermined slump range. Since SFR-MSDC is more susceptible than 

conventional concrete to rapid surface drying and plastic shrinkage 

cracking, precautionary measures for immediate curing are mandatory if 

the expected evaporation rate at the concrete surface approaches 0.2 

pound per square foot per hour.^ 

SFR-MSDC is recommended over SFR-Class 'S' superstructure 

concrete, because at a water:cement ratio of 0.44 and without the aid of 

a superplasticizer, sufficient cementitious paste is not available to 

equivalently coat each individual fiber. Also, to greater facilitate 

the fiber inclusions, the Class 'S' mix should be more heavily sanded 

(i.e. the fine aggregates should be over 50% instead of only 45%) and 

contain a smaller maximum sized coarse aggregate. Consequently, unless 

2. Bayasi, Z., and Soroushian, V., 1989. 32 p. 

3. Ramakrishnan, V., and Srinvasan, V., 1982. 28 p. 

4. Holland, T.C., 1987. p. 3. 
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the mixture is modified accordingly, Class ' Ss superstructure concrete 

is simply not a suitable 'parent' mix design for fiber incorporation. 

Even though it is 24% more expensive, SFR-MSDC was chosen over 

SFR-SDC because of the excessive heat of hydration common to a mix 

possessing 825 pounds of cement per cubic yard of material. Mixtures 

containing high cement factors are more prone to rapid surface drying/ 

plastic shrinkage cracking and usually require a set or evaporation 

retarding agent. If 15% of the portland cement in SFR-SDC is directly 

replaced with a quality fly-ash, whose chemical composition conforms to 

ASTM C618, the excessive heat of hydration and the overall material cost 

will both be substantially decreased. In lieu of the prescribed 825 

pounds of portland cement per cubic yard of concrete, a SFR-SDC mix that 

is modified with fly-ash would incorporate a more controllable 700 

pounds of portland cement plus 125 pounds of fly ash in each cubic yard 

of material. Although the presence of fly ash in SFR-SDC would help 

ease the exothermal effect, SFR-MSDC still has a solid, more enhanced 

internal pore structure via the greater densification of the matrix to 

increase impermeability and to better function as a moisture/chloride 

barrier.-' 

SFR-MSDC is recommended over SFR-LMC mainly due to its high cost 

differential. SFR-LMC is about 93% more expensive than SFR-MSDC and 

140% more expensive than SFR-SDC. In effect, this cost differential is 

basically too large to ignore. It seems doubtful that SFR-LMC can 

5. Luther, M.D., 1988. p. 13. 
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possibly compete with either SFR-MSDC or SFR-SDC on an equal basis in 

terms of economics as well as hardened composite properties. 

In summation, SFR-MSDC is recommended as a viable material 

alternate for the rehabilitation of Interstate bridge deck wearing 

course surfaces. The specific sequential order in which the author 

rates the aforementioned high-strength material composites are 

represented (w.r.t. a value of 1. as the most attractive, and a value of 

5. as the least attractive) as follows: 

1. Steel Fiber Reinforced Micro-Silica Dense Concrete (SFR-MSDC) 

2. Steel Fiber Reinforced Superplasticized Dense Concrete 

(SFR-SDC) with fly-ash modification 

3. Steel Fiber Reinforced Superplasticized Dense Concrete 

(SFR-SDC) without fly ash modification 

4. Steel Fiber Reinforced Latex-Modified Concrete (SFR-LMC) 

5. Steel Fiber Reinforced Class 1S1 Concrete (SFR-Class 'S1 

requires mix proportion alterations) 

The above newly developed high-strength materials are all premium repair 

products that require utmost discretionary usage. Code-writing 

officials must first isolate the causation of the failure mode before 

arbitrarily selecting a SFRC composite as a repair tool. If the mode of 

failure is found to be a lack of fatigue endurance, flexural strength, 

abrasion resistance, material toughness, ductility, spall/shatter 

resistance, or impact strength, then a proposed SFRC composite may be 

the single best repair material alternative. But, if the persistent 

premature distress is caused from an unacceptable mix design, 

substandard construction materials, poor original quality control and/or 
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workmanship, unauthorized deviations from long-established curing 

practices, etc., then a plain, non-fibrous mixture will probably 

suffice. 

To date, no steadfast rules exist to help specifiers determine 

when to use, or not to use, SFRC. Furthermore, once designers have 

justified the economic savings of SFRC, new questions immediately arise 

regarding what type of steel fiber is most advantageous. In particular, 

should a deformed or a straight steel fiber type be specified? Of 

course, each particular design condition is different. Nevertheless, in 

most cases, the ability of the material to hold itself together after 

initial cracking (i.e. without a reduction in the level of service) is 

usually the controlling factor to decide between deformed or straight 

fibers. For instance, deformed steel fibers may be recommended in 

extremely abusive environments, such as in an Interstate highway 

mainline bridge deck surface that has an average daily truck traffic 

(ADTT) of over a certain numerical threshold of, say 3000. Whereas 

straight steel fibers may exhibit similar long-term material performance 

on less traveled bridge decks having an ADTT from approximately 1500 to 

3000. On the other hand, secondary routes possessing characteristic 

truck volumes less than 1500 probably will not economically benefit from 

the improved high-strength properties of SFRC and should be repaired 

using conventional methods and materials. Regardless of the specific 

applicational situation, the specifier should generalize the anticipated 

levels of abuse and/or corrosion in which the repair material will 

typically endure throughout its design life. Fixed threshold design 
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parameters can greatly assist code-writers in determining the most 

suitable type (and shape) of fiber for their particular application. 

In conclusion, the main obstruction, that impedes the future 

implementation of modern SFRC composites as an Interstate highway 

bridge deck rehabilitation material, is not due to its inherent high 

material cost. The foremost SFRC obstacle is the designer's reluctance 

and apprehension to deviate from their accepted operational norm. 

Fears of un-aesthetically pleasing steel fiber surface staining/rusting 

and "down-the-road liability concerns" from the loosened, tossed-up 

metal fibers are two very fundamental issues that must be overcome. 

A viable surface texturing strategy, such as a innovative modified 

"impression-striation" finishing technique, that can uniformly roll 

or stamp a fresh imprint from a templated surface while simultaneously 

submerging the exposed steel fibers, must be perfected in order to 

expedite the development of the proposed material usage of stat6-of-

the-art fibrous reinforced composite mix designs on our most fatigue-

Interstate bridge deck wearing courses. Until that time occurs, 

construction personnel working with SFRC must slightly revise their 

standard method of striating by simply tine-raking the fresh surface 

at a lower than normal scoring angle. 
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Final Comments 

Fibrous reinforced concrete is not the definitive solution for 

ideal, maintenance-free portland cement concrete. The addition of tiny 

fibers into a brittle cement-based composite will improve some of the 

vital engineering properties, but not all of them. Therefore, one must 

clearly understand that there exists an upper as well as a lower limit 

for the beneficial attributes of FRC. 

The basic research objectives, as discussed previously in 

Chapter No. 3, were truly fulfilled. The independent laboratory 

investigation sought and determined the compressive performance, 

flexural behavior, and material toughness for each of the laboratory 

mixtures. The devised methods to monitor experimental control proved to 

be quite useful toward assuring adequate steel fiber dispersabilty and 

to critically review the test response scatter. 

Finally, the utmost significance of the use of modern concrete 

admixtures and additives in conjunction with SFRC cannot be adequately 

over-emphasized. All-in-all, the concrete industry presently has the 

ability to refine and perfect a SFRC mix design philosophy that stresses 

a more broader utilization of fly ash and silica fume. Newly conceived 

repair materials, like steel fiber reinforced micro-silica dense 

concrete and innovative SFRC design concepts, such as favorable fiber 

alignment prescription precasting techniques, cast-in-place 

'fiber-zoning' tactics, and fiber reinforced roller compacted concrete, 
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will help transform FRC technology beyond its present stat-of-the-art. 

In ending, there is a definite need for continued research and 

to circumstantiate the economical vindication for steel fiber reinforced 

micro-silica dense concrete (SFR-MSDC) as well as for steel fiber 

reinforced superplasticized dense concrete (SFR-SDC) having a 15% cement 

replacement with fly ash. Respectively, SFR-MSDC and SFR-SDC are over 

55% and 93% less costly than non-fibrous latex-modified concrete (LMC). 

These two potentially ultra-isotropic material candidates deserve to be 

given a closer examination as an alternate to LMC for a more proficient 

rehabilitation strategy of our Interstate bridge deck wearing course 

surfaces. 
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