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CHAPTER 1 - INTRODUCTION

Concrete is a universal building material that has been
used for thousands of years, probably beginning in ancient
Egypt (20). The facility with which, when plastic, concrete
can be poured to fill forms of practically any shape is a
primary factor in its wide use as a building material. Concrete
also has a high fire resistance and is usually available local-
ly at a comparatively low cost.

However, because of its natural composition concrete is
a relatively brittle construction material. 1Its tensile
strength is small compared to its compressive strength. The
tensile strength of concrete is an order of magnitude lower
than the compressive strength (i.e., compressive strength
fé = 5000 psi, tensile strength; f; = 500 psi) (25). This
prevents the economical use of concrete alone in structural
members subjected entirely or partially to tension.

In the second half of the nineteenth century it was dis-
covered that the addition of steel in the tension zone of a
concrete section would provide a method to utilize the com-
pressive strength of concrete. The addition of steel, generally
high tensile strength deformed bars, provides a high tensile
strength at low cost, greater ductility and smaller section
while better utilizing the compressive strength of the concrecte
(24) . The resulting combination of the two materials is known
as reinforced concrete.

Fiber reinforced concrete is concrete containing, in

addition to the normal aggregate, randomly distributed, short,



discontinuous discrete fibers (20). This report will deal
only with the addition of steel fibers. The fiber size

ranges from 10-30 mils (.25 to .76 mm) in diameter and 1-2 1/4
inches (2.54 to 5.92 cm) in length. Their physical character-
istics vary from straight round fibers to deformed rectangular
fibers (18).

There has been a great deal of research into the mechanics
of concrete reinforced with steel fibers. There is, however,
a need to provide a collective summary describing steel fiber
reinforced concrete, its history, mix procedures, analysis and
design in conjunction with normal reinforcement. It is the

object of this report to provide such information.



CHAPTER 2 - FIBER REINFORCED CONCRETE

Historical Information

The use of fibers for reinforcement is not a new concept.
The use of fiber reinforcement dates back to ancient times
when straw and grass were used to reinforce sun-baked bricks
(17). This type of reinforcement was done throughout the
world including the Great Plains of the United States by the
Indians and pioneers of the West. 1In more recent times,
horse hair was used to reinforce plaster and until just recent-
ly, asbestos fibers were being used to reinforce Portland
cement (21). Patents for various methods of incorporating
wire segments or metal chips into concrete have been granted
since the turn of the century.

The use of closely spaced wires and random fibers was
researched in the late 1950's and early 1960's by Romualdi
and Batson (21), and Romualdi and Mandel (21). Their research
lead to a patent based on fiber spacing. Another patent was
granted in 1972 on fiber aspect ratio. The PCA (Portland
Cement Association) investigated fiber reinforced concrete in
the late 1950's. With the surge in fiber reinforcing new
materials were investigated other than steel. Organic fibers
such as nylon, polyprophylene, and polyesthylene have been
used. Non-organic glass and deformed steel, and asbestos
fibers have been used elsewhere in the world (4,8,12,14,20).
Although a relatively old concept, the use of fiber reinforced
concrete has Jjust recently been accepted in the United States

(21 .



Modern Fiber Reinforced Concrete

The fiber reinforcement considered in this report
consists of short 1-2 1/4 inches (2.54 to 5.72 cm) steel
strands. The fibers may be round, rectangular in cross
section and may be straight or deformed in some way (See
Fig. 1) . The round, straight fibers are produced by chopping
or cutting cold drawn wire between 10 and 30 mils (.25 to
.76 mm) . The flat fibers can be produced by either flatten-
ing round wire or shearing flat steel sheets to a typical
cross section range of 6 to 16 mils (.15 to .44 mm) in thick-
ness and 10 to 35 mils (.25 to .90 mm) in width. Deformed
fibers are fibers, flat or round, that have been flattened
or bent at the extreme ends to increase the strength of the
fiber bond to the concrete (3,7,1l1).

In dealing with fiber reinforced concrete it is essential
to consider the fiber aspect ratio and fiber volume. The
fiber aspect ratio is defined as the ratio of length of fiber
to equivalent diameter (for a rectangular cross section; the
area transformed into a circle with equal cross sectionsal area.
The equivalent diameter would then be the diameter of the
circle) . For example, a fiber 1.18 in. (30 mm) in length
with a diameter of .0l16 in. (.40 mm) has an aspect ratio of
about 74. The aspect ratio is a dimensionless number, used
principally in the mix design to avoid fiber segregaticn or
balling. The aspect ratio also affects the post cracking
resistance. To avoid fiber balling in mixing and to prcvide

a near uniform distribution, a maximum aspect ratio of 100 is



Fig. 1 - Dramix R
Deformed Steel Fibers

Source: Dramix R Bekaert Steel
Wire Corporation




recommended. A ratio of around 75 is generally the most
effective for post crack resistance and uniform fiber dis-
persement within the mix (18,19,20,22). This is illustrated
in Table 1 taken from Reference 19.

The volume of fibers to the total mix volume is also an
important consideration. The volume of fibers is described
as the percent of fiber volume to the volume of the mix. In
general, fiber volume ranges from 0.5 to 2.5 percent. It
should be noted that the larger the fiber volume the more
difficult it is to mix and the workability is decreased (10,

18,19) .

Applications

Steel fiber reinforced concrete is not a cure-all material
for concrete construction. It does, however, have a broad
range of uses in bcth cast-in-place and precast concrete
products.

Fibrous concrete has a tremendous potential where dur-
ability and crack control are major considerations. It has
been used for airport and highway surfaces and withstood the
impact loads very well (9,10,21). Steel fiber concrete has also
been used for industrial floors, bridge decks, and various hy-
draulic structures (3,9 .

The U. S. Corps of Engineers has used steel fiber rein-
forced concrete for several hydraulic structures (4,6). A
sluiceway for the Libby Dam on the Kostenai River was repaired
with fibrous concrete. Fibrous concrete was used as a top
layer 18 inches for a spillway on the lower monumental lock

and dam located on the lower Snake River (4) . The Corps also



TABLE 1 - SUMMARY OF RESULTS - MORTAR (1:3.5, 0.65)

SPECIMENS WITH 0.5 PERCENT BY VOLUME OF
FIBERS IN TENSION

Direction
of fibers Post
with respect | Length crack-
to that of of Aspect Tensile ing
the applied | fibers, ratio | strength¥, load*, | Relative
load in. (L/d) 1b 1b toughness
Effect of aspect ratio
Random 1 100 760 320 1.5
3/4 75 790 430 1.7
1/2 50 770 0 1.4
1/4 23 790 0 1.0

*Multiply by 0.453 to express in kgf.

Source:

Shah, Surendra P. and Rangan, B. V., "Fiber
Reinforced Concrete Properties,” ACI Jourmal,
Proceedings, Vol. 68, No. 2, Feb. 1971, »p.
126-135.




usea fiberous concrete for Basarwater Armor Units off the
coast of Bureka, California, along with other hydraulic
projects (6).

In precast members the use of fiberous concrete is not
as wide spread as it is with cast-in-place concrete. The
major uses at this time consist of precast garages where the
fibers reduce crack and spalling damage during transportation
ana precast concrete pipe where the fibers reduce cracking
and increase the strength characteristics of the pipe (3,10,

20,25) .



CHAPTER 3 - MIX DESIGN, METHODS, AND PLACEMENT

Mix Design

There are several factors involved in the design of
fiber reinforced concrete mixes. The most important aspect
of mix design is to insure a uniform dispersion of the fibers
within the mix. The factors to consider in the mix design are:

1) The fiber aspect ratio

2) The fiber volume

3) The mix materials

4) The mix proportions

The fiber aspect ratio is the most critical element in
the uniform dispersement of fibers. To avoid segregation or
balling of fibers, or combination of fibers and other mix
materials, the fiber aspect ratio for round or flat straight
fibers should be a maximum of 100 (15). The aspect ratio for
deformed or hooked fibers should be somewhat less {(around 70
to 85) depending on the amount and shape of the deformation,
hooked fibers having a greater tendency to ball (15,18,19).

The fiber volume is important for a uniform distribution.
For best results the fiber volume should be kept between 0.5
to 4 percent. It should be noted that fiber volumes above
2 percent result in a decrease in mix workability (10,18,19).

The material used for fiber reinforced concretz mixes
is essentially the same as standard concrete; cement, water,
sand, coarse aggregates, and conventional admixtures. The only
change being the maximum size of coarse aggregate recommended
is 3/8 inch. According to Snyder and Lankard (20Q) the addition

of coarse aggregate to a steel fiber containing mortar results
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in a decrease in first crack and ultimate tensile strength of
the material. The information presented in this report is
based on research using the maximum size aggregate of 3/8 in.
The procedure for proportioning fiberous concrete mixes
paraliels that used for conventional concrete mixes. A trial
mix is usually tested and adjustments in fiber and water con-
tents made. It is important to realize the requirement for
water will increase with an increase in fiber content. Exper-
ience suggests water cement ratios from 0.4 to 0.6 and cement
contents of 550 to 950 lbs. to provide adequate coating of
fibers with cement paste (21). An example of a typical

fiberous concrete mix is shown in Table 2.

Mix Merthods

The method of actually adding and mixing the steel fiber
is dependent on the type of mixing equipment available (15).
The increase in first crack and ultimate flexural strengths
can only be attained if the fibers are displaced uniformly.
The most widely used method of providing adequate dispersion
is to add the fibers to the dry aggregate and mix before the
water is added. The actual procedure for mixing the concrete
may vary due to available equipment, nowever, for batch or
ready-mix concrete operation the following mixing sequences
are presented in order of preference (21):

1) blend fiber and aggregate prior to charging the mixer,
such as combining fibers on a conveyor belt. Then proceed

with standard mixing procedure.



TABLE 2 - TYPICAL PROPORTIONS FOR NORMAL
WEIGHT FIBER REINFORCED CONCRETE

Cement 550-950 1b/cu yd

W/C ratio 0.4 to 0.6

Percentage of sand

to aggregate 50 to 100 percent

Maximum aggregate 3/8 in.

Air content 6 to 9 percent

Fiber content 0.5 to 2.5 percent by volume of mix
(steel - 1 percent = 132 lb/cu yd
glass - 1 percent = 42 1b/cu yd
nylon - 1 percent = 19 lb/cu yd

1 1b per cu yd = 0.5933 kg/m>

1 in. = 2.54 cm

Source: ''State of the Art Report on Fiber Reinforced Concrete,"

ACI Journal, Committee 544, Proceedings, Vol. 70, No.
TI, Nov. 1973, pp. 729-74L.




12

2) Blend fibers with previously mixed fine and coarse
aggregate at standard mixing speed. Add cement followed by
water and admixtures or add cement and water simultaneously.

3) Add fiber to previously mixed water and aggregates.
Then add remaining water and cement.

4) Add all blended dry ingredients to mixer containing
the correct amount of water.

At the present time most steel fibers are supplied in-
dividually in 40-60 1lb. boxes (21). iHowever, fibers shipped
in this manner must be loosened prior to mixing. Just recently,
Bekaert Steel Wire Corporation developed a procedure of gluing
the fibers in collated bundles thereby providing a larger
apparent diameter, improving the initial mixing and eliminat-
ing the necessity to manually loosen shipped fibers. After
the initial mixing the fibers separate due to the mechanical
action and solubility of the glue. This new development would
appear to decrease the cost of mixing and increase the uniform

dispersion of fibers throughout the mix (3).

Placement

The addition of steel fibers requires, in general, more
vibration than a standard mix. External vibtration of the forms
and exposed surfaces is preferable to internal vibration.
tiowever, with proper precautions to avoid fiber segregation
internal vibration is acceptable. Because of the fiberous
nature of the concrete, rakes and hoes are more effecrive in
handling the mix than the usual shovels. In general, the use
of standard finishing tools is acceptable for fiberous concrete

(6,915, 16,31).
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CHAPTER 4 - MECHANICS OF BEHAVIOR

Compressive Strength

The effect on the static compression strength of concrete
by the addition of steel fibers is significant. In a study
by Williamson (24) the effect of steel fibers on static com-
pre;sion strength of concrete was studied. Using standard
test cylinders 120 tests were conducted on mixes of 3/8" maximum
aggregate and 3/4" maximum aggregate. The fiber volumes ranged
from 1 to 2.5 percent. The results of these tests provided
data that showed up to sixteen percent increase for the 3/8"
maximum aggregate mix and up to a twenty-three percent increase
in static strength on the 3/4" maximum aggregate mix. The test
results are shown in Fig. 2. The actual percent increase was
dependent on the volume percent of fiber with the larger the
volume percent the greater percentage increase in static com-
pressive strength (8,13,18,23).

It would be appropriate at this time to present the theory
behind this increase in strength. Swamy, et al. (23) presented
the theory that all concrete contains small flaws which begin
to increase in size under load for stresses well below 50 per-
cent of the ultimate. The coalescing of these flaws ultimately
results in the concrete's failure. From the works of Glucklich,
R. Jones and H. Neuber, it was shown that the primary failure
mode 1s a result of cracks or flaws which grow under load,
parallel to the direction of the applied stress (23). These
flaws and/or cracks act as stress convertors in that the
general compressive stresses create local tensile stresses

in the vicinity of the crack tios. The cracks grow due to
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these tensile stresses until a critical size is obtained,
which results in a brittle type of failure in the concrete.
The failure mode is shown here as primarily tensile. There-
fore the arresting of the crack growth by the steel fibers
would provide a basis for increased compressive strength of

fiber reinforced concrete.

Crack Arrest

The original purpose of using fibers in concrete was to
increase the first crack strength and resistance toc crack
propagation in concrete. Research by Romualdi, et al. (20),
as well as Cox (4) and others, has shown that steel fibers
added to concrete will increase the first crack strength, often
referred to as toughness, and resist the propagation of exist-
ing cracks. The amount of crack arrest is dependent on the
spacing or volume of fibers. Research by Snyder and Lankard
(20) suggests an increase in first crack strength up to three-
fold. The mechanism of resistance to crack propagation is
illustrated by Swamy, et al. (23) in Fig. 3. The failure of
fiber reinforced concrete is due to fiber pullout rather than
the failure of the fibers. The growth of cracks is dependent
on the force required to pull out the steel fiber. The greater
the pullout resistance the greater the crack propagation re-
sistance (11). A schematic representation of slow crack

propagation is shown in Fig. 3 (8).

Shear
The failure of concrete subjected to shear forces is

actually in the form of diagonal tension. Closely spaced
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stirrups are usually used tc prevent shear failures in

concrete beams. Because the nature of the stress is tensile,
steel fibers should provide effective reinforcement against
shear failure. In fact, this is what Batson, Jenkins and
Spatney (2) discovered in their research on fiberous shear
reinforcement. There has not been a great deal of study in
this area but from what has been done it appears that with the
use of steel fiberous concrete with fiber volumes around 2 per-

cent no additional shear reinforcement would be necessarv.

Flexural and Tensile

Tensile and flexure tests on steel fiber reinforced
concrete have shown an increase in ultimate strength of up to
two times that for non-reinforced concrete. Research by Shah
and Rangan (17,18,19), the results of which are shown in Table
3, show the relationships between aspect ratio, relative
strength and toughness defined here as the resistance to
crack propagation. The U. S. Army Corps of Engineers found
an increase in 28 day flexural strength of about 2 times
with a wire volume of 2 percent (4).

Snyder and Lankard (19) also experimented with the flexur-
al strength in fiberous concrete by varying the fiber volume in
a concrete mortar. The results showed an increase in flexural
strength with increasing fiber volume from a twofold increase
at about 2.3 percent to almost a threefold increase at 4 per-
cent fiber volume.

Also examined was the effect of aggregate size on the
flexural strength. The addition of coarse aggregate to a fiber

mortar matrix decreased the strength. However, if the coarse
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TABLE 3 - SUMMARY OF RESULTS - CONCRETE (1:2:3, 0.60)
SPECIMENS WITH 1.0 PERCENT BY VOLUME OF
REINFORCEMENT IN FLEXURE

Aspect
Type of ratio Relative Relative
reinforcement L/d strength toughness

Effect of aspect ratio

Plain concrete 0 1.00 1.0
25 1.50 2.0

Random 50 1.60 3.0
fibers 75 1.70 10.5

100 1.50 8.5

Effect of type of reinforcement

Conventional
tensile bar -- 3.15 --
random fibers 75 1.00 --

Fibers: 0.01 x 0.01 in. (0.25 x 0.25 mm); yield stress =
110 ksi (7740 kgf/cm2; tensile strength = 120 ksi (8450
kgf/cmZ) .

Tensile bar: Deformed wire, diameter = 0.233 in. (0.592 cm);
yield stress = 47 ksi_(3300 kgf/cm<); tensile strength =
91.7 ksi (6450 kgf/cm2).

Source: Shah, Surendra P. and Rangan, B. V., "Fiber
Reinforced Concrete Properties,' ACI Journal,
Proceedings, Vol. 68, No. 2, Feb. 1971, pp.
126-135.
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aggregate is limited to 3/8 inch at 25 percent by weight of

the mix there are no serious losses in flexure strength.

Properties

A short comment is in order to provide some additional
information about fibrous concrete. The resistance of concrete
to failure by dynamic or impact loads is tremendously enhanced
with the use of fiber reinforcement. The addition of steel
fibers provides a greater amount of crack control than clas-
sical steel reinforcement (4,6,9,15). The fibers are also
more resistant to corrosive action than larger steel bar re-
inforcement because of the smaller cracks in fiberous concrete
This aspect of fiber reinforced concrete is not one of major
importance when considering fiber reinforced concrete. dowever,
it should not be ignored. It should be apparent that the
ductility of the concrete is increased by the fibers. Because
of this the deflection before failure is considerably increased
as compared to normal concrete (18).

In research by Ramy and McCabe (1l4) the fatigue strength

of concrete was increased as a result of adding steel fibers.
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CHAPTER 5 - METHOD OF ANALYSIS OF FIBER
REINFORCED CONCRETE BEAMS

Assumptions

1) Maximum allowable strain at the extreme compression
fiber .003 in/in (.003 mm/mm). (See Fig. 4 )

2) The compressive stress is represented by a rectangular
stress block as used in ultimate strength design.

3) The tensile distribution of the steel fibers is rep-
resented by a tensile stress block equal to the force required
to develop the dynamic bond stress of the fibers that are
effective in that portion of the beam cross sectiom.

4) Dynamic bond stress is taken as 380 psi, which gives
fiber stresses in the range 48,000 psi to 85,000 psi
(331,000 KN/m®> to 586,000 KN/m®), depending upon fiber length
and diameter (5,11).

"Dynamic bond stress' is a term used to describe the bond
stress that is developed during £fiber pullout. The ultimate
strength occurs along with considerable cracking which is
evidence that fiber pullout is occurring at that point. The
dynamic pullout load on fibers is somewhat less than the initial
static or "breakout' load.

5) The tension is taken as the area of minimum tensile
strain of gg/Eg in which cf = stress in the fiber at the assumed
bond stress; pullout stress. Eg = modulus of elasticity of steel.

6) A bond efficiency factor of 1.0 is applied to smooth,
straight, round or rectangular fibers. Other fibers such as

duraformed fibers, are assumed a higher efficiency factor.
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The tensile stress developed within the individual fiber
is dependent on the dynamic bond stress developed during pullout,
the ratio of the fiber equivalent circumference to fiber
equivalent cross sectional area and fiber bond efficiency.
The dynamic bond stress is an emperical value developed by
experimental fiber pullout tests. The value used, 380 psi, is
considered to be a conservative value for dynamic bond stress
(11). The ratio of the fiber equivalent circumference to
equivalent cross sectional area actually reduces to two times
the ratio of fiber lengtin to equivalent diameter or the fiber
aspect ratio. The bond efficiency factor provides for modifica-
tion due to the physical type of fiber used, as shown in Table 5.
The tensile stress in the fiberous concrete (g,) is based

on the following equation presented by Henager and Doherty (5).
O't = 1.28 fa/df P Fbe

Based on the fraction of effective randomly distributed
fibers as .41 and a bond factor of randomly distributed fibers
as .82 and a dynamic bond stress of 380 psi for the complete

mathematical formulation the reader is referred to Reference 5.
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kxample of fiberous reinforced beam analysis as discussed by

Henager and Doherty (5) with some revisions:

Of 2 T4 Fbe lldf

g

.= 1.28 2/dg p Fy

The tensile strain in the steel is calculated by the use of

similar triangles on the strain diagram in Fig. 4.

B = of/Es
€q + .003
E® =g F

Solving for c,
e ' e
c = (‘Asfy + g, bD)/ (.85 fc b By * o, b 2
Where

a = 61 c ACI-318-71 Definition

And referring to Fig. &

C=17T + T
fc Rb
T = A f
Rb sy
ch = 0, b (D-e)

The total theoretical moment strength is
Mp = A (d-a/2) +o. b (D-e)(3+5 -3

The equations for calculating the tensile stress developed

in fibers during pullout cg, and the tensile stress in fiberous
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concrete, 0., are formulas developed by Henager and Doherty (5)
through emperical methods. Using these equations and experi-
mental analysis they obtained the following results shown in

Tables 4 and 5 (5).



25

*88T-£¢1 *dd ‘9761 -uef

‘1LS "ON ‘ZOT "10A ‘dFOSV_‘uoist
-ATQ Teanjonals 9yl Jo JruInof
atSuBSg 9332a0U0) SNOJARQTd PRAI0JF
-urey Jo stsdfeuy, ‘°[ 20udaas],

w-N 9GE° T = q7-3F T ‘wmB $°'G7 = "Ul T :9IJON

'S '39¥ up pausay,

‘A3a2yoq pue *H so1ary) ‘ad8vUdl :922aN0F ‘weadoxd jejuswrtaadxe sTyl uft peIsaL,
£90°1 1e‘s 000°¢ 0°1 09 sa9qry "uyl-1 ¥ "ul-g70°0
X "Ur-010°0 3O %8L T1--WEBIq 'Ul-9 X "UI-%
9%0°1 86 Y €9L'Y 01 09 §19q1y "ul-1 X "Ur-770°0
X "ur-010°0 3o %19°'0--wWeaq ‘uy-g9 x ‘uf-4
¢L6°0 960°¢ ev1'€ 0'1 00T @muwﬂﬂm R |
X "Uur-010°0 3o %i% 1--wedq "ur-9 X ‘ul-4
866°0 09L°0% 0€8° 0% 0°T Gel gS12qT3] pue-padwrido -"ur-g/¢-7
X "ur-%10°0 3o %9¢ 1--weeq ‘ur-gi ¥ ‘uIl-g
L00°T 0EL'6E 09%°6¢€ 71 6L gS12qQTy wiojonq "uf-g/1-1
X 'ur-0¢0°0 FO LIS 1--weaq ‘ul-g1 ¥ ‘ui-g
¢00°1 £EY‘8E 09€ ‘8¢ 0°1 06 eS12q13 Yyioouws
‘ul-%/1-¢ X ‘Up-670°0 JO %7 1--weaq o7dwexy
(9) (s) (%) (€) () (1)
3893y spunod spunod 24, Ip/1 (seyoug ut
/2189y -3003F -3003 ‘1030B} ‘oT3BI ‘suoTsuswWIp)
‘o13ey ut ut Aouato | 3oodse uotydiaosap
‘ Juawom * Juswow -133° i9qT14g weag
poaey 3897, puoyg
-NdTe9

SINAWOW ILSdL ANV SINIWOW dILVINDIVI 40 NOSTYVIWOD - % HTAVL



TABLE 5 - BEAM LOADS AND MOMENTS

AT ULTIMATE STRENGTH

26

Ultimate Ultimate
load, in moment, in
Beam description pounds foot-pounds
(1) (2) (3
Conventional reinforced beam 12,000 32,350
Reinforced fibrous,
2-1/4-in. x 0.025-in. fibers 14,600 38,360
Reinforced £f£ibrous,
1-1/2-in. x 0.020-in. fibers 15,000 39,460
Reinforced fibrous,
1-5/8-in. ¥ 0.0l4-in. fibers 15,500 40,830

Note: 1 in. = 25.4 mm; 1 1bf = 4.45 N; 1 ft-1b = 1.356 N-m.

Source: Henager, Charles H. and Doherty, Terrence J.,
"Analysis of Reinforced Fiberous Concrete Beams,"
Journal of the Structural Division, ASCE, Vol. 102,
No. STI, Jan. 1976, pp. 177-188.
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Humerical Analysis Example

Determine the maximum moment capacity of a fiber reinforced

concrete beam in addition teo normal tensile reinforcement.

b=8" D=12" d= 9.,75"
As = 2 #6 = .88 sq. in.
Fibers: Dramix registered trademark of N. V. Bekaert SA

Deformed fibers = 1.18" length, .016" diameter

2/de = 73.75
Percent volume fibers; p = 2.0%
Fbe = 1.2 deformed fiber

T4 = 380 psi

£ = 6000 psi

£f_ = 50,000 psi

y
8, = .75

_ 2 14 Fre *
dg = d

£

2(380)(1.2)1.18
. 016

= 67,260 psi

Jp = 1.28 E; p Fi,

- 1.28 Aoz

= 226.36 psi

of

s Es

"
i
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67,260
29 x 106

.0023

eg + .003

— 003 c

.0023 + .003 c
.003

1.77 ¢
Asﬁy + Oy b D

.85 fé b 3, * o, b %

(.88) 50,000 + 226.56 (8)512)
. s + ; il f

1.945

19 ©
.75 (1.945)
1.459
1,27 ®©
1.77 (1.945)
3.443

A, -3 +o, b D-adF+F-D

1.459
2

.88x50,000x(9.75 - ) + 226.56%x8x(12 - 3.443)x

(12 4 3443 1.459,

2 - 2
396,902 + 108,442
505,343 "-#
42,112 fe-#

42.1 K-fe.



The same beam is analyzed but with no fiber reinforcement.

b=8" D=12" d=9.75"

o
I

2 #6 Bars .88 sq. in.
£ = 50,000 psi, £_ = 6,000 psi

U.S5.D. Method

steel ratio

g
i

P = AS/bd

i

.88/8 (9.75)

200
.0113 > =

<
pmax

(.0113)(¢50,000)(9.25)
(85 6,000)

= 1.08"

a
Asfy (d - 2)

A

188x50,000x(9.75 - 2:28)

405,240 #"
33,770 #'

33.77 K-££.
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Fiber reinforced concrete presents a variety of problems
in developing an actual design procedure. In normal reinforced
concrete the unknowns are the area of steel, AS; the width of
section, b; the depth to the centroid of the steel reinforcing,
d; whereupon an additional cover usually 3 in. is provided for
the steel, determining the overall beam depth, D. However,
for fiberous concrete there are additional parameters of fiber
volume percentage, p; fiber dimensions, dg, 2; and the type of
fiber used, deformed or straight.

The number of parameters involved suggests a design
procedure of trial and correction. A suggested procedure
would be to design a normal reinforced beam then either reduce
the physical dimensions, or the area of steel and analyze as
though using fiberous concrete assuming fiber type, size, and
volume percentages. This is a more time consuming method,
however, in situations where space is at a premium, fiberous
concrete may provide a unique solution.

An economic evaluation of the use of steel fibers is
outside the scope of this report. However, it is appropriate
to present an approximate cost of steel fibers. According to
the Bekaert Steel Wire Corporation the current price delivered
to Manhattan, Kansas is around $47.50 per 100 lbs., depending
on the type of steel fiber. The price is anticipated o
decrease when fiber production begins within the United States

(3.
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CHAPTER 6 - CONCLUSION

The addition of randomly dispersed short discontinuous
steel fibers to standard concrete mixtures provides a notice-
able improvement of material properties. The steel fiber
reinforcement improves concrete's resistance to crack propagation
and impact damage considerably. The compression and flexure
strength is increased, the actual amount dependent on the
physical shape of the fibers, volume percentage and fiber
aspect ratio. The effect of fibers on the mechanical proper-
ties is also dependent on the actual concrete mix materials.
The greatest advantage for practical application is realized
by the use of 3/8 inch (9.53 mm) crushed aggregate with a sand
cement mortar.

The method of analysis presented has been verified by
experimental data by Henager and Doherty (5). They established
that the use of fiberous concrete would increase the flexural
strength in the order of 25 percent. The anaiysis presented
in this report showed a moment capacity increase of a simple
supported beam of approximately 25 percent.

Steel fiber reinforced concrete is not appropriate for
all concrete structures. However, the addition of steel fibers
to concrete provides a greater resistance to impact loads,
crack propagation and an increase in structural strength.

The volume of material available on fiber reinforced
concrete has increased in the last ten years. Although there

has been a good deal of research, the knowledge of fibterous
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concrete is still in an embryonic state. There are a number
of areas that could be investigated further.

Standard procedures should be developed to insure results
that can be easily compared with respect to the data on physi-
cal properties. This would help in the development of new
design methods or proper modifications of existing design
methods. A standardization of mix types and properties would
be necessary for Jjob specifications.

A clearer understanding of the fiber bond forces, and
crack control characteristics as related to freeze-thaw ex-
posure also needs to be examined. An indepth economic
analysis would provide the design engineer with necessary
information to evaluate the usefulness of the addition of

steel fibers to reinforced concrete structural members.



APPENDIX A

DEFINITIONS OF TERMS
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Following are the definitions of terms for the illustra-

depicting design assumptions:

[

depth of rectangular stress block
width of beam

distance from extreme compression fiber to neutral
axis

distance from extreme compression fiber to centroid
of tensile bar reinforcement

distance from extreme compression fiber to top of
tensile stress block of fibrous concrete

tensile strain in steel

compressive strain in concrete

compressive strength in concrete

yield strength of reinforcing bar steel

area of tension bar reinforcement

compressive force

total depth of beam

tensile stress in fibrous concrete (psi)

modulus of elasticity of steel

S b(D-e) = tensile force of fibrous concrete

Asfy = tensile force of bar reinforcement

380 psi as found by Norman and Shah the dynamic bond
stress (11)

fiber diameter, or equivalent diameter

length of fiber
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bond efficiency factor

percentage by volume of fibers

tensile stress developed in fiber during pullout (psi)
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ABSTRACT

The purpose of this report is to provide a brief summary
describing steel fiber reinforced concrete. This report
contains the historical development of fiber reinforced con-
crete, the modern application, mix procedure and analysis
and design procedure of steel fibers in conjunction with

normal concrete reinforcement.



