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ABSTRACT. Steel fiber reinforced concrete (S.F.R.C.) is distinguished
from plain concrete by its ability to absorb large amount of energy and to
withstand large deformations prior to failure. The preceeding characteris
tics are referred to as toughness. Flexural toughness can be measured by
taking the useful area under the load-deflection curve in flexure.

Detailed experimental investigation was carried out to determine
flexural toughness and toughness indices of S.F. R.C. The variables used in
the investigation were: maximum aggregate size, water/cement ratio, fine/
coarse aggregate ratio, steel fiber percentage by volume, and steel fiber
type.

The aim of this paper is to present the findings of the investigation and
equations obtained for predicting the desired flexural toughness and in turn
the toughness indices for S.F. R.C. These equations are dependent on the
ultimate flexural strength, first crack multiple deflections, and concrete
specimen size. They are independent of the concrete matrix composition.

1. Introduction

The addition of steel fibers to concrete not only results in a large increase in flexural
strength, but also a considerable increase in toughness. After cracking, the cracks
can not extend without stretching and debonding of the fibers. As a result, a large ad
ditional energy is absorbed before complete separation of the specimen occurs.
Toughness can be measured in various ways. Static, impact, and fatigue tests have
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been used. Static loading test is preferred because the variability of the results is
lower and the equipments needed to perform the test is usually available. Most of the
application of steel fiber reinforced concrete (S. F. R. C.) has been in the field of pave
ments and shotcrete linings and thus the behaviour in flexure is accepted as being the
most important. Flexural toughness can be measured in terms of the total area under
load-deflection curve in flexure ll ]. This is an extreme, because by the time the load
reaches zero, S.F.R.C. would have far exceeded its serviceability in terms of cracks
and deflection. The other extreme is the use of the area under load-deflection curve
up to first crack load. This area represents only the energy absorbed up to the point
where the fibers start to contribute to the load capacity. An intermediate area is
thought to be more appropriate to reflect the beneficial effect of fibers without hin
dering the serviceability requirements. Precise definition of this area has not been
settled yet. The ASTM standard test method C-l 018[2] recognizes this fact explicitly
under article 9.6. Johnston l3] proposed the use of the area under load-deflection
curve up to the maximum load as a base for determining flexural toughness. Besides
the unsuitability of this approach for fibers producing multiple peaks on the curve, it
greatly limits the advantages gained by the addition of fibers. Henager[4] proposed a
toughness index as a measure of the energy absorption capability of fiber reinforced
concrete. He defined this toughness index as the area under load-deflection curve up
to a 0.075 in. center-deflection divided by the first crack area. This definition was
originally adopted by the ACI Committee 544 for calculating toughness area and
toughness index[5]. Henager and the senior author[4.61 investigated separately the use
of the area under load-deflection curve to the point following the maximum load
where the load is 0.80 of the maximum. The toughness index calculated based on the
80% of the maximum load showed inconsistent results when different mixes were
used. Zollo[7] took a closer look at flexural testing procedures. He ran flexural tests
with varying span to depth ratio, fiber shape, and matrix type. The results showed
that the toughness suggested by ACI Committee 544 is not a viable measure of the
material system performance. Johnston[8] presented an approach to assess and define
the flexural toughness of fiber reinforced concrete. It comprises a series of indices
based on material behavior up to specified multiples of the first crack deflection. The
essence of this approach was later adopted by ASTM as the basis for presenting the
standard test method (ASTM C-1018)f2]. The testing method requires that the length
of the test specimen shall be at least 2 in. greater than three times the depth tested in
flexure under third-point loading arrangements. Ward and Li[9] studied the depen
dence of flexural behavior of fiber reinforced mortar on material fracture resistance
and beam size. They investigated the possibility of characterizing the tensile fracture
properties of mortar using only the flexural and first crack splitting tensile strength
and presented three new flexural toughness indices. Nanni11O]studied the load defor
mation response of fiber reinforced concrete (F. R. C.) subjected to flexural and split
tensile tests. He concluded that split tension test can not substitute for the standard
flexural test in determining the post cracking performance of F.R.C. Studies have
shown that the primary factors, influencing toughness are the type, volume percen
tage, aspect ratio, nature of deformation, and orientation of the fiber in concrete it
self - the same parameters which influence the maximum loadl8].
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A detailed experimental investigation was carried out to determine flexural tough
ness and toughness indices of S.F.R.C. The aim of this paper is to present the out
come of the investigation and the equations obtained for predicting the flexural
toughness and in turn the toughness indices of S.F.R.C.

2. Research Significance

The principal objectives of the research presented here were :
a. To study the effect of fiber and mix parameters simultaneously on flexural

toughness and toughness indices.
b. To prove that the behaviour of S.F.R.C. (up to a certain deformation) closely

resembles that of an elasto-plastic material.
c. To find equations for predicting toughness and toughness indices.

It is significant to present the equations obtained for predicting the desired tough
ness areas and in turn the desired toughness indices. These equations provide con
tinuous scale for toughness areas and toughness indices predictions for use with dif
ferent serviceability requirements as those suggested in article (9.6) of ASTM (C
1018)[2]. The equations are dependent on the ultimate flexural strength, first crack
multiple deflection, and concrete specimen size. They are independent of the con
crete matrix composition. It is also significant to show that S.F.R.C. characteristic
behaviour was proven to be analogous to that of elasto-plastic material. In addition,
this research provides important data \vhich is needed in the field of understanding
S.F.R.C. properties.

3. Experimental Program

Table 1 shows the plain and S.F.R.C. mix design variables. They can be sum
marized as follows:

1. Round gravel maximum size (MSA).
a) 1" b) 112" c) V4"

2. Percentage fine aggregate by weight (°/0 FA).
a) 35% b) 55°/0 c) 75°/0

3. Water-cement ratio (WIC).
a) 0.42 b) 0.51 c) 0.60

4. Fiber concentration by volume (Vf ).

a) 0.00°/0 b) O.75°10 c) 1.50°/0

5. Fiber type.

'6: Brass~coated steel fiber with a round cross-sectional area (0.016 x 1", lId = 63).

7. 'Brass-cOated deformed steel fiber (0.010 xI, lId = 100)

To achieve the goals of this study 27 plain concrete mixes (3 MSA x 3°1o FAx 3 WI
C) and lOBS.F.R.C. nlixes (3 MSA x 3 FAx 3 WIC x 2 Vfx 2 fiber type) fora total
of 135 mixes were 'made. From the results of a preliminary study, 650 lbs/cu yd type
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TABLE 1. Plain and steel fiber reinforced concrete mix design variables.

Plain concrete Straight fibers (0.016 Xl") Deformed fibers (0.01 xI")

Vf = 0.75% Vf = 1.50% Vf = 0.75% Vf = 1.50%

wlc wi c wi c

MSA %FA 0.42 0.51 0.60 0.42 0.51 0.60 0.42 0.51 0.60 0.42 0.51 0.60 0.42 0.51 0.60

35 - - - x - - - - - x - - t _ X -

1" 55 - - - - - - - - x - - - - - -

75 - - - x - - - - - - x x - - -

35 - - - x - x - - - - - - - - -
Ih" 55 - - - - x - - - - - - - - x x

75 - - - - - - - - x - - - - - -

35 - - x - - x - - - - - x - - -
1,14" S5 - - - - - x - - - - - x - - -

75 - - - - - - x - - - - x - - -

(x) = 4 flexural specimens.
( -) = 2 flexural specimens.

I cement was found to be adequate and hence was chosen for all mixes in this study.
The flexural specimen dimensions were 4 x 4 x 14 in.

Four flexural specimens were cast from each of the first twenty randomly chosen
batches for a total of 80 beams. This was done to establish the extent of variations in
first crack load, ultimate flexural strength. Two flexural specimens were cast from
each of the remaining 115 mixes. A total of 310 flexural beams were made. External
vibra.tion was used for making all flexural specimens. All specimens were immersed
in saturated lime water and the curing temperature was kept at 73.4 + 3°F from the
time of the molding until testing time at twenty-eight days.

4. Flexural Toughness

The approach for determining flexural toughness of S. F. R. C. is based on the as
sumption that the load-deflection curves (similar to that shown in Fig. 1) for beams
made of steel fiber reinforced concrete closely resemble that of a beam made of an
elasto-plastic material, assuming the yield and ultimate moment capacities of the
elasto-plastic beam are equal. Figure 2 shows the essence of that approach.

Two different areas under the third-point flexural load versus deformation diag
rams were calculated. The first was based on first crack deflection and first crack
areas of plain concrete beams. The second was based·on first crack deflection and
first crack areas of S.F.R.C. beams. This was done because of the toughness index
definitions. Toughness indices were defined as the amount of energy required to de
flect a fiber reinforced beam used in the modulus of rupture tests a given value com
pared to the energy required to bring :
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a) Comparable plain concrete beam to the point of first crack.
b)- A fiber reinforced beam to the point of first crack.

The improvement in toughness index of S.F.R.C. over that of plain concrete dic
tated a comparison between the energy under load-deflection diagram of S.F.R.C.
with that obtained for plain concrete. To avoid casting separate plain concrete
beams, it was suggested[3,6,7] to use the first crack area ofS.F.R.C. for calculating the
toughness index. In this study, the toughness indices based on plain and S.F.R.C.
first crack areas were investigated to see if they can be used interchangeably. Load
deflection diagrams were plotted for all the specimens tested. The first crack loads
were taken as the value of the loads when the load deflection diagrams starts to de
viate from linearity as defined by the ACI Committee 544[41. Based on this, the first
crack load and first crack area were determined for both plain and S. F. R. C. beams.

The author[6j studied the influence of concrete matrix components on flexural
toughness. The amount of energy expended to extend a crack expressed as the area
under load deflection diagram depends on" ultimate load, first crack load and deflec
tion, Fig. 1. In addition, fine aggregate content, water-cement ratio, and fiber dis
tribution in the mix greatly affect the amount of energy required to extend a crack by
producing S. F. R. C. which has higher first and ultimate cracking loads, Fig. 3 and 4.
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The largest area were observed for concrete reinforced with 1.5% deformed steel
fibers (e/d == 100), having high fine aggregate content, and low water-cement ratio.
The high fine aggregate content provided the media for better fiber distribution and
the low water-cement ratio produced high interfacial bond strength and thus large
amount of energy was needed to extend the crack during the fiber pull out process.

The overall average first crack deflections of plain and S. F. R. C. investigated in
this study were 0.0060 and 0.0064 in., respectively. The usual range suggested in ar
ticle 9.5 of ASTM (C - 1018) is 0.0040 to 0.0060. Using the overall average first
crack deflections, the 0.075 in. central deflections can be approximated to 12.5 times
the first crack deflections.

4.1 Analysis ofFlexural Toughness

Flexural toughness data were analyzed based on the assumption that S.F.R.C.
load-deflection diagrams are similar to those of elasto-plastic materials. To prove
that, toughness areas and toughness indices based on energies measured up to first
crack point and energies measured to several chosen multiplies of first crack deflec
tion were compared with those calculated values for elasto-plastic materials. The
toughness indices based on plain concrete first crack deflections and first crack areas
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were higher than those based on S.F.R.C. first crack deflections and first crack
areas. The first crack load defined as the load level at which load deflection diagram
deviates from linearity can be misleading since in the case of high fiber coment the
presence of fibers causes the crack to extend very slowly and thus forced the load de
flection diagram to maintain linearity beyond the actual first cracking load. Accord
ingly, the first crack areas of S.F.R.C. were larger than those of plain concrete due to
the influence of fibers in increasing the first crack loads and first crack deflection.
The average increase in first crack loads of S. F. R. C. to those of plain concrete were
3, 11,8 and 20 percent for using 0.75%, 1.50% by volume of straight and deformed
fibers respectivelyl6J. Similar results were given by Snyder and Lankard f11J , ACI
Commitee 544[1J and Mangatl121 .

The toughness index ratios for S.F. R.C. (I, ' /2,/3) given in Tables 2 and 3 ranged
from 2.5 to 2.9,4.9 to 6.5, and 1.9 to 2.2 compared to 3.0, 6.0 and 2.0 for elasto-plas
tic material. Comparing those values, the analogy of the two materials behavior can
be clearly observed.

4.2 Prediction ofToughness and Toughness for S.F.R.C.

The similarity between S.F.R.C. and elasto-plastic materials load deflection
curves has been established in the previous section. The following is a brief deriva
tion of the basic equation for predicting toughness areas for S.F. R.C.

POThe area up to first crack = 2

where

o = First crack deflection, in.

TABLE 2. Comparisons between steel fiber reinforced concrete flexural toughness index ratios and
elasto-plastic material index ratios.

Based on first crack
Based on first crack
area of steel fiber

area of plain concrete reinforced concrete
Elastic-

Straight Deformed Straight Deformed
plastic

material
fibers fibers fibers fibers

0.75% 1.50% 0.75% 1.50 0.75% 1.50% 0.75% 1.50%

IJ = TI'(I55i>/ TI·(5.5i>1 2.6 2.8 2.9 2.9 2.5 2.7 2.7 2.6 3

12 = TI'(J5.5i»! TI'(3f» 5.0 5.9 6.2 6.5 4.9 5.7 5.7 5.7 6

I) = T.1.(55i>/ T.1.(J.6) 1.9 2.1 2.1 2.2 1.9 2.1 2.1 2.1 2

No. of specimens 124 116 122 116 68 60 66 60

6 = First crack deflection.
T.l. = Toughness index.
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TABLE 3. Comparisons between steel fiber reinforced concrete flexural toughness index ratios and
elasto-plastic material index ratios.

Flexural toughness index ratios for:

Both fiber
Straight Deformed

Straight Deformed
Both fibers fibers fibers Elastic

type based
based on based on based on

fibers fibers
plastic

on plain
S.F.R.C. plain plain

based on based on
material

concrete S.F.R.C. S.F.R.C.
concrete concrete

8 8 8 8 8 8

I} = T.I.(15.55/ T.I·(5.55) 2.6 2.8 2.7 2.9 2.6 2.7 3

12 = T.I. (l5.55/ T.I.(35) S.5 5.9 5.5 6.4 5.30 5.7 6

/3 = T.l·(5.55/ T.I·(35) 2.1 2.1 2.0 2.2 2.0 2.1 2

No. of specimens 310 254 184 182 128 126

8 = First crack deflection.
T.I. = Toughness index.

in. -lb.

P = Applied load at first crack, lbs.

The area up to any chosen multiple of the first crack deflection (Fig. 2)

PS
A = 2 + (L1 - 0") Pu

where

(1)

Ll Any chosen multiple of first crack deflection, in.

Pu Ultimate applied load, lbs.

For a third-point loading on 4 x 4 x 14 in. flexure beams having a clear span of 12
in.

(2)

where

O"cu = Ultimate flexure stress, psi.

Since flexural toughness and ultimate flexural strength are influenced by the same
parameters(l ,7}, normalizing the effect of these parameters is done by taking the area
up to any chosen multiple first crack deflection (toughness) as a percentage of the ul
timate flexural strength of S.F.R.C. as follows .:

R = A x 100 in.
3

O'cu

(3)
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x 100 (4)

The contribution of the term P 5/2, representing the first crack area, to the total
area is rather small and so assuming that P = Pu will not practically effect the com
puted values of R. Taking this fact and replacing Pwith Pu ' Equation 3 can now be
simplified as

R = ~ (2:1 - 8) x 100 in.
3

(5)

The areas under load-deflection diagrams of S.F.R.C. taken as percentage of the
ultimate flexural strength were calculated for multiple first crack deflection 5 = 1, 3,
5.5, and 15.5. These calculations were based on first crack deflections of plain and
S.F.R.C. In addition, the areas up to 0.075 in. central deflection (approximately 12.5
times first crack deflection) and the areas up to 80 percent of the maximum load ex
pressed as percentages of the ultimate load were also determined. The effect of the
area up to first crack deflection as a percentage of the ultima~e flexural strength on
the other percentage values diminishes with increasing the chosen value of multiple
first crack deflection. The results of those calculations are summarized in Tables 4
and 5. Using the areas as percentages of the ultimate flexural strength in combination
with the multiple first crack deflection values used in their calculations, several re
gression equations were obtained to predict the desired toughness areas for S. F. R. C.

TABLE 4. Summary of average areas under P- 5diagrams as % of (leu'

Areas up to
Straight and Straight and Straight Deformed Straight Deformedmultiple

crack
deformed fibers deformed fibers fibers based fibers based fibers based fibers based

deflections
based on plain based on fibrous on plain on plain on fibrous on fibrous

of
concrete concrete concrete concrete concrete concrete

5 5 5 5 5

1 x 5 1.39 1.14 1.26 1.00 1.44 1.35

3x5 7.71 6.75 7.10 6.40 7.55 7.87

5.5 x 5 15.73 14.12 14.29 13.94 15.06 16.41

12.5 x 5 33.02 32.87 32.29 33.45 32.44 33.60

15.5 x 5 41.08 39.17 38.35 39.98 39.06 43.11

Areas up
to 80% Pu 29.45 29.17 26.78 31.55 27.00 31.89

No. of
specimens 310 254 184 182 128 126

8 = First crack deflection.
ucu = Ultimate composite flexural strength, psi.
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1. For straight steel fibers (0.016 x I") reinforced concrete based on first crack de
flections of comparable plain concrete.

R == 2.57 L1 - 0.61 (Fig. 5) (6)

where

R == Area under flexural load-deflection diagram taken as a percentage of the ul
timate flexural strength.
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2. For straight steel fibers (0.016 x I") reinforced concrete based on first crack de
flections of S.F.R.C.,

R == 2.58 L1 - 0.24 (Fig. 6) (7)

3. For deformed steel fibers reinforced concrete (0.01 x I") based on first crack
deflections of comparable plain concrete beams,

R == 2.73 L1 - 1.49 (Fig. 7) (8)

4. For deformed steel fiber reinforced concrete (0.01 x I") based on first crack de
flections_of S.F.R.C.,

R == 2.80 L1 - 0.55 (Fig. 8) (9)
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5. A general equation for both steel fibers types used in this study based on first
crack deflections of comparable plain concrete beams,

R == 2.65 L1 - 1.05 (Fig. 9) (10)

6. A general equation for both fiber types based on first crack deflections of
S.F.R.C.,

R == 2.69 L1 - 0.40 (Fig. 10) (11)

If the average first crack deflection obtained for all concretes investigated in the
study was used in Eq. 5, the following can be calculated :

Using 8 == 0.006 in.

R

12.55

~ (255 - 5) x 100 == 38.4%
3

The 38.4 percent is the actual percentage for perfect elasto-plastic material. The
calculated percentage for S.F. R. C. using Equation 11 was 33 percent. Similar. values
can be obtained using Equations 6 to 10.
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Figures 5 to 10 show the average data points used in the derivation of Equations 6
to 11 and the straight line fitted to them. Equations 6 to 11 are independent of the
plain concrete composition and are dependent on the ultimate flexural strength, first
crack multiple deflections, and the concrete specimen size dimension[6].

Equations 6 to 11 can be used for S.F. R. C. toughness area predictions as follows :

a) Obtain first crack load, ultimate load, the first crack deflection based on the
ACI Committee 544[5] and calculate the ultimate flexural strength (psi) and the first
crack area (in. -lb),

b) Choose the desired muJtiple first crack deflection for the serviceability re
quired and substitute in Equations 6 to 11 or enter figures to obtain the ratio R (in3),

c) Multiply the ultimate flexural strength by the ratio R to obtain the toughness
area (in. -lb),

d) Divide the toughness area by the first crack area to get toughness index.

First crack load and ultimate flexural strength can be alternatively predicted from
equations based on the law of mixture approach for the fiber under consideration.

Equations 6 to 11 are not suitable to predict the first crack area with great accuracy
because of the followings :

a) First crack areas and first crack deflections for plain concrete depend on the
concrete mix composition.

b) S.F .R.C. first crack areas have larger variations than those of plain concrete
because of the presence of fibers in the mix. First crack areas of S.F.R.C. are depen
dent on the fiber type, content and distribution in the mix.

For the above reasons, and because of the high sensitivity of the flexural toughness
index to first crack areas, flexural tests should be conducted until ultimate load val
ues are reached.

The use of 80 percent of the maximum load to predict the flexural toughness of
S.F. R. C. showed a very high scatter and little consistency with either the concrete
strength or the fiber concentration in the mix. It either overstated or understated the
toughness index values depending on the load-deflection curve characteristics. The
average toughness areas calculated based on 80 percent of the maximum load are
presented in Tables 4 and 5. Full details are given in Reference [6].

s. Conclusions

For flexural toughness obtained using flexural tests under third point loading ar
rangements, the following can be concluded:

1. The amount of energy expressed as the area under flexural load-deflection
diagram depended on fine aggregate content, water-cement ratio, fiber type, and
fiber content.

2. Steel fiber reinforced concrete load-deflection diagram characteristics pre
sented as toughness index ratios resemble those observed for elasto-plastic mate
rials.
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3. Several linear equations were obtained to predict the desired flexural tough
ness for S. F. R.C. as a percentage of ultimate flexural strength. Those equations are
reliable and are dependent on the ultimate flexural strength, first crack multiple de
flections, and concrete specimen size. They are independent of the concrete matrix
composition.

4. Flexural toughness areas and toughness indices can be predicted without hav
ing to compute the total area under flexural load-deflection diagram. Continuous as
sessment of toughness is possible depending on material performance in the field.

5. The equations predicted a higher toughness for concrete reinf0rced with de
formed steel fibers with a high aspect ratio (f/d == 100) than those predicted for con
crete made with straight steel fibers (e/d == 63).

6. Using area values under flexural load-deflection diagrams, based either on
multiple first crack deflections of plain concrete or S.F.R.C., did not practically ef
fect the prediction equations for both fibers used in this study.

7. Becau~e of the high variations in first crack areas for both plain and S.F.R.C.
and the sensitivity of toughness index to those areas, Equations 4 to 11 cannot be
used to predict the first crack areas with high accuracy (they are more suited for areas
beyond the first crack).

8. The use of areas up to 80 percent of the maximum flexural loads to obtain
flexural toughness showed no consistency with either the concrete strength or the
fiber concentration in the mix.
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