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Abstract

Steel fiber-reinforced concrete (SFRC) with randomly dispersed, short straight steel fibers hardly fails by fiber yielding, and the postpeak
behavior is governed by mechanisms related to fiber pullout. It would be more desirable if more fracture energy could be consumed by fiber
yielding at failure. It has been experimentally demonstrated in this research that SFRC with the ring-type steel fibers failed by more energy
consuming mechanisms other than fiber pullout. Consequently, significant improvements in flexural toughness were obtained as compared to

that of SFRC with conventional straight steel fibers.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Stress systems produced in concrete by external loads
(compression, tension, flexure, or multiaxial) give rise to a
process of propagation and interconnection of microcracks
in cementitious materials [1—4]. Reinforcement of concrete
with short, randomly distributed steel fibers leads to
improvements in the tensile strength and tensile and com-
pressive ductility of the material [5—9]. This is due to the
tendency of propagating microcracks in cementitious mat-
rices to be arrested or deflected by fibers [1,2,7,10,13].
While the prepeak behavior and maximum tensile strength
of the composite material depends on local bond character-
istics at the fiber—matrix interface, the postpeak behavior is
dominated by an average bond behavior in pullout action of
fibers bridging the critical crack. Fiber—matrix interfacial
bond strength is provided by a combination of adhesion,
friction, and mechanical interlocking [11].

The primary advantage in using SFRC is its high per-
formance in flexure. In most cases, steel fibers are pulled out
after debonding rather than being ruptured under tensile
stress. It is, however, more desirable if more energy can be
consumed by fiber yielding. This can only be achieved if
sufficiently long steel fibers embedded in concrete can resist
the pullout forces. As longer fibers are used with higher
aspect ratio, problems may arise associated with mixing,
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random distribution of fibers, and their economical applic-
ability. In practice, therefore, the practical range of diameters
and aspect ratios of steel fibers is limited, so that the
mechanical performance of commercially available straight
steel fibers will depend upon their fiber pullout resistance.

To overcome the limitations that traditional straight steel
fibers have, ring-type steel fibers are used in this research.
While the mechanical performance of traditional straight steel
fibers relies on the fiber—matrix interfacial bond strength,
ring-type steel fibers are mainly designed to mobilize fiber
yielding rather than fiber pullout. Experimental verifications
are presented showing the effectiveness and superiority with
regards to flexural behavior of ring-type steel fibers over
traditional straight steel fibers. Investigated for ring-type steel
fiber-reinforced concrete (RSFRC) are characteristics of
flexural performance, toughness indices, influential parame-
ters, and influence in comparison with SFRC reinforced with
straight hooked-end steel fibers (SHSFRC).

2. Experimental program

Flexural tests are conducted according to ASTM C 78 to
determine characteristics of behavior of RSFRC. SHSFRC
beams are also tested for comparison.

Ring diameter, fiber diameter, and fiber content are
selected as the main experimental parameters. Ring-type
steel fibers were produced with five different ring diameters
(20, 30, 40, 50, and 60 mm) and four different fiber
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Fig. 1. Fiber geometry: (a) hooked-end straight steel fiber, (b) ring-type steel fiber.

diameters (0.4, 0.5, 0.8, and 1.2 mm). They were employed
in two different fiber volume contents (0.20% and 0.40%).
Parameter combinations were tried to find the best geometry
of ring-type steel fibers for the most efficient performance
minimizing the total number of specimens.

Since the ring-type steel fibers were not commercially
available, they were produced from pieces of cold-drawn
wires by manufacturing machine. The average tensile
strength of the three wires used for the ring-type steel fibers
was 4120 MPa.

Commercially available hooked-end straight steel fibers
were used. Fibers with 0.6 mm diameter and 45 and 60 mm
length were used for comparison tests in which three
different fiber volume contents, 0.20%, 0.40%, and 0.80%,
were applied. The fiber geometries of typical ring-type and
hooked-end steel fibers are shown in Fig. 1.

Concrete mix was designed to achieve 33.9 MPa com-
pressive strength at 28 days. Use was made of ordinary
Portland cement, river sand, and a crushed limestone coarse
aggregate with 15 mm maximum grain size. Cement, fine
aggregate, and coarse aggregate were mixed in the propor-
tions of 1:1.92:2.36 by weight. The water-to-cement ratio
was kept constant at 0.48. The content of fibers in the mix
was measured in their mass per unit volume. The prepara-
tion of all the mixes was essentially similar.

Firstly, the abovementioned mix was prepared, where
upon the fibers were uniformly fed into the mix by hand.
Minor balling was observed during mixing although good
workability of RSFRC without dosing any superplasticizer
would have been expected. Occasional manual dispersion
may be required in some cases. Test specimens were
compacted on a vibrating table. All specimens were cured

at 95% RH for 72 h and then demolded. After 56 days of air
curing in the laboratory environment at 23+2 °C, all
specimens were tested in flexure within 63 days of age.
Flexural tests under third-point loading were performed in
accordance with ASTM C 78. The testing system was a
computer-controlled closed-loop servo-hydraulic universal
testing machine. The test arrangement is shown in Fig. 2.
In the middle of test, a yoke, rather than a stroke method, is
used as proposed in ASTM C 1080 to eliminate extraneous
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Fig. 2. Flexural test arrangement (in mm).
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deflections at the supports [14]. Load and deformation data
were recorded during the tests and stored by the data
acquisition system for processing at a later stage. The flexural
tests were run under displacement control at a rate of 0.01
mm/min. The tests were continued until midspan deflection
reached 2.0 mm, which was equivalent to span/150 at the
center of the beam specimen. During the computation of
toughness, the average tangent stiffness of the specimens
from the yoke tests was used to correct the stiffness of the
stroke tests.

3. Test results and discussion
3.1. Failure mode

Tables 1 and 2 present the test results of SHSFRC and
RSFRC, respectively. All specimens failed by flexure. How-
ever, unlike the pulling out of fibers in the SHSFRC speci-
mens under increasing loadings, those that bridged a critical
section in the RSFRC specimens successively broke. Typical
load—deflection curves of the RSFRC specimens are pre-
sented in Fig. 3. Load and deflections increased almost
proportionally up to the first crack load. One major crack
occurred in the central part of the specimen. On average, only
a marginal load increase was observed at modulus of rupture
(MOR). The subsequent flexural behavior in the postpeak
region fell into one of the following patterns: (i) sudden drop
and then gradual decrease in load-carrying capacity and (ii)
sudden drop, which was gradually recovered, followed by
gradual decrease in load-carrying capacity. The failure behav-
ior of SHSFRC followed one of the two patterns as revealed
by Fig. 3a. Different load—deflection curves of RSFRC,
however, were observed compared to those of SHSFRC
(see Fig. 3b). After sudden drop following prepeak load,

Table 1
Test results of SHSFRC
Specimen Fiber  First Displacement Maximum Average
label® volume crack at first crack load (kN) toughness
content load load (mm) indices
o I
C) @ Is Lo o
DHI150645A 0.2 - - - 33 57 98
DH150645B 13.6  0.064 13.6
DH300645A 0.4 16.5 0.077 16.5 2.7 57 104
DH300645B - - -
DH600645A 0.8 13.1 0.062 16.0 5.1 104 205
DH600645B 16.3  0.076 16.3
DHI150660A 0.2 14.0 0.065 14.0 46 85 157
DH150660B 11.8  0.055 12.6
DH300660A 0.4 143 0.067 143 38 72 140
DH300660B 15.8 0.073 15.8
DH600660A 0.8 152 0.071 16.6 59 12.7 212
DH600660B - - -

? Specimen label: NT C FD RD R: NT=fiber type: DH, FR; C = fiber
volume content: 0.2%, 0.4%, and 0.8%; FD = fiber diameter: 0.4, 0.5, 0.6,
0.8, and 1.2 mm; RD =ring diameter or fiber length: 20, 30, 40, 50, and 60
mm; R=replication: A, B.

Table 2
Test results of RSFRC

Specimen Fiber = First Displacement Maximum Average

label® volume crack at first crack load (kN) toughness
content load load (mm) indices
o -
C) N I Lo by
NEA® - 13.6  0.130 13.7 - - -
NFB® 13.8  0.140 13.8
FR150420A 0.2 10.8  0.051 10.8 44 78 144
FR150420B 12.5  0.058 12.5
FR150520A 12.3  0.058 12.3 44 79 13.6
FR150520B - - -
FR150430A 14.1  0.066 154 4.0 83 162
FR150430B 12.0 0.056 13.0
FR150530A 16.7 0.078 16.7 38 6.7 13.6
FR150530B 12.5  0.058 12.5
FR150440A 142 0.066 14.2 46 9.0 179
FR150440B 17.5  0.082 17.5
FR150540A — — - 29 54 10.1
FR150540B 17.0  0.080 17.0
FR300420A 0.4 149 0.070 14.2 48 92 174
FR300420B 14.1  0.066 14.9
FR300520A 14.8  0.069 14.8 40 63 113
FR300520B 16.3 0.076 16.3
FR300430A 13.4  0.063 18.8 4.6 9.0 20.0
FR300430B 133 0.062 13.3
FR300530A 0.4 16.7  0.078 16.7 49 9.5 186
FR300530B 12.8  0.060 13.0
FR300440A 144  0.067 19.2 43 8.6 19.0
FR300440B 13.4  0.063 15.7
FR300540A 153 0.072 16.9 43 8.6 19.7
FR300540B 149 0.070 19.7
FR150840A 0.2 14.8  0.069 14.8 39 68 129
FR150840B 14.6  0.068 14.6
FR150850A 12.5  0.058 12.5 54 75 119
FR150850B 12.0 0.056 12.0
FR150860A 9.1 0.043 9.1 42 73 146
FR150860B - — —
FR300840A 0.4 154 0.072 15.4 39 74 146
FR300840B 14.6  0.068 14.6
FR300850A - - - 35 55 112
FR300850B 13.6  0.064 13.6
FR300860A 16.5 0.077 19.7 26 48 75
FR300860B 13.3  0.062 14.0
FR301240A 13.9  0.065 13.9 39 73 123
FR301240B 14.1  0.066 14.1
FR301250A 11.6  0.054 11.6 57 73 93
FR301250B 15.6  0.073 15.6
FR301260A 12.7  0.060 12.7 29 49 92
FR301260B 10.7  0.050 10.7

* Specimen label: NT C FD RD R: NT= fiber type: DH, FR; C = fiber
volume content: 0.2%, 0.4%, and 0.8%; FD = fiber diameter: 0.4, 0.5, 0.6,
0.8, and 1.2 mm; RD =ring diameter or fiber length: 20, 30, 40, 50, and 60
mm; R=replication: A, B.

® NFA and NFB = specimens with plain concrete.

resistance gradually increased in some specimens. The mar-
ginal drops in the load were due to the rupture of individual
fibers crossing the critical section. Postpeak resistance was
usually recovered after the marginal drop when some of the
fibers crossing the critical section were again mobilized to
resist flexural tensile stresses by yielding to rupture. As
observed, the failure of postpeak behavior of RSFRC in this
mode suggests that the continuous fracturing sound of ring-
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Fig. 3. Typical load—deflection curves of SFRC: (a) SHSFRC with fiber diameter of 0.6 mm and fiber length of 50 mm, (b) RSFRC with fiber diameter of 0.4

mm and ring diameter of 40 mm.

type steel fibers and marginal fluctuation of resisting load
were due to the gradual tensile rupture of ring-type steel
fibers. These fluctuations of postpeak load resistance were
more clearly observed for RSFRC than for SHSFRC.

After a series of tests, the specimens of SHSFRC and
RSFRC were intentionally opened to examine the failure
surface at the critical section. Two completely different types
of fiber failure were identified as shown in Fig. 4. As
observed in previous studies [11—13], failure of SHSFRC
takes place mostly through fiber pullout after progressive

fiber—matrix debonding. Some fibers also exhibited straight-
ened ends that were originally in hooked configuration. In
contrast, no fiber pullout was observed for RSFRC. Instead,
it was found that some fibers had ruptured after yielding at
the fractured section. In addition, fracture of concrete sur-
rounding embedded ring-type steel fibers occurred at this
section.

Experimentally observed flexural failure mechanisms of
RSFRC were involved with three different types: fiber
rupture after yielding, cone-type concrete fracture, and
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(b)

Fig. 4. Typical fractured surfaces of SHSFRC and RSFRC beams: (a)
SHSFRC, (b) RSFRC.

separation between ring-type steel fibers and concrete
matrix as illustrated in Fig. 5.

3.2. First crack loads

First crack load as defined in ASTM C 1018 was
measured. According to ASTM C 1018, the first crack load
is the point on the load—deflection curve at which the form
of the curve becomes nonlinear. First crack loads from
experiment for both specimens of SHSFRC and RSFRC
were observed to be marginally higher than those of plain
concrete. On average, there seemed to be basically no
difference in first crack load between SHSFRC and RSFRC.
The deflections of midspan at the first crack loads ranged
from 0.043 to 0.082 mm for RSFRC and from 0.055 to
0.077 mm for SHSFRC.

3.3. Toughness of SHSFRC

The most beneficial effect of adding steel fibers to plain
concrete would be to increase the toughness of concretes
[2,3,5—7]. This can be estimated by calculating toughness
indices. The method recommended in ASTM C 1018 is used
for this purpose. Toughness of SHSFRC, as reflected by such

indices, was found improved at higher fiber contents and
larger aspect ratios reported in international literatures.

3.3.1. Effect of fiber contents

Regardless of fiber aspect ratio, increasing fiber content
from 0.20% to 0.40% has little influence on the toughness
indices of Is, Ij9, and I, as shown in Fig. 6. However,
toughness indices increased on average about 73% as fiber
contents increased from 0.20% to 0.80%.

3.3.2. Effect of aspect ratio

Values of toughness index in Fig. 6, especially for /5,
increased when aspect ratio was raised from 75 (=45/0.6
mm) to 100 (=60/0.6 mm). The average values for /5, for
45-mm-long fibers were 9.77, 10.36, and 20.5, whereas the
averages were 15.67, 14.09, and 21.60 for 60-mm-long
fibers for 0.20%, 0.40%, and 0.80%, respectively.

Fig. 5. Three types of failure patterns: (a) Fiber rupture after yielding, (b)
cone-type concrete fracture, (c) separation between ring-type steel fibers
and concrete matrix.
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Fig. 6. Average values of toughness indices of SHSFRC (v¢=fiber volume content and /y=fiber length).

3.4. Toughness of RSFRC

Toughness indices of RSFRC were affected by fiber
contents, ring diameter, and fiber diameter. Detailed obser-
vations are given in the following.

3.4.1. Effect of fiber contents

Fig. 7 shows that for ring diameters of 30 mm or less,
toughness increases marginally as fiber volume content is
doubled from 0.20% to 0.40%. The observed average
values of toughness index for Is, 19, and I, for fiber
volume contents of 0.20% were 4.0, 7.5, and 14.2,
respectively, while the averages for 0.40% were 4.4,
8.3, and 16.7, respectively. Usually, as fiber content
increases, the number of fibers crossing the fractured
section increases and more favorable failure mechanisms
can be mobilized, leading to a higher toughness. This
was demonstrated experimentally for SHSFRC. When
fiber content was raised from 0.20% to 0.40%, toughness

index I,y was increased with respect to the average value
of 72% for the two different aspect ratio cases (see Fig.
6).

3.4.2. Effect of ring diameter

To assess the relations between toughness indices and
ring diameter, test results were evaluated from RSFRC with
ring diameters of 20, 30, 40, 50, and 60 mm and with fiber
diameters of 0.4, 0.5, 0.8, and 1.2 mm. The effect of ring
diameter on I, is shown in Fig. 8. In this figure, values of
toughness index at I, are plotted as a function of ring
diameter for each fiber diameter.

The results show that as the ring diameter increases from
20 to 40 mm, the values of /,, toughness index increase in
general. However, a further increase in diameter from 40 to
60 mm leads to a decline in toughness index. An optimum
ring diameter appears to be approximately 40 mm for the
maximum aggregate size of 15 mm used in this study. This
observation indicates that ring diameter clearly influences
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Fig. 7. Average values of toughness indices of RSFRC (v¢=fiber volume content and d, =ring diameter).
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Fig. 8. Effect of ring diameter on the values of toughness index /5o (dy=fiber diameter and v¢=fiber volume content).

the performance of RSFRC, and an optimum ring diameter
will exist for a given mix.

3.4.3. Effect of fiber diameter

For a given fiber content, the number of fibers increases
as fiber diameter decreases. Thus, more fibers will cross the
fractured section at failure and toughness will increase
accordingly. As fiber diameters increase, values of tough-
ness index decrease. This trend is most clearly observed for
I, regardless of the fiber contents as shown in Fig. 9.

At the same fiber content, the number of fibers would be
increased by four times as the fiber diameter reduces to half.
When fiber diameter is reduced from 1.2 to 0.4 mm in this
study, the number of fibers intersecting with the fractured
plane is increased nine times nevertheless. Values of I
increased approximately from 10.26 to 18.80 on average for
RSFRC with fiber content of 0.40% as shown in Fig. 9. This
shows that fiber diameter is one of the key parameters
affecting the toughness index of RSFRC. Those RSFRC
with smaller fiber diameter are expected to have better

toughness indices unless failure of fibers occur by rupture
at a too low stress level before concrete cone-type failure
occurs due to insufficient sectional area of fibers.

4. Comparison of toughness indices between RSFRC and
SHSFRC

Comparisons of flexural performance in terms of values of
toughness index between RSFRC and SHSFRC are made.
For the comparison, results of RSFRC with ring diameter of
30 mm and results of SHSFRC with hooked-end straight steel
fibers with fiber length of 60 mm are used. For both cases,
fiber content of 0.20% and 0.40% are used. Comparisons are
made for these two different cases since these two resulted in
best toughness for two different types of steel fibers.

Fig. 10 illustrates effectiveness of RSFRC compared to
SHSFRC in increasing flexural toughness. Toughness indi-
ces Iy of RSFRC for fiber volume content of 0.20% and
0.40% are 16.2 and 20.2, respectively, and those for
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Fig. 9. Effect of fiber diameter on the values of toughness index I,y (v¢= fiber volume content).
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Fig. 10. Comparison of toughness index values between RSFRC and SHSFRC (v¢=fiber volume content).

SHSFRC are 15.7 and 14.1, respectively. Regarding the
toughness index of /5y, RSFRC has 22% larger toughness on
average compared to that of SHSFRC.

In Fig. 11, relative increases of toughness over the
overall averaged toughness of SHSFRC including both
fibers of length 45 and 60 mm are given for RSFRC with
ring-type steel fibers of ring diameter 30 mm. The average
toughness indices of /5o are 12.2 and 12.7 for fiber content
of 0.20% and 0.40% that can be compared to the values of
16.2 and 20.0 for RSFRC, respectively. It can be seen that
for all toughness indices, RSFRC has better toughness than
those of SHSFRC. At 155, RSFRC was observed to be 45%
more effective than SHSFRC over the average toughness.

For the same volume contents, RSFRC showed better
performance under flexure than SHSFRC, although some
variances with limited number of specimens were observed
in their improvements. Although better performance of
RSFRC can be expected in terms of flexural toughness,

further study is needed to find the optimum size for fiber
diameter relative to ring diameter.

5. Conclusions
The following conclusions are drawn from this study.

1. Investigation of the fractured surface of the RSFRC
after completion of flexural tests showed that there are
three different types of the failure mechanisms: the
yielding and rupturing of ring-type steel fibers, cone-
type fracture of the matrix concrete surrounding the
embedded ring-type steel fibers, and the separation of
concrete around the ring-type steel fibers. Failure
mechanisms of RSFRC do not involve pullout mech-
anism as in conventional SFRC with straight steel
fibers.
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Fig. 11. Ratio of toughness index values of RSFRC to those of SHSFRC at I, (vy=fiber volume content).
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2. The first crack loads were marginally higher than those
of plain concrete, and basically there were no differences
in magnitude of first crack loads between RSFRC and
SHSFRC.

3. Influential factors with respect to flexural toughness of
RSFRC were experimentally observed to be the ring
diameter, diameter of steel fiber, and fiber content. Values
of toughness index were marginally influenced as the
amount of fiber volume contents was doubled from
0.20% to 0.40%. The ring diameter for the best
interlocking between fibers and aggregate appears to be
approximately 40 mm for the maximum aggregate size of
15 mm. It seems that there exists an optimum ring
diameter for a given RSFRC mixture. As fiber diameter
became smaller, values of toughness index increased. The
trends were observed for I, regardless of the fiber
volume content of 0.20% or 0.40%.

4. Comparisons between RSFRC and SHSFRC showed that
RSFRC performs 45% better on overall average than
SHSFRC in terms of values of toughness index at /5.
When the best results from RSFRC and SHSFRC were
compared, RSFRC still exhibited 22% higher toughness
index value at I, than SHSFRC.
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