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Fatigue Resistance of Steel Fiber-Reinforced Concrete

Deep Beams

by Benard Isojeh, Maria El-Zeghayar, and Frank J. Vecchio

An investigation of the fatigue resistance of small-scale steel
fiber-reinforced concrete deep beams with steel fiber-volume ratios
of 0, 0.75, and 1.5% is reported. The behavior of steel fibers in
enhancing the fatigue life of deep beams and reducing the conges-
tion of reinforcement in concrete is studied, and the possibility of
obtaining optimized structural sections that are cost-effective using
steel fiber-reinforced concrete is verified. Evolutions and incli-
nations of average principal strains and bond strength between
concrete and steel reinforcing bars within the shear spans were
also observed. The use of steel fibers, especially with a volume
ratio of '1.5%, was observed to reduce the progressive strain values
in concrete and steel reinforcing bars, hence resulting in enhanced
fatigue life. No significant evolution profile was observed for the
inclination of the principal directions, while the use of adequate
anchorage preserved the bond strength between concrete and steel
reinforcement. In all specimens, fracture of the longitudinal rein-
forcing bars occurred at failure, and fiber pullout was more preva-
lent than fiber breakage.

Keywords: deep beam; fatigue; steel fiber; strain evolution; strength; wind
turbine foundations.

INTRODUCTION

In practice, some elements of fatigue-sensitive struc-
tures such as wind turbine foundations, offshore structures,
transfer girders, and pile caps are generally designed as
deep beams. Due to the dynamic nature of loading while
in service, these structures are susceptible to fatigue failure
resulting from reinforcement fracture, crushing of concrete
struts coupled with irreversible compressive strain accumu-
lation, or excessive opening of concrete cracks. As such, it is
expedient that designs guard against the occurrence of such
failure modes during the service life of the structure. !

In the literature, the fatigue failure resistance of deep beams
has been shown to be enhanced using increased amounts of
vertical or longitudinal reinforcement. The use of horizontal or
inclined web reinforcement has also been reported to enhance
the fatigue life of deep beams.!? Although the provision of
more reinforcing bars and the use of inclined reinforcement
have been shown to enhance fatigue resistance performance,
the congestion of reinforcement* during construction has
prompted further investigation of other possible means. Addi-
tionally, the need for optimized designs involving cost-effec-
tive and reduced sizes of fatigue-prone structures necessitates
the consideration of other enhanced concrete composites.>°

Steel fiber-reinforced concrete exhibits improved proper-
ties such as increased toughness, ductility, and crack-bridging
attributes that result in the increase of the load resistance
capacity when compared to conventional reinforced concrete.
The enhancing performance of steel fibers, especially after
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cracking of concrete, has been attributed to the ability of the
fibers to delay crack growth by bridging the crack surfaces.”

At the materials level, flexural fatigue tests conducted
on steel fiber-reinforced concrete prisms by Chenkui and
Guofan,’ Ramakrishnan et al.,'° Nanni,!! Chang and Chai,"?
and Naaman and Hammoud"? all indicate enhanced fatigue
life and reduced progressive deformation when compared
with plain concrete prisms. It has also been reported that steel
fiber-reinforced concrete beams subjected to fatigue stresses
below the observed endurance limit exhibited increases in
strength when subsequently subjected to monotonic loading.

In steel fiber-reinforced concrete beams also containing
conventional longitudinal reinforcement, the influence of steel
fiber crack-bridging reduces the induced stresses in the longi-
tudinal reinforcing bars; hence, the number of cycles at which
fracture will occur in the steel reinforcing bars is increased
compared to conventional reinforced concrete without steel
fibers.!? Experimental investigations on the fatigue behavior of
steel fiber-reinforced concrete beams are scarce and, prior to the
investigation reported in this paper, no fatigue tests conducted
on steel fiber-reinforced concrete beams with shear span to
effective depth ratios less than 2.5 had been reported. However,
tests conducted by Kormeling et al.'* on beams governed by
flexure showed the enhancing effects of steel fibers on fatigue
life, progressive deflection, and crack width growth.

The significant influence of steel fibers in reinforced
concrete beams under fatigue loading has been reported by
Kwak et al.!® through tests conducted on steel fiber-reinforced
concrete beams with shear span to effective depth ratio of
2.5. The fatigue failure mechanism of steel fibers using
different volume ratios was observed to be a result of fiber
fracture rather than pullout.

Parvez and Foster!®!7 investigated the influence of steel
fibers on the fatigue behavior of small-scale and large-scale
reinforced concrete beams governed by flexure. The final
failure mechanism in all beams was by fracture of the longi-
tudinal reinforcement. Generally, it was reported that steel
reinforcing bar fracture propagation governed the fatigue
life of under-reinforced beams. Further, the fatigue life of
beams with steel fibers was enhanced and the measured
deformations and stresses were observed to decrease as the
volume ratio increased from 0% to 0.8%.
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Fig. 1—Details of deep beam specimen.

Although Parvez and Foster!” reported that the reduction
in steel reinforcing bars strain after some cycles was a result
of debonding, which led to the loss of tension stiffening; no
practical results showing the strain variation or bond slip
between concrete and a steel reinforcing bar were reported.
The segmental protection of the strain gauges on the rein-
forcing bars may have resulted in debonding between
concrete and steel reinforcement. However, further investi-
gation is required to observe the bond behavior under fatigue
loading of well-anchored embedded reinforcement.

As part of a long-term research program on the improve-
ment of the design and analysis of wind turbine founda-
tions using steel fiber-reinforced concrete, this investigation
considers the behavior of shear-critical beams under fatigue
loading by observing the principal strain and shear strain
evolutions within the planes of the shear spans. Further, the
inclination of the principal strains and the bond behavior
between concrete and steel reinforcement are considered.
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RESEARCH SIGNIFICANCE

This investigation considers the influence of steel fibers
in enhancing the fatigue life of shear-critical deep beams.
A new approach is presented that shows the comparison
between conventional reinforced and steel fiber-reinforced
concrete deep beams using progressive average principal
and shear strain evolutions within the shear span. Tests have
not been previously reported for elements with a shear span
to effective depth ratio of less than 2.5. The observed results
show that fatigue life of deep beams can be enhanced using
steel fibers, and optimized designs of steel fiber fatigue-
prone structures can be extended to deep beams.

EXPERIMENTAL PROGRAM
Test specimens
Deep beams with dimensions of 175 x 250 x 700 mm
(7 x 10 x 28 in.) were used in this experimental investiga-
tion (Fig. 1). The properties of the beams tested are given in
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Table 1—Average compressive strength of concrete

Volume of steel Average compressive strength Standard deviation Coefficient of variation
Concrete batch fiber Vy, % No. of specimens ', MPa (ksi) (compressive strength) (compressive strength)
1 oy, 13 62.6 (9) 6.0 8.5
2 oy, 18 55.1(8) 2.5 4.6
3 0.75V, 23 55.3(8) 5.2 9.5
4 1.5V 24 55.8 (8.1) 5.1 9.1
5 1.57,"® 8 55.6 (8.1) 2.1 3.7

"0V, is batch without steel fiber for control beam specimens tested under fatigue loading.

MOV, is batch without steel fiber for specimens tested under monotonic loading.
@p;" is steel fiber volume for B80-ON1.5 and A97-0F1.5.

Note: ¥} is steel fiber volume content (in percentage).

Table 2—Specimen description

Concrete | Volume of steel Specimen Design £.%, Maximum fatigue Minimum fatigue No. of cycles to

batch fiber V5, % identification No. MPa (ksi) pr% | pw % load (% Pu), kKN load (% Pu), kKN failure, N
2 0 C’S 50 (7.3) 0.9 0.2 Monotonic — —
2 0 CS 50 (7.3) 0.45 0.2 Monotonic — —
1 0 C’-70-0 50 (7.3) 0.9 0.2 70 1.3 210,000
3 0.75 B70-0F0.75 50(7.3) 0.9 0.2 70 1.3 3,000,000
4 1.5 B70-0F1.5 50 (7.3) 0.9 0.2 70 1.3 3,000,000
1 0 C-80-0 50 (7.3) 0.45 0.2 80 1.8 47,000
3 0.75 AB80-0F0.75 50(7.3) 0.45 0.2 80 1.8 66,000
4 1.5 A80-0F1.5 50 (7.3) 0.45 0.2 80 1.8 320,000
5 1.5 A97-0F1.5 50 (7.3) 0.45 0.2 97 1.8 81,000
1 0 C-70-0 50(7.3) 0.45 0.2 70 1.8 72,000
3 0.75 A70-0F0.75 50(7.3) 0.45 0.2 70 1.8 123,000
3 0.75 A70-0N0.75 50 (7.3) 0.45 0 70 1.8 260,000
4 1.5 A70-0F1.5 50 (7.3) 0.45 0.2 70 1.8 410,000
1 0 C’-80-0 50(7.3) 0.9 0.2 80 1.3 62,000
5 1.5 B80-ON1.5 50 (7.3) 0.9 0 80 1.3 650,000

"Specimen did not fail at specified number of cycles.

Notes: Vyis steel fiber volume content (in percentage); . is design compressive strength of concrete; p; is longitudinal reinforcement ratio (in percentage); p, is shear reinforcement

ratio (in percentage).

Tables 1 and 2. The reinforcement provisions used for the
beams surpassed the minimum required in CSA A23.3-04!8
Sections 11.2.8.1 and 11.2.8.2 for shear, 10.5.1.2 for flexure;
Eurocode 2-1-1(2004)" Section 9.2.2 and 9.2.1.1 for shear
and flexure, respectively,’ and ACI 318-14* Sections
R9.6.3.1 and R9.6.1.2 for shear and flexure, respectively.

As a means of ensuring that bond fatigue failure was delib-
erately averted, adequate anchorage was provided based on
code requirements CSA N12.13.1, N12.13.2 (shear rein-
forcement anchorage), and N12.5.2 (flexural reinforcement
anchorage). The bar bending schedule used for anchorage
also satisfied EC 2-1-1 (2004) Clause 8.5(1) and (2) for
shear reinforcement and 2-1-1 Clause 8.4.1 (1) P for longitu-
dinal reinforcement requirements. The anchorage also satis-
fied ACI 318* Tables 25.3.1 and 25.3.2 for longitudinal and
shear reinforcement, respectively.

Two different steel fiber volume ratios, 0.75% and 1.5%,
were examined. High-strength end-hooked steel fibers were
used. The geometrical properties of the fibers included
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a 30 mm (1.2 in.) fiber length, a diameter of 0.37 mm
(0.2 in.), and an aspect ratio of 79. The ultimate tensile stress
capacity of the steel fibers was 3070 MPa (445 ksi). Longi-
tudinal reinforcement ratios of 0.45% and 0.90% and shear
reinforcement ratios of either 0% or 0.20% were provided in
beams having steel fiber volume ratios of 0.75% and 1.50%
in this investigation.

In Table 2, the names attached to each beam are given:
C’S and CS are assigned to beams (monotonic tests) without
steel fibers and reinforced with two 10M and two 15M
reinforcing bars, respectively. 15M and 10M reinforcing
bars are hot-rolled deformed steel bars with diameters of 16
and 12 mm (0.6 and 0.47 in.), respectively. Similarly, C and
C’ are assigned to the control beams (beams without steel
fibers) reinforced with two 10M and two 15M reinforcing
bars, respectively. A and B represent steel fiber-reinforced
concrete beams with two 10M and two 15M reinforcing
bars. The numbers 70-0, 80-0, 97-0 represent the maximum
load level used for the fatigue tests. The letter ‘N’ denotes

1217



CS (2-10M rebars)

10

15 25 30

Mid-Span Deflection (mm)

Fig. 2—Load-versus-deflection under monotonic loading (Beams C'S and CS). (Note: 1 kN = 0.225 kip.)

no shear reinforcement, while F0.75 and F1.5 represent the
steel fiber volume contents used.

Materials

A design compressive strength of 50 MPa (7 ksi) was
selected, with a maximum aggregate size of 10 mm (0.4 in.).
The slump readings obtained during concrete casts were
between 80 and 150 mm (3 and 6 in.). After casting, the
specimens were removed from the curing room at 28 days
and placed in a dry compartment. The average compressive
strengths of concrete cast for the tests are given in Table 1. The
value given in the fourth column of Table 1, for the fatigue
loading phase, is equivalent to the average compressive
strength within the time frame for testing the beams.

Canadian standard 15M, 10M (deformed steel reinforcing
bars), and D4 (cold-worked deformed bar with 5.5 mm
[0.22 in.] diameter) bars were used as reinforcement. The
D4 reinforcing bars were used for the shear reinforcement.
In the beams with shear reinforcement, two 10M reinforcing
bars were also provided at the top (hanger bars).

The average yield strength obtained for the 15M, 10M, and
D4 reinforcing bars were 430, 480, and 610 MPa (62, 70, and
89 ksi), respectively. The yield strength of the cold-worked
steel reinforcing bar corresponded to the 0.2% offset strains.
Although the expected yield plateau was absent in cold-
worked D4 stress-strain curve, the stresses observed in the
shear reinforcement were sufficiently low to justify their use.

Test procedure

Initially two beams, C’S and CS as indicated in Table 2, were
tested under monotonic loading. The corresponding failure
loads observed were 390 and 270 kN (88 and 61 kip), respec-
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tively (Fig. 2). The longitudinal reinforcement ratios were
used to observe different failure mechanisms. The failure
mode of C’S was observed to be crushing of the compres-
sion strut. A combination of shear and flexure was observed
in CS, as the fracture of the reinforcing bars occurred at the
midspan region. As indicated in the sixth and seventh column
of Table 2, percentages of the failure load observed from the
monotonic tests were used for the fatigue tests conducted.
Each specimen was subjected to fatigue loading without an
initial application of monotonic loading.

The fatigue tests were conducted using servo-hydraulic
testing equipment having a loading capacity of 350 kN
(79 kip). The loading equipment was used to generate
a pulsating load of a continuous sinusoidal waveform
throughout the test duration. All fatigue tests were
conducted at a frequency of 5 Hz, and a constant minimum
load of 5 kN (1 kip) was used to prevent backlash due to
inertia of the actuator under dynamic loading. The stress
ratio resulting from this is considered insignificant.

Instrumentation

Figure 1 shows the details of the beam specimen instru-
mentation and dimensions. The attached linear variable
displacement transducers (LVDTs) were used to measure the
evolution of the average strains within the shear span. Using
Mohr’s circle of strain, the average shear strains, the average
principal strains, and the inclination of the principal tensile
strain relative to the x- and y-directions within the shear
spans of each beam were obtained from strain transformation
of the LVDT data (Fig. 3). In Fig. 3, &, is the principal tensile
strain; g; is the principal compressive strain; e,, e;, and e, are
the corresponding strains in the directions of the LVDTs; v,
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Ex

Fig. 3—LVDT strain transformation.

is the average shear strain; ¢, and g, are the average strains
in the horizontal and vertical directions, respectively; and
0 is the inclination of the average principal tensile strain. A
program was developed to generate the deformation evolu-
tions from the laboratory data.

Considering the West LVDTs (y,, is positive)

e =e.—e,te,
where g, = e,
Yo = €€ (1
Considering the East LVDTs (y,, is negative)
e =e.—e,te,
where g, = e,

Yy = €c— €4 )

The average principal concrete strains were obtained

e =5t e (e e e ) O

The averages of the strain values obtained from the East
and West sets of LVDTs were used. The values for the
evolution of 6—the inclination of the principal tensile strain
direction—was estimated using v,, (shear strain), €, (average
strain in the horizontal direction), and ¢, (average strain in
the vertical direction).

TEST RESULTS AND DISCUSSIONS

The number of cycles leading to failure for each spec-
imen tested under fatigue loading is given in Table 1. The
experimental results are expressed in terms of failure modes,
principal strain evolutions, shear strain evolutions, midspan
deflections, and residual strengths of beams that did not
fail after 3,000,000 cycles (Fig. 4 through 16). These are
discussed subsequently.

Failure mode
In all beam specimens tested, except Specimens B70-0
F0.75 and B70-0 F1.5 (which sustained 3,000,000 million
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Fig. 4—Longitudinal reinforcement strain versus number of
cycles at maximum load (2-10M reinforcing bars).
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Fig. 5—Load-versus-deformation plot after fatigue loading.

cycles without failure), fracture of the longitudinal reinforcing
bars was observed. An increase in fatigue life was observed
for the beams as the fiber volume content increased (as shown
in Columns 2 and 9 of Table 2). In the steel fiber-reinforced
concrete beams, a combination of pullout and fracture of
steel fibers was also observed. However, steel fiber pullout
was more prevalent, especially in beams reinforced with
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Fig. 7—Crack pattern and inclination of principal tensile strain (10M-80%Pu,).

1.5% steel fiber volume ratio compared to beams with
0.75% steel fiber volume ratio. This is attributed to lower
stresses induced in steel fibers with 1.5% steel fiber volume
ratio at crack bridges; hence, bond resistance between steel
fibers and concrete governed. On the other hand, fracture
of steel fiber predominates due to high stresses. Throughout
the tests conducted, no fracture of shear reinforcement was
observed. This observation is consistent with those reported
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in the literature for conventional reinforced concrete deep
beams. !

The strain induced in the longitudinal reinforcing bars was
observed to reduce as the steel fiber volume ratio increased
from 0.75% to 1.5%. (for example, refer to Fig. 4 for beams
with two 10M reinforcing bars). The strain evolution for
Beam A70-ONF0.75 reinforced with two 10M reinforcing
bars was truncated after 10,000 cycles due to a malfunction
of the strain gauge attached to the longitudinal reinforce-
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Fig. 9—Crack pattern and inclination of principal tensile strain (15M-80%Pu).

ment. The reinforcement strain evolutions shown in Fig. 4
were obtained from the region at which fracture occurred,
hence, close to the maximum strain along the longitudinal
reinforcement. As also reported in the literature on flexural
beams,'®!” the reduced strain or stress values (attributed to
the addition of steel fibers) resulted in the enhanced fatigue
life of the steel fiber-reinforced concrete beams.

As shown in the deformation evolution plots (Fig. 10
to 15) for conventional and steel fiber-reinforced concrete
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beams, after significant fracture of the longitudinal rein-
forcement, sudden collapse of steel fiber-reinforced concrete
beams did not occur immediately thereafter. The presence of
steel fibers resulted in the beams resisting more cycles under
high deformation before final fracture. This is attributed to
crack-bridging of steel fibers.

Because Specimens B70-0 F0.75 and B70-0 F1.5 did not
fail after 3,000,000 cycles, the beams were further subjected
to monotonic loading (Fig. 5). The observed residual
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strength for the two beams were higher than the capacity of
the conventional reinforced concrete beam without fatigue
damage. This further shows that reduced section sizes
obtainable in steel fiber-reinforced concrete beams can be
used to achieve the same fatigue life as in larger conven-
tional reinforced concrete beams.

Crack pattern

During fatigue loading, flexural and shear-flexural cracks
were initially observed on the surfaces of the beams rein-
forced with two 10M reinforcing bars (under-reinforced
beams). Inclined and diagonal cracks accompanied such
cracks in a few of the two 10M reinforced beams and in
beams reinforced with two 15M reinforcing bars. Final
fatigue failure observed in each specimen occurred at
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a major crack plane that developed from the onset of the
fatigue tests. The failure regions are shown in Fig. 6 to 9
with thick crack patterns.

After fracture of the longitudinal reinforcement, sudden
collapse of the steel fiber-reinforced concrete beams did not
occur immediately thereafter. The presence of steel fibers
resulted in the beams resisting more cycles under high defor-
mation before final fracture.

Specimen A70-ONF0.75 failed after approximately
260,000 cycles (more than twice the number of cycles to
failure for Specimen A70-0F0.75 with shear reinforcement).
As observed in Fig. 4, the two specimens started approxi-
mately at similar strain values. The increase in fatigue life of
the specimen without shear reinforcement may be attributed
to stress redistribution (leading to reduced strain in the rein-
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forcement) as a result of more fatigue cracks on the surface
of Specimen A70-ONF0.75. As such, active bridging contri-
bution of the fibers intersecting the cracks occurred (Fig. 8).

The approximate orientations of the fatigue failure planes
were estimated from strain transformations of the LVDT
data obtained from the experiments. The obtained evolutions
further show that the accuracy of instrumentation used was
acceptable. From Fig. 6 to 9, no significant change in the
orientation of the principal strain evolution was observed
except at the initial stage of loading, at the point of rein-
forcement fracture, and at failure.

Shear strain evolution/midspan deflection

Under fatigue loading of the shear-critical beams (Spec-
imen C’S), shear forces are transferred through the compres-
sion struts to the supports, and irreversible compressive
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strain accumulates due to the induced compressive stress
within the shear span. To maintain equilibrium, the horizontal
tensile forces are resisted by the longitudinal reinforcement.

With the addition of steel fibers to the beams reinforced with
two 15M reinforcing bars, the shear span deformations (shear
strains) were observed to reduce as the steel fiber volume
ratio increased from 0% to 1.5% (refer to Fig. 10). Addition-
ally, insignificant increases in the midspan deflections were
observed (Fig. 11). This improvement was as a result of crack-
bridging of the inclined cracks within the shear span, hence,
retarding the shear strains. However, the obvious increase in
the deflection evolution of Specimen B80-ONF1.5 was also
attributed to the fact that there was no shear reinforcement and
no top reinforcing bars (hanger bars).

After fatigue cracks at the midspan occurred in the conven-
tional under-reinforced concrete deep beams with two
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Fig. 16—Evolution of concrete and reinforcement strain variation.

10M reinforcing bars (Specimen CS), the aforementioned
mechanism in which shear force is transferred through the
compression strut to the support under fatigue loading no
longer holds. This is attributed to the fact that the beams are
subsequently governed by the reinforcement crack propaga-
tion at the intersection with the midspan cracks, resulting in
increased rotation.

Beams governed by flexure (beams reinforced with two
10M reinforcing bars) were observed to exhibit reduced
midspan deflections under fatigue loading as the steel fiber
volume ratio increased from 0% to 1.5% (refer to Fig. 12).
On the other hand, the shear span deformation (shear strain
evolution) also increased, corresponding to an increase in
the capacity for shear force transfer through concrete struts
(refer to Fig. 13).

Under high fatigue loads (80% of static capacity of CS
beam), a steel fiber volume ratio of 1.5% reduced both the
midspan deflection and shear span deformation of Beam
A80-0F1.5 compared to Beams AS80-0F0.75 and C80-0
(Fig. 12 and 13). Although the use of 0.75% steel fiber volume
ratio enhanced the fatigue life, it was ineffective in reducing
the shear span deformation and midspan deflection under
high fatigue loading when compared with the Control Beam
C80-0. This was attributed to early pullout and fracture of the
steel fibers under high loads.

At a fatigue loading of 97% of the static capacity of the
CS beam, the fatigue life of A97-0F1.5 was observed to
be higher than the fatigue life obtained using 0.75% steel
fiber volume ratio and fatigue loading of 80% of the static
capacity of Beam CS. In addition, the shear span deforma-
tion and midspan deflection were observed to be lower when
compared to those of Beams A80-0F0.75 and C80-0. More
steel fibers at the intersection with the concrete crack in Beam
A97-0F1.5 resulted in lower induced bond stresses between
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fibers and concrete, and lower induced stresses in the fibers
when compared with Beams A80-0F0.75 and C80-0. These
results further demonstrate the enhancing influence of steel
fiber volume ratio of 1.5% under high fatigue loading.

Average principal strain evolution

As previously indicated, various tests have been conducted
to observe the fatigue resistance properties of steel fiber-rein-
forced concrete. However, most tests have been conducted
on specimens in flexure and compression. Although tests in
flexure indicated fatigue life enhancement with steel fibers,
there have been conflicting observations on the behavior in
compression.® Considering the beams governed by crushing
of concrete under static loading (using specimens reinforced
with two 15M reinforcing bars), the observed strain trans-
formations of LVDT data show substantial reduction in the
values of the average compressive and tensile strain evolu-
tions under fatigue loading as the steel fiber volume ratio
increased from 0% to 1.5% (refer to Fig. 14 and 15). On
the other hand, the increase in the tensile and compressive
strain evolutions in beams reinforced with two 10M rein-
forcing bars indicate that more stresses are transferred to the
support through the compressive strut, since lower deflec-
tions were observed.

Bond behavior

In the literature, investigations conducted on the influence
of bond deterioration under fatigue loading were based on
beams with non-anchored reinforcing bars. Such specimens
were deliberately allowed to fail by bond slip under fatigue
loading.?® However, the beams tested in this investigation
were provided with adequate anchorage based on code
provisions.
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Under fatigue loading, provided one of the followings is
observed, severe damage to the bond between concrete and
steel reinforcement will not occur (Fig. 16): 1) the evolutions
of the concrete and reinforcement strains (both in the direc-
tion of the reinforcement) are approximately parallel; and 2)
the evolution of the difference between the concrete strain
evolution and reinforcement strain evolution is approxi-
mately constant.

The average strain evolution of concrete in the hori-
zontal direction and the strain gauge reading on the longi-
tudinal reinforcing bars were obtained for the beams tested.
Obtaining full evolution readings was not successful for
all the beams because some connections of the strain
gauges malfunctioned when intersected by concrete cracks.
However, results obtained from beams tested (with two 15M
reinforcing bars) at 70% of the static capacity are presented
in Fig. 16. From this figure, reasonable integrity of bond
between concrete and steel reinforcement within the shear
span can be inferred; however, the use of high-strength
concrete also contributed to the bond integrity.

COST-EFFECTIVENESS OF STEEL FIBERS

Although it has been shown that steel fibers enhance the
fatigue life of concrete deep beams, a reasonable comparison
in terms of cost between conventional reinforced concrete
and steel fiber-reinforced concrete is necessary. Only then
can the effective cost reduction derived from the use of steel
fiber-reinforced concrete be ascertained.

Because Beams B70-0F0.75 and B70-OF1.5 sustained
3,000,000 cycles without failing, the corresponding size of
a conventional reinforced concrete beam that will achieve
at least 3,000,000 cycles was obtained using typical design
procedures.

Table 3—Cost comparison between plain and
fiber-reinforced concrete

Materials | Quantity | Unit | Cost ($) | | Quantity | Unit | Cost ($)
Coarse 32 kg | 1.0 240 kg 7.0
aggregate
Fine 26 ke | 07 195 ke 49
aggregate
Cement 14 kg 34 109 kg 26.5
Labor cost 402 ft? 442 1065 ft? 1171
Steel fiber 3.5 kg 42
Total B70-0F1.5 451 Equivalent beam | 1209

The stress induced in steel reinforcement that will cause
fatigue failure after 3,000,000 cycles was initially estimated
using a method described in the literature.>?!'?? By keeping
the shear span to effective depth ratio and reinforcement
ratios constant, a strut-and-tie analysis approach was used
to obtain the size of a conventional reinforced concrete deep
beam with a fatigue life of 3,000,000 cycles.>?3

In Table 3, the difference in cost of required conven-
tional reinforced concrete and steel fiber-reinforced
concrete are given. The costs were based on coarse aggregate
($27.5/ton USD), fine aggregates ($25/ton USD), cement
($10.47/ton USD), labor cost of reinforcement installa-
tion ($1.1/ft> USD), and steel fibers ($1200/ton USD). The
increase in reinforcement lengths and amount, extra costs
for formwork, and water required in the equivalent beam
without steel fibers were excluded (Fig. 17).

From the total cost, it is seen that the cost of the
conventional reinforced concrete section that will sustain
3,000,000 cycles is approximately three times the cost of
steel fiber-reinforced concrete section.

CONCLUSIONS

The influence of steel fibers in enhancing the fatigue life
of deep beams was investigated by comparing conventional
reinforced concrete deep beams with steel fiber-reinforced
concrete deep beams. Shear reinforcement ratio, steel-fiber
volume ratio, and longitudinal reinforcement ratio were
varied. A new approach was used to estimating the deforma-
tion evolution within the shear spans of each beam tested.
Based on the results of the test program, the following
conclusions are drawn:

1. Deep beams with shear span to effective depth ratio
below 1.5 (1.25 was used for this investigation) may fail
by the fracture of longitudinal reinforcement rather than
shear reinforcement. This is attributed to the low amount of
stresses induced in the shear reinforcement. These observa-
tions have also been previously reported in the literature for
deep beams.

2. The fatigue life of reinforced concrete deep beams with
shear reinforcement can be enhanced using steel fibers. In
addition, depending on the reinforcement ratio, the corre-
sponding deformations are reduced with the inclusion of
steel fibers.

3. The use of steel fibers proved to be effective in enhancing
fatigue life and reducing the deformation of beams without

1855

B70-0F1.5

250

Equivalent plain concrete
beam sustaining 3,000,000

700 cycles.

(reinforced with similar reinforcement ratio
as the beam with steel fiber concrete)

720

Fig. 17—Comparison between steel fiber-reinforced beam and conventional reinforced concrete beam. (Note: Dimensions are

in mm; I mm = 0.0394 in.)
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shear reinforcement. However, it is recommended that larger
beams be tested to confirm this observation.

4. Based on the observed results of the experiments
conducted, the design of fatigue-critical structures can be
optimized with reduced section sizes using steel fiber-rein-
forced concrete. The beneficial effect will be more substan-
tial (in terms of cost) in very large structures that are designed
with reduced volumes of steel fiber concrete.
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