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Abstract

This paper provides a summary of a study on
fatigue behavior undertaken as part of SHRP
project C-205 on the fresh and hardened proper-
ties of high early strength fiber-reinforced concrete
(HESFRC). HESFRC was defined as achieving a
minimum target compressive strength of 5 ksi
(35 MPa) in 24 h. Several properties of HESFRC
were investigated: for the fresh mixture, the air
content, inverted slump test, temperature, and unit
weight; for the hardened composite, the compres-
sive, bending, and tensile properties. Optimum
mixtures that satisfied the minimum compressive
strength criterion, and showed excellent values of
modulus of rupture, toughness indices in bending,
and split tensile behavior, were selected for fatigue
testing. In this paper a description is given of key
results of the fatigue bending tests only.

The experimental program included a total of
24 fiber-reinforced concrete flexural specimens,
ten of which were control specimens tested under
static flexural loading, and the remaining 14 speci-
mens were tested under fatigue loading. Two mixes
containing 2vol% of hooked steel fibers were
selected. For each mix, three different target load
ranges were applied: 10-70%, 10-80%, and
10-90% of the ultimate flexural capacity, as
obtained from the corresponding control static test
with fibers. A typical relation between maximum
fatigue stress and number of cycles to failure was
derived, suggesting a fatigue endurance limit of the
order of 65% even if specimens are in a cracked
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state. © 1998 Elsevier Science Ltd. All rights
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INTRODUCTION

The study described in this paper was part of a
project sponsored by the Strategic Highway
Research Program (SHRP). SHRP project C-
205 dealt with the mechanical properties of high
performance concretes; it was completed in
1993 with research findings compiled in six
volumes, the sixth volume being devoted to the
fresh and mechanical properties of high
early strength  fiber-reinforced  concrete
(HESFRC)."*

The main objectives of the experimental
study for HESFRC were to: (1) establish a con-
sistent and comprehensive data base on
HESFRC; (2) document and synthesize infor-
mation on the properties of the fresh mixture
and the mechanical properties of the hardened
composite; (3) draw some practical recommen-
dations for use of HESFRC by the profession.
It should be noted that, although several
thousand investigations have dealt with fiber-
reinforced concrete, none comprises the overall
range of tests (from the fresh state to the hard-
ened composite) and the overall range of
parameters, and none provides the same con-
sistent testing procedures throughout, as
undertaken in this study. This experimental
investigation has followed an initial evaluation
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of existing knowledge in the field which was
summarized in an earlier state-of-the-art report®
and an annotated bibliography on high perform-
ance fiber-reinforced concrete.*

Definition — scope

As with high early strength (HES) concrete,
HESFRC was defined as achieving a minimum
target compressive strength of 5 ksi (35 MPa) in
24 h. Since the minimum strength criterion
could be satisfied with the control specimens
without fibers, and since in current applications
of fiber-reinforced concrete for pavements, only
low fiber contents (0.10 to 1vol% of concrete)
are used, it was decided to explore and docu-
ment a higher range of fiber content (1 and
2vol% of concrete). The main intent was to
achieve, in addition to the minimum specified
target compressive strength, a post-cracking
strength in bending (i.e. a modulus of rupture)
higher than the cracking strength so as to mini-
mize crack widths and insure a sufficient
resistance to repeated loads after cracking. This
is typically a characteristic of high performance
fiber-reinforced cement composites.” It led to a
load—deflection response with a post-cracking
resistance above the cracking load level, at
deflections up to five times the deflection at
cracking. It implied a minimum ductility behav-
ior in bending otherwise not present in the
control specimens without fibers or with very
small fiber contents.

Fresh HESFRC properties included air con-
tent, inverted slump test, temperature, and
plastic unit weight. Tests on the mechanical
properties included compressive strength, elas-
tic modulus, flexural strength, splitting tensile
strength, and fatigue life. Seventeen different
combinations of parameters were investigated
for each type of test. The main parameters
included: (1) three different matrix mixtures
(one control, one with silica fume and one with
latex); (2) two different volume fractions of fib-
ers (1 and 2%); (3) two fiber materials (steel
and polypropylene); (4) two steel fiber lengths,
corresponding to aspect ratios of 60 and 100;
(5) hybrid mixes containing either an equal
amount of steel and polypropylene fibers, or an
equal amount of steel fibers of different lengths.
The compression and the bending tests also
included a time variable, i.e. they were mea-
sured at ages 1, 3, 7, and 28 days. Information
from the compression tests comprised the com-

pressive strength, the elastic modulus, and the
strain capacity. Optimum mixtures that satisfied
the minimum compressive strength criterion,
and showed excellent values of modulus of rup-
ture, toughness indices in bending, and split
tensile behavior, were selected for fatigue test-
ing. Here, only that part of the study dealing
with fatigue is described.

Details, as well as references to several
studies or documents used to gather informa-
tion or develop technical background during
this investigation, are given in Refs =%,

EXPERIMENTAL PROGRAM FOR FATIGUE

An experimental program was carried out to
investigate the effects of repetitive flexural
fatigue loading on HESFRC. Details are given
in Ref. 1. A total of 24 fiber-reinforced concrete
flexural specimens were tested, ten of which
were control specimens tested under static flex-
ural loading, and the remaining 14 specimens
were tested under fatigue loading. Two mixes
containing 2 vol% of hooked steel fibers were
selected. The first mix used the Dramix 30/50
(length 30 mm; diameter 0.5 mm; aspect ratio
60) fibers, whereas the second mix (hybrid mix)
used an equal amount of Dramix 30/50 and
Dramix 50/50 (length 50 mm; diameter 0.5 mm;
aspect ratio 100) fibers. The composition of the
matrix, for the control as well as the fiber-rein-
forced mixture, was as follows: type III cement;
water to cement ratio 0.34; sand to cement ratio
1.47; coarse aggregate to cement ratio 1.82;
superplasticizer to cement ratio up to 0.035;
corrosion inhibitor to cement ratio 0.092. Prior
tests under the same program gave the follow-
ing results for the average compressive strength
at  28days obtained from 4 x8in?
(100 x 200 mm?) cylinders: 7 ksi (48.3 MPa) for
the control mix without fibers; 7.6 ksi
(52.4 MPa) for the mix with 2% Dramix 30/50
steel fibers; 6.91 ksi (47.7 MPa) for the hybrid
mix with the combination of Dramix 30/50 and
50/50 steel fibers. The slight drop in strength for
the hybrid mix was attributed to the additional
air entrained because of the difficulty in mixing
longer fibers. The flexural specimens were 16 in
(400 mm) long with a square cross-section of
4 x 4 in* (100 x 100 mm?). They were tested in
third-point loading at a clear span of 12in
(300 mm) according to ASTM C 1018. The age
at testing exceeded 60 days.
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For each mix, three different target load
ranges were applied: 10-70%, 10-80%, and
10-90% of the ultimate flexural capacity, as
obtained from the corresponding control static
test with fibers.

TEST PROCEDURE

All flexural tests were performed in a servo-
controlled MTS hydraulic testing machine,
Model 810. Three types of measurement were
recorded for each beam: (1) the load from the
load cell of the testing machine; (2) the vertical
deflection at the third points; (3) the bottom
tensile elongation measured over a 4 in (10 cm)
gage length between the load application points.
The vertical deflection was measured by two
LVDTs placed at the third points on opposite
sides of the test beam. The bottom tensile elon-
gation (also described as strain capacity) was
obtained by one LVDT placed under the speci-
men along its plane of symmetry and attached
to a special aluminum frame, which in turn was
fixed to the specimen third points. All measure-
ments were recorded via a computerized data
acquisition system. Some details of the test set-
up are shown in Figs 1 and 2.

Before fatigue testing, all specimens were
subjected to a non-destructive test to determine
their dynamic elastic modulus. The resonant
frequency method (ASTM C 215-60) was used.
The prismatic specimens were subjected to flex-
ural vibration, and the resonance frequencies of

the fundamental mode were recorded. These
values were then used to determine the dynamic
modulus according to the expression provided
in the standard. Values of dynamic modulus for
all specimens tested are summarized in Table 1.
It was assumed that such values may provide an
additional measure of the prediction of the
strength of the fatigue specimen, and thus a
possible correlation with the cyclic behavior
observed.

The control static flexural tests were per-
formed under displacement control.
Measurements of the load, deflections at the
third points, and tensile elongation at the bot-
tom fiber were recorded, and the ultimate
flexural capacity (MOR) was obtained (Tables 1
and 2). All static test results of specimens with
the 30 mm long fibers had normal scatter, i.e.
within the range observed in the bending test
program undertaken separately.” A relatively
large scatter in the static test results was
observed for the hybrid specimens containing a
mix of 30 mm and 50 mm long fibers (Table 1).
This could be attributed to the poorer uniform-
ity of mixing of the longer fibers and the
relatively large size of the fiber (50 mm) to the
specimen minimum dimension (100 mm).

The fatigue tests were performed under load
control. Each specimen was first subjected to
three slow cycles between the minimum and
maximum load, to record the initial hysteresis
loops and stabilize the specimen. Then the
specimen was subjected to a sinusoidal wave
cyclic fatigue loading with a frequency that,

Fig. 1. Photograph of instrumented specimen.
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Fig. 2. Specimen dimensions and special measuring
devices.

depending on the load range and expected
fatigue life, varied between 1 and 5 Hz. The
fatigue test was interrupted periodically at a
selected number of cycles to record, at a slow

rate, an entire hysteresis loop between the mini-
mum and the maximum load. The hysteresis
loops were obtained for the load versus average
third-point deflection and the load versus ten-
sile elongation (or equivalently the strain
capacity) at the bottom fiber. Only two to three
specimens were tested under every loading
range. The specimens were subjected to a con-
stant load range fatigue loading until failure or
5 x 10° cycles, whichever occurred first. The two
specimens that survived 5 x 10° cycles were then
subjected to a static bending test up to failure.

It should be noted that all specimens tested
in this study were precracked before cyclic load-
ing, with two to three visible cracks in the
constant moment region. This is an essential
characteristic of these tests compared with pre-
vious studies on fatigue of fiber-reinforced
concrete, such as those by Batson et al’,
Ramakrishnan and coworkers'®"'? and Wei et
al."* which are further described below.

Figure 3 shows a photograph of a typical
specimen that failed under fatigue loading. As
observed for all specimens, one major crack
(out of two to three visible ones) propagated in
the constant moment region until final failure of
the specimen occurred.

Table 1. Results of dynamic modulus and modulus of rupture tests

Specimen no. Batch Mix ID Dynamic modulus E 4y, TBpe of Static modulus of
no. (Vf=2%) (ksi (GPa)) test rupture MOR (psi (MPa))
0 — — 2 Static 790 (5.45)
1 I A2%S3 - Static 1382 (9.55)
2 1 A2%S3 4210 (29) Fatigue NA
3 I A2%S3 4203 (29) Static 1266 (8.73)
4 11 A2%S3 4221 (29.1) Fatigue NA
5 I A2%S3 4398 (30.3) Fatigue NA
6 II A2%S3 4249 (29.3) Static 1346 (9.29)
7 111 A2%S3 4846 (33.4) Static 1408 (9.71)
8 111 A2%S3 4961 (34.2) Fatigue NA
9 111 A2%S3 5421 (374) Fatigue NA
10 v A2%S3 4881 (33.7) Fatigue NA
1 v A2%S3 4777 (33) Static 1722 (11.88)
12 v A2%S3 4768 (32.9) Fatigue NA
13 111 A2%S385 4799 (33.1) Static 1371 (9.46)
14 I A2%S3S5 —* Static 1807 (12.47)
15 11 A2%S3S85 3993 (27.6) Fatigue NA
16 v A2%S3S5 4573 (31.6) Fatigue NA
17 v A2%8385 4870 (33.6) Fatigue NA
18 v A2%S3S5 5189 (35.8) Fatigue NA
19 I A2%S3S5 5090 (35.1) Static 2187 (15.09)
20 I A2%S3S5 4090 (28.2) Fatigue NA
21 I A2%S3S5 5140 (35.5) Fatigue NA
22 11 A2%S3S5 5355 (36.9) Static 3000 (20.7)
23 I A2%S5385 4973 (34.3) Static 2190 (15.11)
24 I A2%83S5 5475 (37.8) Fatigue NA

2 No test was undertaken.
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Specimen Mix ID Reference static MOR ~ Target load  Cycles to failure ~ Corrected load ~ MOR after cycling
no. (Vf=2%) (psi (MPa)) range (%) Ny range (%) (psi (MPa))
2 A2%S3 1312 (9.05) 10-80 3679 — —
4 A2%S3 1294 (8.93) 10-90 9 — —
S A2%S3 1294 (8.93) 10-80 3900 — —
8 A2%S3 1406 (9.70) 10-70 2881222 — —
9 A2%S3 1406 (9.70) 10-70 5276028* 7.5-52 1875 (12.94)
10 A2%S3 1687 (11.64) 10-70 108195 — —
12 A2%83 1687 (11.64) 10-90 23 — —
15 A2%S3S5 1800 (12.42) 10-90 2 — —
16 A2%S83S85 1800 (12.42) 10-90 4 —_— —
17 A2%S3S85 1800 (12.42) 10-70 5000000° 7.1-57 2531 (17.46)
18 A2%S83S5 2175 (15) 10-70 1910942 — —
20 A2%83S5 2175 (15) 10-80 15000 — —
21 A2%S83S85 2175 (15) 10-80 8964 — —
24 A2%83S5 2175 (15) 10-70 1440058 — —

* Specimen did not fail under fatigue loading but was loaded monotonically to failure after cycling.

DATA ANALYSIS AND TEST RESULTS

Monotonic tests were undertaken first to estab-
lish reference values. The static value of
modulus of rupture, MOR, ranged from 1294 to
2175psi (9 to 15MPa) for a compressive
strength range of 691 to 7.60ksi (48 to
53 MPa). The MOR of the control concrete
without fibers was 790 psi (5.5 MPa), and its
compressive strength was 7 ksi (49 MPa). The
average MOR value from the static tests with
2% fibers was 1728 psi (12 MPa). As the mod-
ulus of rupture was higher than the cracking
strength, and because the concrete mixes tested
exhibited multiple cracking behavior, they can

qualify as high performance fiber-reinforced
concrete composites.

The reference MOR (or flexural strength)
used to adjust fatigue load ranges for a given
specimen was taken as that of the sister speci-
men of the same mix with fibers tested under
static loading at the same time as the fatigue
test (Table 2).

The data recorded from the fatigue experi-
ments were plotted in several ways, which
include load versus deflection curves and load
versus strain capacity curves under both static
or cyclic loading, and increases in deflection or
strain capacity with the number of cycles of
loading. Typical load deflection curves at

Fig. 3. Typical photograph of specimen failure by fatigue.
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Fig. 4. Load versus deflection hysteretic response of
specimen 20 under fatigue loading.

various cycles for one specimen are shown in
Fig. 4. Failure occurred by fiber pull-out, when
one major crack in the constant moment region
propagated toward the compression zone.

The main highlights of the results are
described next.

Dynamic modulus of elasticity

The main reason for running the dynamic mod-
ulus tests was to provide some correlation
between the MOR and the dynamic modulus,
thus allowing for an additional method to pre-
dict the MOR of the fatigue specimen. This
should provide a means to introduce a possible
correction in the cyclic load range applied or to
better explain certain results with large varna-
bility.

A comparison between the flexural strength
(MOR) and the dynamic modulus data was
carried out for the specimens tested under static
loading. The trend observed is illustrated in Fig.
5. A power curve was fitted, leading to the fol-
lowing relation between the dynamic modulus
Egy, and the MOR f;:

E 4yn=87400022%® (psi) (1a)
E4yn = 1880022 (MPa) (1b)

with a coefficient of correlation of 0.85. The
correlation was not considered sufficient to
recommend proceeding on that basis.

Table 1 gives the values of the dynamic mod-
ulus of the specimens tested, and Table 2 gives
their fatigue life. It should be observed that a
high value of dynamic modulus (specimens 9,
18, 21, 24) does not necessarily correspond to a
high value of fatigue life for the range of load-
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Fig. 5. Modulus of rupture versus dynamic modulus
(1 kip = 4448 N; 1 in = 25 mm).

ing used, here also implying a poor correlation
between them.

Fatigue life and endurance limit

The fatigue life of a specimen is defined as the
number of cycles to failure at the given loading
range. A large scatter is usually observed in
fatigue life, even in the most carefully planned
tests. This is because a small error in the esti-
mate of the ultimate strength induces an error
in the load range, which in turn can have an
enormous cffect on the number of cycles to
failure.

Owing to the limited scope of this study, only
two to three specimens were tested under every
loading range. Results are presented in Table 2.
In the table, the target load ranges based on the
flexural strength of the control test are shown in
percent.

It can be observed from Table 2 that the
specimens subjected to a loading range between
10 and 90% of the ultimate strength had a very
low fatigue life. A major crack was always
observed in the first cycle, and with further cycl-
ing it would propagate rapidly towards the
compression zone of the specimen, leading to
its final collapse. The two specimens of series
A2%S83 sustained 9 and 23 cycles, and the two
specimens of series A2%S3S5 sustained only 2
and 4 cycles to failure.

The specimens subjected to the 10 to 80%
loading range sustained the following numbers
of cycles to failure: 3679 and 3900 cycles for the
specimens of series A2%S3, and 8964 and
15000 cycles for the specimens of series
A2%S3S5. Thus, on the average, series
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A2%S3S5 sustained at least three times the
number of cycles to failure resisted by series
A2%S83. The difference between the two may
be attributed to the presence of longer fibers in
series A2%S3S5 (i.e. S0mm versus 30 mm).
However, the difference between the two series
may also seem insignificant when the data are
plotted on a log scale.

For the loading range of 10 to 70%, three
specimens were tested for each series. Five out
of the six specimens sustained more than
1.9 x 10° cycles, and one specimen of each
series had not failed after 5x10° cycles. For
these specimens, cyclic loading was stopped,
and a monotonic loading test to failure was
carried out. The corresponding MOR was
larger than that of the control specimen
(Table 2), confirming a previously noted result
that prior cycling may lead to an improvement
in strength.>'°~'* The relatively large variability
observed in the tests at this range of loading
indicates the endurance limit of the material is
probably being approached.

The maximum load as a percentage of the
ultimate load is plotted versus the logarithm of
the number of cycles to failure in Fig. 6 for all
specimens, and a least-squares-fit line 1is
derived. The corresponding S-N equation
which can be used for prediction purposes is
given by

§=93—-3.68 log(Ny) (2)

where § is the maximum cyclic load as a per-

centage of the static MOR of the
100% v vy
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v — 90% [ ° 10% of Jltlmagte
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Fig. 6. Maximum applied load in percent versus number
of cycles to failure.

fiber-reinforced specimen, and N is the number
of cycles to failure. The coefficient of correla-
tion for the above equation is 0.976. It applies
only to fiber-reinforced concrete with 2%
hooked steel fibers as described in this study.
Eqn (2) (Fig. 6) suggests an endurance limit of
about 68% of ultimate load for 5 x 10° cycles.

Comparison with other investigations

Several prior investigations have dealt with
fatigue in fiber-reinforced concrete.””> An
extensive investigation on the fatigue life of
fiber-reinforced concrete was carried out by
Ramakrishnan and coworkers.'™'? Several par-
ticular aspects of their investigation are pointed
out next because of differences with the present
study: (1) the load ranges selected for the study
were determined with respect to the reference
plain concrete mix without fibers; (2) the fre-
quency of cyclic loading was 20 Hz, a value
considered too high to maintain an accurate
load range and to minimize the effects of iner-
tia; (3) the specimens were not precracked.

Ramakrishnan and coworkers concluded that
for specimens reinforced with hooked-end steel
fibers at volume fractions of 0.5 and 0.8% with
aspect ratios of 75 and 100, the maximum
absolute fatigue load under which the speci-
mens could withstand 2x10° cycles without
failure was 2.0 to 2.5 times that of correspond-
ing specimens with a plain mix with no fibers.
They also reported similar results for the
absolute value of the fatigue load in specimens
reinforced with hooked-end fibers with an
aspect ratio of 100 at a volume fraction of 1%.
Such optimistic results can be explained by the
fact that the reference mix was taken as the
concrete without fibers. In many cases, the
presence of fibers leads to a significant increase
in the MOR. Indeed, referring for instance to
the results described in Refs 2 and 7, it can be
observed that the average MOR of the control
mix without fibers is 790 psi (5.45 MPa). On the
other hand, the MOR of the same mix with 2%
fibers (Table 1) exceeds 1265 psi (8.7 MPa) in
all cases. In the present investigation, the refer-
ence MOR (or flexural strength) for adjusting
fatigue load ranges for a given specimen was
taken as that of the sister specimen of the same
mix with fibers tested under static loading at the
same age.

Wei et al.'® also investigated the fatigue
properties in bending of steel-fiber-reinforced
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concrete. The main characteristics of the study
include: (1) the fibers were flat fibers cut from
low carbon steel sheets with an equivalent
aspect ratio of about 60; (2) the fiber volume
fraction ranged from 0 to 1.5%; (3) the fre-
quency of cyclic loading ranged from 5 to
20Hz; (4) the load range from minimum to
maximum load was kept at 10% of ultimate; (5)
the maximum load varied from 48 to 66% of
ultimate; (6) fatigue loading was undertaken
only to 1x10° cycles and fatigue damage was
evaluated. Thus, it can be observed that such
tests also dealt primarily with a conventional
fiber-reinforced concrete (that is with a post-
cracking strength possibly smaller than or equal
to the cracking strength), that the frequency of
loading was relatively high, thus inducing signi-
ficant inertia effects during fatigue loading, and
that it is likely that the specimens tested were
not precracked. Hence the results of the study
by Wei et al."> cannot be compared with those
of this study. They are mentioned here for
information only.

Hysteretic load versus deflection response

Hysteresis loops were recorded at various stages
of the fatigue life of each specimen. Typical
examples are shown in Figs 4, 7 and 8, and
additional information can be found in Ref. 2.
The area enclosed by the load versus deflection
hysteresis loop describes the amount of damage
done to the specimen during any recorded
cycle. The hysteresis loop allows us to extract
the values of deflections at P,,;, and P..x and
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Fig. 7. Load versus deflection hysteretic response of
specimen 16 under fatigue loading (1kip =4448N;
1in = 25 mm).
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Fig. 8. Load versus deflection hysteretic response of
specimen 18 under fatigue loading (1 kip =4448 N;
1in =25 mm).

n

the permanent (non-recoverable) deflection at
any cycle. Furthermore, the variation of the
deflection between the minimum and maximum
loads gives a good indication of the loss of stiff-
ness of the specimen due to fatigue loading.

In the specimens subjected to the 10~90%
loading range (Fig. 7), the material degradation
is clearly illustrated by the large area enclosed
by every loop and the resulting small number of
cycles to failure. In the specimens subjected to
the 10-80% and 10-70% loading ranges (Figs 4
and 8), the hysteresis loops had a larger area at
the initial cycles, followed by a stabilization
period during which the loops remained almost
constant; then, closer to the fatigue life of the
specimen, the area enclosed by the hysteresis
loop increased again. Generally, a relatively
large permanent (non-recoverable) deflection
developed under cyclic loading

Another important result of the fatigue tests
is the increase in the differential deflection AJ
between the minimum and maximum applied
load levels (P, and Py,.x) with the number of
loading cycles. Typical results are illustrated in
Figs 9 and 10.

Specimens that survived 5 x 10° cycles

The two specimens that did not fail under
fatigue loading, specimens 9 (A2%S3) and 17
(A2%8S3S5), showed different behaviors. Speci-
men 9 showed a period of constant permanent
deformation until about 2x10° cycles, after
which there was a substantial increase in the
permanent deformation until about 3x10°
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cycles, followed by another period of constant
increase until the fatigue tests were interrupted
at 5.276 x 10° cycles. Specimen 17 showed a
period of constant permanent deformation until
the interruption of the fatigue test at 5x10°
cycles. The post-fatigue static load versus
deflection curves of specimens 9 and 17 were
determined (Table 2). As observed in previous
investigations, the MOR obtained after fatigue
loading was higher than that before fatigue
loading, here considered to be the control.

Load versus tensile strain capacity
The average tensile strain in the constant

moment region is related to the average crack
width observed. This is because the elastic ten-
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sile strains, being of the order of 2 x 10%, can be
neglected. Most specimens had one to three
visible cracks along the constant moment
region.

Typical variations of the average tensile
strain in the constant moment region at the
minimum and maximum applied load levels
(Pmin and P.x) and the tensile strain difference
Ae¢ between the minimum and maximum loads
are plotted against the number of cycles in Figs
11 and 12 for two specimens that failed under
fatigue loading. A trend similar to what was
observed for deflection is noted; namely, a
larger rate of increase in the early cycles,
followed by a period of stabilization with a con-
stant rate of increase up to about 90 to 95% of
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fatigue life, then again a higher rate of increase
leading to failure.

CONCLUSIONS

1. Specimens reinforced with hooked-end steel
fibers at volume fractions of 2% showed
average fatigue lives of the order of 10 cycles
for loads ranging between 10 and 90% of
their static strength, 8000 cycles for loads
ranging between 10 and 80%, and more than
2.7 x 10° cycles for loads ranging between 10
and 70%. These values hold, assuming the
specimens are pre-cracked. Substantially
larger values can be achieved with uncracked
specimens.

2. From the limited number of tests undertaken
in this study, the derived S—N curve in bend-
ing of HESFRC with 2 vol% of hooked steel
fibers is given by (Fig. 2) S=93-3.68
log(N¢), where S is the maximum cyclic load
as a percentage of the static MOR of the
fiber-reinforced specimen, and N; is the
number of cycles to failure. The coefficient
of correlation for the above equation is
0.976. It can be inferred that the fatigue life
of fiber-reinforced concrete mixtures con-
taining 2 vol% of hooked steel fibers is of the
order of 68% of their static flexural strength
for 5 x 10° cycles, 67% for 1 x 107 cycles, and
65% for 5x 107 cycles. For all practical pur-
poses, a stress range of 65% can be taken as
the endurance limit in design.

3. Concrete mixtures reinforced with 2vol%
hooked-end steel fibers, with aspect ratios of
either 60 or an equal mix of 60 and 100,
showed essentially similar behavior under
fatigue loading. This may imply that the
influence of aspect ratio on fatigue life is not
as significant as the volume fraction of fibers;
however, a more realistic explanation is that,
with hooked fibers, the fiber pull-out resist-
ance after debonding is primarily controlled
by the end hook and not by the fiber length.

4. Fiber-reinforced concrete mixtures contain-
ing 2 vol% of hooked steel fibers can sustain
cyclic fatigue stresses (in absolute values)
more than twice those of plain concrete
(control) without fibers.

5. An attempt was made to establish a correla-
tion between Eg, and MOR for static
loading, with the hope of extending the
correlation for fatigue loading. Results of

this investigation showed that there is little
correlation between a high value of dynamic
modulus and a high fatigue life.

The main recommendation that results from
this study is that, for mixes with 2 vol% hooked
steel fibers, a safe endurance limit for cyclic
fatigue loading in bending can be taken at
about 65% of the static ultimate strength (or
equivalently the MOR) obtained from a control
specimen with fibers. This result should be valid
even if the beam is cracked at maximum load.
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