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Behavior of High-Strength Fiber-Reinforced Concrete

Beams under Cyclic Loading
by Laurent Daniel and Ahmed Loukili

This study investigated both the influence of longitudinal steel
ratio and steel fiber length on high-strength concrete (HSC})
beams' behavior under alternate cyclic bending. The evolution in
both structural properties and cracking patterns was compared
with results from the monotonic bending test. To observe the influence
of fibers on deterioration of mechanical properties due to loading
cycles, high-strength fiber-reinforced concrete (HSFRC) beams
were tested using two fiber lengths: 30 and 60 mm. This analysis
highlighted the positive effect of fibers on both the secant structural
stiffness and the cracking patterns during the prepeak stage. For
the postpeak stage, the ductility measurement did not reveal any
improvement. In seismic cases, however, the measurement of cyclic
dissipated energy is an important parameter in evaluating structural
behavior. Within this framework, the positive effect of fibers on
energy dissipation as well as on the cumulative damage capacity
has been underscored.
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INTRODUCTION

It is well-known that high-strength concrete (HSC) is a
material featuring many favorable aspects, not only by virtue
of its high compressive strength, but also through its durability
improvements. The mechanical tests in the literature, however,
have revealed the brittleness of HSC and the low rate of
increase in tensile strength.l'2 These features reduced the use
of HSC in earthquake zones as a result of recommendations
emphasizing the importance of obtaining a ductile material.®
It is important, however, to mention that, in the case of a
high-strength reinforced concrete “beam, the structural
ductility4 of HSC can be similar to or better than that of
ordinary reinforced concrete beams if the failure mode occurs
by steel failure. During an earthquake, however, structures
are subjected to reverse loads, which induce both severe
tensile damage of concrete and bond deterioration. Hence,
the postpeak behavior is particularly influenced by the ten-
sile and bond strength of the concrete.

Previous investigations have shown the effectiveness of
fibers on the cracking prvopagation.‘s'7 The greatest improve-
ment involved the increase of dissipated energy, characterized
by the uniaxial compressive or tensile behavior of a softened
postpeak slope.8 This focus has served to guide certain studies
on structural applications and has pointed out the effective-
ness of fibers on cracking control and on shear and bending
capacities. 9 The influence of fibers on the structural failure
mode, however, depends on a structure’s dimension, fiber
type, and concrete. Experimental results such as those re-
ported by Espion, Devillers, and Halleux!? indicated the in-
efficiency of fibers in ductility increase, and can be opposed
to the results given by Chunxiang and Patnaikuni!! that re-
vealed the good influence of fibers in ductility. These contro-
versial results pointed out the qualified use of fibers under

Table 1—Concrete mixture proportions

High-strength| High-strength fiber-
Components, kg/m’ concrete | reinforced concreta
Cement 400 400
Silica fume 40 40
Filler 72.2 69
Sand, 0to 5 mm 722 690
Gravels, 6 to 10 mm 1010 966
High-range water-reducing admixture 6 10
Water 140 134
Fibers 0 79

monotonic load, but few papers deal with the influence of
fibers on structural behavior under cyclic load.

The purpose of this paper is to examine the influence of
fibers on cyclic beam-bending behavior (cyclic test). Two
lengths of fibers are used: 30 and 60 mm. As a tradeoff between
loss of workability and increase in structural strength, a
reasonable level of steel fibers was chosen: 1% (by volume).
To remain close to the structural dimensions used in civil engi-
neering practice, a beam length of 2.75m (0.11 ft) and a cross
section of 150 x 300 mm (6 x 12 in.) are used. The influence.
of tensile reinforcement is studied by including three different
values for the tensile reinforcement ratio p.

RESEARCH SIGNIFICANCE

This study reports useful data on the application of high-
strength fiber-reinforced concrete (HSFRC) in a seismically
active zone. It has been shown that reverse loads involve
severe bond deterioration. The control of macrocracks by
fibers enhances not only the mechanical properties of high-
strength concrete in tension and compression, but also the
structural behavior. According to Lemaitre and Chaboche, 2
mechanical properties of HSFRC, such as strength and ductil-
ity, are strongly influenced by length of fibers; consequently,
this work brings some information about structural behavior
enhancement by fibers with respect to both the length of fibers
and to the longitudinal reinforcement ratio used. These results
broaden the application of fibers to reinforced concrete struc-
tures in seismically active zones.

MATERIAL PROPERTIES
Three types of concrete were used for the purposes of this
study: HSC, HSFRC with a fiber length of 30 mm
(HSFRC3), and HSFRC with a fiber length of 60 mm
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(HSFRCgp). The mixture components for these concretes are
given in Table 1.

A portland cement with low C3A content was used. Undensi-
fied silica fume was added at a proportion of 10% of cement
mass. The water-binder ratio was 0.32. To avoid a loss of
w:orkabi]ity due to the inclusion of fibers, the quantity of
high-range water-reducing admixture was adjusted from
0.54 to 1% dry extract of cement mass The fibers were
hook-ended to enhance the anchorage in the matrix. The
length z:liameter ratio of the fibers //d;served as an efficiency
factor,” and the optimum value used in the fibers’ reinforced
concrete production is //dg= 80. This ratio has therefore been
chosen for the two types of fibers. The fiber volume was
constant at 1%. Fiber characteristics are displayed in Table 2.

Compressive tests were carried out on 110 x 220 mm
(4.3x 8.6in.) cylindrical specimens after 28 days using a testing
machine under load control at a loading rate of 0.5 MPa/s. The
concrete specimens were kept at 20 °C and 95% relative
humidity during the setting process, and then demolded 24 h
after casting. Compressive tests were performed on three
specimens for each type of concrete, and results are presented
in Table 3. The compressive strength of HSC was approxi-
mately 95 MPa (13.8 ksi), with a strain at peak of 2.4%c. The
fibers accounted for a 15% increase in compressive strength,
with an average value of 112 MPa (16.2 ksi) for HSFRC3g
and 118 MPa (17.1 ksi) for HSFRCgp. The strain at peak was
also increased since it reached 3.1%o for HSFRC5g and 2.7%0
for.HSFRC(,o, and highlighted the ability of HSFRC to store
a higher quantity of energy in the prepeak domain than HSC.

EXPERIMENTAL PROGRAM
_ The general test setup and beam cross section are described
in Fig. 1(a). A dynamic actuator was used to apply reverse
loads on beams 2.75 m in length and 150 x 300 mm in cross
section. A positive and negative loading direction was intro-
duced by means of a threaded rod system linked to the beam.
The span-depth ratio a/d was chosen to obtain bending failure.
Tq generate failure between the loading points, stirrups
{diameter of 8 mm, spacing of 20 cm) were arranged outside
the pure bending zone. The influence of the reinforcement on
beam behavior was analyzed by testing three different values
for the tensile reinforcement ratio (0.55, 0.97 and 1.52%) using
longitudinal bars 12, 16, and 20 mm in diameter, respectively.
The steel was Type FeESQO (tensile yield strength: 500 MPa).

Egch support was fitted with a swiveling frame that prevented
ve;ucal displacement but allowed rotation about the z-axis
(Fig. 1(b)). The horizontal displacement was introduced by
rollers arranged on one of the supports.

Ttge cyclic tests were displacement controlled. A 0.5 Hz
loading frequency was selected to reach the ultimate state of
the beams. To measure strength deterioration at a given ampli-
tude deflection, the loading sequence (Fig. 2) was adjusted to
3‘0 I:I A3]l of the test features related to the beams are given in

able 3.

Table 2—Hooked-end steel fiber features

X Tensile |Modulusof
Length Ly, | Diameter Aspect strength, elasti:i:y.
mm Dy, mm | ratio L;/Dy Shape MPa GPa
30 0.38 79 —— 2000 200
60 0.75 80 | 2000 200

Table 3—Details of beam series

Beam type | Steelratiop, ¢ mm | Loading | Concrete | f. MPa
L-ref HSC 97
L-30 0.55% (12 mm) Cyclic | HSFRCy | 110
L-60 HSFRCgg 116
Moref Static HSC 91

HSC 95
— =1 097% (16 mm
M-30 ) Cyclic HSFRC3 112
M-60 HSFRCg | 117
Horef Monotonic HSC 97
HSC 94
=1 152% (20 mm)
H-30 ) Cyclic HSFRCy 114
H-60 HSFRCg | 117
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Fig. 1—a) Testing setup and beam cross section; and (b)
alternate bending supports.

BOND DETERIORATION UNDER REVERSE LOADS

A cyclic loading is the worst case of loading, as each
concrete layer is alternately submitted to tension and com-
pression stresses. Concrete and steel-concrete bonds are
severely damaged. The bond deterioration mechanism
observed by Popov13 is described in Fig. 3(a) to (d) and relates
to the typical cyclic load deflection curve presented in Fig. 4,
which displays the following:

+ Before the peak load: During the positive loading
(Fig. 3(a)), the difference between the steel and concrete
Young's moduli generates bond stresses. Once the limit
tensile stress of the concrete has been reached, cracks




Deflection
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Fig. 2—Loading sequence.
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Fig. 3—Bond deterioration mechanism.
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Fig. 4—Typical cyclic curve and envelope curve
(HSFRC3q beam).

occur and low anelastic strain remains _(Fig. 3(a)).
During unloading, the secant structural stiffness K on
the load-deflection curve is regulated both by the strain
of tensile bars and by the strain of the compressive
zope. Once the load is close to zero, lugs and concrete
are no longer connected, and compressive fqrces are
used to close the tensile cracks (Fig. 3(b)). This Flech-
anism involves a decrease in secant structural stiffness
up until the closure of the tensile cracks and the con-
nection between lugs and concrete (Fig. 3(c)). The
secant stiffness can then be increased and new cracks
generated due to compressive Stresses of the bi.n‘s,
which may explain the pinching of the curves during
the loading phases; and

(b) cyclic test: p = 1.52%

Fig. 5—Cracking pattern of HSC beams under cyclic and
monotonic loading.

o  After the peak load: Bond deteriorgtiqn is severe
(Fig. 3(d)), and the residual steel strain is very high.
Consequently, during a reverse load, the tensile gteel
strain remains and prevents the closure of. previous
tensile cracks. The secant stiffness cannot be increased,
and the pinching disappears (Fig. 4).

BETWEEN MONOTONIC AND
COMPARISON CYCLIC TESTS
To measure the influence of reverse loads on structural‘ prop-
erties, two static tests were carried out on HSC bcams withp=
0.97% and p = 1.52%, respectively. The analysis focused on
both the cracking pattern and the load-deflection curves.

Cracking pattern )
The exga‘;sion of the cracking zone can be observed in

ig. 5(a) and (b). The reverse loads prevent the concrete
I’f:rgm c(ru)shin g, (tl))ut the cracks propagate throughout the c}epth
over a wider zone. Moreover, a greater number of horizon-
tal cracks are located at the level of the steel bars, 'thert':by
demonstrating the severity of steel-concrete bond deteljxorahop.
The minimal and maximal spacings mtlagsured in static
tests are close to those obtained by Maurel ™ on beams jmth
a similar cross section and a shear span of 0.8 m (minimal
spacing of 5 cm and maximal spacing of. 12.5 cm). The
longitudinal steel ratio seems to have little influence on the
spacing of cracks. The cyclic tests, however, show an increase
in the spacing of cracks within the shear zone, and thug, an
increase in maximal spacing. This finding can be explained
by the different stages of the cracking process. At first,
bending cracks occur with low structura} damage, and &
similar cracking development to static test 15 denoted. Af?el'-
wards, under alternate loads, steel-concrete debondu_lg‘
reduces the rate of occurrence of transverse cracks while
inducing horizontal cracking.

!
Load-deflection curves ' )
As a means of comparing tests under monotonic and cyclic

loads, average envelope curves have been used in the cyclic

Table 4—Effect of loading type on mechanical properties

Monotonic loading

Cyclic loading

P, % | Load level

Load, kN|Deflection, mm K, kN/mm| Hs

Load, kN [Deflection, mm| K, kN/mm | K3

— 219 1.3

211

— 32.0 1.4 29 | —

102.0 18.0

0.97

5.7

— | 916 103 89 | —

86.5 43.0

20

76.6 15.6 49

- 292 1.9

o>l O |lwi>

15.6

— | 309 2.0 151 | —

166.8 176

1.52

9.5

1529 15.1 101 | —

c |- _ _

max

— | 1300 18.3 7.1

Note: pg = ductility for 15% load drop.

cases. One example of such an envelope curve is drawn in
Fig. 4. A comparison of different curves is provided in Fig. 6,
and some mechanical properties are given in Table 4.

Before the peak load, it has been noted that alternate
loading does not change the secant stiffness of the HSC
beams, but does induce a decrease in maximal load capacity
by approximately 10%.

Beyond the peak load, the slope of the cyclic curve drops
sharply and accounts for the decrease in structural ductility.
This ductility is defined as the ratio of ultimate deflection to
the deflection at the peak load §,/8p,, A study of this
structural ductility was the topic of another paper.!> The
ultimate deflection corresponds to the deflection measured
at 85% of the peak load. For p = 0.97%, the cyclic loading
decreases the ductility by 36%. For p = 1.52%, data acqui-
sition was not performed beyond the postpeak, but it was
thought that the loss in ductility would not be so high as a
result of the greater brittleness of beams exhibited by the
increase of tensile reinforcement under monotonic loading.
Cracking degrades the steel-concrete bond. As long as the
anchorage of bars and the force redistribution in the com-
pressive zone are effective, the structural behavior remains
similar. Under alternate stresses, both the cyclic softening
of materials!? and the time lag of the force redistribution in
the compressive zone due to crack closure lead to a steep
postpeak branch.

INFLUENCE OF FIBERS ON CYCLIC BEHAVIOR

The structural tests with fiber reinforced concrete (FRC)
have demonstrated the influence of the steel reinforcement
ratio on fiber efﬁciency.16 For this reason, three values of the
longitudinal steel ratio have been used: p = 0.55, 0.97, and
1.52%. Both the concentration and the I/d ratio of fibers are
also used as efficiency factors. It has therefore been decided
to use a constant fiber volume of 1% with an I/d ratio of 80.
It should be pointed out that the size of the structure is another
important factor in regard to the structural efficiency of the
FRC; however, the size effect has not been raised herein
since all beam specimens have the same height. In this paper,
the influence of fibers has focused on the cracking pattern,
strength deterioration, the load-deflection envelope curves,
and the cumulative damage capacity.

Influence on apparent cracking
The influence of fibers on the apparent cracks can be
visualized in Fig. 7(a) to (c), which have been extracted
from the M-series (p = 0.97%) after the beams’ failure.
Between loading points—Figure 7(a) shows a fine and
straight main crack for HSC beams, while it is wider and

g-. HSC beams
(r21,52% f =20mm)

=
§_1001 / B .
E 80 1 TTth.,. HSCbeam

¢ (r=087% f=18mm)

0 - . - : i ‘
0 5 10 15 2 25 30 35 40
Deflection (mm)

Fig. 6—Static and cyclic tests on HSC beams.

more sinuous when fibers are added (Fig. 7(b) and (c)). It is
important to note that this observation is made at the end of
test. Indeed, if fibers are often used to reduce the crack
width during service loads, their bridge effect allows an
increase of the main crack width during the failure stage.
The measure of the crack width, however, was not recorded
due to the difficulties induced by both alternated loads and
continuous measurement.

For the M-30 test, fibers induce a multicracking on the
upper part of the beam. At the loading points, bending cracks
propagate throughout the beam height for both the L-ref and
M-ref series; with the long fibers, however, some bending
cracks appeared but did not connect one to the other.

Outside loading points—The HSC beams display some
characteristic shear and horizontal cracking, which reveals
the deterioration of the steel-concrete bond (Fig. 7(a)). With
the addition of fibers, both the number and length of cracks
are reduced (Fig. 7(b) and (c)). The shear cracks seem to be
effectively bridged by the fibers. Moreover, the horizontal
cracks are not located on the HSFRC beams and reflect
the action of fibers on cracking induced by steel-concrete
debonding. Some isolated cracks can be noted, however,
which suggests the random bridging effect of fibers inside
the cross sections.

Influence on load-defiection envelope curves
Figure 8 presents cyclic envelope curves that resulted by
taking an average of positive and negative envelope curves.
The deflection gain at the peak load is insignificant; the
curves were thus drawn with respect to a normalized deflection
relative to the peak deflection, and correspond to the definition
of structural ductility. Three stages can be distinguished: the
first is a structural behavior without any damage, as char-









mechanical postpeak properties and energy dissipation in
the inelastic domain.

NOTATION
D; = damage index
? = fiber diameter
i = hysteretic energy of one cycle
Fy = first cracking load
Fypae = peak load or maximal load
Kr. = secant structural stiffness at peak load

I ™ =fiber length

oy = gtrain factor

O pax = deflection at peak load

A,' = fatigue factor

P = longitudinal reinforcement ratio

CONVERSION FACTORS

1 mm 0.039 in.
0.2248 kips
145 psi
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