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ABSTRACT: This paper presents an experimental study on crack bridging in steel-fiber-reinforced concrete
(SFRC) materials under deformation-controlled uniaxial fatigue tension. Two types of commercially available
steel fibers, straight steel fiber and hooked end steel fiber, were used separately in this experimental investigation.
A total of six series of fatigue tensile tests with constant amplitude between maximum and minimum crack
openings were conducted. The experimental results show that the bridging stress decreases with the number of
load cycles, and this phenomenon is termed bridging degradation. The general behavior of the bridging degra-
dation with the number of cycles in SFRCs is represented by a fast dropping stage (reduction in bridging stress
within the first 10–15 cycles) with a decelerated degradation rate, followed by a stable stage with an almost
constant degradation rate for straight SFRC, or by several periods with a decelerated rate in each period for
hooked SFRC. Although fiber deformation, such as in hooked end fiber, can improve the monotonic crack
bridging significantly, faster bridging degradation is found in hooked SFRC than in straight SFRC with the same
maximum crack width (>0.1 mm) and minimum load condition.
INTRODUCTION

Interest in fatigue performance of concrete began at the end
of the last century with the development of reinforced concrete
railroad bridges. These bridges are expected to resist millions
of cycles of repeated axle loads from passing traffic during
their service life. In a reinforced concrete member subjected
to bending moment, the internal resisting couple consists of a
tensile force contributed by steel and a compressive force pro-
vided by the concrete. Consequently, fatigue failure occurs ei-
ther in tension in the reinforcing steel or in compression in the
concrete. The development of highway systems in the 1920s
led to further interest in the fatigue of concrete. Concrete pave-
ments for highways are subjected to millions of cycles of re-
peated axle loads from trucks and automobiles. Airport pave-
ments are subjected to a smaller number of loading cycles
during their designed life ranging from about several thousand
to several hundred thousand cycles of repeated loading. Since
concrete pavements are usually unreinforced, concrete is ex-
pected to resist tension and consequently knowledge of fatigue
performance in tension is also needed. Concrete structures sup-
porting dynamic machines are also subjected to hundreds of
millions of load cycles involving complicated stress states. Se-
rious fatigue problems are related to such structures. Numer-
ous studies have been made in the past to evaluate the fatigue
performances of plain concrete (Tepfers and Kutti 1979; Hsu
1981; Gylltoft 1983; Saito and Imai 1983; Hordijk 1991;
Byung and Oh 1986).

Incorporation of steel or other fibers in concrete has been
found to improve several of its properties, primarily cracking
resistance, impact and wear resistance, and ductility. For this
reason fiber-reinforced concrete (FRC) is now being used in
increasing amounts in structures such as airport pavements,
highway pavements, bridge decks, machine foundations, and
storage tanks. Thus, the fatigue performance of FRC materials
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must be investigated because of the described reasons. As a
relatively new material, the history of investigation on the fa-
tigue of FRC is limited. Experimental evaluations of this be-
havior have been done in recent years (Ramakrisan et al. 1987;
Otter and Naaman 1988; Johnston and Zemp 1991; Stang and
Zhang 1994; Zhang and Stang 1998). To date, fatigue life pre-
diction and design of FRC structures have been done mainly
through an empirical approach. This type of approach requires
time-consuming test data collection and processing for a broad
range of design cases that, in principle, are not applicable to
other design cases. Therefore, a micromechanics-based fatigue
model that is capable of both predicting the fatigue life for a
given FRC structure and designing an FRC material for a
given fatigue life needs to be constructed (Li and Matsumoto
1998).

Recent theoretical studies (Cox and Rose 1994; Evans et al.
1995; Zhang and Stang 1997a; Li and Matsumoto 1998) have
revealed that the rate of fatigue crack growth in a number of
different materials, which exhibit crack bridging, is highly de-
pendent on the crack bridging law governing the zone behind
the matrix crack and on the law governing the degradation of
the crack bridging with the number of load cycles. Thus, the
study on the cyclic crack bridging behavior of FRC materials
becomes fundamental work in the fatigue investigations of
FRC structures. At present, no experimental data are available
to describe the degradation of the fiber bridging law of ce-
mentitious materials under cyclic loading. Normally it can be
assumed that the degradation of the bridging stress is related
primarily to degradation of the interfacial bond between fiber
and matrix, even though other mechanisms can be present,
such as fatigue failure of the fibers in tension/bending during
crack opening or fatigue in the fibers in compression/bending
during crack closing and subsequent fiber buckling (Wu et al.
1994). The major objective of the present work is to experi-
mentally investigate the bridging behavior of steel-fiber-rein-
forcing concrete (SFRC) under uniaxial fatigue tension. In this
study, a series of deformation controlled fatigue tensile tests
with constant amplitude between maximum and minimum
crack openings were carried out on two side prenotched spec-
imens. Two types of SFRCs, reinforced with commercially
available smooth and hooked steel fibers, respectively, are in-
vestigated. The complete relationship between bridging stress
and the number of load cycles is obtained. Furthermore, the
fundamental bridging degradation law in SFRCs is suggested.
Finally, the mechanism of the bridging degradation under fa-
tigue tension is discussed.
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FIG. 1. Schematic View of Test Setup for Uniaxial Tension and
Geometry of Specimen

EXPERIMENTAL PROGRAM

Determination of Bridging Stress under Uniaxial
Tension

One of the best ways to determine crack bridging is through
a displacement controlled uniaxial tensile test, loaded between
parallel traveling end plates. Based on this idea, a testing
method for measuring the stress-crack width relationship de-
veloped by Stang and Aarre (1992) is used in the present in-
vestigation, and a two side prenotched prismatic specimen is
adopted. The test setup and the geometry of the test specimen
are shown in Fig. 1.

On the requirements of the test equipment and the size of
specimen for uniaxial tension, detailed discussions are made
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FIG. 2. Deformation-Time Diagram in Fatigue Test

by Aarre (1992). The present specimen satisfies the require-
ments for obtaining a stable test result. The test takes place in
specially designed grips, one fixed to the load cell and the
other fixed to the actuator piston with standard Instron fixtures.
The grips consist of a permanent part and an interchangeable
steel block, which is fixed to the permanent part through four
bolts. The specimen is glued to the blocks. The glued surfaces
of the interchangeable steel blocks and the specimen are sand-
blasted before gluing to enhance the bond between steel and
specimen. By having a large number of such steel blocks, mul-
tiple specimens can be tested continuously as it is not neces-
sary to clean the steel blocks after each test. As soft connec-
tions between the interchangeable steel blocks and machine
are eliminated, the setup takes full advantage of the stiffness
of the machine frame. Hereby, it should be ensured that the
rotational stiffness of the test setup is large compared with the
rotational stiffness of the concrete specimen. A fast curing
polymer that attains 90% of its maximum strength in about 4
min was used. The deformation was measured using two stan-
dard Instron extensometers (type 2620-602) with 12.5-mm
gauge length mounted across each of the two 9-mm-deep and
3-mm-wide notches. The tests were performed in a 250-kN
load capacity, 8500 Instron dynamic testing machine equipped
for closed-loop testing.

Loading History and Data Acquisition

The uniaxial fatigue tensile test was conducted under dis-
placement control with a constant amplitude between maxi-
mum and minimum crack widths. The minimum crack width
value was obtained by a single loading-unloading tensile test
at which the bridging load is equal to zero on the unloading
branch. The fatigue test commenced with a ramp to the min-
imum crack value at a rate of 0.01 mm/s followed by a sine
waveform fatigue loading in deformation control. To control
the accuracy of the maximum crack width value, different load
frequencies of 0.25 Hz in the first two cycles and 3.5 Hz for
all the rest of cycles were adopted. This fatigue load procedure
is shown in Fig. 2.

In this study, a total of six series of fatigue tests with dif-
ferent maximum crack widths was carried out on each of the
two types of SFRCs. The selected maximum crack widths
were 0.05, 0.10, 0.20, 0.30, 0.40, and 0.50 mm. Because the
minimum crack width was determined by a single repeat-load-
ing tensile test, this single deformation controlled loading-un-
loading tensile test was carried out first. In this test, the spec-
imen was first loaded to a certain maximum crack width
starting from 0.05 mm, and then unloaded to zero load; the
crack width at zero load was the minimum crack width cor-
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TABLE 1. Mix Proportions of Steel Fiber Concrete

Component
(1)

Value
(2)

Cement 500 kg/m3

Sand (maximum particle size 4 mm) 810 kg/m3

Gravel (maximum particle size 8 mm) 810 kg/m3

Superplasticizer (66% water content) 3.25 kg/m3

Water 237.5 kg/m3

Smooth or hooked steel fibers 78.4 kg/m3

Fiber volume content Vf 1%

responding to the maximum crack width. After that, the spec-
imen was reloaded to a new maximum crack width until all
of the minimum crack width values corresponding to maxi-
mum crack widths were obtained. This single loading-unload-
ing tensile test was conducted with a prescribed deformation
rate of 1.667 3 1024 mm/s using the average signal from the
two extensometers as feedback.

In the fatigue tensile tests, a special data sampling procedure
with an acquisition speed of 16.67 kHz was developed. The
data sampling intervals were (1) cycle by cycle in the first 100
cycles; (2) one out of every 30 cycles until 1,000 cycles; (3)
one out of every 300 cycles until 10,000 cycles; and (4) one
out of every 3,000 cycles until 100,000 cycles. The total num-
ber of loading cycles is 105. All of the tests were performed
in a 250-kN-load-capacity, 8500 Instron dynamic testing ma-
chine equipped for closed-loop testing.

Details of Materials, Specimens, and Mixing
Procedure

In the present investigation, two types of commercially
available steel fibers, smooth and hooked-end, with circular
cross sections, 0.4 and 0.5 mm in diameter, 25 and 30 mm in
length, respectively, were used separately in the same matrix.
A rapid hardening cement, natural sand, and stone with max-
imum particle size of 4 and 8 mm, respectively, were used.
The concrete mix is shown in Table 1.

All prenotched specimens were cut out of beams, 50 mm in
width, 100 mm in depth, and 350 mm in length. The mixing
procedure can be described as follows. First, the fine and
coarse aggregates were mixed together with 1/3 of the total
required water. Next, the cement was added, followed by the
remaining 2/3 of the water with the supperplasticizer mixed
in, and the mixing was continued for 3 min. Then, the steel
fibers were gradually spread into the mixer by hand. After that,
all of the ingredients were mixed for another 5 min. Then, the
fresh concrete was cast into a waterproof plywood mold with
inner dimensions of 50 3 100 3 350 mm. After finishing the
surface, the surface of specimens was covered with a plastic
sheet and cured for 24 h at room temperature. Then, the beams
were removed from their molds and put into water with 237C
for 2 months. Afterward, the free surface of casting was cut
away to a depth of 40 mm with a water-cooled concrete cutting
saw, and the remaining part was further cut into notched spec-
imens, which then were stored in air for another 2 weeks be-
fore testing.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Single Loading-Unloading Tensile Tests

The typical single loading-unloading tensile test results, in
terms of stress-crack width diagrams, on both smooth steel-
fiber-reinforced concrete (SSFRC) and hooked steel-fiber-re-
inforced concrete (HSFRC), are shown in Fig. 3. The defor-
mation A is the difference between the maximum crack width
at which unloading starts and the residual crack width at zero
loads. Here A is defined as the reverse slippage due to elastic
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FIG. 4. Elastic Deformation versus Unloading Crack Width

FIG. 3. Typical Stress-Crack Width Curves of Single Repeated
Tensile Tests

retraction on fiber and aggregate unloading. We simply call A
the reversible deformation or elastic deformation during cyclic
loading. Fig. 4 displays the relationship between A and max-
imum crack width for these two types of SFRCs.

First, the results given in Fig. 3 show typical hysteresis phe-
nomena in the unloading and reloading curves. Second, the
bridging stress at unloading points decreases after this single
repeated loading procedures. This phenomenon is so-called
stress degradation that has been reported for ceramic-based
FRC (Rouby and Reynaud et al. 1993; Zhang and Stang
1997b). The bridging stress degradation in FRCs will be pre-
sented more clearly in the following presentation of the results
of fatigue tests. Fig. 4 shows that the reversible deformation
A under cyclic tension is a function of the maximum crack
width when the minimum crack width corresponds to the zero
loads on the unloading branch. The difference in deformation
A between SSFRC and HSFRC gradually increases with the
maximum crack width. For SSFRC, a maximum reversible
deformation appears around the maximum crack width of 0.1–
0.2 mm. According to the pullout mechanism of straight fiber,
the maximum reversible slippage will, in theory, appear at the
full-debonding point. Before that, it increases with the fiber
slippage due to growth of the debonding length. After that, it
decreases as a result of the fiber pullout. The present result is
consistent with theory. For HSFRC, the reversible deformation
increases with maximum crack width. Within the experimental
range (i.e., maximum crack width from 0 to 0.5 mm), no peak
value is found. It is assumed that the hooks increase the pull-
out-loading capacity that will also increase the reversible slip-
page as unloading. The experimental results shown in Fig. 4
will be referred to later to explain the difference on crack
bridging degradation between SSFRC and HSFRC materials.
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FIG. 5. Typical Stress-Crack Width Curve of Fatigue Tensile
Test
JO
The complete experimental results of the single repeated ten-
sile tests can be found elsewhere (Zhang 1998).

Fatigue Tensile Tests

The fatigue tensile test results on the SSFRC and HSFRC
materials are shown in Figs. 5 and 6. Fig. 5 demonstrates a
typical bridging stress-crack width curve (load-unload loops)
during fatigue loading under deformation control on SSFRC
specimen. Fig. 5 shows that the secant stiffness Ds/DW of
reloading branches reduces gradually with the number of load
cycles; therefore, the bridging stress at the maximum crack
width decreases gradually. The diagrams of bridging stress at
maximum crack width versus number of load cycles under
different maximum and minimum crack widths (Wmax0 and
Wmin0) are shown in Figs. 6(a–f), where the results in the range
of 1–105 cycles are displayed on the right-hand-side of the
figures and those in the range of 1–102 cycles are displayed
on the left-hand-side of the figures. Here, the maximum bridg-
ing stress is normalized with the maximum stress at first cycle,
and the average result of all of the individual tests is displayed
FIG. 6. Relations of Normalized Maximum Bridging Stress and Number of Fatigue Cycles
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FIG. 6. (Continued)
only. The complete test results of all the individuals on both
SFRCs can be found in the report by Zhang (1998).

From these results, it is evident that the maximum bridging
stress decreases with number of fatigue cycles for both SFRCs
under deformation-controlled fatigue load. The behavior of
this stress degradation in SSFRC material can be generalized
as a fast dropping stage (within the first 10–15 cycles) with a
decelerated rate of stress degradation followed by a stable de-
creasing stage with an almost constant degradation rate within
the experimental period. The bridging stress reduces 7, 15, 23,
17, 16, and 13% of their original values when the maximum
precracked values are 0.05 mm and 0.10–0.50 mm, respec-
tively, after 10 cycles. This indicates that the rate of bridging
decay is affected by the maximum crack width, as shown in
Fig. 7, showing here the relations between maximum stress
normalized with maximum stress at first cycle and maximum
crack width, after 10, 102, and 105 cycles, respectively. Ac-
cording to the results presented in Fig. 7, it can be seen that
the largest stress degradation in SSFRC occurs at a certain
point of the maximum crack width between 0.1 and 0.2 mm.
Before this peak, the larger the maximum crack width, the
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larger the stress decay. After that, it is the opposite. Now, com-
paring Fig. 4 and Fig. 7, it is easy to find that the relationship
between elastic slippage-maximum crack width and stress deg-
radation-maximum crack width are very consistent with each
other; that is, the larger the elastic slippage, the larger the
stress degradation. The largest reduction on crack bridging
stress can be >50% of its original value after 105 cycles.

For HSFRC, the stress degradation behavior under fatigue
tension is different from that of SSFRC. When the maximum
crack width is #0.10 mm, the behavior of crack bridging deg-
radation is quite similar to that of SSFRC; that is, a fast drop-
ping stage (within first 10–15 cycles) with a decelerated deg-
radation rate followed by a stable decreasing stage with an
almost constant degradation rate within the experimental pe-
riod. The difference in crack bridging degradation between
SSFRC and HSFRC is very limited under the same maximum
crack width level with the same number of cycles [Figs. 6(a
and b)]. However, when the maximum crack width is >0.1
mm, the stress degradation in HSFRC is more pronounced
than that in SSFRC [Figs. 6(c–f)]. This means that the reduc-
tion on material toughness due to cyclic loading is more sig-
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FIG. 7. Relations of Normalized Maximum Bridging Stress
and Maximum Crack Width of SSFRC, Showing Results after 10,
102, and 105 Cycles, Respectively

nificant in HSFRC than that in SSFRC. In these cases, the
stress degradation relation in HSFRC material cannot be de-
scribed simply by two stages.

The bridging degradation process with number of cycles for
HSFRC will be divided into more than two stages according
to the number of cycles experienced. In each stage, an almost
constant rate of bridging degradation can be found, which is
much higher than that of SSFRC. Furthermore, a saturation
point of bridging degradation in HSFRC seems to exist. From
this point, the bridging stress is almost a constant with the
number of cycles. The saturation point moves gradually for-
ward with the increase of maximum crack width (e.g., for
maximum crack widths of 0.30, 0.40, and 0.50 mm, the de-
termined saturation point of bridging degradation is around 8.5
3 104, 6.0 3 104, and 5.0 3 104 cycles, respectively). The
largest crack bridging degradation can be >80% of its original
value after 105 cycles. In addition, as in the case of SSFRC,
the rate of bridging degradation with number of cycles in
HSFRC is also affected by the maximum crack width, as
shown in Fig. 8. This figure displays the relations between
maximum stress normalized with maximum stress at first cycle
and the maximum crack width, after 101, 102, and 105 cycles,
respectively. From this, we can see that there is no peak point
of stress degradation in HSFRC within the experimental range.

Furthermore, through comparing Figs. 4, 7, and 8, a rea-
sonable agreement between the reversible deformation (i.e.,
the amplitude of deformation controlled fatigue test) and the
bridging stress degradation can be found. Apparently, the crack
bridging degradation is proportional to the reversible defor-
mation. Thus, in the case of the varied fatigue load condition,
this stress degradation could be assumed to be proportional to
the accumulated reversible deformation.

Mechanism Analysis of Bridging Degradation

From the experimental results described above, we can con-
clude that the bridging fibers and aggregates in cement-based
composites suffer from fatigue damage, exhibiting the bridging
stress degradation with number of fatigue cycles. As we know,
the crack bridging in FRC materials is achieved by the bond
acting on the interfaces between fiber, aggregate, and the sur-
rounding matrix. The structural performance of fiber-rein-
forced brittle matrix composites is strongly influenced by the
bond behavior of fiber/matrix and aggregate/matrix interfaces.
Therefore, the bond characteristic in fiber-reinforced compos-
ites can be considered a fundamental material property. Gen-
erally, there are two mechanisms of bond between fiber or
aggregate and brittle matrix, defined as chemical adhesion and
mechanical friction.

Aggregate bridging degradation in concrete under single cy-
clic uniaxial tension was investigated by Gylltoft (1983), Go-
JOU
FIG. 10. Elastic Deformation versus Maximum Crack Width
Level for Plain Concrete

FIG. 9. Normalized Aggregate Bridging Degradation at Differ-
ent Unloading Crack Width Levels in Single Cyclic Tensile Tests

FIG. 8. Relations of Normalized Maximum Bridging Stress
and Maximum Precracked Value of HSFRC, Showing Results af-
ter 10, 102, and 105 Cycles, Respectively

palaratnam and Shah (1985), Reinhardt et al. (1986), and Hor-
dijk (1991). In their studies, similar tensile tests to the current
single repeated tension were carried out on plain concrete. The
details on concrete mixes, specimens, and test conditions can
be found in the original publications quoted above. Figs. 9 and
10 show the relevant results on aggregate bridging degrada-
tion. Fig. 9 presents the maximum stress reduction normalized
with the stress of unloading start point for different unloading
points after this single repeated tensile procedure. Here, the
minimum load is equal or close to zero. Fig. 10 displays the
elastic (reversible) deformation during unloading-reloading
RNAL OF MATERIALS IN CIVIL ENGINEERING / FEBRUARY 2000 / 71



process as a function of maximum crack width, similar to the
curves shown in Fig. 4. Although the test results shown in Fig.
9 have large scatter, the tendency exists that the aggregate
bridging degradation increases with maximum crack width.
This is consistent with the relationship between elastic defor-
mation and maximum crack width shown in Fig. 10. These
experimental findings can be explained with the microme-
chanics of interfaces between aggregates and matrix as follow.
Under cyclic tensile load, the aggregates, which are bridging
a crack, undergo a pullout and slip-back process. These re-
versed movements will smooth the interfaces, which in turn
leads to the reduction on the frictional based aggregate/matrix
bond strength. Therefore, first, the bond decay is cycle-depen-
dent. It increases with number of load cycles. Second, the
amount of this frictional-based bond degradation is propor-
tional to the slippage amplitude of aggregate during cyclic
loading, which is represented by the elastic deformation.

Similar mechanisms can be applied to explain the steel fiber
bridging degradation under fatigue tension. Loading-unloading
processes will cause fiber pullout and slip-back movements.
During unloading, the pullout fibers will try to slip-back into
the matrix, and therefore a special zone will be created in
which the bond stress acts in the reverse direction (Wu et al.
1994). This reversed movement will also gradually wear out
the roughness of the interfacial area that results in the fric-
tional-based bond of fiber/matrix interface degradation. This
bond degradation is exhibited as the fiber bridging degradation
shown in the present fatigue tests. First, the bond degradation
of fiber/matrix interface is a function of the number of load
cycles, as shown in Fig. 6. Second, the rate of bond degra-
dation is dependent on the reversed slippage of the fibers dur-
ing cyclic loading, represented by the elastic deformation dur-
ing cyclic loading (Figs. 7 and 8). The larger the elastic
deformation, the larger the bond degradation.

Based on these understandings, it is not difficult to explain
the differences on crack bridging degradation laws between
SSFRC and HSFRC materials.

Consider a smooth and hooked end single fiber with oth-
erwise-same geometry during pullout from the matrix. The
same constant shear stress, so-called bond strength, is assumed
to act alone on the debonding interface in both of the fibers.
Before full debonding of the fibers, there is the same cyclic
pullout behavior between smooth and hooked fibers. There-
fore, the same bond degradation will occur on both of fibers
under cyclic pullout load because the same loading condition
is used. After full debonding, the hooks start to play a rule on
crack bridging, and the different cyclic pullout situations be-
tween smooth and hooked fibers will occur.

When the fibers are pulled to a deformation level of fiber
exit-end slippage d, corresponding to the onset at pullout of
the fiber, the strain distribution in the fiber along the embedded
length is shown as lines OE and AB, respectively, for smooth
and hooked fibers, which are shown individually in Fig. 11.
When unloading to zero load, a zone is created due to un-
loading where the same amount of interfacial frictional stress
acts in the reversed direction to resist fiber moving back to
matrix. The length of this reversing zone is a function of the
unloading level as well as the initial bond strength (Fig. 11).
The amplitude of fiber slippage when unloading to zero can
be calculated as the area of CDE and CFB, respectively, for
smooth and hooked fibers labeled as SCDEC and SCFBC. For
smooth fiber, the amplitude of fiber slippage under cyclic ten-
sile load depends on the bond stress and debonding length or
embedded length only. It is proportional to the bond strength,
debonding length (before full debonding), or embedded length
(after full debonding). The maximum amplitude of fiber pull-
out and slip-back will appear at the point of full fiber debond-
ing, and the maximum bridging degradation will also appear
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FIG. 11. Comparison of Single Fiber Pullout under Cyclic
Loading between Smooth and Hooked Fibers

at the point of full fiber debonding as described above. For
hooked fiber, the bridging components, in addition to the in-
terfacial bond along the straight part, also include the me-
chanical action of the hooked end, as shown in Fig. 11. The
amplitude of fiber pullout and slip-back under cyclic tensile
load depends not only on the bond stress along the straight
debonding area but also on the mechanical action Ph offered
by hook. The amplitude of fiber pullout and slip-back of
hooked fiber is larger than that of smooth fiber (SCFBC > SCDEC).

For 3D distributed discrete FRC materials, the amplitude of
fiber pullout and slip-back is the sum of individual fibers that
are of different embedded lengths and pullout states. The ex-
perimental results are shown in Fig. 4 for these two types of
SFRCs. The maximum fiber bridging stress degradation will
appear near the full debonding point of all fibers for SSFRC.
From the experimental results shown in Fig. 7, the largest total
bridging degradation, including the aggregate bridging degra-
dation, in SSFRC occurs at a point within the maximum crack
width of 0.1–0.2 mm. Before this point it increases with max-
imum crack width and after that it decreases. In theory (Li
et al. 1993), the full debonding point of all fibers is calculated
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to be at the point of maximum crack width of 0.07 mm for
the mechanical and geometric parameters of the steel fiber
used. Here the Cook-Gordon debonding effect (Cook and Gor-
don 1964; Li et al. 1993) is included. But for HSFRC, due to
the hooked-end action, the amplitude of fiber pullout and slip-
back gradually increases with the maximum slippage within
the range of experimental investigation, and the bridging decay
increases with the maximum fiber slippage represented by the
maximum crack width. As the maximum crack width is <0.1
mm, because the hook action is limited, the difference on the
amplitude of fiber pullout and slip-back between SSFRC and
HSFRC is small. Thus, almost identical stress degradation on
both materials is found [Fig. 6(a and b)].

From the test results and analysis above, we can conclude
that although the hooked fiber can efficiently improve the
monotonic crack bridging performance compared to smooth
fibers in FRC materials, under cyclic loading, the bridging
stress offered by hooked fibers is also more easy to degrade,
particularly when the imposed crack opening is relatively
large.

CONCLUSIONS

The crack bridging behavior of SFRC materials reinforced
with two types of commercially available steel fibers, smooth
and hooked-end, respectively, were investigated in the present
study under uniaxial fatigue tensile load with constant ampli-
tude between minimum and maximum crack widths. The main
conclusions can be drawn as follow.

The crack bridging in SFRC materials degrades with the
number of cycles under deformation controlled fatigue tensile
load. The behavior of crack bridging degradation in SFRC is
a fast dropping stage (within the first 10–15 cycles) with a
decelerated degradation rate followed by a stable stage with
an almost constant degradation rate for SSFRC or by several
periods with a decelerated rate in each period for HSFRC.
Faster bridging degradation is found in HSFRC than in SSFRC
with the same maximum crack width and minimum load con-
dition, particularly in the cases of maximum crack widths >0.1
mm. For SSFRC, the maximum bridging stress degradation
occurs close to the full-debonding point of all fibers. Before
this point, the stress degradation increases with maximum
crack opening, and after that it decreases. For HSFRC, no peak
degradation is found in the present investigated range of max-
imum crack width from 0.05 to 0.5 mm because the hook has
not been totally degraded before the maximum crack width
<0.5 mm. The larger the maximum crack width, the larger the
bridging degradation.

The largest reduction on crack bridging stress in SSFRC
and HSFRC can be >50 and >80% of the values at the first
cycle after 105 cycles within the experimental range (i.e., the
maximum crack openings between 0.05 and 0.5 mm).

Although the fiber deformation, such as hooked end fiber,
can improve the monotonic crack bridging of SFRC materials
significantly, this mechanical action offered by hooks will also
increase the elastic slippage of fibers during fatigue loading,
which in turn speeds up the bridging stress degradation. This
influence becomes more pronounced with the increase of max-
imum crack width.
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