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Abstract An experimental study on the behaviour of
fibre reinforced concrete under flexure is presented,
where pre-cracked notched beams were tested under
cyclic loading for concrete with different dosages of
hooked-ended steel fibres. The fatigue crack growth
and stiffness degradation during the cycles are
discussed in term of the rate of evolution of crack
opening, and the critical crack opening is identified,
beyond which the crack growth becomes unstable. S—
N curves have been proposed with respect to the
critical crack opening as these would be more relevant
to design avoiding sudden failure. It is evident that
higher dosages of fibres improve the fatigue life of
cracked concrete only when the magnitudes of the
cyclic loading are high, and that the effect of dosage is
insignificant at lower magnitudes. For the fibre
concretes considered here, the endurance limit seems
to be about 50% of the pre-crack load in the post-peak
regime.
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1 Introduction

Fatigue is a process of progressive detrimental
changes occurring in a structure subjected to repeated
cyclic loading. Most fibre reinforced concrete (FRC)
structures are subjected to cyclic loads, in the form of
traffic movement, wind and wave action, thermal
variations, machine vibration etc. Some structures
could experience millions of stress cycles during their
service lives, which eventually reduce the material
performance in terms of strength, stiffness and tough-
ness [1] due to cracking or damage accumulation.
Fatigue could also pose problems in terms of aggra-
vating crack widths and deflections during the service
life, even if failure does not occur [2].

The fatigue fracture process in the matrix or plain
concrete [3] begins with crack initiation, which
depends on characteristics such as the bulk tensile
strength, porosity and matrix-aggregate interface
properties [4]. This is followed by slow crack
progression up to a critical size, subsequent to which
the crack propagates rapidly and coalesces with
microcracks, leading to failure. However, in FRC
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under cyclic tensile loading, various researchers have
observed that the fibre-matrix interface plays a major
role in improving the fatigue life by dissipating energy
and facilitating stress transfer across the crack faces,
which shields the crack-tip [5-8]. On the flexural
fatigue of FRC, extensive research has been carried
out in the pre-peak regime (i.e., before or just after
crack initiation), based on tests of unnotched [9] or
notched beams [2], and fatigue models have been
developed [10] to understand the failure response
[11-13]. Such work has shown that fibres are useful in
resisting higher fatigue stresses, where further crack
growth and widening is inhibited by fibre bridging and
pull-out [14], with the fatigue life generally increasing
with higher fibre aspect ratio and dosage [15, 16].
Nevertheless, it was also seen that the cyclic loading
progressively degrades the fibre-matrix interface [17]
and leads to the reduction of residual strength of the
concrete [18]. The fatigue performance of concrete
reinforced with steel fibres has been shown to be
superior to that reinforced with polymer or glass fibres.
This is attributed to the higher stiffness of the steel
fibre, which helps in improving crack bridging; among
steel fibres, the hooked-ended ones yield higher
endurance limits compared to those with straight or
corrugated steel fibres due to better anchorage
[19, 20]. Stiffness degradation, reflecting progressive
crack growth, is found to be a major consequence of
cyclic loading, in both plain and fibre reinforced
concrete [2]. A recently-published paper of Carlesso
et al. [21] presents an extensive review of fatigue
studies on FRC that can be referred to for further
details.

The bridging of the crack by the fibres is most
effective after the formation of the fracture process
zone (FPZ), and consequently it would be appropriate
to assess the fatigue performance of FRC in the post-
peak regime [22, 23]. More importantly, considering
that FRC structures are designed based on the post-
cracking toughness parameters [12, 24, 25], the need
for more fatigue studies on cracked concrete has
become imperative. Granju et al. [26] performed post-
peak fatigue tests on concrete with different types of
steel fibres at a dosage of 65 kg/m>. They applied
cyclic loading at different stress ratios (with the
maximum load in each cycle being 80, 60 or 50% of
the load-carrying capacity, and the minimum load
being 10%), after attaining a crack opening of 0.3 mm
through monotonic loading. They found that 60 mm

long hooked-ended steel fibres yielded better perfor-
mance, exhibiting an endurance limit of 50% of the
load-carrying capacity and surviving fatigue when the
load is cycled below this limit. Recently, Germano
et al. [23] performed fatigue tests on cracked concrete
with similar but shorter fibres (i.e., 35 mm length), at
two dosages. In their tests, cyclic loading was applied
when the load dropped to 95% of the peak load under
monotonic loading, with the maximum load in the
cycles being 85, 75 or 65% of the load-carrying
capacity and a constant amplitude of 50% of the load-
carrying capacity. They found failure to occur when
the applied load reaches the envelope load-crack
opening curve (obtained from monotonic loading).
They also concluded that the incorporation of fibres is
evidently beneficial in increasing the fatigue life when
the maximum load during the cycles is high. They
proposed that the use of higher dosages (e.g., 1%
volume fraction of steel fibres) may not necessarily
lead to better fatigue response and suggested that the
0.5% volume fraction could be the optimum. The more
recent work of Carlesso et al. [21] investigated the
degree of damage at different fatigue loading levels on
cracked FRC, considering a 100 MPa concrete with
150 kg/m® of 13 mm long straight steel fibres, having
a diameter of 0.16 mm. They found failure to occur
mainly due to the pullout of the fibres from the matrix,
especially since the fibres used were smooth and with
no mechanical anchorage. All these works emphasize
the need for more studies to improve the understand-
ing of the fatigue performance of cracked FRC.

Typically, fatigue testing is conducted under load
control with specified lower and upper fatigue stress
limits, under constant amplitude non-reversed sinu-
soidal loads, with a frequency varying between 2 and
20 Hz. It is seen from the literature that the loading
frequency does not have any significant influence in
the range of 1 to 7 Hz, although very low frequencies
are generally associated with slightly lower fatigue
strengths and larger permanent deformation [27, 28].
Further, the frequency of traffic movement in typical
urban roads ranges from 3 to 16 Hz [29]. Hence, in this
work, the fatigue loading is applied at a frequency of
5 Hz.

Here, the fatigue performance in the post-peak
regime is evaluated for concrete with different dosages
of hooked-ended steel fibres (typically used in appli-
cations such as slabs-on-grade and pavements), using
notched beams tested under three-point loading. The



Materials and Structures (2020) 53:56

Page 3 of 11 56

S—N or Wohler diagrams are plotted, based on which
fatigue models are proposed for these concretes. The
level of fatigue damage is described in terms of crack
opening and stiffness degradation with the loading—
unloading cycles. The fatigue testing procedure is
similar to that of Granju et al. [26], except that pre-
cracking is done until a crack width or crack mouth
opening displacement (CMOD) of 0.5 mm instead of
0.3 mm, so that the fatigue response can be related to
fr. (as in EN 14651:2005 [30]), which is the residual
strength at the CMOD of 0.5 mm, a main design
parameter for most FRC structures in the service limit
state (SLS). The critical crack opening at which the
fatigue crack growth becomes unstable is identified,
and an S—N model based on the number of cycles to
reach the critical crack opening is proposed to avoid
sudden failure associated with the end of fatigue life.

2 Experimental programme

The present study is based on fracture tests of concrete
with a 28-day characteristic cube strength of 40 MPa
(having proportions of cement: sand: coarse aggre-
gate: water as 1:2:3:0.45, and incorporating portland
pozzolana cement and aggregates with maximum size
of 20 mm). Fibres described in Table 1 have been
incorporated in the concrete, and the toughness
parameters of the FRCs, determined as per EN
14651:2005 [30] from tests at a constant CMOD rate
of 1 um/s at the age of 28 days, are listed in Table 2
(see [31] for more details). Six batches of concrete
were made for each type of concrete, and 5 beams
were cast from each batch. For every fatigue loading
level, 6 beams of each concrete were tested at the age
of 3 months, drawing one from each batch; overall,

Table 1 Details of the fibres and their dosages

Parameter Steel fibres

Fibre description Cold-drawn, hooked-ended

Specific gravity (g/cc) 7.8%

Tensile strength (MPa) 1225*

Length (mm) 60

Diameter (mm) 0.75

Dosages 0, 10, 30, 45 kg/m*

*Values provided by the manufacturer

data from 120 tests were used in the fatigue analysis.
The test configuration conforms to EN 14651:2005
[30], with the dimensions of the specimen being
150 x 150 x 700 mm, with a span of 500 mm; the
load is applied perpendicular to the direction of casting
and a notch of 25 mm depth is cut at the mid-span. The
CMOD is measured using a clip gauge mounted on
knife edges placed across the notch faces.

The tests have been performed in a 1 MN dynamic
servohydraulic system with closed-loop control and
computer-based data acquisition; a 100 kN load cell
was used for monitoring the applied load. The beam is
first loaded monotonically under CMOD control, at a
rate of 1 um/sec, until the CMOD reaches 0.5 mm. At
this point, corresponding to the residual load Fg; at
the CMOD of 0.5 mm, the beam is unloaded. Subse-
quently, cyclic loading is applied under load control, at
a frequency of 5 Hz, between the upper fatigue load,
F, (varied as 90, 80, 70, 60 and 50% of Fr ), and
lower fatigue load, F; (set at 10% of Fr ), on the
cracked beams. The fatigue test is performed until 2
million cycles of loading, the specimen breaks or the
CMOD reaches 5 mm, whichever occurs first. Spec-
imens that survive 2 million cycles (i.e., run-out
specimens) are subsequently loaded monotonically to
determine the residual post-fatigue response (as illus-
trated in Fig. 1). The load and CMOD are recorded
every 100 cycles, except for the last 100 cycles during
which the data is logged continuously. The beam
notation is based on the compressive strength of the
concrete, type of fibres, fibre dosage in kg/m® and the
maximum fatigue loading level expressed as percent-
age of Fr; e.g., M40SF45_90% denotes 40 MPa
grade concrete with steel fibres (SF) at 45 kg/m?,
subjected to a maximum fatigue load corresponding to
90% of F, R,1-

3 Test results

Typical load-CMOD curves for the M40SF45 beams
obtained during pre-cracking and cyclic loading with
90% and 50% of Fg are shown in Fig. 2, along with
the monotonic flexural response (at 28 days) obtained
from companion specimens (shown as a grey band
representing the highest and lowest values at different
CMOD values in 6 specimens). The load-CMOD
response for the last 100 cycles, where most of the
fatigue damage occurs, is shown on the graphs for
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Table 2 Toughness parameters of the FRCs studied here

Dosage of fibre in concrete (kg/ LOP (MPa) Residual flexural strengths at different CMODs
3
m
) 0.5 mm fg 1.5 mm fr 2.5 mm fr3 3.5 mm fr4
(MPa) (MPa) (MPa) (MPa)
0 5.61 £ 0.10 0.69 = 0.21 - - -
10 5.15 £ 040 2.05 +0.27 1.89 + 0.31 1.90 + 0.26 1.76 £ 0.36
30 5.52 £ 047 4.09 £ 0.59 4.86 £ 0.83 5.04 £ 091 4.92 £ 0.94
45 6.21 £047 6.11 £0.33 6.85 + 0.08 6.82 + 0.29 6.41 £+ 0.33
F 30
Load *
ad (k) M40SF45_90%
Pre-cracking | 25 |
I R \/‘ P 'y 7y
4 20 1
II \\ Post-fatigue §
FR,] """ . response =~ 15 A
P ~eo ol 3
=]
=
10 {
5 4
Fz,i ____________ i oTe
: 2 million cycles 0 T . : .
CMOD = 0.5 mm 0 1 2 3 4 5
CMOD (mm) CMOD (mm)
Fig. 1 TIllustration of the test procedure (a)
30
specimens that failed under cyclic loading (e.g., M40SF45_50%
Fig. 2a). Typical data for all the different fibre dosages 25 4
and load levels tested can be seen in the Supplemen- 2
tary Material. It is evident that the CMOD increases g
gently with the cycles until just before failure. <15
Consequently, the variation in the load-CMOD slope §
during loading—unloading is only significant during 10 1
the final cycles. This suggests that fatigue damage,
indicated by the decrease in slope (as also observed by >
Gonzalez et al. [ 18]), occurs rapidly when the loads are 0 ‘ ‘ ‘
close to the envelope of the monotonic curve whereas 0 1 2 3
for lower loads the crack propagation is slower with CMOD (mm)
failure occurring only after large crack widths. The (b)

rapid increase in CMOD occurs after relatively greater
number of cycles when the fibre dosage is higher.
Moreover, at low fatigue loads (e.g., Fig. 2b), there is
no significant change in the loading—unloading slope,
reflecting only a minor increase in crack dimensions or
damage, especially in the specimens that survive 2
million cycles, such as those with higher dosages of
fibres (i.e., M40SF30 and M40SF45) subjected to a
maximum fatigue load of 50% of Fg ;. This is in

Fig. 2 Typical load versus CMOD curves for M40SF45
concrete beams under maximum fatigue load equal to a 90%
and b 50% of Fg;

accordance with the findings of Carlesso et al. [21] that
at very low fatigue loads, the damage caused during
the cycles is minimal and does not significantly affect
the post-fatigue flexural performance.
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4 Evolution of fatigue damage
4.1 Variation of CMOD with fatigue loading

As mentioned earlier, the evolution of the maximum
(or upper) CMOD, in each cycle, varies with the
maximum fatigue load, as in Fig. 3 for M40SF45. The
CMOD evolutions for all the different concretes are
given in the Supplementary Material. The rate of
increase in the upper CMOD with the cycles of loading
reflects three stages of failure progression. The first
stage is the stable increase of damage, with small
changes in CMOD. The second stage corresponds to
slow but gradually increasing damage, reflected by a
linear CMOD-log N regime. In this stage, fibre
bridging helps mitigate crack propagation and limit
fatigue damage; higher the fibre content, more
prolonged is this stage. The third stage occurs just
before failure, where there is a sharp increase of crack
opening and dramatic change in load-CMOD stiffness
due to uncontrolled crack propagation. Such response
was previously observed by Subramaniam et al. [32]
and Gaedicke et al. [33] in their study of the fatigue
fracture of plain concrete, with the difference that FRC
exhibits crack stabilization in the second stage. Tawfiq
et al. [34] has documented the three stages of fatigue
cracking in polymer fibre reinforced concrete, with the
third stage characterized by a rapid increase in
deformations. In the present study, the transition from
the second to third stage, marked on the plots, seems to

occur at larger CMOD values when the fatigue loads
are higher. This phenomenon is more significant in the
concretes with lower fibre dosages (refer Supplemen-
tary Material). At higher fatigue loads, the crack opens
more during the cycles, which mobilises the fibres
further. Therefore, the fibres mitigate the effect of
fatigue more, leading to larger CMOD_-values as the
magnitude of the cyclic loading increases.

The faster increase in CMOD in the second stage of
cracking, at higher fatigue loads, can be attributed to
the greater energy imposed on the specimen within a
short duration of time, which leads to more damage in
the fracture process zone (FPZ) due to fibre pull-out
and crack propagation; this is also in accordance with
the results of Germano et al. [23], Vicente et al. [17]
and Gonzalez et al. [18]. Consequently, at higher
fatigue loads, the critical size of the crack is reached
earlier, and the specimen fails after fewer cycles. At
higher fibre dosages, the crack growth in the second
stage is inhibited by the more closely-spaced fibres
across the crack faces, and the transition from second
to third stage is delayed. It is also observed that
specimens that withstand 2 million cycles of loading
only undergo the first two stages of damage, and
consequently, the residual load-carrying capacity is
unaffected.

5 4,
5
—— M40SF45 90% g
4 —— MA40SF45 80% f
—— M40SF45_70%
£ ——— M40SF45_60% E |
g 31 MA40SF45 50% L 100 100 100 105 10¢
g — Initiation of unstable i~ log, N
= 2 fatigue cracking !
U |
|
|
14 1
|
|
I
0 - : a, |
10° 1x10° 2x10°

Number ofcycles, N

Fig. 3 Typical evolution of the upper CMOD for M40SF45 concrete (inset shows a semi-log plot)
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4.2 Critical CMOD for fatigue failure

The rate of increase in the upper CMOD with cyclic
loading has been computed as dCMOD/
dN = (CMOD,, — CMOD,,)/(n — m), with CMOD,,
and CMOD,, being the maximum CMOD at the end of
the nth and mth cycle, respectively. It is seen that the
CMOD rate per cycle generally decreases and then
increases (see typical plot in Fig. 4; plots for all the
different concretes are given in the Supplementary
Material), similar to the observations of Subramaniam
et al. [32] on plain concrete. There is always a
distinctive critical point, denoted here as CMOD,,,
when the transition from the second to third stage of
cracking occurs, beyond which the CMOD rate starts
increasing, more steeply so for specimens subjected to
high fatigue loads. Further, as mentioned earlier, the
CMOD,, increases with an increase in the fatigue load,
implicating the higher cumulative energy for the
failure, as proposed by Germano et al. [23]. For
specimens subjected to relatively lower fatigue loads,
the relaxation of stresses and the degradation of the
fibre-matrix interface could lead to the reduction of
residual strength and lowering of CMOD.,.

The degradation in load-CMOD slope was seen to
be more prominent in specimens loaded at higher
fatigue loads (e.g., Fig. 2a). The secant stiffness,
computed between the maximum and minimum loads
in each cycle, has been determined using the load-
CMOD response during fatigue loading (see Fig. 5 for
a typical trend; such plots for all concretes are given in
the Supplementary Material). It is seen that the
stiffness degradation is more rapid beyond CMOD.,,,

100

J 100
E
90 >
E %0 3
E g —J
Z 70 £ ,
@ 10! 102 10° 10* 105 10°
% 60 log,,N
v
é 50 —— M40SF45_90%
= ——— M40SF45 80%
=40 _
@ —— MA40SF45_70%
30 ——— MA40SF45_60%
20 M40SF45_50%
0 10° 2x10°
Number of cycles, N

Fig. 5 Typical degradation of stiffness with fatigue cycles for
M40SF45

as also noted by Banjara and Ramanjaneyulu [2],
though this is mitigated by an increase in fibre dosage.

5 Discussion of the post-peak fatigue failure
process

The trend, generalised as shown in Fig. 6a, for the
increase in upper CMOD during cyclic loading, is
characterized by three stages of cracking (indicated in
different colours in Fig. 6): the initial increase, slow
stable increase and sudden unstable increase in
CMOD. There is a gradual increase in CMOD with
the load cycles until CMOD,,, beyond which there is a
sharp increase in CMOD prior to failure (denoted
as x inFig. 6). The corresponding increase in CMOD
rate and reduction in flexural stiffness due to fatigue
damage are depicted in Fig. 6b, c. During the first
stage, only a small part of FPZ created earlier by the

Fig. 4 Typical CMOD rate 0.5
under fatigue loading for ~ g 005
M40SF45 '8 2 004
0.4 - Zow
& g
"é 2 003
2 03 g 0.02 e
% g 0.01
= 0.2 g e
8 o 0 1 2 3 4 5
= 0.1 SREbi
£ k/}_/,_/ —— M40SF45_90%
0.0 L= e —— M40SF45_80%
0 1 3 4 5 —— MA40SF45_70%
CMOD (mm) —— M40SF45_60%

——— MA40SF45_50%
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Fig. 6 Fatigue response: a increase in CMOD during fatigue loading, b rate of increase in CMOD during fatigue loading, and

¢ corresponding decrease in stiffness

pre-cracking loading is under stress and only few
fibres are active, during the fatigue loading. Conse-
quently, there is an increase in CMOD but with a
decreasing rate, as more fibres are activated. In the
second stage, there is an increase in FPZ, with more
fibres active in bridging the crack, and hence the
CMOD increase is gradual or at a constant rate. After
further cycles, in the third stage, the fibres break or pull
out, leading to an increase in the crack length and
reduction in the residual strength. This causes a rapid
increase in CMOD and significant reduction in
stiffness, eventually causing failure.

Based on the observations made earlier, the evolu-
tion of the FPZ in FRC during different stages of
fatigue loading is hypothesised in Fig. 7, for a case of
crack initiation under monotonic loading followed by
propagation under cyclic loading at lower loads (see
load-CMOD response in Fig. 7a). The defect or notch
(of length ag) from where the crack initiates and the
material microstructure ahead of it are depicted in the
Sketch A (in Fig. 7b). When load is applied, beyond
the elastic limit, until a crack of small width (say, a
CMOD of 0.5 mm), the FPZ can be taken to have
developed over alength Aay, and the crack would have
a length of (ap + Aay), as in the Sketch B. The main
characteristics of the FPZ would be microcracking and
fibre pull-out. Upon the removal of the load, the crack
closes partially and the CMOD reduces; however, the
damage suffered by the concrete within the FPZ
remains (i.e., over ag + Aa,), as in Sketch C. When
the section is subsequently subjected to cyclic loading,
and the loads are much smaller than that which caused
the FPZ formation, the crack opens and closes but does
not propagate further until the fibre-matrix bond
degrades and the bridging action is lost, leading to
slow crack widening, with no significant change in

stiffness, until the critical crack opening is reached
(Sketch D). Beyond this, there is considerable loss in
the bridging strength due to fatigue and the crack
propagates further (Sketch E). This stage would occur
over only few cycles, if the crack propagation
(ag + Aa; + Aay) is rapid, say due to higher loads.
Also, for concrete with higher fibre dosages, more
fibres resist the opening and the propagation of the
FPZ is restricted.

6 S—N models based on the fatigue response

With the purpose of representing the effect of the fibre
dosage on the fatigue response and providing param-
eters for structural design, S—N or Wahler curves are
plotted showing the maximum nominal stress applied
and the corresponding number of cycles to failure. The
stress applied is given as a percentage of the residual
strength at a CMOD of 0.5 mm, f ;, calculated as per
EN 14651 [30]. The semi-logarithmic plots in Fig. 8
consider data from 6 specimens at each loading level
analyzed statistically based on ASTM E739-10 [35].
The generalized model is given as:

log o Ny = A + Blog,(%fr.1) (1)

where A and B are fatigue coefficients for each dosage,
and Nt is the number cycles to failure. The experi-
mental data and the fitted models for each concrete,
along the 95% confidence intervals, are given in the
Supplementary Material. The parameters obtained for
each concrete are provided in Fig. 8.

When the S—N models for concrete without and
with fibres are compared (i.e., M40SFO and
M40SF10), there is a significant shift in the regression
line to the right, representing the increase in fatigue



56 Page 8 of 11 Materials and Structures (2020) 53:56

Load (kN)
-~
7 \
/
!
I
! E
1
é
1A
I
1
1
I
I
U
CMOD (mm)
(a)
/0/ |?§ agtAay agtAay aytAay % agtAa+Aa;
N E—— —h
CMOD 0.5 mm CMOD <0.5mm 0.5<CMOD<CMOD, CMOD > CMOD,,
A B C D E
(b)
Fig. 7 a Typical load-CMOD response and b hypothesized evolution of the FPZ under cyclic loading
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due to crack bridging and mitigation of fracture
propagation. With further increase in fibre dosage, the

life, at all loading levels. It is conjectured that the
slope of the regression line becomes steeper. This

incorporation of even a low dosage of fibres signifi-
cantly improves the fatigue performance of concrete
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Fig. 9 S—N models based on critical CMOD for FRC with different dosages of steel fibres

implies that the benefit of the addition of fibre is more
pronounced at higher fatigue loading levels and is not
as significant at low loading levels. The fatigue lives of
M40SF30 and M40SF45 are in the same of order of
magnitude, which seems to imply that beyond a
certain dosage the benefit of incorporating fibres for
improving the fatigue life diminishes progressively.
This is in line with the data of Granju et al. [26], where
SFRC with 65 kg/m* of steel fibres was seen to have
fatigue lives in the same order of magnitude as those of
45 kg/m3 ; for comparison; the fit of their data is
plotted along with those of the present experimental
results in Fig. 8, supporting the above argument well.
It can also be suggested that the probability of fatigue
failure would be small when the cyclic loads are less
than about 50% of the pre-cracking load (i.e., equiv-
alent flexural stresses during the cycles are less than
50% of fr1), which may be considered as the
endurance limit, if needed. It also appears the
endurance limit in the post-peak regime is signif-
icantly lower than the limit of about 65% observed
previously in the pre-peak regime [26].

The S—N curves given in Fig. 8 estimate the fatigue
life (in terms of the number of loading cycles to
failure) for different stress ratios. However, in the
design of FRC structures, it may be more appropriate
[34], and certainly more conservative, to consider the
fatigue life in terms of the number of cycles to reach

+ M40SF10
| log,o(N) = 29.37- 13.75log;(%fz.)

, = M40SF30
logyo(N) = 24.22 - 10.71l0g,o(%z 1)

A M40SF45

the critical crack opening, beyond which there is rapid
crack widening and propagation. Accordingly, S—
N models based on the number of cycles (N.,) to reach
the critical CMOD are presented in Fig. 9 for different
dosages of steel fibres. The slope of these fits has a
trend similar to that seen in Fig. 8, with diminishing
increase in slope with an increase in the fibre dosage.
These curves are proposed to be more appropriate in
ultimate limit state design, especially when the crack
widths are to be limited.

7 Conclusions

In this paper, the flexural fatigue performance of
concrete reinforced with different dosages of hooked-
ended steel fibres has been assessed. The evolution of
fracture process zone with cyclic loading is studied
based on the progressive increase in crack opening and
degradation of stiffness. The major findings are as
follows:

e The crack mouth opening displacement (CMOD)
increases and the slope of the load-CMOD
response decreases as the load is cycled, with a
rapid change occurring when the response
approaches the envelope of the monotonic curve,
culminating in failure; at lower loads, the change is
slower with failure occurring only after large crack



56 Page 10 of 11

Materials and Structures (2020) 53:56

widths. Three stages of failure progression can be
identified: the first stage is the stable increase of
damage, with small change in CMOD; the second
stage corresponds to slow but gradually increasing
damage, reflected by a linear CMOD-log N
regime; and the third stage is characterized by
dramatic increase of crack opening and decrease in
load-CMOD stiffness due to uncontrolled crack
propagation.

e In the second stage, fibre bridging helps mitigate
crack propagation and limit fatigue damage; higher
the fibre content, more prolonged is this stage. At
high fatigue loads, the bridging degrades leading to
a decrease in residual load carrying capacity,
eventually causing failure.

e [t is seen that the CMOD rate per cycle generally
decreases and then increases, with a critical point,
denoted here as CMOD,,, when the transition from
the second to third stage of cracking occurs. The
CMOD,-values are larger at higher fatigue loads
due to the greater cumulative energy supplied over
a short duration of time. At lower fatigue loads, the
low CMOD,, is attributed to the relaxation of
stresses and the reduction of residual strength due
to the degradation of the fibre-matrix interface. The
occurrence and the implications of the CMOD.,,
have been related to the development of the
fracture process zone.

e In addition to the conventional S—N curves that
define the life until unstable failure, regression
analysis was carried out to develop S—N models
corresponding to CMOD,.. Such models could be
more appropriate in ultimate limit state design,
especially when crack width is to be limited.

e From the S—N models, it can be inferred that the
incorporation of even a low dosage of fibres
significantly improves the fatigue performance of
concrete due to crack bridging and mitigation of
fracture propagation. With further increase in
dosage, the benefit of fibre addition is only
significant at higher fatigue loading levels, and
not pronounced at low loading levels.
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