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Abstract: Adding steel fibers into concrete was considered as one of the most
effective ways to restrain the crack development and improve the stiffness for
reinforced concrete (RC) structures. To explore the reinforcement mechanism
of steel fibers on the fatigue behavior of high-strength RC beam, eight high-
strength steel fiber reinforced concrete (HSSFRC) beams subjected to fatigue
loading were tested in this study. The main design parameters considered in
this work were stress level and steel fiber content. The failure mode, crack
patterns, fatigue life, crack width, and stiffness degradation of HSSFRC
beams under fatigue loading were discussed. The results showed that steel
fibers could significantly increase the fatigue life, restrain crack development,
and improve crack patterns of HSSFRC beams under fatigue loading
compared to ordinary RC beams. Both the crack width and stiffness
degradation rate of beams decrease with increasing steel fiber content. Besides,
the empirical formulas for calculating the maximum crack width and midspan
deflection of HSSFRC beam under fatigue loading were proposed and
validated using experimental results.

Keywords: Fatigue behavior; flexural beam; high-strength SFRC; crack
width calculation; midspan deflection calculation

1 Introduction

Due to the high bearing capacity, high resistance to deformation ability, and good formability,
reinforced concrete (RC) structures have received much attention in engineering construction. Except
for static loading, part of RC structures such as bridge, high-speed railway, and airport runway would
also subject to fatigue loading [1]. Existing research indicated that the brittle fracture of tensile
reinforcement was the principal reason that causes the failure of these structures under fatigue loading
[2, 3]. While studies have shown that the stress concentration of RC structures at tension cracks was the
main cause of reinforcement fatigue fracture [4, 5]. Therefore, cracks have an obvious influence on the
RC structures under fatigue loading.

However, concrete was easy cracking due to the brittleness. To improve the toughness of concrete,
numerous research had been conducted in the past decades. Adding fiber was considered as one of the
most effective methods [6, 7]. The bridging stresses provide by fibers could restrain crack development
and improve stress concentration at crack tips, which lead to the increasing toughness of concrete [8-
10]. The existing studies indicated that steel fibers could effectively slow down the crack growth rate
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of concrete under fatigue loading [11]. The crack propagation of pre-cracked concrete was restrained
by adding steel fibers [12]. Steel fibers could significantly increase the fatigue life of concrete under
bending or tension fatigue loads [13-17]. Nowadays, recycling of construction and building (C&D)
waste have received much attention. However, due to the existence of weak interfacial transition zones
and high porosity of recycled aggregates, recycled concrete has poor mechanical properties and
durability [18]. While adding steel fibers was one of the most effective way to achieve the recycling of
C&D waste [19]. Existing research indicates that the mechanical properties of recycled concrete could
be significantly improved by adding steel fibers, both under static and fatigue loading. Gao et al. [20-
22] conducted a series of research about steel fiber reinforced recycled concrete under static loading.
The results showed that both the flexural, shear, and tensile strength of recycled concrete could be
improved by adding steel fibers. Tan [23] conducted the flexural fatigue test of steel fiber reinforced
recycled aggregate concrete. Results showed that by adding 1.0% volume fraction of steel fibers, the
flexural strength of recycled concrete was bigger than that of the ordinary concrete. Moreover,
compared to ordinary concrete, the fatigue life of steel fiber reinforced recycled concrete at a stress
level of 0.7 was increased by 53.4%. Therefore, except for improving the mechanical properties of
concrete, steel fibers can also contribute to the sustainable development of concrete resources.

In recently decades, the fatigue performance of SFRC structures has also gained attention. Parvez
[24] conducted the flexural fatigue test of SFRC beams and found that the main reason for the increasing
fatigue life of SFRC beam is that the bridging stress provided by the steel fibers in the tension region
decreases the fatigue stress of tensile reinforcement. Gao [25, 26] reported that steel fibers could
positively affect the stress concentration of beams subjected to fatigue loading, and improve the crack
patterns, stiffness, and fatigue life significantly. Isojeh [27, 28] studied the shear fatigue resistance of
SFRC deep beam. The findings indicated that steel fibers could increase the fatigue life as well as
restrain the crack and deflection growth of SFRC deep beams. Mohamed [29] analyzed the stress
degradation of SFRC in the tension zone of beams under flexural fatigue loading. Test results showed
that higher SFRC strength resulted in a longer fatigue life and lower crack-bridging degradation rates
for SFRC beams.

From the above research, it could be concluded that steel fibers could improve the fatigue behavior
of ordinary concrete, recycled concrete, and reinforced concrete structures. Moreover, the
improvements were more significant for high strength concrete. However, most of the studies
mentioned above are based on ordinary strength concrete that does not exceed 60 MPa. The fatigue
behavior of high-strength SFRC and its structures with concrete strength exceeding 80 MPa has been
rarely studied.

In recent decades, with the development of building structures to the direction of high-rise and
long-span, the higher requirements were proposed for the concrete performance. High-strength concrete
(HSC), with its properties of high strength, low shrink age, and high durability, has been increasingly
applied to building structures [30]. However, the higher strength increased the brittleness of concrete,
resulted in excessive cracking of RC structures under high stress level [31]. Adding steel fibers into
HSC was a good choice to improve the toughness of structures, which could meet the applicability and
durability requirements of structures under serviceability limit state. The inclusion of steel fibers into
HSC beams improved the stiffness and consequently decreased the deflection of RC members [32]. Liu
[33] conducted the fatigue test of pre-stressed high strength steel fiber reinforced concrete (HSSFRC)
beams. Test results showed that steel fibers could improve the crack resistance of fully pre-stressed
HSSFC beams significantly. The improvements of steel fibers on the stiffness and fatigue life of fully
pre-stressed HSSFC beams were better than that of the partially pre-stressed HSSFC beams. Besides,
several scholars have studied the shear behavior of HSSFRC beam subjected to static loading [34-36].
Results showed that steel fibers can significantly inhibit the crack propagation and produce more
diffused flexural cracks for HSSFRC beams. The HSSFRC beams without stirrup exhibited the similar
shear behavior to that of plain HSC beams containing stirrup reinforcement.

Nowadays, the HSC has been used in RC structures that subjected to fatigue loading. It could be
seen that adding steel fibers into these structures could significantly improve its fatigue performance.
While the studies on the fatigue behavior of HSSFRC structures has not received much attention.
Besides, the crack and deflection are important indexes for evaluating structural behavior, the crack and
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deflection calculation methods for SFRC beams under static loading have been introduced into the
related specifications [37, 38]. However, the crack and deflection calculation methods for HSSFRC
beam subjected to fatigue loading, especially the empirical calculation formulas that applicable to
engineering design, are rarely reported. The calculation methods to predict crack width and deflection
of HSSFRC beams under fatigue loading are urgently needed to provide a reference for engineering
design.

Upon this background, eight HSSFRC beams were prepared in this study. The fatigue life, failure
mode, crack patterns, crack width, and stiffness of HSSFRC beams including were first discussed. Then,
the calculation methods to predict the maximum crack width and midspan deflection of HSSFRC beams
under fatigue loading were proposed. The relevant research results can provide a reference for the
application of HSSFRC in structures subjected to fatigue loading.

2 Test program

2.1 Materials

Portland cement with the 28-days compressive strength of 42.5 MPa was used as cementitious
materials. The coarse aggregates were natural gravel with a continuous grading of 5-20 mm. River sand
with the fineness modulus of 2.8 was used as fine aggregates. Liquid polycarboxylic acid water reducer
was used in this work, and its water reducing rate was 20%. The HSSFRC mix proportion in this study
was the same of 1:2.1:1.2:0.08 (cement: coarse aggregate: fine aggregate: superplasticizer by weight),
and the steel fibers were added in the mixture by volume fraction of 0, 0.5%, 1.0%, 1.5%. The picture
of steel fibers is presented in Fig. 1. The length of steel fiber was 35 mm with the aspect ratio of 64.
The steel fibers have an elastic modulus of 200 GPa and ultimate tensile strength of 1345 MPa. The
target compressive strength grade of HSSFRC in this work was designed as C80. The tensile
reinforcements used in this work were 12 mm diameter ribbed steel bar, and it has a yield strength of
585 MPa (HRB500) and ultimate tensile strength of 705 MPa. The compression reinforcements and
stirrups used in this work were 8 mm diameter plain steel bar, and it has a yield strength of 425 MPa
(HPB300) and ultimate tensile strength of 550 MPa. The fabricated steel reinforcement cage is shown
in Fig. 2.

Fig. 1. Picture of steel fiber. Fig. 2. Reinforcement cage of the beam.

2.2 Specimen design

Table 1 listed the design parameters of the HSSFRC beam and mechanical properties of concrete.
All beams were demoulded 24 hours after pouring, and then placed in the standard maintenance
environment with the humidity of 95% and temperature of 20 + 2 °C for 28 days. After that, the beams
were placed indoors for three months to avoid the influence of later concrete strength growth on the
fatigue test results. Beam BJ1.0-5 was applied the monotonic quasi static load to failure to provide
reference for load amplitude of fatigue test beam. Because of the limitations of time and test condition,
the high stress levels were applied on the fatigue test beams. If the fatigue test beam has not experienced
fatigue failure after 2 million fatigue cycles, it is considered that the test beam will not fail under this
stress level and then the static load will apply until it failed. In this test program, the stress level was set
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as the ratio of upper limit fatigue loads to the ultimate load capacity of HSSFRC beams. The lower limit
fatigue loads were set as 0.1 times of the ultimate load capacity for all beams. Besides, the target
compressive strength grade designed in this work was based on HSSFRC with the steel fiber volume
fraction of 1.0%. Therefore, the compressive strength of beams BF0-6 and BF0.5-6 was relatively
lower.

Table 1. Design parameters and mechanical properties of the HSSFRC beams.

Specimen Test type Stress Steel fiber volume Mechanical properties of concrete
ID level fraction (%) f& (MPa) f> (MPa) E; (MPa)

BJ1.0-5 Static - 1.0 87.6 5.88 41.6
BS1.0-5 Fatigue 0.5 1.0 83.4 6.37 40.8
BS1.0-6 Fatigue 0.6 1.0 87.6 5.88 41.6
BS1.0-7 Fatigue 0.7 1.0 85.7 6.28 39.4
BS1.0-8 Fatigue 0.8 1.0 86.3 6.35 42.4

BF0-6 Fatigue 0.6 0 75.4 3.69 37.1
BF0.5-6 Fatigue 0.6 0.5 79.9 5.15 40.8
BF1.5-6 Fatigue 0.6 1.5 85.6 7.97 42.2

f2: splitting tensile strength, f_. : compressive strength, E: elastic modulus of concrete

2.3 Testing equipment and instrumentation

All beams in this work were implemented on the 500 kN fatigue testing machine. Fig. 3 presents
the support mode, load span length, section dimension, reinforcement details, steel strain gauges and
linear variable differential transformers (LVDTS) arrangements of HSSFRC beams. The loading rate
of the beam BJ1.0-5 was set as 0.2 mm/min up to failure. The fatigue test was implemented by load
control mode with a constant amplitude sinusoidal wave. The fatigue loading frequency was set as 5
Hz.
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Fig. 4. Experimental setup.
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The strains of tensile reinforcements and stirrups of beams were measured by electrical resistance
strain gages, and the midspan deflection was measure by LVDT, as shown in Fig. 3. Fig. 4 presents the
experimental setup. For fatigue test beam, the static tests were implemented at the certain number of
cycles for data recording and observation during the fatigue loading. During each static test, the strains
measured by electrical resistance strain gages and midspan deflections measured by LVDT were
recorded using the data collecting instrument, the crack development of beams was marked using the
black pen, and the crack width of the beams at the location of the tensile reinforcement was measured
using the crack width detector. The measurement range of the crack width detector was 2 mm and
measurement accuracy 0.02 mm. Because of the typical brittle failure mode of fatigue test beams, which
occurs without warning, the crack and midspan deflection data at the stage when the beam is close to
failure were not detected in this work.

3. Results and discussions

3.1 Failure modes and crack patterns of HSSFRC beams

Average crack spacing (mm)
Number of cracks

Fig. 5. Failure picture of beams. Fig. 6. Number of cracks and average crack
spacing of fatigue test beams.

The final failure picture of beams is presented in Fig. 5. For static test beam, the failure mode is
typical tension-controlled failure. In the initial loading stage, the midspan deflection showed a linearly
increasing trend with the increasing load. Meanwhile, few diffused flexural cracks propagated in the
pure bending section of beams. As the load further increases, a small amount of shear diagonal cracks
appeared in the shear span section of beams. When the load reached approximately 0.85 times the
ultimate load capacity of the beam, the width of main cracks increased quickly and the tensile
reinforcement began yield. Subsequently, the concrete in compression zone reached its ultimate
compression strain and crushed, while the load capacity of the beams slowly decreases until failure.
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The fatigue test beam BS1.0-5, which did not fail after undergoing 2 million fatigue cycles and finally
failed by static loading, exhibited a similar failure mode to that of the beam BJ1.0-5. While the other
fatigue test beams were typical brittle failure without warning. For fatigue test beams, the crack
nucleation firstly formed on the surface of tensile reinforcement due to the stress concentration, and
then the micro-crack of tensile reinforcement propagated with the increasing fatigue cycles [39]. When
the fatigue crack of tensile reinforcement propagated to a point where the reinforcement cannot bear
the upper limit fatigue load, the HSSFRC beams came into the instability stage and failed quickly.
According to the experimental observation, one tensile reinforcement first experienced brittle fraction,
and then the other tensile reinforcement cannot bear the maximum fatigue load and finally resulting in
the failure of beam quickly. It could be observed from Fig. 5 that only one crack almost run through the
whole beam section while the concrete in compression zone kept intact for all fatigue test HSSFRC
beams.

Fig. 6 presents the number of cracks and average crack spacing of the fatigue test HSSFRC beams.
For the beams subjected to different stress levels, the number of cracks and average crack spacing were
relatively random and lack of regularity. While for different fiber content beams, the average crack
spacing showed a decreasing trend with the increase in steel fiber content. Compared with the plain
HSC beam, the average crack spacing of HSSFRC beams with 0.5%, 1.0%, and 1.5% steel fiber volume
fractions were decreased by 5.4%, 37.5%, 29.8%, respectively. The main reason was that steel fibers
not only increased the tensile strength of HSC, but also improved the bonding stress between
reinforcement and HSC [40]. Therefore, the cracks of HSSFRC beams become thinner and denser.

3.2 Fatigue life and S-N curve of HRB500 bars in HSSFRC beams

Fig. 7 presents the fatigue life of HSSFRC beams. The beam BS1.0-5 did not fail under fatigue
loading and finally failed under static loading. As shown, the fatigue life of HSSFRC beams was
negatively correlated to stress level while positively correlated to steel fiber content. The fatigue life of
beams BS1.0-6, BS1.0-7, and BS1.0-8 were 56.5%, 79.6%, and 96.7% less than that of the beam BS1.0-
5. This could be explained by that the increasing stress level results in the increased fatigue stress of
tensile reinforcement. While the fatigue life of beams BF0.5-6, BS1.0-6, and BF1.5-6 was 37.7%,
106.3%, and 61.4% greater than that of the plain HSC beam BF0-6. This could be explained by that the
bridging stress provided by steel fiber at crack location could improve the stress concentration and
decrease the fatigue stress of tensile reinforcement significantly. Besides, it should be noted that the
fatigue life of beam BF1.5-6 was less than that of beam BS1.0-6. The main reason was that excessive
steel fiber can lead to fiber clustering within the concrete, thus resulting in degradation of bonding
properties between fibers and concrete matrix [41]. This phenomenon is more pronounced for HSC
because of the lower water-cement ratio, which makes it more difficult to uniformly disperse the fibers
in the concrete mixture during the mixing process. Therefore, beam BF1.5-6 exhibited a lower fatigue
life. And the optimal fiber volume fraction for HSSFRC beams under fatigue loading should not exceed
1.0%.

According to the test results of tensile reinforcement strains, the average stress of tensile
reinforcement of HSSFRC beams could be obtained. The stress amplitude 4o of tensile reinforcement
at first fatigue cycle and the fatigue life N of beams are presented in Fig. 8. It could be seen that the
fatigue life of HSSFRC beams is linearly related to the stress amplitude of tensile reinforcement on
double-Log plots. The expression of stress-fatigue life (S-N) curve of HRB500 steel bars reinforced in
the HSSFRC beams are given as follows:

LgN =17.2LgAc — 4.5 (1)

where A6=0max-0min, omax and omin are the maximum and minimum fatigue stresses of tensile
reinforcement at first fatigue cycle, respectively.
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Fig. 7. Fatigue life of beams. Fig. 8. S-N curve of tensile reinforcement.

3.3 Maximum and average crack widths of HSSFRC beam

Fig. 9 plots the relationship curves between the maximum crack widths of HSSFRC
beams with the fatigue cycles. It could be observed that the maximum crack width was
positively correlated to the stress level while negatively correlated to the steel fiber volume
fraction. Take maximum crack width of beams subjected to different stress levels at 50,000
cycles for comparison, the beams BS1.0-6, BS1.0-7, and BS1.0-8 were 25%, 83.8%, and
408.3% bigger than that of the beam BS1.0-5. While the maximum crack width of beams
BF0.5-6, BS1.0-6, and BF1.5-6 at 50,000 cycles was 19.2%, 3.3%, and 40.9% smaller than
that of the plain HSC beam BF0-6. It should be noted that the maximum crack width of beam
BS1.0-6 was bigger than that of beam BF0.5-6. The main reason is that the formation of crack
is random. During the pouring process, internal defects may have occurred in the test beam
BS1.0-6, resulting in stress concentration at this location and a significant increase in the
maximum crack width. Besides, the tensile reinforcement of beam BS1.0-8 maybe yielded
during the fatigue loading owing to the higher stress level, and therefore its maximum crack
widths were significantly bigger than that of the other beams.
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Fig. 9. The relationship curves between the maximum crack width and the fatigue cycles.

Fig. 10 plots the relationship curves between the average crack widths of HSSFRC beams with the
fatigue cycles. As shown, the average crack width of beams was positively correlated to the stress level
while negatively correlated to the steel fiber volume fraction, which presented similar development
trend with that of the maximum crack width of beams. Table 2 lists the average crack width reduction
of beams with different steel fiber volume fractions at different fatigue cycles for comparison.
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Compared with the plain HSC beam BF0-6, the reduction of the average crack width of the beam BF0.5-
6 that reinforced with 0.5% fiber was not significant and even increases at 200,000 cycles. While with
further increase of steel fiber content, the average crack width of beams decreased obviously. Compared
to the plain HSC beam BFO0-6, the reduction of the average crack width of the beam BF1.5-6 that
reinforced with 0.5% fiber was exceeded 30%, which verified the effectiveness of steel fiber in
restraining the crack development of HSSFRC beams.
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Fig. 10. The relationship curves between the average crack width and the fatigue cycles.

Table 2. Average crack width reduction of HSSFRC beams.

Specimen 50,000 cycles 100,000 cycles 200,000 cycles
D Average width  Reduction  Average width ~ Reduction  Average width ~ Reduction
(mm) (%) (mm) (%) (mm) (%)
BF0-6 0.216 - 0.221 - 0.226 -
BF0.5-6 0.203 6 0.213 3.6 0.231 2.2
BS1.0-6 0.148 314 0.153 30.8 0.166 26
BF1.5-6 0.139 35.6 0.143 353 0.152 32

3.4 Stiffness degradation of HSSFRC beam

According to the tested results of midspan deflection of HSSFRC beam under fatigue loading, the
stiffness of beams could be calculated as follows [42]:

PosS
B =M= (3L - 487 2
ZETI ) @

where P is the upper limit fatigue load; L is the clear span length of the beam; S is the shear span
length of the beam; f'is the midspan deflection of the beam.

To explore the stiffness degradation law of HSSFRC beams under fatigue loading, the normalized
stiffness that defined as the ratio of the stiffness of the HSSFRC beam at the nth fatigue cycle to that of
the first cycle was used in this paper. Fig. 11 presents the relationship between the normalized stiffness
with the fatigue cycles. It can be seen from Fig. 11(a) that the normalized stiffness decreased with the
increase of fatigue cycles. For beams subjected to different stress levels, the normalized stiffness
degradation rate of beams decreased with the increase in stress level. This could be explained by that
the higher stress level will result in larger midspan deflection of beams in the first cycle, and the stiffness
of beams in first cycle decreases as well. Therefore, the normalized stiffness degradation rate of beams
subjected to higher stress level was relatively small. For different steel fiber content beams that
subjected to the same stress level, the normalized stiffness degradation rate decreased with the increase
in steel fiber content. It could be concluded that the stiffness degradation of HSC beams subjected to
fatigue loading could be effectively restrained by adding steel fibers.
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Fig. 11. Relationship between the normalized stiffness degradation with the fatigue cycles.

4. Maximum crack width calculation of the HSSSFRC beam

4.1 Maximum crack width calculation of HSSFRC beam subjected static load

Existing studies [43, 44] indicated that the load types, mechanics characteristic, reinforcement
ratio, reinforcement strength, and concrete cover thickness are main factors that affecting the crack
width of RC beams. Based on the Chinese standard GB 50010-2010 [45], for RC beams under the
standard combination loads that considered the long-term load effects, the maximum crack width could
be calculated as follows:

o Oq
O =0 —(1.9¢, +0.08—) (3)
E Pe
ftk
y=11-0.65—— (4)
IoteO-S
o, =M/(0.87Ah,) (5)

_A
Ae

_ond?
dep - Znidivi (7)

where a. = 1.4 is the mechanics characteristic parameter of high-strength RC members subjected to
bending moment [46]; ¢; is the concrete cover thickness; fi is axial tensile strength of concrete; A is the
cross-sectional area of tensile reinforcement; M is the bending moment applied on the beam; 4 is the
effective height of beam; 4, is the effective concrete tensile area and taken as half of the beam section
area; Es is the elastic modulus of tensile reinforcement; d; is the diameter of the longitudinal tensile
reinforcement for the ith type (i is a variable representing the number of types of longitudinal tensile
reinforcement, and the meaning of the following i is the same); #; is the number of the longitudinal
tensile reinforcement for the ith type; v; = 1.0 is relative adhesion characteristic coefficient of
longitudinal tensile reinforcement for the ith type.

Pe (6)

As mentioned above, steel fibers could decrease the maximum crack width and restrain the crack
development of RC beam remarkably. Therefore, the influences of steel fibers should be take into
consideration for crack width calculation of SFRC beam [47]. For SFRC beams under static loading,
the maximum crack width can be calculated as follows [38]:
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O max = Oax (1_ ﬁcw}‘f ) (8)

Iy
A =—V 9
=g 9)
where f.. is the coefficient that considered the influence of steel fiber; /; dy; and V; are the length,
diameter, and volume fraction of steel fibers, respectively.

For SFRC flexural members with the concrete compressive strength not exceed 45 MPa, S, was
taken as 0.35 [38]. The value of ., increases with the increase in concrete strength because of the
restrain effect of steel fibers on the crack development was more obvious for HSC beams [48].
According to the test results of 7 specimens in this work and 16 SFRC beams with the concrete
compressive strength exceed 60 MPa from other literatures [46, 48], the coefficient fcw of HSSFRC
beam was taken as 0.65 through linear regression analysis. The calculation and test maximum crack
widths of 23 HSSFRC beams under different service loads are presented in Fig. 12. As shown, the
average ratio (AVGQG) of the calculation results to the test results was 1.1, and the coefficient of variation
(COV) was 0.24, showing good calculation results.
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Fig. 12. Comparison between calculation and test maximum crack width of HSSFRC beams.

4.2 Maximum crack width calculation of HSSFRC beam under fatigue load

The cracks in RC members are mainly caused by the strain difference of reinforcement and
concrete. The average crack width of RC beams subjected to n fatigue cycles could be calculated as
follows:

@, = (gns —&ne ) Im (10)

where g_ns and g_nc are average strain of reinforcement and concrete after n fatigue cycles within a
crack section, respectively; /., is the average crack spacing of the RC beam.

The tensile reinforcement strain of beams increased rapidly under fatigue loading, while of

concrete strain was very small compared with that of the tensile reinforcement. Therefore, for RC

beams, the strain of concrete could be ignored when calculating the crack width. The Eq. (10) could be
expressed as follows:

a)n = gnslm = ¢S gslm (11)
where @, is strain amplification factor of tensile reinforcement under fatigue loading; &, is average
strain of tensile reinforcement at first fatigue cycle.

All beams were high-cycle fatigue failure modes in this study. Thus, the material was in the elastic
range and the strain distribution of beams in the pure bending region was approximately linear.
According to previous research [26], the strain distribution of HSSFRC beam under fatigue loading was
still satisfies plane section assumption. Therefore, the following equations could be obtained:
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e h—x
LR (12)
g X
;m hO — X,
Zns 13
8nc Xn ( )

where ¢, is the strain at the edge of the compressive concrete of HSSFRC beam at first fatigue cycle; x
is the depth of the compressive concrete of HSSFRC beam at first fatigue cycle; ¢, is the strain at the
edge of the compressive concrete of HSSFRC beam after n fatigue cycles; x, is the depth of the
compressive concrete of HSSFRC beam after » fatigue cycles.

Besides, the depth of compressive concrete for HSSFRC beams basically remains unchanged
during the fatigue loading [26], that is x=x,. Therefore, the following equation could be obtained:

&

nc_¢
R

s gC

2 |

ns _

¢, = (14)

)

where ¢, is strain amplification factor of HSSFRC under fatigue loading.

According to Egs. (11) and (14), the expression of maximum crack width of HSSFRC beam after
n fatigue cycles could be calculated as follows:

wn,f max ¢ca)f max (15)

where @jinax 1 the maximum crack width of the HSSFRC beam at first fatigue cycle and could be
calculated through Eq. (8).

Based on Eq. (15), the maximum crack width of the HSSFRC beams subjected to fatigue loading
could be obtained through the test results of the strain at the edge of the compressive concrete at different
fatigue cycles. However, due to the complexity of fatigue testing and the discreteness of the test results,
the Eq. (15) was difficult to apply to the engineering design.

To facilitate engineering application, a simplified empirical formula was proposed in this paper.
Zhang [48] reported that the concrete strain amplification factor for SFRC beams is linearly related to
the logarithm of fatigue cycles. Through regression analysis of the tested results, it was observed that
the strain amplification factor ¢. is linearly related to one-third power of the fatigue cycles n for
HSSFRC beams. The expression is given as follows:

¢, =0.0117n"* +0.1566 (16)

Substitute Egs. (8) and (16) into Eq. (15), the empirical formula about the maximum crack width
calculation of HSSFRC beam subjected to fatigue loading is given as follows:

O, o = (0.01170° 10,1566 )(1- 0.651, ) 0,

n, f max

(17
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Fig. 13. Comparison between empirical formula calculation curves and test datum of the maximum crack width.
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Fig. 13 presents the comparison between empirical formula calculation curves and test datum of
the maximum crack width of HSSFRC beams subjected to fatigue loading. As shown, the calculated
results exhibited a deviation with the test results, especially for beam BS1.0-8. For beam BS1.0-8, the
deviation was attributed to the higher stress level, which may have caused the beam to yield during the
fatigue loading. For other beams, the deviation was attributed to the dispersion of the fatigue test results.

5. Midspan deflection calculation of HSSSFRC beam

5.1 Midspan deflection calculation of HSSFRC beam under static load

The short-term stiffness calculation formula of reinforced concrete beams under bending moment
provided by the standard GB 50010-2010 [45] is given as follows:

E,AR
B: '
1.15y +0.2+6a, p/(1+35y,)

(18)

where y is the strain non-uniformity coefficient and can be calculated through Eq. (4); o is the
ratio of the elastic modulus of longitudinal reinforcement to the elastic modulus of concrete; y; is the
ratio of the section area of tension flange to the section area of web, and it taken as 0 for rectangular
section beam; p is the reinforcement ratio of beam.

Steel fibers could improve the stiffness of beams, therefore, the stiffness calculation formula of
SFRC beams subjected to static load could be calculated as follows [38]:

B, =B(1+B4) (19)

where 3 is the influence coefficient of steel fiber.

12 — T T
- = This paper : : :
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S 1 » o
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Test results (mm)

Fig. 14. Comparison between calculation and test midspan deflection of HSSFRC beams.

For SFRC with the strength grade of CF20~CF40, S5 is taken as 0.35 according to the standard
[38]. However, it was found that the improvements of steel fiber on stiffness of beams showed a
decreasing trend with the increase of concrete compressive strength. This could be explained by that
with the increase of concrete strength, the effect of steel fibers on the elastic modulus of concrete
gradually decreases. Zhang [48] proposed that £z is taken as 0.11 for SFRC beams with the concrete
strength grade of C60. According to the experimental results in this paper and 11 HSSFRC beams with
the concrete strength grade of C80 conducted by Guan [46], the effects of steel fibers on the stiffness
improvemet for HSSFRC beams can be negelected. That is to say the stiffness of HSSFRC beam with
the concrete strenght grade exceed C80 is approximately equal to that of plain HSC beam with the same
concrete strenght grade. Substitute Eq. (19) into Eq. (2), the midspan deflection of HSSFRC beam
subjected to static load could be obtained. Fig. 14 presents the calculation and test midspan deflection
of HSSFRC beam under service load in this paper and the related literatures [46, 48]. It could be found
that the calculated midspan deflection was relatively large compared with the experimental results of
Guan [46]. The main reason was that the concrete strengh grade of some specimens conducted by Guan
is between C60~C80, ignoring the influences of steel fiber on stiffness in the calculation process will
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result in lower calculated stiffness of these beams, which also means a relatively conservative
engineering design.

5.2 Midspan deflection calculation of HSSFRC beam under fatigue load

The stiffness degradation of HSSFRC beams under fatigue loading was mainly owing to the fatigue
damage of concrete, tensile reinforcement, and bond degradation between concrete and tensile
reinforcement. Through simplification, the Eq. (18) is given as follows:

_ E.hy
1.15p +0.2 N 6E, (20)

A% EcbhO

where b is the beam width.

It can be seen from Eq. (20) that the main parameters influencing the stiffness of beams include
section size, section area of longitudinal tensile reinforcement, elastic modulus of concrete and
reinforcement, and strain non-uniformity coefficient. During the fatigue loading, the section size of
beam was remained unchanged. And the applied fatigue load of the beam was lower than its yield
strength. Therefore, the tensile reinforcement was in elastic stage and its elastic modulus was also
assumed unchanged [49]. Besides, steel fiber can enhance the bond strength between the tensile
reinforcement and concrete, and there is almost no bond slip between the tensile reinforcement and
concrete during the fatigue loading for SFRC beams [27]. Thus, it could be concluded that the main
reasons for the stiffness degradation of HSSFRC beams subjected to fatigue loading were the reduction
of tensile reinforcement area and the decreasing of elastic modulus of SFRC. Therefore, the stiffness of
HSSFRC beams subjected to fatigue loading could be calculated as follows:

Bf — Eshg
* 115y +0.2 N 6E, (21)

KA k,Ebh,

where k; and £ are the degradation coefficients of tensile reinforcement area and SFRC elastic modulus,
respectively, which were related to the number of fatigue cycles and steel fiber characteristic parameter.

According to the author’s previous research [25, 26], the section area of tensile reinforcement and
concrete elastic modulus decreased with the increase in fatigue cycles, while adding steel fibers could
significantly decrease their degradation rate. The stiffness degradation rate of SFRC beam subjected to
fatigue loading was positively linearly correlated to the logarithm of fatigue cycles, while negatively
linearly correlated to the steel fiber characteristic parameter [48]. Therefore, to simplify the calculation,
ki and k> could be calculated as follows:

a, +a,4
a,+a,lgn
where ay, a2, as, and a4 are the undetermined coefficients.

Substitute Eq. (22) into Eq. (21), the stiffness of HSSFRC beam after n fatigue cycles could be
obtained:

k1 = kz (22)

_ a, + a4, B
a,+a,lgn

By regression analysis on the test stiffness of 12 SFRC beams in the published research [24] and
7 HSSFRC beams in this work, the coefficients a;, az, as, and ay are taken as 0.88, 0.23, 0.88, and 0.1,
respectively. Based on Egs. (18), (19), (23), and (2), the midspan deflection of HSSFRC beams under
fatigue loading could be obtained. Fig. 15 presents the ratio of the experimental to calculated results of
midspan deflection of 19 specimens under different fatigue cycles. As shown, most of the calculation
results are between 0.8 and 1.2. Due to the higher stress level applied on the beam BS1.0-8, the beam
may yield during the fatigue loading, which results in the calculated midspan deflection smaller than
the experimental results.

Bf

(23)
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Fig. 15. Comparison between the calculated and experimental midspan deflection of HSSFRC beams.

6. Conclusion

The flexural fatigue behavior of HSSFRC beams was investigated and the calculation methods to
predict the midspan deflection and maximum crack width of HSSFRC beams were proposed. The
following conclusions can be obtained:

(1) The failure mode of HSSFRC beams under fatigue loading was brittle failure caused by tensile
reinforcement fracture. The fatigue life of HSSFRC beams with 0.5%, 1.0%, and 1.5% volume fraction
of steel fibers was 37.7%, 106.3%, and 61.4% greater than that of the plain HSC beam, respectively.
The optimal steel fiber volume fraction used in engineering for HSC beams subjected to fatigue loading
should not exceed 1.0%.

(2) The crack patterns of HSSFRC beams under fatigue loading was better than that of the plain
HSC beam. Both the average and maximum crack widths of HSSFRC beams showed a decreasing trend
with the increase in steel fiber volume fraction. Compared to HSC beam without steel fibers, the
reduction of average crack width of beams with 1.5% volume fraction of steel fibers was exceeded 30%.
Steel fibers could effectively restrain the stiffness degradation of HSC beams under fatigue loading.

(3) Under static load, the restraining effects of steel fibers on crack increased with the increase in
concrete strength, while the improvement of steel fibers on stiffness decreased with the increase of
concrete strength. For HSC beams with the concrete strength grade exceeded C80, the influence of steel
fibers on stiffness can be neglected under static load.

(4) The simplified empirical formulas were proposed to predict the midspan deflection and
maximum crack width of HSSFRC beams subjected to fatigue loading, and validated by the
experimental results.

This paper conducted fatigue tests of HSSFRC beams and verified the effectiveness of steel fiber
in improving the fatigue performance of HSC beams. The calculation methods to predict the midspan
deflection and maximum crack width were proposed, and the fiber volume fraction applicable for
engineering was recommended. The research results presented in this paper could provide reference for
design of HSSFRC beams in fatigue loaded structures and facilite the application of HSSFRC in actual
projects. Nevertheless, due to time and test condition limitations, only eight beams were tested in this
study, and the proposed calculation methods were empirically fitted based on the specifications. More
research is encouraged in the future to enrich the relatively limited experimental results and further
validate the proposed empirical formulas.
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