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Abstract

This paper presents a semi-analytical method to predict fatigue behavior in flexure of fiber reinforced concrete (FRC) based on
the equilibrium of force in the critical cracked section. The model relies on the cyclic bridging law, the so-called stress—crack width
relationship under cyclic tensile load as the fundamental constitutive relationship in tension. The numerical results in terms of
fatigue crack length and crack mouth opening displacement as a function of load cycles are obtained for given maximum and
minimum flexure load levels. Good correlation between experiments and the model predictions is found. Furthermore, the minimum
load effect on the fatigue life of beams under bending load, which has been studied experimentally in the past, is simulated and a
mechanism-based explanation is provided in theory. This basic analysis leads to the conclusion that the fatigue performance in
flexure of FRC materials is strongly influenced by the cyclic stress—crack width relationship within the fracture zone. The optimum
fatigue behavior of FRC structures in bending can be achieved by optimising the bond properties of aggregate—matrix and fiber—
matrix interfaces[] 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction stress states. The fatigue performance of these structures
has to be considered by researchers and designers. First,
The incorporation of steel or other fibers in concrete the cyclic load may cause structural fatigue failure.
has been found to improve several of its properties, Second, the effects of repeated loading on the character-
primarily cracking resistance, impact and wear resistanceistics of materials (static strength, stiffness, toughness,
and ductility. For this reason fiber reinforced concrete durability, etc.) may be significant under service loading,
(FRC) is now being used in increasing amounts in struc- even if the load does not cause a fatigue failure.
tures such as airport pavements, highway overlays, Asitis a relatively new material, the history of inves-
bridge decks and machine foundations. However, mosttigation on the fatigue of FRC is not long. Experimental
of these structural elements are loaded in cyclic loading. evaluations of this behavior have been carried out in
For example, the concrete overlays for highway or recent years [1-6]. Fatigue life prediction and the design
bridge decks are expected to resist millions of cycles of of FRC structures can so far only be performed through
repeated axle loads from passing traffic during their ser- an empirical approach. This approach requires time-con-
vice life. Airport pavements are subjected to a smaller suming test data collection and processing for a broad
number of repeated loadings during their designed life range of design cases which, in principle, is not appli-
ranging from about several thousand to several hundredcable to other design cases. Therefore, a mechanism-
thousand cycles of repeated loading. Concrete structuredased fatigue model that is capable of both predicting
supporting dynamic machines are also subjected to hun-the fatigue life for a given FRC structure and designing
dreds of millions of load cycles involving complicated an FRC material for a given fatigue life has to be set up
for the above reasons [7]. In order to do so, the mech-
anism of fatigue crack propagation in FRC material has
* Corresponding author. to be understood first.
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Fatigue life dependent area

Uastt

Mmax<M

Normally, it can be said that fatigue is a process of
progressive, permanent internal structural changes
occurring in a material subjected to repetitive stress. The
progressive fatigue damage on material constituents is
responsible for fatigue life of a material. For FRC, the
material phases can broadly be classified as matrix
(cement paste and aggregates), fibers, as well as the
interfaces of fiber—matrix and aggregate—hydrated
cement paste. The fatigue loading causes these physical

Mmax>=M 4

Nt=Nci+Ncg Nt=Ncg

even prior to the application of load [8], reversed move-
ment of fiber along the interface, fiber surface abrasion
and damage of interface in repeated sliding processes.
These microscopical changes, in turn, cause some detri-
mental changes in macroscopic material properties.
Typically, the aggregate bridging force as well as the
fiber bridging force decreases with the number of cycles,
due to interfacial damage [9] or fiber breakage due to
surface abrasion [10]. So it can be said that the damage
on interfaces of fiber—-matrix and aggregate—matrix,
which are generally the weakest phase in concrete and
FRCs, as well as on soft polymer fibers is responsible 1.

Coarse aggregate

Micro-cracks

Dominant macro-crack

Fig. 1. Fatigue life components in bending.

After a dominant fatigue crack is created, the bridging

for fatigue crack initiation and growth in concrete and
FRCs. On the other hand, the fatigue life of concrete and
FRC structures is controlled by fatigue crack growth
behavior.

The fatigue crack growth process in concrete or FRC
materials can be broadly divided into two stages: the

behavior within the fracture zone is governing the rate

of fatigue crack advancement.

The stress at the crack tip remains constant and is
equal to the material tensile strength.

Material properties outside the fracture zone are

unchanged during fatigue loading.

2.

3.

crack initiation period and the development period. Now

considering a simply supported rectangular beam loadedlt is further assumed that concrete and FRC materials
in bending fatigue load with a constant amplitude essentially show a linear response in tension up to peak
between the maximum and minimum momewt,_., and load. After peak one discrete crack is formed, and the
Mmin. When M,,.,<M;, where M. is the first crack discrete crack formation is described by the crack bridg-

moment, the fatigue life of the beam can be given by: ing law (or stress—crack width relationship) under both

monotonic and cyclic loading. Thus, the following

ot (1) material parameters are fundamental in the constitutive
WhenM,,=M, the fatigue life is: relationships of concrete and FRC in fatigue tension: the
Ne=N ) Young's modulusE, the tensile strengtéy, and the cyclic

t™ Ncg

stress—crack widtho-w,N) relationship. In compression
the behavior of concrete and FRC materials is assumed
to be linear elastic and the Young’'s modulus in com-

where N, is the total fatigue life,N; and N4 are the
fatigue life component for the crack initiation and
growth, respectively, see Fig. 1. The first tery, is pression is the same as in tension.
dependent on the microcracking in material, which is  With the above assumptions, a semi-analytical method
highly influenced by the microstructure of concrete for predicting fatigue behavior of unreinforced concrete
matrix, such as the water/cement ratio, aggregate properand FRC beams under bending load is developed in the
ties as well as pore structure, size distribution and con- present work. In this model, the cyclic bridging law (or
tent. The second terniN,, is strongly dependent on the cyclic stress—crack width relationship) is incorporated in
bridging performance within the fracture zone under integration form, which can easily be replaced by the
fatigue loading. other bridging models for different kinds of FRC
This paper focuses on the fatigue life prediction on materials with different fiber types, volume concen-
N, i.e. the case of maximum loa,., is larger than trations and matrix properties. In this paper, a quart-lin-
the first crack loadM;.. Based on the above discussions, ear monotonic stress—crack width model, based on the
some basic assumptions for fatigue modelling\gpcan uniaxial tensile test results, applied to plain concrete and
be stated: two types of concrete reinforced with straight and
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hooked steel fiber, respectively, is adopted. The com-
plete theoretical curves, in terms of fatigue crack length

or crack mouth opening displacement (CMOD) with

number of cycles diagrams, as well as the classical S—N
curves are obtained and compared with the experimental
results. The results are discussed and conclusions are.
draw at end of the paper.

2. Bridging model of concrete and FRCS under
fatigue tension

In order to determine the cyclic stress—crack width
relationship  experimentally, deformation-controlled
fatigue tensile tests were conducted on notched speci
mens with a thickness of 50 mm, width 60 mm and
height 55 mm. To eliminate the pre-stressing inevitably
introduced in the specimens when using conventional |
grips, for improved alignment, and for maximum stiff-
ness, a special specimen fixture developed by Stang anc
Aarre [11] was used. The fixture consists 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 inter-
changeable steel blocks and the specimen are sand
blasted before gluing to enhance the bond between stee
and specimen. By having a large number of such steel
blocks, multiple specimens can be tested continuously,
as it is not necessary to clean the steel blocks after eact
test. As soft connections between the interchangeable
steel blocks and the machine are eliminated, the set-up
takes fu” advantage Of the St|ffness of the mach|ne Flg 2. Schematic view of the test set-up for fatigue tension.
frame. It should thus be ensured that the rotational stiff-
ness of the test set-up is large compared to the rotational
stiffness of the concrete specimen. A fast curing polymer
which attains 90% of its maximum strength in about 4 ]
min was used. The deformation was measured using two'g
standard Instron extensometers (type 2620-602) with € [ =
12.5 mm gauge length mounted across each of the twoc 4
9 mm deep and 3 mm wide notches. The tests were per-2 Wmi

Wmax

formed in a 250 kN load capacity 8500 Instron dynamic i >0 c=0
testing machine equped for closed-loop testing. The § tt
experimental set-up is shown in Fig. 2. o . A tr"‘
The uniaxial fatigue tensile test was conducted under in/‘ 974 P7\y\|
displacement control with constant amplitude between ||

maximum and minimum pre-crack widthsv{,, and
Wmin)- The minimum crack width value was obtained by Time
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 minimum
crack value at a rate of 0.01 mm/s followed by a sine Technical details on the testing procedure can be found
waveform fatigue loading in deformation control. In elsewhere [12].

order to control the accuracy of the maximum crack In the present investigation, two types of commer-

width value, different load frequencies of 0.25 Hz in the cially available steel fibers, smooth and hooked-end,
first two cycles and 3.5 Hz for the rest of cycles were with circular cross-section, 0.4 and 0.5 mm in diameter,
adopted. This fatigue load procedure is shown in Fig. 3. 25 and 30 mm in length, respectively, were used separ-

Fig. 3. Deformation-time diagram in fatigue test.
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Table 1 _ micromechanical model of cyclic bridging law, however,
Mix proportions of steel fiber concrete may be too complicated to be used as a fundamental
Component Amount (kg/f) constitutive relatlon_shlp directly in s_tructural numerical
analyses. A more simple and effective way to carry out
Cement 500 the numerical simulations is to use a mathematical fit
Sand (maximum particle size 4 mm) 810 that is based on the experimental results and theoretical
Gravel (maximum particle size 8 mm) 810 analysis as the input of cyclic bridging law. This process,
Superplasticizer (66% water content) 3.25 . . . . 2.
Water 2375 in principle, will not affect the applications of the theor-
Smooth or hooked steel fibers 78.4 etical model in fatigue optimisation and the design of
Fiber volume content (%Y; 1 new types of FRC materials based on the micromechan-

ical parameters of the material; however, the predictions

are limited to the range in which the fitting is done. In

ately in the same matrix. A rapid hardening cement, the present work, a mathematical fit on the cyclic crack

natural sand and stone with maximum particle size of 4 bridging law is applied in the fatigue performance pre-

and 8 mm, respectively, were used. The concrete mix isdiction.

shown in Table 1. All pre-notched specimens were cut From a large number of experimental data on uniaxial

out of beams of 50 mm width, 100 mm depth and 350 fatigue tension tests on pre-cracked specimens [12], the

mm length. Details of specimen preparation can be cyclic crack bridging law at the maximum crack width

found in Zhang et al. [12]. level, W, Ccan be fitted by a multi-linear model as a
Experimental results of uniaxial fatigue tension tests function of the logarithm of the number of cycles. The

on pre-cracked plain concrete and FRCs show that themulti-linear model is given by:

bridging stress decreases with the number of load cycles

for the same crack openings. Typical test results on bothJZl—f(wmax,wmin)log(N)

smooth steel fiber concrete (SSFRC) and hooked steelt

fiber concrete (HSFRC), are shown in Fig. 4, where the  =1—@9(WaxWimino)l0g(N) 3)

maximum bridging stress corresponding to the

maximum crack width is normalised to the stress level

at first cycle. The experimental investigation and theor-

etical analysis show that the cyclic bridging law of FRCs

is quite complicated and can be influenced by many

parameters, including material constituents as well as

loading conditions, such as maximum and minimum O1_ -

crack width levels [12,13]. The material parameter-based o, At BWma(i=1...4) ()

where o, 0, are the stresses at the maximum crack
width, w,,, afterN cycles and the first cycle, respect-
ively. Theo, is simulated by a quart-linear model based
on the directly measured stress—crack widthv() data
[14], that is:

1.20 T T T T T T T T T T T T T T
b = e
$ i Wmax=0.2mm
= 1.00 !
2 n — N SSFRC):
> 0.80 .
= i |(—-°-zf}g~°~ HSFRC
= ) _
© 0.60 -
E —
ho
N 0.40
-CE e
£ 0.20
o i i
=

0.00 L—tliivm v orvv w1

1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5
Number of cycles (N)

Fig. 4. Typical test results of bridging stress vs. number of cycles.
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of concrete and FRC beams under bending load have
Hereo, is tensile strength of material, and the parameters been developed. Ulfkjeer et al. [16] developed an analyti-
a andb; are given in Table 2. The functioiw,,a,Wmin) cal model of a plain concrete beam in bending based on
is a function of maximum and minimum crack width plastic hinge analysis, which assumes the development
values,w.« andw,,,, which describes the effect of the of a fictitious crack in an elastic layer with a thickness
maximum and minimum crack opening on the rate of proportional to the beam depth. A linear tension soften-
bridging degradation. This function can further be ing relationship is assumed. Pedersen [17] developed a
rewritten as a product of a parameterand a function  similar model for plain as well as FRC structures, beams
of only the maximum crack widthy,,.,. The parameter and pipes, in which a more accurate softening law, a
o(pe[0,1]) reflects the influence of minimum crack power function proposed by Stang and Aarre [11], is
width, w.,;», On the bridging degradatiom.is defined as:  adopted. Maalej and Li [18] developed an analytical
model of a FRC beam in bending based on the equilib-
= (5) rium of force in the critical cracked section. Here the
Wmax™Wmino authors adopt the analytical softening relationships
wherew, i, is the minimum crack width as the bridging Presented by Maalej et al. [19] and Li [20]. Recent theor-
force equals to zero. From the definition @fit can be  etical studies show that the bridging law for smaller
seen that asV,» goes up,p will go down, that means crack WIdthS, typlcally less than 0.1 mm, can Strongly
the rate of bridging degradation will also go down. These affect the structural behavior of beams in bending under
are consistent with the theoretical and experimental monotonic and cyclic loads [21]. In this paper, an ana-
results [14]. The minimum degradation will occur as lytical bending model based on the equilibrium of force
Winin 1S €qual toWna, (9=0), and the maximum degra- in the critical cracked section with a multi-linear soften-
dation will happen atv,,,, equal toWmino, (=1). ing relationship [14] for fatigue analysis will be
The detailed expressions of Eq. (3) for different kinds developed.
of concrete are given in Appendix A. Figures 5 to 7  Consider a short segment of a simple supported rec-
show the fit-based cyclic bridging law for different kinds tangular beam with widttB, depthh, and spart that is
of concrete, including plain concrete, steel fiber concrete, subjected to an external bending momeiit The
SSFRC and HSFRC. For the FRCs, the experimentalbehavior of the beam is assumed to be elastic until the
results in the case ofp equa| to one are presented maximum prinCipIe tensile stress reaches the tensile
together with the model predictions. The figures show strength of the material. After that it is assumed that a
the bridging degradation at different maximum crack Single crack is formed with a maximum tensile strength
width after undergoing a certain number of cycles. As at the crack tip. The moment corresponding to the
the maximum and minimum crack widths vary with the initiation of the fictitious crack is the so-called first crack
number of cycles, such as that for a beam under fatiguemoment,Mg, or first crack loadPy, when the moment
bending, the parameters,,., and w,,,, used in Eq. (3) IS transformed into load. Thus, the failure process of the
will be replaced by the representative values, i.e. the beam can be divided into two stages: (1) a linear elastic

_ Whax Wmin

average of all the loading history. stage; and (2) a fictitious crack developing stage. The
assumed stress distribution in the second stage is shown
in Fig. 8.
3. Prediction of fatigue crack growth in concrete In the first stage, according to classical elastic theory,
and FRC beam under bending load we have:
In recent years, a number of fictitious crack [15] based M _Br
=0, (6)

analytical models for predicting the structural behavior ~© 6

Table 2

Material parameters of three types of concrete

Material parameters SSFRC w (mm) HSFRC w (mm) PC w (mm)

E (GPa) 35 - 32 - 30 -

o, (MPa) 5.42 - 5.30 - 5.20 -

o. (MPa) 55.2 - 55.0 - 53.22 -

a;, b; (1/mm) 1-9.96 0-0.03 1:8.73 0-0.04 1:33.48 0-0.017
a,, b, (1/mm) 0.685,0.526 0.03-0.10 0.632,0.472 0.04-0.18 05892 0.017-0.044
as, bs (1/mm) 0.883;-1.45 0.10-0.38 0.8;0.463 0.18-0.75 0.321;-2.49 0.044-0.081

ay, by (1/mm) 0.374-0.11 0.38-2 0.532;0.106 0.75-2 0.18#0.84 0.081-0.2
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Fig. 5. Model predictions on crack bridging degradation of SSFRC, showing the effgct of

whereo;, is the tensile strength of materials.
In the second stage, the crack length, o €[0,1],
CMOD, 6 and external momem can be related through

0,(X) can be related witlxh and § through the stress—
crack width relationship together with Eq. (7) as:

the analysis below. First we assume that the crack hasal(x)zc(w)za(5<1_x>> (10)

a linear crack opening profile, then:

X
w=5<1—ah) @)

wherew is crack width at locatiorx, see Fig. 8. Next,
from the equilibrium conditions, we have:

j o,(X)dx+ j 0,(X)dx=0 (8)
fa,(x)(h—x)deJr Ja”(x)(h—x)BdXZ M 9

where M=PL/4 for the three-point bending casf (s
external load) and,(X), 0,,(X) are the normal stress func-

ah

From the assumed stress distribution at the uncracked
part, 0, (x) can be related tah, fh andé by:

—ah
ot (X)=6t(1— [;(h_oém>

wherefh is the depth of tensile zong,e[0,1]. In order

to obtain the complete solution of external load and
CMOD for a given crack length, another relationship
between them is necessary. According to the principle
of superposition, the CMOD under bending load can be
decomposed as:

6:6M +6o‘|(x) (12)

where éy andd,( are the CMOD component caused

(11)

tion in the cracked and uncracked parts, respectively.by external momen¥l and bridging stress,(x), respect-
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crete showing the effect ap.

ively. 64 can be obtained through simplifying(x) as
a cracked beam with crack lengtth and subjected to

momentM’ and axial stresg’. Then:
60‘I ) :5M + 60’

hereM’ andc’ are given by:

(13)

M’=fBoq(x)(2—x)dx (14)
, lah
c =hja| (x)dx (15)

0

According to Tada [22], the total CMOD can be
expressed as:

‘oh
5= £ A MVa(e)~M V)]~ = V() (16)

where, under three-point bending load,
0.66

= 2__ 3
V() =0.33-1.42+3 8700 ~2.04%+ s

0.66

— _ 2
Vale)=08-170r+2. 40+ 1 "

1.46+3.4£1—co%0‘)

COS@ :
2

V(@)=
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Fig. 8. Distribution of normal stress in the critical cracked section.

Here V,(«) is slightly changed from Tada’s function length. According to this procedure, for thdth load
after comparing with the authors’ finite element cycle, the fracture zone will be divided inté sections
implementation [14]. with different fatigue histories, ranging from 1 td

According to the basic assumptions given in Section cycles. In order to speed up the calculation procedure,
1, as a first approximation, the fatigue analysis can beincrements with more than 1 cycle can be used, normally
performed by replacing the bridging stress in the fracture five to 10 or 20 cycles. This depends on the load level,
zone,o,(X) with the cycle dependent models given by fatigue crack growth rate and the required accuracy. In
Eq. (3). The determination of fatigue crack length and this case, a linear interpolation of crack length in one
crack mouth opening, corresponding to certain cycles for increment has been used.

a given fatigue loading procedure, is performed accord-
ing to the following algorithm.

For a given maximum and minimum load levd|,,.,, 4. Numerical results, experimental verification and
Min (here the case d¥l,,,.,.>M;. is considered only), in  discussions
the first cycle, the crack length and crack mouth opening
are determined by solving the nonlinear Equations (8), 4.1. Fatigue tests
(9) and (16) through a simple bisection iteration scheme.

The bridging law without stress degradatidd=(Q) will In order to verify the model, three-point bending
be used as the input fas,(x), and the numerical inte- fatigue tests on two types of steel fiber concrete beams,
gration method is used. In the second cy®eZ), since with smooth and hooked steel fibers, respectively, are
the fatigue crack undergoes a closing and opening pro-conducted. The concrete proportions of these two FRCs
cedure, bridging degradation will occur in the fracture are the same as those used in fatigue tension tests. The
zone. The load capacityl cannot reachM,,. with the size of the beam is 42000x100 mm and the span is
already formed crack area when this crack opens to the400 mm. One-stage constant amplitude fatigue loading
previous maximum width. Therefore, a new crack area between maximum and minimum load levéi4,,.,, and

is needed in order to reach the maximum load level. The M,.;,, whereM,,,;, is equal to zero, is adapted. The tests
bridging laws withN=2 and N=1 will be used in the are carried out in load control using a sinusoidal wav-
old fracture zone and the newly developed fracture zone,eform with a frequency of 4.5 Hz. The deflection is mea-
respectively. Solving Equations (8), (9) and (16) again, sured carefully during testing using a reference beam
the newly developed crack lengtte, and crack mouth  attached to the top of the beam by three steel blocks
openingd can be obtained. Through similar calculations, glued to the beam surface. Two standard Instron exten-
we can get all the newly developed crack lengites, someters (type 2620-602) with 12.5 mm gauge length
Aa,, Aas; and corresponding crack mouth openings at are used for measuring the deflection. The crack mouth
cycles 3, 4, 5.... This procedure will be continued until opening displacement is measured by an extensometer
the load capacity starts to drop with the increasing crack mounted on the middle section of the tensile side of
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beam with 50 mm gauge length. The crack mouth open- geometry of the specimen is the same as that used in the
ing displacement is equal to the measured deformationfatigue bending tests, and the cyclic bridging laws for
Al minus the elastic deformation inside the gauge length. different types of concrete described in Section 2 are
By assuming that the stress in the gauge length is equalused in the analysis. The related material parameters are
to the stress transferred by the crack, the CMOD at thelisted in Table 2. In order to compare the results between
maximum load level can be calculated by: monotonic loading and fatigue loading, the monotonic
Al-a, bending behavior is simulated first in terms of the load
= N (17) CMOD relationship. Fig. 10 shows the monotonic flex-
S ural stress—CMOD curves of plain concrete and the two
where Al=Al/Al, E=1/Al, Al=c, I/E, | is the gauge types of steel fiber reinforced concrete (SSFRC and
length. a=a;[d+elog(N)] and c=b[d+elog(N)], & , b HSFRC) respectively, shown together with experimental
are given by the stress—crack width model given by Eq. results for SFRCs. On inspecting the numerical results
(4). d, e can be determined from Equations (A1) and for the load—-CMOD diagrams of these three types of
(A2), given in Appendix A.N is the number of cycles. ~concrete beams under three-point bending, several fea-
The experimental set-up used for FRC beams in three-tures can be distinguished: (1) Load level I: the flexure
point bending is shown in Fig. 9. All of the tests are stress increases linearly with deformation up to tensile
carried out in a a 250 KN capacity, 8500 Instron strength of the materials, 5.2, 5.3, 5.4 MPa for plain con-

0

dynamic testing machine. crete, HSFRC and SSFRC, respectively. In this stage,
material behavior obeys elastic constitutive relationships
4.2. S—N curves and no fictitious crack is formed, therefore CMOD is

equal to zero. (2) Load level IlI: the flexural stress
Fatigue strength is commonly defined as a fraction of increases up to 7.1, 9.0 and 9.1 MPa for plain concrete,
the static strength that can be supported repeatedly for sHSFRC and SSFRC. In this period, the deformation
given number of cycles. It can be represented by stress-increases little more than proportionally with respect to
fatigue life curves, normally referred to as S—N curves. the stress. A fictitious crack develops in the middle of
In the case of fatigue in bending, S refers to the flexural the beam and grows with the increasing load; (3) Load
stress according to classical elastic theory. level Il the flexural stress increases up to the maximum
As an example, a specific fatigue loading procedure values, the flexural modulus of the beam, about 10 MPa
with M,,i, equal to zero that fits the condition of fatigue for these two FRCs. In this stage, the deformation
tension and bending tests is assumed in the first numeri-increases much more than proportionally with respect to
cal calculation. The effect of minimum load level on S— the stress. The difference on load—deformation behavior
N diagrams will be presented in the next section. The between HSFRC and SSFRC becomes distinct in stage

Fig. 9. Experimental setup used for FRC beams in three-point bending.
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Fig. 10. Simulated flexure stress versus CMOD curves for plain concrete, SSFRC and HSFRC beams under three-point bending, shown together
with experimental data.

IIl. This characteristic has also been found from experi- for these three types of concrete. Some experimental
ments, i.e. the hooked fiber can improve the toughnessdata are presented, together with the theoretical results.
more effectively than the straight fiber. It can be seen that model prediction agrees well with the
Fig. 11 shows the relationship between maximum test results. First, the S—Log(N) curve of plain concrete
flexural stress and fatigue life, the so-called S—N curvesis almost linear, which agrees with a number of experi-

\
11.00 PC model results
&=  PCtestdata
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Fig. 11. Relationship of maximum flexure stress with fatigue life.
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ments [6,23,24]. For steel fiber reinforced concrete the or tension. Based on the present investigation, bridging
S—Log(N) curve becomes curved. Second, the presentstress degradation exists in the fracture zone. This
model predicts that the steel fibers can significantly implies that the toughness of the beam gradually reduces
improve the bending fatigue performance of concrete with the number of cycles. Thus, it may be concluded
structures, which has been demonstrated by manythat the CMOD and fatigue crack length as fatigue fail-
researchers [1,3—-6]. For steel fiber concrete beams, withure occurs will be less than the values that can be
maximum flexural stress between 9.00 and 10.00 MPaattained under the monotonic case for the same load
(level III), the fatigue life of SFRC is very short, within  level. Even further experimental verification is needed
1 to 30 cycles. The reason for this short fatigue life is a to support this conclusion. The difference between these
combination of a large initial crack length and significant two values is more obvious for fiber reinforced concrete
bridging degradation due to large crack openings. With than in the case of plain concrete. On the other hand,
the maximum flexural stress between 5.3 or 5.4 and 9.00fatigue failure under bending or tension load will depend
MPa (level I1), the fatigue life increases notably with the not only on the maximum load level, but also on the
decreasing maximum flexural stress. The longer fatigue minimum load level, because they will affect the bridg-
life is a product of both the shorter initial crack length ing degradation simultaneously. The theoretically calcu-
and the smaller crack openings. When the maximum lated fatigue failure lines, in terms of fatigue crack length
flexural stress is lower than 5.3 or 5.4 MPa (level I), no under different maximum load levels in the case of mini-
dominant macro fatigue crack occurs after the first cycle. mum load equal to zero for plain concrete and two types
However, fatigue crack initiation will not be addressed of FRC beams, are shown in Fig. 14. By comparing Fig.

in the present paper. 14(a—c), it can be seen that fibers can normally increase
the maximum fatigue crack length 15-20% of the depth
4.3. Fatigue deformation characteristics of the beam, from 30 mm to 45-50 mm for plain con-

crete and FRC, respectively. This indicates that

The numerical results for relationships between improved fatigue performance can be obtained by using
fatigue crack length and the number of cycles for three fibers in concrete. From Fig. 14(b and c), we can see
kinds of beam, plain concrete and two FRCs are shownthat the tendency of fatigue failure lines for SSFRC and
in Fig. 12. The theoretical simulation successfully repro- HSFRC are different. The maximum fatigue crack length
duced the three experimentally observed stages of crackncreases with lowering the maximum load level for
growth [5], involving a decelerated stage, a steady stateSSFRC, while the opposite is the case for HSFRC. This
stage, and an accelerated stage towards final fracturecan be explained from the cyclic bridging behavior of
failure. However, quantitatively the computed results these two types of FRC materials. Due to the hook
and experimental data on CMOD do not compare well, action, the bridging degradation is more notable in
see Fig. 13. One of the reasons is that the fatigue loadHSFRC than in SSFRC [12]. Therefore, the maximum
can cause much more microcracking in the material thanfatigue crack length of HSFRC beams decreases with the
the monotonic load can. In fact, experimentally determ- decreasing maximum load.
ined CMOD is not a single crack contribution within the
gauge, 50 mm, length. Therefore, the measured CMOD4.4. Effect of minimum load level on fatigue life
is larger than the theoretical prediction due to
microcracks next to the dominant crack within the gauge  Many experimental investigations have concluded that
length under fatigue loading. This effect is more pro- raising the minimum load can increase the fatigue life
nounced in the case of fiber reinforced concrete. If we of concrete as well as FRCs [4,6,26]. But the mechanism
introduce a factor, the so-called crack density factpr, of this effect has not been given much attention. Recent
with n=1+0.4log(N), which describes the microcracking theoretical results have shown that raising the minimum
beside the main crack, that is a function of the number load, i.e. increasing the minimum crack width, can
of cycles, good agreement between model predictionsreduce the crack bridging degradation, which in turn
and experimental results, measured CMOD divided by increases the fatigue life of FRCs [13]. On the other
n, can be found. It is shown in Fig. 13. hand, if we assume that the fatigue crack also has a lin-

A general concept in the literature on concrete ear profile during unloading, then it can be deduced that
materials subjected to cyclic loading is that of an envel- the ratio between maximum and minimum crack widths
ope curve, which provides a bound for the stress andat any crack location has the same value. Therefore, we
strain (for compression) values that can be attained undercan use the parameterin the cyclic crack bridging law
general loading [2,24,25]. Most authors agree that this to describe the effect of minimum load. Thus, in theory,
envelope either coincides with the monotonic loading we can predict the effect of the minimum load on the
curve, or is at least very close to this curve for plain fatigue life.
concrete. This concept may be applicable for fatigue in  Fig. 15 presents the model results of the effect of the
compression, but is questionable for fatigue in flexure parameterp on the bending fatigue life of plain concrete
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Fig. 13. Relationships of CMOD at maximum stress level and num- . . . . .
ber of cycles, theoretical prediction and experimental result. that relies on the cyclic stress—crack width relationship

as the fundamental constitutive relationship in tension

has been presented. The development of fatigue damage
and FRC beams in terms of S—N diagrams. From thesecan be simulated through this model. Three cracking
figures, we can see that the lower the valuepie. the stages, which have been found in experiments, are rep-
higher the minimum loads, the longer the fatigue life. resented through this model. The classical S—N curve is
Fig. 16 gives some preliminary experimental results of obtained and good correlation between the experiments
the effect of the minimum load leveREM i/ Mimay) ON and the model predictions is found.
the fatigue life of FRCs. Although the test data are very  The role and effectiveness of fibers in extending the
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fatigue life of concrete structures, which has been exten-width on the rate of crack bridging degradation. Reason-
sively demonstrated by many researchers, is successfullyable agreement between model predictions and experi-
simulated with the present model. At the same time, this mental results is obtained.
mechanism-based model has offered a theoretical foun- From this model it can be deduced that the flexural
dation for understanding this phenomenon. fatigue performance of plain concrete and FRC materials

The general envelope curve concept that mainly is is strongly dependent on the cyclic bridging law of the
used for fatigue in the compression of plain concrete is materials. This cyclic bridging law, also called the cyclic
inapplicable for fatigue in bending. Theoretical analysis stress—crack width relationship, can be treated as a fun-
shows that fatigue failure points under bending load do damental constitutive relationship of materials as has the
not coincide with the monotonic loading curve. Due to monotonic stress—crack width relationship. The optimum
bridging degradation under cyclic loading, the failure of fatigue performance in bending can be achieved
strain, in terms of fatigue crack length or CMOD, will through optimising the cyclic bridging behavior of
be less than the values that can be achieved under monomaterials, finally leading to the modification of the bond
tonic load with the same load level. The fatigue failure characteristics of aggregate—matrix and fiber—matrix
points under bending or tension load will depend on both interfaces, which is one of the principal sources of bridg-
the maximum and minimum loads, since both influence ing degradation. The time-consuming fatigue tests can
the bridging degradation. Further experimental work is be replaced, or partly replaced, by uniaxial fatigue ten-
needed to verify this conclusion. sile tests on pre-cracked concrete and FRCs.

The influence of minimum load on the bending fatigue
life of concrete and FRC beams, \{vhich has been inveSti'AcknowIedgementS
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where ¢ is the factor describing the influence of the
minimum crack width, see Eq. (5). If the minimum crack
Appendix A. Mathematical fit on cyclic crack width level corresponds to that at which the load is equal
bridging law of plain and steel fiber reinforced to zero during unloading, thep is equal to one. The
concrete factorsk,, k,, k; are all larger than zero and are functions

of maximum crack widthw,,,, According to the test

For straight steel fiber concrete (SSFRC), when one 'ésults carried out by Zhang et al. [12], they can be
volume per cent straight steel fiber with circular cross- €xpressed as:
section, 0.4 mm in diameter and 25 mm in length, is { B1Winax (O=Wa0=Wo1)
=

used, the fitted cyclic bridging model is given by (By=Bo)WoyBoWiay (Woy<Win=0.5)

On where B,=1.43 mm?!, B,=—0.339 mm?, and
o, Wp,=0.166 mm.
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(OSWmaxSWOZ)

(Ci—CIWo1+CoWimax (Wo1<Winae=0.5)

whereC;=0.9 mm%, C,=—0.0982 mn?, andw,,=0.07

mm and

_ { D 1Wm ax+A3
3=

(OSWmaxSWOS)
(D1=D2)WoztAstDoWimax (Woz<Wmax=0.5)

1047

whereD;=0.777 mm?, D,=—0.0704 mm*, A;=0.0432

and wy;=0.109 mm.
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For hook-end steel fiber concrete (HSFRC), when one [2] Otter DE, Naaman AE. Properties of steel fibre reinforced con-

volume per cent hook-end steel fiber with a circular
cross-section of 0.5 mm in diameter and 30 mm in
length, is used, the similar cyclic bridging model is given
by the following equations witkp identical to that given
in Eg. (Al).
1-¢k,log(N) (1=N=10)
1-¢[(k;~ko)+kolog(N)] (10<N=10%
= 1-¢[(k;—ko)+3(Ko—ka) +kslog(N)] (LOP<N=10*9)
1-[(Ky—k)+3(Ky—ks) +3.5a—k,) +kylog(N)] (1035<N=10")
1= (Ky—Ko)+3(Ko—ka)+3.5Ke—Ks) +4 (Ks—Ks)+kslog(N)] (L0*<N=10°)

On
O1

(A2)

The factorsky, ks, ks, ki, ks are all larger than zero
and functions of maximum crack width,,., as:

B1Winax (O=W,0=Wo1)
1:{(Bl—BZ)W01+BZWmaX (Wo1<Wp,0,=0.5)
whereB,=2 mm?, B,=0.17 mm?, andw,,=0.088 mm.
ko { C1Wimax (O=Wpar=Woy)
(C1—Co)Wo1tCoWimax (Wor<Winar=0.5)
C,=—0.0982 mm?,

where C;=1.2 mm1, and

Wo,=0.0613 mm and
ko= { D1WiatAs (O=Wa=Wo3)
(D1—D2)WoztAstDoWinay (Wos<Wi2,=0.5)
whereD,;=0.384 mm%, D,=0, A;=0.011.
EaWmatAs (O=Wna=Woy,)
{(El—Ez)W03+A4+E2WmaX (Wos<Wpma=0.5)

whereE;=0.384 mm?, C,=0.953 mm?, A,=0.012 and
Wo,=0.0613 mm and

k5_ { Fleax+A5 (OSWmaxSWOS)
(F1=F2)WostAs+F Winax (Wos<Wmay=0.5)
whereF;=1.7 mm?*, F,=—0.545 mm?, A;=0.015 and
Wps=0.225 mm.
For plain concrete, according to the investigation by

Zhang et al. [12], the cyclic bridging law can be
expressed as:

K,=

ON_1— pKkiog(N)

o (A3)

wherek is given by:
k=¢(0.08+4w,,.,)
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