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Abstract. This paper describes the influence of the temperature and the fibre reinforcement on the flexural
fatigue behaviour of an ultra-high-performance fibre-reinforced concrete. Three-point bending fatigue tests
were carried out for an ultra-high-performance concrete subjected to different temperatures ranging from
room temperature up to 300 °C and considering three different types of reinforcement: a) steel fibres, b)
hybrid steel and polypropylene fibres and c) non-reinforced (reference matrix). The fatigue behaviour was
assessed from the S-N fields obtained through a probabilistic fatigue model developed by Castillo and
Fernandez-Canteli. The influence of the type of reinforcement on the fatigue behaviour was analysed by S-
N curves. An analysis of the thermal effects in the fatigue life of the ultra-high-performance concrete has
also been carried out. The results showed the most suitable fibre reinforcement among the analysed options
to get the best fatigue behaviour in accordance to the exposure temperature.

1 Introduction

Ultra-high-performance fibre-reinforced concrete
(UHPFRC) is characterized by a significant
enhancement of its mechanical properties, especially the
tensile strength, in comparison to conventional or high
strength concrete [1]. To achieve this ultra-high strength,
a low water-to-binder ratio (usually w/b < 0.2) is used
with the addition of ultra-fine admixtures [2], [1]. A
denser material is then achieved but with a strongly
brittle behaviour. In that way, the addition of steel fibres
(in a volume ratio between 2 and 2.5 %) is essential to
obtain a more ductile material and improve the tensile
strength [3].

The excellent mechanical properties of this type of
concrete lead to a significant reduction in the weight of
structures [4]. As result, the application of this type of
concrete in situations where traditionally, only metallic
materials were used, has been extended. Consequently,
the interest in the fatigue analysis of fibre-reinforced
concrete has grown significantly, as can be seen from the
number of recent works related to the fatigue failure
under compressive [5]—[8], tensile [9] or flexural loading
[10]-[12]. The most common approach to assess the
fatigue life of a material is the stress-life (S-N) curves
[13]. In this way, it is possible to design structures under
fatigue loads (wind, wave or traffic) by more efficiently
designs for each application.

Due to the thermal storage capability of concrete [14], its
workability and availability, an emerging technology is
the use of concrete as thermal energy storage system in
solid media. This technology has attracted great attention
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by researchers. The most of current studies are mainly
focused on the energetic performance of concrete storage
systems [15]-[17]. Nevertheless, the main concern of the
application of this technology is the durability of
concrete due to the degradation of cementitious matrix at
moderately high temperatures and the bearing of
thermal-mechanical fatigue for long-periods. With
respect to the influence of temperature, there are many
studies focused on the residual [18]-[23] or hot [20],
[24]-[26] mechanical properties of concrete subjected to
high temperatures. Other authors have studied the
thermal effect on concrete reinforced with polymeric
fibres [21], [22], [24], [27] and demonstrated as the
addition of polymeric fibres prevent the premature
cracking due to pore pressure (spalling) and improve the
mechanical properties of concrete at high temperatures
[27]-29]. However, no information is available on the
fatigue behaviour of ultra-high-performance fibre-
reinforced concrete subjected to moderately high
temperatures.

In this paper the flexural fatigue behaviour of an ultra-
high-performance fibre-reinforced concrete and its
corresponding matrix without any reinforcement are
reported in terms of its S-N curves at different
temperatures (room temperature, 100 °C, 200 °C and 300
°C). It was obtained through a probabilistic analysis that
the thermal damage in the cement paste strongly
decrease the endurance limit and increase the scattering
in the S-N curves. On the contrary, the thermal damage
leads to a more ductile behaviour of the concrete matrix
and consequently to a softer trend of the S-N curves.
Spalling effects were observed at 200 °C for concrete
without reinforcement and 300 °C for concrete with fibre
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reinforcement. The additional reinforcement of concrete
with PP micro-fibres was thought as an alternative to
improve the fatigue behaviour at higher temperatures
and satisfactory results were obtained.

The paper is organized as follows. A description of
materials, mix preparation and testing procedure is
presented in Section 2. The probabilistic fatigue model is
summarized in Section 3. The results and discussion of
the influence of the addition of fibres and the
temperature on the fatigue life is exposed in Section 4.
Finally, conclusions are given in Section 5.

2 Experimental Program

2.1 Materials and Mix Preparation

The materials consisted of an ultra-high-performance
fibre-reinforced concrete (UHC), the same fibre-
reinforced concrete with additional polypropylene (PP)
micro-fibres (UHC PP) and its corresponding
cementitious matrix without any type of reinforcement,
used as reference concrete (RC). The mix proportions
are given in Table 1. The UHC is reinforced with 2.5%
in volume ratio of steel fibres (1.25% of microfibres with
13 mm in length, 0.2 mm in diameter and straight end
and 1.25% of macrofibres of 30 mm in length, 0.38 mm
in diameter and with hooked end).

Table 1. Mix Proportions and Nomenclature

The PP micro-fibres were of 24 mm in length. Four
batching’s of UHC and RC type of concrete were
prepared to be tested under fatigue loading at four
different temperature conditions (room temperature, 100
°C, 200 °C and 300 °C). Two batching’s of UHC PP
were casted to be tested at room temperature and 300 °C.
The nomenclature of each experimental test is shown in
Table 2. All specimens were demoulding after 24 hours
of casting, cured in water for 28 days and dried at air
after curing process for 24 hours.

Table 2. Nomenclature of Test Conditions

RC UHC UHC_PP
Room RC_RT UHC RT | UHC PP RT
temperature - - - -
100 °C RC_100 UHC_100 -
200 °C RC 200 UHC_200 -
300 °C RC 300 UHC 300 | UHC PP 300

Constituent RC UHC UHC_PP
(kg/m’) (kg/m’) (kg/m’)
Cement 544 544 544
Silica fume 214 214 214
GGBS 312 312 312
Quartz sand
<0315 mm 470 470 470
Quartz sand
<0.800 mm 470 470 470
Superplasticizer 42 42 42
w/binder 0.17 0.17 0.17
Steel microfibre
(13 mm in - 98 98
length)
Steel macrofibre
(30 mm in - 98 98
length)
PP microfibre
(24 mm in - - 1.2
length)

2.2 Three-Point Bending Tests on Prismatic
Notched Specimens

Previously to the fatigue life tests, is required to obtain
the monotonic three-point flexural strength. The test was
carried out in accordance to the EN-14651 standard [30]
for fibre-reinforced concrete. Three-point bending tests
were performed on four 440x100x100-mm notched
specimens (1/6 of height), for each temperature and type
of concrete tested, simply supported over a span of 400
mm.

2.3 Flexural Fatigue Tests on Prismatic Notched
Specimens

The fatigue tests were performed on fourteen prismatic
notched specimens subjected to three-point bending
tests, as monotonic tests. A servo-hydraulic machine
with a 200-kN dynamic-static actuator was used. The
frequency of loading and stress ratio were the same for
each test, with values of 4 Hz and 0.2, respectively. The
tests were carried out at different stress levels in the
range between 0.5 and 0.9 of the monotonic strength.
The tests were stopped after specimen failure or after 2
million cycles, whichever occurred first.

In the cases of the tests at high temperature, the testing
equipment was specifically designed to perform the
temperature tests, and to insert the hydraulic actuator, the
specimen and the supporting structure into the furnace.
The heating rate of the specimens was 10 °C/min and
once the target temperature was reached, it was kept up
to 24 hours before starting the fatigue test, to ensure the
highest thermal homogeneity in the specimen.
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3 Probabilistic Fatigue Model Applied

In this study has been applied a probabilistic fatigue
model for the determination of S-N curves proposed by
Castillo and Fernandez-Canteli [31]. The probabilistic
model allows the assessment of experimental fatigue
data to obtain S-N fields. The probabilistic approach of
the model, rather than mechanical, makes it suitable for
any type of material (ceramic, metallic or concrete)
independently of the mechanism of failure [11]. In most
of models used, the high scatter of the lifetime at
different stress is not considered and that has
consequences in the fatigue design of structures. The
model used in this study consider both physical (weakest
link principle and limited range) and statistical
conditions related to extreme value analysis (stability,
limit behaviour). The model approach establishes a
necessary compatibility between the cumulative
distribution functions for fatigue lifetime at given stress
range and stress range at given lifetime (Fig .1).

Ac™ [MPa]

A oy
500 E £a

400

300

200 1

100

Fig. 1. Compatibility condition approach for the cumulative
distribution functions [31].

Such condition derives into a functional equation which
only can be solve by a Weibull or Gumbell models:
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where B is a threshold value of lifetime, C is the
endurance limit or fatigue limit for N->eo, and 4, 6, j are
location, scale and shape Weibull parameters,
respectively.

For more information of the probabilistic model is
recommended consult Castillo and Fernandez-Canteli
work [31]. To facilitate the application of the model
from experimental fatigue data, Castillo and Fernandez-

Canteli developed a software so-called ProFatigue [32]
which has been used.

4 Results and Discussion

In this study has been shown the effect of fibre
reinforcement (for steel and polypropylene fibres) and
temperature separately to remark more clearly their
influences. With the aim of greater clarity, only the S-N
curves for 20 (lower curve) and 80 (upper curve)
percentile have been plotted for each type of test. The
logarithm of fatigue life, N, on x-axis and the stress
normalised level, S, on y-axis, are plotted.

4.1. Influence of Fibre Reinforcement

Fig. 2 shows the S-N curves of UHC and UHC PP at
room temperature. The addition of PP fibres in the
concrete matrix might decrease the flexural monotonic
strength and increase the energy absorption capacity in
accordance to the fibre content [33]. In this case the
monotonic flexural strength decreased from 26 MPa to
19 MPa which, in the fatigue behaviour derived into a
slight reduction of the endurance limit as can be also
seen in Table 3 and a softer trend of the S-N curves
respectively.
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Fig. 2. Influence of PP fibre reinforcement on the S-N curves
at room temperature.

Table 3. Endurance Limit

UHC UHC_PP RC
Room 0.488 0.375 0.210
temperature
100 °C 0.263 no tested 0.060
200 °C 0.083 no tested spalling
300 °C spalling 0.370 spalling
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It was well established that the contribution of steel
fibres increases the ductile behaviour and the tensile
strength [2], [34]. Both effects are shown in the fatigue
curves in Fig. 3 by means of a more progressive
tendency of the S-N curves and a noticeably higher
endurance limit respectively, in comparison with the
reference concrete (RC_RT). Nevertheless, the addition
of steel fibres might lead to results with a greater scatter,
as was postulated by [11], [35] and observed in the
higher distance between the S-N curves for UHC_RT.
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Fig. 3. Influence of steel fibre reinforcement on the S-N curves
at room temperature.

4.2. Influence of Temperature

The effect of temperature in concrete matrix has been
studied in previous works by several authors [36], [37].
Some conclusions extracted from these studies are that
between 20 and 110 °C take place the evaporation of free
water and between 160 and 350 °C an important
dehydration derived by C-S-H gel is produced [37]. Both
effects lead to a high pressure in the matrix, which
generate cracks in concrete (spalling phenomenon). The
intensity of thermal damage depends on the concrete
matrix, especially its pore network, which allows
evacuate the internal high pressure [38].
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Fig. 4. Effect of temperature on the S-N curves for the RC.

The ultra-high-performance concrete used in this study
has a high density (low pore network) which confers
excellent mechanical properties but sooner thermal
damage. Fig 4. shows the effect of temperature on the
reference concrete but only reliable results at room
temperature and 100 °C could be obtained because the
spalling appeared from 200 °C and above. The fatigue
life is significantly low at RT because of the brittle
behaviour and the absence of barriers (fibre
reinforcement) so that when the cracking appears is
quickly propagated [39]. The thermal damage, at 100 °C,
leads to a lower endurance limit and close to zero which
shows as in ultra-high-performance concrete is essential
the fibre reinforcement. Additionally, it is observed an
increment of scattering by the thermal damage, reflected
through the distance between the 80 and 20 percentile S-
N curves.
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Fig. 5. Effect of temperature on the S-N curves on the UHC
and UHC PP.

Regarding to the effect of temperature on the fibre
reinforced concrete (UHC), the observations are
qualitatively the same than in RC. Nonetheless, it is
worth noting as on the UHC, that significant spalling
effects not appear up to 300 °C because the steel fibres
avoid the free propagation of cracks and increase the
ductility of the matrix. The scattering inferred by the
thermal damage is more relevant than RC due to the
higher temperature reached in the test and the influence
of the fibre distribution [35].

The addition of PP micro-fibres in the UHC was needed
to reach 300 °C without spalling failure. The PP fibres
are melted at 160 °C and create a widespread micro-
channel network which allows the pressure evacuation
more easily and delay the spalling [38]. The influence of
the addition of PP micro-fibres at RT were discussed in
the section 4.1. At 300 °C, the spalling clearly does not
affect and the endurance limit reaches a value very close
to the RT. Thus, the addition of PP micro-fibres might be
recommended to enhance the fatigue life behaviour at
300°C.
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5 Conclusions

From results, the following conclusions can be drawn:

The addition of steel fibres was essential for the
enhancement of the endurance limit and the
fatigue life because it avoids the free crack
propagation.

The steel fibre reinforcement slightly increases
the scattering of S-N curves due to the fibre
distribution.

The use of PP micro-fibres does not improve
the endurance limit at RT but is crucial to
reduce spalling effect and to achieve a higher
endurance limit at 300 °C.

The effect of high temperatures is reflected in a
damage that infer a significant decrease of the
endurance limit and a higher scattering of the S-
N curves.
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