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Flexural fatigue performance of a high-thixotropy UHPC
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ABSTRACT

This research aims to perform a comparison of the mechanical response and the fatigue behaviour of two
Ultra-High Performance Concrete (UHPC) mixtures subjected to bending loads: a regular UHPC and a
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high-thixotropy UHPC. The same materials were used in both mixtures and the only difference was

the proportions of water and additive. Rheological tests were performed to validate the thixotropy of
mixtures in fresh-state. Additionally, image analysis was applied to get fibre distribution and
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orientation from beam-cut slices. Thus, the Image pixel complete colour structure (RGB) was analysed
to avoid greyscale transformations because of its loss of information. Finally, three-point bending tests
were conducted over pre-cracked beams to establish a fatigue equation for the mixtures.
Experimental results showed that high-thixotropy UHPC has mechanical properties comparable to

regular UHPC.

1. Introduction

Ultra-high-performance concrete (UHPC) is a cementitious
material characterised by a dense microstructure that gener-
ates ultra-high strength, ductility, and durability properties,
compared to conventional concrete (Soliman and Tagnit-
Hamou 2017, Chen et al. 2019, Li et al. 2020, Sohail et al.
2021). Some researchers have reported that the specified com-
pressive strengths for UHPC are over 120 MPa (Abbas et al.
2015, Mishra and Singh 2019, Bajaber and Hakeem 2021),
flexural strength over 15 MPa (Yoo et al. 2017, Huang et al.
2021, Li et al. 2021). Consequently, there are numerous appli-
cations of UHPC such as in bridge decks and components,
nuclear power plants, shells and high-rise towers, repair and
rehabilitation of infrastructural components, etc. Schmidt
and Fehling (2005), Jiao et al. (2020), and Arora et al
(2019). Other studies have shown a wide range of applications
of UHPC in road infrastructure (Habert et al. 2013, Azmee and
Shafiq 2018, Meléndez et al. 2022, Helsel et al. 2023). However,
properties such as yield stress, plastic viscosity, and thixotropy
must be evaluated to guarantee an adequate performance in
the casting processes in some elements or structures of
UHPC (Khayat et al. 2019). For example, in the case of placing
UHPC as a paving slab, it is necessary to modify the thixotro-
pic behaviour of the UHPC, indispensably reducing the fluid-
ity of the concrete to enable placement on inclined surfaces
(Haber et al. 2018, Sritharan et al. 2018).

The Federal Highway Administration (FHWA) has investi-
gated that the UHPC rheology must be evaluated for each of
the working dosages, which seek to produce concrete with
greater thixotropy and achieve the workability required for
pavement application (Haber et al. 2017). Thixotropy of the
cement-based materials is typically measured in terms of static
yield stress and its variation with time (Omran et al. 2011).
Concrete thixotropic behaviour is the reversible and time-

dependent decreasing of viscosity, generated when a shear
rate is applied during its fresh state during its casting process,
and in the reverse process, when the shear rate effect is
removed (Barnes 1997, Zhu et al 2021). A thixotropic
UHPC mixture may have yield stress sufficient to prevent
the particles from settling (Roussel 2006). Besides, the thixo-
tropy is dependent on the mix constituents (Gonzalez-
Taboada et al. 2018), thus, the inclusion of additives can sig-
nificantly change the rheological properties and induce high
yield stress and thixotropy of the concrete (Kolawole et al.
2019). Though, when the increased value of yield stress and
plastic viscosity, mixtures often take on a high cohesion
which may improve the ability to stabilise fibres but decrease
the workability for pouring or placing; even this effect can
influence the orientation and distribution of fibres (Wang
et al. 2017).

It has been reported that the fibres in the concrete matrix
provide a significant contribution to the mechanical properties
of cementitious materials in the fresh and hardened state. The
mechanical behaviour of fibre-reinforced concrete or compo-
sites is influenced by the fibre characteristics, such as shape,
volume fraction, and orientation. Fibre aligning can simul-
taneously improve the cracking strength, ultimate strength
and ductility of UHPC under flexure and tension. However,
steel fibres are randomly dispersed in UHPC when being pre-
pared by a direct cast method, decreasing the mechanical
behaviour up to 70% for the aligned fibres (Swamy 1975, Mar-
tinie et al. 2010, Martinie and Roussel 2011, Kang and Kim
2012, Huang et al. 2018, Raju et al. 2020, Zhang et al. 2020).
Figure 1 gives a schematic representation of the typical
Stress-CMOD (crack mouth opening displacement) curve.
As observed, the curve pattern has four phases: in I and II it
is reported an elastic behaviour until it reaches its elastic
limit strength, and the microcracks start to appear, leading
to a sudden drop of stress at Fj,, (Makita and Brithwiler
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Figure 1. Schematic representation of flexural behaviour of steel fibre reinforced
concrete.

2014), and, in III and IV, the microcracks are controlled by
fibres leading to the increase of ultimate strength (Fp.x) and
post-peak behaviour (Christidis et al. 2021).

On the other hand, despite the increasing interest in UHPC
and its potential applications, to date, representative fatigue
test results of UHPC have not been reported that could be
used on specific models. Instead, most studies have focussed
on evaluating its mechanical and durability performance due
to the extraordinary strength characteristics (Bajaber and
Hakeem 2021). However, any structure can suffer from cracks
due to repeated loads during its service life; therefore, assessing
flexural fatigue behaviour is important.

Most of the research reports that have studied the bending
fatigue behaviour in steel fibre reinforced concrete (SFRC)
have been carried out in pre-cracked beams, following the
Crack Mouth Opening Displacement (CMOD) in the function
of the applied loads, and found that the opening of the crack
determines the fatigue life. For instance, the flexural fatigue
performance of high-performance fibre-reinforced concrete
(HPFRC) was reported (Naaman and Hammoud 1998). In
this case, the beams were pre-cracked before the cyclic loading
test, with two to three visible cracks. The specimens were sub-
jected to the loading range sustained the 10%, 80%, and 90%.
The researchers suggested an endurance limit of about 68% of
the ultimate load for 5,000,000 cycles. Germano et al. (2016)
examined the effects of fibre content (0.5 and 1%) on the
flexural fatigue behaviour of plain and steel fibre reinforced
concrete (SFRC). The fatigue tests were performed on pre-
cracked notched specimens, and it was done considerating a
drop of 5% of the referred beam peak load. Three fatigue
load levels (64, 75, and 85%) were adapted with a constant
amplitude (equal to 50% of load). The results showed that
the crack opening increment per cycle and the crack opening
range, are two parameters that govern the fatigue life of the
concrete. Furthermore, the steel fibres improve the energy dis-
sipation capacity of the concrete. Gonzélez et al. (2018) evalu-
ated the effect of fatigue loads on the residual tensile strength
of steel fibre reinforced concretes. The maximum and mini-
mum applied stress was 65% and 5% of its flexural strength,
respectively. They showed that cyclic loads caused a progress-
ive reduction of the stiffness of specimens. This effect was
attributed to the cracking in the fibre-cement paste interface,
causing a decrease in the fibre-concrete bond. Carlesso et al.
(2019) researched a structural design-oriented analysis on
the behaviour of pre-cracked beams subjected to flexural

fatigue loading. Different load ranges were applied: 65, 70,
75, 80, 85, and 90% of the ultimate flexural capacity. The
endurance limit was defined at 2,000,000 cycles, and it was
reached at 66% of the flexural strength.

Given the above, it is important to evaluate the fatigue per-
formance of pre-cracked concrete specimens. Therefore, this
study focussed on evaluating the fatigue performance of pre-
cracked samples subjected to bending. Two UHPC mixtures
were studied, the first with high-thixotropy UHPC and a regular
UHPC. For the purpose of characterise the mixtures, the exper-
imental programme included rheological tests in the fresh state
and compressive strength, modulus of rupture, modulus of elas-
ticity, identification of fibre orientation and distribution, and,
finally, fatigue in hardened conditions. The studied variables
in the experimental programme were the maximum number
of cycles reached (N) and the load level (S) in fatigue tests.

2. Experimental program
2.1. Material dosing

Two UHPC mixtures were manufactured in this study: the first
was a self-compacting regular UHPC labelled as UHPC-A, and
the second, was designed to be more thixotropic in the fresh
state than UHPC-A and labelled as UHPC-T. The Thixotropy
of the mixtures was modified, reducing the amount of additive.
Both mixes were prepared with the same materials and
only differed between them in the proportions of water and
additive.

Materials and the mix proportions are presented in Table 1.
The binder was composed of Portland cement, silica fume, and
calcium carbonate; the fine aggregate had a particle size under
600 m. In addition, an superplasticizer additive SP (High Range
water reducing, HRWR) agent based on polycarboxylic was
used to save water (ASTM C494 requirements for Type F); and
steel microfibres with 2% volume fraction (this percentage has
been commonly used in prior studies (Zhang et al. 2020, Bajaber
and Hakeem 2021, Shao et al. 2022), which had a length of 13
mm and diameter of 0.20 mm. The tensile strength and Young
modulus of the fibres were 2750 MPa and 200 GPa, respectively.

The mixing and casting process followed the same pro-
cedure for both mixtures. The manufacturing of UHPC
mixes was carried out in a planetary mixer with a capacity of
0.1 m*. Mix preparation for each different dosing was carried
out in an average time of 31min (tf). Subsequently, the
characterisation tests were carried out in the fresh state
(mini-slump and rheology). Finally, the samples were manu-
factured for the characterisation in the hardened state and fati-
gue. Table 2 shows the times of the mixing and casting process.

Table 1. Composition of mixtures.

Material UHPC-A UHPC-T
Portland Cement (kg/m?) 740.0 740.0
Calcium carbonate (kg/m?) 310.0 310.0
Silica fume (kg/m?) 2100 2100
Siliceous Sand (kg/m®) 802.2 802.2
Steel fibre (k?/m3) 153.0 153.0
Water (kg/m?) 219.0 220.7
Superplasticizer SP (kg/m?) 247 225
SP/b 0.0196 0.0180




Table 2. Details of the mixing procedures, testing and sampling.

Start Finish
Step time time Description of action
(mm:ss) (mm:ss)
1 00:00 01:00 Mix SP + Water
2= 00:00 00:30 Add 50% dry materials
(to)
3 00:30 01:30 Mix
4 01:30 02:00 Add 25% dry materials
5 02:00 08:00 Mix
6 08:00 08:30 Add 25% dry materials
7 08:30 27:00 Mix
8 27:00 27:30 Add fibre
9= 27:30 31:00 Mix
(tf)
10 31:00 37:00 Mix
11 37:00 40:00 Test preparation
12 40:00 48:00 Simultaneous tests for characterisation in the
fresh state
13 48:00 - Preparation of specimens for hardened state

Figure 2. ICAR rheometer.

2.2. Characterisation in fresh state

The workability was estimated using mini-slump test (ASTM
C1856). The rheological properties were measured using a
ICAR rheometer as shown in Figure 2. It consist of a cylindri-
cal container, an electrical motor and a four bladed vane which
is positioned in the centre of the concrete mixture. The mix-
tures were repeated five times with the same dosage and in
the same laboratory.

The stress growth procedure was used in this study to deter-
mine the static yield stress (7;). This parameter was determined
with the torque as a function of time at a constant and very low
rotational speed of 0.025 rps (Dzuy and Boger 1985, Schwart-
zentruber et al. 2006, Ahari et al. 2015). The Time-Torque
graph (Figure 3) shows the elastic behaviour before reaching
the curve’s peak, in order to then have the material display a
plastic behaviour. Therefore, the stress 7, was calculated as fol-
lows (Equation (1)):

T
7D3 h + !
D 3

Where, T is the maximum torque (Nm), D is the diameter of
the vane (0.127 m) and H is the height of the vane (0.127 m).

(1)

Ts
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1 Constant rotational speed = 0.025 rps

Time (s)

Figure 3. Maximum torque measurement method.

After stress growth or overcoming a particular value of yield
stress 7; the flow starts. Once the flow starts, stress 7 and the
shear ¥, shows the direct relationship. The slope of this flow
curve defines the plastic viscosity which is generally denoted
by u,. The flow behaviour of concrete according to the Bing-
ham model is illustrated in Equation (2) (Jau and Yang 2010,
Li et al. 2020, Nazar et al. 2020). Therefore, to determine the
rheological parameters using the ICAR rheometer, the
rotational speed in the rheometer was reduced from 0.5 to
0.025 rps in 7 steps (Pilar et al. 2021). The dynamic yield stress
(7,) and viscosity (,up) in fundamental units can be obtained
using the G values in Equation (3) from the Reiner-Riwlin
transformation equations, as shown in Equation (4) and (5).

TZTo‘i'/‘pr (2)
T=G+H-N 3)

G (1 1 1
= ()~ e 4
i) W

Ry
_ H 11 )

M= s \R ™R

Where T (Nm) is the torque; G (Nm) is the intercept of the
flow curve; H (Nm/s) is the slope of the flow curve; N (m/s)
is the rotational velocity; R, is the inner cylinder radius; R,
is the outer cylinder radius of the container.

To measure thixotropy, the test process was divided into
two stages. Firstly, the mixture was loaded at a shear rate
from 0.05 rev/s to 0.5 rev/s. Immediately after that, the mixture
was unloaded at a shear rate from 0.5 rev/s to 0.05 rev/s. The
area between both curves reflects the thixotropy (Roussel
2006, Kolawole et al. 2019).

2.3. Manufacturing of test samples

Concrete was manually poured into the slabs molds (5 molds
per mixture) using a bucket, following a casting method in a
zigzag shape to propitiate a drag force to enhance the aligning
of steel fibres in the beams (Raju et al. 2020, Zhang et al. 2020)
(Figure 4(a)). Dimensions of Slab molds were
400 mm x 450 mm x 50 mm. The slabs were cut after curing
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Figure 4. Process of pouring concrete into the slab (a), and slab cutting configuration (b).

for two days into 50 mm x 50 mm x 400 mm beams to obtain
the specimens for bending and fatigue tests (Figure 4(b)). All
specimens were cured for 56 days before being tested, to
avoid a possible strength increase during the fatigue tests
(Goel et al. 2012, Arora and Singh 2017).

2.4. Characterisation in hardened state

Compressive strength was measured according to standard
ASTM C1856 and modulus of elasticity according to stan-
dard ASTM C469 by using a IBERTEST MEH-1500 univer-
sal testing machine, and five specimens were tested for each
test. The three point bending tests were carried out accord-
ing to Test Method EN 14651:2007 (British Standards Insti-
tution 2008) for beams notched in the centre of the lower
face, using a MTS 311.41 servo-hydraulic test system. To
record the CMOD, beams were instrumented with a clip
gauge, as shown in Figure 5.

2.4.1. Distribution and orientation of fibres

To determine the distribution and orientation of the fibre, the
same samples of the bending test were used after being tested.
The analysis section corresponded to the transverse section of
the beam where the failure occurred. Therefore, it does not
include the distribution analysis along the slab, which can

clip
_‘uextens:)meter

Figure 5. Three-point bending test set-up.

restrict free rotation, leading to a better orientation of the
fibres located near to the formwork, as proposed by other
authors Martinie and Roussel (2011). Images were acquired
through commercial cameras with resolutions of 2 to 18 Mega-
pixels, looking to get details about fibre-matrix interaction,
reaching next to the microscale domain, to improve the fibre
detection process at the pixel analysis level during image analy-
sis. Image analysis can be understood as the conversion of an
image into a number or set of numbers, in this case allowing
the characteristics of a material to be identified (Heilbronner
and Barrett 2013).

The images were taken in the laboratory, under controlled
conditions of light, distance, distortion, and content of the
samples in surface moisture. Thus, it was possible to character-
ise the colour structure of the samples and their constitutive
elements (matrix, voids, and fibres) reducing potential biases
and helping to develop an improved image segmentation
methodology for fibre detection based on detailed colour
changes. In contrast, conventional image analysis approaches
developed using gray scale transformed images. This trans-
formation process causes a loss of information in pixels near
the fibre boundary; therefore, some recovered fibre shapes
are imprecise affecting the frequency count. Hence, applying
the stated methodology for image analysis by Rincon et al.
(2016) through colorimetric descriptors and statistics from
the image, an improved Image analysis algorithm was coded
in Microsoft Visual Studio 2019 text registered for fibre detec-
tion. The algorithm was structured considering the relation-
ship between UHPC sample surface features (matrix, voids,
and fibres) and color changes at the pixel level, thus colour
alterations on sample surface regarding matrix can come
mainly in two ways: changes due to voids or fibres presence.
First images from samples were studied in order to define
the most relevant colour structure characteristics by analysing
the variations for the R, G, B channels (Figure 6), looking for
indicators that characterise each scene element, in order to
make a better image segmentation. Nevertheless, different
image descriptors and colorimetric indexes such as tone,
brightness, and saturation indexes were tested seeking a better
classification scheme for the algorithm (

Figure 7) (Rincén and Ocampo 2017).



INTERNATIONAL JOURNAL OF PAVEMENT ENGINEERING . 5

Intensity
o888 28 2
| . | 11 | I
§.
I
Bl
%
| 5
mig_
I
o2
-
8

240

Intensity

140 280 420 560
Y-Y pixels

-—R =—G =—B —I

Figure 6. Detail of changes analysis for R, G, B Channels from VIS UHPC Image.

After obtaining the processed image, the number of fibres
per unit area, ny (number/mm?) (Equation (6)), and the
inclined angle of a single fibre to the cutting plane 8 (Equation
(7)) can be computed as:

Ny
Ay (©)
d
0=cos 'L (7)
a

where Ny is the total number of fibres, A is the counted area.
On the other hand, dy is the fibre diameter and a major axis
length (Martinie et al. 2010, Martinie and Roussel 2011,
Huang et al. 2018, 2020). The fibre orientation number (o)
is computed as (Equation (8)) (Abrishambaf et al. 2017,
Huang et al. 2018):

N}
cos 6, (8)

g = T
f n=1

Figure 7. Example of classification of sample features applying colorimetric brightness index.
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Figure 8. Schematic representation of the fatigue test.

where N7 is the total of fibre crossing the analysed section, 6,
is the inclined angle of the nth fibre.

2.5. Fatigue test

To determine for both analysed concrete, the flexural and fati-
gue performance, three-point bending tests were carried out
on 17 specimens of UHPC-A and 20 of UHPC-T. In addition,
strength contributed by the bonding of concrete and fibres was
considered using a method that evaluates fatigue in pre-
cracked samples. This method has been studied by several
authors Naaman and Hammoud (1998), Carlesso et al.
(2019), Germano et al. (2016), and Gonzélez et al. (2018),
among others. They studied fatigue response in pre-cracked
FRC at a controlled load as a function of the CMOD.

Figure 8 shows the load history of each test. Tests start with
a pre-cracking stage in which a monotonic load was applied at
a constant rate of 0.05mm/min, until obtaining a CMOD
equal to 0.5mm (acceptable service limit according to fib
Model Code 2010 (MC2010, F. 2013, Carlesso et al. 2019). In
this stage, maximum stress was obtained (Figure 8, point A).
The upper and lower load limits for the fatigue cycle were cal-
culated as shown below. Load upper limit (0,,,) corresponds
to a certain percentage of o, reaching a static zone in the
test (Figure 8, point A). The lower limit (oy,,) is defined as

Figure 9. Spreading diameter of UHPC-A (a) and UHPC-T (b).

(Glow = Tupp — 0.50max) (Germano et al. 2016). The stress at
which cycles were started (0yay¢) corresponded to the average
of Oupp and ooy (Tstarr = (O'upp + Olow)/2).

Immediately after pre-cracking, load cycles were applied
following a sinusoidal function at a frequency of 10 Hz until
failure (Figure 8 point C). The test method used in this
research differed from methods applied by the cited authors
in 0y, calculation; for cited authors, point a a,,, was calcu-
lated based on the load corresponding to a CMOD equal to
0.5mm (oy5) (Figure 8 point B), while, for the purposes of
this research, it was calculated based on 0y« value (Figure 8
point A), which corresponds to the maximum load reached
during the pre-cracking zone. This change was adopted to
evaluate the material’s maximum capacity under the most
critical conditions.

3. Results and discussion
3.1. Fresh state

The spreading diameters for UHPC-A and UHPC-T obtained
through the mini slump were 240 + 10 mm and 175 + 8 mm,
respectively (Figure 9). In the same way, the static yield stress
values obtained were 59.9 + 5.7 Pa for the UHPC-A mixture
and 161.3 + 10.3 Pa for UHPC-T.

The rheological parameters were calculated by fitting the
flow curve using the Bingham Model, which has been used
to describe the behaviour of this family of concretes (Feys
et al. 2008, Gineyisi et al. 2016, Kolawole et al. 2019). Par-
ameters were obtained by applying Equation (9), and are
shown in Figure 10, where 7 is shear stress (Pa), 7 is yield
stress (Pa), p is plastic viscosity (Pa s), y is shear rate (1/s).

A reduction of approximately 8% of SP led to a decrease in
workability and yield stress, increasing the thixotropy. Numer-
ous researches have evaluated the effect of the variation of
superplasticizer additives dosage on the thixotropy of mixture
concretes. Qian et al. (2018) evaluated the thixotropy of
cement paste by the variation of superplasticizer (SP) dosage.
They found that the breakdown areas of thixotropy and the
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Figure 10. Rheological parameters according to the Bingham Model for UHPC-A
and UHPC-T.

rheology parameter were affected by a change of SP. Lowke
(2018) found that the thixotropic properties can be controlled
by adjusting the water/binder ratio and additions. This can be
explained by the attraction and separation of the particles. This
is determined by the coverage of particle surfaces with
adsorbed superplasticizer molecules. Lower surface coverage
means a higher attractive force and thus a smaller bridging dis-
tance leading to an increase in thixotropic structure formation
and decreasing workability.

T=uy+ 7 )

A comparison of the rheological parameters obtained in this
research with a compilation of results from other authors
Khayat et al. (2019) is shown in Table 3. The fluency stress
of UHPC-A is within the range of a self-compacting concrete

Table 3. Typical rheological parameters for different concrete mixtures.

Rheological parameter
Yield stress (Pa)

Concrete class Plastic viscosity (Pa.s)

cc 500-2000 50-100
scch 5-50 100-400
HPC® 50-2000 50-550
UHPC? 10-100 20-200
UHPC-A 31.23 106.32
UHPC-T 110.65 160.30

Notes:?Conventional Concrete (Markovi¢ 2006).bSe|f-Compacting Concrete (Mar-
dani-Aghabaglou et al. 2013).°High Performance Concrete (Hu and de Larrard
1996).“Ultra High Performance Concrete (Choi et al. 2016, Meng and Khayat
2017).

—— UHPC-A
360 4- [Pzl UHPC-T pa—

o+ttt
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
Shear rate [V/s]

Figure 11. Rheological parameters according to the Bingham Model for UHPC-A
and UHPC-T.
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(SCC), and simultaneously, its plastic viscosity corresponds to
that for UHPC. On the other hand, it was evidenced that
UHPC-T presented more significant fluency stress than
UHPC and SCC, demonstrating the rheological modification
of the material due to changes made in the mix dosing.

Figure 11 presents the test cycles according to the Bingham
Model for both mixtures. A significant change in the thixo-
tropy can be seen. The shaded zones represent the thixotropy
of each material and are enclosed by an increasing line (upper
line of each mixture) and a decreasing line (lower line of each
mix. It is evidenced that UHPC-T displays a significantly
greater area (109.27 Pa/s), which demonstrates its thixotropic
quality. On the other hand, UHPC-A shows a low thixotropy
value (22.71 Pa/s), which is associated with its self-compacting
behaviour.

3.2. Hardened state

Mechanical properties are shown in Table 4. UHPC-A had a
greater modulus of elasticity and greater compressive strength
than UHPC-T. This can be attributed to the inversely pro-
portional relation existing between compressive strength and
the entrapped air in mixtures (Sanjayan et al. 2021). Dils
et al. (2013) evaluated the influence of different cement types
on the rheology and mechanical properties of UHPC. It was
found that a 37% reduction of workability leads to an increase
in the amount of entrapped air in the mixture and reduces its
compressive strength by 27%. In this study, the workability of
the UHPC-T was by approximately 27%, and the compressive
strength was decreased by 13%.

The addition of fibres influences the entrapped air content
in the mixture, the internal force between fibres and concrete,
or between themselves (Yu et al. 2014). Therefore, despite the
fact that mixtures were vibrated, there was a remaining portion
of air entrapped in concrete, which in UHPC-A was smaller
due to its self-compacting feature. At the same time, due to
the high viscosity and fluency stress of UHPC-T, this mixture
had a greater entrapped air content, which in the hardened
state means more pores.

3.2.1. Distribution and orientation of fibres

Table 5 presents the average results of the total fibres (N}), the
distribution (n¢), and the orientation factor (@) in the ana-
lysed section for the mixtures of UHPC-A and UHPC-T. As
expected, the values obtained for both study mixtures, in
terms of the number of fibres and the distribution parameter
with the proposed methodology, were consistent with those
reported in other investigations for similar volumes of fibres

Table 4. Results of the characterisation tests in the hardened state of UHPFRC-A
and UHPFRC-T.

Mixture Test Mean CV (%)
UHPC-A Compressive strength 146.46 MPa 9.17
Elastic modulus 60.06 GPa 248

Flexural strength gy, 12.60 MPa 5.72

Flexural strength opor 13.82 MPa 8.77

UHPC-T Compressive strength 126.76 MPa 12.64
Elastic modulus 56.10 GPa 2.07

Flexural strength ay,p 12.61 MPa 8.91

Flexural strength opor 22.08 MPa 3.86
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Table 5. Results of the total fibres (NTf), distribution (ns) and, orientation factor in
the analysed section for UHPC-A and UHPC-T mixtures.

Mixture NT n¢ (fibre/mm?) CV (%) ay CV (%)
UHPC-A 1227 0.47 6.09 0.19 11.47
UHPC-T 1591 0.60 8.85 0.07 47.10

(Abrishambaf et al. 2017, Zhou and Uchida 2017, Huang et al.
2020). However, an increase in fibre distribution was identified
in the UHPC-T mix compared to the self-compacting mix.
This is attributed to the fact that the UHPC-A mixture has
greater fluidity and the fibre can flow more freely with respect
to the thixotropic mixture, even knowing that the method of
pouring the mixture is favourable to the distribution of the
fibre (Kang et al. 2011, Kang and Kim 2012, Huang et al. 2021).

The average flexural strength results are presented in Table
4. Fibre distribution for each individual specimen is shown in
Figure 12; related to the flexural strength lop (limit of propor-
tionality) in Figure 12(a); and flexural strength mor (modulus
of rupture) in Figure 12(b). It was observed that the number of
fibres per area unit (nr) considerably affects the ultimate
flexural strength 07, while it hardly affects the first cracking
strength 07,p, as has been reported (Kang and Kim 2012).
Therefore, the performance of the concrete matrix is respon-
sible for the early strength results in UHPC.

A similar case was presented regarding the fibre orientation
factor (ap) (Figure 13). The initial cracking stress (oj,) is
stable with respect to the ultimate stress (o) (Figure 13
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(a)), which validates the contribution to the mechanical behav-
iour of the UHPC matrix. On the other hand, according to
Figure 13(b), an increase in oy, was observed for the
UHPC-T mixture that is related to the lower values (close to
zero) of the orientation factor. The last fact suggests that the
orientation is favorable for the bending behaviour and ensures
a greater ability of the fibres to control cracks, increasing the
bending and tensile mechanical properties of the UHPC
samples (Huang et al. 2021).

3.3. Fatigue test

Fatiga life was evaluated through the S-N curve. Fatigue tests
comprised three stages, a pre-cracking stage (static), cyclic
stage, and post-fatigue stage.

3.3.1. Cracking stage

In order to study the overall results, the median values of the
static flexural strength were obtained by considering the results
from the cracking stage of the fatigue test. The flexural median
stress-CMOD curves of UHPC-A (a) and UHPC-T (b) are pre-
sented in Figure 14, and Table 6 shows the median character-
istic stress values and the coefficient of variation. After the oy,
when the first matrix crack occurs and the fibres are activated,
the UHPC-A presented a drop in the flexural strength, and
then the strength increases surpassing the cracking load. On
the other hand, the UHPC-T did not show this behaviour,
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Figure 12. fibre distribution with respect to the flexural behaviour of UHPC mixtures. (a) Relation between fibre distribution ns and oj0, and (b) Relation between fibre

distribution nf and .
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Figure 14. Median curve of pre-cracking process for UHPC-A (a) and UHPC-T (b).

Table 6. Results of bending tests of UHPC-A and UHPC-T expressed in mean and
variation coefficient (CV).

Mixture Test Value CV (%)

UHPC-A Olop 10.38 MPa 8.20
Opc 8.94 MPa 14.62
0.5 15.18 MPa 22.30

UHPC-T Olop 13.04 MPa 12.31
Opc 12.89 MPa 12.74
Oos 23.99 MPa 14.73

after the oy, it presented a discontinuity of the static flexural
strength curve, and then the strength increases. Furthermore,
comparison of the average shape curves shows higher coeffi-
cients of variation for UHPC-A.

The flexural strength and energy dissipated (area inside the
curve) are higher in UHPC-T, which indicates that increasing
the viscosity tended to improve the alignment parallel to the
longitudinal direction of casting. Likewise, in prior studies, it
has been reported that the orientation and distribution of
steel fibres are affected by yield stress and rheology of fresh
concrete, as verified in the previous sections of this study
and other authors Meng and Khayat (2017) and Zhang et al.
(2020).

3.3.2. Cyclic stage
The fatigue was evaluated based on the number of cycles
endured until failure. Results are presented on Table 7, for
UHPC-A and UHPC-T mixtures. It is commonly accepted
that the failure occurred when o, dropped 2%, and it was
attributed to the sudden fibre pull-out (Germano et al. 2016).
The ratio between the 0, and the Tax (S = Tupp/Timax) 8
plotted versus the logarithm of the number of cycles at failure
(LogNy) in Figure 15. It is noteworthy to mention that o of
UHPC-T was 58% higher than UHPC-A (it was discussed in
Section 3.3.1), and therefore, for any level of stress, the
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Table 7. Results from fatigue tests on UHPC-A and UHPC-T specimens tested.

UHPC-A UHPC-T
S Nt S Nt
0.72 2,000,000 0.71 1,864,241
0.73 2,000,000 0.73 339,659
0.75 278,797 0.76 64,206
0.76 302,121 0.77 607,685
0.77 336,172 0.81 9688
0.79 133,349 0.83 3250
0.79 439,869 0.83 53,662
0.80 481,899 0.84 141,405
0.83 161,255 0.84 56,180
0.84 285,805 0.85 88,954
0.85 134,057 0.85 64,206
0.86 14,258 0.86 966
0.89 4779 0.87 22,732
0.89 350 0.88 721
0.91 6999 0.89 190
0.94 196 0.91 59
0.95 74 0.92 264
0.94 126
0.95 20
0.98 66

performance of UHPC-T is higher than UHPC-A, e.g. at S=
0.9, 0y of UHPC-A is 13.66 MPa (N; = 1514 cycles), while
0upp of UHPC-T would be 21.59 MPa (N; = 452 cycles). How-
ever, at 0y, = 13.66 MPa, UHPC-T would exhibit a fatigue
endurance limit.

Fatigue damage was evidenced with the subcritical growth
evidenced as a gradual decrease of o, (Figure 8 (points C-
D), which was interpreted as a sudden loss of adherence in
the fibres and the impossibility of adjusting the level of applied
stress due to the high frequency of the test. The reduction of
load in fatigue tests may be related to the subcritical growth
of CMOD, which led to failure. (Figure 8 (point C). Addition-
ally, to ensure that all the load cycles within the fatigue
test reached the same o, it was established that failure
occurred when a reduction of 2% took place in o, (Figure 8
(point C)).

The equations obtained with the linear regression of the S-
N curve can predict the fatigue life of pre-cracked specimens.
Fatigue performance of UHPC-A is superior at higher S levels;
however, the fatigue line presents a lower slope, which can be
interpreted as a reduction in the capacity to support load cycles
compared to UHPC-T.
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e
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Figure 15. S-N line of UHPC-A and UHPC-T.
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Figure 16 presents a comparison of fatigue lines for UHPC-
A and UHPC-T mixtures, with studies of other authors that
evaluated fatigue performance of special concretes using the
same test method. The compared mixtures are a steel fibre-
reinforced high-performance concrete (HPFRC Carlesso
et al. 2019), and two SFRC (Germano et al. 2016). Likewise,
a lower slope was observed in UHPC mixtures, interpreted
as better fatigue performance. HPFRC had a similar slope to
UHPC-A; however, it displayed lower S levels.

4, Conclusions

In this study, the flexural fatigue performance of a high-thixo-
tropy UHPC was investigated. For this purpose, a three-point
flexural and fatigue test with the notched was carried out for
two types of UHPC mixtures, self-levelling and high-thixo-
tropy. The fresh and hardened state characterisations of each
mixture were analysed in order to identify the impact that
rheology, distribution, and orientation had on mechanical per-
formance. Based on the above results and discussion, the fol-
lowing conclusions can be made:

The reduction of the dose of superplasticizer in UHPC-T
(8%) in the study mixture caused a decrease in the fluidity of
27% and an increase in both the elastic limit and the plastic vis-
cosity of 354% and 150%, respectively. This evidences the
increase in the thixotropy of the concrete as reported by
other researchers.

The experimental results of this study and other research
showed that changing the rheological properties could modify
the fibre distribution and orientation. In this study, the change
in rheological properties improved the flexural performance of
UHPC, indicating that a 27% increase in fibre distribution
caused by the decrease in superplasticizer contributed to the
increase in maximum flexural strength in the samples test.
However, decreasing the flowability of UHPC-T reduced the
compressive strength by 15% and the modulus of elasticity
by 7%.

Both UHPC-A and UHPC-T, at a load level (S) lower than
0.7, can resist more than 2,000,000 cycles, even when cracks
are visible. This is possible since the mechanism of bonding
between fibres and concrete stops and retains the crack’s
growth and development. In addition, comparing fatigue
lines, UHPC-T presents a lower slope, which can be

interpreted as a higher ability to endure load cycles than
UHPC-A. In addition, for any stress level, the performance
of UHPC-T would be higher than UHPC-A.
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