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Abstract: Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) is a relatively new
construction material with superior mechanical properties. The addition of fibers in UHPFRC has
been recognized to significantly enhance its tensile strength, post-cracking ductility and energy
absorption capacity. This study investigates the influence of fiber content on the mechanical
properties of UHPFRC with coarse aggregates. By applying the Brouwers design method,
UHPFRC with a maximum particle size of 8 mm is achieved. The incorporation of coarse basalt
aggregates reduces the powder volume fraction in the matrix, and hence brings economic and
environmental benefits. Experiments are conducted to investigate the effects of fiber content on
the tensile and compressive strengths, as well as the flexural behavior of the UHPFRC. The results
show that the compressive strength of the UHPFRC is almost independent on the fiber content. On
the contrary, the tensile and the flexural strengths are significantly increased with the increase of
the fiber content, and consequently the toughness of the UHPFRC composite has a prominent
enhancement with the addition of the steel fibers as well.

Keywords: Ultra-high Performance Concrete, fiber content, performance evaluation, mix design,
coarse aggregate

1. Introduction

Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) is a relatively new building
material with excellent mechanical strength and durability. To achieve an ultra-high compressive
strength (usually around 150 MPa), traditional UHPFRC matrix is usually designed with only fine
aggregates and contains a high content of binder [1]. This, however, results in a high production
cost and limits the application of UHPFRC [1]. Utilizing cheaper coarse aggregates in UHPFRC
is one of the solutions to improve its economic benefit. Moreover, current studies show that
UHPFRC with an appropriate content of coarse aggregates possess advantages, and the negative
effects resulted from adding coarse aggregates can be prevented by properly packing the granular
constituents [2,3]. For instance, Ma et al. [4] reported that the inclusion of coarse aggregates
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improves the elastic modulus of Ultra-High Performance Concrete (UHPC), benefits its
workability and promotes a better shrinkage performance. Researches of [3,5] also presented that
the addition of coarse aggregates would not reduce the compressive strength of UHPFRC, and they
even observed a slightly higher strength in their studies.

Incorporating steel fibers in UHPFRC contributes to its strength enhancement [6].
Mechanisms of the fiber’s effects on UHPFRC can be explained as follows. When an initial micro-
crack occurs in the matrix, the presence of the fiber restricts its initiation [7]; as the crack width
increases, the fibers effectively bridges between the crack surfaces, inhibit crack propagation, and
hence act as sources of strength and ductility [8]. Fiber content is an important factor influencing
the tensile strength of UHPFRC. Wille et al. [9] investigated the properties of UHPFRC under
direct tension with fiber volume fractions from 1.5% to 3.0%, and their results revealed the strong
dependency of the tensile behavior on the fiber content. Similar results were obtained by Abbas et
al. [10], which explored the effects of the fiber content (1%, 3% and 6%) on the mechanical
properties of UHPFRC. In their study, significant increase in splitting tensile strength was
observed with the increase of the fiber content as a consequence of the more effective control for
cracking. Nevertheless, most studies about fibers effects concern traditional UHPFRC with only
fine aggregates, while the effects on the UHPFRC with coarse aggregates incorporated are still not
fully understand.

In this study, UHPFRC containing coarse basalt aggregates is designed using the Brouwers
method. The effects of fiber content on the tensile and compressive strengths, as well as the flexural
behavior of the UHPFRC are investigated by experiments. This study contributes to the reduction
of binders in UHPFRC and promotes to a better understanding about fibers effects on UHPFRC.

2. Testing Methods.
2.1. Materials and mix design

Recipe of the UHPFRC matrix is presented in Table 1.The raw materials used for the UHPFRC
mixture are Portland Cement CEM | 52.5 R (CEM), limestone powder (LP), micro-silica (mS),
sand (S), basalts aggregate (BA), water (W), superplasticizer (SP) and smooth straight steel fiber
(SF) with length = 13 mm, diameter = 0.2 mm, tensile strength = 2750 MPa. The specific densities
of the ingredients, particle morphologies and chemical compositions of the used powders can be
found in [11]. The fiber contents V¢ studied in this research are 0%, 1% and 2% (volume fraction).
The amount of superplasticizer is adjusted with the fiber content [12] until a flowability around 20
cm is achieved (measured with Hagermann cone in accordance with EN 1015-3 [13]).

Table 1 Recipe of UHPFRC matrix

Materials ~ CoM LP mS S BA25 BA58 W SP SF
(kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m?) (%)
5.0 0
Quantity ~ 588 1568 392 8399 4132 2323 157 8.0 1
17.0 2

It can be noticed that the binder amount utilized in the developed UHPFRC is relatively
low, contributing to the environmental sustainability and the economic efficiency. The coarse
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basalt aggregates applied have two size groups namely 2-5 mm and 5-8 mm, the fraction of which
are calculated applying the Brouwers mix design method [14-16]:

R (D)~ @
RSS:Zn:[Pm(Di)—R(Di)]ZAmin )

where D, Dmin and Dmax represent the particle size and the minimum and maximum values,
respectively. q is the distribution modulus, and q = 0.22 is recommended in [17] for UHPFRC.
P¢(D) is the cumulative fraction of the total solid with a size smaller than D, in which the lower
corner mark t denotes the target percentage. Pm presents the cumulative fraction of the designed
mix. Optimization algorithm based on the Least Squares Method, as presented in Eq. (2), is applied
to achieve an optimum fit between P (D) and P: (D), and then the fraction of the coarse basalt
aggregates are determined. The PSDs of the target and designed curve of UHPFRC matrix are
shown in Fig. 1.
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Fig. 1 PSD of raw materials and designed UHPFRC matrix
2.2 Mixing and casting procedures

The following mixing procedure was adopted for the UHPFRC matrix at room temperature of
about 20 £ 1 °C: dry mixing of all powders and sands for 2 min; adding 75% water and mixing for
2 min; adding the superplasticizer and the remaining water; mixing for 4 min and then adding the
steel fibers; adding the basalt aggregates and mixing for 3 min.

After mixing, the UHPFRC mixture was poured into the molds, and then the specimens
were covered with plastic sheets to prevent moisture evaporation. They were demolded after 24
hours and cured in water under room temperature for an additional 27 days. All specimens were
tested after the age of 28 days.

2.3 Testing methods

100x100x100 mm?® cubic moulds were used for the tension and compression tests. The
compressive and tensile splitting strengths of the UHPFRC samples were measured based on EN
12390-3 [18] and EN 12390-6 [19], respectively.
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100x100x500 mm?3 beams were casted for testing the flexural strength. Three-point
bending tests were conducted with the hydraulic testing machine, the span length was 400 mm and
the load rate was 0.2 mm/min [20]. Two linear variable differential transducers (LVDTSs) were
used for measuring the mid-point deflections

3. Results and discussion
3.1 Tensile and compressive strengths

The splitting tensile and compressive strengths of the UHPFRC with fiber content Vs= 0%, 1%
and 2% are given in Fig.2. As can be observed in the figure, the splitting tensile strength ot increase
considerably with the fiber content. To be more specific, 44% and 97% increases in ot are observed
for the UHPFRC incorporating 1% and 2% steel fibers, respectively, compared to that of the
mixture without fibers. Additionally, it is observed that the UHPFRC cubes with fibers do not
failed into two pieces during the splitting tension tests, which is attributed to the fibers’ crack
bridging effect and the strong bond between the fibers and the UHPFRC matrix [10].

Differing with the effects on the tensile strength, the addition of steel fibers has slight
influences on the compressive strength oc of the UHPFRC. The o¢ of the Vs = 0%, 1% and 2%
UHPFRC are around 138 MPa, 149 MPa and152 MPa, respectively. Additionally, these ultra-high
compressive strength values also confirm the effectiveness of the mixture design in this study, i.e.
with the Brouwers design method, the strength requirement of UHPFRC can be achieved when
coarse basalt aggregates are used as replacement for the fine particles.

Moreover, the failure mode of the UHPFRC are distinct between the cubes with and
without steel fibers. The Vs = 0% UHPFRC experienced a sudden and explosive damage, while
the Vs= 1% and 2% UHPFRC cubes did not break into pieces after failure thanks to the connection
of the fibers. These significant enhancement in the tensile strength and limited increases in the
compressive strength are in agreement with the previous study [10].
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Fig. 2 Compressive and tensile strengths of the UHPFRC
3.2 Flexural strength and energy

The flexural behaviors of the UHPFRC mixtures with different fiber contents are significantly
different, as shown in Fig.3. Under the three point bending, the V= 0% UHPFRC exhibits a sudden
drop in load carrying capacity after reaching the peak load, as opposed to the gradual failure of the
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UHPFRC beams reinforced with fibers. Strain-hardening is observed for the V= 2% UHPFRC,
i.e. the flexural load increases after the first cracking of the UHPFRC beam. Conversely, the curve
of Vi= 1% UHPFRC exhibits a steeper drop after the first crack occurs, and the beam presents a
strain softening behavior with decreased flexural loads afterwards.

Furthermore, the peak flexural load and the flexural energy of UHPFRC are found to
increase with the fiber content (Fig.4). The flexural energy is calculated by estimating the area
under the flexural load-deflection curve in Fig.3. 14% and 30% increases in the peak flexural load
are observed for the Vi = 1% and 2% UHPFRC, respectively, compared to that of the Vs= 0%
UHPFRC. In addition, the enhancement of the flexural energy caused by the fibers is much more
obvious. The V¢ = 1% and 2% UHPFRC beams show approximately 35 and 38 times higher
flexural energies than that of the Vs= 0% counterpart. With the incorporation of the steel fibers,
the UHPFCR beam possesses a more effective control for the growth of micro-cracks into macro-
cracks, and hence increases the load carrying capacity and toughness of the beam [10].
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Fig. 3 Flexural load-deflection curves of the UHPFRC
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Fig. 4 Flexural load and energy of the UHPFRC

3.3 Cracking process

The cracking pattern of the UHPFRC with 0%, 1% and 2% fibers under three point bending
are given in Figs. 5-7, respectively. As expected, the UHPFRC beam without steel fibers
experienced a catastrophic and brittle failure and the beam was separated into two parts after the
bending test. On contrast, the UHPFRC beams with 1% and 2% fibers showed a more stable
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cracking process: no cracks were observed at the initial linear elastic loading stage, after which
post-crack stage began; a crack initiated from the beam bottom and propagated upwards to the
beam top surface with the increase of the bending load; the crack became wider and the beam
finally failed into two parts. For the fiber reinforced beams, some fibers were observed to be pulled
out from the UHPFRC matrix, the process of which contributed to the improvement of the flexural
energy. Moreover, for the Vs= 2% UHPFRC beam, the propagation of the crack was more tortuous
(see Fig.7b and c), and the final macro crack was more twisted compared with the almost straight
crack in the Vi= 1% UHPFRC beam (see Fig.6c¢). This is associated with the more prominent stress
redistribution effect provided by the fibers, considering that the Vs= 2% UHPFRC beam contains
more concentrated fibers, and that the pull-out of one fiber could result in the increasing loads in
the neighboring fibers. This tortuous cracking process further enhances the flexural energy of the
Vi= 2% UHPFRC beam.

‘(a) Mian crack (b) Failure surface
Fig. 5 Failure pattern of Vs = 0% UHPFRC

(b) t= 15 min (c) t=30 min (d) Failure surface
Fig. 6 Failure pattern of Vs = 1% UHPFRC

@) t= ;-

(a) t=5 min (b) t= 15 min (c) t= 35 min (d) Failure surface
Fig. 7 Failure pattern of V= 2% UHPFRC
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4. Conclusions

UHPFRC with coarse basalt aggregates of a maximum size of 8 mm was developed in this paper.
The tensile and compressive strengths of the designed UHPFRC were tested, the results of which
showed that the strength requirement could be achieved by properly packing the granular
constituents based on the Brouwers design method. Furthermore, the effects of fiber content on
the tensile, compressive and flexural performance of the UHPFRC were investigated
experimentally with fiber volume fractions V¢ = 0%, 1% and 2%. It is observed form the study that
the compressive strength of the UHPFRC is almost independent on the fiber content, while the
tensile and the flexural strengths are significantly increased with the increase of the fiber content.
And the cracking process is more tortuous for the UHPFRC beam with a higher fiber content,
resulting in a further enhancement of the flexural energy. The designed UHPFRC in this study
contributes to the reduction of the binder in the UHPFRC matrix, which brings both economic and
environmental benefits. Moreover, this study also provides an important perspective for
understanding the fibers effects on UHPFRC and thus promotes the technological application of
UHPFRC in practical constructions.
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