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Abstract

In this study, the influence of volume contents of mesofibre and macrofibre on the tensile
behaviour of ultra-high-performance hybrid fibre-reinforced cement-based composites (UHP-
HFRCC) was experimentally investigated. It was shown that the tensile behaviour of UHP-
HFRCC is dominantly affected by the volume content of macrofibre rather than that of
mesofibre. However, it was also shown that mechanical performance such as tensile strength,
tensile strain capacity (ductility) and energy absorption capacity are not simply affected by the
volume content of the macrofibre; The balance of volume contents between mesofibre and
macrofibre is very important to enhance the mechanical performance under tension.

Résumé

Dans cet article on étudie expérimentalement l'influence de la teneur volumique en fibres
et microfibres sur le comportement en traction de composites cimentaires fibrés hybrides a
ultra-hautes performances (CCFHUP). On montre que le comportement en traction des
CCFHUP est principalement affecté par la teneur en macrofibres, plus que par celle en
microfibres. Cependant, on montre aussi que la résistance en traction, la capacité de
déformation en traction (ductilité) et la capacité d'absorption d'énergic ne sont pas
seulement influencées par la teneur en macrofibres, mais que l'équilibre des teneurs en
microfibres et macrofibres est trés important pour améliorer le comportement en traction du
CCFHUP.

1. INTRODUCTION

Ultra-high-performance fibre-reinforced cement-based composites (UHP-FRCC), which
have the potential to be a ductile material that shows pseudo-strain-hardening behaviour and
multiple cracking after the occurrence of the first crack under uniaxial tensile stress, have
been focused on by many researchers because of its unique mechanical performance.
Nonetheless, by simply adding one type of fibre in ultra-high-performance concrete (UHPC),
it is still difficult to obtain high strain capacity (ductility) as well as high tensile strength
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Table 1: Composition of matrix mixture by weight ratio and compressive strength

Cement* | Water |Sand | Wollastonite | Superplasticizer |Anti-foaming agents Compre(sl\s/i\éz)strength

1.0 0.143 |0.35 0.13 0.017 0.0002 182

Note: *Silicafume premixed low heat cement (Mitsubishi materials Co.).

because a high volume content of fibre causes workability problems and high cost. As one
possible solution to these problems, some researchers used a hybrid system which is the
application of fibres of different geometries in UHPC. It hereby, a multi-level reinforcement
system is created, and it is called UHP-hybrid fibre reinforced cement-based composites
(UHP-HFRCC) [1]. However, current researches on UHP-HFRCC have been focused on
enhancing tensile performance such as strain capacity, tensile strength as well as energy
absorption capacity which required a large amount of fibres, i.e. 6-11% by volume [2, 3, 4].
Thus, it results in high cost and poor workability. Indeed, after the first crack initiation, the
mechanical response of UHP-HFRCC changes from elastic stage to microcracking stage or
mesocracking stage, because of the bridging action performed by microfibre or mesofibre.
Then, the beneficial effects of macrofibre become evident only after this stage by arresting
and delaying the growth of macrocrack [1, 5]. Kwon et al. [1] reported mono-fibre composites
which use only macrofibres exhibit larger scatter and lower tensile performance than hybrid-
fibre composites. Fantilli et al. [6] showed that the volume content of macrofibre for
achieving strain hardening and multiple cracking in UHP-HFRCC could be reduced with
hybrid-fibre composites. However, very little information is available regarding the influence
of the mix proportion of volume contents of microfibre or mesofibre and macrofibre on the
mechanical performance of UHP-HFRCC. The objective of this study is to investigate the
mechanical perfromance of UHP-HFRCC under tension by changing the mix proportion of
volume contents of mesofibre and macrofibre. The specific objective is to investigate the
effect of blending of two different types of fibres: straight, short fibres (mesofibres) and
hooked, long fibres (macrofibres).

2. EXPERIMENTAL PROGRAM

2.1  Materials

An UHP-HFRCC mixture based on a multi-level reinforcement concept was developed by
optimizing the parameters of several constituent materials (Kwon et al. [1]); the mixture
shown in Table 1 has a compressive strength of 182 MPa and exhibits good workability. We
used commercial silica fume cement (SFC), in which low-heat cement (82 wt.%) and silica
fume (18 wt.%) were pre-mixed. The density and blaine fineness of SFC were 3.01 g/cm’ and
6,555 cm?/g, respectively. As aggregates, well-graded very fine natural silica sand with an
average particle size of 0.212 mm was used and wollastonite (CaSiOs3) was also substituted.
The density of silica sand and wollastonite were 2.9 g/cm’ and 2.9 g/em’, respectively.
Polycarboxylate-based superplasticizer and anti-foaming agents were employed for reducing
water dosage and air content.
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Mesofibre (S-fibre) Macrofibre (H-fibre)
Figure 1: Different type of fibres used in this study.

Table 2 - Properties of different fibres used in this study

Specific . Aspect Tensile Young's
Notation Form gI;aVi Length Diameter raIt)io strength moduﬁls
(@em’) (MM (mm) (L/D) (MPa)  (Gpa)
S Straight 7.85 6.0 0.16 37.5 2000~ 206
H Hooked 7.85 30.0 0.38 78.9 3000 206
Table 3 - Test series
Notation (OV/:S (I;’(’)f) ((Z{) 2
SOHO0.5 0.0 0.5 0.5 0.4
SOH1.0 0.0 1.0 1.0 0.8
SOH1.5 0.0 1.5 1.5 1.2
S1HO.5 1.0 0.5 1.5 0.8
S1H1.0 1.0 1.0 2.0 1.2
S1HL.5 1.0 1.5 2.5 1.6
S2HO0.5 2.0 0.5 2.5 1.2
S2H1.0 2.0 1.0 3.0 1.6
S2H1.5 2.0 1.5 3.5 2.0
S3HO0.5 3.0 0.5 3.5 1.6
S3H1.0 3.0 1.0 4.0 2.0
S3H1.5 3.0 1.5 4.5 2.4

Note: Vi : volume content of S-fibre, V,: volume content of H-fibre, V;: total volume content
of fibre, y,: fibre factor

As shown in Fig. 1, the steel fibre used as the mesofibre in this study was straight steel
fibre with a length of 6 mm (hereafter, “S-fibre”); the macrofibre was long and with hooked
ends with a length of 30 mm (hereafter, “H-fibre”). The diameter of the mesofibre was 0.16
mm and that of the macrofibre was 0.38 mm. The properties of the fibres are shown in Table
2. The volume content of S-fibre was changed as V= 0.0%, 1.0%, 2.0%, 3.0%, each of
which are described as SO, S1, S2 and S3. On the other hand, the volume content of H-fibre
was changed as V= 0.5%, 1.0% and 1.5%, each of which are described as H0.5, H1.0 and
H1.5. Table 3 shows as overview of the UHP-HFRCC mixtures adopted in this study.
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(a) Specimen geometry properties. (b) Equipment for mounting. (¢) Test setup for uniaxial tension.
Figure 2: Geometrical properties of dog-bone specimen and test setup for uniaxial tension.

2.2 Specimen preparation and curing

An Omni-type laboratory mixer of 5.0 litres capacity was used for mixing. Cement, sand,
and wollastonite were first dry-mixed for 60 s. Water was pre-mixed with polycarboxylate-
based superplasticizer. Then anti-foaming agents were added and mixed for another 360 s.
The S-fibres were dispersed into the mortar and then mixed for another 90 s. The H-fibres
were finally added and mixed for another 210 s. Table flow tests were conducted for each
batch to measure the fresh property which followed the recommendations of Japan industrial
standards (JIS R 5201) [7]. The filling method of UHP-HFRCC to produce the specimens was
fixed in the same way for each series, by keeping the pouring position of three parts to make
two layers in the mould. Zhou et al. [8] reported that fibre orientation was not changed if the
filling method was the same even though the type of fibre and the volume content were
changed. Based on their experimental findings, the influence of the fibre orientation on
mechanical performance was not discussed in the present study. Dog-bone specimens were
cast in plastic moulds. The geometry of the dog-bone specimens, which followed the
recommendations of the Japan society of civil engineers (JSCE) [9] for high-performance
fibre-reinforced cement-based composites, is illustrated in Fig. 2(a). Figure 2(a) shows that
the smallest section of the specimen was 30 x 30 mm®. In principle, 4-6 specimens were used
for each test series. After de-moulding, the specimens were cured in a steam chamber for 24 h.
The steam curing condition was as follows: the temperature increased at a rate of 15°C per hour
up to 90°C, and it was kept at this level for 24 h. Then the temperature was gradually lowered
to 20°C. After the steam curing, the specimens were stored in a curing room at 20°C and about
95% relative humidity (RH) until the time the test were carried out.

2.3 Test set-up and procedure

The uniaxial tension tests were conducted according to the recommendations of the Japan
Society of Civil Engineers (JSCE) [9]. Equipment for mounting the dog-bone-type specimen
on the loading machine and the test set-up for uniaxial tension are shown in Figs. 2(b) and (c),
respectively. The average extension was measured over the central gauge length of 80 mm
using two linear variable-differential transformers (LVDT) that were placed on both sides of
the mounting frames and firmly clamped onto the specimen, as shown in Fig. 2(b). The
uniaxial tensile load was applied with an universal testing machine with 30 kN capacity and
the supporting condition for the specimen was “fix—fix.” Each test was controlled by the
displacement of the loading head at a displacement rate of 0.5 mm/min.
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3. EVALUATION PROCEDURES

3.1  Fiber factors related to workability

Fibre volume content and aspect ratio (the ratio of length to diameter) are known to affect
the workability of FRCC, so that an increase in these values leads to a decrease in
workability. Assuming that fibres have the same surface conditions, the fibre factor, y, can

be selected as a parameter to evaluate in advance whether the workability of a mix is adequate
or not. The fibre factor is defined by Equation (1):

X =V, xt,ld, (1)

where y, is the fibre factor, Vyis the fibre volume content, / , is the fibre length, and d, is
the fibre dlameter Obviously, an increase in y, increases the risk of fibre clumping during
the mixing process and decreases workability. Note that a value of y, ~ 2.5 was suggested
by Markovic [10] as an upper limit for the straight steel fibre used in hlS study. Naaman and
Wille [11] and Wille and Naaman [12] investigated the workability of UHP-FRCC with
different fibre volume contents, and suggested y, ~ 2.0 as the upper limit. In this study, v,

was calculated for each of S-fibre and H-fibre. Then both values were summed up (Table 3).

3.2  Mechanical properties

oy 1s the maximum post-cracking stress, or tensile strength. The strain value at the tensile
strength is defined as the strain capacity ¢,.. “Pseudo-strain-hardening” means that the tensile
stress increases up to the tensile strength o,. even after the first crack occurs on the crack-
initiation stress o... According to Naaman [13], high-performance fibre-reinforced cement-
based composites should satisfy Equation (2), that is the condition formulated for the pseudo-
strain-hardening property, and to obtain multiple cracking.

o, 20 (2)

Load-displacement relations were recorded in a data-acquisition system. From these digital
data, we determined the mechanical properties of UHP-HFRCC, i.e., the crack-initiation
stress, o, the tensile strength, o,., and the strain capacity, ¢,.. By comparing two values of
Occ, and o,., we assessed whether the condition for the pseudo-strain-hardening property
described in Equation (2) was satisfied or not.

3.3  Energy-absorption capacity

Energy-absorption capacity is defined as the dissipated energy per unit volume (kJ/m’) of
composites because of cracking in the matrix and the frictional bonding and yielding of steel
fibres in the specimen. In this study, the energy-absorption capacity, g, of UHP-HFRCC was
determined by Equation (3), which is equivalent to the area under the stress—strain curve
starting from zero up to the strain capacity, &,.. The energy absorption during the strain-
softening phase was not discussed in this study.

g=|" o(e)ds 3)
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Table 4 - Experimental results of table flow test and mechanical properties

Number of
Notation Flow |Ave. value of 0,.|Variation of 0,.| Ave. value of &, | Ave. valuge of g| specimes
(mm) (MPa) (MPa) (%) (kI/m) (ea.)
SOHO0.5 |280 x 280 13.04 2.95 0.056 3.65 5
SOH1.0 |275 x 270 11.70 1.65 0.11 9.74 6
SOH1.5 |260 x 260 12.97 0.91 0.63 71.49 6
S1HO0.5 |275 x 280 14.16 0.99 0.19 20.09 6
S1H1.0 |270 x 260 13.31 1.10 0.36 38.33 6
S1H1.5 |220 x 220 16.59 0.53 1.01 145.20 6
S2HO0.5 |250 x 250 14.17 0.71 0.228 27.87 4
S2H1.0 |240 x 250 14.79 2.68 0.748 98.50 6
S2H1.5 |230 x 230 14.53 4.77 0.502 69.49 5
S3HO0.5 |235 x 235 10.50 1.57 0.163 13.35 6
S3H1.0 {220 x 220 13.81 2.19 0.26 30.97 6
S3H1.5 |210 x 210 14.36 4.50 0.58 69.54 6

Note: a,,.: tensile strength, ¢,.:strain capacity, g:energy absorption.

4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1  Fresh property

The results of the table flow test are shown in Table 4. While the calculated values of the
fibre factor y, range from 0.8 to 2.4 in this study, the experimental results of the table flow
test are inversely proportional to the value of y, and the workability was sufficient.
Practically, the fibre factor can be a useful parameter to estimate the workability.

4.2 Stress—strain curves

The tensile stress-strain curves of all test series are illustrated in Fig. 3. According to Figs.
3(a)-(1), the stress levels at crack initiation were almost the same for all series except S3HO0.5
and S3H1.5, in these cases the scatter was large. Unstable descending branches right after the
first peak were observed in SOH0.5 and SOH1.0 series and also in several specimens of
S1HO.5 series, though they were not observed in other series with S-fibres.

Strain-softening as well as strain-hardening behaviour was observed in the tests (Fig. 3)
The result shows that it is difficult to achieve the strain-hardening behaviour if the volume
content of H-fibre is less than 1.0 % in case of mono-fibre reinforced cement-based
composites. However, it is clearly shown that adding at least 2 % S-fibres can be achieved
strain-hardening behaviour even with H-fibre of 1 %. This is a result of the multi-level
reinforcement system which controls crack initiation and propagation in UHP-HFRCC by
means of a synergy effect of S-fibre and H-fibre. SO series with H-fibre of less than 1.0 %
showed strain-softening behaviour (Fig. 3(a), (b)). In those series, crack localization occurred
right after the peak stress. This phenomenon was also observed in S1 series (Fig. 3 (d), (e)),
S2 series (Fig. 3(g)) and S3 series (Fig. 3(j)), although a few multiple cracks were observed in
some specimens. The results show that increasing Vi from 1.0 % to 3.0 % of S-fibre does not
lead to strain hardening behaviour at Vs = 0.5% of H-fibre. Strain-hardening behaviour,
together with multiple cracking, was clearly observed in all series with H-fibre of 1.5% (Fig.
3(c), (f), (1) and (1)), and S2 series and S3 series with H-fibre of 1% (Fig. 3(h) and (k)). It is
worthwhile to notice that hybrid-fibre series containing S-fibre of Vi = 1.0% showed lower
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Figure 3: Tensile stress—strain curves.
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Figure 5 : Influence of H-fibre volume content on energy absorption capacity.

scatter than mono-fibre series which only contained H-fibres. In addition, these hybrid-
fibre series containing S-fibre of 1% showed that the tensile performance was
dramatically enhanced at V), = 1.5 (i.e. SIH1.5 series). It was also shown that too much
fibre contents caused the larger scatter in such cases as S2H1.5 and S3H1.5.

4.3  Mechanical properties

The results of the mechanical properties are shown in Table 4. Figures 4 and 5 summarize
the mechanical properties obtained for UHP-HFRCC as a function of H-fibre volume content.
Figure 4 (a) shows that the tensile strength, o,., increased as the volume content of H- fibre
(V) increased, except for SOH1.0, SIH1.0 and S2H1.5. Especially values of o,. notably
increased from S1H1.0 series to SIH1.5 series and from S3HO.5 series to S3H1.0 series. On
the other hand, the values of o, in case of SOH1.0 and SOH1.5 series are obviously lower
than those of other hybrid-fibre series in which both of S-fibre and H-fibre are contained.
With respect to the strain capacity, ¢,., Fig. 4 (b) shows that ¢,. increased as the volume
content of H-fibre (V},) increased, except S2H1.5. The gradual increasing tendency of the
strain capacity of UHP-HFRCC as V), increased from 0.5 % to 1.0 % was not much different
from that of mono-fibre reinforced UHP (i.e. SOH0.5 and SOH1.0 series) as shown in Fig. 4
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(b) except S2H1.0 series in which ¢, increases notably from S1H0.5 to SIH1.0. Values of ¢
in S1H1.5 and SOH1.5 series clearly increased as V), increased from 1.0 % to 1.5 %, though
the value of S2H1.5 series decreased remarkably from S2H1.0 series. The highest values both
of 0,. and ¢,. among all series were obtained in SIHI.5 series. The results show that the
balance of volume contents between S-fibre and H-fibre is very important to enhance the
mechanical performance of UHP-HFRCC under tension and this is also an evidence of the
synergy effect of S-fibre and H-fibre.

Figure 5 illustrates the influence of H-fibre volume content on energy absorption capacity.
Tendencies of these results are quite similar to those of strain capacity, &,., shown in Fig. 4(b).
The values of energy absorption g were not much different between those in cases of Vi, =
0.5 % and 1.0 %, except S2H1.0. The energy absorption g was 98.50 kJ/m’ in S2H1.0 series
(Fig. 5) but only 69.49 kJ/m’ in S2H1.5, though Viy increased from 1.0% to 1.5%. On the
other hand, the value of ¢, significantly increased in SIH1.5 series and the highest value of
all series was obtained (145.20 kJ/m®). With respect to the influence of total volume content
of fibres on mechanical performance, tensile strength, strain capacity and energy absorption
capacity S1H1.5 performed better than those of S2H1.5 and S3H1.5. Furthermore, the strain
capacity and the energy absorption capacity of S2H1.0 were much higher than those of
S2H1.5, though the tensile strength of S2H1.0 is only somewhat higher than that of S2H1.5.

The results clearly show that neither the increase of the total volume content of fibre nor
the volume content of H-fibre always results in as increase of the mechanical properties of
UHP-HFRCC under tension. A large quantity of thin and short S-fibre can be dispersed
densely in the matrix, which increases the pull-out resistance due to the additional bond stress
caused by snubbing friction [14]. However, because of its relatively low bond strength and
shorter length, S-fibres do not adequately bridge crack surfaces on the macro-level even when
a large amount of fibres is presented. In constrast, H-fibre, which has high bond strength due
to the geometry and a longer length, increases stress-transfer performance even after the
micro- or meso-cracks initiation. During the pull-out process from the crack surface, H-fibres
resist mechanically because of the bending and yielding of the hooked part. Therefore,
increasing the amount of H-fibre is more effective than S-fibre for increasing the tensile
strength and enhancing strain-hardening behaviour. However, Yoshida [15] reported that too
high volume contents of H-fibre negatively applied tensile strengh and tensile strain.
According to her numerical results, too small distance between H-fibres creates a kind of
material defects. It can be the same for S-fibre, too. Hence a range of optimal volume contents
of S-fibre and H-fibre might be exsisting to enhance the mechanical performance of UHP-
HFRCC under tension.

5. CONCLUSIONS

In this paper the influence of volume contents of mesofibre (S-fibre) and macrofibre (H-
fibre) on mechanical performance of UHP-HFRCC under tension is discussed. The following
conclusions can be drawn:

Tensile stress-strain curves of UHP-HFRCC are dominantly dependent on the volume
content of macrofibre rather than that of mesofibre.

Increasing volume contents of fibre does not always enhance the mechanical performance
of UHP-HFRCC, even with a smaller amount of volume content of macrofibre, it can be
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possible to achieve a higher mechanical performance by means of a synergy effect of meso-
and macrofibres.

The balance of volume contents of mesofibre and macrofibre is very important to achieve a
better mechanical performance of UHP-HFRCC under tension.
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