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Abstract

The development of ultra-high-performance fiber-reinforced cement-based composites (UHP-FRCCs) was motivated by
the need for a new and versatile material with high energy absorption capacity. With its excellent cracking resistance and
consequent long life, UHP-FRCC is suitable for use in seismic design applications. The present study proposes a material
design concept based on a multi-scale fiber-reinforcement system. In this approach, long, thick macrofibers are blended
with short, thin mesofibers and microfibers. Such a combination of macrofibers, mesofibers, and microfibers is expected
to enhance the mechanical properties of the composite under tension. However, the ductility of cement-based composites
reinforced solely by microfibers is largely unknown. Therefore, in this study, the authors assessed whether microfiber
improves the ductility of UHP-FRCC in two series of experiments. Wollastonite, which is a needle-shape mineral, is
employed as a microfiber, and two different types of steel fibers are used as meso- and macrofibers. First, the enhanced
toughness was evaluated in three-point bending tests on notched mortar beams. Second, the influence of wollastonite
microfiber on the mechanical properties of the blended multi-scale fiber-reinforcement system was evaluated in uniaxial
tension tests. Blends of macrofibers, mesofibers, and wollastonite microfibers exhibited strong reinforcement character-
istics. The results indicate that the ductility of composites reinforced with wollastonite microfibers is highly dependent on
the microfiber contents and type of fiber used and that blending of micro-, meso-, and macrofibers produces a highly
ductile UHP-FRCC. Thus the material design concept based on the multi-scale fiber-reinforcement system proposed in

this paper was shown to be effective in increasing the ductility of UHP-FRCC, even under uniaxial tension.

1. Introduction

The enhanced tensile properties of ultra-highperformance
fiber-reinforced cement-based composites (UHP-FRCCs),
such as tensile strength, energy absorption capacity, and
toughness, have been investigated by many researchers
(Magureanu et al. 2012). The advantages of UHP-FRCC,
in comparison to ordinary concrete, include its high
strength;—which is to the result of its very fine micro-
structure and low porosity, which together are responsi-
ble for its high durability. The incorporation of fibers in
the mix design for cement-based composites has been
shown to increase the toughness and ductility of such
composites (Ranade ef al. 2013). The motivation for
improving the mechanical properties of UHP-FRCC is
the creation of a new, versatile material with a large
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energy absorption capacity suitable for use in seismic
design applications and possessing a long service life by
virtue of its crack resistance.

In the 1980s, the concept of slurry-infiltrated fi-
ber-reinforced concrete (SIFCON) was introduced by
Lankard (1984). Later, Naaman (1992) carried out the
research on the improvements in the mechanical proper-
ties, including increased tensile strength and ductility, of
concrete mixes containing up to 17% deformed steel
fibers by volume contents. These mixes exhibited a
post-cracking tensile strength of 35 MPa and a strain of
1.2% at the peak load. Bache (1992) used densified small
particles (DSP) to produce mixes with compressive
strengths of more than 150 MPa and used a microsilica
and superplasticizer to decrease matrix porosity. By
adding short, high-strength steel fibers at contents of up
to 12% by volume, (Bache 1992) showed that a signifi-
cant increase in the equivalent elastic bending strength,
of up to 50 MPa, could be obtained and that such mixes
would exhibit strain hardening behavior. However, these
types of materials have high costs and poor workability
due to the high fiber volume contents and are thus limited
in their practical applicability.

Recently, a few notable investigations have been
conducted on mixes with relatively low volume contents
of fiber and relatively high strengths and strain capacities.
For example, a commercial UHP-FRCC developed as
part of a collaborative project between Lafarge Bouygues
and Rhdia (Chanvillard and Rigaud 2003; Orange et al.
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2000) exhibited a compressive strength of approximately
200 MPa, a tensile strength of 15.1 MPa, and a tensile
strain of 0.3% at the peak load, achieved by incorporat-
ing 2% high-strength steel fibers by volume. In a similar
collaborative study, SIKA and EIFFAGE developed a
commercial UHP-FRCC (Jungwirth 2006; Maeder ef al.
2004) with 2.5% steel fibers by volume that exhibited a
compressive strength of 200 MPa, a tensile strength of 10
MPa, and a tensile strain of 0.25% at the peak load.

Taking another approach to improving the tensile
properties of UHP-FRCC, Rossi et al. (1987) proposed
multiscale cement composites (MSCC) that contained
two or three different types of steel fibers, such as long or
short fibers and straight or hooked fibers. However, when
the steel fibers were straight but not mechanically de-
formed, it was not possible to obtain a strain capacity of
more than 0.3%. The Laboratoire Central des Ponts et
Chausses in France (LCPC) developed a commercial
UHP-FRCC (Boulay et al. 2004) with the addition of
11% of a blend of three different steel fibers by volume
that exhibited a tensile strength of 20 MPa and a tensile
strain of 0.2% at the peak load.

Sujiravorakul (2002) investigated the ability of twisted
high-strength fibers with exceptional bonding properties
to improve the tensile properties of cement-based com-
posites. Wille et al. (2011) reported the development of a
UHP-FRCC with the addition of 2% twisted steel fibers
by volume contents that exhibited a compressive strength
of 200 MPa, a tensile strength of 14.9 MPa, and a tensile
strain of 0.61% at the peak load. However, because of
their special geometry, these fibers are high in cost.

Although UHP-FRCCs are high-performance materi-
als, methods for improving their tensile properties are
still not sufficiently developed. Therefore, the authors
focused in this study on cracks initiated at the mi-
cro-scale, i.e., in the so-called fracture process zone, as
shown in Fig. 1. As these cracks propagate, they progress
to the meso- and macro-scales (Mihashi et al. 2010). In
this study, the authors defined the micro-, meso- and
macro-scales as being on the orders of 10" mm or less,
10° mm, and 10" mm or more, respectively. Furthermore,

the authors proposed a method for optimizing the shape
and size of fibers corresponding to various crack scales
and for improving the tensile properties of cement-based
composites by reinforcing from the micro- to the
macro-scale.

Various types of microfibers, including metallic, or-
ganic, mineral, and synthetic microfibers, can be used as
reinforcement for cement-based materials. One potential
microfiber is wollastonite, which is widely used in other
industrial applications (e.g., ceramics, plastics, paints).
Wollastonite is a naturally produced white mineral (sili-
cate mineral [B-Ca0O-SiO,]) (Soliman and Nehdi 2012).
Its fibrous structure, which is made up of needle-shaped
acicular crystals, is presumed to be useful in controlling
microcracks in the fracture process zone, illustrated in
Fig. 1.

In this study, the authors assessed whether wollaston-
ite microfibers improved the ductility of UHP-FRCC in
the following two series of tests. First, the influence of
various types of wollastonite microfiber at various con-
tents on the toughness improvement of ul-
tra-high-strength mortar (UHSM) was investigated by
means of toughness index and observation on fracture
surfaces of UHSM reinforced with wollastonite mi-
crofiber (Test I). Second, the reinforcement effect of
wollastonite microfibers on the mechanical properties of
a multi-scale fiber-reinforcement system, that is, a com-
bination of macrofibers, mesofibers, and wollastonite
microfibers (Test II).

2. Definition of toughness and ductility in
this study

Toughness is defined as the ability of a material to de-
form plastically and to absorb energy in the process
before fracture. High toughness means that cracks are
hardly generated and cracks do not easily propagate in
the material. Generally, toughness is used to represent
the characteristic of the material with a notch or crack.
Ductility is defined as the ability of a material to
withstand plastic deformation without rupture. Ductile

Fracture process zone

Propagation Macrofiber
of bridging
macrocrack

N N~
“ Magnified image }—*

Mesofiber Microfiber
" bridging bridging
mesocrack microcrack

Fig. 1 Schematic illustration of multi-scale fiber-reinforcement system.
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Table 1 Mix proportions.

Series W/B [wt.%] | SP/B [wt.%] | D/B [wt.%] S/B [wt.%] Wo/B [wt.%] | Replacement ratio Wo/S [wt.%]
Control 1.3 48 - 0
Wo-A-10
Wo-B-10 432 4.8 10
Wo-C-10 15
Wo-A-20 '
Wo-B-20 15 0.02 384 9.6 20
Wo-C-20
Wo-A-27 18
Wo-B-27 ) 35 13 27
Wo-C-27 2.1

Note: W: water, B: binder, SP: polycarboxylate-based superplasticizer,
D: anti-foaming agents, S: sand, Wo: wollastonite microfiber

Table 2 Properties of the wollastonite microfiber used in this study*.

Wollastonite type | Length [um] | Diameter [um] | Aspect ratio Tensile strength [MPa] Young’s modulus [GPa]
Wo-A 50-2000 - 3-20
Wo-B 600 40 15 2700-4100 303-530
Wo-C 156 12 13

*Catalog values

materials show large deformation before fracture. The
lack of ductility is often termed as brittleness.

3. Reinforcement effects of microfiber on
the improvement of toughness of UHSM
(Test )

Experimental tests were carried out to investigate effec-
tiveness of wollastonite microfiber to improve toughness
of UHSM. The toughness of UHSM was evaluated by
three-point bending tests on notched mortar beams. This
type of test was selected to avoid brittle fracture of the
UHSM. Authors conducted preliminary uniaxial tension
tests on UHSM to investigate the effectiveness of wol-
lastonite microfibers in improving the ductility by wol-
lastonite as the microfiber. However, FRCC containing
only wollastonite microfibers as reinforcement was
found to exhibit very brittle failure irrespectively of the
type and volume contents of the fibers. Thus, it was
obvious that the uniaxial tension test is not suited to
studying the effectiveness of wollastonite microfibers in
improving the toughness of UHSM because of the very
brittle behavior under uniaxial tension.

The influence of various types of wollastonite mi-
crofibers at various fractions on the toughness im-
provement of UHSM was investigated. Scanning elec-

o

Fig. 2 SEM observations of wollastonite microfiber used in this study.

tron microscope (SEM) was used to investigate tough-
ening mechanisms of wollastonite microfiber by ob-
serving fracture surface of UHSM reinforced with wol-
lastonite microfiber.

3.1 Materials, test setup, and procedure

The mix proportions of the microfiber-reinforced UHSM
tested are shown in Table 1. The details of the mix pro-
portions used in Test I are as follows. Commercial silica
fume cement was used as a binder (B), with low-heat
cement and silica fume premixed at mass contents of
0.82 and 0.18, respectively. The density and Blaine
fineness of the B were 3.01 g/cm3 and 6,555 cmz/g, re-
spectively. Well-graded, very fine natural silica sand (S)
with an average particle size of 0.212 mm was used in
this study. Wollastonite microfibers (Wo) (CaSiO;) were
used to reinforce the mortar. Three different sizes of Wo,
shown in Fig. 2 and Table 2, were used. The Wo-A fibers
(hereinafter: Wo-A) varied relatively widely in length,
from 50 and 2,000 um. In addition, Wo-A varied more in
length and diameter than the Wo-B fibers (hereinafter:
Wo-B) and Wo-C fibers (hereinafter: Wo-C), as shown in
Fig. 2. The aspect ratios of Wo-A, Wo-B, and Wo-C were
almost the same, as shown in Table 2. The sand was
partially replaced by wollastonite microfibers at weight
contents (hereafter the sand substitution is called “re-

=
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placement ratio”) of 0%, 10%, 20%, and 27%. The
highest replacement ratio (i.e. 27%) was selected on the
basis of the results of preliminary mixing test on mortar
to investigate the maximum weight contents of wollas-
tonite microfiber. The respective densities of S and Wo
were 2.6 g/em’ and 2.9 g/em’. A polycarboxylate-based
superplasticizer (SP) and anti-foaming agents (D) were
used to reduce the water dosage and air contents, re-
spectively. An omni-type laboratory mixer with a capac-
ity of 5 liters was used for mixing. The mixing procedure
was as follows: (1) B, S, and Wo were dry-mixed for 1
min. (2) Water (W), pre-mixed with SP and D, was then
added, and this mortar was mixed for 3 min.

Three-point bending tests on notched beams of UHSM
were conducted for each series, according to the JCI
recommendation (JCI 2003). Prism specimens were cast
in steel molds of 40 x 40 x 160 mm® in size, as shown in
Fig. 3. The specimens were cured in a moist curing room
(temperature: 20 °C, relative humidity: more than 95%)
for 1 day. After unmolding, the specimens were cured in
a steam chamber for 24 h. The steam curing conditions
were as follows: the temperature was increased at a rate
of 15°C per hour up to 90°C and then held at 90°C for 24
h. The temperature was then gradually lowered to 20°C.
After steam curing, the specimens were stored in a curing
room until the day of the testing. A notch of 20 mm deep
was made at the center of each beam by means of a
diamond cutter. The loading speed of the three-point
bending tests was 0.01 mm/min and was controlled by
displacement. The load and the crack mouth opening
displacement (CMOD) were measured by means of a

Wollastonite microfiber .,k deflection Wollastonite microfiber

rupture pullout

Fracture process zone

Fig. 4 Schematic illustration of crack propagation in wol-
lastonite microfiber-reinforced UHSM.

load cell and a clip gauge, respectively.

The fracture surfaces of specimen were observed by a
scanning  electron  microscope (SEM) (JEOL
JSM-6500F). The experimental conditions of magnifi-
cation were 300x, 500x, 600x, 850x and 1000x. In addi-
tion, accelerating voltage was 15 kV.

3.2 Bridging mechanism of wollastonite mi-
crofibers and toughness index of UHSM

A schematic illustration of crack propagation in wollas-
tonite-microfiber-reinforced UHSM is shown in Fig. 4. It
is inferred that the wollastonite microfibers control crack
initiation and propagation at the microscopic scale via
bridging behavior, consisting of fiber rupture and pullout
as well as crack deflection.

In order to evaluate the toughness of the mortar,
toughness index was taken to be the area under the
load-CMOD curve as an equivalent parameter to the
work of fracture. To examine the toughness index of the
mortar from the perspective of micromechanics, the area
was subdivided into three regions, as shown in Fig. 5. In
the first region, i.e., the elastic region, both the load and
CMOD increase linearly up to the crack initiation load
(Pgs)- The method used to detect Py is shown in the
enlarged view in Fig. 5. In the second region, strain
hardening behavior is observed. Strain hardening can be
caused by the bridging behavior of the aggregates and
the wollastonite microfibers. In the third region, beyond
the maximum load (Pn.x), cracks may propagate, and
strain softening behavior was observed. In this region,
the bridging, rupture, and/or pullout of the wollastonite

Specimen Notch depth: 20 mm

N4

] E
d 1=
T Clip gauge
0) (O

Fig. 3 Three-point bending test on notched beam.

Load

Prmax]
- ‘DI S
P Detecting first crack Phase 1: Linear elastic stage
i B .
max- Phase 2: Strain hardening stage
PfCS_ Phase 3: Softening stage
P
Z
6 4
3 1 2.3
S :
A1 5 dfcs dmax
123, CMOD
f /I T T T T T T / 1
0 dfes CMOD (mm) dend

Fig. 5 Load-CMOD curve (one example of Wo series).
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microfibers are expected to have a reinforcing effect. The
gradual increase in the work of fracture that accompanies
a nonlinear load-CMOD relation is correlated to the
accumulation of internal cracking and the fiber bridging.
Therefore, the reinforcing performance of the microfi-
bers might be expressed by the work of fracture. To
quantify the toughness index of the mortar in relation to
the reinforcing mechanism, the following four parame-
ters were defined:

W, =" P(d)id (1)
dls

W, = L P(d)dd )
deng

W, =|,” Pdyid 3)

W= [ P(a)d 4)

where W, ;= the amount of work up to the maximum
load, di;, = CMOD at the maximum load, dg, = CMOD at
initial cracking, W, = amount of work from dy to ds, W3
= amount of work beyond the maximum load, de,q =
CMOD at the end of loading, and W , ; = amount of total
work.

3.3 Experimental results and discussion

(1) Observation of fracture surface of UHSM

The toughening mechanisms were investigated by ob-
serving the fracture surfaces of specimens by means of a
SEM. Examples of the observed fractured surfaces of
wollastonite-microfiber-reinforced  UHSM specimens
are shown in Figs. 6 (a)-(e). Rupture and pullout of
wollastonite microfibers were confirmed in Figs. 6 (a)
and (b), respectively. Evidence of crack deflection by
wollastonite microfibers is also confirmed in Fig. 6 (c).
In addition, it was observed that the cement matrix was
attached to the fiber surfaces in Figs. 6 (d) and (e).
Wollastonite microfibers and mortar bond together by a
hydration reaction whereby liberated Ca(OH), reacts
with the SiO, in the wollastonite microfibers to form
C-S-H (Ransinchung and Kumar 2010). This might be
another important factor in increasing the tensile strength
and the toughness by chemical bonding between the
fibers and the cement matrix.

(2) Toughness

Three specimens were tested for each test series in this
study. The load-CMOD relationships of mortar rein-
forced with wollastonite microfibers at various re-
placement ratios are shown in Figs. 7 (a)-(¢). Almost no
variation of all test series was confirmed and the mean
curves of each series were represented in Fig. 7. The
peak load is confirmed to increase with the replacement
ratio of wollastonite microfiber as shown in Figs. 7
(a)-(c). The highest peak load was obtained when the
replacement ratio of wollastointe microfibers was 20% as

shown in Fig.7 (b). It might be because microfibers can
arrest the prorogation of microcracks and delay the onset
of localized crack formation. On the other hand, the
result in case of 27% of replacement ratio showed a
lower peak load than that in case of 20% of replacement
ratio though W, became larger and the postpeak behavior
became gentler than the case of 20% as shown in Fig.7
(¢). This is because a large number (i.e. 27%) of mi-
croribers caused defects in the matrix due to entrapped
air or overlapping of fibers. Therefore, the peak load was
lower than that in case of the replacement ratio of 20%.
However, network structure including defects in the
matrix, was established due to high replacement ratio of
wollastonite microfiber and the toughness was highly

(€)

Fiber —matrix bond

Wollastonite
/ﬁber

Fig. 6 SEM observations of flexural specimen fracture
surfaces of wollastonite microfiber-reinforced UHSM: (a)
rupture of wollastonite microfiber (b) pullout of wollaston-
ite microfiber, (c) crack deflection, (d) and (e) fiber-matrix
interfacial bond.
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Fig. 7 Influence of wollastonite microfiber type and re-
placement ratio on load-CMOD curve.

increased by the mechanisms shown in Fig. 4 after the
first crack occurred in case of the replacement ratio of
27%.

The area under the load-CMOD curve was found to
increase with the replacement ratio of wollastonite mi-
crofibers, at a rate that depends on the type of wollas-
tonite microfiber. The toughness indices of each speci-
men were calculated from the load-CMOD curve, ac-
cording to Egs. (1)-(4). In order to assess the influence of

the replacement ratio and type of wollastonite microfiber
on the toughness indices, each toughness index value of
the Wo series was divided by the corresponding value of
the Control series which did not contain wollastonite
microfiber. The obtained values were called as the nor-
malized toughness index. The effects of wollastonite
microfiber type and contents on the normalized tough-
ness indices are illustrated in Figs. 8 (a)-(d). Since all of
normalized toughness indices had almost no variations,
only the mean values are plotted. All of the Wo series
exhibited higher values of normalized toughness index
than those of the Control series.

Only the normalized toughness index W’, among four
indices was found to proportionally increase as the re-
placement ratio of wollastonite microfiber increased.
The wollastonite microfiber replacement ratio of 27%
yielded the highest values for all four of the normalized
toughness indices, in the order of Wo-C > Wo-B > Wo-A,
except for W, ,. Considerably higher values were ob-
served for the W’; than for the other normalized tough-
ness indices. This may be because the reinforcing effect
of wollastonite microfiber is the strongest in the second
region (W,) shown in Fig. 5, during the strain hardening
process after microcrack initiation.

The rate of increase is strongly dependent on the re-
placement ratio and the type of wollastonite microfiber.
Among the three Wo series, the Wo-B and Wo-C series
exhibited higher toughness than the Wo-A series. The
Wo-A series contained microfibers of various aspect
ratios, including relatively low ones (e.g., approximately
3), which are not sufficient to control cracking in the
ways shown in Fig. 4. The Wo-C series exhibited higher
toughness index values than the other series, which
might be because the microfibers used in the Wo-C series
have about the same aspect ratio as those used in the
Wo-B series but are about a quarter of the length. As a
result, the Wo-C series has a much larger total number of
wollastonite microfibers per unit volume than the other
series. Therefore, the Wo-C series might contribute more
to bridging performance than the Wo-B. Another reason
for the higher toughness index values of the Wo-C series
is that the microfibers used in this series have a larger
surface area than those used in the Wo-B series. Thus, in
the Wo-C series, the chemical bond mechanism at the
interface between the microfiber and the matrix shown in
Figs. 6 (d) and (e) might work better than in the Wo-B
series. Because of the reasons described above, even if
the aspect ratios and mechanical properties of the wol-
lastonite microfibers are approximately the same, thinner
wollastonite microfibers can be more effective in in-
creasing the toughness of UHSM than thicker ones.

4, Effect of microfibers on multi-scale fiber
reinforcement (Test Il)

Properties of hybrid fiber reinforced cement composites
(HFRCC) was studied by Kawamata et al. (2003). They
confirmed a plain matrix cannot sufficiently draw out
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Fig. 8 Influence of wollastonite microfiber replacement ratio on normalized toughness index of each area.

the performance of macrofiber because of the coarse
and wide cracks. Therefore, mesofiber (in the original
paper, it was called “microfiber”) was introduced. As a
result, the ductility of the matrix was much improved and
thinner multiple cracks were created around the notch tip.
Hence, HFRCC showed higher performance of strength
and toughness than those of FRCC. After Kawamata et
al. (2003), Mihashi and Kohno (2007) explained the
toughening mechanism of HFRCC by means of a series
of pullout test on a single steel fiber by changing the
inclination angle and the matrix. From the results, it is
obvious that the most dominant factors for the absorbed
energy among the given conditions are the type of steel
fiber (i.e. bond due to snubbing) and the toughness of
matrix. In other words, higher toughness of matrix in-
creases the energy absorption capacity during the pullout
process of steel fibers.

Then authors carried out a parametric study on the
effects of the combination of meso- and macrofibers on
the mechanical properties of UHP-FRCC (Kwon et al.
2013; Kwon et al. 2014). The studies clearly showed that
increasing neither the total volume contents of fiber nor
the volume contents of meso- or macrofiber do always
increase mechanical properties of UHP-FRCC under
tension because too tight distance (i.e. high volume
contents of fiber) between meso- or macrofiber creates a
kind of material defects. In addition, it was also clarified

that tensile stress-strain curves of UHP-FRCC were
dominantly dependent on the volume contents of mac-
rofiber rather than that of mesofiber. Finally it was found
that the best combination of volume contents of meso-
and macrofibers were Vieso = 1.0% and Voo = 1.5% as
the minimum requirement for getting the ductile mecha-
nical properties of UHP-FRCC in the previous studies.

However, influence of microfiber (i.e. wollastonite) on
the mechanical properties of UHP-FRCC was not studied
in the previous studies. Therefore, a parametric study of
the influence of wollastonite on the mechanical proper-
ties of UHP-FRCC was experimentally carried out in
this section based on the results of previous studies.

In Test II shown in this section, for confirming poten-
tial of wollastonite microfiber to increase mechanical
properties of a multi-scale fiber-reinforcement system,
influence of combinations of macrofibers, mesofibers,
and different types of wollastonite microfibers was in-
vestigated. Three different types of wollastonite mi-
crofiber were used in this section and mechanical prop-
erties were evaluated by uniaxial tension test. This test
could directly show tensile stress-tensile strain relation-
ships. From the test results, tensile strength, tensile
strain capacity and energy absorption capacity were
discussed.



S. Kwon, T. Nishiwaki, H. Choi and H. Mihashi / Journal of Advanced Concrete Technology Vol. 13, 332-344, 2015

339

Table 3 Mix proportions.

Series | W/B [wt.%] | SP/B [wt.%] | D/B [wt.%] | S/B [wt.%]| Wo/B [wt.%] Re&iﬁ;‘?ﬁf%m N{jf)‘ffof)er M(a‘vc(ff%er
FRCC 1.3 48 - -
FRCC-A-27
FRCC-B-27 15 1.8 0.02 35 13 27 1 1.5
FRCC-C-27 2.1
Note: W: water, B: binder, SP: polycarboxylate-based superplasticizer, D: anti-foaming agents,
S: sand, Wo: wollastonite microfiber
Table 4 Properties of the fibers used in this study*.
Fiber type Geometry | Specific gravity [g/cm?®] | Length [mm] | Diameter [pum] | Aspectratio | Tensile strength [MPa]
Mesofiber Straight 7.85 6 160 37.5 2000
Macrofiber Hooked 7.85 30 380 78.9 3000
*Catalog values
4.1 Materials, test setup, and procedure dispersed in the mortar mixture, which was then mixed
In this study, employed materials and their mix propor- for another 1 min and 30 s.; (4) Finally, the macrofibers
tion, mixing and curing methods were based on the au- were added, and mixing was resumed for another 3 min
thors’ previous studies (Kwon et al. 2013, 2014). The and 30 s.
mix proportions of the composite are shown in Table 3. Filling method of UHP-FRCC was fixed in the same
The constituents of the UHSM were the same as those way for each series, by keeping the pouring position of
used in the Test I series that exhibited the highest three parts to make two layers in the mould. Zhou and
toughness (i.e. replacement ratio: 27%). The volume Uchida (2013) reported that fiber orientation was not
contents of the meso- and macrofibers were Vyeso = 1.0% changed if the placing method was same even though
and Vo = 1.5%, respectively. Mesofibers used in this different length of fibers was used. Based on their ex-
study were straight steel fibers with lengths of 6 mm and perimental findings, the influence of the fiber orienta-
macrofibers were long and hooked steel fibers with a tion on mechanical performance was not discussed in
length of 30 mm. The diameter of the mesofiber was 0.16 the present study. Dog-bone specimens were cast in
mm, and that of the macrofiber was 0.38 mm. The den- plastic moulds. The geometry of the dog-bone speci-
sity of steel fibers was 7.85 g/ecm’. The mechanical mens is shown in Fig.9, which followed the recom-
properties of the fibers are shown in Table 4. The mix mendations of the Japan Society of Civil Engineers,
proportions were developed by optimizing the parame- (JSCE 2008) for High-Performance Fiber-Reinforced
ters of several constituent materials. The mix had a Cement-based Composites (HPFRCC).
compressive strength of 176-192 MPa. An omni-type The curing method was same as that for Test I. The
laboratory mixer with a capacity of 5 liters was used for equipment for mounting the dog bone specimens onto the
mixing. The mixing procedure was as follows: (1) B, S, loading machine and the setup for the uniaxial tension
and Wo were dry-mixed for 1 min.; (2) Water (W), test are shown in Fig. 9. The average extension was
pre-mixed with the SP and D, was then added, and this measured over the central gauge length of 80 mm using
mortar was mixed for 3 min.; (3) The mesofibers were two linear variable differential transducers (LVDTs)
60
. R Specimen
g
:‘5" =)

Plane view Side view

Hexagon socket
+ get screw

Grip for specimen

Fig. 9 Geometric properties of dog bone specimen and uniaxial tension test setup.
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placed on both sides of the mounting frame and firmly
clamped onto the specimen. A uniaxial tensile load was
applied with a universal testing machine with 30-kN
capacity. The support condition for the specimen was
“fixed” at both ends. The tensile testing was conducted
according to the recommendations of (JSCE 2008) for
displacement-controlled uniaxial tension testing of dog
bone specimens at a displacement rate of 0.5 mm/min.

(A) First crack initiation

|
(

(B) Multiple cracking
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=

(C) Crack localization
A
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Fig. 10 Typical stress-strain relationships of HPFRCC.
(after Naaman and Reinhardt 1996).
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4.2 Strain hardening condition and tensile
properties

The typical stress-strain relationship of HPFRCC under
uniaxial tension is illustrated in Fig. 10 (Naaman and
Reinhardt 1996). Shape of the stress-strain relationship
of UHP-FRCC is the same in principle as that of
HPFRCC shown in Fig.10, though the strength of
UHP-FRCC should be much higher than that of ordinary
HPFRCC. The symbol o represents the crack initiation
stress, at which the first crack occurs, and o represents
the tensile strength. The strain value at oy is the crack
initiation strain (eg;), and the strain at the tensile strength
is defined as the strain capacity (&s). Pseudo strain
hardening means that the resisting tensile stress increases
up to oy, even after the first crack occurs at og,. Ac-
cording to Naaman and Reinhardt (1996), HPFRCC
exhibit pseudo strain hardening with multiple cracks if
the following condition is satisfied:

ts fes (5 )

The energy absorption capacity (g) of the UHP-FRCC
was calculated by Eq. (6):
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Fig. 11 Tensile stress-strain curves of the UHP-FRCC specimens.
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Table 5 Results of mechanical property tests.

Series 6/.s [MPa] 6, [MPa] &4 [%0] g [kJ/m’] Average number of cracks

FRCC 10.3 11.5 0.25 26 6
FRCC-A-27 12.8 14.8 0.84 112 11
FRCC-B-27 14.4 16.3 0.98 146 13
FRCC-C-27 14.0 16.4 1.06 156 14

Note: o average first crack strength, o,: average tensile strength, g,: average strain capacity,

g: average energy absorption capacity.

g= jo o(e)de (6)

which is equivalent to the area under the stress-strain
curve from zero strain to &, The energy absorption dur-
ing the strain softening phase is not discussed in this

paper.

4.3 Experimental results and discussion

(1) Tensile stress-strain response of UHP-FRCC
The tensile stress-strain curves of all the specimens are
illustrated in Figs. 11 (a)-(d). All of the series exhibit
strain hardening behavior. Large variations in the
stress-strain curves are observed in the FRCC series, as
shown in Fig. 11 (a). The variations of the stress-strain

(MPa)

fes
H—EH
H=H
H

First crack strength

T T T T
FRCC FRCC-A-27 FRCC-B-27 FRCC-C-27
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(a) First crack strength
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ts
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(c) Tensile strain capacity

curves in the FRCC-A-27, FRCC-B-27 and FRCC-C-27
series are considerably small in comparison with that in
FRCC series, as shown in Figs. 11. In addition, the
FRCC-A-27, FRCC-B-27 and FRCC-C-27 series exhib-
ited higher tensile strength and strain capacity than those
of the FRCC series, as shown in Fig. 11.

(2) Multiple cracking behavior and mechanical
properties of UHP-FRCC

Multiple cracking was confirmed in all series. The
number of cracks is directly related to the values of &g
and g, as shown in Table 5. The tensile strength, strain
capacity, and energy absorption capacity are shown in
Figs. 12 (a)-(d). The mechanical properties of the
UHP-FRCC decrease in the order of FRCC-C-27 >

22
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o I g o
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Fig. 12 Comparison of first crack strength, tensile strength, strain capacity, and energy absorption capacity.
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FRCC-B-27 > FRCC-A-27 > FRCC. Among the
FRCC-A-27, FRCC-B-27 and FRCC-C-27 series, the
FRCC-A-27 series exhibited the lowest values of the
mechanical properties of interest, including ogs, 0is, €,
and g. This could be explained by the fact that the
FRCC-A-27 series contains microfibers of relatively low
aspect ratios which are not sufficient to control cracking
in the ways shown in Fig. 4. The FRCC-C-27 series
exhibited better mechanical properties than the
FRCC-B-27 series. These results were consistent with
those of Test I. FRCC-A-27, FRCC-B-27 and
FRCC-C-27 series exhibited oy values of approximately
15-16 MPa, which were higher than those of the FRCC
series. The & and g values were approximately 3 to 4
times and approximately 4 to 6 times higher, respec-
tively, than those of the FRCC series. In addition,
among FRCC-A-27, FRCC-B-27 and FRCC-C-27 series,
FRCC-C-27 showed the lowest scatter of mechanical
properties as shown in Fig.12.

Relation between strain capacity (g,) and energy ab-
sorption capacity (g) is shown in Fig. 13. Energy ab-
sorption capacity linearly increases as the strain capac-
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1604 ™ FRCC-A-27
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Fig. 13 Influence of strain capacity on energy absorption

capacity.
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Fig. 14 Relationship between normalized toughness

index W3 (Test |) and normalized energy absorption ca-
pacity (Test I).

ity increases as shown in Fig. 13. It clearly shows the
correlation between strain capacity and energy absorp-
tion capacity is very high. Consequently, it was con-
firmed in this study that the energy absorption capacity
of UHP-FRCC was significantly influenced by the strain
capacity.

By comparing the results of Test I and Test II, it was
suggested that toughness index of the matrix might have
a dominant influence on the ductility of UHP-FRCC.
Therefore, the authors investigated the correlation be-
tween the results of Test I and Test II. The relationships
between the toughness index W,/Wynax (Test 1), and the
energy absorption capacity (g/gm.x) (Test II) are shown in
Fig. 14, where both of them were normalized by the each
maximum value. The results can be represented by a
liner regression as a function of W, obtained in Test I,
with a suitable correlation coefficient (1=0.999). Among
the four toughness index parameters, W, was found to be
the most highly correlated to g. Therefore, once the
toughness of UHSM reinforced with wollastonite mi-
crofibers can be evaluated by means of three-point
bending tests on notched mortar beams, the energy ab-
sorption capacity g of the UHP-FRCC could be esti-
mated on the basis of the empirical formula obtained in
this study. However, it is still reminded that the physical
basis to estimate the energy absorption capacity of
UHP-FRC from the toughness of UHSM should be dis-
cussed in the further study.

(3) Mechanism of multi-scale fiber-reinforcement
system to increase ductility in UHP-FRCC

The obtained results described above proved that bridg-
ing microcracks by wollastonite microfibers is a very
effective way to further improve the mechanical proper-
ties of UHP-FRCC. The possible mechanism to increase
the ductility is discussed as follows: Since a large number
of thin and short microfibers were dispersed densely in
the matrix, propagation of microcracks is arrested to
delay the crack initiation and propagation. Furthermore
resistance of mesofibers against being pulled-out is in-
creased by the additional bond stress caused by snubbing
friction due to reinforcement of microfibers.

In addition, mesofibers also resist further crack
opening in the mesoscale around the macrocracks
(Kwon et al. 2014). Finally, macrofiber, which has high
bond strength due to the geometry and a longer length,
increases stress-transfer performance even after the
meso- or macrocracks initiate. During the pullout process
from the crack surface, macrofiber resists mechanically
against crack opening in the macroscale because of the
bending and yielding of the hooked part. Furthermore,
because of the strengthened and stiffened matrix rein-
forced with the microfibers, friction of the macrofibers is
also increased to enhance the bond property.

5. Conclusions

This study investigated the effectiveness of reinforcing
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the matrix in the micro-scale with wollastonite microfi-
bers to increase the ductility of UHP-FRCC. The fol-
lowing conclusions were drawn based on the obtained
results.

1) The improvement in toughness of UHSM reinforced
with wollastonite microfibers is highly dependent on
the wollastonite microfiber contents (Test I). A par-
ticularly remarkable reinforcing effect was achieved
in the strain hardening process that occurs after initial
cracking.

2) In order to investigate the mechanism of toughness
improvement achieved by wollastonite microfibers,
the fracture surfaces of UHSM specimens were ob-
served by means of SEM technique. Toughening
mechanisms due to crack deflection at the micro-scale,
rupture and/or pullout of wollastonite microfibers, as
well as bond effect due to the chemical bond at the
interface between the wollastonite microfibers and the
matrix, were confirmed.

3) The results confirmed that the mechanical properties
of UHP-FRCC, including tensile strength, strain ca-
pacity, and energy absorption capacity, increase dra-
matically as the replacement ratio of wollastonite
microfibers increases (Test II). Moreover, the addi-
tion of wollastonite microfiber is effective in reduc-
ing the variation in stress-strain curves. Because of
the above reasons, the multi-scale fiber-reinforcement
system examined in this study worked well, and
bridging microcracks by incorporating wollastonite
microfibers was found to be very effective in im-
proving the mechanical properties of UHP-FRCC.

4) Improvement in  mechanical properties of
UHP-FRCC reinforced with wollastonite microfibers
was found to be dependent on the type of wollaston-
ite microfibers used. For the purpose of improving
the mechanical properties, it is desirable to avoid us-
ing the wollastonite microfibers of low aspect ratios.
Moreover, among wollastonite microfibers with the
same aspect ratio and mechanical properties, thinner
wollastonite microfibers are more effective in in-
creasing the mechanical properties of UHP-FRCC.

5) A strong correlation was found between the tough-
ness index W, of UHSM and the energy absorption
capacity g of UHP-FRCC. This may mean that
bridging microcracks in the matrix by means of wol-
lastonite microfibers might be a key to increase the
energy absorption capacity of UHP-FRCC. However,
it is still reminded that the physical basis to estimate
the energy absorption capacity of UHP-FRC from the
toughness of UHSM should be discussed in the fur-
ther study.
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