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ABSTRACT: Nowadays researchers are developing a new hybrid fiber reinforced cement-based composites
(HyFRCC). The new HyFRCC can restrain micro-cracking, improves compressive and flexural performance
of beams by addition of calcium carbonate (CaCO;) whisker, polyvinyl alcohol (PVA) fiber and steel fiber. In
this work, a mix optimization procedure is shown for multi-scale HyFRCC, with steel, PVA fiber and CaCO;
whisker. The new HyFRCC is explored with addition of coarse sand to further improve its mechanical proper-
ties. Additionally, the flexural performance of beam and slabs has been investigated to optimize sand gradation
and fiber combination in new HyFRCC. The compressive strength, flexural strength, flexural behavior, flexural
toughness, equivalent flexural strength and deflection-hardening behavior of beams and slabs are improved with
optimized content of sand gradation, fibers and CaCO; whisker. The HyFRCC slab with 1.5% steel fiber, 0.4%
PVA fiber, 1% CaCO; whisker and optimized coarse sand showed overall best properties.
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RESUMEN: Effecto de fibras hibridas, filamentos de carbonato cdlcico y arena gruesa en las propiedades mecd-
nicas de cementos compuestos. En la actualidad se estan desarrollando nuevos cementos compuestos reforzados
con fibras hibridas (HyFRCC, por sus siglas en inglés). Estos nuevos cementos HyFRCC pueden impedir la
microfisuracién y aumentar la resistencia a compresion y flexotraccion de las vigas, mediante la incorporacion
de filamentos de carbonato calcico (CaCOs), fibras de alcohol polivinilico (PVA) y fibras de acero. En este
trabajo se plantea un procedimiento para optimizar la proporcion de fibras (de acero y de PVA) y filamentos
(de CaCO;) en un nuevo HyFRCC. Se investiga la influencia de la arena gruesa en sus propiedades mecanicas,
ademas de la resistencia a flexotraccion de vigas y forjados a fin de adecuar la granulometria de la arena y la
combinacidn de fibras en el nuevo material. Un buen ajuste entre el contenido y la granulometria de la arena y
la proporcion de las fibras y de los filamentos de CaCOj; permite: incrementar la resistencia tanto a compresion
como a flexotraccion, la tenacidad a flexotraccion y la resistencia a flexotraccion equivalente; perfeccionar el
comportamiento a flexion; y reducir la flecha de vigas y forjados endurecidos. La mezcla que mejores resultados
arroja en conjunto contiene 1,5 % de fibras de acero, 0,4 % de fibras de PVA, 1 % de filamentos de CaCO; y
arena gruesa optimizada.
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1. INTRODUCTION

The cracking and failure of cement-based
composites is a gradual multi-scale process under
an action of load, pre-existing or new born micron-
cracks grow and convert to meso-cracks and then
macro-cracks. Eventually, the macro-cracks lead
to the failure of the structural members (1-3).
The various fibers with different dimensions and
properties are generally added into cement-based
composites to restrict the growth of cracks at dif-
ferent stages in the failure process; and improve its
strength, toughness and ductility (1, 4-15). But the
high cost of fibers limited the large-scale construc-
tion project for the applications of fiber reinforced
cement-based composites. The amount of cement
and expensive fibers are reduced in cement based
composites to lower its product cost (10, 12). Hence,
decreasing the amount of expensive fibers without
sacrificing the mechanical performance of fiber
reinforced cement-based composites will become
beneficial.

Recently, researchers (5, 15) have worked on
the development of a multi-scale cost-effective
hybrid fiber reinforced cement-based composites
(HyFRCC) incorporating micron calcium car-
bonate (CaCO;) whisker to restrain the initiation
and growth of micro-cracks. In comparison with
HyFRCC incorporating steel and polyvinyl alco-
hol (PVA) fiber (4, 13, 14); the steel fiber ($2800 per
ton) and PVA fiber ($5950 per ton) were partially
replaced by cheaper CaCO; whisker ($236 per ton)
mainly to improve the mechanical performance as
well as reduce the production cost. The mechani-
cal properties and economic efficiency of the new
HyFRCC are shown in Table 1. The fiber cost of
HyFRCC with 1.5% steel fiber, 0.4% PVA fiber

and 1% CaCO; whisker (by total volume fraction)
is $365 per cubic meter, while that with 2% steel
fiber (by total volume fraction) is $437 per cubic
meter according to Chinese market price. The flex-
ural toughness and number of cracks at mid span
of HyRCC incorporating 1.5% steel fiber, 0.4%
PVA fiber and 1% CaCOj; whisker are increased by
20% and 760%, respectively, as compared to that of
HyRCC with 2% steel fiber (5). The new HyFRCC
can restrain plastic shrinkage, improves compres-
sive and flexural performance of beams efficiently
by addition of micro-CaCO; whisker, meso- PVA
fiber and macro- steel fiber (5, 15). The content of
fine silica sand can be reduced by using coarser fine
aggregate. This is another useful way to reduce the
price of high performance fiber reinforced cement-
based composites as well as to improve its dimen-
sional stability (16). The coarser fine aggregate may
affect the behavior of the composite, e.g., rheologi-
cal property of fresh mixture, fiber dispersibility
and toughness (17, 18). Hence, the fine aggregate
particles sizes in the new HyFRCC needs to be opti-
mized. The flexural performance of cement-based
composites are influenced by specimen size and
geometry (19-22). The HyFRCC is studied for vari-
ous structural applications (23-25). Therefore, it is
necessary to study the flexural performance of slabs
for the large-scale engineering application of the
new HyFRCC in thin members, e.g., bridge deck,
surface repair of structure, impact and blast resis-
tant protective panel.

2. RESEARCH SIGNIFICANCE

A new cost-effective multi-scale HyFRCC,
with micron CaCO; whisker has been developed
to restrain micro-cracks. In comparison with

TABLE 1. Mechanical properties and economic efficiency of the new HyFRCC (5)
Compressive Flexural Equivalent Mid-span crack

strength Flexural strength toughness flexural strength number(s) Fiber and whisker
Group # (MPa) (MPa) (N*m) (MPa) cost ($Im3)
S2 105.4 15.6 17.48 10.9 1 437
S1.75P0.25 94.6 16.9 19.16 12 2.3 402
S1.75P0.2W0.5 98.6 18.1 19.82 12.4 4.5 401
S1.5P0.5 92.3 18.8 20.01 12.5 3.7 366
S1.5P0.4W1 95.1 20.1 21.01 13.1 8.6 365
S1.25P0.75 88.7 18.3 19.15 11.9 5.4 331
S1.25P0.55W2 89.3 19.3 21.41 13.2 11.6 329
S1P1 85.1 16.7 17.10 10.7 5.3 296
S1P0.7W3 87.4 16 15.92 9.9 6.6 292
S0.75P1.25 85.5 14.8 14.27 8.9 3.8 261
S0.75P0.85W4 90.7 13.9 13.06 8.2 32 256

Note: Where S,P and W in group # denotes steel fiber, PVA fiber and CaCO3 Whisker, respectively. The numeric value after S, P and

W shows the percentage of fibers by total volume fraction.
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conventional HyFRCC (only incorporating steel The dosage of different fiber combinations by total
and PVA fibers), the steel fibers and PVA fibers volume fraction is shown in Table 2. It needs to be
were partially replaced by cheaper CaCO; whis- noted that the sand used in first step is A_43_99
kers mainly to control micro-cracking as well as and physical properties are shown in Figurel and
to reduce the production cost. In this research, the Table 3.

influence of sand size and granular composition The second step is to optimize the size of sand
of the new HyFRCC are studied in order to fur- particle and granular composition. Four differ-
ther reduce its unit cost as well as to improve its ent granular compositions of sand are studied;
mechanical properties. Moreover, the flexural per- and physical properties and sieve analysis of vari-
formance of beam and slab specimens are inves- ous sands used in this study are shown in Table 3
tigated to optimize the combination of fibers and and Figure 1, respectively. The 40 mm X 40 mm X
sand gradation in new HyFRCC. In addition to 160 mm beams are used for the flexural test and
this, the current research tries to provide a refer- also compared with the result of prior study (5).
ence in optimizing mixture for future investigations The third step is optimization of fiber combination
of cement-based composites containing hybrid and sand graduation in slab member. The flexural
fiber. In this study, several parameters are evalu- behavior of HyFRCC slab using various fiber com-
ated in the optimization of the new HyFRCC: (i) binations (dosage of fiber combination is shown
four kinds of sands with various size and gradua- in Table 2) and the sand graduation of A_36_87
tion are considered; (ii) five different fibers combi- are investigated to explore the best proportion of
nations are used; and (iii) two types of specimens fibers. In addition to this, the slab specimen with
i.e. beam and slab are studied. The compressive sand graduation of A_40_63 and fiber proportion
strength, flexural strength, flexural behavior, flex- of S1.5P0.4W1 is also studied to determine a ideal
ural toughness, equivalent flexural strength, load- aggregate graduation.

deflection curves, deflection-hardening behavior,
failure mode of slab and beam specimens and frac-
ture morphology of cubes, beams and slabs are 100
emphasized and discussed in detail. 9

—=— A_88_100
e A_43.99
so | —a— A36.87

3. OPTIMIZATION PROCEDURE v A_40_63

The optimization of the new HyFRCC is com-
posed of three main steps. The first step is to
choose the better combination of fibers from prior
work (5) considering following parameters: i.e. flex-
ural properties, fracture performance of beams,
compressive strength, microstructures, reinforcing
mechanisms, and economic efficiency of HyFRCC.
As shown in Table 1, two fiber combinations shows
the best performance (the fiber combinations of
S1.5P0.4W1 and S1.25P0.55W2). The performance
of compressive and flexural properties are consid-
ered, and S1.5P0.4W1 is chosen for current study. FIGURE 1. Sieve analysis of different types of sands.

Cumulative passing (%)

0.6 1.18 2.36 4.75

Sieve size (mm)

TABLE 2. Dosage of different fiber combinations by total volume fraction

Mixture ID with Volume fraction (%) Fiber dosage (kg/m®)

various fiber Polyvinyl alcohol Polyvinyl alcohol

combination Steel fiber fiber CaCOj; whisker Steel fiber fiber CaCOj; whisker
Plain 0 0 0 0 0 0

S2 2 0 0 156 0 0
S1.5P0.5 1.5 0.5 0 117 6.45 0
S1.5P0.4W1 1.5 0.4 1 117 5.16 28.6
S1.25P0.75 1.25 0.75 0 97.5 9.68 0
S1.25P0.55W2 1.25 0.55 2 97.5 7.10 57.2

Note: S: steel fiber; P: polyvinyl alcohol fiber; and W: CaCO; whisker. The numeric value after S, P and W shows the percentage of
fibers and whisker.
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TABLE 3. Physical properties of different types of sands
Cumulative Cumulative

Mixture ID with percent passing  percent passing Maximum Percent retained
various sand Density of 0.6mm of 1.18mm aggregate size  of 1.18mm sieve
grading (glem®) Moh’s hardness (%) (%) (mm) (%)
A_88_100 2.65 7 88 100 1.25 0
A_43_99%* 2.65 7 43 99 2.50 1
A_36_87 2.65 7 36 87 2.50 13
A_40_63 2.65 7 40 63 5.00 37

Note: * show the sand results taken from study of Cao et al. (5).

4. EXPERIMENTAL DETAILS
4.1. Materials and mixture proportions

The mortar was made with ordinary cement
(PO 42.5R), quartz sand (properties of sand are
shown in Table 2 and grading curves of the sand is
given in Figurel), steel fiber (straight round cylindri-
cal type), PVA fiber and CaCO; whisker. The details
of ingredient properties and chemical constituents
are shown in Tables 4 and 5, respectively. In second
step, for each aggregate graduation, six cubes of
size 70.7 mm (length) X 70.7 mm (width) X 70.7 mm
(height) for compressive strength test were cast and
six 40 mm (depth) X 40 mm (width) X 160 mm (length)
prisms for flexural test were produced. In the third
step, six 100 mm (width) X 400 mm (length) X 15 mm
(depth) slabs for each mixture were used to evalu-
ate flexural behavior. The dosage of different fiber
combinations is shown in Table 2. Moreover, six
100 mm X 400 mm X 15 mm slabs with sand gradua-
tion of A_40_63 and fiber proportion of S1.5P0.4W1
were produced as a control mix.

As illustrated in Table 2, the fiber combinations
are labeled so that they can be recognized from their

TABLE 4. Properties of cement, steel fiber, PVA fiber and
CaCO; whisker
Raw Density Mechanical
materials (glem’) Size property
Cement 3.20  Specific surface -
area
356m’/kg
Steel fiber 7.8 Length 13mm Tensile strength
Diameter 200um >2 GPa Elastic
modulus
200-210GPa
PVA fiber 1.29  Length 6mm Tensile strength
Diameter 31ym 1.1GPa
Elastic modulus
41 GPa
CaCoO; 2.86  Length 20-30pm Tensile strength
whisker Diameter 0.5-2um  3-6 GPa
Elastic modulus
410-710 GPa

IDs. The word “Plain” identifies pure mortar. The
letters in the mixture names denotes the fiber type i.e.
S=steel fiber, P=PVA fiber and W=CaCO; whisker.
The number after each letter indicates the volume
fraction of each fiber, e.g., the ID “S1.5P0.4W1”
identifies mixture incorporating 1.5% steel fiber,
0.4% PVA fiber and 1% CaCO; whisker by vol-
ume fraction. The mixture with sand graduation
of A_40_63 and fiber proportion of S1.5P0.4W1 is
labeled as S1.5P0.4W1*. In addition to this, the mix-
tures in Table 3 are also labeled so that the cumulative
passing percent of 0.6 mm sieve and 1.18 mm sieve
are known from their IDs. The letter “A” denotes fine
aggregate. The first number after letter indicates the
cumulative passing percent of 0.6 mm sieve and the
second one indicates that of 1.18 mm sieve, e.g., the
ID “A_36_87” identifies that the cumulative passing
percent of 0.6 mm sieve and 1.18 mm sieve are 36%
and 87%, respectively for fine aggregate.

The water—cement ratio (W/C=0.3) and sand—
cement ratio (S/C=0.5) were selected to design
matrix mixture. The amount of water reducer
(Polycarboxylic acid type, ASTM C494 type F,
water reducing ratio 24%) varied from 0.5% to
0.8% by weight of cement content to ensure that
the various mixes maintained the similar flow and
compaction. The step by step mixing procedure
is shown in Figure 2. Each step shows the mixing
ingredients and mixing time. Before casting, appro-
priate dosage of tributyl phosphate was introduced
for reducing air bubbles caused by fiber and whis-
ker. The fresh mortar was then poured into the
metal mould and vibrated for 60s for compaction.
After casting, the samples were covered with plas-
tic sheets and kept in the laboratory. All samples
were de-molded after 24 hours, and then cured at
(20%£2) °C with relative humidity over 90% until the
testing day. The tests were performed at the 28th
day after casting.

4.2. Test methods

The first step was to choose the better com-
bination of fibers from prior work (5). In second
step, the compressive strength was measured
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TABLE 5. Chemical constituents of cement and CaCO; whisker by percentage of mass

Composition Ca0O SiO, ALO; Fe,0; MgO K,O SO, Na,O P,04 MnO
Cement 61.13 21.45 5.24 2.89 2.08 0.81 2.50 0.77 0.07 0.06
Whisker 54.93 0.29 0.11 0.07 42.07 2.14 - 0.31 - - -

e Cement
* Sand

* Whisker
* 30s

* Water

* Water
reducer

* 60s

* PVA fiber
*90s

* Steel fiber
*90s

FIGURE 2. Steps for mixing procedures of fresh mortar.

using 70.7 mm X 70.7 mm X 70.7 mm specimens
on a pressure machine at a crosshead speed of
0.5 mm/min according to Chinese standard JGJ/T
70-2009. The 40 mm X 40 mm X 160 mm beams
were selected for the four-point flexural behavior
test in which the span length was 120 mm. A com-
puter-controlled hydraulic electro-servo universal
tester was used at a crosshead speed of 0.05 mm/min
according to ASTM (348, ASTM C1609 and
JCI-SF4. The loading method of the four-point
flexural test is shown in Figure 3 (L=120 mm and
d=40 mm). The load and mid-span deflection were
automatically collected by computer data acqui-
sition system. The 100 mm X 400 mm X 15 mm
slab was selected in third step for the four-point
flexural behavior test in which the span length was
300 mm. A computer-controlled hydraulic electro-
servo universal tester was used at a crosshead
speed of 0.1 mm/min according to ASTM C348,
ASTM C1609 and JCI-SF4. The loading method
of the four-point flexural test is shown in Figure 3
(L=300mm and d=15mm). All of the specimens
are in equilibrium with the air and the mechanical

||

)
1

/3 |/L/3

FIGURE 3. Schematic diagram of specimen
under four-point flexural test.

tests were carried out at (20£3) °C having relative
humidity 60-70%.

The load-deflection curves were obtained from
four-point flexural test. Energy absorption capacity
was assessed by measuring flexural toughness (7),
which is defined as the area under load-deflection
curve upto a specific deflection. The equivalent
flexural strength was determined to assess residual
load-carrying ability of HyFRCCs according to
JCI-SF4. The equivalent flexural strength is calcu-
lated by given formula; o, = [T,L]/[6,bh"]. Where
0, is the equivalent flexural strength (MPa); Ty is
flexural toughness (N'm); &, is a specified deflec-
tion value (mm); b, /i, L are width, depth and span
length, respectively. Compared to the ASTM C1018,
the JCI technique can reduce human error (26). The
ASTM C 1018 calculate the toughness parameters
from a load-deflection curve; and their indexes are
depend on the energy absorbed up to first crack (26).
Unfortunately, locating the first crack point on the
curve is highly subjective, it is a common belief that
toughness indexes measured as per ASTM C 1018
are highly operator dependent (1, 26). Therefore,
JCI technique was adopted to study the residual
load-carrying ability of HyFRCCs because it was
not depend upon first crack load.

5. RESULTS AND ANALYSIS
5.1. Compressive and flexural properties
5.1.1. Compressive performance

The compressive strength and relative percentage
increase in compressive strength with different sand
gradations are shown in Figure 4(a) and Figure 4(b),
respectively. The 28-day compressive strength
results varies from about 47 to 80 MPa. The mix-
tures incorporated with the same fiber combination
(S1.5P0.4W1) have significantly increase the com-
pressive strength with decrease in cumulative passing
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Mixture ID

FIGURE 4. Properties of cubes with different sand gradations (a) Compressive strength and (b) Relative increase of compressive strength.

percent of 0.6 mm sieve and 1.18 mm sieve. For
example, with A_43_99 and A_36_87 sand gradation
the compressive strength is increased by 20% and
70%, respectively, as compared to that of A_88_100.
The incorporation of coarser sand in composites
results in higher the compressive strength. It is obvi-
ous that under the action of load, as a crack in mor-
tar encounters an aggregate, it propagates around
the aggregate-cement paste interfaces (16). In other
word, the coarser sands provides a more tortuous
crack path which leads to greater energy absorption
capacity and higher compressive strength.

However, as the cumulative passing percent of
1.18 mm sieve further decreases from A_36_87 to
A_40_63, the mixture illustrates slightly lower com-
pressive strengths. In general, too much content of
coarser size fine aggregate means weak interfacial

(a)

FIGURE 5.

transition zone if everything else is kept the same.
The weak interfacial transition zone results in a
lower compressive strength of the composite (17).
Moreover, coarse particle size will lead to balling
of fibers and results in increased porosity of mix-
ture, which means poor compressive performance
(27). The standard deviations of A_36_87 and
A_40_63 are greater than those of both A_88_100
and A_43_99 sand gradation specimens, which may
caused by poor fiber dispersion.

High compressive strength of cement-based
composites usually means high brittleness, hence
multi-cracking behavior is necessary to meet the
requirements of ductility (28). The typical fracture
morphology of cubes after compressive strength
test with A_40_63 and A_36_87 sand gradation are
shown in Figure 5(a) and Figure 5(b), respectively.

* “Steel fiber

Typical fracture morphology of cubes after compressive strength test with

different sand gradation (a) A_40_63 and (b) A_36_87.
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The specimens with various sand grading showed
similar fracture morphology. All of the new HyFRCC
samples demonstrate a ductile failure pattern and
good integrity after being crushed. Small pieces of
mortar and the end of some steel fiber and PVA fiber
can be observed on the surface of specimens, marked
by white circles in Figure 5. The hybrid effect of
multi-scale fibers may delay and restrict the propa-
gation of cracks. In addition to this, these fibers can
help to hold the shear plane together under compres-
sive load to keep the integrity of sample.

5.1.2. Flexural strength of beams

The flexural strength and flexural strength to
compressive strength ratio of beams with differ-
ent sand gradations are shown in Figure 6 (a) and
Figure 6 (b), respectively. The values of flexural
strength varies from 19 to 22 MPa. The results indi-
cates that decreasing the cumulative passing percent
of 0.6 mm sieve and 1.18 mm sieve from A_88 100 to
A_40_63 showed decreasing and then increas-
ing trend in flexural strength. On the other hand,
A_36_87 shows the highest flexural strength along
with the greatest value of compressive strength; and
it is mainly due to the highest strength of matrix
which is caused by coarse sands. Moreover, simi-
lar to compressive strength, further decreasing the
cumulative passing percent of 1.18 mm sieve reduce
the the flexural strength. The flexural strength is
decreased more significant than compressive due
to balling of fibers caused by too coarse sand (16).
Similar to the compressive strength, the coarser
sand also lead to the greater dispersion of the flex-
ural strength of A_36_87 and A_40_63 than those
of A_88_100 and A_43_99, respectively (see stan-
dard deviation bars in Figure 6).

23

= 21+

a

R

= 20r

2

o 19

@

g 18t

x

o

L7t

16 1 n 1 " 1 n 1
A_88_100 A_43_99 A_36_87 A_40_63
Mixture 1D

C
£

Flexual strength to compressive ratio

The F/C (flexural strength to compressive
strength) ratio is an effective assessment indicator
of toughness for cement-based composites. A high
F/C ratio generally indicates a good toughness (5).
The F/C ratio is shown in Figure 6 (b), the tough-
ness of mixture decreases significantly with the
increase in sand size. More discussions about flex-
ural toughness will be presented in the subsequent
sections.

5.1.3. Load-deflection curves of beams

The Load-deflection curves of beams with vari-
ous sand graduations are shown in Figure 7. All
of the new HyFRCCs beams showed deflection-
hardening behavior under the flexural load.

Load (kN)
- N W A OO0 OO N o ©

pO
o

0.5 1.5 2.0 2.5 3.0
Deflection (mm)
FIGURE 7. Load-deflection curves of beams
with various sand graduations.
0.50
0.45 { rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
0.40 |
L — + rrrrrrrrrrrrrrrrrrr
0.30 F ‘}
0.25 F
0_20 1 " 1 n 1 " 1
A_88_100 A_43_99 A_36_87 A_40_63
Mixture ID

FIGURE 6. Properties of beams with different sand gradations (a) Flexural strength and
(b) Flexural strength to compressive strength ratio.
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The deflection-hardening behavior of HyFRCC
after the first crack shows a higher load carrying
capacity (29). If peak load and its respective deflec-
tion is more than that of first crack load and its
respective deflection then the deflection harden-
ing response is confirmed from this behavior (16).
The mid-span deflection at their respective peak
loads is the determining factor for the deflection-
hardening behavior. The deflection-hardening
behaviors of mixture with fine sand (A_88_100
and A_43_99) shows greater mid-span deflection
at their respective peak load as compared to that
of others (A_36_87 and A_40_63). On the other
hand, HyFRCC with finest aggregate (A_88_100)
doesn’t show the improved deflection-hardening
behavior; while A_43 99 shows the enhanced
deflection-hardening behavior as shown in Figure
7. The strong bond between fiber and matrix
interface caused by addition of finest aggregate
result in poor deflection-hardening behavior (30).
Therefore, the strong bond between the fiber and
matrix results in fiber fracture instead of fiber
pull out ultimately have less deflection hardening
behavior. The A_43_99 have coarse fine aggregate
with proper grading and achieved a better deflec-
tion-hardening behavior than the other mixtures.

By bridging across cracks and delaying its
propagation, the hybrid fiber system improved the
post-peak flexural softening behavior of the new
HyFRCCs (31). Therefore, all the composites pres-
ent good performance after peak load of the load-
deflection curve. Similar trend is also reported by
Cao et al. (5). The A_88_100 shows flatten soften-
ing behavior after peak load. The best dispersion
of fiber caused by finest aggregate may bridge the
cracks most effectively (17), which finally leads to
the flattest softening response of A_88_100 sand
gradation.

5.1.4 Flexural toughness and failure pattern of beams

The flexural toughness and equivalent flexural
strength of composites up to a specific deflection with
different sand gradation are shown in Figure 8§ (a)
and Figure 8 (b), respectively. It may be noted that
the span length of beam is 120 mm. A summary of
energy absorption capacity assessed by measuring
flexural toughness is reported in Figure 8 (a). The
area under load-deflection curve reaching a specific
deflection is taken as energy absorption capacity.
At small deflection (L/150 and L/100), the A_36_87
and A_88_100 show greater flexural toughness than
that of both A_40_63 and A_43_99.

On the other hand, for HyFRCCs with coarse
sands, aggregate interlock is different bringing
about high matrix toughness and work-of-fracture
caused by more tortuous crack path; e.g. A_36_87
presents high flexural toughness at small deflection
(L/150 and L/100). Moreover, at higher deflection
(L/50 and 3mm), the A_88_100 shows greater flex-
ural toughness due to the best fiber dispersion in
matrix with finest aggregate. In general, the increase
of coarse sands content damages the toughness at
higher deflection (L/50 and 3mm) of new HyFRCC:s.
The coarse sands may affect the dispersion of fiber.
The balling of fibers occur by coarser aggregate
is due to the less coating of fibers by the cement
paste; which further weak the interfacial bonding
of fiber and matrix. The interfacial bonding is the
determining factor for fiber to improve toughness
of HyFRCC:s (17, 28). The high strength matrix can
improve the toughness of HyFRCC effectively at the
initial stage (before peak load) under flexural load-
ing, while the fiber is more effective to improve the
toughness at later stage (after peak load). The results
of the equivalent flexural strength are presented in
Figure 8 (b). The equivalent flexural strength shows
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similar pattern as reported for flexural toughness
but the fluctuation is more significant. The high
strength matrix can also improve the residual load-
carrying ability of HyFRCC effectively at the ini-
tial stage under flexural loading; while the fiber is
more effective to improve that at the later stage than
at initial stage. At small deflection level, the load-
carrying capacity depends on the production and
control of micro cracks in composites due to low
matrix strength, whereas the strength loss rate at
coarse deflection level depends on the restriction of
macro cracks by macro fibers.

The typical failure pattern of beam after flexural
strength test with A_40_63, A_36_87 and A_88_100
sand gradation are shown in Figure 9 (a), Figure 9 (b)
and Figure 9 (c), respectively . All of the new
HyFRCCs exhibit ductile fracture under bending
load and similar trend is also reported by Cao et al.
(5). The multiple cracking behaviors of beams incor-
porating A_88_100 and A_43_99 sand gradation are
better as compared to that of other two mixtures
having A_36_87 and A_40_63 sand gradations. The
multiple cracking behavior may be attributed to the
poor dispersion of fiber; and greater matrix strength
is caused by coarse sands (17).This phenomenon is in
line with the various deflection-hardening response
in section 5.1.3. The better deflection-hardening
response generally means multiple cracking behaviors

(16, 32). In general, A_36_87 presents not only a
improved flexural behavior but also the enhanced
strength, so it is used in current research for the pro-
duction of slab specimen.

5.2. Properties of slab
5.2.1. Flexural strength of slabs

The flexural strength and relative increase in flex-
ural strength of slab are shown in Figure 10 (a) and
Figure 10 (b), respectively. The relative increase in
flexural strength is presented to study the reinforcing
effect of fibers. Compared to plain, flexural strength
of all fiber reinforced mortar increased significantly.
The S1.5P0.4W1 has the highest flexural strength
with increase of 370%, as compared to that of plain.
All the hybrid fiber systems show greater reinforc-
ing effect than that of mono-fiber (S2). The fiber
reinforced cement-based composites demonstrate
a little higher value in standard deviation bar of
flexural strength than that of plain. This deviation is
due to the various new interfaces between fibers and
matrixes (see standard deviation bars in Figure 6).
On account of the smaller length and high aspect
ratio, PVA fibers and CaCO; whiskers can restrain
the propagation of cracks before peak load more
effectively which further improve flexural strength.

FIGURE 9. Typical failure pattern of beam after flexural strength test with different
sand gradation (a) A_40_63, (b) A_36_87 and (c) A_88_100.
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However, the further increase of the amount of PVA
fiber and whisker (S1.25P0.75 and S1.25P0.55W2)
does not bring an expected increase in flexural
strength. The poor dispersion and balling caused by
higher quantity of PVA fibers and whiskers may be
attributed towards reduced flexural strength. It may
be noted that the flexural strength of S1.5P0.4W1*
with incorporation of coarse sands slightly decrease
as compared to S1.5P0.4W1, but still greater than
that of other mixtures as shown in Figure 10 (a). So,
the negative effect of coarser aggregate on flexural
strength of slabs is not remarkable. The new hybrid
fiber system can work well along with coarser fine
aggregate.

5.2.2. Load-deflection curves of slabs

The Load-deflection curves of slab with differ-
ent fiber combination and various sizes of sand
are demonstrated in Figure 11(a) and Figure 11(b),
respectively. All of the HyFRCCs exhibit appreciable
deflection-hardening response under bending load.
Moreover, the deflection-hardening behaviors of
mixtures incorporating CaCO; whisker (S1.5P0.4W1
and S1.25P0.55W2) are better than those of without
CaCOj; whisker (S1.5P0.5 and S1.25P0.75). The PVA
fiber content without CaCOj is greater than that of
incorporating CaCO; whisker. However, too much
PVA fiber and CaCO; whisker (S1.25P0.55W2) will
negatively affect the deflection-hardening behavior
of new HyFRCCs caused by poorer fiber dispersion.
In addition to this, all HyFRCCs present improved
performance after peak load in the load-deflection
curve; especially, S1.5P0.4W1 presents the flatten
softening behavior after peak load. This behavior is
due to the multi-scale hybrid effect of the fibers and
whiskers. Similar trend is also reported by Cao et al.
(5). Hence, the deflection-hardening and extended

softening behavior after peak load are attributed to
the addition of CaCO; whisker.

Compared to S1.5P0.4W1 and S1.5P0.5, the
curves of S1.25P0.55W2 and S1.25P0.75 present
steeper slopes after peak load. Moreover, as the
deflection develop is increased more than 10 mm,
the curves of S1.25P0.55W2 and S1.25P0.75 present
steeper slopes than S2; whereas S1.5P0.4W1 and
S1.5P0.5 still present a more extended behavior after
peak load. This optimized steel fiber content (about
1.5%) showed the improved load carrying capac-
ity of new HyFRCC. As shown in Figure 11 (b),
the deflection-hardening behavior of S1.5P0.4W1*
incorporating coarser sands is slightly decreased as
compared to that of S1.5P0.4W1. However, it is still
better than S1.5P0.5 without CaCO; whisker due
to the uniform fiber dispersion in slab member. It
is obvious that the thin slab is easier to vibrate in
fresh state and orientation of fibers can be uniform
in composites.

5.2.3 Flexural toughness and failure pattern of slabs

The methods described in section 5.1.4 are
adopted to evaluate energy absorption capacity,
residual load-carrying ability. Figure 12(a) and
Figure 12(b) shows the flexural toughness and equiv-
alent flexural strength of composites up to specific
deflection, respectively. It may be noted that the span
length of slab is 300 mm. Both flexural toughness
and equivalent flexural strength of new HyFRCCs
showed better performance than that of other com-
posites. Due to the multi-scale hybrid fiber the flex-
ural toughness and equivalent flexural strength are
improved as reported by Cao et al. (5). Moreover, at
small deflection (L/150 and L/100), S1.25P0.55W2
shows greater flexural toughness and equivalent
flexural strength than S1.5P0.4W1 because of more

1.2

i e e S1.5P0.4W1

1.0F —
25P0.55W2

0.9}

0.8}

Load (kN)
o
[}
T

S$1.25P0.75

ad a1 i
3 4 5 6 7
Deflection (mm)

FIGURE 11.

8 9 10 11 12 13 14 15

S1.5P0.5

o 1 2 3 4 5 6 7 8 9
Deflection (mm)

10 11 12 13

Load-deflection curves of slab with various parameters (a) different fiber combination and (b) various sizes of sand.
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FIGURE 12. Flexural properties with different fiber combinations (a) Flexural toughness and
(b) Equivalent flexural strength of composites up to specific deflection.

content of whiskers which restricts the micro cracks
in composites efficiently. As discussed in section
5.1.4, the reason for improved flexural properties
is that the load-carrying capacity at small deflec-
tion depends on the propagation of micro-cracks in
composites. However, at higher deflection (L/50 and
L/30) S1.5P0.4W1 presents the enhanced flexural
toughness and equivalent flexural strength due to
the higher amount of steel fibers. This phenomenon
is mainly due to addition of multi-scale hybrid fiber
and whisker in the composites. The whisker always
plays an effective role to resist micro-cracking, PVA
fiber controls the meso-crack and steel fiber restrain
the macro-cracks (5, 28). The higher amount of
whiskers and PVA fibers are beneficial to energy
absorption capacity and residual load-carrying abil-
ity at small deflection , whereas higher quantity of
steel fiber may results in improved energy absorp-
tion capacity and residual load-carrying ability at
higher deflection.

The flexural toughness and equivalent flex-
ural strength of S1.5P0.4W1* with coarser sands
are slightly decreased as compared to those of
S1.5P0.4W1; but it is similar to S1.25P0.55W2 and
still better than S1.5P0.5 without CaCO; whisker.
Compared to finest aggregate, the negative effect
of coarse fine aggregate on flexural toughness and
equivalent flexural strength of slabs is not remark-
able. The new hybrid fiber system can work well
along with coarse aggregate.

The typical failure pattern of slab after flex-
ural testing with S2, S1.5P0.5, S1.5P0.4W1 and
S1.5P0.4W1* fiber combinations are shown in
Figure 13(a), Figure 13(b), Figure 13(c) and
Figure 13(d), respectively. Compared to S2, all of
the HyFRCCs exhibit multiple cracking failure

(b)

(d)

FIGURE 13.
testing with different fiber combinations (a) S2 (b) S1.5P0.5
(c) S1.5P0.4W1 (d) S1.5P0.4W1*.

Typical failure pattern of slab after flexural

pattern under bending load. The multiple-cracking
behavior of S1.5P0.4W1 is better than that of others.
The deflection-hardening behavior of S1.5P0.4W1
is also better as discussed earlier. However, as the
amount of coarse sands increase, the S1.5P0.4W1*
results in poor multiple cracking performance. The
is due to poor dispersion of fiber and greater matrix
strength caused by coarser sands (17). The various
deflection-hardening response also verifies the multi
cracking behavior. In other words, coarser aggregate
reduce the multiple cracking of the new HyFRCCs.
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6. DISCUSSION

In general, the influence of coarse sand on the
flexural behavior of HyFRCC slabs is not as severe
as that on beams. The new hybrid fiber system can
work well along with coarser aggregate because the
compaction of slab is easier and the dispersion of
fibers in slab are uniform and parallel to the span
length as compared to that of beam. Similar trend
is also reported by Yoo et al. (21). The uniform fiber
distribution in the slab results in improved flexural
properties; and the reduction in flexural properties
is due to addition of coarse sand. Therefore, the
solution for reduced flexural properties due to addi-
tion of coarse sand may be the uniform fiber orien-
tation which results in improved flexural properties.
The new HyFRCC beam with A_36_87 sand gra-
dation showed better flexural strength. The flexural
strength and toughness of cement-based composites
showed overall best results for new HyFRCC slab
incorporating coarser sand. Therefore, the opti-
mized combination of fibers and whisker for slab is
1.5% steel fiber, 0.4% PVA fiber and 1% CaCo; whis-
ker with A_36_87 sand gradation. Hence, the coarse
sands with new HyFRCC can be used to produce
HyFRCC slab, which have both improved strength
and flexural behavior. The enhanced properties of
new HyFRCC favoring its utility for the applica-
tions of bridge decks, surface repair of structures,
impact and blast resistant protective panels.

7. CONCLUSIONS

Inthisresearch, a multi-scale hybrid fiber cement-
based composites (HyFRCC) is investigated. The
cheaper micron calcium carbonate (CaCO;) whis-
kers are incorporated to restrain the initiation and
growth of micro-cracks. The steel fiber and PVA
fiber are added to control the meso-cracks and
macro-cracks, respectively. A prior work has dem-
onstrated the effectiveness of the multi-scale hybrid
fiber system to improve the mechanical behavior of
beam specimens and reduce the cost of the product
of fiber reinforced cement-based composites (5). In
this study, the new HyFRCC has been extended to
the matrix with coarse sands to further improves its
mechanical properties. In addition to this, the flex-
ural performance of slabs has been investigated to
optimize fiber combination and sand gradation of
the new HyFRCC. The following conclusions can
be drawn:

* The addition of A_36_87 coarse sands grada-
tion improves the strength of the new HyFRCC
beams effectively, whereas it slightly reduce the
deflection hardening and multiple cracking per-
formances of beams.

* The new HyFRCC slabs using coarser sand
gradation of A_36_87 also brings remarkable

improvement to both flexural strength and
flexural toughness of cement-based composites,
without sacrificing the deflection hardening and
multiple cracking performances.

*  The HyFRCC slabs with incorporation of 1.5%
steel fiber, 0.4% PVA fiber, 1% CaCO; whisker
(by total volume fraction) and coarse sands
showed overall best properties.

* In general, the effect of coarse sands on the
flexural behavior of HyFRCC slabs is not as
severe as that on the beams. The new hybrid fiber
system can perform well along with coarse sand.

Therefore, based on above results, the new
HyFRCC can be used for structural applica-
tions with optimized content of fibers, whisker
and coarser sand. The improved properties of new
HyFRCC favoring its utility for the applications of
bridge decks, surface repair of structures, impact and
blast resistant protective panels. The coarse sands
can be used to produce new HyFRCC slab having
enhanced compressive and flexural properties.
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