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Abstract

The calcium carbonate whisker (CW) and basalt fiber are gaining popularity due to its enhanced mechanical properties in composites.
Also, the short and long fibers provide bridging role and resistance against cracking from micro- to macro-scale, respectively. The
usage of long and short hybrid basalt fiber along with addition of CW in cement-based composites is still a research gap. In this work,
experimental behavior of CW basalt hybrid fiber reinforced mortar is considered with various content and length (3 mm, 6 mm, 12
mm, and 20 mm) of hybrid basalt fibers. In addition to this, synergy performance index is determined to quantitatively evaluate
the positive interaction of hybrid basalt fiber in cementitious materials. The strengthening effect of whiskers and basalt fibers are
also studied using scanning electron microscopy. The CW with various basalt fiber contents having different length of hybrid basalt
fiber is used. It was found that the four various length of hybrid basalt fiber together with CW in cement mortar exhibited enhanced
compressive, flexural, and split tensile strength than that of pure mortar and single length basalt fiber reinforced cementitious mortar.
The results of synergy performance index showed similar trend with the experimental results. The strengthening effect caused by step

by step crack arresting mechanism was also observed in cementitious material.
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1 Introduction

Plain cement-based composites are known to be brittle
material that fails without warning. Due to this brittle-
ness, it has relatively low tensile strength and less resis-
tance against cracking [1]. The crack resistance and tensile
strength of cement-based composites are improved with the
addition of hybrid fibers [2]. Also, the fiber with multi-scale
characteristics is extensively used in cement-based com-
posites for strengthening and toughening effect. The crack-
ing at different level can be controlled by using short and
long fibers in cementitious composites [1]. The mineral/nat-
ural fiber or polymeric fiber are usually helpful in restrict-
ing the macro- or meso crack. Therefore, micro-fiber is
required to control cracking at micro-level in cement-based
composites. The prediction of the properties of the fiber
with multi-scale characteristics has been a major barrier,
causing widespread applications to be restricted in cemen-
titious composites. To attempt to learn as much as possible
about the various mechanical properties of fiber reinforced
composites, researchers have proposed using the theoretical

fiber factor to predict various mechanical properties. This
is mainly because there are few studies that exist about the
prediction of the hybrid fiber reinforced composites perfor-
mance and these studies do not have a hybrid fiber factor
included. Based on the governing fiber factor, fiber rein-
forced composites made with a single type of fiber has been
shown to be functional [3—6]. Additionally, particle packing
is important because it influences the performance of other
materials. Concrete's constitutive behavior is defined by the
microscopic particle packing of C-S-H and the associated
nano granular mechanics [7-8]. The characteristics of per-
formance in concrete that are mesoscopically visible are
caused by the packing of particles at multi-scales in com-
posites. Now, development of sustainable fiber reinforced
composites is widely acknowledged to be for maximizing
packing density. The calcium carbonate whisker (CW) is
needle like inorganic fiber with better resistance to crack-
ing at micro-scale [1, 9]. Also, basalt fiber is non-decom-
posable mineral fiber extracted form volcanic rock without
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environmental hazards. The bridging effect of fibers reduces
the cracks in cement-based composites [10—14]. The brit-
tleness of cementitious composites are reduced due to the
addition of various commercial fibers [15—18]. The basalt
fiber has gained consideration of researchers among carbon,
polypropylene, glass and steel fibers due to considerable
development recently in the field of construction indus-
try [11, 19]. The less amount of energy is needed during
manufacturing process of basalt fiber than that of glass fiber.
The low production cost of basalt fiber makes it a suitable
replacement material as compared to that of glass and car-
bon fiber [20-22]. Also, the environmental friendly nature
and better mechanical properties of basalt fiber has made
it suitable for use in cement-based composites [23, 24].
The propagation of macro- and micro-cracks are restricted
due to the bridging effect of long and short fibers, respec-
tively [11]. The best strength properties and impact resis-
tance of cementitious composites can be achieved by using
optimal fiber content and fiber type [10, 25]. Therefore, it
can be concluded from above discussion that hybridization/
combination of long and short length basalt fibers together
with calcium carbonate whisker will strengthen the cemen-
titious composites and play a bridging role at different
scales ultimately enhance the mechanical properties.
Nowadays, the researchers are paying attention to the
use of inorganic fibers like calcium carbonate whisker and
basalt fiber. The basalt fiber is inorganic mineral fiber with
good physical and mechanical properties. Also, the whis-
ker is micron size fiber, which resists cracking at micro-
level as well as acts as a filler in composites. Single basalt
fiber reinforced concrete is investigated by many research-
ers in the literature [22, 26]. However, the relevant detail
study for the main fundamental properties of hybrid
basalt fiber with other kind of micro fiber like whisker is
still not available in the field of cementitious composites.
Currently, there are two common approaches for mixing
of hybrid fibers, i.e. mixing same fibers of various lengths
and the second is mixing fibers of various kind/properties.
Therefore, both approaches are combined together in this
study, the basalt fiber with various kinds and calcium car-
bonate whisker is used in cement-based composites, which
is still unknown. However, the research is still lack about
the usage of combination of calcium carbonate whisker
with same kind of basalt fiber hybridization having various
content and length. In order to further improve the com-
posite reinforcement effect, the whiskers and hybrid fibers
of different lengths are mixed together and the synergy
performance index is calculated to quantitative analyze
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the positive effect of hybrid fiber. It is expected that differ-
ent scale reinforcement systems will be formed in mortar,
and the scale effect and performance advantages will be
brought into full play to achieve positive synergetic effect.

2 Experimental work

The appearance of calcium carbonate whisker (CW) is like
white fluffy powder as shown in Fig. 1(a). The chemical
composition and micro-morphology of calcium carbonate
whiskers obtained in the laboratory are shown in Table 1
and Fig. 1(b), respectively. The aragonite-type calcium
carbonate whiskers have needle-like structure with length
between 20 and 40 pm, smooth surface and good disper-
sion. The various length basalt fibers used in this experi-
ment are shown in Fig. 2 and the properties of basalt fiber
provided by manufacturer are shown in Table 2.

The content of calcium carbonate whisker was 10%, by
cement mass. The basalt fibers of different lengths (3 mm,
6 mm, 12 mm, and 20 mm) and volume content (0%, 0.05%,
0.1%) were mixed into cement mortar in a certain propor-
tion. The mortar mix ratio for cement, sand and water was
1,3 and 0.5, respectively. The sand, fibers, cement and whis-
kers were dried pre-mixed to make sure that the whiskers

(b)
Fig. 1 Calcium carbonate whisker: (a) Physical appearance; (b) SEM
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and fibers are dispersed uniformly. Then the cement, whis-
kers, fibers, standard sand and water were stirred consis-
tently by using cement mortar mixer. Lastly, the mortar
samples were cast. The molded specimens were kept in the
curing room following GB/T50081 [27] standard. Among
them, 40 mm * 40 mm * 160 mm specimens were cast for
compressive and flexural strength tests, 40 mm * 40 mm *
40 mm specimens were cast for split-tensile strength tests,
and 152 + 3 mm * 63.5 + 3 mm specimens were cast for
impact resistance tests.

Calcium carbonate whiskers were mixed with single
and hybrid basalt fibers of various lengths and contents to
investigate the composite reinforcing effect. The specific

test scheme is shown in Table 3. Among them, CWBFa6L
represents the blending of whisker and 6 mm length fibers;
a, b, ¢, and d signify four volumes blending of fibers;
CWBEF denotes the blending of whisker and hybrid fibers,
al, a2, a3 and a4 represent the four blending modes of
0.05%, total volume blending of fibers; and bl, b2, b3 and
b4 represent the four blending modes of 0.1%, total volume
blending of fibers.

The compressive and flexural strength was performed
according to the GB/T17671 [28] standard. The split-ten-
sile strength test was done considering CECS13:89. Three
specimens were cast for each test. The drop weight pro-
cedure by ACI544-2R [29] was followed for impact

Table 1 Chemical composition of whiskers

Composition CaO CO,

MgO NoX

sio, ALO, Fe,0, SrO Cr,0,

Wt (%) 54.93

42.07 2.14 0.31

0.29 0.11 0.07 0.05 0.03

3mm 6mm

A

12mm

Fig. 2 Various lengths of basalt fiber

Table 2 Properties of basalt fiber

Diameter (um) Density (g/cm’) Breaking strength (MPa)  Elastic modulus (GPa) Elongation at break (%)
Basalt fiber 15 2.79 1323~1434 7.8~8.7 2.6~2.8
Table 3 Mix proportion of various fibers length and content
Mixtures Volume fraction (%) (Wt.%)
3 mm 6 mm 12 mm 20 mm Total CW
Plain - - - - - -
CWBFa6L - 0.05 - - 0.05 10
CWBFb6L - 0.1 - - 0.1 10
CWHBFal - 0.025 0.025 - 0.05 10
CWHBFa2 0.0167 0.0167 0.0167 - 0.05 10
CWHBFa3 - 0.0167 0.0167 0.0167 0.05 10
CWHBFa4 0.0125 0.0125 0.0125 0.0125 0.05 10
CWHBFbI - 0.05 0.05 - 0.1 10
CWHBFb2 0.0333 0.0333 0.0333 - 0.1 10
CWHBFDb3 - 0.0333 0.0333 0.0333 0.1 10
CWHBFb4 0.025 0.025 0.025 0.025 0.1 10

Note: CWBF denotes the calcium carbonate whisker basalt fiber reinforced composites. Where a and b represent the total volume content of 0.05% and
0.1%, respectively. The numbers 1, 2, 3, and 4 signifies the hybridization of an equal amount of fibers with different lengths, i.e., two (6 mm + 12 mm),
three (3 mm + 6 mm + 12 mm), and three (6 mm + 12 mm + 20 mm) and four (3 mm + 6mm + 12mm + 20 mm) lengths together, respectively.



resistance test. The initial cracking impact number (/)
and final failure impact number (F) was observed. Egs. (1)
and (2) were employed to calculate the impact energy after
initial cracking and total impact energy, respectively.

AW = AN x mgh M
W =N ,mgh )

Whereas, AW is impact-energy after initial cracking;
AN is taken as the impact number difference between
I, and Fj; N, is impact number at F); m is steel hammer
mass; 4 is drop height of heavy hammer; g is gravitational
acceleration.

When the performance of combination of various fibers
exceeds from the performance of single type of fiber due to
positive interaction between them then this is commonly
known as "fiber synergy". The synergy performance index
(SPI) was used in this study to evaluate the various fiber
mixing modes quantitatively for the mechanical proper-
ties of cementitious composites. The synergy performance
index was calculated using Eq. (3).

SVe

SPI =
SVe, +S,Ve, + S Ve, +---+ SV,

©)

Where, SPI is the synergy performance index, S is
strength property of whisker basalt fiber reinforced com-
posites, Ve is total volume content of different whisker
basalt fiber reinforced composites, S, is strength prop-
erty of single length whisker basalt fibers, V¢, is different
fibers volume content with various length in hybrid basalt
fibers, and i = 1, 2, 3, ...., and so on. The different basalt
fiber lengths reinforcement effect can be quantitively ana-
lyze for mechanical properties using synergy performance
index. If the performance index is less than 1 then syn-
ergy effect is considered as negative and if the value of
this index is greater than 1 then the synergy effect is con-
sidered as positive.

3 Mechanical behavior results

3.1 Compressive properties

Fig. 3 demonstrates the compressive strength results of
different fiber mixing methods of whisker-fiber reinforced
composite. When the total content of single length fiber is
0.05% and 0.01%, the compressive strength is 6% and 4%
higher than that of the plain sample, respectively. However,
the compressive strength of the whisker-hybrid fiber rein-
forced composite is also higher, when the fiber content is
0.05% and 0.01%, than that of single-length fiber composite.
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Fig. 3 Compressive strength of all mixes

When the total content of fibers is 0.05%, the compressive
strength of CWHBFa4 is the highest, which is slightly
more than that of whisker-single fiber length specimens.
The CWHBFb4 compressive strength is improved by 8%,
as to that of blank samples. When the total fiber content
is 0.1%, the reinforcing effect of CWHBFb4 is the best,
compared with plain and single length fiber specimens.
Therefore, it can be seen that whisker and four kinds of
fibers with different lengths show the best composite rein-
forcement effect, and is superior as compared to the whis-
ker with single length fibers. When the whisker content is
10% and with 0.05% basalt fiber content, the compressive
strength of mortar is the maximum with whisker and four
different length fibers. The reason behind the maximum
strength is that the addition of multi-scale various basalt
fiber reinforcement play their role at multi-level and restrict
the crack propagation by providing the confinement effect
ultimately increase the mechanical performance. Also, the
inclusion of whisker enhanced the strength of the matrix by
improve the compactness due its filler effect.

The mode of failure for mortar sample containing basalt
fiber was different under compressive load as to that of
plain samples. The plain mortar sample demonstrates the
brittle failure and after the cracking pieces were chipped
off. However, the less brittle failure was observed for whis-
ker-hybrid fiber reinforced composite with finer crack size
and good integrity, as compared to that of plain compos-
ite. The increase fiber content improved the failure mode
of whisker basalt fiber cement mortar because addition of
basalt fibers results in restricting the crack convergence
and propagation ultimately consuming more energy.

The synergy performance index quantitively estimates
the effect of hybridization of different fiber content and
length in term of strength properties. Fig. 4 shows the
calculated synergy performance index of all mixes with
various fiber lengths and content. Among all mixes, the
highest enhancement effect was observed with four kind
of different length fibers (CWHBFa4). The CWHBFa2,
CWHBFa3, CWHBFb2 and CWHBF3 demonstrate the
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Fig. 4 Compressive strength synergy performance index

negative hybrid fiber effect with performance index less
than 1. It is worth mentioning that the trend of compres-
sive strength and synergy performance index is similar
in case of hybridization of four kind of different length
fibers. Also, the negative synergy performance is found
for two and three kinds of fibers blends. Therefore, the
quantitative performance of compressive strength for var-
ious kind of fiber blended together can be predicted with
the help of synergy performance index for hybridization of
four kind of different length fibers.

3.2 Flexural properties

Fig. 5 shows the result of various fiber mixing methods
on flexural strength of whisker-fiber reinforced composite.
It can be seen from the Fig. that with increasing the fiber
content, the flexural strength increases. When the total
fiber content of single length fiber is 0.1%, the flexural
strength of the specimens is increased by 14%, compared
with the blank specimens. When the total fiber content is
0.05%, the flexural strength of whisker-fiber mortar with
various fiber is greater as to that of blank samples. Among
them, the CWHBFa4 composite mixing type has the most
remarkable effect. The flexural strength of whisker-fiber
mortar is 17% higher than that of blank samples and the
increase is larger than single fiber length sample. When
total fiber content is 0.1%, the flexural strength of whis-
ker-hybrid fiber reinforced composite is increased by 16%,
which is higher than that of the blank sample and single-fi-
ber length sample. When the type of whisker-fiber com-
posite is CWHBFb4, the flexural strength of whisker-fiber
mortar is the highest. Therefore, the strengthening effect
of whisker and four different length fibers is improved
than that of whisker with single length fibers having two
total volume contents of 0.05% and 0.1%. When the fiber
content is 0.05%, the flexural strength of mortar with
whisker and four various length fibers increases to the

maximum, and the composite reinforcement effect is the
best. The bridging effect provided by multi-scale basalt
fibers restrict the development of cracks and ultimately
increase the flexural performance of composite.

The brittle cracking sound was observed when the plain
sample was broken into two sections under flexural load-
ing. However, the ductile failure was shown by the whis-
ker-hybrid fiber reinforced composite. The plain mortar
sample was fragmented into two pieces while the whisker
basalt fiber sample was in contact and showed fiber bridg-
ing. The matrix integrity was improved by uniformly dis-
tributed fibers which result in fiber bridging finally reduce
the stress concentration in composite. Also, the toughness
of mortar sample was improved consuming more destruc-
tive energy caused by pull out of fibers.

The positive effect of hybrid fiber mixing for flexural
strength with various whisker-fiber reinforced composite
is shown in Fig. 6. The best synergy performance index is
shown by CWHBFa4 having different kind of fiber length
and content. The synergy performance index of whisker
basalt fiber reinforced mortar with total volume fraction
of 0.05% is more than that of 0.01% total volume content.
Furthermore, increase in total fiber volume content result
in decrease hybrid reinforcement effect for various kinds
of basalt fibers. The CWHBFa4 showed the best reinforce-
ment effect with four various lengths of fibers having total
content of 0.05%. Moreover, the trend shown by synergy
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Fig. 6 Flexural strength synergy performance index



performance index is same as the trend demonstrated by
flexural strength. This indicates that the hybridization
effect can be predicated with the help of synergy perfor-
mance index for various fiber lengths and contents.

3.3 Split-tensile properties
The comparison between the split-tensile strength of
plain and whisker-hybrid fiber reinforced composite are
illustrated in Fig. 7. It may be noted that when the total
fiber content of single fiber length is 0.1%, the split-ten-
sile strength of whisker-hybrid fiber reinforced composite
is 22% higher than that of blank sample. The split-tensile
strength of samples with whisker-hybrid fiber reinforced
composite is enhanced by different extent. When the total
fibers content is 0.05%, the reinforcing effect of whisker-fi-
ber blending type CWHBFal and CWHBFa4 is better
than that of whisker-fiber blending type CWBF6aL, and
the reinforcing effect of CWHBFa4 is the most remark-
able. The strengthening effect of CWHBFa4 is 24%,
greater than that of blank sample. When the fiber content
is 0.1%, the trend is similar to that of 0.5% fiber content.
The split-tensile strength of CWHBFa4 and CWHBFb4
is obviously higher than that of CWBF6a (single fiber
length). The split-tensile strength of CWHBFb4 with the
best strengthening effect is 25% and 3%, more than that
of blank and non-whisker blended CWBFb6L, respec-
tively. Therefore, when the whisker content is 10% and the
fiber content is 0.1%, the split-tensile strength of compos-
ite material mixed with four various fiber lengths is the
best. The tensile strength of composites is increased due to
the bridging effect offered by multi-scale basalt fibers that
help in controlling the growth of cracks at different scale.
The plain sample was split into the two parts at the
failure load and showed brittle failure. The fracture at
the cross section of plain sample was uniform and flat.
On the other hand, the crack bridging and good integrity
was found in whisker basalt fiber reinforced mortar. Also,
more cracks were produced along with the force direction

Split tensile strength (MPa)

Fig. 7 Split-tensile strength of all mixes
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by changing the path of primary crack to secondary cracks
ultimately delaying the failure process of sample. The
growth of these secondary cracks consumed additional
destructive energy due to slow crack prorogation eventu-
ally improved the tensile strength.

The synergy performance index of split tensile strength
with various whisker basalt fiber mortars are presented in
Fig. 8. The positive hybrid fiber effect with four various
kind of basalt fiber blend in each group is maximum than
that of other hybrid fibers. The synergy performance index
of whisker basalt reinforced mortar with 0.05% is higher
than that of 0.1% total volume content. The trend shown by
synergy performance index is also similar with the trend
of split-tensile strength. The CWHBFa4 with four various
kind of fiber having 0.05% total volume content has the
best enhancement effect as compared to all other whisker
basalt fiber reinforced mortar.

3.4 Impact resistance properties
Fig. 9 shows the result of whisker-hybrid fiber reinforced
composite on initial cracking and final failure impact
number. The mortar impact resistance is greatly improved
after whisker and fiber are mixed. In comparison with sin-
gle fiber length sample, the impact number of initial crack-
ing with various length fibers is increased. When the con-
tent of fibers is 0.1%, the initial cracking impact number
and failure shocks reach the maximum. The impact times
at final failure of whisker-hybrid fiber reinforced compos-
ite are greatly increased under four different fiber mix-
ing modes, and the reinforcement effect of whiskers and
hybrid fibers is best than that other fiber length sample.
Figs. 10(a) and 10(b) displays the impact energy absorbed
by whisker and fiber reinforced cement mortar samples.
Under each fiber content, the impact energy absorbed by
whisker and fiber composite reinforced cement mortar
specimens is increased by different extents. However, for

Synergy performance index

Fig. 8 Split tensile strength synergy performance index
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the post-crack impact energy, the change is small and has
not been improved by whisker incorporation, which indi-
cates that the composite whiskers and fibers do not enhance
the loading capacity of mortar after initial cracking as com-
pared to that of total impact energy. From the impact energy
point of view, the total impact energy absorbed by the com-
posite whisker and fibers is much higher than that of the
blank sample, and CWHBFb4 demonstrate the highest. It
shows that the composite material with whisker and fibers
of different lengths can reduce the stress concentration in

HPlain
M CWHBFb2

50 ~

Impact number

Initial cracking (Ic)

M CWBFb6L
CWHBFb3

the matrix, consume and absorb more energy, and thus
improve the impact resistance of the matrix more effec-
tively. Therefore, when the whisker content is 10% and
fiber content is 0.1%, the combination of whisker with four
various fiber length results in best properties.

The brittle failure was noted in plain mortar under
impact loading having a crack and the sample was split into
two parts along the diameter direction as shown in Fig. 11.
The multi-cracks and certain degree of toughness was
observed in whisker basalt fiber mortar due to the formation

NCWHBFb1
HCWHBFb4

Final failure (Ff)

Fig. 9 Impact number of various mixes
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Fig. 11 Specimens after impact test: (a) Plain composite; (b) Whisker-hybrid basalt fiber reinforced composite



of small crack under applied impact load. Moreover, basalt
fibers addition give rise to the number of micro-cracks
around the main crack due to their bridging effect. This
may be due to the bridging effect of fibers resulted in redis-
tribution of stress in matrix eventually lead to energy dis-
sipation mechanism. However, more energy was consumed
by generation of more micro-cracks, which help in reduc-
ing the stress concentration of main crack, and delay the
failure process ultimately improved strength.

Fig. 12 demonstrates the synergy performance index
calculated for impact number and impact energy. The syn-
ergy performance index is greater than 1 for both impact
number and impact energy, which shows the positive
hybrid mixing effect. The best positive hybrid mixing
effect is shown by four different lengths of fiber blended
together. It is worth noting that impact number and energy
synergy performance index show similar trend as com-
pared to that impact number and impact energy. Thus, the
synergy performance index can be used to estimate the
hybridization effect of fibers quantitatively for various
kind of fibers blended together.

4 Microstructural analysis

The mechanical properties of mortar can be effectively
enhanced by mixing whisker and fiber in a reasonable
amount. The different length hybrid fiber reinforced
cement mortar with whisker shows better strengthening
effect than that single fiber length sample which achieved
the purpose of composite reinforcement. This is mainly
attributed to the fact that whiskers and basalt fibers have
different scales and properties. They can reinforce and
toughen the matrix at different stages of loading on mor-
tar, so that whiskers and fibers can give full play to the
advantages of scale and performance, and form comple-
mentary advantages, thus producing synergistic effect.

M CWBFb6L CWHBFb1 M CWHBFb2

16 H CWHBFb3 HCWHBFb4
o B
:g 1.4 -
g
=]
E 1.2 1
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8-! 1 . k
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Impact number Impact energy

Fig. 12 Synergy performance index of impact number and impact
energy
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For the scale and properties of whiskers, calcium car-
bonate whiskers belong to the sub-micron scale category,
and have higher modulus of elasticity and lower elonga-
tion at break. For basalt fibers, the size is relatively large,
the diameter is in the micron scale category, and has
more prominent elongation at break. This determines that
whiskers and fibers will occur at different structural lev-
els and loading stages and play the role of strengthening
and toughening. In the initial stage, when the matrix is
subjected to external loads, the calcium carbonate whis-
ker plays a major role in strengthening the matrix at the
micro level depending on its ultra-fine size and excellent
mechanical properties. Due to the relatively low internal
stress and small scale of primary microcracks, whiskers
can effectively prevent the initiation and propagation of
microcracks by bridging, mainly by reducing the number
and scale of crack sources.

The whiskers result in small "energy dissipation mech-
anism" and can reduce the stress concentration range at
the crack tip by pulling out a large number of whiskers to
produce energy dissipation. This process slows down the
generation and extension of microcracks at whisker scale,
delays the appearance of initial crack points and improves
the initial crack strength of matrix. As the load continues
to increase, microcracks further expand but before reach-
ing the maximum load, whiskers and fibers play a joint
role in enhancing the crack resistance in their respective
scales. When microcracks gradually converge into larg-
er-scale microcracks or even local cracks, basalt fibers
start bridging role against cracks at a more macroscopic
structural level. The expansion is hindered, which fur-
ther limits the extension and development of large-scale
cracks. When the maximum load matrix begins to desta-
bilize, some fibers are pulled out from the cracked matrix,
depending on its good elongation and large aspect ratio,
which consumes a lot of energy. This overcome the fric-
tion shear force between fibers and matrix, effectively
slows down the failure speed, so that the load does not
suddenly drop, but produces a very short time, so that the
matrix presents toughness. It can be seen that the effect
of composite reinforcement is mainly attributed to the
whiskers and various size and properties of fibers, which
play a strengthening role at the particular stages and form
complementary performance advantages in the process of
matrix structure formation and stress of composites.

In addition, the strengthening effect of whisker with
four different fiber lengths is more remarkable as to that
of whisker with single fiber length. This fully shows the
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corresponding matching relationship between whisker and
hybrid fibers on scale and the structure level of mortar,
which is more helpful to the enhancement and toughen-
ing of matrix during the process of loading. Whiskers and
various basalt fibers of corresponding sizes are strength-
ened to limit the generation and number of crack sources,
reduce crack sizes at all levels and prevent the develop-
ment of macro-cracks, and play a synergistic and com-
plementary role with each other, resulting in the effect of
step-by-step crack resistance and strengthening. Fig. 13
shows the microstructure of whisker-fiber cement mortar
under scanning electron microscopy. It can be seen that
cement hydration is more sufficient, cement paste is more
compact, calcium carbonate whiskers and basalt fibers
are distributed randomly in the matrix. Among them, the
distribution of whiskers and fibers in the matrix and the
relationship between size and scale can be clearly seen
from the Fig. 13(a) and Fig. 13(b). They are well integrated
with the cement matrix and are more closely related to the
cement paste bonding part. In addition, some basalt fibers
are poorly dispersed in the mortar matrix, and there exists
clustering phenomenon as shown in Fig. 13(c).

@

®)

@

This will not only lead to the increase of internal
defects, but also cause the unbalance of fiber spacing, thus
weakening the reinforcing and toughening effect of the
fibers to a certain extent. However, it can also be found
from Fig. 13(d) that the surface of basalt fibers pulled out
from the matrix is relatively smooth and there is no resid-
ual cement hydrate which indicates low bond strength. The
addition of higher fiber content results in heterogeneity of
the mix that may cause low bond strength between fibers
and matrix ultimately results in low strength properties.
The indentation left behind by the peripheral fibers can
further indicate that bond strength between basalt fiber
and matrix is not optimal. This will have adverse effects
on the properties of cement mortar, so the interface per-
formance still needs to be further study in future.

5 Conclusions

In this study, the effect of various kind of basalt fiber on
the mechanical properties of calcium carbonate whisker
cementitious materials were studied experimentally and
compared with that of plain and single length basalt fiber
reinforced composite. Following conclusions are made:

Fig. 13 SEM images of whisker-fiber cement mortar



* The mechanical properties of composite reinforced

with 10% whisker and four various lengths of hybrid
basalt fibers having different contents are enhanced
over that of pure mortar and single length basalt fiber
reinforced mortar. The compressive strength of mor-
tar is improved up to 7 %, than that of plain mortar.
The flexural strength of whisker hybrid fiber rein-
forced composite is enhanced up to 17%, than that of
plain composite. Compared with the plain mortar, the
split-tensile strength of sample is increased up to 35%.
The composite blended with whisker and hybrid
fibers enhanced the impact resistance greatly under
different fiber mixing modes and the strengthening
effect is improved than that of whisker and single
fiber length sample. However, there is no significant
change observed in the ability of the specimen to
absorb impact energy after initial cracking.

The results obtained from synergy performance
index showed the same trend in accordance with the
trend of experimental results for hybridization of
four kinds of different length fibers.
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