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Abstract In hydraulic structures, abrasion resistance
can be a significant driver in concrete specification.
Basalt micro-fibres represent a potentially sustainable
construction product and have been shown to provide
various benefits in concrete, however the implications
for hydrodynamic abrasion resistance are to date
unclear. This paper is the first investigation of its kind
to examine the abrasion resistance of basalt fibre-
reinforced (BFR) concretes using the ASTM C1138
underwater test method. Towards this, concretes
incorporating fibre dosages of 0.5, 1, 1.5 and 3 kg/
m® were tested. The relationships between concrete
abrasion and its fundamental mechanical properties
are evaluated. For the particular concretes examined, it
is found that based on the Shapiro-Wilks tests at 95%
confidence, abrasion loss in BFR concretes followed a
normal distribution; the use of basalt fibre in contents
of up to 3 kg/m® did not have a significant effect on
abrasion resistance, compressive and tensile splitting
strengths, as well as modulus of elasticity. It can be
concluded that basalt micro-fibre can be used for their
other attributes such as controlling bleeding, shrinkage
and plastic cracking in concrete hydraulic structures
without deleterious effects on abrasion resistance. The
regression models proposed to predict concrete abra-
sion loss from its mechanical properties were found to
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be only significant at 48 h for compressive strength
and 24 h for both tensile splitting strength and
modulus of elasticity.

Keywords Basalt fibre - Concrete abrasion
resistance - Hydraulic structures - Statistical
significance

1 Introduction

Concrete is an important material in the construction
of hydraulic structures. In recent years, the use of steel,
glass, polymer fibres, etc. to reinforce cement-based
composites has increased considerably. The choice of
an appropriate fibre type for concrete depends on the
properties to be influenced. Macro-fibres which have
typical diameters from 0.3 to 1.0 mm, and length in
the range of 12-65 mm have been shown to improve
the post-cracking ductility of concrete, particularly in
the case of steel macro-fibres. Investigations on the
influence of steel macro-fibres on the abrasion resis-
tance of concrete [1-4] have yielded inconsistent
results. Liu and McDonald [1] and Sharma et al. [4]
reported reductions in abrasion resistance due to
addition of steel fibres while Sonebi and Khayat [2]
found the influence of steel fibre on abrasion resistance
to be insignificant. However, Horszczaruk [3] found
improvements of up to 19% when using steel fibres
with aspect ratios of over 50. Although steel fibres
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possess a high modulus of elasticity and stiffness, their
application in hydraulic concrete structures is limited
by their susceptibility to corrosion and relatively high
density which can increase the self-weight of steel
fibre-reinforced concrete [5]. In parallel with this,
when steel fibres become exposed during the abrasion
process, they may present a safety hazard in areas of
public accessibility e.g. coastal defences.

In contrast, micro-fibres have typical diameters in
the range of 0.01-0.3 mm, with lengths of 3-50 mm
[6] and are introduced to reduce the rate of bleeding in
fresh concrete [7, 8] and control to plastic and drying
shrinkage cracking [6, 9]. Polymer-based fibres often
produced from polyolefin, such as polypropylene
fibres exhibit both a low elastic modulus and melting
points [5, 6]. On other hand, glass fibre use in concrete
is discouraged by its vulnerability to degradation in the
alkaline concrete environment [5].

Several studies suggest that basalt fibres have the
potential to overcome the drawbacks of steel, glass
and polymer-based fibres. Basalt fibres (BF) are
produced from basalt which is a dark-coloured, fine-
grained igneous rock characterised by high strength,
hardness, and mainly composed of plagioclase and
pyroxene minerals [10]. The manufacturing process
for BF uses basalt rock as a raw material which is
melted and pressured through rhodium or platinum
crucibles in a process termed as continuous spinning to
produce either continuous or chopped fibre forms [11].
The fact that no additives are introduced and less
energy is consumed in the production process of BF
contributes to reduced cost relative to similar-sized
glass fibres [12]. Table 1 shows that BF exhibit
excellent mechanical properties such as higher tensile
strength and modulus of elasticity in comparison to
polymeric fibre types like polypropylene (PP) and
polyvinyl alcohol (PVA). BF have also been reported
to exhibit high chemical stability, durability in acid
and alkaline environments, as well as a large operating

Table 1 Characteristics of the fibres used in concrete

temperature range of —200 °C to 800 °C [11] com-
pared to some polymeric fibres which exhibit melting
temperatures of 160 °C [3, 13].

Many past studies on BF-reinforced concretes
[5, 14-17, 22-24] have focused on the effects of BF
addition on its fundamental mechanical properties
such as strengths (compressive, tensile splitting,
flexural and impact), modulus of elasticity, load—
displacement behaviour, fracture energy and tough-
ness. In hydraulic structures exposed to flows laden
with hard sediments, abrasion can occur [25] which
severely degrades concrete surfaces and hence reduces
their service life and safety [26-30]. Thus, the
selection of concrete mixtures to be used in these
structures is often governed by abrasion resistance
[29]. There are several test methods for abrasion
resistance [13, 31, 32] but the ASTM C1138 [32] has
been shown to be the most suitable method for the
evaluation of concrete performance in abrasive
hydraulic environments [30, 33]. This is because it is
able to produce concrete surfaces that are qualitatively
similar to those observed in field conditions, i.e.
stilling basins of hydro-electric power schemes [28]
and concrete coastal defence elements [29]. This
indicates that this test method adequately simulates the
most relevant mechanisms of concrete abrasion in the
field [30]. Table 2 summarises the limited past studies
on the effects of different micro-fibre types on the
abrasion resistance of concrete.

Table 2 shows that regardless of the test method
used, PP and PV A micro-fibre additions enhanced the
abrasion resistance of mortars and concrete by 20%-—
95% [18, 19], and 6%-29% [3, 13] respectively.
Similarly, the addition of basalt micro-fibre in mortar
and concrete mixtures also improved abrasion resis-
tance by 14%-39% [18] and 2%—-18% [17] respec-
tively. These findings indicate that there is generally
some improvement in the abrasion resistance of
concrete when both polymeric and basalt micro-fibres

Tensile strength (MPa)

Modulus of elasticity (MPa) Elongation (%)

Fibre type Density (kg/m?)

Basalt [5, 14-17] 2630-2800 30004800
Polypropylene [3, 5, 13, 15, 18] 910 247-700
Polyvinyl alcohol [19-21] 1290-1300 1400-1620
Glass [16] 2600 3400

Steel [15] 7860 2850

80-110 3.1-32
4-9 9.0-12.9
32-43 6.0-7.0
77 2.6

201 -
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Table 2 Existing past studies on abrasion resistance of mortars and concretes

Study description Variable Aggregates Fibre properties Conclusion
1 = Author (s) 1=CS 1 = FA type(s) 1 = Type/Dose (kg/m®) % increase in abrasion
resistance
2 = Test method 2 =w/ 2 = FA dose (kg/m3) 2 = ¢p/Length (um/m)
3 = Age(s) 3=SP 3 = CA type (kg/m3) 3 =TS (MPa)
4 = Curing 4 = CA size (mm)/ dose (kg/m3) 4 = ME (GPa)
5 = CS specimen 5 = Binder(s) type
6 = Binder content
1 = Abid et al. [19]* 1 =47-48 1 = Silica sand 1 = PVA/6.5-26 + 20 to 95
2 = ASTM C1138 [32] 2=0.26 2 =455 2 =39/6
3 =3, 7, 28 days 3=09 3 = None 3 =1620
4 = Water (23 °C) 4 = None 4 =43
5 = 100 mm cubes 5 = OPC; Fly ash
6 = 570; 684
1 = Jiang et al. [18]* 1 =52-54 1 = River sand 1 = Basalt/0.6-2.6 + 14 to 39
2 = ASTM C1138 [32] 2=0.54 2 =1362 2 =13/20
3 = 28 days 3=02 3 = None 3 =624
4 = Room at 20 °C 4 = None 4 =101.5 £ 85
5 = 40 mm cubes 1 =53-56 5 =0PC 1 = PP/0.6-2.6
2=0.54 6 = 680 2 =50/4-19 + 25 to 77
3=02 3 =500
4=35
1 = Kabay [17] 1 =45-49 1 = River sand; limestone 1 = Basalt/2 and 4 + 14 to 18
2 = Bohme [31] 2 =0.60 2 = 520-563 2 = 12-20/12 and 24 +2to4
3 =28 days 3=0.3-0.8 3 = Limestone 3 = 4100-4800
4 = Water (20 + 2 °C) 1 =59-69 4 =11.2/714-771 4 =89
5 = 100 mm cubes 2 =045 5 =CEM I 425R
3=18-27 6=350
1 = Horszczaruk [3] 1 =98-100 1 = Natural sand 1 =PP/1.8 + 29
2 = ASTM C1138 [32] 2=0.30 2 =535 2 = Not stated/19
3 = 28 days 3=1.0 3 = Basalt 3 =310
4 = Water (20 + 2 °C) 4 =16/1279 4 = Not stated
5 = 100 mm cubes 5 =CEM 1 52.5R; SF
6 = 450; 45
1 = Grdic et al. [13] 1 =38 1 = River aggregate 1 =PP/0.9 + 7
2 = Water/sand jet (10:1) 2 =0.7 2 =775-882 2 =37/12 +6
at 20 m/s
5 = 150 mm cubes 1=27 3 = River aggregate 3=301 £32 + 7
2=0.6 4 = 16/948-1005 4 = Not stated
1=18 5=CEMI42.5R
2=05 6 = 344-366

CS Compressive strength; 7S Tensile strength; ME Modulus of elasticity; SP Superplasticiser; CA Coarse aggregate; FA Fine
aggregate; PP Polypropylene; PVA Polyvinyl alcohol; SF Silica fume; w/c Water to cement ratio

Polycarboxylate-based SPs were general adopted with exception of Jiang et al. [18] in which sulfonated naphthalene-formalde-hyde

was used

“Mortar mixtures
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are incorporated into mixtures. Despite the many
benefits of BF, it is evident that existing research on
the abrasion resistance of BF-reinforced cement
composites has been limited tests on mortars using
the ASTM C1138 method [18] and concrete mixtures
using Bohme method [31]. Results from tests on
mortars do not account for effect of coarse aggregates
which also greatly affects concrete abrasion resistance
[29, 34, 35] whilst the Bohme test does not adequately
simulate concrete abrasion in hydraulic structures
[36]. To date, there are no readily available published
studies that have investigated the abrasion resistance
of BFR concretes using the ASTM C1138 test method.
Further, most of the reported increases in abrasion
resistance of BF-reinforced mortars and concretes
seem to be negligible given that measured abrasion
losses in concretes exhibit inherent deviations with
coefficients of variations of up to 30% in the case of
the ASTM C1138 test method [2, 34] which casts
doubt on the significance of the reported enhance-
ments in concrete abrasion resistance.

The objective of this study is to undertake a
statistical evaluation of the ASTM C1138 abrasion test
results to determine the effect of basalt micro-fibre use
on concrete resistance. Further, the relationship
between abrasion loss and fundamental mechanical
properties of concrete i.e. compressive strength,
tensile splitting strength and modulus of elasticity is
comparatively examined. The understanding of the
significance of the effect of basalt fibre addition on the
abrasion resistance of concrete is crucial for reliable
specification of concrete mixtures used in hydraulic
structures exposed to abrasive flows. Also, establish-
ing the variation of concrete abrasion with mechanical
properties is important for prediction of its perfor-
mance in the ASTM C1138 test without expensive
abrasion tests.

2 Experimental plan

2.1 Materials

2.1.1 Basalt fibre

The study used chopped basalt micro-fibre bundles
shown in Fig. 1. The length, diameter, tensile strength

and modulus of elasticity of each fibre filament as
provided by the supplier were 25.4 mm, 17 microns,

3050 + 150 MPa and 87 £ 2 GPa respectively. The
fibres were dispersed into individual filaments during
concrete mixing.

2.1.2 Cement

This was manufactured in accordance with the
requirements of BS EN 197-1 [37] for CEM II/A-L
42.5N was used throughout the study. CEM II/A-L
42.5N is a blended cement obtained by replacing up to
20% of Portland cement with finely ground limestone.

2.1.3 Aggregates

The coarse aggregates used were uncrushed bunter
quartzite particles in which 75% of the proportion
comprised of orthoquartzite whilst the rest were
particles derived from sedimentary and igneous rocks.
The respective values of Mohs hardness, water
absorption and relative density of the coarse aggre-
gates were 7, 0.6 and 2.59. The particle shapes ranged
from sub-rounded to rounded and the gradation
followed the conditions of BS EN 12620 [38] for
10 mm maximum size of aggregate.

Natural River sand with a maximum particle size of
4 mm, water absorption of 0.5% and relative density
of 2.62 was used as fine aggregates. The sand
complied with the particle size distribution required
by BS EN 12620 [38] for fine aggregates with a
maximum particle size of 4 mm.

The gradating curves of coarse and fine aggregates
used is presented in Fig. 2.

Fig. 1 Chopped basalt micro-fibre used
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2.1.4 Water

Ordinary tap water free from deleterious materials was
used for concrete production.

2.2 Test specimens
2.2.1 Concrete mix design

The five concrete mixtures used in the study were
proportioned to enable the effect of different basalt fibre
(BF) dosages on the abrasion resistance of concrete to be
investigated. The reference concrete (without BF) was
designed to achieve the target cube compressive strength
of 45 MPa following the guidance provided by Building
Research Establishment [39]. This mixture, designated as
RCO had a water to cement ratio (w/c) of 0.52, cement,
fine and coarse aggregate contents of 423, 706 and
976 kg/m® respectively. Although BS 6349-1-4 [40]
recommends the maximum w/c as 0.45 for concrete
mixtures used in abrasive marine environments, a slightly
higher w/c was adopted in this study to ensure that the
coarse aggregate phase was harder than the matrix. This is
because the effect of basalt fibre on concrete is related to
its impact on the matrix phase and could be decisively
determined when the matrix is more vulnerable to
abrasion damage. Such a mixture also lent itself to the
evaluation of whether or not basalt fibre addition can be
used to improve the abrasion resistance of concretes with
high w/c. Basalt fibre-reinforced concretes were derived
from the control mixture by adding fibre in dosages of 0.5,
1.0, 1.5, 3.0 kg/m3 to obtain concretes mixtures FCO0.5,
FC1.0, FC1.5 and FC3.0 respectively.

Before test specimens were fabricated, slumps of
selected mixtures was measured from the trial mixes in
accordance with BS EN 12350-2 [41] to determine
concrete workability. The slumps obtained for con-
cretes RCO, FCO0.5, FC1.0, FC1.5 and FC3.0 were 70,
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g. 2 Grading of coarse and fine aggregates used

60, 40, 30 and 30 mm respectively. These results
indicate that incorporation of basalt fibre reduced
concrete workability, and the degree of reduction
increased with fibre content.

2.2.2 Specimen fabrication

The concrete test specimens for abrasion resistance
(2959% x 100 mm disc), tensile strength and modulus
of elasticity tests (100@ x 200 mm cylinders) were
all fabricated in triplicate. For compressive strength
testing, 9 cubes of 100 mm sides were prepared, 3
accompanying each separately cast concrete abrasion
disc test specimen. The following procedure was
adopted for specimen fabrication. The materials were
batched according to the proportions outlined in Sect.
2.2.1 and mixed in a drum mixer. It was observed that
BF was well-dispersed in the fresh concrete and the
fact that no fibre balling was visible demonstrated the
appropriateness of the BF contents and the thorough-
ness of the concrete mixing process used. The fresh
concrete was then placed in lubricated moulds in
approximately equal three layers and each layer
compacted with the aid of a vibrating table. The
exposed fresh concrete surfaces of the specimens were
finished neatly using a steel float and covered with a
sheet of polythene to reduce the rate of moisture
escape. For the next 24 h, the test specimens were kept
in a room at temperature of 20 £ 3 °C, and after this
period, were removed from the moulds and cured in
water until the test age of 28 days.

2.3 Test procedures
2.3.1 Abrasion resistance

The ASTM C1138 method [32] whose experimental
setup is illustrated in Fig. 3 was used to evaluate the
abrasion resistance of concrete from a total of 15
concrete discs, three for each concrete mixture.

In this test method, the concrete disc specimen is
submerged in water contained in a steel cylinder with a
diameter of 300 mm. Thereafter, the specimen is
subjected to abrasion by 70 steel chrome balls with
diameters of 25.4 mm (10 Nos), 19.1 mm (35 Nos)
and 12.7 mm (25 Nos) that are moved by water
agitated by a paddle rotating at 1200 rpm. The volume
of the abraded concrete specimen, V, at durations, ¢ of

24,48 and 72 h is calculated as,
nilem
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V, = M (1)
pW

In Eq. (1), M, and M,, are the masses in air and
water of the test specimen to the nearest 1 g for a
specific time increments while p,, is the assumed
density of water (1000 kg/m?>).

At a particular time increment, concrete abrasion
loss (V) is estimated as,

Ve = Vo — V. (2)

In Eq. (2), V, is the specimen volume prior to the
test whilst V, is the volume at a selected test duration.
The measured concrete abrasion loss at 24, 48 and
72 h was presented as a percentage of the initial
volume of the specimen.

In all tests, the bottom as-struck surfaces of test
specimens were abraded to ensure that the quality of
the concrete surface finish and the density was similar
to those of coastal revetment armour units. These are
commonly precast units that are cast face-down so the
abraded surface is that which was originally in direct
contact with the mould [29, 42, 43]. This is done so
that a dense and high-quality-finished surface is the
one that is exposed to the aggressive conditions. This
helps to reduce the risk of ingress of deleterious
sulphates and chlorides [42].

Motor
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Fig. 3 Experimental setup of the concrete abrasion test

2.3.2 Mechanical properties

These properties were included in the scope of the
study to monitor the quality of the concretes used and
for purposes of examining their relationship with
concrete abrasion loss. Compressive strength was
determined from 9 concrete cubes of 100 mm in
according to BS EN 12390-3 [44]. In contrast, three
cylinders (100¢p x 200 mm) were used to test tensile
splitting strength and modulus of elasticity according
to BS EN 12390-6 [45] and BS EN 12390-13 [46]
respectively.

2.3.3 Statistical analysis

A two-step statistical approach was adopted in com-
paring the performance of BFR concretes to that of the
plain concrete mixture. In the first step, effect of BF
addition is analysed from the differences in mean
together with the coefficients of variation. This
enabled comparisons to be made with the findings of
past studies [3, 17, 18]. Due to the small number of
samples tested for abrasion, compressive strength,
tensile splitting strength and modulus of elasticity, the
normality of the test data could not be ascertained.
Thus, nonparametric tests, viz. Mann—Whitney test
and Kruskal Wallis analysis of variance (ANOVA)
test [47] were respectively used to compare the results
of two, and three or more mixtures. The Mann—
Whitney test [47] was used to determine whether or
not there was a significant difference in performance
of the plain concrete mixture and each of the BF-
reinforced concretes. This test is performed by first
pooling and ranking the data for each sample.
Thereafter, the total sum of the ranks is then computed
for each sample, and the U statistic is determined [47].
The p-value is then calculated and compared with the
significance level [47] to make the decision. The
Kruskal-Wallis ANOVA test is also undertaken by
each sample group being pooled and ranked. This is
followed by calculation of the rank sum for each group
and H statistic. The p-value is estimated by consider-
ing that the H-statistic follows the Chi-Square (1%)
distribution whose degrees of freedom (DF) are equal
to the number of sample groups minus one [47]. The
significance level used in the present study (5%) was
based on the adoption of 95% confidence in consis-
tence with the level typically used to determine the
characteristics properties of structural materials [48].
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The statistical tests used have been adopted by past
researchers in the field of concrete research
[22, 49-51] with success.

3 Test results and discussion

Data from the experimental campaign was used to
understand BF-reinforced concrete abrasion mecha-
nisms, the effect of BF addition to concrete on its
abrasion resistance and the relationship between the
abrasion resistance and fundamental mechanical prop-
erties in BF-reinforced concretes.

3.1 Modes of concrete abrasion loss

The abraded surfaces of concrete specimens with
different BF contents were examined after each time
increment. Figure 4 shows an abrasion-damaged test
specimen of mixture FCI1.5 after a test duration of
72 h.

Qualitative examinations of the abraded surfaces of
all the five concretes revealed that there was no
distinction in the surface characteristics exhibited by
mixtures with different BF dosages. In all the concretes
tested, the coarse aggregates (CA) were exposed within
the first 24 h of the test after the removal of the matrix
surface layer. It was also observed that the rate of the
matrix phase abrasion was higher than that of the CA.
However, within the 72-h abrasion period, there was no
evidence of plucking of CA from the surface of the test
specimen. This indicates that in both the plain and BF-
reinforced concretes used in the investigation, a very
good degree of hardness was attained in both the matrix
and interfacial transition zone (ITZ). Based on the
small size of the BF and dispersion within the matrix,
their effect on the abrasion rate of the matrix phase did
not seem to be significant. Also, since no anchored BF
strands were observed on the surface by the naked eye,
this is an indication that they were removed at a rate
similar to that of the cement/sand matrix through either
fibre breakage, pull-out or de-bonding at the fibre-
matrix interface.

3.2 Mechanical and abrasion behaviour
of concrete mixtures

The mechanical properties of the concretes tested are
summarised in Table 3 while the results of abrasion

Fig. 4 Abraded test specimen of mixture FC1.5 at 72 h

tests at durations of 24, 48 and 72 h are shown in
Fig. 5. The results presented are the means of spec-
imens tested. Further, in Table 4, the differences
between the abrasion loss of basalt fibre-reinforced
concretes and the plain concrete (Ap) as well as values
of coefficients of variation (CV) are presented.

3.2.1 Effect of basalt fibre content on concrete
abrasion

In this investigation, concretes with lower abrasion
loss are considered to more resistant to the action of
waterborne sediments and vice-versa. It can be
observed in Table 4 that at the test duration of 24 h,
BF addition in dosages of 0.5, 1.5 and 3.0 kg/m’,
reduced concrete abrasion loss by 1.3% to 5.9% while
the BF content of 1 kg/m’ increased the abrasion loss
of concrete by just 1.3%. However, the sample data
from which these effects were assessed also exhibited
deviations evidenced by the CV values that varied
from 2.7% to 9.5%. After a 48-h test period, Table 4
also shows that BF addition in contents of 0.5 to
1.5 kg/m® increased concrete abrasion loss by 5.0% to
6.5% respectively while a reduction of 7.2% was
obtained when the BF content was increased to 3 kg/
m>. But as in the 24-h test results, the modest effects of
BF on concrete abrasion resistance were eclipsed by
the relatively large CV values of the data that ranged
from 3.7% to 9.1%. Similarly, the trend exhibited by
the 72-h test results was consistent with those at 48 h.
At 72 h, the use of 0.5 to 1.5 kg/m® BF resulted in
concrete abrasion loss increments of 10.5% to 14.5%
while at a content of 3 kg/m3, there was a small
reduction in the abrasion loss of 2.6%. The CV values
for this test period varied from 3.1% to 12.7%.
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Table 3 Mechanical properties of concrete

Concrete mixture

Compressive Strength (MPa)

Tensile splitting strength (MPa)

Modulus of elasticity (GPa)

RCO

FCO0.5
FC1.0
FC1.5
FC3.0

42.4
45.9
44.0
44.0
394

3.98
4.40
3.98
4.36
3.53

32.8
30.1
31.8
33.6
28.5

Abrasion loss (%)

3.0 +
25 -+
20 A
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Fig. 5 Abrasion loss of concrete mixtures
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Table 4 Coefficients of variation and differences in the mechanical properties and abrasion loss of basalt fibre-reinforced and plain

concretes

Mixture Mechanical properties

Abrasion loss

Compressive strength ~ Tensile splitting strength  Modulus of elasticity

Test duration (h)

24 48 72
(6% Au CV Au (6% Au CV  Au CV  Au CV  Au
RCO 2.8 - 5.2 - 3.4 95 - 9.1 - 127 -
FC0.5 4.8 +8.3 2.0 +10.6 8.1 —-8.2 69 -13 37 +50 55 4118
FC1.0 75 +3.8 5.1 - 6.8 -3.0 49 413 46 440 65 4105
FC1.5 4.2 +3.8 5.9 +9.8 6.1 +2.4 55 —-13 58 465 11.0 +145
FC3.0 8.1 -7.1 3.0 —11.6 8.7 —13.1 27 =59 43 72 3.1 24

(=) and ( +) in Au denote % reductions and increments respectively

It is clear from the small differences in the abrasion
loss of BF-reinforced concrete relative to the control
mixture that the effect of BF use on concrete abrasion
resistance is not apparent from the mean values due the
large CV values in the test data of the respective
concretes. The Mann—Whitney test whose results are
in Table 8 (“Appendix A”) was used to determine
whether or not the differences were significant for the

three test durations. The results indicate that at 95%
confidence, BF addition in dosages of up to 3 kg/m’
did not have a significant effect on the abrasion
resistance of concrete.

It is important to note that to the best of the authors’
knowledge, there have been no published studies on
the abrasion resistance of BF-reinforced concretes
with the ASTM C1138 method. Therefore, the
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findings of the present study were compared with
previous ASTM C1138 test investigations on the
abrasion resistance of BF-reinforced mortars and
fibre-reinforced concretes containing other types of
micro-fibres, as well as studies on BF-reinforced
concretes using other abrasion test methods. The
ASTM C1138 results in Table 4 are in agreement with
those of Kabay [17] for concrete mixtures with w/c of
0.45 evaluated using the Bohme test where negligible
reductions in mean abrasion loss of 1.8%—4.4% were
found for both 12-24 mm fibre lengths regardless of
the BF amount added. However, these suggested
improvements in concrete abrasion resistance due to
BF addition were subsumed in the CV values that
varied from 4.6% to 10.7% which indicates the
insignificance of the reported abrasion resistance
improvements. Further comparison with the results
of Kabay [17] for concrete mixtures with w/c of 0.60
reveals some disagreement since the use of 12 and
24 mm long BF in dosages of 2 and 4 kg/m* reduced
concrete abrasion loss by 13.9% and 18.4% whilst the
CV values varied from 2.9% and 11.9%, which
suggest possible significance of the differences in
concrete performance. The effect of BF appears to be
more prominent in mortars based on the results of
Jiang et al. [18] in which the abrasion resistance
increments of 14%-39% were reported. In fact,
similar effects on the abrasion resistance of mortars
with the addition of polypropylene fibres were
reported by Abid et al. [19] and Jiang et al. [18] who
found enhancements of 20%-95% and 25%-77%
respectively. Studies by Horszczaruk [3] and Grdic
[13] on concretes reported abrasion resistance incre-
ments of 6%—29% due to the addition of polypropy-
lene fibres. However, with the exception of Kabay
[17], other workers [3, 13, 19] have not indicated the
deviations of their test data from the mean abrasion
loss. Based on the fact that the typical CV of the
ASTM C1138 abrasion loss in ordinary concretes can
be up to 30% [2, 34], it is difficult to confirm the
significance of the reported improvements in abrasion
resistance in most past studies. Therefore, based on the
results of the present study, it can be concluded that the
use of BF in doses of up to 3 kg/m* does not have a
significant effect on the abrasion resistance of the
concrete types examined.

The use of basalt fibres is intuitively expected to
improve concrete abrasion resistance due to the tensile
strength and modulus of elasticity of basalt fibre being

considerably greater that of the reference concrete.
The bridging effect of basalt fibres would thus limit the
propagation of micro-cracks resulting from the tensile
stresses in concrete induced by the impact of water-
borne solids. The lack of any major effect on concrete
abrasion resistance may firstly be explained by the
characteristics of the matrix-fibre interface. Scanning
electron microscopy (SEM) of basalt fibre-reinforced
concretes has shown that at the age of 28 days, the
fibre-matrix interface exhibited a gap and the matrix
around the fibre was relatively loose when compared
to the configuration at 7 days in which no gap at the
interface was observed and a good bond was notice-
able at the interface [5]. This could have resulted in the
fibre de-bonding under tensile stress resulting in the
inability of basalt fibre to form effective bridges across
the micro-cracks.

3.2.2 Normality tests on concrete abrasion loss

The distribution of the test data is a critical consid-
eration in the selection of an appropriate statistical
significance test method. Since the abrasion loss
results of all concretes evaluated were found not to
be significantly different, the data was deemed to have
been drawn from the same population. The normality
of data was tested using the Shapiro-Wilks [52] test
and results for the three test durations presented in
Table 5.

As seen in Table 5, p-values at the three test
durations ranged from 0.18 to 0.93 (greater than 0.05)
which suggests that at 95% confidence, concrete
abrasion loss data was likely to have been drawn from
a normally-distributed population. This indicates that
parametric instead of nonparametric test methods can
be used to determine whether or not differences in the
abrasion loss of concrete are significant.

In summary, it would appear that for concretes with
w/c of 0.5, and possibly lower, the use of BF does not
have a significant effect on its abrasion resistance, and
as such BF addition would not be an effective strategy
to increase the abrasion resistance of concretes used in
hydraulic structures exposed to sediment-laden flows.
Therefore, BF can be confidently used to reduce
bleeding, and control plastic and drying shrinkage
cracks in concrete without concerns about detrimental
effects on its abrasion resistance. Further, abrasion
loss in concrete appears to follow a normal distribution
for which parametric test methods can be used to test
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the significance of differences between various con-
crete mixtures.

3.2.3 Effect of basalt fibre content on mechanical
properties

The absence of a generally accepted parameter to
define concrete abrasion resistance coupled with the
comparatively cumbersome nature of most abrasion
test methods including the ASTM C1138 implies that
concrete designers often recourse to its mechanical
properties, especially compressive strength to infer its
abrasion resistance despite its unreliability at very
high-strength [30]. Thus, herein a comparative study
of relationship between the abrasion resistance of BF
concretes and basic mechanical properties, i.e. com-
pressive strength, tensile splitting strength and mod-
ulus of elasticity is undertaken.

The compressive strength test results in Table 3
were used to monitor the quality of concrete of the
abrasion test specimens by accompanying each con-
crete disc with three cubes for compression tests.
Based on the fact that each concrete disc was cast
separately, the Kruskal-Wallis test [47] was used to
determine whether or not the compressive strength of
the three concrete casts of each concrete mixture were
drawn from the same population as shown in Table 7.
The p-values obtained (greater than 0.05) indicate that
at 95% confidence, the three separate concrete casts of
each mixture appear to have come from the same
population. This demonstrates that the three different
casts of the same mixture can now be used to assess the
effect of BF use on its compressive strength. The
effect of BF fibre dosage on mechanical properties of
concrete are shown in Table 4 while results of Mann—
Whitney tests on the significance of the differences in
the mechanical properties are shown in Table 10.

3.2.3.1 Compressive strength It can be observed in

Table 4 that addition of BF to concrete in dosages of
0.5to 1.5 kg/m” increased the compressive strength of

Table 5 Shapiro-Wilks test on concrete abrasion loss

Duration (h) DF W-statistic p value
24 15 0.92 0.18
48 15 0.93 0.27
72 15 0.98 0.93

the specimens by 3.8 to 8.3% respectively. However,
further increment in the BF content to 3 kg/m” led to a
reduction in compressive strength of 7.1%. Noting that
the CVs of the compressive strength data ranged from
2.8% to 8.1%, BF addition to concrete did not have a
clear effect on its compressive strength for the entire
range of BF contents tested. The Mann—Whitney test
was used to determine whether or not the compressive
strength of plain concrete was significantly different
from those of BF-reinforced concretes. Table 10
shows that at 95% confidence, differences were not
significant for all BF-reinforced concretes except for
one with 0.5 kg/m® content.

For comparison, the results of some past studies on
the BF effect on compressive strength of concrete
[16, 17, 22] are shown in Table 6. The compressive
strength results of the present study are consistent with
the conclusions of past studies outlined in Table 6
which suggest that BF effect on compressive strength
is typically within &£ 10%. The fact that the effect of
BF addition on the compressive strength and abrasion
resistance of concrete were both generally determined
to be not significant (apart from mixture FCO0.5)
indicates that the effects of BF on the two parameters
were consistent. This suggests the possible suitability
of compressive strength as an indicator for abrasion
resistance of concrete materials incorporating BF.

3.2.3.2 Tensile splitting strength Table 4 shows that
the use of BF in contents of 0.5 and 1.5 kg/m? increased
the tensile strength of concrete by 10.6% and 9.8%
respectively. In contrast, the BF of 1 kg/m® showed no
effect on the tensile strength while a decrement of
11.6% was found at BF content of 3 kg/m>. The fact
that the CV of the tensile strength varied from 2% to
5.9% implies that significance of the BF was not
obvious from the mean tensile strength results. The
Mann—Whitney test results shown in Table 10 show
that at 95% confidence, there was no evidence that the
use of BF fibre in contents of up to 3 kg/m® had a
significant effect on the tensile strength of concrete.
Jiang et al. [5] also found that tensile strength was
enhanced by 14.8% to 25.5% when BF with 20 um
diameter and lengths 12 and 22 mm was used in
amounts that ranged from 1.3 to 13.3 kg/m® for
concretes with cylinder compressive strengths of
45-48 MPa. The BF with 22 mm length were found
to be marginally more effective in improving tensile
strength than the 12 mm. These degrees of increment
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Table 6 Past studies on the effect of basalt fibre on the compressive strength of concrete

Compressive w/c  Fibre properties Effect on concrete References
strength (MPa) - compressive strength (%)

P Length  Tensile Modulus of Dose

(um) (mm) strength elasticity (GPa) (kg/m3)

(MPa)
63-67 0.50 13; 12 4450 + 350 89 6.8-27 —04to+ 5.1% Kizilkanat
20 [161*
34-38 0.50 16 36; 50 No data No data —93t0+ 1.3% Branston
b

38-40 8 +29t0 + 4.2% etal. [22]
38-39 12 —03to+ 2.1%
45-49 0.60 13; 12; 24 4450 £ 350 89 2to4 —4.5t0 —9.3% Kabay [17]°
57-69 045 20 —8.4 to —17.9%

Test specimen descriptions: @ = 150 mm cubes; b = 100¢/200 mm cylinders; ¢ = 100 mm cubes

in tensile strength were also found by Algin and Ozen
[53] who found the optimal BF dosage to be about
13.9 kg/m® which resulted in 15% increase in tensile
strength. The trend of improved tensile strength was
also reported by Kizilkanat et al. [16] who found 40%
improvement in tensile strength due to addition of
27 kg/m® of BFE. It appears the random variations in
tensile strength found in the present study are due to
modest quantities of BF used compared to the high
dosages adopted in some studies [5, 53] in literature. It
was also notable that effect of BF on concrete abrasion
and tensile strength was consistent because for the
dosages used, the effect of BF was found to be
insignificant for both parameters.

3.2.3.3 Modulus of elasticity The values of modulus
of elasticity in Table 3 from the experimental
campaign were first validated with the established
empirical relation with compressive strength proposed
in the BS EN 1992-1-1 [54]. The modulus of elasticity
values predicted from the empirical relations were
found to deviate from measured results by 2.8% to
13.0% which indicates the reasonable accuracy of the
modulus of elasticity test results. The effects of
incorporation of various BF dosages on the modulus
of elasticity of concrete are also presented in Table 4.
The results show that use of BF in contents of up to
3 kg/m® generally reduced the modulus of elasticity of
concrete by 3% to 13.1% with the exception of the
dose of 1.5 kg/m3 where there was an increase of just
2.4%. The CV of the modulus of elasticity of the
concrete mixtures varied from 3.4% to 8.7% which
meant that the effect of BF use on the modulus of

elasticity of concrete was not clear from the mean
values. Based on Mann—Whitney tests whose results
are in Table 10, no evidence of the significance of the
difference between the modulus of elasticity of the
control mixture and BF-reinforced concretes was
found at 95% confidence. This conclusion seems to
agree with the results of Kizilkanat et al. [16] and
Ayub et al. [14]. Kizilkanat et al. [16] found that the
modulus of elasticity of concrete generally reduced by
up to 5.2% on addition of BF but the fact that the
deviation in the data (CV) varied by 2.8% to 7.2%
indicates that the effects could not have been
significant. Therefore, the effect of BF use on the
modulus of elasticity of concrete is also consistent
with its impact on the abrasion resistance.

In summary, it appears that use of up to 3 kg/m*> of BF
in concrete does not have a significant effect on its
abrasion resistance, as well as compressive strength,
tensile splitting strength and modulus of elasticity. The
correlation between the abrasion resistance and each
mechanical property of concrete is thus presented in
Sect. 3.3.

3.3 Dependence of abrasion loss on mechanical
properties

This was undertaken to compare the suitability of
compressive strength, tensile splitting strength and
modulus of elasticity of concrete to predict its abrasion
loss. The variations of abrasion loss with the three
fundamental mechanical properties are shown in
Figs. 6, 7, 8. The appropriate form of the relationship
selected after evaluation of linear, exponential, power,
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logarithmic and polynomial functions based on the
values of coefficients of determination (R?). It was
established that concrete abrasion loss was best
described by polynomial functions of compressive
strength, tensile splitting strength and modulus of
elasticity with R? ranges of 78.1% to 95.5%, 76.5% to
98.0% and 35.1% to 98.6% respectively over the three
test durations.

The values R® in Figs. 6, 7, 8 indicate that
compressive and tensile splitting strengths explained
the largest variations in concrete abrasion loss com-
pared to modulus of elasticity. This suggests that both
compressive and tensile splitting strengths could be
suitable for use as parameters for prediction of the
ASTM C1138 abrasion loss in BF-reinforced con-
cretes. The significance of the relationships defined by
the regression equations in Figs. 6, 7, 8 were examined
using an F-test [47] as shown in Table 7.

The results in Table 7 show that at 95% confidence,
the relationship between concrete abrasion loss and
mechanical properties only appeared to be significant
(p < 0.05) at the test duration of 48 h for compressive
strength, and 24 h for both tensile splitting strength
and modulus of elasticity. There was no evidence of a
significant relationship (p > 0.05) at the rest of the test
durations for all the mechanical properties of concrete
tested. This lack of consistency in the significance of
the relations proposed in Figs. 6, 7, 8 over all the test
durations can be attributed to BF not having a
considerable effect on both its abrasion resistance
and mechanical properties.

4 Summary and conclusions

In this study, the ASTM C1138 test was used to
examine the effect of the addition of basalt micro-fibre
on the abrasion resistance of a concrete of the type
applicable to hydraulic structures. Concrete mixtures
incorporating fibre in contents of 0 to 3.0 kg/m’ were
subjected to abrasion. The fundamental mechanical
properties of the concretes comprising of compressive
and tensile splitting strengths, as well as modulus of
elasticity were also tested. Statistical tests were used to
determine whether or not fibre addition had a signif-
icant effect on concrete abrasion resistance and
mechanical properties. Based on the concrete, fibre
type and dosages examined here, the following key
conclusions can be drawn:

1. The addition of basalt micro-fibres to concrete
mixtures in contents of up to 3 kg/m> does not
have a significant effect on its abrasion resistance.
Furthermore, concrete abrasion loss appears to
follow a normal distribution.

2. Basalt micro-fibre in doses of up to 3 kg/m? does

not have a significant effect on the compressive
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Table 7 Results of F-tests
on regression models

DF denotes degrees of
freedom for the model and

Mechanical parameter Duration (h) DF F-statistic p value
Compressive strength 24 2,2 10.74 0.085
48 19.37 0.049
72 3.57 0.219
Tensile splitting strength 24 2,2 48.40 0.020
48 14.70 0.064
72 3.25 0.235
Modulus of elasticity 24 22 72.86 0.014
48 1.90 0.345
72 0.54 0.649

error

and tensile splitting strengths, as well as modulus
of elasticity of concrete. This suggests that basalt
micro-fibre effects on concrete mechanical prop-
erties 1is consistent with that on abrasion
resistance.

3. There was no consistency in the significance of the
relations between abrasion loss and mechanical
properties of concrete across all the test durations
used. The proposed relation based on compressive
strength was found to be significant at a test
duration of 48 h and tensile splitting strength and
modulus of elasticity at 24 h.

4. At dosages of up to 3 kg/m>, basalt micro-fibre
addition can be considered to have a generally
neutral effect. Thus, basalt micro-fibres could be
used for the other potential benefits they may bring
such as control of bleeding, plastic and shrinkage
cracking in concrete for hydraulic structures
without having deleterious effects on its abrasion
resistance.
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Appendix A

See Tables 8§, 9, 10.

Table 8 Mann—Whitney

; Concrete mixture 24 h 48 h 72 h
test results on abrasion loss -
U p value U p value U p value
FCO0.5 5 1 4 1 2 0.4
FCI1.0 4 1 3.5 0.8 1 0.2
FC1.5 45 1 2 0.4 1 0.2
FC3.0 7 04 7 0.4 55 0.8
Table 9 Kruskal-Wallis Mixture Sample size X2 DF p value
tests on compressive
strength RCO 9 43 2 0.116
FCO0.5 5.7 0.058
FC1.0 6.0 0.051
FCl1.5 3.1 0.211
FC3.0 2.8 0.252
Table 10 Mann.fWhimey Mechanical property Statistic Concrete mixture
tests on mechanical
properties of concrete BF0.5 BF1.0 BF1.5 BF3.0
Compressive strength U 7.5 33 19 61.5
p value 0.002 0.534 0.059 0.066
Tensile splitting strength U 0 4.5 0.5 9
p value 0.1 1 0.2 0.1
Modulus of elasticity U 8 5 4 9
p value 0.2 1 1 0.1
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