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� The compressive strength of the basalt fibre SCC was diminished by 28% at 500 �C.
� The splitting tensile strength of the SCC was increased by adding 0.25% of fibre.
� Considerable degradation in the flexural strength of fibrous SCC was seen at 300 �C.
� Slant shear of hybrid concrete was highly affected by fibre content of overlay.
� Interfacial surface roughened by sand blast provided proper bond in hybrid sample.
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Basalt fibres aremodern inorganic concrete fibres, fabricated bymelting the basalt rock. These fibres exhib-
ited remarkable resistance to elevated temperatures in comparison with other manufactured fibres. Thus,
when the impact of fire is themain consideration, basalt fibres are favoured in the construction of concrete
buildings. In this study, the effects of basalt fibres on theworkability of fresh self-compacting concrete (SCC)
weremeasured using slump flow, J-ring flow, V-funnel flow and L-box height ratio. The properties of hard-
ened concrete such as compressive strength, splitting strength,modulus of elasticity, flexural strength, and
Poisson’s ratio were examined at temperatures between 25 �C and 500 �C. Also, the bond strength between
the basalt fibre SCC as an overlay material and a normal concrete substrate was analysed at elevated tem-
peratures. The interfacial surface between the concrete parts of the hybrid samples was roughened in dif-
ferent ways to determine the best roughening mode, which induced high slant shear strength of concrete
under fire. The experimental results revealed that increasing the temperature up to 500 �C reduced the ten-
sile and compressive strengths of SCC by over 20%. The optimum slant shear strength of hybrid concrete
under fire was achieved by roughening the interfacial surface through the sandblasting method.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The consumption of concrete as construction material has
increased continuously in recent years due to the rapid develop-
ment of infrastructures [1]. Concrete has many merits, such as
formability, durability and high mechanical strength. Hence, this
stone-like material has advantages over other regular building
materials. However, concrete has low strain capacity and tensile
strength [2–4].
Non-metallic materials, such as fibre-reinforced polymers, have
a suitable long-range potential because they are non-magnetic and
non-corrodible, and their modulus of elasticity is lower than that of
steel fibres. Consequently, these polymers are insensitive to
shrinkage, anchorage and creep losses. Fibre-reinforced polymers
are a suitable alternative to conventional concrete fibres because
of their manufacturing and utilisation characteristics. Various
types of fibres, such as cellulose, asbestos, polypropylene, steel,
carbon, aramid, polyethylene, glass, polyvinyl alcohol and basalt,
have been developed to reinforce concrete products [5]. Basalt
fibres originated from basalt volcanic rocks that broke down into
small particles and formed into continuous or chopped fibres [6].
These fibres have good resistance to elevated temperatures, impact
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Table 1
Properties of the ordinary Portland cement
used in this study.

Chemical compositions
Item Magnitude

CaO 62.15%
SiO2 18.94%
Al2O3 3.90%
Fe2O3 4.77%
MgO 1.52%
SO3 2.37%
Loss on ignition 2.18
Insoluble residue 0.65

Physical properties
Property Value
Specific gravity 3.15
Specific surface area 338 m2/kg
Initial setting time 181.7 min
Final setting time 255 min

Table 2
Characteristics of the silica fume used in this
study.

Item Value

Specific gravity 2.2
Specific surface area 369 m2/kg
SiO2 greater than 90%
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actions and chemicals. Basalt fibre composites can be applied in
insulation systems for sound and heat, soil strengthening, indus-
trial flooring and rehabilitation of concrete structures. The produc-
tion process of basalt fibres is similar to that of glass fibres; basalt
rocks are quarried, mashed, washed with water and melted at
1500 �C. High-strength concrete can be achieved using fibrous
self-compacting concrete (SCC) consolidates without any vibration.
Fibrous concrete has a low yield value to guarantee high workabil-
ity and an appropriate viscosity to prevent bleeding and segrega-
tion [7], and it can retain its homogeneity during placement to
ensure sufficient durability of the structural members. Numerous
studies have demonstrated that introducing fibres into SCC
enhances SCC’s mechanical properties, including toughness, com-
pressive strength, tensile or flexural strength and impact resistance
[8–14]. This concrete is usually characterised by low permeability,
which plays a crucial role in repairing concrete that has deterio-
rated due to environmental factors. Structural safety and function-
ality are considerably affected by the bond between deteriorated
concrete members and newly overlaid repairing materials. Effec-
tive bonding and reasonable permeability are required at the inter-
face between old and new concrete to improve the resistance of
the interfacial surface against the penetration of harmful chemi-
cals. The latest generation of fibre polymer composites has elicited
the interest of the research community and construction industry.
Many studies [15–20] have revealed that the addition of basalt
fibres is important in reducing the brittleness of concrete and
improving its rupture modulus, deformation resistance, toughness
and tensile strength. Several studies [21–24] have concluded that
basalt fibres exhibit high resistance to tensile actions, impact loads,
fatigue, thermal instability, corrosion and water penetration in
comparison with carbon and glass fibres. Other studies [21,25,18]
have examined the durability, thermal resistance and acoustic
insulation of concrete with basalt fibres. These properties of con-
crete are considerably improved by the introduction of basalt
fibres.

The mechanical properties of hybrid concrete fabricated with
ordinary and high-strength concrete were investigated by Tayeh
et al. [26–29], Denarie [30], Harris [31], Sarkar [32] and Santos
and Julio [33]. These researchers used different roughening modes
for the interfacial surface. Although basalt fibre concrete has many
advantages, studies on its mechanical properties are limited
[4,16,34–39]. Research that considered this concrete’s behaviour
at elevated temperatures is particularly scarce. In addition, the
effect of using basalt fibre SCC as a repairing material on the
strength of hybrid concrete composed of deteriorated ordinary
concrete and high-strength basalt fibre SCC under fire is inconclu-
sive. The current study investigated the properties (i.e. compres-
sive strength, flexural resistance, Poisson’s ratio and modulus of
elasticity) of basalt fibre SCC at high temperatures. The slant shear
strength at fire of hybrid concrete made with ordinary concrete
substrate and basalt fibre SCC overlay was studied in consideration
of various roughening modes of the interfacial surface between
concrete parts.
2. Materials and methods

SCC was fabricated using ordinary Portland cement, and its
properties are presented in Table 1. Grey silica fume, whose phys-
ical and chemical characteristics are listed in Table 2, was used as a
pozzolanic material to improve the strength of this concrete.
Crushed coarse aggregate and river sand were also utilised for
grading (Fig. 1) in compliance with ASTM C127 [40] and C128
[41]. High-performance basalt fibres (Fig. 2) were used in SCCman-
ufacturing; the average diameter and length of these fibres were
16 ± 2 lm and 24 mm, respectively. A polycarboxylic polymer
2

hyperplast superplasticizer with a light-yellow colour was also uti-
lised in SCC production to achieve workability and improve
strength. The specific gravity of this liquid is 1.05 ± 0.02.

Concrete mixtures (Table 3) were designed in accordance with
the desired compressive strength at the age of 28 days. Four
dosages of basalt fibres, namely, 0%, 0.25%, 0.5% and 1.0%, were uti-
lised in the mixtures. Noticeably, the density of concrete or the
amount of mass incorporated into the unit volume of SCC
decreased with incorporating basalt fibres. Accordingly, the den-
sity of the hardened SCC concrete M1, M2, M3, and M4 recorded
2340, 2320, 2290, and 2265 kg/m3, respectively. The workability
of the fresh SCC was measured using slump flow diameter, V-
funnel flow time, L-box height ratio and J-ring in terms of flow
diameter and time in accordance with EFNARC [42] and ASTM
C1621 [43]. Slump test was used as the primary check to describe
the workability performance of SCC mixtures and their flowability
characteristics of SCC. The diameter of the fresh SCC was measured
based on EFNARC [42] in two directions as shown in Fig. 3 and the
average diameter was given as slump flow diameter. Also, the SCC
viscosity was measured in terms of slump flow time (T50), which is
the time required for fresh concrete to form a circle with a diame-
ter of 50-cm. V-funnel flow test (Fig. 3). It was used to describe the
indirect viscosity characteristic of the SCC mixtures based on the
flowing rate as given in EFNARC [42]. The time measured in the
V-funnel flow test is the elapsed time between the beginning and
end of flowing of SCC from the funnel. To assess the segregation
in the SCC mixtures, the V-funnel flow time test was repeated after
the test was conducted first. The workability of fresh concrete was
also checked via L-box test (as shown in Fig. 3) according to
EFNARC [42], whereby the fresh SCC in the vertical box was
allowed to flow through the rebars to the horizontal box. When
the flowing of the mixture stopped, the height ratio (h2/h1) was
determined to evaluate the passing ability performance of SCC.
The J-ring flow test was performed by using a specific apparatus
with a ring with rebars (as shown in Fig. 3) as recommended by
ASTM C1621 [43]. The flow diameter of the SCC mixture was mea-
sured to assess its passing ability and flowability.
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Fig. 1. Sieve analysis of the used aggregate.

Fig. 2. Basalt fibres used in this study.
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The average compressive strength was tested using cylindrical
specimens (as shown in Fig. 4) with a height of 200 mm and a
diameter of 100 mm in accordance with ASTM specifications
[44]. Three specimens were selected for each SCC mixture, and
the compression test (Fig. 4) was carried out under laboratory con-
ditions after specimens were exposed to an elevated temperature
Table 3
Mix design of the present SCCs.

Mix ID Cement (kg/m3) Silica fume (kg/m3) Water (kg/m3)

M1 484.5 85.5 171.0
M2 484.5 85.5 171.0
M3 484.5 85.5 171.0
M4 484.5 85.5 171.0

3

in a furnace (Fig. 4) up to 500 �C. All the samples were tested at
the age of 28 days, started after cooling them at a laboratory tem-
perature of 20 �C. The compressive strength of these specimens
was measured in a compression testing machine (Fig. 4) with a
capacity of 3000 kN. The elastic modulus of the SCC cylinder, with
a size of 100 mm diameter and 200 mm height, was measured
based on the stress–strain relationship as given in the testing pro-
cedure following ASTM C469 standards [45]. The test was per-
formed on three specimens and their average was submitted as
the result of this modulus for each SCC mixture. Furthermore, since
the main objective of this study is to investigate the temperature
effect on the mechanical properties of the SCC mixtures, the elastic
modulus was determined for specimens aged 28 days at the tem-
perature range of 20–500 �C. The exposure temperature–time rela-
tionship was established as depicted in Fig. 5. Hence, this elevated
furnace temperature was applied to the samples within 150 min,
ending with a homogenous temperature equivalent to that of the
lab.

Besides, the Poisson’s ratio of the SCC specimens was measured
at high temperatures following the regulations provided in ASTM
standards [46]. Cylindrical specimens were utilized, with a size
similar to that of the compression test specimens, to determine
this ratio. The Poisson’s ratio test was carried out for three speci-
mens and the average ratio was selected for each SCC mix. Axial
and lateral strains were recorded to compute the Poison’s ratio
by using two strain gauges positioned on the specimen (as shown
in Fig. 6) orthogonally to each other. The specimens were subject to
the elevated temperature prior testing considering the procedure
given in the compression test.

The tensile strength of SCC was investigated via a three-point
flexural test based on the ASTM standard methodology [46,47].
Sand (kg/m3) Coarse aggregate (kg/m3) Basalt fibre (kg/m3)

936.3 671.7 0.0
936.3 671.7 7.0
936.3 671.7 14.0
936.3 671.7 28.0



a- Slump test measurement                        b- V-funnel test setup 

d- J-ring flow test  

c- L-box instrumentation                  

Fig. 3. Part of the workability tests for the SCC concrete.

a- SCC cylinders                          b- samples in furnace                        c- sample tes�ng 

Fig. 4. Compression test procedure of SCC.
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The size of the specimens for the flexural test (as shown in Fig. 7)
was 100 � 100 � 400 mm prisms. The average tensile strength was
determined for every three samples, with an age of 28 days, sub-
jected to elevated temperatures of 200–500 �C. The flexural test
4

was performed at room temperature after the samples had cooled
down.

The permeability of the SCC was tested using water and chlorite
penetration depths in accordance with TS EN-12390–8 [48] and
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Fig. 6. Sample preparation for Poisson’s ratio testing.

Fig. 7. Flexural test of the SCC prisms.
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ASTM C1202 [49] standards, respectively. Accordingly, water pass-
ing deep through the concrete capillary pores was measured in the
permeability test. Cylindrical specimens (dimension: 100 mm
diameter and 200 mm height), as shown in Fig. 8, were adopted
in the water permeability test. The specimens were dried at an
oven temperature of 50 ± 5 �C before testing based on the TS EN-
12390–8 criteria [48] to attain a constant mass of the specimens.
Part of the specimen was used in the test with the size of
100 mm diameter and 50 mm height. The testing set up for these
specimens’ underwater pressure is depicted in Fig. 8. Chloride pen-
etration test was performed utilizing the SCC cylinders with the
same dimensions given in the water permeability experiment
according to ASTM C1202 [49]. The specimen was separated into
three parts, including the top and bottom parts of the SCC cylinder
that were selected for the chloride sorptivity test, whereas the
middle part was utilized in rapid chloride permeability testing.
The average permeability was determined considering the results
of these three specimens, which were curved in water for 28 days
5

before testing. Testing was carried out using contained cells
(Fig. 8); where the specimens were placed in these containers
between sodium chloride (NaCl) and sodium hydroxide (NaOH).
The specimens were subject to a direct electrical current of 60 V
for 6 h. Consequently, the charge passing through the SCC speci-
men was recorded in coulombs using the Simpson’s integration
approach. The results of these experiments can help in assessing
the suitability of the basalt fibre SCC as a repairing overlay material
for hybrid concrete specimens.

The wooden molds were employed in the preparation of pris-
matic hybrid concrete specimens for the slant shear strength test.
These specimens, with the size of 300 mm, 100 mm and 100 mm,
were produced by ordinary concrete representing old concrete
substrate part and SCC referring to new overlay concrete [50–52].
The old concrete part represents the deteriorated concrete and the



a- SCC specimens                           b- Waster permeability test containers 

c- Chloride permeability test 

specimens

Fig. 8. Permeability test of the SCC specimens.
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new SCC part refers to the new concrete-repairing part. Motor oil
was used to paint the molds before concrete casting to inhibit
the adhesion between concrete and the wooden mold. The conven-
Fig. 9. Ordinary concrete substrate part of the hybrid concrete specimen.

6

tional concrete or the substrate part (as shown in Fig. 9) was cast
first in a mould in two layers; each concrete stratum was rodded
by 25 blows to achieve the desired compaction. An ordinary con-
crete mix for the substrate was designed for compressive strength
of 30 MPa following the ACI 211 criteria [53]. The interfacial sur-
face on the normal concrete part was roughened after 28 days of
water curing. Four surface roughening modes (Fig. 10); namely,
as-cast (control), sandblasted, drilled with holes and grooved, were
adopted. Subsequently, the specimens were re-moulded after two
months to cast the overlay or repairing part of high-strength SCC to
form the specimens (Fig. 11) for the slant shear test. The slant
shear strength of the hybrid concrete was determined to examine
the degree of bonding between the old and new concrete parts,
thereby checking the efficiency of SCC overly in providing appro-
priate strength in combination with ordinary concrete. ASTM
C882 [54] was used in the current slant shear strength test consid-
ering the firing effect at 20–500 �C. Accordingly, the specimens
were exposed to a furnace temperature provided in Fig. 5 before
testing. The strength of the hybrid concrete was computed as
hereunder:

Fslant ¼Applied load at failure = inclined area of the interfacial surface

ð1Þ
Scanning electron microscopy (SEM) was employed in present

study to reveal the microcracks in the two parts of the hybrid con-
crete. The perfect bond on the interfacial surface was confirmed
through this procedure. The distribution of basalt fibres in the
overlay stratum was observed using SEM specimen (Fig. 12) with
a length of 4 cm, width of 2 cm and thickness of 2 cm.



Fig. 10. Roughened interfacial surfaces of the hybrid concrete samples.

Cas�ng of specimens-a

slant shear specimens-c specimens with capping-d

size of specimen-e

moulding of specimens-de-b

Fig. 11. Preparation of specimens for slant shear test.

J.H. Haido, B.A. Tayeh, S.S. Majeed et al. Construction and Building Materials 268 (2021) 121725

7



SEM sample

4c
m

2cm

Fig. 12. SEM sample for the hybrid concrete.

J.H. Haido, B.A. Tayeh, S.S. Majeed et al. Construction and Building Materials 268 (2021) 121725
3. Results and discussion

3.1. Workability tests

3.1.1. Slump flow diameter
The outcomes for slump flow test for fresh SCC are given in

Table 4. Slump flow diameter of 0.74 m was noticed for SCC with-
out fibres which can be classified as SF2 class of concrete flow
based on EFNARC specifications [42]. This class of concrete can
be used in the construction of walls and columns. In addition,
results indicated that the introduction of basalt fibres in fresh
SCC degraded its flow. The utilization of basalt fibre content of
0.25% is considered the inflection point at which the flowability
of SCC changes from SF2 class to SF1 with respect to the current
results. More specifically, a dramatic decrease was observed in
the slump flow diameter (less than0.65 m) of the SCC incorporating
fibres with volume fraction of 0.50–1.00%. This performance is
expected of the SCC flowability with the utilization of natural
basalt fibres, whereby a similar pattern in the findings was
obtained in previous studies [6,16,18] as illustrated in Table 4. This
reduction in workability is attributed to absorbing of a part of mix-
ing water by micro-scale particles for fibres which resulting in
increasing the cohesiveness of fresh concrete. The uncertainty
analysis of the workability data, listed in Table 4, showed that a
minimal divergence in the data was obtained in the L-box worka-
bility test despite using different fibre contents in SCC.
3.1.2. J-ring Flow diameter
J-ring flow diameter test was also conducted in this study to

show the robustness and reliability of the flowability test records.
Table 4
Workability test results for SCC.

Fibre
content (%)

Slump flow
diameter (m)

J-ring
diameter (m)

T50 slump flow
time (s)

V-funnel fl
time (s)

0 0.74 0.65 2.1 6
0.25 0.7 0.62 3.2 7.4
0.5 0.59 0.56 3.9 8.2
1.0 0.58 0.54 4.2 8.9
Uncertainty** 0.0398 0.0256 0.466 0.622

* these data are for ordinary concrete not SCC

** Uncertainty =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðxi�mÞ2

nðn�1Þ

r
; where xi = ith reading in data, m = mean of data and n =

8

The correlation between SCC flow diameter and the used fibre vol-
ume fraction is illustrated in Table 4. These results are considered
as a support for above-mentioned slump flow test. Similar trend in
flowability performance for slump test was seen in J-ring flow test;
where remarkable decrease in flow diameter was demonstrated
with increasing the fibre content more than 0.25%. This decrement
in flow is owing to absorption of water by the fibres such as that
case in slump test. This test can also provide information on the
passing performance of the SCC mixes because SCC flowed
amongst the rebars. Decreasing the slump flow diameter worsened
the flowing and passing capabilities.
3.1.3. T50 Slump flow time
The effect of the fibre content on the slump flow time of SCC

was investigated as well. The increment in T50 slump flow time
(Table 4) for SCC is comply with the reduction in the slump diam-
eter. Accordingly, an increase of more than 52.38% in the flow time
was noticed with increasing in the fibre volume fraction greater
than 0.25%. This increasing in the flow time is due to the high cohe-
siveness resulted from the introduction of fibres. Based on these
experimental data, the mixes of SCC provided in the current work
can be sorted as VS2 viscosity class concrete conforming with
EFNARC standards [42].
3.1.4. V-funnel Flow time
The viscosity of fresh SCC was measured indirectly via V-funnel

flow test to find T50 slump and flow time according to EFNARC
specifications [42]. Table 4 reveals that the results of both mea-
surements for time were hassling in the direction of delaying of
flow with increasing fibre content. These experimental observa-
tions are referring to that SCC with fibre content less than 0.25%
is classified as VF1 viscosity class; and other mixes will be regarded
as VF2 class with respect to EFNARC flow time standards. Thus, it
can be deduced that the use of fibre content more than 0.25%
can change not only the flowing class but also the viscosity class.
3.1.5. L-box height ratio
The passing capability of the fresh SCC was investigated in this

testing work considering L-box height ratio experiment relying on
the EFNARC instructions [42]. Test results are listed in Table 4
pointing out that average decrement of 7.58% was noted in height
ratio of basalt fibre SCC in comparison to reference mix without
fibres. According to EFNARC standards, SCC containing basalt fibre
content lesser that 1.0% can be classified as PA2 passing class of
capability.

All of the SCC mixtures, except for the SCC mixture produced
with a basalt fibre volume fraction of 1.0%, could be classified
under the passing capability class of PA2. Despite the fact that
the SCC mix with fibre content � 1.0% did not fall in this passing
capability class, the L-box height ratio of this mix was 0.78.
ow T50 V-funnel flow
time (s)

L-box height ratio
(h2/h1)

Slump*
(m) [6]

VeBe* time
(s) [16]

9 0.78 0.18 12
10 0.81 – –
11.4 0.85 0.13 13
11.8 0.78 0.13 48
0.645 0.0166

readings number
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3.2. Mechanical tests

3.2.1. Compressive strength
The effect of high temperature and fibre dosage on the compres-

sive strength of the SCC mixtures at the age of 28 days is illustrated
in the Fig. 13. An average strength reduction of 11.43% was
observed when the fibre content was increased. This result is
attributed to the reduction in the workability and density of SCC
caused by fibre introduction. In addition, Fig. 13 reveals that any
change in the high temperature exerted a remarkable influence
on the compressive strength of SCC, especially at temperatures
exceeding 200 �C where an average strength reduction of 28%
was demonstrated. This degradation in strength under fire was a
result of the reduced cohesiveness of the SCC composites. The
effect of exposure to a high temperature on the compressive
strength of SCC was predicted by the uncertainty analysis, which
refers to 2.65 MPa as an uncertainty value in the measurements.
This great uncertainty can be attributed to the vulnerability of
the basalt fibre SCC to an elevated temperature, which has led to
degradation in the concrete strength. The axial strains were
recorded during the compression test on the SCC cylinders, as illus-
trated in Figs. 14 and 15. A decrease in concrete compressive strain
was observed in Fig. 14 when the temperature increased because
of the onset of micro-cracks and concrete spalling. Fibre dosage
exerted no remarkable effect on this strain, as depicted in Fig. 15,
due to the reduction in the density and cohesiveness of concrete
with high fibre content.
Av
er

a

Fibre dosage (%)

Fig. 15. Influence of basalt fibre content on the average axial compressive strain of
the SCC mixtures at temperature of 20–500 �C.
3.2.2. Elastic modulus
The elastic modulus of the basalt fibre SCC mixtures was inves-

tigated at high temperatures in consideration of different fibre vol-
ume fractions, as depicted in Fig. 16. Fibre dosage exerted a trivial
effect as the modulus of elasticity values fluctuated. However, the
elastic modulus of SCC had an opposite relationship with high tem-
perature. The results confirmed that the highest modulus was
achieved at a laboratory temperature of 20 �C, and the texture of
SCC was considerably influenced by the increment in temperature.
Increasing the temperature to up to 500 �C caused decrements of
36.6%, 36.3%, 44.8% and 34.0% in the elastic modulus of the SCC
mixtures manufactured with basalt fibre volume fractions of 0%,
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0.25%, 0.50% and 1.00%, respectively. Poisson’s ratio was also mea-
sured for the SCC mixtures at different temperatures, as shown in
Fig. 17. The results indicated that temperature exerted a slight
0.50 1.00
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Ambient temperature
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300 °C
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500 °C

espect to high temperature and basalt fibre content.
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effect on Poisson’s ratio, as evidenced by the slight lateral deforma-
tion of the concrete samples under loading. The ratio exhibited an
increasing trend, but it was maintained at the laboratory tempera-
ture with a basalt fibre volume fraction of up to 0.50% due to the
further reduction in the density and cohesiveness of SCC when a
high fibre content was used.
3.2.3. Splitting tensile strength
Given that measuring the direct tensile strength of concrete is

difficult, the tensile strength of concrete is usually measured
through either splitting tensile or flexural strength tests. In the cur-
rent study, splitting tensile and flexural strength tests were con-
ducted to achieve supporting information on the influence of
basalt fibre on the tensile behaviour of the SCC mixtures. The
10
results obtained from the splitting tensile strength test are pre-
sented in Fig. 18. The splitting tensile strength of the SCC mixtures
increased when 0.25% basalt fibre was added, but it decreased
whenmore than 0.25% basalt fibre volume fraction was added. This
result may be caused by the decrement in the self-compactibility
of the concrete resulting from the incorporation of the high basalt
fibre content. Another reason may be the coagulation of basalt fibre
particles at high volume fractions. At ambient temperature, the
highest splitting tensile strength value of 7.32 MPa was achieved
in the SCC mixture manufactured with 0.25% basalt fibre. The low-
est value of 6.56 MPa was obtained in the SCC mixture produced
with 1.00% basalt fibre. The basalt fibre with a macro-scale particle
diameter may not have been well distributed in the cement matrix.
Hence, the splitting tensile strength decreased after the 0.25% vol-



Fig. 18. Variation in the splitting tensile strength of the SCC mixtures with respect to the basalt fibre volume fraction and temperature.
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ume fraction. Basalt fibre with more than 1.0% volume fraction
should be used to achieve good tensile performance.

3.2.4. Flexural strength
The flexural strength of the SCC samples was recorded with

respect to the combined influence of basalt dosages and applied
temperature changes (Fig. 19). The measurements showed that
the flexural strength of SCC increased by as much as 8% when
the fibre content was increased to 1.00%, and it decreased when
the temperature was increased. This result confirms the promising
role of basalt fibres in arresting micro-cracks in concrete and
improving concrete’s tensile strength. In addition, an average
reduction of 24.45% in flexural strength was observed when the
exposure temperature was increased from 20 �C to 500 �C due to
the fragility of concrete under elevated temperatures. With regard
11
to the water penetration of SCC, the sorptivity coefficient was mea-
sured in relation to the used fibre volume fraction. A large reduc-
tion of 35.56% in the sorptivity coefficient was observed when
the fibre contents were increased from 0% to 1.0%. This feature
plays a crucial role in providing a proper basalt fibre SCC repairing
material. The permeability of SCC was also examined in terms of
the chlorite ion penetration depth. An average decrease of 28.57%
was observed when a fibre content of 1.0% was utilised.

3.2.5. Slant shear strength
The slant shear strength of the hybrid concrete, which was com-

posed of ordinary concrete substrate and high-strength SCC over-
lay, is shown in Figs. 20–23. Three parameters, namely, fibre
dosage, high-temperature changes and roughening mode of the
interfacial surface between old and new concrete parts, were con-
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Fig. 21. Slant shear strength of the hybrid concrete with the interfacial surface roughened with holes.
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sidered in measuring this strength. Low slant shear strength values
were obtained in the control or as-cast hybrid concrete with high
basalt fibre content of the SCC overlay due to the increased brittle-
ness of this concrete part. Moreover, an increase in the slant shear
strength was observed in Fig. 20 for the SCC incorporating 0.25%
fibre due to the slight effect of temperature � 300 �C on the brittle-
ness change between the substrate and overly. The increase in
temperature beyond 300 �C has an insignificant role in degrading
the strength (Fig. 20) of the SCC with fibre content � 0.25% due
to the weakness in the interfacial surface and cohesiveness of
overly of the hybrid specimens. Generally, the slant shear strength
of hybrid concrete samples with a roughened interfacial surface is
enhanced by introducing overlay concrete with high fibre content.
An ascending trend (Fig. 21) was found in the slant shear strength
12
of hybrid concrete, with interfacial surface roughened by holes,
with increasing the fibre content. The reason for this behaviour is
the appropriateness in the bond between old and new concrete
parts despite the exposure to a high temperature. Higher strength
was obtained (Fig. 22) by using the grooved interfacial surface
instead of holes due to the improvement in the interlock between
these concrete parts at the interfacial surface, resulting from
groove configuration. A proper slant shear strength of hybrid con-
crete can be achieved by utilising a sand-blasted interfacial surface,
which provides significant frictional resisting force on the plane
and a minimal reduction in strength even under increasing tem-
peratures. Based on these results, the recommended fire resistance
of hybrid concrete is 2.5 h. The following modes of failure of the
hybrid concrete under applied loading were observed: columnar
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Fig. 22. Slant shear strength of the hybrid concrete with a grooved interfacial surface.
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failure (CF), overlay part failure (OL), substrate part failure (SL) and
interfacial surface failure (IF). The CF mode in hybrid concrete is an
indication of a perfect bond between two parts of hybrid concrete.
The worst failure mode is IF, which results from the de-bonding of
concrete parts. These failure modes of the current hybrid concrete
samples are given in Fig. 24 and Table 5. A fibre dosage of more
than 0.25% led to the collapse of the hybrid concrete via SL because
of the difference in rigidity between the high-stiffness overlay and
low-rigidity substrate. The micrograph (Fig. 25) of the SEM test
was used to examine the microstructure of the transition area
between normal and basalt fibre samples of the hybrid concrete
without IF. SEM samples were obtained from the hybrid concrete
specimens tested previously in the slant shear experiment. The
micrographs revealed that the overlay concrete remained intact,
with insignificant cracks spreading towards the interfacial surface.
13
A superior bond was demonstrated by the hybrid concrete samples
with sand-blasted and grooved interfacial surfaces to some extent.
This feature is noticeable in Fig. 24, which shows that microcracks
were induced in the normal concrete substrate part. The excellent
permeability of the high-strength basalt fibre SCC played a remark-
able role in enhancing the bond strength of the interfacial surface
of the hybrid concrete samples [55]. Accordingly, good adhesion
and superior interlock were achieved between the old and new
concrete segments.

3.2.6. Statistical analysis
The mechanical properties of basalt fibre SCC were correlated

with the volume fraction of fibres, high temperature change and
roughening mode of the interfacial surface of hybrid concrete (in-
dependent parameters). Thus, the impact or statistical significance



Fig. 24. Modes of failure in the hybrid concrete specimens.

Table 5
Failure modes of the hybrid concrete at elevated temperatures.

Surface preparation type Temperature(�C) Mix ID
M1 M2 M3 M4

As-cast 25 IF and OL IF and OL IF, OL and SL IF, OL and SL
200 IF and OL IF and OL IF, OL and SL IF, OL and SL
300 IF and OL IF and OL IF, OL and SL IF, OL and SL
400 IF and OL IF and OL IF, OL and SL IF, OL and SL
500 IF and OL IF and OL IF, OL and SL IF, OL and SL

Drilled with holes 25 IF, OL and SL IF, OL and SL IF, OL and SL IF, OL and SL
200 IF, OL and SL IF, OL and SL IF, OL and SL IF, OL and SL
300 IF, OL and SL IF, OL and SL IF, OL and SL IF, OL and SL
400 IF, OL and SL IF, OL and SL IF, OL and SL IF, OL and SL
500 IF, OL and SL IF, OL and SL IF, OL and SL IF, OL and SL

Grooved 25 OL and SL SL OL and SL OL, SL and CF
200 OL and SL SL IF, OL and SL OL, SL and CF
300 OL, SL and CF SL and CF IF, OL and SL CF
400 SL SL and CF SL SL
500 SL IF-OL-SL SL SL and CF

Sand-blasted 25 SL and CF IF, OL and SL IF, OL and SL IF and OL
200 OL, SL and CF IF, OL and SL IF, OL and SL OL, SL and CF
300 OL, SL and CF OL and CF IF, OL and SL OL, SL and CF
400 OL, SL and CF SL and CF OL and SL SL
500 OL, SL and CF SL SL IF, OL and SL
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of each parameter on the resulting strength of the basalt fibre SCC
samples should be predicted through ANOVA. The general linear
model (GLM-ANOVA) was used in the present statistical evalua-
tion. Table 6 indicates that high temperature had a more remark-
able effect on the mechanical properties of homogenous basalt
fibre SCC compared with the other parameters. With regard to
hybrid concrete, ANOVA (Table 6) revealed that roughening mode
of the interfacial surface exerted a larger effect on slant shear
strength compared with high temperature. Furthermore, the nor-
malization of the experimental data of the mechanical properties
of SCC and hybrid concrete was carried out as illustrated in Figs. 26
and 27 with respect to the laboratory temperature. The outcomes
of Fig. 26 revealed that the vulnerability of the Poisson’s ratio of
SCC, to an elevated temperature, is higher than that of other prop-
erties in terms of the mean value. This magnitude is equivalent to
the average ratio of property at an elevated temperature to that of
the laboratory temperature, and the analysis result showed that a
14
minimal mean ratio was observed in Poisson’ ratio data. Fig. 27
shows that the highest reduction is observed in slant shear for
the hybrid specimens with as cast interface due to the weakness
in bonding at an elevated temperature.
4. Conclusions

This work investigated the behaviour of homogeneous and
hybrid SCC mixtures with basalt fibres. The properties of the mix-
tures were examined under the effect of fibre dosage, high temper-
ature and method of roughening of the interfacial surface of hybrid
concrete. The following main conclusions were obtained.

- The fresh state test results showed that SCC mixtures that meet
EFNARC specifications could be manufactured with basalt fibres
up to 1.0% volume fraction.
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Fig. 25. SEM micrographs of the contact zone between old and new parts of the hybrid concrete sample.
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- The compressive strength of the basalt fibre SCC was
diminished by 28% when the temperature was increased
to 500 �C.

- Increasing the temperature reduced the lateral elongation of
the SCC sample and decreased its Poisson’s ratio.

- The highest values of elastic modulus for SCC at an elevated
temperature of up to 400 �C were obtained by introducing
basalt fibres at a dosage of 0.5%.

- The splitting tensile strength of the SCC mixtures was increased
by the addition of 0.25% basalt fibre. However, a decrease in
splitting tensile strength occurred when more than 0.25% basalt
fibre volume fraction was added.
15
- Considerable degradation was observed in the flexural strength
of basalt fibre SCC when the concrete was exposed to a temper-
ature exceeding 300 �C.

- The increment in the basalt fibre dosage of overlay concrete
played a remarkable role in improving the slant shear strength
of hybrid concrete with a roughened interfacial surface at ele-
vated temperatures.

- Proper bonding between old and new parts of hybrid concrete
could be achieved at high temperatures by roughening the
interfacial surface through the sandblasting method.
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Fig. 26. Histogram for normalized data of the mechanical properties of SCC with respect to the laboratory temperature.
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Table 6
Analysis of variance for the mechanical properties of SCCs.

Dependent variable Independent variable Sequential sum of squares Computed F P value Significance Contribution (%)

Compressive strength BF* 922.24 84.39 0.000 YES 35.61
T** 1623.99 111.45 0.000 YES 62.70
Error 43.71 – – – 1.69
Total 2589.95 – – – –

Elastic modulus BF 28.313 5.29 0.015 YES 6.39
T 393.318 55.15 0.000 YES 88.78
Error 21.394 – – – 4.83
Total 443.025 – – – –

Poisson’s ratio BF 0.002175 3.00 0.073 NO 11.18
T 0.014380 14.88 0.000 YES 73.91
Error 0.002900 – – – 14.91
Total 0.019455 – – – –

Flexural strength BF 2.0156 36.11 0.000 YES 13.47
T 12.7230 170.96 0.000 YES 85.04
Error 0.2233 – – – 1.49
Total 14.9619 – – – –

Slant shear strength ST*** 4255.52 501.71 0.000 YES 89.18
BF 23.75 2.80 0.000 YES 0.50
T 297.26 26.28 0.000 YES 6.23
Error 195.09 – – – 4.09
Total 4771.61 – – – –

* BF: basalt fibre volume fraction
** T: temperature level
*** ST: interfacial surface roughening method

a- As cast 
interface 

b- interface 
with holes  

c- Interface 
with grooves 

d- Interface with 
sand blast 

Fig. 27. Histogram for normalized data of the slant shear of hybrid concrete specimens with respect to the laboratory temperature.
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