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This study aimed to experimentally examine the physical properties and non-destructive properties of cemen-
titious composites for different hybrid basalt and PVA fiber contents. The total fiber content of 2% was formed
with five different proportions of PVA fiber and basalt fiber. Within the scope of the experimental studies, various

ge';:;y mechanical (compressive strength and elasticity modulus), durability (capillary water absorption and water
Ni)ln- destructive test absorption), physical (apparent void volume and bulk density), non-destructive (ultrasonic pulse velocity and
PVA fiber Schmidt rebound hammer) and microstructural (scanning electron microscopy) tests were carried out to

investigate the properties of the produced hybrid fiber reinforced composites. The results showed that the water
absorption capacity and water absorption coefficient by capillarity values decreased while the hardened com-
posite density values increased as the basalt fiber ratio increased in the mixtures. The maximum ultrasonic pulse
velocity values were obtained from POB100 (consisting of only 100% basalt fiber) samples with the highest

Water absorption capacity

Schmidt rebound hammer values of 4.11 km/s and 32, respectively.

1. Introduction

The number of the studies conducted on environmentally friendly
and sustainable building materials has increased dramatically in recent
years. The use of fibers obtained from natural and renewable sources in
cementitious composites has gained importance in terms of obtaining
superior mechanical properties and providing higher shrinkage and
expansion resistance. In fiber reinforced cementitious composites
(FRCQ), short fiber types such as PVA, Polypropylene, carbon, glass,
steel, basalt are used to improve the various properties of the composite
[1-6]. However, some fibers require more energy during the production
phase. As a result, more carbon emission occurs. In addition, it is a
drawback that the raw materials required for the production of fibers to
be used in cementitious composites production are not available
everywhere or are limited. The increasing awareness of sustainability in
the construction industry contributes to the discovery, development and
inclusion of materials with more environmentally friendly production
processes.

Basalt fibers are environmentally sustainable materials as they are
obtained as a result of processing basalt rock derived from local and
natural resources; they reduce CO2 emission during the production

phase and are produced with less energy due to their natural state.
Because of these properties, basalt fibers are a green alternative to
petrochemical-based and synthetic-based fibers [7-11].

The positive results obtained by singly use of basalt fiber and PVA
fiber in cementitious composites [12-15] and other materials (geo-
polymer composite [16], polymer composite [17], fiber reinforced
cement-stabilized macadam [18] etc.) were effective in used to improve
some physical, durability and mechanical properties of cementitious
composites by benefiting the positive synergistic effect of these two fiber
species.

Moreover, in usage of the basalt fiber in the ECC mixtures as hybrid
with together PVA fiber, it has been effective to reduce the cost increase
resulting from PVA fiber that hinders widespread use of the ECCs in
construction applications and to develop the physical and durability
properties of the ECCs by benefitting from the superior mechanical and
physical properties of the basalt fibers.

It is a common problem that the penetration of harmful substances
causes deterioration. The transport and diffusion phenomena that
constitute this problem cause the service life of concrete to be shortened
by the penetration of harmful substances into the concrete. The water
absorption ability/capacity of the hardened concrete affects the
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resistance and strength of the concrete against abrasive physical and
chemical events that concrete may expose to during its service life. Both
the water absorption and permeability of cementitious composites
depend on the total amount of voids in the hardened composite structure
and the relationships between the voids. The addition of basalt fiber to
cementitious composites contributes to the reduction of the void content
[19], so that the physical and chemical damage of the material can be
reduced. The pore structures in hardened mortar become more discon-
nected because of the pore-blocking effect of the fibers, which leads to
less capillary porosity and lower water penetration into mortars [20].
Superior impermeability feature contributes to the development of
durability by preventing the rust of mortars by harmful substances.
Jiang et al., [20] stated that the addition of PP fiber and basalt fiber to
the repair mortars contributed to the superior abrasion resistance, lower
drying shrinkage, and the increase in freeze-thaw and impermeability
resistance of the mixtures. Compared to the water penetration depth of
13.80 mm of the reference mixture, penetration depths of PP fiber and
basalt fiber reinforced mortars with 2.6 kg/m? fiber content were found
to be 4.1 mm and 5.6 mm, respectively.

It was determined in previous studies that water absorption values
vary depending on the type of fiber used in cementitious composites and
the amount of fiber per unit volume [21-23]. In addition, filling of the
matrix pores due to the ongoing hydration process has been effective in
reducing water absorption [24]. Pakravan et al. used PVA fiber and
ground rice husk (GRH) in hybrid combinations with the aim of pro-
ducing low cost and high quality cementitious composites. As a result of
the experimental studies, it was determined that the water absorption
values of hybrid fiber mixtures increased by 12-18% compared to mono
fibers [21]. Wang et al. [25] studied changes in water absorption of 0%,
0.05%, 0.1%, 0.2% and 0.3% basalt fiber reinforced concrete for 90 days
in 5.0% sodium sulfate solution and clean water. The experimental
studies showed that the water absorption rates of basalt fiber reinforced
concrete samples soaked in clean water were lower than those under the
influence of sulfate. In both conditions, the water absorption values of
the samples were observed to show a tendency to decrease first and then
increased. Additionally, the samples with 0.1 % basalt fiber showed the
highest performance under sulfate erosion condition in reducing water
absorption by limiting the void structure. Sahmaran and Li [26] inves-
tigated the fly ash effect on the durability of ECCs using a series of
transport properties tests, including the sorptivity test. As a result of the
experimental studies, they found that depending on the increase in the
number of micro cracks in ECCs, the amount of water absorption
(sorptivity) increased. In the study conducted by Hanafi et al. [27] to
investigate the physical, mechanical and durability properties of basalt
fiber reinforced cement paste composites, the researchers used basalt
fibers in three different volume fractions (0.3%, 0.75% and 1.5%) and in
three different curing times (7, 28 and 56 days). As a result of the study,
it was found that density, void volume and water absorption values
tended to decrease at later curing ages. It was also observed that the
porosity values tended to increase with the addition of 0.3% basalt fiber
by volume, and the water absorption values showed a tendency to in-
crease with the addition of 0.75% basalt fiber by volume.

Depending on the density of the fibers in hybrid fiber or single fiber
mixtures, the density of the cementitious composite material also varies
[21,28,29]. It should be noted that low density reduces the durability of
concrete products. Therefore, it is of great importance to consider all the
properties of concrete before conducting construction work. In some
cases, constructors have to increase the cement mortar density. Whether
the steel inside the reinforced concrete structure is corroded depends on
the environment and the structure of the concrete itself. In order to
prevent or at least delay the corrosion, concrete with a suitable density,
low permeability and no voids as possible should be made.

Due to their low cost and simplicity, non-destructive testing tech-
niques are used in structural investigations, as a supportive of destruc-
tive methods, to evaluate conventional concrete quality and mechanical
properties [30-34]. Another function of these techniques is to help the
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determination of the relative quality and homogeneity of concrete by
providing information about the presence of cracks and voids. Although
there are many non-destructive methods used in applications, Schmidt
rebound hammer (SRH) and ultrasonic pulse velocity (UPV) methods
are the two methods widely used in laboratory and field applications.
UPV is used to determine various parameters such as determination of
concrete quality, correlations related to concrete strength, dynamic
modulus of elasticity and determination of poisson’s ratio [35]. In the
UPV method, pressure waves are created in the concrete by applying
ultrasonic pulse to one side of the concrete to be tested. The test device
used in the UPV method determines the duration that is required for the
ultrasonic waves to cover the distance between the transmitted surface
and the receiving surface. In this way, the transition velocity of ultra-
sonic pulses through the concrete sample can be calculated, and from
here, comments can be made on the concrete strength and some other
properties. UPV values decrease due to factors such as the increase in the
pores, internal cracks and the unit weight in the cementitious structure.

The components of cementitious composite such as type of aggre-
gate, addition and water cement ratio can be noted as the factors
affecting UPV [36-38]. Type of fibers used in cementitious composites is
another factor affecting UPV [39-41].

The SRH test is another non-destructive test method used in struc-
tural investigations. Schmidt test hammer enables the measurement of
the surface hardness of the hardened concrete and the estimating the
strength of the concrete in this way [42-45]. This mass, which works
with a spring-loaded system, rebounds, and how much the mass bounces
through the indicator on the instrument can be measured numerically.
Another use of the concrete hammer test is to understand to which
extend the strength development of concrete samples subjected to
freeze-thaw effect is affected by cycles [34]. Some factors such as
cement type, cement ratio, aggregate type, surface variety of the sample,
surface humidity, carbonation effect, concrete age, initial hardening
rate, curing conditions and compression has great impact on the
rebound values [46-48]. Studies on SRH test in non-destructive methods
used in fiber-reinforced cementitious composites have shown in the
literature that various aggregates can affect the surface hardness of
cementitious mortars and concretes, although not as much as the UPV
test [49-52]. Within the knowledge of the authors, it has been deter-
mined that there are very few studies examining the effect of single or
hybrid fiber reinforced cementitious composites on SRH [53]. There-
fore, the current study aims to investigate the hybrid effect of basalt and
PVA fibers used as reinforcement on SRH, and therefore it was aimed to
fill the gap in the literature.

SRH and UPV measurements in cementitious composites will differ
from normal concrete due to some unique properties of this material.
Some parameters that make cementitious composites different from
concrete can be shown as the reasons why SRH and UPV measurements
in cementitious composites, and therefore their correlations with
compressive strength differ from normal concrete. These parameters are;

In terms of the type of aggregate used in mixtures: Unlike normal
concrete, the absence of coarse aggregates in the content of cementitious
composites has led to the absence of discontinuities in the microstruc-
ture compared to normal concrete [54].

In terms of density and water absorption capacity: In order to
improve the toughness of cementitious composites, the micron-sized
aggregate types used in the content according to the micromechanical
design principles make the matrix structure more compact and dense.
The decreasing water absorption capacity with increasing density that
increases SRH and UPV values in cementitious composites will differ
from normal concrete [55].

In terms of fibers used in cement-based composites: Unlike normal
concrete, the use of various types and amounts of fibers in cementitious
composites to prevent the brittleness of the densified matrix [15], pro-
vides positive changes in non-destructive test parameters such as UPV
and SRH, and mechanical properties, due to their effect on the density of
the matrix structure and the void structure.
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In terms of water-binder ratio: The low water/cement ratio used in
cementitious composites to provide a good balance between fresh and
hardened properties and to contribute to strength development also
helps to reduce capillary pores. In addition, the low water/cement ratio
used in cement-based composites, unlike concrete, is a useful property
for maintaining the consistency of the mixture and facilitating the dis-
tribution of fiber, which allows obtaining high SRH and UPV values
[56,57].

When the literature is examined, it is seen that various studies are
conducted on the use of UPV in concrete within the knowledge of the
authors [54,58,59]. In cementitious composites, it is seen that UPV test
is used in a limited way in order to follow the self-healing processes, the
presence of pores and internal cracks in the composite structure
[31-34]. Additionally, there are very few studies on cementitious
composites produced with the hybrid use of PVA and basalt fiber, and it
has been determined that these studies are generally related to the
mechanical properties of the composite [60-62]. Therefore, the use of
both UPV and SRH tests as non-destructive methods in cementitious
composites where basalt and PVA fiber are used as hybrid and the ex-
amination of the physical properties of these hybrid composites consti-
tute the originality of this study.

There are close relationships between the mechanical properties of
building materials and their physical properties. Therefore, the me-
chanical properties of the materials can be developed by improving the
physical properties. In this study, it is aimed to determine how the
addition of basalt and PVA as hybrid fibers to cementitious composites
affected the physical and durability properties such as bulk density, pore
structure and water absorption properties. In addition, non-destructive
methods such as SRH and UPV were used to evaluate the quality of
composites produced.

2. Experimental studies
2.1. Materials

ASTM C150 [63] Type I Portland cement (CEM I 42.5 R) was utilized
to produce hybrid ECC mixtures. Its specific gravity and surface area
were 3.16 g/cm3 and 3440 cmz/gr, respectively. Table 1 contains in-
formation about the chemical composition of cement, as well as its
physical and some mechanical properties.

Moreover, class F fly ash (FA) that meets the requirements specified
in ASTM C618 (Standard Specification for Coal Fly Ash and Raw or
Calcined Natural Pozzolan for Use in Concrete) [64] containing 1.16%
CaO was utilized. Quartz sand (QS) with a maximum particle size of 150
um, water absorption capacity of 0.3%, and specific gravity of 2.60 g/
cm® was also used. The chemical compositions of fly ash and quartz sand
are given in Table 2. In addition, Fig. 1 demonstrates the laser diffraction
particle size distribution curves for OPC, FA, and QS.

PVA and basalt fiber utilized as microfiber in the novel hybrid mix-
tures were straight fibers with a diameter of 39 ym and a length of 8 mm
for PVA fiber, and a diameter of 13-20 pm and a length of 12 mm for
basalt fibers. The PVA fiber was surface-coated by hydrophobic oil
(1.2% by weight) for the purpose of decreasing the fiber/matrix inter-
facial bond strength. Table 3 contains detailed information on the fiber
characteristics. Additionally, Fig. 2 presents the photomicrograph of
PVA and basalt fiber. Fibers were chosen by taking into account their
reinforcing characteristics, as indicated in Table 3, which demonstrates
that PVA and chopped basalt fibers have good tensile strength and
Young’s modulus, and the fibers in question were added as 2% by vol-
ume of the composite mix. A modified polycarboxylate-based polymer
type superplasticizer additive (SP) was used to arrange the workability
of cement-based mixtures. The superplasticizer additive used in exper-
imental studies is a liquid chemical additive with a pH value of 3-7 and a
specific gravity of about 1.10 + 0.02 kg/1.
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Table 1
Chemical compositions and physical characteristics of ordinary Portland cement
as given by the manufacturer.

Chemical composition ASTM Physical characteristics of ASTM
of ordinary Portland C150 ordinary Portland cement C150
cement
Constituents (%)
CaO 63.65 Volume expansion 0.3 <0,8
(mm)
SiO, 19.87 Fineness (90 p, %) 0.10
Al,03 4.11 Fineness (200 p, %) 1.10
Fey03 3.44 Specific surface area 3340 >160
(ecm?/g)
MgO 1.61 <6 Initial setting times 144 >45
(min)
SO3 2.68 <3 Final setting times 240 <375
(min)
Cr 0.004
K20 0.48 Specific gravity (g/ 3.12
cm®)
Na,O 0.12
Loss of 2.20 <3
ignition
Insoluble 0.40 <0.75
matter
Mechanical ASTM
Characteristics of C150
Ordinary Portland
Cement (MPa)
7-day flexural strength 5.8 7-day compressive 39.3 >19
(MPa) strength (MPa)
28-day flexural strength 7.2 28-day compressive 50.6
(MPa) strength (MPa)
Table 2

The chemical characteristics of fly ash and quartz sand

Chemical composition (%) Fly ash ASTM C618 Quartz sand
CaO 1.16 0.02
SiO, 61.72 99.79
Al,03 20.13 0.06
Fey03 7.46 0.02
MgO 1.80 <5 0.01
SO3 0.22 <5 -
K20 1.88 0.01
Na,O (Alkalies) 2.57 0.02
Free CaO 0.071

cr 0.015

Loss of ignition 2.99 <6 0.07
SiO, + Al,O5 + Fey03 89.31 >70 -
28-days index of activity 81.9 >75

Fineness, >45 pm (%) 16.4 <34

2.2. Mixture proportions and mixing

Mixing all the mix ingredients, presented in Table 4, was performed
in a planetary mixer with a capacity of 0.02 m3. ECC mixtures were
produced by keeping the water-to-binding materials (PC + FA) ratio (W/
CM), fly ash to Portland cement ratio (FA/PC), and sand to binding
materials ratio (S/CM) constant at 0.26, 1.2, and 0.36, respectively. A
superplasticizer was utilized at varying doses, in accordance with the
increase in fiber volume, for the purpose of increasing workability. The
quantity of the superplasticizer primarily depended on the target slump
of 40 + 5 cm (without fibers) and 20 + 5 cm (with fibers).

To control the workability of various ECC mixtures, a
polycarboxylate-based superplasticizer (SP) was added by weight ac-
cording to ASTM specifications C494 (Standard Specification for
Chemical Admixtures for Concrete) [65]. The proportions of the hybrid
ECC mixtures that were tested are presented in Table 4. The PVA fiber
content is represented by the first number in the mixture label, and the
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Fig. 1. Particle size distributions of cement, fly ash, and quartz sand.

Table 3
Specifications of PVA and basalt fiber as provided by the producer.

Fiber type Tensile strength (MPa) Diameter (pm) Length (mm) Elastic modulus (GPa) Elongation (%) Specific gravity (gr/cm®)
PVA 1620 39 8 42.8 6.0 1.3
Basalt 2500 13-20 10-14 89 3.15 2.8

PVA fiber

Basalt fiber

Fig. 2. Comparison of the images of PVA and basalt fibers under
the microscope.

basalt fiber content is represented by the second number in the mixture
label. For instance, P75B25 indicates that the total fiber amount (2% by
volume or 26 kg/m? by weight) is composed of 75% PVA and 25% basalt
fiber. To prevent inhomogeneity of the material, in the mix design, a 2%
fiber content by volume in excess of the computed critical fiber content
was usually utilized. The above-mentioned decisions were taken
through the ECC micromechanics material design theory and were
experimentally shown to yield good ECC characteristics [66].

Cement, fly ash, and silica sand were primarily mixed for about one
and half minute at a low speed. Then water and water-reducing
admixture was added to the dry mixture was performed, and the
resulting mixture was mixed for subsequent 3 min. After obtaining
consistent mixture, PVA and basalt fibers were added together slowly
into the mortar mixture until the uniform distribution of all fibers in the
cement paste was achieved. The entire mixing process usually lasted
approximately 10 min. The composite was cast in plastic molds.
Following the surface finishing, a polyethylene sheet was used to cover
the samples for the purpose of preventing moisture loss, and they were
kept under room temperature for a period of 24 h before demolding.
After demolding was completed, the samples were cured in water at
23 °C + 2 °C for up to 28 days.

Table 4

The mix design of the hybrid engineered cementitious composite (by weight).
Mix code W/BM" (Cement + Fly Sand/BM (Cement + Fly Fly ash/ Cement Flyash Sand Water PVA Basalt Sp®

ash) ash) Cement fiber fiber
(kg/m?)
P100BO 0.26 0.36 1.20 571 685 455 331 26.00 0 4.9
(Reference)

P75B25 0.26 0.36 1.20 571 685 455 331 19.50 6.50 4.95
P50B50 0.26 0.36 1.20 571 685 455 331 12.90 13.10 4.95
P25B75 0.26 0.36 1.20 571 685 455 331 6.30 19.70 4.95
POB100 0.26 0.36 1.20 571 685 455 331 0 26.00 4.95

@ BM: Binding material,
b Sp: Superplasticizer additive
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2.3. Sample preparation

The preparation of the mixtures was performed following a typical
ECC mixing procedure [8]. For each mixture, eight 100x75x50 mm
prism samples were cast for unit weight, apparent porosity, water ab-
sorption, and capillary water absorption tests, three 100x75x50 mm
prism samples were cast for ultrasonic pulse velocity tests, and three
360x75x50 mm prism samples were cast for the Schmidt rebound
hammer test measurement. Demolding of all samples was performed
following 24 h of casting, and then they were cured in water at 23 & 2 °C
until the age of 28 days, according to ASTM C 192 [67].

2.4. Experimental methods for determining mechanical, physical and non-
destructive properties

2.4.1. Compressive strength

The compressive strength test was conducted at the end of the 28th
day using a 2000 kN capacity compressive tester on 50 mm cubic
samples of different mixtures based on the provisions of ASTM C109
[68].

2.4.2. Modulus of elasticity
The elasticity modules of the samples were determined according to
Eq. (1) using the values found from the unit weight and UPV test.

E=(10°x V*) x (A/9.81) @

where E represents modulus of elasticity (GPa), V represents ultrasonic
pulse velocity (km/s) and A represents unit weight (g/cms).

2.4.3. Bulk density, apparent void volume, water absorption

Density is a significant physical property for engineered cementitious
composites. The physical characteristics of newly developed composites
such as bulk density (BD), apparent void volume (AVV), water absorp-
tion (WA), and capillary water absorption (CWA), and the nondestruc-
tive characteristics of newly developed composites such as Schmidt
rebound hammer tests (SRH) and ultrasonic pulse velocity (UPV) were
tested at the age of 28 days after curing in water in the laboratory
environment at 23 + 3 °C and 25 + 5% RH. The properties of these
experiments were determined using Archimedes’ principle by means of
water-saturated weights at the end of 24 h, suspended weights in water,
and weights after the sample was dried to a constant weight. The
physical characteristics of composites were tested according to Standard
ASTM C642-13 [69], and prismatic samples with the dimensions of 75 x
100 x 50 mm were utilized to test the physical characteristics (Ac-
cording to ASTM C642 -13, the volume of tested composite samples
was>350 crn3). Prismatic test samples with the same dimensions were
also used for ultrasonic pulse velocity tests.

The composites’ apparent void volume (AVV), bulk density (BD), and
water absorption (WA) were acquired from the average of eight test
samples for each condition, and physical properties were obtained using
Egs. (2)-(4) in accordance with the procedures indicated by ASTM
C642-13 [69].

AVV(%) = [(mya — Mary) [ (Myar — mi)] < 100 )
BD(g/cm’) = [(may [ My —mi)] x 1 (3)
WA(%) = [(m.\'ar - mdqv)/mdry] x 100 (4)

where Mg, refers to the saturated sample’s mass with a dry surface, Mary
refers to the dry sample’s mass following 48 h at the temperature of
105 °C, M; refers to the mass of the sample immersed in water, and p
refers to the bulk density of water (1 g/cm®) [69].

2.4.4. Capillary water absorption test (Sorptivity)
A method for capillary water absorption properties was determined
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according to BS EN 772-11 [70]. After drying the samples to a constant
mass, the samples to be used in the capillary water absorption test were
placed on L-shaped strip elements in a container, as shown in Fig. 3.
Then a surface of HECC samples was immersed in water for a particular
period of time, and it was observed that the mass increased. The shortest
period of immersion is typically one hour, as indicated by BS EN 772-11
[70]. A schematic representation of the experimental setup for the
capillary water absorption test is shown in Fig. 3.

The coefficient of capillary water absorption of masonry materials is

usually determined at 10, 30, 60, and 90 min [71]. Eq. (5) presented
below was used to calculate the capillary water absorption coefficient of
HECC samples according to BS EN 772-11 [70].
Cuvs = (Myy5 — Marys) [ (As-V/150) x 10° 5)
where C,, represents the water absorption coefficient (g/rn2 x 899, Mso,s
represents the mass of the sample in grams after soaking for time t, (g),
Mgy, s represents the mass of the sample after drying, (g), As represents
the gross area of the face of the sample immersed in water, (mmz), and
tso represents the time of soaking, (s).

2.4.5. Ultrasonic pulse velocity test

The measurement of the samples’ ultrasonic pulse velocity (UPV)
was performed at the age of 28 days. Prisms with the dimensions of
75x100x50 mm were used with a 100 mm path length. The prisms uti-
lized for the measurement of the UPV were under the completely satu-
rated surface dry condition (SSD). An Ultrasonic Non-Destructive Digital
Tester with a precision of 0.1 ps was used to measure the samples’ ul-
trasonic wave velocity values. A transducer with a 55 kHz vibration
frequency was utilized. A through-transmission technique was
employed to measure the sound transit times (t, ps) of HECC samples in
accordance with ASTM C 597-09 [72]. The representative experimental
setup for the ultrasonic pulse velocity test is shown in Fig. 4.

After taking the average of three readings for each sample, and the
ultrasonic wave velocity (Vs, km/s) was computed by using the Eq. (6)
presented below:

V=L/T (6)

where V refers to the ultrasonic pulse velocity (km/s), L refers to the
distance between centers of transducer faces (mm), and T refers to the
taken time (ps).

2.4.6. Schmidt rebound hammer test

The surface hardness of HECC samples was measured by a standard
rebound hammer (N-type Schmidt hammer) in accordance with ASTM C
805 [73]. Ten readings were made on the samples with a Schmidt
hammer. The surface hardness reading was performed at an angle of a =
90°when the composite surface was dry in accordance with the princi-
ples specified in the ASTM C 805 standard [73]. The Schmidt rebound
hammer test of the samples was conducted at the age of 28 days. Prisms
with the dimensions of 360x75x50 mm were used for the test. The R
number was computed as the average of 10 measurements taken from
the four opposite surfaces of each of the three prismatic samples, and

Plastic sealing wrap

Plastic Sealing materials
container Water
level
Specimen
_____ “—¥
i 10mm gﬁ 3mm
Circular plexiglas support

Fig. 3. Schematic representation of the capillary water absorption test setup.
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Transmitting
transduccr

transducer

Ultrasonic pulse analyser

Fig. 4. Schematic representation of the UPV test setup.

pulse velocity (V) as the average of the two measurements, taken from
the two opposite surfaces of each of the three prismatic samples.

Finally, in the following sections, experimental results obtained from
different tests have been presented graphically to conduct meaningful
interpretations.

3. Results and discussion
3.1. Compressive strength

The 28-day compressive strength values of hybrid basalt and PVA
fiber reinforced cementitious composites are graphically presented in
Fig. 5. In mixtures where the fiber content of 2% by weight consists of
hybrid basalt and PVA fiber, 28-day compressive strength values of
mixtures increase due to the increase in basalt fiber content. The highest
values of compressive strength were obtained from the POB100 mixture,
in which the fiber content of 2% by weight consists of 100% basalt fiber.
The lowest values of compressive strength were obtained from the
reference mixture in which the 2% fiber content consists of only PVA
fiber. According to the reference mixture, P75B25, PSOB50, P25B75 and
POB100 mixtures showed an increase in compressive strength of 4%,
9%, 12% and 16%, respectively.

It is a known fact that fiber distribution has an effect on strength

development and mechanical properties [74-78]. Since the
60
50 46,03 48,09

Compressive strength (MPa)

40
30
20
10

0

Ref. (P100BO) P75B25
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cementitious mixture is water-based, the homogeneous distribution of
the fibers increases as the hydrophilicity of the fibers increases [79,80].
The fact that the improvement of the strength values with the increase of
basalt fiber can be resulted by the contribution of the hydrophilic
structure of the basalt fiber [81-84] to a better fiber distribution due to
the effect of facilitating fiber distribution [84]. In applications, the fiber
distribution is affected by factors such as fiber properties (diameter,
length and volumetric ratio in mix), flow properties of the matrix,
method of placement and shape of the mold [85]. Another effect of
basalt fiber on strength development is the fiber elastic modulus. The
high modulus of elasticity (89 GPa) of basalt fiber contributes to the
stiffer structure of the cementitious composite to which basalt fiber is
added, thus the composite exhibits higher compressive strength [62].
In addition, Basalt fibers can be easily dispersed in the matrix
without losing their shape and without causing segregation due to their
flexible and hydrophilic structure [84]. Basalt fibers dispersed in the
pores can improve the properties of the interface transition zone. Such a
distribution allows basalt fibers, which contribute to the strength
development with the effect of its high modulus of elasticity, to form a
three-dimensional spatial load-bearing skeleton in the cementitious
matrix [60,86,87]. By forming load-bearing skeletons of basalt fibers, it
is ensured that the tension distribution improves, the crack driving force
decreases, and the formation and development of microcracks is limited
[86]. It has been stated in previous studies that when the volume frac-
tion of basalt fibers in hybrid blends exceeds a certain ratio, it has a
positive effect on the formation of the fiber spatial skeleton [12,62].

3.2. Modulus of elasticity

The modulus of elasticity values of the test samples were determined
according to Eq. 1 given in Section 2.4.2, depending on the UPV and unit
weights. The determined values are presented in Fig. 6. As seen in the
figure, since the elastic modulus is a function of the compressive
strength, the elastic modulus test results are compatible with the
compressive strength test results [88].

While the E-modulus of the reference mixture was found as 28.69
GPa, it was also recorded as the lowest modulus of elasticity. Among the
hybrid samples, the highest modulus of elasticity was obtained as 36.88
GPa from the samples coded POB100 where 2% total fiber content
consisted of only basalt fiber. As seen in Fig. 6, the modulus of elasticity
values tend to increase with the increase in the amount of basalt fiber
and with the decrease in the amount of PVA fiber in hybrid fiber blends.
The reason for this increase is that high UPV values are measured due to

53,18
50,17 51,35
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Fig. 5. The compressive strength values of HECC samples.
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Fig. 6. The modulus of elasticity values of HECC samples.

the decrease in the amount of void in the matrix depending on the
amount of basalt fiber.

The fibers used in cementitious composite mixtures have a high
potential to internally restrain the microstructure of the composite,
which increases the toughness and thus contributes to the elasticity of
modulus improves the higher elastic modulus values [89]. The high
elasticity modulus (89 GPa) of basalt fibers used in hybrid mixtures has
increased the modulus of elasticity by improving the toughness of the
mixtures [90].

3.3. Bulk density

Fig. 7 shows the density of HECC samples. The density of HECC
mixtures at the age of 28 days ranges from 1.99 kg/m° to 2.14 g/cm?®.
Although these density values are close to the normal concrete value
with a typical density of 2.40 g/cm3, it is seen that the densities of all
hybrid fiber samples, including the reference sample, are below this
value. The minimum density was obtained from P100B0-coded samples
(Reference) consisting of 100% PVA fiber of the total fiber content of 2%
by volume. The density values of cementitious composite samples are
similar to the results obtained in previous studies [15]. It was deter-
mined that the density of HECC samples increased as a result of adding
basalt fiber. The findings demonstrated that basalt fiber caused an
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increase in the density of HECC samples with regard to the reference
ECC by 0.66%, 3.16%, 6.92% and 7.57% respectively. When compared
to the reference samples with 100% PVA fiber, a considerable increase in
density occurred as a result of adding basalt fiber. This finding can be
associated with the fiber structure of PVA fiber, which has a lower
density than basalt fiber (1.3 gr/cm® and 2.8 gr/cm?, respectively). The
less weight of PVA fibers in a certain volume has reduced the density of
the mixtures [91]. It was also reported in previous studies that there was
an increased density of composites following the incorporation of basalt
fiber [92]. Aslan et al. investigated the effect of basalt fiber on the
properties of polylactic acid (PLA) composites and found that the ma-
terial density increased with the increased basalt fiber content [92].

3.4. Apparent void volume

Fig. 8 demonstrates the apparent void volume of hybrid composites
with different PVA and basalt fiber contents at the age of 28 days.

While a decrease was determined in the apparent void volume of
composites with the increasing basalt fiber content, the apparent void
volume values of the samples were almost same after 28 days. The
reason for this is the fact that the hydration product of the cementitious
material fills the voids in composites gradually, which causes an in-
crease in the density and a reduction in the apparent void volume of
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Fig. 7. The density of HECC samples.
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Fig. 8. The apparent void volume of hybrid ECC samples.

composites. Another reason for the decrease in the apparent void vol-
ume of composites is the decrease in voids due to the homogenous
dispersion of hydrophilic basalt fibers in the cementitious matrix.

The apparent void volume of P75B25, P50B50, P25B75, and POB100
decreased by about 15.46%, 17.60%, 18.73%, and 35.08%, respectively
when compared to that of the reference ECC (P100B0). The sample
consisting of a combination of 0% PVA and 100% basalt fibers (POB100)
demonstrated the lowest apparent void volume (6.13%) when compared
to all other hybrid samples tested at the age of 28 days. The use of a
higher dose of basalt fibers in the hybrid ECC mixture (POB100)
decreased the void volume compared to that of P25B75, P50B50 P75B25
and P100B0. As mentioned above, it is possible to attribute this to a
more effective spatial distribution of basalt fibers because of fiber fea-
tures, and the development of the composite density due to the filling
role of basalt fiber and the hydration product of cementitious compos-
ites. In relation to the development of the composite density, the above-
mentioned phenomenon can be attributed to the filling role of the hy-
dration product of cementitious composites as indicated in Section 3.9
SEM analysis.

3.5. Water absorption

Fig. 9 demonstrates alterations in the water absorption of
composites.

Similar water absorption was obtained in all the composites at the
age of 28 days. Nevertheless, there was a slight increase in the water
absorption of composites with the decreased basalt fiber content and the
increased PVA fiber content in hybrid mixtures. Among all the com-
posites, the hybrid-ECC sample consisting of a combination of 0% PVA
and 100% basalt fibers (POB100) exhibited the minimum increase in
water absorption of 6.72% at the age of 28 days. The use of a higher dose
of basalt fibers in the ECC mixture (e.g., P25B75 and POB100) caused a
reduction in water absorption.

For instance, the water absorption of samples from mixtures,
P75B25, P50B50, P25B75, and POB100 decreased by about 17.21%,
23.28%, 25.52%, and 44.14% respectively, in comparison with the
water absorption of the reference ECC samples containing 2% PVA fiber
alone. The slightly higher water absorption of the samples after 28 days
of curing is due to the less dense matrix structure caused by the inability
of fly ash to fully complete its pozzolanic activity (see Fig. 13). The
above-mentioned phenomenon indicates that PVA affects the water
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Fig. 9. Water absorption of hybrid ECC samples.
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absorption of composites, and basalt fiber content is closely associated
with the composite density and apparent porosity. Furthermore, this
result indicates that the hybridization of PVA and basalt fibers has a
superior ability to restrain water absorption in ECC samples.

3.6. Capillary water absorption coefficient

The rate of capillary water absorption (sorptivity) is an important
parameter that measures the sensitivity to water penetration into
cementitious materials. The capillary water absorption test enables the
determination of water absorption and transmission tendencies of
cementitious samples by capillary action [93]. The low capillary water
absorption values obtained as a result of the experimental studies are an
indicator of the high material quality due to the low number of pores in
the cementitious material. The penetration of water through inter-
connected pores is a result of internal feature of the cementitious ma-
terial [94]. In the researches made, capillary water absorption has been
accepted as an important indicator in predicting the service life of the
material [95,96].

Fig. 10 demonstrates the findings on the average mass variation per
contact area in the capillary absorption process for HECCs. The results
show that at all minutes of the test, all HECC samples showed minor
capillary water absorption compared to the reference sample (P100B0).
Generally, these low capillary water absorption values obtained for all
mixtures can be attributed to the high content of fly ash and micronized
sand, which acts as a filler to compact the microstructure of the com-
posite at an early age [97,98]. At all minutes of the test, the capillary
level of POB100 samples was determined to be lower when compared to
other hybrid fiber ECCs.

At the end of the 64th minute, the capillary water absorption of
average 0.05 g/(m?xs%%) was exhibited by all the composites. Better
results in capillary absorption were obtained from POB100 in compari-
son with the reference ECC (P100B0). Among the hybrid samples, the
highest capillary water absorption was obtained from P75B25 when
compared to P50B50, P25B75 and POB100. The reason for this may be
the differences in the compatibility of fibers in addition to variances in
water absorption characteristics [99]. Ralegaonkar et al. stated the
formation of cracks and its tendency in mortar are decreased by intro-
ducing basalt fiber into mortar efficiently which leads to reduced
capillary and water penetration of the mortar [100]. The PVA fibers with
hydrophobic structure, which are randomly distributed in the matrix
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and coated with oil, lead to increased porosity in the fiber/matrix
interface region of the composite to which they are added, and result in
an adverse effect of capillary water absorption [97].

3.7. Ultrasonic pulse velocity test (UPV)

In the current experimental study, the ultrasonic pulse velocity
(UPV) was utilized for the purpose of monitoring the behaviour of
hybrid fiber ECC samples exposed to the water curing regime for 28
days. Fig. 11 presents the ultrasonic pulse velocity result.

In general, higher UPV value indicates that the amount of flaws in the
measured composite is less, which accordingly indicates a better com-
posite quality. The UPV results in the current experimental study
demonstrate an increment trend in the UPV results of all samples asso-
ciated with basalt fiber content in hybrid ECC mixtures, and this bears
similarity to the trend determined in the bulk density and the Schmidt
rebound hammer test. The obtained results demonstrate that all the
samples were in the good class of the UPV values classification [101]. At
the age of 28 days, the UPV value of all the samples was in the range of
3.76-4.11 km/s of water-cured samples. The classification criterion
suggested by Leslie and Cheeseman [101] in Table 5 were used to
classify the UPV values of the composite mixtures obtained in this study.

While the highest velocity was determined in sample coded with
POB100, a lower velocity was determined in other hybrid fiber reinforced
samples except for sample reinforced by only basalt fiber (POB100). At the
age of 28 days, the UPV of composites decreased slightly with the
decreasing basalt fiber content and the increasing PVA fiber content in
hybrid mixtures. Among all the composites, reference sample (P100B0)
had the lowest UPV value, which was 3.76 km/s. This was 8.51% below
the POB100 coded sample in which the highest value is obtained. The use
of a higher dose of basalt fibers in the ECC mixture (e.g., P25B75 and
POB100) increased the UPV. For instance, the ultrasonic pulse velocity of
samples from mixtures P75B25, P50B50, P25B75 and POB100 increased
by about 1.60%, 3.19%, %6.65 and 9.31%, respectively, in comparison
with the ultrasonic pulse velocity of the reference ECC samples containing
2% PVA fiber alone. The phenomenon in question suggests that the ul-
trasonic pulse velocity of composites is influenced by PVA and basalt fiber
content and is closely related to the composite density and apparent
porosity. Moreover, this indicates that including the combination of PVA
and basalt fiber has a considerable impact on the cementitious matrix and
speeds up the ultrasonic pulse velocity in ECC samples.
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Fig. 10. Capillary water absorption curve of hybrid ECC samples as a function of the root of time.
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Fig. 11. The ultrasonic pulse velocity values of hybrid ECC samples.

Table 5
Classification of composites according to ultrasonic pulse velocity test
results [101].

Pulse velocity (km/s) Concrete classification
V > 4.575 Excellent

4.575 > V > 3.660 Good

3.660 > V > 3.050 Questionable

3.050 > V > 2.135 Poor

V<2135 Very poor

3.8. Schmidt rebound hammer test (SRH)

The rebound hammer test was conducted on samples following 28
days of curing to quantify the impact of fibers on the surface hardness of
HECCs. The results of the surface hardness of hybrid ECC mixes with
varying percentages of PVA and basalt fiber at 28 days are presented in
Fig. 12.

The 28-day results show that the surface hardness values of

composites increase slightly with the increasing basalt fiber content and
the decreasing PVA fiber content in hybrid mixtures. The surface hard-
ness values of P75B25, P50B50, P25B75, and POB100 increased by
about 12%, 16%, 20% and 28% respectively, in comparison with that of
the reference ECC (P100B0). The sample containing 100% basalt fibers
(POB100) demonstrated the highest surface hardness value (32) in
comparison with all other tested hybrid samples at the age of 28 days.
As is seen in Fig. 12, including basalt fibers causes an increase in the
rebound number of HECCs in comparison with the reference samples.
Samples with the hybrid fiber combination have a higher rebound
hummer value and higher velocity compared to the reference samples
with single fiber (100% PVA fiber). This demonstrates that including
PVA fibers decreases the surface hardness and uniformity of HECCs. The
above-mentioned impact is observed more in hybrid ECCs with higher
PVA fiber content than in hybrid ECCs with higher basalt fiber content.
The reason for this may be the uniform distribution of basalt fibers due
to the flowable characteristic of ECCs, which causes an increase in the
homogeneity and integrity of composites. Another reason for increasing
the surface hardness of the composite with the addition of basalt fiber to

increase in basal fiber content
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Fig. 12. Surface hardness results obtained using a Schmidt hammer.

10



§$. Ozkan and O. Coban Construction and Building Materials 312 (2021) 125292

8mm LF(

(e) POB100 (f) fiber fracture resulting from basalt fiber rupture

Fig. 13. SEM image of the reference sample, P75B25, P50B50, P25B75 and POB100 hybrid ECCs at 28 days.
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the mixture is thought to be the hydrophilic structure of basalt fiber
effecting homogeneous fiber distribution [81-83].

3.9. SEM analysis

Fig. 13 demonstrates the scanning electron microscope (SEM) anal-
ysis of the reference and hybrid ECCs comprising 100% PVA fiber
(Reference), P75B25, P50B50, P25B75 and POB100. In the SEM image,
the formation of calcium silicate hydrate (CSH) and dense structure
because of the hydration reaction in the cementitious composite samples
are demonstrated. In sample P25B75 and POB100 (Fig. 13(d), (e)), more
CSH and dense structure were determined following 28 days of curing,
while a considerable amount of portlandite (CH) was determined in
P50B50 and P75B25 HECC samples. Jumate and Manea [102] deter-
mined that following 28 days, a mass that demonstrates higher density,
higher compactness, and higher continuity is formed by CSH, which
causes an increase in strength. Identical observations were performed
for hybrid P25B75 and POB100 (Fig. 13(d), (e)) that exhibited CSH gel
formation. Furthermore, calcite (C) was found in all HECC samples,
which was responsible for enhanced strength and a decreased pore size
in HECCs. A higher number of voids was observed in P50B50 and
P75B25 samples in comparison with P25B75 and POB100 samples with a
dense structure. The dense matrix in HECC samples (P25B75 and
POB100) exhibited a higher rebound value, lower water absorption and
porosity because of the growth of calcite crystals within the pores of the
cement-sand matrix [103]. In a number of cases, pores were determined
between fibers and the matrix, but it was thought to be the outcome of
mechanical deterioration because of testing or sample preparation.
Fig. 13(e) shows the dense and rough structure of the matrix, which
contributes to more advanced physical bonding and lower moisture
transfer [104]. Strong adhesion between fiber and matrix causes fibers
to fracture [74]. This strong bonding formed by matrix and basalt fiber
was sufficient to create fiber fracture behavior, which contributed to
reduced water permeation and matrix porosity (Fig. 13(f)) [104].

3.10. Correlations between the physical properties of hybrid fiber
reinforced cementitious composites

In this section, the relationship between the densities of cementitious
composites and other parameters is examined. When the graphic in
Fig. 14 is examined, a linear behavior tendency of approximately 94% is
observed between the increase of basalt fiber content and the density of
hardened cementitious composites.
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When the graphic in Fig. 14 is analyzed, the correlation coefficient
(Rz) was found as 0.943. The obtained value indicates that there is a
good relationship between the above two parameters The relationship
between density versus basalt fiber content in Fig. 14 reveals that the
density increases depending on the increase in fiber content or vice
versa.

The most appropriate model, which explains the relationship be-
tween density and apparent void volume values and is also compatible
with the literature [105], is the linear function relationship model.
Therefore, a linear relationship model was used. The correlation be-
tween dry density and apparent void volume values of composite mix-
tures obtained from experimental data is shown in Fig. 15. When the
graph is examined, the equation y = —0,0484x + 2,4396 indicates that
there is an inversely correlated relationship between density and
apparent void volume variables. Finding the correlation coefficient as
R? = 0.651 indicates that there is a moderate positive relationship be-
tween the two variables. The density versus apparent void volume
relationship reveals that the decrease in void volume is effective in
increasing density or vice versa.

The correlation between dry density and water absorption values of
composite mixtures obtained from experimental data is shown in
Fig. 16. When the graph is examined, the equation y = -23,189x +
57,196 indicates that there is a linear relationship between density and
water absorption variables. Finding the correlation coefficient as R? =
0.7305 indicates that there is a moderate positive relationship between
the two variables. The relationship between density and water absorp-
tion reveals that the decrease in density is effective in increasing water
absorption and vice versa.

From these results, it can be argued that the densities of hybrid fiber
reinforced cementitious composites was affected by apparent void vol-
ume and water absorption percentages. Therefore, the increase in the
density of cementitious composites along with the increase in the
amount of basalt fiber in hybrid fiber content had a positive effect on
physical and durability properties such as void volume, water absorp-
tion percent by weight, and capillary water absorption (sorptivity).

3.11. Correlation between compressive strength and non-destructive tests

Correlation analysis was conducted to determine the relationship
between compressive strength and SRH and UPV at 28 days. Compres-
sive strength, SRH and UPV test results were used to create the corre-
lation curves. As can be seen in Fig. 17, the compressive strength values
vary in direct proportion to the SRH and UPV values.

R?=0,943

15 20 25 30

Basalt fiber Content (kg/m?)

Fig. 14. The relationship between hardened composite density and fiber content.
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The best fit line expressing the relationship between compressive
strength and UPV is presented in Fig. 17 by performing regression
analysis. As a result of the analysis, a linear equation (Eq. (7)) y =
18.942x-24.414, which indicates a linear relationship between the two
properties, was obtained.

y = 18.942x —24.414 7
where, y and x represent 28 days compressive strength (MPa) and ul-
trasonic pulse velocity (km/s), respectively.

Fig. 17 also shows that the best fit line expressing the relationship
between 28 days compressive strength and RN is found as in the
following equation (Eq. (8)) as a result of the analysis.

y = 1.0613x +19.197 ()]
where y and x represent 28 days compressive strength (MPa) and
rebound number, respectively. The R squared value was found to be
0.97.

The equation clearly shows that the compressive strength and RN
vary linearly. The fact that the regression analysis coefficient is equal to
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0.9941 shows that there is a good relationship between the compressive
strength and RN.

3.11.1. Models for compressive strength versus UPV and RN

Two linear models showing the relationship between compressive
strength-UPV and compressive strength-RN are shown graphically in
Fig. 17 and regression results are given in Table 6.

The obtained high coefficient R? = 0.94) shows that there is an
excellent correlation between compressive strength and UPV at 28 days.
Therefore, it can be interpreted that the regression model explains about
94% of the total variance in UPV. The p-values for the intercept and UPV
variable were found as 0.0082 and 0.0021 (<0.05), respectively. These
values indicate that the results are reliable (statistically significant), the
UPV variable is important in terms of its contribution to the model, and
the variable should be retained in the model. As a result, it can be said
that the model developed based on experimental data is sufficient in
explaining the data.

Table 6 presents the variance analysis (ANOVA) conducted to
determine the compressive strength-UPV relationship. As seen, the F test
value showing the significance of entire model was found as Fy =
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Fig. 17. Relationship between compressive strength with UPV and rebound number for hybrid fiber reinforced cementitious composites at the age of 28 days.

Table 6
Regression output for compressive strength versus non-destructive test data.
Age (days) Relationship R? Adjust R? Fo Significance of regression p-Value
Intercept Variable
28 Compressive strength versus UPV 0.97 0.99 100.02 0.00212 0.0082 0.0021
Compressive strength versus RN 0.94 0.92 45.68 0.00661 0.11 0.0066

100.02. In addition, the p value was obtained as 0.0021. Since this value
is less than the critical values (10% and 5%), the zero hypothesis (i.e.
that the coefficients of the variables in the model should be zero) is
rejected and the alternative hypothesis is accepted (i.e. that the pa-
rameters in the model are not zero and the contribution of the term to
the hypothesis is important). Therefore, the model, where the dependent
variable is strength and the independent variable is UPV, is significant
(p < .05).

In the results of the analysis of variance (ANOVA) conducted to
determine the compressive strength-RN relationship, it is seen that the
obtained p value (0.00661) indicating the significance of the regression
is smaller than the critical values. Therefore, the interpretations made
for the compressive strength-UPV relationship can also be made for the
compressive strength-RN relationship.

4. Conclusions

The current study encompasses the experimental investigation of the
properties of hybrid engineered cementitious composites reinforced
with basalt fibers in combination with PVA fiber comprising the high
volume of fly ash. The main conclusions obtained in the study are pre-
sented as follows:

The performance of engineered cementitious composite samples
with hybrid PVA and basalt fiber reinforcement was evaluated by con-
ducting bulk density, apparent void volume, water absorption, capillary
water absorption, and non-destructive tests (including ultrasonic pulse
velocity and the Schmidt rebound hammer test). It is possible to draw
the following conclusions on the basis of the experimental findings:

¢ An increase in the basalt fiber content and the decrease in the PVA
fiber content in hybrid ECC mixtures led to slight increase in the bulk
density, decrease in the apparent void volume (porosity), water ab-
sorption, and capillary water absorption.

e The experimental results demonstrated that the HECC mix contain-
ing only 100% basalt fiber (POB100) reduced void volume by 35.08%
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in comparison with the control sample (P100B0), which had a 9.44%
value.

The highest UPV values were obtained from POB100 samples with
the highest Schmidt rebound hammer value. Also, a close association
between UPV and density was determined in the overall HECC
samples.

The highest capillary water absorption coefficient value was ob-
tained from Reference (P100B0) and P75B25 samples, which had the
lowest Schmidt rebound hammer values compared to those of the
other tested samples (P50B50, P25B75 and POB100). However, the
lowest capillary water absorption coefficient value was obtained
from POB100 sample that performed the best in the Schmidt rebound
hammer test.

Experimental results demonstrated that the hybridization mecha-
nism of PVA fiber with basalt fiber led to a slower water absorption
process. In general, hybridization of PVA with basalt fiber in HECCs
has been found to improve the mechanical and physical properties of
composites, which is thought to expand the potential application of
this cementitious material.

In terms of some properties, basalt fiber has superior structural
properties compared to PVA fiber, so both mechanical and physical
properties of POB100-coded HECC were superior to those of other
hybrid samples due to incorporating of more basalt fiber in the
composite mixture.

In conclusion, the current study showed that hybridization with fi-
bers with various physical, durability and mechanical characteristics
might be very efficient in improving the qualities of HECC materials
considerably. Furthermore, it will be useful to study the impact of
various fiber types and mixture proportions on the physical and me-
chanical characteristics of HECCs.
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