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1. INTRODUCTION

ABSTRACT

The production of electrically conductive concrete was introduced years ago among construc-
tion materials, generally for anti-icing. The present study investigates the electrical, mechani-
cal, dynamic, and microstructural properties of recycled ferrochrome filled cementitious mor-
tars containing single-walled carbon nanotubes (SWCNTs) and steel fiber. Within the scope
of the study, a total of 5 different mixtures were obtained. 7, 14, and 28-day non-destructive
and 28-day compressive and bending tests of cementitious conductive mortars obtained from
five different mixtures were performed. The two-point uniaxial method was used to deter-
mine the electrical conductivity properties of the samples. The damping ratio of the samples
was obtained by performing dynamic resonance tests. Ultrasound pulse velocity (UPV) and
Leeb hardness tests were performed as other non-destructive testing methods. Microstructure
analysis at the interfaces of conductive concrete samples was characterized by scanning elec-
tron microscopy (SEM), EDS (Energy-Dispersive X-ray Spectroscopy), and X-ray diffraction
(XRD). The results showed a logical agreement when comparing their mechanical, physical,
and dynamic properties. When SWCNT is used with steel fiber, the conductive mortar sam-
ples exhibited good conductivity, while their compressive and bending strengths turned below.

Cite this article as: Dehghanpour, H., Dogan, E, Subasi, S., & Maragli, M. (2022). Effects of
single-walled carbon nanotubes and steel fiber on recycled ferrochrome filled electrical con-
ductive mortars. J Sustain Const Mater Technol, 7(4), 250-265.

gregate in building facade cladding. The most important
reasons are that they are shell elements and the application

Cementitious composite materials show great interest
in structural elements and large areas such as building
facade cladding due to their relatively low cost and easy
applicability [1, 2]. Recently, not only the mechanical
properties of such applications in modern facade cladding
but also their electrical properties have been the subject of
research [3]. For some reason, it is preferred to use fine ag-
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of the spraying method [4]. Apart from spraying methods,
it is preferred to use fine aggregate in ultra-high-perfor-
mance concrete (UHPC) shells produced for facade clad-
ding [5, 6]. Therefore, the use of conductive additives in
a more suitable type and dosage should be investigated
to improve the electrical conductivity properties in this
building elements mixture.
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Since 1965 [7], the discovery of electrically conductive
cementitious materials, various research have been car-
ried out in this field. Conductive cementitious materials
are used in self-sensing [8] materials of buildings, electro-
magnetic radiation reflectors for electromagnetic interfer-
ence shielding [9], and resistance materials in self-heating
[10] cementitious systems. Electrically conductive cemen-
titious materials have also been proposed as an alternative
anti-icing method in snowy weather [11]. Conventional
cementitious materials are known to have high electri-
cal resistivity. According to the literature, the resistivity
of concrete under room conditions has been reported as
6.54 x 10°-11.4 x 10° Q-cm [12], the resistivity of saturat-
ed concrete as 10° O-cm and the resistivity of thoroughly
dried concrete as 10° -cm [13, 14]. Using different con-
ductive additives, the researchers even managed to reduce
the resistivity values of cementitious materials to just be-
low 100 Q-cm [12, 13, 15]. Depending on the materials'
type, dosage, and conductivity properties, it may vary.

Materials with good conductivity, such as steel fiber
[16, 17], carbon fiber [18, 19], erosion wire [20], steel
shaving [16], graphite powder [13, 21], carbon nanotube
[22], carbon black [20] and graphene [23] can be used to
increase the electrical conductivity of cementitious ma-
terials. Figure 1 represents the internal structure of elec-
trically conductive concrete [24]. The study used various
fibers and nanocarbon black (NCB) materials to provide
electrical conductivity. The fibers are randomly placed be-
tween aggregates forming a complex network and acting
as a bridge for electric current. Cement paste is defined
as a matrix element for fibers between aggregates. It has
been reported that the electrical conductivity of the fibers
increased by combining cement paste with conductive
materials in powder form. The NCB fills the intergranular
spaces, thus increasing the interface area between the con-
ductive fiber and the matrix. Therefore, it is ensured that
the electrical current passes more quickly.

The electrical resistivity of cementitious materials can
be measured using a two-point uniaxial, four-probe, or
Wenner probe and C1760-12 ASTM [25]. The two-point
uniaxial measurement method is the widely used meth-
od. In this method, the geometry of the sample can be
cylindrical, prismatic, or cube-shaped. The four-probe
method is often used to measure the surface resistivity
of cylindrical or prismatic specimens. In this method, re-
sistance is measured with four-probe equipment. A volt-
age difference is applied between the two internal probes,
and the electrical current is measured between the two
external probes. In the C1760-12 ASTM test method,
the electrical resistivity of the hardened saturated cylin-
der concrete sample is obtained based on the diffusion of
chloride ions. This is a two-point-uniaxial test method,
but the resistivity may be a little low due to the chloride
ion permeability.

Electrical current

—
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Figure 1. Schematic view of the internal structure of con-
ductive concrete [24].

In the literature, there are many studies on the evalua-
tion of the above-mentioned conductive additives in elec-
trically conductive cementitious materials. However, there
are still gaps in the literature on increasing the conductivity
of cement and aggregate composition, which are matrix ele-
ments in concrete. Also, there are many studies on the eval-
uation of recycled aggregate and slag materials in concrete
[26-28]. The present study investigates the electrical, me-
chanical, physical, and microstructural properties of elec-
trical conductive mortars containing 100% recycled ferro-
chrome sand. SWCNT and steel fiber was used as nano and
macro-scale conductive additives, respectively. Microstruc-
tures of SS-filled, FRC-filled, and FRC-CNT conductive
concrete samples were characterized by scanning electron
microscopy (SEM), EDS, and X-ray diffraction (XRD). The
effects of composite materials on strength were analyzed.

2. MATERIAL AND METHODS

2.1. Used Material

100% silica sand was used as the filling material in the ref-
erence mixture, and 100% ferrochrome was used in all other
mixtures. The specific gravity of silica sand and ferrochrome
sand used were 2.55 and 3.33, respectively. CEM II-42.5 R
white cement, preferred in facade cladding, was used as a
binder. As a pozzolanic additive material, calcined kaolin was
preferred in equal proportions in all mixtures. The chemical
composition of Cement, Silica sand, and Calcined kaolin is
given in Table 1, and the EDS analysis result of ferrochrome
aggregate is shown in Table 2. The particle size ranges of aggre-
gate, cement, and calcined kaolin were compared in Figure 2a,
and images of SWCNT and steel fiber used are shown in Figure
2b and Figure 2c, respectively. Stainless steel fiber with a diam-
eter of 80 micrometers and a length of 12 mm was used as the
conductive fiber. With a length/diameter ratio of about 1000,
SWCNT was added as the nano-sized conductive material.
Since the SWCNT used is dispersed in a carboxymethyl cel-
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Table 1. Chemical composition of cement, silica sand, and Table 2. EDS analysis result of ferrochrome aggregate
calcined kaolin

Element Weight % Weight % Sigma Atomic %

Component  Cement  Silicasand  Calcined kaolin

(0] 41.85 0.95 49.66
(%) (%) (%)

- 12.08 0.49 19.1
SiO, 17.460 98.570 59.78 Mg 16.7 0.66 13.04
AlLO 3.2700 0.0000 10.23

23 Al 9.39 0.68 6.61
Fe,O, 0.2100 0.1700 0.4400 C 0 714 0

r .
CaO 63.0400 0.2900 9.9100
Si 14.29 1.02 9.66

MgO 1.6700 0.0000 1.5900 . 6 L1 193
K0 0.3400 0.0.16 0.9000 ¢ i > ’ )
Na,0 0.3000 0.0000 0.0500 Tota 100 100
SO 3.0200 0.0000 1.2500

3
PO, 0.0400 0.0100 0.0400 Details of materials used in electrically conductive mor-
TiO, 0.0900 0.1200 0.1500 tars are given in Table 3. A reference mix is a regular premix
Cr,0, 0.0021 0.0137 0.0186 mortar consisting of a filler, binder, pozzolanic, water, and
Mn,0, 0.0042 0.0029 0.0077 plasticizer and is defined as the matrix for other mixtures.
LOI 11.000 0.3900 16.240 In the premix mixture, all dry ingredients are put into the

mixer and mixed for 90 seconds; then plasticizer is added
with water, remixed for 90 seconds, and placed in molds. In
lulose-based solution with a ratio of 0.4/1000, more water was  the mixtures containing SWCNT, the water of the solution
used than necessary in the mixtures, according to the preferred  with SWCNT was taken as the basis instead of mains water.
0.3% SWCNT dosage. Polycarboxylate-based superplasticizer  In this case, approximately 88% of water usage will be high-
was used to ensure adequate workability in all mixtures. er than the reference mixture, and serious adverse effects

——Cement —— Silica sand
—— Ferrochrome Calcined kaolin

100 e e

(a)

80

Cumulative volume, %

1 10 100
s mag [ 1 pm
Size classes. pm 120 000 x

Quanta FEG Duzce

Figure 2. Grain size analysis curves of cement and filling materials (a), SEM image of SWCNT (b), and Steel fiber image (c).
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Table 3. Component ratios in electrically conductive mortars

No Code Silica sand Ferrochrome Cement Calcined kaolin Steel fiber Su SWCNT Superplasticizer
(8 (®) (8 (CK) (g) (®) @ (%) (8

1 SS (Ref) 1350 .. 500 50 220 4

2 FRC 1350 500 50 220 4

3 FRC-SF 1245 500 50 105 220 . 4

4 FRC-CNT 1350 500 50 413 0.3 4

5 FRC-SF-CNT 1245 500 50 105 413 0.3 4

multimeter

Figure 3. Two-point uniaxial electrical conductivity mea-
suring test setup.

are expected on the strength, but since the aim of the study
is electrical conductivity, this experiment was considered.
After all the components came together in steel fiber mix-
tures, the fibers were added and mixed with a mixer for one
minute when the matrix was ready.

2.2. Test Methods

The electrical conductivity measuring test setup is
shown in Figure 3. The measurement of resistances of elec-
trically conductive mortars was carried out by the two-
point uniaxial method. This method is also used frequently
in the literature [13, 15, 29]. This method applies a potential
difference between the two ends of the specimen, and the
amount of current realized is measured. The resistance of
the specimen is obtained by putting the current value and
applied voltage into ohm's law (Eq. 1). The resistivity is cal-
culated from Eq. 2. The electrical conductivity obtained as
the inverse of the resistivity is given in Eq. 3.

V=IR (1)
— Ré (2)
A=
o= 1 3)
p

The longitudinal resonance frequency analyses of the
conductive mortar samples produced from the mixtures
obtained within the scope of the study were carried out ac-

cording to the ASTM C215 standard [30]. The experimen-
tal setup is given in Figure 4a. According to the resonance
test results, firstly, the amplitude-frequency curve (Figure
4b) was drawn for each sample. The damping ratio values
were calculated by considering the curve. Many structural
problems are solved by determining the natural frequencies
at which the structure resonates and the percentage of crit-
ical damping of each resonance [31].

In some cases, starting vibration is reduced by changing
the active form of the system or shifting a resonant frequen-
cy (by stiffening the structure and mass loading) to avoid
a frequency coincidence. Another way is to add damping
treatments to the structure. Layers of isolation stabilize
ground vibration, and installing a vibration absorber can
"split" a resonance into two acceptably different frequen-
cies. All these corrections are decided by applying a mea-
sured force to the problem structure and measuring and
analyzing the response acceleration rate of that force as a
function of frequency.

The flexural strengths of the conductive mortar samples
were determined by a three-point bending test on three 40 x
40 x 160 mm prismatic samples obtained from each mixture.
The parts obtained after the bending test were placed between
the apparatus, as in Figure 5, and subjected to the compressive
strength test. Bending and compressive strength tests were
carried out by the TS EN 196-1 standard [32]. Ultrasonic
pulse velocity (UPV) and Leeb hardness tests were performed
as non-destructive methods before subjecting them to other
tests on identical specimens. UPV tests were performed ac-
cording to ASTM C597 [33]. The ASTM A956 standard [34]
was used to determine the Leeb hardness of the produced
samples. In addition, densities were calculated by measuring
the dry weight and dimensions of all 28-day samples.

The surface morphologies of the conductive concrete
samples were analyzed using HITACHI SU3500 Scanning
Electron Microscopy (SEM). After mechanical testing, SEM
analyzes were used to observe the porous, rough, and void
structure at the sample interface. Elemental analyzes of com-
posite concrete samples were carried out using the Ener-
gy-Dispersive X-Ray Spectroscopy (EDS) analysis method.
Also, the X-ray Diffraction technique (XRD method) was
used to identify the crystalline phases of the materials. XRD
analyzes were performed using the RIKAGU device with a
scanning range of 10°-70° at a scanning rate of 1°/min.
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Figure 5. Flexural and compressive strength test setup.

3. RESULTS AND DISCUSSION

3.1. Mechanical Test Results

As mechanical test methods, 28-day flexural and com-
pressive strength tests of electrically conductive mortar
samples were performed, and the most substantial results
were compared in Figure 6. The compressive and flexural
strength of the ferrochrome (FRC) filled conductive mor-
tar increased by 4.84%, and 22.81%, respectively, compared
to the silica sand filled mortar (Ref). This is the significant
increase provided by recycled aggregate. Adding five wt.%
steel fiber (SF) to the FRC-filled mortar resulted in a 15.26%
increase in compressive strength. Also, the strength of this
sample was 20.87% higher than that of Ref. The SF contrib-
uted 37.14% to the FRC-filled sample's flexural strength, and
this sample's flexural strength was 68.42% higher than the

FRC FRC-SF FRC-CNT  FRC-SF-CNT

Sample code

Figure 6. 28-Day compressive and flexural strength of con-
ductive mortar samples.

Ref. In the literature, there is information about the positive
and negative effects of recycled ferrochrome aggregate on
the strength of cementitious materials. In the study of Islam
et al. [35], it was reported that the compressive and flexur-
al strength of 100% FRC substituted concrete increased by
12% and 19.9%, respectively, compared to the compressive
and flexural strength of concrete filled with natural aggre-
gates. The increase in strength has been explained as the
excellent bonding of FRC with cement paste since it has a
rough surface [36]. Another reason is that since the FRC
has a porous structure, it absorbs the excess water in the
concrete and causes a denser matrix formation. At [37],
the strength of the obtained concrete decreased with the
addition of fine FRC. As a result, the positive or negative
effect of FRC on concrete strength is related to factors such
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Figure 7. Resistivity and electrical conductivity results of
conductive mortar samples.

as FRC's own physical and mechanical properties, granu-
lometry, and water/binder ratio in concrete. According to
the graphic, it is observed that carbon nanotube (CNT) has
a remarkable negative effect on strength. However, as men-
tioned above, the high-water content (0.75 of binder) in the
dispersed solution is the main reason for this decrease. The
reason for using such a high rate of water is that it is aimed
to investigate the use of 0.3% pure SWCNT in mixtures. The
compressive strength of FRC-CNT decreased by 3.21 and
3.36 times compared to Ref and FRC samples, respectively.

Similarly, flexural strength decreased by 1.9 and
2.33 times, respectively, compared to the same samples.
Nagqi et al. [38] reported that the compressive strength
of cementitious composites containing less than 0.05%
MWCNT increased compared to the control sample. On
the contrary, they reported that the compressive strength
of cementitious composites containing more than 0.05%
MWCNT was reduced compared to the control sample.
The addition of 5% SF to the FRC-CNT mixture result-
ed in an increase of 23.41% and 26.67% in compressive
and flexural strength, respectively. However, this sam-
ple's compressive and flexural strength (FRC-SF-CNT)
decreased by 3.14 and 2.53 times, respectively, compared
to FRC-SE Another reason for the decrease in strength
may be that the solution containing SWCNT has a high
amount of carboxymethyl cellulose (CMC). CMC, which
has good water retention, can cause permanent porosi-
ty in the matrix after the hydration process is completed
when used at high rates in cementitious materials [20].
In a study [39], an increase in the strength of the cemen-
titious composite was observed by using SWCNT dis-
persed with CMC. The related study used lower rates of
CMC (0.3 wt.%) and SWCNT (0.04 wt.%).

3.2. Electrical Properties

7, 14, and 28-day electrical conductivity and resistivity
values of the conductive mortar samples are summarized
in Figure 7. Depending on the sample age, the resistivity
value increased and the electrical conductivity decreased.
However, while there was a more significant difference
between the seven and 14-day values, the 14 and 28-day

values approached each other. The reason for this is the
presence of water in early concrete, which has been prov-
en in previous studies [14, 20] with different voltages
on different mixtures. Substitution of FRC sand for sili-
ca sand has provided a certain amount of advantage on
electrical properties. Considering the 28-day electrical re-
sistivity values, it was observed that the resistivity of the
FRC-filled sample decreased by 35.55% compared to Ref.
Without the use of conductive fiber, such an improvement
in electrical properties is essential in cementitious mate-
rials. Because of the improved conductivity as a matrix, it
is possible to provide a higher performance current in the
presence of conductive fiber. With the addition of 5% SF
to the FRC-filled mixture, the electrical resistivity values
decreased by about 10-time. With the addition of 0.3 wt.%
SWCNT to the FRC-filled mixture, a decrease of more
than 4-times in the electrical resistivity values was ob-
served. The electrical resistivity of the FRC-SWCNT-filled
mixture decreased approximately four times with the ad-
dition of 5 wt.% SF. The resistivity of the same mixture was
19 times lower than the FRC-filled mixture.

The electrical properties of cementitious materials are
generally studied for two purposes: durability and physi-
cal. It is characterized in terms of chloride penetration in
concrete as durability [40]—chlorinated liquids penetrat-
ing concrete damage cement products and reinforcement
bars. In order to prevent this, the impermeability of the
concrete should be reduced. In the study [41], the electrical
conductivity of concrete with different ratios of acceptable
FRC substitutes instead of natural aggregate was inves-
tigated in terms of durability and low chloride ion per-
meability according to ASTM 1202 [42]. In the literature,
there are no studies examining the physical conductivity
of FRC filled conductive concretes. The electrical conduc-
tivity of natural aggregate-filled concrete varies with the
resistivity of the matrix, the type, and ratio of voids, and
the type and conductivity level of the conductive additives
used. It is known that powder materials generally do not
significantly affect concrete's electrical resistivity [20].
For example, El-Dieb et al. [13] found that using carbon
powder alone had no significant effect on electrical con-
ductivity. According to the studies, using conductive fiber
is essential to increase the conductivity performance in
concrete. In the [29] study, the length and ratio of carbon
fiber used as conductive fiber were 12 mm and 1%, respec-
tively. Yehia and Tuan [16] obtained optimum conductiv-
ity values by using 20% steel shaving and 1.5% steel fiber
for an electrically conductive concrete study as a deicing
application. Carbon nanotubes (CNT) have been widely
used as conductivity-enhancing nanomaterials in cemen-
titious materials [43-45]. Most studies observed the best
electrical resistivity values at 1000 Q.cm when CNT was
used alone. However, the functionality of the conductive
concrete obtained is divided into various classes accord-
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ing to factors such as the purpose of use, CNT ratio, and
sample size. It is not sufficient to use CNT alone for the
production of heatable, conductive concrete. The best heat
performance in heatable conductive concretes is obtained
at power consumptions of approximately 500 watts. For
this, the most suitable electrical resistivity values are be-
tween 200-800 Q.cm.

Carbon nanotubes' usability in producing new-gener-
ation cementitious materials such as self-sensing has been
confirmed in different studies [1, 46, 47]. Self-sensing is the
ability of a material to respond to different conditions such
as temperature, strain, stress, and damage [47]. For exam-
ple, if a crack occurs in a cementitious material, the resis-
tivity value increases due to the extension of the electric
wave propagation way. Since cementitious materials have
very high resistivity, it is not easy to measure the resistivity
difference in such cases. The presence of conductive ma-
terials such as CNT in the cement paste ensures the high
sensitivity of the lower resistivity cementitious product. In
this study, the alternative mixture that can be used for this
purpose may be FRC-CNT. In addition, FRC is a suitable
filling material for self-sensing cementitious materials since
it is a main part of the direct matrix, and its resistivity is low
compared to natural aggregate.

3.3. Non-destructive Test Results

3.3.1. Dynamic Resonance Test Results

The resonant frequency is mainly related to a vibrating
beam's dynamic elasticity modulus and density. For this
reason, a beam's natural vibration frequency is also used
to determine the beam's dynamic modulus of elasticity.
In this study, post-resonance test Frequency-Amplitude
curves of 7, 14, and 28-day mortars obtained from all mix-
tures were plotted, and damping ratios were calculated, as
shown in Figure 8.

Small peaks at the beginning of the curves are due to
ambient noise during testing. Considering the dynamic res-
onance test results, it is observed that the amplitude num-
ber decreases over time; however, the peaks are also narrow.
From the amplitude-frequency curves, it can be concluded
that the damping ratio increases as the amplitude decreas-
es. In other words, the narrower and higher the curve, the
lower the damping; the more comprehensive and lower the
curve, the greater the damping [48]. From this information,
it can be concluded that the damping ratio decreases with
increasing curing time. For example, when the damping
ratio of Ref is examined, the damping ratios of 14 and 28
days decreased by 30% and 53%, respectively, compared to
7-day. Considering the damping ratios of FRC and FRC-
CNT samples, although CNT had a slight increase effect on
the seven and 14-day values, it did not affect the damping
ratio of the 28-day sample. When the damping ratios of
the FRC and FRC-SF samples were examined, it was ob-
served that SF had an increasing effect of around 40% on

7.0

(a) 7-day

FRCSF-CNT =~
6.0 FRC-CNT [

[ —
5.0 FRC [

Ref =

5 6 7 8 9 10 1
Damping ratio, %

FRC-SF-CNT

4.0

3.0

Amplitude, Arb. Unit

20

'
- T AT
AN
0 2000 4000 6000 8000
Frequency, kHz

5.0

FRO-SF-oNT [————= (b) 14-day —Ref

45 FRC
FRC-ONT [y — FRC-SF

4.0 [ (o2 — —FRC-CNT
[ ——— FRC-SF-CNT
35 Ref [——=)

2 3456 7 89
Damping ratio, %

3.0

25

Amplitude, Arb. Unit
N
o

05 i

AR
00 == —

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency, kHz

4.0

FRC-SF-CNT = (c) 28-day —Ref

FRC
3.5 FRC-CNT =— i
FRCSF = —FRC-CNT
30 FRC 3 FRC-SF-CNT
Ref 3

25 2 3456 7 89
Damping ratio. %

Amplitude, Arb. Unit

0 2000 4000 6000 8000
Frequency, kHz

10000

Figure 8. Dynamic resonance test results of conductive
mortar samples.

the damping ratio. The damping ratios of the FRC-CNT-
SF and FRC-SF samples were almost the same. The positive
result obtained with the addition of SF is attributed to the
minimization of the defect rate in the mortars [49]. With
the increase in energy distribution, a higher capacity damp-
ing property emerges. When the damping rates are com-
pared with the mechanical results, it is observed that there
is a parallel relationship between them. As in the dynamic
results, the maximum values in the mechanical results were
obtained for the FRC-SF mixture.
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Figure 9. Density and UPV test results of conductive mor-
tar samples.

3.3.2. Ultrasonic Pulse Velocity

The ultrasonic pulse velocity results of the samples and
the density results are summarized in Figure 9 to observe
if there is any correlation between them. When UPV val-
ues were compared by age, a more significant incremental
variation was observed between 7 and 14-day values, but
there was little increase at 28-day values compared to 14-
day values. This is due to faster hydration reactions at ear-
ly ages in cementitious materials. In the early ages, there
was more void and water in the matrix, and over time, the
hydration products formed due to the hydration reaction
filled most of the voids, creating a dense and rigid struc-
ture [50]. When the UPV values of the mixtures of FRC
and Ref were compared, it was observed that the value of
FRC was 2.9% higher than that of Ref. Also, the density
value of FRC increased by 11.06% compared to Ref. This
is because FRC sand has a denser structure compared to
silica sand. As noted in the Material section, the specif-
ic gravity values of FRC and silica sand are 3.33 and 2.9
g/cm’, respectively. With the addition of SF to the FRC
mixture, the UPV values decreased by 9.39%. Due to the
relatively high dosage of SF (5%), voids occur between
the fibers in the mixture. This causes the sound transmis-
sion speed to decrease. Although steel fiber had a higher
weight compared to concrete, the density of fibrous and
fiberless FRC-filled mortars was similar, which is evi-
dence of voids occurring. Due to the extra water used,
SWCNT had adverse effects on UPV, density results, and
other results. The 28-day UPV and density values of the
FRC-CNT mixture decreased by 29.11% and 21.64%
compared to the FRC. A similar situation was observed in
FRC-CNT-SE The water/binder ratio significantly affects
the density of all cementitious materials [51].

3.3.3. Leeb Hardness Results

The Leeb hardness test, a non-destructive method,
provides information about the hardness and estimated
strength of construction materials, such as stone and con-
crete [52, 53]. In the present study, the hardness of prismat-
ic specimens produced from different conductive mortar

Figure 10. Leeb hardness test results of conductive mortar
samples.

mixtures was measured at different ages and compared in
Figure 10. Leeb hardness values increased in all mixtures
depending on the sample age. For example, Leeb hardness
values of 14 and 28-day Ref samples have increased by
7.8% and 13.8%, respectively, compared to 7-day. Age ef-
fect on Leeb hardness was less than others in the FRC mix-
ture. Considering the hardness values of 28-day FRC and
silica sand-filled mortars, it was observed that the hardness
of FRC-filled mortars was 2% lower. The hardness value of
the FRC-filled mortar with SF added was 1.6% higher than
the fiberless sample. This is because thin SFs disperse in the
mortar and form a network, creating a more rigid surface.
SWCNT had a negative effect of 17% on the hardness of the
FRC-filled mortar. However, not all of these adverse effects
are directly related to SWCNT due to the extra amount of
water and CMC used. As indicated in the results above, the
amount of extra water used in the mortar caused a high
rate of voids and defects in the internal structure. Adding
SF to the FRC-CNT mixture increased the hardness value
by 13%. When the hardness values were compared with
the other results, it was observed that there was a parallel
relationship consistent with the compressive, flexural, and
density results.

Since there has been no hardness research about FRC
filed mortars, it is impossible to compare the obtained
hardness values with the literature. However, there are a
few Leeb hardness studies on regular concretes, although
limited. Song et al. [54] investigated the Leeb hardness
of sodium silicate-based concrete and regular C30 con-
crete and concluded that the average hardness value of
standard concrete was 362.4 HL, and that of sodium sil-
icate-based concrete was 405.6 HL. The hardness values
of the 28-day specimens produced in this study were
measured between 369 and 454 HL. Therefore, the re-
sults prove to be compatible when compared to regular
concrete. Gomez-Heras et al. [55] stated that the finer the
grain size, the higher the Leeb hardness. Also, calcined
kaolin improves the surface hardness of concrete [56].
This situation is directly related to filling fine-grained
minerals into micro and macropores [57].
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Figure 11. Microstructure images of raw particles; (a) cement, (b) CK, (c) ferrochrome, and (d) SS, respectively.

3.4. Microstructure Analysis Results

Figure 11 shows the morphologies of cement, CK, fer-
rochrome, and SS particles, respectively. The particle sizes
were found to be about 5 um. Ferrochrome and silica sand,
used as reinforcement materials, were preferred for their ef-
fect on mechanical strength and dense structure formation.
Especially the sharp-edged square crystals observed in sili-
ca sand reinforcement particles could improve the mechan-
ical behavior of the mixture by strengthening the bond with
the cement. It has been known that the micro-voids and
micro-cracks formed by the interlocking aggregate particles
cause the formation of the porous structure [58]. The effect
of particles dispersed in cement on the microstructure was
examined. In Figure 12, microstructures of cemented filler
samples (SS-filled, FRC-filled, and FRC-CNT) at different
magnifications were investigated by SEM analysis. It was
observed that the micro-void distributions in the samples
were not significant; accordingly, micro-cracks were not
formed intensively. In this regard, the micro-voids in the
high magnification image of the SS-filled sample (Fig. 12a)
was nearly the same in diameter compared to the FRC-filled

sample. It could be stated that the SS-filled sample showed
fine microstructure since the microvoids were low com-
pared to the particle size distributions. Fine particle-size sil-
ica sand with a large specific surface area increased C-S-H
formation in the cement matrix. The increased strength of
the compacted samples has been associated with the amount
of calcium silicate hydrate (C-S-H) gel in the structure [59].

Aggregate particles were densely combined with the
silica sand particles due to intense C-S-H formation. In
addition, the silica sand particles in the SS-filled sample
contributed to the high gel formation. The silica sand par-
ticles improved the morphology of the cementitious ma-
trix and made the matrix denser. Consequently, silica sand
particles improved compressive and flexural strength by
preventing the formation and development of micro-voids
and micro-cracks. Because C-S-H formations were relative-
ly weaker in the FRC-filled cementitious structure micro-
structure than the SS-filled sample, porosity and rough-
ness increased. The porous and rough structure could be
attributed to the air content of the ferrochrome-reinforced
cement-based mixture [60].
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Figure 12. Low and high magnification SEM images of (a) SS-filled, (b) FRC-filled, and (c) FRC-CNT samples, respectively.

The increase in surface roughness compared to the SS-
filled sample caused a change in morphology. Neverthe-
less, the formation of sharp-edged structures seen in the
morphology of SS-filled and FRC-filled samples has been
attributed to the bonding between aggregate and C-S-H,
which increased the material's mechanical strength [61].

The increased compactness of the matrix decreased the
tension at the matrix-aggregate interface, preventing the
expansion of micro-cracks along with the aggregate. Thus,
the reduction in micro-crack contributed to the increase
in mortar strength [36]. It could be summarized that SS-
filled and FRC-filled samples contained finer particles,



260

J Sustain Const Mater Technol, Vol. 7, Issue. 4, pp. 250-265, December 2022

and microstructure deterioration was lower. It has been
seen that the FRC-CNT sample was less dense than the
other samples. This could be seen as a barrier to strength
increase relative to other blends. With the addition of
CNT to the mixture, the workability decreased due to
the decrease in cement paste. It was observed that CNT
particles dispersed in the aggregate could not prevent the
formation of voids and cracks. The formation of a larg-
er micro-void structure in FRC-CNT morphology could
be attributed to the negative effect of CNT reinforcement
on concrete strength. Since C-S-H crystals were collect-
ed at the interface, weak bonding in the cement matrix
decreased the material's mechanical strength. Moreover,
needle-like ettringite crystals observed in cement paste
reduced compact structure formation. FRC-CNT sample
also pointed out the weakest parameters about density,
UPYV, and strength tests. It could be said that the addition
of CNT particles to the aggregate reduced C-S-H gel for-
mation and made it difficult to form networks in a com-
pact structure.

EDS analysis results of SS-filled, FRC-filled, and
FRC-CNT samples are given in Figure 13. O, Si, and Ca
elements formed the prominent peaks in the SS-filled
sample. The silica in the mixture came from the hydra-
tion of the cement, while the gold and palladium came
from the gold etching of the samples. The main constit-
uent elements of cementitious products were O, Si, and
Ca, and the C/S ratio was related to C-S-H gel formation.
Cement-based material products have increased bond-
ing energy by interacting with the matrix interface [62].
The low C/S ratio has been related to high strength [63].
The C/S ratios in the Si-filled, FRC-filled, and FRC-CNT
were 1.01, 0.98, and 1.11, respectively. The silica sand
added to increase the material durability contains high
Si in C-S-H formation; it was observed that the C/S ra-
tio decreased in spectrum-1. Since the increase in C-S-H
polymerization increased the degree of interfacial bond-
ing, it supported the formation of the dense and compact
structure of the composite material [64]. It has been con-
sistent with the compressive and flexural strength results
shown in Figure 6. The absence of micro-cracks in the
matrix and aggregate interface region indicated in Figure
12 was attributed to the low shrinkage in the compact
structure formed by silica sand.

In spectrum-2, the formation of Cr and Fe element
peaks in the FRC-filled sample indicated the presence
of ferrochrome particles. Lower C/S level contributed to
forming the bonding system between the aggregate/rein-
forcement particles and confirmed the strength increase
noted in Figure 6. Ferrochrome particles containing chro-
mium and iron elements contributed to the mechanical
strength increase by collecting C-S-H crystals in the in-
terfacial transition region. Moreover, ferrochrome with a
high percentage of calcium forms high binding in aque-

— SS-filled
—— FRC-filled
FRC-CNT

Intensity (cps/eV)

Energy (keV)

Figure 13. EDS analysis of SS-filled (spectrum-1), FRC-
filled (spectrum-2), and FRC-CNT (spectrum-3) samples,
respectively.

ous media with Ca (OH)2 [65]. It could be stated that the
intense Ca peak seen in spectrum-2 contributed to the
formation of the dense structure of the composite materi-
al. The C peak seen in the EDS analysis of the FRC-CNT
sample indicated the presence of CNTs in spectrum-3. It
could be said that the percentages of Ca and Si were lower
due to the high percentage of C that CNTs contain. Thus,
it could be concluded that the bond between CNTs and
Ca and Si was weak. It could be stated that the decrease
in calcium, silicon, chromium, and iron peaks was a weak
interaction between CNT and hydration products, and
this result could be attributed to the low-density struc-
ture indicated in Figure 12. Moreover, CNT allowed the
inclusion of more particles compared to chromium and
iron elements due to their low density. This explains the
increase in the carbon peak and the decrease in the chro-
mium-iron peaks. As a result, as indicated in Figure 7, the
conductive CNT particles contributed to the conductivity
of the composite material by creating an electric field [66].
When the EDS results are compared with the cemented
studies in the literature, the peaks and their grades have
been confirmed by the results of several studies [67, 68].
In Figure 14, the phase compositions of SS-filled, FRC-
filled, and FRC-CNT samples were shown by XRD models.
Origin Pro 2021 software was used to plot the diffraction
angles on the X-ray diffraction plot. CaCO,, one of the
primary raw materials of cement, contributed to the for-
mation of calcium-containing hydration products such as
C-S-H and ettringite [69]. Although it was observed that
the primary crystalline peaks in the conductive concrete
samples were quartz and calcite, the C-S-H gel also showed
characteristic peaks. The silica sand in the SS-filled sample
explains the intensity of the quartz main phase. The silica
sand content in the cement matrix reduced the ettringite
formation and contributed to the compressive strength
increase of the composite material. However, it could be
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Figure 14. XRD patterns of SS-filled, FRC-filled, and FRC-
CNT.

said that the formation of the ettringite phase in the struc-
ture prevented the formation of a porous structure in the
composite concrete sample [70]. The reduction of ettring-
ite growth increased the crosslinking within the matrix,
thereby forming a compact structure with improved com-
pressive and flexural strengths. The increase in the calcite
peak intensity of the SS-filled sample indicated that the hy-
dration process increased, and as a result, it showed that it
supported the increase in strength. The increase in C-S-H
gel density in the mixture containing silica sand could be
explained by the reactivity of the silica sand particles and
the high hydration product. Silica sand, which has high hy-
draulic activity, contributed to the formation of C-S-H gel,
which was a product of cement hydration and facilitated the
increase of the binding force in the matrix.

In the XRD analysis of ferrochrome-containing sam-
ples, forsterite (Mg SiO,) and chromferide (Fe, Cr) min-
eral peaks were observed separately. Also, it was stated
that the analyzed sepiolite mineral was a stable product
that intensified the microstructure [71]. In the FRC-filled
sample mentioned in Figure 12, the increase in the C-S-H
gel content resulting from the hydration reaction was
confirmed by the intensity of the calcium silicate hydrate
peak observed in the XRD analysis. In addition, the high
peak density of portlandite (CH) could be attributed to
the conversion of ettringite and portlandite to C-S-H gel,
depending on the curing age. In addition, this condition
was associated with compressive and flexural strength
[72]. The absence of a CNT diffraction peak in the FRC-
CNT sample indicated no chemical reaction between the
CNT and the cement [73]. Also, it was observed that the
CH peak derived from the pozzolanic reactions did not
occur. CNTs dispersed in the aggregate cannot be said to
contribute to the growth of cement hydrates. It could be
argued that CNTs inhibited the hydration process [74]. In
addition, the C-H and C-S-H crystals formed because of
hydration were not detected in the XRD analysis, which

confirmed this. The ettringite formation confirmed in the
SEM microstructural characterization was analyzed in the
XRD characterization of the FRC-CNT sample. Although
the calcite peak density was associated with the porous
structure [75], the bond strength between cement and
reinforcement particles did not increase since hydration
product formation, such as C-S-H in the FRC-CNT sam-
ple, was weak. The decrease in calcite peak intensity could
be attributed to the low mechanical strength of the com-
posite concrete of the porous structure formed because of
the continuous dissolution of Ca (OH),.

4. CONCLUSIONS

According to the experimental study, the recycled FRC
aggregate positively affected the mechanical properties.
The highest compressive and flexural strength results were
obtained for the steel fiber-reinforced FRC-filled mixture.
SWCNT had an apparent adverse effect on strength. This
was primarily related to the CMC used as a dispersing
agent. Using FRC sand, the electrical resistivity value was
slightly decreased compared to the resistivity of the silica
sand-filled reference sample. With the addition of 5% SF,
the resistivity value of the FRC-filled mixture decreased sig-
nificantly. Although SWCNT alone positively affected con-
ductivity properties, it performed best in combination with
SE. The presence of SF had an essential role in developing
its dynamic properties. Sample age had a positive effect on
dynamic properties. An increase of over 53% was observed
in the 28-day damping ratio results. When the results ob-
tained with non-destructive test methods are compared
with the experimental test results, it has generally proven to
be a successful study. A consistent correlation was observed
between the UPV and density and strength results.

SEM-EDS and XRD analyses were evaluated together
with strength analyses to determine the composite material's
performance. The effect of the C/S ratio on compressive and
flexural strengths in EDS analysis was discussed. In the SEM
analysis, the inclusion of silica sand and ferrochrome parti-
cles in the cement mortar contributed to the densification of
the composite matrix. XRD results of composite conductive
concrete showed that C-S-H gel formation contributed to
forming a compact and dense microstructure. It was stated
that the C-S-H crystal structures formed because of hydration
detected in the XRD analysis affected the increase in strength.
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