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1. INTRODUCTION

ABSTRACT

Recently, it has been known that carbon fiber, a conductive fiber, is used in different mix-
ture designs and the development of electrically conductive cementitious materials. Howev-
er, the evaluation of ferrochrome slag as a recycled aggregate in the mixture of these special
concretes has still not been investigated. In this study, electrically conductive mortars were
produced using 100% recycled ferrochrome slag aggregate with a particle size of less than 1
mm as filling material and using carbon fiber in 4 different ratios, 0%, 0.5%, 0.75%, and 1%.
To investigate the electrical conductivity properties, the resistivity values of the samples were
measured at five different times within 2-180 days. In addition, 28-day compressive strength,
flexural strength, dynamic resonance, ultrasonic pulse velocity, Leeb hardness, scanning elec-
tron microscope, and X-Ray Diffraction tests were performed on all samples. The results were
compared with the literature, proving that ferrochrome slag could be used as a reasonable
aggregate in conductive mortars. The age effect was minimal in CF-added mixtures. With the
addition of 1% CE, the resistivity values decreased approximately 40 times compared to the ref-
erence. Moreover, SEM analyses of the CF-0.75 sample showed that the CFs adhered to form
a conductive network between the components in the ferrochrome-filled compact structure.

Cite this article as: Dogan, F., Dehghanpour, H., Subasi, S., & Maragli, M. (2022). Character-
ization of carbon fiber reinforced conductive mortars filled with recycled ferrochrome slag
aggregates. ] Sustain Const Mater Technol, 7(3), 145-157.

portant in reducing natural resource consumption and en-
vironmental impacts [2]. Industrial wastes, which are used

Cement and aggregate, used extensively in the con-
struction sector, threaten the consumption of natural
resources with each passing day. Therefore, different re-
searches were carried out on industrial waste in concrete
production [1]. Using industrial wastes as aggregates is im-
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instead of different components in concrete, improve con-
crete's mechanical and electrical properties. Research on
alternative materials is continuing to minimize the green-
house gases emerging from cement production, which is
the main component material of concrete, and reduce en-
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ergy consumption. In addition, since the aggregates used
in concrete production cause the consumption of natu-
ral resources, alternative material studies are carried out
[3]. Since concrete, used as a basic material in structures
such as buildings and bridges, exhibits brittle behavior
under high pressure, various research has been carried
out to improve the mechanical properties of concrete [4,
5]. Aggregate, which constitutes the largest volume of the
composition in the concrete mix, plays a decisive role in
terms of concrete strength and workability. Studies use
industrial waste products such as copper, steel, and ferro-
chrome wastes instead of aggregates in the cement mix-
ture [2]. Ferrochrome waste is one of the wastes preferred
instead of aggregate in concrete production related to the
reuse of industrial wastes [6]. Considering its adhesion and
mechanical properties, it is seen as an alternative compo-
nent that can be used instead of the aggregate used in the
concrete mix [7]. It has been reported that ferrochrome
waste particles have a higher density than aggregates [8].
If the ferrochrome waste released because of global ferro-
chrome production could be taken under control and re-
used, natural resources would be used more efficiently. In
this context, it is foreseen that the use of ferrochrome waste
in cement production will be beneficial in terms of both
cost reduction and energy savings. In the study of Niemela
and Kauppi [9], it was reported that ferrochrome waste is
chemically stable and can be used safely. Also, Lind et al.
[10] reported that ferrochrome waste is less likely to dis-
tribute harmful heavy metals to the environment. Acha-
rya and Patro [11] reported that ferrochrome waste can
be used with lime instead of Portland cement in concrete
production. In addition, it was stated that lime and ferro-
chrome waste added to the concrete mixture improved the
flexural and compressive strength of the concrete. Panda et
al. [12] used ferrochrome waste as aggregate in the produc-
tion of portland cement and reported that they obtained
high-strength concrete. Kumar et al. [13] explained that
they produced concrete with high compressive strength
with the ferrochrome waste they used as aggregate. In ad-
dition, there are studies in which higher compressive and
flexural strength results of ferrochrome aggregate concrete
are obtained compared to conventional aggregate concrete
[2, 14]. Since there are not many studies on the mechanical
properties of ferrochrome waste, it is necessary to deter-
mine the mechanical properties of concrete by optimizing
the amount of ferrochrome waste in the concrete mixture,
which is likely to be used instead of sand as an aggregate in
concrete production. Furthermore, in experimental stud-
ies, it is expected that concrete's structural and mechani-
cal properties will be improved with the components used
as additives in cement mortar production. Compared to
conventional concrete, conductive concrete is superior in
terms of mechanical properties and cost, and concretes
produced with additives used in conductive concrete mix-

ture are used in application areas such as defrosting [15].
Studies are carried out to increase the mechanical proper-
ties of concrete with materials such as carbon nanotubes
and carbon fiber (CF) included in cement-based mixtures
[16]. It has been reported that CF concrete, which is one
of the additives added to the concrete mix to give the con-
crete electrical properties, reduces the electrical resistance
[17]. On the other hand, Chen and Liu [18] reported that
the electrical resistance of the conductive concrete would
increase in case of damage to the CF reinforced concrete.
Roberts et al. [19] reported that CFs added to concrete im-
prove the compressive and tensile strength of concrete. In
addition, they explained that the damage to the conductive
concrete can be determined by the relationship between
the voltage applied to the concrete and its electrical resis-
tance. Furthermore, CF incorporated into the concrete mix
improves the mechanical properties of the concrete [20]. It
has been confirmed by different studies that the electrical
resistance of concrete is at high levels. While the electri-
cal resistivity of outdoor dried concrete was determined
as 6.54 X 10°-11.4 X 10° Q.cm, the electrical resistivity of
saturated concrete and dry concrete were determined to be
10° Q.cm and 10° Q.cm, respectively [21]. There are various
studies on the mechanical behavior of CF reinforced con-
ductive concrete exposed to different loads such as pressure
and bending [22]. In the literature, it has been reported
that CF can inhibit microcrack growth in the study on the
compressive strength of CF reinforced concrete [23]. Han
et al. [24] stated that CF reinforced concrete has excellent
compressive strength and high flexural strength compared
to conventional concrete. Considering the use of industri-
al waste materials in concrete production and the studies
on conductive concrete, research has been carried out to
improve the strength properties of concrete by using recy-
cled ferrochrome instead of aggregate. In addition, the CF
additive in concrete was investigated in terms of both con-
ductivity and mechanical properties. Studies on improving
the mechanical properties of concrete by recycled ferro-
chrome, which is used as aggregate in concrete production,
are limited. In addition, no studies have been conducted in
which recycled ferrochrome and CF are used together in
the concrete mix. In this paper, the effects of using recy-
cled ferrochrome instead of aggregate used in the cement
mixture and CF used as an additive on the microstructure,
mechanical and electrical conductivity properties of the
cement mortar were investigated. To understand the effect
of recycled ferrochrome and CF on the performance of
concrete, compressive strength, flexural strength, dynamic
resonance, ultrasonic pulse velocity (UPV), Leeb hardness,
and dry density tests were carried out. Considering that it
will provide both low cost and energy savings, the use of
recycled ferrochrome and CF mixture in the concrete mix-
ture is research conducted to improve the mechanical and
electrical properties of conductive concrete.
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Figure 1. Grain size range of ferrochrome, cement, and calcined kaolin.

2. MATERIAL AND METHODS

2.1. Material Properties

100% ferrochrome aggregate was used as the filling ma-
terial in all mixtures. The specific gravity of ferrochrome
aggregate used was 3.33. CEM II-42.5 R white cement,
preferred in facade cladding, was used as a binder. In all
mixtures, 10% calcined kaolin by weight of cement was pre-
ferred. The particle size ranges of ferrochrome, cement, and
calcined kaolin were compared in Figure 1. 12 mm long, 7.2
um diameter, and 0.00155 Q.cm electrical resistivity CF has
been used as conductivity enhancing fiber. Carboxymethyl
cellulose (0.2 wt%), which has been proven to have a posi-
tive effect in several previous studies [25-27], was used as a
dispersing agent. Different ratios of polycarboxylate-based
superplasticizers were used to ensure adequate workability
in all mixtures.

The material content of the conductive mixtures pro-
duced within the scope of the study is summarized in Table
1. The mixture in the table's first row can be considered the
matrix for all mixtures. All dry and liquid materials were
weighed to form the matrix, and the dry materials were
placed in the mixer for 90 seconds. 70% of the water was
added and mixed for another 60 seconds. Finally, the re-
quired plasticizer was added to 30% of the water and added
to the mixture, and the mixing process was continued for
60 seconds. After all the components came together in CF
mixtures, when the matrix was ready, the fibers were added
and mixed with a mixer for 90 seconds.

2.2. Test Methods

For all the planned tests, three 40x40x160 mm prismatic
specimens were produced from each mixture, and all tests
were performed on identical specimens, primarily non-de-
structive ones. The electrical resistivity of cementitious ma-
terials is measured for different purposes. For example, elec-
trical resistivity values are measured, especially for corrosion
detection in rebar reinforced structural elements. In these
studies, the four-probe technique or other superficial test
techniques are used as the measurement method. Since the
resistivity measurement reason in the current study was to
specify the bulk conductivity of the samples, the two-point
uniaxial measurement method, which is also frequently used
in the literature [21, 28], was preferred. A potential difference
of 40 volts was applied to all samples for resistivity measure-
ment. The frequency was kept constant at 50 Hz throughout
the measurement. Longitudinal resonance frequency test-
ing was performed for all mortar samples according to the
ASTM C215 standard [29]. In this test method, the specimen
is fixed midway between two supports, and a slight impact
is applied from one end of the specimen, while the impact
response from the other end is measured with an acceler-
ometer. Resonance frequency diagrams are drawn for each
sample using the data obtained with the accelerometer, and
accordingly, the damping ratio of the mortars is determined.

Flexural and compressive strength tests were carried out
following the TS EN 196-1 standard [30]. UPV tests were
performed according to ASTM C597 [31]. The ASTM A956
standard [32] was used to determine the Leeb hardness of
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Table 1. Component ratios in mixtures

No Code Ferrochrome slag Cement Calcined kaolin Water CF Superplasticizer
aggregate (g) (® (8 (® (8 (®
1 Ref 1550 500 50 231 0.0 6.25
2 CF-0.50 1541 500 50 231 9.0 8.25
3 CF-0.75 1537 500 50 231 13.5 9.0
4 CF-1.0 1533 500 50 231 18.0 10.75
—~
&
Molding Non-destructive tests:
- Resistivity Destructive tests: Microstructure analysis:
- Dynamic
» ; U%!;?mlc » - Compressive - SEM
- Leeb - Flexural -XRD
- Density

Figure 2. Experimental flow flowchart.

the produced samples. In addition, densities were calculat-
ed by measuring the dry weight and dimensions of all 28-
day samples. The surface characterization of the mixture's
ferrochrome aggregate used as aggregate was made by scan-
ning electron microscopy (SEM) and elemental character-
ization by Energy Dispersive X-Ray Analysis (EDX). In
addition, SEM and XRD analyses of FRC and FRC-0.75CF
samples were performed. The experimental flow realized
within the scope of the study is shown in Figure 2.

3. RESULTS AND DISCUSSION

3.1. Mechanical Test Results

The compressive and flexural strength test results of
concrete samples are shown in Figure 3 comparatively. The
CF additive component affected the mechanical properties
of the conductive concrete. The compressive strength val-
ues of the samples vary between 66 MPa and 71 MPa. The
highest compressive strength was determined in the 0.50
CF reinforced FRC-0.50CF sample. On the other hand, the
compressive strength decreased with the increase of CF con-
tent in the cement mixture. Compared to the FRC-0.50CF
sample, the compressive strength values in the FRC-0.75CF
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Figure 3. Compressive and flexural strength test results.

and FRC-1.0CF samples decreased by approximately 4%
and 5%, respectively. It could be stated that the compressive
strength value of the FRC-0.50CF sample is higher than the
other samples, and the increased CF reinforcement element
in the conductive concrete mixture causes a decrease in the
compressive strength.

On the other hand, the flexural strength results of the
samples are in the range of 63 to 72 MPa. The flexural
strength test results increased with 0.50% CF added to the
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concrete sample, as in the compressive strength test results.
In the next test, the flexural strength value of the concrete of
0.75% CF reinforcement component in the cement mixture
is 72 MPa. In the final test specimen, the flexural strength
value decreased with increasing the CF content in the
mixture to 1.0%. The flexural strength values of the FRC-
0.50CF and FRC-1.0CF samples decreased approximate-
ly 5% and 8%, respectively, compared to the FRC-0.75CF
sample with the highest flexural strength value. The flexural
strength value of the ferrochrome-filled concrete sample
without CF reinforcement is lower than that of the CF rein-
forced samples and could be associated with the improve-
ment of the flexural strength of the concrete sample by the
CF reinforcement component in the cement mixture. The
flexural strength test results can be correlated with the load
bearing capacity corresponding to the crack in the concrete
material. Thus, the CF reinforcement increased the flexur-
al strength by resisting crack propagation in the concrete
material. Compressive strength in concrete materials con-
taining CF reinforcement components was similar to flex-
ural strength performance. While the highest compressive
strength effect of the concrete material was achieved with
0.5% CE the highest flexural strength increase was ob-
tained with 0.75% CE Al-Shamayleh et al. [33] associated
the increase in compressive strength with high elasticity
and reported that it contributed to the flexural strength.
In addition, Chen et al. [23] pointed out that CF concrete
increases compressive strength and prevents fractures in
the concrete material. Therefore, it could be said that the
ferrochrome-filled CF reinforced cement mixture provides
compressive strength and flexural strength increase on the
concrete material and prevents the spread of crack damage
in the concrete structure.

3.2. Non-Destructive Test Results

3.2.1. Electrical Resistivity

Electrical resistivity values of 2, 14, 28, 90, and 180 days
were measured and compared in Figure 4. Considering the
time effect on the resistivity results, the resistivity values
increased with the advancing age of the sample in all mix-
tures. This was more evident in the pure mixture without
conductive fibers compared to the conductive mixtures. In
FRC, FRC-CF0.5, FRC-CF0.75 and FRC-CF1.0 mixtures,
180-day resistivity values increased 6.07, 2.30, 1.16 and 1.23
times, respectively, compared to 2-day. This means that the
conductivity of the materials decreases at these rates over
time. When the resistivity values of 0.5%, 0.75%, and 1%
CF added mixtures were compared with the pure sample,
56, 206, and 289 fold reductions were observed at 180-day
values. The reason for the excessive conductivity loss of
the pure mixture compared to the conductive mixtures is
the presence of water in the matrix, the factor in which it
conducts the current in this mixture. In cementitious mate-
rials, conductivity decreases with the evaporation of water
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Figure 4. Electrical resistivity results from mortar speci-
mens.

and the completion of hydration processes over time [34].
In conductive mortars, conductivity values were more sta-
ble since the current flow path was through the fibers. In
the present study, 2-day resistivity values were obtained
between 80-4762 and 180-day values between 100-28921
Q.cm. Different studies have confirmed that the electrical
resistance of concrete is at high levels.

While the electrical resistivity of outdoor dried concrete
was determined as 6.54 X 10°-11.4 X 10°> Q.cm, the electri-
cal resistivity of saturated concrete and dry concrete were
determined to be 10° Q.cm and 10° Q.cm, respectively [21].
The specification of a conductivity class for concretes may
vary for different purposes. For example, in the study of De-
hghanpour et al. [34], the maximum resistivity value of a
heat-producing concrete is approximately 500 Q.cm. This
value may vary in self-perceiving concretes. D'Alessandro
et al. [35] presented a systematic investigation of various
procedures to fabricate self-sensing carbon-nanotube-con-
taining cementitious materials. The dispersion quality, de-
composition rate, and SEM images of nanotubes were inves-
tigated using the dispersion of nanotubes in water, chemical
dispersants, and different mixing strategies. The resistivity
values of different mixtures containing 0-1.6% multi-walled
carbon nanotube (MWCNT) were obtained between about
10°-107 Q.cm according to different experimental proce-
dures. According to the results of the study, it was found that
the minimum MWCNT content was 1% by weight of ce-
ment in order to obtain self-sensing cementitious materials.

3.2.2. Dynamic Resonance Test Results

The defects of conventional concrete, such as low tensile
strength, low ductility, and low damping, can be replaced
and improved with additive phase materials. In addition
to the mechanical, durability, and physical properties of
cementitious materials, examining their dynamic behavior
is important for the health of the building. Therefore, it is
advantageous to investigate the effects of fibers and addi-
tives in cementitious materials on dynamic properties such
as damping ratio. Different methods in materials can ob-
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Figure 5. Damping ratio and amplitude-frequency curves.

tain the damping ratio. The half-Power method was used
in this study. In the Half-Power method, the damping ratio
is derived from the frequency spectrum of a structure's ac-
ceptance. For this, the upper and lower frequency values
with an amplitude of 0.707 times the peak of the response
signal are found. The damping ratio is calculated by divid-
ing the difference between the upper and lower frequencies
by twice the natural peak frequency. Amplitude-Frequen-
cy curves obtained by subjecting samples produced from
four different mixtures to a dynamic resonance test and
their damping ratios are summarized in Figure 5. When the
curves in the Figure are considered, the amplitude values
vary between 2.7-4 units. Also, the peaks were around 5500
kHz. When the damping ratios are considered, it is ob-
served that the damping property increases with the addi-
tion of CF and the increase in its ratio. Damping ratios vary
between 7.1% and 8.7%. The damping ratios of 0.5%, 0.75%
and 1.0% CF added mixtures increased by 2.8%, 3.8% and
23% compared to the pure mixture. In a research paper
[36], the damping ratios of conventional concrete samples
filled with recycled aggregates at different rates were be-
tween 1 and 4. Nabavi et al. [37], polypropylene fibers and
styrene butadiene rubber (latex) were selected for use in the
concrete mix to obtain highly damped concrete. Four cate-
gories of laboratory concrete samples, including plain con-
crete, fiber reinforced concrete, polymer modified concrete,
and fiber used in polymer modified concrete, were poured
and tested to determine the damping rate of these concrete
categories. Experiments have shown that polymer-concrete
composites can absorb dynamic load energy much faster
than conventional concrete. Therefore, the positive effects
of synthetic fibers on the damping rate have been proven in
the literature [38]. In Figure 5, when the curves and damp-
ing ratio results are compared, steeper peaks show lower
damping and lower peak higher damping. This situation
is explained in the literature as follows. It is known that
narrow and steep Frequency-Amplitude curves have less
damping properties of the relevant material, and wide and
low curves have higher damping properties [39].
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Figure 6. Ultrasonic pulse velocity test results.
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Figure 8. Leeb hardness test results.

3.2.3. Ultrasonic Pulse Velocity (UPV)

UPV and density measurement results of the prepared
samples are shown in Figure 6. It is seen that the UPV and
density values of the samples decrease with the CF additive
added to the mixture. The highest UPV and density values
are 3.9 km/s and 2.32 g/cm’ in the FRC sample, respective-
ly. Vilaplana et al. [40] reported that the UPV and density
values of high-strength materials showed linear similarity
with the compressive strength. Also, Dabbaghi et al. [41]
reported that interparticle voids occur in fiber-containing
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concrete samples. They also explained a direct relationship
between UPV and concrete density. It can be said that add-
ing CF to the ferrochrome-filled cement mixture harms the
compact structure of the matrix by reducing the UPV and
density values.

On the other hand, it could be concluded that CF re-
inforcement, which provides the increase in compressive
strength and flexural strength, is not effective on these pa-
rameters. When the UPV and density test results in Figure
7 are compared with the compressive strength test results in
Figure 3, it is seen that the UPV and density values of the
FRC-0.75CF sample with the highest compressive strength
decreased. Thus, it is verified that the compact structure in
the concrete material is obtained by ferrochrome filling. As
stated by Dawood et al. [42], adding fiber to the mixture in-
creased the porosity formation by decreasing the workabil-
ity of the mixture. The CF in the cement mixture reduced
the UPV velocity wave throughout the sample, decreasing
the UPV value.

3.2.4. Leeb Hardness Results

Figure 8 shows the Leeb hardness test results of the
samples. It is seen that there is a compatibility between
the pressure values mentioned above and the Leeb hard-
ness results. It is observed that the Leeb hardness value of
the concrete sample increased with 0.5% CF added to the
ferrochrome-filled cement mixture. On the contrary, the
Leeb hardness value decreased with increasing CF content
in the mixture. Gomez-Heras et al. [43] reported that the
Leeb hardness value is related to porosity. It could be stated
that the ferrochrome filler in the mixture fills the porous
structures of the concrete material and thus contributes to
the increase in strength of the concrete. In addition, adding
CF to the mixture improved the Leeb hardness of the sam-
ple. It could be said that the CFs in the FRC-0.5CF sam-
ple with the highest Leeb hardness are evenly distributed
in the mixture, and sufficient fiber reinforcement is made.
The decrease in Leeb hardness value with the increase of
CF in the mixture can be attributed to the fact that CFs
begin to cluster in the mixture and form porosity in the
structure. There are a few Leeb hardness studies on regular
concretes, although limited. Song et al. [44] investigated the
Leeb hardness of sodium silicate-based concrete and regu-
lar C30 concrete and concluded that the average hardness
value of regular concrete was 362 HL, and that of sodium
silicate-based concrete was 405 HL. In [38] studies, Lebb
hardness values for UHPCs were measured between 620-
640 HL. Lebb hardness values measured for samples vary
between 575-583 HL.

3.2.5. Microstructure Analysis Results

SEM analysis of the ferrochrome aggregate, whose
pictures are shown at three different resolutions, is given
in Figures 9 a, b, and c. SEM images provide information
about the pore structure of ferrochrome. Angular irregu-

lar distribution of ferrochrome particles is observed. The
roughness of the particle surface shown in Figure 9 b can
be attributed to the ferrochrome aggregate's strong adhe-
sion with the cement mix's components. The microstruc-
ture of the high-magnification ferrochrome in Figure 9 ¢
has seen a dense layer form. The fact that there are almost
no voids in the ferrochrome structure could be attributed
to the fact that crack formation can be prevented. In addi-
tion, it could be stated that when used instead of aggregate
in ferrochrome cement mixture, it can increase concrete
quality and contribute to compressive strength. The EDS re-
sults from the analysis of the selected area in Figure 9 ¢ are
shown in Figure 9 d. The presence of aluminum (Al), silica
(Si), iron (Fe), and chromium (Cr) in the structure of fer-
rochrome aggregate from EDS peaks was determined. Also,
the chemical composition is given in the table in Figure 9
d. It is seen that ferrochrome aggregate contains 52.85% Cr,
39.68% Fe, 6.29% Si, and 1.18% Al by weight. The very low
carbon content can explain the absence of the C peak in the
EDS analysis of the product. However, low levels of Al and
Si contents confirm the high purity ferrochrome aggregate.
The presence of elements such as Al and Si other than Fe
and Cr elements in the ferrochrome structure is explained
by the different spinel structures of ferrochrome [45].

The XRD analysis of the ferrochrome aggregate is
shown in Figure 10. Also, the crystal phases analyzed from
the x-ray diffraction of ferrochrome in Figure 10 are shown
in the table. It can be noted that the seven minerals detected
are stable products and intensify the microstructure men-
tioned above. Also, it can be stated that the crystal phase
minerals contribute to the increase in strength in the ferro-
chrome-filled concrete sample [46]. In addition, The broad-
ening peak between 26: 10 and 20 can be explained by the
presence of the amorphous phase [7]. It is observed that
crystalline phases of minerals mainly containing chromium
and iron are formed.

On the other hand, the crystal phase formation of
quartz, calcite, magnesium, and aluminum minerals is low.
It is seen that the most intense peaks are seen in the crystal
phase structures of the chromferide and fayalite minerals.
The formation of calcite and quartz crystal phases can be
associated with the mentioned C-S-H (Calcium Silicate Hy-
drate) formation in the microstructure of ferrochrome. Is-
lam et al. [47] reported that the mineralogical properties of
ferrochrome are complex due to the presence of chromium
in different oxide states. On the other hand, in the crystal
phase analysis of the ferrochrome aggregate characterized
in this study, it was observed that only the chromferide
mineral contained Cr.

Figure 11 shows the ferrochrome-filled pure FRC
sample's SEM images at different magnifications. The sur-
face morphology of the FRC sample gives information
about the pore structure and crack formation. The rough
surface morphology seen in Figure 11 a can be associat-
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Figure 9. SEM images of ferrochrome aggregate (a—c), EDS analysis of ferrochrome aggregate (d).

ed with the rough surface of the ferrochrome mentioned
above aggregate. In addition, the surface roughness of
the ferrochrome aggregate significantly affected the
bond strength in the cement mixture. However, at higher
magnification microstructures (Fig. b and c), the aggre-
gates appear to be irregularly dispersed angled particles.
Moreover, the presence of C-S-H formations is related to
the dense structure in the microstructure. The fact that
the porous structure seen in Figure 11 ¢ is not typical
throughout the sample can be attributed to the inhibition
of the increase in porosity by the dense structure of the
ferrochrome aggregate.

The SEM image of the conductive concrete sample
(FRC-0.75CF) in which CFs close to each other form a con-
ductive network is given in Figure 12 a. Figure 12 b shows
the high-magnification microphotograph of the SEM image
with CE. SEM analyzes show that CF reinforcement reduces
porosity in the microstructure. It could be stated that CFs
in the cement matrix accelerate the formation of C-S-H,
increasing the nucleation regions where stable growth oc-
curs, filling the porous structure, and thus increasing the
strength of the concrete sample [48]. In addition, it could
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Figure 10. XRD patterns of ferrochrome aggregate.

be said that the fibers in the sample containing 0.75% CF
do not agglomerate and do not adversely affect the strength
properties mentioned above. Adding more than 0.75%
CF to the cement mix causes the fibers to clump together,
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Figure 12. SEM images of conductive concrete FRC-0.75CF sample.

weakening the cement matrix, and crack propagation can- above in compressive strength. Also, the increased com-
not be prevented. The compact microstructure formed by  pressive and flexural strength of the CF mentioned above
the ferrochrome aggregate particles settling in the cement added concrete sample could be correlated with the dense
matrix with CFs contributed to the increase mentioned microstructure shown in Figure 12 b.
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Figure 13. XRD patterns of ferrochrome filled (FRC) and
carbon fiber reinforced cement (FRC-0.75CF).

Moreover, the increase in compressive strength in the
0.75% CF-added mortar sample was explained by the ab-
sence of ettringite formation, which causes internal stresses
and cracks in the microstructure [49]. On the other hand,
homogeneously distributed CFs formed a conductive net-
work (Fig. 12 a). CF fibers in sample FRC-0.75CF increased
the conductivity of the concrete by decreasing the electrical
resistivity. The increase in conductivity can be explained by
the CFs that form a conductive bridge between the aggre-
gate and matrix in the cement mixture. It can be said that
the cement hydration products seen in Figure 12 b adhere to
the CF and increase the strength of the conductive concrete.

The crystal structures of the FRC and FRC-0.75CF sam-
ples and the minerals in the table are shown in Figure 13.
In the XRD analysis of the FRC sample, the most quartz
peaks are seen, and the chromeferide peak, which contains
Cr and Fe elements in the ferrochrome aggregate structure,
was found. Also, the chromium phase was formed although
at low peak intensity. The quartz mineral with the highest
peak intensity is explained by the availability of free silica
[50]. Compared to the FRC-0.75CF sample, it is seen that
the quartz peak density in the FRC sample is higher. In the
XRD analysis of the ferrochrome mentioned above aggre-
gate, the high densities of the mineral phases turned into
low-intensity phases in the FRC sample. It can be attributed
to the different reactions that take place in the cement mix-
ture of the ferrochrome aggregate.

Moreover, compared to the FRC sample, the XRD anal-
ysis of the FRC-0.75CF sample shows carbon, portlandite,
and C-S-H crystal phases. In the XRD patterns of the FRC-
0.75CF sample, it is seen that the peak of the carbon crystal
is intensity. Also, portlandite and C-S-H compositions con-
tributed to the surface interaction between cement matrix
and CF The fact that the main crystalline phases are carbon
and quartz can be attributed to the workability of the con-
ductive network in the cement matrix [51]. The low peak
densities of the C-S-H phases may be associated with the

reaction in the cement mixture. In addition, C-S-H char-
acterized at different diffraction angles can be attributed to
the compactness of the microstructure and the increase in
strength in the concrete sample. C-S-H phase formation,
which is compatible with the SEM images of the FRC-
0.75CF sample, contributed to the compressive strength
of the concrete sample. Also, the increase in compressive
strength can be attributed to the collapse of the C-S-H gel
around the CFs. In addition, according to Bai et al. [52],
the high carbon peak intensity was attributed to the high
specific surface area of the carbon and its association with
other particles. It has also been reported that carbon parti-
cles in the cement mixture improve the hydration reaction.
However, it is stated that the small gaps between the carbon
particles cause the gaps in the cement mixture to increase,
thus reducing the compressive strength of the concrete [53,
54]. It can be said that the effect of CFs on the strength in-
crease is limited despite the increased matrix strength in the
ferrochrome-filled cement mixture.

4. CONCLUSIONS

In this article, the effects of ferrochrome filler used in-
stead of aggregate and CF added to the cement mixture as
reinforcement in different proportions on the compressive
strength, flexural strength, UPV, density, electrical resistiv-
ity, and Leeb hardness of the concrete sample were investi-
gated. In addition, the effect of CF on the microstructure
and phase formations in the cement matrix in the FRC-
0.75CF sample, which has optimum values in mechanical
and conductivity test results, was characterized. According
to the resistivity test results, the age effect of ferrochrome
slag aggregate-filled conductive mortars was more evident
in the first ages, and the age effect decreased over time.
Almost no age effect was observed in CF-added mixtures.
With the addition of CF, the resistivity values decreased ap-
proximately 40 times compared to the reference. The lowest
resistivity value was measured for the mixture containing
1% CE. According to the damping ratio values obtained
from the dynamic resonance test results, adding CF im-
proved the damping property, and the maximum increase
was calculated for the mixture containing 1% CF as 23%.

CF's compressive and flexural strength effects on con-
crete materials were similar. In the above-mentioned
compressive strength test results, the FRC-0.75CF sample
with the highest value provided 2 MPa higher compressive
strength than the unreinforced FRC sample. Also, among
the CF reinforced samples, the compressive strength of
the FRC-0.75CF sample was 5 MPa higher than that of the
FRC-1.0CF sample. In the flexural strength test results, the
use of CF in the cement mixture positively affected the con-
crete's mechanical properties. FRC-0.75CF sample with the
highest flexural strength value has 9 MPa and 6 MPa more
strength compared to unreinforced FRC and reinforced
FRC-1.0CF samples, respectively.
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On the contrary, increasing the CF content added to the
mix did not improve the UPV and density results. While
adding CF decreased the UPV value to 3.1 km/s, the in-
crease in compressive strength confirmed the relationship
between the ferrochrome filler in the mixture and the UPV.
Ferrochrome filler reduced the porosity and increased the
UPV value of the hardening concrete. UPV and densi-
ty measurement results showed that the FRC-filled plain
concrete sample had a compact structure with less damage
than the CF-added concrete samples. Leeb hardness test re-
sults, which show parallelism with the compressive strength
values, confirmed the effect of filler and additive material.
While the ferrochrome filling in the mixture increased the
density of the structure, the CF reinforcement increased the
strength of the concrete sample up to a certain extent. In
the SEM analysis of ferrochrome aggregate, almost no void
structure and hydration product formation were observed.
SEM analysis results contributed to the reduction of poros-
ity in the matrix by densifying the cement matrix of 0.75%
CE In addition, C-S-H formations in the microstructure im-
proved the compact structure, and the absence of ettringite
structures facilitated increased mechanical strength. More-
over, SEM analyses of the FRC-0.75CF sample showed that
the CFs adhered to form a conductive network between the
components in the ferrochrome-filled compact structure.

Asaresult, ferrochrome-filled CF reinforced concrete, which
is recommended instead of regular concrete, which is widely
used in the construction industry, offers superior mechanical
and electrical properties compared to regular concrete by pro-
viding low production cost and energy savings in production.
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