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Abstract. This study investigates the influence of graphene on the electrical conductivity and mechanical
properties of concrete composites, aiming to develop advanced materials for structural applications.
Graphene’s exceptional electrical conductivity can significantly enhance inert concrete matrices by forming
a conductive network. Concrete samples were prepared with minimally oxidized graphene (MOG) at 0.2
and 0.5 % by weight of cement. Spectroscopic techniques, including Raman and infrared spectroscopy,
were employed to characterize the interaction between graphene and the cement matrix. Results showed
that the addition of MOG reduced electrical resistivity, with the 0.2 % sample decreasing from approximately
600 to 550 Ohm under compression. The yield point was around 40-50 kN, with a sharp decline in resistivity
at this load. Compressive strength tests indicated a 48 % increase in strength with just 0.05 % graphene
oxide. These findings suggest that graphene incorporation enhances both electrical conductivity and
mechanical strength, making the composites suitable for applications in structural health monitoring and
self-heating systems.
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1. Introduction

It is known that graphene has the highest electrical conductivity among known materials [1-4]. The
addition of even a small amount of graphene can significantly increase the electrical conductivity of an
initially inert dielectric concrete matrix due to the formation of a conductive network. A few works by authors,
such as Sassani, Wang, Choi, Ghosh et al. [5-21, 26], are devoted to the study of the electrical properties
of cement composites with the addition of graphene and graphene oxide, which show a sharp increase in
electrical conductivity and the appearance of pronounced piezoresistive effects. The prospects for using
such composites as self-sensing “smart” materials are discussed [27]. Such electrically conductive cement
composites can be used in systems for heating road surfaces and airfields instead of traditional methods
of removing ice and snow using chemicals. At the same time, in the study [7], the authors identified
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problems with the stability of electrical conductivity and energy consumption of heating systems based on
carbon-cement composites during long-term operation.

The group of researchers [11-16] focused on studying the mechanical properties of graphene-
cement composites. The addition of a small amount, from 0.1 to 1 %, by volume of carbon nanoparticles
leads to a sharp increase in the electrical conductivity of cement composites by several orders of
magnitude. Which is associated with the formation of a continuous conductive network through the cement
matrix and also allows significantly improving the mechanical characteristics of cement composites by
increasing compressive, tensile and flexural strength.

In the review works of Nochaiya and Schulte [17-18], the results of studies of graphene-cement
composites are summarized, and the current state and application prospects in construction are analyzed.
Various methods of dispersing graphene in a cement matrix are considered in detail — ultrasonic treatment,
use of surfactants, and functionalization of graphene to improve wettability. The importance of obtaining a
homogeneous and stable dispersion of graphene is shown.

Rostami [11] investigated the microstructure of composites using SEM, FTIR, XRD, TGA and
revealed the effect of graphene on particle packing density, porosity reduction, change in hydrate
composition, and acceleration of hydration processes. In the work of Li [20], an original approach is
proposed for growing graphene directly on the surface of aggregates. This improves adhesion to the cement
matrix while simultaneously imparting electrical conductivity.

The addition of carbon nanomaterials also improves the thermoelectric properties of cement
composites by increasing the Seebeck coefficient [8-10, 14, 18, 24], which opens up ways for creating
thermoelectric generators based on cement. Of particular interest are hybrid systems combining, for
example, graphene and metal oxides, which make it possible to simultaneously increase electrical
conductivity and the Seebeck coefficient. Oxidation of graphene improves its dispersion and adhesion to
the cement matrix due to the formation of polar groups.

Du et al. and Konsta-Gdoutos [21-23, 4] considered the problem of the aggregation of graphene
particles in the cement matrix, leading to heterogeneity and a decrease in the reinforcing effect. Solutions
are proposed — the use of functionalized graphene as well as the application of graphene to the surface of
aggregates.

For creating electrically conductive concretes, the selection of conductive additives is important, and
for improving the stability and sensitivity of electrical characteristics to mechanical influences, the
development of special composite concretes is required. Although the potential of graphene as a functional
additive is very promising, the use of graphene concretes as “smart” materials for self-diagnostics is still at
the research stage. The relevance of the work is due to the prospects for using such composites as self-
sensing structural materials capable of monitoring stresses and strains during operation. This will improve
the operational reliability and durability of concrete structures.

The aim of the work is to study the effect of graphene on the electrical conductivity of concrete
composites, to determine the change in strength due to the inclusion of graphene, as well as to assess the
potential for the use of graphene-modified concrete in various fields of mechanical engineering.

2. Methods
2.1.  Spectroscopic Analysis and Microscopy

Raman spectroscopy, combined with atomic force microscopy (AFM) and confocal
Raman/fluorescence microscopy and spectroscopy using the NTEGRA Spectra system, was employed to
detect and identify graphene in concrete. This method allowed for the revelation of the interaction between
graphene particles and the surrounding concrete matrix. Additionally, microphotographs and elemental
analysis of the concrete surfaces were obtained using a scanning electron microscope (SEM) equipped
with an EDS-WDS microanalysis system (JSM 6480LV INCA Energy 350, JEOL Ltd, Oxford Instruments,
Japan, UK).

2.2.  Preparation of Graphene-Modified Concrete

To experimentally confirm the use of an aqueous suspension of minimally oxidized graphene (MOG),
obtained by electrochemical exfoliation of graphene as described in [28]. Minimally oxidized graphene
(MOG) was obtained by electrochemical exfoliation in a 1.42 % aqueous sodium sulfate solution (Na2S0Oa).
Two electrodes were used for this method: a gold electrode (6 mm wide and 0.015 mm thick) and a graphite
electrode (ESA-16 grade with a diameter of 6 mm). The gold electrode acts as a cathode, and the graphite
electrode acts as an anode. Both electrodes were immersed in 200 ml electrolyte to a depth of 60 mm, and
the distance between them was 20 mm (Fig. 1, a). At a voltage of 12V, the graphite electrode was
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exfoliated for 60 minutes (Fig. 1, b). Then, using an ultrasonic homogeniser Up 200St (Hielscher
Ultrasonics, Germany), large carbon particles were split into MOGs.

Figure 1. MOG synthesis: a — electrochemical exfoliation process;
b — Electrochemical exfoliation process after 60 min.

As a binder for the concretes, Portland cement of the grade CEM | 32.5B, produced by AO PO
“Yakutcement” in accordance with the interstate standard GOST 31108-2016, was used. River sand from
the floodplain of the Lena River, corresponding to all characteristics of the group “very fine” in accordance
with the interstate standard GOST 8736, was used as a fine aggregate in the concrete. Crushed stone from
a mixture of fractions from 10 to 40 mm, produced by AO PO “Yakutcement” from limestone rocks in the
village of Mokhsogollokh in accordance with the interstate standard GOST 8267-93, was used as a coarse
aggregate.

As a plasticizing admixture for the concretes in this work, a highly concentrated superplasticizing
admixture based on polyaryl and polycarboxylate ethers for concretes with enhanced retainability —
MasterPolyheed 4001 to decrease retardation effects on cement hydration [29], in accordance with the
organizational standard STO 70386662-309-2021, is used. The working composition of the concrete was
adopted as the composition selected according to GOST 27006-2019 for the chosen materials for the
normative strength corresponding to class B12.5 in accordance with the interstate standard GOST 26633-
2015. The initial components, shown in Table 1, were mixed using an LS-CB-10 laboratory mixer and
compacted in molds measuring 100 x 100 x 400 mm using a VM-6.4 vibration table, following interstate
standard GOST 10180-2012. The weighing of the components was performed on A&D GF-6100 electronic
scales. The concretes was prepared in the “Building Materials” laboratory of the Engineering and Technical
Institute of NEFU (Yakutsk, Russia).

Table 1. Composition of the concrete mix.

Composition Mass, kg
Portland cement CEM | 32,5 5.62
Limestone aggregate 10—20 and 20—40 mm 16.16
Water 2.76
River sand 7.73
Plasticizer + liquid glass 0.114
Reduced oxidized graphene (MOG) 0.2 n 0.5 % 0.011 1 0.031

2.3.  Electrical Resistivity Measurements

To measure the resistivity of concretes in a free state, a digital multimeter FAZA MAS830L (Russia)
was used. The specific resistivity of concrete during loading was measured using a programmable power
supply AKTAKOM APS-7151 (Finland). For this purpose, 4 mesh electrodes made of stainless steel, sized
8 x 12 cm, were embedded into the samples in the form of prisms measuring 40 x 10 x 10 cm during
molding. Analysis of the behavior of the electrical resistivity of concrete under deformation was carried out
according to interstate standard GOST 10180-2012.
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2.4.  Mechanical Testing

The concrete samples were tested for compression on a hydraulic press IP-1250M-auto (Russia)
according to interstate standard GOST 10180-2012 (Fig. 2). The samples were loaded after 7, 14 and
28 days. The test was completed when a crack appeared on two sides of the sample.

Figure 2. Photo of mechanical testing and electrical resistivity measurements.

3. Results and Discussion

Based on the conducted Raman spectroscopy studies (Fig. 3) of concretes after 28 days with
minimally oxidized graphene (MOG), the presence of hydroxyl groups (—OH) in the wavenumber range of
3200-3400 cm~" enhances bonding within the cement matrix, reducing porosity and increasing resistance
to water penetration [30]. Carbonyl groups (C=0), observed in the range of 1600-1800 cm~', participate in
forming additional bonds, thereby improving the concrete’s strength and chemical resistance [31].
Additionally, the presence of unsaturated carbon bonds (C=C) in the range of 1400-1600 cm-' enhances
flexibility and crack resistance, crucial for maintaining structural integrity [32].

Further modifications include the presence of C-H bonds, noted in the range of 2800-3000 cm-"
which are associated with organic components that reduce brittleness and improve resilience to mechanical
stresses [33]. Peaks observed in the 2200-2400 cm~" range suggest the presence of C=C bonds or nitriles,
indicating potential organic additives [34]. These functional groups collectively contribute to a denser
microstructure, enhancing the material’s overall durability and resistance to environmental degradation [35].

The unusual appearance of the red spectrum for MOG can be attributed to several factors. Structural
heterogeneity in minimally oxidized graphene (MOG) leads to diverse spectral features, as different regions
of the material interact variably with infrared radiation. Additionally, defects, such as vacancies or
incomplete bonds in the graphene structure, cause scattering and anomalies, resulting in the spectrum’s
“unusual” appearance. Variations in oxidation levels influence the presence and intensity of functional
groups like —OH and —COOH, creating complex spectra with multiple peaks [36].

The multilayered structure of MOG can induce complex vibrational modes, causing additional peaks
and spectral anomalies in the intensity and line positions of moisture or other substances in the sample.
These factors collectively contribute to the complexity of the MOG spectrum, reflecting its unique physical
and chemical properties, and making interpretation challenging.
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Figure 3. Raman spectrum of concrete modified with MOG after 28 days.

To reveal a more complete molecular picture of the concrete composition, an additional study was
carried out by IR spectroscopy on an FTS 7000 IR Fourier step-scan spectrometer (Varian, USA) using an
ATR attachment (Fig. 4).
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Figure 4. IR spectrum of concrete modified with MOG after 28 days.

From the IR spectrum of the concrete mix, the presence of organic impurities of polymer can be
confirmed by the bands at 2930 and 2860 cm-', which may substantiate the hypothesis about the possible
contribution of C—H vibrations to the peak at 2750 cm~" in the Raman spectrum. The appearance of a peak
at 2165 cm~" from triple C=C bonds is likely due to combination scattering on the triple C=C bonds in
graphene fragments. That is, this may be a characteristic peak of graphene itself, included in the composite
material formulation. The intensity of this peak in the IR spectrum is usually low due to the selection rules
for vibrations with an even number of atoms in the molecule. But nevertheless, it can be observed. The
broad intense band at 1000 cm~' and peaks in the 500-800 cm~" region are due to vibrations of various
mineral components of the cement stone.

Based on a comprehensive analysis of Raman and infrared spectra, it was found that the introduction
of graphene is confirmed by the appearance of characteristic G (1600 cm~") and D (1350 cm~') peaks
indicating the incorporation of graphene particles into an inert mineral matrix. The spectra were recorded
using a laser at wavelengths of 633 and 514 nm. Signs of component interaction were detected — gas
adsorption, possible functionalization of the graphene surface. The presence of additional organic
impurities from the source materials was also revealed. In general, the study demonstrated the promise of
the studied approach for evaluating the effectiveness of modifying concrete properties with carbon
nanomaterials using a set of spectroscopic techniques.

According to the microphotographs (Fig. 5) of concrete, it can be seen that the concrete structure is
heterogeneous, consisting of various phases and inclusions [37]. Both large inclusions up to 100 ym in size
and smaller submicron particles are observed. The shape of the particles is predominantly rounded. From
Table 2, the main elements are oxygen, silicon, carbon and calcium. This corresponds to the composition
of cement stone based on calcium hydrosilicates and hydroaluminates. Mineral additives containing
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sodium, magnesium, aluminum, sulfur, potassium and iron are also present. These are likely sand, ash and
other fillers. The distribution of elements is quite uniform, no significant accumulations of any phases are
observed. This indicates uniform mixing of components during concrete production. The absence of
chlorine indicates the use of low-chloride cement, which has a positive effect on the corrosion resistance
of concrete. By the carbon distribution, it can be assumed that there is no aggregation in the obtained
samples, and the ratio of carbon to the total number of components exceeding 15-30 % indicates the
sensitivity of the method for detecting MOG.

CKat_2 Si Ka1

Figure 5. Microphotographs of the concrete 28 days surface
showing the distribution of C and Si atoms.

Table 2. Distribution of components in the studied sample (Fig. 5).

Spectrum C Na Mg Al Si Cl K Ca Fe Total

Sum Spectrum 47.05 1.41 1.00 2.1 11.19 0.00 1.86 33.37 1.18 99.18

Mean 47.05 1.41 1.00 2.1 11.19 0.00 1.86 33.37 1.18 99.18
Std. deviation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -
Max. 47.05 1.41 1.00 2.1 11.19 0.00 1.86 33.37 1.18 -
Min. 47.05 1.41 1.00 2.1 11.19 0.00 1.86 33.37 1.18 -

*All results in compound, %

Figs. 6 and 7 show graphics of the compressive strength of concrete at different concentrations of
MOG 7, 14 and 28 days and photographs of concrete samples after compression tests. The load applied
to the concrete was calculated in kN per base area of the prism, equal to 10,000 mm?. According to the test
results of B12.5 grade concrete (strength up to 12.5-15.5 MPa) with 0.2 and 0.5 % MOG content by cement
weight, it was revealed that when MOG is added to the concrete mix, the resistivity of the finished product
decreases with increasing external load (compression). The rate of change in the resistivity of concrete
decreased with increasing compression of the sample (Fig. 8). A sharp drop in resistivity when reaching
the critical load level indicates high sensitivity to mechanical deformation. The yield point of concrete was
observed in the range of 40-50 kN for all concrete ages.

wil  —iday | | {1+ 11 /T N wd———=7-day;
1703 i J I { i 1 P el e | 220 —
1603 114 d-aY. - i i | i /7 .| 14 day
:; ] 128 daY- ! ! ! | / ; } - 1803 28 day
= 1304 - fod W / - { o
y 10 . : H + + + i oot + i - 140 I ! I !
é 100 H | SR | E i
= 0l 7 S | { =
L E | Y1 e
E { B
E | 80
04 80
40 i : | =
wy 41— —} G LA O R SN PN | {— 40
20 oo Y- 1 el EMODG02%
109 - e : boiieienad : ! : 4 — . miEE
T T T T T T T T T T T T o B e T
0 01 02 03 04 05 08 07 05 05 1 11 12 @ 01 02 03 04 05 08 07 OF 0% 1 41 12 13 14
Deformation, mm Deformation, mm

Figure 6. Compressive strength at different concentrations of MOG 7, 14 and 28 days.



Magazine of Civil Engineering, 18(1), 2025

Figure 7. Photographs of modified concrete after testing.

The samples showed traces of vibration compaction in the concrete mixture due to molding. The
nature of the destruction of the samples indicates brittle destruction without plastic deformation. The shape
of the cracks allows us to estimate the stress-strain state of the samples during failure. The cracks
propagate perpendicular to the direction of the applied compressive load, which corresponds to the laws of
fracture mechanics of brittle materials. The absence of curved or inclined cracks indicates the isotropy of
concrete properties in different directions. The clear, straight edges of the cracks indicate the brittle nature
of destruction without plastic deformation. The relatively flat surface of the cracks without waviness or
irregularities indicates a homogeneous concrete structure. The splitting of the sample into two parts along
one plane confirms the brittle destruction under compressive load. The absence of spall, chips and
delamination indicates sufficient strength of the aggregate bond with the cement stone. The color of the
samples is uniform; no visible defects or delamination are observed.

The results obtained in this work on the mechanical properties of graphene oxide-modified cement
composites are in agreement with previous studies. Pan et al. at work [38] reported an increase in
compressive strength of 48 % with graphene oxide adding only 0.05 % to the weight of cement. Peng et al.
at work [39] also showed that small additions of graphene oxide up to 0.05 % enhanced the flexural and
compressive strengths of cement mortars.

The destruction of the concrete samples occurred from the side in contact with the plate until a crack
reached the edge of the electrode sides (deformation). Thus, to measure the samples during loading, it is
necessary to replace the 4-probe method with the 2-probe method, eliminating the influence of external
factors on the stability of the resistivity value (material, conductive adhesive, drying rate of the adhesive,
moisture content of the material itself).
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Figure 8. Graphs of the dependence of the change
in the internal resistance of samples with 0.2 % MOG content (left)
and 0.5 % MOG content (right) on deformation and load for 7, 14 and 28 days of curing.
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Fig. 9 shows graphs of the dependence of the electrical resistivity of concrete samples on load. The
electrical resistivity decreases with increasing load for all samples, which indicates the sensitivity of
concrete to compression deformation. The electrical resistivity drops fastest at the beginning of loading,
and then the decrease slows down. For the sample with 0.2 % graphene, the electrical resistivity drops
more sharply (by 2 orders of magnitude) than for the sample with 0.5 % graphene (by 10 times). The
sensitivity to deformation is higher for 7-day-cured samples compared to 14- and 28-day-cured ones. When
the ultimate strength is reached, there is a sharp jump in electrical resistivity associated with sample failure.
The behavior of the dependencies is similar for all curing times, indicating the reproducibility of the results.
Thus, the introduction of graphene increases the sensitivity of concrete to compressive deformation. These
graphs illustrate the possibility of using graphene-modified concrete as a self-sensing “smart” material.
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Figure 9. Graph of maximum breaking load for 7, 14, 28 days
of curing of concrete samples modified with MOG.

4. Conclusion

1. The studies conducted using Raman and IR spectroscopy confirmed the successful incorporation
of graphene nanoparticles into the inert mineral matrix of concrete. Structural distortions and
various defects observed in graphene indicate its interaction with the cement composite
components.

2. When MOG was added at 0.2 % of the cement weight, the resistivity decreased with increasing
external load due to the compression of graphene sheets, which enhanced conductivity. The
resistivity change rate decreased with further compression, and a sharp drop was noted at a certain
load level, showing high sensitivity to mechanical deformation.

3. Concrete samples of grade M15 demonstrated a decrease in resistivity from the start of loading to
550-600 Ohm, returning to their initial values. The yield point was around 40-50 kN (plate pressure
per 100 cm?). For cubic samples, increasing sensitivity to external loads required moistening.
Measurements, taken both by the 2-probe method and with a digital multimeter, showed that
moistened material could detect loads even with finger pressure (1 N).

4. The introduction of reduced oxidized graphene significantly improved the electrically conductive
properties of concrete, offering broad application prospects:

— Electromagnetic Shielding: Creates structures for protection against electromagnetic fields,
useful in residential and industrial buildings [40, 41].

— Self-Heating Concrete: Enables cost-effective heating for road surfaces, indoor floors, and
prevents icing [42—48].

— Sensory Structures: Detects mechanical stresses and deformations [49], aiding in structural
integrity and operational optimization.

— Corrosion Protection: Provides protection in reinforced concrete structures exposed to
aggressive environments [50, 51].

— Energy Storage: Enhances capacitive properties, paving the way for concrete batteries and
supercapacitors [52, 53].
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— Wireless Charging Roads: Facilitates the wireless charging of electric vehicles, increasing range
and reducing charging time [54-56].
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