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Abstract 
 

The paper considers methods for concrete modification using low-layer graphene and graphene oxide. It was found that 
graphene oxide and low-layer graphene obtained by liquid-phase shear exfoliation significantly increase the strength of 
concrete. In our opinion, low-layer graphene has better prospects since it is cheaper and its production technology is 
environmentally friendly. The viability and future of graphene largely depends on the availability of such a method that allows 
mass production of high-quality graphene at an affordable price. In this regard, liquid-phase separation of graphite with the 
formation of low-layer graphene, which can be used to modify concrete, turned out to be a competitive solution. The following 
main tasks were formulated in order to solve the organizational problems of low-layer graphene industrial production: reducing 
the concentration of low-layer graphene in concrete; increasing the concentration of low-layer graphene in suspension; 
developing an industrial technology for the production of concentrate with a high content of low-layer graphene; conducting 
full-scale experimental studies to determine the optimal concentration of low-layer graphene in concrete. 
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Introduction 
 

Concrete is the most widely used composite 
material. A lot of research is aimed at improving its 
mechanical strength and durability, reducing water 
absorption and improving technological characteristics 
due to additives.  

Environmental impact on cement materials, as a 
rule, leads to its degradation, in particular, increases 
brittleness and water absorption, which, of course, 
leads to the destruction of concrete structures. 

As a rule, concrete has high compressive strength, 
but low bending strength, and a combination of these 
properties has a significant effect on durability. 
Improving the strength, especially the bending strength 
of concrete, has been the subject of many studies in 
recent decades. Conventional methods for increasing 
strength used the inclusion of reinforcements on a 
millimeter scale and / or on a micro scale using macro 
and micro fibers, respectively [1]. Since the cracking 
process arises and spreads at the nanoscale, the 

researchers used nanoscale reinforcements such as 
carbon nanotubes (CNTs), carbon nanofibres (CNFs) 
and nanoparticles [2–5], due to their high mechanical 
properties and the large surface area. Graphene, the 
recently appeared nanomaterial, exceeds these 
nanomaterials in terms of strength characteristics (the 
strength is 130 GPa and Young's modulus is 1.0 TPa) 
measured using nanoindentation atomic force 
microscopy [6].  

In combination with flying ash (FA – Fly Ash), 
which has environmental advantages and is a by-
product of coal-fired power plants, machinability, 
strength and resistance to chemical influences such as 
chlorides and sulfates are increased [7–12]. 

Due to the exceptional strength of graphene, it has 
been a subject of interest in reinforcing metal and 
polymer matrices [13–17]. Recent decades have begun 
to pay similar attention to strengthening ceramic 
matrices. However, as far as the authors know, only a 
few research works [18] were devoted to studying 
cement based on fly ash and graphene with respect to 



 

 

Advanced Materials & Technologies. No. 2(18), 2020 47

 

AM&T 
bending strength and resistance to chemical attack of 
mortars. 

Much more attention was paid to graphene oxide 
as a concrete modifier. Apparently this is due to the fact 
that graphene oxide is already produced today on an 
industrial scale. Graphene oxide (GO) consists of a 
monolayer of sp2 and sp3 hybridized carbon atoms 
covalently linked to various functional groups, such as 
carboxyl, hydroxyl and epoxy [19, 20], which alter the 
van der Waals interactions between GO sheets, thereby 
improving its dispersion in water. Given that the tensile 
strength is 130 GPa and the specific surface is  
2630 m2/g, as well as good dispersion in water, GO is a 
promising modifier for cement composites [21, 22]. 
 

Using graphene oxide for concrete modification 
 

Sufficiently detailed studies of the GO effect on 
the concrete strength properties showed that 0.03 wt. % 
Gravel oxide increased the tensile strength by 49 % 
[23]. Another study [24] stated that 15–33 % of 
compressive and tensile strengths were improved using 
0.05 wt.% GO in cement slurry by 41% and 59 %, 
respectively. These results were confirmed by other 
researchers [25, 26]. 

The dispersion quality plays an important role in 
the use of GO as a modifier for cement-based materials. 
The presence of more calcium ions in fresh cement 
paste causes decrease in the effectiveness of GO. 
Therefore, it is very important to study the dispersion 
mechanism of GO and to develop ways to improve the 
quality of dispersions. 

In cement pastes, GO dispersion under the 
influence of calcium bivalent ions aggregates, which 
greatly reduces the modification efficiency. In order to 
remove GO aggregation in cement based materials, it is 
proposed to use silica smoke. It has been established 
that the dispersion quality improves not only for GO 
and for carbon nanotubes (CNTs) in cement paste by 
utilizing silica smoke [27, 28]. 

It was found that the fluidity of the cement slurry 
and the workability of concrete decreases when using 
GO [29]. This paper recommends the use of fly ash to 
increase the fluidity of the graphene oxide cement 
composite. It was experimentally established that the 
fluidity of a cement composite with graphene oxide 
increases with increasing amounts of fly ash. 
Improving the fluidity of graphene oxide-cement 
composite is due to the outstanding influence of the ball 
effect and the gradation of the fly ash grain size. 

Based on a quantitative analysis of the rheological 
parameters, it was shown that fly ash can compensate 
for the decrease in GO fluidity. The effect of fly ash 
was studied with two doses of GO, 0.01 and 0.03 wt. % 

[30]. At 0.01 wt. % GO and 20 wt. % fly ash, the yield 
strength of the paste decreased by 85.81 % and the 
plastic viscosity decreased by 29.53 % compared to the 
control sample (without fly ash or GO). At 0.03 wt. % 
GO and 20 wt. % fly ash, the yield strength of the paste 
was lower by 50.33 %, and the plastic viscosity 
decreased slightly by 5.58 %. Meanwhile, the results 
showed a good correlation between fluidity and plastic 
viscosity. In addition, GO can compensate for the delay 
in early strength gains in systems with fly ash and 
cement. When the dosage of fly ash is less than  
15 wt. %, the compressive and bending strength of the 
fly ash and GO cement composites is higher than that 
of the control sample after 3, 7 and 28 days.  
This indicates that the addition of fly ash is an 
economical and efficient way to obtain the desired 
properties of GO cement paste. The benefits of mixing 
fly ash and GO can help counteract the fluidity 
problems of GO cement paste for concrete workability. 

In [31], the effect of additives of nanoplastic 
graphene oxide (GONS) on the properties of cement 
mortar and ultrahigh strength concrete (UHSC) was 
reported. The resulting GONS-cement composites were 
easy to prepare and showed excellent mechanical 
properties. However, their fluidity decreased with 
increasing GONS content. UHSC samples  
were prepared with different amounts of GONS  
(0–0.03 wt. % cement). The results showed that when 
using 0.01 wt. % cement GONS, the compressive 
strength was 7.82 % after 28 days of curing. Moreover, 
the addition of GONS improved bending and 
deformation strengths increasing bending strength more 
than compressive strength. FE-SEM observations 
showed that GONS were well dispersed in the matrix, 
and the bond between GONS and the surrounding 
cement matrix was strong. In addition, the FE-SEM 
study showed that GONS probably influenced the 
shape of cement hydration products. Nevertheless, the 
space for hydrate growth also had an important 
influence on the hydrate morphology. Therefore, the 
true mechanism of hydration of cement composites 
with GONS requires further study. 

GO accelerates hydration [32] while temporarily 
delaying clinker hydration. This difference reflects the 
double behavior of GO in cement pastes. Slowdown 
occurs due to the interaction of GO with the surface of 
the moisturizing grains, and acceleration occurs due to 
the effect of sowing. Plaster causes this difference.  
It was shown that GO has a negligible effect on the 
strength of hardened pastes, and this simply refers to a 
change in the hydration degree, in contrast to the 
previously enhancing effect. In general, GO is not 
particularly active as a germinal surface, since it 
aggregates and behaves like inert fillers (e.g., quartz). 
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A polycarboxylate-ether copolymer can make GO an 
active seed in cement pastes, since it prevents GO 
aggregation. However, it was discovered that this 
process occurs only in the alite paste, but not in the PC 
paste. 

A new graphene oxide (GO) coated polyethylene 
(PE) fiber (GO / PE fiber) is being developed by 
simply mixing PE fibers in a GO aqueous solution at a 
certain temperature [33]. Experimental results show 
that, due to the different behavior of thermal expansion, 
shrinkage of GO at a higher temperature facilitates the 
formation of a three-dimensional coating around the 
surface of a polyethylene fiber. This will increase the 
surface wettability, roughness and chemical reactivity 
of the polyethylene fiber, greatly simplifying the 
physical and chemical interaction of GO / PE fibers 
with cement hydrates. Compared to control strain-
hardening cement composites (SHCC) with intact 
polyethylene fiber (2.0 vol. %), the use of GO / PE 
fiber can improve the tensile strength and deformation 
ability of SHCC by 46.3 and 70.4 % without 
compromising compressive strength, and the average 
crack opening width can be reduced from 138  
to 58 microns. A noticeable improvement in the 
mechanical properties of SHCC is due to increased 
bonding of the fiber with the PE matrix due to the 
addition of GO, which is additionally confirmed by the 
results of a single fiber alignment test showing an 
increase in interfacial friction from 2.33 to 3.99 MPa. 
Finally, the micromechanical model is adopted to 
explain the mechanism for improving behavior during 
strain hardening. In conclusion, the research results 
provide an effective strategy for functionalizing the 
surface properties of PE fibers by applying GO 
coatings and for achieving stronger adhesion at the 
fiber / matrix interface, which leads to the development 
of a new high-strength SHCC with a tensile strength of 
up to 6 %. 

Recent studies [34] have shown that graphene 
oxide (GO) can improve the mechanical properties of 
hardened Portland cement (PC) pastes. The mechanisms 
proposed so far to explain this enhancement usually 
suggest that GO is well dispersed in the pore solution 
of the PC paste serving as a reinforcing agent or 
nucleation site during hydration. This paper 
investigates (i) the effect of GO on the alite hydration, 
which is the main component of PC cement, using 
isothermal calorimetry and modeling of boundary 
growth, and (ii) factors controlling the colloidal 
stability of GO in the environment of alite paste.  
The results show that GO only slightly accelerates alite 
hydration and that GO is prone to aggregation in the 
alite paste. This instability is due to (i) a pH-dependent 

interaction between GO cations and calcium in the pore 
solution of the alite paste and (ii) a significant decrease 
in GO functional groups at high pH. 

An article [35] was the first to report the 
incorporation of in situ reduced graphene oxide (rGO) 
in geopolymers. Obtained rGO-geopolymer composites 
are easy to manufacture and have excellent mechanical 
properties. Geopolymers were prepared with graphene 
oxide (GO) concentrations of 0.00, 0.10, 0.35 and  
0.50 wt. %. Functional groups, morphology, 
mechanisms for filling voids, and mechanical 
properties of composites were determined. Fourier 
transform infrared spectra (FTIR) showed that the 
alkaline solution reduces the hydroxyl / carbonyl 
groups of GO by deoxygenation and / or dehydration. 
At the same time, the spectral absorption associated 
with crosslinking such as silica increased in the spectra. 
Scanning electron microscope (SEM) micrographs 
showed that rGO changed the morphology of the 
geopolymers from a porous nature to a substantially 
pore-filled morphology with enhanced mechanical 
properties. Bending tests showed that 0.35 wt. % rGO 
gave the highest bending strength, Young's modulus 
and bending viscosity, and they were increased by 134, 
376 and 56 %, respectively. 

Hydration precursors, morphology, composition, 
and chemical bonds of cement pastes were studied 
using SEM / BSE, XRD, LA-ICP-MS and 29Si / 27Al 
MAS-NMR, respectively [36]. The experimental results 
showed that the 28-day compressive strength of cement 
pastes (weight / s = 0.35) increased by 29 % with the 
addition of 0.02 wt. % GO. There were chemical 
reactions between mixed GO and cement hydration 
products. The increased strength is actually explained 
not only by the improved degree of cement hydration, 
but also by the recently discovered tobermorite-like 
hydrates and jennite-like hydrates due to the 
consumption of Ca ions by negatively charged GO.  
The polymerization of hydration products was also 
improved by the addition of GO. 

The study [37] presented the development of a 
nano-cement composite with carbon nanomaterials 
based on GO synthesized from a high-purity epigenetic 
graphite deposit. Diamond drilling trial mineralization 
of graphite was improved by beneficiation and refining 
to recover a high purity graphite product (99.9 % 
graphite carbon “Cg”). An alternative and improved 
chemical oxidation process based on the modified 
Hammer method was adopted for the synthesis of GO 
from highly pure graphite. Microstructural analysis was 
performed to characterize GO. GO consists of 
functional groups —OH, —C = O, —COOH and COC 
with a layer thickness of 1.2 nm, 2–3 graphene layers, 
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an interlayer distance of 0.90 nm, and a Raman 
(ID / IG) ratio of 0.79. The effect of 0.02, 0.04 and  
0.06 wt. % GO cement on the workability, hydration, 
microstructure, mechanical and transport properties of 
the composite was established. An increase in GO 
concentration in the composite decreased machinability 
due to the hydrophilicity of the 2D flat surface.  
The hydration rate was accelerated and the cumulative 
heat of hydration increased with increasing proportion 
of GO in the composite. Dosages of GO of about 0.02 
and 0.04 wt. % with respect to cement in composite 
materials led to a maximum increase in compressive 
and bending strength by 83 and 26 %, respectively, 
compared with the control mixture (0 wt. % GO). 
Microstructural studies show that GO enhances the 
hydration of calcium hydroxide (CH) and calcium 
silicate hydrate (C—S—H) at the stages of nucleation 
and growth, fills the pores, connects microcracks and 
creates a relationship between the products of cement 
hydration. Together, these effects ultimately improve 
the mechanical properties of the composites.  
In addition, in this process, 0.02 and 0.04 wt. % GO  
of the cement composite increased the electrical 
resistivity by 11.5 % and decreased the sorption 
capacity, respectively, by 29 %, which improved the 
overall characteristics of the composite. 

The introduction of 0.05 wt. % GO can increase 
the compressive strength by 15–33 % and the bending 
strength by 41–59 %, respectively [38]. Scanning 
electron microscopy of the GO-cement composite 
shows a high tortuosity of cracks indicating that a two-
dimensional GO sheet may form a barrier to crack 
propagation. Consequently, the GO-cement composite 
shows a wider stress-strain curve in the post-peak 
zone, which leads to less sudden failure. The addition 
of GO also increases the surface area of the  
GO-cement composite. This is due to the increased 
production of calcium silicate hydrate. The results 
from this study suggest that GO has the potential to be 
used as a nano-reinforcing additive in cement-based 
composite materials. 

A new composite coating of graphene oxide (GO) 
and epoxy resin (EP) was proposed [39] to prevent the 
penetration of water and ions into the nanometer 
channel of a calcium silicate hydrate gel (C—S—H). 
To assess the water resistance of the GO-EP composite 
coating, the local structure, dynamic properties, and 
the mechanism of water transfer by the molecular-
dynamic method were studied. Compared to a single 
graphene oxide coating, the migration of water and 
ions is significantly inhibited in the pores of C—S—H 
gel impregnated with GO and a hydrophobic epoxy 
composite. GO plays an important role in combining 

the C—S—H gel and the epoxy composite.  
The functional groups in the GO sheets bind to 
interfacial calcium atoms on the inner surface of the 
C—S—H gel and provide oxygen centers for accepting 
H bonds from the silicate tetrahedron. On the other 
hand, H-bonds transmitted by hydroxyl in GO sheets 
of epoxy resin help to strengthen the bond between GO 
sheets and epoxy molecules. During the process of 
capillary transport, water molecules are first dragged 
by hydroxyl groups on the GO sheets, accept or 
transfer their H bonds to the functional groups, and 
diffuse in the vacancy region between the epoxy 
molecules and the GO sheet. Hydrophobic epoxy 
molecules blocking the pores of the C—S—H gel 
inhibit the penetration of the solution. With a 
percentage of epoxy molecules from 21.8 to 87.2 %, 
the rotation speed of the molecule increases from 
10.42 to 10.52, and the penetration depth of water 
molecules slows down by 71.58 %. While the 
penetrating solution reduces the adhesion energy by 
66.38 % between the GO sheets and the epoxy group, 
the adhesion energy between GO and C—S—H 
remains constant. The incorporation of the GO sheet 
between C—S—H and epoxy may contribute to the 
stability of the composite coating. In addition, the 
mobility of Na and Cl ions decreases due to the 
presence of the GO-EP composite coating, which 
immobilizes the penetrated Na and Cl ions in the input 
region and separates the ions from the aqueous 
solution. We hope that the new hydrophilic-
hydrophobic composite coating provides valuable 
information on the design of a waterproof material. 

The effect of graphene oxide (GO) on the kinetics 
of hydration, pore structure, mechanical properties, 
and gel structure based on calcium silicate hydrate 
(C—S—H) was systematically studied by 
combinatorial methods [40]. GO can accelerate cement 
hydration, improve pore structure, and increase the 
degree of polymerization of C—S—H gels due to the 
effects of GO nucleation. The specific surface area of 
the cement paste and the number of gel pores were 
reduced with the addition of GO. The three-
dimensional network structure of GO-modified  
C—S—H gels was originally proposed based on the 
results obtained, according to which GO can be 
introduced into the interlayer space of C—S—H gels 
by ion bonding with Ca2

+ and fill the pores of the gel. 
A small proportion of GO (0.022 wt. %) increased 
compressive strength over 28 days by 16.31–25.60 % 
at various ratios of water and cement, which indicates 
that GO is a potential nano-reinforcing material for 
cement composites. The results will provide a good 
understanding of the GO reinforcement mechanisms  



 

 

Advanced Materials & Technologies. No. 2(18), 2020 50

 

AM&T 
in cement composites and pave the way for the design 
of high-performance cement composites. 

The efficient load transfer between the concrete 
base and fiber reinforced polymer (FRP) bonding 
agent is a key factor in any FRP reinforcement system 
[41]. Recently, the authors developed an innovative 
high-strength, self-sealing, non-polymer cement 
adhesive (IHSSC-CA), which has been used in a 
number of studies. Graphene oxide and cement 
materials are used to synthesize new adhesive. The 
successful implementation of IHSSC-CA significantly 
increases the utilization of the carbon FRP strip 
(CFRP) and the bearing capacity of the reinforcement 
system mounted on the NSM surface. A series of tests 
were performed to verify the interfacial zone in the 
area of bonding of NSM CFRP strips, including 
physical examination, analysis of pore structure and 
three-dimensional laser profilometry analysis. From a 
physical examination of NSR CFRP samples 
fabricated using IHSSC-CA, it was established that a 
smooth surface was found in the CFRP band to 
transfer the load without stress concentration in some 
local regions. The smooth surface of the adhesive layer 
is very important to prevent local brittle fracture in 
concrete. The analysis of pore structure also confirmed 
that IHSSC-CA has a better composite effect between 
NSM CFRP strips and the concrete substrate than other 
adhesives, as a result of which NSM CFRP samples 
made with IHSSC-CA can withstand a large load. 
Finally, the results of three-dimensional laser 
profilometry showed a greater degree of roughness and 
less deformation on the surface of the carbon fiber 
strip using IHSSC-CA, compared to other adhesives. 
Graphene oxide contains a number of reactive oxygen 
functional groups, which makes it a suitable candidate 
for the reaction in cement materials through physical 
functionalization. The aim of this work is to study the 
transport characteristics of cement composites 
reinforced with graphene oxide, which can be 
converted into concrete made from similar 
components. Transport characteristics determine the 
durability of concrete structures. Tests, such as water 
sorption, chloride penetration, and mercury 
porosimetry, were performed to observe the effect of 
the GO addition to the cement matrix and its transport 
properties. GO was dispersed in a cement mortar to 
obtain a GO-cement composite using additives of 0.01, 
0.03 and 0.06  wt. % cement. Experimental results 
show that the introduction of a very low GO fraction 
(0.01 %) can effectively inhibit the penetration of 
chloride ions. In addition, the sorption capacity is 
significantly increased with the addition of GO with a 
moderate proportion of 0.03 %. It can be concluded 

that the addition of GO to the cement matrix can 
effectively improve the transport properties of the 
cement matrix, which subsequently improves its 
durability. 
 

Using low-layer graphene  
for concrete modification 

 

Graphene nanoplates have unique mechanical, 
thermal and electrical properties that make them ideal 
reinforcing materials. The attractive properties of 
graphene have led to intensive research on graphene-
polymer nanocomposites. However, very little 
information was received on the use of graphene in the 
production of multifunctional cement-based 
nanocomposites. The article [42] highlights the main 
conclusions in the field of production and 
characteristics of graphene-cement nanocomposites 
(GCNC). At the atomic level, X-ray diffraction was 
used to predict chemical composition and 
crystallography. At the nanoscale level, atomic force 
microscopy (AFM) was used to study physical and 
chemical properties. Molecular dynamics analysis was 
carried out to assess the interfacial strength between 
calcium silicate hydrate (C—S—H) and graphene 
nanoparticles functionalized with various chemical 
groups. At the micro level, scanning electron 
microscopy was used to obtain information on surface 
topography and the GCNC composition. At the 
mesoscale level, mechanical properties were measured 
using resonance ultrasound spectroscopy (RUS).  
This multiscale assessment showed a strong correlation 
between GCNC morphology and performance. The 
functionalization of graphene nanoplates tends to 
improve surface strength which leads to improving 
overall mechanical properties. 

Experimental studies of transport properties under 
the influence of chlorides and water were carried out on 
concrete containing up to 2.5 % graphene nanoplates 
(GNP) in increments of 0.5 % [43]. The pore structure 
was obtained using mercury intrusion porosimetry, and 
a significant decrease in pore size was measured. 
Concrete with 1.5 % GNP showed the greatest 
reduction in transport. The depth of water penetration, 
the diffusion coefficients of chlorides and migration 
were reduced by 80, 80 and 37 %, respectively.  
The barrier effects of GNP have been characterized, 
and it has been found that more than 50 % 
improvement in transport resistance may be due to 
tortuosity, while the rest is due to thinning pores. 
However, further improvement did not occur when the 
GNP content was above 1.5 % due to the limited 
dispersion of nanoparticle clusters. 
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GNP, a low-cost carbon nanoplast, was added to 

the solution at a content of 0, 2.5, 5.0 and 7.5 wt. % 
cement [43]. The water penetration depth, chloride 
diffusion coefficient and chloride migration were 
determined for GNP cement slurry and compared with 
pure cement slurry samples. The test results showed 
that the addition of 2.5 % GNP can cause a significant 
decrease  in the depth of water penetration, the 
diffusion coefficient of chloride and the migration 
coefficients of chloride by 64, 70 and 31 %, 
respectively. A decrease in the penetration of water and 
ions can be partially associated with a decrease in the 
critical pore diameter by about 30 %. This refinement 
of the GNP microstructure is confirmed by the results 
of mercury intrusion porosimetry. Impervious GNP 
also contributes to reduced permeability due to 
increased tortuosity against penetration of water and 
aggressive ions. 

The influence of the noncovalent surface 
modification method on the dispersion of graphene was 
shown in [44]. Nanoplastics (GNS) in water and 
chloride diffusion of the cement paste including these 
dispersions were investigated. The results showed that 
stable and homogeneous suspensions of graphene 
nanoplasts were obtained using polyoxyethylene (40) 
nonylphenyl ether (CO890) as a dispersant. In this 
study, the ratio of water to cement is 0.30, the addition 
of GNS is from 0.02 to 0.15 wt. % cement. It was 
found that introducing small amounts of GNS, only 
0.02 %, can reduce chloride penetration and coefficient 
by as much as 37 and 42 %, respectively.  
This improvement can be explained by the increased 
degree of cement hydration, filling effect, the barrier 
effect and crack formation of the GNS effect in the 
cement matrix. This work provides a new way to 
further understand the improvement of GNS in cement 
composites. 

To study the effect of GNS reinforcement on the 
mechanical properties, pore structure and electrical 
characteristics of hardened cement composites, GNS 
was added in various percentages of 0, 0.01, 0.02, 
0.03, 0.04, and 0.05 wt. % in relation to cement [45]. 
The compressive strength was determined on the  
28th day of curing. Thermogravimetric analysis 
(TGA) was used to detect phase decomposition, the 
pore structure was studied using nitrogen adsorption at 
77.35 K, the microstructure was analyzed by scanning 
electron microscopy (SEM), and finally, the electrical 
conductivity of graphene-cement composites was also 
studied. The results showed that a significant increase 
in compressive strength of approximately 33 % was 
achieved by incorporating GNS into the cement matrix 
by approximately 0.04 %. The integration of graphene 

in cement significantly reduced the pore size of the 
pastes and led to a significant improvement in the 
microstructure with subsequent improvement in the 
electrical conductivity of these composites. 

Cylindrical samples with a diameter of 50 and  
100 mm were made from solutions with a water / 
cement ratio of 0.4 and the addition of multilayer 
graphene (MLG) from 0.015 to 0.033 %, by weight of 
cement and sand [46]. 

The thickness of graphene particles was from 2 to 
20 nm. Tensile and compression tests were performed 
at 3, 7, and 28 days of age. In addition, SEM 
micrographs and metallographic images were collected 
and analyzed to better characterize the morphology of 
the sample, as well as to explain the effect of MLG on 
the cement strength. The optimum tensile strength was 
achieved with samples developed with a MLG dose of 
0.033 %, for which a corresponding increase was 
100.0, 144.4 and 131.6 % after 3, 7 and 28 days, 
respectively, compared with samples without MLG. 
On the other hand, optimal compressive strength was 
obtained at MLG concentrations of 0.021, 63.6, 94.1 
and 95.7 % after 3, 7 and 28 days, respectively, 
compared with samples without MLG addition.  
It is believed that MLG accelerates cement hydration 
reactions, reduces pore volume and hardens cement 
properties. 

Cement-based composites made from graphene 
nano-platelets (GN) and hollow glass microspheres 
(HGM) and its properties of electromagnetic wave 
absorption were investigated [47]. 

The results show that the absorption properties 
were improved after a combination of GN and HGM. 
With an increase in the coefficient of filling with glass 
microspheres, the magnitude of the absorption peak 
and the bandwidth below 5 dB first increase and then 
decrease. In addition, several sharp peaks were 
obtained and the values tend to appear at high 
frequency. With a further increase in GN, the value at 
the absorption peak decreases and the curves become 
relatively flatter. When GN is 0.2 %, HGM is 40 % 
(vol.) and thickness is 20 mm, the materials have 
excellent absorbing properties, with an average 
reflectivity loss of 8.2 dB in the range 2–18 GHz, and 
the bandwidth was 4.4 GHz below 5 dB. The thickness 
of the sample has a significant effect on absorbency. 
The optimum thickness is 20–30 mm with 40 % HGM 
and 0.2 % GN. 

Electrochemically exfoliated graphene (EEG) is a 
hybrid functional material that has a significantly 
improved microstructure and mechanical properties, as 
well as constant machinability [48]. In terms of 
characteristics, it surpasses previously reported cement 
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composites containing graphene derivatives.  
The manufacture of the composite is based on a simple 
and effective method, which allows to uniformly 
disperse the EEG in the cement matrix in the absence 
of surface-active substances. It was found that, unlike 
graphene oxide, EEG does not agglomerate in a 
cement-alkaline environment, which does not affect 
the fluidity of cement composites. The addition  
of 0.05 wt. % Graphene to conventional Portland 
cement results in an increase of tensile strength, 
compressive strength and Young's modulus by 79, 8 
and 9 %, respectively. It is noteworthy that the 
addition of EEG promotes the hydration reaction of 
both alite and belite, which leads to the formation of a 
large fraction of the 3CaO ⋅ 2SiO2 ⋅ 3H2O (C—S—H) 
phase. These results represent an important step 
forward in the practical application of nanomaterials in 
civil engineering. 

Graphene nanoplates (GNPs) and graphene oxide 
nanoplates (GONPs) are promising nanoscale additives 
for improving the mechanical properties and strength of 
cement materials [49]. To further determine the 
collective influence of GNPs and GONPs, in particular 
their content, on concrete performance, a comprehensive 
study is conducted in this paper. Solution samples 
characterized by different water-cement ratios and 
containing different amounts of GNPs and GONPs 
undergo experimental tests to systematically study their 
strength, electrical resistance and piezoresistive 
reactions. The results show that in order to take 
advantage of GNPs and GONPs, the ratio of water 
cement and the appropriate workability of concrete are 
important. With an appropriate water-cement ratio,  
a small percentage of GNPs and GONPs can 
significantly improve concrete strength, while the 
content of GNPs needs to be significantly increased to 
achieve low electrical resistance and an accurate 
piezoresistive response. To understand the mechanisms 
of electrical conductivity and piezoresistance at the 
micro level, a microcharacterization is carried out using 
scanning electric microscopy (SEM), equipped with the 
method of energy dispersive spectrometer (EMF), on 
order to study the microstructure of a solution 
containing GNPs. In addition, a quick chloride 
corrosion test on selected mortar samples shows that 
chloride ion migration slows down with the addition of 
GNPs to the cement paste. 

The effect of graphene and GO on hydration, 
microstructure, and mechanical properties of cement 
paste was first studied in [50]. The introduction  
of 0.16 wt. % GO into the cement matrix can increase 
the bending strength of the material by 11.62 % due to 
the  higher  degree  of hydration, the effect of nanofiller  

and the effect of the formation of cracks and bridges. 
On the other hand, graphene reduces the development 
of hydration and the mechanical properties of cement 
paste due to its poor dispersibility in an alkaline 
environment. In addition, the various interaction 
mechanisms between Graphene / GO and cement 
hydrates have been deeply studied using molecular 
dynamics (MD) of reactive force field, which showed 
that functional hydroxyl groups in GO provide non-
bridged oxygen (NBO) sites that accept hydrogen 
interlayer bonds water molecules in calcium silicate 
hydrate (CeSeH). In the presence of interface 
counterions, protons are transferred from —OH to GO 
to NBO sites in CeSeH, which additionally contributes 
to the polarity of the GO surface and strengthens the 
bond with neighboring substances. In addition to  
H-bond bonds, Ca2 and Al3 ions near the CeSeH 
surface play an intermediary role in the bridge of 
oxygen atoms in silicate chains and hydroxyl groups in 
GO, which increases the length of the silicate chain and 
treats the defective GO structure. Dynamically 
aluminate-silicate chains, calcium ions and functional 
hydroxyl groups form “cells” and strictly prevent the 
free diffusion of water molecules at the interface 
stabilizing the bonds between CeSeH and GO 
structures. Finally, uniaxial tensile modeling showed 
that while high adhesion and ductility in the  
GO-modified cement composite are mainly provided 
by strong structural H-bonds and the calcium aluminate 
framework, the weakest mechanical behavior of the 
grapheme / CeSeH composite is explained by poor 
bonding and instability atoms in the interface.  
The reactive force field combines the chemical and 
mechanical reactions that occurred during the water 
dissociation, the exchange of protons between the 
CeSeH and GO structures, and the silicate-aluminate-
carbon network dimerized to resist tensile loading. 

The study [51] compares the hydration, 
mechanical and transport properties of cement-based 
composites containing graphene oxide (GO), reduced 
graphene oxide (rGO), and pure graphene (G).  
The only variable design of the mixture, different from 
the type of graphene material under consideration (GO, 
rGO and G), is the concentration of graphene materials, 
which is in the range from 0.01 to 0.16 wt. % cement. 
The results of this study indicate that the physical and 
chemical properties of GO, rGO, and G affect the early 
age properties of cement based composites. A high 
amount of GO oxygen-containing functional groups 
significantly enhances cement hydration and forms a 
densified composite bond, which improves the 
compressive and bending strength for 14 days by  
44 and 83 %, respectively, compared with the control 
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mixture. The reduced number of functional groups and 
moderately high physical strength of rGO gradually 
increase cement hydration and strengthen the 
composite matrix, which improves the 14-day 
compressive and bending strength by 42 and 52 %, 
respectively, compared with the control mixture. High 
physical strength G strengthens the composite matrix, 
which improves the 14-day compressive and bending 
strengths by 34 and 56 %, respectively, compared to the 
control mixture. The microscopic image and electrical 
resistivity characteristics also confirm the effect of 
graphene materials on the composite structure. 

The article [52] is also of greatest interest where 
the results of concrete modification with two types of 
graphene functionalized with surface-active graphene 
(FG) and commercially available graphene nanoplates 
(IG) are presented. To introduce the multifunctionality 
of concrete using graphene (FG), graphene suspensions 
in water were first prepared by liquid-phase exfoliation 
of graphite powder using a surfactant choleate [53]. 

Suspensions with industrial graphene (IG) were 
also prepared using a high shear stator-rotor mixer. 

The inclusion of ultrathin graphite granules 
(UTGr) in concrete obtained by the same method as 
FG was also examined to determine whether graphene 
or graphite is the most effective nanoscale for concrete. 
It was found that graphene FG consisted of flakes with 
a number of layers ranging from four to seven, with 
most flakes having a thickness of six graphene layers. 
Graphene IG consisted of flakes with a quantity layers 
range from 10 to 14 with most flakes containing 10-11 
graphene layers. UTGr consisted of flakes with a 
majority of 20–21 layers. Graphene was added to 
concrete by mixing dispersions of water-based 
graphene with ordinary Portland cement (OPC), fine 
dry sand and a 10 mm large aggregate. Fresh concrete 
mix was poured into standard steel molds measuring 
10 × 10 × 10 cm, then removed after 24 hours and held 
in the water tank so that the concrete finally hardened. 
Reinforced graphene samples were compared with 
standard concrete. For this purpose, a group of control 
samples was created according to the same procedure, 
but with the replacement of graphene aqueous solution 
with ordinary tap water. For bending tests, beams of 
10 × 10 × 40 cm were prepared. 

Fig. 1 shows the characteristic dependence of the 
compressive strength on the graphene concentration in 
suspension.  

The graph shows that there is a pronounced 
extreme maximum at a concentration of 0.8 g/l. In [52], 
there is an even greater extremum equal to 47 MPa at a 
concentration of 0.7 g/l, however, we believe that this 
is a random variable, the occurrence of which can be 

explained by a small number of experiments  
(only 3 samples were tested in compression work). 

Fig. 2 shows the dependence of bending strength 
on the graphene concentration in suspension. 
 

 
 

Fig. 1. Dependence of the compressive strength  
on the graphene concentration in suspension 

 

 
 

Fig. 2. Dependence of bending strength  
on the graphene concentration in suspension 
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Fig. 3. Dependence of the compressive strength  

on the curing time of concrete 
 
As in the case of compression, this dependence has 

an extremum maximum at the graphene concentration 
of 0.6 g/l in suspension. It is clear that the decrease in 
strength at a concentration of 0.4 g/l is random. 

Fig. 3 shows the characteristic dependence of the 
compressive strength on the curing time of concrete. 
The lower curve corresponds to standard concrete, and 
the upper one to concrete which was prepared using a 
suspension containing 0.7 g/l graphene. 

The dependencies show that as a result of the 
concrete modification using low-layer graphene, the 
compressive strength is increased by 27%. 

Particular attention should be paid to the 
inconsistency of Fig. 1 and 3. In Fig. 1, at a zero 
concentration of graphene, the compressive strength is 
18MPa, and in Fig. 3 – 30 MPa. The article did not 
explain this discrepancy. In addition, the concentration 
of low-layer graphene of 0.7 g/l is not economically 
viable. Indeed, for the preparation of one cubic meter of 
concrete, as a rule, about 170 liters of water are 
required. Thus, the preparation of one cubic meter of 
concrete requires 120 g of graphene. World cement 
production in 2019 was about 4,000 million tons.  
It is not difficult to imagine how much concrete is 
produced annually and how much low-graphene is 
required. In addition, the concentration in the 
suspension is low (1 g/l [53]). Therefore, it is extremely 
unprofitable to transport this suspension from 
specialized plants. Thus, it is necessary to develop an 
industrial technology for the production of concentrates 
with a high content of low-layer graphene. 

Conclusion 
 

The analysis shows that graphene oxide and low-
layer graphene obtained by liquid-phase shear 
exfoliation significantly increase the strength of 
concrete. In our opinion, low-layer graphene has better 
prospects, since it is cheaper and its production 
technology is environmentally friendly. The viability 
and future of graphene largely depends on the 
availability of such a method that allows mass 
production of high-quality graphene at an affordable 
price. In this regard, liquid-phase separation of graphite 
with the formation of low-layer graphene, which can be 
used to modify concrete, turned out to be a competitive 
solution. At the same time, there is a number of 
problems that must be solved: 

–  reducing the concentration of low graphene in 
concrete; 

–  increasing the concentration of low-layer 
graphene in suspension; 

–  developing an industrial technology for the 
production of concentrate with a high content of low-
layer graphene; 

–  conducting full-scale experimental studies to 
determine the optimal concentration of low-layer 
graphene in concrete. 
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