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Abstract: Concrete is the most popular construction mate-
rial in infrastructure projects due to its numerous natural
advantages. Nevertheless, concrete constructions frequently
suffer from low tensile strength and poor durability perfor-
mance which are always urgent tasks to be solved. The
concrete reinforced by various nanomaterials, especially
graphene and its associated nanostructures (GANS), shows
excellent chemical and physical properties for engineering
applications. The influence of GANS on cement composites is
a multiscale behavior from the nanoscale to the macroscale,
which requires a number of efforts to reveal via numerical
and experimental approaches. To meet this need, this study
provides a comprehensive overview of the numerical mod-
eling for GANS reinforced concrete in various scales. The
background and importance of the topic are addressed in
this study, along with the review of its methodologies, find-
ings, and applications. Moreover, the study critically sum-
marizes the performance of GANS reinforced concrete,
including its mechanical behavior, transport phenomena,
and failure mechanism. Additionally, the primary chal-
lenges and future prospects in the research field are also
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discussed. By presenting an extensive overview, this review
offers valuable insights for researchers and practitioners
interested in numerical simulation to advance concrete
science and engineering.
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1 Introduction

Due to its numerous advantages, such as low-cost manu-
facture, easy shapeability, strong bonding power, and high
compressive strength, concrete has become one of the most
widely used building materials in civil and hydraulic engi-
neering in the whole world [1]. However, the drawbacks of
conventional concrete, including its weak corrosion resis-
tance, poor tensile strength, and intrinsic brittleness, remain
main issues to be overcome in engineering structures. For
the purpose of improving the performance of cement com-
posites, numerous attempts have been made to introduce
various materials and techniques into the concrete, such as
chemical admixtures, supplementary cementitious mate-
rials, surface coating materials, and fibers. It has been
proven that advanced nanotechnology makes it possible to
control the nano-sized defects (pores smaller than 20 nm in
size) before micro-sized crack propagation. Consequently,
nanomaterials like nano-titanium, nano-clay, nano-silica,
and dioxide were studied as additions to concrete in many
works [2,3]. Over the past years, graphene and its associated
nanostructures (GANS) have become the new stars of carbon-
based nanomaterials that can be incorporated into concrete
owing to their extraordinary physical characteristics, e.g., the
specific surface area (2,630 m? g™, tensile strength (130 GPa),
Young’s modulus (1.1 TPa), electronic mobility (2 x 10° cm? Vs,
and thermal conductivity (~5,000 W m™ K™ [4-7].

Graphene [8], which can be presented in a variety of
shapes, is a single-layer carbon sheet with a two-dimen-
sional honeycomb lattice nanostructure, as illustrated in
Figure 1. In order to meet different requirements, graphene
can be obtained in several chemical forms, including gra-
phene nano platelets (GNP) [9], graphene oxide (GO) [10],
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Figure 1: Graphene is a 2D basic material which can be reshaped to
carbon materials of all other dimensionalities, including 0D buckyballs,
1D nanotubes, and 3D graphite [24].

graphene flakes [11], and reduced graphene oxide (rGO) [12].
Further, GANS can also be recognized as various materials
according to their geometries and stacking modes, such as
carbon nanotubes (CNT) [13], carbon nanofibers (CNF) [14],
carbon nanocoil (CNC) [15], carbon black [16], carbon nano-
cone [17], graphene nanoribbons [18], graphene nanoislands
[19], graphane [20], graphyne [21], and pristine graphene
itself. Among the materials, several types of GANS like
GNP, GO, and CNT are commonly used in cementitious com-
posites to enhance their physical performance [22,23].
Practically, as one of the most often employed nanos-
tructures in graphene reinforced concrete, GNP is a sheet-
like material that can be readily produced from graphite or
graphite oxide. It has a thickness of 3-100 nm and consists
of several layers of graphene. Hence, GNP is a significant
reinforcing material because of its morphological structure.
GO is a layered material oxidized from graphite, with var-
ious oxygen-containing hydrophilic functional groups inter-
spersed on the edges and basal surfaces of graphene. It has
been proven that GO can effectively enhance the durability
as well as mechanical performance of cement composites
[25]. The main distinction between GNPs and GO for con-
crete depends on their electrical properties and dispersi-
bility potential. In comparison to GNPs, GO is easier to dis-
perse in water because of the oxygen groups on its sheet.
However, the oxygen groups also make GO become an elec-
trical insulator and lose advanced capabilities such as self-
sensing. CNT, which is thought to be a good alternative to
traditional reinforced fibers, is another popular research
field in cement composites. It can be considered a cylinder
obtained through rolling two-dimensional graphene layers.
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Besides, CNT can be classified into three types according to
the number of walls, ie., single-walled CNT (SWCNT) [26],
double-walled CNT [27], and multi-walled CNT [28]. Dano-
glidis et al [29] found that the employment of CNTs
significantly improves the mechanical performance of
cement-based composites.

Researchers have noticed that many properties of con-
crete can be improved by incorporating graphene sheets
into the composite. Pan et al. [30] concluded that adding
0.03% GO by cement weight to the cement paste can,
respectively, increase the flexure, tensile, and compressive
strengths of cement by 60.7, 78.6, and 38.9%. Jing et al. [31]
found that when loading 0.2 and 0.4% graphene by weight
of cement, the flowability of cement mortar can be dimin-
ished by 17.4 and 39%, respectively. According to the work of
Wang et al. [32], evenly dispersed graphene can decrease the
cement’s stress under external loading and thus improve the
strength properties of the cement composite. However,
excessive graphene can lead to a degradation of physical
properties due to the defects on the interface of different
materials. Qureshi and Panesar [33] indicated that concrete’s
flexural and compressive strengths are best improved at
0.02 wt% graphene, whereas a larger concentration of gra-
phene steadily degrades the performance of cement paste.

The heterogeneity of composite materials manifests itself
at different scales, especially for cement-based materials with
complex components [34,35]. To study the mechanical perfor-
mance of GANS reinforced concrete, one can divide its
internal structure into four levels, as depicted in Figure 2.
According to the spatial scale, the four levels correspond to
the macroscale (>10 " m), mesoscale (107°~10"" m), microscale
(107°-10*m), and nanoscale (<10 °m), respectively. At the
nanoscale, the molecular structure of the calcium silicate
hydrate (CSH) matrix and its connections with GANS can be
considered. As one of the main hydration products at early
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ages, CSH significantly affects the mechanical behaviors of
concrete. Further, the CSH matrix, together with the large
portlandite crystals, aluminates, unhydrated cement pro-
ducts, and other cement compositions, forms the cement
paste at the microscale. As for the mesoscale, concrete can
be regarded as a three-phase composite material that is made
up of aggregates, a cement paste matrix, and an interfacial
transition zone connecting them. The highest level refers to
continuous homogeneous materials. More precisely, the
mechanical response of concrete is studied without consid-
ering the distribution of internal components, and the equiva-
lent parameters obtained from homogenization approaches
are used at the macroscale.

In this review, a thorough study on the numerical
simulation of GANS reinforced concrete is performed. In
Section 2, the modeling methods and their performance for
GANS reinforced concrete in nano and micro scales are
discussed. Then, the numerical aspects of GANS in cemen-
titious composites from the meso and macro perspectives
are presented in Section 3. Section 4 is devoted to the multi-
scale modeling strategies for GANS reinforced concrete.
Finally, the concluding remarks and future prospects are
given in Section 5.

2 Nanoscale and microscale
performance of graphene
reinforced concrete

2.1 Numerical models for CSH and GANS

The numerical analysis on atomic and molecular scales is
typically based on the empirical force field methods or the
quantum mechanics approaches. The quantum mechanics
simulation methods, which can describe the electron motion
accurately, are a type of techniques for modeling quantum
mechanics using computer technology. Molecular mechanics
(MD) is a rapidly developing theory based on empirical force
fields as well as the Born-Oppenheimer approximation. The
effects of electrons are neglected in the MD, and the function
of nuclear coordinates is applied to express the energy of the
system. It makes the MD more applicable for the modeling of
larger systems, such as Monte Carlo [36], molecular statics
[37], molecular dynamics [38], and so on.

As an analytical method at the nanometer scale, MD is
the most important and frequently adopted theory due to
its accuracy and flexibility. It combines computer tech-
nology, physics, chemistry, and mathematics to analyze
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the motion of molecular systems using Newtonian classical
mechanics. In the past 20 years, MD simulation of CSH has
been continuously improved to help study the structures,
evolution, as well as other characteristics of hydrated
cement matrix at the level of molecules [39]. The selection
of the force field, which is built for representing the atom
interactions, lies at the heart of MD simulation. For dec-
ades, hundreds of empirical force fields, which were vali-
dated with experimental data, have been developed for
different research fields. Among them, some force fields
are commonly applied to model cementitious composites,
such as the consistent valence force field (CVFF), interface
force field (IFF), COMPASS, CSH-FF, and so on. More details
about the force fields can be found in Table 1.

2.2 Microscale mechanical properties and
performance of GANS reinforced cement

GANS, whose sizes range from nanometers to micrometers,
can dramatically impact the chemical and physical proper-
ties of hydrated cement composites, including chemical
reactivity, heat conduction, strength, shrinkage, and creep
[63-68]. In recent years, extensive works have been made
to study the interactions between GANS and cement paste
in cement hydrates, for example, molecular binding modes
and hydration reaction rate [69,70]. The selected MD simu-
lation investigations on the structures and performance of
GANS-cement systems are summarized in Table 2. Based on
the molecular modeling, Fan et al. [71] studied the shear
strength of Go/cement interface. The result showed that the
shear strength was 647.58 + 91.18 MPa for the interface of
GO cement, while 6-35MPa for Portland cement. Wan
and Zhang [72] compared the mechanical performance of
ordinary Portland cement (OPC) and GO reinforced ultra-
high performance concrete (UHPC), and explained the dif-
ferences from the aspects of the structure, energies, and
material properties of the CSH/GO interface. There are
more hydroxyls and calcium dispersed in the interlayer
for the CSH generated in UHPC, resulting in a larger inter-
layer spacing and more water absorption. The sites for the
interfacial chemical bonds are occupied by hydroxyls and
water, so that the Ca—O bonds and H-bond network at
the CSH/GO interface are weakened. However, the water
and hydroxyls play the role of bridges to connect GO sheet
and CSH gel, as shown in Figure 3. Besides, the CSH/GO
interface has a stronger tensile strength and larger interfa-
cial interaction energy when there is more interlayer cal-
cium for UHPC. Hou et al. [73] modeled the bonding proper-
ties of GO interfaced epoxy-concrete composite based on



4 — Qiang Yue et al. DE GRUYTER

Table 1: Popular force fields for cementitious systems

Force field Basic features Ref.

UFF It is a full atomic force field that can be used for all elements in the periodic table [40-42]

COMPASS As a superior generalized ab initio force field, it is commonly applied in the modeling of liquids, polymers, and crystals ~ [43-45]

ClayFF It is a force field designed for aqueous solution interfaces and hydrated multi-component mineral systems (mainly for  [46,47]
clay-related phases). By treating most of the bonded interactions in the crystals as pseudo-ionic, the highly complex
systems with millions of atoms are allowed for molecular simulations

CSH-FF As a modified version of ClayFF, the force field is specially designed for CSH. Compared with other force fields such as  [48-50]
ClayFF, it is more efficient for large systems due to the lower computational cost

IFF It yields the consistency of inorganic and organic thermodynamics and is used in the simulation of the inorganic- [51-53]
organic interface. It is applicable for all kinds of elements and does not depend on quantum mechanical calculations of
atomic charges

CVFF It is a generalized valence force field that has been parameterized for water, various functional groups, and some [25,54,55]
inorganic materials, including silica

Cement-FF  All cementitious materials can be modeled with this force field. Potentials developed for similar atomic species systems  [56]
are combined and adjusted in the model

Dreiding This is a strictly diagonal force field possessing cosine-Fourier expansion torsion and harmonic valence terms. It can be  [40]
used for a variety of structures

PCFF The force field is originally created for organic and polymeric materials. Similar to COMPASS, it was parametrized fora  [52,57]
number of functional groups

ReaxFF It is a methodology between empirical force fields and quantum mechanics. In the modeling of chemical reactions and ~ [58-60]
transition states, the force field employs bond order rather than fixed connections for chemical bonds

GB It is originally established to express interactions between ellipsoidal particles and can be applied for controlling the  [61,62]

interaction between the building blocks of disk-like CSH gel

molecular dynamics. The damage processes of epoxy-CSH
and epoxy-GO-CSH systems under tension are compared in
Figures 4 and 5. Obviously, the contact area on the interface
of epoxy-GO-CSH system was considerably larger than that
on epoxy-CSH system when they were under the same
loading stage. It was concluded that the GO-modification
of the epoxy/CSH interface can significantly increase its ten-
sile resistance. The enhancement of bonding performance at
epoxy-GO interfaces is due to the numerous hydrogen bonds
that formed between GO’s polar oxygen-containing func-
tional groups and the epoxy molecules. When Go was coated
on the polyethylene (PE) fiber, Lu et al [74] observed a
reduction in the translational motion of the atoms across
the PE/CSH interface, which made the entire composite
system more stable. The bonding energy at the CSH/GO as
well as PE/GO interfaces is much higher compared to that at
the weak CSH/epoxy interface, as illustrated in Figure 6. The
topological structure and physical properties of the nanos-
cale additions, such as the connectivity and size distribution
of pores in GANS, are also aspects that need to be considered
in composite materials. The stochastic behaviors and effective
material properties of functionally graded porous nanoscale
plates are investigated by Tran et al [75]. It was found that
when the porosity density increases, the critical buckling
loads decrease. For more details on this aspect, please refer
to previous studies [76-78].

The transport properties, including ion diffusion and
water permeability, can also be affected when cement is
incorporated with GANS [79]. The influence of GNPs as well
as graphene oxide nanoplatelets (GONPs) on the freeze-
and-thaw properties of concrete was researched by Tong
et al. [80] at the atomistic level. In their study, CSH-FF and
ReaxFF were utilized to model the interatomic reactions
of CSH gels. For the GONPs, the hydroxyl groups were
described by using the harmonic bond potentials of O-H
and C-O bonds, harmonic angular potentials of C-O-H
and C-C-0O angles, and harmonic dihedral potentials of
C-C-0-H and C-C-C-O dihedral angles. Moreover, the
OPLS-AA [81] force field for dialkyl ether was adopted to
represent the epoxy groups. During the freeze/thaw cycles,
the cyclic loads caused by pore water pressure in GNPs and
GONPs reinforced concrete were 15.2 and 12 GPa higher
than that in pure CSH gels, respectively. The graphene
reinforced atomistic structures can increase the risk of
nano-pore failure and worsen the freeze-and-thaw perfor-
mance of concrete, especially for GNPs reinforced CSH gels.
Zhao et al [25] used molecular dynamics modeling and
chloride diffusion tests to systematically study the trans-
port behavior of GO reinforced cement. It was observed
that the migration of chloride ions solution dramatically
reduced when GO was introduced in the CSH pore. Due to
the GO adsorbed on the inner surface of the CSH pore, the
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transportation of water can be hindered. As plotted in
Figure 7, the solution species transportation in GO/CSH com-
posite material is inhibited at the gel pore’s entry point,
while the pure CSH gel does not possess this capability.
Due to the excellent performance of GANS reinforced
concrete, these type of materials have been widely applied
in the fields of self-sensing, electromagnetic shielding, anti-

corrosive coating, and so on [89-91]. It should be high-
lighted that the self-sensing and electromagnetic materials
are themselves structural materials so that the overall
structural performance would not be compromised by
the traditional sensors. Moreover, it also shows great
potential in the construction engineering which requires
ultrahigh strength and durability of materials [92-94].
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3 Mesoscale and macroscale
performance of graphene
reinforced concrete

3.1 Numerical methods for large-scale
concrete

Although the microscale performance of GANS incorpo-
rated concrete has been studied by many researchers, it
is quite necessary to develop the simulation at macro and
mesoscales in practical engineering. During the decades,
the mechanical behavior of concrete has been modeled

by applying a series of numerical methods, for instance,
the finite element method (FEM) [12,95,96], meshless method
(MM) [97], discrete element method (DEM) [98], finite differ-
ence method (FDM) [99], peridynamics [100], differential quad-
rature method (DQM) [101], incremental harmonic balanced
method [102], and boundary element method [103]. However,
most of the published literature on modeling GANS reinforced
concrete are based on the finite element simulation as a result
of its wide applicability.

3.2 Mesoscale and macroscale simulation on
GANS reinforced concrete

3.2.1 Research on getting material properties

The selection of precise material properties is crucial in the
modeling of concrete [104]. There are two strategies com-
monly used to get the macroscale properties of concrete.
The first method is measuring the results obtained from
experiments [105], whereas another method is performing
the equivalence using numerical simulation [106]. Anasto-
poulos et al. [107] compared two strategies, i.e., the represen-
tative volume element (RVE) based homogenization method,
and the multi-step homogenization method, to calculate the
elastic properties of graphene-concrete composites, as
depicted in Figure 8. In the method of multi-step homogeniza-
tion, one can break the multi-phase composite into “grains,”
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.., Capillary front

(a)
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Figure 7: Translation of ions and water in the pore of (a) pure CSH gel, (b) CSH gel with incorporation of GO sheets (the white, gray, red, yellow, purple,
and pale green balls represent hydrogen, carbon, oxygen, silicon, sodium, and chlorine atoms, respectively) [25].

with each grain composed of the matrix and one inclusion
family. The same orientation, aspect ratio, and material prop-
erties are adopted for the inclusions of each family. Then, the
Mori-Tanaka model and the Voigt formulation are applied in
the homogenization process of the local grains and overall
composite, respectively. For the RVE-based homogenization,
the inclusions with random shapes and orientations are dis-
tributed in the element. The effective elastic properties of the
composite can be obtained by modeling the RVE under tensile
or shear loadings.

The electromagnetic parameters (complex permeability
and complex permittivity) of GANS-based composites were
studied by Santhosi et al. [108] using FEM. Compared to the
conventional material, an improvement in microwave absorp-
tion was observed in composite concrete blocks. Le et al [109]

Homogenization

(a)

developed a mathematical model to estimate the damage
extent in graphene reinforced concrete based on the mea-
sured fractional change in electrical resistance. This model
was well verified by the physical experiments on the GNP-
infused mortar.

3.2.2 Performance of GANS reinforced concrete

The cracking process of fiber-reinforced concrete embedded
with graphene nanoplates was investigated by Pranno et al
[110,111]. It was noted that an increase in the absorbed
energy by 20% and the first yielding load by 11% could be
achieved for concrete when the volume fraction of graphene
in concrete reached 0.1%, as shown in Figure 9. Besides,

Multi-phase composite

Decomposition:
Inclusions

in each “grain”
have the same
* Material properties
* Aspect ratio

* Orientation

4%11 step

Voigt formulation

First step

Homogenization for each “grain”
Mori-Tanaka

Figure 8: Homogenization methods of graphene-concrete composites [107]. (a) Representative volume element and (b) multi-step homogenization

method reprentation.
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Figure 9: Comparison of cracking process of ultra-high-performance fiber-reinforced concrete (UHPFRC) with and without GNP: (a) load-deflection

curves and (b) damage states [111].

Saeed [12] used FEM to model the influence of rGO on the
damage in concrete which was induced by heat of hydra-
tion. By applying the mechanical properties measured from
experiments, the temperature change and cracking index of
rGO reinforced concrete was successfully reproduced. It was
found that, when substituting 1.2% rGO for OPC, the cracking
index of concrete could be reduced by decreasing the
thermal gradient of the specimens.

In order to study the impact resistance of GO-modified
rubberized engineered cementitious composite (GOCRECC),
Abdulkadir et al [112] discussed the influence of GO and
crumb rubber (CR) on the initial and final impact energies
of concrete. Based on the experimental data and response
surface methodology (RSM), response-predictive models and
optimization were proposed to get the impact resistance of
similar materials. Similarly, Adamu et al. [113] employed
RSM to examine how GNP and plastic waste (PW) affect
the performance of concrete with high-volume fly ash
(HVFA). The established model, which is in great agreement
with experimental data, indicates that the optimal mix can
be obtained by substituting 6.07% of cement with HVFA,
15.3% of coarse aggregate with PW, and adding GNP at
0.22%. Krystek et al [114] verified the mechanical perfor-
mance of graphene-based concrete via FE modeling based
on the properties measured in laboratory tests. Acar et al
[115] focused on the influence of monolayer prepreg (MP)
composites or graphene-reinforced monolayer prepreg (GMP)
composites on the mechanical strengths of concrete beams. In
accordance with the findings, credible solutions can be pro-
vided by MP and GMP composites for strengthening concrete
structures. The buckling behavior of concrete columns armed
with SWCNTs was investigated by Ali and Reza [116] based on

DQM. Furthermore, the nonlinear buckling load grew gradu-
ally with the increase in volume percent of SWCNTSs. Numer-
ical results showed that the structure became stiffer when the
concrete was reinforced by SWCNTs. The long-term perfor-
mance of concrete, which is incorporated with carbon fiber
reinforced polymer (CFRP) strips, was studied by Michele and
Angelo [117]. The reinforcing strips were made of a polymer
matrix incorporated with the long straight CNFs and CNTs,
and their mechanical properties were assessed using a three-
phase constitutive model. Additionally, two distinct creep
functions were adopted to characterize the mechanical fea-
tures of CFRP and concrete in the framework of linear vis-
coelasticity. More details about the mesoscale and macroscale
modeling of GANS reinforced concrete can be found in
Table 3.

4 Multiscale methodologies of
GANS reinforced concrete

4.1 Multiscale models combining GANS with
matrix

In order to precisely describe the physics of GANS based mate-
rials at various length scales, some researchers [125-128] pro-
posed a series of coupling methods by combining MM/MD with
FEM. Wei and Kysar [129] developed a multiscale method
based on FEM to build the connections between macroscopic
graphene membrane deformations with C-C interatomic beha-
viors. Then, many works [130-135] used the theory to model
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Polymer Matrix
/
Graphene sheet

van der Waals interaction ]

Figure 10: Multiscale model of graphene reinforced composites: Carbon
atoms, covalent bonds, L-J potential, and the polymer matrix are
represented by nodes, Timoshenko beams, truss elements, and 3D solid
elements, respectively [138].

the multiscale behaviors of GANS based composite structures.
However, it is still difficult to capture the nanoscale character-
istics of all components (matrix, fiber, filler, interphase) of
composites. For this reason, some literature [130,136-138] sim-
plified the composite materials as a multiscale system, in which
some components such as matrix as well as fibers were con-
sidered at the macro-scale level while the other constituents
were modeled at the nanoscale level. Among the works, most
of the simulations adopted strategies that involve representing
GANS as a lattice frame structure. In the structure, GANS are
discretized with one-dimensional truss elements, while the
matrix is represented by the continuous three-dimensional

A review on modeling of GANS reinforced concrete = 11

solid elements. This method can also be called the unit cell
method or RVE method [139], which is also introduced in Sec-
tion 3.1. In the RVE, as shown in Figure 10, the GANS and the
matrix can be connected using van der Waals interaction
forces [138]. When the deflection exceeds a certain threshold,
the interface bonds (truss elements) that connect GANS and the
matrix can be removed. Apart from the spring element, var-
ious other types of elements have been developed to model
carbon nanostructures and C—C bonds in GANS, which are
applicable to different problems [128]. The elements for repre-
senting carbon nanostructures are summarized in Table 4.
Although the atomistic simulation and the beam finite
elements can accurately characterize the structure of GANS,
they are very time-consuming in the multiscale modeling. To
solve this problem, a continuum mechanics surrogate model
was proposed by Papadopoulos et al. [140] for the simulation
of graphene. To reproduce the shell-type structural behavior
of graphene platelets, the work presented an equivalent
shell element as the substitute of the detailed molecular
dynamics models for graphene. This shell finite element
model of graphene is proven to be capable of effectively
representing both its membrane and plate behaviors. As
plotted in Figure 11, the features of the graphene particles,
including the random wrinkling behavior, and the delami-
nation and debonding phenomena, can be well simulated.
Apart from the mentioned elements, various other types of
elements have been developed to represent C—C bonds and

Table 4: Elements for representing C-C bonds and carbon nanostructures in GANS

Element Highlights Structure Ref.

type

CC-beams It is a type of element that can model the C-C bonds’ Six beam elements are used to depict the hexagonal  [141,142]
tension, bending, and torsion behaviors. It also has the lattice of graphene
benefits of simple implementation and high efficiency

CC-springs The geometrical properties of spring elements depend The hexagonal is composed of 12 spring elements, [143,144]
on the natural characteristics of C-C bonds. It is more wherein 6 elements simulate translations and the
suitable for modeling the nonlinear behavior of carbon ~ remaining 6 elements simulate angular variations
nanostructures

CC-TRF The C-C bonds are modeled with truss, rod, and frame A hexagonal cell of graphene is also represented by  [145]
elements in the method 12 elements, where 6 elements are used for

representing stretching while the remaining 6
elements are used to depict in-plane bending

2D-Elem Two-dimensional elements such as plane strain, plane — [146,147]
stress, and plate elements are adopted

Shell-Ele Shell-type elements are applied to express the graphene- — [140,148-150]
based nanostructures

3D-Ele The nanostructure of GANS is represented by three- — [151-153]
dimensional solid elements, for example, hexahedral and
tetrahedral elements

Axisym-Elem  Axisymmetric elements are used in the model — [154,155]

Spec-Elem Special-purpose elements are introduced to meet specific — [156,157]

requirements
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stress (GPa)

+9.824e+01
+9.005e+01
+8.187e+01
+7.368e+01
+6.549e+01
+5.731e+01
+4.912e+01
+4.093e+01
+3.275e+01
+2.456e+01
+1.637e+01
+8.187e+00
+0.000e+00
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Figure 11: Tensile stress distributions on a single-layer graphene sheet: wrinkled (left) and straight (right) [140].
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Figure 12: The multiscale simulation for the fracture of a CNT-reinforced
concrete [158].

carbon nanostructures in GANS, which are applicable for
different problems [128].

4.2 Multiscale models with multilevel
equivalence

The properties of concrete at a higher scale depend on
those of the components at a lower scale. Hence, many
researches were devoted to revealing the mechanical response
mechanisms of concrete from the nanoscale to the macroscale.
As shown in Figure 12, Eftekhari and Mohammadi [158]
explained the dynamic behaviors of CNT reinforced con-
crete from different scale perspectives, i.e., nanoscale,
microscale, mesoscale, and macroscale. On the nanoscale,

the molecular structure of CNT was carefully modeled
using the MD approach. Then, the mean values of the
results obtained from nanoscale simulations were applied
to the microscale modeling of CNT reinforced cement.
Then, the microscale FE simulation was carried out based
on a particle kinetics chemical hydration theory. When
the properties of cement are determined, the mesoscale
analysis of concrete can be implemented. Finally, based
on the equivalent properties calculated from the numer-
ical results at the mesoscale, the global mechanical beha-
vior at the macroscale can be studied via FEM. This multi-
scale modeling strategy was also adopted by many other
works [159-165] to investigate the influence of the added
graphene-based nanomaterials on concrete. Moreover,
the fracture behavior of the CNT reinforced concrete at
the mesoscale was studied by Eftekhari et al. [13] with the
aid of MD and RVE simulations. It was observed that a
remarkable delay occurred in the initiation and propaga-
tion of mixed-mode fractures.

Similarly, Papadopoulos and Impraimakis [166] evalu-
ated the nonlinear constitutive relationship of CNTs rein-
forced concrete using hierarchical RVEs, which were in
accordance with the material’s microstructural topology.
As can be seen in Figure 13, several RVEs with different
sizes were constructed in the hierarchical multiscale mod-
eling strategy. The lowest nanoscale RVE1, which is initially
resolved, only contains CNTs and the cement paste. The
computational homogenization on the lower RVE can result
in an equivalent “enhanced” cement paste, which is utilized
in the higher RVE. Moreover, the aggregates of different
dimensions (from 0.125 to 32mm) can be considered in
the corresponding RVEs. Based on the information passed
through scales, both elastic and inelastic analyses of con-
crete can be performed on all scales.

Wang et al [167] developed a multiscale modeling
method involving the length-scale integration, and further
verified its ability to obtain the effective properties by
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Figure 13: Hierarchical RVEs for cementitious composites with (a) RVET CNTs (RVE1), (b) aggregates smaller than 2 mm (RVE2), (c) aggregates smaller

than 8 mm (RVE3), and (d) aggregates smaller than 32 mm (RVE4) [166].

upscaling. Based on this upscaling process, the properties
of cement mortar can be estimated using Mori-Tanaka
and self-consistent approaches [168]. Then, the meshless
technique can be applied to estimate the material para-
meters of CNT reinforced cementitious composites at the
macroscale.

4.3 Machine learning

With the development of machine learning, the technique
began to be applied to the prediction of multiscale beha-
viors of concrete [169-172]. Lyngdoh and Das [173] com-
bined machine learning (forward neural network) with a
validated FEM-based multiscale modeling framework to
estimate the strain-sensing performance of self-sensing
concrete which is reinforced by nano-engineered mate-
rials. This model, as illustrated in Figure 14, showed excel-
lent efficiency in the prediction of the electromechanical
response. Lu et al. [174] also outlined a data-driven

computational homogenization method that can be used
in the simulation for the electrical responses of graphene-
reinforced composites. The related works based on other
machine learning techniques, such as deep convolutional
neural network, fully convolutional network, and support
vector machine, can be found in the previous literature
[175-177].

5 Conclusion

In the present work, an extensive overview of the numer-
ical modeling techniques and strategies for GANS rein-
forced concrete is presented. The numerical works consid-
ering the geometry characteristics, material properties,
constitutive models, internal components of GANS rein-
forced concrete are discussed at different spatial scales.
The following conclusions can be drawn based on the
review:

/ » \ Multiscale
(" . .
S JR¥ Stain-Sensing
E Model
o

sand

Coated

( Sand

Neural Network

Predicted FCR

-
0 42 0 82 84 M 0 v
7]
s Hidden Layers Measured FCR
©
o
Compressive
strain
MOdeI . Coating thickness
Interpretation  Fraction of
(SHAP)

coated sand )

Figure 14: A technique combining multiscale numerical modeling with machine learning [173].
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1) GANS reinforced concrete is a type of composites with
complex performance at different scales. The addition
of GANS has a significant influence on concrete in many
aspects, including the mechanical behaviors, transport
properties, and failure mechanisms. GANS have the
potential to increase the bulk modulus, shear modulus,
and Young’s modulus of concrete, resulting in the larger
strengths of concrete. Additionally, the durability of
concrete can be improved by GANS by lowering the
ion and water migration in CSH gel. The enhancement
of GANS reinforced composites at the nanoscale and
microscale is significantly greater compared to that at
the macroscale, primarily attributed to defects present
across multiple scales. Generally, the appropriate addi-
tion of GANS can lead to an improvement of the proper-
ties for concrete, while excessive GANS may cause harm
to the cementitious composites.

2) In nanoscale and microscale modeling, the structure of
cementitious composites can be generated using quantum
mechanics and molecular dynamics methods. The interfa-
cial bonding and mechanical performance of GANS rein-
forced cement can be predicted using MD simulation. The
force fields developed for cementitious composites can be
adopted to analyze the microscale behavior of GANS rein-
forced concrete. As for the mesoscale and macroscale mod-
eling, many numerical methods can be used to study the
material’s physical and chemical performance, such as the
FEM, meshfree method, and DEM. The equivalent properties
of RVE obtained from physical experiments and homogeni-
zation strategies can be applied to understand the mechan-
ical response mechanism of concrete at a large scale.

3) In the global simulation of concrete considering the
distribution of GANS, a series of elements, such as the
truss elements and beam elements, can be used as effi-
cient and reliable tools to characterize the chemical
bonds and nanostructures of GANS. Hence, multiscale
modeling can be achieved in the framework of FEM.
Another multiscale modeling strategy is passing the mate-
rial parameters between the RVEs at different levels. It
helps to understand the performance of concrete at all
scales and the relationships between material parameters
at different scales. Moreover, machine learning has become
a popular mode to study the multiscale response of GANS
incorporated concrete. Nevertheless, very limited research
was devoted on the multiscale performance of GANS rein-
forced concrete. More efficient and accurate models need to
be developed to reveal the effects of GANS on the macro-
scale response of concrete structure.

In conclusion, GANS can drive the enhancement of
cementitious materials and support the development of

DE GRUYTER

construction industry. Moreover, numerical modeling can
help in the design and optimization of GANS reinforced
cementitious materials, by providing a thorough under-
standing of their mechanical, structural, and transport
properties. The introduction of GANS into concrete produc-
tion provides a pathway for a more substantial future and
great opportunities for construction engineering.
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