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There is an increased demand for cement nanocomposites in the twenty-first century due to their composition, higher strength,
high efficiency, and multiscale nature. As carbon nanotubes (CNTs) possess extremely high strength, resilience, and stiffness,
inclusion of carbon nanotubes in small quantities to the concrete mix makes them a multifunctional material. A molecular level
understanding is significant to capacitate the macrolevel properties of these composites. In the proposed work, molecular
dynamics (MD) simulations are used to understand the behaviour of the composites at the atomic level and continuum mechanics
with representative volume element (RVE) homogenization modelling is carried out for interfacial interaction study of com-
posites. The mechanical properties such as Young’s modulus, shear modulus, and poisons are evaluated using previous methods of
simulations for different compositions of nanomaterials in cement matrix. The FORCITE module of MD simulation and square
RVE model is used to determine the mechanical, electrical properties, and elastic constants of the cement nanocomposite. The MD
simulation describes the linking effect of CNT into cement matric, and the RVE modelling study reveals the pull-out effect of CNT
from matrix. From experimental and analytical studies, it is found that increase in CNT till 0.5% weight fraction increases the
mechanical properties about 12% and further increasing of CNT weight fraction causes a reduction in mechanical properties about
5% due to the agglomeration of nanotubes. The density of states method in MD simulation indicates that mobility of the electrons
increases with an increase in carbon nanotube proportion in the composites. The experimental test results substantiate the
analytical studies, and the error obtained from both approaches is less than 20%. From the analytical study, the average maximum
Young’s modulus, shear modulus, and bulk modulus are obtained as 46 GPa, 31 GPa, and 32 GPa for 0.5% weight fraction of CNT
in cement matrix. Hence, it is concluded that 0.5% weight fraction of CNT is considered as optimum dosage to obtain better
electrical and mechanical properties.
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1. Introduction

Composites have a variety of applications in the construc-
tion industry. A cement composite is a major construction
element. From the recent decades, a study has been carried
out to make concrete stiff, strong, and conductive by the
addition of carbon nanotubes. The robust strength of carbon
nanotubes, their small size, and conducting property attract
the researchers to develop a composite material. CN'Ts are an
excellent reinforcement for the mechanical improvement of
hardened cementitious materials via pores-filling and
cracks-bridging because pores and cracks, ranging from
nanoscale to microscale, frequently exist in hardened ce-
mentitious materials. The properties of cement matrix, such
as stiffness, tensile strength, compressive strength, con-
ductance, and functional properties, might be greatly en-
hanced by the use of CNTs [1-5].

Currently, most experimental works carried out on in-
fluence of geometrical characteristics, aspect ratio, and
concentration of CNT in cementitious materials enhanced
mechanical properties of the cementitious materials through
crack-bridging and pore structure modification [6-8]. The
understanding of composite behaviour at the atomic level is
very important for analyzing the mechanical and electrical
properties. The macrolevel interaction of CSH gel with
carbon nanotubes is evaluated by studying the atomic level
interaction. The molecular dynamics technique has recently
been used in various investigations on the mechanical
characteristics and atomic structure of CNT-reinforced C-S-
H [9-11]. The first-age qualities of cement and concrete are
controlled by tricalcium silicate (alite: C3S), which defines
the early-age features [12]. During this time, alite hydration
results in the formation of calcium-silicate-hydrate gel [13].
CSH gel is responsible for most of the mechanical and
physical properties of cement-based products. The tober-
morite 14 A°, indicates large interlayer distance which
makes the Coulombic interlayer interactions relatively in-
significant compared with the ionocovalent intralayer in-
teractions, while decreasing the interlayer distance to 11 A°
influences the elastic properties of composites due to the
existence of water molecules as well as Ca ions. [14]. The
addition of carbon nanotubes to cement proves to be
promising in improving the strength of cement and mod-
ifying it as a multifunctional material. According to the
findings, CNT may effectively bridge two sides of a crack and
boost the composite system’s tensile strength [15]. There is
no discernible difference between the compressive behav-
iour of CNT-reinforced C-S-H and regular C-S-H due to the
local-shell buckling mode dominating for the CNT in the
compressive behaviour. Young’s modulus and Poisson’s
ratio of CNT/epoxy composite obtained from the experi-
mental tests was 2.8 GPa and 0.34, and from MD simulation,
they are found to be 3.34 GPa and 0.36, respectively, for
random CNT distribution with volumetric content of 2: 5%
in the matrix [16]. Hence, molecular dynamic analysis
proves to be an effective method to investigate the me-
chanical behaviour and characteristics of cement compos-
ites, as well as other applications such as carbon-based
nanomaterials, polymer-cement nanocomposites, and
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chemical treatments for the alteration of material
properties [17].

Similarly, representative volume element (RVE) mod-
elling is the one of the most crucial techniques required to
analyze and study the smaller scale (micro or nano) ma-
terials, mechanical properties, and surface interactions.
Square RVEs are preferred for estimating the effective
material constants, which were found to be quite accurate in
estimating the effective Young’s moduli in the CNT axial
direction for both long and short CNT cases [17-19]. The
rate of rising in stiffness of CNT cement composite is notable
only up to a certain percentage of CNT, beyond which it
slows down [17]. Young’s modulus of epoxy resin nano-
composite has the thickness of 25nm if it is found to be
between 0.523 and 2.16 GPa, and it is observed that re-
gardless of the volume of fraction, the relative distribution of
CNTs in the matrix had no significant effect on Young’s
modulus on reinforced composite [18]. The studies revealed
that nanocomposites reinforced with aligned nanotubes had
a higher longitudinal modulus than those reinforced with
tilted nanotubes [19].

The main objective of the present study involves de-
termining the effect of various concentrations of CNT in
a cement matrix and its behaviour on interfacial interaction
influencing the mechanical and electrical properties. The
experimental work and microstructural analysis are carried
out to know the behaviour of CNTs into the cement matrix.
Furthermore, molecular dynamic simulation to understand
the atomic interactions between cement and the carbon
nanotube, a prototype of the composite is modelled and
analyzed using material studio software. The RVE model is
used to study the pull out of CNT from the matrix affecting
mechanical properties. From both the previously mentioned
analytical techniques, elastic constants such as Young’s
modulus, shear modulus, bulk modules, and Poisson’s ratio
are determined. The result reveals that the concentration of
SWCNT influences the mechanical and electrical properties.

2. Experimental Methods

2.1. Materials. The ordinary Portland cement 43 grade is
used as the matrix. Single wall carbon nanotubes (SWCNTs)
are used for reinforcement. SWCNTs are obtained from
Sigma-Aldrich.co USA having 2 y diameters and containing
carbon content approximately 90%. River sand of grain size
less than 1.18 mm is used to prepare cement mortar paste.

2.2. Methodology. Cement nanocomposites are prepared by
adding SWCNT to the cement mortar of ratio 1 : 1 with water
cement ratio as 0.45. Since SWCN'Ts are subjected to Van der
Waals repulsive forces, hence the dispersion has been carried
out to ensure the homogenous mix into the cement paste.
Ethanol was utilized for prescattering of SWCNT for proper
blending into water, and later on, the entire mix is sonicated
with the help of a probe sonicator for about 15 minutes. The
sonicated SWCNT having concentrations of 0.25%, 0.5%,
0.75%, 1.0%, and 1.25% by weight of cement was added to
the cement matrix as described in Table 1. The specimen size
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of 20 mm x 20 mm x 80 mm as per ASTM C293 prepared for
the electromechanical test to evaluate the mechanical and
electrical properties of composites. After 28 days of curing,
a three point load test was carried out by load cell frame of
maximum capacity 10kN at a strain rate of 1 mm/min on
composites as shown in Figure 1. Microstructural analysis
SEM was conducted to know the effect of SWCNT on
morphology of the cement composite.

As per the experimental test, flexural strength is cal-
culated as shown in Figure 2. It is observed that flexural
strength is maximum for CSH-CNT-2 composite compared
to others. The flexural strength is found to be 32.5 MPa for
CHS-CNT-2 composite. SEM results indicate the dense
formation of SWCNT in cement matrix which will fill up the
cement pores and act as a bridge to increase the load carrying
capacity of the composite. The addition of nanomaterials
also arrests the formation of cracks and reduces the
shrinkage of cracks [3, 20]. But the increase of SWCNT
concentration leads to agglomeration in the cement matrix
at certain places as shown in red color in Figure 3, which will
reduce the load capacity and lead to decrease in flexural
strength. As SWCNT is subjected to repulsive Van der Waals
forces which cause agglomeration in the cement matrix,
therefore higher concentration of CNT reduces the flexural
strength. Therefore, a molecular dynamics simulation is
carried out to understand the atomic level interaction and to
evaluate the other mechanical properties of composites as
explained in Section 3.

3. Molecular Dynamic Analysis

Molecular dynamics (MD) can be defined as the analysis of
the dynamics of a system that results from allowing atoms
and molecules to interact with each other for a period of
time. Since C-S-H gel is the main component of cement
paste and responsible for strength, hence in the present
study, calcium silicate hydrate (3Cao 25i0,.3H,0) and CNTs
are modelled using the material studio, and MD simulations
have been carried out. The mechanical properties are cal-
culated for Young’s modulus, Poisson’s ratio, bulk modulus,
and shear modulus in x, y, and z-directions that ascertain the
interaction among CSH-CNTs.

3.1. Modelling of Calcium Silicate Hydrate and Single-Walled
Carbon Nanotube. Tobermorite is a monoclinic structure
that is used to model calcium silicate hydrate (CSH) gel by
creating amorphous cell module using material studio
software as shown in Figures 4(a) and 4(b) for different
compositions of CSH and CNT as described in Table 2. For
all compositions, the C-S-H structure has a calcium-to-
silicon (Ca/Si) ratio of 0.83 and an equal number of silicon
atoms and water molecules with a comparable single silicon
chain skeleton. The lattice length is considered as 40 A in all
three mutual perpendicular directions. The angle parameters
between the lattice are considered as a=f=y=90" and
primal-centre as (0, 0, 0). The carbon nanotube is modelled
considering as SWCNT of space group P1 [1] along the z-axis
assigning coordinates (20, 20, 20 A) with nonperiodic

TaBLE 1: Various concentrations of cement nanocomposite.

Composite designation Composition

CSH-CNT-1 99.75% CSH +0.25% CNT
CSH-CNT-2 99.50% CSH +0.50% CNT
CSH-CNT-3 99.25% CSH +0.75% CNT
CSH-CNT-4 99.00% CSH +0.25% CNT
CSH-CNT-5 99.75% CSH + 1.25% CNT

structure and chiral vector as N=12 and M = 6, with a bond
length of 1.42A. Three number of CNT is assumed as
uniform distribution of CNT in CSH gel to attain the density
of 0.5g/cc to know the interaction of these molecules and
atoms. Initially, a good position of these two molecular is
verified in the absence of hydrogen bonds and equilibrium
condition is attained by creation of hole in amorphous cell in
the vacuum space between CNT and C-S-H gel. The spacing
between the CNT is taken as 13nm and adjacent side of
amorphous as 2nm along the lattice length. Furthermore,
the CSH amorphous cell is made as an initial structure which
is superimposed by the CNT structure as shown in Figure 5.
The weight fraction could be controlled with the loading
number of molecules. However, the packing operation is
permitted when the cells are empty. The density of CSH gel is
taken as 1.44 g/cc [21], and energy minimization has to be
performed by ramping up the density from 0.6 g/cm’. The
medium-quality energy state of the output model was set.
The distribution of the CSH is taken as random with con-
stant pressure and temperature conditions. The computation
results files will include detailed information for each pa-
rameter, such as the number of molecular chains packaged
into the cell and its ultimate energy value.

3.2. Molecular Dynamics Analysis. A molecular dynamic
analysis needs to be performed to understand the atom level
interaction to determine the mechanical and electrical
properties. It is possible to do a molecular dynamics sim-
ulation if the structure is first optimized for energy which
followed by geometric optimization [22]. The molecular
dynamics study is performed using the FORCITE module in
the material studio. The FORCITE module allows geo-
metrical optimization and finite temperature molecular
dynamics with implicit symmetry and geometry constraints.
The mechanical properties are based on the classical model
in molecular dynamics; a set of “Newtonian equations of
motion” is used to approximate all the molecules’ locations
as well as their velocity, acceleration, and rotation [23, 24].
2

4E_n ik (M
dR de
where E is the potential energy; R is the co-ordinates of the
atoms; and m is the mass of atoms.

The geometrical optimization is used to optimize the
CSH-CNT composite because if structures are not optimized
before running MD simulations, the results will be erro-
neous. To calculate the true density of a composite, mo-
lecular dynamics calculations are required. The system’s cell
density progressively increases over a period of external
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FiGURE 1: Experimental work. (a) Sonicated CNT. (b) Three point loading flexural test.
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FIGURE 2: Mechanical properties of various cement nanocomposites. (a) Flexural strength. (b) Young’s modulus.
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FIGURE 3: SEM image of the CSH-CNT composite.

pressure, and it can be further compressed by raising the
pressure. From the FORCITE module, geometry optimi-
zation is selected to optimize the CSH-CNT composite by
selecting a smart algorithm with NTP and default simulation
time [25].

MD simulations were performed using materials studio
software. The analysis was performed using the COMPASS
force field. COMPASS is the first force field parameterized
and validated using condensed-phase properties in addition

to empirical data for isolated molecules [26, 27]. To antic-
ipate precisely and simultaneously many molecules in iso-
lated or condensed phases, this force field is used. The
COMPASS force field consists of terms for bonds (E),
angles (Eg), dihedrals (Eg), out-of-plane angles (x), as well as
cross-terms, and two nonbonded functions, a Coulombic
function for electrostatic interactions, and a 9-6 Len-
nard-Jones potential for van der Waals interactions. Energy
due to interaction between bond sterching bond
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FIGURE 4: Amorphous cell with CSH cell. (a) Details of CSH. (b) CSH cell structure with ball and stick display.
TaBLE 2: Cell specifications of different types of composite models.
Lattice parameters a b c Bond length Length of SWNCT Percentage of CSH Percentage of CNT
CSH-CNT-1 40 40 40 1.42 40 99.75 0.25
CSH-CNT-2 40 40 40 1.42 40 99.50 0.5
CSH-CNT-3 40 40 40 1.42 40 99.25 0.75
CSH-CNT-4 40 40 40 1.42 40 99.00 1.00
CSH-CNT-5 40 40 40 1.42 40 99.75 1.25
NRAHAAA AN
Front View Side View Isometric View
FIGURE 5: Calcium silicate hydrate reinforced with carbon nanotube model in amorphous cell.
E\pa = Ep + Eg + E¢ + E, +E,y +Epg+ Eb,(p + EG,(;) + Eeﬁr + Ee,e’,q; + Eq +E, g0 (2)

3.3. Results and Discussion. The results of the MD analysis
using the FORCITE module indicate that the energy
(kcal/mol) of the system (composite) is reduced, which is
a major requirement for further calculating mechanical
properties. Figure 6 describes the geometry optimization

result to obtain a stable structure or polymorph. So, the
atom coordinates and possibly cell parameters are ad-
justed in an iterative process to minimize the total en-
ergy. Optimization of geometry in FORCITE module is
based on reducing the magnitude of calculated forces and



stresses until they are smaller than specified convergence.
A stress tensor can also be specified to model the system’s
behaviour under tension, compression, shear, and other
conditions. In these cases, the internal stress tensor is
increased iteratively until it equals the imposed external
stress. Figure 6 demonstrates the geometry optimization
of the CSH-CNT composite [28] which has been opti-
mized for the energy and the forces between the bonds
are neutralized. The initial temperature observed is
252K; however, as time progressed, the temperature
varied about 170K on a tiny scale, while the NPT cal-
culation process steadily converged to show that equi-
librium has been attained in the system dynamics
simulation as shown in Figure 7. Figure 8 indicates that
the forces between the bonds have been neutralized and
achieved density was approximately 1.67 g/cc. According
to the geometry optimization results, the geometry of the
CSH-CNT composite has been optimized for energy. A
stress tensor is specified to simulate the behaviour of the
system under tension, compression, shear, and other
conditions to evaluate the mechanical properties.

3.3.1. Mechanical Properties. After geometrical optimization
of composite, mechanical properties are calculated using the
FORCITE module by performing molecular dynamic
analysis. A constant strain value of 0.003 is applied to obtain
the mechanical properties such as young’s modulus, bulk
modulus, shear modulus, and Poisson’s ratio of the com-
posites. When carbon nanotube nanoparticles are put in
a cement matrix, they effectively bridge fissures in the ce-
ment matrix. From Figure 9, average young’s modulus has
plateaued which indicates that CNT efficiently resists the
applied strain. The CSH-CNT composite develops a crack at
the end of trial -2, indicating that the model has attained
ultimate stress for the strain applied. Attractive electrostatic
forces and silicate bonds influence CSH-CNT composite
strength, and silicate chain breaking is the primary reason
for reduced Young’s modulus after trail 2 mixes of the CSH
structure due to less O-Si-O bonding [29, 30].

The molecular simulation findings confirm that the
CNT embedment improves the mechanical characteristics
of CSH. The tensile strength of the CSH-CNT has sig-
nificantly improved along the direction of the CNTs. From
Table 3, it is observed that the CSH-CNT-2 model with
0.50% CNT proportion has the maximum value of
Young’s modulus in the z-direction, i.e., along the
composite’s longitudinal axis (perpendicular to the sili-
cate layer). MD analysis yielded Young’s modulus of
52.75 GPa for the CSH-CNT-2 composite. As a result, the
CNT nucleation process due to rearrangement with CSH
gel could eventually develop in the early hydration phase
during the formation of composite, which is one expla-
nation for the improvement in mechanical strength of the
composite. The CNT’s nucleation effect in the composite
by measuring the Ca (OH), decrement during the hy-
dration process of the CNT containing cement paste is the
second reason for the enhancement of mechanical
strength [31, 32].
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3.3.2. Linking Effect. The “Linking effect” of CNTs in the
cement matrix is considered another mechanism for
strength enhancement, which could increase the mechanical
properties of CSH because they can link the micro and nano
cracks in the CSH as shown in Figure 8; thus, it can be
referred to as “Linking material.” The mechanical properties
of a composite are greatly influenced by the cell dimension,
the bond length of the CNT, the angle of twist, the type of
forcefield, and the lattice system. The covalent linkage be-
tween the carbon atoms and SP2 hybridization in the CNTs
gives links to all of the microcracks formed, which improves
the mechanical strength of the composite. Figure 10 de-
scribes the fracture process of each composite system. The
crack propagation begun from adjacent sides of SWCNT
along fracture line of C-S-H gel, and stress distribution
occurs on fracture line of CSH gel and CNT as they em-
bedded inside of the matrix due their adhesion [33, 34].
Henceforth, different failure modes are seen for varying
concentration SWCNT. As SWCNT concentration in-
creases, the SWCNT becomes predominately responsible to
hold the interlayer atoms of calcium, silicon, and hydrogen
forming the “Sandwich structure” of C-S-H gel. This phe-
nomenon causes increase of stress distribution along z di-
rection between CNT and CSH gel and causes cohesive
failure [35]. MD simulations illustrate that after achieving
cohesive failure, the increase in SWCNT concentration does
not help in increase in the fracture strength due to the
agglomeration of SWCNT as indicated in microstructural
analysis.

3.3.3. Electrical Conductivity. The CASTEP module is based
on a quantum mechanics which allows exploring the dif-
ferent properties of CSH-reinforced-CNT composite. To
measure the electrical conductivity of the cement nano-
composite, the CASTEP module is used to get the energy
band and density of states. Energy band is a distance between
an electron’s valence band and its conduction band. An
electron must be excited to a state in the conduction band at
a minimum amount of energy before it can conduct. An
energy gap between the lower energy level of the valence
band and the higher energy level of the conduction band is
required for electrons to become free.

Figure 11 indicates energy band gap for different
compositions. Density of states is the number of electrons in
materials which allows energy states per unit volume per
unit energy state. The size of the bandgap makes the ma-
terials exhibit some of their distinct properties. The carbon
nanotubes linking effect with the cement matrix increases
with more and more addition of CNTs due to which free
electrons movement will be obstructed for the transfer of the
charges. The cement matrix surrounding the carbon
nanotube does not conduct much in comparison to CNTs.
The energy gap is more due to which electron excitation is
less chance. The electrons will be in a specific energy state
depending on the electrical structure around them. The
higher energy electrons begin to jump over to the other
nanotube as the two nanotubes come closer due to the
impact of the electric field [36, 37]. The concentration of
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TaBLE 3: Calcium silicate hydrate reinforced with carbon nanotube model in amorphous cell.

Young’s modulus in GPa

Shear modulus in GPa

Bulk modulus in GPa

Poisson’s ratio

Composite

Ex Ey Ez Eavg ny ny sz Gavg ny Kyz sz Kavg .uxy .uyz Hax #avg
CSH-CNT-1 31.83 43.87 4856 41.42 3557 15.62 32.61 2793 20.40 2812 3854 29.02 0.24 024 029 0.26
CSH-CNT-2 33.85 48.56 52.75 4505 38441 1853 36.75 31.23 24.53 31.13 41.87 3251 0.27 0.24 029 027
CSH-CNT-3 33.12 47.52 51.26 4397 37.52 15.76 34.86 29.02 23.00 29.33 38.83 30.39 0.26 0.23 028 0.26
CSH-CNT-4 3245 46.52 5023 43.07 3612 12.56 32.85 27.18 19.32 2872 3053 2619 0.22 023 025 023
CSH-CNT-5 31.23 45.82 49.15 42.07 3552 12.23 31.53 2643 1859 2828 29.53 2547 0.22 0.23 0.24 0.23

CSH - CNT- 1

CSH - CNT-2

CSH - CNT- 3

CSH - CNT- 4

CSH - CNT- 5

F1Gure 10: Linking effect of CSH-CNT composite.

CNT in matrix plays a key role in determining the proba-
bility of electrons hopping and thus affecting the tunnelling
(or electron hopping) resistance. The higher concentration
of CNT stimulates the electron hopping to the neighbouring
nanotube. The stress distribution at the fracture line between
CSH and CNT causes decreases in separation distance of
electrons, hence become capable of jumping across the two
nanotubes forming a higher current density path in between
the nanotubes. In composites with tiny volumes, the curved
nanotubes tend to make more connections among them-
selves, resulting in greater electrical conductivity and
a quicker reach of the electrical percolation. Hence, there is
a threshold for electrical percolation, above which a stable
and continuous flow of electricity has been achieved and
a path of conductivity was created between the CSH
and CNTs.

The molecular study demonstrates the influence of
various factors on the resistance of the nanocomposite,
which is primarily dependent on the intertube tunnelling
resistance, including the height of barrier potential, CNT
length, degree of orientation, and cutoff distance. The ho-
mogeneous distribution of short aligned CNTs is found to
increase the reinforced nanocomposite’s sensitivity to strain
[37, 38]. Due to the rapidly availability of the electrons
hopping in this tube-like configuration, CNTs exhibit
a considerable electrical characteristic based on the atomic
configurations. Since there are free electrons in carbon
nanotubes, the atomic configurations have a significant
effect on their electrical properties [39]. With a gradual
increase in the percentage of the carbon nanotubes inclusion
in the cement matrix, the conductivity of the system goes on
increasing up to 0.5 S/cm, and further the conductivity does
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not increase much as per the increase in CNTs percentage as
per Figure 12. Hence, threshold for electrical percolation is
observed at 0.5% SWVNT concentration which allows stable
and continuous flow of electricity leading conductivity path
between the CSH and CNTs.

3.4. Comparative Study. The MD simulation and experi-
mental investigation describe the behaviour of CNT into
cement composites. The uniform orientation and non-
straight shape of CNTs as well as interfacial bonding need to
be taken into consideration in the study as they are well-
dispersed within the matrix to produce an isotropic ce-
mentitious nanocomposite. CNT-cement nanocomposites
in the interfacial area and with CNT waviness revealed
extremely high agreement with experimental results. Fig-
ure 13 describes the comparison of Young’s modulus ob-
tained from the experimental and analytical approach for the
various concentrations of CNT cement composites. It is seen
that 0.5% of CNT cement composite gives the highest
Young’s modulus due to well dispersion of CNT as per
Figure 3. The error obtained from both the approach is
approximately 20% as in analytical study dispersion of CNT
is considered to be uniform in the matrix.

4. Representative Volume Element
(RVE) Modelling

When a structure is made up of more than one element, it
becomes essential to understand its behaviour to assess its
properties under the external forces. Representative volume
element (RVE) modelling is the most important technique
that is used to analyze the smaller scale (micro or nano)
materials, mechanical properties, and surface interactions of
composite. The RVE is a mathematical model used to cal-
culate the effective characteristics of the homogenised
macroscopic composite. In a proposed work, the RVE model
is carried out for cement nanocomposite to calculate the

0.6

0.5 ./.

J/

0.3

0.2

Conductivity (S/cm)

0.1

0.0 0.2 0.4 0.6 0.8 1.0
SWCNT Wt Concentration (%)

FiGure 12: Plot of conductivity vs. percentage of CNT weight
fraction.

effective material constants that are related to stress and
strain components such as E, G, and Poisson’s ratio. In the
proposed work, RVE is made up of transversely isotropic like
cement matrix and orthotropic material single-walled car-
bon nanotube (SWNCT). A homogenized elastic model of
square-shaped RVE is considered of length L and cross-
sectional area 2a x 2a subjected to external load. The physical
dimensions and attributes of the RVE model are presented in
Figure 14 and Table 4. When CNTs are equally scattered in
concrete structural parts, this model represents the nano-
level organization of CNTs. Representative volume element
is the technique to calculate the elastic constants. Contin-
uum modelling of continuum mechanics is used to study the
RVE modelling using “ANSYS mechanical APDL” (ANSYS
Parametric Design Language). Elements like SOLID 65,
SOLID 45 commands are used to model CNT and cement
matrix [40] and TARGET 170 and CONTACT 174 to define
the contact between two surfaces. Similarly for electrical
analysis, SOLID 185 for cement matrix and SOLID 227 for
CNT is used.

4.1. The Behaviour of CNT Cement Matrix under External
Loading. In the present study, gradual increasing of uni-
formly distributed external loading is applied on cement
nanocomposite till failure of composite. This analysis de-
scribes the behaviour of CNT onto cement matrix under
external load as well as the interface changes between them.
Figure 15 shows the distribution of maximum principal
stress of composite subjected to a uniform loading “p.” It is
observed that the end of the CNT projected out from the
matrix indicates the pull-out effect due to the application of
load. The maximum principal stress value is found to be
17.65nN/nm* The application of load causes CNT to
lengthen and expand beyond the cement matrix, which is
known as the pull-out effect. The failure of the composite
considered at the load of 1 nN/nm as variation of stress is not
observed beyond this point as shown in Figure 16.
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Comparative Study
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FIGURE 13: Young’s modulus of CNT cement composite obtained from different approaches.
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TaBLE 4: Physical dimensions and properties of the RVE model.

Length of CNT, L

50 nm

Outer volume

Inner volume

Size of RVE model

Width and height of cement matrix, 2a
Type of RVE model

Volume fractions of CNT
Diameter, D

Density of CNT

Density of cement matrix

Young’s modulus of CNT

Young’s modulus of cement matrix
Poisson’s ratio of CNT

Poisson’s ratio of cement matrix
Electrical resistivity of CNT
Isotropic resistivity

Cuboidal cement matrix
Hollow cylindrical-shaped SWCNT
10 x10 x 50 nm
10 nm
Square
0.45%, 0.89%, 1.34%, 1.78%, and 2.22% of volume of cement matrix
Diameter varies according to the volume fraction of CNT
1.34¢ **kg/nm’®
2400e~° kg/nm’
1000 GPa
5, 20, 100, 200 Nn/nm’
0.2
0.3
10° ohm-nm
5.5x10"* ohm-nm

Figure 17 shows the maximum deflection at the centre of
the bottom fibres of CNT cement composite due to con-
sistent loading. At the failure load of 1 nN/nm, no deflection
or displacement is found nearer to the support, while the
maximum deflection is found to be 0.61899 nm at centre.

Figure 18 explains the relationship between load and de-
flection. The uniform deflection is observed up to the load of
0.4nN/nm; after this, gradual increase of deflection takes
place until the load of 1 nN/nm, at which the deflection tends
to be maximal.
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Figure 17: Maximum deflection in CNT-cement composite.

4.2. Mechanical Properties of RVE Modelling. The previous
RVE model is examined for initial uniform loading of
0.2nN/nm to obtain the elastic constants in the z-direction
considering the CNT pull-out effect and axial elongation.
Deformations in the x and y directions are also considered to
calculate the elastic constants in the x and y directions,
respectively. The following constants were computed by

11

0.7 +
0.6 +

0.5 +

0.3 +

Deflection in (nm)

0.2+

0.1 +

0 f f f
0 0.5 1 1.5 2 2.5 3
Load (nN/nm)

FIGURE 18: Relation between the load applied and deflection.

inputting the results of the ANSYS analysis into the fol-
lowing mentioned formulas [41].

4.2.1. Expression to Determine E,
01

E - >
= 3)

where ¢,=AL/L =axial strain in z direction, o, = effective
normal stress in z-direction, and E,=effective Young’s
modulus in z-direction

4.2.2. Expression to Determine E, and Viy
1

=Fy = (Aylpa) +(v§x/Ez)’

(4)
((Ax/pa) + (vix/Ez))

" (aylpa) +(,/E2))

where v, = effective Poisson’s ratio; p = magnitude of uni-
form loading; a=half of the width of the RVE; E,
E,=effective Young’s modulus in x, y-direction;
E,=effective Young’s modulus in the z-direction;
Ax=change in dimension in the x-direction; and
Ay = change in dimension in the y-direction.

4.2.3. Expression for Calculating the Modulus of Rigidity

E

20 ®

where G =modulus of rigidity; E = effective Young’s mod-
ulus; and v = effective Poisson’s ratio

4.2.4. Formula to Convert Weight to Volume Fraction

f

B fw
~ fw+ (1 -fw)(pf/pm)’

(6)

where f=volume fraction of CNT fibre in %, fw=weight
fraction of fibre, pf=density of CNT fibre in gm/cm’, and
pm = density of cement matrix in gm/cm’
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&x, €z, 0z, Ax, and Ay are extracted from the results
generated after completing the analysis in ANSYS APDL.
These values are substituted further in the expressions (5, 6,
and 7) to obtain the values of elastic constant for composite
as presented in Table 5.

From Table 5, it is observed that elastic constants are
found to be higher for the 0.89 percent volume fraction of
CNT which appears to be the optimum value of CNT, as
shown visually in Figure 17. The stiffness in all three di-
rections increases with the increasing of Young’s modulus.
The pull out of CNT seen in the z-direction leads to the
increase of stress at the interface due to the effective load
transfer from the cement matrix. This improves the stiffness
in the z-direction. The relationship between nanocomposite
longitudinal modulus Ez/Em and matrix modulus is pre-
sented in Figure 17. It indicates that when the matrix
modulus increases, the stiffness also increases which im-
proves the strength of composite [42]. Another key factor to
remember is that the larger difference between constituent
moduli leads to the improvement of the effective modulus of
the nanocomposite [43]. Also, Figurel9 shows that for all
volume fractions, Ez/Em is less than unity, indicating that
nanotubes do not contribute to the strength in the
z-direction [44]. However, the Ez/Em value of 0.89 percent is
the highest when compared to other volume fractions for all
matrix modulus, especially for the matrix modulus of 50
and 200.

4.3. Electrical Analysis of RVE Model under Mechanical
Loading. RVE analysis is a popular technique for micro-
mechanical modelling of heterogeneous materials. It can be
used to perform a homogenization analysis to obtain ef-
fective properties, as well as a dehomogenization analysis to
obtain the material’s local fields and failure. Its popularity
can be attributed primarily to the maturity and acceptance of
commercial finite element software. As long as the Hill-
—~Mandel macrohomogeneity condition is satisfied, various
boundary conditions (BCs) can be used for the RVE analysis.
Kinematically uniform BCs (KUBCs), statically uniform BCs
(SUBCs), and periodic BCs are the three most common
types of BCs (PBCs). Both KUBCs and SUBC:s are relatively
simple to apply for. PBCs can be used in conjunction with
coupled equation constraints.

Here, the voltage of 20 V was maintained constant till the
end of the analysis. The model is analyzed for mechanical
loading, and variation in current density with respect to
change in magnitude of load is noted down, and resistance is
calculated for respective values as presented in Table 6.
Figure 20 depicts the distribution of the current density due
to the applied load and voltage. Since the carbon is a con-
ductor of electricity, therefore, the distribution of current
density is uniform across the CNT [45, 46]. The maximum
value of current density is stated in terms of nA/nm?. The
end points of the CNT have the lowest current density.
When varied magnitudes of external pressure were applied
to CNT, changes in current density were observed as shown
in Figure 21. Ohm’s equation is used to calculate the re-
sistance at a given amount of load. From Figure 22, it is seen
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that the resistance is found to be high for the initial loading
of 02nN/nm, with a value of 1.83486 x107'® ohm-nm.
However, as the loading increases, the resistance decreases,
making the material more conductive for additional in-
creases in load. This is due to, when a load is applied to CNT,
the pull-out occurred which increases the strain. Pull out in
the z-direction exhibits no change in the cross-section area,
implying that the surface area is growing. Increased surface
area leads to increased conductivity and, as a result, less
resistance. The effective conductivity in the axial direction,
i.e.,, normal to the plane of the nanoscale RVE, is calculated
by averaging of the local conductivities of the nanoscale
RVE, assuming that the electron hopping pathways extend
through the length of infinitely long CNTs [46-48].

5. Interaction between CNT and Cement Matrix

5.1. Contact Penetration. When the external pressure is
applied to the CNT cement composite, the CNT expands in
the z-direction. Therefore, CNT in the cement matrix
provides the support and stability from internal surface to
the composite. As a result of the strain and change in the
length of the CNT tube, the CNT attempts to penetrate the
cement matrix causing tension between the two surfaces as
shown in Figure 23 [49, 50]. The penetration is measured in
terms of stress. The greater the tension indicates the greater
the penetration. Figure 24 shows the increase of stress due to
the increase of external load leading to the uniform increase
in strain. The pull out of CNT signifies increased penetration
of CNT which leads to an increase in the value of stress
[51, 52].

5.2. Contact Sliding. Due to the external applied pressure on
composite cause sliding of CNT from cement matrix along
with pull out effect, the CNT slid from its centre section
along the inner surface across cement matrix. This is due to
CNT’s outer surface movement, and penetration of the CNT
into the cement matrix is restricted due to the action sliding
as depicted as shown in Figures 25-27. The largest sliding
occurs at the support, and sliding is comparably less at the
centre resulting in lower magnitudes of stresses in that
location. Figure 28 shows that the load increases cause the
sliding, which increases the stress in composite. It is ob-
served that cement composite fails at 1 nN/nm?, because the
increasing of sliding is maximum at that load. With further
increase of load, the stress value remains constant, indicating
that there is no additional sliding. The maximum stress
obtained is found to be 0.1733 nN/m? at a load of 1 nN/nm.

5.3. Contact Pressure. The deformation of the composite was
observed due to the application of pressure, but it was as-
sumed that the deformation of the CNT inside the cement
matrix would apply some internal pressure on the inner area
of the cement matrix [53, 54]. According to Figure 29, the
largest amount of stress is observed at the bottom tip of the
CNT near the support. Figure 30 depicts the relationship
between pressure and the stress caused by contact pressure.
Stress due to load exerted by CNT over cement matrix
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Effective young’s modulus in Gpa

TaBLE 6: Values of current density and resistance w.r.t loads.

50 T
40 T
30 T

20 1

0.45 0.89 1.34
Volume fraction of CNT in (%)

W Ex/Ey
W Ez

1.78 2.22

FIGURE 19: Volume vs effective young’s modulus.

Load (nN/nm) Current density (nA/nm?) Resistance (Q-nm)

0.2 0.109E + 18 1.83486E — 16
0.4 0.128E+18 1.5625E - 16
0.6 0.176E+ 18 1.13636E-16
0.8 0.234E+18 8.54701E—-17
1.0 0.294E + 18 6.7567E—17
1.2 0.370E+ 17 5.40541E-17
14 +

=)

=

N

23]

Et/Em

W 0.45%
W 0.89%
o 1.34%

50 200

W 1.78%
W 2.22%

Fi1GURE 20: Longitudinal modulus vs matrix modulus.
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FIGURE 21: Distribution of current density in CNT.
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FIGURE 23: Effect of penetration of CNT into cement matrix.
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FIGURE 27: Reduction in stresses from support to centre.
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FIGURE 25: Sliding of CNT through the cement matrix.
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FIGURE 26: CNT pulled out at support due to sliding due to the FIGURE 29: Magnified image of exact location for the maximum
application of pressure. value of stress.
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slightly increases up to 0.8 nN/nm; at 1 nN/nm, the stress
increases to the maximum value of 6.8175nN/nm, and for
further increase in pressure, the stress is constant, and at
load of 1 nN/nm, the maximum pull out is achieved.

6. Conclusion

From the previous studies, it has been revealed that con-
centration of CNT into matrix plays crucial role on in-
terfacial interaction between them which significantly
influence on mechanical and electrical properties. The
molecular dynamic study proves to be an effective method to
compute the elastic constant of composite. From the mo-
lecular dynamic analysis and experimental results, it is ev-
ident that the inclusion of carbon nanotube in the cement
matrix enhances the mechanical properties of the composite.
The weight fraction and volume fraction of CNT in the
cement matrix and dispersion of CNTs in the cement matrix
play major role in the mechanical and electrical properties.
The molecular dynamic simulation inculcates the “linking-
effect” of CNTs with the CSH gel which can effectively act as
a filler material. The density of the CSH-CNT-2 composite is
found using the FORCITE module which is 1.67 g/cc. The
optimum dosage of CNT is obtained at a 0.50% weight
fraction and 0.89% volume fraction of CNT in the cement
matrix which yields the better properties. The covalent bond
between the carbon atoms and SP” hybridization in the
CNTs has proved that CNTs have good longitudinal re-
sistance and provide the linking to all the microcracks
generated which in turn enhances the mechanical strength of
the composite.

From the RVE modelling, it can be observed that the
effective load transfer of CNTs is due to the availability of
larger surface area, which increases in mechanical proper-
ties. From the interfacial interaction of CNT and cement
matrix, it is observed that increase in stiffness is due to the
sliding of CNT causing pull-out effect which provides the
effective load transfer through CNT over cement matrix.
However, more increase in CNT weight and volume fraction
causes a reduction in mechanical properties due to the
agglomeration of nanotubes as observed from the SEM
analysis.

The electrical conductivity of the composite at 0.50% of
the CNT fraction is found to be 0.56s/cm stipulating as

Advances in Civil Engineering

increasing of weight percentage of CNTs in cement matrix
enhances the mobility of electrons. With further increase in
CNT fraction, it is observed that conductivity tends to attain
saturation due to agglomeration of electrons, charge im-
balance, and hopping of electrons into the core of CNT
which decrease the resistance. In RVE analysis, constant
voltage with the increase in the mechanical loading dem-
onstrates the increase of conductivity due to increases in the
surface area resulting in a reduction of resistance. After the
failure of composite, the value of resistance and conductivity
becomes constant. Hence, from previous studies, it is
concluded that nanocement composites are promising smart
materials in present which possess greater load carrying
capacity, mechanical properties, and electrical properties
and can be used for real time applications.
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