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In the present study, the improvement of mechanical properties of conventional concretes using
carbon nanoparticles is investigated. More precisely, carbon nanotubes are added to a pristine
concrete matrix, and the mechanical properties of the resulting structure are investigated using

the molecular dynamics (MD) method. Some parameters such as the mechanical behavior of the
concrete matrix structure, the validation of the computational method, and the mechanical behavior
of the concrete matrix structure with carbon nanotube are also examined. Also, physical quantities
such as a stress-strain diagram, Poisson’s coefficient, Young’s modulus, and final strength are
calculated and reported for atomic samples under external tension. From a numerical point of view,
the quantities of Young’s modulus and final strength are converged to 35 GPa and 35.38 MPa after
the completion of computer simulations. This indicates the appropriate effect of carbon nanotubes

in improving the mechanical behavior of concrete and the efficiency of molecular dynamics method
in expressing the mechanical behavior of atomic structures such as concrete, carbon nanotubes and
composite structures derived from raw materials is expressed that can be considered in industrial and
construction cases.

Concrete is a broad concept that refers to any material or compound that is composed of a cementations adhesive.
Concrete can be made from different types of cement as well as sulfur, additives, polymers, fibers, etc. Also, heat,
water vapor, vacuum, hydraulic pressures, and various compressors may be used in its construction!. Sometimes
to change some of the concrete properties, when mixing materials, the amount of additives is added to it. These
additives can also be in nanoscale. The nature of nanotechnology means working at the molecular and atomic
levels in the dimensions of 1-100 nm?~*. Nanotechnology is used to intervene and fabricate the arrangement
of devices, materials, and particles for greater efficiency”. Carbon nanotubes are one of the most important and
widely used carbon structures. In addition to being very strong, carbon nanotubes also have good flexibility.
From an atomic point of view, carbon nanotubes are cylindrical molecules with open or closed ends. In gen-
eral, carbon nanotubes can be divided into three general categories: zig-zag carbon nanotubes, chiral carbon
nanotubes and armchair carbon nanotubes®’. Armchair carbon nanotubes share electrical properties similar to
metals. Existence armchair carbon nanotubes in concrete increase the flexural and tensile compressive strength.
In the construction industry, the presence of carbon nanotubes in concrete increases the strength and prevents
the penetration of cracks®. In a computational study, Wu et al.” simulated the mechanical behavior of a concrete
sample. In this research, the molecular dynamics method and LAMMPS software were used for this purpose so
that the field of selected forces in this work was selected as Compass, UFF, and Dreiding, and the results of each
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potential were compared with experimental results. The results of molecular dynamics simulations showed the
high accuracy of all three force fields in predicting the mechanical properties of concrete structures. Yu et al.'’
investigated the mechanical properties of concrete using the coarse-grained method. In this study, concrete par-
ticles were considered as disk-type particles, and the Gay-Bourne force field was used to predict their mechanical
properties. The results of the research were in good agreement with the experimental results. Tavakoli et al.!!
studied the mechanical properties of different phases of concrete and determined its properties by examining
concrete with atomic precision and simulating it with nanometer dimensions. In this study, eight different force
fields were used to perform simulation MD instruments, and mechanical factors such as Young’s modulus,
shear modulus, compressibility, and final strength of atomic structures were calculated and reported. Titscher
et al.'? designed high-density concrete using molecular dynamics simulation. In this computational work, they
studied the mechanical properties of condensed concrete structure and showed that this secondary structure
has promising mechanical properties. Zhou et al.'* simulated concrete with a polymer chain. They reported the
samples’ mechanical properties by examining the interaction between concrete and simulated polymer chains
so that the mechanical and thermodynamic results of this group showed an improvement in mechanical behav-
jor and increased strength of the simulated structure. Hassan et al.'* added single-walled carbon nanotubes to
conventional concrete samples. By examining the mechanical factors such as the strength of the nanocompos-
ite, they reported the amount of improvement in the mechanical performance of this structure compared to
the concrete matrix. Manzur et al.'® added multilayer carbon nanotubes into the concrete matrix. By adding
multi-walled carbon nanotubes into the concrete matrix, the improvement of the mechanical properties of the
obtained material was proved. Carrico et al.'* added multi-walled carbon nanotubes to the concrete sample. By
adding carbon nanotubes with a weight ratio of 0.05-0.1%, they estimated the chemical stability and mechanical
strength of these structures at 21-25%. By adding carbon nanotubes with mass ratios of 0.2%, 0.4%, and 0.6% to
the concrete structure, Evangelista et al.”” investigated the change in mechanical properties of these structures.
The results of the mechanical experiments show that the maximum improvement in the mechanical properties
of the nanocomposition created for 0.4% of carbon nanotubes added. With the help of carbon nanotubes and
carbon nanofibers, Danoglidis et al.'® proposed a new method to improve the mechanical properties of concrete
samples. In this experimental study, they increased the amount of modulus of nanocomposites by adding carbon
nanostructures. In addition to the molecular dynamics method, there are other methods for studying micro- and
nano-scale currents'®>!,

In this paper, the computer simulations and molecular dynamics method are used. To apply the molecular
dynamics method in the present study, LAMMPS software is used *>. The MD simulations tend to have high
strain rates and the mechanical parameters are strain rate dependent®. In this research, parameters such as
the temperature of the simulated system, the total energy of the simulated system, the mechanical behavior of
the concrete matrix structure, the validation of the computational method, and the concrete matrix structure’s
mechanical behavior carbon nanotube were studied. Initially, in this study, a matrix of concrete containing the
atoms of calcium, hydrogen, oxygen, and silicon is created inside the simulation box. In the next step, carbon
nanotubes with different types (armchair, zig-zag and chiral) are simulated. In the third step, the composition
of the concrete matrix with carbon nanotubes is determined with certain ratios and then the final atomic sys-
tem is equilibrated at initial temperature as initial condition. The simulations of this research are performed
in two general steps of equilibration of atomic structures and mechanical testing of pure concrete structure
and reinforced concrete with carbon nanotubes. The first part of the simulated structures is done in 1,000,000
time steps and in the second stage the simulation process continues until the complete stress—strain diagram of
the structure is obtained. To be more precise, in the calculations which performed in this research, the results
reported in each of the simulation steps are sampled once every 10,000 time steps, so that the each time step is
considered equal to 1 fs (At=1 fs). An example of a simulated primary concrete structure with present atoms in
the concrete structure is shown in Fig. 1.

Computational method

In molecular dynamics simulation, each atom’s acceleration in the system can be determined by having the force
applied to each atom. Then, by integrating the equation of motion, the path of motion of the particles, which
describes the location, speed, and acceleration of each particle, is determined over time. Thus the evolution of the
path of motion over time will be determined. In the next step, using the path of movement, the average values of
the properties can be determined. In the molecular dynamics method, all calculations are performed according
to Newton’s equations, and in the simulation, Newton’s second law formulation is used as below equation®*-?’.

d 2 1i dV,'
FiZZFij=miﬁ=miE (1)
i#

In this equation, F; is the total force in simulated structures, r;/v; is position/velocity of atoms, and m; rep-
resents the atomic mass. Computationally, The velocity-Verlet algorithm is used to integrate Newton’s law
equation®.

In MD simulations, force-fields have high importance to describe physical behavior of atomic systems. Here,
the Lennard-Jones potential function is used to describe the interactions between concrete particles as well as
the interactions between carbon nanotube particles and concrete. The most common relationship for the Len-
nard-Jones potential function is as follows*:
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Figure 1. View of the atomic structure of a simulated concrete matrix.

Uy =4¢ {(%)12 - (%)GJr < (2)

In this relation, ¢ is the depth of the well, o is the distance at which the potential value becomes zero, and r
is the distance of the particles from each other. Also, r, is cut-off radius in Eq. (2). This parameter value set to
12 A in our MD study. Based on the particles present in the simulation box, the used coefficients in this research
are shown in Table 1.

In general, for carbon structures, the manner of interaction between atoms is described using the Tersoff
potential function and with the following formulation®:

E=1p) > Vi 3)

P i

Uij = fe(riplfr(rij) + bigfa(rij)] (4)
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Atom type ¢ (kcal/mol) | (A)o
Si 0.402 4.295
Ca 0.238 3.399
(@) 0.06 3.500

Table 1. Lennard-Jones potential coefficients are used in this study.

In this respect, f4 is a numerically negative value. The expression fr is also numerically positive and indicates
the repulsion interaction in simulated carbon systems. Electrical potential energy, or electrostatic potential
energy, is the potential energy obtained from the Coulomb steady forces. Electric potential energy is defined
using Coulomb law as follows™":

—1 qiq;

4 ey rizj ®)

Uij(r) =

In the above relation, g; and g are electric charges, r is the distance between the charges, and ¢ indicates the
electrical permeability of the open space. After force-field description, mechanical behavior details are important.
In the molecular dynamics method and LAMMPS software, achieving and calculating the strain created in the
structure is obtained by defining a variable and equating it with the strain formulation as follows:

L—1

Strain =
L

(6)

where 1, and |, are initial and final length of simulated structures in mechanical deformation process. Also, the
amount of stress is also calculated with Eq. (7):

Stress = = %)
ress = —
A

In this equation, F is atomic force and A defines cross section of simulated structure. Computationally, in
the simulations performed here, the MD box length is 100 x 100 x 100 Adinx, y, and z-directions, respectively.
Periodic boundary conditions are applied in all three directions of the coordinate axes so that this matrix is
repeated in all three directions to infinity. Also, NVE and NVT ensembles are used to initial condition setting
in atomic structures. Technically, in the present study, the Nose-Hoover thermostat is used to create thermal
equilibrium in simulated atomic structures. In general, the thermostat is used to keep the temperature in a
particular range. This process takes place by controlling the flow of thermal energy into or out of the simulated
atomic structure®***. Based on the descriptions given in this section, MD simulations in our computational
research consist of 2 main steps:

Step A) Equilibration process of atomic structures: Firstly, the pristine/reinforced concrete matrix was simulated
for 1,000,000 time steps. In this step, Nose—-Hoover thermostat was used to equilibrate of atomic system tem-
perature at Ty =300 K as initial condition. Temperature damping ratio in this step is equal 0.01. For equilibrium
process detecting, physical parameters such as temperature and total energy were reported.

Step B) Mechanical behavior of atomic structures: Next, the mechanical deforming and pullout process was
implemented to pristine/reinforced matrix by using the NVE ensemble for 10,000 time steps. After the tensile
and pullout tests, physical parameters such as stress—strain curve, Young’s modulus, ultimate strength, and
interaction energy were reported to describe the mechanical behavior of pristine/reinforced concrete matrixes.

Results and discussion

Investigation of thermodynamic equilibrium in the simulated atomic structure. In the first step
of this research, the structure of concrete is simulated, and the thermodynamic equilibrium in this structure is
investigated. To investigating the thermodynamic equilibrium in this atomic structure, physical properties such
as the temperature of the simulated system and the energy of the whole simulated system are studied. According
to the calculation method, the diagrams corresponding to the temperature and energy of the whole structure are
shown in Figs. 2 and 3. Based on the graph of temperature changes drawn in Fig. 2, the temperature in atomic
structures tends to 300 K, indicating the temperature equilibrium in the simulated atomic structures. Figure 3
also shows the changes in total energy over time steps. The total energy in the simulated structures is equal to
the sum of the atomic structures’ kinetic energy and potential. Due to the convergence of these two quantities,
it is expected that the total energy in these structures will also converge. The convergence of this quantity in a
negative value indicates that the atomic structure’s potential energy is greater than its kinetic energy. Total energy
of concrete matrix in presence of zig-zag nanotube calculated to report the CNT effects on atomic behavior of
pristine structure. As depicted in Fig. 4, by CNT inserting to pristine matrix, total energy magnitude of atomic
structure increases and converge to -603.77 eV after 1000000 time steps. This atomic stability increasing in MD
box arises from attraction force enlarging between various atoms. So, we conclude, CNTs adding to concrete
matrix don’t disrupted initial atomic arrangement.
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Figure 2. Temperature changes of pristine concrete matrix versus time.
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Figure 4. Total energy changes versus time for reinforced concrete matrix with zig-zag nanotube.

Scientific Reports |

(2021) 11:20265 |

https://doi.org/10.1038/s41598-021-99616-y

nature portfolio



www.nature.com/scientificreports/

Investigation of mechanical behavior of concrete matrix structure. In this part of the research,
and after ensuring the correctness of the simulations performed in the field of modeling atomic structures using
LAMMPS software, we calculate the mechanical properties of the simulated concrete sample using the molecu-
lar dynamics method. The basis for calculating the mechanical properties in the simulation is the use of the
loading method and deforms order in LAMMPS software, in which the stress-strain diagram is calculated, and
mechanical information is extracted by creating tension in the simulated structure. In this method, the struc-
ture’s initial length is calculated according to the number of atoms present in the simulation. Then, by stretching
the structure in the next moments using the structure’s instantaneous length in the strain formula, the strain
value is calculated. Also, the stress-strain diagram of the simulated structure is calculated. The mechanical trac-
tion process created in the simulated atomic structures is shown in Fig. 5. In this mechanical procedure, the
length of atomic matrix changes in z-direction. Numerically, simulated structure deformed by 0.01 s™! strain rate
with At=1 fs and with NVE ensemble used in z direction. This atomic deformation process implemented to all
regions of atomic sample and all atoms of modeled matrix deformed in each computational steps.

Computational method validation. In this part of the research, by performing molecular dynamics sim-
ulations and tensile tests in the simulated atomic structure, the initial concrete structure’s stress and strain values
are obtained. By drawing the corresponding values obtained for the concrete structure’s strain and stress, the
stress-strain diagram of the simulated structure is obtained. This diagram is shown in Fig. 6. The reported results
for stress values in this figure averaged every 1000 time steps to reduce fluctuation in this calculated parameter.
According to the diagram that is drawn in this figure, the maximum stress in the simulated atomic structure is
equal to 26.21 MPa, which is in good agreement with experimental research results*. From a numerical point of
view, the maximum stress tolerance by different concrete samples is in the range of 20-40 MPa. All calculations
and reports made in this section are done in standard conditions. This indicates the efficiency of the molecular
dynamics method in simulating the mechanical properties of atomic structures such as a concrete matrix. From
a physical and technical point of view, the appropriate results obtained in this study are simulated due to the
appropriate selection of interatomic interactions in structures and also the allocation of suitable atomic posi-
tions for different atoms in the concrete structure, which shows the exact method of atomic modeling. From a
mechanical point of view, the linear region in the stress-strain diagram contains important information such as
Young’s modulus of the atomic structure is simulated so that by calculating the slope of the stress-strain diagram
drawn in the linear region, it is possible to calculate Young’s modulus by simulation. The numerical value of
Young’s modulus calculated for concrete was 30 GPa (Fig. 6). On the other hand, by creating a deformation in
the structure of the concrete sample in the x and y directions, it is possible to calculate Poisson’s coefficient in
the atomic structure of concrete. This quantity’s numerical value is calculated to be 0.15, which is also consistent
with previous research®. To be more precise, the experimental reports in this field express the numerical value
of Poisson’s coefficient in standard conditions for concrete in the range of 0.1-0.2, which is in good agreement
with the results obtained in the simulations dissertation®.

Investigation of mechanical behavior of concrete matrix structure with carbon nanotubes. By
adding carbon nanotubes with the armchair, zig-zag, and chiral edges into the concrete matrix, the strength of
the initial atomic sample increases. This factor can be described by examining the stress-strain diagrams of
atomic structures in Figs.7 and 8. As reported before, the results for stress values in stress-strain curve averaged
every 1000 time steps to reduce computational fluctuation. Based on the obtained results in this part of the
research, the addition of carbon nanotubes with zig-zag edges has the greatest impact on the mechanical behav-
ior of the concrete sample. This behavior arises from mechanical strength of CNTs with various edges. Between
CNT structures, nanotubes with zig-zag edge have higher mechanical strength and this factor increase mechani-
cal behavior of reinforced matrix, appreciably. From an atomic point of view, carbon atoms are present in the
structure of carbon nanotubes with the zig-zag edge has larger adsorption interaction than chiral and armchair
samples. This adsorption interaction cause more physical stability in nanostructure against external parameters.

For attraction force analyze in simulated structures, we calculated the interaction energy between atoms in
various CNT structures and pristine matrix. This process was implemented on the equilibrated compound of
reinforced concrete/CNT structure containing CNTs with armchair, zigzag, and chiral edges (separately). In these
MD simulations, the periodic condition from the xy plane change to fix one and fixing the concrete structures at
the back region of the CNT for 10 A depth. The nanotube was pull out along the z axis for 10000 time steps, while
the interaction energy between two atomic structures computed throughout the pullout procedure as depicted in
Fig. 9. The calculated energy as a function of atomic displacement is reported in Fig. 10. Numerically, interaction
energy for carbon atoms in armchair, zig-zag, and chiral nanotubes is — 51.68 eV, — 59.36 eV, and — 47.01 eV. So,
this calculation shows more atomic stability in CNT structure with zig-zag edge. Technically, interaction energy
in simulated structures was calculated by using “compute group/group” command in LAMMPS computational
package. As a result, the mechanical strength of this structure is higher than in these samples. From a numerical
point of view, according to the numbers reported in Table 2, it indicates an increase in the amount of Young’s
modulus and ultimate strength to numerical values of 32 GPa and 30.34 MPa. From a numerical point of view,
the mechanical quantities reported in this section have increased by 6.67% and 15.76%, respectively. As a result,
the use of carbon nanotubes can be one of the most suitable solutions to improve the mechanical properties
of concrete. It is worth mentioning that the results in this part of the research are obtained for the addition of
carbon nanotubes with two atomic percentages so that the chirality of the carbon nanotubes used in this part is
selected in such a way that the atomic percentage expressed in this part is equal to 2% in all samples. By using
this atomic percentage, the probability of nanoparticles collision with each other decreases and the behavior of
the pristine matrix improve appreciably. In the final step of current computational study, we report the potential
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10000 time step

Figure 5. Mechanical traction process of concrete in the initial time step.

energy of simulated structures in presence of various CNTs. MD results in this step show the potential energy
of pristine matrix increases from — 423.87 eV to — 551.01 eV, — 571.97 eV, and — 603.77 eV by chiral, armchair,
and zig-zag nanotubes adding to concrete matrix. This calculation shows the physical stability improvement of
atomic structures which cause mechanical behavior improvement in final compound. By done these final calcula-
tions, we conclude simulated structures in current computational work can be used in actual applications**=>°.
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Figure 6. Calculated stress—strain and Young’s modulus diagrams for concrete structure using molecular
dynamics method.

Concrete
Matrix

Zig-Zag CNT

Figure 7. A view of the atomic structure of a concrete matrix with simulated carbon nanotubes in the present

study.
35 —u— Concrete matrix with carbon nanotubes
Young’s modulus
30 F (LU
__osf
<
& ]
2 2} LY
2 u
= y=0.0325x+4.3302 \E
wn
5rd R=0.9627 .
10 " =
‘Bl Em ESEng
5
0 1 1 1 1
0 2000 4000 6000 8000

Strain (1.0e-6)

Figure 8. Calculated stress—strains and Young’s modulus diagram for the structure of concrete matrix with zig-
zag carbon nanotubes.
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10000 time step

Figure 9. Schematic diagram of the CNT pullout process from the pristine matrix as a function of MD
simulation time steps.

Conclusion

In this study, using computer simulations, the mechanical properties of the improved concrete matrix were inves-
tigated using the addition of carbon nanotubes. The simulations performed in this study were of the molecular
dynamics type, which was performed using LAMMPS software. The results of this research can be expressed
as follows:
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Figure 10. Interaction energy between various CNTs and a pristine matrix during the atomic pullout process.

Atomic sample Ultimate strength (MPa) | Young’s modulus (GPa) | Poi ’s ratio | Interaction energy (eV)
Pristine concrete matrix 26.21 30 0.15 -

Concrete with zig-zag nanotubes 30.34 32 0.17 -59.36

Concrete with armchair nanotubes | 29.29 31 0.16 -51.68

Concrete with chiral nanotubes 29.01 31 0.16 —47.01

Table 2. Calculated mechanical properties for concrete matrix specimens using molecular dynamics method.

Rec

The amount of temperature in atomic structures tends to 300 K, which indicates the temperature equilibrium
in the simulated atomic structures.

The convergence of total energy in a negative value indicates that the potential energy of the atomic structure
is greater than its kinetic energy, and as a result, the higher potential energy than the kinetic energy of the
concrete structure indicates its physical equilibrium and mechanical stability.

Young’s modulus was determined by simulation using a stress—strain diagram. The numerical value of the
calculated Young’s modulus for concrete was 30 GPa.

By creating a deformation in the structure of the concrete sample in the x and y- directions, it is possible to
calculate Poisson’s coefficient in the atomic structure of concrete. The numerical value of this quantity was
calculated to be 0.15.

The addition of carbon nanotubes with a zig-zag edge has the greatest effect on the mechanical behavior
of concrete samples because carbon atoms in the structure of carbon nanotubes with a zig-zag edge have a
stronger adsorption interaction than chiral and armchair samples.
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