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� Multiscale simulation of monotonic behavior of CNT-reinforced concrete.
� The mechanical behavior of CNT is obtained through the molecular dynamics.
� The numerical simulation of the CNT-reinforced cement is compared with the experimental results.
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a b s t r a c t

There is an increasing demand for the use of high performance concrete in buildings to reduce significant
damage due to extreme loadings. Carbon nanotubes (CNT) with their superior properties are among new
materials, which can be used in concrete members. A hierarchical multiscale approach is adopted in this
research to obtain the monotonic behavior of CNT-reinforced concrete, noting that, to the best knowledge
of the authors, no experimental results are available for its monotonic behavior. At the nano scale, the
mechanical properties of carbon nanotubes (CNT) is derived by the molecular dynamics approach.
Afterwards, a micromechanical finite element method is adopted at the micro scale to determine the
stress-strain curve of CNT-reinforced cement. The whole structure of a concrete sample, including all
its major phases, is simulated at the meso scale by the finite element method. Finally, at the macro scale,
the monotonic behavior of a concrete column made of CNT-reinforced cement is studied. The results of
simulations indicate that by increasing the volume fractions of CNTs, the energy absorption capacity, the
curvature ductility and the ultimate moment capacity of the CNT-reinforced concrete columns increase
significantly.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete buildings, which are amongst the most common struc-
tures, are vulnerable to earthquakes. There is an universal increas-
ing demand for production of effective and efficient types of
modified concrete material to reduce damages caused by severe
earthquakes. Columns at lower stories of the buildings play a sig-
nificant role in ductile behavior of concrete structures during
earthquakes. These columns should provide sufficient ductility,
load-carrying capacity and large plastic deformations without
major loss of strength. Unfortunately, low tensile strength, crack-
ing and brittleness of concrete at the plastic hinges of columns
result in strength degradation and consequently, the overall behav-
ior of structure may become unstable. Consequently, production of
concrete material, which possess high energy absorption capacity
while is nearly immune to the high level of damage, is desirable.

Recently, several methods have been developed to increase the
strength, ductility, and damage tolerance of concrete columns
against cyclic loadings. Implementation of different types of fiber
reinforced concrete (FRC) [1,2] have also been proposed. Addition
of fiber improves the performance of concrete, increases its ductil-
ity, crack bridging and energy dissipation during reverse cyclic
loadings. Fischer and Li [3] studied the experimental response of
FRC members in direct tension and flexure under cyclic loading.
The results indicated that behavior of FRC depended solely on
the cement-rebar interaction and the steel fiber reduced the sliding
among the steel rebar and concrete, and enhanced the ductility and
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load carrying capacity of members. In addition, using FRC delayed
generation of cracks at the micro level and consequently the macro
cracks became more stable. In another research, Lee [4] investi-
gated the cyclic behavior of steel fiber reinforced concrete (SFRC)
to find its effects on the brittle behavior of the concrete columns
under seismic loading. Their results revealed that by increasing
the volume fraction of steel fibers, longitudinal steel rebar yielded
sooner than the shear ones, which meant that if steel fibers were
uniformly distributed in the concrete, brittle shear fracture could
be replaced by the ductile bending one.

The primary focus of this study is to investigate the effect of
adding a new class of reinforcing material for concrete at the nano
scale, called carbon nanotubes (CNTs), on the monotonic behavior
of CNT-reinforced concrete columns (CNRC) through a series of
finite element simulations. CNTs are hollow cylindrical atomic
structures made of carbon atoms at the nanoscale, which were first
discovered by Iijima [5]. Due to their excellent and superior
mechanical properties, such as high tensile and compressive
strength in the range of 100 GPa and elastic modulus around 1
TPa, they made a tremendous revolution in mechanical properties
of materials. One of the main problems of making CNT-reinforced
concrete is the proper dispersion of CNTs in the cement matrix
due to the fact that they tend to agglomerate. To overcome this
problem, CNTs are directly synthesized on the surface of cement
Fig. 1. Schematic representation for the multiscale simulation o
grains [6] which results in production of the cement hybrid mate-
rial (CHM). CHM can be easily blended with an ordinary cement to
result in a well dispersed CNT-reinforced in cement matrix [6].

Due to the fact that, to the best knowledge of the authors, no
report is available on the experimental behavior of CNT-
reinforced concrete columns, numerical simulations is a useful tool
to predict their mechanical behavior. The paper begins with molec-
ular dynamics simulation of CNTs at the nanoscale in Section 2. In
Section 3 and 4, the mechanical properties of CNT-reinforced
cement and concrete are derived by the finite element analysis.
Finally, the monotonic behavior of CNRC are determined and the
corresponding moment-curvature curves are obtained to evaluate
their ductility and energy dissipation. The schematic representa-
tion of the simulation method is illustrated in Fig. 1.
2. Molecular dynamics simulation of CNTs

At the nanoscale, the mechanical properties of CNTs under ten-
sile and compressive loadings are derived by the molecular
dynamics (MD) approach using the LAMMPS (Large-scale atomic/-
molecular massively parallel simulator) [7] open source code at the
room temperature (300 K). Configuration of a CNT can be defined
by a vector (n, m), where in the case of n = m, an armchair CNT
is constructed while m = 0 provides a zigzag CNT. Several carbon
f the cyclic behavior of a CNT-reinforced concrete column.



Table 2
Tensile properties of CNTs.

Type E (Gpa) m Ft (Gpa) Gft (N/m)

Armchair (10,10) 1130 0.14 128.68 13,180,964
Zigzag (17,0) 1124 0.13 102.29 8,021,783
Armchair (10,10)/(15,15) 1087 0.14 125.84 12,264,589
Zigzag (17,0)/(26,0) 1068 0.13 99.88 7,732,911
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nanotubes including, single and multi-walled CNTs (SWCNT and
MWCNT) with the finite length of 100 Å are considered and the
corresponding mechanical properties are obtained. Geometrical
properties of adopted CNTs are provided in Table 1. The interaction
among carbon atoms is defined by the Tersoff interatomic potential
[8], which provides reliable results, fitted to experimental data [9].
Further details regarding the simulation procedure and other prop-
erties of CNTs can be found in [10–12].

The results of the tensile and compressive stress-strain curves
and mechanical properties of CNTs are provided in Fig. 2, and
Tables 2 and 3. The mean values of the mechanical properties are
used as input for the micro scale simulations. Cleary, the compres-
sive elastic modulus is more than the tensile one. On the other
hand, the tensile strength of CNTs are superior than their compres-
sive strength. CNTs can sustain very large tensile strain by a mean
value of nearly 0.15, while their buckling strain usually occurs at
0.035.

Two different responses are observed for tensile and compres-
sive behaviors of CNTs, as depicted in Fig. 3. In short CNTs, the local
Fig. 2. Stress-strain curves for CNTs u

Table 1
Geometrical properties of used CNTs.

Type Diameter (Å) Length/Diameter

Armchair (10,10) 6.78 14.75
Zigzag (17,0) 6.65 15.04
Armchair (10,10)/(15,15) 10.17 9.83
Zigzag (17,0)/(26,0) 10.18 9.82
shell buckling behavior is dominated as depicted in Fig. 3b, while
in longer ones the Euler buckling behavior is observed [12].

3. Micromechanical simulation of CNT-reinforced cement

At the micro scale, a 50 � 50 lm cement hydration model with
the thickness of 1 lm is adopted to randomly disperse CNTs with
different lengths and orientations on the surface of the cement.
Matsumoto and Nishimura algorithm [13] is adopted for random
nder a) tension, b) compression.

Table 3
Compressive properties of CNTs.

Type E (Gpa) Buckling stress (Gpa) Gfc (N/m)

Armchair (10,10) 1280.8 43.55 19,10,229
Zigzag (17,0) 1283.6 45.54 19,74,698
Armchair (10,10)/(15,15) 1247 43.35 20,15,685
Zigzag (17,0)/(26,0) 1222 40.38 19,23,232



Fig. 3. Deformation of CNT in a) Tension, b) Compression.
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distribution of CNTs. The hydration model consists of three major
phases, including, hydration products, unhydrated products, and
porosity. Among a number of available methods for simulation of
CNT [14,15], the efficient truss element is implemented to simulate
CNTs on the surface of the finite element domain. An isotropic
damage model with linear softening is adopted to simulate the
behavior of CNT-reinforced cement under different types of
loading.

Four independent models are considered: a pure cement and
three CNT-reinforced cement models with 1%, 2% and 3% volume
fractions (VF) of CNT with 5 lm length, which are named CNT-
1%, CNT-2% and CNT-3%, respectively. The results of the tensile
and compressive tests are presented in Table 4 and Fig. 4, where
ft and fc are the tensile and compressive strengths, Gft and Gfc are
the tensile and compressive fracture energies and E is the elastic
modulus. Fig. 4 indicates that in the CNT-reinforced cement, more
elements fall in a fully damaged state, leading to more energy dis-
sipation. Despite the fact that no significant difference is observed
Table 4
Mechanical properties of pure and CNT-reinforced cements.

Type E (Mpa) ft (Mpa) fc (Mpa) Gft (N/m) Gfc (N/m)

Cement 18,496 2.29 28.47 5.89 825
CNT-1% 18,568 2.46 29.05 9.32 850
CNT-2% 18,620 2.45 30.95 19.91 1032
CNT-3% 18,811 2.95 33.97 46.52 1038

Fig. 4. Damage distribution contour for the cement and CNT-reinforced cement
with 3% volume fraction and 5 lm CNT; (a) Tension; (b) Compression.
in the elastic modulus of the models, the tensile and compressive
strengths of CNT-3% are increased 23% and 19% in comparison to
the cement, respectively. Furthermore, addition of CNTs to the
cement can significantly enhance the tensile fracture energy from
5.89 N/m to 46.52 N/m. However, only 26% increase in compres-
sive fracture energy is observed. The results are used as input for
the meso scale simulation. Further details can be found in a similar
approach on study of impact resistance of CNT-reinforced cement
by [10,16].
4. Finite element simulation of CNT-reinforced concrete at the
meso scale

At the meso scale, a 2D 100 � 100 mm concrete sample con-
taining three major phases including, cement, large aggregate
and interfacial transition zone (ITZ), is simulated. The effects of
small aggregates are neglected [17]. Three different sizes of aggre-
gates with dimensions of 10 mm, 5 mm, 2.5 mm and volume frac-
tion ratio of 5:3:2 are considered. Different shapes of aggregate
including, circle, hexagon and arbitrary polygon are also investi-
gated by other researchers and their results clearly stated that
the shape of aggregates does not have significant effect on the
mechanical properties of the concrete at this scale [18]. Thus, only
the effect of circular aggregates are investigated in this study. All
the mentioned models, including pure cement and CNT-
reinforced cements with 1%, 2% and 3% volume fraction of CNT,
are simulated in the plane stress condition subjected to tensile
and compressive loadings.

Similar to the micro scale, an isotropic damage behavior with
linear softening is assigned to the cementitious material. The thick-
ness of ITZ layer is assumed to be 200 mm, as mentioned in earlier
investigations [18]. Considering the fact that the chemical compo-
sition of ITZ is very similar to the cement with higher water/
cement ratio, the mechanical behavior of the ITZ is assumed to
be similar to the cement with 70% reduction [18]. In addition, as
usually no damage occurs in the aggregates, their behavior is
assumed to be linear elastic with E = 30,000MPa and m = 0.2 [19].

Researchers have studied different volume fractions of aggre-
gate in concrete such as 53% and 45% [19,20]. In this study, a rea-
sonable value of 50% is considered for the volume fraction of
aggregate. All the models are fixed at the left edge and the dis-
placement is applied at the right edge of the samples. Triangular
elements with mean dimension of 3 mm is implemented for mesh
generation. Damage distributions of the samples are depicted in
Fig. 5. In compression, the damage area is extended in two inclined
directions of 45� with respect to the horizontal axis, while in ten-
sion the damage area remains vertical to the loading direction. In
addition, the damaged area is initiated in the ITZ (the weakest part
of the sample) and is propagated to the cement paste.

The stress-strain curves of the concrete samples are depicted in
Fig. 6. In the case of concrete, the value of tensile strength is 1.86
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MPa; whereas this value for CNT-reinforced concrete with 3% vol-
ume fraction of CNT is 2.44 MPa and 31% increase is observed. Duc-
tility of CNT-reinforced concrete samples significantly increases
Fig. 5. Damage distribution in samples under tension and com
and after the peak stress, their behavior remains more stable with
higher energy dissipation. The compressive strength of concrete
samples is 18.41 MPa, while in the case of CNT-reinforced concrete
pression; a) concrete, b) CNT-1%, c) CNT-2%, d) CNT-3%.



Fig. 6. Stress-strain curves for the concrete sample; a) tension, b) compression.
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with 3% volume fraction of CNT is around 24.81 MPa, which an
increase of 35% is observed and its ductility is also enhanced.
5. Monotonic analysis of CNT-reinforced concrete column

In this section, the behavior of CNT reinforced concrete columns
(CNRC) under static monotonic loading is simulated and the results
are compared with an ordinary reinforced concrete column (RC).
The OpenSees 2.4.4 (Open Systems for Earthquake Engineering
Simulation) [21] is used to perform the numerical simulation.

The obtained stress-strain curves of the materials at the meso
scale (Fig. 6) are implemented at the macro scale to define the
unconfined concrete behavior in OpenSees, using the ‘‘Concrete02”
[22] model (Table 5). In this model, f 0c is the concrete compressive
strength at 28 days, ec0 is the concrete strain at maximum strength,
Table 5
Mechanical properties of concrete models.

Material f 0cðMpaÞ ec0

Concrete 18.41 0.00081
CNT-1% 19.86 0.00102
CNT-2% 20.41 0.00137
CNT-3% 24.81 0.02083
Concrete (Confined) 27.95 0.00292
CNT-1% (Confined) 29.58 0.00348
CNT-2% (Confined) 30.13 0.00463
CNT-3% (Confined) 34.75 0.00626
f 0cu is the concrete crushing strength, eu is the concrete strain at
crushing strength, and f t is the tensile strength. A damage behavior
with linear softening regime in tension and compression is imple-
mented. In addition, the unconfined behavior of concrete is con-
verted to the confined one using the method provided in Mander
et al. [23]. It is worth noting that the confinement only affects
the compressive properties and the tensile properties remain unaf-
fected. The mechanical properties of material models are presented
in Table 5. Finally, for the monotonic behavior of steel rebar, the
Steel02 material model [21] with isotropic strain hardening is used
to model the steel uniaxial behavior with yield stress of ry = 437
MPa [24].

Due to the fact that in the concrete members, confined and
unconfined concrete materials with different stress-strain curves
are incorporated, the fiber element method is chosen to simulate
their response [25]. In this method, structural members are divided
f 0cuðMpaÞ eu f tðMpaÞ EðMpaÞ

0 0.007 1.86 26,151
0 0.01 2 26,310
0 0.02 2.01 24,795
0 0.04 2.44 25,248
22.34 0.014 1.86 26,151
23.65 0.02 2 26,310
24.06 0.03 2.01 24,795
27.86 0.05 2.44 25,248
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into two-node elements and the cross section of each element is
divided into several longitudinal steel and concrete fibers, and
the axial stress of any fiber is only determined by the strain of that
point [25]. As a result, any distributed plasticity behavior in the
section can be easily simulated. To consider the effects of sliding
among rebar and concrete at the bottom of the column (the most
critical point), a zero-length element with the bond-silp01 material
model is incorporated [26].

In order to verify the simulation method, an experimental con-
crete column (U6) which was investigated by [27] is simulated
Fig. 7. Fiber element m

Fig. 8. Comparison of numerical a
under the cyclic displacement-control condition. The concrete
compressive strength and steel yield strength are 37.3 MPa and
437 MPa, respectively. The clear height of the column is 1000
mm with a square cross section of 350 � 350 mm and eight longi-
tudinal 25 mm rebars. The spacing between 10 mm transverse
reinforcement is 65 mm. The column is divided into five nonlinear
Beam-Column elements with the displacement-control capability
along its length. One zero-length element at the bottom of the col-
umn is implemented to consider the slip of the fully anchored lon-
gitudinal bars. The fiber mesh of the cross section is depicted in
odel of the column.

nd experimental [27] results.
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Fig. 7. The cross section is divided into two areas, a confined core
area and an unconfined cover. The confined core and unconfined
cover are divided into 144 and 104 fiber elements, respectively.
By implementing the fiber element method, different material
properties can be defined for the core and cover areas. The column
is fixed at the bottom, and the displacement is applied on the top of
the column.

After imposing a constant compressive force of 600 kN to the
column, a lateral quasi-static cyclic displacement, with the magni-
Fig. 9. Moment-curvature diagram
tude of 11, 23, 46, 69 and 91 mm, is applied on top of the column.
The Newton-Raphson approach is implemented for nonlinear sim-
ulation. Comparison between the results of the numerical simula-
tion and experiment is illustrated in Fig. 8, which clearly shows a
good agreement.

Afterwards, based on [27], four concrete column sections,
including an ordinary reinforced concrete column (RC) and three
CNT-reinforced concrete columns (CNRC-1%, CNRC-2%, CNRC-3%),
are subjected to moment-curvature analysis. The nominal com-
s for different axial loadings.
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pressive load carrying capacity of the RC column is 4300 kN. There-
fore, the column sections are subjected to three different axial
compressive forces (8%, 13% and 20% nominal compressive load
Fig. 10. Curvature ductility fo

Fig. 11. a) Dissipated energy; b) ultimate moment of
carrying capacity) to investigate their effects on the results. The
analysis is performed under the displacement control condition.
Variations of the moment of the section versus curvature are
r different axial loadings.

the column sections with different axial loading.
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depicted in Fig. 9. It is obvious that, CNRC sections with higher vol-
ume fraction of CNTs can sustain larger amount of curvature and
lateral displacement.

The ratio of the ultimate to the yield curvature of the column,
denoted as the curvature ductility, is calculated for each column
and the results are illustrated versus CNT volume fraction in
Fig. 10. Clearly, increasing the axial force of the columns decreases
their curvature ductility. As the amount of CNT volume fraction
increases, the difference between the columns curvature ductility
with different axial loads increases. CNRC-3% with axial force equal
to 340 kN, possess the highest curvature ductility equal to 85.86,
while RC column with 860 kN axial force has the minimum of
18.53 curvature ductility.

The area enclosed by the monotonic moment-curvature curve
of the column indicates the amount of energy dissipation per
length. The energy dissipation of the column and its ultimate
moment capacities are shown in Fig. 11. Clearly, by increasing
the axial force of the column, the amount of dissipated energy
decreases. Furthermore, addition of CNTs to the concrete columns
can significantly increase their energy absorption capacity. CNRC-
3% column with 340 kN axial force has the highest dissipated
energy per length about 140.8 kN, while RC column with 860 kN
axial force demonstrates the lowest dissipated energy per length
of around 24.97 kN.

In the case of ultimate moment, it is observed that columns
with smaller axial forces have higher moment capacity than col-
umns with larger ones, however the difference is not substantial.
(Fig. 11a). Consequently, the average moment capacity of the RC
columns is 255 kN.m, while in the case of CNRC-3% column, it
becomes 320 kN.m with a rise of more than 25%. Generally, the
results indicate that CNTs can limit the extent of damage and con-
sequently increase the stability and strength of concrete columns.

6. Conclusion

In this research a hierarchical multiscale approach, including
nano, micro, meso and macro scales, is adopted to investigate the
mechanical properties and ductility of carbon nanotube (CNT)-
reinforced concrete columns under monotonic loading. The results
of the simulations at the nano scale indicate that the mechanical
properties of CNTs in tension is superior than compression. At
the micro and meso scales, the results indicate that increasing
the volume fraction of CNTs can significantly increase the fracture
energy, tensile and compressive strength of the CNT-reinforced
cement and concrete. Finally, concrete columns made of different
CNT volume fractions are analyzed under monotonic loading and
the results reveal that CNRC sections with higher volume fraction
of CNTs can sustain larger amount of curvature and lateral dis-
placement. In addition, by increasing the axial force of the col-
umns, the amount of dissipated energy and curvature ductility
decreases. Furthermore, addition of CNTs to the concrete columns
can significantly increase their energy absorption capacity.
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