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Abstract

The incorporation of Carbon Nanotubes (CNTs) as nanoinclusions for the development of electrically conduc-
tive cement-based composites opens a vast range of possibilities for monitoring of concrete structures. A key issue
for the design and optimization of these composites is the development of theoretical models capable of providing
a quantitative prediction of their overall electrical conductivity. Experimental results have evidenced the strong
influence of the waviness and dispersion of the nanotubes on the overall conductivity of these materials, what
makes the consideration of these two phenomena essential for the development of realistic theoretical models.
Nevertheless, both waviness and agglomeration have been often neglected in the literature or, when considered,
have been reproduced with very simple modeling approaches not suitable to catch the complexity of the problem
at hand. This paper presents an improved micromechanics model of the effective electrical conductivity of CNT
cement-based nanocomposites based on enhanced approaches for reproducing waviness and non-uniform spatial
distributions of the nanoinclusions. The two mechanisms that govern the electrical conductivity of these compos-
ites, electron hopping and conductive networks, are incorporated in the mixed micromechanics model. On the
basis of scanning electron microscopy inspections, a helical waviness model and a two-parameter agglomeration
approach are proposed. In order to assess the accuracy of the proposed analytical model, cement-based specimens
have been manufactured and tested for providing data to use as the basis of comparison. In particular, speci-
mens of cement pastes, mortars and concretes with different concentrations of Multi-Walled Carbon Nanotubes
(MWCNTs) have been prepared. It is shown that the consideration of straight uniformly distributed nanotubes,
as typically done in the literature, leads to an overestimation of the overall conductivity. On the contrary, it is
highlighted that the wavy state of the fibers as well as their agglomeration in bundles play a crucial role in the
conductivity of cement-based nanocomposites, which is demonstrated by achieving a good fit to the experimental
data when using the proposed models for waviness and agglomeration. Overall, the paper highlights the phys-
ical mechanisms governing the overall electrical conductivity of cement-based composites with MWCNTs and
provides a powerful analytical tool for their design.
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1. Introduction

The addition of Carbon Nanotubes (CNTs) as nanoscale inclusions has attracted the interest of a large section
of the scientific community due to their potential for the development of multifunctional and smart materials.
Many researchers have reported the exceptional mechanical properties of CNTs with elastic modulus greater than
1 TPa [1] and ultimate tensile strength around 150 GPa [2], largely exceeding those of any previously existing
material. However, the interest on CNTs is not limited to mechanical aspects but also focused on their electrical
properties with conductivities between 1000 and 200000 S/cm [3], that is several orders of magnitude larger than
most polymeric and cementitious materials. As a result of these properties, along with high aspect ratio, small
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diameter, lightness and excellent chemical and thermal stability, CNTs can be used as additives to produce multi-
functional composites [4]. Carbon nanotube cement-based composites are particularly interesting since concrete is
one of the most employed materials for civil engineering structures. Nonetheless, the ageing processes associated
with these materials make Structual Health Monitoring (SHM) essential for the assessment of the serviceability
of these structures. The development of smart cement-based materials offers a large variety of possibilities for
improving control, reliability and durability of the infrastructures [5–7]. Hence, the development of theoretical
models capable of providing a quantitative prediction of the overall conductivity of CNT cement-based compos-
ites would be essential for the design and optimization of these nanocomposites, yet not fully achieved so far in
the literature.

Due to the large disparity of mechanical and thermal properties between the cement matrix and CNTs, low
CNT concentrations can substantially modify the properties of CNT cement-based composites [8, 9]. However,
regarding the effective electrical properties of CNT cement-based composites, experimental measurements have
demonstrated a percolation-like behavior [10–12], i.e., the conductivity varies only slightly for ranges of CNT
concentrations below and above a certain critical concentration, so-called percolation threshold, at which abrupt
increases are observed. Most researchers agree explaining this percolation behavior by means of two different
conductive mechanisms: electron hopping at the nanoscale and conductive networks at the microscale [10, 13–
15]. From quantum mechanics, electron hopping is characterized by the transfer of electrons intra-tube or from
one CNT to an adjacent tube. The probability of occurrence of this mechanism is highly dependent on the distance
between tubes [16, 17]. At low CNT concentrations, electron hopping governs the electrical conductivity of the
composite. With increasing CNT concentration, the separation distance among CNTs decreases until adjacent
fibers touch one another resulting in a continuous electrically microscale conductive path. The conductivity of
composites with CNT concentrations above the percolation threshold is believed to be dominated by this second
mechanism.

Most of the literature on CNT cement-based composites has focused on their fabrication process and exper-
imental characterization. Theoretical studies coping with the explanation of the physical principles underlying
the conductive mechanisms of these composites are rather scant. Among these contributions, it is noteworthy the
application of lumped-circuit models of carbon fiber cement paste sensors based on series-parallel arrays of elec-
trical resistors [18–21] and capacitors [22]. A larger number of publications is found concerning the modeling of
polymeric materials doped with carbon nanotubes. Monte Carlo (MC) simulations haven been widely employed
to predict the electrical conductivity of the nanocomposites [23–26]. Nevertheless, MC simulations are computa-
tionally expensive and do not offer an explicit formulation useful for design purposes. Thus, the development of
analytical models has attained more attention. Traditionally, a three-parameter power law fit taken from classic
percolation theory has been widely used for determining the percolation threshold [27, 28]. However, since this
model requires experimental data to be fitted, it can not be used for design purposes nor let distinguish the two
conductive mechanisms. Alternatively, other authors have attempted to predict the overall electrical conductivity
of CNT nancomposites by means of micromechanics theory. Among them, it is worthy mentioning the work
of Deng and Zheng [29] who developed a simplified micromechanics model to evaluate the effective electrical
conductivity for CNT composites. This approach allowed to reproduce percolation, conductive networks, conduc-
tivity anisotropy and waviness of CNTs with good agreements with some experimental data from the literature. A
similar approach was employed by Takeda et al. [30] for the analytical characterization of the electrical conduc-
tivity of carbon nanotube-based polymer composites. The predictions from the analytical model showed a good
correlation with experimental results measured by alternating current impedance spectroscopy. Another relevant
contribution was made by Seidel and Lagoudas [31] who proposed a Mori-Tanaka micromechanics model [32, 33]
for the study of the individual influence of electron hopping and the formation of conductive networks on the elec-
trical conductivity of CNT-polymer composites. In that work, the electron hopping mechanism was simulated by
means of a conductive interphase surrounding the tubes, whilst conductive networks were represented by changes
of the CNT aspect ratios. Despite the promising capabilities of this new approach, great discrepancies were ob-
served compared to experimental data. The origin of these discrepancies was attributed by Feng and Jiang [34]
to the assumption of the electrical conductivity and thickness of the interphase as constant, as well as the isolated
effect of electron hopping and conductive networks before and after the percolation, respectively. These authors
proposed an extension of the latter approach by considering the coupled effect of electron hopping and conductive
networks on the overall conductivity with better agreement with experimental data. The simulation results also
indicated that the sizes of CNTs have significant influence on the percolation threshold and, consequently, on the
overall conductivity of the nanocomposites.

It should be mentioned that most of the existing theoretical studies on the electrical properties are focused on
the composites with the assumption of straight conductive fillers. However, experiments have shown that most
CNTs in composites present certain degree of waviness [35–37], which is due to the large aspect ratio and low
bending stiffness of CNTs. In this regard, some researchers have reported on the effects of waviness on the overall
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electrical properties of CNT nanocomposites. By assuming a simple sinusoidal shape, Yi at al. [38], Berhan and
Sastry [39] and Fisher et al. [40] showed that CNT waviness induces considerable increases of the percolation
threshold and decreases of the overall conductivity. Similar conclusions were reached by approximating wavy
CNTs as elonged polygons by Li et al. [41], or by introducing equivalent straight fibers into a simplified microme-
chanics models, as reported by Deng and Zheng [29] and Takeda et al. [30]. A second important phenomenon
that occurs in CNT composites is the agglomeration of fibers. The difficulty in obtaining good dispersion of the
nanotubes is related to the circumstance that CNTs tend to form agglomerates and bundles. This phenomenon
is attributed to the electronic configuration of tube walls and their high specific surface area which favors the
appearance of large van der Waals’ (vdW) attraction forces among nanotubes [42–44]. Although it is reported in
the literature that bundles can substantially decrease the overall conductivity of the composites since they inhibit
the formation of conductive networks [45], only a few contributions have attempted the theoretical simulation
of this effect. Along these lines, it is worth noting the works of Weng [46] and Yang and co-authors [47]. The
results showed that the inhibition of conductive networks induced by clustering leads to important increases on
the percolation threshold. It is thereby essential the development of rigorous theoretical models capable of simu-
lating waviness and clustering of CNTs for the correct comprehension of the physical principles that govern the
conductivity of CNT cement-based composites, as well as for the development of effective tools for their design.

This paper presents a micromechanics model to predict the overall conductivity of CNT cement-based nanocom-
posites with the consideration of waviness and non-uniform spatial distributions of nanoinclusions. The two
mechanisms that govern the electrical conductivity of these composites, electron hopping and conductive net-
works, have been incorporated in a mixed micromechanics model. The quantum tunneling effect associated with
the electron hopping mechanism is simulated by means of conductive interphases surrounding the nanotubes.
With regard to the conductive network mechanism, the formation of conductive paths is modeled by changes on
the fiber aspect ratios. Moreover, in order to develop a more accurate model of the actual state of nanotubes within
cement-based composites, the waviness and agglomeration effects are also taken into account. On the basis of
Scanning Electron Microscopy (SEM) inspections, a helical waviness model and a two-parameter agglomeration
approach are proposed. In order to count on an experimental basis to use as benchmark for validating the ana-
lytical results, cement-based specimens have been manufactured and characterized. In particular, specimens of
cement pastes, mortars and concretes with different concentrations of Multi-Walled Carbon Nanotubes (MWC-
NTs) have been prepared using three preparation techniques. The first one consists of using high amount of
dispersant and mechanical mixing. The two remaining strategies consider similar and lower dispersant concentra-
tions with ultrasonic treatment. It is shown that the consideration of straight uniformly distributed nanotubes lead
to an overestimation of the overall conductivity. On the contrary, it is highlighted that the wavy state of the fibers
as well as their agglomeration in bundles play a crucial role in the conductivity of cement-based nanocomposites,
whereby the incorporation of waviness and agglomeration effects produced a better fit to the experimental data.
The proposed analytical micromechanics model is a tool that can be helpful for the twofold purpose of understand-
ing of the physical mechanisms that govern the electrical conductivity of MWCNT cement-based composites and
for assisting their design.

The paper is organized as follows. Section 2 gives a background on the micromechanics modeling of com-
posites doped with randomly oriented straight CNTs. Section 3 presents the helical approach for the modeling
of curved MWCNTs. Section 4 introduces the two-parameter model for the simulation of the agglomeration of
nanoinclusions in bundles. Section 5 presents theoretical parametric studies along with comparison analyses with
experimental data and, eventually, Section 6 concludes the paper.

2. Composites reinforced with randomly oriented straight CNTs

In this section, the carbon nanotubes are assumed to be straight, uniformly and randomly dispersed in the
cementitious matrix. Based on the Eshelby-Mori-Tanaka mean-field homogenization framework, the electron
hopping mechanism is simulated by means of a conductive interphase surrounding the tubes, whilst conductive
networks are represented by changes of the CNT aspect ratios.

2.1. Tunneling resistance: Thickness and conductivity of the interphase

The electron hopping is characterized by the transfer of electrons between proximate tubes. The physical origin
of this transfer is a quantum tunneling effect which defines the penetration or tunneling of an electron through a
potential barrier. The transmission probability decays exponentially with the increase of the width and height of
the potential barrier [48, 49]. In the case of carbon nanotube reinforced composites, the potential barrier is defined
by the insulating gap of matrix da between proximate non-connected tubes [16, 17]. The upper limit distance for
MWCNTs in conductive networks, in other words, the cut-off distance for tunneling effects, has been taken as
dc=0.5 nm [50, 51], which is the maximum possible thickness of a cementitious medium separating two adjacent
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MWCNTs that allows the tunneling penetration of electrons (See Fig. 1). Due to a lack of information in the
literature for estimating the average separation distance between CNTs without electrical contact, an assumption
of da = dc has been made on this quantity in the present work. When the separation distance of CNTs is larger
than dc with CNT volume fraction f less than the percolation threshold fc, it is regarded that CNTs are more
independent rather than electrically connected to each other. In this situation, electron hopping dominates the
electrical conductivity of the composite. When conductive networks are formed after percolation threshold, several
works in the literature have demonstrated that the average separation distance da between adjacent MWCNTs
follows a power-law description [30, 34, 52]. Here, we have used the expression proposed by Deng and Zheng
[29]:

da =


dc 0 ≤ f < fc

dc

(
f c
f

)1/3

fc ≤ f ≤ 1
(1)

da

Inter-CNT 

matrix region

CNT

Figure 1: Contact configuration between two CNTs

Simmons [53] derived a generalized formula for the electric tunneling effect between similar electrodes sepa-
rated by a thin insulating film. If we assume the thickness of insulating film in the contact area of crossing CNTs to
be uniform and neglect the variation of barrier height along the thickness, the formula of the resistance to electron
tunneling Rint for a rectangular potential barrier can be employed [54]:

Rint(da) =
da~2

ae2 (
2mλ1/2) exp

(
4πda

~
(2mλ)1/2)

)
(2)

where λ is the height of the tunneling potential barrier, m and e are the mass and the electric charge of an electron,
respectively, a is the contact area of MWCNTs and ~ is the reduced Planck’s constant. A reference value of 0.36eV
has been taken for the height of the tunneling potential barrier based on the experimental results of Wen and Chung
[50]. This effect has been incorporated into the simulation through a conductive interphase layer surrounding the
nanotubes, whose thickness, t, and electrical conductivity, σint, can be expressed correspondingly as:

t =
1
2

da (3)

σint =
da

aRint(da)
(4)

Assuming a constant average separation among MWCNTs without electrical contact may result in an over-
estimated electrical conductivity of the nanocomposites for MWCNT volume fraction below and around the per-
colation threshold. However, with the increase of CNT volume fraction the contribution of conductive networks
becomes more dominating, allowing to neglect this overestimation above percolation [34].
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2.2. Nanoscale composite cylinder model for CNTs

As discussed above, the electron hopping mechanism among MWCNTs distributed in the matrix has been
simulated by the formation of a continuum interphase layer surrounding the nanotubes. In order to capture this
interphase layer and the hollow nature of a MWCNT, an effective composite cylinder model well accepted by
researchers has been used to determine the effective electrical conductivity of the MWCNT together with the sur-
rounding interphase. Fig. 2 shows the composite cylinder assemblage which consists of a MWCNT (length L and
diameter D = 2rc) and the surrounding interphase with a thickness of t. In this work, MWCNTs have been treated
as solid cylinders instead of a hollow tubes due to the difficulty of obtaining the actual electrical conductivity of the
MWCNT considering the nanoscale structures. The effective longitudinal and transverse electrical conductivity
of the cylinder, σ̃L and σ̃T , respectively, can be obtained in a local coordinate system {x1, x2, x3} by applying the
Maxwell’s equations and the law-of-mixture rule as [34, 55]:

σ̃L =
(L + 2t)σint

[
σL

c r2
c + σint

(
2rct + t2

)]
2σL

c r2
c t + 2σint

(
2rct + t2) t + σintL (rc + t)2 (5)

σ̃T =
σint

L + 2t

L 2r2
cσ

T
c +

(
σT

c + σint

) (
t2 + 2rct

)
2r2

cσint +
(
σT

c + σint
) (

t2 + 2rct
) + 2t

 (6)

where σc denotes the electrical conductivity of the MWCNT and the superscripts “L” and “T” represent the
longitudinal and the transverse directions, respectively. The volume fraction fe f f of the effective solid fillers can
be obtained in terms of the volume fraction of MWCNTs f in the matrix as follows:

fe f f =
(rc + t)2 (L + 2t)

r2
c L

f (7)

t

x1

x3

L t

t

D

t

rcx2

Figure 2: Equivalent composite cylinder

In this way, the composite itself is composed of two phases: the matrix and the effective solid fibers. For this
two-phase composite, a micromechanics model has been applied to determine its overall electrical conductivity.

2.3. Mixed micromechanics model

Let us consider the representative volume element (RVE) of cementitious matrix doped with randomly dis-
persed straight MWCNTs of Fig. 3. It is assumed that the RVE contains a sufficient number of fillers in such a
way that the overall properties of the composite are statistically represented. The effective properties of the RVE
have been estimated by means of the electrical counterpart of the mean-field homogenization model of Eshelby-
Mori-Tanaka. The Mori-Tanaka method [32] allows the extension of the theory of Eshelby [56, 57], restricted
to the analysis of an isolated inclusion within a semi-infinite elastic, homogeneous and isotropic medium, to the
case of multiple inhomogeneities embedded in a finite domain. The Eshelby-Mori-Tanaka approach, known as the
equivalent inclusion-average stress method, is based on the equivalent elastic inclusion idea of Eshelby and the
concept of average stress in the matrix due to Mori-Tanaka.

As discussed in the previous section, MWCNTs together with the surrounding interphases can be simulated as
equivalent solid fillers. The orientation of a straight filler aligned in the local x,1 direction is characterized by two
Euler angles ϕ and ψ, as shown in Fig. 3. According to the non-interacting inclusions assumption of the Mori-
Tanaka method, the effective electric conductivity σe f f of the nanocomposite can be determined by averaging over
all possible orientations of the fillers in the RVE according to the following expression [58]:

σe f f = σm + fe f f

∫ 2π
0

∫ π

0 ODF(ϕ, ψ) (σcnt − σm) A sin (ϕ) dϕdψ∫ 2π
0

∫ π

0 ODF(ϕ, ψ) sin (ϕ) dϕdψ
(8)
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Micro scale

Macro scale

x2

x3

x1

x ,2
x ,1

x,
3

ψ

φ

Figure 3: Representative volume element (RVE) including straight CNTs.

where ODF(ϕ, ψ) is the orientation distribution function; fe f f is the effective volume fraction of the equivalent
filler defined in Eq. (7); σcnt and σm are the electrical conductivity tensors of the effective filler and the matrix,
respectively; and A is the electric field concentration tensor. In the case of completely random oriented fillers, the
orientation distribution function ODF equals unity. The base vectors ei and e,i of the global (x1, x2, x3) and the
local coordinate systems (x,1, x

,
2, x

,
3) are related via the transformation matrix Q:

ei = Qi je
,
j (9)

where Q is given by

Q =

 cosψ sinϕ sinψ sinϕ cosϕ
− sinψ cosψ 0

− cosψ cosϕ − sinψ cosϕ0 sinϕ

 (10)

Each straight MWCNT is modeled as an equivalent solid cylinder with transversely isotropic electrical con-
ductivity tensor in the local coordinate system, σ,cnt, given as [31]:

σ,cnt =

σ̃
L 0 0

0 σ̃T 0
0 0 σ̃T

 (11)

with σ̃L and σ̃T being the longitudinal and transverse electrical conductivity of the effective filler as obtained in
Eqs. 5 and 6, respectively. Based on the assumption of uniform and random distribution of fillers, the electric field
concentration tensor A in the global coordinate system can be expressed as [34]:

A = QT T̃Q
{(

1 − fe f f

)
I +

fe f f

4π

∫ 2π

0

∫ π

0

{
QT T̃Q

}
sin (ϕ) dϕdψ

}−1

(12)

where

T̃ =
{
I + S (σm)−1 (σ̃ − σm)

}−1
(13)

with I and S being the second-order identity tensor and the Eshelby tensor of the effective filler, respectively. The
Eshelby tensor of a prolate spheroid (a2 = a3 < a1) aligned in the x,1 direction is given by [59]:

S =

S 11 0 0
0 S 22 0
0 0 S 33

 (14)

where

S 22 = S 33 =
Are

2
(
A2

re − 1
)3/2

[
Are

(
A2

re − 1
)1/2
− cosh−1 Are

]
(15a)

S 11 = 1 − 2S 22 (15b)
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with Are being the aspect ratio of the effective filler, i.e., Are=(L + 2t)/(D + 2t).
As mentioned before, several experiments and simulations have demonstrated that CNT-cement nanocom-

posites have a percolation-like behavior displaying a sharp increase in the electrical conductivity after the CNT
volume fraction reaches a certain threshold [10–12]. For a two-phase nanocomposite with a uniformly random
distribution of CNTs, the percolation threshold, fc, can be approximately determined by the following analytical
expression [29, 60]:

fc(H) =
9H(1 − H)

2 + 15H − 9H2 ; H =
1

A2
r − 1

 Ar√
A2

r − 1
ln

(
Ar +

√
A2

r − 1
)
− 1

 (16)

where Ar is the aspect ratio of the MWCNT, i.e., Ar = L/D. The percolation threshold fc denotes the onset of the
percolation process. Before this critical value, f < fc, electron hopping is the only mechanism that contributes
to the electrical conductivity. Nonetheless, once percolation starts, f = fc, a certain number of MWCNTs begin
to be electrically connected forming conductive networks. Hence, for volume fractions above the percolation
threshold, a percentage of MWCNTs, ξ, are connected forming conductive networks whilst the rest, 1 − ξ, are not
yet connected and only electron hopping contributes to the overall conductivity of the composite. According to
Deng and Zheng [29], the relative amount of percolated MWCNTs, ξ, can be approximately estimated as:

ξ =


0 0 ≤ f < fc

f 1/3 − f 1/3
c

1 − f 1/3
c

fc ≤ f ≤ 1
(17)

From the above analysis, it is concluded that both electron hopping (EH) and conductive networks (CN)
contribute to the electrical conductivity of the composite after percolation, while only electron hopping takes
place before this critical value. Therefore, the expression of the overall electrical conductivity of CNT-cement
nanocomposites from Eq. (8) can be extended by the sum of both mechanisms as follows:

σe f f = σm + σN,EH + σN,CN (18)

where σN,EH and σN,CN denote the electrical conductivity provided by electron hopping and conductive network
mechanisms, respectively, and are defined as:

σN,EH = (1 − ξ)
1

4π

∫ 2π

0

∫ π

0

{
fe f f (σEH − σm) AEH

}
sin (ϕ) dϕdψ (19)

σN,CN = ξ
1

4π

∫ 2π

0

∫ π

0

{
fe f f (σCN − σm) ACN

}
sin (ϕ) dϕdψ (20)

In the case of MWCNTs forming conductive networks, several adjacent fibers are electrically connected re-
sulting in a continuous conductive path. This effect can be modeled by considering infinite aspect ratio of the
MWCNTs as proposed by Seidel and Lagoudas [31]. Therefore, quantities associated with electron hopping
correspond to the real MWCNTs aspect ratio (a2 = a3 = rc, a1 = L), while quantities related to conductive
networks correspond to an infinite aspect ratio (a2 = a3 = rc, a1 → ∞).

3. Composites reinforced with randomly oriented curved CNTs

In order to support the development of the analytical micromechanics model of electrical conduction in CNT
cement-matrix composites, morphological analyses have been carried out on water suspensions and cementitious
materials doped with MWCNTs, appropriately realized with different dispersing procedures. The results have
shown that most MWCNTs in cement-based composites exist in a curved state, what is attributed to their low
bending stiffness due to the small tube diameter (10-15 nm). Figure 4 shows two examples of scanning electron
microscope (SEM) images, at the same magnification, of MWCNTs in water suspensions obtained after sonication
by use of lignosulfonic acid sodium salt (SLS) dispersant (Fig. 4(a)), and using just mechanical mixing without
dispersant (Fig. 4(b)). The micrographs show a homogeneous dispersion of the carbon fillers in the sonicated
mix and the presence of visible bundles in the mechanically mixed one. Experimental investigations have also
concerned the influence of different amounts of dispersant on the morphology of the MWCNTs in the water
suspensions after mixing. Figure 5 shows the SEM images of MWCNTs dispersed in water solution realized with
surfactant added in the concentrations of 1:1 (Fig. 5(a)) and 10:1 (Figs. 5(b) and 5(c)) with respect to the mass of
the carbon nanotubes. The addition methods used for the dispersions were sonication (Figs. 5(a) and 5(b)) and
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mechanical mixing (Fig. 4(c)). All the SEM images of the MWCNT-added water suspensions, realized for the
dispersion analyses, have demonstrated that the carbon nanotubes exhibit similar characteristic curved geometries.

From this analysis, it can be extracted that the geometry of curved MWCNTs can be approximated by a helical
curve. The geometry of this curve (Fig. 6) is defined by the diameter Dh, the spiral angle θ and the polar angle δ.
The length Lwavy of the curved CNT is defined by these parameters as:

Lwavy =
δDh

2 cos θ
(21)

1µm 1µm

(a) (b)

Figure 4: SEM pictures of MWCNTs in aqueous suspensions with physical dispersant after sonication (a) and without dis-
persant after mechanical mixing (b). (The green dashed lines represent some of the helical wavy geometries detected in the
inspections).

Figure 5: SEM pictures of MWCNTs in aqueous suspensions sonicated with the SLS dispersant in the 1:1 (a) and 10:1 (b)
amounts, and mechanically mixed using the SLS dispersant in the 10:1 amount (c).

Dh

l

δ θ

L
wavy

L
str

Figure 6: Helical model of a curved MWCNT and its equivalent straight counterpart.

The waviness of a MWCNT is governed by its spiral angle, θ. For example, θ = π/2 corresponds to a straight
configuration, while θ = 0 corresponds to a circular MWCNT. The consideration of the waviness effect into the
micromechanics modeling requires the conversion of the wavy CNTs into equivalent straight fillers of length Lstr
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[29, 30, 61]. A wavy MWCNT can be regarded as an equivalent straight fiber with the capability of (i) conducting
the same electric flux J; and (ii) transporting the same amount of electric charges [34]. When the wavy MWCNT
is subjected to a potential difference ∆V , the electrical flux J can be approximated by [29]:

J = σ
wavy
c

∆V
Lwavy (22)

Hence, the first condition (i) defines the effective electrical conductivity of the equivalent straight MWCNT
as:

σstr
c = ασ

wavy
c (23)

with α = Lstr/Lwavy = sin θ the length ratio. The second condition (ii) imposes the same electrical charge through
the wavy and the equivalent straight fillers and, thus, the same electrical resistance:

Rstr
cnt = Rwavy

cnt (24)

The combination of Eqs. (23) and (24) results in a condition of equal diameters for the wavy and the straight
fillers, Dstr = Dwavy. Finally, due to the reduction of the MWCNTs length from Lwavy to Lstr, the volume fraction
of the fillers must be updated to f str = α f wavy, with f wavy being the volume fraction of the wavy MWCNTs.

4. Agglomeration of CNTs: Two-parameter model for agglomeration

The large surface area of MWCNTs originates substantial van der Waals’ attraction forces what makes MWC-
NTs easy to form agglomerates in bundles [35, 62]. The resulting spatial distribution of nano-inclusions within
the matrix is non-uniform, so some local regions present higher concentrations of MWCNTs than the average
in the composite. Fig. 7 shows two SEM pictures of MWCNTs dispersed in water solution with low content of
dispersant after sonication, taken with magnification factors of 5000 and 1000, respectively. They clearly illustrate
some typical carbon nanotube agglomerations occurring in aqueous suspensions, whose geometry can be approxi-
mately defined as ellipsoidal. Hence, in order to include the agglomeration effect in the proposed micromechanics
approach, the bundles are assumed as ellipsoidal inclusions (a2 = a3 , a1) with distinct conductive properties
from the surrounding material (see Fig. 8). To this end, a two parameter agglomeration model introduced by Shi
et al. [63] for the mechanical characterization of CNT-reinforced polymers, has been adapted in this work to model
the conductivity of non-uniformly distributed MWCNT reinforced cement composites.

a3

a1

a2

(a) (b)

10µm 20µm

Figure 7: SEM pictures of MWCNTs in aqueous suspension with magnification factors of 5000X (a) and 1000X (b).
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x3

x1

x2

V
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Figure 8: Sketch of RVE with ellipsoidal bundles of CNTs

The total volume Vr of CNTs in the RVE can be divided into the following two parts:

Vr = Vbundles
r + Vm

r (25)

where Vbundles
r and Vm

r denote the volumes of CNTs agglomerated in the bundles and dispersed in the matrix,
respectively. In order to characterize the agglomeration of CNTs in the bundles, two parameters χ and ζ are
introduced:

χ =
Vbundles

V
, ζ =

Vbundles
r

Vr
(26)

χ =0.2 ; ζ =0.9 χ =0.6 ; ζ =0.9 χ =1 ; ζ =1

χ =0.2 ; ζ =0.1 χ =0.2 ; ζ =0.6 χ =0.2 ; ζ =0.9

Figure 9: Schematic illustration of the variation of the parameters χ and ζ of the two-parameter agglomeration model

with Vbundles being the volume of bundles in the RVE, ans χ the volume ratio of the bundles with respect to the
total volume V of the RVE (see Fig. 8). When χ=1, nanotubes are uniformly dispersed in the matrix, and with
decreasing values of χ the agglomeration degree of CNTs is more severe. The parameter ζ denotes the volume
ratio of nanotubes that are dispersed in bundles and the total volume of nanotubes. In the limit case of ζ=1, all the
nanotubes are located in the bundles (see Fig. 9). In the case where all nanotubes are dispersed uniformly, one has
that χ=ζ. The bigger the value ζ with ζ > χ, the more heterogeneous is the spatial distribution for CNTs.

The homogenization procedure defined in Eq. (18) has been therefore applied in two steps: inside the bundles
and in the surrounding matrix. The homogenization of these two new phases has been carried out taking into
account the ellipsoidal geometry of the bundles. To this purpose, the Eshelby’s tensor for an ellipsoid inclusion
with symmetric axis x,3 has been used, whose expression is given by:
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S 22 = S 33 =


α

2
(
α2 − 1

)3/2

[
α
(
α2 − 11/2

)
− cosh−1 α

]
; α ≥ 1

α

2
(
α2 − 1

)3/2

[
cos−1α − α

(
1 − α2

)1/2
]

; α ≥ 1
(27)

with α the aspect ratio of the ellipsoid (a1/a2) and S 11=1 − 2S 22.

5. Results and discussion

In this section, the proposed analytical model is tested against experimental data from MWCNT reinforced
cement paste, mortar and concrete experimental specimens. Moreover, the influence of the different variables
affecting the overall electrical conductivity is also examined. In our calculations, the electrical conductivities of
the three different matrices have been selected as 2.8×10−3 S/m, 1.04×10−3 S/m and 2.92×10−4 S/m, for cement
paste (PA), cement mortar (MO) and concrete (CO), respectively [64, 65]. In order to compare the theoretical
and experimental results, it must be taken into account the resistivity of the electrodes and the contact resistance
[19]. Hence, an equivalent in series circuit with conductivity σspc has been defined, in which the resistivity of the
electrodes and the contact resistance have been computed so that the initial plain configuration conductivity ( f =0)
is fitted. Having regard to the commercial specifications of MWCNTs (further discussed in the next section), the
electrical conductivity of MWCNTs has been set in the range 100-107 S/m. The values of the constants used in
the Simmon’s model for the evaluation of the interphase conductivity in Eq. (2) are given in Table 1. For practical
convenience, the concentration f of carbon nanotubes is usually expressed in the literature in terms of mass content
with respect to weight of cement, wcem, as follows:

w =
ρN

wcem
f (28)

with ρN being the density of the carbon nanotubes, taken as 150 kg/m3, and wcem the weight of cement in the
composite.

Table 1: Physical constants used in Simmon’s model

Mass of electron m 9.10938291×10−31 kg
Electric charge of an electron e -1.602176565×10−19 C
Reduced Planck’s constant ~ 6.626068×10−34m2kg/s

5.1. Experiments

As discussed above, in order to validate the micromechanics model developed in the current work, the mod-
eling results have been compared to the experimental data carried out in the specimens made of composite ce-
ment paste (PA), mortar (MO) and concrete (CO) doped with MWCNTs. Multi-walled carbon nanotubes type
Graphistrength C100 from Arkema have been used as conductive nanoinclusions in the cementitious matrices.
Table 2 reports the main physical, chemical and mechanical properties of the MWCNTs utilized for the nano-
composites’ fabrication. Cement paste, mortar and concrete samples have been realized adding different quantities
of MWCNTs, namely 0, 0.25, 0.5, 0.75, 1.0 and 1.5% with respect to the weight of cement. Table 3 summarizes
the mix design of all the cementitious materials. Two different dispersant concentrations have been used, namely
1:1 and 10:1 with respect to the mass of the carbon nanotube fillers. The cement was pozzolanic, type 42.5. Sand
and gravel had nominal dimensions between 0-4 mm and 4-8 mm, respectively. A plasticizer has been added to
obtain similar workability for all the admixtures, with the same water/cement ratio of 0.45.

The cementitious samples were cube-shaped, with sides of 51 mm and five embedded stainless steel electrodes
placed at a mutual distance of 10 mm. The electrodes were nets made of 0.5 mm diameter wires and mesh of 6
mm. In the case of concrete samples, the embedded part was modified, cutting alternatively the vertical wires,
resulting in a final mutual distance of 12 mm. Figures 10(a) and 10(b) report the geometry of the specimens and
of the electrodes, together with the picture of a cured sample. Figure 10(c) shows the setup of the experimental
electrical tests carried out between two next electrodes at a distance of 10 mm, by use of a high precision LCR
meter, model HM8018 [66].

Figure 11 sketches the preparation procedure for the paste, mortar and concrete samples with MWCNTs. In
the first step the carbon nanotubes were added to the water solution with the surfactant through a preliminary
mixing (Fig. 11(a) and 11(b)) and then were dispersed by use of a sonicator (Fig. 11(c)) or a mechanical stirrer
(Fig. 11(c1)). After that, the obtained nano-modified suspension and the plasticizer were added to the cement
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and mixed (Fig. 11(d)). The mixes were poured into oiled molds for curing, and the electrodes were embedded
(Fig. 11(e)). After a few days, the samples were unmolded to complete the curing in controlled laboratory condi-
tions (Fig. 11(f)). The dispersion and the morphology of MWCNTs in both water suspensions and cementitious
materials were analyzed by use of SEM micrographs (Fig. 11(c1) and 11(f1)). SEM inspections have demon-
strated that the MWCNTs dispersed in cementitious hardened matrices (paste, mortar and concrete) show wavy
shapes similar to the ones observed after their dispersion in water solutions (Fig. 12).

Table 2: Main characteristics of MWCNTs used in the experiments (from Ref. [67])

Property Value Property Value
Mean agglomerate size 200-500 µm Apparent density 50-150 kg/m3

Mean number of walls 5-15 µm Weight loss at 105 ◦C <1%
Outer mean diameter 10-15 nm Thermal Conductivity >3000 W/(mK)
Length 0.1-10 µm Electric Conductivity up to 107 (Ωm)−1

Carbon content >90% in weight Young Modulus >1 TPa
Surface area 100-250 m2/g Tensile strength About 150 GPa

Table 3: Mix designs of cementitious samples with six different concentrations of MWCNTs (the ratio ν between the mass of
MWCNTs and cement varies from 0 to 1.5%). C0i and Ci are the masses of cement in normal materials and with MWCNTs, re-
spectively. ∆Vp, ∆Vm and ∆Vc are the total volumes of MWCNTs plus dispersant for paste, mortar and concrete nanomaterials,
respectively, while η is the ratio between dispersant and MWCNTs, equal to 1 or to 10. [66].

Components Paste kg/m3 Mortar kg/m3 Concrete kg/m3

Normal With MWCNTs Normal With MWCNTs Normal With MWCNTs

Cement 42.5N C0p=1277 Cp=C0p
1m3

1m3+∆Vp
C0m=654 Cm=C0m

1m3

1m3+∆Vm
C0c=524 Cc=C0c

1m3

1m3+∆Vc

Water W0p=574 0.45Cp W0m=294 0.45Cm W0c=234 0.45Cc
MWCNTs - νCp - νCm - νCc
Dispersant - ηνCp - ηνCm - ηνCc

Sand - - 1308 2Cm 951 1.81Cc
Gravel - - - - 638 1.22Cc

Plasticizer - Var - Var 2.62 Var
W/C ratio 0.45 0.45 0.45 0.45 0.45 0.45

(a) (b)

(c)

Electrodes

Front view Side view

51

51 51

51

51

51

10

10

10

51

5
1

6

6

6

6

12

Electrodes in

paste and

mortar samples

Electrodes in

concrete

samples

Figure 10: Geometry and dimensions of the cementitious samples and of the electrodes (a), picture of some samples with the
embedded electrodes (b) and setup of the experimental electrical tests (c) (Units in mm).
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Figure 11: Preparation procedure of paste, mortar and concrete samples with MWCNTs.

200nm 200nm 200nm

(a) (b) (c)

Figure 12: SEM pictures of MWCNTs dispersed using the SLS dispersant and sonicated with the SLS dispersant in the 1:1 (a)
and 10:1 (b) amounts, and mechanically mixed using the SLS dispersant in the 10:1 amount (c).

5.2. Effects of constituents properties

Firstly, we have investigated the effects of CNTs aspect ratio, i.e. diameter and length, on the overall electrical
conductivity of MWCNT-cement paste nanocomposites as shown in Figs. 13(a) and 13(b), respectively. It can be
observed that both quantities have a significant effect on the percolating phase, while a moderate effect is found
after percolation. The overall electrical conductivity increases with the increase in MWCNT length or the decrease
in MWCNT diameter. This behavior is attributed to the greater likelihood of forming conductive networks of fibers
with larger aspect ratio. Furthermore, it is observed that a reduction of the carbon nanotubes length results in an
increase in the percolation threshold, while a reduction of the fibers diameters produces the opposite effect. It
can be concluded from these results that the electrical conductivity of MWCNT-cement based specimens can be
enhanced with the addition of carbon nanotubes with higher aspect ratio.
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Figure 13: Effect of MWCNTs diameter (a) and length (b) on the electrical conductivity of MWCNT-cement paste nanocom-
posites.

In Fig. 14, it is shown the electrical conductivity of MWCNT-cement nanocomposites for different matrix
materials, namely cement paste, mortar and concrete. It can be seen that, for every MWCNT concentration, the
cement paste composites exhibit the highest values of conductivity whereas the concrete composites are the least
conductive, circumstance that matches well the experimental experience. A key aspect of the electrical behavior of
cement-based carbon nanotube composites is the uniformity of the dispersion of the nanoinclusions. As discussed
above, different types of dispersants were employed for this purpose during the experimental campaign. It has
been reported in the literature that dispersants create a partially isolating coating on the carbon nanotubes which
can even inhibit the contact between the fibers [68]. This effect can be interpreted as an increment in the height
of the tunneling potential barrier λ and, therefore, a reduction of the electron hopping contribution. Fig. 15 shows
the electrical conductivity of MWCNT-cement paste nanocomposites with different values of λ. It is evidenced
in this figure that the potential barrier height λ has substantial effect on the overall electrical conductivity of the
composite before percolation. Higher values of λ lead to higher percolation thresholds, while limited differences
are found after percolation. It can be extracted from this analysis that the employment of dispersant delays the
percolation process, exhibiting more acute effects for MWCNTs concentration below percolation threshold.
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Figure 14: Electrical conductivity of MWCNT nanocomposites with different matrix materials: cement paste, mortar and
concrete.
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Figure 15: Effect of the electric potential barrier λ on the electrical conductivity of MWCNT-cement paste nanocomposites.

Fig. 16(a) demonstrates the effects of MWCNTs electrical conductivity σc on the overall conductivity of
MWCNT cement paste nanocomposites. The analytical results obtained without considering the contribution of
the conductive networks mechanism (CN) is also represented for illustrative purposes. It can be seen that, for
low MWCNT concentrations before percolation, little differences are found among the modeling results with and
without conductive network mechanism. Nevertheless, once the percolation threshold is reached, the conductive
network mechanism becomes dominant and thus big differences appear between these two models. The predicted
results are also compared to the experimental data in Fig. 16(b). In this first comparison, large differences are found
among the experimental and theoretical results. The analytical estimations of the overall electrical conductivity
are noticeably larger than the measurements carried out in the specimens. Furthermore, it can also be noticed
that the percolation process predicted by the micromechanics modeling takes place before what is registered in
the experimental specimens. The origin of these discrepancies may be attributed to waviness and agglomeration
effects as it is shown in the following analyses.
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Figure 16: Effect of MWCNTs electrical conductivity σc on the effective conductivity of MWCNT-cement paste nanocompos-
ites (a), and comparison with experimental data (b) (PA-SO-N%-6-1:1; λ=1.5eV; L = 1 µm; D = 15 nm; σc=1e-2 S/cm;

σc=1e-1 S/cm; σc=1e+0 S/cm; σc=1e+1 S/cm; σc=1e+2 S/cm; σc=1e+3 S/cm;
σc=1e+4 S/cm; σc=1e+1 S/cm (No conductive networks); experimental data; the error bars denote ± standard devi-
ation intervals, with standard deviations computed by varying the electrodes).

5.3. Effects of MWCNTs waviness

In this section, the effect of MWCNTs waviness is investigated. The comparison analysis of Fig. 16(b) is
here updated for the case of σc=1e+0 S/cm with four wavy geometries, corresponding to helical angles of 90,
80, 60 and 30◦, as represented in Fig. 17(b). It can be seen in Fig. 17(a) that the main effect of non-straightness
of the fibers is a delay of the percolation process. This effect is attributed to the reduction of the length from
wavy to equivalent straight fiber, what leads to an increment of the percolation threshold. However, the electrical
conductivity predicted by the micromechanics modeling is still larger than the experimental data. This difference
may be due to imperfections associated with a non-uniform nanoinclusions distribution, namely agglomeration.
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Figure 17: Effect of the MWCNT waviness on the electrical conductivity of the MWCNT cement paste nanocomposite (PA-SO-
N%-6-1:1); the error bars denote ± standard deviation intervals, with standard deviations computed by varying the electrodes.

5.4. Effects of MWCNTs agglomeration

The effect of MWCNTs agglomeration in spherical bundles on the conductivity of cement-based composites
has been also analyzed. In Figs. 18(a) and 18(b) it is shown the overall conductivity for different agglomeration
parameters χ and ζ, respectively. It is extracted from this analysis that the nanoinclusions distribution has a strong
influence on the overall conductivity of the composite. In Fig. 18(a), the volume fraction of MWCNTs within the
bundles is set at 90% (ζ = 0.9), whereas the ratio between the volume of the bundles and the total volume of the
RVE varies from 10 to 90%. It can be noticed that the percolation process takes place sequentially within and
outside the bundles. At the contrary, in Fig. 18(b) the volume fraction of the bundles is set at 40% and the ratio
of MWCNTs concentration within them ranges from 40 to 90%. The higher is the concentration of MWCNTs
within the clusters, the lesser is the nanoinclusions uniformity and, thus, the lesser is the overall conductivity of the
composite. Different geometries of bundles are also investigated in Fig. 19. In particular, aspect ratios a1/a3=1, 2,
3 and 4 have been studied. It is concluded that spherical bundles lead to the lowest electrical conductivity, while
higher aspect ratios exhibit higher values.
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Figure 18: Effect of the MWCNTs agglomeration on the electrical conductivity of the MWCNT cement paste nanocomposite
(a1/a3 = 1).
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Figure 19: Effect of aspect ratio of ellipsoidal bundles (a1/a3) on the electrical conductivity of MWCNT-cement paste
nanocomposites.

The combination of waviness and clustering can give an explanation of the differences observed in the compar-
ison analysis of Fig. 16, which was carried out under the assumption of straight uniformly distributed MWCNTs.
Fig. 20 shows the comparison between the experimental data and the analytical results considering wavy MWC-
NTs (θ = 50◦) and non-uniform spatial distribution (χ = 0.3; ξ = 0.8). It can be seen that the coupled effect of
waviness and clustering can lead to more realistic estimates with closer agreements with the experimental data.
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Figure 20: Comparison between modeling results and experimental data for a wavy non-uniform MWCNT-cement paste
nanocomposite (PA-SO-N%-6-1:1; λ=1.5eV; L = 1 µm; D = 15 nm; θ = 35◦; χ = 0.2; ζ = 0.7; σc=1e-2 S/cm;

σc=1e-1 S/cm; σc=1e+0 S/cm; σc=1e+1 S/cm; σc=1e+2 S/cm; σc=1e+3 S/cm;
σc=1e+4 S/cm; experimental data; the error bars denote ± standard deviation intervals, with standard deviations computed
by varying the electrodes).

5.5. Comparison analyses with cement-based specimens

On the basis of the previous analyses, the proposed micromechanics approach is compared to the experimental
results obtained for different cement-based composites, namely cement paste, cement mortar and concrete. Fig. 21
shows the comparison between the modeling results and the experimental data for different matrix materials and
manufacturing processes. The waviness of the MWCNTs has been defined with a spiral angle of 50◦ in all cases
except for sonicated specimens with high dispersant concentrations (10:1). It is found that the analytical results
agree well with the experimental data when the CNT electrical conductivity are set between 100 S/m and 1000
S/m. It can be seen that generally the addition of larger dispersant concentrations can be simulated with larger
agglomeration parameters. Furthermore, the incorporation of dispersant acts as a partially isolating coating on the
surface of the nanotubes, what has been simulated by an increment of the potential barrier λ. In particular values
of 1.5 and 3eV have been taken for the cases of low (1:1) and high dispersant (10:1) concentration, respectively.
The influence of the manufacturing process, sonication (SO) or mechanical (ME), has been taken into account via
different agglomeration parameters, generally stricter in the case of mechanical mixing. It is noticeable the cases of
cement paste and mortar specimens in which the dispersant has a special effect on the uniformity of the composite.
In these cases, the absence of gravel reduces the advantages of sonication with respect to mechanical mixing,
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leading to more uniform dispersions of nanotubes with mechanical mixing and high dispersant concentration than
with sonication and low dispersant concentrations.

The experimental results also reveal abrupt decreases in the electrical conductivity with respect to the plain
material for specimens with high dispersant concentration and low MWCNTs content (see, e.g., Figs. 21(e) and
21(f)). This phenomenon may be caused by the formation of a partially isolating coating on the surface of the
nanotubes induced by the dispersants. This isolating coating has been also reported in the literature [68] in terms
of the formation of surfactant-induced electromechanical double-layers (polarization resistance), what may make
the nanotubes behave as non-conductive fibers when their separation distances are large. However, as the content
of nanotubes increases, the separation distance decreases and this effect is canceled. In the present work, attempts
have been made to simulate this effect by means of reductions of the conductivity of the equivalent solid cylin-
ders at low MWCNT concentrations. Nonetheless, this approach was insufficient to reproduce these falls of the
electrical conductivity. Hence, it is hypothesized that the employment of high concentrations of dispersants at low
MWCNT concentrations, does not only isolate the nanoinclusions but may also increase the resistivity of the ma-
trix and the contact resistance. Further research is needed on this issue in order to count on more accurate models
of MWCNT cement-based materials with high dispersant concentration doped with low MWCNTs contents.
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(d) (θ = 35◦, χ = 0.3, ξ = 0.8, λ=1.5eV)
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(f) (θ = 35◦, χ = 0.3, ξ = 0.7, λ=3.0eV)
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Figure 21: Comparison between modeling results and experimental data: composite pastes (a,b,c); composite mortars (d, e, f);
composite concretes (g, h, i). ( σc=1e+0 S/m; σc=1e+1 S/m; σc=1e+2 S/m; σc=1e+3 S/m;
σc=1e+4 S/m; σc=1e+5 S/m; σc=1e+6 S/m; experimental data; the error bars denote ± standard deviation
intervals, with standard deviations computed by varying the electrodes; L = 1 µm; D = 15 nm).

5.6. Sensitivity analyses
Finally, in order to assess the propagation of potential statistical randomness in the design variables on the

overall electrical conductivity of MWCNT cement-based composites, an input sensitivity analysis is presented.
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A sensitivity analysis is defined as the study of the contribution of the variation of the input variables to the
variation of the output of a model. In particular, the sensitivity of the effective electrical conductivity of two
different MWCNTs concentrations has been analyzed, namely w=0.8% and 1.5%, as shown in Figs. 22 and 23,
respectively. The input variables have been categorized in constituents properties {L,D, σm, σc}, waviness {θ}
and agglomeration {χ, ζ}. Defining an independent input variation of 20% with respect to the initial value, the
sensitivity coefficient S σ with respect to an input variable x can be computed as follows:

S σ(%) = 100
∆σe f f

∆x
x

σe f f
(29)

The first study (Fig. 22) represents the sensitivity analysis of a MWCNTs content close to the percolation
threshold. In this case, it is observed that the most influential variable is the conductivity of the matrix. A signifi-
cant effect of the fiber aspect ratio, i.e. length and diameter, is also found as well as a considerable contribution of
the helical waviness. It is also noticeable the limited influence of the agglomeration parameters and an almost null
sensitivity due to variation of the conductivity of the nanotubes. Likewise, the second case (Fig. 23) analyzes the
sensitivity of the overall conductivity with a MWCNT content far from the percolation threshold. It is noticed here
that the aspect ratio of the MWCNTs becomes predominant. Moreover, once some conductive paths are formed,
the conductivity of the matrix loses relevance and, conversely, the waviness gains importance.

In the light of these last results, the comparison between the analytical and experimental data has been updated
treating the main variables as random, namely {L,D, σm, θ}, and neglecting the variation of the conductivity of the
nanotubes σc and the agglomeration parameters, χ and ζ. A random variation of 5% has been considered for all
the cited variables with respect to their mean value. Fig. 24(a) represents a scatter plot of the overall electrical
conductivity of concrete with low dispersant concentration with respect to the MWCNT concentration. This result
remarks a stronger influence of the variation of the variables on the overall conductivity for filler concentrations
above the percolation threshold, where the dispersion of the results is higher. In Fig. 24(b), these results are
compared to the experimental data. The max/min band of the experimental data is also represented. It can be
noticed that most of the analytical results lie within the experimental band, what demonstrates a further validation
of the proposed approach and the feasibility of developing further stochastic analyses in future works.
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Figure 22: Sensitivity analysis of the overall electrical conductivity of MWCNTs cement paste nanocomposites with re-
spect to the variation of the main variables associated with constituents properties, waviness and agglomeration (w=0.8%,
σc=1e+4 S/m, L = 2 µm, D = 10 nm, λ=0.36eV, θ = 90◦, χ = 0.4, ξ = 0.4)
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Figure 23: Sensitivity analysis of the overall electrical conductivity of MWCNTs cement paste nanocomposites with re-
spect to the variation of the main variables associated with constituents properties, waviness and agglomeration (w=1.5%,
σc=1e+4 S/m, L = 2 µm, D = 10 nm, λ=0.36eV, θ = 90◦, χ = 0.4, ξ = 0.4)
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Figure 24: Scatter plot of the overall electrical conductivity of MWCNTs cement paste nanocomposites for random simultane-
ous variation of 5% with respect to the mean value of the parameters {L,D, σm, θ}; (a) analytic overall electrical conductivity
in linear scale, (b) Comparison between the analytical results and the max/min experimental band data in logarithmic scale
(CO-SO-N%-6-1:1, σc=1e+1 S/m, L = 1 µm, D = 15 nm, λ=1.5eV, θ = 40◦, χ = 0.14, ξ=0.42).

6. Conclusions

This paper has presented a micromechanics model to predict the overall conductivity of CNT cement-based
nanocomposites with the consideration of waviness and non-uniform spatial distributions of nanoinclusions. The
two mechanisms that contribute to the conductivity of CNT composites, namely electron hopping and conductive
networks, have been contemplated in the mixed micromechanics framework. The electron hopping mechanism,
corresponding to a quantum tunneling phenomenon, has been simulated through a conductive interphase surround-
ing the nanotubes, whereas the conductive networks mechanism has been modeled by means of changes on the
aspect ratios of fibers. Moreover, a helical waviness model and a two-parameter agglomeration approach have
been proposed, for the first time, on the basis of SEM inspections.

In order to count on an experimental basis to use as benchmark to validate the analytical model, several
nanocomposite cement-based specimens have been manufactured and tested. In particular, specimens of cement
pastes, mortars and concretes with different concentrations of MWCNTs have been prepared using three specific
preparation techniques. The first one consists of using a high amount of dispersant and mechanical mixing. The
two remaining strategies consider similar and lower dispersant concentrations with ultrasonic treatment. The
quality of the dispersion has been evaluated using scanning electron microscopy.

Detailed parametric analyses have been carried out in order to illustrate the influence of the constituents prop-
erties, waviness and agglomeration. In order to evaluate the possible effects of the employment of dispersants on
the contact among nanotubes, the influence of the variation of the height of the tunneling potential barrier has been
analyzed. Furthermore, the effects of non-uniform spatial distributions of MWCNTs have been evaluated through
the proposed two-parameters agglomeration model. By means of the proposed ellipsoidal geometry of the bundles
, the effect of different cluster aspect ratios have been investigated. Finally, the accuracy of the proposed approach
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has been proved by comparison with the experimental data from the tested specimens. In addition, two sensitivity
analyses of the effective conductivity of the composites with MWCNT content close and far from the percolation
threshold, respectively, have been presented in order to gain some insight into the structure of the proposed model.

The main contributions of this paper are summarized below.

• The overall electrical conductivity of MWCNT cement-based composites is governed by the simultaneous
contribution of the electron hopping and conductive networks mechanisms. The analysis of the effects of
the conductivity of the MWCNTs remarks a dominant role of the conductive network mechanism above the
percolation process.

• The parametric analyses highlight the importance of the aspect ratio of the nanotubes for the design of
MWCNTs nanocomposites. Increments of the length and reductions of the diameter, i.e. increments of the
aspect ratio, lead to decrements in the percolation threshold and, therefore, higher likelihood of forming
conductive paths.

• The analytical predictions show that the nanoinclusions distribution has a strong influence on the overall
conductivity of the composite. The results reveal that the higher is the concentration of MWCNTs within
the clusters, the lesser is the nanoinclusions uniformity and, thus, the lesser is the overall conductivity of
the composite.

• The comparison of the analytical predictions against experimental data demonstrates that the consideration
of straight uniformly distributed MWCNTs leads to overestimated conductivity. On the contrary, it is shown
that the incorporation of waviness and agglomeration effects, on the basis of SEM inspections, provides
closer fits to the experimental data. Hence, it is concluded that the wavy state of the fibers as well as their
agglomeration in bundles play a key-role in the conductivity of cement-based nanocomposites.

• The sensitivity analysis shows that, in the case of MWCNT content close to the percolation threshold, the
most influential variable in the sensitivity of the overall electrical conductivity of the composite is the con-
ductivity of the matrix. A significant effect of the fiber aspect ratio is also found as well as a considerable
contribution of the helical waviness. It is also noticeable the limited influence of the agglomeration param-
eters and an almost negligible role played by the conductivity of the nanotubes. On the contrary, in the case
of MWCNTs content above the percolation threshold, the aspect ratio of the MWCNTs becomes predomi-
nant. Moreover, once some conductive paths are formed, the conductivity of the matrix loses relevance and,
conversely, the waviness gains importance.

The presented micromechanics model is envisaged to provide a useful tool for the understanding of the phys-
ical mechanisms that govern the electrical conductivity of MWCNT cement-based composites. Furthermore, this
analytical approach generates quantitative predictions, valuable for the design of these composites with a reduced
computational cost. Finally, this model gives an analytical framework suitable for the incorporation of uncertainty
of the constituents properties, waviness and agglomeration, interesting for future further researches on stochastic
design of MWCNT cement-based composites. Further developments taking account of the heterogeneous nature
of cement-based matrices needs to be pursued in order to enhance the accuracy of the predictions. An exten-
sion of the proposed method with a multi-inclusion approach would allow to consider relevant aspects such as
granulometry, moisture, hydration processes and environmental temperature.
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