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Abstract

Recent advances in the field of Nanotechnology have made possible the development of new smart materials,
among which Carbon NanoTube (CNT) cement-based composites are attracting an increasing attention. These
composites exhibit strain-sensing capabilities providing measurable variations of their electrical properties under
applied mechanical deformations. This unique property, together with the similarity between these composites
and structural concrete, suggests the possibility of developing distributed strain-sensing systems with substantial
improvements in the cost-effectiveness of large-scale concrete structures. In order to design and optimize self-
sensing CNT-based composites, it is therefore essential to develop theoretical models capable of simulating the
relationship between external mechanical strains and the effective electrical conductivity. This paper presents
a micromechanics model to predict the piezoresistive properties of CNT cement-based nanocomposites, with
the consideration of waviness and non-uniform distributions of nanoinclusions. The origin of the piezoresistive
response is attributed to (i) strain-induced changes in the volume fraction, (ii) filler reorientation and, (iii) changes
in the tunneling resistance. In order to count on an experimental basis to use as benchmark for validation, several
nanocomposite cement-based specimens are manufactured and tested under uniaxial compression.
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1. Introduction

The great economic, social and environmental impacts of civil infrastructures make preventive maintenance
vital for structural engineering. The field of SHM encompasses a wide range of techniques which enable timely in-
spection and maintenance, resulting in enhanced serviceability and longer life-cycle of structures [1, 2]. Nonethe-
less, the inherent size of civil structures makes existing monitoring systems hardly applicable to the large scale,
which is often termed the “scalability issue” of SHM. Recent advances in the field of Nanotechnology have led to
the development of new multifunctional and smart materials. In particular, electrically conductive Carbon Nan-
oTube (CNT) cement-based composites open a vast field of applications in SHM [3–5]. These composites exhibit
strain-sensing capabilities by means of measurable variations of their electrical properties under applied mechani-
cal deformations [6–8]. This unique property, coupled with the similarity between these composites and structural
concrete, suggests the possibility of developing distributed strain-sensing systems that would entail substantial im-
provements in the cost-effectiveness of large-scale concrete structures [9–15]. Moreover, cementitious materials
also have the same durability as the monitored structure, which allows long-term applications. Many researchers
have reported the exceptional mechanical enhancements of CNTs used as fillers in nanocomposites [16–20]. How-
ever, work reporting about the development of theoretical models capable of simulating the relationship between
external mechanical strains and the effective electrical conductivity is still scant.

Over the last decade, many experimental results have put in evidence the percolation-like nature of the elec-
trical conductivity of cement-based composites [21–23]. The reason of this behavior has been attributed to two
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different conductive mechanisms: electron hopping (or quantum tunneling) and conductive networking [21, 24–
26]. Below percolation, only the transfer of electrons intra-tube or tube-tube is possible due to the great distances
among CNTs. However, the higher is the concentration of CNTs, the closer nanotubes may be found until adjacent
fibers touch one another resulting in a continuous electrically microscale conductive path. Despite acting simul-
taneously, the conductivity of composites with CNT concentrations above the percolation threshold is believed
to be dominated by conductive networks. Hence, the origin of the self-sensing property is due to the tampering
of these mechanisms induced by external mechanical strains. In particular, three major expected changes during
stretching/compressing were suggested in the literature [27, 28]: (i) composite volume expansion, (ii) reorienta-
tion of fillers and (iii) changes in the percolation threshold. The first mechanism refers to the change of volume
experienced by compressible materials subjected to strain. Given that CNTs are much stiffer than the matrix,
these volume changes of fillers induced by an applied strain can be neglected, being only sustained by the matrix.
Hence, a change in the overall volume with an unaltered volume of fillers induces changes in the CNT volume
fraction [27, 29, 30]. This change eventually causes the breakdown of existing conductive paths or the formation
of new ones due to the change of the distance between CNTs. With regard to the second mechanism, experi-
ments have shown that CNTs tend to re-orient in the direction of the stretching [31–33]. Under the assumption
of initial random distributions of CNTs, strain induced orientation changes result in a growing anisotropy and,
consequently, in changes in the effective electrical properties of the composite. Finally, many researchers agree
that strain induced orientation also influences the percolation threshold. This is due to the fact that aligned fillers
presumably have less likelihood to get in contact and form connecting networks [34–36].

In the literature, most studies to date have focused on the fabrication and experimental analysis of CNT-based
composites. In the light of the promising potential of these composites as smart materials, much effort has been put
into the experimental characterization and the development of new applications as sensors [3, 4, 37–43]. Regarding
the design and optimization of CNT-based composites, the theoretical understanding of the electrical conductivity
is therefore imperative. However, only a very scant number of studies has faced the prediction of the electrical
behavior and stretching effects. Among these contributions, some studies have proposed the application of lumped-
circuit models of carbon fiber cement paste sensors based on series-parallel arrays of electrical resistors [9, 13,
44, 45] and capacitors [46]. Alternatively, micromechanics based models are attracting much attention as they
allow to distinguish the contribution of electron hopping and conductive networking to the overall conductivity.
A special attention should be devoted to the works of Deng and Zheng [47] and Takeda et al. [48] who employed
a simplified micromechanics model to evaluate the effective electrical conductivity of CNT/polymer composites.
This approach allowed to simulate percolation, conductive networks, conductivity anisotropy and waviness of
CNTs with fairly good agreements with some experimental data in the literature. Another relevant contribution
was made by Seidel and Lagoudas [49] and later extended by Feng and Jiang [50] who proposed a Mori-Tanaka
micromechanics model [51, 52] for the study of the individual influence of electron hopping and the formation
of conductive networks on the electrical 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. In regards to the simulation of the stretching
effects on the conductivity, the number of literature works is even more limited. The work of Lin et al. [34] is
worth noting, as it presented an application of the Monte Carlo method to investigate the stretching/compression
effects on the electrical properties of fiber-filled composites. Their results showed that the deformation could
shift the percolation threshold of the composites. Theodosiou and Saravanos [53] analyzed the piezoresistive
response of CNTs with an atomistic model and the overall behavior of CNT-polymer composites at macroscale
by a numerical CNT percolation model. That work concluded that the nanotube resistance and the tunneling
effect were the dominant mechanisms of strain-sensitivity of the composites. Yasuoka et al. [54] simulated CNT-
based composite strain-sensitivity by using a circuit simulator analogue to percolation network. It was shown that
piezoresistivity exhibits high level of non-linearity, conclusion that well agrees with the experimental evidence.
Alamusi and Hu [55] proposed a three-dimensional resistor network developed by Hu et al. [56] with Simmon’s
tunneling effect of CNTs [57] combined with the fiber orientation model [58]. Their conclusions highlighted that
composites with CNT concentrations near the percolation threshold exhibit higher strain-sensitivity. Tallman and
Wang [59] extended the analytical framework developed by Takeda et al. [48] for the piezoresistivity modeling of
CNT composites subjected to arbitrary three-dimensional strains. The stretching effects on percolation threshold
was simulated by an excluded volume approach [60]. The results reaffirmed the non-linear behavior of the strain-
sensing capability, more critical for CNT concentrations near the percolation threshold. A similar work has been
recently carried out by Feng and Jiang [27, 61]. The authors extended their previous works [50] in order to take
into account the stretching effects. Despite finding gross differences in comparison to some experimental data of
CNT/polymer composites with low CNT concentration, the proposed framework proved capable of qualitatively
implementing the three major effects induced by stretching.

It should be remarked that most of the existing theoretical analyses about the strain-induced electrical changes
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were focused on the composites with the assumption of straight conductive fillers. Nonetheless, there exists
experimental evidence that most CNTs in composites present a certain degree of waviness [62–64]. The reason of
this non-straightness is attributed to the large aspect ratio and low bending stiffness of CNTs. Some results can be
found in the literature about the effects of waviness on the overall electrical properties of CNT nanocomposites.
By assuming a simple sinusoidal shape, Yi at al. [65], Berhan and Sastry [66] and Fisher et al. [67] showed that
CNT waviness induces decreases of the overall conductivity by determining a shift in the percolation threshold.
Similar conclusions were reached by introducing a wavy length ratio into an extended micromechanics modeling,
as reported by Deng and Zheng [47] and Takeda et al. [48]. Another crucial phenomenon characterizing CNT-
based composites is the agglomeration of fillers. The majority of literature studies report large difficulties in
obtaining uniform dispersions of the nano-inclusions, which results to be one of the most challenging tasks of the
production of CNT-based composites. Due to the electronic configuration of tube walls and their high specific
surface area which enhances van der Waals (vdW) attraction forces, nanotubes tend to form aggregates in bundles
[68–70]. Although the substantial effects on the piezoresistivity of the composites were already documented
in the literature, only a very limited number of contributions dealt with the theoretical prediction of this effect.
In this regards, the works of Weng [71] and Yang and co-authors [72] are especially noteworthy. Their results
showed that, as a consequence of the inhibition of conductive networks, clustering induces important increases
in the percolation threshold. These changes apparently have important influence on the strain-sensing capability
of CNT-based composites. Thereof, implementation of non-straightness and agglomeration of CNTs are essential
phenomena to be included in a rigorous theoretical modeling.

This paper presents a micromechanics model to predict the piezoresistive properties 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, are contemplated in the mixed micromechanics framework. The origin of the piezoresistive response of
these composites is attributed to (i) strain-induced changes in the volume fraction, (ii) changes in the conductive
networks due to the filler reorientation and, therefore, the percolation threshold, and finally, (iii) changes in the
tunneling resistance through variation of the inter-particle distance and the height of the potential barrier. The
Komoro and Makishima’s stochastic method is implemented in order to evaluate the variation of the percolation
threshold with respect to strain through the resulting strain-induced orientation distribution function (ODF). More-
over, a helical waviness model and a two-parameter agglomeration approach are proposed. In order to count on an
experimental basis to use as benchmark to validate the analytical model, several Multi-Walled Carbon NanoTube
(MWCNT) reinforced cement-based specimens are manufactured and tested. In particular, specimens of cement
pastes, mortars and concretes with different concentrations of MWCNTs are prepared. The proposed analytical
micromechanics model is envisaged to be a helpful tool for understanding of the physical mechanisms that govern
the piezoresistivity of MWCNT cement-based composites.

The paper is organized as follows. Section 2 gives a brief review of the mixed micromechanics modeling of
composites doped with randomly oriented straight CNTs, as well as a helical approach for the modeling of curved
CNTs, and a two-parameter model for the simulation of the agglomeration in bundles. Section 3 presents, on
the basis of the previous mixed micromechanics model, the strain-induced changes that provoke the piezoresis-
tive behavior of CNT reinforced cement-based composites. Section 3 describes the manufacturing of the tested
specimens, provides detailed parametric analysis of the different variables affecting the homogenization as well as
comparison against the experimental data. Section 5 concludes the paper.

2. Micromechanics modeling of cement-matrix composites with CNTs

This section introduces the micromechanics framework considered in this paper and reviews the major aspects
of the model recently proposed by the authors in [73].

2.1. Composites reinforced with randomly oriented straight CNTs

Let us consider a two-phase composite consisting of a cementitious matrix doped with a volume fraction f of
straight and randomly oriented CNTs, as shown in the representative volume element (RVE) in Fig. 1. A RVE
designates a macroscopic point in the composite that is representative for the microstructure of the material, thus
a sufficient number of fillers are considered within the RVE so that the overall properties of the composite are
statistically represented. Mean-field homogenization techniques are largely employed to estimate the effective
properties of a heterogeneous RVE. In particular, in the present work we use the electrical counterpart of the
mean-field homogenization model of Eshelby-Mori-Tanaka. The Mori-Tanaka method [51] allows the extension
of the single inclusion Eshelby’s problem [74, 75] to the case of multiple inhomogeneities embedded in a finite
domain. For its implementation, the orientation of every straight filler aligned in the local x,1 direction is defined
by two Euler angles, ϕ and ψ. By means of the noninteracting inclusions assumption of the Mori-Tanaka method,
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the overall electrical conductivity of the RVE can be estimated by averaging over all possible orientations of the
fillers as follows [76]:

σe f f = σm + fe f f

∫ 2π
0

∫ π

0 p(ϕ, ψ) (σcnt − σm) A sinϕdϕdψ∫ 2π
0

∫ π

0 p(ϕ, ψ) sinϕdϕdψ
(1)
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Figure 1: Representative volume element (RVE) including straight CNTs.

where p(ϕ, ψ) is the orientation distribution function (ODF), fe f f is the effective volume fraction of the equivalent
filler, and σcnt and σm are the electrical conductivity tensors of the effective filler and the matrix, respectively. The
electric field concentration tensor, A, can be expressed in the global coordinate system as [50]

A = QT T̃Q

(1 − fe f f

)
I + fe f f

∫ 2π
0

∫ π

0

{
QT T̃Q

}
p(ϕ, ψ) sinϕdϕdψ∫ 2π

0

∫ π

0 p(ϕ, ψ) sinϕdϕdψ


−1

(2)

where

T̃ =
{
I + S (σm)−1 (σ̃ − σm)

}−1
(3)

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 x1 direction is given by [77]

S =

S 11 0 0
0 S 22 0
0 0 S 33

 (4)

S 22 = S 33 =
Are

2
(
A2

re − 1
)3/2

[
Are

(
A2

re − 1
)1/2 − cosh−1 Are

]
(5a)

S 11 = 1 − 2S 22 (5b)

with Are being the aspect ratio of the effective filler, i.e., Are=(L + 2t)/(D + 2t).
As previously discussed, the electrical conductivity of composites reinforced by CNTs is governed by two

distinct mechanisms sketched in Fig. 2: electron hopping and conductive networks. The first mechanism is char-
acterized by a quantum tunneling effect through which electrons can be transferred between proximate tubes. This
effect can be included in the micromechanics model through a conducting interphase surrounding the CNTs form-
ing an equivalent solid cylinder [49, 50]. The cut-off distance for tunneling effects, that is, the maximum possible
separation between two adjacent CNTs within the cementitious matrix that permits the tunneling penetration of
electrons, is taken as dc=0.5nm as reported by Wen and Chung [78]. For a CNT volume fraction f below the per-
colation threshold fc, CNTs are electrically independent and the overall conductivity of the composite is controlled
by electron hopping. In this situation, the average separation distance between CNTs without electrical contacts da

is expected to be larger than dc, however, due to a lack of information in the literature about the estimation of this
distance, it is assumed that da = dc [50]. Once the CNTs volume fraction reaches the percolation threshold, the
CNTs begin to form conductive networks and the overall electrical conductivity is controlled by both mechanisms
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simultaneously. Several works in the literature have demonstrated that the average separation distance da between
adjacent CNTs for volume fractions above the percolation threshold ( f ≥ fc) follows a power-law description
[48, 50, 79]. In this work, we employ the expressions proposed by Deng and Zheng [47]

da =


dc 0 ≤ f < fc

dc

(
f c
f

)1/3

fc ≤ f ≤ 1
(6)

da

Inter-CNT 

matrix region

Percolating path

Figure 2: Schematic representation of the contribution of electron hopping and conductive network mechanisms to the overall
electrical conductivity of CNT nanocomposites.

The electrical resistance of the interphase can be estimated by the generalized formula of Simmons [80] as
follows

Rint(da) =
da~2

ae2 (
2mλ1/2) exp

(
4πda

~
(2mλ)1/2

)
(7)

with m and e being the mass and the electric charge of an electron, respectively; λ the height of the tunneling
potential barrier; a the contact area of the CNTs and ~ the reduced Planck’s constant. The height of the poten-
tial barrier λ is taken as 0.36eV as reported by Wen and Chung [78]. Hence, the thickness and the electrical
conductivity of the interphase surrounding a CNT can be obtained by

t =
1
2

da (8)

σint =
da

aRint(da)
(9)

The equivalent composite cylinder assemblage consists of a CNT (length L and diameter D = 2rc) and the
surrounding interphase of thickness t. The transversely isotropic electrical conductivity tensor of the equivalent
solid cylinder, σ,cnt, is defined by the effective longitudinal and transverse electrical conductivity of the equivalent
cylinder, σ̃L and σ̃T , respectively, which can be computed by applying the Maxwell’s equations and the law-of-
mixture rule as [50, 81]:

σ̃L =
(L + 2t)σint

[
σL

c r2
c + σint

(
2rct + t2

)]
2σL

c r2
c t + 2σint

(
2rct + t2) t + σintL (rc + t)2 (10a)

σ̃T =
σint

L + 2t

L 2r2
cσ

T
c +

(
σT

c + σint

) (
t2 + 2rct

)
2r2

cσint +
(
σT

c + σint
) (

t2 + 2rct
) + 2t

 (10b)

The volume fraction fe f f of the effective solid fillers can be obtained in terms of the volume fraction of CNTs
f in the matrix by

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

r2
c L

f (11)
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As mentioned before, there are some experimental and theoretical evidences that confirm the percolation-like
behavior of CNT-cement nanocomposites. This behavior is characterized by a sharp rise in the electrical con-
ductivity when CNT volume fraction reaches the percolation threshold fc. This hasty increment of the electrical
conductivity is due to the onset of the conductive network mechanism. For CNT volume fractions below this criti-
cal value, f < fc, electron hopping controls the overall conductivity of the composite and the fraction of percolated
CNTs, ξ, is null. Nonetheless, once percolation starts, f = fc, a rising number of CNTs begin forming conductive
networks. Hence, above percolation, there is a fraction ξ of CNTs that are connected forming conductive paths
whilst the rest, 1 − ξ, are still contributing solely by means of electron hopping mechanism. As reported by Deng
and Zheng [47], the fraction of percolated CNTs, 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
(12)

From the derivation above, it follows that the expression of the overall electrical conductivity of CNT-cement
nanocomposites, Eq. (1), can be extended by taking into account the sum of both mechanisms as follows

σe f f =σm + (1 − ξ)
∫ 2π

0

∫ π

0

{
fe f f (σEH − σm) AEH

}
p(ϕ, ψ) sinϕdϕdψ∫ 2π

0

∫ π

0 p(ϕ, ψ) sinϕdϕdψ
+

+ ξ

∫ 2π
0

∫ π

0

{
fe f f (σCN − σm) ACN

}
p(ϕ, ψ) sinϕdϕdψ∫ 2π

0

∫ π

0 p(ϕ, ψ) sinϕdϕdψ

(13)

where subscripts EH and CN refer to electron hopping and conductive network mechanisms, respectively. In the
case of CNTs forming conductive networks, several fibers are electrically connected in a continuous conductive
path. This effect can be modeled by considering an infinite aspect ratio of the fibers as proposed by Seidel and
Lagoudas [49]. As a result, the quantities associated with the electron hopping mechanism are defined with the
real CNTs aspect ratio (a2 = a3 = rc, a1 = L), while quantities corresponding to conductive networks are
defined with an infinite aspect ratio (a2 = a3 = rc, a1 → ∞).

2.2. Composites reinforced with randomly oriented curved CNTs
It has been extensively reported in the literature that CNTs within cement-based composites exhibit wavy

configurations. This is due to the very low bending stiffness of CNTs which have tube diameters from 10 to 15
nm. On the basis of scanning electron microscope (SEM) inspections, it is usually observed that the geometry of
curved CNTs can be approximately modeled with a helical geometry. Fig. 3 shows the parametrization of these
curves which are defined by the diameter Dh, the spiral angle θ and the polar angle δ. The length Lwavy

CNT of the
curved CNT is defined by these parameters as:

Lwavy
CNT =

δDh

2 cos θ
(14)

δ

LCNT

wavy

LCNT

str

θ=90º θ=60º θ=30º θ=0ºDh

θ

Figure 3: Helical model of a curved CNT and its equivalent straight counterpart.

The waviness of the CNTs is governed by the spiral angle, θ. Fig. 3 shows the different geometries of CNTs
that can be modeled with this approach. For instance, θ = π/2 corresponds to a straight configuration, while
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θ = 0 corresponds to a circular CNT. The consideration of the waviness effect into the micromechanics modeling
of the conductivity of the composite requires the conversion of the wavy CNTs into straight fillers of length Lstr

cnt
[47, 48, 82]. A wavy CNT 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 [50]. These conditions impose equal
diameters for the wavy and the straight fillers, Dstr = Dwavy. Finally, due to the reduction of the CNTs length from
Lwavy

cnt to Lstr
cnt, the volume fraction of the fillers must be updated to f str

CNT = α f wavy
CNT , with f wavy

CNT being the volume
fraction of the wavy CNTs and α = Lstr

cnt/L
wavy
cnt = sin θ the length ratio.

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

A second important phenomenon that must be taken into account in the modeling of CNT reinforced nano-
composites is the tendency of nanoinclusions to agglomerate in clusters. The large surface area of CNTs promotes
the appearance of substantial van der Waals’ attraction forces what makes CNTs easy to agglomerate in bundles
[62, 83]. This effect originates spatially-inhomogeneous distributions of nano-inclusions with some local regions
exhibiting higher concentrations of CNTs than the average in the composite. SEM inspections typically reveal the
presence of certain regions of agglomerated fibers whose geometry can be approximately defined as ellipsoidal.
In order to include the clustering effect in the micromechanics modeling approach, the bundles are assumed as
ellipsoidal inclusions (a2 = a3 , a1) with different conductive properties from the surrounding material (see
Fig. 4). For this purpose, the two parameter agglomeration model proposed by Shi et al. [84] is here extended
to model the conductivity of cement composites reinforced by inhomogeneous distributions of CNTs. The total
volume Vr of CNTs in the RVE is divided into the following two parts:

Vr = Vbundles
r + Vm

r (15)

Vbundles

V

Figure 4: Sketch of RVE with ellipsoidal bundles of CNTs.

with Vbundles
r and Vm

r being the volumes of CNTs agglomerated in the bundles and dispersed in the matrix, respec-
tively. In order to characterize the clustering, two agglomeration parameters χ and ζ are introduced as:

χ =
Vbundles

V
, ζ =

Vbundles
r

Vr
(16)

where Vbundles is the volume of ellipsoidal bundles in the RVE, and χ the volume ratio of the bundles with respect
to the total volume V of the RVE (Fig. 4). When χ=1 CNTs are uniformly dispersed in the matrix, whilst the less
χ the more inhomogeneous distribution of nano-inclusions. Parameter ζ stands for the volume ratio of nanotubes
that are dispersed in bundles with respect to the total volume of nanotubes. The limit case of ζ=1 represents the
state in which all the nanotubes are agglomerated in bundles. On the contrary, perfect uniform distributions of
CNTs lead to χ=ζ. The effect of the variation of these two parameters are depicted in Fig. 4. The Eshelby’s tensor
for an ellipsoid inclusion with x,1 the axis of symmetry (a2 = a3 , a1) is given by:

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
(17)

with α being the aspect ratio of the ellipsoid (a1/a2) and S 11=1 − 2S 22.
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3. Micromechanics modeling of piezoresistivity of cement-matrix composites with CNTs

In this section, a micromechanics modeling of the piezoresistivity of CNT reinforced cement-matrix compos-
ites is developed as an extension of the previously described approach. The origin of the strain sensing capabilities
of the cement-based nanocomposites is attributed to three main mechanisms: (i) volume expansion and reorienta-
tion of CNTs, (ii) changes in the conductive networks, and (iii) changes in the tunneling resistance. The following
sections separately present the modeling approach for each of these contributions.

3.1. Volume expansion and reorientation of CNTs

Let us consider a three-dimensional affine deformation cell containing an embedded effective solid filler before
and after the application of a uniaxial strain ε as shown in Fig. 5. Under the assumption of small deformations, the
volume of the cell changes from Vo = l3o to V = l3o (1 + ε)1−2ν, with ν being the Poisson’s ratio of the composite.
Moreover, assuming that the deformation of the composite is mainly sustained by the matrix, the volume of
the nano-inclusions remains constant and, therefore, the volume expansion induces changes in the CNT volume
fraction as follows [27]:

f ∗ =
Vo f
V

=
f

(1 + ε)1−2ν (18)

lo
(1
+
ε)

lo
lo

lo

ψ

ß

x2

x3

x1

x2

x3

x1

ψ

ßs

lo(1+ε)
-ѵ

lo(1+ε)
-ѵ

Figure 5: Schematic representation of the volume expansion and reorientation of a conductive filler within a deformable cell
subjected to uni-axial strain ε.

Likewise, it can be noted from Fig. 5 that the strain ε also originates a re-alignment of the fiber along the
strain direction x3. This change of orientation is characterized by a decrease in the polar angle from β to βs, with
negligible variation of the azimuth angle ψ [27]. The new polar angle βs can be expressed in terms of its initial
value β as follows [58]:

tan βs = (1 + ε)1+ν tan β (19)

This change of the polar angle of the fillers results in a change of the ODF from p (ψ, β) to p (ψ, βs). After the
application of the strain, the initially randomly distributed fillers (p (ψ, β) = 1) tend to align in the strain direction
and, therefore, the randomness of the nanofillers distribution is reduced. In order to obtain the resulting ODF, the
condition of a constant number of fillers before and after the application of the strain has been applied. To this
end, and assuming a total number of G fillers distributed in the RVE, the number of fillers lying in the orientation
range (β, β + dβ) × (ψ, ψ + dψ) can be computed as [27]:

dN β,β+dβ
ψ,ψ+dψ

=
1
π

Gp(ψ, β) sin βdβdψ (20)
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Accordingly, the total number of fillers must be the same after the application of the strain within the range
(βs, βs + dβs) × (ψ, ψ + dψ):

dNβs,βs+dβs
ψ,ψ+dψ

= dN β,β+dβ
ψ,ψ+dψ

(21)

Substituting Eq. (19) into Eq. (21), and expressing ψ as π/2 − β (see Fig. 5), the resulting ODF, p(ϕ, ψ), is
determined as:

p(ϕ, π/2 − β) =
(1 + ε)

1+ν
2[

(1 + ε)−(1+ν) cos2(π/2 − β) + (1 + ε)(1+ν) sin2(π/2 − β)
] 3

2

(22)

Fig. 6 shows the variation of the ODF with the strain ε and the polar angle β. In the unloaded case, ε = 0, the
ODF remains constant and equal to 1 for every polar angle, corresponding to the uniform random distribution. It
is also observed that, for increasing traction (ε > 0), the ODF gives more weight to polar angles close to 0 and π,
i.e., more fibers tend to re-align in the direction of the strain. On the contrary, it is worth noting that for increasing
compression (ε < 0), the ODF has higher values for polar angles around π/2 and, therefore, the fibers tend to
re-align in the transverse direction of the strain.
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Figure 6: Variation of p(ϕ, ψ) (ODF) with strain ε and polar angle β (ν = 0.3).

3.2. Change in the conductive networks

Piezoresistivity of CNT nanocomposites is also due to the breakage of conductive networks induced by strain.
As previously discussed, the reorientation of the fibers decreases the randomness of the CNT distribution as the
strain increases. Hence, it can be intuitively understood that the probability of forming conductive paths must
be altered, which corresponds to the change in the percolation threshold fc. According to the definition of the
orientation distribution function p(ϕ, ψ), the probability of finding a nanotube lying in an infinitesimal range of
angles

[
ϕ, ϕ + dϕ,

] × [
ψ, ψ + dψ,

]
is given by p(ϕ, ψ) sinϕdϕdψ, which satisfies the normalization condition:∫ π

0
dϕ

∫ π

0
p(ϕ, ψ) sinϕdψ = 1 (23)

Komoro and Makishima [85] proposed a stochastic approach for the calculation of the number of filler contacts
in general disordered systems coped with rod-like inclusions with constant length and diameter. According to that
work, a filler A with a given orientation (ϕ, ψ) comes into contact with a second filler B with orientation (ϕ′, ψ′)
if the center of mass of the former is located within the neighbourhood region of the latter. The neighbourhood
region is defined when the fiber B is slid over both sides of the fiber A from one end to the other, keeping the
direction and the contact point on B unchanged (see Fig. 7). In these two sweepings, the axis of B makes two
rhombuses near both sides of A, conforming a parallelepiped. The volume of this region is V = 2DL2 sin τ, with
τ being the angle between the two nanofillers. Based on the defined number of contacts in a volume V along with
the probability of formation of a contact, the mean distance among contacts, bKM , is given by:

bKM =
πD
8I f

(24)
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where

I =

∫ π

0
dϕ

∫ π

0
J(ϕ, ψ) sinϕdψ (25)

J(ϕ, ψ) =

∫ π

0
dϕ′

∫ π

0
sin τ(ϕ, ψ, ϕ′, ψ′)p(ϕ′, ψ′) sinϕdψ′ (26)

sin τ =
[
1 − {

cosϕ cosψ + cos(ψ − ψ′) sinϕ
}2
]1/2

(27)

L

L

2D

A: (φ,ψ)

B: (φ’,ψ’)

τ

Figure 7: Neighbourhood of the contact region of a fiber A of orientation (ϕ, ψ) defined by the parallelepiped formed by a
second fiber B of orientation (ϕ′, ψ′) sliding over both sides of the former.

It should be mentioned that Komoro and Makishima did not consider the changes in the contact probability
with successive contacts. Pan [86] reported about this issue and proposed an extended approach by considering
that an existing contact reduces the effective contact length of a filler, which reduces the probability of forming a
new contact. A new expression of the mean distance among inclusions bPan was given as:

bPan =
(π + 4 fη)D

8 f I
(28)

where

η =

∫ π

0
dϕ

∫ π

0
J(ϕ, ψ)K(ϕ, ψ) sinϕdψ (29)

K(ϕ, ψ) =

∫ π

0
dϕ′

∫ π

0

p(ϕ′, ψ′) sinϕ′

sin τ(ϕ, ψ, ϕ′, ψ′)
dψ′ (30)

Finally, it is worth noting that each nanofiller must have at least two contact points to be part of a conductive
network in the nanocomposite [87]. Alternatively, the mean distance between contacts should be at least half of
the filler length to attain the percolation threshold. Kumar and Rawal [88] defined a coverage parameter, Γ = b/L,
which represents the number of contacts formed on a given filler length, so that for percolated nanofillers this
quantity is such that Γ ≤ 0.5. Moreover, those authors also proposed a mean coverage parameter, Γ = b/L, as the
probability of percolation of the composite. Furthermore, it has been reported in the literature that the distance
between the contacts exhibit an exponential distribution [89, 90], and similarly, the mean coverage parameter Γ

can be defined as[88]:

P(Γ) = (1/Γ)exp
(
−Γ/Γ

)
(31)

Zheng et al. [91] reported that the statistical percolation threshold is reached when 50% of the sample perco-
lates, this is: ∫ 0.5

0
P(Γ)dΓ = −exp(0.5/Γ) + 1 = 0.5 (32)
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where a value Γ of 0.72 is extracted. Finally, combining this result with Eqs. (25) and (28), the percolation
threshold can be computed using the Komori-Makishima and Pan’s models as:

f KM
c =

π

5.77sI
(33)

f Pan
c =

π

5.77sI − 4η
(34)

with s being the aspect ratio of the nanofillers, i.e. L/D. Kumar and Rawal [88] reported that there are only slight
differences between the Komori and Makishima and Pan’s models since the percolation threshold is often reached
at significantly low nanofiller concentrations. Similar conclusions are also obtained in the present work and,
therefore, all the results that are provided thereafter are obtained by using the Komoro and Makishima’s model.
This methodology has allowed us to relate the externally applied deformation with the variation of the percolation
threshold through the orientation distribution function, previously defined in Eq. (22). Fig. 8 shows the variation
of the percolation threshold with respect to the nanofiller aspect ratio and for different strain levels. It can be
extracted from this figure that, due to the reorientation of the fillers caused by the strain, some conductive paths
disappear and consequently the percolation threshold increases. In addition, Fig. 9(a) shows different orientation
distribution functions for polar angles varying from 0 to π under different levels of uni-axial strain. As already
discussed in the previous section, in the case of stretching (ε > 0), the nanotubes tend to re-align in the direction
of the strain, whilst in the case of compression (ε < 0), the tendency is the opposite and the fillers tend to re-align
perpendicularly to the strain. In both cases, the loss of randomness of the nanofillers distribution leads to lesser
probability of forming conductive paths as it can be seen in Fig. 9(b). Hence, it can be concluded from this figure
that both compression and traction lead to higher percolation thresholds.
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Figure 8: Percolation threshold versus CNTs volume fraction under different strain levels (ν=0.3).

11



0 π/6 π/3 π/2 2π/3 5π/6 π
0.85

0.9

0.95

1

1.05

1.1

1.15

ε =-5%

ε =-3.9%

ε =-2.8%

ε =-1.8%

ε =-0.7%

ε =0.7%

ε =1.8%

ε =2.8%

ε =3.9%

ε =5%

θ

O
D

F
(a)

−4 −2 0 2 4

·10−2

6.934

6.935

6.936

6.937

·10−2

ε

f c

(b)
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3.3. Change in the tunneling resistance

The third mechanism originating the strain-sensing property of the composites is related to the circumstance
that electron hopping is altered when a deformation is applied because of the separation of the particles and of
changes in the inter-particle distance. It has been reported in the literature that when a nanocomposite is deformed
under external strain, the change of the nanotube resistance is expected to be negligible because of the extremely
small elastic deformation in nanotubes resulting from their high elastic modulus while the large deformation in
the inter-nanotube matrix due to its low modulus contributes to the electrical resistance change of the composite
[92]. It has been also reported in the literature that, at relatively low strains (< 10−4), the inter-particle distance
and the height of the potential barrier change proportionally with the strain [93] as follows:

da = da,0(1 + C1ε) (35)

λ = λ0(1 + C2ε) (36)

where da,0 and λ0 are the initial inter-particle distance and potential height at zero strain, respectively, and C1 and
C2 are constants. The constants C1 and C2 can be obtained by fitting experimental data. There still exists a lack of
information in the literature about this aspect and, therefore, further future research is needed in order to develop
a fully experimental independent tool for design purposes.

4. Results and discussion

In this section, the proposed analytical model is tested against experimental data from MWCNT reinforced
cement-based specimens. Moreover, the influence of the different variables affecting the strain-sensitivity 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 [94, 95]. In order to compare the theoretical and experimental results, the resistivity of the
electrodes and the contact resistance need to be properly taken into account [13]. Hence, an equivalent in series
circuit with conductivity σspc is defined, in which the resistivity of the electrodes and the contact resistance are
computed so that the conductivity of the initial plain configuration ( 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 Simmon’s model for the evaluation of the
interphase conductivity in Eq. (7) 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 mass of cement, wt, as
follows:

wt =
ρN

mcem
f (37)
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with ρN being the density of the carbon nanotubes, taken as 150 kg/m3, and mcem the mass 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

4.1. Experiments

As discussed above, in order to validate the micromechanics model developed in the current work, the model-
ing results are compared to the experimental data obtained by testing specimens made of composite cement paste
(PA), mortar (MO) and concrete (CO) doped with MWCNTs. The multi-walled carbon nanotubes utilized as filler
for the cementitious matrices was type Graphistrength C100 provided by group Arkema. Their main physical,
chemical and mechanical characteristics are reported in Table 2. Such type of conductive fillers have suitable
electrical properties due to their peculiar aspect ratio.

Table 3 shows the mix design of the different typologies of cementitious materials, with and without carbon
fillers. The cement was pozzolanic, type 42.5. Aggregates were added to obtain mortars and concretes. In
particular sand with a nominal dimension between 0-4 mm and gravel with nominal dimensions between 4-8
mm were used. The water/cement ratio was 0.45 for all the mixes. A second-generation plasticizer based on
polycarboxylate ether polymers was added to obtain a comparable workability for all the cementitious materials.
The specimens were cubes with sides of 51 mm instrumented with five embedded stainless steel nets as electrodes,
placed at a mutual distance of 10 mm (Fig. 10(a)). The nets were constituted by 0.5 mm diameter wires placed to
form a mesh of 6 mm. In the case of concrete, the embedded part was resulted in wires at a mutual distance of 12
mm.

Fig. 10(b) shows concrete samples with decreasing amount of nanotubes. Fig. 10(c) presents the experimental
setup of the electromechanical tests carried out using the 2-probe method using two electrodes placed at a distance
of 10 mm, showing the load testing machine and the data acquisition system of the electrical measurements.

Fig. 11 sketches the preparation process for the nanomodified samples of paste, mortar and concrete. First,
the dispersant (sodium lignosulfonate salt) was mix in deionized water and then the various amounts of carbon
nanotubes were introduced within the solution (Fig. 11(a). The fillers were dispersed by a preliminary mechanical
mixing (Fig. 11(b)) and by use of a sonicator (Fig. 11(c)). The nanomodified suspension were mixed with cement
and eventually aggregates and plasticizer to achieve the different cementitious materials( Fig. 11(d)). The admix-
ture was then poured into oiled molds, the electrodes were embedded (Fig. 11(e)) and the samples completed
the curing period in controlled laboratory conditions (Fig. 11(f)). A drop of a suspension after sonication and a
fragment of hardened material were analyzed by use of SEM micrographs in order to investigate the dispersion
of the carbon nanotubes during and after the preparation (Fig. 11(c1) and 11(f1)). Fig. 12 shows the good disper-
sion obtained in the water suspensions after sonication (Fig. 12(a)) and in a hardened mortar matrix after curing
(Fig. 12(b)).

The strain sensing capabilities of the cementitious composites were investigated subjected the samples to cyclic
axial compression loads with increasing loads (Fig. 13(a)), by use of a servo-controlled pneumatic universal testing
machine of 14kN load capacity, model IPC Global UTM14P. Fig. 13(b) is a detailed view of a samples during the
setup of the mechanical tests. The strain sensing properties were investigated by measuring the current passing
through two electrodes placed at a distance of 10 mm under the application of a stabilized voltage of 2.5 V. The
source measure unit and the high speed digital multimeter were model NI PXI4130 and NI PXI4071 devices,
respectively. Two electrical strain gauges 2 cm long, with a nominal resistance of 120 Ω and a gauge factor of
about 2 were also attached at opposite faces of the specimens and acquired using a data acquisition card, model NI
PXIe-4330. Strain-induced incremental variation in electrical resistance of the composites, ∆R(t), was obtained
by dividing the applied voltage, V , by the incremental variation in measured current intensity, ∆I(t). Under the
assumption of small strains, the correlation between the relative change in resistance, ∆R/Ro, and the applied
compressive strain, ε, can be modeled likewise conventional strain gauges as:

∆R
Ro

= λ−ε, ε < 0 (38)

where λ− is the so-called gauge factor. Although only compression tests were carried out, the presented approach
also allows to model tensile stresses. As further discussed in the next section, the piezoresistive behavior of CNT
reinforced composites is slightly different under compressive and tensile stresses. Hence, superscripts “−” and
“+” are used for gauge factors in the case of compressive (ε < 0) and tensile (ε > 0) strains, respectively.
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Table 2: Main characteristics of MWCNTs used in the experiments (from Ref. [96])

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 ≈ 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. [43].

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

Normal With MWCNTs Normal With MWCNTs Normal With MWCNTs

Cement pozzolanic, 42.5 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
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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 under applied axial load (c) (Units in mm).
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Figure 11: Preparation procedure of paste, mortar and concrete samples with MWCNTs.
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Figure 12: SEM pictures of MWCNTs dispersed in water solution (a) and in a mortar matrix (b).
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Figure 13: (a) Applied compression load and (b) uniaxial testing setup.
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4.2. Parametric analyses

In this first set of analyses, detailed parametric studies have been carried out in order to give some insight
into the structure of the proposed model, as well as to extract valuable conclusions for the design of self-sensing
MWCNT reinforced cement-based composites.

4.2.1. Effects of constituents properties
Fig. 14 shows the relative change in resistance ∆R/Ro of MWCNT reinforced cement paste (PA) with differ-

ent filler concentrations f . For illustrative purposes, the variation parameters of the inter-particle properties, C1
and C2, have been chosen from [93] as 8.9045 and 0.0243, respectively. According to the physical properties of
cement paste, the Poisson’s ratio has been set to 0.2. The externally applied strain has been imposed in the range
−1×10−4/+1×10−4. Despite only compression tests have been carried out, theoretical results dealing with tensile
strains are also shown here for the sake of completeness and potential application of this approach for stretchable
materials. It can be seen that the proposed approach reproduces some of the effects evidenced in the experiments.
For compressive loadings, ε < 0, the composites exhibit higher values of conductivity, unlike for tensile strains.
In both cases, the percolation threshold increases although for the considered ranges of deformation the effect
of the volume expansion and variation of the inter-particle properties becomes predominant. This behavior can
be also seen in Fig. 15, where the overall electric conductivity for different MWCNT concentrations and strain
levels is represented. In Fig. 14(a), different MWCNT contents have been selected according to different parts
of the percolation curve from Fig. 14(b). It is noticeable that for MWCNT concentrations below and above the
percolation threshold, the strain-sensitivity of the composite is considerably low. On the contrary, filler concentra-
tions close to the percolation threshold lead to the highest sensitivity values. This fact justifies the evidence from
the experiments about the existence of a critical concentration where the gauge factor reaches a maximum. This
maximum is obtained for filler concentrations around the percolation threshold.

In order to gain a better insight into the underlying mechanisms that control the piezoresistivity of the compos-
ites, Figs. 16(a) and (b) present the relative resistance change induced by the isolated contribution of the different
mechanisms and filler concentrations of 0.965 and 1.2%, respectively. Four different cases Si have been selected
with S1, S2, S3 and S4 standing for the isolated contribution of the volume expansion, change of the percolation
threshold, filler orientation and tunneling resistance, respectively. It can be seen that for the first concentration,
Fig. 16(a), close to the percolation threshold, the strain sensitivity is dominated by the volume expansion (S1).
This fact makes sense since for this concentration only a few conductive paths have been formed. Thus, a change
in the effective volume fraction has a deep impact as directly varies the number of formed paths. On the other hand,
for filler concentrations far above the percolation threshold, Fig. 16(b), the number of conductive paths is larger
and the strain sensing capability is held by the different mechanisms. In this case, the volume expansion contin-
ues being dominant although the reorientation of the fillers has gained importance. The change in the tunneling
resistance has limited influence and the change of the percolation threshold has little influence. Fig. 17 represents
each contribution from Fig. 16(b) separately. From this figure, it is interesting noticing that the change of the
percolation threshold increases the resistance for both compressive and tensile strains, according to Fig. 9. The
strain sensitivity induced by the volume expansion and change in the tunneling resistance reduces the resistance
for compressive strains and vice versa. This behavior is also expected as both an increase of the volume fraction
and a reduction of the inter-particle distance lead to higher values of conductivity for compressive loadings. The
reasoning is the same in the case of tensile strains. Conversely, the contribution of the reorientation of the fillers
exhibits an opposite behavior. As we are measuring the resistivity along the direction of the applied strain, for
compressive loadings the fillers tend to align in the transverse direction reducing the measured conductivity. In the
case of tensile loadings, the fillers tend to align in the direction of the load increasing the measured conductivity.
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Figure 14: Strain-sensing capabilities of MWCNT reinforced cement paste with different filler concentrations (a) and unloaded
overall electrical conductivity of MWCNT reinforced cement paste (PA, ν=0.2, L = 1 µm, D=10 nm, λ=0.36 eV, dc=0.5 nm,
σc = 104 S/m, C1=8.9045, C2=0.0243).
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Figure 16: Piezoresistive behavior of MWCNT reinforced cement paste with isolated contributions of the strain-sensing mech-
anisms (S1 volume expansion contribution, S2 contribution of change the in the percolation threshold, S3 effect of the fiber
reorientation and, S4 change in the tunneling resistance)(PA, ν=0.2, L = 1 µm, D=10 nm, λ=0.36 eV, dc=0.5 nm, σc = 104
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Figure 17: Isolated contributions of the strain-sensing mechanisms (S1 volume expansion contribution, S2 contribution of
change the in the percolation threshold, S3 effect of the fiber reorientation and, S4 change in the tunneling resistance)(PA,
ν=0.2, L = 1 µm, D=10 nm, λ=0.36 eV, dc=0.5 nm, σc = 104 S/m, C1=8.9045, C2=0.0243).

Literature studies have reported about the dominant role of the tunneling-type contact resistance in the strain-
sensing capabilities of CNT reinforced composites [93]. In this regard, as it can be seen in Eq. (7), the height of the
potential barrier λ and the initial inter-particle distance dc play a key-role in the electron hopping mechanism. The
relative resistance change for different values of λ and dc is presented in Figs. 18(a) and 18(b), respectively. The
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MWCNT concentration has been set as f =0.695%, value that is close to the percolation threshold (see Fig. 14(b)).
The results presented in these two figures show that the lesser are the values of these two variables, the higher are
the strain-induced changes and, thus, the higher is the strain sensitivity of the composite.
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Figure 18: Strain-induced relative resistance change ∆R/Ro of MWCNT reinforced cement paste for different heights of the
potential barrier λ (a), and different critical separation distances (b) (PA, f =0.695%, ν=0.2, L = 1 µm, D=10 nm, σc = 104

S/m, C1=8.9045, C2=0.0243).

Finally, Figs. 19(a) and 19(b) show the relative resistance change for different values of MWCNT conductivity
and two filler concentrations, f = 0.69% and f = 2%, respectively. It can be extracted from these figures that
more conductive fillers lead to higher strain sensitivities. Another noticeable aspect is that the nonlinearities,
related to the coupled effect of the volume expansion and variation of the percolation threshold, gain importance
for concentrations close to the unloaded percolation threshold. On the contrary, the strain-sensing curves exhibit
more linear behaviors for concentrations far from this critical concentration. In other words, when the filler
concentration is near the percolation threshold, the number of formed conductive paths is still limited so that the
breakage or formation of conductive networks has a large impact on the overall conductivity. However, when
there exist many conductive paths, the variation of the number of paths does not lead to substantial differences
and the composite is thus less piezoresistive. From a mathematical point of view, the strain-induced variations
of the effective volume fraction f ∗ and of the percolation threshold fc result in a variation of the fraction of
percolated CNTs ξ defined in Eq. (12). Hence, the appearance of a nonlinear response for concentrations close
to the percolation threshold is justified by the percolation theory. When percolation begins, i.e. for small values
of ξ, the conductivity of CNT reinforced nanocomposites experiences a sharp increase. Once a sufficient number
of conductive paths has been formed, the effective conductivity stabilizes. In this first region is where the strain-
induced changes lead to the largest impacts and the most nonlinear effects.
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Figure 19: Strain-induced relative resistance change ∆R/Ro of MWCNT reinforced cement paste for different filler conduc-
tivities σc and volume fraction f = 0.69% (a), and f = 2% (b) (PA, ν=0.2, L = 1 µm, D=10 nm, λ=0.36 eV, dc=0.5 nm,
C1=8.9045, C2=0.0243).

4.2.2. Effects of MWCNTs waviness
In this section, the effect of MWCNTs waviness on the piezoresistive properties of the composites is inves-

tigated. Five wavy geometries, corresponding to helical angles of 90, 80, 70, 60 and 50◦, have been considered.
Figs. 20(a) and 20(b) show the relative resistance variation for filler concentrations of 1 and 2%, respectively. The
main effect of non-straightness of the fibers is an increase of the percolation threshold as a result of the reduc-
tion of the length from the wavy to the equivalent straight fiber. As a result, wavy geometries lead to effective
volume fractions closer to the percolation threshold and therefore higher values of sensitivity. However, if the
geometry is too curved it may result in an effective volume fraction under the percolation threshold and, thus, the
strain-sensitivity can get substantially reduced. This is the case of θ = 50◦ in Fig. 20(a).
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Figure 20: Strain-induced relative resistance change ∆R/Ro of MWCNT reinforced cement paste for different helical angles θ
and volume fraction f = 1% (a), and f = 2% (b) (PA, ν=0.2, Lwavy

CNT = 1 µm, D=10 nm, λ=0.36 eV, dc=0.5 nm, σc = 104 S/m,
C1=8.9045, C2=0.0243).
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4.2.3. Effects of MWCNTs agglomeration
The effect of MWCNTs agglomeration in spherical bundles (a1 = a2 = a3) on the conductivity of cement-

based composites has been also analyzed. Figs. 21(a) and 21(b) show the relative resistance change for different
agglomeration parameters χ and filler concentrations of f = 1% and f = 2%, respectively. In these analyses, the
volume fraction of MWCNTs within the bundles is kept constant 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%. Secondly, in Figs. 21(a) and
21(b) the volume fraction of the bundles is set to 40% and the ratio of MWCNTs concentration within them ranges
from 40 to 90%. In Fig. 21(a) it is quite clear that the lesser is the value of χ, i.e. the lesser is the volume of the
bundles, the lesser is also the piezoresistivity of the composite. Nevertheless, for volume fractions far away from
the percolation threshold, as in Fig. 21(b), this effect is not so clear. Depending on the relative volume fraction of
both phases, bundles and surrounding composite, the strain sensitivity may substantially vary.

In Fig. 22(a) it can be seen that the variation from the uniform distribution, χ = ζ=0.4, to the next degree of
agglomeration, ζ=0.6, leads to a higher sensitivity of the composite. However, if this value goes on increasing,
such as for ζ=0.8 and ζ=0.9, the effective volume fraction within the bundles moves far away from the percolation
threshold and the resulting composite exhibits lesser piezoresistivity. On the contrary, for a global volume fraction
far away from the percolation threshold as in Fig. 22(b), the effect of the increment of ζ, i.e. increments of the
filler concentration within the bundles, clearly reduces the resulting piezoresistivity.
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Figure 21: Strain-induced relative resistance change ∆R/Ro of MWCNT reinforced cement paste for different agglomeration
parameters χ and volume fraction f = 1% (a), and f = 2% (b) (PA, ζ=0.9, ν=0.2, L = 1 µm, D=10 nm, λ=0.36 eV, dc=0.5
nm, σc = 105 S/m, C1=8.9045, C2=0.0243).
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Figure 22: Strain-induced relative resistance change ∆R/Ro of MWCNT reinforced cement paste for different agglomeration
parameters ζ and volume fraction f = 1% (a), and f = 2% (b) (PA, χ=0.4, ν=0.2, L = 1 µm, D=10 nm, λ=0.36 eV, dc=0.5
nm, σc = 105 S/m, C1=8.9045, C2=0.0243).

4.2.4. Characterization of the gauge factor
As mentioned above, the correlation between measured resistance and strain can be modeled, as a first ap-

proximation, by means of the same formula used for conventional strain gauges (Eq. 38). However, because of
the peculiar electromechanical behavior of MWCNT reinforced composites, the gauge factor λ is rate dependent
and also varies with ε, resulting in a nonlinear relationship of strain-to-signal. As it was already shown in Fig. 19,
as well as it has been evidenced in some other previously published experimental and theoretical works [97],
the strain-sensing curves can be approximately modeled with a first linear range followed by a nonlinear one.
Although there are a few works dealing with the definition of the nonlinear part, such as the work of Park et
al. [97] who defined it by an exponential-type function, the linear part is of high interest in the realm of SHM as
the accuracy of the measurements is higher within this range. In this work, a linear regression based on a least
squares estimator is adjusted in the strain range leading to a coefficient of determination of 0.99, as schematically
represented in Fig. 23(a). Hence, two different gauge factors, λ− and λ+, can be extracted from the slope of both
linear fittings for compressive and tensile strains, respectively, as follows:

∆R
Ro

= λ−ε, ε < 0 (39a)

∆R
Ro

= λ+ε, ε > 0 (39b)

On this basis, the variation of the gauge factor with the filler concentration can be obtained as shown in
Fig. 23(b). It should be noted that the gauge factor is slightly higher in the case of tensile stresses. In this case, the
percolation threshold increases with increasing inter-particle distance and with volume expansion. However, in
the case of compressive strains, the percolation threshold also increases whilst the rest of the parameters decrease
(see Fig. 17). Moreover, according to results of Fig. 14, a maximum value of the gauge factor is observed around
the percolation threshold. Figs. 24(a) and 24(b) depict the gauge factor of MWCNT reinforced cement paste with
different filler concentrations under compressive and tensile strains, respectively. As expected from Fig. 19 more
conductive fillers lead to higher gauge factor values. It is also noticeable that for higher filler conductivities the
peaks are sharper, whilst lower filler conductivities lead to smoother curves.
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Figure 23: Characterization of the gauge factor and the linear strain gauge range (a), and strain gauge of MWCNT reinforced
cement paste versus filler concentration f under compressive λ− and tensile λ+ strains (b) (ν=0.2, L = 1 µm, D=10 nm, λ=0.36
eV, dc=0.56 nm, σc = 105 S/m, C1=8.9045, C2=0.0243).
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Figure 24: Strain gauge of MWCNT reinforced cement paste versus filler concentration f under compressive λ− (a) and tensile
λ+ strains (b), for different filler conductivities σc (ν=0.2, L = 1 µm, D=10 nm, λ=0.36 eV, dc=0.56 nm, σc = 105 S/m,
C1=8.9045, C2=0.0243).

4.3. Experimental validation

On the basis of the previous analyses, the proposed micromechanics approach has been compared to the ex-
perimental results obtained for different cement-based composites. Fig. 25 shows some examples of time histories
of applied strain and corresponding electrical resistance obtained in the experiments. In particular, the figures
show the response of paste, mortar and concrete specimens containing a filler concentration of 1.5, 1 and 1% with
respect to cement weight, respectively. Hence, according to Eq. (38), the values of the gauge factor obtained from
the strain sensing tests are compared to the values obtained by the proposed approach in Fig. 26. The CNT electri-
cal conductivity has been set between 101 and 104 S/m. The SEM inspections in the analyzed specimens showed
good dispersions of the nanoinclusions in the cementitious matrices. This fact has been verified numerically with
the use of limited values for the agglomeration parameters with good results of both overall effective conductivity
and strain-sensing curves. The values of the agglomeration parameters, waviness, geometric properties of the
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fillers, as well as the variation parameters C1 and C2 have been adjusted to fit the experimental data. It is observed
that the analytical prediction agrees well with the experimental results and the tendency of the gauge factor λ−

is well captured by the current model. The experimental data also show the existence of an optimal content of
nanotubes around 0.75-1% mass content with respect to the mass of cement. This behavior is reproduced by the
current approach, as shown above in Fig. 14, with the optimal content of nanotubes at the percolation threshold.

Figure 25: Time histories of applied compression strain and corresponding electrical resistance outputted by (a) paste, (b)
mortar and (c) cement specimens with filler concentrations of 1.5, 1 and 1% with respect to cement weight, respectively.
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Figure 26: Comparison of the theoretical predictions and the experimental electrical compression gauge factors λ− for cement-
based sensors. ((a) PA, L = 0.25 µm, D=10 nm, λ=0.56 eV, dc=1.8 nm, χ=0.90, ζ=0.90, θ=35◦, C1=6.8, C2=1.7; (b) MO,
L = 0.25 µm, D=10 nm, λ=0.56 eV, dc=1.8 nm, χ=0.68, ζ=0.90, θ=40◦, C1=5.2, C2=1.5; (c) CO, L = 0.25 µm, D=10 nm,
λ=0.56 eV, dc=1.8 nm, χ=0.90, ζ=0.90, θ=69◦, C1=5.0, C2=1.5)

Fig. 27 shows the comparison in the R − ε plane for three samples of cement paste, mortar and concrete with
filler concentrations of 1, 0.75 and 0.75% with respect to the mass of cement, respectively. The material properties
have been taken from Fig. 26. In order to compare the effective conductivity of the composites from Eq. (13) in
the direction of application of the external strain, σ22

e f f , with the electrical resistance, R, measured in the specimens
through a high precision LCR meter, the following relation was applied:

σ22
e f f =

d
AR

(40)

being A the specimen’s cross-section and d the electrode’s distance with values of 51 × 51 mm2 and 10 mm,
respectively (see Fig. 10). It is noted in this figure that the presented approach can simulate fairly well the linear
part of the strain-sensing curves for the three different matrices. According to the results of Fig. 26, a filler
conductivity around 102 S/m leads to very proximate values of the gauge factor. However, for the considered range
of small deformations, the appearance of stronger contributions of non-linearities, associated with the variation
of the percolation threshold, were not captured by the proposed method. This is the case of cement-paste and
concrete specimens, where only the linear behavior was captured by the proposed approach. In the case of mortar
specimens, the strain-sensing curve is prominently linear and the theoretical approach provides very proximate
values.
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Figure 27: Comparison of the theoretical predictions and the experimental electrical resistance versus applied strain for (a)
paste, (b) mortar and (c) cement specimens with filler concentrations of 1, 0.75 and 0.75% with respect to cement weight,
respectively.

5. Conclusions

This paper has presented a micromechanics model to predict the piezoresistive properties 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 conduc-
tive networks, have been contemplated in the mixed micromechanics framework. The origin of the piezoresistive
response of these composites has been attributed to strain-induced changes in the volume fraction, changes in the
conductive networks due to the filler reorientation and, therefore, the percolation threshold, and, finally, changes in
the tunneling resistance through variation of the inter-particle distance and the height of the potential barrier. The
Komoro and Makishima’s stochastic method has been implemented in order to evaluate the variation of the perco-
lation threshold following an applied strain through the resulting strain-induced orientation distribution function
(ODF). Moreover, a helical waviness model and a two-parameter agglomeration approach have been proposed.

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. 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 properties of
the constituents, waviness and agglomeration. In order to highlight the importance of the tunneling effect in the
piezoresistivity of MWCNT cement-based composites, the influence of the variation of the height of the tunneling
potential barrier and the inter-particle distance have been analyzed. Furthermore, the effects of non-uniform
spatial distributions of MWCNTs have been evaluated through the proposed two-parameters agglomeration model.
Finally, the accuracy of the proposed approach has been demonstrated by comparison with the experimental data
from the tested specimens.

The main contributions of this paper are summarized below.

• The strain-sensing capability of MWCNT cement-based composites critically depends on the MWCNT
content. Both experiments and theoretical modeling confirm that the largest gauge factors are achieved at
the percolation threshold.

• The nonlinear relationship between ohmic resistance and externally applied strains is related to the variation
of the percolation threshold. Specimens with filler contents close to the percolation threshold exhibit higher
levels of nonlinearity, whilst specimens having concentrations far from this critical value tend to exhibit a
more linear behavior.

• More conductive fillers lead to higher strain-gauges. In addition, the importance of the non-linear behavior
increases with increasing fillers conductivity.
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• The comparison of the analytical predictions against experimental data demonstrates that the presented
mixed micromechanics model can predict fairly well the gauge factor of MWCNT cement-based compos-
ites. Furthermore, the incorporation of waviness and agglomeration enhanced the analytical results.

• The results also showed that the presented approach can model the linear range of piezoresistivity, useful for
the development of monitoring applications of CNT cement-based nanocomposites in the realm of SHM.
Moreover, the proposed approach also proved capable to model the non-linear response associated with the
variation of the percolation threshold, similar to experimental evidence. However, some discrepancies have
been found in some specimens with filler contents close to the percolation threshold. These differences are
hypothesized to be due to the consideration of uniform average distance among nanotubes. However, this
approach offers a suitable framework in which incorporate more complex distributions in further research.

The presented micromechanics model is envisaged to provide a useful tool for the understanding of the physi-
cal mechanisms that govern the piezoresistive behavior 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 uncertain-
ties of the constituents properties, waviness and agglomeration, interesting for future research on stochastic design
of MWCNT cement-based composites. In order to develop a fully independent designing tool, further research
must be pursued on the determination of the initial inter-particle distance and the height of the potential barrier,
as well as the strain-induced variation parameters, namely C1 and C2. Furthermore, the presented two-parameters
agglomeration model is suitable to be extended in the realm of multi-inclusion models. Hence, statistical distri-
butions can be used in order to evaluate the piezoresistive behavior of more realistic non-uniform distributions of
nanotubes.
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