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A B S T R A C T

Electrified cement composite has attracted considerable attention in major scientific and engineering fields due
to its excellent functional characteristics. With increasing interest in this functional material, the need for an
advanced theoretical approach has also increased significantly. In the present study, a data-driven model based
on hierarchical micromechanics and particle swarm optimization is proposed to estimate the morphological
characteristic of conductive nanofiller of cement composites. Experimental data needed for the simulation are
acquired by fabricating cement specimens with various contents of multi-walled carbon nanotube (MWCNT),
carbon fiber, and water-to-cement ratios, and measuring their electrical resistivity, porosity, and aspect ratio by
relevant experimental and computational techniques. Based on the proposed framework, a series of numerical
simulations including the experimental comparisons of the electrified cement composite are carried out to clarify
the potential of the present model. The number of model parameters is reduced to the curviness of MWCNT,
which is the most influential model parameter, and the process of collecting and simplifying the pattern is
included.

1. Introduction

The paradigm of material modeling has been characterized by the
formulation of physical and mathematical laws; however, the theories
of material science became increasingly complex over time, dimin-
ishing its effectiveness [1]. For construction materials, the undesirable
phenomenon has recently accelerated, whereby the composition of
materials has become more complicated due to the incorporation of
various admixtures [2,3]. The reason for adding admixtures to cement
material is to enhance functionality in construction. The types of ce-
ment based construction materials are: (1) those most exposed to the
atmosphere, (2) those frequently contacted with humans, (3) those that
are the least expensive, and (4) those that are the most consumed [4].
The development of unique functionality in construction materials is
therefore expected to facilitate considerable innovation for the future.

Among the various studies on the development of such functionality

in construction materials, studies are being actively carried out to im-
prove the electrical conductivity of construction materials. Recent
studies have shown that incorporating conductive fillers such as carbon
nanotubes (CNTs) and carbon fibers (CFs) increases the electrical
properties of cement to a semiconductor level. It is expected that con-
struction materials with high electrical conductivity have a high impact
on science and industry in the future since they have various applica-
tions such as for self-deicing road systems [5,6], electromagnetic
shielding wall [3,7], and in the damage sensing, energy harvesting
[8,9], and monitoring of infrastructures [10].

While the experimental works for investigating construction mate-
rials are a much-attempted research endeavor (Table 1), rigorous the-
oretical simulation of cementitious composites is rarely reported. Many
phenomena observed in cement-based composites remain unexplained
by existing classical models. A number of attempts were made by em-
ploying the first principles method [11,12] and molecular dynamics
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(MD) simulations [13,14], while the calculation results present sig-
nificant deviation among theories and much computational resources
are required. In addition, the simulation tool used to quantitatively
predict the unique behavior of electrified cement materials is in-
sufficient. Herein, we propose a reliable theoretical framework that

comprises experimental data, a computational algorithm (particle
swarm optimization, PSO), and micromechanics. Through the proposed
model, it is expected that the functions and mechanisms of the cement-
based smart composites are analyzed in depth [15]. To the best of our
knowledge, this is the first attempt to combine the data-driven

Table 1
Literature studied for improving the electrical characteristic of cement paste.

CNT dispersion method in cement Effect Ref.

Sonication It is the earliest dispersion method of CNT in the cement binder. An improved electrical conductivity of cement composites can be
achieved; however, the morphology of CNT is broken and deformed into a flake-like shape during the process.

[17]

Addition of silica fume The silica fume in the form of nanoparticles serves as a bearing between the CNTs, and thus it mechanically induces dispersion of
fillers.

[17,18]

W/C control The extremely reducing W/C reduces the amount of porosity in cement binder during the hydration process, and increases the
electrical conductivity of the specimen.

[18]

Addition of superplasticizer The addition of a superplasticizer to the above combination induces chemical modification on the CNT surface. It overcomes the
viscosity problems and leads the improved workability of the cement specimens.

[16]

Addition of CF By adding CF, the durability of the specimen can be improved by connecting the electrical pathway composed with CNTs as well as
bridging effect.

[19]

Fig. 1. (a) Overview of the hierarchical conductive cement composites and (b) three-level homogenization process based on the micromechanical model.
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technique with evolutionary computation and analytical model for
highly electrified cement composites.

In the present study, a simulation method combining the PSO al-
gorithm and micromechanics is newly proposed to overcome the diffi-
culties of accurately understanding the electrified cementitious mate-
rials. The selected target material for the simulation is cement
composite containing multi-walled carbon nanotubes (MWCNTs) and
CF, which is reported to be economically competitive and have ex-
cellent durability [16]. To accurately model the change occurring in the
hierarchical conductivity structures within cement composites at a
nano- and micro-scale, micromechanics-based homogenizations are
performed in three stages with respect to the scale. In addition, to
model the characteristics of cement composites more realistically, the
micromechanical model is designed to consider the porosity in the
specimen and the waviness of the MWCNTs. The model constants re-
quired for the simulation are obtained by analyzing experimental re-
sults using the PSO algorithm, and the pattern of parameters according
to the change of material compositions is estimated.

To generate the experimental data needed for the simulation, con-
ductive cement composite specimens with various contents of MWCNT,
CF, and water-to-cement ratios (W/C) are fabricated. In the experi-
mental study, silica fume and surfactant are also included to provide
fine dispersion of fillers with reference to the existing literature
[17,18]. The electrical resistivity of the fabricated specimens is

measured using the two-probe method. In addition, image processing
technique-based in-house software is built to measure the exact length
of the wavy MWCNT, which is a critical input parameter of the present
proposed model. Since no clear standard is available to measure the
porosity of cement composite, the porosity is analyzed using thermo-
graphic and micro-computed tomography (CT) analyses.

2. Theories

2.1. Micromechanics-based model

It is important to note that the present study deals with a multi-
phase complex material. Let us consider that the multi-phase material
consists of cement (phase 0), MWCNT (phase 1), porosity (phase 2), and
CF (phase 3), and that phases 1–3 are randomly and uniformly dis-
persed in phase 0 (Fig. 1(a)). For simplicity, it is assumed that the
electrical characteristics of cement and silica fume are the same based
on the previous studies [19]. To theoretically simulate the cementitious
complex material, we carried out a micromechanics-based multiscale
homogenization process consisting of three steps [20–25]. The purpose
of this is to treat the complex material, which contains more than two
phases, as one plain phase by applying mathematical techniques [26].
The following three-step homogenization process was carried out here,
considering the length scale of each material. The corresponding

Fig. 2. Computational flow chart for the combination of micromechanical model and PSO algorithm.

Fig. 3. Length and diameter of utilized (a) MWCNTs and (b) CF.
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contents are described in Fig. 1(b).
The first homogenization step involves materials at a nanoscale,

including cement, silica fume, and MWCNT. The effective medium
theory (EMT) model [27] is considered in this step. The EMT model has
been proven in many studies to be adequate for predicting the electrical
conductivity of composite materials [27,28]. The homogenization of
cement binder (phase 0) and MWCNT (phase 1) is then performed using
the EMT equation as follows [29]:

− − + + − + =− − − − − −ϕ L L L ϕ L L LS(1 )[( ) /3] [{ } ] 0cc cc cc
1
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where Lr and ϕr refer to the electrical conductivity tensor and volume
fraction of r-phase, respectively, and the subscripts 0, 1, and cc denote
the material phases of cement, MWCNT, and conductivity cement, re-
spectively. From a theoretical viewpoint, the materials are generally
assumed to be in an ideal state, although this is often not the case in
reality [26]. For example, it is theoretically assumed that the MWCNT
filler is fully extended within the matrix; however, such a case is im-
possible in reality, due to the lengthy aspect ratio of CNTs and the high
viscosity of matrix [30,31]. Therefore, in this paper, the waviness
characteristics of MWCNT is considered as model constants and are
defined θ (Fig. 1(a)). Sr signifies the aspect ratio dependent depolar-
ization tensor, which can be expressed as follows [32].
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where the superscript w refers to the waviness effect that occurs in the
filler; α denotes the aspect ratio (lr/dr); lr and dr are the length and
diameter of r-phase, respectively. The aspect ratio of MWCNT con-
sidering waviness effect can be calculated as follows
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In Eq. (5), θ denotes the degree of waviness when the spheroidal
filler is assumed to be waved to a sinusoidal curve. A more detailed
description of the bending of the filler with respect to the sine curve can
be found in Ref. [19].

The second homogenization step is performed on the conductive
matrix and pores. The porosity (ϕ2) significantly affects the overall
performance of the hydrated cement, and must be considered to predict
the precise material behavior [33]. The pores are distributed over nano
and micro scales, and thus they are preferably placed in the second
homogenization, which is between the nano and micro levels. Con-
sidering the computational cost, the Mori-Tanaka (MT) model is uti-
lized at the second homogenization. The applicability of the EMT model
for simulating the electrical properties of materials has been verified in
numerous studies. However, the disadvantage of the EMT model is that
it must be solved numerically because the equation is not explicitly
expressed. It inevitably requires a considerably high level of computa-
tion time. The MT model, on the other hand, consists of a simple form in
which the result is computed directly for given input values. Thus, the
MT model for calculating the conductive cement matrix containing
porosity is expressed as follows [29].
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where I and the subscript m denote the identical tensor and the matrix,
respectively. Lcc is the result of Eq. (1) calculated by the first homo-
genization, and the definitions of the remaining constants are described
above. Herein, the key constant of ϕ2 is experimentally measured via
the thermographic image and the micro-CT methods, which are de-
scribed in the Experimental section.

Finally, the third homogenization step involving CFs (the largest
constituent material) and the matrix is carried out. In the third homo-
genization step, the EMT model is applied similarly to the first homo-
genization. Most theoretical expressions are thus similar; however, the
waviness effect of CFs are not considered based on the scanning elec-
tron microscopy (SEM) images analysis. Further details of the SEM re-
sults are given in the Results and discussion section.

Table 2
Mix proportion of electrified cement paste to be used for the PSO algorithm (wt.
%).

Specimen Cement CNT CF Silica fume Superplasticizer Water

C0F0W1 100 0 0 20 1.6 30
C0F0W2 35
C0F0W3 40
C0F0W4 45
C0F1W1 0.1 30
C0F1W2 35
C0F1W3 40
C0F1W4 45
C0F5W1 0.5 30
C0F5W2 35
C0F5W3 40
C0F5W4 45
C1F0W1 100 0.1 0 20 1.6 30
C1F0W2 35
C1F0W3 40
C1F0W4 45
C1F1W1 0.1 30
C1F1W2 35
C1F1W3 40
C1F1W4 45
C1F5W1 0.5 30
C1F5W2 35
C1F5W3 40
C1F5W4 45
C2F0W1 100 0.5 0 20 1.6 30
C2F0W2 35
C2F0W3 40
C2F0W4 45
C2F1W1 0.1 30
C2F1W2 35
C2F1W3 40
C2F1W4 45
C2F5W1 0.5 30
C2F5W2 35
C2F5W3 40
C2F5W4 45
C3F0W1 100 1.0 0 20 1.6 30
C3F0W2 35
C3F0W3 40
C3F0W4 45
C3F1W1 0.1 30
C3F1W2 35
C3F1W3 40
C3F1W4 45
C3F5W1 0.5 30
C3F5W2 35
C3F5W3 40
C3F5W4 45
C4F0W1 100 2.0 0 20 1.6 30
C4F0W2 35
C4F0W3 40
C4F0W4 45
C4F1W1 0.1 30
C4F1W2 35
C4F1W3 40
C4F1W4 45
C4F5W1 0.5 30
C4F5W2 35
C4F5W3 40
C4F5W4 45

H.M. Park et al. Composites Part B 167 (2019) 51–62

54



− − + + − + =− − − − − −ϕ L L L ϕ L L LS(1 )[( ) /3] [{ } ] 0m e m
1

m e
1

3
1 1

3 3
1

3
1

(6)

where the subscript e denotes the effective value of the entire complex
material, and S3 is
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where α3, l3, and d3 denote the aspect ratio, length, and diameter of CF,
respectively.

2.2. Application of PSO algorithm

In this paper, the particle swarm optimization (PSO) algorithm
which provides quick results even with multiple objectives and con-
straints, is used to find the hyperparameters of the proposed con-
stitutive equation [34–37]. The PSO algorithm is a population-based
metaheuristic optimization method proposed by Kennedy and Eberhart
[36].

Similar to other evolutionary algorithms, the PSO algorithm is in-
itialized with a population of random solutions in given boundaries and

the solutions (also called particles) move toward better search areas via
cooperation and competition among the population [34]. However, it
also assigns a randomized velocity to accelerate each particle toward its
personal and neighborhood best solutions. In other words, a number of
neighbors are assigned to each particle and the particle is updated
considering its experiences and neighbors by repeating iteration [35].
The position and velocity are updated by the following equations:

= +
= ⋅ + ⋅ ⋅ − + ⋅ ⋅ −

x x v
v w v c r p x c r p x( ) ( )

id id id

id id id id gd id1 1 2 2 (8)

where xid and vid denote the position and velocity of the i-th particle in
d-dimension, c1 and c2 are the self and social acceleration coefficients,
and pid and pgd are the personal and neighborhood bests, respectively. w
is the inertial weight, and r1 and r2 are random number in the domain of
[0,1]. The PSO algorithm is combined with the micromechanical theory
for the simultaneous analysis of various specimens with different W/C,
MWCNT, and CF contents. By minimizing the difference between the
simulation and experimental results, the parameter set (xid) in Eq. (12)
is adjusted. The simulation flow chart for the combination of the mi-
cromechanical model and PSO algorithm is shown in detail in Fig. 2.

Considering the computational implementation, the

Fig. 4. Experimentally measured electrical resistivities of the MWCNT/CF-embedded cement composites with various W/C values: (a) 0.30, (b) 0.35, (c) 0.40, and (d)
0.45.
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micromechanical equations are explicitly derived and arranged ac-
cording to the following calculation process:

1. Define input parameters
● Material characteristics:

✓ Electrical conductivity of cement, MWCNT, porosity, and CF:
L0, 1, 2, 3

✓ Volume fraction of MWCNT and CF: ϕ1,3

✓ Diameter of MWCNTs: d1
✓ Length and diameter of CF: l3 and d3
✓ Water/cement ratio: W/C

● Model constants:
✓ Waviness degree of MWCNT: θ
✓ Length of MWCNTs: l1
✓ Volume fraction of porosity: ϕ2

2. Calculate simulation constants
● Depolarization tensor: S(11, 22, 33)1,3 in Eqs. (2) and (7)
● Aspect ratio of MWCNT with waviness effect: (α1)w in Eq. (3)

3. First homogenization
● Assuming that the electrical conductivity of MWCNT is isotropic,

Eq. (1) can be explicitly rephrased as follows:
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where σr denotes the isotropic electrical conductivity of r-phase.

4. Second homogenization
● Assuming that the shape of the porosity is spherical, Eq. (5) can

be explicitly rephrased as follows:
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5. Third homogenization
● Assuming that the electrical conductivity of CF is isotropic, Eq.

(6) can be explicitly rephrased as follows:
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6. Population updates
● Evaluate the accuracy of micromechanical simulation with ex-

perimental data.
● Update the personal best, neighborhood best, velocity, and po-

sition until the population index reach the previously set popu-
lation size.

● Generate the next population and update the inertial weight until
the maximum generation number is reached or the fitness is sa-
tisfied.

● The inertial weight range is set to [0.1, 1.1]; c1 and c2 are set to
1.49, and neighborhood size is 12, with a swarm size of 50. The
swarm size is determined by considering the accuracy and com-
putation time, and detailed calculations are represented in
Fig. 8(b).

Fig. 5. SEM images of the internal structure in cement composite: (a) porosity distributed in various sizes in cement matrix and (b) straight CFs embedded in the
cement matrix, (c) MWCNTs that are heavily curved relative to CF, and (d) hierarchical conductivity structure consisting of MWCNT and CF.
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3. Experiments

3.1. Materials and fabrication

The main obstacles hindering the commercialization of highly
electrified cement composite are as follows: (1) it has a relatively high
production cost compared with conventional construction materials,
and (2) while the mix design is optimized to reach high electrical
conductivity, other fresh and hardened state properties may not ne-
cessarily be as satisfactory as those of another construction material. In
the present study, the MWCNT with a purity of 98.5% (Jeno Tube 8 ©

by Jeio Co. Ltd.) and pitch based CF (GS Caltex Co.) were used together
in order to overcome the excessive use of MWCNT and the performance
degradation due to the increase of W/C. It is noted that the purity of
MWCNT used in the present study is much lower than that of other
commercially available nanotubes; it was selected for its significantly
low cost (100$/kg), rendering it more commercially viable for con-
struction applications. The length and diameter of MWCNT and CF used

in this study are shown in Fig. 3(a) and (b).
Dispersion of CNT and CF fillers throughout the cement matrix is

mandatory for developing high conductivity, and can be achieved using
silica fume and superplasticizer [30,38]. Type I ordinary Portland ce-
ment and silica fume (EMS-970 manufactured by Elkem Inc.) were used
as a binder material to disperse CNT and CF fillers uniformly, and a
polycarboxylic-acid-based superplasticizer (GLENIUM 8008 by BASF
Pozzolith Ltd.) was used to decrease the Van der Waals forces on the
MWCNT and improves workability. Table 2 shows the mix proportion
of specimens used in the present study. Specimens with various con-
tents of conductive fillers were prepared to investigate the effect of
conductive fillers on the electrical characteristics. For all specimens, the
silica fume and the superplasticizer were used at 20.0 and 1.6%, re-
spectively, by the mass of cement. The MWCNT contents were 0.0, 0.1,
0.5, 1.0, and 2.0 wt% and the CF contents were 0.0, 0.1 and 0.5 wt%.

The fabrication processes of the specimen are as follows: dry ma-
terials (cement, silica fume, MWCNT and CF) were blended for 1min
using a mortar mixer (Heungjin, HJ-1150). A mixture of water and

Fig. 6. Process of evaluating the effective length of wavy MWCNT: (a) Overall appearance of developed in-house software, (b) original SEM image of MWCNT, (c)
scale bar of the selected image, (d) initial result of black and white conversion, (e) remaining image after performing the previous steps, (f) second image processing
result and automatically selected analysis area, (g) center line of image represented as a vector, and (h) all vectors eliminated except the largest value.
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superplasticizer was added to the dry materials, and mixed for another
5min. The fresh mortar was poured into a 25mm3 cubic mold. For all
specimens, two copper electrodes were inserted into the fresh mortar
specimens at 10mm intervals to measure the resistance of the speci-
mens. The height and width of the copper electrodes were 30mm and
10mm, respectively. The mold was then sealed and cured to minimize
evaporation of water.

3.2. Characteristics

The electrical resistance was measured by a two-probe method
using a multimeter (FLUKE, True-rms Multimeter), and the resistance
was converted into the resistivity by applying the following equation

= ⋅ρ R A
L (12)

where ρ and R indicate the resistivity (Ω · cm) and the measured elec-
trical resistance (Ω), respectively, and L and A indicate the distance
between the copper electrodes and the cross-section area of the elec-
trode inserted in the cement block, respectively.

Scanning electron microscopy (SEM) images were captured using
NOVA Nano SEM 450 to analyze the surface morphology and micro-
structure of the specimens. Fractured samples were collected from the
corresponding specimens, and were coated with Pt in a low vacuum
prior to the SEM analysis.

In addition, the internal porosities of the fabricated specimens were
quantitatively measured using a nondestructive inspection technique

Fig. 7. Process of porosity measurement in cement composite via (a) thermographic image, (b) micro CT scan analyses, and (c) the calculated porosity values with
various W/Cs.
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based on the use of a thermal imaging camera and micro CT analysis.
The thermal image was obtained by placing the specimen 1 m from the
thermal imaging camera (FLIR, x6540sc) and exposing it to the heat
from two halogen lamps 5 times for 5 s to measure the changed heat.
Cylindrical specimens with a diameter of 5 mm and a length of 7 mm,
respectively, and with different W/Cs (0.30, 0.35, 0.40, and 0.45) were
separately prepared for micro-CT analysis. The micro-CT analysis was
conducted on a SkyScan 1172 (Bruker) using an Al + Cu filter and
small camera pixels (4 K × 2 K) at 1.7 μm resolution, with a source
voltage of 100 kV, a source current of 100 μA, and specimen rotation
angles of 360°.

4. Results and discussion

4.1. Electrical resistivity

Fig. 4 presents the electrical resistivity of the specimens with respect
to the MWCNT and CF contents, and W/C. It was found that the elec-
trical resistivity decreases with increasing content of MWCNT content,
regardless of W/C. In particular, the resistivity decreased more effec-
tively when the contents of MWCNT and CF were increased. According
to previously reported studies [30], the combination of MWCNT and CF
induces a synergistic effect known as the bridging effect. Hence, it is
assumed that the increase in the content of MWCNT and CF leads to
further improvement of the connectivity of the conductive network
within the binder matrix.

SEM images of the cement composite containing MWCNT and CF
are shown in Fig. 5. It can be seen in Fig. 5(a) and (b) that the pores
with various sizes are randomly distributed along the binder matrix,
and the CFs are mostly distributed in a fully extended state. Fig. 5(c)

and (d) show that the MWCNTs that are heavily curved relative to CF
and that MWCNT and CF are intertwined with each other. It notes that
the pores with various sizes and the waved MWCNTs in the cementi-
tious matrix play a role in reducing conductive connectivity, and have a
negative effect on the overall electrical characteristics. However, the
conductive bridge between CF and MWCNT serves to inhibit this phe-
nomenon, as shown in Fig. 5(d).

4.2. Evaluation of simulation input data

Determining of the input values for the theoretical analysis is an
essential factor affecting the overall reliability of the simulation study.
Particularly, the length and diameter of conductive fillers, which di-
rectly affect the conductive path, are the most critically evaluated
factors. The length of the CF and the diameters of the CF and MWCNT
are relatively easy to measure with an optical microscope. However,
accurately defining a representative length of MWCNT is difficult,
which is randomly distributed and variously curved at the nanoscale.
Hence, in this study, SEM images of various MWCNTs are randomly
selected and the exact length of the curved nanotubes on the image is
calculated by applying the image processing technique.

Simple in-house software is built to measure the exact length of the
waved MWCNT, and the overall user interface is shown in Fig. 6(a).
First, the original SEM image of MWCNT is selected for analysis
(Fig. 6(b)), and the real size of the selected image is defined by referring
to the scale bar in the photograph (Fig. 6(c)). Then, the selected photo
is divided into the black and white converted image (Fig. 6(d)) and the
original image (Fig. 6(e)). The processed image shown in Fig. 6(d) is
again subjected to image processing with a higher criterion (Fig. 6(f)),
and the object to be analyzed is automatically captured, as shown in the
red boxes. The results of the previous analysis steps are shown in
Fig. 6(g). By deleting the remaining parts except for the largest vector in
Fig. 6(g), the length of MWCNT to be obtained can be calculated
(Fig. 6(h)).

The porosity measurement for the cement composite specimens is
carried out via thermographic and micro-CT analyses, as shown in
Fig. 7. While water inevitably causes pores to form in all hydrated ce-
ment, no standardized protocol has been available for accurately
measuring the porosity of hydrated cement. In this study, the macro-
sized porosities are quantitatively measured using a thermographic
image (Fig. 7(a)). The size of the photographed thermal image is arti-
ficially selected to be the size necessary for analysis, and the porosities
are then measured through image analysis. Fig. 7(b) schematically
shows the process of estimating the volume fraction of micro-sized
porosity based on the 3D scan data taken from the micro-CT. The ori-
ginal 3D CT data can be divided into solid and air due to the difference
in the electromagnetic wave transmittance, and the quantitative value
of porosity is precisely measured. Considering the limits of the mea-
surable scale of the above two methods, the volume fraction of porosity
(ϕ2) is regarded as the sum of the measured values. The values of ϕ2 and
the corresponding trend lines are shown in Fig. 7(c). In this simulation,
it is assumed that the ϕ2 increases linearly with the W/C corresponding
to the trend line, which can be expressed as ϕ2 = 1.0048 W/C +
2.6893 (Fig. 7(c)), where W/C denotes the water-to-cement ratio.

4.3. Parametric study and experimental comparisons

Numerical study is carried out to investigate the influence of the
waviness of MWCNTs on the proposed micromechanics-based model,
the results of which are illustrated in Fig. 8(a). Similar to previous
studies [39,40], the bending of the MWCNT has a significant effect on
the overall electrical behavior of the material. Fig. 8(b) shows that the
effect of swarm size on the normalized root mean square error (NRMSE)
and normalized computational cost (NCC). Herein, four different sizes
of swarm are considered (10, 30, 50, and 100). The simulation accuracy
is improved as the size of swarm increases, while the computational

Fig. 8. (a) Predicted electrical resistivity of cement composites with various
model parameters: interfacial resistivity of MWCNT and (b) the effect of swarm
size on the normalized root mean square error (NRMSE) and normalized
computational cost (NCC).
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cost exponentially increases. It shows that NRMSE is not much different
when the swarm size is 50 and 100; however, the NCC rises more than
double while swarm size increases from 50 to 100. Based on the si-
mulation results, swarm size is fixed at 50 in this study, and all PSO
calculations are performed under the same conditions. The micro-
mechanics-based equation with the unknown model constant θ and the
experimental results are computationally compared by the PSO algo-
rithm, and the results are shown in Fig. 9. It can be seen in Fig. 9(a)-
9(d) that the accuracy of simulation and experiment is very high for all
cases.

Based on the PSO results, we proposed a simple formula for θ, which
are the most critical factors for cementitious composites. This formula
allows the processes of repeated unnecessary experimental-computa-
tional comparisons. Ultimately, a simpler method of determining the
electrical properties and mixing ratio of the cement composite would be
helpful. Fig. 10(a) summarizes the values of θ derived from the results
of Fig. 9. It is found from Fig. 10(a) that, as ϕ1 and W/C increase, the
value of θ increases. The trends of θ with varying ϕ1 and W/C are

averaged after being traced, and are expressed as a single equation that
can represent all cases (θ=9W/C∙e(50∙ϕ1)−W/C∙ϕ1). From the
equation, we could roughly describe the tendency of θ with varying ϕ1

and W/C. Fig. 10(c) shows the result of applying the equation illu-
strated in Fig. 10(b), which is simplified by tracing the pattern of θ to
the developed micromechanical model. It is confirmed that the pre-
diction of electrical performance is very rapid and relatively accurate
when the averaged equation obtained by PSO algorithm is applied.

5. Conclusions

This study presents a modeling strategy that relies on various ex-
perimental results, micromechanics, and a PSO algorithm to estimate
the electrical resistivity of MWCNT and CF-embedded cement compo-
site. The proposed method enables reliable prediction of electrified
cementitious complex materials, not only with respect to the electrical
properties but also to the internal conductivity network conditions. In
the future, more stable and developed computational algorithms could

Fig. 9. Comparisons between experimental data and predictions based on the micromechanics with PSO algorithm.
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be coupled from the present study in order to analyze the various
functionalities of advanced materials. The findings from the study are
summarized below.

• A data-driven model based on 3-step hierarchical micromechanics
and PSO is proposed to predict the electrical properties and mixing
ratio of a conductive cement composite.

• The cement composite specimens with various MWCNT, CF, and W/
C content are fabricated for use in the proposed model.

• Image processing technique, thermographic camera, 3D micro-CT,
SEM image analysis, and two-probe method are utilized for data
generation and quantitative evaluation of the specimens.

• The most influential model constant is considered to be the waviness
of MWCNT, and a comparison between experiment and simulation
based on the assumption shows very high prediction performance.

• Based on all the results, we proposed a formula for θ, in which a

function of ϕ1 and W/C. This formula enables improvement of the
acceleration and accuracy of subsequent experimental and theore-
tical studies.
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Fig. 10. (a) Trends in θ derived by combining experimental results with PSO algorithm, (b) predicted contour of θ according to W/C and ϕ1, and (c) average of the
experimental comparisons calculated by applying the new simplification method.
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