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Carbon-black nanoparticles (CBN) have been incorporated into cement-based materials for 
improvement of mechanical or self-sensing properties. There is no previous research focused on the 
microstructural evaluation of effects of CBN on both parameters. In this work, mortars containing 
different CBN contents were produced, cured for 28 days, and subjected to electron microscopy (SEM), 
X-ray diffraction (XRD) and Raman spectroscopy. Tests for determination of compressive strength, 
modulus of elasticity and piezoresistivity response were developed. SEM indicated that lower CBN 
contents refined the cementitious matrix, while higher contents increased the volume of voids. XRD 
and Raman spectroscopy indicated hydration improvements for CBN contents between 0.375% and 3%. 
The best mechanical improvements were provided by concentrations of CBN up to 3%. CBN contents 
of 5% and 6% provided the best sensing properties. The optimal concentration was found to be 5% 
of CBN, since it provided excellent piezoresistivity, without significant mechanical properties loss.

Keywords: Smart cement-based composites, Carbon black nanoparticles, Hydration mechanisms, 
Piezoresistivity, Mechanical properties.

1. Introduction
Functional nanomaterials have been added to mortars and 

concretes for production of smart composites able to work 
as structural elements and systems that monitor strain and 
damage in smart civil structures1-3. As these multifunctional 
cement-based materials have structural and sensing abilities, 
their use reduces or eliminates the need for conventional 
Structural Health Monitoring (SHM) architectures, which 
simplifies the design and allows structures to be more 
compact2,4.

Recently, many studies have focused on the improvement 
of mechanical or self-sensing properties of cementitious 
materials through the incorporation of different kinds of 
conductive fillers. Among them, carbon black nanoparticles 
(CBN) have received increasing attention. CBN present high 
specific surface area, low electrical resistivity, small average 
particle size and lower production cost, which can provide 
improvements of mechanical properties, durability, electrical 
conductivity and sensing ability to cement-based materials5-7.

Various effects of CBN on the mechanical properties of 
pastes, mortars and concretes were reported in the literature. 
Dai et al.8 and Dong et al.9 observed decreases in mechanical 
properties of pastes produced with CBN concentration ranging 
from 0.1% to 6%, by weight of cement. These reductions 
were mainly attributed to the adsorption of CBN on the 
surface of cement, which hinders the hydration process8. In 

addition, there is poor cohesion between the cement matrix 
and the nanofillers, which tend to adsorb a fraction of water 
leading to decreases in mechanical strength9. On the other 
hand, Rezania  et  al.10 reported reductions of mechanical 
properties of concretes for CBN contents between 0.4% and 
1.2%, followed by improvements in these parameters for 
CBN contents higher than 1.2%. Monteiro et al.7 verified 
improvements of compressive strength and tensile strength 
of mortars with addition of CBN contents of 1%, 4% and 
7%. When the concentration of CBN was higher than 10%, 
they observed segregation and extremely low strength 
values. Dehghanpour  et  al.11 also verified a progressive 
improvement of mechanical properties of concretes with 
3%, 6% and 10% of CBN. Strength improvements have 
been attributed to a physical phenomenon based on filler 
effects and strengthening of the interface bondage between 
hydrates and CBN due to the high chemical activity of the 
nano-size functional fillers8.

The high electrical conductivity of CBN can decrease 
the electrical resistivity of cement-based materials to values 
close to the electrical resistivity of semiconductors6,7,12. When 
the conductive filler concentration is close to the percolation 
threshold, the tunneling conduction mechanism is dominant, 
which provides an excellent piezoresistive response to the 
cementitious composites13,14. Consequently, they can be 
used as sensors for monitoring strain in concrete structures. 
The electrical resistivity of CBN-based composites changes 
significantly when they are subjected to deformation due to *e-mail: gustavo.nalon@ufv.br
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variations of the distance between neighboring CBN and changes 
of conductive pathways5,15. The electrical conductivity and 
the piezoresistivity of cement-based composites containing 
CBN has been investigated in different studies5-7,9,15-22.

Previous studies reported optimal contents of CBN for 
improvement of mechanical strength different from those that 
guarantee an improvement of the piezoresistive response of 
smart cement-based materials. There is no previous research 
focused on the microstructural evaluation of the effects of 
CBN on both parameters, in order to detect an optimal content 
that provides low electrical resistivity and good piezoresistive 
response, without significant loss of mechanical properties. 
In addition, according to the authors’ knowledge, none of 
the previous studies about the incorporation of CBN in 
cement-based materials evaluated their microstructure with 
X-ray diffraction and Raman spectroscopic techniques. 
Therefore, the present study developed a microstructural 
evaluation of the influence of CBN on both mechanical and 
piezoresistive properties of mortars and provided different 
new contributions: (i) the cement hydration mechanisms 
in CBN-based cementitious composites were analyzed 
based on a combination of techniques of scanning electron 
microscopy (SEM), X-ray diffraction (XRD) and Raman 
spectroscopy; (ii) significant improvements in mechanical 
strength, static elastic modulus and self-sensing ability 
of CBN-based mortars were achieved, in comparison to 
results of previous studies; (iii) an optimal balance between 
mechanical and piezoresistivity properties of CBN-based 
cementitious composites was proposed.

2. Experimental
The conductive nanofillers used in this study were 

Raven P5 Ultra carbon blacks with specific surface area 
of 100 m2/g, dibutyl phthalate (DBP) absorption number 
of 117 cm3/100 g, particle size of 20 nm and supplied by 
Birla Carbon. The surface area and the particle size were 
obtained from the manufacturer product datasheet. They 
were determined according to the ASTM D655623 and 
ASTM D384924, respectively. Cement-based composites 
were produced with CP II E-32 Portland cement with density 
of 2.95 g/cm3 and equivalent to the type I (SM) cement of 
ASTM C59525, quartzite sand with maximum diameter 
of particles of 1.2 mm and bulk specific gravity of 2.65, 
and polycarboxylate superplasticizer (SP) with density of 
1.12 g/cm3 provided by MC Bauchemie to be used as received.

In order to develop a microstructural analysis of the influence 
of CBN on the mechanical and piezoresistive properties of 

mortars, series with eight different CBN concentrations were 
considered: 0%, 0.375%, 0.75%, 1.5%, 3%, 4%, 5% and 6% 
(by weight of cement). The mix proportions (in mass) of 
each composition are indicated in Table 1. To obtain mortar 
mixtures with suitable workability and ensure good compaction, 
previous research5,26 recommended to increase the SP dosage 
with the increase in CBN content. Therefore, in order to 
always achieve a minimum flow index of 220 mm (diameter 
of spread of the fresh mixture in a flow table test, according 
to prescriptions of ABNT NBR 1327627), the mortars of the 
present study were produced with concentrations between 0% 
and 2.75% (by weight of cement) of a polycarboxylate SP 
solution (MC-Powerflow 4001) provided by the manufacturer 
for use as received. Eight mortar prisms measuring 4 cm × 4 
cm × 7.5 cm were produced for each series, according to the 
procedures described above. During the fabrication process, 
a small amount of paste was poured in sealed plastic vials 
and stored in the moisture room at (23 ± 2) ºC and relative 
humidity of 95%, as recommended by Garg et al.28. Two 
1.5 cm × 5.0 cm × 0.1 cm copper plates were embedded in 
four prisms in a straight line, at equal distance of 2.0 cm from 
each other, while no electrodes was embedded in the others.

After a 28-days curing time, samples were oven dried for 
24 hours at (100 ± 5) ºC and cooled down to room temperature 
before the piezoresistive tests, following recommendations of 
Mohsen et al.29 and Kim et al.30. After the same curing period, 
the samples in the sealed plastic vials were uncovered and 
subjected to the SEM, XRD and Raman analyses described 
in the next sections. In each series, one of the prisms with 
copper electrodes (designated as S4) was used to estimate 
the ultimate strength of the composite. The other composites 
with embedded electrodes (designated as S1, S2 and S3) 
were subjected to the biphasic DC measurement and to the 
piezoresistive test described in the following sections. Next, 
one of the specimens without electrodes was also used to 
estimate the mortar compressive strength (fu). The others 
were used to determine the static modulus of elasticity and 
the compressive strength of the material, according to the 
procedures described above.

2.1. Specimens casting and curing
Firstly, dry materials were prepared according to the 

designed proportions. Superplasticizer and CBN were 
mixed with water in a stirring pot for one minute and then 
subjected to an ultrasonication process for 10 minutes, using 
a probe sonicator with frequency of 20 kHz and 50 W of 
power. After that, cement was placed into the stirring pot 
and stirred for seven minutes. Finally, the required amount 

Table 1. Mix proportions (in mass)

Series Cement Sand Water CBN SP
REF 1.00 0.90 0.45 0.00000 0.0000
CBN0.375% 1.00 0.90 0.45 0.00375 0.0005
CBN0.75% 1.00 0.90 0.45 0.00750 0.0009
CBN1.5% 1.00 0.90 0.45 0.01500 0.0024
CBN3% 1.00 0.90 0.45 0.03000 0.0076
CBN4% 1.00 0.90 0.45 0.04000 0.0128
CBN5% 1.00 0.90 0.45 0.05000 0.0194
CBN6% 1.00 0.90 0.45 0.06000 0.0275
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of sand was added and mixed for four minutes. The stirred 
mixture was then poured into oiled molds. They were put on 
a vibrating table and shaken for 10 seconds. After demolded, 
all the specimens were cured in a moisture room with a 
constant temperature of (23 ± 2) ºC and relative humidity 
of 95% for 28 days.

2.2. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was performed 

using a JEOL’s JSM-6010LA microscope operating at 20 kV, 
in order to obtain secondary electron images of the samples.

2.3. X-ray diffraction (XRD)
XRD tests were performed in a D8Discover diffractometer 

with CuKα radiation (λ = 1.5418 Å), working voltage of 40 kV 
and electric current of 40 mA. Samples were scanned from 
20º to 65º (2θ), with a 0.05º step size and an accumulated 
time per step of 1 s.

2.4. Raman spectroscopy
Raman spectra were collected with a Renishaw inVia 

spectrometer with a HeNe laser of 633  nm (1 mW) as 
excitation source. Previous research28,31,32 stated that one 
of the main advantages of Raman analysis is the fact that 
special sample preparation is not required: although Raman 
spectroscopy is a surface sensitive technique, it develops a 
characterization just a few microns in depth. The application 
of polishing/etching techniques is not needed, so that they 
could be destructive to the sample surface and hence not 
completely representative.

In the present work, a randomly chosen area of 200 μm 
x 200 μm of the sample without polishing was successfully 
brought into focus with 20× objective lens. Then, a Raman 
map of the area was elaborated. In order to obtain more 
representative results, the mapping area used in the present work 
was larger than those of Raman maps of concretes presented 
by Machoviè et al.33 (30 μm x 75 μm), mortars presented by 
Schmid and Dariz34,35 (e.g., 72 μm x 90 μm, 75 μm x 44 μm), 
and cement pastes presented by Liu and Sun36 (100 μm x 
100 μm) and Takahashi37 (170 μm x 170 μm). In order to 
ensure random sampling, Raman maps were constructed 
based on spectra collected at various locations distributed 
in a square grid with 81 predefined and equally spaced 
coordinates. In this experimental program, the wavenumber 
range of 110‑1330 cm-1 was chosen in Raman analysis for 
evaluation of portlandite peaks located at 354‑359 cm-1 38-42. 
Moreover, an exposure time of three seconds and one 
accumulation per spectrum were used. Using the software 
Wire 3.4 Renishaw, the collected data was subjected to a 
post-processing treatment for baseline correction28.

2.5. Biphasic DC measurement technique
Direct current (DC) methods for determination of 

electrical resistivity tend to induce an inherent time-based 
drift in cement-based materials’ electrical outputs, which 
is associated with polarization effects13,43,44. These effects 
can be lessened to an acceptable range by employing 
alternating current (AC) signals with equal magnitudes of 
positive and negative peaks13. More recently, Downey et al.44 
proposed a promising biphasic DC measurement approach 

for elimination of the polarization effect. This method was 
used in the present research for determination of electrical 
resistivity and evaluation of the piezoresistive response of 
the composites.

A 6 Hz alternating square wave voltage signal ranging 
from -5 V to +5 V with a duty cycle of 50% was generated 
by an Arduino Mega 2560 R3 microcontroller board. A 
reference resistor with electrical resistance Rref = 1000 Ω was 
placed in series with each cement-based composite. Voltage 
drops across the reference resistor and the composite (Uref 
and Ucomp, respectively) were measured with a LabVIEW 
script interfaced over a NI DAQ-9178 chassis with a NI-
9219 universal analog input module. Then, it was possible 
to calculate the electric current i in the circuit and the 
electrical resistance of the composite. Finally, the electrical 
resistivity of the system could be estimated, based on the 
distance between electrodes L and the effective area A of 
the voltage pole.

2.6. Piezoresistivity analysis
Electromechanical tests of the composites were performed 

to investigate their piezoresistive behavior. The specimens 
were subjected to a cyclical load test followed by a step 
test. The compression load was applied at 600 N/s. In the 
cyclical load test, maximum compressive loads lower than 
30% of the material’s estimated ultimate load (fu) were 
applied. The step test consisted of 5-seconds load steps at 
10%, 20% and 30% of the material’s estimated ultimate 
load. A clip-gauge was used to measure the longitudinal 
strain at two opposite faces of the sample. The experimental 
setup is presented in Figure 1. The electrical resistance 
of the material was measured through the biphasic DC 
measurement approach mentioned in the previous section, 
in order to determine the fractional change in electrical 
resistivity (FCR) and the gauge factor (GF) of the material, 
as defined in Equation 1.

0 0

R
RFCRGF

ρ
ρ

ε ε ε

∆ ∆

= = ≈
 	 (1)

where R0 and ρ  0 are the initial electrical resistance and 
resistivity, respectively, ε is the compressive strain, and 
ΔR and Δρ are the variation of electrical resistance and 
resistivity, respectively.

Figure 1. Experimental setup for evaluation of piezoresistive 
response of the composites.
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2.7. Mechanical tests
The static modulus of elasticity and compressive 

strength of the specimens were determined according to the 
prescriptions of ABNT NBR 852245. Compression tests were 
performed in an EMIC 23-600 universal testing machine. 
Clip-gauges were used to measure the longitudinal strain 
of the specimens. An automated test method was used to 
apply compressive loads according to the methodology A of 
the ABNT NBR 852245. A loading rate of 0.50 MPa/s was 
used. Considering the stress-strain curve of the test, the static 
modulus of elasticity E (in GPa) was calculated as the slope 
of the straight line that links the points of compressive stress 
(in MPa) of σa (0.5 MPa) and σb (30% of fu).

3. RESULTS AND DISCUSSION
The effects of CBN concentration on the compressive strength 

of mortars are evidenced in Figure 2. CBN concentrations 
smaller than 3% provided increases in the compressive strength 
of the material, while higher CBN contents provided lower 
strength values. For example, a strength decrease of about 
86% was verified when the CBN concentration increased 
from 3% to 6%. A quadratic regression analysis was carried 
out to determine the model that provides the best fit to the 
experimental data. A coefficient of determination of 0.99 was 
obtained, which indicates that a good relationship between 
CBN content and mortar compressive strength could be 
established. This regression equation indicates a possible 
optimal CBN concentration between 1.5% and 3.0% to 
maximize the compressive strength. The hypothetical optimal 
point seems to be a 2.1% content, which would provide a 
compressive strength around 44 MPa.

Monteiro et al.7 also verified that the compressive strength 
of mortars first increased and then decreased with the increase 
in the CBN content. However, they found an optimal content 
close to 4% and mentioned that contents higher than 10% 
revealed the presence of segregation and extremely low 
strength values. A sharp decrease in compressive strength 
for CBN contents of 6% was also reported by Dai et al.8 
for cement pastes.

CBN affect the mechanical properties of the cementitious 
matrix in different ways. One of them is by filler effect, in 
which they fill the pores and capillaries of the matrix and 
provide gains in compressive and flexural strength10,46. CBN 
also improve the cement hydration process, as observed by 
Dong et al.18. Although pastes with CBN present a delay 
in the hydration peak in the early ages, greater cumulative 

heat of hydration is observed over time, as the content of 
CBN in the mixture increases. CBN also have high chemical 
activity and ensure strong bonds with cement hydrates8. 
On the other hand, higher concentrations of CBN tend to 
decrease the mechanical properties, probably due to the 
excess of nanoparticles that hinder the cementitious matrix’s 
adhesion7. In addition, a greater amount of CBN can hinder 
the contact between cement particles and water, impairing the 
hydration process8. The large amount of nanofillers adsorb 
significant amounts of water and make it more difficult for 
the remaining water molecules to reach the cement particles, 
which impairs the development of hydration products9,20,47,48. 
Further research is recommended to quantify the amount 
of water adsorbed by CBN dispersed in the cementitious 
matrix, considering the effects of different curing periods 
and curing conditions.

A similar behavior was verified when the mortars’ 
elasticity modulus was plotted against the CBN concentration 
(Figure  3). Improvements in modulus of elasticity were 
obtained for CBN contents up to 1.5%. Samples with the 
highest filler concentration presented a modulus of elasticity 
72.0% lower than the control samples. Another regression 
analysis was carried out and a good quadratic relationship 
between CBN content and modulus of elasticity could be 
established (the coefficient of determination was 0.83). The 
obtained quadratic equation suggests that the optimal CBN 
concentration seems to be close to 2.14%, which would 
provide a modulus of elasticity close to 18.8 GPa.

A relationship between CBN content and modulus 
of elasticity of mortars was only previously reported by 
Monteiro et al.7, at the age of 120 days. They observed an 
increase of modulus of elasticity only for CBN contents lower 
than 4%. For higher concentrations, the modulus of elasticity 
was lower than that of control samples. Improvements of 
28-days compressive strength and 120-days modulus of 
elasticity obtained by Monteiro  et  al.7 were 21.3% and 
41.3%, respectively.

Since the relationship between compressive strength and 
modulus of elasticity of cement-based materials with CBN 
has never been established in previous works, a nonlinear 
regression analysis was performed to find the model that 
provides the best fit to the experimentally obtained mechanical 
properties. A functional form commonly used by structural 
design codes to correlate concrete mechanical properties was 
used and a good coefficient of determination (0.949) was 
obtained, as shown in Figure 4. The modulus of elasticity 
of cementitious materials is determined by the porosity of 

Figure 2. 28-days compressive strength of mortars with different 
CBN contents.

Figure 3. 28-days modulus of elasticity of mortars with different 
CBN contents.
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the cement paste matrix, i.e., less porous matrices tend to 
present higher stiffness49. Since low dosage of CBN tend 
to provide a filler effect and improve hydration reactions, 
the greater refinement of the matrix can lead to a greater 
modulus of elasticity. As lower porosity is also linked to 
higher compressive strengths, it is observed that composites 
with higher strengths also have greater modulus of elasticity. 
Therefore, the high coefficient of determination found in 
this work between compressive strength and modulus of 
elasticity is plausible and quite pertinent.

In the present study, XRD and Raman spectroscopy 
techniques were used to get important insights into the 
hydration mechanisms taking place. Raman spectroscopy is 
a powerful technique based on light-matter interaction that 
can successfully complement more consolidated techniques 
such as XRD analysis. It is a completely non-destructive 
technique that does not require sample preparation, and 
allows mapping the distribution of cement hydrates produced 
over different curing periods28,34,50. It should be noted that 
these techniques were not used in previous studies dealing 
with investigations of the hydration process of cementitious 
matrices containing CBN.

Raman maps for portlandite peaks located at 356.63 cm-1 
and XRD spectra of the eight samples are presented in 
Figure 5 and Figure 6, respectively. The brighter spots of the 
Raman maps indicate locations with higher 356.63 cm-1 peak 
intensities. Figure 7 shows a typical Raman spectrum (after 
baseline correction) collected from sample CBN0.375%, in 
a measurement location with high portlandite concentration. 
When the CBN increased from 0% to 3%, there are an increase 
in the intensity of peaks of portlandite at 2θ = 18º, 48º and 51º 
in the XRD diffractograms and an intensification of brighter 
areas in the portlandite Raman maps. Since portlandite is a 
by-product of the cement hydration, the results prove that 
small CBN contents improved the hydration process and 
increased the mortar compressive strength and stiffness, as 
shown in Figure 2 and Figure 3. In fact, XRD diffractograms 
and Raman maps also suggest lower amounts of portlandite 
in series with higher CBN concentration (CBN4%, CBN5% 
and CBN6%).

In addition, CBN6% samples presented a slightly higher 
intensity of some peaks of alite and belite (2θ = 32.2º and 
41.3º), in comparison to the other samples, which may 

suggest a delay of cement hydration. The high intensity peak 
at 2θ = 23º observed in the XRD diffractogram of CBN6% 
samples can also indicate such cement hydration delay, since 
it is associated with the presence of alite. However, this XRD 
peak is also associated with the presence of ettringite and 
calcite. Previous research49,51,52 reported that ettringite is formed 
in the early stages of cement hydration and is later replaced 
by monosulfate hydrates. Nevertheless, in cements containing 
calcite, the formation of monocarbonate leads to an indirect 
stabilization of ettringite at the expense of monosulfate53,54. 
In order to investigate the different phenomena that affect 
this XRD signatures, further research is recommended to 
properly estimate the variations of alite, belite, and ettringite 
contents, as well as the formation of C-S-H hydrates after 
different curing periods. Due to the intrinsic amorphous 
characteristics of the C-S-H gel and poor crystallization of 
monosulfate hydrates55,56, the application of nuclear magnetic 
resonance (NMR) is also strongly recommended for future 
research on this topic.

A morphological evaluation of the composites was 
carried out using the SEM analysis shown in Figure  8, 
which was supported by the results provided by the XRD 
and Raman spectroscopy techniques (Figure 5 and Figure 6). 
XRD diffractograms and Raman maps indicated that CBN 
concentrations lower than 3% (by mass of cement) led to 
improvements in cement hydration reactions, whereas CBN 
dosage higher than 4% (by mass of cement) hindered the 
formation of hydration products. Therefore, a densification 
of the pore structure could be expected to happen in 
composites containing low CBN dosage. In fact, some 
tendency of refinement of the pore system with additional 
hydration products can be observed in the SEM images of 
samples with lower CBN contents (Figure 8b-e), while the 
presence of stable hydrates is less noticeable in samples 
with higher amounts of CBN (Figure 8f, g). However, the 
use of porosimetry techniques is strongly recommended to 
quantify the porosity reductions. The hypothesis of matrix 
densification for lower concentrations of carbon nanomaterials 
is also supported by the gains of compressive strength and 
modulus of elasticity presented in Figure 2 and Figure 3.

The increase in CBN content significantly affected the 
electrical resistivity of the composites (Figure 9). A behavior 
similar to that observed in the mechanical tests was obtained 
for electrical resistivity: it firstly increased and then decreased 
with CBN content. The resistivity of mortars with a CBN 
concentration of 6% is about four orders of magnitude lower 
than the resistivity of plain mortars.

Curiously, an increase in electrical resistivity was observed 
when the CBN content increased from 0% to 3%. It can be 
attributed to the higher densification of the cementitious matrix 
due to the filler effect and improvement of the hydration 
process suggested by the results of SEM, XRD and Raman 
spectroscopy techniques. These smaller functional filler 
contents were not able to generate electronic conduction. The 
conductive network was only created when CBN contents 
greater than 6% were used. With such high CBN dosage, 
the matrix leaves the insulating zone, since contacting and 
tunneling electronic conductions became very significant. 
A strong evidence of existing tunneling conduction was the 
fact that the cementitious composites with high CBN content 

Figure 4. Relationship between 28-days compressive strength and 
modulus of elasticity of mortars with CBN.
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Figure 5. Raman maps for portlandite peaks at 356.63 cm-1 (brighter spots indicate higher peak intensities) of a cementitious matrix with 
different CBN contents at 28 days.
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presented reversible changes in their electrical resistivity 
due to compressive deformations and stresses.

The piezoresistive behavior of the mortars and the 
relationship between FCR and strain are shown in Figure 10 
and Figure 11. Series with CBN content lower than 3% did 
not present piezoresistivity. The series with CBN content of 
4% presented a strong piezoresistive effect, but a nonlinear 
relationship between strain and FCR was obtained.

The best piezoresistive responses were obtained in 
series with 5% and 6% of CBN. For each composite of these 
series, linear regression analyses with zero intercept were 
developed in order to propose an equation that provides 
the best fit to FCR vs. strain curves. The gauge factor of 
each specimen was taken as the angular coefficient of these 
regression equations. Gauge factors of 500, 487 and 561 were 
obtained for the three specimens with CBN content of 6%, 

Figure 6. XRD spectra of a cementitious matrix with different CBN contents at 28 days.

Figure 7. Typical Raman spectrum collected at locations with high portlandite concentration.
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while gauge factors of 129, 82 and 121 were observed in the 
three specimens with CBN content of 5%. The coefficient 
of determination R2 of each model is approximately 0.99, 
which demonstrates the excellent linearity and repeatability 
of these cement-based composites. It also suggests that they 
can be used as smart cement-based sensors for deformation 
monitoring in concrete structural elements.

Lower gauge factors have been reported in previous 
works that used only CBN as conductive nanofillers of 
cementitious composites. For instance, Li et al.15,17 observed 

Figure 8. SEM images of a cementitious matrix with various CBN contents at 28 days.

Figure 9. Electrical resistivity of mortars with different CBN 
contents at 28 days.
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Figure 10. Piezoresistive response of the composites at 28 days.
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good piezoresistive behavior in mortars containing 15% of 
CBN with average size of 120 nm: they presented gauge 
factors between 52.7 and 59.6. Monteiro et  al.7 obtained 
gauge factors between 30.28 and 24.13 for mortars containing 
concentrations between 7% and 10% of CBN with average 
particle size of 120 nm. However, all of these authors did 
not used sonication for improvement of dispersion of the 
conductive nanofillers. In the present work, ultrasonication 
was used and CBN were significantly smaller (average size 
of 20 nm). Consequently, composites containing a much 
lower CBN concentration (5% or 6%) presented a strain 
sensibility much higher (gauge factors between 82 and 561).

Monteiro  et  al.5 also used an ultrasonication process 
for dispersion of nanofillers and obtained gauge factors 
between 40 and 60 in mortars containing 6.5% of CBN. 
However, they used CBN with average size between 30 and 
40 nm (their DBP absorption number was not mentioned 
by the authors) and their composites had high sand/cement 
ratios (2.32, in mass). In this research, the use of CBN 
with small average size (20 nm) and small structure (DBP 
absorption number of 117 cm3/100g), combined to a lower 
sand/cement ratio (0.9, in mass) provided strain sensibility 
much higher than that reported in previous studies, which 
is an important contribution of this study to the area of 
innovative SHM technologies. There are many different 
types of CBN available in the market, with different average 
particle size, specific area and structure7. Another study has 
been recently developed by the authors of this paper to better 

elucidate the influence of CBN morphology and structure 
(DBP absorption number) on the mechanical and electrical 
properties of cementitious materials.

The optimum balance between mechanical properties 
and piezoresistive response was obtained for the CBN 
concentration of 5% (by weight of cement). Specimens with 
this nanofiller content presented high mechanical properties 
(average compressive strength of 25.4 MPa and average 
modulus of elasticity of 14.2 GPa) and excellent self-sensing 
ability (average gauge factor of 111).

4. Conclusion
The present study brings the following conclusions:
1.	 Compressive strength, static modulus of elasticity 

and electrical resistivity of mortars increased for 
CBN contents between 0% and 3%, and decreased 
when the CBN content ranges from 3% to 6%.

2.	 A good relationship between compressive strength 
and static modulus of elasticity of mortars with 
CBN was established in this work, considering the 
square root functional model commonly used by 
structural design codes to correlate these mechanical 
properties.

3.	 The best improvements of compressive strength 
and static modulus of elasticity were provided by 
CBN contents between 2% and 3%, while nanofiller 
concentrations of 5% and 6% provided the best 

Figure 11. Relationship between FCR and strain of self-sensing composites.
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improvements of sensing properties. A concentration 
of 5% of CBN provided low electrical resistivity 
and excellent piezoresistive response, without very 
significant strength and stiffness loss.

4.	 SEM images show that lower contents of CBN refined 
the cementitious matrix pores at the nanoscale and 
higher contents of CBN increased the volume of 
voids. Then, smaller CBN concentrations provided 
a densification of the cementitious matrix.

5.	 Raman spectroscopy and XRD analysis have been 
effectively used to investigate cement hydration 
mechanisms in mortars containing CBN. XRD 
diffratograms suggested significant amounts of 
alite and belite in specimens with higher nanofiller 
concentration. Raman maps and XRD spectra 
also indicated higher formation of portlandite in 
specimens with CBN contents between 0.375% 
and 3%, which is related to improvements of the 
hydration process.

6.	 The optimum balance between mechanical and 
piezoresistive properties was obtained for the CBN 
concentration of 5% (by weight of cement).
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