Piezoresistive behavior of mortars loaded with graphene and
carbon fibers for the development of self-sensing composites
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ABSTRACT: Structural monitoring systems are gaining increasing interest in the field of civil
engineering research, due to the recent commitment for the preservation of building heritage,
for the saving of resources and for an eco-friendly construction industry. Recent researches
show that the addition of conductive fillers and fibers within cement materials could originate
cement-composites able to diagnose their own state of strain and tension, measuring the varia-
tion of their electrical characteristics (resistance). In this work, resistivity and piezoresistivity of
mortars added with graphene nanoplatelets (GNP), and carbon fibers (CF) were evaluated. The
variations in electrical resistivity as a function of strain were analyzed under cyclic uniaxial
compression of the mortars samples. The results shown a high piezoresistivity behavior of the
mortars with an optimal dispersion of GNP and CF, with a quite reversible relation between
fractional change in resistivity (FCR) and compressive strain.

1 INTRODUCTION

In the last decades, infrastructures have acquired increasing importance within modern soci-
ety. These regulate resources supply and the proper functioning of communication technologies
and modes of transport. In the field of reinforced concrete structures, civil engineering is in-
creasingly focusing on innovative control systems that guarantee safety in their use and an effi-
cient operation (Brownjohn, 2007). This aims to introduce non-destructive systems, able to in-
vestigate the health of concrete, such as the detection of deformations through piezoresistivity.

Piezoresistivity is a physical characteristic of electrically conductive materials which leads
to a variation in the electrical resistivity of the material subjected to strain stress (Zhu et al.,
2007). Since the 1990s, studies have been carried out to implement cementitious materials
through piezoresistive properties, to obtain an effective reading of the state of health of a con-
crete structure (Chung et al., 1993).

Material engineering contributes to this field of study, thanks to the development of innova-
tive, multifunctional and high-performance materials, such as graphene. The electrical proper-
ties of graphene make it an interesting material to increase the electrical conductivity of ce-
ment-based materials and to develop their piezoresistive behavior. Graphene, dispersed in a
cement-based mixture, forms an effective network of electrically conductive particles. When
the composite is subjected to compressive deformation, the particles move closer, changing the
conductive paths and giving the material piezoresistive properties (Chung et al., 1993).

However, there are few studies performed on piezoresistive cements with graphene addition.
In this work, the electrical behavior of cementitious composites (structural mortars) with gra-
phene nanoplatelets (GNP) and carbon fibers (CF) addition was investigated. Furthermore, the
combined effect of these two materials on both mechanical properties and piezoresistive behav-
ior of mixtures was investigated.



2 MATERIALS AND METHODS

2.1 Mixtures

In order to study the effects of GNP and CF in cement-based materials, mortars made of
CEM 11 32.5N cement and silica sand (diameter <1 mm) with an aggregate/cement ratio equal
to 3 and a water/cement ratio equal to 0.5 were realized. GNP (Pentagraf, Pentachem S.r.l.)
were added in two different quantities: 4% and 7% by cement weight; as well as CF (Apply
carbon): 0.05% and 0.2% by mortar volume. For a better comparison of performances, a refer-
ence mixture without the addition of fillers and fibers was also produced (Tab. 1).

A polycarboxylate ether agent (Melflux 4930F, Basf S.E.) as superplasticizer (SP) was also
used in order to improve the dispersion of the filler and the workability of the mixture.

Table 1. Mix proportions and slump flow values of tested mortars.

Vidures  Cement Water  Sand GNP CF sp 5;?:;
(9/L) (9/L) (9/L) (9/L) (g/L) (9/L) (mm)

REF 512 256 1535 - - - 185
GNP4 512 256 1535 20 - 1 173
GNP7 512 256 1535 36 - 2 200
0.05CF 512 256 1535 - 2 - 177
0.2CF 512 256 1535 - 7 - 170
GNP4 +005CF 512 256 1535 20 2 1 200
GNP4+02CF 512 256 1535 20 7 2 177

2.2 Mechanical characterization

In order to verify the influence of the additions on the mechanical properties of the compo-
sites, 3-point flexural strength tests and compressive strength tests were carried out on the
40x40x160 mm samples at 2, 7 and 28 days of curing (UNI EN 1015-11:2007).

2.3 Electrical characterization and piezoresistivity tests

The electrical conductivity of the mortars was investigated through the measurement of the
electrical resistivity of the samples at 7, 14, 21 and 28 days of curing and in the specimens in
dried conditions. For the tests, a power supply (Protek) and a data acquisition device (DAQ,
Data Taker DT80) were used. A potential difference was applied in the external electrodes of
the samples, in order to apply well defined values of current I to the material. The voltage Us
between the two inner electrodes was detected by the DAQ, and the resistivity ps is thus calcu-
lated through the first and the second Ohm's law, From which (eg. 1):
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Where |s = current measured between the outer electrodes; A = contact area between the
electrodes and the material; | = spacing between the inner electrodes. For piezoresistivity tests,
a continuous acquisition of the resistivity of the material subjected to compression load cycles
was carried out. After 28 days of curing, samples were dried at 60°C until a constant mass was
reached, thus eliminate the influence of the samples humidity during the tests. For the meas-
urement of compression deformation, a 15 mm, 120 Q strain gauge connected to the DAQ was
applied in the middle of the sample. A potential difference of ~ 20V was applied to the outer
electrodes until the stabilization of the resistivity value. A Shimadzu AG-IC press applied a
pressure increase of 250 N-s* to the sample, up to a maximum of 25 kN (15.6 MPa) and a relat-
ed decrease until 2kN. The piezoresistive properties of the materials were evaluated through the
calculation of the fractional change in resistivity (FCR) according to equation (eg. 2):
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Where pr = maximum load sample resistivity; po = initial sample resistivity.
The correlation between FCR and strain, defined as sensitivity, was evaluated as (eg. 3):

FCR
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3 RESULTS AND DISCUSSIONS

3.1 Mechanical properties

The mechanical strength tests demonstrated that the additions do not significantly improve
the mechanical strength of the mixtures. On the contrary, high quantity of GNP, lead to a de-
crease in mechanical compressive strength (22% less for GNP7, compared to REF). This is due
to the hydrophobicity of graphene and its physical characteristics (specific surface area and
bulk density) and to the consequent difficulty in mixing during the samples preparation (Li et
al., 2017). This leads to an increase in porosity in the hardened mortar.

Best results in terms of mechanical performance were obtained on samples containing CF
(with increments of 10% compared to REF). This is related to bridging action of fibers (Mastali
et al., 2016). This effect offers more resistance to crack opening in cement-based materials,
with transferring stress from fibers to the cement matrix regard to interfacial shear strength.

3.2 Electrical properties and piezoresistivity

The high amount of voids of the mortars with GNP also affects their electrical properties,
since the samples with GNP show higher values compared to the reference (260% of the REF
value for the mortar GNP4-0.05CF).

On the contrary, two of the realized mixtures show very low resistivity values, even after the
samples drying. 0.2CF and GNP4-0.2CF mortars show a resistivity of 328 Q-m (87% less than
REF) and 5.3 Q-m (three orders of magnitude less than REF) respectively. The high conductivi-
ty of these mixtures is probably due to an optimal distribution of the additions within the ma-
trix, which form an extremely effective conductive network within the material (Han et al
2011). 0.2CF and GNP4-0.2CF mixtures, thanks to their high conductivity, showed also inter-
esting piezoresistive properties. 0.2CF shows a very high sensitivity (613.5 MPa® and 5% of
FCR), and the change in resistivity is constant and repeatable. However, the reading has some
noise, as can be seen from the irregularity of the FCR-Time curve (Fig. 1).

On the contrary, GNP4-0.2CF shows a lower sensitivity (295.4 MPaand 2.2% of FCR with
similar strain values), but a very high regularity of reading, as seen by the trendline of the FCR-
Strain points (Fig. 2). The high repeatability is due to the high conductivity of the material,
which shows a piezoresistive behavior more similar to a traditional strain gauge.
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Figure 1. FCR and Strain vs. time of 0.2CF under cyclic loading and FCR-Strain trendline.
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Figure 2. FCR and Strain vs. time of GNP4-0.2CF under cyclic loading and FCR-Strain trendline.

4 CONCLUSIONS

In this work, the electrical and mechanical properties of mortars with GNP and CF have
been studied for the development of cement-based sensors for self-sensing systems.

Experimental results show that GNP decrease the homogeneity of composites, thus increas-
ing the number of voids of the mortars. This leads to a decrease in mechanical strength and to
an increase in resistivity. This demonstrates that the electrical properties of graphene are less
influential than its effects on the cement matrix and the voids amount.

On the contrary, 0.2CF and GNP4-0.2CF mixtures show a very high electrical conductivity,
and clear piezoresistive properties. Although the resistivity of the 0.2CF was two orders of
magnitude greater compared to GNP4-0.2CF, the first shows a greater electrical sensitivity dur-
ing load application. This demonstrate that greater electrical conductivity does not always leads
to better piezoresistivity.

The interesting electrical properties of these two mixtures demonstrate the importance of the
distribution of conductive additions within the mortars. In future studies, techniques for a better
dispersion of GNP and CF in the composites will be investigated in order to improve their ef-
fectiveness as piezoresistive sensors.
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