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ABSTRACT: Novel studies on cementitious composite based materials with promising
properties for multifunctional applications have been intensively investigated. Unique features,
such as electrical conductivity, add functionality to the composite enabling its use in intelligent
engineering structures. In this work, new intelligent composites that can act as sensors for
structural health monitoring of engineering structures have been developed from the addition of
graphite, graphite oxide and a new graphite-like material synthesized from renewable source
(hydrothermal carbon) in the cementitious matrix. As an outcome, the electrical resistivity and
mechanical properties of the final composites were monitored during 28 days. In order to verify
the stability of the electrical resistivity property, the final composites were submitted to natural
aging.
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1 INTRODUCTION
Recent advances in nanotechnology have produced nanosized particles/fibers, such as carbon
fibers, carbon nanotubes and graphene that could be used as reinforcements to hinder the
formation and propagation of microcracks and at the same time add functionality to the
composite, with unique properties such as electrical conductivity (Dawood and Ramli, 2011;
Chung et al., 2001; Pan et al., 2015 ).
Azhari et al. (2012) found that the electrical resistivity of conductive cementitious composites
resulting from the incorporation of carbon fibers and/or carbon nanotubes is sensitive to stress
applications, presence of microcracks and emergence of gaps, which makes this material
promising for structural integrity monitoring applications (sensors). Konsta-Gdoutos et al.
(2010) and Kim et al. (2014) suggested in their work that the addition of carbon nanotubes can
enhance significantly the electrical and mechanical properties only if well dispersed.
It is well known that dispersability of the reinforcement plays an important role on the cementcarbon properties. Due to agglomeration issues along with high cost of carbon nanotubes,
graphene/graphite oxide appears as a potential candidate for use as reinforcement in cementbased materials (Pan et al., 2015). Graphene/graphite oxides have good dispersability in water,
high aspect ratio and excellent mechanical and conductivity properties (Yasmin et al., 2014).
Recent studies report increase in conductivity related to graphite addition in cement-based
materials (Wu et al., 2015; He et al., 2014). Wu et al. (2015) investigated the effect of the
addition of graphite content to the concrete with steel fibers. The results showed reduction in
resistivity, in contrast to a decrease in compressive strength when graphite content was
increased. In another work He et al. (2014) proposed a new type of conductive aggregate.
Graphite was added to the ceramic matrix (clay) and the resistivity of the aggregate decreased as
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the graphite content increased. The as-prepared conductive aggregate was used in cement-based
matrix containing carbon fiber.
Studies about the influence of graphite pre-treatment are lacking in the literature, as well as
detailed durability studies of electrical resistivity properties in advanced age.
In this work, new intelligent composites that can act as sensors for structural health monitoring
of engineering structures have been developed from the addition of graphite, graphite oxide and
a new graphite-like material synthesized from renewable source (hydrothermal carbon) in the
cementitious matrix. A detailed study of the influence of functionalization in cement composites
in their mechanical and electrical properties is also presented here. Finally, the behavior of the
final composites when functionalized with the different types and amount of graphite was also
evaluated. As an outcome, the electrical resistivity and mechanical properties of the final
composites were monitored during 28 days. In order to verify the stability of the electrical
resistivity property, the final composites were submitted to natural aging and their electrical
resistivity properties were monitored.
MATERIALS AND METHODS
Materials
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The composites were produced using Portland cement CP II -32 Z-RS provided by Votorantim
Cement Company. Natural sand was used after be air-dried in order to remove humidity. The
graphite used in this worked, were commercially produced by National Graphite Ltd., with
following commercial names: Grafine 97100 (G1) and Graflake 99550 (G3).
Production of Cement-graphite composites
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Cement-graphite composites were produced by incorporating both types of graphite (G1 and
G3) in the cement matrix. G1 and G3 were added in ratios of 1%, 5% and 10% by weight of
cement. The cement was initially mixed with graphite using a planetary mill for 30 minutes at
200rpm. Then, sand and deionized water were added to the mixture using a mechanical mixer.
2.3

Preparation of Graphite Oxide (GO)

Graphite oxide (GO) was prepared initially via modified Hummer’s method (Sun et al., 2013).
After cooling, the solution was centrifuged five times in order to wash the material. The sample
was sonicated for 1 hour and left to dry at 80°C for 24 hours. Details on the production of
graphite oxide are discussed in another article (Sun et al., 2013).
2.4

Production of Cement-graphite like composites

The graphite-like material was synthesized via hydrothermal synthesis (Barin et al., 2014). The
graphite-like was added in ratio of 1% by weight of cement. First the cement and the sand were
manually mixed with the hydrothermal carbon to homogenize the mixture. Following, sand,
cement, water and hydrothermal carbon (graphite-like) were mixed in a mechanical mixer.
2.5

Characterization

Mechanical tests were performed using Instron universal testing systems. The compressive
strength test used an Instron machine Model 3385H with 250kN load cell and a load application
rate of 1.0 mm/min. The tensile strength test with three-point bending test was performed using
an Instron machine Model 3367 with 5kN load cell and load application rate of 0.5 mm/min.

Micrographs were obtained using a scanning electron microscope (SEM) JEOL Model JSM5700. The samples were deposited on a carbon tape and sputter-coated with gold.
The electrical resistivity measurements were performed in the Resipod device using the fourpoint probe technique. The measurements followed a calibration routine for every change of
specimens, using a standard circuit board with 16K.ohm.cm and 120K.ohm.cm as reference.
After 28 days curing, the samples were exposed to natural aging in external environment and to
weathering (sun and rain) for 180 days, in Aracaju, Sergipe State, Brazil, South America. Data
were collected at 30, 60, 90, 120 and 180 days of exposure.

3.1

RESULTS AND DISCUSSION
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The graphs in Figure 1(a) shows the profile of resistivity measurements for composites cementgraphite (G1 and G3), as well as in the standard composite during the curing period. The
composites profiles show gradual increase in electrical resistivity over time. Such increase
followed a similar trend of mechanical property development curves in cementitious
composites. Previous studies have reported that both mechanical strength and electrical
resistivity properties are mainly dominated by the composites’ hydration degree (Liu et al.,
2014; Wei et al., 2012).
Wei et al. (2012) suggested that the resistivity method would permit prediction of standard
compressive strength of a cement-based materials. According to the authors, the development of
electrical resistivity of cement paste is directly related to the increase in degree of hydration.
The low resistivity observed in the 1st hydration ages of the composites (Figures 1 (a) and (c))
could be explained by the greater amount of ions, such as Ca+2, K+, Na+ and SO24 dissolved
during the first ages (Wei et al., 2012). The voids (Liu et al., 2014) and the free water allow the
free movement of ions within the composite. However, the increase in electrical resistivity
observed over time (Figure 1) is linked with the hydrating product formation during the
evolution process. The increase of solid phase in the hydration systems results in the decrease of
both voids and free water which fills these voids thus causing the blockage and hindering the
conduction path (Wu et al., 2015; Wei et al., 2012).
The resistivity measurements showed that different types of graphite presented different
behaviors for small percentages added during the curing period. As for the incorporation of 1%,
G1 showed higher electrical resistivity when compared to standard composite (99.43 ±
3.05KΩ.cm). On the other hand, G3 showed 24% decrease (75.24 ± 2.23KΩ.cm) in the
composites’ electrical resistivity.
Results show that the presence of higher percentages of G1 (5% and 10%) in the cementitious
matrix reduces composites’ electrical resistivity by 12% and 27%, respectively. While the G3
showed 8 and 34% reduction in electrical resistivity.
Wu et al. (2005) prepared electrically conductive asphalt mixtures containing three filler types,
carbon black, graphite and carbon fibers, and reached the percolation threshold, approximately
10%, 12% and 5% separately (Wu et al., 2005). When the conductive phase content reached the
percolation threshold the resistivity decreases significantly. It follows that the conductive phase
volume required to achieve the percolation threshold depends on the material used as additive.
The behavior of the electrical resistivity property in composites older than 28 days show that
resistivity continues to increase in all composites, due to the progressive formation of hydration
products.

Changes were observed in the composite behavior at older ages, Figure 1 (b) and (d). The
composite cement-G1-1% showed a behavior similar to composite cement-G3-1%, with lower
electrical resistivity values than the standard composite. The addition of 10% of G3 showed the
lowest electrical resistivity.
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Figure 1. Electrical resistivity of composites with different graphite fractions (1%, 5% e 10%): CementG1 composite (SCG1) (a) during curing days and (b) after 28 days; Cement-G3 composite (SCG3) (c)
during curing days and (d) after 28 days; (e) Cement-GO composite and hydrothermal carbon cement
composite compared to cement-G3 composite and standard composite, during curing days. The values
herein shown are the arithmetic means of the results obtained in a group of three samples.

The composites produced with 10% of G1 showed a considerable increase in the electrical
resistivity values measured at 90 (520.05 ± 22.67 K.ohm.cm) and 120 days and reduction
measured at 150 days, Figure 1(b). Showed values similar to those obtained with the
incorporation of G3 at 150 days. It is suggested that the composites developed with G3
presented greater stability, evidenced by the small variations on electrical resistivity values after
30 days of cure, Figure 1 (d). It was observed similar electrical resistivity results for both
standard and G1-5% composites at 180 days aging. However, composite cement-G1-1%
(346.20 ± 23.37KΩ.cm) showed a 45% reduction in resistivity compared to the standard
composite (SC) (633.81 ± 56.55KΩ.cm).
The mechanical properties of the 28-day-old composites showed that the composites exhibited
loss of mechanical compression when both types of graphite were incorporated above 1%,
Figure 2 (a). Yuan et al. (2015) and Wu et al. (2012) reported the same behavior in the
mechanical compression values due to the addition of graphite in cementitious matrices. Yuan et
al. (2012) studied the effect of different graphite content on compressive strength in aluminate
cement matrix. Relative values of compressive strength were inversely proportional to graphite
addition. According to the authors, the compressive strength decrease rapidly due to its soft
characteristic and to the change on the hydration products caused by the graphite addition.
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Figure 2. Mechanical properties of composites with different fractions of graphites ---G1 and ─G3: (a)
compression stress (b) flexural stress. The values herein shown are the arithmetic means of the results
obtained in a group of three samples.
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The incorporation of different percentages and types of graphite showed no significant influence
on the flexural strength property when compared to the standard composite. However, it is
worth highlighting the best mechanical behavior for the composites produced with G3 addition.
Graphite showed poor adhesion to the matrix due to its soft surface which hinders group
anchoring on the surface. The graphite’s sheets are bonded only by van der Waals forces which
facilitates the process of sheet sliding making graphite easy to cleave off (Razeghi et al., 2010).
Figure 3 (b) shows detachment on the graphite-matrix interface. Graphite showed detachment
among its layers, Figures 3 (a), (b) and (c). It suggests that the applied stress has exceeded the
van der Waals interactions between layers and it caused platelets’ detachment. It is also noticed
that the graphite outer layers adhered to the matrix were not completely cleaved off and
remained adhered to the matrix, Figures 3 (a), (b) and (c). This behavior suggests that the
graphite-matrix interactions exceed the interactions among layers. However, there was greater
recurrence of such events in higher graphite concentrations which compromises the mechanical
properties.
(b)

(c)

(d)
CSH

Figure 3. Scanning electron microscopy of the composite: cement-G3-1% (a) x 500 magnification and (b)
x 3000 magnification; (c) cement-G1-10%, x 500 magnification; (d) cement-GO composites, x 1000
magnification.

The higher number of defects in the G3 structure was evident in comparison with G1. Raman
measurements were used to quantify the amount of defects in the graphite structure by analyzing
ID/IG ratio (Dresselhaus et al., 2010). G1 showed ID/IG ratio at 0.043 and G3 showed ID/IG ratio
at 0.36. In figure 4 is possible to observe the Raman profile with graphite fingerprints, D and G
mode at 1352 and 1580 cm-1 respectively. By analyzing the Raman profile is also observed a
much more intense D mode for G3 than for G1, which corroborates with the Raman data
analysis. The graphite with higher amounts of defect interacted much more efficiently with the
cement matrix. Similar behavior was reported by Musso et al. (2009) for carbon nanotubes, by
Raman analysis, that carbon nanotubes with increased amount of defects showed better response
to bending tests when incorporated to a cementitious matrix, in comparison with defect-free
nanotubes. According to the authors, the number of defects may play a key role in cement
reinforcement applications. Defect-free nanotubes, although having excellent mechanical

properties are unable to form good adherence to the cementitious matrix (Musso et al., 2008 and
2009).
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Figure 4. Raman spectra of the graphites (a) G1 and (b) G3.

3.2

Composite cement/graphite oxide and hydrothermal carbon

eX

Pe

Based on the successful studies with graphite functionalization described in the literature
(Mahalakshmy et al., 2009; Li et al., 2005) and in the improvement of mechanical behavior
shown after the G3 incorporation, the current study was concentrated on graphite oxide
functionalization and hydrothermal carbon addition.
Resistivity measurements on composites with 1% incorporation of graphite oxide showed
higher values when compared with 1% addition of G3 prior oxidation treatment, Figure 1(e). It
was observed that composites reinforced with graphite oxide presented an increase of 8% in the
resistivity data, thus shifting the electrical resistivity curve. It is suggested that such increase in
the electrical resistivity is related to the increase in the graphite interlayer spacing after the
oxidation process, which hinders the transport of charge carriers between layers in GO particles
(Zheng et al., 2014).
Comparing to hydrothermal carbon the values of electrical resistivity data showed reduction in
contrast with the standard composite, during the 28 curing days. The relative values of electrical
resistivity were 87.53±0.74 K.ohm.cm for the composite with hydrothermal carbon addition,
Figure 1(e).
Results also showed that composites with addition of hydrothermal carbon
(70.96±0.79K.ohm.cm) had the same behavior as cement-GO (72.88±1.29K.ohm.cm)
composite at 14 days of age, suggesting that hydrothermal carbon could be a potential
alternative for graphite oxide. These results open up the possibility to use a material synthesized
from renewable source, low-cost and ambient friendly. Besides that, utilization of acids and
other harsh reagents needed during graphite oxidation, rendering to a more environment friendly
composites production.
The cement-GO composite presented same compression strength values as standard composites
in much shorter times (14 days of age instead of 21st and 28th days) Figure 5. This result is of
great importance for Engineering, due to the increasing demand for shorter schedules in
construction sites.
The results obtained from GO incorporation were considered statistically superior to those
obtained from standard composite at the 28th curing day. Cement-GO composites results were
considered statistically equal to cement-G3-1% composites during the curing period. It is worth
to highlight that the compression property of cement-GO composite improved at the 28th day
when compared with the standard composite and to cement-G31% composite. These results
suggest that the incorporation of graphite oxide led to mechanical property improvement.

The composites produced with graphite oxide (GO) showed different behavior of its precursor
(G3) with higher values compared to standard composite. This behavior was maintained
throughout the entire curing period, Figure 5(b).
It was also observed that cement-GO composite showed flexural strength values similar to the
standard composite in much shorter times (14th day compared to 28 days for the standard
composite and 21 days for the cement-G3-1%). Based on these results, it was concluded that
graphite oxidation and exfoliation processes were significant to improve the composites’
mechanical properties.
(a)

Compression strength

r
Tr t P
ia D
l
F

40

10

SC

6
4

G3-1%

2

MPa

30

8

MPa

(b)

Flexural strength

12

SC
G3-1%
GO-1%

20
10

GO-1%

0

0

3

7

14

Age (Days)

21

28

3

7

14

21

28

Age (Days)

Figure 5. Cement-GO composite compression mechanical property compared with standard composite
and cement-G3-1% composite. All values herein presented are arithmetic means of the results obtained in
a group of three samples.
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The data of the mechanical properties corroborates with scanning electron microscopy (SEM)
analyses. It is possible to observe calcium silicate hydrate (C-S-H) crystals adhered to the GO
surface in a larger expansion of the interface area between the matrix and the GO, Figure 3 (d).
This indicates compatibility between the GO and cement hydration products.
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4 CONCLUSIONS
The current study concluded that the graphite addition increased the electrical conduction in the
composites and kept the flexural mechanical property. However, the compressive strength
decreased due to graphite additions above 1%. The best conduction properties were found for
additions of 10% G3. It can be concluded that the number of defects is important for a better
cement reinforcement applications. Best performance was observed for G3 addition in contrast
with G1.
The cement - GO composite showed an increase in the electrical conduction when compared
with the standard composite. The oxidation of graphite is important to the composite’
mechanical properties, however the electrical conduction is decreased due to bigger interlayer
spaces, which hinders the transport of the charge carriers. The flexural and compression strength
showed better behavior for the cement-GO composite.
The hydrothermal carbon-cement composite showed an increase in the electrical conduction
when compared with the standard composite.
Conducting efficiency obtained for composites was found in the following order of addition:
graphite, graphite oxide and hydrothermal carbon.
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