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The paper reports on a piezoresistivity response of fiber-reinforced cement mortar with
graphene nano-platelets. The use of a small quantity (0.25% by the weight of cement) of
nano-sized conductive particles of graphene turned conventional portland cement-based
composite into a semiconductive stress-sensing material. The resistivity was measured
using a surface resistivity tester, well accepted by the concrete industry, which employs an
alternative current through four electrodes. Tension and compression tests of standard
specimens were used to establish the relationship between the resistivity and the applied
strain. Finite element analyses were employed to predict the resistivity of the slab specimen
under three-point bending. The tests results and simulation indicate that the electrical
resistivity of the graphene-cement composite material can be used for structural health
monitoring and damage detection.

Keywords: graphene nano-platelet, cement mortar, nano cement composites, smart concrete, electrical resistivity,
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INTRODUCTION

Concrete and other cement-based composites are widely used in physical infrastructure. The ability
to deploy sensing into concrete can provide vital information on usage, loading, corrosion process
and damage helping to avert catastrophic failures and loss of life (Sanchez and Sobolev, 2010; Aza
et al., 2015; Tian et al., 2019). Sensing mechanisms in concrete in roadway and bridge structures must
be low cost, durable, and distributed over large volumes. Piezo-resistivity can be a viable solution for
concrete and cement-based composites to attain stress and damage sensing capabilities (Aza et al.,
2015; Belli et al., 2018). The goal of this study is to examine a portland cement-based composite
material that can detect the magnitude and distribution of applied loads as well as report on local
damage.

Cement mortar consists of aggregate and hardened cement (solid), air (vapor) and pore solution
(fluid). As summarized by Spragg et al. (2013), air is non-conductive with electrical resistivity up to
3 × 1015 kΩ·cm and aggregates are non-conductive with a resistivity of up to 4,000 (sand) and 30,000
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(limestone) kΩ·cm; however, the fluid in pores is usually
conductive with a resistivity of 20 (tap water) down to 0.01
(concrete pore solution) kΩ·cm. Therefore, hardened cement
mortar demonstrates conductivity due to the mobility of ionic
solutions in pores and microcracks. The electrical conductivity or
resistivity of concrete has been used to reflect durability, potential
to corrosion, and service life estimates (Morris et al., 1996; Polder
et al., 2000; Azarsa and Gupta, 2017; Cosoli et al., 2020).
Specifically, bulk and surface resistivity has been used to
analyze the permeability of concrete. In this case, concrete
samples must be in saturated (to form a connected pore
network) and surface dry condition (to avoid additional
conductive paths outside concrete). When concrete is dry,
partially missing the conductive pore fluid, the decrease of
conductivity can be such significant that resistivity is beyond
the measurement range of typical testing equipment.

Conductive nano materials such as carbon nanofibers (CnFs),
carbon nanotubes (CnTs) and graphene nano-platelets (GnPs)
have been added to nonconductive media to modify the electrical
conductivity response (Gao et al., 2009; Konsta-Gdoutos and Aza
2014; Du and Dai Pang, 2015; D’Alessandro et al., 2016; Chen
et al., 2017; Belli et al., 2018). Graphene is highly conductive with
an electrical resistivity of 0.2 × 10−6 kΩ·cm. The conductive
nanoparticles may form a conductive point to point network
in addition to the pore network in concrete when the conductive
particles are properly dispersed in cement matrix and reach the
percolation threshold. For example, Le et al. (2014) added 15%
(by weight of cement) graphene in cement mortar such that the
material essentially had a conductive matrix. The discussion in
this paper is limited to composite cement materials with a
relatively small amount of nano-sized conductive additives
because smart material is expected to be deployed in the field
as a construction material replacing a segment of concrete or a
layer of concrete. The piezoresistivity of such smart materials has
been demonstrated using simple compressive tests (Wen and
Chung, 2001b; Yang et al., 2017). However, the connections have
not been clearly defined between the piezoresistivity tests and
practical applications of such self-sensing materials.

In this study, graphene nano-platelets at a dosage of 0.25%
by weight of cement were incorporated into fiber-reinforced
composite (FRC) to develop a smart material with sensing
capability. It is envisioned that well-dispersed GnP particles
may act complementary to pore fluid in concrete, leading to
hybrid ionic fluid-conductive particle networks. Fibers are
used in the proposed composite material to prevent the
opening of major cracks such that the electrical resistivity
changes within a measurable range (Hoheneder et al., 2015;
Hoheneder et al., 2019). Applied stresses can change the
connectivity of the hybrid conductive networks, making the
concrete material sensitive to the applied loads. In addition,
distresses such as cracks from mechanical loading and dry
shrinkage may significantly change the connectivity of the
conductive networks, making the developed material sensitive
to service and environmental loads. Tension and compression
tests of standard mortar specimens were conducted to
establish the relationships between the resistivity and the
applied strains. Finite element analyses were conducted to

predict the resistivity of a slab specimen under three-point
bending.

LITERATURE REVIEW

Smart Concrete and Applications
Conductive particles have been added to cement-based materials
in various dosages. For examples, Wen and Chung (2001a)
studied electric resistivity of carbon fiber-reinforced cement
mortar with a focus on the effect of polarization while using
direct current testing techniques. The amount of the carbon fibers
varied from 0.5 to 1% by weight of cement. D’Alessandro et al.
(2016) investigated electrical resistivity of treated carbon
nanotube (0.5%) reinforced cement mortar using cyclic
compressive loading. Gao et al. (2009) investigated the
mechanical and electrical properties of concrete with carbon
nanofibers up to 2% by weight of cement. Konsta-Gdoutos
and Aza (2014) investigated the self-sensing of cementitious
composites reinforced with carbon nanotubes (0.1%) and
nanofibers (0.3%). Konsta-Gdoutos et al. (2017) later studied
bulk electrical resistivity of nanomodified portland cement
mortars with carbon nanotubes (0.1%) and nanofibers (0.5%).

Resistivity and Conductivity Measurements
The resistivity of semiconductive materials has been measured
using two- or four-probe methods with direct current (DC) or
alternative current (AC). For example, Hoheneder et al. (2015)
used two-probe DC measurements on prism specimens; Saafi
et al. (2013) used four-probe AC measurements on prism
specimens; and Laflamme and Ubertini (2020) used two-probe
AC measurements on cube specimens. Wen and Chung (2001a)
revealed that DC-based measurements cause electric polarization,
which leads to an increase of the measured electrical resistivity
over time. The AC-based measurement can thus be used to
reduce the impact of electric polarization. In addition to the
polarization at the electrode-sample interfaces, cement composite
material may develop polarization during AC-based resistivity
measurements. Therefore, the resistivity of semiconductive
materials can vary with AC frequencies.

Cement-based materials usually have large resistances; hence
resistivity measurement using 2-probe schemes leads to
insignificant difference from 4-probe schemes. However, the
resistivity measurements can be affected by interfacial gaps
between electrodes and concrete (McCarter et al., 2015) and
electrode sizes. Newlands et al. (2008) used a simple low-
frequency AC end-to-end resistivity test. The authors
examined the sensitivity of electrode contact solutions and
contact pressures at the electrode-concrete interface with the
use of synthetic sponges. In this case, the conductive solution
contained in the sponge was found to greatly affect the resistance
readings of dry samples, and fully saturated samples were
suggested. Therefore, it is critical to create a sound electrode-
concrete interface for reliable measurements. It may be desirable
to have embedded electrodes; however, embedded metal wire
mesh may interfere with the deformation and damage
propagation in samples during loading.
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In addition, Elkey and Sellevold (1995) pointed out that the
temperature and relative humidity (RH) at the time of resistance
testing is important for the evaluation of concrete samples.
Temperature increase leads to the increases in the ionic
mobility while the increase in the relative humidity of samples
may provide an additional conductive media in pore networks.
The authors concluded that the observed resistivity dropped by
about three percent for every one-degree (Celsius) rise in
temperature or every one percent increase in the degree of
saturation.

Piezoresistivity Study
The applied stresses in most existing tests were limited in the
elastic range. Wen and Chung (2007) andWen and Chung (2008)
demonstrated that compressive stresses cause the decrease in the
electrical resistivity of carbon fiber-reinforced cement
composites, and the authors attributed the phenomenon to
slight fiber push-in in compression. Meanwhile, uniaxial
tension had been previously reported to cause the increase in
resistivity due to slight fiber pull-out that accompanies crack
opening. The compressive strains were observed to reach up to
140 με. The beam specimens in reported by Hoheneder et al.
(2015) and Saafi et al. (2013) were loaded till flexural fracture;
however, the observed behavior may not be attributed to a
material response because the materials in the specimens were
subjected to a range of stresses depending upon their locations.

The cube specimens in the study by D’Alessandro et al. (2016)
were subjected to repeated compressive strains up to 400 με. The
tests indicated that at small strains, the piezoresistivity of the
carbon nanotube reinforced cement mortar had a repeatable
response upon loading and unloading. However, the observed
resistances had nonlinear increase with time, indicating that the
resistivity measurement may have been affected by the
environment or the resistivity measurement techniques. The
cube specimens in the study by Meoni et al. (2018) were
monotonically loaded beyond the measured peak strains. The
tests showed the resistivity of the specimens decreased at a larger
rate with an increase in the compressive strain in the post-peak
region. Note that the four layers of embedded wire mesh
electrodes may have affected the mechanical response of the
specimens such that the observed behavior from a sample with
1.0% multiwall carbon nanotubes was different from the sample
produced with 0.5% nanotubes. Laflamme and Ubertini (2020)
also used cube specimens, but with only two embedded wire mesh
electrodes to minimize their impact on the mechanical responses.
In addition, an LCRmeter was used with an AC input at 100 kHz.
Linear relationship was observed between the applied
compressive strain (up to 400 με) and the measured decrease
in the electrical resistance.

MATERIALS AND METHODS

Materials
Table 1 reports on the mixture proportions of the fiber reinforced
Portland cement-based composites with graphene nano-platelets
(GnPs). The weight proportion of all components was calculated

based on a water-cement ratio of 0.32, a sand-cement ratio of 1.0,
a superplasticizer dosage of 0.2%, a GnP dosage of 0.25%, and a
volume ratio of 1.0% for PVA fibers. The weight of the ingredients
was thus calculated using a specific gravity of 3.15 for Type I
Portland cement from Lafarge Holcim, 2.6 for the silica sand from
Granusil, 1.19 for the Megapol MP 40-DF superplasticizer from
Ruetgers Polymers with 39.8% solids, 1.3 for the graphene nano-
platelets from XG Sciences with 13.2% solids, and 1.15 for the
Kuralon K-II PVA fibers from Kuraray.

The dispersion of the graphene nano-platelets was performed
before the component was mixed into the mortar. The GnP
samples were placed in deionized water (W) with
superplasticizer (SP) using a weight ratio of GnP:SP:W = 1:
0.1:10. Water and superplasticizer dosages in the mortar mix
were adjusted accordingly to account for the quantities
introduced with GnP suspension. The dispersion of GnP was
achieved using a Fisher Scientific 2.5L ultrasonic bath (operating
at 110 W at 40 kHz) and a Hielscher UIP1000hd ultrasonic horn
system, which took 3 hours of cycled sonication: Two rounds for
45 min of sonication in bath followed by 15 min of sonication
using horn. The temperature of the samples in the ultrasonic
bath was maintained between 25 and 30°C by using ice and cold
water. The same temperature was maintained in the ultrasonic
horn unit by placing the sample bottle in a beaker filled with ice
water. At the end of the procedure, the sample bottle was placed
in the ultrasonic bath for 60 min to complete the dispersion.
Dynamic light scattering tests were conducted upon the
dispersion, and the results indicated that the dispersed GnPs
had an average diameter of 20.9 μmwith a standard deviation of
11.2 μm.

The cement-based composite was mixed according to ASTM
305 using a standard Hobart mixer. Portion (75%) of mixing
water was first added to the bowl with silica sand and mixed at a
low speed for 30 s. After mixing sand and water, the PVA fibers
were added in two portions and mixed for 30 s at a low speed after
each portion. Portland cement was also added to the mix in two
portions and mixed for 30 s at a low speed. The remaining water
was added to the mix along with premixed GnPs as described
above and the composite was mixed at a low speed for 30 s and
another 30 s at a medium speed. After mixing, standard cube and
prism samples were cast along with a 300 × 300 × 19 mm slab.
Some PVA fibers were not completely dispersed; therefore,
manual dispersion was used to break up the fiber balls. The
samples were cured in molds for 24 h in a standard curing room.
After 24 h, the samples were demolded and cured in the curing
room till the testing days.

TABLE 1 | Mixture design of portland cement mortar with graphene nano-
platelets.

Mix design Specific gravity Weight (g/L)

Type 1 cement 3.15 975
Silica sand 2.6 975
Water 1.0 312
Megapol SP 1.19 1.95
GnPs 1.3 2.44
PVA fiber 1.15 11.5
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Specimens and Test Setup
The impact of tensile loading on the electrical resistivity of GnP-
FRC composites was studied using a standard prism specimen
(Figure 1A). The prism had a dimension of 38 × 12.7 × 160 mm.
Two concrete strain gages were attached to the wide faces to
capture the tensile strains. The resistivity of the material within
the gaged length was measured using two steel plate electrodes
(12.7 mm square), clamped to a side face. Carbon grease was used
between the plate electrodes and the specimen and pressure was
applied using zip cable ties to ensure a proper electrode-specimen
contact.

Trial tests had demonstrated that the resistance of oven-dried
samples was beyond the measuring range of the surface
resistivity tester (200 kΩ), indicating that GnPs alone at the
relatively low dosage of 0.25% may not be sufficient to form
conductive networks. Therefore, the resistivity measurement
considered the moisture conditions of the sample: the sample
taken out of the curing room was considered fully saturated; the
condensation water on the surface was wiped and the sample
was air dried to achieve a saturated surface dry condition. The
resistivity of the sample was measured periodically over the next
3 h, and the measurements are reported in Figure 2. Initially,
the resistivity of the prism specimen increased rapidly, and the
rate of resistivity increase greatly reduced towards the end of the
3-h observation period. A logarithmic function,
ρ(t) � ρ0[1 +Kc log(1 + t/6)], where ρ0 is the initial
resistivity, t is time in minutes, and Kc is a constant related
to ambient conditions such as relative humidity (RH),
temperature (T), and air movement. The function with a
Kc-factor of 0.191 and the initial resistivity of 675 kΩ cm fits
well the experimental data corresponding to typical room
conditions (RH = 60%, T = 18.3°C, and common indoor air
movement). Further study on the impact of ambient condition
over a long period of time was beyond the scope of the study;

nevertheless, the mechanical loading commenced after the
stabilization of the resistivity readings.

The tensile test setup is presented in Figure 1. The end regions
of the specimen (within 25 mm from the ends) were coated with a
thin layer of epoxy to insulate the specimen from themetal testing
frame. Tensile loading was applied using an Instron universal
testing machine at a loading rate of 0.13 mm/min through
standard wedge grips at the end regions. The epoxy coating
may also strengthen the gripped regions such that fracture
would likely occur outside the regions. The entire test was
finished within 3 min such that the resistivity increase of the
specimen due to moisture loss could be ignored. A donut load cell
(Model THD-50K-Y from Transducer Techniques) was placed
above the loading beam to measure the applied tensile forces. An
IO Tech DaqBook 2000 data acquisition system was used to
collect data from the LVDTs and the load cell with a sampling
rate of 10 Hz. In addition to the collected data, video was recorded
capturing the surface resistivity tester with the data acquisition

FIGURE 1 | Configuration of tension test (A) test setup; (B) finite element models (the colored map showing the electrical potential field).

FIGURE 2 | Effect of ambient condition on resistivity of prism specimen.
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screen, and the resistivity readings were recovered after the test
from synchronized video playback.

The impact of compressive loading on the electrical resistivity
of GnP-FRC composites was studied using a standard 50-mm
cube specimen (Figure 3). Compressive loading was applied
using an ELE compression machine at a loading rate of
1.4 kN/sec. Instead of embedded metal wire mesh electrodes,
steel plate electrodes were used in this study. A thin layer of
carbon grease was again used between the electrodes and the
sample to minimize the impact of potential gaps on resistivity
measurements. A 3-mm plastic sheet was used between the metal
loading heads and the electrodes to insulate the specimen. Strain
gages were installed in the vertical direction to record the
compressive strain in the cube and the donut load cell from
Transducer Technology was placed below the specimen to record
the applied compressive load. Strain gages were also placed
horizontally to provide data for the Poisson’s ratio. In addition
to strain gages, two Type ZX-PA string pots from Unimeasure
were used to monitor the shortening of the cube specimen.

The same procedure was followed for the cube specimen to
achieve saturated surface dry condition after it was taken out of
the curing room. However, the metal plate electrodes could not be
pre-clamped to the cube specimen; therefore, the readings from
the study of the ambient condition were significantly affected by
the pressure applied to the assembly. Again, the mechanical
loading commenced after the stabilization of resistivity
readings, and the test was finished in about 5 min such that
the resistivity change due to moisture loss could be ignored. The
same data acquisition and manual resistivity logging procedure
reported for the tensile test was used in the compressive test.

Resistivity Measurement
The electrical resistance of the samples was measured using a
Resipod surface resistivity meter for concrete from Proceq®. The
surface resistivity meter operates using the principle of Wenner
probe (Wenner, 1916; Tanesi and Ardani, 2012): A current is
applied to the two outer probes (current probes) and the potential

difference is measured between the two inner probes (potential
probes). The Resipod operates with a digitally generated 40 Hz
alternating current (with a maximum potential drop of 38 V). A
constant current (I) of 200 μA is driven through concrete when
the resistance is below 190 kΩ; otherwise, the current is
automatically lowered to 50 μA. The Resipod is expected to
operate on the surface of semi-infinite concrete; hence a
geometry factor (Ksr) of 2πa is usually assumed, where a is
the probe spacing in cm (a � 5 cm in this study). Therefore, the
reported resistivity (ρr) is the potential drop (ΔV) divided by the
AC current (I) and multiplied by 2πa.

Plate electrodes were used in the tests of the cube and prism
specimens. A resistor of 5 kilohmwas used to separate the current
probes and the potential probes. This resistor was selected to have
a resistance comparable to the cube specimen of the GnP-FRC
composite material. The cube specimen had two plate electrodes
slightly larger than the cross section of the specimen (Figure 3),
hence the resistivity of the material (ρ) was calculated from the
reported resistivity (ρr) by ρ � ρr

2πa
A
L, where A is the cross-

sectional area and L is the length of the cube specimen.
Meanwhile, the prism specimen had two 12.7 × 12.7 mm plate
electrodes on a side face (Figure 1B) with a center-on-center
spacing of 8 cm, the length of the concrete strain gage. The
current flow through the prism specimen is not uniform as
that observed in the cube specimen (Figure 3B). Hence, a
geometry correction factor was obtained from the finite
element analyses as reported below. The analysis indicated
that the resistivity readings should be reduced by a geometry
factor (Kg) of 0.7313 to consider the impact of non-uniform
current flow. The corrected resistivity (ρr) is then modified by
ρ � ρr

2πa
A
L, where A is the cross-sectional area of the prism

specimen and L is the distance between the plate electrodes
(8 cm), to properly capture the resistivity of the material.

Finite Element Analysis
Multiple ways of conduction contribute to the electrical
conductivity of GnP-FRC composite materials, similar to

FIGURE 3 | Configuration of compression test (A) test setup; (B) finite element models (the colored map showing the electrical potential field).
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natural rocks (Telford et al., 1990), including electronical
conduction (like metals), electrolytic conduction (through pore
fluid), dielectric conduction (under an external varying electric
field), and emission conduction (between adjacent GnP particles
under a high electric field). The analysis in this paper considered
only the electronical conduction, which is governed by the Ohm’s
law: the electrical resistance (R) of a homogeneous cylindrical
solid with a cross section area of A and a length of L between end
faces is known as R � V

I , where V is the potential difference
applied at the ends and I is the resulting current. The electrical
resistivity of the solid with a uniform current is determined by
ρ � V

I
A
L � V/L

I/A, where V/L is the electric field (E) and I/A is the
current density (J). In a general conductive solid, the electrical
field vector is the gradient of the electrical potential, E � −∇V,
and the current density is thus J � −ρ−1∇V. Note that the inverse
of the electric resistivity (ρ−1) is defined as the electric
conductivity (σ). Electrical charges cannot accumulate in a
conductive material (the total amount of electrical charge is
conserved); therefore, ∇J � ∇(ρ−1∇V) � 0. If the solid is
homogeneous and isotropic, the equation reduces to
ρ−1∇2V � 0, which governs the electrical potential in the solid
with current flux entering and exiting the enclosed surface of the
solid. The solution of the governing partial differential equation
requires proper boundary conditions.

In the case of usingWenner probe for measuring the resistivity
of earth or similar semi-infinite mediums, the current fluxes
entering the medium (through Probe 1 as illustrated below in
Figure 7) may be views as point boundary conditions, and the
electrical charges spread evenly through the medium (Hambley,
2018). The current density on the semi-spheric surface with a
radius of r is thus calculated as J � I

2πr2. The electrical potential at
the first potential probe (Probe 2) is V2 � ρ I

2πa2 a � ρ I
2πa, where a

is the probe spacing, and the potential at the second potential
probe (Probe 3) is V3 � ρ I

2π(2a)2 (2a) � ρ I
2π(2a). The potential

difference between the two potential probes is thus
ΔV � V2 − V3 � ρ I

2π(2a). The potential difference under an
equal current flux exiting (Probe 4) the medium is also
ΔV � V2 − V3 � ρ I

2π(2a). Using the principle of superposition
for the assumed linear analysis, the potential difference is
ΔV � ρ I

2πa, and the electrical resistivity can thus be obtained
by ρ � ΔV

I 2πa.
The ideal spheric dispersion of electrical charges is disturbed

when the object is not semi-infinite, with a variety of insulating or
conductive boundaries, or the current fluxes are from an electrode
with a non-negligible geometry. In this case, the solution to the
governing differential equation is usually in the form of infinite
series (Valdes 1954). An open-source package FEATool
Multiphysics by Precise Simulation was used in this study for
finite element (FE) analyses. A variety of analyses were first
conducted to study the impact of specimen geometry and
electrode geometry. For example, the prism specimen was
modeled as reported in Figure 1B. The contour of electrical
potential field indicates that the 12.7 × 12.7 mm plate electrodes
led to an increased potential difference between the electrodes
such that the reported resistivity could be higher than the actual
material property (the conductivity, ρ−1, was a required material
property in the analyses). In addition, an analysis of the cube

specimen (Figure 3B) indicated that the electrical potential field
was uniform over the cross section when the current boundary
conditions were applied to the specimen using two slightly larger
plate electrodes. Therefore, no geometric correction was needed
in this case.

RESULTS AND DISCUSSION

Effect of Tensile Strains
Figure 4 reports on the results of the tensile test. A transverse
crack initiated at one side of the specimen within the gaged length
at a stress of 1.5 MPa, which is smaller than the expected cracking
stress. This may have been attributed to the slight offset and the
resulting bending created by the mis-aligned grips and the
different thickness in the epoxy coatings at the gripped ends.
The strain gage readings indicated that the transverse crack
extended to the whole cross section (Figure 6A) at a stress
about 3.0 MPa and a strain of 2,000 με. The load carrying
capacity of the prism specimen was maintained till a strain of
6,000 με because of the crack bridging effect of PVA fibers.

The resistivity of the material (ρ) started at 10.264 kΩ cm
when the tensile strain was zero, corresponding to a resistivity
reading of 731 kΩ cm using ρ � ρrKg

2πa
A
L, where Kg is the geometry

factor, 0.7313 from the finite element analyses, L is 8 cm, the gage
length, A is 4.84 cm2, and a is 5 cm. This resistivity reading was
lower than that observed at the end of the moisture sensitivity
study (868 kΩ cm) shown in Figure 2. This may have been
attributed to the fact that the temperature of the testing lab
was five degrees higher and the ambient relative humidity 10
percent higher than that of the office. The observed 15%
resistivity drop is close to that predicted by Elkey and
Sellevold (1995). The resistivity of the material increased
approximately linearly to 11.545 kΩ cm when the tensile strain
increased to 6,030 με. A curve fitting indicates that the resistivity
of the material in this study can be determined by

ρ � ρ0(1 + Ksε), (1)

where ρ0 is the resistivity at zero loading, ε is the strain in mm/
mm, and the Ks is the strain factor, 20 kΩ cm/mm/mm from the
linear regression analysis. Note that this relationship is applicable

FIGURE 4 | Results of tension test.
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up to a strain of 6,030 με, beyond which, the resistivity of the
material quickly increased because of the crack opening as
demonstrated by Figure 6A.

Effect of Compressive Strains
Figure 5 reports on the results of the compression test. The stress-
strain behavior of the GnP-FRC composite material had a nearly
linear ascending branch followed by a steep descending branch.
Note that the strains in Figure 5 used the strains from strain gages
before the first peak stress and those from the string pots after the
peak. The peak stress (80 MPa) was reached at a strain of 2,300 με,
beyond which, the specimen started developing vertical splitting
cracks as shown by the failure mode in Figure 6B. The average
measured Poisson’s ratio was 0.31, corresponding to stresses from
1.20 to 10.5 MPa. This ratio seemed high compared with that of
typical concrete.

The initial resistivity measurement was affected by the gap
between the plate electrodes and the specimen as the initial
resistivity was 28.7 kΩ cm (converted from a Resipod reading
(ρr) of 180.4 kΩ cm using ρ � ρr

2πa
A
L, where L is 5 cm, A is

25 cm2, and a is 5 cm), as shown in Figure 7. The measured
electrical resistivity decreased rapidly when the applied
pressure closed the gap, and the resistivity-strain
relationship appears nonlinear during this stage of loading.
Upon further loading beyond a strain of 500 με and a stress of
20 MPa, the resistivity decreased linearly with an increase in

compressive strains. Hence, it may be reasonable to use Eq. 1 to
describe the resistivity-strain behavior, and a regression
analysis indicated that the strain factor (Ks) was about
−200.0 kΩ cm/mm/mm. Again, this linear relationship may
be applicable up to a strain of 2,300 με. Both the stress-
strain response and the resistivity-strain behavior near the
peak stress had fluctuation as the cube sample broke into
several smaller columns, some of which failed by shear
fracture, leading to the end of the test. These smaller
columns in parallel did not cause much damage in the
conductive networks; therefore, the electrical resistivity of
the failed sample was 12.7 kΩ cm upon removal of the
compressive loading. This resistivity may be viewed as the
same as the initial material property without electrode-
sample gaps. In addition, an extension of the regression
equation using Eq. 1 indicates that the initial resistivity
might have been 10.168 kΩ cm at the zero strain, close to
the above initial material property.

Finite Element Analysis of a Slab Specimen
Beyond simple specimens, the scale-up of the GnP-FRC
composite materials to serve realistic structural elements is
expected to provide a better representation of stress sensing
functions. For example, the 300 × 300 × 19 mm slab specimen
had thirty-six 12.7 × 12.7 mm embedded plate electrodes as
illustrated by Figure 7. The electrodes were located 12.7 mm
from the top face and were positioned using a basalt fiber
reinforced polymer wire mesh with a 50-mm grid. Following a
resistivity measurement scheme using the Resipod, four
electrodes (A1, A2, A3, and A4) can be used to capture the
electrical resistivity between A2 and A3. Sufficient measurements
can be made to create an electrical resistivity map to reflect the
impact of complex loading on realistic structural elements. Tests
of the slab specimen is beyond the scope of this study. Instead,
finite element analyses were used to demonstrate the strain
sensing capability of structural members made of GnP-FRC
composite materials.

The finite element models were created for the slab shown in
Figure 8 using the open-source package FEATool Multiphysics.
It is envisioned that when the slab specimen is subjected to three-
point bending, material at the top layers may have decreased

FIGURE 5 | Results of compression test.

FIGURE 6 | Failure modes (A) prism specimen after tension test; (B) cube specimen after compression test.
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electrical resistivity due to compressive strains while the bottom
layers may have an increased resistivity due to tensile strains and
cracking. FEATool Multiphysics does not have coupled modeling
capabilities between mechanical stress analyses and electrical
potential analyses. Therefore, the slab was divided into eleven

segments along the span, and six layers across the slab thickness.
The analysis was conducted for the moment, when maximum
strains were 2,000 με in both tension and compression. The
required conductivity constants (ρ−1) for the total of 66 segments
were specified manually and the strain-dependent electrical

FIGURE 7 | Schematics of slab specimen with electrode grid.

FIGURE 8 | Finite element model of scaled-up slab specimen.
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resistivities were calculated using Eq. 1 with the observed Ks

factors, that is 20 kΩ/mm/mm in tension and −200 kΩ/mm/mm
in compression.

The boundary conditions for the electrical potential analysis
included two equal and opposite current flux on two current
electrodes (e.g., Electrodes A1 and A4 in Figure 7) in terms of a
current density; and the current (200 μA, similar to that used in
the surface resistivity tester) was the specified current density
multiplied by the area of the plate electrodes. The electrical
potential field was obtained as the result of the finite element
analyses; and the potential differences at the two inner electrodes
(e.g., Electrodes A2 and A3 in Figure 7) were used to calculate the
simulated resistivity measurements. The 36 plate electrodes
enabled six groups of three resistivity measurements in either
horizontal or vertical direction. In order to generate more
intuitive surface plots, these simulated measurements in
between grid nodes (e.g., A2-A3) were used to calculate the
resistivities at the nodes. Specifically, ρA2 (the resistivity at
Node A2) is assumed to be the same as that from A2-A3; ρA3
is the average value from A2-A3 and A3-A4; and ρA1 is obtained
by a linear interpolation using ρA3 and ρA2. The final calculated

resistivity at nodes was the average values from the horizontal
measurements and the vertical measurements.

A group of analyses was first conducted for the slab specimen
with an electrical resistivity (ρ0) of 11.39 kΩ cm (the conductivity,
ρ−1, was thus 0.0878 mS/cm). Due to symmetry, only partial
simulated resistivity measurements were calculated as listed in
Table 2 and reported in a surface plot in Figure 9. The simulated
electrical resistivity measurements were higher than the assumed
material property. Specifically, the analysis results from simulated
Wenner probes close to edges (e.g., A2-A3) are higher than those
in the middle (e.g., C2-C3). This is related to the edge effect
(Valdes, 1954) and the thickness effect (Topsoe, 1968) in the
resistivity measurements of semiconductive media. A group of
correction factors was obtained by dividing the assumed electrical
resistivity (ρ0) by the calculated resistivities as listed in Table 2.
The same correction factors were used for the simulation before
and after loading.

Figure 10 reports on the resistivity of the slab after a point load
applied at the mid-span of a simply supported slab. With the
correction factors in Table 2, the resistivity of the slab under the
point load would in general decrease because the resistivity

TABLE 2 | Simulated resistivity measurements of slab specimen.

Current probe
1

Potential probe
1

Potential probe
2

Current probe
2

Resistivity before
loading (kΩ·cm)

Correction factor
(Ksr )

Resistivity at
2,000 με (kΩ·cm)

A1 A2 A3 A4 80.085 0.1422 75.316
B1 B2 B3 B4 56.585 0.2013 53.057
C1 C2 C3 C4 51.177 0.2226 47.981
A2 A3 A4 A5 75.829 0.1502 68.195
B2 B3 B4 B5 54.661 0.2084 48.944
C2 C3 C4 C5 49.290 0.2311 44.182
A1 B1 C1 D1 80.118 0.1422 77.850
A2 B2 C2 D2 56.588 0.2013 53.563
A3 B3 C3 D3 51.166 0.2226 47.194
B1 C1 D1 E1 75.800 0.1503 73.496
B2 C2 D2 E2 54.676 0.2083 51.719
B3 C3 D3 E3 49.277 0.2311 45.525

FIGURE 9 | Simulated electrical resistivity mapping of slab specimen
without loading.

FIGURE 10 | Simulated electrical resistivity mapping of slab specimen
under three-point bending.
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decreases of materials in compression are higher than the
resistivity increases of materials in tension. In addition, the
simulated electrical resistivity map reflected the moment
diagram of the slab. Although the simulated behavior must be
verified by experiments, the analysis indicated that GnP-FRC
composite materials can have stress sensing capabilities.
Meanwhile, it should be noted that the maximum simulated
resistivity changes were less than 10 percent of the initial
resistivity as listed in Table 2; therefore, the stress-related
resistivity changes may not be clearly shown in physical tests
as the resistivity measurements may be affected by many factors.

CONCLUSION

Graphene nano-platelets (GnPs) used at a relatively low dosage of
0.25% by the weight of portland cement was shown to be able to
enhance the conductivity of the otherwise nearly nonconductive
cement-based material. Electrical resistivity of the resulting GnP-
FRC material was examined for its potential stress sensing
properties. The resistivity was measured using a surface
resistivity tester, well accepted by the concrete industry. The
resistivity measurement employed the alternative current
through a four-point Wenner probe. Tension and compression
tests of standard mortar specimens were conducted to establish
the relationships between the resistivity and the applied strains. It
was observed from the reported tests that the resistivity of the
GnP-FRC composite material increased with an increase in
tensile strains and decreased at a faster pace with an increase
in compressive strains. This may have been attributed to the fact
that the observed tensile strain was mainly from a transverse
crack while the compressive strains reflect the material
deformation of the entire sample. A linear relationship was
proposed based on the test results to describe the change of
electrical resistivity (conductivity) of the material with

compressive and tensile strains. The highly simplified linear
relationships may be applicable to strains less than 2,300 με
for the material used in this study. Finite element analyses were
conducted to predict the resistivity response of a scaled-up slab
specimen under three-point bending. The tests and simulations
indicate that the electrical resistivity of the GnP-FRC composite
material can be used for structural health monitoring.
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