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Abstract The need for ageing infrastructure moni-
toring has recently emerged as an urgent priority in
many countries. Smart road infrastructure is a tech-
nology that could be used to address this issue by
enabling on-time decisions such as condition-based
maintenance. For example, automatic traffic monitor-
ing could be beneficial by improving fatigue analysis,
and maintenance priority planning and management of
overloaded vehicles. This can be done through image-
based traffic monitoring, weight measurements by
static scales, and weigh-in-motion (WIM) stations.
WIM can be used to identify and classify the type, the
number, and the weight of vehicles passing over a
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given road segment without interrupting the traffic
flow. The general drawbacks of existing WIM tech-
nologies are their high costs, low durability, and
complex deployment. This paper proposes a new
asphalt-like composite enabling self-sensing road
pavements that can serve as a low-cost and durable
WIM sensor. The proposed novel material consists of
a commercial binder called EVIzero, doped with
natural aggregates and carbon microfibers. These
microfibers provide electrical conductivity and
piezoresistive properties through electrical percola-
tion. Here, both the material preparation for road
applications and its electromechanical characteriza-
tion are examined. Various cylindrical samples fabri-
cated wusing different percentages of carbon
microfibers were produced and investigated in order
to evaluate their signal quality and strain sensing
capabilities. It is found that the material mix fabricated
with 1% carbon microfibers with respect to the binder
weight has the best sensing performance due to
electrical percolation. A mid-size slab sample is
produced using this optimal mix in order to achieve
a preliminary demonstration of material’s feasibility
for WIM sensing. The results show that a linear
relationship between the electrical response of the slab
sample and the induced strain is established with an R?
of 93%.
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1 Introduction

Technological improvements over the last decades
have encouraged the development of advanced sens-
ing technologies for structural health monitoring
(SHM) of ageing infrastructures. Yet, numerous
challenges are impeding their widespread applica-
tions, including their relative high costs, uncertain
durability, and complex installation. To address some
or all of these issues, smart self-sensing structural
materials capable of strain sensing have gained in
popularity [1, 2]. In particular, they are highly durable,
with a lifetime associated with that of the base
structural material [3]. Also, the transducer is perfectly
bonded with the structure through the direct integra-
tion of the sensing mechanism with the structural
material. It follows that the maintenance of these
materials is limited during their operation time [4]. In
addition, it is foreseen that the fabrication cost of self-
sensing materials will decrease significantly in a near
future due to progress made in micro- and nano-fillers,
encouraging more field applications and thus poten-
tially leading to increased structural safety [5, 6].
Smart materials can be employed over large
volumes or areas to provide multi-functionalities that
include strain sensing capabilities [7-11]. Strain
sensors made from self-sensing materials exploit the
piezoresistive effect that produces a detectable and
repeatable variation of the electrical resistance as a
function of strain. At low levels of strain, such as those
experienced in civil structures, the relative change in
resistance is proportional to the level of strain. This
proportionality is called the gauge factor of the sensor.
By leveraging the piezoresistive effect, the gauge
factor of self-sensing materials can be orders of
magnitude higher than those of conventional resistive
strain gauges [12]. Generally, self-sensing materials
are fabricated through the dispersion of electrically
conductive inclusions inside an insulating binder
matrix [13], for which carbon fillers are of high
interest because of their high electrical conductivity
compared to the binder matrix of asphalt concretes
used in road pavements. Electrical conductivity of

composites is provided through the formation of
conductive paths [14]. The composite electrical con-
ductivity increases significantly when a concentration
level is exceeded, which level depends on the
conductivity of inclusions. This level defines the
electrical percolation threshold of the specific filler
within a matrix material. Under compressive or tensile
strains, the conductivity of the smart material can vary
greatly due to the variation in inter-particle distances,
the deformations of the conductive particles, the
variation of contact resistances between fillers and
binder matrix, and other field effects [15].

When dispersing small amounts of conductive
fillers, the contribution of particles in terms of
conductivity remains limited. Body deformations
under induced strain are expected to play a major role
in the variation of resistance, thus the electrical
response of the material is susceptible to noise and
drift due to polarization. Dispersing an excessively
high amount of fillers over the electrical percolation
threshold can cause the material matrix to turn into an
electrically conductive material, where the electrons
can travel through the material via a conductive
network formed by only carbon inclusions. Change in
the inter-particle distance, in this case, will not have a
significant effect on the conductivity of the composite
material, which implies a reduced gauge factor or loss
of strain sensitivity. Literature discussed optimum
level of carbon additives where the strain sensitivity of
the carbon-doped composite reaches its maximum
amount [16]. Often, this optimum level is near the
electrical percolation threshold of the material, where
the material encounters a transition from being an
electrical insulator to an electrical conductor. The
optimum levels of doping depend on the matrix
material, as well as on the type and the morphology of
inclusions. This level may be revealed by experimen-
tal tests supported by numerical and analytical com-
putations according to percolation theory [17-20].

For SHM applications, a strain sensor should
provide a stable electrical signal without being
affected by noise and drifts. Literature counts many
researches on the reliability of self-sensing cementi-
tious and clay-based composites [21-25]. The studies
demonstrate sensing performances that are appropriate
for SHM applications. An issue may be with disper-
sion, in particular if the inclusions dispersed within the
composite matrix are nano-sized which can easily
yield agglomerations. Recent research on scalable
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smart composites has shown new possibilities for wide
production and application [26]. For detecting static
loads and obtaining strain field through measurements
taken by the load-bearing structural elements, both
cement and clay-based composites are promising
sensors [27, 28]. However, their usage is limited when
detecting high-rate dynamic loads, such as those
produced by traffic loads. This is due to the utilization
of biphasic input voltage to cancel out the polarization
of such types of composites. Accordingly, on the
output side, the signals should be downsampled, thus
restraining the time resolution [29]. In addition,
stable biphasic inputs require cost-demanding instru-
mentation. Using a DC Voltage as a solution creates
polarization drift that leads to inaccuracy when scaling
the loads.

In this study, a new asphalt composite material is
proposed for sensing dynamic traffic loads on road
infrastructures such as bridges and viaducts [30]. The
intended application is WIM sensing. Existing WIM
technologies are typically based on embedded piezo-
electric sensors, which have high costs and limited life
spans. The material investigated in this study is aimed
at providing a low-cost and high durability alternative.
It is composed of a new commercially available
sustainable binder material called EVIzero (Corecom
srl. [31]), natural aggregates, and carbon microfibers
(CMF, SGL Carbon [32]). In the study, cylindrical
samples with 10 cm diameter and 6 cm height
including 0%, 0.5%, 1%, 1.5%, 2%, 2.5%, 3%, 4%,
5% of fibers with respect to the weight of the binder are
investigated for their electrical resistivity and strain
sensing capabilities. A mid-size slab sample of
dimensions 40 x 30 x 4cm? is fabricated using the
most performing mixture. The slab is instrumented by
multiple embedded copper line electrodes and tested
for load and strain sensing capabilities.

The rest of the paper is organized as follows.
Section 2 introduces the samples produced for the
study. Section 3 discusses the piezoresistive models of
the samples, depending on their geometries, and
introduces testing methodologies. Section 4 presents
the results on the percolating behavior of the material
and the load sensing performance of the cylindrical
samples, reveals the best performing material mixture,
and inspects the sensing ability of the slab sample.
Section 5 discusses the findings of the study and the

possible field applications. Section 6 concludes the
paper.

2 Materials and samples preparation

The study aims at developing a reliable material
design that has piezoresistive sensing capabilities. The
performance tests conducted on the composite mate-
rial are: (i) assessment of dispersion quality and
definition of percolation threshold using small-scaled
cylindrical samples; (ii) optimization of composite
design through analysis of gauge factor and sensing
quality by conducting electro-mechanical tests on
cylindrical samples; (iii) evaluation of composite
scalability to larger dimensions using a plate sample
of bigger dimensions; (iv) electro-mechanical tests on
the plate sample to perform load localization and
scaling, and assessment of sensing reliability.

The materials of the study are eco-friendly EVIzero
binder by Corecom s.r.1 [31], carbon microfibers from
SGL Carbon [32], and Ancona Bianco aggregates
obtained from SINTEXCAL s.r.l. EVIzero is a neu-
tral-colored binder based on polyolefin, made with
polymers and industrial by-products. The carbon
microfibers are cut carbon fibers with a single fiber
length of 6 mm and a diameter of 7 um. The single
filament resistivity is reported as 15 pQm by the
producer and is thus suitable for enhancing the
electrical properties of the composite matrix. Table 1
lists the material characteristics.

The production process of the proposed novel
pavement material is similar to the one of bitumen
road asphalt. The amounts of materials used for
cylinders for each type of mixture are presented in
Table 2.

A cylindrical sample is produced under each
material mixture. The concentration levels of CMF
in terms of weight ratio to EVIzero are 0%, 0.5%, 1%,
1.5%, 2%, 2.5%, 3%, 4% and 5% CMF/EVIzero. The
ratio in weight CMF/EVIzero adopted for the slab
sample is 1%. This concentration, as it will be
discussed in the results section, is determined as the
most performing mixture in terms of strain sensing
sensitivity. The materials and amounts used for the
slab sample are presented in Table 2.

The main fabrication phases are (i) preparation and
heating of the material, (ii) mixing, and (iii) com-
paction. Figure 1 illustrates the production steps.
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Table 1 Material

EVlzero CMF copper
characteristics for EVIzero
[31], CMF [32] and copper Conductivity (S/m) - 6.67 x 10* 58.7 x 10°
Density (g/cm?) 0.85 1.80 8.96
Softening point (°C) 75 3600 1085
Mixing temperature (°C) 160-170 - -
Dynamic viscosity at 160°C (mPa-s) 700 - -
Table 2. Mix de.signs of the Doping level (%) Cylindrical samples Slab
composite material under
each CMF/EVIzero doping 00 05 1.0 15 20 25 30 40 50 10
level for the cylidrical and
the slab samples Fine aggregates w. (g) 627 627 627 627 627 627 627 627 627 5745
Coarse aggregates w. (g) 573 573 573 573 573 573 573 573 573 5255
EVlzero w. (g) 75 75 75 75 75 75 75 75 75 680
CMF w. (g) 0.00 038 0.75 1.13 150 1.88 225 3 375 6.80
Fig. 1 Samples fabrication - -
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During the process, 0—4 mm sized fine aggregates and
4-8 mm sized coarse aggregates are prepared sepa-
rately in two metal trays. The aggregates mix design as
presented in Table 2 complies with the minimum and
maximum design gradation curves using 0-8 mm
sized aggregates defined by the experimental charac-
terization study of EVIzero mixtures for pavements
[33]. The aggregates in given amounts are put inside
the oven under 180°C for 3 h. EVIzero and other
mixing tools, including iron mixing bowl, metal
shovels, and molds are heated at 180°C for 1 h before
mixing. The heating at 180°C is used for compensat-
ing the expected heat losses at the surfaces and to

assure the ideal mixing temperature during the prepa-
ration process.

After all the materials reach the desired mixing
temperature, hot coarse aggregates are poured inside
the mixing bowl. Next, the desired amount of heated
EVlzero is poured on top of hot coarse aggregates,
followed by the addition of fine-sized aggregates. The
mixture is mixed until homogeneity of the material is
reached using a laboratory mixer. Then, CMF are
added to the compound and mixed continuously until
achieving their visually good dispersion. Inhomoge-
neous dispersion of CMF would lead to agglomera-
tions and consequently an anisotropy of the composite,
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which may significantly impair load sensing features.
In this light, the proposed mixing method has been
optimized and properly tailored after laboratory trials
in order to reach a trade-off between practical
feasibility and mixing quality, resulting in sufficiently
repeatable and uniform electrical features of the
composite material. Two different compactors are
employed, namely gyrotary compactor: Controls
group model 76-B0251 presented in Fig. 2a and the
roller compactor: Controls group model 77-PV41A02
presented in Fig. 2b. Such devices are used for the
production of cylinders and the slab complying with
the guidelines for the compaction of traditional asphalt
concrete mixtures in the laboratories UNI EN 12697-
31 [34] and UNI EN 12697-33 [35], respectively. For
the cylinders, the composite mixture is cast into a
cylindrical mold of 10 cm diameter and compacted
over 200 cycles achieving the final density approxi-
mating to 2.400 g/cm’. Afterward, the compacted
cylindrical sample is taken out of the mould and
cooled down. When the sample temperature drops to
ambient, it is instrumented using external electrodes
and strain gauges.

The compaction methodology for the slab differs
from that of the cylinders to allow for the placement of
line electrodes inside the material. The mixed material
is separated into two equally weighing batches that

form the upper and lower layers of the sample. The
dimensions of the layer surface area are 40 x 30 cm?.
The electrodes are placed between two equally
weighing material layers, and they remain in the
middle of the thickness after the compaction. The
compaction process continues until the uniform
thickness of the slab sample becomes 4 cm, which
corresponds approximately to a density of 2.400 g/
cm?. After the cooling down, the slab is instrumented
with a strain gauge (Fig. 3) as described in details in
the following sections.

3 Piezoresistive models and testing methods
3.1 Piezoresistivity of cylindrical samples

Figure 4 shows the dimensions and instrumentation of
the produced cylinders of the study. Accordingly, the
cylindrical samples shown in Fig. 4a have four
horizontal, external copper-sheet electrodes attached
to the side surface with conductive resin made from
graphite powder and a bi-component epoxy resin
having the graphite weight concentration of 75%. The
electrodes are placed at 90° in the plane. During the
compression tests, the induced strain is measured
using LVDTs. In order to calibrate the readings with

Fig. 2 Compactors used for the study; a compactor to fabricate cylindrical samples (Controls group model 76-B0251); b compactor to

fabricate the slab sample (Controls model 77-PV41A02)
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Fig. 3 The tested samples during the study; a cylindrical samples; b slab sample
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Fig. 4 Sketch of the cylindrical sample; a general 3D view with
samples instrumentation applied force direction, and related
dimensions and directions; b the top view of samples showing

LVDTs, selected samples are instrumented with three
monoaxial 2-cm strain gauges with a 120 Q sensor
resistance and a gauge factor of 2.1, placed at 120° in
the plane to measure the strains in the vertical
direction (&;).

Piezoresistive behavior of cylindrical shapes as
illustrated in Fig. 4b is formulated by adapting the
general solution of McDonald [36] to the resistance of
a disc problem. The cylindrical samples of this study
are particular cases of the disc model used in the

(b)
3F T T T T T T
2.5t
z 2
— 1.5}
| I X2 I
pair2 /T =0
0.5}
/ 0 1 L
0 20 40 60 80 100 120
Time [s]
(b) (©)

the spatial variables for calculations of resistance and piezore-
sistivity; ¢ the compressive load pattern adopted for cylindrical
samples

reference. Accordingly, R denotes the resistance, p the
resistivity, ¢ the thickness, I" the radius of the disc, 2"
the diameter (secant distance between opposite elec-
trodes), and { the width of electrodes. Based on this
model, resistance is formulated as follows:
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2p 4T
R=—In— 1

e (1)
where the uniform thickness of the disc is denoted by .
Taking the total differential of the above-given
formulation, the following Equation is attained.

2 4"  2dt 41 2 dU
dR=—dpln——-— pln—+—p — 2

ntpnC m2pn§+mpr )
Followed by division to R, fractional variation of
resistance is expressed as follows.

dR dp dr dI 1

R~ p 1 Tm@rg (3)
Recalling sample model in Fig. 4a, and considering
Poisson’s effect (¢ = —ve;), Eq. 3 yields into:
‘f=?+j+mm$%> 4)
and the gauge factor is expressed as:

de & 1
=X =2 (i) o

where both v and 4I'/{ are positive quantities given
I' > (. The expression for the gauge factor includes
three terms: (i) the fractional change in resistance,
dR/R, that is the directly observable term that is
measured during the electro-mechanical tests; (ii) the
fractional change in resistivity, dp/p, that is the
feature of the material that is alterable by the mixture
design; and (iii) the rest of the equation that represents
the variations due to the body deformations.

insulation

N strain gauge*
N N

3 copper line - A A4 »

electrode

|
! /=30 cm !

Fig. 5 The instrumented slab sample investigated in the study:
dimensions and loading scheme

3.2 Piezoresistivity of slab sample

The slab sample shown in Fig. 5 has five internal
copper wire electrodes, placed at a mutual distance of
6 cm. In the given configuration, the resistance
between the electrodes can be written by the following
equation having the cross-sectional area between the
electrodes constant:

L
R=p— 6
P3 (6)
where L is the distance between electrodes and A is the
cross sectional area. The differentiation of the equa-
tion yields:

dR dp dL dA

—_= 7
R p 1 A )

- 8
R p+l d w ®)
dR d
?:?p+£1782783 9)

where the dimensions /, d, w are indicated in Fig. 5.
Recalling the notation in Fig. 5, knowing that the
loading is in direction-2, and using the conversion

&1 = —vey, the equation can be written in terms of
strain that corresponds to direction-1 (&1):

drR dp &1

T 2 10
R P +e + ; &1 ( )
drR d

a_dra (11)
R p v

Dividing Eq. 11 by ¢, the governing equation for
electro-mechanical tests becomes:

de  do
sk _» L (12)
€1 €1 v

where now the term relating to the body deformation is
simpler than the one of cylindrical shape. This is due to
the simplicity obtained through the uniform cross-
section and the electrodes’ geometry.

3.3 Measurement hardware and sensing schemes
The samples made of the newly developed composite

are subjected to electromechanical tests. The tests
reveal the conductivity of the material as well as its
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load sensing performance. The mechanical part of the
tests comprises cyclic compression loads. Together
with the compression load time history, the induced
strain time history is recorded for evaluating the gauge
factor of the samples. The electrical part of the tests
consists of resistance measurements of the samples
using their electrodes. The tests establish the correla-
tion between strain and resistance according to the
equations presented in previous sections. The perfor-
mance is qualified based on the linearity of the
correlation and gauge factor.

For the above-given purposes, two types of circuits
are designed for resistance recordings. The electrical
circuit presented in Fig. 6a is adopted for electrome-
chanical tests on cylinders and on the slab sample.
This electrical circuit consists of a shunt resistor
connected in series to the inspected sample. The
electrical circuit has a DC voltage input. The time
histories of voltage variations through the shunt
resistor and the sample are measured and recorded
by the DAQ. Then, the resistance time history, R(?), is
calculated by simple Ohm’s law, using the voltage
time histories:

_ V(@)
o Vk(l‘)

where V; and V; are the voltages measured through
sample and shunt resistor, respectively. Ry is the
selected resistance value for the shunt resistor. In this
study a 1000 Q resistor is used for both types of
samples. The circuit shown in Fig. 6¢ is adopted only
for the slab sample to create waveform WIM signals
compatible with the reference study [30]. In that
configuration, the voltage time histories are being read
through two subsequent volume segments of the slab.

R(1)

“ Ry (13)

Their difference creates a time history that is a
waveform and exhibits peak amplitudes scaled to the
position and magnitude of moving loads. Such differ-
ence is taken as:

Vi(t) = Va(o) (14)

where W(r) is the obtained waveform time history,
while V;(¢) and V;(t) are the voltage readings through
Ist and 2nd segments, respectively. The 5V DC
voltage input and data acquisition of the designed
circuits are carried out using a National Instruments
(NI) PXI. A PXIe-4138 is used for sourcing the steady
DC Voltage and a PXIe-4302 is used as an analog to
digital converter for voltage readings. For applying the
cycling loads on the cylindrical samples, Advantest
50-C7600 by Controls with a maximum load of 15 kN
is employed. The strains of the cylinders are measured
by three high-precision LVDTs placed at 120° in
plane. The slab sample is loaded by a manually
controlled hydraulic press with a load capacity of 20
tons. The load is measured by a LAUMAS load cell
with a reading capacity of 10 tons. The slab sample is
instrumented with a strain gauge placed between 2nd
and 3rd electrode ends on the frontal side in the
horizontal position to provide a measure of deforma-
tion during the tests. Data acquisition of all strain
gauges is carried out by a PXIe-4330. All the related
processes are developed and recorded under a NI-
LABVIEW environment.

V(1) =

cylinder F F ] F 2
sample\‘ | slab sarEple | clectrodes | l
S S
Rk % Rv % Rk Rs‘ % RI % RZ %
SN A WA
FiES i
| | |
(a) (b) (c)

Fig. 6 The test setups and their equivalent electric circuits adopted for the electromechanical tests; a tests conducted on cylinder; b fast
and slow varying load tests on the slab sample; ¢ varying location load test on the slab for WIM sensing suitability
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4 Results
4.1 Percolation analysis

The analytical percolation model developed by the
available studies in the literature [37-39], can be
adopted for the given type of material and fillers.
When dispersed adequately, the fibers inside the
EVlzero matrix behave as electrically conductive
fillers in a void. The adopted analytical model of
Fig. 7a shows the curve of the volumetric fraction of
fillers at percolation threshold as a function of the
aspect ratio of fillers. This curve is plotted together
with corresponding weight ratios of CMF/EVlIzero,
where conversion from weight ratio of fillers to the
volumetric fractions of fillers has been carried out by
taking the cylindrical sample geometry and material
densities into account. The aspect ratio of CMF is
close to 900 according to the dimensions presented in
the datasheet of the product [32].

Inspecting the curve in Fig. 7a, the 1% CMF/
EVIzero weight ratio can be observed as having
critical volumetric fraction, consistent with the aspect
ratio of the fillers. To verify this result, experimental
percolation has been evaluated considering the aver-
age resistance of cylinders between two laterally
opposing electrodes. The readings are plotted against
CMF/EVIzero weight fractions in Fig. 7b. Results

theoretical curve
e filler volumes of samples

3% CMF
2.5% CMF 1
2% CMF
1.5% CMF
Y 1% CMF

Volumetric fraction of filler

0.5% CMF

10° 10
Aspect ratio of filler

(a)

Fig. 7 The outcomes of analytical and numerical percolation
threshold studies conducted on the cylindrical samples; a ana-
lytical model of critical volumetric fraction of fillers with

Resistance [{2]

indicate that the sample containing 1% CMF/EVIzero
weight ratio approximately coincides with the transi-
tion zone of the composite from being an electrical
insulator to becoming an electrical conductor, indi-
cating that the electrical percolation threshold of CMF
is around such a concentration level. It is concluded
that the experimental readings verify the analytical
model, and 1% CMF/EVlzero stands out as the most
promising doping level.

4.2 Performance evaluation of cylindrical samples

The suitability of the proposed self-sensing composite
is examined for WIM sensing application by inspect-
ing the correlation between induced strain and vari-
ation of samples’ electrical resistance. Figure 4c
depicts the adopted cyclic load pattern of the tests.
Accordingly, two triangular cycles of three different
maximum load levels are designed with peak incre-
ments of 1, 2, and 3 kN, corresponding to compressive
stresses of 0.13, 0.26, and 0.39 MPa. The tests are
repeated two times consecutively by using both
electrode pairs, thus allowing the material to generate
electrical responses starting from both relaxed and
compacted initial conditions. The load increase is set
to 200 N/s, allowing the sampling of various stress
levels. The results of the electromechanical tests are
presented in Figs. 8 and 9.

1 0 T T T T T T

T
experimental readings

]06,

105 L

4 L

L

0o 05 1 15 2 25 3 4 5

CMF/EVIzero Percentage [%]
(b)

respect to aspect ratio; b resistance readings of samples,
showing that the 1% sample is in the transition zone
nilem
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Fig. 8 Outcomes of electro-mechanical test performed on cylindrical samples. Strain and change of resistance time histories for
samples doped with different amounts of CMF, from 0 to 5% with respect to the weight of the EVIzero

In Fig. 8, resistance and strain time histories are
plotted together to compare the generated resistance
response to the induced strain. Figure 9 shows the
discrete data points and the linear fit models of the
data.

The main findings from the results are as follows:
(i) the responses initialized from relaxed state and
compacted state differ in terms of residual drifts, this is
attributable to the visco-elastic nature of the material;

(i) 1% CMF/EVIzero sample outperforms all other
samples in terms of linearity and gauge factor value;
(iii) evaluating the electric responses to the given load
time history, with the increasing concentrations of
CMF, the composite is found gradually losing its
improved strain sensing ability when over-percolated
due to the governing body deformations over piezore-
sistivity for the variation of sample resistance, as
analytically discussed in the literature [39], and (iv)
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Fig. 9 Linear fits of the electro-mechanical tests on cylinders under various amounts of CMF up to 5.0%

the material can provide clean signals free from
polarization drift despite being charged by DC
voltage.

The results that are obtained through electrome-
chanical tests on cylindrical samples demonstrate that

the 1% CMF/EVIzero composite material is found
very promising for the development and testing of
larger scaled sensing units. The findings are summa-

rized in Table 3.
nilem
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Table 3 The outcomes from cyclic compression tests on
cylindrical samples

Mixture index Average 1 Average R?
0.0% CMF/EVlIzero 4186 26
0.5% CMF/EVlIzero 25,500 28
1.0% CMF/EVlzero 3133 77
1.5% CMF/EVlzero 344 29
2.0% CMF/EVlzero 352 63
2.5% CMF/EVlzero 270 69
3.0% CMF/EVIzero 410 66
4.0% CMF/EVlzero 26 52
5.0% CMF/EVlzero 77 75

The results with negative R? are discarded

4.3 Load sensing capabilities of slab sample

The sensing performance of the mid-sized slab sample
is investigated by conducting two types of experi-
ments. First, step loads of different magnitudes and
durations are applied onto the slab in the middle of the
surface area. Second, the slab is subjected to subse-
quent compression step loads of equal amplitude
positioned on different locations on the sample
surface, intended to simulate the effect of moving
load on the sample surface.

Figure 6b shows the test setup employed during the
step load tests. The compression loads are applied to
the slab surface through a metal plate with a 10 x
10cm? contact area. The metal plate is covered by an
insulating tape so as not to affect the electrical
measurements. During the step load tests, two differ-
ent load time histories are adopted. They differ in
terms of the duration of loaded periods. The load time
history with fast step loads possesses short loaded
periods. This type of loading serves to evaluate the
material’s ability to sense various load amplitudes.
The slow step loads have a long period of loaded phase
at two load magnitude levels. The periods of loads are
4 min each, in order to inspect the stability of readings.

The load time history and results obtained from the
short period test are shown in Fig. 10. The measured
strain and the variation of resistance are found highly
correlated. The results obtained from long period tests
are presented in Fig. 11.

Similarly, stable results are acquired, highly corre-
lated to the measured strain. Further tests are carried
out to examine if the slab is suitable for detecting
moving loads. Figure 6¢ illustrates the corresponding
test setup. After the first application of compression
load F;, a second load of equal magnitude and
duration is applied at a different position on the slab
(F,). Figure 12a, b show the obtained voltage time
histories through two different volumes during the
test. Figure 12c shows the post-processed time history
of W calculated according to Eq. 14.

According to the obtained voltage time histories,
the applied load creates two peaks with different signs
that depend on the loads’ position on the sample,
allowing spatiotemporal measurements done by a
single sensing unit. Furthermore, the generated signal
responses show repeatability in voltage pulse ampli-
tudes and transient behavior while the slab switches
between the unloaded and loaded states. The residual
shift observed during the period between the two
loading events is attributed to the viscoelastic nature of
the material, which vanishes after the application of
the second load. This finding shows that the two equal
forces can counterbalance the occurring residual
deformations if applied on the opposing sides of the
central electrode. These findings also stress the
necessity of having a good pavement material design
that increases the elasticity to improve the reliability
of measurements. Nevertheless, the post-processed
time history of W exhibits the anticipated character-
istics required for a WIM characterization that has
been studied in [30]. Therefore, the result of this test is
promising for possible field verification of WIM by
employing CMF-EVIzero composite materials.

5 Discussion and outlook

The study investigated a novel self-sensing pavement
composite to be employed as a traffic sensing system.
The main benefits of such design are the important
reduction in sensor costs and increased durability of
the sensing system. Because the novel composite is
similar to the base pavement material, the sensor is
expected to exhibit similar durability. The total cost of
one pavement sensor and related electronic circuit for
data acquisition is estimated to be as low as the 10%
with respect to traditional piezoelectric sensor com-
monly used in the form of embedded sensing bars
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Fig. 12 Moving load test performed on slab sample; a load and voltage time history recorded from first half of sample volume; b load
and voltage time history recorded from second half of sample volume; and ¢ difference of both readings

present in off-the-shelf WIM systems. Being part of is not prone to poor sensor-to-structure bonding and
the pavement itself, the strain sensing pavement units support an embedded deployment where the sensing

niEm
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layer is covered by a protective surface, thus further
increasing the durability against harsh environments.

The material is designed for optimum performance,
and it is verified through experimental and analytical
models. The mid-scale slab sample instrumented by
tailored distributed line electrodes has been manufac-
tured, and its capability of sensing the traffic loads has
been preliminarily examined. According to the results,
the induced deformation of the material and the
variation in the electrical resistance measured between
electrodes are highly linearly correlated. The slab
sample generated WIM compatible signals during the
tests enforcing the interest towards trials to be
conducted on-site with a pavement sample of larger
dimensions. The electrical outcomes have been found
stable and suitable for sensing purposes. The sensing
system operated at SV DC. Therefore, energy demand
is comparably low, and the system is rated to be easier
to install in terms of hardware than other types of
sensing systems available in the market. The novel
composite showed promising performance in the small
and medium scaled samples. The manufacturing of
CMF-EVlIzero composite requires only mechanical
mixing; thus, this type of composite is particularly
suitable for producing traffic load sensors also at large
scales. Moreover, because of the eco-friendly nature
of the EVIzero and usage of micro-sized carbon fibers,
the environmental impact of the composite remains
low.

This study is an initial first step towards fully
operating WIM systems, aimed to develop and
characterize a novel self-sensing composite material
using small- and medium-scaled sensing elements in
view of traffic monitoring applications. The promising
results show that the material proposed in this paper
could effectively serve efficient and sustainable traffic
monitoring systems. Future field applications would
require a tailored electrodes design, the development
of an adequate electronic circuitry for data acquisition
and transmission, and the development of a WIM
algorithm and its implementation within a data storage
and signal processing unit.

6 Conclusion
This paper presents the electrical and sensing inves-

tigations on a novel strain-sensing electrically con-
ductive composite road pavement material suitable for

WIM, newly developed and optimized in terms of
mixture design. The fabrication steps are presented
and precisely discussed. A series of tests on compacted
cylindrical samples allows the identification of an
electrical percolation region and a piezoresistive
behavior that enhanced strain sensing capabilities.
The optimized design is verified in terms of sensing
performance, analytical model, and resistance read-
ings. A slab sample of medium-scaled dimensions has
been proposed and tested with rapid loading and slow
loading tests in order to achieve a preliminary
validation of the material in view of its application
for WIM. According to the results, the slab sample can
scale the amount of deformation by measuring the
variations in the electrical resistance between the
electrodes, thus allowing to detect the applied loads.

The noise produced by the sample is very low, and
the electrical signals are stable. The moving load
effects are observable on the outcome signals, which
indicates the suitability of the proposed sensor system
for low-cost and high durability WIM sensing for
large-sized traffic monitoring. Future stages of the
study will include field experiments with real vehicle
loads and the investigation of the mechanical proper-
ties under changing environmental conditions.
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