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ABSTRACT

Mortar specimens containing conductive additions (i.e., biochar and recycled carbon fibres — both alone and together, and graphene
nanoplatelets) were characterized from a metrological point of view. Their piezoresistive capability was evaluated, exploiting the 4-
electrode Wenner’s method to measure electrical impedance in alternating current (AC); in this way, both material and electrode-
material polarization issues were avoided. The selected mix-design was used to manufacture scaled concrete beams serving as
demonstrators. Additionally, FEM-based models were realized for a preliminary analysis of the modal parameters that will be
investigated through impact tests conducted after different loading tests, simulating potential seismic effects. The results show that the
combined use of recycled carbon fibers and biochar provide the best performance in terms of piezoresistivity (with a sensitivity of 0.109
(um/m)* vs 0.003 (um/m)? of reference mortar). Conductive additions improve the Signal-to-Noise Ratio (SNR) and increase the
material electrical conductivity, providing suitable tools to develop a distributed sensor network for Structural Health Monitoring (SHM).
Such a monitoring system could be exploited to enhance the resilience of strategic structures and infrastructures towards natural
hazards. A homogeneous distribution of conductive additions during casting is fundamental to enhance the measurement repeatability.
In fact, both concrete intrinsic properties and curing effect (hydration phenomena, increasing electrical impedance) cause a high

variability.
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1. INTRODUCTION

The life cycle of cement-based structures can be optimized
through proper measurements, in particular in the field of
Structural Health monitoring (SHM). Indeed, the advantage of
continuous monitoring is unquestionable with respect to
periodic inspections, which can occur when it is already too late

to intervene effectively. Adequate interventions strategies can be
adopted if measurement results timely highlight a potential
damage in a structure/infrastructure [1]. Accordingly, it is
possible to minimize management costs [2], which are higher as
the time between damage occurrence and intervention increases
(De Sitter’s law [3]). In this way, the public administrations can
prioritize the interventions on structures and infrastructures

ACTA IMEKO | www.imeko.org

June 2023 | Volume 12 | Number2 | 1


mailto:g.cosoli@staff.univpm.it

identified through proper SHM technologies combined with an
early warning system [4].

Sensors play a pivotal role in this field [5], especially if they
have Internet of Things (IoT) capabilities that endorse data
sharing, cloud services for computation (also with Artificial
Intelligence — AI — technologies), and remote monitoring
systems [6]. The best solution is probably represented by
distributed sensor networks, able to gather data in many
locations within the same structure, thus mapping the whole
system and highlighting eventual criticalities in almost real-time
[7]. Moreover, the collected data are exploited to constitute a
dedicated database, which can be used to feed Al and Machine
Learning (ML) algorithms for both prediction and classification
purposes [8]-[10]. Furthermore, these data can be interfaced with
the structure BIM (Building Information Model), hence keeping
track of all the changes occurring over years [11]. Non-
Destructive Techniques (NDTs) are among the most used
systems for SHM, since they allow to measure significant
parameters without taking samples to be analysed in laboratory.
Standard sensors can be employed, such as accelerometers, load
cells, inclinometers, GPS, environmental sensors, and also non-
contact systems (e.g. laser-based sensors) [12]—[14]. The spatial
resolution of the measurement results cleatly depends on the
sensors positioning; as mentioned above, distributed sensor
networks are particularly relevant in this field, since they allow an
actual mapping of the whole structure to be monitored, with a
level of detail related to the final aims of the monitoring. In this
context, also the cost of the hardware should be properly
considered, being almost proportional to the nodes number.
Even better results can be achieved combining monitoring and
inspections procedures; the latter can be performed also with
advanced techniques, such as sensorized drones (also known as
Unmanned Aerial Vehicles, UAVs [15]). Amongst possible
sensors, UAVs can have onboard environmental sensors for air
quality assessment [16] or high-resolution multispectral vision-
based systems to detect possible structural damages or
degradation phenomena (e.g., caused by a prolonged exposure in
an aggressive environment — such as chloride-rich
solutions/aetosols). When inspection identifies an event of
relevance, further tests can be planned, for example to assess the
severity of the phenomenon (e.g., cracks aperture) [17], [18].
What is more, the scanning of a structure with a vision-based
system embedded on a UAV allows to obtain a 3D model,
showing the positioning and the severity of the identified defects
or damages.

In recent years, SHM sensors are often coupled to self-sensing
materials [19] (even better if eco-compatible and sustainable, as
by-products or recycled materials). In this way, it is possible to
develop distributed sensor networks with IoT capabilities, able
to continuously gather data from remote buildings and
infrastructures. This is particularly relevant in case of critical
structures, which should be always operational, even after a
catastrophic event, when the management of aftershock
emergencies is pivotal. In this context, monitoring systems
feeding early warning systems are very important to ensure public
safety [13], [20]. Indeed, self-sensing materials confer many
capabilities to the structure, easing its monitoring. Indeed,
through self-sensing materials the structure perceives its own
health status [21], being able not only to sense external loads (i.e.,
phenomena related to piezoresistive capacity), but also to detect
the penetration of contaminants or identify defects and cracks.
Many materials have been recently applied to pursue this aim,
both in form of fibres and fillers. Among the others we can

mention steel fibres [22], carbon fibres (both virgin and recycled),
nickel powder [23], carbon nanotubes [24], graphene [25],
graphite [26], foundry sand [27], carbon black [28], char, and
biochar [29]. In a view of green and circular economy, recently
particular interest has been shown on recycled material and by-
products potentially having self-sensing capabilities; this strategy
allows not only to reuse materials, but also to limit production
costs. For example, in the European project EnDurCrete (New
Environmental friendly and Durable conCrete, integrating
industrial by-products and hybrid systems, for civil, industrial,
and offshore applications, GA n® 760639,
http:/ /www.endurcrete.eu/) some of the present authors have
developed self-sensing mix-designs for mortar and concrete
including carbon-based additions, namely recycled carbon fibres
and char or biochar. Also a patent (https://www.knowledge-
share.cu/en/patent/eco-friendly-and-self-sensing-mortar/) has
been granted on this invention, together with the related
measurement system for electrical impedance (“Eco-compatible
and self-sensing mortar and concrete compositions for
manufacturing treinforced and non-reinforced constructive
elements, related construction element and methods for the
realization of self-monitorable building structures”, patent n°
102020000022024). This can be exploited for SHM purposes in
self-monitorable structures, whose life cycle will result optimised
thanks to the continuous assessment of health status. The
activities of EnDurCrete project are being followed up within the
framework of the national project reCITY (Resilient City —
Everyday Revolution, PON R&I 2014-2020, identification code:
ARS01_00592,

http:/ /www.ponticerca.gov.it/media/396378/ars01_00592-
decreto-concessione-prot369_10feb21.pdf), whose objective is
to realize a multimodal monitoring system (modular and
interoperable as much as possible) that can enhance the resilience
of critical structures/infrastructures with respect to natural
hazards, along with the resilience of energy distribution systems.
Among natural threats, it is worth mentioning earthquakes and
landslides (also interacting each other). Indeed, in Italy particular
attention is paid to seismic risk, being Italy a seismic area, where
important earthquakes often manifest in different regions, such
as the crater of the centre of Italy. In the perspective of seismic
protection of buildings and infrastructures, on the one hand, the
strains caused by external loads should be assessed to analyse
possible structural damages; on the other hand, the analysis of
vibrations is pivotal to characterise the dynamic behaviour of the
whole structure and identify possible criticalities. Lacanna et al.
[30] considered a bell tower (Giotto’s bell tower, Firenze, Italy)
and studied its dynamic response through the combination of
operational modal analysis and seismic interferometry. They
evaluated frequency, shape modes, and seismic wave velocity,
using a seismic sensor network capable to promptly identify
eventual structural damages. The results showed that the
analysed bell tower is a dispersive structure with bending
deformation. Induced vibrations represent a great concern for
concrete-based lifelines, such as bridges [31]: hence, control and
mitigation of vibrations is fundamental. In the context of seismic
monitoring, accelerometers are the most common sensors; just
as an example, Oliveira et Alegre [32] applied accelerometers in
the monitoring of dams. This way, they were able to describe
natural frequencies, mode shapes, and seismic response over
time. Indeed, in a seismic context SHM surely plays a pivotal role,
even more when monitoring is sided by an eatly warning system
based on the measured signals. In this way, the public
administrations can be supported in decision-making strategies
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definition, essential for risk management and for the
prioritization of emergency interventions. In the reCITY project,
the authors of this paper utilize data-fusion strategies together
with  Artificial Intelligence (Al) technologies to extract
meaningful parameters related to the structural health status of a
structure. This information can be exploited to set up an eatly
warning system, promptly highlighting critical situations that
should be timely considered, providing an efficient intervention.
Furthermore, Al algorithms will be useful for prediction
purposes as well, made possible through the ingestion of long-
time series data for model training. Finally, the reCITY project
aims to valorise good practices for resilience, supporting citizens
community during emergency situations. To this aim, the data
gathered through the monitoring system will be shared in
dedicated platforms with user-friendly interfaces, thus allowing
the creation of a formed, informed, trained, and active
community, which is aware of the city status and has a proper
sense of community.

This paper presents the results of the metrological
characterization of different types of mortar with self-sensing
capabilities, embedding sensing electrodes for electrical
impedance measurement, thus proving their piezoresistive
ability. The results were compared to standard measurements
performed with traditional strain gages. Moreover, this work
reports the first results on monitoring of demonstrative scaled
prototypes realized with the best performing conductive
additions in terms of self-sensing capability. In the near future,
these prototypes will be subjected to loading tests and will be
analysed in terms of dynamic response, hence demonstrating
their potentiality for application within the monitoring platform,
especially in a seismic context. Then, durability tests will be
carried out and data will be acquired for a long time, thus
collecting data useful for the training of Al algorithms in a view
of eatly warning system. Indeed, this is pivotal to enhance the
resilience of structures and infrastructures to natural hazards (like
earthquakes).

The paper is organised as follows: the materials and methods
are reported in Section 2, Section 3 shows the results, and the
authors give their discussions and conclusions in Section 4,
together with possible future developments.

2. MATERIALS AND METHODS

The main aim of the reCITY project is to develop a flexible
and interoperable platform for the collection of multimodal
signals and their sharing on a Cloud to deliver different services
(e.g., data processing and Al algorithms exploitation for setting
up early warnings and deriving significant indices for SHM

4P

purposes). The potentialities of this platform are relevant for
managing emergencies and adopting adequate policies in the
seismic context, thus improving the resilience of structures and
infrastructures, especially when they are critical constructions.

Data from different sensors will be gathered from the project
demonstrators, which will be described in the following sections.
The pipeline related to the platform is reported in Figure 1.

The collected data will be stored both in a dedicated database
and in FIWARE eccosystem (https://www.fiwate.org/);
FIWARE can deal with different types of data and can also
merge new and existent data models, in a view of developing
smart cities and systems capable to share information and
knowledge with diverse stakeholders (e.g., institutions and public
decision-makers, but also common citizens). In this way, the
researchers’ community can arise the awareness on the city
structures and infrastructures, hence also improving the
resilience towards possible emergency situations.

2.1. Metrological characterization of piezoresistive capacity

In a preliminary phase of the reCITY project, the authors
considered mortar specimens to identify the best mix-design in
terms of piezoresistive capacity. Different types of conductive
additions were employed, and their behaviour was evaluated
under laboratory conditions. These tests were performed to
select the best performing carbon-based additions to be used for
the casting of the project demonstrators (concrete beams), which
will be further detailed. Indeed, those concrete specimens will be
subjected to both loading tests and vibrational analyses,
simulating the effect of a seismic event. The reCITY platform
for SHM will include, among the others, electrical impedance
sensors and accelerometers; in particular, the signals will be
acquired through a low-cost system, the EVAL-AD5940 board
(by Analog Device).

Within the context of piezoresistivity tests on mortar
specimens, electrical impedance signals were compared with
traditional strain gages deformation, to characterize these self-
sensing materials in terms of metrological performance. For sure,
this performance is affected by the conductive additions included
in the mix-design.

Prismatic mortar specimens (40 mm X 40 mm X 160 mm,
Figure 2) were realized according to 5 different mix-designs:

e Reference mortar specimens (REF), without conductive
additions, to be considered as reference mixture;

e Biochar-based mortar (BCH). The by-product was
provided by RES (Reliable Environmental Solutions) in
pellet format, then was grinded and sieved at 75 um
before addition in mix-design (0.5 vol.%) in order to
facilitate its distribution within the mixture;

Data ..

) Monitoring

Data processing P
Demonstrator - . . results (indices,

X acquisition Cloud techniques
with sensors L parameters,
system (data fusion, raphs. etc.)
Al etc)) erap!

Figure 1. Scheme of data acquisition from demonstrators, sharing, processing and results.
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Figure 2. Geometry of the sensorized mortar specimen (strain gage and
electrical impedance electrodes can be appreciated in the figure).

160 mm

e Mortar containing 6-mm long recycled carbon fibres
(RCF). The fibres were supplied by Procotex Belgium SA
and were obtained mixing carbon fibres of different
origins and graphite from pure carbon fibres coils. A
mean average density of 1.85 g/cm?® was considered and
the fibres wete added in 0.05 vol.%;

e Mortar with both biochar and recycled carbon fibres
(BCH+RCF), at the same dosages used in BCH and RCF
specimens (i.e., 0.5 vol.% and 0.05 vol.%, respectively);

e Mortar manufactured with graphene nanoplatelets
(GNP), having a thickness of 6-8 nm and a size lower
than 5 pm, in 0.5 vol.%. In particular, Pentagraf 30
graphene nanoplatelets (produced by Pentachem S.r.l)
were used; their specific surface area (measured with BET
adsorbance method, Brunauer, Emmett, Teller) was equal
to 30 m?/g.

To manufacture mortar specimens, we used Portland cement
(CEM II/A-LL) and a calcareous sand (0-8 mm) as fine
aggregate, mixing it with 5.5 wt.% water to reach saturated
surface dried (s.s.d.) conditions. The water/cement ratio (w/c)
was the same for all the mortar specimens and was equal to 0.55
by mass, whereas the aggregate/cement ratio (a/c) was equal to
3 by mass. The mortars workability (x, measured according to
UNI EN 1015-3 standard) was equal to 140 mm =< x < 200 mm
(i.e., plastic workability).

The mix-designs referred to each type of mortar are reported
in Table 1.

To characterize the mortars in terms of piezoresistive
capacity, electrical impedance measurements should be carried
out. Hence, 4 stainless steel rods (diameter: 3 mm; length: 40
mm; inter-electrode distance: 12 mm), acting as electrodes, were
embedded (half length) in the specimens centreline, in order to
exploit the Wennet’s configuration method [33] in alternating
current (AC, in particular with a measurement frequency higher
than 1kHz), hence avoiding both electrode-interface and

Table 1. Mortars mix-design (kg/m?3).

Mix Cement Water Sand RCF BCH GNP
REF 499 274 1497 - - -
RCF 499 274 1496 1 - -
BCH 496 273 1489 - 10 -
BCH+RCF 496 273 1488 1 10 -
GNP 496 273 1489 - - 10

) \\\:\\wah __,’,’/7/ RN
y N T LA A
! R S =~ 7 o\

Electric potential lines
Electric current lines

Figure 3. Wenner’s method applied on a mortar specimen: electric current is
applied between the external electrodes (i.e. WE and CE) and the
corresponding electric potential drop is measured between the internal ones
(i.e. S and RE).

material polarization effects, which would affect the
measurement result with a significant uncertainty value.

After the casting phase, specimens were cured in a
temperature (1) and relative humidity (RH) controlled
environment (1= (20 £ 1) °C; RH = (95 £ 5) %) for 7 days,
being wrapped by plastic sheets. Then, they were left at
T=@20%1)°C and RH = (50 £ 5)% without any cover.
During the curing phase, the mortar specimens were regularly
monitored in terms of both mechanical resistance and electrical
impedance, with measurement carried out at 2, 7, and 28 days.
Compressive strength was assessed with a hydraulic press
(Galdabini, with an applicable maximum load of 200 kN),
considering the average value obtained on 3 dedicated specimens
of the same type. On the other hand, electrical impedance was
assessed through electrical impedance spectroscopy method,
employing a potentiostat/galvanostat (Metrohm) with a 4-
electrode configuration (Figure 3), on the prismatic mortar
specimens with electrodes.

The loading tests were performed after the completion of
curing phase. A mechanical press (Zwick Roell Z050) was
employed to apply a maximum load equal to 11.5 kN. The value
of the applied load was set in order to remain in the elastic range
of the material [34], which was measured on the REF mortar
during curing; in particular, 20% of the obtained compressive
strength of the REF specimen was chosen. Hence, the formation
of cracks was avoided, as well as the alteration of the specimen
mechanical properties. Each specimen was subjected to 5 loading
cycles per test and the test was repeated three times in different
weeks (in a time interval of 8 weeks), for a total of 15 loading
cycles per specimen. With this test protocol, also the variability
due to hydration phenomena plays a relevant role on the
measured electrical impedance.

The complete test setup is reported in Figure 4, where it is
possible to observe the ZwickRoell mechanical press, equipped
with a load cell (full scale: 50 kN), used to load the mortar
specimen, on which a strain gage specific for cement-based
materials (HBK, net grid length: 50 mm) was installed. Spider8
system by HBM was employed to acquire strain gages signals,
adopting a half-bridge configuration to compensate eventual
external disturbs. Moreover, a preliminary test was performed to
compare the results obtained with half- and full-bridge
configurations. To this aim, a BCH specimen was subjected to 5
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Mechanical press

Galvanostat/
potentiostat

Wheatstone's
bridge

Mortar
specimen

Figure 4. Measurement setup for piezoresistivity tests: loads are applied on the tested mortar specimen through a mechanical press; hence, strain and
electrical impedance are measured by means of a Wheatstone’s bridge and a galvanostat/potentiostat, respectively.

repeated loading cycles and the strain was assessed with both the
Wheatstone’s bridge configurations.

Data analysis focused on the real part of electrical impedance,
which in literature is the most associated one to the structural
conditions of the material [35].

2.2. Design and realization of the project demonstrators

To verify the behaviour of self-sensing materials in a seismic
context, the authors designed loading tests and vibrational
analyses on scaled demonstrators. In particular, 1:5 scaled
reinforced conctete beams (10 cm X 10 cm X 50 cm) were
planned in detail, both in terms of materials and embedded
sensors. For the former, the best conductive additions and
dosages resulting from piezoresistivity tests were chosen; for the
latter, different types of sensors were selected, namely:

e Electrical impedance sensors, which are fundamental to
show the piezoresistive capacity of the concrete elements;

e Accelerometers, mounted on specific bases fixed on the
upper specimen surface to measure the dynamic response
of the structure to external excitation (provided with an
impact hammer, as it will be described in detail);

e Sensors for the monitoring of rebar free corrosion
potential, useful to early detect the concrete detetioration
as cracking or water penetration occur [38] (CoSMoNet -
Concrete Structures Monitoring Network, Universita
Politecnica delle Marche, Patent n°® 0001364988). Indeed,
after loading and vibrational tests, the specimens will be
subjected to accelerated degradation tests; hence, the
presence of cracks generated during loading could ease
the penetration of contaminants into the material.

The geometry of the prototype is reported in Figure 5; 20
degrees of freedom for the measurement of the specimen
dynamic response are foreseen (stainless-steel washers are
positioned on the specimen upper surface through bicomponent
acrylic resin, in order to easily install the accelerometers during
experimental modal analysis through beeswax), whereas the

excitation point is set on the specimen centreline. The specimen
has a reinforcing steel rebar at its centre, where different sensors
are placed:
e Electrode arrays for electrical impedance measurement;
e Pscudo-reference electrode for the measurement of the
rebar free corrosion potential (CoSMoNeT sensor [36]).

The impact test will be carried out with a sensorized impact
hammer (PCB 086 B04), equipped with a load cell for the
measurement of the provided force. In this way, possible effects
of ecarthquake are simulated, including cracking phenomena
linked to external forces acting on the structural element. Hence,
the dynamic response is evaluated at time 0 (as-is conditions) and
after each applied load, to observe possible modifications in the
modal parameters of the element.

. Excitation point

a Measurement point

=== Electrical impedance sensor

@ CoSMoNeT sensor

Reinforcing bar

Loading point

.

10 cm

10 cm

Figure 5. Geometry of the demonstrator prototype with sensors, namely
electrode array for electrical impedance measurement, electrode for the
measurement of the rebar free corrosion potential (i.e. CoOSMoNeT sensor),
as well as excitation and acceleration measurement points for impact test.
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2.2.1. Manufacturing of concrete demonstrators

No. 9 concrete specimens were manufactured as follows:

e 3 sensorized concrete beams, to be subjected to loading
tests and vibrational analyses;

e 3 sensorized concrete beams, to maintain undamaged
(i.e., reference specimens);

e 3 non-sensorized concrete beams, to be subjected to
loading tests and vibrational analyses. These serve to
evaluate the effect of the embedded sensors, representing
discontinuities for the material.

To manufacture concrete specimens, we used Portland
cement (CEM II/A-LL) and a calcareous sand (0-4 mm) as fine
aggregate, whereas intermediate (5-10 mm) and coarse (10-15
mm) river gravels were used as coarse aggregates. RCF and BCH
were added at 0.5 vol.% and 0.05 vol.% on the total, respectively,
as conductive additions (being them resulted the best performing
additions in terms of piezoresistive capability, see Section 3.1.2).
The w/c ratio was set at 0.50 by mass to reach the S5 workability
class. The mix-design is reported in Table 2.

The casting phase was carried out using a concrete mixer; at
first, the solid components were mixed together for 8 minutes,
then water was added and mixed for additional 10 minutes. To
manufactute sensorized/non-sensorized reinforced specimens,
the fresh mix was poured in prismatic moulds (10 cm X 10 cm X
50 cm); in addition, cubic specimens (side: 10 cm) were realized
for compressive strength tests (performed at 1, 7, and 28 days
according to the EN 12390-3 standard). Moreover, also flexural
strength was assessed on dedicated 10 cm X 10 cm X 50 cm non-
sensorized reinforced specimens, according to the EN 12390-5.

2.2.2. FEM numerical model

In order to carry out a preliminary test in terms of modal
analysis, numerical simulations were made in COMSOL
Multiphysics® environment, exploiting Finite Element Method
(FEM). In particular, the designed concrete beam was simulated
in different configurations:

e Scaled (10 cm X 10 cm X 50 c¢m) and life-size (50 cm X
50 cm X 250 cm) concrete specimens, without reinforcing
rebar;

e Scaled (10 cm X 10 em X 50 cm) concrete specimen, with
reinforcing rebar;

e Scaled (10 cm X 10 em X 50 cm) concrete specimen, with
reinforcing rebar and embedded sensors.

0.2

z

¥4
N X

Table 2. Concrete mix-design (kg/m?3).

Cement 470
Water 235
Air (%) 2.5
Sand 795
Intermediate gravel 321
Coarse gravel 476
RCF 1
BCH 10

Indeed, the embedded sensors represent discontinuities inside
the specimen; analogously, the plastic tubes used for installing
the reinforcement rebar and the sensors influence the modal
parameters of the structural element. Hence, these preliminary
models help to better understand the behaviour of the element
in loading and vibrational tests, as well as to identify the natural
frequencies of interest and the related modal shapes in both
sensorized and non-sensotized beams.

The geometry of the sensorized and non-sensorized
reinforced concrete models is reported in Figure 6 and in
Figure 7, respectively.

3. RESULTS

This section reports the results related to the different
research activities described in this paper, namely:

e The results related to mortar specimens (Section 3.1),
including the monitoring of mechanical strength and
electrical impedance of the different mix-design mortar
specimens during curing (Sub-section 3.1.1) and the
results from piezoresistivity tests, together with the
results of preliminary comparison tests between half-
bridge and full-bridge configurations (Sub-section 3.1.2);

e The preliminary results related to the concrete beam
demonstrators (Section 3.2) in terms of mechanical

3.2.1), the
monitoring of electrical impedance during curing (Sub-
section 3.2.2), and the mode shapes resulting from FEM-
based numerical simulations on both sensorized and non-

strength  characterization (Sub-section

sensorized concrete specimens (Sub-section 3.2.3).

0.05

-0.05
0.05

Figure 6. Geometry of the FEM model related to the scaled sensorized concrete specimen.
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Figure 7. Geometry of the FEM model related to the scaled non-sensorized concrete specimen.

3.1. Monitoring and piezoresistivity tests on mortar specimens

In this section, the results related to the monitoring during
curing phase of mortar specimens (in terms of both mechanical
strength and electrical impedance) and the piezoresistivity tests,
together with the comparison between half-bridge and full-
bridge configurations for the strain measurement, are reported.

3.1.1. Monitoring during curing phase

The results in terms of compressive strength and real part of
electrical impedance are reported in Figure 8 and Figure 9,
respectively. It is possible to observe an increase in both values,
as expected during curing, since hydration of the material is
occurring, hence electrical impedance and mechanical strength
increase [37]. Furthermore, mechanical strength at 28 days is
enhanced through the addition of RCF to the mortar mix-design,
passing from 36 MPa (REF specimen) to 40 MPa and 43 MPa
for BCH+RCEF and RCF specimens, respectively. Thus, it can be
stated that the addition of RCF improves the mechanical
performance of the material, thanks to the presence of carbon
micro-particles on their surface acting as nucleation points for
the formation of C—S—H crystals [38], [39]. Also the self-sensing
properties should be enhanced, given that RCF contribute to
decrease the material electrical resistivity; in particular, a decrease
of 85 % and 92 % is obtained for RCF and BCH+RCF mixtures,
respectively. In this way, it is possible to exploit relatively low-
cost sensors for the monitoring of electrical impedance, hence
enabling the realization of multiple modes sensor networks for
SHM purposes [2]. Observing Figure 9, it is possible to notice

50
45
40 -
35 4
530 1
=25 -
o 20 -
15
10 4
5 4
0 4

2 7 28
Time [d]
mREF mRCF mBCH mBCH+RCF OGNP

Figure 8. Mechanical strength of mortar specimens during curing phase.

relevant differences in terms of electrical impedance among
diverse mix-designs. This was expected and is attributable to the
different conductive additions employed to realize the mortar
specimens. Indeed, RCF significantly decrease the electrical
resistivity of the final material, thanks to their good electrical
conductivity properties.

3.1.2. Piezoresistivity tests

Preliminary tests were carried out to compare the results
obtainable with a half-bridge and a full-bridge configuration for
the measurement of strain of a mortar specimen (namely a BCH
specimen) subjected to cyclic loading tests. The results provided
a repeatability range of 18 pe and 4 ue for half-bridge and full-
bridge configurations, respectively; moreover, a repeatability
deviation of 7 pe and 2 pe was obtained in the two cases,
respectively. Given that these values are acceptable for the in-
field application of interest, the half-bridge configuration was
selected for the rest of piezoresistivity tests. Indeed, it is an
optimal compromise between metrological performance
(accuracy and sensitivity — gage factor) and ease of installation as
well as cost (also in view of distributed sensor networks
realization).

The results of the piezoresistivity tests are reported in Table 3;
in particular, the mean (u) and standard deviation () values are
reported for applied maximum loading force (Fmay), maximum
strain (émax), variation of the real part of electrical impedance
(AZre) and related electrical impedance at O-time (Zge_w), and
sensitivity of electrical impedance real part towards strain.
Results are reported for all the tested mix-designs and are
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Figure 9. Real part of electrical impedance of mortar specimens during curing

phase.

ACTA IMEKO | www.imeko.org

June 2023 | Volume 12 | Number 2 | 7



Table 3. Results obtained for the different mix-designs (reported as mean (standard deviation)).

Mix-design Fmax in N Emax in pMm/m DZge in Q Zre 0N Q Sensitivity in (um/m)!
REF 11516.20 (6.25) 157 (73) 23.16 (18.25) 5673.10 (3572.57) 0.003 (0.002)
RCF 11512.16 (2.05) 181 (78) 0.92 (0.33) 203.14 (24.71) 0.004 (0.003)
BCH 11511.57 (2.11) 217 (119) 22.25 (15.30) 5725.73 (6071.60) 0.008 (0.009)
BCH+RCF 11512.76 (1.26) 155 (49) 70.26 (26.46) 419.07 (71.15) 0.109 (0.026)
GNP 11511.88 (2.04) 226 (88) 9.86 (8.08) 6605.27 (4999.12) 0.001 (0.000)

averaged on the 15 loading cycles applied on each specimen. As
expected, quite high values of standard deviation were obtained
for electrical impedance. They can be attributed to the ageing
process of the specimens (causing the material hydration — tests
were performed in a time span of 8 weeks), which on the other
hand cause also significant variations in terms of mechanical
elasticity, reflecting into high standard deviation values for strain
parameter. The sensitivity of electrical impedance towards strain
(and, hence, external load) is improved by conductive additions.
Sensitivity passes from 0.003 pe! for REF mortar specimen to
0.109 pe! for BCH+RCF one; in this case, in fact, the lower
electrical resistivity leads to a higher percentage variation of
electrical impedance. For the sake of completeness, it should be
noted that RCF alone do not provide the same performance to
mortar, at least at the considered load values; for this reason,
biochar plays a key role in the provision of piezoresistive
properties. Moreover, high variability is observed also in the
response of self-sensing materials in terms of electrical
impedance variations; for example, considering BCH+RCF
mortar, a standard deviation of 26.46 Q for a mean value of 70.26
Q is reported for AZg. quantity. This fact could be due to both
hydration phenomena occurring over time (thus changing the
material morphology and composition), as well as to the fact that
cement-based materials (e.g., mortar and concrete) are
inhomogeneous by definition. For this reason, significant
variability could be observed also among specimens
manufactured according to the same mix-design.

In any case, the variations of the real part of electrical
impedance mirror quite well the applied load and, hence, the
strain of the specimen. An example of this behaviour is reported
in Figure 10 for BCH+RCF specimen (5 loading cycles are
considered); in particular, it is possible to observe that Zg.
decreases with increasing applied load, since compression causes
a decrease of the specimen length and, hence, of the sensing
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Figure 10. Results in terms of loading force (F, top), strain (g, centre), and real
part of electrical impedance (Zgre, bottom) — example for BCH+RCF mortar
specimen.

volume interested by the sensing electrodes. However, a low-
moderate strength of linear correlation was evidenced for all the
tested mortar specimens, with the exception of BCH+RCF
mortar, where the Pearson’s correlation coefficient was equal to
0.8 (Figure 11).

3.2. The concrete beam project demonstrators

In this section preliminary results related to the manufactured
concrete beams as reCITY project demonstrators (Figure 12) are
reported.

3.2.1. Mechanical strength

The compressive strength measured on dedicated specimens
is reported in Figure 14. As expected, the compressive strength
increases over time, reaching an average value of 40 MPa at 28
days, with a standard deviation of 1 MPa. Concerning the flexural
strength, an average value of 14 MPa was obtained, with a
standard deviation of 1 MPa.

3.2.2. Monitoring of electrical impedance during curing

The electrical impedance data (in particular, in terms of real
part, Zre) is reported in Figure 15. As expected, Zg. increases
over time while only a specimen (i.e., C) is quite different from
the others; this may be due to some particularly big aggregates
present within the sensing volume.

3.2.3. FEM numerical model

The results obtained from scaled and life-size non-reinforced
beams show that the natural frequencies vary together with the
scaling factor; in particular, the natural frequencies will be 5 times
those of the life-size element. For example, considering the first
mode shape (Figure 13), the natural frequency is estimated at 241
Hz for the life-size structure (fo,real) and at 1205 Hz for the scaled
beam (fiscaled); this means that foscaed is approximately 5 times
Jfareal. For this reason, it is necessary to evaluate the effects of a
seismic event at frequencies higher than those typical of an
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Figure 11. Evaluation of the linear correlation between the real part of
electrical impedance (Zre) and strain — the red line is the interpolating line
(RCF+BCH mortar specimen).
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Figure 12. Example of the manufactured concrete beam demonstrators; tubes for installing the steel rebars and sensors are visible at the specimen extremities,
whereas stainless-steel washers for the installation of accelerometers for modal analysis can be observed on the specimens top face.

earthquake, which are in the range of 1-10 Hz [40], [41]. The
reinforcing rebar seems to not influence the natural frequencies
of the concrete beam, at least at frequencies up to 4000 Hz,
which will be the spectral range considered in the experimental
modal analysis; this means that the geometry of the rebar is not
particularly influencing in terms of the element rigidity.
However, the presence of the external tubes modifies the dynamic
bebaviour of the structural element; in particular, the nodal lines of the
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Figure 14. Compressive strength of concrete specimens during curing phase.
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Figure 15. Real part of electrical impedance measured during curing on the 6
sensorized specimens.

first mode shape (Figure 16) move on the tubes themselves and
the related natural frequency increases up to 1529 Hz
(approximately + 27 %). This means that the structural element
is slightly stiffer because of the embedded components, which
also influence the deformation, as well as making the specimen
less homogeneous.

Considering the second mode shape, it is possible to observe
that the presence of plastic tubes introduces two additional nodal
lines located on the tubes themselves, even if the associated
natural frequency is almost the same (i.c., 2841 Hz for the non-
sensorized specimen, Figure 17, against 2846 Hz for the
sensorized one, Figure 18).

4. DISCUSSION AND CONCLUSIONS

This paper introduced the monitoring platform being
developed in the framework of the 1eCITY project
(identification code: ARS01_00592); in particular, the resilience
of cement-based structures against seismic events are considered
in the presented research activities. At first, the authors
investigate different mix-designs of mortar in terms of
piezoresistive capability; hence, sensorized concrete beams are
designed and realized with the better mix-design to serve as the
project demonstrators. Preliminary FEM numerical models are
realized to analyse the modal parameters of the structural
elements and the effect of the discontinuities represented by the
embedded sensors.

Figure 13. First mode shape for life-size beam (natural frequency: 241 Hz,
corresponding to 1205 Hz for the 1:5 scaled beam).
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Figure 16. First mode shape for scaled sensorized beam (natural frequency:
1529 Hz).

The results show that carbon-based conductive additions in
form of filler and fibres (namely biochar, BCH, and recycled
carbon fibres, RCF) allow to obtain the best performance in
terms of sensitivity to external loads. In particular, the measured
electrical impedance shows a trend mirroring the one of the
applied loads and, consequently, of the strain induced to the
specimen. In this way, an electrical quantity (electrical
impedance) reflects the behaviour of a mechanical quantity
(strain), hence a sensor with self-sensing capacities is obtained.
The metrological characterization of the phenomenon is pivotal
and evidences the key role played by the type of conductive
materials added to the mix-design. In fact, conductive additions
have a twofold role: on the one hand, they decrease the material
electrical resistivity, thus improving the circulation of electric
current and easing the electrical impedance measurement; on the
other hand, they improve the quality of the electric signal,
decreasing the noise effect and, thus, enhancing the Signal-to-
Noise Ratio (SNR). The best performance in terms of
piezoresistive capability was obtained by the mix-design
containing both BCH and RCF, resulting in the highest
sensitivity towards strain; in particular, the average sensitivity of
BCH+RCF mottar was equal to 0.109 (um/m)"!, against 0.003
(um/m)?! of REF specimen. For this reason, these types and
dosages of conductive additions were chosen for the realization
of concrete scaled beams to serve as demonstrators of the
reCITY project. Furthermore, the selected conductive additions
are green sustainable by-products, so they can be fruitfully
exploited also in a view of an environmentally friendly circular
economy.

Figure 17. Second mode shape for scaled non-sensorized beam (natural
frequency: 2841 Hz).

It is worthy to underline that a homogeneous distribution of
conductive additions is fundamental. Indeed, cement-based
materials are inhomogeneous by definition; hence, the
distribution of components during casting phase is pivotal.
Moreover, the electrical impedance measurement is local and is
related to a limited sensing volume (depending on the inter-
electrode spacing chosen according to the Wenner’s method, in
the 4-electrode AC configuration). Thus, it would be
fundamental to optimize the manufacturing procedure to
enhance the metrological performance of sensors based on self-
sensing materials, especially in terms of measurement
repeatability. Furthermore, it should be considered also the fact
that electrical impedance depends not only on the external loads,
but also on several different variables, such as environmental
parameters (temperature and relative humidity), damages and
cracks, penetration of contaminants, carbonation phenomena,
etc. For this reason, electrical impedance should be analysed not
in absolute values, but in terms of trend variations, so as to be
able to detect unexpected peaks or variations (differing from the
normal daily changes [2]) that require ad hoc investigations (e.g.
specific inspections).

Electrical impedance measurements can provide a lot of
information on the structure health status and boundary
conditions, resulting particularly suitable for data fusion
techniques used in a view of extracting meaningful indicators in
the context of SHM. The sensing electrodes used for electrical
impedance assessment could somehow substitute the traditional
strain gages, which are much more expensive and difficult to
install, besides being more delicate and requiring a more
sophisticated acquisition circuit (i.e., Wheatstone’s bridge).

In the future, the realized concrete specimens will be
subjected to loading tests with increasing load values (starting
from 50% of the concrete flexural strength until failure load), in
order to progressively drive cracking phenomena. Modal analysis
will be performed on the specimen as-is (time 0) and just after
the execution of each load test. In this way, it will be possible to
evaluate the effects of external loads and cracks on the modal
parameters of the element, representing its “footprint”. Both
variations of natural frequencies and changes in the mode shape
or mode curvature will be analysed, with the objective to both
detect cracking onset and assess the severity of the damage.
Moreover, vision-based techniques will be exploited for the
detection and the quantitative assessment of cracking
phenomena; an automated measurement system developed
within the framework of the EnDurCrete European project will
be exploited to this aim. Moreover, after the execution of loading

Figure 18. Second mode shape for scaled sensorized beam (natural
frequency: 2846 Hz).
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tests and related experimental modal analysis, all the concrete
specimens will be subjected to accelerated durability tests, in
particular to the exposure in water solutions. The aim is to
evaluate how damages caused by seismic events can impact on
the material durability.

In the reCITY project the electrical impedance data will be
combined to the signals measured by means of standard
transducers; they will be exploited also together with modal
parameters coming from vibrational analyses, thus contributing
to characterize a cement-based structure from a broader
perspective. In fact, the multidomain information, properly
analysed through Al-bases algorithms, can support decision-
making processes and management procedures regarding critical
structures. This allows to prioritize the interventions needed to
guarantee the community safety and wellbeing, also enhancing
the resilience towards natural hazards and emergency situations.
Moreover, the reCITY platform will enable data sharing, so as to
arise the community awareness on these aspects, making a
society not only informed but also formed and active in the
management of the (smart) city structures in an environment that
inevitably becomes more and more urbanized.

ACRONYMS

AC Alternating Current

Al Artificial Intelligence

BCH  Biochar

BIM  Building Information Model

FEM  Finite Element Model

GNP  Graphene NanoPlatelets
ML Machine Learning

NDT  Non-Destructive Technique
RCF  Recycled Carbon Fibers

RH Relative Humidity

SHM  Structural Health Monitoring
SHR Signal-to-Noise Ratio

SSD Saturated Surface Dried
UAV  Unmanned Aetrial Vehicle
W/C  Water-to-Cement ratio
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