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1. INTRODUCTION 

With a view of optimizing the costs related to maintenance 
operations necessary to guarantee a service life as long and 
efficient as possible for cement-based structures, Structural 
Health Monitoring (SHM) is paramount [1]. In fact, inspections 
alone are not sufficient to carry out timely actions intended to 
cope with possible damages. Monitoring remotely structures and 
infrastructures is undoubtedly advantageous, since this process 

provides continuous data, often available in real-time, allowing 
to promptly act in a proactive way to avoid the risk of damages 
in the target structure. Solutions involving IoT-based approaches 
[2] have been also recently proposed, also in the context of smart 
cities applications [3]. These approaches demonstrated to be very 
promising given their distributed nature and connectivity 
characteristics making them prone to cloud analyses [4]. Indeed, 
it is possible to monitor the factors threatening the durability of 
a structure, intended as “the ability of concrete to resist 
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The continuous monitoring of cement-based structures and infrastructures is fundamental to optimize their service life and reduce 
maintenance costs. In the framework of the EnDurCrete project (GA no. 760639), a remote monitoring system based on electrical 
impedance measurements was developed. Electrical impedance is measured according to the Wenner’s method, using 4-electrode 
arrays embedded in concrete during casting, selecting alternating current as excitation, to avoid the polarization of both 
electrode/material interface and of material itself. With this measurement, it is possible to promptly identify events related to 
contaminants ingress or damages (e.g. cracks formation). Conductive additions are included in some elements to enhance signal-to-
noise ratio, as well as the self-sensing properties of concrete. Specifically, a distributed sensor network was implemented, consisting of 
measurement nodes installed in the elements to be monitored, then connected to a central hub (RS-232 protocol). Nodes are realized 
with an embedded unit for electrical impedance measurements (EVAL-AD5940BIOZ board with AD5940 chip, by Analog Device) and a 
digital thermometer (DS18B20 by Maxim Integrated), enclosed in cabinets filled with an IP68 gel against moist-related problems. Data 
are available on a Cloud through Wi-Fi network or LTE modem, hence can be accessed remotely via a use-friendly multi-platform 
interface. 
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weathering action, chemical attack, and abrasion while 
maintaining its desired engineering properties” (American 
Concrete Institute, ACI [5]). Particular aggressive exposure 
conditions (e.g. marine environments) and contaminants (e.g. 
chlorides and sulphates) undermine the structures durability [6], 
requiring interventions getting more expensive the longer the 
time since the damage has occurred (“The law of fives” by De 
Sitter states that the repairing costs increase exponentially after 
the structure damaging [7]). These events modify the concrete 
element composition and morphology, resulting in changes 
detectable through different techniques, such as ultrasound [8], 
[9], computer vision [10], [11], thermography [12], [13], ground 
penetrating radar (GPR) [14], [15], electrical resistivity [16], only 
to name a few. 

The use of electrical resistivity/impedance (cell constant 
scaling/no scaling) measurements for SHM have grown widely 
[17] and achieved particular success with the introduction of 
conductive fillers (e.g. char, carbon black, graphene 
nanoplatelets, nickel powder, graphite powder, iron oxide, 
titanium dioxide, etc.) and fibres (e.g. virgin and recycled carbon 
fibres, steel fibres, carbon nanotubes, etc.) to enhance the self-
sensing ability of concrete. The resulting lower electrical 
resistivity of the material allows to obtain a higher Signal-to-
Noise ratio (SNR), as well as to use low-cost instrumentation 
providing levels of accuracy comparable to those levels 
characterizing laboratory equipment. Consequently, the 
possibility to exploit more affordable electronic equipment paves 
the way to the development of distributed sensor networks to 
monitor cement-based structures in those areas most subjected 
to stress, penetration of contaminants and hence damages and 
degradation. Indeed, the electrical resistivity/impedance 
measurement is a local measurement, with a “sensing volume” 
corresponding to the hemisphere with the radius equal to the 
inter-electrode distance. Sensors positioning hence becomes of 
uttermost importance to get significant data. 

Furthermore, this type of measurement is particularly 
attractive since allows to monitor a plethora of aspects: the 
ingress of contaminants [18], [19] (being electrical resistivity 
linked to the material ability to transport ions, responsible of 
many degradation processes [20]), the penetration of water 
(particularly relevant since it carries ions and also aggressive 
substances, such as chlorides and sulphates), changes in 
temperature and moisture content, the presence of stress, the 
formation of cracks, the corrosion of reinforcements, etc. 
Therefore, electrical resistivity/impedance can be assumed as an 
essential parameter for monitoring the health status of cement-
based structures. 

To perform electrical impedance measurements, a proper 
excitation signal should be applied to the material; this can be 
done by means of an electric current/potential, then measuring 
the corresponding electric potential/current and finally 
computing the resultant electrical impedance. Electrodes are 
necessary to carry out the measurement; different materials and 
configurations are reported in literature and both direct or 
alternating current (DC and AC, respectively) can be used, but 
the consequent measurement results will be different [6]. Indeed, 
there are no widely accepted standards for this measurement in 
concrete, even if recommendations are available [21], [22]. In 
particular, in order to avoid both material and electrode/material 
interface polarization (the first caused by DC, the second caused 
by the use of the same two electrodes for both excitation and 
measurement – giving the so-called “insertion error”), the 
Wenner’s method [23] should be adopted, using four electrodes 

(two for the material excitation, the other two for the 
measurement) and AC with a frequency greater than 1 kHz [21]-
[24]. 

In order to remotely monitor all these aspects in a continuous 
way, a dedicated monitoring system was developed within the 
EnDurCrete project (GA no. 760639); in particular, both 
electrical impedance and temperature of concrete elements are 
measured. The developed system was tested in a Spanish demo 
site, as it will be described in detail below. 

The paper is organised as follows: the architecture of the 
remote measurement system developed to monitor the health 
status of cement-based structures is presented in Section 2, 
results of laboratory tests for the monitoring system 
development and preliminary results of long-term monitoring 
activities are reported in Section 3, whereas in Section 4 the 
authors provide their comments and conclude the work. 

2. MATERIALS AND METHODS 

2.1. Single node design 

Gold-standard measurement systems to perform electrical 
impedance measurements are galvanostats/potentiostats; their 
costs make their in-field use unfeasible, thus alternative sensors 
should be sought. Moreover, given the “local” nature of the 
measurement, several sensing nodes should be considered to 
cover those areas prone to damages. The sensing nodes 
developed go in this direction by exploiting an embedded unit 
(EVAL-AD5940BIOZ board by Analog Device) controlling the 
AD5940 chip for electrical impedance measurements (a similar 
chip, the AD5933, has been already proved to be accurate for 
damages detection through electrical impedance measurements 
[25]). The unit was set to carry out electrical impedance 
measurements according to Electrochemical Impedance 
Spectroscopy (EIS) method in galvanostatic configuration, using 
AC to excite the material (frequency range: 1 kHz – 20 kHz; 
resolution: 1 kHz; a signal amplitude of 600 mVpp is used, 
limiting the flowing electric current through a current limiting 
resistor to comply to IEC 60601 standard – given that the 
employed acquisition board was originally thought for 
measurements on the human body). Moreover, a digital 
thermometer was included to monitor the concrete element 
internal temperature, specifically the DS18B20 by Maxim 
Integrated (temperature range: from -55 °C to +125 °C; 
accuracy: ±0.5 °C from -10 °C to +85 °C; 1-wire bus 
communication), with stainless steel housing. The electronic 
board was placed inside an IP66 certified electrical box further 
filled with a self-sealing polymer-type insulating gel with cold 
cross-linking targeted to guarantee IP68 performance. 

The metrological performance of the sensing nodes targeted 
to the EIS measurements was tested at laboratory level by 
comparison with a potentiostat/galvanostat used in galvanostatic 
configuration (Gamry Reference 600 by Gamry Instruments, 
considered as the gold-standard instrument). In particular, the 
comparison was made in terms of the real part of electrical 
impedance, mainly for two reasons: (i) it is directly related to 
electrical resistivity, in case of a pure resistive behaviour, 
according to the second Ohm’s law; (ii) it depends on several 
parameters of interest (e.g. moisture content and water 
penetration [26], chlorides penetration [18], [27], porosity [28], 
carbonation depth, cracks formation [29], curing state [30]), 
given that it is linked to the ionic movement in the material and 
to the durability itself [6], [31]. 
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Laboratory acquisitions were performed on a concrete block 
(35 × 35 × 20 cm3) specifically manufactured for this testing 
activity, using the same mix-design adopted for the in-field 
validation phase. The concrete mix design was as follows: 
375 kg/m3 of cement, 908 kg/m3 of calcareous sand 0 mm – 
4 mm, 362 kg/m3 of intermediate gravel 5 mm – 10 mm, 
618 kg/m3 of coarse gravel 10 mm – 15 mm, 169 kg/m3 of 
water, 0.55 kg/m3 and 1.27 kg/m3 of PC2 and PC3 
superplasticizers, respectively. The concrete block was 
manufactured embedding both a temperature sensor and two 4-
electrode arrays (for performance comparison) for electrical 
impedance measurement (Figure 1). Stainless-steel was used for 
manufacturing the electrodes. Furthermore, another 35 × 35 × 
20 cm3 concrete specimen was manufactured hosting two 
couples of electrode arrays with different spacing, namely 1 cm 
and 4 cm, fixed at a depth of 5 cm and directed downwards and 
upwards, respectively (Figure 2); a temperature sensor was also 
embedded in the specimen. The results of these laboratory tests 
allowed to fine-tune the setting parameters of the monitoring 
system, as well as to better understand the factors influencing the 
results (e.g. panels positioning). It is worthy to underline the fact 
that the tests were performed at 20±1 °C ambient temperature 
and 50±5% relative humidity. 

2.2. Monitoring system design 

Given the targeted distributed nature of the monitoring 
system, a star-network architecture was selected. Each 
measurement node is connected to a central gateway acting as 
data collector (Figure 3). Serial communication (RS232) was used 
as communication protocol. 

The central gateway also hosts a 16 channel USB to DB9 
RS232 Serial Adapter Hub, an Intel® NUC mini-PC and an LTE 
industrial router. 

A Python-based back-end service installed on the NUC sends 
a serial request to each node every hour and then receives the 
acquired data. The gateway stores data both locally in SQLite 
database and on cloud (AWS Amazon EC2 server) exploiting 
PostrgreSQL engine. 

Data can be accessed remotely through a dedicated multi-
platform application developed in Dart language exploiting the 
Google Flutter Network for Android, iOS, Linux and Windows 

 

Figure 1. First concrete panel prototype: configuration scheme. 

 

Figure 2. Second concrete panel prototype: configuration scheme. 

 

Figure 3. Monitoring system with star-network architecture, with edge 
devices connected to the central hub, collecting data and sending them to a 
Cloud that can be accessed remotely. 

 

Figure 4. Mobile application for monitoring: home page (left), login and registration (centre, top and bottom) and main page (right). 
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environments, developed within the EnDurCrete project. As 
example, the application that runs on an Android device is shown 
in the following. At the first access, registration is required with 
an email address and password; after the login, it is possible to 
access the main page with different options (Figure 4). 

It is possible to switch between different demo sites (Tunnel, 
TU, and Marine, MA – the second has been activated in Italy 
more recently and will be the object of future analyses), then 

select the panel and the electrode array of interest (for example 
the label TU_03_3S stands for tunnel demo site, panel n. 3, 
sensor n. 3 short (1-cm spacing) whereas the label TU_03_1L 
stands for tunnel demo site, panel n. 3, sensor n. 1 long (4-cm 
spacing)). Furthermore, it is possible to choose the measurement 
frequency for the electrical impedance measurement and select 
the desired parameters: temperature, magnitude, phase, real and 
imaginary parts of electrical impedance; finally, it is possible to 

 

Figure 5. Mobile application for monitoring: selection of demo site, panel and electrode array, measurement frequency and parameters of interest. 

 

Figure 6. Mobile application for monitoring: data saving and graph making. 
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pick out the monitoring period to be shown (Figure 5). It is 
possible to save data, send them to the email address inserted in 
the registration phase (with the options to save the data related 
to all the panels exposed in the demo site), as well as to make a 
graph with the selected options (Figure 6). 

2.3. The concrete panels monitored in the project demo sites 

The concrete panels exposed in the demo sites of the 
EnDurCrete project were manufactured with low-clinker cement 
(aimed at reducing the carbon footprint, given that the 
production of ordinary Portland cement – OPC – is responsible 
for approximately 8 % of global CO2 emissions [32]), developed 
within the same project [33]. Two different mix designs were 
formulated, with and without conductive additions. 

The monitoring system developed was tested in a Spanish 
demo site, representative of a harsh setting: a tunnel in León, 
which is an underground environment rich in sulphates. In 
particular, 2 small panels of 35 × 35 × 20 cm3 (with and without 
conductive additions), 1 long panel of 200 × 200 × 15 cm3 and 
another long panel of 200 × 400 × 15 cm3 were exposed (Figure 
7).  

In each small panel 4-electrode arrays were embedded, 
whereas 6 ones in longer panels, in order to have a proper 
distributed sensor network (Figure 8). Arrays with different 
electrode spacings were used, to be installed at depths respecting 
the literature recommendation (a minimum distance of twice the 
contact spacing from the element edge should be guaranteed): 

• 4-cm spacing, installed at a depth of 16 cm and 10 cm in 
small and long panels, respectively; 

• 1-cm spacing, to be installed at a depth of 4 cm and 5 cm 
in small and long panels, respectively. 

The monitoring system configuration is reported in Figure 7, 
whereas the electrodes configuration in Figure 8. It is worthy to 
mention that temperature sensors were embedded in the 
monitored concrete specimens, whereas the moisture content 
was not assessed; indeed, it is out of the scope of the proposed 
monitoring system to distinguish among the different factors 
contributing to the results, since the main aim is to identify 
ingress of contaminants that can possibly threaten the concrete 
durability. The positioning of the concrete panels in the tunnel is 
shown in Figure 9. 

 

Figure 7. Monitoring system at the demo site in León (Spain). 

 

Figure 8. Concrete panels exposed to the demo site in León (Spain): no. 2 panels of 35 × 35 × 20cm3 (left), no. 1 panel of 200 × 200 × 15 cm3 (centre) and no. 1 
panel of 200 × 400 × 15 cm3 (right). Legend: 4-electrode arrays with 4-cm spacing are reported in blue, 4-electrode arrays with 1-cm spacing are reported in 
red, temperature sensors are reported in yellow. 

         
           

               
        

                  
        



 

ACTA IMEKO | www.imeko.org December 2021 | Volume 10 | Number 4 | 137 

3. RESULTS AND DISCUSSION 

3.1. Laboratory tests 

The results concerning the validation of the measurement 
system are reported for the real part of electrical impedance 
measured at 10 kHz in Figure 10 (single measurements are 
compared on each day of the time interval considered after the 
initial concrete curing period); measurements were performed 
until 15 days after casting.  

It is possible to notice that the measurement node developed 
provides results compatible to those obtained from the gold 
standard, with absolute percentage errors lower than 10%. The 
advantages of the developed node are multiple: 

• Compactness, thus possibility to be installed close to the 
element to be monitored: this allows to minimize the cables 
length and consequently to reduce their influence on the 
measurement results, as well as to minimize parasitic 
electrical components; 

• Reduced cost, approximately 3% of the reference equipment; 
• Modularity of the system, which results particularly useful for 

the development of a distributed sensor network, which can 
be also modified at a later time. 
A comparison was made also concerning the electrodes 

spacing (Figure 11). As expected, the real part of electrical 
impedance is higher with the shorter electrode spacing, since the 
sensing volume is smaller, resulting in higher opposition to the 
electric current flow. However, both the measurements show a 
trend increasing with curing time, as expected from the literature 
[16], because of the continuous hydration of the cement paste 

and the gradual water evaporation. In this way, it is possible to 
monitor different sensing volumes within the same element, also 
considering surfaces looking out different exposure conditions. 

Some data pre-processing capabilities were also embedded in 
the system, namely a moving median filter (sliding window: 9 
samples) combined to a wavelet decomposition (Discrete Meyer 
wavelet of level 5). Data were also normalised with respect to the 
initial value, in order to observe the variations over time, 
independently from the absolute values (less significant for 
monitoring purposes, looking for variations due to particular 
events, such as cracks or contaminants penetration). 

3.2. Results from tunnel demo site 

Some examples of the results related to the data acquired from 
8th October 2020 to 28th June 2021 (approximately 9 months) 
are reported in this paragraph. In particular, three sensors are 
considered: 2-electrode arrays with 1-cm spacing embedded in 
two small panels with (Figure 12) and without (Figure 13) 
conductive additions, one electrode array with 4-cm spacing 
embedded in a long panel without conductive additions (Figure 
14). It can be observed that the monitoring system did not show 
any faults during the demo test activities and data were not 
affected by any issues attributable to the aggressive conditions of 
the exposure environment since there are no anomalous spikes 
or particular increase/decrease due to external phenomena. As 
expected, the electrical impedance module increases with 
decreasing temperature; however, it is worthy to note that 

 

Figure 9. Positioning of concrete panels in the tunnel at the demo site of León 
(Spain); concrete panels with embedded sensors for the measurement of 
electrical impedance are 4 (2 small and 2 long). 

 

Figure 10. Comparison between measurement results obtained with the 
system exploiting AD5940 chip (yellow data) and reference equipment 
(Gamry Reference 600, blue data) – measurement frequency: 10 kHz. 

 

Figure 11. Comparison between results obtained by electrode arrays with 
different spacings: 1 cm (orange data) and 4 cm (grey data) – measurement 
frequency: 10 kHz. 

 

Figure 12. Results related to a small panel with conductive additions (1-cm 
spacing electrode array): temperature, electrical impedance module, 
electrical impedance phase, real and imaginary parts of electrical impedance 
(from top to bottom) – measurement frequency: 10 kHz. 
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underground environment makes temperature values quite stable 
and this reflects on the electrical impedance trend (no day-night 
cycles can be identified, neither in temperature nor in electrical 
impedance signals). In addition, environmental sensors were 
employed in the demo site to continuously monitor 
environmental temperature and relative humidity, which resulted 
both quite stable in the considered monitoring time interval (T = 
10 °C – 15 °C and RH = 70 % – 80 %, respectively). In line with 
what obtained in laboratory tests, the electrical impedance is 
generally higher when electrode spacing is shorter (see Figure 13 
with respect to Figure 14), since the electrical current flows in the 
sensing volume less easily, probably due to the fact that 
considering a minor material volume enhances the effects of 
particularly non-conductive elements (e.g. aggregates). 
Moreover, it is confirmed that conductive additions lower the 
electrical impedance of concrete panels (see Figure 12 in 
comparison to Figure 13), hence allowing a monitoring through 
the use of relatively low-cost instrumentation, with limited 
metrological performance. 
The small panels (Figure 12 and Figure 13) show a positive phase 
before normalization of the signal (with respect to the initial 
value); this results in an inductive imaginary part, contrary to 
what it is expected from the literature [34]. This is probably due 
to a capacitive coupling with ground, as it happened during 
laboratory tests; in fact, this do not happen in long panels (Figure 

14), which are leaning directly on the ground (Figure 9). 
However, this does not impede the monitoring of those elements 
and the identification of eventual factors hindering durability. 

The monitoring phase will continue at least until the project 
end (December 2021), in order to evaluate possible uncertainty 
sources linked to the ingress of aggressive substances (e.g. 
sulphates), which could hinder the concrete elements durability. 

4. CONCLUSIONS 

The ongoing validation phase of the developed monitoring 
system at the Spanish demo site of León is providing interesting 
results, even though the small variations recorded so far do not 
highlight any particular event associated to the ingress of 
contaminants. The measurement system presented in the paper 
is continuously generating data from the field application, no 
matter the aggressive exposure conditions. It is worthy to 
underline the importance of properly choosing the locations of 
sensors, being a local measurement with a defined sensing 
volume; the use of conductive additions allows to employ low-
cost modular equipment, with the possibility to realize a 
distribute sensor network with sensing nodes in correspondence 
of those areas more prone to damages or contaminants ingress, 
which could impact on the structure durability and efficiency 
during the whole life cycle.  

In the future, the monitoring system will be exploited also in 
different harsh environments, such as a typical marine site which 
is rich in chlorides. 
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