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Abstract. Future smart cities that will exploit the forthcoming fifth-generation (5G) network will strongly contribute 

to the development of intelligent transport systems, which will be able to effectively manage changing infrastructural 

conditions, and to timely exchange crucial information with different stakeholders to improve sustainability and 

safety. To this end, smart wireless sensing nodes can be effectively exploited. Consequently, the objectives of this 

study are: 1) to describe the setup and the main potentialities of a wireless sensing system designed for monitoring the 

environmental and structural conditions on road pavements; 2) to provide an overview about the capability of the 5G 

network to enable the data exchange required by the designed system. Each sensing node includes different sensors, 

and is able to send the data gathered from the resource-constrained sensors to a web server used for data processing. 

Vibrational-, acoustical-, and environmental-related data are used to control traffic pollution, road availability and 

structural status. The paper describes the in-lab tests carried out on asphalt concrete samples to: i) calibrate the 

sensors; ii) define structural and environmental thresholds. Results show that the tested node is able to provide reliable 

data that can be used for the above-described purposes.  

Keywords: smart cities, smart roads, monitoring system, wireless sensing nodes, environmental and structural 

conditions, 5G.  

 

Introduction  

The implementation of intelligent transport systems (ITSs) that are able to exploit the forthcoming fifth-generation 

(5G) network can be a key factor for the success of future smart cities. In more detail, ITSs consisting of smart 

wireless sensing nodes installed on road infrastructures, which are able to exchange data using the 5G network, can 

be used to effectively manage changing environmental and structural conditions, and to timely alert different 

stakeholders, such as authorities and drivers.  

During their service life, road infrastructures are subjected to several actions, such as loads (or, sometimes, 

overloads), and/or freeze-thaw cycles, etc., which cause annoyances (such as noise, vibration, and air pollution for 

dwellers near the roads), or permanent distresses (i.e., pavement failures, such as surface and concealed cracks, 

deformations, etc.) (Moghaddam et al., 2011; Pais et al., 2013; Praticò et al., 2010; Ye et al., 2018). Beside the 

solutions designed to minimize the effects related to the action mentioned above (such as porous/open graded asphalt 

concrete (Licitra et al., 2015; Liu et al., 2016), rubberized/poroelastic asphalt concretes (Skov et al., 2014), noise 

barriers (Ow & Ghosh, 2017; Potvin et al. 2019), trench barriers (Yao et al., 2019), heavy mass technology (Mhanna 

et al., 2014), etc.), it is possible to find a multitude of solutions designed to monitor environmental issues (e.g., air 

pollution (Wong et al., 2019; Zaldei et al., 2017), noise (Praticò et al., 2017), and structural problems (e.g., system 

based on remote sensing technologies (Schnebele et al., 2015). Among the solutions cited above, wireless sensor-

based approaches are becoming more and more popular because of their sustainability (i.e., based on low-power and 

ultra-low-power devices, fed with renewable energy or self-powered), adaptability (i.e., often based on modular, 

scalable, and multi-purpose devices), that were proposed in order to monitor traffic noise (Marouf et al., 2018), air 

pollution (Kaivonen & Ngai, 2019), stresses, and crack generation and propagation (Alavi et al., 2018).  

Data gathered by wireless sensing nodes and required to efficiently monitor both environmental and structural 

conditions of road pavements must be promptly communicated, especially in critical road conditions, to a web server 

located in the edge of the network deputed to data processing. Furthermore, the need could rise to deliver from the 

central controller alert messages or issue commands to sensor nodes in case specific conditions are observed by 

sensing nodes (e.g., an increase in the periodicity of the transmission of sensed data could be required in case critical 

conditions are detected). For this reason, a telecommunication infrastructure able to catch the requirements of the 

intelligent transport system is highly needed. The forthcoming 5G network answers to this demand by promising data 
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rates of gigabits per second everywhere, significant reduction of latency, increase of system capacity by 100–1000 

times with respect to the current Long Term Evolution 4th Generation (4G/LTE) standard, and 10–100 times higher 

density of the connected devices per region (Bajracharya et al., 2018). These significant performance improvement is 

achieved by means of the following main technologies and approaches: (1) densification of existing cellular 

networks with the massive addition of small cells and provision of device-to-device (D2D) and machine-to-machine 

(M2M) communications; (2) multi-antenna transmissions and beamforming; (3) millimeter-wave (mmwave) 

spectrum; (4) design of a highly flexible and scalable physical layer; (5) simultaneous transmission and reception 

(e.g., full-duplex (FD) communication); (6) improved energy efficiency by energy-aware communication and energy 

harvesting; (7) virtualization of wireless resources. 

Based on the above, the main objectives of this study are to describe the setup and the main potentialities of a 

wireless sensing system specifically designed for monitoring road pavements from environmental and structural 

point of view and to give some guidelines regarding the ability of the 5G network to deliver the traffic load required 

by the ITS. Consequently, the paper was organized as follows. Next section (section 1) describes the setup of both 

the monitoring method, and the wireless sensing system. Subsequently, a description of the tests performed to 

calibrate a prototype of sensor node is provided (section 2), and the most relevant achieved results are illustrated 

(section 3). Finally, the main conclusions of the study are drawn.   

1. Method and system setup 

The monitoring method applied in this paper (Fedele et al., 2017, 2018b; Fedele & Praticò, 2019) uses vibrational 

and acoustical data to monitor the structural health status (SHS) of road pavements by means of vibro-acoustic 

signature analyses. In more detail, the method considers the road pavement as a filter. Seismic waves generated by 

the vehicles, propagate into the road pavement, and are gathered using a properly designed receiver (i.e., an airborne-

noise-insulated microphone). Consequently, the above mentioned vibro-acoustic signature can be defined as the 

acoustic response of the pavement to vehicle loads. As demonstrated in the previous works cited above, meaningful 

features extracted from the gathered signals can be used to recognize the worsening of the SHS of road pavements 

due to the occurrence and the propagation of different types of failures (e.g., hidden cracks).  

In order to apply this method and make it more sustainable and efficient, a set of wireless sensing nodes can be 

placed along the roadside. Furthermore, if additional sensors (i.e., temperature and humidity sensor, flame and smoke 

detector, gas detector, microphone) are integrated into the receiver mentioned above, environmental-related data can 

be gathered and used to control traffic pollution (i.e., air pollution, and noise), and to detect, in real-time, the 

occurrence of unusual events on/around the road infrastructure (e.g., a fire or an accident). Finally, all gathered 

information can be collected and visualized through an ad-hoc designed web platform that end-users can easily 

access by means of a smartphone or a laptop.  

By referring to the wireless sensing system specifically designed for monitoring the structural and 

environmental conditions of road pavements, each unit of the system (see Figure 1) includes different types of 

sensors and is able to send the data gathered from the resource-constrained sensors to a web server located in the 

edge of the network deputed to data processing (using a proper platform dashboard; cf. Figure 1a). Each sensor node 

(see Figure 1) consists of several sensors (i.e., 3D accelerometer, microphones, temperature and humidity sensor, gas 

detector, flame and smoke detector), a micro-controller (i.e., Arduino “Leonardo”), a wireless data-transmitter (i.e., 

Raspberry Pi 3), and a photovoltaic-based stand-alone power-supply system. It is important to underline that, sensing 

devices should promptly detect critical events while limiting resource consumption (Fedele et al., 2018a). Hence, 

particular attention was paid to the energy consumption of each part of the system, and to the duty cycles of each 

sensing node.   

The efficiency of the system is based on the sensors and on the power supply system, but strictly relies on the 

5G systems, acting as hyper-connected networks mostly consisting of pervasive smart objects. While human 

communications have been the reference target in previous generations of mobile networks, they will be hugely 

overtaken by communications among objects in next-generation cellular networks. The 3rd Generation Partnership 

Project (3GPP) has specified a 5G system architecture aimed to support a wide set of use cases, typically grouped 

into three classes: 1) enhanced mobile broadband (eMBB); 2) ultra-reliable and low latency communications 

(URLLC); 3) massive machine-type communications (mMTC) (Akyildiz et al., 2016). Contrary to eMBB that 

prioritizes peak rates, the focus of mMTC refers to providing scalable connectivity for an increasing number of 

devices and wide area coverage. A typical example of mMTC is the collection of the measurements from a massive 

number of sensors. Thus, the application scenario that is the target of this paper perfectly fits the last of the three 

above mentioned use cases, which requires low power consumption for a huge number of connected devices. In fact, 

we foresee that a possibly high number of the sensing objects illustrated in the previous subsection will be installed 

on the roadside with the aim to sense the environment and to periodically transmit gathered information. Standard 

literature assumption for the mMTC use case are (Bockelmann et al., 2016): (i) small packets, potentially going 

down to a few bytes; (ii) large number of devices (e.g., up to 300.000 in a single cell); (iii) uplink-dominated 

transmissions; (iv) low data rates (e.g. around 10 kb/s per device); (v) sporadic user activity (e.g., mixed traffic 
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models with period and event driven traffic); (vi) low complexity and battery constrained devices. Despite the listed 

assumptions are more than adequate for the application scenario that is the focus of this work, future work will be 

tailored to a more accurate evaluation of the capability of the 5G network to enable the data exchange required for 

the operation of the designed wireless sensing system. 

 

 

 

Figure 1. Wireless sensor node used in this study: a) schematic representation; b) picture of the first prototype  

2. Sensor node calibration  

This section presents the results of the tests that were carried out in laboratory using a first prototype of the sensing 

node (see Figure 2).  

With the aim to replicate on-site working conditions, the node was glued on an asphalt concrete slab. 

Subsequently, the slab was properly loaded to calibrate the 3D MEMS accelerometer (ADXL355; inside the box in 

Figure 1b) and the microphone (Knowles FB-EM-30343-000; inside the box in Figure 1b) used for the derivation of 

the vibro-acoustic signature. Hence, two relative calibrations were carried out. In more detail, the accelerometer was 

calibrated using a reference measurement chain that consisted of a 3D accelerometer (Brüel & Kjær 4529B; glued on 

the slab in Figure 1b), an analog-to-digital board (Brüel & Kjær LAN-XI 3160), and a laptop where the software 

Brüel & Kjær BK Connect is installed. At the same time, a sound level meter (Norsonic Nor140; cf. Figure 1b) was 

used to calibrate one of the microphones of the sensing node (i.e., the microphone deputed to the detection of the 

vibro-acoustic signature). Signals as similar as possible to a Dirac impulse (which would allow obtaining flat spectra 

with a bandwidth as long as possible; cf. Seimens, 2019) were generated using an impact hammer (Brüel & Kjær 

8206-002, equipped with a metallic tip) hitting a metallic platelet glued on the slab surface. The measurements were 

repeated several times, hitting the slab 5 times per measurement. Seismic and acoustic responses of the slab were 

recorded using the sensors of the sensing node and the reference devices, using as sampling frequencies 1) 36 kHz 

and 40 kHz for microphone and sound level meter, respectively. 2) 1.9 kHz and 653 kHz for the node-, and 

reference-related accelerometer, respectively. Subsequently, the 1/3 octave band spectra were obtained and compared 

to derive two calibration vectors. Furthermore, fire and smoke (see Figure 3b, and c) were generated in a controlled 

environment to test the response of the related sensors, while a lighter was used to test the response of the gas sensor. 
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Figure 2. Wireless sensor node during the in-lab tests: calibration of 3D accelerometer and microphone 

 

Figure 3. Wireless sensing node during the in-lab tests: definition of threshold for a) thermometer;  

b) smoke; c) flame, and d) acceleration 

3. Results and discussions  

The following figures show seismic and acoustic signals gathered as explained previously, and the related spectra 

derived using a proper Matlab code. In particular, Figure 4 shows one of the impulse load generated by the impact 

hammer and the related spectrum. Figure 5 shows one of the seismic responses of the slab (acceleration along 3 axes 

versus frequency) measured by the 3D accelerometer of the node in the time (Figure 5a), and in the frequency 

(Figure 5b) domains, while Figure 5c, and Figure 5d report the same response from the reference accelerometer.  
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Figure 4. Example of (a) impulse load generated by the impact hammer, and (b) the related spectrum 

 

Figure 5. Example of seismic responses of the slab to a given impulse load: a) signal detected by the accelerometer to be 

calibrated; b) spectrum of the signal (a); c) signal detected by the reference accelerometer; d) spectrum of the signal (c) 

Figure 6 refers to the measurements carried out to calibrate the node’s microphone. In particular, Figure 6a 

shows one of the acoustic signals gathered using the microphone to calibrate, while Figure 6b shows the related 

spectrum with and without the A-weighting (i.e., a standard weighting of the audible frequencies, 20 Hz ÷ 20 kHz, 

designed to consider the human ear’s response to noise, where the attenuation at 1 kHz is 0 and nonzero otherwise; 
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while Z-weighting does not attenuate the spectrum, i.e. is 0 dB in all the frequency bands). Figure 6c shows the 

acoustic responses (frequency domain) detected by the sound level meter, with (A-weighted spectrum) and without 

(Z-weighted spectrum) weighting automatically applied by the device. Results in Figure 6 show that the sound level 

meter provides results that are, as expected, more precise and detailed than those obtained by the microphone of the 

sensing node. Despite this, a proper calibration vector can be derived by subtracting the power of each 1/3 octave 

band of the spectra in Figure 6b, and c.  

 

 

Figure 6. Example of acoustic responses of the slab to a given impulse load: a) signal detected by the microphone to be calibrated; 

b) spectrum of the signal (a); c) spectrum of the signal detected by the sound level meter 

As described above, the monitoring method aims at detecting the vibro-acoustic signature of the monitored 

object (e.g., road pavement) using an air-borne noise insulated microphone. For this reason, a proper insulation of the 

microphone inside the sensing node (i.e., box in Figure 1b) is needed. Consequently, the effect of the node case, and 

the insulating material (that was insert on the node case) was studied using the sound level meter to detect the Sound 

Pressure Level (SPL). In particular, the background noise was measured while the microphone of the sound level 

meter was inside and outside the sensing node case. Figure 7 shows the region of the spectrum that was affected by 

the insulation (100 ÷ 5000 Hz), and based on the results provided by the sound level meter, the average Leq 

undergoes a reduction of 36.2 dBA.  

 

   

Figure 7. Microphone insolation due to the isolating material put on the node case:  

a) background noise; b) during 5 hits of the impact hammer 
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Results show that the node is able to provide reliable data, which can be used to recognize the variation of the 

road conditions, and to trigger alerts/alarms when the traffic flow is interrupted and the structural and environmental 

health are compromised.  

Finally, a dashboard (Figure 1a) was created to allow the users of the proposed system to visualize sensor data, 

statistics, and presence/absence of alerts/alarms in real-time. Based on the test showed in Figure 2 and 3, the 

following thresholds were defined to trigger the three levels (Minor, Major, Critical) of alarm: 1) Temperature: 

medium-high = 30 °C ÷ 40 °C, high = 40 °C ÷ 50 °C, critical > 50 °C; 2) Humidity: medium-high = 70% ÷ 80%, 

high = 80% ÷ 90%, critical > 90%; 3) Carbon Monoxide (CO; parts-per-million, ppm): medium-high = 0 ppm ÷ 

5 ppm, high = 25 ppm ÷ 35 ppm, critical > 35 ppm; 4) Liquefied Propane Gas (LPG): medium-high = 0 ppm ÷ 

5000 ppm, high = 5000 ppm ÷ 10000 ppm, critical > 10000 ppm; 5) Flame: no flame = 0, flame detected = 1; 

6) Smoke thresholds are the same of the ones above for LPG; 7) Absolute values of the Acceleration (1 g ≈ 

9.81 m/s2): medium-high = 1.5 g ÷ 2 g, high = 2 g ÷ 3 g, critical > 3 g; 8) Noise (Sound Pressure Level, SPL, dB): 

medium-high = 50 dB ÷ 60 dB, high 60 dB ÷ 70 dB, critical > 70 dB.     

Conclusions  

The sustainability and safety of intelligent transport systems, which will be part of the future smart cities, should be 

designed to effectively manage environmental and structural changing conditions, and to timely exchange crucial 

information with different stakeholders (e.g., road agency, authorities, drivers). To this end, wireless sensing nodes 

able to timely communicate sensed data over the fifth-generation (5G) network can be exploited. The main 

potentialities of a wireless sensing system designed for road pavement environmental and structural monitoring, and 

an overview about the capability of the 5G network to enable the data exchange required by the designed system 

have been studied. In more detail, the sensors of a node prototype were tested in laboratory conditions aiming at 

(1) calibrating the microphone and the 3D accelerometer used for the environmental/structural monitoring, and 

(2) defining proper thresholds for environmental-, and structural-related parameters. Results show that the node is 

able to provide reliable data, which can be used to recognize the variation of the road conditions, and to trigger 

alerts/alarms when the traffic flow is interrupted and the structural and environmental health are compromised. 

Future work will be tailored to a more accurate evaluation of 1) The performances of the wireless sensing system in 

operational conditions (i.e., sensing node installed roadside). 2) The capability of the 5G network to enable a proper 

(safe, fast, and less-consuming) data exchange required by the designed wireless sensing system. 
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