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Abstract

:

This paper reports a novel investigation in applying commercial Ultra High-Frequency RFID tags (UHF-RFID tags), which are widely used in logistics as sensing elements in civil engineering structures, particularly for monitoring out-of-plane displacements of brick masonry walls. Both laboratory tests and in situ experimental tests assessed the feasibility of the proposed application. Laboratory tests showed a very satisfactory response while the in situ experiments showed a weaker response. Nevertheless, the potential reliability of the proposed technique can be stated. The authors traced back the causes of the performance decrease to environmental interference, mainly due to the extensive presence of a rigid steel frame surrounding the out-of-plane loaded panels. Measurements of displacements, in fact, are obtained indirectly from the phase of UHF-RFID signals that strongly suffer from multipath generated by metallic surfaces. Despite some limitations, the proposed measurement technique permits a reliable and sustainable approach to the monitoring of structures. The use of commercial UHF-RFID wireless tags, in fact, assures easy and fast installation operations and assures the possibility of placing a large number of sensors over the structure with very low maintenance costs with respect to the more traditional monitoring techniques. Moreover, using very thin and small commercial UHR-RFID tags on cultural heritage structures can represent an opportunity for sustainable long-time monitoring with reduced costs. Overall, the results of this study are sufficiently satisfactory to be considered as the opening of new possible scenarios in wireless structural monitoring in the civil engineering field. The authors propose as future work to use UHF-RFID tags for the real-time monitoring of an existing masonry facade that, not being characterized by the presence of a steel frame, can potentially assure an adequate response and properly transmit the electromagnetic signal.
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1. Introduction


Structural damage identification is a topic of paramount importance among researchers, engineering practitioners and a large variety of stakeholders [1,2,3,4,5,6]. In fact, the quantification of the wellness state of the built environment is the first fundamental step, necessary to individuate sustainable and optimized strategies leading to repair interventions [7] of degraded structures or their demolition and future reconstruction [8]. The future of Structural Health Monitoring (SHM) is to resort to an intelligent way of monitoring systems, aiming to analyze both features and damage of infrastructures [9], or the structural behavior of historical buildings subjected to seismic loads and fatigue effects [10], as well as the material aging of quasibrittle materials that are part of our everyday life [11,12,13,14,15,16,17].



Song et al. [18] investigated the boundaries of SHM for civil structures discussing different topics such as data processing algorithms to detect damage, modeling, simulation, sensor development, materials studies, state-of-the-art reviews, and case studies. Different methods and approaches have been investigated by researchers for the SHM of civil structures, in particular bridges. Real-time kinematic global positioning system (GPS) continuous health monitoring using relative deformations was carried out on a long-span Zhujiang Huangpu Bridge by Kaloop and Kim [19]. Guzman-Acevedo et al. [20] investigated the application of GPS receivers, accelerometers, and smartphones, integrating a smart sensor for the SHM of a bridge.



To monitor the health status of buildings, Qingkai Kong et al. [21] used sensors inside smartphones to demonstrate their potential usage as a way to monitor displacements of small local earthquakes. Sivasuriyan et al. [22], instead, investigated the real-time monitoring and response of a building using advanced sensor technology.



Among all the available monitoring systems, wireless methodologies are increasingly used and developed [23,24,25,26,27,28]. Wireless sensor networks (WSNs), in fact, permit more easy and fast installation operations, especially for measurement points difficult to access. Other advantages typical of the mentioned wireless techniques are related to the possibility of placing a large number of sensors over the structure, and therefore obtaining a distributed assessment of the structural condition, as both the devices and the maintenance costs are very low with respect to the more traditional monitoring techniques [29]. One of the most important features of the wireless technique is related to the possibility of monitoring structures belonging to the historical, cultural, and architectural heritage, which manifested collapse or extensive damage phenomenon during the last earthquakes [30,31,32]. Regardless of this potentiality, researchers have still not extensively applied wireless monitoring systems to the cultural heritage structures and this will be the aim of our proposed study. The latest research investigates antennas operating at microwave frequency as wireless sensing units [33,34,35,36,37,38]. The antenna is itself the sensor so that these devices have a long lifetime with almost negligible maintenance since do not have batteries and, because of the very low cost they can be deployed over wide structures or embedded inside them. Some devices are based on Radio Frequency Identification (RFID) technology, they load the antenna with a microchip that performs the modulation of the back-scattered signal and gives a unique identification, the antenna typically is stuck on the structure to be monitored. Forces acting on the structure cause small changes in the shape of the antenna that shift its resonance frequency. That shift can be wirelessly detected and is an indirect measurement of the effects of the forces acting on the structure [39,40,41,42,43,44,45].



Among the actions to which cultural heritage structures and in particular masonry structures can be subjected, the monitoring of out-of-plane actions deserves particular attention. Under seismic excitation, masonry walls go under out-of-plane and in-plane actions (at the same time) [46]. Out-of-plane collapse of peripheral walls occurs at lower seismic intensities than in-plane ones so it is the most recurrent damage observed in post-earthquake investigations [47]. Also, the heterogeneous nature of the masonry [48], composing a large part of the world cultural patrimony, makes the constituent material strongly anisotropic [49] and, therefore, the necessity of placing over the structure a large number of sensors, can be easily accomplished through the newly proposed technique of RFID wireless sensors. The out-of-plane displacement of the walls represents a much more insidious and dangerous kinematic mechanism than the collapse of the walls due to in-plane actions and requires generally more demanding equipment and measurement systems to install and use for monitoring over time. For the measurement of the out-of-plane displacements of the walls [50], optical wireless techniques can be used through the use of prisms fixed on the surfaces observed by theodolites or surveys with laser scanners. In the first case, the number of points monitored is generally limited by the cost of the prisms and the survey operations; in the second case, the management of the point clouds generated by the laser scanner and the cost of this equipment make the technique possible only for very particular applications (monuments of great value, absolute displacements easily recognizable for the entire structure rather than for its individual parts). The accuracy of these techniques is also extremely variable, rarely in the order of a mm, more commonly in the order of a few mm, depending on the distance of the instrument (theodolite or laser scanner) from the structure. The use of terrestrial photogrammetry also represents an alternative, characterized by accuracy of mm but also by high costs and reduced applicability for widespread and rapid surveys. More recently, the use of drones has simplified the execution of photogrammetric surveys of an architectural type and also of detail, although with an accuracy that is not adequate for the purposes of precision structural monitoring.



In recent years, many authors investigated the use of UHF-RFID sensors [51,52,53]. Erman et al. [54] provided a complete review of the UHF-RFID tags based on operating frequencies, performance, size, cost, and compatibility with the targeted applications. The study by Liu et al. [45] provides a systematic comprehensive review of a suite of RFID strain sensing technology that has been developed in recent years within the context of structural health monitoring. The design and application of various kinds of RFID strain sensors in SHM are presented including Ultra High-Frequency RFID strain sensing technology. The interest in using this type of tag in civil applications has encouraged the development of our work.



In this study, we investigate commercial UHF-RFID tags as displacement sensors to be employed in civil engineering applications, particularly for monitoring historical structures belonging to the cultural heritage. In particular, this study provides the testing of the newly proposed RFID tags against a set of experimental data related to the out-of-plane behavior of masonry brick walls.



The innovative measurement technique proposed in this study permits a more sustainable and precise approach to the monitoring of structures. The use of wireless tags assures easy and fast installation operations, especially for measurement points difficult to access, and the possibility of placing a large number of sensors over the structure with very low maintenance costs with respect to the more traditional monitoring techniques. Moreover, on cultural heritage structures, it is not actually always possible to install a large number of sensors due to their large size and expensive cost and, in this sense, using very thin and small commercial UHR-RFID wireless tags for monitoring both cultural heritage structures and civil structures in general, represent a sustainable aim of the proposed study.




2. The RFID Technology


Generally and commercially, the RFID technology permits, automatically, the identification and/or the storage of data relating to objects [55,56,57] since it is based on the storage capacity of information regarding the object to which electronic labels (tags or transponders) are coupled. These tags are remotely interrogated by devices called readers. Over the years, RFID technology has developed and has been used in many sectors: industrial, automotive, medical, e-Government (see passports, identity cards, etc.), transport, and other uses. This technology allows the development of a reliable system of interconnected objects that collects and processes data in a single large global network (i.e., the Internet of Things). Given its versatility, it is considered a general-purpose technology.



An RFID system mainly is composed of four main parts:




	
A tag, which is composed of an antenna and an integrated circuit (IC) that has simple memory and simple control logic functions and is packaged as a plastic or paper label. The tag is powered up by other elements of the system through an electric or magnetic field, then it is able to transmit the information that contains. Reading and writing are allowed in handling such information in the tag memory, which stores a unique identification code.



	
The battery-less microchip inside the tag receives power through electromagnetic waves that are collected by the antenna of the RFID tag, then it allows the sending and receiving of the data contained in the memory by modulating the field back-scattered by the antenna.



	
The reader, the device used to interrogate tags also reads and filters the information back-scattered from the tags. Readers can include their own antenna in an integrated structure or can use a distinct antenna.



	
The management system (server, host computer) acts as an information interface between the reader and the network. It allows us to obtain all the available information associated with tagged objects, the identification codes of each tag, and to manage the whole system for the purposes of the use case.








Figure 1 is represented by an RFID system with its components.



Tags are classified into three main groups: Passive, Active, Semi-Active, or Semi-Passive. Moreover, they can vary in size, shape, material, and operating frequency.



In this study, we make use of passive UHF-RFID tags, they do not have a battery but they take energy from the electromagnetic signal sent by the antenna of the reader.



In the far-field region, the interaction of the components is dominated by the electromagnetic field created by the antenna. The RFID tag resonates with the frequency of the electromagnetic field and the current generated activates the chip. The UHF class of tags operates at 867/868 MHz with distances up to thirty meters.



In this research, we used “LabId UH105” RFID commercial tags to check the displacements of two brick walls 1 m wide and 2.70 m high that underwent out-of-plane forces provided by a concentrated load acting along the middle of each wall. The application of this type of sensor in civil engineering can be considered an innovation for this kind of research since no literature reports similar applications. Experimental tests were first conducted in a controlled environment (the laboratory room) to study the feasibility of the method, and subsequently conducted on-site.




3. Experimental Investigation of the Application of the UHF-RFID Tags for Structural Monitoring


The commercial UH105 passive transponder made by LAB-ID have been used (Figure 2). The dimension of each tag is 17.85 × 90.85 mm2 and it consists of a polyester (PET) substrate (38   μ m   thick), an aluminum dipole antenna (9   μ m   thick), and an EPC Class 1 Gen2 Impinji Monza 5 chip operating in the 840 MHz–960 MHz band, linked to the terminals of the antenna. Thanks to the good radiative properties, and specifically to the insensitivity with respect to the orientation in the space in which it is positioned, these tags can be detected at a great distance and it is suitable in situations in which there is a great number of tags, like in logistics.



Table 1 and Figure 3 report the main features of the UH105 tag.



3.1. Laboratory Tests: Monitoring the Tags Displacements under Out-of-Plane Action


For assessing the feasibility and reliability of UHF RFID tags in monitoring out-of-plane displacements, two experimental tests were carried out in a laboratory environment.



In order to compare secondarily the laboratory results and the in situ experimental results, the same configuration of tag position, measurement distances, and spaces were designed and applied to the in situ experimental set-up of each test, so that laboratory and in situ tests would have the same boundary conditions, except for the environment.



The first laboratory test set-up was composed of six tags positioned following a 3 × 2 grid. Each tag was identified by an ID number, so they were identified as Tag 2.2, Tag 1.5, Tag 1.1, Tag 1.3, Tag 2.1, and Tag 1.4.



The authors decided to position the tags on a polystyrene panel since polystyrene results “transparent” to the electromagnetic waves so it does not influence the back-scattered signal. The position of the tags is shown in Figure 4. The reader’s antenna was placed in front of the polystyrene panel, with a distance greater than 60 cm. The center of the reader’s antenna (represented as a projection by a violet dot in Figure 4) appears on the panel at 3 cm (approximately) below the central row of the tags. The operating frequency is 867 MHz while the radiated power was set at 20 dBm since it was sufficient for a correct reading of each tag. A micro-metric screw was applied to the panel in order to move it orthogonal to its plane for simulating forces that cause out-of-plane displacements. The displacements were performed by moving the panel at steps of 5 mm, reaching 60 mm of distance from the starting position.



A second laboratory experimental test was performed, with a similar set-up. The tags chosen for the 2nd experimental test were: Tag 2.4, Tag 2.2, Tag 2.1, Tag 1.4, Tag 2.3, and Tag 1.2.



Only a few tags were chosen for both laboratory tests in order to not overlook any anomalies related to the specific characteristics of a given tag.



The tags were positioned on a polystyrene panel, as represented in Figure 5. The reader’s antenna was placed in front of the panel, at 62 cm of distance. In this case, the projection of the center of the reader’s antenna on the panel (dot in violet in Figure 5) results at 15 cm from the center of Tag 2.1 and 10 cm from the center of Tag 1.4. The panel was subjected to the same out-of-plane displacements of the 1st test (orthogonal to the panel) with steps of 5 mm, by the use of a micrometric screw, reaching 70 mm of maximum distance compared with the starting 0 position. In this case, the radiated power was set at 24 dBm, which ensured a correct reading of each tag. The test set-up is shown in Figure 6.




3.2. Results of the Laboratory Experimental Tests


In both laboratory tests, the measurement system recorded the displacement at each step (each 5 mm). The quantities useful to determine the displacement are the phase and RSSI (“Received Signal Strength Indicator”) of the signal backscattered by tags and received by the reader. The results of the displacement measurements are reported for each tag, determining the mobile mean and standard deviation of the phase, for each step of measurement. The RSSI is also reported. Values around −52 dBm shows a good signal’s quality.



3.2.1. Results of the 1st Laboratory Test


In Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, and Figure 12, the results of the acquisition systems of Tag 2.2, Tag 1.5, Tag 1.1, Tag 1.3, Tag 2.1, and Tag 1.4 are reported, respectively. The values of the mean and standard deviation of the phase recorded at each step of measurement, and RSSI values, are reported for each Tag.



Evidently, the values of phase change pass from 0 mm to 60 mm. In detail, values of phase are increasing passing from one measurement step to the successive (from Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12). This demonstrates that tags are sensitive to the displacements imposed on the panel. For Tags 1.4, 1.5, and 2.2, the RSSI values are quite constant (meaning stale communication), while for the other tags, RSSI values show very small fluctuations, which are acceptable.



In Figure 13, a flowchart illustrating the methodology used to obtain the results is represented.



The assessment of the feasibility of this new wireless monitoring system can be achieved by converting the phase difference between two consecutive measurement steps into distance difference (which should be related to the imposed displacement) by using the following equation:


  d −  d 0  =   ( f −  f 0  ) · λ   4 · 180    



(1)




where   f −  f 0    is the difference in phase between a specific step of measurement and the previous step, and  λ  is the wavelength of the electromagnetic signal that is 0.346 m in this specific case.



From Equation (1), we determine the difference in distance   d −  d 0    that occurs when the panel or the tag moves from one position to another.



This distance measured by the tags does not correspond to the displacement we are interested in knowing, i.e., the measured distance concerns the slant path between the reader’s and tag’s antenna while we are interested in the movement (out-of-plane) along the direction orthogonal to the plane on which the tag is placed. For this reason, the out-of-plane displacement was calculated geometrically projecting the measured slant path onto the orthogonal direction by exploiting the knowledge of measurement set-up.



In order to assess the feasibility of the proposed technique we compare the results of the displacements measured by the tags with the actual displacements imposed (indicated as “displacement reference” in the following graphs).



For faster comprehension, the comparison of displacements has been shown according to the position of the tags (see Figure 4).



Figure 14 shows the displacements measured by Tag 2.1 and 1.4, compared to the displacements imposed on the panel. Figure 15 shows the displacements measured by Tags 1.1 and 1.3 and Figure 16 shows the displacements of Tags 2.2 and 1.5.



All the tags show almost matching displacements, as can be seen from the graphs. Considering the standard deviations of the values calculated using the phase measurements and the intrinsic measurement errors of the reader itself, this represents a surprising result.



It should be considered that, generally, RFID tags are influenced by metals since the electromagnetic waves are strongly scattered by metallic objects. Specifically, tags reflect part of the electromagnetic power received from the reader, this phenomenon is known as “back-scattering”. Metal objects around the tag can modify or screen the signals exchanged with the reader, it is undesired in our experiments since it corrupts the expected results as shown later on. For this reason, experiments were performed initially in a laboratory room where no metals or other obstacles were detected.



In this experiment, a higher error is observed for the upper row tags, in particular for Tag 1.4.



The cause of higher error is supposed to be the larger distance of the reader’s antenna from the corresponding tags with respect to central and lower row tags (see Figure 4). Tags in fact are placed on a rigid panel that translates rigidly so that their out-of-plane movement should be the same. Hence, the resulting discrepancies could be due to the environment since Tag 1.4 is located close to a plasterboard wall of the laboratory. We suppose that the metallic frame of the plasterboard wall has affected the signal, modifying the tag’s response. Tags 1.5 and 1.3 (see Figure 6) also have a distance from the plasterboard wall as that of tag 1.4 but their response is better, they probably suffer less from the frame of the wall.




3.2.2. Results of the 2nd Laboratory Test


In this second test, the same Tags 2.1, 1.4, and 2.2 were used together with new Tags 2.4, 2.3, and 1.2.



In Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, and Figure 22 the results of the acquisition systems of the Tag 2.4, Tag 2.2, Tag 2.1, Tag 1.4, Tag 2.3, and Tag 1.2 are reported, respectively. The values of mean and standard deviation of the phase recorded for each step of measurement, and RSSI values, are reported for each Tag.



As can be observed from the graphs, the values of the phase increase for increasing displacement: from the starting point (0 mm) to the final point (70 mm) (see from Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22). The RSSI values are acceptable. They are constant for Tags 2.1 and 2.2, and present small fluctuations for the other tags.



To assess also, in this case, the feasibility of the proposed wireless monitoring system (and so consider it definitely feasible), the phase differences have been converted into distance differences by using Equation (1) and the displacements of the tags in the out-of-plane direction have been geometrically calculated by a 3D modeling.



Similarly to the previous test, we compare the results of the displacement measured by the tags with the displacements imposed using the micro-screw (indicated as “displacement reference” in the following graphs).



The comparison of displacements has been shown according to the tag’s position (see Figure 5).



Figure 23 shows the displacements measured by Tag 2.2 and 2.4 compared with the displacements imposed. Figure 24 shows the displacements measured by Tag 1.4 and 2.1 and Figure 25 shows the displacements of Tag 1.2 and 2.3.



As can be seen from the graphs, the tags all show quite matching displacements. More in-depth, we can observe that the tags that are positioned to the right (Tag 2.2, Tag 1.4, and Tag 1.2) are those that better match the real displacements. Actually, these tags detected the displacements almost perfectly. This could be due to the nearer presence of the antenna (see the projection of the center in Figure 5). The tags positioned to the left are those that present higher errors, except for Tag 1.2. It can be supposed that the reduced response of these tags is due to their position, which is more distant from the antenna, together with the influence of the plasterboard wall.



Overall, it can be observed that:




	
The displacements detected by the tags quite perfectly match the displacements imposed;



	
The altered response of some tags is due to interference in the environment and also to the more distant position of the tags in relation to the reader’s antenna;



	
Measurements are intrinsically affected by the built-in errors of the reader and by the errors that occur during the processing of the data received specifically the standard deviations of the phase’s values).








For example, if we consider Tag 1.4, which has been used in both laboratory tests, in the 1st test the response of the tag is not so good because it is positioned at a greater distance from the center of the antenna (upper row) and it is near the plasterboard wall (left side). In the 2nd test, instead, the same tag is positioned in the central row (nearer the antenna) and on the right side (more distant from the plasterboard wall) and the response of the tag is very satisfactory.



We can conclude that the operation of the t in a laboratory environment is very satisfactory; thus, the innovative utilization of wireless UHF-RFID tags with the purpose of monitoring out-of-plane displacements results in being feasible and quite reliable.



Considering these results, two experimental campaigns have been performed also in situ and are described in the next section.





3.3. In Situ Experiments: Monitoring the Out-of-Plane Displacements of the Tags on Brick Walls


The wireless UH105 tags were used to monitor the displacements of two brick walls 1 m wide and 2.70 m high. The walls were both realized and tested on a building site. Each wall underwent an out-of-plane action caused by a concentrated load applied along the middle axis of the wall. In the set-up, each wall had a fixed constraint disposed along the entire lower side on the ground and a hinge constraint at the upper side that was anchored to the metal frame.



On the first wall, the tag’s position followed the same 3 × 2 grid used in the 1st laboratory test, in order to compare the results at the same geometric conditions. The reader’s antenna was placed at 1.27 m from the ground. The wall was 0.60 m distant from the center of the antenna. A power of 20 dBm was used for the wireless acquisition of data. The experimental set-up is reported in Figure 26.



For the 2nd wall, the same tags of the 2nd laboratory test were used. Tags were placed in a 3 × 2 grid pattern preserving the same set-up and distances. The antenna was placed at 0.62 m from the wall and at 1.35 m from ground, while the radiated power to interrogate the tags was 24 dBm. The schemes of the set-ups are shown in Figure 27.



The tags were placed on polystyrene spacers 5 cm thick in order to mitigate the electromagnetic interaction of the tag with the materials constituting the wall.



In correspondence with the expected maximum displacement (coinciding with the half of each wall and the central tags position), a wired displacement transducer was placed in order to assess the measurement. In particular, the displacement transducer was placed at a distance of 20 cm from the left-side Tag.



Compared to laboratory tests, in this case, the walls are not expected to translate rigidly since they are constrained. Consequently, the walls are subjected to deformations and the tags cannot have the same displacements as in the laboratory tests. The recording of measurements were made at each step of measurement (5 mm).



Figure 28(1) shows the set-up for the experimental test on the 1st wall. Figure 28(2) shows a detail of the tags with the deformation and cracks that appear on the wall as the displacement increases. The complete deformation and final maximum displacement are shown in Figure 28(3).



The set-up for the experimental test on the 2nd wall is shown instead in Figure 29(1) and in Figure 28(2) with a detail of the deformation and cracks.





4. Results of the In Situ Experimental Tests


4.1. Test on the 1st Wall: Comparison between Wireless Tags Displacements and Displacements of the Wired Transducer


The results of the measurement acquisitions of the Tag 2.1, Tag 1.4, Tag 1.1, Tag 1.3, Tag 2.2, Tag 1.5 positioned on the 1st wall are reported in Figure 30, Figure 31, Figure 32, Figure 33, Figure 34, and Figure 35, respectively. The values of mean and standard deviation of the recorded phase for each step of measurement, and RSSI values, are reported for each tag. The variation of results mainly depends on signal-to-noise ratio, i.e., if the strength of the signal is weak the reader feels the effect of the noise more than in the case the signal is strong. Even the noise can be variable since it is a superimposition of Gaussian noise and multipath (or interference), while the former depends mainly on the quality of the used equipment the latter depends on variable environmental conditions.



As can be observed from the graphs, the values of the phase are increasing at each measurement step, from 0 mm to the maximum displacement of 60 mm (see from Figure 30, Figure 31, Figure 32, Figure 33, Figure 34 and Figure 35). The tags demonstrate a sensitive response to the displacements. The RSSI values are acceptable, quite constant for tags 1.1, 1.3, and 2.2, and with very small fluctuations for the other tags.



The detected phase differences have been converted into distance differences by using Equation (1).



The following graphs compare the displacements of the tags in the out-of-plane direction and the displacements detected by the wired transducer.



It should be pointed out that the deformation of the wall was not uniform over its surface since the wall is constrained and the deformation is caused by a load cell that imposes forces along the center of the wall pressing in the out-of-plane direction. For this reason, the measurements to consider as reference for the tags positioned up and below the middle of the wall were calculated considering a theoretic model in which the wall was simplified as a beam constrained with fixed and hinge joints on which a concentrated load is applied in the middle.



For each tag (see Figure 26), the displacement results were plotted for comparison with those calculated for the reference wired transducer.



The displacements detected by Tag 2.1 and 1.4 are reported in Figure 36 compared with the calculated displacements detected by the wired transducer (plotted as displacement reference). Similarly, the displacements detected by Tags 1.1 and 1.3 are reported in Figure 37 and the displacements of Tags 2.2 and 1.5 are reported in Figure 38.



Observing the graphs in Figure 36, Figure 37 and Figure 38, it can be stated that the displacements detected by the tags in the in situ test on the 1st wall are lower than those recorded simultaneously by the wired transducer. Some hypotheses can be advanced to explain this phenomenon.



The laboratory tests demonstrated that the t performed very well and since the power of the acquisition system and the layout of the tags have remained the same for the in situ test, the causes of the response defects should be investigated in the environmental conditions of the experimental set-up.



To perform the in-situ test, a steel frame was positioned to mount the load cell and constrain the wall. In addition, the steel frame was necessarily located near the metal walls of the building, creating of course a disadvantage. In fact, the large presence of metal negatively affected the performance of the tags, giving smaller displacements compared with the actual ones.



Tags 1.5, 1.3, and 1.4, which were placed on the left side, showed smaller displacements compared to Tags 2.2, 1.1, and 2.1, which were placed on the right side of the grid. The cause could be the presence of the metal wall, as shown in Figure 28, which interfered with the transmission of the signal, modifying the phases and so the distances and displacements, despite being about 140 cm away from the tags.



The central Tags 1.1 and 1.3 showed the best response among all the tags because they were positioned nearer to the antenna.




4.2. Test on the 2nd Wall: Comparison between Wireless Tags Displacements and Displacements of the Wired Transducer


In regards to the test performed on the 2nd wall, the results of the signal acquisition of Tag 2.4, Tag 2.2, Tag 2.1, Tag 1.4, Tag 2.3, and Tag 1.2 are reported in Figure 39, Figure 40, Figure 41, Figure 42, Figure 43, and Figure 44, respectively. The values of the mean and standard deviation of the recorded phase for each step of measurement, and RSSI values, are reported for each tag.



As can be observed from the graphs, the values of the phase are increasing at each measurement step, from 0 mm to the maximum displacement of 70 mm (see from Figure 39, Figure 40, Figure 41, Figure 42, Figure 43 and Figure 44). Also, in this case, the t is sensitive to the displacements that occur on the wall.



The distance differences have been calculated according to Equation (1).



The displacements of the tags in the out-of-plane direction, have been geometrically calculated as for the previous tests. The following graphs compare the displacements of the tags in the out-of-plane direction and the displacements detected by the transducer. Also, in this case, the measurements to consider as reference for the tags positioned up and below the middle of the wall were calculated considering a theoretic model, and were plotted together with the results of the tags as reference for comparison.



The displacements detected by Tag 2.4 and 2.2 are reported in Figure 45 compared with the calculated displacements of the wired transducer (plotted as displacement reference). The displacements detected by central row Tags 2.1 and 1.4 are reported in Figure 46 and the displacements of the lower row Tags 2.3 and 1.2 are reported in Figure 47.



As shown in the graphs of Figure 45, Figure 46 and Figure 47, the displacements detected by the t in the in situ test are lower than those recorded simultaneously by the wired transducer. Substantially, the same hypotheses made for the test on the 1st wall can be advanced.



Since the power of the acquisition system and the layout of the tags have remained the same for the in situ test, (compared to the laboratory test with the same tags), the causes of a lower response are due to the environmental conditions of the experimental set-up.



The steel frame used to mount the load cell and constrain the wall and the metal walls of the building, all contribute to negatively affect the performance of the tags, giving smaller displacements compared to the actual ones.



In particular, the tags that were placed on the left side (Tag 2.4 and 2.1) showed smaller displacements, except for Tag 2.3.



Tag 2.3 in fact is the only Tag that correctly matches the actual displacements.



The tags positioned on the right side are less affected by the presence of the metal, in particular Tag 1.4 and 1.2.



In this test, it is observed a generally better response for the lower row t. It is not easy to establish the causes, but it is supposed that the environment and its interference are crucial in determining a good response.





5. Conclusions


The use of commercial passive UHF-RFID tags in the field of civil engineering for monitoring out-of-plane displacements of brick walls has been investigated and discussed. The novelty of this research concerns the application of commercial tags as simple movement sensors. In particular, we used LabID UH105 passive tags, which are tags that are created and used in logistics, etc. The feasibility of the utilization of the tags in the proposed way was assessed by means of laboratory and in situ tests. The set-ups of the in situ tests were organized taking into account the same distances and spaces used in the laboratory tests, in order to compare the results with the same layout conditions, apart from environmental conditions.



Some conclusions can be drawn:




	
The response of the t in the laboratory environment was demonstrated to be very satisfactory, proving that the new application of wireless RFID tags for the monitoring of out-of-plane displacements is feasible and potentially very reliable.



	
A weaker response of some t can be attributed to the intrinsic measurement errors of the reader itself and the errors in processing the received data (standard deviations of the calculated mean values of the phases) and to environmental interference together with the position of the tags with respect to the antenna.



	
In situ experiments showed a weaker response of the t which registered displacements lower than those recorded by the wired transducer used as reference. The high presence of metal in the environment affected negatively the transmission of the electromagnetic signals, modifying the phases and consequently the indirect measurements of displacements. Unluckily, the position of the experimental set-ups necessarily near a metal wall of the building site contributed to negatively affecting the displacement results and the set-ups required steel frames to constrain the single walls and to fix the load cell.



	
Technology limits related to environmental interference can be overcome in future research by using commercial UHF-RFID tags for the real-time monitoring of an existing masonry facade that does not need a steel frame and can potentially respond adequately and properly transmit the electromagnetic signal.








In conclusion, it can be stated that the application of commercial UHF-RFID devices in the civil engineering field is promising and opens up new scenarios for sustainable, wireless, non-invasive, low-cost, and widespread remote monitoring of structures. Despite some technology limits that can be overcome, the results are very satisfactory. In fact, the use of this new measurement technology allows the advantage of sustainable remote and widespread monitoring.
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Figure 1. Example of an RFID reading system and its components: Tag, Antenna, Reader, Computer. 
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Figure 2. A detail of the commercial UH105 passive tag. 






Figure 2. A detail of the commercial UH105 passive tag.



[image: Buildings 14 01155 g002]







[image: Buildings 14 01155 g003] 





Figure 3. Radiation pattern of the commercial UH105 passive tag. 
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Figure 4. Scheme of the experimental set-up of the 1st laboratory test. 
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Figure 5. Scheme of the experimental set-up of the 2nd laboratory test. 
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Figure 6. 2nd laboratory campaign: experimental set-up. 
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Figure 7. 1st laboratory test: mean and standard deviation of phase (left side ) and RSSI (right side) recorded for each step of measurement of Tag 1.4. 
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Figure 8. 1st laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.1. 
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Figure 9. 1st laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.3. 
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Figure 10. 1st laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.1. 
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Figure 11. 1st laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.5. 
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Figure 12. 1st laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.2. 






Figure 12. 1st laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.2.



[image: Buildings 14 01155 g012]







[image: Buildings 14 01155 g013] 





Figure 13. Flowchart of the methodology used to obtain the results. 
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Figure 14. 1st laboratory test: Upper row Tag 1.4 and 2.1. Comparison between the displacements measured using tags and that imposed on the panel (displacement reference). 
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Figure 15. First laboratory test: Central row Tag 1.3 and 1.1. Comparison between the displacements measured using tags and that imposed on the panel (displacement reference). 
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Figure 16. First laboratory test: Lower row Tag 1.5 and 2.2. Comparison between the displacements measured using tags and that imposed on the panel (displacement reference). 
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Figure 17. 2nd laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement for Tag 2.4. 
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Figure 18. 2nd laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement for Tag 2.2. 
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Figure 19. 2nd laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement for Tag 2.1. 
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Figure 20. 2ond laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement for Tag 1.4. 
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Figure 21. 2nd laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement for Tag 2.3. 
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Figure 22. 2nd laboratory test: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement for Tag 1.2. 
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Figure 23. 2nd laboratory test: Upper row Tag 2.4 and 2.2. Comparison of displacements detected by the tags with that imposed on the panel (displacement reference). 
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Figure 24. 2nd laboratory test: Central row Tag 2.1 and 1.4. Comparison of displacements detected by the tags with that imposed on the panel (displacement reference). 
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Figure 25. 2nd laboratory test: Lower row Tag 2.3 and 1.2. Comparison of displacements detected by the tags with that imposed on the panel (displacement reference). 
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Figure 26. Scheme of the in-situ experimental set-up of the first wall. 
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Figure 27. Scheme of the in-situ experimental set-up of the second wall. 






Figure 27. Scheme of the in-situ experimental set-up of the second wall.



[image: Buildings 14 01155 g027]







[image: Buildings 14 01155 g028] 





Figure 28. In situ experimental test conducted on the 1st wall: (1 ) Set-up; (2) first deformations and cracks; (3) Maximum deformation reached at 60 mm of displacement. 
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Figure 29. In situ experimental test conducted on the 2nd wall: (1) Set-up; (2) Complete deformation of the wall in correspondence of the final displacement of 70 mm. 
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Figure 30. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.4. 
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Figure 31. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.1. 
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Figure 32. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.3. 
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Figure 33. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.1. 






Figure 33. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.1.



[image: Buildings 14 01155 g033]







[image: Buildings 14 01155 g034] 





Figure 34. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.5. 






Figure 34. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.5.
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Figure 35. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.2. 






Figure 35. In situ experimental test on the 1st wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.2.
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Figure 36. In situ experimental test on the 1st wall: the displacements detected by Tags 2.1 and 1.4 are compared with the calculated displacements of the wired transducer. 
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Figure 37. In situ experimental test on the 1st wall: the displacements detected by Tags 1.1 and 1.3 are compared with the calculated displacements of the wired transducer. 






Figure 37. In situ experimental test on the 1st wall: the displacements detected by Tags 1.1 and 1.3 are compared with the calculated displacements of the wired transducer.
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Figure 38. In situ experimental test on the 1st wall: the displacements detected by Tags 2.2 and 1.5 are compared with the calculated displacements of the wired transducer. 






Figure 38. In situ experimental test on the 1st wall: the displacements detected by Tags 2.2 and 1.5 are compared with the calculated displacements of the wired transducer.
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Figure 39. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.4. 






Figure 39. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.4.
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Figure 40. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.2. 






Figure 40. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.2.
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Figure 41. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.1. 






Figure 41. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.1.
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Figure 42. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.4. 






Figure 42. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.4.
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Figure 43. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.3. 






Figure 43. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 2.3.
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Figure 44. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.2. 






Figure 44. In situ experimental test on the 2nd wall: mean and standard deviation of phase (left side) and RSSI (right side) recorded for each step of measurement of Tag 1.2.
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Figure 45. In situ experimental test on the 2nd wall: the displacements detected by the upper row Tags 2.4 and 2.2 are compared to the calculated displacements detected by the wired transducer. 






Figure 45. In situ experimental test on the 2nd wall: the displacements detected by the upper row Tags 2.4 and 2.2 are compared to the calculated displacements detected by the wired transducer.
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Figure 46. In situ experimental test on the 2nd wall: the displacements detected by Tags 2.1 and 1.4 are compared with the calculated displacements of the wired transducer. 






Figure 46. In situ experimental test on the 2nd wall: the displacements detected by Tags 2.1 and 1.4 are compared with the calculated displacements of the wired transducer.
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Figure 47. In situ experimental test on the 2nd wall: the displacements detected by Tags 2.3 and 1.2 are compared with the calculated displacements of the wired transducer. 






Figure 47. In situ experimental test on the 2nd wall: the displacements detected by Tags 2.3 and 1.2 are compared with the calculated displacements of the wired transducer.
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Table 1. Characteristics of the tag UH105.






Table 1. Characteristics of the tag UH105.










	Composition
	Material
	Thickness [μm]





	Top
	Aluminum
	9 ± 5%



	Support
	Polyester PET
	38 ± 5%



	Tag
	Operating frequency
	Operating temperature



	
	840–960 MHz
	−40 °C to +85 °C
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