

  energies-15-02222




energies-15-02222







Energies 2022, 15(6), 2222; doi:10.3390/en15062222




Article



Advancement of the Monitoring System for Arch Support Geometry and Loads



Mariusz Woszczyński[image: Orcid], Joanna Rogala-Rojek *[image: Orcid] and Krzysztof Stankiewicz[image: Orcid]





KOMAG Institute of Mining Technology, Pszczyńska 37, 44-101 Gliwice, Poland









*



Correspondence: jrogala@komag.eu







Academic Editors: Piotr Cheluszka and Eryk Remiorz



Received: 15 February 2022 / Accepted: 16 March 2022 / Published: 18 March 2022



Abstract

:

As part of the RFCS project, which aimed to improve transport safety in mines, ITG KOMAG proposed a system for monitoring loads and geometric of arch support. The system’s function is to control safety, mainly during suspended monorail runs. This paper presents a hardware model and a measurement method based on the use of vibrating wire strain gauges and draw-wire sensors. The challenge was to properly adapt the vibrating wire strain gauge operation to the requirements of the ATEX directive on the safe use of electrical equipment in underground mines. The signal transducer algorithm and potential mounting locations for the proposed sensors were discussed. The results of tests carried out using the ŁP arc support are presented, reflecting the actual behavior of the casing during loading in accordance with the test methodology proposed by the Central Mining Institute. In order to compare the results with another measurement method, film strain gauges were additionally applied. The results confirm the usefulness of the proposed method for testing in real conditions. The speed and simplicity of installation of vibrating wire strain gauges provides an advantage over the use of film strain gauges, which are very difficult to install in underground conditions.
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1. Introduction


Coordinated by KOMAG Institute of Mining Technology (ITG KOMAG) and financed by RFCS (Research Fund for Coal and Steel) the INESI project (Increase Efficiency and Safety Improvement In Underground Mining Transportation Routes) aims to improve work efficiency and crew safety in underground hard coal mines. One of the main objectives of the project is to increase speed while improving safety in underground mining transport. Increasing the speed of suspended trains is related to the necessity of developing an effective braking system [1,2] and monitoring transport routes.



Monitoring of engineering structures is a very important issue, both in terms of proper functioning of the monitored object, as well as safety of use and impact on the environment. Safety issues are especially important in the case of mining infrastructure. Science is constantly trying to improve technical solutions, proposing the introduction of new technologies to monitoring, such as IoT (Internet of Thing) [3,4], artificial intelligence (e.g., machine learning) [5,6].



In publication [7], the authors present a system for monitoring lateral wall deflection in a mine based on strain measurement, by means of designed components using film strain gauge bridges. Based on tests, it is shown that the accuracy and resolution of the proposed method is sufficient for this type of measurement. The designed system is widely applicable to provide up-to-date data for safety assessment to prevent unexpected destruction of underground excavations as well as other engineering structures.



There are already known ways of monitoring the geometry of powered roof support geometry. The publications [8,9] presents the results of testing the geometry system of mechanized support sections using inclinometers, which were made in accordance with the requirements of the ATEX directive. One of the challenges related to controlling and monitoring parameters of powered roof support section is mapping its geometry and mutual arrangement of individual elements. Tests of the system were carried out on a real object in laboratory conditions. Test results will be used during implementation of the system in real conditions.



In the case of arch supports in mine tunnels with suspended monorails, the need for continuous monitoring has not been noted to date. Measurements of tunnel dimensions are made by qualified personnel only during tunnel construction and are intended to ensure proper routing of the excavation. Increasing the speed of suspended monorail in mines forces monitoring of the geometry and loading of the supports, as deformation of the supports can cause deformation of the monorail track and create a risk of accident. In addition, the increased speed of the train itself can cause a change in geometry, such as when clamps are already at the limit of the loads that can cause the support to slide and lower.



The project proposed a measuring system, dedicated to roadway support, the idea of which is presented in Figure 1 [10].



The monitoring system consists of multiple identical measurement modules connected in series. Each measuring module is equipped with draw-wire sensors and vibrating wire strain gauges. The information is successively transferred from one module to another, and at the end of the line it is collected by the recording module. This topology minimizes the amount of wiring needed and, in the case of a wireless solution, allows the monitoring system to extend its range. The collected data is read by an external computer system, from one module. The hardware module is supported by software designed to record, analyze measurement data and generate warnings about the risks associated with the deformation of the route of the train, based on the developed expert module. The change of the geometry of the roadway supports, caused by the slides on the clamps and by the abnormal load, can cause the lowering of the suspension and as a result the change of the angle between the rail sections, on which the monorail moves. Permissible values of sling lowering are included in technical conditions for suspended monorails.



KOMAG developed the concept of the measuring system, which was presented in detail in an earlier publication [10]. During the development of the concept, modifications were introduced, consisting in changing the location of the vibrating wire strain gauges (Figure 2).



The concept is to use two measuring modules (on both sides of the arc case). Directly at each module, vibrating wire strain gauge is attached (by gluing) to the profile. The sensor is additionally protected by a shield and, if necessary, can be protected by filling it with resin. The draw-wire sensor will be built in the same shield, and the measuring wire will be attached to another part, allowing the displacement measurement between the parts of the roadway support.



The aim of the research was to verify the proposed measuring method a vibrating wire strain gauges and to verify the work of the measuring module. The verification of the measurement method is based on the comparison of the results obtained from the measurements by two methods—vibrating wire strain gauges and film strain gauges. Film strain gauges are commonly used to measure strain in monitoring different engineering structures [11,12]. In industry, they are often used as main measurement systems, while in scientific publications it is common to find the use of strain gauges as a reference source [13,14].



The following sections present the proposed measurement method, describe the construction of the hardware model of the measurement module, discuss the principles of determining the load from the wire vibration frequency, and present and analyze the test results.




2. Materials and Methods


2.1. Measuring Method


The arch support monitoring system is based on a proprietary measurement method, consisting of simultaneous measurement of slide on the support locks (with the use of linear sensors) and on assessment of loads in structure of the roadway. Such a solution makes it possible to assess the dynamics of geometry changes and to predict them. The prediction is possible by comparing the current slide and load values and relating them to the values declared by the manufacturers and designers of support systems, which are additionally verified during testing of casings conducted at the Central Mining Institute on a dedicated test stand.



As a result of market analysis, it was decided that transducers with vibrating wire strain gauges will be used to measure the deformation of the arch support (Figure 3) [15]. Vibrating wire strain gauges have many advantages, including a reasonable price, easy to install and the manufacturer’s declared operating time of 25 years [16,17]. The construction of such transducers enables their application in difficult environmental conditions. The use of vibrating wire strain gauges is not the most convenient solution, especially for mining. Nevertheless, assuming that for monitoring overhead rail routes, sensors should be mounted at most every few arcs support, this method seems to be the most advantageous. The use of foil strain gauges would require precision cleaning of the steel. It would probably require the use of power tools, the use of which is severely limited in mine conditions. The easiest solution would be to use force sensors. Unfortunately, market solutions that are approved for use in mines are very expensive. Assuming a large number of necessary sensors, the estimated price of the monitoring system caused rejection of this solution after initial concepts.



Adaptation to the requirements of the ATEX Directive can be realized by protecting the transducer with a resin and connecting it to an intrinsically safe power supply system [18]. Moreover, an important advantage of these transducers is the linear characteristic of wire vibration depending on deformations, confirmed in [10].



The principle of operation of vibrating wire strain gauges is presented in Figure 4. The vibrating steel wire, stretched between two mounting points, is excited by a magnetic field, generated by coil. A change in the distance between the mounting points of the wire causes a change in the frequency of its natural vibrations. The vibrations are detected by the measuring system and then converted into microstrain of the material on which the wires are mounted.



The data processing is based on formulae (1) and (2) [15]. Knowing the vibrating wire strain gauge constants, provided by the manufacturer, and the vibration frequency of the wire, it is possible to determine the microstrain value. This is a dimensionless value, but it is often expressed in m/m or inch/inch:


   μ ε  =  (   f 2  ·   10   − 3    )  · G  



(1)




where:




	
f—vibration frequency of wire [Hz],



	
G—measuring constant, provided by the manufacturer in wire strain gauge’s certificate [1/Hz2]. Nominal values for the strain gauge model VK4000 = 4.043.








The follow-up measurements refer to the reference measurement:


Δμε = Li − L0



(2)




where:




	
L0—reference measurement [με]



	
Li—follow-up measurement in [με]








Reference reading (or reference measurement) shall be taken carefully once the installation is performed, after the stabilization and baseline period, and the instrument is in operating conditions. The strain could be used in order to calculate stresses or forces (3), according to Hooke’s law:


σ = ε × E



(3)




where:




	
σ—stress [MPa]



	
ε—deformation [με in μm/m]



	
E—elastic modulus of material [MPa]








Finally, it is possible to determinate the force acting on the support in the place of the gauge installationn (4):


F = σ × S



(4)




where:




	
σ—stress [MPa], equivalent to pressure in [N/mm2]



	
F—force [N]



	
S—surface of the section [m2]








Relationships (1)–(4) are included in the article in order to present the method of determining the deformation (microstrain), stresses and force acting on the monitored element (in the axis of the sensor). All the relations were used during the conducted research. Relationships (1) and (2) were used to convert the frequency of the vibrating wire to the deformation of the casing arch. Equations (3) and (4) were used to determine the forces acting on the tested section of the profile during preliminary tests in order to verify the obtained deformation values. The results of these tests were presented in another publication [10].




2.2. Hardware Model


Another issue, in the presented monitoring system, is an application of the developed measurement method in conditions of methane and/or coal dust explosion hazard. Therefore, when designing electronic components, the principles of intrinsic safety must be applied. The design of intrinsically safe systems is a very important process due to potential consequences of incorrect selection of devices and incorrect execution of connections between them (loss of intrinsic safety). The method of analysis, evaluation and documentation of intrinsically safe systems, based on the PN-EN 60079-25:2011 (Explosive atmospheres—Part 25: Intrinsically safe systems), should be applied at the stage of designing each system intended for operation in explosion hazard zones. By following the rules outlined in the above mentioned standard, it is possible to obtain the certification that is required in the underground mining industry. The KOMAG Institute of Mining Technology develops mechatronic systems certified under the ATEX Directive [20,21,22].



Ensuring intrinsic safety in electronic systems consists in:




	
a proper selection of voltage and current protections in order to maintain certain parameters of the device’s operation,



	
designing an electronic system with the selection of elements not exceeding the permitted operating temperatures,



	
maintaining adequate insulation distances,



	
designing mechanical connections that meet the requirements of non-damageable connections,



	
a selection of protective fillers that comply with the ATEX directive standards.








The hardware model has been designed in accordance with the principles of intrinsic safety. The electronic system has been developed at KOMAG by a team of electronics engineers and consulted with experts in intrinsic safety. The main issue was the need to limit the power of the string excitation coil to the value allowed by the ATEX directive (3 W), while obtaining a clean sensor response (vibration frequency). The power supply system was protected against uncontrolled overvoltages by Zener diodes. With this protection, the energy stored in the coil does not allow the ignition of methane gas. In addition, the coil is factory sealed and the sensor cable is shielded.



The preliminary tests, which were discussed in [10], as a confirmation of the measurement method, were conducted with the use of a commercial reader, whose usage in mining conditions would be impossible. Within the framework of the INESI project, a hardware model of the measuring system was developed to process signal from vibrating wire strain gauge. The block diagram is shown in Figure 5.



The measurement of the wire vibrations is carried out in two stages. First, an excitation by the electromagnet via the output key, installed directly at the wire, causing the wire vibrations are conducted. The electromagnet stimulates the wire with 100 periods of sinusoidal waveform at a specific frequency. After the excitation impulse is generated, the keys are switched and the signal from the electromagnet is amplified by the signal conditioning system. Figure 5 shows a block diagram of the signal processing system of vibrating wire strain gauge. The natural vibration of the wire depends on temperature so the vibrating wire strain gauge is equipped with a temperature sensor. An NTC thermistor is used for the measurement. A linearization system and an ADC converter are used to process the temperature by the measuring system.



To measure the deformation using a vibrating wire strain gauge, it is required to excite the wire to a certain frequency and then read the vibration frequency of the wire after excitation. The algorithm of the transducer operation is shown in Figure 6.



In the first stage the frequency of 1.5 kHz is set. This is the catalog value of the natural frequency of the wire in the unstressed state. The excitation takes the form of 100 periods of sinusoidal waveform. If no frequency response is detected, an algorithm sets successive frequencies, from an array entered into the software. If the frequency of wire vibration is read, a correction is made according to the detected frequency. Read frequency and temperature of the wire are written to registers and then sent to the microcontroller via MODBUS RTU protocol.



Electronic circuits are encased in a hermetic polyester casing with an EX certificate. Figure 7 shows a complete device with handles printed in 3D technology, which is ready for mounting on the frame of the arch support, using standard clamps.



The front panel includes a membrane keypad (to operate the device during testing), an LCD display (to present measurement results and messages), and two LEDs, mounted on the main board of the device (to inform the train operator of the device status). Detailed data will be transferred to the aggregation module (at the beginning of the communication line) and then stored on the FLASH memory or sent to the master system. On the rear panel, M12 connectors are provided, to which vibrating wire strain gauge, wire transducers, power supply and communication bus will be connected. The casing will be fixed with a dedicated stainless steel bracket.



The measuring system consists of 3 PCBs with different functionality, connected together (Figure 8):




	
mainboard (bottom), with support of: LCD display, membrane keyboard, wireless communication module, RTC clock, ADC converters for draw-wire sensors,



	
power supply board with voltage adjusted to the requirements of the ATEX directive and with energy backup in the form of a supercapacitor (left side),



	
vibrating wire strain gauge transducer board (right side).









2.3. Computer Application


The main task of the software supporting the hardware module is to record, analyze measurement data and generate warnings about hazards related to a deformation of the railway route based on the developed proprietary expert system. The main task of the expert system is to predict hazards in a roadway on the basis of developed rules taking into account current measurement results, archival data and requirements included in valid regulations (Figure 9).



Within the project realized at KOMAG, the following scope of the software functionality was implemented:




	
monitoring the short and long-term trends as well as a prediction of hazards based on the rules of expert system,



	
a visualization of present trends,



	
logging of users with adequate level of access,



	
recording and browsing the archival data,



	
modular structure of the software with separation among the results, knowledge and the system data.










3. Results


As part of the INESI project, the developed measurement method was tested. Test measurements of deformations of frame of arch support, type ŁPP10/V29/4/A/I, with the use of vibrating wire strain gauges, were carried out on the test stand of the Central Mining Institute. The testing methodology is based on the PN-G-15000-05:1992 Standard, which defines the method of loading the frame of support, presented in Figure 10. Active and passive forces are applied to the support by hydraulic cylinders, powered from a pumping unit. Asymmetric loads on the support frame can also be applied during the tests, e.g., by independent control of the cylinders [23].



The arc support consists of several steel arches, connected with friction locks. Until the moment when static friction in the lock is able to counteract the movement of arches (under the pressure acting on the support), the construction works as a rigid support, showing sensitivity to loads only within the limits of elastic deformation of the material. When the forces applied to the support increase and are able to overcome the friction forces in the locks, they are suddenly slipped (Figure 11). The rock mass deformation process is slow, which leads to a load decrease on the support and, at some point, the friction forces in the lock are again able to counteract the displacement. Until the next state of balance is exceeded, the support will operate as rigid [24].



Tests were performed on a full-size arc support installed in a test stand. The arch support frame is loaded from the roof side by three hydraulic cylinders. The response from the side wall was mapped using 6 hydraulic cylinders according to the diagram shown in Figure 10. The load applied to the structure is estimated by measuring the pressure in the hydraulic system.



During the measurement, slides were recorded in the joints between the roof arch and the side wall arch, using draw-wire displacement sensors. An additional displacement sensor was provided to measure the extension of the F5 cylinder. The deformation of the profile was recorded using two vibrating wire straining gauges mounted on both sides of the arc support. Sensor data was collected by using a measuring module developed within the project (Figure 12). The measurement module records the frequency of vibration of the measuring wire in the sensor. This value, must be converted to strain, using the relationships, provided by the sensor manufacturer [15].



In order to verify the measurement method, film strain gauges (Figure 13) were additionally applied to the arch of arc support. It is the most common solution for measuring tensile, compressive and stress forces. Resistance film strain gauges are characterized by high sensitivity and accuracy and resistance to vibration and shock. The biggest disadvantage of this solution is their fragile construction (on foil) and the associated difficult and lengthy installation. The use of solutions in the form of force sensors, in turn, is associated with a significant expense, especially in the case of ATEX solutions. Data from strain gauges were recorded with the SPIDER 8 measurements amplifier (0.2% ampli-fier class) and CATMAN EASY software.



Correctly designed support for roadways behind the front of longwall will maintain their functionality for the entire intended period of use. During the design of the support for roadways behind the front of longwall, an important issue is to accurately predict the convergence parameters that will occur during the expected service life [24]. Such on approach will permit the choosing of the right size of the roadway support frame. The deformation of roadways makes the mines to carry out reconstruction work. This is the only way to restore the required profile dimensions of a roadway. Reconstruction of roadways is also a time-consuming and costly operation, additionally disrupts the operation of the roadway. In the INESI project, additional factors, influencing the stability of roadway supports, were analyzed, such as the increase of speed of suspended trains.



The place of installation of vibrating wire stain gauge is very important. Preliminary research, conducted using a 30 cm section of the V29 profile, was loaded on a test stand in KOMAG. The vibrating wire strain gauge was mounted by welding the handles on the side of the profile (Figure 14). This location of the sensor was dictated by concern for its mechanical protection.



During preliminary testing, inconclusive results were recorded with the vibrating wire strain gauge. This could be due to the fact that the profile was not cut perfectly and therefore, there was more load on one of its edges, causing uneven deformation. After preliminary research, the most suitable position for an installation of sensors on the arch surface was selected. Sensors were mounted on the thickest, flat wall of the profile (Figure 15). Such a location of the sensor minimizes the influence of improper conditions, i.e., support the profile on edge, side bending forces, etc.



In addition to the vibrating wire strain gauges, both sides of the arch support frame were additionally mounted with film strain gauges for a later comparison of results.



The data from the wire strain gauges, recorded during the tests, are compared and presented in Figure 16 and Figure 17, which show that the recorded deformation and slide values are very similar on the joints of the support.



Based on the results of the research mentioned above, a comparative analysis of both measurement methods (i.e., the method of arch support deformation measurement using film strain gauges and vibrating wire strain gauges) was carried out using Spearman correlation and the Bland and Altman method [25].



Figure 18 and Figure 19 show dispersion diagrams with a regression line for selected pairs of variables, i.e., arch support deformation (left and right side of arch) measured by film strain gauges and vibrating wire strain gauges, respectively.



The graphs show a strong positive correlation between the two measurement methods, which is confirmed by the values of the Spearman coefficient. For the data presented, the values of this coefficient are, respectively: R = 0.951 (p < 0.05) (Figure 18) and R = 0.986 (p < 0.05) (Figure 19). The null hypotheses are that the measurements made by the two methods (independently for the left and right side of the arch) are not linearly related. Very small probability values (p-values are less than the significance level α = 0.05) allow us to conclude that measurements with film strain gauges and vibrating wire strain gauges are correlated. However, a high correlation does not mean that the two methods are compatible because R measures the strength of the relationship between two variables, not the compatibility between them. In view of the above, in the next step of the analyses, for the purpose of assessing the differences between the measurement methods, the data obtained were presented in a graph of the difference between the methods in relation to their mean (the so-called Bland-Altman graph). This plot (also known as the Tukey mean difference plot) is most commonly used in chemometrics and biostatistics. It represents the degree of agreement between two different samples or indicators and therefore one of its main applications is the comparison of two clinical indicators, each of which is subject to some measurement error [26,27,28,29]. It can also be used to compare and assess the equivalence of quantitative measurement techniques. The plot of difference against the mean also allows the examination of the possible relationship between the measurement error and the true (real) value. The true value is not known and the average of two measurements is the best estimate that can be obtained. It would be a mistake to plot the difference against either value separately because the difference will be related to each, a well-known statistical artefact.



An assumption of the Bland-Altman limits of agreement is that the differences are normally distributed. Statistical tests have been used to determine if the distribution is normal, since in some cases normality cannot be determined simply by observing the histogram plot (Figure 20 and Figure 21). A test for normal distribution (Kolmogorov-Smirnov test, Shapiro-Wilk test, D’Agostino-Pearson) have been carried out, for the hypothesis that the distribution of the observations in the sample is normal (if p < 0.05 then rejected normality) (Table 1 and Table 2).



Figure 22 shows a comparison of the deformation of the left arch of the support measured by a film strain gauge and with a vibrating wire strain gauge. The mean difference is 0.0064 with 95% confidence interval 0.001 to 0.012. Thus, wire strain gauge tends to give a higher reading, by between 0.001 and 0.012. Despite this, the limits of agreement (−0.0605 and 0.0732) are small enough for us to be confident that the new method can be used in place of the foil strain gauge method. Limits of agreement (LoA) estimate the interval within which a proportion of the differences between measurements lie. Table 3 shows all the Bland and Altman plot statistics.



Figure 21 shows a comparison of the deformation of the right arch of the support measured by a film strain gauge and with a vibrating wire strain gauge. The mean difference is 0.0265 with 95% confidence interval 0.024 to 0.029. Thus, wire strain gauge tends to give a higher reading, by between 0.024 and 0.029. Despite this, the limits of agreement (−0.0073 and 0.0602) are small enough for us to be confident that the new method can be used in place of the foil strain gauge method. Table 4 shows all the Bland and Altman plot statistics.



In a Bland and Altman plot system the differences can be also expressed as percentages of the values on the axis. This option is useful when there is an increase in variability of the differences as the magnitude of the measurement increases. Figures 24 and 25 represent the same data as Figure 22 and Figure 23, plotted as percentage of differences. The bias (mean difference) is 5.44% and 17.05%, and it is higher for the very low values. The agreement limits are from −68.35% to 79.22% (Figure 24) and from −41.78% to 75.88% (Figure 25).



On this basis, it was concluded that the vibrating wire sensors can be used to assess the change of the roadway support load (Table 5).



An estimation of the support geometry requires a measurement of the friction lock slide. Figure 26 shows the time waveforms of the slide values, recorded by draw-wire sensors, which are placed on both sides of the support in front of the locks in such a way that the wire runs from the sensor to the anchorage point behind the lock. The third sensor was mounted on a stand and measured the extension of the main load actuator.



The displacements between arch support parts due to slides during testing can be seen in Figure 27.



Displacements can in reality be much larger, which will lower arc support by up to several tens of centimeters.




4. Discussion


The research and analysis of the test results achieved during the project allows to conclude that the vibrating wire strain gauges, which are increasingly used to monitor structures, can be used to measure the deformation of the arch support. The results obtained from vibrating wire strain gauges and film strain gauges are similar. In the case of tests carried out in-situ, it is important to take into account the difficulties that may occur on a larger scale.



The measurement of the sliding distance between the elements of the support with the use of vibrating wire strain gauges, applied in the target measurement system, allowing the estimation of the changes in the support geometry. Collected data enable the analysis of possibility of mounting the vibrating wire strain gauges on the support installed in the roadway, which already shows some signs of deformation. Moreover, the results, achieved during the tests, are a valuable contribution to the expert system, which will be used to assess the operating conditions of the support in terms of increasing the speed of suspended trains.



Due to the way the roadway support is operated and the elastic and plastic deformations occur in it, a determination of the exact geometry of the support in real conditions is an impossible task. However, the aim of INESI project is not so much to measure the geometry accurately but to alert that the slide has occurred or (basing on the load measurement) may occur soon. This makes it possible to send information to the train operator that there may be obstacles on the route.



Directions for further work should focus on teaching the expert system using results from tests of different types of arch support, under different loading conditions (static and dynamic). Currently, the final results during testing were converted from measured values of wire vibration. It is planned to implement into the software an automatic conversion of vibration frequency, to deformations and forces acting in the arch support structure. This will make it possible to directly analyze current results and compare them with reference data and generate appropriate warnings or alarm conditions.



In the process of work, important knowledge was acquired in the field of application and maintenance of vibrating wire strain gauges in mining conditions. The functioning of the designed and constructed measuring module, complying with the requirements of the ATEX directive, was verified. Comparable test results recorded by sensors with a vibrating wire strain gauges and film strain gauges confirmed the correctness of the monitoring system. The analysis of the test results of the sensors placed in different places of the steel profile allowed selecting the place where the vibrating wire strain gauges is the least sensitive to the disturbance of the measurement signal. As part of the testing, the vibrating wire strain gauge mounts were welded to the steel profiles of the arch support. However, this type of mounting would not be acceptable in underground mines, so it was determined that gluing the mounts was an equally good mounting method (provided the adhesive recommended by the sensor manufacturer was used).




5. Conclusions


The arc support monitoring system was designed for use in underground mining. Therefore, several solutions were implemented to adapt the measuring module to the requirements of the ATEX directive. These restrictions made it very difficult to operate the vibrating wire strain gauge, because the energy to stimulate the wire had to be reduced to a minimum, which in turn caused problems with the correct reading of the wire frequency. Of course, this solution can also be applied outside the mining industry and the absence of ATEX restrictions will increase the reliability of the device and lower the manufacturing costs. Proper protection of the electronics and the vibrating wire strain gauge will allow the monitoring system to be used even in difficult weather conditions.
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Figure 1. Structure of measuring system [10]. 
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Figure 2. Concept of installation measuring modules. 






Figure 2. Concept of installation measuring modules.



[image: Energies 15 02222 g002]







[image: Energies 15 02222 g003 550] 





Figure 3. Example of vibrating wire strain gauges [15]. 
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Figure 4. Principle of operation of transducers with a vibrating wire strain gauge [19]. 
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Figure 5. Block diagram of measuring system based on vibrating wire strain gauge. 
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Figure 6. Wibrating wire strain gauge operating algorithm. 
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Figure 7. View of the hardware model prepared for mounting on the support. 
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Figure 8. The hardware model of the measuring device. 
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Figure 9. Main window of software supporting the hardware module. 
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Figure 10. Diagram of loading ŁPP10/V29/4/A/I arch support frame during stand tests: F4, F5, F6—active forces; F1, F2, F3, F7, F8, F9—reaction forces (so-called passive resistance forces) based on [23]. 
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Figure 11. Roadway support lock operation [24]. 
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Figure 12. View of the measuring module during tests. 
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Figure 13. View of the testing facility. 
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Figure 14. Preliminary research test stand [10]. 
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Figure 15. The section of the V29 profile with wire strain gauge. 
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Figure 16. Results of deformation (left side). 
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Figure 17. Results of deformation (right side). 
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Figure 18. Scatter plot—relation between deformation measurement film strain gauge and wire strain gauge (left side of arch support frame). 
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Figure 19. Scatter plot—relation between deformation measurement film strain gauge and wire strain gauge (left side of arch support frame). 
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Figure 20. Distribution plot of differences between measurement by methods (left side of arch support frame). 
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Figure 21. Distribution plot of differences between measurement by methods (right side of arch support frame). 
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Figure 22. Bland and Altman plot—agreement between methods (deformation of left side of arch support frame). 
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Figure 23. Bland and Altman plot—agreement between methods (deformation of right side of arch support frame). 
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Figure 24. Plot of differences between methods, expressed as percentages of the values vs. the mean of the two measurements (deformation of left side of arch support frame). 
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Figure 25. Plot of differences between methods, expressed as percentages of the values vs. the mean of the two measurements (deformation of right side of arch support frame). 
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Figure 26. Results of displacement measurements with use of draw-wire sensors (the second step of tests). 
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Figure 27. Slide on the support’s frame joints: left side (a), right side (b). 
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Table 1. Statistical tests for normality (left side of arch support frame).
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	Test
	Statistic
	p Value





	Kolmogorov-Smirnov
	0.074227
	0.350878 (p > 0.05)



	Shapiro-Wilk
	0.962141
	0.000333 (p < 0.05)



	D’Agostino-Pearson
	15.469661
	0.000437 (p < 0.05)
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Table 2. Statistical tests for normality (right side of arch support frame).
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	Test
	Statistic
	p Value





	Kolmogorov-Smirnov
	0.090367
	0.154526 (p > 0.05)



	Shapiro-Wilk
	0.962718
	0.000378 (p < 0.05)



	D’Agostino-Pearson
	5.697232
	0.057924 (p > 0.05)
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Table 3. Bland and Altman plot statistics (left side of arch support frame).
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	Parameter
	Value
	Standard

Error
	Confidence
	Confidence

Interval





	  Number   of   measurements   ( n  )
	153
	–
	–
	–



	  Degrees   of   freedom   ( n − 1  )
	151
	–
	–
	–



	  Mean   difference   (  d ¯   )
	0.0064
	0.0028
	0.0055
	(0.001 ÷ 0.012)



	  Standard   deviation   ( s  )
	0.0341
	–
	–
	–



	  Lower   LoA   (  d ¯  − 1.96 s  )
	−0.0605
	0.0048
	0.0095
	(−0.070 ÷ −0.051)



	  Upper   LoA   (  d ¯  + 1.96 s  )
	0.0732
	0.0048
	0.0095
	(0.064 ÷ 0.083)
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Table 4. Bland and Altman plot statistics (right side of arch support frame).
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	Parameter
	Value
	Standard

Error
	Confidence
	Confidence

Interval





	  Number   of   measurements   ( n  )
	153
	–
	–
	–



	  Degrees   of   freedom   ( n − 1  )
	151
	–
	–
	–



	  Mean   difference   (  d ¯   )
	0.0265
	0.0014
	0.0028
	(0.024 ÷ 0.029)



	  Standard   deviation   ( s  )
	0.0172
	–
	–
	–



	  Lower   LoA   (  d ¯  − 1.96 s  )
	−0.0073
	0.0024
	0.0047
	(−0.012 ÷ −0.003)



	  Upper   LoA   (  d ¯  + 1.96 s  )
	0.0602
	0.0024
	0.0047
	(0.056 ÷ 0.065)
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Table 5. Bland Altman and Spearman correlation coefficient of the values of deformation by different methods.
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	Parameter
	Deformation

of Left Side of Arch

Support Frame
	Deformation

of Right Side of Arch

Support Frame





	Number of measurements
	153
	153



	Spearman’s coefficient
	0.951
	0.986



	Bland-Altman coefficient

(% of results outside the range)
	3.27%
	0.65%
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