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Abstract

:

The common statistical methods for rail tunnel deformation and disease detection usually require a large amount of equipment and manpower to achieve full section detection, which are time consuming and inefficient. The development trend in the industry is to use laser scanning for full section detection. In this paper, a design scheme for a tunnel monitoring and measuring system with laser scanning as the main sensor for tunnel environmental disease and deformation analysis is proposed. The system provides functions such as tunnel point cloud collection, section deformation analysis, dislocation analysis, disease extraction, tunnel and track image generation, roaming video generation, etc. Field engineering indicated that the repeatability of the convergence diameter detection of the system can reach ±2 mm, dislocation repeatability can reach ±3 mm, the image resolution is about 0.5 mm/pixel in the ballast part, and the resolution of the inner wall of the tunnel is about 1.5 mm/pixel. The system can include human–computer interaction to extract and label diseases or appurtenances and support the generation of thematic disease maps. The developed system can provide important technical support for deformation and disease detection of rail transit tunnels.
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1. Introduction


The amount of high-speed railway and urban rail transit infrastructure in China has been increasing at an unprecedented rate. Numerous high-speed railways with high tunnel line ratios have emerged, and subways constitute nearly 80% of urban rail transit. With the increasing number of tunnels, the monitoring, detection, maintenance, and renovation of these tunnels is becoming more important. Tunnel projects are typically huge investments, have a long route mileage, and involve strong concealment, which imposes high quality requirements on the construction and maintenance during operation [1]. During tunnel construction and operation, changes in the geotechnical load, lining support, construction deviation, and other factors lead to a certain degree of tunnel deformation. Therefore, the deformation and disease (including cracks, leakages, blocks falling, and so on) detection of tunnels has become an important task in tunnel construction, management, and operation. The safety of the tunnel geometry directly affects the tunnel performance, and a lack of safety wastes considerable amounts of money, prevents normal tunnel use, shortens the maintenance and service lives of the tunnel, and sometimes threatens the safety of traffic and pedestrians. During the operation and maintenance of urban rail transit, the skylight time is short, which also imposes higher detection efficiency requirements. The efficiency of tunnel detection, as well as the accuracy and effectiveness of detection data processing, affect normal train operations. Rapid, stable, comfortable, and safe train transportation quality can only be achieved by improving and maintaining the strength and stability of tunnel structures for a long time, and via timely inspection and maintenance of deformations. Thus, research on tunnel safety detection methods and data analysis and processing theories is significant.



At present, in practical engineering applications, tunnel deformation monitoring methods include the total station analytical method, close range photogrammetry method, and three-dimensional laser scanning method. The total station automatic deformation monitoring method [2] has a reliable accuracy and is still widely used in practical projects. The tunnel ring mark points can be measured by the total station using with or without prism reflection method.. Fully automatic measurement can be realized with a high monitoring accuracy but with a low efficiency and a high cost, and it is inconvenient to detect the deformations in an entire section. There are numerous methods and types of equipment used to detect tunnel structure deformations and diseases based on photogrammetric and computer vision (CV) techniques and image processing (IP). Leanne et al. [3] provided a collective review of the current top methods used for tunnel inspection based on photogrammetric techniques and IP. One or more cameras, laser displacement sensors, and structured light devices mounted on a large inspection vehicle, a trolley, an electric car, or a pipeline robot have been used for 3D tunnel clearance inspection [4,5,6]. A visually assisted tunnel deformation measurement system with a camera and laser displacement sensor fixed on a Pan-Tilt servo stage was proposed to automatically measure the relative deformations of the marked positions on the rocks surrounding a tunnel [5]. Some organizations have also developed commercial products, such as the Tunnel & Clearance products from MERMEC [7] and Pavemetrics TM [8]. 3D laser scanning and digital photogrammetry can complement each other to achieve high accuracy and fine texture. The methods of integration or comparison photogrammetry and 3D laser scanning are commonly used for 3D modeling and drawing of cultural properties [9,10,11]. However, the integrating system of 3D laser scanning and digital photogrammetry needs to address issues such as software and hardware synchronization, calibration, and long-term stability of the system. The integrating system needs to add an attitude measurement sensor (such as an inertial measurement unit (IMU)) and external lighting. Even so, it is very difficult to achieve a measurement accuracy and image resolution of less than 1 mm through the integration of photogrammetry and laser scanning. It is more practical to obtain high-precision point positions and image results only by means of laser scanning relative measurements in a tunnel environment according to the authors’ engineering practice experience.



The developmental trend in industry is to use laser scanning, including terrestrial and mobile laser scanning, for tunnel deformation detection. Domestic and foreign scholars, enterprises, and institutions have conducted several studies on tunnel structure deformation detection by using a 3D laser scanner. The majority of this research has been focused on point cloud data denoising, central axis extraction, cross-section interception, and fitting [12,13,14,15]. Kang and his research team [12,13,14] extracted the continuous central axis of a tunnel using a 2D point cloud projection and curve fitting using the random sample consensus (RANSAC) algorithm. Xie et al. [16,17] adopted a new algorithm combining a cylindrical fitting method with elliptical fitting. Furthermore, Cao et al. [18] proposed a slice-based method to obtain an initial central axis, which was further divided into linear and nonlinear circular segments using an enhanced RANSAC tunnel axis segmentation algorithm. Some organizations have performed integrated applications of s mobile laser tunnel detection system, as well as research on cross-section point cloud data processing methods. Gavilán et al. proposed a novel system for tunnel lining inspection that allows for high-resolution surveying at speeds of up to 30 km/h using several laser-camera units and 3D profiles [19]. Furthermore, Leica [20] developed the SiTrack: One mobile track scanning systemin which are integrated a Leica P40 laser scanner, a GNSS (Global Navigation Satellite System), an odometer, an IMU, and a profile measuring instrument. The system can realize full-coverage mobile scanning of tracks and their surroundings and can be used normally in the open air or in a tunnel. It also provides 3D point clouds with surveying- and mapping-level accuracy for the completion analysis. In the field-scanning process, joint measurement control points are required. Amberg [21] launched the GRP IMS5000 tunnel scanning system that also includes an IMU and a laser scanner, and can obtain the absolute coordinates of the tunnel and track. Cui et al. [22] developed a Railway Mobile Measurement System (RMMS) integrated with a GNSS IMU Z+F9012 laser scanner for tunnel profile detection and provided a method for tunnel ring segment seam detection to detect dislocations. The tunnel cross-section analysis involved Taubin’s ellipse-fitting method and least-squares circle fitting for cross-section fitting and diameter calculation, respectively. For many years, Capital Normal University has been engaged in 3D information acquisition and application research with the integration of multiple sensors, such as lasers and cameras. The university also developed a mobile laser tunnel detection system [23,24,25,26,27], including 3D scanning and 2D cross-section scanning, which can perform cross-section and clearance detection and generate orthophotos.



Compared with the methods of photogrammetry, IP, data acquisition, and deformation analysis, laser scanning has become the main means of obtaining tunnel deformation monitoring data owing to its high efficiency, fast speed, and high accuracy. At present, tunnel detection research is focused on mobile laser detection systems, dynamic and rapid access to tunnel detection data, and the use of laser scanning point cloud data for tunnel structure deformation and disease detection and analysis. With the rapid development of metro systems in China, shield tunneling, which is considered to be a safe, environmentally friendly, and rapid construction method, has been widely applied in metro tunnel construction, and it has gradually become a popular topic globally [28,29].



In the article, we propose a complete solution for deformation and disease detection of a circular shield tunnel based on mobile laser scanning. This scheme includes a hardware system, software system, and deformation analysis and disease solving algorithm. The hardware and software together are called the Tunnel Monitoring and Measurement System (TMMS). We present the design and development of the TMMS, thereby providing a set of mobile tunnel laser scanning solutions for monitoring measurement, including a mobile tunnel detection hardware system, data acquisition system, data processing, and results management system. The system supports several mainstream commercial laser scanners, such as Faro, Leica, and Z+F scanners. The system provides section deformation calculations (including full-section deformations and convergence diameter deformation), dislocation analysis, tunnel inner wall orthophoto image generation, disease information annotation and extraction, and tunnel roaming video generation functions, among others. This paper will introduce the design and deployment of the system, including the system composition, data processing algorithm, and engineering application in a shield tunnel, taking Z+F laser scanning as an example.



Section 2 introduces the hardware and software design of the TMMS. Section 3 describes the data processing method, including the tunnel section deformation analysis, tunnel image generation and tunnel segment seam recognition, dislocation analysis, disease extraction, and roaming video generation method. Section 4 presents the measurement accuracy of the system and an engineering case. Finally, Section 5 summarizes the major findings of this work and provides discussion.




2. Tunnel Monitoring and Measurement System


The basic principle of the TMMS involves acquiring the point cloud data of the tunnel section from a laser scanner and mobile trolley and detecting and analyzing the tunnel structure and diseases by combining the point cloud data of the section. It offers a diameter convergence solution, dislocation analysis, disease marking, orthophoto image laser intensity image generation, and panoramic roaming video rendering functions, among others. The system can generate measurement reports in Excel, section computer-aided design (CAD), disease reports, and other results to provide a complete solution for metro shield tunnel construction, operation, and maintenance detection. The system is mainly composed of three parts: a data acquisition hardware system, data processing software, and a result distribution system.



2.1. Hardware System Design


The design concept of the system is to take the laser scanner as the main sensor. The system supports adding subsidiary sensors, such as an odometer, displacement sensor, or IMU, which are not used in the tunnel deformation and disease detection process. The matching acquisition terminal utilizes a tablet computer. The carrier platform of the hardware system uses electric trolley to ensure system operation at a uniform speed and also supports a mobile trolley. The system supports Faro Focus3D series, Leica P series, and Z+F PROFILER 9012 laser scanners. The design diagram of the hardware system is depicted in Figure 1. The acquisition control software is deployed on a tablet computer, and the scanner is connected through a local area network (LAN). In this paper, PROFILER 9012 from Z+F company of Germany (Z+F9012) is taken as an example to introduce the system, and its technical parameters are summarized in Table 1. The Z+F9012 laser profiler has a ranging accuracy of 1 mm, a collection speed of 1,020,000 points/s, scanning angle of 360°, and synchronous collection of laser reflectivity information. The detection trolley is driven using electric power at a constant speed of 0.72–4.5 km/h, is adjustable through multiple gears, and has a constant speed error of less than 0.5%. It can be set to collect the track mileage and gauge synchronously, and to pass through turnout by itself. This laser scanning supported by the system has its own advantages, such as measurement accuracy, vertical field of view, rotation speed, cost, and weight. This paper recommends the use of Z+F9012. When the system runs at a speed of 3.6 km/h or slower (walking speed) in a metro tunnel with a radius of 2.7 m, the point spacing of the tunnel section can reach 2–5 mm and the section spacing is 5 mm according to the data acquisition rate and rotation speed of Z+F9012. The point density of 5 mm is enough for analyzing the deformations of the tunnel structure. The resolution of the tunnel image should be higher when detecting diseases, and the running speed should be slower.




2.2. Software Deployment


The design idea of the software of the TMMS was to integrate data acquisition and processing. The software supports the original scanning point cloud data and can also use the data processing part independently. This software is called the TLSD (Tunnel Laser Scan Dataset). The TLSD is the tunnel laser data acquisition and processing software of the TMMS and consists of three function modules, namely data acquisition, data processing, and management modules. It is also a dataset specifically designed for this system, is used to store the scanning point cloud and calculation results with the lining ring as the unit, and includes a scanning task description, original scanning, lining ring calculation parameter, tunnel inner wall image, and roaming video files. This dataset is designed to facilitate the storage, query, calculation, and visualization of the tunnel scan data. The functions of the data acquisition module are the scanning project creation, scanner and other sensor connection and control, and field work data collection and storage. The interface of the data acquisition module is shown in Figure 2.



The data processing module is the most important part of the TLSD. The main functions of this module include the point cloud calculation, thinning processing, ring number and mileage recognition, deformation solution, image projection correction, and video rendering output. The main advantage of the TLSD is that it has a lightweight design that can quickly process data on an ordinary computer (8 GB memory, integrated graphics card). The types of data include tunnel point cloud data, tunnel full section views, tunnel images (including tunnel inner wall and track images), image survey thematic maps, and roaming videos. The resulting tunnel dataset is synchronized with the cloud server through a representational state transfer application programming interface, and a unique segment globally unique identifier is established to facilitate the long-term recording and querying of the monitoring and measurement data of the entire segment processes. Tunnel TIFF image files are uploaded to a cloud server and published as web map services or other map (image) services supported by ArcGIS JavaScript. Structural deformations mainly include the convergence diameter and dislocation deformations. There are two methods of showing the diameter convergence: drawing the curve according to the route mileage or ring number sequence and using the diachronic change curve of a single ring piece. It is convenient to query and extract the point cloud data of the specified mileage section and to download the DWG or XLS full-section report through the TLSD. The dislocation analysis reveals the radial and circular dislocations, including the dislocation information and crevice position, among others.



The TLSD provides image surveying and mapping reports to show the disease detection results. According to the acceptance requirements of the formed tunnel, the tunnel image is used to look for cracks, missing edges and corners, water leakage (mud), segment appearance quality, and so on, and to perform special mapping and save the results as archive data for the acceptance of the formed tunnel. In the general survey of the tunnel status, the actual installation location, connections, and other details of various tunnel facilities, such as the power supply, track, and signal that are used for business cooperation in multiple disciplines, are investigated and plotted based on the image of the inner wall of the tunnel. The field mapping results are displayed in the form of a thematic map, as shown in Figure 3.



An important aspect of this scheme is the provision of a variety of tunnel analysis results, with the characteristic of providing roaming video results. Roaming video generation is a specialty of TLSD. From a first-person perspective, a roaming video is generated in the tunnel, including front, zenith, left, and right views, to facilitate the monitoring center and to provide an intuitive understanding of the site status in the tunnel. Then, the deformation monitoring, construction conditions, and any other information from the tunnel are integrated into the video.



The system results display adopts the interface shown in Figure 4, which is called the “monitoring center interface.” This interface displays the video or image, full section data, convergence diameter deformation curve, wrong platform information, and so on.



The main achievements in the application scenarios of the tunnel laser scanning monitoring and measurement system include structural deformation monitoring of the formed tunnel, full-section completion acceptance measurements, tunnel status investigation and acceptance, safe and civilized construction monitoring, shield construction monitoring, and general surveying of the track bed and structure diseases.





3. Data Processing Method


The data processing function of the TMMS mainly involves section deformation calculations, dislocation analysis, disease marking, orthophoto image laser intensity image generation, and panoramic roaming video rendering. It can generate measurement reports, section CADs, disease reports, and other reports, and can upload the results to the designated system platform.



3.1. Section Deformation Analysis


The main purposes of the section deformation analysis of a circular shield tunnel are to fit the section line with an ellipse or circle, calculate the convergence diameter and section fitting deviation, and analyze the convergence diameter and full-section deformations. In this study, robust estimation least-squares ellipse fitting was used to finely denoise the cross-section and to directly fit the cross-section line for the acquired cross-section point cloud [1]. Based on the direct least-squares model [30], a weight function and new ellipse fitting criterion were introduced.



An ellipse is a plane conic, where the general equation of a plane conic is:


  F  (  m , n  )  = m · n = a  x 2  + b x y + c  y 2  + d x + e y + f = 0 ,  



(1)




where   m =    [  a , b , c , d , e , f  ]   T   ,   n =  [   x i    2  ,  x i   y i  ,  y i    2  ,  x i  ,  y i  , 1  ]   ,   B =    [   n 1 T     n 2 T    ⋯  n i T   ]   T  · F  (  m ,  n i   )    is the algebraic distance between the point    (   x i  ,  y i   )    and the curve    F (  m , n  )  = 0   on the plane. The corresponding conic can be obtained by summing the least algebraic distance squares of all the points. The mathematical criterion for the observation data of N points is shown in Equation (2):


   D  m i n   =   ∑  N  F    (  m ,  n i   )   2  ,  



(2)







According to this criterion, if all the measured points are on the conic, the general equation of a conic curve should be satisfied for any point. For points that do not satisfy the equation, least-squares fitting is performed and the error equations of the points are as follows:


   v i ′  =    x  ′ 2   +  y  ′ 2     −    a e    2    c o s  2  δ +  b e    2    s i n  2  δ   ,  



(3)






   l i  = − a  x i 2  − b  x i   y i  − c  y i 2  − d  x i  − e  y i  − f .  



(4)







After the above coefficients are obtained, the coordinates of the center point, long half-axis, short half-axis, and rotation angle of the ellipse are calculated according to the analytical geometry clock.



For the conic model, it is necessary to add the restriction of    b 2  − 4 ac < 0   to ensure that the fitting results are elliptic. Otherwise, the fitting result may be parabolic or hyperbolic. Assuming that the observation values of each point are independent, the weight function    P  =    ∧ 2    (P is a diagonal matrix) is introduced, and a new ellipse criterion is introduced:


   {       E  min   = ‖ ∧ B m ‖        b 2  − 4 a c < 0       .  



(5)







The new criterion not only uses the "weight" in the adjustment theory as a more accurate expression of the extreme values, but also introduces the parameter limit condition     b 2  − 4 ac < 0   of the conic as the graph limit condition. It uses the correction number after the last fitting to determine the weight. This process is utilized to reduce the influence of the gross error on the fitting accuracy to gradually improve the accuracy and ensure that the fitting results are elliptical.



Then, the parameters of the elliptic equation corresponding to each section are obtained, including the coefficients, central coordinates, long half-axis, short half-axis, and rotation angle of the equation. Afterward, the deformation deviations of the section are given. In the actual calculation process, the existence of various appurtenances on the inner wall of the tunnel causes part of the tunnel wall to be blocked during the data acquisition process. This feature makes the tunnel cross-section appear to have more point clouds missing in the horizontal direction after fine denoising, and there are no cross-section points. In this case, all the section points in a certain angle range near the horizontal are used for local conic fitting, and the intersection of the direction line of the angle and the fitted curve is calculated as the section point. The convergence diameter is also calculated accordingly.




3.2. Tunnel Image Generation and Tunnel Segment Seam Recognition


Image generation and tunnel segment joint recognition methods were utilized in previous research [23]. Because the original section point cloud data are all in the local coordinate system, the actual measurement of each 2D section expands along the track according to the mileage to form a 3D point cloud. There is no curve line in the tunnel, which is close to a regular cylinder. Therefore, the cylindrical projection method was used in this study to expand the tunnel point cloud into a plane and generate grayscale images. In the actual calculation process, the center of each cross-section is fitted with the standard equation of a circle and uses the least-squares method. Then, the center of each cross-section is taken as the origin, the vertical upward ray is in the direction of 0°, the right is positive along the tunnel direction, and the left is negative when calculating the angle between each cross-section point and the starting direction. The design radius of each segment is used to calculate the angle of each point. The arc length is recorded as the vertical coordinate of each point after the projection, and the horizontal coordinate of the point cloud after the projection of each section is directly recorded as the mileage of the corresponding section. After the point cloud is projected, according to the inverse distance weighted algorithm, the intensity information is used to generate the gray image of the inner wall of the tunnel with the required resolution. According to different data sources and working speeds, the resolution of the image of the inner wall of the tunnel is between 0.5 and 2 mm. This image is mainly used for quantitative measurement of the location, area, and distribution of water leakage in the tunnel. Compared with ordinary digital camera photographs, this image has full coverage, accurate measurement, and no lighting. High-frequency, high-resolution tunnel images are conducive to the timely detection of various potential safety hazards in the tunnel, reducing the shortcomings of manual inspection, such as missing inspection, uncertainty indexes, etc. As there is no curve type in the measured point cloud of the tunnel section, the joints between segments are basically vertical to the horizontal axis after the projection expansion. Furthermore, the gray value of the image at the segment joints are significantly different from the gray values in the left and right segments. Hence, the generated image is used to identify the segment joints along the rail direction of the tunnel. However, the intensity distribution of the measured point cloud differs due to the influence of the material, roughness, and illumination of the inner wall of the tunnel. This variation results in uneven gray levels of generated images; thus, in the actual seam extraction process, the seam position cannot be obtained using the traditional gradient calculation method.



Therefore, in this study, the segment seam was identified via calculating the gradient accumulation value in the vertical direction of the tunnel image with a certain width (such as the image generated by selecting any 30° range of point cloud along the circular direction of the tunnel). First, the gradient value of the gray image along the length direction of image was calculated. Then, the value was summed along the width direction of the image. Finally, the seam position was determined using the total gradient value in the vertical direction.



To improve the joint detection accuracy, it is necessary to detect the positive and negative peak points of each segment joint in the actual detection process (i.e., the peak value of the left and right edges of each joint), and then to set the distance threshold between the positive and negative joints at the same location to ensure the accuracy of the joint extraction. In some cases, owing to the influence of the appurtenances and factors on the inner wall of the tunnel, such as cracks and diseases, there may be errors in the test results, requiring a second test. Therefore, after the final joint position is determined, it needs to be checked in combination with the actual tunnel ring width.




3.3. Dislocation Analysis


Segment lining is generally used as the permanent support structure in a shield tunnel. The segment of a shield tunnel is generally composed of one capping block, two adjacent blocks, and several standard blocks. The number of segments differs according to the tunnel diameter (corresponding to the perimeter of the segment ring). The dislocation of the shield tunnel refers to the deviation at the joint of adjacent segments. Two types of dislocations exist, namely radial and circular dislocations [31].



The circular dislocation is based on the tunnel segment joint, extracted by a intensity gradient of tunnel image statistical method [26]., and the segment can be divided into rings. This type of the circular dislocation is based on the radial deviation calculation of the fitting of two adjacent ring sections after the ring division. In the calculations, the point cloud slices at a certain distance on both sides of the joint location and the amount of dislocation between the ring joints are determined. The circle-fitting method is adopted based on robust estimation.



The radial dislocation in the ring needs to be solved in combination with segment segmentation. The tunnel discussed in this paper is a shield tunnel with segment joints, which consists of two standard blocks, two adjacent blocks, and one capping block. Generally, each ring includes a capping block and two adjacent blocks, which are always close to both sides of the capping block. The capping blocks alternately appear on the same azimuth of the tunnel. Figure 5 shows a schematic of a segment ring of a tunnel, where 1 is the capping block, 2 and 3 are adjacent blocks, and 4, 5, and 6 are standard blocks.



First, segmentation must be performed for the dislocation calculation. The position of the capping block at the initial scanning position is given through human-computer interaction. According to the appearance of the capping block at the top of the tunnel, an approximate azimuth is estimated to generate an orthophoto image of this angle range (the capping block is within this angle range), as shown in Figure 6a. Edge detection based on the Canny operator and line detection based on the Hough transform are applied to the orthophoto image, and the detected line is extended to identify the capping block. Figure 6b presents the results of Canny operator detection, and Figure 6c depicts the results of expanding the edge detected in Figure 6b. Based on Figure 6c, Hough line detection is performed, and the detected line is extended, as shown in Figure 6d. After the identification of the capping block location, combined with the design data of the crapping block edge line and the segment angle in the segment, the adjacent block and the standard block are divided. According to the results, each block is fitted with a robust estimation circle, and according to the fitting arc, the radial distance deviation of the adjacent arcs is calculated (that is, the amount of dislocation in the ring).




3.4. Disease Extraction


In this research scheme, a 2-mm resolution orthophoto plus photographs of the hidden area are used as the basic data sources, and the comprehensive method of automatic identification plus manual review and confirmation plus field survey and verification is used for the disease identification. The disease detection results are sorted into special reports, and the location and area of the disease occurrences are calculated according to the tunnel interval and disease type. Water leakage is the main tunnel disease. In this study, water leakage was used as an example to introduce the method of disease extraction. In this system, disease extraction is realized using human-computer interaction. The automatic extraction algorithm mainly relies on the connected domain analysis algorithm in IP. Based on the image generation of the inner wall of the tunnel, the image is de-noised and binary segmentation is performed. After the segmentation, there may be discrete noises (such as bolt holes), which can be removed by median filtering. After the water leakage information is segmented, the connectivity domain analysis algorithm is used; that is, black pixels (water leakage) are marked in the binary image, where each individual water leakage region forms an independent connectivity domain, along with the number, area, location, and other parameters of the water leakage region. Owing to the complexity of the structures and diseases in actual tunnels, the IP method sometimes receives some interference, such as cement falling. Thus, the data processing software developed in this study also provides a manual annotation function, which can be used to determine the disease edge line through the disease boundary point, and can calculate the disease’s area and other information according to the human annotation results.




3.5. Roaming Video


To solve the visualization problem of tunnel scanning point cloud data and the settlement results, and to avoid the large amount of manpower needed for artificial modeling, the XY coordinate, mileage and reflectivity information of the scanning point cloud were used in this study to generate video directly. Furthermore, the first-person perspective was used to generate roaming video from different angles, such as a front view (Figure 7), top view, left view, and right view, to integrate the real texture and ring number mileage. Diameter deformation, wrong platform, auxiliary facilities, etc. may be integrated into the video to provide relevant leaders and monitoring personnel with an intuitive, efficient, and general local style for viewing the monitoring and measurement results. The basic steps of the video generation include the following: organizing scan data in the memory or in-display memory; generating a memory image of the current frame using perspective projection, by selecting a standard cylinder, or the solid object stereo method; generating continuous multi-frame images according to the motion speed; synthesizing video using multi-frame images; and adding other information to the video simultaneously. The objective of this study was to generate roaming video directly from a laser scanning point cloud, which greatly reduces the manpower investment of the segment modeling plus block mapping used in traditional modeling methods, and can more intuitively reflect the current tunnel situation.





4. Experimental Results


4.1. System Accuracy Analysis


At the beginning of the system integration, to investigate a first-generation hand push detection system (integrating Faro laser scanner), a system accuracy test was conducted at the completion of the Chengdu metro tunnel. The accuracy of the system was compared with that of the existing mainstream measurement method, namely the total station method, and the accuracy of the external system was verified through a mobile system back measurement. Furthermore, the deformation detection system was combined with an artificial foam board. The accuracy deviation between the convergence diameter measured by this system and that measured by the total station method was ±3 mm (1.6 mm), which conforms to the long-term tunnel monitoring and measurement requirements established in the code for the monitoring and measurement of urban rail transit structures [32]. The convergence measurement accuracy is required to be better than ±3 mm, which indicates that this system can be utilized for tunnel deformation detection. The average deviation of the convergence diameter when measured back and forth was within ±1.5 mm, and the artificial deformation detection error was ±1.1 mm [25].



To verify the accuracy of the second generation of the electric detection system, a section of Tianjin Metro was scanned. Specifically, 157 rings were scanned in the section during the round-trip scanning, excluding interfering factors, such as the axle counter, side channel, occlusion, and gross error of the two rings. Further, 153 groups of data of the convergence diameter of each ring were successfully obtained. The average mean squared error of the data was 0.5 mm. Figure 8 shows the specific convergence diameter data, and Table 2 presents the statistical analysis results. A total of 94% of the repeated measurement deviations were within 1 mm. The mean of the dislocation deviation in the forward and backward measurements was about 3.0 mm and Figure 9 shows the dislocation on the whole ring (about 273° without the track) in the forward and backward measurement, and the mean deviation was 2.5 mm.




4.2. Engineering Application


Using the research system employed in this study, a tunnel detection engineering application was performed in a certain section of the Zhengzhou metro. The electric constant speed detection trolley and Z+F9012 laser section meter were used for a 2.5-h round-trip measurement, and 1.5 km (approximately 17.6 GB) of original point cloud data were obtained. The data collection site is shown in Figure 10. The results of the deformation detection, such as tunnel diseases, track bed diseases, horizontal diameter, and ring dislocation detection, as well as a panoramic roaming video, were obtained, and the detailed disease investigation was focused on an area with steel ring reinforcement and a diameter convergence >6 cm.



In the scan, 511 rings in this section were measured. Except for the interfering factors, such as the axle counter, side channels, and shelters, 495 groups of data were successfully obtained. The design inner diameter of the detection section was D = 5.400 m, the maximum horizontal diameter deviation was 7.8 cm (ring 197), the maximum ovality deviation was 29.4‰ (ring 197), and the diameter deviation of 92 rings (excluding steel ring reinforcements and uncovered measurements) exceeded 6‰ of D (diameter), accounting for 18.0%. There were 289 rings with ovality >6‰ of D, accounting for 56.5%, and there were 9 rings (ring 197, 239, 240, 242, 465, 467, 469, 475, 476) with horizontal diameters deviating from the design inner diameter by more than 6 cm. The statistical information is shown in Table 3, and the diameter and ovality convergency curves are shown in Figure 11.



The Zhengzhou Metro data that were obtained revealed that the standard deviation of the repeated measurement of convergence in the round-trip measurement in this section was 0.9 mm. A convergence deformation monitoring accuracy of ±2 mm was guaranteed according to the estimation of two times the mean square error.



There were 289 rings with ovality exceeding the specification (6‰ of D), accounting for 56.5% of the total number of rings in the section, whereas 42 rings (8.2%) had an ovality of more than 18‰ of D. These were mainly distributed in the areas adjacent to the steel ring reinforcements, and the horizontal diameter deviations were >4.5 cm. The statistical information is shown in Table 4.



Forty-three rings were found with circular dislocations exceeding the limit of 15 mm in this section. The maximum circular dislocation was located in ring 444–443, where the stagger angle was 318°–274° (upper left), the arc length of continuous stagger was 2.121 m, and the average stagger was 27.7 mm. The stagger between rings was affected by the tunnel curve, splicing quality, and structural deformation, but was mainly distributed in the area with ovality deviations of more than 6‰ of D. The circular dislocation measurement accuracy reached ±3 mm. The relevance curve for circular dislocation and ovality of a section of Zhengzhou Metro is shown in Figure 12. There is a significant correlation between circular dislocation and ovality.



Some water leakages (Figure 13a), cracks (Figure 13b), dislocation and damage of a ballast settlement joint (Figure 13c), concrete peeling, and other diseases were found in the tunnel section, and some of the circular dislocations were more than 2 cm. In the laser scanning image, a large, continuous crack was evident between the drainage ditch of the track bed on the left and right sides of the tunnel and segment (Figure 13b). The image resolution of the track bed was about 0.5 mm/pixel, and that of the inner wall of the tunnel was about 1.5 mm/pixel. Some settlement joints of the adjacent track beds were staggered at about 5–10 mm. According to engineering experience, the crack width and the ballast bed stagger in this section were larger than those in a normal section tunnel; thus, it is suggested to continue the monitoring and detection.



For the scanning section, first-person roaming video was generated to integrate key information, such as the tunnel status, ring number mileage, diameter deformation, wrong platform, and auxiliary facilities, into the video. The purpose of reporting this type of information with the system is to provide relevant leaders, various professionals, and monitoring personnel with intuitive, efficient, and general means of viewing the monitoring and measurement results. Figure 14 shows the results display interface.



According to the user requirements, the structural deformation detection report and disease detection topic can be customized. The report can be exported to Microsoft Word or Excel, and the thematic map can be presented in an image or Word format. The tunnel image supports an independent output of the tunnel wall and track image, the tunnel wall image supports output of a specified number of rings, and the report format can be customized according to requirements.





5. Discussion and Conclusions


This paper reports on the study of a mobile laser scanning system for tunnel monitoring and measurement. The system includes a tunnel detection hardware system, data acquisition module, and data processing and results management modules. It also supports several mainstream commercial laser scanners, such as Faro, Leica, and Z+F scanners. It is equipped with a hand push or an electric detection trolley and can further be equipped with an odometer or a gauge sensor. The system software can conduct structural deformation calculations of tunnel full sections, convergence diameters, dislocation, etc. It can also provide extraction and annotation of water seepage and other diseases, generate point cloud maps and convergence analysis of full tunnel sections, and form a no-control tunnel structure and disease detection system. The communication, control, and data analysis of the instrument were verified. Likewise, the correctness and execution efficiency of the algorithm of deformation measurements, image results, and video results were confirmed. The user interface was deployed to the target tablet computer for verification, and the system accuracy and function stability were verified via tests in Chengdu, Guangzhou, Tianjin, Zhengzhou, and other locations. The current software technology route can fully meet the needs of practical engineering applications.



The Zhengzhou metro section data in this project showed that the mean absolute error (MAE) of the convergence repeated measurement in this section was 0.9 mm. Using twice the MAE as the limit error, the convergence deformation monitoring accuracy could be ±2 mm. The dislocation measurement accuracy was ±3 mm. According to an operation speed of 1.8 km/h (optional maximum of 4.5 km/h), the operation efficiency can allow the scanner obtain more point cloud data within a unit distance, reduce the vibration distortion and dispersion caused by track irregularities and other factors, and facilitate the timely handling of abnormal occlusions and other situations on site. Based on the current 3 h operation time of each operation order, it is estimated that 5–6 km of tunnel laser scanning data acquisition can be completed in a single operation order. The image resolution was about 0.5 mm/pixel in the ballast section and about 1.5 mm/pixel in the inner wall of the tunnel. The overall images have relatively good quality, clarity, and measurement accuracy. The locations and areas of water leakage could be measured accurately, and roaming video could be generated synchronously. The image results can be generated in the form of 1 ring/frame, 10 rings/frame, 50 rings/frame, or a whole-tunnel roaming video. The mobile laser scanning measurement results can help relevant professionals understand deformations, disease statuses, and treatment effects, and perform long-term tunnel structure tracking while providing references for follow-up structural monitoring, disease investigation, reinforcement, and maintenance of key sections. The proposed system provides a high efficiency, low cost, full coverage, appropriate accuracy, and rich information.



This study was mainly focused on a circular shield tunnel. Regarding the non-circular tunnels used in mine tunneling, the authors have performed some research that preliminarily verified the method and theory of mine chord surveying. However, the stability of the data accuracy needs to be improved, and the corresponding software function is in the test stage. The convergence analysis of a non-shield subway tunnel in Harbin was performed by using a mobile measurement system, such as a scanner. The chord length of the tunnel wall 0.85 m, 2 m, and 3.2 m from the rail surface was calculated for the convergence analysis, and the chord length deviation was analyzed using repeated measurements. The repeated deviation was within ±3 mm. In this study, a horseshoe tunnel in a section of Chongqing Metro was tested, and its convergence was analyzed using chord measurements. Eight sections were measured, and the repeated deviation was within ±4 mm. The next step is to optimize the algorithm to adapt to convergence detection for any tunnel shape. The chord lines of power pipe galleries have also been tested. For non-circular shield tunnels, the accuracy and stability of the chord measurements require improvement, and a new generation of convergence analysis software for arbitrarily shaped tunnel sections is highly anticipated. Additionally, the authors have conducted system integrations and application expansions. The development system has also been expanded to include inertial or integrated navigation systems in combination with subway, high-speed railway line, or control points to correct the absolute coordinates, which can be used for the completion acceptance of tunnel construction. The group has been engaged in the data acquisition and application of laser scanners using different mobile laser scanning techniques for many years, which could provide important technical support for holographic data acquisition, structural deformation detection and monitoring, disease extraction, data management, etc. in the rail transit industry. The group will continue to focus on the application prospects of laser scanning and corresponding integrated systems.
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Figure 1. Data acquisition hardware system diagram. 
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Figure 2. Interface design of the data acquisition module. 
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Figure 3. Tunnel and track thematic map: (a) tunnel thematic map and (b) track thematic map. 
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Figure 4. Monitoring center interface. 
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Figure 5. Schematic of a tube ring. 
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Figure 6. Seam recognition: (a) Segment orthophoto image, (b) Canny operator processed image, (c) Image after expansion processing, and (d) capping block test results. 
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Figure 7. Roaming video screenshot. 
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Figure 8. Convergence diameter repeatability difference. 
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Figure 9. Dislocation of the forward and backward measurements. 






Figure 9. Dislocation of the forward and backward measurements.



[image: Remotesensing 12 00730 g009]







[image: Remotesensing 12 00730 g010 550] 





Figure 10. Tunnel scanning site. 
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Figure 11. Diameter and ovality convergence curves. 
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Figure 12. Relevance curve for circular dislocation and ovality. 
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Figure 13. Typical diseases in this scanning section: (a) water leakage, (b) crack between the segment and monolithic track bed, and (c) dislocation and damage of a ballast settlement joint (example). 
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Figure 14. Results display interface. 
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Table 1. Technical specifications of the Z+F PROFILERⓇ 9012M.
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Laser System




	
Beam divergence

	
<0.5 mrad




	
Ambiguity distance

	
119 m (above, range reading restarts at zeros)




	
Minimum distance

	
0.3 m




	
Range resolution

	
0.1 mm




	
Data acquisition rate

	
Max. 1.016 million pixel/s




	
Deflection Unit




	
Deflection system

	
Completely encapsulated, rotating mirror




	
Vertical field of view

	
360° unobstructed




	
Angular resolution

	
0.0088°




	
Angular accuracy

	
0.02° rms²




	
Rotation speed

	
50 Hz, up to 200 Hz (max. 12,000 rpm)
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Table 2. Statistical table of the twice-repeated measurement accuracy.
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	Convergence Diameter

Repeatability Difference (mm)
	Ratio





	≤1
	94.2%



	>1
	5.8%
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Table 3. Statistical table of horizontal diameter differences.
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	Diameter Difference
	≤6‰ of D
	6‰D

(≈6 cm)
	≥6 cm
	Steel Ring

Reinforcement
	Shelter

Unmeasured





	Number of Rings
	403
	83
	9
	14
	2



	Ratio
	78.9%
	16.2%
	1.8%
	2.7%
	0.4%
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Table 4. Statistical table of ovality.






Table 4. Statistical table of ovality.





	Ovality Difference
	≤6‰ of D
	6‰–18‰ of D
	≥18‰ of D
	Steel Ring Reinforcement
	Shelter Unmeasured





	Number of Rings
	206
	247
	42
	14
	2



	Ratio
	40.4%
	48.3%
	8.2%
	2.7%
	0.4%











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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