friried applied
e sciences

Article

Design of Fast Acquisition System and Analysis of Geometric
Feature for Highway Tunnel Lining Cracks Based on

Machine Vision

Haozheng Wang 12, Qiang Wang 1-2-3*, Junli Zhai 1-?-3, Dongyang Yuan "2, Weikang Zhang "2, Xiongyao Xie 134,

Biao Zhou 34, Jielong Cai

check for
updates

Citation: Wang, H.; Wang, Q.; Zhai,
J.; Yuan, D.; Zhang, W.; Xie, X.; Zhou,
B.; Cai, J.; Lei, Y. Design of Fast
Acquisition System and Analysis of
Geometric Feature for Highway
Tunnel Lining Cracks Based on
Machine Vision. Appl. Sci. 2022, 12,
2516. https://doi.org/10.3390/
app12052516

Academic Editors: Dajun Yuan,

Dalong Jin and Xiang Shen

Received: 8 February 2022
Accepted: 25 February 2022
Published: 28 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://
creativecommons.org/licenses /by /
4.0/).

4 and Yuanshuai Lei 3

Zhejiang Scientific Research Institute of Transport, Hangzhou 311305, China;
haozheng_wang@tongji.edu.cn (H.W.); zjl909090@tongji.edu.cn (J.Z.); 1832237@tongji.edu.cn (D.Y.);
1832624@tongji.edu.cn (W.Z.); xiexiongyao@tongji.edu.cn (X.X.)

Key Laboratory of Road and Bridge Detection and Maintenance Technology of Zhejiang Province,
Hangzhou 311305, China

Department of Geotechnical Engineering, College of Civil Engineering, Tongji University,

Shanghai 200092, China; zhoubiao@tongji.edu.cn (B.Z.); caijielong@tongji.edu.cn (J.C.);
1530779@tongji.edu.cn (Y.L.)

Key Laboratory of Geotechnical and Underground Engineering, Ministry of Education, Tongji University,
Shanghai 200092, China

*  Correspondence: 18310182@tongji.edu.cn; Tel.: +86-183-0196-3592

Abstract: Under the dual effects of the rapid growth of tunnel mileage and operating years, the
application and research of tunnel crack identification based on machine vision are increasing with
the vigorous development of machine vision. However, due to the complex environment in tunnels,
it is difficult to quickly obtain tunnel lining cracks via computer visions in the tunnel. Therefore, this
paper presents the design of a fast acquisition system with the geometric feature analysis for tunnel
lining cracks, which has been integrated into a tunnel fast inspection vehicle with a machine vision
module. Through the research on the image acquisition system of the tunnel lining, the parameter
selection of the crack shooting hardware system is determined, and the fast calculation method of
shooting parameters is proposed. The geometric characteristic analysis of the tunnel lining crack
image is employed to calculate crack width and determine the optimal gray value of crack extraction.
Field tests have been conducted in the highway tunnels in Zhejiang and Yunnan provinces in China
and the result indicates that the proposed approach yields much better performance in the detection
efficiency, whose time of detection is only 1%, and the number of personnel required is only 40% of the
traditional pure manual method. Compared with similar systems, it also has significant advantages
in crack resolution and detection speed. This research provides a means of rapid acquisition of tunnel
cracks and laying a foundation for the evaluation of the service performance of the tunnel.

Keywords: tunnel detection; machine vision; lining cracks; image processing; image acquisition;
system development

1. Introduction

As a mountainous country, the mountain area accounts for two-thirds of China’s land
area. The tunnel, the vital part of the mountain highway, plays an active role in shortening
the driving distance, reducing fuel consumption, and protecting the environment, which
has further yielded social and economic benefits [1]. With the rapid increase in the length
and number of tunnels, the development of tunnels in China has shifted from a construction-
oriented phase to a new period when an equal emphasis is placed on construction and
maintenance. More and more problems have been exposed in tunnels constructed in
early years, which brought considerable challenges to the health and safe operation of the
tunnels. As a result, tunnel health inspections have become increasingly important. The
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structural problems of tunnels are primarily presented in apparent forms, such as cracks
and water leakage. Traditional tunnel safety detection methods mainly rely on manual
detection, which cannot meet the requirements of detection speed, accuracy, and safety
requirements. Consequently, the need for mechanized, automated, and intelligent detection
methods has become more and more urgent. In recent years, the continuous development
of machine vision technology has provided a means of intelligent detection on tunnel
apparent diseases [2].

Scholars have carried out several kinds of research in tunnel disease using machine
vision. Yu et al. in South Korea developed a mobile robot system with a line scan CCD
camera and a specific light source, which can scan the tunnel lining at a travel speed of
5 km/h [3,4]. Ukai in Japan established an outline of tunnel scanner system, proposed
a focus adjustment method based on the derivative of the image histogram, and used
image processing technology to eliminate image fluctuations to achieve fast acquisition
of tunnel lining images [5]. Gavilan et al. in Spain presented the “Tunneling” tunnel
lining inspection system with six high-speed cameras and six laser sensors. It can obtain
the tunnel lining image and the three-dimensional outline simultaneously. The depth
direction accuracy is 0.5 mm, and the vertical and horizontal resolutions are 1 mm [6].
Toru et al. from the Japanese Pacific Consulting Company proposed the MIMM-R tunnel
inspection system consisting of 20 cameras, which can operate at a speed of 50-70 km /h.
When shooting at 1.5 mm pixel resolution, the system can identify cracks over 0.3 mm
wide [7,8]. The TS series tunnel inspection system designed by the German Spacrtec
company employs a 360° rotating scanning head to collect images of the tunnel section
lining. The range of 360° can reach 100 million pixels, and the distance between adjacent
survey lines can reach 2-5 mm [9]. The ATLAS70 system developed by the Paris Metro in
France conducts a laser scanner to detect abnormalities on the tunnel surface. At a working
distance of six meters, it has a resolution of 0.2 mm and an operating speed of 2-5 km/h,
which can be applied to the health status detection of subways, highways, and railway
tunnels [10]. Wang et al. developed a prototype device of a vehicle-mounted automatic
detection system for tunnel linings composed of linear array CCD cameras and LED light
sources. Through the experiment of the crack acquisition model, the influence rules of
the detection distance, light source illumination, effective pixels, and detection speed on
the automatic detection performance are established [11]. Tang et al. designed a 360°
panoramic camera composed of a camera and a hyperboloid catadioptric mirror. Fifteen
LED light sources are used to fill in the light for tunnel lining image acquisition, which
can obtain the tunnel lining panorama at one time. Because of catadioptric technology,
the image clarity is the same in any region, which does not need to focus anymore [12].
The tunnel inspection vehicle TFS [13] developed by Wuhan ZOYON Company and the
tunnel inspection vehicle TDV-H2000 [14] of Shanghai TJGEO Technology Company both
carry out mobile monitoring in the tunnel by integrating cameras and laser scanning
systems on the vehicle, whose crack detection accuracy can reach 0.2 mm. However, there
is no introduction to its imaging system’s selection, parameter calculation method, or
image characteristics. Liu et al. established the optimization model of the multi-camera
installation center and the single-camera installation position, which gave the optimal
design results of the installation parameters of the vision acquisition system. Three line
scan cameras with 4 K resolution are integrated on the Stewart platform with rotation and
vibration reduction functions, which can achieve mme-level resolution in the tunnel [15-17].
Huang et al. developed an MTI-100 tunnel inspection vehicle for subway tunnel inspection.
It consists of three systems: image acquisition system, control system, and moving control
system. Through human push, the tunnel lining image acquisition can be carried out at a
speed of 3-5 km per hour in the subway tunnel. The system consists of six line scan cameras
with a resolution of 0.3 mm/pixel. Since the acquisition is carried out in a circular shield
tunnel with a relatively fixed size, it is not necessary to adjust the shooting parameters
frequently [18]. Bendris et al. proposed an aerial solution for visual inspection of the
tunnel. Four vision cameras and one thermal imager are installed on the DJI Matrice
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100 quadrotor, and the flight speed can reach 2 m/s. At a shooting distance of two meters,
the minimum pixel resolution can reach 0.86 mm/pixel. The solution using aircraft can be
used in subways and road tunnels [19]. The existing research mainly focuses on developing
the hardware of the lining image shooting system, the integrated application of the system,
and the comparison of the detection efficiency. However, there is little research on the
calculation of shooting parameters. Most systems require manual adjustment of shooting
parameters during the detection process [20]. On the one hand, the operation time of the
detection system is increased, and on the other hand, operators have to adjust parameters in
the dangerous environment of on-service tunnels for a long time, which has a great negative
impact on the imaging quality and shooting efficiency. Furthermore, the analysis of the
obtained crack images is also very limited, which makes it difficult to extract information
such as crack width without the aid of auxiliary equipment, e.g., calibration plates. Our
main contributions can be summarized as follows: Firstly, by studying the image acquisition
system of tunnel lining cracks, the hardware system selection is formed, and the calculation
methods of three parameters are established. Then, the crack characteristics of tunnel lining
images are analyzed, and the crack width extraction model and the optimal gray value
for crack extraction are established. Finally, the tunnel inspection vehicle is developed,
and compared with the complete manual operation, the inspection speed is significantly
improved, and less labor is needed.

This paper proposes a technology to address these problems. In chapters two and three,
the hardware development of the tunnel detection system is carried out, and the research
on the selection of the hardware system of the lining shooting system and the calculation
method of shooting parameters are carried out. In chapter four, the characteristics of the
tunnel lining crack image are analyzed, and the crack width extraction method and the
optimal background gray value are proposed. In chapters five and six, a verification test is
carried out in a working tunnel, and the efficiency and cost of the proposed algorithm are
compared with other detection methods.

2. Development of Tunnel Image Fast Acquisition System

To realize the rapid acquisition of tunnel lining crack images, a fast acquisition system
of tunnel lining images is developed. As shown in Figure 1, the machine vision module is
integrated into the vehicle chassis so that the full-section images of the tunnel lining can be
quickly collected in a moving state. As shown in Figure 2, the machine vision module of
the tunnel inspection vehicle consists of the energy supply system, storage control system,
and shooting system.

Scanning
Module

‘-

Mgchme Opera.tmg
vision cabin

Figure 1. The tunnel fast-moving detection system composed of the cockpit, control cabin machine
vision module, etc.
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Figure 2. The composition of the machine vision module of the tunnel inspection vehicle.

The energy supply system consists of a silent generator and an uninterruptible power
supply equipped with battery packs. The UPS battery pack is responsible for powering the
energy supply and storage control systems. The silent generator can directly supply power
for the compensation light source and charge the UPS battery pack. The control storage
module comprises an industrial computer, an encoder, and five Next Unit of Computings.
The industrial computer is responsible for calculating and setting the rotating platform,
lens, and camera parameters. In addition, the shooting effect can be previewed in the
industrial computer. Due to the large number of cameras and the high acquisition frame
rate, the amount of image data that need to be stored in unit time is vast. The method of
distributed acquisition and storage by five Next Unit of Computings is adopted to ensure
the transmission speed and prevent frame loss. Each mini-computer is responsible for the
storage of four or five cameras. After the acquisition is completed, the images of the tunnel
lining are merged through the mobile storage device.

As shown in Figure 3, there are three columns and twenty rows, a total of sixty groups
of compensation light sources, and nineteen groups of shooting systems composed of
cameras, lenses, and rotating platforms in the shooting system. The compensation light
source is the 120 W LED light source with constant illumination. The shooting system
is the core of the tunnel inspection vehicle machine vision module. The rationality of its
hardware selection is the basis for the effect of the lining crack image shooting system. The
calculation method of shooting parameters plays a decisive role in the shooting effect and
detection efficiency. Therefore, they will be introduced in the next chapter.

u Light source @ Shooting system
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ololo]e]oje]o]o]e]olo]e]e[c]ole]e]e]e]e)

Left side of vehicle g Top of vehicle : Right side of vehicle

Figure 3. Layout of the machine vision system for tunnel inspection vehicle.
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3. Research on Image Acquisition System of Lining Cracks

To choose a reasonable shooting system hardware, the camera resolution, shooting
range, and focal length will be studied for utilizing experiments and theoretical analysis. In
addition, the parameter calculation method of the image shooting system will be analyzed
to realize the rapid acquisition of tunnel lining images.

3.1. Shooting System Hardware Analysis
3.1.1. Shooting System Selection Subsubsection

When the camera is shooting, there is a difference in the amount of light received
by the subject. Consequently, the gray levels of each pixel on the image will be different
because of the nonuniformity of charge accumulation on the sensors. When the width of
the crack is less than one pixel on the image, it can still be distinguished by the different
gray values.

To determine the camera resolution required by the shooting system, cracks were
created on a concrete piece randomly, and the width of each crack was precisely measured
with a crack meter. Subsequently, the camera with a resolution of 1.5 mm/pixel was used
for shooting. The relationship between the minimum resolution and the recognition width
was analyzed by analyzing the captured images. As illustrated in Figure 4, the cracks with
a width of 0.1 mm can be distinguished with 1.5 mm/pixel [20].

Figure 4. The test piece and corresponding crack width (the number in the figure is the width of the
crack there in mm).

Analysis of the test piece shows that the camera resolution can be 15 times the mini-
mum crack width identification accuracy when identifying concrete cracks. Considering
the usual influencing factors such as insufficient light and dust in the tunnel, the conversion
coefficient between the camera resolution and the minimum recognition accuracy of this
system is selected as ten times. Consequently, the resolution of 1.0 mm/pixel is used to
identify pixels with cracks of 0.10 mm wide.

3.1.2. Shooting Range Calculation

For images of the tunnel lining, stitching is required to form a panoramic distribution
map of the tunnel for display. Therefore, the actual size of a single picture should not be too
small. Concerning the actual detection experience in the tunnel in the past, and considering
the overlap area required for splicing, the side length of the field of view to be selected is
about 1.0 m, then the minimum number of pixels required for one side of the camera n can
be calculated by Equation (1):

r 1.0 x 1000

n= b o = 1000 (1)
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where 7 is the minimum number of pixels, 7 is the side length of shoot range, and p is the
pixel resolution.

After considering the cost and camera sensor model, the Baumer TXG13 area scan
camera with a pixel size of 1392 x 1040 is finally selected, corresponding to the actual
shooting range 1.392 m x 1.04 m.

3.1.3. Focal Length Calculation

When the camera is imaging, the focal length of the lens determines the actual shooting
size. The focal length of the required lens is usually calculated by the field of view, working
distance, and camera chip size according to Equation (2):

I d

=7 @
where [ is the length of view, s is the size of the camera sensor, d is the working distance of
the camera, and f is the focal length.

When applied in different tunnels, the corresponding working distances of the cameras
are different. Therefore, to obtain images with a fixed shooting range, a zoom camera needs
to be used to capture images of the tunnel lining.

Through the statistics of common tunnel width, lane width, and vehicle width, the
working distance of the camera in the tunnel is 2.0~7.0 m. According to Equations (3) and (4),
the minimum focal length is 9.30 mm, and the maximum is 32.54 mm. Therefore, the
H6Z0812M electric zoom lens with a zoom range of 8~48 mm was finally selected.

 dmin xS 2000 X 6.47
fmin = =2 = 355

= 9.30mm 3)

 dmax X5 7000 x 647
fmln = ] = 1392 = 32.54 mm (4)

where dpin and dmax are the maximum and minimum working distances, fmin and fmax
are the maximum and minimum focal length.

3.2. The Method of Fast Acquisition Parameter Calculation

After determining the camera model and shooting range, the main parameters related
to the shooting effect are aperture, magnification, and focus. Due to the influence of tunnel
lighting conditions, tunnel detection time, internal light source conditions, tunnel lining
reflectivity, etc., the aperture is difficult to preset in advance when tunnel detection is
performed for the first time. Therefore, it is usually adjusted according to the specific
conditions of the site. The magnification and focus parameters can be calculated according
to the imaging principle or fitting test.

3.2.1. Lens Zoom

The zoom ratio adjustment is realized by adjusting the focal length of the lens. By
selecting an appropriate focal length, the picture frame captured by the camera can be
zoomed to the required range, and the whole section of the tunnel can be photographed.
From the focal length calculation formula in Equation (2), after determining the working
distance between the lens and the object, the actual size of the shooting range, and the size
of the camera sensor, the focal length can be calculated according to the triangle similarity
principle. The size of the camera sensor is 4.84 mm X 6.47 mm, and the actual shooting
range has been determined as 1.392 m x 1.040 m in Section 3.1. Therefore, the calculation
formula of the focal length is shown in Equation (5) or (6):

_ Sy X di o 647dl

f l, 1392

= 0.00474; (5)
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Sp X di 4.84(1,’
= = = 0.0047d; 6
f I 1040 ! ©)
where d; is the working distance of target position i, s, and s, are the size of the camera
sensor in different orientations, and [, and I, are the length of view in different directions.
Using Equation (5) or (6), the camera zoom can be calculated after the camera working

distance d; is determined.

3.2.2. Camera Focus

For application scenarios and stability considerations, standard industrial cameras do
not have the automatic focusing capability of digital cameras, so the focusing parameters
need to be calculated separately.

This can be obtained from the imaging formula of the convex lens in Equation (7).
When the focal length and the object distance are determined, the image distance (the
distance between the camera sensor and the optical center) can be calculated. The image
captured by the camera is clearest when the camera sensor is in the image plane at the
distance v from the optical center of the lens.

S o= )

where f is the focal length, u is the object distance, and v is the image distance.

Therefore, it is planned to establish the mapping relationship between the focus and
the object distance u and the focal length f when shooting the clearest image from imaging
experiments. However, the focal length is adjusted by the zoom in the imaging system.
This experiment will fit the focus of the clear image to the object distance u and the zoom.

After determining the zoom and the object distance u, the image captured by the
camera is observed while fine-tuning the focal length, and when the clearest image appears,
the focal length is recorded at this time. Then, the above operations are repeated after
adjusting the object distance u and the corresponding zoom. To ensure the applicability
of the fitted data, the zoom will be fine-tuned at different object distances to establish the
binary correspondence between the focus and the zoom, the object distance u.

The recorded data perform binary fitting to establish the functional relationship be-
tween focus, object distance u, and focal length zoom when the clear image is formed. The
test process is as follows:

@®  Object distance calculation: According to Section 3.1.3, the common working distance
of the camera is 2.0-7.0 m.

@  Determination of focal length zoom: Round the calculated working distance of the
camera to an integer and calculate the corresponding zoom of the focal length. Fur-
thermore, adjust it respectively after rounding to expand the scope of application.
There are 18 sets of data in total, as listed in Table 1.

®  According to the determined parameters, conduct an experiment to determine the
focus corresponding to the clear image under each group of object distances and
focal lengths.

@  Take the focus corresponding to the clear image as the dependent variable, the object
distance u, and the focal length zoom as the independent variables, and perform
binary fitting to establish the corresponding functional relationship.

Table 1. The object distance and zoom used in the test.

Object Distance/m 2 3 4 5 6 7
5 5 20 30 30 40
Zoom 10 10 30 40 40 50

20 20 40 50 50 60
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By adjusting the focus under the object distance and zoom of each group, when the
edge of the crack is the sharpest in the image of the calibration plate, record the focus when
the image of the camera is clear, as shown in Table 2.

Table 2. The best focus under each object distance and zoom.

Zoom
5 10 20 30 40 50 60
Object Distance/m

2 50 51 53 — — — —
3 35 37 40 — — — —
4 — — 30 36 40 — —
5 — — — 28 38 45 —
6 — — — 28 31 35 —
7 — — — — 33 38 42

Using the method of curve fitting, taking the object distance and zoom as indepen-
dent variables X and Y, respectively, and the focus of the determined clear image as the
dependent variable Z, binary fitting is performed. By comparing the mean square error,
correlation coefficient, and smoothness of the fitting equations of different degrees, the
binary cubic fitting equation shown in Equation (8) is finally selected, and its fitting surface
is shown in Figure 5.

Z=f(X,Y) =88.68—19.51X —0.6809Y — 0.7189X>
+0.5552XY — 0.002504Y?2 + 0.3514 X3 (8)
—0.06936X2Y + 0.001301XY? + 0.0001025Y3

60
Z 40
20

Y 5 3 4 Ty

Figure 5. Bivariate fitting section plot: X is the object distance, Y is the value of zoom, and Z is the
corresponding best focus.

The formula fitting mean square error (RMSE) is 1.903, and the correlation coefficient
(R-square) can reach 0.9701.

In many field applications, the fitting formula works well in the actual detection.
Under different shooting distances, tunnel types, and tunnel sections, the focal length
quickly calculated by this equation is used to set the lens parameters of the tunnel inspection
vehicle, which can clearly collect crack images at each position in the full section of the
tunnel. The operation efficiency of the tunnel inspection vehicle is significantly improved,
which lays a foundation for the rapid analysis of the geometric characteristics of cracks and
the assessment of the safety status of the tunnel structure.

3.2.3. Camera Attitude

When the inspection vehicle detects in the tunnel, due to the large tunnel cross-section,
multiple cameras are required to work simultaneously to complete the full coverage of the
image across the tunnel [21]. Therefore, the camera attitude control system is required to
calculate the rotation angle of each camera.
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In order to establish a camera angle control model, the tunnel contour is divided into
several arcs according to the radius. As shown in Figure 6, the radii are Ry, Ry, R3, ..., Ry,
the corresponding center angles are 61, 6, 03, ... , 6, and the coordinates of each center
are (Ojy, Ol-y). The developed control model complies with the following regulations: The
direction whereby the center of the circle points to the arc is the positive direction of the
radius; the azimuth angle corresponding to the starting radius of each arc is «;, the LL and
LR are the distances from the left and right walls of the tunnel to the carriageway, the width
of the lane is L, and n is the number of lanes.

y/em

B T > > < e
L, L L8, L L, [vem
a X b

Figure 6. Camera attitude control model coordinate system.

The corresponding length of each arc of the tunnel contour is R;0;, then the cumulative
length S; of the ith segment arc in front of the tunnel is

i
Si=Y_ Rib; )
i=1

For the direct shot point A;, the accumulated arc length s; of the tunnel profile on its
left is
s;=695+130(i —1)+sx (d—1) (10)

where d is the lane number of the detection system located.
When 5,_1 <s; < S,, the direct point A; is located in the a-th arc segment, and its
horizontal and vertical coordinates can be calculated as

Si — Sa—1

Ajx = Ogx + Ry X cos(ag — R ) (11)
a
A = O, + R, X si Si —Sa—1
iy = Oay 2 X sin(a,; — T) (12)
a

Combined with the coordinates (B;y, B;,) of the working camera corresponding to the
direct shot point, the cosine of the camera position angle can be obtained as
cos B = lxz X ; (13)
\/(Aix = Bip)? + (Aiy — Byy)

Then, using the arccosine function, the shooting angle of each camera can be calculated.
If Aiy - Biy Z 0:

Bi = cos1(cos B;), cos~t(cos B;) € [0, 7] (14)
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If Aiy — Biy <0:

Bi= 27 —cos !(cos B;), cos 1 (cos B;) € [0, 7] (15)

Through the Matlab program, the above calculation process has been realized in a
programmed way to realize the establishment of the camera attitude control model.

4. Analysis of Crack Characteristics in Tunnel Lining Images

Parameters such as the length and width of cracks in the tunnel are important indi-
cators for the assessment of the safety state of the tunnel structure. As a long and narrow
structure, the extraction of the width of cracks is much more difficult than the extraction of
lengths. In order to ensure that the shooting results of the lining crack acquisition system
can extract the crack width accurately, the crack images of different widths are studied. By
establishing the crack width model, the accurate extraction of crack width is realized. In
addition, by analyzing the contrast between crack pixels and the background in images
with different gray values, the optimal gray value of the image suitable for crack extraction
is determined.

4.1. Crack Width Extraction Model

In order to simulate the different widths of the cracks on the surface of the actual
tunnel lining, the image acquisition targets of this experiment are the crack line series and
the checkerboard, which are fixed on the white wall on the Al drawing. The distinguishable
range of the crack line series is 0.1~5.0 mm. Considering that longitudinal cracks (in the
direction of the tunnel axis) generally have a significant impact on the structural safety
performance in tunnel structures, simulated cracks with different widths are presented
in the form of longitudinal cracks. The checkerboard is an array of black and white grids
where the actual size of each grid is 20 mm x 20 mm, which is used for the focus of the
area scan camera.

The above drawings with cracks of different widths are photographed by the selected
photographing system, and then the grayscale characteristics of the cracks with different
widths in the photographed images are analyzed to establish a crack width model based
on grayscale analysis.

As shown in Figure 3, the cracks in the first series, that is, the cracks with a width of
0.1 mm~1.0 mm, show a significant difference in brightness, but the width difference is not
apparent. For cracks with a width greater than 3.0 mm, the color density remains basically
unchanged, but a relatively noticeable width difference can be observed. In each crack
series, three lines are drawn along the vertical crack direction, and the extraction positions
are shown in Figure 7.

0.Tmm 1. lmm 2.lmm
0.2mm 1.2mm 2.2mm

0.3mm 1.3mm 2.3mm
0.4mm 1.4mm 2.4mm
0.5mm 1.5mm 2.5mm
0.6mm 1.6mm 2.6mm
0.7mm 1.7mm 2.7mm
0.8mm 1.8mm 2.8mm
0.9mm 1.9mm 2.9mm
1.0mm 2.0mm 3.0mm

3.1mm 4.lmm
3.2mm 4.2mm
3.3mm 4.3mm
3.4mm 4.4mm
3.5mm 4.5mm
3.6mm 4.6mm
3. 7mm 4.7mm
3.8mm 4.8mm
3.9mm 4.9mm
4.0mm 5.0mm

Figure 7. Crack grayscale extraction position.
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As shown in Figure 8, three extraction points on each crack are extracted to obtain
the average value of the gray value, and the gray distribution map of each crack in the
width direction is obtained. The results show that when the crack width is in the range of
0.1~2.0 mm, the gray value of the crack increases linearly, and the openings on both sides of
the wave trough remain basically unchanged. When the crack width exceeds 2.0 mm, the
gray value of the crack gradually stabilizes, but the opening of the wave trough gradually
becomes larger, indicating that the number of pixels of the crack gradually increases.

140 150
» 1204 140
Z 100+ 2 130+
> s 4
5 804 S 120
s o 5 110
2 2. 100 -
S 40+ 5 90
20 80 4
0 T T T T T T 70 T T T T T T T T t
() 0 100 150 200 250 ) 0 50 100 150 200 250
Pixel position Pixel position
150
130 140
2 120 o 130
S 110 5 1201
% 100 | ; 1107
T 90 5 1007
£ 80 g 90
g o] & 80
° 60 © 701
50 607
T T T 50 T T T T
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Pixel position Pixel position
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° 130 +
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2100 -
i 90
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S 70+
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@ O 50 100 150 200 250
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Figure 8. Grayscale distribution map of the crack width direction: (a) series of 0.1-1.0 mm, (b) series
of 1.1-2.0 mm, (c) series of 2.1-3.0 mm, (d) series of 3.1-4.0 mm, (e) series of 4.1-5.0 mm.

In order to establish the mapping relationship between the crack width and the gray
value, three points are taken on each crack width, and the difference between the average
gray value and the background gray value at the three points is calculated. As shown in
Figure 9, the relationship with crack width is plotted in the same figure.

The change of the image curve can be divided into three stages:

®  Inthe interval of the crack width from 0.1 mm to 1.4 mm, the gray difference of the
crack shows a linear change, which is defined as the No.1 linear interval.

@  Intheinterval of 1.5 mm~2.6 mm, the gray difference of the cracks still shows a linear
change, but the slope is smaller than that of the first linear area, which is defined as
the No.2 linear interval.

®  Intheinterval of 2.7 mm~5.0 mm, the gray difference of the crack basically changes
steadily, which is defined as the smooth interval.
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Figure 9. The relationship between the crack background difference and the crack width.

In the cracks of the No.1 linear interval and the No.2 linear interval, it can be seen that
the grayscale difference of the cracks is linearly related to the width as a whole. Therefore,
the least squares method is used to establish their linear relationship, forming the fitting
formula for the No.1 linear interval and the No.2 linear interval. The fitting results are
shown in Table 3:

Table 3. The functional relationship between the crack width and the gray difference.

Interval Fitting Formula R? Width
The No.1 linear interval y = 28.914x +15.214 0.9903 0.0346Ag — 0.5262
The No.2 linear interval y = 15.353x + 34.184 0.9839 0.0651Ag — 2.2265

Ag is the difference between the gray value of the crack center point and the gray value of the background.

The fitting results show that the correlation coefficients R? of the linear interval are
0.9903 and 0.98339, and the correlation is high enough to meet the fitting requirements of
the linear interval.

As shown in Table 3, by finding the inverse function of the No.1 linear interval and
the No.2 linear interval, the functional relationship between the crack width and the gray
level difference can be obtained, which can be used as the algorithm basis for the image
identification of the crack width. In the application process, by calculating the difference
between the crack position and the background gray level, the width value of the crack at
the corresponding position can be obtained.

In the flat interval, the color density of the cracks after 3.0 mm remains basically
unchanged, but a relatively noticeable width difference can be observed for comparison,
indicating that cracks of different widths will have differences in the number of pixels.

In the grayscale distribution map of crack width direction, there will be an opening
in the valley of each crack, which represents the number of pixels occupied by the crack.
As shown in Figure 10, the relationship between the width of the crack and the number of
pixels occupied can be obtained by counting the number of pixels occupied by each crack.

It can be seen from Figure 10 that the number of pixels occupied by cracks with
different crack widths is distributed stepwise. When the crack width is 0.1~1.0 mm, the
number of pixels occupied by this series of cracks are all three; when the crack width is
1.1~2.0 mm, the number of pixels occupied by this series of cracks is four; when the crack
width exceeds 2.0 mm, the cracks occupy the same number of pixels in every 0.5 mm width.



Appl. Sci. 2022,12, 2516

13 0f 18

Number of crack pixels

2 T T i T i T i T i T
0 1 2 3 4 5

Width of crack / mm

Figure 10. The relationship between the crack width and the number of pixels occupied.

Therefore, in the flat interval, the index of the number of pixels occupied by the cracks
can roughly judge the crack width range. The specific Equation (16) is shown below.

26 ~30mm, n=6
31 ~35mm, n=7
w= 3.6 ~40mm, n=238 (16)
41 ~45mm, n=9
46 ~50mm, n =10

Among them, w is the crack width, and # is the number of pixels occupied by the
crack width.

4.2. Best Gray Value for Crack Extraction

According to the calculation model of the crack width, it can be known that for the
0.1~2.0 mm fine cracks, the difference between the crack gray value and the gray value
of the background is mainly used to identify the crack width. The larger the difference is,
the better the identification of the crack. In order to reduce the difficulty of crack width
extraction, the background and crack gray values under different background gray values
are compared to determine the best gray value. Generally, the smaller the crack width, the
more difficult it is to identify, so as long as the minimum crack width is studied, the best
background gray value can be determined.

As shown in Figure 11, the background gray values of the 0.1 mm cracks shown
with the gray values of 110, 120, 130, 140, 150, 160, 170 are extracted, and the relationship
between the background grayscale and the grayscale difference is obtained.

11.0

105 -

10.0 -
95
9.0
8.5
8.0 ;
7.5
7.0

6.57 L B B R — T T T 1
110 120 130 140 150 160 170

Gray difference

0y

Gray value of background

Figure 11. Relationship between background grayscale and grayscale difference.
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With the background gray value increase, the crack grayscale difference shows a trend
of first increasing and then decreasing. When the background gray value reaches 140, it
has the most significant difference, which is the best background gray value.

5. Result

With the tunnel inspection vehicle, tunnel lining image acquisition was carried out in
66 highway tunnels in Zhejiang and Yunnan provinces, as shown in Figure 12.

Figure 12. Tunnel inspection vehicle to carry out image collection (a) in the Shiziling tunnel, and (b)
in the Zhaitouling tunnel.

According to the tunnel inspection requirements, the hardware parameters of the
camera system are determined by the experiment and theoretical analysis of the tunnel
lining image acquisition system to realize the selection of shooting system hardware.
Furthermore, the calculation method of shooting-related parameters zoom and focus value
is formed, ensuring that the shooting parameters can be quickly calculated before entering
the tunnel, by simply adjusting the aperture and starting tunnel image acquisition when
in the tunnel. The typical tunnel lining crack images taken inside the tunnel are shown in
Figure 13.

Figure 13. Images of tunnel lining cracks, (a) cracks picture with breakage, (b) cracks picture with
seepage, (c) cracks picture with stains, (d) cracks picture with expansion joint.
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Under various interference factors, the machine vision system can clearly present the
cracks in the tunnel lining, which verifies the rationality of the hardware selection of the
shooting system and the accuracy of the parameter calculation method.

Cracks at different crack width stages were found in the tunnel by using a crack
observer with a resolution of 0.05 mm. As shown in Figure 14, the width of the crack in the
No.1 linear interval is 0.50 mm, the width of the crack in No.2 linear interval 2 is 2.05 mm,
and the width of the crack in the flat interval is 3.25 mm by onsite measurement. Since the
crack width in the smooth area is too large to find the crack of the corresponding width in
tunnels, the expansion joint is used to replace the crack for the width extraction test. The
crack width calculated by the crack width model is shown in Table 4.

®) (©

Figure 14. Crack width calculation picture, (a) the crack in No.1 linear interval, (b) the crack in No.2
linear interval, (c) the crack in the flat interval.

Table 4. Crack width calculation comparison table.

. Measured . Number of Gray Calculate
The Width Stage Width/mm Gray Difference Pixels Width/mm Error Rate
No.1 linear interval 0.50 31 — 0.546 9.2%
No.2 linear interval 2.05 63 — 1.875 8.5%
Flat interval 3.25 — 7 3.1-35 7.7%

In three different crack width stages, using the corresponding fracture width calcu-
lation method of the proposed fracture width model, the extraction of the crack width is
accurately achieved. The maximum error rate is only 9.2%, and the overall error rate is
lower than 10%, which verifies the rationality of the crack width extraction model.

6. Discussion

A tunnel inspection vehicle that can quickly carry out mobile inspection has been
systematically developed. Field tests in multiple tunnels prove the capability of clearly
achieving the acquisition of tunnel lining images. Aided by related algorithms for auto-
matic identification and segmentation of cracks and extraction of crack geometric parame-
ters [18,22,23], which have been extensively studied, the mechanized and intelligent opera-
tion for the whole-process tunnel crack collection, analysis, and statistics can be realized.

In order to improve the efficiency of tunnel motion detection, the method of fast
acquisition parameter calculation is established. The overall parameter calculation time
is much less than one second by using the proposed calculation method. The motorized
setting of a single lens parameter takes less than 10 s, the aperture adjustment takes 10 s,
and 19 cameras take a total of 381 s. When the parameters are completely adjusted manually
without the proposed method, it takes nearly 80 s to test and set the parameters of a single
camera. Taking a two-lane tunnel as an example, it only takes 90 s for a tunnel inspection
vehicle to detect at a speed of 40 km /h. As shown in Figure 15, the total detection time of
the proposed method and without the proposed method is 471 s and 1610 s, respectively,
which can be completed by only one driver and one operator.
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Figure 15. Comparison of detection efficiency of a one-kilometer tunnel: the first column is the use of
the tunnel inspection vehicle and the proposed parameter calculation method, the second column is
the use of tunnel detection vehicles and manual adjustment of parameters, and the third column is
the traditional manual detection method.

If the traditional pure artificial apparent disease detection method is adopted, it is
necessary to interrupt the traffic and close the road to search for diseases such as cracks in
the tunnel. For the cracks located in the upper part of the tunnel, an additional climbing
car is needed to complete the collection of the geometric parameters of the crack disease.
This manual detection method is inefficient, and there are also potential safety hazards in
the operation of climbing vehicles. For a one-kilometer-long tunnel, the manual inspection
method usually requires 4-5 experienced inspectors, and the operation takes 1224 h. In
the manual collection method, the recording of cracks is mainly based on the parameter
record table and discrete crack photos. It is not possible to form a spliced image of tunnel
cracks, and it is not convenient to compare the development of cracks in different periods.
However, the manual detection method can analyze the causes of cracks by tapping on
the cracks, drilling holes, etc. In addition, for extremely dangerous cracks, it can also be
disposed of in time on the spot to prevent secondary disasters from occurring, which is the
ability that the tunnel inspection vehicle detection method does not have.

The proposed system is compared with MIMM-R, MTI-100, ODVS, and aircraft tunnel
detection equipment. As shown in Table 5, the proposed system and MIMM-R have
significant advantages over other systems in moving speed due to the use of automobile
chassis. Since it is mainly used in road tunnels with larger cross-sectional dimensions, the
number of cameras in the proposed system is the largest. In addition, the large number of
cameras and the high resolution of a single camera enable the crack identification accuracy
to reach 0.1 mm, which has the best realization among devices with existing data.

Table 5. Comparison table with other recent systems.

Crack

Name Drive Device Number of Camera Type Resolution Identification Movement
Cameras Speed
Accuracy
Proposed automobile 19 area array 1392 x 1040 0.1 mm 40~60 km/h
MIMM-R automobile 16 area array 380,000 0.2 mm 50 km/h
MTI-100 wheeled track rack 6 line array 7500 0.3 mm 3~5km/h
ODVS robot 1 area array 1280 x 720 no data no data
Aerial Solution quadcopter 4 area array 1600 > 1200 no data 72km/h
4096 x 3000 ’

However, this system requires an automobile as a chassis and 19 high-resolution cam-
eras, so it has a disadvantage compared to other systems in terms of system development
cost. The walking mode of the vehicle chassis also makes the proposed system unable to be
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applied in subway tunnels. In this regard, the advantages of MIT-100, ODVS, and Aerial
Solution are significant.

7. Conclusions

This paper firstly develops the hardware system of the tunnel inspection vehicle and
studies the hardware parameter selection and parameter calculation method of the image
fast acquisition system. Then, images characteristics of cracks in the tunnel lining are
analyzed, and practical tests are carried out at the tunnel site. Finally, a comparison is also
made with pure detection. The main conclusions are as follows:

The hardware design and integration of the image acquisition system is carried out,
and a tunnel inspection vehicle is systematically developed. The selection of the hardware
parameters of the image capture system is determined, and the method of fast acquisition
parameter calculation is formed so that the three parameters of lens zoom, camera focus,
and camera attitude can be calculated before entering the tunnel.

In the analysis of lining crack images, the model of tunnel lining crack width is
established. The extraction of crack width is divided into three intervals according to
the grayscale difference. In the No.1 linear interval and the No.2 linear interval, a linear
fitting relationship between the grayscale difference and the crack width is established. The
calculation relationship between the number of pixels and the crack width is established
in the flat interval. In addition, in order to facilitate crack identification, it is analyzed that
when the gray value of the background is 140, it has the highest gray contrast of crack pixels.

Field tests are carried out in many operated tunnels in Zhejiang and Yunnan provinces.
The developed hardware system and software parameter calculation method can clearly
obtain images of tunnel lining cracks. In the three crack width stage, the maximum width
error rate of the crack extraction model is 9.2% in the No.1 linear interval. The time of
detection method using the tunnel detection vehicle and automatic parameter calculation
proposed in this paper is only 30% of the manual parameter adjustment and 1% of the
traditional pure manual detection, and the amount of labor required is only 40% of the
traditional method. In addition, there are also significant advantages in terms of automation.
Furthermore, compared with other recent systems in terms of hardware type, quantity,
resolution, and movement speed, it shows that this system has significant advantages in
crack identification accuracy and movement speed.

Although we have realized some achievements in the rapid acquisition of tunnel
lining images and the analysis of crack image characteristics, there is still much work to
explore. For example, further improvement of crack width extraction accuracy, automatic
adjustment of apertures for different lining materials, and assessment of the safety status of
tunnel structures using the detected tunnel crack conditions are all important issues that
need to be solved urgently to ensure the safe operation of tunnels.
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