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W N e

Abstract: Non-contact and non-destructive polarization 3D imaging uses a passive, single-frame
array image to calculate 3D information, making it possible to obtain high-precision 3D information
about tunnel cracks, and offering outstanding technical advantages. Based on the introduction of
the principle of crack detection with polarization 3D imaging, a tunnel lining crack detection plan
was developed and a detection equipment was designed. The method and process of polarization
3D imaging for lining crack detection are described in detail. A model of the impact of the tunnel
environment on 3D detection and a method for obtaining absolute information have been established
to obtain high-precision 3D information about cracks. In a real tunnel environment, tests were
conducted to detect wide cracks, narrow cracks, and artificial cracks. The crack detection accuracy
with respect to the crack width was 0.2-0.3 mm, and with respect to crack length was 0.2-0.3 mm. At
the same time, crack depth information could be obtained. The present research results can provide
technical support for the application of polarization 3D imaging in tunnel crack detection.

Keywords: polarization 3D imaging; tunnel lining crack; crack detection; polarization camera

1. Introduction

With the prosperity and development of China’s economy and society, the number
and length of tunnel constructions in China have rapidly increased in recent years, with
railway tunnels becoming an important part of the transportation infrastructure. By the
end of 2020, the operating mileage of railways in China reached 145,000 km, with a total of
16,798 railway tunnels in operation, spanning approximately 19,630 km, including 209
special-length railway tunnels with a total length of 2811 km. Tunnel safety has become
particularly important, as the condition of tunnels directly affects railway safety and
transport efficiency. Due to the different construction eras, materials, and structures,
Itunnels have various problems. Tunnel lining cracks are among the most common tunnel
problems; when such cracks extend to a certain degree, they inevitably change the stress
state, increasing the probability of structural damage and potentially causing further
problems, such as water leakages. Tunnel lining cracks and tunnel water leakages make
up about 30% and 18%, respectively, of tunnel problems. Preventing and treating tunnel
lining cracks, which requires the timely, accurate, and rapid detection of relevant crack
data, is key to ensuring tunnel safety. However, tunnel cracks often have a similar color to
the background structure, making them difficult to identify. Crack shapes are also varied
and irregular, making recording and describing three-dimensional information about
them complex.

Currently, non-contact and non-destructive detection techniques for tunnel lining
cracks mainly include artificial detection, laser scanning-based detection, and camera-
based detection [1-4]. The artificial detection method [1-4] has long detection times, a low
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efficiency, and high cost, while also yielding unreliable results. It also suffers from the
inability to store the obtained data in digital archives and the inability to accurately express
and record the morphology and nature of the observed cracks. The laser scanning-based
detection method [1-4] scans the surface of the tunnel lining with a laser, calculates the
three-dimensional coordinates of each point on the object surface based on the received
signal, and obtains a tunnel surface image based on the positions of numerous points. This
method requires a laser emission device and a receiving device, and the whole system is
complex. Laser scanning requires the measurement of a large number of three-dimensional
point coordinates and the reconstruction of the model based on point cloud data, resulting in
the creation of large quantities of data and establishing a non-continuous three-dimensional
surface. The camera-based detection method [1-4] mainly measures cracks using multiple
linear sensors or array sensors. The image accuracy of linear sensors is influenced by the
precision of the linear scanning motion; in comparison, array cameras offer better stability
and intuitive imaging. This method has been applied in crack image acquisition systems
for various inspection vehicles. To detect cracks in tunnel lining, this method mainly
relies on two-dimensional image processing, using crack width, length, and area as the
crack features, and obtaining feature values through image recognition. Due to the large
amount of image data obtained with regard to tunnel lining surface and the complexity of
tunnel environments, at present, the accuracy and efficiency of image recognition and crack
identification fail to meet the practical requirements for high precision and rapid detection.

Currently, non-contact and non-destructive testing systems for tunnel lining cracks
mainly include laser scanning detection systems, camera photography detection systems,
and systems that contain laser scanning detection and camera photography detection [5].
The tunnel disease detection vehicle developed by the Korean Institute of Nondestructive
Testing [6] uses CCD imaging technology for tunnel disease detection. It uses real-time
photos and videos to generate static images, requires auxiliary lighting, and needs to
identify cracks from a large number of images. The tunnel fast measurement system
developed by China’s Wuhan University Zhuoyue Technology Co., Ltd., Wuhan, China [6,7]
consists of four subsystems: a crack subsystem, a main control subsystem, an infrared
subsystem, and a deformation subsystem. The crack subsystem includes 34 LED lighting
systems and 32 high-speed area array cameras, achieving a full-coverage detection of tunnel
cross-sections. The deformation subsystem includes two laser scanning radar systems with
a crack width detection accuracy of 0.2 mm. The method, combining laser scanning
detection and camera photography detection, uses laser scanning detection to obtain the
three-dimensional contours of the lining and camera photography to detect lining cracks.
In March 2014, Mitsubishi Electric Corporation of Japan launched the MIMM-R highway
tunnel inspection vehicle [7], which consists of twenty array cameras, three GPS systems,
one IMU system, one odometer, three laser scanning radars, and three cameras. The
inspection vehicle uses array cameras and LED lighting devices to capture tunnel lining
problems and uses laser scanning radars to depict the 3D contour of the lining.

Although non-contact tunnel-inspection methods such as laser scanning technology
and digital camera measurement and detection technology can basically meet the require-
ments of daily tunnel inspection and serve good auxiliary roles in tunnel maintenance work,
they have the following drawbacks. (1) A complex data processing—the image quality is
greatly affected by the tunnel environment, making this approach unsuitable for use in
tunnels during the construction period. Additionally, the massive quantity of generated
data cannot be quickly and efficiently processed, resulting in a low crack-recognition ac-
curacy and efficiency. (2) The detection system is complex, and crack recognition and
tunnel 3D profile acquisition require the separate implementation of different pieces
of equipment.

A tunnel lining crack detection method based on polarization 3D imaging was pro-
posed in [8]. This approach uses a passive array polarization camera to obtain tunnel lining
images and uses the polarization information of a single-frame image to reconstruct 3D
information about the tunnel wall. Polarization 3D imaging is a passive, polarized imaging
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method. It utilizes the Fresnel equation to establish the function between the polarization
characteristics of reflected light and the normal direction of the target surface to achieve 3D
reconstructions. With this approach, 3D inversion can be achieved with a single image. As
it does not require active illumination and is not limited by baseline length, it can better
meet the application requirements of high-precision 3D information acquisition for crack
detection in tunnel safety inspections.

Through elevation information calculation, cracks in tunnels that have different depths
from the background structure can be quickly extracted, and crack width, length, and other
information can be output simultaneously. Polarization 3D imaging is particularly suitable
for identifying cracks with similar colors to the background structure; however, it is also
affected by complex environmental factors, such as humidity and dust in the tunnel during
the construction period. Therefore, it is necessary to consider tunnel environmental factors
when using existing polarization 3D imaging technology to improve detection accuracy.
Compared with existing detection methods, polarization 3D imaging technology has
the advantages of a low power consumption, simple and small equipment, simple data
processing, a high crack-detection accuracy, and the potential to build 3D tunnel profiles
and generate 3D data for the identification of problems.

Polarization 3D imaging can also detect tunnel lining leakages caused by cracks, lining
peeling, and lining corrosion. Among tunnel diseases, tunnel lining cracks and tunnel
leakages account for approximately 50%. Monitoring lining cracks is more difficult than
monitoring other tunnel diseases, so as long as tunnel cracks can be detected, other tunnel
diseases can also be detected.

2. Detection Principle of Tunnel Lining Cracks Based on Polarization 3D Imaging

Polarization 3D imaging utilizes the relationship between the normal of the surface of
the object to be detected and the degree of polarization of the reflected light on the surface.
According to the reflection and refraction laws of light waves, the propagation direction of
light wave on the surface of an object is determined by the direction of incidence of light
wave and the shape of the object’s surface. The Fresnel formula and definition of the degree
of polarization show the relationship between the polarization of the reflected light on the
surface of the object and the direction of incidence of light wave. Therefore, the information
about the direction of incident light can be obtained from the polarization of the reflected
light on the surface of the object. As shown in Figure 1 [9], the light beam is incident on the
surface of the object to be detected and is reflected after incidence. According to the law
of light reflection, the incident angle of the incident light is equal to the reflection angle,
which is equal to the angle 6 in Figure 1. The propagation direction of the reflected light is
the z-axis, and the plane where the detector is located is the xoy plane. The projection of

the normal of the surface of the object 7l at the point of the incident light on the xoy plane
—
is n’, and the angle between it and the x-axis is ¢. 6,,; is the linear polarization direction of

the polarizer, and ¢ is the azimuth angle of the normal of the exit surface with respect to
the x-axis.
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Figure 1. Schematic diagram of normal measurement on the surface of object.
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To better present the relationship between the surface normal 7, incident angle 0, and
incident azimuth angle of the object ¢, the normal 7 in Figure 1 is represented in polar
coordinates as shown in Figure 2. The incident angle 6 is the zenith angle of the normal Z,
and the incident azimuth angle ¢ is the azimuth angle of the normal .

z

A

o )
X

Figure 2. Polar coordinates of the normal 71 on the surface of object.

From Figure 2, it can be seen that the zenith angle 6 and azimuth angle ¢ determine
the surface normal 1 of the object, which is expressed as:

—
n

o] . 0 R
= k- Sy 2 )

Ny = —az(x,y) =tan6cos ¢ n, = —@z(x,y) = tanfsin ¢ 2)

where 6 € [0°,90°] and ¢ € [0°,360°]. Therefore, the target surface normal can be deter-
mined by the zenith angle and azimuth angle of the normal. z(x,y) is the relationship
between the surface height of the object and the Cartesian coordinates (x,y). z(x,y) is ob-
tained by calculating the normal of the microfacets based on the polarization characteristics
of the diffused reflection of the object surface in natural scenes [10].

In practical applications, the Stokes vector, composed of Stokes parameters, is often
used to represent the polarization state of the light wave. When the incident angle 6, is
0°,45°,90°, and 135°, respectively, the cameras can obtain the intensity Iy, l45, log, and I35
of the object to be detected in four polarization directions. Iy represents the intensity of the
horizontal polarization component. Igg represents the intensity of the vertical polarization
component. Iy5 represents the intensity of the polarization component in the 45° direction.
I135 represents the intensity of the polarization component in the 135° direction. Ig and Iy,
are the intensities of the right-handed and left-handed circular polarization components,
respectively. The Stokes parameters Sy, S1, S», and S3 are defined as:

So=1Io+1loo S1=1Io = loo So = ls5 — has=21s5 — (Io + loo) S3 = Ir — I1. ®)
According to the definition of the degree of polarization, the degree of polarization P

is given by:
V/$12 + S22 + S32 @)

So

where S3 is related to circular polarization and can be ignored when considering mainly
linear polarized light as complete polarized light. Therefore, the degree of polarization can
be represented by Stokes parameters.

p_VSP+S? _ \/(10 —Ioo)* + (2Is5 — (o + Is0))? )
B So B Ip + Igo

P=
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The zenith angle of polarized light from the object is:
n*(1— P?) +2n%(2P2 + P —1) + P24+ 2P — 4n3Pv1 — P> +1
0 = arccos 5 (6)
(P+1)"(n*+1) +2n2(3P2 +2P — 1)

light
source 1

and the azimuth angle is:

arctan(S,/51) +90°, S$1 <0
@ = -¢ arctan(Sp/S1) +180°, S1 >0 Sy < S ?)
arctan(S,/S51) +0°, 51>08,>5

By substituting the zenith 6 and azimuth angles ¢ of the polarized light into

Equations (1) and (2), respectively, the normal 7 can be obtained, and the surface function
of the object z(x,y) can be reconstructed.

3. Tunnel Lining Crack Detection Scheme
3.1. Detection Scheme

Based on polarization 3D imaging, the tunnel lining crack detection scheme is shown
in Figure 3a. The detection system consists of three area-array polarization cameras, two
lighting sources and one data processing system. Three area-array polarization cameras are
used to simultaneously obtain images of approximately 50% of the entire tunnel section. As
shown in Figure 3b, six area-array polarization cameras are required to obtain images of the
entire tunnel section simultaneously [11,12]. During the experimental stage, the detection
system used three area-array polarization cameras to verify the technical ability. Based
on the result of crack detection for approximately 50% of the entire tunnel section, the six
area-array polarization cameras can be used in the future to expand the detection to the
entire tunnel section at the same time.

polarization
3D detection

Polarization
camera

tunnel track surface

data processing tunnel track surface
system

(a) (b)

Figure 3. (a) Detection scheme of tunnel lining crack with plane array polarization cameras.
(b) Placement of polarization cameras for detecting the entire tunnel section.

Two white light sources were used during the tunnel crack detection test, which
was carried out during the construction period, as lighting conditions were poor in the
tunnel. Light sources will not be necessary in the tunnel during an operation period
with good internal lighting conditions. The lights from two white light sources were non-
polarized, which had a negligible impact on the accuracy of polarization 3D inversion. A
data processing system was used to process the polarized images obtained by the three
area-array polarization cameras in real-time. The system calculated the 3D information of
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the tunnel lining cracks and output information such as the width, length, and depth of the
cracks.

A test chart was arranged at the overlap of the fields of view from three area-array
polarization cameras, which was used to calibrate the stitching parameters of the three
cameras’ fields of view and improve the stitching precision. When the crack test in the
tunnel during the operation period, the ground track, detection system, and tunnel wall
are all at a constant relative distance, only one stitching calibration is needed. Using the
stitching calibration results, the images obtained by three area-array polarization cameras
can be polarization 3D inverted, and the 3D images can be stitched together to obtain the
3D contour information and 3D crack information of the entire tunnel section.

3.2. Instrumentation and Equipment

Three area-array polarization cameras are shown in Figure 4. Three area-array polar-
ization cameras, with a pixel resolution of 2.4 K x 2 K, were arranged at a certain angle in
the same horizontal plane to ensure a 5-10% overlap of the fields of view. They were used
to simultaneously capture images of 50% of the tunnel section. As technology advances,
a larger pixel resolution of the polarization cameras can effectively reduce the number
of cameras to obtain images of the entire tunnel section. Three area-array polarization
cameras were fixed on a connecting plate, which was attached to the instrument bracket.
The instrument bracket can be adjusted to change the imaging angle of the cameras. The
laser radar system can obtain a 3D point cloud image of the tunnel wall for the comparison
with the 3D imaging results obtained by the polarization cameras. Additionally, a caliper
was used to accurately measure the width of cracks in the tunnel lining at a certain position,
which was used to compare with the width obtained by the polarization cameras at the
same position.

R polarization polarization polarization
cameral camera2  camera3

oy

(a) (b)

Figure 4. (a) Polarization 3D imaging system used in tunnel lining crack detection. (b) Schematic of
focal plane array in polarization camera.

The polarization camera is a focal plane polarization camera, and micro-polarized
optical elements are attached directly to the focal plane array. There are four polarization
directions on four adjacent pixels, 0°, 45°, 90°, and 135°. Three Stokes vectors can be
obtained simultaneously, and the polarization information of incident light can be obtained
in real-time.

3.3. Crack Detection Method and Process

There are many studies on crack detection based on image processing. The general
method is as follows: (1) image pre-processing to enhance the contrast and clarity of the
image [13,14]; (2) image enhancement [15], edge detection [16], highlighting the target
area; (3) identifying cracks based on image features such as gray level, texture, and mor-
phology [17,18]; and (4) providing feature information of the cracks. Crack recognition
algorithms based on threshold segmentation, morphology, and graph search methods
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have been developed [19-21]. These methods are used to highlight crack information in
two-dimensional images through processing for identification, but which cannot obtain the
depth information of the cracks.

In our work, the polarization information in the tunnel lining images was used to
calculate the three-dimensional information of the tunnel lining, including the depth
information of the cracks. The background wall of the tunnel lining was a continuous plane,
its elevation was continuous. By setting the elevation threshold, the cracks can be separated
from the background wall, and the crack information can be obtained quickly and directly.
The edge extraction method can be used to directly obtain feature parameters such as crack
length, width, depth, position, direction, and distribution. At the same time, by using the
three-dimensional image of the entire tunnel lining from multiple polarization cameras, the
three-dimensional profile of the tunnel can be obtained. Compared with the design profile
of the tunnel, the quantitative information of the over-excavation and under-excavation
during the construction period can be obtained. This part of the work will be described in
detail in subsequent papers.

The method and process for detecting cracks in tunnel lining based on polarization
3D imaging are shown in Figure 5. Firstly, polarization cameras were used to obtain the
polarization image of the tunnel lining, and the polarization characteristics of the tunnel
lining were solved by the Stokes formula. Combined with the analysis results of the
polarization light affecting the observed surface in the tunnel environment, the normal of
the micro-surface elements was calculated using the method described in the first section.
Secondly, the surface integral algorithm was used to obtain the 3D image of the tunnel
lining and the 3D shape of the cracks. The elevation threshold was set to separate the
background wall from the cracks, and the edge detection algorithm was used to extract
the crack edges and obtain information such as crack width, depth, length, and position.
By using scale factor calibration, the relative information was converted into absolute
information, and the accurate 3D information of the cracks was output. The relevant details
will be explained in detail in the following sections.

surface area setting elevation

threshold edge extraction

integral algorithm

obtaining

polarized images

F

acquiring lining
polarization characteristics

-

calculating lining
microface normal

generating 3D
tunnel shape image

separating tunnel
wall from cracks

obtaining 3D
information of cracks

tunnel environment

calibration of

influence scale factor

Figure 5. Method and process of tunnel lining cracks based on polarization 3D imaging.

4. Tunnel Lining Crack Detection Scheme
4.1. Impact Analysis of Tunnel Environment on Polarization 3D Imaging

During the construction period, the tunnel environment was unfavorable, such as
high humidity, dust, and poor lighting conditions. The light from the tunnel wall passed
through the tunnel environment atmosphere and entered the polarization 3D cameras. The
obtained polarization information was affected by the environment humidity and dust,
and reduced the monitoring accuracy. Monte Carlo’s method [22,23] was used to analyze
the influence of humidity and dust on polarization information to obtain the accurate
polarization information of the tunnel wall and a high level of precision detection.

The polarization characteristics of the diffused reflected light from the tunnel lining
are represented as S in Figure 6. The reflected light from the tunnel lining transmitted
through the tunnel environment, and the polarization characteristics became S when the
reflected light arrived at the entrance of the polarization camera. The method described
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below can be used to obtain the model of environmental transmission impact. At a certain
location, S could be obtained through a close observation of the tunnel lining, as well
as S’. S and S’ could be used to validate the environmental transmission impact model.
Since the internal environment of the tunnel would not change in a short time, when
observing other parts of the tunnel lining, this model could also be used to remove the influ-
ence of environmental transmission and obtain accurate polarization characteristics of the
tunnel lining.

Incident light

lining
crack

Polarization
3D detection
system

Transmission path
inside tunnel

Figure 6. Schematic diagram of crack detection in a tunnel environment.

The Monte Carlo method can simulate the scattering and absorption process of each
photon in atmospheric transmission, and infer their radiation intensity distribution through
statistical methods. The following relationship exists throughout the scattering process:

§" = R(=vn) - M(0n) - R(¢n) - (—Yn-1) - M(6n—1) - R(pp—1) - - - .-
R(—=71) - M(61) - R(¢1)S

where M is the Muller matrix, R is the rotation matrix, 6; is the scattering angle, and ¢ and
Y are the angles from the incident Stokes vector to the scattering plane, and back to the
reference plane after scattering, respectively. The rotation angle Y can be expressed as:

®)

—Hazn + Hz(n41) €OS Osn
i\/(l — cos? 0sy,) (1 - Vﬁ(mﬂ))

where piz, and p,(,, ;1) are the direction cosines of the photon before scattering and after
scattering, respectively.
The rotation matrices R(—¢) and R(Y) can be expressed as:

©)

Ccosy =

0 0
cos(2¢) sin(2]¢p)

—sin(2¢) cos(2¢)
0 0

R(¢) = (10)

(=R
- o O O

The Mueller matrix, scattering angles 6;, and azimuth angles ¢ can be determined by
the work of S. Zhang [24].

The crack detection test in a tunnel was carried out in summer, and the relative
humidity in the tunnel was high. Relative humidity had a significant impact on the
refractive index of aerosol particles.
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Relative humidity, f, and the aerosol particle radius, r, are related to the dry aerosol
particle radius, rg, as shown in the following equation [24,25]:

= (1—f) """ (11)

where the u is constant, which represents the hygroscopicity of aerosol particles and varies
with different types of aerosol particles.
Various particle radii also lead to change in the complex refractive index of the particles.

Mye = Myy + (mro - mrw)[”h/ro] (12)

m; mjg m; m] 5
Mip = —2 + | —5——s — —22 {} \mp,+2 13
= (mfo - mz> Ll (mhe2) (13)

where 1, is the real part and m;, is the imaginary part of the refractive index after moisture
absorption. The refractive index after moisture absorption is m, = . + ;.

During the construction period, the particles in the tunnel were of the dust type, with
a dry aerosol particle radius of 0.6 um and a refractive index of my = 1.53 + 0.008i. The
constant u was 4.8 [24].

Based on the formula, the influence of humidity and dust on the degree of polarization
and azimuth angle under different linear polarization directions was analyzed, assuming
perfectly polarized light in an ideal state, as shown in Figure 7. The analysis shows that
the changes in the degree of polarization and azimuth angle due to humidity in the tunnel
environment were similar for different linear polarization directions. When the humidity
was less than 80%, the changes were relatively small, ranging from 0.67 to 0.75 and from
0.21 to 0.25, respectively. However, when the humidity was higher than 80%, the degree
of polarization and azimuth angle increased significantly, ranging from 0.75 to 0.88 and
from 0.24 to 0.29, respectively. High humidity had a significant impact on the precision of
polarization 3D imaging.

0.86 T T T T T T T T T 030 T T T T T T T T T
0.84 4 #— 0 degree polarization direction 029 4 #— 0 degree polarization direction !
082 #® 45 degree polarization direction i # 45 degree polarization direction T
1 4 90 degree polarization direction o 0284 A 90 degree polarization direction 1
0.80 1 L.
{ 3 9771 .
078+ [ 2
1 w S 026+ 1 .
076 | = 4
1 / 2 025 1
0744 / g E - 1 a
& 024 re . - n y J
0724 e g * A /
] Y S 05 - / (
A 023 ' R
0.704 - s A 4 8 2
A R T s . .
068l .~ - ] £ 0224 ¥ < .
¥ ) a
0.66 . 0214 - 1
054 T T T T T T T T T 020 ! ' : r , T T 1 T
00 01 02 03 04 05 06 07 08 08 10 00 01 02 03 04 05 06 07 08 09 10
Relative humidity Relative humidity

(a) (b)

Figure 7. The influence of relative humidity on the degree of polarization (a) and polarization
azimuth angle (b) under different polarization directions.

By imaging the tunnel wall in close, the initial Stokes vector was obtained and substi-
tuted into Equation (8) to analyze the influence of the tunnel environment on the transmis-
sion of polarized light from the tunnel wall, as shown in Figure 8. The measured humidity
in the tunnel was 79%. The degree of polarization becomes 0.42 after transmission through
the tunnel environment, as shown in Figure 8a. The azimuth angle became 0.22 after
transmission through the tunnel environment, as shown in Figure 8b. To improve the
precision of polarization 3D imaging to realize high-precision detection, the influence of the
tunnel environment transmission was incorporated into the polarized characteristics of the
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lining obtained by the polarization cameras, and the influence of the tunnel environment
transmission was removed.

062 T T T T T T T T T 030 T T T

028+ -

o
¢

0.50 4

Degree of plorization
o
&
|
Polarization azimuth angle / rad

P PR EPRT R R WP, wrill BPR PR SR SR BPR |

o |
024 - .. J
0.46
- L]
0.44 = .
0.42 . - 022 - .
- -
0.40
0.38
T T T T T T T T T 020 T T T T T T T T T
00 0.1 02 03 04 05 06 07 08 09 0 00 01 02 03 04 05 08 o7 o8 08 10
Relative humidity Relative humidity
(a) (b)

Figure 8. Through tunnel environment transmission, the degree of polarization entering the polariza-
tion camera (a) and azimuth angle entering the polarization camera (b).

4.2. Absolute Scale Factor Calibration Method

The integrated gradient information based on Equations (1) and (2) provided the
relative depth in the pixel coordinate system of the tunnel lining surface [26]. Although
it reflected the 3D shape of the tunnel lining surface, it could not accurately obtain the
absolute depth information of the cracks. To obtain accurate absolute depth information,
ultra-light clay similar in color and material to the tunnel wall was coated onto the surface
of the tunnel lining, and a ping-pong ball was embedded in the clay to form a known 3D
shape, with a known absolute depth and a known absolute width of a half-spherical groove,
as shown in Figure 9. Then, the polarization 3D camera was used to obtain a polarization
imaging of the half-spherical groove, and the 3D shape of the half-spherical groove was
calculated. The calculated result was compared with the real shape of the ping-pong ball
to obtain the corresponding relationship between relative depth and width, and absolute
depth and width. This relationship was used to obtain accurate information with absolute
depth and width.

Height / pixel
100,

500

100 \,eﬂ%‘“ e

(a) (b)

Figure 9. (a) A hemispherical groove formed by embedding a ping-pong ball into ultra-light clay.
(b) Polarization 3D inversion result of hemispherical grooves.

During the operation period, cracks were observed in the tunnel, and the relative
distances between the ground track, the detection system composed of polarization
cameras, and the tunnel wall were constant. Therefore, a one-time absolute distance
calibration was sufficient.
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5. Tunnel Lining Crack Detection Results and Analysis
5.1. Field Testing for Tunnel Lining Crack Detection

The tunnel lining crack test was conducted in a tunnel during a construction period in
Sichuan, as shown in Figure 10. Artificial cracks were made to simulate the detection of
shallow new cracks that may exist in the tunnel during the operation period. There were
relatively few cracks in the construction-period portion of the tunnel. The environment
in the construction-period tunnel was poor, with high humidity, dust, and poor lighting
conditions. Based on the polarization 3D imaging, the tunnel lining crack detection system
could effectively detect cracks in the construction-period tunnel under poor conditions, and
the effectiveness of the detection system is expected to be even better during the operation
period due to better conditions.
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Figure 10. Tunnel lining crack detection system in tunnel.

During the tunnel lining crack detection test, test charts were used to calibrate the
stitching parameters of three cameras to improve their accuracy, and a calibration scale was
used to obtain the imaging resolution of the polarization 3D detection system.

5.2. Tunnel Lining Crack Test Results
5.2.1. Test Results of Wide Crack Detection in Tunnel

As shown in Figure 11a, the actual measurement of wide cracks in the tunnel was
obtained. To determine the actual width value of the cracks, a scale was placed at various
positions in the vertical crack direction. A caliper was also used to accurately measure the
width of cracks in the tunnel lining at different locations and mark the locations, such as
the red line in Figure 11a. According to the results of the scale and the caliper, the actual
measured value of the crack at the position indicated by the red line was 3.8 mm.

The polarization 3D inversion result in Figure 11b showed that the width of the crack
at the location of the red line was 4.0 mm, with a width error of 0.2 mm. The crack length in
Figure 11a was 30.6 mm, whereas the crack length obtained by polarization 3D inversion in
Figure 11b was 30.8 mm, with a length error of 0.2 mm. The polarization 3D inversion result
in Figure 11b showed that the crack depth at the location of the red line was 9.2 mm. Based
on the principle of polarization 3D imaging, it was known that the accuracy of the inverted
crack depth was consistent with the accuracy of crack width and length. Compared to other
detection methods based on camera photography, polarization 3D imaging had outstanding
advantages, and it could obtain not only the width and length information of the crack, but
also the depth information of the crack.
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Figure 11. (a) Actual measurement images of a wide crack in tunnel lining. (b) Polarization 3D
inversion result of wide crack.

5.2.2. Test Results of Narrow Crack Detection in Tunnel

As shown in Figure 12a, the actual measurement of narrow cracks in the tunnel was
obtained. To determine the actual width value of the cracks, the scale and the caliper were
also placed at various positions in the vertical crack direction. According to the results of
the scale and the caliper, the actual measured value of the crack at the position indicated
by the red line was 1.2 mm. The polarization 3D inversion result in Figure 12b showed
that the width of the crack at the location of the red line was 0.9 mm, with a width error
of 0.3 mm. The crack length in Figure 12a was 25.3 mm, and the crack length obtained by
polarization 3D inversion in Figure 12b was 25.1 mm, with a length error of 0.2 mm. The
polarization 3D inversion result in Figure 12b showed that the crack depth at the location
of the red line was 4.8 mm. If light could not reach the deepest parts of the crack, there
would be no reflected light from that position, and it would be impossible to invert the
depth information without reflected light. Two white light sources were used during the
tunnel crack detection test, so the light can enter the crack of 0.9 mm width. But we were
unable to determine whether the light reached the deepest portions of the crack or not. The
4.8 mm depth was the result obtained by polarization 3D imaging. The 4.8 mm indicates
the depth that light could reach. The 4.8 mm might be or might not be the deepest position.

Height / pixel

100

(b)

Figure 12. (a) Actual measurement images of a narrow crack in tunnel lining. (b) Polarization 3D
inversion result of narrow crack.
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5.2.3. Results of Artificial Crack Detection in Tunnel

After wide crack detection and narrow crack detection, artificial crack detection was
conducted to simulate the detection of new shallow cracks in the tunnel during the operation
period. The actual measured image of the artificial crack in the tunnel is shown in Figure 13a.
To determine the actual width value of the artificial crack, the scale and the caliper were also
placed at multiple positions in the direction of the vertical crack. The actual measurement
value of the artificial crack at the position indicated by the red line was 1.5 mm. The results
of the polarization 3D inversion shown in Figure 13b revealed that the width of the crack
at the position of the red line was 1.8 mm, with a width error of 0.3 mm. The crack length
in Figure 13a was 32.7 mm, while the length obtained by polarization 3D inversion in
Figure 13b was 33.0 mm, with a length error of 0.3 mm. The crack depth at the position of
the red line obtained by polarization 3D inversion in Figure 13b was 0.2 mm. If light could
not reach the deepest parts of the crack, there would be no reflected light from that position,
and it would be impossible to invert the depth information without reflected light.

Height / pixel

100
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Figure 13. (a) Actual measurement images of an artificial scratch in tunnel lining. (b) Polarization 3D

inversion result of artificial crack.

6. Conclusions

Based on the polarization 3D imaging technology for the detection of cracks in tunnel
lining, passive area-array polarization cameras were used to obtain tunnel lining images,
and the polarization information was used to reconstruct the 3D structure of the tunnel
wall. This allowed for the quick extraction of cracks with different depths from the back-
ground structure of the tunnel, and for obtaining 3D information about the cracks. It can
effectively compensate for the drawbacks of the laser scanning method, which has a high
power consumption and produces discontinuous 3D point cloud images. It also effectively
compensates for the drawbacks of the camera photography detection method, which has a
complex crack detection process. Based on the principle of the polarization 3D detection
of cracks in tunnel lining, our work designed a scheme to detect the tunnel cross-section
using three array polarization cameras and developed a polarization 3D detection system.
We established a crack detection method for tunnel lining based on the real environment
conditions of the tunnel. A model for the influence of the tunnel environment on polarized
light transmission was established to address the impact of polarization imaging in complex
environments such as strong local light, high humidity, and dust during the construction
period of tunnels. A quantitative analysis of the impact of a tunnel’s environment on
polarization 3D imaging was conducted to obtain accurate information on tunnel lining
crack detection and achieve high-precision detection. Tests were carried out in the tunnel
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during the construction period to detect wide cracks, narrow cracks, and artificial cracks.
The crack width detection errors were 0.2 mm, 0.3 mm, and 0.3 mm, respectively. The
crack length detection errors were 0.2 mm, 0.2 mm, and 0.3 mm, respectively, and the
crack depth detection errors were the same as the width and length detection errors, which
met the requirements of tunnel crack detection. Based on the principle of polarization
3D imaging, it can be inferred that the precision of the inverted crack depth is consistent
with the precision of the crack width and length. In subsequent research, the precision of
obtaining 3D data of tunnel cracks by polarization 3D imaging will be improved, and a 3D
profile information on the tunnel section will be constructed.
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