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Fig.1 Flow diagram of shield tunnel structure health evaluation based on

mobile laser scanning technology
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Fig.2 Principle of a mobile laser scanning system and the point cloud

data of longitudinal and transverse cross-section
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Fig.4 Tunnel structure apparent defects image sample library generated by 3D point cloud
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Fig.5 Automated detection and quantitative analysis of apparent defects

(such as leakage and delamination) in tunnel linings
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Table 1  Material properties of typical Shanghai stratum
LRSS EEE/m FE/AN-ms FLBRLL SRR/ MPa IAALL KR/ kPa RS/ (°) BB AR/ m-s”!

1 1.5 18.70 0.923 2.0 0.30 5 10.0 6.67E-9
2-1 2.0 18.81 0.947 2.7 0.30 22 14.0 1.60E-9
3 6.5 17.90 1.178 2.1 0.35 13 12.0 1.03E-7
4-1 7.5 17.13 1.359 2.4 0.36 14 9.5 8.50E-9
5-1-1 5.0 17.36 1.302 2.8 0.33 14 9.5 5.51E-9
5-1-2 5.0 18.41 1.018 7.5 0.32 16 13.5 2.04E-7
6 3.0 19.72 0.727 11.9 0.25 40 15.5 1.90E-9
7-1 7.5 18.99 0.827 28.2 0.24 8 26.5 2.07E-5
7-2 16.3 19.21 0.774 35.3 0.22 4 30.0 4.93E-5

*2REELE R Y IIES
Table 2 Material properties of the segmental tunnel lining

REELART TE/KN-m™>  SPEEIE/MPa  ¥AMERBIE/MPa G FN F1/MPa  # RN fi/MPa  JARALL
Cs5 25 35 500 592 25.3 36.7 0.167

3 B FERN T E
Table 3 Condition setting for simulation of

seepage water damage

TH BIeOE :@7J(%/L(m2(l)_l BELBIBERH m*s™!

1-1 g 0 3.0E-12
1-2 3k 0.1 9.0E-07
13 k2 0.1 8.0E-07
-4 #3k3 0.1 3.0E-07
-5 $#E3%k1 0.15 2.5E-05
-6 #%%k2 0.15 3.5E-06
17 43k3 0.15 3.0E-06

K7 EhRrEkRER
R F TR PR AR (iR pg  Fie7 Schematic diagram of pipe joint
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Table 4 Calculation results of seepage water simulation (unit;mm)

T8 S RLE Bl e SRS ¢ 1] TR ik BRI G
1-1 0 0 0 0 0

1-2 0 0 -0.7 -6.1 6.2

13 0.3 -0.2 -5.9 -13.3 14.5

1-4 0.1 -0.1 -5.3 -20.9 21.5

1-5 0.1 -0.1 -0.8 -10.4 10.4

1-6 0.4 -0.4 -7.8 -19.2 18.8
1-7 0.2 -0.2 -7.4 -32.9 33.7

TS T O 0 2 A 5

3sf = mka

R e UEIBOIT , XA R S 2 K R
é 25¢ R AR B AT T i, il 8 s,
. T‘S’ el T 2 1 SR B T i, D\ A T X N 1Y)
B ool SER AR B . T LR R [EB TR AL
= 5l FER ) R AR TR T X R G 4 4 {t
0 0.05 0.10 ois  REMSZMRLEE . 2P B SR A Ak

Bk E/(L/m'd) 1 B3k 2 Fndsk 3 B T XF g 8 k56 L 6]

8 Bk B I A S R RS 1 B 254 3:6:10, fERRIE L5025 A L 2P
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Fig.9 Schematic diagram of spalling defect in the numerical model
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Table 5 Calculation results of spalling simulation (unit; mm)

TH FIFAE HR/m? APsE RIS KEIURE R R iR

2-1 ERITEoN 0.014 -0.03 0.02 0 0.02
2-2 Azt 0.014 0.04 -0.03 -0.01 -0.02
23 Frifi e 0.014 0.03 -0.02 -0.01 -0.01
2-4 E=R[TEEN 0.030 -0.05 0.04 0 0.02
2-5 LB 0.030 0.07 -0.06 -0.01 -0.03
2-6 PR 0.030 0.06 -0.06 0 -0.03
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Fig.10 Lateral convergence and ellipticity measurements obtained by moving laser scanning
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Table 6 Disease sample parameters for tunnel detection

BAEHEA G 5 Bk ik WA IS GARE TDIM
0.000 0.000 0.000 0.000 0.000 0.000

2 0.198 0 0.148 0.151 0.087 0.167

3 0.198 0 0.146 0.155 0 0.134

9 1.000 0.486 0.730 0.777 0.700 0.705

19 0.524 0.349 0.504 0.521 0.157 0.437

20 0.515 0.203 0.351 0.358 0.282 0.395

21 0.260 0.266 0.244 0.240 0.245 0.267
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Fig.11  Clustering results based on Kmeans++ algorithm
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Table 7 Tunnel health status evaluation grades and corresponding TDIM eigenvalues

LT ER —2 - =% L E T
9 G4 W4 AR BRI 4 N4
TDIM $HfE{H 0~0.19 0.19~0.33 0.34~0.55 0.56~0.80 0.81~1
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Fig.12  Statistical results of TDIM value of each tunnel disease index
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Fig.13  Comparison of the results of the two evaluation methods
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Abstract

In the operation and maintenance of subway shield tunnels, deformation of tunnel structures
and apparent lining damage are common indicators for evaluating structural safety states.To
balance the subjectivity of expert assessments and the objectivity of physical-mechanical
models, a tunnel safety state evaluation method was proposed, integrated computer vision-based
structural damage detection information with structural performance analysis. The expert
assessment of the weight ratios for different categorized damages was considered, and the
weighted influence of refined indicators such as location, area, and volume on various types of
damage also were incorporated.3D point clouds obtained from mobile laser scanning is used as
the data foundation.The convergence deformation value, ellipticity and dislocation value of the
shield tunnel section are calculated through ellipse fitting,and a deep learning model is used to
automatically identify and quantify obvious lining leakage and spalling damage. The finite
element numerical model was used to quantitatively analyze the safety state weights of leakage
and spalling damage at different locations. The information entropy method was used to
determine the weights of the two types of damage, lateral convergence deformation and
ellipticity, and the tunnel structure safety status evaluation formula was obtained. The
unsupervised machine learning method Kmeans++ clustering algorithm is used to determine the
threshold for safety status classification. Field example verification results show that the
evaluation method proposed in this article has advantages in efficiency, objectivity and
comprehensiveness ,and can provide a reference for maintenance and operation decisions of the
shield tunnel department.

Keywords: shield tunnel; computer vision; deep learning; structural damage identification;

structural safety assessment



