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Abstract

This study addresses the issues of information loss and strong projection angle dependence in tra-
ditional point cloud projection methods for identifying tunnel lining leakage water. It proposes a
direct three-dimensional recognition method based on the improved PointNet++. This method di-
rectly processes point cloud data in three-dimensional space, avoiding the geometric information
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loss caused by dimension reduction. By introducing intensity-aware sampling strategy, reflection
intensity weighted aggregation mechanism, and disease attention mechanism, it fully utilizes the
physical characteristics of leakage water (low reflection intensity, vertical flow direction) to enhance
feature expression ability. Further, principal component analysis (PCA) is used to reduce dimension-
ality and optimize computational efficiency, and Focal Loss is employed to solve the problem of sam-
ple imbalance. Experimental results show that the proposed method achieves an F1-Score of 85.8%
and an IoU of 73.9% on the self-built tunnel lining leakage water point cloud dataset. Compared
with the baseline PointNet++ model, it improves by 7.3 and 9.2 percentage points respectively,
meeting the requirements of practical engineering applications. This method provides an effective
technical reference for the automatic detection of tunnel lining leakage water.
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Figure 1. The structure of the PointNet++ network
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Figure 2. Framework diagram of the improved PointNet++ algorithm
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Figure 3. Tunnel slice diagram
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Figure 4. Noise filtering
B 4. BRREISRR

4.3. SEPERRAIRAE

&4t FPS SEAEILHERAE mil, (05 R ARE i 5 Ok s SR B /N R IRBE S, R BE SRR s = ) % 70
AR . B IR /KIS X IR SN R LA RI B, XS O & F B A S, 23R4S B R AL
e

DN R — [, AR SO 5 AR AR AT S S 5 B 1) o 2= BEAT Tt sURR AR R - B %G, I SO RS
SRS LEHL 1024 MR G AE bl il BRI, 12 c8odt S I v ARl sl 41 3k A SOy 3 FE PO

DOI: 10.12677/csa.2026.164154 578 THEAURF 5 R


https://doi.org/10.12677/csa.2026.164154

MR, Mok

HE7E o (1) REAE R IR IE AR ZIFR I, FRHZIRPRR KRR B B vk, W LR & VP53 bR 4L
S, =dix[1+/1~ai(i)] (1)

e d, FoR CU SR SR £ 0 MK BER, o, (1) 00 41 AR RP ST SR BRI, AR 5%
REFER, 1 FRRE A AL

BRI 5 TG A0, %I 2307 T34 S38AT AU BRBRSERRAE 25150, W11 5 BT, IEWIX
W o, (i) 94 8.3, RN 3.2, BIRACLLIKIRNG o, (i) BEA 217, FiE% N 6.5, WATH Al
58 X35 15 B, LI TR 240 8596 BRI 2R 4 5 1 6 IX B IX A0 F o SRRV K 1425 B
AN B KA T B RORRER . G4 5 BT

TEH XRS5BT K X IR 58 B A 1 2 MR 3 I8 0 A
(BEAEE: 2.31X104 )

3 BRE=15 O E#Xs (n=1.96X 107, i85, 0%) | |
[ | iIRKIAZ XS (n=3. 46X 10°)

012

p=8.
0=3.2

0.1

0.02

0 — L 1 1
0 5 10 15

20 25
WISt o AR o 22

Figure 5. Distribution of standard deviation of strength

E 5 SBEREENT

30 35 40

4.4. RETBEMMNES

KREERG, T REEARIM PO A, K PointNet++/#) Set Abstraction 22 HEATRAESEEL . AR
SA 248 %KL Z (Sampling layer), 4412 (Grouping layer) A4 AEH2ELUZ (PointNet layer), < S5 B SRk 45
B, oy 412 RHIE SR A S

FREEARF R EE FIRBBIMRHEAAEZES, EFNP LR AEME=AN T3, 3 1R,

Table 1. Multi-scale grouping
F1 ZRESA

R B AUREARCK) AT R FRAERE B H bR
IR 0.05 16 YR P SO RFAIL
hRE 0.1 32 BIRK EARIES
KR 0.2 64 JAE ENER

DOI: 10.12677/csa.2026.164154 579 THEAURF 5 R


https://doi.org/10.12677/csa.2026.164154

Wy, Wk

TEREA 5 HER A SCHRFAE SR A L R v 5N SO o BE AR L, BSR40 S v SR 3 A 5k Y 1)
R E MR E T 45 5
PHESAUE @, : R FH 1o A% R B0R OR 23 (R A0 s 3RS S im i L . BAR AT
i
w, =%’ 2)
RPE S EAE o, THEAR I NSO 5 S AR I E R A . BAR AW
o]
o =e 3)
o | AR AU S BRI,y RARIRCTIRREE, o AT B AR ZE AR AT SR Y R (ISR KAL)
mﬁ%ﬁ
GAENELHE: o =0, %<0, , RG0S H AT S BCE AT 5 — LA H (i SR 1),
24 S5 A AR B 0 AR5 1 64 2 R SRR AIE ) S EAT IBCR AN, AT 15 21 O s 7R 12 R R 1
64 2 J5 3 5 A RHIE .
AN R 43 S B HR AR AE (BN TR 49 S ) 64 4 J= 350 58 A R AE) il i P e AR Al Ol 192 RS AE 1) 22,
A — B Z R4S 64 Yk,
BRI 6 s,

(P

(N1+N2+N3) x192

1X64

@ HHEHHE ®ESENE ® BERHENE

Figure 6. Schematic diagram of weighted aggregation of reflection intensity
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Figure 7. Schematic diagram of pest damage attention mechanism
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Figure 8. Training curve of leakage water model
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Table 3. Comparison of water leakage detection performance of different methods

3. FRIGZERS RGN MERERT L

Jii Precision (%) Recall (%) F1-Score (%) loU (%)
PointNet 80.3 65.5 72.2 56.5
PointNet++ 84.7 73.0 78.5 64.7
DGCNN 83.4 74.4 78.7 64.9
PointCNN 85.5 75.4 80.2 67.0
AIT5i 90.5 81.7 85.8 73.9
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Table 4. Results of the ablation experiment
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6 - v v 84.7 735
7 v v v 85.8 73.9
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Figure 9. Comparison chart of true values and detection results
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