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Abstract: Traditional manual inspection tasks are labor-intensive and physically demanding, with potential for
missed detections due to subjective factors. This paper addresses challenges in detecting small targets, strong

background interference, and inaccurate bounding box localization during surface defect detection in subway
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tunnels by proposing an improved YOLOv12 model (YOLOv12-BCM). First, a weighted bidirectional feature
pyramid network (BiFPN-Concat) replaces the traditional Concat layer to enhance multi-scale feature fusion
capabilities. Second, a convolutional attention mechanism (CBAM) is embedded within the Neck network to
suppress complex background interference. Finally, a minimum point distance-based bounding box loss function
(MPDIoU) optimizes bounding box regression, improving localization accuracy. Validation using tunnel
apparent defect images collected by subway tunnel monitoring devices demonstrates that Compared with the
original model, YOLOv12-BCM increases mAP50 from 0.761 to 0.799 (+3.8%), Recall from 0.749 to 0.780
(+3.2%), Precision from 0.723 to 0.740 (+1.7%), and Fl-score from 0.736 to 0.760 (+2.4%).,
respectively, outperforming classic SSD and RT-DETR object detection models. The improved model

demonstrates outstanding performance in detecting small-scale defects. Grad-CAM—+ + visualization analysis

further validated the model’s accuracy in focusing on defect regions.

Keywords: subway tunnel; defects detection; computer vision; image acquisition; object detection
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Fig.1 Acquisition device and image
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8 E R B R LR FROP E )

% XX A

UK 3 4 204% . RT-DETR B AE R I % 4 255 (H
43 B AR . YOLOvV12-BCM I 58 8 K H1 24 4%
H A5 B E > B & o A4 4 T MPDIoU 934 7t
HE AFARL Y Fb 3548 B, L RE A 2504 395000 A 5 L S A
AR LE— BE RSEAS [R] B 0, 76 1 A 53 2 2% B
B4 [ B, PRIE T A 0 253 5 v e

FEA 6 & Z BLB /K , SSD AE Jy #5221y H A5
oz DA BY % Mk R GE R E Y R ISR B2
YOLOvI2-N ¥ £ — 4t . YOLOvVI2-BCM 1y
BiF PN-Concat 38 iz ] F B 1) # 42 F0 i BCRFAF il &
WS A R B A TN R Y R AE G I A 4 b $ H
T EMERE . A, BIFPN (9 [ & B, o] RLAR
P FRAE AR DG VE B S R R ALEE , 1 3 R T R A
FRAS [a] 8 0Re AR 0K B2 o 3@ WY 4 8 1 o BSOS 1) A
fiE 4 78 (CBAM 11 % J1 5 MPDIoU #i & 9 240 &
AE . 2 H2 T R T8 2R WL AR I A RS R S R
2.3 ETF Grad-CAM++8ill Zi 7T # 4k

FEAR GG B9 YOLOvVI2-BCM H A5 46
TN ASE R 7 by K PR T 3 5 A4 AR IR 00 D7 T A OR | 59
HJ 75 A A% i 2R AR OC B X, 51 AR JBE i AL
2% ¥ 3% B B (Gradient-weighted Class Activation
Mapping Plus Plus) i] # {4 AR IF 2 53 #r o

Grad-CAM+ 415 2y — Fh 55 2 i 854 20 n] AL £
AR A0 T PR 5 3 AR AR T v A L R e 46
Gy 2 M BT EE AR BAT WL B W AR R G VE X B
AR o %7 A ALRE % T Bl A A 5 A 0 e SR L
], P A R TR A R 0 o R v A O T A TR IX
By, 30 B AT R T AL 2 A5 A R 0 O S L R
HIE, SR R 0 P BE (1) A BI04

S 56 16 HOI R AR B e K R TR B R R SE 32K
B AL RS AR EMR S 129K R E I SR
Wk 18 9 R AE R AT AR 4 B x4 . SR Grad-
CAM -+ J5 ¥ X it & G A7 b B3, AR R AE 5T R
FEFAP (N 8 TR ) o #RIE] Hb 230 0,5 B 5 B R0 O 1
T 5 OE AH G, 2 B iR A DX, 2 B AR Y X Bk 1
FEWLI B A TUIAE 55 19 R AE BT R R e

AR AR 45 SR AT DLV A L AR i e S IX
BTE M5 P A 2 B e X8R B v RE A X
KFR, TR/ REE o HR S T K XL 2 R
T 1) R 9 A8 R0 A, AR TR ET B A A PR O T G
T o w58 X S B 3 D8l iy s FE W), e o R
AR 50 3k B2 b, YOLOv12-BCM A5 R E A %50 5 45
5 A R RS U E 45 S I 28 TR A TR
E A7 204 1) 5 03 A TS O A B T 0 R IX
S0 R A G T B R U HE AR PR i — P R T
L TR AR B W ) A R N B

8 ET Grad-CAM++HyfEE ML
Fig.8 Defect visualization of Grad-CAM++

3 it

o MK B T R I R A7 AE Y /N H AR
U PRI T 5T P 3 A 4 i BOHE E RS A
HE B B0 A) R, 38— Fh Rl & BIFPNL.CBAM &5
MPDIoU B YOLOv12-BCM i #E 4 B | H4) 2 45 A1E 444
588 -1 P A0 ) - LA A P IR RE 2, S B T e
T SR A RS S B . H AR L i i BiIFPN-
Concat [ B[] 5 R BE R AF 15 4% 55 [ 6 I A 43 it
BLHL 54k /N H b5 R AR R 3K i T % e il & v
AE 2 )R s B CBAM fY 38 18 77 128 5 23 0] 2% 4
XU ML, AT 2h 254 il i A AL DF e 5T 5T
PETHE R 5 8 SCRAAE 2B 8E 7 5 R FH MPDIoU
Ak 300 A DO SRR B L A B E 2 AR K Y, 2
THE 200 F LR B

SCUS R W, 5 AR YOLOvV12 5 H L,
YOLOvI2-BCM B ) mAP50 . Recall . Precision 1
FLAA 80 42+ 3.8% .3. 2% . 1. 7% M 2. 4% , %
AR PEBE A0 T SSD . RT-DETR %5 25 i #1 |
FE /N B b 9 R0 R0 A 2% 1 S M R T T 2R B 5
o Grad-CAM -+ + 7] ¥ Ak 1k — 25 3iF 52, 450 A0 m]
T 3R A 95 A% 0 DX 8k, Sy i K % 3 R ARG 4R At T
FEHOR A

AR 5% 4 1Bl B A5 R RE P Ak 3 58 B 9 B
KV AR 7 58 36 R IF , 45 & SR s A EOR 7R AR
R G U0 B2 R T4 T R ARS8 B A [ e R
il A G E SCRRAE 5 R 8 450 1 2% S 80, i e
J AR 3 ) AR S B RS TG 0 3] XL
PPl T K He SR ) 4 B L B R T ER B T
P 5 & A R BEALRE

5% 3k
(1] RPRA, B3 i T 280 PR 00 A B 1 A ) 28 4



% XX #

T 5 %

, % @4 BIFPN 5 CBAM #9 3%k 1 38 % & AL 56 46 ) A5 A 9

[5

[8] Tk,

[

[a—

[a—

]

[a—

[a—

FLWI] A 0155 TR, 2020, 39(8): 1658-
1670.

Li Q T, Huang H W. Diagnosis of structural cracks of
shield tunnel lining based on digital images [J]. Chinese
Journal of Rock Mechanics and Engineering, 2020, 39
(8): 1658-1670. (in Chinese)

L Do eI, SRAEXG, A5 R 45 R T PR A
BRI BUIR 5 % (7], Bl i (R 32 30), 2025, 45(4):
657-676.

Liu X Z, Fang M L, Wu D X,

development of rapid detection technology for tunnel

,—l»i

et al. Status and
structural defects [J]. Tunnel Construction, 2025, 45(4):
657-676. (in Chinese)

e, BRI, A A )2 5 M R I A it L
o AR B R 2y A (7). A £ AR AR, 2019, 41(4):
683-692.

Su A, Wang S M, He C, et al. Disease characteristics
and causes analysis of segments of shield tunnels in com-
posite stratum during construction [J]. Chinese Journal of
Geotechnical Engineering, 2019, 41(4): 683-692. (in
Chinese)

XuH T, Wang M, Liu C, et al. Automatic detection of
tunnel lining crack based on mobile image acquisition sys-
tem and deep learning ensemble model [J]. Tunnelling
and Underground Space 2024, 154:
106124.

B i, 42 B, XIRA , 45 BIM 34 5 09 R S0 T
P4 AR08 S B8k [J/0L] £ K 538 T 12 4R
( H ¥ 30). [2025-11-21]. https://link. cnki. net/urlid/
50.1218.tu.20251120.1530.011

YANG Y F, LI K, LIU Y B,

Technology,

et al. BIM-enhanced
semantic segmentation algorithm for construction scenes
of oversized excavation sites [J/OL]. Journal of Civil and
Environmental Engineering. [2025-11-21]. https://link.
net/urlid/50.1218. tu. 20251120.1530.011.
Chinese)

BEMEZR, i, 25 EO, A R TR A T Y M Bk R 1
R s T A I AR R O A (7). 0 R R i (B AR B
I2), 2020, 47(7): 137-146.

Xue Y D, GaoJ, LiY C, et al. Optimization of shield

cnki. (in

tunnel lining defect detection model based on deep
learning [J]. Journal of Hunan University (Natural
Sciences), 2020, 47(7): 137-146. (in Chinese)

PR, SALEE, 300, 55 . LA 2] O B TR o A R
TR RS R S R B T] R SRR TR
(RIS, 2024, 46(1): 1-13.

Chen X S, Zeng S Q, Han W L, et al. Review and
prospect of machine learning method in shield tunnel
construction [J]. Journal of Civil and Environmental
Engineering 2024, 46(1): 1-13. (in Chinese)

g, BB, % TR YOLOVT [ 82

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

% XA A 2B R 1
(1): 1-14.
Wang T T, Wang H T, Huang Z X,

R[], b 5Bl 4738 ), 2025, 44

et al. Rock
fracture detection and identification in outcrop areas via
improved YOLOv7 [J]. Bulletin of Geological Science
and Technology, 2025, 44(1): 1-14. (in Chinese)

Chen P, Huang B, Yuan S S, et al. Automated mobile
robot-based detection of in-process tunnel lining deforma-
tion during construction [J]. Automation in Construc-
tion, 2025, 180: 106560.

R, WA . GRP5000 B 18 4 ) 4278 i b 2k i 6
FIBFZELT). N PE 5T, 2013, 39(27): 158-159.

Shen Z Y, Tan Z. Application research on GRP50,
tunnel inspection car in Shanghai subway [J]. Shanxi
Architecture, 2013, 39(27): 158-159. (in Chinese)
Huang H W, Sun Y, Xue Y D, et al. Inspection equip-
ment study for subway tunnel defects by grey-scale im-
age processing [J]. Advanced Engineering Informatics,
2017, 32: 188-201.

LiD W, Xie Q, Gong X X, et al. Automatic defect de-
tection of metro tunnel surfaces using a vision-based in-
spection system [J]. Advanced Engineering Informatics,
2021, 47:101206.

Menendez E, Victores J G, Montero R, et al. Tunnel
structural inspection and assessment using an autono-
mous robotic system [J]. Automation in Construction,
2018, 87:117-126.

Cord A, Chambon S. Automatic road defect detection
by textural pattern recognition based on AdaBoost [J].
Computer-Aided Civil and Infrastructure Engineering,
2012, 27(4): 244-259.

Cha Y J, Choi W, Buyiiksztirk O. Deep learning-based
crack damage detection using convolutional neural
networks [J]. Computer-Aided Civil and Infrastructure
Engineering, 2017, 32(5): 361-378.

Huang H W, Li Q T, Zhang D M. Deep learning based
image recognition for crack and leakage defects of metro
shield tunnel [J].
Technology, 2018, 77: 166-176.
Xue Y D,

Tunnelling and Underground Space

Li1Y C. A fast detection method via region-
based fully convolutional neural networks for shield
tunnel lining defects [J]. Computer-Aided Civil and
Infrastructure Engineering, 2018, 33(8): 638-654.

XuY Y, Li D W, Xie Q, et al. Automatic defect
detection and segmentation of tunnel surface using
modified Mask R-CNN [J]. Measurement, 2021, 178:
109316.

Feng Y, Feng S J, Zhang X L, et al. A two-step deep
learning-based framework for metro tunnel lining defect
recognition [J]. Tunnelling and Underground Space

Technology, 2024, 150: 105832.



10 T RE xm % RP E )

% XX A

[20] TIAN Y J, YE Q X, DOERMANN D. Yolovl2:
Attention-centric real-time object detectors [J/OL].
arXiv: 2502.12524. [2025-11-21]. https://doi. org/
10.48550/arXiv.2502.12524.

[21] Doherty J, Gardiner B, Kerr E, et al. BIFPN-YOLO:
One-stage object detection integrating Bi-Directional
Feature Pyramid Networks [J]. Pattern Recognition,
2025, 160: 1112009.

[22] Woo S, Park J, Lee J Y, et al. CBAM: Convolutional

block attention module [C]//Computer Vision - ECCV
2018. Cham: Springer, 2018: 3-19.

[23] Ma S L, Xu Y. MPDIoU: A loss for efficient and
accurate bounding box regression [PP/OL]. V1. arXiv:
2307.07662. [2025-11-21]. https://doi. org/10.48550/
arXiv.2307.07662.

(%% XXX)



