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Abstract [ Objective] To address the issues of weak inter-
facial bonding and unclear force transmission commonly associ-
ated with current steel plate reinforcement methods for shield
tunnel segments, it is necessary to conduct full-scale experi-
ments on the longitudinal joints ( hereinafter referred to as '
joints’) of shield tunnel segments reinforced with steel plates

under various anchor bolt arrangements, and to optimize exist-

ing anchor bolt configurations. [ Method] A detailed descrip-
tion of the experimental investigation on steel plate-reinforced
longitudinal joints of shield tunnel segments is delivered, cov-
ering specimen design, reinforcement methods, loading equip-
ment, and testing/loading schemes. Ultimate bearing capacity
tests are conducted on longitudinal joints subjected to different
stress conditions, including positive and negative bending mo-
ments, using different anchor bolt arrangements. The mechani-
cal performance and failure modes of the reinforced structures
are comparatively analyzed to reveal their failure mechanism
and evaluate the reinforcement effectiveness under different an-
chor bolt arrangements. [ Result & Conclusion] For steel
plate-reinforced shield tunnel segments subjected to positive
bending moment, increasing the number of anchor bolts on
both sides of the longitudinal joint could improve the joint bear-
ing capacity by 8% . For steel plate-reinforced shield tunnel
segments subjected to negative bending moments, the joint
bearing capacity remains the same when reducing the number
of anchor bolts on both sides of the longitudinal joint. Targe-
ting the steel plate-reinforced shield tunnel segment joints under
various anchor bolt arrangements, the bond strength is identi-
fied as the key performance indicator of the reinforcement
structure.

Key words rail transit; shield tunnel segment; longitudinal

joint experiment; anchor bolt arrangement
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Fig.1 Specimen of joint experiment
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Fig.2  Comparison of steel plate-reinforced anchor bolt ar-
rangements under positive and negative bending mo-

ments between control group and optimized group
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Fig.6 Status of positive bending moment joint damage
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Fig. 10 Joint bending moment and bolt stress relation curves

under positive bending moment

4) BARNAE . 11 R IE AR AR R X R4 AN
MR AS 4k o ML 11 sRa] DU H A A8 53k
LR AR IEAE . A E] 201 kKNm B, P94k 548
F R4S T R, B A N AR AR /N 5 A A
308 kNm [, B4 58 1 B R4 A o8 e BT, ik
T AR A AR B AN AR A 2 Sk R — 5 v R

EX S X

Erp, I B RSk o0 T, AR N AR R, i [
SER IR BN YIRS AR B KR 28 A 1 467 x 10 7%, Jif
F1%54 302 MPa,

500

—— 103 kNm

L — - —-201 kKNm
% 400 / s N o 299 kNm
= 300} L, N =397 RN
‘KP( o
& 200} .
& S
& 100 .7

—800 =600 —400 200 0 200 400 600 800
TR B EEAE O R BE RS /mm

BLL IR AR TR SR A 2 (3 R4 )

Fig. 11  Steel plate strain curves under positive bending

moment ( control group)

P12 D 1A AR AR R DIE Al 2 A A I 22 it 2R
WP 12 Ha] LA HY - AR 0 28 5 32 Sk 25 ) 2 T A
Ko BHKF] 201 KNm I, B985 7 i B 45 A
RLAF, BRI AR B /N s 54 1K 31 308 KNm i, 44
B8 P 1 6 45 T 58 42 LT, B0 A A R AR
Ko BRI AL A% Sk P — 3 [l N B v, LI R
FESk H U PR BT A AR R 45 A TR B AR
e, BB B RN E Sl 1845 x 107°, R ) 293k
380 MPa,

16001
R —— 103 kNm
. 1200} 7 \  ---201kNm
T / \ 308 kNm
= ] "\ — - - 406 kNm
K\P( 800|- A e \_
5 K4 \
§ 400p = —-7 \
____________ N\
----------- e
—800 —600 —400 =200 0 200 400 600 800
W B4 O B BE B/ mm

K12 IEBHEAE AR AR AR th 2k (o fedl)
Fig. 12  Steel plate strain curves under positive bending

moment (optimized group)

3.1.2 B kmraEX

Bl 13 AR A & 7 R IE S A k2 )
ek, mE 13 TLER AEMmEEHT, 4
IR RSN, 45 5 AR B 45 R AF, MR R
P32 J170N s Bh 45 IR0 1 Sk W DR %, 2540 &
ZERN AT IR A AR S A A Y R ER R T
24 BB TR e 0 e R S, S A R ik A PR B B
RPN RAW IR AL, ESHEER T, A
R A T P Sk 28 g ook A B o 9 e B B %

<71 -



500
PREL - - BAEREBT o -
I Sy MR
400 ) ER
£ 300b AR R,
2 SMUEEEE | SRR R
® 2001 JER MR AR R,
fr A T MUt FE R
wof A | FERIF e sk oot crt s
WRBERY - BRI
0 5 10 15 20 25
P /mm

K13 RV glRe A EOr SUR IE SRk 32 g Al AR 2k

Fig. 13 Full process curves of loading on joint under positive

bending moment with different anchor bolt arrange-

ments

FEXPRiRE AR S: O B2 | SR B
SR R AR VR 32 1 A8 I8 . B 45 S AR A
367. 69 kKNm Hif e 50, 42 3k ) 4y 5% £ W B2 P 3 I
T 31 5 KA E A R B B, B A 5 AR A R 4
R GEEMTF . M m#k 2 4% 4 348. 09 kNm K,
FEAMIUTERBE T e B2 BE IO I 25 W 2, B 2 42
T R o IR, 45 HA 2 AN SB PR B

EERTEs RIS (OEAAL) | s B BOm [ 45
¥ R & AR B A2 1 AR B B4 AL AR SR R
465. 69 kNm B RAL, #2104 A 1 W) J3E PRk 1 B
SER E TR IEVEBY Beo Mk 2 426. 49
KNm i, 33 S TR 58 S, 46 75 45 44 W B2 /)N iR
BERGIN , B 2 8RR RS i IR , 25 A A BB I B
3.2 HATERK
3.2.1 XL R

P23k ) F 200 N A AR SR AR T R P Ll
FEFNANAR 1 A2 T o PRI ikt 71 25 26 3k e ) o 25 R A
PSP RR I b2l i AV AR N A8 45, L
MR R SOE S THE W o

1) kB, & X4 i AR 0 42 3k (X R
), WIUR B B S 8 B Bt 25 R T e M 1 4, 3
BN, AN 112,83 KNm B, $7 3 $8 B 1 4
KW 58 R RS R OB KA. SR
119. 94 kNm B}, 23658 B s 36 in 24 10 mm, 3223k
ORI EE LW 5 IN#as G S5t AR
57.29 mm, FFXPERRLAIESL (DLARED) , BILR B B
EE/ Sy SO R [ITITES 3 el S BT L S N )
Jy126. 34 kKNm [, 422 3K 5 B 38 i K it 548 R
PG AS S OB A0 R AL, 4 3k oI T TR € - 7F A 4%
YERTTE B 0 . IR A5 o, S5 M il AR
66. 68 mm, FBHAEH T 2k M- R 4

« 72

2025 &£
DL 14,
200
160+
E
§ 120F
o
#ogot
g
a0k — Hi AR RO FRAL)
- - - fi R (R4

0 10 20 30 40 50 60 70 80
e /mm
K14 SO AR ek - B G R 2R
Fig. 14 Joint bending moment and deflection relation curves

under negative bending moment

2) HSkiak T A X AR Rt Sk (3 R
), A5 0 ~ 105. 99 kKNm B, 2235 i T B 4 1
K ARG N 8 . ZJE R 55 R E
S5 2 A R, Sk ik T A R gk g5
W, B kI iy 44. 04 mm, EF PRI
SL(MeAkdl) , 3556k 0 ~ 119. 67 kKNm B, 32 3L 3K FF
HEAME LRGSR AR RS, ZEMRE
B R IR ZE FHE 8 2P AL, #2 koK o Y S K
TNEREE R, e Fe 2k T 5k 42. 46 mm, B 5 A
FH RS-0k T 5o R 2 WLIE 15,

200
1601

120

®©
S
T

4 /(kKNm)

— iR O IR
- - - ER AR

B
(=
T

20 3‘0 40 5‘0
7K E/mm
BI15 s e TSk T 5o R ih 4

Fig.15 Joint bending moment and opening amount relation

0 10

curves under negative bending moment

3) BRI 1o BB AR R LA Sk (X IR
1), BN 0 ~105. 99 KNm i, Bk N ) S 2 kA
RS, Z 5 A5 A R R 45 5 T A Ak i
RN 4 AR, B R IR E) 147. 58 KNm i, Bl i
I 41743 400. 05 MPa, 2 Jq flie i 1) A AR A o RS
ket ik (AUfedl) , R 0 ~ 119. 67 kNm
I, AR ) S 2 M R S, 2 R AR S AR
R TN N R AP B N B S EENE
154. 58 KNm B}, 5fife v f1 o4 512. 4 MPa, 125 5 AF
PR HESK A - A V7 6 R A LI 16



%65
200
160
E
@ 120+
<
oot
W ’
a0t/ — iR AL
. --- g Rk (i 4)
0 200 400 600 800
N 71/MPa

B16 B A R 42k Rl A BV 56 AR £
Fig. 16 Joint bending moment and anchor bolt stress relation

curves under negative bending moment

4) WBRAZ . 1B 17 s R R X IR 2
MR R . DAL 17 Hn] DU Y - AR AR Bl 1
[ 13 1% 385 o0 i 49, 7 i T 0 R RIS R A B 153
KNm, H 4 0 28 16 81 di R 19 A I 2 7 422 S 7 A
—E I AR, L R Sk v BT, B Y AR
MR o SEHIR B BRI, AR R KW AE D 2 063 x
107, i 32570 425 MPa, 4R £ J AR

500

0 -
L -soor
® —1000+ o }
5 \ e / —— 40 kNm
& —1500F \ 7 ===79KNm
5_2000_ N e 119 kNm

— =153 kNm
._.2 500 1 1 1 1 1 1 1 3
—800 —600 —400 —200 0 200 400 600 800

I A BELE LB /mm
BLT S A T SRR AR 2 (X R AL )
Fig. 17 Steel plate strain curves under negative bending

moment ( control group)

K118 St A AR T L Ak i A th £k . 4
ZRANAR N AR Hh £ 73 3 Fe R 4 40 kKNm 79 kNm |
119 kNm F1 161 kNm, M & 18 Hru] LI H} : SRAR
70 it 55 i) 9 0T S0, 7 W T R O R R A
F 161 kKNm , F AR 18 B B KAR o B9AR N 28 7 422
Sk — 2 i [l P9 £ v, LR R 2 Sk O B, AN
MR8 R A 5 A R B R D B B AR e K A Ry
2 437 x10° ¥ F1 29} 502 MPa, 0 #x & Ji IR
3.2.2 BRBEFRHEX

19 S [l i A 7 =0 i R i i ek a7
T4k, mE 19 fTRLE N FEMEEHT,
SERIMAR B RIRHET, 4 5 WAR B 45 R AF, R
BRR A2 T A8 5 B B 45 2R 805 42 S W B R
T R SRR R A A7 7 AR S KT e Al , Fe A 45

EX S X

500
ok
=500}
=1 000
—1500+
=2 000

Z,

AR AR /1070

~2500- ’ — .- 161 kNm

000 .
—800 —600 —400 —200 0 200 400 600 800
T BIEEE O I EE Y /mm

B 18 SRR T T SRR A 2k (L fe )
Fig. 18 Steel plate strain curves under negative bending

moment (optimized group)

PEAIBYER B, 8 R A 9 I TR 56 - Bl A s B A
BRARES, k& TREBE S1o Hdbnl DL, 76 0 2 A A
FR AT i A A B 7 2T 4 Sk 22 D ok B B
FREBTE B B IBYER B

200
P DU P
AR R, use | POUEBEEFRR
oo} B
el Q%ﬂﬁy«‘" PR,
g Lo 4 AR R
8
P 80
40t BRI R — Hie R R4
R RIRg - WRR i)
0 1.0 2‘0 310 4‘0 510 6.0 7.0 8‘0
HaBE/mm

BI19 ORTa) s By 20T SR k Z ) id R &
Fig. 19 Full process curves of loading on joint under negative
bending moment with different anchor bolt arrange-

ments

EExtpRe ALk (R B4 | 5B Bom
BER O R B 32 A . A5 105,99 kNm
I, BHAS ST A0 OR300, #5600 0 e A W RE B R
W MR A 52 1 RO 78 20 T ik 45 4 2E N iR B P
B, B4 ST, SRR RN A 2 1y AR O, 3k
PR B I 55, G AT AL M JEE /N R 2 T 257
O 147. 57 KNm I SR AR R S A, 254 1 A PB4
i,

BEXPRRR A (DL 123K , T B Behin [ 45
AR B A 2 1A . B 119. 67 kNm i,
RGP A, 45 S 00 46 B A M JRE T o, MR A )
Ji o SEAA A SR EIE B B, 12k TR B 10
JEBI B2 TR REE . RN 154. 58 KNm i}, 45
Pt NIBVERTBE

4 AREEEHETXTELI LS

AR EE AT B 1A R A A BT R Sk
.73 .



O mhsNiEsziE =

URBAN MASS TRANSIT

ZIVREPE SRR o X o [ 454 B i PR S R
FERININEE (Rl 45 56 3 55 7 10 2R 47 20 A, 45 o 1
ROR o NS5 AR FRAR 25 5 SRR 45 5 TR AL
R S Ml LAY P UK, A Ok R BRBE T o B I
PHITJ $22 S B0 PR 25 RE R0 2 7 £ DI FE DL 3

&3 HEMAREERINRREEMY B RRE
Tab.3  Ultimate bending moment and initial rotational

stiffness of joints before and after anchor bolt op-

timization
HEA AL ET it fiib s ey
PR R/ Wb/ *ffﬁ‘jf
H W/ %o
(kNm) (kNm)
25 i Sk 426. 49 460.79 8.0
7075 5 1k 153.95 161.94 5.2
it kAT e id= .
B WIRER AN, IR E AR/ V]'JF*‘E“'WE/‘V
(kNm/rad) (kKNm/rad) P
TE 2SR Sk 216 287 222 990 3
RV EE SIS 3251 3 580 10

FE XA R AL (T BRZH) |, TF 25 % 42 S b PR 25
G N 426.49 kNm, #] 45 % f/ W) 5 b 216 287
KNm/rad ; £ XA AL (OEARAL) , 1E 25 32 Sk i R
A 24 460,79 KNm, ¥ 4 5% F W Sy 222 990
kNm/rad, A HCFE AR AL (R4 323k, e
b (efbdl) IE S S W BR B AE v T 8. 0%,
WAL FARNE RS T 3%

xR iE (AL AL ) | 025 4 S Al R 25
% 153. 95 kKNm, BIH&H: IR 3 251 KNm/rad ; 4]
XAl (Db dl) , IE 25 S A IR A 56 249
161.94 kNm, #] it %% A W& & 3 580 kNm/rad, #H
T AR AL (R REZ) | alike ik (R fed) IE2
MR PR A R T 5. 2% , WY LR B I B A
T10% .

F2% 3 0 LA A6 T4 i R O Ak 42 =k (X6
M) mike e sk (Pufbdl) I BR23S 4E S50 4h
AR YA R . A B UG 09 IE A A
SARER T B TR R, 8 R B Sk R 3k 6 R R AR
s PLAR 08 1E 25080 0 46 % AR W RE TG R R AR 4k, i
LS WIG e FA W B K

DRI, B9 327 0 e 0, 48 Sk A R A2 IE 50
YEFIRS, 18 i 422 Sk 7 000 7o 685 A4 A 5 2 Sk FE 7R 32
SRR PR, a0 AT [ £ D ) B G A R O\
MRS RR AR B X BB NS A XL TH I Fa IR G Y i

- 74 -

2025 &

ORI AR 52 B 52 T 1 DA EL A R, L BEAS 12
e R ORI

5 #ig

1) X RS2 1E 25 RE A T B0 AR I (2] ) J 44 B
BRI GE PN A B R A L, BB AR THIE K Y
TRELBE T 5 R 7R 0025 R A P B S0 A N 11 ) ) 4 g
A, wel s NG PN £ A A Sk R 2R e
TIARFE

2) SIS, I S5 ) h 45 5 AT 45
TR R BEE RESR AR T 25 FF 10 6 12 K Bl Jey v
WETF SRR, B 32 A0 7 T 2 A ] v o o [ 45
A ER A0 P o O B8 0 i 3 286 45 2 ot 2 A8 ki
W, BN PR B AT 32 F1 0 2 ) Sk e A2 L 0
oA ATSER AT LIR 32 — %€ [ fr 2, 45 1 BT — E /Y
TEVE

3) ad i G LA A B AR, 19 B A R
A B SORHE Sk AR HILBE K 28GR, mT D I
R n [ BT S AR

27 3Lk

(1] BKBMG, 25, RN, 25 JEARJE 4 RS 1 i T390 h

BUREHE T S BR[T]. MR a5 TR, 2022, 18 (1
1) . 326.
GENG Aopeng, LI Xue, ZHOU Shunhua, et al. Causes analysis
and countermeasure of segment damages of a large-diameter shield
tunnel during construction[ J]. Chinese Journal of Underground
Space and Engineering, 2022, 18(S1) : 326.

[2] ‘RE, BRI, E5W%. JEWEEE W BIZ5 4 MR L BT 5
BE[J]. THJ%, 2022, 39(3) : 33.

ZHU Min, CHEN Xiangsheng, WANG Xuetao. Analysis and
thinking on structural performance evolution of shield tunnel lin-
ing[J]. Engineering Mechanics, 2022, 39(3) . 33.

[3] SRERAN, TOCH, @0IEE, . BamByr )M igiE 2 sk

FERER RE B (1] BUNEREGE Bk, 2020, 57 (48 T
1).247.
GONG Chenjie, DING Wenqi, LEI Mingfeng, et al. Case study
on water leakage features and repair works of operational river-
passing shield tunnel[ J ]. Modern Tunnelling Technology, 2020,
57(S1) . 247.

[4] #R, ¥R, B0, % RERITLERZEEKES kARS
PR AT [)]. BB S HLERCE, 2021 (5 H) 2) « 21.
HUANG Jun, DONG Fei, LI Ao, et al. Analysis of leakage state
and influencing factors of large diameter shield tunnel crossing
river[ J]. Tunnel and Rail Transit, 2021(S2) ; 21.

[5] =5, XV, UK. 2B BTTRRE AR A PR I 2 5 46 3£
[J]. FRER A= (EH AR , 2006, 36 (34 T2) : 83.
YUAN Yong, LIU Tao, LIU Xian. Investigation and evaluation of

present state and serviceability of existing river-crossing tunnel



£ 6 1

[10]

[11]

[12]

[13]

[J]. Journal of Southeast University ( Natural Science Edition) ,
2006, 36(S2): 83.

MR, SKFNSE, AN, Bk A B T A i 45 44 25 08 SR
BT[J]. EART R, 2020, 53(5): 118.

LIU Xian, ZHANG Yumeng, WANG Rulu. Discussion on de-
formation and failure of segmental metro tunnel linings[ J]. China
Civil Engineering Journal, 2020, 53(5) . 118.

Mk, RER, Ban, S PR RN I A % 3B 45 1 7R 2R AR
SRR RS BEME B [J]. A A %5 TR0,
2013, 32(11) : 2300.

LIU Xian, TANG Min, LU Liang, et al. Experimental study of
ultimate bearing capacity of shield tunnel reinforced by full-ring
steel plate[ J]. Chinese Journal of Rock Mechanics and Engineer-
ing, 2013, 32(11) . 2300.

MR, SKiEaL, FEE S5 YRR R [ R i % 3 45 A R 2
REIRYIRIRBST . IR L] BURBRIER AR, 2014, 51
(3): 131.

LIU Xian, ZHANG Haoli, TANG Min, et al. Experimental study
of the ultimate bearing capacity of a shield tunnel reinforced by a
semi-ring steel plate[ J]. Modern Tunnelling Technology, 2014,
51(3). 131.

LIU X, JIANG Z, YUAN Y, et al. Experimental investigation of
the ultimate bearing capacity of deformed segmental tunnel linings
strengthened by epoxy-bonded steel plates[ J]. Structure and In-
frastructure Engineering, 2018, 14(6) : 685.

FERT, XURIE, MIRK. PSRRI 15 )E #4) % 38 o 48 R
AYERE IR AT [T RO 2 (P ), 2019, 39
(2):317.

REN Tianyu, LIU Shuya, LIU Xian. Experimental study of ben-
ding capacity of shield tunnel lining segment strengthened by cor-
rugated steel[ J]. Tunnel Construction, 2019, 39(2) ; 317.

LIU X, JIANG Z, ZHANG L. Experimental investigation of the
ultimate bearing capacity of deformed segmental tunnel linings
strengthened by epoxy-bonded filament wound profiles[ J]. Struc-
ture and Infrastructure Engineering, 2017, 13(10) ; 1268.
MOk, TRARIR, ZEWI, SF SA A R R T A ) 2
TR IR )], BURBRIERAR, 2014, 51(5) . 78.
LIU Xian, ZHANG Lele, LI Gang, et al. A macroscopic analysis
model for the mechanical behaviors of a shield tunnel segment lin-
ing reinforced with a composite cavity [ J]. Modern Tunnelling
Technology, 2014, 51(5) . 78.

PRI, &o7, skIH, 4. JEHE i UHPC A& SR B g2
PEREAIHT(I]. LRS54, 2019, 36(11) : 41.

CHEN Renpeng, LU Li, ZHANG Yang, et al. Reinforced tech-
nology and mechanical properties of shield tunnel lining with UH-

0 D

(E#£5 66 T1)

[18]

SR, AT, PR IR) Iy 1 N TR e 1 B L) W R
XHEBFAELT]. AT, 2016, 49(6) : 25.

HU Shaowei, HU Liang. Comparative study on shear fracture
process of concrete with two different loading methods[ J]. China

Civil Engineering Journal, 2016, 49(6) : 25.

EX S X

PC[J]. Engineering Mechanics, 2019, 36(11) ; 41.

(141 HMumk, sk@e, #55E, 4. UHPC i )& 0 558 w1 45 1

e [J]. PEAEYR, 2021, 34(8) : 181.
LIU Xian, ZHANG Jiaolong, JIANG Zijie, et al. Experimental
investigations of a segmental tunnel ring strengthened by using
UHPC[J]. China Journal of Highway and Transport, 2021, 34
(8): 181.

[15] e, W1, THE. — sz )3T UHPC fin [ 59 Al R e - 4
PRI AT T]. RERRERE L, 2019, 38(7) : 2295.
CHENG Yu, XIE Jian, YU Jinghai. Experimental study on axial
compressive behavior of RC columns strengthened by UHPC under
secondary load [ J]. Bulletin of the Chinese Ceramic Society,
2019, 38(7): 2295.

(161 HMUmK, #&5-5E, XU, SIOHR-TREGE 215 25 K 15 &+ b i

FIRIES R FRORER ) R JURER [ T]. P A £, 2020, 33
(1) 128.
LIU Xian, JIANG Zijie, LIU Shuya. Experiment of deformed
shield tunnels strengthened by steel plate-concrete composite
structure[ J]. China Journal of Highway and Transport, 2020, 33
(1) 128.

[17] ZHANG J L, LIU X, RENTY, et al. Structural behavior of re-
inforced concrete segments of tunnel linings strengthened by a
steel-concrete composite [ J ]. Composites Part B; Engineering,
2019, 178 107444.

[18] LIU X, JIANG Z, MANG H A. Experimental investigation of the
bearing capacity of deformed segmental tunnel linings strength-
ened by a special composite structure[ J]. Structure and Infra-
structure Engineering, 2023, 19(2) . 147.

[19] JIANG Y, WANG X, LI B, et al. Estimation of reinforcing
effects of FRP-PCM method on degraded tunnel linings[ J]. Soils
and Foundations, 2017, 57(3) : 327.

[20] Mk, sK/RO6, K=, 5. FRP I & % i 4% 5k X0
WHE[J]. ghERlE 5 TRAEH, 2016, 13(2): 316.

LIU Xian, ZHANG Chenguang, ZHANG Chen, et al. Experi-
mental study on the longitudinal joint in shield tunnel reinforced
with FRP material[ J]. Journal of Railway Science and Engineer-

ing, 2016, 13(2) : 316.

- ¥AS B H0.2023-05-16  14-=1 B #7:2023-06-14  3H g B HA:2025-06-10
Received :2023-05-16  Revised :2023-06-14  Published :2025-06-10
CHE—E IR, EHEIAZ)F,003180@ crfsdi. com
BATHE A Mdk, 2042, xian. liu@ tongji. edu. com
- ©QR T BE ZGBAT ) 4 F Ak, FFARI CC BY-NC-ND #4
(©) Urban Mass Transit Magazine Press. This is an open access article
under the CC BY-NC-ND license
- WS B H1.2023-05-15 146w B 41:2023-07-11  sH ik B H7:2025-06-10
Received :2023-05-15 Revised :2023-07-11 Published :2025-06-10
- — AR SRR, Y TA2)F, yan_jj@ hdec. com
BAEMEE 2N, AR 4 ,2310180@ tongji. edu. cn
- ©QR T Huif ZLBHFR) & Ak, A RI CC BY-NC-ND it
(© Urban Mass Transit Magazine Press. This is an open access article

under the CC BY-NC-ND license

<75 .





