¥33% H5H LI R 3G 38 2 e o 4R Vol. 33 No. 5
2025 4E9 A JOURNAL OF SHANDONG JIAOTONG UNIVERSITY Sept. 2025

DOI:10. 3969/j. issn. 1672-0032. 2025. 05. 005

R EIEEHAERA T XA A S B0 57 #7

1 N a2 2 N N 3 \ v 1 1 It
TR AR PERETEA R AR kS LR
1.5 Emea % T BARNE, LA Fd 2501012 LWARBFRRAABELEZIESRE, LA Fd 250357,
3. R I e TAYKEITRARN LA SN LA Fd 250102

TR PRI A B AR o 3t b £ 5 A R (AR ) TS 24 PR RE IS IR , SR AT BROGHF PLAXIS 3D
ST M 23 A R SRR SR A RO R L6 90 MR RS BRSBTS AR A2 Bl o 2,
A, R RS | I 3 S PAAS R KA 8 B2 4 1 AR o 157 25 DR 3 0 A8 G T 5 30 1 W 2 ) 2
SRR 1) A AL UREIITESS | PPN R, 0 JA PR IR 5 o TR , A 8 G JEe v L A D e /N T A
JAR AR BT o 2) A BRI ) T AR R e TR PN 7 O BE S A0 A H S A A A v P, e )
BRI 52 B B 47V 3 W R R, Ze B TR P 0057 A A e s R RE e R 3) T s i g 17 A5, o T e
RS T3 38 SO A R 0 R A e A £ 126 2 RS, TROARCRIN M 29 7656 2 A JIRAR 2150 | A TRUE , R
e A R TOUARE 1441 sl o P2 WA L fie A, A e/ 4) e RS MR P 96 R, A5 TR ¥ - AR LR B/ , THUAR L DA e
B Bl ok B WALl N HERZ TR 2. 5~ 3. 0 s Bt 4 0 sl 28 (L4 K, 5 G g 37 2 1 D 0 o o sk 2 e
(ELXTI DR 5 A2 A0y 230 46 R L D s X A8 R e AR, 87 -5 kR e A A, A 2 A7 1 7 1) A v
R PP R RS R B4R g WA B ATIR S0 o WA (R AR Ui/ o S ) [ L i A 3 AT Bl TN A R
PRI T FEE WAL i T /K AR 5 JBE 938 A, A R R A LI S /IR s/ N 38

SRSREA : £ 5T B 5 A9 T e e 0 2 AR SR e sk 2 i

thE 422 . U221. 4;TU311;TU990. 3 SCERFRAERRD A TEHS.1672-0032(2025)05-0033-11
IR A KA, I, F. B BEA TRME AT Hva m o[ 1] b & R 4R, 2025,
33(5) :33-43.

WANG Shengli,FU Shengxiang, HU Peng, et al. Response analysis of double-cabin comprehensive utility
tunnel under traffic dynamic load effects| J |. Journal of Shandong Jiaotong University,2025,33(5) :33-43.

0 3]

[l

EREEIE AR ) — MR B A 4T A2 8 N T, 23047 300 A8 R R A1k AT A A 3 RG50S 28
R LT AT AR BRI AU ™ A K/ N R 5L 8 X A5 R £ 32 i AS T, 3t 5 [ 09 4 14 s P A o
DA 3R AV AR 2 XA TR A SR AN R 520

— R AT BRIC AT 75 VR A A = AR , o3 4 oS 24 K A Bl r 8 TR 922 A, I 45 5 S B 45
PRIGUE . FEAERR" R FHHAE ANSYS Hy HEE R (A AR R | 380 o A5 o A B R A3 T o 0 9 5 5 A R 1 3
W R, 2 B U B 8 A P s Sl 8N A AR S 5 U ABAQUS 3 BT A 38 1o 2R 25545 6 JR 45 g
(19 T3 R, R BB R IV (1, A S A 0 8 R LR 7 A 10 B 7 7 e B KR/ B
T AT BRI T AR A5 5 A SRR A AR IR 8l T, 0 W AR ) 200 465 R 03k R At £ 7 2 A1 A i 4 722 A

Yr¥s HHA:2024-05-16

EETIH b &4 @A) #73 %) 3 B (2022B17)

F—IEEEN: TRA(1980—), B, TR BEA, SR ILIF, TEHRF @A A% 5 IR TiE %46 TH K, E-mail;
741050956@ qq. com,

< BASVEBEN R 1 (1999—) | F, L A FRA, TF M4, £ EH % 5 #1h % % & 2 4, E-mail ; 1621679917 @

qq. com,



34 IR 2 B 4 20259 H B
WU, LA R 7 W AF 55 05 B2 AR IR A S AL B . RAB 2D SR ABAQUS H A RIS E L 425 F 19
I T AR DX UREE , 437 i 1T 245 ) )2 V52 38 R ok S EURL S 850 5 T, 76 B0 B TRT 45400, 25 B 2 9 20y oy 28015
O, R A B TAE KRN KT 114 m, — AR T 1. 23 m, “HABEK T 1.29 m, =N HERKT
1,42 m, FRRAGE N MK 0.30~0.40 m, it SR ABAQUS #y 8 = 4R EAE AL, BF 53 4 f oy 2%
VR AR =02 11 B 2564 B 25 A0 10 0 i) 8 T A8 1) 52 7 Pk e S i) 1o R, ke B 5 7R A 2 11 b 5 TER M
[6) [0 3 3 A AN TE SR, TOURR JES AR ) P 1T, A 0 35k 1 M ™, Bt B R R PR 484 K, 25 5 50 AR 52 2 A o 2 A2
SEMg/ N v SR ABAQUS 2 r A7 BROGAT B , A7 VA TR SR -+ 254 45 B O 5 71 R 57 P
I PR EE JER S IR T, A ey 2k /0, I 2R AN T A A X A B A B (14 52 M K, ey 23 s %o 4657 TR 1 18 [ 57 8
SRR R T 4G R A AR A e A B A A A A FRIT AR PLAXIS &7 WL sh 4 i 2% -
A SRR S AL B AR TR RY , TS AIL 50 A S i 2 At i P A2 338 LR B T 345 85 TR O B2 i, 2 LA R A
HETH A PR 205 AN 3587 5 5 TR 0265 A A, Y8 [ i 2 8 AR AR A 5 4 R o i 8 A0 B T 2 e o B3 5 1 A
1) - AR B0 T RE S5 R, I i TR SR ) 448 R 7 0 5 2 A SR TR 45 4 = I 7 WA (L M K AR
BRI 55 W A = A2 P 7o A7 AR SR RS, HE T BT A2 i I B R, HETRB K B A8 JBR9E 57 75 A AN TR
BN IR , = PR AE R (4% 55 A H AR A R . 2 SR ABAQUS S = 4R, BP9 AT 4K
G BRESF — AR FRE A B AR R, 400 42 R RS T RNZ PR | Bl 2 1E R e ) S5 LR 152
R BRAE Bl A FH T 785 JER TOUAR RN v B 35 22 A B BN A v sl 28 0T 457 R (4 FHR0R e K oy 20 A
FH AT i A 3 B8 A 500/ 5 38 iy 285 | A6 A T B U0 I % A TR ) B A () RN 80 5T TR [l e, 323 fr A
PTG L7 WA R 2 J1 8 AT S35 5 W0, A7 288 4 M P A6 A5 B 1 B J7 ISE SR 4 R e AR AT L R
G A iy 80 A5 B 45 ) B4 2 i) 2 AR v R A R 114 3L R L A ) B fr 2 M ZE A T s R ey AR A S
PRI, AN [) 1] 32 A B P A R Ml 7K v B R R I, G0 A 0 457 R Y S e A e s /0 485 TR ) A AR i
L A5 R A A 5 M N ] 240, FESEPR T AR, 487 AR 32 J] Bl T K A AR S [R] 52 m
ARSCR A BRITH A PLAXIS 3D #t 7 MM 25548 R T H A1 il I 1 5% 0% ZE 5 s oy 288, 70 B 4 Jeg 34
TR D A S AR M KA 55 B 2R 8 i 2 L R 285 B S R 2R 2 A SRR DL R K 3 il iz 1
M, R FH 2 P9 4 RUBBE 780 3 5 565 i 7 LS TR fr ] e | Sy it 0 50 30 ) i 288 % b 2% 5 5 JBR s o8 18 T R AR
BSIAREIE e = A

I EitkE fiva

1.1 AR HEE

3 IRy AR ARG AN 5 AR B Y OE FR RV I AAAS AR B AT A LR AR AR T
2, BT R S A A 1 B /NS AR AL (hardening soil small-strain , HSS ) #4541
LRGSR HSS AR ] % 18 - AR SRR i [l A5

TEREGUITAZ A T I G5 ) 1) TAR b BRGS0 8 R AR S PR TR, AR 43 AR JL-F- 3940 T/
ISR, WIBE S R RIS R, BHBY VI S, R A BT DI 52 10 5 (9 2ot s bR , o LR 4328 3
NGB AN 107 B, AR AL T I R P B [ B AR R R KBTI G, MU RS R S
AT T 58 A SR AR 5 F A AR AR KSR REAS 20 1074 ~ 1072, A Al A 330 o 1o Y8 v B, 99 B0 ik e
TR, T PR A UKL (R 46 & A AN AT S (0 1 30 5 SR HE S LG A BOR: B fif 28 43 BT 110 D B o BB 5 I A8 R 4
WK, FR I 107 MR AR B B, b PR E A BB R SR A, B U i U s R % I T A 1) A /N
FRAME, LR AR EE A T F IR, WIBE#R /N, A RO
1.2 tEER

P TARSEBRE O, 2R ] PLAXIS 3D ZE 57 HEHb 2554 AR TSR B, TR 2505 8 R R AR ) 27 M RE A S T
B, PR TR B D AT AL B TSGR AR A C30 TREE + o 8 A4 R T RS RL R I XU B9 7 TR
LB R, 58 8. 4 m, 15 5.5 m, FEAK 15. 0 m R ZEHE WEREHE, AR H A, KR 1 LA B 2



%5 TR, % SSBENFTARAE F AU A& P 547 35

JEURIL, DG 1B 25 R TR AR N2, SR TR 1 S R SR e A8 A R B (X A AT TR - 254, LS54
FORHI 2 2 B s LI AME o DL R
s BB 2.0 m KA AR A AR AL ) 4538 I

Tr. BRI Y v i, TG I 1 2 e
G M 25 R T R R R 30.0 my 5 — H
15.0 m, K 70.0 m BIUAM TG H-10m ERE ¥ iﬁi
PR R Ok, R L R R _ PEOAPE e
WL, WIRE SR AR b | XA BESE
PRI R R B N IR T 5x107 xF L :
AR L RBUR R A K A y\(T)/x

JER TR ARSI 432k 25 507 > Hot, St 46 338 A~
R HE 255 SRS R R AR ) S G T 1R

It HSS B3 HT AR, SR PR S AR RIS AUL A5 JER R B TET 2544, 2 MR B ) 2 S8 3% 1,
AR A 2R R K2 0~0.5 m, ZH A 2>0.5~ 1.0 m, By +)2>1.0~3.5 m, ¥ +/2>3.5~5.5 m,
WE)E>5.5~8.5 m, 3 +)2>8.5~18.0 m, ¥} 5% +/2>18.0~30.0 m,

B 1 323 4e 6% Rt FLAL A AR X 5

x1 TEMBMEBENFSH

P’ c/ o/ P/ EN/ Es Ee HIKFE
+RAK N s . Ky v Yo R .
(grem™)  (grem™) kPa (°) kPa MPa MPa MPa (med™)

2+ 1.72 2.13 17.2 12.9 100 35.0 35.0  105.0 0.786 0.2 1 0.9 0.010
igpiE 1.75 2.18 32.0 22.0 100 17.3 17.3 51.9 0.758 0.2 1 0.9 0.002
Bt 1.68 2.10 7.5  29.8 100 12.6 12.6 37.8  0.753 0.2 1 0.9 0. 080
1% THi 2.20 2.20 3.0x10* 0.2 0

BS54 2.50 2.50 3.5%10* 0.2 0

VE unear UL p o WAL, C WA RBR S, o WARUNEER S, P RRIE SR ST, By N £S5 RIRHE, Ery b (545
KIS BRI, By RPN S B, Ky s - 00E T 3800, AR BRI AL v, , BB NAS Ry KB H o

1.3 mn#EER

MR L Pl PR SRR ) o 2 e A 2 DR i B AR A Y A e AR T 4 T B
1 R Ve 0 AR TR 1 0 7 0 L B 5 25 550 S PR 0 3 75 A R B LR 34

SRR A RO SRR T R 2 T B A SRR R0 RV ol B 2 4 T T 26 R o
A AR 0 205 50 0 S M 25 2 G S PR B R 5 D Sh 3B O Sl |, SR P 7 B A
TFEIE I MBI ¢ (1) ML A BRI > k2

q(t) =p +pysin(wt) (1)

e BRI py WIRBTERIE M, po = Myuo®, Horh M, Sl 4R T R i, — 8k 7 2 Rk 1
30% 0 F U AR B B =2 mm; o MAREFR, 0= 2m/L, v HAFFTIERE L 7% ST
L=12 m,

AR SCHRT 23 K5 DU 2L 328 100 KN F i AR T80 1 kg B i 48 1
P OB . — ARl B 4 FE T 6 A A IR TR B S 5 2
(RIZE A AR SR 24 o LR 201 il 285 SOWRMESIAL BZZ- 100, b7 /,
HERARALIO ZHOK AR 100 kN, S IAHE Ry 0.7 MPa, 4 fi I CE
#d=0.213 0 m, B0 D=1.5d, AE T RS2, K XUR faf 25,
T AT T, A 2 R A A U T A A = wd /2, 2 RYFHARTEH

77

/




36 LI AR 2858 2 B 24 202549 H 4533 %
D=0.319 5 m,Z80E 5 L, =A/D=0.222 9 m,
TN PLAXIS 3D #037 R R 40 PO , 15 522 1 Sh F 4%, 5% FH 8 9 2 2 CHEA TR 4, %
95 sl i 2t s B AL 3 B .

, I
4% s * -
. g 1.00

F Y 2

R

1 O O U W R | 006 0.2 0.8 024 030
15} [8]/s
@) b b) 405 0 o 2 AR o) TR B AR A

B3 F@mzhirBsemrEA

2 EWRTEEIER T BRI K 30 0 E 534

2.1 ERRzh/1FERIIGE

Shy e UE 3 b 25 5 8 JER Bl ) 2R AR AU Y AT AR,
NI ZE A A R AR R, an il 4 FToR . 4R R
BEAY - RE 3 R T L 2R 5 A R H 0 R AR+
Sy SR AR RV Th B R ST, RS R
1,75 g/em’ , B Sk 8. 6 kPa, P EEHL /Ny
28°, 4 NS A0 #5 My L AR OC &R L3R 2,

) BRI b ) 8 S
B4 5 R R

®2 HFREMAEIYEEMRUXE

Y HE R fie ] GELTE A MR || YRR ] VELPEES AL
KBl (L] C, 20.000 | RS o [M][L]'[T]*C,=Cy 1.350
R p [(M][L]™? c,=1 1. 000 NS & C.=1 1. 000
ikt m [M] C,=C,C; 8 000. 000 || fIN5HEE @ [L][T]? €,=¢7'C'Cy 0.135
PERR E [M][L]T'[T]? Cy 1.350 || B ¢ [T] €,=CCR "7 17. 220

SR I E T | 11 T PRI e B SR A R 14 30 2 0 o et i o 41 5l FRL LR TR 1, I R
HLIRSIFA 16 Hz, 735 B8 RUHLIEIR 710 133.30,177. 78 ,222. 22 N, X 17 J5U 84 42 4 %l i 28 60,80 |
100 kN, FF IS 8] 2 120 s, 36 Ho 45 JOBE YA 190 -5 A (A DL P00 A7 JRRTIC e B Rt i I sl B2 e i, 45 R e 3
FioR.

R3 HREAESHERLA SRR NEEIEE SR

W7/ A REULRE/ mm TR AR S I FE W (E/ (me ™) DUAAR S HITSEE P W/ (e s™2) ARSI E MR/ (me s7)
kN o B E AL g gL S 5 BB =X B E AL
60 0.13 0.15 0.291 0.312 0.032 0.035 0. 004 0. 005
80 0.18 0.20 0.355 0.363 0.042 0. 049 0. 006 0. 007
100 0.22 0.25 0.483 0.498 0. 055 0. 061 0. 009 0.011

P 3 R R AR TTC AR AR i e 1 ) 24 2R 55 UL SR A A8 A ML A ), 2 BELRCOR ) ) 8 R T



®5H TR, 5 B B A 2R F N BUIR £ 48 R i 1o 43 1T 37
H4 K, IR TIURR A 0 50 0 W 5, AT/ , 8 G B 0 U e 5 DL A R 22 04 0. 03 mm, 1%
S0 ST R S5 R Sl T BE R A TR A 200 0. 021 mo/s? , SRR S BLASE 0 e 38 ) e 3
B,
2.2 HEHIERTHERLE

SRS Bl A TR 45 JRR %ot KL A P A B S R 3 or  —bJr10 em(fIEE) — F 710 em(F 4 )ER)
SR IR B TR 1= 77 10 em A JEEICAR F 77 10 em DL EJ710 emCEEE) — I J710 em(LATIE)
PR3 LB PRI 2% LA AT L, el S WMMMMMMMMMMMM&
BT E
HIFELS T A MR TR FE N ARES | bk, § |
T 5 JE BP9 5 9 e s TR 7 30 1 B T A i
FUF AT IR, TR L 7 -+ i 80 1 D IR W £ 1 T4 , , |
) 52 3.+ AL I3 2 1 )24 6 A e *
(1 N AR, EAC T U7 R R TCRE (/N m s 4 /s mnrdn F s B e T A2 i %
FIAT R 1
2.3 ENEHIER TGRS

LSRR T, B T2 00 25 P AN 6 om0 87 7 4 o 0 1 = 300 o o 2
e 7 fs,

JeMiB MR TR i 7/MPa L350 A~~~
| 3 14 130
{ 125
12 £ 120
x 1.0 R LIS~
. 05 = Lo}
& 06 APIRL 225
1.00 I T e e W 1
0.4 093 05 10 s
X Moo ) /s
Bo6 £@MHpHmBATERILEL A=A B7 EREEAEFEEGEIEL WA

HIIE 6.7 FT 1 E S B T BB IE BRI A 86 3 1R 7 S B4R o/ 7 00 THUR, 72 DA 720 1y
AR PN A, % 07 8 S 7 0 T IEAE 43 31 oA 1 253 (1 329 1 144 988 kPa, I a1 iR & 43 %1 A 36,21, 14,
17 KPa, LR/ BE |- 3AMINSE 5 ) F 0% 7V, 20 M0 THUME PAY 0 72 £ 6 i W e K, T AL 25 49 50
AR IR 45 B B 1 o A IR TP
2.4 ENTEEAER T HE REHR S N B A -

S BFSE ST A5 G 4 43 B 5 ik 141
WL L E S AR IE M 0. 7 MPa B BRBUE o

VO 2.0 m £ A TG AR S ek 3 i 25 [ 4
8 PR

1] 8 T« 76 4B 4R AE T, OB 30
o A T THUAR4 B0 1 3 i o 7 2
JE A I 38 2 AR

SRS R TR B JE R 100 % 5 3ok 7
TR T A A LA, 7 490 5h T 2R 0 b
0.7 MPa i , 2165 I 24/ ) 52 5 1 4% 3 sk B8 &R dnik Lt o

S/ (em-s2)
640




38 IR 2 B 4 202559 7 33 %
PRI, W 9 FIi7R o

1.61 0.151 0.4r

~ 1.2 - 3 « .

T @ T 02

- 08 . 3 o Tl

g . £ I a Himie

Z 04k L IR Z ‘A | ﬁ N\' ~ 0 *M-_,\ A A AL MAARAALA

= i \r% \F-* = B ook |

R_OA 1| -"._ LN W = | ! BT

I T B e S T e e L (e R R BT

B3It/ I /s Zh It /s
a) TR b) it c) JEEHR

B9 F4mshar#ktaAh 0.7 MPa i R Bl A2 B 69 3 Amik it A2 00 £,

F L9 T B Bl ar BT AR VE FH ST, A5 TR 45 45 A0 10 ok 5 e 7 40 e Tl B 2 it Jon 8 vy 280 5 B0
TR &35 ) PRI P 7 3 4 A sk A28 A i 280 I A 7 R 7 A S R 57 B RN AR TE o Bl S) ) A 4 RS A5 B 445 ) i
I FASE T PR A5 R 245 4 P 14 1 3 A 12 ik BRI IR S LS RS TRt T AR E . TR N
MR ZITFESS 2 FPa THRE, IR ATES | B8 TIE. 5208 f5 48 R 1Ak /Y hn o B e {8 i K, 8
0. 379 m/s” ; JEEAR AN FE WA £ /0N, S 0. 026 my/s” , AR A4 il 328 68 e /o4 0. 039 m/'s™ 457 G T e A o ok
FEVEE R AR 9 14. 58 8%, MR 1Y 9. 72 4% . 487 JBR THT3 XoF 2= 400 20y iy 28K 11 o 1y e Je 20 e 18 i) 1 5z /N o
2.5  R[E)EEX & BRI BE K 3h 7 R ) 8 0im 43 #7
2.5. 1 HRVRXTAE TR TR KL 3l 77 W) 1y F) 5 i

T R LR A A2 - A E AR AL W . R sl 2R IR R 0. 7 MPa, 45 JERHE R
G314 1.0.,2.0.3.0.4. 0 m, 5T B it 20T AN [R5 R A JBR P9 552 T, 57 JER V8 - AR T oo e A R 328 R AR A P Bisf
FRMZE AN 10 From . Fh 1] 10 )20 485 JER 0 A AR T e B 5 TS MR TR () 15 ki), 3% 1.0.,2.0.3.0.,4. 0
m B A5 R 7™ A= B TR WA 43 53 >4 0. 069 2.,0. 053 8.,0.052 3.,0. 042 6 mm, [+ — G BT 43 551 Ik /]
0.015 4.0.001 4.0.009 7 mm, & JEEHEZEM 1.0 m H4 2 2.0 m I PTFER/NE I

AN [FIR N 48 TR A5 A A 7E 22 3 20 far 28V T AR S I ok B D (B AN 3R 4 P . B3R 4 mI 0. 487 AR T
A AR RIS D o s e i 5 TR LR P 398 SR T 980 , THUAS X 50 iy 26k 140 i by A8 Ak e K o it DR A5 TR 3L
URBCR I , 2R3 3N 1 2068 JRR A5 R4 (0 SE M B, Bl 2 B4R F T8 R L, 4 AR AR 2 B R W B i 15 R
7 BES RIS, A Fe 7 A A SRR 4 A4 PN T 1 R BRI 2R B 2R AL s e - 2 W 55, AR50 B0 far 2 0
JER 25 A4 PR S IR DR/ o 2 B A R s 7 RN g o A5 TR T Ak A S ), SR R R 2. 5~3. 0 mo,

- = PR AL iRz e
0 \ — HIRTIOm — HYR3.0 m %‘% 4 mmigﬂk—r EF@%@E*’@H’J?’E@MEEWQ‘@
-10 *‘v 2.0 m — H%H4.0 m 95 20 W - s_z)
-20 H, ,‘,\-\ YR/ m
- 1\ A ik ik 0E; -
\; -30 \/ \\/}.\ /}\ _/}\ /\\ /\\ p\ /\ /\\ A I5ibR eI Az JEHR
2 0 AR TAY AN AR AWALVARVARVALVANY: 1.0 0.496 0.052 0.052 0.038
-50 AW N AVA AV Y AVA AV )
o 2.0 0.330 0.029 0.029 0.022
70 ' ' 3.0 0.186 0.012 0.012 0.013
0 1 2 3
T/ 4.0 0.076 0.004 0.004 0.007

B 10 4 BrJk 3R LT T BRIZIR & e iF A2 i &
2.5.2  ZEHHay 2 M A0 RR TR K B0 o W N7 ) 52 i)

R AR o 0] A BT T AR A RSB DR AR R G, R I 3 R R 4 A A A e R
2.0 m, 735t 0 4 i 4er FRAE R 0. 70 1. 25 1. 70 2. 00 MPa, 7347 AN [ 4= 80 i 28 0E A 0T A7 JER 37 7% K A7 e



5 EJREA, A5 - S8 S 2R OO LR 2 8RR B AT 39
THURR 2 3 R 5 TR 4% T 2 1 W (it 4 0 7y 280 R (L) 22 AR AN 3R 5 s o 1R 5 R0 B 42
AR A3 A, A TR 2% T8 3 OIS ) W EEHE O, 42400 Ay 23 IR AEL PR 0. 70 MPa 3§ 28 2. 00 MPa I, A JRR THUAfR |
ZEMIA A AR AR LR T U (B0 514 K 14. 81% 5. 57% \3. 67% \13. 77 % , - § i 2 Rt {28 A X 485 B
TR AR M B K

T 2 gy A3 AL A R o L AT R L A & 11 s b L RT R A g MR 2050 A
0.70,1.25.1.70.2. 00 MPa i, 486t & & - AT R 24 7 2 e 28R (T 2R A1 D 26 1 AR N Vs O, =2
JE#a TP AR, DU (EL 72 31 0. 053,0. 110,0. 149 0. 180 mm, 7= 4 i 28 e (LB K, A7 JRR LRl ok, {HLAE
P 288 W L R I, A7 BRSPS PR T A (ELS A 0. 1801 mm, A A i 288 Mk {15 0 A5 IR A AR T g 140 52 R 50/ DN, o
JBR A2 137 8 52 s BRI IS RE IR R

%5 REEHHHIEHE TSRS 5 HH 5 HIEE or —— 070 MPa——125 MPa

——1.70 MPa 2.00 MPa
A Ly L/ kP MJ\J\J\/\./\./\./\./\./\./\J\./\./\/

f L/ MPa ot ZEMiAR AR JEEAR

0.70 1249 1328 1144 1227
1.25 1331 1 361 1156 1294
1.70 1394 1 386 1171 1 335
[ ) /s
2.00 1434 1 402 1 186 1 396

Bl 11 REF 48 B0 T & B R3R LRI A2 vh 4

N TR A A0 A LT A8 R 4% 0 IR 3l ok 38

W {85 1725 A 2 6 R x6 ARAEREHRBRETEHRSITSIH

(2 6 T B R K, 4 RAMEREE
SRS NI S W B0 K, T 4 0.70 MPa HATAL AL BV ()
HUE 2. 00 MPa I IR TRE /2 UG A s g MO TR R R i
E/‘J:H[:E fjJ jJﬂ JE g [ll% ﬁﬁj\ j'?,lj i j( 44. 339, R 20.51% R 0.70 0.379 0.039 0.039 0. 026
23. 08% .80. 77% , Tk 1S A 1 4% 2 in 33 o 6 {5 186 1.25 0.431 0.042 0.043 0.031
SO P S, O S 0 (2 b W 8 /18 , K T 47 170 0481 0.4 0.045  0.036
167 2% X6 45 JRR 435 A B M 8 A 2.00 0. 547 0. 047 0.048 0.047
2.5.3 SR IR 30 1 0 1 5

A T 3 T A R L 47 7 A T R ARHFHHMIAAE THE
7B P o S I, 4 30 7o A7 T REAE P T4 B F 1+ kit
Jre ] b7, T 2 R e AN R E AN A R A2 T 11 T PLI S WAt/ kPa

WL LBV 2.0 mf B O B, 0 g 4 o
0.7 MPa, i i B FE A OB B R ki pg g ) TR m DR A AR

h0.2.0.4.0.6.0 m, [0 ZEPRA% R 100, 3] 2240 1) 2% -6.0 1165 1261 1118 1 145
VB A AS [R5 B X 7657 JBR 45 3508 3~ P 1 g W {1 1) 52 -4.0 1191 1311 1125 1 184
ERWME T s, -2.0 1259 1339 1132 1210

PR 7 W] 2 B0 2 A6 B 1) 22 i 55 4 TR R £k 0 1252 1320 1144 1224
7 TER TUAS AR 00 A 7 v 7 7 W {1 2% WS 384 0 /N, A 2.0 1196 1 300 1155 1178
AR 7 07 7 WA A5 2 U8/ 5 B I 28857 8 [ A i 5 10 | 166 | 287 | 136 | 159

R T, AR TOURS RN 2 A B 1% i 1 U {1 R
ol I A A 7 L g 0 L 5T 3 e/ A AR
R4 73 WAL PR 280 0 55 A5 DM A /K - g ) 8 DR T/ , e SRR MR AR A AL B 4 423 S s ARli  7

6.0 1162 1258 1120 1150




40 L ZR 3G 2 Be 2 4 20254E9 7 33 %
Iy | ELBS RN — Sl RS

RIS A BB B 5 4 48 0 0
S0 7 e B 8

e 8 AL B R R, e AR ()
425 R TV 2 00 5 1 50 o o B W e/ e TR | | |
e R T TP A2 R T A A b e e/ TR AR R

&8 AREFEHMEAE T E R
AR 53 B 0 328 FEE e 7 U

S B VAR /NI I RS 08N . WAL 6.0 m B A5 JBR 6.0 0011 0-006 0.004 —0.001
(¥4 S 19 R AR RS 4. O m B 96. 029% | JEA 4.0 0.231 0.028  0.027  0.014
PR 87 B Am S 6. 0 m B, 3l AN F-Ab 457 JER 1E -2.0 0.397  0.041 0.038  0.026
T, Bl far 2O ER A4 R T B A R I 5. AR 0 0.379  0.039 0039  0.02
FERE R IE L5 B X A R 25 A S A 2.0 0.356 0.038 0.042 0.026
2.5.4  [AlE A SRR AR TR IO KA B 2 B s e 4.0 0.226 0.027 0.033 0.014

[AlE 5 PR 5 Oy 12,2232 .42 MPa I, 48R 6.0 0. 009 0. 004 0.006 0.002

JEE R FE A DTRE I AR i 2 AP 12 Bron . i8] 12 )
PSRy e B S R e S q U NI E NN AN < R RN T TN < R Y SN IR S STl R S i
SNk 12,22 .32 42 MPa i, 45 J8R JFe R M L 1 TR WA (B4 Y R 0. 053 7.0. 051 9.0. 049 4 .0. 004 9 mm, %5 |-
— % ol 3 - PR AR BT S AU/ 0..001 8.,0. 002 5.,0. 000 2 mm, 24 [o] I + Sk A% & KT 32 MPa B,
(e S - 3P 08 RO TR I B LR R 2 IR Al /S

B s far A R [ s AR 435y 12,2232 42 MPa I, 457 R 2% 1 204k sl i ok B2 e (i 2n 5
O Fr7R e HIZE 9 R A JRR A% (4 41 S i3k U (L B 7 (o] R S A Py DRI D/ [ R A A
AN 12,2232 42 MPa B, TH0R 22 MR A R TR A A 4 20 Jon o J38 WA 0 73 331 HE b — 2% [ J3 4 3
BEA I/ |N 47. 49% (28. 21% ,28. 21% ,50. 00% , TRAFIE AL T ke Hde W] Je o DD S — D T, o e P A
M HA B A RS R, BEA ROR MO RE R h 25 i 280 A B IR S BE SR, Dk AR S £ AR R 1
T I/ INR BI04 R RS2 5 5 — 7 T, e SRS A 52 B0 A sl s 2R I AR TR 50N 8RR T 32 19
PR L A AR T 2 % BB 7 0 B2 % AR /N , A7 R 849 8l 28 g ST/ D T SRS R B, 7 A A i T 56 B ) i
il B4 SRR A S R [ SR 9N A 0 O R T AR B R R

-10f — 9 FEBELBEEETEREBH R
-15p
i¥ — 22 MPa 0328 B W U 1
-20 @V ——32 MPa
. ol 42 MPa I - 34 IRV (me57)
= ok
N1 b/ MPa T it AR JiE AR
N o—40f
= 45 12 0.379 0.039 0.039 0. 026
-50
_55F 22 0.323 0.033 0.033 0.022
_60() 1 2 3 32 0. 255 0. 030 0. 030 0.016
[ ) /s
42 0.199 0.028 0.028 0.013

B 12 FF e 3RS T R AR AR LG A2 o 2R

2.5.5 MR KAV o EE XA IR TIC ek K 2l 1 Wi S 64 50

T M KA 1 B A R R R AT I R P AN P 13 iz e 1A 13 AT B MR KA g R
R TR B DL S/ Nl NS 38 K, R KR BE i) =1, =5 =9 m N A7 R JEE FR LI 73391 O 0. 054
0.062.,0. 061 mm, s F /K7 BN —1 m B JEEFRTTRE Sz /N o T PR3 T 7057 480G 55 G S £ L Bt K s
R MR KA R B 7 VR P 555 1 A0y 28 s ) 5 R D 08 A 800 g 3, DR/ e R K
P BE N =9 m TR LU T KA RS —5 mIRp/)N JECDRR MR K A4S RS i 2 A B T O AR A Sy



5 EJREA 55 - S8 S 2T OO LR 2 8RR B AT 41
ARMRLIRES W - Sk SR, FER AR BRI, 7 A (TR /N

BEh B E IS AR T KL BT A A% B R sl ke B e (L A9 2 A Un 2 10 iz o |l 3% 10
TR 3R B R A TR R T A 0 A A3 e L R 3 R KA R BE R -1 m B ZE -9 m I THUR B IR
Sl GE BRI AE IS 33, 51% o Ji PR A8 R ol T A S5 /K AR O, AR B R AR B i/ N, PR B 7R R ) AR
2%, RS AR 52 ) AR AR Bl e 2 A FH A i 7 5K

_I?)Z R10 AEHTKESEEBEBSIRSNMEEIEE
-150 —— M KR -1 m . . L2

] :32 j\,\ WA K-S m HF KA PRSI BRI (mes™7)

23 \.\ /\ H T KA 8 99 m BE/m o mug o R AR R
—I2I \L2 -

< —40r |/ S S T )

B 450 IYA\A\/\A/\/\/\/\/\/\A/\/\/\/\/\/\/ -1 0.379 0. 039 0.039 0. 026
—60F Sl \u/ \*‘./ \J \,;/ \J \‘/ \J \/ \Il \“/ \/ \J \/ \“/ \l . -5 0.283 0.036 0.036 0. 021
65, I P 3

5] [8] /s -9 0.252 0.034 0.034 0.017
Bl 13 KRBT KL Z A R SR 2R e i A2 b 2

3 i

KA BROCH A PLAXIS 3D i 57 3L £ 5467 JAR 5 A B it o 2= 9 sl e 8, A DRGSR 8 | [ -
AP R: i KA 0 EE | 7 0 A3 (L S 2R 5 28 DR 3R XA R L e % 80 7 Wi 7 A 52«

D) (e s r A E R A S B ) T AR vh A 25 M TOUA 8 AL L ZE (S = 3 S v 3 p
AR RO o He b ZE DA MO 32 F1 Ak 18 g Ve (B AR A, £ A TOUAS 0 A 00 A 437 B g DA
e IR B, A 3 i 2800 A8 R TOURREZ T e K

2) HEAEh i EAE R T A RS IS AR TR /N O RIS A FE RS E R A T A R
R PRAYULRE S 0. 054 mm AR HRR | (0] S50 - SRS f R | 0 iy 200 (DRSS , A8 R 7 2B O DL
/)N 30 K TR A S DL N o

3) R L FY LN T WAL 5 4= 0 e 2 M (L ARG B, 4= 0 7 28 {022 A 0T A8 B T ARG 1 52 Wi e K, i 4
A 28 (L AR 398 K, 8 G ARG ) I sl ol 38 e {098 K A 28 07 5 v w3l 10 A A2 8, UM 7 107 g g (-
BB/, 253 R TR 2. 0 m A1 6.0 m I, TROARCRE R 7 WA EL DR /N B LR o m A7 e DA vl i 2 1) 76 A
# 2.0 m [, 3715 7 A EL/ DN JSE 3K A 2 AR Al A WDl [ o 5 M 2o B 1) A A2 P ) 2 AR AR A R A
Al A R B AR AR AL Bl 2 423l S s Ay B 7, B AR/ N — i I e ML Bl 4

4) Il SRR 12 MPa 38 5 42 MPa B, B REA5-350 53 A 3IR 3l ok B8 g {6l , TOUR T~ o 4 s
8, 10,379 m/s® Ik 0. 199 m/s” Wi/ 47. 49% , 55 R [ SR 7 7 O TE R S B A 6t 1 6 o6 e A e
B B T 488 o B RS AAE  Hb Z0C £ 1 JSE AT, 5 TR 2 ) ot 2 0 sl i 2 g i /N

Sk

(1] 7&FR, &Mk ZBFEAN TIMT T 565 IR TR0 ZIK[I]. skt £ 5 K4 5 ,2023(2) :46-50.

[2] 76, B%H, MAR,F FMATRTHRET R0 BB G RGH>AT[I]. AFHRE T42,2022,22(22)
9830-9839.

[3] HYODO M, YASUHARA K. Analytical prpcedure for evaluating pore-water pressureand deformation of saturated clay
ground subjected to traffic loads[ M]. London, UK Routledge,1998.

[4] LUZ, HUZ, YAO HL, et al. Field evaluation and analysis of road subgrade dynamic responses under heavy duty vehicle
[J]. The International Journal of Pavement Engineering, 2018, 19(11/12) :1077-1086.

[5] BiEX. A THBELSNF R TEEE R Eam5s[]]. A%, 2018, 63(7) :256-260.

[6] skAmme. ALzh 47 AR T RAEKX LR EF M A FHMERIE G B > AT[ D] R B @ K5, 2018



# 11 AR B B 4 202549 H $33 %

[7] & EXRAEMERTHEATHRNS HHLRBAATID]. ki) P dkbAH K3, 2018.

(8] R#4p, kM, BF. AT EMAFREH THEN BB E%E TR REHT[I]. PIsra%, 2015, 35(6):
47-52.

(9] #hti. F4m#F BAE A A 42 66 Mo M2 A BAL YA LI D] K3y b d b b AL K 5, 2010,

[10] ZH&. B ETRRRE L E6FRAFHAESH[D]. AR T T4 X5, 2020.

[11] ##A &, REAE MR, F. M EHTB R T EHEFROPao[T]. ELREE T/REKS, 2022, 42(3):
62-71.

12] Z&. AMBERTHEAETHRE LRGN FHKRIM[D]. M Ars A3 F 1z, 2018.

13] R, FHARAEH M 2R S T 2205 B A AR IR A 2 H ARBFR[ D] ol & R85 R, 2024,

14] KB FHIHABAEN T H LRRILESF RO A At [ D]. 8% . %A K 52,2023,

15]  BJjam. MC HS HSS A MR iR AR FF A5 AL S0P 6 oo s 47 [ J ] AR08 2 503 K ,2020,42(7) : 128-131.

16] Fo ARy L TRFWREFHL[D]. 2R E . &R ESKEFK, 2009.

[17] FEMEARMNARADRBLDEERCEEN IHRFZEALAMREATESLA[)] ABEIXZFZR(IA

A% 0) ,2024,51(2) :303-315.

[18] RABT. HXEIEEMHBRLEAMBREIRTH oM ey A[D]. oA R %5 RiE I LK F,2010.

[19] D RK,2HE,EFE, 5 MARFELNTEH-HFRTHHFamom [ T]. P T4 54R,2021,57(12) ;
40-50.

20] FEd AR FRAL. HRARKREEHTEER>H[T]. A% ,2010(7) :14-17.

21] ¥, Rk, R, B AR @IS AR a [ ]]. ol R S8 SR, 2023,31(3) :72-80.

22] BEEKFR,IAR,F. EMHTRATRERERLPEMZHEH S]], 584 T42,2021(6) :161-165.

23] PAEAREEAE G AR G AR R DAL CJ) 37—2012[ S]. A . f B 5 Tk A, 2012

4] b A R e B BB AR, PSR AR R 5] AN F @R ALE  JTG DS0—2017[ ST, b F AR R A
AL, 2017.

[25] fkA. fofe—dpta oty L3 R IU R T B AR EH R [ D], K KA X 52,2014,

Response analysis of double-cabin comprehensive utility tunnel under
traffic dynamic load effects

WANG Shengli', FU Shengxiang®, HU Peng®, CHI Lianyang®" ,
TU Xiongwei', YANG Shenpeng', GONG Yuhao'

1. Jinan Kingyue Highway Engineering Co., Lid., Jinan 250101, China;
2. School of Civil Engineering, Shandong Jiaotong University, Jinan 250357, China;
3. Shandong Branch of Xinjiang Xingongkan Geotechnical Engineering Investigation and Design Institute Co., Ltd., Jinan 250102, China

Abstract; To investigate the effects of vehicle dynamic loads on the settlement and mechanical performance of
the underground comprehensive utility tunnel in silty soil foundations, a calculation model of the buried
comprehensive utility tunnel is established using the finite element software PLAXIS 3D, and a scaled model test
is conducted to verify the reliability of the numerical model. By applying a sinusoidal wave to simulate vehicle
dynamic loads, the influences of parameters such as tunnel burial depth, elastic modulus of backfill soil,
groundwater level, vehicle load amplitude and loading position on the settlement and dynamic response of the
tunnel are analyzed. The results show that: 1) The settlement at each measurement point significantly increases
within the first second, followed by periodic oscillation and stabilization, with the settlement of the soil at the
bottom of the tunnel being less than that without the tunnel. 2) The tensile stress in the tunnel is mainly

concentrated on the inner side of the top slab of the left chamber, the upper outer side and the middle inner side
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of the left side wall, and the middle inner side of the right side wall, with the maximum tensile stress peak
occurring on the upper outer side of the left side wall and the largest fluctuation amplitude generated on the inner
side of the top slab of the left chamber. 3) The vibration acceleration response of the top slab is larger, as it
transmits the vibration acceleration response along the tunnel side walls and the central diaphragm to the bottom
slab, with the top slab and side walls stabilizing around the second second, and the bottom slab stabilizing
around the first second; after stabilization, the peak vibration acceleration of the top slab is the largest, while
that of the bottom slab is the smallest. 4) As the burial depth of the tunnel increases, the settlement of the soil
at the bottom of the tunnel decreases, and the peak vibration acceleration of the top slab, side walls, and
bottom slab decreases, with a recommended burial depth of 2. 5 m to 3. 0 m; as the vehicle load amplitude
increases, the peak tensile stress, settlement, and peak acceleration of the tunnel all increase ; the vehicle load
applied directly above the comprehensive utility tunnel is the most detrimental to the tunnel, resulting in the
maximum peak tensile stress and acceleration, while moving the loading position away from the tunnel’s central
axis to the left or right generally reduces the peak tensile stress and vibration acceleration of each structure of the
tunnel. 5) An increase in the elastic modulus of the backfill soil helps to reduce the settlement and peak
acceleration of the tunnel. With the increase of groundwater level, the settlement at the bottom of the tunnel
initially decreases slightly and then increases.
Keywords: comprehensive utility tunnel; silty soil foundation; dynamic load; low plasticity clay;
acceleration response
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congested states are obtained. The Greenshields model and the Greenberg model are used to fit the speed-
density relationship curves for non-congested and congested states, respectively, and a highway traffic
congestion duration prediction model is constructed. Through the model, the congestion duration under different
upstream arrival flows and different traffic accident blockage times is calculated, and the model’s accuracy is
verified through simulation. The highway traffic congestion duration prediction model is combined with a genetic
algorithm to solve the vehicle speed when vehicles arrive at the queue tail position of the congested section,
thereby determining the optimal speed limit. A graded speed limit control strategy is proposed for congestion
situations, where multiple gradual speed limits are implemented for vehicles from the upstream section of the
accident, allowing the speed to decrease smoothly and restricting the number of vehicles in the congested area.
The results show that the mean absolute percentage error between the calculated and simulated results of
congestion duration under different upstream arrival flows and different blockage times is 14. 37% , indicating
that the traffic congestion duration prediction model has high accuracy and can be used to calculate the
congestion duration after highway accidents. After implementing the graded speed limit control strategy, when
the upstream arrival flow is 3 000 veh/h, the average queue length decreases from 2 141 m to 1 340 m, and the
average traffic flow speed in the congested section increases from 28. 7 km/h to 36. 0 km/h, demonstrating that
the graded speed limit control strategy can effectively alleviate highway congestion.

Keywords : highway ; congestion duration; graded speed limit; simulation
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