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Abstract: Immersed tunnels have been increasingly applied to large-scale submerged tunnel projects in recent
years, especially for the large-scale submarine tunnels. To study the development trend of the immersed tunnels
and offer guidance for engineering design, the history of the immersed tunnels is reviewed and summarized into
three stages, namely, steel shell-reinforced concrete structure, reinforced concrete structure, and
steel-concrete-steel composite structure. It is found that the compartment steel-concrete-steel (CSCS) composite
structures, which are characterized by longitudinal and transverse diaphragms and stiffening ribs, shall be
superior to traditional structural forms, and may become a development trend of large-scale immersed tunnels in
the future, which is worth being studied and discussed further. Although many researches have focused on
steel-concrete-steel composite structures, the investigations on revealing the mechanisms of the out-of-plane
performances of CSCS composite structures are still absent, and moreover, current design methods in the
concrete code are relatively conservative. Based on the previous studies, 3 beam bending tests and 3 beam shear
tests are conducted. Experimental results disclose that current bending design method may lead to good

agreements with the experiments, but the restrictions on the spacing of ribs can be relaxed further considering the

AW H: ERARBA AR E L4 (51725803)
EHRFIf: Rk, %1, ?ﬁ&‘ﬁ%?ﬂj_ﬁﬁll
WAER . WFRE, WEmRE

Wk H: 2018-03-02



- 110 - + K T # ¥

2019 4

constitution requirements on local buckling of flange. However, current shear design method may often result in

lower values than the experimental results, and hence the design is relative conservative. Based on theoretical

analysis, a shear design method considering the combination of the anti-shear mechanisms of steel-concrete

composite truss and steel web is proposed, which agrees well with the test results with a certain margin.

Keywords: steel-concrete-steel composite structure; immersed tunnel; mega structure; out-of-plane performance;

bending capacity; shear capacity

E-mail: guoyutaoll@foxmail.com

51

il

TE S BRVTI I A b, MR SOK T R
SEMA EE WL Horh, T RA SR
WO AR . AN EE AT . ABEUE/N 2Rt
PURPERBLF SR A, 7K B 9 vy FH 1 R 2 15 1
s sy T AR KR B A LR R B B i,
WREIHERR ST . Bl . EWE . DU D Hop,
PUE L, WARTTHRAE 1 s 48 ii%: , i T
s 38 R T AR PN ERR Y  b E T 4 A7 TR
EIEAENET, RIFFERTEERKE, K
ORI, B, e 2 T 2 m ol VI Rk
RIKT 2 WP M H T oAb, VU i T 45
FTEARBR /IS« 0] PR/ R N B 75 . W Tl . B
IKPERESF . i 7 (PRS0 AT, HOR B 22 15 3]
KT, BT T ORI KR R TR AY e =
gt , RS O A 20 24 E R HUUE R E
AT 150 250K TRsIE, BHi, FoEKMHIX
B @ E RN hA 10 AV REP,

U A - T B8 - 2 5 45 A 2 — b A SUTHT 4K Al (1]
FRIHIREE T, JFE RN AR . R . AN
A S T8 =X % 2 1K R 5 TR 4 4 R AR T A
[l 32 7 R g e R, e EAMIEFR b SCS A 45
( steel-concrete-steel composite structure ) ¢ DCS
2054549 ( double skin composite structure ), 7E [E 4
0 B 5 B FR R AN AR e O TR e A A A5 . U AR -
TREE TG 250 b — O BN, Bt R 322
YL 7 FF R A 2 I TR - SR L2 R PE T, ]
B e fBOR BE + e SR AR, RS IR ALHIE L 4T
ZUER ;TR EE 1 AR =00 e ) I HOXT AN AR 4 4t
SCAEAE I CAR 1R AN AR 0 Jm B e ity s A R T
i AR SR BE 2 IR S5y ), IR GRS
AR, BROSHR S AN AR A e M . BT BUN B - TR 35
T2 AR T S DL AR B SR 1 R
PRy DT . e BushdtERe . BUBRKEMERE . B

IKPERE, T EE P Ok MOk 2 Mg BT FE 451
WGk . B s M L) B B 3 255 g v ofe 8101

20 {22 80 4EAR LK, XU -TRBE + 41 & 4544
TFia R F U RRE . S5 R AT IR+ &
AL, RSUR R -TRBE + 21 A a5/ B R ae S L Bl
AKPERELS . T MR AR L it T R A
AL, TN TR BIDUAS R E . AR SCERIAR T DU R
i 5 UM TR BE A EE R R R s, B TR
PR -TRBE T A SR DU R TP R R . A
AHI ST BT vk o 6 LAAERFAE 5 TR S ke i) 3
filh b, ASCHATT 6 AU B T XU AR - TR BE 416
SER R LB 4E RO, B 3 MUE IS 3 Mt
BRI, TR T A IR T
P,

1 MEREBSHEANEZRE

DU IR T, TR S B AN,
1910 4735 E & i 15 12— 4 22 it
EREIE . DU BEIE IO 1 S5 A8 BT 20 R AN A IR B
T SRR EE P X PR UUAS RE B A [ P 3
AR, Dy s 36 e UK AR TR 5 1 254 ok 3
I 2 DA TR 2540 32, A RIS =2 o
UUE BETE 76 b ) ke b i, LR IR b e v [
s, 20 thal 70 FARTF B @S — RV REE ,
rh ] B 55 — SR LA R 1A W 22 2] 20 HEZ2 90 4R
AR, U BRI BT A 3, T B T 4L X )
W | il T . MORMIESS | TR 5
KRS ERMTEAE N . M 1 i ais
AT DURFE ARl AR, 1 9% A0 H A i 2 il
RS, RO TR B 4 IO AS R A L K A [ R v
oA . HAS T RN, BE R R T R
TS TIEM AR, RANERE N T Tz
Ja . DU GEsIREE £, WA T b, HAKRK
PRt FEfr 22 AE VU BRI KB K T RRIE R, — Bk
FHAN IR EE H 41T, for 22 S5 E KA IR BE ARV i —



$52% 4l

RANAEE + DU -TRBE 20 A B A A DTS R 1 v 19 & e 5 7 - 111 -

THIRFF R AR, MIREE T AR 4L . PR IR 22
W Ao | AR PR R BBOCRH I (A HE e, DT ol
BT TR - S A AEAS 1K UK R BRI A AR e B U4
M5 B — KM PRl IUE R E E 1910 4F
£ [E ) Detroit River Railway %8 , Hfifi A it 5 &80
MR BE 45 ik 1 s, B e RIR L
TS BR T8 R SV A B B, 5 P 7 57
TREE LT U RS, FLAMIMR — M, &
BFAERT K 70 1R e+ DA AR, 2 5458
Z I MR EE R A RS E B B
2 45RO RIS TR 0 B9 MR TR R 1 45 T
SIREE - RIIEA A P E S, BRI RS
YER, BITET H 2 AR 45 4 5 0 A TR Bk = 2544 1 43
SIWERT, PR AN R B PR A B Al TR B 1 41 2540
JE R, S TR EE - A T R A ]
TR ) S5 T 21 328 2 44 0 5k 4 5 800 77 T 85 - 119 3
e, WIS NATIREE 2 M I i % IR A AR,
{EL I F %) 0 - A TR R 4 5 4 5 AR SC BT AR Y
MU R TR B5E 4 A S5 F A BRI X 1), LA Ha 1
Z 0 FARAT R B R, B R 22 R FI B K
FFE IREE ERURVER, R — . XA LA
FREE -+ h FEZ AR, MR % fE
FRUUE RRE S5, — M FRVEASE ( steel-shell ) -
BFFHIREE - 254, TIFRAN ST U1 R 18 250 B e TR
B UTE RS . Tl T 5452 w2,
RN SRS A N RN N R SR e
XUTE RT3 AN 7 T R T8 — e T Tl 451
TFiz BB AT IR BE - Pe LB DURCE 1, A SEE
YU S5 A6 /K R BE VR BE - 0 Tk
1910 4F % 1930 4F, W5c it hEiE — B o i
R EVUEREE M FEEIE A 1930 4, faf 22 Maas
Tunnel B A& H TR #0018 9 2246 =09 A TR 5 1 DT
g (N 2 R ), G TE T H 3 VR LA
G 1 O o = O 0 B W RV =1 7 STER N D 3 1
BRI HH 56 T RE Y 1 ey =12
B 7 A4S g 1 5 0 A TR O T DOAE R G 7E KR
[i] PR At A A b O B TR By % EL
20 22 80 4FAX, LAASTC B 4N Al A4 st 0 XU Al - TR
Bt A S T IR g2 s AR DA Rl v
1986 4, #%[E Tomlinson 2\ W 7E @ /K + B4
Conwy ViU BRI H rh 2 1 T 8 & 5T =X U
M -REE A AL, WK 3 FiR, XFPEs5HaTE
PN Bkt e K pe T, K g sessHEs, f
T H N f 1, B bt — 2 S e IR B £ LU

LA . SEER R R I, X R R I =it TN
ME, ASTEERAE , ARME SR T HUAR AR =22 1] ARG Aff B
T ELZE AN KRR AR S TR A6 3% K I st [ AL T o R
Y BT R B Conwy TP BEE D H Fr R H ,
B AR Sk SR A AT AT ST e 4t kg BRI
PERE 5877, WML [FR (ECSC) M 1990 4F:
31997 SEFF IR XL LS TERERF ST 45 T T F5k S0,

ShE
mmm@T\\\~

AR

MANTE

mzhih

Nt

(a) MM

AR
B

(b) MM
B1 BEESRNZRERE

Fig.1 Circular steel shell immersed tunnel

m .

B2 HERWNERELRERE
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W1 FAK A 6000 600 250 6 10 10 6 0 36.8
i W2 1 I [ B 6000 600 100 6 10 10 6 0 36.8

W3 REELBE 6000 600 250 6 10 10 6 5 36.8

1 FAK A 3000 600 300 6 10 10 6 0 36.8
Hroy 12 WL 3000 400 300 25 25 10 6 0 36.8

13 WL 3000 400 100 40 40 10 6 0 36.8

T ARSI s b AMIPFTERE; s AR MBI o B3GR o ARG 0 WIRIRUZEE ;o AHBRHREE s fo R ik BE 4

LB
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Table 2 Properties of the steel

JELJEE (mm) fy (MPa) fu (MPa) i R (%)
6 401 536 16.70
10 363 494 15.30
25 376 545 22.70
40 305 506 28.70
TE: fy RSREE s fu ISR B
AT AR A, LA SR A R B A b B8 ) 1 40T

T ]

(b) #HEEp
B7 #EmMIAT

Fig.7 Manufacturing details of the specimens

£33 ABER
Table 3 Main results of test

Sy(mm) Py(kN)  §(mm) Py(kN)

w1 ZWIR 50.2 3859 171.8 4558
b w2 ZWIR 55.1 4888 182.8 5747
e

w3 Z AR 45.7 3958 1532 4567
J1 2R 21.8 4995 69.9 5899
by 12 LHTREG 18.6 6291 34.7 7194
13 Z B IR 17.8 7318 50.6 8249

T & MRS Py BT # S, A IE(EARS; Py O IR ETT

P g g #, L W1 Sk, far % S00kN

B 2 25 B i vp RS EB T 4 B S A T iR R L Kk
J& 5 1500kN 2247 B 4l a5 B JiC &6 H B R 2 2448, K
ZU4e ST R JEF) 0.2mm; 2500kN 7247 fie R 2L4E G
R JES] 0.5mm; 4000kN 77 A5 f K ZL4% 55 1 & i
F| 1.0mm; T S0mm B, A5 &L, 7T hE
AT TR AR IR o R i) Jom 2 Pt 1) 3 e ) 2 1 0 25
e —Em, Mm% oomm A AR, W1 b3 Z

ﬁﬂTTE%E% Nk F 120mm B, IR EE
T HANEM S, mEE] 180mm B, F¥ZGE
M, ARG+ RS, S50k B0 B R 3 T 5
In#RE] 180mm 2= A7, W2 3SRl LAY JE
M, mEEE 200mm A, S dEE A R, JE bR

H—RorHINE, Mﬁﬁrfﬁ?umm-%ﬂﬁ
MRS OA 4% S B il mak,, B 2~5Smm R —Z S
M§,Mﬁﬁ§$kToammOMﬁﬂﬁ¢,ﬁ
i ARG RAE SR BE A G 1s RAEMEL . 1A NAE
SRR, RIS W R L S W ey - RS

I IR 25 R an e 3 s, R0 1oy R -Fe
M anl&l 8 pron, Horf, JEMR S ThREE I, R
o B w5

(c) RBELTER (d) EVA #

6000

5000 booveoo Lo S R S T
4000 F--f- I A, S -
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Fig.8 Load-deflection curves
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FEREIAF] 1.0mm; 4000kN 72 47 fw KA 2L 4% 55 5 ik
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Fig.9 Representative strain in bending test (W1)
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Fig. 10 Typical failure patterns
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FIAEMIAZE R, B SREESS R mimE it
AL B WG/, 22 HIEA AT DL 2N, X Uk PR
WA B MR, BEE A 51/6=250/6=41.7,
AT DA R IR T A, 3l 5 e o 2 3 1Y i
ittt i i A, L it 5 RN TR BRI S A — B

M S AT, B EAR (358 (). 1 HE
CHUNIR BE T 20 A 2 HOR R ) 35 R b 55 7K 28
NPT IRER 2, W TR &0, XaEH
T B e RN A - TR 8 1 A1 445 40 v %) B Al B mT LA
YRR B0 TR B - v A i A R A BT By Rk 0, AT LA
VB2 T b IR AR SR AL BT By 2k 0y, PR Y
HE R T XA ER A —3 5, TR &
SCHETCY R R AR SRR, A B A 4 R I A R FH RN
FEARAE FH PR 53, v i 7377 950 3 (W] TR i 2 (W] it
HEDUBIHTARIE MG BT AR 7, ME AR J338 i 2 55
YER AP R ST .l X HA (HEEF () A
KA IE, BIAPT BT Rz V(9 )~(12)
.

2019 4
V=V +V, (9)
V. =1.25f""Bh, (10)
V, =0.58«t,,zf, (11)
/2
K=1- 125/, "bh, =0 (12)

sin’ ¢, (cot @ + cot ) )1, 2f,,

A Ve TR EE - H S PR LR R T 7,
N T AL H SR AL R B T 5 ol % S8 PRI AIL
i S [ A B AR R HA SRR BA (45 #f
(SO WEAAR . % 5 spa T AR SCEBUA XGTHE
P ENRPUET R Horb T1 i TR G R Z
WA (32731 /T 32 97K 31 ), R far AR
TRBDRB WA, R PR TR ZEXT
12 A BRRG WOR , BE b HRRRE N T 32
BIRE )5 I3 PR TR, BRI T %
SRS . BRIRUL, ASCR A SRR AT 5
HA—EMER, RIETEABOTZEES W
R, AR TR B AT — P AT .

R4 MEREATEER
Table 4 Predicted results of bending tests based on theoretical method

5 (HE8t (%)) CHIBFAL ) S O SR
i (378 5N
(kN) THAL(KN) R 2 (%) T (KN) R 2 (%) T (KN) R (%)
w1 T W 3859 3688 -4.4 3664 -5.0 3805 1.4
w2 ZAWIR 4888 4243 -13.2 4235 -13.4 4241 -13.2
W3 T IR 3958 3980 0.6 3955 -0.1 4120 4.1
W SR NN R E i, i B e e A A R
x5 MEARFEMTEER
Table 5 Predicted results of shear tests based on theoretical method
5 (HE5t (%)) CRVEARLAR ) ARSI
i (L3785
(kN) THAL(KN) R (%) T (KN) B2 (%) T (KN) R (%)
1 ZAE IR 4995 7019 — 4754 — 8393 —
2 THHRA 6291 4438 —-29.4 3663 -41.8 6282 -0.1
13 ZHIWIR 7318 4261 —-41.8 3517 -51.9 6031 -17.6

6 #it

AR SO DU BE B A5 TE U A | XU M -TR Bt
TS A K R U TR B - A5 A AR DA
BRIH RN HIREAT T ERA, A T EA BT NE,
HEAT T B e XU Al - TR 5 1 2 5 DDA BR T 25 4 7Y
KB4 RAE: , TSR 45 R A E AT B ELE X
e i XU B - T BB 21 5 A A A BT T IR Y T

BIESEW, EEABEMT .

(DPUERRE ST T N FE-AI AR EE 451,
PIHIFIR BE 454 , FERI XU AR -TR BE L 205 45 Y
RIEDIRE o SUN A -TRBE 1 25 S5 HAT R4 1Y AR 4%
. HEPE L PumpdiERE . PURRKEPERE . BIKPERE
METPERE . &6, AN TAGEA L N RA R
LUV
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