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MODEL TEST AND NUMERICAL SIMULATION FOR PROGRESSIVE
FAILURE OF WEAK AND FRACTURED TUNNEL SURROUNDING ROCK
UNDER DIFFERENT OVERBURDEN DEPTHS

ZHU Hehua® 2, HUANG Feng" %, XU Qianwei *
(1. Key Laboratory of Geotechnical and Underground Engineering of Ministry of Education, Tongji University, Shanghai 200092,
China; 2. Department of Geotechnical Engineering, Tongji University, Shanghai 200092, China; 3. School of Naval Architecture,
Ocean and Civil Engineering, Shanghai Jiaotong University, Shanghai 200030, China)

Abstract: By taking the weak and fractured surrounding rock(defined as class 1V by the road tunnel code of China)
for the three-lane highway tunnel with overburden depths of 25 -60 m, similar materials and model test
equipments are developed to reproduce the whole process of progressive failure of surrounding rock after
excavation; and the characteristics of stress field in rock mass under different overburden depths are studied.
Meanwhile, an elastoplastic damage constitutive model is introduced to simulate some cases of model test by
FEM; and the related parameters of rock mass are determined by laboratory tests. The numerical simulation results
show a good agreement with those of model test. By analyzing the results of model test and numerical simulation,

the conclusions can be drawn as follows: (1) The failure zone of surrounding rock is the source of tunnel collapse
load, and it is distributed mainly above the vault as well as partially at the bottom of both side walls and arch
bottom. (2) The overburden depth has great influence on the dimensions of progressive failure zone around tunnel
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profile. As the overburden depth increases, the corresponding failure zone shows a gradual expansion trend. (3)
The circumferential stress within the surrounding rock rises firstly and then decreases gradually after tunnel
excavation. The location of the maximum stress corresponds to the position of earth pressure arch. With the
expansion of failure zone, it continues to develop towards the inner side of rock mass and form a dynamic pressure
arch. (4) The location of earth pressure arch can be determined by measuring the maximum circumferential stress
within rock mass, and thus to determine the tunnel collapse load, which is theoretically feasible.

Keywords: tunnelling engineering; surrounding rock; progressive failure; model test; numerical simulation;

excavation damage zone

][l

1 3

PR BEVS T RE P R (R 2 Wk
Mo T A AT SR %, R A 20E T 7 AN 5 AN R
FAT S S EETT < WK AR R A TUKCE
Forpr, DRI A SRS 1 A 1 5 e 8 B BE T it
Trp s WA ICE IR L, IFoid R0t T A 2
HUBAR BB A 28N BT R Rt A, R AR
BEIE B S A AV IR T B, Hili T R
ZRH A T LA AR AR RO LB AN A, 3K
BB R e A LU S o AE 2SR Sl i
FAT L FEFRE IR T i R, SO A
BRCRE [ LU= P R BIE W A I R TBANHEE 2 PR
TR, W S R AR IR R R B R, S
) AR SR K B B, i
7 T AR 5 AR rh A T ) 96 B il A
DR H 75T TR 183 75 BB FRDATL A B 0 R R
MR ARA REMWITT. Kb, WATTREREIELR 7
TR I RENL RIS, o B B 5 S i K 3BT e 3
BRAT E RN BB S S TR S [, 4R
TS R (DT HE AR 1 WL th i v I R A B T
SR AT A SRR

HWIEERA RS 1 1936 $RHLIOK, FEFE
HAPE LR S P 4 T S B R g A e T ®, e
BETE L5 7 70 7 WA e b s b, BRE
AR S PR s 1 7 A B A ) B0 A Bl AR
AT E Y BLT, R 28 DN SN AN 4 52 4 T
PAERR T . R BRI R T IR R T B A
IR MR E AR 2 Bk, — Rl s
LRSS, TSI N = R SRVE TR A AR
A 10, (E S TR AR R, LIRSS
P E N B 5o o3l 3 3 >R 10 3 0 AH B
BRI, 7T LAPFILBEIE AT 42 2155 75 B 1) 4 i
P, CA IR 2 2 R S E R R AR

A8 AR RTS8 A2 24 R B v S I R 5 1k
fes BUERRUNER B 2 28, —RKEdREs
SYNT AT, ISR EE . DDA 40 18 g
RS, MOMAIE A RIGREA AR M. 55—
ARGV, WA BRICT IV, — BRI S
AR BT (N AR IRAL AT . 55400 S ALY,
M DA AT 5 3 R e A IR I T 90 i Rk
SR TR IR 5 B 5 A SR R PR L FR 20, A vt
SN AFRED R VI K 5 )

FeT BRI, ARSCE SR R 9 B BRI [
(2~ B BEE 2 IV 20) 2= AR A3 50 o, 1T
il T HA R AR, R B AT 50
TR0 22 B SN E N 3R R R R TE (R
KT 25 m) [l HE 8 7 B IR 4 I R (R B A
g ARG A = IS SR U T ARAH G S
B, R IE Tl A B PR A IR 1 e A P 5 5 A
R R, Sl N7 DA A5 A8 5 0 s TR R 0B, 0 #ir
ANTRIHRIR A BB T2 33005 DX S TR I8 g 43 A7 R
. ZEA BRI RIS I g5 R, HERkEE [
F R AU, IS TR R VA A 2 1 o AR
fik

2 R ER T AR IR AR

21 WBRIE R AER

AR (AR TG i T 3 5 A A K B
Tulh, FRR LA RS A5G KA T 2
BRAUCA R R R R B L i 8 R A TR PS5
T332 AL 3t S5 ) 2 AR ADLE 2K, B AL -

C,=CC, 1)
C,=C.C, )
C,= ®3)
C,=CC, (4)
C,=C, (5)



F294% el R, S5 AR B AR R TR 0 P A T 5 B A

* 1115

Kb C WRAIMEL, C, JILETHIBIE, C, b
AEMEL, Co WM PERIRARLEL, C, b M
Ik, C, WIHALLAILIEL, C, AT, C,
M AL

1 ER S RAT A, — ELRIR LT s 2
5B AR ) AT (AR, LA A B
BRI ER . AVGRIG R IV S TR
oy, OO I ST AR (A B B i
IYE) BB, AT 1B,

1V REEYI PR by
Table 2 Physico-mechanical parameters of rock mass with

1V-th type
IV 2 i YL THFALE RS WEEM
B4 #KkN-m®  E/GPa u c/MPa (%)
JsiM 20~23  1.30~6.00 0.30~0.35 0.20~0.70 27~39
e 21 0.05 0.32 0.01 31

FRIEIRIG (2t o, #e ALtk . JL
fTAHALLEL C, = 50; ATAIMIELC = 1; JAkAHAHAL
tbC,=1; MAHMBILLC, =1 PR AL
C,=1; NJj. gAML C, =C. =50 .

DA BRBETE IV 2 LA AR o 2 B TR R 2, 4%
R IR ARBL G EAT R R b 2 A BRI O . 22 5
HIRMREZREG, mA&HE U ESAR. . A
B KGR L 2 I RS, L%
W —E S RS e, 19 BB 2 24,
21 RIBRL. AR T AR AR ) e K (LA
TrEmetaE. WTEEME, MG X IAE
KR, PR AR T A R K
22 REREEKE

WE 1 PR, AR RS miAe HA . gk
ARG R BEMNEIREE T R M. FER
~J 1600 mmx1 300 mmx400 mm, J5 5 DA
T R ATE MM o ST S5 2 AN HBCR AL
Per, LMEMER T AR NI RS, e
DUTRTRR AT 4R, S PTAR R T St 0 ] g s g LU
HUN RSN o Sk T Il RS TRY ly R AR B ) JRE 4 B
1, ERINIIPUEE Ls b — 52 Teflon M5, ik L
— AT R

R My B2 R 1 95 S AR A, LSRR AR 4
e A AR LR S R — R B S 5
PR TR S 4B N AR Loy M. o
SR RE— GBI R 5 A B85 B —Fc e v b e 7 P

K1 BAGKKR RS
Fig.1 Model test system

B A 73 R B DA A

BEIEAE IR 7> “SCTHZE A A “5einak
JRIHE” 2 Biosik, X 2 MR, BRI
AN, BRI 3 )L PSP, R
THZ” H9be s DUARAT, A PRIASYS: B e 05T
IS R ATRFAE, SR T “SETHZ R I 19k
W5k, CAERE AN B f AU LA AR, SeBt
TN [ o R 1 T 5 5 (A A 3 R T kg
BEIE L2 AR ), TR BRI BRIEAEAN ] B R
& FEE BRI H .
23 RBENRE

T I 1 T A R S R N R K s 137
RL IR B R H s ) 2B i U s
2, M5 BW - 03, &N, KRR D
fEAEE, HEMA 30 kPa, 5045 R b i k) &
{H, IERRRE N, SRR . Ak
Fe & E AR BT IR PIEAL, a2

150 150 150 150 150 150
! L L S—

-
€040 [c041 [IC042 [1C043[] C044[1C045 [] C0461)
C058=1C0592r 2
€056 =1C057 o
C054 =1C055 of- = o
S S
— ™
0 —
2 C050C051 C052C053
— 0 0 = =
150 100 00, 150
3
™)
1

| 1600 ‘

Kl 2 BEaE LS R S B s s E (A2 mm)
Fig.2 Layout of earth pressure meters within surrounding
rock(unit: mm)



* 1116«

HAT D1 TRER

2010 4F

Jim o R rh () BE S8 W T 56 4 S IR A B P 3 4Rl
Wi (=5 8.77 m. % 15.50 m)d% JLAT AL 45 /N 50
%, ERISERE 5> )2 175 1 310 mm.
24 RBWERDT
2.4.1 [kt T

B S L PR IE THZ (R BRI T 1238 E), AR
J PR RS N G A (R 200 N) H 2 B%iE B
JSCRSE I TE B o AU A e AN ) b e A
FhEESRE P R AR, DA R N AR
AEL o AT TR0 AT A S B LA, B
TR0 T R IR A0 i 8 T o B R e (7
TE:

P

6= C,=78125Px10° (6)

L 6 WSROV J)(MPa), P &y AN INATE(N),
d AW BRUAE R EE(m), | AR SE T (m) .

RIS InfrEk P A 0 #8n%) 6 568 N, 4
JRJEI A R A s 2 0~513.125 kPa. [
S PN PR S R AE I 2 SN ) ARABLER K 50
s WSS JE R R R R T

Bt L far 0, PR A e e A R (O
B 3w N ATiR: 1 3(a) b BB IRER S, Rt
TAL B A SRk M mardih 0); BaAg b7 AT 2
PR, eI — P Ee s . BN B ERTE, W
Kl 3(b)Fr: & 3(c) MAksEingd s s I T 24t
IR s 1 3(d) Jh B3 T 450 9 B L 1 1 5
B 3(e) M il indee K - B T, % T o e A
WIRFS, FEA DR e 3Rt thobnl L, #t
TEAR B X PRl T2 s T S P A 28 ORI FLA
IR X3 B P AR BT L7 I, RS R R
R EIR s 07 i B S B TR 1k R LK 4,
W2k T 35 7 ) s B R I I, IR A S 2k
HXR.

() BEIETHZ G, HUINF R ik

(c) ARG K, SEihBadse

(e) HZIHTEILIR
3 HA I TR L R

Fig.3 Progressive failure processes of surrounding rock

2.4.2 AR R D) AR O
B 5 FoR e AE 3R 0 I R v B T P A 4
RARE 2 s OL,  Horp C050, CO051 sy



F294% el R, S5 AR B AR R TR 0 P A T 5 B A

© 1117

12
—=— SRS
10 —o— R ESR
— &M AR

PETG5 DX T m
(2]

20 25 30 35 40 45 50 55 60 65 70
BE I R /m
B4 PTG D5 IR R 98 2
Fig.4 Relationships between failure height above vault
and overburden depth

J& J3/IMPa

01 0.0 0.1 0.2 0.3 0.4 0.5 0.6
[ 7 fif #/MPa

KI5 AN[A] A g a1 R TE b A nU AR
Fig.5 Variation of earth pressure at tunnel hance under different
overburden loads

(R AR T s ) GEACA AR R D)), 1T C052,
CO053 sl E [ A Ak 1 1 1) s g (A ARA Ay o 1 s
71)o B 5 & AR IS A AR A % mU AR R AR
TRETE WOBTET IR A, AR ) ZaHE(E] 6,
7R L), TRUEH, ERRIEIFZE I, BRERE
TERE BB ) CO51 SR I J1 A BT R &b,
FoAh % mi ey B AT N, &AL
EARAR I JE I R 3 Bl in, AR 1 s )1
SRR R B KT AR ) s L (A2 1) A /N 38
AT REAE (TP ) S5 42 1) 1A I 22 385 B 1)
7 E AR IAF) 0.1 MPa LLRT, A Aq% i s ) i
B BFAE 6 SIS IR 5 CO50 LR, T A ) A R
D)2 B P T AT 1 55 CO52 ks >4 b 78 fr 3
0.1 MPa Ji, FrMAR1n) ik Jp D) A s B i 45 1) i
CO51 K, g4 Jal ) s g ) LR T 5 JBR R 1)
RUCO053 BK; Bk R A A far ik 2] 0.45
MPa Ja#aTFae, Ui BEE Fl s LA LB s e 1

031 - giggtuisom

02+ —— EE%#}-‘:Dﬁ\ 125 m
' HH BT 20.0 m
01f

g

s 00f

R _g1L

01 1)/

E _ 6ol

@ 0.2

—0.3

iy ,_.rl-—ﬂw\_\-—_“

—05 ) ) ) ) ) ) )
—0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

T EIMPa
() f&mm s Ji2etk

—= P =0.0051MPa P =0.210 0 MPa
—e— P=0.0400MPa —* P=0.2300MPa
P=0.0890MPa —* P=0.2600MPa
—~—- P=0.0910MPa —* P=0.3000MPa
225¢ P=0.1600 MPa —°— P =0.4600 MPa
<+ P=01900MPa —— p=0.510 0 MPa

200} ;
175+
€ 150}
2 1251
=100
1 75)
5.0F
25F

0005 76.4 76.3 76.2 76.1 ofo 0.11 0.12 oj3
B¢ i) L ) SR B /MPa
(b) &1 AR Ak,
Kl 6 AN A A T PR IE LTI b 77 4% ) s ) AR A A 4
Fig.6 Radial pressure variation from tunnel vault to ground
under different overburden loads

i

[t
T

PR

BRTEHE . BT 4 NI S B T BE AR AL LEAR Bl IE 1
SN NNAAR (WIS 8% e SR

Bl 6(a) A ot A2 HR AN ) b 78 far 80 o 44 Tt
Oy s AR A AR . ATUAER . RIS
i, BT RERHAE M SCORIER, Bl 7% 65
(W ESA BT R, I HIR RO Ak 1) He g B
FONBAS; B R A, PRIE B AR
PEALAER R A BRI, {HEE EHET 5.0 m A4k C054
(1) e AN i R — B2 A, R4 k) —
HR T REETFZRT KT, 1 i P I A T4
FAZPE N il Y B AT 405 F) 0.05 MPa 5, R
BHETI 12.5 m &b CO56 (1) s I 4 i 2%, (R
P IE TS AR W2 B FFHAZ T KT, e i s 4L T
20.0 m 4b CO058 [ Jy{H VI B BT HT K F- I
dkaiiain, 4 bEMEOAR] 0.1 MPa 5, FHEESHETI
12.5m 4k C056 ¥y Pk B2 1T, FF4E 0.3
MPa ZHI—E3M, EA TR TR, iR



* 1118«

HAT D1 TRER

2010 &

036 —= FHEEHLII5.0m
—o— PEESHLTI 125 m
0.30F  —— pHEHLT 20.0 m

= 0.18
=
= 012
=
< 006
E
ke 0.00 v
_0,06 1 1 1 1 1 1 1
—01 00 01 02 03 04 05 06
L A 3/MPa
(@) JE s 2Rk
2501 -= P =0.0051MPa
225} —e— P =0.040 0 MPa
P =0.089 0 MPa
200} « ~v- P =0.0910 MPa
£ 175 P =0.160 0 MPa
= ~ P=0.190 0 MPa
= 150 P =0.210 0 MPa
2 125 ~e— P =0.230 0 MPa
= —— P=0.2600 MPa
% 100 ~+~ P=03000 MPa
H 75 —— P =0.460 0 MPa
—~— P=0.5100 MPa
5.0
25}
0.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
AR R Ry A2 IMPa

(b) Jl s s A A o3 A 1]
K7 ANIR) A ar T B T BRI A 1) Hs g 23 A P
Fig.7 Circumferential pressure variation from tunnel vault
to ground under different overburden loads

EHET PR VE AR IE 7 BB R AA B I8 .
B 6(b)rT WL, B HETH b7 AN R S A A48 1)
IR EA—FER), PEEHET 5.0 m AL ) {E
—HAATINVRE, X0 b T TR IE b7 ks
BRI RENE R BERHET 12,5 m &k CO56 [k J)
AR IR, HAE B i3k £ 0.09 MPa 2 5 T 4f
BN, BE BT 20.0 m Ak CO58 (AR LA K, HAEE
Bk, 1K 3R B BB TE LA T B IE S BRI 0 il Ak
THABNIE — e — [ N ) 3 FlofRAs

Bl 7(a) #7012 AR 0 e et e AN [i] B 220 % 2 41 T
AR R AR B AE A F 0.3
MPa Z i, RS i) —H 2 &, s
AFFUR TR, IS R R HET0 AR SR v s 4
TEUEINE] 0.45 MPa Jio, 5 RURIE AR )15 1R
AN, IR BTN, SRR Y R TR VR .
B 7(byrT s, B Ty AN [ T Ak e A4 1)
TR A —FE, 7EfT3kiA %] 0.18 MPa Z AT,

PHESHETI 5.0 m &b CO54 [ A 3K B b, 7E 1
ZJa, MEFEHZE 12.5 m AL (R a4 s 16 K dpe b
X RIS e 7 % 308 PRl o i s i 1 £ 4 4 i) Ak T
FASE — F i3k — JEUE N R A

3 BEREAEAEEE SR EERRL

31 AMEERSSHIE
3.1.1 AR

(1) R Sh)HEN

KA1 Drucker-Prager #foE PR, i IR
Cik i)

F=I2+g®>-ptanp-c=0 (7a)
Hrr,

l,=Cc—o,tang (7b)

Arhe o WMRBRRIE, p WK, g
von-Mises W /7.
(2) BT BIBE A X R
B, ST
© HATHAPSIBIEL, HR AR T
oF

dgi'j) = dﬂ.g (8)

i
do—ij = Dﬁmdﬁﬁ = Djq (dey _dg&) ©)
YRR n (L)L E, aTUAEE] n+l

W (AR T 2

ot =of +do; (10)

1 =

@ M J. Lemaitre® M H (1 R AB 2530 S5 B, %
H— AR R g AT S B

6,=@1-D):o, (11)

X D AR A
RIS, 4% LR A RER R R PR A 55 4L -
Eij =(1-D) Eij (12)

(3) Bt AL IR S A A
EARBWIIRIERL, TSR IE N AR & KA

Wr :
gpl<ggl}
(13)

e"=gl



F294% el R, S5 AR B AR R TR 0 P A T 5 B A

* 1119«

AV P S SE LTI

TR A N AR AL RE AR A, s AR
3 5 B A A R BRI AR I, SR i ik (12
R

1— e—a(upl '

- 0
D=l 1+ @?0 (142)
ut /up! (x=0)
o,
U = L (14b)

b uP NSRBI RS &P e (D = 1)
IR ROBPEIN AR, L e IE K, o A
R [ IS
3.1.2 ZHIY
BERUMRIKIPIBY S 40 th B8R K 3k, #iiE S
HOUHH9EE GDS A8 B PR 7 AR P2 i bs e
YA b = SRR RGUIRAT, S RISl L e 5 15
FFEFRHOAR ST S5, L% 2,

R 2 HBEHWE KNS BIUE (R RARD)

Table 2 Parameters for numerical simulation(real material)

Sk P EE

popan v Bz

AL R FER T . L
g N7 Bro B ERK
u Ikg+m ) c/MPa
E/GPa 0l(°) /MPa a Al Dy

25 0.34 2100 30 0.5 0.16 1.4 0.7

R4 O. Aydan PGSR TR, AERLIR
RERE BB B A TR R AE LU R R AR
pl

pl

& &,
_ % _ -0.17 _°f
m, = =20, 1 =—

ge ge

=50,°%  (15)

L i AR AT A
&l'=1f(o, &)=20""¢,
° } (16)

&' =1f(o, &)=50."%¢

SRPEN AR R &, AH I o~ oy 7T ALES — A
VLT 5 (R S P 3 Bk AR) 2B . Wi,
H L&A T AR R AR AT S R EE, B
KIALE D,y = 0.7, STHNE RS o Ron i
PR BRI TEARIE I A e, — B 0.0~3.0, & 2
HK o EEIE I BRIE IR 256 m ARG S
SOREE, AT o R D5 B REG IR DX %
LA L, REMESECN 1.4,

32 AR
IRPFAANRIG AR, DL 2 P =1 000,

2 000, 3000, 4500 F16 000 N i3 H 45 k45 ke
AR (B 7 YO A RS E) o BRIIL, 3 B n ey 28
WIS S SRR
h= [ii+ o.5]cI ~0.005P + 25 (17)
pg dl

e h HE(m), g I,

AT LRSI ARG, AUEA IS T
6 N ELE 3); FUETHE IR E B RS (=
FETa I R AR, il 8 s, SR FI Y.
ARRTT,  FETE R W i 2, Ao A PR
EREEAR

® 3 HUEBATT %

Table 3 Schemes of numerical simulation

ARG, R ) (R A

UES B 12 1 2R /m
EHIN Fh)/kPa
1 25 0 0.000
2 30 1000 78.125
3 35 2000 156.250
4 40 3000 234.375
5 50 4500 351.563
6 60 6000 468.750
B

60 m(J5 % 6)

l 50 m(J7 % 5)
OmiEs ~
~~ 35 Mm% 3) ~~

_ | 30 (7% 2)

25m(J7 % 1)

K8 AHITER R

Fig.8 Dimensions of finite element models

3.3 HEHESERESH

AFHRTEOL T, BRIE T2 5 A e 2 i
XA % 1~6), Wk 9@)~OFr, s
4245407 (X 32 EE A v A o 3 e 3 T R 3 — 5 Y [
W, SR RUSE RAOOHZIR I X AT 0. 14 9
BRI X R A D>0.7, RIFA 58



1120+ HA D1 TRER 2010 4

1]
TP
1
|
|
[

'Thl

117 T

]

EemaNy

(@) ¥R 25 m(J7 % 1) (e) X

N NN

INEENN
I

T
|
I

T

T

. | PNV
® s MO 2) e

o (f) H7 60 m(Jr % 6)
B9 BEETHZ T X A

. Fig.9 Excavation damage zone distributions of surrounding rock

I

T

INEEENNEN]

L]
T

- KA D = 0 HARBIAK SMFE A 5 0<
D<07, HEIFUEHM, ME A5, T i
i R 37 RS

BRI 25 m (7% 1), THEHK 4
At 9@FTR. ATLAE L, BRI TR 5 e
| SRS AL, T RS SR e, H
© HEI mOrE) TR, SR TR 2 IR
TR 2, T SRR IR 4 fF SRR R I S A
B, T H TR A R,

7% 2~6 HIKLERELLLE S o(b)~ (D
WLLE, BEE R, BTG B
WK, DR T e T, i AR
25 RO 2, 3); NI A THE DL
5 TR L T B, T2 R A
SERZING, X A L BRI O P 4
S 1 B A s 0 B G B A

B TSR R 0 B, BT X
I RE B R A AL AU 4 o, HrP ka4
(e SRR 40 MO ) o BT E LR (7Y HAON BRI, T LA

H B2m AR SO RGN AK A O X IR 7R Bl Ak

imumE
|

1

T
Tl

T I I I
(AT RN RERLENY

INNE N
VT

[ 1T
T A

T
A
[T

NN

FLLVR SRR RA RN

11l




296 46 ARG, A AR S DI B PR W AR 6 5 B AR

* 1121«

(1) BN 5 HUE U 45 REEA B —3um),
25 m RN, WAHRJTHIL, BIAEER 0, BE
BEIE HRUR IR, 37 SR, A b i etk
LeBIoc s (2) B TARANAS b er a4t e
BRAEHETI b, frafeE i B b T Re Bk, 23
BUR RN BN, i e FLEA R 452 )
KTy, SO LIRS BB A4S A K.

H & HE AT T ) (A—~B, WK 8) &k
tr) s ) A0 ] ) s g W B A T R AR A A, 40l
Kl 10(a), (b)Pr7~. ATLAE Y, REAESRERIIHE R, [H
AR ) R R ] ) s g S5 B s o, R = i
KA IR BE EIA T ANI], 2 B R Y. s
BEH IR DI B TR O, i X 2
PR, ZRERRETI N, X R HERT e [
HWNEERE, XTI KA R B
A A AN o (A IR RT LA, R R R g 1 e
KA AVRIE A 5~10 m, 4R 1A N 7 18 KAl
ATIRIE Sy 5~22 m, 1 B R i K115
) ), XA BETE 425 3 250 o) N B P (R R R v
TARIA N g, DI RAE T i B e A 1 1)
PEHIVEVE R o 594k, X E ke 45 JLR 15 4 5 (L
K 6(b), 10(a), 7(b), 10(b)), AILAKIN, kI

60 = J]YE 25 m
—o— YK 30m
£ sor R 35 m
‘}3 —v— K40 m
< 401 HI 50 m
] —— MK 60m
= 3ot *
==Y
.g-,:W
= 20f
=
o 10F 2
S
oles , . . .
0.0 0.2 0.4 0.6 0.8 1.0

FARFR N N ) /MPa
() f& R S35 A

60
—=— R 25 m

50 | —o— HIR 30m
R 35 m
40 - —v— MR 40m

YR 50 m
— MR 60m

BT IR E (A—B)/m
S 8

=
o
T

0 L 1 1 1 1
00 03 06 09 12 15 18 21 24 27
HWSH RS /MPa

(b) Ay o3 A
K10 ASFEISRSAE T BETE 5 BN ) 20 A
Fig.10 Pressure distributions from tunnel vault to ground
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