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Stability analysis of deep tunnel faces under pipe shed support
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(1 Institute of Public Safety and Emergency Management, Hunan University of Science and Technology,
Xiangtan Hunan 411201, China; 2 School of Resources Environment and Safety Engineering,
Hunan University of Science and Technology, Xiangtan Hunan 411201, China)

Abstract; To investigate the stability of tunnel faces under pipe shed support in deep environments
characterized by high stress and high-water pressure, a failure model for the deep tunnel face was
established by the variational method. High water pressure and surrounding rock stress were incorporated
into the mechanical model, and the external power and internal energy dissipation rates were calculated
using the upper limit theorem. The analytical solution for the potential fracture surface of the tunnel faces
was derived based on the principle of virtual work. The safety factor of the deep tunnel was solved by
Matlab software. The influence of diverse parameters on the failure surface curve was analyzed, and the
variation characterstics of safety factor under high stress and high-water pressure environment were

discussed. Additionally, the effect of pipe shed support was evaluated. The resulis indicate that when the
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surrounding rock strength is low, the failure zone is larger and the longitudinal depth is greater. The high-
water pressure and the surrounding rock stress have remarkable influence on the stability of tunnel face.
Without considering them, the safety of tunnel face will be overestimated, and the relative error of safety
factor can reach more than 60%. Pipe shed support can enhance the stability of deep tunnel face,
increasing the safety factor by 79%. Meanwhile, high stress and high-water pressure environment will

significantly reduce the effectiveness of pipe shed support. These findings provide theoretical guidance for
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the support design of deep tunnel, high-stress, and high-water pressure environments.

Keywords: pipe shed support;

rock stress; safety factor

0 3| &

AR, B A T [ < 52 3 5t [ 5 1) St TR
o K R R 9 B TE N DT B, TR B S A BB
15 R FEA R s m B s K R it T 5)
EATE SRy MR TN A AL 87 NS
GEIK A F TS AN ] Al i B N B T 5 28 B it
Ko BIETEIREE LR T3 RS, BT &
S 63 AR T K FE | AFERT 15 FA LA H
A 1984 4FJ5 1Y 13 4R HL R B O 1 i A A6 T
R IA 26% 32022 4E 7 A, = FE #9855 16 it
TIXBWREREKEKE, F353 N 4 NHE
P 1 REES S ] I SR BT R R S
N 751 R TAEETHE 5K U 3 R Ty i, fé
PERR K, J2& H i RE I 1) BRI Y B KM —
ARTERRE

] PN A7 5 e R % 1 114 22 A M I R R A T F
58, IS T — RG0SR, B o] i ) 250 g Xt
TREB IR B 75 K AR T 25 TR 1) J3L, 2 1 S B KA T
TG, RSP LT bR e S ARy k15 3
TG, 52 T B R O O K A
Jiti, ZHANG Yu %" TR BRF- Mg vk | 2 T & 3%
BB R S 4% e ) B0 43 A A . ZHANG Mengxi
SECI YR T GRFR R TE TR R IR AR AR SR
[ R BRIE T URFB A A T Wk 2 T &) ) - 30007
ER 2L 3 A T R ) B R Bl A2 1 0 A 5 78
TERHIE , #E7 T B BB 1 bR 16 b 2 55 2549 8] (9 4 B
YERIBLE, #1 8 SCAE R I RIAZ 8o A BR oo
B TRAIIESE T 50 R 18 4L T00 6] 25 Vs 76 1l 284 11 1Y) TP
BANEH, IR R4 7~ DR B AE 1 B SR AIL i A
Je LA 2 A v s I BE BE 5 T IR SE Y SR, H
BT iR R K AR R TR M S5 R B 1 s ), B
A 2 R N ) DL R K R SRS B 4R
I, — 2L 22 35 0 JF b 17 AH G5, 9 4. ZHENG

deep tunnel faces;

stability;  high water pressure; surrounding

Keyue % BF5E T AR X FR 3207 J1 3085 w8 H R 7 9%
PR B T T 42 ) a7 1 7 2 0 Ry R AE IR N AR
SRV HEST T MR Y K A R B R I T AR
T 57 5 P& AR | SR B o 1 T 325 SR ik T 58 K
FEMRAMAE . CHENG Xuansheng 55" 3 F 3 [#
AR T B K KB T 7K AL, Ay A
ST G P T T T R E MR R R, A K e s
WFSE T /K T FFAZ T R R AR L S 4K
N 3 AR AL

AR DAL AIF 9 A TR B B T 114 42 4V ) A 1K
WA TAE, B T3 2 1 BUR  (HIF B K = 0 T
1K R 2 PR b o 2% PR [ e 25 s I sk
JE 5 1 1 7K P ) A7 P T b S B85 A A K
BRI BRI [0 VR & SR Az — ) R, B H
BEXFIRHS K BN ) AN R b T A5 B SR A I 7
ST REIE A 1 AR T I R, R A IR TR
Wk ) SCAP R AR

1 Bz TREBBEIEENE
=E

BRI T A M R AR Ak L T
R T A T S RS R SR T T R R R y =
y (x) FERT AR JRBAIE T E B RME . A SCHR T
M7, 2 BRI TS, A e 7K s 0 L v 1
AL T RTREEIE TAR W )R A 1 TR,
EF J9bg3iE TART ; L o8 TARHIRAS, m; H 9 B,
m;n AL e YN, BEEIHZE 7R K R
p MELAI ST g #20m LLSAE IS4, TARm AL T
PR B IRR S AR LT ECF 180 338 508
y=y(x), wKH p Bl R T1KF g (FEA RS ) 34
S AR AERERN ECF L BUEBIRK ECF 1912 3]
BRI v, BT 16 R R 1T L A8 IR e B A Y ) 5 1)
E A R e, FLS KT D5 R A o, £E IE R F



4 8 4]

SRAEARAE A ST DR RE 18 AR AR E P - 131 -

7 1] LIS [ n, BORR ECF B8 v 57K K

T e B,
S L L S LSS S
=
\\
/ e

- E
T
) -1 IS /
. H / </»/ YE=pH(x) Yy
Fl_—_< 9
p—

B1 WP TR EBEE TEm T E&E
Fig.1 Computational model of deep tunnel faces

under pipe sheds support

(EfF— 1R, 250 B 5 BB TR LA S R g
WOIROE AR HELL A5 P R, kA h

5 = arctanf %) = et ( 0.024 5H j
A ) T 0,021 SH + 3. 267

(D)
Ao, HTEEH T MPaso, /K-, MPa,,

2 RERYLIRRE

2.1 HEEHR/RE

1) GRF RS T 38w Rl o e i b N g R
I 2 U [R5 1 T3 7K 38 A 1 ) 3 8 A A
HFOAMFAER  ARICR FHFE AR T ¢ R EAE
MW 1, B g LASA A7 g B0 XAV TR 1 %%
PR 4Ty (x) b

2) — AR 0.5 MPa A E KRR /NT
0.5 MPa A # LK IR AR SCH R IE K | H
FUKHE K 3 Rt , K 71 LLA A far 2808 28
YEHFERN 1 J12# B 240 () b

3) IR A A AR A A 9 1 A R, IR A\ Hoek-
Brown BEIRMEN " S SCHE 7 sk W, H I R i J2:
I ) BRI HAAR RN e 2 AR A 3496 2/ IV TE 254
2.2 NEEREEE
2.2.1 B LA

MR 25 3) S P9 )RR R A A
T b MO IR y =y (o) BUAT B — T B I I RE B
i AD, WTAFR R

AD, =0 = (0,),(5), + (),(7), (2)
At o, B9, AR 5 0 P
WIERER AR < o, 5 7, MBI ER )
FBILIN ), MPa,

B A DA DI IAE 2032 J0) , s BB SR Fr
IAPES T 5 ik B 2 H A, I BT LU Hoek-
Brown Jifi IR BRECE /R BB LS R AL G, A ANTF .

G=1,-A(1/a )" - (o, +0,)" (3)
A F B AR o, 5 o, S0 ATRE
TERE I ZAT T BB R0 B FIHTHL SR B, MPa

HT T R4k R AR S I 3 12 U], IR 2 5t AT LAKE

ENER & HENARR g KKK

Py o, +o B-1
(én)i:)\:—)\AB( ]
Jao, o,

" (4)
(V) :TTH =A
K A HIBETT

i i FRAE R T8 P 45 40 e /N IR S84 IR 4
RGN FETNAZR &, I H o] IAERE 1 R 35
JREPSEI T

ven
(&), = B 3005(01; -B)
(5)

y -

i

(7,), =5 = ssin(a, )

Ky o, WML y =y (x) DATEE S L ) i g
WAy sf , Hb tana, =y (v,) 5 8 AIBPEXIRE m,
Yt (4) At (5) B, AT LS B R 2R
y(x) Lo, 51, MEREAR.
(0.), = 0, + o[ ABun(a, -B) ™" (6)
(r,); =Ao [ABtan(a, -B) 1" (7)
ST — A T B Y B P RERE S 2 AD, T 4
Al B PRI T 1 EA7 1M 28 U A3 B0 2R 1 =y ()
AR RERE IR D N

d
L (y - sinB + cosﬁj
7 \dx
D, =f , X
dx
1
d -B
& tan83 ’
— | dx
-0, to|— vds =
L tang + 1
dx

ji (ji/ . sinf3 + cosﬁ) X

2



SL IO S I 3585
- 132 - China  Safety Science Journal 20254
%_ wng | i W, +D, =W, +W, +W, (13)
-0, + EC dxi vdx (8) EIE1%ZI:IJ:
dy | g
dx tanﬁ + 1 Wgh — J_L
d)’ . i 1
o sinB + cosf dy F
cos(a; = B) = dy &—tanﬁ
dy 2+1 (dx-sirﬁ+cosﬁj>< -0, +E, T —
dx LBl | fub
Hrpr 4y _ an d
: Y~ g _ o8+ Y o8]y
(e, - B) = dx ’ (q +p)[(,0§8 + m squj ¥(x)ysinB
L tang + 1 (14)
dx AP AR y N« BPREL,
K o [AB)™ + Ao (AB) ] WTLLE B F o B (14) S0 — 32 1, 2
2.2.2 EEHERTENRMERIE o ,‘

AT S SRR N A5 HI0 A P AR IR 8 R/
H B AR BRATC B B 7, K YR A I 1 W B 5 i
7, IR SOK IR IR S, , S, A S IR EE L UT
BRI BE 1, 1, SERF R, A REFE Y
ESuNaw

W, = 2vsinB(7,S,1, + 7,5,1,) (9)
2.3 SNAFERIIE
2.3.1 BBNAIE

ARG B , Bl B 7 249 50 73 A7 A B A DA i 2%
y(x) B RS R FI D) g SRR D5 1) b 3 By i
(e B o) A 0 24T ECF FR A A5 B LA 1 ) 7
AR

: . 2 dy .
W, = le)qsm(,B -a;)ds = J_éq[cosﬁ + dxsm,B) vdx

(10)
2.3.2 KENIYER
IKFE 7= A D 3K T p AR 40T 1 R 4%
By R B Dy 1) b SR AR, P AE A #E A ST ECF
RS
w, = zgp(cosﬁ + jisinﬂj vy (1)
2.3.3 ENER
AW ECF 7= (W E Sy DR o ik 24 1w -
(1) EE 3 5 H 7 ) b ) e R AR
WG ZIZL'y + y(x)vsinBdx (12)

2.4 HMEZERBEFHHLK
AR bR a2 (8) — U (12) , 74 2
e FRIIRIRAS T IR B~ 1E 7 7

Wy == [ Flea(o) oy Jde (15)
Horp 2

d
F(x,y,y) = [y . sinB + COSB) X

dx
1
d =
dl—tanﬁ
-0, +E, - dxi - (16)
S ang + 1
dx

d .
(g -+ ) [cos + - sing | = (o) ysing
H(16) TIFAELE «, F=F (y,y") XA, ©
I ROk Iy B MO R X 5

d oF
4 dx
e
C )
K e, H(17) BRI B HEL
Hrp

RO 33

=c, (18)

2

dy
— -t
oF T
el e R
Y Y
0|+ — - tanB + 1
(dxj dx anf

! ;c (dy - sinB + Cosﬁj .
\dx

sinﬁ—(p+q)sinﬁ+1_B

dy
& B 1

d - 2
%'tanﬂ+l 1+£-tanﬁ COSB(1+ji/'tanﬁj
(19)

- o dy
smﬂ(dx - tanﬁj




4 8 4]

KX (17) 5 (19) i A (18) 2 I R Ry,

d 2
Iy—tanﬁ
cosB x| -0, +E, - L -
Y
— -t + 1
dx anB
d
(q +p)cos,3—w—dfy><
x
d
l—tanﬁ
1 dy . dx
E|—-sinB+cosfB|| —
1 -B “\dx dy
— +tanQ + 1
dx
<1 Q_t B
1 sinB e an,

dy dy g
I+ - te — - e
I tanf cosﬁ(l + U tdnﬁj

(20)
FARR(20) f#, St =y k =tanB U m =

t—k _y —tanB RTI S e AL
T e , Tk (20) #E— 2B AR o6

Tt —IC IR
(BE.cosB — 2E_cosB - k> = C + k*) + 1* -
(4E_cosB + 2kG) 1 + E.cosB - k> = G =0
(21)
K G =y(x)ysinB +cosB[ -0, = (g +p)] —¢po

(21 BRI =y ) 1= =

Sye) BEATA RS, Pl i
A fif -

B2y (x)

dy
x_ff(y,cl) te (22)
o e, NEFEWE, W LA R &0 v (-L/2) =
y(L/2)=03KHh,
Wi EAR AR y(x) B2 ANER

{%(x) ==fu —Sfox + /gt gy (23)
yo(x) == fiy —fux = g + gy
SIABF LA y(0)=y(L)=03RKX (22)

Cl ’CZ:

1
¢ :{_U'L +ZEC[— 5(q +p) — 2cos2B +

1
cosd4B]} cosB — ﬁ(}/Dsinﬁ)z(l + cos23) cosB
¢, =0
(24)

SRR A AEHI S T TR B RR 1 A 1A RS E TR AT - 133 -
FEs(24) P
16E, - cosB

i = ysinB(cosdB — 1)
_ 2sin2fB3 -+ y + 2sindf

o = ysinB(cosdB — 1)
~ 32(1 + cos2B) (sinB + sin3B) - E,
Eu ~ ysinB(cos4B — 1)?
2(1 + cos2B)
8 =7

[ysinB(cosdB — 1) ]°
[ (73 - 2c0s2B — cos8B + 2cos68) - E.> +
8(-p-q-o0,) 0, - 16(c,cosB = c,cos38 -

1 1
70'10054[3 - ?(p +q)cosdB) - E ]

(25)

MR SCHR[ 12 ], B e A T il 4 ) 4R Ay G T
ARy ) IR TRE (y+a+bx)’ = (m+nx) =01
2 KL ey B e, FRARAEN(23) I A5 2 24w
M2 nrefid I AW th 4 vy =y " (w) B2

%%%%Eﬁ&{mgsxséﬂ>o}ﬁ%@
%t
2.5 RERY

FH B BEATHTIEL 1 b iy 5 R KR T IR
BRI T A E I i AR ) A5 T A 1 A BROIR 2S
THUARTREIR P A A P REAREBCR W, AL i
P AERNRERERCE D, 5EMER T E P EE
FERCR W, , BARERAN .

Wy =W, + D, =2vsinB(7,S,l, + 7,5,1,) +

L

fi,[jif - sinf3 + cosﬁ) X

2

d 2
dl - tanf
-0, +o, ¢ dxi vdx  (26)
o, tan8 + 1
dx

HMATERAE FH IR 1 Do W 45 Bl 17 ) T R
W, KT hE W MBIk E S h3 w,, Bk
kR
W, =W, +W, +W, =
inL[(q +p)[cos[3 + % . sinﬂj +y y(x)}dx

(27)
TERR BRI BB HE SR A, AR 222238 R I Bt 17



hoE e B o e

- 134 - China  Safety

H35%
20254F

Science  Journal

A REFE IR SRR AR A 1 DS mi 2 Lok
VARSI (12 4 R, 207155 0 P sl vk 55 g
WAIE T Al AR AR St R B %O 2ok TR R
)24 528 B (26) (2X(27) AIAS

4 W, +D.
Fo=—t=0 (28)

) Wy Wq +W, +W,
£ (28) , FIF Matlab #f43 80 AT 7590 30 ik
18442 R B BUE R, BAARRR P ar S AR

3 REBBEILEEEEES M

3.1 XESEXWAEAENRN

TEANRI S B T AT T A2 i R 8 B B
R 2 S 1, QIR 2 TR, G 1e) de R SR
Yo BESHCA R y BYU/INTTSE K, 2 A
iR 2 250/ INIE 7 A T BB R Y BB KC , Al 2 8y A i) Y% 2
R,

14 -

12
10 +
g 8t
=
6L
4L
2L
-10 15
x/m
(a) ZHA
8 ~
— y=18 kN/m?
- =20 kN/m*
—— y=22 kN/m?
6 .
=]
s
4 N
2 .
-10 =5 0 5 10
x/m
(b) BIRESEy
B2 AESEMNIEEHNORERRENZIG

Fig.2 Influence of parameters on longitudinal

fracture depth of working face
3.2 BAEMSREAMNZEREHMN
K3 52 1 4t TARDKIES) p BEERN ) ¢ TR
FRBEIE T AETRIRR e MRS AR IE LA S AR 1442 4 2R 5L
F,RREE TARR F, B p g BRI,

0.0 L ‘ : : /o5
00 02 04 06 08 10
7K JE F3/MPa

(2) p=0~1 MPa

0.5 1.0 15 2.0 2.5
JKJE 71/MPa

(b) ¢=0.5~2.5 MPa

B3 KENSEEEAMNLE RN
Fig.3 Influence of water pressure and surrounding

rock stress on safety factor

PIE1H p=0 MPa( BIA#EKIE) .¢=0.5
MPa IS EI F_=1. 810 N 4T 4304, 24 p 14
KE| 1 MPa i}, Fr 3 I8 F_ A 0. 604, H X 1 f4) A
XF1RZEHR 66. 6% , #A7% JEIK R IR0, T B b 5
T RHB IS 1B T A AR e M, LB SRR (p=
0.5 MPa) f&0L N i TAE TR A Al fEAb T4 % 4
ARAS T 2208 7K R T3 2880 I % At i ) R A P 1
BTAETH K& A 8K K F, T, AR 11 ¢=0.5
MPa.p=0.6 MPa fii#3 5|1 F_=0.823 Rl #1745
Br, 24 ¢ HKF] 2.5 MPa i}, Hi R /3 2 9% F, R R
F]°0. 292, FHXF R B A XT 12 220 64. 5%, Ui B
IVARURTE A RS- SR (TR Pk Wy v =
FERN I AKCE ISR T R RS TAE AL A% 4
RS, T BRI AS e

25 ERTR  HSEEREE R AE KR | S Kt
WA e A & T A W R, FE T4 AR R R
SIS AR K R L, ) R AR Ak, B s B 4 1R S
o B A S L R AT Rk 5K R S R Y
KA.



5 8 4] TRAEARAE AN ST AR RR 1 T A A€ 2 A - 135 -
F1 AEKEHMBEER N TRBFENRZERE
Table 1 Safety factors of deep tunnels under different water pressure and surrounding rock stress
P p/MPa
0 0.2 0.4 0.6 0.8 1.0
0.5 1. 810 1.290 1.010 0. 823 0. 697 0. 604
1.0 0. 906 0.755 0. 647 0. 566 0. 503 0.453
q¢/MPa 1.5 0. 604 0.533 0.477 0.431 0.39% 0.362
2.0 0.453 0.412 0.377 0. 350 0.324 0.302
2.5 0.362 0.336 0.312 0.292 0.275 0.259
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Table 3 Safety factor of deep tunnels under different
pipe sheds support

B ¢/ p/MPa
#i| MPa | 0o | 02|04 05]06)|08] 10
0.3 |1.461|0.879|0.628|0.550|0.489 |0. 404 | 0. 339
0.6 |0.7330.551|0.440|0.413|0.367|0.314|0.275
Jo| 0.9 [0.489]0.402|0.339|0.314(0.2940.259 0. 232
1.2 |0.3670.314|0.275|0.259|0. 245 |0. 220| 0. 205
1.5 [0.2940.259(0.232]0.221|0.210]0. 191{0. 176
0.3 |2.610|1.571|1.121|0.982|0.873|0.715|0. 605
0.6 | 1.31 |0.9820.786|0.715|0.655|0. 562 | 0. 491
D] 0.9 ]0.873|0.715]0.605 |0.562|0.524 |0.463 | 0. 414
1.2 |0.655/0.562|0.491|0.463 |0.437|0.393|0. 358
1.5 |0.524|0.463|0.414|0.393 |0.375|0.3420. 315
0.3 |4.391|2.640|1.881|1.650(1.472|1.201|1.021
0.6 |2.2021.650|1.320|1.200]1. 100 |0. 943 |0. 825
@] 0.9 |1.471|1.206|1.020|0.943 0. 884 |0. 777 | 0. 695
1.2 |1.1030.943|0.825|0.774|0. 734 |0. 660 | 0. 610
1.5 0.880(0.771|0.695|0.662|0.629|0.574|0. 528
0.3 |5.0213.020(2.160|1.890|1.680|1.370|1. 160
0.6 |2.520(1.893|1.510|1.376|1.260 | 1. 080 | 0. 945
@] 0.9 [1.683|1.372|1.164[1.080|1.010|0. 889 | 0. 796
1.2 |1.267|1.083|0.945|0.889 | 0. 840 | 0. 756 | 0. 687
1.5 |1.016|0. 889 |0.796 |0.756 |0. 721 |0. 657 | 0. 605
0.3 |6.771|4.071]2.910|2.540(2.260|1.850| 1. 571
0.6 |3.390|2.542|2.044|1.855|1.702|1.460| 1. 276
@] 0.9 [2.267|1.852[1.570|1.463|1.360|1.217| 1. 075
1.2 |1.711|1.461|1.270(1.210|1. 130 | 1. 028 | 0. 926
1.5 |1.366|1.204|1.071|1.020|0.9710. 886 | 0. 815

4 EMZPTAaSTREEGSH

L1A SRR A AL T A0 ORERE—T B & 3
P, R R R K F] 655. 6 m, 484K 6746 m, %
T T X B P R 3 Sy v KU T S OX AR T
L EIEFEHON NV, & TR A R, BAR Y A
b SRR S, B it T HEE , TAE TR 7 A %
WA 2% | W IE M T K AMA FEORIE TS A, AR

PR R = i 930 mm, FEKAR O A2 6, W B kA
HREAIRTT . L1 7R REIE 0 2 PH G T IX
B 25 MR H AR AL TS I A8 AT T 3R
B SZ4 ARG S HCR : @76 mmx 5 mm 5 $108
mmX5 mm,%ﬂﬁf‘:ﬁ 18 m, ¥[E]HE 40 em,

HRAIE 2155 <57 R 1Y T AR AEAG , AR OC S BURE
T BRGS0, = 14 MPa .y =22 kN/m® &4}
B=40° B8 A=0.4 p=0.5 MPa ¢=0.6 MPa, ¥
ARSI ik AT T ISP R e BB R F, L
A TEW SR, RERBRIE R F, 9 0.723 40T
Kﬂé’{jﬁ?&,%}:ﬁ @76 mmx5 mm LK ®108 mm x
5 mm B W WA G, AR 8% 4 R B0
1.040 il 1.520, 5 Z Ak, F, 43 3138 K T 43.8%.,
110. 2%, 1M ELESIE AL T2 4R35, jeoh, M S 45
W, SR 2 A D A ) e, %) IR G HE T K
S AT S I AR TR A R DL SO T
R I A5 SR S 2 S v 1 RS E T
YrETH 8 ARSRE ST A R0k 1 3577 A R SOK IR

x4 FREMIPTAEFRENRERE
Table 4 Safety factor of Hongyansi tunnel under

different pipe sheds support

B ®/mmxmm F, FXTRZ/ %
g 0.723 —
76x5 1.040 43.8
108%5 1.520 110.2
5 & it

1) R 7K i 7 7 P S 5 i TR0 o S A
PERYICHEDN 2R, 200 3 W 52 0 43 ™ 7 oy il A Tl
TRENE, RECHP ARG IR K E . I, it T 20
SIS I A R o IO ) B AR A, B R R S AP T
S8, BN S i KR L, AR PRt T2 4

2) IS RE N A 4R R R R A TA If AR E
Mo ARS8 R X B T8 T A 1 ) S 3 R B
4, SICEMS ML, R BIE R T 79% U L,
(ARG IREE T B — AW S BAT SR R, R
BN HAD P HOR (o R s BB AT ) SRS S
755, AR BBy REOK TR 5 5 R MR | kg
B SZIP RO Bt T IER R I
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