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Study on the failure mechanism of rock mass for deep-buried tunnels

with the consideration of unfavorable structural planes

Huang Fu, Tan Xin, Zhang Min, Chen Lu, Ling Tonghua
(School of Civil and Environmental Engineering, Changsha University of Technology, Changsha, Hunan 410114, China)

Abstract: Presently, the studies of collapse mechanism and failure mode of tunnel surrounding rock considering
the influence of unfavorable structural planes in jointed fractured rock mass are not well understood. To
investigate the effect of the unfavorable structural planes on the stability of deep-buried tunnel rock mass, failure
mechanisms of the rock mass with unfavorable structural planes existing at roof and spandrel of the tunnel are
constructed by using the spatial discrete technology. Based on the Hoek-Brown failure criterion and the upper
bound theorem of limit analysis, the objective function of the rock mass safety factor with the consideration of
unfavorable structural planes is derived. The upper bound solution of the rock mass safety factor and the collapse
range under the limit state are obtained through optimization calculation. Taking Hushan Tunnel as engineering
background, a numerical model of the rock mass with unfavorable structural planes is constructed and numerical
results of the rock mass safety factor and the collapse range of the rock mass is obtained. By comparing the
theoretical results with the numerical results, the validity of the theoretical method proposed in this paper is
verified. Parameter analysis indicates that the safety factor of the rock mass with unfavorable structural planes at
roof and spandrel increases with the increase of geological strength index GS7 and rock material constant m;. The
collapse range of rock mass increases with the increase of GSI while decrease with the increase of m;.

Key words: rock mass stability; Hoek-Brown failure criterion; Unfavorable structural planes ; Spatial

discretization technique; Upper bound theorem;

FRIE W AL, MBI RS, FEMBRAEESIE T, SR ZAENE. WL E R
TR R RN AR T o 22 R Bl BRIt T ) BETE T F2VE B N R ST R BN, RN N g A AR I 2%
AR R A S It S RERAFE RN, (el IR A R AR i N Ty SR R OR Y R BT, R R AR R
Mo [RVARF, RN A AE = B I P ) e T B R P S 3 PR IR G5 R TR T B 9 B, I K 539 T FR B 0

WS HER: 2025-5-30
EEWH: EFBRFEREETH (52278395)



¥ o LIRS S A R S M T B JUAT R E SRR E VR RIVE R, A AT R K I s FHR AR, A=
FOTE ) TR

BEXSIX — a8, V5 2 573 R AN [R) 77 000 2% & AN 45 K THT 5400 A FH 0 B& A 6] o A8 5 178 i) T
J& TRk F. A FMRLIR IS BEIE N 5, R R BR TP 1 W7 250 N B BRI A AR e I, R T
W72 IR 5 R A 2 R A0t B R e PR e . R A RIDURE R E TAR AT 5, FIH MIDAS 48 i fE
B, WAL T ST RO T R T i LA RS o S 4k SEDVER X 22 YRR R S [ A IR R 1 e, SR
Bt e A58 5 BUE AU BRI AL 1 LA 2B S SO A Bt e ot P R SR e . 2R e S L1 o [
T BURFAE O] BE A [ AR E R AR, SR AR Y SEEG I AT 1 T AR AN [ A ) RN B2 B v
RS PR R SRR A FA BT R o PRI R S5 VRS BT 38 71 BN DS B [ A e MR R, R T RS EOT R
JEHTIRILI, 1B 3DEC BAFrdr 7 =4E S AT B GE I . WAL (RIEE S S o0 B AR E 5
Wi o 98 IR AF T DA 2L i A BR AR B E B IE NS 5, K 3DEC UM 1 XU PSR TE = 4EHUE R, Bt
Fo T A% L0 T S TE 265 &0 HE T T R B Bl BROOR Y [ PR S LB o 30— 2 3 U740 SR R 0 A0
BRI TR B 5 2 BB A E 1T e 1AL .

IR FE K 2 2 ) B A B AR T AR TG TF R (1), — L6223 R FHER J7 VR B A 1 BRI it 175
KREARIT BBV IR, . Fraldi 5 Guarracino!'%3E T Hoek-Brown BYIRAEN], FFHLIR >4 E
B i P55 A 73 SR e 45 BRI T 1L T L o 9 1 (R A ek 2. AEC RN B, Huang S5PVER XS 4R
FEGUITZ 51 S 0 BE A P& [ 5 22 T ) f,  HE-T W FE ST 25 A B S T8 LA Fa 3 AR T T A AT A R4 18
T & SHONBETE A A S AR TR0 . Man SFUAVERO A AE 3095 R A 0 BE T 221 1 AR e 1R i) A,
Fi Hoek-Brown JEZE M85 VR -5 8 BR 2 A7 1 BR s #0HE T BEE 3 1l SC 9 iRk, w7 %%
KON B A B T )RR E T R R P 8 A BVE T T B IR AT T IR, Ak, A — s SHIH R
VR T % T it 5 A B B AR M 1) REUT R T A

FURT, 28 & AN 54 T 52 i) 1) B 6] o 28 T2 AN B L BT 78 K 22 2 SR F 808 B A0L 5 AR RIS R X 56 T
JEH o 3K T BAR T iR T R I I 1385 K BB TE [l PB4 TR 98 SO0 B FE AR S5 M T B 52 .« 5 BN
M) 225 K T 52 70 1) B L AE AR BROIR S T B PSR AIPHSAR 2CAIT T AN A . PRIk, A 0 SR T 2 1]
B AR AR 5 5 B PR A B V0 08 = RS AN TR 45 ) THT 5 W) P % 3 E Tt T $0 30V F T BB AR R T R WE AT, s

HRIGUE R R TE i 5 S 7 R SR LS SCHF .

AR SRR T A 1) B OB AR AR B 23 i BB e B, AR IS A7 AE AR S5 A4 T 1 0 Bl [ ZE AR PRAR S TR Y
DORERAE, MR AT B AR AE AN S5 g T B0 RS E FEL o 1) — 4 B O AL o T S5A5 B4 AE AN 45
AT 0 T B T 1 B BIRIR A& T 1 22 4 2R B8 A HL 0 L R SRV TR TR o AR SCAIT 58 1l SR AT LUK 7E AN T 5 4
T 00 T BB T8 FELA RS 8 VEPPAL SR A BRI, 0 T BRI AR 2% b o S 1 T BB T it T 5 A L 3R R A2 R
s ORBRREIE I T 224 B — & R 2 SO AR N B

1 Hoek-Brown fEEMEN]

Hoek-Brown JEZE PRI HE N i@ it 51 A\ Hb T 58 B Fa bR (GSD R AL B R G510 T R B R B S RERRAE, 456
SERCE A E S G R F,  BEAE LT DT A T PR R AN R G X R B I 59 RS . AR B T AR
AR PR FEAE N, FLARZR PR RFAE ] BEORS AE ML R B 2 8 T AR R A R A AT D, REniE T EE



RBE R SR Y . #E Hoek-Brown SSRHENI f, 5 PR BERF AL W] OB + AR S 8. KM
TR N R A 2 B AR R R RO, BAARIEA T

a
o
o, =0, +(fu{mb0—3+sj (D)
ci

EXb: o NEBRRERN T o3 ARNERTT; mi NEWHEREG o0 E R RIUS SR .

(555i5) @)

m, =mge

my e NICENEEL m RS FE o B s TR AR
(I WA
a:—-‘r— e 15 —e 3 3
ol o)

[GS[—IOOJ

g =gt 93D “)

b GST M BREEfR AR, BUETEREA 5~100; D s A s 1, BUETEE Y 0~1, M 0 KA
ARZFUEM T, 1 ACRARZ BT

2 EEAFSHIER R EREE S R RIR LS

2.1 #HEIEES TS FRRGE ES BRI SiaE

Park D et al?"RAIHER 70 H7 5E 25 23 (] B BB, ARIE R TR 2 5 [ 2 B T8 BT Bl O SR e A A
T YRR, OSBRSS BETE BT A RO, 5 SRR Sk I A5 2 Y
VR A BRI G . T2 AT R, AR SO G B8 TOUAT A7 A5 AR S5 M T 1 0 T B R A
RFAE, R 225 18] BRI AR S 1 TOUEA A2 AN S5 A T PO RS TE ST o — R RB AL, i 1 s 218 1
Hr, PABETEH G O s NARKR R R SLARRR 2, R Ay s ARG 1, K% s D BLE SRk T
ERGE AL Ay BIBSIE RO RIBE Y H. S8 BN, Ay RS RE Dl R 1A W2k AR B R —

I OA B — AN TS AL 6, HYS AA RBIERE BB TR AN ar ARG AT E
Ar il B, BIHUARE o RUPER R SOy E 18] Wi iR B Bt 7 B E s o ), P2 ] B T 4 o0 31 R 26
Bk, PSR ih £ N EGI FOSERIA T, TH RO R . N PRIERT FESE RIHER L, A TR o
=0.1° o WL, A mUEH OAL IRFE ML 0, HE AvAs RBUVHG B ETT MR ax HI5Z mIKA

RJEEHERAUL A, BEERE OB/ TS TR R F1k. BB T y SXFR,

A(1<j<n)'5 Bi(1<j<m) M ELXSFR, 4 AT 26 ) 8 TBORUAR VIR, A% RS B 48 T ] = 3 % i 14 32 2 1) B T
A1AByo



1 TRERFR7E S F G544 TH O B3 IE [l & A AL
Fig.1 Failure mechanism of surrounding rock with unfavorable structural plane above a tunnel roof
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Fig.3 The variation law of Fs of rock mass in tunnel with unfavorable structural plane above a tunnel under different

parameters
Bl 4()~(d) NBEEBUE LT ARSI SO T, BlA 2 e RBEEAHC SRR A A
FTUAE Y, SR A AR SR T 0 R B 2 4 AR B0 BUITUAEAE AN M 25 1y T (A B B 22 4 R B AL
B2 ehh, B A R ENEE AR S TR A 0 I3 RTITHE K .

444
= il | |
40 : ; 1&:@‘ H=3m " "]
0 7=18kN/m , - .
A y=20kN/m* GsI=20 =y 16kN/m H=3m ol
206N posiy o p=18kN/m® s
3.6 v p=22kN/m® = ° A 20kN/m m=s A
. 61 v kNm ROOm ¥
54
. ]
. " v
w28 A - o
L = .
v 44 &
249 A ¥
204 ®
L 4
'y 5 :
o4 ¥ ! v
1.2 d 4 T Y v T T T T T T
6 9 12 15 18 2 10 20 30 40 50 60
my GST

(@) AIF y il mifE (b) A y A1 GSI1H



50 28
3
GSI=20 = =16kN/m’ H=3m - y—IGkN:m:
43 - m=5 ® =18kN/m’ 2.6 GSI=20 . kakN-‘"“
R=5m A y=20kN/m* mi=5 A y—ZOkNIm‘
40 v ¥=22kN/m* v y=22kN/m
. ‘ 244 =
-
54 A - L
- 22
W v w
304 - [ . .
a = 2.0 .
254 .
v L 2 - A .
* 1.5 4
204 v ® E
A v -
v v v
15 6
. . T T . . T T
16 2.0 24 28 32 40 4.4 48 52 5.6
H(m) R(m)
(c) ANy M HE (d) ARIF y FI R A
247 moy=16kN/m' H=3.0m
®  y=18kN/m* R=5.0m
2oL A y20kum G820
v y=22kNfm® M7 »
g
20k .
L L ]
L’ .
L
18+ N
L A
A
16| v
& v
L
14F v
| . . | . . | .
0 2 4 6 8 10 12 14 16
&)

(e) ANIA] y A1 6 1
4 HBHFETFEMHNBERS FsBTRSHMELLRE
Fig.4 The variation law of Fs of rock mass in tunnel with unfavorable structural plane at the tunnel shoulder under

different parameters
42 BEEEERSH
B FlE M LA S5 m=5~20. GSI=10~60. #=0~15°. H=1.5~3.5m. R=4.0~5.5m I, 2|7 AH
HRS O N SR T TR .
5(a)~(d) NFEIE BT IE b7 AR AR SR TH SO0 T, BLEE SRV& T BEA S S0 2 i . I
ATDAE H, A S A AR, AR BRARES T O A7 A2 AN R 254 T 1) & 3 R SR Ya L B GST A0 H (1)
BRI, BE mi A1 R BB RTTR]N .

10 10
m=5 GSI=60
=10 GSI=40
8 8 GSI=20
w13 GSI=10
— m=20 ‘
64 =20kN/m* 69 y=20kN/m’ .'d
_ GSI=20 — m=5 /
E H=3.0m Ch H=3.0m .
T 44 R=5.0m = 49 R=5.0m |
)
2 24
0+ 04

s -

-2 0
L(m)

(a) AIF mifH

T T T T
-2 )

L(m)

s -
=
*

(b) ANF GSI A




10
H=1.5m y=20kN/m’ R=5.5m 7=20kN/m’
H=2.0m m=5 R=5.0m GSI=20
¥ H=2.5m GSI=20 L
H=3.0m R=5.0m
6+ 64
£ £
S S
5 24 /
[
0+ 04 |
T T T T T T T T T T T T T T
-6 —4 -2 0 2 4 6 —6 —4 -2 0 2 4 6
L(m) L(m)

(c) A H1E (d) AR RIE
5 TREIZHXNANEBEFEENFSHEEERSRER
Fig.5 The collapse surface of the surrounding rock of the tunnel with unfavorable structural planes above a tunnel under

different parameters
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Fig.6 The collapse surface of the surrounding rock of the tunnel with unfavorable structural planes at the tunnel shoulder

under different parameters
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Fig.9 Numerical model of Hushan tunnel in Zhaoqing, Guangdong
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Table.1 Numerical simulation of surrounding rock parameters
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FANTAA G A
Fy,F, HLF<F,

Fs =(Fy+Fy)/2

FZ:FZ]

[F1:F1

,Fp=F|

=]

o
Fs = (F4+F0)/ 2

it Fs

Fy— Fy <R(iRZE{H)

E 11 BETERIELREZE
Fig.11 Flow chart of strength reduction theory



12 EEHEmERRSRERL

Fig.12 Comparative analysis of theoretical and numerical solutions for rock mass collapse range
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