a4 B 2 = + 71 &
20234FE2 H Rock and Soil Mechanics

Vol.44 No.2
Feb. 2023

DOI: 10.16285/j.rsm.2022.0371

B BT IR BB 2 i S AR PR 1870

CREREABERBUE LA BT a0 5 TR E K E A gee s, Wb st 43007D)

O B BURIUAEISHE 1 R T S i R N — . AR BB R M T TR P WA R IR, (A2 H
RIRSR G E F e M v, IR AEAS T TAE R TFA2 AN R 5 T = 0 ZE ) 3e S 83 . Sk, i T —Fh ek i 25 s i
BRI A YRS E T . RESGHET 3 4b: OF NEEELMBE T M H NSRRI ST @RI T Tan Al
Scal PR IERE w3 @B 1R T B A R T b SIS IE A SRR, B i e A AR B XU v A
N4 2B, LU T REEAR EEREEDNT. BJa, e T St s iR B S 8OUE 5k F L R .

X OB A YRR AUERESNT RIAARIRSPE EAR N B S TR BEEEG BEITW
HEFRS: TU 457 ERFRIREG: A X E4S: 1000—7598 (2023) 02—0425—08

An improved overload limit equilibrium method of rock blocks

XIAO Guo-feng

(State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences, Wuhan, Hubei 430071, China)

Abstract: The lifting mode is one of the failure modes of finite movable blocks proposed by block theory. Although direct collapse is
the most common failure mode in underground engineering, there is still a lack of suitable quantitative stability analysis methods,
resulting in the scarcity of necessary theoretical support for the excavation and reinforcement design of underground engineering. To
this end, an improved stability analysis method for rock blocks considering progressive damage is proposed. Main improvements
include: introducing overload base and overload direction to quantify the reserve load; proposing two options of overload base which
are Tan and Scal; and setting the overload direction on the boundary sector of the joint pyramid. The example verification results
show that the improved method is fully compatible with the existing safety factor algorithm for the wedge failure mode. It realizes the
quantitative stability analysis of the lifting mode. Finally, the stiffness assignment method and its sensitivity are discussed.
Keywords: block theory; rock mass stability analysis; rigid body limit equilibrium; embedded mode; overload safety factor; overload
base; overload direction
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Fig.1 Mechanical model for the static equilibrium analysis

TH LT S 5 R T B RS, 2 B S L 94
BRI . IR VAR BB T, RS SE R T A
Fe FHAR S ALAE B IS T e R PR IT TR 73 i
TN

5 =KS, } @)
Si = - Ki)Si
Arb: SONZIWERImAR; K OSSR, BRI
B 7 MR ARER BT RUE T CRFED.

B RITAUE MR c IR T Goodman FLER

RN SRR R AR, R

o=k.¢&
(5
r=kKy

K: o Mo TR ITHIVER N AN S, B
SEVE IR N ) OB R 75 1) N ST T PR s AN [ i
Jilis K, Kk, REAIRIEE RN RIEE (MPa/cm); g il
y ER AR A AR (em).

BT RIAPaE, A& IchAH A S
HARALFE u # 2  LAT 25 A

e=(n®n)u }

(6)
y=(E-n®n)u

A ENRAERE: @ IR,
BABLERRIEARAE S, T IO ATHAR 32 4h
T3 T W A

>[(6f +27)SP + (o] +7)S] | =F,, (7
23 FIIFET

i 148 23 A B bR R S — A BRI 2
VR, G R R TV R PN b TSR
—MNEARERE (WK 2, FEAFERMAEARE ., T
REF) . BHIR e BT BERIR 4 AR 9o THEAGIR 2



52 W

P L S AR S T R B A A BT 427

RZJa, i BAIRE .

,—biﬂ:ﬁﬁ)‘]
T—ﬁﬁi&ﬁ&%

B2 g PRt EER

Fig.2 Loop for calculating the static equilibrium

a8 (6) AN (5), BRIAE Mt M2
LT ) Ny R = /NS WS
o =k;(n®n)u
Ti:ksi(E_ni®ni)u} ®
Kk, Mk 20075 8 0 BT o 2 ) A )
NI Fa (8) RN (7)), 1BRIBARNFE R
&N
Mu=F (9

M =3[ (ks —k$)(n ®n)+kSE |(1-K)S, +

: 10
Z[(k;i —ki)(n ® ni)+ksJiE:|KiSi

R H 5 R LA (R R 5 i R
AT, IR TE S R, TSR ST
VEHET TR A, T, W T M R R 45
e

AR BRI 0 T R T 5 2R S U T R
Seid, FrmaRth

Ki(t+1) _ Ki(t) +0.011— Ki(O)) 1D

X s (1) A1 (E+D) AP ERRQO) APIAR1E

Bt e A B G RTRE A AR, ST R A T K

e BT EE R AR AEN 1, Prel s s 1,
Promrbak, T TR R 4

SR B T . 1Y Je JIRCR: FH I 2 350 A iR
B PrmAaXN

kot =k +0.010k

koD =k — 0.015kji‘°)}

It 5 22 BT e )T O S e, 9 ) O e
TN, D01 W RE A BE AR o T DR I 2 4
PNARGE, BrLHUIFRIEER 2] 0 I, s ik,
LSRG R IR S5 TR . 2 BT T SR G (R R Al A

(12

ORI, FR T TS RRE R

1A AT (i R AR AR o TR
BE, BRA R IEBIZE MRS . £ TRESE
b, AERRIIR EEAH 3 M. A LR EEE
Rzah: I b BT R, fIR. R UikEE R
F AL N B S DI RERTR L 2 58 R A
FITEL, WIAES S PG 38, A m R R AL R N i fil
RAINER Y EICE

PRAARSHIHAE, IR ET A A2
e, RVEEE AR AN . R 5
FH 2T T B S5 A THDE B R BB BIRAE 1, B
A2 LTI VNE NI FERIE ZIRE O I, Bk kb
TIEEIRE; BT EERE.
2.4 HRFRF

P PRAR S A2 5 3 LIRS 518 SIS Z 18] 1Y W
FURZS, RIRRPR-FHPIRES . (XEIEESIMEM, &
T3P Bk A BRAACIR S W e RS i L A, BT RE
FEISEN I, A AT AR RS (1 PT RE PR IR AR

AT R BRI AR RRARTS TIN5 120
Jiike HEEIP N, R R, 2INE
X (O MTHmE, &

Mu=F,, +F, (13

Fuo = 7Fe (14)

bas™sto

fili & A7 B AR I NS 3 NS ¥ B
2y« BEEER, DB A ey, « BE F,
ey, 28 e, MRy KA, TR
IR BRSPS o AR PR PHE RS XS L R 3 2R 4
M NIm B E R, I, . PR 1%
SF 51k 5 280 A% K 2 ] R ARAOR &R

SF=1p,, +1 (15)

M SF=11, Heffih TR THRE . 24 SF>11,
it &AL A AT TRER S, R PRIE7E S L A
FEMBAEH FARAERBMIE N2 eMs. 4
SF<1 B, HARFRE 7P XA R fs e P —Fh it
W, BRI — B, PuRka ki,

MIEREIEARE, IR E— MG,
WG NEEARBE SIS . BB 2T N
AR S iF

7o Foaseao + (F

bas™sto con

"By )€y =0 (16)

MR AT E RN



428 Fo A A B 2023 4
Eoe PRSP AT, R R BT A kb 2 B 3 S
— con sto
To=——F D i 10, B (13) WA%N 0:

bas

S ER MR B T 5 1 AON Tan 7
o ESCNEB BT R BN

Fbas = Fcon esto ( 18)
%2 M0y Scal 77, € SCAES AR E:
Foas = Feon (19

Scal 77 B EFEBUE £ 3 1R B H kT
FriE (scalar), HE#J7 MK, 1M Tan 77 20K
WRBURIE T MR, 2B )RR T A
ZAN S H R — A St YlE - (tangential)
RN,

FEECT e 7 o, EEHEA R b, 5
FF T E NI, TekiE g
MG OO RIS SO R R e B I
HAR KRR e (ENRALIMNE M = B R HE, FoR
N

e -Xx<0 (20

ij

4 3250 F3 77 1) % A TR [ AR 1 P9 3 B A
MR, FREupah T s, diE AfEA T,
BRI, S g « Wi
UK. TR R, SEREIS AT
HETE SO —35, R HEAE S LA DX St 6 2 HE 1
S .

FEER T A (1 A R TR R 1 . A AR AR
T “HaEgrm” RN, H s e e
S5 AR o 3% JE U AT AR AR 3 AN H
P 1, IEFNJ5 1AL T BRAE N e s #
W 2, EahJm5 3377/ T 90 5 M
W 3, Z3hJ51n5 £ 8 F177 R B

ME W A E, BT M AIZ 8l 75 1) R] LAFR
fRNA — M. AR B, et TR 1 AN
FU 2 PSR . R 1 ekeib Ay B E T A AT
FETTHEAED A Fo FN 2 SN T RS 5
1T IR AR T45T 90° o #UI 2 pyekist &
N TR B R o dT, H S S
T IR /N e AT 90° o FIIN 1 A ekeist o 1 S
PR RS E AT, B 0 A T B R

O S, HERTT R — R O R
i, BPHSFEF) kM 0° 8 180° . KN 0°
A 180° [k v 250 H BT AR, BER L B

F.on +7Fuas €4 =0 2D

sto

HYHEE G, REGTREREREFRE. B
ANEFTHIEIRE, AR TEaRE, B 7 HRR
TR BR R TR . R, ERE SF=0.

R FEAGE X RERMWEERE - MERE
T BRI A 3 PER. B 18, W
G R BUTHE LD & AN 3R B0 IE A TA] [77,,
M) o FERFRGSE 73TV 97 Jo 2l 2 A5 R I
MR ) % 4 R B IX R SE e 2] 1 D fi . 28 2
A, ERBRBE oy, BATE P b, HER
MRS ke ik, MEEAXTELN [, e ] -
BN [ 0] = 5 3 25, AEIEARIX R XS 503
AT AT B3 2 B ZOR M P 3 R K,
AIAF L () 22 4 2R 4

3 SEISIE

3.1 Ef1
AFFRIET Kumsar 2RI HAR AR,

B8 6 ANMEELTH FBIE YA, di5 Ny TBL1~

TB6. JLTS 4 e SCRIET Kovari 2R H ) 22 4>

FHAR (FdA Kovari 230

_ C0S@, +Cosw, tang

- . (22)
sin(a, +w,) tani,

SF

b o NEEES, i, NI, ML)
TIPS RETE KT AR ICA PO; o Ml w, NEEH
17 J1 A1 J2 5 PO T A1 R AR E 0 = 0, =
@ . Kumsar B JUATSHOLE 1o

1 Kumsar BE ) JLTSH020

Table 1 Geometrical parameters of the Kumsar model?!!

5 TB1 TB2 TB3 TB4 TB5 TB6
i, 29 29 31 27 30 30
» 56 51 45 36 30 23

PIERIE R A T RS 7k, B A e
KA f, MESF=1 R A, LAIGIE XU ¥
4 REEEIAE R . SR Tan sUHIESE SN &
L, it POLET ¥%; KM Scal B #EH0%
SEMISE, 10N POLES 5. HHHHEIA 3 1 O
iE POLE vA5WHERE S5 B — 8 @KL
POLET ¥4 Kovari ~=g —#; @%f L POLES
%5 Kovari 23857



52 W

P L S AR S T R B A A BT 429

JURTRE AL 3 Bz . I 2% S1 A S2 A=k
WEHA 0° /180° A1 90° /180° , ZEHHI R AT LA
HR 1 FJLA SHEAT IS P iigi 5 7510 (81,
$2,J1,32), BHFF SN (1,1, -1, -1, JEE
519 (0,0,0, 1),

B3 561 =% LR KR LA
Fig.3 Slip surface view of 3D geometrical model
in Example 1

ERAYI R NIE A 1000, 1 MPa/mm, B
PEA 09 33° . 35° A1 37° . # SF=1 fE AR (22)
TGS, A, BRI IE S, A0 PO PR
I FORAS R 30 1051 RS R EIR, 6 MER,
3 HEEYE S . Tan A1 Scale PR 2 %% & 7 20,
it 36 MTHTR, HeeR/BuTHEHERN 1

(LE 4.

70
~ 60 f
& 50t
=
@
& 2}
% . . . . .
0 20 40 60 80 100
“iifiol (°)

B4 SF=1 %M T HIFAMRIE
Fig.4 Compatibility validation for SF=1

FESF£1, Xk POLET . POLES %5

Kovari 2420 3 Fh &y . 30 BEE A7 35°, i, 7E[0°, 90° ]

(X [A) 45 MR {E, 1IRE Y 10° o3 FAR Y TB1 #1 TB6,
HHHEERIME 5. 6 fin. POLET 45 Kovari 230
e EA, KR EHEGN N FE L w e
2.

POLES #i%£Y5 Kovari AzUHHZ&A A3 A,
IR NSF=0 FISF=1 (K5, 6). fE0<SF<1 B,
POLES Hh£kmg T Kovari AUk, 7ESF>1 B,
POLES £k Kovari 2AxUHIZE 1% 50N B3

AU B AR O I FEAIR, 224 R A b TR B 2%
YRR O B, A S BB AR 1)
BEfG, A REPOE BF, St 0 F, N
LT K.

LA 0° I, Kovari ARKAH TR
o B, —ANHARBCE TP, Kovari Azt
B 24 RZBONTE T K. WS A R PR, T
WE T2 RIMTIE), #HILERSRATUE, &
IRIXFP IR I 15 LA K 2 W, (HR, SEbr T/ T
20° MM R A ZAAER, REBIZEA
MWL FrRL, Kovari A3UEifl 122 o N a ik
fae ke . X Kovari A3, POLES HikH
A TR, UEN A ik B 3 e 2k 1
(SF—1) fi5i), Hefksb TR FR-FERA .

2]

o POLET
ar & POLES i
Kovari A2k

A RASF

0 20 40 60 80 100
WU 1l ()
B'5 SF#1 HIGRAMERE(TBI)
Fig.5 Compatibility validation for SF#1 (TB1)

o POLET i
-4 POLES
KovariAzt

LA RHLSF
/
SN

%)

A\

I &

0 20 40 60 80 100
FARBIA /()
Bl 6 SF#1 HIGRAYELE(TB6)
Fig.6 Compatibility validation for SF#1 (TB6)

3.2 Ef2

ARG A 7 A T 78 YE S e S R ORE R A
—/MBEIERA, ZRRE N TR, A 4 mx
4m, KR 20 m. BEE N2 E 7] 180° , i} 0° ~
15°, ‘B EE N 25 KN/m®. Menéndez-Diaz 45?2
SIHT T IRTI X S e AR R, (ERITFE %4 R
o AT REIM T X A8, P~ 10 P RN 25 1) T 98 B 24
W3 2.



430 "=+ o % 2023 4
x2 EZEEMEHGEHSLH or A ,
ooy, FHIATE IR 9999005400000
Table 2 Parameters of the free face and the 0 f"@m
discontinuities??! ~ 50
B Wiffie WS BEESH RS PRRE E ok ' \ / w’iﬁ
1) 1) 1) / kPa / kPa = — 2 TTEE
s1 0 0 - - — K120 N R
n 45 208 100 10 10 150 ;g,? o
32 48 133 50 10 180 , , ) ) ) ,
J3 40 60 50 25 5 0 60 120 180 240 300 360
J4 70 335 100 25 10 Jififal (¢ )
eoon >o® ° 8 LT R AR SR
6 10 205 100 35 10

MRYE AR, A R AT ZhE Ak 111 #,
Hodr, DYTHIAAR 20 B, TR 45 B, SNTHIA 36 B,
LAk 10 M. XHEESE T 1 ALk w5 i
B105) #HAT)LfIEEME. @SS Fiihs T
HI°h(S1,33,34,35,11,32,16), BTSN (-1,
1,-1,1,1,1, L; JRREEF414 (0, 0,0, 2, 3.04, 0.22,
1.52) . HURH LRI 7 Firas . S5 R4 T ) Al
I EEAR IR B85 24 10005 1 MPa/mm.

[ K]
o J4
mJ5
mJ
mJ2
m J6

B7 542 K= LR
Fig.7 3D geometrical model of Example 2

FEININFZREIN, BN 4 BT,
POLET 7:M %4 2% 0.995 1, POLES k(1% 4
Z$040.995 4,

N7 BHIE POLE 50T+ i 3] A0 it 25 3 s =X 1)
SR, KB AR R TAEX [A][0°, 180° ]
P i% 2.5° [AIPESGRME, 700 Mdeh 20°, JEAR T
72 RSN LB 8D BRI M ik [
J5J3 WUHIME « I3 LG MBS AN 04 FTHIESE 5 .

Menéndez-Diaz 22224t 7 HEfi{L I M-C 3R
MMM SE RN 3 NS mES % 3 Misn %
e T MCL, fehrsi BERIRE R 1398 0 IS 4L
B T MC2, HiihrsifER 0 IS H e
;s T MC3, =S54 R 0 1565 M-C #EN.
HT Tan J7 2078 0 R XU PSS X S T AR
RS, BB 1E Scal 7. T TT R A 219
Filro

Fig.8 Cylindrical projection of the active force
interpolation scheme

THEZE RN 9 fizs, POLE VESEHL T 4 Fifst
AAEF: B 377 1) o 8] R FE SR R 1) 52 AR 8 7
Mo BIEAILET T 4 Yot iE.

5
e > T.HMCL
» THLMC2

w 3r TLAMC3
%)
2
E m"”*\%(- foeln,
PR 1F R, il B R oy
K ol ot 0

-1F N N N Ufp . N N

" i JSI3XNM  JBFLEIHE | B JANmIE

0 30 60 90 120 150 180
EBITIERTA ()

B9 HkIE S R s R
Fig.9 Application verification of embedded
and lifting modes

55 1 YO HHRIE 2 J503 AU . MIETT AR K
A, 35 I3 MR R RAeEREN
A A, 5 I AR T P RRAE

25 2 YN J5I3 XA &2 I3 FRTHIE » T4 MC1
T R AR R, Tl MC2 #1 MC3 T
LA RBPGEERTE, WoR T Prhism Mg R ek
DX TR) 0T 22 4 Z 30 ) BB 3 o o

%3 KCONH I3 HRIEERE. T4 MCL Ml
MC3 N %4 /AN SR R ESLK, T
MC2 F&a 5574 1 Bk e Rk, T MC1
AIMC2 1) SF=0. 7EML BB X 8], EETT M&
TR CRINfN 136.25° ), HEFHTE I3
THI P R R e BITE 04 THIIRG R &, e R AL
TEMEE S S A=A B . IR, e RET
55 SR AL OB . T LAHEIRT, FEES A
T ISR T, 224 REOT AR LA LU .

54 VN A )4 BN . A R BRI
HEEL), HZRES TN E TR CRITH N
180° ).



2 M

P L S AR S T R B A A BT 431

FEHFEEL ) Tan 1 Scal 1€ 77 2B K X ) 7E
TR A 2 9533 XU T A S A AL, BRAR I F AR R
BEEHIMIEAN 90° o dhif, Tan 77324
RBCNTETI K NI AR, R ) 2 4 R AL
RN T, Freh, Tan J52Cikd 21k
Wil 522 Scal 77 UL 4A 1 SF > 1 I 22 4 REUE IR,
AT ASE % [ A ) 2 A RE 0 BT O RTAT I, 3K A
SEHE AR Scal g 7 AR Z

4 i

X TAL8 5L, POLE £330 7 NIFES %,
NI FE 2 35 )R B 32 A B0 AR 22 56 ik T P o
o MWRIRAEE, WIS ENA T 7 5 0l
AN E &5 R T 0 B 58 3w G I [ n ) 1) A
TR ERET . ISR A B v] LS5 s i
PIAEER T e NI EHE MR, 2B 1032 1m) Wi X
84 110~1 690 MPa/mm, VIRIEE X (6] N 50~
1200 MPa/mm, — 23 232l 1 2 0 AR A 57
AR o

TEEE 3 T, ZARRYE M AT Al W B S E B Ak Ik
791000, 1 MPa/mm, Y]m5iERNIEL (FFRK
MIEEEL) 9 0.001, iX'5 Goodman G HI &I E 17
TERCR 2. WEET RG] 1 PR SF =1 21t
PRI 2, 2 AT WIS S 506 POLE ¥2: R BURR A
Ji% 1 (SD: NIFEHEAAE, BN 0.001, NI
£ 100~2 000 MPa/mm [X [a]4di{E, [E]#Hy 100; J5
% 2 (S2): JEMWIAEAAE, HA4 1000 MPa/mm, K
FE b 107~ 100 [X [A14F {8 o Ife 468 20 AR B )ik AN B
WE N 1078,

TR L ES R SR, NI LA AT T,
EFWIEEN 24 RECE AW TR 2 IHHER
(L 100 B7x, BEENIEELC G, 24 /55
YOG TR 4N 1B, 224 2B,
NIFE e B PE T LATRE B ARG, ARIEELE

10—1 —
102 |
10° |
%r 10+
‘g 105
B 00 3
P
10

105 1:2)‘4 1I0*3 1I0*2 1'0‘1 160
1g (Kkn)
10  RIE LRt o8

Fig.10 Sensitivity analysis of the stiffness ratio

1), TBL BRI s2ma /)N, 224 R A PRI 0.001 8;
TB6 seMii K, %4 REPF(K 0.028 4. HNIFELL AN
0.001, Z4Z¥UEE Kovari AXMEM/NT 107°
B N T RIS HON FEA IR S5 R RZ /N
T 10° &4, 7E5 3 TR RRE M AT RIS 4L
YN 1000, 1 MPa/mm.

5 4 i

(1) AL T —Fhis Bl P i e VA
Jiik, Fr4 N POLE . et ik kK 1 R J7i%
(1) BERRAE, B b i 4 fer B R AL R
Hiks

(2) 24 RECREAE ST E Lo if%
Tep g R AR IR SN R R BRI 7 W R A
S4B L TR e 7, B Tan 720
F Scal 751 - B AL 7 1] PR e 75 19 AR A SRR T E .
BT X MR E, POLE V2¥id A B9 fie 21 ] A
ORI B AR =

(3) POLET 5L 4 0 A 302 8 4
(1], POLES VEH ¥ A€ 1 %4 REMMEEEER, If
B I TR R

2 % X W

[11 WHN, %R A R e Ik AE 35 o

FIRLFH]. A 7155 TFEZ4Rk, 2004, 23(19): 3381-
3388.
ZHENG Ying-ren, ZHAO Shang-yi. Application of
strength reduction FEM in soil and rock slope[J]. Chinese
Journal of Rock Mechanics and Engineering, 2004,
23(19): 3381-3388.

[21 XISV, A, RUA, & IR VT IT IR

BOBTERE[I]. B2 (H AR R R), 2000, 23(3):
115-118.
LIU Li-ping, JIANG De-yi, ZHENG Shuo-cai, et al. The
recent progress of the slope stability analysis methods[J].
Journal of Chongqing University (Natural Science),
2000, 23(3): 115-118.

[3] MAULDON M, GOODMAN RICHARD E. Vector
analysis of keyblock rotations[J]. Journal of Geotechnical
Engineering, 1996, 122(12): 976-987.

[4] WITTKE W W. Method to analyze the stability of rock
slopes with and without additional loading[J]. Felsmechanick
und Ingenieurgeolgie, 1965, 30(Suppl. I1): 52-79.

[5] JOHN K W. Graphical stability analysis of slopes in
jointed rock[J]. Journal of the Soil Mechanics and
Foundations Division, 1968, 94(2): 497-526.

[6] LONDE P, VIGIE G, VORMERINGER R. Stability of



432 = +

71

2 2023 4

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

rock slopes, a three-dimensional study[J]. Journal of the
Soil Mechanics and Foundations Division, 1969, 95(1):
235-262.

GOODMAN R E, SHI
application to rock engineering[M]. Englewood Cliffs,
New Jersey: Prentice-Hall, Inc., 1985: 338.

JIANG Q H, ZHOU C B. A rigorous solution for the
stability of polyhedral rock blocks[J]. Computers and
Geotechnics, 2017, 90(10): 190-201.

sKREE, KR, RF, S BUABIS AR TR E A
R s® M v B L R JE [9]. B 5 R AR S H BA,
2020, 2(4): 9-18.

ZHANG Qi-hua, ZHANG Yu, LI Li-ping, et al. Advances
in application of block theory to stability analysis of rock

G. Block theory and its

mass surrounding caverns[J]. Hazard Control in
Tunnelling and Underground Engineering, 2020, 2(4):
9-18.

AR, AR E T AR T[] T E R,
1977(3): 260-271.

SHI
analysis of rock mass[J]. Science in China, 1977(3):
260-271.

AMRAE. AR E D BT LA D5 0] R
1981(4): 487-495.

SHI Gen-hua. Geometrical approach of rock mass
stability analysis[J]. Science in China, 1981(4): 487-495.
HOEK E, BRAY J. Rock slope engineering[M]. 3rd ed.
London: Institution of Mining and Metallurgy, 1981.
KOVARI K, FRITZ P. Stability analysis of rock slopes for
plane and wedge failure with the aid of a programmable

Gen-hua. Tereoprojection method of stability

pocket calculator[C]//The 16th US Symposium on Rock
Mechanics. Minneapolis, Minnesota: [s. n.], 1975: 25-33.
SKREFHE. 20 T PR ) 2 B SRS o ATVE D). A
F125 5 THRE2AR, 2007, 26(8): 1625-1632.

ZHANG Qi-hua. Block limit equilibrium analysis method
for multi-sliding surface block[J]. Chinese Journal of
Rock Mechanics and Engineering, 2007, 26(8): 1625-
1632.

KRE, BRAOPRE. 4™ % b i ™ i A% PR P
R TP HA 1% 5 TR, 2007, 26(8):
1513-1528.

ZHU Da-yong, QIAN Qi-hu. Rigorous and quasi-rigorous
limit equilibrium solutions of 3D slope stability and
application to engineering[J]. Chinese Journal of Rock
Mechanics and Engineering, 2007, 26(8): 1513-1528.
. A& SRR EEL] B A %S TR,
2007, 26(8): 1529-1537.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

ZHENG Hong. A rigorous three-dimensional limit

equilibrium method[J]. Chinese Journal of Rock
Mechanics and Engineering, 2007, 26(8): 1529-1537.

W U, BRAGET. B RSB 1R e 2 A L)
#4124, 2018, 39(8): 3001-3010.
XIAO Guo-feng, CHEN Cong-xin.
progressive failure process and stability analysis method
for rock block[J]. Rock and Soil Mechanics, 2018, 39(8):
3001-3010.

B U, BRAGET. R — R LT A TTVED]. A
F12#, 2017, 38(6): 1657-1665.

XIAO Guo-feng, CHEN Cong-xin. An analytic method
for geometrical construction of convex polyhedron
block[J]. Rock and Soil Mechanics, 2017, 38(6): 1657-
1665.

AN, Bk 1 OF) IR 24 2500
W) A 55 TR, 2006, 25(9): 1937-1940.
ZHENG Ying-ren, ZHAO Shang-yi. Discussion on safety
factors of slope and landslide engineering design[J].

Simulation of

Chinese Journal of Rock Mechanics and Engineering,
2006, 25(9): 1937-1940.

M, B, X, & R TARITAREE
thz 4 REURE SRR ). A 5 TREAE4R, 2005,
24(13): 2225-2230.

ZHENG Hong, TIAN Bin, LIU De-fu, et al. On
definitions of safety factor of slope stability analysis with
finite element method[J]. Chinese Journal of Rock
Mechanics and Engineering, 2005, 24(13): 2225-2230.
KUMSAR H, AYDAN O, ULUSAY R. Dynamic and
static stability assessment of rock slopes against wedge
failures[J]. Rock Mechanics and Rock Engineering,
2000, 33(1): 31-51.

MENENDEZ-DIAZ A, GONZALEZ-PALACIO C,
ALVAREZ-VIGIL AE, et al. Analysis of tetrahedral and
pentahedral key blocks in underground excavations[J].
Computers and Geotechnics, 2009, 36(6): 1009-1023.
JIANG X W, WAN L, WANG X S, et al. Estimation of
fracture normal stiffness using a transmissivity-depth
correlation[J]. International Journal of Rock Mechanics
and Mining Sciences, 2009, 46(1): 51-58.

SINGH R, PATHAK S. In-situ normal stiffness of rock
mass[C]//4th Indian Rock Conference. Solan, Himachal
Pradesh: [s. n.], 2013: 181-188.

YAO C, SHAO J F, JIANG Q H, et al. Numerical study of
excavation induced fractures using an extended rigid
block spring method[J]. Computers and Geotechnics,
2017, 85(5): 368-383.



