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Toppling Failure Analysis in Anti-dip Rock Slopes Based on Fracture Mechanics

WANG Linhua
(Huaihe River Water Resources Research Institute, Hefei, Anhui 230022, China)

Abstract; Combining with the cantilever beam bending limit equilibrium model commonly used in the anti-dip rock

slope and considering the influence of transverse crack, a cantilever beam model with a transverse crack is established.

Based on the failure criteria of material mechanics and fracture mechanics, the equivalent interlayer force expression is

derived, and the corresponding stability analysis method is established, which is verified by an engineering example.

Finally, the single factor method is used for parameter analysis, and the influence of transverse joint connectivity, rock

thickness and slope cutting angle on slope stability is analyzed. The results are as follows. The stability of slope decrea-

ses with the increase of transverse joint connectivity and cutting angle, and the increase of rock thickness can improve

the stability of slope. The sliding proportion coefficient of slope increases with the rock thickness and transverse joint

connectivity.

Keywords: anti-dip slopes; cantilever beam model; transverse joint; fracture mechanics

TEHUF R E RSN FE IVERTE s 27 IR
LS E 2y N DI DRSS R AR S Ve S u R o pra ]
H NI, FRFEIAEA — BN AR . Good-
man 251 fg FUBAR BB IR S5 S B A ) |25 i 48 |
s B Fn e A i fs) 4 Fh A IR AR Z 7
XA RIS IO 5 0 i T BR - Ji L
Hoek 252 £ ot e (A 480 8 7. 1 et i M 43 0 0%
Aydan %5 Fi) L GEARORUGH 25 A {80 B IR 647 T
SHT, Amini % S5 A FaR B IR EE ST T A

ROSE L2 N s R e N P o 2 h DOl w32 b
BT 64T T Bt - Sagaseta % Liu 25177 4 )
T LA BT RO A A U EOR R R B
Z0 I A P AR BB AR E 1 , 30T IE TSR A, o s
AT BRABT 5 25 £ 28 U B 0 R B0 A
UGS R 25 S AR h Bk o 2 BT DI ) T
AE, FERE R o J2 30 00 iR R X B G e XA
SR 081 X5 Adhikary 45 5 adf 26 0 o i 45 R 0o
Aydan J)J7 52647 T HE, I 5 B 2R Ty 1) B 2

7 B #A:2021-04-12 &7 B #1:2021-05-10
EE WA LR KA BT 51 B (SLKJ202001 -08)

PEBR AT EMA1977—) 55, LR, FZFRFIK i TR 5 TR LA A T AF o E-mail :314065917@ qq. com



54 TR 5 B AR AR

%19 &

I A 277 )b — 52 A B 5 Zhao 2" S TR,
PR A3 B T ARSI BE R R B R 0 i R E
Py FEAAMEEEN JF AreGIS \UDEC 1 W i {37 7 4%
SR AT AN 5 A T 1 i A A s ) AR 2
4R B e A o S SR 3 1) 3l 1 AR T R RRAE o

TEVMEA TR, R 78 15 AR H b e 8
H S A2 e I B S RS SR e W . RS
BRI R o AR AR R R G PRI B S 6 4
MBI A ZE 2T E, WE 1 froR, Zhang
A0 A e AT B T8 TR Goodman 25 54
177 Wt , (R R MUK 28 3 2 1) £ BE S0 % 2R 1 i R
FEPE. Majdi 2 MR Amini 2517 7E 2009 4E 4R H
) 2RI BV TR — 2 T B A 1 B X 1 R
EMER R, AR A 2B VIR v BE . BLAh,
FEAkwg s ] AT ST R 2 ) S e X
Yerh A R AT D128 500, 08 T Hi T B 1R
SEA LR, 559 T 0 2 BB SR | B4R
HEHE AR IR SE M. BE XL B A, AR ST
2 [ —2H AE SO M 1A I B A T8, 18 R R T
085 J5 TR AS [ £ 10 O o 0, e S 1 26 R 3 R
P 5

R
(@) 220 3 o ) g A

S S \\\\\\\\\\\
(b) i 2 i A g oy B

Bl BEIMRREERAE"

L 112110122 N TP R R S HTA
9 0 102 AP A7 45 RS B 1

B SR R SE T, IR T A TR R SE R, Tk 26 4 1
WY, BRI S —F EERLR
S0 Jennings' FE AN I 1 T 1E R SR
GETHE 7 A5 2 A b 5 B 5 5, HIoR 7R
sty keg , it AT .

Ziﬂf
z,\:l (a; +¢;)
Sk TR ) Y B S AR, o, )2 R 1) T
KB ¢ Joa B R, N 7m0 BLEA B 72 3L 370
ST TR L T BT A 59 BN S K B, AR S A 4
AR INES A T2 J RO )7 B 2R kO T
120 A R s 2 I — R [ ALY
R E 2 PR

k= (1)

B2 RfERBKPEE|EHLEER

1.1 EREE

AR SR LT JLAR AR B A M (5 i 30 1
Sy FTidRE

(1) fSEIREIR 10 R — T2k, HL3E B 2 J7 1) 4]
F—EfMEE 6,

(2) ez A ZAA MR LR F,, H
EASSBUE RN ST

(3) FHRRA 2 AU 12 (8157 6 2 AR B A 45
i %t

(4) T3 2 0 JE B RS 1) 19 BG4 T 2R & A
Tei) = 7 S A 1) 0 B T R R T B R R R 2
Bl

TEHE FH 0 R A 50 7R 25 g A 380 3 A A 8L o,
418 F A Z R 4 AR DX S RN BT D) RS
X = B30 X F B A B A 1) T Y SR B T
P, B RAFAEX = A, NE 3 B, XS [T OR
B2, IR TS [R) 9 - R A1 5 &
H H SRR B o A TR WA, B, 3 I A



5 4 19

FARAE BT TR A Y S T S s UK 23 B

55

8. FR BRI b, a2 j R BE , 0 i
HEEEL I

|

3 ERARRIEE R TR A RITE FUD K AR R

1.2 HZE5Hh
1.2.1 MmBEREE

1A R AR A 2 A Wl v g
YRR TR I A UL S B I e A S AT I, 12K
BORE T 1B | R P K Je B AU A4

SCHR AR, 220 ST S800, BORE R/ N K
ZPIERIRINA o IS0 BRI IA A « i 5 B I
R REBERBERS AT 22 1 DR HE N A 9 = A
o HREERIERET B T8 I, FLR IR 32 W 2R )
BEMEN P o A3 A R 52 T U 2%, AN RE TR A
BN Ak B BRI ZEE . B b
AR TP AR, SR A A AS TR e SR T 1
SRR M T

P 4 S IR R a2 T B 1B e A
FRBBCIR 32 A4 A8 3 2 i B8 o UL ), AR A0 1 P A
BER )= BRI T 08

]\

//'uP,.l_m(P/-l.zf')

Pj-lJH (Pj,],yf)

BB %ISR S BN IR — B AR R t A
JYZ R AR R, AR T M 2R g TR
S5, Hu 4520 SR AT SR R ALy
T E (1 S, A LRl b R I T P8y N
SRR S 5 AT LA B 5 6 2 4 1 00 /it B4 HE ) REBE NS R
RS,
2
Pj»(th 1 ; kaj) + %7bj l?cosa - %ybfﬁjsina - { _6k)bj [o,(1 = k) + yhsina]

P, =

j-1,mn

- (2)

X+ b,

AP, eI EMZRE W T3P, ., AaIR T
TERTAE )27 568 B R DU R I 00 32 3 B 9 18] 15 b,
M by, 3 FoNa R 5 ERRE TR AR 2 1 i
T shy FOR G2 J B by = (hy + k) /25
o A ZINPUTRIE L 5y e 2R sy )2 (]
ERIMER R ARG a2 ERE RN He =
tang, o

R BT R~ R I ) B, 2= D
O TEAE , W75 P8 2SRRI IO BB 6 P o e Rz
SIS IERF T T AEAIRAS T 1 15 I
Th:

6M.
Ky = YlM(k) bT] V. ijk (3)

J

Y (k) =1.122 — 1.40k +7.33k" - 13. 08k’ +

14. 00" (4)

MR- R AT, 5 2 IR 2 S5 M,
KA

1

2 1
M; = ybj hfcosa + P/-(th - ?/‘Lbj) -

2
P+ yub) (5)
3 7 3 T
Ky ==Y, (k) 30 Jabf (6)

Y, (k) =1.12 =0.231k + 10. 55k - 21. 72k +
30. 39%* (7)
WGP E T RE A4S, 5 )2 7 IR ET 2 R ) N,
KINR
N, = ybhsina + uP; —uP,_, (8)
X T 52 R (R 2, S48 2 v 1) 0L ) 588



56 AR TR 4R

$19 %

IR T A A AL 8 R B A 5 TN T B
i, BT R Ky -

6M. N,
Ky = Yy (k) ij W— Y, (k) bfl Jbk  (9)
; .

J

e (5) K (8) RAFK(9) o, nI1RLEWT RS
FRRI AR 1 AR BEIRIAR W T Py

6Y (k) /mb [ P,(xh, = Lpub) + S b, Bsina] = Vi, (B) /mb b, P, + yb2hsine) - Ky

(10)

2
Py =

6Y (k) /b (xhy_, + yub,) = by, (k) /b
120 HEBE LR R AR A F 032 3y by T

TESBEAR 1) 5 2 A A FLB/ N, AN 5 R 25 i
Ik, 76 RS AR TR AEAE 3 VI A 1 nl fiE . 181 5

ybﬁj[ cosa — ksinatang, — (1 — k) sinatang, | — cb,(1 - k)

L HE RO BARENRER T’ P,
N

P'*l,m = Pj +

NPy, )R ARSI E N T 52 1 Y
L1500 A TEZ A 5 T o, Fa 2R
TR B

£

,/ 'uP/-l.sn(Pj'l-S,/’)

Pj-l.Sl‘l(Pj-l_:f)

Bs5 HE)EMBBEAANESHEE

)2 rh DR SR U i o, e R A i R TR
O R A A B ARAS TR R SR EE Py

Ky =22y (k) (12)

bk

Y.(k) = (1.3 =0.65k +0.37k> +0.28%k’)/ /1 -k

(13)
WRYEFG5 REnl 15, H 2 J R P2 1987 71 0,
KK
Q; = P; + ybhjcosa = P,_, (14)
e (14) fFRAK(12) HFafafe 1T B 5T U172
BERRLECR H )= T AR NI Py

Ky, bk (15)

Pj—l,.gf = P]. + ybjfzjcosa - Ty )
IRHE S TN R IR X 2 AEAS [R] 55 B v D 4

1 - ktan’p, — (1 - k)tang, tang,

(11)

N 1 AR R R, 52 T I AT R A
T ERE  EidE(2) 10) (211 Al
(15) THEAFTOUTRY Py B, HoHr B BN T
DU R 7 2 SEBRE R 00, 5 T A L0 T 6 J2 1 3
RN RN E, WUEZ REHT EHE S A B
P IVERT, PR AFERE , BIAR T 128 0, IR 4
TP N
P, =max(P_, ., P, ;P .,Piy,0) (16)
1.3 AIEE S

ARSI Fin T A E A s 2 6]
1B SR E T, e Zm B R R AR
1 Py WiE AR e

Py >0 CGABRERZS)
Py =0 (IFREIRE) (17)
Py <0 (HFERE)

It AR A AT RIS R SRR E (BT
T R S5 P R AR 22 4 ZR R R R B ATl B AR
MEZ 2R E S o, ¢ tang, ,tang, K. Fl Ky,
[FIETER LA F IETHE AL Py (918, 25 Py i O B i
XPREE AR R SRy a3 e ARk 4 R B

2 SeBlsrbr

AR T IR AR T S B AR R A
bl #E , LU A Majdi 2050 th iy Galandrood b
DX L 5 B 38 A 1911 A 3 T AR SC R4 08 7 1%, 1%
IR B SO 1, Aydan %5 Rl Amini 2
650 P RBE DA R R 1 0 B ks R v 2 [k ) 3/
FARB x =0.75 U A x 80,75,

& 6 H Galandrood 7 L1y S AW o7 1 A7 7E B S
AR ) 0 B, S0 30 b3 R A R AR (U B AR ARy
s o Majdi 2507 50 5 S R 28 i W00 45 SN R %



5 4 19

FARAE BT TR A Y S T S s UK 23 B 57

AL Tl P RAGAIRES , e 2 R B T 1,
FHA SCHR TS 0 5k i 2 e RO, 08,
5 TRESEPRAHAT o 6 AN 5 B [0 4 BR AR 0, 1 3¢
R RO 2. 18 B W il Tl R E . W)
I Majdi SR 4 5 A0 BE VR, BHE T8 1) R A0x 4
WA Ve R, TR R R A RO
118 ARSI B T 45 SR Majdi ¥ B 0 HERf
% 1 Galandrood R{fIKFEEHEITESH

/(kN -

wEARK Hm B/ B/()  b/m a/(°) Vm,g)

Galandrood 05 g 32 0.3 39 27
b3

FWLH o/MPa ¢,/(°) o/MPa ¢/(°) Ki/MPa Ky /MPa

Galandrood

- 1.1 45 5 26 1 2
I

6 Galandrood " Ll #""!

3 BB

DAL IRET L35 o ], BE 40 B =R, D3
PR T2 R BER MRS VE R RE R o RIS
E VRTS8 2L 244 R 3 5 o i 35 f £
AW R o XF R W ) AR B B 1 3, Adhikary
SR PR B I R 10° (- T R TR
BRI 42 b P 0 U T R 0 A o 2 4 R MU
NSRRI, T —BERE LT, WK T2 B J2= T i
P2 g AR/ N o A SO AT, KR T2 B
HJZTT 1) i) 10° RSP TR D BN E T
3.1 THEEBRIDWREENF LG R

e

ASCH AR R Y A Y, 1E £ <0.6 B

R Mk B0 1 ~0.6, mIE T AT BEHE
8 1] L S R, 13 1 A A R BB
M 1.42 3Ky 0. 83, 1] LR HA R 1] 15 BE XS B2 M A
Fih i As e A R [RI OR  E vE  f
BN 2 R s m iR e k. K8
k=0.5 0, SERU2 W A )2 R A . b SERL
JZ LTI E i T S8 5 b, 98N X 7E 3
TUAJZLAT , UGB AL 2 )2 S s e R e e B
XGRS A AT, 2 2 A sl X A
BN X AEAN Ay MR T oA, k2 vl
SR, I A 3 3 R P BN, A TR DX 3 T R L ek Ak
13 20 L ) R B3

JE v T

0.1 0.2 0.3 0.4 0.5 0.6
k

7 EEPEEERMFERE R X RHL

5001 = % PR e
—~—AR3T7 ik

400 F |
Z
=300 F
A
R
= 200}
ik

100

0 20 40 60 80 100
Betk g

8 HmETHEL=0.5FEEENERNZEEN
x2 BEEARAEOTEEEETHIRNS %

I

- b LB
WYRERIK X ES

k=0.5 1—12 13—83 0. 15

k=0.6 1—18 19—85 0.21

3.2 AREEXBIFTEE R
HIZEE b 4545 0.2 m 0.3 m 0.5 m B} ASH]
R 150 7 B R X A AR E MR R AN AT 9 B o
HIE O AT, 5 2 B B R M A R e M. oA
JEBUR T 2 4 AR RO o ELRE S A 1R Y BEE
ARG, 2R E . 2k =0.6



58 AR TR 4R

$19 %

I, = bR B IR o 1 35 2 4 R UALE 0. 83 ZiA Al
ZAML £4% o St E AT AL, 4 kKT 0.6 i,
HIREBE AT 2 R A K . K3 A
[Fi) 38 (00 RO AE | =0. 6 B, AR R B A 2 1y
Eordi. TR A R EA RGN T &SR
BRI LR B HR] 5 2 95 A BEAR B (19 2R
TREIR XS BT R/ 042 25 o {2 DX B 3
P IXAERS R T b R R . HZER Al AL, B A
JZE IR (3 T, ¥ 3l BB R RO a3 R DR ik Ak
HIZNRANEN, 55 KT VISR IR [l i
W AHBI R EAE 0. 1 ~0.3 Z ), X SR 1y
ERAITT

1.8

0.1 0.2 0.3 0.4 0.5 0.6
k

9 AREETHETIEEBRIHKLE AL
®3 k=06 HOKAEARREEEE THBIFX S5
)2/ m

IR B L
/m WOMBSK Sl R
b=0.2 4.2 21.2 0.17
b=0.3 5.4 20.1 0.21
b=0.5 6.0 19.0 0.24

3.3 YA EX IR E R R0

D3R RE 728 A ] B A BT b R R
REFHESHOA, VI A EHC81°,76° 71 71° =Ff
UL, FLARINIE 10 o, dy &R, BEE VI A
JEE ARl )N | S35 1) 2 4 2R R TN, IR DR R 2 T2 A
FEU/ )N , o E ) W 3 B U T R, T
{RIRE SIHG R, AN T R AR RER . TRT 11 D9 ANl D) 3
AR B IS P S R 0.5 I R AEUZ [ 7
x =0FRI L EAL o0 = 1 A TR RO E . AL
A I A BE X e T2 8] 9 25 02 (8] 1 82 00 2
FLOI A RE R, 135 AR DX IlOM 25 200 i) 7
Ko

T

(1) S5G Sis Tl e P AvAE— 2R 1) 25 44

IR O, W8 T s TR AR B IR By )i 2% pi
MR BT SRR 0] ) i A% 3k, et Sr 1% 2RI
TR T 5k o

3.0
4
25 —=— =81°
—— 3=76°
—A— =717
20
1.5 \
1.0 i\'\'\'\‘\‘
05 L L L L )
0.1 0.2 0.3 0.4 0.5 0.6

k
B 10 AEYIKRAE TEEIREB R RS R

0.0 0.2 0.4 0.6 0.8 1.0
x

E 11 AEYVERENEEEBNEREES

(2) FERR )RS R 3 L 1 5 v, ASRE T 58 %%
EPRIHURL BT BT R B SR AR R T 5 2 T
AR ENTH 2 3 2 4 R B A
Tl As e

(3) Bt A8 1 7 B 30 3R A9 00 0, 00 A 7 1
FHRLAL )N s B 2 PR BE 3G, 138 4 2 e fe 2
B R, TR 0 38 P4 T 2l L A9 20 800 R 5 VI3 T ) 6
JNERAE T W oA SR AL A TR B
AR RN, 38 AR A R AR D AR

s ZEULIH A AEA SCITHR 5k R B 25
THTJEE Rk AP IR S, IV 25 B U 4 f L
PERELREH I, AN, AR SCHEWT 2T AR o iy
W R, R TR A BT I B A
o

S 3Lk

[1] Goodman R E, Bary J] W. Toppling of Rock Slopes [ C]//
Proceedings of the Specialty Conference on Rock Engineer-
ing for Foundations and Slopes. Bouider; ASCE, 1976.
201-234.

[2] Hoek E, Bray ] W. Rock Slope Engineering[ M]. 3rd E-

dition. London: Institute of Mining and Metallurgy,



5 4 19

EAE BT WA R s

JoU 3 AR 8 SR 43 A 59

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

1981.
Aydan O, Kawamoto T. The stability of slopes and under-
ground openings against flexural toppling and their sta-
bilisation [ J ]. Rock Mechanics and Rock Engineering,
1992,25(3) :143-165.
Amini M, Majdi A, Veshadi M A. Stability analysis of
rock slopes against block-flexure toppling failure [ J ].
Rock Mechanics and Rock Engineering, 2012,45 (4) .
519-532.
Sagaseta C, Sanchez ] M, Canizal J. A general analytical
solution for the required anchor force in rock slopes with
toppling failure [ J ]. International Journal of Rock Me-
chanics and Mining Sciences, 2006,38(2) :421-435.
Liu C H, Jaksa M B, Meyers A G. A transfer coefficient
method for rock slope toppling[ J]. Canadian Geotechni-
cal Journal, 2009,46(1) :1-9.
Liu C H, Jaksa M B, Meyers A G. Toppling mechanisms
of rock slopes considering stabilization from the underlying
rock mass[ J]. International Journal of Rock Mechanics &
Mining Sciences, 2009 ,47(2) .348-354.
WRAHT, KR e, AN, S Jo S A 34 25 {2 1l O
SIS L] a1 oE 5 TR A 4R, 2016, 35
(11):2174-2187.
Adhikary D P, Dyskin A V. Modelling of progressive and
instantaneous failures of foliated rock slopes[J]. Rock
Mechanics and Rock Engineering, 2007, 40 (4 ) . 349-
362.
Zhao W, Wang R, Nian T. Stability analysis of anti-dip
rock slopes with flexural toppling failure based on de-
formation compatibility[ J]. Rock Mechanics and Rock
Engineering, 2020,53(4).
FEACHE, AR, MR, 45 PO R K H o S U 3R
Y E L RO FE [T ] KA S R TR,
2018,16(5) :202-207.
XUBUR , R0, A bR, 2. 2R 55 Bl e 8 ) A8 18
WA AE B IR B B 58 [0 ). K ) 5 3 S0 A 2 4l
2018,16(2) :90-94,120.
Zhang J H, Chen Z Y ,Wang X G. Centrifuge modeling
of rock slopes susceptible to block toppling[ J]. Rock
Mechanics and Rock Engineering, 2007,40 (4 ) :363-
382.
WRALAE, 25 =8, £ £ A, 5. 30 W8 5 E 2 i
Goodman-Bray 3% : it K5 R[] o 5 22 B2
#,2018,31(2) :30-38.
Majdi Abbas, Amini Mehdi. Analysis of geo-structural
defects in flexural toppling failure [ J |. International
Journal of Rock Mechanics and Mining Sciences, 2010,
48(2) :175-186.

[16]

[17]

[18]

[19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

(30]

Amini M, Majdi A, Aydan O. Stability analysis and the
stabilisation of flexural toppling failure [ J]. Rock Me-
chanics and Rock Engineering, 2009,42(5) .751-782.
EARUE, RUEEL, BELLA. S8 BA SRR Y g 27
PLRIBTFELT]. 5 £ TR 4R ,2013,35(5) :884-889.
T, BRISHE, 5K JL, 45 BB AR B R AR
IR E o B (0] 3153 00 %241, 2020, 37 (1)
75-82.

Ning Y, Zhang G, Tang H, et al. Process analysis of
toppling failure on anti-dip rock slopes under seismic
load in Southwest China[ J]. Rock Mechanics and Rock
Engineering, 2019,52(11) .4439-4455.
Wi sk L, S8 15, A5 R T TR 2 I R R
JEEEBOT R WARB W LA BT 5T [T ] 5 10157, 2016,
37(7) :2033-2039.

WRGHE 5558, MR R, A5 PRI IR R 2 S OT R
TR T2 T 2R [T ] BEH~741, 2007 (5) :449-452.
KL%, B PR T RIS A 2 R A
PR )], A&+ J124,2015,36(7) - 1892-1898.
IR, BN, B LY N T PIRES T A AR
PR W) 2 AL S Y B R [T]. 5 )
2#,2011,32(4) :997-1002.

Jennings J E. A mathematical theory for the calculation
of the stability of slopes in open cast mines| C ]//Pro-
ceedings of the Symposium on Theoretical Background to
the Planning of Open Pit Mines with Special Reference
to Slope Stability, Johannesburg, 1970:87-102.

Hu X Z. An asymptotic approach to size effect on frac-
ture toughness and fracture energy of composites [ J].
Engineering Fracture Mechanics, 2002,69(5) :555-564
Hu X Z, Guan J, Wang Y, et al. Comparison of bound-
ary and size effect models based on new developments
[J]. Engineering Fracture Mechanics, 2017,175;146-
167.

R, WE e, T, SF /N RGP E TR
LR S R B2 [T ], TR U2, 2019, 36
(1).73-82,90.

R, BREXL, F TG, . a0 A AR ST RS
B E S R IR B 7k [T ] 5 2 5 TR
#2,2018,37(5) :1146-1160.

P s B B B 7 5 BE - T M]. JE st A
7, 1981

B 4E, FIETE, AR T R AR U
BUsiE B e e ()] a A Ji2e 5 1R
241 ,2019,38(S2) :3287-3295.



