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Limit analysis of reinforced slopes with prestressed anchor cables considering
energy dissipation due to deformation of inner friction

XIA Yuan-you, CHEN Chun-shu
(School of Civil Engineering and Architecture, Wuhan University of Technology, Wuhan 430070, China)

Abstract: According to deformable coordination condition, the sliding soil mass will deform to adapt to the curve of
logarithmic spiral which will lead to energy dissipation. To quantify this energy dissipation, two multi-blocks partitioning
methods which are based on the coordinating velocity field are proposed. Combined with the upper bound limit analysis and the
strength reduction method, the safety factor of the case of reinforced slopes with prestressed anchor cables is obtained. The
calculated results indicate that the influence rules of interface number on the safety factor in the two multi-blocks partitioning
methods are different, but both curves converge to a similar value, and the reasons for this are explained from the point of
partition principles. The safety factors of typical slopes are calculated and compared with others’ results. It is indicated that the
safety factor considering the energy dissipation due to deformation of inner friction is more than the other one, and this energy
dissipation contributes to improving the anti-sliding ability of slopes. Moreover, the influences of anchor prestress, anchor
inclination and anchor height on the safety factor are respectively analyzed, and in each calculation, two results with and
without considering the energy dissipation due to deformation of inner friction are compared. This method makes up for the
deficiency of neglecting the energy dissipation due to deformation of inner friction, which can provide references for stability
analysis of reinforced slopes with prestressed anchor cables.
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Fig. 1 Principle of multi-blocks partitioning method
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Fig. 4 Schematic graph of slope with one anchor

IRAE AR > ERRI%, & DhFRIEE A5 T iR
W&, BITHE TS AN ISR, LhE S
Hr i 5 Th 2 A2 -

R+Ry=FR+E . ©)

HT 12 e 8 PR SR A R 9 K B A P8 BE A FE e T
e, AR R TR AL G AT R %
PG, Reefl BRIk 2 BRI B PA
FAR M OIS LS R S8 € s
T, WREAFSBUR TR T, OFE R &
PRSET, SRR AT IS B3 ) e AFAR
SNIEF IR RARZS o T2 ] RIS AT B AL /M )
A, AR SO TR R AR SRR AR, TR Matlab 2
FESEIL T ER AR R AR AR, e ORISR BT
Rpi, @3 (8) WANAERE P48 R 2 vh 7 ZARAE
0, > B, BT

FAh, bR T LI TR B REAADIOR, JGE T e
IR AR, Wil 5 R, S SL, R
5 R BT T B R A, I T B Y A T I
kb EAFOHI AR A — RO B TR A B AL, H
JRITITBN 224 A AR T BEAR BN R B, WO 74
RULT I B Z T R 24 R/, HAth E iR 5E )
TN H — b WA N335 ELH 1 3 3 Bl P A
SRVESE, T SE BRI Bl A PR 3 22 42 R 3
BUNATE B .

B 5 BUHIMRIFEERIFRR
Fig. 5 Global and local failure modes

3 Efloth

HEASRE 4, HUTSE08: & H =7 m,
Wfta=60° , HoPE —RER, #kSEr=35
m, FRMM L=20° , WRWNIIT, =100 kN ; K
B H N LRBEE S c=12kPa, WEEM o=
25° , HEEy=18kN/m’. FHAETFIHHETE, AN
B % K R W S T 1 R B AR B,
DAL ARAIE P 4 A FR 8 2R T [ 280 T
3.1 HMEMEH =R IME

I IR A AR, TR )
HIOARRE, FFESHHESAREAT n 55, Jiik—KEm
n ANYURBERT, 1077 B IR i1 AP A b
NT XA AT EAR N E R, T IRER AT IE
TE R H R BT 2 N AR, oo T o ik — R
1T N &5y, MAEREMT N 1%, B 6 4l
TR ET N AR 00 550 100 3 BEAR IR 22 4> &
sz, Hopih gt BRI 6 HETH L&
ANFI S E S ek, B 4 R RS L

1.85

a5 6 7 8§ 9
Hebk B E g v
& 6 RIFEMEHENRERBHFIT

Fig. 6 Influence of number of interfaces on safety factor
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Table 1 Comparison of safety facors of typical slope cases
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Fig. 8 Influence of anchor prestress on safety factor of slope

4.2 HERIA

ONRIE TR ZRABUAA 0 22 4 AR, B R BTA B
L s® Ol 0° HEnE| 30° , HALS S E AN
A, [RIRES RS T REARMRIFRIEIN . AT BN AR EE AR
FEREDUM A, THRAIRIE 9. 1B 9 KW BERMK
IR 22 4 23 BB B R AU IR N TR R, X
AT O 22 32 398 R A5 2 B 1 75 ZARAE 6, > B AR
SR AR, B B 4 haE R B HIIRD,
i (8) Hisin(6, — B) =HIK, WA RMA B HIH/IN =
20 (8) PR TN SR ARG N, 4 i)
BAROR 2 R RO BRI ER %
BRI, HAEM RGN B BN BRI %
ERBOKT RN 24 28, ERRBA BB
UIAH B2 o

20
—

1.8 \
<5 o o 5
ﬁ W
W 1.6 |
4‘.1 \ﬁ\\
2 —=— BERER (BBE)

1l —o— JAERHER (FHE L)

: —— BRBR (REEP)
—— REIR (REEP)
1.2 1 I 1 |

0 5 0 15 2
HiRfgisa )
B9 #EHANLEABHNTIT
Fig. 9 Influence of anchor inclination on safety factor of slope
4.3 HENESE
NG TR ZR A B P 2 4 R BRI, i
A 4 sk O MR RS (HAT R R A B IR,
IR A SR R R B AT RGO (&l 50 . A
FOR FR AL B e RN T 3R AR E AR AR E MR R
Wi, & A=h/H, {f1LL0.1 AMEGM 0.1 38 m%] 0.9,
HAZHS HOMAE . FIRE5 8 T BRI R AR
AT RS N TR RERE 4 R MF, PRSI 10.
K10 R B 2% 0 B A1, L B AR AR e 1 i
W, R E TR, 2 KRR T A, =047 K
Fo B, XFTAR], SRR S, KA
BEAE A, = 0.47 oA RS BT AR I A A,
BMLIEFE. X5 TR PR il R — i EAE T A o
e Z AR AAE A0 — B S AR RN
224 R ROE I 2 B BRI R0 B R A T T Fe gk
=Y ISR
PAEZIR R, TS HIal, 5 EHEHK
RN R BESR 1) 22 48 REUYER T AE RGN, 9]
AN & N BRI A5 R TR, REEFR 5 B
A A B EE R REXS T S IR BTV E T o 33 5 FE I 3 i

0 25 30



216 Pl

2017 4¢

TR R A EEE AR, ERRVETT IR R R R
BRI N4, TSR 2 4 R B R .

4 -

—=— BARIR (FE L)

—o— IR (HE L)

—— BRIR (AZRE)
3 —— R (REEPA)

10 HRUESENRZE RN

Fig. 10 Influence of anchor height on safety factor of slope

5 HiLS5EI

(IR T 2 Bk R 702 R o SO e 2 1 45
TR B EEE A AR RE DI, FF AR DM 37 (155 2R
Pt T 2 R EARRIRI Tk, RS SRR B RREA R
FEATIRAEAME S T PN T8 R ) 22 4 R B0 .

(2) S S5 RRHY], BARTRH Y 2 M ikl 7y
TIHESAF A 2 4 2R M Rl o DA B fk T K8 1
FEINAA AN, (H AR TR e s, ks
a3, IR R R T PR [
AL SR A o

(3) il AR BIE i S 5 TR TN - i
T B R AL B v A T 3 22 4 B B R AN
i, I RN B T A5 02 18 A S EE R AR T AR RE (KR
5RO AL R o SR R BRI 5 R W A
PREEEAC AR RE, I IPI RE 00, 24 R AU
A R AT T .

(4) RS PAR N AR EE AR IEAERE , oAb T BUE
EBRIFSR M R R Ax i SR REE AU A, "IN
R IRFEE TS5 .

B :
[1] BRZE. A LME T SHERD]. &A% TR,
2005, 24(21): 3803 - 3811. (CHENG Liang-kui. Research

and new progress in ground anchorage[J]. Chinese Journal of

Rock Mechanics and Engineering, 2005, 24(21): 3803 - 3811.

(in Chinese))
2] BRZ, fustfe, # &, & HLEEM] J PEE
FL TV AL, 2003. (CHENG Liang-kui, FAN Jing-lun,

HAN Jun, et al. Anchoring in soil and rock[M]. Beijing:
China Architecture and Building Press, 2003. (in Chinese))

(3] #RBiFE. AL TR R MBS ). 1B
A, 2009, 27(2): 136 - 140. (XU Zhen-xiang. Review and
prospects of technique development for rock-soil
anchoring[J]. Municipal Engineering Technology, 2009,
27(2): 136 - 140. (in Chinese))

(4] JUHIER. B3 B G s A (0], A 05, 2008,
29(8): 2025 - 2032. (YOU Ming-qing. Analysis of
homogeneous soil slope slipping in circular arc[J]. Rock and
Soil Mechanics, 2008, 29(8): 2025 - 2032. (in Chinese))

51 73 3¢ ¥ P W, S RTINS G B EIAER
BB R GRS Sh T[], A TREER, 2006, 28(4):
475 - 479. (WAN Wen, CAO Ping, FENG Tao, et al.
Searching for the most dangerous failure surface of complex
slope based on accelerating hybrid genetic algorithm[J].
Chinese Journal of Geotechnical Engineering, 2006, 28(4):
475 - 479. (in Chinese))

(6] fT/8H, SkIRIE, 2 . SIRIEATEAE I Bas e
R SRENESHT ] AR, 2011, 29(1): 95 - 100
(HE Si-ming, ZHANG Xiao-xi, LUO Yu. Potential sling
surface position and slope stability analysis under the strip
load[J]. Journal of Mountain Science, 2011, 29(1): 95 - 100.
(in Chinese))

[7] AT, & 5, BOURIE. BT Janbu VAL AR E
VeV SR 20T VAT]. 45002, 2011, 32(3): 891 - 898.
(DENG Dong-ping, LI Liang, ZHAO Lian-heng. A new
method of sliding surface searching for general stability of
slope based on Janbu method[J]. Rock and Soil Mechanics,
2011, 32(3): 891 - 898. (in Chinese))

(8] #R/HE, 2R, FAGIST, & R AR R A3
I B8 ¥ BT BE ML 2 A 75 (0], A TR, 2013,
35(4): 745 - 753. (QI Xiao-hui, LI Dian-qing, ZHOU
Chuang-bing, et al. Stochastic analysis method of critical slip
surfaces in soil slopes considering spatial variability[J].
Chinese Journal of Geotechnical Engineering, 2013, 35(4):
745 - 753. (in Chinese))

91 1 &, Z/NE AL 16, & BURESER S B EERL A &
FAE LY S S i 2 R[], 705, 2000,
30(11): 3486 - 3492. (SHI Lu, LI Xiao-chun, REN Wei, et al.
Hybrid of ant colony algorithm and genetic algorithm and its
application to searching critical slope slip surface[J]. Rock

and Soil Mechnics, 2009, 30(11): 3486 - 3492. (in Chinese))
[10] &' 5, & 5%, REME. AKFEBEESCAE NS A



% 2 3]

Houk, 5. %8NS EE AR TERERE IO TN ) B 2 AL AR IR )W 217

WEh R ML S AT 0], & Ji%E, 2010, 31(11):
3585 - 3593. (LUO Qiang, LI Liang, ZHAO Lian-heng.
Quasi-static analysis of seismic stability of anchored rock
slope under surcharge and water pressure conditions[J]. Rock
and Soil Mechanics, 2010, 31(11): 3585 - 3593. (in Chinese))

[11] X2, 2 55, %0 5. TS0 R I ] 4 B 2 S5 A PR
PR T[], AR T A4, 2013, 21(1): 53 - 60.
(DENG Dong-ping, LI Liang, LUO Qiang. Limit equilibrium
analysis on stability of soil slopes reinforced with
pre-tensioned cables[J]. Journal of Engineering Geology,
2013, 21(1): 53 - 60. (in Chinese))

(12] 253, FTIBH, 4R 3R, &%, TR0 B F s il 3
fFe e HERR R BT[], DUNDRZE2A4R: TRERFERR, 2006,
38(5): 82 - 85. (LI Xin-po, HE Si-ming, XU Jun, et al.
Stability analysis of slopes reinforced with pre-tensioned
cables by limit analysis method[J]. Journal of Sichuan
University (Engineering Science Edition), 2006, 38(5): 82 -
85. (in Chinese))

(13] TR, SRIGERE, WRRHSIZE. o ot UISBImUR. o i 2 ke i
SB[ BARTREEAAR, 2011, 44(12): 101 - 107. (HE
Si-ming, ZHANG Xiao-xi, OUYANG Chao-jun. Research of
rock high cut slope reinforced by pre-stressed anchorage[J].
China Civil Engineering Journal, 2011, 44(12): 101 - 107.
(in Chinese))

[14] &HfE, & 58, 2 7, 55 B TRBRSERR DR
PR TS 0 i 2RI L AR 8 1 B IRAEAT[D). A 0%,
2013, 34(2): 426 - 432. (ZHAO Lian-heng, LUO Qiang, LI
Liang, et al. Energy analysis method for slopes reinforcing

with prestressed anchor cables based on minimum energy

principle of instability state[J]. Rock and Soil Mechanics,
2013, 34(2): 426 - 432. (in Chinese))

[15] ZER%FS. ¥ JZ (M. BUIM: Hris Ko AR, 1997.
(GONG Xiao-nan. Soil plasticity mechanics[M]. Hangzhou:
Zhejiang University Press, 1997. (in Chinese))

[16] NIAN T K, LIU K, ZHENG D F, et al. Limit analysis of
anchored slopes subjected to seismic loading[C]// Advances
in Soil Dynamics and Foundation Engineering, ASCE.
Shanghai, 2014: 548 - 553.

[17] CHANG C J, CHEN W F, YAO J T P. Seismic displacements
in slopes by limit analysis[J]. Journal of Geotechnical
Engineering, 1984, 110(7): 860 - 874.

[18] CHEN W F, SAWADA T. Earthquake-induced slope failure in
nonhomogeneous, anisotropic soils[J]. Soils and Foundations,
1983, 23(2): 125 - 139.

[19] BISHOP A W. The use of the slip circle in the stability
analysis of slopes[J]. Géotechnique, 1955, 5(1): 7-17.

[20] CAIF, UGAI K. Reinforcing mechanism of anchors in slopes:
a numerical comparison of results of LEM and FEM[J].
International Journal for Numerical and Analytical Methods
in Geomechanics, 2003, 27(7): 549 - 564.

[21] HASSIOTIS S, CHAMEAU J L, GUNARATNE M. Design
method for stabilization of slopes with piles[J]. Journal of
Geotechnical and Geoenvironmental Engineering, 1997,
123(4): 314 - 323.

[22] DAY R W, HULL T S, POULOS H G, et al. Design method
for stabilization of slopes with piles (discussion)[J]. Journal
of Geotechnical and Geoenvironmental Engineering, 1999,

125(10): 911 - 913.



