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Abstract: In order to enrich the analysis method of submerged subgrade slope stability, For any shape of the
slip surface, the slide is treated as a rigid body without dividing the bars. The total potential energy of the
slippage system is obtained by calculating the elastic compressive potentials and shear potentials above and
below the infiltration line, and considering the influence of hydrodynamic pressure on the potential energy of
the system. Then, the virtual displacement of the slip body is obtained by the principle of minimum potential
energy. The normal force and ultimate slip resistance on the slip surface are obtained by the relationship
between the force and the displacement. The safety factor is the ratio of the algebraic sum of the anti-slip and
the sliding force in the potential sliding direction of the slope, the minimum potential stability analysis method
of submerged subgrade slope under hydrodynamic pressure is proposed, and the corresponding program is
developed. By case comparison and verification and parameter analysis, it is concluded that (1) The safety

factor and the stability will decrease after the slope is submerged; (2) The calculation result from the
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minimum potential energy method differs from the calculation result of the limit equilibrium method by less

than 5% considering the shear potential energy and hydrodynamic pressure at the slip surface. With the

change of soil cohesion or angle of internal friction, the change trend of the safety factor is consistent with that

from limit equilibrium method and engineering practice. (3) During the process of falling water level, the

safety factor of the subgrade slope decreases first, and reaches the minimum when the water level drops to 1/

2 slope height, then increases. The method does not need to divide the blocks, the calculation process is

simple and unnecessary to iterate, and it is easy to apply in engineering. It is of great significance to perfect

the submerged subgrade stability analysis theory and its application.

Key words: road engineering; slope stability ; minimum potential energy principle; submerged subgrade;

program development

0 3l

TR A 20 o )RS s 11 LT3, B R A Dy 2 B
poEAl, HER e A A EEE L, i THIEL LA
PRERARVOTSF IR, Ao B BEE () L3R
BRHEAK AN, DRIRET . A2 0 4 A 3RS 30T i /K Ao 7%
b, 51k T2 EKEENSN R T . PHRBIRSE
15 e N O/  NEUE 1 C S i A2 81 = 378 3
R e Pk — B TR R PR

] PN Ah2 8 O TR K I ik i RS i M o B O 1
W Wk 3% fik 7 — £ T /E, 40 Viratjandr and
Michalowski"* F Fi 4% R 43 #r b BRI 5047 1 127K % 5%
YR FE SCHRI4 VS T IR Sk E S T
fajfk Bishop ¥, ZIEF & T kM ), LI KRB Z 4
FBOE L7 XY L 2, HX 2k 6] )
A AR — 2 552 TR AT RS, I
Hl TRk M, A B AR e, BiE
FHLEORI & e, A Rt 8 05 e ok & b AE i
Wika e VRSB, W Griffiths and Lane' ™ A1 F 45 BR
TCOTHT T KA S e 4 RA e . A R ITEE B
SRPT AR SE bR 00, (Hi FRREm & e, DL
BRI ST 32 N PR A, i B2 A5 A
Gi—, HHAES PR TRP N AZR, 25 Bk, &=
TK B T R R R Ay M T R IR N R, Wk — D
W5

B/ R ) Mauldon Al Ureta 25" 445 5/
PR I PR H 0 — FOBT I S SRS R A T T i,
AT R SR i e A1 T8 i 24T 1 2 4 Rk, To Wl 4y
S, IELRIEE, fEBLIERE bt T R R
A T iR/NARRRE, (HIE H AT A 7% oK & 3K s
JIXF ARG E RS o PRI, 2 T i AR RE
S A A 80 BT DI HRE LA K K IR )0k B R R
ER, MRk BB By A Re T H I AL, i —

il

b2 K [ 7 (15 7K % 55 1 3 e /N AV BE A RE 1R O
Mrorik, JFHIPR TN IR R a5
BT SR g, 5 B K AL R B R
TR B RS RE MR I LA LA LA K AR Ty 2 28
XHR K I HE 2 A 2 PR R R AL

1 BABEREES N ENEZ

1.1 HEER

WE 1 FrR R —R2K &L, AB 8 7E 0 ¥ 1,
HIrfE Ry = f(x), @ESLIFEBRIE T 5] AR 3
B (1) WIRIER— DRI, 2T =
KB dl BRA RIS, HASTE AT NI N b A5
ORI, k5 dRIEL, Bl E=mdl (m REL)ZE
LR s (2) WIRIAL LT iR KB 4> 4k
A, BRI LL AR KBRS AR
R AR LA T TR y,, RN
o, WEEEM R o, HIFERECH m,; RIBLLL EWE
BN y,, WERITH ey, WNEEEMHN ¢,, HIERECH m,,
(3) W BMHESIN IR R = (R, ,R) WIEAT
(SR E TR L E 42k ¢) , RAE—MEALRS ) &
d = (d, d), WENEHTENS R G R,
1.2 BRKBERBEERHMVEL

FRPE AT 1] A 7 A BT, AR T A 1Y
PR PR SEE S By Ul e, R — AR B b e A
feh dv, .

v, = ;—k (d-n)2dl = ;—m (dn, +d,n,)dl,

(1)
Kb, dlCAIE T B n R TH AN LT ) Y
PR [H]
PRI 2 UL I K VAT B A7 A 1) 53 vk S5 BB AH T,
AP K B SE 0 M 2R G0 I AEAit 1) i 3
V.= | %m, (don, +d,n,)%dl +



52 KB %

SIS 3

$34 5

/ i

REAAEX
R

BRI
1 RKEEITEER

Fig. 1 Calculation model of submerged subgrade
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Fig.2 Schematic diagram of shear deformation of slip bed
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Fig. 3 Calculation interface
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Fig. 4 Flowchart of calculation
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Tab.1 Hydraulic gradients at different water levels
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Fig. 6 Curves of safety factor when water level descends

MEL6 nf LU i BEF IR A OK LT B, 3%
SN L AR T R, KA R 172 i
AEBT IR B E /M, 205 XA — 5 TN, X5 3CHR
[16 = 17 ] MBFFELE R — 0, MR TR SC BB
45, BIKERFE R RN 22 K A AR I KA R ) i 7
B, TR TR RSO T R R, TR
VSN SORE R HURESIN TS SURI /S F | Pl S A

TR L, KON B 1/2 Rl i 32 i 7
I TRE BT
3.2 THSHXIHEDRITE RIS

N T oA L AR B 2 2 RO R K B S i 3
FEPERI RN, I 2t — 2 5 40 BRP 1595 20 Fr Xk L LA
BEiZ T WG B, KON 9 m i, HABZ

AAE, R T NIRRTy R A I R K %
BN R, WK T, M ERRKUE, #
RBI1. WEEBEM BN, BTz S8 dE, HE
K7 g2 g AR S 30wk [18 ] Mg an h Jr
ALBE: FhERIIEAR 50% 5 MEEBEMFEAR 10% .

MIET ATLLE e BEE R R T1 . N EE SR A 4
, #m%ﬁﬁﬁ%ﬁégﬂfﬁﬁ%i,ﬁﬁ%
RRTE MR, 5 TR Y &5 SCh T ik



4 8 1 W Hi, G5 ROKBEAED YR NAGERE M B T i 55
35T —a— NS 53 3Lk :
I }3;333%22 References:
| / (1] BRI, B, 455, . KB IRERIK R AT
% / BAEIRGE I (1], ARSCIRRE, 2010, 27
125 (6): 1-8.
/ ZHAO Lian-heng, LUO Qiang, LI Liang, et al. Study on
120 L Stability of Subgrade Slope along River Subjected to Water

18 19 20 21 22 23 24 25 26 27 28 Level Fluctuation and Stream Erosion [ J]. Journal of
HRI1 P Highway and Transportation Research and Development,
QF2 )

2010, 27 (6): 1 -8.

LS T _a ek (2] R, BRFIA, lARA, 6. BRI IR S0 KR
DEbiv PR BT S BiA (1], A Bacm R, 2005, 22

140 (6): 65-67.
& SONG Gao-song, CHEN Yang-dong, WEN Fu-chun, et
‘iﬁ al. Analysis and Prevention of Water Stability Effect in
& 1.35 Seasonal Frost Area [ J]. Journal of Highway and
Transportation Research and Development, 2005, 22

30 . . . . . . . . (6): 65-67.

18 20 22 24 26 28 30 32 34 [3]  VIRATJANDR C, MICHALOWSKI R L. Limit Analysis of
WEEEAC°) Submerged Slopes Subjected to Water Drawdown [ J ].
®) AREA Canadian Geotechnical Journal, 2006, 43 (8) ; 802 ~814.

B7 REeERHINDEHZK (4] Mz, FEXRKESREEETT R A (1], B
Fig.7 Curves of influence on safety factor FETHE, 2010 (6): 25 -28.

. - s . KE  Yun-bin.  Analysis on Calculation Method of
Prps 2 R A P R B B AR, A2 AE 5% Immerseable Embankment Stability in Reservoir Area
iy, HARERLER—80, =0k 7 S0P IriA [J]. Subgrade Engineering, 2010 (6) . 25 -28.
BHME [5] GRIFFITHS D V, LANE P A. Slope Stability Analysis by
4 i Finite Elements [ J]. Geotechnique, 1999, 49 (3).

387 -403.

(1) ABFFELE S/ NAREE 3L |, ZEsK [6] BERILGEN M M. Investigation of Stability of Slopes under

T 3 XE 7K S 5 1 B 1 1 D 5 0 TR A A 1 8 BT 3R Drawdown Conditions [ J]. Computers & Geotechnics,
- = . - PRI 5 \ 2007, 34 (2): 81 -91.

%ﬁi{j&ﬂ(%%ﬂlﬁﬂid\% H[ﬁ?tiﬂz Iﬁé}*ﬁﬁfi\o & [7] OZER AT, BROMWELL L G. Stability Assessment of an
IR RN 2 A A S R BN 2208 5% LAY Earth Dam on Silt/Clay Tailings Foundation: A Case Study
HHEG PR To 77 R o3 48 Sk A, A0 Eo il BR P57 [J]. Engineering Geology, 2012, 151 (4): 89 -99.
BBRA—E IS S AN [8] CHEN X, HUANG ]J. Stability Analysis of Bank Slope

(2) Mgk G, HEREEE TR, B Under Conditions of Reservoir Impounding and Rapid
TEmE KA PR R, 24 KRB/ G KR, Drawdown [ J ]. Journal of Rock Mechanics and
EAE— S , IXANF SN N R KA SR i T B K AT Geotechnical Engineering, 2011, 3 (S1) . 429 -437.
TEYE S 172 BHE . RSk kB b 12 i [0 S, i RO, S PRAKAL TR AR 4
VR ETTE  If T R R T Rocar b [1]. %&£ J1%, 2010, 31

" " (7): 2264 -2269.

. /(j) éi{ﬁ?@%ﬁ%&fi i@}%ﬁy}ﬂgﬁ#z/ jcqj NIAN Ting-kai, WAN Shao-shi, JIANG Jing-cai, et al.
AR i RE I AR PEAS AR 5 S IR Y ik Finite Element Analysis of Slope Stability under Drawdown
—8, HTEERAAVIE . Conditions by Strength Reduction Technique [J]. Rock

(4) FFARMRKEEIER E iy, EHEH and Soil Mechanics, 2010, 31 (7); 2264 —2269.
SEH, ETRERRAR AN AL TR SEM A, [10] MAUIDON M, URETA J. Stability Analysis of Rock



56 VNN S I N 5 34 %
Wedges with Multiple Sliding Surfaces [ J]. Geotechnical Engineering, 2015, 34 (S1). 3298 —3305.
& Geological Engineering, 1996, 14 (1): 51 -66. [15] FRFAN, W TR, fLO2E. FEKAL T RSB KT
(11] 2otk fe/NSARe i B 30 35 A o e 4 A v 1 2 L 4F KRR [J]. a0 ¢ 5 TR, 2004, 23
g8 [D]. BB EBEEBEITTERE, 2004. (18): 3203 -3210.
LI Xiao-qiang. Research on Slope Stability Analysis Using ZHENG Ying-ren, SHI Wei-min, KONG Wei-xue.
Principle of Minimum Potential Energy [ D]. Wuhan; Calculation of Seepage Forces and Phreatic Surface under
Graduate University of Chinese Academy of Sciences, Drawdown Conditions [ J]. Chinese Journal of Rock
2004. Mechanics and Engineering, 2004, 23 (18). 3203 -
[12]  PhZHE, 200 B — 32 AT 0 B 1 i) B/ 3 RE 3210.
FETE 5k [1]. & 2 J17%, 2009, 30 (8): (161  JalHEfe, FNSHE, AT, 2. KRR R IX
2463 —2466. NENYAG Bt [T]. A psSEPHE, 2011,
SHEN Ai-chao, LI You. Minimal Potential Energy Method 28 (6): 32 -39.
for Analyzing Slope Stability of Arbitrary Sliding Surface on ZHOU Qun-hua, YAN Shu-wang, DENG Wei-dong, et
a Single Stratum [ J]. Rock and Soil Mechanics, 2009, 30 al. Analysis of Influence of Reservoir Water Level
(8): 2463 —2466. Fluctuation on Stability of a Bank Slope [J]. Journal of
[13] Z=4h, BEYE, 2248, 2. BFF (R) ED A &/ Highway and Transportation Research and Development,
WReRE M Tk gE [J]. & £ 715, 2008, 29 2011, 28 (6): 32-39.
(9): 2329 -2334. (17] R, PEAKAL TR AT 1 AR E 1 Je U 73 B F ¢
LI You, LU Yang, LI Ni, et al. Research on Stability [D]. EL: PimgAauh ke, 2015.
Analysis Method for Slope with Anchors or Prestressed- QIN Rong. Study on Slope Stability and Early-warning
cables Based on Minimum Potential Energy Principle [ J]. Analysis of Reservoir Water Level [ D ]. Chengdu:
Rock and Soil Mechanics, 2008, 29 (9). 2329 -2334. Southwest Petroleum University, 2015.
[14] RRIA, D, B0, % ST RN SRR =4 (18] ZRopff. =Wk PR IX KL THREAE IR 17 B SR AL AT 5

WA ErE AT [T].

(3 1), 3298 —3305.
WEN Shu-jie, LUO Hui, LI You, et al. Three-dimensional
Slope Stability Analysis Based on Minimum Potential Energy
Principle [ J]. Chinese Journal of Rock Mechanics and

HAO 1S TREER, 2015, 34

[D]. FEK: FRACH K, 2013,
LIANG Xue-zhan.

Bank Slope under Water Level Fluctuation in the Three

Research on Failure Mechanism of

Gorges Reservoir Area [ D ]. Chongqing: Chongging

Jiaotong University, 2013.

(E#%33 W)

[16]

[17]

WOTe, FERE, ERIR, &5 KPR LA RE R
Wrge [J]. MR=sEs TRk, 2016, 12 (342):
445 —-451.

GUO Shao-long, LU Qun, WANG Min-min, et al.
Experimental Study on the Rheological Properties of
Cement Soil [J]. Chinese Journal of Underground Space
and Engineering, 2016, 12 (S2). 445 -451.

BRI, BT, WEZE, 55 B PKRIMER A
SATEALIBAEOTTE [J]. S P, 2010, 27
(2): 30-35.

CHEN Su, WEI Chen-yu, JIANG Yu-jun, et al. Study

[18]

on Load Transfer Regularity of Soil-cement Pile Composite
Foundation under Embankment [ J]. Journal of Highway
Transportation Research and Development, 2010, 27
(2): 30-35.

HRE, TESC KR IO BT 5 B R AR S K
FOLI. A i 5 TR, 2015, 34 (3§ 1)
3446 —3454.

CAO  Zhi-guo, ZHANG Ding-wen.

Controlling Unconfined Compressive Strength of Soil-

Key Parameters

cement Mixtures [J]. Chinese Journal of Rock Mechanics

and Engineering, 2015, 34 (S1). 3446 —3454.



