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Vector sum method for slope stability analysis based
on discrete elements

SHEN Hua-zhang, GUO Ming-wei, WANG Shui-lin, GE Xiu-run

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

Abstract: Based on the whole slope stress field obtained from block element and the joint stress field calculated by distinct element
method, combining with the definition of vector sum method (VSM), a new slope stability analysis method is proposed, namely
VSM-universa distinct element code (VSM-UDEC) method. Firstly, the accuracy of contact stress and element stress calculated by
UDEC under various conditions is verified by the dider test. It is shown that the contact stress and element stress fields have high
precision (i.e., the relative error of contact stress is less than 0.2%), which satisfies the condition of safety factor calculation.
Numerical simulations of alinear diding surface and a circular diding surface are analyzed by the VSM-UDEC method. Numerical
results are compared with the solutions by the corresponding theory and the rigorous limit equilibrium method (Morgenstern-Price
method). It is indicated that the safety factor obtained by the VSM-UDEC method is amost identical with that by the theoretical
solution in the case of linear diding surface, and is consistent with that by the limit equilibrium method in the case of circular dliding
surface. Finaly, the VSM-UDEC method is applied to analyze the stability of the left bank slope of the Jinping-1 Hydropower Station.
The results demonstrate that the safety factor by the VSM-UDEC method is good agreement with that by the limit equilibrium
methods (Sarma method, Morgenstern-Price method) when blocks are regarded as rigid. Moreover, the VSM-UDEC method can be
considered as the effect of the structural surface in the slope body on the dope stability, and thus it has more advantages than the limit
equilibrium method to reflect the actual stability and deformation distribution situation of the slope. UDEC software has good
applications of simulating slope failure process and VSM has the clear physical significance of safety factor, and therefore, the
VSM-UDEC method may have good prospects of applications in the slope stability analysis.
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Tablel Material parameters
el E C [ kn ks
/(kgm®)  /GPa / kPa /(=) /MPa  /MPa
2612.24 2 0 0 10° 10°

P E
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Fig.5 Distribution of difference meshes

M g 9.8 m/s’
L L=2m t S
] m kPa ¢,
a=15<= 70° 12
12
2
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Table2 Relativeerrorsof displacementswith different
slopeangles c¢; =0, @¢; =0 (unit: %)

a

(=) t=0.2s t=04s t=0.6 s t=0.8s t=10s
15 -0.01 0.07 -0.02 0.00 0.00
20 0.10 0.06 0.05 0.01 0.01
25 -0.04 0.06 -0.03 0.02 0.03
30 0.11 0.11 0.02 0.00 0.01
35 0.44 0.12 0.00 0.04 0.02
40 -0.31 0.01 0.03 0.00 0.01
45 -0.01 -0.01 0.00 0.00 0.00
50 -0.20 -0.02 0.01 -0.01 0.00
55 0.19 0.18 0.03 0.03 0.03
60 -0.23 -0.04 -0.03 0.00 -0.01
65 0.01 -0.01 -0.01 0.00 0.01
70 -0.05 -0.03 -0.03 0.00 0.00
2
0.5%
0.1%
0 1
¢, 10%
a
12
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3 0
1.5% 0.2%
0
3 ¢y =0, 3] =10< %
Table3 Reativeerrorsof displacementswith different
slopeangles ¢;=0, ¢;=10< (unit: %)
, ("c‘,) t=02s  t=04s t=06s t=08s  t=10s
15 132 0.10 0.30 0.21 0.22
20 1.49 0.03 0.30 0.05 0.03
25 -0.99 -0.11 0.07 0.04 0.01
30 -0.01 0.03 012 0.09 0.01 6
35 -0.06 0.11 0.08 0.04 0.02 ABAQUS
40 -0.14 0.05 0.02 0.00 0.00
45 -0.93 0.04 -0.07 -0.04 0.00
50 -0.09 001  -001 001 001 ABAQUS
55 0.56 0.14 0.05 0.03 0.02 6
60 -0.12 -0.01 0.04 0.00 -0.01 UDEC ABAQUS
65 0.18 -0.04 0.01 -0.01 0.00
70 0.01 0.03 -0.03 -0.02 0.00
20m
p=2 200 kg/m®
1 G, c E=10 MPa
300 kPa @, 15° 0 v=0.25 om
c=3 kPa
¢=196° E
a=15< 60 10 50m
10 11
6
a Fig.6 validation model of element stress
4
5 204 UDEC
4 ¢; =300 kPa, @, =15°= ABAQUS
Table4 Calculation results of contact forceswith different
sopeangles c¢;=300 kPa, @; =15
F F 810 0.05 3273
N S
a
/(=) UDEC UDEC 0.014
/N /N 1% /N /N 1% 0.01 6
15 49458 494520 00121 13252 132580 -0.0453
20 48115 481140 -00021 17512 175110 -0.0057
25 46406 464030 -0.0065 21639 216381 -0.0042
30 44343 443390 -00090 25602 25599.0 -0.0117 UDEC
35 41943 419410 -00048 29369 293660 -0.0102
40 39224 392240 00000 32913 329110 -0.0061
45 36206 362055 -00014 36206 362050 -0.0028 4
50 32913 329092 -00115 39224 392180 -0.0153
55 29369 293677 -0.0044 41943 419400 -0.0072
60 25602 25599.2 -0.0109 44343 443409 -00047
4.1
4 7
0.045 3% 0.01% 7
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Table5 Vector sum safety factors of two methods
ABAQUS UDEC /% ABAQUS UDEC 1%
204 1.151 80 1.0057 -0.146 10 -12.6845 1.0621 1.102 1 0.0400 37661
810 1.061 40 1.0196 -0.041 80 -3.9382 1.0280 10744 0.046 4 45136
3273 1.011 51 10173 0.005 79 05724 1.036 8 1.050 8 0.0140 1.350 3
13044 1.021 40 1.0116 -0.009 80 -0.9595 1.0365 1.0298 -0.006 7 -0.646 4
6
Table6 Vector sum overall decline directions of two methods
ABAQUS/ (©)  UDEC/ (<) /(=) /% ABAQUS/ (®) UDEC/(®) 1(=) /%
204 -22.7550 -23.3482 -0.5932 2.6069 -22.7843 -23.356 8 -05725 25127
810 -238776 -23.8315 0.046 1 -0.1931 -23.8393 -23.789 4 0.0499 -0.2093
3273 -24.3035 -241191 0.1844 -0.7587 -24.2845 -24.0923 01922 -0.7915
13044 -24.1930 -24.1576 0.035 4 -0.1463 -24.168 2 -24.1100 0.058 2 -0.2408
— 8 CJZO
Table8 Results comparisons of different methodswith
variousjoint friction angles ¢; =0
£
Q M-P (9
N 10m (2} K
30°, f—— /(9 Kwev UDEC  UDEC UDEC  UDEC
Ie
£ = 0 15 04641 04641 04645 0.463 -30 -29.994 2
m
! ! 20 06304 06304 06310 0.629 -30 -29.994 2
7 25 08077 08077 0.8084 0.806 -30 -29.994 2
Fig.7 Calculation model of alinear sliding surface slope 30 10000 10000 10015 0.998 30 -29.994 7
35 12128 12128 12146 1.210 -30 -29.9947
7 40 14534 14533 14541 1450 -30 -29.9936
Table7 Material parametersof alinear 45 17321 17320 17329 1720  -30  -29.9936
sliding surface slope
50 20642 20642 20664 2060 -30 -29.9939
P E Cy ? kn ks
/kgm® /GPa  /kPa (=) /GPa | GPa 55 24736 24736 24774 2468 -30 -29.9936
2700 10 60 30000 30000 30041 2994 -30 -29.994 1
0 100 15 50 100 100
9 @¢=20°
Table9 Resultscomparison of different methodswith
Ktheory variousjoint cohesiveforces @;=20<
_R_tng, cl 13 N M-P 19
YT tang Mgsina /kpa iy UDEC ~ UDEC UDEC  UDEC
R T 0 06304 06304 06314 0629 -30 -29.9935
VSM-UDEC 10 09729 09729 09742 0970 -30 -29.995 1
20 13153 13154 13169 1.310 -30 -29.9959
. 30 16578 16578 16595  1.650 -30 -29.996 3
Morgenstern-Price M-P
0 40 20003 20003 20022 1.986 -30 -29.996 6
50 23427 23428 23449 2325 -30 -29.996 8
_ o
¢, =20 60 26852 26852 26876 2673 -30 -29.997 0
8 9 70 30277 30277 30302 3013 -30 -29.997 1
8 9 UDEC 80 33701 33702 33729 3354 -30 -29.997 2
0.0001 90 37126 37127 37156 3.694 -30 -29.997 3
100 40551 40551 40582 4.035 -30 -29.997 4
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Table10 Material parametersof dopewith 16.7°
acircular diding surface )
- E . o k. ke 20 kPa 9
/(kgm® /GPa /kPa  /(®) /GPa /GPa
2700 10
40 10 100 100
2 30 20 100 100 4
4
4 1 3
1
M-P 3
1885m 1 3
11 VSM- UDEC
M-P s’ :
1 3 3 3 2
3
1n VSM-UDEC  M-P ! s >3 3
Table1l Results comparison between VSM-UDEC s 3 3
method and M -P method under different joint conditions 1 3 3 3 )
VSM-UDEC o3 3 2
M-P VSM-UDEC 1(°) 9 |
! 1322 13185 ~353749 Fig.9 Slidingmodel of the left bank slope
2 1.364 13693 ~34.2675 of the Jinping-1 Hydropower Sation
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12 VSM-UDEC
Table 12 Material parameters of blocks >
P E c ®
[(kgm®) IGPa  kPa /() Y UDEC
1 2750 10 800 387 0.30
2 2830 30 1333 51.0 0.25 0.2%
3 21800 15 1000 456 0.25
4 2 750 4 533 27.0 0.35 3
Morgenstern-Price
13 1 VSM-UDEC
M-P
Sarma 13 Sarma 4 VSM-UDEC -
M-P VSM-UDEC VSM-UDEC
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