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Theoretical model for limit equilibrium anti-sliding stability of stress vectors on
three-dimensional sliding surface based on projection direction extreme principle

SUN Jiansheng
(Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: According to the projection direction extreme principle, in which the unbalance characteristics of non-collinear
forces formed by tangential stress vectors on the complex sliding surface are revealed and the sliding potential energy ratio of
the unbalance stress vectors in the equilibrium direction has the maximum, and minimum potential energies in the dissipation
direction, in view that the difference of the stress state of the joints on the three-dimensional sliding surface leads to slight
difference between direction of the tangential sliding force and that of the anti-sliding force in the micro-element plane, a
theoretical model for calculating the stability of a three-dimensional complex sliding surface against sliding in the plastic limit
equilibrium is proposed in the direction of the projection-dissipation orthogonal extreme. The three-dimensional expansion for
the theoretical model is completed, and the concrete calculation steps of the theoretical model are given. The reasonable
reliability of the model is proved by the curve of the extreme value of potential energy ratio between tangential sliding force
and anti-sliding force on the sliding surface of typical stability problems and the degree of agreement between the calculated
extreme point and the model. The sensitivity of the change of the factors affecting the finite element stress field to the solution
of the theoretical model is also discussed. The vector theoretical model is an innovative research on the basic mechanics theory
of anti-slide stability, which is of important theoretical development and practical economic value.
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Fig. 1 Real stress states of any point on slip surface and
calculation of limit equilibrium forces
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Fig. 2 Calculation of vector limit equilibrium on triangle

micro-plane of sliding surface over element
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Fig. 3 Projection sketch of vector forces of triangular micro-plane

in resultant vector plane
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Fig. 4 Block diagram calculation procedure
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*® 2 WIKEHERMERUERETEER

Table 2 Calculated results of stability of ellipsoidal sliding surface in two cases
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Table 3 Calculation results of vector theoretical model
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Table 4 Geometric features of wedges

. BRG] 1 BRG] 2
W/ ) WURC ) R ) )
o g5 T 115 45 120 40
VEELY a1 245 45 240 60
Tii 180 10 180 0
EAT] 180 60 180 60
FRAAR Y = /m 64.89 98.4

SE R TH BT I S ROB M AR 2 LI 10 BB AR
RUfAE AR S SRR B S5 I LR 6, 7.

HA PR TSSO E N A 7 B 10 W] A4 45 4 T
50K I AR AL T A R S T A eI A, B 1 X6
FRAG L EAYE N AR N 0.015909 /v JAEXT ARG Il N
0.025739 fx K. HLA 2 4 0.023369 JEH, Y1 NARE
FIR/NRILT S5 TH M R R R . MR
53R 7 i BORESTE B R B IHE T IR —FF, Bk 1

x5 RAYIBHFESH

Table 5 Physical and mechanical parameters of models

. P BE 1R £y RN Y AR R MEL /N4 BYAK A/
StplLs 0/ ) ¢/(KN'm?) (kKN-m’3) E/kPa v )

B 1 SERR LA A S5 M T 20 50 25.48 1.0X10° 0.25 4
A AR 25.48 5.0X10° 0.20
BAAK 1 ARXTRR i 20 45 KT 20 50 25.48 1.0X 10° 0.25

A5 45 R 10 30 25.48 1.0X10° 0.25 3
MR 2 F2 A5 5 A6 T AH A 30 50 26.0 1.0X 10° 0.25
A A 26.0 5.0X10° 0.20
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Fig. 9 Finite element meshes of wedges (example 1 and example 2)
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Fig. 10 Top views of equivalent plastic strain nephogram for wedge 1 (symmetric material), wedge 1 (asymmetric material) and wedge 2 in

soft rock elements

* 6 MUK

REEGITEE

Table 6 Calculated results of anti-sliding stability of wedges
" B 1 AR FR B 1 AR B 2 A8 2R M0i 1) 11.3380°
HHHE T \ N w HAS \ " w 5A \ " M 5K
BRAA T BT 115 161 1.5578 22.9098  +10.17 1.1815 22.9098  -7.91 1.6400 28.9964  +4.30
PR R AR PR i) 1.556 22.9098  +10.06 1.167 22.9098  -9.25 —
KV T ATV — 1.636 +4.07
R BTk — 1.629 +3.66
FE I A RS — 1.497 -4.84

®7 REBPLRAGEER

Table 7 Calculation results of vector theoretical model

P FRAAR 1 F4 R R FRAAR 1 M REEXTHR B 2 22 260 11.3380°
~ TR B TR B TR i
AR B IS AT A7 K=1.3994 40.2520° K=1.2750 28.7662° Ki=1.5694 42.2410°
%/%/\” K*u Dﬂ/\”
RERH . BEAM K=1.3365 1=0.9551 K=1.2384 1=0.9713 K=1.5034 1=0.9580
BRI o A
" . 7 0=2.5649° fiig 0° 0=1.6438° i) 1.6267° 0=2.3986° fiilH] 16.7218°
1=}
WaEh IR EW A i 39.7084° f@im 0° fiff 29.1022° 9] 3.1532°  fHiff 44.0963°  {Hil 10.4716°
REFNEZ =R K K=1.3392 -4.50% K=1.2375 -3.03% K=1.4978 -4.78%
VB e AR A #oT 11616 A4 flIT 46493 A4~ T 6936 ) f3H 28014

XIFRIEOL A=0.9551 AN 24 1/ B R AERTFR
50 2=0.9713 FHXT %2 4 1/2 fe /N AR 2 19 1=0.9580
JEH . BRI AR PRARAS B FE T R A5 e B (1)
IRVERE S B I

MR eI HE R 6, 7 AT LLE W, =4
AR B ~P-irv  BR VAR R A P 22 -9.25% ~+10.17%
BRAR 1 S5 A KL 5 2 HO0 BRI R T BB B8 iR
10%, 17 AERTFRES SN TSR AR-7.91%~-9.29%,
FH B[R — 7 1L B A G Dl 22 e KR IEIL 2] 19.3%. 12
A 2 SR LA 1 AR SR 7727 5 50 FR 15 O (RO R
SPATE BRAR AR R 25 —4.84% ~+4.30%
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Fig. 11 Vector equilibrium of wedge 2 in resultant vector plane
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Table 8 Influences of element size on solution of theoretical model

BRI R RS 3 m VYA 3 m S IHfE 4 m FN[HIA 5 m S IHfE
TR K 1.5711 (+0.108%) 1.5694 (0.0%) 1.5703 (+0.057%) 1.5712 (+0.115%)
TERHK 1.5055 1.5034 1.5045 1.5054
TR R 52 0.9582 0.9580 0.9581 0.9581
=HIER T AL 28014 16417 10742

EU AT STV A4 13673 6936 4056 2646
LTSy 135732 342623 190545 127207

Vi 55 AECT VAR T 3 m SIS T % 4 R HL Ko AR
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Table 9 Influences of change of elastic modulus on solution of theoretical model

ARALERAL SR AR T 0.50 0.75 1.00 1.25 1.50
X . 1.6042
g 4B AR K (42.06%) 1.5858 (+0.92%) 1.5712 1.5592 (-0.77%) 1.5497 (-1.39%)
a4 . (0]
RERE 0.9623 0.9599 0.9581 0.9566 0.9553
X . 1.5330
(g TRERM K (<.49%) 1.5555 (-1.01%) 1.5712  1.5825 (+0.71%) 1.5920 (+1.31%)
A —Z. (1)
RERE 0.9535 0.9562 0.9581 0.9595 0.9608
S TEERK 1.5711 1.5711 1.5712 1.5711 1.5712
P& RS FRERE 0.9581 0.9581 0.9581 0.9581 0.9584

TE: 355 AECT IR TR R 1.00 ()22 2 R H K BRAE R
= 10 JAMEE XTI IR BN SR

Table 10 Influences of Poisson's change on solution of theoretical model

AL TERA BE u=0.15 0.20 0.25 0.30 0.350
v by AR K 1.5849 (+0.86%)  1.5787(+0.75%) 1.5712 (0.0%) 1.5619 (-0.60%)  1.4827 (-1.29%)
25 1)
) TRERE 0.9601 0.9593 0.9581 0.9571 0.9559
" AR K 1.5577 (-0.87%)  1.5712 (0.0%) 1.5856 (+0.91%) 1.6016 (+1.90%)  1.6171 (+2.84%)
) W
FRERE 0.9570 0.9581 0.9593 0.9609 0.9622
e MER NS 0.75u 0.8u 1.0u 1.2u 1.4u
e AR K 1.5685 (-0.17%)  1.5689 (-0.15%) 1.5712 (0.0%) 1.5750 (+0.24%)  1.5805 (+0.59%)
TRERE 0.9584 0.9584 0.9581 0.9581 0.9583

e TS AR AN T AR TE L =025, FRIEFALL 1=0.20 (2% 2 R K. B R,
F= 11 AT IR IER RSN

Table 11 Influences of change of dilatancy angle on theoretical model

BIRK A 0° 2° 4° 6° 8°
TR K, 1.5800 (+0.56%) 1.5753 (+0.26%)  1.5712 (0.0%) 1.5681 (-0.20%) 1.5646 (-0.42%)
TERHK 1.5207 1.5126 1.5054 1.4997 1.4935
TR R 50 0.9625 0.9602 0.9581 0.9564 0.9546

T 55 AECT AT TR 4° (% e R K AR
R 12 TEVEMEEN 3 IR B AR 20T

Table 12 Influences of different plastic criteria on solution of theoretical model

SR ) LRI D-P 4R D-P ik
TRERY K 1.5712 1.4200 (-10.64%) 1.2960 (—21.23%)
TERHK 1.5054 1.3315 1.1801
TR R 52 0.9581 0.9397 0.9106
W3 J16 R E/(10* kKN) 292.525 306.053 (+4.42%) 321.222 (+8.93%)
W IE REWAIC ) 44.1091 48.5751 51.6391
Uit 716 R E/(10* KN) 439.202 405.907 (-8.20%) 379.014 (-10.63%)
HREFMIC ) 2.3900 3.5533 5.1188
WRAE 7 M iAa/C° ) 42.3137 46.8366 51.4313
WRAE 7 i /(° ) 16.5601 20.8545 19.4447
e FES BT ONAER TS IR TR D-P kAR 4
(5 4 M T 7 28 A4 1 0 VIR AR B R, DN T S B 0 R R

SRR RS2 SR IAEAE D-P ¥ K. TR AR R R RN R . BRI B S
PEAE . ANHRHESMEEIHE D-P BPEAEN . SRR BT IRBSI I GRERIE R, Tk R SR R
SN S8, ARG 2 R BOHE A R R 12, CARGEADY; GNP e N ST E 3 T

£ Ry T [ 28 PEAE U 2% F F S5 R T AR D-P #E I — 41 EHBRIRDT AL I3 i R Z AL, BB T
E D-P EN — AT RE, SERURT SIS T MUY SR SN B A o FIB R TT ¢ B
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