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Abstract: The stress analysis of sliding surface is the key link to evaluate the stability of slope and predict the risk of landslide. There
are many methods to solve the sliding surface stress, but there is no reasonable method to evaluate these methods. In order to solve
this problem, a sliding surface stress test device used in landslide model test was proposed. The structural characteristics and design
principle of the device were introduced in detail. Three cases were designed to test the sliding surface stress by model test. Based on
the correlation analysis and probability P value in the statistical analysis results of paired sample t-test, the applicability of
Morgenstern-Price (M-P) method, elastic theoretical solution of sliding surface stress based on slope unloading and numerical
analysis method in solving sliding surface stress was evaluated. The main conclusions are as follows: (1) The absolute error between
the test results and the theoretical values of the 9 sliding surface test units is within 2.5%. The statistical analysis results show that the
difference between the test results and the theoretical values is not significant, and the stability of the test results is good. (2) The
elastic theoretical solution and numerical analysis method can accurately calculate the stress state of the sliding surface, but the

calculation result of the M-P method has a large deviation from the actual one, which is not suitable for the calculation of slip surface
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stress in non-limit state. (3) The application of sliding surface stress elastic theory solution based on slope unloading in embankment

slope is expanded, but this method still has great limitations. The sliding surface stress test device proposed in this paper expands the

new method of sliding surface stress test, and provides a guarantee for the accuracy verification of sliding surface stress calculation

and stability analysis theory.
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Fig.1 Sliding surface stress test system

ZARIG R G0 32 B A AR 00 2 B RN A
KRERG. Hp, BRI E FEMEME. &
WAL B3 . W RAR . N AR e, TR AT
. BERFEARIR )N 3.07 mx0.70 mx2.63 m,
IR m A A S BT RS i R fL s 3
BF A0 1 3¢ 3 1) T T D T A T R R O 48 A 1
By T PRAR AT AR SRR (9 R IR B e 38T,
MR b AR RS A U i) g A T LA B AT B L, 4T
TR TR RE AR B S 770038 B e 1R RS X B 55 ) R
TR AL AT 2 3 05 b i R FLARR b 6 [
FL, IMUUEAE LA, BIVAT [ T PRAR TR R Y A6 P
RrE s NJTIR B TG W TR ) 4k, H E
FRIS T AR A AR I fi i, S K e o ia
B AR E R LT e, 2 ANIER R ek
B 5 1A A B R S o e DA B
MR B FARIASE N SRt BdE
RERGEEQA T ENRREN, KR A7t
TC B R AR B R AR X b, SEIER R AR,
IS TR REACGHAT IR E, PSR AR
PR THE RN
2.2 MAPRER A R B R AR A TR

TE T R 7 0 B T A — K ik =R g i
B B 2 BRI R o BT, SR
L 5v0 & [ TR 7 b= ATETR TN A b~ N [ i 210
JRCJHE o TR AR B2 WA THD B g () e fio i s A% o3k |
T 4 MBEGHLEEH U SR mREREREE, T
H 4 MU AT R TSR W EAA I 42
I A 4 AN ETEAERE, AR EE N5 % 7
BRLIGI TR STAT: [ (R BE 2, 22206 22 5 AT (1) [ TR Bk

BT T 3 AN E A AR, 3 A
fRIRER =AM A R 542 [ R A -
AT AANERIGE N, T ORBE AR (R Y DRAE TR B N
TR JErH i s, PRI AR A B EE b 22 ey iy A
EVALLZE

T8 S A T A SR B AR 2 R
BRI AL BTS2 X AR ™ A ik 17 s
JIRGNE I 77, W TR S A P E T
—ANEEAR, VR N AN ) R B ) SEBR bR AR
B2y I REARGER o RIA N 2 U B AR A R Ak
Bela) T AR, BARFTEH LR 3 AR AR R TR
o WU5Es TYIFE s ke SR, il
& TIPCTIT ) 4 DML IS SR L, AR
[ AR B AR A B 1, XA T A SR
AT P9 s 3 A e P RS 5 A0 T 1 70 A S8 P
T FE 1) 3 553 T A DI SE A3 A2 S5 o

MR A s

B2 R B

Fig.2 Stress test unit exploded view

N TE AN IR I B G I R 4 TR v s 1k
Wt T —3K W 3 B 1 2y R 0 ol X4 &
YRR RS, KRN R T R e
R B TR L, 5 N B RS SR AL i 2k ik
FERIRAEAC L, TR e A% A B R AR 2
WEE, MR EYREERTR E, e
JERS R B, e SRR R A . f
T HEYILEE AR _F R RRER L, UERATE T M IE R A
AT 1) ¥ A EE A T T AR V2 1) RO ) e 1
77, I RS RS EY 5 ) R RT B AE B
I3 B TG R HEAf 2

B9 AR IR e A TR S, RHETBUA A
20° , EYIKIFEN 3298 kg, EIMEE g B
9.8 m/s?, W T b1 1 K A3 A ) R 0 B BR AR 2
52 303.7 N A1 110.5 No IIR4E RAHRZ W3R 1 B
e GEREIR, 9 RO IR AR R 4T,



11 W

WRPARSE: BT 0p Brat i B/t 28 46 i 1 S 1 v 37 1% 3565

R ZE LA IIAE 2.5% LN .

ik R IR 4 R R 2= S, RS
A 5 o SEE A RS BEA TR, 5 R F)
9 ZHHHR SE BT X [F] — FH AR R 5 A A R % A5 1
R s &, RGeS FEA ¢ Al o3 M 7732, 43
H¥ 9 HIEJE 1A 9 ZH Y010 71 5 BRVSAE 4 RO AR
BT I, BEXIEBEN 95%, Killd
K2R, GRER, IEESSME S E IS A
REUE MR P {EN 0.745 (>0.050) , UiH &
ZMEARE [, Y)n ) seillE S E e
RPN 0291 (>0.050) , B 3% 2 Sk R AEAS

e

B3 REmRREE
Fig.3 Bevel loading test device

R PR R TR RS R

Table 1 Bevel test results of stress test unit

. MRS IEEIRE SRS SaiRE
/N /% /N /%
1* 304.5 0.27 109.3 -1.16
2 305.6 0.62 1123 1.59
3 308.3 1.52 111.4 0.80
4 3014 —0.75 111.8 1.10
st 309.1 1.76 109.1 -1.28
6" 3044 0.24 108.9 -1.46
7" 301.1 -0.87 113.1 235
8# 3052 0.50 111.3 0.67
9* 2974 ~2.08 112.8 2.02

i RE=[(ENME-HR )/ B (A ] 100%.
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Table 2 Results of paired sample z-test
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H: O @, @y @HRIFRIR 1. 2, 3, 4.

R4 OBREARRILER
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o PR %/ N EEUA A
1EES L1 0 B 05 o ) | 5 7 I S 7 ) | C
1* 304.68+0.28 109.40+026 4 4 <0.001 <0.001
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3'  298.08+0.54 112.73+0.33 4 4 <0.001 <0.001
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Fig.10 Embankment slope examples( unit: m)
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Table 5 Rock-soil parameters of example slope
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Z 3 @ﬁ
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Fig.11 Model test results of sliding surface stress
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Table 6 Paired sample #-test results between the three theoretical methods and the model test

g ik A FKIR N EHEA A A BEMN R P
2 1 9 IER A GREG-HBHED 0.988 <0.001 0.918
" VIR 7] GRIG-FLIRED 0.701 >(0.001 —
N , IER T GAES-BE 187D 0.982 <0.001 0.897
I =12 ? YIR )] GRIG-FLiRE) 0.432 >0.001 -
243 10 ER ) GREG-HEE) 0.982 <0.001 0.962
YIRi 7y CGRIG-FEIRTE) 0.864 =0.001 0.858
2 1 9 IER A GREG-HEED 0.997 <0.001 0.594
" VIR 7] GRIG-FLIRED 0.985 <0.001 0.067
\ . , ERF) GRER-FE) 0.997 <0.001 0.219
PRI IR AT = 2 9 \ e
VIR g Higi%) 0.968 <0.001 0.098
243 10 ER ) GREG-HEE) 0.996 <0.001 0.004
ZISVINQET ag 7R 0.988 <0.001 0.071
2 1 9 IERA GREG-HEED 0.994 <0.001 0.852
" VIR 7] GRIG-FLIRED 0.994 <0.001 0.967
" . . ERZ) GRER-FRE) 0.997 <0.001 0.965
Bt pri: w12 ? VIR GRIG-FE D 0.985 <0.001 0372
243 10 ER ) GRIG-HEE) 0.998 <0.001 0.290
YIN ) GRIG-FRD) 0.996 <0.001 0.144

PERIIIE S5 (U EVSENTE



11 W

WRPARSE: BT 0p Brat i B/t 28 46 i 1 S 1 v 37 1% 3571

X AAS U2 RS 45 R B, B iR DI
THERER SN RAAFAE R ZNEZE
43 o5t

KRNI MR GE RN S A, FTEHAT I,
FEVF SR IIEN I, 260k R ER AR A £
EIER RA —ErEitE, WEE EFE, 5t
PR AR AN BUE 7 WiE RIAERA B S =, (E R AT/ A7
FEZFVE. T T SYIN I, AR A
BUE I TIRBOE R, Sk AT A5 R 5 SEbr i 22
SO

MR 73 B o3 A S o el AL, TR 7370
A S AR LR R LR, REo e 1E BT 730 A1 5 3
LR BE D AR —B, BYIN 73 Ak
G VF R 53 A 1 5 S A R R 3 A A D A —
Bl XREPRNEG S AR L& sk s e 1t
FH— 2 BB T RBUE SO P /15 Tl 12 L,
PUR JIHEPUBT SR EEA L 5 OL T 5 IR T ELE,
AT ERYIN T B, FERRE TR R
FE R OL T T8 T _E IR 77 B0 70 A o SR R A 1
T A RIEM R, JWBRFHIHELERE
KRR 2 5 . R rTHED, 25 B 1 b
B il R BB, SRR N 2
AT A Re 5 SEBRARAT, A DU H A7 AE T PRAR
&N, B EA S RE T R BN 1.00 g1k, #
SEILAE M FEHE T R TR ST, AU G 2% 701
JE SCHEAT B0, AT R 5202 5N R R AR E 1t A KL
fIMEE, RIAOvr& e @ 2B 0 T4
70T n NSRRI, XEHSBOEN T o A
RAE, BORUETRERE, W EREARBGIA
—AFTRE . BB R, AL SR
58 4% 38 B 1 T N T AT AN T

XHLEEAE B RN T AR S S5 E T R, #
PERR MRS 1 AOTHR A R EL 5] 2 MBI 3 it
HAEREHLTSHME, 202 i RE RN
Ko G003 TR RBEAR /N W0, SRS
SRS T A LM E A7 S48 A e SR 2 T T PR L 7R e i
RV ZE . BEAh, MR, AR AR
3 T3 — ST, T 2 Sl S
T AR LA E RN TR B ATIE s BAe AT AT 4R
LTINS 0, (BRI FRIE AR AR T 50 S
JIAY 0, Af WP B MR AR T B0 S B & il
FHMPE R A, FTREAAERURIRZE; WAUE L
A, IZSRIEENRME A REE e LT R, T
75 FE I B, XA KOKFEAG 1 H N RV

KB AR RESR S HME TR, —

HAEIEN AN AT oA e e e, X
AR, Rl RAESRG] 1. =01 2 F, ot
HOUXAE LR, — 5T a] R A 261 1.
Z45 2 WAL AN TR A L, PR R T
HUARA B2, T B 20 AR I B B AT 25
&, GBS W2 55 T R iR
PR RGIRE . BIENE, BUESTTINER
AR RIETEA T Z & E, Rl e R 2% L
TEARFIL TR SEAE T o AHZZ AR 70 + LT AFAFBOE
MR R RS AT TR, PTRESINIRE, JUH A
BRI R . I, X T BUE DT 5 R4 R
AIEEPEAE A W R AT SR B

LRETAL, 3 AR OTVELE TR N I HAEAE
—REMIA L . FAR G IR IR E I AR BB
THEIR TR ) SR S B mZ RO, Sk
VEHERA U R TN A, AP AU R AR E
RECE L ER); SRR AR R, W] AR
A HER T S TR RES, HEE
B SEROR IR BE AT RO HER, (H5250
E T WA AR IR Bk, P BOL TREHES W) RETEAL

N
5 4

ALY T S R 0 i T K
PE, JFEE 3 AES, Ak B
71, 5 M-P ik, SRUERSME . BUE TR 3 A5
IR SAE RIEAT XL, AR 1 3 Rl A K A
T R 75 TS . BAREE RN T

(1) ASCoTH e B B ] S o 454
b, RN G e R R, 9 MERER
MR Z LB IITE 2.5% W, Gt fras Rk
PIREE R SR EEAEARE, PARERT
DNAEHRE B BE T 277 B SR 2R WY B ) A e TR A
Gf, AT LI TN 70 B AT DA I 3 T
DX 1 R A AT A7 o

(2) A4 MITRas R S gt thaiieon
R, X3 A BRI T AR SRR TS ) 7 THI A3
VEREAT VRO . PPN R, BB 7 Mk T DU
BT S T AR PR, SR B AR YV
W REUR M G2, (AR AR TR AR
5SRO, ANE T AR FRAR S 8 T B )
5.

(3) FRGEaF kR BRRR E M R B B2 S 3L
HIEHE TR N AT SR R0, 5 R824k A AE
TR B RIS, A b BN SR i AT B



3572 b +

& 2025 4F

R IE T IRt R, Rk
THE A B2 18 SR AR E 1 R Bl — TR R
B s

(4) ZRSCEsCt 5k TR A P 35T 20 1 22
WSRETTIE, ¥R TR E RS R . HiZT5
AR BA BRI IR, B0 Jeiddh e 2] = 4E0 3¢
M5, ARRATFTA, AT RUHZ VAN LA,
LRSI N

Z % X W

(1] RBARV, &0, BiET, 5 RMZERBGINTE

5 A 78 P 0 A WM R YA e R VA D). A I
5T FE2E4R, 2024, 43(4): 964-985.
DENG Dong-ping, PENG Yi-hang, CHEN Hao-yu, et al.
Limit equilibrium method based on stresses of slip
surface for stability analysis of rock slope with
introduction of local factor of safety[J]. Chinese Journal
of Rock Mechanics and Engineering, 2024, 43(4):
964-985.

[2] LIU S Y, SU Z N, LI M, et al. Slope stability analysis
using elastic finite element stress fields[J]. Engineering
Geology, 2020, 273.

(3] FhEAE. ST R ARG JE R ) = 4RV S S ) R

A BRSP4 470 0 A TH R B AL[D]. A b TR AR,
2024, 46(12): 2629-2641.
SUN lJian-sheng. Theoretical model of limit equilibrium
anti-sliding stability of stress vector on three-dimensional
sliding surface based on projection direction extreme
principle[J]. Chinese Journal of Geotechnical
Engineering, 2024, 46(12): 2629-2641.

(4] RAEIR. FETU RN A8 IR = R AR E IR TR
PRI R L TR D). &AL ST R, 2019,
ZHAO Han-tian. Based upon modification of the normal
stress over the three-dimensional slope stability software
research and engineering application[D]. Hefei: Hefei
University of Technology, 2019.

[5] PRICE V E, MORGENSTERN N R. The analysis of the
stability of general slip surfaces[J]. Géotechnique, 1968,
18(3): 393-394.

(6] Frav, HEE. 5087 )i NIPE RS ) 5 1
& B3 LR IKF AT %, 2022, 43(8)
2263-2276.

CHEN Bai-ji, XIAO Shi-guo. Static and seismic active
earth pressure on rigid retaining walls based on horizontal

slice method considering shear forces on interslice[J].

[10]

[11]

[12]

[13]

[14]

Rock and Soil Mechanics, 2022, 43(8): 2263-2276.
IR, 2. ARG IR A, R
SR (EREHERR), 2013, 44(8): 3351-3362.

DENG Dong-ping, LI Liang. Oblique slice method of
slope stability analysis[J]. Journal of Central South
University (Science and Technology), 2013, 44(8):
3351-3362.

BELL J M . General slope stability analysis[J]. Journal
of the Soil Mechanics and Foundations Division,
ASCE, 1996, 94(Suppl. 6): 1253-1270.

ZHU D Y, LEE C F. Explicit limit equilibrium solution
for slope stability[J]. International Journal for
Numerical and Analytical Methods in Geomechanics,
2002, 26(15): 1573-1590.

A, EE M, M. REEVE T HITE R D).
717, 2007, 28(7): 1285-1291.

ZHENG Hong, THAM L G, LIU De-fu. A slice-free
method for stability analysis of slopes[J]. Rock and Seil
Mechanics, 2007, 28(7): 1285-1291.

s, sEZR, WL, 5. WA E i) R 224
RO U7 [J/OL]. LR R 224, hitps://doi.org/
10.13544/j.cnki.jeg.2023-0329.

YANG Tao, HUANG Guo-dong, XIE Jiang-wei, et al.
Calculation method of point safety factor in landslide
Stability analysis[J/OL].
Geology, https://doi.org/10.13544/j.cnki.jeg.2023-0329.
FEAR, HRIER. Bt R 22 4 RBOEAE LA 1oy
BRI A 777, 2004, 25(11): 1766-1769.
WU Song, ZHENG Rong-yue. Application of variable

Journal of Engineering

factor of safety method to slope stability analysis[J].
Rock and Soil Mechanics, 2004, 25(11): 1766-1769.
s, IBHAR, MRE. RN R A AR L3R
A fEET RN HA 155 LIRS, 2006,
25(38 T 1): 2763-2769.

LI Liang, CHI Shi-chun, LIN Gao. Chaos harmony search
method and its application to local factor of safety method
for soil slopes[J]. Chinese Journal of Rock Mechanics
and Engineering, 2006, 25(Suppl.1): 2763-2769.

R R, WG, B AR B e K HAE TR A
FIM]. et o Tl it 2001

GAO Jia-mei, DUN Zhi-lin. Stress theory of wedge-
shaped bodies and their applications in engineering[M].
Beijing: China Coal Industry Publishing House, 2001.
sk, AREZMG. TS5 T B0 £ B R IRES
KA I, LREJ1%, 2021, 38(11): 95-104



%

11 # BRI

T3 B T B Ik 2R 46 e TS 0 T ik

3573

[17]

[19]

(20]

(21]

YANG Kui-bin, ZHU Yan-peng. Soil slope stress state
and stability analysis based on unloading effect of slope
surfaces[J]. Engineering Mechanics, 2021, 38(11): 95-104.
CHENG X, TANG H, QIN H, et al. Stress field and
stability calculation method for unloading slope
considering the influence of terrain[J]. Bulletin of
Engineering Geology and the Environment, 2024,
23(2): 60.

STIANSON J R, CHAN D, FREDLUND D G. Role of
admissibility criteria in limit equilibrium slope stability
methods based on finite element stresses[J]. Computers
and Geotechnics, 2015, 66(5): 113-125.

RGN, whle i, ZEEM, & TN RS HIL
ez 4 FBE TRV [I]. TR 2R SR, 2018,
47(4): 719-726.

WU Shun-chuan, HAN Long-qgiang, LI Zhi-peng, et al.
Discussion on the methods for determining slope safety
factor based on stress state of the sliding surface[J].
Journal of China University of Mining & Technology,
2018, 47(4): 719-726.

YANG T, RAO Y K, MA N, et al. A new method for
defining the local factor of safety based on displacement
isosurfaces to assess slope stability[J]. Engineering
Geology, 2022, 300: 106587.

YANG Y T, WU W A, ZHENG H. Stability analysis of
slopes using the vector sum numerical manifold
method[J]. Bulletin of Engineering Geology and the
Environment, 2021, 80(1): 345-352.

VB, BREHE, UL, RHBOIEE BN /g 73 A LA
PEARLE R BUERI[T]. & 1%, 2015, 36(3 T 2):
267-273.

XU Xi-chang, CHEN Shan-xiong, JIANG Ling-fa.
Experimental study and numerical simulation on
additional stress distribution of foundation adjacent to
slopes[J]. Rock and Soil Mechanics, 2015, 36(Suppl.2):
267-273.

FIRME, TOREE, R, & S G S BEIL BT

S L7y B B AR ES WE E)]. E A S TR

[23]

[24]

[26]

[28]

224, 2023, 42(8): 1866-1877.

WANG Le-hua, HUANG Tian-zhu, LI Jian-lin, et al.
Model test research on stress response of high and steep
slopes with structural planes during excavation
unloading[J]. Chinese Journal of Rock Mechanics and
Engineering, 2023, 42(8): 1866-1877.

o, U, EAER, 55 RN U AR AT IR
RERIGHTTR[T). & 1%, 2023, 4435 T 1): 234-248.
WANG Bin, LI Jie-tao, WANG lJia-jun, et al. Model tests
on accumulation landslides induced by extreme rainfall[J].
Rock and Soil Mechanics, 2023, 44(Suppl.1): 234-248.
HOU H J, ZHU Z W, WANG B, et al. A practical model
study on the mechanism of clay landslide under static
loads: from the perspective of major crack-stress-
displacement[J]. Applied Sciences-Basel, 2022, 12(7):
3224.

ZHANG S, PEI X J, WANG S Y, et al. Centrifuge model
testing of loess landslides induced by excavation in
northwest China[J]. International Journal of Geo-
mechanics, 2020, 20(4): 04020022.

v, WRIAK, 5K, & — i s v as R vE
W5 R R BG IR RS B [, 202411402768.1[P].
2025-01-07.

YANG Tao, CHEN Huai-lin, ZHANG Zhe, et al
Evaluation method for sliding surface stress calculation
results and its experimental verification device: China.
202411402768.1[P]. 2025-01-07.

FEk. giitorbr s SPSS IR M. dbst: s EARCK
WAL, 2017.

XUE Wei. Statistical analysis and application of SPSS[M].
Beijing: China Renmin University Press, 2017.

KRF, BTy, S, & X 3 Fh A iasiaett
TEINEMSEE]. A A 7155 TRRER, 2005, 24(2):
183-194.

ZHU Da-yong, LEE C F, HUANG Mao-song, et al.
Modifications to three well-known methods of Slope
stability analysis[J]. Chinese Journal of Rock Mechanics

and Engineering, 2005, 24(2): 183-194.



