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Stability analysis and safety evaluation of Yungang Grottoes
based on fine finite element model
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Abstract: Subjected to various natural forces, the disease of grotto temple is serious. The damage degree of
grotto temple is increasing with time, and the preventive protection for grotto temple is becoming more
essential. The preventive protection measures mainly consists of the numerical evaluation and on-site
monitoring. In order to ensure the accuracy of numerical calculation, this paper proposes the following

methodology: First, the three-dimensional laser scanning cloud image of the grottoes temple is used to generate
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a fine geometric model of the grottoes temple to accurately reflect its complex geometric shape; Secondly, H-B
criterion is used to fully consider the deterioration of rock mass mechanical properties caused by weathering,
cracks, joints and other diseases, and to obtain reliable rock physical and mechanical parameter, and then
establish a refined numerical calculation model that more truly reflects the boundary conditions, stress
displacement and possible failure path. Finally, the current stability of the grotto temple is analyzed by strength
reduction method, and the danger zone of the grotto after the deterioration of the rock mass is predicted by the
longitudinal wave velocity of the rock mass, and an early warning system is established to realize the preventive
protection of the grotto temple. Taking Grottoes No. 9 and 10 of Yungang Grottoes as an example, systematic
modeling, force analysis and stability discussion are carried out by using the above research ideas. The results
show that the grottoes maintain a stable state as a whole at present, and stress concentration exists in some
areas. By simulating rock strength deterioration, the potential instability risk area of the cave is predicted, and
an early warning system based on rock P-wave velocity is established.

Keywords: grotto temple; stability analysis; safety evaluation; H-B criterion; refined numerical model;

precautionary analysis
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Table 2 Exploration parameters of caves 9 and 10

H/m o/(g/cm?) o./MPa 6.,/ MPa
29 2.492 59.42 32.53
v E/GPa o/() ¢/MPa

0.192 16. 81 42.81 11.2

TEH 59 10541 G I 76 30 3 00185 BE 5 0 6 VK% BE 5 0 R TR0
TR 38 E 5 0, e MR K B BT S E s v A e R RA LS E R
IRSRPERE AL 5 @ R i R N BE A 5 S R RN R T o

LB 5 A A AL BT Y0 B A0 3, A LLOR fif S8
A A, R~ ERIEM S, M
(ol B 4 45 ) o 10 e PR AR B0 ) et X TR )2
A1, ANEE BB A A I LSS g A vk, R, B
ST — I T AR R X 3R 2 Y 2 S T
Prva , DA AR BOAE 76 9 3 Rk 6 19 1 o PR Y S B
RS

F I H-B 5 B ol ) >k 25 18 5 1A 5 Bk [ X
RS B TR . H-B 5 EE VDU R T R e A
SR MR REMREE RN, HEm AR
k2 oy

01203—0—ac(mbag/ac-l-s)a (D

Koy 0y 530 LR A I e K e/ T E
0. 58 BERUE A7 B B T 58 B sy, s Fla
WS, m, 5 O RE A O 5 s I A R
FURE B OBV [ O~1, 583 A 1 s=1;a 5 A 1K
KA K,

ML) FE 2], H-B 5 B2 W g omy, s Fla =
A SR S B B W 5 A5 3 6 L B 1 T 0 2
my, s Fla Al (2) ~K () 3 E

G — 100

my, = ml_ezxfmr) (2)
G — 100
s=eo W (3)
1 13 20
a—2+(e 5—¢ 2) (4)

KD KA A SE, Bk T A7 R A
R B P20 B BT, Qn AR i A IR T E A R ) fr AR AT
R, BUE S [ A O~1, A A3 8h iR, HAE R, ]
iz 18 3 (5) BUE™,
D=1—K, (5)
K (5) i Ky WA R 58 360k R0, il MR 2 1k
(1R NI D S 2 A T B
Ko=(V./V.) (6)
S Vo o SRR A v B A U 5 Vo ok e A R
WA A NI D . K E MU, 26 0 A R Y o
PR 2, T B AL R ™
ARG (I &5 ) T, 28 9 .10 SR i 1 V=
2800 m/s.V,=3374 m/s-



% 34

ERF A THuARARNYERN L ELEHSNYG %AF4E 71

A 20 (5) A= (6) AT 45, 28 9 .10 510 & A 8 3 M
ZHK,=0.689,# 3155 D=0. 311,

G(GSY) 2k 5 A1 1) Hb it 5 B 48 Ar , L {H 7E O~
100, BU T A R B 450 T LS B B R . SEPRA
UNIOR NG R UN L SO = N DA = WS R

G=1.418B"""'—5 (7)
B =190+ 30., + 250K, (8)

* 6. = 90Ky + 30fF, LA 0., = 90K, + 3010 A
KB ;4 Ky=0. 046, + 0. 41}, 2L Ky =0. 04, +
0. 4R AR BIH o oo, N A WK BRGNP E 58 5 Ky

ORI e A S8 R AR

XFTH 910 5 B, A A iR K 5 A BT e o
0ew=232.53 MPa(3 2) , W] : B=359. 76, G=50. 87,

mi NE ARSI, SHR S A NT Y a A
O, R JB B LB K

A A V) RS PR o BUE L 3. R
P (2R 5D, 55 9 .10 530 i 1 4 iR L 22 )2 B K £
VIR AR~ DR e T A A B b A L Lt
Bm=17,

F3 miEMERER(FS)
Table 3 Approximation table of m (part)

ANTE] ST AT B o {E

R s R ¥R I o L
W 2143 Wbs 7+2 Fitd+2
i MARA 1945 e 1744 b5 18+ 3 T 62
SR P 712
U divEN ghE KA 1243 B K 102 TR RA 9+ 2 Mz 9+3

[ BERSE {7 8+2 WA 1242
ALY HEET7+2

B 25 AR 45 4k, S BR R B b A8 P
(g )b il g m A r2= 5. al i =(9) .
210 ) B 2 1 80 I 4 5 A 3L P A

2 5. << 1000 .

G—10 D o. )
E,=10 © [1—— | | 9
gl

4 5. > 100 B ;
G—10 D
b (12
2

28 2 A R B A A R TR SR E o=
59.42<C100, W) % FH X (9) , iF % 15 8 £,=6. 844
GPa,

i1 2 (2) ~2K (4) T 45 H-B 58 32 e 0] 4 2 2856 5
Bom,=2.124 s=2. 25X 10 °.a=0. 505,

4 BHRITHTHM-CENSE

JL 48 Hoek-Brown 5% B W A FH 32, e 8 A
BEa-Ea TR 7] R A NP SR LS AR N 27
PR SR AR 27, (H 24 1 H-B A Fg B 08 AV 48 il 7 /D %1
LA BT, Tk B ABAQUS 453 A
FROCEH A . A2, M-C ofE ) R 2 54 fRj
B B SO R ATz N TS BRUTE o3 A

(10)

ac[(l +2a)s+(1— a)mbag”}(s + 7721)6371)a 1

T R B C A RF TR I, R H-B i R o 0 i 4
MM-C S8 A 92 bR TR P BORAS S iR 45
B M-C S HO0 Bt F TR 8 B bk i T R4
S PR AR )R AT W5, S8R T T AR AL M-C 280
PEAT B > BT A AT AT 1

M-C i ) ik 500

1+ sing 2c0s @

c (11)

o — . 03
1—sing

BN AR NCA S DS E 2N IR NI 2 N S VAV KRR
RN EEE A s N E RN TS

B H-B e W 1A S S B A R TR T
ABAQUS # {1 i4 f1 fad A2 P 0 B 19 G B A T,
i Ff H-B 58 B2 i I 2 8045 5800 M-C 5 B2 9 T 2 %
@ Ml e, BT 52 BAE ABAQUS KA 7 25 8 5 il ik
B 2 ) 1) A e PR A SE B 2 PR RE

Ao B A Ak B 2 M, AT AE R 10 Fi 7R 1 R E
He /N I ) X JE] P R T H-B R M-C o ) i) 7
5 T FRAH S5 1 B 0 SR M-C S8 o Fll e,

R M-C RO A

1—sing

3amy(s + mbag,,)rl
(1+a)(2+a)+ 3am,(s+ mbdg,,)rl
(12)

1

@ =sin_

(13)

(1+a)(2+a)/

1+ [Gamb(s‘ -+ 7n1,03,,)ay
[(1 +a)(2+ a)}




72 + K5 33 8 F

F]OF & ) %47 %

04, = 04/ 0co
XF 3 b AR M BR A 1 B BRAE 0. 0 (14)
T -
Cin = Osmux/ Oc 20.72<a /)/H)io.91 (14)

Ay MARERE  H MR E) 500, AR
Ak B, vl 2 C15) o o
[thrlLS*a(mb* 85)} (my/4+s) !
Oom = 0. (15)
2(1+a)(2+a)
A 2 (12) ~20 (15) W] 31 545 21 45 2401 M-C 54
¥ &% c=1.015 MPa.p=30.6".

M-CHEN]

1+sin ¢ 2cos 9.
o+
1~ Tsin 0 %" T=sin w

o,=0yt0, (m,05+s)"
370, !
H-BifE N 103 max

|

0, 0 I 03
10 o-0, FEEMREN X
Fig. 10 Area balancing approach on ¢,-0; plane
LA A T I N 1 U U - B = N I S
W4,
*4 ZRAESEHITIEERER

Table 4 Rock mass shear strength index

¢/MPa /() E,/GPa

1.015 30.6 6.844

TR B SE RN R 15 @ AT IS S5 RN BB AR S E, AT
Ji R

AR Y S BR300 5T U1 Bl R A il
BEIR , X T 0 5 2 P T R & A i R A9 40, T e 4%
M-C @R HE ™ 3R 3k 5

ﬁ:61_63N¢+26‘AlN¢ (16)
fi=o0;— 0, (17)
N, — 1+S%ngp
1—sing

K o WIRKR TN 505 /D ENTT 50 Rm A

i
it

SR JRIX.

(a) BIYIAL N WL T o)

(b) HEARRLY

BRI 50 WARNEBEAMA ;0 b E RGTHI8RE

MR R B — N AR <0, T & A B
MR . 5 R e — SO 7 2 > 0, ) & A= fir i
{378

1 ABAQUS 4 wp LLFL R T3 Sk 1E R T o
G, B, fe K 32 2 Bl — i S e iz v g 4 e B
G PN S S X G KA R RBER s /N B =
Pl — it S e 0, Sy SR R 4, RN T SE X 5 kR
SYUIMEIR . TR R A N g 2 b XA A LA R
PR DX R TR AR 0 T b TR A T R & A R 1
78, 8K S 3 a0 A 3 ) R
U R A BT U SR AR IR

XoF ) 0 A R T AR T M XY
R AE B HEAT I W, AR A A AR TR R T i
S (1 ¥ BEOE DX SO0 A Y DA A T R A R
AT RN,

5 HETESEREREMESN

ETFHBMHMCHELE I ESH,MH
ABAQUS # AT B 1T 15 2155 9,10 % i i 76 &
BT AE R BB AR 40 A = B I L n] g Y
IR L HE AT 5347
5.1 AESMERERE

B 112855 91051 fi 76 55 ) for 204 B R 19 28
X E RN, nTLAEF, 5 9,10 53 & By 17 S A
SRR R b R N A MR R IX,
Ho At B A A X B W, Ho 58 9 5 TR i 22
SERE (A 288 ) JFG 31 45 200 0 M 7 2% e K

I M X B HCIR A R B M BE X, 1
B A fa R AR DR 0 B A (R A T AR
Wb FREIRA . BEE B ER AR — P %
b, b X 2 i A 90 B 3 X & A IR ) XU
PER K 7E H 8 P A% Ah e T

| SR F R X

S IR X

(c) T &1

11 I 10SHELEMHLRERE
Fig. 11 Equivalent plastic strain of Cave 9 and 10



%3

ERF A THuARARNYERN L ELEHSNYG %AF4E 73

52 AREBMNERAST

Pl 12 1 7 76 8 ) faf 80 F R 9 B/ 32 0 )
A3 AT DL KO R I . T RUE B 5 901050
Tl AR T 4y A R ¥ 51 (B 12(b) ) HAESS 9 51
i Fe A A 1 3 A (1 12(¢) ) Be 56 10 51 e e 2
A 1T 3 B A (BT 12(d) ) R T 46 v B 4 A o %8

(c) 95 /& GRIIAr e 1, 951 1)

L i X 5 ke A B YIRS AL T B 1 )
L SREEE O Y R APAE K Ll v SN SN PR R [
BSOS 3 T A A7 MU A 11 35k JAD A 5 04 0 A7 (R
o,=—4.34 MPa, o,—=—0.58 MPa, it a4 f.=
o1 — 3N, + 26m>0,iﬁ%}£@ﬁ%*gﬂiﬁi
SEUIER , BaTAb TRE RS

.662e+06
—2.958e+036
-3.254e+06
-3.550e+06

(d) 105 & & m GRlEn s & 2, ALK 7 2)

12 FI 0SS RAERMNERA=HE

Fig. 12 Minimum principal stress of Cave 9 and 10

53 ARBRAER IS

Pl 13 1 5 76 T ) ff 84 F R I R K 32 0 )
G AT 0 B AR R T B o nT LA B, K A X R
T3 A R ) RS 9 .10 53 PR LA R 4 B
I £ TR B Ry A O SR T A ER 10 53
AL TR (1 13(e)) 9 51l T & 06 . 9. 10 5
) o S AT 1 G Ak K g e P B TR A (] 13(d)) .
1 47 g 4R v X SR A B e A A IR 1
JE A SR — 25 R R B S RS O 2 T
PERGE  TEREEN
5.4 AHRERH

XF T SRR A ST LA YRR M X
ROEED i o s - A (S o O i Y AN |
AR 91051 T B9 Ah S AR KAk ™ F, AR Ay 6
JR A VE VR, ST AT Y 2 A FRB0RT S8 ao R R T e ik
P BRI Y SR O AR ) A S
P T ¢ FIP BE AR o (900 6 (A A7 N 0 (X
(18)) , M A [ H7 U 22 50 & AEL X oL 14 ¢ T g0, T A B
JURERY AT IR B, 2 A i Ak W G i ) O ARl A
AR B, X6F 107 1) 47 0 22 30 g 22 4 R e

(18)

tan ¢
k

e TS RT3 0 R T IRUS Y N EE 4
f s R RITI R AL

i 55 2 et B T HR 25 1) 0 T A Hf A7 3 b - B 3
SRR LS5 R A 5 67 57 S il 42 11 B 45 a8 T O &k
o 98 1 B XY, — T, DA TR WSk
JI AR 8 25 5 3RO #9724 FR B0 K, A 9 B
DX S S DB 40 38 I 1 R 2 1 N R PR IR
P8R o SE AR A (LA R X s, 1) B
3 AR Ry ST A A VR BR o 25 AT U R AR S
(f-u) 28, WLIE 14,

R 4l &1 14 JF 7 19 Hr o 3R 8- B i &l o, A
TR A RBONTE 2.5 &8 A A T 15, 309k %
JEA TR A A 1. 437 (HE 5 AR R Ay 5k ULk k) 22
], FTIA A 25 S mT4E o B A AR S AR 1 Ak T ek
AU AR B KA R 2 A RS AN U
SERETE R A AFAE R T mT B .

6 EFEAABESUHNAREERMERN
X RS B A T4 R KA S R

¢ —1
C;\,:Z,gokztan



74

% 47 %

ENTHD
W 71612

i YRR
W 771601

= fos i
| R
i .

(e ) Jal PRI #4879 T (o D07 5 1, IR IRT Dy 1l 1)

-9.385e+05

9 BRI
e

(d) P TR & 1T R U0 o 8 2, AL 5 ) 2)

13 FIVWSRERAETNNZE

Fig. 13 Maximum principal stress of Cave 9 and 10
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