ETRaniE RSN RE R R RE IR AN

Pk, ik IR, XA, LR, RO, FIRE S, ERMA N,

(1.B & KB TRIBA LI LA RS, W AR 610093 ;2.4b 7% b £ A4+ 47 & 52 A AL FF 02 A TR 8], b
100176)

W OE:[88)] ABTAZKRERRAZTKRE TR IR AT, MELTFIEHBE S A2
ARAR IR A T k. [ 7R ) A LA & 8 RN 3t F i AR AR B8, T R AR B L IR RGAZE T
B A v . Y, 38 AR B et R GR UM AN SRR, RIRE SR | AR £ IR E A E IR R R SR
ARG 164, A A m R D —Rm i AR ESEA, [£R] ODLEER MM iL L4
W AFAE, B T AR IR Ay 245, SOE R BELE N, MEIEIE K, PT#R b 69 3 AP A5 ATRAR 95 A A %] @ Rk
FAENERAE, QEATESEMX. MEALHT, R DRI BEREEALTEEEHER
FRDMET RS A BTRATELZEAMW T ETRFTLE ., QAPAT, REWA T EAHIIAMN “4
T 5] “RE” B AR, £ AARATL 95 min & AR T M, fi% % 3 IR KT B A5 ARAAE 47 3R AT 1
s K3, ZAPIBRAGATE M BATIR IR K LA R ERYE., (L] ATHIHMEHESEG S5
FIRAGATAE A AR AL E A B RAA R E AR, THEER TR ERBEFOHR L H. Ak
Rit—F TR AR A . ZIRAEE S IE R I A R T W IIEAF R, o) i% 7 ik TAE R B

A,

SRR 45 BB R AL S SR A B L AR IR AL R T

RESAES: TU4S XEFRIREE: A

R[] B 38 R, T SRR A, i IR R R A
], XK RKHE TR A2 T2 IR A %
ARG R MY o i SRR A R i R R R R AR
AACRMER BRI, LI a1 s, 2 K8
Trbed, BEESRNE. ST WS HRHIE
(31 2 W I P 1) B S

PR

1 RS GENREE

Fig.1 Schematic diagram of tension-splitting rock mass

W Fs HHA/Received: 2026-01-20

PRI S AR I H 225 G VE BRI, K
AR AN 2, T R ASEE AR IR GR S, AR S fS
FRAR A DLRAE SRR 2 M B A 35, DR, R0 %
PN AR 405 B DM B ) M 00 5 e 1l 4 i S )
BT fEA AR ERA R L — Rl R AR R
W5 LA IR DY RS P08, A NI IR ET
A, FLAR B SR R IR A AR AR B AR Y e IX
PLEE, “EE N BESIRIAR SLOTE T RGtHkasE
PEVPASBIF 7T o

FEBIR TS TH, FHoA SO IR 78 R P AR ALK
%, B T AR SRS ) Z R AR . BIHLE
SE S s IR A N g 5 T T S PR T,
eSS T IR R RS E RERIE L X PR
RS WIS 2R, gl 7 &8 e s ik
FasE R EE HE AR KR 5KIE 5 FOE
TSR e ] - SR S A, SRS T AR K

{&E HHEB/Revised : 2026-04-20

EEWA : FH X BeIRERBIFHL BIH 0 H (GINY-DDH-2023-013); B 5 5 it A v 5 H (2023 YFC3081400).
F—EH =78(1993—), 5, TR, B+ WS /K B TR 224 5 T AIAFFE . E-mail: 12091545@ceic.com.

BISESE P H(1995—), 55 B BRI 77 51, 18 1, 3 8 M55 i B ok

EHLFE A . E-mailthezheng ustb@126.com.



fe AT file SRR E B 1 R . R R R,
fa R E R R 2 B o1 A A AR 1)
TR,

FEGRIRRIE F0 07 THT, A 5% 538 i 0 &1 50 S0l s
fEE R AR AL, BRI fE A AN R AR e PR
AT WA A AR E . Ma Guichen SE00-1Ef
o AN I3 B Jo B RO 485 T AR AR g il e ik
5, RIGAS R AT 5 F A8 A G, HAR e PERRR
PEBE F AR N . Du Yan 25023 T3 R R Bk
BRI F8 H, AR BRI T I 8 B R T AL
2% He Zheng 553l I 3 5 4 AT H2 HL 2 4t
BRREAE, R ILA B IE IR 7 B A RUR WS A e
VR RUH R RIS B TIREIIZE S IRME L
TR FE A LG L | 32 SR I B R4,
W T Z SRS KPP R R REFEEIERY T
— 75 B A Bh 2 A TR VR A B G A T S R — B
[ A AR [ 7 1

5 bR, B 5 W B AR T RS RER .
Burjanek J 25 10-1IEE KA 7R BT 1L () PA85540% 20 e ) v

I, ANFEE VR DX R AT A7 AE W] SR ORI,

H s RBORT7 17 5 24B5E M #E B . Kleinbrod U %
US-IL H, IRBNTBOR RECATAE N 16 5 A 1 1)
H X8 R . Bottelin P Al Baillet LROIXf — kb A Fa 5
R HEAT T KA TERE IR EZ IR, 45 R BoR7E
RRAERT AN H A, HFES B T4 24%, 1358
Bl W W BE 8% 48 7 A% G 0 # T B LA B 1) 5 1k
NI R . B TARYIP IR T Bl sh 244
TIRRHE 5 fE A RAS Z A e, e B At
1 S I 5

gr b, CEMAREATE SR faa k3R
BRI e 2 T UG B R R A AR 5 [,
T IR B AT S B0 35495 1R 7 A TR I R e
TAEGARTEI I . SR, B A sk = 5 lsh 2% 44
T2 Eisda e e IR ARE I . Ak, A
W58 AR 248 o 5 RO B2, TV B i 7 47 3 A

R, PRI B A SRR A AR E PR IR B T 1%,

DL A fs S R s e M 3 (e
1 R
W B f 2 L RO N B R T R 4G, 4

FE) 953 07 55 P XS I 5 B8 M PEE R 55 o 22470 S A m]
WA A H 3 B bR AR Aoy . 8 hE

BRRE, & EARIRI AR 2 o .

-
v

=
B2 fuRBEE AR AR
Fig.2 Schematic diagram of vibration dynamics model for

tension-splitting rock mass

L 2 AN, S AR R ) ARSI
RSN 15 TR R
ml*6 + EB
3d
K m NfEAKRE kg, g NEJIINE
&, N/kg; L ARG OB G T O FE R, m; E
N R, Pa; B S MK E, m;d AL E
FE, m; 0 NFES, (°)o
WKHEAR B 27 S, T HE T A o R T % e
I [ A0 3 A 5 KRR 29391 M

3

0=0, (D

1 | EB’
0=\, (2)
27t \ 3dmL
2 3dml?
A=x2 4 202 (3)
B

X o NEE R, Hz; 4 NEKIRIE, m; x, NY)
UGHIF% .

18 2 AR A5 A0 T A Ao R R S 5 A 45 ) T e R 1)
S5 ORI AR PIIR o BT 45 4 THT 52 S 540
AR, ) 6 5 ) B K AR R -5 [ AR 3 B A 4 iy
HESES . HREY RSN KE B/~
i, SR THINIFERE 2 BRI, I £ 8. AR
R, B Err@E s 28 (s B, feE
A T fEE AR e M SRR . SR, S
bR —4RES T a A RS R oA R 28, st
RIS — 28 M ISk .

2 AEikIt
21 RRBBERPIBIERG T

FIER HARE MR AR S RS
P H B F R RE M, BB e G2
PGS R 55 SR ARG R FH 4t — M Rkpe
SRR 30 3 T R 25 0 30 A 4 B AU, S 7Y
gk AR R ROR SR W 3 Fis . fEA ik
SN 45 x12 x24 em, S E 82108 36 kg, a5 1K
= 18 cem, T E N 12 cm, T EKE N 15 cm.



24

(
_\ . % IR
BAL: cm N AN

15 _| 30 |
(b) ARG RSF
B3 A e AR
Fig.3 Photograph of the physical model

Py BRI B LA RUBCA (6 ) 22 S 80N
7%, IR IEUE SRR R 11 N &L
il RFEE 100:1 () MIBEAT BC L it BARFTRHE
t5 15225 R AR 1A 2.

®1 AALMEEER

Tab.1 Mix proportions of similar materials

L

ol Kol

ARy HEAAR OF S

FUE L 6 4 1 2 0.3 0.002

R2 AR ESER

Tab. 2 Mechanical properties of similar materials

SUBEIN=, JR A FIME AR R E
2 /(g/em?) 2.846 2.829
PLhisEfE/MPa 7.79 0.12
P 5 5/ MPa 89.89 1.01
MR E/GPa 33.07 0.28
TEFA B 0.17 0.26
K55 11/ MPa 23.187 0.19
P BEEE£1/(°) 40.68 50.00

22 ARYIEITR

T B SE A R A [ AR e RS, e ST
JRIB AR UIE], MBI R R E . PR,
I ST BN EE L9 14 em, BRI 5 5@ L2 0.78.
RIGIL G E 8 MR UIRPIRAS, X RLfE AR 8
P2 ERRE, TR UIRIR B 2 emo BT 5 CK
RACEDI#E T, J5 2 CRARHaTI#], /)2 ER
TR P B DR B )P H4ME . DB R & B a0 B

4 FI7R, B Aa g IR X R R BRARFE S UL 3.

vk o
= TI#2
B
] VI3
£ YI#l4
t
ZEIR 21
DiEle| |
HA7: cm Q87| [y
#

B4 REBVERETEE

Fig.4 Schematic diagram of fracture cutting states

R3 PRARBRERHLR

Tab. 3 Characteristics of different fracture states

& P LB S /em R EEL
0
0.11
0.22
0.33
0.44
0.55
10, 12 0.61

10, 14 0.67

=
7t

—_
S ook NO

0 NN B WN -

2.3 BN

AR RS L e A AR IR R 11 75 i
S, A B AR TR HLA B IR B0, Fik ] 941B Y
FadRas RAEB R I b, S A i T
T, F64fRas FH A 8 [ 52 Tfa o R TR - 86 1 fa i 44
FEIRETHRAN N B RO T 17 5 R 22 B 7 [
F-3 FLT, SRR A RR I T AT B (] 3(a))s
PR 75 Dl A0 AR AU NI BB e, 2 52
TEATH IR, H [ A7 4503 PRSI A RS 7 7 2 i
2o KRN ELH 7 T AROK 28 ok 22 a1l
D RS 26 1F 55 S B AR A, JE L T 5 i SR,
il fe AL IR B IR A AN 1 pm, R #05E
RAEMAN 800 Hzo L5 L, FRUE AL 73BT AT A 2L
S W 4% SRR P 1 T 51 S PRI 57 R AR AR A

3 ZHESFAERE T

3.1 IRESHFES

TIURN ST iz 24 1Y s 5 A 1R Ak ) 7 45 12k
BT AR iE5 e AR ST TS 7
B, Wl 5 B, B 3 B4R AL o) B KPR R
B EARIR S HLAL RSN, AH R [ G AR ARK K2R
184, 276 F1 373 Hz. %45 BN J5 SR 50 £ 1A
Wttt T EIB 2%,



()R
5 SeEAEKET 3 MIRESEE
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Experimental study on stability identification of tension-splitting hazardous rock

mass based on microtremor spectral morphology

Gao Qiang!,Peng Tao!,Guo Jiacheng!,Liu He!,Tan Yibo!,Zhao Bing?,Lu Xiaoying?,Wang Jiawei?,He
Zheng?

(1.Dadu River Basin Hydropower Development Co., Ltd., Chengdu, Sichuan 610093, China;2.Beijing Zhongguancun
Insititute of Safety Science Co., Ltd., Beijing 100176,China)

Abstract: [ Objective ] To reveal the microtremor frequency-domain response characteristics of hazardous rock
masses under different stability states and establish a stability identification method based on multi-parameter spectral
morphology indices. [ Methods] Taking tension-splitting hazardous rock masses as the research object, physical
model tests were designed to collect microtremor responses under different fracture damage degrees. Fourier
transform was adopted to obtain microtremor spectra, from which three spectral morphology indices including
centroid frequency, standard deviation frequency and mean frequency were extracted. A partial least squares
regression model was built for stability coefficient inversion. [ Results ] The microtremor spectra of hazardous
rock masses show stable bimodal characteristics. With the deepening of fractures, the dominant frequency band shifts
leftward (frequency decreases), the bimodal spacing narrows and the spectral amplitude increases. The three
frequency indices can effectively characterize the evolution of spectral morphology.  Under high multicollinearity
and small sample size, the partial least squares regression inversion model presents good stability and accuracy.
Before collapse, the inverted stability coefficient changes from slow variation to abrupt variation, with an accelerated
decrease starting about 95 minutes before failure. By contrast, the traditional fracture opening displacement rises
sharply only 1 second before collapse, indicating that frequency-domain indices have obvious advantages in
identifying early collapse precursors. [ Conclusion ] The multi-parameter frequency-domain indices based on
microtremor spectral morphology can effectively characterize the stability evolution of tension-splitting hazardous
rock masses and provide new technical support for early warning of rockfall hazards. Further verification under
different fracture dip angles, discontinuous fracture characteristics and complex field conditions shall be conducted in
future studies to promote the engineering application of this method.

Keywords: tension-splitting hazardous rock mass; stability monitoring; spectral morphology; microtremor response;

damage identification; collapse precursor
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