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Acoustic emission and crack evolution characteristics of cemented tailings backfill

under different loading rates

YIN Shenghua'?, ZHOU Yun"?, YANG Xiaobing'?, CHEN Wei'?, CHEN Junwei'?
(1.School of Resources and Safety Engineering, University of Science and Technology Beijing, Beijing 100083, China; 2.Key Laboratory of Efficient Mining
and Safety in Metal Mines, Ministry of Education, University of Science and Technology Beijing, Beijing 100083, China)
Abstract: To investigate the dynamic regulation mechanism of loading rate on crack evolution in cemented tailings backfill (CTB), uniaxi-
al compression tests with acoustic emission (AE) monitoring were conducted at loading rates v of 0.002, 0.004, 0.008, and 0.010 mm/s. By
analyzing the time-varying characteristics of AE parameters, including ring count, average frequency AF, rise time—amplitude ratio RA,
and r-value (RA/AF), and applying unsupervised clustering to RA-AF datasets using Gaussian Mixture Model (GMM) combined with a
moving average filter, crack types and their evolution patterns were identified. The results indicate that: (D Near peak stress, AE ring
counts of CTB exhibit interval oscillations. With increasing loading rate, the fluctuation amplitude of ring counts during elastic and plastic
yield stages decreases. (2) As the loading rate increases from 0.002 to 0.010 mm/s, the concentrated range of AF distribution exhibited a
progressive compression from 0 — 150 kHz to 0 — 100 kHz, while the RA distribution range expanded from 0 — 5 ms/V to 0 — 10 ms/V,
with high-RA signals concentrated in the narrow band of AF < 80 kHz. @) The increase in loading rate significantly affects the post-peak
failure mode: the proportion of shear cracks rises sharply from 19.11% (v=0.002 mm/s) to 64.23% (0.010 mm/s), indicating a shift in fail-
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ure mechanism from tensile-dominated to tensile—shear composite failure. @ Based on stress stages, GMM clustering divides crack evolu-

tion into four phases: tensile crack dominance (0 — 20%oy), tensile—shear crack transition (20%a0; — 80%ay), rapid shear crack growth

(80%0; — 100%o07;), and tensile—shear co-dominance (post-peak failure). Among them, the rapid increase in shear cracks at 80% — 100% of

peak stress is identified as a precursor to localized instability. This study provides theoretical support for stability analysis and failure pre-

diction of CTB.

Key words: loading rate; cemented paste backfill; acoustic emission; r-value characteristics; crack evolution

0 35

FEIETF R A ARAEN 1R TR PR T 12 0
AL, A0 B2 3e @ = s mfiess, = b= i
W AR R e P et S A E h E B
W FEIE A AL, H oy 2R R AR e e B W R A
b2 el R e o Bl SRR ) g 2 B 5
N A AZ 1 22 T 2R s e, o in gl 28 v 2 e 7
WAL M A EEN R —, bR
T AR, FEIER AT REAL T[R4 R 1 In R R, 911 n
R 5 M B A (AR TSR Y R, FEIEAR W] BE 28 I AN
) 3R N S gk Rk, BFSE AR v R e AR
HIZEBEACRHE, X T PR BIAHLEE i b seiE T
AT I 2 A v A A B M (A TR

UEAF SR, Bt e S BT AR 1 R e,
SEEAN TR FE BRI F1 28T TR TR, 5
SR 720 32 L AR | et il %
gt Ry U SN R AR . LRI
FW, FEHURAE gt B rh S & a8 | R X
BRI 4 U LIu S 3R R
T T O B i A ST UM R Y ) 2 e A T IR ST,
o R Al il 0P =TI A (A 341 i L A
ZHANG ZEViF5E T 8 S K R AR 45 e UAHY 71
e AR AL R, B 9T 2 B R A KOR SR A
TE RSN 40 T B0 H IR PR IR, AR B B i i ok
AR, 16K BIWEAR R 3 1 5 R B R Rase 1
5K R AU X s 4 FEARUAR 14 g 20 17 % il R 45 5 3
AT TS, K IS EAE T FE AR Y 32 oy fi
PO A R R o R i e e & R B B A ik
i B A IR B B 3 ANBBr . H AR X s A
SUE ALY B TR — v TR IERHE AT,
W= RGENEIRDT v X RS0 b AR RS HIL ]
M, L, A EIF AR v T IR LA
FUEERIBESE, DAilE— 248 7 LRI, o TR S ik
PEftE R

oA SRR AR IR B 2R,
HAR PR R RSB, fFEibd i,

il

7 RS CAE) AN Ay —Fhiss 7 8505 A RS OR P A
FB, 9z TR G A oY . R SHE
Sl TR B SR A, -l T R E S (RS T
B, SR AF TR Rl -IE{E L RA %) RAEZ
SR ARREAENT S BRI R, PR S R T ]
RGAEF RSHE SR B R B B 22 5, fr b
U H B B AF FEARAY RA, 1 59 B 24800
SRR Y BT, 51 R ITR AR B
W, T YRR TR AR, R 24 e SR
O3 3R X 43 in A8 A v e 5 Fe AR B MK 7S & 0 AF
K KA RA, #E—2 %1 = RA 51K AF (95 4y
TESEATHETE, DTS HEU A 87 7 FH T e 45 se ik
(BRI ST TR

FEXIASIA] v I 45 se A i) 24 a0 AL R IR R T
5T, B e B AR v R AR & 555 (IR 1T
. RA. AF., RA/AF %) I ARRRAE, BR3T v X &
P S BB ;SR BT TR A AR
(GMM) #1255 7% 2 F- B uB I 5500k, X se i iR
R BRI W TR T, AU 28 T T
HEAL B AR SR v %A 32 G I i SR
A FE M, 48 78 TR AR S0 A0 1 B B Rl 43 B H Sk
FERRIE . DAAh sElRAR A AR e Mo BT S i R T
BEHS SRR, IR I SRR U A R TR LR
AR

1 REARKER

1.1 R
il £ e 48 FE AR RE O AT R B R (S R
W), REER R (S REBRERKIR P - €32.5) K38 A
TR o I FH SRRSO 2 4 1 R A s B 43 A
(Bl 1), BW R A& M4 SRR d=043 um,
ds=3.15 um, dg,=4.03 pm, H i BP9 AN 1 5] R 5L
C=9.37. MFE A% C=0.95. RIFRIIE T E N
68%, KBSV M 1 ¢ 8. IXFE N EAE 50 mm, &
¥ 100 mm [ BIFE(R, 225320 4 21, A 3 ANl
TRRE 0 1 25 7™ 4 42 B8 JGY 55—2011 %3 TR B¢ 1 it
A TR Y B AT R AR O Ak
AP FIK e 785318 G, Bk 5 5 B A bR s
251



2025 4F5 6 11

# £ # F H# K 553 %

PR 24 hfE EEE S AL . BE S, X RE AR IR R
(22+5)°C . FH X B 75%+5% 09 514 F A SR 35 4
7 d JE AR, AR 2 B

00T % gt R
B AR Ry
- *
80 ) 16
N I"I N
= 60f Il I =
e e
e I 48
= o =
B 40 - **’I*l I g1
*
x
I“I:!ﬁ“ll | 2
20 + I ** | ]
ll 'l*
1 o« k* ']
0 .‘J_z.:;i-f** 1 ! [ 0
0.1 1 10
Rz /um

"1 Ry WEEIH

Fig.1 Particle size distribution of tailings
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Table 1 Compressive strength results of CTB samples
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Table 2 Quantitative results of crack classification using

Gaussian mixture model

Lt f5il/%
RSB B B8 ?
Yoo, AT V= V= V= V=
0.002 mm/s 0.004 mm/s 0.008 mm/s 0.010 mm/s
Fir i 86.12 86.17 83.28 57.14
0~20
Y 13.88 13.83 16.72 42.86
Pl 83.51 56.16 70.77 74.97
20~40
BY 16.49 43.84 29.23 25.03
i 64.23 52.00 67.03 71.06
40~60
Y 3577 48.00 32.97 28.94
hifd 89.31 80.56 81.17 79.37
60~80
Y 10.69 19.44 18.83 20.63
il 38.16 10.94 6.78 28.45
80~100
By 61.84 89.06 93.22 71.55
N frf 80.89 31.18 39.89 35.77
WEEMBL
Y 19.11 68.82 60.11 64.23

S RAE AT LU ol LR SR o 1 fr -5 D) 52 &
TAWIRAL

Wt LA FARHT, BB GMM R4 B il 7 d
PRREGEARAT o T2 53 4 A B Be: O Wi gk
BrBe(0 ~ 209%ay), 7RI B N LR RS0 325 @) i

P B Bt (20%0, ~ 80%ay), 1% M B 2 B % = hir A 5 5
DIZS ) B AR A B b R R il B Bt (80%0, ~
100%o;), 3277 H: B RS0 F BOn A ™ A Rl ok
TR, @ WS BRI B, 12 o B P P i S a0 A fir kg
o, By Y)-—HiA R ECEE 32 5 T SRR SRR R
W HHTE 80%0; ~ 100%0; &b, 77 A3 2 (1 35 Y] 24
SR YILC B 50% LA TR R FESEA Y Jey iR ok
TR IR IRAFAE o

3 &

1) FEHUAR A7 & SRS 11507 06 1 77 B ST
S PR X g A6 o) AR ARG 7 2 9, LA R I ek B AR
SRR . BEAE v 3G K, R S AR T S 98 M T
TR B B AR AR A4 185 U 2 26 A BT REAIR

2) v i1 0.002 3 % 0.01 mm/s B, FEIHA S & 5F
AF 23 A SE R Bl 0 ~ 150 JE4H % 0 ~ 100 kHz, RA
AT ETTEREH 0~ 5ms/VY R 0~ 10ms/V, H
= RAE 5 (37 U1 2 0 iU A8 b )itk — L b
AF<80 kHz #77 .

3)[EE v A 0.002 3% 0.010 mm/s, FEIIA A4
AL S AR PR AR, (UG i DR X i 3 i
s BT 2L e o 19.119%(0.002 mm/s) BR T+ 2
64.23%(0.010 mm/s), & v 34 K S IR S BEIAHLH] A
PRI 3 F b -5 U2 G RN Ak

4)iE 1T GMM 3 Hr o] A1, LLm#k g 71 B B A
B, AT LUK 78 AR 2 80 b o P 8 £ &
(0~ 20%a;) . PR -5 Y] 2L 504K (20%0, ~ 80%0)
SIS IS K (80%0; ~ 100%0;) FIHY Y] fifi
gt 32 (g JE B3R )4 B BE . Horb, 3812480
£ 80%0; ~ 100%a0, Ab HY PR A I K2 TSR R B 2R AR
IR T IRARAE

2% X ik (References):

[1] YIN S H, ZHOU Y, WANG L M, et al. Setting, bleeding, and
hardening strength properties of coarse aggregate backfill
slurry[J]. Case Studies in Construction Materials, 2022, 17:
e01667.

(2] o35 HE, 5L, LA HUBAL A A SERCR AT ik S HOR DTS D],
HERAFH, 2010, 35(1): 1-6.

ZHANG lJixiong, GUO Guangli. Study on waste-filling method
and technology in fully-mechanized coal mining[J]. Journal of
China Coal Society, 2010, 35(1): 1-6.

[3] SR, XPDet:, i, 55, &)@ 0 LFEECRe ORI AT ik
JR 0], HEmR2EAR, 2022, 47(12): 4182-4200.

GUO Lijie, LIU Guangsheng, MA Qinghai, et al. Research pro-

gress on mining with backfill technology of underground metalli-

261


https://doi.org/10.1016/j.cscm.2022.e01667

2025 4F5 6 11

#HEHMFHAK

53 %

(4]

[10]

[11]

[12]

[13]

ferous mine[J]. Journal of China Coal Society, 2022, 47(12):
4182-4200.
ZHOU Y, YIN S H, ZHAO K, et al. Understanding the static rate
dependence of early fracture behavior of cemented paste backfill
using digital image correlation and acoustic emission
techniques[J]. Engineering Fracture Mechanics, 2023, 283:
109209.
AR, AT, TR, 45, FEHUA-RUR IS 2B MO SRR
bk (7], RO, 2023, 51(7): 298-309.
ZHAO Bingchao, WANG Jingbin, ZHANG, Qing, et al. Experi-
mental study on mechanical properties of filling-bulkce-menting
combination body [J]. Coal Science and Technology, 2023, 51(7):
298-309.
XUE G L, YILMAZ E, FENG G R, et al. Reinforcement effect of
polypropylene fiber on dynamic properties of cemented tailings
backfill under SHPB impact loading[J]. Construction and Build-
ing Materials, 2021, 279: 122417.
WANG J, SONG W D, CAO S, et al. Mechanical properties and
failure modes of stratified backfill under triaxial cyclic loading and
unloading[J]. International Journal of Mining Science and Tech-
nology, 2019, 29(5): 809-814.
LI J J, CAO S, SONG W D. Distribution development of
pore/crack expansion and particle structure of cemented solid-
waste composites based on CT and 3D reconstruction
techniques[J]. Construction and Building Materials, 2023, 376:
130966.
YU S Q,JIANG H Q, XI ZY, et al. Image analysis as a geometry-
and integrity-independent tool for predicting strength of cemented
tailings backfill using slag-based binder[J]. Construction and
Building Materials, 2024, 444: 137867.
HEY P,LV WY, FANG Z Y, et al. The basic characteristics of
paste backfill materials based on highly active mineral admixtures:
Part 1. Preliminary study on flow, mechanics, hydration and mi-
croscopic properties[J]. Process Safety and Environmental Pro-
tection, 2024, 187: 1366—1377.
YU X, TAN Y Y, QI S W, et al. Damage index correlation in
massive granite-porous backfills under hydromechanical triaxial
cyclic loading using acoustic emissions and X-ray computed
tomography [J]. Journal of Materials Research and Technology,
2024, 33: 3659-3671.
S, ATEEET, RIUAR, 55, 532 R4S ST IRUA g 28 e B UL
HEAAEE L], TRRLE2AA, 2020, 42(10): 1286-1298.
TANG Yanan, FU Jianxin, SONG Weidong, et al. Mechanical
properties and crack evolution of interbedded cemented tailings
backfill[J]. Chinese Journal of Engineering, 2020, 42(10):
1286—1298.
ZHOU Y, YIN S H, et al. Strength, deformation and crack evolu-

tion behaviour of cemented tailings backfill composite structures

262

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

with different strength ratios[J]. Nondestructive Testing and
Evaluation, 2025, 40(6): 2269-2289.

LIU L, DING X, TU B B, et al. Energy evolution and mechanical
properties of modified magnesium slag-based backfill materials at
different curing temperatures[J]. Construction and Building Ma-
terials, 2024, 411: 134555.

SUN K, ZHANG J X, HE M C, et al. Mechanical properties and
damage evolution characteristics based on the acoustic emission
of gangue and high-water-content materials based cemented paste
backfill[J]. Construction and Building Materials, 2023, 395:
132324.

B, TR, R, A5 SRS S SRR 72w i
Ko A ik 40 05 1 Al B B Y (DD 5 & 1, 2022, 43(SD):
145-156.

HOU Yonggiang, YIN Shenghua, YANG Shixing, et al. Mechan-
ical response and energy damage evolution process of cemented
backfill under impact loading[J]. Rock and Soil Mechanics, 2022,
43(S1): 145-156.

YIN S H, ZHOU Y, CHEN X, et al. A new acoustic emission
characteristic parameter can be utilized to evaluate the failure of
cemented paste backfill and rock combination[J]. Construction
and Building Materials, 2023, 392: 132017.

FILIPUSSI D A, GUZMAN C A, XARGAY H D, et al. Study of
acoustic emission in a compression test of andesite rock[J]. Pro-
cedia Materials Science, 2015, 9: 292—-297.

rhie N RILHN AR 5 AN & BT, il R EE L BCA B
F: JGI 55—2011[S]. tst: o E AR Tolk s s, 2011.

WANG Y Z, SUN S Y. A rock fabric classification method based
on the grey level co-occurrence matrix and the Gaussian mixture
model[J]. Journal of Natural Gas Science and Engineering, 2022,
104: 104627.

HOUSHMAND N, ESMAEILI K, GOODFELLOW 8§, et al. Pre-
dicting rock hardness using Gaussian weighted moving average
filter on borehole data and machine learning[J]. Minerals Engin-
eering, 2023, 204: 108448.

YEO T, SHIGEMATSU N, KATORI T. Dynamically recrystal-
lized grains identified via the application of Gaussian mixture
model to EBSD data[J]. Journal of Structural Geology, 2023, 167:
104800.

ZHANG L L, OH S K, PEDRYCZ W, et al. Building fuzzy rela-
tionships between compressive strength and 3D microstructural
image features for cement hydration using Gaussian mixture mod-
el-based polynomial radial basis function neural networks[J]. Ap-
plied Soft Computing, 2021, 112: 107766.

YIN X, LIU Q S, HUANG X, et al. Perception model of sur-
rounding rock geological conditions based on TBM operational
big data and combined unsupervised-supervised learning[J]. Tun-
nelling and Underground Space Technology, 2022, 120: 104285.


https://doi.org/10.1016/j.engfracmech.2023.109209
https://doi.org/10.1016/j.conbuildmat.2021.122417
https://doi.org/10.1016/j.conbuildmat.2021.122417
https://doi.org/10.1016/j.conbuildmat.2021.122417
https://doi.org/10.1016/j.ijmst.2018.04.001
https://doi.org/10.1016/j.ijmst.2018.04.001
https://doi.org/10.1016/j.ijmst.2018.04.001
https://doi.org/10.1016/j.conbuildmat.2023.130966
https://doi.org/10.1016/j.conbuildmat.2024.137867
https://doi.org/10.1016/j.conbuildmat.2024.137867
https://doi.org/10.1016/j.psep.2024.05.056
https://doi.org/10.1016/j.psep.2024.05.056
https://doi.org/10.1016/j.psep.2024.05.056
https://doi.org/10.1016/j.jmrt.2024.10.058
https://doi.org/10.1080/10589759.2024.2376736
https://doi.org/10.1080/10589759.2024.2376736
https://doi.org/10.1016/j.conbuildmat.2023.134555
https://doi.org/10.1016/j.conbuildmat.2023.134555
https://doi.org/10.1016/j.conbuildmat.2023.134555
https://doi.org/10.1016/j.conbuildmat.2023.132324
https://doi.org/10.1016/j.conbuildmat.2023.132017
https://doi.org/10.1016/j.conbuildmat.2023.132017
https://doi.org/10.1016/j.mspro.2015.04.037
https://doi.org/10.1016/j.mspro.2015.04.037
https://doi.org/10.1016/j.jngse.2022.104627
https://doi.org/10.1016/j.mineng.2023.108448
https://doi.org/10.1016/j.mineng.2023.108448
https://doi.org/10.1016/j.mineng.2023.108448
https://doi.org/10.1016/j.jsg.2023.104800
https://doi.org/10.1016/j.asoc.2021.107766
https://doi.org/10.1016/j.asoc.2021.107766
https://doi.org/10.1016/j.tust.2021.104285
https://doi.org/10.1016/j.tust.2021.104285

	0 引　　言
	1 试验方案及设备
	1.1 试验试件
	1.2 试验设备及程序

	2 结果与分析
	2.1 声发射基本参数特征
	2.1.1 声发射振铃计数特征
	2.1.2 声发射RA-AF特征
	2.1.3 声发射r值时序特征

	2.2 基于高斯混合模型的数据处理方法
	2.2.1 高斯混合模型
	2.2.2 EM算法
	2.2.3 模型运算步骤

	2.3 基于高斯混合模型的充填体裂纹分类
	2.3.1 聚类结果定性分析
	2.3.2 聚类结果定量分析


	3 结　　论
	参考文献

