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Abstract: The resource utilization of coal-based solid waste in mines is the main direction to solve the integrated development of 'safety-
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technology-economy-environment', and it is also the key to the high-quality green development of the coal industry. Underground filling
mining of coal-based solid waste has obvious technical originality advantages in loss reduction mining, solid waste disposal, resource re-
placement and ecological protection, and has become one of the key paths for resource, scale and green disposal of coal-based solid waste.
However, the existing filling mining technology has problems such as limited control effect on overlying strata, lack of linkage effect
between multiple filling methods, and low comprehensive utilization rate of coal-based solid waste. Therefore, by summarizing the current
situation and existing problems of resource utilization of typical coal-based solid waste in China, the feasibility of coal-based solid waste
filling mining is clarified from five dimensions of economy, technology, environment, policy and space. Based on this, the coal-based sol-
id waste filling method in multi-layer three-dimensional space of coal mining was proposed. The connotation and overall idea of this meth-
od were systematically expounded, including high-level filling, in-situ filling and low-level filling. Based on the Analytic Hierarchy Pro-
cess (AHP), an evaluation system of coal-based solid waste filling with 15 evaluation indexes was established. The large-scale application
of multi-level three-dimensional space coal based solid waste filling method in coal mining mainly faces 4 key technical challenges, in-
cluding efficient and accurate preparation of filling materials, pipeline transportation characteristics of filling slurry, evolution law of
filling spatial structure and interaction between filling material-space. Focusing on the above key technical challenges, 8 research contents
were mainly carried out, including the slurry formation mechanism of coal-based solid waste filling materials, the technical framework of
precise preparation of filling materials, the steady-state control mechanism of filling slurry flow field, the key parameters of filling slurry
pipeline transportation, the evolution of filling space void structure, the diffusion/bearing characteristics of filling materials, the synergistic
mechanism of filling materials-surrounding rock and the multi-field coupling mechanism of filling materials-environment. Based on the
mining technology, filling process, and geological conditions of Renjiazhuang Coal Mine in Ningxia Coal Industry and Horxinhe Coal
Mine in Shanxi Province, the grouting filling methods in low-level caving zone and high-level separation zone were proposed respectively,
which realized the safe and green disposal of coal base solid waste in mining area, effectively controlled the surface subsidence and de-
formation, and established a good regional demonstration effect. The multi-layer three-dimensional space coal-based solid waste filling
method has innovated the new mode of large-scale disposal of coal-based solid waste in underground coal mines, improved the green
filling mining technology system, and realized the coordinated control of the whole space of coal mining overburden rock and the leap of
solid waste recycling technology, which can promote the fundamental transformation of coal enterprises from “environmental cost type” to
“ecological value-added type”.

Key words: multi-layer three-dimensional space; coal-based solid waste; filling mining; solid waste disposal; evaluation system

ol T 2 A 15 S Rl A R AT 2020 4E BB T

. e R A1 L D5 R BRAEB34  96  7

BEBAE ] 3 [ RETRBE L5 (9 “JR A7 R
LSl R (ER R SRS oS o T T
A RETR e R, LA 2023 4F R i), F ) SO
IBENRI T LAY 47.1 42 t, BEDRIH 2 o5 REIRN 28 S
[ LAk 55.3%, TiiH3] 2030 451k 76 3 [ — K g
TRGEAL R 1 EL AT o 3l 459% L 1D, R, Sk
TEFFSR | 23308« I AR IR B b g ™ A 1R
AT BRI ALK, RAHHERUEE A A
Wi, JFLLERAE 18 42 t HYBEEHE N, X HAL #7300
AN F 57, L PRSP LR RTR
S BRI [F P 0 MU A AL B A i 2 R (g
ROPRI KT EZ—

AR JRE [ R Ak P A S IBORE I L B4 S
A e B K JE 1 T B R Al B T s e (L R RO
Refe BB AT 55 FEEK . Se i+ /R R, A28
SCH R D S M A R SR TR 55 e
INAJTTE 2018 AEMUA A “ToREIh ™ s ik s T A
J7 SR I ST A AR A R, RS ROR T

JE A BER IR 2 | W T R T, R AR 5
Py LA R R D = B 0O, (e R S A [ R
2205 AT 23 &R ER IO FLAT BRI AT 2035 A4
H PR E )3 2 “IRFRE K I 2 4 R 1L /Y
PR, s AR o A R 5549 B 256 R F IR 36
R, R & RO 2 54 2021 4EEN R A (O
F R RKEEARE S 25 A R 4 R0 )
6 H B B RO [ R 2 R LSRR, 21 2025
SEBE R RSB R R L3 60% WU B EE
KRN 51 4% 2024 4B & (O T 5 o 1 1t
SR A T2 UL ), 35 H 3 2030 A5 22 A o e
TR A R, pl AT U, AR R 0 3 i
1 ORI FH 55 R 1 12 T 35 A Ak i 2 B ok o e S HLAE:
A Al RS AR ) £ 05 TR R

I PRI T RO R AL SR TR 42 1 )
(i) s SH JB3 61 142 A i ) FH RN A= A8 PR O 4, R AR
A A IR [ 2 () FE LR A%, I AR AR TR [ A5 3]
P UL H T, R EE R T L A g

47



2025 4F5 6 11

# £ M FH K 553 %

BT mok P R R P fn gt
TR FE— AL Sy T A H AR Z R R
ERAL SR A FE IR 38 1 X e — B — 1 H AR
FRIHZS ] (QISR A5 1K, 5y A 2 X 4, T A A2 44
i R TR BT, BRI SR A A A
PLF Jai BR A FE B R X8 A B4 3 B A BR, 40
T 2 T I LA s P RICR 25 X A, Ve TR
M LA R8s il i A B8 )2 X, R A I R 7 O e 4o
AR B RO 3559 % Q4 Fh st U vk Il Y
I R Bl Ak AN R, i LA ] s i) R 25 IX A e
P TPV F R UTRE, SBOTHERISCR B A R
ot QIR BAR, AR B IR s 45 7o i
3, T TR R SS e 1] (G BR (L, 77 R 70 JE 4
R 45 ) 5 DR 461 7 ) 2 ) P 2R AT SR D AR 027,
AN T2 FE 3B 0 X LA A AR e B, i 7 3
RHR R u M RETUAY . L, Al 7850 F FH R 3h 5|
T (14 7 2 T 4B o M2 T P Ak 8 5503 R M 3R UL
S5E AR HISCR, RO TR TR S
R [ 17 B EE B SR 1]

YT LR, R R Z 2K
25 [R5 [ FE U o, VRAN Bk 22 J2 0 57 M 25 ]
L R S TR N R, BT R RO v A
ST 22 SR ST AR ZS ()R [ R SO VA PRI R R, A
FEIEM ARSI RR I R E  FodE s (4
T AL FL A B FESEA B0 858 58 A T 4 A £ B )
W 22 J2 057 37 A& 25 18] FE M ) SR AR MRS, 2 B4 4%
R 6] PR ST RS AL | S 3B RIS 1 A B
ARHESE | SRR AT H] . SRR T ik
SCHE SR, TS [H] 23 PRES A AL . SRR Y
HRAAEE . TR R G VR L A FE
MR- EE Z A HLH 8 TAFIT N2, LA 3
IR [ 2 () 2 4 | TR, S Ak B R R R B
/5

1 REEERMRULESERIT

1.1 BEEEREEZEEF AR

R 5L [ P 19 25 45 R BRI S A I 2
“DOZ g7 gk /ST 2018—2023 4F
T FELEAT A AT RE IR 2 ol L TR I 1 2 14 7 ik S 2
SRHE, mE 1A%, 2018—2023 4EFR E AT A7
TR R P i AR 33 1, 2023 ARBERT A7 FIUBS L IR 114
FER AT 8.29 2N 8.7 42 t, LA A H 4 Wik
73.6% F1 76.9%7", PEARsE 5T, Tk EHAF A R0

48

BRI 1) BT HEAE B 53 S 5 60 AZ A 30 42 8172,
AN B JRERE [ B R B R 5 | & 1 /K BEIRIIR |
RS Y E PRI )T, 7 F 1 29 36 B X RS AR 1
(I SRRyl 3

10, - 90
BB 7= 8 —o— ML 1 2 5 R 3R
0 BB o YIRS A R
- 8.7180

§

3 B

N Al

= 170 &

I8 =

N 4o
H 60

50
2018 2019 2020 2021 2022 2023
FEr

B 1 2018—2023 4 3 [ s A WL B ) 7= B B4 o FUR &
Fig.1 Typical coal-based solid waste production and compre-

hensive utilization rate in China from 2018 to 2023

BRI [ B 1 B IR AL 25 ML, H AT 32 28]
G R GEIRAL . JEE AL 3 265Y, e 2 BR
BEPEALFI ) 3= AL R R B 2 v B i e e S
TN A O R A A A AR 3R
AL g B L R IR e 3 ) A
AL P SR B AL A i B0 AR
FERUF R A FUR IR R e AL 5 JEFE AR
7 AR R T 252 % | a8k 9 e ELX SR 1]
I )it o0 B SR A6 T R, i) 249 A M I ) e 28K
T TR AR BRI, SR 1 A A Ak )
FBAERAT

VR
UL

%* ‘\
T pmEx ©
N -
. e safm Sk ‘
i3 & &

6 g Aok ©
* o _ézgﬁ
“ :
%

B2 M E K e A A

Fig.2 Comprehensive utilization of coal-based solid waste



W B BT R 22 (LS L R ey 5 v

2025 455 6 1A

12 BREEEH TRETTHE

BEIEIS R AELEHE L HOR | PRE L BRI Tl A1)
Pz BT A FESE A AT R (18 3) o AE 2577 1,
RRIE B PR A 2 AR, R [ 1 72
BT, REMS MR 2 0 /D JREJE 18] P 3 i A1 4k %
s FEEOUTRAERER =7 R BA BRI
e, BEME S AR B UR B MR, SR TH I 225 A%
it 5 [ G 3 7 R B R RS 11 P2 1) W8 AL A T3
PTG AN | B B AFBOR SO, HE— P RRAR T8
HRFEBOAS . FEHOARTT I, FEEUTRAEE NS E
ZAFRNTZ I, T 58 SR EOR IR &R A
ik, B B AL A BE AL ST A (I A 15 1
FRE— 2P T S BA RO AR B ST T 217
AL, A FTEI S TR PMREAT . BT, 42
R A RRCR . AERREE DT I, SEHTF RO IR
frf A0 BRI AR e A I 25 ], BERE
{0 k2 il 3 [ PR A E AR HE T, R - L BT, AR

|
| spsvereE )
| . |
EaER
| —————————= 1 : — : | ———————————= |
Coormste )l I mosw )1 (ot )
(maaek )M wees )l [ s )|
| | === = |
[T (i)
) (Coave )
————————— - WAL 2 B ik
T
AT
| —————= 1 |—————————= 1
e i
(i ) (Ceee )
e ' [ |
() Coman )
s Al [ wews |

B3 MBI RTAT
Fig.3 Feasibility of coal-based solid waste filling mining

IEES

Eiz 7 igbaney

BTG Gy, NReUE A A i M R DURA, 98X A 1
W) AKIARSERREIR . ZEECR 7 T, [ S i 5 B
JEARAR B T — FR G0 BRI il I Al Xof R
[ AT SR AL A 5 F S SR M e
AR5 R 0 I i — 25 B e R 2 T
BARIG P S5HIG . I T TR 23 (8] 5 T, 45
I RIGTE R R 25 X | B )2 X NS VR A5 45 0 FE 4
FERAEHE T R EARTF A [, BUTE] 2030 45,
FE A SR 28 KRR A B 241.11 42 m®P2, 2RI
AR 2%, WA B HAEHE RO A7 7] S0 4
TALE, FRE R IZ ARG 15%, W] AT SE B E A HE
PP AT A T AR R, o DA 2B AT 0, L
JB FEIETF 2R T B8 S — P di 5. B S 17 [T P AR Ak
I BT

2 ZRMUMNEZEEEEEFTESE

2.1 ZBE{AEZEFEIERE

TAEHH RSB IR 45 1F B W
AEMNEBIESREN, Has ik BaIEAA
SR X AR SO T A A0 B M IR R IR 2
SRt R T8 m s R AE A [ M ST S5 44 R AT
1T, T B E A RO R B SRR, 25
BRE A WEEIX BT RS RIE, SR T
S I 2R 22 )2 00 7 1A 2 Ta) L 18 O 7 007 3k,
SIS VN XIS I A =Y VARYAY N [£1P €883 )73
Jr Rt B T s IR S UL 2R 2 i s
JEASE T FA v 5 3L DA TR IR FE B 4
ARAEERAR R, T N2 2 A0 7 AR 25 0] Fe 3845 =y O 3K
1o o FE IR TR TF R Va v A v, X oG
2N 5 T L v A 15 )2 25 (B AT 7R 30, SR dEAs (6] 7
TR R SR TR Uy, e S A R )2 A (R
il B 2 BT, DT 42 o b R R o R FR IR
FEMEZIF RS . HAETSVETT, S RIXER 2 XT38

S SEE

JEALTE IR

B4 % E00ar ik e BB R 7 %

Fig.4 coal-based solid waste filling method in multi-layer three-dimensional space

49



2025 445 6 1] # 52 M F H K 553 %

Il SRR (A B R AE ) i B4 th AR LA
f&%lﬁﬂﬂ%%o R AN, 7 S 8 T A A T A 0% % O

Vv A 5 L A 1) ) O T s (A R 7 7
iE, 38 o) TSR 235 5 T A RN IR T A, DA T T
HyiE— T
22 BRI EFTEIREER R

22 2 NE ST AR ZS T IR [ 12 e 3805 1% T AR AR AN [+]
) FEIFZS (A TR 5K, A X R e 5, S RRiE
HFRIARPEA, sl RIS 0] 4 R AR
CRAREE ) MR DERARTEIE ], Z)2 0057
AR 23 TR )2 3 O e U B R I P BT Rk
LR A5 R [ 7 e R — (A R AR R R T ol — o R
B FEIECREIR, I FE SR A A8 B A v Y 2 )

TR A SRR ik 2RI R Y )

mu JEASE VI ASE 25 (8], S BRI L [ 2B T ik
AR

WKL 5 J7, 22 S0 S AR 25 8] 35 [ 2 13 9 78

BOR ERAR RN RS Wi o> R 58, B
il 5 ARG AR ER RGN W RS H R
P TAETH T RS H HTCRAT 50 07 X PR e
SRAFONS FEBT 2 A7 B R eSO O A5 i e A T i
F o S PN AR G 3 N R [ R Y B AL o
FESEA LRI EE | TR E | AR YA BEATIN L BiR
i 7 28 48 F2 O IURLIRERE [ 2 28— A . — 2
BRERYE | BRI A5 TP R O 0 AR AR A L 5K Y
20 FORE; A T 2 2R 8 2 R BIERYE S ) 240 AR A
I 5 FES A R« K SR 5 10 ) 9 il — E TR P Y
FESFURLIE ; R i 16 R T 3 BOR ] A 58 iU FESORL
TR T B A 3 5 A W Y T 2 i A ik = 1
IR X Rz S AR L2 1] ) 5 871 i I &
Gt BRI R AR R R A | R R R e mT
AE A A2 19 AT M 2 s A R A R A T RE L
BAEEE . DL RRG W RETT . AT, 3EIE
SEHBIE I T e 4x Ak, @ AR E

S & St

TR WK F filica WE R

i

B &K HAtwRt B IRRTA

BRI 7 A B

TY

n

T =l — R Bt 73 ¢ T S e x4

=
M@
R il R 49 |

193
ity

sz

EFR VALY TEH T EIE R RS

L m N “

e/ &

O
JEH13%

A

FARHNIE RS

B RS

BW5 % R BDE AR R R R

Fig.5 Overall idea of coal-based solid waste grouting filling in multi-layer three-dimensional space

3 BEMIEZREFEAEITEMER

FLTFXS N TSI T RO | SR T A
JRZEAF SR GETT AT, SR HJZ IR Ak I 94 R 25
15 A PEUT R bR: SEBRPRHERE . FEIHACR | Gl N RE
AN 7= AR - BERE AR BT
2y, [ AL E . TP A ) RFE AR
RUBAFEN] | RSB FERE TS el o X #5105
PRIEATIASRAR A, JE AL T HORPERE . 2P ALAR | BRI
M ZaVEREMPA I 5 Fefabr)m ik, H, 58
50

BURPRMERE | FEIFRLRFNIE N AE ) 8 T HORPERESE
NS NN Y € S AL E ) R ey €
B, BRI, BT 24 M AL B s T BT IR A 4
P, THOMR A | ] 42 i 0 4 i s T 22 4 ke g
i, MDA R | A SRR TS Qe il J T34
SEUAR AR b, 57 A 22 SR S AR S (]R8 P e B
ITETER R R ANIE 6 s

CREEIREN R, VR R BRI
AR TE IS RO R BAR R A, T 2R 05
VRS (B FEBOT P AR, X LT Sy SR



W B BT R 22 (LS L R ey 5 v

2025 455 6 1A

H A%
&)

(| B UGB B ST A R

{ A
i

'[ At ) ((ora ) (osnn ) (eete ) (oo )| e

=

alt

&)
SES

{ PE
£zt
fis

S

E2N
B
75
*
]:'3—3_'
i

B 6 % ENar k= 7 E MR R

Fig.6 Evaluation system of multi-layer three-dimensional space filling method

R TR PEN R PR HEATXS LT, DLk 1. Bk sk
B, e FEIEON BRI S P RE R, (EUR LSS
BUSCR AN ey, A A0 A A R TR 42 ) R
BT ERBESEZ SR T KT T %
PFo DR SEBR AR AR B RE FIAS SE TR RE 2R 4
1o, FESEUSCRAR XA, (H2 H BT IR MR M2t
Rt 2, T B TR A LS R O AR

AR AL 78 O A R B4 2l 1 RE 8 K B SR B
{ELRE L FESROSCA MG 5, 9 A o R TR 42 1 2%
SR T B TOURRE | FfR s A9 XU g
Ao, B it Tad ferh, nl AR BAR B 57
W AAF | TPREBARMTEI T 255, PG 1 se R
TS & T, IS 2 4x | 223%  mSORsie i)
FEHUTR HAR.

F1 ZEMMEZEFIRTFNIEFRERT L7

Table1 Comparative analysis of evaluation indexes for multi- layer three-dimensional space filling

EfsLY e PR R FEI JE A e A e
FEFURHERE TSR ARBIE S TR TSRS TSI SR TSR
HARMERE FEHUR A B LEgiS B
TR AETT RS E R A E TR L 5E A BT BER BT
JEAEEA g L] i
LRV V€M e AR W ey ek e RFEVEH L B
Bepilkas JRE JRSB R JEEE
ZE e Sl B By AR
BEWEAH Sl S EA A HFITRE ARy L B PERBTIR IR AR XK
L) Bl Bl AR
Tt g ] ES it i Bt
ZAxVERE Fil 4 Bl )R R ik Bty
K EE ARERIR A XK E AR S XK A RO R TIR 9
DRG] i Bty — Rk % )
PRI IR LR 27 ik Bty —
PG By Bty —

4 ZEMIAFZEFIEXEMFEA

Z SR L RS A SR BUR — M A ZR 9 TR R,
BB SR 2 (] R T A 3 T BB AR o o
B R IE | TSRS A G5 AL 1 LA X e

BB HAR, W 7 Bs
fifp PRk L[] B 2L 2 2 B U, S5 90T
WF5E . BUE R AN B 37 0 55 T B, W2 2 iar
AR 23 8] FE 5 1 O 3 7P (3t B SR RO
PREE
51



2025 4E45 6 9] % % A 2 H K %53 %
% [ 32 o) A B R AR BB R R
____________________________________ O 3.
ERV T e N T AR N L R N 7 FORHE N |
| R PR L e
T e I T I
ii.i%;%;;l_ii_i:___t11§wjyﬂj___:1_ii i :
| no g || 7o s (1| g || B el
o\ | e R (1] R B (1] A pree (] P HH
W || T S 1| i i | wm i IR s | I
s || b TE SR T ik |11 s L EHE |
1 e L X |10 | sk s | el
R HEZR |11 dl 28|11 | e LR R |
H I I | i
____________________________________________________________________________
[ LRGSR EA R )

BT %R AR AR

Fig.7 Multi-layer three-dimensional space filling technology framework
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Fig.8 Schematic diagram of physical slurrying mechanism of coal-based solid waste
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Fig.9 Technical framework for precise preparation of coal-based solid waste filling materials
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Fig.16 Factors affecting the stability of filling materials and surrounding rock system
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