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Abstract: The shallow geological environment of coal mining in ecologically fragile mining areas continues to deteriorate. In order to con-
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trol soil instability and soil erosion in collapsed areas, experimental research on microbial mineralization combined with vegetation soil
stabilization was carried out in coal mining collapsed areas. Based on the ecologically fragile Yushuwan coal mine 20107 working face as
the research background, an experimental study was conducted on the impact of MICP on vegetation, specifically testing the effects of
MICP solidification on vegetation growth, soil nutrients, and vegetation root growth, based on coal mining subsidence, ground fissures,
and physical and chemical observations of mining soil; We conducted an experiment on the influence of MICP combined with vegetation
roots on the shear strength of mining disturbed soil, specifically comparing and testing the effects of different root lengths, root dosages,
and bacterial gum ratios on soil shear strength; Based on the scanning electron microscopy observation of MICP solidified soil under dif-
ferent working conditions and the results of MICP calcium carbonate production testing, the law of composite restoration of soil in col-
lapsed areas was explained. The research results indicate that: (D Coal mining has the most significant impact on soil moisture content,
with a 7.7% decrease in moisture content in the severely disturbed area (D1) compared to the slightly disturbed area (D0). The effect of
soil pH value is not significant, while the organic matter content, total nitrogen content, available phosphorus content, and available po-
tassium content in the soil are in descending order: DO, D2 (generally disturbed fractured zone), D3 (generally disturbed non fractured
zone), and D1; @ The effect of MICP on vegetation growth can be divided into two stages: in the first stage (1—2 weeks), MICP mainly
plays a role in inhibiting vegetation growth. Potted plants without MICP solidification have an average height of 7.4% to 47.7% higher
than those with MICP solidification; In the second stage (3—4 weeks), MICP mainly plays a role in promoting vegetation growth. Potted
plants without MICP solidification have an average height 23.7%—32.3% lower than those with MICP solidification; The growth of veget-
ation roots and soil physicochemical indicators verified the promoting effect of MICP on vegetation after 4 weeks; @) The addition of root
system without MICP solidification increased the cohesion and internal friction angle of solidified soil by 42.1% and 10.6%, respectively.
The addition of root system with MICP solidification increased the cohesion and internal friction angle of solidified soil by 62.3% and
19.4%, respectively. The optimal parameters for joint solidification of the two are: root length of 5—10 cm, root addition ratio of 0.8%, and
bacterial gum ratio of 1 : 1.5 During the solidification process of MICP, the production of calcium carbonate D1>D2>D3 indicates that the
more severe the coal mining disturbance, the higher the degree of MICP intervention and repair. This study provides experimental refer-
ence for soil stabilization engineering in coal mining subsidence areas of ecologically fragile mining areas.

Key words: ecological fragile mining areas; coal mining subsidence area; microbial mineralization; vegetation restoration; soil solidific-
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Table 1 Physical and chemical characteristics of soil in coal mining disturbance areas
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Table 2 Preparation of common parameters for MICP
combined root system composite solidification soil samples
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PR A 1.0 em; 58 2 J, D1 T 00 R B 09 S 2 8
A 3.3 cm, D2 T 0% 34 5 B2 Ry 4.2 cm, D3 T
BUAE B 724 55 0 3.8 emy; 55 3 &, DI T 40 AE B
(5735 25 B ok 5.9 em, D2 T 0 AR B 19 - 29 155 B R
7.0 cm, D3 T O0AE B 1927 5 4 5.6 cm; 55 4 J#],
D1 THUAES A& R 9.4 cm, D2 T UUAEHEAY-F
YIEEE R 11.7 cm, D3 TOURIBE A FHI %4 8.8 cm.,
gr b, AT A E T, 55 1 F D1<D2<D3, 5 2
J& D1<D3<D2, 5§ 3 il D3<D1<D2, %% 4 J& D3<D1<
D2.
3.2 HEHREKBERRSW

FhAE 4 A J5, AR AR R A5 T A Rk 4 PR .
F AT LIEH:
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Table 4 Characteristics of vegetation root development
FES A S EMICPE L WA /em HRZ P HAZ/mm AR ST (6 5 /g WEFHHTIN
D1-2 w 11.4£3.76 1.6+0.27 199.8+£65.58 87.4+14.67
D2-2 i 12.8+4.22 1.7+0.36 222.4+73.16 88.5+15.62
D3-2 g 11.1£3.33 1.6£0.20 194.6+58.40 87.110.62
D1-2MICP = 13.7+£3.58 1.94+0.24 299.4+77.98 97.6+£10.98
D2-2MICP = 14.8+3.62 2.0+0.29 304.9+77.07 99.7+12.07
D3-2MICP = 13.5+3.42 2.0+0.20 287.6+£70.87 96.0+9.84

1) MICP [E 4k i #i 2 F 34K B (14.0 em) 8K
MICP 4b 3 5 AR 2 F ¥4 B (11.8 em) 5 18.64%);
MICP [k i # 5 F- 3 B 42 (2.0 mm) 2 & MICP [
T IRIAR 252 K (1.6 mm) 7 25.09%; MICP &4k ()
MR & fF 1 (297.3 @) 5 & MICP [# 1k (4 # & fif &
(205.6 g) {5 44.6%; MICP [ 1k i 1R 2 S 14 Hi Jy
(97.8 N)E K MICP [ fk i H & ~F- ¥ 47 77 (87.7 N)
5 11.5%,

2) D2 TR R KN 13.8 em, R
BIHAN 1.9 mm, R D& F V408 263.7 g, iFR

R T 941 N, BAKIE I AL D1 T AL AR &
KR 12.6 om, RZ VI EHA R 1.6 mm, HFR
SBEE T4 0R 249.6 g iRARTIHI S 92.5 N, B K
TR Z; D3 TOLR R B E R 12.3 em, R
P EAREN 1.8 mm, MR S0 2411 gL AR
FIRI TN 91.6 N, ARG Ol 2 . ASF T4
AR R B2 T AZ K A B il MICP A A kA
gl

33 ITEBEVBIETHERESH

P 4 JRJ5, 3 rh & AL A R WK 5.

x5 ERTEETEBURE

Table S Physical and chemical characteristics of soil after vegetation planting

FEAR L FETTMICPIE fL SRR % A R By 55 % A B % pH
D1-3 i 0.29+0.048 0.016+0.005 1.96:0.27 8.13£0.26
D2-3 i 0.24+0.030 0.0170.004 1.43+0.32 8.2240.28
D3-3 & 0.310.040 0.0170.006 1.93+0.59 8.07+0.34

D1-3MICP i 0.28+0.036 0.028+0.004 1.88+0.48 8.53+0.29

D2-3MICP I 0.25+0.036 0.026+0.004 1.25+0.48 8.87+0.27

D3-3MICP I 0.30+0.015 0.0300.003 1.720.13 8.73£0.26

DXFEEFE 1 RIEE 5 W] a0, ML R o sk
KRR BE, 6 ANFF AR I i 40 B0 R 2.20% TR %2
1.70%, %I A e T i 3 0T B 22.73%; 2R
J i 3B A RO I i BRI pHL AR BT, 6 A
R TE R 0.22% FTFE 0.28%, )R 4
R BT 28.24%; 6 4 FE 5 A 308 T 7 5K
H 0.020% T+Z 0.022%, 385 A 30w i 4340
T 10.00%; 6 LS pH i 8.34 FTHE 8.43, &5
+1% pH Tt 1.08%-

2) MICP [ fk 1) 38 4> U it 70 BRI R00R o
M EER MICP [ Ak ) - 498 1) 4 /U5 2 70 H50RT
A B B0 AR 2.14% F11 9.26%; MICP [#l4k
1) 3 R I A BORN pH %2R MICP [# 4k i) +
A R TR 70 BOR pH K 64.71% F11 6.54%

540

3) D2 T4 44 JUs it /- BT 3 0.25% .
R TR B 0.022 %, AR T R BT
B8 1.34%, pH -1 0y 8.55, R ik + 5 S B bRk
Paitre22; D1 TOLA RIS AR = ECF 40 0.29% .
R T B M 0.022% . 3E A i & A0 B
¥ 1.92% ., pH -2k 8.33, HefAk + 38 e 46 b [
it D3 T4 B A R 03428 0.30%. A
S R 0 BT h 0.024% . AL R 43 BOF- 1
H 1.83%. pH F-3H 8.40, R {4 - 38 G k48 b K4
e

ANT) 00 A OGR4 R R B2 R A
Wb A8 K 0 S RS ), BV Bl K Al -39
SRR DA A W, 8 TP R AR OGBS AR AR R
2z
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Fig.8 Cohesive force of composite soil samples with different

root lengths
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Fig.9 Internal friction angle of composite soil samples with dif-

ferent root lengths

1) 3 WA KJE MICP [E1b 5 BbRT R & 1
K- 55 1 i 82.7 kPa $2 FH 3| 94.5 kPa, $2 7+ T
14.3%, -3 N FEIE M h 31.4°4R 713 33.9°, 127 T
8.0%.

BEAR, A As AR AR ) 58.2 kPa, P JEE
P 28.4% A MAB A MICP R4k, 1k 1AZEER
JI R BERE AR 4y BB TE 42.1% F1 10.6%; #3 & A
H MICP [E 1k, [k 1 1A% 5 07 A1 EEHEE £ 4o Sl 4
F 62.3% F1 19.4%, W35 HH L ACHR 2R [ 4k 3
[TE

DMAKE 5~ 10 em AR & [ AL A+ FEF 2 55
RITNEEE A fe K, 47 3124 101.3 kPa 1 34.6°%; I
UMK E 10 cm LU LAY+ FEF 3368 1 Al
INEEAZ A, 4394 90.4 kPa 1 32.9% K NI R K
FE 5 em LUF B4R SR 50 R TR EESE £, 43
Wk 74.3 kPa Fl1 30.4°,

3) D3 .00 - HE T34 50 R M EE A1 43 R
121.9 kPa Fi1 35.6°, V-3 )1 2: S 8w f; D2 T 4
SEXFER TR BRI A 43 1A 86.0 kPa il 34.1°, °F

¥ 2S804 D1 TR0 ) A e 5
> 9 Ky 58.1 kPa Fil 28.2°, A1 S B %
2.

H T D1 RS A RIZL, D2 IRz, D3 Repi
Pesh B, NI A R MICP AR R B AL &8 F +
K285 8R 344 D1<D2<D3.,

3.5 REBAEMNESTEEENZME

AFER R B A RIS MICP [E4L R 5
SR BEE A A 10—18] 11 Fis . LA
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Fig.10 Cohesive force of composite soil samples with differ-

ent root system contents
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RAB A%
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Fig.11 Internal friction angle of composite soil samples with

different root system contents

1) 3 KW AL AR MICP L5 5K ELRTE &
TR B 5 7 83.2 kPa 2 FH 3 94.6 kPa, 2T
T 13.7%, VI BEEE A 32.4°82 7 51 34.7°, 4T+
T 7.1%. MHIBEARRRAKE, AFAERBARL
FEFHER T RN BEHE AR B THRE O 3, IR R K
B AR ER, RREBARE 0.8% EIL L
S35 B 5 ) R0 D BE A R, 435 107.2 kPa il
36.1°; HUCH R RIB AR 0.6% LI L REE B
JIFINEESE A, 43 1 101.3 kPa Fil 34.6°; Ak iR
RPBAHE 0.4% BALH) - REF- 65 T R EE A,
45 A 58.3 kPa £l 30.0°, B A H 0.6% 2 Tt 5]
0.8%, IR I AN BESEf R T T 5.8% 1 4.3%,
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# £ # F H# K 553 %

UL 0.8% 5 A X} [ 4k A A 7 2% o A 52 i T
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2) D3 T8 HFEF R ZE T T M B A1 43 3N
119.0 kPa F1 36.2°, V-3 J12: 28 m f; D2 T +4F
IR I T AN EEHE AR 43 1R 90.8 kPa il 34.2°, -
B 12280 4 D1 T L RE P65 ) Fp a4
535918 57.0 kPa F1 30.1°, SE-3 S¢S 80R 2% .
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Fig.12 Cohesion of MICP solidified soil samples with differ-

ent bacterial gel ratios

1) MICP B ZHE 1 ¢ 1.5 BEA R R By L4
YRGS T RN BES St 5, 43904 107.1 kPa il 35.9°;
HWRN MICP HEHE 1 ¢ 2.0 G AR R EML A T REF
BIFER I RN B, 430 R 106.5 kPa il 35.8°; £
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Fig.13 Internal friction angle of MICP solidified soil samples

with different bacterial gum ratios

RTINS, 435 R 99.3 kPa il 34.7°,

2) D3-MICP T #5725 55 5 3 Fn oy B 488
4350 137.8 kPa il 37.6°, “F-34 1 2= S 8w A ; D2-
MICP T.{#¢ 4 #5735 25 5 07 F N BE 488 A 0 5l ok
110.9 kPa Fil 36.4°, V-3 Jj2: S 4 h 46; D1-MICP T
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Kl 14 FroR. ATLAE
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Fig.14 SEM images of solidified soil samples under different working conditions
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Fig.15 Production of MICP calcium carbonate in soil samples
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