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Abstract: [ Objective | The aims of this study are to examine the reinforcement of loess slope by microbial
solidification and vegetation restoration, and to provide new methods and technologies for the reinforcement

of loess slope and the prevention and control of slope soil erosion. [ Methods] The Microbially Induced Calcite
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Precipitation (MICP) technology was used to strengthen the solidification of loess slope, and vegetation
restoration was carried out on the solidified loess slope. The mechanism of MICP technology on solidification
reinforcement of loess slope was investigated from the microscopic point of view by using scanning electron
microscopy and optical microscopy. The vegetation restoration effect of solidified loess slope was statistically
analyzed. [ Results | After solidifying the loess slope with MICP technology, the solidified layer formed on the
slope cemented the loose and adjacent soil particles together to form a whole loess slope. The maximum
thickness of the solidified layer was 0.23 cm. The average thickness was 0.21 cm. On the 60 days after
vegetation restoration, the survival rate of vegetation in A1, A2, Bl, B2, A1B1 and A2B2 was significantly
(»p<C0.05) increased by 26.66%, 20% ., 37.5%, 25%, 33.33% and 25% , respectively, compared with A0,
B0 and A0BO. After the 60 days, the survival rate of vegetation in each region was significantly different and
the survival rate of vegetation in Al, Bl and A1BI1 regions with water-retaining agent after solidification was
the highest. The growth changes in height and ground diameter of Amorpha fruticosa in the Bl and A1B1
regions with addition of water retaining agents after solidification were the largest. The growth of Amorpha
fruticosa and Ophiopogon in each area of Al, Bl and A1BI1 after solidification with water-retaining agent
was the best. [ Conclusions ] MICP technology can effectively solidified loess slope, and combined with
vegetation restoration technology, it can not only prevent soil erosion, but also restore the ecological
environment. This comprehensive control measures provide good technical support for soil erosion comtrol
and ecological restoration of loess slope.
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Fig. 1 Plane design of Microbial Solidification and

Vegetation Restoration Experiment on Loess Slope
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Fig. 2 The bacterial liquid OD4y and pH value

with the change time of the cultivation time

2.1.2 Wrdgay gk D ICER AR T 2 00 WA R T R IR
ik, R B ) 355 R R e U T A E TR R I R 2
— JIREEK fig R 3 7R NHL 1 COY 1 75 1 1Y 5
PP 5 L DR O 3 P Pl S R S S TR R
P PR (1] 4 i 3 7S I I ) 5 00 A TR VR 1 S R
WS 1 Pz . R B35 P R 3R A0 72 A A e
RO AR B R T 375 1P DAy T YR JOR Rl 155 28 5 B ODso
(LAY LU AR R 3R, T 5845 TR A IR T 05 8 5.77 mS/
(cm » min) , FUARNREGIE MR 2.65 mS/(cm « min),

U=11.11c QY]
o U Em IREE 7 PECmS/ (cm » min)Jsc FRH
SRR HE R (mS/cm) ,

x1 BEEXNEE

Table 1 Bacterial fluid conductivity measurement value

5 1A /min 0 1 2 3 4 5
BS%/ (mSeem ') 4.91 498 5.04 508 511 5.17
22 EIBEHMEDELRLR
B b 2 W A AL 3 5 ) DUR L AR B AR S
JEEJRE B Ak 2, 7 45 [ 4 DX 3 oA BBORE ) T i A R R
XoF A DX PN [ )23 1 JEE R AT 0, e R JE




%13

E%

h0.23 em, AR XN AL 2SR EE R 0.21 em,
R T ARG A AL ST S A S 4 R N
THOW 5 4] 118 78 A R £ %) i I 815 ot A4 1) 43 A 15 0, 7E
TR0 DX 3 B A SR BRI AL 2 AR L e
iR (28R AXTO Scope. A1 R %t 8 4 i 3 J5 AR
iR R Ak 2 AT IROUL S5 A8 2 B A5 B B 4k
e B A FE [ b b BT S 2R TR S AR AL AL 3
Fr R A HEAT [ Ak Ak 2R %) v b i B, R T - g
REAA L, U AR B B AT A — A A,
e v PR AR (6] S A 0 1 ) Joi T S B L A [m] (0 01
AT 1] A A B Y BT 370 3 3R AR IR AT S IR
SEWBIAEFH R AR B B 637 0 ik R 45 A, 3
i P S 78 A 3 U 22 ) 1% 25 R e R A T EL AR 4B 1Y
A EIURL 7 45 i — R TR B R B R TR 2
Hm AR .

it A9 T B (SEM, JSM-63601LV AU Xif
A 23U AT 23 A 0 15 21 116 2 R H 7 S A s 1]
BAanEl A4 B, - e UK 2 T F0AH <5 4 38 JURL 22 [8] (Y
23 B e A K T Bl R A A R AR R 2 B R R
KECERTFSHEARA, B 3~8 pm, Ff A1 4B B
TR A S ORI 45 AE — S B L — > B A, 1T ELAE
A ) 2 TR AT — 28 B I LA L 302 0 EC 2R JR AT PR AT T
J& B R R AL
A FORLEMME M K200 B BHLEMMEN

6 L, T

R K2004%
WA s . :

F*

.‘Q.&Jh | 3 5

B3 ERIEMEHERRELFEMEBEESL

Fig. 3 Optical microscope images of undisturbed
and solidified soil samples

A B4k BB K5004% B [k 2R B K20006%
ps i 3 > ‘ ..

N2

B4 EUERAHFERTFEREERSG
Fig. 4 Electron microscope image of solidified
layer specimen
23 BEUETHREHRBREDR
2.3.1 MM ERMAE A RETL LD
BRI S 58 WU W T AL B 22 0 SR AP 23 AR
7RV 30 K60 RANHE 90 KREGLTH 4 A X I Ay i

A B R R W A T e AR B A2 i 231

Bl B BT L A5 3 [ fb Ak BB - 7 3 4% IX 3 P
) BLIE RS2 AN 3 2 TR . AE A B B 58 U 1
557 R A IR B A TR SR R 100.00%6, A
B, C £ DX 3 P AE B 09 i 3270 3 22 S L MW
PRFE T, J A2 7 X 3 [ o R 2R AT T e K R
T L 22 4 R R0 58 R AT 0 W S M Bl 7R 5 7 Rt T
BRI S5 A1, A2, A0 X IR5E 30 K A A 9 16 R
391N 93.33%,93.33%,86.67 %, Hb A0 X 343 ) B
FH(p<<0.05) #E 1 6.66%.6.66% . A1 F1 A2 X I [i]
ZR AR E;BL.B2, B0 XA 30 K Y B8 IE R
435128 100.00% ,87.50%,87.50% . Bl X125 30 K
B W RS R L B2, BO X 8 ) B R 12.50 %,
12.50% ,B2 F1 BO X 48l [H] 22 5 AN i 35 s A1B1, A2B2,
AOBO X 30 K 19 4l 9 AL IE 2R 43 51 2 91.66 %0
91.66 % ,79.17% . b AOBO X 48k 43 1) b 35 2 755 12.49%,
12.49% ,A1B1 fl A2B2 XIRA| 22 F A E. 60 d LU
J5 o A DB R Y TR R 25 5 L AL A2,
B1,B2,A1B1,A2B2 X355 60 K J5 A8 8% 19 6005 2 L
A0,B0, AOBO X 35k 43l {2 3 & 26.66%0.,20%,37.5% .
25%,33.33%,25% , 1 H.EALE ARk F 9 Al,BL,
ATBI DX 30 P A B 19 BT 28 LU [ Ak DX 3 P A 4 1Y)
TG e i o FR G AT A Ak DX SR L AR R K R X R
R 1) T 2R 8 3 v 6 R DX, 3 R B [ £k Ad PR
R IE h Ak B S T A 2K 50 BE % G 3 B v B TDA B A
TR YRR 14 d J5 . AN IEFT IR AR A
N N A T N At s B i & &R O G S
2022 4F 4 MR AR A kB v, P B R R B U T v
ok W AN A B 1T K 43 2K R 5 6 [ Ak DX Ak
Je AR K SR Y DK, Ak )2 AR 6% U8 /0 BT K 43 1Y 26
T AR K R RE 5 WK 4y FE A P AR R TR LB
B K B O HLOBR A% S S WK, DT AR AIE T A
Py HE A T T B K 8 A IR K TR Ak DX AR
SR A2 AT Lk /0 3% 1T 7K 43 09 78 Kk, H O BT L
TR KR 0 DX, BT LA, AR S A 7K 50 i DXk, A
GRS 3=

2.3.2 MAZZEMMaARKEL FELE LD
Y AE B K 58 WU S TE G VTR B BT R Y R ) A B
30 d GEit 45 A~ DX 38 P A Bk 0 7 5 R L A9 3 Ak Ak 3
Xof ¥ - i A o ) B 5 R A B2 R AN 3 i, R
FK 58 TC AN (INSPIREIRAW) fiit 473 Wi 8 % + 301 B 4
WA KA. fERT 90 d N, AT,A2,B1,B2,A1B1,
A2B2 25> DX SR B 04 8 5 R B 0R R AR I B 90
K A KISA W B 25 5 80 %, b AT Al A2 X J8 4
TR (p<<0.05)HE# 65%.,60%, Al A A2 [X k] 22 5+
AN 3 BO XA B 3 55 B 4506, [ BL R B2 X4y



232 PN o S S/

% 32 &

1) 2 B 30962594, BL A B2 X fi] 22 57 3 5 AOBO
IX delA Bl 7 55 B Ok 35 %4 . HE AIBL AT A2B2 X 38 43 1) ik
FHRE 20%,20% , A1B1 Fil A2B2 [X 8] 22 7 A 2
.90 dUR.ENMRENAEHESENES D
F. R ETERT 90 d P9, 25 A R XS i T AR
JEBAETE  Z i R 5 S RE S 5wk [ A0 2 B0 T 4%
B AR K T A IR X el 2 R AR K i TR 2
TR R A A R P T L B T AR B A K T
STEMR AN A B A K 18, 150 d JE L & R IR
X 38§ 14 A T o AR B 100 0 4 4% X B X sl 1) 2% BT
AR B WY B I I ) [ AR X8R i AR L T HL
FE e 0 kT A 1) AR R e, T A4S L AR X
Sl R B %) G R R L AR KT TR,

R2 BRXENEHEMEERENEANEREL

Table 2 The change of vegetation survival rate with

time in each region %

4ib 3 7d 30 d 60 d 90 d
Al 100.00 93.33a 93.33a 93.33a
A2 100.00 93.33a 86.67b 86.67b
A0 100.00 86.67b 66.67c 66.67c
Bl 100.00 100.00a 100.00a 100.00a
B2 100.00 87.50b 87.50b 87.50b
Bo 100.00 87.50b 62.5¢ 62.50c
A1B1 100.00 91.66a 91.66a 91.66a
A2B2 100.00 91.66a 83.33b 83.33b
A0BO 100.00 79.17b 58.33c¢ 58.33c¢

RPN FEFRIR p<<0.05, T,
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Table 3 The change of vegetation coverage with time in each region %
4 3 0d 30 d 60 d 90 d 120 d 150 d 180 d
Al 10 10b 10b 15b 25¢ 35¢ 60c
A2 10 10b 10b 20b 70b 90b 90b
A0 10 25a 45a 80a 100a 100a 100a
Bl 5 5b 10b 15¢ 25¢ 50¢ 75¢
B2 5 5b 10b 20b 60b 80b 85b
BO 5 15a 25a 45a 100a 100a 100a
A1B1 5 5 10 15b 40¢ 70c 75¢
A2B2 5 5 10 15b 60b 80b 80b
A0BO 5 5 15 35a 98a 100a 100a

2.3.3 RRMZEABEEAGEKR TR HH
&R AR+ R AERR 30 d I 3 i+ B1.B2. BO,
A1B1,A2B2, A0BO £ X P 55 Bl 4 14 1 B2 0 M A%
S A by 5 DX S8l P 5 A 19 v R i A2 B BT ) )
AR AR RS AR R BT Y SR AR 0 R R AR R
AT, B 45 AR ER 060 KN, 45 IX 5k
PA SRR 1) v B R AR AR R AR AR Y B G2 18, A
60—180 KN ,B1,B2, A1B1, A2B2 4% X & N £ #4
A BE L 45 X IR B, AR K B 25 SRR 5B 180
K 2% DX 58 B AR 09 7 1 1 B 43 51 O 82,10 em,
62.20 cm,46.70 ¢cm,70.30 ¢cm,65.50 cm,45.30 cm,
550 KA EEM L. /51K /& 45.70 ¢cm.23.70 cm,
7.00 ¢cm,30.00 ¢cm,27.40 cm,7.60 cm, H: 7" B1,B2
DX 3 5 B P 34 5 B A A b i 2 BO X Bk AY 6.5 £ .
3.4 A%, BT DIl 58 R - 1 e R A AR Ak B R B2 IX R
B 1.9 f5. A1B1, A2B2 [X 38, PN 5 B 7 24 = B A9 A
a2 AOBO XY 3.9 f%.3.6 £f. A1B1 X h{ N 5
FEAR V-2 =) B 09 AR fb B A2B2 KBk 1.1 ff. 2R
180 KA, £5 DX I A S5 FEAR A4 7 2 Hi 42 535914 7.03 mm,
6.28 mm,5.98 mm,7.29 mm,7.01 mm,4.96 mm,5
550 RH AR L, 3 5 K 2.27 mm, 1.76 mm,

0.75 mm,1.92 mm,1.40 mm,0.54 mm, X+ Bl,B2
DX 38 PN 55 T 24 b A% 9 A8 Ak i 2 BO XY 3 A
2.3 5, Bl X4l P S0 B AR 7 2 b AR () 8 AL B R B2 X
B 1.3 4%, A1B1, A2B2 [X 8 P4 48 B R SF- 24 3 45 1
AR AOBO XY 3.5 f%.2.6 %, A1B1 X 3 &
AL 24 v B AR bR A2B2 X 1.4 £5.180 d
J o A DX PN S0 R 1Y) i B R b AR B AR AR A
ST AT A DX ) 5 R R Y v R R b AR A Ak B B
T HE A, L A i P 7K 500 A DX sk P 5 A 1) v B
A% 5 T AR5 AN A0 AR A R0 B DX L 722 AR B AR A
PRJE: 76 AR R SRS G T B — B R &
i EL 25 55 9 BE G, BT 20, 60—180 d, 4k X 3 i F
[ b2 (0 AE AR B0 T 2% B 2 K, ot BRI el g e A
I 3%, 5 5% Fl M 5% 4 K 0 TSR 0, 6 TR 3 g 4K il
BRI A K 2218, B, AIBL X B 78 [& A6 5 78 0 T £ 7K
F AT AR AE— 22 (14 7K 43 5 T EL ] L) 2% 1% B il —
FE B IR UG 4 SR AR A K, Pr DA AR S AR K R Y
B1, A1BI X3 P 58 B A A8 ol B fie P, I 4 e df
o BRI M A48 24 v T LAt X 8k, 180 d A, A K B ]
RRKR M B AR KR8, 50 R R i BRI M AR AR OR
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Table 4 The change of Amorpha fruticosa growth

height with time in each region cm

K& /d Bl B2 B0 Al1Bl  A2B2  AO0BO
0 36.40  38.50  39.70  40.30  38.10  37.70
30 38.20  39.30  40.10  42.80  39.20  38.90
60 40.20  40.80  41.00  43.90  40.80  40.40
90 45,70 43.10  42.80  45.30  43.20  41.50
120 50.40 46,30 43.90  49.40  47.30  42.30
150 61.30  52.80 44,50  60.50  56.80  43.90
180 82.10  62.20  46.70  70.30  65.50  45.30
210 85.70  64.50  47.50  73.50  67.60  46.50

5 EXENEERMEBEBENERETW
Table 5 The change of Amorpha fruticosa ground

diameter with time in each region mm
K&/ d Bl B2 Bo A1B1  A2B2  A0BO
0 4.76 4.52 5.23 5.37 5.61 4.42
30 4.92 4.67 5.29 5.43 5.69 4.49
60 5.18 4.91 5.48 5.74 5.83 4.57
90 5.24 5.01 5.69 5.99 5.97 4.68
120 5.88 5.39 5.78 6.25 6.17 4.76
150 6.76 6.01 5.89 7.08 6.84 4.85
180 7.03 6.28 5.98 7.29 7.01 4.96
210 7.19 6.35 6.01 7.40 7.14 5.01
3 it

AR P 175 5 ok 2 595 DL JE (MICP) $4 AR Xof BF
SN EE 3 3 AT AR A B 78 B 2 AT B S A
VR LA T AR B K R 1 3 B TR A o Ak
T P €8 1 Bl PR A i A JEL 7R A L M BURE 22 (8] A S
HR R I TET L R A0 LA B A ORI 25 AE — S, AL
76 35 T L AT DA i — 58 J B 17 [ 4k )2, i L 1
A 33 AR o e 3 T T LI S R B R R R
mn R AR L I TR R S AE A AR K Y o R
rh, E A T R Y R AR L A A N B T
1R 7y (EL A% 6T B DX S8 P ol R O 10 4R ek v L G
by X3P R T R 6 AR e A ) BE TR R Y
e R A, 107 WX b o g AT [ Ak Ak BT LA
Pt v W T T R R D PR [ Ak A BEEORE AH 4R
PR A = 18 R Jie 45 #E — R, B B 1 [ Ak 2 8 B T
BhEs Ry — AR 3R = T T A AR B AT AT A
U/ 3 T 1) - AR ok

£k LA K [ Ak 5 o0 A 2 500 ml LA B g 4R g 4% X
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PRAK A AT LA BR T 0 A 77 398 THT 3 T 42 s A AR
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W R W 5 5 B TR B D0 TE (MICP) £ AR 5 48 #
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T8 4R 25 A7 R0 00 3 T 25 5 B iR R8O8R . i B MICP
AR [ A 0 A i AR P R S A T P IR A
P 7/ 2 e R W O B U (B TS LNV YN S
R SRR L B — s B N A5

4 H i

(1) FI A P75 S0 T 85 10 3 (MICP) 45 AR X 8%
TP TE AN AN B S v DA B 8 i b A A —
JE T AR R B 45 i 25 B Btk T 515 45 ot P B ELAH 2 1%
T IERURL I 45 7E — &, 7E B T B i — )2 B0E i [ Ak
2 AL Z KSR A 0.23 em, SEEIJERE R 0.21 cm,

(2) [E 1k 4 i ek 52 0 1% e 8 1 4% DX BN A
BEW) TG R, AL, A2,B1,B2, A1B1, A2B2 4% X 3 4
5560 RALHE Y ALIE F . A0, B0, A0BO 45 IX 3, 43 5l
R 26.66%,20%,37.5%,25% ,33.33%,25% . 4
PR Z 5 60 KT, & DX B N A B Y s e 1 22 = 1
FLm A AL AR KR A AL, BL, A1BL 45 X 3 N
L% T LTS % i

(3) [kt I HAT AR SR IS L BT 4% X
PR A 1) A ROBR O 45 [T b DX 3 Py A 7 55 B IR T
2% BRZH DXk, B Ak S o 2R 7K R Y B AT A1BL X ik
VA 5 TR f R RN M A ) 2R K AR Ak R oK, LIRS
AR AT, B1, A1B1 45 X3 Py 22 & B AL AR 1Y
AR RO B

(4) F¢ MICP AR 5K HR M Z5 6 T
BT 5 B IR H b 7T LA B e Y AR IXCHE L
B4 o 0 SR AR ek Y 7 3 B AR R B RO RO L B
— 2 1 S B R FH AN (RN R
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