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Abstract: This paper proposes a composite modification method based on enzyme-induced magnesium carbonation
(EIMC), integrating bio-crust formation, organic matter regulation, and Mg*" slow-release effect from EIMC
solidified ball. Through a standardized indoor erosion experiment, the laws and mechanisms of the three working
together to enhance the hydro-mechanical stability of engineered soils used in ecological slope restoration were
comparatively studied. Carbonation degree, erosion rate, and cumulative erosion amount were quantified to assess
both the soil modification and its anti-erosion performance; micro-structural features and micro-scale mechanical
properties were characterized using scanning electron microscopy (SEM) coupled with nanoindentation.
Experimental results show that the combined modification of the three achieved the best effect. The erosion rate was
77.9% lower than that of the single EIMC treatment and 82.4% lower than that of the blank group. Under the
condition of 261 mm/24h rainfall and 100 minutes of erosion, the cumulative erosion amount was the lowest (9.84
g). Sweet potato starch improves carbonation degree by 2.5% and elastic modulus by 43.4% via nucleation regulation,
pore structure optimization, and stabilization of the aqueous chemical environment. EIMC solidified ball enable
sustained Mg?" release, enhancing deep-layer carbonation degree by 3.6% and elastic modulus by 132.6%. Spray
application facilitates rapid in situ formation of a dense, continuous bio-crust layer on the slope surface—effectively
suppressing surface rill erosion.
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U U, Bl 3R Bl it g B PROEHERE, 228 TAR . AR ARSI A 7oK
ERREE A A . MU AE B B IS AR S AR GBI SE, 201D
XS X AE ARG A T R (MRS, 20200 o ARGURFH REE-LmisE . £ 1454
NIVER 9t (R4, 2001) BEA BRI 1t (B UK AR R A 7S
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% W B AR R NS 7, K SRR LR A KL R S R iR TR A E
Feal AR (1) 77 20, 358 oy R i T N LRRER I 3R i, A BM 1 K 2 I T il
Wofm,  SEU S B9 A A SRR D Re (R E5E, 2004). R ZEAR BA T TR & .
FRPE I A A, HAESEBR R AT T G R . — % LB R e A g, =
SEPUERMMRIAE F155S (CEACKREE, 2015) o &FXhixsedirs, o R mEiR L i LG N 24 i
A OO ST AU E E Ty 0], TEHLSE . B R ML SR A R R C U T R
&, BEEARITA SR TR LR K- e Re . SR IL SR P R . R e
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WA S A B LR (Microbial Induced Magnesia Carbonization, fij#X EIMC)
SEUTEE I ML — R AESTER L E LB (Ruanetal,, 2019) o iZF AR MBS LR E
BY R B B, AMBERAKE RMAEREEMSE (N (D ) 5 BE, AL
SRR R R 2 P2 A R ER 2 R AR IR R B, AT UK &R EE (HMCs) (2 (2) -
(6) ) (Hoang et al., 2021). ARZHEFLFI, HMCs Xt 2 M3 ity B A B B RCR, G4
B #6155, 2019) ¥t (GRS, 20200 . 400 (Yangetal. 2021) . HUfFELHE
(B4, 2021) « @B FK (Wang et al. 2023a) . RIS (Wang et al. 2023b) LLJ%
#1> (Dong etal., 2023) 55 . Ayt — AT BHEAE A FIZ 5 )7 T R 14, Zheng 55 (2025)
T HEE S AL AR (Enzyme Induced Magnesia Carbonization, fi##8 EIMC) , 3
I RGO EEIRES, PRAHIEFL T HOR D R [E A P e A A LB

MgO+H,0 —> Mg(OH), (B) (1)
CONH:) »+ H:0 —==, INH$+CO, )
Mg(OH)+CO»+2H;0 —> MgCOs-3H:0  (N) 3)
5Mg(OH),+4CO, +H,0 —> Mgs(CO3)((OH), SH,0 (D) @)
5Mg(OH),+4C0, —> Mgs(COs)y(OH),+ 4H,0  (H) (5)
Mg(OH)+CO; +3H:0 —> Mgy(COs)(OH) 3H:0  (A) (6)
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Table 1. Index properties of Xiashu soil
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Table2. Chemical and physical properties of reactive magnesia cement

LA (%) YR
MgO CaO SiO, Fe,0; Specific gravity (g/cm?) Dry density (g/cm?)
98.09 0.73 1.07 0.11 3.00 3.56
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TEAHFEIE F Y 6 d, PAGRIE EIMC R 3 TIRACIRES R, 2R 45 M2 1) EIMC
[0 /NER . XK BIMC 4RI, 7EMCERWHN T 2.0 g AALBER) EIMC K. WHG 5
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Fig.1 (a) Soil sample preparation mold and (b) A soil sample prepared for testing
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Table3. Specific information on the treatment method of the erosion model

W AT MgO () B JHKE Rl ©ESE EIMC B/R FPE

1 ¥ 0% 0% I

2 Yifk: EIMC Wiik: 1% 0% ¥

3 Wefk: EIMCHEH Wiik: 1% 15% ¥

4 YWifk: EIMCHEM+EIMC BB Jik: 1% 15% "

40% A% iy 7d

etk EIMCHEN Wilk: 1%

5 15% I
Ji#: EIMC Wil Wk 2g

Yofk: EIMCHEMHEIMC EfL/NER 3k 1% "

6 15%

I EIMC W Wik 2g
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TRl R ARVE T SR EIMC AR B FRRE . ARS8 R FH Eh BR B e HE /K V2
WAL (DC) , HIEAR G HE R JE I 5 A % COn BIAMRFRRRAE - AF R A Ak s S R 3 4
FAEER BE /KB (Unluer 1 Al-Tabbaa, 2014) . & E /REEWME 2 fin. BT R5GH
4 16 SAH/NRGEREMBENER, B SERIEREE T MEA RSN, 4IRS, 2R
NERIBRALEE, HAREMEUEEZ LN 5 mm K BRI . RS S T IR
WIEE, HY Sg ¥ REERNHEIZM S, A0 30mL 1.0 M SEBRVAWIR L, I HIRE 19t b ds it b
AR K AR, BN R COL AR . DC EEIT AR (1D #ATIHHE (Yi &%, 2016) .
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Fig.2 Experimental sets for determining the DC of soil samples by acid washing drainage method Installation

(a) Schematic diagram; (b) Physical photos
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Fig.3 Experimental sets for erosion test (a) Schematic diagram; (b) Physical photo
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KA EM PRI LT B AL AL BE 50 B 24 /NI 8255 [0 J5 FORE S DT R4 100pum 1)
W, B R IOE BT R R IR E . B 4a BRI 4 AR R IR .
TEGIAK R R B, 4 1] £ 58 B bR AE AL BT O TR 7722 R G40 K IR AR HL %k
e (B 4b) , 8IS RE1H R G SE AR R N IR FE S il Ml #E b, A
E B0 AR #7048 -18 285 - S0 20008 PR A 12 Hh 1 i -0 8 1 S MR S FF [R]85 AR BRUREAE 1
P-h 12k, 2T [l fridi 1 Oliver-Pharr 43 #7 /7% (W-C Oliver & Pharr G-M, 1992) , 81 fif
P2 XS (B Rk Pmax. i KENTREE hmax. BEARRIE hey FRARIRFE hp Sk
FERNIEE S) , RISRAFFE S R & AR R SR A BE HIT AN S 55 e K )5 S8

(== x1000)

4 (a) WA 4 SRGPOR IR, (b) SOl TAEH 72 Ik 5 Seah ok e IR AR L B 1]
Fig.4 (a) Typical nanoindentation specimens of test group 4; (b) Diagram of the nanoindentation module of the

micro-engineering geomechanics testing system
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Fig.5 Appearances of samples subjected to rainfall erosion tests
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Fig.6 (a) Erosion rate of 6 sets of models; (b) Cumulative soil erosion of 6 sets of models
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Bl 7 AFEAGREE BRI : () 6 HREREREHALEE: (b)) RIGH 4 MAIRH 6 FEREZE . FEMT
JERRAL P
Fig.7 Carbonization degree of different samples: (a) Surface carbonization degree of 6 groups of samples; (b)

Carbonization degree of the surface, middle layer, and bottom layer of samples of groups No. 4 and No. 6
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Figure7 Load-displacement curves of nanoindentation test of groups 2, 3 and 4
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Fig.9 (a) Elastic modulus of all points in different samples; (b) Average elastic modulus of each sample group
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Fig. 11 The synergistic mechanism of sustained-release microspheres and sprayed magnesium oxide
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