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Water stability of silty sand solidified by enzyme-induced carbonate precipitation
combined with hydroxyethyl cellulose

YUAN Hua', SUN Fang', LI Jin', LIU Shuaixing®, WANG Kai
(1. School of Civil Engineering and Architecture, Henan University, Kaifeng 475004, China; 2. Zhengzhou Baoye Steel
Structure Co., Ltd., Zhengzhou 450000, China)

Abstract: In order to improve the effect of enzyme induced carbonate precipitation (EICP) in solidifying sub-
ground soil, this study proposed a technique of hydroxyethyl cellulose (HEC) combined with EICP to solidify silty
sand, and analyzed the water stability of treated silty sand. The surface strength and water stability were taken as the
investigation indexes (Water stability was evaluated by disintegration rate and strength loss rate after immersion).
Four factors (HEC concentration, spraying amount, spraying times, calcium source concentration) and four levels
orthogonal test were carried out. The solidified mechanism was analyzed from the perspective of macro and micro
through micro penetration test, disintegration rate determination test, strength loss rate after immersion determina-
tion test and micro experiments. The results showed that fro different evaluation indicators, HEC concentration
ranked first in the primary and secondary order of each factor's influence. The optimal solidification parameter for
HEC combined with EICP to solidify silty sand is HEC concentration of 0.6 g/L, spraying amount of 3 L/m?, spraying

frequency of 4, and calcium source concentration of 0.75 mol/L. At this time, the surface strength of solidified silty
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sand is increased by 57.47% compared to that of traditional EICP, and the disintegration rate and strength loss rate

after immersion are 78.64% and 83.75% lower than those of traditional EICP, respectively. The incorporation of HEC

changed the single cementation mode of EICP, generating "wrapping” and "connection" effects between soil

particles, forming a chain network structure of soil particles-HEC-CaCO3, which improves the surface strength and

water stability of silty sand.

Keywords: enzyme induced carbonate precipitation; hydroxyethyl cellulose; orthogonal test; surface strength;

water stability
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Table1 Orthogonal experimental factor level table

Factor

Level HEC Spray Spray Calcium source
concentration/ amount/ frequency concentration/
(L") (L'm™) (mol-L™)

1 0.2 1 1 0.25

2 0.4 2 2 0.5

3 0.6 3 3 0.75

4 0.8 4 4 1

123 Kk
(1) SR B A5
P37 A HLD 0t 2R 7 10 & 1R 2R 1
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Table 2 Four factor orthogonal experimental scheme

Factor
Test  HEC Spray Calcium source
numberconcentration/ amount/ Spray concentration/
(@LY) (Lm?) frequency (mol-L")
1 0.2 1 1 0.25
2 0.2 2 2 0.5
3 0.2 3 3 0.75
4 0.2 4 4 1
5 0.4 1 2 0.75
6 0.4 2 1 1
7 0.4 3 4 0.25
8 0.4 4 3 0.5
9 0.6 1 3 1
10 0.6 2 4 0.75
11 0.6 3 1 0.5
12 0.6 4 2 0.25
13 0.8 1 4 0.5
14 0.8 2 3 0.25
15 0.8 3 2 1
16 0.8 4 1 0.75
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Fig. 3 Index data of soil samples under different testing schemes
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Fig.4 Range analysis for surface strength
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Table 3 Variance analysis for surface strength

Source of variance Sy d S F P/107
HC 24.73 3 8.24 213.33 0.05
SA 1.58 3 0.53 13.59 2.98
SF 1.29 3 0.43 11.08 3.94
CSC 0.49 3 0.16 4.18 13.53
Error 0.17 3 0.04 1.00 50.00

Notes: S,—Sum of squares of deviations; d—Degree of freedom;
S—Square deviation; F— F-statistic; P—P-value.
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Fig.5 Range analysis for disintegration rate
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Table4 Variance analysis for disintegration rate

Source of variance S, d S F P/107*
HC 80.98 3 26.99 223.24 0.05
SA 8.91 3 2.97 24.55 1.30
SF 10.70 3 3.57 29.49 1.00
CSC 3.65 3 1.22 10.07 4.48
Error 0.36 3 0.12 1.00 50.00
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Fig. 6 Range analysis of strength loss rate after immersion
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Table 5 Variance analysis for strength loss rate
after immersion

Source of variance S, d S F P/107

HC 7.49 3 2.50 86.55 0.21

SA 1.43 3 0.48 16.49 2.28

SF 1.67 3 0.56 19.22 1.84

CSC 0.84 3 0.28 9.69 4,72

Error 0.09 3 0.03 1.00 50.00
DL T 3 | A o IR K B 0 O R Tl

SR T K L, HECHRJE M PEY B &K T
0.05, Himflk THABK R P . XUiW] HEC (1)
B E R 52 R 3, HEC 5 CaCOs
SEARORAR G o BV MR Y PAE W T A R
F, IR T HEC 585k B 2 A 77 7 35 10
ZHAEA, BLARK UL RT e 2 vk B 45 U5 Fl HEC 3
BORW P oy FHLE B, TS5 T R AR
ol A5G R A B 1 P
2.2 ZBHHHAHE LS

BT FRIESS I Z5 R b, W] Rk AR M b
Bl A R v, 45 S HO AR (3% o B RTK

FeE PR ) 1Y 52 M 1) 52 B — 2 i R

b HEC ¥ FE R3S TN, AL ROR S 3 5e s 5
W, 24 HEC ¥ A F 0.6 g/L I 35 B 5 454
o BAUKREE D HEC Il R L F A 2, X 5
FEFTRCRAR R, BASCRETAEE . &
T 0.6 g/L 1Y HEC & &£ W) 5 BUA W 531 (B Qi 25 7 3
i, FLmiAE T RE, SEmiEN T ABH I I AEmS
W) S 168 oy 15 € AR FLBR, 78 T AR SR Z T 0 i
2, DT REAR T R A AR o

i 7 I o ) B, R I [ AR RO e R
SR, WO A S = K SF 3 L/m? i K PR AE .
Ik T AR I A 2 T BORAE PN BB AE W ) I 25 8
BUK i CaCO; ffk, HEFIFIA%E T M abfLER , K
T BEM, U0 EBAE LIS A S
>R, 3T AT A RO

Wi o 8 3 5 3, R A [ Al AR S
PEF:, EES Dk W A AR Y B R A
N T =0 MY 3R TR R G TR AR
CaCOs A 5 HEC RS ST 1 B3 0 N 38 K8 43 L
B, JEEEEATROE A B R, SEUGSE
%304 ) [ A AR i AN B I

I 5 605 U e B A, [ AR R A e B U
BB A5 TR MR AE 0.75 mol/L I [ AL R R A Ak
1 mol/L 45 5 ik B2 b PR AE #1388 F 0.75 mol /L &b #i
BRE Y AL R ek s . R A TR R RS RS
HEC % WR A 5 24l CaCoy B AR, FEFLI
BRI

I T 25 S HOF R [ Ak 0 52 ) 43 B Sl 22 5
ZEER, W E R ER S S . HECHRE N
0.6g/L, Witk ky 3L/m*, Wil h 4, 45
VR FE A 0.75 mol/L,

3 EMLRRXTLE 5

k96 UEAE F ALKy RP 7 T, HEC BX 4 EICP 4 H:
b7 v R e R R A 1 1k S B0k il £ R
JRE ZE - . {LHEC. X EICP 3 F i 4k J5 CAE
IR, RO R E 3 AP i EE. AR 1.2.3
TR g, O R R TR L 0 SRR
Bk R, HARWME 7 s,

A R 9 B O 0.42MPa, i il R N
98.97%, JLF-SE&iff; 1R/KMERIFE N 94.01%.
X HEC [& 4k 0 FF (19 22 18 38 2 3.04 MPa, i fif %
h 70.31%, RXRE AR ZL, FE SRR Th K ES 4
T AE AR, R KR R R R A 67.91%. [ HEC



JiOAR S RO A R IEE IR TR R R DU VE B A 1D i K R E

-2759 -

—e— Surface strength <
8t ™ Disintegration rate 1100 4100 ﬁ\:
_a Strength loss rate after 2
immersion o &
é; 180 & 180 2
= g £
b P
g 160 8 160 &
g b= <
@ = o
g 4 9|, E

Q 4 =
£ 402140 4
5 g 2
[ZENE ()] =
120 20 =
=
=
x

10

0 - 0
Plain soil HEC EICP EICP+HEC
Different working condition

B 7 AR A BRI A RS b
Fig.7 Characteristic indicators of samples treated

with different methods

Aab BB 114 2 T 8 R AR L L ik S IR K R
PO R, X TR A HEC 37K 5 )
WA, PECEPORLE A2, BRI,
TE 244 ; H HEC £ i 3] 1 1R 215 28 7 5 i 78 7K
H, i R IR

X EICP &b B URE 1) 2 171 3 J& 0 4.42 MPa, i
fift RN 10.72%, =K W R R R 7.63%. X
EICP UM 1) 2 11 98 L3 i, 0 il 3 5 0 K ik B i
RFREAR, F 8RR R AL EICP B 38 7K 5 1 K
Ji . PN FL B B 2 T A Tl T AR K, R B A R (]
AR 2 BRI, S B ORIV

(a) EICP only

TR /NI 2485

HEC H% & EICP i #£ 1 3% 1] 3 J&£ O~ 6.96 MPa,
HAY HEC A1 EICP Ab B FE 2 42 5 T 128.95%
57.47%; =K Ja, BURERT 2 LA R AR IECR
it AL A 2.29%, AH%E L HEC FI{Y EICP 4b B #E
23 9 F B 96.74% il 78.64%; 5 7K 5 JE il Ok RAK =
1.24%, #H X HEC 11X EICP Ab #LIRXFE 43 51 F %
T 98.17%. 83.75%.

Z8 |-, HEC B4 EICP 1 [# 1k &5 it
HEC F1{Y EICP B [E L3R .

4 HMMENH S
4.1 HUMEHRTESWH

AR AL 7 20T iRE 19 SEM 25 S UL K] 8. X
EICP [ffLHs}, /D i CaCO; & 14 2R 5 AN K10 (1) 141
MR, BT 7EF oy WOk |, K4 CaCOs iy
A 2 HORES, AR FL B K (& 8(a)). HEC
BB A, AU KT CaCO; A Fil - 50k 114 32 firh
1, HEC I iA B %W EE +BOR, AR
T EEPEFLER, HARBAEMES S H HECH
CaCOg ML TE $E A A o5, , TLUE 1) CaCOz A W
AR AR HOIR S S R B K R
CaCO; fh K . A= 1Y CaCO, it %5 75 HEC A |,
+ ki . HEC Fll CaCO; = 22 [b] ¥ 245 5 i 5 %%,
TR R EUE (F 8(b))-

L F AL

(b) HEC combined with EICP

8 ATl fListRE R SEM &
Fig.8 SEM images of specimens solidified by different methods

A TA] 5 T Ak i R f9 EDS 1B 3 U IE 9. X
EICP & HEC B4 EICP b i AEI & H C. O

MCaJjtZx, HiEETH Ca i ESHLE THIH,
VL & v s A T B £ 1) CaCO, fiif, X5 HEC



EEMRER

2760 -
10 10
(¢}
8 8 Si
50 pm
wn —_ 78]
3 S
> 6 S 6t C
5 8 Ca
k= =
4+ 50 um 4 Cl
2 2 r
u LNN S50pum™
0 0 . . .
0 1 2 3 4 5 6 7 8 9
Energy/keV Energy/keV
(a) EICP only (b) HEC combined with EICP

K9 AFTr it EDS FfR

Fig.9 EDS images of specimens solidified by different methods

1 CaCOg UUHE $ 1k s A% A7 1 FFAIE 3 CaCO4 A= 11
HEWT— 2, PTRE T FT U N HEC o RE $2 {1t — 36
5+ C. OJC%E , HECHK G EICP AL 3 A 1) C.
O LEGEWEE Cat®E, X 5K 8(b) SEM K
15 b M EE ) HEC IR 5 CaCO, MR IR & IR B4
HHWYIG o [, PRpRE h 46T 3] Si Al CL e,
X6 5T F 43 ) R R TR B A 4 A3 R RS 45 WY Bk
Y.
4.2 RIELEH

N[ b B 7 = 4 RE B XRD 45 50L& 10, %+
XRD & 3% 75 i A AT R B 3, SR L
J7 ff AT b AT S AFAE B CaCO, 7 F WA . EICP 4b

1 EICP + HEC n Sodiugl feldspar
® Potassium feldspar
A Quartz
4 White muscovite
* Calcite
° A u «
n et het mAaaet e o4 x x ¥
4
z " EICP
&
Q
= e I
» ol || 4 x0° M A L 4% o A F 4k ok
A
Plain soil
[ ]
m olAA*.O-A‘:0°A' K %
20 30 40 50 60 70 80

20/(°)
Bl 10 ARIE AL+ AER XRD &l

Fig. 10 XRD patterns of soil treated with different methods

B A+ A (9 XRD &3 b 5 fif A 0T S 06g 174 0 500 06 {0
YA 8, Ui B BICP 2 i UL VE (1) CaCOs LA J7 fff
AL S S, 1 22 HEC Bt 4 EICP 4b Ff 4 A
) XRD 3% v, 5 fiff 40 AT S 0eg 1% e > 550 550
EICP 2 3 AR A, 8 5 fifk A 437 S 06 %) 0 1 B Jd
R, UL LA 5 R A0 U AE 1) CaCOs & iR I
Him, HECBEA EICP R4 B E £ 5 i A1 T & 1)
CaCO, fh A s i 7 fift A1 J& CaCO; i 1A Hh e 22 1)
FETETE
4.3 1ERHLH

HEC It & EICP [ 4k 45 80 B9 HIL ] an 14 11 B o
R IR ERRE R K s A2 T O3, COT 545 IA
W) Ca* A 45 A I i CaCO, TLTE ,, FFUTRE + i
BT . HEC B H B AFRK . fRI8 KRt RE

HEC colloid Connection effect

HEC+CaCO,
adsorption effect

Cementation

Wrapping effect

€11 HEC ¥4 EICP [ELkEbrpL il
Fig. 11 Mechanism of solidifying silty sand by HEC combined with EICP



P
1

G R CFRET AR R KA IR IR T R R R TOE 1A 108 1 A K A E T

N IR BB BEA M A E, B T B IR A5 A4 AR
. HECX T ROk “@E”. “EHE” %

%
L, A B U B AR Sy B A 1 P R K
HEC & CaCO;4 fh AR $2 B AV A5, Wi 25 1) CaCOq
Wb, BT £ CaCO, i % .+ ik -HEC-
CaCO, HE X MR ZE M L B, i — 4| T 55
RLREES Ty, SR BARBSCRE, o 1B 2500
PETH T DY 12 P RE

5 &t

ASCGHE T IER IR T 4 O HE L 48 R (HEC)
VB . MRV . BTG 4K . 5 U VR EE X HEC KA
I 75 S B TR 6 L TE (BICP) [ 468 b (6 2 1 54 8
FK R E M K o 1 3 2 10 A R 5 0% /K6 3 46
FRPEAG) sgm, SR RAERAS A S I
HEAT A R X R WK 5 A M, A R
58

(1) FEIERCIRIe , HHE AR R IR R,
HEC ¥ JE Xt 45 R i fe 0 2, HOROR WG i . mi
T4 38 50 0B YR B T Y 2 S AR B Ry i R R
K o BE 5 S I, 4 R e B A 32 R YR
HEC ¥ & > 5% 175 3k 500> 375 B >0 Y5 1k 3

(2) 7EIE AU & F 7, HEC B4 EICP [# 1k
WAL S8 G0 . HECWRIE 0.6 g/L. i
Wit 3L/m*, MHMEE 4 8 . F5IFHE 0.75 mol/L;

(3) 7E AL E b 2 84 4, HEC Bk & EICP
[ £k B 0 SR 11 2 1T 9 2 Ol 6.96 MPa, i i 6K
2.29%, =K R B R RO 1.24%, M L TR 4
EICP [E ¥yl , FRimmas BEHE & T 57.47%, HiffE% .
BROKJE MR 05 % T 78.64%. 83.75%.
HEC Bt 45 EICP [ {0 1% 35 THI 58 2 A1 /K B2 P
Y10 T4 EICP E LD

(4) HEC 5| A 248 T % %4 EICP [ 1k £ 4K 19
I e f 2, RAL R CaCO, VL TE AL T A% 0 4,
HILA B MoK IS FMRE, BT CaCOs MY /E
B, I REAR B £ LIRS 1Y O R AR S AR
CaCOs. HECXf T+ Wik~ A “f ", “iEH"
BN, k. HEC Fil CaCO, = 2 A K ik =X
WARGER, YR T LRSS, WGE T HIRSH,
P e TR % 2 T B AR AR

HEC B 45 EICP [ 4k 3 AR AE 1 50853 0 (1) 558 B2 11
AKARE P Ty B W R, SRR )E AR
R AR LT — AR O R T R

-2761 -
52 3k
[1] XIAO Y, TONG L, CHE H, et al. Experimental studies on

[2]

(3]

[4]

[5]

(6]

(7]

(8]

(9]

[10]

[11]

compressive and tensile strength of cement-stabilized soil
reinforced with rice husks and polypropylene fibers[J].
Construction and Building Materials, 2022, 344: 128242.
YING Z, CUI Y J, BENAHMED N, et al. Changes of small
strain shear modulus and microstructure for a lime-treated
silt subjected to wetting-drying cycles[J]. Engineering
Geology, 2021, 293: 106334.

JETV2E, JiArAL, AR, 55, 54 AU -3 A7) [ Ak iR e
HEERHEREST (1], %A+ 17, 2023, 44(S1): 309-318.

LONG Kaiquan, FANG Xiangwei, SHEN Chunni, et al.
Strength characteristics of sludge solidified by composite
rapid soil stabilizer[J]. Rock and Soil Mechanics, 2023,
44(S1): 309-318(in Chinese).

FREAE, HOHTHE, SRAEW, & K P e 2 A RE M 18
BHHRERIGISE (1], &+ 712F, 2022, 43(11): 3003-3014.
WANG Shengnian, GAO Xinqun, WU Zhijian, et al. Per-
meability characteristics of cemented silty sand improved
by metakaolin[J]. Rock and Soil Mechanics, 2022, 43(11):
3003-3014(in Chinese).

2B, ok, i, G5 AR - 0 e Rtk R 454k
FrrEmURRIEER O (1], 5+ 037%, 2023, 44(6): 1593-1603.
LI Xinming, ZHANG Haoyang, WU Dij, et al. Strength deteri-
oration characteristics of lime-metakaolin improved
earthen site soil under freeze-thaw cycles[J]. Rock and Soil
Mechanics, 2023, 44(6): 1593-1603(in Chinese).
GITANJALI A, JHUOY S, YEH F H, et al. Bio-cementation of
sand wusing enzyme-induced calcite precipitation:
Mechanical behavior and microstructural analysis[J].
Construction and Building Materials, 2024, 417: 135360.
HEJ, GAOY, GU Z, et al. Characterization of crude bacteri-
al urease for CaCOj; precipitation and cementation of silty
sand[J]. Journal of Materials in Civil Engineering, 2020,
32(5): 04020071.

CHOI S G, CHANG I, LEE M, et al. Review on geotechnical
engineering properties of sands treated by microbially
induced calcium carbonate precipitation (MICP) and
biopolymers[J]. Construction and Building Materials,
2020, 246: 118415.

CUIM]J, LAIHJ, WU SF, et al. Comparison of soil improve-
ment methods using crude soybean enzyme, bacterial
enzyme or bacteria-induced carbonate precipitation[J].
Géotechnique, 2022, 74(1): 18-26.

GEBRU K A, KIDANEMARIAM T G, GEBRETINSAE H K.
Bio-cement production using microbially induced calcite
precipitation (MICP) method: A review[J]. Chemical
Engineering Science, 2021, 238: 116610.

K, AR, XURSR, 45, JE T AR Y SRR E5 TOVE I LIk [


https://doi.org/10.1016/j.conbuildmat.2022.128242
https://doi.org/10.1016/j.enggeo.2021.106334
https://doi.org/10.1016/j.enggeo.2021.106334
https://doi.org/10.1016/j.conbuildmat.2024.135360
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003100
https://doi.org/10.1016/j.conbuildmat.2020.118415
https://doi.org/10.1016/j.ces.2021.116610
https://doi.org/10.1016/j.ces.2021.116610

£ 2762 -

EEMRER

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

AEWFIEHE R (1], A 1%, 2022, 43(2): 345-357.

ZHANG Qian, YE Weimin, LIU Zhangrong, et al. Advances
in soil cementation by biologically induced calcium
carbonate precipitation[J]. Rock and Soil Mechanics,
2022, 43(2): 345-357(in Chinese).

XD K, HW8, M4, S A R BOR RN RS
J& 1] RGBS TSR, 2019, 41(1): 1-14.

LIU Hanlong, XIAO Peng, XIAO Yang, et al. State-of-the-art
review of biogeotechnology and its engineering applica-
tions[J]. Journal of Civil and Environmental Engineering,
2019, 41(1): 1-14(in Chinese).

ZHANG J, WANG X J, SHI L, et al. Enzyme-induced carbon-
ate precipitation (EICP) combined with lignin to solidify
silt in the Yellow River flood area[J]. Construction and
Building Materials, 2022, 339: 127792.

RME, BIRE, INER, 5. P BUIRRG S S0 S [ b
EIRAFE [J]. 7+ TRE2EHR, 2020, 42(4): 714-720.

WU Linyu, MIAO Linchang, SUN Xiaohao, et al. Experi-
mental study on sand solidification using plant-derived
urease-induced calcium carbonate precipitation[]].
Chinese Journal of Geotechnical Engineering, 2020, 42(4):
714-720(in Chinese).

T, X, AT, . T RUE YT SRR S UTNE R A
KN S TR RO IE (1], A 12, 2021, 42(4): 1104-
1114.

DONG Bowen, LIU Shiyu, YU Jin, et al. Evaluation of the
effect of natural seawater strengthening calcareous sand
based on MICP[]J]. Rock and Soil Mechanics, 2021, 42(4):
1104-1114(in Chinese).

Lz, PR, S5, S SR R - 5 R R R [
PLEIRIFSE [7]. B1AHS, 2024, 38(13): 99-105.

PENG Liyun, CHEN Xing, QI Jilin, et al. Study on strength
characteristics and strengthening mechanism of microbial
reinforced silt [J]. Materials Reports, 2024, 38(13): 99-
105(in Chinese).

WANG Y, SUN X, MIAO L, et al. State-of-the-art review of
soil erosion control by MICP and EICP techniques: Pro-
blems, applications, and prospects[J]. Science of the Total
Environment, 2024, 912: 169016.

SUN X, MIAO L, YUAN J, et al. Application of enzymatic
calcification for dust control and rainfall erosion resist-
ance improvement[J]. Science of the Total Environment,
2021, 759: 143468.

LIUL, GAO Y, GENG W, et al. Comparison of jack bean and
soybean crude ureases on surface stabilization of desert
sand via enzyme-induced carbonate precipitation[]J].
Geoderma, 2023, 435: 116504.

S, R, TRR, A6, R GRS ORI PSRN 5 o LBk
A B K v E R OETE U], 4 £ TRE4R, 2020, 42(10):

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

1914-1921.

WU Min, GAO Yufeng, HE Jia, et al. Laboratory study on
use of soybean urease-induced calcium carbonate precipit-
ation with xanthan gum for stabilization of desert sand
against wind erosion[J]. Chinese Journal of Geotechnical
Engineering, 2020, 42(10): 1914-1921(in Chinese).

SOHAIL M G, AL DISI Z, ZOUARI N, et al. Bio self-healing
concrete using MICP by an indigenous bacillus cereus
strain isolated from qatari soil[J]. Construction and
Building Materials, 2022, 328: 126943.

SUN X, MIAO L, WU L, et al. Theoretical quantification for
cracks repair based on microbially induced carbonate pre-
cipitation (MICP) method[J]. Cement and Concrete Com-
posites, 2021, 118: 103950.

DL, TR, TR, 4. EICP 8K H 48 15 e 4 iRt
AHERFSE [7]. A+ H1°F, 2023, 44(10): 2779-2788.

BIAN Hanliang, JI Peirui, WANG Junling, et al. Study on the
environmental durability of heavy metal contaminated soil
remediated by enzyme induced carbonate precipita-
tion[J]. Rock and Soil Mechanics, 2023, 44(10): 2779-
2788(in Chinese).

LIU S, YU J, PENG X, et al. Preliminary study on repairing
tabia cracks by using microbially induced carbonate pre-
cipitation[J]. Construction and Building Materials, 2020,
248:118611.

YASUHARA H, NEUPANE D, HAYASHI K, et al. Experi-
ments and predictions of physical properties of sand ce-
mented by enzymatically-induced carbonate precipita-
tion[J]. Soils and Foundations, 2012, 52(3): 539-549.
MARTIN K, TIRKOLAEI H K, KAVAZANJIAN E. Enhancing
the strength of granular material with a modified enzyme-
induced carbonate precipitation (EICP) treatment solu-
tion[J]. Construction and Building Materials, 2021, 271:
121529.

HAMDAN N, ZHAO Z, MUJICA M, et al. Hydrogel-assisted
enzyme-induced carbonate mineral precipitation[J].
Journal of Materials in Civil Engineering, 2016, 28(10):
04016089.

kA, ZRAL, DG, A5 B SR A S R L DOV ]
A BT YRR B AR (1], A MR, 2024, 41(1): 426-
437.

ZHANG Jianwei, LI Xiang, HAN Zhiguang, et al. Shear
strength characteristics of sand solidified by enzyme-
induced carbonate precipitation with waste face mask
reinforcement[J]. Acta Materiae Compositae Sinica, 2024,
41(1): 426-437(in Chinese).

HOGHE, X1/, S, S, B ) O P IR G A I G
3B TR £ TOE T [5] Bi lk R O 5E O0. A R,
2022, 43(8): 2241-2252.


https://doi.org/10.1016/j.conbuildmat.2022.127792
https://doi.org/10.1016/j.conbuildmat.2022.127792
https://doi.org/10.11779/CJGE202004014
https://doi.org/10.11779/CJGE202004014
https://doi.org/10.1016/j.scitotenv.2020.143468
https://doi.org/10.1016/j.geoderma.2023.116504
https://doi.org/10.11779/CJGE202010017
https://doi.org/10.11779/CJGE202010017
https://doi.org/10.11779/CJGE202010017
https://doi.org/10.1016/j.conbuildmat.2022.126943
https://doi.org/10.1016/j.conbuildmat.2022.126943
https://doi.org/10.1016/j.cemconcomp.2021.103950
https://doi.org/10.1016/j.cemconcomp.2021.103950
https://doi.org/10.1016/j.cemconcomp.2021.103950
https://doi.org/10.1016/j.conbuildmat.2020.118611
https://doi.org/10.1016/j.sandf.2012.05.011
https://doi.org/10.1016/j.conbuildmat.2020.121529
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001604

JR A A PR LR Al FIGEG IR METS  R R 10 E 11 16 A A KRR E 1 - 2763 -
CAO Guanghui, LIU Shiyu, CAI Yanyan, et al. Experiment- [33] M E SR F IS BE. LI AR T RS GB 50007 —
al study on solidification of land reclamation sea sand by 2011[ST. bt i EEES T $ A, 2011.

EICP combined with targeting activation of microbes pro- China Academy of Building Research. Code for design of
ducing urease[J]. Rock and Soil Mechanics, 2022, 43(8): building foundation: GB 50007—2011[S]. Beijing: China
2241-2252(in Chinese). Architecture & Building Press, 2011(in Chinese).

[30] PAN Y, WANG J, YANG S, et al. Research progress of hy- [34] ARG, MEAE, XA, 45 BRI B o 0k AR
droxyethyl cellulose materials in oil and gas drilling and ShriRmd g Z a8 (7], £l TR 244, 2017, 33(11):
production[J]. Cellulose, 2023, 30(17): 10681-10700. 133-139.

[31] LIUX, ZENG W, ZHAO J, et al. Preparation and anti-leak- SHAO Guanghui, FENG Jianting, ZHAO Zhifeng, et al. In-
age properties of hydroxyethyl cellulose-g-poly (butyl fluence factor analysis related to strength and anti-erosion
acrylate-co-vinyl acetate) emulsion [J]. Carbohydrate Poly- stability of silt slope with microbial mortar protective
mers, 2021, 255: 117467. covering[J]. Transactions of the Chinese Society of Agri-

[32] ol PENS7, Aok, F2 & ILaT 2 KXW iR g EAR e i 7 B cultural Engineering, 2017, 33(11): 133-139(in Chinese).
AKIRHI AR RO RTSE (7). PR K, 2019(S2): 18- [35]  XIL:i, Ak, W, 4. MUEMIESFMMESTIEEE = &+

21, 32.
WANG Rongbo, YAN Congli, WANG Zhiqgiang. Influence of
hydroxyethyl cellulose on heat resistance of sprayed
quick-curing rubber modified bitumen waterproofing
coatings[J]. China Building Waterproofing, 2019(S2): 18-
21, 32(in Chinese).

HEEPORWTIT 1], A4 1% 5 TR 2R, 2020, 39(1): 191-
204.

LIU Shiyu, YU Jin, ZENG Weilong, et al. Repair effect of
tabia cracks with microbially induced carbonate precipita-
tion[J]. Chinese Journal of Rock Mechanics and Engineer-

ing, 2020, 39(1): 191-204(in Chinese).


https://doi.org/10.1007/s10570-023-05564-3
https://doi.org/10.1016/j.carbpol.2020.117467
https://doi.org/10.1016/j.carbpol.2020.117467
https://doi.org/10.1016/j.carbpol.2020.117467
https://doi.org/10.11975/j.issn.1002-6819.2017.11.017
https://doi.org/10.11975/j.issn.1002-6819.2017.11.017
https://doi.org/10.11975/j.issn.1002-6819.2017.11.017
https://doi.org/10.11975/j.issn.1002-6819.2017.11.017

	1 试验材料及方法
	1.1 原材料
	1.2 试验设计
	1.2.1 试样制备
	1.2.2 正交试验方案
	1.2.3 试验方法


	2 正交试验结果分析
	2.1 影响因素主次顺序分析
	2.1.1 以表面强度为评价指标
	2.1.2 以崩解率为评价指标
	2.1.3 以浸水强度损失率为评价指标

	2.2 各参数对试样固化的影响分析

	3 固化效果对比分析
	4 微观与机制分析
	4.1 微观结构及元素分析
	4.2 晶体结构
	4.3 作用机制

	5 结 论
	参考文献

