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Abstract: Microbial- or enzyme-induced calcium carbonate precipitation (MICP/EICP) is a new soil
solidification technology with high strength and environmental friendliness. In order to explore its application in
rock and soil cultural relics protection and restoration, Sporosarcina pasteurii and Urease were used to prepare
simulated samples with the soil from the surrounding Suoyang Ancient City by mixing respectively, and the
blank samples only by the soil were treated with drip reinforcement. The samples were characterized by SEM,
EDS, XRD, CaCO3 content measurement, TG-DSC, air permeability test, and the other methods, and their
mechanical properties including surface hardness and shear strength were also tested, to evaluate the
mineralization effect of different materials and reinforcement methods. Additionally, the content of soluble salt
was analyzed by ion chromatography. The results showed that the two mineralized materials and the urea-
calcium chloride solutions could mineralization react, and the mineralization displayed an increased trend with
curing time. Mineralization improves the mechanical properties of the soil to a certain extent and has little
influence on soil properties and color difference. Overall, the reinforcement effect of the mixing method is better
than that of the dripping method, while both of the methods lead to the increase of soluble salt content in the
soil. Integrate with the practice of cultural relic protection, MICP/EICP techniques had great application
potential in the fracture grouting and weathering protection of earthen sites, but further research is still needed
on the control of soluble salt and the potential risk of salt damage in the process of biomineralization.

Keywords: biomineralization; earthen sites; protection of cultural heritage protection; simulation experiment;

reinforcement
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Table 1 Basic physical properties of soil in earthen sites
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Table 2 Design of the experimental treatments
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Table 3 Test indicators, instruments, and specifications of samples
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Table 4 Surface color difference value of samples

il 7 =X CK Urease SP
PEFIAE 1.35 1.27 0.87
%5 AE 1.68 1.42 1.17

2.2.2 BB AKEF

P9 Sy i &R 5 A FF B B K S R ik R
o fa B9 AT R AR R RK R SR AR L,
FEAN TR I N B R ) A B ik &R 880, 78 -30~60 °C
DX T) P, A ik R 8022 57 KT 6020 Urease i1k
P G, A0 B K R TR, X R
Jon A4 L 3 Sk A 0 T 2K A R BORE K i SR
R b % R AT o K B T T L TR
il 7 A UKL A9 S R DU gz ik RN S JE | T SPOhin E RS
(1 - FF 22 S AN
2.2.3 BB LA K@

F KRR 2 Bl T A R AR R K R R L 2
PR EME I EZE SR, [ VG EALA 1
TR 2 5 B RPFRAE 0. 95 L) b o iy 8]
1O 1P 11 n] 41, i Jot W g a3 oA 742 [ W B X 7K
W 6 DX R B A0 W B DX 3 S B, A% Ak B A A AR R
7K 3 347 15 T3 W g 8 P T DS G ot G 3 B L0
FCSTHL SRR S5 SP AT Urease Ab P2 + fii
KL 5] B4 ] BR 4 CaC O, 3 78, UKL 22 (] 15 B Lb K Jon [
FRE /N Horp SP AL B A R A IR RS KRR
15 2% b 31 A0 235 3 i s R B A 3 2 R TR T
R ) A T [ A ASOR

FED 5 + - KRR AE i 4R 9 TR B 48 Polyworks
A1 Geomagic Control i 4F R AT = 4 45 4 £ 4 b



& M A ACH AR e B A TE 3R R AR 89 2R IR A 7

% XX # AR, F
0.06
0.04 CK
Fo002f Urease
~ — 8P
4 0.00
=
=-0.02
&
-0.04
0.06
-30 -20 -10 O 10 20 30 40 50 60
B °C)
(a) #Ak2%
11
10
~ 9
Y
m oL
- 7
F 6
m_\’. F
w 3f
B 4
k= 3
2 [ 1 Il 1 1 1 Il 1 1
-30 20 -10 0 10 20 30 40 50 60
REE (o0
(b) #RZ ik 2 %
B9 fnE RS EEAE KRR
Fig.9 The CET ratio and CTE of soil samples before and

after reinforcement

B TR = R 1 B S I e S I DA ISR = S
[ J = B 0 B i i 22 Urease 4 0. 3.SP 2} 0. 16, %
B S A R By AR fE s 25 Urease 4 0.3.SP 2
0. 53, F1 A0 [ J5 /N Fin 6 w7 69 A5 o fi 25 0. 35, 1
AN T B B CK A A 18 i 25 0. 38 5 1M 7 1k 38 i [
L SP O R S A R A R 22 R, KT I i Y
PRAEMR 25240 1. 5% o FEFIIN [ J5 A 04 (R BUAS £k
PR AE AN [ X35k, 3% 35 0 6 5 0 = RR AR Ak K 27 Tl
S, 0 AT DR — 25 350 W Rk RN R Y O ik o AR e
AR R AR AR B W 4 B A R A 4 i R A 3K
BERE AR T o — 3K
2.2.4 HARMEEK

M Al CHE SR ) B L 7K 28 a8 2o v e A e
FEY(GB/T 17146—2015) ¥ 7K 25518 Bk , Fl
FH 3 728 A 258 SR I [ 5 5 A 0 0 M W IR
JE & 7R S B R] P9 4 R B T R K 2R R
R 38 R A T B B B DL A Y K ZR R
N2 AWREN R HENE XY G, BT
FEAEAE T 10% M1k, 20%~30% Ry B, R 56 45
WA 13 BEaR A R0 R A B v 45 b B 08 I
P B A T CKO A Jr B %, (iR BEAR /N, T B (34
KT 10% , A A W Ak 52 0 S X6F 7K 970 4 2% 3 38 11
AN K

0 ke O K " CKD o UREASE . CKo . s
a0 2 40 T " H—— ! 40 ~ 1
N EAMEA KB | AL X Sl LA /km'%‘ﬁ‘“?: LR LUK | KBBAEE © L X
T i o o 410 ) i E 1o =r E E 10
Wrg— 3 ©n : - wre : P ke : i
8 By - : 1 2 " \‘\ .ﬁ T 1 N 1s
i LK S ¥ S s gnf S A "
: N ; : : S N ) i S
eSS m : o B izo- & J’ 1 -r.,EZ Pl \\:_f IR
& X ! z . i : 3 = e =
w T ql%ﬁ . I3 = !ﬂ.\la H & s lr’f“'!g'— %
B : ! " i I 44 F = il 0 J48
E i o & =yl / l‘ } E = 2, s‘f : '}\“ 1:&
g . 2 A e 2 ;o ' .
/ t ,, : ] 2
ol -y of "l/ i 0 /-1/
o- P -— H 0 [o— 0
TS o I3 o It 0" o TG 1! 0 10 10’ v 0 T
SEmI ) Kpa SERR S kpa L ikpa

(a) CKZH (B XT i)
B 10 #7505 Esr

(b) Urease 4t FLZH
Ja T -k 45 1E B %

(c) SPAbHZ

Fig. 10 Curves of soil-water characteristic of soil samples before and after mixing reinforcement

o cKo 9 K = CKO

® LUREASE

40 1 4 - — 12 = CKD e 5P
BN KBOBE | MR L[ TAEER AIRERDR | P X » PSP S S —— !
) 7|:| : . : 1o = : ; L Br : . J Jwo
Wro — - I:I o ' o Whe mw ! . i wl® e e
» R =% :
=2 Qu - 1% e s o e 20 b - 1.
# 20 \'? g % R i : ¥ q : ;:+
15 o = 13 s N ' = a5 : &t
= 4 ,\Q I E B 20 N {. % & ‘ 1,z
o @ | ‘30 = o " ] . #00 3 #
Ao S A ~i. 5 . p H ,
e : e : T i :
(L) S 3 - P
o o - H0 - ' 0
e I:J‘ = m i |;J" o BT m T o ¢ 108 N " s v 0" o 0
SEREWE /1 Kpa LB )T kpa KR Nkpa
(a) CKAL (BITEXTIRZH) (b) Urease 4b ¥ 24 (c) SPAb#HZH
B 11 S E R -k R AE £k

Fig. 11 Curves of soil-water characteristic of soil samples before and after dripping reinforcement



8 + K5 x%E L FHKOP E X % XX &

e 200 '

D -4 167
ool
]
0.35
0.02 i
Control - byr
FEa ol
Dx: 033 -1.34
e !
2 -2.00}
Mixing
Dripping i &, | ' oael
\ ‘ e mrr— n.es=
o et e Lolg
= = ERREIREY |
-1.67,
~2.00=
Urease
12 mEMELHE=ZHFEIEE
Fig. 12 Comparison of 3D scans of soil samples before and after reinforcement
- . 558 35 T A AR A AR E A DG, I
e B
ML YIL SR —— A 5 .
160 382(5) Urease 4b Bl (4 7 £h B B0 AR O o 73 B A 25 2R
150 1 — A 2t S~ 3
S0 70060 =3 e Wi 5 SP Ak B LA H: CaCl, 19 1 FH R AIG, B 0L 72
o J0.055 < , ; -
5 1s0f 70055 = ERER R AR L, BRI A R, SP AL s
) ]l
1200w —" 0045 E
S0l T Jo.040 2
Z100f 10.035 E 12 i
b= 10.030 etk il Jos
o ] 0.025 Lo ) " ERED
80 0.020 y
CKO CK Urease SP - st % Z 1%
. N é Joan
(a) $H A% i s
S 0
i) V' - 0.20 41
TR —— FERE For / : .
160 |:| i prilizS 10,070 7 015
150 4 0.065 . 0zt : / i :z[‘:
:.'3 140 | 1009 b o0 ;éézz o ; 0.00
NE ] 7] 0.055 - CKO CK Urease Eid
S 130 / \. . 0.050 :.‘
Fuop =—" Jooss £ (a) L5 AR b it
K110 F J0.040 &
2 Jo0.035 5% , , N
i 100 + h 0.030 ] o Bl o T ~oy Hlsof
ool h O'0~25 “@ i O [k ] wedt
80 10.020 ot
CKO CK Urease Sp b -
(b) 5tk
E13 FmAREYTHmEARARLETRBESY to i
Fig. 13 The air permeability tests of treated soil sample
2. 2 5 ‘3) Zg‘&é]\#ﬁ' - (;K €K : Ureuse SF
= SN s o = = P
i R B 1 o 35 Tk X AT S R R RERET B (b) I BB 745 A
FENA i 5% 18 FIE 0~8 ms/cm
mERSN. AOREE, BIEE / E14 HAMEETHOESERSHE

SR A i B M S R PR S Fig. 14 Conductivity and salt content of soil samples after
T RER SRR R WA 14 BT, B AR H R mixing reinforcement



% XX #

kAR A M AL R e ) A PR R AR 00 2 R R AE 9

41 Na ™ 7 5 80 e , 5 0 W T 15 98 B L A G
IR s R e E it T R R RS
0.5% M ZSR 7 %t T8 B 4 09 & £ B kA7 1 o
PERUIME G R P S i & BT 0.5% , 4F
Al T f R B R . K15 i B E S A R )2
MR SRR G R A, NS R G, 5 1
JZO0~2.5 ecm AT A R R A, S EN
B, HA 20 2500 0 . SP I 5 Ab B AY + FEBR
e R A e =R VR R R el S Ol N cc U
0.5% , 1M Urease Il [& 4b 34 f5 0 L4 & SR BR5E 4 )2
7.5~10 cm Ky 0.25% A, AR Z i 1 0.5% .
I AE D AL 1 3 F2E P CaCL RS2 S0 R =4 T
U3 e IS N S B S W B R v ) LN 5 N e i
B B S,

8= Rl === pER2 == EPE3 == pig4 10
= g#E = & == B3 == aiE4

=

oA %Mé
z b
E

[S]

0

CK  Ureass  SP CK Urase  SP

TE:0~2.5 cm WEE 127 52.5~5 cm N4 2 207 ;5~7.5 cm K4 3 )2
£i757.5~10 cm W4 4217
15 BHEMERARENIHENBESERSHE
Fig. 15 Conductivity and salt content of soil samples at

different layers after dripping reinforcement

2.3 hEMR

ST UE B AR W A A Rk X R B i AR
PR 5 o] 8 B R AT g 2 A i K PEA
2.3.1 k@ jE

R JR) 3 HE B B ) e A H: 3% 1T A fig T BRSO B
JE o B R (E R S WA R M SR M SR BE B PR DL K
i & P 4 — R BN A ) PR BE B 25 S e A, A G
1 b B B R A R e AR R AR B T RO T
B R o DR B2 X6 L 45 SR (36 5) AT, ik B 3¢ i A
32 A Wy Ak R R K [ 5 325 B 5 e R oK HE
t Urease 2H 80FF 19 2 10 A% B2 AH AT K .
2.3.2 #WERAE

POy SR E R H I EE ) —  a] ek
TRACHT I S5 YR AR ) o JE T UK BT BT, R AR
B EG, T0 S A FE B D) IR I 9 BY R g AR i S
FEA RGBT BT o B SR (N R AR o FIBE R )
o), FARNAE R A 25 S R BOL R E S BUE A k.

PR N =TS AN [ A= 0 Ak A R S R

x5 BMABENT UMBAREMEFXEEXT L ER
Table 5 Comparison of hardness of different

biomineralization materials in different reinforcement

treatments
T J5 3% Jon 11 B4 F 1B (HLD)

ENNE CKO 236.8 +3.4
CK 221.4+7.0

FEA Urease 237.6+5.0
SP 214.4+1.7

CK 217.449.9

B Urease 237.8+5.8
SP 226.2+6.3

(BT B 9 A AR 25 S o bl R Ak PR T B 5y R
FE (& 16 (a) ) AT AT, BRI A Urease AR FE P JEE 482 411
A S A8 R =z A, HE At 2 J31) 6T JBE 488 £ 1) 5 T AN K 5 4R
SP Ak B 5 i He i &6 R I L e 3 R 2 2006
W FE A b A SP R, Hobt 55 o B 9 A
HH 1 75 A BT 5 089 58 2 (B 16 (b)) AT A, Jin [ 44
B N BE 8 22 e AN R BB ) S0 IR AR [
HB KW BN, SP Al Urease 4b BEZH Hb i £ 38 K 24 1

180

[ B2 %%
160 | JEE J5 £y
4 60
140 | 7
120
g 100 - 10
g_é 80 |- 7 77 77 %
& vV =
60 |-
- 20
40
‘ 0
CKO CK Urcase SP
(a) FEFL
I & wxn
160 | PEZE A 7_ .
140 | 7
1o 7
g Sl 7 7 - 40 1
é'.:\x‘ 80 | 77 7 §
= .
el P
=20
40 /
20 F
0 4/ 0

CKO CK Urease SP
(b) B L
E16 AMAREYT HKHREAEMEFXWRETEE
Fig. 16 Shear strength with different biomineralization

materials in different reinforcement treatments



10 T RE xm % RP E )

% XX A

o H AT UL, A (] Ak 5 XOGT n J] A5 R A A A —
JE S, SP R Urease 41 ¥ 8 /7 7 H Z R J1, H SP
1% T Urease 41, BE W] P R A 44 3 42 7 CaCO;
i/ I e o N R A W 0 A A S Y €1 B N (E R |
JEE 52 40 22 S N R, 0 A A RE X A g A8 AUR. 18] Y 3Bk
e AU Ry N (1D O o L T 1T 05 A K N
I 2 M R R SR T R, T PN R R A Y R A
ANERRAE o PR 2H Ak 3 32 S 4R e R R R R
A By VISR B L B A S A KO B B L AU I S
E FH B e TR 605l A 7 A 810 5 45 1) A PR i TR 805 1
e 235 i R R0 A M 4 e 3 o Ak A W A AR D
AL 77 A UKL 45 5 ) T, AT 4 R B 5y 5
JEOELph AR W R REA S A 0 O ) 7 1A
MR FE AL, A 8 T NI R R T . &
RO RO RS W W m IR S Y
(extracellular polymeric substances, EPS) & X .
EPS [} & 75 £L B A4k} i 2 T AN &8, I8 U A= 9
JRE, (A5 AR 2 05 PR BEAR . R EER A T RAE
ML —HF Rk A FALBUK R E T E, R
14 55 U1 5 B A 55 FL B K 43 A0 00 34 50 B AR 5, i AR
Y 3x —VE FE e DUAE A9 — 26 TR N FH vh Bk o 2
TR R 2 i U8 R gk AR B N (B e
56 v oK B2 ) - A 0 K PR

3 g

DA BE Bk 35t 1k S 0 A AR Sl A S 6 42 Gl i
Xf 5 F EICP Fil MICP £ A (1) W5 Fl 5 {6 b4 R K Al
TR B R [ 5 2O R, AR O
JE S FRIEAE Ry 2 AR R, LA CaCO, & i 125 35
SPE T AR AR K R B SR A R L B ) R A
VE R PEAG 6 A, 20 BT AS T i [ Ak 35 v 70 oo ] 4 AR
M2, 1 H AT 458

DAY 8 Urease #1 SP 5 W 45 Wk @ i3 0
e AE ¥ R AE AR b AR B CaC Oy, I 757 3 il 5% 4 i)
[¥] T 48 0, 39 2E Y CaC O, T A A5 76 4 1A 0k ]
fLB .

)W A s LR R A E KT 3L /5 A
SCH T R T AN AR SR T B L 3B S Pk
RIS AT AE 5 W) 7K 28 UM% T 51 & o AR
A T R LT 1 5 3R v ) s R B R e, PR Ot A
T CE R IR, AN A CaClL ) &, FEAK 5 %
ERFR B U gt ik R S KRS 1 &

3)TE )2 I 7, R A A R B =X
Xof A 118 S ThD RS E RN Y 9 A — E R THEN,
TRZE 5 1B 3

fiff 55 2 W MICP 4 A fl EICP $ R 7E + 35 bk jin

W] Je B AR A rh 2 B i o T o R 5Ok
T P SR I ) S i T BB S e
1119 ¥ 77 X Al ] T g bk 3R i B KA R T2
R AR B XS AN R AR W A B R RE AR A, BE— 2
DAL AT B J5 Kl T 20, DU 3 BOR A 38t
TR PR AP T A AR

5% 3tk

[1] FAR . b E TSR b 8 ik AR G i B R B 5 0

PEFRE[T]. BURTFSE . 2008(6): 6-12, 114.
WANG X D. New progresses on key technologies for
the conservation of Chinese earthen sites in arid
environment [J]. Dunhuang Research, 2008(6): 6-12,
114. (in Chinese)

[2] B0, i ife, oo, & pudt TR X Lashkp &

L ORI A A 1 5 TR AR, 2003, 22
(Sup2): 2875-2880.
ZHAO HY, LI Z X, HAN W F, et al. Main diseases
and their causes of earthen ruins in arid region of
Northwestern China [J]. Chinese Journal of Rock
Mechanics and Engineering, 2003, 22(Sup2): 2875-
2880. (in Chinese)

[3] Femmss, £IUA, 5, & . T RHET £t bk 75 4h

ST [ A8 T AL 2 s 52 (T). 45 4 4, 2018,
39(8): 2755-2764.
PEI Q Q, WANG X D, GUO Q L, et al. Laboratory
test of deformation mechanism of rammed roof-propping
reinforcement at earthen
environment [J]. Rock and Soil Mechanics, 2018, 39(8):
2755-2764. (in Chinese)

[4] FIEEE, B8, AL, 55 SHBORHIN I 25 357135 il 1 i
AR IR I M ML R BE Y (3], A 1 J0 %, 2019, 40(Supl):
297-307.

HE F G, LV R, SU H Z, et al. Durability test and

heritage sites in arid

mechanism study of SH material strengthening rammed
site soil [J]. Rock and Soil Mechanics, 2019, 40(Supl):
297-307. (in Chinese)

[5] KANTZAS A, STEHMEIER L, MARENTETTE D
F, et al. A novel method of sand consolidation through
bacteriogenic mineral plugging [C]//Annual Technical
Meeting. Calgary, Alberta. Petroleum Society of
Canada, 1992.

[6] FERRIS F G, STEHMEIER L G, KANTZAS A, et
al. Bacteriogenic mineral plugging [J]. Bulletin of
Canadian Petroleum Geology, 1997, 36(9): 56-61.

(7] FRGENE, WRSR, B, 5 SR o 5 i AL i 1
S 1y 2 g RS (D). A R TR AR, 2013, 35(8):
1486-1495.

CHENG X H, MA Q, YANG Z, et al. Dynamic

response of liquefiable sand foundation improved by bio-



% XX #

AR, AW A AL E AR e B A AR K 8GR SR AE 11

[8]

[12]

[13]

grouting [J].  Chinese Journal of Geotechnical
Engineering, 2013, 35(8): 1486-1495. (in Chinese)
A, R, RGEE, B TIREE S T R B UAR
PR R A 4 A Al AR A 43 O A o R o R A B B Y
[J]. &+ 7%, 2021, 42(2): 333-342.

LIC, SHIG Y, WU H M, et al. Experimental study
on bio-mineralization for dispersed soil improvement
based on enzyme induced calcite precipitate technology
[J]. Rock and Soil Mechanics, 2021, 42(2): 333-342. (in
Chinese)

FM, MR, L, LT MICP K EICP £ K1)
- I3 B B BIF 5 (0] W R HE K % i, 2021, 40(7):
59-65.

LIHD, JIAO XY, LIJ, etal. Using microbe-induced
calcite precipitation and enzyme-induced carbonate
precipitation to cement slopes of earth ditches [J]. Journal
of Irrigation and Drainage, 2021, 40(7): 59-65. (in
Chinese)

filks, 28, XNBE, % . BUEY S BRI TS it
[J]. & £ TR, 2016, 38(4): 643-653.

HE J, CHU J, LIU H L, et al. Research advances in
biogeotechnologies [J]. Chinese Journal of Geotechnical
Engineering, 2016, 38(4): 643-653. (in Chinese)

LIU X J, FANJY, YU, etal. Solidification of loess
using microbial induced carbonate precipitation [J].
Journal of Mountain Science, 2021, 18(1): 265-274.
W, IR, BRI, A5 I W U TR B D UE 2K
PEMZ I KB B SE ). 5 £ 12, 2022, 43(Supl): 157-
163, 172.

YU C C, LU Z, YAO H L, et al. Experimental study
on modification of expansive soil by calcium carbonate
precipitation induced by microorganisms [J]. Rock and
Soil Mechanics, 2022, 43(Sup 1): 157-163, 172. (in
Chinese)

EEA, SRR A, B, S SR B Y Bk R A
TUVE BN E By e £ Sy 2 P Re (0], BR 2R 5 LA,
2021, 21(18): 7702-7710.

YUE J W, ZHANG B X, ZHAO L M,

Mechanical properties of soil strengthened by improved

et al.

microbially induced calcite precipitation technology [J].
Science Technology and Engineering, 2021, 21(18):
7702-7710. (in Chinese)

DEJONG J T, FRITZGES M B, NUSSLEIN K.
Microbially induced cementation to control sand
response to undrained shear [J]. Journal of Geotechnical
and Geoenvironmental 2006, 132(11):
1381-1392.

MITCHELL J K, SANTAMARINA J C. Biological

considerations in geotechnical engineering [J]. Journal of

Engineering,

Geotechnical and Geoenvironmental Engineering, 2005,

131(10): 1222-1233.

(16]

[17]

(18]

[19]

(20]

[21]

[22]

(23]

(24]

[25]

ANDREOLLI M, LAMPIS S, BERNARDI P, et al.
Bacteria from black crusts on stone monuments can
precipitate CaCO; allowing the development of a new
bio-consolidation protocol for ornamental stone [J].
International Biodeterioration &. Biodegradation, 2020,
153: 105031.

ORTEGA-VILLAMAGUA E, GUDINO-
GOMEZJURADO M, PALMA-CANDO A.
Microbiologically induced carbonate precipitation in the
restoration and conservation of cultural heritage materials
[J]. Molecules, 2020, 25(23): 5499.

XIEW, GT2%, WA, & . U WA S o S UL IE 18
oA RER RN R AA s TR,
2020, 39(1): 191-204.

LIUS Y, YUJ, ZENG W L, et al. Repair effect of
tabia cracks with microbially induced carbonate
precipitation [J]. Chinese Journal of Rock Mechanics and
Engineering, 2020, 39(1): 191-204. (in Chinese)
HEA, AR, RRL . MICP 8 AR MUtk 51K
ST [T]. W B R i (A AR BE A, 2021, 51(3):
289-298.

YUE J] W, WANG W Z, ZHU Y D. Experimental
study on modification of ancient building mortar with
MICP technology [J].
(Natural Science), 2021, 51(3): 289-298. (in Chinese)
XU, FHAARE, BROTEN, 45 R R A E B0 e
M im0 BE A8 52 5 1k (7). R 5308 TR 27 4R
(Fh¥E30), 2022, 44(6): 219-220.

LIU H L, HAN S K, CHEN H L, et al. Microbial

Journal of Henan University

reinforcement and repair method for sandstone grottoes
[J1. of Civil
Environmental Engineering, 2022, 44(6): 219-220. (in
Chinese)

BACHMEIER K L, WILLIAMS A E,
WARMINGTON J R, et al

in  humid environment Journal and

Urease activity in

microbiologically-induced  calcite  precipitation  [J].
Journal of Biotechnology, 2002, 93(2): 171-181.

DE MUYNCK W, DE BELIE N, VERSTRAETE W.
Microbial  carbonate  precipitation in  construction
materials: A review [J]. Ecological Engineering, 2010,
36(2): 118-136.

L Hi % BRI AT LB T [D]. B At AR R, 2005,
WANG R X. Study on carbonate-mineralization microbe
[D]. Nanjing: Southeast University, 2005. (in Chinese)
AR, AP, FBRAN, 45 . 3 TR T Bk AR 45 UL UE £
AR T]. A %, 2022, 43(11): 3027-3035.
CUI M, FU X, ZHENG J J,

experimental study on soybean urease induced calcium

et al. Multivariate
carbonate precipitation [J]. Rock and Soil Mechanics,
2022, 43(11): 3027-3035. (in Chinese)

e, MEA, WHE, SF TN B S bl 2R



12 E R B R LR FROP E ) % XX %
15 7] 1543 #r B A o 4 (1), SRR ST, 2008(6): 83-86. [33] FZZME, A, Weam, & B e 0 osE A
YANG S L, GUOQL, LINQ T, et al. Analysis and TR PERE RO S A 2[00 A b 1 2E, 2019, 40(7):
regulating  counter-measurements  of  environment 2525-2546.
problems existing in the ancient site of Suoyang City YIN L Y, TANG C S, XIE Y H, et al. Factors
Guazhou Gansu [J]. Dunhuang Research, 2008(6): 83- affecting improvement in engineering properties of
86. (in Chinese) geomaterials by microbial-induced calcite precipitation

[26] B & B, Ah4Ed, Mg, S . TN 8 BH Sk sk ik A 40 B [J]. Rock and Soil Mechanics, 2019, 40(7): 2525-2546.
P RHIE B 5 Ltk R B ) OC R L. P AL R 2= 4 (A R (in Chinese)

BL# ), 2022, 52(4): 667-677. [34] SREAS . W B MICP £ A 3 Ak 3 B 4y ig ik + g 2~
WU F S, DU W B, YANG X J, et al. Characteristics PEREWTSE[D]. W R T R K2, 2020.

of plant community and its relationship with earthen ZHANG B X. Study on strengthening soil mechanical
heritage protection in Suoyang Ancient City, Guazhou properties of imitation site in Qicheng, Puyang by
[J]. Journal of Northwest University (Natural Science improved MICP technology [D]. Kaifeng, Henan:
Edition), 2022, 52(4): 667-677. (in Chinese) Henan University, 2020. (in Chinese)

[27] RICHARDS J, ZHAO G, ZHANG H, et al. A [35] sRid . AN R BR 45 T e 38t hl B XA B A 35 07 1 AT 52
controlled  field experiment to investigate the [D]. 22M: 220 K2, 2021.
deterioration of earthen heritage by wind and rain [J]. ZHANG B. Study on adaptability of windbreak
Heritage Science, 2019, 7(1): 51. technology of earth Ruins in different climatic

[28] RICHARDS J, VILES H, GUO Q L. The importance environments [D]. Lanzhou: Lanzhou University, 2021.
of wind as a driver of earthen heritage deterioration in (in Chinese)
dryland environments [J]. Geomorphology, 2020, 369: [36] THix, B&F, Lolx . sy it BR84S 1 52 (1],
107363. R RF M (AR B RR), 2005, 35(Supl): 191-195.

[(29] UL, o, TR, % . T 5 X L sthk 535 Wik WANG R X, QIAN C X, WANG J Y. Study on
o1 R NE UL BIL I B 5T (T). 5+ 12, 2012, 33(4): microbiological precipitation of CaCO, [J]. Journal of
1167-1172. Southeast University (Natural Science Edition), 2005,
CUI K, CHEN W W, WANG X D, et al. Study of 35(Supl): 191-195. (in Chinese)
microscopic mechanism of effect of aeolian erosion ullage [37] KRALJ D, BRECEVIC L, NIELSEN A E. Vaterite
at salinization belt on earthen ruins in arid region [J]. growth and dissolution in aqueous solution II. Kinetics of
Rock and Soil Mechanics, 2012, 33(4): 1167-1172. (in dissolution [J]. Journal of Crystal Growth, 1994, 143(3/
Chinese) 4): 269-276.

[30] SREM, SR, INFEF], 25 . 580 I B 3 R AE [38] WANG L F, SONDI I, MATIJEVIC E. Preparation of
KPR FE [J]. BUEBEST, 2013(1): 13-17, 126. uniform needle-like aragonite particles by homogeneous
GUO Q L, ZHANG J K, SUNM L, et al. A study on precipitation [J]. Journal of Colloid and Interface
the characteristics of deterioration and the conservation Science, 1999, 218(2): 545-553.
of ancient Beiting City in Xinjiang [J]. Dunhuang [39]J1Y S, YUAN Y S, SHEN J L, et al. Comparison of
Research, 2013(1): 13-17, 126. (in Chinese) concrete carbonation process under natural condition and

[31] WANG X D, ZHANG B, GUO Q L, et al. Discussion high CO, concentration environments [J]. Journal of
on the environmental adaptability of weather-resistant Wuhan University of Technology-Mater Sci Ed, 2010,
measures for earthen sites in China [J]. Built Heritage, 25(3): 515-522.

2022, 6(1): 19. [40] XBJe, B, M, % BUEYSE 2 BOR B BT

[32] YOON J H, LEE K C, WEISS N, et al. Sporosarcina FEHAEE] RSB TR 2| (b3 ), 2019, 41
aquimarina sp. nov., a bacterium isolated from seawater (1): 1-14.
in Korea, and transfer of Bacillus globisporus (Larkin LIU H L, XIAO P, XIAO Y, et al. State-of-the-art
and Stokes 1967), Bacillus psychrophilus (Nakamura review of biogeotechnology and its engineering
1984) and Bacillus pasteurii (Chester 1898) to the genus applications [J]. Journal of Civil and Environmental
Sporosarcina as Sporosarcina globispora comb. nov., Engineering, 2019, 41(1): 1-14. (in Chinese)
Sporosarcina psychrophila comb. nov. and Sporosarcina (A1) F i, WRA, BAUMAL, 45 R OK IR o0 R R 5 bt 1 35t

pasteurii comb. nov., and emended description of the

genus Sporosarcina [J]. International Journal of

Systematic and Evolutionary Microbiology, 2001, 51(3):
1079-1086.

HE A5 B AR SAE LB ] B AR 55 TR 2E MR (R
L), 2022, 44(2): 195-204.
YUE J W, CHEN Y, ZHAO L M, et al. Strength

characteristics and mechanism of modified imitation ruins



% XX #

AR, AW A AL E AR e B A AR K 8GR SR AE 13

soil of Qicheng site with glutinous rice slurry [J]. Journal
of Civil and Environmental Engineering, 2022, 44(2):
195-204. (in Chinese)

CASTILLO I F, DE MATTEIS L., MARQUINA C,
et al. Protection of 18th century paper using antimicrobial
nano-magnesium oxide [J]. International Biodeterioration
&. Biodegradation, 2019, 141: 79-86.

K R sk A [ AR b (8 22 BT E (R LT,
FE SO RS, 2016(4): 51-57.

ZHANG J F. Discussion on color difference by chemical

consolidation on earthen sites [J]. China Cultural
Heritage Scientific Research, 2016(4): 51-57. (in
Chinese)

TR, B, KA, SF L BUEYIOK e IR A o R (D). A
MR k%4, 2015, 43(8): 1067-1075.

RONG H, QIAN C X, ZHANG L, et al. Cementation
process of microbe cement [J]. Journal of the Chinese
Ceramic Society, 2015, 43(8): 1067-1075. (in Chinese)
SN, BB, KA, W L2 R YK Y R
FHERE A0, TIREAHL . 2015, 46(Supl): 57-62.
RONG H, QIAN C X, ZHANG L, et al. Effect of
preparation process on properties of microbial cement-
based materials [J]. Journal of Functional Materials,
2015, 46(Supl): 57-62. (in Chinese)

Ning Lu, LikosWilliam J. JE48 1+ F1 24 (M. Jb 52 &
SR I ARAE, 2012.

NING L, WILLIAM J L. Unsaturated soil mechanics
[M]. Beijing: Higher Education Press, 2012. (in Chinese)
WA SO AR BRI 7 IR SE (D], 22 M 22
LT R4, 2010.

LEI T. Study on evaluation method of stone cultural
[D].
University of Technology, 2010. (in Chinese)

L N PO < O e S o 1 81| Z B 1 F
O E A RIS S N T [T] MR s A TR AR
2019, 15(3): 891-901.

GUO Q L, ZHOU J, PEI Q Q, et al. Study and

conductivity  to

relics protection materials Lanzhou: Lanzhou

application  of  electrical rapid
determination of salt content in earthen sites [J]. Chinese
Journal of Underground Space and Engineering, 2019,

15(3): 891-901. (in Chinese)

[49]

[50]

[51]

[52]

[53]

[54]

[56]

BIE, SRAEY, TR LML 2. db s AR
K RAL, 2013.

LI G X, ZHANG BY, YU Y Z. Soil mechanics [M].
2nd ed. Beijing: Tsinghua University Press, 2013. (in
Chinese)

FAL, R, MBI, A G A R R R
KA LS i B R A [T ], AR S BRI TR 24l
2020,42(1):31-38.

WU C C, ZHENG J J, LAT H Jet al. Experiental study
of the strength enhancing mechanism of bio-cemented
sand and its influential factors[J]. Journal of civil and
Environment Engineering, 2020, 42(1): 31-38.
IVANOV V, CHU 1J. Applications of microorganisms
and

engineering for bioclogging

insitu  [J].

to  geotechnical

biocementation of  soil Reviews in
Environmental Science and Bio/Technology, 2008, 7
(2): 139-153.

FU T Z, SARACHO A C, HAIGH S K. Microbially
(MICP) for soil

[J].

induced carbonate precipitation

strengthening: A review
Biogeotechnics, 2023, 1(1): 100002.

BAVEYE P, VANDEVIVERE P, HOYLE B L, et

comprehensive

al. Environmental impact and mechanisms of the

biological clogging of saturated soils and aquifer
materials [J]. Critical Reviews in Environmental Science
and Technology, 1998, 28(2): 123-191.

WANG J P, LI X, YU H S. A micromechanical
interpretation of the capillary effect of unsaturated
granular material in a pendular state [M]//Computer
Methods and Recent Advances in Geomechanics. Boca
Raton: CRC Press, 2014: 1563-1568.

DEJONG I T, SOGA K, KAVAZANIJIAN E, et al.
Biogeochemical processes and geotechnical applications:
progress, opportunities ~ and  challenges  [J].
Geéotechnique, 2013, 63(4): 287-301.

BOUWER H. Artificial
hydrogeology

Journal, 2002, 10(1): 121-142.

recharge of groundwater:

and engineering [J]. Hydrogeology

(%% XXX)



