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Advances in soil cementation by biologically induced
calcium carbonate precipitation
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Abstract: Soil cementation technology based on microbially or enzyme induced calcium carbonate precipitation (MICP/EICP) is one
of the hot topics in the field of geotechnical and geological engineering in recent years. In this study, a systematic review was
performed on this technology, focusing on advances in the cementation mechanisms of MICP/EICP and the influence of soil pore
structures, properties of bacterium, urease and cementation solution, and cementation methods on characteristics of calcium carbonate
(CaCO:3). The results indicate that the smaller the soil pores are, the more difficult the infiltration of microorganisms or urease is and
the worse the cementation uniformity is. More contact points among soil particles will produce more deposition points for CaCOs,
resulting in stronger bonding and bridging effects and better cementation effects. The generation rate and total amount of CaCO3
increase as the concentration of bacterium or urease and the activity of urease increase in a certain range. However, too high
concentration or activity will induce a too high generation rate of CaCOs, resulting in clogging near the injection end. The calcium
carbonate crystals obtained from low concentration cementation solution are relatively small and evenly distributed in the soil. The
use of appropriate grouting saturation can increase the proportion of CaCOs with bonding effect. Multilayer alternating injection or
one-phase low pH injection can improve the distribution uniformity of CaCO3 in the sample. Based on influencing factors of CaCO3
precipitation characteristics, the improvement of cemented soil uniformity, durability verification, and the adaptability and
improvement scheme of applying the laboratory test results to the field scale should be the focus points of the future research.

Keywords: microbially induced calcium carbonate precipitation (MICP); enzyme induced calcium carbonate precipitation (EICP);

calcium carbonate characteristics; urease; cementation mechanism

Wk H I 2021-08-07 B H: 2021-10-19

FEEWH: BREAFRITER (No.2019YFC1509900); [ 5 H AR 234 (No. 42030714, No. 41807237).

This work was supported by the National Key R&D Program of China (2019YFC1509900) and the National Natural Science Foundation of China (42030714,
41807237).

FEEE N I, L, 1987 4, WL, FEAFAEYREML A QRN TR 7 5T . E-mail: zhangqian1205@tongji.edu.cn
WIRIER: HENR, 5, 1963 44, fid, #Hog, WLASIn, FENERSFE . SRR FE M. E-mail: ye_tju@tongji.edu.cn



346 = +

Vaj % 2022 4

1 51 &

TE4 AT RS 5, & ERCR
T — &5 LD COy 25 = SR BRI . -
[ W T 2030 FELIBRILIE, 2060 FSLHLAK
A« ARG B LUK e AR g ZER Y Ay
A, & EZHEFERER KR, MK RAr
FEe = KRR CO2 AFIT- IR E R HE B AR
%o AW [E 46 ( biocementation ) X A YA 1k

(biomineralization) & —F#T R PR KA T A4 kb 31
HA, B ARSI AV R R A R
PP #E . w] DAZER AR P05 5 AR ) B IR 28
RF AR INE B R R R, S A [ .

SEBR b, AVIEACIRAEHER E) 2 FhER S
WA FAE H 7 5K KA 435 (cyanobacteria)
g7 (algae) nIEIT A 1ERTHAE COrs AR RIK
FREG&h U TR R ZE V2 ETE B)
TERRIR T8 B0 VD TE ORI B R 31 DURR Hh b 3 B A
B, BFEREKBME . AELE . MR ERIE
B SRR R SR Hod, T R R KRN R A
HARF AT 2 KNI TR o ORI RS 2 48
il FEES I AP AE KR COs> S5 R, BT IRE
TK i A A PR AR P S B R 5 DT UE  (microbially
induced carbonate precipitation, MICP) £ AH 7T AE
Wz, FEE TR R TR A EORH
BT SE, P R AU AL FE [ U1 R sE
SR RIS L S R va BT s At
BYE T ARPTRAG RE 212N B AR
ARG AR ERR2) R A B R B i
W R AR Yy 262554

2004 4, Whiffin*' g et MICP $3oAR i3
T EARE R R o R PR 1l I A Y A 7K A IR
R RIRAR 551 5 T AR 085 B 1 45 6 A )
PRERESDIE, RN, Figsuaa L, M
MAEIFE N AR E . BfE, ERIMRZS¥ETT
& T AR 2 N ARES R TT, AIRAEIRR S IR
Ve IREERIE T EAREEAE BT [ 4 7 205 D7 1,
GIHT T 5 DR 2N [ A A ) [ A 38 ) 1 BB
SRIE . BYUIBCE ST MR, 2010 4F, Visser &
Smit Hanab Al Volker Staal en Funderingen % % /A ]
i AR B TR EE, | ks MICP
i AR T B R A IR A [E 28, R H Rl
MICP 7E-HARE AL J7 TH I i %, (IR KR4
e DA, AR, FiR. R, 4R
SIS R BIERAE, LA E NG E RS2 4

A )5, PR T MICP HARTE IS KRR ),

IAEk, —LetE it T B IR AT Ak
[ A4, 0030, BRGS0 R A5 UTUE (enzyme induced
carbonate precipitation, EICP) [E{t &k AR, K
A NG B8 2 Pl DA ) R AR E), EICP B 3%
I IREE, To7% MR UEA B A KRS SR s
W, BE T AR TR AR A IREE 1)L AR
EG T NP0 A 1 2 2N AE KA L, A
FAE S HARGUAE Y 524 80N . T HLAEBEAN 4K
PR R IEARER, AR A AT [ A A
PR,

AL XS 3T AT S kR 5 UTIE 1) MICP/
EICP HARFE AL, LU A AR IR ] AR FL R 544 |
55 R S5  JR VR 1 o 5 4 7 SRR s PR 2%
H RN AT B, R G R S S5 AH AT
FURR, AR EBAEER R, DU i — PR
FFREACHETT, Fealie s T MICP 8¢ EICP H)--4k
[ AL B S N B TR 2% .

2 MICP/EICP [ LA

MICP [ E A 1 5 2k B ARk A i A 31+
b, BRAEPI BB TE L URIR T S 4R S A K. B
(WK 1(a)o BT HEEARM =L AN R G &
AL THE, A0 R @ F
AT, ] LR AR LB B 1) Ca? IR B, i
HREAMIPINRTT . RN, A4 IR
Bk IR KRN NHy R COs>, COs> 5 Ca?'és &
A RS TN, R

CO(NH,), + H,0—*%_, NH,COOH + NH, (1)

NH,COOH + H,0 — NH, + H,CO, (2)
NH, + H,0 - NH, + OH (3
H,CO, > H' +HCO, »2H +CO; (4
Ca” +CO. —CaCO, (5)

PRIRESYIIE B MG 2 . AL, B - J00k s &5 1k
HA— s, S st ARk, ek
RS, MAEMRERRE =T OB H
IREE, K IRZFKME, 53] COs* s @WR B it
1) Ca*", I HRELELMAIRTT; OMAYAHHIE
SRR TR 48 TR A

EICP [t A& FEFPLE] S MICP K4, {H
EICP F 451 F i 2B AR 7= A 1) o g i v A7 4 H
IR, &5 TIAEDTE R A BhE. AR
7t DR B 3o



52 3 i PEAE ST AR IR ESUTE 1 LA [ AL T 347

MICP 5 EICP [i5] {6 4 A o 25 Bl ) e B 4% o 2
BONTTfRA Ccalcite). A (aragonite) FIEKRE AT
(vaterite). SR, FEE LV N AT,
A IR R B B B A A L AR R ST
AN A IRl o 17T A e ) R il 2 320 O 25 T 1
AT = B R A5 10

—RME, AR IRE R, kR
PRy, AR AR ) 5 5 R R A A AR R K 40
AR 5 F T 20 el R kRS 5 Rk 2
(IR AR, AT AR R A E TR A 93 R OILE 1(b)):
OFEMAER, BRERESHE s e BRI, (UR I K
FORAARFRAIR AR AR, RS oAt LR i
QFEEAVER, DRIRAS 32 BEAE RN 4 i 5 B T Ui
RAE, AR RN R A OMFRER, IR
BEA SBR[ R . SRR A, E
NPORLEE . X 3 MPERIER Y I 45 T8 VAR T LA FEAIK
TARFLBRZFFNZE M, H ARG H PRI R R =
T BT KA R A A A B R S

|
Y/

LEEE]

R AR

(a) T/ RV B 7 5k 22 T
B 1 MICP/EICP Efb LiANHIRER

Fig.1 Sketch of soil particle cementation mechanism by
MICP or EICP

(b) BRERFSIR AR

H iR MICP/EICP [E b A4 ()i F2 AL AT
A, NIk B RAF I ARE A SOR, E e TR ARIE B R
BIREE I RE B IR B N B AR &AM, FLR, 1
W CBUIRBRA D -5 R R B B AR B ik IR 5
RE0S A R BRI T Ak JR & LA — e i P8 1)
o HARFLBRSER, B WRAE-S I BER I T,
DA% [ 4 77 3 25 DR 2 2 T 3 o R ) - P SRR R4S
FIA R R/ BRI 0 AT, AT F 2 4 [ A,
PR WP EE S RN 44,

3 hARSLERAS

TSk, HARRBRIRAS . L. B
S 25 S FL B T AR LB A . HARFLER ST
A=W ESIR I88 73F- 22 T) R L ART AR 25 1 0ok A 1) [T 40 Ak
BB =4 BE LMW, BFFUR, g KN EARTE
500~5 000 nm™> 2, FEYEIREEZ) 12 nml*®), XF
MICP >Kijt, EIRAIEE FH =2 e A AR ) Ik

B, ESERRAENMZ IR, AW IR M RN,
[, A e 2R R R RS Ak 5 SR 2 [a] i AH
X RN Z2 A R e ] 14 35 SR 0T

ORI FCAR A, W63 SERE A R Ak, HAL
BRARFR SRR, (HE SR I EZR AL R
R R PR O JR o R DU 2 SR A i AR
PR FLEBRARFRE N, TG AE ) IR SR AR 2>, 78
AR R RS, 7 A R RS o 1 LT 46 % S
R EREES, (BT RN Sk 2, A%
IR 2 PR R S o s, DR G BR e s 5 2 B v
[ AR B A7), R, FORE R R AP ik,
YRR AT BRI S), BRI A L T £
BIUTRA R, A B R RS R S5 1 FH A e/ E F 1)
RIRES SR TE 2, AT NS, Sk FE 1 2%
SR e8I,

S FRiZ/NT 0.075 mm 4Rk L, HARFLER
FLMEL /N, BRI T AR, IR
T ARG INFLBR AN L ARERES, S SIS A ) B R
BHERRE B RN, BRIERES A B A, HER
F 25 AR, BRI A B R Z2 16 901 ) T b A
 (0.075 mm< ¥iftd <0.5 mm), TARFLBEAT{E
AR B R B IR, okl 2, AR AR
RPN S A E IR IRAS 1 %, [ AL R AL
U o WRZE A A 0 L 5 AIUA T2 AR, 2
b AR 85 B Y MICP [E e 3, 3 1 iRk g
] AR B o B B AR SO 3 HAURFLIR Z AR IR
{ERLAR G AN [F] (D 134T MICP [E4k, &5 R0,
g P RD TR A R 4H K R S S i b A A
11.2%~15.3%, Jof PRt 5 5 2 HoAh i 2H 1) 5~6
. TR (0.5 mm< d <2 mm), ORI 5
A, RIS AR 2 fE Ok R A i, S 2 78 A
IR R L 22 , T G 235 AT A FH ) AR IR A5 52>
RFEEALORE Z . S KT 2 mm WIRRRL 144,
SR R A i Ak 2 [ PR AR R R/ D ZR 0T [ 4 38K
SR ELR BE A 5 . MICP B EICP A= R A BRBRAS &
IR KINLI N 2~150 pm, X TR KBk, ki
T FLBREE R, S ARURAR T /N, A B R ES £
TEFIURL 3R THI ES 78 ISR, T2 250t - ks e 285
LU R 2k e A PR, 7 B 2 N [R) A BE TR BCH
S 435 BB TR S e AR o SRR S, R [ b R SR
il 7140 90 e 25 i 1 HARTE R /INAR I E T R B AT
RAEfRpREC,

4 BRIVRCE DR
Y5 R Y R R AT 0 T



348 = +

Foo 2022 4

TERRPRES A S A s Ze A i R SR B S5 T7 T
FOME R BB BBOR L IREEIR A L IR PR R4S
HAT, E A4S MICP [ 4445 T 18t 72 2 46 2
IRZFFEATFEE (Sporosarcina pasteurrii, |HFX Bacillus
pasteurii) 1E AR BRI R - Bt HAR T L —
B DL PRI TR A, A MRS, R
AR 72 H A IR EEE P = AR ), — MR B
TBAE 600 nm I K AL W AE ODeoo e AE 1 VR HH 41 B4
(P BT R i i A A i TOR IR 1 7K A IR 2R 1) g
71 EICP H IR R RE143T3Z , W) F 4 AR
FER MR R K AL S UIRBE . 7 — L85 WA
YIRS ERAREE, FlinS R TEEEY),
MNE MEHE AR, fEH AT EICP [k -4
W5 218 H 7). (Canavalia ensiformis/Jack bean)
XL 3 5 (soybean) K.

JRE KR AP 2= B I (R T, AN AR
7 IR o R P R PR DR T A 2 T [ B
BEAIRLS: 44 52531 BRI Ak B 5 1) e 4 A B o
T 5 RERRR AR A, 15 B IR B TR
FE AR JIRBG S A G o B VR BSODR IR B bk sy, B
PR GE R, B AR R VR P A KR R e AR
PRI B T Bk 2, DRI A B AE iy 7 4054
[ Bt A 7K A S LA AR, R pH BTG K, itk
TR PR AR R, H B A s TR e,
v R RV P2 IR A 2 Bk e s 42 W] E B 1)
I 8] PN A B ) PR 3R T K, AR DRI A5 7
B, HEBT 100%57 . H & B RR
O P A FEZ B JOR Pty M 2 3 SO R 05 A o i e,
EHARENImIR R, AR TR E LR i35
oA, FEE AR BARSREAN S . S4h, EICP L
MICP 5 54 B BRI ES 2R B R,k BRI S A
R R E B A S T A (L] 2) 19,

300
250

200 f

_ =
S W
S o

Ca>JliE &/ (mmol « L)
Wi
3

(=}

25 50 75 100 125 150 175 200
I E)/ h
B2 Ca*ViliEE5HR KRR ERC R
Fig.2 Precipitated Ca®" concentration at different initial
bacteria concentrations and urease concentrations!4’!

0

Ty T3, R AR S BB R ES ] 8

TR, 5 RSN [R5, B RS i A 2 B
(ARG ZHLH A R TR, 42 R AE R AHAE . Wen
LU0 4 PRI R IR (L IRERAT D 4
Tl AN [0 A P ORI 5 A RS P s 855 A [ P4 B 1]
BEAT T B MBS (SEMD b (LI 3). &5
SRR, RIS T A2 B BRI S i £ 2R T flf
IR IR . TS T B BR R A i A
JNEREAT, BEJG RS NI R . AE Cui 55
I FH B Q2R AT T 15 5 A B P R TR ot 28t MR 5%
BT RAAERT AT . SR1M, 7F Sondi ZEPOFF Y
EICP #5irh, & U IS AT B DRI 00 S ST
AR T HRZ) 20 nm i AARRRER S (L] 4(a).
4b)) . W ERT A TR, JHETRIBTIERNH G,
BEEANTTRA (L 4(c)s 4(d) s BFRARRIBR
Hh B IR 2 PR TR IR B VR S (AL 0.5 mg/em?® [ 2]
0.15 mg/em®), PRFFIHAME I EAL, WHRA T
A LB 4(e) 4(F). A8 J1 S IRE, N
FENH A, I LA K R
(L 4(g)), BrFHFfE2R S g/ 756 i -
Af LS R R A B (L 4(h)), BT REA
KSR ZR 7T teah, XA 3§ MICP
A EICP 5 5 7= A2 BB BRES dia 745, MICP 55 72 £ [
mn M RURL B K, B IE T [ RLRL L, EICP #5577

B3 A [E) B VR RO IR B A 1 T Bk BRAS i iR SEM B {51401
Fig.3 SEM images of CaCOs crystals at different bacteria
concentrations and urease concentrations!*’l



52 3 i PEAE ST AR IR ESUTE 1 LA [ AL T 349

(a)=() ELEC S IR (©- (0] RAES

K4 ERFRAFERESSHEZRESES
A R BRIR S d ik SEML R 1561
Fig4 SEM images of CaCO:s crystals induced by Sporosarcina
pasteurii ureases and Canavalia ensiformis ureases!>!

PER AR ORTRLBE /N, BEE T AR

b b, REEAR S R B4 it R 52 14 B R
R I 2 T (R BE A 2 1 TR S B R A P R
ORI £ [ V35 T S5 UM AR AR Y, AT S B IR
B RS R B UL AN AE Ko R LG 23 H B IR AT B
IR AN ) IR B SRS IR 81, B A AT T
fixie 22 A L) S RBE MR, SHEZN
RAEIR (Asp) 5RHE, LA TERBEAHITERE,
AP E SR, X R R
(FERRAER Asp FIAER Glw 5liEm, &
PRI A R B IR R P TR, R
RARMB R IRIVRIER I N Ca> S5 &L il P
i, O DR ZRE AT B R R ) S R Bl R 1 S R
B AR R, i ORI T 2 U BRI
B e R RS 22 A 1 R R 22—

5 JREERIE R

MICP/EICP st I (1) e i — M 9 — 8 MR B
IR Z A L KR AR . B S AE b % R
BRI, 20 B C 2 B REIR TR
SR A IO, IRERIIREE . 3. Bk
I3 R4S L Rl 2% MICP/EICP [ 4k A4 B e 45 1)
AR BRI OR/INRIS [B] S AT R AR RS
5.1 BBRBIREEFNELE

TE B TR P BOIR S 1 — 52 U ATIR N, BRIRAS
A BRI FE KT 3 22, e R B e v
T2 O R A 1 B T A A ) A K T 3 SRR R
PIAE R DY, Al Qabany SEFFERAH, (AL
R B PR T 7 A B/ N BRIR 255 4 (0.25 mol/L
WREERT=E 3~5 um FIBRERES S i), 78 TARF 1
IR ATTE NS . B TR BRI FERE R, BRIRES
A AR DR (1 mol/L % B2 FR) R Bt v 7 A R B IR 5
PRI 35 pm), FETARH 2 [A1 0 AR SRR . 42
RARZEON T T 3 Rk A b B s [ Ak R SR

SO, 3 R AR IR TT 0 AR A R EE (1.0 mol/L)
fIAFE (0.5 mol/L) . i/ EESS & (1.0 mol/LAH0.5 mol/L)
IR BEREN R 7 2E NIRECAS R ASRAS A )
MIBRERES B A e . I EE R, 3 Py = x
BB 1 52 B A A RS i R B2, (R A A/
RIREARLE A7, AT DR NS D 1) 264
N IRAFAKT R = T M PR PR 5 . (E R &
TR P IR N AT B R (IR B2 (R £ 17 S S I
R0 B AT, 1) 7= e B oy A 4 7= A il

2 5 VI ) PR T e s e Ak A ) A K BRUR Bl
PESREZI MICP 8% EICP [ BEAL R . R 25 7 25058
¥ NaCl 5izER G, BRI K IR BEA [F £ 5
(15%0~ 25%0~ 35%o~ 45%0) Xt {oi2E W A5 o b
fRIRZIA o [l 5 3R T BR Bt R 58 B2 35 K T 2 MPa,
(R SR 3G 0, TG PR AT e 53 B R PR, it
P s Yt R 5 P55 ot PR 2 7K A 200 T S R I e 7 A T 4
HIVER, WATREXTIX I B M. HL b, W
SHEIE R A — e IR, R msiE it
Can s 2RI D AR RAKW s, 17K o R A A
A SN AT A T, Rk, 4HEE B A K B
B 2 BN, 6 TR KRB (1) R 2K A4
B, e R B AR I RS I R A T R AR AR
ZHA . WREE = R OSTL R IREGE PECY, T2 1
MICP [ A6 3505« 7573 B 12, 15 AT FL T NaCl
S AE P E AL SR s 8, X6 A 2 pE K
W A B T R SR . T M2 Rk B 2
4R, REdMm 7 A A% A gs Rk
RO BV i LI AR N e o o Rl = . NG 2
IKIEZH Hg™' s Cu®' Cd*" Al Pb>" 4 Fh R 81
XU AR VIR B AR ) ) IR 3 (L
Bl 5). IR REM, fER—BFIREAKET, 45
48 B 0 IREG B E AR IO Hg?™> Cu?™>
Cd*>Pb?, 4@ B0 DR 140 % fE FLR 1)

80 r o Cd2+
o Pb2+
A Cu2+
60  © Hg**
° — WA R
S| --- Ui
B 40 t
=
=
20 |
0 &

10 20 30 40 50 60 70
BRI/ (ug L)
B5 4 MESRETIEEMEIRE
0 7 2 FR T ) 0 1) 2 15°)
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