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Influences of temperatures on MICP-treated soils
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Abstract: A series of aqueous tests, one-dimesion sand column trials and bacterial activity tests using the ureolytic bacteria
ATCC11859 are conducted to investigate the influences of temperatures (10°C, 20°C and 30°C) on the microbially induced
carbonate precipitation (MICP). The results show that in the aqueous tests, the effect of temperatures on the MICP is related to
the reaction time; at the early stage, the consumption of calcium ion is much more at the higher temperature environment; after
a period of time of the reaction, the consumption of calcium ion is much more at the lower temperature. In the sand column
trials, the unconfined compressive strength of the sand samples after consolidation at the lower temperature is greater than that
at the higher one, and the results of the calcium carbonate content of the samples show that the content of calcium carbonate in
the sand columns is much lower at the higher temperature than that at the lower one. The stress-strain relationship of the
unconfined compression tests shows that the sand column treated by MICP in the lower temperature environment can produce a
larger deformation when the peak strength is reached. The bacterial activity tests under different temperatures show that the
rapid decline in bacterial activity is the reason why the final amount of calcium carbonate is lower at the higher temperature.
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A RAE, oAk, B, AREEsh; o1
VL RR, R RS AR A R IS A Y HOE
K, [ A W B = A s X Ak R, R
LS AL SN O i D K e 2 VAP A K ST
PR . H BT OA = EH AT TR R TIRENA,
Cacchio ZEHE 58 7 31 FASIR ) g A BUBR R A VTIE (1)
WAk, KIUVCEYDTE RS I Re 71 AR BT (1A
T RO RAS i R IR S B 2 B B 5 R IR (4°C,
22°C, 32°C) HI5¥NH. WhiffinF 58 7 I AE 15°C~
80°C 2 [H IRV P AR AL 35, R BURBETS PETE 15
"C~20°C 2 la#Efa5E, 25°C~60°C 2 a0 S L4k MK,
1E 70°C A IR BB KA . Zamarreno ZEPWF 58 T -+
RKAMBEAE 10°C ~40°C (193 M 55 77 55 Hh 7= 25 R 45
DU RIS, RIS UK AETE A 4 A7 75 B e
ARKIEDL T, BRIR Eh e B BE 5 4 B 555 77 R I A
B R 0] () G N 3G n . IR RE AU e 1 &
SMAYTVE SR 1 R B A S . De Muynck 2P0 ¢
TIRF KA FRE (10°C, 20C, 28°C,
37°CH) BHAEKIEN . BEFL T AN EREE i s
YHEE PR K fFRE 7T, DLAAE BRI IR L 24 h JE A K
FARFE R ZKIRRE ST . RIUEARIE 10°CHY, K597 21
d J5, FrAEESA IR IIE AR S.pasteurii 7F
A IR KA R M 1d J5 20°C, 28°C, 37C
FHZEARZIN, 10 10°CHE M. 3 d B F46IE F 20°C, 28°C,
37°C, BEEERMNE 4 KRGS SRIEA . 5T
S.pasteurii, fEAAKAFE IR FZ KRR 3 d
ZJG, £ 28C~20C>37C>10"C. X}T S.pasteurii,
10°C ~28°C A ARA TR (14 5 52 384 0 I il F58 g 38 o 38
. #EhECHET TORFEIEE (10°C, 14°C, 18°C,
21°C, 25°C) AW SRS DUAR I ] F Ak rra 5
AT, RIS, BRI U R R, AR )
WIRES B % . 78 (10°C~25°C) JafW, IR
iy, MICP INfE 5 AR50 S . 13I8 MR,
H2& 1% H MICP 50 AR BT R 8 K 7], 1521 1)
e AEH T MICP NG A6 72 h W 5T H AT
A KT EXT MICP 00 [ SCERAS AR 22 HGHE B 1)
SRS 41 DA K 3R B BE S TR B R AE 10°C~
30°CYE Rl N AR, FRRlRTER R, T Foix /N5
Y YN R, % s br TRE R R
NTHFFRREAEEIEEN MICP i [ 258 1) 4
tb, AL HIFE 10°C, 20°C, 30°CHITEE Fiffr T
MICP ZKIEHRIE . —AERD A I [E 56 A4 B v Mk
B, K BARIGAE S NI RE AR s 2 PR B VR M 435
o, F HARFFEAAS 72, WHDRIE R Ik
TINBEWR (] 52 (B R AR &5 7 30 /KRR

HOR LA BT T AN TR R MICP 45 85 -V #8 B /K i
ML, FERMEERRIGT, BTFT 7 IR R R A
SR L IR ER S ORI S5 UM N B R AR
AT S, I TT T AN R T 40 S 2 B )
AL L .

1 RIEAR
1.1 HEMEEEK

ARG N IR (G2 E 5B P S
5 ATCC11859), ¥EFRMRMIEL T A : B FRMERE
20 g FAREEEEY). 10 g NH,Cl . 10 mg MnSO, * H,O
J 24 mg NiCl « 6H,O, F¥H 1 M [f] NaOH 75 pH
£ 9.0, BFFRAT 121°C B 7287504 5% 30min. K4
W ACPAR RN R IR, BT IRGERAE (30°C,
121r/min) }%3% 30~40 h, RL&FTIEHBOLE (OD
B FNEE, WOGEER R WG Tt E, &k
KA 600 nm.

T 2B A R FH L 3 R0 & . Whiffin 32 H U i
53 B i T F I AR O AE S IR B K il e 7T AE IR 5%
P, RIS AT 3 mL S5 FRAF AR UM E) 27 mL
urea F', 4HEE M urea VR AW urea WRE N 1M, M
KOS NI SEEN, KSCRAIEERR
TIE B VR RS 1
1.2 BRERNEE

ARG L 45 WK ] Urea-CaClL VR &, Hirp R
FNWAED A KRR RERIE, CaCl, & MICP
SRR IR . KRR H Urea ¥ 1.5 M, CaCl,
N 0.5 Mo B FEIREEH Urea N 1.0 M, CaCl, N 0.5 M,
RIS T I S5 R G B AL B
1.3 H{kiEFME

AGRIGHR PR B I A AR AR IR M 0.1°C,
WZENT15Co fTH 3 M FERMEE Y (10+
1.5) C, (20£1.5) ‘C, (30+1.5) C.

1.4 WHRAKEER

WO ARG BT A N 420 4.8 em, =158 13 em
MIEAERE, KRR AR A NLISCRE E, iR
W, NLERE 2 1.5 mm B TAR. Frl i
WHEARN 4.7 cm, &N 10 em. BEEIRE B FISL
YIEI LK 1,

1.5 FHEAIMR

WAERIG Y IR KBRS, FIRS N (ds=0.33
mm, do=0.47 mm), WPIZICIL WK 2. TRitbE
N 2.65, FKFLEREL N 0.87, fH/NFLBEEE N 0.55. fib
FERF 3 2 S22 e, 1 R PR R 2
1.59~1.66 g/em’, HIXF BN 0.66~0.84. HRIGHT
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Fig. 1 Schematic plan of mold and picture of real products
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Fig. 2 Distribution curve of sand

2 WIEHE
2.1 MICP /K& &R

SYAE 10°C, 20°C, 30°CHIIEE F#E{T MICP
KIS BEFRF B BITEARFIRE T, ¥
80 mL B CIRI8 A 5 BT Bt S 19 e R IR D
A1 720 mL LT R IRS, FRFRL B g
HAamiRE . BTFREERE MICP A& Rk ERES 5
WP AEREARBE |, AREEEN R, PUb/E iRl fE
HERG 24 h I EIR AR KBS B 7 R L, HESH
WRERAES (12 i, A4S 2 MICP /KR 2% A N IR
G P A S R O R 4R . IR0 2E B R I sk
M 3 Frose

KA B - K ) 1SO 6058—1984 (/K B4 57
E I 2 EDTA i 52 V2 )W 52 YR A9 45 3 TR S
A5 YR 52 465 8 1R E T UK RS 8 e R s A S ok
ARk TR A e, DA BRVR AV P B R A ok
(PIREIA o AN R L T VR 5V HH % 1285 Y R 1) R R o o
FH TS B8 IR B SR SRR R R T 1S, SRR TS
BB RS HE RBE R

E 3 KB RRN R EREEREYE

Fig. 3 Schematic plan of test setup and picture of real products
2.2 MICP ##Hik 6

43 5ILE 10°C, 20°C, 30°C IR R #ET MICP #
RS . RIS R IRES AR A T AN AT
BIET . AR AR AT NS4 ODgoo N
2.358, 5 min HFFARN 0.18 mS/cm. FEAHEFEM
TREBSEZE AN 70 mL 0.05M CaCl, 52, # & 12h /5
TN 70 mL B#, # 8 5 h JFRZAREE L, FANER
¥4 12.15 mL/min. BRE5MERRE 12 h iEA—IX, BA
WOFEARRT 3 N 70 mL IREEWR, (HI2HE NS5y
RIS N PR FE A VR AR, A
2 JE R NS I RO 60 mL. AN —IRK
SEMHINE — ke BEASRSFELE R BT R B E U
ERIEFRININE 24 h J5HUH, FEB K 3EERON
60 CHEF I HET
2.3 FRERESRUINIE

WO R FR TR RS SR FH BRGE I 7 15 AT I & . %
AT TOMIBR 4058 5 R AEHE T, 6 M i higiR
W, e NG 5B KGR . A REE DT
Ja AT BT B N RE A R R IR A B . BRIRES I
I3 e BN IR S A T B 5 R R P I R 2 L
2.4 FMRRERE

W WA I R RDAEREAT T FR PR ke, o fRFeRD
FE LRk sz 7342514845 3 mm B+ T8, iR
ASTH N 1.5%/min.
2.5 MM

S VAR LS TH TSR AL HE S 1 R R B HEAT H
B HT (FEI*Quanta200 45 4938 f 1 S AMEE ),
WAL EE ™ MICP i [ RD R J5 iR 1] LA R B R
B RO TS0 o
2.6 ARIEE THEEMRIE

VR PR R B R TR, BT IRG R R
(30°C, 121 r/min) ¥53% 30~40 h, {FFEBIET]—E
PIEYE . RS IR B OEAT LR AL EE: % 900 mL
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PR 2500 3 NMHEIE I R L 5 B T 10°C,20°C,
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FEREEWAE 4 fiR.
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Fig. 4 Schematic plan of test setup

3 #HER5iTE
3.1 MICP /K& &R

ARVARGE PR 2 B EONES 5 10 3 4%, Big Lk
RES R 5 B8 1 43T . RIS RTINS 4HTE ODeoo N
0.590, 5 min HL S X4 0.10 mS/cm. ANFEEE T
TR A Y S AR 11 B R 2 AN B - AR T 2R
T AR RIS, 6 Fiz. BT 40 h NIRE G,
EETHEFERRLE . (HEE 400 )5, BEER, 5
BT IR R /D . 30°CHI 20°C R4S ES I FE R AE
8 d JE AR AL, 10°CERM 10 d JEAEK
AL . NGBS FIHAR IR FEOR G, 30°CHI 20 CHF AR
mT 10C, (HRTEH 2 KREF 10°CHIHET 30°CAl
20°C. 30°CHI 20°C A5 B FIHFER R Wi K, 2 )5
BHR/NEZEN 0,110 10°CH5 B 114 FEE R I 18 5
AFAEVEAE o W R, 0 B0 7 R R S I TR

05 -2 30C
—-20C
-~ —4— 10C
E 0.4
1
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& 03
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Fig. 5 Molar mass of consumption of calcium ion in mixture under

different temperatures
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Fig. 6 Consumption rates of calcium ion under different
temperatures

M EIR AT SE Y, ASCRISRAE T, TR
T MICP HISZIA S SIS A 5%, [ BRG], i
e AR TS B T AR RUR, OB — B[] (£ 40
h) JE BRI 45 B TR R
3.2 LG HIREE

(1) BEAT T /NS AEREG, e B I AR A BE /R
i & 5 HEMAE DN RBON 22 I AN EE TR
YRR NGB Q245 1k, BRI AE SRAERD RE RE Y BB
R R BB RT R T, I 5E AR R i vk
04 10, 12, 14, 18, 22 N TEMIBRHTE 3 L A2 1E
TG0t B 7 N TeMIBR 5 B a5 R/ 5 b FEE o ANIF]
IR T WAL IR G5 A T MR 5T s FEAR AL T T, AT
8 ATLAE H, 2 HUEMINIE 10~22 )5 10 CHRIFEIIE
R BT SRE AT LUK ] 178.85~279.29 kPa, 1fij 20°CHl
30°CHEFE A 84.26~~185.77 kPa. 24.22~98.61 kPa, i
FERRAR, T PRG5BS Mok, XA BLAIE 7
B, MRS, To RS A IS I IS R R S B
JEERRAT o P 8 AN [Fl ik B AN [ T ] 2 et A I BR 470 e
SRPE AL 2, TR EE T AN RN e M R 47
JESREEA B RFES), X2 SRR B AT A AR X
RIS A F T HE AR AT ERE
10°C~30°CYEHN, iR, WA JC IR0 25
JERRK

7 FARERRBAIS R4
Fig. 7 MICP-treated sand samples before and after unconfined

compression stress tests under different temperatures

s EEBUEEIZE (10°C~25C) W, iR
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JEiR e, MICP I & L AR 58 s, o MICP #)
FEIRIE R FH 1R 7 20N RN — IR 5 R E 30
min, PEETENKEREFE 6 h N—MER, Rigt
10 AR, A SCHB AR AR I8 R FH B & — VOO B T
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Fig. 8 Unconfined compression stresses after different
reinforcement times under different temperatures

(22 TR e e Be i b ke b 2 g BN
B BEATRRIRES S B, B “ B R gl
BRDFERVBEA L3 AT 805y, TS BRIREY
BERNENH PSR (CaCOs TR/ TR ).
B 9 AN AT FEAS RN [ R B R 0 B R S
BRI Z, AR LA A R R A A [
10 % J5 BRIREY & &l e Nl o838 2 A K, A
JITIEF B 2 45 I DR AL B 2 7 PR R 0 2 S BE g A7 AN[R] BT
Blo ANSFLEREEA RN E B BRI S & = 2P
EEMR, MRS, X ST B RE
MBI G o AN [R)i B2 AN [F) I [ R R 7T 20 Bk
BRES S BRI MM EAR, RIFE 1L1%LEH . T
FER) BRI S8, MK AT LLE N, AR,
BRIRES S B . X TRAFERD T AIRIRES & &, 10°C
20 CHZEARZ, BT 200C, H=Z 10CTH 20CHS
T 30C.

45
40 ——10C |
——10CTF
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Fig. 9 Content of calcium carbonate after different reinforcement

times under different temperatures
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Fig. 10 Relationship between average content of calcium
carbonate and unconfined compression stress under
different temperatures
gx bRk, AERM— OB [ 7€ A RE I
G5 7 S E RS AR, 10°C~30°C 4 B [ vk
L 10 YR, B R AT, BORER I BR B e 5
JEE BT/ s 3% — I 5 ) JBR R e ol P2 A v b e T B TR
B BRI, X5 MICP KRR FT 31 4518 — 2.
OB 11 AR TR 22 e A Te bR
FE ARG R )N AR e AR .l AT AR BT
AL R L T e, RIS B SR, 10°C
A 20°CALBEIIPAE AR AR ZEAN K, (HRZHREL 30°C %
Ko BLHARHMKIR S T MICP AbBR (1975 FE 721K B0
(BRI RE 8 P E ALK IR TE o« ANRIEE T BIRMEEAE
BRI IAAAE — DI, Xl & WA
AP RE bR B3 - TR AT T .
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e
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Fig. 11 Curves of stress-strain of unconfined compression stress

tests after 22 reinforcement times under different temperatures
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Blo 3 AN I RP RN R THI 2508 SRS AR A il 30
CIF, RS RIURL R J ] 25 22 B0 7 A7 26 B R 5 kL
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20°CHT, RYHURLE Bl B RS ok b 30°C B 3E 2 H
TERURLE B A R 2 R4S, IR f iR R R/ A
—, {E£10~20um 2 [f]; 10°CH, RYEURLE 5% ER
B OB AR 20°C ZEAN S, (R R0 B2 Ak it iR HE
FAULL 20°C 2 —SL S DR 45 B 5 — 2, BRIR AT dl 1k
RSP RNA—, AE 10~20 um 2 7], {H &84k ffokir
JUSFEELL 20°C k. SEM B 45 54 AT T R Bt
J 5 P R BRAT & e R — 0. MBS T IRIRAS 1)
TERASHEA RIS T B H RS J7 PR ERA T A% i) [ 35k
AR o

(c) 30C

12 ®h# SEM Elf%
Fig.12 SEM images of sand coated in minerals
3.3 A [ELIRE THREEMRIE
¥ 2.6 VRIS T VRN B R B — o T MR B
(0OD600 v 1.533, 5 min HFF481L K 0.28 mS/cm)
SR 3 A HIE T 10°C, 20°C, 30°CHiRAEM T,
EMETETE (5 min HERRBME) SEHPCR,

RI LR WE 13 Fros. MEHE H, BB 30T 06
1120 h 4, 10~30°C N4 EA i7% 14 b6 5 55 1) v T 1
K, X5 Whiffin', 2£#5 %58 TR 045 e — 5L
{ER I T A2 ¥4 A 28 AH S 558 U B2 I 448 B (1) 0 1
T AR5 FEAN [FIRLRE T 20 TR PR B ) 1R] R AR A I .
A 2ER R IR PR v IR ey, (R S ARSI
FEXHRA—Ff, Nemati 250 70 A ZAR IR (1 5 24641
4l iR, Ferris 2% Mitchell 25541 De Muynck 21!
BIF 58 1) 2 P BB Al 7K gl B8 00 Ji5 (1% 240 A A0 UL E D o

B4 B FE VA I B A SRS 3R B J . 10°C Al 20°C
AR T TR, BAmS, 3 MR SRS
PRI a3 5 ok, AR R AE 48 DA 2 I S DR R FEAN [+
ML, 2 TR P S R AT

XTECEE 5 AT 13 750, AN RIS T 248 B v 1 B
[F) PR 722 A s SRR S B8 I FE R AL 3 —
o WRFEEE, ARG, AR IR R
RE ) PRI, 4 B8V B 2t P (I Bk R

0.45

© © o o
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Fig. 13 Relationship between bacterial activity and time under

different temperatures
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AR B VRURN S 25 W 70 o e, F LRSS 7 02
TR0 R FH — N TR T 1) R I N Jie 53 1
T BRI LS.

(D) KIEBGERIEH, 10°C~30°C L N EE T
MICP [ A s B T A 50, ROSCRTH, iR
IPREE NS B T FE R EOR, RN — B B J5 R 5
IS IREE MG B FIHFEEEUR.

(2) R EEXTT MICP [ J5 (R AT 5 5 520 5
I ARH R 100C~30CTEE N, KH—IIMNEH -
li] 72 ) B N e & i 1 77 =Xoin B b A, 10°C ~30°C
P EL N[ R EOER I 10 (R, B A IR FE T, BOAE
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(3) MTCMIBR AR R IR S N AR K RKE, {E
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A3 FFV RO T T ) UG8 A 58 P I i 65 7 A R AR T
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