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Abstract

As Taiwan is situated on the Circum-Pacific Seismic Belt, where earthquakes happen
frequently and can lead to soil liquefaction, resulting in severe disasters. As the popula-
tion density continues to increase and the demand for land use grows, traditional low-rise
buildings are gradually being replaced by densely packed high-rise buildings. Therefore,
soil improvement is urgently needed. This study employs an environmentally friendly and
cost-effective ground improvement technique called Microbially Induced Calcite Precip-
itation (MICP). MICP utilizes bacteria present in the soil to consolidate sand particles,
thereby improving the engineering properties of weak soils. The effectiveness of MICP
improvement was investigated at three scales: small-scale sandbox tests with surface in-
filtration, medium-scale sandbox tests with lateral pressure infiltration, and field tests with
lateral pressure infiltration. In the small-scale sandbox test, sampler A, designed accord-
ing to standard consolidated drained triaxial test specifications, was buried and filled with

sand. After a seven-day curing period, the results of acid digestion tests and consolidated

v doi:10.6342/NTU202301781


http://dx.doi.org/10.6342/NTU202301781

drained triaxial tests indicated a uniform and overall increase in strength due to the im-

provement. In the medium-scale sandbox test, sampler B, designed to prevent sidewall

solution blockage, was buried and filled with sand. After a seven-day curing period, acid

digestion tests revealed that the effective improvement range matched the expected trend

under a lateral pressure of 400 kPa. In the field test, sampler A and an acrylic base with

watering pipelines were buried. After a seven-day curing period, due to numerous un-

controllable factors in the field test, acid digestion test results showed significant calcium

carbonate crystal formation in most sampling points, indicating that the design of the wa-

tering system effectively allowed the improvement solution to permeate the soil.

Keywords: Microbially Induced Calcite Precipitation, Soil Liquefaction, Soil Improve-

ment, Sandbox Tests
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’ ;ﬁ,

> « _}@ e = < = € Unconsolidated
T T, ;
T h 4 1 4 h deposit
ST YN Rusblies: SREXpite:  Bedrock
~_ = ~_ T —_ =
p— p— —_— ——
T —— — — e —
e ® ®
% B (Obermeier, 1996)

@ Hypocenter
Figure 2.1: @ I % T T 4o g\
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o

Figure 2.2: 1964 & p & 3755 F1 34 3% b 3¢ = 2& 4~ #7 i5] (Bird et al., 2005)
2.1.1 B3R BACE AR H

Gfel R B F A POREIRT 0 Fl g R I EL IR S L2
BopE s T4ogd T B e HUER L PR Ao RI23%77 0 2 A
i&%%@mgﬁﬂﬂ’%%&@zJWﬁﬁw’fé@JWﬁ¢£§H%@ﬁéﬁﬁﬁﬁ7Wﬁ¢
@’&%iﬁﬂﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁ%’éﬁﬁﬂ%*@J%ﬁ
IA RS <P F S IR S F o RA L Ee i—ivl@“ o gL pE L RY
R A4 A B RER 0 LRI ALz 5 2 HIR I (Seed and Idriss, 1971;

Kramer and Seed, 1988; Obermeier, 1996)

Figure 2.3: ;% i* 51 3% 3 g £ 7] 2 % (Obermeier, 1996)

FHERCRAEFIVRES SAERD SR~ F BB (Seed, 1979) 0 4 w4k

e
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1. #= 4% it (Initial Liquefaction ):
PRtz kpfor) 3 X T|E R E AR 4 TR 2 aEAR Y o GURHORR BT A 5 2
oL L B3 204 RS LFS > FHRFEIHLREI S k4
ARE PR R 4 TR L TR A SR AR S A ke 1 o

2. # it ( Liquefaction ):
PCHoRE: AFA AT LR RERF PRI EF R R 0§ HEET
FhREP A AEYE S T T O SURRREE A S RIS T A5
BB A o FHIRGF LRI o

3. ¥ ®Bind (Cyclic Mobility ):
B AT > THEAI RF 2T RAREIFS o BRI EF L IELLR
Aot 0 A RARIESPEEN A 2 R0 AL SN2

BRAULFF RFL HIBZ AL ZBRA L FRERE ) P RRFLF

Rinde o

212 IR RZRACZAIE

1995 & 12 17Tp > P 53 >TERREF2ZP AFARET2204 0 2

BHRATE B SRR I R T A P BB B RK LA
o e FI2ASTT o B 2R Bk o gt b B S K B DR IR

B OREIFAXRE TR BT TP (Birdetal, 2005) o+ R4 3 3R i

RORERERG= > B9 2o A2 f LAMAT A R4 T 2 A

(Obermeier, 1996):
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. ¥+ % 4& F ( Ground Oscillation ):

PR FL ARATEL B FIMLIEFE RSB LE 0 & F L3R
Bl ARt R L S kv 4o RS 0 SR F A R

BoAmla 2 FOAEE TR R S R U -

. ¥ #) ( Sand Boils ):

RS RE R AT E > F2 Y G A Sk 0 Bk B2
k#8540 K2 RS 2T AR FER - § AL - LR

AR ICHORRA AFSFS e A HAHER LR T ORAF NS RER
dd it ke LB A S A A BB R HF S 0 - B2.6%
RI2.74777 » hAIEE 0] AN L2 AT S R

. Ik M AL ((Settlement and Tilt ):

PRl Apfer; 3 LR > B3 IR TR o BHRBEL L RRY

She

F FEIPRITE T EATE > F e A UK Ao RI2.8% 0 B P B E

AR MR ER Y 3 ‘*##«#' T3 > 4oB2.997T o

7% ( Lateral Spreading ):

B I3 R2ZEH ANt R IELITARRE S ERLFA -G
FROEF-pd o doRpg) B2 A AR ZIREFES T A L e
A4 FE o AwB2.102 B21157 7 > FER2Z B BRI VES L RIEEA

ZEEFENRBE ST T FmE 2 e

. ¥ gk (Flow Failure ):

AANIR2ZAME IR RIMEA I T GR  HBRE2 I MIE
e @ At > Ao B12.1297 7 0 S R A ACIR A 0 2 BB T T ik
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PERREAER A R EERYFIMAE § MRS

WAL KR 0 B H T s s o g A P RS ST AU -

Figure 2.4: 1995 & 4! ~ #» Zid =4 = 5B 43, % f & < 4f (Bird et al., 2005)

Fine=grained surficial |i:l'_n,rn-r““_

B

ETE gang T

- - - -

-----

. The

Back—and=forth oscillation
L e

Figure 2.5: & ¥ ¥ 7= &, B (Youd, 1984)
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Stratum H Naonliquefiable layer of
1 low permeability

Stratum Hg

Figure 2.6: * %)+ & Bl (Obermeier, 1996)
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4 ﬂﬁﬂ

WARD FLDW 'DF WﬁTER

//////7//////

Figure 2.8: 4 £ 7 & Bl (Youd, 1984)

Figure 2.9: 1999 & 2 B H 1§ 35 413 Z:& = 2 4 w4 3% (Bird et al., 2005)
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Fine-grained {urﬁcial layer

o
Initial section

Generally increasing separation between blocks
— —= —_ ---

M///Afﬂ,ﬁ« %

e el RTIN L G ST 5."’""‘&‘_:,-

Deformed section
Figure 2.10: {7 & B (Kramer, 1996)

Figure 2.11: 1989 # % B2 B 4 L ¥+ &g = R A% (Bird et al,, 2005)

Settlement

o

Lateral Spread Liquefied Stratum

_ —_—

Figure 2.12: 7x#% 77 & B (Kramer, 1996)
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22 APYHEZEEXR

221 EEAR

EFLE A BFMAE LGSR LRI AF PR R AP RAT
o Ar 2 REWPEPE - Ra o EFSF AT AR > L EL AT
B REZHL B Sy s M P a g E 2 R LH - 7
AT T ESRA L I RAES T S ARRIF R LA Y RT
FhF RERF 2 ERSHEAMRS LTI ER BRGS0 Lwln Mgz §
MEFom S@ER L IR AT RIS R AITIPHKE R A T

E‘}i -4 Z_ ”Q|L}ijf f ﬁ’{r'g ’ ﬂﬁb ’:}'Ei‘]’éﬁ;ﬁ;&*giii ;[;ngcki'ﬂr”ﬁ _‘E_‘:L/»_tl]‘i'_o

Han (2015) %3k » 28— i F 2 4 Mee a3 25 3 2 BT ek

I B

)

21N

PRR AL ARE A PEAT B AE L2 GiE

R B A B R Aokt ARtk Bl 8 ] % >R o
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PABMIEE FHLEIP e HACERAE T B ERKEF 2

75 4.75 0.075 0.002 0.0001
100 Gravel i Sand 5 i Silt i Clay 100
SHALLOW COMPACTION ]
90 PARTIC‘LILATE GROUTS | L gg
[ CHEMICAL GROUTS |
80 I E\(Pm’m E COMPACTION :“ | L 80
= DEEP DYNAMIC COMPACTION ]
l%: 70 4 [ : C‘(‘JMPACTIION GROUT 70
= [ VIBRO-COMPACTION |
Z 60+ V[BRO REPLACEMENT 1 60
5 DRAINS FOR LIQUEFACTION || DRAINS FOR mwoumnm |
EE 50 ~ [ : COMP. 1CT;("J[\' COLUMNS . 11" 50
E 40 = Iu-:T GROUTING : 1| 40
g . ADMIXTURES . ]
£ 304 DEEP SOIL MIXII\G . 1L 30
\ OVEREXCAVATION AND REPLACEMENT |
20 I GEOSYN'I'HETIClt\JCASED coLuMmns | 20
Most Liguefiable Soils Fall
10 Within this Range - 10
0 . : : | . ~ 0
75 10 1 0.1 0.01 0.001 0.0001

Particle Size (mm)

Figure 2.13: 7 ¢ # 3 A3E & 2. F 2 2 > ;2 (Han, 2015)

Delong et al. (2010) 3% 5] » 23k 40000 2 2 F 3 (79 2 2 see b4 » 5 £#5

LNAZB 6 RE A Y AL AR RS L HE B

x

f

PR ERREZARPAENEFYEF B - @Y L2 F LA A28

S (ecn ks BT B PO IRE S B R RA ) i~

HEILHH Y o 16 2 IR R & & - 4= (Xanthakos et al., 1994; Karol, 2003) » % - &%
i

B LB E F A RS RS LRI A E S LR

e

W

=

s
-

b3

5
=K
R

SRR OE R e o SR gf i 3 RO ;Lg;ggﬁ%
T E 3 # 1 (Karol, 2003) - 1974 & > p A5k & 2 P Tﬁﬁhuk,gj&“ LI RGN 3

c BT ARk A M BRI G R &ﬁ.ﬁ i+ (Karol, 2003) » iz~ A
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W?ILW‘HMK’ 13'%1"—7/2"LFLQ F B %ﬂ“’ﬁ"/’v\@]% ﬁi\!i}«ﬂ;"— ig

SR B R ETE

i
C RS R VR Sl ] SER L SEN/ SN S d S TR IR AER L
A

gl e FETEER BRI RRTERFT > X

Flpto VR Z ORI B R > ¥R GECE Fel GOk S e B ¥ 5
)2 A B A F{HER R > PHIBL A A FL > TLEE
RN R D B RE AR R D e S

FE L2 Bl BRAT - | §34% -

222 BMAEDNMFZEEXR

%,
/'4' ’

- A TR L2 G ARE 107 BacE Fme o i

-3y
5o
\':"_k
At

o=

Ty
2pmre 2 hREFEFRAH A R0 AAIA e 27T 30 R
For & LA HEmF A X 100 B4 $ e (Whitman et al., 1998) » 4 77 ¥4 4 4
Az 23ecr12 v A Pl py R c B Hwme 2 jied $r o 3
% 8 %0 7] (Bacteria ) ~ + ‘o ] (Archaea) 2 E +% 24 4+ (Eukarya) > 1243 Mitchell and

Santamarina (2005) 2. #7 3 » B 7 IF ficd 4 22 B> doBl2.149757% o

CRREEA PP R HFLNY JARRS S fRARFI R 2
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Clark, 1989) - iz 2 4 & i 5

i

BEFRFEF T

f’? l,‘i o

%"fq }%‘r S »}; %fs‘{,

R R U = 1 geas (A

Bacteria

Archea

Eukarya

« Peptidoglycan in the cell wall is
unique to bacteria (attacked by some
antibiotics)

» Some bacteria can survive harsh
conditions by forming spores.

» Most cell walls contain significant
amount of protein.

» They arc primarily present in
anaerobic subsurface environments
and around organic compounds.

Common Characteristics

the cell to surfaces.

«» Bacteria and archea have differcnt chemical composition but similar cellular
structure: a sirong cell wall in most cases (1), membrane (2), cytoplasm (3),
folded chromosome (4). They have no membrane-enclosed nucleus,

+ The semi-permeable cell membrane controls the transport of chemicals and
clectrical charges in-and-out of the cell. In addition, the cell membrane conducts
many functions including energy generation

« They are spherical, rod and curved shaped, and typically 0.5-t0-3 pm long. Size
reflects optimal conditions between volume-related internal functions and
surface-related transport of input and waste.

« There are cells that can live under extreme pH, temperature, and salt
concentration. Therefore, they are present in most subsurface environments.

« They reproduce by fission into two (reproduction time: from minutes to few
days). Flagela may protrude from the surface to propel the cell, and pili to attach

to

«+ This domain includes: algae (photosynthetic eukarya -
produce most of the oxygen in the world), fungi (gather
energy by decomposing sources of organic carbon -
includes tube-like filaments call mold), and protozoa
(complex single cell decomposers).

They may not have a cell wall (1). Many cell functions are
not implemented by the membrane (2), but by specialized
membrane-enclosed organellcs (3). They always have a
membrane-enclosed nucleus (4).

Diatoms are cukarya with cell walls. Foraminiferan have
internal shells.

Compartmentalization allows eukarya to be larger (diameter
2-100 wm) than bacteria and archea

Most cukarya arc aquatic. The population size is expected
to be small in pristine aguifer sediments, but it increases in
sediments contaminated with organic compounds.

Most eukarya require oxygen. Therefore, they are less
common microorganisms in the subsurface..

There are multiple forms of reproduction and motion in the
eukarva domain (e.g., flagela, cilia, pseudopods).

Figure 2.14: % ¢ 553

BT R

LIRS
it BiEfed &7
GEEER S 1O
Magnetite ) ~

)22 =

Bl ALY > AoB2.15%7 7

14 %z AR AP

F oz PR i 2

RS =R L ER T EX

CRUREE 92 FEES N

o 42 :}}%;Kohnhauser (2007) >

U E UK

A 2. fic 4 $ 4% #c (Mitchell and Santamarina, 2005)

EAE RS |

2.1 2 F (Delong et al., 2010) © 2 4 /&
FREAF2Z A kR A2 g

b g hET A
FHTRE F L S A

cH P A SR EARES TR (

FiAg 48 7 ( Greigite ) ~ 22 8% # ( Amorphous silicon ) 2 = % Z ( Calcite

ol
&5
=
Sk
A
had
g
=%
(.
¥
-\\

S H LB F

A
i

B oHWAS g A2 2§
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CEN N e AR o RS E SRR AR AN /SR

2 B 4512 (Delong et al., 2010) °

EREAE (I AT L

4 4§ ( Bio-stimulation ) » Trii » ¥ & % B 02 Tk R e 2 # %

72 5 2 5 3 % (Bio-augmentation ) > % iE L » F

2P EHE A 4 5 g L4 e 0 2P

BER O RRH

o

ok SIS SRR ENE I RN

I

RIEB 2 fhie @ > B PIE 1 F 5 2 4T

Hed o N SBRE AR Zz_ A& 4= (Delong et al., 2010) -

2

P 14t

)
=

AN A RS R % -

T FiCE R R

2 Z4 50 >
;\FEJ‘L%J’F

WA WA FokE o RERE A MRS

ol s B ST B

A

a7

x\‘\

% (Whiffin

et al., 2007; Van Paassen, 2009; DeJong et al., 2010; Al Qabany, 2011) -

Biological Mediation

nutrients Potential
timing [ microbe | = Change
. fael activity state Permeability L 103
distribution | activity patential
biomass =
Stiffness T10%x
Chem!cal Mechan_lcal__ Compressibility L iirae
Reaction Index Props Properties
| S, GSD .
| f*; e 1{2 Shear Strength T 10%x
| 0 0
|| Volumetric Response L to T
|
¥ ..
. . PR i T i Up-scaling
inorganic precipitation—— — — >y +- Y biomineralization
it : Spatial
Field Uniformity
organic precipitation Application
M Permanence
gas generation—— —————
Figure 2.15: ¥£it 4 $ 4 2 1 ez 2 % 3 (Delong et al., 2010)
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2.2.3 AW R S5 U R (MICP)

Ho - fad b 4 82 3 e LHONAL A e dr 3k S R 4T Tk (Microbially

Induced Calcite Precipitation) » #§ # MICP -

MICP tarificd o e 4 37 27— @B 2 585 5 B A% G 2430 L4

TR I 0 L P TV L ok KIS E ok BER o R

TL o ARIAEA R BERE Y o Mt B BR AT TR (MICP)
- EH &g & MICP? »jikd g FIHITH & 4 B AL4T (Stocks-Fischer
et al., 1999; Ramachandran et al., 2001) > H ¢ > {2 JxDelong et al. (2010) > g 2 4
1Y ;%‘c} P4 BiEE S R ¢ 3 f]"\—,% -k % (Benini et al., 1999;
Ciurli et al., 1999) ~ %t % ¥ * (Van Paassenetal.,2010a) ~ fipa B R R v T 7wk
(Warthmann et al., 2000) ~ 4%:8 & & * f% % /t#k (Roden et al., 2002) - @ Aigi 4
CEERY > RERBEIAERAFIRONRE ARk P

=R 1;:,/7\—,% fi# 7% 14+ (Bachmeier et al., 2002) °

2.24 MICP # %l

F_k

AP IR > RAFSAFHE S AN R FF A F B AR
FARBAAPEIFHET FIULAAHRIIIMIL AMICPARMAT ¢ > &7
T A S TR HMPM L RART UG R BEFRE KRS
4o T X T iF ﬁ Bacillus pasteurii (Stocks-Fischer et al., 1999; Ramachandran et al.,
2001; DeJong et al., 2006; Achal et al., 2009; Tobler et al., 2011) ~ E 3] 4% ‘p:z]’ Bacillus

megaterium (Soon et al., 2014) 12 2 [F]2; 5 32 % {7 Bacillus sphaericus (De Belie and
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De Muynck, 2008; Chou et al., 2011; Ercole et al., 2012) > ‘ﬁ"?rﬁ;,fﬁi?’ PO SF SR A 4T T

A oo B¢ A XT3z 4% 7 Bacillus pasteurii 2.7 3 B i B o
o~

-\
' \

Figure 2.16: Bacillus pasteurii (Dejong et al., 2013)

Flgure 2.17: Bacillus pasteurii (SEM) (Bang et al. 2010)

Bacillus pasteurii G — 8% b3 23~ p AP 24§ wpF V%’ié;'}i_‘? 24 B
12 F BF (Ferris ctal,, 1996) » # # 2] 4o » 4rB12.16% 217557 « s 4 i
At dgdd VY pd B AR AEE Liadprd LR F i Ra o

dOERR IV ) K¢ redg H 2 0 > 1945 Mitchell and Santamarina (2005) 5 2t 5
e 2T F 95 05 pm o~ 3 um o FlRt o AR € N FUIT Y 0.4 pm 2

2 A 0 M R A 2 B R 2 WM 0 o B2.1847F o
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Bacillus pasteurii ¥ 1175 % ~ £ 2_ ‘e } fi & 5 (Urease ) > Fth et K PFg 7
STIRB Y AR R kR RIRB L pH EH 40 M &R E S iRk

fRAIFZ RBBP T € EACL 4TS (Ca®h) 5

B0 a2 e

—=\

ST 2 RR S B DN F P BT g e 4 6 2 TS B
& A2 BT (CaCOy) ik (Kroll, 1990) » 4oB2. 19457 » T a53) 2 jied 34 %
B L AT Tk (MICP) i 42 o

A nm pm mm
}

* —_— ———
atoms | polymers (Y nano  pacteria archea
bacteria

small e

molecules viruses
~ -——t - -
clay minerals silt sand
microorganisms cannot pass pore-throals unhindered microbial motion
but may be entrapped during formation and easy nulrient transport

Figure 2.19: fw#e %4 & A& 4T3+ (Ca®T) 7 & B (Vijay etal., 2017)

AR FE KRR T2 MICP $j5 > i 2 5§ 5 pised » 2 5 g i
IRV 2 RELATIO g Uk TRFHRB IR E AR EREFAELE
J& i% % (Delong et al., 2006; Whiffin et al., 2007) > # A A RIL 5 : i & 4 R & s 2

m

R F R A RS (CaPh) o R IR § 2 R

A
s
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Wik A (NH),CO) i 3Kz s A3 & (NHy) 22 § g (COp) » 39
% (NH3) £ &k (H0) 7% » &2 46433883 (NH) 2 & 5 93+ (OH): - %
R (CO) RIFEFEE 3 R4+ (OH7) 7% > A2 mpildps (HCOg) 0 & ¥ o
B Rk R w2 AT (Ca®) S RB L MBS (HCO;)~ & §F i

+ (OH ) % & A2 R4 (CaCOs) £k (HyO) > 4 B2.20% 221 %75% » o &
42 BRFLAT BT U E IR THEAPNINZICHE N wB2.222 2.2347
0 HA &2 F ;%47 (Kantzas et al., 1992; Ramachandran et al., 2001; DeJong

et al., 20006):

Bk ok R s 2 2

CO, + OH™ — HCO; (2.2)

%’ﬁ B2 tmbe 4w “’""Iiﬁ’ﬁ;ﬁﬁti;

Ca*T + Cell — Cell — Ca*" (2.3)

B A F RS H Ao Mt e A p 2 ATEET BRI B 5

Cell — Ca*t + HCO3; + OH™ — Cell — CaCOs | +H,O (2.4)

CIRERE W Ji S AN A

Cell — Ca*" +CO3™ — Cell — CaCOs3 | (2.5)
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B AT Uk 2 F s

Cat + CO¥ = CaCO; |

I
|
\

Ca**attracted
\ tocCell 2NH; + 2H,0 -» 2NH," + 20H;
5 &
R €O, + OH = HCOy
\\,_‘_ HZO 2 E]

—_——

—=  Ca?+HCO; + OH = CaCO, + H,0

Net Urea Hydrolysis Reaction: NH,~CO-NH, +3H,0 = 2NH,* + HCO, + OH"

Net pH increase: [OH] generated from NH,* production >> [Ca®*]

2.6)

Figure 2.20: r2 fR % -k 2= 3% € jic 2 47 3 Wat e 4t ok (DeJong et al., 2010)

Figure 2.21: Bacillus pasteurii 3% 3 & 4% it ik (DeJong et al., 2010)
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Soil particles Pore spaces Precipitated CaCO,

Biogeochemical process

Untreated soil

Figure 2.22: s f&4F % & 1 47 & B (DeJong et al., 2010; Rahman et al., 2020)

Figure 2.23: B4 24T 5 & 1 3374 (SEM) (Choi et al., 2016)
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2.2.5 MICP %% HF

FEIRE AP PR EFE R EMICP AL i o 2
PRRL FE e 2w AN wAme kR R pH B RBE AR TRk
K~ 4R AAEE E (Kitamura et al., 2002; Tang et al., 2020) » & %] Azit 40 :

1. o A
PR EFORAL R AR B RMEI T R AR
Fl & AR AT e & ot 2 % o & 4+ (Extracellular Polymeric Substances > f§ £
EPS) - EPS #.d 3-v J % $pEeries > % b AR EAfFmpF T4 2 2 EPSH 4
A EEEG ARE ~ 2 28 > Ercole et al. (2012) & _Bacillus sphaericus 7
Y BT AE 2 EPSe 2 B2 FIH B G R ERME L2
& 2% > #71Eig * 3t MICP 1 ;2 (Meldrum and Coelfen, 2008) - Tourney and
Ngwenya (2009) % 3 Bacillus licheniformis % % 2. EPS £ 3 {8 7 i > 7
Ll b Pl A TR T E S S AN TR S oA T Sl
A A FEEN S S R (Kraljetal, 1994) o
B3R RARmEARAL 27 AT &L EH B L2 AT
YUg vl 3k B M ok R PR AT 2 R v
(@) SRR~ g > AR R R 2 R T E e T
S YA S SR Y AR L G IR URa L S
Z2 3 H ok (Al Qabany et al., 2012) ©
(b) S A58 > G o FFFIA; ~ 3352 2 Rp 2 2 R 2 BT B4 {22
W23 % o (Meldrum and Coelfen, 2008)

Dhami et al. (2013) *“ #27 T f& 4% & ];:]~ AN FRANFREERET > 2
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PRtk Ad 2 2 S MEEA s PEE <353 AL R > 4ok 7Tor 0 d Tangetal.

(2020) &% 7 i ﬁéiﬁ{ﬁiﬁaa iR g o

Table 2.1: % IF jm A& 2 2 B % 4T 5o %8 4% #c (Tang et al., 2020)

Species Crystal-type Size Apperance
(pm)
Bacillus megaterium Mainly calcite, 30-50 Spherical, ellipsoidal, rhombic, triangular, with smooth
little vaterite surface
Bacillus subtilis Mainly calcite, 10-50 Spherical, ellipsoid, with smooth surface
trace vaterite
Bacillus thuringiensis Mainly vaterite, 2-15 Small size round, circular, rectangular
little calcite
Bacillus cereus Mainly calcite, 15-40 Needle shape, lamella shape, irregular square shape
trace vaterite
Fusobacterium Vaterite 2-10 Mesh-like lamella, with rough surface

% MICP 427 » ‘njFimPe SR 4T S Rl2 )% 5 3 BARIE* o - > fw
o &7 G R ST A2 A PE s BEAERRY 2 FE 0 wEAR
w2 HCO; ~COZ™ 2 OH™ » 7 4% 81812 & 4 Bl L AT 0k 2 ok 12 Tk
B % % A& (Ferrisetal, 1987)c % = » W% & 2 EPS 2 f 35 B~ ¥ 10 i¥
SORMPAAT S M2 N n gk F A& S48 2 A & 2245 4 (Dhami et al., 2013) o &
PR R w0 e 2 B E A S P B R BT 2 RS 0 s
2B PP Ca?T ~CO 2 HY 2R - Flot > wFkR §HF

PR 2 2 A~ B 2 % 8 c % (Bosak etal., 2004) -

=g
<l
g
A
5.@
-
o
A
W
iﬁ-_\*.".
o
‘. )
b
g
)
‘\'ﬂ.
el
N,
'
W
I
-3

Ta R R HAREE A
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(a) Okwadha and Li (2010) 3 3R » so e e )k R 2 B AT UK & ~ FR & A f%
BXEIRDIAPM o FARFEIAPE S RARAE - UKL mFwE R S

BN

FFE e

ETS

=g

(b) Al Thawadi S (2012) % > ‘w i k& & B PRI &2 4 /] o

-

iR m E R KRR AR R F R 4 E P E Ak S
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(30g/L~3g/L~03g/L~0.03g/L)° %% %7 » "LFwFfme kR 2
Hide 0 G2 T o4 KEL B4 0 4oB|2.24% 7 o
(c) Cheng et al. (2007) B &3 > mFimre k& § B LT HHW2Z 25

A HEHT O AMwmAwEERT o RS

5
(B

FEAE M
BB REEG NI A AR m e ERT o BTG
ok T aREZR G 0 IoRI225%77 -

(d) Chou et al. (2011) $+'5 9 Bacillus pasteurii ‘o F)i% i% :T L {6 2. & B F)3#
MeiTEVR% S5HT > U3 wme kR mEARCLLEH
HEF@RB2T4 %R 2 RC2ZHMHARE > oBI2.26% B2.27477F °

(e) Al-Salloum et al. (2017) » ¥t Bacillus pasteurii o B 7% i% 32 % {8 2 K
T F) ]upéﬂ?"'z;ﬁﬁi’@mfipé% RO R RE we kR
(10° cfu/mL) 2_ 0 % ik 2e L {8 2 KR F) f}fs » Hag B 3R F B
kR (10° cfu/mL) s 216 22 38 > § R4 BYREFZ R R %

B oo

Crystal size (um)

0.03 03 3 30
Concentration of bacteria solution (g/L)

Figure 2.24: ' jFim e Jk K ¥R e 4T 5o &8 ° <1 2 238 (Al Thawadi S, 2012)
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(a) 25% bacteria solution

2,

Figure 2.25: ' .

30

K: 1)

(b) 50% bacteria solution

(c) 100% bacteria solution

ve b B YRR AL AT B B8 A A 2. B2 %8 (Cheng et al., 2007)

a
p— 2 [
L = th
I 1 1

—
<
1

Shear Stress (kP:

0 10°cfw/mL
o 107cfu/mL
A Untreated

L 1 I 1

10 20 30 40
Normal Stress (kPa)

50

Figure 2.26: !m fFim e )k & 3888 9 4 5 & 2 #25F (Chou et al,, 2011)
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Figure 2.27: 'w fFim e Jk & 204 ¥ 2 5 (Chou et al., 2011)
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- BB pH &
¥ MICP 2 fr g frop] 5 i 62 L e ER B Y >~ F T 2 A
4Kz pH EF> 9.0 @ pH B FH R FfrmpEz 2 £~ (N8

BSh s d S B HEZIAPTEs 0 LA ER 2P 0 Ak

(a) ‘2 & : Wiley and Stokes (1962) 4 3. Bacillus pasteurii 2 #if * & pH
B e pH=925> tpH >10.0 FF » WmfF iRk 4 & o Ryznar-Luty et al.
(2015) #£. %_7 B.licheniformis ~ Bacillus cyclobacillus ~ Bacillus lateralis 4
Bacillus flamentosa 2. #if # £ pH &+ 9% e pH =95 =+ o

(b) i@ ™ #: Stocks-Fischer et al. (1999) # 3 7 pH & %t Bacillus pasteurii
HP2 AR EELZ B SR T 0 RAFEEAPH =75~ 8P
EF 5B E o

(c) ‘o i 14 Whiffin et al. (2007) % 25°C ™ @ * 25 mmol /L F % 44

PlpH FET 2 mEpR AR S FiEREIREA FESF

i

SRT 0 mpH=T0~802 FFP » wpEiikz R AfEdEF
BB & 13 Bacillus pasteurii 2_ 3§ 2 & pH = 9.25 °

(d) sipssr 2 %: pH B % 1 €223 KB k¥ NHy~ NHf ~ CO3 4c
HCO; 2.k B » j¥n :x R PA4T 2. A € 2 Uk i# 5 o Stocks-Fischer
etal. (1999) &% I pH B2 ™ @& * 252 mmol/L 2. CaCly fo F %
7k (kR =1:1) #&4 Bacillus pasteurii > % % % 7 » % pH > 9.0
P R e4T 2. A BT &+ BT %4 4% % o A Arunachalam et al. (2010)
» B3 7 pH & ¥ Bacillus sphaericus & # B fadl 2. 3258 o s g o
tepH =8pF > 4T A EE TS~ E (9 25mg/mL)-

(e) PEFLAT S MBI B 43 (4o CO; ~ HCO; ~ Ca®t) 2 i4r ik
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BRAXR > B Hhid RARE- > S % A% > F 2 7% 2% - Whifn (2004)
FHo § pH < 8.0 > CO;™ 2z 4 frik B f i > Tt fh 48 2 i
MRiE e FEM o A FR 2 LR SRR GRS RS
232 % & o Chengetal (2007) »~ 477 & pH =80 % pH =907 d
Bacillus pasteurii & fo 2- B fa 4t 25 ik o f XRD &~ #5877 » & pH = 8.0
PP RREAT 2 S AP B fREE > AR A B A3k 5 b pH = 9.0 FF > & ip
PR fEE > Ak & E LA Rk JoR12.2847 T o

() * ¥+ 2 % 44 i Keykha etal. (2017) 45 #) 5 4 3 (i 75 pm
%) ¥831 Bacillus pasteurii % F pH &7 i& {7 MICP 2. % 2§35 o &
SR M pH EH e R g FIRMEW A (UCS) 122 Bk
47 7 B 35938 4v o @ Chengetal. (2014) » ©] fed= 4> pH B 5 7 &~ pile 2
BMIEETHSPHREFYE ) SURAFURG R R B G E -

SEMT o RPEAT Z R pH EH e 4 A A ER L B RRGER

PIE B d MTRE ARG

(a) pH=8 (b) pH=9
Figure 2.28: 3 8 pH & ¥Tpk fL 4T i #8255 22 B2 58 (Soon et al., 2013)

4. BEER

wMICP iE42 7 » RS §HEREMPBE oF p B3R E T
ik 2. FkE K f#i# 5 o Van Paassen (2009) # 3 7 JR A FR A R R 2 B TR
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Fedl- qifez 24250 0 4ot2.7 -

r o In ng

5~ 35°C 2 A RMEFF QL0 5 34 r & 7 F T mR g2 &

KR g R Ak A KRR 0 T A R P B R 0 4o B12.294

=

o Ferris et al. (2004) 45 91 » FfR & 23 % ¥ 2 3L ¥ g R L10°C 2+ A

20°C PER{ 40 5 10 88 > B¢ § A B2 R BH b R L AR

s

+ HE2 Hi4v o Ferrisetal. (2004) » =2 F%EF » BRERF LfEEFF L

1P B o Gillman et al. (1995) % 4; 3 » % %8 & 4 5°C + 2 3 20°C pF » K

F R SR KRR FH A0 T I8 B e

moOR RS R f;?‘-""l ﬁlgﬁ”gﬁlgaﬂs EAY: 3 S

23 AR A R piE AT

(a) BEEL4E & 88 2 A2 ¥ Huang et al. (2009) #-7) 4 & Fig & 10°C ~ 20°C ~

30°C 2 40°C * & w270 & > -péc)\f’f\-% F V4T 2 W R AR

(pH =8 [Ca*"] = 252 mM) »

hEEIOX BT EMBRE I E - RS

1&‘9
it

BT o0 30°C T 2 AEAT S B EB 0 95 2000 & 40°C T 2T

> -
IR -m

B 10°C T BTG BT 4 & o

(b) FRPLAT & #8238 % 1 & 48 T 1 Wangetal. (2005) & * X % 48 (XRD)

 iFde 8% kst (SEM) & 197 Bacillus pasteurii & 4 2_ B8 4 4T &

WA SR MF 0 50 E mEAS 2 BMRE LML & jRT
FACMBEETYCREF R 0 2O A4 4532 RS
LR MEEIRA, 0 KA 0 A50°C o A4
B HBERMA IR ARGEE LG FEL LR TR
A58 0 AR TMERA 0 oBI2.3047 T o Fpt o B 25°C P G

EX
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B2 g o Lo FERTF J MICP 2217 o

(c) = ¥ #3422 #1450 Cheng et al. (2014) & * Bacillus pasteurii ¥+ &

A4 mm -~ & KB 180 mm 2 B mifrie 7 MICP % % » 2 %] w3 R

)

(50°C') %2 ME (25°C) i Tii7 o % kT > 50°C T 2 2#EH
¢ Hptp4r A 25°C T2 2 B e KA 0 50°C T2 BRI AR
(UCS) % 3 25°C T e160% ° & * 4545 3 7 B Acst (SEM ) i& {7 4 47
FILDH0°C TEEA S SR  ERMEET G N2~5um > P )
s M A AT E 0 B 25°C T o BT M S ) N 5 15~ 20 pm 0 e
RERPNLT Bripd s AwwB2.31%77F

4.0

40
Temperature (°C)

Figure 2.29: Je 3t 8 & &1 i & #1422 B % (Van Paassen, 2009)

(a) 5 °C (b) 25 °C (¢) 50 °C
Figure 2.30: Tk 88 B $Hpd L 4T & 4821k 2 32 38 (Wang et al., 2005)
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(a) 50°C (b) 50 °C

() 25°C (d) 25 °C

Figure 2.31: R 88 & ¥Rt pa4r & 88 ~ - 22 B2 58 (Cheng et al., 2014)

TARER

A MICP ¥ 2 WA RLF - ERAAMEF RS FTrres 2 B{rdr

(Whifn, 2004; Arunachalam et al., 2010; Keykha et al., 2017) - H # # %
5%&?5“’]%"]"97]?]/‘7]"} ‘Eﬂiﬁ’xﬂ’* = \B . _:r% N EIBB’ggi‘}'?F't}_J'!}» E’I;?;—’x
Fz 4 Fgrokd FEY G R LB

Y

n\\-

/’ R 2

'l

kK|

5

\\\

R o
Lk

(a) o fF & 2 Al Qabany and Soga (2013) # % 14 Bacillus pasteurii i& {7

MICP:z2fs> 2R F 2 m 2 >R HM < [ 2 0% o5k T &

025 M ~ 1M FRpP > FERZBERRG I A2 ET

2 {2332 LMl e BT P TR EREZBERZRT
i § "% M4 MICP 2 ' 7% & o @ Rivadeneyra et al. (2000) #7 7 7
Coriobacterium neisseriae 2. MICP 4% > I8 kR 2. B3 7% 4 Edr
FIOAAP B BERT SRR AT F o P RE S RRRR

2 kR € R RPIRPLAT  taEa -
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(b) B p& 4T 2 & Okwadha and Li (2010) % 3> § % k & 1£.0.33 M

(©

(d)

(e)

Yo 3] 0.66 M pF o 4T 8 2 47 he kR 4 0 - B (480.025 M 3 4 F
0.25 M) > sipa4r2 A& € 3 4 7 100% - Soon et al. (2013) & 3 » & *
B. megaterium % > R R ER 5 020 M 42 0.5 M 2 fFmT > 3%

05 M ERT 2 R TRIKR 020 M ERT L 4B 8 o

i

B

2

Nt
Rt

»25 : Nematietal. (2005) #2372 A R ER 2 7 B * 6% Proteus
vulgaris &7 MICP 2. 258 - B % #Fm > § CaCly kB M3 15 g/L PF »
AR BRPLAT 2 M L A28 80%  § CaCly kR > 20 g/L P& > Bk
AT g2 A o F CaCly frrpR 2 kAR 5 254w 3.0pF (20 ]

fo1.2) » BRELAT 2 B A2 5 99% o o p0 ¥ 4o 1 F 2 CaCly ik B »

PR 2 A RER Y > T oA € MR g g o M g2 Y
,,,,, Lok o BI232E07 1 BRI H L EA T ek 2 B o

FRFLAT fo BB AF M Bt v Bacillus pasteurii 2T L R E FK 4w R AR MR
2 3¢ > Qianetal (2009) % 3R > RRFEAT B AL 5 2 2 F o EEF Y
BRRERZH AN (kAL PIFEY BBERS03M) LY
BEL X o BmP R 8PS FIMAMICP &Y - i § 74 Ca®t ik
Bz 4 T A E2 YTy AT NEECAFTHEEHH
2. A58 FAEER 5 0.3M pF o B ) ¥ D] 100 pm o Ft o R
BHRY ERERFAZRREV BT REE LM FAE <] o
Jh B3 MICP 25 o

< b 2. B 24 DelJong et al. (2010) B & & 0.012 M ~ 0.2 M 2.
CaCly W37 ? » B FM 2 BT k@ FREF 2 CaCly ik
B2 X2 3B oG {4 dr 23R AR {F o Van Paassen (2009)

® * Bacillus pasteurii .1 M 2. Ca®" i§ 2 T3 21 » BT #2115
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1% < 60% o Al Qabany and Soga (2013) R 28 » & M EARER &
TMPEs 332 B %M 30% 2 ¢ <3 ppedr 7 £ & MICP
AR Z A B PEE e B > A 2 2 A kAR 2 YRR
FHEFITHRGE - FRBRRERZ 020M B> 232 BEPETFR

FdT s B2 B4 m BT E o boW233% 7 o

|

(a) Mineralization Efficiency 70%-100%  (b) Mineralization Efficiency 20%

Figure 2.32: ¥} ‘& »x & $p fh4r 7 1 (¥ % 2. B2 55 (Mortensen et al., 2011)

Figure 2.33: 7 F "} &3

l.O—L:D o 0.25M
o o 0.5M
2 084 g A 1M
= 0 mo
= 1 o
g %ah .
£ 064 0g%hpn  ooo
2 o o
= 10 o oo
2 0.4 - T o
=TT A oooon
= i ADQ%EEIUJ a
E A&g.\ah o oo =
2 024 aka DHOD o o,
o ngﬁuaoo o © o% o
o % gp
00 T T T 1 1 1 I

Calcium carbonate(%o)

ek R 2 %S 2 2258 (Al Qabany and Soga, 2013)

n>;
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6. &5 iRFALE

R Al2 4R 6 B A ER AT 2 5 W) i 0 Zhang et al. (2014) i * Bacillus
pasteurii #-1 ¥ 722 % 2z 4Tk (0.5 M) &2 7% @& * CaCly PF > B
FLAT LM A RIS £252 S JAF > &5 kif o # % Ca(CH3C00), P » B
Fedt LR A B TG4 K2 227 o 8% Ca(NOs)y BF » ppL4T H A8 A B
REIGL S A2 S fRT 0 & 6 ok 4oB2.34%7 7 o Wong (2022) 4 M i
CaCly ~ Ca(CH3COO0)y ~ Ca(NO3)y A 4 2 BFLAT o 88 > 4oB]2.35977% o
Gorospe et al. (2013) # 5 7 Bacillus pasteurii 1&€ * % & 4T i 5 MICP 4%

2B B Y & §F AT CaCly ~ BT Ca(CH,COO), ~ 5 Fhdr 2

-~

2L

W BRAT TS AR A bk SRR AT Tt (MICP) ehih & B o
SEA R E UG R ENL BT S AR 4o F B AR R

1¢%%:ﬁ%&ﬁi£i$%%1¢%z’ﬂ&%&%’&%?é&4%

;: . wg‘f%ﬁ&ﬂ ,;\, B ]5Mm 2 Ij:ﬁkz' 4 B)2.36%7 T o

20pm

(a) CaCl, (b) Ca(CH3COO), (€) Ca(NO5),

Figure 2.34: 7 & 4% i $Hp il 4T & 4875 A5 22 B2 58 (Soon et al., 2013)

@CaCl, (b) Ca(CH,COO), (c) Ca(NOy),

Figure 2.35: 7 Ir 45k A 4 2 B fa4F & 4875 & (Wong, 2022)
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Figure 2.36: 7 Pﬁﬂz}ﬁl rfﬁé‘\frxﬁ A5 R 2 B
A& 145 B fipph4r o C 54T ”%’%%f&ﬂ (Gorospe etal., 2013)

22.6 MICP A k¥ ITEZREM

1. #F 2 Bl
Visser & Smit Hanab = # %+ 2010 # & fmff = 787X R f g2 kT 2w
43t (HDD) > 2 MICP 1 j# % 4& %3 7 (Van Paassen, 2011) > 4-B2.37(a) *f
oo BIRARIER 2T 3m o~ 20m ~ R 1000 cm® 2 FRIP > RF % TR
i‘ﬁmﬁf@#}ii&‘t » f]l‘,%l"?f{ v 4F > el & Urea — CaCly 223 2% » o d =X

BIETEE O BFMTEFIEFMICZ ER > BiTF T RHEHRE FIEHEE

o

iz?'lﬁﬁﬁﬁﬁ%f-i BERET o AR EY Mg lgf‘J’ﬁ 3r2_ F A

Kil>

%% > B {F 4872 HDD » 4-B12.37(b),(c) #F77 o

2. Btz vk
De Belie and De Muynck (2008) #- Bacillus pasteurii v » &y ¢ 14 fie ®] ¢ 2% [{l4L
W R S 2L 1524em 0 % 3048 em 0 £t 2 5 Urea — CaCly
ZREAT BENEEI0R C FER I FH AT F EME (SEM) 2 X

% Yei+ (XRD) & 7 L2 22 & 47 (De Muynck et al., 2008) - % % %+ > ¢ SEM
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BLZ 3| > Bacillus pasteurii 7 MICP 427 € ' ¥ > 7 b 2 s 4T 5 #8 2 7)

Bodoo 2 B 4rB2.38% % o ¥ b d XRDAFHFHF 2L 0 7 UER

SR BERAT IR R E G 0 REM A S 3.8l em FR T B B AL

L4 TR 0 4rB12.39%75 o 3R % 2 A FIV i & Bacillus pasteurii A+ ¥ >
i

+ -
=~ W

F_‘-

52§ 57 ERYP o &HER G BT > T @ % MICP 1

FHELS RRTRELINEZEE o

P
g
ey
o

RRRRF SR
Van Paassen etal. (2010b) **F % 2 7 87+ 2 R FSEHK %~ L RR

AT E80mx56mx25m w kg2 Lot Hix &

m

1.56 tw/m?* « § £ K4 - K BT 2 AR wE) (9 025 m) > T 3K 48 B
B R E > BFRFIT 220m 2R mBE ~ > T -6 L PVC F ¥ e i
WERidY o HPVCE A A RIfeE > - RIAZAEEE V- RIAIZ ARG
FoRFERABRFFF  AFURFERF LD T ZREART VA
Koo ognds Ak ook F DR EGE R 0 Ao BI2.4097F o 379 B L - 5md 2
Bacillus pasteurii 7 %% 51 2 3k 7 inds > HFHR-5m3 005 M 2 & 14503
A S I RR P R BisH-06m® 2 0.05 M & M45E 1M Rk A 10
BI6 AN T AP nd o BEEA 0 16 % FE R S RL RS F

LB o Ao B2.41 9757 o

YRR B A

Gomez et al. (2015) 4 £ « 2. Key Lake 7t > 2 MICP 1 ;3 % i& {7 F¥g 2
A AoR|2.42977 c HE=Z B2 P ER2Z AR AW EEENE? > FR
ELZRF T UG ORHSHR NE R A2 o st (2 B R

o AeB2.43477 o
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Figure 2.37: 2477 F 2. B % I :£5% (Van Paassen, 2011)
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Figure 2.39: :x 2 #j4.2. XRD 4 #7 (De Muynck et al., 2008)
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™ i ..I,Z\Z\

Figure 2.40: ~ & RFjF-Fl%:#% e % (Van Paassen et al., 2010b)

Figure 2.41: = ® B #)# F.%:#% (Van Paassen et al., 2010b)
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Heel Plot Excavation Dried Sample from Heel Plot
Figure 2.43: ) ¥er) 3k 2. F 2% (Gomez et al., 2015)
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AR T L EET MICP s L $5 2 3ec 22 Aok UE R A WBRE L 6
BEERe S RFEIFEL > RFRT - FH I LR CREFRE R F
FRE MICP it 222 B 5 > ez p 2%k (I 2 Ey - 27
PR AL ERE F PR R ORT RS SR ENS S 2 T 5

R gt o pteh o ow SBITR Y SRk 0 BB KA.

3. Hikieildizi

AF Y R % 2 F 48 5 Bacillus pasteurii > % A F A AR T LA XS
B -RBLEBALBRFANFE S EEnE T-BIEEREB S ANE
FHh P EEER b SERFTAAFME 0~ € % Bacillus pasteurii Y15 i§ >
FETFFARLIRE S ABREHBRRMEEEN B AR R FE AR

#iE Ty o

3.1.1 B EEM

AR LA LA BRB I ARATIR T & F 3R 2 Bacillus pasteurii fit ] > 385+ %

g B AT it
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e

(a) ¥k H#p K REE- TBpgis 2K -
() 4 85k 27 B AT i ¥ AL 3 E AL

g3 (82 -k S5 Tlipe ko
(c) Urea: fp% » felimpF)ss & A2 Rofd o
(d) Peptone: Fv *f > - BZ AT B ERES > R AR A AL RAL o
(e) Yeast Extract: fi¥* 554 » el w3 & A2 Rt o
(f) Beef Extract: £ .32 % -k ¥5d > feflimpss % A2 Rt -
(g) Agar: ¥k RARALEwER A2 AL -
(h) 4 petld ik Atk R o
2. PR EM
(a) & F i
(b) BERFFL
() ¥ 1L~2L~5L
(d) 0.2 um 8 g "
(e) 0.22 um B ip "
(h &5
(g) 4rihHA
(h) A=

(i) 48255g

o

0) 247 %%
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(k) # a7 %
() ¥ &%
(m) kT 2 F
(n) 25°C {58 1 %
(0) —80°C 4 i} 1
(p) BT B3 E
(q) B 73
(r) BT+ x4
(s) pH #I1E &

() & %% R

312 ZfEiEAEmRE

e 7 7% .\-.: S 2 SRR 3 [N A M- B R
Feflip i & 2z B S AP EARR LER - RTRE EE
B2 RT @R A ERAE AR AFREBRERL A NE D

REEH G RE B AT

(a) MHcE 7+ % =8 F=3 g 2 Yeast Extract 2 5 g 2 Peptone °

(b) E’*lLiu’;,F FrAe » ) 500 mL 2o 3 oKt o S B R WA T BT

BT AR TR B30T

() #-#2 (a) #c » H 3 (b) > £ & e 400mL 2 4§+ k> FifEn D1

BT oo
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(d) IEHcE P o FREDSRIEBARE? RAMEL B P RF AT
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Step 1.

1 mL freezing bacterial%
/
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pH=19.50 ~ 9.55
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Figure 3.10: Fi% fie @ik 427 & Bl
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Figure 3.12: ;2 # 5 i %
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FILTER PAPER

HARDENED ASHLESS

541

45 x Slem
100 Steats
Gal No. 1541817

Whatman:

I Wb
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Figure 3.15: 0.2 pm %% 3% g A
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3.4.64 W THPEXE

AFESEHKRF 2w HE 3 T ARG R 0 RUE A F Ao B3.6297 7 0 A 3 0.075 mm ~
0425 mm > 2353 % Cu 5 1.53; ¢ F a#cCe 5 0.02; v £ 5 2.65° H &%
$¥c: Dip = 0.131 mm ; D3y = 0.169 mm ; D5y = 0.194 mm ; Dgo = 0.20 mm °
<2 Bl AIEAC R R A B S 1.670 g/em® 3 1.349 g/em® o {345 8- ;e AR
A% e Py A 87 5 7 L sfie o (UCUS ; ASTM2006)

100 -

—

Nl
(=]

|

l

60 l
l
I
/

Cumulative percentage passing (%)

20 l
y
0 -'/

0.01

1 . : il
Particle size (mm)

Figure 3.62: w3 1 * 2 A%z )il s #

3.4.6.5 MICP X R ikBe#l

Agpsgeri 2 MICP st L g 5 100L “rg FieE 15 L FILE

et o mEMEFRESRX MICP it 2Rl & 2 (Fi3 x> B pe@infgde™:

L% - e Hie Sl

BEFHEEL Y B ImL & —80°C 4 i %1% 2 Bacillus pasteurii i )™ #
Fhor 55mL § ARG RE A BN KT RF 100 RPM

2 EE EFRTRE2LFLIELS FRRSIFEI I FacER e s

ODG()() % pH fE;’E’_/?'J o S1 ;'E'_/P'I—l OD600 = 1.309 ~ pH = 9.55
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B I N - PEEER ST E bR R LRSS B
o EFHETSY B TmL 2 S8 e R FZIEET 4o x 350mL § i
AR BB HIEW Y 11360 RPM 2 i 38 T iEF 24 )
P23t A o B EIR Slaax B¢ 0 e g 15217 ODeoo 2 pH E 8 ] -

Slyax B2 ODggo = 0.879 ~ pH = 9.59

R FAE TSP 0 B350 mL 2 Slyax 8¢ R 2 ##3EF 4e » 3500 mL 7
FAARLREREL S BVETHAEP L L 360RPM 2 i kIR TR

24 | pE2E %/‘ v e R]3.63%77 0 F E—]ni’ Ssz‘ J d ’F F A R it s 1 17 ODgoo
2 pH @8R - S2 £Rl2 ODgy = 0.376 ~ pH = 9.29 -

CE o PR B R kR L & A

AKX T BRI LA gffi',%*u e Ak 32 ?zﬁ’]ﬂgﬁfhra"’r('i%& % 3
p\ﬁa"@lu““ﬁfjv‘%gfj;j%i'}%%ﬁi&ﬁéi—%é B2 A AT LR
B CkE)203 LAt AR 29 ¢ REL ks FRFREREA
A FiE AR e W 0 Ao B3.6447 1 0 F ALY 75 #r 63.45 g Yeast Extract »
105.75 g Peptone % 850m/L 2. 3 33 -k o

) AL.I Vb ﬁ"@l FIET\“)?EL;}%

AESE 100 L 2 MICP#: e g » A e B R EFie s » kK
e @l 25 L 2 3 ik o A EKH R B Ao » 20.3 L 223K ~ 0.751 kg FRE

1380 kg & - 4T4: £ 405 o

* P Boge #L:MICP # 2 5%

ETIRN

FE Bk 2 pH B KR IS e pIAT A SRS B g B £ ik
BEm o B 15% BB ER 2 F]ui’ S2 ¥ MICP 2% £ KR L4 T E R iR
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B #-850mL * 7 MRk 2 Ik HgR 3 & A& 3850 mL 2 524 » BT FREL 2
A AR o REEFRFRER A ASY R Bl B g LR
%o T A h 2 MICP it 4 fefl o % -k #7% 2 MICP & 2444

4o [B]3.65% 77T o

Figure 3.63: M 7 #3458 & Fik (i 360 RPM » 3BT 24 ) PF)

Figure 3.64: Jk4gik i35 & &
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Figure 3.65: & -k 4§ #7 % 2. MICP :z 2+
3.4.6.6 Al hm BB E X RIBXBRIAAL

. B2 R ER B4 28R 175em>"8% 60cm: BRE 160cm ~ & &

40 em 5 % 100 em 22 BEH-A5 3P BREAE £ 836550 cm® > 4rB13.6657 %

2. K iEF R PMEIE R A B E R ARG RS A2 W TR
B F A ﬁaivﬁﬁf{‘?é{git‘_ﬁ% fooo &t =3 AT 66em e Fom R R
W AT 33 cem o FlRt R B (150 cm) BN w Wi 0 Eg (100 cm) I AT E
U URMF L F G FARRFARY] > TR - B R RE

ZoxZ A deRl3.61977

3. HH T AU SR T RN RS AR E X AR X, = 63cm-
Xy =123 cm Jiw(d + Rl E4A2) 2P A L A2 FEEHR L 60 cm o 4o B13.6747

TF o

4. Biapw B %rp) > Flidinx 2hp 5o 2 & 5 My s A R PURERL T I R
ZARHRA AP RAPH B R A0% L FR L T FE O 10cem it

- BRER -
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10.

I1. -

HE I FREO60cm e #4 BB BA LB E DX AR Xy = 48cm -~

Xy =T8cm~ X5 = 108 em ~ X = 138 em Ao (d % @] 5 42) » 4oBI3.6855 7 -

EREIRBG S R A L2 AT AURYE > BRI MM 2 F

25 kg FR > REIREA P ITL F30E {0 £ 1000 kg 0 doBI3.6947 %

#e el B2 MICP:x 2 > A =X » 5 BREBERERF BEY » B HY

5L 4-B3.70%17T o

W TR DR SRR IR T B RS VR R R

2
M e

BAeE Foe B o A e B FREFaE - 25X, =063 om m FR
33cm % iFR 66 cm > Xo =123 om Jaez R 33 cm 2 JFK 66 cm > F 1 5
Yol 25 L R4 11 50 kPa B s S B 4 0 TR A T F R RS
Pt B A AP G LRI R L AR RER S AE

200 kPa » e e B % 2 R 2% E 0 4oB]3.72% B3 73477 o
Fe R ERRE TR D AR

P REREL  BFRLBHMERZ B BB 0 Ak TR

FHEFHEERF LR R RRERT P ERE fAER

Figure 3.66: =+ B #7:84%
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Figure 3.67: *x § i ¢ A et B 4 A
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Figure 3.70: % B MICP :z 2%
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JE 48 #%

3. REBBE L

4 EBHRES

5. MR- E B

6. MICP2 R ik 4%

T. E3abm 8 4
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B

Figure 3.73: ] 4o B % % 2_ R

105 doi:10.6342/NTU202301781


http://dx.doi.org/10.6342/NTU202301781

106 doi:10.6342/NTU202301781


http://dx.doi.org/10.6342/NTU202301781

% ‘Zg -‘%‘_ \“\? % :ﬂ-%

4.1 RAHBHAR

R A SRR T P TR 32 4 R A (Soil Water Characteristic Curve »
A SWCC) > %@t #d M E 4 F 2 B4 gy 7P > s B4 2 Ui
B2 L lmed o SRR Aot B e R e R G R SRRRR o vt A 0 R
d 2RGEM2 PR E 2 S BRA ) > T E NS EEM2 SWCCe H P SWCC
RAFEZ e RE L B4 2 B2 B V0 R BB AT A R

SR ER-T R

400

—e—SWCC ( Improved by MICP )
350 -

—+—SWCC ( Pure Sand )

300 1

250 1

200 1

150 A

Soil Suction (kPa)

100

50 1

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Volumetric Water Content

Figure 4.1: #x) 22 ec 2342 SWCC (A 7 K& vs WA T 4)
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0 B4l % BT o 5 MICP sx {52 7 & #3488 > 2 SWCC o 4p &gt

BREMALY BS  A MICP: 228 2 2 FIRERF AL NG TR S R4

¥

L HERE R SR AR o BT R TR N kA R H e S Rk S
P HPRPAEL R  RR 1R R B L2 kA

AR 2 EEE o

42 (R\mBEZ DB EBIREE

AEH A BRI R L B2 H B BEEN MICP ie 2% ¥ 2 33 rra
e RFVANRMLEHIEE (R 2T HA RRF M AT
BEA B ARLS Y 27 MICP e 23z fefllr £ - d Bhie S
BRET 0 B AT R 0 A EBE 2 R T U4 MICP e R ER 2 g o d
FRZRBE KT 7 ERE R T 0 HRE R R RARRT R R

MRS O 2 Bt ¢ @ ZAHRH RO ARG FHERL ¢

42.1 BEIABER

Bl42% Bl4.65 T 2 | Fifafhieidsk % » 23%A () (M)~ (B) =
BBtk &K LUEHP= > 10g 238> 2 T1~T2-T3; M1~ M2~ M3; B1-
B2 B3 457 od 25V UBR FREHI R FN HRREZ ERE 23 -

mod B4TE T > = B R aE ML TIORRAT 7 £ B AR 85 i

g

WREREE O Tl P RPN R AR R o E Pt A S 2

PRATE B g AR LEPIRS B BT HF
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Figure 4.4: % = e it % %
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4.2.2 FE=Z$REIKRT AR REILK

RiRgk Rl B 2 B~ B L3R AE > & (Wong, 2022) 2. A FBEE s Rz
B2 SRR A o 2 8t BB S 50 kPa ~ 100 kPa ~ 200 kPa T 2
Bt RY R BB REY RELTER - J B48 B49Z2 R4.102 &5 87 -
W AR BB L 50 kPa~ 100 kPa ~ 200 kPa P > B) #5358 § % 2 fhiL
B4 FHR AR AFR L 100 kPa~ 200 kPa PF > 7 f# M 5 3 X 2 A%
A omd RERZS%ET BHpE Bt ¢ =3940° ) AHEGEM2 B R A
C =11.83kPa > B#4 ¢ =3759° ; | ®ifa@Et2 8R4 C=948kPa - B#i
¢ =39.60° » BEEMARY > PR EMZRRY C 2 BEd 9BRF > KL

dod 4.1% £42 -
Table 4.1: 7 X RE#E A2 B+ B VR

A | BB (KPa) | $hZ 2 (kPa) | $he &% (%)

50 193.60 3.69
BRI 100 353.48 4381

200 692.04 432

50 201.16 6.06
AR 100 364.13 4.80

200 671.26 5.89

50 211.83 4.14
7 faiEa 100 408.20 3.61

200 750.17 4.69

Table 4.2: 7 fo 3RREAF 4] 2 3 33 B S 80t

AR | PR (EP0) | L (kPo) [ AR
50 243.62

BEER 100 453.48 0 39.40
200 892.04
50 251.16

MR 100 464.13 11.83 | 37.59
200 871.26
50 261.83

) {87548 100 508.20 9.48 39.69
200 950.17
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Figure 4.8: A H A2 0] 7) 44334 . FIR 50 kPa 2. i+ % o 0t o
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Figure 4.9: A #4822 P}%ﬁpéﬂ?ﬁilﬂ@ 50]{Pa\§*"7f%1f% B AR
(0.5 M & iv 48 > 3= p)
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Figure 4.11: SHSR4 22 1 #) 0324 & FUR 100 kPa 2 M A % ¥ 40
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Figure 4.14: % #jE 8 &7 F FIR ™ 2 % # [ (Wong, 2022)

450

4004 —— S0kPa T=11.83+0c'tan 37.59°
350 - — 100 kPa

250 -
200 1
150
100 1
50

Shear stress (kPa)

0 200 400 600 800 1000
Normal stress (kPa)

Figure 4.15: A4 7 F BIR ™ 2 % # [ (Wong, 2022)
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4.3 fl@heRBE 2 PR FRAR

R E% 5 4EH MICP 5 R S5 7 H R ¢ 2 o B 5 W7, 0 A BRI R S 5

#-MICP 22 2% L » » I3% F%‘K;?F%SEJ}: éi%@i?}§“§_ LR A AR T IR

ERFEFT2H 5 fRH o By (7 MICP re iR 273 » 0 » 14 & i 7 p3E

a§$ﬂi—i(7i\§%fﬁ,a?r’|1MICP;;( ’r"r_@ 0_}"_‘

Wi

fRS T R
VAR Rk Bk i 100% e BT AR BN S 20 L0 50 P LR
LRFEEF LT ﬁ“ i1/2 .;;/%/l r R FHEE > T 10L 2. MICP sx 2% o {F

=~ P AERRARLRAT

43.1 “HRAZXRBIH

KBS MICP s 23 > 43.4.52% #rit » 871 9L % ¢ k2 A B4 Rp
HOFUEABRBINAREE LI R BEATF o wR4AITHT o B A
Pt 2 MICP 2k » H A< N2 kfpl > 23 3 gabF L 5% o &332
AP pEd 2 KPR LR NEARRS < 2d NEA200kPa; §F R £
300 kPa; ¢ 4 400 kPa > d ¢ RpET P EF N R AREST o L4
Rz mHEA . AREREREIE AR e A e RYREL 54 8
Fd AREZHBLERE  doW418 B5 AT X 2izH2 FiRT > IV
kicd B F AN TR ES e B BFOL AR R A B

s P S S s
o FRIVKT S g

PR R EERER ST AP ES e BE o d p A Al
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Figure 4.19: 4c B '“F AL R
(A:#f v el 5 2 A PR B AP 5 B By o .w {ﬁ';: PGB 2
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Flgure 4.20: # #’z 18 2. MICP sz e #
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432 SRESH

d 7ok B@E% T RS MICP i 2R 2 %3 )

VIR ERSR R L o AREKR Y LB EEBRE L 3 oms AR
TemEFHFMEEPHR AR A TRAENEZ SR EFATZ 04 FoK

EATHREBE; EAFTTURRED B B2 22250 KRR 4
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433 BARREE I B
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