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ABSTRACT

Effect of Strength Evaluation of Soil Treated with Calcium
Carbonate Created by Microbial Reaction

Jeon, Sang Joo
Advisor : Prof. Kim, Daehyeon, Ph. D.
Department of Civil Engineering

Graduate School of Chosun University

A Several studies have recently been conducted on the great potential of
biological treatments for geotechnical applications, in particular for ground
improvement. Microbial Calcite Precipitation(MCP) has been achieved using the
microorganism Bacillus Pasteurii, an aerobic bacterium pervasive in natural soil
deposits.

The purpose of this thesis is to study the mechanism of cementation of soil
induced by bacteria and strength improvement of soft ground. In order to
understand the mechanism of cementation of soft soils treated with bacteria, six
types of specimens(untreated, normal bacteria concentration treated, high bacteria
concentration treated, supernatant high bacteria concentration treated, double high
bacteria concentration treated, and 25% specimen high bacteria concentration
treated) were made.

Additionally, Scanning Electron Microscope(SEM) and X-ray Diffraction(XRD)
analyses were performed for reaction mechanism analysis of materials, which
allowed for the identification of crystal, shape, particle size, chemical formula and
mineral components for each condition.

In Scanning Electron Microscope(SEM), Ca mineral has been found in the voids between
the soil particles. Also, CaCO, through X-ray Diffraction(XRD) analyses. This has been

confirmed that microorganism may play an important role in the strength of soft ground.
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Surface of biotreated sand without pretreatment before SEM

Surface of bmtreated sand with pfetreatrnent beiore SEM
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Distribution Alternatives
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(NH,)HE 7488 @o.(d 53, 2010)
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\ Ca*attracted N )
— 2NH, + 2H,0 - 2NH,* + 20H

\ &d
N CO,+ OH = HCO,
%y H,0 ’ ?

—_——

T T~ (a®+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?*]

J% 2.6 0SS &3 OAHLIS(Dejong S, 2010)
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T(Cw)

|

A

i

Ho

Hr

P
T

}_

H 3744 =

At 1

11 Q] &= (poor grading) ]
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& AelM ARSE Ebd s SAAlE & 329 22 e = Al 59l

:

A E N =R % & H etz E
(g) (%) (g) (g)

C3-2%A 275 2 55 50
C3-2%B 275 2 55 50
C3-4%A 275 4 11 50
C3-4%B 275 4 11 50
C3-6%A 275 6 16.5 50
C3-6%B 275 6 16.5 50
C3-8%A 275 8 22 50
C3-8%B 275 8 22 50
C7-2% 275 2 55 50
C7-4% 275 4 11 50
C7-6% 275 6 16.5 50
EEPR C7-8% 275 8 22 50
C14-2% 275 2 55 50
Cl14-4% 275 4 11 50
C14-6% 275 6 16.5 50
C14-8% 275 8 22 50
C21-2% 275 2 55 50
C21-4% 275 4 11 50
C21-6% 275 6 16.5 50
C21-8% 275 8 22 50
C28-2% 275 2 55 50
C28-4% 275 4 11 50
C28-6% 275 6 16.5 50
C28-8% 275 8 22 50

i)
T

Aol ASE eaEAd A

=

2o wjEH|= ¥ 329 o] AlEEA 275ge] T
3 Tl 2%, 4%, 6%, 8%l tlF ELH 55¢, 1lg, 165g, 22gF B S0gd 7

aRkste] JPE= 134 v ¥a g er 7t S5 wdstel gAAE &6t
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3322 A HIE FAIA AlE vjgy|

B AT AgE AUME FAAE E 3339 2 Mg A% §a

H 3.3 AIHE Al= HHEHI

A E N A2 A % & H| etz E
(g) (%) (g) (g)

S3-2%A 275 2% 55 50
S3-2%B 275 2% 55 50
S3-4%A 275 4% 11 50
S3-4%B 275 4% 11 50
S3-6%A 275 6% 165 50
S3-6%B 275 6% 165 50
S3-8% A 275 8% 22 50
S3-8%B 275 8% 22 50
S7T-2% 275 2% 55 50
S7-4% 275 4% 11 50
S7-6% 275 6% 165 50
AE S7-8% 275 8% 22 50
S14-2% 275 2% 55 50
S14-4% 275 4% 11 50
S14-6% 275 6% 165 50
S14-8% 275 8% 22 50
S21-2% 275 2% 55 50
S21-4% 275 4% 11 50
S21-6% 275 6% 165 50
S21-8% 275 8% 22 50
S28-2% 275 2% 55 50
S28-4% 275 4% 11 50
S28-6% 275 6% 165 50
S28-8% 275 8% 22 50

ATl AR E ARIEAY AR wieH]= 3 333 o] ARl 275ge] thet
T FH 2%, 4%, 6%, 8%°l thgk A HE 55g, 11g, 16.5g, 22g5 & 50g@ T4l wvkst

of HYBE 134 o] Y3 PR oR 232 tstel #AAS #4939

e
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1% 3.9 AIHIE SAIA

_35_



3323 BALF+HAHNE FAA A2 g

B oATolA AFEE SR EARE SA A= F 349 22 ajgRle AlE skl

rr

T 3.4 ERMZASHAIHE AlE HHEHY| (&9 g)

A E N AEFA | T2H | @ibzds | A"ME =
(g) (%) (g) (g) (g)

CS3-2%A 275 2 275 275 50
CS3-2%B 275 2 275 275 50
CS3-4%A 275 4 55 55 50
CS3-4%B 275 4 55 55 50
CS3-6%A 275 6 8.25 8.25 50
CS3-6%B 275 6 8.25 8.25 50
CS3-8%A 275 8 11 11 50
CS3-8%B 275 8 11 11 50

CS7-2% 275 2 275 275 50

CS7-4% 275 4 55 55 50

CS7-6% 275 6 8.25 8.25 50

AE CS7-8% 275 8 11 11 50
CS14-2% 275 2 2.75 2.75 50

CS14-4% 275 4 55 55 50

CS14-6% 275 6 8.25 8.25 50

CS14-8% 275 8 11 11 50

CS21-2% 275 2 2.75 2.75 50

CS21-4% 275 4 55 55 50

CS21-6% 275 6 8.25 8.25 50

CS21-8% 275 8 11 11 50

CS28-2% 275 2 275 275 50

CS28-4% 275 4 55 55 50

CS28-6% 275 6 8.25 8.25 50

CS28-8% 275 8 11 11 50

Aol AbgE S EAHMEAY AR wigHl= i 349 #Zo] AR
2

275goll wigk TEFH] 2%, 4%, 6%, 8%°l WF TAbZg+AME 2.75+2.75g, 55+5.5g,

e
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8.25+8.25g, 11+11gE & 50g¥} 34 wwksto] A
7}

5cm, 9|

=S At FAAE SAdsATh g dE %Miﬂgl a7l AH
10cm®Z Aol 7Mesty, FstA n2dE T et AMERZ A2
H w2817 98] 40Tl A 39, 74, 149, 214, 28Y Z}zto] FA A=

ol A=ste] Age AAsA

&

S 134 o] Ba tgRon
o
A}

e FAA S}

a9 3103

J% 3.10 BAZS+AIHE JAIX

34 Ad ¥H R A

/\
U)
G|
DN
w
[y
&

341 d5EFAH (K
AT s ARl 27 bz, AYWE, BbZEAMES Hobste] A3}

(Cementation)®] A& 2 HF=

2 KS F23140l o] 7 st 2]

& Hcm, ¥°]10cm)el Al &l
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E Abgshe AW FARAAAR Al vlE AARALE FAR A AW
2, |5u dAApRlel olaf A Eds= A
= AR Sl F=2 o&He #4 Aot FARAAT A (Scanning  Electron
Microscope, SEM)= A zke] ARl Mzt FHF3 A5 Holx xAbs] =+ 9

ZH GAE HolFE 2UE9

o,
rlo
Mo
2
ofr
L)
-
Rt}
2
o
(d
it
i

X
-
2
il
Mo

>

aAE pro AepylEe] AYL s}ato]
BER ANE 2 AR JHHE(10~40kV)H S WA2E Hol ANE EWle] A
NA Agold BEEE 24 AAE AEse] A4S wEL 4YUE ogddt =
AA7E BRE EHehs Aol ofde, A FUL AR §ld FAAA ARRTEH H

e 23 AAE ol PEF F CRTOl FAsA7E AA dAvFe Agshe 2

g ettt Aol £ AEE ol gt Mawd I B YAH el sbedi,
AR 5 FAE e BESGER 3AGHA QAN BEo] Jhseith 1y 3128 A
dol AH&® SEM 9] Apd s 9 Aol FelE ved A ol
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High Voltage

Filament
~Wehnelt

Mag, Control

Deflection Amplifier

Seanning Electron Beam

Specimen

Vacuum Pump

(a) SEM “H]| (b) SEM €¢]

1% 3.12 SEM ZH| & Z0tAb

3.4.3 X-3d &4 (XRD) A4

3431 X-4d¢9 A2
X-AEFAE Aadn g 243 XA vAlEA” 5%, F22, 2005)2 aLEe] Hat

7F FAL 949 A FE u @At 7tEd &= filament® FE U 4
Z

A7)l oA Hdapel]l g A3 Frau FgowA AL g A o] HAe &
quA= F& A T 22 daHAAH A 1% vREe] oy A wte] X-HS &
A A 7] = 9] 93ste &+ Target Material((4)2+ B% Cr, Fe, Co,
Ni, Cu, Mo, W&©°| ARE&HET. Z Ao =dgr &9 A= A9 coulombel
oM HatA == Ho] AAFI ojuf HAAte] FEUA T dFIF AT
WAsk=H o] o] X-Aeolth. o] X-A2 HE AHH<

A% X-4 && A5 X-4(bremsstrahlung)ol 2} gt} 3HH oA o o
Adate] AEAdAE FolEA olHW & F98 S Fo 2N oy XA
5 @erh olue =2 AEENE B2 AR AA7F oA wA X-Mo] ALY =
g, o] X-A2 A=zt oy x| Aol &fs] Fojx= SAHT S 7hn. e
o] X-rays 54 X-/deolgt FE0h wd e AAE coulombil el oA -3
AR ] 19 $EqUA E7F shbel XAz HathH 1 X-AL Holo oy E
7H4 Fojth BE A% X-Ad7 54 X-4L& 3 dEdn 54 X442 d4 A=
kol AR Aol #AAEE Ao I BFE FHoE AEH dihd 5R3H X-

“

= 7HAaL Q7
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Ao dojx Adzte BAgIT. EA XA AdEHLS gio] FHE FoZHE
K, L, M52 Aldo] Advt(dd 3, 2011). 29 3132 Aol A& X-A 3|dEA7]

An] ApRlol e,

J% 3.13 X-& SEE2AI| (XM, 2012)

3.44 TGA A&

3441 4FFEHY B2 # 53

dE 24 7] (Thermo Gravimetric Analysis, TGA):= Algo] I g 1288 7}s)
of Alze] A WstE Alftely 2= feEM SAHIY. AR AEFEdS S
ojuf 724t AtES AAstE 3ehkSol e wAEY. 535 A AE= b2
Q7)o 77+ate] ALg¥ purge gas’t 2FA(N,, He, Ar)o] ofd HA$ AlgE 7t~
(0,, air)®} RFgatr = A4St A5 AT Aldds AFAE purgedste] o] &3 F 9
o dirH o2 TGAYE 284 37 (inertatmosphere)o| A #al&= 9} #a w334
of gk FRERE ol T AL A StelA] AA Al tiE A7t 7hest

), filler(%%‘lzﬂ)%fﬂ stakS AEsted oAl A E4 (compositional analysis)

A A¥ e 2EGGAAE 23 &7 2Rt ARt 27] wiE

ol 7}71] A wEAe] AFA o] sestv, TGAl DTAE Astx e 4§ 5
=

3
R L

o

& <4 (endothermic) W57} < (exothermic)WHg-& =
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d 3262 TGAH 9] diagramell thall Heb ATH(ERIA, 2012).

T reference T sample
Balance
Sample support
furnace —.
N

T Sample T Furnace Sample

(measured) (measured) Furnace
(a) Horizontal TGA diagram (b) Vertical TGA diagram

8 3.14 S D((TCGA) (X2, 2012)

_41_



- 43

}

H
-

A4 249 29 H 1F

41 "ABE &9, d43dw &9

™, "4

=13
=
2~
o
k<3|
=

Nl =
NJo w WORONT
- X -
W E ) mm

ol »

ﬁ TR O o
DN S o0
= wr 4~ B ok
olo | H%ra N )
gl X g X
0 o o] \w_yr.._ ° MM
SRE 2
B T OF N
HOEC W A
TRt g P
=W o
0% = < o
¢ B oy o

h oo T M
B G X W ol
CCy @ = g
=

~ a2 o
o X o mm g n
G X M mu Woﬂ Mo
NN ~ g TR
S N
o % g 3
P o
- e T
- ol M R go
WE o O
< o " oy X
wmoo b C
S Lo T
T K S £} 5
o ~ ~ ‘EH_ OT._._ ]__MO

_42_



vV
Counts
:
6400 —
3600 —
1600 — . g 8 'E% gg
3 8
g ‘ ’ %
\ q | 8 e 2
KRR 1 g 5.5
400 —ply 8 | ol 55 |= e
i | . il KR E-
s g WW\*WWW"\Mwwwww" &M w JL I | Il J /] ‘M w T b | r" 8
Y S ol gl Mo M”W*WWWWW‘“’ | &W ' b W‘x’*
0 R L L L
10 20 30 40 50 60
Position [? Theta]
18 ME SHY HoZs SN B8 AE XRD 24
H 41042 8% S32s EH BtES &8 XRD 24
3 B %]
e RN
=

Ref. Code

Scale Factor

(Mineral Name)

01-072-1937

0.710

Calcite
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TAA dE5EF

TN A=

24 A%

FAA 3¢ A= HU}
2] 2%, 4%, 6%, 8%<] M| &= FA| ‘191 VIS FQ

vz 270 ;q]

A= BN 23

F3Y § AdSAFAIHEE T & 429 22 E e AT
H 4.2 EA2E AL 32 2EED;
¢ AR gt | AF5EF | mas
SAA 717 A e A
(2) (g) (g) (kPa) (%)
C3-2%A 3 275 2 55 34.57 0.44
C3-2%B 3 275 2 55 30.38 0.49
C3-4%A 3 275 4 11 120.69 0.52
C3-4%B 3 275 4 11 135.08 0.57
C3-6%A 3 275 6 16.5 152.48 0.44
C3-6%B 3 275 6 16.5 158.88 0.57
C3-8%A 3 275 3 22 199.95 0.61
C3-8%B 3 275 3 22 196.09 0.93
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ol

o rﬂ
r>~
i)

FOE A FAAE 33U 40°Co xR FUANA dEUFADS

g A= % 429 22 Adrh usten, d9A3 w@abEe 2% SAAY] d=
A =57d=e 80.38~84.57kPa, 4% & AIANA = 12069~135.08kPa, 6% & A=
152.48~158.88kPa, 8% & A lA = 196.09~199.09kPaz =4 = 3t
44= FA7ZE 3ol uig @bds T Eulel whel AlzkE A

= g
NP Bl 7ol FAAG WE AZUAEFAES WPES 2 WAE
i

400
350 | ——C32%A ——C32%B ——C3-A4%A ——C3-4%B
— C3-6%A —(C3-6%B ——C3-8%A ——C3-8%B
— 300
[y}
[~
X 250
[=]
{200
olo
L 150
ol 100
50
0
0 0.5 1 1.5 2
HEE e (%)
O 4.4 2MD(2F 320 st ERM2ZE 2SS Hl
250
5 y = 37.791x + 44.947
1=
qr
0jo
Kir
ol

C3-2% C3-4% C3-6% C3-8%
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average

C3-4% C3-6% C3-8%

C3-2%

0

W

o

N
No

MO

=
=

€]

il

2 UAIRE, C3-2%¢F C3-8% <]

2 A e

Aol

N
No

AlA 79 2= 37}

Ho
Ajn
<

)

z

A

4.2.1.2

17

-
T

—
o

]

R 2ok,

=
=

EREE

_46_



w
: ool e R S N
" S| o S| S s - S o
S o o7 g MWW OW i
o) R _ %
A 5% 3 T
- < =< X »
N < | © | R _ % x _
62 31522 grE 3
N o | X B3 i X o :
—~ | N @ﬁ N ) Mo m,u @ﬁ
o < 5 o i z
g xwZ % g :
_ < X X N 5
: . Muu el = ﬂﬁ < X OE ﬂ_l (@]
e =<8 2% zm=
e ToBT
—~ _u o~ “w o GU
\m_uo O/O . O.f —_ 3 — ,% 0
SN— E |
: clelo| 2TE Fiw i
- & ' — z.o N u/rL
= o o & -
. L 2w MH o o ©
w2 (5|55 10 N T T !
~ N o= X oo 3 ]
F N = B3 w o0 i
: ST wyo °
N i < -
o W X B 9
=0 ME o~ o~ < : Xo UEH a ]
R~ ~ | ~ L S g
0 = > " - 3
fo N T
X M T X ?
- N AL |
— | E|E|E|e S g ET ¢ =
N SR EE R R 3 T 8% > =
—_ w/r U N X = o - &
] wu,@ | % M3 g X A =
sk % I % N o N B W m a
A m
3 o A i) mﬁ oV T
TS| ]8|% ﬂﬁé%xj%mﬂa
Ho = | G « = .
AP O N T g
Nro om Mo = C
< &R

HIE (%)
- 47 -



49.374x + 37.778
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0O O O O O 0 O o
O N O n O n O uw
g o NN o NN o o
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(edNRSER
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et o 2 Az FAAE 2197 40°Co xR FAANA AFIFZAES &
Sl S Ay % 459 22 A uston, dddy) eibda 2% S AIAl
SYFd = 103.34kPa, 4% A A A= 168.16kPa, 6% &A1 A A= 237.24kPa,

1o
iicA

a9 413 G 20 o Babzng e w AgE FANE A5G
ZAYE e A7e] FAAG WE AEPFAES NPRS 92 WAE FHow
JeEngew, 29 Al A 219 FAT SDE gAA A7t AFYEAES
ol wheh e gt

—_—C21-2% =——(C21-4% -——C21-6% —C21-8%

‘@ 300

o

= 250

=]

i 200

K 150

ol 100
50

400
350
300
250
w500
KIr 150
T 100

y=76.022x + 53.347

€28-2% C28-4% C28-6% C28-8%

8 4.14 240128 21201 OGSt eatz2s 2=

0l0

g 3t
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76.022x + 53.347

y:
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i
N

0

Bk o
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=
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Eiaty
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S28-6% | AIHIE 28 275 6 16.5 738.54 0.81

S28-8% | AIHIE 28 275 3 22 1206.69 1.02

_67_



ARMER AZg FAAE 2893 40°Co) 22 YA dEAHAT S T3 =
AR A #4129 22 At ysten, AgAd AWE 2% AAS A5
dEe 170.99kPa, 4% A Aol A= 459.06kPa, 6% & A1A|ol = 738.54kPa, 8%

&

Al A A= 1,206.69kPa® 57 ¥ A Th
TIF 4.32% ST 28Ul tigk AWE FRFlo] wt Al A FAAE dE5ds
Ads S8l e FAA mE dEdSsAdEe UEES SH-MIE SR
UEblon, 19 433 = 28Y FAT AWME SAA 4] ddS5AdEE T

—528-2% ——528-4% ——528-6% ——528-8%

2:5

HHE = (%)

% 4.32 24D[2 2820 Uist AIME =SS HlW

1400
1200
1000

q
o
=
ar 800 y=338.6x-202.8
00 600
i
&1 400
200

0

528-2% $28-4% 528-6% 528-8%

02 4.33 F4D|2 28201 (13 AME =S S}

_68_



~

Mo = o W o
ISR T
NN e 8- o
—_ N E_a o
ol om A o —_—

T M o N
i ol N g e _Wﬂ e
mo W ° = & - 3 og
0 W T T = % NN P
~ © ny i No wwo %°
OL o’ a o o] L

i N iy ~ U — ;o E
o N oo n 0 0 :

&o \ol OE [ ,.%o 2 o
o ") ¥l T
Qo < Y i o %% =
N4 o w X =

0 Mo o — w8
-_— N \wlL = m._ =) | io
< N s = e
= o w7 o < CE
s B < ¥ K o Vo &
¥ = o < =] ] 3 <
— X Mo — -
uoNr S E = T g
SLET Y ; 5 & 5 %
N E.:; o o m .m. o N o ’
w4 g = VG > -
® o< e g N W X9
< N F : 20 oty
Ho N X — o0 w9

— OO _._.: 3 e J L.E
BN oyom 8 3 N
- 0 0 K = '~
XI- Q N N < N
_ o &8 X v Njo
= n 3 T

&.o o N n0 o

SR A T W T
) 5> X T N ¥ M ~+ 2
i3 ﬂ - S N 9 @ w % o 9 T o
£®gE e 43838333 g W
R ol No ol (%) ERA SECE

B WX v X
R N
| = oo T G
By g T ® 2 o
< B S ~ N w© B a

< M= A BT

_69_

AHE FAA 2= BH7}

}

9]
yil

4226 FA7|3 o



H 4.13 2dD[2H0 Gt AIHE 2= &It (9] @ kPa)
FA7IZel WE AIRE FAIA H] W
EAA 34
74 144 21¢ 28Y
A B

S-2% 128.45 125.50 134.17 137.58 161.41 170.99
S-4% 268.47 264.77 330.15 342.26 456.78 459.06
S-6% 618.13 578.18 641.79 666.99 695.76 738.54
S-8% 876.06 906.03 1050.73 1111.40 1184.69 1206.69

d

E 4132 FA7IT mE AIWME FAIA] BluEA Ayolty, FEFH] 2% AHME 3
A A(S-2%)8 d=Fd 5= 1255~170.9kPa, T 0] 4% A HE A A (S-4%)°l A=
264.77kPa ~459.06kPa, <%H 6% AHME FAA(S-6%)° = 618.13kPa~ 73854
kPa, T &0 8% AHME & A A(S-8)° A= 876.06~1,206.69kPa =7 = AT
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