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< SUMMARY >

The objectives of the proposed research is “development of biological soll
improvement technique using biopolymer produced by soil bacteria for
liquefaction—prone sands” The specific aims are as follows:

(Aim1) ldentify characteristics of biopolymer formation and properties produced by
hetero—/homo-lactic acid bacteria in saturated sands

(Task1-1) Identification of characteristics of biopolymer production by
hetero—/homo-lactic acid bacteria and determination the model bacterium
(Task1-2) Characterization of physicochemical and rheological properties of the
model biopolymer

(Aim2) Examine the effect of biopolymer in dynamic response and liquefaction

Purpose & |[resistance improvement of liquefaction—prone sands

Contents (Task2-1) Examination the extent of improvement in dynamic shear/torsional
strength, damping ratio, and liquefaction resistance in seismic frequency caused
by biopolymer in sands
(Task2-2) Examination the extent of improvement in liquefaction resistance caused
by biopolymer using centrifuge test
(Aim3) Develop the optimal bacteria and growth media injection strategy to
mitigate the liquefaction
(Task3-1) Development of the Hydro—Bio—Thermal coupled model to predict the
bacterial growth and biopolymer formation distribution at the injection site
(Task3-2) Development of the optimal bacteria and growth media injection
strategy to mitigate the liquefaction
Expected development products are as follows:
1. Determine the optimal model bacteria and identify the dynamic properties of
biopolymer

Results . . . . . .
2. Examine the liquefaction resistance improvement effect of biopolymer
3. Develop the biopolymer distribution predicting model and the optimal bacteria
and growth media injection strategy to improve liquefaction—prone sand
e Verification the extent of improvement in liquefaction resistance induced by

biopolymer

* Social cost reduction by developing eco—friendly soil improvement technique

Expected

Contribution

e Development of low cost soil improvement technique
e |Improvement efficiency of fluid injection and bio—treatment in soil
e Enhancement of safety of social infrastructure by stabilize highly saturated sail

e Contribution to soil ecology and soil microbiology

Keywords

Damping Liquefaction H-B-C coupled

Biopolymer Liquefaction o .
coefficient resistance mode |
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=t AR 82 o O|R/SRT AR Wa VIS0 2F HIIQERIM M SA P M
crepayg | HIoIQE2I0o 24 7
1 (- OHAEL H2HE QB HHO OIME Y HHY =Y M
2= o] 23t v el 41 ol b 5
o|l2E2H 5= 24 72 . ‘E'_% OIS0l o6 4218 Hio| @E2|He] S2IsEHE, RYIstE 24 RH ‘
-2 _ |
Hol2ZE2 Mol A7 24 U ML HE 24 |
[ AHTIOD0A2 U0I2E2I0 M A AFZE0| = T UISATH 2, 2] Al & WA
croiaq || KEts 92taa nH
(344 &3 2] @V | zpznz s=aceEs s Ues B2 20 AR 2 Komy CT 00N 24
btol @ E2/MHel AR & Al e LB L LT S e s L '
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oHAE B2 SlE OIS SAAFA TR IUS O|SEH-B-C GH OIME F L P0|2LE 2T 24 Y
T ZTOHDL Uy 2k =2 N
cropag || VLB SUS ASNIME T U U AN T MU JloIS2tl WY
Jtolsatel 43 =Ts
(3-2) _ o e oz o o=
CEEHQI MM FUS S OIME FTUA MO T =1 2
of 7 el FAMuy U FAAA
2 HFE2 HMotE ‘EQF o|MES| HO|REZ|IHE 0|8 AR ESS MHASH Ma 2 FX dFMI|e’S
Heksty| flsto 1A 77| AT Y(ZES AMYstn, ZH2E dAXH t| =8E A5 AFE FYSICt
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e
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7oy
SATEN | 2R Mni=m/xE _ ag | RHEEZ | 2Rz
ER MEFFEHE AtV | oo
B Ol 771 (247438 Activity) -l e
| o [T goE L) 12/4|3/4{4/4|1/4|2/4{3/4|4/4
KAIST(U Olg/SHR AT MESH o wayl
FE|ONSW | 1 | 1-1 | 11D 2 Al vlo|2ZalH MHEM R gl 2oy
atod) 28 oY 0|42 MY
R Zlati Ao ol Blo|2Baln MM Al
Fo | KAIST | 2 | 2-1 | 2-1-0 [Eel 9% o s|SH 2o, 24 Al A
o 9 oA REZE HUED 7Y
FOlE XU Sl E gy W el
FZ| KAIST | 3 | 3-1 | 3-1-0 [BalH M4 22X 052 98t H-B-Q __
ol mEd Ty i -
e A | e |28 saEol sis us solesel| A,
T s el galsisty, RHsy 24 Ay | 21
KAIST Fsd-MEaFx e o fxmdel Mg
Fo| KU | 2 |22 | 220 |[S8 sloleEBall 2uE xgel xz| =Y
) N S HE o oiusl Mot M5 A | ac
oHAsl B2 9l olME MEY
Fo| KAIST | 3 | 3-2 | 3220 pHd =M Fel ®M2t o Jtol=a2lel 21
70

3-1. ZINEE &4 5 olg/SeH Mo ¢ 8oz et Ho|2E2lH 44 S4 % 44F vio]

3-1-1. O|@/SEHMTO ME S& U LEWS Al blo|2B2H MMSY 7Y 2 3 29 0|8 4

2 AFo| M= Leuconostoc mesenteroidesE 2 EtH|Z|ot2 MASIQCEH ME AFE Saf s 2H|
2lot7t 2o =X b= HOILEZIHE MMHFEMN ALAO[LL F22 O|F0T AlRe 538 Hert
= ZWo| Aoz Aot Eot MA ZEID B PRI A A= g2 @Y 57| 4
Ef ZSFolM Xtz 5= U7 mfZoll AEoll o|Zsty| &olstcte &EO| UCt L.mesenteroides = 1
5(a)2t ol Etdel HEfE JHX|o{ 2F ~ume| A7|E Z¢=ct. 5 o|2F/Ql Sucrose?t 3= 49,
HALE Ssll Hio|2ZelHel L& HAERE MME £ Aot (28 5(b))

o|MEo| MZ 1M FA Lag / Exponential growth / Stationary Ml 7FX| BtHZE LIE %+
T2 = o|ME2 X7 SHE =d|stch. Exponential growth T#2+2 o|ME M =7} 7|6}

Zolste FZiolch o|ME MEzo ZAHS SUte ¥okEo| nZE o x| ASEch dkEol 1ztnt
et M= 2= ESIF =|=0 o] #+Z+2 Stationary TZHo|2t stop, 2 AFoM = e 2R =
Mg &5 22 2HH2|olel L.mesenteroides 2 Ml JHX| MZE A E &olst = At (28 5(c)

L5k Ho|2ERM YME 28t Sucrose®l SEZE 40, 80, 150, 300 g/LE E2|stHAM JetE R
of we Ho|2EFe|He 44 S4= =elsiict (a8 6). A&l ol8E nld= Hix|e] =42 X 4
b 2ot olg®el Sucrose] FEIF SUteteS 44 Hio|2E2IM| & Eot STteE #eld
UAEL. TBILt Sucrosel SEIF SIS g do= = HIO|2EFEIMe d4FE Uidts S

23k (Z 5).
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Elapsed time (hour)
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a

o
o 2%, (c) Yot LTS 0|83 Y we2lote A

# 4. o|d= ol ol S vix[of =d

Sucrose

Yeast extract

1M Monobasic (KH,PO,)

1M Dibasic (K,HPO,)

40, 80, 150, 300 g/L
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ar

S300

$150

s80

S40

REF

0.3 0.47 0.59 0.74

0

OjatE Hio|2 Z2|He| |T
(g /44 cm?)

0.17 0.13 0.089 0.056

1g92| Sucrose™ MM
Hio| 2 E2|0{o| M

Al 1-2)
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£
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ay

(
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T

0
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R

O Hlo|2E2|H

t

HlO| R ZE2|H 2l =2

MelElg ol 85t0f 2t el

ol

1ol
—_

# 60" C ol&tel 2ZollM =M= ACt ™R &

[

of 2H35| =0[7]

il

I

|

2 FH 2271 20~21°7 C 2l AEfollAl 244

8, 12, 16, 20%=2 =X =AcCt. of

AH

o] 20%<]

= =
=2 =

ol
all

o

ol

wlr

tRct (28 7, 8).
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®
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o N -
(ed) ssans [eausn

15 20
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15 20
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Vertical strain (-)
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50 4

b
@ (6) q: ©
40+ _ R
! T , E 31 O
Longitudinal mode % E= (V Y -p ; c=2-ma, a
Proximeter 8301 E=(4f, IV p £
u E 8
= 2 B £ 2
Shear mode L 20 + 2 E
w = £,
elatin B ~
— 7 ] oG 8 . g o) IS
0 B Q@ Q ? " 0 5] Q O " "
0 4 8 12 16 20 24 0 4 8 12 16 20
Concentration (wt%) Concentration (wt%)
O8 8. NH™-AFE =H0A e Helelel S AY FM 2 0| Sdll €2 (b) M2l HAE(E) A
Bt A5 (G), T2l (c) H2&s
O Hio|2EZ2|He| FHEN 24 #Y
o 2 AFoM= Z' HE|2lol Leuconostoc mesenteroides)?t MM HIAERIe| FHSY EME AW
57| flall LXFEH-o|MRHE™ (particle-tracking microrheology) 7|He AIE235I%cCt EQF f 2
2 uiH2lotyt MAMSH HAERD Z ojUE Atole] HEAM MSEEES mietsty| flsiM=  local
modulusE F™alof st=d 7|&2| &Z 2|20/ (rheometer)= bulk modulus®t EH& = Jct= ot
e JHX|2 Uct. o A8 Ho|HEZE 2o RUYsE EME2 S5V fciAe Alz ZH(o B2
AlZEEL =2 dH]Z0| sut=Elct olz{st ctHE 2557 fdll ol Xlof 28 =222 252 ste ofF
el s FHEN EME SHS=E YA FH-o|MRHE J|H

Zt2 AXHparticle)o 2=l $7ﬁ.3¥04
k=2
=

(particle-tracking microrheology)

AR FH-o|M g J7|He =ME ct2nt Zcl. AlZbof| wWE AXtel HEES FXHSIH Mean square
displacement(MSD) & otz el A2 o|Zsto] A Mg =yCt.
t+

Car* (@) )=L[rit+2)—r@))?),

Ate| @x|o|ck. Stokes-Einstein relationS O|235tH Diffusion coefficient® T+
EotH REHEA M (6 ,6 )8 & = At ofz A2 MSD Zei=e| u|E At

— -
Hets 2M2 Pshs Aolch

mjy ek
° 4

B kT
B 7al(4r(1/0))*)F(1+a(0))[1+ B(w)/2]’
G'0) = Glo)gioyeosls @ (@)= f @) @)

G"<w>:c:<w>msm[ & (0)— B ()1 -

1)], and

2
' (@)](5—1)],

2
first-order logarithmic time derivatives of MSD

second-order logarithmic time derivatives of MSD
local first-order logarithmic derivatives of G(w)

ee £E&

) local second-order logarithmic derivatives of G(w)

ChE I8 95 5de ¢fle H2AER AMRE ZFH|st= Itgolct. &2tol= 22t flol FHTE Agar
e |

A

plate BT 1 Slof BY uE2lobs ¥ V|2 ¥ HAESEO| 4|7 AIRE mRE 2470 B
HA 12412 Sob S|t HY HIE (<1 um) B FOIFO| AR BYEYA Atolof YA} B xS
£ 31%ct BHS0{Z AIRE OpxISto| A £2l0lSR HD SIHIM ¥ #olZDt CDE 0l 83
ARt SHels BaSCH



|Teflon Teflon
Agar plate

Slide glass Slide glass

x 6 times (every 2 hours)

200 ul
1M, inoculum Dexfran starts produced
Teflon Teflon
Agar plate Agar plate Diluted fluorescent

Slide glass Slide glass bead solufion
Sample stage

Coverslip

Teflon Dextran Teflon Dextran
‘ Agar plate ‘ ‘ Agar plate

Slide glass

Ob]ectwe lens

8 112 ESEMT} TEMS Sof |t HAESt AIRE o|n| st Zolch ESENS Soff nEshH HAE
zho| Ct3M EZolzls dg &g £ AL(O8 11a) olo|X| 2ME S8l g2 33 37| 2Z= 1
2| 11bet Zc TEMNS 0l85lod MEZS s B|=JF I8 11c2 20l 33 Zol AXE HE YD
(Etel a), 28 11det Zol HAERt tfESA ol fIx[eh (B b)7F ATt

e
Pl
10
mHo
bal
o

FHet ZoE JHXIL 9 M2 olEstH 2zt 2dAte|l MSDE T &+ Uct. MSDZE ol

Alelg S 2
Hl#stotn 7 stH o= AlZbof|l 2 MDZS 21 AAHYUZE O3S mel 7|27|olct. EFY a2l H|IE=
= a@t2 0.8822 T35t M2l qgto] 10|12t HE IS o Hel Ao =242 LiEpHCH
2l 12a). olz{et ZIE LiEll= & H|E= YAERe 2 J30 fXlstD JUcte HE RFE F
RUCt. o] HF Xte| FAlo| HAERIe| RE{str HAEZS LIEt= Z0| otz =H HiY2|otel ¥
UES S2ZHF= mediun®} soluble dextrane| FHSHM MZES LIERACEH
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(nm)

Average 842
Median 6.32
Maximum 98.88

Minimum 1.00

234567 8 91011121314151617181920
Radius (um)
Y,

a9 11. (a) 92=Ege] ESEM o|w]#],
(c,d) 92=E& A5 TEM o|u|X]

[

Etel a2t 2| Etel bel MSDE = EEH A= a0l 0.1X0A 5F Ato[of= 0.015, 5FOIA 30E At
olof= 0.14, 40X0llA 80F Alolol= 0.882 AlZtoll w2} FItstRct. ol Fute FHol|l w2t Hat

—
she HAEzto] RuisY MAZ HECt =, &2 Fus FololM HAESRS Elasticth AHES

3

Hol|chyb Faolert Hol2l =5 viscoelasticst HES Heolct.

MSDZ Ttet TEMOIDIXIOH m=H 234 HUAERe FHESY EM2 B bol YAte| 22 S &
g 7 AL EHek MSDE flel Alg ol &8st RHHEA =24 (60 ,6 )22 HEstH I8 132 22
Z2E A =k 0.2 HzEch 2 Fulge AYoA HAEZIS| G ‘(storage shear modulus)2
frequencyel ¥&k=2 A gHX| 2220f G” (loss shear modulus)=Ct 2F 108f oAk A LiE(H}= 74%
& = Ut OlE S8l YAEEZO| 0.1-100 Hz TFZHllM= HAHel SFEct BERMXol EZol & o

FEZRCE A8 & = AJACHGE ~0.1 Pa, G” ~0.003 Pa at 1Hz).FIl==7} 0.2Hz o2t o= G” 2
H| %5 X|o{ AX[0 G” O] G ‘2.t HX[Z|E Sh= viscoelasticSt H&2 LIEHHCE.

ba!

Complex viscosity@te Fobof| w2l ™MH ZAShH= shear thining &2 UEHI=0 ol&

non-Newtonian fluidsel M&=el EZo|ct.
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108 ) S . . 10¢ .
{a} w—C waler MSO) | {h‘} —MG
w—octran MSD | m—Cletran (High o) |
—podran (Low o)
10! ar
1 um 1
e 10 . !
E - ' —
E o =0015 E o =014 s =088
0 [
= 1" _/
102
N N i i .m'-E - N N N N N ek
10! 10° 310" 10 10° 10! 10°
Lag time [s] Lag time [s]

ag 12, HAE2E | XS] Mean square displacement(MSD)

10? y 1’
{a} & 3 [High o) {I}} & Class 8 Doxvraen (High o)
2 o '\\- & Class B Duvran jLow )
& O {Low o) '
. G [ L ) .
s . = &
_E_ 10 S ————— i
g =
E] &
§ 210
-
=] y
o107
_—-‘_"-l'll
1w - = ? B "
10° 10 i o [ i 10 10
Frequency [Hz] Frequancy [Hzl

T2 13, 28M WAER

3-2. o|d=ol 23

o 3y (MRSE

N =

O gie|2|oto| ofaf MME Hio|EE|MHe| FH A FHA5 Hato| thet ZHEE

o D|MEo MZEN 2EZ2 Ho|2E2|H Mg Sof ctsd e FoME A7, 7Y S8 Al
AHES HEIA|F|= A2 22X UcHTaylor and Jaffé, 1990]. & ZollA{e| gte|z|ot MZnt &30
e ZLEHZ2 Y 2lotet MME HO|E2MHIE F2 F44 XNt nlxl= &S Hstg = U
Cte= ™MolAM 2F=1 Uct w2t 2 AFoMe= Ho|EEH 58 2 T Hatol| tfst 2 H
g ¥ =3 4 volE2H F& Z2Ho| st AFE TAHSIAUCE

_14_



(a) (b)

ngaf,;gnien;agon Transfer the inoculum to the Wet-packing with the
olumn(1-5) fresh growth medium inoculum

Frozen stock
(stored at -80°C)

1mL 3mL
P -
30 mL 30mL
Culture for ~24 hrs, 30°C in 30 mL of growth medium in each stage Column

Biostimulation Wet-packing with the
Column (6-7) inoculum

Transfer supernatant fluid  Transfer the inoculum to
to the fresh growth medium  fresh the growth medium

3mL [

30 mL
Culture for ~24 hrs, 30°C in 30 mL of growth medium Column

Sampled soil

30 mL 30 mL

(c)

Data
acquisition

dextran |

0 Day 10 Days 29 Days

Transfer Vessel
For applying back-pressure

With no back-pressure
High Pressure Pump

a9 14, (@) A3l AHE mAE, S g, AHEE AR £1 34, (b) THlE AR AR, (o)

= o

A P BAE, (@) ARkl T uhel e Eev A4 A,

o|ME2 MHE [ .mesenteroidesOl MM SI=
AMEfS| = AR} HUM2 wet packingsS &

E=E A

=
3 AREE =MslFon] B EHE A8 A58 Exof| Xt MA (differential pressure
£ 4 & Z7s5t0] Darcye| HEES Sl AR F=

0

2=
A= H=tE 2UEHE SIc (28 14). 2 AF0M F5A S 2ol AMSe A2 o3 £t

L
K= QL
AAP
o O|ME vl = 2 MZA stAol| ot HO|REZ|H MA I ERAF HZ 23E ZHESH] 26
pH, &3 =g <2a|sio] AYE St o Loyt AX Zujo] MASE EQF o|dE8 &85t
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K
o
5
i
s

of oigt A =7,

Test# Bacteria Soil Testcondition

(Refilling strategy) Testing period
Pulsed mode, without buffer
Column 3 (60 mL at an interval 72-96 h)
65 days
Leuconostoc Pulsed mode, with buffer
Column 4 mesenteroides ©0ars€sand (50 mL at an interval 72-96 h)

Pulsed mode, with buffer
Column 5 300 kPa of backpressure 66 days
(60 mL at an interval 72-96 h)

Biostimulation Coarse sand Constant mode

Columné (soil from Gochang) (0.1 mL/min) 47 days

Biostimulation

) Pulsed mode
Column 7 (soil from Coarse sand (60 mL at an interval 72-96 h) 28 days

Cheongju)
J8 152F % 7= o|MEo| W& 7ol ost TS A Sotof| et AF Zntolct. Column3zt 4
of Zut= o|ME AN L pH AEH M| FFo| o5t Xfo|2 #E pHe 242t 42 70|Ct. |4 i
UYMof AEZBWUES ol FM pHE ®X|sHF= Gol=(column 4) o|¥ =2l Mz 3 Hio|2EZ|H
MMo| AlZho| X|Ltz S o RO{X|HA FH$7F 99% oA ZEASEX|2E (5,510 — 2.1x10°°
m/s) pHE SH2=2 RX||FX| ot ol =2 LFHELS0 2laf bfLHo| MMEE I == ERol=
(column 3) 59% 2| FH%x Z4 O|FZ (5X10™ — 2.1x10™ m/s) Of ZASHK| &0 +HSIYct.

=<

7.pH 9F89 §% 0 Amo] Agalt dele] BE FEAS e 49 A

Test# Initial Final Normali_zed Duration
(m/s) (m/s) reduction (Days)
Column 3 5.05x10¢ 2.09x10¢ 58.7% 65
Column 4 5.51=x10+ 2.11x10° 99.3%
Column 5 2.22x1073 2.23x107 99.99% 66

Column 48} 59| ZAIl= AlBo| E=2s5h= a9

220| §le HEfolAM T =A20] column 5= Al
=

2 SFH gst 2o FOIEP. Column 42| &4

oll b
ofl 300 kPa——I Tol =&

stict. o] &= Age I 2 Xfole 33 W 7Ixel =X {fFo|ct o|ME9| HEFEE%OI el = o
Jof w2} o|ME2S HjdH o U= AR (EMN)E £ JT‘<I3W O|E ofdtslEtAo| HElZ v ESHA
Zlch ol2{st o|RE YHtHMo=z X|gh U} o|ME0| MAStE A<ol= 0l w2 o|AtstERAT} T|H| 2
SElZ2 == Afololl =Xstch. w2t MME o|dtstEtAe| REmarE x|dhe| ZSIET} 7=.¢6 A =3
Ol AZ W YokEol 42 UAAIF M=ol Mz 2 dHio|2E2H MMs HMslistH =ct. stx|ot
column 58 ZARME s JlF= dRo= o] =ol&oa| w2} ofArtstErao] 3EHE7+ EXAE%
=0 2ol LASE O AEtER T|H T S50l B sof V|MEENS| O AtstERATE RS ARRIX[A &
ch. 2 AMSoME pHE BMez |FXlaiFD $42 JE 42 (column 5) 99.99.%2 (2.2X10° —
2.2x107 m/s) 71 =8 FFo| EFAF M 21t 2ot
2 MEoMeE MME do|lEe|Hel 42 MBS 2lsh loss on ignition (LOI) #HES ALESHR
Ct. o|l= Ho|EZH Xz|lE & ARE 2T AMFsto] 375Ce T2 =Z 16A1ZF 7HEsto] &4 ==
FI|Et2e| A2 ESHs| Hlo|2EZIHe| X2 H sk wolct o|E Salf Hio|EZ|MHe|l Zstzof
e F5o Hets EE £ oo O Hals I8 15cet 2ot olE S5l AlE W o|AtstERAa
Z|® el w50 w2l Ho|E2|H ZstTo| mE Fle MEAanot Hits de &eld £ Aot
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S B 4 S 1 18 Yv.
2 1 10y . oy 3
c 1L V- _ i = S \
Q 10 B, d Q u \
o o \, X
= 2 . x
3 3107} . > e
g v g e 15 v
T \ XL 1
° ) ko] i3] LN i
S0y (5 e B A =
2 M 2107k -
-@- Column 3 (w/o buffer) -¥-Column 4 (w/o BP)
*V Column 4 (w/ buffer) # - Column 5 (w/ BP)
3 i L L L ) L . 5 1 I I 1 I H \ ; ) ; \ ) ;
10 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 10 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Elapsed Time [days] Elapsed Time [days]
(C) 101 T T T T T T T T T T
= N i
=y
>
= e s "I
% '1 - ‘k.\ \. -
5 10 0. "
: =
B \
o L
< 102
3 7 Ny -
= s
> DL N
I [ 2 LR
8 10-3 | ‘\ J
N e
T e
= \
— A\
@) 41 i
2 10™ F[-%- Column 3 (w/o buffer,w/o BP) °
-#- Column 4 (w/ buffer, w/o BP)
-®- Column 5 (w/ buffer,w/ BP)
10-5 1 1 1 ] 1 I I 1 1 1
0 05 1 156 2 25 3 35 4 45 5 55

Biopolymer pore saturation [%]

a4 15, (a) pH €58 #5, (b) Az #&etes b e FA9 34 249 A3k (o &5 Wl
Hpo] @ Z el o] xstieo] mE FAg WE A

e O Z3E ECfZ 2 AFIMOIME= AR E X[t 52 U Ho|EE|H X o7l E2 #dstn
At stk 38 16as M3 AFoAM HMAIE ct3A ofZEolA Hio|2EEIHS =X ofjF{LE1t 10
w2 S5 A4 2ol M3 7o w2H Hio|2E2|HIL 3N ofEoM FHEE tfHUE
2 3A F IXKIZ & YdXE ZHSl= gElel 330l 5M== gelo) Aot 2 dAFoA= olzst M
d RHES HIYSE HO|EZIMHO Z3tTot F4AS Hate| MAAHE MHYSt=  ‘Generalized
model” = MAISI¥ o0 & AMEH # ofuzl MY AH ZIjo OhME =2 HEE =2 dlo|2E2|He
EstTof wE FAS HEE gold = AAUCH
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(@)

Grain Coating Capillary model

(GCCM)

Pore Filling Capillary model
(PFCM)

Grain Coating Kozeny model
(GCKM)

Pore Filling Kozeny model
(PFKM)

- Generalized model

K/Ka = (1 - Scc)2

K/Ka =1- (SEC)2 + 2(1 - Scc)2 / m(scc)

O
©
¢ KKy~ (1 5.0
=

KK, = (1— S (1 + 8,057

K/K, :(¢/¢0 )” :(1_Scc )”

(b) 4 (c) 4
1 *Lines are plottedwith the
generalized model (GM)
Jor n=30, 60, and 170.
£ 01 4 £ 01 4
i ] B
a 1 E
£ ] £
2 J PFEM 2
o i (m=150) o
] )
o N
5 =
€ 0.01 4 £ 001 4
o] 1 |oKim etal o ] [oKmet a
4 1 =z ]
7 | @ Kwon and Ajo-Franklin (R1) 1 | ©Kwon and Ajo-Franklin (R1)
| | @ Kwon and Ajo-Franklin (R2) 7 | #Kwon and Ajo-Frankiin (R2) oM
4 [eNoh etal (R1) | [¢Nohetal (R1) (n=30)
2 Noh et al (R2) (a) oNoh et al (R2) \ (b)
0.001 ‘ y 0.001 —— — L -
0.1 1 10 100 01 1 10 100

Pore saturation of biopolymer (%)

% 16, vle]l &g Mo ¥ slEo| uphE
A AAgE ‘Generalized model’, (b) A& A5 2 H Ao Ag Ayjel Mg wd

Pore saturation of biopolymer (%)

FrAs e 24 (@) A9 ATl o ey

R E Ao AY Adet E Aol AAEE B,

e = AFME AHM I MASHE ol
Ed old=2 a5 flsl MEls X
¢ o|d=2 FESIUCE ojd=E =X
4% 2F U&FE
(28 17). = ™MF s

ol

I s E e
2M2 new generation sequencing (NGS)E S35
Enterobacter, Pseudomonas, Xanthomonas, Leuconostoc D|

=
M2 2RS MMM HiekE ZI vlO|2BHE MAHE ol Hel

=0 ot X8t FAH 51t
=

IEINEP

o

=
e 475 wa Mg

op_Acidobacteria
mp_Actinobacteria
@p_Armatimonadetes
wmp_Bacteroidetes
@p_Chlamydiae
@p_Chloroflexi
@p_Deferribacteres
®p_Fusobacteria
Op_Gemmatimonadetes
op Planctomycetes
wp_Proteobacteria
®p_Verrucomicrobia
op_Candidatus Saccharibacteria

(C) 100%

80%

60%

bundance (%)

40%

e a

Relat

op_Cyanobacteria/Chloroplast
ap_Firmicutes
op_Latescibacteria

mp_ Nitrospirae
@p_Parcubacteria
@p_Synergistetes

aOthres

20%

0%

GC1 GC2 CJ1 CJ2
Samples

A
_'_JéI

gt

A HieE, (o)

E: (a)

NGS #ME S8 &7 (GC1, GC2)= HFAl (CJ1, CJ2) MES

A (Meles DEZ), (b) A
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Normalized Hydraulic Conductivity [-]
=

® - Column 6 (Soil from Gochang)
-@- Column 7 (Soil from Cheongju)
4 Column 4 (Bioaugmentation)

_3 1 1 L 1 L
10
0 5 10 15 20 25 30 35 40 45
Elapsed Time [days]
O 18, EG MAES o] &3 FAg Wt 439
A Zal DoA™ xS EQF o|MEe A AN MM AZE ZY o|MES 0|8 MYEC)
O =22 & £ U4 5815 220 HFolM MFE £ o|ME AA| 2Y 0|4 SD FA
gt & FFAs d2ENE EQct (O3 18). 0l& Sd A E n|d=2| HO|2E2|HE 0|8
st Alu WY JHsA S Feld £ Uct

0o
1o
ne
kN
nronr

0 ro
uCD
[éxl
(e)
>~
«
~
=3
S
o
e
Pl
10
LU
N
rr
12
(éx]
?
wW
D
o
T
=
_'>._
o
2
|0
g
H
02
o o
12
r\l
-I"_

M2 Cl2 F 9| gl etH2|ol7} MEAE| A =0, [.mesenteroides (ATCC14935)= HAEZto|2} &2
|3l , S.oneidensis MR12 HIO|2 EHEZ M5ty ¢lsi MEH=UCt. HlO|

= 2lal,
2E2|Het slo|2HEe 25 FEHD Metdo| 2xo|7| 2o ZstE APEES] WA W oSt ot
k=1 o
o

L.mesenteroidese| MZE I HAERMO|2l Z2|= EPSe| MAMS ZHZAISH| 2|8l Yeast extract, Sucrose,
Phosphate bufferE Z&st= HiX|E AI23IQCH E 82 2 AFo| A= [.mesenteroidese| HjL%S
?lsl Al2=E dfX|e] =AME2 HO0{ZEC| Yeast extracte Bt MZE dotaloz SREJCH HAE

o o o o
2hol2t E2l= ChE®el EPS= Sucrosel| MzZel ZsE Sol MAME Glucosel ZE2 Sdll =0 E
Ct. L.mesenteroides= Z=H|= A2 g of ut
A SEfe] 228 HAERZIS MMSIYLCE
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¥ 8. L.mesenteroidese| HiFS 2|t X[l =M
Compound Concentration
Yeast extract 10 g/L
Sucrose 15 g/L
Monobasic - KH.PO, 13.609 g/L
Dibasic - K;HPO4 17418 g/L
S. oneidensis MR-12 &7]/&7| =HAM 25 dEtHo=2 QAo Falish| 2o 22 HH|Z[ot=
MEAZ[QICH O] HE|zlot= s E[MZoM 2= += Gram-negativell 7|4 HiE|Z|oto|n{, HIO|LHE
S gMotn HHASH 253 77| sEES &AZ = A= sHES JHX[2 AJCt S, oneidensis
MR-12 S7| & ok 22~24° (2| AM=2olAl Z=H|E H{X|E O3l Hi2k=RACE. S. oneidensis MR-12| HYX|

gtef2lote] A&} Biofilm MM

[

o ™
ol
g

Phosphate monobasic, Phosphate dibasi

ol =d=[land,

I 92} Zol Tryptic soy broth,

, sodium fumarate dibasicQ 2 FME|ACT,

F 9. S. oneidensis®| HitZS T+ viX[S =N
Compound Concentration
Tryptic soy broth 30 g/l
Sodium fumarate dibasic 16 g/L

Monobasic - KH,PO, 13.609 g/L

Dibasic - K,HPO, 17.418 g/L
AEZ oSt ZeEl ARsE =USH MElE Mol AlE & 33H| HEE z4sE7| 215
air-pluviation &g Sa FH|=HYCt Zefls ZM7|E S =2 S n™E 2IEIA o] M4
AR My Ed YAletieoy of 2cm oich CHE S SHYCH /88 A2= &A 70 mm, Z0] 140 mm
Roni [. mesenteroidesE O|&¢ct A MM Aol A Zt3H| e = 0.526, S. oneidensisE 0| ST F
Ha AlSe| A 2t3H| e = 0.54 O[RYCt AR MYEES HMAHstn SZF ASEES st AlAEHES =2
g = JAEF 10-15 kPal| Zl=S 7tstRct. 5 S22 Zhst7| fls 20| AHAZ Al2IHo AIE% 4t
?:.I (j_ C ] =1 X
Ml
=
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Alol
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, ¢) Drive platedl Top cap



HY AR el S7|5 x| etslr| 215t O|L&tstErA (A7t 2F 102 =S¢t A=l FA=JCEH T o=,
20 mLo| T7| AtEfollA 2k 24A|12F Zob sijtEl MEZ LT 10°-1072] 2iE|2|ol HBH T 200 mL BRI =
Ao] vjtA s FH[SIUct FH|El 250 mLe| HEY = 150 mL2| HEHO| Syringe HZE Sdll A2
HWE2 =liend, gtHzlot MEZIJF HZESt & AL THo| FEE AIZES FT| I8 2F 12 AlZk

St Al Ct.

[e]

|0

I 4% o

=
= O
= T A

<.

Alzol 2tMzsIE 25 2E|2lof M=ZIF gle HIXIE FIlH o=z Fct olmel Zt=2et2 <2F 20
kPaZ AMMEAS0 100 kPall F& S22 7tst7| s Mol &2 = 120 kPantx| SIHAIZCEH. 2F 24
AlZbol v X| FQl = Mo| otxdn} 7i=4t8 ZEZF 210 kPazl 110 kPaZtX| Z7HA|ZICH. 722t 7t

2|
Ch. o] 1td St AlRel x7| %Z3EE ¥
]

o o - 7
SHsINen F Ay ZF0M ARl ptdet Z5HE oo|sts 0.997f £EH =

ol

AEE.

opx|etez, XAl six|e] =52 fstod viX] =2 FHES 0.2 nl/min 2 AYSIQUCt. BiX|e F

2
= o 20ed st A H=len] A F HolM Ated YHSH= HOIREFES Z2ASH| Of

2 Aol =
2ieh WS Dotsiict

|SEet o2t Bl 2 7t5H7| 2I5to] Stokoe SZTFE 7HESH

HI&E £ 82 AMRe 71 SF 22 =2fol2 Zdoll Atglutel Mets Jteto2zm daiRct. o2 et
A=2 2L MAD|EI =2tolE S0l Eol UFE ApAmbel HSAEO| olsf ARl SUFZ0 2
U= AMI Zd E2to[=o TS e¥AlZIct. E2tol2 s T HEES HelE MY A
& SHAIQl 107%0Il A 107%2 T™AIZI & 0.2 Hz oM 170 Hz 71Xl B7HAIZACH AlRe] S2 Fales
Fuat A28 St =2lol2 S0 Eof| MR[E JtEEAe HEez ZAYE At Tl Tl Mete| Fot

7 =1
33 Foeob A #el=Act, EY2 o 24 Alzbojc =

RC Agloll ol&&l ZH|2f 7H2l== T8 20z Zch =z2fold Zo d=Es MsSes A5 27|
ol LMz|ACt ARl BIE2 F JHel JIEZAHE o|8sto{ EMSIUCE. £ MUS= NS =HT|L
ZEE 0|86 =T ZTEEHRYSH LQUZAITE 0|8l 7|F=Uct. EEFIEHOIEZ THEO{E
FUE E7|E AMEA HZof| dZ5tden MG LR 22 FUYLEM AR WEE XS F
o [ o
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" Effluent | <}
Sampling <€ I‘?I-"I
L= = 1 v2 Resonant Column

Accelerometers

(L

. Driving system

- Water jacket

-~ Latex membrane

Laptop

—

Transfer vessel Vi . i

Vi
|'/-p"|:" Pressure transducer pR AT
L supplier

Syringe Pump =iy
[ PR | Pressure regulator

.

H& ZEolAe 27 FalsE o|2s6H, Motmt 5 |, Mok Zad] o, & Hdct. 27
EZEA0AM JIE =2 Mol E3HEE= Fo2 ZH™IcE X Fosol A™HE 0
(hal f-power bandwidth method) S O|-235t0{ Z+alH|E ZXSINCI

Motolh £5 Vo= 242 A2 H|E ASS2RH g2 = Uct. J8 212 MZ Ch2
Motml £5 V.ol ¥istE Ho{FECt Motm &% V., = MZ CIE2 eH2lots ol &8st AF
6.1%2 Zt2~ (Run1, L.mesenteroides) 2t 2F 3%2| Zt2~ (Run2, S.oneidensis)E EicCt.
2|z stZule{H e o|3s Z™ct I8 228 MEH ZAd|el MESH ZIE E4E
ot HPOIOE%—QI & mf20l Run 1ollMe] Mctzta{d]= 2k 0.60M 2% 7HX| B7tstH 20
oF 0.501M 1.5% S5t Ch Zald|el Zte 127X X|&EXoz SItst ol LM
Ol= Hio|2 ZE ¥M M7{LEe I Hdo os) Ay 5+ Ut

290
285 —m— 5. oneidensis MR 1

280 I’_—I—l-—.__. —8— L. mesenteroides

275 ha SN
270 .-

265 ~

V. (m/s)

260
255
250

245
240
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qrE
® 5. oneidensis MR1
o L. mesenteroides
=
o |
e L .
& ] ) "
EJ L ]
el
=
a y @
0.5 1 ¢ *®
U L L i ' A ' i | L L L L A 'l A 'l i L L
0 2 | 8 10 12 14 16 18 20

Time (day)

O3 22, HO|RZE MMo| mE MEE ZAH[o] HE

e & dFoME MZ CHE HiHZ|ote| HIO|2E F0| YAHE AlRoM SZTF AYHS FHoIUCEH HO|L
20| AA b ol H|&F

g o] Mchutel £EiHE

0:
0
m
0

o 2Lt H|F EEolMel HAaH= AR o HIo|REE XM gl dEet S7HE EXch olge &
7t mob 22 TS Sof MEE mf Ldsts RAel 80 ot Adolck =2ef =l who| Hiol
LUES EME =5 EFEML At DA A0l EHMES SIMEAEZMN olHX| 248 SIMNI|I=
Aoz Helct,

O Xray-CT 2P & Set HO|REZ|H H2| AHEE TH 2t (INSW S5 T)

o = AFAOIME Xray-CT HYS Sall AR E X[ghollM HIO|RZFZ|H dd F=E JHAEEIACE (2
g 23).

gt 2ES MHSI0 HlO|EZH

_23_



O ol HolMel HEHY S22 Xa2let A ES & =4of st A+
o OlaHyolM Hetd=Ho|l oet AHMES SHEM HIE AFst| Rl SEFAIHS AAISHICE
(08 24). Hetd 22 2M H2EHS AISSIU20, AEEESE 0%, 8%, 12%, 16%, 20% 2 H2lE 5%
2 X2lst] &8 SAM2 nESICE =M E A|Ro| 50 kPa o] FESHE Jision], HalEl| etX
oF Wats SlshAl 24AIZFSOF LMBIGICH 2N Sob b|SEo| thet ZAC|olElE SHECH et
Of M=miM EtMut £ & ™S FA| =2, HdH|= BItsict ™K = ats =2telsiict
(a3 25).
Vacuum Accelerometer Signal conditioner
pump
Digital Driving plate
regulator Oscilloscope
Bender element P
os=g
Sail
Hardware Filter
' - —
Bottle Function generator
| 4> 4> P
a9 24, Aekd Ael® ALE ARe] FAFAY A AL
400
D, = 89%
300 +
w 1
£ e Y e Y e Y Y Y s e S
= 200 I gy s ey o W]
w
= 1
100 +
0 0.020
o @@@@ @ 1 0.015
1 o© 8 &
o ¢ 00 1 0.010
4 ey 0.005
1 10 100 1000 10000
Elapsed Time [min]
07 25, MelEle] YMEoF AN ES] SANSAME (WAtE ST 20%)
.« oM o0l HHES ZIMITIHA MESIc Maltelel oMol wiaf, Metelel ol izt 2|
b &716te siaks =elg = A>Act (T 26).
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0.020
(b)
0.015 ° ®
£0010 + ® O ©
§ O Gelation
0.005 T+
0.000 t t t
8 12 16 20 24
Concentration (wt%)
T226. MetHd Sotoll whE HE2tE XMelo 2ofek AFEE
of ZaldH| Hat

malEl Sag Refs ulul4 s1E0l olsf wMsHs DS Sotol oldl £EA wIY B 4
ch. #H2olE Hlol2Zalnet 22 MEel YBSHE RAZo| AU BUS Sl3 o Hlol2-12te
E 22 728 wI Yot Ju RS HEMel ulo|2EaHI o blsjS WS olxE I
goll thet ol o BEeH AFolct

= Ao = HIO|RZE|HE HelEHo =z tfAsto] Hluf= StSoll 2t Aetglo]l xXelE Fof =4
Hse HHECH SH-HASol MAE YT fleiM HelEo| XNMzlE et 54 Zafo
LH ol Hibf AL AF HAYHE FASHAUCEH

[l

O3 27= Ago| AlEE AF ¢4E ZH|E LIEMACE A™ME HY 22 & 52 Jlsle st
glgl otof b 24
ct. 17Hel 2= A3} 7o ME T B2 HED|(LVDT)E 0|&5t01 242t Deviatoric loading Al2
BN 0
BN

x| }z3}

b
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Function generator

B 4p dp 4p

Loadcell

Computer
Oscilloscope

:

r

BenderElement

:

Data logger

Signal filter

Cell pressure Line

Pore pressure Line

Pressure Transducer

a7 27 Aol o|2E AH| A
AXF A7| Dsy = 0.72 mm, E|CH B3| e = 0.742, E L Z3H| ey =
2l 2lo| HAHKAUST 20/30)E AbZsIct. HelElo] XMel= X 22 AR

Falgol s =[2dct.

(=]

o

Alole H|E Gs = 2.65, H
0.5029| 2g|d EMS 2=

of Matelo| Mzl Al=Zoll o

=t

rok |'>'|

Oi=z AYES 9st HMelelo] Hel=X 22 A2 oS Zo| Fu[gct A|Z2e| A 2=(D)= &
AStIAL ot HEol et o2 HdEEAen, 5 3o A 50% o|ot, WE vhgel 4 50%
oMoz MHSIYHCE Air-pluviations &5l A|2E =Mst¥ 20| E22| X[§2 50 mm, =0|= 100
mm, =O0|/X|EH|= 2, A|lR2| 2T AMLZ(D,)= Y F 31-61% H2 S 7Hxch.

Ho|2Z2|H 7t MElEl AlEs UM Mdygst Zdnt 22 ZHxto| H2lE MES HItstod =M= Ut
60° C ofatel HzlEl FMZ 2k 20-21° C oM HASAIZICEH A3 ¢ HElE 2 FALE HAlste
Wet pluviation HHS Sl Z2lE 2Hnt zef LAo|7F A& =7 & 208 =3 =HEEF s1920,
Alzol 2T M ZE(Dr)= YL T 32-48% Hlel gt2 JHECh

80| Jtoizl atefoil Mol Hio|2E

S Mol wE APEES BN AS WaE AuY| st T4
ol olsl & A=t ein HyE F 2 Mol

= A2tEo| dat=of ZoX|= Eel A

0o 0lo

(Consolidation before Gelation, CbG)

Zat M UU(CHE): ARE MelE BUCR TEAZI F EES HIAZCH 1 F, 74 23S )
st7l M 22 Melelel 83 98 o 757 (ol 242 A% 42 MK WalHo| =2 Skl
MEIE AR & UEE Q2 WIS ALBSI0f Mol Q2 of 40 kPaZ ABAIZCH 1 F 7% 8
2g 2E £7| 74 S0l 100 kPa i 400 kPaZ Z7IAIZCH 01F, MalEl xMolE AlRE YmE
M olzig RxISIEAM T 2T} 20217 02l Aol M 24AIZF Sob A= )

[ — E =
2 ZH35P| 2ol Hot=dct, A 5t ST= 1 m/minQE2 LTS FAI=A20, Ol= 1%/ming



—

T2 HAFo| offFetct. Mch2 & HYo| oF 25%7F & wWi7bX| A L= QACt
Ag 21 ]
SYH-HYE YIS O 28E 0-20% 9ISl 57kK| CIE MalEl SZofl i3 (U A5 AlEs S oe
SH-HEE HSS ZoiFECE dHio|2EZIHe Pes &elsty| flsh Hio|2EZ2IMHIE M2l =X 2f2 Al
2ot Ho|2E2|HIt ME|E AR SH-HEE JMS SHd Ot SH-HIE JMel Fit ¢
g FO S FSHeo| HUte® ct2nt Zo| HoEct.
q= (o —03)/2 = od/2
017[M o2 FHUWFSH, oy EH2FSH, o, TAEN 28 JteiXl= FIHAQl =2 2=0|ct. &
102 Z& Aol MY A1 215 MAM5| 2o ECH
10. WRIEIS O|88H A% UE MY =
) i Effective confining str Gelatin Relative de Undrained
Loading history - , ) . ) strength,
ess, kPa concentration. % nsity. %o
kPa
8 48 108
12 49 122
100
A 16 46 127
Consolidation
. 20 46 144
before Gelation 3 39 10
(CbG)
400 12 39 201
16 45 261
20 41 269
] 42 15
100
Biopolymer-free 0 53 255
sand 0 40 38
(Reference) 400 0 45 55
0 61 395
43t o 2 O8 28(a)= CbG AlZet Hio|EZ|IMIL M=K 22 ARel SH-HIE HES 2
O{ZCt. o, = 100 kPa2| & mf, HiO|2E2|M 7} H2|=X| £ =25t chEE Z3t A2 (D, = 42%)2
Hitf s Al 2hMSE 2ol TAZIZHetoZ Q5| Post-peak dstet EE 5 HE5S2 HolcHIE
28a2t 28b). HHEHo|, D, = 53% ¢ HIO|2ZE|MHI} H2|SX| L2 AIRE 0, = 100 kPa OlM 22| DpYZH
Ssolol o3t WA 52 weolct Hlo|2E2InTl M2lH AlRS| Fe, HHS MEh F uFEN
S 9|o|sts ZHEE[= F|A Post-peak 94EH7F BEEICH ME CHE T2 HIO|2EZ|MIE Mz|E Al
E2E Hug d9, F WIS A dlbf Mot 2= H2lE 5o et & Erlste de =
T Aot
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300 300 0
(@) &, = 100kPa (b) &, = 100kPa
250 o _——1 200 + 1 100
'/655/”
o Qs YL
olos 1) LI 1]
S 200f Ryie 1004 _o° L1 1) L 200
o (Ve
m 4 o @
@ s g -~ °
@ 150 L — C=20%D,=46%| & . - 300 £
@ 16.%.0:200 22 El Emgy - =
e —7 C-%D,-9% 4 LR =
£ 100 + o, DA -100 "mmy T 400
3 - Eng
a P LI N
50 + /.-~ -200 4 FEmaE 1500
® Vs D,=42% AU, D, =42%
- C=0%D,=42%
———— e === M Vs D,=53% .. AU, D,=53%
Y -300 ; ' ' ; ' 800
000 005 010 015 020 0z 0 005 01 015 02 025 03
Vertical strain &, (-) Vertical strain &4 (-)
600 200
500 1T, =au0RPa (@) o\, = 400kPa
=T T~
T ~ 450 1
400 1 ,G“’“‘T’ ‘ S ..ooo°o'.°.00.o...
— - T 300
©
o
=3
o 300 1 — —
0 © ‘:2
8 £ 1 400 £
o 200+ 3 =
S
k|
>
o T 500
a 100 A ® Vs D,=40% Au, D, =40 %
=300 T 4 Vs, D,=45% . AuD,=45%
W Vs D.=61% - Au, D, =61%
0 -450 ' ' ' : ' 600
0.00 : : ‘ ‘ : 0 005 01 015 02 025 03
Vertical strain &4 (-) Vertical strain (-)
2 28, CbG =M FE 7% S3 (a) 100 kPa, (c) 400 kPa & me|l S H
88 e ¥ Hio|EZIMHIF Mel=X| 22 =HolM & 7533 (b) 100 kPa,
(d) 400 kPa & wfe| Z+= ¢t I Mttut K5 #H3S}
D= g4 ®E 30| Z/HESE £=540| o ZsliX= ZE0| RUCt o, = 400 kPa 2| 4, 1E

0
28c2l 28d2t Zol, D, = 40%2} 45%2| HIO|LZZ|H 7 A|2= Post-peak 9z} 2l ko 1}
QIZb=2 40t gt Dl B = HES Holct Dr = 61%9 HO|2Z2|HI| XE|FHX| LS AlRE o

400kPa O|2tollAM Z2of mAZtS¢oll ot HH HsS8 Eelct.

Rl
L
in
Rl
IL—
rfo

gtof, HlO|RZE2|MIE MelE AlRol SH-HAE JM2 Post-peak =EIF LMK U 23| =
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Deviatoric stress g [kPa]

(b)

Load

O 30. HEl StE T, e HO|REZ|HIL 2efof =Fd HSo| o|lxl= gk

)Il

T2 31a, 31b £ CbG & HIO[EJZ|IMI7t M2|=X| 22 AlR2[ H|H
glE 22 AlRe| 72 S 2= LTt =2 2ot

et svlol2EEIMIE X = FAlSteE. HlOl2E2]
Mot Mel=X| 22 =&t AIRE dHltls Al otYzigsete] 2oz ol p'7t daste 258 2
elch =&skx|gh Blo|2E2|MIE XMeE|El AlRE Hio|2F2|HZ Qs p'7t Stetct. HE2HE =7t
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AAn A 33 100kPadlAM HezlEloz X2[stK| 22 =35t AR EOM ZSFIF 1130 A
ek My 89| o|EZZIF0| 7.5%5 Zofotn{ (XS Aatst Ll J|F), ol= HYEAAM ALEe AHEES
72 33 100kPa LHollMel ZEX&&=dd|(Cyclic resistance ratio)= ~0.12 HCt &2 gt2 7HX|=
AE olo|sict. RE 2 20| 400kPadllA| &2 AHHUETE I8l AR EE 100kPa ECh of & d|oj
T &5 HSE Eo|Al =t AEZIoME 730 HASIE WHSIIC =5t AIRES Fe MOt
HE S0 Yakst HMT|Fo| ZEHSIUS f AZST40| JisHd FETE S| =S =of Al
29| R&58%o0| 0ol 7t7to] b= HE Eelg = AUt (T 33)

FaT320[ 100kPacll A2 HEtElez HME|gt AHEESl Z9 HElE el 527 BII6tHAM Zsset
Y S0| ZAasien, s 1508 st ZsHAEE0| L™ #wAl=H= AES =Helsidct =t
YZt=55ete] A9 st SotEol| w2t =7 103 oltfolAM 2 BItEE Eeni 1 o|Fo FXt
Eotote ZEs Hct nAFTU2 ST 15030 TS A EUI6IAX|EH, I SFU2
et A ES] MUZIS4QF &t 22| 100 kPa off TSR fUCt o= HEMM SHO| AEE
US| BP0l FUXIX| @1 RA & ULE TetECtE AS 2oletct (I8 34a, 34b, 34c)

TE330| 400kPaoll Mol M HSol M= 100kPaoll M ECf 2
ot HEtE ZE7F 8%E HMElE AIRME 2 HHHYE S0 AEtT}
oh s Sotoll whE 12%, 20%= 2l sl S7toll w2l MutHE S0l E0iS0 1t

I
So| a5t (28 34d, 34e, 34f).
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520mm  Accelerometer

500mm  Accelerometer
y ol

Bender element

c

Hito| vix|: (a) HIOIRZEIM HME2|E SHA| b2 AHEES

E 1. ZF Alde| A=A
Unit Weight| Relative ot [0t Ve | G-level
Case (KN/m3) d Signal type Frequency |Acceleration Q)
m ensit I Y| g
Y (Hz) (g)
Only Ottawa F110
19.75 0.92 sine wave 2,3, 4 0.07-0.2 40
sand
Ottawa F110 sand
treated 19.51 0.83 sine wave 2,3, 4 0.02-0.2 40
by biopolymer

o E AMHOAM JIETAHC HIHZ EHYe SHGS XHte 38 Ml MoteEtMA|gof ZiadH[2 B Elst
= oime ohert 2o (a2 ).
(@) z=0 (b) X1 . . . _ Vmax I /
e Trhax
| 4
z Y/ Accelerometer 2
i*\‘" T 2
| £
: _ Accelerometer Z &
i = ? ° Tmix ~ Tmin
:LD—/ g-z e Yo
T Accelerometer 1 4
1
1(z) = Epz(ﬂ(()) +t't(z)) -
( ) 0.36576 ~ 0.60976 s
_ i 30a/ 00 o004 002 o0 00z o004 006 008
- (22— 2z1) /"{ﬂin Shear Strain [%]
09 38 (@) ZHEE 54 B A% 9 2 A% ¥R AL O) AdE A9 S99 4
O WRES ol 8a A By A g Al fu mAw
. 2 MHE 53 @2 AEES so|leEAN M2l RR0 ME olaHE HoEHdASel MetHE B
= 8 392t &t

Zoll thaf M= Hlo|2E2IH HMZ| AR E X[Hhe| O|aHE
Ye[AX|TH 8 m o|&te| ME ZZOIM = ojaHY MEtERd ATt
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At B7tstod I xfol= 33 =7d0| Fotdol w2t AtHez SISt

[ ]
02 1o oMo

_36_



80 kPa O|5te| S =AM TEHHYE-TMCEHYAIS ZAE SYSIUE M JA| Hlo|2E2|H H2[et
AR E X|gholM 22 F =2 & et ol £ Salf Hlo|R2EE|M It

1 ch 75
AH X =AM AR ES SH 242 A7l thes AE 2elsilct

(a) (b)

78.47kPa-Sine 3Hz-Reference

=550 pomr amols - .
elerence sampla B
45 /Gmax © ¥V 78.47kPa-Sine 4Hz-Reference |
4 Gmax-Reference & 73.95kPa-Sine 2Hz-Bio
ar 401 A 73.95kPa-Sine 3Hz-Bio
v 73.95kPa-Sine 4Hz-Bio
@
o 35 v ¥ o
= v v
o @ 30 v Vg'
E @
£ S5 VEgv AA%Q
g E
§ o %‘ @VA @
<]
12 =20 % &
g o BNET,
A v
295 & v g0
n

o

o
T

20 30 40 50 60 70 80 10 0
G,.,, [Mpa]

a7 39, AFEES] nle]EYH AP fiol mE (a) zold wE vy A At
(b) 80 kPa o]ste] FHzNM HdHPE-ddedAs 2

¥ 12. vpole X gl A AMRHES] F4 B4 X a4y
ANEHEF Btef 2] of 2UEE A=A HZ 21
A E2} ESIAAE SFAs HdL
FAH L.mesenteroides _
e (Hlo| 2 E2|m) oH ~ 7 =[CH 99.99%
HAESH . 22| H|
L. mesenteroides Hlo|@ =2 110kPa &t S
ZRFAIE (uto]=2Z=M) 107-107%% 134 7*1ﬁﬂ|
S.oneidensis MR-1 Hio|emE = = 1f2s - =
Z1als= 0.2-170Hz 300% 7}
TN Hofel 7522 50kPa
Al - g e 2t4]u] 5% 7}
SXFAY (Ho|2EE|H) HEE HS
A= 31-61%
L Mzl 100,400kPa 7@ | HIHf ST HHUE
SN - _
(Hio|2EZ2|H) 1%/min =28 & =|CH 960% =7t
Hlbf = Mk AS
F2224100,400kPa
AL 9
AE o sajel SHBZ 6% | i mmm e
_ 224y
FA=INE= (Hfo|2Z2|H) s=inl 0.12 O AbS}EEA X
Fals 0.1HZ
Higf = Mk HES
M Ez|EX| HAESt 409 7tEE MeteRM A %=
_ L.mesentero/des _ _ )
A5 (Hio|Z2|H) | 0.07-0.2g X| &=}t | = 167% St
3-3. CHAF X[te| HAtsl HZIS 9ISt n|ME HENH U vjklo| =X Fel Mef A Jlo| =2kl 70 (M|
S2£=5% 3)

g etefzlotz2 MAEE [ mesenteroides?! MEs™ &&52 AA 37HXKZ LiECch: (a) gE|IZlote M
ZH (b) HAEZH MM (¢) HAER AM. Z g2hge] AMMISH 315tAl2 33 2ot

=1, L.mesenteroidese| MZES 28t StSHAM 2 Vilcaez et al.(2013)oll 2lal Al ot=l
stet™ ghkgof =M gbg ol X[2F M=Z Mo Z|8FStCt,



0.2083 Cyo Hyy Oy, +0.2NH, + 0.341 HCO; —
0.2CyH, O, N+ 0.14076 C; H,, Og 4 0.0705 CH, CHOHCOO ~

+0.0705 CHCOO™ +0.01408 Cy H,, Og + 0.0705 CHy CH, OH
+0.4184CO, + 0.7259 H, O

olmf, g0l Z&E tHEME 52 Sucrose (CizHz011), L.mesenteroides (CsH;02y), Fructose (CeHi20s),
Lactate (CHsCHOHCOO ), acetate (CHCOO™), mannito (CeHi0s), 12l ethanol (CHsCH.0H)OIC}.

(b) HAE2F MAM: SucroseZl 58t Z=ZoAM L.mesenteroidesE gt f BHe| 2| ot=
o

Dextransucrase 2= &AE MAMSiCE 0| Dextransucrase= glucosidic AlE&S AZE = JUA sl
d, o|& Sdll it/ Ho|EE|He| dFQl HAERO 54 32 Sl MMECH HAEZE MM
stetdbgAl2 chsob 2ol LiEHH 4= RJAct (Santos et al., 2000):

nCiyH,y, 011%(0(5}[10 05)71 +nCiH,, 0
DEEZ &M ne JHIES =0, MME= HAEZIel EXIZ0| tH2F 10000g/mol0l7| 2o 6.22 7}
oot ct
(c) HAERF ZX: 2 die2|ofof 25 MMEE= HAEZIR FoA o Y2 SHM8 Z=cin
gaix Y7 M2 F=2 2 HAFE I =34 DA ZE ZHFECH o] I HAEZE Fo| F54 U
2o Z|ofsict, 2 AFoMeE, MME HAEZR0 22Mo2tD IS en, MME HAERMS E
Me st 2h3Alg ctg3 2ol EHEstct Zzte| &2 ols Jtsst HAEzMn EHME HWAEZIS
9|

]
of
-
N
-

Dezxtran (movable )HD@:L‘tran(pr(%{:ipita,tT'()IL)

?lol ZARE HESA! (dhHZ|of M7, HAERE MM HAES FAM)2 dEMo=z 33 HIESES &
Fo| ¥skg dte=rt. a2z Zt 889 2= | 0|25 <= Arrhenius exponential Aoz EdE
= ct

re Be ST (mol m® day"), Freq = BIZ AF (day™"), E. © 2+2 olHX| (J mol™"), RS 7| A
o

= TE 2% (K), c= 229 S (mol m®)E 2olo|stct.

£35|, dH2lote]l ME A2 MIIX| ChE oA ®
2 5 Aot (23 5(c)). & AFoME, =H 2ot MEAoll 2tZte| HHAIE HAISH| fIE 2RES
Zotstol 2 SIQUct 2/8 Fyy © CFS £t

— B
- (1 +Axsu{:rose)
2ol AlolM FyvE BFE, Xacoes T2U AEfOIAM 2] Sucroseel & 28, 2|1 A2} BE AFE

oletct. HHE ol X|e] FE2 S S22 =ULE Qs F25HA| 2ot JHYEUct. J2=2 g
H =
—

1o

n, n,
_ FFT'C(] FFTF(]

HC* = : B ]._.[Ci

T . =
div i
Fdiv =1 (1+Axsuc7'ose) 1=1




Foo

o &2 cteket dbk34of ol&E = U= =ZHo|7| miZoll =E|2lote] MEE otz ol 7tset H
=3

FEME BASH] /i E AFEE ACEH

2{oflM JHEE 22 giE|2lote] ME, Ol& JtsTt HAEZI MM HAEZ EHMZS 242 Mol
2l5to{ M| ZIX| oHIH#H = (Frreq, A, B)% o|&¢ctct. o3t o522 x| e Zaet 2HS UE
OSZM Ho{FCl Hix| AHolAM= 2 HHZ|otel L.mesenteroides % Sucrose SE7F 15 g/LQl vk
dofl ME stF o], Liofrt HAER MME Qs 24 ° C2| 7| AEfoll A B UFSIFCH. HjFAMo| =N

2 cl=2z Zch: Sucrose 15 g/L, Yeast extract 10 g/L, pHE 72 vIISWI ?|lst 0.1M phosphate

buffer. 28 5(c)E ASE 22 =HZlote| d& St Hojzl &t 2= HoleE 20 EC. X[57|
YoMl vzt A2k 6.7 AlZtez SHEUon YYE =284 YAERS| 2F s 2F 2.5 g/L
Act.

Hix] 2E2 10702 HAXFEH =52 o|Esto] st en x| 2Ee| Ful= 1L, =7| Sucrose &
& Hixl e Set 16 g/LE HdHESIUct. six| 2R 2 flet 7|25l OolEHet E42 E 131
ZrCt. 2tE2lote| dE2 24A|2F Seb ZAE RSN o 7|Zhset FItNel dUdE2 FAEA| RUACH
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Initial model condition

Size (mm°) 100 % 100 x 100
Pressure (kPa) 101.3
Temperature (°C) 24

Initial growth media composition
(mole fraction)

Sucrose 0.000789

NH, 0.000133

HCO; 0.000219

Bacteria 292 <10

H,O 0.99883
J8 402 dfx| A fx] 22 AlS2fo|M OHO|HZFE 2oizl t#HIEIOP MZeo| MZEE Ho{FECh,
x| AlEol A<, dH 2ot M=zl O3 5(c)e BEE2 & LT ZFE AREUCEH HiX| ZE A
Xl | EMI Z 2oiFD Act. a8 35(b)

soflo|M 8 Solf HOFl Hd& FM2 o|M =2 Lag, Exponentia =
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Batch model —— B alch model
| O © ©C Batchexperiment JI© ©O O Bakh experiment

Dextran concentration (giL)
~N
|

Bacterial concentration (mole fraction x10)
b

N
[=]

0 02 04 086 08 1 0 02 04 06 08 1
Elapsed time (day) Elapsed time (day)

28 40. viX R AlBaolM Z2b: (a) HE2loF M N, (b) B8N HAED MY,

S o,

g

I 14, x| AAZzpet ojE S Solf vfxl Aoz FE HO{Z st

Bacterial growth Dextran production Dextran,—Dextran,

Freq(day™) 0.085 12.1 0.75
A(-) 684.3 1321.6 0
B(-) 9.2 6.7 0

MEE 284 HAERE 2252 UM M2 37| 2o 2UHoRE 539 3582 A4
Ict 284 HAERte HHozRE FY=c SSEN F582 Hats 242z o3 ol 22

x| 22 A|Z20[MoZ2FEH Yo7l uEzlof M&I 2 HAEZE MM Doz oo dhg 2 ofof
ofsf FEE cClt3d x| FHzh ANE HESY| S 222 CiEE AIEEI AlEeolME 2l
SAtE|0f M2 ACH Noh et al.(2016)0l ol&f &sZl o2 CIRIE A|ZoA S T4 HE 24 AFH
Zutel RHES st MY HOHZ Oo|S=Uct. MHoA= 22 utH|2|ot L.mesenteroides?t & =
oMol HIAERE MM Qs CIEE & AlZ LHolM 38 7E B F=|l20, SucroseZt S5 St 460 mLo|
Hi koo 2¢d ZtHo =2 FALQICH Fo| FF Hss 2 10%2 =84 HUAEZ 33 Z3Eot g
ok 4.1%x10" m? ol A 1.8%x107" m?7bX| ZtA3HE Tt

o2 ClRlEl mHe oz ClFE AlRoAMe AgZDIele| HIE s 4 AL 24 ofziwH
k., FESH| flol 22 =Act. ol 2o Xt Clo[e{7t T A2 Bizte] X ZZ2 0|Z=3
o =22
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| goig e 20Hel 28
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Model condition

62.1 x 62.1 x 160
0.38
4,150

Producer

Size (mm?)
Initial porosity
Initial permeability (md)

Injector location
Producer location
Pressure measurement

1, 1, 20 (bottom block)
1, 1, 1 (top block)
(1,1, 8) and (1, 1, 13)

Injection fluid composition (mole fraction)

Sucrose 0.000789
NHI 0.000133
HCOS 0.000219
H,0 0.998859

Injector
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(@) (b) 0.38
Producer
Dextran
o
0.36
. =
—~034 ¢ -3 %
= & =
g 1 -8
5 ., £
0 032 =1 2 5
Y a
- % ® ©® @ Porosity =
’o. € ¢ & Pemeability
0.30 — * % - -1
*e
0.“
| oo |
0.28 . . I 0
0 10 20 30 40
Elapsed time (day)
O3 43. & CHA Al=ollAlel 38d7Ztel AlZE2o|M Z2}: (a) HAERZI 5%, (b) WA =21
S5o5ol Hat,

3-3-2. Wist HZS 2t 0|dE 3 2 oYW XX el ™Mk I Jtol=2iel JHEY (> 2bA 3-2)

O Agk o 74 (224) 4 =223

.« aEl Fof AMRE Aub U BZY F SxsAe fsl 2 ARMME Fteay 7|k
COMSOL MultiphysicsE AbSSHECH (28 44).

. 2 2EElAS 9lal AIREE 23 WASe F 169 2t 22| MASe HIA SANMoz 4o
= 2ol Zf2 o|Z8s5IYCt aSe 23282 0.4, dHtEo] Z3E2 0.052 XI0|E FULCY.
H2l 22, aEe FFAHTE S FFATED O 24422 7H™ st
@ 15m (b) 15m  (€) 15m

_ S B A
im Overlying layer
T5m !
E E|
5m 4*—‘ Target layer | 15 m
Dype = 5 €M
. 5m Underlying layer
‘.:_.,.\ M ; z z
1 bl | —x
O 44, B2 T XA 2= (a) 3R 2=, (b) 22 SHHE, (c) THHO| o4 Y.

o Xub uf A F Al cidet T =D X|EE =70 AL 7E v F= IS EU| sl v
X ZEMAE AFSICE 37 HA X|EE SFE, 5702 FFAT oM (ky/k,) = 22 s o 24
% 15 Aol thsto] s S FIMICE
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(@) . (b)

T m

5. S=E 0.42 AghollM X|tte| T4 oftdof hE &7 =

a8 4
0.01,

=10
Grout saturation (-)

(b) kn/k, = 100.

5]

I Ad

A olad i
A

A
= =H= AT

ol
Ao

16. =X

Geotechnical properties

T m

ol
=

Injection/simulaticn

Capillary Diffusion D,

Layer Flow rate time (mins) [m2s] Boundary
Target layer 20 Limin 10/20 100 Constant
pressure
Underlying
and_ ) 10/20 100 Constant
overlying pressure
layers
Fluid properties (Note: 1 indicates pore-water, and 2 indicates injected grout)

T Density . p; E':;gg{;‘:"‘ﬁ Relative permeability Initial fluid
[kg-m?] [Pa-s] K, Ko saturation s, 5, [-]
21=1000 w = 0.001 ) 5, =1

Target layer 2= 1190 1= 0.01 Brooks-Corey model 5,=0
Underlying
and 21=1000 py = 0.001 5,=1
overlying 2= 1190 o = 0.01 Brooks-Corey model 5,=0
layers
Injection parameters for batch processing
- Herizontal : -
e Porr.;:?]lty g, permeability k; Vertical p[emrrgeabllrly k, F[r#f],
[m?]
0.3 1014 0.01
1012 01
Target layer 04 1012 10-12 1
10-11 10
05 10-10 100
Underlying
and 0.01 10 10 1
overlying

layers

2 33 E 0.49] X|ttol|l Cstod X|gke| d/A FH 52| H(IF 0.012F 1002
FolUE W O Aol chHg LIEHHA Zio|ct o|E Ssif X Etol| 7HE T
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Horizental distance grout front from the pipe tip (m) Werfical distance grout front from the pipe tip (m)
O 46. X|Btel F5H% o|2rMof wE (a) ¥, (b) AU 7A 2F Hel.

« 1% 462 33E 0.42 X|tol| CHsto] X|Hte| F4 oMol wE g utdknt =2 uskol A 2
£ gol 24 Aoolch Xl |KME FAT 0 THARI 52 YHBOR FMo| R wEol B
Jtetg =elg £ Aok FE/5E wek EaA S| (ki /k,) 78 0,012 @ 0.29m, 1002 O 0.9m=E <f
210% AFSEHS SloIRiCh £ WeF RE WY Eob £3 WEozo £474U SolE4E RE U
ol 0.2nollAl 1.15m2 oF 475%2l AFSRCH wWelM, 8 2 £ wepozo| 4 fel H45E SY
o werozo| RAlel S 2l 452 RUcH

O Xk o A (22) o F3

- 2 ARIHOIME Xyt BY SHo| M2 FQ M2 MH| Sish xu ) 2ol U mstzof
2 Rl F F& 2 2AM5IHc (T8 47). X|ek JHEke] ZSXof wh2b zH2F 10, 50, 90 %2
A TS MFSUCH 0| WE FYWED FHWH RE UWAS PEYUCH

18= 5 18= ; 16 = .
——STH=10 kK =001 ——S8TH=10 Bk =1 ——&§TH=10 kfk, = 100
STH = 50 STH =50 STH =50
jat STH=80 42l STH=90 ot STH=90
€ g E )
" 08 o 08 W LE /
4 .--"-_. .
04a o4 . - 04a l/; i
— /’__/ ' &
P 5 |
o i i o e 1 oo i i ] (8 o i i S [
1
I [
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N 3 3
= bad \\ = bad = had
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12= H"‘—‘ 13- 12=
PP R I Rt D ) il I e i ) o P o B 10 ) P 0 PN [ ) I I AR 1 ) B
Do 25 50 TS 100 125 150 175 200 oo X5 S0 TS 00 125 150 175 200 Do X5 S0 TS 00 125 150 175 X0
Sirnutation tire (rrins) Simutation tire (rmins) Simutation time (rins)

29 47 ARk ] fFAle] A Estee] wE - f8 W 24 23 (@) ke/ke = 0.01, (b) kn/ky

=1, (c) kn/ky = 100.
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k h

R/R,=axlog(-")+b
v
’ kh ’
RZ)/R() =—a xlog(?)+b
v
o 2 Al A A ESIEA el = 0.2144 - 0.3289, p= 1.1388 - 0.64512 W ZE LIEHGDD, g’
2 0.5873 - 0.1710, b’ 2 1.3244 - 0.75172] WIS JIHct (28 48).
2.0 2.0 2.0
4 U Porosity = 0.3 U Porosity = 0.3
4 ©  Porosity = 0.4 C  Porosity = 0.4
o £ Porosity = 0.5 £ Porosity = 0.5
154 R/R, = 0.33l0g, (k k) + 1.14 B 154 15
Ri=01965 L e R,/R, = 0.26log,(k/k )+ 0.85 4
< o B o] B=0095 « o] R/R, =021log,(k /) +0.65 4
A o R*=0.943 PLbl
R Lo
o5 05 8 0.5 S 22
(a) ' (b) (c)
STH=10 STH =50 S STH=90
0.0 v - T 0.0 - - - 0.0 - - -
0.01 01 1 10 100 0.01 01 ) 10 100 0.01 01 1 10 100
kK, ) Kk, ) KK, )
3.0 3.0 3.0 -
U Porosity = 0.3 C  Porosity = 0.3 O Porosity = 0.3
C  Porosity = 0.4 O Porosity = 0.4] ¢ Porosity =04
2.5 4 Porosity = 0.5 2.5 _ & Porosity = 0.5 2.5 4 Porosity = 0.5
o R!Ra = -0.59l0g, (K /k,) + 1.32 ol i
R - R, =-0.42log,,(k/k,) + 0.96

o - s ;i = -0.42l0g,,(k /k,) + 0. sk

& 151 = €5l ™ & sz/:ao%s ool € 15 R/R, = 0.1Tiog, (K /K] + 0.75

14 bt o T2 4 1) v

S . R =0.968
1.04 % & 2 104 =il ‘o Wao
\“\ B Tk
051 (d) o 4 05 (e) \a. - o.s—(f) s ~
STH=10 B STH = 50 = STH =90 e 4
00 - - : 00 - - . 0o - : - .
0.01 01 1 10 100 0.01 01 1 10 100 0.01 01 1 10 100
k/k, () Kk, () k /K, ()

a7 48, AHke] FRAG oo wE FH(a-o)- A d-) W Fa v Ay dAESE (a,d)

10%, (b,e) 50%, (c,f) 90%.

. OlE Saf Ak 2Uog FolE mf xu 22 2o w2 Fel slo|=alelg ME 4 ok

o OE =0, A FHO| Xt BEZE M & W= 33 W 7Ael =82 s Zotol str| M Zol
90%2| A ZsIE==Z MHE Sto{of S,
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Zof| dHlsl Aoz e £Fo| EZ0| 2FED 2 AFME AZST 50%E MY V|EL=E A
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. xlghu oialsl mzte 2Momst g Fol Al B ATDEoIM HAIE Al olgs Fol AS A
Ag o= ct. X|ghof| Aoz FHE TS of FATF Atol ZH42 Y X[Hre] F4H4 o|gt
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Ct. O|& &dll FFel Azt FAZ9| +=HZIHS MdAstH 242 1004 mm, 429 mm 7+ =C}.

O Hatst F|ofx|gr 242 2t X[t L o|dE HZH 3 ol Fel Jlo|=2fel 7iet

o EQF 0|ME: [euconostoc mesenteroides

- A B2l MAISHE DlMZoln MElRE DHET EHSE HFA W Eoo o4z 27
=ME Sl A Iu Eo| AMAStE oldEUS EelstAUct.

- Bl 57| Al BTl ME0| JhSel A4 B BHME MES 4 ok,
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- Bio-safety level 12| O|dE2 Fol&o| 1 o™ siCt,
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