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SCMs g2l 0|2, E2tolof4], A2[7t &
YER CSA &, MgO
o 2 x| Na-Hl ELIO|E, Ca-HIELIOIE, A#XE
SO, 35 a0l gk, =), NasS04, Alx(SO4)s
ZEETA CO; &= Limestone powder, Na,COs, NaHCOj3, Li,COs, Talc
(CAs) Jler 2 Na.POsF, KF-nHz0, NaAlO, CaSiOs, AlSIOs, L=0[Lf AJHIE,
Nano—calcite, Ethylendiamine, Stainless steel slag(y—C»S)
Portland cement Healing - ypher surface
aste slices  Gap Sealed container  products

(a)

Press

Water or Ca(OH), solution

olZ FHEE 0|88t A|X|S MME x| ghH

v

a8 3.1.2 A7 |x|7 MM

- 19 3132 XRD pattern 2] Ao,

239,

FIA EFAR & wE AU AF

3% 3.1.2%= Rietveld refinement=

29 4

2

AAELS F2 Amorphous® Calcite® -4

oo, AAEAA 2 HFA e Algo] mE} Bayerite, Alkali sulfate hydrate, Ettringite
sol F7HE AHAS.

- X 3128 BY AAANS AAFZAASO, TEAR)E = 45 SO, vHoE A
Alkali sulfate F3-20] AAEAS. GGBFS, WA, ZAAZAAES BT A& 4¢
EttringiteZ} A 5. 2GS A(CO; 3 AR)E Yt A5 Calcite’} 72 AAHAER
UEl o OPCRE AFE-3E %o s HuE ztol7h glS. BFA A7 AF BAEY &
Lol GGBFS, CSA A, A4&34(S0, FFAF)7F fadths 2e doladS

o Calcite

¥ Quartzlow
O Portlandite
Y Arcanite

= Pyroaurite

I Buetchiite

¢ Natroalunite
© Bayerite

S40C0A0

o o Calcite
v Quartziow
Vv Aphthitalite
* Katoite

= Pyroaurite

o Bayerite

® Thermonatrite
« Hydrotalcite
v Arcanite

o Kalicinite

«calCite (Caco,)
¥ Quartz low (S0,)
A Portlendite (Ca(OH,)
< v Aphthtalite (K Na(SO,),
> Gypsum (CaS0, 2H,0)
O Themonarite (Na,CO, H,0)

S35C5A0
o
o, © 0o

S35C0A5

25

35 45

55 65 75

25 35 45

Position [°20] Position [°20]
(a) OPC, GGBFS (b) GGBFS+S0, 3= = (c) YWA+CO; S2M=
O 3.1.3 XRD pattern 2412 &%+ AV|X[7F MHE =A
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E 3.1.2 XRD/Rietveld Refinementol| 2|t X}7|x|7 MME9|

Sample Amorphous Calcite Ca(OH), Bayerite A-S-H
OPC 48.7 43.0 2.8 0.0 3.2
GGBFS 44 .2 46.6 0.6 1.5 0.7
GGBFS+CAs 63.8 25.8 0.0 0.3 6.4
FA 64.4 28.6 0.7 0.0 0.0
CSA Y& 46.1 39.3 0.1 3.1 9.9
GGBS+CSA+
CAs(SO.) 68.9 15.5 0.4 0.0 7.2
CSA+CAs(COs) 38 35 5 0 20
CAs(7|El) 67.9 17.3 7.8 0 4.1

X2k my Ao}

oo o

I

M-C-H A-C-H Ettringite

0.1 0.0 0.0
6.0 0.0 0.0
0.0 2.5 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.4 0.0 6.7
0 0 0
2.1 0 0

*A-S—H: Alkali sulfate hydrate, M-C—H: Magnesium carbonate hydrate, A-C—-H: Alkali carbonate hydrate

- 1% 314% TG-DTAE &3 Calcite 4 A%<, GGBFSE &8t 4 Calcite’} 57t
stelon, AASAA(SO, FRAR)G HF FEsh= A5 AASAAY FFol me
calcite®] Aol Walstw. WAL AAZAA(CO; 3wAR)E A AlAL] 27X
fr ARES FA4F 49 MgCOsE AF&-gk 49 Calcite7} Fstom, 1 9o+ GGBFS
S ARESE Ao HoE Aol gl AS sk e

0 0.02
T £ -
£ 2 i £
5 5 o1 =
£ oos £ o S35NS5 §
e - —Plain o - issscss E 1] —csnss
o1 - o181 - s3s0vs O L
—-s35AS5 --CS7NC3
012 022 014
350 450 550 650 750 350 450 550 650 750 350 450 550 650 750
Temerature [°C] Temerature [°C] Temerature [°C]
(a) OPC (b) GGBFS+S0, =M= (c) WEM+CO; B=ME
J8 3.1.4 TG-DTAE &S¢t AP[x| 7 MHd=E 24 21t
- Morphology ¥4 A3 GGBFS &% A CH7} #4333l Amorphous®?t MonosulfateZ} &<l
Holomw, B L ARZAASO; s AR &9 Al Ettringite7} WeEbE. A S04
(CO3 A=) = Aloll= OPCe A CH$F Calcite7t 2 A4 % A+

(b) BEX, ZHEXH (SO, SSM=Z)

(a) GGBFS

38 3.1.5 AP|A 7 =2 Morphology &4




@ 714 E3A5 ANXFAES Ho}

- A7NA N A s 3AFAA e S ol &t AW(TY, 284) ¥ v+ (200
~250 pm)oll wWE HAE Ay, AH L FdE Frbel| uhel x}ﬂil%*é%ol st AS
Folstd e, AE 7Y FD A Aol BAIQ] FEZ 200 yme] TLEES 90% FE X F5F
gow BAAY AAEZAA ARE Al FDE 250 umS AFEAS. A= AH 28U =

o, GGBFS+= Al#Eeol] #Agle]l A7) % 7VE STkt o=

- A 7L FE A F7IA A wEk Ho 250 um T E-S 95% o Afekdor, AlE 28
9 #d A GGBFSS 2AFAAE AH8akd 200 um 7G-S A fahs Qo A
1.80 1.80 18
160 1+ Plain (Wer=215 um) ~ ~e- CS7NS3 (Wcr=252 um) 160 | TF CSTMC3 (Wer=220 um) 4~ S35ASS5 (Wer=207 pm) 16 | B NKNL5(Wer=254 um) - NBS (Wer=208 um)
3 140 - T8 (Wer=218 pm) -~ $35CS5 (Wcr=257 um) 14 § & U8 (Wer=217 um) - T8 (Wer=217 pum)

mL/s

Water flow rate [

140 4 4 S35NS5 (Wcr=230 um) @ F35LPS (Wcr=227 pum)
1

o o o r =~

5 o ® o

8 8 8 8 &
Water flow rate [mL/sec]

o
N
S

T T T T 0.00 aa T T — + T T T T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time [days] Time [days] Time [days]

(a) ME 79 7 7T (b) M3 28 4 RE (c) Wax ! 7|t &xf

e
o
]

J8 3.1.6 FFAIRE S AVARME €Ot

= A0

=

Initial crack

Crack width

self-healing
(56 days)

width

after

(a) OPC (b) OPC + GGBFS + NaxS04 (c) OPC + FA (d) OPC + CSA + MgCO;s

12 3.1.7 Crack closing testoll 2|t AP |x| M5 =HI}
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© A7+ A= AVAFAA T vl B4S $F FUIA AVIAF 24 =E

- 29 318(a)= AVIAS T tHl 27 T gade Add adEZE AV AR AEEe
TFol Skl weE AFAdeol FEE= Aol yEwoy, $dd AU|AF A=
Aol & stal Ad 52 2pol7l A sh= Zo] FAH A+

g 318Mh)= AVIAF AHE A H7F 232 giFE Amorphous$} Calcite= 773 &
, AF71 A # WA Eo| Ettringite, Alkali sulfate hydrate, Alkali carbonate hydrate’} 3

Mo oX & Ll
o_>:: E.‘,’L‘ 3’8
Mo e |o

[©) ] O-A] = SEA KeN (SIS #.Q. SEA ol 5 7 5
o ANA GOl BHHUL. ANA RS S A7) e AR ol fe A
O =3} 2= ol = s3I E = S = Q35 =] & SO slod o
T-=—F T MO Tﬂﬁl guxﬂm—e }?j;gol'jl O]E O]otﬂ' X}7]7<]‘rr HH\:]E }1\:1;{6]0}_)\1\13
> Calcium Akali | M
™ sample |10 Calcite | ca(om, | Bayertte |aluminat | % | suifate | U™ | carbonat |Ettringite | oders | Totals
us hydrate Carbonat
L. & hydrate hyctate | e hyrate
°\° 40 4 -.. u SH 1-1 487 430 28 0.0 0.0 0.2 32 01 0.0 0.0 19 100
= SH 1-2 442 466 0.6 15 0.0 0.0 07 6.0 0.0 0.0 04 100
@ [ ] [ ] SH 1-3 57.7 347 - 13 0.0 0.0 11 13 0.0 0.0 4 100
=
(o] SH 1-4 37.5 50.2 - 15 0.0 0.0 07 9.2 0.0 0.0 09 100
g 10 I L] SH 1-5 53.8 258 - 03 0.0 0.0 64 0.0 125 0.0 11 100
1 SH 1-6 644 317 0.2 0.0 0.0 0.0 04 14 0.0 0.0 18 100
£ . u SHi7 | e44 | 26 | 07 | 00 | 00 | 00 | o0 | o0 | 00 | 00 | 3 | 10
[} n [ ] [ ] SH 1-8 82.9 6.3 26 0.7 0.0 0.0 0.0 0.5 0.0 0.0 7 100
E SH 2-1 461 39.3 01 31 0.0 0.0 929 0.0 0.0 0.0 15 100
E 20 SH 2-2 611 237 03 19 0.0 0.0 9.8 0.0 0.0 0.0 32 100
% SH 2-3 480 17.6 04 0.0 0.0 0.0 140 29 161 0.0 09 100
SH 2-4 58.5 25.0 03 0.0 0.0 08 5.8 19 6.7 0.0 1 100
_a SH 2-5 68.9 16.2 29 0.0 0.0 0.0 91 0.0 25 0.0 0.6 100
@ SH 2-6 65.6 161 21 0.0 0.0 0.6 132 15 0.0 0.0 1 100
:: 10 A SH 2-8 58.2 10.3 16 0.0 1.0 0.2 134 17 12.6 0.0 0.8 100
E SH 3-1 704 121 08 0.0 0.0 09 70 0.6 74 07 0.2 100
[ SH 3-2 68.9 155 04 0.0 0.0 05 72 04 0.0 6.7 04 100
g SH 3-3 704 161 - 04 9.6 11 11 0.5 0.0 0.0 0.9 100
SH 3-4 70.7 71 - 0.0 124 0.0 0.0 0.0 0.0 0.0 98 100
0 T T T T SH 3-5 78.0 76 - 0.0 10.5 0.0 0.0 0.0 0.0 0.0 39 100
0.00 0.05 0.10 0.15 0.20 0.25 SH36 | 626 100 - 00 79 00 00 191 00 00 04 100
- SH 3-7 64.6 6.0 - 0.0 26.5 0.2 0.0 25 0.0 0.0 0.2 100
Mass of Self_tleallng pl’Oduct [g] SH 3-8 56.6 3.8 - 0.0 35.1 0.8 0.0 3.1 0.0 0.6 0 100
(a) XAP7|x7 MME S hH] AP|XRHS (b) AP|x|7 MdEo 70| w2 dE HE
z|2 = SO HMO E5 = o =
J8 3.1.8 AP|X| 7 MA=Sn AP|X|FMse H|lw 2ME S8t AV[X 7 MMHE =&
. == > Sl = = =] -© Z]E o] AXH B A "1l x]i- 1= &l
T7] E‘HXH Oﬂ qu"r: X]'7];<]TI’ A éﬁ—% éTE T X (3] o “137]' 7“:'3_3’}3 H]ﬂo]—oq X}-7] ]
[e] S 0 T=3 .= =] A= _ o =] EF
o Felg =S =53 A2AE Aeste] SCUE) =& (SCI-48)& AlAsta 53 (538]-17)
=2 =2 5lod o
= TSSO

Construction and Building Materials 184 (2018) 1-10 P N'“ :
Contents lists available at ScienceDirect T . ctz:-mcmza WP o L
and. Bluldmg
Construction and Building Materials
3 H| 10-1863964 &

journal homepage: www.elsevier.com/locate/conbuildmat

Patent Number

H| 10-2017-0000100 =

gay 20174 01y 02%
i i i i i 1 p ing Dat
Quantitative evaluation of crack self-healing in cement-based materials @) —“ 20189 059 289!
by absorption test et segvin v
Byoungsun Park?, Young Cheol Choi ** B9 G Tie o he o
5 TS ®7|=2 @dﬁeuls 0|83 xp7| x| 2A2|EE TEX, 20| MEWY N 1S 0|88 Xp7|XIS

2 High-Tech Construction Materials Center, Korea Conformity Laboratories, Seoul 08503, South Korea

EEETS
® Department of Civil and Environmental Engineering, Gachon University, 1342 Sujeong-gu i Gy do 13120, South Korea 2=

(th) #7171 EFAs &8 A7 AF ZA2E W 7s
O ANA S BAE AAE F A7AF W) =
- a9y 3189 w4 ZAyE EU 2 GGBFS, CSA AA, AAZHA(SO, 5=, CO3 &5
A=), 718k 2AE o]&g A7AF W ehHs =&Fstd S, 3E 31.39 A7IAF MFRh=

ol o

¥ gosl Tl e ANARAS B L ARE B

i

O:




#1313 2717 SHME 28 APIXIT shEHeh
AYETA(SO) csA  EHETA(CO) 7| e

Labels OPC GGBFS — s
Na,SO, anhydiite &  MgCO; Na,CO; NaPOsF  KFnH:O NaAlO»

Plain 100

KSH-1 60 35 5

KSH-2 60 27 5 5 3

KSH-3 60 27 5 5 3

KSH-4 88 2.5 4 4 0.5 0.5 0.5

- ¥ 3132=% wigrat AE 28Y° AlH| thste] Tap water (20C, 55C), Sea water, Ca(OH),
Ao A A7 A EAAS B S KSH-1% KSH-29] 49 sea water 7oA 3734
T3F=2l Brucite 5°] WEIS S W, Ca(OH), 4 olA A&EAQ +3F Hx1o2 sl A A
d=o] F7Fstls. KSH-3& CSA%ﬂxﬂﬂ' Na,COs9 =2 =x7] wrgAd o= s AH 28
Aol = wREg A A7E FAaste] dF o mE JFgo] o A AS=Z AU

ds HW7F 239 2% 3.1.99

il
COs T AEE A& -9 A FEEA %% o= UrE‘r
il

200000 B Tap water (20°C) B Tap water (55°C) B Ca(OH)2 O Sea water

© Calcite > Kuzelite

@ Aphthitalite  » Brucute
< Bukeite A Sylbvine
M < Hydrotalcite 4 Halite

v Bayerite O Arcanite

3
g
8

g
H

2

2
2 ¥ Themonatiite M Portiandite [
‘a 3 ° >
£ 150000 =3 v ¢ %0 oo 2
g & £

100000 WM
>

«
M’\J\\.J < Tap water (55°C)
0
Oq .
\_‘_‘L_‘J - Tap water (20°C)
o
7

s 15 25 35 a5 55 65
20

(a) MY 79 FY R

H

Plain KSH-1 KSH-2 KSH-3 KSH-4

(c) |7 54

O 3.1.9 2 mdof e AP|x7 54 =4
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o
ofl

he)
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rok
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(84 80H + ZotxI A

oF 6 ~ 12A12t

733

0°C

dEtgHy

(a) 2BETIM| 2 Y
T8 3.1.13 2

35,000

30,000

25,000

20,000

15,000

Na* Concentration [ppm]

10,000

® 7days
5,000 v

4 21days

]
¥ O
* 0

° $

W, > 250pm

+ l4days
m 28 days

1 12 14 16
Initial water flow rate [ml/min-mm]

18 2

(c) AZIxXIRMs "It
ot
(vh) ZA71A 75 719 F71A vily wistr) =
O F71A A7NA | 24 &8 A A7 A5 g A4
- 53 ddFo] 200, 250, 300 um<Sl A= o] AVIAfF TS =E5S e, e Wi
2 A 28Ul wkAyE W= 200, 250, 300 yme] TES 28 ool 90% o] A 7hs &
¥ 3.1.4 BIH EEME &8 AP|xIF Z2EL2 High(eh)
Z &y =X
Labels A-HEZXH| 2837 a3
OPC GGBFS Axz a2 el gy A
KCL-SH1 (Wy = 200 pm) 62 35 5 200
KCL-SH2 (W, = 250 um) 62 25 5 10 20 180
KCL-SH3 (W = 300 um) 60 25 5 10 20 180
@ A7 A% WEel A% B
- 9 31.15% AZAS wE ¥ x5 F7 292 ey s agZg2 KCL-SH2=
TEE 250 yume] ¥EE °F 90.0% A+ 7Fssllew, KCL-SH32 &% 300 yme] <&

2 oF 914% Af THsd AR FAHAL
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1.00 1.00 T T
: | : R BT I
0.90 A : . P : 0.90 ’ 2 . :: . ° o g :.
| : F - 1 | . e * e e !
0.80 i - . : 0.80 - i i R
: ' L : | 1 1 .
0.70 . e, 0.70 - | i i
o | l RS ' : |
+ 0.60 - . ; . —at ® 0.60 | | '
- I I Y e - | I ]
o 1 | i | * . © | Il I '
£0%0 : . Doy % 9% : : :
T 0.40 - \ ; Pt e, = 040 | | | '
g B B EN A :
0.30 4 | l } T 030 A ' : '
1 ] 1 1 1 ]
0.20 1 ' : | 0.20 ' ; i
«7d e14d -21d - 28d ) s7d e14d «21d 28d .
0.10 - ~ 0.10 1 :
1200 pm | 250 pm 1300 pm . 200 pm . 250 pm 1 300 um
0.00 : r : = : : . : : T : 0.00
0.00 025 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 000 025 050 075 100 125 150 175 200 225 250 275 300
Initial water flow rate (ml/mm-min) Initial water flow rate [ml/mm-min]
(a) KCL-SH2 (b) KCL-SH3
O 3.1.15 A7 et 8 AP|xgMs €I 21t

- 29 31162 A3d Huy 8y 29 =4 Axz KCL-SH29 KCL-SH3LS =394
A Apgo® olel Plain ¥igtel] vl ZF=7F FHEHA o, KCL-SH1S 9F 1~2 MPa A 3}5
A EHEZ FZ9+ Plaind vl vAletAl S7FstE o™, 2kol = 10% ol = YEF) .

=}

60 250
W 7days W 28days B Initial @ 1hour
E 50 200
2
£ 40 E
b £ 150 A
g 2
= )
& 30 1 =
g g' 100 A
w“
$ 20 - 3
:g_- v
g 50 -
O 10 1
0 T T T 0 - T T T
Plain KCL-SH1 KCL-SH2 KCL-SH3 Plain KSL-SH1 KCL-SH2 KSH-SH3
(a) &5 Z= 58 Zn (b) £8= EE®
O 3.1.16 AP|x| 7 vl & AP|XRMSs €It 2ot

2) #7174 EdAR 28 D A7|AF AAYSE R REY Ve

b &4 7= s

- maned Agst ¥ ERARE 2 R U 99en, 2 AdgE 2R 9
setzyol wet S4o Beby] Mo APwow AL ANAf wMFS Awse 2
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Mixing

Hydration

: hardening

Input : Chemical
composition of materials

From XRF, XRD analysis

OPC: GS, CS, CA, CAF, Na,0, K0, LOI

Fly ash : Quartz, Mullite, Magnetite, Na,0,
K.Q, Amorphous

GGBS : Ca0, Si0,, ALO,, MgO...

Other : CaQ, ALO,, ....

(uni

Hydration

Cracking

Reaction process in crack

Transport model
- diffusion, dissolution

« Dissolution of reactive materials existing

on crack surface

reacted)

« Diffusion of ions inside cracks
= Concentration of ions

in the pore solution in the crack

Input(z ¥H 0|29 =54 2)

Self-healing

Healing products

Thermodynamic
Model

* Reaction products type and quantity
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Crack healing products

Alf

Specimen

A Ca?* + CO — CaCo, F
a8 3211 2Y ol =3 #Ho| e AlE E2ie| FI| A
(ch zmtE Eelvl 7] ANARAT P %
O 2vtE Zv 3% A7 W2 A4S B
- ANAS 2R AvtE ZYHE &89 7|E AT, 55 AR S E37F d3]Ade] of
W A7 A] B g o g e ¢ deAel g ke o] Fol A A &Sk
L ANAF BAES FEAH FAL BE B 580 AU nelP ), 2npE Eejv)
7 AAIH SueA wEHor ghaA aag vehd & QA gg Brke 25,
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Construction and Building Materials
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in cementitious materials incorporating
superabsorbent polymers

Geuntae Hong * Chiwon Song ®, Jangsoon Park 2, Seongcheol Choi PR &

Hysteretic behavior of rapid self-sealing of cracks

“{1 materials

Aﬁtug&nnus Healing of Early-Age Cracks in
Cementitious Materials by Superabsorbent Polymers

MDP1

Geuntar Hong !, Chiwen Song * and Seongcheol Choi 4
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Construction and Building Materials 189 (2018) 1054-1066
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Self-healing capability of cementitious materials with crystalline m) |
admixtures and super absorbent polymers (SAPs) e |
Byoungsun Park®, Young Cheol Choi"*
A High-Tech Construction Materials Center, Korea Conformity Lahoratories, Seoul 08503, South Korea
b pepartment of Civil and Environmental Engineering, Gachon University, Seongnam 13120, South Korea
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E 3.3.6 A|X|7 &M =29 Z=EtZ 8t
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i o s/B W sloj=Ea|= Sand  FFAIEA
(%) OPC A
OPC 100
40 2.0 40 200 d100X50mm
SHC 92.0 8.0
¥ 3.3.7 22EIZ9| Flow ¥ ¢4FAUT ™AL
e Flow(mm =2 (MPa)
) 1d 3d 7d 28d
OPC 200 30.2 (100%) 40.3 (100%) 43.6 (100%) 56.9 (100%)
SHC 175 24.7 (81.7%) 33.6 (83.4%) 36.6 (84.0%) 50.7 (89.1%)
® 577 stolng= A AH e dolwst 54
- Soluels AU AR 24 £ ANE BFA] ZolMst SHS dobns] Aste] mEEE
o] ANFE W AxFE AYS AAZ A3k OPCS SHCO A4% HEE AA W= A4
74 7)ol A OPCeF SHC =93+ 217 -311 mm™} - 191 mm= =4 o] SHCY A7|+=&
OPC tiH] 39% #4AES & + (29 3.35)

- OPC9} SHC® #Azx=45 WUy E AAWstE dx A8 79 71SdA 22 - 324 met - 308
m= 450 55 £ FHEEAHS UHEUAE
o 0
i 100 ‘E. -100
P z
';. :?'zl'.l
£ 200 g 200
=] =
2 -300 £ -300
3 ]
A00 1 1 1 1 1 1 1 [ _4UO
o1 2 3 4 5 6 7 8§ 9 0 1 2 3 4 b] &
Age after final zetting{days) Age after the start of drying(days)
(a) 7|5 HEE (b) H=SF HIE
O8 3.3.5 AP|F & dxeF HYEE ZAIME
() §77] SR = A A K A B8 AF 54
O FdFo w2 A7 A 574
- 2794d & W mE FRAES F39 OPC EEEE9) folHe s A7 A f AA &
Y EEEZ2S AVAFA s S B7Hg 23, OPCO A& 53%, SHCE 84%= A4
o] OPC ti¥] 58% S7FgH(1d 3.36(a)
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- #EE 0.18~027 mmel SHC A9 A% A48 7414 61%Z, OPCRT}F 22% A H&
kol 7 U= A SRl ar, 79 ol A fF&2 Al F7hske] 28Ul 95~84% A
&S YeEtW (29 3.36(0D))

¥ 3.3.8 si0|EE|E APT|X|F &8 =2 Z2EI2 HigtxEA
Binder(%) .
g TES WiB o8 Sand  SHAIEA
(%) OPC SH
OPC HE ZSHHE AHE 100 - ©100%50
3|'O|EE|E il_ﬁ_j\_x” 40 20 40 200 mm
SHC 8.0% Bl 92.0 8.0
3.3.9 FLAE HE UE o S5 SN
S4AIH
_E_ = A g
T Mg Ao TN TAE THAE H = ,.Z;TJ%
OPC 0.25+0.083 mm 3 of bea
MIAlT AEA 88 2T o 0.47+0.08mm 3 of sea O 7 14,
o
SHC (®©100x50 mm) 0.2240.03 mm 3 of 5ea 21, 28¢
0.27£0.03 mm 3 of bea
AR5 AlEH ME B MR X7|X|R MEOM HEE 2 AR
1.0 1.0
B 0.8l 0.84 -
0.8 08 -
ME 0.6 0,55 é 06
& g
E 0.4 E 04 b=
0.2 02 |// To o
' —B— SHC 0.2 Tmm
0.0 &~ L 0.0 A S TR T
0 7 14 21 0 7 14 21 28
Duration of exposure to water(day) Duration of exposure to water(dav)
(a) OPCet SHCe| %78 H|m (b) FLZ0|| w2 SHCS| %78 H|T
2 3.3.6 OPC2} SHCe| & 2 xFE HAIHS]

Q@ FEESY A7) mE A7 A+ 54

- A7 A e E A FAC A GFEEES Al Ae7] wimel A Ao S mE A4
T od WA A7) wmet dold S
mpeba] stolBE = 7| A AAE HI7ESE EE2ER2 diE o E 2 A7), 28¢€ 2 91
Ao WE XFA4s B7FEAT, OPCE vvkg AWE 429 A& 35lo] oaf AAH g
o] dEH AdHol wet ddFo] st Faake] HAHMR(E 3.3.10)




(a)

dEZAZ|ol e OPCel X7E

¥ 3.3.10 d€= MBE OPCol x|7E2 Hat
T L ESIESS FeE E4ULS (%)
g (m!I/min-mm) (mm) 7Y 14 21 28
0.705 0.232 59 76 83 84
7 0.814 0.243 43 65 70 76
0.863 0.248 35 59 62 65
0.453 0.211 35 66 72 78
OPC o8 0.560 0.227 41 62 71 76
0.632 0.236 40 59 67 74
0.711 0.239 40 56 65 72
0.535 0.227 56 58 62 68
91 0.698 0.248 38 50 60 68
1.096 0.270 34 56 66 67
¥ 3.3.11 ¥ MYE SHCOl xRE2 Hat
72 Fosemy o rie  TEX TTEsE (%)
(mI/min-mm) (mm) 7d 14 21¢d 28
0.683 0.227 81 88 91 92
1.209 0.278 69 82 83 87
! 1.329 0.287 70 83 85 86
1.367 0.289 68 78 77 81
0.549 0.225 72 83 94 100
SHC 0.678 0.242 76 87 93 94
28 0.702 0.244 77 87 92 93
0.784 0.254 65 82 88 94
0.461 0.213 82 84 89 95
91 0.701 0.233 75 82 87 90
0.979 0.256 62 71 80 82
S120 | | ras 2 e B ot B otins]| S 120 (M rane £ rrdme B a1 B 2t
z i = B
é 100 = 1 —
E 80 - % E z % &
s ol o / \
s ol . 11
il : ik 11
B i % % N
= 0 é SC SHC SHC Ref. C
OPC OPC OPC Cracking Cracking Cracking Cracking
Cracking 7D Cracking 28 D Cracking 91 D D 28D 91D 28D

(b) DHEAA7]0 wE SHC| x7&

18 3.3.7 Z7|FEE0| 0.7 ml/min-mm HEQl AlHo| AERZAIZ|0f WE XFMs
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¥ 33.13 si¥HE AP|x7 ZI2IE viEh|
W/B s/a Unit mass (kg/m®)
(%) (%) w C S G SH add.
41.6 49.3 164 394 866 898 21.7 2.76
stolHe = A A Al AfA A div] 55%F A fste] AbES e, AWE, FHEA,
a2 FA, EdAE dRA ATE ARE AHEEL, 3 m’ &7 A A ZAYEES
Ak Ay, ZAYE SY2E 155 mm, 71 43 % 183 dshEFS 0.038 kg/m® 9.
AL FAYE F4 FH2A Ay A" 7d dA B 2AdeS R dxesoz <
e TS G2 e Flg
E 3.3.14 A|AF 232(E HT Al e
TE L&
RS Y (GH~TY) SHTE 33T U4 SA
HEF2 002 % H+d, et 250 m®
o2 #2 25-30-150
2z 9 &% 15T, 72%
g 2018. 11. 05
[E——— S8 T 150425 mm, 371 4.0£1.5%, ¥=t= 0.30 kg/m°
=i = o =
o| st
stolzzle AF anf =¢ vlg elH| 5.5%
ARG AAR Azl g 53495 gl 5315 5(10-1966101)(53]-33)= ¢
7912019.04.01.).
EG=
e 1]
CERTIFICATE OF PATENT :
= 3] Al 10-1966101 5

Patent Number

wvg o]

8 A Title of the Invention

ZAE

43 AHE AFA

Al 10-2017-0159437 3
20173 119 27

20194 049 01

ARAE 29 stolual= 7R A A=PE 1 ANAF B3

g

g o
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(2) ¥E€3# 0.3 mm °|WH A7 A 7=
(7h) 571 stelH el = A7 A AR AME EEEE f84 9 dS5AE

- Na, CaZl B&A7F A2 e 9 fadol nxe TS AT (3 3.3.15). FaA
T P AEEEFE 58 2 AFAEE A A3(F 33.16), NaAdl B&AE OPC A&
H] 0.5, 1,5%9] AF&3t<S di, Plain tH] 4F4%7F 90%7F @4+ Z23E Slstd e
Z29+ ¢F 80 mm Yo} 7ol Baed Aoz dod

I 3.3.15 SIO|=E|E X|FAM 2o ZE2EL2 bijE
Binder (%)
W/B SH o
= Alget=
T % B Y opc  zmsman o Sand | A
b NaA| CaAl
Plain 100 - - -
Na-1 4.0 1.5 -
Na-2 4.5 1.0 -
Flow
Na-3 40 2.0 40 " 5.0 0.5 - 200 o=zt
Ca—1 4.0 - 1.5
Ca-2 4.5 - 1.0
Ca-3 5.0 - 0.5
£ 3.3.16 310|H2|E AIRLH 29 R2El2o| 229 U Y5
ag Flow o=tz (MPa)
- (mm) 32 7 282l
Plain 210 34.1 (100) 38.3 (100) 40.3 (100)
Na-1 135 28.9 (84.8) 33.2 (86.7) 38.1 (94.5)
Na-2 130 23.0 (67.5) 29.7 (77.6) 34.2 (84.8)
Na-3 135 28.8 (84.6) 34.0 (88.7) 39.6 (98.2)
Ca-1 120 27.4 (80.4) 33.8 (88.2) 36.1 (89.6)
Ca-2 125 26.3 (77.1) 31.2 (81.4) 34.7 (86.1)
Ca-3 130 21.6 (63.3) 28.0 (73.1) 30.2 (74.9)

- 54 NAAl 0.03~010%E stolBE#E= A fFaAel &3t REE29] feid 2
FEE vud A, 371 E29E Plaindt 5% o4 goz AHS(E 3318). 4
L EEF 22E gHsly 60 9 FESE A4S 29, F54d MAHAAE 0.03% &
& Typed] 4, 4] =7tstA+

- A NAAY shEke] HAHAL 0.06%Y Ao Ty HBEA] AMEE 1.5%9 5
IAAE 0.05%E slolBal= AfFaAo YT S u, T 29 &Aoo 714 HL2& Ao



- ZaYEY 5% AP A% AW 8N FEY A G 005% W, Plain
) AHe] B GHEFE 09% IHOE FEH AAAL AT FABFEE 457
b A ER §54 ARAE 005% olsE Agstelol dEgme £do] 43,

E 3.3.17 5=M J|MH =2 Z=2El= bfE

Binder (%)
W/B SH o
g < TS AWM AgEs
?‘ (%) S/B W OPC éggxol_ %IEIH T H '“ Sand |
S| (NaAl)
Plain 100 - - -
Na—1-1 4.0 1.5 - 0.10
Na—1-2 4.0 1.5 - 0.05 Flow
Na—-1-3 40 2.0 40 4.0 1.5 - 0.03 200 A=2T
94.5 = Al 5
Na—3-1 5.0 - 0.5 0.10 FrAY
Na—-3-2 5.0 - 0.5 0.05
Na-3-3 5.0 — 0.5 0.03
SENTNMH«RIR|E XAHZA AFRSHE PRAS ALR
T 3.3.18 SSMIMA EEiH maEtz2o SEAM I Q=T
oy T4l Flow (mm) AS5Z T (MPa)
= H| 0 min 60 min 3 7 282
Plain - 210 195 40.3 (100) 41.3 (100) 48.2 (100)
Na—1-1 0.10% 250 200 28.8 (71.6) 38.6 (91.1) 44.6 (92.6)
Na—1-2 0.05% 230 190 38.5 (90.5) 41.2 (97.4) 42.8 (90.9)
Na—-1-3 0.03% 210 N/A 31.7 (78.6) 38.6 (91.4) 47.2 (98.0)
Na—-3-1 0.10% 250 190 27.6 (68.5) 37.0 (87.4) 45.8 (95.1)
Na—-3-2 0.05% 250 180 35.1 (87.1) 38.4 (90.8) 44.8 (93.0)
Na—3-3 0.03% 210 N/A 34.4 (85.5) 39.2 (92.7)  49.7 (103.2)

1.5% % 05%° &4 HAdA 0.05%F AHESH stolBel= XA

%Mfw— g Ak BaA L AEY ANAZ EQE g A%

i

2890l A TEE 025 mmY wW(2¥ 3.38(a), B&HA 15%20 Na-1-2% 94. 1%, B A
0.5%¢%] Na-3-2% 928%% §53 T4 Af&S vewor. #4943 030 mmed #H(ZH
3.3.8(b)), Na-1-2+= 88.4%, Na-3-2+= 85.3%= T E¥ 0.25 mmd v Xt} oF 6% 3.

(th) -7 stelBe|= A7 A &4 Af&
- 3 33203 #Zo] %7 stelBe = AT AN A& 55% wMiee A EZA 4.0%9F W
&4 1.5%% A% 1L, 80% wWig2 AFAE Frlste] 2ALE A 4.0%, B&A

—

5%, WA 25% = FAAEH A=
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F77) shelnYs AN AG A4 FEA AHE FAL 9, FEADE FH ANA G
EAS gelst A3 SH-55% 86.0%, SH-8.02 904%% Z¥E AdS(29 3.3.3). HE3H
55% Type K.t} 8.0% Typed A f&o] A= 28U A oF 3.6%7F =4 e

-] eoluEE AVAG 2l §ES 55%0IA 80%2 SN A%, Af AW 14
AAAE oF 10% AE Af&o] AW, 1 ol FREE AfE Frheel A G 2
2 sy e

# 3.3.19 mado| HME API|X|7F Z2ELZ di T
W/B Binder (%) 734
H
T % B W opc  amsmsmM #en  gdm o2
Na-1-2 40 2.0 40 94.5 4.0 1.5 0.05 200
Na—-3-2 40 2.0 40 94.5 5.0 0.5 0.05 200
100.0 100.0
90.0 ’___..-" 90.0 $
80.0 o—==" 80.0 =& ==="
& 700 i ] 700 e
2 60.0 $-- 8 60.0 g=-"
S 50.0 /o4 s 500 /
% 40.0 ’I TEu 40.0 ’/
£ 300 y 4 ®— Na-1-2 (0.25mm) £ 300 / »—Na-1-2 (0.30mm)
20.0 —e -Na-3-2 (0.25mm) Sl I —@ -Na-3-2 (0.30mm)
10.0 10.0 |4
0.0 0.0
7 14 21 28 ) 7 14 21 28
Healing duration (day) Healing duration (day)
(a) #€Z 0.25 mm (b) #¥=E 0.30 mm
T2 3.3.8 R=AMo| JiME R2El29| APE wE X8 Aot
I 3.3.20 ®F7| slolE2|=E AY|x|7 &K TEE ZE2ELZ dfg
W/B Binder(%) o = A
T2 N S/IB W ] _ - o S
(%) OPC ZEMIEXH Hed giyxy A
SH-5.5 94.5 4.0 1.5 0.05
40 2.0 40 200
SH-8.0 92.0 4.0 1.5 2.5 0.05
100.0
90.0 _.__..._-;
£0.0 o e
¥ 700 e
8 60.0 7y
S 50.0 R/
-TEU 40.0 7,
£ 300 J ©—SH-5.5 (0.30mm)
200\ ¢ —& -SH-8.0 (0.30mm)
10.0 |,
0.0
0 7 14 21 28
Healing duration (day)
2 3.3.9 ®#F7| slo|E2|E AP|X|7 oA =HHE X|f2 2




7] sl BEl = A4y oAl £ ZAYE 7254

Afgol we F77) oL AZAH 2AE 80% EATE AV NG 2AYE
A Selsds AfLAE Bacsd gl dolws % A S4E
% E

P71e.  3321& f-77) Selne= AfadE EAE 2w

Aol A3
S e,
¥ 3.3.21 57| slo|Ee|E xgad =2¢ Z3EE dHigt®

o W W/C S/a Unit mass (kg/m?®)

(%) (%) W C S G SH ad add.
OPC OPC only 438 0.3

Slo|EE|E X|gAK  46.9 45 206 700 869
SH-8.0 403 35 0.05 0.3
8.0%

Zolws 54
Zol¥st A2 100x100x400 mme] Al @A o] 2H Q1 Alo]A & F2ZAIA o]y = Aol A
Aslo] &35 7](20+2C/6015%) o 4] 28 &t =7 3}

ZHg)E9 ZAolWMale AFAn, OPCe SH-8.0¢ 7
9} 500 = Z=AEAE. SH-8.0& FAA = By
N

F77) stolnals A f a4 80% £9 ZAUEY FEH ZAT Aw, EL9} 180
mm= OPC(190 mm) tH] 94.7%2 F&4S 139

¥ 33220014 SH-809 U=74= =AHZAY, 3¢, 7¢, 28«04 OPC Wv] Z+7ZF 86.2%,
87.0%, 90.4%°] = 5 YEeldo] AHo] A4S Frs|ESo] Srtste S &

A5 &

olo

5 MaAe} FELMA fFEsAS Abgstel 27] Adda 2 A el BAEAA
B Ao R dSAETE ASHeR SXE.

° T ‘ ‘ ¥ 3.3.22 R57| stolEE|E RP|xF &M 2
%100 "-\ Z32|E M 2 &4FLUE
e | U=ZET (MPa)
£ o A, o Flow &
(mm) 3 72l 282
%D-soo
<_500 oPC 190 (100) 27.7 34.7 54 .6

(100) (100) (100)

o 7 14 21 28
Age after final setting (days)

_ 23.9 30.2 49.4
T2 3.3.10 AX4E HHE HA|Hs} SH-8.0 180 (94.7) (gg's)  (87.0)  (90.4)

[y ) o7 =
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78

2}, dreglo} &8 A I|A /- ZFABE
(1) AZIA - 7 AAEGE P4 wd ol &x
(7V) Bacillus, Lysinibacillus 4 AA3%= FA vlegjol &g
O Z2YE 84S 1313 e ol MEY HdEF
- ZAYE YRE B pHS B §F A 23 3 2L 2908 8 we s
Egkst AA| 7 AL AEgetA] ¢S Y. wElA Iy dAAAM A Es & &
Nl G7] AES HAst A AT FAY ERHEES AT 5 e vEHEoLE
sku o 3},
@ AAE 29 9 A2 UF 238 E dH ol A5
- =9A] 2 EYEIAL AEEEA AEF A AEH A AHe] egd FaTE
>5) e mAES AFFANeH, 3 A A3 Bacillaceae ¥ Pseudomonadaceae 5 2]
g glolrt e oz - S
- Yd/sdZded dtegolE Adery] 98] s 8l wlx](Mineral salts media + 0.25%
Calcium acetate &2 Mineral salts media + 0.25% Calcium lactate H7HE E3 20714
& Hg59S.
@ WLz - d-vaiis a7 44
- BEEE 207MA F T ALZE(pH 11), 19 4 (6% NaCholAd A= 4 donm
Hl QA8 7V +F 2% (Lysinibacillus  boronitolerans YS11, Bacillus miscanthi
AK13)S A3
- YS11 =% pH 6~1194, AKI3 % pH 7~12214 A# 7FssH(29d 34.1). YS113}
AKI13 ¥+ EF ¢Z4g/Mmes A ikt s AE 7bsE(d 34.2)
1.2 - 0.8 -
1 - A *pH 6
0.8 - 0.6 1 fr!’\:‘“\. opH 7
:{T: ur: l1““""l:l -] D o IIH
Q'ﬂ.ﬁ 1 ﬁg".“ . zj gobed i &gzﬂ ‘pllq
O :’ i vaﬁ" I:'
0.4 . “I | gnnﬂ‘“‘"nnt aoaooBbOaOe I]II I]
0'2 ] ‘ ﬂf:'l'!'li""'ll'i'l' ! llll 11

: §° 48
poo8 goo00860008800000000 0D

[

0 1 1 1 I | 1 1 I ﬂ L] L T
1 9 17 25 33 41 49 57 23I42l]15323344
Time (h) Time (h)
(a) YS11 AF (b) AK13 FF
O8 3.4.1 =& 22| #F9 pHE 47 =M




J8 3.42H|22

el¥ YSil
A A (SCI-13) 3} =

ol 3k SCUE)x=+(Journal of Microbiology, impact factor
YS11 w2 AKI3 w59 44

CERER

ke
T

2.319)%
NCBI (National

: : = =
Center for Biotechnology Information)®l] % &(53]-22)3}% 5 (Genbank accession number;
Z - = = s (o) S
YS11 NZ_CP026007.1, AK13 NZ_CP042163.1). YS11 o+ 53 55 453
(10-2009194%.).
Journal of Microbi 017) Vol. 55, No. 6, pp. 440447 Ill
DOI 10.1007/512275-017-7086-2
Es|= ;
. 0 . . - . . . ) o Lt
Non-ureolytic calcium carbonate precipitation by Lysinibacillus sp. CERTIFICATE OF PATENT
YS11 isolated from the rhizosphere of Miscanthus sacchariflorus
=3 | 10-2009194 &
et e
. erals on Earth's surface and participating in global element & X
Yun Suk Lee, Hyun Jung Kim, cycling (Ehrlich, 2002; Falkowski et al., 2008; Hazen et al., == e =
and Woojun Park 2008). Physiological activities of microorganisms are known 2 F 20174 06H 219
to induce carbonate precipitation in the form of calcium car- sau 20194 08H 05%
Laboraiory of Molecular Environmental Microbilogy, Department of bonate (CaCOh) by altering the parameters involved in min- e
et o Ll L o ares DR such as pH, jon of calcium ions, and
— dissolved inorganic carbon (DIC) (Hammes and Verstracte, .
eived Feb 24, 2017 / Revised Mar 3, - ar 10, 2017 2002). Many ubiquitous bacterial species are capable of car- 2folAlLisR|~ & YS11 35 U 0]2] 8.
Qacelred Feb 24,2017 1 Revioed Mar 3, 2017,/ Acoreted Mar 10, 2017) bonate precipnm‘mn (Boquiet et al., 1973). Various mcmh:)lic aeEs
Lysinibacillus sp. YS11 chromosome, complete genome  Bacillus sp. AK13 chromosome
NCBI Reference Sequence: NZ_CP026007.1 NCEI Reference Sequence: NZ_CP042163.1
EASTA Graphics EASTA  Graphics
Golg: [+ Gar b [+
Locus HZ_opo2so07 4584015 bp DA circular OON 26-JAN-2018 Locus HZ_CPO42163 4250708 o OM&  circular CON 08-AUG-2019
D:FIII:TI(?{I inInlbaC!”us sp. Y511 chromosome. complete genome DEFINITION Bacillus sp. AK13 chronosone.
ﬁ?fé?g']“- Ecm-”ﬁmz ) ACCESSION  MZ_CPO42163
o : CROZE007 VERS | Oh CPOI2163,
DBL MK BioProject: DEL..'V\J :f;mojel& &
ot KEVOROS  RefSea.
ORAAN IS SOURCE Bacillus sp. AK13
. = r ORGANISM Bacillys sp, AK13
Lysinibasil lus, Becteria! Firmicutes: Bacilli: Baclllales! Bacillaceae: Bacl!lus,
S5 3 abg g & &) S
() BAZE FA4 drEeer & w g
-7 == & 5 fe) =
@ YS11% AKI3 #5 &3 wWig Al 4548
_ = S S [e] ol Zz= 9 >= [e] =
AKI13 w59} & wi<k A Adzdd =3 W YSI1 w59 AEE&o] &5 wigF ] Sid

(L9 3.4.3(a)).

- Y W =2ZelA A
Sz M E5o] WshA

ﬁ:‘ﬂ] 7} YS11

FF W=

129 3.4.3(b)).
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(th) &% w5 22 d=F A2 71+=

S
=]
>
ot
X,
0%
oo
=
)
e
oo
H
)
0%
N
>,

ulg|gjol 2 A ES 0.01%

- 9 uiA] (Luria-Bertani medium; LB) ©]& A] 24A17F 7]+ 4l
olgt= wtE|go} xAF AJAiko] oy g-mE diFe] xE 55H7] A ZAPAY wjA 7t
849,
YA ES

- ZA38A 9w A (Difco™ sporulation medium; DSM) ©]& Al 24A17F 715 E3
oJokuj = thu] ok 1,0008] ©]4 F7F3H(E 3.4.1).

[¢]

H

4.1 GLulx| (LB)2t =AtEd uix| (DSM)2| H|w
x

¥ 3.
F MEHE (CFU/mI) F8MHE (CFU/mI)

Hij 2F == = o3 =X
AlZt LB DSM LB DSM

24A|2F  6.45 (£0.35) x 108 2.15 (+£0.23) x 10®  7.90 (£1.19) x 10°  4.89 (£1.22) x 107

48A12H  7.75 (£0.21) x 10° 9.72 (£0.44) x 10’ 2.67 (£0.25) x 10° 4.67 (£1.78) x 10’

72A1ZF  8.68 (+£0.67) x 107 1.43 (£0.05) x 108 3.27 (+£0.51) x 10* 1.21 (£0.18) x 108

@ 10 L pilot scale vl %7] && X2 iz g1

- Scale-up ©9AIZ 10 L pilot scale®] oz #j7]
Wik w= 37C, nwWFES 100 rpm, pH 79 ZHo] gl
A 2AANA FFE=(0De) ot & A% HHS &3 dH oty AFE &3

A w2 pH A4S Foa (e 34.7).
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Time(h)
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(a) 10L THEF i
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=
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= o 3

o

o
=

=

A A

hyA
s

&3t

[e)
= g

w
h=|
CFU/g9 ®rg|glo} x5 4+ =%(Inlet temperature) 180C, & 7] <& (Airflow volume)

- BA4 7]

(19 34.8).

R

X &% (pump speed) 22.2ml/

1.9MPa, &

1.5

Inigt temperatire 160

5

Pump speed

1
i
]

144 152 160 168 176 |

120 135 150 165 180

|

Spore
Solution

Cyclone

[

i

-

f
x

Air Outlet

amb

I
Main
Ch,

Air
Pressure
Spray
nozzle
Inlet

L X2k
(CFU/g)

F

il
I

Lf =Xjzf

(CFU/ml)

OH
2l

separator

J

er

2.01 (£0.32) x 10°

1.05 (£0.04) x 10°

Product
collector

J

Waste
bottle
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KIr

2 =

=
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& EA o A 7}
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- 71E9]
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- T FY AR F o 3%01] 44 adeR mAE 89l 5/HAE Ads H, FHE
L3 (Pareto chart)oll Al BAIF o2 AFgE e dolHE HAF 47 2Aq% F=(EA 1%,
A7 E7HF 1%, B 1%, (NH)2SO0, 0.25%)5 A48

Aot a9l MY 9 vx HAA4E MY, Fols HUbste] EAkskw

(28 349 ¥ ¥ 34.10). 10mM¢ FeSO,& H7bsk ZAA

=o)X HE 24A 7 Ul AP S F = A oA gin) AR YA S 704

i
>
n:g

Pareto Chart of the Standardized Effects

(responseis CFU, Alpha = .50)
0.683

100uM | ND @ 24h @48h @72h

Oil cake

Malt

Rice bran
Soybean flour

Substrates

Corn syrup
(NH,),50,
NaNO3,

O positive effect
Negative effect

i i ' ' ' ' ' Control | ND

0 1 2 3 4 5 6 7 1 r T T T T T T T

. 0 10 102 10° 104 10° 108 107 108 10°
Standardized effects Spore (CFU/ml)

A

oF EAtet 29l 1Y

=
ol
o

?lst EAHX 24 AAl (ND : not detected)

(a) x10,000

02 3.410 AN vix| o B8 FFo| ¥

I 3.4.2 & siX|t HHA vix|o] M2 X EZAZE WLH[E H|W

A viX| M= EX YA (W/kg)
CHEF vk 221 [% (v/v)] EXsE 20l MM HiX]  ZAHE HYX|
& RAIIEIHF =% (NH4)2804

19% 19 19 0.25% 10mM FeSO4 W735,900 w10,500
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- YS113 AKI139 &3 wjdkel] #3st EAS v SCIE)=w 1H(AMB Express, impact
factor : 2.22)3 AAA wjA o e+ =% 1H(Journal of Microbiology and Biotechnology,

impact factor : 1.97)& AA(SCI-59, SCI-76)3t o, &3 wjd 3o o3k ehabzbg

A B A7 A R &8 o J E‘O}(a‘fﬂ -40)E =Y &(10-2018-0045064).
I[ .Imlly l‘J;‘I';rlllj\. "{:‘;“;?““‘;?3 O AMB Express

polwe
2
. . ® AHSSIA
Enhanced calcium carbonate-biofilm
complex formation by alkali-generating & %2 n posos
Lysinibacillus boronitolerans YS11 and alkaliphilic =l A ¥ ANERE) INHE) EERSEH)
Bacf”us Sp AK‘]3 @& ® B T 10-2018-0045064 (T U T 1-1-2018-0385139-35)
Yo Suk Lee arid Woo k B3¢ 98 I E1(2-2004-017068-0) 2/ 12
un >uk Lee and Woojun Far L“ ‘I ol 5 - % .,0- u‘ ’UQ s &
= A : WK #Y o
jmb e ——

Low-Cost Cultivation and Sporulation of Alkaliphilic Bacillus sp.
Strain AK13 for Self-Healing Concrete s o § é}
Minyoung Hong, Wonjae Kim, and Woojun Park”

(2) GAstE 3 HH o =S FY s
R E R L
- g W ARel AWE B WY jpesi He wEc AEE ZHol

MPN(Jonkers, 2010) 2 DO =7 (Wiktor, 2010)¢] AF&-% 2.

- A AR PEe Agstel AWE WR wegels] AEE 24 A A

H7Fsk 1) Colony Forming Unit(CFU) =%, 2) Most Probable Number(MPN) 7]

Desolved  Oxygen(DO) =74, 4) Iodonitrotetrazolium  Chloride(INT)
2-(4-amidinophenyl)-1H-indole-6-carboxamidine(DAPI)  Staining 7%, 6)
Triphosphate(ATP) 71%, 7) Live/Dead Cell Staining 7|'.

- T7FA 71¥ § CFU, MPN 545 5 dte ol 47 4Es 7 i os A4

@ CFU % MPN A3 ®¥

71,  5)
Adenosine

[z
.

- CFU 71¥ : D wegol ¥ &9 Z2e2g 243 5 PBSel 1/102 34ste

AN R L ot
%t

o Ml o 4T

A s 5E7F Akl vortexing 2 YAlEElste] REZEE At}

g 3) AEd W wEH ol 5 2% 79 nAEA(LB A 2 Petrifilm™)ol

. 4) 37CelA 3¢ FAS F LB FHuA 2 Petrifilm™ o Z=wsle] uhg glol 5
}1\1—



1 1 1
nl*lrﬂl*lnl*lll*lnlll_
Originsl — — — — —
wrdilubed
samiple
9 9 9 L] ¥
' ' ' mi ml mil
lnq_ e 10._2 e 109 10% Lo 10% 1o 104
L 4 v ¥ v,
- 1004 - 100u - 004 $ 00w

1
A
8 ()
c h
o (R0
e —— | e k= L~ —— ] E 8 ¥ prewsh afes insuBation
F — P T

(a) CFU 7| (b) MPN 7|
T8 3.4.11 CFU 2 MPN 7|8 ZAIE

- MPN 7|He A$ o A& dojulof dAEestR] & AAuxo AH HE3sho
AEES AT e WHY. EEEE A|Ho| FBARHo FElEA ge ¥zE AEES
A5 F AS

¥ 3.4.3 CFU & MPN 7|He| b|m
ok 7|7} EZX 2¢ B=2E2 ff YE2|lof ¥ES
(&) CFU 7|% (CFU/qg) MPN 7|& (MPN/g)
7 7.25 (£3.89) x 10° 4.90 (£1.49) x 10°
14 8.75 (£0.24) x 10° 2.67 (£1.78) x 10°
28 2.68 (+£1.17) x 10° 4.27 (£3.51) x 10°

- CFU® MPN 7|92 =2 AQddE& 23 (3% 34.3). CFU % MPN 7|[H& AESE H7t
7Moo g MAsle] ¥xp7} £ BEElE2E o) g AEES gl

@ Ag A3 &8 9 Y

- CFU 7|H& &3] SFagEd Haxo] FEHA 2 drH o ¥2E5 ALty 3%

o
=
XA 5 543 Petrifilm™ 28 Al whE A o] 7he g

- 10° CFU/g¢ ZAE 50ge ZEZEE o] 25 g& TS v 22 1 gd FiF 10°
CFU/mIE 913 4 glglon] CFU 2 MPN 7|HoA 7o okas 33 4 9l e
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i
L

YS+AK

[ HCoating
] ® Non Coating

Bacteria type
>
-

Healing rate (%)

(b) BFHE &3 A7 &5

i IS = AN
WERO e AP AL TERE A% Fol A AgHD Qi AR F shbelw, YAl
vz = ggFo] wlg wug How dHA JS. IZL-AEZ Q ~(Alkyl-cellulose)=
AEze2~ HE7[(RE Y72 X$ste] pH vHeA4dS H(1d 34.15)

A-AZT2o s VINoR wE AdE FAYE 27| AR =& pHESE SHZ o=
Ho ol% wegol 855 93 A4 A (Nulceation site)E A& 3
High pHOlIA Al& Attractive Low pHOJA] AtE Repulsive
OR OH- [ . ’
RO . _ e
Lo ZZT T " e O
- % g ‘ . —
OR A wl [
n oH ;7 - - l\t‘ _
(a) MEZ2A CH9| EX7= (b) =2 pH W BtS (c) &2 pH U 8IS
T2 3.415 HEZRA9| pH HS

Az eox AY ALS 9l 1 3449 22 AE7F AHEH. Al mEe wEe
of WEsto] 2mm FAOutlen)S 7H £ ZAAS B 423 Ade HAH
= Ay

3t 60CAA 3U3 A=F,

M= 3}
Alkyl-cellulose Qo pH B SME 20 & M= HF
YS11 2 AK132| =& dij ek Z A} 22tu} EHE| 2o} A

gie| 2ot =2

A=E gtef2lot &, "2l 2o MZA, ZHE ZA (nucleation site) XS

PVA W3 A ZE EHE
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@ ANHE H53A O Ao dvrEel BE g3

pHell A 214 237gek. 343

5 dFart %54 ‘E“Eﬂﬂ"}ﬂ %‘Eo}oﬂ Ads 4™ 34.16).
38 8o Sol N3 24Nzt %

ma "
= A O

dsled CFU 7|Hoz HH ol &S
A4 A £ e 10w olae] uhe o}

A Ay £ 3459 2&.

(a) 4

Helol 37|

Survival (CFU/g of paste)
0

—®— CPellet1
4 C-Pellet2
—®— Spore-only

J8 3.4.17 HA 37| H AHE

=2 U 25 Az

88

E 3.45 22 7|=4

Ay =AM
HO|AE
(W/C = 0.5)
HOo|AE
(W/C = 0.4)
DE2El=
(W/C = 0.4, S/C
==1 ==
(W/C = 0.4, S/C
DEEl=
(W/C = 0.4, S/C = 2.0)

2.0)

2.0)

giE2jol YEE
sfEl2|ot =A

B.cohnii A4 Hlf 2l

YS11 M3 uf 2k

YS11 2 AK132l &gt
At ol FoH

u]
-

H Xt

ol
et
E[is
I

02
Hel

H
H

ol
1o
T
Rl
Ao
1=

ne 02
B

12 CHH| 282 M&

E(%)
0.1

0.08+£0.01
0.56+0.03
2.6%£0.3

70.4%5



(3) Hrelglol &g A7]A]

Ho
ru
A
AL
[m
N
BN
)
ithy

(b whEEo} £ A4 £ AE BgAe] 54

O =4 Ag B9 w2u2 54 W

0.005 -
N o 0004
s =
g E 0.003 -
= z
£ Z 00024
= E
2] 0.001 4 —=—RM
—s—NM
—a&— BM
. 0.000 4+——— T T T
Curing day 01 3 7 14 28
Curing day
(a) gtE2lotofl ofst ERMZIE MZE (TGA) (b) 58 XMz & (water absorption)
T8 3.4.18 HH2[ot A 2 Al REEt=9| Ha}

- E-AFMER(W/C) 04, AHE-ZHB)(C/S) 2.091 REZEet2d AHWE A" 1% £

=
hg|gol EApe} 2%9] o UH-(Calcium lactate % Yeast extract)S Este], &3 +F
A7 AHE B3 A v X = s HIHE

s

- TGA(Thermogravimetric analysis) #4241 A3 Z=ZEg=2 yH grgglole] whalkz
Well-crystalline ZFE2 MEHAF(2H 3412@a). €F 5 &5 A REEHE
Pore—pore interconnectione &3 Water transportation®] 743} 7] wiEo] A|WME &-3HA
W FFEo] S7ISAAN S5ES #AE(2d 34.12(b), RM: reference, NM: nutrient

only, BM: bacteria mixed).

Self Healing Green Concrete Research Center & \ 89



°

;OY
=
e

o
W

il
]

- W/C=04, S/C=2.03%1 *}

o

A

oF

= AR TdNA

A

A A7

3}
.

= AA

o k=AY

=
=]

Ey_]__

3]

2

=

To-

B
~
™

o

B

X

(719 3.4.20).

3
=

Al

o
X

;Ot

3% 5%

Pellet Content

Ref

o (=] o o o o o

©w (e < () N -
(edN). 1S anIssaidwon

28

21

T T T T o

r

o [=4 o o o o
0 8 6 _4 2
1

(% )orea Bujeay

Curing day

8 3.4.20

FAem, 3% ol

5|

of we Fd A% HE7 Z7)

(90% o]’d)= 24

ol
N
Njo
o

o

;Ot

=

e
Nd

o
-
X
=
=
I

YEYE

(L9 34.20(a). 28¥

Al 131%RHE AR 3.4.20(b)).

13
=

=
By

wK

3

(e}

=
-

tHl 6.25%, 5.00%

—

0

N

)

o

iz
o
on
N
N
o
7ol

A 0.25mm T EolA 97.7%, 0.3mm T EolA 91.5%E FAHE(LH 34.21).

« Plain
+ Pellet

100 -

[=]
=]

(%)o1e1 buljesy Aep gz

[=]
[1=]

(=]
<

* Plain
« Pellet

[=]
o~

100 |

=]
[==]

(24, )3181 BUlEay Aep 2

=]
<]

g

(=]
™~

0

0.325 0.35

0.225 0.25 0.275

0.225 0.25 0275 03 0325 035

0.3

Crack width (mm)

(b) x5 MH 28Y

Crack width (mm)

8 3.4.21 N

90



Oh Zekels A~ FY FHA ol B % 5
- BeA GRED oF wBH AEBRAA Aol s Baeee] wW nEe &
3 Fo T 5 Qe Feelm A P4 deleolE Ads U] A FAHAL

- 16s-rRNA @7]4 ¥ &4 WHS o] &3 2xF A A= Stz A=~ A dreglof o
F91  Rhodobacter capsulatus, Rhodopseudomonas palustris, Rhodobacter blasticus,
Rhodospirillum rubrum X Rhodobacter sphaerodies® 57 55 A3 S

(W) =gtolzm AP A vhglglole] A gzl AA|
oz AMHA A A 1FE 59 Rhodobacter capsulatus 2 Rhodobacter blasticus it
2, A E Y 3 Wl 2 o ANAS, Setolm AE

- 27s Media(¥} ] Z4d), Malic acid(&¥a9)9] 27 (% 35.1)9 A Rhodobacter capsulatus®] =
glolz A PFATFS 954 g/LE 7HE oS,
- ojujo] ulgglo} WY T A E 1IN A 1.0x10° cel/mLoZ ©x E32¢ 1.0x10°
e

5
cel/mLe] Exo] nd =& WHFE HYS

(¥ 35.1).
(th) =tdlglel A4S 1 143 A5 44
- 2AYES ZFdZYd(pH 12 o) 2 Sz 3AoA wtd oty A FFS 94
A= A (living pore) AlE 2 S742 3AFAA AEFHQ0 JFie] FHol 2ash
LETA FTASAP), HoolE, HFAMor uAHZ} Ase de Wtaglon, 10°

cell/mL == W% ¥ Rhodobacter capsulatus Wi %<l
AR E &3l nAgste w5 F8 83l HemocytometerE

Ll
)
o
&)
=
N

- dtE ol nAstE A HA ArEA TAHFES pH 2 =2 BRFAS AT, 100~
150 meq/100 go -3 Fol2 wdgFom vy ol A Fa g Fol(Ca” % Sit)
s swol frElek WAl AAHUE

¥ 3.5.1 22l0|2 AYA M gE2lote] FA s =H
A

a5 MAE S 4=xA =2 pH
Rhodobacter = A5 2t =7 5842°C 6.8
capsulatus

Hj koY xN

Yeast extract 0.1 ¢g Malic acid 3.0 g

Ferric citrate solution(0.5%) 1.0 mL KH2PO4 0.5¢

MgSQO,4-7H,0 0.4 g NaCl 0.4 ¢

NH4ClI 0.4 ¢g CaCl,-2H50 0.05 ¢

Trace element solution SL-6 1.0 mL D.W 1L
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2 A3} FE=A] WA e AN YEF 9 Rhodobacter capsulatus a3
3t (18 352) 1AZ AHFFE 1.6x107 cell/mL ooz HrhE.

() wrelelel 2 f719F%) B4 #UHS e 148 % A
- whE|zlole] A4 (Shelten® B&5= wAH AR BFAN] A5 o
24 eee} weale] W WA s F 3
Wiwsle] vheEloe] @A F o] ol

A RS S AT 9010 cellmLe B4 270 el W 3 e T4 e
- £ 9= 9 AWy 248 7718 o 8@ wHelol wAE PPe wAY ARF FE P
e Slete] T2 Mgk oS A&alok s W R aAE Am P BAE 9 ALY

uAsk Ao i Aikel =g
o

he| 2o} A 8= 308 oo 1.2x10° cell/mL
T 9.0x10° cell/mLe] HHE|go} A5

=C B A zke]
= 7] ol-& ol nlsf 47% (2" 355).

FTEE HO

1E+HD
1.0=10°
1LEHG |
2 (b)
- SE+08 | gt 2| o}
E 6E+08 | 5.2%10° HNE X
H ap+08 |
B
E 2E+08 |
T0x10¢ 1L3x10p 50x10° 1.0x107
O.E+00 (c) gtEz|o}
Oday 3days Sdays Tdays 9days 11days HYoF 112
Incubation time (days) =4
(a) XMHYE dHE2lot 8% 0 R
J8 3.5.1 gie2|o}f bk M st

Porous materials for bacteria carrier

1 lath

Flat chambers for storing porous
materials without floating

Nutritional medium solution
containing bacteria (10 cell/mL)

Stirring system

2l 3.5.2 gHE|2lof DA = AR O3 3.5.3 2ge n™st 77|




(fh) #F Ag AF AUA AR 2 B 24
A<

) L= B A8 9 A Zo) A a-proteobacteria®] o] Ul
St A Algel vls] =4 YElg o, ol ZE A xstE = Zgtolm AY A PFA dHE
glole] ot FggA(a¥H 35.6).

% (Enterobacterales)2 27 %% ¢Fg

o

=

=,

M ol
i

(h) whelelop ek A8 5 2 7FA AZEE SR e A4

- 7% 3579 2 15 tondl WelPel tfF Wkl 2 6 tone] AdlelUE MAT 4
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7}. Heal CON

EU+ ‘Self-healing materials for prolonged lifetime’2}= FA2 Heal CON-Project
(2013~2017)7F A &Y= 3.

: W7]o] Nele De Belie 25(UGhent)”} Z 2 A E 9] Coordinator$]

T E5AT7] %S UGhent, Avecom, TU Delft, Acciona, TUM, TTI VTT, COWI, DTI,
CEINNMAT, Devan and Fescon® 7|ZA7-58 A&3t5 A 7IdE= 745 A&

a rO r“’ Home  Rescarch  Publications  Consortium  News&Events  Contact  Member Area NOT
Through Through
Crack Type Going Going
P T Mechanica
Origin
Bending
Bacteria
Proposed e et —
; on-Elastic: astic:
HealCON home Healing Bacteria Polymers
w " ! Method Hydrogels BioPolymers
Relevant Tunnels, Basements, Liquid Edge Beams
Structures Containing Structures, in Bridges
(Radio-Active) Waste Storage,
Bridge Decks, Industrial Floors
% 6.1 HealCON Project =H|0|X| T8l 6.2 HealCON Project 7HR

1}, SheMat

SheMat X~ ZAE+= "Training Network for Self-Healing Materials: from Concepts to
Market"8}= FAZ 9 “Marie Curie” programme®] 2|3k “Seventh Framework

Programme” oA A YW Training and Research Network<¥.

=< Fraunhofer Institute for Environmental, Safety and Energy Technology (UMSICHT)
o FEw thg3 2o slgo] Felshy Us.

- Partner® 87 7]3o] #o

: ®7]o] Avecom (Added value Environmental Composites), Ul @ &= Delft University of

Technology (TU Delft), 297~ Ecole polytechnique fédérale de Lausanne (EPFL), &
2~ FEcole Supérieure de Physique et de Chimie Industrielles (ESPCI), ®7]¢] Ghent
University (UGhent), 59 GKT (Gummi- und Kunststofftechnik), %= University of

Bristol, 5<% University of Freiburg

- Associated Partner® 47§ 7]®o] o

D Z 2~ Arkema, 5 ¢ BIOKON international, Ul 2 &= Ceratec?} KLM
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nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn m SHeMat Project (2012%15)
=» Fraunhofer UMSICHT S4&I2 2 97|2 &
=» SHeMat Research Programs

Polymers with Self-Healing Functionality

Self-Healing Composites
Self-Healing Concrete
Self-Healing Ceramics

Assessment of Self-Healing Capabilities

Main materials
: polymers, fibre reinfored polymer composites, concrete, ceramics

1% 6.3 SHeMat Project 2H|0[X|

- Strategic Energy Technology Plan(2008)¢] ¢]std A M2 A PS &) %7 F2H ZAH
° o

Training Unit Title Lead

Assessment of Self-Healing Capabilities UMSICH
Trade-Off Analysis
Scale-up and Industrial Processing GKT

Cost-Analysis

m
s}

Sustainability Assessment UMSICHT

Standardization of Self-Healing Material

Bioinspiration as a tool to novel technical solutions

8 6.4 SHeMat Training—school Program
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- dietIo A= AHEI|AQ FAGARY APoR drta oW ZAZE AHAA AHNE A
A A, =7 713, ) 8H(Technical University of Demark 2]) So] Frojsle] zpd = oFs
37 ZAYE 7 R 2 &857] g Z2AEES 43(1998~2002)

b

L Fe ATgoRE 2adey A4S AZL A AN 2 AWE 2 3

9 #age g ad 24 2 o

- RYe 9%, d99s, 29, ZFe xEdel Ry Fa IS0 Fold
EUROCRETE Z2AES 53] 715 §7 ol £ T2E Y74 @4 Sol e A7

s Fag

t}. IBRC

- IBRC(Innovative Bridge Research and Construction Program)ol| A <1zt °F 1577]¢] Z =24
Eo] tidte] 0529 Zeje] ApuE s 9L

ol
=

o] mRaYe PREY e, 27, A 9 A4 53 Bl

ro

o
A+E E3H

}

CER fAwE g PAFE N ES FRATI] sl ws Ams ABE AR

o] o
AT .

gul A, el HeBTA, nEsh A A AP P,

- HA kY Ste N = EREE W Al AAGAES P AAE, A EEs, R Fof
of Az YgAd FH FA|Sl “Sustainable concrete infrastructure materials and
systems—developing an integrated life cycle design framework”E <3} (2003~2008)

T8 dTUEeRe AR Al ARREAC e AREZ AWE 53AC] dFd
le)

ECC(Engineered Cementitious composites)e] A7 2 A& 2|& 713k Qlazele] -5 5o A
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}. Innovation 25
- X 9] Innovation 25+ A3} #st7|s 7| A PSS vlero g 2025 7FA 9] A7) AegF.

: 57FA] E-3# 5 Safe and Secure SocietyZ} ¥ 7|83 71 AHEH ofge} e AFEUE
&

Qro Fo REDAHNE ‘b AT ASS AH, 3w
g 4@, AR fAve  FrEE 52 BEZ WS oo Y ATE B
o] FaAsm 9.

ARz AR TAS 9% THE A 2008 Y
205097k 60~80% &7k w5 BEE AAL, olE A% AUA AY-FFY Fo
5 AN E A A

: NEDOol| 9J&] g8 HEoldA Alz=wl =91(15~25% o]/ oux] dihHAl Z=ydn| 89
/3744 RzE2a A5

b | =
= o e}
CO, #5 =85 %

1k, SARCOS

- SARCOS(Self-healing As prevention Repair of COncrete Structures)© A17F¥%E olyel 7]
& AL AR EE AREI) A8 AV A% J1ES Adehs ZedER COST
o] X Y& whol M Q)&

D COST+= e A+ UEYAE FA37] g E3 = 19699 ‘European centre fore
medium-range weather forecast & A|Z2tSZ A 1426719 Z2HAEE X U315 .
D AT 20161 99 30l A AEAS

LW, Wk, Zs, 59 5 28 ke ATIRANA Felstel AN A% B %
o

— AL

e Working Group-1 : A71xf ZIAYE FZXE BFTH

 Working Group-2 : A+4d% 2 U745 H7F WH 2 125 A%
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