creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Development of concrete with microcrack
self-healing ability based on bacterial calcium
carbonate formation

20149 2¢¥

A & o
4 R o



Development of concrete with microcrack
self-healing ability based on bacterial calcium

carbonate formation

Az 4 723 H
o] =& THHA =R ASH
2014 d 2 ¢

AL A EEYH
A4 B g
ARG 44 Feg g AFF
2014d 2 ¥
A9 F i (el)
T4 4 4 4 (21)

< ! 4 A (%)




i
ﬂ_uL.Ll IR
h:%iléé
Aeﬂrz?u;ﬂ4§
ﬂLﬂL N G o
mowo_]@ %ﬂrﬂﬂ s
4%@mgﬂw&@mﬂ}aﬂ
5 ﬁﬂ]%xLE_HT7mhﬂo % 1
‘mﬂOUT.CE.FMﬂ‘I)AO}ﬂVI@EA*\LI‘IWVI ™ _ﬂyla
— pells o] == O =0 ™ e o o o o ol mhy o
oﬁﬁﬂobﬁuoe?ﬂLﬂﬂo]ﬂo ugmoﬂﬂo%ov
0 %@mﬂgﬁﬁj_%_ﬁx mmomw;o&ﬂ S
ﬂm.m @EA oy o~ TS MLI Leluﬁm!
ﬁo%%wﬂm%ﬁﬂﬁwaﬂmﬁa %u@&%uw mﬁHWMHm
- 7 El ' 7 _/,._‘._E ﬂ )
@M%ﬁoﬂ,at@qmagl 14i.%mwgmp7ﬂ;§
LEw %%uw%ﬂo@@d B T wms%%@m
< \mﬂ w_f — ,LIL Avu 7 ..f ,m,.A ~ k) = T O ,mﬂ J:NO ~ N
< OXQOJO_EUELHT_&‘*O ﬂno_o }Aoaﬂ_ x =
]or_ull ux n,moa/a_z o_uﬂ ~ AWJ&oLEﬁUE]quEoﬂonP
mq@ﬂoﬂ%imﬁmnrf wagm gag_ﬁw@g;%
;o.WL ].A_L,Ao ﬂia ]\@_Mﬂ Nra_*o] X
AToLma7ﬂrﬂﬂﬁa1@|)ﬂo§mbﬂo\@1@qmﬁﬁﬂow&%ﬁa ﬂwwmﬂ_lﬂ
N % <K % o0 mw RO = %0 anl> No T ol o T o o
& o }ﬂﬂfmfﬂoﬁaaomﬁap%%é#@@mo%zmﬂ;
]1 0 —
ﬂﬂ.mﬂmﬂ?%ﬂo %E_oﬁﬂom orXL_.AHE}L.ﬂoE .muto
~o = B e ojn R o T -5 il ) =] o = #;o ol o oy ) g
] qgﬁu%afw,% = M %ﬂyﬂ1£}1ow
ﬁTu]‘_d‘_ﬂLﬂLﬁoﬂdhiﬁo‘_mﬁ_ﬁo_tﬂoﬁim _xV%‘mLHMﬁ
uwuﬂvmoéﬂ% Sﬁﬂacugu ﬂeﬂo%é7ﬂmﬂuim7&
OM]U o XA ovxE Z T ~ — X PAa9_
Loy R o_nw,mouuoqygsﬂqugw .-
Ez .dgogﬂ_swzrmﬂ = = oegaﬂomq}% ﬁ_auﬂmugﬁ
‘Ul ‘LfO,l,L! —_— Mﬂ, # N rﬂno
ﬂ%ﬂ‘lutLoLEePrUldeoqyl. ﬂpln_moﬂ]J_,TuEﬂuﬂm_;%oaA
N r o X T C %o ) o T S = ol
ﬂ&ofﬂu«oo_ﬁmﬂnn ﬁxo. mﬂﬂ_,Tmo} oLioEo]E.mu
3_471400 P O _owurﬁmomoi_% haﬂ.zﬂ i qufo
oﬁe 17! X f N Ju E_ UrL %o o ﬁa o) KH Ea ~ =0 oﬁa O_H = % f N
ﬂwﬂmuhulldaﬁleaLawlﬂoﬂoﬂdlbb‘wcadﬂﬂeo ﬂaWﬂAn_bﬂlbf
,_L‘Eﬂueﬂﬂﬂi]ﬂﬂxoi}uAlcoquJuELLmﬂﬂu7 nNa,_ﬁLl
R o T g EI e s 2~ L B s _ x
Mﬂ‘mw I#F: AﬂlﬂZ¢&0ﬁTﬁam71@dﬁﬂ5ﬁo ﬂoﬁn%q)%
%@ﬂwd&ﬁ@ﬁoﬁoﬂﬁ@d« ovjal]ﬂﬂda»]mﬂ_._o
aﬂw%@gi ¢ﬂ@ﬂo B Vo
P EETS A‘.r,b.# 1%2 ._foT +,®E;o
:Ah :AOL;IV.V'? ’q .,E‘lﬂLhL H;ﬂ_
IR T azyzﬁmhﬂ:)ocz
X ﬁﬂ_lfo‘_ﬁ.ﬁo»%oﬂ_o!ﬂ./lnvro fo
mw.u#o&.,o Eua _ﬁ~B0
™ B B H OOLLOOEE
ﬂ!LEo_H
U OTEL n,lﬂ]_l
U o H.mwrx
o %\lm{vi
=220
S o

131
16S i
rib
Osomal DNA
fex]
& 7] /\1 o
o FA

5



S AAE T MY 6% AES 25 Bacillus pseudofirmus®t  100%
o] AS5AS 7FH i, DDBJOl Bacillus sp. BYI(Accession number:
AB830103) . &2 T =389t} Bacillus sp. BYI°l W& pH 1058 pH 139
1 9] o] A] pH WA S geld Ax pH 109 "] pH 114 E =¥ A
Fe B, pH 12 o] delA = A% dojubx] FkAIwr 44 A +
AR . Bacillus sp. BYIS A2V Z-(Calcium lactate) ¥ A|E 24k
+#(Sodium citrate), & ¥4 EF(Sodium bicarbonate)o] E"%% 3 FHiA|
(Nutrient Broth)ell % %3har, 30

e B gabds 2A ¥4

C

o

[¢] =2

MAES] A fFE ez
%

IS}

o MARe FPaA ¢ e A, TAge M 7
Mol ARgow et W, MRS FUF S wwd =277} 2
I SEREFT BFAAA TP Ago]l FHHA MAYRL AY
WY 2706 AR EAS 9Y4 AN ATHAL, YT BABE
o A%H $EAE2 B3 Aol AN TR 4T APL

g
A2 wx}(Bridge) HAeta, BAA(Twin-crystal) =& T-2A
(Poly-crystal)< o] = AR e HrtdlE ZEUl
AHe] ZHo wEtdxE 24 vErykth oA EAFZEE(Calcium acetate)
S HAMEE o AAHLS g (spherica)®] A E°] 2o A= A
E 5D (Calaum formate) ¥} & ’\VLH(Calaum lactate) S 37}
A% E5oE #
AR FE Fx
& A (Calcite) 9]
(Calcite) ¥} ofefarvt
(Aragonite)fﬂ A

32
£
=)
0%
i
_a
)
ﬂ=1>
:lo
N
>
lo,
k)
~
T
uu’
[
oy mm
Y O

R=

£ o] tZHE}X] %%
/\g%o] éxﬁ z‘sL Lq]oﬂ_‘:_
(Aragonite) 74 dAo] U, ofgt

1=
_— =
& O}H]E’L%L’\(Calcium acetate) H7} A

H

o
2 4N
o

U

01

O

= |

> K
=

= AFgS BIATH
qs /\] Oﬂ—‘:— uE'/‘}7"'lfr(Calc1um formate) H7} Al
109.5%, o}AlEAFZ 4 (Calcium acetate) 7} Al 109.9%, ZHAarz4r

,ii,

-";rxﬂ-! _k::l 1



7F Al 1164% 2 ZH567)

=]
=1

(Calcium lactate)

b Aol e

£3

Z}
2]

A 2 A €]

3} =
=

111.9%,

7} Al
K225 (Calcium

=]
=i

EAzZH5 (Calcium  formate)

Ay A
o} A EAFZE4 (Calcium — acetate)

)

115.0%,

A7 A

bl et

7}8

=
[}

7F Al 111.5% =2 2 =7}

A ES) At Ae] A

=]
A AR E Ay A E

lactate)

N

Z

EgoR e

e

A=

A9 FRel metAE G AF

P
=

(Calcium formate)d} oFAH EAFZ 4 (Calcium acetate)

m

ol
4K

FolAA W Z A2 (Calcium lactate) &

7F =4

el

o

N

o

B

ZhA el €]

=]
g

712k

ol

Holm FI}7}

B

TARFA 7L A

B

o
N

R

o)
i)

0

ofy

D AR 23 YE, vATE B, 384N EFA 1|

78]

W

N

: 2012-20919

3 W

i -



1. }\1% ................................................................................

1.1. qqi;?-gjl HH%] ..........................................................................
1.2, GG B A
1.3, G 79 H G oo

2.21. A7FA 5 E‘i'_;—//_g] TE ceueeeeneenen ettt et ettt et e
2.3. AlAE Y AAFE FA e
2.3.1. Microbially induced carbonate precipitation ===«

2.3.2. Microbially controlled carbonate precipitation -«

233, /lg;‘(ﬂ%L% TTL}_Q_ z‘séwg- ..........................................................

3. /é]ﬁ-j ]HE ‘;‘g Ho]-lﬂ .......................................................
3.1. /é]t'g ]HE_ ..............................................................................

,iV,



321.1. 01—71 }\4 J_z]_%] U]Ag%g T,b_‘_g] ..................... 25

3212 u] /ﬂgJ pH xizé/\é rg 7]_ ......................................... 2%
3213 /\g;iﬂiﬂ—‘:’ t‘sg/\c—)] /é%d .................................................... 27

322 AR} BHRIIAE A7k mE AP G FE 28
57 2 #a

323, PR} BRI Ak PE 4EFE 30
3.23.1. EEEFE FA|A] A B oo 30

3.232. FEF T ZA e 34

324, A7FA ol 23 T F ZFA e, 35
3241. {13_,1]; %/\] ;2-“ xﬂzqr ............................................... 35

3242, O1F T A TS B A e 28

3243 ZAYUE AT ATFR G e, 39

3.3, FA] HFH] 40
331 u]@% T,li_/_q ............................................................................ 40
3.32. AR HAF FE A (FE-SEM) eeeeeereereeseseesenenenaininiiines 40
3.33. 24 Z2 FEA] (XRDD) wereeeveereereesesessssnsesiniisisisieienne 40
334 /gxﬂ:_ﬂ]% (Stereomlcrosclpe) .......................................... 41

4. /é’lﬁu @jq_ l;l‘l _]‘17‘1_%]_— ....................................................... 42
41 34ZYAY EAFAL AAR=IAH AE £ - 42
411 B U 22 EAFA uAE B e 49
412, 9] AE9] pH A BFA T T} e, 44
413, AAZGE A AT 46

42. MA=H} FEeF71A HF g 2 IS 2

FFE EAQ U XE GTE e, 47
421, VB ZHERAL AL A A G T2 47
4211 AL H7F Al AAL FHAF WS e, 47



63
63
65

1

4223 MAER

AYE vATFE RA71H

= A
L

s

4.3. M= 9

431 AT E 2A7EA] el €

75

5.

78

>
ulg
Bl

el

,Vi,



Table.

Table.

Table.

Table.

Table.

Table.

Table.

Table.

Table.

Table.

Table.

Table.

2.1.

2.2.

2.3.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

4.1.

4.2.

4.3.

=5

2 3

Allowable crack width of reinforced concrete structures

W, (mm) (ZFATETFZT]FE, 2012) e 7
Allowable crack width of water treatment concrete
structures W, (mm) (Z3ZEFZ7]|, 2012) oo 7
Allowable crack width related with repair decision W,
(mm) (QEZ T EFBFE B]) v ]
Amount of buffer content addition on the range of pH 9
10 PHL 13 seeeeressessessessessst et 2%

Experimental condition of compressive strength testing of
cement mortar containing diverse concentration of
Bacillus Sp. BYT wwsesesssssssssssssissiisiiiisisiiiisiiisisns 39
Experimental condition of compressive strength testing of
cement mortar containing various calcium additives
Wlthout BaCI]]US Sp. BY] ...................................................... 32
Experimental condition of compressive strength testing of
cement mortar containing various calcium additives with
BQCI.]]US SD. BY] ...................................................................... 33
Mixing proportion of concrete SPEeCcImEns -« «wweeeeeeereees 35
Experimental condition for testing of concrete microcrack
remediation effiCienCy - - wrsrssesssssmssssisiiisis s 37
Counting the bacterial cell number on the growth of
Bacillus sp. BY1 in various pH e, 45
Distribution of the calcium carbonate crystal structure on
VariOUS experimental Condition ............................................. 60
Compressive strength test after 7 and 28 days curing of
cement mortar specimen containing diverse concentration
Of BQCj]]US Sp. BY] ................................................................ 64

- Vil —



Table. 4.4.

Table. 4.5.

Compressive strength test after 1, 3, 7, 28 days curing of
cement mortar specimen containing various calcium

additives ..................................................................................... 66
Compressive strength test after 1, 3, 7, 28 days curing of
cement mortar specimen containing Bacillus sp. BYI and

VariOUS CalCium additives ...................................................... 68

- viil -



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig, 4.2.

2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

3.1.
3.2.

3.3.

3.4.

3.5.
3.6.
3.7.
3.8.
4.1.

28 5 A

Damage start chart relating environmental exposure, crack,

width, and necessity for additional evaluation or repair

(NUREG/CR_6424’ 1996) .......................................................... 6
Capsule based self-healing approaches (Tittelboom and
Behe’ 2013) ................................................................................... 12
Vascular based self-healing approaches (Tittelboom and
Behe’ 2013) ................................................................................... 13

Schematic diagram for microbial self-heling of concrete
miCI'OCI‘aCk .................................................................................... 14
Simplified representation of the microbially induced calcium
carbonate precipitation (Muynck et al., 2010) «weeeeereeseens 17
Sequences of calcite and vaterite morphologies obtained
during the abiotic experiment (Braissant et al.,, 2003) -- 21
Site of s0il SAMPING POINE w#wereeressssessesssssmsssnssnssissisinisiiisns 29
Schematics of experimental set up for ammonium
Carbonate free_drift methOd ..................................................... 28
Mortar specimen molds and procedure of curing mortar
SPECIITIEIIS #+e#rerssseressessssssesssstsss sttt 31

Experimental equipment for compressive strength test of

mortar SpeCimel’lS ....................................................................... 34
Procedure of preparing concrete specimens -« 36
Splitting test for inducing crack in the specimen - 38
CraCk generated concrete SpeCimen ...................................... 39
StereomicrOSCOpe set 1575 R L R LI 41

Image of spores formed by isolated spore-forming bacteria,
Bc’?Cj]]US Sp. BYJ ......................................................................... 42

Phylogenetic relationship of isolated bacteria from alkaline

,iX,



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.3.

4.4.

4.5.

4.6.

4.7.

4.8.

4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

SOﬂ, BaC]Y]US SD. BY] ............................................................... 43
Growth curve of Bacillus sp. BYI in various pH condition 45
Image of biomineral formation induced by Bacillus sp. BY1 -+ 46
Differences in crystal morphology with and without
Bacillus sp. BYI in calcium formate addition ««-«-«=eeeeeees 48
Differences in crystal morphology with and without
Bacillus sp. BYI in calcium acetate addition «---«===erseeeeeee 49
Differences in crystal morphology with and without
Bacillus sp. BYI in calcium lactate addition --«:-«seeeeeeeees 50
Growth of crystals with Bacillus sp. BYI and calcium
1aCtate addition ............................................................................ 52
Effect of calcium formate on crystal morphology and
CTYStAl SUTTACE w+reeeeresreessenssstssississisti sttt 56
Effect of calcium acetate on crystal morphology and
CTYSEAl SUTTACE weeersrerrsserssssssssssessisisisi i 57
Effect of calcium lactate on crystal morphology and crystal
Surface ......................................................................................... 58

X-ray diffractograms of CaCOs crystals in the absence of

BQCIYJUS Sp. BY’] ........................................................................ 61
X-ray diffractograms of CaCOs crystals in the presence of
BHCIZ/LIS Sp. BY] ........................................................................ 62

Compressive strength test after 7 and 28 days curing of
cement mortar specimen containing diverse concentration
Of BE?C].]]US Sp. BY] ................................................................... 64
Compressive strength test after 1, 3, 7, 28 days curing of cement
mortar specimen containing various calcium additives -++-e---- 66
Compressive strength test after 1, 3, 7, 28 days curing of cement
mortar specimen containing Bacillus sp. BYI and various

c alCium additiVe R P PP PP P PP L P PP PPILPPRIPPPIO 68



Fig.

Fig.
Fig.

Fig.

Fig.

4.17.

4.18.
4.19.

4.20.

4.21.

Concrete microcrack self-healing effect with the passing of
time in the absence of Bacillus sp. BYI1 -wweeeeeeeeeeeeeseceee 69
Hillerborg’s model for concrete crack (Saouma et al., 2002) 70
Process of healing crack which is filled from crack inside
tO OutSide .................................................................................... 71
Concrete microcrack self-healing efficiency on the presence
and absence Of BaCIY]US Sp. BY'J .......................................... 72
Concrete microcrack self-healing patterns containing

VariOl.lS Calciul’n additiveS ....................................................... ’74

,Xi,



A B

AT w7

1.1.

Aol FHolu Al &

Aol A Bol AREE AL

)

o)

R

<

H7F 81

S

o}
o}

TxEe ALAT T 48

=~
T

o] = ZAFEY]

Kol
=

=]
T

F9]

3

ol e}

N

-
Hir

B
k|

I
_

No

_E.h

P ok whepd

s

Ashe

=
e}

1% FANA ARHoR TR A

7HA =

KeN
=

bol =

S

Aoltl 0.1 mm ©]

S5

THABR ol &

=
=

Wb o2 2 yme| 7]

a7,

=
¢}

7} 7}

[e)
IT

I

i

2 BTt ojgy vATd Y

TH

b

AMEA AR AHER R dHESE

A=0ye]
[}

744 )

RS,

—_—

d o

X

bop, A%

5]

3

o
IT

o

ﬁo

71543 g&o] A 3] d(limestone)

~
o

)|

2314 B

23 44

ol

Mo
o

—_—

0

B
i



b Ak el gl

tHMuynck et al.,, 2008; Muynck et al., 2010). whebA E <ol A

o}

-
R

A4 AHAQARR AEEE Z2IYE

=3
o

Z

9, 2= 5ol

7173 7]

o]
=]

St gbw o}y

A shek A

A

37 (pH 1001414 2 A e

tomEbA 2 dTellM e 2

ki3

744 o}

= [e)
&

A

bl

d|

oA 2

I 5!
To oo

el

nAEel Fek 1o A=, Zee vk &

chep

Al vebdch(Lian et al, 2006; Braissant et al, 2003; Li et al.,

S

ol

-
s

Pk 2 Aol A= 1A

H] H] &

A

)



X

T 2

1.2.

54 A

hyA
-

el g

[e)
T

A8

o] A7k

J
=

A E " A+

ol g3tol

)
M

(1) ZaE vAlFd e A7FA] 7

el

;01_
0
o

el

;01_
0
o

el

IH

g

s

1 3

X

sl

u| A T

ki3

1o

=
Hr

B
)

B

o

=)
<

ol



1A=t AF7FA]

ZIgE ©v

&t

S

= °l&

T
o}\é 'CTE—Iﬂ

]
=

-
[¢]

SERREE

=g A= A

1.3.

o]

=K

A Ee] e

H Al d AF7FA] ol

A E

(1) Ego=H
=

O
~
23|

0

el

=
=

E

=4

=
| .

A

A

EEN!

5}

°] pH A%

1

=

A7y AR g4 A AAel

=

2] v

LN

=]

o,
o] 4% o

[

el

To-

—_—

o)
o

oF

AYE v AFdE 271HA

AYE wATE A7t

N

o)
i



B-

Y
g

7}

]

)
¥

=

=)

749 34

2.1.1.

2
!
o]/

™

adl
|

p—

B

N (liquid) ol A1

-

R

e maes

3t7] Aol F3+ @Al (transition) ol A €]

Aolv A} Wakgol S5akel sb

i

O
R4

ol F2 4
=3
=

[e=]
L
a

A7) 9}

ol AREH L
A (solid) & &

H
ol

jpuzel

@'

th(H A 2010). L9

W

o)
B
i

ol

ol A

=]
T

Z ftstti(Aldea, 1999).

AL 7HAH, mebAd el

T

ol
B
b=

i)

M

ﬁo
)

—~
fife)

)
i

G

=]

A

bof
o <5t

S

stA #h(Yi et al, 2011;

5

XOP

seA 4

S

=7t

=

3} o]}

A =,
=

S
, 2001).

)

il

N

N

o)
el
)

N

M
Gl
i
w

3
rd

oy
)
TR
¢
o
_ﬂvﬂ

ol

=N
[}

k]

9

E

o Aol we o, Aol R4 2aw

)

—~
o

tH 0.1 mm ©|stE " A

o

9 2010). E3 A7) WP E BFI}F s
74, 0.1 mm ©]% 0.7 mm ©]3tE

2 Er

s

O

N

o

=0

0

oG
i
I
T

B
)

2]

p—

0
"
4

)

]

—_
file)

Jo
nze)
K
-

o
aly]

o]/
Hr
o)
i
=

M) No



AREE 2L oA SE, 2010). USNRC  (United States Nuclear
Regulatory Commision)ol| A+ Fig. 2.13 o] #9Z T+= 97 Ao
wet dAe] T+EE AElE D Structure acceptable as-is without
additional assessment (F-Z&°] AL F7FHQ A QG5 A &
o gk F7F
= 4%) @ Structure requires remedial action (-
& g E—r B Aol 875H= 59 3GAE FEsta At
(NUREG/CR-6424, 1996).

+ ) @ Structure requires further evaluation (7-2

29l 247t 8

E‘ T
-
g
-] ceTz1
g or
";-"' Carbonation to
g Depth of Steel
£ | Structure
o8 requires
5k remedial action
o
&=
” o
=z
3 S 04<Ce g1
- or
S =
g2 Carbonation Depth
g ; Approaching Steel
=
= Structure
= requires further
< evaluation
S
: !
-]
® Structure
] 0<CL <04
% or acceptable
% Uncarbonated as-is .“:“'hou"
5] additional
= ‘ assessment
-
No visible degradation Concrete cracking with or Concrete cracking,
or cracking w/o staining staining, and spalling
0<w<04mm 04<w< l.0mm w> 1.0 mm

Damage State in Terms of Crack Width, w

Fig. 2.1 Damage state chart relating environmental exposure, crack

width, and

necessity  for

additional  evaluation or  repair

(NUREG/CR-6424, 1996)

A&

3 B H -:,_11 1].



o1

715, 2012). dEFZAHEFTTFEI Y AL EThog} )
dAo] e FEE AAStaL glow o= Table 23% Zrh(3 ¢

Table. 2.1 Allowable crack width of reinforced concrete structures wa,
(mm) (F3YEFZ7]|5, 2012)

) AL pA e B2
== _ - _
| Az 873 | #8874 | 2A4 87 | v 83

0.4 mmée} 0.3 mmé®} 0.3 mmé¢} 0.3 mmée}
AL 0.006 c. = | 0.005 c. = 0.004 c. = 0.0035 c. =
= 3k 2 = % 2 &

0.2 mmée} 0.2 mmé$}
0%k 0.005 ¢c. = | 0.004 c. =
EL 71— %L g}\—
A7IA, com HYHE FHEL wHI
E H&E 95 74 (mm)

r

EEk

Exl
)
>
o,
lo
'
i
v}

Table. 2.2 Allowable crack width of water treatment concrete
structures w, (mm) (23 EFZ7|5, 2012)
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Table. 2.3 Allowable crack width related with repair decision W,

(mm) (EZIYEFSH )
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2.2. A7} A +r(Self-healing)

1

o
do

]
o] FHoR A 2l (self-repairing), A& A
- (autonomic-healing), 282 (autonomic-repairing) ¢ N3 37
2~ o] 21 tH(Ghosh, 2009).

ANAGE QR 29 glol AsHoR EFE BB
9 2

2 35 5 A= A

2.2.1. A7}A £33 E(Self-healing concrete)

AMEAS  FZHA A AT A= ATFAFY 7] Fel whet
Intrinsic healing, Capsule based healing, vascular healing®] Al 7}# %
Ho 2 FFEH(Tittelboom and Belie, 2013).

Intrinsic  self-healing2 A|WEZ wEY 2o FAAEE 2]dle]
A7 7Y EAS 7HAH, F2 O vFE AHME s 3ok @
FAbe 2 (Ca(OH)2) ol &3l et 714 ¢l &4kl st 289 5 7HA w7
UZo] 7]t dojudth(Edvardsen, 1999; Ramm and Biscoping,
1998). Ttdol FAE A7l wep Af 7] & DA, nFE A HE

geje] £A7 Ao we 2748 FadEE A5 Faug

e

T}(Neville et al., 2002).

o %ZH

l

=

olo o
:?L_',

o

=2

Capsule based self-healing< healing agentE &
stAl ste] o AWE SdE3 AgA7]a, R T4
o] ZWAM W9 healing agent EAE0] HEHHA &
A5 =238 ¥ o) tH(Tittelboom and Belie, 2013). Fig. 2.2
o Zol AHMEA =4 Wil EAsH Ps T =24=S 7% F
¥ Ay v ¥kS-E 7| = S (Dry, 1994; Li et al, 1998; Dry, 1999;
Dry, 2000), 7L AAZ A HEZH wjEL e HFsto] ¥335t7] % ahH
(Jonkers, 2011; Wiktor and Jonkers, 2011) " E & 2o &3} second
compound®} F=3sfo] W57 = FtH(Wang et al,, 2012).

e

A7}

o ox ot [
o ) Mt 2
rlo

f
o
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Vascular based self-healing® 7% WH-9} 312 Adsts =390
¢tol healing agentE FY3ata, Fdo] LA Fig. 237 o] o]
st WY

o] t}(Tittelboom and Belie, 2013; Joseph et al., 2010; Joseph et al.,

011). G Zo] 2 A% Af 38 ¥ 5 dvks F4S A

(Sun et al., 2011).

Fig. 22 Capsule based self-healing approaches. Reaction of
encapsulated agent upon contact with (A, B) moisture, air or heating;

(C, D) the cementitious materix; (E, F) a second component present

in matrix (Tittelboom and Belie, 2013)
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Fig. 2.3 Vascular based self-healing approaches. Leakage of healing
agent from the tank via the wvascular into the crack due to
gravitational and capillary forces and pressure (Tittelboom and Belie,
2013)

v 2
A7t

A 2

(
i}

o ;[o

T TE kS V)RR FxAoEL A8 EA
A G FEdA FAYE EYz 7Af ool E

el glnk o w mAEo] ATpAI co]HE =4
1

=

of\ M o
X,

ge AT vE woﬂ =S G B

o}a
o
oifN

ofsl=
2 A& (Extremophilic) 5 S5 2 A% Aol vbg] B, AlA
of 247149 A AE %ﬁ%q(GhOSh 2009; Pedersen et al., 2004;
Fajardo-Cavazos and Nicholson, 2006). £33 & Wi A% o]e]sh
=% 4o Agetta E 4 i wabA, nAd=e A& dFo] 7t

Ao HTAaE 7HAE s 52 o
dstil, ¥ =874, 38ty 2EY 2o AW

A 2008 = AEst . 4 A 9t (Sagripanti and Bonifacino, 1996).
s 2APFY MAAES ZAYE Y9 S dH S A=

= AR A7bE A, wdo] gle Aol R EAdHE ST o

2] S-1)) 8

p |

1



dol AAHIL #ES F3l FEH 377 FdEE HAEZARE EA 6}
A A Eo] &S Ha, TR Zdgol2d gito] 8 o] &3ste] Bt
e AHAES -8t € F9E A (Muynek et al, 2010;
Jonkers, 2011). Fig. 24+ "= 23 Z238E TE A7AF 7]

& HolFET

Precipitated
minerals

Fig. 2.4 Schematic diagram for microbial self-heling of concrete

microcrack
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23. M= BAFE IA

= 2]
A, ey, A, 2R, S S g dEE g4 BFo] be
K =

R [e) o T
@ HFAAAX] AT U 7FA L2919 9gdS Wi=tvl(Hammes and
Verstraete, 2002). S8t ZHgy ghilo] o] Ex)|sto] Al x~w®lo] 3]
Hs W, 5 ol2&F=(IAP, Ion Activity Product)7} &3l =4
(Ksp, Solubility constant)E& Z33& o dojdti(Morse, 1983).
Ca” + COy < CaCOs

9 = a(Ca2+)a(C0327>/Kso With KSO calcite, 25T = 4'8><1079
SEeF Al2El9l pHY
of ggs W=t} 25T

S 3 ZH(Stumm and
Morgan, 1981).

COZ(g) g COZ(aq) (pKH = 1468)
CO2g + HO < H2COs (pK = 2.84)
H.CO3 <« H + HCO3 (pK; = 6.352)

HCO; <« COs + H (pKo = 10.329)

,15,
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n g Eo] ogt eibzde Aol #FE AL HaA
Boquet et al.(1973)e] <J3] A 5oz 2 At Boquet= A2
ol A Bacterium calcis®| 23+ &2 g HAHAS FEsta, A4S
n =] o3k eibdg P 9 A FEF=
FoAH mAELS 2R8E t}

2010). W]

S3 ¢ A3 ¢tol A #

APE F3f HFSA L, FIHA R

ol =3 7]Fol EAetE mA=Fol o YA wAbEol
d & A S 7HHE s S tH(Muyncek et al., 2010).

oj¢}b o] AEAV FEs FAHde AHS

[e]
(Biomineralization) &t 3L 3},

Y

lo 0551 FN

P
N
3
o

e 7o)

f
>,
N
2
> r
&,
o,

(Boquet et al., 1973;

Adolphe and Billy(1974) %=
b JAd IS

Muynck et al.,

.
o 0,

ol

20
1o, 32
o o o

ol
o o M
%k
2

= Al

(Biologically controlled mineralization)i} "35% BE

HAY =

& A (Biologically
induced mineralization)®] S 7}A F3  dojdtrt

(Lowenstan and Weiner, 1989).

2.3.1. Microbially induced carbonate precipitation

IR S e el AE
(Microbially induced carbonate precipitation)ol] 2]3}e] < 01 o,
CFEYA HAGolA mAES Yke] A A
ol LA W FW 37 F7ld WHIE Z=o 2 H el
1993; Hammes and Verstraete, 2002).
A o 3353 A (Microbially controlled carbonate precipitation) b=
A= F= dHe TRV FH 84 219 IS o} @X(ﬂ%‘jr

(Lowenstan and Weiner, 1989).

84 %

P

)

03“: it

e ofh

do 7 do ox

=
$B Fo

=]
o
=

%

)
oﬁL

oX.
o

Jm
oz

3t} (Rivadeneyra et al.,

ORI Y

2

Ao e #AEole vk, &£&57|EA ¥% pH, A3
AA ] AEe] vl 7HA a]le] JEFS How mAES AAES WA

1]
A B E S =T
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v

(Sulphate
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<

ol
7:_:]_}\

4 2~ <3H(Nitrogen cycle)S %3+

o

A%

A+t (Sulfate reducing bacteria)®ll

a9

reduction) 74

o

o
T

F<d (Nitrate)

-

SO
=

(Urea hydrolysis) ¥}

9]

849 4R

gtk (Muynck et al., 2010).
& A1 91 2] (Nucleation site)

Al

=
=
3}

3H
oH

7)ol
Jue gl

=

he

= 24

(R4 AR

J|

oy

~

;01_
B

w 7] wio] Lol

=
=

hyA
I

o) A

A=
=

oL
[}

=)
]

il

ol

s

Eis

o=

o},

o

0

N
i

=0

H(Muynck et al.,

2010).

Ca” + Cell — Cell-Ca*'

Cell-Ca®" + CO5> — Cell-CaCOs

o]
Aol gejsl a7lo] dFL mA

2010; Lian 2006).

Aoz AFHI T (Muynck et al.,

1
T
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Fig. 2.5 Simplified representation of the microbially induced calcium
carbonate precipitation. (A) Calcium ion are attached to the bacterial
cell wall due to the negative charge of the cell wall; (B) In the
presence of calcium ions, local supersaturation can occur and
heterogeneous precipitation of calcium carbonate on the bacterial cell
wall; (C) Whole cell becomes encapsulated (Muynck et al., 2010)
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2.3.2. Microbially controlled carbonate precipitation

A& A o] 3= F A (Microbially controlled carbonate precipitation) ¥}
oA HAES F= IS AT 09 g Hxs) Ao AR
ooty AP, BE JAe] A 5 AdstHA FE FAHY A
HAe Ax AujH o=z J&gFS wHH(Lowenstan and Weiner, 1989;
Muynck et al., 2010).

n AL o) AujE = FESAGolM wABEY TP & 9T

3}

controlled sequence®l] ™z} £ o] o] AAsI= Aoy, FE3}
7F A #E 7] A7 ol Fols wEAA FUIE St YA
o Ao nAES #Ho] HAXE= no controli-H highly control7bA| Z1
AE7F et at nAlEe dEo] AAe] AP A3 7]ofstx] &
B 21, 2EgsiHdE vEAZAd F=o I8 9 uE S

ol A FE3} Ao 9SS v Lowenstan and Weiner, 1989). ¥
gt M= AW Fs ety dodes EQhgst A4

5 ZAA9 AAANAHE Ftl. Addadi et al.(1985)

wg o 2 2 orr
o
A

Y
9 oAt WA Eel A YFARAAN AMHon g}
B ostglor], ot BEeh Hgel Felsts A xH Ay e

(Acidic glycoprotein)®] 274 A% Gl A&  FAFsioh
(Lowenstan and Weiner, 1989; Addadi et al, 1985, Addadi and
Weiner, 1985; Berman et al., 1988).

oA d A=A F=dd AN mAEL F= I o &
aee 248 F=dh A FojeiH, = @4 236 sHHoR
A= Fol

H A

| wet 543 e 24 A4S Ao DS
ol o3k 2 M (Magnetite) @0l AEAE T3 F2FHd £
(Bazylinski et al., 2007).
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H AAS dAstn AL gAML AL ngEe] ZRYUS A
AL F AEE 7];294 EHE AFgsta, nAELS Ao FHA
AAe] A S = ]iq(Llan et al, 2006). Lian et al.(2006)<

nAdEe] EA= BAEEY] 24 4% = 720 IS v A
W, o]#d Jg2 MAEZRE FHFH = gAREEol Y rAES] AMXE
H 82 2A(EPS, Extra polymeric substances)® ¢l&fo] A gkt}
(Lian et al., 2006; Braissant et al., 2003; Kaur et al., 2013). Barissant
et al.(2003)8] Ao A  Exopolysaccharides(EPS)2}  o}v] =4 amino
acid)o] BAbZsrel JA4H FE TE2E AAst=d MF & 9SS st
Atk EPSe} ofmi=it wH7kA o] CaCl9t (NHy)COs: WES-3le] H
A9l calcites FAsHAIRE, EPS®F ofn=tbe] H7beFo]l S84 5 Fig.
269 2H3} o] AA 3o AAo| dHE]MJ_ vk3 A (calcite) Wb
ofye} ulHlelo] E(vaterite) @t o}2falu}o] E(aragonite) 5o thYd 3
5 725 B Lian et al.(2006)% Bacillus megaterium® s o]
H7be Aol A vhE o]l E(vaterite) Tx9] vtz Eol FAHE S
skelsll ar, ol Ao B.megaterium®] 4]t ARAE Wo o Sh-
© 2] 7] (Hydroxyl group)®t 7}2¥-A]7](Carboxyl group)e <
olgt= A3E LAt ol Ho] oY Ao wA=Eo] AA FY
I Fxo] JEFE PAH, AAE A Al WA (Calcite) ETh HhE| 2}
(Vaterite)9} o}2}aivbo] E(Aragonite) Z A o] $Al&A Yepbdohs
AdNE BAFUT

o]

m

,20,



al., 2006).

CLKpkl =20 ;pk2= 0.1 ;pkr= -}

Retative Scale

EPS Increase (Xanthan)

Step &

Increase of amino-acid acidity = Relathive Scala b

Fig. 2.6 Sequences of calcite and vaterite morphologies obtained
during the abiotic experiment. This sketch shows the morphologies
related to increasing amino acid acidity and xanthan content.

Scales are relative (Braissant et al., 2003)
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3. 4d Ax 4 WUH

3.1. 2dA =

31.1. WA=

FolM =7 =2

MRS 37
1 Ae ot

TAFY WAES Bestel AgdAth EF A=A

Fig. 3.1 YeERf AT

Fig. 3.1 Site of soil sampling point (Shihwa Lake, Ansan-si,

Gyeonggi-do, South Korea)
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23t v ABES Bacillus pseudofirmus?t 100% AHs3k nAE 2
Bacillus pseudofirmuss= <714 S<4Z8Ad ¥AIA mAAEZ LA
Rom kAol o FRUE VA AlEs o 2SS HH 99
¥AE JAAST HA A pHE 9.0013L 10014 45T Alolol A A4S
H eItk (Nielsen et al., 1995).

A g F2AE fgh w2 pH 979 &Zd FSuiAE AE-S)
9o Nutrient Broth 8 g/L, NaHCO3 4.2 g/I., Na:CO3 53 g/Le &
TAHAATG. A FAPAE A WX EE dEd FIuA el
MnSOsH:0 0.01 mg/L& F7Fste /33t aith

312 REZE=Z9 ZagE

REEEE AHME, 2 2 gz2A, Aol weA E3t ARE 3
whE B39 A THKS F 1004, 2004). 2 AoA AWEE KS L
5201 FEU = AHE ]/\1 TAS 12 BE

KS F 2403 238 E9¢ 7
AFol H#& FA Hul 259 38 o]do] Eu KS A 5101—1011%1
8% 192 mm % FAE FHeeE 2AE AHESAT 2AYES
KS F 2425 AgAer ZAZE A = Wy me e 2

=3 saln.

kn
Ll
l-'EI

,23,
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3.1.3. ZaR714k

AT Zefritters 542w (Calcium formate) ¥ oFAl

i
EAbA<(Calcium acetate), 24F Z-(Cacium lactate) S AFE-3FA Zr
HFRH71AHS S8 YUY AFolS AWE mEY X Yo vgst g
o]% A=

AFAA 2 A4 5 ol Fez 24
s B webd BRI Az ARNE U N5 Bgol e
3} Ealel & EAEL Holw, AR FAHHe SaRE Aol

e
1o
2
2
)
r'O
"
ol
o
ftlo
e
rO

GAdE F JEF st o t}(Jonkers and
Schlangen, 2008; Jonkers and Schlangen, 2009; Ghosh, 2009). Z<4 7]
2 5 53] Calcium formate ((2F4F Zg)= /714 2AYUE 3 %
A E482 Z d8A o, Cacium lactate (B4F ZH5)% a-hydroxy
carboxyl groups X3t UE 7|22 530S doAowE tE2A A
WE $3 XA 2 ZFgas Aoz A Atk (Rosskopf et al. 1975;
Singh et al., 1986).
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3.2. 2d&A = U

32.1. A= &2

of #e& 31104 Aue A7%E SMEAl Ags 1A A
=2 A8kt 50 mL cornical tubed] 2 g9 EY Al®
10 mLe] EdSHITE £ voltex® 1287 & 83 & 80C g2
2027 dF5As Ttete]l WAEAE A Eote mAd=ES
APEAI AT, dFAS 7S FE WY s 5 mLE pH 979 &
vl 2] (Nutrient Broth 8 g/L, NaHCO3 4.2 g/L, Na:CO3 5.3 g/L) 200 mL
of HZF3ta 30T, 200 rpmol Al 48417 &<t vkttt v A S 54
sto] dZka] ) X (Nutrient Broth 8 g/L, NaHCO; 4.2 g/L, NaxCOs
53 g/L, Agar 15 g/L)ell =g & 30ColA 3041k &<k v st A
ZEYS B, A7), A B 5o 5EAS Sdow wFeta, e o
F2 Ay = 7 75 thal tooth-pickingS A A&ttt zHzte] F 2
Y+ 15 mL micro centrifuge tube] ¥A}384 ¥l A (Nutrient Broth &
g/L, NaHCO3 4.2 g/L, NaxCOs 5.3 g/L, MnSO4H>O 0.01 mg/L) 1 mL
of HZF3skel 30T, 200 rpm oAl 5UZT wiFg Fof FstdAn A
s Fate] WAEAE FAAFE IRl
HTHor FEg sgAud TAEAL wA=EE 16S ribosomal
DNA <9714 d EAMHow EAEct. o W, Primerg&
271F(5-AGA GTT TGA TCC TGG CTC AG-3)¢ 1492R (5-GGT
TAC CTT GTT ACG ACT T-3)& AH&3atdth. 714 E-2 NCBICI A
BLAST (Basic local alignment search tool) 7 M-S %3] GenBanko®l

s 5E A= vussd
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3.2.1.2. MAE<] pH A4 7}

Egowiy 3 3714 44 E¥AFA vAES pH W
TS ®B7] 9lste] pH 1058 pH 139 ®HolA v PES wjtsty
RS Ay gkt o kvl #] (Nutrient Broth 8 g/L)ol €+%-8& 9 (Buffer
solution) & H7}ste] pHE 43t 0w, pHoll wE dF§odo] AL
th5 Table. 313 Zt} vjgdd wAES HEska 30T, 200 rpm %=
Ao A wfdstH A I E=(0D, Optical Density)e} 71 A <=(Counting)=
ZAsto] pHE ®Wste] i mA=Y AFP=E St

Table. 3.1 Amount of buffer content addition on the range of pH 9 to
pH 13

pH Composition

100 ml 0.025 M Na2B4O7-10H20
9

9.2 ml 0.1 M HCI

100 I’Iﬂ 0.025 M NagB407 ° OHzo
10

36.6 ml 0.1 M NaOH

100 ml 0.05 M NaHPO4
11

12 ml 0.2 M NaOH

50 ml 0.2 M KCI
12

12 ml 0.2 M NaOH

50 ml 0.2 M KCI
13

132 ml 0.2 M NaOH

,26,
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AR vl A%

o2 Nutrient

q =
>~
i_;g
o
i
o
O_>~L4 il
>
o)
tlo
Ho
<

3
Broth 8 g/L7F =3d  duiAdd Az (Calcium  lactate,
CeH10Ca06) 0.025M, AlEZAFYEF(Trisodium citrate, NasCgHs07)
0.1M, T e} E H(Sodium bicarbonate, NaHCO3) 0.05MS F7F4 o &2
A7tste] ALgETh o] W A|EZAN}E F(Trisodium citrate) B A
=42 s JAdE& 9yl fsted #H7EskvH(Jonkers  and
Schlangen. 2008). A3 & F2 wj&ed 8 vA=S JFskL 3
0T, 200 rpmoll Al 48A1%F Wi efgt F-o] Fatdwmd #2S T3 24 &

o RE BAE
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322 MAET BEFIN G BE A IR 7=

nAEI ZagR7ib Zotd mE A9 P4 x5 AuEe
2182 Ammonium carbonate free-drift method (Becker et al., 2003;
Braissant et al., 2003; Lian et al., 2006; Li et al., 2013)¢} 5Ld3HA <
gttt 10 Lo Bl drAely Wi =273 ofdfjFo= FE
A EFE((NHHOHCO;) 2 10 gol ¥ HAE i, Ex7]3 9%

1
= AdEde]l # HED HAE SHFEdT AEY HA dRds

gatzt g AAS AFHE7] Y3 A2 12 mmel ANFHFAE HolF
t}(Fig. 3.2)

- Petri dishes containing the
experimental solution
| - A number of glass covers at
the bottom of each petri dish
—_—— __

| - Beaker containing
‘ (NH,)HCO; powder

Fig. 3.2 Schematics of experimental set up for ammonium carbonate
free—drift method

A7 R ol Fol HolE TEHANYEF 3UEo] dEole o
At AE EAAI7IAL o] fiF o E SbEo HEZ HA Uil A
3-S5 o o 71tk (Lian et al, 2006). ¥F3-21& v}y 7o},

NH/HCO3i) — NHz) + COoq) + H20q)
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of W AAE ghrel 7A= AED FA G ol o} ofef
o WeASh e WS molWA §oo pHE =QIth o 4EHEiA 7]
Ax & & Fol=]7F COxag, HCOs (ag), CO3? T AATIH HA
HES-o] dojys Soh(Li et al, 2013). WFS-24]& oS53 2t

NHs( + H:00 — NH" () +OH (g
COsg <> CO2aq)
COsaq + H:O < HCO” + H'
HCO” < H' + COs*
Ca™ + CO3~ — CaCOs |

AN ZgR714E 0002 Mot &abg AU EF(NaHCOs) 0.002

ME ¥ &3}= salt solution 25 mLe} v[AE &4 15 mLE ¥
710 o 2 313004 533 344 (Calcium formate), oAl
EAZ 4 (Calcium  acetate), A AHZE<(Calcium lactate) S AF-8-3F% 0™,
ML §dlogE wAE v 022 um AUA ZHE F343 7
e deds A&t

A A2 2, 4, 6, 10, 24A)1%F A AkgE Fo] HiAAlOlH W] AW
s AEY drh SR dx

L Fol FARRAFM A (SEM,
el FAs #geh

=] ol A X}‘Eﬁﬁ"’: /\]ﬂﬂr. e AxAZ AELS W2 2
gte] 9+ 2 A& 3 XRD (X-ray diffraction) 241 £3] Z2A
o = EA3t
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Ao dadt R2Et2 FAA= KS L 5106 44 AWE 2
Bt 29 ot A% AlRel web Al sk gl UEE}E SALA A A el
AbES A5 E ool 3129 FAEA E=WEA He] Zol7k 50
mm¢! YW AFAE A FA HAFE E= }ﬁo}ﬂ% TARE AP 7z
Aol thatel 3704 Al Zrskd vk A @ A= Fig. 3.2a¥ 2T

RE2E2E wgetes AP 2%+ 20TdA 275TCT=2 FA8ka
FlEEE 50% ol de FAStES St &3 AHMES EYE 05 ¢
11245 FARE HoAA A=E wiFstdor, g £37]E o] &3
A TH

AlAA =

Yo Ff(mineral oiDE &4 w21 &5 FHI H,
ZF 29 U 2 o SlHelA o7 V5SS TS F
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ofo
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Fig. 3.3 Mortar specimen molds and procedure of curing mortar
specimens: (a) mortar specimen molds (50x50x50 mm) (KS L 5105
Testing method for compressive strength of hydraulic cement mortar);
(b) mortar specimens filling with mortar paste; (c) mortar specimens

after 24 hours elapsed time; (d) demolded mortar specimens.

A ELS 3116 A2 A Lt 22 s XA 30Tl Al 200
rpmo 2 54 7F wFeta WAEAY] PSS Elst §, QlakekE A (pH
7ol 23] MAste] REEE wig Al Tt A Akt 2
fr71Ake 2= 313004 Aed EEAZE(Calcium formate), oFAEAE
24 (Calcium acetate), 24FZH4(Calcium lactate) S AR&3tl o, Adl
E FAY 1%% sto] Az Aol AHNE) Bl A H7bstdth
Ao Adaa gz Table. 3.29} Table 3.3, Table 3.4 z}z}
e AT

M
rlo
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Table. 3.2 Experimental condition of compressive strength testing of

cement mortar containing diverse concentration of Bacillus sp. BYI

Composition
Group
Mortar Bacteria
Control group 0
Cement 10° CFU/mL
Sand

Experimental group Water 10° CFU/mL
10" CFU/mL

Table. 3.3 Experimental condition of compressive strength testing of

cement mortar containing various calcium additives without Bacillus

sp. BY1 addition

Composition
Group
Mortar Calcium additives
Control group -

Cement Calcium formate

Sand
Experimental group Water Calcium acetate
Calcium lactate

_ 32 _



Table. 3.4 Experimental condition of compressive strength testing of

cement mortar containing various calcium additives with Bacillus sp.

BY]I addition

Composition
Group
Mortar Bacteria Calcium additives
Control group 10° CFU/mL -
Cement 10° CFU/mL Calcium formate
Sand
Experimental group Water 10° CFU/mL Calcium acetate
10° CFU/mL Calcium lactate
_ 33 _
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KO

AJr

BA1717] vtz Aol ol AW 5

B

~
o
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]

MTSAES] MTS 815

1
T

28] =
Fig. 3.4¢} 24

o

H] =

Fig. 3.4 Experimental equipment for compressive strength test of

mortar specimens (MTS 815)
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3.2.4. A7MA ol 98 FI E pa
3241 Z3HNE FAA A=

Ao a3 FAYE FTAA Y HH A A= Table. 359 il o]
H]

starh

Table. 3.5 Mixing proportion of concrete specimens

= AlHE ZF

pul

i

A T A

184 368 736 1012

FAAE AL 100 mm 2o 200mme] AF FAAES AL
Fig. 35a%} 2t} ZaglE9 &3 9 (Fig. 350 o] &3t9aL, o
wf AJF Al £EE 20TAA 275C, BAUlFEE 50% odo R A3t
gk AFEA & Ao F-F(mineral oi)E A viEn E& xYdk
H, 2 o W R ofed SiHolA o2 VIES ol wieet
FAYEE F Hel vrolA] AldAle 93 s ETE o] E
gt A9 Ath(Fig. 35c). WMIEE ZAYEE AL AFAE 2=
(23+2)C, ¥% 17] 32370 24X 7+ =<k

90% = AASA FAA 5
SaAeta, g3ste] 23C FxA 2897 FE9A ST Fig.
35de AlgA Bl ZAYEE A&
ZAYES AF-aL 244 3Fe] A g
SAA Y] EFolth TAAE 28Y
tH(Fig. 3.5g ¢} Fig. 3.5h).
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Fig. 35 Procedure of preparing concrete specimens: (a) concrete
specimen molds ($100x200 mm); (b) mixing concrete paste using a
laboratory concrete mixer; (c) compacting the concrete paste into
molds wusing vibrating table; (d) concrete specimens filled with
concrete paste; (e) concrete specimens after 24 hours elapsed time; (f)
demolded concrete specimens; (g) cutting the specimen using
specimen cutting machine after 28 days curing period; (h) prepared

concrete specimen.

flo

A e 2]t
A A7bskaA & Al

.

3231 RZEl2 ZAA A=A B
o] A xS Table. 3.601 YERA

X

=

M

Table. 3.6 Experimental condition for testing of concrete microcrack

remediation efficiency

Composition

Group
Concrete Bacteria Calcium additives

Control group - -

- Calcium lactate

Cement )
Sand 10 CFU/mL -

Experimental group Gravel 10° CFU/mL Calcium formate
Water

10° CFU/mL Calcium acetate

10° CFU/mL Calcium lactate
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S

o]-§ato] T8,
sttt 71719 & Hel=¥

=
=

< MTS 815 717]

49

AN 712 1 um/sec

]

)A
Ho

(Wang et al., 1997; Aldea et al., 1999a; Aldea et al., 1999b). (Fig

3.6a%} Fig. 3.6b).

H] A

-
R

stol E2 744

100 pm ©]

Fig. 3.7a, Fig 3.7b¢} #Tt}.

Fig. 3.6 Splitting test for inducing crack in the specimen
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Fig. 3.7 Crack generated concrete specimen

3243 WA= o3 FAYE mATEE AH

5

3242014 AT MATEL AP TAAL 2AYE YR v4
o) B4S ZAAAT7] ekl BEF dpE P Ao 2447 T}
STy, 24A el Anka Fol AAA o)e] wWAE 2 Tohyn £x
(25+2)C 9 Fzol @rET 27 de] W Fxo] FAAS A wd
o) WHe AAAN AR wie HYetn, HAE PAFL ZYaol
Zaee WAFde] AGoge A u g
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] A E-o] A-e OD(Optical Density)$t WA =4S Ea) 3¢l
At ODE 33 =41(2120U0V, Optizen, $=1)& 600 nmol A 434

i1, 7/|#A 4= PBS(Phosphate Buffered Saline)® " A& wjgal S 107
10%, 10° 10° wf 3 A A7 5 &z 3 @) %] (Alkaline nutrient agar) ol
Lbsto] 24417F wigE = RSkl

n A= YA xR A1 4 (AXIO Imager Al, Carl

zeiss, %) F9& Fsto st
33.2. 24 ¥4 ¥4 (FE-SEM)

A4 Fge

=]

W A 7171 F syl FE-SEM (Field Emission
Scanning Electron Microscope)® #43FAt}h. 3229 AW Feta= A
g ®hA EHlo]Zo] nAetal, WMy A®S ste] HWe dAxEAS 7o
g Fo FE-SEM #92 staivh s 3297 BAL-TECAH] SCD
0055 A&3}%lal, FE-SEM< Carl ZeissAte] AURIGA FE-SEM< A}
g3ttt o] v 4 EE 1.0nm @15kV=Z 31 T).

¢

33.3. 24 +x &4 (XRD)

AAel Fx 71 4 7171 F syl B¢ XRD (X-ray
Diffraction) 2 213} t}t. BrukerAte] D8 ADVANCE with Davincis
Abgate] EA e, olm) HE7]2% LYNX EYE XES AFgstith 2

O HW9l+= 594 80ER %L 1 degree/min®] X2 43

2o
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3.3.4. AAdn]7F (Stereomicroscope)

ANGA AF vAdEe] 7d FL AAdu A FFS T3
Carl ZeissAte] Stemi DV4 spot stereomicroscopesS AF&3911L, 8, 16,

25, 329 &l A HF s

Fig. 3.8. Stereomicroscope set up
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Ad 23 € 3%
4.1. 3<¢ZYAH EAIAH AAFE VBE 2T
41.1. ES U €728 TXFAZ A E £

715 QEAEAl Algtm ZbA A o) ofdbe] Efell M MA s M=
S S

A, WAEAE FYste] A aetE

pH 9.7¢] <z 3 v =] (Nutrient Broth 8 g/L NaHCOs3 4.2 g/L,
NaxCOs 53 g/L, Agar 15 g/L)ollA wiYdst F2Y 5EHS HAo=
#Fste] 97 T FE2YE s 28 97 & FEYE 2AF

AdajAlell HEF:eke] 54z w5, B A %}‘é% A sk A
EAE YAk MAE 228 Adetdt dAvlAds E8 HEe x4
+ Fig. 413 Zv. "M AR g Bk A7 mAdE
(Bacillus sp. BYD©lal, A7 vt BeF &o] Ao 5 EA|7F 7]
AEo] FAg YA xR oltt, A 22F vAE U 2AFYAE
o AAEE Husla, AFHor 65 nAES AA4eAT

Fig. 4.1 Image of spores formed by isolated spore-forming bacteria,
Bacillus sp. BYIL
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i

HAFEHor 3 sz TAEA vAE 650 et 16S
ribosomal DNA @71A 4 #4& AAIg A3 F28 v 8= Bacillus
pseudofirmus®t 100%% 4-s4S 7o vAELS DDBJ  Bacillus
sp. BYI(Accession number: AB830103)C.2 S =3l o, 1 A %E3sH3
A EE Fig. 429 2t W BYlo] ¥ Aol E23 nAEo|my,

Desulfirococcus  fermentans (Z-1312)9}  Desulfirococcus  mobilis

(M36474)+= o}# A& (Phylogenetic tree)2] Out group©]t}.

Bacillus akibai 11397 (AB043858)
-Bacillus alcalophilus ATCC 276477 (X76436)

acillus pseudofirmus DSM 87157 (NR 026139)

B Bacillales
-Bacillus subtilis DSM107 (AJ276351)

-Amphibacillus xylanus NBRC 151127 (D82065)
-Halobacillus halophilus NBRC 1024487 (AB681790)
DSM 52717 (AJ238041)

-Enterococcus faecalis JCM 5803T (AB012212)
Lactobacillales

Carnobacterium divergens DSM 206237 (M58816)

L Ibrueckii subsp. delbrueckii BCRC 121957 (AY773949)
Baciflus pasteurii NCIMB 88417 (X60631)

Aeribacillus pallidus DSM 36707 (Z26930)

72 b

illus stearother ilus R-356467 (FN428694)
Anoxybacillus p inensis k-17 (AJ010478)

[Desu/fumcoccus fermentans strain Z-13127 (AY264344)

100 I—Dssulfummccus mobilis (M36474)

0.056

Fig. 4.2 Phylogenetic relationship of isolated bacteria from alkaline
soil, Bacillus sp. BYI
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4.1.2. V| =9 pH AF H7}

pH 10914 139 Wl Bacillus sp. BYIS wW%3tH pH WT+A

S Hrst 23+ Fig. 433 2o OD 4 & T3 4y E 23 pH 11
| W As Holil pH 120]74el A= Aol HolA eFsky. af
AR WA T F8E 3l AHEAS wf pH 12 o] el = dA A
g i e As G ol & Fal & dATolA &
23t WA E Bacillus sp. BYI®°] pH 10 o]Ate] &zta] 7oA A=
sota, ek ZAYE AT E AR Aol A Eo] 7hsd

A=
=
| N

ol

Ho
X
ol
oL
a
ox

O

]

ru{o
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pH stability of Bacillus sp. BYT

14
—e— pHO7
12 o || En O ........ pH 102
' ——-¥v—— pH113
——A—- pH12
104 —®—
B
S 08
(=]
(&)}
©
O 06 A
O
0.4 ~ e o]
0.2 -
TR . ol Mlih s, iinincin —_.?:‘_.._-..
0 5 10 15 20 25 30

Time (hr)

Fig. 4.3 Growth curve of Bacillus sp. BYI in various pH condition

Table. 4.1 Counting the bacterial cell number on the growth of

Bacillus sp. BYI in various pH range

pH 0h 5h 13 h 21 h 25 h
pH 9.7 0 75X10° | 6.0X10° | 45X10° | 5.0X10°
pH 10.2 0 1.4X10° | 27X10" | 25X10° | 3.0X10
pH 11.3 0 39X10° | 95X10" | 3.0X10° | 1.4X10°
pH 12 0 3.1X10" 0 5.3X10° | 4.4X10°
pH 13 0 5.0X10" 0 50X10° | 1.5X10"
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Z

I

f 84

3t Bacillus sp. BY12] A

EFoA &

& Fig. 4.4%

UM Fig. 4.4b°l

AYA
3t

O

Y
=
ol
ojn
BX

—_
fite)

O

F2& A2t (Jonkers and

ATl e

A

—_
fite)

R

St Bacillus sp.

Schlangen, 2008). ©]&]

Fig. 44 Image of biomineral formation induced by Bacillus sp. BYI

(a) 400x; (b) 1000x
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4.2. MIAEY ZEH71A HIF A Zs AR
I ZIYE EAI v X= I

42.1. MAEF ZEa714 H7F A AR 3 Fx
421.1. VA= H7F Al 24 P4 )

Ammonium carbonate free-drift method (Becker et al,

Braissant et al, 2003; Lian et al., 2006; Li et al., 2013)2 %3}

374

2003;

u] A =

of EA +H7F AR FAe PAe dFS AHE Ay uAEe] &
AtA R B AAL THA & FANY TARAJ] AASE YE
WARE, Al =] EAE AL dFEE ndo &85 +39
oz Yyl Hrels Zdadol XE4HEE (Calcium formate), ©F
A EAMZ4 (Calcium  acetate), 242 (Calcium lactate) &2 Z2bA %
AR G mAEe] HA= TS A AFFE BAadT
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e

S5 (Calcium formate)o] Zgdo= &4 3w, nAYE
H7retA ks Wl AA-S Fig. 45a¢ Fig. 4.5b9F o] tl¥-i &4
(Rhombohedral, 5 AA4dHE 71 APSAA)Y THA 2
s HediA, s HUeds W A4S Fig. 45¢9 Fig.
45d9F #Zol dAAN R SeETSAL EirAS 73 BHdF
™

»}E}Lﬂ%}. o xﬁﬂw

T
[6)
2 -
o

=
Lo

Fig. 45 Differences in crystal morphology with and without Bacillus
sp. BYI in calcium formate addition (a) overview of crytals without
Bacillus sp. BYI, (b) detail of crystal morphology without Bacillus
sp. BYI, (c) overview of crytals with Bacillus sp. BY1, (d) detail of
crystal morphology with Bacillus sp. BY1,
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oAl EAFZE4 (Calcium acetate)o] Zadoz &4 o u vAyE
A7vetA &eks ul A4S Fig. 4.6a9t Fig. 46bet o] FwW
(Rhombohedral) 9} vls= =24 3 22 &2 A5 J45
Ba, uAES HUMER e W A4 Fig, 46c9 Fig. 4.6d9 %
AA A o St Btz 739 gdd e 344 YERATH

o E
=0 =
of W Y4E A9 Avjet mee vwy Fdstsivh

f

Fig. 4.6 Differences in crystal morphology with and without Bacillus
sp. BYI in calcium acetate addition (a) overview of crytals without
Bacillus sp. BYI, (b) detail of crystal morphology without Bacillus
sp. BYI, (c) overview of crytals with Bacillus sp. BYI, (d) detail of
crystal morphology with Bacillus sp. BY1,
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LA ZE g5 (Calcium lactate)©] ZEd o= &4 & o, vAES H7}
kA ke wl AL Fig. 4.7a¢t Fig. 4.7be o] WA
(Rhombohedral) ¢} 3] d -8 A (Sperulites) 8] Aoz Vel SHA|
ot 34 @ 7E AA o] Fo] #E HAT v mAES A

Vet S W A4 L Fig, 4.7c9k Fig. 4.7d9F 2o] Zhd WEe] o9l
AAY Bolt B /M m, BirAAClx 24 F4e HAE Ao
B A

Fig. 4.7 Differences in crystal morphology with and without Bacillus
sp. BYI in calcium lacetate addition (a) overview of crytals without
Bacillus sp. BYI, (b) detail of crystal morphology without Bacillus
sp. BYI, (c) overview of crytals with Bacillus sp. BY1, (d) detail of
crystal morphology with Bacillus sp. BY1,
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9ol Ay AP A (see Lian et al, 2006; Braissant et al., 2003;
Becker et al, 2003)&°lA AHE nAgEol Hrlo] wE AAol FA
kel FAREE AIFAAS BHAT ol#EX wA=Y EA 5ol wet
CaCO3 2749 Aol 2 W37k AL, o= CaCOset & do] o

A& #F8-(see Archibald et al.; Berman et al., 1995), 2
HBANA F71=23 F71=9] Ao 2E(see Mann, 2001), " &
o] tAlE" = EPS (Extracellular Polymeric Substances) (see
Braissant et al,, 2003; Li et al., 2013)2] &4 So] 2743} HAAA
& m A7) wEol

nAEL] A7 AR @Al mAE S Fdatr] feke] WA
ol &4 & W 24 x7] 4% 4 A ARk ofg ¢

[e]
Fig. 4.8 m A&} &4 B2 (Calcium
7 3]

&
9
2
L)
-
i)
>
do ¥
o
fr
iy
2L

& w1, 2,4, 8 14, 24 A3to] A F FAHH AA Y EFolth
Bacillu sp. BY1°] 3ol 39 Zvk AA9o] dFo] Eold+
S #elatl 1 (Fig. 4.8a 9+ Fig. 4.8b), °] S E3] w9 A¥ o
o] APA A= g3t HAYE FHOAMFE AA & P45
AE ATt Alte] AHstuA] AA L dEo] wAE FHUS 75
Ao, olgA AFde ez Gl nAESe] Rol Fig 48c8t 22 BEE
o2 %7 A4& gAY 7] AAHL AFHoR nAEY g4
w3 Aaagstas skl 2413, 44]3ke] A ek o] AA A7)
= °F 4 ime 9 um‘RiElL}, 8/\17“’] d3gk Fo °F 45 um, 14A]%to]
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Fig 4.8 Growth of crystals with Bacillus sp. BYI and Calcium lactate

addition after (a) 1h; (b) 2h; (¢) 4h; (d) 8h; (e) 14h; (f) 24h.
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4212 s Zdga71x H7F Al 249 P4 W)

7Vl ZAaEr71ake] Sl webAd = 24 e
FEEAMZE 4 (Calcium formate)o] ZHFEPo= =4 o,
Fig. 4.10& 0}*1]£&£%(Calcium acetate)o] ZHFdoz EAT o
Fig. 4118 2z 2zt (Calcium lactate)o] Zad o2

gogolt}, ol M EAFZA(Calcium acetate)o] EAe wl A o] oA Ao
2 7Y Y& /AL dUE T30 FEYE Egoes yEd whd
o, ¥ EAFA4 (Calcium formate)¥} 2 4FZ<(Calcium lactate)o] Z-5<
o2 HHHNE Wl Bt H Aol 7t

# A (Rhombohedral) ] ®E0°] o] Sl= W Es5o] Yyt E3,

¥ 52w (Calcium  formate)S  H7bskle wel  AAbzZE(Calcium

lactate) S H7I8t9 S W JAHE AAHLS FA18 JEE HHAT X5
224 (Calcium formate)o] &A1 wf o] A7|Ad7] dade= A
e BFow UEyE T HW EFolA AolE BT 7 ZEdel
i A vAE &AS HrbehA] kS 9, 022 yum AHA 2HE &3
gt MAE AT AES HUte S W, A GRS Hotetd s wel 274
Fds AR AaHTMAe] TR nE A4 e Wiyl o HE

3] ®elt,

Fig. 49 &4z (Calcium formate)o] ZrHdo sz &8 uf w]
AE SAqS HuekA FSES we] AA A (Fig. 4.9a9t Fig. 4.9b),
022 nm A€ & 5343 A= 459 HUbeds o 239
@7 (Fig. 49c)% FH(Fig. 49d), MAE wWFds Hrbstsls v 2

ﬂl

Aol A Fig. 49¢)¥ #F W (Fig. 49f) XE<5o|th nAE &HS 7@7}8}
A kS W AAL gFE durA<l CaCOso] Fdo= defzl sHA
(Rhombohedral)®] +x& R AT stAF 022 ym A dA dHE &3
st MAE FE RS HUbeR S "ol 24 FAd gde] Wt 9l

At AL EEESS IS Hola, aHS AFEE d8de A
2e Bgor UvEhyth ol A4 A BW EEe Wk A

-";rxﬂ-! _k::l 1



4.10&
nAE &S HrbekAl @ks wWe AA PFAH(Fig. 4.10a¢t Fig.

022 um A¥A IHE T3/ nAE F5HS Htstd s w
AA ] ¥4 (Fig. 410c, Fig. 4.10d), "IAE wiFdES H7tstAS we
o MAE §dS F
7helAl ke wl AL dFE CaCOs9 o= d4#zl FuA
(Rhombohedral) F=+= #AH(Tabular)WE =2 o] Fo] 7 3] A A (Sperulites)
o 725 Btk AT 022 um AA AHE FAL VAE BT

= =)
S A7 S wole A e 79 52 EAY FEYE T
2 (Rhombohedral) ¢] &S Holm HAAow i AHES P4t
Atk olys A4 P We mAE wWigdS HUtsRE WE &
ARSE S Hglon, AR FE S FHE Yehyon, FWxE X
A2 (Calcium  formate) 2t 2 4FZ4 (Calcium  lactate) S 3 71t A&

W B} ol FHER o] Fol [t
Fig. 4.11& # A5 (Calcium lactate)o] ZHdo 2 & uf w4y
5 §9E HulekA &S W AA FAH(Fig. 4.11a¢t Fig. 4.11b),
022 ym A¥A FHE 43S "AE F5AS HIMstA S W A4 9
B4 (Fig. 411c)% xW(Fig. 4.11d), WAE wFHS H7tstas oo
FH(Fig. 4.11e)¥ W (Fig. 4.11f) ZFolt) nAE &d98 H
7bebA] ekeks wf AAS EEAMZw(Calcium formate) ¥} oM EALZ
(Calcium acetate)= H7Fst= wlel FAFSHA CaCOsol & ow ¢
71 5l A (Rhombohedral) =+ ¥ (Tabular)WER o] Folxl 3] A
(Sperulites)e] T+x2& HIAw ZAA FwHo|l HAHZMA A (Scalenohedral)
52 e R Y Needle like) 0.2 AU+ EES EATh 022 ym 2

A AHE FAd VAR 5

ke
o

off oft

B 2 oox MY
[o o

ol ol

i
I
[l dor o T lo

o
(Calcium formate)e] #H7FE A&
2 yeEhyga, ¥HWE #AN(Tabular)e] %
(Rhombohedral)Y} %+ (Prismatic)®] ZAo] Rol =

o ofm
f-
2

oy ¢
o
tt

2
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Fig. 4.9 Effect of different calcium formate on crystal morphology and
crystal surface. (a) overall crystal shape with Bacillus sp. BYI
cultured medium and calcium formate; (b) surface of crystal with
Bacillus sp. BYI cultured medium and calcium formate; (c) overall
crystal shape with 0.22 pm filltered bacterial supernatant and calcium
formate; (d) surface of crystal with 0.22 pm filltered bacterial

supernatant cultured medium and calcium formate.
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Fig. 410 Effect of different calcium acetate on crystal morphology
and crystal surface. (a) overall crystal shape with Bacillus sp. BYI
cultured medium and calcium acetate; (b) surface of crystal with
Bacillus sp. BYI cultured medium and calcium acetate; (c, d) overall
crystal shape with 0.22 pm filltered bacterial supernatant and calcium

acetate.
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Fig. 4.11 Effect of different calcium lactate on crystal morphology and
crystal surface. (a) overall crystal shape with Bacillus sp. BYI
cultured medium and calcium lactate; (b) surface of crystal with
Bacillus sp. BYI cultured medium and calcium lactate; (c) overall
crystal shape with 0.22 pm filltered bacterial supernatant and calcium
lactate; (d) surface of crystal with 0.22 pm filltered bacterial

supernatant cultured medium and calcium lactate.
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(Becker et al., 2003; Braissant et al.,, 2003; Lian et al., 2006; Li et al.,
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224 (Calcium  formate) ol Y A 424 (Calcium  lactate)©] ZEdo=
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Table. 4.2 Distribution of the calcium carbonate crystal structure on

various experimental condition

Bacterial source

Calcium source No Bacillus sp. BY1 Bacillus sp. BY1

addition addition

Calcite 10095
Calcium formate Calcite 1009
Aragonite 5.81%

Calcite 91.18% Calcite 10096
Calcium acetate
Vaterite 8.82% Aragonite 38.52%

Calcite 10095
Calcium lactate Calcite 10095

Aragonite 8.46%
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Fig. 4.14 Compressive strength test after 7 and 28 days curing of

cement mortar specimen containing diverse concentrations of Bacillus

sp. BY1

Table. 4.3 Compressive strength test after 7 and 28 days curing of

cement mortar specimen containing diverse concentrations of Bacillus

sp. BY1 (Mpa)

Days 0 3.1x10° 3.1x10° 3.1x107
7 22.06 22.00 22.30 22.63
28 32.23 30.35 30.10 29.18
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Fig. 4.15 Compressive strength test after 1, 3, 7, 28 days curing of
cement mortar specimens containing various calcium additives (1% of

cement weight)

Table. 44 Compressive strength test after 1, 3, 7, 28 days curing of
cement mortar specimens containing various calcium additives (196 of

cement weight) (Mpa)

Calcium Calcium Calcium
Days Controal
formate acetate lactate
1 10.83 752 7.86 7.48
3 23.82 19.53 20.51 22.61
7 26.27 31.62 28.68 29.62
28 32.99 36.11 36.26 38.40
_ 66 _



K

] A
17k A

S
=

(Calcium

b o,

<]

7}

=

o

7F Al 111.5%

J

&
=

Fig. 4.16, Table. 453 %t} 282

ol Al E4FZE 4 (Calcium  acetate)

1
.

2 3}

111.9%,

47]- Al
115.0%, #ZAHZ-%(Calcium lactate)

S
=

formate)

AN7 Ao AN,

i

o

el

ﬁo]:

%

=
L

Whshs gle] maele Axwe] Aol

#2 FHHom

,67,



50
I dayi
= day3
4 || EEE day?
o 1 day28
=
- I
% 30 4 T
=
wm
z
@ o
o T
o
E
]
2 10 4
0 [_
Contral Cacbum fomake 1% Caklum aciale 1% Caklm acelale 1%

Calcium additives
Fig. 4.16 Compressive strength test after 1, 3, 7, 28 days curing of
cement mortar specimens containing Bacillus sp. BYI and various

calcium additives (1% of cement weight)

Table. 45 Compressive strength test after 1, 3, 7, 28 days curing of
cement mortar specimens containing Bacillus sp. BYI and various

calcium additives (196 of cement weight) (Mpa)

Calcium Calcium Calcium
Days Controal
formate acetate lactate
1 717 7.28 7.74 6.28
3 14.65 16.61 16.90 17.80
7 20.63 22.56 21.27 22.90
28 28.90 32.33 33.23 32.22
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15, 37, 55 7F Ayg o AAdnd DS st a, Alzke] A3t
of wel v F97F AfFH #d Fo] fgahcte As AT 7 UM
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Fig. 4.17 Concrete microcrack self-healing effect with the passing of
time in the absence of Bacillus sp. BYI (a) after 1 day curing; (b)
after 1 week curing; (c) after 3 week curing; (d) after 5 week curing.

calcium acetate is added for the calcium source
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Fig. 4.20 Concrete microcrack self-healing efficiency on the presence
and absence of Bacillus sp. BY1. (a) calcium lactate and Bacillus sp.
BYI are added and 1 day elapsed; (b) calcium lactate and Bacillus
sp. BY1 are added and 5 weeks elapsed; (¢) only calcium lactate is
added and 1 day elapsed; (d) only calcium lactate is added and 1 day

elapsed.

Td AfFHe BES Hhe ZAade Sl "akAE 24 U
Ebwth. Fig. 4218 vAEY 34 Zgdoer EEAZE(Calcium
formate) (Fig. 4.21a%} Fig. 4.21b), oFME4FZA% (Calcium acetate) (Fig.
421c¢t Fig. 4.21d), 24z (Calcium lactate) (Fig. 4.21e¢} Fig. 4.21f)
S H7ks AgAe wd g4 F 1Y, 557do] A Fo mFolt
Zgdor  XEAZE(Calcium  formate)@  ofA| EAFZE(Calcium
acetate)= H7IetAS ol ¢4 F9E "I 542 F9 AWES H

23 BFoldA e, ZAZ 4 (Calcium lactate)S H 7t S W 79SS
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Fig. 4.20 Concrete microcrack self-healing patterns containing various
calcium additives. (a) calcium formate and Bacillus sp. BYI are added
and 1 day elapsed; (b) calcium formate and Bacillus sp. BYI are
added and 5 weeks elapsed; (c) calcium acetate and Bacillus sp. BY1
are added and 1 day elapsed; (d) calcium acetate and Bacillus sp.
BYI are added and 5 weeks elapsed; (e) calcium lactate and Bacillus
sp. BYI are added and 1 day elapsed; (f) calcium lactate and Bacillus
sp. BY1 are added and 5 weeks elapsed.
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Abstract

Development of concrete with microcrack
self-healing ability based on bacterial calcium

carbonate formation

Boyoung Jeong
Civil and Environmental Engineering
The Graduate School

Seoul National University

Concrete is a widely used construction material because of its
high durability and workability; however, various factors result in
concrete cracks, which facilitate permeability of air, gas, and moisture
into concrete. Microcracks (<0.1 mm) initially do not affect the
durability of structure, while they have potential to develop into
macrocracks (>0.7 mm) causing structural degradation. Therefore, it
1S necessary to treat microcracks in advance in order to prevent the
growth of the cracks that could lead to deterioration of structures.
Microcracks are hard to detect with naked eyes and current
approaches for crack repair are not environmental-friendly, and labor
intensive. Accordingly, studies for adding self-healing ability to
concrete using bacteria have been conducted recently. In this study,
bacterial species capable of self-healing concrete cracks by forming

CaCO3; were isolated from an area with high soil pH, and the isolated
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bacteria were tested for their pH durability and bio—minerals forming
ability. Then the effects of the presence of bacteria and various
calcium organics on CaCOs; morphology and concrete strength were
investigated. The self-healing process was then studied using
artificially made microcracks on concrete.

Bacteria species capable of self-healing of concrete cracks was
isolated from high pH(89) soil around the Shihwa lake in Ansan-si,
Gyeonggi—do, South Korea. The isolated bacteria were active in an
alkaline environment and formed endospore to endure extreme
environmental conditions. The isolated bacteria showed 100%
homology to Bacillus pseudofirmus, which are well-known alkaliphilic
spore-forming and bio—mineral forming bacteria. It was registered on
DDB]J as "Bacillus sp. BY1" (Genbank accession number: AB830103).

CaCOs morphology was affected by the presence of bacteria. The
addition of Bacillus sp. BYI resulted in the formation of more
irregular crystals. This irregularity could enhance the coherence
between CaCOs and concrete pastes. Nucleation of CaCOs; on the
bacterial cell surface was confirmed in this study. Those cells then
combined together to form a larger crystal. Two big enough crystals
developed into twins or poly—crystals. The overall shape of crystals
and their textures also depended on the types of additives. Crystals
formed in the presence of either calcium formate or calcium lactate
were rhombohedral, while the crystals formed in the presence of
calcium acetate was rounded. These rhombohedral and spherical
shapes and textures of crystals might affect the compactness of
crystals and crack healing rates.

CaCOs mineral structure was also affected by the presence of
bacteria and calcium organics. Most of minerals formed were calcite

in the absence of Bacilus sp. BYI, while aragonite and vaterite were
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formed in the presence of Bacillus sp. BYI. The ratio of different
minerals depended on the calcium additives, and aragonite accounted
for the highest percentage with the calcium acetate addition.

The addition of Bacillus sp. BYI lowered the compressive
strength of concrete mortars to 905 — 94.2 % of that without bacteria
- it decreased with increasing bacterial cell concentration. The
addition of various calcium organics, on the other hand, enhanced the
compressive strength of concrete mortars to 1095 - 1164 2% of that
without bacteria. With the addition of both Bacillus sp. BYI and
calcium additives, compressive strength was increased to 1115 -
115.0 %. It i1s likely that calcium organic additives work as a cement
hydration accelerator, and they counterbalance the hydration
retardation due to the presence of Bacillus sp. BYI.

The self-healing process of concrete microcracks were observed
with stereomicroscope over 5 weeks. Microocracks were filled from
inside to outside, and they have better self-healing efficiency in the
presence of Bacillus sp. BYI . When calcium formate and calcium
acetate were added, the crack-filling material looked similar to the
cement material around the cracks, while it looked more glossy with
calcium lactate addition.

This research studied potential for applying bacterial bio—mineral
forming ability on concrete microcrack treatment. The isolated
alkaliphilic spore-forming bacteria have advantages of surviving in
the concrete environment and of contributing to the growth of
calcium carbonate crystals. The crystal morphology and structure
varied according to the types of calcium additives, and these can be
further studied to enhance the filling efficiency of the cracks. The
changes in concrete compressive strength with bacteria and calcium
organics addition are not likely to have significant effects on the

characteristics of concrete materials. This research will contribute in
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solving issues raised with current crack repair agents, and can be
applied to various studies in the field of microbial biomineralization

inclduing construction materials.

Keywords : Self-healing concrete, Microcrack remediation, Alkaliphilic
spore-forming bacteria, Biomineral formation, (CaCQOs3) Calcium

carbonate, Environmentally—friendly smart concrete
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