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injection well for CO, geological storage

Minki Jo'?, Gi-Tak Chae'*, Byoung-Young Choi’, Soonyoung Yu‘, Tachee Kim',
and Jeong-Chan Kim!

'Geologic Environment Research Division, Korea Institute of Geoscience and Mineral Resources
Department of Geology and Earth Environmental Sciences, Chungnam National University
3Department of Earth and Environmental Sciences, Korea University
*Division of Computational Sciences in Mathematics, National Institute for Mathematical Sciences

CO, AFAZe e dFe) COE 717 Qs AAsloforsy] ditd CO, F&o] BT 29 COo, AF5A%
o] @48 & U BT ohE FHAYGeg Coyt BAlEo] RAZNE & 9FE vld £ Stk o, FYUAl
FR4E B2 729 JH5A0) 7 B g, B d7lMe 33 AMES] cracke] BANHTHE 7 8ol crack
22 Oyt ¥29 7$ COHOANME 7 248 £ gl 58 -8 A738 ndys Lo &gt &
43 23 CO,plumeo) AYB wlgk NHME Ho)2EZ TASH= portlandite®t CSH{Calcium Silicate Hydrate)’} &
=7, 238 eg CSHY AW calited] Fdo) Bske Aog AFAT) & 33 Foll= AAES FES calcitert
ARSI F 303717 FREY] hEES o)FH) Pk B 9T dde €O, ¥F A FYHH U AdENN 24T
e setael WEkE olsfata, v 2de ¥E& HAE] 9% AME #E dvsidd $8E F I FeE 7
g},

F89] : CO, AFAR, CO, F9UA, AHE, CO, F&, ¥He2d 2Y¥

CO, leakage from a geological formation utilized for CO, storage could result in failure of the facility and
threaten the environment, as well as human safety and health. A reactive transport model of a CO,-H,O-cement
reaction was constructed to understand chemical changes in the case of CO, leakage through a cement crack in an
injection well, which is the most probable leakage pathway during geological storage. The model results showed
the dissolution of portlandite and CSH (calcium silicate hydrate) within the cement paste, and the precipitation of
secondary CSH and calcite as the CO, plume migrated along the crack. Caleite occupied most of the crack after 3 year
of reaction, which could be maintained until 30 years after crack development. The present results could be applied

in the development of technology to prevent CO, leakage and to enhance the integrity of wells constructed for CO,
geological storage.
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7k BAE FA57) fEiE Bl Ve ghe=
S =2 ik 20008 ) 247 S E e
CCS (Carbon Capture and Storage) =U431E HAslaL
e, o}& Fa 20208 BAU (Business As Usual) i
H] 30%] CO, iE A5E B2 3l oG9
48], 2009). ©1& vpFo R =AAAAS M= “CO,
3, A%, 2HE71e7E 2 $E71e) shiE AR
Her, 20206717] sfsleol & B IER “FYAL
A AZHS0E 1CO/)"S A8l 7ield 2=
FFAR v QIchEAE9193], 2010). P80l &
234 COo, AFAEE Asiie A de#F Co,
ASAEE A AZFe] A7 $4olt), 22y
AR 2T 9l 00, 7EE 7FsAel ujuisie
of 3/, F&& 9g F U NPT d7% W
Faelojof ik, sl AHEA Co, & Al
o] BEo|(Holloway, 1997; Lewicki et al, 2007), CO,
722 A diEe] 1 ALLe} AsE whge Ee
& 7 en, ot Il CO, XA B35 94 A,
CCS A Aol gk AR8lFQ) iz Z), CCS 27
of W F7iael &Hdol Y 4 UrhBachu and
Bennion, 2009).
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Fig. 1. Possible pathways of CO, leakage from underground storage sites (after Zhang et al., 2004).
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CO, AFAZA FYB4, 74 o184 34, T4
&5 = iy 52 $3 Co, 70 2T & Utk
FEE COE AR fiad TEsl] HeE &5
AErsUFLET TO8 ol X $£4¢
o3l A F glom, CO, plumeo] EXSY] =23l
571t (vadose zone)lA EHE & Uk o] ¢ COx&
ARZ FEEO 2 FA=AY, FH 7189 A8t
Aol w4 € 4 AUk E§ 00, plume 9] 7IXE
53l 35 A% B¢ € § oI W e ¢ 9l
Fig. 1). ¥& A2 F €O, FYFIMY ¥=2& /M8
A, 713 7FeAe] B2 v & ARE s o
tHBachu and Bennion, 2009). #3& & 2
Aol (casingy AU E(cement) Aleloll 2Afst Y
(annulus) B (crackyS 53 FE(Fig. 2(2), Aol
GARE 53 FEFig 2b), AUE 3L 58 &
A =2 (Fig. 2(c), AMHES] FH(cement crack)yS E8F
FEFig 2Ad), ANES 44 Alole] €& B FE
Fig 2@)= 7EE 5 gtk CO,9 &2 uAjsky ¥4
7182 (well integrityye BH37] 13l AlAE A%5547T W
AR A A Gt dsAl JA8ET o
(Carey et al, 2007, Kutchko et al, 2007, 2008; Barlet-
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Fig. 2. Possible leakage pathways (a) between casing and
cement {annalus), (b) through a casing as a result of corrosion,
(c) through pore spaces in the cement as a result of cement
degradation (diffusion), (¢) through a crack in the cement,
and (f) between cement and rock (modified after Gasda et
al,, 2004).

Gouédard et al, 2009; Bachu and Bennion, 2009).

CO, Y el AHgEE AHES] Wae Co, FY
Y 2=, 94, pH, Askre] FFk 59 93 A
et COo, AFAEE] 74 22 2] AEBANA A)
HEZ} FYHT o)e) we} AlES] maFze} ARE
T8 AWE Ho|2E: cement paste)2] BAIZ
2% WAL 9 9IvhKutchko et al, 2007). CO, FY
ol AMg-Ee ZENRE ARE (portland cement)®] 735
COyt 6318 E3 HalH portlanditest CSH (Calcium
Silicate Hydrate)®] 83} 2 23} F&E<] o= Qs
TZ2E Aol dAshs 202 dElA UrhNelson,
1990; Bachu and Bennion, 2009). )& CO,7} B9l 83
HRE W R ghito] A7) whor), gk A
ol FRRE o202 Ej=o] B pHE WA H1
A (), ©] W FEF ol &-& portlandite(Ca(OH))} ¥
Bt el (calcite)S WA BTHA ().

CO,+ H,0 = H,CO;=H' + HCO; )

Ca(OH),+ H' + HCOj; = CaCO, + 2H,0 @)

COZF AEH 02 F&2 74+ 338 Pl A Co,
o} whg3led 83 2 5 ik (3). 858 Ca¥ ol
HCO;™ 9322 ThA] portlandites} ¥FE-8103 Wsladg AA
A7 B A, COyL ASZ o2 v&5d 749 %
71802 portlanditeS T £3IMZ 4= QA kA @)
B3] Z2YA (supercritical) CO,9 portlandite®] ¥H-g-o
WAEh A ] B ool wef wheEsot ol opd
2o} U, 50l #2578 WS 57} wiviy B3
% v} Ack(Regnault et al., 2009).

CaCOy+ CO, + H,0 = Ca® + 2HCO; 3
Ca%* + 2HCO5 + Ca(OH), = 2CaCO; + 2H,0 @

ojHg Ue| Wkl o) AHlES] FEE FFgol
7P, A% AWES] Aex 7148 Eri(Nelson,
1996; Kutchko et al, 2007). CO%F A|HES] W30z
Qs AHEL] Fge 2 0.1pDA 0.1~ mD7HA] ¥
7Ytk 23 ¥ w) §ltk(Bachu and Bennion, 2009).

CO7 ARIER T2 Azl wel €O ke 3%
W FIRZ Y S U 1A Cogt ARIES] F
=& B8lo] EiEle A7t chFig 2(0). COAl =2
o AHES] BRg0 055D, o]FA We B4goli
COE e B3 53K Gonzalez, 2009). ©f 735
ENHE Blg3) 338 59 ) 24 FREe] A4
9] wspt dAske), EAUE vgo] Bhe B¢
ke #E] Ao BREFFo] AAEL F7HARI
C0O28l 22 A FAck(Kutchko et al, 2007, 2008). ©]
28 @4 307 CO,EOREnhanced Oil Recovery)
ol AMEIY Fge) AHlE] B AFoiME El B
v} THCarey et al, 2007). E= 0,2 degassing® &
A wWAM7IESF AME W 3=l AdHe] €Ol ¥
£ 2% % riBachu and Bennion, 2009). ¥HH,
crack®] Aol AAE el AFod Qe Fpgol
=2 A% Fig 2d)dt EARE HLo] B 73S 00,0
AEE Filo] ofd olFe] AuiE wsth B3 YAl
COS AllES] whg-0 2 A[E Ao o] Ade] =]
o] ]A4183 (microannulus)®] A= W2 CO, 7o)
ok7] B 4 AUrkBarlet-Gouddard et al, 2009). ] 2%
A ES] B Fo] FAEA] 3 BE 8E50] Al
Eo] £pg0] FoR| L FFHOE B3 (cracke] WA
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7] o34 & 4= Uth(Nelson, 1990; Scherer et al,, 2005;
Gonzalez, 2009). WA CO, FUTAe o1 8=E AW
E9] gj8l4 e g A A A3 73S g &
e 22 AL YAE, 22 AAHEL AEFA Co,
FEE Q8] Roldl pH S0 ¢Pgz{elolof 3, A]
AEe] si8El Mshe AWES] Bel BAd) J3ke
A Fojof gt

£ a7 B4 399 0oyt ARIES] 938 B3t
o FEHRE 7$-Fig Ad), AHEA s S
WelE Whe-84% Rd¥(reactive transport modeling)&
o83l d&3k= dl YUtk o] ITE 539 €O, AF
Agell ALl AHES] 5 7t e Agsks 5
el g ZdE st sk T4 ol g
£ o83l AME g NPk FFE a7 7|28
vhE 3 02E CO, AFAY T2 E ki
W T2dkuA .

iy

£ @7oiE red coyt ¥R AHE] 308
FYU=0] 2t AHES NS FFE Arsiet myy
=239 PHREEQCE RZAISIAT). YA A9d vjel
2] Cos= B AP} AME Aol 3 (annulus)S
B3l FEEAY Aol sdd REE Sl y2E
T AUtk FEE Coa ANE U] S35 Sl 39 o)
F502 72 ¥ YthFg 2Ad). & 7o e @=L
A3 Qe B34 AlMES €09 wHe-S BARIYT
AHE Z87(clinkerye: B3} 3like-& AX ¢4 9
AHE. #o]2E (cement paste)E BAe) Suie] 73
e AE Z87A9) AME sojiEels 4ol F
alod AMERR] o, 53] g9 Aol 28] AW
Bolghe golx ah¢Holehs gojot E48kT gtk
8ol AMR-S] AP E 95N & wRoMx Hed 7
Solzh ZEAY Fo|2EE TRl MR 3,
FAAR 3l AMIE Hlo)2ER AHER A8l
£ 3h5ch

CO, &l i Zdlgel] oA Saljellr] a2l s
] AHEQ D] SE=E AR AHE 294 =
g& ALY (Table 1), T8 X3lpst k(YA
curingye 31 A== AIIE So|2E AL Axst
STt AHIE SR7E F2 C25(2Ca08i05), C3S(3Ca0Si0,),
C3A(GCa0ALOy), CAAFECAOALOFe,0y) § it E4
(calcium silicate) ‘o132 w]#e} 47 (gypsum)<} brucite”}

Table 1. Composition of cement produced in Korea.

Composition(e) Type 1 Type 2 Type 3 Type 4 Type 5
Loss on ignition 0.6 0.6 0.9 0.8 0.7
Insoluble residue 0.1 02 0.1 0.1 0.2

casb 270 319 114 522 189
387 482 462 639 292 601
c3AY 82 56 712 32 16
CAAFY 9.1 85 85 85 134
CaSO2H,07 43 41 60 47 39
Mg(OH), 23 19 22 19 14
Sum 998 990 1002 100.6 1002

DC2S =2Ca0-8i0,; 2C38 =3Ca0r8i0,; IC3A =3Ca0-ALO;
CAAF =4Ca0-ALO; Fe,Os; Vealculated from SOy composition;
Scalculated from MgQO composition.

T3k ololA €289} €389) ulgo] 7B o, o]
B9 2Auld)] uje} AlHES] 7 € SA4o] A%dr)
ARE 237 9 slo|2E9] sShhgA ey A
FE Table 207 JERIRIT 1§ AHEE d¥HARl 23
BE FAROE HE EEUCS AJHE (ordinary portland
cement)Z} T} 2F AHEE F89E ¥FEH= AHE
(low heat portland cement)ZlZ 3}2, £38 YIS ¥
I AVIEE F/M AdEe. 3E AHEE 27
FEN= A E(rapid hardening portland cement)E
S1AEI o FEARE VI AW AHgErt
4% ANHEE AF TAYEY IRKFLE I E
AREET, 5% AHEE Y3IY TEAE AERS
geiA gt

AHE =8 82

AldlE 2377 92 b 9 alee) vhgshs
718 3L, o} wf ¥igshe A3ie Y AlME 42
53 S8 AskrEA vzt §4¢ 299
Ase 2408 JPsIE Asle AR 9A S
& BEsR= B9 &5 AE(Chae et al, 2001)
FM A=t 71 AL 2365 mpelA A5E A8
sIEAE dlolElE ol831%th(Table 3). AHIE sEidt
Sl AIME FHAE T3] C3AH6(Kkatoite:
3Ca0AL0;6H;0), C4AH13(4Ca0ALO;13H,0), calcite,
CSHO.8(Cay 3810, gH;0), CSH1.1(Cay S0 H,0), CSH1.8
(Cay 8810 gH,0), dolomite, ettringite (CagALSOOH):26H,0),
fluorite, hydrotalcite (Mg,ALO,10H,0), lime, monosulphate
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Table 2. Mineral phases and their reactions for PHREEQC input (after Choi et al., 2007).

Phases Reaction log K

C28 Ca,8i0, Ca,8i0, + 4H" = H,8i0, + 2Ca®* © 37473
C3s Ca;Si0s Ca;Si0; + 6H' = H,8i0, + 3Ca?* + H,0 73.867
C3a Ca; AL O CazALOg + 12H" = 2AP" + 3Ca** + 6H,0 113.046
C4AF Ca,AlLFe,0y4 CayALFe,0,0 + 20H" = 2A1% + 2F&* + 4Ca™ + 10H,0 140.505
Brucite Mg(OH), Mg(OH), + 2H* = Mg?* + 2H,0 16.298
CSHO.8 Cag 510, gH,0 CaggSi0, gtH0 + LEH' + 0.2H,0 = 0.8Ca”" + H,Si0, 11.080
CSH1.1 Cay 18i0; 1H,0 Cay 15i0,,H,0 + 2.2H* = 1.1Ca*" + 0.1H,0 + H,Si0, 16.720
CSH1.8 Ca, 3810, 5H,0 Cay 4810, gH,0 + 3.6H = 1.8Ca?* + 0.8H,0 + H,Si0, 32.700
Ettringite CagAL(SO:(0H),,26H,0  CagAly(SO,):(OH)(,26H,0 + 12H' = 2AP" + 3807 + 6Ca”" + 38H,0  56.900
Portlandite ~ Ca(OH), Ca(OH), + 2H" = Ca®* + 2H,0 22555
Hydrotalcite  Mg,ALO,;10H,0 Mg, ALO,10H,0 = 4Mg? + 2AIOH), +80H™ + 3H,0 73.800
Monosulphate CajALSO(OH),6H,0  CayALSOL(OH),6H,0 = 4Ca®* + 2AN0H); + SO~ +40H + 6H,0  -29.430
C3AH6 CazALH 0., CasAlH 0 + 12H' = 248" + 3Ca*" + 12H,0 78.944
C4AHI13 Ca,AL0;13H,0 CaALO;13H,0 + 14H = 2A1%* + 4Ca®" + 20H,0 107.254
Lime Ca0 CaO +2H" = Ca*" + H,0 32.576

Table 3. Chemical composition of groundwater reacted
with various types of cement clinker during the curing
process (after Chae et al., 2001).

Temperature(°C) 232

pH 79
Alkalinity (meqg/L) 2.309
Na (mmol/L) 0.405
K (mmo¥/L) 0.036
Ca (mmol/L) 1.105
Mg (mmol/L) 0.387
Si (mmol/L) 0.681
F (mmol/L) 0.116
Cl (mmol/L) 0.124
80, {mmol/L) 0.407

(Ca;ALSO(OH),,6H,0), portlandite, geothite, magnesite,
siderite® A 7158 WhHreactive phase) 2 7P sisIch

COrH,O-AHE BiZ2RE DUY

A AdEL 32om FAE 7MsIE 3%
Otway project®] FUBH CRC-19] 74, U729
4 A70] Tinch, Aolido] 4.5 inchZ AJWE Frle

1.25inch(%F 32 cm)Z H.31 = 3 tHGonzalez, 2009;
Contraires et al, 2009). 3t Bachu and Bennion (2009)
£ Co, &Y Y AHE FAE 32mE 7ML
A¥e £ v} ot} oj2d B AEE viEoz B
A7 A4 ANE FAE 32emE 7P et
CO, FY AR AE A F 20 met s
4t} Otway?] CRC2 #49] 34 27 85inch=
ZFs1, AL 55inchE 31} A8 FAE 15inch
(%F 3.cm) ]9, Barlet-Gouédard et al. (2009)= 8.5inch
g9l 7inch AoldE 7H33td FA 0.75 inch(1.9 cm)
AREE o]&3l] AUjaEe 43Y¢ vl Ut Barlet-
Gouédard et al. (2009¥& AUuFHQ CO,EORY ©|45
& Fjagel Aue FA7F 1.9 emolEka sHth.
& AR 958 ndyor deslap] fsi @
el Zol7t 0.032em?] BHHA A 10018 UEH A
2 (system)yS 7FF3ITE 7 EE €O B Aol
HRORRE FH PR ALl B0 7%
9}k, Bachu and Bemmion (2009)2] 29 2)5kd AjWE
W F vE(torsionpl] I3 AR B F ¥lwA 2
IF9) 7 vH) 0.02cm, Z0] 4eme], o] B39 T
24 (permeabilityy= ) 1mD 2 ZRFHATE B3}
Hek. o]F TAR B I €3 W permeabilityE
1mDE 7Fgsiich e 2718 Z=ie) A3 A Alg
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32,000% Bt fAVE olFEr 7SI, & =YY
717k 1,119 (30.4Q)0lt}

C0,9 FUL 148atm (150 bar) A ¢ (fixed
pressure)E B9 ¥ oA R&FHoZ FUHUTH
148 atme] FUE A% & 1L0) 5mole (F 222 )9
COyt Eo7Hl H3L pHE 2847 Btk Toews et
al. (1995)¢] A¥el w=d 25°C, 150amolA YA
COt E°] HhE3IE 7% pHe 2820022 349
v} ok 294 CO9b B9 wkga} 714l Co8 B wh
SoA CO, Ffke A= A AJol7t Yl Aoz &
A THIPCC, 2005). F22 PHREEQCAME %9
Al CO2l &3S T RA] gt

7} AojMe] COH,0AHESY Hhgojl= Hkg&e S
FEFA gkt FWY 9 2007pE AHES) Bad
FEE] 43AA whe-e whgE Tl nle MEY, vke
&5o]] A¥E A5t FE3)] vl 7 Ao gg8k4
BEE /S 9heed mdYE £33 v 9o
Regnault et al. 2009y ©181% 22-2319(160 bar and 80,
120, 200°C)IA portlandite] 83 2 calcite I ¥H3-2
S| 3o wat vhg %71 AR}, 294 CoBt
FA== 73$ portlanditer} cakiteZ HWBFHE £5E
FE Fgo] 001 H,0 molo] & 739l vis) oF 34)
7Fg WEA Jepdt. ole W78 22 4991 Cot c2*
ol &g ukgol FAAFIA] Z5p7] wEL1H), portlandite]
31} calcite FA WX E H07 APFHEZE
(3} (2) AZ(dry) 2YA CO9e HhgolEl: %
ke IFAFE Zo15 Fr}. Regnault et al. (2009)7}
AEE F&(wet) 273904 porlandite= 2F 60 F 90%
oV calcite® W) £ G704 2 oM COH,0
£ 320002 HEA HEZ 4 (1), Q) 92 HYo =
23t £ 4 Yk 28U portlandite ¢} A|HE. )

Table 4. Composition of cement paste after curing.

e - 2 - AR

o|iES] A% ¥hgEEe] et PRIt $E3te) o)

7Y o o

AHE $3 S A

ARIE 297 58] 731 ik 23 €S58 AHE ¥
o]2E9] AE-L Table 40 YERIAL, WskE A3k
2352 Table 50 VFERASITE AAE AHIE Slo]AEx
brucite, C3AHS6, calcite, CSHI.1, ettringitie, potlandite,
fluorite, goethite®]?], HHE “J(phases)E FoI= portlandite
(11.10~1448 molLy’t 717 ®aZ, CSH1.1(7.54~8.15 mol/L)
9} C3AH6(1.03~1.61 mol/Ly5 calcium hydrate o] Bo]
A=K Table 4). AHIE FHE HFHE so|2Ex &
2olE YepliAls 2=tk tAZ portlandite”t 713 Bel
A=A, BAe 55 AHNEANAN B o 145 E°)
AET, AAle 45 AHESN 111 & AYECHTable 4).
ol Ca0 ] 55K 71 E3L(650%), 45904 7F¢
wr] mEel Aoz AFHK63.0%). ANE FHAY
Ca0 o] 2% Ao LA, 5 AHE FHo]AE o
portlandite TS oF 34% BT o] = Ao AlE
Stk CSH1.19] A$- 45 HAEAA 71 Hol A4=2
(82 B), 1F IAE7S5 B)pIN 7P A Axdd
(Table 4). °& AHES] S0, AR2] 2jo] HEQ Ao
ALEE 43 AHES] 7S 259% o)1, 15 AHES]
A 221%E JERITh weby 4% AHMES A¢-
CSH1.19] JAo 2 Ca** o]20] 2RHEZ portlandite”}
I2E(3.4%) HA ARE A= AWF Goethited]
Be 58 FAREQT7 BpeiA 7R Bol I-ETHTable 4).
PEIRE ARHE F37 Fe,0; §E0] 55 ARIE
A 77 271(44%) W] AoE HekEh Portlandites

Type 1 Type 2 Type 3 Type 4 Type 5
Brucite 0.25 0.20 0.23 0.19 0.18
C3AH6 1.61 137 1.42 1.03 1.37
Calcite 238 %107 238 x 107 2.38x 107 238x107° 238x107
CSHI.1 7.54 7.90 7.55 8.15 7.92
Ettringite 0.15 0.13 0.20 0.16 0.13
Portlandite 12.50 12.70 14.10 11.10 14.48
Fluorite 427 %107 4.17x 107° 439 x 107 3.97 x107° 433x107°
Goethite 1.86 1.80 1.80 1.72 2.68
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Table 5. Chemical composition of groundwater after curing with various kinds of cement.

Type 1 Type 2 Type 3 Type 4 Type 5
pH 12.40 12.40 12.40 12.40 12.40
Alkalinity (meq/L) 29.27 2925 29.29 29.22 29.28
Na (mmol/L) 1.07 1.01 1.17 0.90 1.12
Ca (mmol/L) 14.33 14.34 14.31 14.37 1432
Mg (mmol/L) 3.59 % 107 3.59 x 1073 3.59 x 107 3.59 %107 3,59 x 107
K {mmol/L) 0.10 0.09 0.10 0.80 0.10
Cl {mmol/L) 0.33 0.31 0.36 0.27 0.34
SO, (mmolL) 0.02 0.02 0.02 0.02 0.02
F (mmol/L) 0.08 0.08 0.08 0.08 0.08
Al (mmol/L) 1.85x 107 1.85 x 1672 1.85 x 107 1.84 x 1072 1.85 % 1072
Si (mmol/L) 421 %107 421 %1077 422 %107 420 x 107 421 % 107
HCO," (mmol/L) 6.14 x 1076 6.13 x 1076 6.14 %107 6.13 x 167¢ 6.14 x 107
CO5* (mmol/L) 1.15x 1073 1.15 x 1073 1.15 x 107 115 %1073 1.15 x 1073
Total carbon (mmol/L) 6.62 x 107 6.62 % 107 6.62 x 107 6.62% 107 6.62 x 107

ARIE. 9 2710 ARIE Hol2ES] BN Hg3}
o NI 318} CSH Ajele] §70el) AFTHKutehko

2
)
fm

I

287 Yo F AHE mo|rER Hils=
Atk 2siv 293 Asjels g ZE A

et al, 2007). =5+ A F4H8HER] goethite(1.72~2.68 mol/L)
7F C3AH6RT} v Bol FRlsl=tl(Table 4), ol Al
E 97 § CAPSE M35l ARRE RIG AR
71T}, Kutehko et al. (2007)2) i) olaha srsbel
Class H AWEs= ¥ CSHY portlandite®] CSHE=
A L] 70%e] AHE XAEA, portlandites 15-20%]
A%E AT BNk B Aol 2dE A4E 3
go2 sl CSHLIZ 34~41 wi%, portlandites
30~34wt%%] Bl&g JvERITh e CSHL.19jel
C3AH6%} etiringiteS B892 2] calcium hydrateo] g
5P, calcium hydrate®] EZH|E 58-64 wi%7FA] ST
3] Kutchko et al. 2007)2] e} AR At} Kuchko
et al. (2007)¢] W& Aol B A7l By Fipr} Aol
he A& Kutchko et al. 2007)9] 739 FARIAERA-
R g0l A] (Scanning Electron Microscope-Back
Scattered Electron image detector, SEM-BSE) E4J0l|A]
Y3 calcium hydrate (CSH, C3AH6, eftringite)S =5
CSHE o712 A3 (70%)5 23168 7154l 2,
2 Aoxies @93 violee] B8 e S99 A
o B daliA FARAE] o] AR} kA
AL 7FsAol Atk

ARIE A BdE A A brucite® A 98 ZE

2
i

E ZYA7 AHE #Ho]2ER Hlsle AL otk
AHE HolAE ulo] AlHE FRA AR+ A
=4, Kutchko et al. 20079 Aol <F 100 ume]
23l5)%) & 297 (unhydrated cement grain)’} SEM-
BSE (Scanning Electron Microscope-Back Scattered
Elecron) ©]7]&] ol T&=%13, Barlet-Goudard et al.
(20092} AFANE 2 2040 um =719 €28, €38 A
AE Fy77t #ad vl ok & dFoxe ARES
F3ke-S 7] Ao ng RE SH77T o]
2~EZ FAH A3=Z JeERt) Kutchko et al. (2007)%]
SEM oulAeM e A7 tges JEAIANL,
CSHS} portlandite®] 2 2kE- 85-00%0l] o231 JULER,
ARE solzEe] fifihe FskE]] o wtdr)
ARE P8 F 2Ehe AE E977F o8] W
oA gt 9L shAel tisiMe & dFae o
24 %43, A% F& Aol LAEE A
3, AHE sHo|2E A ¥ §F AEre] pHe
2471 353, F2 8F ol F G o129 Tt
oF 143 mmol17H] F718HaL, YaE e 293 meg/L7HA]
Z 713 (Table 5). E3F calcium silicated] 8-S
portlandite 4 FO2 <1sle] BEAL HAE R o)lF
o= Na K, C1 5 AE 8 vhgo s e
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Fig. 3. Mineralogical and pH profile calculated across a cement (type 1) crack reacted with CO, and H,O after (a) 185
days, (b) 370 days, (c) 1,111 days (3 years), and (d) 11,111 days (30 years).
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goethiteS A|2SH T8 AMIE Hol Ex 8351, 1852
Fo)) VERFE brucite zonest C3AH6 zonel &5 Ale}
|31, CSHO.8 zonekt U HolithFig. 3(b)). CSHO.8
zonedA pHE 73013, CSHOS 2lo) gypsum= AASIS
th COyplume?] FWFEQ calcite zonedMeE 185Y
Fol MR pHE 4642 BT caleite’t FE ©)1RaL
Ak gypsum® 0.36 em7ER] AAR T 0.36 cm 08}
dxie o ol A o] o2 R Hof gaiE
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Fig. 4. Mineralogical and pH profile calculated across a cement (type 2 (a-d), type 3 (e-h), type 4 (i-1), type 5 (m-p)) crack
reacted with CO, and H,O after 185 days (a, €, i, m), 370 days (b, f, j, n), 1,111 days (3 years) (c, g, k, 0), and 11,111 days

(30 years) (d, h, 1, p).

AE Ho|l~Ed] IHH portlandite®] Wol 3, 52
14.1, 145molRlH ®j8lq 1, 2, 4%& 2% 12mol
olglo] B COplumes] F&o| w} f8)5le Ca*
ol &<l o] Ao r] WS Aoz ARHTKTuble 4).
3% ARIEEY REUE ARER 52 AWEWS
49 FEY= AHERE 25 (350] €8] 60% o
(Table 1)%] AJHERZA FAAq] BT & e E
Folxe CO, F& &3 CO,H0AHE ¥HgoA]
HZHOZ calcite®] Yol o] A= Aijroz o
2 2 A5 B AoE Q" makA] 38
2] ¥]g0] FoREE AHEES NFT et Y& A
olth. A COrHOAHE ¥Hg HEo olg®
AHMEE A class(Carey et al, 2007), G class (Bachu

and Bennion, 2009)%} H class(Kutchko et al, 2007
2008), G H classe €25 30%, C3S 50%, C3A 5%,
CAAF 12%E calcium silicate®] 8]&°] ¥ calcium
aluminume] & AlEC|T}, o] AVE HlEeR
CO, AFA%l o18317] A8 AldES] A% Mg &
W31A] o]F0IRATL ). o™ (Barlet-Gouddard, 2009), AHE
o] YK 37T A= A 5 CO, FUBE A
Z A7) oigk Soidol HgEx gith 3 COo,
&30 AhY AHEAA 9 B3 F2E AHE
Ao A& Foldrt migl Co, FY g9 Al &
#y A7 AHES Ca AR SV e FHE A
3 Z7h, WA F7ieh U] tE AdES] EEH
EA Y HAE ERsldo} g}
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