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Concrete Deterioration Near Coastal Area and Characteristics of Associated
Secondary Mineral Formation
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Various deleterious chemicals can be introduced to existing concrete structures from various external sources. The
deterioration of concrete by seawater attack is involved in complex processes due to various elements contained in
seawater. In the present study, attention was paid to the formation of secondary minerals and characteristics of min-
eralogical and micro-structural changes involved in concrete deterioration caused by the influence of major seawa-
ter composition. The characteristics of deterioration occurred in existing concrete structures was carefully observed
and samples were collected at many locations of coastal areas in Busan-Kyungnam. The petrographic, XRD, SEM/
EDAX analyses were conducted to determine chemical, mineralogical and micro-structural changes in the aggre-
gate and cement paste of samples. The experimental concrete deteriorations were performed using various chloride
solutions (NaCl, CaCl, MgCl,) and Na,SO, solution. The experimental results were compared with the observation
results in order to determine the effect of major elements in seawater on the deterioration. The alkalies in seawater
appear to accelerate alkali-silica reaction (ASR). The gel formed by ASR is alkali-calcium-silica gel which known
to cause severe expansion and cracking in concrete. Carbonation causes the formation of abundant less-cementi-
tious calcite and weaken the cement paste. Progressive carbonation significantly affects on the composition and sta-
bility of some secondary minerals. Abundant gypsum generally occurs in concretes subjected to significant carbona-
tion, but thaumasite ({Cag[Si(OH)g],-24H,0} - [(SO4),] - [(COs),]) occurs as ettringite-thaumasite solid solution in
concretes subjected to less significant carbonation. Experimentally, ettringite can be transformed to trichloroalumi-
nate or decomposed by chloride ingress under controlled pH conditions. Mg ions in seawater cause cement paste
deterioration by forming non-cementitious brucite and magnesium silicate hydrate (MSH).

Key words : concrete, seawater, deterioration, secondary minerals, carbonation
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ou}, 't ket XE ol ARSrprlel Evf o ER-AIOIES MEAE HA3lA nlM] 78S BAIET Yk
Agdoz JEURJEE Fr 0= 5l trichloroaluminate® Ho|E| AL =)= Aoz Vel &
9] Mg o] HlwAdAe HEAlo]E9}l MSH (magnesium silicate hydrate)s HA4sle] AJHE #o|2Ee] A%

Hate] Gedo] B R e,

FR0{: SAYE, s, A}, o|3E, SisEE

.M B

I E= shie Bl & 2 ¢He] FEEY
AlES} 9PNl FA|, 22]3 s TS &
AAF17] A Ot R HEEFS HbEE T
¥ Edolt}, a3l 27] FAYE 3 Ale B
£ 7siE Tz BYflel o 7k ais| oJg
Bela, theket 283y A 3lEk wslE 9ozl
o2A WA dE viXE AeAst A
AeAsle gZE]-ZFAga 2L WRA 89le] €
Qo) H7= ), BAE FLREQ] AXFE
2 RzHE fYE F e v EAEH
ukgofl osfl 3| Eo F8% v AHEES A
o2 HFA3lE A2 £ gk 2AYE F2E
& 1 AXge we} s, 288 XNEF H At
=, B, 7] So=28E 8t ol {d=o A4
SAZE #2 & 4 3lod, £IE =2XE= A
AA7E Al 9de] E & = 3Uth(Al-Amoudi,
et al., 1992; Bonen and Shark, 1994). wlebr], ohk
T3S 37 24 w5 SEEEY {9 o
3 FAE FESH 3 oslekE wst B4, fiA
we AAEC B4 wAUS ol9] AEA sl dA#
Aol BN, EAE WS FII7] A
3 ok WRE WA RS A E 5 AU 9
23 2AZEY W A0 e 2HERI o]k
AAFE] % FFUE YA S el gt A
Folle FETA] gl AFBEAR] X 2o] g7 EE
okzA, BE-FEANINLS, FES S A=Y,
A, ulFze) gish 37t 3 elof g}

FaEe] XA o2 Wd A3} 3 891
2 859 98 £ 5 AUtk s 9 9 A
TABIEA TAMES] FASI A A9 2l
o) HiE gitelekgo] dntHoR A Uk Taylor
1990; 723, 1992; °)&5, 2002). 2}, 3lole=
Na, Mg, K, Ca, Cl, SO, 5 v 3184 E0]
23], T ES] A stet FHdE gt sist
Hhgat AN EES FAE 5 ot webA, s

¢

2 A

Bl % Eazie) 74 B Wl YL @
883} AAT FPAA S0t wasiTh &
FoE Bl gt B AXE £, s

=9} w7t 59 EIFE FRIFNA el E32
PEe] AR iR 2AE Ak 29 F
whe B, AFRE 2 vl 72 st
of sl 2AtT 2w, F2A saE
(NaCl, CaCl,, MgClL)s} 3 (NaySO2 ARE-§H
W Wd A9 Faslel, TaziERe 5419
BB Wsls FURE FAY oS EY §
=32 s Jare we e TawE v
Ao A, S5 o8 Raze J5Ast Pyt
Aol FPHo= PPt steich,

o

ox 4 o it o 4

R

N

2, AEYY

B ade] A7 sikirYe] EAzE REE
Uehles AsAstel A wddides ddsian.
7|1& F2EEC ZIYE AsAFHe i &olst
A Ferv=z ) A% Fo2 7o) FHEHE Ko
A 2AYE AEE P TN BE, 23
o] FgRANA fEse FHER AH AL ~E
FIZE AEEL AuprEs) dAnptEg Akl |
BMARER O R dRpH o ARelgon, M dn|
Z(SEM)® EDAX(Energy dispersive X-ray Analysis)E
Ealo] EaE | AHE Fo|iEs] FAZE v
A 2HE ZASIECH

2.1, 88 o|xRjHERL

AAY 2IE xFE AHE Ho|2ES 74
FEARES TR, Fud 54 2 oxEE 44
A& AAE] BAs] 95 S EZRE s
AHEH )AE Ba3ltt. EAEES dste] Uap
How F& FAg REEEE B3 ¥, REgE
B o 708 BEA(0.21 mm)E EE)sle] R2ElZ0
EgE & FAY FE 7P Eoles gt 82
FEA H3jl 2 ooz AHE F e &lA



BEEO] W 5AHe AdE] A% AdEg S, A
2E ETAEQ00E TGO m)e}; E3 4817
A4 2L slEldnh 48 7 £
pHt 731e 7Z-9o= NaOH §4-& ARS- 8.0 o182
AABEE Bl vH8- § 5,000 pmeE U4 £E
3lo] AFEHF AN FEien, qi 4424
A Azsle A AR=E RS FHEE ST
Z} gHAl9] AR ES XRDSF SEM/EDAX #43to =
A AlERo|AEUS AFEAS &34 o|x kel
AEe] WslEA-S Adsirh

2.2 MLUHHEAMH

A wd Age Fge] 48U CL Na, SO,
Mgl i3t AMIE so)xEe) AeAlsle] dake Hrt
37 9Asted 0.75M2] NaCl, CaCl, MgCl,, NaySO,
SAe AMEN B Aol ARE-ZA 9
A7t 1225019, E29-7] 105-1209] A= A=}
=o] 28U7 % FAE m2elEr) AEERIL B2
B2 AZE oF 3emx15amx1.5cme] 2712 Ak
33, 270e] AYkE AlEE 200ml 89S B& poly-
methy pentene £7]°] W 58°CE fA3k= 327]
o Bl ¥hgAZTh old, 292 NaOH £4&
AME3l 27] pHE 105 oMo AAge s e
pHoll &% FAES) Fe AASATh A (dryy
Fa(wet), 54 (freeze)§3) (thaw) HB= W3 AA&}
k. olol} tigh A A3 e o) grly A
2003y 7]A =AUk APL gotoz FAFE AR
A BERFAY 783 22 WAl P Hole A
oM Fasidck W2 48 ¥ ABeE grplEs
THE0] W) 2 SEM/EDAX #42 HA8Ict.

AR A EDAX £42 3= 7|2 A48 dF
A FAF BAo) nj2 opol oo} FyiojslollA] HITACHI
S-42002} HITACHI S-2400 reduced vaccum A=
U AL AMgEle] Al om, TS AYS 15KVSt
20KVE AHg-3k #hasislon, EDAX #41& &3]
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EY Fa T4 249 Si, Al K, Na, Ca, Mg, O,
S, Cloll sl AAHAT

3. MBEIES] FYe4e

AREE 3 57} oy, dviE o AldEs)
I REE e XTEUE AWES A% REA
E ARES F 74 SRIEES 74343 (tricalcium
silicate, C3S), 74243 (dicalcium silicate, C,S), &
22434 3 (tricalcium  aluminate, C3A), 2 Y7514
A 3] (tetracalcium  aluminoferrite, C4AF) <) tH(Table
1). o}E ARIE 2A4FESL Eol 7KA o fshit
S doA FIEES FATOEAM AslEo] AW
E Ho]AEE FAGLE oEl Yt A[HES] F8
g S Table 19 A23lch 2o XEWH
= AMEE CS o Gt oF 5% FE FAME
2ol Jow, AME FEZA oL alited}
beliteZ z}z} BejZth o|E2 Fahikgol] 9)3)A
T3] 82 (calcium silicate hydrate, CSH)= ¥
S }o]E(calcium hydroxide, Ca(OH)o)E H733lch.
olmj F4t3) 43182 tobermorite gelo)til HE
o FAYES F wF 24| =Y, 5319 AHE ¥
olE9] 50 wt.%E AA|3}5L, TEUTI|EE 25 wt.%
£ AA 7

>

4. 23t A =9

41, B mEo| o8 MsKE Y

A ] ZaRESHN YukboF el A4
A8 Qo ME AWE so|xEr} Ash 524
go] FA7t FHoE 250 AL, ZFAL A
E Ho|2ERRE @aEo] glgo] 2% B}, o

3 A5 YA Hol= AHE Ho|AES A
3 FAEE W] AEESo] vk FAEo] glgol
AP, ok HoiE A AR 3R] S 2

Table 1. Primary compounds of Portland cement (Modified from Kosmatka and Panarese, 1990).

Compound Abbreviation* Chemical formulas Hydration
Tricalcium Silicate CsS 3Ca0 - SiO, 2C;3S+6H=C;S,H3+3c
Dicalcium Silicate C,S 2Ca0 - Si0, 2C,S+4H=C3S,H;+3¢c
Tricalcium Aluminate C;A 3Ca0 - AlL,O4 C;A+12H+c=C3AcH,,
Tetracalcium aluminoferrite C,AF 3Ca0 - ALyO3 * Fe;04 C,4AF+10H+2¢=C4AFH,,

*C=Ca0, S=Si0, A=ALO;, A=Fe,0;, H=H,0, c=Ca(OH),
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#o} Hohs R-EAA 53] B2 o] WA FHHEo]
AR F2H Y2S F B F Atk oEE AHE
Ho|2Eo|Me] AF At B 5] GRIT UA
she ot sk Be we] stoME & #Ed
t} dde] EaE SUot sjHEgdA HekAl &
do)| WG 797t Bton, g BHe A
TE P e jlem, 45 FEoME uy
AAEo] §2HT Q). 2B wA"E A
=¢8] Aeolle AsiAl FAEo] lgol 2 g

AP F2E] EIYENNE F& A TR &
ko A== WHEEo] FAH gl ols &
A Wge) Ast AAE WSS dAvAeE
Al BRg8 F9)0) A AeiFhde] A= o)
% HEed.

ool e FFHoZ 20gkee] CI, 11gkg?) Nat,
2.8 gkg?] SO 9t 1.3 ghkgel Mg?tol2Eo] ¥3sn,
o 9] A% st sEtEdE0] £E St
(Drever, 1988). 4713t sietie] FagE A5 s}
FFL sl T3HE ol RS Fgo] F Zlo)
o} WA, olg AR g wE EIEW 74
BE AR wsle) gl JFS mXE A2 o)A}
A FEES F47 Hst A4S F4le= riesid
=8

o

p

Mo

3

4.2, XRDU|| o|ft A|HE HoJAES PHAUSME
Hel 24

EIE AFoM 228 ZEel2e] XDREA
ok A FE AR visls AWE A g AY
o} EAEdAE ok Welde] ez vt A
FASEGE BT B2 TR ENME 53 A
HES] 25 wt.%S ks ZEACIES §H3o)] 3
on, Waliae de] #A JEelEtHFg. 1). 5013
e XRD Moz Mz 344(7.52 A)e] e
dth M3 3diel A7E Bol Agwo]l T
o 3= Az AT IR ARdME dae] 53
A gA 79649 3EAL JHE BFo] FAE ]
P FAEAG o9 2L oat AAE F U=
FEES AHE FEET AR EBE ols B
o] HI=E WA $3le, T/ REEE B
TAIRE o7 WHEAIA 23] F A AA v B
AL BNy, E28)Ee] £35S o)3F A4
EE 5 A%+ e pHRAMA 55 B3EAY
=] e FESS Y &+ UtkDay, 1990).
RE2El=2E 5000 pmoE Y4ET] Fo AFEZo|

ol

|14

Supernataat o G

Leaching mineral

°28 (CukKa)

Fig. 1. X-ray diffraction patterns showing constituent
mineral changes in mortar separated from deteriorated
concrete samples collected from a beach embankment.
Mortar: mortar separated by sieve No. 74, Residual: residues
of mortar after immersion of mortar in distilled water,
Supernatant: precipitated material from the supernatant
solution after drying in room temperature, Leaching mineral:
materials leached out from cracks developed in concrete
structures, C: calcite, Q: quartz, P: portlandite, G: gypsum,
CSH: calcium silicate hydrate.

AMe Lgge] ZAY 74 FEEI A AHE 43
EE3 dsjjaio) AEHIo, TEYTolES} Aus}
7.96 R9] slYHe A= TKFg 1). 29 g
A exoA AH-F] AFAIY & AEE AAE) o)
8k XRD £4 A3, AAEZA gafe] welida) Ax
7b oAl AAEY, dF 299 AZdXE AF
(halite)e] ZAE AAEE o= velyrt 7.96A9)
Exs Jehlle AEdME, 27 Edddx el o] 3
Axe] Ay | 83 F A FAHE oA M3
7t e AL B 4 Ut o] AR Hol, 7.96
A9 3AAMS Yehlie Ede £84 B4, &
Ze] AE<INa 52 K& Zgeks 283 &
£ 4z Zg-rige] Felz EAEe FEY 7
Aol & Ao=E Azkdr).

IEUTIE A &4 2 AFa) tial vy
o] Q=S PSS B9 A5 e AS e ¥
& pHERZANA Bitalrt F4:3] o]Fo]P L& AAlgi,
webA, kgl R Es 2T EA akde] &
7he E3E H4aE BPANIIAY, gZe]-aatE
& e AE3kde FuE EAlshe Aog A
ZHeo}. o]&8 75t pH =AM 4A falEo] 4]
IE A AAAZ| A, UA] Go| 8@ ooz
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AsEe B Ho) IR 3L gaE dhole
3 Agele] 23 (alitest 2 FoteR A A
Aoz yzidch B4, A7 249 AL sekxes]
saz|Es) e 9US AR B R AT,

43. deXsto HHE O|AFE UM B

431, 922 ey

Hol2ge)] ofsjol] wE IAE EAEA} =5E
Fazjsos £28 dHol2Ed ik XRDEA 9
g A HE AR HIE 492 A s A
ZAYEAN e 718 vie} o] thke] dsixol 3
25T ot Bglel e XRDEA o8 2&
ArpolE2] 3jyMe] woldat FAlo Wil 34
Aol 37isE Ao JAE + vk Sdshr 84
8 dgd FaE rREee B 3t ¥
T aRolM WA FRE] FEHT glen, o

tHFig. 2).

€2k (carbonationys AIHE. £3lEo] wlr]Ee] o)
Alsieael A Wsida oE BdS AN
£ AHgoltiTaylor, 1990; A&, 1992; o|FE,
2002). ojzig @lslEhE-& ol o2 PGS
B BalFrgo® st eyt ol A £ Qe
WA D, AHE 8 F 74 ke FERYe|ES}
7152 ol dulekig) Nkgsied HEjae PAPATE
o] drtFolekA] 2):

3CaO * Si02 ‘ 3H20+3C02

=3CaC05+Si0,+3H,0 ¢y
Ca(OH),+C0,=CaC03+H,0 @
olg]sl whee FAFEQ] pHE 12~138 §AA7)

= YAV 2EHrP|EY} pH 85~108%9) &
g WMoz EIHEY pHE FAAZY
o2 A48 Weolgns vl SR A5
Eo] EAT H$e o A% JPHe Aoz ¢
#HA Gt} ol21g F48 Whsol o8 Eme R
2 AiF-gd2] pHrl XAz YJelA =9, pH
3PHE AAlElS] AEge] pHE AYgdelgdes &
37| fgh Fdel XEATeIES] L7t dojwir
mElx, ANPE Ho|2Ee] F PARE T ¥
ERT|ES] fElof ulE nMFTE TR ¥
o|2E ) ekEls fulslEThe 2). aElx, azEr)
AT A9 o A oldEeAE Fdle] 979

Calcite

Flg. 2. SEM microphotographs showing alkali-silica gel.
(Top) alkali-silica gel formed with association of fine
aggregates, (Bottom) calcite and alkali-silica gel observed
from leachate formed in concrete structure.

BAGS BINA LSS T14S B 4 99
@ 3, 9.

2MOH+CO,=M,CO3+H;0 3
M,CO5+Ca(OH), =CaCO3+2MOH 4

A7 ME dZ2INa T2 KPItel%E, 2002).
Eaded] dZe] gl £ uigEe] IEY A4y,
ZaENN A719] ol{E XEMrIES] £F0] 7}
ZalEjo] AjREol2dE 1§ B F5E AN
3, S8 ggol2d Bl o) weiAg BE
Al Aok(Heffman, 1984). oleisl 2g-o] 3 FA4W
FTEHE gt ARE 743gogs ARE Ho)
2B A& AEAEE FUec) T3 A2
ZEY o] Fa o)2o o3 AIRAL JidEs)
o TEES B e s 84, E3dE Ui
o AN Hao] AFg of 2o BPten
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A o gARte g AEEIRES #ES WG E
T3, 1992). ol#ig A FAgE B @] A
Ao FAZEOA AF FAHIUTH Fhol &S 2
ZEWR ZF3AY, 73 EFUA Zg(calcum
aluminate hydrate)® ZAgsle] ZHAIA (friedel's
salt; 3Ca0-AL0;-CaCly- 10 H,0)& AjaHc}. o] =
YA EL2 esERgo] AR w2} 2T EY
o] pH7t 738 7% R0 tha S Ei
FIES A FFT F Je 2= 95iA UrHDay,
1992; °I&-5, 2002):

3Ca0 'Aleg . SCHCIZ . 10H20 +3C02
=3CaC04+2AKOH);+3CaCl, +7H,0 ®)

43.2. &E A7t g

o] ZAwhS-(alkali aggregate reaction; AAR)S-
okzke] AEl7} 9tS-(alkali silica reaction; ASR)= 4zt
2)-EMabd ¥hS-(alkali carbonate reaction; ACR)®|
7R o] geA Uk o] oA ATt
-2 AMES] YR (K Nayt w34 FAlS 4
H(SIOY 3R el gzl s S 4
gl-gF-Agae A7) wgolth(Taylor, 1990,
British Cement Association, 1992). 4A¥ A2 ©
Fol B2 F43le] WAoo RA FITES] FEE
AR, ghislzkgo] FsE siehRe] St
7} Hoe) TR ARSE EAB BN -4
7} wrgo] Az AAE wEEe] AR FgH
of §elomT £ {ARI|E It} ojF
oz AT A4S FeH et a2 ol
L glon}, o8 uhgdle] F4E IAE
7 AREu| Ao 2pA|e] Haehd, It
Hol2Ed TlH FFo] TR glor, vhe
g 2o 3o g uitel ggel-duyide) A=
Ak, Jeroz 5T Ao wHSEo] 1A HA] ke
7oz, A7 oz Zae] 7B g IR
Ae] YHere I whgo) XEI)E gk Ee
, 9 Eaz|Ee] AlgEAle] MIFHdr 2de)4
7MY A48 BeE BEEJHEFg. 2). o8 &
2823 whgol @A) Ve EIRE FEEF
e Fgo] WS o] BAEY, YR FEF
oA WiAbel HAHBo] f2E k. AxERIEE T
3 2pA|gE EDAXEN o2 Bl e gde ey
7 3 eakslakge] Ax Y4E Be gl Wiy
Eo] TaEo] UL U 5 UkFg. 2). AAFY
zZzzlEd] YA=HE Azylde EDAXE AAE B

e}

v

32
e

=

flo

w e e
o ol
" Ao
o ot
woP

Mg A, 448 depHe e gLy
9] AE-S 79, thAIH 2 Na9} Ca o129 g
< o, &3¢ K vl 3] ltk(Table 2). ©]
= S HoA Ffrell £3HE Na ol20] dde] e
7} whge] 7i&sle) 716ghe B = 2o R AY7tH
, BAIES 28l o3t FFoE He ¥ Ca ol
o] Ao X Zoz A7 F Utk a8,
Ca o9 ke #3859 MEEM 2 Fo] 57}

)

3k 7B3S WERITE Aquino e @l(2001)°l ©J3hd,
Ee Ca g5 AHoz X Na &2 K9 s

e dEdEAurdsE 348k Atde, b
2 739 dde)Aei7En oS A% B3|
Hkele] ylpado] @8] AMsken, Ae] ke 78
Ca(OH),2] =} Aej7e] ol 92} sirt, mapA,
SR Aol A Biee] Fe] FElEE Helke vk
ZAfol <f3t LAEl-ZAMESel o3t AAse v
AR, okt W3S UERAS] dvkadl dzdel-
=2 WS- AJEel ASTM 2275 B33 A9 AS=
2 RE FriE Gzl o3 ddE]-EAEel 7t
&31E Rolt). ¥ st UK wE ddE-E
AR 23t WAL F7k= ATE v AUrk(Berube
and Frenette, 1994, A<= %, 2003). Wb, €4€]-
ZARESS] gt thFe] SRS FAE TR
AXA] THEooF & Aolo,

4.3.3. S| ERA}O| E (ettringite)e] Fd7 W3}t 543

ol 239 SO20le-e EaTE Fa3 4
8} AHEUA]E (eftringite, {CaglAl(OH)3l, -24(H,0}
(SOp3-4 H;0)9k 7h2 3F olzxpgee] Aol 7o
T 4 o 53], JERCIEE T4 6HE QI
g 5 o= A AFBE JRE BEEA, T2
e BAF F9S FLToRA FAYEY &
(cancer of concrete Z-2 concrete bacillus)oZ UZ
o)X= FEo|tkDay, 1992; Wolter, 1996). IrvhH-g
o] Ao i & AS, FE A3 FL
719 71EE T3l AAEY, SAG HolAES)

Table 2. Representative chemical composition of alkali-
silica gel(from EDAX analyses).

Gel in cement Gel in Leachate

paste(Range, %) (Range, %)
Na 2.31-36.47 10.05-31.37
K 2.27-10.47 1.22-8.47
Ca 1.22-33.58 0.94-48.33
Si 33.00-73.51 39.02-75.46




A EaiEe] deAlst @t oldl Ele olxRgEe) B4 =3 37

AR 53 oln) EAsle 7 ToME #ERTHLee
and Cody, 2002). B2 7%, A E-AC|ERRE nA
dgo| Ho|2EE HMulsx gtk IF siAY 22
HE & dE-RC|ES} AEET Slgo] HEE, &
2 229 Fi el AFHE F3EdM = At
A} o] E (thaumasite, {Cag[S{(OH)gl, - 24H,0} -[(SO,))-
[(COxLl7t e | ES} 3784 (solid-solutionyE &
At Ye Aol EIFUTKFE. 3). ARRlEE
T4t EHRCIEW ] GF0E-S A, 3507
9} 2] BERHZH,0) thalel 250,49 2COTE A
e FEHE o|F= FEolrh T2 Xolr] Fukd o
EdROIES} ARSI ETEAE £53 o ETRe]
B9} A7ke) Fejal Holg BAY & e, J=EA
AlEE o] 2L FEEA UepiU, EHR0|
EARTRPIEZSA = o]8d Hak 2Fe) F)nisiy
WS HodZTHFig. 3). Sahu et @l (2002)° <Jshd,
ARpmAlo| B oEdizlolEe} Y| dAnpHo R

@ 73 29 722 Hole B4o| grkir). oks ¥

Flg. 3. SEM microphotograph and EDAX maps showing
ettringjte and ettringite-thaumasite solid solution phase
formed in cement paste of concrete embankment near the
costal area of Ulsan, Korea. Note that ettrimgite-thaumasite
phase show slightly different morphology with ettringite.
Euringite shows more needle-like form, whereas ettringite-
thaumasite phase shows a feather-like morphology.
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Fig. 4. SEM microphotographs showing secondary minerals
separated from cement paste of deteriorated concrete
subjected to significant carbonation. Abundant calcite and
gypsum can be re-precipitated from solution that produced
by immersion of cement paste of deteriorated concrete into
distilled water. Note that re-precipitation of halite indicates

that the concrete is influenced by seawater.

- XA

Fudo] TRY A5t T2E AT A Anize] 2
aelEe) A5 GAE A BAAE gl s
s 2 % gk,

o

44, HE Y Ao} v 24

Na,;S0,= 2|3t E2lE A8 7P dA% &
A WA A g gl A FAl &
FYE FHo] ofglu]o] ol A K2R FA7t
AHE Ho|2EZRE 47 E3Ee e HAF
= Ao}, AR Au|Ax EDAXE Fsk #3Ast 4
B 9] dEHA)E Na,SO,2 g 4z
A8l Fdgol] BaAHLTE g -BEd vk
2 Jehlle EE0|EE FAE AMES E3dE
A oA BARE B2 dEARC|EY ] S
7} EY-AIE 29 UFnFE REAHOE A
3lsle] YR7} AR ES FABIT Qe Aol
AZAchelav= 324, 2003). o= 2 skake-
(dedolomitization)?} 23} 432} COS T 8o
A 0|5 vhlgo] EE X3t stEsk Edk e
A7 AFRIME, AR Ers B 7 Side
Y U IR SAZ s FHo] FF

T 7499 E45e ReE B AUrkGaze
and Cramond, 2002; Hartshorn et al., 2002).

durx oz ZHZE HalEo] FFE AL EI
B2 232 E AFEA, AME #o|2E] i
3LFUFAHCA F49 siger E2RUARIMT
% (chloroaluminate)s #dsk= Zlo2 o454 ot
(Day, 1992; Kurdowski et al., 1994; ©|&R%13} 3z
o 2003). FEEYFEYNGL AN G (Friedel's
saltyelEt Ele g2 2459134 (nonchloroalumi-
nate, CaO -ALO;- CaCly- 10H,0)z Edfo|E=ad=
At (trichloroaluminate, CaO- Al,O5- 3CaCl, - 32H,0)
o2 FRHAY, dEMACIES 43 TAZE AE

¢

m &

ox.

£ 0.75M NaClzt CaCl, 8o o] gole] pHE
7rdeldS fRE Ay A3, AHE Ho]~E oF

gatsl 3, g4 FHOZ 7|Ee] dE-A]
I Efle|Z 22 Y24 (trichloroaluminate)© & A

g2 AANAUTHFIE 5). AAER A EDAX 4
22 gavt dER||ES] FES R Ee 9
g A2 Pdo] BAF OB, AT EFolER
ZEEOAG L JEES} FAE AHEZEE 7t
AH, 7 A we(2g)e) Az AAsEE Re

g

3
=

3Ca0 - Al,O5 + 3CaSO, + 32H,0+6NaCl



RRY FaBE] AeAiet @ ol fEE olxbdEe] 44 53 373

=3Ca0 - A1203 * 3CaClz . 32H20+3N3.2804 (8)

o, A A2 g, Y EF8EdAMe
ol FEo AL AH A T F e, AR
E Fo|2Ed o}F nlA3 FR2YdEUNEs 3
AL A, 4] 59 ¥hg o] BAksyL §AE]
Rgigo] Wl 0|5 FEEo| EaHo] Jiol2oF
23z e Yo A7 e A= AzkEd.

2 9 die] AR FgeR AN s FEE
2E AFERH Mgd #9d o BERAE
(brucite)®} MSH(magnesium silicate hydrate)2] &
& A7 E F ik Mg o]22 ARIE #o]AEl)
FEWT|ES X3N] BREAP|ES FASHAUE
9), CHS(calcium silicate hydrate)& YlwAa4 E2<
MSH(magnesium silicate hydrate)Z AL 4= Q)
oHA 10):

Mg2* +Ca(OH),=Mg(OH),+Ca** ©)
Ca0 - Si0, - 4H,0(CSH)+Mg?*
=MgO - S0, - 4H,0 (MSH)+Ca?* (10)

MgCl, 894 AH8-@ 94 A9 A}, A== ol
ZEfE Te] HEARIE P45 CSHS) MSH

Fig. 5. SEM microphotograph and EDAX maps showing
the formation of chloroaluminate phase after treatment
with NaCl solution. The material (Ett+Chl) is ettringite-
trichloroaluminate with partial substitution of S by CL
Microscopic size Ca-Al-Cl materials, which are distributed
in cement paste, are probably chloroaluminate phase.
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Fig. 6. SEM microphotograph and EDAX maps showing
experimentally induced deterioration by MgCl, solution.
The CSH (calcium silicate hydtate) of cement paste has
altered to MSH (magnesium silicate hydrate) as shown in
Mg-Si rich in element maps. Abundant shrinkage cracks
have developed in MSH phase.
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