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Ettringite/ Thaumasite Formation, Stability and Their Effect on
Deterioration of Concrete

0] & @ (Hyomin Lee) - & & A (Jin Yeon Hwang)

Bavstn A Qs
(Department Geology, Pusan National University, Busan 607-735, Korea, E-mail: hmlee61@hotmail.com)

Qok:gu 7& ZaE oA LAEE J EURo)Eettringite)$} A}-$-rlALo] E (thaumasite)ol]

g -5 A8, NapS0s 42 o] 43 A3 3] dHd 48 Fd3}d,
o5 BEo EF 3 FAsAMY XY EaYEY A5 At viXe 9FE ATEAt
AEARo|E9} ALpvirlo|E o] He| #Fa HJEEANE 3t AAHRASEM)S 5§ EDAX
4.8 AAsEH.

JEA)EE AUE #Ho|~EY F7HE FFAY, APWE HoJAEE X FHZ JE}
U, 0] ddo] JEAREZRE AWE FHo|AE YEE AT lgol & B
JEAREE B4 374 A A ALLrirlolE ¢} E ] F 2 2 Y27 Al d(trichloroaluminate) 2.
2 f4A AolHAY BT AFRrAlEr EW-EA3ES FHtste BAYE AE AL
3 FaEg Bgitsyl A E oA gy Z2ATEGA dEARC|EY £RtE o] YEUTH A
Solalo)E Y 2AL JEHURES FAIG ZAAN BAAHE ez QyAHY, JEYR
olE7} WA FAE F X&FLo] it} AEUAC)E/ASAIALE REAE FAse HALR
Azt 2 ENY JdEYAES G880 FHFE A4S davt dEARoES AAES
BE = dAZ 283l dEHAEY FAE A TRE A EEEZLRETMNEL R
AolEn, x3, EFZZELLENAEL Figo] Al FHE FE, AR gdle] A of
E¥xo|EZ Ao|HUr). T FE AT ug A2E £ dioled Fito|d F
o W2s Aoz AA4AD. o)y Zo|, dEHAEE EIEE UM e JFA
gstag wel 5459 e S Ko, 8 87 24 uet & FEZ dolH= veh
Atk o123 dFda, JdEUR|EY A WE FHAIYEY JFAZe 1 FETH E4H
XN 284S HAe AR YEETh

FQ0 : FAYE, | EYR} o] Eettringite), AH-UHA}o] E(thaumasite), M=, 54 3

ABSTRACT : Ettringite and thaumasite were observed in some concrete. The morphology and
occurrence of these minerals were closely examined by performing SEM/EDAX analyses. We also
experimentally induced the concrete deterioration using Na;SO. solution with application of various
environmental conditions. The stability of these minerals and deterioration characteristics under
applied experimental conditions were determined.

Abundant ettringite formed by “through solution reaction” occurred in many open spaces, and
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some microscopic ettringite formed by “tophochemical replacement” of calcium aluminate also
occurred in cement paste. Severe cracking of cement paste causing premature deterioration was often
associated with ettringite location. Under specific condition, ettringite was transformed to thaumasite,
trichloroaluminate, or decomposed. Thaumasite occurred with association of ettringite in concrete
containing carbonate aggregate being subject to dedolomitization or in some concrete being subject to
carbonation. Thaumasite appears to be formed under the similar condition to the general ettringite
forming condition, but it formed solid solution with ettringite by substituting pre-existing ettringite.
Ettringite can also be transformed to trichloroaluminate in the presence of abundant chlorides, but
trichloroaluminate changed back to ettringite in late sulfate attack. It is considered that the

substitution reaction direction solely depend on the concentration of chloride and sulfate ion.

Key words : concrete, ettringite, thaumasite, stability, deterioration
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E 9] ¥ Al(delayed ettringite formation, DEF)2.
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o] F o]z dEYUAES} AA JE-ZR]
Er O FEE 33 84 i SAHeE
o FetRolo] oM Ad A EHUA ]
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(Cramond, 2002; Sahu, et al., 2002).

2 drdgas gulge 2AE o
AE T EFAO|ESY ALF-ulAlo]E Q) 4hE
4 FESH 5AE TFEE, 4¥FQ
Ho g FAYUE Yo o]F FEY WS
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259 482 st

ol F7] 8| AETAIES ARg-wiAL
olEQ UutAQ FstzrA ¢ FETHEA]
et AA 7tes] AFg} A EAAIES
3824 e [Cas[Al(OH))- 12(H,0)]" S &A=
e columnEE FAHY S HEE
{Cag[AI(OH)s)2-24(H,0} - [(SO4)s - 2H,0]2 E7)
& & gtk SO o] EF EEAEL dHs
£ gE 7155 Atojdl A UtKTaylor,
1990; Day, 1992). JE&A}olE T2+ RS
c o] a3 o5 columnEo] vldH TXE
ol2mgle], o Be EiAg #id EAEo
o]5 columnEo] o]F& F7Hchannel)d] Eof
2+ & Q7] W7 7|%E e 1A S §4A
2 4 SIth(Fig. 1).

AEYR)EE HEFAY ¢ HTF Pllc
ZFY &uteE BERA, 4 @9 E(unit cell)
L =215 A, a=b=1123 A ¢ =VIE 7}
Fig. 18] AE ¢ & AA 7159 %Hone half
unite cell)ol] APt BRO FRE HAFH,
BE abdg wE Huor Z JeTERE
Apol9] FZE B FE a¥ot. sy ¢
A3 BYTE 0|77 YA MY AP
NE3z7 28T o) J1FFEE W 304
2Ez9 Ak ERES WAL R s,
A 293 E 238 19 A RAAE A
o ¢ AolA F o] sFEHE ZolE 7
t} o8 o] 2 shtel ¢Hg 3184 {Can
[A(OH)g)s-48(H,0}(S04)s-4H:0Z HH AT

JEURIEY} 7S FE T £3e #E
24, 2aed Yy 34 244 1 44
#2378 =X o ey A& 2shd
ZaHe FAT TS vlAE Ao g
A % FEo] Ut o] 5L AFEAolES £
© 2} 8 ~7}o] E(jouravskite) 2 A, o] S¢] #}8txE
qe 7t7) 483 2rhDay, 1992):

Thaumasite: {Cas[Si(OH)s]2-24(H.0} -

[(804)2]-[(COs)2],
Jouravskite: {Cas[Mn(OH)s]2 24(H.O} +
[(5O4)2])-[(COs).].

AHEERAL B E Fa7) 71FWY EF
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JEHREY FETFZE Alo]g] 3809 2
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Fig. 1. Ettringite crystal structure. A. Structure of ettringite column,
one-half unit- cell. Structure is parallel to the ¢ crystallographic axis.
The ¢ spacing is 21.5 A. Modified from Taylor (1992). B. View of
a-b plane. The circles represent ettringite columns, and the regions
between the columns are channels in which water and sulfate
molecules reside. The @ and b unit cell spacings are 11.23 A, Modified

from Day (1992).
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Table 1. Primary compounds of Portland cement (Modified from Kosmatka

44

and Panarese, 1990)

Compound Abbreviation Chemical formulas Hydration
Tricalcium silicate CsS 3Ca0 - SiO, 2C;S+6H=C;8,H;+3¢
Dicalcium silicate C.S 2Ca0 - Si0, 2C,S+4H=C;3S;H3+3¢
Tricalcium aluminate CA 3Ca0 - ALOs C3A+12H+¢=C3AcH)2
Tetracalcium aluminoferrite CsAF 3Ca0 - ALO; - Fey0Os CsAF+10H+2c=C¢AFH;,

* C=Ca0, S§=8Si0; A=AhLO; A=Fe;0;, H=H,0, c=Ca(OH),

Zo] AQtHTh o] (1) “tophochemical” ®+g-
(Cohen, 1983, Cohen er al, 1985)37 (2)
“through solution” 4F-g-(Monteiro, 1985; Deng
and Tang, 1994)0]ch. (1)e] W& A GA
$e CAY F3bEd Fad g0
AEAAEL AAHE ABNge] AZo
o @9 g AME Aol
AT golol 83T Fol e HB2
3 &9 FoA AdEYA|ET} A &
agez 43st Aol

232 E S O ESIXO[ES MEAY

39S el = U9y a2 EA,
JEHA|EE FAEY Ho|2ES} Ho]x
E29] mlHF=, 7]E(air-entrainment voids), T
A T8 5o Fhel ®Hel FAHI Ytk o]
FEE o EtdAto] dAS Hrele
2zl 2 7% ol e el wale] 17
Eo| PAgo] glgo] {onn 715 QA H
o]R =), 22 FE dcho| E(portandite, Ca(OH),)
9 oAEdzelEs} EAH Uebn Yok
o A%, NEAAIES} A4 BHOZ |E
Mol A AT e Aoz AREnIS 5
Ax BRAG(Fig 2-0). ABHOT P42
EQAo s NE F49 owo) & WED §
WAAS) 23AL AT Aol T Wg
Adr|ge £54 BRAKFig 2b). 2
£ o) 2 Apol2g A)E L BAt AUE
o] 2EQ R FHYSA FAHE AdE
fxfo| E o] &) 9}
AHE 53 B3
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HO AWE TARE S
4 BFEEY g2 A%
EdAolES] A2 47 o,
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(b)
Fig. 2. SEM images showing ettringite crystals. (a)
Acicular ettringite crystals on the wall of an air-
entrainment void in lowa highway concrete. (b)
Synthesized ettringite from solution.

o dEdRelEe FSdt FuYUFo=
WY 4 fvh GNTA H47]¥ (staining
method)5 AHE-¥ 7] sk, o7 A% A4

o7l 9% EDAXEHo2M 1 EX9 44

AL B BAT 5 Ak
Arfume o A4 ArFoE wIE o
EdAo|EE Fig 33} 2o Yehdth o] 3%
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Fig. 3. SEM image and EDAX element maps showing void-rim and
void-fill types of ettringite in cement paste. Void-rim ettringite occurs
as a rim that lines the margin of air-entrainment Voids (>100 m) in
the cement paste. Radial cracks are well-developed in this type of
ettringite. Void-fill ettringite occurs in small air-entrainment voids (<
100 m), and microcracks propagate out into cement from them.

9] FAEQ Ca AlZ S| EDAX mapidel 9 HE JEAACIE} F o) 100 ym o 9] F
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SolM AAEr)F oz AA s #E 23, 9
EdAolEs AolE B M4 Fdo) 5
Hojzle Aol #AHG. ol AE-UAE
dA 71dd mA gdEdde o] & BEC] ¥
ARA B3 Qe AAE Bol, oln] EAHH
NEDA|ETL AL vid FEHAY FEH
T dEdoEY 44 vddE BFY 79
Qe AAbRTh o) 1 we A @Y
24 JEUAC|ET} AHE HoliE B
94 % CAY o ER(EFS AR
ez Ry AAHL e o] #AH A
th. ol gatglo] NHE Ho|2ES FASL
ShE ZagFrigihs A4 X @shs “topho-
chemical” ¥r-29] AAZ FE Aoz H2H
o o]d A4 AEUAIEE F4 Fe
EAA] S} ol Foz FHHE
2 BRuH7)E 3HtHMetha, 1969).

ol |o

Yo ofgt 2AYE 5As

N82804

NaSO.2 A3 FAYE A FEA e
Agol HAgy FAo 238 E HHo] g}
Hoj o}F A FAHAH FA AIME F
o|2EZRY 4A gFHe P BT
ol# 3 Y& TAES ARE Adste FH
golo] = Acm A drkNeville, 1969;
Metha, 1983, Al-Amoudi ef af., 1992). 238 E
o Aol sbalA w ehte A4S AW
E AgAY 248 dAAEA 2Fsl(soften)A]
ogM AWE so|~Ee FAle AFES A
MA|A ZagE] AFNH FrE o3
th o8 % G 59, AF/FHF 20E /g
ZAYE ABoA I AE/ ¢S 4T R

Z ygyd.

(b) :

Fig. 4. SEM images showing deterioration by
ettringite formation in concrete after wet/dry cycl-
ing in Na; SO, solution. (a) Ettringite precipitated
in many air-entrainment voids in cement paste of
concrete that contained little ettringite before Nap
SO treatment. (b) Ettringite frequently forms in
the small interstitial voids and boundary spaces
between fine aggregate and the cement paste
through which solutions can easily migrate. Note
the narrow cracks in the paste adjacent to aggre-
gate particles.
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Fig. 5. Expansion of concrete by sodium sulfate treatment
during wet/dry (W/D), freezing/thaw (F/T) and continuous
immersion condition. (a) Newly mixed concrete, (b) Concrete
containing little ettringite before treatment, (c) Concrete con-
taining abundant ettringite before treatment.

e FnEs We uA) LR ES A o]e] 2Hgo] Yol delx ZAHE W] pH
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(A )Y =85 ASsA B4 Zoll BT Si Qo] FRAAY, FiAEl

«1611*1 AAE JEYDRCIES X3t AL¢
M;CO; + CaSOs = CaCO;3 + 2M,SO, (6) TFAOlES BEHOoZ MAFAY, T AR
vpAlel EF ohg-e whEe] s F4E
olgist &S YTt dsKalkali carbona-  Uthil AztET)
tion)2H-g-o) 2} 319, &7z Fadel g 2
g ES] A5AsY & Yoz WZAHHGaze 3Ca” + SO + Si0” + COs" + M' + OH =
and Cramond, 2002). CaSi0s-CaS0,4-CaCO;-15H,0 + MOH (7
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Fig. 6. EDAX clement maps showing ettringite/thaumasite formation

after sodium sulfate treatment.
the ettringite structure.
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ZAYE YolMe o5 *
skeHl, ol pH AT
EAM, ol& F=E0l °P7>,0HX% gAY A
AHA Fedd Aoz AzEd.

oldel 2daz Hol, AbprialolESY A =
e gutxdoz JEYUzES FHzATH
fFAMgE 2700] e o2 AztE. JgE
drtelEVE dHHeR EAT F UE pH
10.5 o}}ol Ao, JdE-YRCIET} AR
FHE F AL st AberiAlolEVL
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A go=E Azdn.
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oA 2 FEZ Hol" & Juh 59 F
T(NaCl) Z2 AZE¢ o] FHAe uizﬂ

AAZ} D FFRE 87 el AEdA
JEE E U2 #EE 192 5 U 994
o7 #aEC Pirt TFE A AHWE
Mol AE e FAILTUMCA)T Aol 0g
° g g3 ZdF 7R (chloroaluminate: Fridel’s salt
= mononchloroaluminate, CaO-Al,O;-CaCl,-10HO
9} trichloroaluminate, CaQ-Al,0;-3CaCly-32H,0)
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Fig. 7. SEM image and EDAX showing ettringite and ettringite/thaumasite
solid solution phase formed in cement paste of concrete bank near the

beach-side in Ulsan, Korea.

Ettringite/Thaumasite phase shows slightly

different morphology with ettringite. Ettringite shows more a needle-like
structure, whereas ettringite/thaumasite phase shows a feather-like morphology.

S JAE 4 glvn ¢3A 9 thRamchandran
et al., 1976; Worthington et, al., 1988; Day,
1992; Kurdowski ef al., 1994). o] 23} o E&x}
oES] AolT BAIT] S5k, GlEAA|E
Z g73 23YE AEE 0.75 MY NaCl &
oo Pol WIAA 1 WA YL BAN

Hokth olz|g A4F AH, AHNE Ho|2E]
WA 3, G4 FFLE V&Y dEHA
OJE7L SRRUYFUNGCE HojgE B
A}(Fig. 8). EDAX 4o 9J&l#, NaClZ A
gld Z3YEA 71Xl EAQ3IE 7]E dE
o] EVL &3] 52 FEFoR AT 3
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Fig. 8. SEM image and EDAX element maps showing
formation of trichloroaluminate after treatment with NaCl solu-
tion. Material rich in Ca, Al, Cl, and S in air voids and has a
morphology identical to that of ettringite in untreated samples.
This material(Ett+CI-Al) is ettringite with partial substitution of
its S by Cl. The material (Cl-Al) is trichloroaluminate. Note that

the

g8k

the Clrich material typically occurs at the outer margins of

S-rich material.
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3 CaO-ALO3-3CaS04-32H,0 + 3 NaCl =
3 Ca0-ALO;-3CaCl-32H,0 + 3 Na,SOs  (8)
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Sdo] Yx gd9 pHE 105 o]F FAAIA
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