
First-principles elasticity of monocarboaluminate hydrates

Juhyuk Moon1, Seyoon yoon2, Renata M. Wentzcovitch3,4 and Paulo J.M. MonteiRo2,*

1Civil Engineering Program, Department of Mechanical Engineering, Stony Brook University, New York 11794, U.S.A.
2Department of Civil and Environmental Engineering, University of California, Berkeley, California 94720, U.S.A.

3Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455, U.S.A.
4Minnesota Supercomputing Institute, University of Minnesota, Minneapolis, Minnesota 55455, U.S.A.

abStRact

The elasticity of monocarboaluminate hydrates, 3CaO·Al2O3·CaCO3·xH2O (x = 11 or 8), has been 
LQYHVWLJDWHG�E\�¿UVW�SULQFLSOHV�FDOFXODWLRQV��3UHYLRXV�H[SHULPHQWDO�VWXG\�UHYHDOHG�WKDW�WKH�IXOO\�K\GUDWHG�
monocarboaluminate (x = 11) exhibits exceptionally low compressibility compared to other reported 
calcium aluminate hydrates. This stiff hydration product can contribute to the strength of concrete made 
with Portland cements containing calcium carbonates. In this study, full elastic tensors and mechanical 
SURSHUWLHV�RI�WKH�FU\VWDO�VWUXFWXUHV�ZLWK�GLIIHUHQW�ZDWHU�FRQWHQWV��[� ����RU����DUH�FRPSXWHG�E\�¿UVW�
principles methods based on density functional theory. The results indicate that the compressibility of 
monocarboaluminate is highly dependent on the water content in the interlayer region. The structure also 
becomes more isotropic with the addition of water molecules in this region. Since the monocarboalu�
minate is a key hydration product of limestone added cement, elasticity of the crystal is important to 
understand its mechanical impact on concrete. Besides, it is put forth that this theoretical calculation will 
EH�XVHIXO�LQ�SUHGLFWLQJ�WKH�HODVWLF�SURSHUWLHV�RI�RWKHU�FRPSOH[�FHPHQWLWRXV�PDWHULDOV�DQG�WKH�LQÀXHQFH�
of ion exchange on compressibility.
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intRoduction

Carbonate sources from calcium carbonate, kiln dust, or atmo�
VSKHULF�FDUERQ�GLR[LGH�FDQ�IRUP�FDUERQ�FRQWDLQLQJ�$)P��$O2O3�
)H2O3�PRQR��SKDVHV��.X]HO�DQG�3|OOPDQQ�������/RWKHQEDFK�HW�
DO��������0DWVFKHL�HW�DO������D������E���(VSHFLDOO\�LQ�WKH�FDVH�RI�
3RUWODQG�OLPHVWRQH�FHPHQWV��PD[LPXP�FRQWHQW�RI� OLPHVWRQH�LV�
35%), the presence of carbonate prevents the conversion of mono�
sulfoaluminate from ettringite. Instead of the monosulfoaluminate, 
PRQRFDUERDOXPLQDWH�DQG�HWWULQJLWH�DUH�VWDELOL]HG�LQ�WKH�SUHVHQFH�
RI� WKH� OLPHVWRQH��7KXV�� WKHVH� VWDELOL]HG�K\GUDWHV�GHFUHDVH� WKH�
SRURVLW\�DQG�LQFUHDVH�FRQFUHWH�VWUHQJWK��/RWKHQEDFK�HW�DO���������
%\�PD[LPL]LQJ� WKH� DVVHPEODJH� RI�PRQRFDUERDOXPLQDWH� DQG�
ettringite, it is possible to obtain the best space filling relative to 
other cement hydrates and, therefore, increase the strength of the 
cementitious matrix. Recently, Moon et al. (2012) reported the 
bulk modulus of monocarboaluminate (54 GPa) is significantly 
higher than any other hydration products in concrete. The unusual 
mechanical properties of monocarboaluminate can also influence 
to the structural response of the cementitous matrix.

7ZR� UHSUHVHQWDWLYH� FDUERQ� FRQWDLQLQJ�$)P� SKDVHV� DUH�
monocarboaluminate (C4ACH11, triclinic, P1 or P1 system) and 
hemicarboaluminate (C4AC0.5H12, trigonal, R3c or R3c system) 
(Matschei et al. 2007a). Note that cement chemisty notation of 
C = CaO, A = Al2O3, C = CO2, and H = H2O is used to simplify 
chemical notations. Two modifications of monocarboaluminate 
have been solved as an ordered arrangement with the triclinic P1 
V\PPHWU\��)UDQoRLV�HW�DO��������DQG�D�GLVRUGHUHG�DUUDQJHPHQW�

with the triclinic P1 symmetry (Renaudin et al. 1999), whereas 
the crystal structure of hemicarboaluminate has not been solved.

7KH�$)P�SKDVHV�KDYH�D�OD\HUHG�VWUXFWXUH�ZKHUH�RQH�WKLUG�RI�
Ca2+ ions of portlandite are substituted by Al3+�RU�)H3+, with the 
main layer having the chemical formula [Ca2�$O�)H��2+�6]+. 
The layer structure [XnH2O]� incorporates variable amounts of 
ZDWHU��DV�ZHOO�DV�FKDUJH�EDODQFLQJ�;�DQLRQV�VXFK�DV�K\GUR[\O��
chloride, carbonate, sulfate, and silicate. The type of the X anion 
and the amount of interlayer water determine the layer thickness, 
compressibility, and chemical stability (Taylor 1973, 1997). At 
ambient condition, a unit cell of monocarboaluminate contains a 
CO3

2– group and five water molecules in the interlayer region, with 
the planar CO3

2– groups tilted by 21.8(9)q with respect to planes 
RI�WKH�PDLQ�FDOFLXP�DOXPLQXP�R[LGH�OD\HUV��)UDQoRLV�HW�DO��������
Renaudin et al. 1999). Among the five, two water molecules are 
slightly bonded, but three water molecules and O atoms in the 
carbonate groups act as cohesion forces between the interlayers 
�)UDQoRLV�HW�DO���������0RQRFDUERDOXPLQDWH�ZLWK�WZR�ZDWHU�PRO�
ecules and without water molecules in the interlayer region are 
found at 95 and 130 q&�GU\LQJ�FRQGLWLRQV��UHVSHFWLYHO\��)LVFKHU�
DQG�.X]HO�������7D\ORU��������EXW�WKHLU�FU\VWDO�VWUXFWXUHV�KDYH�
not been resolved yet.

6\QFKURWURQ�EDVHG�;�UD\�GLIIUDFWLRQ�GDWD� RQ�$)P�SKDVHV�
of hemicarboaluminate and strätlingite indicated that dehydra�
tion occurs under hydrostatic compression (Moon et al. 2011). 
This makes the crystal stiffer and yields larger isothermal bulk 
modulus at pressures above 1.5 GPa. However, this phenomenon 
is not applicable to monocarboaluminate (Moon et al. 2012). 
Its bulk modulus (K0 = 54 GPa) is almost four times larger than 
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