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ABSTRACT

The elasticity of monocarboaluminate hydrates, 3Ca0O-Al,03-CaCO3-xH,O (x=11 or 8),

has been investigated by first-principles calculations. Previous experimental study revealed that
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the fully hydrated 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 properties of the crystal structures with different
water contents (x=11 or 8) are computed by first-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 monocarboaluminate 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 be useful in predicting the elastic properties of other complex cementitous

materials and the influence of ion exchange on compressibility.

Keyword: Elasticity, ab initio calculations, Crystal Structure, Monocarboaluminate

INTRODUCTION

Carbonate sources from calcium carbonate, kiln dust, or atmospheric carbon dioxide can
form carbon containing AFm (AlLO;-Fe;Os-mono) phases (Kuzel and Pollmann, 1991;
Lothenbach et al., 2008; Matschei et al., 2007a; Matschei et al., 2007b). Especially in the case
of portland-limestone cements (maximum content of limestone is 35%), the presence of

carbonate prevents the conversion of monosulfoaluminate from ettringite. Instead of the
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monosulfoaluminate, monocarboaluminate and ettringite are stabilized in the presence of the
limestone. Thus, these stabilized hydrates decrease the porosity and increase concrete strength
(Lothenbach et al.,, 2008). By maximizing the assemblage of monocarboaluminate and
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. reported the
bulk modulus of monocarboaluminate (54 GPa) is significantly higher than any other hydration
products in concrete (Moon et al, 2012). The unusual mechanical properties of

monocarboaluminate can also influence to the structural response of the cementitous matrix.

Two representative carbon containing AFm phases are monocarboaluminate (C4ACH;;,

triclinic, P1 or P1 system) and hemicarboaluminate (C4A(_30_5H12, trigonal, R3¢ or R3¢ system)
(Matschei et al., 2007a). Note that cement chemisty notation of C=Ca0O, A=Al,03, C=CO,,
and H=H,O is used to simplify chemical notations. Two modifications of monocarboaluminate
have been solved as an ordered arrangement with the triclinic P1 symmetry (Frangois et al.,
1998) and a disordered arrangement with the triclinic P1 symmetry (Renaudin et al., 1999)

whereas the crystal structure of hemicarboaluminate has not been solved.

The AFm phases have a layered structure where one third of Ca*" ions of portlandite are
substituted by AP’ or Fe*", with the main layer having the chemical formula [Cay(Al Fe)(OH)s] .
The layer structure [X,H,O] incorporates variable amounts of water, as well as charge-balancing
X anions such as hydroxyl, chloride, carbonate, sulfate, and silicate. The type of the X anion
and the amount of interlayer water determines the layer thickness, compressibility, and chemical

stability (Taylor, 1973; Taylor, 1997). At ambient condition, a unit cell of monocarboaluminate
3
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contains a COs> group and five water molecules in the interlayer region, with the planar COs>
groups tilted by 21.8(9)° with respect to planes of the main calcium aluminum oxide layers
(Frangois et al., 1998; 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 (Francois et al., 1998). Monocarboaluminate with two water molecules
and without water molecules in the interlayer region are found at 95°C and 130°C drying
conditions, respectively, (Fischer and Kuzel, 1982; Taylor, 1997) but their crystal structures have

not been resolved yet.

Synchrotron-based x-ray diffraction data on AFm phases of hemicarboaluminate and
stratlingite indicated that dehydration 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 (K¢=54 GPa) is almost four times larger than that of hemicarboaluminate
(K¢=14 GPa) and this high stiffness seems to prevent dehydration. This can be the one of the
reasons of the mechanical strengthening of concrete attained by the use of limestone.
Unfortunately, detailed atomic structure of monocarboaluminates could not be refined through
the high-pressure experiments because of the extremely small sample size and complexity of the
crystal structure. Consequently the detailed atomic structure under high pressure remained
undefined, especially the locations of the interlayer water molecules and orientation of anionic

carbonate group.
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In this study, the crystal structures of two monocarboaluminate hydrates, with 5
interlayer waters (5-water MC) and 2 interlayer waters (2-water MC) have been investigated.
We have performed first principles calculations using two different exchange-correlation
functionals. Their accuracy for these systems is investigated by comparing results with
published experimental crystallographic data and elasticity.  The relationship between
crystallographic information and structural behavior under pressure has been resolved. From
optimized equilibrium structures, full elastic tensors, averaged mechanical properties, and static

bulk modulus of both monocarboaluminate hydrates have been computed.

COMPUTATIONAL DETAILS

Density functional theory (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) has been
used to address the elasticity of both fully and partially hydrated monocarboaluminate phases.
All computations were performed on Linux clusters in the Molecular Graphics and Computation
Facility at the University of California, Berkeley. The DFT calculations were performed using
LDA and Perdew-Burke-Ernzerhof (PBE) GGA (Perdew et al., 1996) exchange-correlation
functionals and plane wave techniques implemented in the Quantum ESPRESSO distribution
(Giannozzi and et al., 2009). Ultrasoft-type pseudopotentials (Vanderbilt, 1990) were used with
a plane-wave energy cut-off of 1600 eV. The reference valence configurations and core radii
for GGA and LDA pseudopotentials were chosen as 3s% 3p°, 4s%, r ¢ = 1.2 A for Ca, 257, 2p°,
3s%, 3p,r c=1.1 A for Al, 2s%, 2p*,r ¢=0.8 A for O, 2s%, 2p*, r ¢=0.8 A for C, and 1s' for H.

In addition, a converged k-points grid of 4 x 2 x 2 (Monkhorst and Pack, 1976) was used.
5
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Before calculating structural and elastic properties, structural optimizations were
performed at arbitrary pressures (Wentzcovitch, 1991). As a starting crystal structure, the
ordered monocarboaluminate was used for a 5-water MC (Frangois et al., 1998). Since no
atomic information has been reported for a partially hydrated monocarboaluminate, the structure
has been created by removing three water molecules from 5-water MC. A previous study
demonstrated that water molecules of 16 and 17 have weak hydrogen bonds (Frangois et al.,
1998; Moon et al., 2012) (Figure 1). Therefore, the weakly bonded molecules were removed to
generate a partially hydrated monocarboaluminate (2-water MC). In addition, a water molecule
of oxygen number of 14 was also removed to be consistent with the reported chemical formula of

2-water MC, C4ACHg (Fischer and Kuzel, 1982; Taylor, 1997). Atomic positions and lattice

parameters were optimized until atomic forces were smaller than 10 eV/A and total energy
converged within 10° V. The final residual stress components of the optimized structure were

less than 0.1 kbar.

RESULTS

The optimized crystallographic data are compared in Table 1. Lattice parameters from
the structure using the GGA functional compare more favorably with single-crystal (Francois,
1998) and ambient pressure x-ray diffraction data (Moon et al., 2012). All lattice parameters
were predicted within 1% error range in GGA calculation. However, LDA underestimates c
lattice parameter (3%) and overestimates o lattice parameter (1%). In addition, LDA predicts

the tilting angle between the carbonate group and the parallel layers as 9.2°, which is quite
6
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smaller than the GGA angle (18.8°) and the experimental value (21.7°). Detailed
crystallographic analysis of the 2-water MC does not exist for comparison. However, the
experimentally observed interlayer spacing of 7.2A is only 1% smaller than the GGA result
(7.29A) but 7% larger than the LDA result (6.68A). Figure 2 shows experimental and
simulated x-ray diffraction patterns for the 5-water MC and the 2-water MC structures. Again,
it is confirmed that the x-ray pattern of GGA is closely matched with the experimental pattern of
S-water MC. The simulated x-ray profile of 2-water MC should enable reliable indexing and
easier recognition of the partially hydrated monocarboaluminate in concrete systems. In our
previous experiment the x-ray pattern is more diffuse than simulated one. This could be due to
the disorder of hydrogens or water molecules in real system. This will be discussed in
discussion section. The computed hydrogen bonding network and its distributions in the

optimized monocarboaluminates are shown in Figures 3 and 4.

Pr essur e-volume behavior

Static equilibrium structures at arbitrary pressures were obtained at arbitrary pressures
using damped variable cell shape molecular dynamics (Wentzcovitch, 1991). Figure 5 shows
simulated x-ray diffraction patterns from LDA and GGA structures together with experimental x-
ray patterns previously obtained at similar hydrostatic pressures. Energy-volume relations are
presented in Figure 6. They clearly show the smaller compressibility (greater curvature) and
larger bulk modulus of the 5-water MC structure with respect to those of the 2-water MC
structure. As shown in Figure 7, LDA and GGA compression curves for the 5-water MC

structure compare well with the experimental data, with the LDA giving a better agreement.
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GGA overestimates its volume at ambient pressure. Computed lattice parameters for the same
structure at different pressures are shown in Figure 8. The general behaviors of calculated
parameters are very similar to the experimental behaviors. It is interesting to note that LDA
predicted the ¢ parameter to be 3% smaller but the angle a to be 5% larger, showing a correlation
between these parameters. They compensate for each other and produce volumes similar to the

experimental volume, i.e., only 1% larger in the pressure range investigated.

Elastic tensor coefficients

Elastic tensor coefficients for these structures have been computed using stress-strain

relations. For infinitesimal strains this relation is linear and at 0 GPa it is simply:

After structural optimization at 0 GPa, individual strains were applied to the equilibrium
structure, internal structural degrees of freedom were re-optimized, and stresses computed.
Residual stress components for these optimized and re-optimized structures were less than 0.1
kbar. This allows computations of elastic coefficients with well constrained and small errors
(Nielsen and Martin, 1983). The elastic tensor of a triclinic structure has twenty-one

independent constants:
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These are defined in an orthogonal coordinate system, thus cell parameters are related to a
Cartesian coordinate XYZ setting: The X I &, Z | & Xil, and ¥ ] Z xX setting is chosen to

define elastic constants. The Lagrangian strains in Cartesian coordinates are:

5§ 0 0 000 00 0
£=/0 0 0|, £=[0 & 0/, =0 0 0| (3
00 0 000 00 &
0 0 0 0 0 &/2 0 /2 0
£=[0 0 /2|, &= 0 0 0 |, &=[6/2 0 0| 4
0 5/2 0 5/2 0 0 0 0 0

where the indices are given in Voigt notation. Sufficiently small strains of 6 = + 0.5% were
applied, and elastic coefficients were obtained by averaging stresses resulting from positive and
negative strains. This procedure eliminates non-linear contributions to the stress-strain relation
(Wentzcovitch et al.,, 1995). Table 2 compares the computed LDA and GGA -elastic

coefficients for 5-water and 2-water MC structures.

Bulk modulus

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



173

174

175

176

177

178

179

180

181

182

183

184

185

186

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4597 2/26

10

The isothermal bulk modulus is obtained by fitting a finite strain expansion to the
calculated free energy versus volume relation. For large compression, it is standard to expand

the free energy in terms of a isotropically defined Eulerian strain, f:

where V, and V are a reference volume and compressed volume under pressure, respectively.
Then the Helmholtz free energy versus volume relation is expanded in a power series in terms of
the Eulerian strains. In this static calculation, the Helmholtz free energy, F, is the same as the
internal energy, E (F=E-TS) since T = 0 K. The Birch-Murnaghan equation of state
corresponds to a finite strain expansion to third power in the strain (Birch, 1978). Pressure is

then given by:
P=— (a_fj JF (6)
oV )\ of ).

Using the definition of static bulk modulus, f lgm -V (s_\ljj =K, , and of its derivative,
T

-V,

lim ;K K,, gives:
=00 v, OP

10
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This is Birch-Murnaghan equation of state that is used extensively in the literature to fit pressure
volume relations. The fitting gives the reference volume, bulk modulus at zero pressure, and its
pressure derivative at 0 GPa as summarized in Table 3. In the table we also report a fitting to
the Murnaghan equation of state. This equation results from a finite strain expansion of the free
energy to second power in strain. It is equivalent to Eq. (7) but with fixed K¢" (=4). Detailed

comparisons will be discussed in next.

Aggregate properties

In previous section, isothermal bulk modulus was obtained from the fitting of Eq. (7) to
single crystal compression data. In this case, pressure (or stress) is considered uniform
throughout compressed structures. In this section, bulk modulus corresponds to the
compression of an isotropic polycrystalline aggregate is considered. Poly-crystalline averages
are difficult to estimate since they involve statistical averages over grain sizes and orientations.
But a scheme has been devised to give average values and upper and lower bounds to the bulk
modulus, K, and to the shear modulus, G, in terms of the elastic coefficients. This is the Voigt-
Reuss-Hill (VRH) (Watt et al., 1976) averaging method. The Voigt moduli correspond to a
situation in which the aggregate is subjected to uniform strain. It provides the upper bounds for
K and G. The Reuss moduli correspond to the situation of uniform stress and give the lower
bounds. The Voigt-Reuss-Hill moduli are the average of Voigt and Reuss moduli and
correspond roughly to the situation in which neither stress or strain are uniform (Hill, 1952;

Watt, 1976). The bound values were computed using elastic coefficients, C, determined by first
11
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principles from Eqn. 2. From the computed Kyry and Gyry, the Young’s modulus (E) and

Poisson ratio (1) could be also calculated. These bounds are:
Voigt bound:

_ (G, +Cp, +C;y)+2(C, +C +Cy))
9

Ky (8)

(Cn +C22 +C33)_(C12 +C23 +C31)+3(C44 +C55 +C66)

G, = > ©)
Reuss bound:
1
Kg = (10)
(S,+S,+5;)+2(S5,+S5+S5;)
15 (11)

GR ) 4(31 + Szz + 833)_4(32 + Sz3 +531)+4(C44 +C55 +C66)

where the compliance tensor, S, is the inverse of the elasticity tensor, S = C'. Averaged

mechanical properties are then:

Ky +K +G
K :%:K Gy :%:G (12)

_BK-26) __ 9KG

= = (13)
23K +G) (K +G)

The computed LDA and GGA properties for 5-water and 2-water MC structures are summarized

in Table 3.

12
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13

Next, the Young’s modulus for uniaxial compression along arbitrary directions was
computed. The general definition of the directional Young’s modulus in terms of unit

vectors, i, along the compression axis is:

1

S T w e @ 0P

This expression was used to investigate the anisotropy of monocarboaluminate hydrates reported
in Figure 9. Magnitudes of the LDA and GGA Young’s modulus for monocarboaluminate

hydrates are represented in colors on the surface of sphere with unit radius. The setting of
(2 I &, ZIa XE, and YI Z XE) was chosen to define X, Y, and Z directions. The large

structural anisotropy of monocarboaluminate hydrates is evident. The softest direction of [011]

was computed as the direction perpendicular to the principal layer.

DISCUSSION

Although GGA lattice parameters differ by less than 1% from experimental values, the
computed unit cell volume is 2% larger (see Table 1). Inclusion of vibrational effects should
increase even more this discrepancy. The LDA volume is slightly better, only 1% larger. This
better agreement happens despite differences in the structural details, such as smaller c lattice
parameter and larger a angles. The GGA and LDA predicted rather different structures for the
2-water MC system. Since there is no reported crystal structure for 2-water MC (except
interlayer spacing), the accuracy of the LDA and GGA functionals is addressed by the 5-water

13
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MC system. The quality of results depends on the ability of the exchange-correlation functional
to mimic many-body electronic interactions in a system. This discrepancy might result from
van der Walls dispersion and vibrational effects as these have been disregarded in this static
calculation. Note that this is not a strict 0 K calculation because vibrational zero-point energy,
Ezp, was not included. Zero-point motion effect has been known to be more important than

finite temperature effects (Carrier et al., 2007; Karki et al., 2000; Wentzcovitch et al., 2010).

Figures 2 and 5 compare x-ray diffraction patterns of the fully hydrated
monocarboaluminates at ambient and under high pressure, respectively. At ambient condition,
not only peak positions but also relative peak intensities are well reproduced, especially in the
GGA calculations. Experimental diffraction patterns have fewer small peaks, which might
suggest some hydrogen or water disorders. In addition, the occurrence of diffused peaks in
high-pressure experiment can be from pressure-transmitting medium (silicone oil was used in
previous test (Moon et al., 2012) to maintain the crystal in hydrostatic pressure), which can enter
into the crystal structure and especially dissipate short-range diffraction peaks. This effect is
well known in high-pressure experiments, especially for those crystals with complex layered
structures with large interlayer spacing (Moon et al., 2012). Calculations do not consider such
pressure-medium effect. The overall, this agreement ensures that the atomic arrangement and

structure are well maintained at high pressures as shown in Figure 5.

As shown in Figure 7, the LDA and GGA high-pressure behaviors of 5-water MC are
similar to that from previous experiments. In general, the expanded GGA volume (~2%) causes
underestimation of the bulk modulus. In this study, the discrepancy is rather large producing an

14
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underestimation of ~29% (37.9 GPa versus 54 GPa from experiments). The accuracy of LDA
calculations is expected to improve upon introduction of vibrational effects by means of the
quasi-harmonic approximation (QHA). Vibrational effects are particularly important in

considering the water molecules in the interlayer region.

For hemicarboaluminate —another carbonated AFm phase— opposite high pressure
induced behavior was observed, irrespective of the type of pressure-transmitting medium. A
contraction in volume and a significant increase on bulk modulus was observed as a result of a
pressure-induced dehydration and re-orientation of anionic carbonate group to parallel to the
main layer. Although no significant change in behavior in 5-water MC was observed, partial
dehydration might occur around 1 GPa (Moon et al., 2012); therefore, the variation of tilting
angle of the carbonate group might provide a clue to the anomalous behavior. In this
simulation study, the tilting angle varied from 18.8° to 15.0° and 9.2° to 9.1° in GGA and LDA,
respectively, while pressure changed 0 to 5 GPa. That indicates the carbonated group of the 5-
water MC was slightly re-oriented to the parallel direction to the layers. However, since this
angle change was not significant, it can be safely assumed that pressure-induced dehydration has
more dominant effect on the anomalous behavior of hemicarboaluminate rather than the tilting of

carbonate group.

LDA and GGA celastic coefficients computed by applying infinitesimal strains at 0 GPa
display similar trends in the 2-water MC and 5-water MC structures (see Table 3). The
coefficient corresponding to the axis with compact atomic arrangement, C,;, is mostly larger
than longitudinal strains along the Y and Z axes, C», and Cs3, respectively. This is consistent

15
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with the expectation that layered structures are softer in the direction perpendicular to the layers.
In addition, the difference between K,, the bulk modulus derived by fitting equations of state to
the compression curve, and Kgryy, the bulk modulus of the isotropic poly-crystalline aggregates,
is noticeable, as they represent different properties (Table 4). K, and K," capture the
compressive behavior in a wider pressure range (Stixrude and Lithgow-Bertelloni, 2010). K,
values from 2™ order finite strain EoS are larger than those from a 3™ order finite strain EoS.
This is due to the smaller K" values (i.e., 4.0) used in the fitting of the 2" order EoS. As
previously noted, LDA K, values using 2" and 3™ order finite strain EoSs are quite accurate

(less than 4% different).

DFT calculations are useful in predicting structural properties for systems where no data
exists. Thus, the general trends on crystal structure under pressure for the 2-water MC system
(Tables 1-3) can be reliabe. For both LDA and GGA calculations, the 2-water MC system is
more compressible, and the cause of this smaller bulk modulus is the smaller number of water
molecules in the interlayer region. The larger hydrogen bond-length in the 2-water MC results
in a softer structure (Figures 4). The water molecules in the 5-water MC structure are more

packed in the interlayer region which makes this structure more incompressible.

Irrespective of the exchange-correlation functional used, the more hydrated the structure
the less compressible it becomes. Figure 9 shows highly anisotropic Young’s moduli for both
the 5- and 2-water MC due to the layered nature of the structures. Less hydrated 2-water MC
structure has a wider range of Young’s modulus as a function of direction (color bars in Figure

9) and a smaller mechanical properties such as Kryy, Grvy, and E (Table 4). Adding more
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waters to the 2-water MC structure can notably decrease this anisotropy and increase both bulk
moduli from static compression curves and the polycrystalline bulk modulus. The soft elastic
coefficient perpendicular to the layers of the 5-water MC system stiffens and becomes more
similar to the other longitudinal strain coefficients, which decreases the anisotropy of this layered

structure.

Elastic constants at high pressures were computed and summarized in Table 3. The
identical procedure (Eqs. 1-4) was applied but an optimized structure at high pressure was
selected as an unstrained structure. Accordingly, averaged mechanical properties at high
pressures could be computed by Egs. 8-13 and summarized in Tables 4 and 5. In 2-water MC
system, the RVH bulk modulus is increased by 56-64% at 5 GPa (GGA: from 27.3 to 44.9 GPa,
LDA: from 55.7 to 86.8 GPa). On the other hand, the increment for 5-water MC is 29~53% at 5
GPa (GGA: 43.4 to 66.3 GPa, LDA: from 56.2 to 72.9 GPa). This observation suggests the
degree of anisotropy can be decreased not only by adding water molecules in interlayers but by

increasing overall pressure.

IMPLICATIONS

Monocarboluminate is one of the most important crystals in carbonated cement paste.
In this study, two monocarboaluminate hydrates were examined by DFT simulation and
compared with previously performed high-pressure x-ray experiment. In case of fully hydrated

monocarboluaminte, GGA result predicts precise lattice parameters while LDA provides more
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accurate mechanical properties. Given the importance of monocarboaluminate for AFm phases,
accurate knowledge of elastic properties of this phase is a central ingredient for understanding
and modeling concrete. Table 4 compares the compressive properties of calcium aluminate
phases. The fully hydrated monocarboaluminate phase has the largest bulk modulus of any
other cementitious phases reported so far (Figure 10). Therefore, the bulk modulus and elastic
coefficients obtained in this study will be useful to evaluate the mechanical impact of limestone
hydration and carbon uptake in concrete system. Further experimental and theoretical studies

on other calcium aluminate hydrate phases are being conducted now.
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LIST OF FIGURE CAPTIONS

FIGURE 1. Crystal structures of 5 water monocarboaluminate hydrates projected along [100].
Large blue, small blue, red, black, and brown spheres represent Al, Ca, O, H, and C atoms,
respectively.

FIGURE 2. Simulated x-ray diffraction patterns of optimized monocarboaluminates and the
reported crystal structure from single-crystal x-ray experiment (Frangois et al., 1998).

FIGURE 3. Geometrically optimized 5 water (left) and 2 water (right) monocarboaluminate
projected along [100]. Same graphical notation in Fig. 1 is used except H atoms in water and
hydroxide (denoted as black sticks). The relaxed size of a unit-cell volume of 2-water MC is
smaller than that of 5-water MC.

FIGURE 4. Hydrogen bond length distributions of monocarboaluminates obtained in
calculations using GGA (left) and LDA (right).

FIGURE 5. Comparison of x-ray diffraction patterns of the fully hydrated monocarboaluminate
at high pressure. The experimental patterns are from presivous high-pressure experiments (Moon
et al., 2012). Water disorder and pressure-transmitting solution used in the experiment makes
experimental x-ray diffraction more diffuse.

FIGURE 6. LDA energy-volume relations. The 5-water molecule monocarbolaluminate
structure is visibly more compressible (smaller bulk modulus) than the 2-water molecule
structure.
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FIGURE 7. LDA and GGA Compression curves for the 5-water MC structure obtained in this
study compared to previous high-pressure data (Moon et al., 2012).

FIGURE 8. Computed axial (left) and angular (right) compressibilities of 5 water
monocarboaluminate comprared to high-pressure experiments (Moon et al., 2012).

FIGURE 9. Directional Young’s modulus of monocarboaluminates for 5-water MC using (&)
GGA and (b) LDA functionals and for 2-water MC using (C) GGA and (d) LDA functionals.
Anisotropy decreases by addition of water molecules in the interlayer region.

FIGURE 10. The bulk moduli of major hydration materials in cement paste. The data were
obtained from high-pressure experiments using a 2™ order finite strain equation of state (Clark et
al., 2008; Meade and Jeanloz, 1990; Moon et al., 2012; Moon et al., 2011; Oh et al., 2011; Oh et
al., 2012).

TABLES

TABLE 1. Structural parameters obtained by first principles for fully hydrated
monocarboaluminate. Carbonate group angle is the angle between the carbonate group
and the principal layer.

C4ACH11
Exp. Exp.
GGA  LDA (Frangois et al., 1998) (Moon et al., 2012) GGA  LDA GGA  LDA
P (GPa) 0.0 Ambient 2.0 5.0
a(A) 5.829 5.871 5.775(1) 5.77(2) 5759 5.815 5.667 5744
b (A) 8.534 8.463 8.469(1) 8.47(5) 8.363 8.369 8.217 8.305
c(A) 9.982 9.631 9.923(3) 9.93(4) 9.673 9.463 9.423 9.355
a(®) 65.14 67.89 64.77(2) 64.6(2) 66.30 68.42 66.97 67.97
B(°) 82.32 81.85 82.75(2) 82.8(3) 82.06 81.71 82.07 81.67
vy (°) 80.80 80.91 81.43(2) 81.4(4) 80.75 80.77 80.95 81.08
V (A% 443.5 436.0 433.0(2) 433(3) 419.7 4209 397.3 406.8
Interlayer
Spacing (A)  7.70  7.44 7.55 7.59 746 732 728 7.27
Carbonate — yg5 g5 21.7 - 160 92 150 9.1

group angle (°)

Note: Standard deviations in parentheses.
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447

448  TABLE 2. Structural parameters obtained by first principles for partially hydrated
449  monocarboaluminate.

C4ACHg
GGA LDA . Exp. GGA LDA GGA LDA
(Fischer and Kuzel, 1982)
P (GPa) 0.0 Ambient 2.0 5.0
a(A) 5.822 5.7277 - 5.737 5.683 5.620 5.587
b (A) 8.284 7.820 - 8.002 7541 7.692 7.458
c(A) 9.495 8.897 - 9.669 9.684 9.129 9.562
a(°) 68.11  72.77 - 67.43 63.18 68.96 63.59
B(°) 83.13 85.77 - 80.57 7359 8294 73.79
y (%) 81.38 81.65 - 78.30 75.34 81.66 74.87
V (A% 4191 3764 - 399.6 3514 3634 3383
Interlayer
Spacing (A) 7.29 6.68 7.20 721 7.08 6.83 6.99
Carbonate 494 443 - 222 47 116 36

group angle (°)

450
451  TABLE 3. Calculated elastic coefficients at different pressure (0, 2, and 5 GPa) for fully
452 and partially hydrated monocarboaluminates.

C4ACH 4 C4ACHs
GGA LDA GGA LDA

P (GPa) 0.0 2.0 5.0 0.0 2.0 5.0 0.0 2.0 5.0 0.0 2.0 5.0
c11 108.7 1024 1229 96.2 989 101.8 822 945 1027 989 941 1216

c12 229 275 391 349 563 541 137 242 1.4 421 503 625
c13 328 36.2 518 382 445 565 205 290 400 345 612 719
c14 -7.0 -86 -101 -68 -47 -44 -115 -121 -100 -26 -128 -11.2
c15 10.1 8.1 10.0 9.0 102 10.0 7.0 7.6 2.2 7.7 2.3 0.1

c16 4.9 6.0 6.1 4.1 7.2 8.0 3.6 7.0 23 3.8 5.3 16.0
c22 606 797 994 811 687 1040 399 552 382 846 941 1233
c23 19.7 307 447 436 490 651 211 369 344 456 718 744
c24 3.3 7.6 8.7 0.8 8.4 9.7 -1.7 3.8 5.9 6.1 8.5 1.2

c25 3.1 -4.3 -3.3 -1.2 0.6 -1.3 1.4 26 245 5.8 3.5 0.3
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c26 -5.1 -4.8 -5.2 -6.4 -48 47 44 46 -295 46 0.8 54

¢33 894 875 1079 1003 932 1004 494 o675 672 81.0 1136 138.1
c34 -109 -122 -94 -28 -43 -08 -165 -165 -106 -124 -23.0 -23.0
c35 -2.3 -6.2 -6.5 23 -34 65 -04 0.8 -6.2 1.9 -6.9 -4.0
c36 -1.2 -2.0 -3.0 -28 42 -31 -1.9 2.0 6.9 1.1 12.6 7.4

c44 379 438 512 294 347 314 228 355 362 41.0 347 455
c45 -0.2 -2.4 -3.7 -25 40 -31 -04 -41 -2.1 1.1 26 4.0

c46 1.1 0.4 -0.5 1.7 -07 22 1.1 0.4 1.4 4.2 -0.2 -3.6
c55 359 506 569 339 327 317 219 277 328 407 320 379
c56 -0.1 0.8 -0.2 24 17 29 16 71 -7.6 25 -3.6 -103

c66 404 441 485 417 297 173 379 174 126 305 112 403

453 Note: Most reliable results are in bold.

454  TABLE 4. Calculated elastic properties of fully hydrated monocarboaluminate.

C4ACH11
Exp.
GGA LDA (Moon et al., 2012) GGA LDA GGA LDA
P (GPa) 0.0 Ambient 2.0 5.0
Vo 4435 436.0 433(2) 419.7 4209 397.3 406.8
3" finite strain EoS Ko' 6.5 4.2 5.02 - - - -
Ko 34.5 55.9 53(5) - - - -
nd g s . Vo 4435 436.0 433(2) 419.7 4209 397.3 406.8
2" finite strain EoS
Ko 37.9 56.2 54(4) - - - -
KrvH 434 56.2 - 50.4 61.3 66.3 72.9
o GRvH 33.7 30.5 - 37.0 229 418 222
RVH approximation
E 80.3 77.6 - 89.2 611 103.6 604
n 0.2 0.3 - 0.2 0.3 0.2 0.4

455  Note: Most reliable results are in bold. Standard deviations in parentheses.
456

457  TABLE 5. Calculated elastic properties of partially hydrated monocarboaluminate

C4ACHs
GGA LDA GGA LDA GGA LDA
P (GPa) 0.0 2.0 5.0
3" finite strain EoS Vo 4191 3764 3996 3514 3634 338.3
23
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Ko' 5.88 6.8 - - - -
Ko 20.7 482 - - - -
Vo 4191 3764 399.6 3514 363.4 338.3
Ko 238 525 - - - -
KrvH 273 557 423 702 449 868
GrvH 215 206 208 171 314 331
51.1 755 536 474 763 881
n 0.2 0.3 0.3 0.4 0.2 0.3

2" finite strain EoS

RVH approximation

458

459
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460
461  TABLE 6. Comparison of bulk modulus and its pressure derivative for calcium
462  aluminate phases
Pressure 3 finite 2™ finite
Method range Vo (A% Ko"  strain EoS, strain EoS, Ref.
(GPa) Ko (GPa) K, (GPa)
_ (Moon et
HPXRD (SO, x=11)  0.1-4.3 433(2) 5.02 53(5) 54(4) al., 2012)
Monocarboaluminate
C4ACHY DFT-LDA (x=11) 0-5.0 436.0 4.2 55.9 56.2 .
(x=11 or 8) This
study
DFT-LDA (x=8) 0-5.0 376.4 6.8 48.2 52.5
HPXRD (SO) 0.1-1.1  1418.04(1) nd n.d 15(2)
Hemicarboaluminate (Moon et
C4ACO.5H12 al., 201 1)
HPXRD (ME) 0.1-1.8  1418.94(4) 13.6 9(2) 14(1)
Stratlingite (Moon et
C.ASH HPXRD (SO) 0.1-1.5  1077.30(2) nd. n.d. 23(2) al. 2011)
Ettringite (Clark et
CeASaHan HPXRD (SO) 0.1-1.2  2352.8(1) - - 27(7) al. 2008)
463  Notes: n.d: not determined, (ME) and (SO) indicate, respectively, the methanol:ethanol
464 = 4:1 solution, and silicone oil. Standard deviations in parentheses.
465
466
25
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SUPPLEMENTARY TABLE 1. Selected geometric parameters (A, °).
C4ATH 4 C.ATHs
Exp. LDA GGA LDA GGA
P (GPa) 0.0 00 20 50 00 20 50 00 20 50 0.0 2.0 5.0
Ca1-010 2350(3) 2549 2538 2527 2353 2334 2312 2669 2634 2622 2337 2314 2327
Ca1-05 2351(3) 2543 2530 2520 2362 2339 2311 2575 2893 2837 2351 2311 2332
Ca1-03' 2359(3) 2563 2545 2528 2369 2345 2314 2939 2594 2589 2398 2316  2.369
Ca1-04" 2445(3) 2590 2577 2570 2459 2440 2410 2690 2.581 2562 2463 2374  2.365
Ca1-010 2455(2) 2627 2614 2602 2480 2467 2454 2512 2806 2775 2489 2.324 2435
Ca1-012 2457(2) 2654 2608 2580 2500 2469 2430 3216 2752 2731 2510 2452 2493
Ca1-013' 2546(3) 2672 2638 2616 2590 2603 2573 2602 2631 2607 2591 4593 2416
Ca2-09 2.349(3) 2556 2541 2528 2356 2338 2317 2572 2578 2593 2350 2310 2282
Ca2-04" 2360(2) 2548 2532 2514 2367 2344 2315 2666 2636 2628 2330 2305 2293
Ca2-06 2366 (3) 2553 2539 2523 2373 2352 2326 2518 3221 3.097 2334 2374 2279
Ca2-03" 2447 (3) 2608 2586 2566 2477 2463 2422 3312 2950 2916 2453 2419 2469
Ca2-011 2457 (2) 2618 2578 2554 2485 2449 2414 3209 2614 2588 2398 2.345 2388
Ca2-02 2472(2) 2614 2599 2581 2497 2475 2455 2675 3456 3.369 2414 2.383 2387
Ca2-014" 2518(3) 2691 2650 2622 2575 2563 2.524 - - - - - -
Ca3-02' 2346(3) 2549 2536 2518 2349 2343 2331 2606 2692 2660 2368 2.360  2.300
Ca3-011 2355(3) 2527 2516 2506 2351 2337 2319 2596 2768 2733 2364 2322 2299
Ca3-07" 2365(2) 2559 2555 2559 2362 2348 2.323 2523 2583 2564 2354 2327 2339
Ca3-09 2446 (2) 2599 2565 2550 2459 2423 2380 2495 2631 2620 2484 2370 2405
Ca3-08 2447(3) 2591 2560 2538 2452 2420 2384 2549 3259 3161 2485 2470 2412
Ca3-06" 2508 (3) 2585 2560 2535 2499 2466 2433 2676 2944 2882 2596 2750 2467
Ca3-019 2515(3) 2763 2694 2649 2697 2648 2593 2863 2627 2593 2446 2.386 2476
Ca4-08" 2348(2) 2547 2533 2524 2358 2339 2311 2584 2705 2671 2367 2314 2337
Ca4-01" 2354(3) 2546 2528 2518 2352 2341 2321 2634 2668 2654 2370 2300 2339
Ca4-012 2.358(3) 2540 2529 2517 2358 2348 2329 2645 2716 2701 2362 2340 2349
Ca4-07 2389(2) 2567 2547 2536 2428 2388 2355 2496 2560 2523 2421 2299 2354
26
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Ca4-010
Ca4-05"
Ca4-015
AI1-010"
AlI1-03"
Al1-04"
Al1-02*
Al1-09
Al1-01"
AI2-08
A2-07
Al2-011
AI2-012
AI2-06
AI2-05
018-C1
019-C1"
020-C1
H13A-013-H13B
018-C1-020
018-C1-019"

020-C1-019"

2.449 (3)
2.464 (2)
2.553 (3)
1.897 (3)
1.901 (3)
1.907 (3)
1.916 (3)
1.918 (3)
1.923 (3)
1.898 (3)
1.899 (3)
1.909 (3)
1.917 (3)
1.918 (3)
1.925 (3)
1.283 (3)
1.299 (4)

1.284 (3)

98 (2)
120.2 (2)
120.2 (2)

119.6 (3)

2.618

2.589

2.683

1.854

1.861

1.876

1.869

1.872

1.879

1.842

1.856

1.894

1.875

1.875

1.880

1.293

1.299

1.271

109.7

1211

118.7

120.2

2.589

2.570

2.637

1.840

1.851

1.871

1.864

1.857

1.876

1.828

1.849

1.885

1.866

1.864

1.873

1.291

1.296

1.270

109.9

121.4

118.4

120.2

2.571

2.546

2.616

1.826

1.849

1.869

1.856

1.848

1.867

1.822

1.847

1.876

1.853

1.851

1.863

1.289

1.295

1.268

109.5

121.7

118.2

120.0

2484

2473

2614

1.929

1.921

1.934

1.942

1.935

1.951

1.918

1.924

1.943

1.931

1.948

1.947

1.304

1.308

1.295

106.4

120.6

119.6

119.7

2.451

2.460

2.573

1.913

1.919

1.932

1.932

1.923

1.940

1.905

1.914

1.938

1.920

1.940

1.942

1.302

1.305

1.291

106.5

120.7

119.4

119.9

2419

2.440

2.537

1.896

1.908

1.923

1.921

1.910

1.931

1.888

1.901

1.927

1.907

1.929

1.933

1.299

1.302

1.289

106.2

120.7

119.3

120.0

2.631

2.572

2.619

1.855

1.966

1.838

1.861

1.794

1.886

1.820

1.829

1.947

1.937

1.857

1.896

1.305

1.283

1.288

107.2

118.9

118.7

122.3

2.641

2516

2.545

1.831

1.854

1.836

1.871

1.785

1.921

1.856

1.854

1.870

1.887

1.815

1.821

1.323

1.286

1.274

94.5

118.2

119.0

122.4

2.614

2.494

2.513

1.821

1.850

1.824

1.857

1.780

1.914

1.857

1.840

1.850

1.887

1.808

1.807

1.324

1.283

1.272

94.0

118.1

118.6

122.7

2.503

2.551

2.493

1.938

1.952

1.924

1.924

1.935

1.945

1.936

1.903

1.938

1.938

1.946

1.948

1.379

1.276

1.267

103.7

115.9

117.4

126.8

2.436

2.387

4.443

2.064

1.926

1.910

1.925

1.826

1.942

1.926

1.903

1.933

1.904

1.973

1.954

1.303

1.298

1.305

1321

120.7

119.44

119.8

2/26
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2.456
2.445
2.392
1.922
1.925
1.905
1.880
1.917
1.921
1.909
1.888
1.913
1.925
1.900
1.941
1.369
1.274

1.271

101.2
115.5
118.0

126.5

Note: Experimental data is from (Francois et al., 1998). Symmetry codes: (i) x,y-1,z; (ii)
x,y, 1+z; (iii) x,1+y,z; (iv) x,y,z-1; (v) x-1,y,2; (vi) 1+x,y,Z; (vii) x-1,y,2-1; (viii) X,y-1,2-1; (i)

x-1,y-1,z.
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SUPPLEMENTARY TABLE 2. Hydrogen-bonding geometry (A, °).
C4ACH14 C4ACHs
Exp LDA GGA LDA GGA
P (GPa) 0.0 0.0 2.0 5.0 0.0 2.0 5.0 0.0 2.0 5.0 0.0 2.0 5.0
017-H17B' 0.82(3) 1.03 104 104 101 101 1.02 - - - - - -
015"-H15B" 092(2) 105 105 105 102 102 102 1.01 1.00 1.00 1.47 1.22 1.37
016"-H16A" 097(3) 1.00 1.00 100 099 099 0.99 - - - - - -
016"-H16B" 095(3) 1.02 102 102 101 101 101 - - - - - -
014-H14A 092(3) 102 102 102 100 101  1.01 - - - - - -
014-H14B 090(4) 1.04 104 104 102 102 102 - - - - - -
H17B-014 185(3) 155 151 148 167 162 157  7.82 7.54 7.46 8.28 8.00 7.69
H15B"-018 1.71(2) 147 147 146 159 158 156  1.73 1.82 1.79 1.07 5.85 1.10
H16A"-018 1.79(3) 173 170 168 178 174 171 1275 1404 1385 1329 13.78  12.73
H16B"-019 175(3) 157 156 154 164 161 159 1212 1273 1259 1291 1340  12.25
H14A-019 186(3) 158 155 152 172 166 162  3.73 3.55 3.52 4.38 4.49 3.88
H14B-020 174(4) 152 149 146 161 159 156 590 6.80 6.70 6.68 6.79 6.05
017-014 2746 (4) 2580 2547 2521 2675 2631 2586 7.820 7.541 7.458 8284 8002  7.692
015"-018 2631(4) 2514 2505 2499 2607 2594 2573 2725 2821 2791 2529 5617 2458
016"-018 2750 (4) 2727 2700 2679 2771 2724 2690 12745 14.043 13.848 13.293 13779 12729
016"-019 2681(4) 2585 2569 2550 2645 2614 2585 12117 12734 12587 12905 13.396 12.253
014-019 2774 (4) 2605 2568 2540 2726 2665 2623 3729 3554 3524 4381 4491  3.877
014-020 2626 (4) 2553 2523 2499 2633 2608 2577 5898 6799 6696 6677 6794  6.051
017-H17B-014  163(3) 175 175 175 174 175 176 - - - - - -
015"-H15B"-018 171(3) 170 169 168 171 171 170 169 177 176 173 73 170
016"-H16A"-018 165(5) 175 175 174 177 175 173 - - - - - -
016"-H16B"-019 165 (4) 171 170 170 170 168 167 - - - - - -
014-H14A-019 173(3) 178 177 177 175 174 173 - - - - - -
014-H14B-020 171(4) 171 172 172 175 175 176 - - - . - .

Note: Experimental data is from (Francgois et al., 1998). Symmetry codes: (i) x,y-1,z; (iv)

x,y,z-1.
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