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The densities of principal crystalline phases occurring in Portland cement are critically assessed and
tabulated, in some cases with addition of new data. A reliable and self-consistent density set for crystalline
phases was obtained by calculating densities from crystallographic data and unit cell contents. Independent
laboratory work was undertaken to synthesize major AFm and AFt cement phases, determine their unit cell

g?:] Vs‘/ii;dS: parameters and compare the results with those recorded in the literature. Parameters were refined from

X-ray diffraction powder diffraction patterns using CELREF 2 software.
Cement A density value is presented for each phase, showing literature sources, in some cases describing limitations
Crystal structure on the data, and the weighting attached to numerical values where an averaging process was used for
Characterization accepted data. A brief discussion is made of the consequences of the packing of water to density changes in

AFm and AFt structures.
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1. Introduction

The densities of cement phases are fundamental parameter with
many uses, for example, calculating space filling in pastes by solid
cement substances as well as assessment of the potential for changes in
dimension and porosity within hardened pastes undergoing phase
changes. Yet it is difficult to access a self-consistent set of density data
and values reported in the literature for the same substance can vary
widely. The importance of having a self-consistent data set has long been

* Corresponding author.
E-mail address: m.balonis@abdn.ac.uk (M. Balonis).

0008-8846/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconres.2009.06.005

recognized: for example Taylor [1] provided data for crystalline calcium
silicate hydrates and, in a later publication, gave density and powder
diffraction data for many of the main cement phases [2]. Richardson [3]
published updated table of crystal data together with density values for
calcium silicate hydrates and related phases, but previous compilations
regarding other cement compounds are incomplete and somewhat out
of date.

The substances comprising cement can be divided into two groups:
crystalline and amorphous. The distinction is operational: in the
present context, “crystalline” refers to substances having sufficiently
regular internal structures, in terms of atomic, ionic and molecular
arrangement, to enable characterization by classical crystallographic
methods.
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Some of the relevant phases occur in nature and some can be
obtained as single crystals, natural or synthetic. Classical methods of
density measurement can often be applied to single crystals. But many
cement substances, although crystalline, do not occur in adequate purity
or size to apply classical methods. Therefore for most crystalline
substances we rely on crystallochemical data for the calculation of
densities, but with the cautions given below.

The principal amorphous substance of Portland cement is C-S-H. It
presents particular problems in determining its density as it is
insufficiently crystalline for application of conventional crystallo-
graphic methods: only experimentally-determined measurements are
useful. Moreover uncertainties persist especially with respect to its
water content and we note that only arbitrary distinctions between
“bound” and “free” water are possible. Other phases may also be
intercalated within C-S-H on a nanoscale e.g., portlandite or AFm,
thus affecting density. Uncertainty therefore exists over the Ca/Si ratio
as well as extent of incorporation of other ions (alkali, alumina,
sulfate...), all of which potentially affect the density. Finally, possible
errors may arise from classical density measurements where, for
example, a liquid used for density measurement by the Archimedes
method may react with C-S-H. Thus for C-S-H we have no choice but
to accept experimentally-determined data.

Crystalline solids, on the other hand, are amenable to calculation of
density from crystallographic constants using the relationship:

D= (ZxM)/(NyxV)

where: D= density in kg/m>, Z=number of formula units per unit cell,
M = formula weight, V the unit cell volume and N, = Avogadro's number.

Volumes of the unit cells were calculated for relevant crystal
systems using standard formulae:

Isometric/cubic crystal system: V=a>

Tetragonal crystal system: V =a’c

Hexagonal/trigonal crystal system: V= aZc sin (60°)
Orthorhombic crystal system: V= abc

Monoclinic crystal system: V= abc sin(f3)

Triclinic crystal system: V =abc ((1 — cos? o — cos? 5 — cos? y) +
2(cos(at) cos(f3) cos(y))!/?

where a, b, c are the unit cell axial dimensions and « ,3, 7y are the
relevant angles. In some cases the unit cell contents require elucidation
in order to establish the exact chemistry.

The crystallographic approach provides a uniform and consistent
basis for calculation but many substances contain defects which result
in real densities being slightly lower than calculated (usually the error
is less than one part in 10%) The occurrence of solid solution, in which
for example substitution of Fe for Al occurs, also affects the mean
atomic mass of ions occupying a particular lattice site or sites and
hence the density. Many substances occur in several polytypes, each of
which may differ in true unit cell size and symmetry and the possibility
exists that preparations may contain mixtures of polytypes. Except
where noted, isomorphic substitution is negligible in the selected data.
We address polytypism by choosing a single subcell for the calculation
and believe that this leads to the correct density, provided the subcell
and Z are correctly matched. We also note that rhombohedral crystals
have generally been treated on the basis of a larger hexagonal cell:
again, no error results provided Z is chosen correctly.

Variable site occupancy may occur, with some sites left partially
vacant. For example the subcell water (H,O) content of ettringite attains
a maximum of 36 but more commonly water contents lie in the range 30
to 32H,0 per formula unit, but with little change in cell size occurring in
this range. This uncertainty over composition is addressed by stating the
formula used for calculation although we also develop density-
composition relationships in selected cases. Where a particular phase
is impurity-stabilized, the impurity is deemed to be minor but, although

the presence of impurity is noted, we are often unable to include it in the
formula because no analysis of the phase was recorded in the data source.

Temperature and pressure affect densities and the values shown
here are nominally reported for 20°-25 °C and ambient pressure,
unless otherwise noted. The literature is often indefinite about the
temperature used for collection of crystallographic data apart from
stating that data were collected at “room temperature” We have
assumed that “room temperature” lies within the range 20-25 °C and
have not otherwise attempted corrections.

Where cell dimensions were determined from single crystal
methods by the Weissenberg method [19,87], or from precession
methods using photographic recording, cell dimensions thus obtained
are probably only accurate to 4 1%. Therefore where a choice of
methods for determination of cell parameters occurred, priority has
been given to those made using calibrated powder X-ray diffraction or
automated single-crystal methods with electronic recording.

For syngenite, the values given in [40,41] are preferred because the
coefficients of thermal dilation, necessary to correct data obtained at
154 K [39] to ambient are not available.

In a few cases our recalculation of density does not agree with the
author's own calculation. Where such disagreement exceeds the normal
limits of arithmetic error, author's values are noted (Table 1), but we have
generally been unable to resolve the discrepancy between calculations.

This work is not complete because of multiplicity of phases,
hydration states, and solid solution possibilities but it does include
most of the significant compounds occurring in Portland cement and
cement pastes. The order of data presentation divides substances into
twelve main groups:

- Simple oxides and hydrated oxides

- Carbonates

- Sulfates and hydrated sulfates

- Tricalcium aluminate

- Tetracalcium aluminoferrite

- Tricalcium silicate

- Dicalcium silicate

- Aluminate-ferrite-trisubstituent phases

- Aluminate-ferrite-monosubstituent phases

- Hydrogarnet

- Selected crystalline calcium silicate hydrates structurally related to
C-S-H (data including other calcium silicate hydrates presented by
Richardson [3])

- Hydrotalcite and related phases.

Experimental work was also undertaken to synthesize major AFm
and AFt cement phases, determine their unit cell parameters and
compare the results with those recorded in the literature. The
preparative routes are described because of great interest amongst
the cement community in accessing recipes. Results obtained from
these preparations are included in the compilation.

2. Synthesis and characterization of AFm and AFt phases

Many of these preparation routes are described in the previous
literature and were used here with minor changes. The synthesis of

Table 1
Density of selected cement phases given by some authors, where our recalculation of
density does not agree with the author's own calculation.

Author/reference Formula Density given by author
[kg/m’]
Gaines, et al. [9] SiO, 2660
Abriel [32] CaS04-0.8H,0 2630
Okada, et al. [38] K3 Na(S04)> 2690
Swanson, et al. [60] [Ca3Al(OH)g]2(S04)3- (24 + 2)H,0 1754
Rinaldi, et al. [73] CayAl,Si0;-8H,0 1960
Rinaldi, et al. [84] CasAl, Si04(OH)g 2760
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the relevant cement hydrates required several solid precursors. These
were made from analytical reagent grade (AR) chemicals. Lime, CaO,
was obtained by decarbonation of AR grade CaCOs; at 1000 °C for
~24 h. Anhydrite, CaSO,4, was prepared by dehydration of AR gypsum
(CaS04-2H,0) in a muffle furnace at 550 °C for 12 h.

Tricalcium aluminate, C3A (CasAl,0g), was prepared from a 3:1
molar ratio of CaCOs and Al,0s, fired in a platinum crucible at 1400 °C
for 3 days in an electrically heated furnace. Every 12 h, the sample was
cooled, reground in an agate mortar to achieve homogenization,
placed back in the platinum crucible and reheated, repeating until free
lime was no longer present.

2.1. AFm phases

Using the above precursors, “hydroxy-AFm”, CasAl,(OH)q4-6-
12H,0, was synthesized by mixing CaO and C3A in a 1:1 molar
ratio. The solids were slurried in degassed, ultra pure CO,-free water
(water/solid ratio ~10) and reacted at 5 °C in a sealed system with
stirring for the first 72 h and thereafter periodically agitated at 5 °C
for 3 weeks. Finally the solid was vacuum filtered at 5 °C under N,
atmosphere. The water state, determined by thermogravimetry, is
described subsequently.

2.1.1. Monosulfoaluminate

“Monosulfoaluminate”, CazAl,(S04)(OH)¢,-6H,0, becomes more
stable at temperatures above 40 °C, therefore a 1:1 molar mixture of
C3A and CaSO4 was suspended in ultra pure, CO,-free water (water/
solid ratio ~10), and reacted at 85 °C. After 7 days the solid was
vacuum filtered under N, atmosphere.

2.1.2. Monocarboaluminate

“Monocarboaluminate”, CasAl,(CO3)(OH)q2-5H,0, was prepared
by mixing C5A and CaCOs in a 1:1 molar ratio with previously degassed
ultra-pure water at 25 °C and stored for 10 days with periodic agitation.

2.1.3. Hemicarboaluminate

“Hemicarboaluminate”, CasAl;(CO3)p5(0OH) 3-5.5H,0, was made
by addition of C3A, CaCOs and CaO in stoichiometric quantities to
previously degassed ultra pure water at 25 °C at a w/s ratio about 10
and continuously stirred in plastic (HDPE) bottles for 14 days before
filtration.

2.14. Strdtlingite

Strdtlingite, CayAl;Si02(OH)q0-3H,0, was synthesized from a
stoichiometric mix of CaO, Na,Si,Os5-2H,0, NaAlO, and water at
25 °C. The water:solid ratio was ~10. The suspension was stirred for 5-
6 weeks at 25 °C. After filtration, sodium was washed out by flushing
the remaining solid with double distilled water. From previous
experience the sodium content of the washed solid is known to be
negligible.

2.1.5. Friedel's salt

‘Friedel's salt’” CazAly(Cl),(OH)q2-4H,0 was made by mixing C3A
and CaCl,-2H,0 in a 1:1 molar ratio, which were dispersed in double
distilled, CO, free water (w/s~10), sealed in an airtight polythene
bottle and left to age with stirring for 30 days. After ageing the solid
was filtered under nitrogen atmosphere.

2.2. AFt phases

To prepare ‘sulfate ettringite’, CagAly(SO4)3(OH)12-26H,0, two
reactant solutions were initially made, solution (1) by adding 6.65 g
Al>(SO4)3 18H,0 to 100 ml and solution (2) by dispersing 4.44 g Ca
(OH), in 250 ml of ultra pure water (>14 MQ cm) all under CO,-free
conditions. The two reactant solutions were transferred to a N,-filled
glove box, mixed and diluted to 500 ml with additional reagent water

to which 0.5 ml of 1 M NaOH had been added. The preparation was
sealed in a 500 ml high density polyethylene (HDPE) bottle, removed
form the dry box and placed on a hot plate at 60 °C, with stirring. After
48 h, the contents were filtered under N, using a ceramic filter funnel
and rapidly dried under N2 using a poor vacuum.

‘Carbonate ettringite’, CagAl,(CO3)3(0OH);,-26H,0, was prepared
by precipitation from a stochiometric mixture of CaO, NaAlO, and
Na,COs in a 10% w/v sucrose solution. Previously-prepared slurries of
sodium aluminate and sodium carbonate were added to the sucrose-
portlandite mixture, stirred for 3 days and periodically agitated at
25 °C for 2 weeks and thereafter filtered and washed. Experience of
this preparation indicated that thorough washing was required to
prevent retention of sucrose. The purified product needs analysis to
ensure it sucrose-free.

2.3. Data collection

A Bruker D8 advance powder diffractometer was used for
characterization and X-ray analysis. Data were collected using Cu Ko
radiation at room temperature (25 °C): the angular range was set
between 5 and 55° 26. Unit cell parameters were refined from the
powder diffraction patterns using CELREF 2 software.

The number of selected reflections admitted into the unit cell
refinement is shown below:

CayAly(OH)14-13H,0 — 22 reflections
CayAly(SO4)(OH) 45 -6H,0 — 23 reflections
CayAly(CO3)(0OH) 12+ 5H,0 — 27 reflections
CaAl,Si0,(0H)9-3H,0 — 29 reflections
Ca4A12(C03)0_5(OH)13'5.5H20 — 22 reflections
CayAly(Cl)2(0OH)q2-4H,0 — 23 reflections
CagAly(S04)3(0H)12-26H,0 — 71 reflections
CagAly(S04)3(0H)2-30H,0 — 38 reflections
CagAl,(C0O3)3(0OH)q,-26H,0 — 35 reflections.

3. Results
A summary of recommended values is provided in Table 2.
4. Discussion

The classification of cement phases as ‘important’ (and hence
worthy of inclusion) is partly a matter of opinion and partly a matter of
the availability of data. For example data on solid solutions at well-
spaced intervals are largely absent.

The compilation therefore rests on the values critically extracted
from the literature but with a special focus on AFm and AFt phases.
Where multiple data were available, and admitted into the compilation,
an averaging process was used and density described as ‘mean density’.
If some methods had relatively poor absolute accuracy [19,39,87] and
data were rejected or not heavily weighted, the density is expressed as
‘recommended density’. For brevity, only the compiled values are given
here with selected key references. A worksheet was generated for each
substance showing all references and numerical values, together with
comment: the worksheets are accessible on the Nanocem website:
http://www.nanocem.org/fileadmin/nanocem_files/documents/MC-
RTN/Projects/Project_1/The_densitiy_of_cement_phases_worksheets.
pdf.

Review shows that quality of data reported in the literature varies.
One of the principal difficulties of determining the densities of
substances experimentally by classical methods is in providing
assurance that preparation is phase-pure. This assurance is often given
by using single crystals, or handpicking enough smaller crystals, for
analysis. With cement phases, this is often not possible: not only are
crystals too small to select, but an ever-present inaccuracy arises because


http://www.nanocem.org/fileadmin/nanocem_files/documents/MC-RTN/Projects/Project_1/The_densitiy_of_cement_phases_worksheets.pdf
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Table 2
Density of selected cement phases at 20-25 °C, t.w. — this work.
Mineral or chemical name Formula Density References
[kg/m?]
Lime Ca0 3341 [4,5]
Periclase MgO 3584 [5,6]
Corundum Al,03 3990 [5,7,8]
Quartz Si0, 2641 [9,10]
Gibbsite Al(OH)3 2421 [11,12]
Brucite Mg(OH), 2368 [13,14]
Portlandite Ca(OH), 2251 [15,16]
Calcite CaCOs 2710 [17-19]
Aragonite CaCO3 2930 [20,21]
Vaterite p-CaCos 2661 [22,23]
Magnesite MgCO3 3011 [18,24]
Dolomite CaMg(CO03), 2852 [18,25-27]
Anhydrite CaS04 2968 [28-30]
‘Soluble anhydrite’ Ca(S04)-<0.05H,0 2958 [31]
Hemihydrate CaS04-0.5H,0 2733 [31]
Hemihydrate CaS04-0.8H,0 2783 [32]
Gypsum CaS04-2H,0 2311 [33,34]
Arcanite K,SO4 2668 [35]
Thenardite Na,S04 2662 [36,37]
Aphthitalite K3 Na(S04)» 2703 [38]
Syngenite K>Ca(S04),-H,0 2575 [39-41]
‘Aluminosulfate’ Cay(Al;03)3(S04) 2607 [42]
‘Silicosulfate’ Cas(Si0,)2(S04) 2972 [43]
Tricalcium aluminate (cubic) CasAl,0¢ 3030 [44-46]
Tricalcium aluminate CasAl,0¢ 3023 [46]
(othorombic)
Tetracalcium aluminoferrite Cay(AlFe),05 3708 [47,48]
R-tricalcium silicate at 1200 °C ~ R-CasSiOs 3025 [49]
R-tricalcium silicate-Sr stabilized R-Ca3SiOs 3168 [50]
M3-tricalcium silicate-Mg M3-CasSiOs 3182 [51]
stabilized
M3-tricalcium silicate-less well ~ M3-CasSiOs 3153 [52]
ordered
T1-tricalcium silicate T1-Ca3SiOs 3120 [53]
«-dicalcium silicate-Ba «-CaySi0y 2968 [54]
stabilized
a'y-dicalcium silicate-P,05 o'-CaySi0y 3148 [55]
stabilized
o't -dicalcium silicate-Sr o' -CaySi0, 3092 [50]
stabilized
{3-dicalcium silicate 3-Ca,Si0y 3326 [56,57]
y-dicalcium silicate ¥-Ca,Si0y 2960 [58]
Ettringite with low H,O content [CazAl(OH)g]> 1768 [61]
(30H,0) (S04)3-24H,0
Ettringite (32H,0) [Ca3AI(OH)g]2(S04)3- 1778 [59-62, t.w.]
(24+2)H,0
Ettringite with high H,O content [Ca3Al(OH)g]2(SO4)3- 1863 [61, tw.]
(36H,0) (244 6)H,0
Carbonate ettringite [Ca3AI(OH)g]2(CO3)3- 1760 [59, tw.]
(244 2)H,0
Iron ettringite [CasFe(OH)g]2(S04)3- 1830 [59,63]
(24+2)H,0
Thaumasite Casz(S04)(CO3)[Si 1882 [64,65]
(OH)g]-12H,0
Hydroxy-AFm CayAl(OH)14-6H,0 2044 [66, t.w.]
Fe-hydroxy AFm CayFe;(OH)q4-6H,0 2162 [67]
al-tetracalcium aluminate-19-  a1-CasAly(OH)q4-12H,0 1804 [68]
hydrate
a2-tetracalcium aluminate-19-  «2-CasAl,(OH)q14- 12H,0 1802 [68]
hydrate
Monosulfoaluminate (12H,0) CasAl(SO4)(0OH)q2-6H,0 2015 [61,69,70,
tw.]
Monosulfoaluminate (14H,0) CasAly(SO4)(0OH)q2-8H,0 1998 [61]
Monosulfoaluminate (16H,0) CasAly(SO4)(0OH)q2-10H,0 1983 [61]
Fe-monosulfoaluminate CagFe,;(S04)(0H) 2-6H,0 2117 [71,72]
Stratlingite CayAl,Si0;-8H,0 1937 [73-75, tw.]
Monocarboaluminate CasAly(C0O3)(0H)12-5H,0 2175 [66,76, t.w.]
Fe-monocarboaluminate CayFe,(CO3)(0OH)12-6H,0 2219 [77]
Hemicarboaluminate CasAlx(C0O3)o5 1985 [66, t.w.]
(OH)q3-5.5H,0
Dicalcium aluminate-8-hydrate  Ca,Al,(OH)q0-3H,0 1950 [78]
«o-Friedel's salt a-CagAly(Cl)y 2064 [79-81, t.w.]

(OH)12-4H,0

Mineral or chemical name Formula Density References
[kg/m’]

{-Friedel's salt B-CasAL(Cl), 2094  [71,79,8182]
(OH)12-4H,0

{3-Fe-Friedel's salt 3-CagFe;(Cl); 2228 [71,83]
(OH)12-4H,0

Kuzel's salt CayAlx(S04)0.5(Cl) 2114 [71,77]
(OH)12-6H,0

Fe-Kuzel's salt CagFe,(S04)05(Cl) 2222 [71]
(OH)1-6H,0

Hydrogarnet (katoite) CazAl(OH) 12 2530 [84-86]

Fe-hydrogarnet CasFe,(OH) 12 2809 [2,87]

Siliceous hydrogarnet CasAl, SiO4(OH)g 2832 [87,88]

Jennite 9Ca0-6Si0,-11H,0 2331 [2,89,90]

Tobermorite 14 A 5Ca0-6Si0;-8H,0 2228 [2,91]

Afwillite 3Ca0-2Si0,-3H,0 2645 [92,93]

Hydrotalcite MgsAL(OH)1,C05-3H,0 2122 [94,96]

Fe-hydrotalcite Mg Fe;(OH)1,C05-3H,0 2269 [95]

Meixnerite MggAl,(OH)q5-4H,0 1945 [97,98]

OH-hydrotalcite Mg4Al(OH)14-3H,0 2036 [98]

bulk preparations may contain significant content of amorphous
material which escapes detection by X-ray powder analysis, etc.

Regarding natural samples we have to take into consideration solid
solution as well as possible physical inclusions which may affect
density. However by determining unit cell sizes, coupled with the
known cell contents, errors arising from physical inclusions, adhering
impurities, etc. are eliminated: unit cell sizes as determined by
refinement of the powder pattern are also insensitive to the presence
of non-crystalline impurities.

The use of crystallographic methods also calls into question the
definition of a ‘phase’. For example, the cement literature tends to
treat ‘AFm’ as though it were a single phase, but we know that this is
an oversimplification: recent studies have disclosed that several AFm
phases may coexist, which form limited solid solutions. Thus the
density classification reflects current knowledge and, as data permit,
densities are also given for AFm phases differing in water content e.g.
13 and 19H,0 states (hydroxy-AFm), for different trivalent substi-
tuents in the principle layer e.g. with octahedral Al or Fe (III) and with
different anions, e.g. sulfate, chloride, carbonate and hydroxide. Data
are however available for only a few permutations; indeed not all the
permutations may be stable and in at least two known examples,
phase development is further complicated by ordering of anionic
substituents, as occurs in Kuzel's salt (distinguished by ordering of Cl
and SO4) and in hemicarboaluminate (distinguished by ordering of
OH and COs). It appears that ordered AFm arrangements require both
a mono- and divalent anionic substituent and it is possible that other,
as yet undiscovered, anion-ordered AFm phases exist.

2200

2150 =

2100 =

2050 -~

density [kg/m']
!

2000
.
dgor=8.17 A

1950
CO,

monocarboaluminate

T
CO,, OH OH
hemicarboaluminate hydroxy-AFm

Fig. 1. Density trends in the (OH, CO3) AFm phases.
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Problems of assessing the impact of solid solution on densities have
been noted. For example, as expected from the relative formula weights,
the density of AI-AFm is much less than the density of corresponding Fe
(Il)-AFm (Al=27 g/mol, Fe=55.8 g/mol). Given that the two AFm
phases are isostructural, or very nearly isostructural, the density difference
is expected. In the absence of data on intermediate compositions, Vegard's
law (that density is a linear function of composition) has to be assumed.

However a number of systems are known in which significant
departure from Vegard's law occurs: for example in the Al-AFm series
with (OH, SO4) anions, where solid solution is incomplete but no
ordered compound occurs, analysis of the thermodynamic data
discloses that sulfate has a strong stabilizing action on the OH-AFm
phase [99], i.e., that the solid solutions are non-ideal. It may be that
similar non-ideal changes are reflected in the density function.

Other possibilities occur for non-ideal solid solution. For example,
carbonate can replace other anions in AFm. While some anions, e.g.
chloride and hydroxide appear to behave as simple spherical ions,
carbonate can appear either as a spherical ion or as a trigonal planar

2100
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2000 >

1950 ~

1900 ~

density [kg/m®]
/

1850 .,

1800 »

1750 T T T T T T T
12 13 14 15 16 17 18 19 20

water content: OH-AFm
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~

2

000 =
1995 ~

density [kg/m’]

1990 ~

1985 ~

1980 T T T T T
1" 12 13 14 15 16 17

water content: SO,-AFm
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density [kglma]

water content: SO,-AFt

Fig. 2. Relation between water content and density of: OH-AFm (top ), SO4~AFm
(middle) and SO4-AFt (bottom).

group. Depending on carbonate orientation, the two possibilities differ
in the effective molar volume of the anionic substituent and hence differ
in their contribution to density. Fig. 1 shows the densities in the series of
AFm phases with OH and COs;. Of course changing composition
influences density but the density of hemi- and monocarboaluminate
are also affected by the orientation of the trigonal planar carbonate
group. Itis most efficiently packed in monocarboaluminate, in whichitis
sub-parallel to the principal layer spacing [2,100], hence the high
density, whereas in hemicarboaluminate, it is perpendicular to the
principal layers. Thus the density of hemicarboaluminate falls much
below the trend line deduced for its end-members. These differences in
carbonate orientation also affect the basal spacings (dgo;), numerical
values of which are shown in Fig. 1.

Interesting relations exists between the composition and density
relationships in the AFm and AFt families, as shown in Fig. 2. The two
structures, of AFm and AFt, differ in bonding requirements. The layer
spacings in AFm are easily increased to allow variable water contents, as
a result of which the density decreases as the water content increases.
This relation appears to be linear (as expected) for OH-AFm but it is also
observed to be approximately linear for the SO4~AFm series, where we
have three data. The structural role of water is relatively well-defined:
we can for example have the 13H,O state or 19H,0 state but not,
apparently, intermediate water contents, which can only be achieved by
having a mixture of discrete AFm phases. For that reason, trend lines are
shown as dashed, to emphasize that water contents are not continuously
variable within a single AFm phase. Similarly, sulfate AFm at room
temperature exhibits three hydrate states: 12H,0, 14H,0 and 16H,0,
depending on relative humidity. P6llmann has established three
additional lower hydration states, the densities of which are not
sufficiently well established to show in Fig. 2 (middle).

However the three examples of sulfate AFm phases show a linear
trend of decreasing density with increasing water content, with a
much lower slope than observed for OH-AFm.

The actual hydration state achieved by AFm in cement is not always
well known: as we have described, loss of water may occur in the course
of specimen preparation unless special precautions are taken in the
course of specimen preparation and handling. However it is apparent
that large potential volume changes can occur in AFm, should its
hydration state change. The greatest potential seems to occur for OH-
AFm, where the transition from 13H,0 to 19H,0 results in an increase in
specific volume of more than 10%. For sulfate AFm, a comparable change
occurs but is less marked, only a few %. It appears that the more strongly
bonded water occupies less effective volume than more weakly bonded,
space requirements of which approach that of free water.

The calculated volume change cannot be associated with an actual
expansion or contraction: it is best regarded as indicating a potential
for change. This potential might, for example, be achieved in the course
of thermal cycling because, other factors being equal, the highest
hydration states are achieved at low temperatures. Nevertheless, the
potential for expansion can be minimized by inclusion of sufficient
sulfate to convert all AFm to its sulfated form with perhaps a sufficient
reserve to stabilize AFt in the cement. Because sufficient sulfate is
usually added to Portland cement to achieve this mineralogical state,
the problem of dimensional instability resulting from changing AFm
hydration states is unlikely to arise in commercial Portland cements.
The arguments continue about optimum sulfate content in cement but
we note that there are good reasons, more than just control of set
times, why cement should not be under-sulfated: in this instance, to
avoid potential dimensional instability resulting from the presence of
OH-AFm in different hydration states.

The hydration states of AFt show a non-linear density trend in
response to changing water content, Fig. 2 (bottom). However the
density trend shows a slope opposite to that of AFm: intercalation of
more water in the AFt structure increases the physical density. This
state is believed to arise because AFt is a three dimensional structure;
it is not easy to expand or contract its framework so water in excess of
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30H,0 per formula unit has to fit into a relatively unchanged physical
space. However between 30 and 32H,0 the volume change per water
molecule changes much less than between 32 and 36. Probably water
in excess of 32 occupies a different set of sites than between 30 and 32,
thus impacting differently on cell dimensions.

Many reactions occurring in cementitious systems are isochemical:
that is, the chemistry remains constant but a redistribution of ions
occurs amongst coexisting phases. This compilation might serve as a
benchmark to enable the precise calculation of volume changes to be
made in the course of isochemical mineralogical changes. Reactions
between cement and its service environment generally involve
exchange of mass: that is, they are not isochemical. In these conditions,
the database presented forms the basis of calculation but requires
application of more sophisticated calculations, taking into account the
impact of mass balance changes.
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