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The effect of elevated temperatures on a calcium aluminate mortar with clinker aggregates is the subject of this
paper. After an exposure period of 3h at temperatures ranging from 25 to 1000 °C, specimens were tested in
residual conditions in order to evaluate changes on the mechanical and microstructural properties. A simplified
hydration model based on the chemical reactions of the principal minerals is proposed to predict the evolution of
matrix composition from the early-age hydration. The improvement of the mechanical properties occurring due

to the conversion reactions between 25 °C and 200 °C, is attributed to an increased hydration reaction of both
cement and clinker aggregate. Furthermore, when compared to the metastable reactions, an improved inter-
locking effect at the reactive aggregate interface, and a more dense nature of the stable hydration products, were
observed. These phenomena balance the adverse effects promoted by conversion reactions on porosity and

mechanical properties.

1. Introduction

Calcium Aluminate Cement (CAC) is used in various high perfor-
mance applications [1-5]. In particular, the type of aggregate, and as-
sociated development of a highly porous interfacial transition zone
(ITZ), has been strongly related to the degradation of concrete. In some
types of high performance CAC-based concretes, calcium aluminate
clinker is also used as a synthetic aggregate [5-8]. Moreover, calcium
aluminate clinker, typically made by fusion of bauxite and limestone,
has a high density, almost no porosity and has a polymineral grain
composition that brings in a strong compatibility with CAC. This par-
ticipation of aggregates in the reaction with a cementitious material
creates a special “bridge effect”, which improves concrete resistance to
chemical [9-13], abrasion [5,7] and thermal [6-8] attacks. In addition,
CAC-based materials exhibit a rapid setting and hardening process
[14,15] and can be placed in service much faster than OPC-based
concretes.

* Corresponding author.
E-mail address: fsilva@puc-rio.br (F. de Andrade Silva).

In general, use of CAC-based matrices is limited to high performance
applications because their high cost and well-known adverse effects on
strength caused by conversion reactions. However, in certain cases the
peculiar behaviour of CAC-based matrices make them economically
competitive. Heerden [14] showed practical applications of CAC ce-
ments combined with reactive aggregates in fiber-reinforced shotcretes
used by the mining industry in South Africa. As reported by the author,
despite the high cost of CAC-based matrices, the choice for reactive
aggregates (i.e.: Alag”'and andesite) may be the best choice in terms of
cost-benefit ratio when resistance to impact, abrasion, corrosion and
heat is required, as in the case of tunnel linings, where long-term
durability of a well designed CAC-based lining overcomes the life time
of the same structure made of OPC shotcrete. Thus, the rehabilitation
costs of OPC linings make CAC-based linings definitely less expensive.

The use of reactive aggregate has been also reported by Wohrmeyer
et al. [15] which evaluated the influence of calcium aluminate ag-
gregates on castable properties in comparison to bauxite. The obtained

! Alag” is a synthetic calcium aluminate aggregate (with alumina content around 40%) distributed in Brazil by Kerneos Inc.
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results indicate very little open porosity for the matrix containing cal-
cium aluminate aggregate when compared to bauxite, even after firing
at 1400 °C. Despite the lower density, the matrix produced with reactive
aggregates presented higher CMOR (cold modulus of rupture) due to
the better bonding (chemical affinity) between the cement paste and
the aggregates.

The highly temperature-dependent hydration of CAC yields dif-
ferent morphologies and hydration products that continuously alter the
material properties. The setting and hardening of CAC is primarily
driven by the hydration of CA, whose high temperature sensitivity
[1-16], yields the following main hydration products:

CA + 10H - CAH,;( T < 20°C (€H)
2 CA + (8 + x) H— C,AHg + AH, (alumina gel) T ~ 30°C 2)
3 CA + 12H — C3AHg + 2AH3 T > 55°C 3)

At ambient temperatures, the metastable hydrates CAH;,, C,AHg
and AH, convert to more stable C3AHg and AH; (egs. (4)-(6)) with the
release of water and consequent impairment of the material porosity,
permeability and mechanical properties. The conversion is accelerated
by temperature increase and moisture availability enhancing the dis-
solution and re-precipitation processes to take place.

3CAH;¢ — C3AHg + 2AH; + 18H 4
3C2AH8 g 2C3AH6 + AH3 + 9H (5)
AH, (alumina gel) — (Gamma) - AH; (gibbsite) + (x-3)H 6)

This adverse conversion effect has to be taken into account, as it
may cause a significant strength reduction, which is why using CAC-
based concretes is forbidden for structural applications in some coun-
tries. Earlier construction failures in the history of CAC-based concretes
show that the design should be based on the final properties (after
conversion), primarily strength, and the water/cement mass ratio (w/c)
should not exceed 0.4 and checks are needed in the building site. New
generations of superplasticisers offer novel possibilities to improve
workability and lower the w/c ratio as well [17], which could aid the
long-term performance of CAC-based materials. However, it is well
known that in CAC mortars, with conventional (non-reactive) ag-
gregates, the converted material always shows a low compressive
strength, owing to the conversion process. The most interesting finding
reported in the present paper is the improvement of the mechanical
properties with ongoing conversion reactions, which occur in both
conditions, i.e. when the mortar is cured at room temperature or it is
exposed to 200 °C. Overruling the adverse conversion effects depends
on the use of both Alag aggregates and a low w/c ratio.

Conventional cement-rich castables [18] are used in high-tempera-
ture applications up to about 1000 °C [1]. They exhibit a characteristic
drop in strength at intermediate temperatures due to the conversion
hydration reactions as well as slow sintering which does not allow for
the development of ceramic bonds after breaking down the hydraulic
bonds. Sufficient cement content is essential to maintain an adequate
minimum strength at 1000 °C; above that temperature stronger ceramic
bonds result again in an increase in strength. The phases crystalized at
high temperatures depend markedly on the composition of CAC and
aggregates. The high lime content of conventional castables favors the
formation of low melting phases like mayenite (C;,A; and CA), which
are known to degrade the refractoriness at higher temperatures (above
1000 °C). Advanced refractories, for applications above 1100 °C, are
made with low and ultra-low cement contents (with the overall CaO
content less than 2.5%), containing micron-sized mineral additives
[16,19]. These types of refractories, are the object of extensive research
efforts, but are out of scope of the current paper. Aggregates used in
CAC refractory castables include a dense packing of fused alumina,
chromite, sintered bauxite, chamotte and exfoliated vermiculite
[1,6-8].
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Studies in the field of CAC-based refractory castables with clinker
aggregates are scarce and of little use. Therefore, this paper investigates
the effect of elevated temperatures on microstructural properties, sy-
nergetic ITZ bond, and resulting mechanical strength evolution of CAC
mortar with clinker aggregates. The compressive strength of CAC
mortar was measured in two different conditions, i.e. when the speci-
mens were cured at room temperature (7, 14 and 28 days) and exposed
to elevated temperatures (from 25 to 1000 °C). The transformation
hydration reactions and dehydration process of the mortar were in-
vestigated using TGA, SEM, XRD and porosimetry analysis. A simple
hydration model based on the main chemical reaction scheme of the
principal minerals was employed to predict the evolution of the cement-
paste composition during early age hydration at room temperature, and
the transformation and dehydration reactions of CAC at higher tem-
peratures. The model was used to predict the evolution of solid-volume
fraction, porosity, chemical bond and water release (due to evapora-
tion). In order to compare the predictions yielded by the paste model
with the experimental results obtained at mortar level, the predictions
were normalized to the mass or volume of the cement paste component.
To this purpose, the mortar was represented as a homogenous mixture
of air bubbles, aggregates and evolving cement paste microstructure. In
this case, the paste consisted of hydration products (formed by reacting
cement and water) and internal porosity resulting from chemical
shrinkage [20].

2. Materials and methods
2.1. CAC mortar

The materials employed in the CAC mortar composition were
commercially-available calcium aluminate cement (Secar 51 from
Kerneos Inc.) and synthetic calcium aluminate aggregate (Alag from
Kerneos Inc.), polycarboxilate superplasticizer in powder (Peramin
CONPAC 500 from Kerneos Inc.) and methyl-cellulose as viscosity
modifier agent to avoid segregation. Oxide composition of the CAC and
aggregates as obtained by XRF (EDX 720, Shimadzu Co. with rhodium
tube and Silicon detector) is given in Table 1. The mineralogical com-
position of the CAC and Alag obtained by QXRD (section 2.4.1) is: 60%
CA, 22% C,AS, 4% Cq5A; with CT, ferro perovskite and pleocroite as
remaining phases, and 45% CA, 16% C,AS, 11% C;5A; with CoAF; 4,
C,S, respectively. Alag has particle diameters ranging from 0.001 mm
to 1.18 mm. The water/cement mass ratio of the refractory concrete
was 0.35. Fig. 1 shows the grain size distribution of the used cement
and aggregate determined by mechanical sieving [21] (diameter >

Table 1
Chemical composition of the calcium aluminate cement and of the synthetic
calcium aluminate aggregate.

Cement Aggregate

Compound Content/% Compound Content/%
Al,O3 51.45 Al,03 39.88
CaO 38.51 CaO 36.02
SiO, 3.07 SiO, 2.79
Fe,03 1.76 Fe,03 14.48
TiO, 1.89 TiOy 1.61
SO3 0.61 SO3 1.05
K>0 0.42 K20 0.19
ZrOy 0.12 ZrO, 0.09
MnO 0.02 MnO 0.19
SrO 0.05 SrO 0.03
Gay03 0.01 Gay03 0.15
Y,03 0.01 Y203 0.01
Tay0s 0.03 P,0s 1.77
Cr,03 0.07 V505 0.06
NbO 0.01 LOI 1.68
LOI 1.96
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Fig. 1. Particle size distribution of the used aluminous cement and aggregate.

Table 2

Mix composition.
Composition
Synthetic calcium aluminate aggregate (kg/m®) 1264.4
Calcium Aluminate Cement (kg/m?) 670
Powder polycarboxilate superplasticizer (kg/m?) 4.35
Viscosity modifier agent - VMA (kg/m®) 0.502
Water (kg/m?) 234.5
Superplasticizer content (%) 0.65
Water/cementitious mass ratio 0.35

300 um) and laser granulometry (diameter < 300 um). Table 2 gives
the composition of the concrete matrix. To achieve elevated compres-
sive strength values, the CAC mortar used in this research was designed
following the compressible packing model (CPM) routine [22,23]. The
model was optimized for experimental compactness, size grading dis-
tributions and specific gravity of the constituents (cement and synthetic
aggregate) as well as for the saturation dosage of the chemical additive
that was in the form of a powder.

2.2. Heating and drying regime

Cylindrical specimens measuring 50 X 100 mm (diameter x height)
were cured for 7, 14 and 28 days at 25 °C in sealed conditions (without
water exchange with environment) for later use in physical and me-
chanical tests. The heating rate, the target temperatures and the se-
quence of steps adopted for the present study can be found in the
scheme found in Fig. 2. The specimens cured for 7 days (established as a
reference age for the mechanical tests) were then heated up to 200,
400, and 1000 °C (three specimens for each temperature) and subse-
quently cooled by a natural process inside the furnace. An electric
furnace with radiant heating (metal alloy type Kanthal "A1" in alumina
tubes) internally protected by perforated ceramic plates was used. The
heating rate was set to 10 °C/min. The temperature level was kept
constant for 1 h at each targeted temperature. The furnace was cooled
down before the specimens were removed in order to avoid thermal
shock. The rate of cooling was not controlled but followed a natural
quasi-steady thermal process.

Experiments on specimens stored at room temperature, without
additional heating, were also carried out. Drying of these specimens
(labeled 25°C) was achieved by using a vacuum pump for 30 days.
Drying of specimens by heating was not done because of the effect of
the transformation reactions [1] that significantly modifies the pore
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microstructure of CAC-based materials.

Release of water (RW, in vol% of the mortar) due to exposure of the
specimens to high temperatures (200, 400 and 1000 °C) or vacuum
drying at 25 °C is obtained from weight measurements before exposure
to heat (Wpetore), the dry weight after exposure (Wage,), and the sample
volume (obtained by Archimedes method) Wy, according to the fol-
lowing equation:

RW = u/ijefore - Waﬂer % 100

)

Waren

2.3. Compressive strength test

Compression tests were performed in a Shimadzu universal testing
machine model UH-F1000kN with a computer-controlled hydraulic
servo system. Three cylindrical specimens measuring 50 mm X 100 mm
(diameter x height) were tested for each of the curing periods (7, 14 and
28 days at 25 °C). The tests were carried out at a rate of 0.1 mm/min.
Before testing, the cylinder faces were smoothed at the lathe. The axial
strain of the cylinders was measured using two LVDT's attached to the
sample by steel rings (gage length of 50 mm).

2.4. Microstructural characterization

The mortar matrix was investigated using a scanning electron mi-
croscope (SEM) FEI Quanta 400. For this, matrix samples (tested under
compression) were cut from specimens, with dimensions of
20 x 20 mm (length x width). The samples were coated with a 20 nm
gold layer to become conductive and suitable for conventional SEM
analysis. The SEM was operated using 25kV of accelerated tension and
30 mm of working distance.

TGA analyses were carried out using the powder obtained from
crushed fragments of the specimens tested under compressive loading.
The thermal analyses were performed in a TA Instruments, SDT Q600
model TGA/DTA/DSC simultaneous apparatus with temperatures ran-
ging between 35 and 1000 °C using 100 mL/min of nitrogen flow, using
platinum sample holders. In order to eliminate the residual unbonded
water, an isothermal step at 35°C for 1h was applied before com-
mencing the analyses. Bound water in the dried specimens was ob-
tained from a mass loss between 35 and 550 °C and related to the mass
of the anhydrous solid mortar material obtained after firing at 1000 °C.

2.4.1. Powder X-ray diffraction

The composition of CAC cement, Alag aggregates and mortars were
investigated by powder X-ray diffraction (XRD). Operating conditions
for qualitative analysis of the Bruker D8 advance instrument were set to
40kV and 40 mA using CuKa, , radiation 20 value between 3 and 55°.
For quantitative analysis, operating conditions of the Bruker-AXS D4
ENDEAVOR diffractometer were set to 40kV and 40 mA, using Fe-fil-
tered CoKay , radiation (A; = 0.1789 nm, A, = 0.1793 nm). Cobalt ra-
diation was selected over copper in order to minimize micro-absorp-
tion, i.e. in general larger absorptions of CuKa radiation by iron
(oxides) in the sample [24] and fluorescent background as well as
better angular dispersion of the diffraction lines due to longer wave
length. Diffractograms were recorded from 4° to 105° 26, in 0.02° 26
increments. A LYNXEYE linear Si-strip-type detector was used with an
opening of 3.8° 26, being equivalent to 188 active channels. A counting
time of 1.85s per increment and channel was used, resulting in a total
measurement time per scan of about 2.6 h. Only qualitative diffracto-
grams (with standard CuKa, , radiation) are shown here. In order to
enable a qualitative and quantitative analysis, samples were prepared
using crushed mortar material. For quantitative analysis ten percent of
corundum in mass was added as internal standard to samples (> 3 g for
mortars) and then further grounded to enhance the number of particles
analysed, to improve powder homogeneity and packing characteristics,
and to minimize micro-absorption related problems. Corundum was a
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Fig. 2a. Schematic diagram of the heating ramp, target temperatures and the sequence of steps adopted for the present study. Degree of reacted CA was obtained
from XRD measurements and eq. (9) and was used as input for modeling predictions. Modeling outputs are: BW-bound water (eq. (15)), RW-released water (a

difference between the total ‘mixed’ water and BW), and P-porosity (egs. (11),

reasonable choice as it was assured by preliminary qualitative XRD
analyse that no traces of corundum were detected in original samples
(detailed further in the Discussion section). Quantitative XRD analysis
of specimens was done using the adiabatic principle with auto flushing
[25] as a proven method [26]. Here, the matrix-flushing method was
applied as it enables to directly quantify relative mineral portions in
samples including both the crystalline and amorphous components by
analyzing for only those components of interest. Here only CA and
C12A7 (and C,AS only in CAC cement and Alag as raw materials but not
in hydrated mortar specimens), while quantification of other minerals
(e.g. pleochroite, C,S, FeO, CT, ferro perovskite and C,AF;,) and
amorphous phases were and can be omitted. The criterion for this
method is that the reference material (here corundum) should have
close level of crystallinity, i.e. very similar level of perfection or im-
perfection in a crystal structure, as the quantified component in the
sample. The Full-Width at Half- Maximum of reflections in an X-ray
diffraction pattern was compared as an indication of the crystallinity of

Vol. %

(12) and (17)).

the components, showing no significant differences. It is important to
note that the possible effect of the difference in crystallinity is lowered
by using peak areas instead of peak heights to define and quantify the
diffraction peak intensity. In the matrix-flushing method the relation-
ship between intensity (peak area) of the characteristic X-ray reflection
I, is directly proportional to the weight fraction of the component by a
factor k,, which contains the mass absorption coefficient of the total
sample. The k,, values were determined by mixing the pure phase,
whose syntheses is described in Ref. [27], with standard corundum in a
50:50 wt ratio. Appropriate corrections for peak overlaps were meti-
culously applied by inference to diffraction peak areas of the pattern
due to pure synthetic phases. Mass fraction of mineral wy, xgp in XRD
sample is calculated according to:
Win_xrD = km Wa In/Ia

(8

It is difficult to separate CA reactivity coming from cement or from
the Alag aggregates. Therefore, a new procedure was developed to

() Entrained AIR - AIR ‘ .
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Q ‘MIXED’ WATER [ R Lo
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Q H
£ \ . “-..Meta-stable
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Fig. 2b. Scheme of the modeling approach (arbitrary scale). Points 1 to 4 in the graph represent curing scenarios: 25 °C (1), 200 °C (2), 400 °C and 1000 °C (4).

Modeling values are compared with experimental results in Figs. 10 and 11.
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enable this analysis where Alag reactivity is considered as an additional
‘virtual’ reactivity of cement. Such a degree of reacted CA is obtained by
normalizing it to the initial amount of CA in cement which is then easily
calculated according to:

9

aca = (Wea, 0 — Wea, 1)/Wea, o

where wca, o is the initial mass fraction of CA in anhydrous CAC (i.e.
before hydration) and wc,,; represents the mass fraction of CA after
hydration reactions, also normalized to the mass of anhydrous CAC,
which is calculated as:

wea, ¢ = Wea_xwp (1 + BW Meem)  — Malag Wea_Alag (10)

where wca xrp is the mass fraction of CA in the sample undergone XRD
analysis that comprises cement, Alag aggregates and chemically bound
water, BW expressed in g/g of cement; M., is the mass fraction of
cement in anhydrous mortar (0.346, Table 2), Maiaq is the mass fraction
of Alag aggregates in anhydrous mortar (0.654) and wca al.g is the in-
itial amount of CA in Alag. The degree of reacted CA obtained by eq. (9)
can thus have values greater than 1, meaning that all CA from cement is
consumed, but also an additional CA from Alag has reacted. In other
words, the results were normalized to cement, but the overall CA
coming from both cement and Alag is considered in egs (9) and (10).

2.4.2. Porosimetry

Mercury intrusion porosimetry (MIP) measurements were carried
out with Pascal 440 from Thermo-Scientific, in accordance with the
procedure described in the ISO 15901-1,/2005 standard. The volume of
mercury, which penetrates the sample, is a function of the applied
hydrostatic pressure (up to 400 MPa). The pore diameter was calculated
with the Washburn equation. Mercury properties are: density 13.53 g/
em?®, surface tension 0.485N/m, and contact angle 130°. The mea-
surements were performed with gradual reading for each applied
pressure (increase speed of about 10 MPa/min), on the previously dried
sample with an evacuation pressure of 50 ym Hg during 5 min.

Apparent density and air content of mortars were determined fol-
lowing ASTM C185-08 (2008). The volume and mass of the hardened
mortar specimens, cured in sealed conditions, was measured as well.
The air content (14%) is calculated from the measured apparent density
of the mortar specimens, from the known densities of the constituents
(Table 2), and the mixture proportions.

Density of the powdered mortar specimens was measured using
Pycnomatic ATC (Thermo-Scientific) instrument with Helium as a
working gas medium. Based on this density, a new procedure is pre-
sented here to calculate the theoretical porosity of cement paste:

Vsoild
P, paste = 1-

vpaste (1 1 )

where Voiq is the volume of cement paste solids comprising of the re-
maining cement and formed hydration products (Fig. 2b), and vpaste is
the volume of cement paste which adds also the remaining unreacted
capillary water but without considering the volume of air bubbles.
Normalizing these volumes to 1 g of cement, they are calculated as:

1 w/c
Vpaste = —— + ——
locem sz() (12)
1+ BW
Vsolid = —
Psolid (13)

where w/c is the water to cement mass ratio (0.35), BW is chemically
bond water in g/g of cement, p..m and pyao are the densities of cement
and water, respectively, and ps.jiq is the density of the solids in the
paste, which can be measured when working with pastes (without ag-
gregates), but here for mortars it is obtained by combining eq (13) with
following equation (14) for the theoretical density of the mortar:
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1+ BW + My

pmort, s = Malag

Vsolid + (14)

Palag

where pyore,s is the measured density of the solids in the mortar, majag is
mass of Alag per 1 g of cement (=1265/750, from Table 2) and paiag is
density of Alag. The solid paste volume, vy,;q can be calculated by
extracting from eq. (14) where it is the only unknown value.

2.5. Modeling

Modeling CAC hydration requires knowledge on the stoichiometry
and kinetics of the hydration reactions. This information is not yet fully
available due to the complexity of the commercial cement hydration
process. As a first approximation, however, only principal (congruent)
hydration reactions in their pure form can be considered. In the case of
both iron-rich (Alag) aggregates and low-iron (Secar 51) cement, most
hydraulic phases are CA and C;»A;, while the rest of the phases (C,S,
C,AS, C4AF, perovskite and pleocroite) may be considered to have no
significant reactivity (especially at low w/c ratios and sealed curing
conditions). The main effects of C,,A; are on the dissolution rate, which
is accelerated, and on the occurrence of a small quantity of C;AHg even
at low temperature hydration when eq. (1) is dominant. Moreover,
C12A7 is present in much smaller quantities (generally 2-7%) than CA
(40-70%) and gives similar products as CA hydration, predominantly
CAH;o and C,AHg (which transform at elevated temperatures) [1,28].
The evolution of chemically bound water (BW) during hydration can be
expressed as:

BW = z (H/m)or Wy iy 1s)

where the sum is done over all reactive minerals m, in order to gen-
eralize the model, but in this paper only equations (2) and (3) for CA
are considered, «,, is the degree of reaction for mineral m, w is the mass
fraction of mineral in cement, and

My vy

(H/m)o = (16)

m Um

(H/m),,, is the stoichiometric water-to-cement ratio for complete hy-
dration of mineral m calculated from molar masses M, and stoichio-
metric coefficients in the reaction scheme v. For the case when all
an = 1 the value for BW corresponds to the stoichiometric water re-
quirement in g per g of CAC.

During setting and hardening, the microstructure of material and
amounts of certain phases are changing. During hydration, both volume
fractions of the non-reacted cement and free water decrease, while the
fractions of formed hydration products increase. The solid fraction
comprises the formed hydration products and fraction of non-reacted
cement (Fig. 2b). The paste solid volume content (in cm3/g CAC) can be
formulated as:

Vsoild = Vcac,0 + Z (Vhydrates - vm,o)Wmam
m

a7

Where vcac,o and Vi is the initial (non-hydrated) specific volume of
cement (Vcac,o is in cm®/g) and mineral m (Veao in cm®/g of CA mi-
neral), respectively, and Vpydrates is the volume of formed hydration
products per 1 g of completely reacted mineral m (in first approx. only
CA) calculated as:

)hydrates

My, vy
Vhydrates zh: (Mm U Pn
Volume fractions are obtained by normalizing/dividing eq. (17)
with the volume of cement paste (Vpasee, €q. (12)) containing 1 g of ce-
ment. In eq. (18) the sum is over all hydration products (e.g.
h = C,AHg + AHj for reaction eq. (2)), v, and M are the stoichiometric
coefficient and molar masses of the reaction components, respectively,

18)
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Table 3
Densities [29,30] and molar masses of the hydration reactants and products,
used for modeling porosity.

Component p/g em ™3 M/g mol !
CA 2.98 158.1
C12A7 2.85 138.7
CAH; o 1.72 338.1
C,AHg 1.96 358.2
CaAH, 252 378.3
AHj3 2.44 156.0

and p, is the density of a hydration product [29,30] (Table 3). Note that
for reaction (2) AH, is approximated as AH; gibbsite, because it is
difficult to separate reactions egs. (2), (5) and (6), and furthermore
C,AHg and AH, are sensitive to drying due to releases of their loosely-
bond water (up to C,AHs [31]).

Depending on the water to cement mass ratio, H/CAC and initial
amount of reactive minerals in CAC the reaction of hydration can be
stopped by insufficiencies of ‘free’ water or by a ceasing of the reactive
cement minerals. Another possibility to terminate hydration, in the case
of water saturated conditions, is an insufficient free space for the
growth of reaction products. Thus, the model eqgs. (15) and (17) are
valid for:

0 < BW < (H/CA)o1 (19)
and for
Vcac,0 =< Vsolid = Vpaste (20)

Note that in eq. (20) the right hand side is the volume of cement
paste (eq. (12)) which is considered here not to change during hydra-
tion. The model of cement-paste porosity presented in this paper does
not contain entrained air bubbles. Upscaling of the paste model to the
mortar level, is based on a simple volume balance homogenization,
where a mortar is represented as a homogenous mixture of air bubbles,
aggregates and cement paste (Fig. 2b). Due to calibration/validation
and experimental difficulties, the individual reactivity of aggregate and
cement was not considered separately. The effect of aggregate reactivity
was simplified via an additional virtual increase in the degree of cement
reaction.

3. Results
3.1. Mechanical tests

3.1.1. Influence of age on compressive strength of CAC mortar

Fig. 3 shows representative stress—strain curves obtained from
compression tests (at room temperature) performed with the CAC
mortar at an age of 7, 14 and 28 days. All specimens showed a brittle
behavior under compression load since the first micro-cracks propagate
throughout the specimens creating an interconnected network of micro-
cracks which turn to large macro-cracks up to failure. As expected, the
average stress levels achieved by specimens at the target ages were very
close, given the short setting time and high mechanical strength of the
CAC mortar. With respect to the ultimate compressive strength (oycs),
enhanced curing times to 14 and 28 days showed increases of, re-
spectively, 7% and 12% in comparison to the CAC matrix with 7 days of
age. Table 4 provides the corresponding values. This continuous in-
crease in strength up to 28 days (at 25 °C) is contrary to the well-known
conversion process during CAC hydration which decreases the me-
chanical properties of conventional CAC-based materials. Main reason
for this new finding is related to the incorporation of reactive Alag
aggregates and a low w/c ratio, which will be discussed later in this
paper. Since at 7 days of age the CAC mortar reached 90% of the 28
days compressive strength, this period (7 days) was established as a
reference for the mechanical tests performed to study the temperature
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Fig. 3. Compressive strength - strain curves of CAC mortar at 7, 14 and 28 days

of age.

Table 4
Mechanical properties for different ages.

Age (days)  First crack values
Pycs (kN) ouycs (MPa) & (mm/mm) Ec (GPa)
7 89.78 (6.55) 45.72 (3.33)  0.00217 (0.000195)  25.05 (1.09)
14 96.19 (12.62) 48.98 (6.43) 0.00212 (0.000223)  23.25 (4.17)
28 100.80 (3.42) 51.34 (1.74) 0.00177 (0.000067)  31.25 (1.25)
effect.

3.1.2. Effect of temperature on compressive strength of CAC mortar

The evolution of the mechanical strength of CAC mortar submitted
to elevated temperatures is presented in Fig. 4. Results obtained from
the specimens are given in Table 5. The CAC mortar showed to be
strongly affected by thermal impact when submitted to a compressive
loading. When preheated up to 200 °C the CAC mortar showed a sub-
stantial increase in compressive strength of 24%. From this temperature
and above, the compressive strength values decreased gradually with
increasing temperature. In comparison with the results obtained at
room temperature, the decreases in compressive strength for 400 °C and
1000 °C were, respectively, 22% and 57%. Similar trend as observed for
the compressive strength was reflected by the elastic modulus (see
Fig. 4). When preheated up to 200 °C, the CAC mortar showed a slight
increase in the elastic modulus of 8%. At temperatures between 200 °C
and 1000 °C, severe loss was observed in the elastic modulus. In com-
parison with CAC mortar tested at room temperature, the decreases in
elastic modulus (E¢) for mortars heated at 400 °C and 1000 °C were 58%
and 70%, respectively. As well as the influence of age, the effect of
temperature will be further addressed in the discussion section, where
mechanical results are correlated with the physical and chemical
changes occurring in the microstructure of CAC mortar.

3.2. Microstructural analysis

The TG curves are plotted starting from the end of the aforemen-
tioned isothermal stage at 35 °C (Fig. 5). The DTG peaks presented by
the unheated sample (25 °C), comprehended between 35 and 200 °C,
are related to different process which include: loss of free and loosely
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Fig. 4. Effect of temperature on the residual compressive strength (a) and elastic modulus (b) of CAC mortar (7 days of age).

Table 5
Effect of temperature on mechanical properties (7 days of age).
Temperature  Values
Pycs (kN) Oycs (MPa) & (mm/mm) E¢ (GPa)
25°C 89.78 (6.55) 45.72 (3.33)  0.00217 (0.00019) 25.05 (1.09)
200°C 111.36 (10.42) 56.72(5.31) 0.00234 (0.00033) 27.46 (1.53)
400°C 69.72 (3.66) 35.51 (1.87) 0.00481 (0.00029) 10.57 (0.34)
1000°C 38.63 (1.77) 19.67 (0.90)  0.00537 (0.00011)  7.62 (0.41)
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Fig. 5. Thermal analysis of CAC mortar at 7 days of age and after exposure to
200 and 400 °C.

held structural water of the AH, gel and dehydration of the metastable
C,AHg [14]. As shown in Fig. 6 the crystalline structure of metastable
hydrate C,AHg was also detected by XRD. The same DTG peaks (be-
tween 35 and 200 °C) are not visible in the other curves given the
heating process applied to both (200 and 400 °C) specimens. Between
200 and ~ 350 °C, both the unheated sample (25 °C) and samples he-
ated up to 200 °C, presented significant mass losses. These losses cor-
respond primarily [14] to dehydration of the stable phases C3AH¢ and
AHj;, which persist after heating and drying of the CAC mortar. These
phases are also detected by XRD (see Fig. 6). Since main hydration
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products presented by the CAC matrix decompose under temperatures
below 400 °C, the samples 400 and 1000 °C did not show significant
mass losses. This mass loss can be attributed to some remaining crys-
talline water in C;,A;H [32] and AIOOH [33,34], but also to a de-
composition of the carbonate phases after about 600 °C, as heating of
the specimens could be accompanied by some degree of carbonation.
No traces of C,ASHg were observed by XRD, indicating low reactivity of
C,AS, probably due to low w/c ratio and sealed curing conditions.

XRD analysis on specimens obtained from hydrated specimens cured
at different conditions, shown in Fig. 6, confirmed the hydrate com-
positions expected from literature [1,12]. The main hydration products
observed on 25 °C samples was C,AHg with traces of AH; and C3AHe.
The sample heated up to 200 °C presented a substantial increase in
diffraction peaks for C3AH¢ and AHj, accompanied by a decrease in
diffraction peaks for CA. This process is related to a conversion process
accompanied by further hydration of reactive CA minerals. Diffraction
peaks of metastable hydration products and aluminium hydroxide are
fairly broadened, indicating poor crystallinity, while that of C3;AHg
showed a good crystallinity.

At 400 °C XRD results show traces of amorphous diffraction peaks
for C3AHg and an increase in the amount of C;,A; accompanied by loss
of its crystallinity as observed by its peak widening. At 1000 °C XRD
reveals an increase in the level of Ci,A; crystallinity and a strong in-
crease in CA diffraction lines, demonstrating crystallization of CA and
C12A;. The amount of reacted and re-crystalized CA and C;,A; phases
as a function of temperature is quantified from XRD measurements (in
discussion section).

Further experimental results performed on CAC mortar specimens
and samples are presented in Table 6. Release of water (RW) due to the
drying effect, expressed in vol. % of mortar specimen, indicates an in-
creased evaporation of ‘free’ water from the specimens, with increasing
exposure temperature. At 25 °C upon vacuum drying, mass loss of the
samples is due to evaporation of ‘free’ water but also because of the
loosely held structural water in C,AHg (- > C,AHs [14]) and AH,
metastable hydration products. At 200 °C the specimen loses 145%
more water than during vacuuming at the 25 °C specimen. This increase
can be attributed to conversion reactions which occur under hydro-
thermal conditions within the specimen, i.e. combined high tempera-
ture and water availability due to a low vapor diffusion process through
the material. Such a conversion reaction results in a production of more
‘free’ water (egs. (4)—(6)). Eventually, at time of exposure in the fur-
nace, this free water could be evaporated from the specimen. At 400 °C,
the amount of water release is 136% higher than at 200 °C, due to
decomposition of stable hydration products. At 1000 °C, the specimen
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Fig. 6. XRD profiles for cement and aggregate (a) and for CAC mortar at room temperature and preheated at 200, 400 and 1000 °C (b).

Table 6

Experimental results performed on CAC mortars: release of water due to high
temperatures (200, 400 and 1000 °C) or vacuum drying at 25 °C (in vol. % of
mortar); chemically bonded water remained after high temperature or vacuum
treatment (in g/g of anhydrous solids, i.e. normalized to the mass of fired
mortar which comprises cement and aggregate); density of mortar solids, i.e.
skeleton density g/cm?®, measured on grinded samples; MIP porosity (in vol. %
of mortar).

Specimen ~ Water release Bound water Mortar solids MIP porosity,
(RW), vol. % (BW), g/g dry density, g/cm®  vol. % mortar
mortar solids

25°C" 3.6 0.1044 2.799 21.9

200°C 8.9 0.0780 2.906 26.1

400°C 20.9 0.0283 3.034 335

1000 °C 26.3 0.0023 3.172 38.8

2 Vacuum dried.

exhibits 25% higher water release than at 400 °C due to a more com-
plete decomposition of hydration products, as well as carbonates
formed by the carbonation process during the heating regime.

Chemically bonded water that remained inside the specimens, was
obtained from TG measurements and expressed in g/g of anhydrous
solids, i.e. normalized to mass of fired mortar solids (at 1000 °C) which
comprises anhydrous cement and aggregate. As expected from the
conversion reactions (egs. (4)-(6)), the results show a decrease in
bonded water (BW), and an increase in mercury intrusion porosity
(MIP), with enhancing temperature. Mortar solids density, measured on
powdered specimens, increases with temperature in agreement with a
simultaneous decrease of the chemically bonded water.

Effect of temperature on the cumulative pore size distribution (MIP,
Fig. 7) shows a coarsening of the pore sizes at 400 and 1000 °C. How-
ever, interestingly, metastable samples at 25 °C exhibits a coarser pore
size distribution than the converted sample at 200 °C. This could be
attributed to the sensitivity of a loosely held structural water in CoAHg
and AH; gel to drying [14] (Figs. 8 and 9), but could indicate a possible
change in pore morphology due to a re-distribution of hydration pro-
ducts within the pore space during conversion reactions as well. Un-
fortunately it is difficult to separate these two effects.

Specimens cured at 25 °C, formed plate-shaped C,AHg crystals and
AH, amorphous gel in the CAC matrix (Fig. 8 a). In the structure of
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those specimens cured at 200°C (Fig. 8 b), irregular cubic C3AHg
crystals, completely or partially covered by AH; crystalline material,
are observed. The samples were also contaminated by carbonation and
re-hydration due to difficulties in preparations. Considerable changes in
structure of CAC matrices were found after heating at 1000 °C (Fig. 7).
The contours of the cubic and irregular cube crystals has significantly
diminished (remainings are probably due to rehydration of the speci-
mens), replaced by the increased amount of small pores.

4. Discussion

The proposed model for hydration reactions rests on the following
assumptions: a) single reaction scheme eq. (2) for hydration at 25 °C,
where AHj is used for AH, gel, justified by difficulty to separate hy-
dration reactions egs. (2), (5) and (6), and also by drying sensitivity of
metastable hydration products; b) single reaction eq. (3) for converted
samples at 200 °C; c) the only reactive minerals considered are CA and
C12A7; and d) their hydration is congruent, i.e. exhibit same rates,
Aca = Qci2a7 during hydration. The hydration of C;,A; was treated
together with CA hydration by simply increasing the CA quantity by the
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Fig. 8. SEM secondary electron mode images.

amount of C;,A; in CAC. The assumption of their congruent hydration
and similar reaction stoichiometry is justified by the small amount of
C12A; in the CAC (4% C;2A; and 60% CA, based on QXRD results).
Although there is a relatively high amount of C,AS (22% in cement and
16% in Alag), no significant amount of C;ASHg was formed. Low re-
activity of C,AS is probably due to low w/c ratio employed and sealed
curing conditions. The water available for the hydration is primarily
consumed by much faster reactions of CA minerals. In long term hy-
dration, and especially when additional external water is absorbed into
material, C,AS hydration may become significant, and should be then
included in the model.

The volume of formed hydration products per 1g of completely
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reacted mineral calculated by eq. (18), according to reaction egs.
(1)-(3), is 1.243cm?/g, 0.780 cm>/g and 0.586 cm®/g, respectively.
Furthermore, by reference to eq. (16), the (H/CA) for the individual
CA hydration reaction (1), (2) and (3) is 1.1385, 0.6262 and 0.4557,
respectively.

Bound water (BW) and released water (RW, in vol % of paste ob-
tained as a difference between the total 'mixed' water and the bound
water) for the CAC mortars plotted in Fig. 10 as a function of tem-
perature show good agreement between model and experimental re-
sults. Good agreement can be also observed, Fig. 11, between predicted
and measured (obtained from solid density) paste porosities. Fig. 11
plots also the MIP porosities normalized to cement pastes, which are
obtained by subtracting the 14 vol % of air bubbles from the mortar MIP
porosities (Table 6), and then dividing by the volume fraction of paste
(0.4551, calculated from cement and water amount from Table 2) in the
mortar, i.e. Ppase = (Pmortar — 14)/0.4551. The air content of 14% is
calculated from the measured apparent density of the mortar speci-
mens. One can observe, on Fig. 11, that MIP paste porosities are always
significantly lower than the ones obtained from the measured densities
of solid mortar powders. This can be attributed to the distribution of air
bubbles in the specimens, which is not ideally homogenous. Relatively
small samples (2 cm®) for MIP analysis, taken from the center of the
specimen, thus may not be fully representative as they may contain
different amounts of air bubbles than the rest of the specimen. It can be
expected that more air bubbles are located more at the top of the
specimen than at the bottom, due to segregation effects. However,
considering the small w/c and addition of viscosity modifying agent for
improving the cohesion of fresh mortar that avoids segregation of the
components, a relatively good stability of the air bubbles is expected.

Higher discrepancy at 400 °C, for BW, RW (Fig. 10) and porosity
(from solid density, Fig. 11), can be explained by incomplete decom-
position of the stable hydration products (addressed further in the last
paragraph) and/or carbonation processes during heating of the speci-
mens, which results in a higher amount of BW, accompanied by lower
amount of released water and porosity, in the measured values rather
than in the predicted ones.

Predicted values for both 400 °C and 1000 °C samples are the same
as they both assume (as a first simplification) that a complete dehy-
dration process has occurred: BW,,,qq = 0g/g CAC, porosity and
RW = 51.5%. Predicted amounts of released water (RW) is 7.3% and
15.7%, for 25 °C and 200 °C samples, respectively, while the predicted
bound water is 0.3006 g/g CAC and 0.2432 g/g (Fig. 10), and predicted
porosity is 20.1% and 31.8% (Fig. 11).

CA hydration reactivity, Fig. 11 - right ordinate, increases up to
400 °C due to initial hydration reactions taking place at 25 °C which is
then further stimulated by conversion reactions taking place during
heating to 200 and 400 °C. A higher degree of reacted CA at 400 rather
than at 200 °C could be attributed to a higher reaction temperatures
under wet, i.e. hydro-thermal conditions assured by a slow transport of
moisture within the specimen that gradually reaches the drying-out
equilibrium with respect to the evaporated water content. At 1000 °C the
degree of reacted CA is significantly lower, which can be explained by
crystallization of CA around 1000 °C [35], also corroborated by an exo-
thermal peak observed in the DSC curve around 990 °C (not shown here).
Evolution of C;»A; mass fraction in anhydrous mortar as a function of
temperature is presented in Fig. 12. Initial C;5A; reactivity at 25 °C was
negligible, but this measurement was quite insensitive because of very
small amounts of C;2A; in cement (4%) compared to larger amounts of it
(11%) in higher proportion of Alag aggregates in mortar. The reactivity
of Alag is expected to be low, as the reactive surface area of the coarse
grains is relatively low. The main amount of C;5A; is thus hidden inside
the poly-mineral grains and blocked for reaction by a layer of slow re-
acting anhydrous minerals. However, semi-quantitative results in Fig. 12
could show a relatively higher reactivity at 200 °C due to transformation
reactions, followed by crystallization of C;,A; at 400 and 1000 °C. The
amount of crystallized C;,A,, already at 400 °C, as well as CA at 1000 °C,
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Fig. 9. SEM back scattered electron (bse) images of CAC mortar samples at room temperature and after heating process up to 200, 400 and 1000 °C. The bse grey
scaling depends on the average atomic number , where bright areas represent slow reacting phases containing higher average atomic number compouds: C4AF, CT,
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at such relatively low temperatures [17] can be ascribed to a high degree
of homogenisation (intermixing) of amorphous dehydrated precursors
according to their stoichiometric mass ratios, which is discussed later
with egs. (21) and (22).
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The w/c and the amount of main active minerals in CAC are the
principal variables governing the porosity and strength development
during the transformation reactions [1]. This is because the free water
is released by transformation reactions (egs. (4)—(6)), as metastable
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hydration products contain more structural water than stable ones,
which contributes to a further hydration of non-hydrated cement that
further fills the porosity. Thus, the deleterious effect transformation
reactions have on the properties of CAC-based materials could be re-
duced by lowering the w/c ratio. Recently this improvement in material
properties was demonstrated by usage of a PCE superplasticiser [5].
That study demonstrated that lowering the w/c ratio from 0.470 to
0.291, by superplasticiser addition while fixing the workability, com-
pressive strengths were improved up to 41% for mortars with mainly
metastable hydration products and by up to 90% for the specimens with
transformed hydration products. Conversion of CAH;o and C,AHg to
C3AHg theoretically results in 75% and 47% volume reduction, relative
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to the original volume of hydration products, normally leading to
strength retrogression. For our mortar systems, with clinker aggregates,
the predicted increase in paste porosity is 58%, i.e. from 20.1% to
31.8% (Fig. 11). Although the converted strength of conventional CAC-
based materials (without clinker aggregates) is lower than the initial
metastable strength, in relative terms, the converted strength is greater
than metastable one at comparative higher w/c ratios [5]. This could be
attributed to the fact that C3AHg and gibbsite are expected to be
stronger than metastable (amorphous and layered [14]) hydration
products, which results in stronger bonding [1]. However, in conven-
tional CAC-based materials the adverse effect of an increase in porosity
prevails over a better bonding of stable hydration products.

Without reactive clinker aggregates, the transformation process is
generally documented to impair compressive strength, in reference
with the maximal metastable one, indicating that the increase of ma-
terial porosity prevails the effect of further increase in degree of hy-
dration. Moreover, the stable hydration products contain more crys-
talline OH™ bonds, and a higher crystalline level. The stable hydration
products have a much lower capacity for filling the capillary porosity in
CAC paste than the metastable ones. This results in lower porosity (and
hence provisionally better performances) for metastable phase although
the hydration degree is lower. Chemically bound water for complete
hydration of considered active minerals (in this paper CA and C;2A; in
the investigated cement), the (H/CAC), upon reaction egs. (1)—(3) is
calculated by (H/CA wca), where the CA content is increased by the
C12A; content, to be 0.73g/g CAC, 0.40 g/g CAC and 0.30 g/g CAC,
respectively.

The poly-mineral nature of aggregate grains results in selective
dissolution of its surface leaving the slow reactive iron-containing mi-
nerals (brighter areas in SEM-bse images, Fig. 9) sticking out into the
hydration products of the surrounding cement paste's interfacial zone.
This enables the mechanical interlocking effect between Alag aggregate
and paste. SEM micrographs (Fig. 9) show excellent bonding between
aggregates and cement paste, and an even more compact matrix (Fig. 8)
for 200 °C than 25 °C. This paper shows that in spite of the increased
cement paste porosity from 21% to 32% upon heating the specimens at
200°C, the induced conversion reactions resulted in improved me-
chanical properties. This was attributed to a better bonding within the
interfacial zone, and by a stronger nature of the stable hydration pro-
ducts, compared to weaker amorphous and layered metastable products
(with high amount of loosely held water molecules), which is further
stimulated by an increased degree of cement and aggregate hydration
that improves the mechanical interlocking effect between Alag ag-
gregate and the paste components.

As no portlandite was observed at 400 °C (nor CaO at 1000 °C),
following sintering reaction can describe the crystalisation of C;5A;
from a decomposition of C3AHg and AHj:

4C3AH6 + 3AH3 - C12A7 + 33H (21)

At 400 °C, C15A; might also contain some remaining amounts of
crystalline water (C;2A7H) [28]. The stoichiometry of reactants in this
dehydration (and re-crystalisation) reaction, molar ratio of n(AHz)/n
(C3AHg) = 3/4, consumes less AH; than available, as formed according
to hydration reaction eq. (3) where n(AH3)/n(C3AHg) = 2/1. This may
be attributed to the nature of the crystallization process and by the
sintering mechanism which occurs preferentially on the boundaries of
particles of the dehydrated phases. At 1000 °C, CA crystalizes by sin-
tering reaction of C;,A; with amorphous A:

CioA; + 5A —12CA (22)

Both these crystallization processes are formed by sintering reac-
tions where atoms in the material's microstructure diffuse across the
boundaries of the particles, fusing the particles together and creating a
new solid phase. Therefore, an observed low degree of conversion for
these reactions can be explained by their strongly kinetically (diffusion)
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controlled mechanism. From this, the reaction initially takes place only
at boundaries where the two reacting phases meet, i.e. amorphous C3A,
formed by dehydration of C3AHe, and amorphous A, from AH; dehy-
dration. A better intermixing of these two phases, as a result of (through
solution [23]) hydration precipitation reactions, leads to higher re-
active surface areas and thus also the higher sintering reaction rate
[31]. The dehydration products react to produce new crystalline
phases, which create a load bearing capacity via ceramic bonds (Fig. 9),
largely due to intergrowth of newly crystalized C;2A; and/or CA crys-
tals with the aggregates. At 400 °C gibbsite loses part of its crystalline
water, and transforms to boehmite (gamma-AlOOH)) [29]. The XRD
patterns of gibbsite after heating at 400 °C indicate a trace of boehmite
(at 14.5° 26 CuKgjpha) along with the disappearance of gibbsite peaks.
Boehmite then further decomposes to amorphous aluminum oxide and
semi-crystalline x-Al,03 [29]. At 400 °C and 1000 °C, traces of x-Al,O3
phase could be detected (Fig. 6 b), which gradually loses water until
about 800 °C [29,30]. Therefore, for the 400 °C samples, the TG loss
(Fig. 5) and the model-measurement discrepancy (Fig. 10) can be at-
tributed, beside carbonation, also to remaining water in C;,A;H [28]
and AIOOH [29,30].

5. Conclusions

Including reactive Alag aggregates into mortars with a low w/c
ratio, was found to increase the strength by 7% and 12% at room
temperature curing for 14 and 28 days, respectively, in comparison to
the CAC matrix with 7 days of age. The CAC mortar specimens heated
up to 200 °C showed a substantial increase in compressive strength of
24%, followed by a decrease of 22% and 57%, for 400 °C and 1000 °C,
respectively. The same trend was reflected in the elastic modulus: in-
crease in the elastic modulus of 8% at 200 °C, and a decrease of 58%
and 70% at 400 °C and 1000 °C, respectively.

The results show that in spite of the increasing porosity of the ce-
ment paste from 21% to 32% upon heating the specimens at 200 °C, the
induced conversion reactions resulted in improved mechanical prop-
erties. This may be attributed to 1) a better bonding within the inter-
facial zone by stronger stable hydration products, compared to the
weaker metastable products, and 2) an increased degree of aggregate
and cement hydration reaction which improves the mechanical inter-
locking effect between Alag aggregates and paste. The poly-mineral
nature of the aggregate grains results in a selective dissolution of its
surface leaving the slow reactive iron-containing cement minerals
sticking out into the hydration products of the surrounding cement
paste interfacial zone, contributing also to a reinforced bond.

CA hydration reactivity increases up to 400 °C, explained by a lower
initial hydration reactions (at 25 °C) which is further stimulated by
conversion reactions taking place during heating to 200 and 400 °C. At
1000 °C the degree of reacted CA is significantly lower, which can be
explained by crystallization of CA around 1000 °C. A certain amount of
C12A7 shows reactivity due to conversion reactions at 200 °C, followed
by crystallization of C;5A; at 400 and 1000 °C.

The effect of temperature increase on cumulative pore-size dis-
tribution shows an increase in pore size at 400 and 1000 °C attributed to
the decomposition of hydration products. The metastable material at
25 °C exhibits a tendency towards larger pores than converted samples
(200 °Q).

Model predictions, based on the main chemical reaction for CA
minerals fit fairly well the experimental results for both chemically-
bonded and evaporated water, as well as for porosity, as a function of
the temperature. The discrepancy at 400 °C may be attributed to car-
bonation and persisting crystalline water in C;,A7H and AIOOH.
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