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Abstract

Some cementitious materials cured at elevated temperature may expand on subsequent exposure to moisture. Concern has been expressed
as to the relevance of small laboratory specimens to field concretes, in particular due to the potential leaching of ions into the storage
solution. The work presented here aims at investigating this effect. Mortars cured at elevated temperature in identical fashion were
subsequently stored at 90—100% relative humidity (RH) and in water, a LiOH solution, and KOH solutions of various concentrations. The
largest and most rapid expansion occurred with mortars immersed in water. The samples stored at 90—100% RH expanded more slowly.
Expansion was even slower when subsequent storage was in LiOH or KOH solutions. The same samples were studied by scanning electron
microscopy (SEM) and X-ray diffraction (XRD). These techniques indicated that ettringite had formed over time in all samples, with little
apparent relation to the degree of expansion. The composition of the C-S-H gel changed over time, differently for the different storage
conditions. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the last 10 years, much attention has been paid to the
potential expansion of some Portland cement concretes
cured at elevated temperatures. This phenomenon has been
attributed to the formation of ettringite in hardened con-
cretes [1—-5] and is known as delayed ettringite formation
(DEF). However, ettringite is very often detected in mature
concretes showing no expansion [6]. Because the small
crystals of ettringite present in the cement paste are
unstable relative to larger ones (due to their greater specific
surface area) they tend to recrystallise in any available
spaces such as large cavities, cracks and air voids [6]. This
process occurs in both damaged and undamaged concretes
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or mortars irrespective of the curing temperature and is
innocuous [6—10]. This is one reason why no direct
correlation has been established between the amount of
ettringite detected and expansion of heat-cured mortars
[T1-15].

In order to determine the parameters involved in the
expansion mechanism, extensive laboratory studies have
been carried out, especially to study the influence on
expansion of curing conditions and cement composition
[2—5,11-20]. The curing temperature was shown to be the
critical factor for expansion to occur. Many laboratory
studies carried out on pastes, mortars or concretes under
controlled conditions have shown that expansion does not
occur if the material has not been subjected to a tempera-
ture above ~ 70°C, but that it may occur if the specimen
has experienced temperatures higher than this [2—5,11—
20]. For such mortars, no general relationship between
expansion and cement composition exists [4,5,12,13,19]. It
was concluded that a suitable choice of Portland cement
composition cannot guarantee the avoidance of expansion
in materials that have experienced temperature above
70°C.
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While the effect of curing conditions and cement com-
position relating to expansion have been widely investi-
gated, very little work has been carried out on the influence
of storage conditions after the heat treatment. In most of the
studies on DEF, the heat-cured specimens were immersed in
water following heating to accelerate expansion. Heinz and
Ludwig [3] showed that mortars submerged in water
expanded faster and to a greater extent than those exposed
to humid environments, and that those maintained under dry
conditions did not show any expansion. Recently questions
have been raised on the influence of leaching of alkalis,
which undoubtedly occurs in specimens stored in large
volumes of water [16].

In this study, various storage conditions were investi-
gated:

e Immersion in water.

¢ Storage at 90—100% relative humidity (RH).

¢ Immersion in a LiOH solution.

e Immersion in KOH solutions of different concentra-
tions.

These particular storage conditions were selected to under-
stand the extent to which the storage environment
after the heat treatment affects expansion. In addition to
expansion measurements, the effect of the storage condi-
tions on the microchemical and microstructural changes
was also investigated.

2. Experimental

The mortar specimens were prepared using an ordinary
Portland cement (65.5% CaO, 21.9% SiO,, 5.4% Al,O3;,
3.9% S0s3, 1.1% K,0, 0.1% Na,O and 2.2% Fe,03), which
was selected for its known expansive behaviour when used
in mortars heat-cured at 90°C. The siliceous aggregate was a
German Normensand meeting standard DIN EN 196-1. The
mortar prisms were cast in 16 x 16 x 160 mm® moulds. The
water/cement ratio and the sand/cement ratio were 0.5 and
3, respectively. After casting, the mortar specimens were
tightly covered, placed in individual sealed plastic bags in
which water containers were placed to maintain a high
humidity and precured at 20°C for 4 h (Fig. 1). They were

Storage conditions:

T°C A - Water
-90-100% RH
12 hours - KOH solutions at:
90°C T [K*] = 122[K*]re uia

[K*] = [K*]pore uia
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t t >
4 hours 1 day Time

Fig. 1. Curing regime applied to mortars showing the various storage
environments studied.

Table 1

Percentages of Na™ and K * leached out from the pore fluid into the storage
solutions for the 90°C cured mortars stored for 300 days either in water or
at 90—100% RH or in the [PJKOH solution

Storage Percentage K * Percentage Na*
conditions leached out leached out
Water 96 95

90-100% RH 85 80

[Plkon 0 98

then placed in a water tank where the temperature was
increased at a rate of 30—35°C/h to 90°C. The temperature
was maintained at 90°C for 12 h. At the end of the heat
treatment, they were allowed to cool naturally to 20°C until
1 day after mixing. The prisms were demoulded and then
subsequently stored under different conditions: in water, at
90-100% RH, in KOH solutions and in a LiOH solution.
As a reference, a mortar was cured at 20°C for 1 day and
stored in water at 20°C.

For the storage at 90—100% RH at 20°C, the prisms were
placed above the water level in a sealed container. Due to
the temperature cycles in the laboratory there was some
vaporisation and condensation of water on the prisms.

Three different KOH concentrations were chosen based
on the potassium concentration of the pore fluid of the
mortar directly after heat-curing. Using a pore-pressing
device, this concentration was found to be 460 mmol/l.
The storage solutions used were of this concentration,
twice as concentrated (920 mmol/l) and half as concen-
trated (230 mmol/l). They will be referred to as [P]JKOH,
[2PJKOH and [1/2P]JKOH, respectively. The [PJKOH thus
approximated to a simulated pore solution. The LiOH
solution had the same molar concentration as the
[PIKOH.

The KOH storage solutions of various concentrations
gave information with respect to the influence not only of
the extent of alkali leaching but also its rate on the
expansive behaviour of heated mortars. The K and Na "
concentrations of the storage solutions were monitored by
inductively coupled plasma spectrometry and the fractions
of each cation leached then estimated from the alkali
contents of the cements, the cement contents and masses
of the mortars and the volumes of the storage solutions.
Table 1 shows the results at 300 days. Leaching was very
substantial for the mortars stored in water and somewhat
less so for those stored at 90—100% RH, but for those
stored in the simulated pore solution containing 460 mmol/l
KOH, virtually all the Na*, but none of the K" was
leached. For the mortars stored in water, 80% of the K"
and 60% of the Na " were leached during the first 10 days
(Fig. 2). The storage solutions were also analysed for
SO4> ~ ; only minor quantities were leached [13]. Therefore,
alkalis going into storage solution were balanced by OH —,
thus lowering the pH in the pore solution.

Expansion measurements were recorded every week.
Expansion was measured as the change in length relative



C. Famy et al. / Cement and Concrete Research 31 (2001) 795-803 797

100
90
80
70
60
50
40
30
20
10

%

—— % K leached out

—o— % Na leached out

0 40 80 120 160 200 240 280 320

Ages (days)

Fig. 2. Percentages of potassium and sodium leached out from the pore
solution of the heat-cured mortars stored in water.

to the original length (measured at 1 day). The overall
expansion was determined as the average expansion of
three prisms.

The development of crystalline phases was studied by
X-ray diffraction (XRD) immediately after heating and
after various intervals during subsequent storage. The
XRD analyses were performed on specimens without
prior drying, as it was observed that any form of drying
(solvent or freeze-drying) affected the crystallinity of the
ettringite. A 10% rutile was added as an internal
standard to all specimens after they had been very
gently ground into a fine powder and passed through
a 90-pm sieve to remove most of the aggregate particles.
The resultant mixtures were loaded into diffractometer
sample holders from the back to minimise preferred
orientation. A calibration curve allowed the patterns to
be corrected for the quartz aggregate (3.34 A peak) and
the amount of ettringite (9.73 A peak) was calculated on
an arbitrary scale by determining the ratio of the
integrated peak areas of ettringite and rutile. When
prepared in this way, the amount of ettringite measured
was found to be reproducible between nominally similar
samples and the relative heights of the secondary peaks
indicated that the degree of preferred orientation was not
too significant.

In parallel, specimens for examination by scanning
electron microscopy (SEM, JEOL JSM 35-CF equipped
with a solid state backscattered electron [BSE] detector
and an energy dispersive X-ray analyser) were freeze-
dried to stop further hydration. They were then vacuum
impregnated with epoxy resin, lapped to a flat surface
with 9 pm alumina and polished successively with 3, 1
and 1/4 pm with diamond paste. A carbon coating was
applied to the polished sections to improve their conduc-
tivity. The microscope was operated at an accelerating
voltage of 15 kV.

3. Results
3.1. Expansion measurements

Fig. 3 shows the expansions of the mortars cured at
90°C for 12 h and subsequently stored in water, at 90—
100% RH and in the KOH solution having the same
concentration as the pore fluid ([P]JKOH). No significant
expansion was recorded for the mortars cured at 20°C for
times up to more than 800 days, which is in agreement
with previous findings that expansion is associated with
elevated curing temperatures.

All the expansion curves for the heat-cured mortars
showed the same characteristic steps: an induction period
before expansion starts, expansion at a fairly uniform rate and
levelling off to a plateau. The fastest and greatest expansion
was given by the mortars immersed in water. The expansion
has already started to level off by 200 days, reaching an
ultimate expansion of 1.0% between 400 and 600 days.

The mortars stored at 90—100% RH expanded more
slowly. At 200 days they had barely started to expand,
although at 600 days they were approaching an ultimate
level of expansion of 0.85%, which is lower than that of the
mortars kept under water.

The mortars immersed in the [P]JKOH solution expanded
much more slowly than either of the above and at 900 days
showed no sign of levelling off. After a storage of 300 days
in the [P]JKOH solution, one of the three prisms was
removed and immersed in water. This led to a dramatic
increase in the rate of expansion.

The behaviour of the mortars stored in the [PJKOH
solution, and particularly the change in expansion rate on
moving to a water storage, indicate that the suppression of
leaching by storage in a simulated pore solution reduces the
rate of expansion.

Fig. 4 compares the expansions found on storage in the
three KOH solutions, the LiOH solution and water. The rate
of expansion increases with decreasing KOH concentration
of the storage solution. No expansion was detected in the
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Fig. 3. Effect of postheat treatment storage conditions on expansion of
mortars heated at 90°C for 12 h.
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Fig. 4. Effect of storage solutions concentrations on the expansions of
mortars heated at 90°C for 12 h.

mortars immersed in the most concentrated [2P]JKOH solu-
tion, even after a 540-day storage. Fig. 4 also shows that
substitution of the [P]JKOH solution by a [P]LiOH solution
does not significantly affect the expansion, which thus does
not depend on the nature of the alkali ion.

3.2. X-ray diffraction

When the mortars are cured for 1 day at 20°C, 3.4
arbitrary units (a.u.) of ettringite have formed in the mortars

Table 2
Relative amounts of ettringite in the 90°C cured mortars subsequently
stored in different environments

Amount of
ettringite (a.u.)

Percentage

Storage conditions expansion (90°C)

20°C cured mortars
1 day 34 0
400 days 5.6 0

90°C cured mortars

1 day No ettringite detected 0
200 day-storage
‘Water 5.8 0.81
90-100% RH 5.5 0.17
0.5[Plkon 4.6 0.28
[Plkon 4.0 0.05
2[Plkon No ettringite detected 0
[PlLion 1.9 0.04
400 day-storage
20°C cured 5.6 0
mortars/water
Water 5.9 0.97
90-100% RH 5.8 0.78
[Plkon 43 0.27
600 day-storage
Water 6.0 1.00
90-100% RH 53 0.87
[Plkon 4.0 0.46
300 days in water 4.6 0.80
following 300 days
in KOH

The ettringite contents measured in the 20°C cured mortars at 1 and 400
days are also presented.

(Table 2). After a 400-day storage in water at 20°C, the
amount of ettringite increases to 5.6 a.u. This increase in
ettringite content in ambient cured mortars is probably due
to minor amounts of carbonation [16,21]. It takes place
without expansion.

In contrast to the situation at 20°C, no ettringite was
detected by XRD directly after heating at 90°C, but a poorly
crystalline solid solution approximating to calcium mono-
sulphoaluminate had formed (Fig. 5). During a subsequent
200-day storage, ettringite has formed in all the mortars
except those immersed in the most concentrated [2P]JKOH
solution (Figs. 5 and 6).

Table 2 gives the relative contents of ettringite in the
different specimens at different storage times. The highest
amount of ettringite is found in the water-stored mortars for
all periods of storage. There is no significant difference
between the ettringite contents of the mortars stored for 200
days in water (5.8 a.u.) and at 90—100% RH (5.5 a.u.) but
the degrees of expansion differ markedly (0.81% and
0.17%, respectively, Table 2). A further 200-day storage
slightly increases the amount of ettringite and the gap
between the degrees of expansion becomes smaller.

Decrease in the KOH concentration of the storage solu-
tions increases the relative amount of ettringite (Table 2).
When the mortars are immersed in the [P]JKOH solution, 4.0
a.u. of ettringite has developed in 200 days but almost no
expansion has occurred (0.05%). On the other hand, for a
storage period of 600 days, expansion has reached 0.46%
and the ettringite content remains the same.

The mortars initially immersed for 300 days in the
[PIKOH solution and then stored in water for 300 days
contain more ettringite (4.6 a.u.) than those kept for 600
days in the KOH solution (4.0 a.u.) (Table 2). This amount
is still lower than that found in the mortar stored for 600
days in water (6.0 a.u.).
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Fig. 5. XRD patterns of the 90°C/12 h cured mortars directly after heating
and after storage for 200 days in water, at 90—100% RH or in [PJKOH
solution. Ett=ettringite, MS=calcium monosulphoaluminate, MC = cal-
cium monocarboaluminate, and HG = hydrogarnet.
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Fig. 6. XRD patterns of the 90°C/12 h cured mortars directly after heating
and after storage for 200 days in KOH solutions of various concentration.
Abbreviation as in Fig. 5.

These results show that:

« No direct correlation exists between the amount of
ettringite formed after heating and the degree of expansion.

 The amount of ettringite developed over time depends
on the storage conditions after the heat treatment and
especially on the rate of leaching of alkali hydroxide from
the pore fluid to the surrounding storage solution. A high
KOH concentration in the storage solution delays the for-
mation of ettringite because the slowness of leaching main-
tains a high ettringite solubility.

3.3. Scanning electron microscopy

The microstructure of the control mortars cured at 20°C
for 1 day displays the typical features widely described

Fig. 7. BSE image of the microstructure of a 20°C cured mortar after 1 day
of hydration. Ettringite has formed within the structure (circle).

previously [22,23], such as the presence of very thin
hydration rims (less than 1 pm) around but separated from
the cement grains, and a large amount of porosity (Fig. 7).
In agreement with the XRD results, ettringite deposits are
detected dispersed throughout the microstructure. They
exhibit a microcracked aspect due to partial dehydration
during specimen preparation and in the high vacuum cham-
ber of the SEM.

Directly after the heat treatment at 90°C, thick rims of
inner C-S-H have developed around the cement grains
(Fig. 8). Some hollow shells are observed where the cement
grains have totally reacted leaving space delimited by
C-S-H. No ettringite crystals are detected, which is con-
sistent with the XRD results. Crystals of calcium mono-
sulphoaluminate are found. Clusters of Ca(OH), are
observed within the paste and around aggregates.

After 200 days, the mortars stored in water have already
expanded by 0.8%. The microstructure reveals the presence
of two-tone inner C-S-H formed around cement grains (Fig.
9). The outer lighter C-S-H rims have formed during heat-
curing at 90°C. During subsequent storage in water at 20°C,
anhydrous grains have further hydrated forming the darker
innermost C-S-H [13,24]. Some cement grains have been
totally hydrated, leaving a darker inner C-S-H core sur-
rounded by a lighter C-S-H rim. Ettringite deposits are
found in air voids and cavities.

Gaps filled or partially filled with ettringite are present at
the paste/aggregate interfaces. This microstructural feature
has been previously observed in mortars which have
expanded following heat-curing [1,6,12—17,20] and in
mortars damaged by freeze—thaw [20,25]. Such gaps have
been proposed to result from the difference in thermal
expansion coefficients of the cement paste compared to
that of quartz [26]. However, the fact that gaps are not

10 micronsd

Fig. 8. BSE image of the microstructure of a 90°C/12 h cured mortar after 1
day of hydration; no subsequent storage.
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Ettringite

Fig. 9. BSE image of a 90°C/12 h cured mortar stored in water for 200 days.
Ettringite and CH deposits have filled in the gaps formed at the paste/
aggregate interfaces. Two-tone C-S-H has developed around clinker grains.

observed in heat-cured mortars which do not exhibit any
expansion suggests that they are associated with the expan-
sion process.

Some of the features observed in the mortars stored for
200 days at 90—100% RH humidity or in the [P]JKOH
solution are similar to those detected in the water stored
specimens, such as the presence of two-tone C-S-H rims and
ettringite deposits in air voids and cavities (Figs. 9—11).
However, a significant difference is noted. In the mortars

Fig. 10. BSE image of a 90°C/12 h cured mortar stored at 90—100% RH for
200 days. Ettringite deposits in air voids and cavities are observed (circles).
The gaps at the paste/aggregate interfaces can be observed but most of them
are free of ettringite.

stored at 90—100% RH, which have expanded by only
0.17%, narrower gaps around aggregates have formed, and
they are generally empty (not filled with ettringite) (Fig. 10).

Gaps are not detected in the specimens immersed in the
[PIKOH solution which has not expanded significantly
(0.04%) at this stage (Fig. 11).

It appears that gap width is related to the degree of
expansion. When mortars have expanded significantly (as in
the water stored mortars, 0.8% expansion), wide gaps are
observed. On the other hand, in specimens experiencing
lower degrees of expansion (as in the 90—100% RH stored
mortars, 0.17% expansion), smaller gaps have formed.
These microstructural observations support the view that
gaps are not caused by the formation of ettringite at the
paste/aggregate interfaces as previously proposed in the
literature [4,5,14,27—29] but are likely to come from an
expansion of the paste [12,13,16,20,30,31] as when gaps are
firstly formed, there is no ettringite detected in them.

The other storage conditions, such as in the [1/2P]JKOH
and [2P]KOH solutions and the [P]LiOH solution, do not
lead to any significant differences in the microstructural
development of the mortars and are therefore not discussed.

3.4. EDS microanalyses of the inner C-S-H product

The EDS microanalyses were made on the inner C-S-H
product and especially on the lighter inner C-S-H rims
formed during heat treatment. Microanalyses of the darker
inner C-S-H product (developed over storage at 20°C) are
reported elsewhere [13]. For statistical accuracy about 25
point microanalyses were acquired for each specimen, each
from a rim around a different cement grain. The micro-

Fig. 11. BSE image of a 90°C/12 h cured mortar stored in the [PJKOH
solution for 200 days. Large amounts of ettringite can be observed filling
air voids and cavities (circles). No gap is present at the paste/aggregate
interfaces.
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analyses were plotted as atom ratios, and not as percentages
of individual elements, to eliminate the effects of micro-
porosity and water content of the C-S-H. The atom ratios of
most interest are S/Ca and Al/Ca and results of microana-
lysis are therefore plotted as S/Ca versus Al/Ca.

After 1 day cure at 20°C, the microanalyses are spread
over a large range of S/Ca and Al/Ca values (Fig. 12). As
the microstructure shows (Fig. 7), the rims of inner C-S-H
product are less than 1 um thick, and the volume analysed (1
to 2 pm?®) therefore relates not only to C-S-H but also to
other phases intermixed and adjacent to it. Microanalyses
are consistent with intimate mixtures consisting largely of
ettringite and an inner C-S-H containing small amounts of
SO; and Al,O5;. The minimum S/Ca atom ratios observed
are higher than those previously reported for C-S-H formed
at ordinary temperature, which likely shows that none of
these microanalyses represent C-S-H free from ettringite.
Where necessary, we shall use the term “C-S-H” for the
phase and “C-S-H gel” for material that may be an intimate
mixture of C-S-H and other phases.

In the mortar examined immediately after heating at
90°C, the degree of scatter in the S/Ca and Al/Ca atom
ratios of the lighter inner C-S-H gel is less than that
observed in the 20°C cured mortars (Fig. 12). This comes
from the fact that thicker rims have formed at the higher
temperature, with the result that the microanalyses give the
composition of the inner C-S-H and not of that mixed with
adjacent phases. High levels of sulphate and aluminate are
present within the inner C-S-H gel following heat-curing.
Previous studies indicate that sulphate is likely sorbed in the
C-S-H layers and that most of the aluminium detected in the
C-S-H substitutes for Si in the bridging sites of the silicate
tetrahedra chains [13,32,33].

Fig. 13 shows the compositional changes in the lighter
inner C-S-H gel during subsequent storage in water, at 90—
100% RH or in a [PJKOH solution. Irrespective of the
environment, all the heated mortars share the same trend as
there is a release of sulphate from their lighter inner C-S-H

0.15 mw |
0.10 +
©
Q
(/2]
0.05 + o ) o 20°C cure |
® 90°C/12 h cure :
0.00 f }
0.00 0.05 0.10 0.15

AllCa

Fig. 12. S/Ca versus Al/Ca atom ratios for the inner C-S-H gel of the 20°C
and 90°C cured mortars after 1 day of hydration. No subsequent storage.
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Fig. 13. S/Ca versus Al/Ca atom ratios for the lighter inner C-S-H gel of the
90°C cured mortars stored for 200 days in water, at 90—100% RH or in the
KOH solution at [Plgon-

gel over time. However, the rate at which sulphates are
desorbed from the C-S-H depends on the post-heat treat-
ment storage conditions. Within 200 days, the lighter C-S-H
gel of the water-stored mortars gives the lowest S/Ca ratios
whereas the 90—100% RH-stored mortars exhibit higher
S/Ca ratios (Fig. 13). The sulphate release is even slower
when the specimens are kept in the [P]JKOH solution
simulating the pore solution. The KOH stored mortars have
only just started to expand (0.04%) although the specimens
kept in water are reaching their ultimate degree of expansion
(0.8%) and those stored at 90—100% RH give an inter-
mediate expansion of 0.2% (Fig. 3). It appears that when
the sulphates are released over a short period, expansion
is higher.

Fig. 14 and Table 3 show the effect of the KOH
concentration of the storage solution on the composition
of the lighter inner C-S-H gel. It is clear that the sulphate
release from the lighter inner C-S-H gel is strongly depen-
dent on the concentration of the KOH solution. The loss of

0.10
90°C/12 h
Stored for 100 days .
Lighter C-S-H . °® (1Y .
No®
.0 % After heating e Directly after heatingX
a '.o.. =] o Water storage
S o ®e 1/2[P]KOH storage
O 0.05 2PIKOH ogy @, A [_ 1 g
g M n A [P]LiOH storage
[P]LiOH AAA%‘ A [P1KOH o 2[P]KOH storage
© 5 B2 X x [PIKOH storage
1/2[P] KOH & X &
S
0o g Water
o
0.00 t
0.00 0.05 0.10
Al/Ca

Fig. 14. S/Ca versus Al/Ca atom ratios for the lighter inner C-S-H gel of the
90°C cured mortars stored for 100 days in water, in KOH solutions of
different KOH concentrations or in a LiOH solution.
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Table 3
Mean Al/Ca and S/Ca atom ratios for the 90°C cured mortars stored in
various storage mediums; directly after heating and after a 100-day storage

Al/Ca S/Ca

Storage medium Mean S.D. Mean S.D.

Directly after heating (1 day old) 0.061 0.007 0.070 0.003
[2P]JKOH 0.046 0.008 0.047 0.007
[PJKOH 0.042 0.008 0.035 0.004
[1/2P]JKOH 0.028 0.004 0.040 0.005
[P]LiOH 0.043 0.006 0.036 0.004
Water 0.046 0.005 0.016 0.005

sulphate at 100 days increases markedly with decreasing
KOH concentration, and is closely similar for KOH and
LiOH solutions of the same molar concentration.

4. Discussion on the expansion mechanism in view of
these results

Upon subsequent storage sulphate is released from the
lighter inner C-S-H gel at a rate that is affected by the
hydroxide concentration of the pore fluid which, in turn,
depends on the hydroxide concentration of the storage
solution. The higher this concentration is, the lower is the
rate of sulphate release and, with it, the expansion.

High KOH concentrations in the storage solution delay or
even prevent the leaching of K™ and OH ~ from the pore
fluid, thus maintaining a high solubility of ettringite. The
sulphate concentration of the pore fluid remains high. A
sulphate concentration gradient exists between the SO4° ~
incorporated within the lighter C-S-H gel and that in the pore
solution. The driving force for the release of sulphate from
the lighter C-S-H into the pore solution increases with this
difference, and thus this depends on the formation of ettrin-
gite which itself depends on the alkalinity of the pore fluid.

Studies of the outer C-S-H product (i.e., that formed in
space originally occupied by water as opposed to the inner
C-S-H gel formed in situ from the clinker grains [34]) of the
mortars described here show that, immediately after heating,
some of the sulphate that it contains is sorbed on the C-S-H
and that the rest is present in calcium monosulphoaluminate
intermixed with the C-S-H on a submicrometre scale
[13,30]. During the subsequent storage, the ettringite is
initially formed in intimate admixture with the outer
C-S-H gel from reaction between released sulphate and
calcium monosulphoaluminate. Such growth of ettringite
is likely to create crystallisation pressures because the
ettringite crystals (which are not observable by SEM due
to their small size — in the order of the fine outer C-S-H gel
porosity) form in a limited space under high supersaturation
levels. The calcium monosulphoaluminate is evenly distrib-
uted in the outer C-S-H gel and the paste expands, which
causes it to become detached from aggregates creating gaps
at the paste/aggregates interfaces. Thermodynamic consid-
erations support the paste expansion mechanism [35]. The

maximum pressure which can be exerted by crystal growth
increases with the degree of supersaturation and decreases
with increasing size of the pores in which the crystals grow.

The small ettringite crystals formed in the pores of the
outer C-S-H gel dissolve and recrystallise through Ostwald
ripening as larger ones in any larger spaces that are available
(gaps, cavities and cracks).

No direct correspondence exists between the amount of
ettringite semiquantified by XRD and the degree of expan-
sion because most of the ettringite detected by XRD consists
of the coarse ettringite observed in gaps, cavities and air
voids and not that formed in situ in the outer C-S-H which is
responsible for expansion.

5. Conclusions

« The experimental results presented here show that
immediately after heat-curing no ettringite is detected by
XRD but sulphate and aluminium enter calcium monosul-
phoaluminate and are also incorporated in the C-S-H gel.
Sulphate is probably sorbed in the C-S-H gel while most of
the aluminium in the C-S-H gel substitutes for Si.

« Sulphate is released from the C-S-H over time.

« Leaching of alkali hydroxide into the surrounding
storage solution increases the rate at which sulphate is lost
from the C-S-H.

« Limiting alkali hydroxide leaching therefore slows
down sulphate release from the C-S-H and also retards the
expansion process.

« These results lead to the conclusion that the mechanism
of the expansion process is considerably more complex than
acknowledged by many authors and cannot be ascribed
simply to the formation of ettringite at paste/aggregate
interfaces.

« They are consistent with a mechanism in which
expansion occurs in the paste due to the growth of sub-
micrometre ettringite crystals in situ in the outer C-S-H gel,
from calcium monosulphoaluminate already present in the
outer C-S-H gel and sorbed sulphate.
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