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Abstract

This paper presents the findings of a long-term study on the expansion rate and microstructure of heat cured cement mortars. For this
purpose, cements with different fineness and SO contents were produced by using the same clinker. Different mortar specimens were
prepared and subjected to heat curing. Length changes of specimens were measured within a period of 540 days. The microstructures
of young (2 day after heat curing) and old (1.5 years after heat curing) specimens were also investigated by SEM and EDS analysis.
The expansion rates and microstructures observed were compared with the control specimens.

Results showed that, at the initial stages of testing (2-3 months), expansion rates of heat cured mortars prepared with finer cements
were less than those prepared with coarser cements. However, in the long term, the rate of expansion of mortars prepared with finer
cements exceeded the coarser ones’ expansion values. This result may be attributed to the different hydration characteristics and pore

structure of heat cured mortars including cements of different fineness.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Delayed ettringite formation; Blaine fineness; SO3 content; Expansion; Early strength

1. Introduction

It is generally accepted that ettringite formation in fresh
mortar or concrete can be partly or completely destroyed
when exposed to temperatures over 70 °C. Subsequently,
ettringite may reform in the hardened state within a humid
environment. In parallel with this reformation, a general
expansion of the mortar or concrete is often observed. This
phenomenon is referred to as “delayed ettringite forma-
tion” (DEF) [1]. This destructive reaction occurs months
or years after placement in an environment where the con-
crete is frequently or continually exposed to moisture. It
should be noted that, researchers disagree on whether
DEF necessarily involves heat curing, that is, when con-
crete is steam cured or cast in hot weather [2].
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Investigators evaluated numerous factors believed to
influence the occurrence of DEF [2]. The evaluations
included examining Portland cement specimens that have
been produced with cements of different chemical composi-
tion [3-9] and have been subjected to various curing
regimes (time, temperature, and moisture conditions) [10—
12], have been designed with different aggregate types
[13-16], mineral additives [11,17] or have been treated with
different chemicals [7,10,18].

Application of heat curing is beneficial for fabrication of
precast products due to the accelerated strength develop-
ment of concrete. It should be noted that, to achieve high
early strengths, cement composition and physical charac-
teristics may also be manipulated. However, the cement
characteristics that promote the early strength, in particu-
lar high fineness, usually increases the DEF susceptibility
of heat cured mortars in case of high curing temperatures
and the presence of sufficient amounts of SO; and Al,O3
[19]. For example, DEF susceptibility of high early strength
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(ASTM Type III) cements can be attributed to their high
fineness [20].

In this study, cements with various fineness and SOj
contents were prepared from the same clinker and the
effects of these parameters on time dependent expansion,
and microstructural characteristics of heat cured and stan-
dard cured samples were investigated. In this respect, the
other important parameters related with DEF, such as
C3A, eq. alkali and C5S contents were kept almost constant
by using the same clinker.

2. Experimental
2.1. Materials

Nine cement samples with different fineness and SOj;
contents were prepared by using the same clinker. Clinker
and gypsum were grounded to desired fineness values by
using a Bond mill. Gypsum was added so as to produce
cements with 2.5% (L), 3.5% (M) and 4.5% (H) of SO;
content. The grinding times were arranged to obtain Blaine
fineness values of 300, 400 and 500 m?/kg, respectively. The
chemical analysis, physical properties and compound com-
positions of cements are presented in Tables 1 and 2.
Crushed limestone sand which was in conformity with
EN 12620 [21] standard was used. De-ionised water was
used in all mixes.

2.2. Mortar preparation and curing procedures

Mortars were prepared at a constant water/cement ratio
of 0.44 and sand/cement ratio of 2.5. Fresh mortars were
tested by using a flow table conforming ASTM C230 [22]
standard. The flow diameters of mortars were within the
range of 128-135 mm. Mortars were cast in 25X 25X
285 mm molds with stainless steel studs in their end faces.
Four prisms were prepared for each mortar mix. Half of
the specimens were standard cured in water at 20 °C. In
order to investigate the DEF potential, the other half of
the specimens were subjected to heat curing regime
described by Grabowski et al. [23]. After a pre-curing per-
iod of 2 h at 20 °C, the temperature was increased at a rate
of 25°C/h up to the required maximum temperature
(85 °C) which was maintained for 4 h. Cooling rate was
also 20 °C/h. All prisms were demolded after 24 h. The
method of Grabowski et al. [23] describes series of wetting
and drying periods after heat curing. After 3 days of wait-
ing period in de-ionised water, specimens were subjected to
three cycles of drying and wetting. Any procedure that
weakens the material will lower its ability to resist expan-
sion. Repeated heating and cooling may form microcracks
due to thermal stresses. This will favour DEF since water
will penetrate in more easily and it will also weaken the
paste-aggregate bonds [7]. The heat cycle described by
Grabowski et al. [23] has a primary role in initiating and

Table 1
The basic oxide compounds of cements (%)
Label CaO Si0, Al,O4 Fe,03 MgO Na,O K,0O SO, Free lime Loss on ignition Insoluble residue
L/300 63.76 20.22 5.25 2.72 2.40 0.40 1.07 2.45 1.04 1.23 0.21
M/300 63.40 19.88 5.03 2.70 2.35 0.40 1.06 3.52 0.92 1.64 0.15
H/300 62.42 19.54 5.15 2.70 2.35 0.40 1.04 445 1.07 1.92 0.27
L/400 63.58 20.25 5.26 2.75 2.39 0.40 1.07 243 0.94 1.36 0.19
M/400 62.78 19.76 5.28 2.70 2.40 0.40 1.05 3.53 1.04 1.72 0.32
H/400 62.45 19.34 4.80 2.66 2.23 0.40 1.03 445 1.01 2.19 0.12
L/500 63.81 20.24 5.17 2.75 2.34 0.40 1.08 2.53 1.27 1.40 0.16
M/500 63.05 19.86 5.21 2.72 2.37 0.40 1.06 3.43 1.04 1.67 0.11
H/500 62.09 19.32 5.19 2.66 2.36 0.40 1.02 4.51 1.25 2.03 0.10
Table 2
The Bogue major compounds and other properties
Label Cs5S (%) C5S (%) C3A (%) C4AF (%) SM* AMP LSF¢ Blaine SSA (m?/kg)
L/300 58.5 10.2 9.3 8.3 2.54 1.93 98.7 304
M/300 58.1 9.6 8.8 8.2 2.57 1.86 100.1 304
H/300 53.3 12.3 9.1 8.2 2.49 1.91 99.8 307
L/400 57.5 11.0 9.3 8.4 2.53 1.91 98.3 402
M/400 54.8 11.7 9.4 8.2 2.48 1.96 99.2 402
H/400 57.4 8.7 8.2 8.1 2.59 1.80 101.5 405
L/500 58.9 10.0 9.1 8.4 2.56 1.88 98.8 501
M/500 55.9 11.2 9.2 8.3 2.50 1.92 99.3 508
H/500 53.2 11.8 9.3 8.1 2.46 1.95 100.2 535

# Silicate modulus: %.

® Alumina modulus: £25%.

(I8 g : . CaO
Lime saturation factor: T50510, TTT8AL0; T065F60; < 100.
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accelerating the resulting expansion [10]. Finally, the spec-
imens were stored in water at 20 °C. Lengths of specimens
were measured for a period of 1.5 years. The results were
recorded as an average of two mortar bar specimens. In
addition to the mortar bar specimens, 50 mm mortar cube
specimens were prepared from each mix. After the first day,
mortar cubes were demolded and cured in water until the
day of testing. The 2, 7 and 28 days compressive strengths
were determined.

3. Results and discussion
3.1. Expansion rate—time relationship

In discussing the expansion results, it is obvious that a
consistent and easily recalled nomenclature is needed to

facilitate the comparisons. Accordingly, each mortar series
has been described by a three-component code designation:

the letter reflecting the curing history, as heat cured (H) or
standard cured (S), followed by the letter L, M, or H
reflecting SO;5 contents 2.5% low, 3.5% medium and 4.5%
high, and, finally, a third component of numbers designat-
ing the fineness of cements in m*/kg. For example, a mortar
bar prepared with a SOz content of 3.5% and SSA of
500 m*/kg subjected to heat curing is coded as: HM/500.
Figs. 1 and 2 provide the expansion vs. time data for the
standard cured and heat cured specimens. As can be
expected, mortars cured at 20 °C gave no significant expan-
sion while the 85 °C cured mortars expanded at different
rates as a function of time. Also, the expansion values after
540 days for heat cured specimens with low SO;3 content
and low fineness were lower than those with higher SO;
content and greater fineness. On the other hand, the highest
expansions were derived from the mortar bars prepared
with the highest SO; ratio (4.5%) in the order of HH/
500, HH/400 and HH/300, respectively. However, when
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Fig. 1. The expansion vs. time data for the standard cured specimens.
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Fig. 2. The expansion vs. time data for the heat cured specimens.
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Fig. 3. The expansion vs. time data for the heat cured specimens at 150 days.

expansion rates for the first two months are examined
(Fig. 3), it may be observed that the highest expansions
were measured in the reverse order of HH/300, HH/400
and HH/500, respectively. After the initial rapid expansion,
continued water storage gave further slow expansion rate
for the mortar bars prepared with coarser cements. It is
suggested that; for early ages, the coarser cement propa-
gated the expansion due to the rapid formation of ettringite
on the surface of unhydrated cement particles (the high
permeability of mortar at this stage supplies the water
needed for ettringite formation) and at later ages, the rate
of formation of ettringite tends to slow down due to the
difficulties of penetration of water into the deeper regions
of unhydrated cement. Inner regions of coarse unhydrated
cement slowly react with water and the initial pore struc-
tures of mortars prepared with coarser cement are more
porous which relieves most of the expansion.

In case of higher fineness, initial transport of moisture
was very low due to the relatively dense paste structure,
low porosity and fine-pored microstructure. However, the
slow penetration of water into the matrix phase in a long
period of time began to propagate the ettringite formation

0.25

when the conditions are ready (supersaturation of pore
water and matrix phase with water, SOz and Al,O; and
alkalis). This delayed reaction results in a quick and delete-
rious expansion. Both the expansion measurements and
SEM investigations (to be discussed in the subsequent
section) confirmed these results.

3.2. Expansion rate—fineness—SOj3 content relationship

Both the chemical composition and fineness are impor-
tant factors affecting the DEF related expansion. Lawrence
[5] studied the expansion behavior of 55 Portland cements
of different chemical composition and SSA subjected to
heat curing. The correlation coefficients between expansion
and SSA were quite low due to the difference between
chemical compositions.

Figs. 4 and 5 show the dependence of the early age
expansion (90 days) and ultimate expansion (540 days) of
mortars cured at 85 °C on the SO content and the specific
surface area of cement prepared. Note that, standard cured
mortars (Fig. 1) with the same cements showed no expan-
sion at 540 days. From Fig. 5, it can be seen that for all SO3
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Fig. 4. Relationship of early age expansion values (90 days) of mortars cured at 85 °C on the SOz content and the specific surface area of cement.
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Fig. 5. Relationship of the ultimate expansion values (540 days) of mortars cured at 85 °C on the SO; content and the specific surface area of cement.

ratios, where ultimate expansion takes place, an increase in
the specific surface area gives an increase in ultimate expan-
sion (Fig. 5). However, in the short term, the effect of spe-
cific surface area is not significant (Fig. 4).

High SO;5 and C3A content in cement and the increase of
the molar ratio of SO5; to Al,O5; have been considered to be
the important compositional factors in DEF susceptibility
of cements [8,19,24-28]. However, later research carried
out by different researchers under different experimental
conditions did not find this increasing tendency to progres-
sively higher expansions with increased or SO3/Al,O3
molar ratios. They found that expansion values were high-
est for specimens made from cements in which this ratio
was close to a pessimum value. Cements with molar ratios
higher than this showed reduced expansion levels [23,7].
The presence of pessima depends on the formation mecha-
nism of ettringite. If ettringite forms in such a way as to
cause expansion, there are various pessima. If there is too
much SOj;, ettringite and not monosulfate will be present
at the end of the heat treatment. If there is no Al,Os, there
can again be no ettringite, and if there is too much, mono-
sulfate and not ettringite will be present after storage. The
pessimum SO; is likely to increase with the content of
Al,O3, which produces a pessimum in the SO3/Al,O; ratio.
Some researchers were also reported that there may be a
pessimum but it cannot be generalized to all cements or
curing cycles [7].

While SOs/Al,O; molar ratio is indeed an important
compositional factor in predicting the extent of DEF-
induced expansion, other compositional factors may inter-
vene and limit or prevent expansion even if the SO3/Al,05
molar ratio is in the expansive range [24]. Thus, they
concluded that, such compositional factors may include
the actual SOj3 content, the C5A content (a separate consid-
eration from the Al,O3 content since in different cements,
varying proportions of the Al,O; are tied up as C4AF)
and especially the cement alkali content. They finally pro-
posed a “DEF index,” which is a joint function of the
SO3/Al,03; molar ratio and two other components that
relate to expansive potential. One of these is the combined

content of SOz and C;3A in the cement. Clearly, even if the
ratio of SO3 to Al,O; is in the right range, if little SO; is in
fact present, or if much of the Al,O; is tied up as C4AF,
only little ettringite is likely to be formed. Zhang et al.
[24] also noted that, although the fineness of the cement
also played an important role, the effect of fineness was spe-
cifically excluded in their study. The DEF index proposed
is defined by the following equation:

DEF index = (SO5/ALOs)_ x [(SO; + C3A),,/10]

« \/NazOrg (1)

where (SO3/Al,03)y, is the molar ratio of SO5 to Al,Os of
the cement; (SO3 + C3A),, is the combined weight percent-
age of SO3 and Bogue-calculated C;A in the cement; and
/Nay,O is the square root of the weight percentage of
NayOcq in the cement.

Zhang et al. [24] showed that, the heat cured mortars
made from two of the six “oversulfated” cements failed
to expand. Of these, one had an extremely low alkali con-
tent, the other an extremely low C3A content. Presumably,
high alkali contents and appreciable C5A contents are also
required for the development of DEF. A more comprehen-
sive study on predicting the possible expansion from the
chemical composition and fineness was carried out by
Kelham [19]. The expansion at 90 °C is defined by the
following equation:

Expansion at 90 °C = 0.00474 x SSA + 0.0768
x MgO + 0.217 x G;A
+0.0942 x C5S
+ 1.267Na,0 — 0.737
x abs(SO; — 3.7 — 1.02
x NayOgq) — 10.1 (2)

The SO3/ALO; and (SO5)*/AlL,05 ratios of the cements
produced in this study and the 540 days of expansion of
mortars prepared with these cements are listed in Table
3. The Al,O; ratios of all cements were approximately
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Table 3

The SO;/ALO; and (SO;)*/AlL0; ratios of cements employed and

540 days expansions of heat cured mortars prepared in this study

Sample Expansions at S05/AlLL,04 (SO3)Y/ALO,
number 540 days (%)

HL/300 0.056 0.47 1.14
HM/300 0.082 0.70 2.46
HH/300 0.362 0.86 3.85
HL/400 0.066 0.46 1.12
HM/400 0.273 0.67 2.36
HH/400 0.675 0.93 4.13
HL/500 0.077 0.49 1.24
HM/500 0.470 0.66 2.26
HH/500 1.220 0.87 3.92
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constant and the SO3/Al,O5 and (SO3)*/Al,05 ratios in-
crease with SO5; content. In the literature, molar ratios of
SO3/Al,03 between 0.85 and 1.4 fall into expansive range
[24], while the critical value was found as 2 for the expres-
sion of (SO3)?/Al,05 [19]. The 540 days expansion values
confirmed that both the SOs/ALO; and (SO;)*/ALO;
ratios are not sufficient to advocate an independent rela-
tionship between these ratios and expansion. For example,
while the SO3/AL,05 and (SO3)*/Al,0; ratios were approx-
imately the same for HH/300, HH/400 and HH/500 series,
the expansion values measured were quite different. The
HH/500 samples expanded three times more than HH/
300 mortars.

DEF indices according to Zhang et al.’s [24] equation
and expansion at 90°C (in this study very similar —
85 °C) according to Kelham’s equation [19] were calculated
with the cements used in this study. The measured expan-
sions were plotted in Fig. 6(a) and (b), respectively. It
was realized that due to the absence of fineness factor in
DEF index proposed by Zhang, the correlation coefficient
of the relationship with the measured expansions were
lower when compared with correlation between Kelham
expansion. Kelham expansions measured were usually
negative which indicates shrinkage. However, all measured
values indicate expansion.

It should be noted that, the temperature of heat cure is
also critical. Yang and Sharp [27,28] in their comprehen-
sive study found that ettringite present in mortars immedi-
ately after a short term cure at 60 °C, subsequently convert
to monosulfate at 85 °C and hydrogarnet at above 85 °C. If
hydrogarnet is formed, it is stable to subsequent sulfate
attack, but increases the SO3/Al,O5 ratio in the pore water
to favour DEF.

All the above mentioned comparison efforts have
revealed that, it is possible to predict the expansion rate
and amount for a given heat curing temperature of a
mortar prepared with a cement having specific chemical
composition and fineness. However, the relation cannot
be generalized for other cements. Only expansion potential
can be predicted. It can be concluded that, if the predicted
expansions according to Kelham’s [19] equation are posi-
tive, mortars prepared with these cements may be regarded
as potentially expansive.
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Fig. 6. The 540 days measured expansions vs. (a) DEF index [24], (b)
Kelham [19] expansion (%) of heat cured mortars.

3.3. Relationship between expansion and early strength

Increasing the fineness significantly increased the early
strengths as expected. The main factors which have been
identified as increasing expansions [SSA, alkali, SOz (up
to optimum value) and C3A] are also recognized as factors
which increase early strengths [12,19]. Figs. 7 and 8 show
the early age (90 days) and long term (540 days) expansion
data of heat cured mortars at 85 °C plotted against 2 days
mortar strength cured at 20 °C. From the figures it can be
said that, increasing the fineness of cement or decreasing
the content of SO; tended to increase early strength. The
former is valid. In general, increase in SOj; content,
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Fig. 7. The effect of fineness and SO; content on the relationship between
early age strength and expansion at 90 days.
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Fig. 8. The effect of fineness and SO; content on the relationship between
early age strength and expansion at 540 days.

increases the early age strength up to an optimum value.
However, in this study, increase in SO; content decreased
the 2 days compressive strengths. This unexpected result
can be attributed to the lower optimum SO; content of
the cements prepared. On the contrary, the 28 days com-
pressive strengths were higher for mortars prepared with
cements of high SO; content at the same fineness (Fig. 9).

The mechanism of relationship between early strength
and expansion can be explained as follows: during the early
hydration of cement at ordinary temperatures substantial
amounts of ettringite can be formed. Due to the plastic
nature of fresh paste, the hazardous effect of expansion is
eliminated. However, in case of DEF, the material has
hardened before the ettringite formation begins. Expansion
also depends on the characteristics of the pore space. At
initial period of DEF, ettringite deposited in freely avail-
able space and does not contribute expansion. For this
reason, the amount of ettringite formed may not indicate
any expansion at this period. The length of this period
depends on the pore structure and permeability of mortar.
A given amount of ettringite will produce more expansion
if the pores in which it is deposited are small and poorly
connected then if they are large and more highly connected.
In other words, lower permeability may increase the long
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Fig. 9. Compressive strength development of standard cured mortars.

term susceptibility of heat cured mortars to DEF. So,
one would expect the expansion from DEF to increase with
the degree of hydration at the end of the heat treatment,
since this decreases the volume, size, and connectivity of
the capillary pores. The degree of hydration also correlates
with the compressive strengths. One would therefore expect
that increasing fineness both increase the early strength and
ultimate expansion from DEF.

4. Microstructural investigations
4.1. Sample preparation

For all cement types, prismatic specimens of 50 x 50 x
25 mm were prepared and the same curing process was
applied. SEM specimens were prepared by fracturing the
specimens. The fractured surfaces are perfect for showing
crystals of DEF in paste, voids or aggregate paste inter-
faces [29]. Fractured surfaces will also expose the weakest
sections, the most affected areas from any kind of deterio-
ration. Specimens were dried in an oven at 50 °C for 1 day
before vacuuming and gold coating. In order to investigate
the morphology of fractured surfaces in three dimensions,
the electron micrographs were obtained by using low-
energy secondary electrons (SE). A beam of electrons with
an accelerating voltage of 20 kV was applied. Additionally,
the EDS spectrums of specific points notated on the micro-
graphs were analyzed (Figs. 10-12).

4.2. SEM analysis of heat cured and standard
cured mortars

For SEM investigations, specimens were selected from
the heat cured mortars of highest fineness with highest
SO; content (HH/500: 1.22% at 540 days) and the lowest
fineness with highest SO; content (HH/300: 0.36% at
540 days). Additionally, for comparison purpose, standard
cured mortars of the same cements were also investigated
(SH/500 and SH/300, respectively). All mortars were stud-
ied at early age (2 days) and at 540 days of hydration. The
notation was an addition of Y (young) for early age and O
(old) for later age investigations.

4.2.1. SEM studies of HHI/500-Y mortar

Heat curing has an important influence on the stability
of ettringite during hydration at high temperatures. The
rapid formation of C-S-H due to heat curing reduces
ettringite stability by acting as a sink for aluminate
(through substitution of silicate) and for sulfate (through
adsorption) [7,19]. On the other hand, due to higher stabil-
ity of monosulfate at higher temperatures ettringite decom-
poses and monosulfate begins to form. Microstructural
investigations of HH/500-Y mortar have shown that, nor-
mal finely divided ettringite within the paste microstructure
was largely destroyed during heat cure. High amounts of
monosulfate formation were observed on the matrix phase
of cracked surface of mortar (Fig. 10). The EDS analysis of
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Fig. 10. (a) Micrograph of monosulfate formation in young HH/500
mortar 2 days after heat curing, (b) EDS spectrum of the notated
rectangular in (a).

notated rectangular on Fig. 10 confirmed that these forma-
tions were either monosulfate or monosulfate-like materi-
als with Si peak in their EDS spectra. Note that, some Si
may form in EDS spectra. This may be due to the fact that
monosulfate crystals form perpendicular to the cracked
surface and the secondary electrons collected may be
reflected from the bottom which includes some Si element.
The selection of EDS was due to the hardness of detection
of monosulfate in XRD pattern [30-33]. Due to the amor-
phous, poorly-crystalline structure of monosulfate the
XRD data do not exhibit very strong diffraction peaks
[31]. Dehydration or relative humidity during powder prep-
aration also create many problems with identification of
monosulfate peaks (confusion with ettringite) [32].

4.2.2. SEM studies of HH/500-O mortar

Severe cracking and prominent delayed ettringite forma-
tion (DEF)-induced expansions were observed in HH/500-
O mortar bars. As expected, when compared with HH/500-
Y (the same mortar at 2 days) no monosulfate was
detected. Due to the instability of monosulfate at room

Fig. 11. Micrographs of HH/500-O mortar. (a) The ball type ettringite
formation in large pores of HH/500-O mortar, (b) a close look to the
rounded ettringite clusters generating ball ettringite, (c) EDS spectrum of
the ball ettringite (notated rectangular in (b)).

temperature, decomposition takes place and the delayed
formation of ettringite in aged concrete typically was
detected both in pores and matrix phase. Additionally,
large amounts of sulfate and aluminate may slowly release
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Fig. 12. Micrographs of HH/500-O mortar. (I) shows an air void
containing balls of ettringite, which look as if they are composed of a
jumble of fine needles, (I1I) shows a sand grain surrounded with an massive
ettringite deposit, (III) massive deposits of ettringite can also be seen in
very small air voids, (IV) EDS spectra of massive ettringite taken from (I)
(region notated with rectangular).

from C-S-H; which is the result of significant increase of
ettringite content [3,12]. In particular most of the large
pores were completely or partially filled with rounded clus-
ters of ettringite (Fig. 11(a) and (b)). The EDS spectrum of
ball type ettringite is given in Fig. 11(c).

The expansion associated with the formation of a given
amount of ettringite is influenced by the microstructure of

the material. Ettringite in aged concrete typically forms in
air and water voids, cracks and aggregate-paste interfaces.
Ettringite morphology is directly dependent to the micro-
structure of paste phase. There are two types of ettringites
with different morphologies identified in SEM analysis of
HH/500-O mortar: ball type and massive ettringite.
According to the place of formation, identified ettringites
can be divided into three groups:

1. The occurrence of air voids containing “balls” of
ettringite, which look as if they are composed of a jum-
ble of fine needles (Fig. 12(I)). It is suggested that this
ettringite was formed by a through-solution mechanism
in which critical components are first made soluble and
then reprecipitated [2]. It should be noted that the size of
these pores is an important factor determining the
ettringite formation mechanism. SEM observations
revealed that in particular air voids whose diameter is
greater than 100 um usually contain ettringites of ball
type morphology. Interestingly, Yan et al. [30] observed
ettringite clusters on the fractured surface of dense
paste.

2. Ettringite also can occur in fairly massive deposits on
aggregates, such as sand grains or on matrix phase
[34]. SEM micrographs showed individual sand grains
containing ‘“‘deposits” of massive ettringite needles
(Fig. 12(II)). This type of occurrence seems to indicate
that the ettringite was formed by a topochemical or
solid-state reaction (that is, the ettringite formed in place
on the sand grains) [2]. Collepardi [35] defines the
massive ettringite as a gel-like mass in the cracks of
the damaged structures.

3. Massive deposits of ettringite can also be seen in very
small air voids, <100 pm (Fig. 12(III)).

Ettringite with “massive’” morphology seems to form in
narrow spaces, such as aggregate-paste interfaces, matrix
phase or small pores; on the other hand ““ball” type ettring-
ite can form in large air voids.

Fig. 12(IV) shows the EDS spectra of massive ettringite
taken from Fig. 12(II) (region notated with a rectangle).
There was a difference between the EDS spectra of massive
ettringite and ball ettringite from the view point of S con-
tent. The sulfur content of massive ettringite was much
higher than that of ball ettringite. This may be due to the
different ages of these ettringite formations. The older
one seems to be massive ettringite and it captures more
sulfur into its structure.

As previously mentioned by Yang and Sharp [27],
ettringite crystals of identical composition and similar mor-
phology may sometimes cause expansion and sometimes
not, depending on the microstructure into which they are
deposited [27,28].

From the microstructural point of view, two main
hypotheses tries to explain the mechanism of expansion.
One view is that; expansion is caused by the growth of
the relatively large crystals that form at aggregate
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interfaces and elsewhere. The other is that is caused, or at
least begins, with the growth of the much smaller crystals
formed within the paste [7]. Both assumptions are valid,
however, the magnitude of expansion depends on the
ettringite saturation of the related regions which is a time
dependent phenomena. In particular, matrix phase related
expansion seems to start first due to the insufficient avail-
able space to fill. On the other hand, air void (in particular
the coarser ones) related expansion seems to cause delayed
expansion. This confirms the expansion reducing effect of
pores as a safe field of ettringite formation without causing
expansion. In this respect, cement fineness plays an impor-
tant role both in reducing the pore size and increasing the
reaction rate of DEF related cement compounds.

4.2.3. SEM studies of HH/300-Y mortar

Microstructural investigations of HH/300-Y mortar
revealed that, monosulfate formation was rarely detected
on the matrix phase of cracked surface. An example of
monosulfate formation is given in micrograph in Fig. 13.
When compared with HH/500-Y, significantly lower
amounts of monosulfate formed which may be attributed
to the fineness of H/300 cement. The entrapped C;A in
the unhydrated core of coarse cement seems to delay the
reaction between SO; and reduce the amount of calcium
sulfo aluminate phases present.

4.2.4. SEM studies of HH/300-0 mortar

The 540 days expansion value of HH/300 mortar bar
was 0.36%. The representative micrographs of HH/300-O
mortar are given in Fig. 14. The pores were occasionally
filled with materials like ball ettringite (Fig. 14(a)), however
the EDS analysis confirmed that these formations were not
ettringite. They were identified as CH particles. On the
other hand, some evidence of massive ettringite formation
was detected in the matrix phase (Fig. 14(b)). When com-
pared with HH/500-O, the amount of massive ettringite

Fig. 13. Micrograph of HH/300-Y mortar (monosulfate formation at
early age).

Fig. 14. Micrographs of HH/300-O mortar (pores-matrix phase).

was lower. The ettringite formation responsible for expan-
sion seems to be related with matrix phase massive ettringite
rather than ball ettringite in pores. Investigations have
revealed that, due to the reduction in fineness, the forma-
tion of ettringite in pores was slowed, most of the ettringite
forms in matrix phase. The coarse nature of cement tends to
reduce the leaching and penetration of sulfate to the avail-
able space (air voids, matrix, aggregate-paste interface).

In order to study the influence of fineness on the size of
ettringite crystals, comparative investigations were con-
ducted on HH/500-O and HH/300-O samples. However,
no significant difference was observed between the sizes
of ettringite crystals as a function of fineness.

4.2.5. SEM analyses of standard cured mortars

As previously mentioned, no significant expansion was
derived from standard cured mortars. For comparison pur-
pose SH/300 and SH/500 mortars were investigated. The
540 days expansion of SL/300 and SH/500 mortar bars
were 0.0105% and 0.0040%, respectively. Despite their high
SO; contents, no expansion or other visible indication of
distress was observed for any of the continuously stan-
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Fig. 15. An empty pore of fractured specimens of SH/500-O. (After
standard curing of 540 days.)

dard-cured mortars. From SEM investigations, it can be
said that specimens were sound and no detectable ettringite
formation of cracking was observed both in cement-aggre-
gate interface or matrix phase. Pores were empty or small
amounts of Ca(OH), crystals present (Fig. 15).

5. Conclusions

1. Fineness of cement significantly affects the expansion
rate of heat cured mortars that are susceptible to
DEF. For early ages, lower fineness of cement propa-
gated the expansion due to the rapid formation of
ettringite on the surface of unhydrated cement particles
with high permeability. At later ages, the rate of forma-
tion of ettringite tends to slow down due to the difficul-
ties of penetration of water into the deeper regions of
unhydrated cement. Inner regions of coarse unhydrated
cement will slowly react with water and the initial pore
structure of mortars prepared with coarser cement will
be more porous which relieves most of the expansion.
In case of higher fineness, initial transport of moisture
was very low due to the dense paste structure, low
porosity and fine-pored microstructure. However, the
slow penetration of water into matrix phase in a long
period of time began to propagate the ettringite forma-
tion when the conditions are available (supersaturation
of pore water and matrix phase with water, SO; and
Al,O3 and alkalis). This delayed reaction results in a
quick and deleterious expansion. Both the expansion
measurements and SEM investigations confirmed these
results.

2. It is possible to predict the expansion rate and amount
for a given heat curing temperature of a mortar pre-
pared with a cement of specific chemical composition
and fineness. However, the relation may not be general-
ized for other cements. Only expansion potential for a
given curing regime can be predicted.

3. The SO; content and SSA of cement should be limited in
order to reduce the expansion risk of DEF related dam-
age for heat treated concrete production.

4. There are two types of ettringites with different mor-
phologies identified in SEM analysis of HH/500-O mor-
tar: ball type and massive ettringite. The main difference
between the ball type and massive ettringite was the sul-
fur content derived from EDS analysis, which was sig-
nificantly higher for massive ones.

5. Relationships between expansion and DEF related
chemical and physical parameters are more valid for
long term expansions. This may be due to the pore struc-
ture of specimens. It seems that, in the long term, pores
saturate with ettringite and the relations of ettringite
formation and expansion becomes more valid. However,
it should be noted that, this is valid for only saturated
mortars still have a potential to produce ettringite (in
particular the cements with highest SO; and fineness).

6. No expansions or other symptoms of damage were devel-
oped in mortars that were kept in standard curing condi-
tions even prepared with fine cements at high SOj; ratios.
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