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a discussion on the relevance of the laboratory studies on heat-induced internal
ults presented here show that specimens of mortars conserved in frequently
r expand after 3 years and a half. The same specimens conserved in water that
t expand after more than 5 years of conservation. So, it seems that the appear-
is linked to the experimental conditions of the test. Moreover, the period before

ansion is very long. These results raise two important questions: may the labo-
r the prediction of the field DEF behaviour and, if so, what minimal duration
fication tests have to ensure the durability of the constructions faced with this
1. Introduction

In more than 10 years of research, numerous laboratory exper-
iments have been carried out to study heat-induced internal sul-
phate attack (still commonly referred as Delayed Ettringite
Formation or DEF) [1–11]. The main conclusions of this research
were summarized at the RILEM workshop on Internal Sulfate At-
tack and Delayed Ettringite Formation [12]. Most of the time, the
tests used in these studies are rather simple: samples of cement
paste, mortar or concrete are prepared and cured using a heat
treatment representative of the treatments used in the precast
industries or, more recently, representative of the heating of a mas-
sive piece of concrete. The samples are then conserved in a moist
environment or, more frequently, immersed in water without spe-
cific precautions. The length of the samples is also measured dur-
ing the time of the experiment and, if expansion appears,
observations using the SEM are made to verify that this expansion
is ascribable to the formation of delayed ettringite. The duration of
the tests found in the literature varies: from few months to close to
3 years (corresponding to the average duration of a Ph.D. thesis).
Lawrence [13] and Yang et al. [14] have presented results obtained
on four-year-old cement pastes but this duration of tests is rather
anecdotic, the average duration ranging around a year. However,
this manner of working has been criticised by many researchers,
including Taylor et al. [15] and Diamond [16].

This paper aims to open a discussion on the relevance of the lab-
oratory studies on heat-induced internal sulphate attack by sup-
x: +33 5 61 55 99 49.
rt).
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porting the reflections with the results obtained on specimens of
five-year-old mortars conserved in two conditions: continuously
in the same water or in deionised water renewed at each length
measurement.

2. Experimental procedure

The mortar specimens were prepared using an Ordinary Port-
land Cement (CEM I 52.5 R type) commonly employed in the pre-
cast industry (64.3% CaO, 19.2% SiO2, 5.1% Al2O3, 3.4% SO3, 2.9%
MgO, 2.5% Fe2O3, 0.7% K2O and 0.3% Na2O). The Blaine surface area
of the cement was equal to 4200 cm2/g. The siliceous aggregate
was a European sand meeting standard NF EN 196-1. The water/ce-
ment ratio was 3 and the sand/cement ratio was 0.5. Mortar prisms
(40 � 40 � 160 mm3) were prepared according to the NF EN 196-1
standard. After casting, the mortar specimens were cured using a
heat treatment that followed a cycle divided into four phases: a
pre-cure at 20 �C for 1 h, a temperature rise at 20 �C/h for 3 h, a
temperature plateau at 80 �C for 10 h and, finally, a natural return
to the ambient temperature of 20 �C over 11 h. The length of the
samples was measured during the time of the experiment and
some microscopic observations were carried out using a JEOL
6380 LV equipped with a backscattered electron (BSE) detector
and an energy dispersive X-ray analyzer.

The tests were carried out according to the conventional meth-
od described in Section 1 of this paper but two conditions of con-
servation were used. In the first case, the specimens were
conserved with other specimens of mortar in large tanks filled
with water. In the second case, the specimens were conserved
alone in a closed tank filled with deionised water that was
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Fig. 1. Length variations of the two mortars.

Fig. 2. Microscopic observation of mortar stored in renewed deionised water at
4 years (BSE, �400).
renewed at each length measurement, using the same Liquid to
Solid ratio of 1.5.
3. Results

Fig. 1 shows the average value of the expansion of three speci-
mens conserved in the two conditions described above.

The specimens conserved in the frequently renewed deionised
water began to expand after 3 years and a half. Then, the increase
of the expansion was fast and some cracks visible to the naked eye
Fig. 3. EDS analysis of the ettringite rim arou
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appeared after 4 years for an average expansion near to 0.23%. As
shown in Fig. 1, the samples conserved in non-renewed water with
other specimens of mortar had not expanded after more than
5 years.

Microscopic examinations were carried out using a Scanning
Electron Microscope to verify that the formation of delayed
ettringite was the cause of the expansion of the mortar. Fig. 2
shows a microscopic observation of a polished section of a mortar
stored in deionised renewed water for 4 years. On this picture, it is
possible to clearly recognize a delayed ettringite band at the paste/
aggregate interface and a crack filled with ettringite crossing the
paste. The Energy Dispersive X-ray Spectrometer (EDS) analysis
of the band around the aggregate confirms the presence of ettring-
ite (Fig. 3).

4. Discussion and conclusion

The results presented in this paper are in accordance with the
conclusions of Diamond on the relevance of the laboratory studies
on delayed ettringite formation to DEF in field concretes [16]. Dia-
mond, who draws his inferences from the works of Famy [3] and
Zhang [4], concludes that the immersion of the samples during
the laboratory tests strongly influences the appearance of DEF.
According to his thinking, the formation of delayed ettringite
would be triggered as a consequence of the leaching of alkali
hydroxide, accelerated in the case of the immersion of the samples.
The results presented in this paper support this hypothesis. In the
case of the immersion in renewed deionised water, the gradient of
concentration between the pore solution and the conservation
solution leads to significant leaching of the ions contained in the
pore solution and, in particular, of the alkalis. In the case of conser-
vation in non-renewed water with other samples of mortar, the
conservation solution quickly becomes saturated and the ionic ex-
changes between the mortar and the conservation solution are
stopped, which blocks the chain of the phenomena. Also, Diamond
concludes that such laboratory studies may not be applicable for
predicting DEF susceptibility of field concretes. This conclusion is
in part true for field concretes that are not immersed. But what
of concrete used for the construction of bridge piers immersed in
fresh water? In this case, the concrete is in contact with low-min-
eralized water that is perpetually renewed. So, it seems that the
relevance of the laboratory studies is also linked to the concrete
utilization scenarios.

The other question raised by the results of this study concerns
the necessary duration of the laboratory tests. If one considers
the real requirements of works supervisors in terms of structure
lifetimes, these are relatively clear: they ask for easily measurable
nd the paste/aggregate interface of Fig. 2.



thresholds to be established and obtained in the laboratory after a
reasonable time (1 year maximum). In the case of heat-induced
internal sulphate attack, this does not seem to be possible for the
moment. Indeed, the results presented in this paper show that, un-
der some favourable conditions, the expansion could begin after
more than 3 years of conservation. In such a case, how is it possible
to guarantee the durability of the cement-based materials faced
with this pathology for longer and longer construction lifetimes
(100 years for the latest European engineering works)?

To reach the objectives mentioned, solutions must be found
either by developing accelerated tests as was the case for the alkali
silica reaction or by using a model to simulate the evolution of this
pathology with time. In both cases, much remains to be done be-
fore we are able to provide highly reliable predictions of the behav-
iour of concrete structures faced with this pathology.
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