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The resistance of class C fly ash belite cement (FABC-2-W) to concentrated sodium sulphate salts associated
with low level wastes (LLW) and medium level wastes (MLW) is discussed. This study was carried out
according to the Koch and Steinegger methodology by testing the flexural strength of mortars immersed
in simulated radioactive liquid waste rich in sulphate (48 000 ppm) and demineralised water (used as a
reference), at 20°C and 40°C over a period of 180 days. The reaction mechanisms of sulphate ion with
the mortar was carried out through a microstructure study, which included the use of Scanning electron

;i,{‘;v:}:ds;“te cement microscopy (SEM), porosity and pore-size distribution and X-ray diffraction (XRD). The results showed
Durability that the FABC mortar was stable against simulated sulphate radioactive liquid waste (SSRLW) attack at
Sulphate waste the two chosen temperatures. The enhancement of mechanical properties was a result of the formation
Microstructure of non-expansive ettringite inside the pores and an alkaline activation of the hydraulic activity of cement

promoted by the ingress of sulphate. Accordingly, the microstructure was strongly refined.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

There are many important factors that negatively affect the
stability of Portland cements against expansive reactions like the
alkali-silica reaction (ASR); the sulphate attack, where destructive
ettringite and/or gypsum s formed or can alter bentonite. Bentonite
is typically used as a potential geological barrier for underground
high-level waste (HLW) repositories. Such problematic elements
include the high pH of the pore solution together with the port-
landite (Ca(OH), ) content and the high heat of hydration of Portland
cement.

It is well known that adding compounds with pozzolanic prop-
erties to Portland cement, such as fly ash (FA), blastfurnace slag
(BFS), silica fume (SF) or metakaolin (MK), can reduce the afore-
mentioned undesirable properties [1-22]. These improvements
in cement quality can be attributed to the dense microstructure
promoted by the pozzolanic reaction. This reaction considerably
reduces the aggressive ingress of the surrounding environment by
means of interconnected pore channels. In addition the dilution
effect, the pozzolanic reaction decreases the alkalinity levels of the
hydrated Portland cement pore solution, the Ca(OH), content and
the heat liberated during hydration.
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Radioactive liquid wastes (RLW) contain high levels of concen-
trated dissolved salts, such as sodium sulphate, due to the high
volume of RLW that has to be reduced by means of an evaporation
process. During evaporation, water is removed and the different
salts are concentrated, giving rise to the “evaporator concentrates”,
which are referred to as simulated radioactive liquid wastes (SRLW)
in this study.

Due to the advantages of pozzolanic additions, a pozzolanic
Spanish cement (type IV), which is a mixture of Portland clinker
(55%), pozzolanic fly ash (ASTM class F) (40%) and calcite filler
(5%) has been chosen to make a backfilling mortar. This type of
mortar is used in Spain to ensure the immobilization of the radioac-
tive cemented matrices inside concrete containers. Past durability
investigations carried out in this laboratory revealed the good
behaviour of this pozzolanic cement mortar in SRLW, which was
very rich in sulphate [23-28]. It was found that the ingress of sul-
phate into the microstructure activated the pozzolanic reaction,
which promoted a denser microstructure [28].

This work is part of an extensive investigation on the develop-
ment of belite cements of low energy. These cements are being
synthesised in this laboratory by using as secondary raw material
different kinds of fly ash from coal combustion [29-34]. Apart from
the environmental advantages attributed to the reduction in energy
consumption, CO, emissions and natural raw materials consump-
tion, fly ash belite cements (FABC) have potential applications in
the immobilization of SRLW [34].

First, these cements have a slow hydration rate, which gradually
releases heat and prevents retraction; second, the pH of the pore
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Table 1
Chemical composition of the starting fly ash (FA-2) and belite cement (FABC-2-W) (% by weight)
LOI? Ca0O SiO, (total) Fe, 05 Al,03 MgO SO; Na,O K,0 Si0; (reactive)P BET (m?/gr)
FA-2 4.0 32.0 328 4.2 193 2.2 2.8 0.44 1.6 25.2 3
FABC-2W 14 48.3 28.7 23 15.2 14 1.7 0.25 0.5 28.6 6.4

2 LOI=loss on ignition.
b Silica reactive according to Spanish standard UNE-80-224.
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Fig. 1. X-ray diffraction patterns of the starting fly ash (FA-2) and anhydrous cement (FABC-2-W).

solution is lower than that of Portland cement. Finally, during its
hydration, no Ca(OH), is produced.

In the present work, the resistance of class C fly ash belite
cement (FABC-2-W) to highly concentrated sodium sulphate salts
that accompanied the low (LLW) and medium (MLW) level wastes
is discussed. This study was carried out, according to the Koch and
Steinegger methodology [35], by testing the flexural strength of
mortars immersed in both the simulated radioactive liquid waste
that is rich in sulphate (48000 ppm) and demineralised water
(used as a reference). These experiments were carried out at 20°C
and 40°C during a period of 180 days. A microstructure study
of the reaction mechanisms of both sulphate and sodium ions
together with the mortar was accomplished with scanning electron
microscopy (SEM), porosity and pore-size distribution and X-ray
diffraction (XRD).

2. Experimental

The FABC-2-W was synthesised through the hydrothermal-
calcination reaction using fly ash class C, from coal combustion,
as a secondary raw material. Details of the synthesis and fly
ash can be consulted in [31]. The chemical compositions of the
anhydrous cement and starting fly ash, as measured by UNE 80-
215-88 or EN 196-2, are listed in Table 1; the phase constitution
(XRD) is shown in Fig. 1. The FA-2 is in accordance with the
requirements of ASTM Class C and the EN-UNE 450 specifications
(Si0, + Al, 05 + Fe; 03 contents lower than 70%, a high CaO content,
and a Ca0/SiO, molar ratio of 1). The mineralogical composition
of the FA-2 is given in Fig. 1(a). The crystalline compounds include
free lime (Ca0), anhydrite (CaSOg4), quartz (SiO; ), hematite (Fe,03),
magnetite (Fe304) and mullite (A3S,) (AlgSi;O13). An amorphous
halo appeared between the 15 and 35 26 angular zone, which
corresponds to the glassy component of fly ash. In the case of
anhydrous FABC-2-W (Fig. 1(b)), broad reflections appeared in the
32-33 26 angular zone, which corresponds to the o’ -C;S (Ca;Si04)
belite variety with poor crystallinity; gehlenite (C; AS) (CayAl,SiO7),
traces of mayenite (C13A7) (CaAl14033) and calcite (Cc) (CaCO3)
were also detected.

The FABC-2-W cement mortar was prepared with sand (a-
quartz) with a cement ratio of 3 and a deionised water to cement
ratio of 0.65. For workability reasons, an organic additive (com-
mercial name “Rheobuild-1000” Degussa Construction Chemicals,
Barcelona, Spain) was introduced in a proportion of 2% (by weight
of cement). After mixing, different portions were moulded into
1cm x 1cm x 6 cm prismatic specimens and compacted by vibra-
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Fig. 2. Flexural strength and corrosion index (Rf' /Rf) of mortar samples versus time,
Rf = strength after immersion in the SSRLW; Rf = strength after immersion in water.
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Fig. 3. XRD patterns of mortar samples after 180 days of immersion in de-ionized water and simulated sulphated radioactive liquid waste (SSRLW) at the temperatures of

20°Cand 40°C.

tion. After 2 days at 100% relative humidity (R.H.), samples were
demoulded and cured by immersion in demineralised water at
40°C for 7 days. The volume of water was 100 mL per six samples.
After this curing period, groups of six samples were immersed and
suspended in the SSRLW (concentration of sulphate =48 000 ppm).
These samples were stored in sealed plastic bottles at 20°C and
40°C for periods of 1, 7, 14, 28, 90 and 180 days. The volume of
SSRLW was 800 mL per 6 samples. Similar groups of six samples
were stored at two temperatures in demineralised water (used as
a reference).

X-ray diffraction patterns were recorded with a Philips PW-1730
diffractometer, which used a graphite monochromator and Cu Koty
radiation. Porosity and pore-size distribution were investigated by
mercury intrusion porosimetry carried out with a Micromeritics
Auto Pore IV 9500 v1.05. SEM analysis was performed using a
JEOL JSM 5400 microscope (JEOL Ltd., Tokyo, Japan) equipped with
an Oxford ISIS model EDX spectroscopy module (Oxford Univer-
sity, Oxford, UK). Sputtering was used to cover the samples with
carbon.

The pH of the pore solutions was estimated by dissolving 1 g of
powdered sample in 4 mL of demineralised water. The mixture was
maintained for 1 day at ambient temperature, after which time the
solid was filtered and the liquid was analysed. The pH was measured
with a combined electrode for the pH range 0-14.

3. Results and discussion

Fig. 2 shows the changes in flexural strength caused by the
immersion of FABC-2-W cement mortars in demineralised water
and in SSRLW solution at the two temperatures considered (20°C
and 40 °C). Each value represents the average of six measurements,
and the bars represent the standard deviation of the mean values.
Time 0 in the figures correspond to samples cured for 7 days at 40 °C
in water before starting the potential attack.

When mortars are immersed in water at 20 °C, flexural strength
values are quite similar and almost do not change throughout the
experiment. At 40 °C, the flexural strength values slightly increase
up to 90 days, and thereafter decrease considerably.

The mechanical strength of mortars immersed in the SSRLIW
solution increased with time according to a double logarithmic
function. This effect was more marked at 40 °C, where the increase
in strength (slope of the equation) was nearly two times higher
with respect to that of 20°C. The decrease observed after 90 days
of immersion was not as strong as that observed in water.

The Koch-Steinegger test [35] is the criterion to classify a
material as resistant or durable in a specific aggressive medium.
According to this test, the corrosion index (relative strength of
aggressive solution-stored (Fs’) samples to water-stored ones (Fs))
must be higher than 0.7. As shown in Fig. 2, the corrosion index val-

=t

Fig. 4. SEM images of ettringite needles growing inside the pores of mortar samples after 180 days of immersion in simulated sulphated radioactive liquid waste (SSRLW).
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Fig. 5. Changes of the pH of the simulated pore solution of mortars after 180 days
of immersion in de-ionized water and simulated sulfate radioactive liquid waste
(SSRLW) at the temperatures of 20°C and 40°C.

ues increased with time according to a double logarithmic function
with a slope about two times higher at 40 °C. This result suggests
that the FABC-2-W can be classified as durable or resistant to the
SSRLW attack, during the period of time and experimental condi-
tions studied.

The enhancement of mechanical behaviour is related to
the microstructure changes. These changes can be produced
by the diffusion of sodium and sulphate ions into the mor-
tars and precipitation of new compounds, mainly of ettringite
type (3Ca0-Al,03-3CaS04-32H,0 (AF;)), within pores as observed
through XRD (Fig. 3) and SEM analyses (Fig. 4). This precipita-
tion process decreased the porosity, causing a higher mechanical
strength of the mortars. Another process, which could influence the
mechanical behaviour of the belite mortars that were immersed
in the SSRLW, would be an activation of the hydraulic activity of
belite cement caused by the ingress of sodium and sulphate ions.
This ingress increases the pH of the pore solution, as can be seen
in Fig. 5. This increase may be a result of the ettringite formation
reaction from the AFm phases, whose XRD peaks disappeared when
the belite mortars were immersed in the SSRLW (compared Fig. 3(a)
and (b) with (c) and (d)). The reaction mechanism for the formation
of ettringite is hypothesised as follows:

3(Cas [A(OH)s]> SO4.10H,0)

Dissolution

12Ca%" + 6 [AI(OH)] + 38047 + 120H" + 10H,0

6 Na* + 350, from SSRLW solution

v

2(Cag [AOH)s]2 (SO4)3.26 H,0) + BNaOH + 2AI(OH)s

The increase of pH would activate the hydraulic activity of belite
cement, which is in agreement with the lower intensity of the main
XRD peak of the anhydrous /L C5S (at 32 (26 angular zone)) in the
mortars immersed in SSRLW solution (see Fig. 3(c) and (d)).

Similar results were found in [1,2], and in the case of a
pozzolanic-cement mortar (employed in Spain to ensure the immo-
bilisation of the radioactive cemented matrices inside concrete
containers), the ingress of sodium and sulphate towards the
porous microstructure activated the pozzolanic reaction [25,28].
Accordingly, the porosity was strongly refined and the mechanical
properties were enhanced.
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Fig. 6. Pore-size distribution curves of mortars samples after 180 days of immersion
in de-ionized water and simulated sulfate radioactive liquid waste (SSRLW) at the
temperatures of 20°C and 40°C.

Both processes, the formation of ettringite within pores and
the subsequent alkaline activation of belite cement, provoked a
refinement of the porous microstructure as can be seen in Fig. 6.
In this case, the porosities of the belite mortars, after 180 days
of immersion in the SSRLW solution, decreased and the pore-size
distribution shifted to lower pore-diameter values with respect to
those immersed in water for the same time. For samples immersed
in water at 40 °C resulted in an increase in amount of pore through
arange of 0.1-1 wm in diameter.

This effect of temperature is in agreement what was observed
in previous work [33], and similar mechanisms can be applied in
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Fig. 7. Quantitative correlation between the flexural mechanical strength and mean
pore diameter.
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this case. These mechanisms include the formation of katoite from
low-density paste constituents (compare Fig. 3(a) and (b)) and the
polymerisation of the C-S-H gel, converging in the formation of
larger capillary pores, which in turn causes a decreased flexural
strength.

Fig. 7 presents an important quantitative correlation between
values for the mean pore diameter and flexural strength, which
corroborates the modelling of the mechanism, involved during the
immersion of the belite mortars in the SSRLW.

4. Conclusions

e According to the Koch-Steinegger test, the FABC-2-W cement
mortar can be catalogued as resistant to the simulated sulphate
radioactive liquid waste based on the concentration and experi-
mental conditions studied.

e The ingress of sulphate and sodium into the microstructure of the

FABC-2-W cement mortar caused the formation of non-expansive

ettringite inside the pores.

Due to the lack of portlandite, ettringite is formed from the dis-

solution of monosulfo phases (AFm type), which significantly

increases the pH of the simulated pore solution.

It is postulated that this increase of pH activated the hydraulic

activity of the belite cement.

¢ As a consequence of both the ettringite formation and the alka-

line activation of the cement, the porous microstructure became

denser, and the flexural strength increased.

This effect was faster at 40 °C.

Important quantitative correlations between microstructural

parameters such as the mean pore diameter and macrostructural

mechanical strength were found.
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