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Abstract. Thaumasite, an expansive salt, remains stableaowdde range of compositions in the CaO-SiO
Al,0;-CaCQ-CaSQ-H,0O system. Despite its slow formation, it constisute risk for the integrity of
underground structures such as foundations andeksirthat are in contact with sulfate-containingl swi
groundwater. Sulfate-resistant Portland cementschwpursuant to the existing legislation are maatufieed
with clinker containing 0-5% of £, prevent ettringite- but not thaumasite-mediatedcrete deterioration.
The present study used thermodynamic modeling pdoex the viability of a new type of BaG®lended
Portland cement able to resist thaumasite formafitwe results of sulfate attack (44 wt%,8@), solution),
simulated with the GEMS geochemical code in cemeitts 5 or 20% BaCg or 2.5, 5, 10 or 20% CaG@t

8 °C, showed that less thaumasite precipitated ahiher sulfate/cement ratios in the presence thahe
absence of Ba. Particularly at the higher replacémaio, Ba proved to be able to immobilise sulfatethe
medium via the precipitation of Bag@ highly insoluble salt, and hamper the prediitaof thaumasite. The
study also showed that a higher BaCéntent in the system hindered thaumasite formagieen in the
presence of greater amounts of carbonates. At 5% Ratb@umasite started to precipitate after 53 g of
N&,SO, were added per 100 g of cement, while at 20%stlfate content threshold was higher, at 70 g per

100 g of cement, and smaller quantities of thefeathed.

1 Introduction

Attack by sulfate-containing soil or underground

portlandite consumption, inducing the formationnudre
thaumasite-resistant, low Ca/Si ratio C-S-H ge]s [4
This paper discusses the use of thermodynamic

water is one of the most common causes of themodeling to explore an alternative method for preveg

precipitation of destructive salts such as etttangi
(3Ca0Al,05:3CasSQ-32H,0), gypsum (CaSg£RH,0) or
thaumasite (CaCgXasQ-Ca0SiO,15H,0) [1].
Sulfate-resistant cements with gACcontent of up to 5%
[2] prevent the precipitation of the first phaség [3ut not
gypsum or thaumasite crystallisation [3, 4], in eVhi
silicates rather than aluminates are the phasaskati in
the presence of carbonates (limestone, cementi@ulgit
aggregate, underground water or soil).

Thaumasite is a complex calcium salt charactetised
the presence of octahedrally coordinated Si [S{h@ugh
it was first identified in deteriorated cement e tUS in
1965 [6], many more cases of thaumasite sulfatclatt
(TSA) have been reported in the UK than elsewhgte [
While formed more readily in moist, cold (8 °C [7])
conditions, it has also been found at higher teatpees
(> 20 °C) in southern California [8], Italy [9] ar&pain
[10]. According to thermodynamic studies [7], thasite
is known to precipitate when the sulfate contertigh
(SGy/AIL,O; molar ratio in the system of over 3). Its
formation is also favoured by pH12.5 [11] and some
organic admixtures, including lignosulfonates, saodli
aluminate, etc.[12].

Some strategies for preventing its precipitatiotaién
the use of mineral additions that have a benefieffact
on concrete porosity and permeability [13] or easur
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thaumasite-induced sulfate attack (TSA). The praoed
studied entails adding Ba to the cement to capéain its
capacity to immobilise dissolved sulfates in thenfof a
very stable and insoluble salt, barite (BasOPrior
research has found that compounds such as B}MNO
Ba(OH)-8H,0 [14], BaCQ and BaO [15-17] are able to
either decompose ettringite or obstruct its preéaifn.

Since the presence of carbonates in cementitious
systems exposed to sulfate attack is requisite to
thaumasite formation, Ba was included in the
thermodynamic model in the form of Bag@ or 20
wt%). Its effect was studied by comparing the béhav
of analogous OPC blends with no Ba but the same
percentage of carbonates or the same cement remate
ratio by adding CaCginstead of BaCg@)

2 Experimental

Thermodynamic modeling was used to assess thaumasit
resistance in OPC blends (OPC chemical composition
prior to blending given in Table 1) containing 5 20
wt% BaCQ (1.5 and 6% Cg) respectively). The
modeling temperature was 8 °C (which favours
thaumasite formation [7]) in a closed system andhin
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absence of C@ (1 g of CQ-free air was added). Up to
200 mL of a very aggressive p&O, solution (44 wt%)
were added to 100 g of each blend and 50 g of water
ratio=0.5). (The ASTM C1012 accelerating test cédis
only a 5 per cent N8O, solution).

The results were compared to the findings for camen
with no Ba but an identical G&ontent (OPC mixes with
2.5 and 10 wt% CaCg{or the same replacement ratio (5
or 20% CaCg).

Table 1. Chemical composition of OPC before blending.

Component wt%
CaO 65
Sio, 20
AlL,O; 4.5
Fe,0, 2.8
MgO 2
SO, 25
co, 2
Na,O 0.4
K0 0.8

The thermodynamic modeling software used, GEMS
[18], which includes built-in general and cemengafic

[19] thermodynamic databases, uses the Gibbs free

energy minimisation procedure (GEM) to compute
system equilibrium phase assemblage and speciation.

3 Results and discussion

3.1 Effect of 5 wt% BaCO3; on TSA resistance in
OPC

Figure 1 shows the volume of hydration product©RC
blends containing 1.5% carbonate in the presence an
absence of Ba (5 wt% BaGCGand 2.5 wt% CaCs)
respectively) gradually exposed to up to 200 mL 120

g of cement of a highly concentrated,8@), solution.

The 2.5 wt% S@in the cement (Table 1) reacted with
the Ba to yield barite. Since the addition of 5%CRy
was stoichiometrically insufficient to fix that grortion
of sulfate, a small amount (approximately 1°cfigure
1a) of ettringite precipitated. At least 5.8% BalG@uld
have had to be added to the cement to immobilise th
sulfate, as per the following reaction:

BaCQ +CaCQ O MAT¥] — BaSQ +CaCQ +20H™ (1)

When the attack began, the addition of a small arhofi
Ba led to the precipitation and immobilisation of/ery
small proportion of sulfate as barite: only 1.3%ashf this
phase formed, compared to substantially greataermves
of the two expansive salts, ettringite (peakin@@tcn?
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per 100 g of cement) and thaumasite (up to 14.chne
formation of these two last phases was attendaah up
portlandite (and in thaumasite, also calcite) camstion
and the destabilisation, respectively,
monocarboaluminate (3Caf),0;CaCQ-11H,0) and
C-S-H gel. Thaumasite, unlike ettringite, only farnm
media with a high sulfate content: at least 44 §laiSO,
per 100 g of cement in the absence of Ba and arb8ryl
in its presence. Thaumasite resistance improveeh, th
even at such a minor percentage of BgCGthough not
to any material extent.

of

calcite
E
[X]
-]
[—
[—
) m
e portlandite
[X]
Al 10 10
ml of Na!SD4snlJtinn [dd wit W)
bino Ba
[~]
=]
[—
[—
by
L)
E
[X]

bl
ml of Na!SD4snluti on [44 i %)

100 10

Fig. 1. Volume of hydration products forming in OPC blends
with 1.5% CQ, a) in the presence of barium (5 wt% BazO
and b) in its absence (2.5 wt% Cag@hen interacting with
200 mL of a 44 wt% N&O, solution.

3.2 Effect of 20 wt% BaCO3; on TSA resistance in
OPC

The inclusion of 20 wt% BaCQ(6% CQ) not only
confirmed the protection afforded by barium against
ettringite precipitation reported in prior resdarfd6],

but also revealed the role of this element in pnéng
thaumasite formation. As figure 2 shows, its presen
obstructed ettringite precipitation until over 9 af
Na,SQO, per 100 g of cement were added to the mix. For
thaumasite to form, the sulfate content in the mnedi
also had to be raised: in the absence of Ba and the
presence of 6% carbonates (10 wt% CgCdats
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formation required 40 g of N&O, whereas in the
presence of the compound (20 wt% de BgC@round
70 g were needed.

This beneficial effect of Ba was the more significa
bearing in mind that a larger proportion of cartiesa
which favor thaumasite precipitation, had been also
added to the system. So, thaumasite precipitated dad
in smaller concentrations in the OPC blend containi
20% than in the mix with 5% BaGOrhe reason is that
sulfate immobilisation was more effective due te th
formation of greater amounts of barite (around 3 with
20 wt% of BaCQ@ compared to 1.3 chwith 5% BaCQ).
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Fig. 2. Volume of hydration products forming in OPC blends
with 6% CQ, a) in the presence of barium (20 wt% Baf;O
and b) in its absence (10 wt% Cag@hen interacting with
200 mL of a 44 wt% N&O, solution.

The beneficial effect of the obstruction of thauiteas
precipitation in Portland cement by Bagi® summarised
in figure 3. The figure shows that the volume of
thaumasite forming in the various OPC blends coimagi
BaCQ, and CaC@ and exposed to rising amounts of
Na,SQO, was clearly smaller in the former. Moreover, salt
formation was retarded in the barium carbonate with
respect to the calcium carbonate blends (same catdo
content or identical replacement ratio as in the€€Ba
blends). Lastly, the higher the Bag€ontent, the lower
the volume of thaumasite precipitating despite the
inclusion of more carbonates in the system, inreshtto
what was observed in the Caglilends.
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Fig. 3. Volume of thaumasite forming in OPC blends contajni
2.5, 5, 10 or 20 wt% BaCQvhen interacting with up to 200
mL of a 44 wt% NgSO, solution.

4 Conclusions

Thermodynamic modeling showed that the additiobof
or 20 wt%) BaC@ to Portland cement raises its
thaumasite resistance. Less thaumasite precipitatedt
higher sulfate/cement ratios in the presence thatheé
absence of Ba, particularly at the higher replacemegio
(20 wt% BaCQ), even though at that ratio the carbonate
content was greater. These effects can be attdhotéhe
formation of BaSQ@ a highly insoluble phase that
immobilises part of the external sulfates.

At the most favourable replacement ratio, 20 wt%
BaCQ, thaumasite formation was obstructed up to the
addition of 70 g of N&8O, per 100 g of cement, whereas
in the absence of Ba and an equivalent carbonaitetb
(10 wt% CaCQ), thaumasite precipitated with slightly
over half that amount of N8O, (over 40 g).

If BaCO; were used as a set retarder, the resulting
blends would be more thaumasite-resistant becawse t
active ingredient, Ba, would not be consumed in the
immobilisation of the sulfates present in the cenitself.
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