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Abstract

The formation of thaumasite was investigated with the progressive equilibrium approach (PEA). This approach experimentally simulates the
conditions of various levels of sulfate addition in hardened cement pastes. The influence of limestone, time, C;A content, temperature and
leaching on thaumasite formation was investigated. The results show that thaumasite formation is favoured at lower temperatures (8 °C)
independently of the type of cement clinker (high or low C3A content) used. Thaumasite was found to form only in systems where limestone was
present and where sufficient sulfate had been added. Thaumasite precipitated only in systems where the Al present has already been consumed to
form ettringite and the molar SO3/Al,O5 ratio exceeded 3. In leached samples (reduction of portlandite and alkalis) slightly less thaumasite was
formed whereas gypsum and ettringite are favoured under these conditions. The PEA, used to investigate the chemical aspects of sulfate attack
was found to be a good tool for simulating external sulfate attack. Generally, thaumasite was detected were it was modelled to be stable in

significant amounts. However, in this study equilibrium conditions were not reached after 9 months.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Sulfate attack in mortars and concretes causes the formation
of sulfate containing phases such as ettringite (3CaO - Al,O5 -
3CaS0,-32H,0) and gypsum (CaSO,-2H,0), which may
lead to expansion. However, in cements and concretes
containing a source of carbonate the formation of thaumasite
(CaSiO5 - CaCO;5 - CaSOy4 - 15H,0) can also be observed.

In recent years thaumasite formation has been studied and
some risk factors have been identified [1]. The thaumasite form
of sulfate attack requires a source of calcium silicate, sulfate,
carbonate and excess of humidity [2—-5].

It has been found that thaumasite is more stable at lower
temperatures. It has been suggested by Bensted [2,3] that silicon
tends to adopt the octahedral co-ordination found in thaumasite
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more easily at lower temperatures. Nevertheless, thaumasite is
formed also at temperatures around 20 °C and above as reported
for buildings in Southern California [6] and Italy [7]. Once
thaumasite has formed it remains stable up to 30 °C [8].

Thaumasite has been found in cement systems with both
high and low C;A contents [9—11]. Thaumasite itself contains
no alumina but it has been proposed that the presence of
aluminium promotes thaumasite formation [11]. In contrast,
Blanco-Valera et al. [9] found that low C;A cements produce
higher amounts of thaumasite.

The formation of thaumasite needs a source of carbonate
which can be supplied from the limestone contained in the cement
itself [12], from carbonate containing aggregates, ground waters
[13], soils [5] or the air (CO,) [14]. The presence of limestone
used as filler in cement has been found to influence the type of
AFm phase present; monocarbonate (C;A-CaCO;5-11H,0)
forms instead of monosulfate (C3;A-CaSO4-12H,0) in the
presence of calcite [15].
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Table 1
Composition of the laboratory cements before a) and after b) the leaching
process and of the limestone filler used in the study

Chemical composition [wt.%]

a) Initial b) Leached*®

HS OPC Limestone HS OPC
Si0, 19.2  20.1 0.05 19.2 (x0) 20.1 (£0)
AlL,O3 47 44 0.10 4.7  (£0) 44  (£0)
Fe,04 72 2.7 0.02 7.0  (=3) 26 (=3)
CaO 622 63.7 559 346 (—44) 382  (—40)
MgO 1.5 1.6 0.16 1.5  (£0) 1.5 (=6)
K,0 1.1 09 001 0.01 (-99)  0.02 (-98)
Na,O 0.13 0.15 0.01 0.01 (-92) 0.01 (-93)
SO, 19 29 001 1.7 (-11) 27 (=7)
CO, 0.1 0.2 43.7 04  (+300) 0.5 (+150)
CaOfee 06 09
LOI 0.7 1.2
Total 99.3 98.8 99.9
Surface area 3500 5800

[em?/g]

Mineralogical composition [wt.%]°

CsS 62 66
CsS 9 10
C5A 04 7
C4AF 2 8

? Normalized to the SiO,— content (difference in % to initial content).
® According to Bogue calculation.

Thaumasite has been observed in the presence and absence
of portlandite. It was found that alkaline conditions (pH > 12.5)
enhanced thaumasite formation [16], while during strong
leaching at low pH levels (pH<8.0) gypsum became the
dominant sulfate phase and the amount of thaumasite decreased
[17]. However, Gaze and Crammond [18] showed that once
thaumasite forms, it remained stable at pH levels as low as 6—8.

Besides a source of carbonate, high amounts of sulfate are a
prerequisite for the formation of thaumasite. It was found that
both the addition of gypsum [19] or the presence of a sulfate
rich solution [20,21] can lead to thaumasite formation in
carbonate containing cements.

However, the mechanisms of thaumasite formation are not
known in detail. In the present paper the influence of
temperature, internal carbonate, sulfate concentration and pH
on the formation of thaumasite are investigated. The present
investigation uses the progressive equilibrium approach PEA to
evaluate experimentally the mechanisms of thaumasite forma-
tion and compares the experimental results with thermodynamic
calculations.

2. Materials and methods
2.1. Laboratory cements and cement pastes

The experiments were performed using laboratory cements
which were prepared from industrial cement clinkers represent-
ing sulfate resistant Portland cement, HS (low C;A), and
ordinary Portland cement, OPC (high C3;A). Pure analytical
gypsum was used to adjust the appropriate sulfate contents for

HS (SO3=1.9 wt.%) and OPC (SO;=2.9 wt.%) laboratory
cement (Table 1). To study the effect of limestone on thaumasite
formation the cements remained unchanged, without limestone
addition (HO, P0), or were blended by replacing 5 wt.% (HS5,
P5) and 25 wt.% (P25) of the cement (clinker and gypsum) with
natural limestone. The cements HO and HS were prepared from
HS, the cements PO, P5 and P25 from OPC.

The cement pastes were produced at a water/binder ratio of
0.35 and fabricated as prisms of 40 x40 x 160 mm? and stored
for 24 h at 20 °C and 90% relative humidity. After demoulding,
the prisms were cured for 56 days in saturated limewater at
20 °C. The hydrated cement paste was then crushed to enhance
the specific surface available for the sulfate interaction. The
fraction 0.5—-2 mm was used for the experiments.

Artificially leached cement paste was prepared from the
crushed cement paste samples. 70 g of crushed cement paste
were equilibrated in polyethylene containers with 20 1 of
deionised water and left at 20 °C for 4 months. After 14, 28, 56
and 112 days the leaching water was exchanged with fresh
deionised water. A slight uptake of CO, during leaching was
observed from the CO, present in the deionised water and from
CO, ingression in the polyethylene containers during leaching.

2.2. Progressive equilibrium approach PEA

The progressive equilibrium approach (PEA) was used to
investigate the chemical aspects of sulfate attack. The idea of
the PEA is to simulate the chemical gradient which can be found
in reality on concrete structures undergoing an external sulfate
attack over an extended period of time. The chemical gradient is
due to a diffusive mass exchange involving external sulfate. The
PEA method eases the systematic investigation of the influence
of e.g. sulfate addition on the hydrate assemblages. The PEA
defines and subsequently simulates fixed chemical subsystems.
These subsystems (A-E, sulfate interaction) and (BL-DL,
leached sulfate interaction) were set up as closed batch
experiments with the aim to minimize the influence of diffusion
with fixed sulfate concentrations as shown in Fig. 1.

The amount of sulfate addition varies from 20, 10, 5, 2.5 wt.%
SO3~ by mass cement paste in subsystems A to D down to
0 wt% SO in subsystem E, corresponding to sulfate
concentrations of 0.30, 0.15, 0.07, 0.04 and 0 mol/l. For the
sulfate interaction after the leaching process the addition of the
sulfate varies from 10, 5 to 2.5 wt.% SO3 _ in the corresponding
subsystem BL, CL and DL, respectively.

For each subsystem duplicate samples of the crushed cement
paste (10 g dried at 40 °C for 2 days) were immersed in 70 ml of
aqueous reaction solution which was prepared by dissolving
adequate amounts of Na,SO, in deionised water. The experi-
ments were then processed as closed subsystems with a liquid/
solid ratio of 7 in sealed plastic containers at 8 and 20 °C for 3
and 9 months. The plastic containers were shaken frequently.

2.3. Analytic methods

The chemical composition of the cements was analysed by
X-ray fluorescence (XRF, Philips PW 2400). The porosity of
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Fig. 1. Schematic illustration of the concept for the progressive equilibrium approach (PEA) * sulfate concentration also used in leached subsystems.

the initial and the leached cement pastes was determined by
using Mercury intrusion porosimetry (MIP, Thermoelectron
Pascal 140/440). Thermogravimetric analysis (TGA, Mettler
Toledo TGA/SDTA851e) was carried out under N, on about
10 mg of dried (40 °C), ground cement pastes (<40 pum) at
20 °C/min from 30 to 980 °C. The amount of portlandite present
in the cement pastes initially and after leaching was calculated
from the weight loss between 420-500 °C. After 3 and
9 months equilibration time, the liquid and solid phase were
separated using 45 um nylon membrane filters. A part of the
undiluted solution was used to determine the pH immediately
with a pH electrode (Knick pH-Meter 766 with a Knick SE pH
7Pt 1000 electrode). The electrode was calibrated with 0.1 to
1.0 M KOH solutions. For further analysis 1 ml of pore solution
was diluted with 9 ml of 6.5% HNO5 solution and stored at 5 °C
till further analysis. The concentration of Al, S (total sulfur), Ca,
K and Na were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES, Varian, VISTA Pro);
carbonate was determined as total inorganic carbon (TIC,
Shimadzu TOC-5000A). The solid residue was immersed for
15 minutes in acetone and the samples then dried for 2 days at
40 °C. For X-ray diffraction (XRD) studies the samples were
ground to <40 pm and stored in a desiccator at 20 °C. For XRD
the samples were analysed by with a PANalytical X pert PRO
diffractometer using CuKa radiation. Unground pieces of the
exposed pastes were also examined by scanning electron
microscopy (Philips ESEM FEG XL 30) using backscattered
electron images and energy dispersive X-ray (EDX) analysis.
These samples were prepared by pressure impregnation with
epoxy resin, cutting, polishing and coating with carbon.

The NMR experiments were performed on a Bruker Avance
400 NMR spectrometer using a 7 mm CP/MAS probe. The *°Si
CP/MAS NMR spectra were recorded at 79.49 MHz using the
following parameters: 3000 Hz spinning speed, 800 ps contact
time, 6 s relaxation delay for cement mixtures and 60 s for mineral
thaumasite (*’Si chemical shifts referenced to an external of
tetramethylsilane). The quantities of thaumasite were determined
using the method described in detail by Skibsted et al. [22,23]

with field strengths of 31.2 kHz during the polarisation transfer
and 41.6 kHz for the 90° 'H excitation pulse and during the
decoupling sequence. A sample of natural thaumasite originating
from Akschal (Kazakhstan) was found to be almost 100% pure
(XRD and TGA). The relaxation times T} and T]fp were
determined using standard Bruker pulse programs and processing
software. For the mineral thaumasite TH ~ 8 s was determined,
this value decreased to 1 s for cement sample containing Fe*". The
CP build up rates Tg;y were determined from least square two-
parameter-fits of the CP build up curves for a) Akschal thauma-
site, b) 10 wt.% of Akschal thaumasite mixed with 90 wt.% of
hydrated cement powder and c¢) thaumasite formed in a mortar
sample after 1.5 years at 8 °C. The following pairs of parameters
were determined Tgjy [ms]/ Tﬁ, [ms]: 0.42/3.83 (Akschal
thaumasite); 0.55/3.39 (10% Akschal thaumasite) and 0.33/2.60
(thaumasite in mortar). The latter parameters were applied for the
quantification of thaumasite determined for all cement samples
under investigation. The accuracy of such results is believed to be
within +/—15%.

For the 10% Akschal sample 9.7% thaumasite was
determined and 6.5% was found in the mortar sample. The
2%Si NMR signal could not be measured in the samples made
with the HS cements owing to the high iron content. However,
XRD indicated that thaumasite was formed in these samples.

3. Thermodynamic modelling
3.1. Modelling approach

Thermodynamic modelling is used to calculate the composi-
tion of the stable hydrate assemblage and of the surrounding
solution assuming thermodynamic equilibrium. It should be noted
that such thermodynamic calculations describe a quasi equili-
brium state which the system seeks to reach, while in real systems,
as investigated in this paper, equilibrium is often not achieved.

As input to the thermodynamic calculations the composition
of the laboratory cements (assuming complete hydration) as
given in Table 1 plus the amount of Na,SO,4 and H,O added to



340 T. Schmidt et al. / Cement and Concrete Research 38 (2008) 337-349

the system was used. The hydrate phases which were found to be
stable in the investigated systems comprise C—S—H, portlandite,
ettringite, thaumasite, monosulfate, monocarbonate, hemicarbo-
nate (C3A-0.5CaCO5-12H,0), calcite, gypsum and hydrotalcite
(M4AH). For iron the precipitation of iron hydroxide (Fe(OH);
or FH;) was assumed. As detailed elsewhere [24,25] C—-S—H
was calculated as a ideal solid solution between the end-members
jennite C; ¢7SH; ; and tobermorite C g3SH 3. For the modelling
it was considered that the alkalis which originate from the cements
and from the Na,SO, solution used, partition between the
aqueous solution and the precipitating C—S—H. The uptake of Na
and K by C—S—H was calculated using a distribution ratio R4 of
0.42 ml/g [24,25], where Ry = % “’El , ¢ alkali concentration in
the solid phase [mol/l], ¢4 alkali concentration in the solution
[mol/1] and w/s is the water/C—S—H ratio in ml/g.

3.2. Thermodynamic model and data

GEMS [26] is a broad-purpose geochemical modelling code
which uses Gibbs energy minimization and computes equili-
brium phase assemblage and speciation in a complex chemical
system from its total bulk elemental composition. Chemical
interactions involving solids, solid solutions, and aqueous
electrolyte are considered simultaneously.

Thermodynamic data for aqueous species as well as for
many solids were taken from the PSI thermodynamic dataset
[27], which has been adapted for the use in GEMS [28].
Solubility products for cement minerals at 25 °C were taken
from the compilation of Lothenbach et al., [24] who prepared a

consistent thermodynamic dataset for cement minerals (data
relevant for the investigated system are reproduced in Table 2).

The Gibbs free energy of formation A¢G° at 25 °C as given in
Table 2 is related to the Gibbs free energy of reaction A,G° =
Y; viA¢G® and to the solubility product Ky = e%; where v; are
the stoichiometric reaction coefficients, R=8.31451 J/mol/K and
T the temperature in K. The apparent Gibbs free energy of
formation A,G° at 8 and 20 °C is calculated by GEMS from the
data at 25 °C according to:

T T C;,’
AGY = AcGY, =85 (T=To)=Iy, [y, 2 arar

Ty T
T
= AfGTO_STO(T_T())_a() (Tln FO_T + T()) (1)
2
T-T) 2(VT-VT,
_0.5611(T_T0)2_a2( 02 —as (\/_ 0)
2T-T2 VT

[29] where ay, ay, a», and a5 are the empirical coefficients of the
heat capacity equation C,?=a0+a1T+a2T72+a3T70'5, Ty the
reference temperature (298.15 K) and S° the entropy. The
apparent Gibbs free energy of formation A,G% refers to the free
energies of the elements at 298 K. A more detailed description of
the temperature corrections used in GEMS is given in Kulik [30]
and in the online documentation of GEMS [26].

3.3. Thaumasite solubility as a function of temperature

Thaumasite (CaSiO3),(CaS0O,), (CaCO3),-30H,O has a
structure similar to ettringite and is reported to form limited

Table 2
Standard thermodynamic properties of solids at 25 °C. All data with exception of thaumasite are taken from Lothenbach et al. [24]

Log AG° AH® S° ag a; a as ot

Kso [kJ/mol] [kJ/mol] [J/K/mol] [J/K/mol] [J/K?/mol] [JK/mol] [I/K%3/mol] [em®/mol]
Ettringite —44.90 —15205.94 —17535 1900 1939 0.789 707
Thaumasite © —49.40 —15128.46 —17373 1883 1860 0.703 —3.94e6 1600 663
C3;AHq —20.84 —5010.09 —5540 419 292 0.561 150
C4AH 5 —25.40 —7326.55 —8302 700 711 1.047 —1600 274
C,AHg —13.56 —4812.75 —5432 440 392 0.714 —800 184
C4ASHj, —29.26 —7778.50 —8750 821 594 1.168 309
C,ACH,, -31.47 —7337.46 —8250 657 618 0.982 —2.59¢6 262
C4AC osH5 29.13 —7335.97 —8270 713 664 1.168 —1.30e6 —800 285
C,ASHg —19.70 —5705.15 —6360 546 438 0.749 —1.13¢6 —800 216
M4AH; —56.02 —6394.56 —7196 549 —364 4.21 3.75e6 629¢ 220
Brucite —11.16 —832.23 -923 63 101 0.017 —2.56e6 25
C, 67SH, 1 (jen.) —13.17 —2480.81 —2723 140 210 0.120 —3.07e6 78
Co.53SH; 3(tob.) —-8.00 —1744.36 —1916 80 85 0.160 59
Portlandite -5.20 —897.01 —985 83 187 —0.022 0 —1600 33
Si05, am 1.476 —848.90 -903 41 47 0.034 —1.13¢6 29
Gypsum —4.58 —1797.76 —2023 194 91 0.318 75
Anhydrite —4.36 —1322.12 —1435 107 70 0.099 46
Calcite —8.48 —1129.18 —1207 93 105 0.022 —2.59¢6 37
Fe(OH); —4.60 —711.61 —844 88 28 0.052 34
Al,O4 1.064 —1586.26 —1662 51 115 0.012 —3.51e6 26

ao, a1, ay, az are the empirical coefficients of the heat capacity equation: Cy=ap+a,T+a,T “2haT 05,
@ All solubility products refer to the solubility with respect to the species AI(OH);, Fe(OH)3, SiO(OH)5, OH, H,0, Ca®", Mg®", CO%™ or SO3 .
® Molar volumes F at standard conditions were calculated from densities derived from crystallographic data.

¢ This paper; V° calculated from unit cell given in Jacobson et al. [46].
4 Cs=ap+a\T+ar T *+asT~ % —0.00424* T2 +2.11E-6* T,
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Fig. 2. Calculated solubility product of thaumasite as a function of tem-
perature compared to solubility products derived from experimental data
[31] according to the reaction(CaSiO3),(CaS04),(CaCOs),-30H,0(s) <=
6Ca’" +2H;8i0, +2S0; +2CO3 +20H +26H,0.

solid solution with ettringite. The solubility of synthetic
thaumasite intermixed with ettringite has been measured by
Macphee and Barnett [31]. For thaumasite from a geological
source, a significantly lower solubility has been determined by
Bellmann [32]. Based on the measured concentrations [31] in the
presence of a thaumasite—ettringite mixture, a tentative solubility
product of 10~ ****! was calculated for the reaction (CaSiOs),
(CaS0,)>(CaCO3), - 30H,0(s) <> 6Ca’*" +2H;Si0, +2S037 +
2C03 +20H +26H,0 at 25 °C. As only a few solubility
measurements in a relatively narrow temperature range are
available (Fig. 2), the measured solubility data were not used for
extrapolating these data to other temperatures but estimated
entropy S° and heat capacity C}, data were used. Entropy and heat
capacity can be estimated using reference reactions based on
structurally similar solids with known S$° and Cj. If such refer-
ence reactions involve only solids and no “free” water, the change
in heat capacity and the entropy equals approximately to zero
[29,30,33]. Thus, $° and C}, of thaumasite were estimated from
the reference reaction 3Ca0-Al,O5 - 3CaSO, - 32H,O(ettringite) +
2CaCOgs(calcite) +2Si0,(am)—0.5CaSO, - 2H,0(gypsum) —
0.5CaSOy4(anhydrite) — Al,O5(s) — Ca(OH),(portlandite) <>
(CaSi03),(CaS04),(CaCO3), - 30H,0O(thaumasite) resulting in
S§°=1883 and C;=2118 J/K/mol at 25 °C (see Table 2).

The solubility products calculated for thaumasite based on
these estimated data agree well with the measured solubility
products (Fig. 2). The saturation indices with respect to thauma-
site are expressed as log(IAP/Kg), where the ion activity product
IAP is calculated from the activities derived from the concentra-
tions determined in the solution and Kgj is the solubility product
of thaumasite. A positive saturation index implies oversaturation,
a negative value undersaturation with regard to thaumasite.

4. Results and discussion
4.1. Initial hydrate phases
The hydrate phase assemblage of the laboratory cements

before interaction with Na,SO, solutions was calculated with
GEMS [26] (see Subsystem E in Fig. 3a and b) assuming

complete hydration of the cements. As input to the calculations
the composition of the initial cements (HS, OPC) including the
limestone was taken from Table 1. In the calculation the amount
of sulfate present was varied from 0 to 20 wt.% SO3~ by weight
cement paste. The initial hydrate phase assemblage in HS and
OPC cement systems without limestone addition was calculated
to be C—S—H, portlandite, ettringite, monosulfate, as well as
traces of hemicarbonate and hydrotalcite (Figs. 3a, 4a). Both,
the HS and the OPC cement clinkers contained small amounts
of CO, resulting from production (Table 1).

With additional limestone in the HS and OPC cement system
the hydrate phase assemblage was calculated to be C—S—H,
portlandite, monocarbonate and traces of hydrotalcite and
calcite (Figs. 3b, 4b). The modelled predictions agreed well
with the experimental observations. In the HS and OPC cement
systems without limestone addition (HO, PO) the presence
of C—-S—H, portlandite, ettringite, monosulfate and traces
of hemicarbonate and hydrotalcite were observed by XRD
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Fig. 3. Predicted and analysed solid phase assemblages for HS cement system with
up to 5 wt.% limestone addition after 9 months sulfate interaction at 8 °C. He =
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iron hydroxide.
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Fig. 4. Predicted and analysed solid phase assemblages for OPC cement systems
with up to 25 wt.% limestone addition after 9 months sulfate interaction at 8 °C.
Hc = hemicarbonate; Ht = hydrotalcite; Mc = monocarbonate; Ms =
monosulfate; FH; = iron hydroxide.

(bottom part Figs. 3a, 4a). In the samples where limestone has
been added (H5, P5, P25) the presence of monocarbonate and
higher amounts of ettringite could be observed (bottom part
Figs. 3b, 4b, c¢). Thus, the formation of monocarbonate and the
persistence of ettringite agree with the observations of e.g.
Kuzel and P6llmann [15] and Bonavetti et al. [34].

4.2. Effect of sulfate interaction

If sulfate is progressively added to the subsystems moving
from subsystem E to A thermodynamic modelling indicates that
ettringite is formed at the expense of the AFm-phases
(monosulfate, monocarbonate, hemicarbonate) until the alumi-
nium available has been consumed, see Fig. 3 for HS and Fig. 4
for OPC cement. As before, the input for the calculations was
the chemical composition of the initial binder systems given in
Table 1.

Portlandite is predicted to be mainly consumed by the
formation of ettringite and thaumasite. Thaumasite forms at the
expense of portlandite, calcite and C—S—H in the presence of
water. In the presence of more than 5 wt.% SO3 by weight of
cement paste (HS, PS), ettringite is the main Al-containing phase
in all systems investigated, independent of the original composi-
tion of the cement. However, the composition of the cement has a
large impact on the amount of thaumasite predicted to form. The
calculations indicate that only the limestone containing cement
systems, for both HS and OPC cement clinkers (high and low
C;A) can form significant amounts of thaumasite. In the absence
of limestone (HO, P0O) only traces of thaumasite can precipitate,
see Figs. 3a, 4a. In the presence of 5 wt.% limestone (HS, P5),
only a limited amount of thaumasite can form and obviously
much more thaumasite forms if more limestone (P25) is present.
Further, thaumasite formation is calculated to be limited by the
C—S—H phase in the binder system and the amount of thau-
masite is detrimental to the C—S—H content (Figs. 3 and 4).

It is interesting to note that thermodynamic modelling
indicates that thaumasite becomes stable only above 5 wt.%
SO3 by weight of cement paste. Thaumasite is, from a
thermodynamic point of view, only stable in a cement system
if the available Al has been consumed by ettringite formation or
in other words if the molar SOs/Al,O5 ratio exceeds 3. These
findings agrees with the observations reported by Juel et al. [21].

Experimentally, after sulfate interaction of 9 months,
thaumasite was observed only in HS and OPC cement systems
containing 5 or 25 wt.% limestone and in the presence of 10 or
20 wt.% sulfate, see lower parts of Figs. 3 and 4, Table 3). This
observation agrees with the results of thermodynamic modelling
and also with the observations of Juel et al. [21]. Smaller
amounts of sulfate did not lead to thaumasite formation.

Thaumasite was identified in samples where limestone has
been added to the cement, in both HS and OPC cement systems
with low C3A (HS) and high C3A (P5, P25) content as shown
in Fig. 5a, Table 3). The results agree quite well with the
findings from Macphee [8] and Kalinowski and Trigardh [12]
stating that minor amounts of carbonate in cements (5 wt.%)
are sufficient to form thaumasite. Thaumasite could not be
identified in samples without limestone addition, see Table 3.
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Table 3
Pore solution compositions and phase assemblages after 9 months reaction time
Sample' Solution composition [mmol/I]" pH Saturation Phase assemblage
si i Ca K Na indices for | Identified Modelled
thaumasite
8°C HO A 79 0.3 491 15.35 435 13.1 4.1 G Ett (Ms) Ett (Th)
B 33 0.3 6.61 14.84 204 13.0 5.0 (G) Ett Ms Ett (Th)
HS5 A 76 0.4 4.57 14.07 422 13.0 4.1 G| Ett Th (Mc) Cc Ett Th
B 30 0.2 6.61 13.56 200 12.9 5.0 (G) Ett Mc Cc Ett Th Cc
PO A 78 0.1 4.66 11.77 435 13.1 2.8 G Ett (Ms) Ett (Th)
B 33 0.3 5.86 11.76 200 13.0 4.9 (G) Ett Ms Ett (Th)
P5 A 76 0.2 4.57 10.49 426 13.0 33 G| Ett Th (Mc) Cc Ett Th
B 27 0.2 5.24 10.23 183 13.0 4.4 (G) Ett Th Mc Cc Ett Th Cc
P25 A 53 0.2 3.49 6.91 335 13.0 3.1 G| Ett Th (Mc) Cc Ett Th Cc
B 23 0.2 4.49 7.16 152 12.9 43 (G) Ett Th Mc Cc Ett Th Cc
20 °C HO A 79 0.5 491 14.84 435 13.0 43 G| Ett (Ms) Ett (Th)
B 34 0.3 5.86 15.61 209 12.9 42 (G) Ett Ms Ett (Th)
H5 A 79 0.4 491 13.56 435 13.0 43 G| Ett (Mc) Cc Ett Th
B 31 0.4 5.74 13.81 191 12.9 4.7 (G) Ett Mc Cc Ett Th Cc
PO A 79 0.3 4.57 12.26 435 13.0 33 G| Ett (Ms) Ett (Th)
B 31 0.4 5.11 12.28 204 13.0 4.4 (G) Ett Ms Ett (Th)
P5 A 78 0.3 432 10.47 426 13.0 33 G| Ett Th (Mc) Cc Ett Th
B 28 0.2 5.11 10.49 335 13.0 3.0 (G) Ett Th Mc Cc Ett Th Cc
P25 A 56 0.2 3.91 6.91 344 13.0 3.0 G| Ett Th (Mc) Cc Ett Th Cc
B 25 0.2 4.49 7.16 152 13.0 4.1 (G) Ett Th Mc Cc Ett Th Cc

Portlandite, C—S—H and parts of clinker are present in all samples, Cc = Calcite; C = inorganic carbon; Ett = ettringite; G = gypsum; Mc = monocarbonate; Ms =
monosulfate, S = sulfate; Th = thaumasite. | = decreasing between 3 and 9 months; () = traces; A 20 wt.% SO?{; B: 10 wt.% SO,4 by mass cement paste; fimeasured Si
and Al concentration were below the detection limit of 0.1 mmol/l; C = inorganic carbon, S = sulfate; "Saturation index (thaumasite): SI=log (measured ion activity
product/solubility product), see text. A positive saturation index indicates oversaturation.

The amount of C3A present in the cement system did not result
in any significant differences in thaumasite content. The peak
intensities from XRD results after 9 months were more or less
similar for both the OPC (7% C3A) and the HS cement (0.4%
C3A), see Fig. 5a. Thus, it was not confirmed that the C;A
content accelerates thaumasite formation as suggested by Nobst
and Stark [11].

Experimentally it was observed that at higher sulfate
contents beside thaumasite and ettringite gypsum was also
identified as a sulfate containing phase (Table 3, Figs. 3, 4).
Between 3 and 9 months of sulfate interaction the amount of
gypsum present decreased (Fig. 5b, Table 3). Gypsum seems to
form as an intermediate sulfate phase parallel to or instead of
thaumasite at high sulfate concentrations from the portlandite
available as confirmed by an increase in pH and later acts as a
source of sulfate applied for thaumasite formation as mentioned
by Bellmann [35,32] and Irassar et al. [36]. In the experiments
thaumasite was observed to be the last sulfate phase forming
during sulfate interaction. In subsystems with high sulfate
concentrations, i.e. subsystems A, B, where the formation of
intermediate gypsum was observed, thermodynamic calcula-
tions predict that all sulfate available should be present as
ettringite and thaumasite. This discrepancy between thermo-
dynamic calculations and experimental results indicates that
equilibrium has not been reached in the experiments but that
probably different layers have been established in the crushed
cement pastes.

The differences in the amounts of thaumasite formed at 8 °C
with 5 wt.% (P5) or 25 wt.% (P25) limestone addition are up to
40%, whereas the difference between 10 wt.% (B) or 20 wt.%

(A) sulfate addition is almost negligible, see experimental data
reported in Fig. 6. In comparison to the findings from Hartshorn
et al. [20] and Kalinowski and Trdgardh [12] increasing
amounts of sulfate concentration (subsystems A, B) did not
increase thaumasite formation, whereas higher amounts of
limestone filler (P5, P25) increased the amount of thaumasite
formed during the 9 months of sulfate interaction. This indicates
that in the systems investigated here the limiting factor for
thaumasite formation is the quantity of carbonate present.
Smaller amounts of sulfate present in the subsystems, e.g.
subsystems C, D with <5 wt.% SO,4 by weight cement paste did
not lead to thaumasite formation (Figs. 3 and 4).

The experimental data show that some of the AFm-phases
(monosulfate, monocarbonate) formed during hydration persist
during sulfate interaction (Figs. 3, 4 and Table 3) in contrast to
the model predictions. This indicates that even though the
hydrated cement was ground to 0.5-2.0 mm, equilibrium has
not been reached. Obviously, the reactions did not occur
throughout the whole cement paste grains but layers have been
established within the crushed cement paste. In fact, micro-
structural investigations [37], showed the formation of such
layers in cement paste. In the outer 40 pm the presence of
ettringite and gypsum could be observed, while portlandite was
depleted. In the core of the cement paste grains (>0.25 mm), the
composition was not altered even after 9 months. These findings
showed that after 9 months the PEA method was between pure
equilibrium batch test and diffusion-limited external sulfate
attack on mortar bars. The formation of such layers is consistent
with the observations of Irassar et al. [36] and Planel et al. [38]
who observed in mortar samples the formation of distinct layers
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Fig. 6. Quantitative concentrations of thaumasite obtained from NMR spectroscopy in selected experiments of OPC cement systems after 3 and 9 months of sulfate
interaction (S) and leaching and sulfate interaction (L+S) in relation to the predicted maximum amounts.

near the surface of samples exposed to sodium sulfate solutions.
They described both the presence of a moving reaction front
where ettringite and gypsum is formed.

4.3. Effect of temperature

To take into account the temperature aspect the phase
assemblage was modelled at 8 °C and 20 °C for an OPC cement
containing 25 wt.% limestone (Figs. 4c, 7). In both cases the
formation of thaumasite was calculated at higher sulfate
concentrations and in the presence of limestone. However, at
20 °C (Fig. 7) somewhat less thaumasite was calculated to form
than at 8 °C (Fig. 4c). This is due to relatively strong increase of
the solubility of thaumasite with increasing temperature as
illustrated in Fig. 2 and to the high water/solid ratio used in the
experiments. However, it would not be observed at low liquid/
solid ratio since the solution would rapidly be supersaturated
with respect to thaumasite, which would precipitate. The
thermodynamic calculations are in good agreement with the
findings from other investigations indicating that thaumasite is
more stable at lower temperatures as suggested by Bensted et al.
[2,3]. Based on the thermodynamic data it is calculated that
thaumasite could persist under the conditions used in the
experiments up to a temperature of approximately 45 °C. The
calculations indicate that the temperature up to which thauma-
site is thermodynamically stable depends strongly on the pH.
Higher pH values as present in the pore solution of hydrated
cements which have interacted with less Na,SO, solution, leads
to a strong decrease of dissolved calcium and thus destabilises
thaumasite at lower temperatures. Cements interacting with
higher amounts of sulfate containing solutions will exhibit a
lower pH and in such systems thaumasite will be stable at even
higher temperatures.

The quantities of thaumasite determined by Si—NMR for
OPC cement systems (Fig. 6) show that thaumasite was de-
tectable after 3 months of sulfate interaction at 8 °C. At 20 °C

only very small amounts of thaumasite could be detected by Si—
NMR even after 9 months of sulfate interaction. Furthermore, at
8 °C, significantly more thaumasite was experimentally
detected although in the comparable OPC cement systems
with 5 or 25 wt.% limestone additions, similar amounts of
thaumasite have been calculated. The computation of the
saturation indices for thaumasite from the measured concentra-
tions showed slightly higher degrees of oversaturation with
respect to thaumasite at 8 °C than at 20 °C (Tables 3 and 5). This
difference, however, is rather small indicating that not only
thermodynamics but also kinetics determines the amount of
thaumasite formed and that the formation of thaumasite is faster
at 8 °C than at 20 °C.

The observations of thaumasite formation at 20 °C in the
laboratory cements investigated are in good agreement to the
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Fig. 7. Sulfate interaction comparing experimental and predicted solid phase
assemblage for an OPC cement system with 25 wt.% limestone addition at
20 °C. Ht = hydrotalcite; Mc = monocarbonate; FH3 = iron hydroxide.
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observation of thaumasite formation at 20 °C and above in Italy
and Southern California [6,7]. Generally, the amount of
thaumasite determined by Si—NMR is only a small portion of
what is predicted from the thermodynamic data, indicating that
thaumasite formation is kinetically very slow. In fact thaumasite
is the last sulfate phase forming during sulfate interaction due to
its slow reaction kinetics which agrees to the observations of
Kohler et al. [39] and Barnet et al. [40]. The thermodynamic
calculations further show that thaumasite is the end product in
the cement systems studied.

In the experiments, after 9 months, equilibrium has not been
reached. Thermodynamic modelling, however, can be used to
assess the total potential risk of the binder systems for
thaumasite formation with respect to temperature and sulfate
concentration.

4.4. Influence of leaching

The influence of leaching on the formation of thaumasite was
calculated for leached and unleached OPC cement system with
25 wt.% limestone for the sulfate uptake at 8 °C (Figs. 4c, 8).
The phase assemblage for the leached OPC cement was
modelled using the composition of the laboratory cements
after the leaching process as given in Table 1.

The calculation indicates that the leached OPC cement
system before the addition of sulfate consists of C—S—H,
ettringite, AFm (e.g. monocarbonate) and traces of hydrotalcite
as stable phases, given for a calcium carbonate containing
cement (Fig. 8). The main difference to the unleached OPC
cement system is the absence of portlandite as well as the
presence of C—S—H with a lower Ca/Si ratio.

With sulfate progressively added to the cement system the
modelled data indicate that as already observed in the leached
OPC samples relatively more ettringite is present (Fig. 8)
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Fig. 8. Sulfate interaction comparing experimental and predicted solid phase
assemblages for an OPC cement system with 25 wt.% limestone addition at 8 °C
subsequent to leaching. Ht = hydrotalcite; Mc = monocarbonate; FH3 = iron
hydroxide.

Table 4
Total porosity and portlandite content of the laboratory cement pastes before and
after leaching

Sample Ca(OH); content® [wt.%)] Total porosity®
HO H5 PO P5 P25 HO H5 PO P5 P25
Initial 15 14 15 14 12 18 17 15 14 20

Leached 2 2 3 3 1 36 35 28 27 39

* Obtained from thermogravimetric analysis TGA.
® Obtained from mercury intrusion MIP.

compared to the non leached experiments (Fig. 4c). The fraction
of aluminium present in the leached systems is higher, as a part
of the calcium is removed during leaching. The calculations
further show that in the presence of sulfate, additional ettringite
is formed at the expense of the AFm-phases consuming the
available aluminium resources (Fig. 8). The modelled hydrate
phase assemblage indicates that less thaumasite is formed in
leached conditions.

The experimental results show that in leached HS and OPC
cement systems before the addition of sulfate the chemical
composition and the pore structure change. After leaching for
4 months the amount of calcium (=50 wt.%) and alkalis
(=90 wt.%) are strongly reduced whereas the amounts of
silicate, aluminium and iron remained nearly constant (Table 1).
In addition, during the leaching a small uptake of CO, into the
cement systems is observed.

Portlandite was reduced by more than 80 wt.% during the
leaching process as shown in Table 4. However, small amounts
of portlandite (1-3 wt.%) were still present indicating that the
leaching process was not completed after 4 months. The MIP
measurements of samples before and after leaching showed that
the total porosity almost doubled (Table 4). The pore size
distribution in the investigated samples shows significantly
more small pores <10 nm and more pores between 10 — 100 nm
to be present in the leached samples (Fig. 9). The increase in
pore volume can be attributed to the dissolution of the large
crystals of portlandite Ca(OH), [41-44]. The dissolution of Ca
from the C—S—H might explain the increase the amount of small
pores, although this could also be due to the removal of
portlandite facilitating access to the small pores [38,45].
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Fig. 9. MIP pore size distribution of hydrated and leached HS and OPC cement
pastes.



T. Schmidt et al. / Cement and Concrete Research 38 (2008) 337-349

The experimental results of the leached samples indicate that
with 2.5 wt.% sulfate addition ettringite, monocarbonate and
traces of hydrotalcite are present, see bottom part of Fig. §,
subsystem DL. With more sulfate added to the cement systems
more ettringite is present than in the non leached experiments
(Fig. 5c). These observations agree with the calculated data. In
addition, the increase of porosity in the leached systems can
enhance sulfate interaction and thus ettringite formation due to
faster diffusion into the grains.

The Si—NMR results show that significantly less thaumasite
was formed in the leached OPC cement systems with high C;A
content (P5, P25) as shown in Fig. 6. Thaumasite could not be
identified in the leached HS cement systems with low C;A
content (HO, H5) after 9 months of sulfate interaction which is in
contrast to the non leached systems (Table 5) where thaumasite
was observed. These findings agree with the observations of Zhou
and Sharp [17], who found decreasing amounts of thaumasite
with decreasing pH but it is in contrast to the conclusions of
Romer et al. [13], who suggested that leaching facilitates
thaumasite formation.

Although, leaching increased the porosity of the OPC cement
pastes and therefore accelerates sulfate interaction, thaumasite
formation is not enhanced. Thaumasite formation was found to
be even slower in leached samples than in non leached samples
at the same sulfate concentrations and exposition time. This
indicates that the precipitation kinetics of thaumasite might not
only be diffusion controlled but also influenced by the different
mineralogical composition of the cement systems under these
conditions.

The XRD results show that slightly more gypsum is present in
leached subsystems with 10 wt.% sulfate addition compared to
the unleached subsystems (Fig. 5c¢) due to the very slow
thaumasite formation. As most of the portlandite has been
removed from these systems, this formation of gypsum implies
decalcification of the C—S—H. Although slower than in the
unleached samples, thaumasite formation in the leached OPC
cement systems is still faster at 8 °C than 20 °C (Fig. 6).

Table 5

347

4.5. Composition of reaction solutions

Beside the solid phases the composition of the reaction
solutions of the PEA experiments was also investigated. The
composition of the solution was calculated by thermodynamic
modelling for all experiments at 8 and 20 °C. The calculated
concentrations of selected ions for an OPC cement system with
25 wt.% limestone addition are given in Fig. 10.

In the subsystems where no sulfate was added, the calculated
solution compositions are dominated by OH ", Ca, K and Na.
The addition of Na,SO, leads not only to an increase in the
calculated sodium and sulfate concentrations but also to an
increase of the hydroxide concentration as a part of the sulfate
added precipitates as sulfate containing phases. The concentra-
tion of Ca which is determined by the presence of Ca(OH),,
decreases accordingly (Fig. 10a).

The concentrations of ions in solution were measured after 3 and
9 months. In Fig. 10a the data for an OPC with 25 wt.% limestone
addition are compared to the modelled concentrations assuming
equilibrium. The concentrations measured in the subsystems with-
out sulfate addition agree well with the modelled data. The addition
of sulfate leads to a significant difference between calculated and
measured data. The observed trends of the measured ion concen-
trations over time indicate an evolution towards the predicted ion
concentrations. After 9 months, only a fraction of sulfate added to
the subsystems has been consumed due to the formation of et-
tringite and thaumasite; gypsum has precipitated instead. At higher
sulfate additions, the measured Ca®" and SO concentrations are
buffered by the gypsum present. This indicates that equilibrium has
not yet been reached after 9 months of sulfate interaction.

The composition of the reaction solutions for the leached
cement systems containing 25 wt.% limestone is reproduced in
Fig. 10b. The prediction indicates that leaching reduces the
concentration of Ca, Na and K as well as OH  in the solution. The
carbonate, aluminium and silicate concentrations in the solution
are calculated to be higher in leached than in non leached systems
(Fig. 10a, b).

Pore solution compositions and phase assemblages for sulfate interaction (9 months) subsequent to leaching

ii

Sample' Solution composition [mmol/1] pH Saturation Phase assemblage
siii i Ca K Na indices f.oriv Identified Modelled
thaumasite
8°C HO BL 33 0.8 0.87 0.16 169 12.5 4.1 G Ett Ms (Cc) Ett (Th)
HS5 BL 33 1.2 0.50 0.21 157 12.4 33 G Ett Mc Cct Ett Th Cc
PO BL 33 1.0 0.55 0.25 169 12.7 3.2 G Ett Ms (Cc) Ett (Th)
P5 BL 29 1.0 0.52 0.28 157 12.7 3.1 G Ett Th Mc Cct Ett Th Cc
P25 BL 29 1.4 0.40 0.10 122 12.5 3.1 G Ett Th Mc Cct Ett Th Cc
20 °C HO BL 31 0.8 0.72 0.20 169 12.6 3.0 G Ett Ms (Cc) Ett (Th)
H5 BL 33 1.0 0.42 0.25 161 12.7 2.0 G Ett Ms Cc? Ett Th Cc
PO BL 33 0.8 0.62 0.33 174 12.7 2.5 G Ett Ms (Cc) Ett (Th)
P5 BL 29 0.8 0.62 0.38 165 12.8 2.6 G Ett (Th) Cet Ett Th Cc
P25 BL 27 1.0 0.50 0.12 122 12.6 2.8 G Ett (Th) Mc Cct Ett Th Cc

Portlandite and C—S—H present in all samples, Cc = Calcite; Ett = ettringite; G = gypsum; Mc = monocarbonate; Ms = monosulfate, S = sulfate; Th = thaumasite.
1 = increasing after leaching; () = traces; 'BL: 10 wt.% SO, by mass cement paste; "measured Si and Al concentration were below the detection limit of
0.1 mmol/l; ™C = inorganic carbon, S = sulfate; "“Saturation index (thaumasite): SI=log (measured ion activity product/solubility product), see text. A positive

saturation index indicates oversaturation.
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Fig. 10. Predicted and experimental composition of the pore solution of an OPC
cement system with 25 wt.% limestone addition analysed after 3 months (empty
symbols) and 9 months (filled symbols) sulfate interaction.

The concentrations of Ca, Na and K as well as OH  where
found to be significantly lower in the experiments undergoing
leaching before sulfate interaction (Fig. 10b). This is due to the
fact that portlandite and alkalis are reduced in the leached
cement systems as mentioned in 4.4 and agrees with modelling
data. The concentration of carbonate in solution was determined
to be slightly increased as indicated by the modelled data. Also
for the leached systems the experimental data for the pore
solution composition reproduces the trends which were
predicted by the thermodynamic model.

Generally, in the absence of sulfate and at low sulfate
concentration modelled and measured data agreed well. In the
subsystems where sulfate was added, modelled and measured
data did not yet agree after 9 months indicating that equilibrium
has not been reached.

5. Conclusions

Limestone addition influences the hydrate phase assemblage
in hydrated cements. In the presence of limestone, monocarbo-
nate and ettringite are present instead of monosulfate. In cement
systems with very little carbonate, hemicarbonate may form.

Under sulfate exposure AFm-phases (monosulfate, hemicarbo-
nate in the absence of carbonate and monocarbonate in the presence
of carbonate) react to form ettringite. Thaumasite precipitates at
high levels of added sulfate. Experimental data as well as thermo-
dynamic modelling indicate, that thaumasite can only be formed
under conditions where the molar SO3/Al,Oj ratio in the cement
system exceeds 3. For lower amounts of SO; only ettringite is
formed.

In Portland cement systems with 5 wt.% limestone addition, the
amount of calcite limits the extent of thaumasite formation if more
than approximately 10 wt.% SO3 _ is present. In the case of 25 wt.%
limestone addition much more thaumasite can be formed. Beside
the influence of the carbonate, thaumasite formation is also limited
by the C—S—H phase of the Portland cement systems.

Gypsum was observed to form parallel to or instead of
thaumasite at high sulfate concentrations. In the experiments
gypsum was formed initially since the formation of thaumasite
is kinetically very slow. Gypsum acts later as a source of sulfate
for the precipitation of additional thaumasite. Thaumasite was
found to be the last sulfate phase to form during sulfate
interaction due to kinetic reasons.

The experimental results further show that thaumasite
formation may occur in limestone containing cement systems
with both high and low C3A content. The C3A content was not
found to have a significant influence on thaumasite formation.

Thermodynamically, slightly higher amounts of thaumasite
were calculated to be stable at lower temperatures. In addition,
the experiments show that kinetic effects are dominant; at lower
temperature thaumasite is formed much faster.

Leaching reduced the amount of portlandite and increased the
porosity of the cement paste systems. Furthermore leaching
reduced the amount of alkalis and calcium in the cement systems
resulting in lower pH values in the reaction solution. Thaumasite
was also formed in leached cement systems. However, ex-
perimental and modelling results show that in leached cement
systems the amount of thaumasite formed is smaller than in
unleached cement systems, whereas secondary gypsum and
ettringite formation are favoured under these conditions.

The progressive equilibrium approach PEA used to inves-
tigate the chemical aspects of sulfate attack is a good tool for
simulating various levels of sulfate uptake due to an external
sulfate attack. Generally, thaumasite was detected were it was
modelled to be stable in significant amounts. However, the
experimental setup, especially the selection of a w/c ratio of
0.35 in this study did not allow equilibrium conditions to be
reached after 9 months of sulfate interaction at a liquid/solid
ratio of 7. If the experiments are applied properly equilibrium in
the samples can be reached within months to years. The
approach to equilibrium would be faster if a higher w/c ratio and
if an even finer fraction of paste particles would be used. Thus,
the small paste particle size should minimize the diffusion
compared to diffusion controlled experiments.
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