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Thaumasite formation is normally a slow process; however some studies have shown that the presence of
sucrose promotes its formation substantially. Many of today's concretes contain organic admixtures and no
research has been conducted to date to determine whether the presence of these admixtures may induce or
favour thaumasite formation. The present study aimed to ascertain whether, like sucrose, admixtures may

Key Words.: further that process, and to propose a working methodology to do so.
Thaumasite . . - . . . .
Cement (D) The methodology used was: mixing sodium carbonate, sulfate and silicate solutions with a CaO solution with

eleven commercial admixtures. The precipitates obtained after different curing times (up to 1 year) and
temperatures (5 and 25 °C) were characterised with FTIR and XRD.

It was possible to distinguish between admixtures that did and those that did not favour thaumasite
formation, i.e., products containing lignosulfonates or a mix of sodium carboxylate and polysulfonate as well
as aluminium-based accelerating admixtures favoured thaumasite formation.
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1. Introduction

Thaumasite is formed in concrete as a result of the reaction between
sulfates and carbonates and the calcium silicate hydrates in the cement
paste [1]. Statistical studies conducted in the UK have shown that sulfate
attack and thaumasite formation are more prevalent in underground
concrete exposed to low temperatures, high humidity, and environments
with high sulfate contents, as well as concretes made with limestone
aggregate [1]. Nonetheless, a number of cases of thaumasite-induced
damage in concrete not exposed to those conditions have been reported
[2-7]. Several studies have been reported showing that puzzolanic
compounds, aluminium amount and even portlandite presence can
reduce thaumasite formation [8-12].

Many of today's concretes contain organic admixtures (some
comprising industrial by-products) that affect cement hydration in a
variety of ways, modifying characteristics such as the dissolution or
setting rates or paste flowability. Several recent reports have been
published on thaumasite formation in gunned concrete in tunnels
[13-15], where the concrete had been prepare using different super-
plasticisers and accelerating admixtures to improve the workability of
the fresh material and its adherence to tunnel walls and crown.

To date, science has not addressed the question of whether the
presence of these admixtures may induce or favour thaumasite formation
and whether that might explain damage observed in concrete in
temperate or warm climates [2,5], young concrete or mortar not exposed
to high sulfate ion concentrations [16].
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Thaumasite formation is usually, although not always, a slow process
[4], whose reaction kinetics are governed by the slowest stage, the
expansion of the tetrahedral Si coordination sphere in the C-S-H gel to
the octahedral configuration in thaumasite [17,18].

Studies on thaumasite synthesis have shown that the presence of
sucrose promotes its formation substantially [19-21]. Although the
role of sucrose in the expansion of the Si coordination sphere is still
under study, this compound is known to form an adduct with the
Ca®* ions in the solution, increasing portlandite solubility [21].
Moreover, Kinrade et al. [22] showed that certain aliphatic polyhydric
alcohols readily yield solutions containing high concentrations of
stable silicate anions in which the silicon may be penta- or hexa-
coordinated with oxygen. To be able to generate significant amounts
of such complexes, the polyalcohol must have at least four adjacent
hydroxy groups, two with a threo configuration.

Thaumasite formation is normally a slow process; however some
studies have shown that the presence of sucrose promotes its formation
substantially, then the present study aimed to ascertain whether, like
sucrose, admixtures may further thaumasite formation.

To this end, the methodology used was the same as for thaumasite
synthesis [20]: i.e., mixing sucrose solutions of carbonate, sulfate and
sodium silicate with a CaO sucrose solution, but replacing the sucrose
solution with one of two concentrations of commercial admixtures
solution.

2. Experimental

For all the eleven admixtures, 2 different proportions of each
particular admixture (Table 2) were used to prepare a series of calcium
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oxide, admixture and water mixes (mix X in Table 1). A series of aqueous
solutions of sodium carbonate, sulfate and silicate were also prepared,
with compositions as given in Table 1 (mix Y). After preparation and
chilling to 5 °C or keeping at 25 °C, Y was poured over X and the mixes
were stirred for 5 min in a closed container at 5 or 25 °C. After 1, 2, 3, 6 or
9 months or 1 year (or even up to 3 years) samples were filtered and
obtained precipitated solid were examined by XRD and FTIR techniques.
A reference aqueous mix containing the same oxide compositions as in
Table 1 but no admixtures, was prepared and kept at 5 °C for 1 year. After
this time the sample was filtered and analysed by FTIR.

Table 2 gives the name and amount of admixture added to the X mix.
The proportion of admixture added to the solution was determined on
the grounds of manufacturer recommended maximum and minimum
amounts per kg of cement and assuming a water/cement ratio of 1/2.

FTIR spectra were obtained on a Thermo Scientific Nicolet 600
spectrometer. Samples were prepared by mixing 1 mg of sample in
300 mg of KBr. Spectral analysis was performed over the range
4000-400 cm™ ! at a resolution of 4 cm ™.

A Bruker D8 Advance X-ray diffractometer consisting of a high
voltage, 3-kW generator and a (1,54-A CuKa) copper anode X-ray tube
normally operating at 40 kV and 50 mA, was used for the mineralogical
characterisation of the samples. This instrument was coupled to a
Lynxeye detector with a 3-mm anti-scatter slit and a (0.5%) Ni K-beta
filter, with no monochromator. Patterns were recorded over the angular
range 5-60° 26, with a step size of 0.02° 26, and a cont time of 5 s per
step.

Thermodynamic modelling was carried out using the Gibbs free
energy minimization program GEMS [23], with the internally consistent
thermodynamic data set [24] expanded with the cement-specific
database (CEMDATA) compiled in Ref. [25].

3. Results

Tables 3 and 4 summarise the crystalline phases identified by XRD
in the precipitates obtained at 25 and 5 °C, respectively, at ages of up
to 1 year.

At the concentrations and temperatures studied, portlandite and
calcite were the only two crystalline phases detected at any age on
the XRD traces for the precipitates from the solutions containing
polycarboxylate- (superplasticisers, samples 6, 7, 8 and 11) or
thiocyanate-based (accelerating admixture, sample 4) admixtures.
The much lower intensity and greater width of the calcite than the
portlandite diffraction lines denoted the lower proportion and poorer
crystallisation of the former. No crystalline sulfate or tobermorite-
type C-S-H gel was detected (Fig. 1 shows the XRD patterns of two of
these samples, 7 and 8). The XRD traces for samples 5A and 5B
(nitrate-based admixture) stored at 25 °C for up to 1 year yielded
similar findings (XRD patterns not shown).

The FTIR spectra for the 3-month samples (Fig. 2), contained
bands generated by the O-H bond stretching vibrations in portlandite
(3643 cm™!) and water (3435 cm™!); a medium intensity band at
around 1641 cm ™~ ! attributable to the H-O-H bending vibrations in
water; and a wide, intense band from 1400 to 1500 cm ™! due to the
asymmetrical C-O bond stretching vibrations in carbonate groups,

Table 1
Concentration of solutions X and Y.
X Y
Reagent Ca0 Na,SiO3 Na,S04 Na,CO3
Mass 505¢g 183¢g 71¢g 159¢g
Volume/solvent 250 ml/water + 250 ml/water
xg admixture
Concentration X +Y 0.18M 0.03M 0.1M 0.03M

Volume X+Y 500 ml

Table 2
Admixture type, chemical base and concentration.

Admixture type Chemical base Name g admixture/ Name g admixture/

0.5 I solvent 0.5 1 solvent

Superplasticiser Lignosulfonate 1A 6 1B 3
Accelerating KAI(OH),4 2A 6 2B 3
Accelerating Aly(SO4)3-14H,0  3A 6 3B 3
Accelerating Thiocyanate 4A 2 4B 0.5
Accelerating Nitrate 5A 2 5B 1
Superplasticiser Polycarboxylate 6A 1 6B 0.3
Superplasticiser Polycarboxylate 7A 0.3 7B 0.1
Superplasticiser Polycarboxylate 8A 0.3 8B 0.1
Plasticiser Lignosulfonate 9A 6 9B 3
Retarding Sodium 10A 15 10B 5

carboxylate +

polysulfonate
Superplasticiser Polycarboxylate 11A 14 11B 5

whose v, and v, vibrations were observed at 872 and 712 cm™,

respectively, and attributed to the poorly crystallised calcite detected
by XRD. The medium and small bands in the 1100-1130 cm™ ' area
and at around 671 cm~! were respectively interpreted to reflect
sulfate group S-O bond symmetrical and bending vibrations. This
sulfate might be amorphous or its proportion must have been below
the XRD detection limit, since they were not observed on the
diffractogram but were detected by FTIR. Lastly, the wide, medium
intensity band at 900-1000 cm ™! and the weaker band at around
815cm~ ! were interpreted to be due to asymmetrical stretching
vibrations generated by the Si-O bond in the C-S-H gel. These spectra
were similar to the 1-year spectra for the same samples.

XRD data show (Figs. 3 and 4) that regardless of the admixture
concentration, temperature and curing age, all solid precipitates obtained
from mixes containing aluminium comprised of ettringite, calcite as well
as, gypsum, brucite and portlandite, at some ages. The broad peak
26 =9.0-9.3° detected in the XRD patterns of the precipitates obtained
from samples 3A and 3B at 5 and 25 °C after already 3 months of reaction
can be attributed to the formation of thaumasite and/or ettringite-
thaumasite solid solution. After Barnett et al. studies [26], the solid
solution effect on structure can be observed by XRD, since the positions of
the peaks due to each phase are changing.

It was noticed that while ettringite peak was decreasing, thaumasite
peak was rising over the time (Fig. 3) and after one year, reflexions of
both phases could be distinguished. The amount of thaumasite was
higher in the chill-cured samples with a lower proportion of admixture
(3B at 5 °C). The precipitates obtained from the admixture 2, in turn,
only contained thaumasite when cured at 5 °C with the smaller amount
of admixture (2B) (Fig. 4).

FTIR spectra of the 3-month samples which were in contact with
admixture 3 (Fig. 5) showed bands characteristic of ettringite, calcite;
brucite (OH stretching at 3680 cm ™ '); and possibly portlandite, since
the OH stretching vibrations in this phase may overlap with the
ettringite vibrations.

After only 90 days (Fig. 5), the spectra exhibited bands characteristic
of the octahedral silicon in thaumasite (SiOg stretching and bending, 500
and 760 cm~ ') in samples 3A and 3B stored at 5 and 25 °C indicating
thaumasite and/or solid solution ettringite-thaumasite formation. Fur-
thermore, the low intensity of the absorption bands in the (tetrahedral
silicon) C-S-H gel Si-O stretching vibration area (1000-900 cm ™ ') was
an indication that practically no gel was formed, i.e., that this admixture
inhibited C-S-H precipitation. Over time, these chill-cured samples
evolved towards thaumasite formation (3500, 3470, 3400, 1700; 1655;
1400; 1100; 871; 760; 676; 646; 587; and 500 cm~1).

After 1 year (Fig. 6) the carbonates clearly shifted to 1400 cm ™,
and whereas the bands due to tetrahedrally coordinated silicon Si-O
vibrations (1000-900 cm ™ !) disappeared altogether, bands associat-
ed with ettringite were still visible, denoting its presence in the
sample.
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Table 3

Crystalline phases identified by XRD in the precipitates obtained at 25 °C and at different ages by using two proportions (A and B) each of the eleven admixtures.
A 3 months 6 months 9 months 1 year B 3 months 6 months 9 months 1 year
1 P.c,+ - - P.ct+ 1 P.c,+ - P.c,+
2 Ecg 4 E,c,g, AFm a 2 E.cp 4 4 4
3 Etcpb @ @ Etc 3 Etcpb @ ET,cp,b 2
4 P,c a 4 - 4 - - - -
5 P,c 4 4 Cp 5 P,c 4 a Pce
6 P,c @ @ - 6 P,c a a .
7 P,c @ @ - 7 P,c a a .
8 P,c 4 4 - 8 P,c 4 4 -
9 P,c - - P,c,+ 9 P - - P.c,+
10 P.c,+ +.,p.C 10 P - - P.c,+
11 P,c - - P 11 P - - -

p =portlandite; e =ettringite; c= calcite; t=thaumasite; AFm = calcium monosulfoaluminate hydrate; b= brucite; g=gypsum; e-tss = ettringite-thaumasite solid solution;

capital letters = main phase; + = weddellite.

2 = no changes in the phases present were noted compared to the relevant earlier sample.

Table 4

Crystalline phases identified by XRD in the precipitates obtained at 5 °C and at different ages by using two proportions (A and B) each of the eleven admixtures.
A 1 months 2 months 3 months 6 months 9 months 1 year B 1 months 3 months 6 months 9 months 1 year
1 - Pt,c @ - - T.p,c,+ 1 P Ptc - - Pt.c,+
2 - - E.c 2 Ceg E.c 2 - E.ctp a a a
3 - - E-Tss, ¢,p,b a a a 3 - T.E,c,p.b a a 4
4 - - P,c 2 2 - 4 - P,c @ @ -
5 - - P,c Ptc 2 a 5 - P,c Pt B ?
6 - - P,c a a4 - 6 - P,c 4 a -
7 - - P,c 2 2 - 7 - P,c @ @ -
8 - - P,c ? 2 - 8 - P,c B B -
9 P Ptc B - - P,t,c,+ 9 - P,c - - P,ct+
10 P,c Pc,+ 4 - - Pc,+ 10 P,c - Pct+
11 P B P,c - - P,c 11 P,c - - -

p = portlandite; e = ettringite; c = calcite; t = thaumasite; b= brucite; g = gypsum; e-tss = ettringite-thaumasite solid solution; capital letters = main phase; + = weddellite.
? = no changes in the phases present were noted compared to the relevant earlier sample.

The spectra for the 3A and 3B samples cured at 5 °C varied
similarly over time, although the thaumasite bands were consistently
more intense in the samples with lower concentrations of admixture
(Fig. 6).

FTIR spectra of samples which were in contact with admixture 2
(aluminium and potassium hydroxide-based accelerating admixture
for gunned concrete, Fig. 7), at all ages shown bands associated with
ettringite (3644, 1110 and 610cm™!) and calcite (1430; 875 and
712 cm~!) Portlandite and thaumasite bands were also observed on
the spectra for the samples stored at 5°C containing the lower
concentration of the admixture (2B). The band attributed to v3 Si-O

25°C o c P

8B 180d b ¢ R c C C

8A 90d ‘k

7A 180d k

Fig. 1. XRD patterns of precipitates obtained from solutions containing polycarboxylate
admixtures (7A, 8A and 8B) at 25 °C and at different ages (90 and 180 days). P =
portlandite; C = calcite.

bond vibrations in the C-S-H gel (around 960 cm™!), exhibited
relatively low intensity at all ages and disappeared at the expense of
thaumasite formation.

When the admixture concentration was lower at 5 °C, the XRD
traces for the 1-month precipitates obtained in the presence of a
lignosulfonate-based admixture (samples 1 and 9, superplasticiser
and plasticiser, respectively) contained only portlandite reflections
(Table 4 and Fig. 8), although the wider and increasingly more

——4A3m
T ——6A3m
T ——7A3m
S C-O ——8A3m

Y Si-O(Si(IV))

T A

r T T T T T T 1
4000 3500 1800 1600 1400 1200 1000 800 600 400

wavenumber (cm™')

Fig. 2. FTIR spectra of precipitates obtained from solutions containing polycarboxylate
(6A, 7A, 8A) or thiocyanate (4A) admixtures at 5 °C for 3 months and of precipitate in
water (without admixtures) after 1 year is showed as reference. P = portlandite; C =
calcite, S-0 = sulfate vibration; Si-O(Si(IV)) = tetrahedral silicate vibration from C-S-
H gel.
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Fig. 3. Detail of XRD patterns of precipitates obtained from solutions containing
aluminium sulfate hydrate as admixture (3A and 3B) at different ages (90 days and
1year) and temperatures (5 and 25°C). P = portlandite; E = ettringite; T =
thaumasite; B = brucite.

intense reflections that appeared over time were assigned to poorly
crystallised calcite. After 2 or 3 months, the diffractograms for the
precipitates stored at 5 °C also contained small thaumasite reflections
whose intensity increased with time, but which did not appear at
such early ages for the samples stored at 25 °C. Nonetheless, the 1-
year pattern for the sample 1A precipitate cured at 25 °C contained
intense diffraction lines attributable to thaumasite (Fig. 8). For the
samples at later ages weddellite was also observed.

The FTIR spectra for the 1-month to 1-year samples stored at 5 °C
(Fig. 9) confirmed the XRD findings. The 1-month samples generated
wide bands in the carbonate and sulfonate group vibration areas,
which may be an indication of their amorphous nature. An intense,
narrow band was also observed in the O-H group stretching vibration
area, denoting the presence of portlandite. The bands in the Si-O v
vibration area associated with the C-S-H gel (at around 950 cm™!)
were also wide but scantly intense and very likely overlapped with
some of the admixture bands (1045 cm ™).

A comparison of the FTIR spectra for the 1-month and 1-year
samples (Fig. 9) revealed a shift in the carbonate C-O asymmetrical
stretching bands to lower frequency numbers, centred at around
1400 cm ™ !; higher intensity of the sulfate S-0 asymmetrical stretching
band, centred at around 1100 cm ™ !; a decline in the Si-O asymmetrical
stretching band associated with tetrahedrally coordinated silicates; and

E 2B, 5°C
T E \’—‘
T PT E

-/A\_,\ ,j\’\____,_/\'\./\/\_._l
M /\,, . A . 2704
/ \ A,, e N 180 d
A 90 d

T //’/ T T T

8 10 16 18 20

20

Fig. 4. Detail of XRD patterns of precipitates obtained from solutions containing
potassium aluminium hydroxide as admixture (2B) at 5 °C and at different ages (90,
180, 270 days, 1 year and 2 years). P = portlandite; E = ettringite; T = thaumasite.

_ o | — 3A%0dsC
= + —— 3A90d 25°C
T c\“;/ —— 3B90d5°C

o @ | — sBoodesc

O-H(E)

Si-O(Si(V1))

T T A T T T T T T 1
4000 3500 1800 1600 1400 1200 1000 800 600 400
wavenumber (cm™)

Fig. 5. FTIR spectra of precipitates obtained from solutions containing aluminium
sulfate hydrate as admixture (3A and 3B) at 90 days and at different temperatures (25
and 5°C). P = portlandite; E = ettringite; T = thaumasite; C = calcite; C-0 =
carbonates; S-O = sulfate vibration; Si-O(Si(IV)) = tetrahedral silicate vibration from
C-S-H gel; Si-O(Si(VI)) = octahedral silicate vibration from thaumasite.

the appearance of SiOg (octahedral silicon) bands. All these observa-
tions are indicative of the presence of thaumasite.

The diffractograms for the 180-day precipitates obtained with a
nitrate-based product (accelerating admixture, samples 5A and 5B)
stored at 5 °C (Fig. 10) contained a low intensity diffraction line at
26 =9.25° in addition to the calcite and portlandite reflections. The
intensity of this third reflection grew with time and was clearly
attributable to thaumasite in the samples stored at the low temperature
for 270 and 365 days (Fig. 10).

The FTIR spectra for these samples (5A as an example in Fig. 11)
showed a clear change after 90 days. The OH group vibrations present in
thaumasite appeared as a signal in the 3650-3400 cm™ ! area. The
absorption associated with tetrahedral Si-O v3 vibrations declined, while
the Si-O bands denoting the presence of octahedrally coordinated silicon
characteristic of thaumasite became gradually more intense. The vs
vibration bands for the C-O groups, in turn, were observed to shift from
1435 cm ™! at the earlier ages to 1400 cm ™' (denoting the thaumasite
carbonates) by the end of the trial (up to 3 years in this case). At the same

time, the S-O v; bands grew narrower and shifted to 1100 cm™?,

=
) —3A
o —3B
w

Si-O(Si(VI))

T T T T
3500 1500 1000 500
wavenumber (cm™')

Fig. 6. FTIR spectra of precipitates obtained from solutions containing aluminium sulfate
hydrate as admixture (3A and 3B) after 1 year at 5 °C. P = portlandite; E = ettringite; T =
thaumasite; C = calcite, B = brucite; S-O = sulfate vibration; Si-O(Si(IV)) = tetrahedral
silicate vibration from C-S-H gel; Si-O(Si(VI)) = octahedral silicate vibration from
thaumasite.
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Fig. 7. FTIR spectra of precipitates obtained from solutions containing potassium aluminium
hydroxide as admixture (2B) after 90 days and 1 year at 5 ° C. P = portlandite; E = ettringite;
T = thaumasite; C = calcite; S-O = sulfate vibration; Si-O(Si(IV)) = tetrahedral silicate
vibration from C-S-H gel; Si-O(Si(VI)) = octahedral silicate vibration from thaumasite.

indicating a change in these groups toward the sulfate environment in
thaumasite.

Finally, portlandite, calcite and weddellite were the sole crystalline
phases detected on the diffractograms for the precipitates obtained in the
sodium carboxylate + polysulfonate-type product (retarding admixture,
samples 10A and 10B) (Tables 3 and 4) with one exception: sample 10B
stored at 5 °C also contained lines indicative of thaumasite (Fig. 10).

The FTIR spectra for the 10A samples (not shown) contained
intense bands attributable to portlandite, sulfates and carbonates, and
only weak bands in the v3 Si-O vibration area. A decrease of the
admixture concentration (10B sample), favoured the calcium silicate
hydrate precipitation and inhibited calcium sulphate formation at
early ages, (Fig. 12). FTIR spectrum of sample 10B preserved at 5 °C
for 1 year presents bands clearly attributable to thaumasite whereas
the band 5 Si-0 (Si(IV)) towards 990 cm ™~ ! has almost disappeared.

4. Discussion

The methodology used in the study was based on a procedure
described by Striible to synthesise thaumasite [19].and modified by
Aguilera et al. [20]. The CaO and sodium salt concentrations used in
this study were as described in prior articles [20,21], replacing the

C
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Fig. 8. Detail of XRD patterns of precipitates obtained from solutions containing
lignosulfonates as admixture (1A, 1B and 9B) at 5 °C (1A also at 25 °C) and at different
ages (1 month, 2, 3 months and 1 year). P = portlandite; C = calcite; T = thaumasite;
+ weddellite.
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O-H(P)
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3500 1800 1600 1400 1200 1000 800 600 400
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Fig. 9. FTIR spectra of precipitates obtained from solutions containing lignosulfonates
as admixtures (1B and 9A) kept at 5 °C at different ages (1 month and 1 year). P =
portlandite; C = calcite; T = thaumasite; C-O = carbonates; S-O = sulfate vibration;
Si-O(Si(IV)) = tetrahedral silicate vibration from C-S-H gel.

sucrose with admixtures at concentrations in keeping with the
minima and maxima recommended in their respective data sheets.

Thermodynamic modelling of the mix containing solutions X +Y
in water (without admixtures) at 5 and 25 °C in a closed system
predicts the precipitation of thaumasite and portlandite. In the
absence of admixtures which serve as a “catalysts”, the reaction rate
was very slow and phases present in precipitates were identified at
both temperatures as calcite, C-S-H gel and portlandite in agreement
with experimental data where no gypsum was identified. The
equilibrium composition of the solutions with those phases shows
the values given in Table 5.

In the present study, whenever polycarboxylate-type superplas-
ticisers or thiocyanate accelerating admixtures (samples 6, 7, 8, 11
and 4) were added to the mix, portlandite precipitated as the major
crystalline phase, along with a much smaller quantity of calcite. The
FTIR spectra, however, exhibited bands that denoted the presence of
C-S-H gel and sulfates (amorphous or absorbed on C-S-H [27,28]) in
the precipitates as well. The similarity of these bands to the signals
detected for the admixture-free control precipitate (Fig. 2) indicated
that the admixtures neither inhibited C-S-H gel precipitation nor
apparently affected the normal precipitation of the phases obtained
during cement hydration. According to Neville [29], superplasticisers

T

P
T [T . ol oTT P T

10B1y

P
N

5B 270 d

A

5A270d

Fig. 10. Detail of XRD patterns of precipitates obtained from solutions containing an
admixture based on nitrate (5A or 5B) and a mix of lignosulfonate and sodium
carboxylate (10B) at 5°C and at different ages (180, 270 days and 1year). P =
portlandite; C = calcite; T = thaumasite; + weddellite.
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Fig. 11. FTIR spectra of precipitates obtained from solutions containing an admixture
based on nitrate (5A) at 5° C and at different ages P = portlandite; C = calcite; T =
thaumasite; C-O = carbonate vibration; S-O = sulfate vibration; Si-O(Si(IV)) =
tetrahedral silicate vibration from C-S-H gel.

do not alter the structure of hydrated cement paste in any fundamental
manner. The main effect is a more uniform distribution of cement
particles, with the formation of ettringite crystals which are small and
nearly cubic in shape rather than needle-like.

The low intensity of the bands at around 900-1000 cm~"' on the
spectra for samples 2 and 3 signified that the precipitation of C-S-H gel
was perceptibly inhibited from the earliest ages when the admixture
used was an aluminium salt. This may have been due to a decrease in
the Ca concentration in the solution as a result of the precipitation of
ettringite, the majority crystalline phase in these samples.

When aluminium sulfate (sample 3) was used as the admixture,
the Si-O vibration bands characteristic for octahedrally coordinated
silicon appeared at the earliest age analysed (90 days), denoting
either the early precipitation of thaumasite or the initial presence of
an ettringite-thaumasite solid solution. With time, the thaumasite
content increased in these precipitates at the expense of ettringite
and after 1 year thaumasite was the majority crystalline phase.

The rate of thaumasite formation and its content in the precipitate
was higher when the admixture contained aluminium sulfate than when

—2m

o 10B, 5°C || —— 1m
I
o

\
Si-O(Si(IV))

()

o}

@

S-O(T)

)

T T T
3600 3400 3200

yi

A T T T T T T 1
1800 1600 1400 1200 1000 800 600 400
wavenumber (cm™')

Fig. 12. FTIR spectra of precipitates obtained from solutions containing an admixture
based on a mix of lignosulfonate and carboxylate (10B) at 5° C and at different ages
(1 month, 2 months and 1 year). P = portlandite; C = calcite; T = thaumasite; C-O =
carbonate vibration; S-O = sulfate vibration; Si-O(Si(IV)) = tetrahedral silicate vibration
from C-S-H gel; Si-O(Si(VI)) = octahedral silicate vibration from thaumasite.

Table 5
Initial composition of the mixture solution (mol/l) and predicted final solution compositions
in equilibrium with calcite, C-S-H gel and portlandite at 5 and 25 °C (mmol/kg).

M (initial) mmol/kg (5 °C) mmol/kg (25 °C)
C 0.03 0.0594 0.0467
Ca 0.18 9.933593 7.8949055
Na 0.32 320.16187 320.16217
S 0.1 100.04662 100.04671
Si 0.03 0.0463 0.0386
pH 13.70 12.95

it contained sodium aluminate, most likely due to greater concentration
of sulphate ions in the solution. Aluminium has been reported to
accelerate thaumasite formation [16,30] and some authors [26,31,32]
detected the existence of an Ett-Th solid solution in which a small
amount of Al is replaced by Si in the ettringite structure.

When lignosulfonate was used as an admixture (samples 1 and 9,
superplasticiser and plasticiser for gunned concrete, respectively), the
precipitate initially contained portlandite, amorphous CaCOs; [33]
(later crystallizing to the calcite identified by XRD at later ages),
likewise amorphous sulfates and amorphous calcium silicates. In the
samples stored at 5 °C, thaumasite was identified after just 2 months
and its content was observed to grow throughout the trial. After
1 year, thaumasite was identified in only one of the samples cured at
25 °C, 1A, but not in 1B, 9A or 9B.

Lignosulfonate admixtures favoured the expansion of the Si
sphere of coordination and thaumasite precipitation, but without
wholly inhibiting the precipitation of calcium silicates. While nothing
in the literature confirms that lignosulfonates furthers the octahedral
coordination of Si, commercial lignosulfonate-based admixtures often
contain lower amounts of sugar which, as noted earlier, forms a
complex with Ca*. The presence of weddellite in some of these
samples could be an indication of presence of carbohydrates in the
lignosulfonate admixtures, taking into account that oxalic acid has
been reported as a product of carbohydrates oxidation reaction [34]
and weddellite has been identified in synthesis of thaumasite in
sucrose medium [35]. They may also contain polyalcohols, some of
which, such as galactitol, manitol and sorbitol, yield high concentra-
tions of stable polyolate complexes containing hexa-coordinated
silicon [22]. The amorphous products formed (carbonates, silicates,
sulfates) might be intermediate thaumasite precursors.

Temperature played an important role in the case for nitrate-based
admixtures (sample 5). Thaumasite was observed after 6 months in the
samples cured at 5 °C, which was not the case for the samples stored at
25 °C. The admixture appeared not to inhibit C-S-H gel precipitation at
5 °C, but it did favour the change from tetrahedral to octahedral Si.

Finally, temperature also had a significant effect on thaumasite
formation in carboxylate and polysulfonate-based precipitates (retard-
ing admixture 10), since thaumasite was only observed in sample 10B,
which was cured at 5°C. The more dilute form of the admixture
interfered substantially with sulfate precipitation, although the silicates
appeared to precipitate normally. Nonetheless, with time it favoured the
change in Si coordination and thaumasite precipitation. According to
Neville [29], retarding admixtures are believed to modify crystal growth
or morphology, adsorbing onto the rapidly forming membrane of
hydrated cement and retarding the growth of calcium hydroxide nuclei.

Retarding admixtures are normally used at high temperatures and
their effect declines in cooler environments. This study showed that,
at the lowest concentrations, thaumasite formed in the presence of
retarding admixtures at low temperatures.

As a rule accelerating admixtures are used at low temperatures,
since when the temperature rises the drying rate is so high that it may
cause shrinkage cracking. In the present study we have demonstrated
that thaumasite can be formed with accelerating admixtures at low
temperatures (5 °C), while thaumasite was not formed at 25 °C.
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The methodology applied in this study would have to be validated
and refined, but in principle it distinguished between admixtures that
did and those that did not favour thaumasite formation.

5. Conclusions

This study proposes a working methodology to differentiate between
admixtures that do and do not favour thaumasite precipitation.

The findings show that some admixtures furthered thaumasite
precipitation when in contact with a solution containing sodium
silicates, carbonates and sulfates and CaO. This effect was more
noticeable at lower temperature (5 °C).

The polycarboxylate- and thiocyanate-based products were the only
admixtures studied that did not inhibit C-S-H gel, calcite and portlandite
precipitation as well as did not promote thaumasite formation.

Lignosulfonates furthered thaumasite formation, particularly at low
temperatures, after the initial precipitation of amorphous compounds
(possibly reaction precursors).

The mixes containing sodium carboxylate and polysulfonate also
favoured thaumasite formation, especially at low temperatures.

Sodium aluminate or aluminium sulfate-based admixtures also
fostered precipitation of the salt, particularly at low temperatures and
concentrations.
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