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The hydration of a low-alkali cement based on CEM I1I/B blended with 10 wt.% of nanosilica has been studied.
The nanosilica reacted within the first days and 90% of the slag reacted within 3.5 years. C-S-H (Ca/Si~1.2, Al/
Si~0.12), calcite, hydrotalcite, ettringite and possibly strdtlingite were the main hydrates. The pore water
composition revealed ten times lower alkali concentrations than in Portland cements. Reducing conditions
(HS™) and a pH value of 12.2 were observed. Between 1 month and 3.5 years of hydration more hydrates
were formed due to the ongoing slag reaction but no significant differences in the composition of the pore
solution or solid phase assemblage were observed.

On the basis of thermodynamic calculations it is predicted that siliceous hydrogarnet could form in the long-term
and, in the presence of siliceous hydrogarnet, also thaumasite. Nevertheless, even after 3.5 year hydration,

neither siliceous hydrogarnet nor thaumasite have been observed.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The storage of high-level and long-lived radioactive wastes in
deep geological repositories is one of the options currently foreseen
to ensure long-term safe disposal. A multi-barrier approach has
been recommended for the design of a deep geological repository
(e.g. [1]). Clay-based host rocks are regarded as hydraulic and chem-
ical barrier to reduce infiltration of water into the near field and to
immobilize radioelements in the far field. The clay-based barriers
may be locally degraded by the high pH originating from the intersti-
tial water of the cements used for the construction of the cavern (e.g.
liner etc.). In ordinary Portland cements pH values of 13.5 or even
higher are often observed [2,3]. Cements with a lower pH value of
the pore solution would show an improved compatibility with the
clay environment and hence reduce local disturbance of the clay-
based barrier. Thus, “low-pH” cements have been developed and test-
ed in several national disposal programs [4-6]. The pH value of the in-
terstitial solution of such low-pH cements should optimally be at 11
or lower, and in particular, the high alkalinity caused by the presence
of portlandite should be reduced in order to minimize long-term im-
pacts on the clay-based materials. Low-pH values have been obtained
in binary mixtures of Portland cement (PC) and silica fume (SF), but
also in ternary mixtures with blastfurnace slags or fly ashes [4-7]. In
the present study a low-alkali cement “LAC” consisting of 90 wt.%
CEM 1II/B 42.5L blended with 10 wt.% of nanosilica has been
investigated.
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The main processes occurring during the hydration of Portland ce-
ments are well known (see e.g. the comprehensive book of Taylor
[8]). The clinker phases react at various rates and C-S-H,! portlandite,
ettringite, AFm and hydrotalcite-like phases are formed. The blending
of PC with slag or SiO, leads to a system where the reactions of the
Portland cement, of the slag and of SiO, occur simultaneously with re-
ciprocal influence on the reaction rates [9].

Blending of PC with granulated blastfurnace slags increases the
amount of C-S-H formed and lowers the Ca/Si ratio of the C-S-H as
slags contain more SiO, and less CaO than PC. Slags react relatively
slowly compared to the PC clinkers in blended systems. The presence
of portlandite, C-S-H, ettringite, AFm (monosulfate, monocarbonate),
and a hydrotalcite-like phase has been observed experimentally in
hydrated PC-slag systems [4,10-16]. At longer hydration times less
portlandite (relative to the amount of PC) was found than in PC
[4,10,14-18]. Although blastfurnace slags generally contain more
Al,03 than PC, which could lead to larger amounts of AFm and AFt
phases in the PC-slag blends, generally less AFm and AFt phases
than in PC have been observed [10,14,15]. The latter finding can be
explained with a view to the C-S-H formed in PC-slag blends, which
has a lower Ca/Si ratio and a higher Al/Si ratio than in PC [10,13-
16,19,20]. Thermodynamic calculations for PC-slag systems showed,
in agreement with the experimental observations, the absence of
portlandite in blended systems with a high percentage of blast furnace
slag, the formation of C-S-H with a lower Ca/Si ratio, the presence of a
hydrotalcite-like phase and AFm phases including stratlingite [9,21].

! Cement short hand notation is used: A: Al,O3; C: CaO; s: SOs; c: CO,; F: Fe,05; H:
H,0, S: SiO;.


http://dx.doi.org/10.1016/j.cemconres.2011.11.008
mailto:barbara.lothenbach@empa.ch
http://dx.doi.org/10.1016/j.cemconres.2011.11.008
http://www.sciencedirect.com/science/journal/00088846

B. Lothenbach et al. / Cement and Concrete Research 42 (2012) 410-423 411

The addition of slag, silica fume or nanosilica to PC can accelerate
the hydration reaction of the PC clinkers [18,22-24] due to the filler
effect. The reaction of the silica fume itself causes a reduction in the
amount of portlandite formed while larger amounts of C-S-H with a
reduced Ca/Si ratio form. Low Ca/Si C-S-H fills up the capillary poros-
ity, which reduces the coarse porosity [25,26] and thus leads to a bet-
ter durability.

The blending of PC with SiO, lowers the pH value [11,27-29] as less
alkali are present due to the “dilution” of the Portland cement and due
to the formation of C-S-H with a lower Ca/Si ratio. Low Ca/Si C-S-H can
take up more alkalis [30,31], which reduces the alkali concentration in
the pore solution. Hence, the addition of SiO, lowers the alkali concen-
tration and the pH value more effectively than blending with blastfur-
nace slag [6,11,32] due to the presence of significantly larger amounts
of 5102

In the framework of the Cement Clay Interaction (CI) project car-
ried out at the Mont Terri rock laboratory in St. Ursanne, Switzerland,
different cements have been emplaced in Opalinus clay (OPA) in 2007
to study their interaction with a clay-based barrier. The temperature
in the Mont Terri rock laboratory is 14-15 °C. Complementary to the
field experiments the hydration of the cements was studied in detail
in laboratory experiments using the same formulations as in the field
experiments with the only exception that no sand and gravel were
added in order to simplify the sample handling for mineralogical
analysis. In this study the composition of the solid and the liquid
phase has been investigated for hydration times between 1h and
3.5 years. Changes in the compositions of the hydrate assemblages
and the pore solutions of these cements were determined by X-ray
diffraction (XRD), thermogravimetric analysis (TGA), scanning elec-
tron microscopy coupled to energy dispersive X-ray spectroscopy
(SEM/EDX) and 2°Si-nuclear magnetic resonance (NMR), and by pH
measurements, inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) and ion chromatography (IC) measurements,
respectively.

2. Materials and methods
2.1. Materials

The experiments were carried out using 90 wt.% CEM III/B mixed
with 10 wt.% nanosilica and a polycarboxylate based superplasticizer
(SP).

The chemical compositions of the materials as given in Table 1
were determined by X-ray fluorescence (XRF). Sulfur and carbonate
were determined using a LECO C/S analyzer, and free lime was deter-
mined according to Franke [33]. The “total” alkalis were determined
with ICP-OES in a solution, which was obtained from digesting
0.20 g of the cements in 20 mL HCl (3%) for several hours [34]. The
mineralogical composition of the unhydrated cement was quantified
by Rietveld analysis according to the methodology reported else-
where [35]. TGA measurements indicated the presence of 2.6 wt.%
calcite and 1.3 wt.% gypsum. The amorphous amount of the anhy-
drous sample was estimated using an internal standard. The mea-
sured XRF composition of the slag is comparable to the slag
composition calculated from the mineralogical composition and the
XRF of CEM 1II/B 42.5 L (Table 1).

The chemical composition of the polycarboxylate superplasticizer
was determined by ICP-OES and the content of dissolved organic car-
bon (DOC) using a Shimadzu TOC-Analyzer. The solid content deter-
mined according to EN 480-8 (heating of 2 g superplasticizer for 4 h
at 105 °C) was 35 g/100 g.

2.2. Hydration experiments

The low-alkali cement (LAC) used in this study was prepared from
a CEM III/B (66wt% slag, 34wt% PC) blended with 10 wt.%

Table 1
Composition of CEM III/B 42.5 L, nanosilica, superplasticizer (SP) and calculated slag
composition.

CEMII/ Slag® (Calculated)®® Nanosilica® SP
B425L

g/100 g

Ca0 46.3 429 (38.1) 0.01
Si0, 31.0 349 (37.0) >99.8 <0.01
Al,O3 10.2 111 (13.9) 0.01
Fe,03 1.0 0.3 (0.0) <0.01
MgO 5.8 6.7 (7.7) <0.01
Na,O 0.26¢ 03 (0.3) 1.5
K,0 0.644 04 (0.6) <0.01
CaOfree 0.15
SO3 32 0.64
S(—1I) 1.0 (1.2)
TiOx® 1.2 1.8 (1.8)
Mn,05¢ 0.23 03 (0.3)
CO, 1.7
LOI 0.7
DOC 0.009 183
Normative phase composition [g/100 g]
Amorphous 65.9
Alite 16.7
Belite 5.6
Aluminate 09
Ferrite 34
CaOfyee 0.15
Periclase 0.3
CaCoO5 39
Dolomite 0.7
Gypsum 2.2
Syngenite 0.30
K>S0,° 0.30
Na,S0,4¢ 0.05
Present as solid solution in

the clinker phases

K,0f 0.06

Na,0" 0.03

MgO’ 0.27
Density [kg/dm?] 2.94 22
Surface [m?/g] 0.442 200
Primary particle size 12 nm

2 Data from producer.

b For comparison a theoretical slag composition was calculated from the measured
XRF data and the mineralogical composition of the CEM III/B 42.5

¢ Not considered for modeling.

4 The “total” alkalis were determined with ICP-OES in a solution, which was
obtained by digesting 0.20 g of the cements in 20 mL HCI (3%) for several hours [34].
The total alkali contents determined by this method are somewhat higher than the
XRF results (Na,0=0.21, K;0=0.34).

¢ Readily soluble alkalis calculated from the concentrations of alkalis measured in
the solution after 5 min agitation at a w/c of 10; present as alkali sulfates.

f Calculated based on the chemical analysis and the mineralogical composition.

nanosilica, which resulted in a mixture of 10 wt.% SiO,, 59 wt.% slag
and 31 wt.% PC. Paste experiments were carried out at 20 °C at a
water/binder ratio of 1.1, which corresponds to the water/binder
ratio used in the Mont Terri field experiments. Due to the presence
of the very fine nanosilica neither bleeding nor segregation was ob-
served for any of the LAC pastes. A polycarboxylate based superplas-
ticizer (2.6g/100g binder) was added to the mixing water
(deionised water). A conduction calorimeter (Thermometric TAM
Air) was used for the determination of the rate of hydration heat lib-
eration. A small portion of the mixes was placed in the flasks, capped
and placed into the calorimeter at 20 °C.

The composition of the cement pastes was investigated from 1 h
to 1310 days of hydration. For each time step individual cement
paste samples were prepared. Samples consisting of 1kg cement
and the appropriate amount of water and admixtures were mixed
twice for 90 s according to EN 196-3. The pastes were cast in 500
and 100 mL PE-bottles, sealed (to exclude the ingress of CO,) and
stored at 20 °C until further use.
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2.2.1. Analysis of solid phases

After appropriate hydration times, a small disk was cut from the
single 100 mL paste samples, crushed, washed in acetone to stop
the hydration process, dried for 2 days at 40 °C and manually ground
and sieved to obtain particles with diameter <63 pm. The crushed ma-
terial was used for XRD (first day only), TGA, and NMR measurements
and to determine the amount of slag reacted by selective dissolution.
After the first day, when the pastes had been sufficiently hardened,
XRD measurements were carried out on solid samples cut from the
100 mL bottles, immediately after cutting.

A Mettler Toledo TGA/SDTA 8513 was used for TGA measure-
ments. Samples of approx. 10 mg crushed material were heated
under a nitrogen atmosphere at 20 °C/min from 30 to 980 °C. The
amount of bound water in the pastes was calculated after exchange
with isopropanol and drying at 40 °C from the total water loss up to
600 °C. The amount of portlandite and calcite was estimated from
the weight loss between 400-520 °C and 600-700 °C, respectively.
The weight losses between 50-110 °C and 110-140 °C are indicative
for the amount of ettringite and gypsum. Quantification of gypsum
and especially ettringite by TGA is hampered due to the dominant
water loss of C-S-H in the temperature range from 50 to 250 °C.
Thus, only gypsum was quantified as, at early hydration times, little
C-S-H is present.

X-ray diffraction data were collected using a PANalytical X'Pert
Pro MPD diffractometer in a 26-6 configuration employing the CuK,
radiation (N =1.54 A) with a fixed divergence slit size 0.5° and a ro-
tating sample stage. The samples were scanned between 5 and 70°
with the X'Celerator detector. To verify whether (siliceous) hydrogar-
net was present in the samples hydrated for 3.5 years, selective ex-
tractions with salicylic acid and methanol (SAM) were carried out.
To this aim 20 g salicylic acid was mixed with about 300 mL metha-
nol. Five grams of dried cement paste was added. The suspension
was mixed for about 2 h using a magnetic stirrer. After sedimentation
of the solid material, the supernatant solution was decanted and the
wet paste was filtrated using a 0.45 um nylon Whatman filter and a
Buchner funnel. The filtrate was dried at 40 °C prior to XRD analysis.
The aim of this extraction was to minimize overlapping diffraction
peaks from the silicates and to increase the peak intensities of the
remaining phases. Alite, belite, C-S-H, portlandite and ettringite dis-
solve while aluminate, ferrite and also siliceous (Si-) hydrogarnet
[36,37] remain in the residue amenable to further analysis.

The 2°Si NMR measurements were performed at room tempera-
ture using a Bruker Avance 400 NMR spectrometer with a 7 mm CP/
MAS probe. The 2°Si MAS NMR single pulse experiments were
recorded at 79.49 MHz using the following parameters: 4800 Hz spin-
ning speed, 2048 scans, 45° pulses of 3 ps, 30 s relaxation delays, RF
field strengths of 41.6 kHz during TPPM decoupling sequence. The
chemical shifts of the 2°Si MAS NMR spectra were referenced to an
external sample of tetramethylsilane (TMS). The observed 2°Si reso-
nances were analyzed using the Q"(mAl) classification, where a Si
tetrahedron is connected to n Si tetrahedral with n varying from
0 to 4 and m is the number of neighboring AlO, tetrahedra. The
amount of nanosilica or silica fume, respectively, was determined
based on the amount of Si associated with the Q* peak at —110 ppm.
The latter amount was obtained by non-linear least-square fits of the
regions of interest using the software “DMFIT” developed by Massiot
etal. [38].

The SEM/EDX investigations were carried out on samples, which
had been dried at 40 °C, pressure impregnated with epoxy resin,
polished and carbon coated. Polished samples were examined with
an environmental scanning electron microscopy (Philips ESEM FEG
XL 30) using backscattered secondary electron (BSE) images and en-
ergy dispersive X-ray spectroscopy (EDX) analysis. BSE image analy-
sis (SEM-IA) was used to determine the amount of unreacted slag
as well as the amount of coarse porosity (>0.1 um) after 1 and
3.5 years hydration. The technique uses the gray level histogram

and morphological segmentation to determine the different solids ob-
served in a BSE image [39-41]. The gray level in the backscattered
electron images depends on the average atomic number of the exam-
ined area. Thus, unreacted slag appears in the brightest contrast, hy-
drates appear in gray or darker color and the pores appear black.
The reaction of the anhydrous slag was determined by comparing
the volume of anhydrous slag in the hydrated pastes with the volume
of the slag content in the unhydrated paste. The uncertainty, based on
the threshold and edge detection as well as the effect of presence of
air pores within the mixes, was estimated to be about 2-3%. The vol-
ume of coarser pores as determined by SEM-IA includes pore sizes in
the range from 0.1 to 5 um depending on the magnification (2500x)
used. The error in the case of porosity measurements was lower since
it includes only the threshold errors, which ranges from 0.5 to 1%.

The degree of reaction of the slag was also estimated by selective
dissolution of the unhydrated and hydrated LAC using a mixture of
EDTA and triethanolamine according to the procedure suggested by
Lumley et al. [42]. This mixture should allow selective dissolution of
the unreacted clinker, gypsum and the hydration products, except
hydrotalcite, while the slag should not be affected. For each hydration
age, 0.50 g of dried powder (dried for 2 days at 40 °C and manually
ground to <63 um as described above) was diluted in the EDTA solu-
tion, stirred for 2 h and filtered through a 90 mm diameter Whatman
GF/C filter. The residue was washed 5 times with 10 mL of distilled
water and dried at 105 °C for 1 h before weighing. The amount of
slag reacted was then calculated by comparison of the residues deter-
mined for the unhydrated and the hydrated samples. Lumley et al.
[42] recommended a correction taking into account the amount of
hydrotalcite by assuming that all the MgO from the amorphous part
of the reacted slag converts to a hydrotalcite-like phase.

2.2.2. Analysis of pore solutions

During the first day of hydration pore solutions were collected by
vacuum filtration or pressure filtration. After one day and longer, pore
fluids of the hardened samples were extracted from the 500 mL sam-
ples using the steel die method and pressures up to 530 N/mm?. In all
cases, the solutions were immediately filtered using 0.45 um nylon
filters. 5 mL aliquots were diluted with 20 mL Milli-Q water and acid-
ified with 0.2 mL concentrated HNOs to prevent precipitation of solid
phases. These samples were analyzed using ICP-OES. Additionally,
10 mL aliquots were sampled in glass vials for DOC measurements
using the Shimadzu TOC-WP® analyzer. Finally, pH measurements
were carried out immediately after filtration using small aliquots of
the pore solution. pH was measured using a Knick pH meter (pH-
Meter 766) equipped with a Knick SE100 electrode. The pH electrode
was calibrated against KOH solutions of known concentrations.

Reduced sulfur species cannot be determined in acidified samples
as volatile H,S and H,SO5 (= SO, + H,0) form in the presence of acid.
Thus, the concentration of total sulfur was determined by ICP-OES in
the alkaline solutions. The concentrations of SOZ~, SO%~ and S,03
were obtained after stabilization in 0.0035% formaldehyde solutions
using IC (Metrohm Compact IC 761). Sulfide, HS™, was stabilized
with Zn-acetate (for details see Gruskovnjak et al. [43]) and measured
by colorimetry. All sulfur measurements were carried out within one
day after sampling and each sample was analyzed at several sample
dilutions using Milli-Q water.

2.3. Thermodynamic modeling

Thermodynamic modeling was carried out using the Gibbs free
energy minimization program GEMS [44,45]. GEMS is a geochemical
modeling code which computes equilibrium speciation of the dis-
solved species as well as the kind and amount of solids precipitated.
Chemical interactions involving solids, solid solutions, aqueous elec-
trolyte and gas phase are considered simultaneously. The thermody-
namic data for aqueous species as well as for many solids were
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taken from the PSI-GEMS thermodynamic database [46,47], while the
solubility products for cement minerals were taken from the cemdata07
database [48-50]. The cemdata2007 dataset includes thermodynamic
data of common cement minerals such as C-S-H, different AFt and
AFm phases, hydrotalcite and hydrogarnets. No restrictions on the
kind of hydrates calculated were imposed, with the exception of sili-
ceous hydrogarnet (C3ASpgH4.4), whose formation was suppressed as
its formation seems to be kinetically hindered at ambient temperature
[48]. For modeling purposes, the formation of ideal solid solutions be-
tween Al- and Fe-containing analogues was assumed [48]. Thus, the ex-
pressions ettringite, monocarbonate, monosulfate, hemicarbonate or
hydrotalcite in this paper also refer to the solid solutions between the
Al- and Fe-containing analogues. The solid solution formation between
ettringite and thaumasite [51] was not included in the calculations, as
no such solid solution model is currently available.

As slag is present in the mixture, the formation of FeS (troilite)
was taken into account. In addition, also thermodynamic data for dis-
ordered FeS (mackinawite) were added to the database (Table 2). The
formation of pyrite (FeS,) was suppressed in the calculations for
kinetic reasons. Furthermore, it was assumed that no O, would ingress
during the experiment.

Due to its variable composition, the C-S-H phase was modeled using a
solid solution model with the end-members jennite (Ca0);¢7
(Si03)1-(H20)5.1 and tobermorite (Ca0)gg3(Si02)1 - (H20)13. The model
was originally developed by Kulik and Kersten [52,53] and later adapted
by Lothenbach et al. [48]. The uptake of aluminum by C-S-H was simply
taken into account by using the measured Al/Si ratios (=0.12) in the C-
S-H as thermodynamic models allowing the Al-uptake by C-S-H to be cal-
culated are not available. It was assumed that the incorporation of alumi-
num, which occurs mainly at bridging sites of the C-S-H [54-56], does not
increase the molar volume of the tobermorite-like C-S-H but stabilizes the
tobermorite distance at 14 A [55]. The uptake of alkalis by C-S-H was esti-
mated by using an ideal solid solution model between jennite-,
tobermorite-like C-S-H and [(KOH),5 SiO; H,0]o and [(NaOH),5 SiO,
H,0]o as proposed by Kulik et al. [57]. Using the experimental data of
Hong and Glasser [30], A¢G® values could be fitted for [(KOH), s SiO,
HzO]o_z and [(NaOH)2_5 SiO, H20]042 (see Table 2)

3. Experimental results
3.1. Heat of hydration

Isothermal conduction calorimetry (Fig. 1) of the LAC showed two
main hydration peaks after 2 and 10 h and a broad hydration peak

Table 2
Thermodynamic data (25 °C, 1 bar) used in addition to the data given in the PSI-GEMS
[46,47] and the cemdata07 database [48-50].

Reaction log K AG° Reference
[kJ/mol]
Solids
FeS(mackinawite) + 2H™* < Fe? " —487  —916 [58]
+H,S(aq)
C3FSogHa4% < 3Ca® ™ + 2Fe(OH); —34.19 —4474.2 This paper
+ 0.8HSiO3 + 3.20H~ + 0.4H,0
[(KOH)3 5 SiO, H20]o2 —440.8 Fitted from
[30]
[(NaOH), 5 SiO; H30]o22 —431.2  Fitted from
[30]
Aqueous complexes
FeSH™ FeS(s) +H™ «< FeSH* 205 —1033 [58]
Fe(SH)3 FeS(s) +H,S(aq) < Fe(SH)3 —343 —99.99 [58]
(aq) (aq)

@ The solubility of C3FSqgH44 was estimated to be 10~ %32 log units lower than the
solubility product of C3ASggHa.4 (10~ 2987 [49]) as suggested by Babushkin [59], for de-
tails see [48]. C3FSpgH4.4 and C3ASygH, 4 were excluded from most calculations for ki-
netic reasons (see text).
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Fig. 1. Heat flow development and cumulative heat of hydration of LAC paste and CEM
I1I/B (LAC without nanosilica (NS)). Data refer to g of CEM IIl/B without nanosilica.

was visible up to a hydration time of 80 h. If the same CEM III/B was
hydrated in the absence of nanosilica a double peak after approx.
50 h was observed as well as a significantly lower heat of hydration
(independently whether the water to cement (w/c) or the water to
binder (w/b) ratio was kept constant). Bleeding was observed for
the two CEM III/B samples, but not for the LAC paste containing
10 wt.% of nanosilica. Although only 10 wt.% of nanosilica was inter-
mixed, its presence increased considerably the heat of hydration dur-
ing the first days. The intermixing of fine materials is known to
accelerate early hydration as fine materials offer additional surface
area for nucleation and precipitation of solids. Several authors ob-
served an acceleration of the hydration of PC in the presence of
microsilica [22-24,60], especially at higher w/b ratios. However,
after one month or longer, the difference in the degree of reaction
of the Portland cement clinkers was found to be small [24,60]. In ad-
dition to the acceleration of the PC hydration (as visible by the shift of
the two main peaks from 50 to 2 and 10 h), also a significant increase
in the total heat of hydration was observed, which can be attributed
to the fast reaction of the 10 wt.% nanosilica to form C-S-H. Si-NMR
measurements (see below) showed that most of the nanosilica had
reacted within the first 2-3 days, which is supported by the disap-
pearance of the broad peak after 70 h (LAC in Fig. 1). The first peak
of LAC hydration after 2 h might be related to the strong reaction of
alite during the first hours (see XRD and TGA data presented in
Section 3.3), while the second peak after 10 h coincides with the de-
pletion of the sulfate carrier.

3.2. Dissolution of slag and nanosilica

3.2.1. Slag

While the progress of reaction of the clinker phases can be fol-
lowed by XRD (see below), this is neither possible for the nanosilica
nor for the slag as both are X-ray amorphous. Hence, the degree of
slag reaction was estimated (i) by selective dissolution and (ii) by
image analysis.
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Selective dissolution techniques allow preferential dissolution of
the hydration products, the unreacted clinker and gypsum, while
the slag should be much less affected by this procedure. The per-
centage of slag reacted (x) is obtained by comparing the residues
determined after the selective dissolution by EDTA of the unhy-
drated (r,) and the hydrated samples (ryp) according to:

Ru_RHP _

. B 0.38—Ryp
x = Zslagreacted = 100 R, 100 038 (M

where R, and Ryp are the residues of the unhydrated and the hy-
drated samples corrected for the amount of bound water (wy):

T op o Thp
Ru= T—=wp,’ Rer = 1=Wypp &

The data indicate a fast dissolution of the slag during the first days,
which proceeded at a lower rate after 1 week (Fig. 2 and Table 3).
After 3.5 years 20% of the slag present has not yet reacted.
Lumley et al. [42] suggested to correct the undissolved fraction for
the formation of hydrotalcite (which is not dissolved by the EDTA
procedure) according to

0.38— (Ryp—0.38hMxy,) 3
038 ' 3

Xpe = 100

The expression 0.38hMxy,, equals to the mass of hydrotalcite
formed from the reacted slag, with h=2.35 (=mass of dried
hydrotalcite in g) formed from 1 g of MgO in the slag [42] and
M=0.067 (=MgO content of the slag). Rearranging Eq. (3) re-
sults in

Ru_RHP
L+ (1—hM)

0.38—Ryp

= 1005553 (1—2.35%0.067) “)

Xy = 100

If this correction is applied more slag is calculated to have reacted
and only 10% of the slag remained unreacted after 3.5 years of
hydration.

Image analysis (SEM-IA) allows the reaction of the slag to be deter-
mined based on a comparison of the volume of the remaining an-
hydrous slag in the hydrated pastes with the volume of the slag
originally present in unhydrated paste. Based on SEM-IA the frac-
tion of slag reacted in LAC was 89% after 1year and 92% after
3.5 years (Fig. 2, Table 3).

100% T
90% - o selective dissolution
80% © SD corrected for ht
70% Aimage analysis
b -

60%

50%

40% A

degree of slag reaction

30%
20%

10% A

% slag reacted [%] = 37 + 18.5%log(time)

0% T T T T

0.01 0.1 1 10 100 1000 10000
time [days]

Fig. 2. Reaction of slag as a function of hydration time determined by selective dissolu-
tion (SD) (with and without correction for the presence of hydrotalcite (ht)) and by
image analysis.

Table 3

Measured amount of unreacted slag by selective dissolution technique and by image
analysis in LAC as function of time. The amount of nanosilica was determined by Si-
NMR.

Time  Bound Residue”  Slag Corr. for  Porosity® Unreacted
water w,® T reacted® ht' nanosilica’

[days] [g/100g] [g] [%] [%] [£/100 g] [wt.%]
0 0.9 038 0 0 9.6
004 36 034 8.0 94 9.9
008 41 035 47 5.6 -
008 41 035 47 5.6 -
025 44 033 10.0 12 106
1 83 025 29 34 7.5
2 115 0.25 26 31 1.7
7 141 021 36 43 0.9
28 169 0.18 43 52 -
56 174 0.16 49 59 0.7
210 184 0.15 52 62 -
356 18.1 0.17 46 54 0.0
1310 195 0.07 79 94 0.0
1310 199 0.08 74 88 0.0

Image analysis
356 89 13.7
1310 92 11.7

2 The bound water content (w},) was determined from the weight loss between 40
and 600 °C measured by TGA.

b A total of 0.5 g of LAC was used. The residue of CEM III/B is 0.35, of SiO, is 0.47.

€ The porosity derived from BSE images underestimates the total porosity as only the
coarser pores (0.1-5 um) are visible.

4 The amount of nanosilica (NS) is determined by Si-NMR.

€ Not corrected for the presence of hydrotalcite.

f Corrected for the presence of hydrotalcite according to Lumley et al. [42]:
1-2.35«fraction MgO.

Comparison of the results from SEM-IA and the selective dissolu-
tion technique indicates a higher degree of slag reaction by SEM-IA
(Fig. 2, Table 3). The selective dissolution technique, without correc-
tion for the presence of hydrotalcite, strongly underestimates the de-
gree of slag reaction, as a portion of the hydrates is not dissolved. An
amorphous residue rich in Mg, Al and Si hydroxides and carbonates is
still present after selective dissolution with EDTA [10,40,42,61-64].
Consideration of a correction factor based on the MgO content of
the slag and the fraction of slag reacted [42], suggests a higher degree
of slag reaction. Note, however, some portion of the PC is often not
dissolved by the selective dissolution techniques [10,40,64], while a
part of the unhydrated slag is dissolved [10,63,64]. If the slag and
the PC can be measured separately, correction factors can be applied,
but it is uncertain how the reaction of the fine fraction of the slag will
affect the fraction of slag dissolved in the EDTA test at longer hydra-
tion times. Based on the number of corrections and the uncertainty
associated with them, it is believed that the selective dissolution
method is not reliable. This agrees with previous findings for slag sys-
tems [63,65], for PC-slag [10,64] and for PC-fly ash systems [40].

Image analysis indicates that after 1 year and longer approximate-
ly 90% of the slag present has reacted. This is a somewhat higher de-
gree of reaction than reported for other PC-slag systems: ~70%
(20 years, Si-NMR [15]), ~75% (2 years, SEM-IA [10,64]). The higher
reaction degree is probably due to the large amount of water available
in the experiments presented here. In this study a water/binder ratio
of 1.1 was used, while in the other studies water/binder ratios of 0.4
and 0.5 had been used [10,15,64].

3.2.2. Nanosilica

The reaction of the nanosilica was determined by 2°Si NMR. The Si
NMR spectra of the cement and the slag show a very broad peak
(Fig. 3) including the Q° signals of alite and belite at around — 70 ppm
and the Q° to Q2 signal of the slag (— 60 to —90 ppm).

The broad Q* peak at — 110 ppm is characteristic for amorphous
silica. After 1year of hydration, the alite and belite peaks have
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Fig. 3. 2°Si MAS NMR spectra of hydrating LAC.

disappeared and the amount of slag is largely reduced. As previously
shown in blended cements [62] and alkali activated slags [65,66], the
spectra contain at least three resonances from C-S-H at around — 78,
—81 and — 84 ppm, respectively assigned to Q!, Q(1Al) and Q? spe-
cies. The overlap of the peaks does not permit an unambiguous
deconvolution between alite, belite, slag and C-S-H. The large amount
of Q2 at 1310 days reflects the longer mean chain length of the C-S-
(A)-H and higher substitution of Si by Al compared to C-S-H in OPC
(see [36,67] and references therein). Already after 1 h, the formation
of C-S-H is visible from the Q? peak at — 84 ppm in Fig. 3.

The reactivity of nanosilica and silica fume is generally larger than
the reactivity of slag or fly ash [18] due to their small particle size. The
amount of nanosilica reacted was calculated based on the amount of
silicon associated with the Q* peak at —110 ppm compared to the
amount of amorphous silicon in the anhydrous LAC. After two days
of hydration, 80% of the nanosilica had reacted and 90% after 7 days
(Table 3, Fig. 4). The 2°Si NMR indicates little reaction of the nanosi-
lica during the first day, while the calorimetric data (Fig. 1) and the
complete absence of portlandite in all samples indicate a significant
reaction of the nanosilica during the first hours. The analytical error
associated with the quantitative determination of 10% nanosilica in
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15% 1 NS = 10*1 0-0.25’[

14

10% . I

initial amount of nanosilica

nanosilica [g/100]
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0% T T
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time [days]

10000

Fig. 4. Reaction of the nanosilica as a function of hydration time determined by Si-NMR.
Error 4-30% of measured value.

the blend is considerable, which could be reason for this apparent
non reaction of the nanosilica during the first hours.

3.3. Hydrates

3.3.1. XRD and TGA

In accordance with the low PC content (31 wt.%), the XRD and TGA
data of the unhydrated LAC show only a moderate amount of clinker
and gypsum (Figs. 5 and 6). The slag gives rise to an inconspicuous in-
crease of the baseline in XRD between 26 and 33 °2 theta. Gypsum
disappeared within 1 day hydration, while the clinker phases reacted
almost completely within 1 week. The main hydration products iden-
tified by XRD and TGA are ettringite and tobermorite-like C-S-H. Al-
ready after 1 h the formation of C-S-H is indicated in the TGA data
by the broad peak of water loss between 50 and 250 °C (Fig. 6) and
by the presence of a peak at —84 ppm in Si NMR (Fig. 3). This obser-
vation of early C-S-H formation is consistent with the observed reac-
tion of alite during the first hour (see XRD data in Fig. 5) and with the
first main heat development observed after 1 to 2 h in the calorimetric
data for LAC (Fig. 1). Even though a fast reaction of alite was observed,
portlandite was not observed any time during hydration, neither by
TGA nor by XRD.

In addition to the major phases, between 1 day and 1 year a minor
peak at 10.8 °2 theta is visible in the XRD indicating the presence of
some hemicarbonate. After 3.5 years of hydration, however, hemicar-
bonate was not detectable by XRD anymore. TGA indicates also the
presence of hydrotalcite (weight loss at around 400 °C [68]), while
XRD gives no clear indication whether or not hydrotalcite (main
peak at 11.5 °2 theta) formed. The XRD data show that only ettringite
but no thaumasite had formed. The XRD and TGA data indicate no sig-
nificant changes in the composition of the phase assemblage (C-S-H,
ettringite, possibly hydrotalcite and AFm phases) during hydration
but mainly an increase in bound water due to the formation of in-
creasing amounts of hydrates (Table 3, Fig. 6). The main difference
between the LAC and a PC is the complete absence of portlandite
and the presence of C-S-H with a lower Ca/Si ratio.

Neither strdtlingite (main peak at 7.0 °2 theta), nor thaumasite
(main peak at 9.2 °2 theta) nor Si-hydrogarnet (28.9 and 32.4 °2
theta), whose possible formation was indicated from the saturation
index (see below) and thermodynamic modeling, could be identified
by XRD. To verify whether or not Si-hydrogarnet (katoite) was pre-
sent, a selective extraction with salicylic acid and methanol (SAM)
was carried out. The aim of this extraction is to reduce overlaps in
the diffraction peaks and to increase the peak intensities of the
remaining phases. Alite, belite, C-S-H, portlandite and ettringite are
dissolved while aluminate, ferrite and Si-hydrogarnet remain in the
residue and can be detected [36,37]. Even after SAM extraction, no
Si-hydrogarnet was observed after 3.5 years of hydration, only calcite,
dolomite and quartz could be clearly identified. In contrast, Al/Fe-
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Fig. 5. XRD of the hydrating LAC paste and of the residue after SAM extraction. C: calcite,
D: dolomite, E: ettringite, Q: quartz. *“Main peaks of Si-hydrogarnet (katoite).
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Fig. 6. TGA/DTG of the hydrating LAC paste.

containing Si-hydrogarnet has been observed in aged Portland ce-
ments [37,69-73]. Experimental evidence suggests that Si-
hydrogarnet only forms at room temperature if both Al(IIl) and
Fe(IlI) are present [73]. The lower pH and the predominance of reduc-
ing conditions are expected to lead to very low dissolved Fe(III) con-
centrations such that the formation of Fe-containing Si-hydrogarnet
seems unlikely.

3.3.2. Microstructure

The SEM/BSE images taken from the surface of the polished LAC
samples hydrated for 1 and 3.5 years show the presence of small
amounts of unhydrated slag particles. A hydration rim was observed
around some slag grains (Fig. 7). Even though a high w/b of 1.1 was
used a dense microstructure developed with relatively little coarse
porosity (black areas) of 12 vol.% after 3.5years (Table 3). The
dense matrix also gave rise to the formation of some cracks.

SEM/EDX analysis resulted in a mean Ca/Si molar ratio of 1.1 £ 0.2
after 1year and 1.2+0.2 after 3.5 year and at both times a Ca/(Si
+ Al) molar ratio of 1.05 + 0.2. The clear correlation of the Mg/Si ver-
sus the Al/Si ratio in the EDX indicates the presence of a hydrotalcite-
like phase with a Mg/Al molar ratio of 1.6-1.7. The abscissa indicates
an Al/Si molar ratio in C-S-H of 0.12 to 0.14 with no significant change
between 1 and 3.5 years (Fig. 8).

L5 15.0kV x3200 5um +—

Fig. 7. SEM/BSE image of the polished LAC sample hydrated for 3.5 years.

3.4. Pore solutions

3.4.1. Measured concentrations

During the first 6 h the pore solution of LAC was dominated by po-
tassium, sulfate, hydroxide, sodium and calcium (Fig. 9, Table 4); sim-
ilar to the compositions of pore solutions of Portland cements (e.g.
[2,37,74,75]). As for PC, the high concentrations of K, Na, Ca, sulfate
and hydroxide present after 1 h were due to the fast dissolution of
calcium- and alkali-sulfates. After 8 h and longer, the calcium and sul-
fate concentrations were strongly reduced as the calcium sulfate car-
rier was exhausted. After 1 day minimal sulfate (0.1 mM) and calcium
(7 mM) concentrations were observed in the pore solution. These
values are in the range of calcium and sulfate concentrations reported
for Portland cements [2,37,72,74,75]. Up to 1 day alkali and hydroxide
concentrations continued to increase as the reaction of the PC re-
leased alkalis to the pore solution while at the same time water was
consumed.

After the first day, however, alkali and hydroxide concentrations
started to drop, indicating an increasing uptake of alkalis by the hy-
drates. The observed high uptake of alkalis can be attributed to the
formation of a C-S-H with a low Ca/Si ratio, as the uptake of alkalis
by C-S-H increases with decreasing Ca/Si ratio [30,31]. Somewhat
higher Al and Mg concentrations (Table 4) were observed in the
LAC than in Portland cements (Al<0.1 mM and Mg<0.001 mM
[2,37,72,75,76]). The measured Fe concentration of about 0.01 mM
was significantly higher than that observed in the pore solutions of
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Fig. 8. Atomic Mg/Si and Al/Si ratio of hydrated LAC pastes determined using EDX an-
alyses on polished surfaces.
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Fig. 9. Measured composition of the pore solution as a function of hydration time.

Portland cements (<0.001 mM) [3,37,72]. The relatively high Fe con-
centrations might be caused by the presence of reducing conditions in
the presence of slag. Under reducing conditions Fe(+II) is favored over
Fe(+1I1) and Fe(+1I) is more soluble than Fe(+III) under alkaline con-
ditions. After the first week, the composition of the pore solution
remained more or less constant even though the slag continuously
reacted (see Fig. 2).

Sulfide originating from the dissolution of the slag could first be
detected after 1 day (Fig. 10, Table 5). The sulfide concentration in-
creased strongly during the first month of reaction and remained
rather constant thereafter. Also the dissolved sulfate concentration
increased significantly between 1 day and 1 month, probably due to
the oxidation of sulfide originating from the reaction of the slag. The
presence of about 20 mM of negatively charged sulfur species re-
duced the concentration of hydroxides in the pore solutions, thus
lowering the pH. The steep increase in the HS™ concentration during
the first two days indicates a significant reaction of the slag in this pe-
riod of time followed by a much slower reaction afterwards. This
agrees well with the reactivity of the slag as observed by the EDTA ex-
traction method (Fig. 2, Table 3). At later ages, however, the HS™ con-
centration is not directly related to slag dissolution as the oxidation to
sulfate and possibly the uptake by solids [79] are more important
[63,80]. In addition to sulfide (from the slag) and sulfate, SO; ~ (origi-
nating from PC), also thiosulfate S;03 ~ and sulfite SO3 ~ were observed
in the pore solution of the LAC. During the oxidation of HS™ to SOZ —, the
intermediates S;03 ~ and SO3 ~ formed. The oxidation of S;03 ™~ is slow
at higher pH values as the presence of sulfide seems to inhibit further
oxidation of sulfite [77,78]. Thus, S;03~ and SO3 ™~ were present as
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Fig. 10. Measured sulfur species in the pore solution as a function of hydration time.

intermediate products in the pore solution (Table 5). Based on the mea-
sured pH values, sulfide, thiosulfate, sulfite and sulfate concentrations
(cf. Tables 4 and 5) a redox potential Ey of about —0.57 V was calculat-
ed for the LAC at later hydration times. The presence of sulfide, thiosul-
fate and sulfite and the predominance of reducing conditions in the PC-
slag blend agrees with earlier experimental findings in such blends
[29,79,81,82]. In alkali activated or supersulfated slags even more
strongly reducing conditions have been observed as indicated by the
higher sulfide/sulfate ratio in the pore solution [43,63,80,83]. It is
expected that the predominance of reducing conditions also has an in-
fluence on the redox state of other redox sensitive elements such as
Fe, Mo, Cr and Mn present in the cement and the pore solution.
Dissolved organic carbon (DOC; from the polycarboxylate (PCE)
based superplasticizers) was found to be already strongly reduced
after 1 h as approximately 90% of the superplasticizer was sorbed
onto, or coprecipitated with the newly formed solids (Table 4).
After 28 days of hydration, 40-50 mM DOC was still in the pore solu-
tion (the original mixing solution had contained 370 mM DOC). At
longer hydration time, a very moderate increase in the DOC concen-
tration to 60 mM was observed as the amount of pore solution pre-
sent decreased. The observed DOC concentrations after 28 days and
longer are comparable to the concentrations observed in the pore so-
lution of a Portland cement (40 to 70 mM) [84,85], where a some-
what lower amount of the same superplasticizer had been used. In a
study where another type of PCE based superplasticizers had been
used in a similar concentration, a lower uptake of SP by the solids
was observed and 100 to 160 mM of DOC was still dissolved in the
pore solution after 1day and longer [86]. This indicates that the

Table 4

Measured total concentrations in the pore solutions.
Age Al Ba Ca Cr Fe K Mg Mo Na Si Sr DOC? OH™" pH- cb®
[days] (mM] [%]
0.04 0.015 0.016 20 0.0076 0.0043 26 0.0018 0.0011 18 0.091 0.10 37 30 12.4 -9
0.08 0.004 0.018 22 0.0097 0.0021 30 0.0010 0.0003 20 0.031 0.16 36 43 12.6 —11
0.25 0.008 0.019 21 0.0039 0.0044 27 0.0017 0.0006 18 0.030 0.20 29 57 12.7 —14
1 0.055 0.034 6.7 < 0.027 33 0.0002 0.0003 24 0.042 0.13 29 63 12.8 -8
2 0.19 0.0071 1.7 < 0.041 21 0.0009 < 18 0.18 0.024 39 39 12.6 9
7 0.16 0.0031 13 < 0.014 12 0.0011 < 14 0.49 0.015 40 18 12.2 12
28 0.15 0.0044 2.1 < 0.010 13 0.0009 < 16 0.42 0.020 43 15 12.2 20
56 0.17 0.0056 2.2 < 0.0092 15 0.0005 < 19 0.31 0.022 48 17 12.2 17
209 0.19 0.0070 2.5 < 0.010 18 0.0004 < 23 0.25 0.025 50 20 12.3 15
360 0.20 0.0017 2.8 0.0002 0.0060 19 0.0006 < 24 0.22 0.026 52 19 123 -
1310 0.38 0.0018 2.7 <0.004 0.010 17 0.0011 <0.003 23 0.21 0.031 60 21 12.2 16
Blank < < 0.001 < < < 0.0001 < 0.001 0.004 < 0.1
DL 0.001 2E—-5 3E—4 2E—4 1E—4 7E—4 4E—5 0.0003 7E—4 0.004 3E—6 0.008

Measurement error 4+ 10%; DL: detection limit. The measured concentrations of Cs are below the DL of 0.2 mM; measured values for Zn ranged from 0.0003 to 0.001 mM.
¢ In the initial mixing solution 370 mM DOC was found; 364 from SP and 6 from cement.

5 The values for OH™
€ Charge balance (cb) =
sulfate (SO37)); S species as given in Table 5.

refer to the free concentration as calculated from the measured pH values.
(sum(anions) — sum(cations))/(sum anions). sum(cations) = Na + K+ 2 «Ca; sum(anions)

=OH™ + sulfide (HS™) + 2 x (thiosulfate (S,03) + sulfite (SO37) +
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Table 5

Measured concentrations of different sulfur species in the pore solution.
Age Sulfide  Thiosulfate  Sulfite  Sulfate  Si  (As”) Acidic
[days] [mM] “Stot”
0.04 < 0.29 < 229 25 (1) 25
0.08 < 0.34 < 20.8 23 (1) 22
0.25 < 0.46 < 9.4 10 (0.0) 11
1 0.4 0.23 0.20 0.1 1.0 (=03) 09
2 5.0 < 0.25 1.0 6.4 (0.1) 29
7 53 13 1.2 1.8 7.2 (—4) 5.4
28 11 3.0 1.5 34 15 (=7) 6.1
56 8.8 43 2.1 42 18 (=5) 5.5
209 11 4.6 2.1 4.8 22 (—5) 9.9
360 na na na na na 8.4
1310 8.8 4.6 19 6.1 22 (=3) 44
Blank < < < < < <
DL 0.1 0.04 0.1 0.1 0.03 0.01

Measurement error + 10%; for sulfide + 20%.
na: not analyzed.

¢ The total concentration of sulfur was determined in alkaline solutions.

b Ag=difference between total sulfur measured in alkaline solution and the sum of
sulfide + 2 « thiosulfate + sulfite + sulfate.

¢ The measurement of sulfur in acidified solutions (acidic “Syo."), results in the loss of
H,S and SO, from the solutions into the atmosphere, and thus represents only a part of
the sulfur content of the solution.

uptake of SP in cements can vary strongly depending on the compo-
sition and fineness of the cement and depending on the PCE used.
The chain length, chain density, backbone length and the chemistry
of the side chains and backbone of the PCE can vary significantly
among the different superplasticizers, resulting in a strongly different
uptake behavior of the PCE according to their structure (e.g. [87,88]).

3.4.2. Saturation indices

Calculation of saturation indices from the concentrations deter-
mined in the pore solutions offers the possibility of assessing inde-
pendently which solid phases can form or will dissolve from a
thermodynamic point of view. The saturation index (SI) with respect
to a solid is given by log(IAP/Kso), where the ion activity product IAP is
calculated from activities derived from the measured concentrations in
the solution and Ksg, which corresponds to the solubility product of the
respective solid. A positive saturation index implies oversaturation (the
solid can form) while a negative value indicates undersaturation with re-
gard to the respective solid (the solid cannot form or will dissolve). As
the use of saturation indices can be misleading when comparing phases
which dissociate into a different number of ions, “effective” saturation in-
dices are calculated by dividing the saturation indices by the number of
ions participating in the reactions [37,74]. The formation of solids from
the dominant ions OH™, Ca2™, SO2 ™, or Al(OH); in the solution was
considered while the influence of H,O was neglected. The values for gyp-
sum, portlandite, ettringite, monosulfate, monocarbonate, C3AHg, jennite
or tobermorite were divided by 2, 3, 15, 11, 11, 9, 5 or 3, respectively.

During the first hour, the solutions were saturated or near to sat-
uration with respect to gypsum, portlandite, jennite, ettringite,
monosulfate, monocarbonate and hydrotalcite (Fig. 11), comparable
to the pore solutions in Portland cement [37,74]. Gypsum was deplet-
ed between 2 and 6 h. After 2 days and longer, the pore solutions be-
came strongly undersaturated with respect to portlandite and to a
lesser extent also with respect to jennite-like C-S-H, indicating the re-
action of the silica rich nanosilica and slag. After 2 days and longer the
solutions were oversaturated with respect to pyrite (FeS,) and troilite
(FeS), but undersaturated with respect to the more disordered macki-
nawite (FeS). After 1 week and longer, the pore solutions became satu-
rated with respect to ettringite, hydrotalcite, tobermorite-like C-S-H
and stratlingite, while they remained undersaturated with respect to
hydrogarnet (C3AHg). After the first day the solutions were slightly un-
dersaturated with respect to monocarbonate and monosulfate.

O portlandite
1 O jennite
—aA— tobermorite
% 05 - stratlingite
- e tobermorite —x— C3AH6
5 jennite T
g
5 J| PN
g2 0 i
[
(]
2
°
£ -0.5
o
-1 T T T T T 1
0.01 0.1 1 10 100 1000 10000
time (days)
—/— gypsum
1 @ ettringite
+ 4 7. hydrotalcite , |+ hydrotalcite
.i e monosulfate
x ) +
§ 0.5 1 Tt —o— monocarbonate
e ~._ ettringite @
s o o0 ®
5 04 A\ L 1
g °
o gypsum
2
L 051
o
-1 T ARJ T T T 1
0.01 0.1 1 10 100 1000 10000

time (days)

Fig. 11. Calculated effective saturation indices as a function of hydration time. A satu-
ration index of 0 indicates equilibrium.

Thus, the saturation indices indicate the presence of tobermorite-
like C-S-H, ettringite, hydrotalcite, FeS and strdtlingite, which is con-
sistent with experimental findings from solid phase analysis except
for stratlingite and FeS whose presence is indicated by the SI only.

Note that the saturation indices indicate the possible formation of
thaumasite (eff. SI~0.2) and Si-hydrogarnet (eff. SI~0.5). As dis-
cussed previously, small amounts of Al/Fe containing Si-hydrogarnet
had been observed after prolonged hydration at ambient tempera-
tures in Portland cements [37,70 — 73,89] and may not form at ambi-
ent temperatures in the absence of Fe(Ill) [90]. The formation of
thaumasite is kinetically hindered at room temperature. The positive
saturation indices for thaumasite, however, could indicate the possi-
ble presence of a small quantity of thaumasite in a solid solution
with ettringite.

4. Thermodynamic modeling
4.1. Modeling of hydration

Thermodynamic modeling of the hydration of LAC was carried out
in a fashion similar to that described earlier for Portland cements
[3,37,48]. The kind and amount of hydrates formed was calculated
by combining an empirical model that describes the dissolution of
the clinker phases as a function of time [91] with a thermodynamic
equilibrium model that assumes equilibrium between the solution
and the hydrates [3,37,48]. The mixing proportions and the mineral-
ogical composition as reported in Table 1 were used as input data.

4.1.1. Dissolution of clinker phases, slag and nanosilica

The reaction of the different clinker phases in PC, slag and the
10 wt.% SiO, occurs simultaneously at different rates. The dissolution
of the clinker phases as a function of time was estimated using the
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empirical kinetic approach of Parrot and Killoh [91] and the parame-
ters given elsewhere [37]. This approach somewhat underestimates
the experimentally observed degree of clinker reaction during the
first days (Fig. 12A), as the presence of the slag and nanosilica in-
creased the degree of reaction of the clinker phases due to the filler
effect [24,64,92].

The reaction of the slag and the nanosilica was described using the
following empirical equations fitted to the experimentally deter-
mined data:

unreacted slag [in g/100 g]=0.59+(100 —37 — 18.5«log(time))
(for 0.01 day <time <2400 days)

unreacted nanosilica=10x 10~ %2>+(m) (time in [days])

which describes the measured data well (Fig. 12).

4.1.2. Calculated hydrate assemblage

Thermodynamic modeling, using the dissolution kinetics derived
above, predicts the formation of C-S-H with Ca/Si ratio of ~1.1, ettrin-
gite, hydrotalcite and strdtlingite as well as traces of FeS (troilite)
(Fig. 13). The presence of low Ca/Si C-S-H, ettringite and calcite and
the absence of portlandite agrees well with the experimental XRD,
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Fig. 13. Modeled changes during the hydration of LAC expressed as volume (cm>/100 g
unhydrated cement). The uptake of aluminum by the C-S-H was taken into account
using the measured Al/Si ratio (=0.12).
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clinker, slag and nanosilica dissolution (lines). B) Comparison of the amount of portlandite, calcite, gypsum and pore solution determined by TGA measurements with the modeled

amount.
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TGA and NMR results (see Figs. 3, 5, 6 and 12B). Hydrotalcite and stra-
tlingite have not been identified by XRD, but TGA and SEM/EDX indi-
cate the presence of hydrotalcite and the pore solutions are
oversaturated with respect to stratlingite (Fig. 11) and FeS. The latter
findings confirm indirectly the presence of stritlingite and FeS. In
contrast to the experimental observations, however, the presence of
hemi- or monocarbonate is not predicted while small amounts of
hemicarbonate were observed by XRD between 1 day and 1 year.
After 3.5 years, however, hemicarbonate had disappeared, and only
ettringite and C-S-H were identified, which agrees with the model
predictions. The uptake of Al by C-S-H could not be modeled instead
the measured Al/Si ratio of 0.12 was used in the calculations. When
the uptake of Al by C-S-H was neglected in the calculations, a similar
phase composition resulted with the only difference that less C-S-H
but more stratlingite formed.

The composition of the liquid phase could not be predicted satis-
factorily due to the lack of thermodynamic models for Al uptake in
C-S-H, the lack of information on O, ingress during the experiments
and the kinetic of the sulfur redox reactions. However, even though
we are not yet able to predict the composition of the pore solution ad-
equately, the saturation indices calculated on the basis of the concen-
trations measured in the pore solution agree well with the solid phase
assemblage.

In the absence of O, ingress, the thermodynamic modeling pre-
dicts that the iron present in the clinker was reduced from Fe(+1III)
to Fe(+1I), while a portion of the sulfide (S(—1I)) was oxidized to sul-
fate (S(+VI)). The presence of reduced Fe is supported by the in-
creased Fe-concentrations measured in the pore solution, as Fe(II)
species are more soluble at high pH values than Fe(III). If O, could in-
gress, more S(—1II) from the slag would oxidize to sulfate resulting in
the formation of larger amounts of ettringite.

4.2. Influence of the reactivity of the slag

The slag in LAC reacted more slowly than the nanosilica and the
clinker minerals. After 1 month about 2/3 and after 3.5 years about
90% of the slag initially present had reacted. Thermodynamic model-
ing was used to calculate the changes associated with the reaction of
the slag (Fig. 14).

Even if no slag had reacted, the presence of 10% nanosilica has a
strong impact on the calculated phase assemblage (left side of
Fig. 14A and B). The presence of nanosilica leads to complete deple-
tion of the portlandite as only 31g PC/100g LAC was present
(Fig. 14A). In the absence of SiO,, the presence of C-S-H with high
Ca/Si, portlandite, ettringite, hydrotalcite and monocarbonate was
calculated (Fig. 14B).

The reaction of the slag in LAC gives rise to the formation of stra-
tlingite, and increasing amounts of C-S-H and hydrotalcite as shown
in Fig. 14A. The calculated pH value ranges from 12.5 to 13 and is
not strongly affected by the reaction of the slag. The calculations pre-
dicted no significant changes in the phase composition of LAC be-
tween one month and 3.5 years of hydration, which is consistent
with the experimental findings. According to the calculations no sig-
nificant changes are expected to occur with ongoing hydration unless
the samples would oxidize or Si-hydrogarnet would form (see discus-
sion below).

For the CEM III/B cement (Fig. 14B), in the absence of additional
SiO,, portlandite was calculated to be consumed upon the reaction
of the slag, while the amount of ettringite remained more or less con-
stant. The amount of hydrotalcite, monocarbonate and tobermorite-
like C-S-H was increased compared to LAC. The complete consump-
tion of portlandite was predicted to occur only at relatively high
slag contents and at high degree of slag reaction [9]. At lower slag
contents, experimental evidence showed that portlandite persisted
for many years [14,15] as slags are relatively CaO rich and as the Ca/
Si ratio of C-S-H decreases in PC-slag blends even in the presence of
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Fig. 14. Modeled changes caused by the reaction of the slag in A) LAC cement (10% NS,
59% slag, 31 PC) and B) CEM I1I/B (66% slag, 34 PC). Volume in cm?/100 g unhydrated
cement.

portlandite [14,15]. Note that such a decrease in the Ca/Si ratio in
the presence of portlandite is not captured by the present thermody-
namic model.

4.3. Long-term development

In the calculations shown above the formation of Si-hydrogarnet
has been excluded for kinetic reasons. Possible changes in the solid
phase composition in the timeframe from 1000 to 10,000 of years
are of importance in connection with the disposal of radioactive
waste. In archeological binders, the presence of calcite, ettringite,
C-S-H and Si-hydrogarnet was observed [93]. The ettringite present
in such archeological binders was reported to contain some Si and
to be deficient in sulfate [93], which could indicate that thaumasite
is present. The composition of these ancient binders — C-S-H with
Ca/Si ratio of approx. 1 and absence of portlandite — corresponds
rather to a low pH cement than to a Portland cement. The C-S-H
found in such ancient binders (including very old samples from
Hadrian's wall and from Gallo-Roman baths) was similar to C-S-H
found in modern cements with an equivalent Ca/Si ratio. C-S-H aged
for approximately 1900 years was still X-ray amorphous [93 —96]
and had not converted into more crystalline solids such as tobermor-
ite or xonotlite. This suggests that the kinetics of the corresponding
conversion reactions must be very slow.

Additional calculations were carried out to study the possible
long-term development of the LAC by assuming complete hydration
of PC-slag blend (Fig. 15). The first column in Fig. 15 corresponds to
the data shown in Fig. 13 after long hydration times as it was assumed
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that Si-hydrogarnet cannot form for kinetic reasons. In the second
calculation, however, Si-hydrogarnet was allowed to form. About
10 vol.% of Si-hydrogarnet is expected to form while strdtlingite be-
comes unstable (Fig. 15). If Si-hydrogarnet is present, also thaumasite
becomes more stable than ettringite. However, to which extent thau-
masite or Si-hydrogarnet may form in the long term is currently uncer-
tain. After 3.5 year hydration neither thaumasite nor Si-hydrogarnet
were observed experimentally in this study. A possible explanation
could be that only Fe(Ill)-containing Si-hydrogarnet can form at room
temperature, while in the hydrated LAC the major portion of iron was
probably reduced to Fe(lI).

5. Conclusions

The LAC mixture investigated in this study consists of a CEM III/B
42.5 L-LH HS mixed with 10 wt.% nanosilica (>99.8 SiO;), resulting
in a blend with 31 wt.% Portland cement, 59 wt.% slag and 10 wt.%
SiO,. The reaction of all these solids occurs simultaneously at different
rates. The nanosilica is completely consumed after a few days, while
90% of the slag has reacted after 3.5 year hydration. The experimen-
tally observed phase assemblage consists of C-(A-)S-H (Ca/Si=1.2)
with significant incorporation of aluminum, hydrotalcite, ettringite,
strdtlingite and some calcite. The pore solution is dominated by sodi-
um, potassium, hydroxide, and by different sulfur species, mainly
HS™ but also SOZ ~, S,02 ~ and SO2 —, indicating reducing conditions
due to the reaction of the slag. The alkali concentrations (K4 Na:
~40 mM) are ten times lower than in Portland cements as in the
LAC three times less Portland cement is present and as the low Ca/
Si C-S-H formed takes up the alkalis efficiently. The presence of
20 mM negatively charged sulfur species reduces the concentration
of hydroxides in the pore solutions, thus lowering the pH. After
3.5 years a pH value of 12.2 results, which is much lower than the
pH of 13.5-13.8 reported for Portland cements [2,3,37,97].

Between 1 month and 3.5 years no significant differences in the
composition of the pore solution and the solid phase assemblage
have been observed. Nevertheless, an increase in the amount of hy-
drates occurs due to the reaction of the slag during this period of
time. Thermodynamic modeling predicts the presence of C-S-H with
a Ca/Si of 1, ettringite, hydrotalcite, calcite and stratlingite. The calcu-
lated changes of the amount of hydrates are relatively small after the
first month, in agreement with the experimental observations.

The 10% nanosilica present and the low amount of Portland ce-
ment in the LAC are responsible for the absence of portlandite and
the relatively low pH value of 12.2, while the reaction of the slag
gives rise to reducing conditions and the formation of more hydrotal-
cite and possibly strdtlingite.

It should be noted that the thermodynamic calculations suggest
the formation of Si-hydrogarnet in the long term and, in the presence
of Si-hydrogarnet, of thaumasite. However, even after 3.5 year hydra-
tion neither Si-hydrogarnet nor thaumasite could be detected, indi-
cating that the kinetics of formation of these cement minerals is
very slow in the LAC possibly due to absence of Fe(Ill) under the re-
ducing conditions of this slag containing blend.
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