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The effect of limestone replacement in the reaction and phase assemblage evolution of two sodium sulfate
activated slag cements was investigated. The slag composition and its reactivity influenced the reaction kinetics
of these materials. Paste with limestone addition exhibited an acceleration in reaction kinetics, particularly for
slowly reacting slags. Ettringite and an aluminium substituted calcium silicate hydrate were identified as main
reaction products in these cements, independently of the slag type or limestone replacement level. No significant
changes in phase assemblages were observed with limestone addition for over 365 days of testing; however, these
composite cements exhibited an increased compressive strength, consistent with a refined pore structure. These

results indicate that it is possible to partially replace slag by limestone in sulfate activated slag cements without
changing the type of reaction products forming in these systems, while also increasing compressive strength and
achieving a similar refined pore structure.

1. Introduction

Reducing the Portland clinker content in cements for the production
of concrete, is one of the most viable and well accepted strategies to
reduce the environmental impact associated with the construction sector
[1]. The use of high volumes of supplementary cementitious materials
(SCMs) is strongly dependent on their chemical reactivity, and the
performance developed by the concretes produced with them [2]. In
order to optimise reaction kinetics and enhance strength development in
systems with high SCMs content (>70 %), the addition of alkaline
substances has been investigated. The rationale for these additions is the
ability of alkaline substances to accelerate ordinary Portland cement
(OPC) hydration [3]. Composite cementitious systems comprising OPC,
a SCM and an alkaline substance are referred to as hybrid alkaline ce-
ments [4]. These mixtures take advantage of the hydration mechanism
of OPC, combined with the reaction mechanism taking place during
alkali-activation of aluminosilicate precursors. This produces binders
with desirable properties, and reduced global warming potential [5].

Hybrid alkaline cements have been extensively studied over the past
decades. The focus has been on systems based on pulverized fly ashes
and Portland cement/clinker, mainly using sodium hydroxide or sodium
silicate type activators [6-8]. Given the great potential for producing
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concretes with very low Portland cement contents when using these
binders, a significant number of studies have been published in this topic
over the past decade [4,9-11]. These studies discussed the reaction
mechanism of these materials, the factors which control their phase
assemblages and strength development, and also the research needs for
determination of their durability performance. From this literature, it is
known that the features of these systems are controlled by several fac-
tors. These include: the chemical composition, physical and mineral-
ogical properties of the precursors used; activator type and dose; and,
curing conditions. These factors consequently control their mechanical
and transport properties. More recent studies have focused on assessing
the performance of hybrid alkaline cements produced with milder ac-
tivators, such as sodium sulfate [12-17]. Understanding hybrid sodium
sulfate cement systems requires evaluation of the potential interaction of
each of their components with this activator.

The effect of sodium sulfate addition on OPC hydration has been
extensively studied, particularly the potential formation of the so-called
U-phase (4Ca0°0.9A1,03'1.1S03°0.5Nas0'16H,0) [18]. This phase is
typically identified upon hydration of OPC under highly alkaline con-
ditions, such as those achieved when adding high concentrations
(10-15 wt%) of sodium sulfate [19]. The high alkalinity in those systems
is achieved via the chemical reaction of sodium sulfate with portlandite
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(as tricalcium aluminate hydration progresses), leading to the formation
of sodium hydroxide and gypsum [20]. Secondary formation of the U-
phase and other sulfate-bearing phases is linked to degradation of OPC-
based concretes [21,22]. This is one of the reasons why the use of so-
dium sulfate in OPC systems has been very limited. Despite these po-
tential risks, in recent years there has been a burgeoning interest in
exploring the effects of alkalis in the hydration of clinker phases [23,24].
This is in order to identify optimised concentrations for their potential
utilisation in cements produced with high volumes of SCMs.

On the other hand, the interactions between sodium sulfate and
SCMs has been more widely studied within the context of alkali acti-
vation. Most studies of sodium sulfate activated slag cements have
focused on evaluating the type of reaction products formed using a
single source of slag precursor, or determining the strength development
of such systems [25,26]. Very few studies have evaluated the phase
assemblage evolutions of these cements. The main reaction product has
been identified as an aluminium substituted calcium silicate hydrate (C-
A-S-H), and as main secondary reaction product, ettringite has been
reported [27,28]. Different properties such as slag fineness [29] and
activator dose [30] have been evaluated in these systems — with
increasing slag fineness and increasing activator dose, a higher degree of
slag reaction is achieved. It has been demonstrated that different reac-
tion products are obtained with slight changes in Al;03 or MgO content
in the slags activated with either hydroxide or silicate activators
[31,32]. However, there is no understanding about the effect of slag
chemistry on the phase assemblage of sodium sulfate activated systems.
This is a knowledge gap to be evaluated in the present study.

To future-proof the development of low carbon binders such as
hybrid sodium sulfate activated cement, lowering the slag fraction in
these systems needs to be considered. This can be achieved by addition
of limestone. Limestone is widely used in the construction sector and its
effect is very well documented when producing binary and ternary ce-
ments [33] including its reaction mechanism [34]. The use of limestone
has also been investigated in the production of ternary blended cements
including slag [35] or calcined clays [36,37]. In ternary systems, it has
been stated that the synergetic effect between limestone and SCMs offers
significant advantages for production of sustainable cements. However,
the investigation of the effects of limestone in hybrid alkaline cements
has been very limited [38,39] and often restricted to the early curing
ages (28 days of curing). Therefore, it remains largely unknown whether
limestone will act as a filler or can potentially react in these systems,
particularly in the longer term.

In response to these knowledge gaps, in this study two commercial
blast furnace slags with different MgO/Al;03 ratios were activated with
sodium sulfate. The level of slag substitution by limestone was varied,
and the effect on the phase assemblage evolution of cured pastes was
evaluated for up to one year. Reaction kinetics were evaluated via
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2. Experimental methodology
2.1. Materials

Oxide compositions of the two blast furnace slags and limestone used
in this study were determined by X-ray fluorescence (XRF), using a fused
bead preparation method in a Rigaku ZSX Primus II (Table 1). XRD
patterns for the precursor slags are provided in the Supplementary
Information.

The particle size distributions of the two slags and limestone were
measured with a Malvern Mastersizer 2000 laser diffractometer, using
isopropanol as the dispersion liquid. The particle size distribution of the
two anhydrous slags were comparable with an average dsg of 11.7 pm
for slag 1 (S1) and 12.5 pm for slag 2 (S2). The limestone used in this
study was slightly coarser than the slags, with a dsg of 15.3 pm. The full
particle size distribution curves for the precursor materials are provided
in the Supplementary Information where no significant differences are
identified between the two slags studied.

2.2. Mix design and sample preparation

The mix design of the evaluated pastes is presented in Table 2. As
activator an anhydrous sodium sulfate powder (Acros Organics, NaySO4
> 99 %) was used, which was dissolved in deionized water at 40 °C and
cooled down to room temperature (20 °C) prior to use. The sodium
sulfate-activated slags with replacements of 5 wt.% and 10 wt.% lime-
stone (relative to mass of slag) were prepared with an activator dose of 8
g NaySO4 per 100 g anhydrous precursors (slag + limestone) and a water
to solids (slag + limestone + sodium sulfate) ratio of 0.4. To generate
homogeneous mixtures of the anhydrous precursors, a roller ball mill
(Capco Ball Mill Jar 2VS) was used to blend the slag and limestone using
soft plastic balls for 3 h.

The solid precursors (i.e. slag or slag + limestone powders) were then
mixed with the activating solution by hand for 3 min to obtain a uniform
cementitious paste. The produced paste was cast in 5 mL centrifuge
tubes, and then sealed and stored in a water bath at 21 °C until testing.

2.3. Testing methods

2.3.1. Kinetics of reaction

In fresh pastes, isothermal calorimetry experiments were conducted
using a TAM Air Calorimeter at 20 + 0.02 °C. The fresh pastes were
prepared by hand-mixing for 3 min. 9 g of paste was weighed into an

Table 2
Mix design of sulfate activated slag/ limestone blended cements.

isothermal calorimetry. Changes in phase assemblage were determined Sample ID Slag (g) Limestone (g) Anhydrous Na,SO, (g) w/s*
following a multi-technique approach applying X-ray diffraction, ther- 100S1 100 o s 04
mogravimetry coupled with mass spectrometry and solid state nuclear 9551 95 5 8 0.4
magnetic resonance spectroscopy. Compressive strength and pore 9081 90 10 8 0.4
structure were determined in specimens after 28 days of curing. 10082 100 0 8 0.4
9582 95 5 8 0.4
90S2 90 10 8 0.4
* wy/s — stands for water/solids ratio.
Table 1
Chemical oxide compositions of the anhydrous slags and limestone.
Precursors Oxides (wt.%)
CaO SiOy Al;03 MgO SO3 Fey03 TiOy MnO K20 Others LOlI*
Slag 1 (S1) 43.6 33.6 11.3 5.4 3.3 0.5 1.1 0.3 0.5 0.4 -
Slag 2 (S2) 44.4 35.7 9.8 6.3 1.6 0.4 0.6 0.3 0.4 0.5 0.1
Limestone 53.9 2.2 0.9 0.7 0.2 0.2 - - 0.1 - 41.4
(LS)

*Loss on ignition (LOI) determined at 900 °C.
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ampoule and immediately placed in the calorimeter to record heat flow
up to 15 days. Reference samples containing quartz and distilled water
(9 g in total) were used, and all heat flow and cumulative heat mea-
surements were normalized by the total mass of paste.

2.3.2. Phase assemblage characterisation

After 7, 28, 180 and 365 days of curing, specimens were ground and
immediately characterised without any solvent exchange treatment to
arrest reaction. Hydration stopping was not performed in order to
minimise modifications to hydrated phases. This precaution was carried
out with ettringite in mind - ettringite was expected to be formed in
these systems, and its sensitivity upon solvent exchange treatment is
well known [40,41]. Microstructural characterisation of these samples
was conducted via:

e X-ray diffraction (XRD), using a PANanalytical MPD Pro with Cu-Ka
radiation and a nickel filter. A 10 mm incident beam mask was used
with automatic incident divergence and fixed anti-scatter slits. The
tests were conducted with a step size of 0.03° and a counting time of
1 s/step, from 5° to 70° 20. X’pert Highscore plus V5.1 was used for
phase identification using PDF-4 + 2022 ICDD database. Addition-
ally, search by composition was carried using PDF 4 + database
software to identify some of the phases formed at a longer curing
period.

e Thermogravimetric analysis coupled with mass spectrometry (TG-
MS), using a Netzsch STA 449 F5 coupled with a Netzsch QMS 403D
mass spectrometry unit. In each case, 30 mg of sample was tested
from 35 to 1000 °C at a heating rate of 10 °C/min under nitrogen
flowing at 60 mL/min. A 10 minute isotherm at 30 °C under nitrogen
flow was performed before starting the heating ramp.

To quantify the calcite content in the pastes over different curing
durations, the mass loss identified between 600 and 800 °C was deter-
mined (WLc¢qco3)- The percentage of reacted CaCOs (relative to the mass
of solid pastes) was then calculated considering the molecular masses of
CaCO3 (Mcacos = 100 g/mol) and COz (Mcoz = 44 g/mol) via the
equation below:

M
CaCO;3 16}

Wtreaz‘[ed CaCO3; — WLi — WLCaCOg X
Mco,

Where the WLi represents the amount of limestone in the system.

e Solid-state magic angle spinning (MAS) nuclear magnetic resonance
(NMR) spectra were collected using a Bruker Avance III HD spec-
trometer with a 400 MHz wide bore magnet (magnetic field 9.4 T).
295i MAS NMR spectra were collected at an operating frequency of
79.5 MHz, using a zirconia rotor and spun at 6 kHz in a 7 mm solid-
state MAS probe, and employed a 90° pulse of duration 5.5 ps, a
relaxation delay of 40 s and a minimum of 2,048 scans. Solid-state
27A1 MAS NMR spectra were collected at an operating frequency of
104.3 MHz, using a zirconia rotor and spun at 12 kHz in a 2.5 mm
solid-state MAS probe, and employed a 90° pulse of duration 0.23 ps,
a relaxation delay of 0.5 s and a minimum of 8,192 scans. 2°Si and
27Al chemical shifts were referenced to external samples of tetra-
methylsilane (TMS), and Yttrium Aluminium Garnet (YAG) respec-
tively, the latter with the hexa-coordinated site referenced to 0.7
ppm. Signals were normalized by area under the curve before plot-
ting [42].

2.3.3. Compressive strength and porosity testing

After 28 days of sealed curing, paste cubes of 25 mm x 25 mm were
used for testing compressive strength with loading speed of 2.4 kN/s
using an Instron 3382.

The pore size distributions of the paste specimens were determined
via Mercury intrusion porosimetry (MIP), using MicroActive AutoPore
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V9600 Version 1.02. Cylindrical specimens of 1 cm diameter and 1 cm
length were quartered and then prepared for MIP measurements. Prior
to the test, the specimens were immersed in isopropanol for 48 h. The
solution was changed after 6 and 24 h. The samples were then placed in
a vacuum desiccator for 1 week. About 0.86 g of sample was run with a
head size of 5 cc and stem volume of 1.131, and intruded with mercury
at a rate of 0.1-61,000 psi at 22 °C. The intrusion data was then con-
verted into equivalent pore entry diameter size, taking the contact angle
to be 130°.

Unfortunately compressive strength and MIP tests at other curing
durations could not be conducted due to laboratory access restrictions
during the COVID-19 pandemic.

3. Results and discussion
3.1. Reaction kinetics

Fig. 1 presents the heat flow and cumulative heat for the two slag
pastes in the presence of sodium sulfate solution, as a function of the
limestone content. Significant differences in the kinetics of reaction
were observed as a function of the slag composition. For the S1 series
(Fig. 1.A) a sharp and high intensity heat flow peak, associated with the
acceleration/deceleration period, was observed independently of the
addition of different amounts of limestone. Maximum heat flow
occurred at 23 h of reaction. Conversely for the S2 series (Fig. 1B), a pre-
induction period was observed soon after placing the pastes in the
calorimeter, followed by a dormant period from 10 h up to 100 h. This
dormant period was shorter for the paste containing 10 wt% limestone
(90S2). The acceleration/deceleration curves presented a similar shape,
independent of the addition of limestone. The asymmetry of the curve
associated with the deceleration period was more pronounced for the S2
series, compared with S1. This indicates that precipitation of reaction
products in the S2 slag cements continued taking place for a longer
duration. The majority of calorimetry results of sodium sulfate activated
slag cements reported in other studies [29,30] are comparable to those
obtained for the S1 series, where an induction/dormant period has not
been previously identified.

Considering the effect of the limestone additions - the cumulative
heat curves for the S1 slag series (Fig. 1C) showed that 400 h after
mixing, the slag activated without limestone addition (100S1) exhibited
a lower cumulative heat than the pastes containing limestone additions
(95S1 and 90S1). This indicated a lower extent of reaction products
formation in the 100S1 paste, compared to the 9551 and 90S1 pastes.
Negligible differences were observed between samples with 5 wt.%
(95S1) and 10 wt.% (90S1) limestone addition. In contrast, for the S2
slag series, clear differences in the kinetics of reaction were identified
between the paste samples with 5 wt.% (95S2) and 10 wt.% (90S2)
addition of limestone.

The presence of limestone is known to act as nucleation sites for
reaction products [37], which accelerates reaction kinetics; and, to in-
crease Ca®" concentration [43], which enhances the formation of re-
action products. But to help interpret the apparent difference in effects
of limestone additions on the reaction kinetics of the slag S1 and slag S2
samples, it is crucial to note that the slag S2-based samples had a
significantly longer induction period. It is likely that the longer induc-
tion period in the slag S2 samples (relative to the slag S1 samples)
facilitated acceleration due to limestone, specifically with the 10 wt.%
addition [37]. It is not obvious why the 5 wt.% addition had a seemingly
negligible effect on reaction kinetics of slag 2, relative to the 10 wt.%
addition. Nonetheless, on the basis of cumulative heat at 400 h, the slag
S2 pastes with 5 wt.% and 10 wt.% limestone addition seemed to un-
dergo a comparable extent of reaction. Hence, enhanced reaction ki-
netics is likely to be mainly due to filler action during the acceleration
stage [44].

Considering the slag S1 series - the majority of the slag reaction
occurred within the first 24 h, and hence masked any acceleration due to
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Fig. 1. Isothermal calorimetry results of Na,SO4-activated slag as a function of limestone content. Heat flow and cumulative heat curves correspond to S1 (A, C) and

S2 (B,D) respectively.

the limestone addition. However, the enhancement in heat release with
limestone addition is noticeable beyond 24 h. For the S2 series, the
differences in cumulative heat between the paste solely based on slag
and those containing limestone was modest, especially when compared
with the results of the S1 series. In comparison, for the S1 series the
cumulative heat was significantly lower in the absence of limestone. On
the basis of cumulative heat, the degree of reaction of pastes produced
with slag S2 was consistently lower than for the pastes produced with
slag S1.

Comparing between the two precursor slags - the differences in heat
release between the two slags suggest that the slag composition has a
significant effect on the kinetics of reaction of sodium sulfate-activated
slag systems. These results differ to previous studies on alkali-activated
slag cements produced with sodium hydroxide or silicate activators,
which reported that a higher AloO3 content (7 wt.% to 16.7 wt.%) with a
moderated content of MgO (6.4 wt% — 7.2 wt.%) led to lower degree of
reaction [45]. This consequently led to the development of materials
with higher porosity and reduced mechanical strength. When using
hydroxide or silicate activors these observations have been attributed to
the importance of the MgO/Al,03 ratio in these materials. The subse-
quent influence on the formation and precipitation of Al-bearing sec-
ondary phases in these cements, particularly hydrotalcites, is believed to
be significant.

The results for the sodium sulfate activated slag cements evaluated
here are, however, in good agreement with what has been observed for
sulpersulfated cements [46] whose main Al-bearing phase is ettringite,
and, also similar to what has been reported for sodium sulfate activated
slag cements [25]. In a recent study evaluating the chemical reactivity of
commercial slags applying the R3 test method [47], slags with higher
contents of Al,O3 seemed to be more reactive at early ages. This high-
lights that slag composition alone is not appropriate as a universal in-
dicator for how a given slag might react, as this seems to be specific to
the cementitious system that is being evaluated. The nature of the glassy
phase is also a parameter of interest with regards to reactivity — this is
explored in Section 3.2.3.

Independent of the slag composition, the addition of limestone
accelerated the kinetics of reaction of the composite cements. This was
more noticeable in the pastes produced with slag S2 during the first
hours of reaction, and in the pastes produced with slag S1 after 50 h of

the reaction. A similar effect of limestone addition has been reported for
ternary OPC, slag, limestone composite cements [48] - it seems likely
that a similar mechanism of enhancing the nucleation of gel phases is
taking place in these systems [35].

3.2. Phase assemblage evolution

3.2.1. X- ray diffraction

Figs. 2 and 3 present the X-ray diffraction patterns of sodium sulfate
activated composite cements produced with S1 and S2 respectively, as a
function of curing time. The main crystalline reaction products identi-
fied in all the cements evaluated in this study are: ettringite (E) (powder
diffraction file (PDF) #00-013-0350) and calcium silicate hydrate
(tobermorite 9 10\, CSH, PDF# 00-010-0374) or an aluminium-
substituted calcium silicate hydrate (Al-tobermorite, C-A-S-H, PDF#
00-019-0052). Independently of the slag composition, ettringite was
identified at 7 days of curing, and it remained stable for up to 365 days
without any noticeable conversion to monosulfate phase with curing
time or limestone addition.

Calcite (CC, PDF #00-024-0027) was observed in the diffractograms
of 90S1 (Fig. 2B) and 90S2 (Fig. 3B), consistent with the addition of
limestone in these systems. The addition of limestone did not seem to
contribute to the formation of new crystalline reaction products,
indendepently of the slag composition or curing time.

In the pastes solely based on slag, the reflections attributed to
ettringite were more intense in pastes produced with slag S1 (Fig. 2A)
compared to those produced with slag S2 (Fig. 3A). This could be
attributed to the higher alumina content in slag S1 (Table 1). Similar
results have also been obtained in super sulphated slag cement, with
more ettringite formation observed when using slags with higher Al
content [46]. Slag S1 also had a higher sulphur content compared to Slag
2, as determined from XRF (Table 1). A higher sulphur content might be
expected to contribute to more ettringite formation. However, an XRF
measurement does not distinguish sulphur speciation, or the phases in
which sulphur is present. Therefore, it is not possible to make a causal
link between the higher sulphur content in Slag S1, and the higher
ettringite formation in the pastes produced with Slag S1. Calcium sili-
cate hydrate (C-S-H) and/or calcium aluminate silicate hydrate (C-A-S-
H) with a tobermorite type structure, were identified as the other major
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Fig. 2. Cu-Ka X-ray diffractograms of NaySO4-activated slag (A) 100S1,
without limestone addition; and (B) 90S1 with 10 wt.% limestone addition. In
this graphic E-ettringite; CSH-Calcium (aluminate) silicate hydrate; CC-Calcite,
C-Cancrinite; * unidentified peak.

crystalline phase formed in both slag systems. Prominent reflections
were identified at 20 values of 29.6°, 32.1°, 50.0°, 55.0° and 60.7°. The
poorly crystalline nature of C-S-H leads to broad reflections corre-
sponding to C-S-H/C-A-S-H. The intensity of these reflections increased
from 28 to 365 days, particularly at low d-spacing values (i.e., 26: 50.0°,
55.0° and 60.7°). This observation is consistent with higher proportions
of these phases in the pastes as the reaction progresses.

Both 100S2 (Fig. 3A) and 90S2 (Fig. 3B) exhibited formation of
comparable crystalline phases to those observed in S1 based pastes.
However, noticeable differences were observed in the peaks attributed
to C-(A)-S-H type phase (see 20: 50.0°, 55.0° and 60.7°), which showed a
stronger peak intensity and clear reflection from 28 days in S2 based
pastes. In comparison, peaks of comparable intensity corresponding to a
C-(A)-S-H type phase were only exhibited from 180 days in the S1 based
pastes.

Although limestone is expected to promote the formation of CO3-
AFm phases in the presence of an aluminate source in an OPC system,
such carboaluminate phases are not identified in the sodium sulfate
activated slag cements evaluated here. However, AFm phases can be
finely dispersed and also undergo disruption to their layer structure, and
hence may not be detectable via XRD even if present [49]. Furthermore,
the lack of calcium present in the form of calcium hydroxide [50], and
the excess sulfate ions in these cements [51], could hinder the formation
of carboaluminates. Besides, from a thermodynamic point of view, the
Gibbs energy associated with formation of ettringite (—15205.936 kJ/
mol) is significantly smaller than that of monocarbonate
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Fig. 3. Cu-Ka X-ray diffractograms of Na,SOg-activated slag (A) 100S2,
without limestone addition; and (B) 90S2 with 10 wt.% limestone addition. E-
Ettringite; CSH-Calcium (aluminate) silicate hydrate; CC-Calcite, * unidenti-

fied peak.

(CagAlyCO9-11H20) (—7337.459 kJ/mol) or monosulfate (CasAly.
S010-12H30) (—7778.356 kJ/mol). Therefore ettringite tends to be
highly stable when limestone is present in cements [52].

Thus, the limited carboaluminate formation in these systems implies
that the majority of alumina available from the slag dissolution at later
ages is incorporated in a C-(A)-S-H type phase, or in the formation of
other poorly crystalline Al-bearing phases. This will be further discussed
in Section 3.2.2.

The most noticeable change in the diffractograms of the assessed
cements at extended curing ages (365 days) was the emergence of a
distinctive new reflection at 14.3° 20. An extensive revision process was
undertaken for potential phases forming in these systems, using different
XRD databases, and considering peak position and/or chemical
composition during the search. It was identified that the best fit for this
reflection corresponds to a zeolite type phase, a sodium aluminum sili-
cate, (NapAl;Si30q, PDF #04-014-9829), whose reflections are consis-
tent to that of natrolite type (NAT framework type, following
International Zeolite Association Structure Commission nomenclature
[53]). The reflection at 14.3° was particularly intense and well-resolved
in the 356 days diffractogram of the S1 pastes without (Fig. 2A) and with
(Fig. 2B) limestone. Although a clear feature at this 20 angle was also
identified in the slag S2 pastes, the intensities were smaller than that of
the S1 pastes. In the case of the 90S1 paste after 365 days (Fig. 2B) an
additional sodium calcium aluminum carbonate silicate hydrate
(N36C32A16516024(CO3)2-2H20, PDF #00-046-1332) could be identified.
The reflections of this phase are consistent with that of cancrinite type
zeolites (CAN framework type), and also match the distinctive peaks
identified for this sample at 32.7° 20 and 58.3° 26.
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Formation of zeolite type phases in alkali-activated slag cements is
rare and unexpected for the cements evaluated in this study. Formation
of gismondine and garronite (both GIS framework type) zeolite phases
was reported in silicate activated slag/metakaolin cements, produced
with a slag with very low (<2 wt%) MgO content [54-56]. Thermody-
namic modelling simulations for sodium sulfate activated slag cements
[57] do not predict formation of these phases, despite zeolite phases
being included in the database when simulations were performed.
However, it is acknowledged that the stability of zeolitic phases and
their transformation from semi-crystalline precursors are very sensitive
to both thermodynamic and kinetic parameters [58,59] and so their
formation cannot be conclusively discounted on the basis of thermo-
dynamic modelling.

Jackson et al. [60] analyzed the structure of C-(A)-S-H type phases
forming in ancient Roman cements exposed to seawater, which is well
known to be a sulfate rich environment. It was identified in those
specimens that C-(A)-S-H phases presented a highly crosslinked Al-
Tobermorite type structure with reflections at a similar position to
that of the unidentified peak in this study. Considering alkali alumino-
silicate systems in the broadest sense, there is a thermodynamic driving
force for metastable phases to transform to more highly ordered phases
over time [58,59]. Hence, it could be hypothesized that the unidentified
peak could be indicating structural changes (ordering) in the C-(A)-S-H
type phases forming in sodium sulfate activated slag systems over
extended curing durations.

3.2.2. 2°si MAS NMR spectroscopy

Solid state NMR has particular value for distinguishing the presence
of atoms and their structural configurations in crystalline phases. It also
provides unique information about the structure of poorly crystalline
phases, which may not easily be detectable by using XRD. Conventional
Qn(NALl) notation is used for Si bonding environments, whereby n refers
to the number of -O-Si ‘bridges’ to nearest neighbour sites, and N refers
to the number of Al next-nearest-neighbour sites [61].

The unreacted slags exhibited very similar 2°Si MAS NMR spectra
(Fig. 4) with a resonance centred at 8ig, = —74 ppm, in line with blast
furnace slags’ highly disordered, melilite-like structure as described
elsewhere [62]. It is worth mentioning that deconvolution of the spectra
was not carried out in this study. The method assumes that the anhy-
drous slag is dissolved congruently, which is generally true in highly
alkaline conditions, such as those achieved in NaOH and Na,SiOs-acti-
vated slag systems [32,63]. The congruent dissolution of glassy calcium
aluminosilicate requires the pH of the activator to be over 12.5 [64]. In
contrast, the initial pH value of the Na;SO4 solution used in this study
was almost 7. Although the pH of the solution was expected to increase
as the reaction progressed, it would not be appropriate to assume that
the slag dissolved congruently under these conditions.

For sodium sulfate-activated slag cements without limestone

o Curing time
Al Q?(1Al) ----28d
Q' | @ — 180d

Unreacted S1
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addition (10081 and 100S2) the 2°Si MAS NMR spectra (Fig. 4) exhibited
three resonances centred at dis, = —79 ppm, —82 ppm and —85 ppm,
attributed to Q!, Q%(1Al) and Q? sites, respectively. These resonances
are predominantly attributed to C-(A)-S-H gel typically identified in
alkali-activated slag cements [65]. This is the only Si-bearing product
phase identified in the sodium sulfate activated systems when analysed
by XRD (Fig. 2 and Fig. 3). Some extent of Na™ uptake is expected into
the gel phase, both in interlayer sites and sorbed to gel surface sites
[66,67] therefore these type of gels can be described more accurately as
C-(N)-A-S-H. However, there is likely some overlap in this Q1 and Q2
region with unreacted slag. The shoulder downfield of Q!(II) is associ-
ated with Q0 and Ql(I) sites [68]. In sodium metasilicate activated slag
systems, the broad resonance upfield of Q? sites at 8ig, > 90 ppm has
been assigned to Q4 sites in sodium aluminosilicate hydrate (N-A-S-H)
type gels, or/and the Q3 site in C-(A)-S-H gel [65]. In the cements
assessed in this study such resonances are not clearly identifiable,
consistent with 2°Si MAS NMR results of sodium sulfate activated slag
cements reported elsewhere [28,30].

In all the cements evaluated, a decrease in intensity of the broad
shoulder in the i, = —70 to —78 ppm region was observed in the
spectra for 180 days curing time compared to 28 days, along with an
increase in the intensity of the Q2 sites. This indicates that further re-
action of slag occurred over this time period [63], consistent with the
observation by XRD (Figs. 2 and 3). This effect was slightly more pro-
nounced for the slag S1 systems compared to the S2 systems, consistent
with the calorimetry results (Fig. 1) which indicated a reduced reactivity
of S2 under the activation conditions assessed in this study. This further
reaction of slag over extended curing periods results in additional for-
mation of C-(A)-S-H in these systems [30]. However, given the con-
straints on deconvolution, this cannot be quantified. On the other hand,
the higher intensity of Q'(II) in S1 indicates higher chain-end sites
balanced by Ca?* or Al" ions [68]. The higher intensity of Q sites in S2
suggests a higher mean chain length.

In terms of the influence of limestone addition, the decreased in-
tensity in the shoulder between &is, = —70 and —78 ppm was more
pronounced in the systems with limestone substitution. This indicates
that a higher degree of slag reaction was achieved with the addition of
limestone. The higher intensity in Q? and Q® sites in 9051 and 90S2 after
180 days suggests that the addition of limestone increased the connec-
tivity of C-(N)-A-S-H type gel.

These results demonstrate that the structure of the C-(A)-S-H type
gels forming in the two sodium sulfate activated slag cement systems
evaluated is comparable - the addition of limestone is not inducing
significant structural changes in this reaction product. Even accounting
for the possibility that zeolitic phases that form in cementitious systems
can be disordered [69], there is no evidence of formation of highly
crosslinked Q* (8;s, > 90 ppm) sites typically present in zeolites [70], at
least up to 180 days of curing.

, Curing time
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3 90S2
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Fig. 4. 2°Si MAS NMR spectra of slag precursors and sodium sulfate activated slag pastes as a function of slag type (A) S1 and (B) $2, and curing duration.
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3.2.3. Al MAS NMR spectroscopy

27A1 MAS NMR spectra were collected for all specimens for up to 365
days and results are presented in Fig. 5 and Fig. 6, for slag S1 and slag S2,
respectively. q"(X) notation is used to describe Al bonding environments
— this is analogous to Q"(NAI) notation for Si environments, whereby n
refers to the number of -O-Si ‘bridges’ to nearest neighbour sites, and N
refers to the number of Al next-nearest-neighbour sites [71]. The spectra
of the unreacted slags exhibited an asymmetric and broad resonance
centred at 8ig, = 58-59 ppm associated with Al'V sites, consistent with
the highly disordered nature of blast furnace slags [62].

Firstly, regarding the slag precursors themselves - it is helpful to
consider the influence of any differences in the precursor slags’ local
chemical environments, when attempting to explain differences in their
reaction kinetics and overall reactivity. In Section 3.1, the higher AlyO3
content of slag S1 was suggested as a potential cause of its faster reaction
kinetics and higher overall reactivity. In addition to the overall content
of Al in slag, the local chemical environments of Al is also consequential.
When [Al;03/M>0] < 1 in an alkali aluminosilicate glass, the addition
of AI*" acts as a network former and causes the conversion of non-
bridging oxygen (NBO) to bridging oxygen (BO) sites [72 73]. The
reactivity of glassy phases is influenced by their extent of depolymer-
isation, which can in turn be described by the number of non-bridging
oxygens per tetrahedrally coordinated cation [74].

Fig. 5 shows the 2’Al MAS NMR spectra of S1 and S2 precursor slags.
The spectrum of slag S1 is slightly shifted to the right (relative to slag S2)
in the region between 50 and 20 ppm, which corresponds to a higher
amount of A1V [75]. It should be noted that this shift is not related to the
tail of the AlV! peak between 20 and 0 ppm, as the spectra S1 and $2
overlay this region [75]. The second order quadrupolar interaction of
the %A1 MAS NMR (S > 5/2) causes broadening of peaks and hence an
overlap [61,75]. The presence of the slight shift may represent a more
significant change in reality.

It is plausible that the higher AlV content in slag S1 partly explains
the higher observed reactivity of slag S2. For slags with comparable CaO
content to those used in this study, Wang et al. [76] reported that
increased Al,O3 content only had a negative effect on reactivity when
the Al;O3 content of slag exceeded 15 wt.%. However, given it is difficult
to precisely identify the difference in A1V content between the two slags,
it is inconclusive how much of the difference in reactivity is attributable
to the quantity of coordination of Al, relative to other factors (such as
CaO and MgO content).
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Considering the cured cement pastes - in the Al'! region (between
8iso = 20 to 50 ppm [77]) of all spectra, three distinctive resonances
were identified. The resonance centred at 8;5, = 13 ppm is attributed to
ettringite [78]. This resonance was sharp and intense in the slag S1 se-
ries (Fig. 5) at all the curing ages, consistent with the XRD results
(Fig. 2). A low intensity shoulder centred at 8;5,= ~ 9 ppm was observed
in these samples which cannot be attributed to a single phase. A reso-
nance at this chemical shift is often attributed to layered double hy-
droxides (LDH). This could be either a Ca-Al LDH with a hydrocalumite-
like structure, also referred to as AFm phases, such as monocarbo- or
monosulfo- aluminates [78,79]; or Mg-Al LDHs such as hydrotalcite
[80], typically identified as a secondary reaction product in silicate-
activated slag cements [68,81]. XRD results (Fig. 2) did not indicate
formation of crystalline carbonate-hydrotalcite in sodium sulfate acti-
vated slag cements. The crystallinity of LDH is strongly dependent on the
cation in the interlayer, and it has been reported that the crystallinity of
sulfate-LDHs is particularly low [80]. Considering the high concentra-
tion of sulfates in the cements evaluated in this study, it is plausible that
poorly crystalline sulfate-LDHs might have formed.

A third resonance was also identified at 8;5, ~ 4 ppm, which in hy-
drated cements is often attributed to the third aluminate hydrate (TAH)
[82]. This phase was thought to be an amorphous nanoscale aluminate
hydrate phase precipitated at the surface of the C-(N)-A-S-H type gels.
However, it has been demonstrated by Mohamed et al. [83] that this
resonance is most likely silicate-bridging [Al02(OH)4]5 sites in C-A-S-H
type gels and therefore the TAH does not exist. Negligible changes in the
intensity of these sites were identified at different curing times in sodium
sulfate activated cements.

In slag S1 activated cements, the addition of limestone (Fig. 5B,
90S1) led to the development of less intense ettringite resonances,
compared with specimens without limestone (100S1). This observation
was consistent with the XRD results (Fig. 3B). The resonances attributed
to LDH and [AlO2(OH)4]5 sites are identifiable in these spectra; how-
ever, no significant changes in intensities were observed at extended
curing durations, or when compared with cements produced in the
absence of limestone.

In the slag S2 activated cements’ spectra (Fig. 6A) the resonances
attributed to ettringite, LDHs and [AlO2(OH)4]s5 sites in the C-A-S-H
type gels were better resolved compared with those in the spectra of the
slag S1 based cements. In this case a lower intensity of the resonance
assigned to ettringite was identified, compared with the results of the S1
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Fig. 5. 27A1 MAS NMR of sodium sulfate activated slag cements produced with slag S1 (A) without limestone addition and (B) with 10 wt.% limestone addition.
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Fig. 6. 27A1 MAS NMR of sodium sulfate activated slag cements produced with slag S2 (A) without limestone addition and (B) with 10 wt.% limestone addition.

slag cements. This observation was consistent with the XRD results
(Fig. 3). The intensity of the reflection centred at 65, ~ 9 ppm seemed to
increase at longer curing durations. This is an indicator that secondary
reaction products, either Ca-Al or Mg-Al LDH, were continuously
forming as the reaction progressed. It is hypothesised that the slightly
higher MgO content of slag S2 might lead to formation of Mg-Al LDHs
[31], particularly at extended curing duration (e.g. 365 days); however,
it is not possible to distinguish the composition of the LDHs from 27Al
MAS NMR alone. Slight increases in the intensities of the reflections
attributed to [AlO2(OH)4]5 sites were identified at the different curing
ages, consistent with a higher degree of reaction of the slag, particularly
after 365 days. This is in agreement with observations from 2°Si MAS
NMR (Fig. 4B).

In the Al"Y region (between 8js, = 90 to 40 ppm) an asymmetric and
broad resonance was identified (Figs. 5 and 6) independently of the slag
used or curing duration. This partly corresponds to the remnant
unreacted slag present in the cement, and partly to the C-(N)-A-S-H type
gels forming upon activation [63,68]. Whilst the spectrum in this region
cannot be distinguished into its constituent peaks, the contributions to
the measured spectrum from C-A-S-H type gels are anticipated to arise
from qZ(I), qZ(II) [65] and q3 [28] sites. The qZ(I) (73 ppm) and q2(II)
(67 ppm) sites are bridging tetrahedral sites, coordinated with different
cationic interlayer species [65]. The q3 coordinated aluminium (62
ppm) site is associated with a high degree of crosslinking in the C-A-S-H
type gel [28]. Distinctive resonances attributable to q* Al in a zeolitic
framework (associated with a peak in the range of ~ 50-65 ppm)
[84,85] %Al MAS NMR spectra after 365 days of curing, were not
observed.

No significant differences in either the shape or the intensity of the
resonances in this region of the spectra were observed, independent of
the curing age or addition of limestone (Figs. 5 and 6). It is known that
increasing Ca:Si molar ratio in C-A-S-H leads to a preferred coordination
state of Al in cross-linking sites [86]. Given the Ca:Si molar ratio in
both slags is an intermediate value (~1.4), one would expect an
approximately equal distribution of Al between Al'Y and A1'! cross-
linking sites (excluding Al in secondary phases) [86].

Overall, limestone addition seems to have a negligible effect on the
C-(N)-A-S-H structure, and on the relative quantities of LDH phases and
ettringite forming in sodium sulfate activated slag cements.

3.2.4. Thermogravimetric analysis

Thermogravimetry curves for the sodium sulfate activated slag ce-
ments are presented in Fig. 7, and the total mass losses up to 1000 °C are
reported in Table 3.

All cements exhibited (Table 3) a higher mass loss at longer curing
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Fig. 7. Thermogravimetry curves of sodium sulfate activated slag cements
produced with (A) slag S1 and (B) slag S2, as a function of limestone content
and curing time.
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Table 3
Total mass loss at 1000 °C determined by thermogravimetry of sodium sulfate-
activated slag cements (+1%). LS = limestone.

Curing time (days) S1 S2
0 wt% LS 10 wt% LS 0 wt% LS 10 wt% LS
28 15.1 23.8 20.2 23.6
180 23.8 28.8 22.9 25.7
365 25.5 28.8 25.1 28.5

durations, consistent with the decomposition of hydrated reaction
products forming at higher degrees of slag reaction. A significant dif-
ference in the mass loss was observed between 100S1 and 100S2 at 28
days of curing. However, comparable total mass losses were identified
for both slags after 180 and 365 days of curing, consistent with similar
degrees of slag reaction in both of these cements.

Derivative curves along with mass spectrometry results for the S1
slag based cements are shown in Fig. 8. The mass loss below 200 °C is
associated with dehydration of the C-A-S-H gel typically identified in
this temperature range [87], and decomposition of ettringite which is
typically observed at 114 °C [88]. These mass losses were greater at
extended curing times, consistent with a higher degree of slag reaction
as identified by XRD (Fig. 3) and 2’Al MAS NMR spectroscopy (Fig. 5).
Mass losses between 400 °C and 800 °C are associated with decompo-
sition of CO,-bearing phases such as calcite [89]. In S1 slag samples
without limestone (100S1) a low intensity mass loss peak was observed
between 300 and 400 °C, accompanied by water release (Fig. 8B,
100S1). This might indicate the formation of traces of a Mg-Al LDH [90]
in sodium sulfate activated slag cements. A mass loss between 700 °C
and 1000 °C, accompanied by the release of SO; is likely linked to the
unreacted slag fraction [91,92] in the assessed samples. This mass loss
was higher in the 28 day samples, consistent with a lower degree of slag
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reaction at this time of curing compared with specimens aged for 365
days.

In samples with 10 wt.% limestone (Fig. 8A, 90S1) a higher mass loss
below 200 °C was identified after 28 days of curing, compared to sam-
ples without limestone. This observation was consistent with the higher
total mass loss (Table 4) reported for this cement. The most distinctive
feature is the mass loss between 400 °C and 800 °C, associated with
decomposition of limestone. In the 28 day sample, two mass losses at
554 °C and 727 °C were observed, corresponding to the decomposition
of vaterite and calcite, respectively [89]. At longer curing durations,
only decomposition of calcite is identified in these samples. Similarly to
the S1 slag cements, small mass losses were identified above 800 °C
accompanied by the release of SO,, consistent with the presence of
unreacted slag in the cements.

The percentages of reacted limestone, calculated as indicated in
Section 2.2.2 are reported in Table 4. The percentages of limestone
which have reacted are broadly comparable between the two slag series,
with negligible changes in the amount of limestone reaction beyond 28
days of curing. This indicates that the added limestone remained
unreactive at longer curing durations of 180 and 385 days. Thermog-
ravimetric results do not show any increase in calcite content with time,
to confirm that no carbonation has occurred during long-term storage
and sample preparation. 2’Al MAS NMR results (Figs. 5 and 6) indicated

Table 4
Reacted limestone in sulfate-limestone activates slag cements determined by
thermogravimetry (estimated uncertainty + 0.5 %).

Curing time (days) 90S1 90S2

28 3.0 %
180 3.6 %
365 3.6 %

3.5%
3.5%
3.7%
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Fig. 8. (A) Differential thermograms (mass loss downwards) sulfate activated slag cements without (100S1) and with (90S1) limestone addition, as a function of
curing time. Mass spectra of (B) H,0O, (C) CO, and (D) SO, are also reported. m/z = mass/charge ratio, for each ion of interest.
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the formation of LDHs in these systems. As limestone reaction is very
limited in these systems, this supports the earlier suggestion that sulfate-
LDH which present an Al resonance at %Al 8, = 9 ppm [80] are the
most likely LDH phase forming in sodium sulfate activated slag cements.

Derivative curves along with mass spectra for the slag S2 cements are
shown in Fig. 9. For samples without limestone addition (Fig. 9A,
100S2) significant differences in the mass loss below 200 °C were
observed between 28 and 180 days of curing; however, slight differences
were observed between 180 and 365 days of curing. This indicates that a
significant amount of hydrated reaction products were forming in this
cement at extended curing durations. The addition of limestone to these
cements (Fig. 9B, 90S2) induced higher mass losses at 28 days compared
to those in samples without limestone (Fig. 9A, 100S2). This difference
can be attributed to a higher extent of reaction with the limestone
addition. Negligible differences in mass losses were recorded at 180 days
of curing (relative to 28 days), with a slight increase in the mass loss
after 365 days of curing.

In the S2 slag cement without limestone (Fig. 9A, 100S2), no sig-
nificant features were observed between 200 °C and 800 °C. A slight
mass loss between 800 °C and 1000 °C was consistent with the release of
SO from the unreacted slag remaining in these cements. The SO signal
was more intense in this temperature for the 28 day cured sample,
relative to later curing times. These features are similar to those iden-
tified for the S1 slag cement without limestone (Fig. 8A, 100S1).

In the 90S2 paste, comparable mass losses were observed between
600 °C and 800 °C for the different curing durations. This is consistent
with the negligible differences in the estimated amount of unreacted
limestone (Table 4) between different curing times.

3.3. Compressive strength and pore structure

Fig. 10 presents the compressive strength of 28 days cured sodium
sulfate-activated slag pastes. The strength values of the S2 slag based
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Fig. 10. Compressive strength (at 28 days curing time) of sodium sulfate-
activated slag pastes as a function of the slag type and limestone addition.
Error bars correspond to one standard deviation of 8 measurements.

cements were higher than all of the S1 slag based cements, across
samples with limestone additions as well as slag-only samples. This is
consistent with a slightly higher degree of reaction of slag reaction
identified in S2 by thermogravimetry analysis (Fig. 7) at 28 days of
curing. These compressive strength values are significantly higher than
those reported by Mobasher et al. [30] for sodium sulfate activated slag
cements produced with slightly higher activator doses (10 wt.% sodium
sulfate), and using slags with different compositions to those studied
here. This further highlights the strong dependency between raw ma-
terials properties and activation conditions on the properties of sodium
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Fig. 9. (A) Differential thermograms (mass loss downwards) sulfate activated slag cements without (100S2) and with (90S2) limestone addition, as a function of
curing time. Mass spectra of (B) H,0O, (C) CO, and (D) SO, are also reported. m/z = mass/charge ratio, for each ion of interest.
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sulfate activated slag cements.

The addition of limestone increased the strength in these materials
independently of the slag used. This is consistent with the fact that
limestone seems to be promoting a faster reaction kinetics in these
pastes, as well as formation of LDH type phases at later age. A similar
observation was reported by Rashad et al. [93], who identified compa-
rable strengths to those of S2 slag for sodium sulfate activated slag ce-
ments with 5 wt.% limestone addition. In that study, a significant
increase of the compressive strength in the slag/limestone composite
cements was observed at 56 and 90 days of curing, compared to speci-
mens without limestone.

Mercury intrusion porosimetry results are shown in Fig. 11. The
sodium sulfate activated slag cements in this study - with or without
limestone addition - developed a refined pore structure (i.e. a shift in the
cumulative pore volume towards smaller pore entry diameters with
narrow range of size distribution) compared to that typically identified
in Portland and blended Portland cements [94,95]. Cumulative volumes
of mercury intruded increased with the limestone addition (Fig. 11A and
11C), regardless of the slag used. Slag S1-based samples consistently
showed higher cumulative intrusion volume compared to slag S2-based
samples, independent of limestone addition. The lower cumulative
porosity volumes in slag S2-based samples correspond well with the
higher compressive strengths for all slag S2-based samples (relative to
slag S1-based samples). The lower cumulative volumes suggest that the
space filling efficiency (i.e., the reduction of the total pore volume with
solid reaction products) is higher for the reaction products formed in
slag S2-based samples.

For all samples, the differences in pore volume were mainly in the
size range of 10-30 nm, which can be seen in the differential intrusion
volume plots (Fig. 11B and 11D). Intrusion pore volumes were higher for
pastes containing limestone in these lower pore entry sizes (i.e. 10-30
nm), which are typically attributed to size ranges of gel pores. This
observation is consistent with the findings of preceding characteristion
techniques — that limestone addition caused an increase in the amount of
reaction products. It is thought that the greater quantity of reaction
products led to higher amounts of accessible gel pores in these finer pore
size ranges, which are thus a proxy measure for increased strength
development [48]. The intrusion volume corresponding to the peak size
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< 30 nm is lower in 100S2 and 90S2 (Fig. 11C and 11D). This indicates
that the higher compressive strength developed by S2 slag cements
compared with S1 slag cements is at least partly due to the development
of a refined pore structure when using lower AloO3 containing slags
[48]. Two major aspects can be summarised from these observations on
compressive strength and porosity. Firstly, there is lower overall
porosity in all slag S2-based systems due to better space filling efficacy of
the reaction products from slag S2. Secondly, there is an increase in the
gel pore volume in the finer porosity size range due to limestone addi-
tion, for cements made with slags S1 or S2. The former mechanism leads
to higher strength in all slag S2-based systems and the latter causes
improved strength due to limestone addition with both S1 and S2 slag-
based systems.

Differences in the critical pore entry size diameter were identified as
a function of the slag type and limestone addition (Table 5). The critical
pore size corresponds to the highest value in the differential distribution
curves, and represents the most frequently occurring pore size within the
interconnected pores [48]. Comparable critical pore sizes were identi-
fied for sodium sulfate-activated cements solely based on slag, inde-
pendently of the slag type used. The addition of limestone reduced the
critical pore size in S1 slag based cements at replacement levels of 5 wt.
% (95S1); however, similar critical pore sizes were observed in samples
with 10 wt.% limestone (90 S1) to those in S1 slag-only systems. For the
S2 slag based cements, the addition of 5 wt.% limestone (95S2) did not
modify the critical pore size; however, a significant increase was iden-
tified at higher replacement levels (90 S2).

The overall porosity of sodium sulfate activated slag/limestone
composites, determined from MIP, is presented in Table 6. Limestone

Table 5
The critical pore size diameter in nm in sulfate activated slag/limestone com-
posite cements.

Slag ID Slag content
100 wt% 95 wt% 90 wt%
S1 10.6 9.1 10.9
S2 10.5 10.5 13.9
0.354
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0.20 ——10081
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Fig. 11. Pore size distribution of Na,SO4-activated slag pastes at 28 days. (A) and (B) show cumulative and differential pore volume for S1 slag pastes. (C) and (D)

show cumulative and differential pore volume for S2 slag pastes.
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Table 6
Total porosity (in vol.%) of sulfate activated slag/limestone composite cements.

Slag ID Slag content

100 wt% 95 wt% 90 wt%
S1 21.7 % 25.3 % 25.0 %
S2 19.3 % 20.9 % 21.4 %

addition increased the overall porosity, independently of the slag type
used. The increase in total porosity due to limestone addition was higher
for systems produced with the slag with higher Al;O3 content (S1). This
was despite the fact the S1 slag exhibited a higher degree of reaction at
early ages, as identified by calorimetry (Fig. 1), and extended curing
duration, as identified by 29gi MAS NMR analysis (Fig. 4). Composite
cements produced with the S2 slag exhibited a lower porosity with or
without limestone addition. This is consistent with the higher
compressive strength values identified for S2 slag based sulfate activated
composite cements (Fig. 10).

In order to quantitatively evaluate the pore structure of sodium
sulfate activated slag/limestone composite cements, pores were classi-
fied into size categories < 30, 30-100 and > 100 nm [48] as shown on
Fig. 12. Slight changes in the fraction of the large capillary pores (>30
nm diameter [96]) were identified with the limestone addition, consis-
tent with the changes observed in the critical pore diameters (Table 5)
for these cements. An increased fraction of pore size in the range of 10 to
30 nm, also referred to as medium capillaries [96] was observed upon
limestone replacement in these systems. This is attributed to a large
portion of limestone remaining as a filler in these cements, as identified
by thermogravimetry (Table 4), without contributing to reaction prod-
ucts that could lead to higher capillary pore volume (i.e. the space that
needs to be filled by reaction products). Pores with a diameter lower
than 10 nm (gel pores) are likely to affect the shrinkage [97]. A higher
intruded volume below 10 nm was identified in the S1 slag based ce-
ments with 5 wt.% replacement of limestone — this observation is
consistent with the reduced critical pore size (Table 5).

4. Conclusions

This study demonstrates that the chemical composition of slag, as
well as addition of limestone (5 and 10 wt.%), influences the kinetics of
reaction and structural evolution of sodium sulfate-activated slag ce-
ments. The slag with a higher Al;O3 content was more reactive upon
activation with sodium sulfate, albeit it is likely that the nature of the
glassy phase itself also has an influence. The addition of limestone ac-
celerates the kinetics of reaction, particularly for the slag with the lower
reactivity during the first hours after mixing. However, comparable
degrees of reaction are achieved by 14 days of reaction. 28 day
compressive strength values are improved with limestone addition.

The main crystalline reaction products forming in these cements
were ettringitte and an aluminium substituted calcium silicate hydrate
type phase, with a tobermorite type structure, mostly likely a C-(N)-A-S-
H type gel. More ettringite seemed to be forming in the cements pro-
duced with slags with higher Al;03 content, independent of the amount
of limestone added. NMR spectroscopy results revealed that poorly
crystalline layered double hydroxide type phases (e.g. AFm or hydro-
talcite) are forming in all the cements evaluated, whose prevalence
seems to be more noticeable in the cements produced with the slag with
lower Al,Os.

The slag with lower reactivity upon sodium sulfate activation pro-
duced binders with the highest compressive strength after 28 days of
curing, independently of the limestone replacement level. This was
mainly due to better spacing filling and refined porosity which can be
attributed to the differences in the amounts of ettringite/LDHs forming
in these systems. Limestone addition increases the finer pore volume <
30 nm, however, there is a positive effect on compressive strength
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Fig. 12. Pore size fraction in NaySO4-activated pastes using slag S1 and slag S2
with 5 and 10 wt.% limestone substitution.

despite higher pore volume < 30 nm.

These findings can help inform the development of both alkali-
activated and hybrid alkaline cement systems. The contribution of
limestone additions in small quantities is primarily to accelerate kinetics
and refine the pore structure. This could have practical benefits for
strength development, both at early ages and longer ageing times.
Whilst there is some evidence for a small degree of limestone reaction,
there is negligible effect on the overall phase assemblage. Whilst the
maximum slag replacement trialled in this study is modest (10 wt.%), it
nonetheless offers a route to help reduce the demand for slag in the
production of sodium sulphate activated slag cements.

Further research is necessary to fully understand the effects of slag
chemistry in these systems, particularly around AloO3 content. Whilst
the data in this study is unique for its ageing times of up to 365 days,
further testing would be valuable for understanding if limestone does
play any further role at even longer ageing times. Given the constraints
on the global availability of slag, and the relative abundance of lime-
stone, the potential for higher levels of limestone should also be
explored.
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