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ABSTRACT
Advanced thermochemical conversion processes are emerging technologies for 
materials’ recovery and energetic conversion of wastes. During these processes, 
a (semi-)vitreous material is also produced, and as these technologies get closer 
to maturity and full-scale implementation, significant volumes of these secondary 
outputs are expected to be generated. The production of building materials through
the alkali activation of such residues is often identified as a possible large-scale 
valorization route, but the high susceptibility of alkaliactivated materials (AAM) to 
shrinkage limits their attractiveness to the construction sector. Aiming to mitigate 
such a phenomenon, an experimental study was conducted investigating the effect 
of calcium oxide-rich admixtures on the dimensional stability of CaO-FeOx-Al2O3- 
SiO2 AAMs. This work describes the impacts of such admixtures on autogenous and 
drying shrinkage, porosity, microstructure, and mineralogy on AAMs. Drying shrink-
age was identified as the governing mechanism affecting AAM volumetric stability, 
whereas autogenous shrinkage was less significant. The reference pastes present-
ed the highest drying shrinkage, while increasing the dosage of shrinkage reducing 
agent (SRA) was found to reduce drying shrinkage up to 63%. The reduction of drying 
shrinkage was proportional to SRA content; however, elevated dosages of such ad-
mixture were found to be detrimental for AAM microstructure. On the other hand, 
small dosages of calcium oxide-rich admixtures did not induce significant changes 
in the samples’ mineralogical evolution but promoted the formation of denser and 
less fractured microstructures. The results presented here show that calcium ox-
ide-rich admixtures can be used to increase AAM’s volumetric stability and an opti-
mal dosage is prescribed.

1.	 INTRODUCTION
Alkali-activated materials (AAMs) are emerging as 

potential alternatives to cementitious materials, due to a 
less energy-intensive production process with lower en-
vironmental burdens associated. Alkali activation can be 
described as the reaction of a solid aluminosilicate ma-
terial with an alkaline medium - which is usually a con-
centrated aqueous solution of alkali hydroxide, silicates, 
carbonates or sulfates - to produce a hardened binder 
(Provis, 2014). Unlike cement manufacturing, alkali-ac-
tivation does not involve high-temperature processes, 
being AAMs manufactured at room or slightly elevated 
temperatures (<100°C). The use of industrial by-prod-
ucts and residues in AAMs design aims to further reduce 

their environmental footprint and production cost making 
them very interesting in the context of circular economy 
and increasing their competitiveness relative to ordinary 
Portland cement (OPC)-based systems. The research in 
this field has been mostly dedicated to metallurgical slags 
(Onisei et al., 2015; Komnitsas et al., 2019) but a wide 
group of yet unexplored waste streams can be used as 
AAMs precursors. 

As gasification technologies of refuse-derived fuel 
(RDF) obtained via ELFM will reach maturity and are im-
plemented worldwide, significant volumes of CaO-FeOx-
Al2O3-SiO2-rich vitreous residues are expected to be gen-
erated in those thermal conversion processes. Currently, 
the use of such residues is limited to low-value applica-
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tions (e.g. road paving) but alkali-activation technology 
can represent a promising large-scale and fruitful valori-
zation route.

Apart from allowing to reintegrate significant volumes 
of residues into the materials cycle, AAMs can also pres-
ent several technical advantageous features, such as su-
perior compressive strength, fire resistance and chemical 
attack resistance (Cartwright et al., 2014). However, the 
acceptance and large-scale implementation of AAMs will 
greatly depend on their long-term performance in which 
volumetric stability is a key factor. In fact, high susceptibil-
ity to shrinkage of AAMs is frequently reported (Cartwright 
et al., 2014; Lee et al., 2014), which presents a major com-
promising factor to the widespread adoption of the alkali 
activation technology. During the alkali hydrolysis that ini-
tially disrupts the precursor’s glassy structure, a significant 
amount of water is consumed. As dissolution continues 
and the concertation of dissolved species in the medium 
increases, oligomers start to be formed, which later further 
crosslinks to create polymers. The recombination and reor-
ganization of these polymers result in a significant volume 
contraction and release the water consumed during disso-
lution (Duxson et al., 2007). This water remains in the pore 
structure of the binder without being chemically bonded 
(Pacheco-Torgal et al., 2012). The existence of significant 
amounts of free-water in IPs systems later results in severe 
shrinkage, leading to the appearance of multiple micro to 
macro-cracks in the binder matrix. 

In isothermal conditions, different shrinkage mecha-
nism contributes to the IPs volumetric instability. Autoge-
nous shrinkage offsets once the material initiate to consol-
idate and is driven by self-desiccation (Neto et al., 2008). 
Self-desiccation is generated in the pores as the pore 
solution continues to react with the pore surface to form 
additional binding phases. The saturation of the pores re-
duces and capillary pore tensions are generated (Jensen 
et al., 2001). Additional shrinkage results from evaporation 
processes when the materials are exposed to an open en-
vironment (drying shrinkage). 

Methods to mitigate shrinkage have been extensively 
developed for OPC-based systems, however much fewer 
successful investigations have been reported in field al-
kali-activated systems, particularly when (FeOx)-CaO-rich 
slags are used as precursors. In the cement industry, the 
swelling potential of oxide-based admixtures has been 
successfully used for decades to increase volumetric sta-
bility and counteract shrinkage effects (Ono et al., 1971; 
Chanvillard et al., 2007; Corinaldesi et al. 2015; Yang et al. 
2019). Hydroxide formation from quicklime hydration has 
been broadly reported (Chen et al., 2012) but cement and 
AAMs’ chemistry are entirely distinct, and the use of calci-
um compounds to compensate for shrinkage may affect 
the polymerization process and products formed (Guo et 
al., 2015). Van Deventer et al. (2007) investigated the effect 
of Ca2+ during the alkali activation of fly-ash and suggested 
that such cationic species rapidly dissolve and precipitate, 
providing a large number of extra potential nucleation sites. 
Kellermeier et al. (2010) investigated the progress of calci-
um carbonates in inorganic silica-rich environments and 
proposed that growing amorphous calcium carbonate parti-

cles can promote the spontaneous polymerization of silica.
These accelerating effects will compete with the re-

moval of the OH− ions from the solution, which has the net 
effect of lowering its pH. A decrease in solution pH will in 
turn affect further dissolution and precipitation processes, 
thus reducing supersaturation, which is the primary driving 
force for polymerization (Van Deventer et al., 2007). Ad-
ditionally, the stability of calcium-containing precipitates 
also depends upon the medium composition and pH (Van 
Deventer et al., 2007), which render it difficult to define a 
general kinetic reaction model and to predict the effects of 
calcium-rich admixtures in specific mix designs. Nonethe-
less, Salman et al. (2015) observed very early exothermic 
peaks during the alkali activation of Ca-rich slags, from 
which the authors concluded that they must be related to 
the enhancement of reaction kinetics due to the hydrolysis 
of Si-O-Ca and Ca-O-Ca linkages. 

However, the scarce literature on the effects of Ca2+ 

during alkali activation is focused on systems with low-
iron content (Yuan et al., 2014; Velandia et al., 2016), 
whereas appreciable levels of iron will increase the com-
plexity of the mechanisms involved. Daux et al. (1997) 
studied the dissolution of basaltic glasses and observed 
that Fe species are dissolved and precipitated faster than 
Si and Al. Van Deventer et al. (2007) reported that reactive 
Fe species will most likely behave similarly to Ca2+, precip-
itating as hydroxide or oxy-hydroxide and decreasing the 
pH of the solution. Gomes et al. (2010) used 57Fe Möss-
bauer spectroscopy to determine the fate of iron during al-
kali activation and found that a small portion of Al3+ could 
be replaced by Fe3+ in octahedral sites. Nonetheless, Si-
mon et al. (2018) demonstrated that AAMs produced from 
Fe-rich slags are structurally different from “Fe-enriched” 
aluminosilicate geopolymers, in more than just Fe-Al sub-
stitution in tetrahedrally-coordinated sites. In recent work, 
Peys et al. (2019) used in situ X-ray total scattering and 
subsequent pair distribution function (PDF) analysis to de-
scribe the formation mechanism of Fe-rich alkali-activat-
ed materials. They found that the atomic rearrangements 
undergone by Fe-silicate species are heavily dependent on 
the alkali cation provided by the activating solution. In the 
case of sodium, the atomic correlations of the parent pre-
cursors are maintained in the intermediate products, while 
potassium solutions induce an increase in the coordina-
tion number of Fe species. Moreover, it was reported that 
Fe2+ and Fe3+ oxidation states coexist in the binder phase 
under different forms. The Fe2+ state was observed to be 
present as trioctahedral layers, while the participation of 
Fe3+ in the polymerized silicate network seemed most like-
ly. In addition, PDF analysis of matured specimens has 
shown significant modifications, suggesting the long-term 
oxidization of the Fe2+ species present in the trioctahedral 
layers.

From the above, it seems evident that some questions 
remain unanswered to enable a full understanding of the 
structural role of iron during alkali activation and, to a larger 
extent, to describe the effects of calcium “enrichment” in 
Fe-rich systems.

Hence, in the present study, CaO-FeOx-Al2O3-SiO2 alka-
li-activated materials were produced and the impact of cal-
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cium-rich admixtures on its autogenous and dry shrinkage, 
mineralogy, microstructure, and porosity was assessed. 
Combined with previous analyses on setting time and 
mechanical features (Ascensão et al., 2019b), a holistic 
overview was possible and an optimal admixture dosage 
is prescribed.

2.	 EXPERIMENTAL
2.1	Methods

X-ray fluorescence (Bruker AXS S8 Tiger spectrometer) 
was used to determine the bulk chemical composition of 
the materials used in this work; its surface area was de-
termined via nitrogen adsorption/desorption methods, ac-
cording to ISO 9277:2010.

All pastes and monolithic samples analyzed during this 
work were produced following the procedure described by 
Ascensão et al. (2017), in which two extra minutes were 
added to mix the shrinkage control agent. The samples 
were produced by pouring the pastes into metallic molds 
and curing them for 24 h in controlled conditions (20±0.5°C 
and 95±1% relative humidity). Afterward, the samples were 
demolded and kept at room conditions (20°C and 65 % rel-
ative humidity).

In order to investigate the dynamics of autogenous 
shrinkage, a laser measurement system was used (as 
shown in Figure 1). The set-up consisted of two laser 
units horizontally aligned and directed to lightweight re-
flectors placed on top of the pastes. A polypropylene foil 
was used to isolate the pastes from direct contact with 
the metallic mold and to minimize water evaporation. 
The distance between the lasers and the reflectors was 
recorded continuously for ten days and the sum of the 
relative displacements was converted into linear defor-
mation.

To evaluate the impact of Ca-rich compounds on drying 
shrinkage, two types of samples were produced. For pre-
liminary measurements, six samples (2x2x16 cm3) were 
produced for each formulation, having a metallic spindle 
(type II) attached in each extremity. On selected formu-
lations, two samples (4x4x16 cm3) were produced with a 
metallic spindle (type I), according to EN 12617-4:2002. 
The length variation of samples was monitored using a dial 

gauge with a sensitivity of 0.001 mm for up to 56 days after 
casting. Weight variation (with a precision of 0.01 g) was 
recorded during the same period. 

The mineralogical composition of hardened samples 
was assessed by X-ray diffraction (XRD), conducted on a 
conventional Bragg-Brentano Bruker D8 Advance diffrac-
tometer, equipped with Lynxeye detector (Cu Kα radiation 
λ=1.54059 Å, divergence slit 0.5°, Soller slit set 2.5°+2.5°, 
5-70°2θ, step/size 0.02° and t/step 0.04s.), and phase iden-
tification using EVA software. All samples were collected 
from mechanical testing, then ground, sieved and low vac-
uum dried (40°C) for 3 h prior to testing. The mineralogical 
evolution of the samples was monitored on the 1st, 3rd, 7th 
and 28th days. Scanning electron microscopy (SEM - EVO® 
MA 15) equipped with energy dispersive X-ray spectrom-
etry (EDS, AZtecEnergy) was used to evaluate the differ-
ences in morphology and microstructure of the produced 
samples after 28 days of curing. All backscattered electron 
images (BSE) were acquired using a 20 kV acceleration 
voltage and a work distance of 10.0 mm.

The pore size distribution of the samples was investi-
gated by mercury intrusion porosimetry (MIP). Fractured 
samples from mechanical tests at 28 days of curing were 
collected and dried in a vacuum chamber for 5 hours 
(45°C) prior to testing. A mercury surface tension of 0.48 
N/m and a contact angle of 141.0° were set for the MIP 
measurements.

2.2	Materials
A synthetic CaO-FeOx-Al2O3-SiO2 rich vitreous material 

(referred to as plasmastone; hereafter PS) was used as 
the main precursor. Its detailed production process is de-
scribed in Machiels et al. (2017). PS was dried, homoge-
nized and milled, and it is composed of SiO2 35.1, CaO 22.9, 
FeOx 22.8, Al2O3 16.1, MgO 1.4, K2O 0.6, TiO2 0.6, Na2O 0.3, 
Mn2O3 0.1, SO3 0.1 and 1.9 wt% loss on ignition (LOI). Its 
BET surface area after milling was determined to be 1120 
m2/kg and its particle size distribution is given in previous 
studies (Ascensão et al., 2019a).

Densified silica fume (hereafter, SF) was purchased 
from ELKEM® (Microsilica Grade 940) and used as an ad-
mixture to provide a secondary source of SiO2. The specific 
surface area (BET; 22210 m2/kg) and composition (XRF) 

FIGURE 1: Schematic representation of autogenous shrinkage measurement apparatus.
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of the SF were determined by laboratory experimentation. 
The SiO2 content of the SF was 95.0 wt%, and minor ele-
ments present, such as CaO, Fe2O3, and Al2O3, were consid-
ered negligible (<0.5 wt%). A commercially available calci-
um-oxide rich material (Expandex C-NEW, Sika, Italy) was 
used as a shrinkage reducing agent (SRA). The SRA parti-
cle size was found to range between 0.1–67 μm, with d10, 
d50 and, d90 of 0.6, 4.3 and 27 μm, respectively. SRA was 
determined to be mainly composed of CaO 73.0, SiO2 3.6 
and MgO 1.5 and minor contents of Fe2O3, Al2O3, K2O, TiO2, 
Na2O, Mn2O3, SO3, SrO, P2O5 (all less than 1.0 wt%), with 
21.0 wt% loss on ignition (LOI). X-ray diffraction patterns 
showed that PS and SF patterns exhibited a pronounced 
hump between 20-40º and 15-30º 2θ respectively, confirm-
ing their predominantly amorphous nature (Figure 2a). In 
the SF’s XRD pattern only one crystalline peak was detect-
ed and identified as moissanite (SiC; PDF 02-1464). As can 
be seen in Figure 2b, the main minerals detected on the 
SRA pattern were calcite (CaCO3; PDF 00-005-0586), lime 
(CaO; PDF 00-037-1497) and portlandite (Ca(OH)2; PDF 00-
004-0733).

Potassium hydroxide (14 M) and potassium silicate 
solutions (23.8 wt% SiO2, 9.5 wt% K2O and 66.7 wt% H2O) 
were prepared by dissolving potassium hydroxide beads 
(reagent grade, 85%, Carlo Erba, Italy) and anhydrous po-
tassium silicate (-48 mesh; 2.5 SiO2:K2O wt%, Alfa Aesar, 
Germany) in demineralized water. The solutions were 
prepared in advance to allow them to cool down prior to 
the preparation of the pastes. The detailed description of 
the prepared pastes can be seen in Table 1. It should be 
noted that the analyzed pastes differ only by the amount 
of SRA, whereas the other mix components were kept 
constant.

3.	 RESULTS AND DISCUSSION
3.1	AAM shrinkage characteristics
3.1.1	Autogenous shrinkage

As briefly stated, alkali-activated materials are known 
to be several times more prone to shrinkage than OPC-
based systems (Thomas et al., 2017). The swelling poten-
tial of calcium-rich admixtures can be used to compensate 
for this, thus enhancing AAM’s long-term performance. In 
open conditions, autogenous and drying shrinkage oc-
curs simultaneously, though the mechanisms involved 
are rather different. Autogenous shrinkage can be defined 
as a physico-chemical phenomenon that results from 
chemo-mechanical and hygro-mechanical interactions 
(Mounanga et al., 2011). The former is due to the differ-
ence between the absolute density of the reaction prod-
ucts and the starting materials (also known as chemical 
shrinkage), while the latter results from tensile stresses 
generated during the emptying of the pores as hydration 
reactions progress (also known as self-desiccation). 
In AAM synthesis, a high solid content is often used to 
achieve good mechanical performances and enhanced 
durability. Imposing such synthesis conditions, however, 
leads to the refinement of the pore structures, which inev-
itably enlarges capillary stress in partially filled pores, and 
so contributes to high autogenous shrinkage (Lee et al., 
2014). Moreover, the high viscosity of silicate solutions, 
like the ones used in this work, considerably increases the 
viscosity of the activating solution, contributing to a fur-
ther rise in surface tension in partially filled pores (Saku-
lich et al., 2013).

Figure 3 shows length variation due to autogenous 
shrinkage of the analyzed pastes as a function of SRA 

(a) (b)

FIGURE 2: X-ray diffraction patterns of a) AAM raw materials, plasmastone and silica fume and b) shrinkage reducing agent.

Code
Mixture portion (wt%) solid/liquid wt 

ratio
Admixtures (wt solid %)

PS SF k-silicate (aq.) KOH (aq.) H2O SRA

RPa

72.1 4.1 6.2 5.3 12.3 3.2

0.0

SRA1 1.0

SRA2 2.0

SRA3 3.0

TABLE 1: Classification of the landfilled material by categories.
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content and time. It can be seen that the reference paste 
presented high linear deformation during the testing peri-
od. In the initial stage of the reaction, considered to be the 
timeframe from mixing until the initial setting time (≈42 
minutes) (Ascensão et al., 2019b), capillary stresses can 
be negligible, and autogenous shrinkage is mainly attribut-
ed to chemical contraction. Thus, it is interesting to notice 
that shortly after that period, the autogenous shrinkage 
progression rate drastically reduces in the reference paste, 
which may indicate the point at which chemical shrinkage 
ceases and self-desiccation begins to dominate. 

The addition of calcium-rich admixtures was expected 
to urge the formation of calcium hydrates species and/or 
increase the polymeric gel formation (Van Deventer et al., 
2007; Guo et al., 2015) or promote the spontaneous Si-po-
lymerization (Kellermeier et al., 2010), which could poten-
tially affect both chemical and self-dissection processes. 
Figure 3b shows that the addition of calcium oxide reduced 
autogenous shrinkage during the test period. In fact, sam-
ples with 1.0 and 2.0 wt% SRA underwent approximately 
20.0% less length variation than the reference paste, while 
with higher SRA dosages a slight expansion occurred. 

As calcium oxide was introduced, its finer fraction im-
mediately hydrated and induced an initial expansion, as can 
be seen in Figure 3a. Depending on the SRA content, such 
expansion is able to partially mitigate or overcome early 
age autogenous shrinkage. The reasons for the distinct be-
havior of SRA1 and SRA2 at very early ages are not clear.
However, the similar results of SRA1 and SRA2 samples 
after 10 days seems to suggest the existence of a critical 
SRA dosage. As the reaction progresses, self-desiccation 
becomes the dominant shrinkage process and the addition 
of 1.0 and 2.0 wt% SRA could only minimize its effects. 

When 3.0 wt% SRA was used, the initial chemical ex-
pansion was followed by a period in which self-desicca-
tion imposed a considerable volumetric contraction. The 
continuous SRA hydration was later able to mitigate such 
a contraction, with only a slight expansion visible after 10 
days.

These results indicate that calcium oxide-rich admix-
tures can, in fact, be used to control AAM’s autogenous 
shrinkage, but more detailed analysis should be conducted 
to assess the possible influence of factors such as i) CaO 

homogeneous dispersion, b) early age relaxation effects 
and c) expansion restriction due to a rigid set-up.

3.1.2	Drying shrinkage
Drying shrinkage occurs due to the loss of internal 

water to the external environment through evaporation 
processes and has been identified as a relevant shrinkage 
mechanism in alkali-activated materials (Cartwright et al., 
2014, Lee et al., 2014). It should be mentioned that the re-
sults discussed in this section comprise the contributions 
of all forms of shrinkage and should be understood as the 
total shrinkage.

Figure 4a and b show the linear deformation and spe-
cific mass variation of 2x2x16 cm3 samples up to 56 days. 
In all samples drying shrinkage was a continuous process, 
with the highest value recorded in the reference paste af-
ter 56 days of curing (21.4 mm/m). As calcium oxide con-
tent rose, drying shrinkage was progressively reduced to 
a minimum of 7.9 mm/m when 3.0 wt% SRA was used 
(-63%). In all samples, between 76% and 85% of the total 
drying shrinkage was observed within the initial seven days 
of curing and a high degree of dimensional stability was 
reached after 28 days. Mass loss varied from 3% to 4% 
and occurred mainly in the initial seven days of curing. To-
tal shrinkage has shown a direct correlation with specific 
mass variation. The reference samples presented the high-
est shrinkage and mass loss while increasing the SRA dos-
age progressively reduced the magnitude of those values.

In alkali-activated systems, calcium compounds can 
possibly contribute to the formation of calcium hydrate 
species and/or increase the formation of polymeric Si-rich 
materials. If the former occurs, expanded reaction prod-
ucts are formed and the free water available in the poly-
meric structures reduces. If the latter, calcium compounds 
contribute to an increase in the formation of polymeric gel 
and more stable structures are obtained, thus enhancing 
their volumetric stability. The microstructural changes im-
posed by SRA addition along with its effect on pore size 
distribution will be discussed in the following sections.

Given that surface area may considerably interfere with 
evaporation processes and consequently affect drying 
shrinkage, probes of selected samples with different super-
ficial area per unit of volume ratios (h) were produced and 

(a) (b)

FIGURE 3: Autogenous shrinkage as a function of shrinkage reducing agent content: a) initial 24 hours and b) evolution until the tenth day 
of curing.
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monitored over 56 days. The results show that by reducing 
h, linear deformation decreases, but the magnitude of such 
reduction mainly depends on SRA presence (see Figure 4c 
and d). In the reference samples, final linear deformation 
was decreased by 16% while its specific mass variation 
increased by 12%. On SRA2 samples, reducing h resulted 
in comparable specific mass variations after 56 days, but 
linear deformation diminished by 9%. In both cases, a more 
progressive mass loss was promoted, which contributes to 
a decrease in capillary stress at early ages and an increase 
in the polymeric structures’ volumetric stability.

Therefore, independently of the geometry of the sam-
ples produced, commercially available CaO-rich admixtu-
res were found to be an effective SRA that can be used to 
control AAMs shrinkage. Combined with the previous anal-
ysis on setting time and mechanical features (Ascensão 
et al., 2019b), an optimal admixture dosage of 2.0 wt% is 
recommended. At this dosage, autogenous and linear dry-
ing shrinkage were reduced by 20% and 42%, respectively, 
while a reasonable fluidity and setting time was maintained 
to guarantee samples were cast properly. Curing at slight-
ly elevated temperatures could increase the volumetric 
stability of AAMs (Mastali et al., 2018) and if combined 
whit CaO-rich admixtures led to minimal shrinkage values. 
However, it is also known that slightly elevated temperature 
modifies the reaction kinetics and products formed which 
would have intermingled the effects of these two shrinkage 
mitigation strategies. Moreover, from the environmental 
and economic point of view, curing AAMs at room tempera-
ture is always preferable. In the context of industrial pro-
duction, avoid energy-intensive processes that require the 
implementation of dedicated infrastructures represents 
significant savings that can dictate the sustainability and 

economic viability of alkali-activated products. In addition, 
curing regimes that require slightly elevated temperatures 
limit the fields of application of the developed shrinkage 
mitigation strategies. While such curing conditions can 
be replicated in some applications (e.g. pre-cast) in other 
common construction practices such may be challenging 
(e.g. ready-mix concrete).

3.2	Reaction products 
3.2.1	XRD analysis

Figure 5a and Figure 5b shows a comparison between 
precursors and AAM patterns, in which it is evident that the 
produced binders retain a mainly amorphous structure. No 
significant shift of the broad hump center towards higher 
2θ values was observed. A sharp peak was visible in all 
patterns, revealing calcite (CaCO3; PDF 00-005-0586) as 
the prevalent crystalline phase formed. At later ages, and 
with increasing SRA content, vaterite (CaCO3; PDF 01-074-
1867), a metastable phase of calcium carbonate, was iden-
tified (Figure 5b-d) but the pronounced broad hump and the 
low magnitude of vaterite’s secondary peaks make it hard 
to postulate its presence. The almost exclusive formation 
of calcite may indicate silica concentrations near satura-
tion levels and low Ca2+ to CO3

2- activity ratios as the work 
of Lakshtanov et al. (2009) shows that polymeric silica 
serves as nucleation sites for calcite and inhibits vaterite 
formation. Moreover, the formation of calcium carbonate 
species in AAMs has been associated with the high pH of 
the pore solutions that facilitates the reaction of calcium 
species with atmospheric CO2 (Salman et al., 2105). Along 
with the presence of calcium species and highly alkaline 
pore solutions, AAM microstructure also has a determinant 
effect on the formation of calcium carbonates as it con-

FIGURE 4: Linear deformation (a,c) and specific mass variation (b,d) as function of time, SRA content and surface-to-volume ratio (h).

(a) (b)

(c) (d)
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trols the access of atmospheric CO2 to the pore solution 
and inner reaction products. 

Thus, although the addition of SRA increases the avail-
ability of calcium species, an increase in calcium carbon-
ates was not observed, as XRD patterns show (Figure 5). 
In fact, the increasing availability of calcium compounds 
leads to the formation of denser structures when SRA con-
tent does not exceed 2.0 wt% (detailed in the “Microstruc-
ture” and “Porosity” sections), which restricts atmospheric 
CO2 diffusion and so limits the advance of carbonation. 
However, this does not apply to the SRA3 samples, where 
an increase in calcium oxide availability is followed by a 
slight increase of porosity (Figure 6a), even though carbon-
ation levels remain roughly the same. One explanation may 
lay in the fact that SRA3 samples present a considerably 
different pore size distribution (Figure 6b) comprising con-
siderably larger pores that diminish pore-specific surface 
area and contact area with atmospheric CO2.

Nonetheless, the formation of calcite, which was veri-
fied in all samples, can contribute to densification by filling 
the porous structures and thus enhancing samples’ volu-
metric stability and mechanical properties as previously 
reported (Ascensão et al., 2019b).

3.3	 Microstructure
Figure 7 shows representative backscattered electron 

imaging micrographs of samples produced with distinct 
amounts of SRA. A binder phase was formed in all sam-
ples, but the existence of unreacted particles confirms that 
complete dissolution was not achieved (Figure 7a). The 

high solid-to-liquid ratio used (3.20) may have limited pre-
cursors’ dissolution, but all samples show a homogeneous 
matrix in which undissolved particles acted as small-sized 
aggregates (Figure 7a-f). These results are in agreement 
with previous findings (Machiels et al., 2014), which report-
ed samples with similar S/L ratios as having a degree of 
precursor’s dissolution of 76 wt%. Although the quantifica-
tion of unreacted particles has not been performed, a slight 
decrease in the number of unreacted particles seems to be 
promoted as SRA content rises.

Depending on solutions’ saturation level with respect 
to amorphous silica, calcium carbonates, can urge the 
polymerization of silica in their vicinity (Kellermeier et al., 
2010), thus accelerating AAMs’ polymerization. On the 
other hand, the formation of Ca-precipitates decreases the 
activating solution pH due to the removal of OH- ions, lim-
iting the precursors’ dissolution and reduces the medium’s 
supersaturation level. As the authors previously reported 
(Ascensão et al., 2019b), increasing SRA content led to 
shorter setting times, which, combined with the reduction 
of unreacted particles, suggests that the former is favored 
when small amounts of calcium oxide are added to an al-
ready Ca-rich system.

EDS analysis was performed on selected unreacted 
particles revealing a homogeneous composition constitut-
ed by the chemical elements of the main solid precursor, 
PS (not shown here for the sake of brevity). Some metal-
lic artifacts were detected (as individuated in Figure 7b), 
which were mainly composed of FeOx>90.0 wt%.

The binder phase of the reference sample has shown 

(a) (b)

(d)(c)

FIGURE 5: XRD patterns of AAM samples and their temporal evolution as a function of shrinkage reducing agent content: a) reference 
paste; b) 1.0 wt% SRA; c) 2.0 wt% SRA and d) 3.0 wt% SRA.
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to be composed of approximately SiO2: CaO: Fe2O3: Al2O3 
: K2O = 2:1:1:0.5:0.2, with the exception of some particular 
circular areas where an increased content of Si elements 
was observed (e.g., circular areas identified in Figure 7b). 

The higher Si content in these areas may suggest 
that silica fume particle dissolution occurs at these lo-
cations and, due to mobility restrictions imposed by the 
high viscosity and short open time of the pastes, local het-
erogeneities were formed in the gel phase (Figure 7b-e). 
These small circular areas were detected in all samples, 
however, with a growing Ca content as SRA rose. Further-
more, SRA-containing samples exhibited areas where a 
Ca-rich gel phase predominated. Figure 7f shows one of 
those areas in which the binder phase is mainly constitut-
ed by a Ca-rich gel (approx. SiO2: CaO: Fe2O3: Al2O3: K2O = 
1:2:0.1:0.2:0.03). In all samples, cracks pierced the binder 
phase as the undissolved particles limited their propaga-
tion. Crack formation and development was particular-
ly severe in Ca-rich binder phases, of which Figure 7f is 
a representative example. Yet, Ca-rich areas represent a 
small portion of the binder phase; the cracks formed on 
those areas are being compensated by the formation of 
denser and less fractured structures on a macroscopic 
level. As can be seen in Figure 7b-e, as SRA content in-
creases up to 2.0 wt%, fewer and finer cracks were formed, 
while with higher SRA dosages more cracks were induced. 
These results are corroborated by MIP data (detailed in 
the “Porosity” section), which revealed higher and broader 
porosity in SRA3 samples. Further, some spherical pores 
were observed, especially in the reference and SRA1 sam-
ple, which can be attributed to air trapped during mixing. 
Those pores nearly vanished in SRA2 and SRA3 samples, 
further contributing to the production of dense and me-

chanically strong polymeric structures as shown previous-
ly (Ascensão et al., 2019b).

3.4	Porosity
Pores could be grouped into four main categories ac-

cording to size: i) micropores, <1.25 nm; ii) mesopores 
ranging from 1.25-25 nm; iii) macropores ranging from 
25-5000 nm; and iv) entrained and entrapped air voids and 
pre-existing microcracks >50000 nm (Collins et al., 2000). 
Micropores are inherent to reaction products whereas cap-
illary pores (comprising both meso- and macropores) can 
be seen as the residual unfilled spaces between them. Dry-
ing shrinkage will greatly depend upon capillary pore size 
distribution, as it determines the extension and stresses 
generated by water loss during curing.

Figure 6 presents the cumulative and relative pore size 
distribution of AAM samples as a function of SRA content. 
Micropores were outside of the range of measurement and 
therefore their relative volume is considered negligible. In 
all samples, the majority of the pores have a pore radius 
<25 nm and a higher volume of mesopores is concentrated 
around 5 nm. The amount of mesopores (vol%) increased 
as calcium oxide dosage rose, from 59 vol% in RPa sample 
to 68.0 vol% in sample SRA2, and decreased to 57 vol% in 
sample SRA3. SRA3 samples’ hastened viscosity and set-
ting may have compromised their proper confinement and 
particle packing, increasing the number of voids and cracks 
in these samples. In fact, Figure 6b shows that SRA3 sam-
ples were the only ones containing a proportion of pores 
with dimensions higher than 10000 nm. These results are 
in good agreement with the increased amount of visible 
cracks present in these samples relative to SRA2 (Figure 
7b-e) and with the reduction of strength development pre-
viously reported (Ascensão et al., 2019b).

4.	 CONCLUSIONS
The use of a calcium oxide-rich admixture to increase 

the dimensional stability of CaO-FeOx-Al2O3-SiO2-rich alka-
li-activated materials and its effect on porosity, autogenous 
and drying shrinkage, mineralogy, and microstructure were 
studied in this research. The main findings are summarised 
as follows:

•	 Drying shrinkage was identified as the governing me-
chanism affecting AAM volumetric stability, whereas 
autogenous shrinkage was less significant. 

•	 Calcium oxide-rich admixtures can be effectively used 
to increase AAMs dimensional stability. 

•	 Shrinkage reduction was proportional to SRA content, 
but elevated dosages of the latter have a detrimental 
effect on AAMs microstructure.

•	 The SRA addition did not induce significant mineralogi-
cal changes.

These results demonstrated that commercially avail-
able CaO-rich admixtures can be effectively used to control 
autogenous and drying shrinkage of AAMs. Considering 
the impacts of CaO-rich admixtures on the remaining AAM 
properties, a dosage of 2.0 wt% is suggested by the au-
thors. 

(a)

(b)

FIGURE 6: Cumulative pore volume (a) and relative pore size distri-
bution (b) of samples after 28 days of curing.
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Apart from the significant shrinkage reductions ob-
tained, the reduced cost and simple addition method make 
the use of CaO-rich RSA a promising shrinkage mitigation 
strategy to increase the performance and competitiveness 
AAMs relative to benchmark materials.
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