
Ceramics International 50 (2024) 24479–24486

Available online 16 April 2024
0272-8842/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Effects of the addition of slaked lime to alkali-activated pastes based on 
volcanic ashes from Mt. Etna volcano (Italy) 

Claudio Finocchiaro a, Roberta Occhipinti a, Germana Barone a, Paolo Mazzoleni a,*, 
Fernanda Andreola b, Marcello Romagnoli b, Cristina Leonelli b 

a Department of Biological, Geological and Environmental Sciences, University of Catania, Corso Italia, 57, Catania, 95127, Catania, Italy 
b Department of Engineering "Enzo Ferrari", University of Modena and Reggio Emilia, Via Pietro Vivarelli 10, 41125, Modena, Italy   

A R T I C L E  I N F O   

Handling Editor: Dr P. Vincenzini  

Keywords: 
Volcanic ashes 
Rheology 
Slaked lime 
Setting time 
NASH-CASH gel 

A B S T R A C T   

This study provides experimental insights into the optimization of alkali-activated materials (AAMs) carried out 
in situ at the restoration site of Monreale Cathedral, Italy. Volcanic ash from Mt. Etna volcano (Italy) was used as 
a precursor to obtain AAMs. Standard and modified pastes with a small amount of slaked lime paste were 
compared in terms of setting time, rheology, mineralogy, chemical morphology, and mechanical performance. 
The modified pastes exhibited a faster setting time, superior mechanical strength and rheological properties. 
Mineralogically, no difference was observed between the two pastes for the small amount of slaked lime paste 
added very close to the detectable limit (<2 wt%). Moreover, its addition causes slight differences in the 
morphology of the gel without changing the chemical composition of the Na2O–CaO–Al2O3–SiO2–H2O ((N,C)-A- 
S-H)) type. The results obtained may be useful for the development and optimization of building materials 
(especially for restoration purposes) where appropriate physico-mechanical performance is required.   

1. Introduction 

The EU Sustainable Development Goals of Agenda 2030 are driving a 
rapid shift towards ecological transition and the use of alternative high- 
performance materials, whose synthesis process does not require ther
mal treatments, such as the valorisation of natural and/or industrial 
waste materials [1,2]. These goals focus on sustainability and the cir
cular economy, with the aim of reducing CO2 emissions and minimize 
the exploitation of mineral resources [3,4]. 

In this context, alkali-activated materials (AAMs) offer a greener 
alternative to traditional cement-based materials, the production of 
which contributes to approximately 10 % of global CO2 emissions [5,6]. 
AAMs are inorganic materials synthesized by mixing a powdered 
aluminosilicate precursor with an alkaline solution, typically based on 
NaOH or KOH [7,8]. The solid fraction can be derived from both natural 
materials and industrial by-products, providing a sustainable solution 
for waste management [9,10]. 

Volcanic ash is a potentially exploitable waste material resource for 
the production of sustainable materials with specific properties suitable 
for the construction and restoration sectors [11–18]. The chemical and 
mineralogical compositions of fresh and old volcanic deposits, such as 

those from Mt. Etna volcano (Italy), confirm their suitability for the 
alkaline environment required for AAMs [19,20]. Although the latter 
require the addition of a small amount of metakaolin as an additive to 
increase the available Al and overcome their low reactivity, previous 
work has demonstrated their good performance in terms of network 
reticulation, uniaxial compressive strength, porosity and durability [21, 
22]. Moreover, the alkaline solution can strongly influence the final 
performance, with better results observed in potassium-based samples 
than in sodium-based ones [23]. In addition, volcanic AAMs have shown 
excellent resistance to atmospheric exposure [24] and salt spray, making 
them suitable for use in coastal areas [25]. Furthermore, these binders 
are highly versatile, considering the studies with foaming agents for the 
production of foamed materials [26] or fire resistance up to 1000 ◦C 
[27]. Successful in situ restorations using AAMs have also been carried 
out, such as the restoration of a mosaic area in the Cathedral of Monreale 
in Sicily (Italy), a UNESCO World Heritage Site [28]. 

In order to achieve the above objective, various in situ application 
tests were carried out to identify the limitations of the standard pastes 
prepared in the laboratory in order to improve their rheological 
behaviour for vertical applications. In fact, the standard pastes showed a 
tendency to drip and did not allow the possibility of engraving for 
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mosaic reproduction. To overcome this challenge, a small amount of 
CaO-containing additive was incorporated into the paste composition 
[28]. 

The processability of AAMs during mixing is often limited by their 
high viscosity [29]. Consideration of the rheological properties of 
different AAMs and how to control them can provide valuable guidance 
for their use in large-scale applications such as pumping, grouting, and 
3D printing [30,31]. Literature studies have shown that the addition of 
lime, namely CaO, to alkali-activated volcanic ash reduces the setting 
time and slightly increases the compressive strength [32], while the 
addition of limestone (i.e., CaCO3) develops early strength and 
Ca-bearing crystalline phases [33]. The alkalinity of the activator solu
tions plays a crucial role in controlling the dissolution behaviour of the 
precursor particles, and the adsorption of anionic groups, particularly 
silicate species, from the activator solution can also influence particle 
interactions and the rheological behaviour of AAMs [34]. The chemistry 
of the system can be dramatically altered when Ca-rich precursors are 
used, resulting in enhanced colloidal interactions between particles 
[35]. Indeed, the use of the latter complicates the alkali-activation re
action by facilitating the rapid formation of a primary 
Na2O–CaO–Al2O3–SiO2–H2O ((N,C)-A-S-H) gel and a mixed Na2O
–Al2O3–SiO2–H2O (N-A-S-H) gel [36]. Solid loading and temperature are 
the most significant variables affecting the rheological behaviour of 
AAMs, with an increase in solid loading leading to an increase in vis
cosity and yield stress [37]. This is due to higher interparticle forces in 
the suspension [38]. Viscosity and yield stress also increase with tem
perature due to faster geopolymerization reactions. Differences in par
ticle size and reactivity of different precursors and initially precipitated 
gels can also affect the rheological behaviour. Published literature has 
shown that AAMs containing NaOH solution have higher yield stress and 
plastic viscosity than KOH-based mixtures due to the lower charge 
density of K+ [39]. Higher NaOH concentration can reduce the yield 
stress and plastic viscosity, thereby increasing the fluidity of the paste 
[40]. When combined with reactive Ca(OH)2, an increase in the reaction 
rate and the compressive strength at early ages and a reduction in the 
setting time have been shown [41]. However, this behaviour is strongly 
influenced by the chemical composition of the precursors (e.g., in a high 
calcium system, the reaction is retarded due to the dilution effect) [42]. 

This study involved a comparative analysis of standard pastes and 
pastes that were modified with an additive containing calcium com
pounds, namely slaked lime, Ca(OH)2 paste. The comparison was carried 
out using experimental techniques to evaluate both the properties of 
fresh pastes, namely setting time and rheology, and the microstructure 
of consolidated samples in terms of mineralogy, morphology and me
chanical performance. This work provides experimental insights into the 
optimization of AAMs carried out in situ at the restoration site of 
Monreale Cathedral (i.e., UNESCO site) within the completed project 
“Advanced Green Materials for Cultural Heritage” [28]. 

2. Materials and methods 

2.1. Sample preparation 

Pyroclastic deposits collected in the village of Santa Venerina, 
located on the eastern flank of Mt. Etna volcano (Italy), which erupted in 
2013, were used as raw material for this study. Barone et al. [19] 
recently carried out a chemical and mineralogical analysis of these de
posits, revealing a chemical composition of SiO2 = 49 %; Al2O3 = 16 %, 
Fe2O3 = 12 %; TiO2 = 2 %; Na2O = 3.5 %; K2O = 2 %; CaO = 10.5 %; 
and MgO = 4 %. The main minerals observed in the volcanic products 
were plagioclase ((Ca–Na)Al2Si2O8), augite (Ca(Mg,Fe)Si2O6), forsterite 
(Mg2(SiO4)) and Fe–Ti-oxides, together with a high proportion of vol
canic glass (>60 wt%) [19]. The volcanic ash was washed and dry 
ground to obtain a grain size <75 μm, suitable for initiating the disso
lution reaction in the alkaline environment [43,44]. The activating so
lution was prepared using sodium hydroxide (8 M), sodium silicate 

(with a molar ratio of SiO2/Na2O = 2) and tap water, to which a 
commercially available metakaolin, ARGICAL™ M1000 (Imerys, 
France), was added as a reactive powder. The chemical composition of 
the latter was found to be SiO2 = 55 %; Al2O3 = 40 %, Fe2O3 = 1.4 %; 
TiO2 = 1.5 %; Na2O + K2O = 0.8 %; CaO +MgO = 0.3 %; and LOI = 1 %. 
Mineralogically, ARGICAL™ M1000 has been found to consist of quartz 
(α-SiO2), anatase (TiO2), and muscovite (KAl2(Si3Al)O10(OH)2) [23]. 

The rheological tests were carried out on fresh mixtures character
ized by the same activating sodium solution, precursors and liquid/solid 
(L/S) ratios, namely: 80–20 wt% of volcanic ash (V) and metakaolin (M), 
respectively; water (W) sodium hydroxide (SH) and sodium silicate (SS) 
ratio, and a liquid to solid ratio (L/S) of 0.32 (Table 1). The 
manufacturing protocol included the preparation of the activating so
lution, followed by the addition of the weighted powders, mixing with a 
mechanical mixer for 5 min, filling of the mold and the application of a 
vibratory motion to remove air bubbles. A multidisciplinary approach 
was used to compare the standard and modified pastes, labelled as “ST” 
and “ST-2SL”. In the latter, 2 wt% of slaked lime paste was added to the 
total mix. The specimens were prepared with dimensions of 8x2x2 cm3 

size and, after 28 days of curing, the mechanical tests were carried out. 
Their fragments were used for the mineralogical and morphological 
studies. 

2.2. Methods 

Various analytical methods were chosen to evaluate the physical 
properties of the fresh pastes in terms of setting time and rheology, as 
well as the mineralogical, structural and mechanical properties. The 
initial and final setting times of the binders were determined using the 
Vicat test, while rheological analyses were used to estimate viscosity and 
yield stress. X-ray powder diffraction (XRD) and scanning electron mi
croscopy with energy dispersive X-ray spectroscopy (SEM-EDS) were 
used to determine the mineralogical composition and the chemical 
morphological features of the synthetized gels. Finally, flexural and 
uniaxial compression tests were performed to evaluate the mechanical 
performance. 

2.2.1. Setting time test by the Vicat needle 
The setting time of the binder samples was determined using a Vicat 

apparatus in accordance with AASHTO method [45]. Fresh paste was 
placed in a standard ring with an internal diameter of 70 mm at the base, 
60 mm at the top, and a height of 40 mm. The initial penetration depth 
was recorded after 1 h, followed by further measurements every 15 min. 
The initial setting time was determined as the time elapsed between the 
first contact of the fresh paste and the time when the penetration depth 
reached 25 mm. The final setting time was determined as the time when 
the needle no longer penetrated the paste. 

2.2.2. Rheological analyses 
After preparation, the fresh paste was tested in a rotational 

controlled stress rheometer (mod. RS100, Haake, Karlsruhe, Germany). 
For a better evaluation of the rheological behaviour, the instrument was 
used in: i) Control Rate (CR) mode to determine the flow behaviour and 
the viscosity curve and ii) Control Stress (CS) mode to determine the 
yield stress (flow limit). To test the AA pastes, which can be considered 
as concentrated suspensions, the most suitable sensors are parallel plates 
of 2 cm in diameter with knurling (PPs20) to minimize slippage. The gap 

Table 1 
Formulation details of pastes: standard (ST) and modified (ST-2SL) ones. 
Legend: V = volcanic ash; M = metakaolin; SH = sodium hydroxide; SS = so
dium silicate; W = water; L/S = liquid to solid ratio; SL = slaked lime.  

Label V-M (wt%) SH/SS W (wt%) L/S ratio SL (wt%) 

ST 80–20 0.32 5.00 0.32 – 
ST-2SL 80–20 0.32 6.00 0.32 2  

C. Finocchiaro et al.                                                                                                                                                                                                                            



Ceramics International 50 (2024) 24479–24486

24481

or distance between the two plates was set at 1.50 mm, which is 5 times 
larger than the coarsest grain of volcanic ash, i.e., 285 μm. All tests were 
performed at a constant temperature (20 ◦C ± 1 ◦C) maintained by 
means of a thermostat (mod. DC30, Thermo Fisher, Massachusetts, 
USA). 

2.2.3. X-ray powder diffraction 
X-ray powder diffraction (XRPD) measurements were carried out on 

standard and modified pastes, using a Miniflex Rigaku equipped with a 
Ni filter and Cu Kα radiation generated at 40 kV and 15 mA. Measure
ments were made at a scanning speed of 5.0◦/min, with a step size of 
0.02◦, in the 2θ range from 5◦ to 65◦. Qualitative and quantitative data 
were processed using BGMN/Profex 5.0 software [46], with Rietveld 
refinement performed by adding a standard corundum powder (NIST 
code 676a) to each sample at 2 wt% in order to quantify mineralogical 
phases and amorphous content [47]. The structures of selected phases 
were identified using the BGMN database (available at http://www. 
bgmn.de/index.html). The quality of the refinements was assessed 
based on visual observations of the observed and calculated patterns, as 
well as the values of discrepancy indices, including the weight profile 
R-factor, which resulted in values less than 10 % indicating adequate 
refinement [48]. 

2.2.4. Scanning electron microscope with EDS 
Microanalysis was performed using a Tescan Vega LMU scanning 

electron microscope (SEM) equipped with an EDAX energy dispersive 
spectrometer (EDS). Data were collected by focusing the e-beam on the 
sample at an energy of 20 kV and a beam current of 0.2 nA. 

All samples (fragments) were made conductive with a graphite 
coating. In addition, more detailed information on the distribution of the 
relevant elements for each sample was obtained by multi-point X-ray 
analysis. 

2.2.5. Mechanical strength 
Mechanical tests were performed using a Controls UNIFRAME 

automatic compression testing machine, with a 10 kN and 50 kN load 
cell compression for flexure and compression tests, respectively. Three 
2x2x8 cm3 prisms were used for the flexural test and the six half prisms 
were used as specimens for the uniaxial compressive strength test ac
cording to EN 1015-11 standard [49]. 

3. Results 

3.1. Fresh paste characterization: Vicat needle and rheological tests 

The results of the Vicat needle setting time test showed a significant 
difference between the samples tested. Specifically, the modified sample 
(ST-2SL) showed an initial setting time of 2 h after mixing, followed by 
hardening after 3 h (final setting time). The standard paste required a 
longer time of six and a half hours to reach its initial setting time and 
then hardened after a further one and a half hours (Fig. 1). 

The results of the Vicat needle test indicate the time within which the 
fresh paste can be tested for rheological behaviour prior to induration. 

All the samples tested show a non-Newtonian, plastic-like behaviour, 
as can be seen in Fig. 2, which shows the results of the viscosity versus 
shear rate for both samples (test run in Control Rate mode). In partic
ular, they show a decrease in viscosity as the velocity gradient increases, 
with the presence of a yield stress, indicating a plastic behaviour. 
Observing Fig. 2, the addition of the slaked lime paste at low shear rates 
(<30 s− 1) causes a decrease in the apparent viscosity of the ST-2SL paste. 
At higher values, the viscosity of both pastes is reversed, although it 
remains very low. Therefore, the two samples can be considered prac
tically the same, bearing in mind that the values are close to the 
measuring limits of the instrument. 

The yield stress is the critical point at which a material transitions 
from solid to fluid behaviour as the applied stress increases [50]. This 

transition occurs when the stress exceeds a certain threshold. In Fig. 3, 
which shows the stress ramp test performed in Control Stress mode for 
the ST and ST-2SL samples, we can observe the change in the slope in the 
curve of deformation (ɤ), the shear strain or shear deformation, which 
indicates the onset of flow for stresses higher than the yield point. It can 
also be observed that in the case of the ST sample, the yield stress is 
around 1100 Pa, while the addition of the slaked lime increases this 
value to around 2200 Pa (Fig. 3). 

It is interesting to note that the addition of 2 wt% of slaked lime paste 
(SL) to the standard has an obvious effect: it increases the flow limit 
(yield stress) by more than 100 %. 

3.2. Microstructural characterization: mineralogical, chemical and 
morphological aspects 

The mineralogical results of the standard (ST) and modified (ST-2SL) 
alkali-activated pastes are given in Table 2 and in Fig. 4. Both pastes 
showed the same mineralogical composition, consisting mainly of 
plagioclase, augite, olivine, quartz, muscovite and iron hydroxides 
(hematite and goethite), with a substantial predominance of volcanic 
amorphous material (Fig. 4a). The modified sample contained a higher 

Fig. 1. Trends of setting time test by Vicat needle: (■) ST and (□) ST- 
2SL pastes. 

Fig. 2. Apparent viscosity (Pa.s) vs shear rate (s− 1) of the standard “ST” and 
modified “ST-2SL” fresh pastes, tested at 20 ◦C. 
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proportion of volcanic amorphous material (79 %) than the standard 
sample (~70 %) due to the catalytic behaviour of slaked lime on the 
activation reaction of the mixture [51]. Fig. 4b shows a detail of the XRD 
pattern of sample ST-2SL, where normally Ca-mineralogical phases 
appear, allowing a better identification. The main peaks of calcite 
(CaCO3) and portlandite (Ca(OH)2) (according to the RUFF database: 
portlandite R070210 and calcite R050128) have been plotted with boxes 
of 0.4◦ 2θ width on the pattern. The overlap shows no match with the 
Ca-phases. Specifically, two boxes do not match any peaks, while the 
other two, namely one for calcite and one for portlandite, are closer to 
those of the plagioclase and augite phases at ~18.7◦ and 29.6◦ 2θ, 
respectively. This behaviour may be due to the small amount of slaked 
lime added to the mixture, which is undetectable due to the detection 
limit of around 2 wt%, or to the superimposition of more intense 
diffraction peaks, namely plagioclase and augite, or to their limited 
diffraction intensity, so that they are confused with background 
oscillations. 

SEM images showing the morphological features at the micrometric 
scale on the fractured surface of the ST and ST-2SL matrices are shown in 
Fig. 5. At this scale, the amorphous features of the gel were confirmed. 
Different morphologies coexist in the same sample, namely unreacted 
particles, micropores and reaction products (gel). The presence of 
unreacted particles and crystals typical of the volcanic ash, can be still be 
seen in both samples. 

In detail, the matrix morphology of the ST sample appears to be 
composed of sub-rounded particles that are partially bonded together, as 
well as irregular lamellar clusters, due to the presence of metakaolin and 
its tendency to arrange itself in parallel planes [52,53] (Fig. 5a). The 
ST-2SL sample shows slight differences in morphology with respect to 
the ST sample, whose matrix appears more granular and less compact. In 
addition, the particles in the amorphous matrix are interconnected, 
forming clusters ending in small acicular fibers (Fig. 5b). 

The morphological differences also suggest slight differences in 

chemical composition as evidenced by EDX analysis (Table 3). Both 
samples indicate the presence of an aluminosilicate gel with Na2O, 
Al2O3, SiO2 and a small amount of CaO in the matrix composition. 

In order to better define the composition of the gel phases, the Al2O3/ 
SiO2 and CaO/SiO2 ratios have been plotted in Fig. 6. The compositional 
ranges which, according to the literature [54,55], characterize the main 
types of gels, (C–S–H, C-(A)-S- H, C-A-S-H, N-A-S-H and (N,C)-A-S-H), 
are also marked on the figure [56]. 

Both samples are positioned in the N–C-A-S-H gel region, where the 
small amount of slaked lime added to the ST formulation does not alter 
the type of gel formed, which is in the N–C-A-S-H region. 

3.3. Mechanical performance 

Fig. 7 shows the flexural and uniaxial compressive mechanical per
formance of the specimens tested. The results show a clear variation 
between the samples. Specifically, the standard paste showed an average 
uniaxial compressive strength of 24 MPa (σ = 3) and a flexural strength 
of 7 MPa (σ = 0.6), while the modified paste (ST-2SL) showed a superior 
average compressive strength of 34 MPa (σ = 3) and a flexural strength 
of 10 MPa (σ = 1.7). The latter are in agreement with the average 

Fig. 3. Shear strain (m/m) vs shear stress (Pa) of the standard “ST” and 
modified “ST-2SL” fresh pastes, tested at 20 ◦C for the determination of the 
yield stress. 

Table 2 
Mineralogical results (in wt%) obtained by XRD analysis with Rietveld Method. 
Aug = augite; Fe-ox/hy = hematite and goethite; Ms = muscovite; Ol = olivine; 
Pl = plagioclase; Qtz = quartz; amorph. = amorphous phase.   

Aug Fe-ox/hy Ms Ol Pl Qtz Amorph. 

ST 9 1 1 3 16 1 70 
ST-2SL 6 0 1 2 11 1 79  

Fig. 4. a) XRD pattern of synthetized pastes; b) focus on the area of ST-2SL 
sample: the boxes indicate the main peaks of calcite (Cal) and/or portlandite 
(Por) according to the RRUFF database (https://rruff.info/). 
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strengths of the UNI EN197.1 cement classification [57]. 

4. Discussion 

This work has provided significant insights into various aspects of the 
effect of incorporating slaked lime into AA paste based on volcanic ash. 
Vicat tests show a significant reduction in setting time for the modified 
paste compared to the standard paste. The setting time refers to the 
period during which the paste changes from a plastic consistency to a 
solid state. In this case, the modified paste showed a reduction in setting 
time from six and a half hours to just under 2 h, representing a 
remarkable 70 % reduction. Reduced setting time can be beneficial in a 
variety of construction applications where fast construction processes 
and short project times are required. The reduction in setting time 
observed with the modified paste can be attributed to the presence of the 
small amount of slaked lime: this facilitates the acceleration of the paste 
hydration process, resulting in faster setting times [58,59]. Overall, the 
results of the Vicat test demonstrate the potential for improved perfor
mance in terms of setting times by incorporating a modified paste with a 

low amount of slaked lime. The increase in yield stress with the addition 
of 2 wt% of SL results in greater plasticity of the AA paste allowing good 
application to the wall without undesirable dripping. Moreover, this 
behaviour may be of interest for other emerging applications, such as the 
use of AAMs as a building material in 3D printers [60,61]. The addition 
of SL does not lead to an increase in viscosity which could affect the 
application. The mineralogical results of both pastes suggest that there is 
no discernible difference between them, especially for the Ca-phases, 
possibly due to the low amount of slaked lime added, below the 
detectable limit [62]. However, the absence of detectable differences in 
mineralogy does not necessarily mean that the compositions are iden
tical. Depending on the alkalinity of the solution and the nature of the 
precursors in the mixed system, lower amounts of Ca addition could 
promote the formation of Ca-rich phases together with the C-A-S-H type 
of gels [63,64]. In this system, no new Ca-bearing crystalline phases 
were detected, the main reaction product being a (N,C)-A-S-H gel. The 
volcanic ash precursor partially releases Ca2+ to form an (N,C)-A-S-H 
reaction product. When slaked lime is added to the mixtures, the 

Fig. 5. SEM micrograph of AA-binders: (a) ST and b) ST-2SL samples. The yellow arrows indicate the small acicular fibers. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Average chemical composition (mean in wt%) and corresponding standard deviation of the matrices based EDX analysis.   

Na2O MgO Al2O3 SiO2 K2O CaO Ti2O Fe2O3 

ST 27.6 ± 0.2 nd 19.3 ± 0.2 43.7 ± 0.3 1.4 ± 0.1 3.1 ± 0.1 1.1 ± 0.1 3.8 ± 0.2 
ST-2SL 10.3 ± 0.1 1.4 ± 0.1 22.6 ± 0.2 54.5 ± 0.1 1.5 ± 0.0 5.6 ± 0.1 0.9 ± 0.0 3.2 ± 0.2  

Fig. 6. Al2O3/SiO2 vs. CaO/SiO2 ratios based on EDX findings for gels of ST and 
ST-2SL samples [56]. 

Fig. 7. Histograms of the flexural and uniaxial compressive strength of the 
specimens tested: ST in black ST and ST-2SL in white. The dashed lines indicate 
the limit of the average strengths of the CEM 32.5 class, while the dashed boxes 
the flexural and uniaxial compressive resistance raging values close to the CEM 
52.5 class according to the UNI EN 196.1 standard. 
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addition of calcium leads to a partial replacement of Na + ions by Ca2+

ions without changing the type of gel formed. 
The compressive results showed that even a minimal addition of 

slaked lime resulted in a substantial increase in strength, with an 
observed increase of at least 30 % in both compressive and flexural 
strength. This finding suggests that the incorporation of slaked lime 
promotes the formation of a more durable and robust matrix structure. 
Indeed, other studies have demonstrated the positive influence of a 
small amount of Ca-additive on the final physico-mechanical properties 
in terms of rate and compressive strength of AAMs, although it can 
significantly reduce the flow of fresh AA paste [65]. Furthermore, its 
presence can contribute to the overall densification and strengthening of 
the material, leading to the observed improvements in mechanical 
properties [66]. The slaked lime can facilitate better bonding between 
the matrix components, thereby reducing porosity and improving their 
inter-particle cohesion [67]. This improved bonding may effectively 
resist crack propagation and improve load transfer mechanisms within 
the material. However, further investigation is required to fully under
stand the underlying mechanisms responsible for the observed 
improvements. 

5. Conclusions 

On the basis of the satisfactory restoration tests carried out at 
Cathedral of Monreale (Italy) [28], a multidisciplinary analysis was 
carried out for the characterization of standard alkali activated paste 
and the modified one with 2 wt% of slaked lime, based on volcanic ash 
from Mt. Etna volcano (Italy), revealing interesting physico-mechanical 
properties. The main conclusions of this study regarding the incorpo
ration of slaked lime are as follows:  

• a 70 % reduction in setting time and better rheological properties in 
the fresh paste;  

• the limited addition does not contribute to the formation of Ca- 
mineralogical phases;  

• the small addition of slaked lime causes slight differences in the 
morphology of the gel, but without changing its chemical composi
tion, the nature of which is (N,C)-A-S-H. No new crystalline Ca-rich 
phase is formed;  

• a more durable structure with a 30 % increase in mechanical 
performance. 

These results have significant implications for the development and 
optimization of building materials where high physico-mechanical 
performance is required. However, other properties such as durability 
and long-term performance should also be assessed to fully evaluate the 
viability of incorporating slaked lime as a beneficial additive in the 
production of AA pastes. In addition, the use of specific surfactants will 
be tested in order to compare the properties with those of the material 
modified in this work. 
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studies between N-A-S-H and C-A-S-H gels. Study in the ternary diagram Na2O- 
CaO-Al2O3-SiO 2-H2O, Cement Concr. Res. 41 (2011) 923–931, https://doi.org/ 
10.1016/j.cemconres.2011.05.006. 

[56] I. Garcia-Lodeiro, A. Fernández-Jimenez, A. Palomo, Cements with a low clinker 
content: versatile use of raw materials 4 (2015) 140–151, https://doi.org/ 
10.1080/21650373.2015.1040865. 

C. Finocchiaro et al.                                                                                                                                                                                                                            

https://doi.org/10.3390/SU16020740
https://doi.org/10.3390/SU16020740
https://doi.org/10.1016/J.CONBUILDMAT.2022.129540
https://doi.org/10.1016/J.CONBUILDMAT.2022.129540
https://doi.org/10.1016/J.CONBUILDMAT.2023.130635
https://doi.org/10.1016/J.CONBUILDMAT.2023.130635
https://doi.org/10.1016/j.resconrec.2018.05.031
https://doi.org/10.1016/j.resconrec.2018.05.031
https://doi.org/10.1016/J.CERAMINT.2023.04.013
https://doi.org/10.1016/J.CERAMINT.2021.04.097
https://doi.org/10.1016/J.CERAMINT.2011.05.002
https://doi.org/10.1016/J.CERAMINT.2011.05.002
https://doi.org/10.1016/j.ceramint.2013.06.072
https://doi.org/10.1016/j.ceramint.2013.06.072
https://doi.org/10.1007/s12649-020-01004-6
https://doi.org/10.1016/J.LITHOS.2022.106679
https://doi.org/10.1016/j.ceramint.2012.08.003
https://doi.org/10.1007/s10853-020-05250-w
https://doi.org/10.1016/j.conbuildmat.2020.120095
https://doi.org/10.1016/j.matlet.2022.131940
https://doi.org/10.1016/j.matlet.2022.131940
https://doi.org/10.1016/J.CERAMINT.2022.08.174
https://doi.org/10.1016/J.CERAMINT.2022.08.174
https://doi.org/10.1016/J.CERAMINT.2023.09.220
https://doi.org/10.1016/J.CERAMINT.2023.09.220
https://doi.org/10.1016/J.CONBUILDMAT.2023.133702
https://doi.org/10.1016/J.MATLET.2022.133626
https://doi.org/10.1016/J.MATLET.2022.133626
https://doi.org/10.1016/J.CEMCONCOMP.2021.104061
https://doi.org/10.1016/J.CEMCONCOMP.2021.104061
https://doi.org/10.1016/J.CONBUILDMAT.2021.124483
https://doi.org/10.1016/J.CONBUILDMAT.2021.124483
https://doi.org/10.1016/J.CONBUILDMAT.2018.11.140
https://doi.org/10.1088/1742-6596/1567/2/022030
https://doi.org/10.3390/MA14185204
https://doi.org/10.1016/J.PARTIC.2017.12.007
https://doi.org/10.1016/J.PARTIC.2017.12.007
https://doi.org/10.1016/J.CONBUILDMAT.2019.03.328
https://doi.org/10.1016/J.CONBUILDMAT.2019.03.328
https://doi.org/10.1016/J.CEMCONRES.2020.106302
https://doi.org/10.1016/J.CEMCONRES.2020.106302
https://doi.org/10.1016/j.conbuildmat.2012.04.122
https://doi.org/10.1016/j.conbuildmat.2014.04.130
https://doi.org/10.1016/J.CONBUILDMAT.2014.04.127
https://doi.org/10.1016/J.CONBUILDMAT.2014.04.127
https://doi.org/10.1007/S00397-014-0793-Z/FIGURES/12
https://doi.org/10.1007/S00397-014-0793-Z/FIGURES/12
https://doi.org/10.3390/MA14154266
https://doi.org/10.1016/J.CONBUILDMAT.2022.129709
https://doi.org/10.1016/J.CONBUILDMAT.2022.129709
https://doi.org/10.1016/j.wasman.2013.04.013
https://doi.org/10.1016/j.wasman.2013.04.013
https://doi.org/10.1007/s10971-013-3111-9
http://refhub.elsevier.com/S0272-8842(24)01566-9/sref46
http://refhub.elsevier.com/S0272-8842(24)01566-9/sref46
https://doi.org/10.1107/S1600576715014685/HTTPS://JOURNALS.IUCR.ORG/SERVICES/RSS.HTML
https://doi.org/10.1107/S1600576715014685/HTTPS://JOURNALS.IUCR.ORG/SERVICES/RSS.HTML
https://doi.org/10.1107/S1600576715014685/HTTPS://JOURNALS.IUCR.ORG/SERVICES/RSS.HTML
https://doi.org/10.4028/www.scientific.net/MSF.278-281.834
https://doi.org/10.4028/www.scientific.net/MSF.278-281.834
https://doi.org/10.3390/CRYST12010050
https://doi.org/10.3390/CRYST12010050
http://refhub.elsevier.com/S0272-8842(24)01566-9/sref50
http://refhub.elsevier.com/S0272-8842(24)01566-9/sref50
http://refhub.elsevier.com/S0272-8842(24)01566-9/sref51
http://refhub.elsevier.com/S0272-8842(24)01566-9/sref51
https://doi.org/10.1007/S41779-019-00361-3
https://doi.org/10.1016/J.PMATSCI.2016.08.002
https://doi.org/10.1016/j.clay.2016.08.009
https://doi.org/10.1016/J.CEMCONRES.2009.05.001
https://doi.org/10.1016/J.CEMCONRES.2009.05.001
https://doi.org/10.1016/j.cemconres.2011.05.006
https://doi.org/10.1016/j.cemconres.2011.05.006
https://doi.org/10.1080/21650373.2015.1040865
https://doi.org/10.1080/21650373.2015.1040865


Ceramics International 50 (2024) 24479–24486

24486

[57] EN 197-1: Cement - Part 1: Composition, Specifications and Conformity Criteria for 
Common Cements, 2011. 
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