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1 Aim 
 

This research aims to synthesize and compare stone strengthening agents based on Silica Nano 
Particles (SNP) developing and improving the results obtained from NME Stucchi’s bachelor’s 
degree thesis named “Sintesi e analisi di nano-prodotti a base di silice per il consolidamento di materiali lapidei 
naturali”[1]. In the previous work two SNP products were synthesize in order to treat three sili-
ceous lithotypes (two sandstones and Pietra di Muggia and a granite Bianco Sardo). Considering the 
pore size distribution and the pores dimensions of the selected stones, two dimensional ranges 
were chosen for the synthesis of SNP: 50 nm and 100 nm (SNP50 and SNP100 respectively). The 
results showed the total chemical compatibility of the treatment applied with the siliceous stones, 
even though the aggregation of the particles was observed due to chemical reaction between water 
and silica. This phenomenon reduced the penetration of the formulated consolidants in the stone 
substrates, causing secondary effects such as the colour alteration of the treated surfaces.  

In order to avoid the aggregation of SNP and encourage their penetration into the stones porosity, 
the present work proposes to synthesize two functionalized SNP products and compare the results 
obtained from the treatment of siliceous substrates with the previous SNP100 product and a com-
mercial one.  For this reason, the same analytical and methodological approaches were used.  

Several functionalization methods with different typologies of reagents were performed. In par-
ticular the functionalization with polysiloxanes and calcium ions were taken into account. In order 
to target the procedure of synthesis, the composition and nature of each SNP product was ana-
lysed by chemical and microscopic investigations (SEM-EDS, FTIR, NMR). Since the best results 
were obtained with the synthesized SNP functionalised with polydimethylsiloxane (SNP-PDMS), 
this new product was chosen for the treatment of stone and concrete materials. 

Its strengthening effect and efficacy were evaluated by the comparison with a commercial silica 

consolidant named Evercrete Vetrofluid purchased by EcoBetonâ and SNP100.  

The three products were applied by spray method on five substrates: Pietra di Firenzuola, Pietra di 
Muggia, Bianco Sardo, grey Portland concrete and Vicat concrete. 

In order to simulate real conservation conditions, before the application of the strengthening 
agents eight sound specimens for each kind of material were subjected to four different degrada-
tion procedures: thermal shock, salt crystallisation, frost and thaw and total immersion in water 
lagoon. Two specimens of each material were subjected to each degradation process.  
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Porosimetric analyses, ultrasound measurements and sponge test analysis were performed before 
and after the treatments in order to verify possible variations of textural and structural features of 
the specimens. Moreover, microscopic and colorimetric analyses were performed for evaluating 
the aesthetical changes of the surfaces. The results obtained allowed to select the best product 
useful for the consolidation of siliceous stones and concretes.  

This research, as well as the previous one, has been developed in collaboration with LAMA-Lab-
CoMaC laboratory of Iuav University. The study is partially part of Venezia 2021 research project 
aimed to the study of innovative solutions for the conservation of architectural materials in the 
Venetian lagoon. 
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2 Introduction 
 

2.1 Siliceous Consolidants  

The study of the methods relative to the conservation of natural and artificial lithotypes is of main 
importance in order to preserve structural and aesthetical components of buildings. Among the 
phases related to the process of conservation, consolidation is the most important. Thanks to the 
application of a suitable consolidant compound, it is possible to extend the preservation of mate-
rials to decay processes. Ideally, as reported in the book Stone Conservation, the effects induced by 
the same treatment must to be equal for all the types of decayed stones [2]. Study of the diversity 
of the composition of each stone materials has underline the importance of the application of 
selected compounds depending on chemical-physical composition of the substrates.  Although 
the huge number of researches on the production of consolidants and the studies of new kind of 
treatments, the sector of consolidation still present some failings. Many  materials were used with-
out scientific support and the same procedures of application were followed also if applied on 
different substrates [3].  

Among the widespread consolidants developed in the past and still used, silicone resins and ethyl 
silicate represent the main classes of materials of interest. Ethyl silicate, a silica-precursor consol-
idant, is reported in literature  also as tetraethylorthosilicate (TEOS). Since 1926, formulation of 
consolidants based on TEOS were reported in literature and researches in this field increase greatly 
since the 70s [4]. Ethyl silicate was used intensively for the treatment of stone and mortars. Reac-
tion of silanes with water induce process of hydrolyzation which form silanols. Then the process 
of condensation occurs with the polymerization reaction which gives a silicone polymer. This 
process can take place directly on the surface after the application, due to the interaction of the 
ethyl compound with water of the atmosphere or of the surface; in some case water is added 
intentionally [2]. The silicate component shows a low chemical compatibility with calcareous sub-
strates [5], meanwhile it is fully compatible with siliceous substrates and is characterized by great 
stability [2]. As reported in different papers this family of consolidants shows a good penetration 
in porous matrix and a good distribution on the surface [6; 7]. However, the relative consolidation 
treatments show some tendency to form cracks and to increase the property of the surface to 
absorb water [7]. More recently some researches used TEOS not only for natural lithotypes but 
also for artificial one. The use of ethyl silicate, as consolidant agents for concrete materials, is 
increasing due to the positive results obtained. The products of the process of hydrolyzation and 



4 

 

condensation penetrate in the substrate with benevolent effects on the mechanical strength of 
concrete [8; 9].  

TEOS is considered the basic species of alkoxysilanes (silicone resins), polymers composed by a 
repetition of siloxane groups (Si-O-Si). The durability of these materials is due to the bond strength 
of the siloxane groups. Nowadays, the most common silicone polymer is Polydimethylsiloxane 
(PDMS). Silicone are often used as main elements for the preparation of consolidants [10]. Silox-
ane based products in organic solvents were widely applied as protective and strengthening agents 
on monumental stones and architectural surfaces [7]. They found wide application as protective 
coatings since 1950 due to their good water repellence property.  Siloxanes  are based on 
alkoxysilanes mixed with ethyl silicate it was used for the first time  as a consolidant for calcareous 
and dolomitic stones [4]. One of the most important paper concerning  these systems  is dated 
back 1970 and it is aimed to the development of siliceous consolidants based on methyltrimethox-
ysilane (MTMOS) for application on marble substrates [11]. Alkoxysilanes compounds revealed 
to be effective in reducing damage induced by weather for 5-20 years [12]. This finding underlined 
that  silicone resins have a great resistance to thermal variation and to the radiations. After this 
initial success, many researches were focused on the development of silicone resins materials and 
on their applications on different substrates. Since TEOS has the properties to facilitate silanes to 
enter in the porous network [13], the use of alkoxysilanes was based on the mixture of the com-
pound with TEOS [4]. Now, the largest number of consolidants commercially available are based 
on TEOS mixed with solvents.  

Recent research has also evidenced the use of TEOS as precursor of reaction to achieve the pro-
duction of nanomaterials. 

TEOS is the main precursor for the Stöber reaction with the production of Silica nanoparticles 
(SNP) through the process of condensation and hydrolyzation. In the last decades, the use of SNP 
as consolidant of lime and concrete has been increased [14]. Compound of silica particles with 
nano dimensions show good preservation results [15; 16] and they were applied on architectural 
surfaces and monuments made of stone materials and cements. Nano dimensions help to envisage 
problems for example of cracks induced by the use of ethyl silicate [17]. As already reported for 
TEOS, also SNP induce the formation of a gel on the surface of the artefact that increase the 
strength of materials. The effect is better if SNP are mixed with TEOS. This mixture increases 
also the water repellence of the substrates [18]. Nevertheless, also these nano systems have some 
negative aspects such as chromatic alterations, formation of gel and powdering [19] due to a low 
penetration of SNP [20]. In fact, the product compacts on the surface of the material creating a 
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superficial layer. On the contrary, in porous substrates, the particles penetrate into the structures 
inducing increasing positive effects (i.e. reducing the migration of water) [21].  

Consciousness about the promising effects of SNP for the consolidation of siliceous materials 
raised the interest in the development of research presented in §2.2. The study allows to under-
stand the interaction of SNP and the drawbacks and the positive effects related to the use of these 
systems. Nowadays, new researches are focused on the process of functionalisation of SNP in one 
or two steps during the synthesis. The reduction of the interaction can be possible by changing 
some characteristics of SNP through the process of functionalisation (investigated in § 2.3).   
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2.2 The beginning of the research 

A research entitled “Sintesi e analisi di nano-prodotti a base di silice per il consolidamento di materiali lapidei 
naturali” [1] was developed during my bachelor thesis. The aim was to synthesize a consolidant 
based on Silica Nanoparticles (SNP) for the preservation of sandstones Pietra di Firenzuola, Pietra 
di Muggia and a granite Bianco Sardo. SNP with two different dimensional ranges were synthesized 
and the relative consolidants were produced.  

For each lithotypes, 6 cubic specimens of dimensions 5x5x5 were prepared. Three of the six spec-
imens were subjected to degradation processes in order to simulate the real. All the processes were 
made following the procedures proposed in literature and the current regulations: (i) Thermal 
Shock (as reported by Pozo et al. [20]), (ii) Salt Crystallization (UNI EN 12370/1999 [22]), (iii) 
Frost and Thaw (UNI EN 12371/2003 [23]).  

SNP system of 100 nm, synthetised by the Stöber method, was selected considering the pore 
structures of the analysed lithotypes. The results of the research showed that parameters such as 
humidity and temperature are strictly related to the sizes and to the agglomeration of the particles.  
When silica particles enter in contact with water (both in the liquid of vapour form) they aggregate 
and the size of the particles increase, reducing the penetration of the compound on the substrates. 
Moreover, was observed that the agglomeration process increases with the decreasing of the SNPs 
dimensions. 

A deep analysis was performed in order to choose the more convenient concentration of the par-
ticles and the best solvent mixture. Ethanol was chosen as carrier for the application of the parti-
cles because of it performed a reduced process of aggregation respect to water dispersion. SNP 
were dispersed in Ethanol with a concentration of 10% w.  The solution was diluted with water 
(EtOH: H2O 75:25 w/w) just before the application. A final formulation of a silica based consol-
idant for the consolidation of stones, compatible with two sandstone and a granite called SNP100 
was proposed.  

The application of SNP100 on the lithotypes allowed to evaluate the compatibility and the effi-
ciency of the product on the substrates. The product was applied by capillary absorption, for 5 
hours, maintaining the surface in contact with the liquid.  The evaluation of the efficiency of the 
consolidation was obtain by the comparison of the results obtained by several analytical techniques 
applied before and after the consolidation treatment. After the application, an increase of weight 
could be evidenced for all the samples. Microscopic observation made with different enlargements 
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showed a change of the aspect only on few specimens. Non colorimetric alterations were evaluated 
after the treatment on all the specimens, meanwhile ultrasonic analysis and water absorption anal-
ysis gave random results.  

Finally, as already reported in literature [24], the  agglomeration effect due to the high reactivity of 
the particles in environmental humidity that limits the penetration of the consolidant was con-
firmed. These negative aspects do not allow the consolidation to penetrate into the internal pore 
with the formation of translucent surface films that can alter the aesthetical aspect.  

From these preliminary results, new steps based on the functionalisation of SNP are proposed in 
this new research. The new investigation (presented in §2.5) deals with the development of a sys-
tem of functionalized particles with improved penetration properties into the porous network. 
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2.3 Functionalization, a promising step for the improvement of SNP 

Process of functionalization can be applied during and after the process of synthesis in order to 
change the characteristic of the matrix of interest. It can be used in order to obtain specific char-
acteristic of the particles, modifying some aspects as: 

o Change in the precipitation reaction 
o Degree of agglomeration and tendency to form aggregates (e.g. use of polyhydroxyalchol 

prevent the binding with water molecules)  
o Affect physicochemical properties  
o Acquire organophilic properties  
o Change of the size of the particles 
o Change of hydrophobicity and hydrophilicity behaviour of the substance (e.g. use of glycol 

or of sylanol, higher hydrophilicity to parity of higher silanol bond) 

The commonest functionalisations concern the addition of organic solvents as alcohol (with long 
chain), surfactant, coupling agents as silane and titanium and alkanoic acids [25; 26].  

The functionalization can be performed by a post modification or grafting process on pre-pre-
pared SNP. Grafting functionalization, made right after the synthesis [27] involves the addition of 
surfactants or macromolecules. It can be made in two way [28]: Grafting to via covalent attachment 
of end functionalize polymers and Grafting from in situ monomer polymerisation with monomer 
growth of polymer chains. The specific properties of the nanocomposites can induce variation to 
the species of the grafting monomers, interfacial interaction between grafting polymer and matrix 
polymer [28]. 

In situ functionalization called co-condensation, involves a simultaneous synthesis and functionaliza-
tion of colloidal silica nanoparticles using organofunctional silane agents, with incorporation of 
organic groups as bridging blocks on the pores of particles [29; 30]. In co-condensation process 
[27], molecules interact via noncovalent forces and they act changing the pore structure. Changes 
made via co-condensation is homogeneous and wide but does not induce excessive modifications 
into the matrix structure.  

In literature is possible to find several methods to functionalize SNP. For example, the addition 
of solvents can change the pH of the solution giving higher control of SNP dimensions [31]. 
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Surface modification of the charge of SNP can be made by the use of amine groups [28].  Elec-
trolyte solution of can be mixed to TEOS [32] and added to enrich the surface of Si with silanol 
groups which became sites of functionalisation of SNP. The addition of Vinyl triethoxysilane dur-
ing the synthesis can bring to the substitution of hydroxy group of Si by Vinyl groups, allowing 
the formation of super hydrophobic film characterised by a geometrical microstructure [33].  

The use of coupling agents can also induce changes of the surface of SNP. The general structure 
of coupling agents is RSiX3, where X is the group that reacts with the hydroxyl group on SiO2 
surface; the most used precursors are of the type [(R'O) SiR] (alkoxysilane) and [Cl SiR] 
(chlorosilane) [27]. A deep insight in the use of silane polymeric substances is presented in §2.3.2. 

2.3.1 Functionalization with Calcium 
Calcium Silicate Hydrate (C-S-H) is a compound formed during the process of hardening of hy-
drated Portland cements. C-S-H has a nano crystalline structure, where two silica are connected 
directly to the calcium oxide sheet, the third silica occupies a bridging position, and it is not directly 
linked to the calcium sheet [34]. Since C-S-H increases the resistance of the surface we have con-
sidered it for the consolidation process. Synthetic C-S-H can have different composition, structure 
and morphology. The amount of Ca2+ or SiO2, the pH value, the composition of the cements and 
the preparation method change the quality and the characteristics of C-S-H.  

As reported in literature, formation of C-S-H can be obtained in different way as, for example, in 
presence of Nanolime with Silica Fume particles of small dimensions [35]. Camerini et al. [36], 
suggested a formulation of ternary composition, SiO2 NP, Ca(OH)2 NP, hydroxypropyl cellulose 
(HPC) in a solution 4:1 of EtOH:H2O,  for e the formation of C-S-H.  The reaction proceeds with 
the dissolution of Ca(OH)2 . At the second step breaking of Si-O-Si bond occur and bring to the 
release of -OH. Then, Ca2+ bridge the depolymerised Si ions, forming basic units of C-S-H gel 
from the alkaline activation of nano silica [37]. In water the Silica NP have  a negative potential 
while CaOH have a positive potential. CH formed by the hydration of Calcium Silicate react with 
Si fume particles forming C-S-H that precipitate in the pores of the substrates. The penetration 
depth of this system is affected by the type of dispersing solvent, the environmental condition and 
the aggregation of the particles. A large amount of Si on the concrete surface of treatment can 
increase the process of binding of Ca2+, giving to the C-S-H structure the possibility to react. The 
amount of Ca2+ or SiO2 on the surface change the features of C-S-H [38]. Thus, theoretically, if 
the stone substrate contains high amount of Si, the reaction between the dispersions and the stone 
might lead to the formation of a gel similar to CSH phases. Moreover, the interlayer of C-S-H and 
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its surface contains cations (H+, Ca2+) which contribute to balance the negative charge of the 
deprotonated silanol groups [39].  

Consolidants based on Ca2+and SiO2 can be suitable to increase the resistance of cements and 
stone. Theoretically, the presence of Calcium, Silica and water can bring to the formation of C-S-
H allowing a consolidation process. As reported by Greasley et al. [40] addition of Calcium to 
SNP can be made by the use of Calcium Nitrate in aqueous dispersion. Functionalisation of Si 
with Ca2+ increase the properties of the particles [40] and the considered process allowed to main-
tain monodispersed particle with unchanged dimensions. The right ratio among SiO2:Ca(NO3)2 is 
fundamental to have mono disperse particles, with controlled size [41]. Calcium Nitrate act as 
surface modifier, it precipitates on Si surface and diffuse in SiO2 particles. The addition of Ca is 
made by a calcination process. Temperature of 400° C is enough to allow the incorporation of Si 
particles, but T of 680° C was considered the best for the process and the remotion of nitrates 
formed during calcination [42].  SNP functionalised with calcium can be dispersed in alcohol so-
lution and then applied to the lithotypes in order to perform homogenous application of the com-
pound on the surface [43]. 

 

2.3.2 Functionalization with siloxane 
As mentioned in §2.2 silane and siloxane are widely used for the production of consolidants and 
protecting agents. Poly alkyl siloxane distributed with the commercial name of Rhodorsil or mix 
of siloxane and silane distributed with the commercial name Wacker 290, applied with white spirit, 
give a super hydrophobic behaviour to the surface, showing water repellent properties and reduc-
ing water permeability [44].   

Introduction of SiO2 in hybrid siloxane or silicone polymers, increase gel pore-size and reduce 
capillary pressure. Polymethysilane (PMS) is frequently used as functionalization agent. Recent 
studies have shown that Polydimethylsiloxane (PDMS) can be considered complementary to PMS 
for the functionalization [45]. For example, PDMS/Silica Nanomaterials improve robustness and 
stain resistance of carbonate stone [46]. Application of modified epoxy SiO2 with PMDS-OH 30% 
accelerate the curing process giving free cracking film, increase the viscosity of sol [47] and the 
hydrophobic properties. Furthermore, the ternary system composed of TEOS, PDMS and nano-
hydroxyapatite (HA) reduces the surface tension and the capillary pressure and promotes the 
coursing of gel network [48]. 

PDMS and Poly(methylhydrosiloxane) (PMHS) are used to produced coatings (structure of the 
respective monomers are reported in Figure 1)[49]. For example, shells of PMHS are formed 
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around SiO2 core [50]. PMHS is easy to handle, inexpensive and non-toxic [51], thus it can be 
suitable to be used. Poly(methylhydrosiloxane) (PMHS)/SiO2 hybrid particles ca be synthetised by 
mechanochemical ball milling. The presence of H group in the polymer allows the grafting of the 
monomers to the OH group present on the Si chain [52]. 

The functionalisation of the particles can be obtained by a condensation reaction of SNP added 
to PDMS-OH. The terminal OH group of the polymer allows the reaction between the polymer 
and Silica. Schematic reaction of the reagents and of the product is shown in Figure 2 [53]. All 
these methods of functionalisation can improve the specific characteristics of SNP. 

 

 
Figure 1. Monomers of the two polymers used respectively PMHS and PDMS-OH (from left to right). 

 

 
Figure 2. Schematic presentation of main reagents and final functionalized compound.  
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2.4 Concrete a new material to preserve and Co. Ri. La project  

Conservation of concrete in contemporary architecture is commonly aimed to give structural 
strengthening but, architecture must be preserved also from an esthetical point of view. In Venice 
the highest example of different use of concrete are the architectural elements created by Carlo 
Scarpa. During the XX cen. also other architects demonstrate their interest in the use of new kind 
of materials applied in the construction of modern buildings or in the renovations of older ones. 
Casa Torres was designed by Giuseppe Torres and Edoardo Campese in the early year of XX cen. 
This architecture is one of the lagoonal examples where concrete wasn’t used only as structural 
materials but also with decorative purposes. Torres was interested in the Middle Age decorative 
elements and decided to produce it not by using traditional material as stone but using concrete. 

In Figure 3 are visible some of the concrete architectonic elements present in façade.  The two 
masters were interested and focus their activity on the production and study of innovative mate-
rials for the architecture, trough the imitation of natural materials. Collaboration of artisans spe-
cialised in concrete production bring to the realisation of several decorative elements released in 
cements with different colour and granulometry.  

Co. Ri. La Project individuates the case study of Casa Torres as an example to evaluate the compo-
sition and the presence of deterioration phenomena that affect concrete present in the lagoon. 
Artificial stones, made of concrete as decorative elements, permit to simulate not only from an 
esthetical but also from a statical point the natural stone elements.  Production of decoration can 

Figure 3. Decorative elements visible in facade. 
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be made working concrete in situ, directly on the surface, moulding it using a modine (e.g. creation 
of “bozzati”), or producing decorative elements in laboratory and subsequently applied on the 
surface. These cementers base elements showed good resistance and durability [54] and concrete 
can be considered a suitable material to be used as material for the production of aesthetical ele-
ment. However, different textures and patterns of this material bring to the formation of different 
pathologies and of degeneration linked to concrete casting. Thus, since the last centuries its use 
has increased also in decoration and design sector bringing to the necessity to develop also strat-
egies of analysis and methods of conservation.  

Several studies are necessary to analyse and to fully know the building, characterising the material 
elements, defining properties and describing decay and alterations. Characterisation of patholo-
gies, investigation of the time of decay process, evaluation of the resistance of materials must be 
performed in order to have a complete idea of the phenomena that affect concrete [55]. As for 
stone elements, black crust and run off water are common alteration processes. The presence of 
iron elements brings to corrosion phenomena which create vaiolatura and pitting with the conse-
quent desegregation.  Salt deterioration induces an increment of the depth of the carbonation 
process [56]. Depending on the texture and porosity, substrates are more subjected to aggressive 
agents due to the presence of micro cavity phenomenon of segregation. For the aim of conserva-
tion, it’s important to evaluate decay phenomena related to the environmental condition of con-
servation to reduce it. Salt crystallisation phenomena induces the formation of ettringite, thenard-
ite and gypsum. Soluble ions of Sulphates, Nitrates and Chlorites can induce alteration in the metal 
elements of the concrete. Frost and thaw phenomenon induce the production of rustomite, that 
is the first product and a mark of the degradation phase that induced an elimination of portlandite 
[55; 57].  The most dangerous kind of decay is the oxidation of iron reinforcing rods; this phe-
nomenon could determine the cracking of conglomerates through their carbonation. Inspection 
of concrete elements present in situ allow to gain qualitative and quantitative information about 
the consistency of casting, the constructive techniques, the conservation elements and the labor-
atory survey.  

Analysis of concrete samples obtained by different preparations and with different textures allow 
to characterise the material, correlating its decay state and its conservation to the specific conser-
vation condition [55]. For these reasons the presented research takes in consideration the applica-
tion of consolidants on concrete samples, in order to realise a survey model and to update data 
related to this material that is increasingly used in architecture.  
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2.5 The new research 

On the basis of the previews results (§2.2) the aim of the presented research is: to produce a 
consolidant system based on functionalised nano silica and to compare the new results with the 
previous finding [58].  

Processes of functionalization allow to maintain selected characteristic of SNP particles and to 
change some of the properties. Some positive aspects of the functionalization can summarize as 
follows: 

1. avoid the interaction of particles with water 

2. reduce the tendency of particles to the agglomeration 

3. maintain constant particles size 

4. induce a better penetration process 

5. avoid aesthetic change of the surface induced by the no penetration of particles 

The thesis is focused on two types of functionalisation: 

o Functionalisation of the particles with calcium nitrates Ca(NO3)2. 
o Functionalisation of the particles with Polymethyhlidrosiloxane (PMHS) and Polydime-

thylsiloxane hydroxy terminated (PDMS-OH) 

The functionalisation methods will be tested on samples in order to verify their performances. 
Morphological and dimensional analysis of the SNP will be performed using Scanning electron 
microscope (SEM) coupled with Energy Dispersive X-ray Spectrometry (EDS) that gives the ele-
mental analysis of the sample. Fourier-transform infrared spectroscopy (FTIR) and Nuclear Mag-
netic Resonance Spectroscopy (NMR) will be used for the study of the composition. Investigation 
of the behavior of the particle in solution can give useful results in order to understand how par-
ticles will react in different solvents. This analysis will be made by Dispersion Analyser.  

Changing some specific parameters of the reaction, it is possible to have a better knowledge of 
the process and to understand the final effects induced by each modification.  

Nowadays, concrete is the second most used construction material after water [59] and for this 
reason is fundamental to understand its reaction if treated in specific conditions.  

Two typologies of concretes, Portland concrete and Vicat concrete, will be investigated in addition to 
the natural lithotypes already used in the previous research. Natural and artificial lithotypes, with 
similar chemical composition, react differently so it could be very interesting to understand how 
they specifically react to degradation and to consolidation treatment.  
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Since, as presented in §2.4, the interest of Co. Ri. La. Project is to define the reaction of materials 
in lagoonal environment a process of deterioration simulating in laboratory, the real conditions 
present in situ has be performed. In this way it is possible to investigate the process with known 
parameters and monitored condition. In addition to the already studied degradation processes [1] 
(Thermal Shock, Slat Crystallisation and Frost and thaw), the water lagoon degradation process 
has been applied to all the materials. Thanks to this approach, it can be possible to understand 
how concrete interacts with different degradation phenomena and which of them affect much 
more the material. Moreover, the comparison of the reaction of natural and artificial material to 
processes allow to understand which is more resistant to environmental agents and so which can 
be more suitable to be used in new construction. 

Comparison of the application of the synthesised consolidant with a commercial compound can 
be useful to understand the quality of the application. For the porpoise of the research, the pro-

tective and water repellent agent Evercrete Vetrofluid purchased by EcoBETONâ was tested in order 
to satisfy the request of the Co. Ri. La. Project. The compound is specifically aimed to be applied 
to concrete, even though the application of the compound can be extended to natural lithotypes. 
Functionalised compounds have been compared with not functionalised particles (for example 
SNP100) systems applied in the first part of the research [1]. To this aim, stone specimens and 
concrete specimen were treated with SNP100. To allow the comparison of the results, it has been 
important to maintain the same procedure of application for all the specimens. As reported in the 
work of Ferreira Pinto et al. (2012) [60], the methodology of application is fundamental to obtain 
good treatments and it is strictly related to the typology of compound applied. It can be suitable 
to use the analytical methodology reported in thesis [1] in order to gain the same typology of 
information. Thus, it is possible to achieve a complete idea of how sound and degraded stone, 
granite and concrete specimens react to different treatments: SNP100, SNP functionalised with 
polymer and Evercrete Vetrofluid.  
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3 Experimental part  
 

3.1 Consolidants  

In the present work some synthesised and commercial strengthening agents were tested for the 
consolidation of silicate rocks and concrete.  

3.1.1 SNP100 
SNP with dimensional range of 100-120 nm were synthesised by Stöber method with reagents 
ratio H2O: NH3: TEOS1 equal to 4,935 M: 0,826 M: 0,113 M. The synthesis details and the features 
of the analysed nanoparticles are reported in Stucchi et al. 2019[58]. Once synthetized, SNP were 
dispersed and store in ethanol in concentration of 5% in weight. Before the application, the con-
solidant was diluted in water with a concentration ratio of EtOH: H2O of 75:25 w/w [1]. 

3.1.2 Functionalization with Ca(NO3)2 
SNP100 were produced following the procedure described in 3.1.1, then grinded and dispersed in 
distilled water. As suggested by Greasly et al.[40], Ca(NO3)2

2 was added to the silica-water solution 
and the mixture was let to react for 20 minutes. The compound was divided in tubes and spin-
dried for 10 minutes, in order to separate the pellet from the solvent; then the residual pellet was 
dried overnight at 60 °C. Finally, the compound was treated  at 680°C in muffle for 3 hours with 
an increment of temperature of 3 °C/min. The so obtained particles were washed three times in 
EtOH and then dried overnight. Several SNP100:Ca(NO3)2 ratios and calcination temperatures 
were tested. All the information related to the experimentations performed are reported in Table 
1. 

 

 

 

 

 

1 Technical sheet is reported in appendix §8 A 
2 Technical sheet is reported in appendix §8 B 



17 

 

Table 1. Details of the experimentations performed for functionalizing silica nanoparticles with calcium ions. 

Labels Notes about the composition 

S1a SiO2: Ca(NO3)2 70:30 (%m/m), T of calcination: 680°C 

S1b SiO2: Ca(NO3)2 50:50 (%m/m), T of calcination: 680°C 

S1c SiO2: Ca(NO3)2 30:70 (%m/m), T of calcination: 680°C 

S1d SiO2: Ca(NO3)2 70:30 (%m/m), T of calcination: 500°C 

S1e SiO2: Ca(NO3)2 70:30 (%m/m), T of calcination: 500°C. Change of the composition of the 
carrier. 

S1f SiO2: Ca(NO3)2 80:20 (%m/m), T of calcination: 500°C. Change of the composition of the 
carrier. 

 

S1a, S1b, S1c were synthesized using the same procedure but different ratio SNP:Ca(NO3)2.  

S1d, S1e S1f were subjected to a lower calcination  temperature (500 °C). Moreover, S1e and S1f 
were synthesized storing SNP in a solution with a concentration 50:50 of water and ethanol.  

 

3.1.3 Functionalization with Polymer 
Two siloxanepolymers, polymethylhydrosiloxane (PMHS)3 and polydimethylsiloxane hydroxy ter-
minated (PDMS-OH)4, both purchased by Sigma Aldrich, were used to functionalize silica nano-
particles.  

In both cases, the synthesis procedure adopted was that suggested by Xu et al. [47]  varying the 
type of polymer and using hexylamine5 as ammine. The functionalisation started by mixing EtOH 
with TEOS and SNP. The solution was kept under stirring and let to react for two hours. After 
that time, H2O first and then the chosen polymer drop by drop were added, letting the reaction 
to go forward for 15 minutes. Finally, hexylamine was added leaving the reaction to continue under 

 

3 Technical sheet is reported in appendix §8 C 
4 Technical sheet is reported in appendix §8 D 
5 Technical sheet is reported in appendix §8 E 
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stirring for 20 minutes. In order to improve the final product, several changes were made to the 
procedure, such as the type of polymer or the concentration of polymer and ammine. 

In Table 2 are described the tests performed for the functionalization of SNP with polysiloxane 
polymers.  

 
Table 2.  Details of the experimentations performed for functionalizing silica nanoparticles by the use of a polymer. 

Labels Notes about the composition 

S2a SNP (2 w/v %), with PMHS and TEOS 

S2b SNP (2 w/v %), with PMHS, without TEOS 

S2b1 SNP (2 w/v %), with PMHS [0,001 mol], without TEOS 

S2c 

S2c1 Achieved sol phase of the simultaneous synthesis and functionalization of 
SNP with PMHS 

S2c2 Dried product of the simultaneous synthesis and functionalization of SNP 
with PMHS 

S2d Dissolution of S2A in EtOH 

S2e SNP (2 w/v %), with PDMS-OH [0,004 mol], without TEOS 

 

S2a was synthesised following the procedure and the concentration reported by Xu et al. [47], but 
using polymethylhydrosiloxane (PMHS) [61] as polymer. The final product was a gel. 

S2b and S2b1 differ from S2a, since TEOS was not added. S2b1 has half of the concentration of 
both the two reactants than S2b.  

The synthesis and functionalization of S2c was made in one step. The reaction starts with the 
production of SNP by Stöber method. After two hours of reaction, PMHS and esylammine were 
added to the solution. The mole ratio of the reagents used is H2O: NH3: TEOS: PMHS: 
esylammine 4,935 M: 0,826 M: 0,113 M: 0,004 M: 0,0004 M. The product was divided in two parts: 
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one part was preserved as liquid and used as consolidant, whereas the second part was subjected 
to the process of separation and cleaning of the particles, as expected by Stöber method.  

 

S2d was produced for evaluating the possibility to convert the S2a gel back into solution. For this 
reason, 2 gr of S2a gel were dissolved in 30 ml of EtOH and kept under vigorous stirring for at 
least 2 hours, then the compound was subjected to 10 minutes of ultrasonic bath and again 2 hours 
of stirring.  

S2e was produced as S2b but using polydimethylsiloxane hydroxy terminated (PDMS-OH) [62] as 
polymer. The achieved compound was stored in liquid form in closed vials.  

 

3.1.4 Evercrete Vetrofluid 

Evercrete Vetrofluid compound is a commercial product purchased by EcoBETONâ  6 [63]. It is a 
water base product with waterglass and catalyst. Thanks to its chemical composition, theoretically 
it can penetrate for 10-40 mm in concrete substrates. It is a colourless and odourless compound 
that should not change the superficial aspect of treated surfaces. It is a non-toxic component, 
stable and permanent, compatible with other products. 

It is a water-proof, protective, consolidant, anti-decay agent useful for the conservation of con-
crete substrates. It acts as barrier closing the porosity of the substrates and showing a good water-
proof action. 

 

6 Technical sheet is reported in appendix §8 F 
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3.2 Substrates  

 

3.2.1 Lithotypes specimens 
The consolidants were applied on three silicate stones. Pietra di Firenzuola, Pietra di Muggia and 
Bianco Sardo. The stones were characterized in the previous work [1, 58] and proposed as test 
systems because of their chemical compatibility with the conservative products. 

For each lithotype 11 specimens having cubic shape of 5 x 5 x 5 cm were used (Figure 4).  

 

Pietra di Firenzuola is a sandstone with a mainly felspathic composition. The matrix is composed of 
clay with a low amount of calcitic elements. The quarries where this material is extracted are lo-
cated in the central part of Italy, in the area around the city of Perugia.  

The stone is characterized by a blue grey colour as visible in Figure 4a. If subjected to natural 
weathering the colour veers to yellow-grey tonality. Interactions of the material with air-pollution 
and salts are considered the main causes of deterioration of the material. Due to the low resistance 
of the stone to natural environmental condition it was used for internal covering [64]. 

 

Pietra di Muggia is a sandstone that is extracted in the Peninsula of Muggia in the North-East of 
Italy. The stone is characterized mainly by siliceous components. Quartz and feldspar crystals, 
volcanic rock fragments and carbonate cement are nested in a fine clay matrix [65]. The composi-
tion gives to the material a zoned coloring, with alternance of orange and grey area (see Figure 
4b). The good stability of the stone to atmospheric agents (also in extreme condition) let the ma-
terial to be suitable for the use in external covering.   

 

Bianco Sardo is a typical granite that is extracted from the area of Buddusò (Olbia Tempio) located 
in the northern part of Sardinia. The material is characterized by a white/grey colour due to the 
huge presence of quartz and feldspars. It presents small black grains of biotite crystals that are 
nested in the matrix as visible in Figure 4c. The material is easily available and has good physical-
mechanical characteristics, for these reasons it is suitable to be used to cover both internal or 
external surfaces of private and public buildings [64]. 
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Figure 4. The three lithotypes studied in the present work: a) Pietra di Firenzuola, b) Pietra di Muggia, C) Bianco 
Sardo. 

3.2.2 Concrete specimens 
For the purpose of the research two kind of concrete were used as substrates: grey Portland and 
Vicat (Figure 5). Eleven specimens for each typology of material with dimensions of 4 x 16 x 4 cm 
were prepared. 

Grey Portland concrete 42,5: is a typical material used in construction and building sector. For the 
75% of its composition, it is made of sands of different type, whereas the 22% is composed by 
water. The 20% of sand is of alluvial type, a siliceous kind of sand with grains with an average 
dimension of 1-2,5 mm, the 40% is made of quartz, with grains of an average dimension of 0,7-
1,2 mm, and the remaining 40% of sand is based on quartz with grains of average dimension 0,3-
0,9 mm.  

VICAT concrete: is a new innovative material purchased by Vicatâ. The composition of this material 
is equal to the composition of grey Portland concrete, but it differs in the amount of water equal 
to 19%. It is composed of sand for the 75%, of which the 20% is of alluvial type, the 40% is made 
of quartz with grains of dimension between 0,7-1,2 mm, and the residual 40% is of quartz char-
acterized by grains of dimension between 0,3-0,9 mm.  

 
Figure 5. Artificial lithotypes (concrete) used in the research: a) Grey Portland concrete, b) Vicat concrete. 
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3.3 Methods 

 

3.3.1 Characterisation of the particles and of consolidants 
Microscopic observations and chemical analyses were performed in order to evaluate the mor-
phology and chemical composition of SNP and to verify the effectiveness of the functionalization 
process. 

 

SEM – EDS analysis 
In order to monitor the morphology and the dimensions of synthesized SNP, a Philips XL 30 
SERIES SEM Scanning Electron Microscope (for short SEM) was applied. As reported in the 
literature [66], SEM observation gives morphological information of small regions of the sample 
and allow to obtain images at high magnifications. The comparison between the images achieved 
by the analysis of different compounds helps to evaluate change in morphology of the particles 
induced by changes in the process of synthesis. Sample can be both organic or inorganic, with the 
dimensional limit due to the dimension of the space of the chamber of analysis of the instrument 
and the detection limit of the instrument related to the quantity of the sample.  

Technically, an electron beam is produced in a vacuum system and focused by electromagnetic 
lenses to the sample. The sample is excited with the incident beam, that causes the dislocation of 
the electrons of the sample. The excitation produces the release of three different kind of signals 
and each of them allow to reveal: (i) the topography of the sample and the presence of different 
elements throw the different molecular weight, (ii) to construct images of the morphology, (iii) to 
identify the elements that composed the sample. The secondary beam generated by the interaction 
with the sample is collected by a detector (the most common is an Everhart–Thornley detector) 
and transferred to a computer, which elaborates the data and decodes them into black and white 
images. The grayscale effect in the image is due to the different molecular weight of the elements 
in the sample. 

If coupled with an EDX microprobe the SEM analysis gives elemental information of the com-
position of the sample in a specific analysed point/area. EDX microprobe allows the detection of 
X-ray emitted from the sample, giving back a spectra where the peaks, that fall at specific wave-
lengths, correspond to chemical elements that composed the sample [10]. SEM-EDX could be a 
mapping technique that use the electron beam in order to reconstruct through false colours the 
elemental distribution in a portion of the sample.  
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For the aim of the research, this technique was applied in order to estimate the nature of func-
tionalized particles. SNP functionalized with Calcium nitrates (S1n type) were analyzed to evaluate 
the effective presence of Ca on the SNP structure. EDX analysis allowed to assess the presence 
of the Ca2+ element on SiO2 particles, as results the analyses give back a report of the concentration 
of the elements detected on the sample. Information present on the report are about the concen-
tration of three different type: (i) the unnormalised concentration in weight percent of the element 
(unn. Ca [wt.%]), (ii) the normalised concentration in weight percent of the element (norm. Ca 
[wt.%]), (iii) the atomic weight percent (Ca Atom. [at.%]). The atomic weight percent gives infor-
mation about the ratio between one kind of atom and the total number of atoms [67] and estimate 
the error related to the evaluation of the atomic percent. The comparison of the reports of differ-
ent specimens allow to evaluate different elemental concentration. Comparisons of the images 
achieved by SEM analysis allow to understand which functionalisation process gave best results. 
Moreover, the comparison with image of SNP100 underline the change induced by the function-
alisation to the SNP.  

 

FT-IR analysis  
It is a qualitative method that enables to analyse functional groups in organic and inorganic sam-
ples [66]. Nowadays, it is the most used technique for the investigation of unknown samples com-
position. It identifies chemical bonds through the study of vibrational movements in the molecules 
of the sample caused by the interaction with an IR beam. Technically, the source emits radiations 
in the mid-infrared or far-infrared region that passing trough an interferometer (the commonest 
is Michelson interferometer) are split in two different part. The beam splitter allows the passage 
of ray and its partial reflection and transmission. The two splitted beams converge in the detector 
creating the interferogram. The sample, hitted by the IR radiation, emits energy at specific range 
of interference depending on its composition. Distances and frequencies of the signals are rec-
orded by the converter that collects the data and transferred it to a computer, where are put in 
relation trough to Fourier transformation function [68]. The analysis gives back spectra with a 
signal composed by different peaks. The spectra obtained reports all the absorptions of each func-
tional group at specific wavelengths. Each functional group has one or more characteristic bands 
of absorption linked by the movements that happened along the bonds of the molecule. Spectra 
can be interpreted thanks to the comparison of spectra collected in the library [10].  
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Depending on the kind of FTIR instrument used, low amount of sample of different kind can be 
examine in liquid or solid form: (i) powders are analysed in the form of standard KBr pellets (at 
least 0,1 mg of sample powder); (ii) flakes of polychrome part; (iii) planar surfaces of polymeric, 
natural, synthetic film; (iv) stratigraphic or thin sections; (v) pure or obtained from extraction 
liquid samples; (vi) fibers [10].  

For the analysis of SNP and SNP functionalised with Ca(NO3)2 a  Nicolet iS10 (Thermo Fisher Scien-
tific) was used to determine the composition of solid sample. A small quantity of dried powder of 
functionalised nanoparticles was mixed and grinded with KBr, that is transparent in the range of 
investigation of the UV/ NIR, and then press to form platelets. Platelets of SNP functionalise 
with calcium nitrates in different ratio were analysed and the spectra were compared to evaluate 
the presence of different amount of functionalized molecules.  

For the analysis of SiO2 functionalised with polymeric substances Nicolet iS5 (Thermo Fisher Scientific) 
instrumentation was used in ATR mode. A drop of substance was put on the stage, directly in 
contact with the diamond and the analysis was recorded. Thanks to this instrument was possible 
to analyse all the compounds functionalised by the use of polymer, both in liquid and in gel form, 
by the application of a small part of gel sample. 

 

Dispersion analysis 
LUMiSizer Dispersion Analyser is a microprocessor controlled analytical photocentrifuge. It investi-
gates the degree of dispersion of particles in solvents and phenomena as sedimentation and flota-
tion. It calculates the velocity distribution in the centrifugal field and the size of the particles. The 
system uses a SEPView Software in order to display the results achieved by the analysis. The tech-
nology is based on the Space and Time resolved Extinction Profiles (for short STEP) Technology and is 
based on the use of near infrared or blue light to illuminates the cell and records the transmitted 
light. The transmission of light is converted into light extinction. The instrumentation records the 
variation of extinction caused by centrifugal segregation over the entire sample length at any time 
of the centrifugation. The analyses of 12 different samples can be recorded simultaneously [69].  

This analysis was used to investigate samples of SNP functionalised with calcium nitrates (S1n) 
and SNP not functionalised. The interest was to investigate the different velocities of precipitation 
of the compounds. Differences in the behaviour of precipitation of the compounds were expected 
because of the changing of the parameters of synthesis. Theoretically, an increasing time of sedi-
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mentation must be related to particles with smaller dimensions and well dispersed. On the con-
trary, particles with bigger dimensions or aggregates should be characterized by a greater velocity 
of precipitation because of the higher weight.  

The samples were prepared with a concentration of 5 mg/ml of powder in solution. Ethanol and 
a mixture of H2O and EtOH in concentration 75:25 was used as solvents. The solution was soni-
cated right before the analysis in order to have the best dispersion of the solid phase in solution. 
Vials were put in the locations and the measurements were taken. Laser chosen for the analyses is 
characterized by a wavelength equal to 410 nm. Once the analysis was acquired data achieved must 
be read starting settings parameters. The kind of analysis of interest for the research is set to 
sedimentation of velocity, the last profile acquired was set as profile of reference for the analysis. 
Then number of nodes were set equal to 3 and positioned in the point of interest near the flexus, 
settings constant time and constant position and settings the number of profile equal to 300. 
Thanks to the set parameters resulting documents for each sample with graph of the sedimentation 
and tables reporting information about the sedimentation were achieved.  

Nuclear Magnetic Resonance spectroscopy (NMR) 
NMR analysis can be  used  to investigate the chemical species that interact with the SNPs surface. 
The technique allows to obtain structural data and to investigate the presence of interactions on 
the particle interface. Moreover, NMR analysis allows to collect details about both kinetics and 
thermodynamics of sorption processes. Thus, NMR spectroscopy is largely exploited to investi-
gate particles interfaces and to assets the effect of functionalization procedures [70] for example, 
in the case of polymeric substances. Furthermore, liquid state NMR (used in this research) allows 
to investigate the dynamics of colloidal systems. 

This technique is based on the observation of nuclear spin transitions stimulated by the absorption 
of a radiofrequency that properly matches the resonance conditions. The sample is located in a 
static magnetic field that  reduce the degeneration of the nuclear spin levels for NMR active nuclei. 
The transition between the non-degenerate energy levels is induced by a radio wave pulse that hits 
the sample causing a tilting in the total magnetization of the nuclear magnetic spins, this process 
induce electric currents on the detection coils and an analogical signal can be recorded. 

Since the resonance frequency depends both by the properties of the nuclei (defined by the gyro-
magnetic ratio) and by the chemical environment (that affect the local magnetic field expressed by 
the shielding parameter), the analysis of the resonance frequency allows to investigate the chemical 
nature of the probed atoms. Furthermore, in the case of the 1D proton NMR (1H-NMR), the 
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intensity of a peak depends on the number of protons excited and the analysis of the integrated 
area of the peak can be performed to extract relative concentration data. Finally, the analysis of 
the peak fine structure reveals critical details on the connectivity that links the probed atoms.  

In the present thesis, this kind of analysis was used in order to investigate the functionalization of 
silica NPs with the polymer PDMS-OH. Thanks to NMR analysis it is possible to evaluate the 
presence of interactions between polymeric substances and SNP in a colloidal solution. The anal-
ysis was conducted using SiO2 NPs dispersed in ethanol:D2O solution at the concentration around 
1 mg/ml. The presence of ethanol cause interference in the analysis, however, this requirement is 
mandatory to ensure a good colloidal stability of the nanoparticles and the signals that are related 
to ethanol protons do not overlap with the signals of the PDMS-OH protons. The spectroscopic 
results were interpretated by comparison with spectra reported in literature and standard. 

 

3.3.2 Test of application 
Preliminary tests of SNP application were made to evaluate the effect of the synthesized consoli-
dants on stone surfaces. Thanks to these applications, it was possible to chemically evaluate the 
compounds, to define how to improve the synthesis process and to verify the performance of the 
compounds.  

Vicenza white limestone and Carrara marble (respectively materials with high and low porosity) were 
selected as substrates for the application for their different porosity and similar composition.  

SNP functionalised with Calcium Nitrate (S1n) were applied on the surfaces following the same 
parameter of dispersion and dilution already used in the previous research [1; 58]. Particles were 
dispersed in ethanol with a concentration of 5 % in weight. The solution was stirred for an hour 
and diluted in water with a concentration of 75:25 Solution: H2O in weight.  

SNP functionalised with polymers (S2n) were dispersed in ethanol with different concentration 
and then applied on the surfaces.  

The application of the consolidants was made by brushing method, repeating the process a total 
of three times every 24 h. After each application, samples were weighted for evaluating the effec-
tive absorption of the consolidants.  

Properties of the treated specimens were analysed after each drafting of the product and after 15 
days since the last application.  
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Analysis of the morphology of the substrates were made using optical microscope Leitz LABOR-
LUX 12 POLS (enlargement 40x - 100x) with Leica CLS150E camera. Images at different enlarge-
ment (6,5 x, 16x, 25x) were gained during the analysis and changes of characteristics of the surface 
were evaluated.  

Colorimetric evaluations were made using spectrophotometer Konica Minolta CM-2600d and sys-
tem CIE L*a*b*.  

Orthogonal photos of drop applied on the surface were taken and the evaluation of the contact 
angle of the drop was made.  Thanks to this analysis was possible to evaluate the change in hydro-
phobic behaviour of the surfaces after the application of the products.   

 

3.3.3 Characterization of treated specimens 

Sixteen  specimens of each kind of stone and 11 specimens of concrete were characterized. All 
the treated specimens were analyzed during each steps of the research by the use of physical anal-
ysis and by microscopic observation of the substrates.  

The same methodology used for the characterisation of stones made in the previews research was 
repeated for the characterisation of untreated concrete specimens and for the evaluation of the 
change in characteristics of all the treated specimens. Analytical methods were the same used in 
the previous research [1].   

In order to achieve information about the textural characteristics of the samples, porosimetric 
analyses were applied on three fragments of each kind of material. The evaluations were made 
following NORMAL – 4/80 [71] using a Thermo Scientific Pascal 140 series and a Thermo Scientific 
Pascal 240 series porosimeters for meso and micro porosity. Data were evaluated using SO. L. I. D 
Software for Pascal series Mercury Porosimeter.  

Change in weight and volume was evaluated and recorded before and after deterioration and con-
solidation processes.  

Microscopic investigations were taken by the use of optical microscope Leica F12I (with enlarge-
ment 0,75x, 2x, 4x). The observation allowed to evaluate textural and morphological characteristic 
of the surfaces, detecting eventual modification trough the comparison of images taken at different 
moments. 

As described in §3.3.2 colorimetric analysis were taken in order to evaluate chromatic variations 
of the substrates not visible to naked eye.  
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Sponge test was made in order to evaluate the change in the quantity of water absorbed by the 
surfaces following the procedure described in UNI 11432 [72].  

Ultrasound velocity was measured following normal UNI EN 14579 [73] by the use of a Matest 
portable instrument.   

 

3.3.4 Decaying processes 
Decay processes were performed to simulate real condition of stone materials in real case studies. 
Three of four decay processes applied (Thermal Shock, Frost and Thaw, Salt Crystallization) were 
already described in Stucchi et al. 2019 [58]. The methodology used was applied respecting norms 
and recommendations in literature. In particular, thermal shock process was applied following the 
indication reported in Pozo-Antonio et al. [20], frost and thaw was made following UNI EN 
1237/2003 [23], while salt crystallization decay procedure was applied respecting UNI EN 
12370/1999 [22].  

The subsequent evaluation of the resistance of the material to decay was made using the analytical 
techniques reported in §3.3.3.  

For implementing the knowledge of the aggressiveness of Venetian environment, a new decay 
process was introduced in order to simulate lagoonal conditions.  

  

Simulation of Lagoon condition 
The procedure used for the degradation of samples simulating the condition of the lagoon was 
made following the same procedure used for degradation with salt crystallization but using water 
lagoon as saline.  

Samples were subjected to wet dry cycles composed of 2 hours of time of immersion in water 
taken from the channel, followed by 20 hours of dry process in oven at 80°C in humid condition 
and 2 hours of cooling in air. The process was repeated 15 times.  

Then, desalinization in distilled water was made. During desalinization water was changed repeat-
edly monitoring the conductivity every time. The process was considered finished when the pa-
rameter of conductivity was equal to that of pure water. In order to increase the fastness of the 
process, samples were periodically gently brushed in order to remove the salt crystallized on the 
surface.  

 



29 

 

3.3.5 Application of the consolidants 

Three different consolidants were tested by application on one selected face of each specimens.  

As reported in the technical sheet (present in the appendix of the book § 8), Evercrete Vetrofluidâ 
must be applied via spray method. In order to respect the given procedure, a spray application 
method was developed and standardized for all the products and samples, with a total of two 
application two hours apart. The application was made through a low-pressure spray bottle with 
the nozzle directed to the center of the surface. The specimen was located on a stand, at a distance 
of 30 cm from the dispenser. In Figure 6 is possible to see the application conditions. The con-
solidant was sprayed for 5 seconds for each application. From the first to the second application, 
the orientation of the surface of the specimens was flipped to achieve the complete covering of 
the surface. The chosen distance between the spray bottle and the specimens, the height of the 
specimens and the height of the nozzle, the application time were defined after some tests. The 
adopted conditions allow to apply the consolidants without having an excess of product on the 
surface. 

In the same way, SNP-PDMS was applied on both deteriorated and sound specimens.  

For concrete specimens the first application was made in the same way as for other samples, 
whereas the second one was made moving the specimens along the horizontal axes every one 
second, thus the complete covering of the surface was achieved.   

 
Figure 6. Application method used to apply the compounds. 
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4 Results 

4.1 Results of the analysis of the particles and of the consolidant 

4.1.1 Chemical characterization of functionalized SNP 

SEM-EDX analyses of SNP revealed the effectiveness of functionalization reactions using 
Ca(NO3)2. 

The comparison among S1a, S1b and S1c (see table §3.1.2 for the explanation of the labels used) 
evidence the differences of morphology of the particles caused by different reagents ratio. SEM 
images show the aggregation of the functionalized SNP due to the high temperature used in the 
process of calcination (680°C) (Figure 7). Figure 7b and 7c, related to S1B and S1C samples, show 
that the higher is the amount of calcium, the higher is the degree of fusion and aggregation of 
SNP. S1a, (Si:Ca equal to 70:30) sample with a low quantity of calcium, does not show the same 
degree of agglomeration and for this reason, was considered the best. For all the functionalised 
compounds a dimensional analysis of the particles was made. The resulting graphs of the size 
distribution function show a peak maximum at about 100 nm (Figure 8). This is the same values 
obtained for the bare SNP.  

 
Figure 7. SEM analysis: a) S1a, b) S1b, c)S1b. 

 
Figure 8. Results of the analysis of the sizes of the functionalized particles: a) S1a, b) S1b, c)S1c. 
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EDX elemental analysis revealed the presence of Ca suggesting the effectiveness of functionaliza-
tion process (Figure 9). The map of elemental investigation is reported in Figure 9b. In the figure, 
the elements are distinguishable thanks to different colours: red for Silicon, green for Oxygen and 
blue for Calcium. An overlap of SEM image (Figure 9a) and EDX map, highlight the distribution 
of the elements in the particles (Figure 9c).  

Quantitative analysis of the elements is reported in Table 3. The results show a correlation between 
the amount of Si and Ca determined after functionalization and their theorical concentration be-
fore the functionalization.  

 
Figure 9. SEM-EDS analysis of S1A: a) SEM images of the particles, b) EDS analysis of the composition, c) overlap 
of previews images. 

 

Table 3. Elemental analysis of SNP functionalized with Ca(NO3)2. 

 S1A S1B S1C 

Element Atom. C [at.%] Error [wt.%] Atom. C [at.%] Error [wt.%] Atom. C [at.%] Error [wt.%] 

Si 94,0 2,0 90,0, 2,2 86,0 2,0 

Ca 6.0 0,2 10,5 0,3 14,0 0,4 

 

In order to reduce the drawback of partial fusion of SNP, a lower calcination temperature during 
functionalization process was tested.  As reported in literature [42], temperature of 680° is required 
to remove all the nitrates formed during the synthesis.  However, we have verified that a decrease 
of the calcination temperature can be still effective: a decrement of the temperature at 500°C can 
be sufficient to remove nitrates and to obtain particles with a higher degree of separation.  

For this reason, the synthesis was improved maintaining the proportion of Si:Ca 70:30 and reduc-
ing the temperature of calcination at  500°C (synthesis S1d). Moreover, aware of the water effect 
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on SNP particles [1], a new synthesis was followed dispersing SNP in a mixture 50:50 of 
EtOH:H2O (synthesis S1e and S1f).  

A last consideration was made in order to evaluate if a lower amount of calcium could vary the 
properties of the particles. S1f was synthesised with a concentration of 80:20 of SiO2:Ca(NO3)2, 
using a calcination temperature of 500°C . No significant changes were found. 

No particular changes were achieved by the analysis of S1d, differently as possible to see in Figure 
10, particles S1e show an increasing dispersion of the particles if compared with S1a. Concentra-
tion of calcium in compound S1F is too low and particles don’t show to be affected by the func-
tionalisation.  Finally, functionalisation relative to S1e sample can be considered the best.  

 
Figure 10. SEM analysis of functionalised particles: a)S1a, b)S1e. 
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4.1.2 Analysis of degree of dispersion 
The use of dispersion analyser allowed to investigate the precipitation velocity of particles dis-
persed in a carrier. All the analyses were performed keeping constant the parameters and the ratio 
of concentration of pellet and solvent. Thanks to process of functionalization, particles were ex-
pected to be characterised by a grater dispersion in solvent, a reduced tendency to agglomeration 
and a high retention time in suspension.  This, theoretically, from the analysis of functionalized 
particles, corresponds to a low sedimentation velocity.  

The values, obtained by the analysis of the resulting graph of the profiles of precipitation, are 
reported, with the related standard deviation, in Table 4. Sample S1a has the lowest mean value of 
velocity (31.47 µm/s) if compared with all the other samples, but it has a value of standard devia-
tion too large. Samples S1b and S1c show greater values of sedimentation velocity equal to 347 
µm/s and 430.6 µm/s respectively.  
Table 4. Evaluation of precipitation velocities of the compounds (expressed in um/min). 

Sample Mean in µm/s ± Std. Dev. in µm/s 

SNP 90± 314 

S1a 31± 243 

S1b 347 ± 348 

S1c 430 ± 440 

Comparing the results of S1a with pure SNP, it is possible to observe the reduction of the precip-
itation velocity of functionalized particles. It is possible to assume that in case of S1a, the lower 
precipitation velocity is due to a higher degree of dispersion of the particles in the suspension, 
confirming the good effect of functionalization process in maintaining particles dispersed.  

From the values obtained for S1b and S1c it is not possible to make the same consideration. 
Particles shows a high degree of agglomeration, which negatively affects the precipitation velocity. 
The formation of big aggregates was confirmed by SEM (§4.1.1). Since S1a, S1b, S1b differ in 
SiO2: Ca(NO3)2 ratio, it is possible to relate  the aggregation phenomenon with the amount of the 
reagents. It should also be remembered that calcination temperature and water promote the for-
mation of aggregates influencing the degree of dispersion. On the basis of these results changing 
in functionalisation process were made.   
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4.1.3 FTIR analysis  
 
FTIR analysis was performed to evaluate the composition of all the synthesised consolidants. 

As reported in Figure 11 the spectra of all the compounds S1n and SNP show similar pattern. The 
presence of silanol groups were confirmed by a band at about 3435-3440 cm-1 related to ν Si-OH, 
due to the hydration of silica [74].  The presence of O-H bond is related to the band at 1635 cm-

1. All the spectra show characteristic peaks of Si bonds, with primary absorption band at 1100 cm-

1 and the shoulder at 950 cm-1 due to ν Si-O-Si of the linear chain structure and the related bending 
vibration at about 790 cm -1.  The band at 950 cm-1 appears in pure SiO2 and S1c spectra, in which 
the calcium content is null or minimal [75].  
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Figure 11. Spectra of SNP and of SNP functionalized with Ca(NO3)2: a) SNP; b) S1a; c) S1b; d) S1c. 
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The Analysis of SNP functionalized with PMHS were made both in liquid and gel phases (see 
Figure 12 and Figure 13). The spectra obtained in liquid phase shows several similarities. The 
peaks at 3435 cm-1 and at about 1635 cm-1 corresponds to the vibrational motions of O-H bond 
in silanol groups and water, the last used in part as carrier of the treatment solution. Symmetrical 
stretching of C-H chemical bonds corresponds to the signal in the range 2880-2975 cm-1 related 
to ethanol [76], used as career and PMHS polymer [77]. Regarding asymmetrical and symmetrical 
bending of C-H, these correspond to the peaks in the range 1450-1330 cm-1. The presence of 
polymer in the chemical structure of the product is confirmed by the peak at about 1273 cm-1, 
which is characteristic of the symmetrical stretching of Si-CH3 bond. The doublet at 1086 cm-1 
and 1044 cm-1 are related to Si-O-Si stretching bond in a cycle structure. Presence of silica groups 
was revealed also by the characteristic vibration of Si-O-Si at 879-803 cm-1 [76].  
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Figure 12. Spectra of SNP functionalized with PMHS (sol phase): a) S2a; b) S2b; c) S2c; d) S2d. 
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The analyses of gel phases show (Figure 13) some differences among the spectra. All the com-
pounds report a certain number of O-H groups (3450 cm-1 and 1640 cm-1), index of non-complete 
condensation reaction or water evaporation. Peaks related to C- H chemical bond in the range 
2880-2975 cm-1 are really weak [77] whereas the peak at ~780 cm-1represents δs Si-O-Si in the 
siloxane chain. The peak at 1280 cm-1 is characteristic of νSi-CH3. The wide peaks at ~1050/1080 
and ~790 cm-1 corresponds to the Si−O−Si symmetrical stretching and bending confirming the 
polymerization reaction [78].  

The bumps at 1420 cm-1 are related to C-H bond of the polymer. Even though, S2c and S2d were 
synthesised in a completely different way, S2c by a one pot synthesis while S2d by a dissolution of 
polymeric compound in ethanol, they show a similar pattern.  
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Figure 13. Spectra of SNP functionalized with PMHS (gel phase): a) S2a; b) S2b; c) S2c; d) S2d. 
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S2e and S2b1 spectra show similar FTIR signals (Figure 14). This result is due to the similar chem-
ical composition of the polymers used in the functionalization. Peaks at about 2973 cm−1 and 2928 
cm−1 are due to stretching vibrations of C–H [77] . In the same range can be found also peaks that  
correspond to the ethyl group due to TEOS hydrolyzation [76]. The absorption bands at 
1450 cm−1 and 1261 cm−1 are associated with the asymmetric and symmetric deformation of CH3, 
respectively [79]. Peaks at 1272 cm−1 is attributed to the −CH3 bending [78]. Si−O−Si bonds are 
related to absorption present at 1043 cm−1 and 800 cm−1. The two spectra present only a difference 
related to the band at 952 cm−1 in S2e, this peak belong to Si−OH [80] or to the terminal group 
of the polymer PDMS-OH. Also absorption at 878 cm−1 are evidence of the presence of Si–OH 
hydrogen bond and are meaning that the hydrolysis process of TEOS had taken place [76] The 
Hump at 785 cm−1 is related to Si−C stretching [78]. Wide band after 800 cm−1 corresponds to the 
absorption due to the vibrations of OH. Smaller peaks at about 420 cm−1 are related to the pres-
ence of Si element. 

 

Figure 14. Spectra of S2b1 (a) and S2e (b) synthesis. 
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4.1.4 Analysis of the structure of S2e by NMR 
The NMR analysis in liquid phase was performed in order to investigate the colloidal solution of 
S2e sample. PMHS presents a termination made by trimethylsilyl groups (-SiMe3) and for this 
reason it cannot give the formation of covalent bond with the SiO2 surface via basic catalysed 
condensation reaction. Differently, PDMS-OH, thanks to its hydroxide terminations is able to 
covalently link the SiO2 surface by the formation of covalent Si-O-Si bridges. The structure of the 
polymer in its pristine and bounded forms is shown in Figure 15. The green letters near the pro-
tons are used to facilitate the reading of the spectra.  

  

Figure 15. Structure of the compounds analyzed (from left to right) S2e and PDMS-OH. 

 

Figure 16. NMR spectra of: a) S2e; b) PDMS.OH; c) comparison of the main peaks blue line PDMS-OH, red line 
S2e. 
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The spectra resulting from NMR analysis of S2e are reported in Figure 16a. The peak that falls at 
4,79 ppm is ascribed to the isotopic residual of deuterate water (D2O) used as main solvent for 
the analysis [81]. The peak at 3.66 ppm and 1.19 ppm are related to presence of ethanol and can 
be ascribed to -CH2- and -CH3 respectively by the analysis of the integrals 2H and 3H and fine 
structure as well. As expected, the -OH proton of ethanol is not visible due to its rapid exchange 
with the water protons. The peak at 0.16 and 0.08 ppm can be ascribed to the methylic (-CH3) 
protons of the polymer. 

The analysis of the pristine polymer was performed to allow a direct comparison with the spectra 
of the functionalised particle (Figure 16b). This analysis shows only one peak at 0.08 ppm that can 
be related to the methylic protons. 

A magnified image of the characteristic peaks of PDMS-OH and the sample S2e is reported in 
Figure 16c. The peak at 0,08 ppm, that can be attributed to methylic protons of the polymer, is 
observed in both the spectra and it can be related to methylic protons that are mainly surrounded 
by solvent, moreover, a new peak appears in the S2e spectra around 0.16 ppm that can be related 
to the effect of the proximity of the particle surface that affect the local magnetic field of the 
metylic protons in a potentially bonded condition. The observation of a distinct signal at 0.16 ppm 
in S2e supports the presence of some interactions between the particles surface and the polymer, 
however, more detailed analyses via solid state 29Si-NMR are needed in order to collect direct 
evidence on a covalent interaction between PDMS-OH and the SiO2 surface. 
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4.2 Results of preliminary tests of application   

4.2.1 Application of SNP functionalised with Ca(NO3)2 

Consolidant S1e, composed of SNP functionalised with calcium nitrate applied to Carrara marble 
(C9), show an increment of the sample weight during the treatment process, the application was 
repeated three times. This effect did not occur on Vicenza limestone (V9), which no longer 
showed any weight variation after the third application, probably due to the complete saturation 
of the superficial pores that did not allow the absorption of additional amount of compound. 

In Table 5 are reported the images acquired from the microscopic investigation of the treated 
surfaces, before and after the 3 applications of the treatment. After the first application, the stone 
substrates showed the presence of a white opalescent patina consisting of small grains, which 
caused bleaching effect altering the typical aspect of the substrates.  

Table 5. Microscopic investigation of the substrates before and after the treatment, Vicenza limestone (V9) and 
Carrara marble (C9).  

 V9 C9 

Before 

  

After 1° 
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After 2° 

  

After 3° 

  

 

The whitening effect induced by the treatment was confirmed by colorimetric analysis. Table 6 
reports L* values(brightness), which shows the gradual increase of the whiteness of the surfaces. 
No significant variation was recorded for parameter a* (value referred to green-red tones) on both 
the specimens, whereas a decrement of parameter b* (value referred to yellow-blue tones), slight 
on Carrara marble and marked on Vicenza stone, showed a certain yellowing of the treated sur-
faces.  

Table 6. Values of L* measured before the treatment, after the 1° and the 3° application, on the samples C9 and 
V9 

Sample L*  Sample L* 

C9_before 77,19  V9_before 79,43 

C9_after1° 77,6  V9_after1° 80,42 

C9_after3° 77,89  V9_after3° 82,37 
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Contact angle test resulted completely useless since the treatment applied gradually promoted the 
spread of the drop increasing the number of applications.  

From the results, S1e cannot be considered a good consolidant. As main drawbacks, the tendency 
of aggregation of SNP prevent the penetration of the compound in the porous network, although 
theoretically the functionalisation must decrease this phenomenon.  

 

4.2.2 Application of SNP functionalised with polymeric compound  
Due to the xerogel nature, S2a was applied by a palette knife. During drying gel created a cracked 
white layer visible also to naked eye (as visible in Figure 17). Due to these results, no further 
analyses were made on S2a compound and it was immediately discarded.  

 
Figure 17. Microscopic images of specimens after the treatment of S2A compound: a) Vicenza, b) Carrara. 

 

To avoid gel composition, S2b was synthesised excluding further TEOS addition to SNP. The 
differences between the two compounds (S2a and S2b) let to state that the gel nature is linked to 
the further addition of TEOS to SNP, that probably increased the condensation reaction.  Table 
7 reports some micrographs of Vicenza white limestone and Carrara marble surfaces treated both 
with S2b and S2c. Surfaces treated with S2b show a homogenous white patina, which completely 
filled the superficial porosity of Vicenza white limestone and an opaque effect on Carrara marble, 
due to the covering of the calcite minerals by a superficial patina, both visible also at naked eye.  

After the treatment application, the colorimetric parameters L* value decreased for both the ma-
terials, demonstrating a decrement of the brightness and a dulling of the surfaces. Evaluation of 

DE express a great change in colour, perceptible also ate naked eye, on both Vicenza limestone, 
with a value equal to 9, and Carrara limestone, equal to 8. Table  reports the results of the tests of 
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hydrophobic behaviour of the treated surface. Vicenza specimens treated with S2b shows an in-
crement of hydrophobicity after the first application, from 0° to 50°. The surface became heavily 
hydrophobic after the third application with an angle of 97°.  

The application of S2c1 on the surface of both stone materials it’s visible to microscopic observa-
tion and confirmed by weight variations.  As observable in Table 7, only a slight white opacity is 
induced by the application of the compound on marble, whereas on the limestone is possible to 
see a stronger opaque layer on all the surfaces. Contact angle test on Vicenza limestone treated 
with S2c1 showed a strong increase after the first application (80°) remaining stable during the 
following applications.  

The stone surfaces absorbed quickly the S2d compound. The absence of change in the weight 
values of the specimens after the treatment, demonstrates that the compound applied is mainly 
composed by EtOH that saturated the porosity and evaporated quickly after the application. The 
minimal presence of compound on the material induced neither colour changes nor differences in 
hydrophobicity on Vicenza limestone (Table 8). On Carrara marble specimen the treatment in-
duced a decrement of the contact angle. This behaviour was similar to that of SNP-Ca(NO3)2 
applied on marble and reported in §4.2.1. Most likely, an excess of compound on the surface 
brings water to react with SNP directly on stone surface. The absence of any variation in the 
investigated parameters are probably due to the low concentration of S2d functionalized com-
pound in the carrier solution. 
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Table 7.  Microscopic images of the materials before and after the treatments with S2b and S2c1 compounds. 

 Vicenza, S2b Carrara, S2b 

Before 

  

After 

  

 Vicenza, S2c1 Carrara, S2c1 

Before 

  

After 
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Table 8. Measurements of the contact angle before the treatment, after the 1° and the 3° application of S2b, S2c1, 
S2d on Vicenza limestone and Carrara marble. 

 Vicenza, S2b Vicenza, S2c1 Vicenza, S2d 

Before 0° 0° 0° 

After 1° 50° 80° 0° 

After 3° 97° 78° 0° 

 Carrara, S2b Carrara, S2c1 Carrara, S2d 

Before 67° 64° 48° 

After 1° 90° 114° 21° 

After 3° 128° 124° 13° 

Comparing S2b and S2c1, the first alters more the macro morphologies of the lithotypes than the 
second one (Table 7). On the contrary, S2c1 shows a stronger increment of the contact angle value 
than S2b. S2b effects may be related to a high concentration of the compound; this can be reduced 
decreasing the number of application or diluting SNP-PMHS solution. From these results, S2b 
was chosen as the best compound synthesised among the four consolidants analysed, however 
some improvements have been made and a second test of application was done.  

S2b was dispersed in a solution of EtOH:H2O 50:50 with a concentration of 10% and 20% in 
weight (compounds were called respectively S2b10% and S2b20%). Moreover, a second com-
pound named S2e was synthesised using the same concentration of S2b solution (10% and 20%) 
but using PDMS-OH instead of PMHS. As for S2b, S2e10% and S2e20% they were applied on 
both Carrara marble and Vicenza white limestone specimens.  

Absorption of treatments was confirmed by the continuous increment of weight values for all the 
samples.  

Table 9 shows the comparisons among micrographs before and after the application of the treat-
ments for all the considered specimens. Comparing all the specimens treated with S2e and S2b 
with different concentration it is possible to conclude that the first typology of treatment show 
less impact from an aesthetic point of view. Veers of colour of the surface is reduced and no 
presence of compound in excess on the surface is recorded. On the other hand, S2B treatments 
confirmed the presence of grains of material on the surface.  
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Colorimetric analysis ascertained the colour change of Vicenza specimens treated with all the com-
pounds, particularly for the decrement of b* (value referred to yellow-blue variation), that veers 
to blue tonality with the application of S2e20%. Carrara specimens treated with all the compounds 
show more or less stable values of a* and b* but great variance in the value of L*, less marked 
with the application of S2e10%.  

Table 9. Microscopic observations of the surfaces treated with different concentration of S2b and S2e.  

 V5- S2e10% C5- S2e10% 

Before 

  

After 
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 V6- S2e20% C6- S2e20% 

Before 

  

After 

  

 V5- S2e10% C5- S2e10% 

Before 

  

After 
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 V8- S2b20% C8- S2b20% 

Before 

  

After 

  

 

The results of the contact angle test f are reported in Table 10. S2e showed an increment of the 
angle considering all the different concentrations. S2b showed a marked increment. Clearly the 
great increment induced by S2b is too large, indeed a good consolidant must increase the hydro-
phobicity of the surface without inducing the complete closing of the pores of the material.  

Table 10. Results of the measurement of the contact angle for all the specimens before and after the treatment. 

 V5- S2e10% C5- S2e10% V6- S2e20% C6- S2e20% 

Before 0° 10° 2° 12° 

After 39° 49° 36° 50° 

 V7- S2b10% C7- S2b10% V8- S2b20% C8- S2b20% 

Before 0° 22° 0° 23° 

After 102° 135° 84° 150° 
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The system functionalized with Polydimethylsiloxane hydroxy terminated (PDMS-OH) called S2e 
gave the best results. Similar results were obtained using solutions with concentration 10% and 
20% respectively, however the less aesthetic variation obtained with S2e10% bring to choose this 
treatment solution as one applied for the porpoise of the research.  
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4.3 Characterisation of the substrates 

4.3.1 Characteristic of the texture and surface of the samples  
Concerning the Porosimetric analysis of the stones the results of the previews research [1] were 
taken as reference. Pietra di Firenzuola is characterized by the highest medium values of open po-
rosity (6.02%) and so it is the most porous stone of the three investigated. The dimensions of its 
pores (15 nm e 200 nm) are similar to the Bianco Sardo 15 nm e 300 nm. The granite results to be 
the least porous structure. Pietra di Muggia is characterized by pores with the smallest dimensions 
8 - 70 nm but its porosity depends on the zone that characterized the material due to the hetero-
geneity of the material.  

In order to have a better knowledge of the porous matrix of the typology of concrete, porosimetric 
evaluation were made on three sample of Portland and Vicat concrete. The results are the average 
of the three measurements. Portland concrete is characterized by an accessible porosity of 13,66% 
and a total pore volume of 62,63 mm3/g. The average of the pore radius is equal to 33,8 nm. Vicat 
concrete is characterised by an accessible porosity of 22,47%, the total pore volume is equal to 
112,28 mm3/g and an average pore radius equal to 37,2 nm. Comparing the two materials, Portland 
is less porous then Vicat concrete, its total pore volume is lower of a half and it is characterized 
also by smaller pore radius.  

 

4.3.2 Variation of the morphological aspect of specimens induced by the 
degradation  
The same methodology of investigation previously used was repeated to evaluate physical- aes-
thetic changes in stone and concrete specimens induced by decay. The selected degradation pro-
cess was the same of those applied in Stucchi et al. 2019 [1; 58], adding water lagoon as innovative 
degradation process for this research.  In the following paragraphs the results collected will be 
presented. 

In this research, water lagoon process of degradation was applied for the first time to stone spec-
imens, while concretes were subjected to all the cited decay processes.  In the following paragraphs 
the collected results will be presented. 
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Stones 
Consideration about the reaction of sandstones and granite to thermal shock, salt crystallisation 
and frost and thaw are reported in the previews research. Pietra di Firenzuola resulted to be much 
more affected by salt crystallisation that caused the complete detachments of the faces of the 
specimens. Bianco Sardo resisted well to all the process of degradation. Pietra di Muggia showed 
pronounced changes of colour induced by degradation with thermal shock and salt crystallisation.  

The effect of water lagoon on stone samples was not relevant.  

Ultrasound analysis did not show significant variation after degradation process (Table 11). All the 
samples showed an increment in the values, more or less marked. Increment of values of anisot-
ropy indicates an increment of  voids inside the materials. In some cases, the increment is really 
low that values can be considered unchanged, as for example in PM16. The value of anisotropy 
of BS18 suffered the greatest rise, but this change was not equal to the other sample of the same 
material (BS16), which value was practically unchanged. Pietra di Firenzuola and Pietra di Muggia 
showed a similar increment of the values.  

Table 11. Values of anisotropy before and after the treatment process of deterioration of sandstones Pietra di 
Firenzuola e Pietra di Muggia and a granite Bianco Sardo. 

Sample Before After 

PF16 7,11 8,83 

 PF18 6,43 8,28 

PM16 5,38 5,39 

PM18 4,63 5,69 

BS16 5,58 5,44 

BS18 2 7,33 

All the specimens increased their values of water absorption.  

Colorimetric change △E was for all the specimens lower than 5, so undetectable to the naked eye. 
In particular, Bianco Sardo showed the greatest variation with △E values in the range between 3,5 
and 4. In contrast, Pietra di Muggia showed the lowest change with values equal to 2,07 and 1,47 
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respectively for PM16 and PM18. Pietra di Firenzuola values were equal to 2,49 for PF16 and 3,49 
forPF18.  

The inhomogeneity of results achieved by these simulations stress the difficulties to assess the 
effects induced by weathering and to set parameters and conditions useful for the conservation of 
stone materials.  

Concrete 

Thermal Shock 
No evident morphological or colour changes of the surfaces were detected. Nevertheless, from a 
microscopic point of view some changes induced by the process of degradation were visible. Port-
land concrete specimens CSTP3 and CSTP4 showed an increment in the number of holes on the 
surface (Figure 18). In CSTV4 a fracture on the surface appeared after the decay process (Figure 
19).  

 
Figure 18. Microscopic observation of the surface of specimen CSTP4 before (a) and after (b) the degradation 
process. 

 
Figure 19. Microscopic observation of the surface of specimen CSTV4 before (a) and after (b) the degradation 
process. 
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Differently from what expected, values of ultrasonic analysis of CSTP3 showed a decrement of 
anisotropy and an increment of ultrasound velocity. These results are typically index of a decre-
ment of voids. CSTP4 showed a decrement of anisotropy to parity of a stable value of velocity. 
Analysis of Vicat Concrete showed that the process induced a strong decay of the samples. CSTV3 
result to be so deteriorated that was impossible to perform any measurement. CSTV4 was char-
acterised by a decrement of ultrasound velocity that mean an increment of voids and empty spaces 
into the sample.  

Evaluations of Water Absorption (WA) made via sponge test, before and after the decay, gave 
different results for the two types of concretes. The process of degradation strongly affected the 
water absorption capacity of Vicat specimens, which showed the greatest increment of WA value. 
On the other hand, Portland concrete showed a tendency to reduce the quantity of water absorbed 
by the degraded surfaces.  

Evaluation of colorimetric change (△E) of the samples underlined the low change in colour in-
duced by the thermal process on Vicat concrete (△E ~3). On the contrary, Portland concrete wa 
characterised for both the specimens by a change of colour equal to 7,29 and 7,9 respectively for 
CSTP3 and CSTP4. Values of △E grater then 5 underlings that the change of colour was visible 
also to the naked eye. Figure 19 reports the image of the surface of specimens CSTP4. As one can 
see, the change of colour was visible and the sample became darker, effect confirmed by the dec-
rement of the value of L*.  

This kind of degradation affects more Portland than Vicat concrete in terms of ultrasonic and 
colorimetric evaluation. Vicat concrete was affected only for the change in capacity to absorb 
water.  

Salt Crystallization 
In Figure 20 are reported images of one of the specimens of Vicat concrete (CSTV5). This speci-
men was visibly more affected by salt crystallization than others (Figure 21 and Figure 22). As 
possible to see a big number of holes appeared on the surface and the hedges of the specimens 
resulted rounded.   
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Figure 20. Change of the aspect of sample CSTV5 induced by salt crystallisation degradation. 

 
Figure 21. Microscopic observation of the surface of specimen CSTP5 before (a) and after (b) salt crystallization. 

 
Figure 22. Microscopic observation of the surface of specimen CSTV6 before (a) and after (b) salt crystallization. 

 

Measurement of ultrasound velocity showed a high decrement of anisotropy values, particularly 
for CSTP6 (from 70,86 to 2,18), while sample CSTP5 showed unchanged value. Values of anisot-
ropy related to Vicat concrete decreased. Decrement of anisotropy mean a decrement of quantity 
of voids inside the structure. But looking to values of ultrasound velocity the reduction of the 
values indicates an increment of voids. Because of the achieved results, thanks to the low variation 
of △M of CSTP5 and CSTV5 the increment of voids can be assessed only for these two specimens. 
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The decrement of voids indicated by the results achieved for sample CSTV6 and CSTP6 can be 
related to the presence of salts inside the pores.  

Sal crystallization process determined a reduction of water absorption for Portland concrete, 
whereas Vicat samples increased the WA values.  

Colorimetric analyses of the surface showed an acceptable change of colour for all the Portland 
specimens (△E values equal to 3,63 for CSTP5 and 2,72 for CSTP6). Also sample CSTV5 showed 
an acceptable value of the change of colour with △E equal to 3,49. Differently, sample CSTV6 is 
characterised by a value equal to 5,23, which means that the change of colour was visible to naked 
eye (Figure 26).  
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Frost and thaw 
Portland specimens showed a different aesthetical behaviour after frost and thaw cycles. CSTP7 
and CSTV7 seemed unaltered after degradation. CSTP8 (Figure 23) showed the formation of su-
perficial holes and disaggregation among the edges CSTV8 (Figure 24) showed rounded edges but 
no significant macroscopic variation was visible on the surface. The increment of superficial po-
rosity was detected by microscopic investigation (Figure 25) on sample CSTV7. 

 
Figure 23. Change of the aspect of sample CSTP8 induced by frost and thaw degradation. 

 
Figure 24. Change of the aspect of sample CSTV8 induced by frost and thaw degradation. 

 
Figure 25. Microscopic observation of the surface of specimen CSTP8 before (a) and after (b) the degradation 
process. 
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Figure 26. Microscopic observation of the surface of specimen CSTV7 before (a) and after (b) the degradation 
process. 

 

Frost and thaw induced a different change in terms of anisotropy for the two types of concrete. 
Vicat concrete reduced equally the proper values from ~71 to ~9,7. On the contrary Portland 
concrete resulted practically unchanged (CSTP7 from 70,82 to 70,74 and CSTP8 from 70,52 to 
69,83).  

Water absorption capacity was strongly reduced after degradation for all concrete specimens.  

Portland concrete affected by frost and thaw revealed a low chromatic variation. △E Values were 
equal to 3,88 and 3,45 for CSTP7 and CSTP8 respectively. Differently, Vicat concrete showed a 
higher change of superficial colour: CSTV7 value is equal to 12,86. △E values greater than 12 
mean that the change was so high that the two colours, before and after degradation, can be con-
sidered two different colours. The effect of colour variation was visible also in sample CSTV7 
(Figure 26) and it was probably due to the diffuse appearance of holes that change completely the 
pattern of the surfaces and its interaction with incident light. Colorimetric value of CSTV8 was 
equal to 4,87.  

The results assessed that Vicat concrete suffer much more than Portland to deterioration by frost 
and thaw process.  
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Water lagoon 
The only change visible on the surface of all the specimens was a grey patina, clearly visible on the 
rough side of the specimens (Figure 27). Nevertheless, specimens didn’t show any other significa-
tive change from a macroscopic point of view.  

Colour variation was confirmed for all the specimens through spectrocolorimeter. △E equal to 
6,98 was recorded for CSTP9 (Figure 28). Differently CSTP10 was characterized by a lower △E 
value  equal to 3,76. In the same way, CSTV9 △E value was equal to 5,11, while in CSTP10 was 
4,76.  

 
Figure 27. Change of the aspect of sample CSTP10 induced by water lagoon degradation. 

 

  
Figure 28. Microscopic observation of the surface of specimen CSTP9  before (a) and after (b) the degradation 
process. 
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Figure 29. Microscopic observation of the surface of specimen CSTV9 before (a) and after (b) the degradation 
process. 

CSTP9 appeared quite stable, from 70,72 to 71,24. CSTP10 showed a decrement of the value of 
anisotropy from 96,97 to 70,89 and a stable value of velocity. Also data achieved by the measure-
ment of anisotropy of Vicat specimens showed a different behavior: CSTV9 value of anisotropy 
became unmeasurable, while value of CSTV10 reduce greatly from 72,64 to 8,32 to parity of a null 
change of value of velocity. Comparison with measurement of ultrasound velocity was made in 
order to have a greater understanding of the possible increment of voids induced by degradation, 
that can’t be assessed for any specimens. 

Sponge test results showed no significant variation of the values of water absorption coefficient 
after degradation for Vicat specimens, in contrast Porland samples showed a reduction of WA. 
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4.4 Evaluation of the consolidation treatments 

 

Results obtained from treated specimens are grouped depending on strengthening agent tested. 
All the consolidants were applied by spray method using the same parameters (time, distance, 
dispenser). To facilitate the comprehension of the results in Table 12 are reported labels and num-
bers referred to each specimen. The absence in table of some samples is due to choices made 
during the research. A remind of each type of consolidants is reported at the beginning of each 
paragraph and in references.  
 

Table 12. Schematic table of the information about samples, with specific methods of deterioration and treatments 
for each sample. 

Material Labels Number Decay Consolidant 

Pietra di Firenzuola 
Pietra di Muggia 

Bianco Sardo 

PF 

PM 

BS 

6 - SNP100 

7 Thermal Shock Evercrete Vetrofluid 

9 Thermal Shock SNP-PDMS 

10 Salt crystallization Evercrete Vetrofluid 

12 Salt crystallization SNP-PDMS 

13 Frost and thaw Evercrete Vetrofluid 

15 Frost and thaw SNP-PDMS 

16 Water lagoon Evercrete Vetrofluid 

18 Water Lagoon SNP-PDMS 

19 - Evercrete Vetrofluid 

21 - SNP-PDMS 

Portland Concrete 

Vicat Concrete 

CSTP 

CSTV 

2 - SNP100 

3 Thermal Shock Evercrete Vetrofluid 

4 Thermal Shock SNP-PDMS 

5 Salt crystallization Evercrete Vetrofluid 

6 Salt crystallization SNP-PDMS 
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7 Frost and thaw Evercrete Vetrofluid 

8 Frost and thaw SNP-PDMS 

9 Water lagoon Evercrete Vetrofluid 

10 Water Lagoon SNP-PDMS 

11 - Evercrete Vetrofluid 

12 - SNP-PDMS 

 

4.4.1 SNP100 
SNP1007 was applied in this research in order to evaluate the performance of silica nanoparticles 
on concrete specimens. Moreover, spray method was tested for comparing a different application 
method with capillary absorption on stone material used in the previews research [1]. In this case, 
the application of the consolidant was made on sound sample not subjected to deterioration treat-
ment. 

Microscopic observation of treated surfaces did not show any changes on Portland and Vicat 
specimens (CSTP2 and CSTV2), as well as on sandstones and granite samples. 

Table 13 reports △E values, which express the color variation caused by the application of the 
treatment. All the measurements revealed a value lower than 1, so change in color can be consid-
ered null. CSTV2 was the only sample that showed a △E value between 1 and 3, which is in any 
case an acceptable variation. 

Table 13. Values of colorimetric variations for specimens treated with SNP100. 

SNP100 

Specimen △E 
CSTP2 0,9 

CSTV2 2,31 

PF6 0,27 

 

7 SNP100: SNP of 100 nm (not functionalized) dispersed in EtOH:H2O solution 70:30 already studied 
in the previews research. 



65 

 

PM6 0,3 

BS6 0,48 

 

Results of variation of ultrasound analysis before and after the application of the treatment are 
reported in Figure 30. Values of anisotropy and ultrasound velocity are compared in order to 
evaluate possible changes. To lower values of velocity correspond increasing value of anisotropy, 
which correspond to the increasing quantity of voids in the matrix [82]. High velocity is index of 
amorphous structure, while high anisotropy is index of organized structure [83].  

Calculated values of anisotropy (see Figure 30a) increased for all the samples, however it cannot 
be considered since the increment is in the error range of untreated samples. Ultrasound velocity 
decreased in case of CSTP2 sample, indicating an increment of voids, while increased for CSTV2. 
As for concrete also sandstones acted inconsistently: PF6 showed a low decrement of the calcu-
lated values of velocity, meanwhile the velocity value of PM6 increased. Since both the values are 
in the range of error of untreated samples, they can be considered unchanged. The values of ani-
sotropy and ultrasound velocity of BS6 increased.  

 
Figure 30. Graphs of changes of values of anisotropy (a) and velocities for samples treated with SNP100. 

 

In Figure 31 are reported the changes in water absorptions capacity (WA) before and after the 
application of the treatment. The mean value of the amount of water absorbed increased for all 
the specimens, except for CSTV2 which showed a great decrement of the value. Increment of WA 
for CSTP2 and PM6 can be considered acceptable since it falls in the range of error. PF6 and BS6 
showed a strong increment of the quantity of water absorbed.  
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Figure 31. Graph of the evaluations of changes of water absorption for samples treated with SNP100. 

 

4.4.2 SNP-PDMS 
Consolidant SNP-PDMS8 (previously named S1e) was diluted before the application at 10% in a 
75:25 EtOH:H2O solution (Figure 32) under stirring for preventing partial precipitation of the 
compound. The concentration was assessed as the best in order to be applied avoiding excess of 
compound on the surface. The consolidant was kept under stirring till the application of the treat-
ment. 

 
Figure 32. Production of SNP-PDMS: a) after the functionalization, b) after the dilution. 

 

8 SNP-PDMS: compound S1e prepared by  the functionalization process of SNP with PDMS-OH diluted 
before the application.  
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Pietra di Firenzuola (PF) 
The consolidation of Pietra di Firenzuola with SNP-PDMS did not cause any perceptible variation 
of the surface, confirmed by colorimetric analysis. △E was lower than 1 for all the specimens, 
except for PF12 that showed a value larger than 3 slightly larger than the range of acceptance of 
change (that is between 1 and 3). However, as shown in Figure 33, no particular variation was 
observable in this sample by microscopic investigation.  

 

Table 14. Values of colorimetric variations for Pietra di Firenzuola specimens treated with SNP-PDMS. 

SNP-PDMS 
Speci-
men 

△E 

PF9 0,82 
PF12 3,15 
PF15 0,36 
PF18 0,41 
PF21 0,7 

 

 
Figure 33. Microscopic investigation of the specimen PF12 before (a) and after (b) the treatment (enlargement 
2x). 

 

The ultrasound analysis results are reported in Figure 34. Anisotropy value decreased particularly 
for PF9, which was also characterized by an increment of ultrasound velocity that, thanks to the 
consolidation, returned to sound specimen value. The decrease in △M and increase in △V were 
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also found for PF15. PF18 showed a discrepancy since for this sample both △M and △V  de-
creased. In contrast, increment of anisotropy and ultrasound velocity were recorded for PF12 and 
PF21, even if  in case of PF12 the increment was slight and falls in the range of error. The reduc-
tion of voids is related to △M decreases or V increases. Theoretically when △M increases V de-
creases and vice versa.  From these analysis it was possible to state that only PF9, PF15 respect 
the concept at the base of ultrasound analysis and showed a decrement of voids.  

 
Figure 34. Graphs of changes of values of anisotropy (a) and velocities (b) for Pietra di Firenzuola samples treated 
with SNP-PDMS. 

 

Values of water absorption increased for PF9, PF12, PF15 and PF21. Only, PF18 (water lagoon) 
evidenced a marked decrease of WA coefficient achieving a value similar to that of sound speci-
men ( 

Figure 35). 
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Figure 35. Graph of the evaluations of changes of water absorption for Pietra di Firenzuola samples treated with 
SNP-PDMS. 

 

Pietra di Muggia (PM) 
Application of SNP-PDMS on Pietra di Muggia did not seem to induce any change to the surface 
sample. This was confirmed by colorimetric analysis (Table 15). PM12 was the specimen which 
showed the greatest value of △E, but this value was in the range of acceptance between 1 and 3. 
Also by microscopic analysis it was not possible to see any variation of the superficial aspect (Fig-
ure 36). 

Table 15. Values of colorimetric variations for Pietra di Muggia specimens treated with SNP-PDMS. 

SNP-PDMS 

Specimen △E 
PM9 0,67 
PM12 2,64 

PM15 0,11 

PM18 0,35 

PM21 1,15 
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Figure 36. Microscopic investigation of the specimen PM12 before (a) and after (b) the treatment (enlargement 
2x). 

 

Concerning PM9 ultrasound analysis (Figure 37) showed the increase of anisotropy value for spec-
imen PM9 and increase of ultrasound velocity in the range of error.  PM12 showed an increase of 
△M value and the decrease of ultrasound velocity. The results obtained for PM15, PM18, PM21 
samples were satisfying, to parity of decrement of anisotropy, velocity increased or stay equal, 
demonstrating a reduction of voids. 

 
Figure 37. Graphs of changes of values of anisotropy (a) and velocities (b) for Pietra di Muggia samples treated 
with SNP-PDMS. 

 

Significant variation of WA values were recorded only for PM12 and PM18 (Figure 38), which 
decreased returning almost to sound material values. All the other samples remained practically 
unchanged. 
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Figure 38. Graph of the evaluations of changes of water absorption for Pietra di Muggia samples treated with 
SNP-PDMS. 

 

 

Bianco Sardo (BS) 
Microscopic investigation showed no variation of the aspect of specimen surfaces after the appli-
cation of the treatment, also using high magnification (Figure 39). Only BS9 showed a △E value 
lower than 1, while all the other specimens were characterized by values which fell in the range 
between 1 and 3 (Table 16).  

 
Figure 39. Microscopic investigation of the specimen BS12 before (a) and after (b) the treatment. 
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Table 16. Values of colorimetric variations for Bianco Sardo specimens treated with SNP-PDMS. 

SNP-PDMS 

Specimen △E 
BS9 0,42 
BS12 2,64 

BS15 1,7 
BS18 1,91 

BS21 2,11 

 

Both anisotropy and ultrasound velocity values increased for all the samples (Figure 40). However, 
all the collected values (except for BS9 and BS12) were in the range of error, so evaluations can 
be considered unchanged from the previews. 

 
Figure 40. Graphs of changes of values of anisotropy (a) and velocities (b) for Bianco Sardo samples treated with 
SNP-PDMS. 

Water absorption analysis (Figure 41) demonstrated that BS15 and BS18 were the only samples 
that showed a decrement of WA.   
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Figure 41. Graph of the evaluations of changes of water absorption for Bianco Sardo samples treated with SNP-
PDMS. 

  



74 

 

Portland Concrete (CSTP) 
CSTP8 was the only sample that showed a slight aesthetic variation (Figure 42). On the surface 
was possible to see the reflection of light induced by the presence of a compound on the surface. 
Except of this, no other particular change was detected by microscopic investigation. △E (Table 
17) was similar for all the samples (mean value 1,34) and was in the range of acceptable variation 
(1<△E <3). 

 
Figure 42. Microscopic investigation of the specimen CSTP8 before (a) and after (b) the treatment. 

 

Table 17. Values of colorimetric variations for Portland Concrete specimens treated with SNP-PDMS. 

SNP-PDMS 

Specimen △E 
CSTP4 1,39 
CSTP6 1,59 
CSTP8 1,09 
CSTP10 1,42 
CSTP12 2,46 

 

The samples showed a different behaviour of the parameters obtained by ultrasound analysis (Fig-
ure 43). Evaluation failed for CSTP4 since during the acquisition the measure was unstable. CSTP6 
and CSTP12 showed a decrement of both anisotropy and velocity, meanwhile CSTP8 showed an 
increment of both the values. Strong decrement of △M was recorded for CSTP10 to parity of a 
value of velocity that stay unchanged.  
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Figure 43. Graphs of changes of values of anisotropy (a) and velocities (b) for Portland Concrete samples treated 
with SNP-PDMS. 

 

From the analysis of water absorption (Figure 44) was possible to evaluate an increment of WA 
coefficient for all the samples, except for CSTP8 and CSTP10 for which the values remained 
almost unchanged. 

 
Figure 44. Graph of the evaluations of changes of water absorption for Portland Concrete samples treated with 
SNP-PDMS. 
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Vicat Concrete (CSTV) 
Microscopic analyses of specimens showed particular changes for sample CSTV4, CSTV8, 
CSTV10. On sample CSTV4, high magnification revealed the presence of a compound filling the 
crack (Figure 45), whereas for sample CSTV8 a slight variation of lightness was visible (Figure 46), 
also confirmed by the colorimetric analysis (ΔE>3, Table18). Sample CSTV10 showed a thin white 
patina on all the surface observable in Figure 47. 

 

Figure 45. Microscopic investigation of specimen CSTV4 before (a) and after (b) the treatment (enlargement 2x), 
(c) detail of the crack (enlargment 4x). 

 

 

Figure 46. Microscopic investigation of specimen CSTV8 before (a) and after (b) the treatment. 
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Figure 47. Microscopic investigation of specimen CSTV10 before (a) and after (b) the treatment. 

Table 18.Values of colorimetric variations for Vicat Concrete specimens treated with SNP-PDMS. 

SNP-PDMS 

Specimen △E 
CSTV4 0,64 
CSTV6 0,97 

CSTV8 3,54 

CSTV10 1,59 

CSTV12 2,24 

 

Anisotropy decreased for all the specimen and for specimens CSTV4 and CSTV8 an increment 
of values of velocity was recorded. In contrast CSTV10, CSTV12 showed a strange decrement of 
V (Figure 48) and the analysis of CSTV6 sample failed.  

 
Figure 48. Graphs of changes of values of anisotropy (a) and velocities (b) for Vicat Concrete samples treated 
with SNP-PDMS. 
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The treatment showed to strongly decrease the value of water absorption for samples CSTV4 
(Figure 49). Specimens CSTV6, CSTV10, CSTV12 showed a less mean value of WA than un-
treated specimens, however they are within the error range. Only sample CSTV8 absorbed after 
the application of the treatment a greater amount of water.  

 
Figure 49. Graph of the evaluations of changes of water absorption for Vicat Concrete samples treated with SNP-
PDMS. 
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4.4.3 Evercrete Vetrofluid 

Pietra di Firenzuola (PF) 
Microscopic investigations of the treated samples did not reveal particular variation. Figure 50 
reports microscopic images of PF16 sample, which showed the greatest colorimetric variation 
among the Pietra di Firenzuola specimens (Table 19). ΔE value was greater than 5 corresponding to 
a change in color visible also with naked eye. A detailed analysis of the results showed the decrease 
of L* value from 57,618 to 52,154, resulting in a darkening of the surface.  

 
Figure 50. Microscopic investigation of specimen PF16 before (a) and after (b) the treatment. 

Table 19. Values of colorimetric variations for Pietra di Firenzuola specimens treated with Evercrete Vetrofluid. 

Evercrete Vetrofluid 

Specimen △E 
PF7 2,97 

PF10 1,77 

PF13 3,15 

PF16 5,47 

PF19 1,47 

 

Ultrasound analysis (Figure 51) showed a reduction of ΔM and an increment of V for samples 
PF7, PF13, PF19.  These results were probably related to a reduction of voids in the sample. PF16 
showed a decrement of △M value and a meaningless decrement of ultrasound velocity (the value 
is in the range of error). PF10 sample was the only one which showed a significant increment of 
△M and decrement of △V.  
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Figure 51. Graphs of changes of values of anisotropy (a) and velocities (b) for Pietra di Firenzuola samples treated 
with Evercrete Vetrofluid. 

 

Figure 52 shows the water absorption variations obtained by sponge test. The sample decayed by 
thermal shock and, to a lesser extent, water lagoon slightly reduced, after treatment, the superficial 
water absorption capacity. PF13 (degraded by frost and thaw) and PF19 (not degraded) showed 
the increasing of WA coefficient after the application of Evercrete Vetrofluid. PF10 (salt crystal-
lization) was almost unchanged. 

 
Figure 52. Graph of the evaluations of changes of water absorptions for Pietra di Firenzuola samples treated with 
Evercrete Vetrofluid. 
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Pietra di Muggia (PM) 
Microscopic investigation revealed a particular change of the superficial aspect of sample PM7 
(Figure 53). Effect of iridescence due to the reflection of light on the treated surface was visible. 
This effect was induced by the product and it was present moderately in all the other treated 
samples of Pietra di Muggia. 

Colorimetric analysis confirmed the change induced by the presence of treatment on the surface. 
In Table20 are reported values of △E. 

 

 
Figure 53. Microscopic investigation of specimen PM7 before (a) and after (b) the treatment. 

 

Table 20. Values of colorimetric variations for Pietra di Muggia specimens treated with Evercrete Vetrofluid. 

Evercrete 

Specimen △E 
PM7 4,11 

PM10 1,51 

PM13 2,15 

PM16 4,04 

PM19 5,67 
 

Evaluation of ultrasound analysis (Figure 54) revealed that for sample PM7, PM13 and PM16 
values of anisotropy were reduced after the application of Vetrofluid and those of ultrasound 
velocities increased for PM13 and PM16. These correspondences suggested the reduction of voids 
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in these specimens. Slight increment of values of △M (values fall in the range of error) were de-
tected for samples PM10 and PM19 and for both of them also the velocity increased.  

 

 
Figure 54. Graphs of changes of values of anisotropy (a) and velocities (b) for Pietra di Muggia samples treated 
with Evercrete Vetrofluid. 

 

The amount of water absorbed by the treated surfaces decreased only for PM7 (thermal shock). 
WA showed a marked increment for PM10, PM13, PM19 (Figure 55). The treatment of PM16 
degraded by water lagoon absorption did not show significant variation. 

 
Figure 55. Graph of the evaluations of changes of water absorptions for Pietra di Muggia samples treated with 
Evercrete Vetrofluid. 
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Bianco Sardo (BS) 
From a microscopic point of view, it was possible to observe a glowing effect diffused on the 
treated surfaces of granite specimens. This effect was particularly visible in sample BS7 (Figure 
56), BS13 and BS16 (Figure 57). Colorimetric investigation confirmed this superficial variation for 
all the sample Table 21. 

 
Figure 56. Microscopic investigation of specimen BS7 before (a) and after (b) the treatment. 

 

Figure 57. Microscopic investigation of specimen BS16 before (a) and after (b) the treatment. 

 

Table 21. Values of colorimetric variations for Bianco Sardo specimens treated with Evercrete Vetrofluid. 

Evercrete 

Specimen △E 
BS7 4,44 

BS10 2,17 

BS13 3,36 
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BS16 2,45 

BS19 4,23 

 

Evaluation of ultrasound analysis (Figure 58) confirmed the reduction of voids in all the samples. 
The values of ultrasound velocities increased for all the samples. Values of anisotropy clearly in-
creased for three samples, while for two samples BS10 and BS16, the parameter increased only 
slightly  (in the range of error).  

 
Figure 58. Graphs of changes of values of anisotropy (a) and velocities (b) for Bianco Sardo samples treated with 
Evercrete Vetrofluid. 

Water absorption test (Figure 59) showed significant reduced value only for samples BS16 (water 
lagoon). BS13 remained almost unchanged, whereas BS7 (thermal shock), BS10 (salt crystalliza-
tion) and BS19 (sound sample) increased greatly WA values.  

 
Figure 59. Graph of the evaluations of changes of water absorptions for Bianco Sardo samples treated with Ever-
crete Vetrofluid. 
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Portland Concrete (CSTP) 

Variation of the superficial aspect after the application of Vetrofluid was visible on all the investi-
gated Portland Concrete samples. On the surfaces it was possible to observe stains of the com-
pound applied. The most significant example are CSTP3, CSTP5 and CSTP9 reported in Figure 
60, Figure 61, Figure 62 respectively. The variation of the aspect of CSTP3 and CSTP5 were con-
firmed also by the evaluation of △E values (Table 22).  On the contrary, also if microscopic in-
vestigation showed a great change of sample CSTP9 it did not show a significant colorimetric 
variation. Sound sample CSTP11 as CSTP3 showed a change in the aspect because of the presence 
of stain of compound visible on the surface. Moreover, the two samples showed both the same 
colorimetric variation. 

 
Figure 60. Microscopic investigation of specimen CSTP3 before (a) and after (b) the treatment. 

 

Figure 61. Microscopic investigation of specimen CSTP5 before (a) and after (b) the treatment. 

 
Figure 62. Microscopic investigation of specimen CSTP9 before (a) and after (b) the treatment. 
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Table 22. Values of colorimetric variations for Portland Concrete specimens treated with Evercrete Vetrofluid. 

Evercrete 

Specimen △E 
CSTP3 4,19 

CSTP5 3,36 

CSTP7 0,86 

CSTP9 0,76 

CSTP11 4,09 

 

Resulting graphs of ultrasound analysis are reported in Figure 63. CSTP3 was characterized by a 
greater value of anisotropy and a lower value of velocity. Decrement of △M values were recorded 
for all the other sample. Unlike what was expected, velocity decreased for samples CSTP7, CSTP9, 
CSTP11. Only sample CSTP5 respected the theory that to parity of decrement of △M, velocity 
should increase.   

 
Figure 63. Graphs of changes of values of anisotropy (a) and velocities (b) for Portland Concrete samples treated 
with Evercrete Vetrofluid. 
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Figure 64 reports the results of sponge test. Since the degradation process were ineffective, the 
product seemed not to be absorbed from the substrate and the WA values increased for all the 
tested specimens. Only the sample, which did not suffer decay, reduced the amount of water ab-
sorbed after the application of Evercrete Vetrofluid. 

 
Figure 64. Graph of the evaluations of changes of water absorptions for Portland Concrete samples treated with 
Evercrete Vetrofluid. 

 

Vicat Concrete (CSTV) 
The presence of the treatment applied is visible on all the CSTV specimens with the naked eye. 
Sample CSTV7 and CSTV9 (Figure 65 and Figure 66) showed the greatest morphological varia-
tion, confirmed also by colorimetric evaluations (Table 23). The other concrete samples showed 
a lower change and a reduced colour variation (1<△E<3).  

 
Figure 65. Microscopic investigation of specimen CSTV7 before (a) and after (b) the treatment. 
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Figure 66. Microscopic investigation of specimen CSTV9 before (a) and after (b) the treatment. 

Table 23. Values of colorimetric variations for Vicat Concrete specimens treated with Evercrete Vetrofluid. 

Evercrete 

Specimen △E 
CSTV3 1,09 

CSTV5 2,7 

CSTV7 8,72 

CSTV9 7,86 

CSTV11 3,66 

Because of the strong effect induced by degradation treatments of sample CSTV3 and CSTV9 
degraded respectively with thermal shock and water lagoon processes, measurement of ultrasound 
analysis (Figure 67) failed. Measurements performed on CSTV5 and on CSTV11 revealed a dec-
rement of anisotropy. CSTV7 showed a slight increment of anisotropy and a decrement of ultra-
sound velocity.  

 
Figure 67. Graphs of changes of values of anisotropy (a) and velocities (b) for Vicat Concrete samples treated 
with Evercrete Vetrofluid. 
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Water absorption (Figure 68) values decreased for samples degraded by thermal shock (CSTV3) 
and salt crystallization (CSTV5) that were considered the most effective degradation process for 
this kind of concrete. Sample CSTV7, which showed after degradation (frost and thaw) a decre-
ment of WA value, showed an increase of this parameter after the application of the treatment. 
Sound sample (CSTV11) was characterized by a lower mean value of WA, even if this is in the 
untreated error range. 

 
Figure 68. Graph of the evaluations of changes of water absorptions for Vicat Concrete samples treated with 
Evercrete Vetrofluid. 
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4.5 Comparison of different application methods  

4.5.1 SNP100 applied using capillary absorption and spray methods.  
Comparison of results achieved by the treatment of sandstone and granite through spray and ca-
pillary absorption methods is reported in this paragraph. In the preview research [1] one sound 
sample for each lithotypes was treated with SNP100 by capillary absorption method (samples PF1, 
PM1, BS1). Results of the application of this product (on sample PF6, PM6, BS6) by spray method 
are reported in §4.4.1. 

Microscopic observations on Bianco Sardo, proved that capillary absorption method caused a 
chromatic variation, and the treated surface seemed to veer to clearer tonality. No visibile altera-
tion was detected on Pietra di Muggia e Pietra di Firenzuola by optical microscope. The use of spray 
method did not cause aesthetical changes of the surfaces.   

Colorimetric analysis did not show particular color variations of the samples after the application 
of SNP100 by capillary absorption and △E value was for all the specimens lower than 3. The 
absence of colour alteration was confirmed and improved by spray method, which guaranteed △E 
values less than 1.  

The analysis of the changes of anisotropy and velocities let to make some assumptions. Among 
samples treated by capillary absorption PF1 and PM1, the values change suggesting a reduction of 
voids. While for BS1 an increment of voids could be defined. Ultrasound analysis showed a slight 
increment of △M (in the range of error) for all the three samples and it can be considered as 
unchanged. A decrement of voids for all the samples can be considered comparing these values 
with the values of velocity which increased (PM6, BS6) or stay unchanged (PF6).   

Values of water absorption decreased for PF1 and slightly increased for PM1 and BS1. WA in-
creased greatly for all the sample treated by spray method. 

Comparing the results of the analysis of application methods it is possible to state that spray meth-
ods results the best treatment procedure. SNP100, applied by both capillary absorption and brush-
ing, gave no change from an aesthetical point of view for all the samples. Results of ultrasound 
analysis gave cheering results for all the sample, while water absorption showed better results for 
sample treated by capillary absorption method.  
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4.5.2 Evercrete Vetrofluid applied using brush and spray methods 

The effects induced by Evercrete Vetrofluid applied by capillary absorption and brushing methods 
on concrete samples are summarized  in Table 24 and showed acceptable value of △E, except for 
Vicat specimen treated by brushing method. 

Table 24. Values of colorimetric variations for Portland and Vicat Concrete specimens treated with Evercrete 
Vetrofluid via spray and brush method. 

Evercrete 

Material Specimen Application method △E 
Portland CSTP11 Spray 4,087077 

Portland PC/3 Brush 2,7 

Vicat CSTV11 Spray 3,658634 

Vicat 890/3 Brush 7,86 

 

From ultrasound analysis (Figure 69), the decrement of both ultrasound velocity and anisotropy 
values were recorded only for samples treated by spray method (CSTP11, CSTV11). On the con-
trary, application of the product by brushing induced an increment of both the values on Vicat 
concrete (890/3), while on Portland concrete (PC/3) it showed a decrement of both the values.  

 

 
Figure 69. Graphs of changes of values of anisotropy (a) and velocities (b) for Vicat and Portland Concrete spec-
imens treated with Evercrete Vetrofluid. 
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Vicat concrete specimens showed a very low reduction of the quantity of water absorbed after the 
treatment applied by spray method, while Portland showed a low increment. These changes are 
so derisory that are considerable null. Both the materials showed a marked reduction of the ab-
sorption of water when the product was applied using brush method (Figure 70). 

 

 
Figure 70. Graph of the evaluations of changes of water absorptions for Vicat Concrete samples treated with 
Evercrete Vetrofluid. 
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5 Discussion 
 

5.1 Preliminary analysis of functionalised particles 

5.1.1 Functionalisation with Calcium Nitrates  
Achievement of the functionalisation of the particles made by the use of calcium nitrates was 
assess thanks to SEM-EDS analysis. Dimensional evaluations of the particles showed that the 
functionalisation did not increase the dimensions of the particles and the average dimension was 
equal to that of not functionalised particles (100 nm). Presence of Ca was assessed thanks to EDS, 
mapping part of the particles. It was clearly visible that the presence of different amount of Ca, at 
the end of the functionalisation, it was related to the initial amount of SiO2: Ca(NO3)2 . Evaluation 
of the achieved SEM images allowed to assess the effect of agglomeration and fusion of the par-
ticles related to different proportion of reagents and different temperature of calcination. For this 
reasons proportion of SiO2: Ca(NO3)2 reagents was set as best at 70:30 in concentration and tem-
perature of calcination at 500°C. The relation between effect of aggregation and quantity of rea-
gents is confirmed also by the use of Dispersion Analyser. From the results it was possible to see 
how to parity of higher concentration of Ca(NO3)2 corresponds a decrement of sedimentation 
velocity, confirming the increment of aggregates.  FTIR analysis of the particles confirmed the 
composition of the compound based on Ca and Si. From the analysis of the particles the process 
of functionalisation confirmed the results expected and showed to be promising.  

In order to evaluate the quality of the compound synthesised as consolidant, some tests of appli-
cation were made. Functionalised SNP dispersed in an ethanol-water solution were applied. Treat-
ments did not show promising results. The compound deposited on the surface of the treated 
specimens created a visible white patina. Colorimetric analysis confirmed the variation of L* value, 
which veered to clearer tonality. The ineffective achievement of the treatment brought to the 
decision to not apply the consolidant on concrete and lithotypes specimens chosen for the por-
poise of the research. Anyway, the good results achieved by the analysis of the functionalisation 
were promising and became a good starting point for further development. 
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5.1.2 Functionalisation with Polymeric compound 

The first synthetic process of functionalisation was made using the siloxane polymer PMHS. The 
achieved compound S2a was a solid gel substance. The synthesis was changed and TEOS was 
removed as reagent of the process obtaining a liquid dense compound named S2b. In order to 
unify the process of synthesis and functionalisation a one pot reaction was realised producing S2c. 
S2c was separated in sol (S2c1) and gel (S2c2) phases and the two part were investigated separately. 
In order to test the capability of S2a to be dispersed in the solvent, the gel compound was dissolved 
in solvent producing S2d compound.  

Tests of application were fundamental in order to evaluate previously how to change the func-
tionalisation and to investigate new synthetic routes. S2a was difficult to apply and, for this reason, 
no further analyses were made. Comparison of the applications made by the use of S2b, S2c1 and 
S2d allowed to assess S2b as the best. The application of the compound showed an increment of 
the water repellence property of the surface and an acceptable change of the aspect of the surface. 
In order to reduce the aesthetic variations seen by the application of S2b, dilution of the com-
pound in ethanol were made. 

For investigating different polymeric compounds PMHS was substitute by PDMS-OH, using the 
same process of synthesis of S2b. The achieved compound S2e was compared to S2b and both 
the substances were diluted with concentration of 10% and 20% in solvent. Comparing the results 
of application, S2e also with a concentration of 10% was evaluated as the best. The surfaces treated 
with this compound showed an acceptable increment of the contact angle and a low change of the 
aesthetic properties of the materials.  

FTIR analysis of sol and gel phases of the synthesised polymeric compound, allowed to assess the 
presence of polymers used for the aim of the functionalisation. The synthesised compound 
showed similar spectral patterns and were characterised by the same peaks, underlining the similar 
composition of the compounds even if the process of synthesis was different.  

From these results the final compound synthesised in order to be applied on the surface was the 
functionalised SNP by the use of PDMS-OH and dispersed in EtOH.  The effectiveness of the 
functionalisation of SNP by the use of the polymer was assessed by NMR analysis. In NMR spec-
tra of the functionalised compound S2e characteristic peak of the polymer was shifted and pre-
sented a secondary peak related to the presence of Si. Thus, the analysis underlined the difference 
in composition between functionalised and not functionalised SNP.   
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5.2 Characterisation of concrete materials and the effect of deterioration 

Concrete materials taken into account for the porpoise of the research were investigated by po-
rosimetric analysis in order to evaluate the matrix quality of the specimens. Comparing porosimet-
ric results of natural and artificial materials it was possible to assess the highest value of open 
porosity of Vicat concrete equal to 22,47% while Portland Concrete had a reduced value equal to 
13,66%. 

Evaluation of the strength of concrete were made considering the results achieved by the deteri-
oration processes applied. From the results was possible to state that thermal shock was the pro-
cess that more than other induced a marked degradation of concrete specimens. Increment of 
fractures and holes was visible on all Portland and Vicat specimens. This increment was also rec-
orded by the use of ultrasound analysis. Strong effects of deterioration brought some ultrasound 
measurements to fail because the instrumentation recorded unstable values. Absence of record of 
measurements symbolized that the material was completely damaged by deterioration, thus we can 
assess the good achievement of the effect induced by the process. The ultrasound measurement 
failed for Portland concrete specimen altered by thermal shock (CSTP4) and Vicat concrete spec-
imen decayed by salt crystallization (CSTV6). Probably both the decay procedures induced a 
strong alteration of the quantity of voids inside the specimen. If thermal shock increased breaks 
and voids into the materials, on the contrary salt crystallization induced closing of the voids be-
cause of the crystallization of salts in the cavity which clog the pores. Moreover, colour of Portland 

concrete changed showing an increment of DE value. From an aesthetical point of view, also 
specimens degraded by salt crystallisation showed marked change of colour and of the aspect of 
the surface. Indeed, the deterioration process induced the loss of the edges of the sample and the 
increment of holes on the surface, recording increment of vacuum in the specimens only for Port-
land sample n. 5 by ultrasound analysis. Frost and thaw process induced a marked colorimetric 
variation on samples, particularly for Vicat specimens. The change was probably due to the visible 
increment of the roughness of the surface.  

Water lagoon process was the innovative decay applied in this research. Surfaces of concrete spec-
imens, but also of the natural lithotypes treated with this process, did not show any particular 
change. Colorimetric investigation of samples demonstrated a change of colour more or less 
marked. △E parameters were lower than 5 for sandstones and granite materials, demonstrating an 
acceptable colorimetric variation. Differently, concrete materials showed greater values of △E. 
Concrete materials did not show a marked change in their capability of water absorption. Pietra di 
Firenzuola and Bianco Sardo increased greatly the absorption, while Pietra di Muggia decreased the 
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value. The majority of the concrete samples analysed showed unchanged value of ultrasound pa-
rameters, differently from natural lithotypes characterised by an increment of anisotropy and a 
general increment of voids. All the treated materials showed a high heterogeneity in their behav-
iour to the process of degradation. This can be due to the high and different amount of elements 
and species dispersed in water pollutant, heavy metals, salts and biological elements and to their 
different interaction with each single element. 
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5.3 SNP100 

A preface must be made before reading the consideration about the results of the analysis. Values 
achieved by ultrasound investigation were considered a confirmation of the reduction of voids 
inside the material only when anisotropy decreases and also velocity increases. Moreover, in gen-
eral when values fall inside the range of error the change of parameters was considered not ac-
ceptable.  

From the aesthetical point of view, SNP100 could be considered a good consolidant for all the 
specimens because it did not induce chromatic or morphological variations to the treated surfaces. 
Variations of ultrasound parameters assessed the decrement of voids inside the samples for four 
out of five samples: CSTV2, PF6, PM6, BS6. The variation of water absorption is consistent with 
the porosity of the materials. In fact, Vicat Concrete is the most porous substrate, and it absorbs 
the most quantity of water when untreated. Its open porosity allowed the penetration of SNP100 
that caused a reduction of the amount of water absorbed. All the other tested materials showed a 
greater amount of water absorbed after the application of the treatment, since their porosity is not 
sufficient for the penetration of the conservative product. Consequently, SNP100 remained on 
the surfaces absorbing water itself.  

Capillary absorption method induced a greater aesthetic variation of the surface, even if it reduced 
water absorption if compared to spray method. The direct contact of the surfaces of the specimens 
with the compound, during the capillary absorption process, brought to a greater absorption of 
the consolidant inducing the deposition of the particles on the surface. For these reasons a greater 
change of the aspect was achieved. On the contrary, spray method application resulted better 
because the amount of compound applied can be more controlled.  
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5.4 SNP-PDMS 

From the results obtained, this consolidant seems not induce particular change of the superficial 
aspect of the specimens. Indeed, none of the treated samples induced chromatic and morpholog-
ical alteration.  

On silicate stones the application of SNP-PDMS was attested through microscopic observation 
for those specimens deteriorated with salt crystallisation (n. 12). In case of granite samples, the 
evaluation of aesthetical changes resulted quite difficult because of the natural iridescence of crys-
tals of the stone matrix.  

Variation of water absorption revealed a decrement of WA on two samples of Bianco Sardo out of 
five: BS15 (degraded by frost and thaw) and BS18 (degraded by water lagoon). Pietra di Firenzuola 
showed a reduction of water absorbed only for specimens PF18 degraded by water lagoon, 
whereas Pietra di Muggia decreased WA values for PM12 (salt crystallization) and PM18 (water 
lagoon) samples.  

Ultrasound analysis revealed a decrement of voids after the application of the compound for two 
samples of Pietra di Firenzuola and three samples for Pietra di Muggia and Bianco Sardo. It is interesting 
to assess that decrement of voids was recorded in all the materials that were previously degraded 
by frost and thaw (n. 15) process, samples degraded by water lagoon (PM18, BS18) and samples 
not degraded (PM21, BS21).  

In general, sponge test and ultrasound measurements showed good performance of the treatment 
for those specimens degraded by water lagoon process (PF18, PM18, BS18). Moreover, these 
samples did not show any aesthetic change, probably because of the good penetration of the com-
pound in the stone substrate.  

The efficacy of the treatment is strictly related to the porosity of sound and degraded material.  

The poor results achieved by sponge test analyses attested the not hydrorepellency of the surfaces. 
These results with the inconsistent chromatic change of the specimens and the not attested pres-
ence of the compound after the treatment, let to suppose the absence of the treatment, thus the 
inefficacy of spray application method. 
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On the other hand, on concrete the presence of the consolidant was visible only on two specimens: 
a Portland concrete, which showed a light glowing effect, and a Vicat concrete, where it was visible 
the compound deposited inside a fracture of the surface.  

The greatest change of colour after the application of SNP-PDMS was recorded on those speci-
mens deteriorated by frost and thaw process (n.8).  

Both Portland and Vicat concrete showed a decrement of WA values for specimens n.10 degraded 
by water lagoon. Two other Vicat specimens showed the same trend: CSTV4 degraded by thermal 
shock and sound sample CSTV12.  

For both concrete materials, decrement of voids after the application of consolidant was recorded 
for specimens degraded by frost and thaw process (n. 8). Portland concrete showed a decrement 
of voids after the application of the consolidants in samples CSTP6 and CSTP10 (respectively 
degraded by salt crystallisation and thermal shock), while Vicat concrete showed a decrement of 
void also for specimen CSTV4 (degraded by thermal shock) and that deteriorated by water lagoon.  

No correlation between sponge test and ultrasound analyses was found. However, also in this case 
a major porosity of the material (Vicat concrete) guaranteed a greater penetration of the com-
pound. 

From these considerations, it is possible to assess that SNP-PDMS treatment is good to restore 
porous samples. Comparing stone and concrete materials, the product seems to be more effective 
in case of concrete samples, probably due to the highest porosity of the material, respect to that 
of natural lithotypes. These results and those obtained by the preliminary tests underlined the 
effectiveness of the functionalisation and the high performance of SNP-PDMS as consolidant. 
However, in order to guarantee a better performance, brushing method is strongly recommended 
for the application of the compound. 
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5.5 Evercrete  

The presence of Evercrete Vetrofluid commercial product on sample surfaces was visible for 
about the totality of the treated specimens. The presence of consolidant induced a glowing effect 
to the surfaces, particularly marked on all the Bianco Sardo and concrete specimens, but limited in 
all the Pietra di Muggia samples and insubstantial on Pietra di Firenzuola specimens.  

Generally, all the treated specimens showed a colorimetric variation higher than that achieved by 
the application of SNP-PDMS. In accordance to microscopic observations, all Bianco Sardo speci-

mens showed DE values between 2 and 4,5, whereas samples deteriorated by salt crystallisation 

(PF13, PM13, BS13) showed the lowest values of DE. 

Water absorption decreased in case of sample BS16 and PF16 both degraded by water lagoon and 
PM7, which suffered thermal shock.  

Ultrasound analysis of samples showed satisfying results for sandstones and granite. For all sound 
and degraded materials (except for PF10 and PM10 degraded by salt crystallization) a reduction 
of voids after the treatment was detected. 

From all the results obtained, it is possible to assess that the best performance of Evercrete Vet-
rofluid resulted in the specimens, which suffered decay induced by water lagoon process (PF16, 
PM16, BS16). Although a slight alteration of the aesthetic properties of the surfaces was visible, a 
decrement of WA coefficient and voids was found.  

Comparing concrete samples, colour changes resulted particularly marked on Vicat specimens, 
especially on CSTV7 and CSTV9. A particular reflection of light, caused probably by the inhomo-
geneous application of Evercrete Vetrofluid, was visible on treated surfaces also to the naked eye 
and it altered the general aspect of the samples.  

Regarding water absorption parameter, Vicat specimens showed a decrement of WA for those 
sample degraded by salt crystallization and thermal shock, whereas Portland concrete showed a 
reduction of WA only for sound specimens. The increasing of WA values after degradation pro-
cesses, which involve the use of water, is probably due to the continuous of cement setting pro-
cess, which induce the closure of material porosity.  
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Portland and Vicat specimens degraded by salt crystallisation (CSTP5, CSTV5) are the only con-
crete specimens, which showed decrement of void amount.  

In general, the decrement of voids in the materials, the low colorimetric variation and no change 
of the aspect let to consider spray method the best way to apply the compound. However, the 
results of water absorption assessed brush method as the best. 
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6 Conclusions 
 

The aim of the research was to synthesize and functionalize SNP in order to produce a consolidant 
for sandstone, granite and concrete. Siloxane polymers PMHS, PDMS-OH and calcium nitrate 
were individuated as promising reagents for the functionalization.  

Evaluation of the synthesized compound by a physical chemical characterization and tests of ap-
plication allowed to underline drawbacks and positive aspects of consolidants and to define some 
changes to improve qualities of the products.  

Preliminary investigation of the particles functionalised with Ca(NO3)2 , performed by SEM-EDX, 
FTIR and Dispersion Analyser, evidenced the presence of calcium on SNP surface. The main 
drawback concerned the low degree of separation of the particles and a marked effect of fusion. 
The effect was reduced for SNP prepared with a concentration of 70:30 SiO2: Ca(NO3)2 and 
treated at 500°C. The ratio 70:30 and T=500°C were selected as the best parameters to be used in 
the process of reaction. Analysis of the particles demonstrates the presence of Ca on SNP and the 
achievement of the functionalisation. Study of the concentration of the reagents in phase of syn-
thesis allowed to confirm the relation between the proportion of reagents, the temperature of 
calcination and the degree of agglomeration of particles.  Although the good results achieved by 
the analysis, tests of application did not show positive effect of consolidation of the tested surfaces 
and further development on the functionalisation have been made in order to investigate deeper 
the compound and improve its qualities. 

The SNP functionalization with PDMS-OH was confirmed by FTIR analysis. The spectra showed 
the characteristic peaks related to the presence of polymeric substance and of silica. Moreover, the 
composition of the functionalised particles was also confirmed by NMR analysis. After several 
application tests, the best consolidant was composed of 10% of SNP functionalized with PDMS-
OH (SNP-PDMS) dispersed in EtOH. 

Three different consolidants, SNP100, SNP-PDMS and the commercial compound Evercrete 
Vetrofluid,  were applied by spray method. Three natural lithotypes (Pietra di Firenzuola, Pietra di 
Muggia, Bianco Sardo) and two artificial lithotypes (Portland Concrete and Vicat concrete) were 
used as material to be consolidated.  

Eight specimens of each material were degraded using four different processes (thermal shock, 
salt crystallization, frost and thaw and water lagoon) to simulate real conditions of conservation 
and to study the resistance of materials to degradation phenomena. Cements resulted to suffer 
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particularly the effect induced by thermal shock, while they showed to be less sensible to degra-
dation caused by frost and thaw and salt crystallization. The necessity to study the effect of deg-
radation of cements in lagoon environment, brought to the development of a new kind of test, 
and two samples of each material were immersed in water lagoon. This kind of degradation 
showed to affect differently each sample, also of the same material. Comparison with the effects 
induced by the immersion in salty solution, performed in the laboratory, underlined the difficulty 
to preserve material conserved in real lagoon conditions.  

Investigation of different treatment methods to apply SNP100 demonstrated that the use of ca-
pillary absorption method increased the excess of compound on the surface inducing aesthetic 
variations that were not achieve by spray method. The compound applied by the use of spray 
method showed limited aesthetical variation and, for the majority of the specimens, a reduction 
of voids in the materials. Thus, application by the use of spray method could be considered the 
best.  

The application of Evercrete Vetrofluid changed the general aspect of the treated surfaces. This 
effect was not recorded using SNP-PDMS and SNP100. From all the results obtained, it is possible 
to state that SNP-PDMS and Evercrete Vetrofluid can be considered good conservative treat-
ments for improving qualities of specimens deteriorated by water lagoon process. The results ob-
tained allowed to consider both the product as possible protectives with hydrophobic features but 
not as good strengthening agents. Nevertheless, comparing the two products it is possible to assess 
that SNP-PDMS showed the best results in terms of no morphological and chromatic alteration. 
No significant variation was achieved by ultrasound analyses using this nano-compound, probably 
due to its low or no penetration. In any case, an eventual low quantity of the product in the stone 
substrate resulted inefficient in order to influence ultrasound parameters. 

Water absorption results showed significant variation only where the superficial porosity of the 
material allowed the penetration of the product. The increment of the quantity of water absorbed 
assessed an absence of product on the surfaces, also confirmed by microscopic investigations. 
This lack let to state that the application method used for testing SNP-PDMS on silicate stones 
and concrete was ineffective. The good results obtained by the preliminary test of SNP-PDMS on 
Carrara marble and Vicenza limestone suggest to use brushing method for the application of the 
compound. On the contrary, Evercrete Vetrofluid gave good results also when applied by spray 
method (as reported also in the technical sheet). 

In conclusion, it is possible to state that SNP functionalized using PDMS-OH represents a  prom-
ising nano system for the consolidation of sound and degraded silicate lithotypes and concretes.  
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8 Technical sheets 

 
A. TEOS 

  

Product Specification

Product Number: 131903
CAS Number: 78-10-4
MDL: MFCD00009062
Formula: C8H20O4Si
Formula Weight: 208.33 g/mol

TEST Specification__________________________________________________________________________________

Appearance (Color)            Colorless

Appearance (Form)             Liquid

Infrared spectrum             Conforms to Structure

Purity (GC)                   97.5 %

Remarks:
Specif icat ion Date : 06/21/2010

Sigma-Aldrich w arrants, that at the t ime of the quality release or subsequent retest date this product conformed to the information contained in
this publicat ion.  The current Specif icat ion sheet may be available at Sigma-Aldrich.com.  For further inquiries, please contact Technical Service.
Purchaser must determine the suitability of the product for its part icular use.  See reverse side of invoice or packing slip for addit ional terms
and condit ions of sale.

1 OF 1

3050 Spruce Street,Saint Louis,MO 63103,USA
Website:  www.sigmaaldrich.com

Email USA:      techserv@sial.com
Outside USA:  eurtechserv@sial.com

Product Name:
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B. Calcium Nitrate  
 
 

 
 
 

Product Specification

Product Number: C1396
CAS Number: 13477-34-4
MDL: MFCD00149604
Formula: CaN2O6 · 4H2O
Formula Weight: 236.15 g/mol

TEST Specification________________________________________________________________________

Appearance (Color)            White

Appearance (Form)             Pow der or Crystals
Solubility (Turbidity)        Clear

At 20g plus 100ml of Water
Solubility (Color)            Colorless

Complexiometric EDTA          >  99.0 %_
Recommended Retest Period     -------------------------

3 Years

Specif icat ion: PRD.0.ZQ5.10000028031

Sigma-Aldrich w arrants, that at the t ime of the quality release or subsequent retest date this product conformed to the information contained in
this publicat ion.  The current Specif icat ion sheet may be available at Sigma-Aldrich.com.  For further inquiries, please contact Technical Service.
Purchaser must determine the suitability of the product for its part icular use.  See reverse side of invoice or packing slip for addit ional terms
and condit ions of sale.

1 of 1

3050 Spruce Street, Saint Louis, MO 63103, USA
Website:  www.sigmaaldrich.com

Email USA:      techserv@sial.com
Outside USA:  eurtechserv@sial.com

Product Name:
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C. Polymethylhydrosiloxane 

Product Specification

Product Number: 176206
CAS Number: 63148-57-2
MDL: MFCD00084478

TEST Specification__________________________________________________________________________________

Appearance (Color)            Colorless

Appearance (Form)             Liquid

Infrared spectrum             Conforms to Structure

Viscosity                     12- 45 cps
at 25 degrees Celsius

Remarks:
Specif icat ion Date : 12/28/2010

Sigma-Aldrich w arrants, that at the t ime of the quality release or subsequent retest date this product conformed to the information contained in
this publicat ion.  The current Specif icat ion sheet may be available at Sigma-Aldrich.com.  For further inquiries, please contact Technical Service.
Purchaser must determine the suitability of the product for its part icular use.  See reverse side of invoice or packing slip for addit ional terms
and condit ions of sale.

1 OF 1

3050 Spruce Street,Saint Louis,MO 63103,USA
Website:  www.sigmaaldrich.com

Email USA:      techserv@sial.com
Outside USA:  eurtechserv@sial.com

Product Name:
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D. Poly(dimethylsiloxane) hydroxy terminated 

Product Specification

Product Number: 481955
CAS Number: 70131-67-8
MDL: MFCD01325010
Formula: C2H6OSi

TEST Specification________________________________________________________________________

Appearance (Color)                      Colorless

Appearance (Form)                       Liquid
Infrared spectrum                       Conforms to Structure
Hydroxyl Value                          1.0 - 1.7 %
Volat iles                               <  4.0 %_
Viscosity (cst)                         55 - 90

at 25 Degrees Celsius

Specif icat ion: PRD.1.ZQ5.10000051702

Sigma-Aldrich w arrants, that at the t ime of the quality release or subsequent retest date this product conformed to the information contained in
this publicat ion.  The current Specif icat ion sheet may be available at Sigma-Aldrich.com.  For further inquiries, please contact Technical Service.
Purchaser must determine the suitability of the product for its part icular use.  See reverse side of invoice or packing slip for addit ional terms
and condit ions of sale.

1 of 1

3050 Spruce Street, Saint Louis, MO 63103, USA
Website:  www.sigmaaldrich.com

Email USA:      techserv@sial.com
Outside USA:  eurtechserv@sial.com

Product Name:
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E. Hexylamine 
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F. Evercrete Vetrofluid 
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Scheda di sicurezza

Evercrete Vetrofluid

Revisione:

26 marzo 2021 

Sostituisce la versione:   5 giugno 2017

SEZIONE 1: identificazione della sostanza/miscela e della società/impresa

1.1 Identificatore del prodotto:

Evercrete Vetrofluid

1.2 Usi identificati pertinenti della sostanza o della miscela e usi sconsigliati:

Trattamento impermeabilizzante, antidegrado per calcestruzzo

1.3 Informazioni sul fornitore della scheda di dati di sicurezza:

Ecobeton Europe Srl

Via G.Galilei, 47

36030 Costabissara Vicenza

Italy

1.4 Numero telefonico di emergenza:

Contattare Ecobeton: +39 0444 971893 - Lun - Ven 9:00 - 18:00

SEZIONE 2: identificazione dei pericoli

2.1 Classificazione della sostanza o della miscela:

Criteri regolamento CE 1272/2008 (CLP):

Non è una sostanza o una miscela pericolosa.

2.2. Elementi dell’etichetta:

Non è richiesta l’etichettatura GHS.

2.3. Altri pericoli:

PVT: nessuno 

vPvB: nessuno 

Altri pericoli: nessuno

SEZIONE 3: composizione/informazioni sugli ingredienti

Identità chimica:

Silicato di sodio in soluzione acquosa

3.1 Sostanze:

Non applicabile.

3.2 Miscele:

Questa miscela non è soggetta a classificazione secondo i criteri del Regolamento (CE) N. 1272/2008.

SEZIONE 4: misure di primo soccorso

4.1 Descrizione delle misure di primo soccorso

Consigli generali: In condizioni ordinarie di lavoro: non sono necessarie misure speciali. 

Inalazione:   Spostare la persona all'aria aperta.   In caso di sintomi, consultare un medico. 

Contatto con la pelle:   Togliere gli indumenti contaminati.   Lavare con abbondante acqua o acqua e sapone.   Rivolgersi al medico se si verificano sintomi o

l'irritazione persiste. 

Contatto con gli occhi:   Sciacquare immediatamente con abbondante acqua.   Rimuovere le lenti a contatto qualora siano presenti e facili da togliere.   Consultare

un medico in caso di irritazione prolungata. 

Ingestione:   Sciacquare la bocca con acqua.   Non indurre vomito.   In caso di sintomi, consultare un medico.

4.2 Principali sintomi ed effetti, sia acuti che ritardati:

Informazioni specifiche sui sintomi e gli effetti causati dal prodotto sono sconosciute.

Ecobeton Europe Srl Via G.Galilei, 47

36030 Costabissara Vicenza (IT) 

Italy

VAT: IT03257050249

T 0444971893

E europe@ecobeton.it

I http://www.ecobeton.com

Evercrete Vetrofluid SDS

Pagina: 1 /6
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