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Abstract The present work aims to study the consolidating
and protective chemical treatments of the Pietra Cantone, a
Miocenic (lower Tortonian) limestone widely used in
important monuments and historical buildings of Cagliari
(southern Sardinia, Italy). Similar limestones of the same
geological period have also been used in several important
monuments of Mediterranean area, i.e., Malta and Gozo
Islands, Matera (central Basilicata, Italy), Lecce (southern
Puglia, Italy) and Balearic Islands (Spain). The Pietra
Cantone limestone shows problems of chemical-physical
decay, due to their petrophysical and compositional char-
acteristics: high porosity (on average 28-36 vol%), low
cemented muddy-carbonate matrix, presence of phyllosil-
icates and sindepositional sea salts (<3%). So, after placed
in the monument, this stone is easily alterable by weath-
ering chemical processes (e.g., carbonate dissolution and
sulfation) and also by cyclic mechanisms of crystalliza-
tion/solubilization of salts and hydration/dehydration of
hygroscopic phases of the clay component. To define the
mineralogical-petrographic features (composition, texture)
of limestone, the clay and salt crystalline phases, the
optical microscope in polarized light and diffraction anal-
ysis were used. To define the petrophysical characteristics
(i.e., shape and size distribution of porosity, surface area
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(SBET), matrix microstructures, rock composition) and
interactions of chemical treatments with rock, SEM-EDS
analysis and N2 porosimetry with BET and BJH methods
were used. To evaluate the efficacy of Na/K-silicates, ethyl
silicate consolidants and protective nano-molecular silane
monomer water repellent, the mechanical strengths (uni-
axial compressive strength, point load and flexural resis-
tance), water/helium open porosity, water absorption and
vapour permeability data determined before and after the
chemical treatments of the Pietra Cantone samples from
monument were compared.

Keywords Limestone alteration - Porosity - Mechanical
strength - Vapour permeability - Chemical treatment -
Cultural heritage conservation

Introduction

Sedimentary rocks (e.g., limestone, sandstone, etc.), par-
ticularly those of carbonate type, are widely used in the
construction of historical buildings in Sardinia island as
well as in many Italian monuments or other Mediterranean
countries. This is generally due to their more easy avail-
ability in the territory and especially to their better work-
ability compared to silicate igneous or metamorphic rocks
(Antonelli et al. 2014a, b; Bertorino et al. 2002; Columbu
et al. 2014a). Some kinds of volcanic rocks only (i.e.,
pyroclastites with dacitic or rhyolitic composition) char-
acterized by low-medium welding, due to their excellent
workability (similar to those of carbonate rocks), are also
widely used as construction materials in historical times,
from Punic—Roman to Romanesque times (Columbu et al.
2011, 2013, 2014b, 2015a, 2015b, 2016a; Columbu 2017;
Columbu and Garau 2017; Columbu and Sitzia 2016;
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Columbu and Verdiani 2012, 2014; Coroneo and Columbu
2010; Melis and Columbu 2000; Macciotta et al. 2001;
Miriello et al. 2015; Verdiani and Columbu 2010).

The Miocene limestones outcropping in the Cagliari city
area (southern Sardinia, Italy, Fig. 1) are frequently used in
the civil and historical architecture. These limestones
belong to the sedimentary and volcanic stratigraphic
sequence widely outcropping inland from Cagliari within
the “Fossa Sarda” graben (Vardabasso 1962), a complex
geological-tectonic context of Sardinia (Advokaat et al.
2014a, b; Casula et al. 2001; Cherchi and Tremolieres
1984). The Miocene serie of Cagliari area mainly consists
(bottom in the stratigraphic sequence) of the following
three facies: clays (“Argille del Fangario”), sandstones
(“Arenarie di Pirri”), marly limestones (Pietra Cantone),
biocalcarenites (“Tramezzario”) and the biohermal lime-
stones (“Pietra forte”) (Barroccu 2010; AA.VV. 2005;
Barroccu et al. 1981; Cherchi 1971; Gandolfi and Porcu
1967; Pecorini and Pomesano Cherchi 1969). The “Pietra
forte” is a compact limestone and physical-mechanical
resistant, and therefore difficult to work.

On the other hand, the Pietra Cantone stone is a marly
limestone characterized by low cementing degree and high
porosity (28-36 vol%). It has a CaCOj; content generally
assessed on the order of 75-80%, but can vary between 64
and 89% (Barroccu et al. 1981) depending on the different
areas of Cagliari and on the depth of sedimentation. The
Pietra Cantone generally shows a variable clay component
(ranging from 10 to 30%) within the geological formation.
Given the easy workability and the wide availability in the
territory around Cagliari, this limestone has been widely
used to the historical buildings (Fig. 2) of all periods from
Nuragic, to Phoenician—Punic, Roman and medieval
(Columbu et al. 2015a; Columbu and Pirinu 2016; Columbu
and Verdiani 2014). It has a remarkable ease in processing,
and for that reason, it is named “cantone” which means
ashlars (Lovisato 1901). When this stone is used on mon-
uments in the presence of humidity or circulating aqueous
solutions, it shows frequently decay problems (Columbu
et al. 2016b), when it is not protected by lime plaster.

The chemical—physical decay is also due to hygroscopic
volume variations of clay minerals and sea salts, which are
present in the rock and that make the limestone easily
degradable with a decrease in mechanical strength. When
the limestone is used in the structural elements of monu-
ments (e.g., ashlars in the wall, column and jambs; Fig-
ure 2), the decay can lead to the formation of serious static-
structural criticality in the buildings, as a strong retreat of
vertical profile of the facade or detachment of the material
portions from the decorative working parts, due to exfoli-
ation and flaking processes (Fig. 3a—f).

The same alteration processes are also present in other
limestones which are similar to the used Pietra Cantone,
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Fig. 1 Geological map of Cagliari area. Geological thematismp.
according to AA.VV. 2007 (P.U.C. “Urban development plan” of
Cagliari, 1997). Scale mapping 1:25.000. Original legend derives
partly from hydrogeological map of Cagliari 1.10.000 of Pala and
Siriu 1997, modified

e.g., in the baroque architecture of Lecce (a Miocenic
calcarenitic stone known as “Pietra di Lecce”; Rodolico
1953; Zezza et al. 1990) and Noto in Sicily (Alessandrini
et al. 1992; Rodolico 1953), in Pisan medieval architecture
(e.g., Macigno sandstone, Monti d’Oltre Serchio limestone;
Lezzerini et al. 2016), in Majorca in the Balearic Islands
(Rodolico 1953), in well-known megalithic temple com-
plex (4th-3rd millennium BC) on the Malta and Gozo
islands (“globigerina limestone”, Vannucci et al. 1994),
etc.

To prevent such decay of carbonate rocks which are
used in the monuments, efforts are numerous in regard to
their water protection and surface consolidation, from
ancient time (Giamello et al. 2016) to laboratory experi-
mentation. These chemical treatments differ both in
typology of products and in application methods (e.g.,
Camaiti and Columbu 2016). However, due to the different
chemical—physical-petrographical characteristics of these
lithologies, microclimatic conditions and alteration degree
of the artefacts, the conservative techniques must be
adapted to each case individually. Silicon-based polymeric
materials applied as monomers (e.g., ethyl silicate), or as
oligomers or polymers or nano-dispersions (e.g., nano-sil-
ica), vinyl polymers (e.g., acrylic resins, fluoro-elastomers)
or inorganic products, such as nano-limes and oxalates, are
very common.

In the scientific literature, several authors have dealt in
various ways from a geological, geomechanical and engi-
neering point of view with the limestones of the Cagliari
area (Barroccu et al. 1981; Carmignani and Sassi 1991) or
similar lithologies. Through non-destructive analytical
methods (seismic surveys, ultrasonic and thermographic
methods; e.g., Christaras et al. 2015; Concu and Fais 2003;
Concu et al. 2003a, b; Concu and Valdes 2007; Diana and
Fais 2011; Fais et al. 2015) and physical-mechanical tests
in laboratory and in situ (Barroccu et al. 1981), some
authors (Colback and Wiid 1965) have studied some
physical parameters of these rocks (mechanical strength,
porosity, density, often calculated by indirect way). Other
authors have studied the relationships between the
microstructural properties (composition, grain and pore
size), especially how the fluids flow through the network of
porous media (Carman 1937; Francis and Dullien 1975)
and macroscopic performance of the stone (Price 1996).
Atzeni et al. (1991, 2006) have quantitatively explored the
mechanisms of water-induced microstructural weakening
in a porous limestone under water “static” presence and



Environ Earth Sci (2017) 76:148 Page 3 of 29 148

NS g\
Py v @%{ Y

=,

\'ﬁ(ﬁﬁ%“{" \\\
o Sardinia

Cagliari

B
]
»7

N Q"':\“:::}\ ;
\ 2 = A

f
[\ D
D

B

»Y : / , _ Poetto

Legend:

@ Ancient quarries
= Certain faults
—— Presumed or minor faults
— Main roads
—— Secondary roads
— Port limits

[P Marine sands and coastal dunes, Current

BT Antropic backfills, Current

Well cemented alluvial deposit, Quaternary

Average cemented alluvial deposit, Quaternary

Poorly cemented alluvial deposit, Quaternary

Not—c?emented alluvial deposits, Quaternary MEDITERRANEAN SEA N
Alluvial terraces, Quaternary

¥ Marine sandstones and conglomerates, Quaternary

Biohermal limestones (Pietra forte, Auct.), Miocene, Tortonian - Messinian
Biocalcarenite (Tramezzario, Auct.), Miocene, Tortonian

[€m] Marly limestones (Pietra cantone, Auct.), Miocene, Tortonian

Quartz - mica sandstones (Arenarie di Pirri, Auct.), Miocene, Serravallian

@ Springer



148  Page 4 of 29

Environ Earth Sci (2017) 76:148

Fig. 2 a Town Hall of Cagliari. The Pietra Forte building stands on
a Sardinian granitic plinth (1899-1915); b facade of the San
Saturnino Basilica built in 304 AD with the Pietra Cantone
limestone. The church was founded originally as a martyrium in
honour of the Saint Saturnino Patron of Cagliari; ¢ Fagade of Nostra
Signora di Bonaria, Sanctuary dated 1704 built with the Pietra Forte;
d San Michele church (1664-1712 AD). The fagade is built with

flow conditions using the Pietra Cantone of Cagliari as
experimental model. But only few more targeted investi-
gations were made in the laboratory to understand how the
physical-mechanical properties influence the behaviour of
this limestone taken directly from the monuments with
respect to conservation treatments of consolidation and
protection. On the basis of technical-practice experience
gained by Buccellato-Freius company during several years
of restoration activities on monuments made among other
materials out of limestones, including the Pietra Cantone
(e.g., Torre di San Pancrazio, City Hall and Cathedral of

@ Springer

Pietra Forte limestone and the perimeter wall outside partly in Pietra
Cantone limestone; e Santa Croce Basilica built in 1661 AD entirely
with Pietra Cantone. Alteration phenomena are noticed such
alveolation; f Cattedrale di Santa Maria di Castello (1669-1674).
The facade is built enterily with Pietra Forte. The interior is
characterized by fine Greek marble and mosaics adorn the walls

Cagliari, Ghetto of Jewish, Santa Croce church, Tobacco
Factory, St. Ambrogio church of Monserrato, Porto Flavia
in Masua, etc.), Na/K-silicates and ethyl silicate give all in
these monuments the most satisfactory results. Given the
high porosity of these limestones, the optimal application
in situ is the injection of consolidating products under
controlled pressure through coring in masonry, which
consequently includes the consolidation of the mortars too.
The number and spacing of the carrots is dependent on the
alteration degree of the stone and the deep of material
portion affected by the decay.
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Fig. 3 Typical alteration forms of limestones from Cagliari area:
a efflorescence in the inner wall of San Saturnino Basilica; b black
crusts with gypsum and black carbon particles in the San Pancrazio
tower; ¢ strong alveolation of the outsider wall of San Michele church
built in Pietra Cantone; d alveolation and pulverization with

However, in some monuments with high historical-cul-
tural relevance, it is not possible to operate the coring due
to limitations imposed by the local Superintendence of
Cultural Heritage. In these cases, minimally invasive pro-
cedures need to be used for the application of the products,
i.e., brushing or spraying in two or more coats spaced 10 h
apart.

As regards the protective water repellent, it was noticed
that the silane monomer is more suitable due to its high
penetration (with small molecule diameter) and good

advanced physical decay of Pietra Cantone with ashlar retreat of
Santa Croce Basilica facade; e examples of biodegradation of
limestone due to the proliferation of lichens on a vertical wall in areas
where humidity and dripping processes are concentrated; f interbed-
ding clayish layer in MSA samples

chemical-physical compatibility with rock (Croveri et al.
2004; Escalante et al. 2000). This product is spread through
brushing or spraying up to rejection by the stone in two or
more coats, wet on wet, close after each other. In the case
of less porous rocks (<20 vol%), the product has to be
given with gradually higher concentrations (according to
Buccellato—Freius experience).

The present work aims to evaluate in the laboratory the
efficacy of Na/K-silicates (called CM), ethyl silicate
(called FB) consolidants and a protective water repellent

@ Springer
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Fig. 4 a Historical image of ancient Tobacco Factory of Cagliari
(eighteenth century) located in Viale Regina Margherita (Cagliari).
Source  www.aladinpensiero.it/wp-content/uploads/2014/09/MANI
FATTURATABACCHI-CA-novecento.jpg; b Recent external view
of ex Tobacco Factory of Cagliari, now with a new destination of
“Creativity Factory” (not yet definitively open to the public). Coor-
dinates: 39°12"46.76"N-9°07'00.1"E. Source copyright: www.gosur.
com/satellite: street map modified

based on nano-molecular silane monomer (called NG) on
three Pietra Cantone samples belonging to the masonry
walls of an ancient building (fourteenth century AD) that
has been modified over time to become in the eighteenth
century an important tobacco factory of Italian “Monopo-
lio di Stato” (Fig. 4a, b).

To evaluate the performance of the selected chemicals, a
comparison of mechanical and physical properties (i.e.,
point load, compressive and flexural strengths; water
absorption; porosity; gas permeability) determined before
and after the chemical treatment of the limestone samples
has been done. Moreover, the physical properties, in
addition to being useful for a basic characterization of a
rock (Columbu et al. 2015¢), allow to study the alteration
processes and to evaluate the decay state of the limestone.

The three Pietra Cantone samples taken from the
monument (signed with MSA, MSB, MSC) were treated
with impregnation for gradual immersion (for consolidant)

@ Springer

and brushing (for water repellent). The immersion mode
allows an optimal distribution of the product inside the
stone matrix with widespread and uniform penetration in
the outer portion. The immersion method also allows to
dose the correct amount of product to be applied in the
monument stone to obtain an optimum result.

Materials and methods
Sampling and geomaterials

The sample material was collected from the masonry-walls
of the tobacco factory during its restoration that occurred a
few years ago. Three big fragments (MSA, MSB, MSC) of
three ashlars of Pietra Cantone limestone (Fig. 5) were
collected, compatibly with the limits imposed by the local
Superintendence of Cultural Heritage. The sampling was
done with minimally invasive methods, trying not to deface
the monument, not to affect the building structure and to
preserve its original characteristics.

The samples were taken at different heights in the inner
wall of tobacco factory masonry.

In laboratory, the following specimens were cut from
each sample: cubic specimens with size ~15 x 15 x
15 mm on which to determine the physical properties (real
and bulk density, porosity, water absorption); prismatic

Fig. 5 Some samples of Pietra Cantone ashlars taken from Tobacco
Factory monument of Cagliari
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specimens with ~50 x 50 x 10 mm for vapour perme-
ability; cubic specimens with ~50 x 50 x 50 mm for
uniaxial compressive tests; prismatic specimens with
12 x 50 x 20 mm for flexural tests; thin sections of about
30 pm thickness for the microscopic analysis; and powered
samples for XRD analysis.

Petrographic and physical methods

Petrographic determinations of mineralogical composition
were carried out by optical polarized microscopy (OM) on
polished thin sections using a Leitz Wetzlar microscope.

For the qualitative mineralogical characterization of the
crystalline phases in powder samples, X-ray diffraction
analysis (XRPD) was used an experimental package
Geigerflex Rigaku D/MAX-B/C series, equipped with a
monochromator system, using the Cuko ray tube radiation
at 30 kV and 30 mA, Ni filter, scan 4-60 or 3-90°26,
sampling pitch of 0.01°26.

To deepen knowledge on the composition and
microstructural aspects of the Pietra Cantone, SEM anal-
ysis of broken and sawn samples was made. SEM micro-
scopy investigation and microphotographs were performed
with a Zeiss Evo LS 15 equipped with a LaBg¢ filament as
electron source.

Inner surface area and pore volume of the adsorbents
were measured from nitrogen sorption isotherms at 77 K on
a Micrometrics ASAP 2020 sorption analyser. Prior to any
measurement, samples were outgassed at 150 °C for 12 h
under vacuum, to remove any gases or vapours that may
have become physically adsorbed onto the adsorbent sur-
face. A thermic treatment at T > 150 °C of clay minerals
allows the removal of the physical adsorption water and part
of the hydration water. According to Che et al. (2011), the
thermogravimetric analysis show that the dehydration pro-
cesses indicated that most of their interlayer H,O molecules
were lost by 200 °C. The dehydroxylation of clay minerals
starts at T > 400 °C: the kaolinite starts at 463.77 °C
(Bontle and Nadiye-Tabbiruka 2007); the montmorillinte
group minerals began to lose their structural OH groups
gradually from 600 to 700 °C. XRD data of clay samples
treated at 300 °C showed that they retained their original
crystallographic structure (Che et al. 2011).

Surface area (SBET) was determined using the Bru-
nauer—Emmet-Teller (BET) equation according to consis-
tency criteria (Walton and Snurr 2007), and the total pore
volume (V total) was calculated from amount of N2
adsorbed at relative pressure of P/Pg = 0.99. Mesopore
size distribution was derived from the Barrett-Joyner—
Halenda (BJH) method (Barrett et al. 1951).

The physical tests to determine the porosity, water
absorption by immersion and density were determined
according to the following methods. The specimens were

dried at 105 £ 5 °C, and the dry solid mass (mp) was
determined. The solid phases volume (Vs) of powdered
rock specimens (on 5-8 g and with particle size less than
0.063 mm) and the real volume (V) with:

VR = Vs + Ve (1)

(where V¢ is the volume of pores closed to helium of the
specimens) were determined by helium Ultrapycnometer
1000 (Quantachrome Instruments). Then, the wet solid
mass (my) of the samples was determined until constant
weight. Through a hydrostatic analytical balance, the bulk
volume (Vg) with

VB =Vs+ Vo + Vc (2)

where

Vo= (Vg — W) (3)

is the volume of open pores to helium is calculated as:

Vg = [M} . 100 (4)
PwT 25°C

where myy is the hydrostatic mass of the wet specimen and
pw T25 °C is the water density at a temperature of 25 °C.

Total porosity (P1), open porosity to water and helium
(PoH,0; doHe, respectively), closed porosity to water and
helium (®cH,0; ®cHe), bulk density (pg), real density
(pr) and solid density (ps) were computed as:

Vg — Vi
& = {(BS)} .100 (5)
Ve
|:(mW*mD):|
PoH,0 = { =2 14 100 (6)
VB
Vg — V,
doHe = {(BRW -100 (7)
Ve
®cH,0 = &p — GoH,0 (8)
@CHC = ¢T — ¢0He (9)
mp
_"p, 10
Ps VS ) ( )
mp
_ "D, 11
pR VR ’ ( )
mp
_mp 12
PB Ve (12)

The weight imbibition coefficient (ICy) and the satu-
ration index (SI) were computed as:

IC, = {(mw—mD)} . 100 (13)
mp
(mw—mp)
¢OH20 |: PwTx :|
SI = = -100 14
< ®oH, > Vo (14)
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The punching strength index (PLT index) was deter-
mined on the same pseudo-cubic rock specimens used for
other physical properties (porosity, density, water absorp-
tion, etc.) with a Point Load Tester (mod. D550 Controls
Instrument), according to ISRM (1972, 1985). The load
was exerted via the application of a concentrated load with
two opposing conical punches. The resistance to punctur-
ing (Is) was calculated as:

P
IS =o5 (15)
where P is the breaking load and De is the “equivalent
diameter of the carrot” (ISRM 1985), with:

4A

De = — 1
e =— (16)
A=W-D (17)

where W and 2L are the width perpendicular to the direc-
tion of the load and the length of the specimen,
respectively.

The index value is referred to a standard cylindrical
specimen with diameter D = 50 mm for which Is has been
corrected with a shape coefficient (F) and calculated as:

De %45
Isso=1Is-F =1s- (%> (18)

A testing machine (digital model 50-C54, Controls) was
used to determine the uniaxial compressive strength (Rc)
(according to UNI EN 1926 2007) and flexural strength
(Rf) and on prismatic specimens with size
10 x 50 x 20 mm (according to UNI EN 12372 2001).
The specimens were dried at 60 £ 5 °C until stationary dry
weight (Amp < 1%). The strength measurements were
acquired by using a Wizard Basic microprocessor digital
readout unit. The compressive strength (Rc), determined
with the load applied to the X—Y-Z sample axes, was cal-
culated as:

P

Rc = 1 (19)
where P is the breaking load and A is the area of the
specimen section perpendicular to the direction of the load.

Ultrasonic testing has been effectuated on 12 cubic
specimens side 50 x 50 x 50 mm. The instrument used
for the test is the Ultrasound Controls 58-E4800 according
to the standards: UNI EN 12504-4 (2005) and ASTM C597
09 (2009). The ultrasonic velocity was calculated dividing
the distance between the two parallel faces of the cubic
shapes for the travelling time of the ultrasonic pulse
through the two faces of the sample. The values of velocity
was determined before treatment and after 24 h, 7 and
24 days, to monitor the degree of consolidation over the
time, according to three main directions: (1) perpendicular

@ Springer

to the bedding planes/deposition of Pietra Cantone stone
(axis Z); (2) parallel to the planes in the axis signed with X
(3) parallel to the planes (and orthogonally to X) in the axis
signed with Y.

The vapour permeability was determined according to
NORMAL 21/85 (1985).

To measure the amount of water vapour diffused
through the sample, the test is repeated at regular intervals
of 24 h until reaching the steady state. That is considered
achieved when the average value of the weight variation
AM in the time interval of 24 h, considering three values
recorded at 24, 48, 72 h in steady during which the
AM showed an oscillation around to an average value <5%.

The water vapour permeability, so calculated, was then
expressed in g/m”-24 h (according to ANSI-ASTM C355-
64) and normalized to 20 °C.

Treatment methods and chemicals characteristics

Two different consolidant and water repellent products are
used, of which the data are reported in Table 1. All the
specimens, before treatment, have been cleaned superfi-
cially by removing the fats resulting from sawing, and they
were placed in the stove at 60 °C for 72 h. The consoli-
dants were applied by immersion of the specimens in
fibreglass becker for a duration of 24 h at an ambient
temperature between 20 and 25 °C and relative humidity of
40-50% sheltered from sunlight to homogenize and
ensuring complete absorption of the chemicals in the
specimens and to obtain direct information on the maxi-
mum quantity absorbed by the sample. The nano-molecular
hydrophobic was smeared with a paint brush.

Mineral Consolidant (commercial label, called from
here CM) is a concentrated impregnating product of sili-
cates, mainly potassium and sodium silicates in greater
quantities in hydroalcoholic dilution (variable, in average
50%) at pH = 11 £ 0.5. This solution forms a chemical
reaction with the salts of the stone, and they stabilized
binders forming Ca/Na/K-carbonates and amorphous silica.
The silica has strong consolidating and aggregating capa-
bilities, and the Si—O bond underlying the silica derivatives
is very stable and therefore resistant to ageing. The low
specific weight (1.056 g/cm®) in the formulation makes
CM consolidant particularly pervasive in the walls: it is
used as well as smoothing of grip to daub walls with lime
(AA.VV. 2002; Spadola 2005). CM chemical needs an
amount 350 g/m” according to the tests of Produzioni
Freius Chimici srl company.

The hydrolysis of alkaline elements such as sodium
leads to the formation of hydroxides, which are conveyed
during the evaporation of the solvent that cause sub-efflo-
rescence in the stone surface (Fig. 12a—d). Salts coming
from consolidation with alkali-silicates are known in many
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Table 1 Chemical and physical properties of consolidant and protective products

pH

Aspect

Dilution type Specific

Conc.

(%)

Typical bond

Chemical
formula

Composition

Product class

Sigle Use

Chemicals

weight (g/

cc)

11 £ 0.5

Colourless,

1.056

Hydroalcoholic

Variable

K,/

Solution of K, Li,

Silicate

CM  Consolidant

Mineral

odourless

(30-60)

NaZSiO3

Ba, Na silicates

silicate

/

0.970 Straw yellow,

Alcoholic

70

Si(OC,Hs)4

Alkoxysilanes Ethylic ester

Consolidant

FB

Ethyl

OC,H,
|
C,H,0— Si—OCH,

orange
flavour

solution of

silicate

|

silicic acid

My

7.5 £ 0.5 (amorphous

White,

Hydroalcoholic  +1.000

43

4
I

H,~— Si—H,

SiH,

Silan monomer

NG Protective Silane

Nano-

state)/10 (solid state)

odourless

monomer

molecular
gel

H,

cases conservation to be the main reason for great damage
on Cultural Heritage (see, e.g., Arnold and Zehnder 1991).

Ethyl Silicate Indurent (Indur FB, called from here FB)
is a monocomponent product in alcoholic fluid dilution. It
contains a percentage of ethyl silicate in a concentration of
70% with a specific weight of 0.97 g/cm®. On the basis of
experience, it is suitable for the type of carbonate/cal-
careous stones. The product precipitates by hydrolysis
following a reaction with atmospheric moisture that acts as
a catalyst, forming ethyl alcohol as a secondary product.
FB is an inorganic substance in low-molecular organic
solvent, so it has a low viscosity and is highly penetrating.
In fact, compared to water, ethanol is characterized by a
lower surface tension and contact angle, and so a higher
wetting ability. Ethyl Silicate is also used for surface
protection of concrete (Franzoni et al. 2013).

The product penetrates as liquid phase, after about a
week silica goes to viscose phase according to the sol-gel
process (Sponchia 2011). Consolidation (Fig. 6k—n) is
effectively complete after about 3-4 weeks from the
treatment, when the silica gel will complete its transition to
the amorphous solid state (Rodriguez Navarro et al. 1996).
The synthesis of hybrid materials (silica 4+ ethanol) based
on sol—gel process allows to obtain the products in which
the organic molecules are introduced and linked to inor-
ganic bonds of the silica. In this way, it gives elasticity to
the obtained gel that is less susceptible to crimp during the
drying phase (Salazar Hernandez et al. 2010).

The success of alkoxysilane consolidants on carbonate
rocks is a topic of some debate. This formulation is widely
used in the consolidation of siliceous rocks. In fact, some
works dating back to the 1970 demonstrate that the proper-
ties of mechanical strength greater increase in the sandstones
compared to carbonate rocks (Goins et al. 1996) because the
structural and chemical characteristics of the stone condition
the bonding ability of the ethyl ester. If the stone does not
present —OH groups, the silica precipitates in the pores and
fills the intergranular spaces by increasing the compressive
strength, but it does not form a real pattern between the
minerals disintegrated by reacting with the hydroxyl groups.
Precisely, for this reason, it has been effective in the sand-
stones and clays, while you think it is not suitable for marble
and limestone (Plenderleith and Werner 1973; Amoroso
2002). In limestones, the hydroxyl groups are bonded to the
fraction of impurities (i.e., minerals such as illite and
montmorillonite) which are present in the carbonate matrix.
These impurities play an important role because they contain
hydroxyl groups (about 10%) that are sufficient to bind
colloidal silica to carbonate matrix (Mameli 2012), espe-
cially. Effectiveness of alkoxysilanes to bind to the mineral
phases of the limestone will be studied. The Indur FB can be
applied using an amount of 650 g/m® according to Pro-
duzioni Freius Chimici srl experience.
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«Fig. 6 Determination of compressive strength on cubic specimens
with size 50 x 50 x 50 mm with some specimens with typical
hourglass rupture once exceeded the breaking load. a MSA-untreated
sample; b MSA CM-treated sample; ¢ MSA FB-treated sample;
d MSB-untreated sample; e MSB CM-treated sample; f MSB FB-
treated sample; g MSC-untreated sample; h MSC CM-treated; i MSC
FB-treated. k, 1, m, n INDUR FB consolidation: k chemical as liquid
phase; 1 gel phase after 8 days; m hardening process about 14 days;
n solid state of FB about 1 month (with amorphous SiO,)

Protective treatments can yield the stone totally imper-
meable to water (waterproofing), or impermeable only to
liquid water (water repelling) while allowing passage of
water vapour (Gray 2000). The water repellent that has been
used in this research is a nano-molecular gel based on Silane
Monomer nano-molecular (alkyl alkoxy silane monomer,
called from here NG) in hydroalcoholic dilution al pH = 7/
8. Compared to other products (i.e., epoxy resins), it is
distinguished by the small size of the molecules of the
monomer equivalent to 10 A and low specific weight (about
1 g/em?®), so it can dissolve in polar solvents such as alco-
hols or water (so it can also be applied to damp surfaces)
creating a film not harmful and chemically anchored to
support, able to make the material highly hydrophobic. Due
to its chemical characteristic, the nano-molecular silane
possesses a very high penetration, and it is therefore able to
hydrophobise the smaller capillaries and to combat the
penetration of chlorides and soluble salts. The polymer-
ization of the monomer silane is initiated by a hydrolysis
reaction. Hydrolysis is the chemical reaction of an
alkoxysilane with water or with the hydroxyl groups (-OH)
on the surface of a mineral grain. The hydrolysis reaction
produces a silanol and an alcohol as a by-product, which
rapidly evaporates. In the course of polymerization, this
partially hydrolyzed molecule can then undergo either fur-
ther hydrolysis or condensation (Ozturk 1992). Considered
the probable loss of effectiveness over time (Wheeler 2005;
Alfano et al. 2006; Lopez-Arce et al. 2009), and also in
accord with its low molecular weight, the silane monomer
was used in a concentration of 42-43% by weight. The
silane condensation product comprises a three dimensional
molecular network which is derived from reactive precur-
sors or as applied precursors which provides protection to a
porous substrate (Larry et al. 1996).

Results and discussion

Petrographic and compositional characteristics
of Pietra Cantone

The three samples of Pietra Cantone limestone (i.e., MSA,
MSB, MSC) show similar macroscopic characteristics with

a low or absent cementing degree. The MSA sample,
unlike the other two samples, shows overall a greater
presence of clay minerals compared to two other samples,
represented by occasionally plagues placed sub-parallel to
the sediment deposition (Fig. 3f).

The OM, XRD and SEM analysis highlight a similar
composition of the MSA, MSB and MSC samples, char-
acterized by a lime-mud supported matrix (Figs. 7a—d, 8),
consisting of crystal-granules (with size mainly between 5
and 25 pum; Fig. 8) of calcite (about 85-90 vol% of total
granules; occasionally as well-developed crystals; Fig. 8),
quartz (<3%), mica (mainly biotite and subordinate illite,
<3%; Fig. 7e), K-feldspar (<2%), opaque (<2% with
diameter 100-300 pm; Fig. 7), rare montmorillonite and
kaolinite. Crystal-clasts (15-20 vol% of rock, with variable
origin and size, mainly from about 80-650 um) and bio-
clasts (20-25 vol% of rock, >50 pm; Figs. 7, 8d) are
present. The bioclastic component consists of planktonic
and bentonic foraminifera skeletons (30%, e.g., mostly
Globigerinidae) and fragments of various shells (as elon-
gated crinoid fragments), brachiopods (as curved frag-
ments) (Fig. 7c, d), bryozoans and other. The presence of
foraminifera typical of oxygenated clean sea-water at
normal salinity indicates a sub-littoral deposition environ-
ment. The rock is affected by a fractures filled with spathic
calcite.

According to Folk (1959) and Dunham (1962) classifi-
cations, the three samples of Pietra Cantone can be defined
as biomicritic limestone and as wackestone, respectively.
However, on the basis of microscopic observations and
given the environment of deposition conditions, it is
preferable to define them as marly limestones poorly
cemented, with mainly muddy microcrystalline matrix and
variable presence of bioclastic components.

XRD analysis show the occasionally presence of gyp-
sum (as result of secondary sulfatation process of carbonate
cement and/or also as sindepositional phase).

SEM analysis on external surface of untreated samples
(Fig. 8) shows a crystalline micrometric structure mainly
consisting of granules of calcite (>85 vol%) with size
range 1-10 pm and frequently between 1 and 3 um. The
subordinate presence of quartz (8-10 um; Fig. 7e),
K-feldspar (10-20 um; Fig. 8a, b), biotite (4—12 pm), illite
(10-15 pm; Fig. 7e) is observed. Rare apatite crystals
(25 pm), bioclastic fragments (20-30 pm; Fig. 8d) and
mixed chlorides of Ca/K/Na (8—15 pm) are present. These
latter are original salts of marine deposition.

The SEM microphotographs of Fig. 8c—f show the
intergranular contacts and crystal habit of the grains, in
some cases idiomorphic (e.g., calcite), and low cementa-
tion degree of matrix where the grains are joined together
through to the interlocking of the phases rather than the
cohesion forces.
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«Fig. 7 a, b, ¢, d Pietra Cantone thin sections, crossed Nicols: a red-
brown interbedding claysh layer; b patch; ¢, d detail of Glo-
bigerinidae and fragments of various shells (crinoids, brachiopods);
e X-ray diffraction analysis (XRD): presence of calcite, quartz and
phyllosilicates (i.e., illite group) and relative standard peaks

Physical-mechanical properties and decay of Pietra
Cantone

The helium picnometry analysis on all analysed specimens
highlights a maximum range of total porosity between 28
and 36 vol% (Tables 2, 3; Fig. 9), with following means:
32.52 £ 1.46% in MSA sample, 32.59 + 0.51% in MSB
sample and 33.76 £ 1.18% in MSC sample (Table 3). The
closed porosity shows low values (<0.7%). The bulk

Fig. 8 SEM microphotographs of untreated samples: a, b quartz and
K-feldspar crystals immersed in (mainly calcite) muddy matrix;
¢ detail of quartz and calcite crystals; d bioclastic fragment immersed

density, inversely related to the total porosity and affected
by the composition and fabric of stone, ranges between
1.76 and 1.96 g/cm® (Tables 2, 3; Fig. 9b).

SEM analysis shows an almost uncemented rock
microstructure, where the grains are held together practi-
cally by van der Waals forces and interlocking. The
observations at the micrometric scale highlight the pres-
ence of intergrain macropores frequently varying in the
range of 5-50 pum (Fig. 6e), and occasionally also >50 pm
(Fig. 8f).

These data accord to the Hg-porosimetry analysis of
Atzeni et al. (2006) made on the unaltered samples of Pi-
etra Cantone, which highlight a similar mean of porosity:
34.19 &£ 3.45%. These latter data are lightly higher with
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in muddy medium cemented matrix; e view of porous poorly
cemented matrix; f phyllosilicate, calcite and quartz crystals with
diameter < 10 pm
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Table 2 Physical data of untreated samples (with size 5 x 5x5 cm) of Pietra Cantone limestone

Sample OB PoH,0 Dc (2N Vp X VY Vp Z Anisotropy ratio Anisotropy Vp mean
g/em® % % % m/s m/s m/s X-Z X-Y Y-Z mean m/s
MSA 1 1.83 33.24 0.44 33.68 1992 1563 1223 1.63 1.27 1.28 1.39 1592
MSA 2 1.80 33.81 0.39 34.20 803 678 553 1.45 1.18 1.23 1.29 678
MSA 3 1.94 28.22 0.67 28.89 936 911 613 1.53 1.03 1.49 1.35 820
MSA 4 1.96 27.89 0.55 28.43 1672 813 795 2.10 2.06 1.02 1.73 1093
MSA 5 1.85 31.75 0.56 32.30 1931 1841 1260 1.53 1.05 1.46 1.35 1677
Mean 1.88 30.98 0.52 31.50 1467 1161 889 1.65 1.32 1.29 1.42 1172
SD 0.07 2.78 0.11 2.69 560 510 334 0.26 0.43 0.19 0.18 449
MSB 1 1.88 31.82 0.25 32.07 1939 802 668 2.90 242 1.20 2.17 1137
MSB 2 1.81 33.62 0.56 34.18 832 747 652 1.28 1.11 1.15 1.18 744
MSB 3 1.87 30.91 0.59 31.50 1449 1304 923 1.57 1.11 1.41 1.37 1225
MSB 4 1.88 30.82 0.63 31.45 1316 1021 742 1.77 1.29 1.38 1.48 1026
MSB 5 1.78 34.89 0.43 35.31 1119 914 901 1.24 1.22 1.01 1.16 978
Mean 1.84 32.41 0.49 32.90 1331 958 777 1.75 1.43 1.23 1.47 1022
SD 0.05 1.78 0.16 1.75 412 220 128 0.68 0.56 0.17 0.41 183
MSC 1 1.88 31.36 0.26 31.62 1534 996 599 2.56 1.54 1.66 1.92 1043
MSC 2 1.97 27.05 0.92 27.98 770 848 919 1.19 1.08 1.10 1.13 846
MSC 3 1.90 29.75 0.52 30.27 1871 1081 901 2.08 1.73 1.20 1.67 1285
MSC 4 1.93 29.09 0.64 29.74 1327 906 784 1.69 1.46 1.16 1.44 1006
MSC 5 1.83 31.93 0.77 32.70 1692 1222 837 2.02 1.38 1.46 1.62 1250
Mean 1.90 29.84 0.62 30.46 1439 1011 808 1.91 1.44 1.32 1.56 1086
SD 0.05 1.94 0.25 1.81 424 148 129 0.51 0.24 0.24 0.30 182

Legend symbols: pg, bulk density; @?oH,O, helium open porosity; @c, water closed porosity; Pr, total porosity; Vp X, longitudinal wave
ultrasonic velocity measured on X axis; Vp Y, longitudinal wave ultrasonic velocity measured on Y axis; Vp Z, longitudinal wave ultrasonic
velocity measured on Z axis; Vp mean, longitudinal wave ultrasonic velocity average between X, Y, Z axes

respect to those determined in this work with helium pic-
nometry, probably because the high pressure of Hg-intru-
sion method has generated a partial fragmentation of
micrometric porous network in these rocks. The increase in
porosity values due to a microstructural crushing at high
Hg-pressure is known in the literature. Some authors
(Zinsmeister et al. 2012) have showed this discrepancy by
using a comparison with Nuclear Magnetic Resonance
(NMR) method. Hg-porosimetry analysis of Atzeni et al.
(2006) on unaltered samples show a broad pore size
asymmetric unimodal distribution ranging over five size
orders, where 70% of the total porosity fall into the
1-16 pm size range, 10% in the 16-32 pm range and about
20% of total porosity lower to 1 um. The modal size range
is 8-16 mm, with about 30% of total porosity. The inter-
grain macropores with size >32 um observed in SEM
analysis on the surfaces of the MSA, MSB, MSC samples
probably are due to greater physical alteration of monu-
ment samples analysed, which load to the detachment of
the crystalline granules.

Moreover, to characterize the distribution of porosity
with size <0.18 um (1800 10\), N2 porosimetry analysis
was made on outgassed samples of Pietra Cantone. No

@ Springer

differences were observed in the porous network of the
three lithotypes MSA, MSB and MSC samples. Figure 10a,
b shows the isotherm and the pore distribution of MSB
sample. The limestone shows an isotherm (Fig. 10a),
classified as type IV hysteresis loops according to the
IUPAC classifications (Sing et al. 1985), due to meso-
porous adsorbents. No contribution from the micropores
connecting the mesopores was found for any of the studied
materials. The calculated pore volume and the specific
surface area values are 0.019469 cm®/g and 10.9920 m*/g,
respectively. The porosity is mainly distributed on the
range 15-1800 A (ie., 0.0015-0.18 pm), with a main peak
around 37 A (Fig. 10b). According to IUPAC pore classi-
fication (Sing et al. 1985), the porosity mainly fall in
macro- and mesopore size ranges.

The physical characteristics of Pietra Cantone change as
function of the depositional compaction and alteration,
which affects especially the porosity and mechanical
strength. The alteration degree of monument limestone
depends on: (1) original depth in the stratigraphic sequence
of Pietra Cantone formation (Barroccu et al. 1981), (2)
compositional characteristics, i.e., variable presence of the
clay terrigenous components, (3) microenvironmental
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Table 3 Physical properties of the limestone: pg, solid volume; pg, real density; pg, bulk density; ®oHe, He open porosity; ®cHe, He closed
porosity; ®oH,0, H,O open porosity; @, total porosity; ICy, water-imbibition coefficient; SI, saturation index

Sample Physical state PR (g/cm3) Os (g/cm3) PB (g/cm3) ®oHe (%) ®cHe (%) @PoH,0 (%) D1 (%) ICw (%) Sl (%)
MSA 1 Untreated 2.7381 2.7565 1.8305 33.15 0.45 32.47 33.59 17.74 98.24
MSA 2 2.7250 2.7413 1.8597 31.75 0.41 31.36 32.16 16.86 99.05
MSA 3 2.7056 2.7309 1.7901 33.84 0.61 32.90 34.45 18.38 97.52
MSA 4 2.7171 2.7378 1.8823 30.72 0.52 30.19 31.25 16.04 98.54
MSA 5 2.7151 2.7374 1.8850 30.57 0.57 29.63 31.14 15.72 97.19
Mean 2.7202 2.7408 1.8495 32.01 0.51 31.31 32.52 16.95 98.11
SD 0.0122 0.0096 0.0398 1.45 0.09 1.41 1.46 1.12 0.75
MSA NGI1 Nano-gel treated 2.7080 2.7302 1.8592 31.34 0.56 4.07 31.90 2.19 13.02
MSA NG2 2.7219 2.7451 1.8605 31.65 0.58 4.30 32.23 2.31 13.64
MSA NG3 2.7017 2.7204 1.8242 32.48 0.46 4.76 32.94 2.61 14.70
MSA NG4 2.7106 2.7337 1.8404 32.10 0.57 4.27 32.68 2.32 13.33
MSA NG5 2.7534 2.7701 1.7975 34.72 0.39 4.27 35.11 2.38 12.35
Mean 2.7191 2.7399 1.8364 32.46 0.51 4.33 32.97 2.36 13.41
SD 0.0205 0.0191 0.0264 1.34 0.08 0.26 1.26 0.16 0.87
MSB 1 Untreated 2.7512 2.7613 1.8681 32.10 0.25 30.75 32.35 16.46 96.07
MSB 2 2.7235 2.7468 1.8491 32.10 0.58 31.23 32.68 16.89 97.55
MSB 3 2.7079 2.7310 1.8608 31.28 0.58 31.29 31.86 16.81 99.38
MSB 4 2.7236 2.7487 1.8463 32.21 0.62 31.71 32.83 17.18 98.74
MSB 5 2.7327 2.7508 1.8371 32.77 0.44 32.55 33.22 17.72 99.62
Mean 2.7278 2.7477 1.8523 32.09 0.49 31.51 32.59 17.01 98.27
SD 0.0159 0.0109 0.0122 0.53 0.15 0.68 0.51 0.47 1.47
MSB NG1 Nano-gel treated 2.7501 2.7692 1.8381 33.16 0.46 5.05 33.62 2.75 15.28
MSB NG2 2.7164 2.7405 1.8798 30.80 0.61 5.07 31.41 2.70 16.50
MSB NG3 2.7180 2.7425 1.8766 30.96 0.62 4.84 31.57 2.58 15.68
MSB NG4 2.7300 2.7467 1.8508 32.20 0.41 4.70 32.62 2.54 14.64
MSB NG5 2.7050 2.7313 1.8835 30.37 0.67 4.26 31.04 2.26 14.06
Mean 2.7239 2.7460 1.8658 31.50 0.55 4.78 32.05 2.56 15.23
SD 0.0171 0.0141 0.0201 1.15 0.11 0.33 1.06 0.19 0.94
MSC 1 Untreated 2.7403 2.7507 1.8112 3391 0.25 33.60 34.16 18.55 99.39
MSC 2 2.7009 2.7355 1.7620 34.76 0.83 33.49 35.59 19.01 96.62
MSC 3 2.7079 2.7280 1.8364 32.18 0.50 31.92 32.68 17.38 99.48
MSC 4 2.7200 2.7449 1.8239 32.94 0.61 32.09 33.55 17.59 97.69
MSC 5 2.6953 2.7263 1.8311 32.06 0.77 31.71 32.83 17.32 99.19
Mean 2.7129 2.7371 1.8129 33.17 0.59 32.56 33.76 17.97 98.48
SD 0.0179 0.0106 0.0300 1.15 0.23 0.91 1.18 0.76 1.27
MSC NG1 Nano-gel treated 2.7065 2.7302 1.8831 30.42 0.61 4.25 31.03 2.26 14.01
MSC NG2 2.7137 2.7432 1.8508 31.80 0.73 371 32.53 2.00 11.70
MSC NG3 2.7203 2.7405 1.8905 30.50 0.51 3.30 31.01 1.74 10.85
MSC NG4 2.7120 2.7252 1.8178 32.97 0.33 3.09 33.30 1.70 9.39
MSC NG5 2.7273 2.7521 1.8773 31.17 0.62 3.67 31.79 1.96 11.82
Mean 2.7159 2.7382 1.8639 31.37 0.56 3.60 31.93 1.93 11.55
SD 0.0080 0.0107 0.0298 1.05 0.15 0.45 0.99 0.22 1.68

SD standard deviation

conditions and decay processes that occur after the laying
of stone in the monument. In fact, due to the presence of
clay minerals (i.e., phyllosilicates) and salts (e.g., gypsum,

Na-carbonates, NaCl, etc.), this

limestone is easily

degradable at the presence of air humidity or water circu-
lation. Moreover, considering the high value of perme-
ability (K = 1.481 x 107"*/m?, equivalent to 1480
millidarcy, with K according to Darcy’s law; Atzeni et al.
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Fig. 9 Physical properties of Pietra Cantone limestone. a compres-
sive strength versus total porosity of untreated cubic samples with
size 5 x 5 x 5 cm; b anisotropy ratio mean versus bulk density; ¢ He
open porosity versus H>O open porosity of untreated and nano-gel-

2006), the circulating aqueous solutions, especially in the
stone ashlars of basal walls (with height <1 m) where the
capillary rise is frequently present, constitute an even more
dangerous factor for the physical decay of the limestone
(Fig. 3). Within the stone, the continuous cyclic processes
of solubilization/crystallization of soluble salts and/or
hydration/dehydration of hygroscopic phases (e.g., salts,
phyllosilicates that when wet expands to many times its
volume; Brown 1961) produce a reversible hydric dilata-
tion of stone ashlars and consequent destructive effects
inside the porous matrix (Guerrero et al. 1990; Zezza et al.
1990). In other cases, for example when the stone surface is
directly exposed to weathering and especially to acid rain,
the decay of porous limestone, as the case of Pietra Can-
tone, is also due to the dissolution of the carbonate cement
and calcite microcrystals of matrix.

All these processes often lead to an increase in porosity
and a decrease in bulk density and mechanical strength
(e.g., compressive resistance; Atzeni et al. 2006). More-
over, the presence, internally the stone, of elongated clay
patches (Fig. 3f) creates microstructural plans of physi-
cal-mechanical weakness, decreasing significantly the
strength. This is highlighted by some low value of
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treated samples where has been showed the saturation index fields
(SI > or < 100%); d punching, compressive, flexion strength versus
ultrasonic velocity of untreated and treated samples with CM and FB
consolidants

compressive strength in MSA with respect to the mean
(Table 2), low PLT index (Table 6) and by higher stan-
dard deviation of ultrasonic velocity (with Vp means of
446 m/s in MSA versus 183 and 182 m/s in MSB and
MSC; Table 2).

The samples which have been taken from the monument
and examined in this paper show a certain variability of
physical data, especially high total porosity, also inside the
same lithotype, due to a compositional heterogeneity and a
variable alteration degree. The decay of monument sam-
ples is highlighted also by low and variable values of
ultrasound velocity of longitudinal waves (Vp = 553 +
1260 m/s, range on Z axis, orthogonal to stratigraphy;
Table 2) compared to those of unaltered limestone taken
from quarry (Vp ~ 2100 = 3600 m/s; Cuccuru et al.
2014; Concu et al. 2014). This evidently shows the presence
of physical decohesion of matrix (Fig. 6) and probably also
physical discontinuities due to the pressure of static load of
masonry (e.g., microfissures) and to compositional inho-
mogeneity (Fig. 3f). The different velocity values, which
have been measured on three main axis (X, Y, Z; Table 2),
show two constant anisotropy degrees (mainly X-Z and
minor X-Y; Fig. 9b) of Pietra Cantone limestone.
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Fig. 10 Porosimetry by BET
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The compressive strength values are equally low
(4.5-9.5 MPa, with load on Z axis; Table 2; Fig. 9a), with
values under the frequent ranges of unaltered samples
taken from quarry (10 +— 14 MPa, Cocco et al. 2015) and
slightly altered samples (5 = 11 MPa, Concu et al. 2014).
However, the values do not reach those of strongly altered
samples taken at the surface of the outcrops
(0.4 - 0.8 MPa, Barroccu et al. 1981).

Protective efficacy

To verify the efficacy of the nanotechnology product, the
data of open porosity to gas-helium (PoHe), open porosity
to liquid—-water (PoH,0), vapour permeability at steady
state are analysed before and after chemical treatment.
Given the poor resistance of Pietra Cantone limestone, due

400 600 800 1000 1200 1400 1600 1800 2000

Pore width (A)

to both the intrinsic characteristics of the material and a
slight degree of rock alteration, the water absorption tests
by total immersion were interrupted at 72 h to avoid loss of
material for decohesion. The results were, however, useful
in assessing the effectiveness of protective chemical.

The helium open porosity of untreated samples has
values lightly less respect to the total porosity (Table 3;
Fig. 9c, d) varying between about 28 and 35%. The aver-
age values of MSA and MSB samples are similar
(@1 = 32.5 £ 1.5 and 32.6 £ 0.51%, respectively), while
MSC samples (more altered) show slightly higher values
(@1 = 33.8 £ 1.2%). Closed porosity is always <1%
(Table 3). Open porosity to water, weight imbibition
coefficient and saturation index (Fig. 9c) of untreated
samples has different values with respect to the treated
samples.
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Table 4 Vapour permeability test of MSA, MSB and MSC limestones on untreated samples and treated samples with NG water repellent and

CM-FB consolidants

Sample Measures Time interval Progressive AMp-t = Progressive loss H,O Progressive
total weight vapur flux
(h) & @ (%) (g/m” 1)
(@)
MSA untreated 0 0 182.77 0.0000 0.0000
1 24 182.15 0.6247 0.3418 9.2992
2 48 181.53 1.2356 0.6760 18.3931
3 72 181.02 1.7543 0.9598 26.1144
4 96 180.46 2.3054 1.2614 34.3180
5 120 179.98 2.7863 1.5245 41.4767
6 140 179.33 3.4384 1.8813 51.1838
7 164 178.65 4.1249 2.2569 61.4030
MSA CM 0 0 181.58 0.0000 0.0000
1 24 181.06 0.5200 0.2864 7.7407
2 48 180.52 1.0600 0.5838 15.7791
3 72 180.08 1.5000 0.8261 22.3289
4 96 179.58 2.0000 1.1014 29.7719
5 120 179.18 2.4000 1.3217 35.7262
6 140 178.61 2.9700 1.6356 442112
7 164 178.05 3.5300 1.9440 52.5473
MSA FB 0 0 172.08 0.0000 0.0000
1 24 171.64 0.4393 0.2553 6.5394
2 48 171.16 0.9232 0.5365 13.7427
3 72 170.60 1.4781 0.8590 22.0029
4 96 170.06 2.0173 1.1723 30.0294
5 120 169.77 2.3068 1.3405 34.3389
6 140 169.15 29311 1.7033 43.6321
7 164 168.45 3.6327 2.1111 54.0761
MSA NG 0 00 180.38 0.0000 0.0000
1 24 179.74 0.6400 0.3548 9.5270
2 48 179.10 1.2800 0.7096 19.0540
3 72 178.50 1.8800 1.0422 27.9855
4 96 178.02 2.3600 1.3083 35.1308
5 120 177.48 2.9000 1.6077 43.1692
6 140 176.85 3.5300 1.9570 52.5473
7 164 176.26 4.1200 2.2841 61.3300
(b)
MSB untreated 0 0 195.45 0.0000 0.0000
1 24 194.99 0.4553 0.2329 6.7776
2 48 194.48 0.9677 0.4951 14.4051
3 72 194.04 1.4099 0.7214 20.9877
4 96 193.56 1.8872 0.9656 28.0927
5 120 193.19 2.2566 1.1546 33.5916
6 140 192.66 2.7922 1.4286 41.5645
7 164 192.09 3.3588 1.7185 49.9988
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Table 4 continued

Sample Measures Time interval Progressive AMp-t = Progressive loss H,O Progressive
total weight vapur flux
() ® @ (%) (g/m’*1)
MSB CM 0 0 173.00 0.0000 0.0000
1 24 172.50 0.5042 0.2914 7.5055
2 48 171.96 1.0444 0.6037 15.5469
3 7 171.50 1.4969 0.8653 22.2827
4 96 171.00 1.9971 1.1544 29.7287
5 120 170.60 2.4015 1.3882 35.7486
6 140 170.04 2.9576 1.7096 44.0266
7 164 169.46 3.5422 2.0475 52.7289
MSB FB 0 0 175.27 0.0000 0.0000
1 24 174.84 0.4319 0.2464 6.4292
2 48 174.13 1.1378 0.6492 16.9372
3 72 173.69 1.5813 0.9022 23.5391
4 96 173.12 2.1462 1.2245 31.9482
5 120 172.83 2.4413 1.3929 36.3410
6 140 172.14 3.1255 1.7832 46.5260
7 164 171.44 3.8322 2.1865 57.0458
MSB NG 0 0 179.63 0.0000 0.0000
1 24 179.10 0.5255 0.2925 7.8226
2 48 178.54 1.0914 0.6076 16.2465
3 72 178.06 1.5739 0.8762 23.4290
4 96 177.53 2.1022 1.1703 31.2932
5 120 177.12 2.5122 1.3985 37.3964
6 140 176.52 3.1082 1.7303 46.2684
7 164 175.90 3.7320 2.0776 55.5543
©
MSC untreated 0 0 178.48 0.0000 0.0000
1 24 177.33 1.1459 0.6420 17.0578
2 48 176.91 1.5674 0.8782 23.3322
3 72 176.10 2.3796 1.3333 35.4225
4 96 175.40 3.0846 1.7283 459171
5 120 174.67 3.8121 2.1359 56.7466
6 140 173.93 4.5482 2.5483 67.7042
7 164 173.25 5.2333 2.9321 77.9025
MSC CM 0 0 183.79 0.0000 0.0000
1 24 183.42 0.3684 0.2004 5.4840
2 48 182.98 0.8143 0.4431 12.1216
3 72 182.53 1.2563 0.6836 18.7012
4 96 182.16 1.6273 0.8854 24.2239
5 120 181.75 2.0359 1.1077 30.3063
6 140 181.34 2.4526 1.3345 36.5092
7 164 180.96 2.8350 1.5425 42.2016
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Table 4 continued

Sample Measures Time interval Progressive AMp-t = Progressive loss H,O Progressive
total weight vapur flux
() © @ (%) (g/m*)
MSC FB 0 0 180.24 0.0000 0.0000
1 24 179.87 0.3708 0.2057 5.5197
2 48 179.32 0.9243 0.5128 13.7591
3 72 178.70 1.5373 0.8529 22.8841
4 96 178.16 2.0788 1.1534 30.9449
5 120 177.61 2.6251 1.4564 39.0770
6 140 177.10 3.1432 1.7439 46.7894
7 164 176.47 3.7676 2.0903 56.0842
MSC NG 0 0 186.63 0.0000 0.0000
1 24 186.27 0.3597 0.1927 5.3545
2 48 185.74 0.8858 0.4746 13.1860
3 72 185.21 1.4189 0.7603 21.1216
4 96 184.78 1.8546 0.9937 27.6074
5 120 184.30 2.3299 1.2484 34.6827
6 140 183.82 2.8145 1.5081 41.8964
7 164 183.36 3.2719 1.7531 48.7053

Tables show the measurement of progressive total weight of specimens at regular intervals of 24 h. Progressive loss of H,O (expressed in gram

and %) allows to calculate the progressive vapour flux traversing specimens with of 50 x 50 x 10 mm in function of time

SD standard deviation

After chemical treatment with nano-gel, the same sam-
ples show similar values of physical properties (i.e., total,
He open porosity, closed porosity and density; Table 3),
while the water open porosity (and consequently the
imbibition coefficient) shows a significant decrease
(Table 3) that varies from ~85% in samples MSA NG and
MSB NG, to 89% in samples MSC NG. Also, the satura-
tion index shows a significant decrease (Fig. 9c; Table 3).

These results indicate that the nanotechnology chemi-
cals are strong water-repellents, without altering the
intrinsic properties of material (e.g., real density, total
porosity, etc.). In fact, this product creates only a superfi-
cial film that rejects the penetration of water in liquid
phase. In effect, absorption of this latter decreases, leaving
unaltered the permeability to gaseous phases of the porous
network, as highlighted by the graphic of vapour perme-
ability tests (Table 4a—c; Fig. 11). The permeability aver-
ages vary from ~0.45 g/m*-24 h in the MSB, to ~0.56 g/
m?24 h in MSA, to ~0.76 g/m*24 h in MSC, as function
of open porosity and decay degree of stones. Except MSC
samples that show a light decrease in permeability after
treatment, in MSA and MSB samples, the permeability has
increased with an improvement traversing of H,O in the
porous network, as highlighted by a lower angular coeffi-
cient of the representative straight line of untreated samples
with respect to those of samples which have been treated
with nano-gel (Fig. 11).

@ Springer

SEM analysis (Fig. 12h) shows the presence of coating
nano-gel that covers the outer surface of the material
making it water repellent. In the weeks after the treatments
with “wet stone effect”, when solvent evaporation is not
completed, any change of colour is visible on the outer
surface. However, between the crystalline matrixes sub-
stantially composed of calcite, crystal patches are present
with greater presence of the nano-gel coating, therefore
with a non-homogeneous distribution of the chemical due
to a different surface absorption. Figure 12h also shows a
phyllosilicate crystal of smectite group.

Consolidating efficacy

The efficacy of the two consolidation treatments by
immersion in the Pietra Cantone limestone was assessed
by a comparison before and after the treatment with
chemicals of following physical properties: ultrasonic
velocity, resistance to punching strength Issgy (PLT index),
compressive (Rc) and flexural strength (Rf).

The ultrasonic velocity shows substantially the degree of
compactness and indirectly a decrease or increase in the
porosity. Moreover, the measurement of this property at
regular time intervals allows to verify the variations of
strength in time post-consolidation, after several days.

The ultrasonic velocity results (Vp) before treatment and
after treatment (at 24 h, 8 and 15 days; Tables 2, 5;
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Fig. 11 Water vapour permeability test of untreated and treated
MSA, MSB, MSC samples of limestone. AMp (%) = percentage of
progressive loss of vapour water is expressed in function of time.
MSA: nano-gel protection causes an improvement of aqueous vapour
flux in the porous network better than untreated and consolidated
specimens. This latter shows a reduction of traversing of H,O. MSB:
The graph shows the similar progressive loss of water traversing
treated samples. Vapour flux is higher in protected sample with water
nano-gel repellent, while untreated sample has the lowest breathabil-
ity. MSC: The water traversing in porous network of untreated sample
shows that is much higher than those treated. The straight line of
specimens coated with nano-gel repellent and consolidated with CM
consolidant overlap, and their trend is similar to the consolidated
sample with Indur FB

Figs. 9d, 13) highlight an improvement of the compactness
of specimens (MSA, MSB and MSC) treated with CM and
FB chemicals, although with some differences between two
chemicals and direction of velocity measurement. Due to

anisotropy of rock, the results show different velocity
values as a function on the direction of measurement. In the
case with the bedding planes/deposition of Pietra Cantone
stone perpendicular (according to Z axes), there is a fluc-
tuating velocity, depending on drying time and type of
chemical. In the case with parallel planes to measurement
direction (according to X and Y), where the pores and
crystals (and non-crystalline phases) are more orientated,
with the passage of time, at 8 and 15 days, an increase in
ultrasonic velocities of the specimens treated with CM and
FB is observed (Figs. 9d, 13).

A validation of the consolidation effectiveness was
obtained comparing the test results of punching resistance
of untreated and consolidated samples. In Table 6 and
Fig. 9d, main data are reported: the untreated MSA, MSB
and MSC samples have average values of PLT index of
0.50, 0.70 and 1.28 MPa, respectively. The samples which
have been treated with the consolidating CM have average
higher values than samples which have not been treated
with values of 1.13, 1.15 and 1.42 MPa, respectively. The
treated with the ethyl silicate hardener FB samples pro-
vided in all areas of levy the highest values of PLT index:
1.79, 1.66 and 1.87 MPa, respectively.

The compressive strength (Table 6; Fig. 9d) is an
important physical parameter to evaluate the degree of
post-treatment structure consolidation, because it is an
indicator of compactness and of the possible change of
total porosity of material and therefore of the durability
too. The compressive strengths of untreated MSA and
MSB samples are similar, with average values of 9.5 and
9.2 MPa, respectively, while MSC samples, more porous
and altered, show a value of 7.4 MPa. Observing the post-
consolidating data, it is noted that the resistances grow
considerably in a differentiated way in the two used
products: in the case of CM, the increases are of 52 and
39% in the rock types MSA and MSB, and 67% in MSC; in
the case of the product FB, the values are of the 143, 91
and 151%, respectively.

In the same way, also the data of ultrasonic velocity,
measured in Z axis before and after treatments on the same
samples (Table 6; Fig. 9d) where they were performed
compressive tests, show a clear increase in compactness in the
treated samples due to a decrease in open porosity. Data are
differentiated in the two consolidating products. In the case of
CM, we have the maximum increase in ultrasonic velocities
that passing from 553 (in untreated sample) to 1344 m/s in
MSA treated sample, from 652 to 2024 m/sin MSB, and from
919 to 1393 m/s in MSC. In the case of FB, the velocities of
the treated samples MSA, MSB and MSC have the following
values: 2008, 1196 and 1415 m/s (Table 6).

Even in the case of flexural test, the results indicate an
improvement of the strength (Table 6; Fig. 9d). The values
of the untreated samples of MSA, MSB and MSC are of
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0.7, 0.7 and 0.6 MPa, respectively, while in the treated
samples, we have a slight increase in values, although to a
lesser extent compared to compressive test data, since
understandably the flexural strength is not a very indicative
parameter of the consolidation.

@ Springer

However, some considerations must necessarily be
made in relation to the application of products and on good
performance of the treatment. In fact, the considerable
increase in mechanical strength induced by the consoli-
dants with respect to the strength of unaltered stone is
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«Fig. 12 SEM microphotographs. a, b, ¢, d, e crushed fragment of
treated sample with CM consolidant: a NaOH agglomerates of surface
efflorescence; b silica solid phase of consolidant together NaOH
agglomerates of surface efflorescence; ¢ detail of photo (a) with
elongated NaOH phases with scattered calcite crystals; d detail of
photo (b) NaOH agglomerate phases and Na/Ca-carbonate fragment
with K-feldspar and calcite crystals of muddy matrix; e Na-carbonate
and Ca/K-silicate fragments and calcite crystals of muddy matrix; f,
g samples treated with FB consolidant: f inhomogeneous distribution
of amorphous silica inside the treated stone (see the parts highlighted
by white dashed line); g detail of photo (f) with cracking of silica
(with thickness of 1.5-3 um) over calcite crystals; h sample treated
with NG nano-gel protective chemical: surface agglomerates of
calcite and smectite crystals of muddy matrix with nano-gel (parts
highlighted by white dashed line)

considered by some authors as dangerous and not perfectly
performing in a conservative treatment, since, in the case of
surface application, it produces a crust of material with
different physical-mechanical behaviour from the inner
material substrate that is not reached by the product. In this
research, the consolidation treatments were made with
immersion method of specimens (also to determine the
maximum amount absorbable of product by stone), so the
samples have been almost completely saturated by chem-
icals. In practical restoration, this is not always possible,
then the chemicals must been applied as two or more coats
resulting in lower concentration of chemicals within the
stone, in order to allow a better adsorption in depth of

stone, until to reach the unaltered stone. In any case, the
mechanical strength of treated stone must be similar to the
strength of unaltered stone.

For these reasons, the dilution and quantity of consoli-
dating CM and FB that must be used in limestone of
monument depend on the depth and degree of decay. The
choice of dilution should therefore be made on site, taking
the local decay (weathering) conditions into account of the
stone to be treated. In the cases of decayed sample, espe-
cially on the surface, low concentrations must be used (e.g.,
20-40% in CM; <50% in FB) according to two or more
coats, as function on physical decay degree of stone.
Higher concentration (>50% in CM; >70% in FB) can be
used when the limestone shows high decay of all the
stones, and it is possible to apply the products through
injection to controlled pressure in order to have a high
saturation of the porosity and a good and uniform distri-
bution of the consolidating product within the porous
matrix of stone.

In regard to some issues related to the application of the
consolidant products, SEM analysis on the external sur-
faces of the treated samples with CM consolidating,
besides the Na/K-silicates (Fig. 12b—e) and amorphous
solid silica (Fig. 12b), highlights the presence on surface of
NaOH agglomerate salts (as efflorescence) with elongated
crystals, often according to a curvilinear trend (Fig. 12a, c).

Table 5 Ultrasonic velocity

data measured in the three main Sample X ultrasound (m/s) Y ultrasound (m/s) Z ultrasound (m/s)
orthogonal directions X, Y, Z MSA 802.57 678.47 553
MSA CM 935.73 911.44 613
MSA FB 1672.24 813.01 795
MSB 832.36 747.38 652
MSB CM 1449.28 1303.57 923
MSB FB 1315.79 1020.75 742
MSC 769.60 848.28 919
MSC CM 1871.21 1081.42 901
MSC FB 1326.92 905.91 784
Measure post-consolidating: (at 7 days + 24 h)
MSA CM 1253.16 1122.73 1031
MSA FB 1984.13 1960.78 1931
MSB CM 1805.05 1373.66 1326
MSB FB 1851.85 1315.51 1185
MSC CM 1907.34 1298.25 1048
MSC FB 1605.86 1024.75 1208
Measure post-consolidating: (at 14 days + 24 h)
MSA CM 233491 1598.71 1344
MSA FB 2358.49 2202.64 2008
MSB CM 2202.64 2138.08 2024
MSB FB 2142.26 1968.00 1196
MSC CM 2129.31 1836.88 1393
MSC FB 2171.81 1468.09 1415
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Fig. 13 Ultrasound velocities data in function of time of untreated and treated MSA, MSB, MSC samples of limestone. The graphs show values
of not yet consolidated samples MSA, MSB, MSC (velocity value at initial time) and measurement post-consolidation at 8 and 15 days

In the samples treated with FB consolidating (Fig. 12f,
g), the cracking on surface of chemical product, with an
average thickness of about 2 pm, is observed. Overall, the
cracking of the treatment varies from 0.5 to 4 um. The
cracking process may be due also to a rapid evaporation of
ethyl alcohol and/or to thermal-differential expansion
between the amorphous silica and the crystalline substrate.
The spot multispectral chemical analysis shows a silica-
based composition.

Conclusions
The results of the physical, mechanical and petrophysical

analysis before and after treatment with chemical products
on Pietra Cantone limestone have allowed to highlight the
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effective efficacy of protective and consolidating analysed
products.

The protective gel with nanotechnology is a good solution
to treat the limestones which are directly exposed to atmo-
sphere, showing the decay that has been by meteoric water
(e.g., dissolution of carbonate cement, hydration-dehydra-
tion of matrix hygroscopic phases) or, in general, by
weathering processes. This product enables to limit the
permeability to liquid water phase, as demonstrated by a
clear lowering of the open porosity to water, the absorption
coefficient and the saturation index, while at the same time, it
allows an almost unchanged vapour permeability (tran-
spirability). In some cases, the treatment with nano-gel even
facilitates the passage of the vapour phase as evidenced by an
increase in the angular coefficient of the straight line
graphically representative of the process of permeability.
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Table 6 Physical mechanical

data of untreated and treated Sample Is(s0) (MPa) Rf (MPa) Rc (MPa) Ultrasound velocity Z axis (m/s)
limestone samples: values of MSA untreated
Point Load strength index Is(sg),
flexural strength (Rf), resistance Mean 0.50 0.7 948 553.36
to uniaxial compressive (Rc) SD 0.26 0.14 0.20
and longitudinal wave MSA CM
ultrasound velocities on Z axis Mean 1.13 1.1 14.44 1344.09
SD 0.22 0.31 0.46
MSA FB
Mean 1.79 1.3 23.08 2008.32
SD 0.12 0.23 0.78
MSB untreated
Mean 0.70 0.7 9.21 652.29
SD 0.17 0.18 0.15
MSB CM
Mean 1.15 1.2 12.80 2024.29
SD 0.16 0.18 0.43
MSB FB
Mean 1.66 0.8 17.55 1208.00
SD 0.20 0.28 0.26
MSC untreated
Mean 1.28 0.6 7.40 919.12
SD 0.08 0.1 0.32
MSC CM
Mean 1.42 0.8 12.74 1392.76
SD 0.14 0.12 0.22
MSC FB
Mean 1.87 1.1 18.57 1415.00
SD 0.36 0.15 0.54

SD standard deviation

So, according to practice in the stone restoration, the
nano-gel can be used as waterproof protective in the pre-
ventive conservative treatment of limestones which are
characterized by high porosity (>30%) and low cementa-
tion degree, in so far as does not allow the passage and
absorption of liquid aqueous phases (rain- and condensa-
tion-water). In this case, the results showed even a slight
increase in the mechanical resistance to work of such
protective treatment.

The “Mineral consolidant” CM and ethyl silicate FB
treatments of Pietra Cantone limestone (with concentra-
tions of 50 and 70%, respectively) lead a clear increase in
mechanical strengths as also highlighted by ultrasonic
velocity tests. The FB product allows great increases sig-
nificantly more than the CM, but with a hardening time
longer respect to CM. The increase in compressive strength
varies from 39 to 67% in the case of the CM product, and
from 91 to 151% in the case of FB. As regards to the FB
treatment, it has been demonstrated that the presence of
illite, or other secondary phases with hydroxyl groups,

eases bonding of the colloidal silica to matrix, forming a
compact network able to withstand high mechanical
strength to the Pietra Cantone limestone. The increase in
flexural strength varies from 49 to 63% in CM treatment
and from 24 to 102% in the FB.

However, although the considerable increase in
mechanical strength induced by the consolidants, in the
restore practice, to avoid the formation a surface crust of
material with different physical-mechanical behaviour
respect to the unaltered material substrate not reached by
the product, lower concentrations must be used (<50% in
CM and <60% in FB) according to two or more application
coats of consolidants.

In the cases where it is possible to use a different
application method (e.g., injection to controlled pressure
through core drilling), the consolidating CM and FB can be
applied with higher concentrations (50-60% in CM,;
70-75% in FB), in order to have almost a complete satu-
ration of porosity and a uniform distribution of the con-
solidating product inside the matrix of stone. This avoids
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the formation of compositional heterogeneity that is
reflected in time in a damage of the stone. The Indur FB
can be applied using an amount of 650 g/m* while CM
chemical needs 350 g/m?.

In final choice of the type of product, it must also be
considered some aspects regarding the unwanted secondary
products. Hydrolysis processes of alkaline element and
solvent evaporation in the use CM “Mineral consolidant”
may produce NaOH-efflorescence in some surface portion
of stone. Therefore, prior to application of the CM, a
careful masonry desalination is recommended with buf-
fered sulfamic acid (H,NSO3;H) based on the experience
gained on the construction site by the Produzioni Freius
Chimici company. After their use, it is advisable to apply
the lime plaster on building.

As regards to ethyl silicate FB, the presence of efflo-
rescence in any samples has not been detected. This
chemical is suitable for the consolidation of masonry with
stone face-to-view.

The mineralogical-petrographic features (by OM and
XRD), chemical SEM-EDS and physical analysis have
been necessary and extremely important to verify com-
patibility between limestone and chemicals, because the
different modes of absorption and adhesion of the chemical
products to the microstructure of rock affect the restoration
efficacy. However, to evaluate the durability of these
chemicals and the compatibility in time, further investi-
gations through the accelerated degradation tests in a cli-
matic chamber (in different microenvironmental conditions
of humidity, temperature, etc.) and other laboratory tests
(salt crystallization, freeze—thaw cycles, UV-light expo-
sure, etc.) must be performed.
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