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Abstract: This work evaluates the effectiveness of various consolidating treatments applied to
Pugliese tuff (Gravina Calcarenite). This type of stone has been used in numerous historic buildings
in the Puglia area (southeast of Italy), which presents durability problems due to high porosity,
low cohesion between clasts, and low mechanical resistance. Eco-friendly treatments that generate
CaCOj3 have been selected, specifically bioconsolidant KBYO biological and lime water, which a
priori are capable of consolidating without occluding the pores or reducing them excessively, thereby
creating compounds similar to those contained in the stone and being respectful of the environment.
Nano-sized treatments have also been tested, including nanosilica and nanolime, to compare results
with eco-friendly treatments. The bioconsolidating treatment has been applied in two different ways,
the usual way consisting of two applications a day for 7 days, as well as a double treatment that is
applied in two batches of 7 days with a rest of 7 days between applications. Double treatment has
shown a great improvement in consolidation compared to the usual 7-day application; this treatment
has obtained the best results in both mechanical and petrophysical properties. This study not only
demonstrates the effectiveness of the bioconsolidant but also expands eco-friendly conservation
strategies to improve the preservation of historical structures built in calcarenite.

Keywords: Gravina Calcarenite; bioconsolidation; nanolime; nanosilica; stone consolidant; lime
water; DRMS

1. Introduction

Gravina Calcarenite, also known as “Pugliese tuff”, is a type of limestone that has
been used in architectural buildings in Italy since time immemorial [1,2], both in historical
buildings and in dry stone constructions. It has even served as the basis for the famous
Sassi in Matera excavated in the calcarenitic rock of Gravina [3-5]. This kind of stone is still
in use today, as can be seen in the quarry in Puglia from which the base material for this
study was obtained.

There is great concern for the conservation of the stone materials that make up our
built cultural heritage, especially in the case of materials whose intrinsic characteristics are
particularly weak against degradation, as is the case of calcarenites [6-10]. A large number
of manuscripts have dealt with these questions for many decades, the most important of
which are the Italian studies by Borea [11]. All the authors agree on the importance of
understanding the properties of the material and its behavior before intervening.

Over the years, several authors have characterized Gravina calcarenite [5,6,9,12] and
concluded that it is a biocalcarenite, consisting mainly of low-density calcite. Its petro-
physical and mechanical properties have been carefully examined. The studies confirmed
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that Gravina calcarenite is a highly porous and heterogeneous rock with variations in both
physical and mechanical characteristics depending on grain size, porosity, and cement
content in the stone matrix. According to some authors [5,13] the compressive strength of
this material decreases significantly as a function of the moisture content, with a maximum
loss of 30% when fully saturated.

Gravina Calcarenite presents a typical “grainstone” texture, with a high porosity and
medium-sized particles, exhibiting a massive structure [13-15]. In general, the character-
istics of Gravina Calcarenite have a negative influence on its durability [16-18]. Its high
porosity facilitates the absorption of water, which can transport salts that later crystallize,
thereby causing serious damage [18-24] and allowing the entry of harmful substances.
Nevertheless, this porosity can be beneficial for the absorption of consolidation treatments
as it facilitates the penetration of treatments to inside the areas to be consolidated. In
low-porosity stone, such as marbles, treatments tend to remain on the surface creating a
film being an undesirable effect [25]. Consolidant treatments must be able to be introduced
into the materials to be consolidated to improve their cohesion [26-28].

In most of the buildings made with Gravina Calcarenite, deterioration is mainly due
to features induced by material loss, as defined in the ICOMOS-ISCS Glossary on Stone
Deterioration Patterns [29]. Figure 1 shows damage to a Gravina Calcarenite masonry with
abundant alveolizations and surface repairs with low-porosity coatings (made with cement
mortar) that have increased the damage to the calcarenite.

Figure 1. Building in Bari (Italy) realized with Gravina Calcarenite stone. It is appreciated features
induced by material loss like alveolizations.

For many decades, there has been great concern about the conservation of built
heritage, which has led numerous researchers to work on these issues by developing
and testing numerous consolidating treatments. In general, there is a high consensus
regarding the improvements obtained by porous calcarenites when applying consolidating
treatments [28,30-34]. However, even after having carried out tests prior to application,
notable failures have been observed in the use of consolidating treatments, such as the
use of some resins, polymers [35,36], or magnesium and/or zinc fluosilicates. That is the
case of the church of San Michele Maggiore in Pavia, which is made of sandstone [37] and
was restored in the 1970s by Piero Sanpaolesi using magnesium fluosilicate. A few years
after its application, fragments of the facade detached as the treatment generated a very
rigid surface although the treatment used was supported by previous studies [37]. This
treatment had already been used for years.

This is one of the reasons why many researchers around the world continue to advance
their knowledge about the effect that the different consolidation treatments have on stone
materials; it is also the main objective of this work.

The intrinsic characteristics of each kind of stone lead the treatments applied to behave
differently in each case [28,38,39], and therefore, before any intervention in the original
building, it is very important to evaluate the behavior of each product. The applied
consolidants must be able to improve the mechanical strength of the degraded areas, but
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they must not excessively modify other aspects, such as vapor permeability and porosity or,
in aesthetic terms, color [38—41]. Consolidation treatments penetrate the porous network
and modify it to a greater or lesser extent, and they can produce large petrophysical
differences, particularly on the surface of the treated stone, such as the formation of hard
surface crusts. Initially, this seems beneficial, but the moisture contained in the stone has
greater difficulty in escaping when the treated surface of the stone has low water vapor
permeability [28]. Water trapped within the materials can be harmful as it can generate
pressure, accelerate the dissolution processes of the compounds present in the stone, or
cause the loss of cohesion between particles. Trapped moisture can rise through capillary
action, affecting higher levels or other areas and water can transport salts [42]. On the other
hand, the reduction in pore size may mean that the salts crystallizing in the pore do not
have enough space to crystallize, and further damage may be caused by haloclasts [42-45].

The main objective of this work is to advance the knowledge of possible eco-friendly
treatments for use in future interventions on Gravina Calcarenite. Considering the com-
position of the stone, which is 95% calcite, treatments capable of producing CaCO3; were
specially selected. One of the basic criteria has been to select products that do not obstruct
the original porous structure of the stone, in other words, those that do not significantly
reduce either the water vapor permeability or its porosity. It is also important that the treat-
ments can penetrate the surface of the stone, that it generates good consolidation, that it has
good durability and resistance to biological agents, and that it is safe for health [41]; in addi-
tion, nowadays, it is also very important that the treatments and advances in construction
beenvironmentally friendly [46,47].

Two possible eco-friendly treatments have been selected, including “Lime Water” [48]
from the waste from aerial lime slaking and bioconsolidant [49,50], which generates a
biomineralisation by bacterial carbonatogenesis that produces calcium carbonate capable
of consolidating the treated stone.

Bioconsolidant-treated specimens were tested with two different application methods
as follows: the first with 7 days of application [50] (which is the usual method) and
the second with 7 days of application, 7 days of rest and 7 days of application. This
second method has been carried out because, with the normal 7-day application, not many
improvements were observed. After consulting with other researchers who work with this
same treatment, we decided to repeat the treatment after drying the specimens for 7 days
in some samples.

Lime water usually generates little consolidation, which is due principally to the rela-
tively low solubility of Ca(OH), in water (1.65 g/L at 20 °C) [51]. To achieve good results,
it is necessary to successively repeat the applications for several weeks to consolidate
the surface to be treated [52,53]. Considering these aspects and the high porosity of this
calcarenite, it was decided to test enriched lime water with lime paste with a proportion
of 20 g/L. This liquid treatment has been obtained by mixing lime water from the lime
slaking residue with a small proportion (14 g/L) of paste lime aged for more than 3 years
after slaking.

Currently, nanolimes are being used to consolidate numerous buildings because they
generate calcium carbonate and does not clog the pores. This is because, having a very
small particle size (diameter is quoted as 150 nm) [27,51,53-55], they can be introduced very
well into the pores. It has been decided to also test this product only to have comparative
data with those previously described.

Nanosilica is also selected only to serve as a comparative reference in terms of results.
It has been widely demonstrated that nanosilica usually generates improvements in resis-
tance [27,56,57], although in the case of calcarenites it introduces compounds very different
from the nature of the stone itself.

Some authors point out that nanotechnology may have contraindications with na-
ture [58], which is why it is important to know and try other eco-friendly alternative
treatments, such as bioconolidants or lime water.
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2. Materials and Methods

The Gravina Calcarenite stone block has been characterized, and its petrophysical
and mechanical properties have been determined, which have been used as a basis for
comparing the results obtained with the different treatments.

Nondestructive studies and tests, such as color determination, microscopic observation
(SEM), water droplet absorption, capillary absorption, water vapor permeability, and
mechanical properties using ultrasound, have been carried out on the same specimens
before and after treatment. Destructive tests, such as compressive strength (Rmc), mercury
intrusion porosimetry (MIP), and drilling resistance (DRMS), have been performed on
different specimens, some of which were treated and others left untreated.

2.1. Materials and Treatments

Specimens of Pugliese tuff tested in this work were taken from the Gravina quarry in
the Puglia region (Italy). From a 15 x 25 x 50 cm block, different specimen formats have
been obtained according to the type of test to which they have been subjected. Specifically,
32 cubes with an edge of 4 cm, 15 discs with a diameter of 5.3 cm and a thickness of 1.8 cm,
and 18 small cubes with an edge of 0.8-1 cm were tested.

The treatments tested have been:

e  Bioconsolidant: Mixostone M3P from the company KBYO Biological S.L. Product patented
by the University of Granada (Spain) [59]. The composition of the M3P nutritional solution
includes 1% Bacto-Casitone (a hydrolyzed casein), 1% Ca(CH3COO),-4H,O (total calcium:
43.44 mM), 0.2% K,CO3-1/2H,0 (total potassium: 35.6 mM; total carbonate: 17.8 mM),
and 10 mM phosphate buffer in distilled water (pH 8).

This treatment has been applied in two different ways. The first called “Bio” uses
two applications per day of the nutritional liquid for 7 days. The second method called
“Double Bio” included 7 days with two applications per day, 7 days of rest without treating,
and another 7 days of treatment with two applications per day. The samples were kept
between 18 and 22 degrees Celsius and at a humidity of 50-60%. The nutritional product
was applied to the specimens by spraying without reaching saturation; this implies that it
was not able to absorb any more liquid.

e  Lime water enriched with lime putty with a concentration of 20 g/L from the company
“Cales Pascual” was used. This product consolidates by the crystallization of calcite
on the treated surface.

This treatment is referred to as “LW”. This treatment has been applied by spraying the
samples until saturation. The specimens were kept between 18 and 22 °C and at a humidity
of 50-60%.

e Nanolime: Nanorestore from CTS was used. The product is based on nanophase
calcium hydroxide dispersed in isopropyl alcohol that is capable of generating calcium
carbonate nanocrystals.

This treatment is referred to as “N”. This treatment has been applied by spraying the
samples until saturation. The specimens were kept between 18 and 22 °C and at a humidity
of 50-60%.

e  Nanosilica: Nano Estel from CTS is an aqueous colloidal silica dispersion of nanometric
dimensions (~10-20 nm).

This treatment is referred to as “E”. This treatment has been applied by spraying the
samples until saturation. The specimens were kept between 18 and 22 °C and at a humidity
of 50-60%.

2.2. Methods and Essays

The workflow in Figure 2 shows the different studies and tests carried out in this
research work.



Buildings 2024, 14, 940

5o0f24

[ lection of and properties to study ]
[ Selection of studies and essays ]
[ Obtaining specimens to be studied/assayed ]
A
r N
Characterisation of Non-destructive essays/studies on the | Destructive essays
untreated material same specimens
)
~ N -
UNTREATED TUFO ‘ UNTREATED TUFO  |g)|  TREATED TUFO J [ UNTREATED TUFO ] [ TREATED TUFO ]
\ J U
o . \ N
[ Thin section J I Colour Colour [ DRMS 4x4x4 cm ] [ DRMS 4x4x4 cm ]
{ DRX } ‘ Absorption drops Absorption drops [ Rmc 4xax4 cm ] [ RmMC 4x4x4 cm ]

Helium Pycnometer ‘ Vapour permeability l

Vapour permeability J MIP 1x1x1 cm MIP 1x1x1 cm

‘ Capillary absorption Capillary absorption
L J

p

‘ SEM- FESEM ( SEM-FESEM

‘ Portable microscope

J
}
I Ultrasounds J l Ultrasounds
J
| [ Portable microscope |

Figure 2. Workflow.

2.2.1. Instruments
e  Scanning electron microscope (SEM)
High resolution scanning electron microscope with EDS analysis Jeol brand model

IT500HR /LA has been used. Small untreated and treated cubes with edge sizes less than
1 cm have been observed. This study was carried out at the University of Alicante.

e  Scanning electron microscope (FE-SEM)

ZEISS model Merlin VP Compact. The specimens studied are small and prismatic, less
than 0.8 x 0.8 x 0.8 cm. Bioconsolidation specimens have been observed. This research
was carried out at the University of Alicante.

e  Polarizing petrographic microscope (MOP):

Zeiss Axioskop transmitted light optical microscope has been used, with a Zeiss Stemi
SV 6 magnifying glass and a Photometrics Cool SNAP-CF camera. This study was carried
out at the University of Alicante.

e  X-ray diffractometers (DRX)

Bruker D8-Advance has been used. 5 gr of pulverized untreated calcarenite specimen
have been analyzed. This study was carried out at the University of Alicante.

e  Mercury intrusion porosity (MIP):

The equipment used is the Micromeritics AutoPore IV 9500 with high pressure. The
specimens studied are small and prismatic in shape, less than 1 x 1 x 1.1 cm. This study
was carried out at the IGME (Madrid).

e Handheld digital microscope

Pancellent Wireless Handheld Digital Microscope bult-in 2.0 Megapixel CMOS Sensor,
support capture picture and video at 1920 x 1080 P. It has a magnification range from 50 x
to 1000 x.

e  Compression testing machine

OMADISA Multipurpose testing machine with a 200 kN compression load cell on
upper crosshead and a compression device with manual specimen. It includes digital
readout and data handling. This machine is designed to carry out standard-compliant
compressive strength. This study was carried out at the University of Alicante.
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e DRMS

A DRMS device to measure the drilling resistance of stone materials from SINT
Technology, model DRMS Cord-less, Serial Nr 038, was used. This test was carried out at
the Faculty of Science in Granada (Spain).

e  Colorimeter

A PCE colorimeter model CSM4 was used. This study was carried out at the University
of Alicante.

e  Ultrasonic tester.

A STEINKAMP BP-5 Ultrasonic tester was used to determine the propagation time of
the ultrasonic waves. This research was carried out at the University of Alicante.

2.2.2. Test Descriptions for Treatment Evaluation
e DRMS

The cohesion of disaggregated particles is the most important stone property that
should be improved after successful consolidation. Consolidation involves improving
cohesion and therefore a significant increase in the resistance of the stone to external forces
and environmental deterioration. Some researchers consider that the most appropriate
method for the evaluation of the effectiveness of the consolidants is the application of the
drilling resistance measurement system (DRMS) [60-62].

Untreated and treated stones, 12 cubes of 4 X 4 x 4 cm, 2 untreated and 2 with
each treatment, were used. The system is equipped with software that allows continuous
recording of the force, expressed in N, in relation to the drilling progress. The testing
conditions were as follows:

1. 4.8 mm diameter flat edge diamond tipped drill bit;

2. Penetration speed set at 10 mm /min;

3. Rotation speed set at 300 rpm;

4. Drill depth to 20 mm.

During the tests, the rotation speed and penetration rate were kept constant. A total of
4-6 perforations were made for each specimen to obtain average values.

e  Compressive strength

The improvement in the compressive strength is also an indication of the effectiveness
of the cohesion between particles generated by consolidation, so this test was carried
out on untreated 4 cm cubes (5 specimens with different densities) and treated cubes
(3 cubes of each type of treatment). The instructions of the UNE-EN 1926:2007 [63] standard
have been followed, although due to a lack of sufficient material, the number of samples
recommended by that standard has not been tested.

The test conditions were as follows:

s Uniform load increase of 200 N/s;

n Pressing speed of 10 mm /min;

e  Ultrasonic pulse velocity test.

Data were taken from the three faces of each cube before and after treatment. The
values obtained were averaged. Vaseline was not applied to avoid contamination of the
specimens [64,65].

e  Study of color

The objective is to see the color variation “AE” in the same sample before and after
applying the treatment according to the CIELAB color space, where AE = /(AL*)? + (Aa*)?
+ (Ab*)2. Therefore, the measured parameters were lightness (L*), which varies from
0 (absolute black) to 100 (absolute white); a*, which represents the redness—greenness range
(positive a*: red and negative a*: green); and b*, which is associated with the yellowness—
blueness spectrum (positive b*: yellow and negative b*: blue).
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The recommendations of the standard UNE-EN 15886:2011 have been followed [66].
Authors who have investigated color changes caused by surface treatments indicate that
several readings of the color must be taken for it to be representative [67,68].

Four values were taken from each specimen, and the average was calculated. The
data are processed in the PCE software cqcs3 version 4.4.6, and the values of the untreated
specimen, which is called the “standard” measurement, can be compared with the treated
specimen, which is called the “sample”.

e  Water absorptivity

A drop of water was dropped from a height of 4 cm on the surface of a specimen, and
the time in seconds for the drop to be completely absorbed was measured. The instructions
of authors who have worked on this type of trial have been followed [24].

e  Vapor permeability

Following the recommendations of the RILEM 25 PEM II2 test [69] and the UNE-EN
15803:2010 standard [70], this test was carried out on the same specimens before and after
the application of each treatment. For this, three specimens of 5.3 cm in diameter and
1.8 cm in thickness were used. Each was carried at a constant weight. The contour of the
specimen was waterproofed, and it was placed in glass container designed for this test
with 35 g of completely dry silica gel inside.

The containers with the discs were placed in a climate chamber with a tray of water in
the bottom. To determine the amount of water vapor that passed through the specimens,
measurements of the weight of the set (container with silica gel and the stone specimen)
were made once a day for 10 days. The increase in weight detected was due to the water
vapor absorbed by the silica gel, which had passed through the pores of the stone.

e Capillary absorption

The test has been carried out on each of the specimens separately before and after
being treated. A total of 2—4 specimens of each type of treatment have been tested. They
have been placed on a cloth moistened with water, and with a stopwatch, they have been
weighed every 30 s until reaching a constant weight. The instructions of the UNE-EN
15801:2010 standard have been followed [71].

3. Results
3.1. Gravina Calcarenite Characterization
3.1.1. Petrographic Description

The observation by magnifying glass, SEM, and thin sections indicate that it is a
grainstone type calcarenite with fossils of marine origin. XRD analysis shows that it is 95%
calcite and 5% ankerite.

Figure 3 illustrates the thin section of the Gravina Calcarenite; the presence of foraminiferal
fossils can be observed.

Figure 3. Thin-section micrographs of Gravina Calcarenite used in these studies. Marine fossils are
marked with white arrows. It has been observed through a polarizing petrographic microscope.
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3.1.2. Petrophysical Properties
e Color (C)

The color of the unaltered stone specimen is very light, but as soon as it gets wet
or exposed to heat, it darkens rapidly, as observed during the tests. The average color
parameters of the unaltered untreated specimens are as follows: L* = 78.544; a* = 4.568;
b* =17.236; ¢* = 17.832; and h* = 75.155. Figure 4a shows the color study process.

e  Densities (D) and porosity (P):

The average true density obtained with a helium pycnometer is 2.42 g/cm?.

The average bulk density of the untreated specimen is 1.32 g/cm?, ranging from
1.22 g/cm?3 for the less dense specimen (due to occasional internal voids left by fossils) to
1.41 g/cm? for the more compact specimen. These data coincide with those provided by
other authors who have studied stones from the Gravina area [72,73].

The porosity obtained with MIP (from a single specimen studied) is 43%. It should
be considered that this value may vary between samples because, as seen above, the bulk
density of the samples studied can vary up to 7.5%.

The study using mercury porosimetry has shown that the average range of pores of
the untreated sample is 1 to 100 um. The average pore diameter is 1.984 um.

e  Droplet absorption

The droplets are immediately absorbed and have an absorption time of less than 1 s.
Some authors [24] have indicated that there is a direct relationship between the absorption
of droplets and the porosity of the stones.

e Capillary absorption

Capillary absorption of untreated specimens is high and very fast over time. The
4 cm cubic specimens are saturated by capillary absorption within two minutes. The water
reaches the top face of the specimen in 1 min, i.e., it rises 4 cm in 1 min. In porous stones
it is common for capillary absorption to be very high, thereby influencing the increase
in the deterioration of stone materials [74,75]. The susceptibility of calcarenite to salt
erosion is directly related to the structure of the pores and the mechanical properties. Salt
crystallization is the most damaging in the pore range of 0.1 to 10 um [22], coinciding with
this case study, in which the average pore size is 1.984 um.

e  Water vapor permeability

The average water vapor permeability of the 15 untreated specimens was 2.57 g after
10 days. The reference value for 100% permeability is 3.97 g (weight gain in 10 days of a
container with only 35 g of dry silica gel and no stone specimen). Therefore, the Gravina
Calcarenite is 64.7% permeable. These data correspond to its high porosity, also indicating
the existence of great connectivity between pores [72-75].

Figure 4. (a) Color study with colorimeter. (b) Glass containers with the specimens after water vapor
permeability test. (c) Droplet absorption test.



Buildings 2024, 14, 940

9 of 24

3.1.3. Mechanical Properties
e  Ultrasonic testing (Rmu) (Figure 5a)

The average time taken for the pulse to pass through the three faces of all the untreated
specimen was 1.772 ms, indicating the high porosity of Gravina Calcarenite [64].

e  Compressive strength (Rmc) (Figure 5b)

The average mechanical compressive strength of the four specimens tested was
1.65 MPa, the minimum value was 1.25 MPa, and the maximum value was 1.97 MPa.
These results indicate a very low mechanical resistance even for this type of stone. This
makes Gravina Calcarenite especially susceptible to degradation [72-75].

TUFO PUGLIESE
BIOCONSOLIDATED

(a) (b) (c)

Figure 5. (a) Ultrasonic test. (b) Compression test. (c) DRMS testing process.

e  Drilling resistance measuring system (DRMS) (Figure 5c)

The drilling resistance results were heterogeneous, showing that within the test speci-
mens, the resistance was variable in the case of drilling of fossils or cavities. The average
value of the measurements has been assumed 1.24 N of force up to 2 cm depth. These results
indicate a low mechanical resistance compared to other studies of similar calcarenites [50].

3.2. Treated Gravina Calcarenite

The applied treatments have worked differently because in the case of lime water,
hardly any increase in resistance or improvement in properties was observed, while the
bioconsolidant applied twice (7 days of treatment + 7 days of rest + 7 days of treatment)
and the nanosilica (Nano Estel) are the treatments that generated the greatest consolidation.
Nanolime (Nanorestore) and bioconsolidant applied only once (7 days of treatment) only
slightly improved mechanical resistance and capillary absorption.

To obtain a comprehensive overview of the results obtained, each treatment includes a
summary table with data from the color study (total color difference between untreated
and treated samples, AE*), apparent density, porosity, pore diameter, drop absorption,
capillarity, vapor permeability, ultrasonic, compression resistance, and DRMS.

The results shown in the tables of each treatment include the average value between
the different types of specimens with different densities, as well as the minimum and
maximum values obtained in each test or study. On those tables, the last columns com-
pile quantified data regarding the difference compared to untreated specimens, and an
assessment is provided.

3.2.1. Treated with Bioconsolidant “Bio”

The bioconsolidated specimens macroscopically showed a slight change in color,
darkening slightly in general to a more golden color compared to the same untreated
specimens (Figure 6).

Color modification must be attributed in part to the oxidation of the ankerite in the
stone, as the specimen was wetted 14 times over 7 days to apply the treatment and then
dried at 50 °C to constant weight before testing.
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The observation of all specimens with a low-magnification portable microscope has
allowed us to see that there are no differences in the surface between the untreated and
treated samples. The ankerite grains are seen in orange color. In the bioconsolidated
specimens with double treatment (Figure 7), it can be observed that the clasts have more
rounded edges than before treatment.
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Figure 6. Colorimetric data of color difference between the same specimen (disk n° 3) untreated
(standard) and treated with bioconsolidant for 7 days (sample). It can be seen that the total difference
is AE* = 7.168, a value higher than 3, the limit at which it is invisible to the naked eye.

Regarding the behaviour at a microscopic level, it was seen that the porous structure
of the bio specimen remains similar to the untreated specimen. However, the consolidation
caused by carbonatogenesis can be observed.

| \ Bioconsolidated [

%

Figure 7. Handheld microscope view of the same specimen of Gravina Calcarenite, untreated and
bioconsolidated with double application of the treatment. The orange areas correspond to the ankerite.
The common zones are indicated in the images with the arrows.

Figure 8 shows the same areas, as seen in the SEM, of a 0.8 cm cube untreated (top
row) and treated with KBYO for 7 days (bottom row).

The samples treated with double bioconsolidant treatment present a biofilm that binds
the surface of the stone without occluding the pores (Figure 9a). The FESEM observation
(Figure 9b) of the bioconsolidated samples at 5000 x magnification shows that the micro-
topography of the stone is completely covered by a biofilm of calcified bacteria of about
2 microns in average size. This behavior is similar to that observed in other cases in which
bioconsolidants have been used on calcarenitic rocks [49,50,76].

The bulk density before and after the test is similar for the usually bioconsolidation
treatment, while in the double bioconsolidation, the density increased by 2.3% on average,
which implies an improvement in the compactness of the treated specimen (data obtained
from the increase in weight of the cubic test specimens).
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Figure 8. SEM observation of the same untreated and treated specimen. Colored frames indicate

enlarged areas. The (top) row shows the untreated specimen, and the (bottom) row shows the

bioconsolidated specimen with 7 days of treatment. The biofilm is visible in the last picture on

the right.
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Figure 9. (a) SEM view of the specimen treated with double application of bioconsolidant showing at
1000 x magnification the entire surface enveloped by biofilm. (b) FE-SEM observation of Gravina
Calcarenite with double bioconsolidant treatment. At 5000 magnification, the calcified bacteria can
be distinguished with rounded shapes that surround and consolidate the original stone matrix.

Capillary absorption after bioconsolidation slowed down slightly, decreasing the slope
of the curve, as shown in Figure 10 in which the graphs of water absorption with respect to
the surface in relation to time are shown. Samples with double bioconsolidant treatment
show greater improvements in their behavior. It can be seen that the curve has a much
lower slope compared to the same untreated samples.

The droplet absorption time after treatment slightly increased. The water droplet
remained on the surface for 1 to 2 s before penetrating the pores, and in the case of
double bioconsolidation, it took approximately 3 s for the droplet to be absorbed. These
data could indicate that the porosity has been modified; however, in this case, they are
mainly related to a hydrophobic effect generated by the biofilms produced by this type
of consolidation [49,50,76] because the porosity has hardly changed according to the data
obtained with the porosimeter.

Figure 11 shows the same specimen during the testing process before and after being
treated. Untreated samples become saturated in just 2 min, and moisture reaches the top
surface in less than 1 min. The same specimen treated with double bioconsolidant have
needed 5 min to rise by capillarity to the top of the cube. These same results have been
obtained in other similar studies [50].

Regarding the mechanical properties, the speed of the ultrasonic test in all the treated
specimens slightly increased. This behavior indicates greater compactness, although it
should be noted that this test provides little information as the results on the different
faces were somewhat heterogeneous. The compressive strength of the treated specimens
increased with respect to the untreated control specimens by 29%. In the double-treated
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specimens, the compressive strength practically doubled, thereby increasing their resistance
by 109%. This type of improvement has also been observed in other studies carried out on
calcarenites [76].
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Figure 10. Capillary absorption graph at the same specimens (before and after being treated):
(a) untreated specimens (before applying the bioconsolidant); (b) treated specimens with bioconsol-
idant; (c) untreated specimens (before applying the double bioconsolidant); (d) treated specimens
with double bioconsolidant. Less capillary absorption is seen in the double-treated specimens.
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Figure 11. Photographs of the capillary absorption test of specimen 5. (a) Untreated at 11 s.
(b) Untreated at 59 s. (c) Bioconsolidated with double treatment at 31 s. (d) Bioconsolidated with
double treatment after 5 min.

The DRMS test showed that the consolidant penetrated to a depth of two centimetres
(core of the specimen); the resistance to drilling was higher in the bioconsolidated specimens
than in the untreated control specimens. In addition, the resistance to DRMS was much
higher in the double-treated specimens than in the untreated specimens, and the resistances
were multiplied. These data indicate that consolidation has occurred at a greater depth
than in other studies carried out on other calcarenites with smaller pore size [50].

Table 1 presents the data for usually bioconsolidated specimens, while Table 2 contains
data for double bioconsolidated specimens.
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Table 1. Effects of the bioconsolidation treatment (usual application for 7 days).
Treatment Middle Value Min. Value Max. Value Difference from ConcluS} ons
Untreated Behavior
Color AE* 10.090 7.168 13.609 10.090 Modification.
Obscured *
Ap. Density g/ cm3) 1.29 1.26 1.32 0.8% Same density *
Porosity % 39 - - —4.5% Slight reduction **
@ Pore (um) 2.71 - - +36% No reduction **
Absorption drops (s) <2 <1 <2 <2 Increasetci:ln?siorpnon
Bio Capillary (g/ m?2 120 50‘5) 1226 1202 1250 —2% Low reduced *
e o Increased
Permeability (g/10 days) 2.69 1.97 2.1 +4% Permeability *
Ultrasounds (m/s) 1.817 1.694 1.977 +0.6% Same speed *
o Increased
Rmce (Mp) 213 1.92 2.24 +29% Resistances **
DRMS (N) 1.36 1.14 1.58 +9.7% Increased
Resistances
* Data compared to the same untreated specimens, ** data compared to untreated control specimens.
Table 2. Effect of the double bioconsolidation treatment.
Treatment Middle Value Min. Value Max. Value Difference from Conclus.l ons
Untreated Behavior
Color AE* 10.258 8.807 11.710 10.258 Modification
Obscured
Ap. Density (g/cm?) 1.34 1.25 1.43 +2.3% Increased density *
Porosity (MIP) 42% - - —2% Slight reduction **
@ Pore (um) 2.70 - - +36% No reduction **
. Increased absorption
Bio Absorption drops (s) <3 <1 <4 +3 time *
Double : 2 05 0 Tlapy *
application Capillary (g/m~ 120 s”°) 1042 845 1239 —16% Reduced capillary
- o Increased
Permeability (g/10 days) 3.05 2.1 2.5 +18% Permeability *
Ultrasounds (m/s) 1.860 1.718 1.951 +4% Increased speed *
. Increased
Rmc (Mp) 3.45 3.12 3.75 +109% Resistances **
DRMS (N) 3.30 258 402 +166% Increased

Resistances **

* Data compared to the same untreated specimens, ** data compared to untreated control specimens.

3.2.2. Treated with Lime Water “LW”

The specimens treated with lime water showed a slight macroscopic change in color,
although this was not relevant to the naked eye. In this type of treatment very homogeneous
results have been obtained in all the tests.

With respect to the behavior at a microscopic level, it could be seen that the porous
structure remained similar to the untreated specimen. Furthermore, the consolidation
produced by the carbonation of the Ca(OH), contained in the lime water could hardly be
observed at 100 x magnification.

Figure 12 shows the same area of a 0.8 cm untreated (in the upper row (a—d)) and
treated cube with “LW” (in the lower row (e-h)). The images (a) and (e) present 100 x
magnification, the following images show the highlighted area inside the colored frames
enlarged to 500 x magnification, the following images show 1000 x magnification, and the
last images on the right show 5000 x magnification.
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The consolidated areas are indicated in the images; areas can be seen in which new
CaCO; crystals have appeared.

Untreated

(a) x100

(e) x100 ; g (£)x500

Figure 12. SEM observation of the same specimen untreated and treated with lime water. Colored
frames indicate enlarged areas. The (top) row shows the untreated specimen and the (bottom) row
the treated specimen. The arrows indicate the consolidated areas.

The bulk density before and after the test was similar. The droplet absorption time
after treatment did not increase with respect to the same specimens.

The data obtained with the study of porosity are surprising because after the treatment,
the porosity must be reduced by introducing matter into the pores. This is due to the fact
that the sample treated with lime water studied using porosimetry should have greater
porosity than the untreated reference sample. The Gravina Calcarenite, as mentioned above,
is a somewhat heterogeneous stone.

The capillary absorption after consolidation slightly slowed down (Figure 13). The
slope of the curve of the same treated samples is lower and capillary absorption is re-
duced by 1% in the first 2 min, which is time in which, without treatment, it reached
constant weight.
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Figure 13. Capillary absorption graph of the average of the same specimens: (a) untreated; (b) treated
with lime water.

Regarding the mechanical properties, the ultrasonic test speed slightly decreased after
treatment in all the specimens, which is paradoxical because it indicates a heterogeneity of
the samples and the difficulty of taking accurate data with an ultrasound without applying
conductive material such as Vaseline. These materials were not used to avoid contaminating
the samples since the same specimens have been tested before and after being treated.

The compressive strength of the treated specimens was not modified with respect to
the untreated specimens. The DRMS test indicated that the lime water consolidated more in
the first few millimeters, although the improvements were not very significant. In Table 3,
the summary of results for specimens treated with enriched lime water is displayed.
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Table 3. Effects of the lime water (LW) treatment.
Treatment Middle Value Min. Value Max. Value Difference from ConcluS} ons
Untreated Behavior
e
Color (AE*) 1.855 0.651 3.369 1.855 Low Modification
Obscured
Ap. Density (g/cm?) 1.295 1.255 1.332 0.1% Same density *
Porosity (%) 44 - - +1% No reduction **
I Pore (um) 1.91 - - —3% Low reduced **
. No absorption time
o Absorption drops (s) <1 <1 <1 0 modification *
Capillary (g/m? 120 s%5) 1042 1228 1282 —1% Low reduced *
- o Reduced
Permeability (g/10 days) 2.36 2.31 241 —8.5% Permeability *
Ultrasounds (m/s) 1.670 1511 1821 —3% Reduced speed *
No increased
Rmc (Mp) 1.65 1.28 1.90 0 Revistanoos
DRMS (N) 1.55 1.72 1.38 +25% Increased DRMS **

* Data compared to the same untreated specimens, ** data compared to untreated control specimens.

Some authors [28,41,52,53] indicate that the treatment with lime water must be re-
peated over several weeks to obtain good results in consolidation. In this case, the treatment
has been applied only once, although with a higher percentage of CaCOj3 per liter, so we
consider that the results obtained agree with the need to repeat the application for it to
be effective.

3.2.3. Treated with Nanolimes “N”

The specimens treated with nanolimes (Nanorestore) at the macroscopic level do not
exhibit significant color changes and nor modification of the stone surface.

Regarding the behavior at a microscopic level, it can be seen that the porous structure
remained similar to the untreated specimen seen at 100x magnification. As the magnifica-
tion increased, a slight consolidation produced by the carbonation of the Ca(OH), present
in the treatment could be observed. The surface of the stone was covered by a layer of
small CaCOj crystals [32,51,55].

Figure 14 shows the same area of a 0.8 cm untreated (in the upper row) and treated
cube with N (in the lower row). It can be seen that the macroporous pattern is maintained,
but in detail, small nano-sized CaCOs5 crystals can be observed; these are indicated with an
arrow in the last images.

(e) x100 ; (h) x5000

Figure 14. SEM observation of the same specimen untreated and treated with nanolimes. In the
(upper) row is the untreated specimen and in the (lower) row the treated specimen. Colored frames
indicate enlarged areas. The arrow indicates the consolidated areas.



Buildings 2024, 14, 940

16 of 24

The bulk density before and after the test was similar. The droplet absorption time
after treatment was not modified with respect to the same specimens.

The data obtained with the study of porosity shows that after the treatment the pore
size is slightly reduced, obtaining an average diameter of 1.87 pm. These data coincide with
those of other investigations carried out by other authors [32]. Although the heterogeneity
of this type of stone must always be considered.

The capillary absorption after consolidation slightly slowed down, decreasing the
slope of the curve as seen in Figure 15.
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Figure 15. Capillary absorption graph of the same specimens: (a) untreated; (b) treated
with nanolimes.

The compressive strength of the treated samples has increased by 48% compared to
the untreated samples. The DRMS test indicated that the nanolime consolidated even the
center of the sample improving its drilling resistance. Other authors who have worked on
these aspects agree on the improvement of mechanical resistance [32,51,53,54].

In Table 4, the summary of results for specimens treated with nanolimes is displayed.

Table 4. Effects of the nanolime treatment “N”.

Treatment Middle Value Min. Value Max. Value Difference from Condus.i ons
Untreated Behavior
Color (AE¥) 0.993 0.250 2.340 0.993 No n‘;v‘ﬁlt?sftj"“
Ap. Density (g/cm?) 1.295 1.255 1.332 +0.1% Same density *
Porosity (%) 44 - - +1% No reduction **
O Pore (um) 1.87 - - —5% Low reduced **
Nanolimes Absorption drops (s) <1 <1 <1 0 No modification *
Capillary (g/ m?2 120 s95) 1126 1008 1284 —6% Low reduced *
Permeability (g/10 days) 2.37 2.24 2.54 —8% Low reduced *
Ultrasounds (m/s) 1776 1567 2027 +3% Increased speed *
Rmce (Mp) 2.35 1.56 3.32 +48% Increased **
DRMS (N) 2.18 1.26 3.36 +76% Increased **

* Data compared to the same untreated specimens, ** data compared to untreated control specimens.

3.2.4. Treated with Nanosilica “E”

The specimens treated with nanosilica (Nano Estel) presented a slight change in color
at the macroscopic level, darkening with respect to the untreated specimen. Regarding
to the microscopic behavior, it was seen that the porous structure remained similar to
the untreated specimen seen at 100x magnification, although at this magnification, the
consolidation was already visible. At a higher magnification, the crackle layer of nanosilica
produced by the treatment was detected. The surface of the stone has been completely
covered by a crackle layer. This behavior is common in this type of treatment, as reported
in other research works [27,35,56,57].

Figure 16 shows the same area of a 0.8 cm untreated (top row) and E-treated cube
(bottom row).
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Figure 16. SEM observation of the same specimen untreated and treated with nanosilica (Nano Estel).
In the (upper) row is the untreated specimen and in the (lower) row the treated specimen. Colored
frames indicate enlarged areas. The arrows point to the same areas before and after being treated.

The bulk density after the test increased by 9.5%, and the porosity reduced by 25%.
These data indicate that the consolidant has increased the mass of the specimens studied.

The droplet absorption time after treatment did not increase compared to the same
specimens. The capillary absorption after consolidation slightly slowed down, thereby
decreasing the slope of the curve (Figure 17).
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Figure 17. Capillary absorption graph of the same specimens: (a) untreated; (b) treated with nanolimes.

Regarding the mechanical properties, the ultrasonic test speed slightly increased af-
ter treatment in all the specimens, indicating a slight improvement in compactness. The
compressive strength of the treated specimens also increased by a factor of two. The DRMS
test indicated that this type of treatment has consolidated more in the first 8 millime-
ters, although it also improved in the interior of the treated specimens compared to the
untreated ones.

In Table 5, the summary of results for specimens treated with nanosilica is displayed.

Table 5. Summary of conclusions on the behavior of nanosilica treatment.

Treatment Middle Value Min. Value Max. Value Difée;gr;«:t:ef;om C%I;;l:‘fiigfs
4.093 3.068 4.713 4.093 Low modification *
Ap. Density (g/cm®) 1.44 1.42 1.48 +9.5% Increased density *
32% - - —25% High reduction **
0.34 —83% High reduction **
Absorption drops (s) <1 <1 <1 0 No modification time *
Naﬂ%sﬂica Capillary (g/m? 120 s°5) 878 805 982 —28% Reduced capillary *
Permeability (g/10 days) 3.14 3.08 3.19 +23% Peﬁgiiﬁify .
Ultrasounds (m/s) 1.809 1671 1.929 +2% Increased speed *
3.45 3.12 3.75 +109% Increased Rmc **
2.76 2.31 321 +123% Increased DRMS **

* Data compared to the same untreated specimens, ** data compared to untreated control specimens.
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4. Discussion

Gravina Calcarenite (Pugliese tuff) is a very porous stone (43%) with a presence of
macrofossils and low mechanical strengths. They cause variations in the bulk density
values of the specimens studied, thereby influencing the results of the different treatments.
The variations in the bulk density of the untreated samples vary by £7.5% with respect
to the average value. These possible differences were considered when selecting the
specimens because each treatment was applied to specimens with different densities. The
heterogeneity of the specimens studied means that there were differences in some results for
the same treatment. That was initially expected, just as other authors who have investigated
this type of stone had already indicated [5,12,13,72].

The SEM observation shows none of the treated specimens had the porous network
occluded. Nanosilica and the bioconsolidant with double applications were the treatments
that formed the greatest bonds at a microscopic level.

All treatments allowed water vapor permeability, and improvements were observed
after the application of nanosilica and the double bioconsolidant treatment. This fact is
apparently contradictory, but these results could be related to the effect of creating capillary
tubes with less friction when air passes through [77]. It has been observed in the SEM
that the microtopography generated with both the nanosilica and the bioconsolidant has
enveloped the surface, thereby creating a film without edges, which rounds the internal
surface of the stones.

The average values of the results obtained indicate that all treatments, except lime water,
improved the compressive strength and DRMS resistances (Figure 18). These high improve-
ments in mechanical resistance coincide with the results shown by other authors who have
tested the effectiveness of this type of consolidants on calcarenites [27,32,35,50,53,54,56,57,76].
The results obtained with ultrasound have been heterogeneous, although with the excep-
tion of lime water, the other treatments slightly increased the speed of wave transmission,
which implies improvements in the cohesion between particles.

The results obtained with the DRMS indicate that the treatments that have generated
the greatest consolidations have been nanosilica “E” and double bioconsolidant. The DRMS
graph in Figure 18 shows the average results of all treatments comparatively. In general, the
specimens are homogeneous with specific anomalies. Peaks outside the midrange indicate
the occasional presence of fossils/clasts with greater mechanical resistance than the rest of
the stone. The presence of pores has caused the graph line to indicate zero resistance.

The untreated specimen called “control” is represented with the red line and shows
how it behaved homogeneously in the 200 mm depth of the test. It can be seen that
the resistance is low (1.24 N) compared to other calcarenites of similar composition and
porosity [50].

The bioconsolidated specimen with one application is the gray line. It can be seen that
in the first 9 mm, there was improvement compared to the untreated specimens, although
its resistance to drilling has barely improved.

The double bioconsolidated is represented with the yellow line showing much im-
provement in the entire 200 mm of the test with a peak in the first millimeters, possi-
bly due to fossil anomalies. The drilling resistance has doubled, which is a fact that
coincides with the improvements in compression resistance. The treatment has pene-
trated all of the specimens tested, thereby consolidating the interior. These data, accord-
ing to some authors [28,50,72,78], are considered favorable for the effectiveness of the
consolidative treatment.

The lime water in light blue color had a similar behavior, with similar results to the
untreated specimens.

The nanolime, in green color, has slightly improved the drilling resistance; this agrees
with the results obtained in the other tests.

The nanosilica, in dark blue, generally improved DRMS resistance, although to a
greater extent in the first 8§ mm.
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Figure 18. DRMS resistance graph. In the vertical axis, the resistance in N and in the horizontal axis,
the depth of the test up to 200 mm.

These results agree with those obtained in other tests, such as capillary rise humidity
and compression resistance. The increase in density in the double bioconsolidated spec-
imens and in those consolidated with nanosilica also indicates the effectiveness of these
treatments of the specimens.

The double bioconsolidant worked very well, creating a large community of bacteria
capable of creating CaCOj5 that consolidated the stone [79]; this result is probably due to the
composition of Gravina Calcarenite, which is 95% calcite. Carbonate productivity is strongly
dependent on the mineralogy of the substrate. According to Rodriguez-Navarro [80],
calcitic substrates offer a greater affinity for bacterial binding than silicate substrates, thus
promoting bacterial growth and metabolic activity, resulting in greater production of
calcium carbonate cement. Bacterial calcite grows coherently on the calcitic substrate, being
very chemically and mechanically stable.

Furthermore, this treatment has been the only one capable of delaying the absorption
of water droplets and the one that most delayed and reduced the absorption of water by
capillarity. The treatment generated a bond with the original matrix, strengthening the
bonds between mineral grains and clasts, while the bacterial exopolymeric substances (EPS)
generated hydrophobicity [81].

The results obtained with the mercury porosimeter (MIP) agree with SEM observations
and with the results of the different tests (Figure 19). It is observed that the curve that
changes the most is with the nanosilica treatment called “E”.

The average pore size in the untreated specimens was 1.984 um, similar to the speci-
mens studied treated with lime water, nanolime, bioconsolidant, and double bioconsolidant.
The specimen treated with nanosilica lowered its diameter considerably, achieving an aver-
age of 0.339 um, thereby reducing the pore diameter by 83% compared to the untreated
samples. The specimens treated with nanosilica are those with the lowest percentage of
porosity. The reduction in pore size is a priori negative for behavior against haloclasty,
according to some authors [22,41-45,75,82]. The crystallization of the salts inside the
pores causes damage if they do not have enough space to contain the formed crystal, and
pressures are produced capable of fracturing the stone.

On the other hand, consolidating treatments are usually applied to the already deteri-
orated surface, which therefore has higher percentages of porosity than the healthy stone
tested in this work. It is recommended to carry out tests in situ. To do this, it is recom-
mended to select inconspicuous areas of the building and apply the treatments previously
selected in the laboratory tests to a small area of the altered surface (approx. 20 x 20 cm).
In this case, it is proposed to apply the double bioconsolidant in situ. Follow-up is carried
out for a preestablished time, not less than 1 year. Data are taken on color, surface humidity,
and observation with a portable microscope before and after and DRMS before and after. A
small specimen can be extracted before and after the in situ testing time has ended. With
this little specimen, SEM, MOP, or porosimetry observations can be made [82].
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Regarding the variations in the color of the treated specimens, it should be noted that
the buildings made with Gravina Calcarenite present a natural aging patina that makes
them darker in color, as can be seen in Figure 1. This is mainly due to the oxidation of the
iron of the ankerite [83] present in the composition of this calcarenite. The investigation
was carried out on “healthy zone” stones that were not exposed to weathering and had no
preexisting natural patina of ageing. Therefore, the color changes caused by the treatments
in the specimens should not be a condition for rejecting the use of this treatment. The
nanolimes did not modify the color of the treated specimens, being below the range
established by some authors who place it in AE* < 3 [84].
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Figure 19. Pore size distribution graph. (a) Untreated. (b) Lime water. (c) Double bioconsolidation.
(d) Bioconsolidation. (e) Nanolimes. (f) Nanosilica.

5. Conclusions

Gravina Calcarenite is a very porous stone (43%) with a low mechanical strength that
makes it extremely weak against deterioration due to weather agents. In these conditions,
the application of certain consolidating treatments can be an effective solution to extend
its durability. The mineralogical composition (95% calcite) makes it an ideal stone to be
treated with bioconsolidants that activate the macrobiota present in the stone, thereby
creating a high community of calcified bacteria capable of consolidating it and multiplying
its mechanical compressive strength and DRMS by two.

Treatments with lime water did not improve the mechanical compressive strength,
although the resistance to DRMS increased by only 25% compared to the untreated spec-
imens. The average pore diameter did not reduce, although the permeability to water
vapor reduced by 8%. In summary, the results obtained in this study do not show im-
provements with this type of treatment with a single application. They should probably be
applied for several days or weeks until good results are obtained. This opens other lines
for future research.

The nanosilica treatment improved mechanical strength, especially in the first 8 mm
depth of the treated surface, without reducing vapor permeability. This treatment intro-
duces different chemical compounds into the base stone to be consolidated. The pore
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diameter has been reduced by 83% compared with the untreated specimen. These dates
can generate greater damage due to haloclasty [42-45], so it is considered advisable to
carry out complementary tests prior to the application of these treatments. Specimens
of the salts present in each specific building should be taken, and preliminary tests for
resistance to salt crystallization should be carried out using salts similar to those existing in
each construction.

Treatments with nanolimes (Nanorestore) improved the mechanical compressive
strength of the treated specimens by 42%, and the resistance to DRMS increased by 76%
compared to the untreated specimens. The average pore diameter did not reduce, although
the water vapor permeability reduced by only 8.5%. The treatment with nanolimes is
proposed as effective in consolidating damaged areas, although it is less effective than the
double-applied bioconsolidant in this case under study. However, this type of treatment
with nanoparticles can present risk of toxicity, according to some authors [58].

In this study, it was shown that the double application of the bioconsolidating treat-
ment, leaving 7 days without treatment between the two applications, considerably im-
proved consolidation compared to a single application. The FE-SEM images show high
bioconsolidation with a high presence of calcified bacteria. The average pore diameter
did not change, and the water vapor permeability increased. The promising results of this
ecofriendly treatment presented in this article are positive, a priori, for improving damaged
areas in Gravina Calcarenite.
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