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Abstract

The presence and distribution of pores in natural stones affect their durability and aesthetic value, especially when exposed
to weathering agents like salt crystallization and freeze—thaw cycles. In this study, a multi-analytical approach was used to
analyse the pore structure of twelve carbonate rocks, including different types of limestone and the Carrara marble. Mercury
intrusion porosimetry, digital imaging analysis on backscattered electron images taken at the scanning electron microscope,
and micro-computed tomography were used to overcome the limitations of each technique and create a more accurate recon-
struction of the pore structure. This approach can aid in predicting the deterioration processes stones in heritage structures.

Keywords Porosity - Mercury intrusion porosimetry - Micro-computed tomography - Digital imaging analysis - Carbonate

stones

Introduction

Despite the extensive literature on characterising the poros-
ity of stones (Cnudde et al. 2009; Di Benedetto et al. 2015;
Pappalardo et al. 2017; Scrivano et al. 2018; Benavente et al.
2021; Mineo and Pappalardo 2022), reliably estimating pore
structure remains a challenge due to limitations of each ana-
lytical technique. Numerous methods have been developed
to describe and quantify pore structure in rocks and porous
materials, such as digital imaging analysis of scanning
electron microscopy (SEM) images (Dal Sasso et al. 2014)
and photomicrographs (Grove and Jerram 2011), mercury
intrusion porosimetry (Leon y Leon 1998; Giesche 2006),
water absorption (Molina et al. 2015), nitrogen adsorption
(Rigby et al. 2004; Zong et al. 2015), X-ray micro-computed
tomography (Cnudde et al. 2009; Fusi and Martinez-Mar-
tinez 2013; Noiriel 2015; De Kock et al. 2017), small angle
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neutron scattering (Barbera et al. 2014), and nuclear mag-
netic resonance microscopy (Rijniers et al. 2005). However,
discrepancies arise when comparing results from different
techniques, which are often complementary as they analyse
different pore size ranges (Anovitz and Cole 2015; Coletti
et al. 2016). Combined approaches are necessary for a real-
istic reconstruction of the pore system in both natural and
artificial stones (Barbera et al. 2014; De Boever et al. 2015;
Coletti et al. 2016).

Detailed characterization of the pore structure is crucial
in heritage conservation science as it affects the interac-
tion of stone with environmental agents, such as rainwater,
wind, and hygro-thermal changes, which ultimately impacts
the deterioration rate of stone-made monuments and their
vulnerability to loss of aesthetic value. This issue is par-
ticularly relevant for carbonate stones, which have been
extensively used in historical built heritage and continue
to be used as building materials due to their availability,
load-bearing capacity, and workability (Fitzner and Basten
1994; Di Benedetto et al. 2015). However, they are more
susceptible to water capillary absorption, dissolution, and
erosion compared to silicate rocks. Salt crystallization
cycles (Arnold and Zehnder 1990; Rodriguez-Navarro and
Doehne 1999; Scherer 1999; Charola 2000; Doehne 2002;
Sawdy and Price 2005; Steiger 2005; Cardell et al. 2008;
Steiger and Charola 2011), wet-dry and freeze—thaw cycles
(Nicholson 2001; Ruedrich and Siegesmund 2007; Grossi
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et al. 2007; Ruedrich et al. 2011), the formation of gypsum
crusts (Bugini et al. 2000) and biological colonization (War-
scheid and Braams 2000; Gabriele et al. 2023) are among
the most effective mechanisms of carbonate rock deterio-
ration. Furthermore, porosity also influences the physical
and mechanical properties of the stones utilised as build-
ing materials. Hydric properties, such as water adsorption,
drying index, and capillary coefficient, dynamic properties
such as propagation velocity of compressional and shear
ultrasound pulses, Young’s modulus, shear modulus, bulk
modules, Poisson’s ratio, compressive strength, flexural
strength, and point load strength, are all heavily reliant on
the types of pores, their interconnection, dimensions, pore-
size distribution, and the complexity and heterogeneity of
microstructures (Benavente et al. 2004; Garcia-del-Cura
et al. 2012; Molina et al. 2015; Koubaa et al. 2018; Yang
et al. 2023). Triaxial deformation experiments conducted
across the brittle-ductile transition have demonstrated the
significance of initial porosity on deformational behaviour
in limestone under different deformation rates, as well as
the evolution of the pore system during loading (Brantut
et al. 2018). Ng and Santamarina (2023) have shown that
mechanical and hydraulic properties are strongly depend-
ent on porosity, and have discovered that a power model
provides a good approximation for global trends of uncon-
fined stiffness, unconfined compressive strength, cohesive
intercept in Mohr—Coulomb failure envelopes, and brittle-
to-ductile transition stress versus porosity. Consequently,
changes in porosity due to stone deterioration, or the dis-
solution of rock formations due to water circulation as seen
in karstic environments, can have complex effects on their
mechanical properties and can lead to failure under exter-
nal stresses, or alter the geomechanical properties of rock
masses (Niazi et al. 2021). Despite being generally viewed
as a weakness factor, porosity, especially when abundant
or when pores are large in size, can confer some advanta-
geous properties in terms of thermal and acoustic insulation,
offering clear benefits in energy efficiency (Di Benedetto
et al. 2015). In this work, we determined the pore struc-
ture of twelve carbonate rocks, including eleven types of
limestone quarried from northeastern Italy and Croatia, and
the Carrara marble, derived from the Apuan Alps (northern
Tuscany region, central Italy), which have been widely used
in the Italian built heritage. This study aims to increase our
understanding of pore characterization in carbonate stones,
particularly those used in cultural heritage. For this reason,
several methods were employed to reveal the widest pos-
sible pore-size range. Porosity and pore space distribution
in limestones result from many processes, both depositional
and post-depositional, and thus, they exhibit significant vari-
ations (Benavente et al. 2004; Benavente 2011). The Car-
rara marble, a prestigious and popular stone used in sculp-
ture and building décor since Roman times, is a carbonate
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metamorphic rock that can undergo to the same deterioration
mechanisms as limestones (Salvini et al. 2022, 2023).

The porosity of the stones was studied using a multi-
analytical approach, consisting in the analysis by mercury
intrusion porosimetry (MIP), digital imaging analysis
(DIA) of backscattered electron (BSE) images obtained by
scanning electron microscopy (SEM), and 3D reconstruc-
tions obtained by micro-computed tomography (m-CT),
following the procedure proposed in Coletti et al. (2016).
Since various pore-size classifications are reported in the
literature (De Quervain 1967; Choquette and Pray 1970;
Dubinin 1979; Gregg and Sing 1983; Klopfer 1985; Kodi-
kara et al. 1999), in this work it was adopted that proposed
by De Quervain (1967) and discussed in Siegesmund and
Diirrast (2011); pores were classified as micropores (radius
<5 pm), mesopores (radius 5-200 pm), and macropores
(radius 200-2000 pm).

Materials and methods
Materials

This study focuses on twelve different types of carbonate
rocks that are commonly used as building and ornamen-
tal materials in historical monuments and constructions in
Italy. These rock types are from different geological forma-
tions outcropping in northeastern Italy, Croatia, and in the
Apuan Alps (northern Tuscany, central Italy). For a detailed
description of their geological and petrographical features,
refer to Salvini et al. (2023). Table 1 lists the name, label,
provenance, and general geological information of each rock
type. The study includes the Pink and White Asiago stones
(RO and BJ, respectively), the Red and Brown Verona stones
(RV and BV, respectively), the Vicenza stones (Nanto vari-
ety, NA; and Costozza variety, CO), the Chiampo stones
(two varieties: Paglierino, PA; and Ondagata, ON), the Bot-
ticino stone (BO), the Aurisina stone (AU), the Istria stone
(Orsera variety, OR), and the Carrara marble (M).

Methods

Porosity was examined combining mercury intrusion
porosimetry (MIP), digital image analysis (DIA) of back-
scattered (BSE) images acquired by scanning electron
microscopy (SEM) and X-ray micro-computed tomography
(micro-CT). Pore system was described accounting for the
pore-size distribution obtained with the different methods
by defining “overlapping pore ranges” and considering the
limitations of each technique within specific pore-size inter-
vals. A description of the analytical conditions and the data
processing follows.
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Table 1 Simplified summary description of rock types considered in this work

Area Common Variety Label Rock type Geological Formation Macroscopic
name appearance
Pink
N ) .
Asiago Mudstone/Wackestone  Maiolica F.
stone
White
Asiago BI
Red
Verona RV
Northeastern  Verona Wackestone Rosso Ammonitico
Italy stone m Veronese F.
Brown
Verona BV
Nanto NA Packstone/Rudstone Nummulitic Limestone F.
Vincenza
stone ‘
Costozza CO Grainstone/Rudstone Cgstelgomberto
Limestone F.
o -
Chiampo Rudstone Nummulitic Limestone F.
stone
o .
Botticino BO Floatstone/Crystalline ComnaF.
stone carbonate
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Table 1 (continued)

Aurisina AU Rudstone/Grainstone Sezana and Lipica F.
stone
. Istria . . .
Croatia Orsera OR Mudstone Kirmenjak Unit
stone
Central Italy Carrara M Marble Tuscan Nappe
marble

In the photographs, the sample dimensions have sides measuring 2 cm

MIP was performed using a PoreMaster 33 system
(Quantachrome Instruments®), which has a sample cell of
1.0 3.0 cm and a volume of 2 cm®. The pressure range is
0.5-33,000 psi; considering a contact angle (6) of mercury
of 140°, and a surface tension (o) of mercury of 0.48 N/m
(480 dyn/cm), the investigated pore size range is from
0.0064 to 950 pm. Before the measurements, samples were
dried at 40 °C for 24 h and then about 2 g (i.e. a core 2 cm
long with a diameter of 8 mm) of material was analysed.

Scanning electron microscopy back-scattered electron
(SEM-BSE) images were obtained by scanning the thin sec-
tions according to a matrix of 30 x40 SEM-BSE images that
were overlapped by 25%. For each sample, a total of 1200
images were acquired with a resolution of 1280 % 1024 pix-
els at a magnification of 200 X, using a CamScan MX 2500
microscope equipped with a LaB4 cathode. The microscope
operated at 20 kV with a working distance (WD) of 20 mm.

The grey-scale images were segmented, binarized, and
analysed using the Image]® software, which is a public
Java domain image processing tool. The Digital Images
Analysis (DIA) of pore size was based on the measure of
the Feret diameter. The Feret diameter is defined as the dis-
tance between the two parallel planes that restrict the object
perpendicular to that direction in 2D (Rasband 1997-2015;
Maritan et al. 2020). The limit of resolution was determined
to be 0.5 pm, which corresponds to one pixel.

For each stone type, micro-cores with a diameter of 8 mm
and a length of 20 mm were analysed using a bench-top
Skyscan 1172 micro-CT scanner by Bruker®. The micro-CT
scanner was equipped with a Hamamatsu 100/250 micro-
focus X-ray source, operating at an acceleration voltage of
74 kV and a beam current of 133 pA. The system used a

@ Springer

Hamamatsu C9300 10-megapixel camera with a pixel size
8.5 pm, and the X-ray beam was filtered by a 0.5 mm Al foil.
Projection images were acquired at 0.3° intervals over a 360°
rotation, with an exposure time of 2500 ms and a camera
binning of 2 X 2. To minimise noise, 8 frames were averaged
in vertical random movement mode, and 3 scans were con-
nected to cover the entire vertical length of the cores. Each
scan took approximately 21 h to complete. Cross-section
slices were reconstructed from raw projection images using
the NRecon software by Bruker®, which included applica-
tion of thermal correction, misalignment compensation, ring
artefact reduction and beam hardening correction. Porosity
was segmented by thresholding tomographic images with
the CT-Analyser software by Bruker®, resulting in binary
image stacks. Porosity was calculated as the ratio of the
number of voxels of the pores (pore-voxels) to the total Vol-
ume Of Interest (VOI) (Coletti et al. 2016). Structural thick-
ness was used to measure pore size diameters and distribu-
tion. It involved fitting maximal spheres inside the structure
and determining the value of the largest sphere contained
within it. The limit of resolution for this analysis was set
to 4.75 pm, which corresponds to a minimum volume unit
(voxel) of approximately 107 pm?.

Results and discussion
Mercury intrusion porosimetry
Based on the MIP results, the twelve studied rocks can be

categorised into three different groups based on their total
percentage of pores (refer to Table 2, Fig. 1). The first group
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Table2 Results from mercury RO BI RV BY NA CO PA ON BO AU OR M
intrusion porosimetry
Total porosity ~ 3.55 220 032 0.10 27.17 2852 0.57 1.10 172 461 040 1.06
@ max 216 215 379 394 371 221 221 216 235 273 211 215
Pore size range
<0.5 227 180 006 - 1190 11.24 021 0.02 124 3.69 - 0.36
0.5-2.5 - - 0.06 - 15.11 2.10 021 0.02 0.05 0.01 - -
2.5-4.75 - - 001 - - 020 0.01 - - - - 0.06
4.75-24 - - 0.07 - 002 6.06 0.02 0.06 - 021 0.06 0.08
24-50 - - - - 002 643 - 0.16 - 0.19 0.04 0.04
50-70 0.02 0.12 - - - 089 - 0.03 - 0.12 0.01 0.08
70-100 0.11 004 - 0.05 - 073 0.02 0.18 0.01 0.12 0.07 0.07
100-150 048 0.10 0.03 001 000 062 - 020 022 0.10 0.06 0.21
150-200 0.57 0.11 002 001 003 025 0.02 037 017 - 0.13 0.14
200-250 0.10 0.03 - 001 - - - 0.06 0.03 0.13 0.03 0.02
>250 - - 0.07 0.02 0.09 - 0.08 - - 0.04 - -

Total porosity (%); @ max =maximum diameter or pores (um); porosity (%) according to the different pore

size ranges (um)
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Fig. 1 Pore-size distribution of stones representative for the three
groups of samples based on their total percentage of pores: group 1
(total porosity below 1%): Orsera stone OR) and Brown Verona stone
(BV); group 2 (total porosity ranging from 1 and 5%): Aurisina stone
(AU) and Botticino stone (BO); group 3 (total porosity exceeding
20%): Nanto stone (NA) and Costozza stone (CO)

(group 1) consists of samples with total porosity below
1.00%. This group includes four samples: both the varieties
of Verona stone (Red Verona stone, RV, and Brown Verona
stone, BV) with porosities of 0.32% and 0.10%, respec-
tively), the Paglierino stone (PA), a variety of the Chiampo
stone, which displays a porosity of 0.57%, and the Orsera
stone (OR), with a porosity of 0.40%. The second group
(group 2) consists of samples with total porosity ranging
from 1 and 5%. Most of the stones fall into this group. The
Aurisina stone (AU) exhibits the highest total percentage of
porosity at 4.61%, followed by the two varieties of Asiago
stone, the Pink Asiago stone, (RO), with 3.55%, and the
White Asiago stone (BI) with 2.20%, the Botticino stone
(BO) with 1.72%, and the Carrara marble with 1.00%. In
these two groups (groups 1 and 2) the majority of pores are

micropores (Fig. 1), mostly below 0.5 pm (Table 2). The
third group (group 3) includes samples with high porosity,
exceeding 20%, represented by the two varieties of Vicenza
stones (Fig. 3). The Nanto stone (NA) displays 27.17% of
pores, with over 90% of them being definable as micropores
(De Quervain 1967; Siegesmund and Diirrast 2011): 11.90%
in the range <0.5 pm, and 15.11% in the range comprised
between 0.5 and 2.5 um (Table 1). The Costozza stone (CO)
exhibits 28.52% of pores. The pores are distributed with a
bimodal distribution (Fig. 1): 13.34% of pores fall within the
range of pores with a diameter below 5 um, but almost half
of them can be classified as mesopores (De Quervain 1967,
Siegesmund and Diirrast 2011) in the ranges of 4.75-24 um
(6.06% of pores) and 24-50 pm (6.43%) (Table 2).

Despite the wide range of the total porosity, all samples
exhibited a maximum pore size exceeding 200 um (@ max in
Table 2). The significant percentage of pores below 0.5 um
observed in some of the samples may be attributed to a
potential overestimation of the smallest pores, known as the
“ink bottle effect”. This effect is a well-known limitation of
the MIP analytical technique (Moro and Bohni 2002; Dal
Ferro et al. 2012).

Porosity by digital imaging analysis of SEM-BSE
images

Digital imaging analysis (DIA) was conducted on stitched
SEM-BSE images, combining 1200 images per sample, to
obtain a representative area on which to perform the analysis
of pore-size distribution (Fig. 2). The DIA data aligned well
with the results from MIP analysis for samples belonging
to group 3 (porosity exceeding 20%), which included the
two varieties of Vicenza stone: the Nanto stone (NA) with

@ Springer
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Fig.2 SEM-BSE images of Nanto stone (NA) and Botticino stone
(BO). a Panoramic image of NA obtained by stitching SEM-BSE
images acquired at a magnification of 200; a-1 and a-2 Two of the
1200 SEM-BSE images used in the photo stitching process. b SEM-
BSE panoramic image of BO obtained using the same method as

24.97% of total porosity (Fig. 2a, a-1, a-2) and the Costozza
stone (CO) with 17.33%. Differences arises when the total
porosity values for samples in groups 1 and 2 (total poros-
ity below 1% and ranging from 1 and 5%, respectively) as
obtained by DIA are compared to those got by MIP. Most of
the samples exhibited a total porosity below 1%, influencing
their classification into groups 1 and 2 based on MIP data.
Verona stones (BV and RV) and Asiago stones (RO and BI)
had very low porosity, generally below 0.25%. In contrast,
Botticino stone (BO) (Fig. 2b, b-1, b-2) and Carrara marble
(M) displayed porosities of 4.11% and 2.11%, respectively.
These discrepancies between DIA and MIP results can be
explained by the fact that DIA has a fixed threshold limit
of 0.5 um, disregarding any information about pores below

@ Springer

100 um

described for NA; b-1 and b-2 Two of the 1200 SEM-BSE images
used in the photo stitching process. The images in the right-hand box
are the binarized one, with pores shown in black, obtained by the
pores segmentation

this diameter, which is particularly relevant for these types
of samples (as indicated by MIP, Table 2). On the other
hand, DIA provides reliable information about macropores
(De Quervain 1967; Siegesmund and Diirrast 2011). This is
clearly evident in the estimation of pore sizes in the largest
range size (250-360 um) reported in Table 3, as well as in
Fig. 2.

NA and CO exhibited the highest percentages of pores in
the larger pore size ranges (200-250 um and 250-360 pum).
In fact, over 50% of the total porosity of NA and over 30%
of CO were referable to pores larger than 250 um. Pores
generally had maximum diameters ranging from 100 and
300 um. As expected, the largest pores were found in the
Vicenza stones, with the Costozza stone (CO) and Nanto
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Table3 Results from DIA of RO BI RV BY NA CO PA ON BO AU OR M
SEM-BSE images acquired at a
magnification of 200 Total porosity ~ 0.17 024 0.64 003 2497 1733 095 1.63 411 061 043 2.11
@maxFeret 66 319 181 134 2067 584 285 112 320 235 169 233
Pore size range
0.5-2.5 - 005 022 - 049 111 017 090 013 016 003 0.06
2.5-475 002 005 011 001 074 100 019 037 024 0.11 005 1.09
4.75-25 0.10 009 018 001 325 210 037 030 1.84 021 0.17 049
25-50 001 002 004 - 217 133 009 002 090 005 007 0.11
50-70 0.04 001 001 001 137 097 004 - 035 002 003 0.08
70-100 - - 0.03 - 155 146 002 001 026 002 004 0.09
100-150 - 001 002 - 213 216 003 000 025 001 003 0.13
150-200 - - 003 - 169 198 002 003 010 - 0.01 0.02
200-250 - - - - 147 178 001 - 004 003 - 0.04
250-360 - 001 - - 10.11 344 002 - 022 - - -
>360 - - - - 785 206 - - - - - -

Total porosity (%); @ max Feret=maximum Feret diameter (um); porosity (%) according to different pore

size ranges (um)

stone (NA) displaying the maximum pore diameters of 584
and 2067 um, respectively. Both of these rocks showed a
considerable fraction of porosity above 360 um (Table 2),
accounting for 8% in the case of Nanto stone, and 2% in the
Costozza stone.

Porosity by micro-CT measurements

The total porosity measured by m-CT shows values ranging
between 0.25 and 1.50% (Table 4). However, Vicenza stones,
NA and CO, exhibit higher porosity, 8.96% and 13.53%
respectively, in agreement with measurements obtained by
MIP and DIA.

Botticino stone (BO) and Carrara marble (M) have total
porosity of 1.30% and 0.04% respectively (Table 3). These

values are lower when compared to DIA, possibly due to the
different threshold size limits adopted in the two analytical
methods: 0.5 pm for DIA and 4.75 um for m-CT. Most of
the pores have diameters below 20 um (Table 4), which is
consistent with observations made by MIP and DIA.
Figure 4 presents the reconstructed images of four sam-
ples obtained from m-CT acquisitions, along with their
relative segmented and binarized images. The 3D stacks of
binarized slices not only visually confirm the data reported
in Table 3 but also provide additional valuable informa-
tion. For instance, in the Brown Verona stone (BV, Fig. 3a),
although its porosity is low (Table 4), the 3D distribution
of its voids reveals the presence of microstructural discon-
tinuities within the specimen (Fig. 3a). On the other hand,
in the Costozza stone (CO, Fig. 3b), porosity is high and

Table 4 Results from the m-CT

j RO BI RV BV NA CO PA. ON BO AU OR M
analysis

Total porosity 028 1.04 027 007 89 1353 0.73 150 130 121 1.07 0.04

@ max 23 33 42 71 308 241 33 33 147 270 90 33

FD 269 283 269 236 272 285 280 2.86 263 246 2.80 228

Pore-size range
4.75-25 028 1.04 027 0.07 657 643 073 150 122 044 105 0.04
25-50 - - - - 1.73 432 - - 0.08 044 002 -
50-70 - - - - 051 126 - - 0.00 0.13 - -
70-100 - - - - 008 093 - - - 0.10 - -
100-150 - - - - 005 046 - - - 0.06 - -
150-200 - - - - 0.02 0.11 - - - 002 - -
200-250 - - - - - 002 - - - 001 - -
>250 - - - - - - - - - 001 - -

Total porosity (%); @ max=maximum structural thickness (um); FD=fractal dimension; porosity (%)
according to different pore-size ranges (um)
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Fig.3 Some results obtained by m-CT: a Brown Verona stone (BV);
b Costozza stone (CO); ¢ Botticino stone (BO); d Aurisina stone
(AU). a-1, b-1, c-1 and d-1 Single reconstructed images; a-2, b-2, ¢-2

uniformly distributed within the core (Fig. 3c). The Botti-
cino stone (BO) and the Aurisina stone (AU), which display
similar total porosities (1.30% and 1.21% respectively; see
Table 4), exhibit contrasting pore structures in terms of size
and distribution (Fig. 3c, d). Stone BO is characterized by a
dense network of small-diameter pores (Fig. 3c), while AU
displays larger pores connected each other by channels of
varying diameter (interconnected pores).

The Fractal Dimension (FD) used as an indicator of the
pore surface complexity, was calculated using the Skyscan
CT-analyser software employing the ‘box-counting’ method.
This method involves dividing the object into a grid of boxes
of varying sizes and counting the number of boxes that
contain some part of the object. As the size of the boxes
decreases, the number of boxes needed to cover the object
increases. By plotting the relationship between the box size
and the number of boxes required on a log—log graph, valu-
able information about the scaling behaviour of the object is
obtained, allowing for the estimation of its Fractal Dimen-
sion. The Fractal Dimension is then determined from the
slope of the log—log regression (Chappard et al. 2001). In
the studied materials, FD ranges between 2 and 3 in Euclid-
ean space. Smooth surfaces typically have a value of 2. The
calculated values for the analysed samples fall in the range

@ Springer

and d-2 Corresponding segmented and binarized images; a-3, b-3,
¢-3 and d-3 3D reconstructions obtained from stacks of segmented
and binarized images. Core diameter: 7.6 mm

of 2.36 and 2.86, confirming the true fractal behaviour of
the pore system, which exhibits self-similarities at various
scales (Table 4).

Comparing results from the different techniques

Most of the studied rocks exhibited low total porosity below
5% (Tables 2, 3 and 4). However, the two types of Vice-
nza stones (NA and CO) showed significantly higher val-
ues above 10% or 20%, depending on the specific analytical
method employed (Tables 2, 3 and 4).

Total porosity measured by MIP (Table 2) was gener-
ally higher than that obtained by DIA and m-CT (Tables 3
and 4). These differences may be explained by the fact that
the latter analytical techniques have a threshold limit, rep-
resented by the minimum detectable pore dimension. In our
case, this limit was 0.5 pm for DIA on SEM-BSE images
and 4.75 pm for m-CT. The specific setup used during the
acquisition sessions determines these threshold values. As
a result, DIA and m-CT tended to underestimate the total
porosity. This issue is particularly evident in samples where
a significant fraction of the porosity falls below the analyti-
cal thresholds mentioned above. For instance, in rocks such
as RO, AU, and BI, where the highest percentage of pores
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is within the pore range below 0.5 pm, DIA on SEM-BSE
images underestimated the porosity. To address this limita-
tion, it is essential to consider the fraction of pores below
0.5 pm, as estimated by MIP.

A similar consideration can be made when interpreting
results from m-CT analysis. This method tended to under-
estimate the total porosity, especially in samples with pre-
vailing micropores, as pores with diameter below 4.75 pm
were not measured. The discrepancy in porosity obtained by
m-CT with respect to measurements obtained by MIP and
DIA (Tables 2 and 3) is also evident in samples with a larger
pore range, such as stones NA and CO (Table 4). Thus, in
order to better compare the results obtained by MIP, DIA
and m-CT, the porosity fraction pertaining to specific pore
ranges was considered for the different methods.

Table 5 presents the percentage of porosity categorized
into specific pore ranges, extrapolated from Tables 2, 3 and
4. These ranges include: (i) pores below 0.5 pm, determined
using MIP; (ii) pores between 0.5 and 4.75 pm, with partial
results obtained though MIP and DIA (the lower limit of
0.5 um, corresponds to the threshold for DIA imposed by
the analytical procedure adopted, while the upper limit of
4.75 um corresponds to the lower threshold of m-CT); (iii)
pores between 4.75 and 360 pm, with partial results obtained
through MIP, m-CT and DIA; (iv) pores above 360 pm,
detected exclusively by DIA.

The “overlapping pore ranges” (0.5-4.75 pm and
4.75-360 pm) reveal slight or significant differences in the
estimation of pores abundance across the various methods.

Notably, porosity within the first “overlapping pore
range” (OPR-1: 0.5-4.75 pm, as shown in Table 5) dem-
onstrated the superior accuracy of DIA. In fact, while MIP
measurements yielded no discernible porosity within this
range in two-third of the samples, DIA analysis unveiled a
substantial presence of pores.

The lower porosity values in this range measured by MIP
may be attributed to the “ink-bottle effect” which tends to
underestimate the real pore size in this range, as well as to
the irregular shapes of voids that can collapse at high pres-
sure during mercury intrusion, especially in highly porous
and weaker materials (Moro and Bohni 2002; Giesche 2006;

Galaup et al. 2012). This behaviour may explain the higher
porosity detected by MIP in such samples (e.g. sample NA
displays 15.11% of pores detected by MIP compared to
1.33% of pores observed with DIA).

Results in the second “overlapping pore range” (OPR-2:
4.75-360 pm, Table 5) are quite similar for all the meth-
ods used, except for stone NA, which shows 0.17% of pores
obtained using MIP, 15.90% of pores according to DIA, and
8.96% of pores estimated by m-CT. The underestimation
of MIP data in this interval is compensated by an overesti-
mation in the lower overlapping pore range OPR-1, and, as
discussed above, it can be related to the “ink bottle effect”.
The difference between DIA and m-CT may also be due
to sample damage during the thin section preparation. The
presence of fractures and circum-granular detachments will
result in a partial overestimation of porosity. The representa-
tiveness of the sample can also be an issue in samples of
strongly heterogeneous materials.

Moreover, the values of total porosity measured by DIA
and m-CT are often higher than those measured by MIP (e.g.
Botticino stone, BO, 3.79% and 1.30% estimated by DIA and
m-CT, respectively, compared to 0.43% measured by MIP,
OPR-2, Table 5). This can be attributed to the presence of
closed pores not measured by MIP, but accessible by DIA
and m-CT.

Pore estimation and cumulative curves

Based on the differences in the pore size distribution
obtained from the different analytical methods and compar-
ing the results within specific “overlapping pore ranges”
(OPR-1 and OPR-2, see Table 5), we were able to establish
specific pore size intervals where each method provided reli-
able data. We used this information to estimate the total
porosity (Table 6), and create a reliable cumulative pore size
distribution curve (Fig. 4) by appropriately combining data
from MIP, DIA, and m-CT pore distributions (Tables 2, 3
and 4).

Specifically, the total porosity and the pore size distribu-
tion curve were determined using the following combina-
tions: (i) results obtained from MIP (indicated as “MIP”

Table 5 Summary of porosity

X - Pore size range Method RO BI RV BV NA CO PA ON BO AU OR M

referred to specific pore size

ranges,?nd “overlapping pore <05 MIP 227 180 006 — 1190 13.34 021 0.02 124 370 — 030

ranges” (OPR-1 and OPR- OPR-1 05475 MIP — — 001 — 1511 — 00l — 006 — — 004

2) obtained using different

analytical techniques (MIP, DIA DIA 002 0.0 033 001 1.33 2.11 036 1.36 045 030 0.08 1.15

and m-CT) OPR-2 4.75-360 MIP 127 039 0.19 0.10 0.17 1518 0.14 1.02 043 0.92 039 0.66
DIA  0.15 0.14 031 0.02 1590 13.12 0.59 036 3.79 032 034 0.96
m-CT 028 1.04 027 007 896 1351 0.73 1.50 130 1.20 1.07 0.04

>360 DA - - - - 78 206 - - - - - -

Values are expressed as a percentage (%)
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Table 6 Total porosity (%)

X - Method RO BI RV BY NA CO PA ON BO AU OR M

estimated by appropriately

combining the results from MIP 354 220 032 0.0 27.17 2852 057 110 1.72 461 040 1.06

different methods (MIP, DIA MIP +DIA 244 204 070 003 3698 3033 159 171 564 422 042 243

and m-CT) within specific pore

size intervals MIP +m-CT 255 2.84 034 007 3599 27.15 137 151 260 495 1.07 040
StD.pspiavsypy 078 011 027 005 694 128 072 043 277 028 001 097
StD.ampsmcrvsmpy 071 045 001 002 624 097 057 029 062 024 047 047

St.D.vip+pia vs My a0d StDprp.m.cr), Tepresent the standard deviations calculated between the total
porosity values (%) measured by MIP and those obtained through the combined approaches with DIA
(St.D.(vip4pia vs mipy) @and m-CT results (St.Dyipym-ct)

in Table 6 and represented by the blue line in Fig. 4); (ii)
porosity and pore size distribution curve defined by the MIP
results up to 2.5 pm, followed by the pattern obtained using
DIA (indicated as “MIP +DIA” in Table 6 and represented
by the red dotted line in Fig. 4); (iii) porosity and pore size
distribution curve defined by the MIP results up to 4.75 um,
followed by the pattern obtained using m-CT (indicated
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as “MIP+m-CT” in Table 6 and represented by the green
dashed line in Fig. 4).

For the Nanto stone (sample NA), as the results are
strongly affected by the “ink-bottle effect”, we set the MIP
limit for the DIA curve (“MIP + DIA” in Table 6 and Fig. 4)
to 0.5 pm (Table 2), which ensured a good agreement
between the various techniques.
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Fig. 4 Cumulative curve (%) of the pore-size distribution obtained by the contribution from the various methods: MIP (blue line), DIA (red dot-

ted line) and m-CT (green dashed line)
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Total porosity estimated through the appropriate combi-
nation of the different methods generally aligns with MIP
data, particularly for rocks characterized by micropores
(such as Asiago stones, RO and BI, or Verona stones, BV
and RV; see the data in Table 6). However, when macro-
porosity is present (as seen in Nanto and Costozza stones,
NA and CO), the combination of MIP with DIA and m-CT
yields a more accurate assessment of the pore system. This
is because a significant portion of macro-pores falls beyond
the resolution capabilities of MIP. In fact, the cumulative
curves generated by MIP often indicate an underestimation
of macro-pores, whereas DIA and m-CT results accurately
capture them. The standard deviations, calculated through a
comparison between the MIP data and the two reconstructed
cumulative pore size curves (see Table 6), highlight a strong
correlation between total porosity measured by MIP and the
combination of MIP data with DIA and m-CT for samples
with low porosity dominated by small-sized pores. How-
ever, for rocks with a prevalence of large pores, MIP tends
to be less reliable. This behaviour is particularly noticeable
in the Nanto Stone (sample NA), where we observed stand-
ard deviations exceeding 6 (Table 6), whereas for the other
samples, we find a good agreement in the data. On the other
hand, relying solely on either DIA on SEM-BSE images
or m-CT as analytical techniques to determine porosity in
rocks with a high percentage of micropores can pose cer-
tain challenges. Although it is possible to reduce the lower
threshold limit of DIA and m-CT by enhancing resolution
(e.g., increasing magnification during image acquisition at
the SEM for DIA or reducing the analysed sample volume
for m-CT), other issues may arise. These include concerns
about sample representativeness or potential increases in
analytical time and analytical costs when enlarging the area
or volume of the sample to ensure representativeness.

Conclusion

Porosity plays a crucial role in the decay of stones, pri-
marily regulating the penetration and circulation of water,
which leads to various physical and chemical deterioration
processes affecting stones-built heritage. The comprehen-
sive understanding of a rock’s pore system is of paramount
importance, as it profoundly impacts the physical and
mechanical characteristics of stones used in construction.
Mechanical and hydraulic properties are significantly influ-
enced by porosity, and any changes due to deterioration or
dissolution can lead to complex effects on the rock's behav-
iour under external stresses, potentially resulting in failure
or altering the geomechanical properties of rock masses.
Surprisingly, abundant porosity or large pores, often con-
sidered a weakness, can offer advantageous properties such
as improved thermal and acoustic insulation, contributing

to enhanced energy efficiency. To accurately predict
decay, assess conservation treatments, and develop effec-
tive remediation strategies for preserving cultural heritage
structures, precise and reliable determination of the pore
structure in rocks is an essential aspect that requires careful
consideration.

In this study, we analysed the porosity of 12 carbonate
rocks commonly found in Italian cultural heritage using mer-
cury intrusion porosimetry (MIP), digital imaging analysis
(DIA) of SEM-BSE images, and micro-computed tomogra-
phy (m-CT). We discussed the results while considering the
specific limitations, advantages, and disadvantages of each
method. MIP is highly effective at measuring small pores,
but it has significant limitations when it comes to measuring
larger pores, particularly those with dimensions exceeding
250 pm, which it cannot detect. Although DIA of SEM-
BSE images and m-CT are powerful techniques, they may
provide insufficient data for samples with an abundance of
micropores, as observed in numerous carbonate stones. This
limitation arises from the resolution of these techniques,
which lead to a lower threshold limit of 0.5 um for DIA and
4.75 ym for m-CT in our case.

MIP, on the other hand, appears to provide a better
description of pore-size distribution, as most samples exhibit
a significant fraction of porosity below the lower thresh-
old limits of DIA. However, MIP tends to overestimate the
volume of micropores due to the “ink-bottle effect”, result-
ing in erroneous pore size distribution curves. Both DIA
and m-CT provide good quantitative estimations, although
they require certain approximations. While MIP, as an indi-
rect method, focusses on open pores, which are critical in
deterioration processes, DIA and m-CT consider all types
of pores without distinguishing between closed and open
porosity. In addition to the resolution issues discussed ear-
lier for DIA and m-CT, it is worth noting that DIA provides
data in two dimensions (pores segmentation is performed on
microphotographic images), whereas m-CT reproduces the
3D volumetric pore geometry of the samples. However, DIA
is the technique that offers the highest representativeness in
terms of sample dimensions and is capable of detecting and
characterising even large pores, some of which can be as
large as centimetres in size. When the majority of pores are
concentrated near the detection limit of a specific analytical
method, especially in cases of very low porosity, the uncer-
tainty in porosity measurement may be on the same order of
magnitude as the measured value. Generally, MIP measure-
ments are reliable for rocks with small pores and low poros-
ity values, unless the fraction of micropores (e.g., below
0.2 pm) is dominant. In such cases, an additional comple-
mentary analytical technique, such as nitrogen adsorption,
is required. As for DIA, the reliability of measuring small
pores and low porosity depends on the image resolution,
which defines both the lower dimensional threshold and
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the pore size range near it. On the other hand, m-CT has
significant limitations when dealing with small pore sizes.
Consequently, in this scenario, we may expect that the error
could be of the same order of magnitude or even higher than
the values obtained for rocks characterized by low porosity
and small pore size.

Considering these limitations, we extrapolated the total
porosity of the studied samples by comparing data from
MIP, DIA and m-CT within two specific “overlapping pore
ranges” (OPR-1 and OPR-2). This approach allowed us to
determine appropriate threshold limits in the pore size distri-
bution curves obtained from the different methods, enabling
their combination (e.g., MIP +DIA and MIP 4+ m-CT) to pro-
vide a reliable characterization of the entire pore system.

Given that carbonate rocks, like those analysed in this
article, are commonly used materials in cultural herit-
age, and considering the significance of porosity in vari-
ous deterioration mechanisms such as salt crystallisation
and freeze—thaw cycles, a reliable assessment of the pore
structure using the proposed procedure to obtain accurate
measurements of total porosity and pore size distribution
is essential. This knowledge will greatly support heritage
conservation efforts in historical towns and cities.
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