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Abstract
This paper proposes a non-destructive approach based on the Equotip hardness tester to assess weathering deterioration in 
a protected sandstone monument located in the historic centre of Camerino (Italy). The approach is tested on one sandstone 
column, where various forms of weathering, such as discolouration, scaling and loss of stone volume, are observed. The 
mechanical characterisation with Equotip was performed on 24 measuring points, systematically distributed in the column. 
Innovatively, the two probes available from Proceq (Proceq© 2010) were used to assess differences among surface and 
in-depth hardness values of the column. In addition, an un-weathered rock core from the original extraction site was also 
analysed and compared with the rock matrix of the column. The obtained results show a 15% hardness reduction from depth 
to the surface of the column and a 25% overall hardness reduction with respect to the fresh sandstone core samples. Equotip 
results were coupled with grain size analyses, mercury intrusion porosimetry, scanning electron microscopy and X-ray 
diffractometry results, and a correlation between hardness and grain size was evaluated. By combining these approaches, 
it was possible to identify the processes that occurred during weathering: (a) freeze-thaw cycles that caused a decrease in 
micropore volume and an increase in macropores connected with low Equotip values; (b) iron oxide and sulphuric acid 
released from pyrite oxidation contribute to the dissolution and precipitation of calcium carbonate, which can be rearranged 
in the outer and surface macroporosity. The quantitative approach proposed in this study may be a valid low-cost and quick 
tool to assess weathering heterogeneities on building stone materials and to provide insights for effective preservation strate-
gies of historical monuments.
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Introduction

The deterioration of building stones is a particularly 
important problem in countries rich in cultural heritage 
such as Italy, which has the highest number of UNESCO 
World Heritage Sites (MIC — Ministero della Cultura 
2023). To reach sustainable monument preservation and 
to program restoration interventions, detailed informa-
tion regarding stone mineralogy, texture, porosity etc. is 
an essential parameter to be assessed. However, one of 
the complexities in the characterisation of stone materials 
is the variation in mechanical properties and alteration 
as a function of rock heterogeneity. This is more pro-
nounced in sedimentary and metamorphic rocks, which 
are typically characterised by variability in grain size, 
mineralogy and macro-/microstructure, clearly influenc-
ing the mechanical properties and durability of the rock 
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(Kong et al. 2021). Since the weathering process will 
be influenced not only by external influences (climate, 
air pollution) but also by a stone’s petrographic char-
acteristics (Götze and Siedel 2004; Török and Přikryl 
2010), accurate petrographic data are important to pre-
dict the expected weathering behaviour of a fresh sand-
stone. Especially in highly heterogeneous rocks such 
as sandstones (Siegesmund et al. 2002), surface altera-
tion may occur in different forms and at different scales 
(Viles et al. 1997) and with different causes of damage 
(Turkington and Paradise 2005), such as (a) chemical 
processes related to the effects of atmospheric pollution 
and the development of crusts (Török 2003, 2008; Bel-
fiore et al. 2013; Alexandrowicz et al. 2014; Marszałek 
et al. 2014); (b) physical decay in the form of salt crys-
tallisation (McGreevy 1985; Bai et al. 2003) and phe-
nomena associated with the increase in porosity of the 
stone (Jeannette 1997; Benavente et al. 2004; Adamovic 
et al. 2011; Molina et al. 2011; Liu et al. 2019, 2021; 
Jia et al. 2019; Huang et al. 2022); (c) hydric expansion 
due to the presence of clay minerals (Veniale et al. 2001; 
Jiménez-González et al. 2008; Sebastián et al. 2008); (d) 
colour change due to the alteration of ferrous minerals 
(Sebastián et al. 2008; Marszałek et al. 2014).

Although it is well known in the literature that miner-
alogical and physical properties of rocks influence their 
mechanical behaviour (Cantisani et al. 2013; Bozdağ et al. 
2020; Salvatici et al. 2020; Wang and Zhang 2023), to our 
knowledge, there has been no study aimed at testing the 
use of Equotip hardness tester in correlation with min-
eralogical and physicochemical parameters of rocks. In 
fact, most of the authors correlate Schmidt hardness with 
the porosity system (Hatır et al. 2019; Chen et al. 2019; 
Salvatici et al. 2020; Le et al. 2022; Qi et al. 2022; Wang 
and Zhang 2023), with the capillary effect (Bozdağ et al. 
2020), with the high or low content in CaCO3 cement 
(Cantisani et al. 2013; Salvatici et al. 2020) or with sur-
face moisture (Sumner and Nel 2002; Hatır et al. 2019; 
Kósa and Török 2020).

In the scientific literature, the Schmidt hammer is very 
popular in comparison to the Equotip, and it is used for a 
wide variety of studies such as weathering maps (İnce et al. 
2018; Theodoridou and Török 2019; Bozdağ et al. 2020; 
Korkanç et al. 2021; and literature therein) and provenance 
studies (Aksoy et al. 2021). However, due to its high impact 
energy, its use is discouraged on soft, porous and/or easily 
damaged/weathered stones (Williams and Robinson 1983; 
Goudie 2006; Aydin 2014; Mammoliti et al. 2021; Přikryl 
and Snížek 2023). Thanks to its 66 times lower impact 
energy, the Equotip hardness tester is instead recommended 
for weathering studies in a wide range of rocks at differ-
ent stages of weathering and strength (Aoki and Matsukura 
2007; Viles et al. 2011; Mol and Viles 2012; Cutler et al. 

2013; Coombes et al. 2013; Wang et al. 2020, 2021), as well 
as for detecting minor changes in surface hardness (Aoki and 
Matsukura 2007; Viles et al. 2011; Alberti et al. 2013; Wang 
et al. 2020; Tonon et al. 2022).

In contrast to destructive approaches such as uniaxial 
compressive strength test (UCS) (Basu et al. 2009; Witzany 
et al. 2010; Přikryl et al. 2011; Ludovico-Marques et al. 
2012; Cantisani et al. 2013; Přikryl and Snížek 2023), pen-
etration tests (Mohamad et al. 2008), creep tests (Verstrynge 
et al. 2014), flat-jack tests and diagonal compression tests 
(Lombillo et al. 2013; Andreini et al. 2014), rebound-based 
hardness testing such as Equotip does not require invasive 
material sampling. For this reason, the mechanical testing 
approach with Equotip is a valid tool for countries such as 
Italy where invasive sampling in historically protected build-
ings is not permitted without previous special permission 
from the Superintendence of Cultural Heritage. Surface 
hardness is only one of the non-destructive tests available 
for investigating mechanical building material proper-
ties, and it is increasingly adopted over other techniques 
(Vasanelli et al. 2013; Cutler et al. 2013; Fort et al. 2013; 
Zhang et al. 2019; Chen et al. 2019; Theodoridou and Török 
2019; Bozdağ et al. 2020; Mammoliti et al. 2021; Wang 
et al. 2021). These include P-wave velocity (Popovics 2003; 
Siedel et al. 2010; Vasanelli et al. 2013; Fort et al. 2013; 
Christaras et al. 2016; Zhang et al. 2019; Chen et al. 2019; 
Bozdağ et al. 2020), surface moisture (Cutler et al. 2013; 
Theodoridou and Török 2019), infrared thermograph imag-
ing (Popovics 2003; Schuller 2003; Olmi et al. 2016; Pap-
palardo et al. 2022) and drilling resistance (Pamplona et al. 
2007; Siedel et al. 2010; Al-Naddaf et al. 2012; Manganelli 
Del et al. 2016; Chen et al. 2019).

The aim of this research is to implement a non-destruc-
tive method based on Equotip to evaluate the relation-
ship between the hardness of rock surface and depth with 
building stone alteration derived by physicochemical and 
mineralogical analyses, including grain size and pore 
structure. The methodology was applied in the historic 
city centre of Camerino (Marche Region, Central Italy), 
which suffered significant damages due to the seismic 
sequence that struck Central Italy in 2016–2017 and 
where sandstone is a predominant construction material. 
One of the main innovations of this study concerns the 
combined use of the two probes available for Equotip 
model Piccolo 2 (Proceq© 2010) for in  situ measure-
ments: the D probe (surface probe) and the additional 
DL-type (in-depth probe).

Thanks to this approach, it was possible to deeply 
investigate sandstone alteration from a non-invasive 
mechanical point of view, overcoming the difficulties in 
characterising a historically protected rock material and 
then validating portable non-destructive technology for 
alteration studies.
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Geology, construction and building stones

The town of Camerino (Marche Region, Central Italy) is 
located on the top of a hill, between the valleys of Chienti 
and Potenza rivers, and, from a geological standpoint, 
is part of the Camerino Turbiditic Basin, which extends 
from Albacina to Visso (Calamita et  al. 1977). The 

turbidite deposits (Middle Tortonian–Messinian), specifi-
cally defined as Camerino Geological Formation (Fm.), 
lie on the hemipelagites of the Bisciaro-Schlier sequence, 
while on top, they are covered by the Gessoso-Solfifera Fm.

The work is focused on the small arcade of Palazzo 
Ducale, which is one of the main historical buildings of 
Camerino town (Fig. 1a). Palazzo Ducale is a complex 

Fig. 1   a Aerial view of Palazzo Ducale in the historic town centre of 
Camerino (MC) with highlights of the study sites and indication of 
the ground level; b outcrop of the Orto Botanico of the University 

of Camerino with reference to the ground level; c small arcade of 
Palazzo Ducale with the indication of the analysed column with refer-
ence to the ground level
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structure that includes multiple buildings, among which a 
small arcade consisting of four columns in total is located 
in the eastern side (Fig. 1c).

The arcade, as well as the palace, is entirely made of 
the sandstones of the Camerino Fm., as it was an easily 
available material both on-site and in the nearby quar-
ries and used in almost all the architectural complexes 
of historical-artistic importance in the city (Frattali 
1999). Palazzo Ducale (Fig. 1a) was completed in the 
second half of the fifteenth century in Renaissance 
style by order of the lord of the city Giulio Cesare da 
Varano (Paraventi 2003), and at the time, was consid-
ered one of the most sumptuous palaces in Italy. The 
sandstone columns of the small arcade are 3 m high 
and composed of a central monolith body, a capital and 
a base. The study was focused on one of the columns 
(Fig. 1c) in which previous data regarding the evalu-
ation of the conservation state through mineralogical 
and petrographic analyses were available (Fig. 3a from 
Mattias et al. 1996). The sandstone outcrop of the Orto 
Botanico of the University of Camerino has been estab-
lished as the provenance site for the columns of the 
palace, according to previous petrographic and geo-
chemical investigations (Mattias et al. 1996) and for 
its proximity to the palace (Fig. 1b).

The sandstones of the Camerino Fm. are typically 
grey with occasionally ochre-brown halos. The grains 
are both rounded and angular with grain size rang-
ing from 0.1 to 0.4 mm (very fine to medium sands). 
According to Folk’s classification system (Folk 1974), 
these sandstones can be classified as greywackes or 
lithic arenites, based on their textural maturity. In 
Fig. 2, thin sections made from flakes collected in the 
columns of the arcade show (in order of abundance) 
quartz, carbonates and spathic calcite, lithic fragments, 
Na-Ca and K-feldspars with varying degrees of altera-
tion, biotite with frequent oxide inclusions, chlorite and 
rare pyrites; calcite cement and clayey matrix with fos-
sil elements are also present.

Weathering state

The columns of the small arcade of Palazzo Ducale are char-
acterised by an extensive heterogeneous alteration (Fig. 3), 
as documented by photographs taken in the 1980s of the 
last century (Fig. 3a) and in the capitals (Fig. 3b), while 
sandstone crumbles and breaks up in loose sand in the col-
umns’ base, leading to considerable loss of stone material 
(Fig. 3c). Flakes and scales of several millimetres thick can 
deepen and expose the underlying rock layer as the phe-
nomenon reaches an advanced stage (Fig. 3d). Significant 
discolouration (Fig. 3e) and vertical fissures (Fig. 3f) can 
also be observed.

Mattias et al. (1996) provided a complete mineralogical 
and petrographic characterisation of the lithic elements of 
the building, giving an indication of the state of preserva-
tion and/or possible causes of alteration of these sandstones; 
the authors stated that the masonry blocks of the palace, as 
well as the columns, are characterised by (a) a markedly 
high degree of oxidation with micro- and macroscopic halos 
of iron oxides; (b) dissolution and precipitation processes 
affecting CaCO3 leading to the formation of gypsum; and 
(c) a relatively high content of halite derived from histori-
cal archives of salt located in the Palazzo Ducale basement.

Materials and methods

The experimental investigations in this study were car-
ried out both in situ and in the laboratory. The in situ 
investigation consisted of a grain size analysis coupled 
with Equotip hardness testing, a non-destructive rebound-
based device innovatively used to characterise both sur-
face and in-depth hardness. This data collection was 
aimed at detecting hardness variation on the column sur-
face, to assess possible relationships among surface hard-
ness and grain size and to evaluate the change of hardness 
with depth. Moreover, to correlate surface hardness vari-
ation with physicochemical and mineralogical changes of 

Fig. 2   Microscopic features of 
the sandstone of the Camerino 
Fm. derived from flakes col-
lected from the columns of the 
small arcade of Palazzo Ducale: 
a Plane-polarised light; b 
cross-polarised light. Q, quartz; 
C, calcite; B, biotite; Lf, lithic 
fragments; F, feldspar
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Fig. 3   Evidence of the sandstone’s degradation in the columns of the 
small arcade of Palazzo Ducale: a loss of stone material from 1986 
(modified from Mattias et  al. 1996) to 2023; b detachment of large 

volumes of rock in the capitals; c granular disintegration and crum-
bling in the base; d scales and flakes exposing the underlying rock 
layer; e discolouration; f vertical fissures (fracturing)
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the altered sandstone, small flakes (naturally detaching 
from the column surface) were collected and analysed 
through mercury intrusion porosimetry, scanning elec-
tron microscopy and X-ray diffractometry methods. The 
data collection was set up considering areas with different 
colours within the column, which can be a first indication 
of the weathering distribution. Mineralogy, texture and 
pore size distribution were correlated with the mechanical 
parameters, and a comparison with the intact rock from 
the outcrop (Fig. 1b) was made. Since Palazzo Ducale is 
a site protected by the Superintendence of Cultural Herit-
age, the data collection strategy proposed allows respect 
for the rules for protected sites.

Equotip hardness testing (EQ)

A compact version of Equotip (EQ model Piccolo 2, pro-
duced by Proceq, Switzerland) has been selected for the 
in situ evaluation of the sandstone hardness. EQ is a small 
electronic spring-loaded device that has been originally 
developed for metals, but is also increasingly used for 
rock hardness (Kawasaki et al. 2002; Kompatscher 2004; 
Aoki and Matsukura 2007; Viles et al. 2011). This device 
is easy to handle due to its small size and weight (only 
142 g) and is based on a spherical tungsten carbide test 
tip mounted in an impact body which, thanks to the spring 
force, rebounds against the surface to be tested (Proceq© 
2010) (Fig. 4a). The EQ hardness value is expressed as 
the “L” index (Leeb number) and is calculated by the ratio 
of the rebound velocity to the impact velocity multiplied 

by 1000 (Leeb 1979). Low rebound values indicate soft, 
porous and/or weathered stone surfaces, while higher val-
ues are indicative of less weathered or hardened surfaces 
(Wilhelm et al. 2016). Innovatively, two different EQ 
probes available from Proceq© (2010) have been used: 
the standard D (Fig. 4b) and the DL probe (Fig. 4c). The 
D probe is used for surface measurements and has a small 
impact body (27 mm) measuring 3 mm in diameter. In 
contrast, the DL probe, commonly adopted to access 
tight spaces and hard-to-reach surfaces, has a slim long 
front section (82 mm) and a slightly smaller diameter end 
(2.78 mm). In this study, the DL probe was innovatively 
involved to evaluate the hardness of the internal portion 
of the rock.

Both single (SIM) and repeated impact test methods 
(RIM) were used in conjunction (Aoki and Matsukura 2007, 
2008; Yılmaz 2013; Wilhelm et al. 2016; Desarnaud et al. 
2019; Mammoliti et al. 2021) to investigate the most super-
ficial thin layer of the column (applying the SIM) and the 
deeper portion (applying the RIM).

SIM consists of collecting single impacts at differ-
ent points, separated at least by a plunger tip (Aoki and 
Matsukura 2007), while RIM consists of consecutive 
impacts in a single point (Aoki and Matsukura 2008). 
According to Çelik and Çobanoğlu (2023), at least ten 
single impacts evenly distributed on a surface are recom-
mended for an adequate investigation while, regarding 
RIM, repeated impact values at one point can cause the 
hardness value to be obtained incorrectly in a polymin-
eralic stone (Çelik and Çobanoğlu 2019). This issue was 

Fig. 4   a Schematic drawing 
of the EQ model Piccolo 2; b 
standard D probe; c DL probe
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avoided by applying the RIM on ten different points in 
a small investigation area (about 10 × 10 cm), collect-
ing 40 repeated impacts for each point and computing 
the average value discarding the first ten measurements 
(Mammoliti et al. 2021). In addition, SIM was employed 
for the calculation of the k-value parameter (Aoki and 
Matsukura 2007), used to determine the hardness of fresh 
and weathered superficial portions of rocks displaying a 
thin weathering layer, as follows: 

in which Ls is the average of the ten values collected with 
the single impact method and Lmax is the average of the three 
largest rebound values of the repeated impact method. After 
calculating the k-value, RIM alone was considered for hard-
ness investigation.

Weathering mapping and damage categories

The mapping of weathering forms is a systematic investi-
gation proposed by Fitzner et al. (2003) and revised by the 
ICOMOS International Scientific Committee for Stone 
(ISCS) (Vergès-Belmin 2008) as a glossary on stone 
deterioration patterns. However, Fitzner et  al. (2003) 
proposed a classification for stone weathering according 
to four groups of material weathering: (1) loss of stone 
material; (2) discolouration/deposits; (3) detachment of 
stone material; and (4) fissures/deformation. In turn, 
each group is subdivided into main weathering forms 
(e.g. back weathering, discolouration, flaking) to which 
an intensity grade was assigned by Fitzner et al. (2003). 
In this paper, only the “discolouration” parameter, differ-
ent from what already proposed by Fitzner et al. (2003), 
was modified in two discolouration classes: “ochre” and 
“grey”. Based on this classification of weathering forms 
and their intensities, six damage categories were defined 
by Fitzner and Heinrichs (2002) and Fitzner et al. (2003): 
0 — no visible damage, 1 — very slight damage, 2 — 
slight damage, 3 — moderate damage, 4 — severe dam-
age, 5 — very severe damage. A correlation scheme was 
developed by Fitzner and Heinrichs (2002) to relate all 
observed weathering forms — considering their type and 
intensity — to damage categories, determining damage 
categories separately for the four groups of weathering. 
In the following step of evaluation, a final scheme was 
elaborated to obtain the final damage categories jointly 
considering all groups of weathering forms.

In this study, the correlation scheme of Fitzner et al. 
(2003) was adapted for the sandstone column of the small 
arcade of Palazzo Ducale, in which the observed damage 
categories were related to the EQ rebound.

k value =
L
s

L
max

Grain size analysis

Grain size analysis was carried out in the sandstone column 
to investigate the effect of grain size on the surface mechani-
cal properties of the rock. For this purpose, a tool called 
Macro-photo was specifically developed in this work. This 
tool consists of a bell-like cover with an external handle 
(Fig. 5a), white LED lights inside and a transparent grain 
size scale pasted in the wider part (Fig. 5b), which is the 
one that will fit onto the surface to be investigated. The 
reflex camera (Nikon D3200) is placed in the narrower part 
(Fig. 5a). This tool can be applied also to semi-planar or 
non-smoothed surfaces (like columns, precisely — Fig. 5c), 
thanks to a soft plastic edge that fits as well as possibly the 
irregular surface (Fig. 5b).

In order to obtain standardised and high-quality pictures 
(Fig. 6a, b), the internal LED light (Fig. 5b) reduces external 
noises such as sunlight or artificial lighting (Fig. 5c). The 
characterisation of the sandstone spot is then implemented 
through an Excel calculation sheet to identify sedimentologi-
cal properties through multiple visual comparison scales for 
grain size, sorting, roundness and sphericity indexes. The 
Macro-photo method has been validated by performing a 
grain size analysis on digital photos of thin sections (Fig. 6c, 
d) using the JMicroVision software (Roduit 2019), in which 
the grains’ longest visible axes (red lines in Fig. 6c) were 
measured and used to compute the statistics for each grain 
size class (Fig. 6d).

Mercury intrusion porosimetry (MIP)

Not only the chemical and mineralogical composition but 
also the microstructure is determinant in rock weathering 
(Török et al. 2007; Labus and Bochen 2012). Therefore, 
the microstructure of stone in terms of total porosity and 
pore size distribution were investigated by mercury intru-
sion porosimetry (MIP) using a PASCAL 240 (Thermo 
Fisher Scientific, Waltham, MA, USA) porosimeter and a 
macropore analyser (Carlo Erba Instrumentation Series 12) 
with a measuring pressure ranging from 0.01 to 200 MPa. 
For each type of stone, three scales at least 0.5 cm thick were 
selected and tested, and the average results were reported. 
According to the test range of the porosimeter, total open 
porosity and pore size distribution were obtained for pore 
sizes between 0.0070 and 116 μm.

Mineralogical investigation

X‑ray diffractometry (XRD)

In order to determine the mineralogical composition of the 
samples studied and to verify if different mineral phases could 
justify the different colourations of sandstone observed in the 
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column and between the column and outcrop, X-ray diffrac-
tometry (XRD) was employed to identify and compare the 
mineralogical composition of the different sandstone speci-
mens. Samples have been finely ground in an agate mortar 
and mounted in a brass sample holder by side-loading in 
order to minimise iso-orientation of the grains. A Philips PW 
1830 diffractometer equipped with a Cu tube and a diffracted 
beam graphite monochromator was used. Diffraction spectra 
have been collected in the 2θ range from 3 to 70° in step scan 
mode, with 0.02° step and 2 s/step counting time. The data 
were interpreted by comparison of the Mineral Powder Dif-
fraction File Databook.

Scanning electron microscopy (SEM)

The mineralogy of sandstone samples was further examined 
using a scanning electron microscope (SEM) Zeiss Sigma 300. 
The selected flakes from the column and a portion of the core 
sample were pre-consolidated and then incorporated in epoxy 
resin due to the fragile nature of the sandstone. Polished thin 
sections from the column and from the core samples were 

realised and analysed. Petrographical information has been 
obtained as well as qualitative observations about porosity and 
pore filling; mineral alteration and oxidation; and elemental 
maps to highlight geochemical distribution.

Testing strategy

The testing strategy presented in this work consists of 
two successive phases, in which the first is aimed at 
assessing the influence of grain size on the EQ rebound 
and the second focused on fixed grain size zones where 
physicochemical and mineralogical analyses are per-
formed and correlated with the EQ rebound. In the first 
phase (Fig. 7a, green dots), more than 900 impacts were 
collected with EQ D probe, following a systematic data 
collection at fixed heights (0.05, 0.3, 0.7, 1.5, 2.0, 2.75 
m) and orientations (around the perimeter at 90° right 
angle, Fig. 7a), in which 24 measuring points (MPs) were 
distributed on the column surface. Twelve MPs (1–12) 
were placed on the side of the column facing south-west 

Fig. 5   Macro-photo tool 
employed in the sedimento-
logical characterisation of the 
sandstone column: a bell-like 
cover with an external handle 
with camera placed on the 
narrower part of the tool; b 
LED lights inside the bell-like 
cover and transparent grain size 
scale pasted in the wider part 
of the tool; c application of the 
tool on the column, obtaining a 
high-quality picture (Fig. 6a, b) 
where to perform the grain size 
analysis
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in the outer arcade, while the other 12 MPs (13–24) were 
placed on the side facing north-east and the inner arcade. 
For each MP, grain size was evaluated using the Macro-
photo tool, and EQ data were collected using the RIM, by 
taking 40 consecutive EQ impacts at ten different points 
(Fig. 7a). To assess the change in hardness from surface 
to depth due to weathering, the DL probe was used in 
one MP using the RIM (Fig. 7a, green dot highlighted 
in yellow — MP18) on a hole of approximately 0.5 cm 
diameter and 3 cm depth on the column, made by power 
drill. Compressed air was used after drilling to avoid 
the accumulation of soft material at the bottom of the 
hole, which would have invalidated the EQ test. In the 
second phase of testing, heterogeneity in surface hard-
ness was further investigated in six selected areas in the 
outer arcade exposure (pink circles in Fig. 7b), from now 
named “alteration zones”. Alteration zones labelled A1, 
B1 and C1 refer to the ochre coloured zone, while A2, B2 
and C2 refer to the grey one. Specifically, for each altera-
tion zone, grain size was determined and EQ was applied 
using SIM and RIM at ten different points (Fig. 7b, pink 

circles). Afterwards, mineralogical and physical proper-
ties were investigated by MIP, SEM and XRD analyses 
on flake samples from zones B1 and B2 (Fig. 7b, striped, 
pink circles).

Eventually, a single core was selected from about 20 cores 
collected by Mammoliti et al. (2023) along the different strata 
of the sandstone outcrop of the Orto Botanico (origin site 
of the column following Mattias et al. (1996), Figs. 1b and 
8), to perform MIP, SEM and XRD analyses. The core was 
extracted from a layer with a significant thickness (bigger than 
the column radius) and with the same grain size of the area in 
which MIP, SEM and XRD analyses are conducted in the col-
umn. Then, the selected core was cut to investigate the core’s 
innermost portion (grey portion in Fig. 8), where mechani-
cal tests were conducted to obtain the properties of the intact 
sandstones. In this case, the surface hardness was measured 
through the D probe, applying the RIM in two spots (Fig. 8, 
light blue dots), while the mineralogical (thin sections and 
XRD analysis) and physical analyses were performed on the 
core surface distinguishing the two coloured zones (grey and 
ochre, Fig. 8, dark green circles).

Fig. 6   Examples of grain size analysis in the column obtained with 
different methods: a medium sand and b fine sand obtained through 
the Macro-photo method; c validation of the medium sand evaluation 

through the JMicroVision software (cross-polarised light thin-section 
image); and d absolute frequency histogram of grain size classes rela-
tive to Fig. 6c
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Results

Damage categories vs. EQ

As reported in Table  1, only damage categories from 
1 to 4 were found in the investigated column, while all 
four groups of weathering forms were detected. The 

terminology of the ICOMOS glossary (Vergès-Belmin 
2008) and of Fitzner et al. (1995) was associated with 
the macroscopical observations carried out in the column. 
Specifically, back weathering and break out were observed 
on the column body and capitals (Fig. 3a, b), granular 
disintegration into sand and crumbling were detected on 
the column base (Fig. 3c), while contour scaling and flakes 

Fig. 7   Schematic representation of the testing strategy conducted 
with EQ, Macro-photo, SEM, XRD and MIP: a overview of the 
24 MPs (green dots) placed in the outer and inner arcade expo-
sure, where surface EQ data (D probe — RIM) and grain size were 
acquired. In-depth EQ probe (DL probe— RIM) was then employed 

in a single MP (green dot highlighted in yellow  — MP18). b Altera-
tion zones (pink circles) investigated with EQ (D probe  — SIM and 
RIM) and Macro-photo. A1, B1 and C1 refer to ochre zone; A2, B2 
and C2 refer to grey zone. Flakes for mineralogical and physical anal-
yses were collected from B1 and B2 (striped pink circles)
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are responsible for the detachment of large, platy stone 
elements, exposing the underlying rock layer (Fig. 3d). 
Instead, vertical fissures were detected in one MP only 
(Fig. 3e).

Subsequently, EQ hardness average values measured in 
the 24 MPs (located in the capital, body and base of the col-
umn) were associated with the damage categories (Table 1; 
Fig. 9a).

In general, low rebound data (240 < L average < 300) 
are measured in moderate/severe damage zones (damage 
category 3–4) in the base (west, east and north exposure) 
and in the capital (north exposure), the latter displaying a 
slight/moderate damage (damage category 2–3) in the outer 
arcade exposure. Conversely, the body of the column is 
characterised by a very slight/slight damage (damage cat-
egory 1–2), combined with higher rebound values (350 < L 

Fig. 8   Testing strategy in the provenance site (Orto Botanico out-
crop), selecting a suitable core according to the thickness and grain 
size of the strata. EQ was employed in the core’s innermost portion 

(D probe  — RIM, light blue dots), while flakes were collected from 
the core surface and analysed with SEM, XRD and MIP, according to 
ochre and grey zones (dark green circles)

Table 1   Weathering forms and their intensities mapped according to the 24 MPs. Table modified from Fitzner et al. (2003)

*Discolouration was applied in this study to the two individuated coloured zones: ochre and grey
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average < 420). The body of the column exposed to the outer 
arcade has the highest rebound values (L average > 500) and 
a low degradation category (damage category 1).

The relationship among EQ values and damage cat-
egories is reported in Fig. 9b, where a negative linear 
association (R2 = 0.40) is shown. However, few outliers 
(highlighted in red in Fig. 9) are observed for dam-
age categories 3 and 4. In fact, in MP9 (Fig. 9a), a 
high damage is observed and EQ displays high rebound 

values. The presence of these outliers may be attributed 
to the inherent heterogeneity of sandstone, coupled 
with the orientation of the specimens. Notably, both 
outliers are placed in the MPs with west exposition 
(MP5 and MP9 respectively). This suggests that the 
spatial alignment of the samples may play a role in the 
observed extreme EQ values for categories 3 and 4 and 
may be one of the countless parameters influencing the 
mechanical behaviour of sandstone.

Fig. 9   a Distribution map of EQ average values measured in the 24 
MPs and of the damage categories (damage categories from 1 to 4) 
found in the column; b Relationship between EQ rebound data and 

damage categories with evidence of the two outliers (MP5 and MP9, 
highlighted in red)
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EQ hardness testing

Applying the collecting data strategy presented in this work, 
consisting of 24 MPs equally distributed within the column, 
significant differences in surface hardness values were 
detected (Fig. 9a). In detail, categorising the data based on 
the colour (ochre and grey) and based on the impact strategy 
(SIM and RIM) (Fig. 10a), lower EQ values were observed 
for SIM with respect to RIM. SIM presents an average value 
of 389 L in the ochre part and 365 L in the grey one in 
contrast to RIM, standing between 423 and 521 L. In addi-
tion, the ochre colour was characterised by higher values in 
respect to the grey colour, under the same impact method. In 
Fig. 10b, rebound data acquired with the RIM in the column 
surface using the D probe (blue box) were plotted with data 
at 4 cm in depth acquired with the DL probe (orange box) 
and with surface data of the core sample (green box – D 
probe). In this way, the surface and in-depth hardness data 
of the column can be compared with those of the provenance 
site rock. The results (Table 2; Fig. 10b) clearly showed a 
considerable hardness reduction from the column surface 
(blue box — EQ D probe, RIM, L average = 472) to the core 
of the Orto Botanico outcrop (green box — EQ D probe, 
RIM, L average = 614). Moreover, examining the change of 

EQ values from column surface (blue box in Fig. 10a) to 4 
cm depth (orange box — DL, RIM, L average = 523), an 
increase of the EQ can also be observed. A general higher 
variability of the EQ data on the column surface was dem-
onstrated by the highest standard deviation (st. dev. = 114) 
(Table 2).

The data acquired on the core drilled at the Orto Botanico 
outcrop were assumed to be the reference rock values (fresh 
rock). Based on this assumption, the degree of surface altera-
tion, expressed by the hardness reduction (in percentage) 
from 4 cm in depth to the surface, amounted to 10%, while 
the hardness reduction of the column surface compared to 
fresh sandstone reached 25%. This indication was also con-
firmed by the k-value, calculated with the approach of Aoki 
and Matsukura (2007). In fact, the k-value parameter for 
the provenance site is 0.73 whereas the k-value calculated 
in the column is 0.59 and 0.56 for the ochre and grey zone, 
respectively, evidencing a hardness reduction from the out-
crop site to the surface of the column, in which the ochre 
zone is harder than the grey zone.

Grain size vs. EQ

Three granulometric classes have been found through the 
Macro-photo technique: “very fine sand”, “fine sand” and 
“medium sand” (Figs. 5 and 6). These grain size classes 
are differently distributed along the column (Fig. 11), with 
the most recurrent grain size class represented by the “fine 
sand” (18 MPs out of 24 MPs), followed by “medium sand” 
(4 MPs) and “very fine sand” (2 MPs). EQ data collected 
in the whole dataset (24 MPs) for each granulometric class 
has been tested using the one-way ANOVA test (Fisher 
1970) (Fig. 12a). The results highlighted that the granu-
lometric classes are statistically different (p-value < 0.05), 
with the fine grained sand displaying the lowest values 

Fig. 10   Box plots of the EQ results: a SIM and RIM for each coloured zone; b surface measurement with the D probe carried out in the column 
(blue box), measurement at 4 cm depth with the DL probe (orange box), surface measurement with the D probe on the rock core (green box)

Table 2   Statistical data of the plots shown in Fig. 10b. RIM method 
was applied

Column — D 
probe

Column — DL 
probe

Inner core 
— D probe

L min 113 428 371
L average 472 524 614
L max 711 652 746
St. dev. 113.9 56.3 81
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(L average ≈ 380), followed by the medium grained (L 
average ≈ 440) and very fine grained (L average ≈ 485 L) 
(Fig. 12a). Based on the test results, both fine and medium-
grained sand showed higher EQ values with increasing grain 

size; this is not the case for very fine sand, which show the 
highest values, not following a trend with grain size. The 
ANOVA test has been also applied to two selected alteration 
zones (pink striped circles labelled B1 and B2 in Fig. 7b) 
of the same grain size class (medium-grained sand) and 
categorised based on the colours (grey and ochre); the test 
(Fig. 12b) demonstrated that the two groups are different 
with statistical significance (p-value < 0.05).

Porous system in medium‑grained sands

Table 3 and Table 4 show the results of the MIP analysis 
performed on flakes from medium-grained granulometry of 
the column (Fig. 7b, pink striped circles, numbered B1 and 
B2) and from the core surface of the Orto Botanico outcrop 
(Fig.8, dark green circles) for both ochre and grey zones. 

The four samples were characterised by a similar total 
open porosity (about 11%). However, the relative pore vol-
ume distribution, obtained by the derivative of the cumula-
tive pore volume curve, of the column (for both colourations 
in Fig. 13) is significantly shifted towards bigger pores, as 
mesopores and macropores, than that of the core surface 
of the Orto Botanico outcrop (both ochre and grey colour). 
In particular, in the column, the pores were placed mainly 
in the 1- to 100-μm range (meso- and macropores), with 
mesopores more predominant in the ochre zone than in the 
grey one (47% vs. 35%) and macropores more abundant in 
the grey zone than in the ochre one (47% vs. 38%). On the 
contrary, about 80% of the porosity of the core samples was 
placed in the 0.1- to 1-μm range (micropores), with only 
3–5% of macroporosity.

The results obtained by mercury intrusion porosimetry 
agreed with the observations of the porosity of the Orto 
Botanico core samples (Fig. 14a) and of the column ones 
(Fig. 14b) carried out by SEM. At 1000 magnification, only 
the bigger pores could be detected in the core samples since 
they rarely exceed 3 μm in diameter and they were also iso-
lated from each other (Fig. 14a). Differently, in the column, 
the pores had quite different morphology, not circular but 
irregular or elongated shape that seemed to be caused by dis-
solution processes and union of multiple cavities (Fig. 14b).

However, the similar chemical composition, as subse-
quently reported in the “Mineralogy of the medium-grained 
sands” section, and the comparable total open porosity 
(about 11%) of the four specimens, even if shifted at bigger 
pores in column specimens, suggest that sandstone dissolu-
tion processes in the column have been followed also by 
chemical re-precipitation ones.

Mineralogy of the medium‑grained sands

The XRD analysis performed on samples collected from the 
column surface (Fig. 7b, pink striped circles labelled B1 

Fig. 11   Grain size distribution along the 24 MPs in the column’s sur-
face: vfs, very fine sand; fs, fine sand; ms, medium sand
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and B2) confirmed the mineralogical characterisation of the 
altered lithic elements provided by Mattias et al. (1996) in 
the columns of Palazzo Ducale. XRD results indicated that 
calcite and quartz were the most abundant phases (ca. 2:1 
ratio), while plagioclases, K-feldspars (microcline and ortho-
clase) and phyllosilicates (mostly halloysite-7Å, kaolinite 
and muscovite/illite) were subordinated. Gypsum was pre-
sent in minor amounts. No significant mineralogical differ-
ences were detected between weathered sandstone from the 
columns and the cores from the outcrop nor either between 
the grey and ochre zones of the column (Fig. 15).

As a result, the SEM analysis identified different stages 
of pyrite oxidation by means of the chemical distribution 
maps of sulphur (S) and iron (Fe). Figure 16 highlighted 
the different phases of the pyrite oxidation in either the core 

sample (Fig. 16a), the grey zone of the column (Fig. 16b) 
or the ochre colour of the column (Fig. 16c), from low 
to high degree of alteration. In detail, Fig. 16c shows the 
almost complete oxidation of pyrite (still present in relict 
cores) with the formation of abundant goethite; goethite as 
an alteration product of pyrite has been identified thanks to 
the presence of a peak at 389 cm−1 in the RAMAN spectra 
of few representative samples. This assemblage is observed 
mostly in the ochre zones, whereas in the grey zones, pyrite 
is mostly unaltered. The process of pyrite oxidation is 
responsible for the formation of goethite and for the release 
of sulphur (possibly as sulphate) in solution. Apart from the 
pyrite oxidation, neither SEM data indicate any sensible dif-
ferences in the mineralogy between the grey and ochre zones 
or between intact and altered samples.

Eventually, the results of SEM analysis performed in the 
column ochre zone revealed the presence of case-hardened 
zones (Fig. 17a, marked by yellow dashed lines). In these 
hardened zones, a high concentration of calcium (Fig. 17b, 
high calcium peak), precipitated from the oxidation of 
pyrite and subsequent release of sulphur into solution, was 
detected. The re-precipitated CaCO3 partially occluded the 
pores, causing a decrease in macroporosity in the ochre zone 
compared to the grey one, as evidenced by MIP analyses 
(Table 4; Fig. 13).

Discussion

The methodological approach proposed in this paper is 
aimed at characterising sandstone alteration mechanisms 
in a column of a building protected by the Superintend-
ence of Cultural Heritage in Central Italy, coupling a non-
destructive approach based on the EQ hardness tester with 
grain size, MIP, SEM and XRD analyses. The comparison 

Fig. 12   a ANOVA test results for EQ tests in the 24 MPs, according to grain size classes; b hardness datasets plotted with medium grain size in 
the two selected alteration zones (pink striped circles, Fig. 7b)

Table 3   Total open porosity of the four samples analysed

Sample Column — 
ochre

Column — 
grey

Core 
surface — 
ochre

Core surface 
— grey

Total open 
porosity 
(%)

10.1 11.2 10.3 10.4

Table 4   Pore diameter distribution, classified as micropores, 
mesopores and macropores, for the four samples analysed

Sample 0.01–1 μm 
(micropo-
res)

1–10 μm 
(mesopores)

10–100 μm 
(macropo-
res)

Column — ochre 15 47 38
Column — grey 18 35 47
Core surface — ochre 81 16 3
Core surface — grey 76 19 5
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of the different techniques and the huge amount of rebound 
data (more than 900 impacts in 24 MPs) allowed to assess 
weathering heterogeneity within the same artefact. The 
effect of the natural variability of rocks on EQ data is 
quite known in the literature (Aoki and Matsukura 2008; 
Feal-Pérez and Blanco-Chao 2013; Wilhelm et al. 2016), 

and such variability is likely to increase as weathering 
progresses (Wilhelm et al. 2016). The proposed collecting 
data approach with the EQ’s D probe has proved efficient 
in detecting surface hardness heterogeneity. In fact, the 
EQ spatial distribution in the column was efficiently corre-
lated with the damage categories derived from Fitzner et al. 

Fig. 13   Relative pore volume (%) distribution obtained by mercury intrusion porosimetry for the four samples analysed

Fig. 14   SEM images acquired on representative samples from the outcrop and from the column: a round, isolated micropores in fresh sandstone 
cores; b irregular or elongated macropores in altered sandstone in the column
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(2003) (Fig. 9a); this evidence was in line with field observa-
tions (Fig. 3), in which sandstone degradation is represented 
by loss of materials, granular disintegration, crumbling, 
discolouration and the formation of vertical fissures. The 
reduction in hardness due to weathering was additionally 
assessed using the k-value of Aoki and Matsukura (2007) 
and by applying the SIM and RIM to the column surface. 
An innovative feature of this paper was the combined use of 
EQ’s D and DL probes in the column, in comparison with 
EQ measurements on the rock core drilled in the provenance 
site (fresh rock), which provided a comprehensive overview 
of the reduction in mechanical strength caused by alteration. 
Moreover, the results showed that grain size has an effect on 
EQ rebound (statistically tested with ANOVA test), although 
only a small difference in mean EQ values is noticeable, 
with the coarser classes completely absent. The limited 
variability of the grain size classes and the absence of the 
coarser classes in the analysed column (ranging from very 
fine to medium sands) do not allow further consideration of 
the relationship between grain size and surface hardness. 
Therefore, this aspect may inspire further investigation/stud-
ies on the influence of grain size on rebound-based devices 
such as EQ. In fact, to our knowledge, the relationship 
among grain size distribution and the mechanics of clastic 
sediments remains generally controversial in the scientific 

literature and is generally assessed using destructive UCS 
tests instead of rebound-based techniques. In detail, both 
negative (Fahy and Guccione 1979; Singh 1988; Shakoor 
and Bonelli 1991; Qi et al. 2022) and positive (Meng et al. 
2006; Soroush 2008; Kong et al. 2021) associations among 
UCS and grain size have been reported while our use of 
rebound data introduces a novel dimension to this debate.

By focusing on the EQ testing in the ochre and grey zone 
in the medium-grained sands, higher Leeb values observed 
for the ochre zone were also supported by the MIP analysis 
results. In the column, mesopores were predominant in the 
ochre zone with respect to the grey (47% vs. 35%), while 
macropores were more abundant in the grey zone (47% vs. 
38%). The discrepancy in EQ values in the column can ini-
tially be explained by the 10% difference in macropore vol-
ume between the ochre and grey zones (Table 4), with higher 
EQ values in the ochre than in the grey (mean 521 to 423 
L, st. dev. 118 to 85). As reported by Huang et al. (2022), 
during weathering, many micropores (0.01–1 μm radius) can 
expand and interconnect, and then develop into macropores 
under freeze-thaw cycles. This condition is often found in 
rocks with a high volume of pores with a radius of < 1 μm 
(Çelik and Sert 2020).

In the fresh sample of the Orto Botanico outcrop, 
approximately 80% of the pores are classified as micropores 

Fig. 15   XRD spectra of the column and core samples for the ochre and grey zones highlight similar mineralogic composition for all four sam-
ples: C, calcite; Q, quartz; Pl, plagioclase; Gy, gypsum; Hal7, halloysite-7Å; Kaol, kaolinite; M/I, muscovite/illite
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Fig. 16   Different stages of pyrite alteration. For every image, chemi-
cal distribution maps were realised: Fe is displayed in blue, and S in 
pink, green and yellow respectively. a Fresh pyrite with no signs of 
alteration in the core sample from the outcrop. Fe and S are equally 

distributed and overlapped in the area. b First stages of alteration: sul-
phur oxidation in the grey zone of the column. c Advanced stage of 
alteration: S and Fe oxidation in the ochre zone of the column
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(diameter < 1 μm), representing the primary porosity of 
the rock, while only 3–5% of the total pores are macropo-
res. These results suggest that the difference in EQ values 
between the column samples and the fresh core (mean 472 
to 614 L, st. dev. 114 to 81) is mainly due to the development 
of macroporosity from the expansion and connection of the 
primary microporosity of the rock, as demonstrated by Liu 
et al. (2019, 2021). In other words, there is a decrease in 
micropore volume in favour of an increase in macropore vol-
ume in the column, resulting in a similar total open porosity 
between the column and the fresh core.

Flakes of ochre and grey zones were also analysed to 
provide mineralogical and petrographic information on the 
origin of the halos. SEM and RAMAN data have confirmed 
that the zonation represented by ochre and brown zones 
has originated from oxyhydroxide–goethite (α-FeOOH), 
which could develop from the alteration of sulphides and, 
to a lesser extent, of primary Fe-bearing aluminosilicates 
(Sebastián et al. 2008; Marszałek et al. 2014). The source of 
iron for goethite is the pyrite (FeS2), an accessory mineral 
in the sandstones of the Camerino Fm., which shows a little 
alteration in the grey zones (Fig. 16b) in contrast to high 
oxidation in the ochre colour (Fig. 16c). Goethite has not 
been detected by XRD in column samples, so its concentra-
tion is probably below 3%. However, minimal quantities are 
sufficient to produce even high pigmentations (Manasse and 
Mellini 2006).

The alteration represented by the ochre halos is not 
limited to the column surface but can also be detected in 
the Orto Botanico outcrop (Fig. 8); the ochre halos can be 
observed both on the surface of the rock in some places 
and even close to the rock mass fracture planes, where 
groundwater circulation takes place. In addition, with 

advanced weathering, pyrite can be a source of sulphate, 
which can easily bind to calcium atoms (Xue et al. 2022) to 
form gypsum (CaSO4·2H20). Gypsum was detected in trace 
amounts by the XRD data (Fig. 15) but has been only spo-
radically detected by SEM since sampling for thin sections 
was reduced to only a few scales. An acidic environment, 
coupled with humidity, water vapour and rainwater, favours 
the dissolution of calcium carbonate and its re-precipitation 
and reorganisation in the outer and superficial pores (Mian-
dro 1987), forming case-hardened zones in the ochre parts 
(Fig. 17a). This confirms the higher EQ values with respect 
to the grey ones, but leads to strong heterogeneities in the 
alteration of the artefacts and, finally, to the loss of consider-
able stone material.

Conclusions

This study is aimed at defining a new non-destructive 
approach for characterising sandstone alteration mechanisms 
in historically protected buildings, focusing on a portable 
and easy-to-handle device, named Equotip hardness tester, 
applicable to soft, porous or easily damaged stone. The 
advantages of using EQ regard low-impact energy, cost-
effectiveness, precise measurement capability and portabil-
ity and the possibility to involve two different probes for 
both surface (D probe) and in-depth (DL probe) hardness 
determination.

The innovative combined use of D and DL probes (for 
surface and depth measurements), and the regular arrange-
ment of measurements (at predefined heights and orienta-
tions), permitted to highlight hardness heterogeneities in the 
rock surface and in depth.

Fig. 17   a SEM image acquired in the ochre zone of the column. Outer scales form discontinuity surfaces (highlighted by the dashed yellow 
lines) which are more compact and richer in Ca. b Spectrum with a high calcium peak referred to these case-hardened zones
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EQ data in the column surface confirmed the heterogene-
ous weathering visually assessed by assigning the damage 
categories of Fitzner et al. (2003). To parity of grain size 
class, the variability of EQ values in ochre and grey coloured 
zones has been explained through specific correlations with 
the porous system and mineralogical composition.

It has been found that grain size can influence hardness 
data, but above all, there has been a continuous and dense 
interaction between physical coefficients and high tempera-
ture ranges with frost weathering, to which circulation of 
capillary fluids must be added. Their combined action has 
expanded and connected many micropores into macropo-
res, explaining the difference in EQ values between column 
samples and fresh core.

In addition to the physical aspects that have determined 
a significant increase of the specific surface in the material, 
de-cohesion can be related to the following chemical pro-
cesses: (a) pyrite oxidation and release of sulphate ions and 
iron oxides with the formation of ochre patinas; (b) conse-
quent carbonation of the outer surfaces; (c) pores occlusion 
which led to case-hardened zones joined with EQ higher 
values in ochre zones with respect to the grey ones.

This research offers a beneficial contribution to future 
restoration efforts considering the building’s damages fol-
lowing the seismic sequence that struck Central Italy in 
2016–2017. The approach needs to be tested on sandstones 
with different properties and degrees of alteration, in order 
to highlight the advantages and disadvantages of the meth-
odology. Additionally, it might be a representative example 
for understanding sandstone decay in historical artworks 
providing clear quantitative data for decision-makers for 
their sustainable restoration/conservation.
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