
Construction and Building Materials 266 (2021) 121009
Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat
Accelerate ageing on building stone materials by simulating daily,
seasonal thermo-hygrometric conditions and solar radiation of Csa
Mediterranean climate
https://doi.org/10.1016/j.conbuildmat.2020.121009
0950-0618/� 2020 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: 1a Italy street, Decimomannu, Cagliari Post code:
09033, Italy.

E-mail address: fasitzia@tiscali.it (F. Sitzia).
Fabio Sitzia a,b,⇑, Carla Lisci a,b, José Mirão a,b

aHERCULES Laboratory, Institute for Advanced Studies and Research, University of Évora, Largo Marquês de Marialva 8, 7000-809 Évora, Portugal
bGeosciences Department, School of Sciences and Technology, University of Évora, Rua Romão Ramalho 59, 7000-671 Évora, Portugal

h i g h l i g h t s

� Water salinity degree is crucial in stone physical decay.
� Stone colour changing is due to the oxidation of organic matter and iron.
� Ageing on geo-materials causes a general decrease of mechanical proprieties.
� Natural outdoor weathering must verify accelerated testing.
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The maintenance plan of ancient and contemporary buildings today takes on strategic importance and
should include the identification of climatic environment where the structures are located. Researcher
are trying to evaluate the response to weathering of the building materials by accelerated ageing tests.
This technique often consists of the ‘‘aggravations practice”, by subjecting materials to extreme climate
parameters not representative of the real environment conditions. For this reason, this type of ageing pre-
sents a lot of criticisms. This research addresses the lacking of literature about the realistic simulation of a
determinate environment/climate on building stone materials. The aim of this research is to understand if
it is possible to recreate in laboratory the pathologies observed on building stones of ancient monuments
from Sardinia (Italy) by simulating the climatic context of location. To do so, samples were undergone to
accelerated cycles of thermo-hygrometric conditions and solar radiation for simulating realistic param-
eters of Csa Mediterranean climate. Monitoring of some physical/mechanical properties before and after
ageing indicates an overall decohesion of samples, the appearance of decay patinas and a slight worsen-
ing of mechanical resistances. A mathematical equation relates the ageing test duration (6 months) with
the hypothetical outdoor exposure quantifiable in �18 years for samples evolved to temperature and
humidity cycles while �3.7 years for the samples subjected to only solar radiation. However, the test
should to be reproduced in the natural outdoor environment to correlate and verify the reliability of
the obtained data (test the test).

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The response of natural and artificial building materials to
weathering is important for civil engineering, architecture and
research especially for an accurate conservation of contemporary
great works and Cultural Heritage. For this reason, the scientific
community is today trying to evaluate and predict this response
in laboratory by subjecting building materials to accelerated envi-
ronmental stresses (ageing).

Ageing is an experimental technique that accelerated the nor-
mal decay processes by using aggravated conditions or rapid cycles
of temperature, relative humidity, O2, CO, CO2, SOX, NOX air con-
centration and UV radiations on a wide typology of materials
(e.g. building stones, concretes, paints, wood, plastic coats, auto-
motive components, geotextile) [1–5].

A common criticism about ageing indicates that the decay
caused by aggravated conditions of temperature, relative humidity,
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solar radiation and other parameters in the short term, is different
from the natural decay in long term [6]. Accelerated ageing and
natural ageing processes are, therefore, not parallel and accelerate
ageing data must be compared with a real outdoor weathering data
(practice of ‘‘test the test”). Normally, has been detected that arti-
ficial cyclic exposures tend to be more severe than natural expo-
sures [7].

Too much reliance only on accelerated testing can be poten-
tially misleading [7], for this reason some researchers have begun
to compare materials undergone to accelerated ageing with mate-
rials undergone to natural ageing [8].

On building stone materials, ageing tests are mainly used to
examine the basic processes of decay according to international
standards consisting of aggravating parameter practice [9–12].

For example, freeze–thaw ageing (F-T, ASTM D5312:2013 [13])
consists of submitting stone samples to controlled freezing and
thawing conditions (�20 �C, 20 �C). This technique has been used
by some authors [14–16] who have detected a loss of weight of
the samples due to the decohesion, and an overall reduction of
mechanical features (e.g. compressive wave velocity, uniaxial com-
pressive strength). A general decrease of open porosity has been
recorded in the samples subjected to F-T cycles [14]. In the same
work both decrease and increase of partial porosity relative to pore
size ranges of < 0.1, 0.1–1, 1–10, 10–100, >100 lm have been
detected.

Heating-cooling ageing (H-C) according to UNI EN 14066:2013
[17], submits stone samples to aggravated heating (105 �C) and
cooling (20 �C) conditions. According to some authors [18–20],
H-C ageing on stone sample materials causes a loss weight for
decohesion, a decrease of compressive wave velocity, uniaxial
compressive strength and point load index and modifications of
stone colour and gloss. Multuturk et al. [10] indicated how H-C
and F-T ageing on limestones, marbles and diabases cause a slight
but constant decreases of hardness in terms of Shore scale (SH).

Besides H-C, F-T ageing, H-C-W (a combination of heating–cool-
ing with total immersion) is also considered an aggravated ageing
practice. It is possible to consider as ageing test also the saline
crystallization experiment (UNI EN 12370:2001 [21]). The test
determines the resistance to salt crystallisation of stone materials
by using a 14% solution of Na2SO4 and a drying environment at
105 �C temperature. Saline crystallization on building stone mate-
rials according to the normative have been investigated by some
authors. The acid solutions used in normative cause the stones
weathering strongly dependent on their pore framework and tex-
tural characteristics [22]. In addition, UNI EN 12370 test also pro-
duces spalling, radial and crumbling deteriorations of stones [9],
moderate open porosity increases [23] and an increase of mineral
surface roughness [24]. This last author also show how the natural
physical weathering of stones is accelerated by the internal crystal-
lization pressure and increasing of the intra-granular and inter-
granular micro fractures on feldspar crystals and the opening of
cleavage planes of phyllosilicates.

Other types of ageing test include the determination of resis-
tance to SO2 action in presence of humidity as indicates by the nor-
mative UNI EN 13919:2004 [25]. This technique consists of the
reproduction of a strongly SO2 acid atmosphere given by the evap-
oration of a H2SO3 solution on moisture climatic chamber. Gibeaux
et al. [26] have used this test in order to simulate the acid weath-
ering on natural and artificial building stones according to the cur-
rent atmospheric SO2/NOx rate. It has also been shown how the
reaction between sulphur dioxide and limestones produces the for-
mation of gypsum crust together with the change in the surface
colour of the stone [27].

Other authors used the UNI EN 13919:2004 normative to test
siloxane-based polymers coatings on limestones [28].
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Other normative as the DIN 50018:1997 (Kesternich test) [29],
born for evaluating the SO2 corrosion testing in a saturated atmo-
sphere on metals, is sometimes used on building materials [23].
Kesternich test realized on brick materials conducted to the forma-
tion of gypsum crystals in a very short period of time (24 h) [30].
The same authors show that during the test, sulfuric acid attacks
Ca-rich high-temperature silicates such as wollastonite, gehlenite
and Ca-feldspars, resulting in the formation of gypsum crystals.

The above-mentioned ageing tests consist of the reproduction
of environments that do not reflect real natural conditions due to
extreme complexity of natural outdoor, difficult to simulate in
the laboratory. The new task of accelerated ageing is trying to sim-
ulate the real environmental conditions instead of aggravating
weather imposed by the normative.

A lack of research about full ageing simulation of the climatic-
environmental contexts occur. However, some authors [31] in
the field of geo-materials, have ultimately realized partially
methodical test where cement and mortar samples were subjected
to a number of F-T cycles according to ASTM D5312 standard, but
using the average max. and min. temperatures of a determinate
place (Northern Portugal), instead of + 20 �C and �20 �C required
by the standard.

These authors demonstrated, by measuring the loss weight,
how pozzolanic mortars showed a better behaviour to ageing espe-
cially when compared to pure lime mortars.

In another paper focused on durability of lime-based mortars
[32], authors try to reproduce extreme but real temperature, rela-
tive humidity and Na2SO4 aerosol deposition typical of a polluted
city located in Southern Spain.

The following research address the above-mentioned lacking of
literature about the full realistic simulation of a determinate envi-
ronment/climate. Starting from in situ observations on ancient
monuments of Sardinia (Italy), authors identified a wide range of
building materials pathologies (e.g. granular decohesion, alveoliza-
tion, efflorescences, detachments), some of which were particu-
larly extensive so that compromise the structural safety of the
buildings.

For this reason, the research questions were: i) is it possible to
recreate in laboratory all the observed building materials patholo-
gies by simulating the environment and the climatic context where
the buildings are located? and ii) is this simulation reliable and
predictive?

According to Köppen classification [33], Sardinia is mainly
affected by hot-summer Mediterranean climate (Csa). This is char-
acterised by a long period of summer drought and rainy winters
with mild temperatures. In Europe, Mediterranean Sea is a funda-
mental regulator of climate and it is considered the transition zone
between tropical areas, where seasons are defined according to the
rainfall amount, and temperate zones, where seasons are charac-
terised by clear temperature variations [34,35].

Csa climate not only affects Mediterranean basin but, at similar
North and South latitudes (25 < u < 45�), is present in Western Uni-
ted States, Latin America, Southern Africa and South-western Aus-
tralia (Fig. 1a).

Globally, places engaged by Csa show an average annual tem-
perature 15 < TAverage < 20 �C with mean annual precipitation
200 < RAverage < 1200 mm [36,37]. In this climatic context, building
stone materials suffer from very slight weathering (VSW) to mod-
erate chemical weathering (MCW) [38].

To fully reproduce the real conditions of Csa Mediterranean cli-
mate, the same stone samples of monuments construction were
subjected to accelerated daily and seasonal cycles of temperature
and humidity in a CO2-bearing atmosphere with the help of a FITO-
CLIMA climatic chamber set according to meteorological Sardinian
databases.



Fig. 1. (a) world distribution of hot-summer Csa Mediterranean climate [1], (b) thermal baths of Forum Traiani, (c) San Saturnino Basilica, (d) Cardo Maximus paving of Tharros
archaeological area, (e) Nora Theatre (from: http://nora.beniculturali.unipd.it/gli-edifici/edifici-pubblici/teatro/).
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A SOLARBOX climatic chamber set according to meteorological
Sardinian databases was used for reproducing only the solar irradi-
ation on the stones.

The novelties of this work are also given by:

I. crystallization tests not conducted using standard solution
according to normative (14% vol. Na2SO4), but rather with
in situ collected saline water (e.g. groundwater, seawater
and thermal water) and rainwater;

II. monitoring the morphological and geometric variations of
the sample by 3D micro-photogrammetry models (free
available online) instead of ordinary photos;

III. image analysis of particle-size distribution of decohesion
residue;

IV. the introduction of the new concept ‘‘hypothetical outdoor
exposure” absent on literature;

Starting from those case studies at regional scale, this type of
full simulation accelerate ageing can be used as a potential
research protocol for assessing the decay resistance on dimension
3

stones [39,40]. Ageing test realized with this protocol could be also
conducted as strategic evaluation response of mortar, concrete,
wall painting, brick, tile, wood, composite, paving that are intend
to be used in specific climatic contexts [41–44]. Nowadays, those
tests on climatic chamber are also mandatory to evaluate the
long-term performance assessment of advance coatings and pro-
tective [45,46], consolidants [47,48] and other repair materials
[49,50].
2. Materials and methods

2.1. Materials

In order to reproduce the decay of building stone materials,
some lithologies (e.g. Thyrrenian Sandstone, biomicrite, biolitite,
basalt, Carrara marble, rhyodacite, and two chromatic facies rhyo-
lites) used in the construction of four most important historical
monuments of Sardinia were selected (Table 1). Some of these
lithologies also are used outside Italy and some others are used

http://nora.beniculturali.unipd.it/gli-edifici/edifici-pubblici/teatro/


Table 1
Case study monuments (Sardinia, Italy).

Case study monuments Location Age Architectural style Stone building material

Forum Traiani Baths Fordongianus I-IV cent. AD Roman Rhyolite (red and green facies)
San Saturnino Basilica Cagliari IV-XII cent. AD Roman, Romanesque Carrara marble, biomicrite, biolitite
Tharros buildings Cabras II cent. AD Roman Basalt, sandstone
Nora Theatre Pula III cent. AD Roman, Phoenician-Punic Rhyodacite

Table 2
Set samples for FITOCLIMA ageing test. Every lithology has two set (1 and 2). A set
consists of one 50x50x50mm ± 5 mm sample and five 15x15x15mm ± 2 mm samples
(indicated in brackets).

Lithology Set
number

Set samples Reproduced
conditions

Sandstone 1 AT1 + (AT1a, AT1b, AT1c,
AT1d, AT1e)

T, rH, CO2, CRW

2 AT2 + (AT2a, AT2b, AT2c,
AT2d, AT2e)

T, rH, CO2, CSW

Biomicrite 1 PC1 + (PC1a, PC1b, PC1c, PC1d,
PC1e)

T, rH, CO2, CRW

2 PC2 + (PC2a, PC2b, PC2c, PC2d,
PC2e)

T, rH, CO2, CGW

Biolitite 1 PF1 + (PF1a, PF1b, PF1c, PF1d,
PF1e)

T, rH, CO2, CGW

2 PF2 + (PF2a, PF2b, PF2c, PF2d,
PF2e)

T, rH, CO2, CRW

Marble 1 MA1 + (MA1a, MA1b, MA1c,
MA1d, MA1e)

T, rH, CO2, CGW

2 MA2 + (MA2a, MA2b, MA2c,
MA2d, MA2e)

T, rH, CO2, CRW

Basalt 1 BA1 + (BA1a, BA1b, BA1c,
BA1d, BA1e)

T, rH, CO2, CSW

2 BA2 + (BA2a, BA2b, BA2c,
BA2d, BA2e)

T, rH, CO2, CRW

Rhyodacite 1 AN1 + (AN1a, AN1b, AN1c,
AN1d, AN1e)

T, rH, CO2, CSW

2 AN2 + (AN2a, AN2b, AN2c,
AN2d, AN2e)

T, rH, CO2, CRW

Rhyolite green
facies

1 IGv1 + (IGv1a, IGv1b, IGv1c,
IGv1d, IGv1e)

T, rH, CO2, CTW

2 IGv2 + (IGv2a, IGv2b, IGv2c,
IGv2d, IGv2e)

T, rH, CO2, CRW

Rhyolite red
facies

1 IGr1 + (IGr1a, IGr1b, IGr1c,
IGr1d, IGr1e)

T, rH, CO2, CTW

2 IGr2 + (IGr2a, IGr2b, IGr2c,
IGr2d, IGr2e)

T, rH, CO2, CRW

T = temperature, rH = relative humidity, CO2 = carbon dioxide air concentration,
CRW = capillary rising with rainwater, CSW = capillary rising with seawater, CGW =
capillary rising with groundwater, CTW = capillary rising with thermal spring water.
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both in historic and contemporary architecture all around the
world due to their technical and aesthetical qualities [51–57].

To carry out the tests, above-mentioned stones were collected
into quarries identified by bibliography and cross geochemical-
petrographic and isotopic comparisons between stone monument
and outcrops materials [58–60].

The case study monuments (Table 1) are represented by Forum
Traiani baths (Fig. 1b), San Saturnino Basilica (Fig. 1c), buildings of
Tharros archaeological area (e.g. Domus, pavings, Fig. 1d) and Nora
Theatre (Fig. 1e).

By FITOCLIMA climatic chamber, to fully reproduce the weather
conditions affecting the monuments, samples underwent daily and
seasonal cycles of temperature and relative humidity in a CO2 air
concentration.

Samples placed on FITOCLIMA chamber present two different
dimensions:

50 � 50 � 50 mm ± 5 mm
15 � 15 � 15 mm ± 2 mm

Those two specimens size are necessary because some physi-
cal properties (e.g. density, imbibition coefficient, point load
strength) are better measured on 15 � 15 � 15 mm ± 2 mm spec-
imens. Other monitored proprieties (e.g. mass, 3D morphologic
characteristics) are better evaluable on 50x50x50mm ± 5 mm
specimens.

In FITOCLIMA chamber, samples are organized in 2 sets for
every lithology (Table 2). A set consist in 6 samples:

� one sample 50 � 50 � 50 mm ± 5 mm dimension
� five samples 15 � 15 � 15 mm ± 2 mm dimension

As in Table 2, for example, the first set of basalt consists of BA1
sample (dimension 50 � 50 � 50 mm ± 5 mm) and BA1a, BA1b,
BA1c, BA1d, BA1e samples (15 � 15 � 15 mm ± 2 mm dimension).

According to Table 2, all sets are subjected to cycles of T and rH
in a fix CO2 concentration atmosphere (see methods).

In addition, for each lithology, a capillary rising test with saline
water (CGW, CSW and CTW) was realized on a set. A capillary rising
test with rainwater (CRW) was realized on another set (Table 2).

Groundwater collected from Cagliari city aquifer was used for
capillary rising test (CGW) on marble, biomicrite and biolitite.
Groundwater reproduces the infiltrations of a very shallow aquifer
[61] that often floods the crypt of San Saturnino Basilica. Ground-
water presents a total dissolved solids TDS = 491 mg/l.

Seawater was used for capillary rising test (CSW) on basalts,
Tyrrhenian sandstones and rhyodacites. Seawater reproduces the
effects of sea spray on buildings of Tharros archaeological area
and Nora Theatre placed few meter from shore. Seawater presents
TDS = 37330 mg/l.

Thermal water collected at Forum Traiani baths was used for
capillary rising test (CTW) on rhyolites and reproduces the wettings
of thermal NaCl-bearing hot water (54 �C) coming from natural
springs still present inside the archaeological area [62,63]. Thermal
water presents TDS = 826 mg/l.

Furthermore, rainwater capillary rising test with rainwater
(CRW, TDS = 42 mg/l), reproduces the rain.
4

In order to monitor the decay during the accelerated test in
FITOCLIMA chamber, a series of physical–mechanical parameters
(real density, imbibition coefficient, water open porosity, point
load, tensile and compressive strength, sample section perimeters)
were measured before (0 moment) and after the test (1 moment)
verifying their relative variation (D%). The mass of the specimens
was instead monitored at 15 days intervals including the
particle-size distribution of decohesion residue by image analysis
(iPSD). 3D micro-photogrammetry models of the samples (online
available) allowed monitoring the external geometry and morphol-
ogy before and after the test.

Inside SOLARBOX chamber eight samples with irregular dimen-
sions (one for every lithology) subjected to only solar radiation
were placed. The colour variations of those specimens were mon-
itored at 15 days intervals allow to verify the trend of the chro-
matic alteration during the tests.
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2.2. Methods

To control temperature, relative humidity and CO2 air concen-
tration a climatic chamber ARALAB FITOCLIMA S600PLH was used.
The setting of the chamber took place by FITOLOG 600 control
software.

Seasonal/daily variations of temperature (T) and humidity (rH)
were obtained from Italian Air Force and Italian Civil Aviation
Authority databases [64].

According to Table 3, Capo Frasca station (Central-Western Sar-
dinia, 39�44052.3200N, 8�27024.9900E) and Cagliari-Elmas station
(Southern Sardinia, 39�14036.1400N, 9�03036.7800E) are located only
few Km from Tharros/Forum Traiani the first and San Saturnino
Basilica/Nora Theatre the second. As for Table 3, the meteorological
parameters T and rH of the two stations differ slightly as they are
located at similar latitudes and altitude.

In order to obtain values of T and rH for FITOCLIMA setting, an
arithmetic average of Capo Frasca and Cagliari-Elmas database was
calculated (Table 3). The trends about daily and seasonal variations
of T and rH are shown in Fig. 2.

For accelerating the test, a daily variation of T and rH is repro-
duced in 40 min of test (Fig. 2) and consequently a season is repro-
duced in 3600 min. In 6 months of test duration, samples
underwent to 1.5 months of winter (Fig. 2a), 1.5 springtime
(Fig. 2b), 1.5 summer (Fig. 2c) and 1.5 autumn (Fig. 2d). The
40 min cycle duration was carried out with the purpose of allowing
the samples to equilibrate with surrounding environment.

During the test, a fix CO2 air concentration of 403 ppm was set
according to last available satellite observation on Sardinia
(November 2016-January 2017, [65]).

In FITOCLIMA chamber, capillary rising test were conducted
placing the samples in a plastic knurled support so that they set
down on prominence ridges. In this way the water is able to rise
through the sample.

Capillary rising is conducted applying 12 ml of water to
50 � 50 � 50 mm ± 5 mm sample and proportionally 1.6 ml to
15 � 15 � 15 mm ± 2 mm samples, once every 24 h of test. Those
amounts of water are completely absorbed by the majority of the
samples within 4/5 h.

For solar radiation a SOLARBOX3000 CO.FO.MEGRA chamber
with 295–800 nm UV outdoor filter was used. Samples underwent
6 months of test with fix value of solar radiation of 700 W/m2.

The 3D specimen models were performed on
50x50x50mm ± 5 mm samples by using Agisoft Photoscan 1.4.4.
Software. For the reconstruction, a Nikon D3300 camera (24Mpx
Table 3
Max/Min temperature and relative humidity recorder in Capo Frasca and Cagliari-Elmas s

Capo Frasca meteorological station 39� 440 23.5900N, 8� 270 34.1500E

Max average temp. (�C)
Min average temp. (�C)
Max average relative hum. (%)
Min average relative hum. (%)

Cagliari-Elmas meteorologyical station 39� 140 36.1400N, 9� 030 36.7800E

Max average temp. (�C)
Min average temp. (�C)
Max average relative hum. (%)
Min average relative hum. (%)

Average data ((Capo Frasca + Cagliari-Elmas)/2)

Max average temp. (�C)
Min average temp. (�C)
Max average relative hum. (%)
Min average relative hum. (%)
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resolution) with 18–50 mm f/3.5–5.6 DC D was used. A total of
90 photos per sample were taken by building the upper and the
lower half (chunks) of the model, subsequently combined using
4/5 paper targets applied on the specimen.

Petrographic determinations (OM) were carried out by optical
polarised microscope Leitz Wetzlar on 30 lm thin sections realized
according to UNI EN 12407:2019 [66]. Modal percentages on thin
section were determined by synoptic table.

The mass values of the specimen during the ageing tests were
obtained by Sartorius CP622 balance (instrumental tolerance of
0.01 g).

Setting of FITOCLIMA chamber was done by inserting into the
control software FITOLOG 600 the arithmetic average data of the
two meteorological stations (in italics)

In 40 min of test time (see X axis) has been reproduced the vari-
ation of T and rH during the day hours (see secondary X axis) of a
typical Sardinia Csa climate winter day (a), springtime day (b),
summer day (c) and autumn day (d).

Max/min values are also present in Table 3 and represent the
arithmetic average of data from Capo Frasca and Cagliari-Elmas
meteorological stations. Test was conducted with a fix 403 ppm
CO2 air concentration.

Was not possible to reach the min. winter temperature of 7 �C
because the climatic chamber reaches a min. temp of 10 �C.

Particle-size distributions by image analysis (iPSD) were con-
ducted according to the methods of Sitzia 2019 [59].

A 1200dpi scanning of the spread decohesion residue (Fig. 3a)
was binarized and characterised (Fig. 3b) by ImageJ1.51 s Soft-
ware. Each particle of residue, identified by its Feret diameter
(/F) was classified as gravel (/F > 2 mm), sand
(1/16 < /F < 2 mm), silt/clay (1/256 < /F < 1/16 mm) according
to Wentworth [67].

Real density, imbibition coefficient and water open porosity
were performed on 15 � 15 � 15mm ± 2 mm specimens according
to the methods used to some authors [68] by using a Sartorius
CPA324S balance and Quantachrome ULTRAPY1200e Pycnometer.
Real density and water open porosity measurements have been
done according to UNI EN 1936:2007 standard [69]. Imbibition
coefficients were measured according to standard UNI EN 14617-
1:2013 [70].

Point load index (Is50) was determined by point load tester
(Controls instrument D550) according to ISRM 1985 normative
[71]. The compressive strength (RC) and the tensile strength (RT)
were indirectly calculated from point load strength index accord-
ing to Palmström [72].
tations (period 1971–2000).

Season

Winter Springtime Summer Autumn

14.8 19.3 29.5 22.9
6 9.5 18.2 13.4
94 88 84 88
74 74 72 74

Season
Winter Springtime Summer Autumn
13.6 17.4 27 21.7
8 10.9 19.5 15.1
88 79 72 78
68 65 60 72

Season
Winter Springtime Summer Autumn
14.2 18.4 28.3 22.3
7.0 10.2 18.9 14.3
91 84 78 83
71 70 66 73



Fig. 2. Daily and seasonal trend of T and rH used for FITOCLIMA ageing.

Fig. 3. Methodologies: (a) 1200 dpi scanning of the spread decohesion residue, (b) binarization of previous (a) image by ImageJ1.51 s Software, (c) example of BA1 sample
before ageing test, (d) BA1 perimeter relative to xy 2D cross section at 0.9z axis.
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Regarding morphological characterization, perimeters of the
sample xy sections at 0.1z, 0,5z and 0.9z axis, where obtained from
3D models by Agisoft Photoscan 1.4.4. (see example in Fig. 3c, d).

Total dissolved solids of the waters have been measured with
the help of a portable PANCELLENT TDS meter.

For colour monitoring of samples on SOLARBOX chamber, a por-
table DATACOLOR check II plus colorimeter, set with CIELAB (or CIE
L*a*b*) colour system, has been used. Colour distance (DEab) was
calculated according to CIE76 formula [73]: DEab = ((LPost � LPre)2 +
(aPost � aPre)2 + (bPost � bPre)2)0.5.

The relative variation (D %) of a generic property (P) before and
after the test is calculated as:

D% ¼ PPost � PPreð Þ=PPreð Þ100:
3. Ageing test design: Test time (TT), hypothetical outdoor
exposure (TA) and natural outdoor exposure (TAN)

The test time (TT) is the period in which the samples are placed
in climatic chamber. In our case, the experiments were conducted
with TT = 6 months in both chambers.

The hypothetical outdoor exposure (TA) is the time defined by
the product of test time and a hypothetical acceleration factor
(see chapters 3.1 and 3.2). The term ‘‘hypothetical” means that
the reproduction of the outdoor exposure on a climatic chamber
is uncertain. A common criticism about ageing, in fact, indicates
that the stone decay in the short term is clearly different from
the natural decay in the long term. This is because dynamicity of
processes is mainly due to the speed and stability of T and rH
cycles that produce, for example, different evaporation rate, heat
absorption than natural outdoor. Other differences are due to daily
and seasonal averages of T and rH in climatic chamber, while in
natural outdoor these parameters present variable trends and
occasional extreme events.

Natural outdoor exposure time (TAN) is the exposure time in
real weathering environment that the samples need to reach the
decay level reproduced on climatic chamber.

As it is possible to see after, the terms TA and TAN are always
referred to specific monitored proprieties.

3.1. Hypothetical outdoor exposure for FITOCLIMA chamber test

During FITOCLIMA ageing, 2 climate parameters (e.g. T, rH)
were cyclically reproduced in a CO2-bearing atmosphere with the
addition of capillary rising test. As above-mentioned in 40 min of
test (TT = 40 min) a daily cycle of T and rH was reproduced. Propor-
tionally, during 6 months (TT = 2.592 105 min) 6480 daily cycles
corresponding to 6480/365 days � 18 years of hypothetical out-
door exposure (TA) were reproduced. In FITOCLIMA chamber, the
relation between TT and TA is therefore TA = F TT. Where F is the
hypothetical acceleration factor given by the ratio 18 years/0.5ye
ars = 36.

3.2. Hypothetical outdoor exposure for SOLARBOX chamber test

During SOLARBOX aging, the solar irradiance was reproduced
and defining a mathematic relation TT � TA.

Average global solar radiation of monuments location (Southern
Sardinia) is 5.55 GJ/m2/year corresponding to 15.20 MJ/m2/day
[74]. Only the 6% of this radiation falls in the ultraviolet region
between 295 nm and 400 nm, or rather the wavelengths that cre-
ate the most damage to materials surfaces. It means that southern
Sardinia records a solar radiation of 0.91 MJ/m2/day295–400 nm.

The average daily solar radiation of the international standard
place (Miami, USA) is 1 MJ/m2/day295–400 nm [75].
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Average daily radiation in Miami therefore is (1 MJ/m2/
day295–400 nm/0.91 MJ/m2/day295–400 nm) = 1.1 times the average
daily radiation in monument locations. For our experiment a
radiation of 700 W/m2 was selected.

According to SOLARBOX producer, chamber set at 700 W/m2

with 295–800 nm UV outdoor filter, during one day of test
(TT = 1 day) reproduces 6.75 MJ/m2

295–400 nm, corresponding to
6.75 days (TA = 6.75 days) of hypothetical outdoor exposure in
Miami and 6.75 days 1.10 = 7.4 days (TA = 7.42 days) in monument
locations. Therefore, the relation TT – TA for monument location is
the following:

TA = F TT (700 W/m2 with 295–800 nm UV outdoor filter).
Where F is the acceleration factor = 7.42.

It is important to underline that high temperature inside the
SOLARBOX, as indicated by CO.FO.MEGRA, can accelerate the age-
ing speed. Considering a period of test duration TT = 6 months, with
a radiation of 700 W/m2, the hypothetical solar outdoor exposure
for monument location is TA � 3.7 years (� 44.4 months).
4. Stone characterizations by optical mineralogy (OM)

According to Fig. 4a, sandstone presents microsparitic carbon-
ate cement binding well-rounded clasts of quartz, feldspar, biotite,
pyroxene and olivine. Rocks consist in a rich fossil fauna (e.g. coe-
lenterates, algae, bivalves, gastropods). According to some authors
[76] this sandstone has an age attributable to Tyrrhenian (0.126–
0.0117 Ma).

The lithology was used for the construction of capitals, ashlars,
columns and gutter beds at Tharros archaeological area.

Biomicrite (Fig. 4b) consists of a mud-supported limestone with
80% vol. of microcrystalline carbonate matrix, 5–15% vol. of clay
(e.g. illite and kaolinite), 3% vol. of bioclasts and 2% vol. of allo-
chems minerals (e.g. quartz, plagioclase, K-feldspar, biotite).
According to some authors [77] this lithotype has a Miocenic age
and was especially used in the realization of wall ashlars at San
Saturnino Basilica.

Miocenic biolitite is characterised by 90% vol. of bioclasts, 8%
vol. of microcrystalline carbonate cement (Fig. 4c) and 2% vol. of
clay. The stone was used for the realization of wall ashlars, column
basement and epistyles at San Saturnino Basilica.

Carrara marble (Fig. 4d) presents a mosaic texture of CaCO3

crystals with sub-millimetric dimension. Secondary phases consist
of quartz, muscovite, garnet, hematite, pyrite, magnetite, plagio-
clase and dolomite. The rock has a wide variety of uses such as
colonnades, bases, capitals and wall ashlars at San Saturnino
Basilica.

Basalts of Plio-Pleistocenic age (Fig. 4e) show porphyritic struc-
ture with mainly intersertal and subordinately pilotaxitic textures.
The paragenesis consists of phenocrysts of plagioclase, olivine,
ilmenite, magnetite and clinopyroxene.

The rock was used for architectural elements such as wall ash-
lars and floor paving at Tharros archaeological area.

Rhyodacites (Fig. 4f) of Oligo-Miocenic age, show a porphyritic
structures and hyalopilitic texture. Paragenesis consists of phe-
nocrysts of plagioclase, clinopyroxene, hornblende and magnetite.
Rock is used for the construction of Nora Theatre’s terraces and
other secondary facilities in the archaeological area.

Rhyolites of Oligo-Miocenic age [78,79], (Fig. 4g, h) show differ-
ent chromatic facies all characterised by porphyritic structure and
eutaxitic texture. Phenocrysts are represented by plagioclase, feld-
spar, biotite and opaque. Groundmass is pumiceous-cineritic with
frequent devitrification phases (e.g. celadonite, glauconite). Rhyo-
lites are used in the construction of walls and paving at thermal
baths of Forum Traiani.



Fig. 4. Optical microscopy observation on stone building materials (a) sandstone, (b) biomicrite, (c) biolitite, (d) Carrara marble, (e) basalt, (f) rhyodacite, (g) green facies
rhyolite, (h) red facies rhyolite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5. Results and discussions

5.1. Sample mass monitoring and particle-size distribution of residue

Sample mass monitoring was performed on
50 � 50 � 50 mm ± 5 mm samples subjected to ageing test in FITO-
CLIMA chamber. Monitoring was conducted at TT = 15 days inter-
val. Results are show in Table 5 and Fig. 5.
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In order to obtain a visual demonstration about the morpholog-
ical modifications, in Table 4 are reported the links leading to 3D
models before and after the ageing test.

The decay residue of the samples due to ageing is mainly repre-
sented by sands and secondly by silts/clay (Table 5).

By observing the graphs in Fig. 5, the mass loss is closely related
to the salinity degree of the water used in the capillary rising.
Other factors such as the type of salts dissolved in the solution



Table 4
Links to 3D digital models of 50x50x50mm ± 5 mm samples for FITOCLIMA chamber.

Sample Lithology Reproduced conditions Link to 3D digital models

Pre test (TT = 0 days) Post test (TT = 180 days)

AT1 Sandstone T, rH, CO2, CRW https://bit.ly/2EBZ4wn https://bit.ly/38YukDR
AT2 T, rH, CO2, CSW https://bit.ly/34HyTio https://bit.ly/2PEtPHr

PC1 Biomicrite T, rH, CO2, CRW https://bit.ly/38Ys2EL https://bit.ly/2PGuM1V
PC2 T, rH, CO2, CGW https://bit.ly/2SbzeYc https://bit.ly/35LGaiI

PF1 Biolitite T, rH, CO2, CGW https://bit.ly/35JvrVX https://bit.ly/36W8qiR
PF2 T, rH, CO2, CRW https://bit.ly/2Mc0JwP https://bit.ly/2SagyYL

MA1 Marble T, rH, CO2, CGW N/A N/A
MA2 T, rH, CO2, CRW N/A N/A

BA1 Basalt T, rH, CO2, CSW https://bit.ly/38ZYS8r https://bit.ly/2Q4SmV7
BA2 T, rH, CO2, CRW https://bit.ly/38UmHOZ https://bit.ly/390C0W3

AN1 Rhyodacite T, rH, CO2, CSW https://bit.ly/2s5WAnt https://bit.ly/2rXvIGn
AN2 T, rH, CO2, CRW https://bit.ly/38Rfn6u https://bit.ly/2ZbpAGl

IGv1 Rhyolite green facies T, rH, CO2, CTW https://bit.ly/2Z7Hw4O https://bit.ly/35G3PB2
IGv2 T, rH, CO2, CRW https://bit.ly/2Mc1juv https://bit.ly/2reopcX

IGr1 Rhyolite red facies T, rH, CO2, CTW https://bit.ly/36Q9BA8 https://bit.ly/2EE263j
IGr2 T, rH, CO2, CRW https://bit.ly/2SclJYh https://bit.ly/2EzQONF

N/A = not available, photogrammetry cannot be done on crystalline rocks. The reason is that the strong light reflection of the individual crystals does not allow the software to
establish fixed reference points.
T = temperature, rH = relative humidity, CO2 = carbon dioxide air concentration, CRW = capillary rising with rainwater, CSW = capillary rising with seawater, CGW = capillary
rising with groundwater, CTW = capillary rising with thermal spring water.

Table 5
Loss mass of 50x50x50mm ± 5 mm samples for FITOCLIMA chamber and image particle-size (iPSD) of decay residue. G = gravel, S = sand, S/C = silt/clay. T = temperature,
rH = relative humidity, CO2 = carbon dioxide air concentration, CRW = capillary rising with rainwater, CSW = capillary rising with seawater, CGW = capillary rising with groundwater,
CTW = capillary rising with thermal spring water.

Sample Lithology Reproduced
conditions

Mass (%) Total loss
mass MT (%)

Average daily loss
mass MD (%)

iPSD decay residue (%)

Pre test
(TT = 0 days)

Post test
(TT = 180 days)

G S S/C

AT1 Sandstone T, rH, CO2, CRW 100 99.26 0.74 0.004 0.4 74.9 24.7
AT2 T, rH, CO2, CSW 100 95.21 4.79 0.026
PC1 Biomicrite T, rH, CO2, CRW 100 97.62 2.38 0.013 0 76.4 23.6
PC2 T, rH, CO2, CGW 100 96.12 3.88 0.021
PF1 Biolitite T, rH, CO2, CGW 100 98.96 1.04 0.006 0 73.5 26.5
PF2 T, rH, CO2, CRW 100 99.70 0.30 0.002
MA1 Marble T, rH, CO2, CGW 100 99.67 0.33 0.002 0 70 30
MA2 T, rH, CO2, CRW 100 99.75 0.25 0.001
BA1 Basalt T, rH, CO2, CSW 100 99.39 0.61 0.003 0 65 34
BA2 T, rH, CO2, CRW 100 99.71 0.29 0.002
AN1 Rhyodacite T, rH, CO2, CSW 100 99.63 0.37 0.002 0 56.8 43.2
AN2 T, rH, CO2, CRW 100 99.81 0.19 0.001
IGv1 Rhyolite green facies T, rH, CO2, CTW 100 99.81 0.19 0.001 0 56.1 43.9
IGv2 T, rH, CO2, CRW 100 98.97 1.03 0.006
IGr1 Rhyolite red facies T, rH, CO2, CTW 100 99.79 0.21 0.001 0 64.9 35.1
IGr2 T, rH, CO2, CRW 100 99.83 0.17 0.001
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and their crystallization pressure influence the decay by
crystallization-solubilisation which induces the decohesion of the
stone and the consequent loss of mass. In particular, sulphates pre-
sent in thermal and seawater are mainly responsible for the stone
decay [80,81]. Physical-mechanical features of the rocks (e.g. open
porosity, diameter of the pores, permeability, particle-size, cohe-
sion degree), also influence the decay and the consequent
disaggregation.

In this work, all samples subjected to ageing show a loss of
mass, but an increase due to saline deposition inside the pores
framework could be recorder in the first steps of ageing [82]. In
our case-study the decohesion process is always predominant.

In Fig. 5a AT2 sandstone sample is affect by capillary rise with
seawater whereas AT1 is affect by the capillary rise with rainwater.
In Table 5 is recorded a total loss mass percentage DMT = 0.74% and
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4.79% for AT1 and AT2 respectively. The average daily test loss
mass is 0.004% in AT1 and 0.026% for AT2 (Table 5).

In this lithology mass loss occurs due to granular decohesion
with a residue consisting of 0.4% gravel, 74.9% sand and
24.7% silt/clay (Table 5).

The Fig. 5b shows the loss mass trend of PF1 and PF2 biolitites.
As you can notice, the greatest mass loss is attributed to the sample
PF1 (DMT = 1.04%) while in PF2 DMT = 0.3% (Table 5). As visible in
Fig. 5b a large mass loss on PF1 occurs at TT = 135 days when a
large fragment of sample detached (exfoliation) from a pre-
existing fracture. The detachment furrow is well visible in the 3D
post-test reconstruction (links in Table 4).

In biomicrites, the trends of PC1 and PC2 loss masses (Fig. 5b)
are represented by curves with variable inclination due to at least
three decay typologies also observed at San Saturnino Basilica [59]

https://bit.ly/2EBZ4wn
https://bit.ly/38YukDR
https://bit.ly/34HyTio
https://bit.ly/2PEtPHr
https://bit.ly/38Ys2EL
https://bit.ly/2PGuM1V
https://bit.ly/2SbzeYc
https://bit.ly/35LGaiI
https://bit.ly/35JvrVX
https://bit.ly/36W8qiR
https://bit.ly/2Mc0JwP
https://bit.ly/2SagyYL
https://bit.ly/38ZYS8r
https://bit.ly/2Q4SmV7
https://bit.ly/38UmHOZ
https://bit.ly/390C0W3
https://bit.ly/2s5WAnt
https://bit.ly/2rXvIGn
https://bit.ly/38Rfn6u
https://bit.ly/2ZbpAGl
https://bit.ly/2Z7Hw4O
https://bit.ly/35G3PB2
https://bit.ly/2Mc1juv
https://bit.ly/2reopcX
https://bit.ly/36Q9BA8
https://bit.ly/2EE263j
https://bit.ly/2SclJYh
https://bit.ly/2EzQONF


Fig. 5. Loss mass trends of 50 � 50 � 50 mm ± 5 mm samples for FITOCLIMA chamber.
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(e.g. granular decohesion, exfoliation, differential erosion) that
heavily modify the morphology of the specimens (see link to 3D
reconstruction on Table 4).

In PC2 sample, subjected to saline groundwater capillary rising,
the daily test relative mass loss DMD = 0.021% with a total weight
loss DMT = 3.88% (Table 5). In PC1 subjected to rainwater capillary
rising DMD = 0.013% and DMT = 2.38% were obtained. Also in this
case, saline groundwater on PC2 determines a greater mass loss
respect than PC1.

Decohesion of biomicrites at San Saturnino Basilica is today
very clear and problematic. Experiments carried out inside
the church, showed a ground residue deposition of average
470 g/m2/year in the area of the apse [59].

It has also been highlighted by hydrogeological prospections as
the Cagliari city aquifer is subjected to seawater intrusions.

For this reason, the groundwater used in capillary rising tests
contains NaCl. As demonstrated by some authors, this salt has a
high crystallization pressure in supersaturated solutions at 25 �C
[81,83]. However, it seems to create less damage than sulphates
and carbonates because it is easier to wash out.

On the others lithologies such as marbles (Fig. 5a), rhyolites
(Fig. 5c), basalts and rhyodacites (Fig. 5d), the differences of mass
loss between samples subject to saline and meteoric water capil-
lary rising is less evident due to higher mechanical strengths of
the stones.

Carrara marble is very resistant to ageing test showing only
DMT = 0.33% and 0.25% for MA1 and MA2 respectively (Table 5).
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Rock decay consists of a weak decohesion with residue composed
by 70% sand and 30% silt/clay.

Green facies rhyolites show an opposite trend of mass loss,
where DMT = 0.19% in IGv1 subjected to thermal water capillary
rising and DMT = 1.03% in IGv2 subjected to rainwater capillary ris-
ing. This is due to a loss of two fragments (exfoliation) on IGv2 at
120 < TT < 150 days in the upper part of the sample, also visible into
3D model (Table 4). Exfoliation processes has been also identified
on Forum Traiani structures associated with decohesion. This last
decay only affects the pumiceous-cineritic fraction of the rhyolites
causing a differential erosion between groundmass and fragments
of glass, pumice and crystal.

5.2. Morphologic monitoring: Perimeters of xy cross sections at 0.1,
0.5, 0.9 z axis

The monitoring of xy cross section perimeters at 0.1, 0.5 and
0.9z axis, was conducted on 50x50x50mm ± 5 mm samples for
FITOCLIMA chamber. Z axis identifies the vertical side of the spec-
imen according to the orientation of 3D models, the same that the
sample had in the climatic chamber (example in Fig. 3c, d).

Monitoring was performed at pre and post test steps. As show
in Table 6, a decrease of perimeters and, consequently, resistant
sections only occurred in the samples of sandstone, biomicrite
and biolitite.

About remaining lithologies, characterised by higher mechani-
cal strength and cohesion, the perimeters remain unchanged or



Table 6
Xy section perimeters at 0.1, 0.5 and 0.9z of 50 � 50 � 50 mm ± 5 mm samples for FITOCLIMA chamber.

Sample Lithology Reproduced conditions Perimeters (mm) Dp0.1z (%) Dp0.5z (%) Dp0.9z (%)

Pre test (TT = 0 days) Post test (TT = 180 days)

p 0.1z p 0.5z p 0.9z p 0.1z p 0.5z p 0.9z

AT1 Sandstone T, rH, CO2, CRW 203.4 207.5 217.8 201.2 206.8 217.1 �1.08 �0.34 �0.32
AT2 T, rH, CO2, CSW 205.8 217 206.5 198.5 212.6 204.3 �3.55 �2.03 �1.07

PC1 Biomicrite T, rH, CO2, CRW 201.2 199.3 198.4 197.8 198.8 195.3 �1.69 �0.25 �1.56
PC2 T, rH, CO2, CGW 204.7 201.5 207.5 202.8 198.8 203.9 �0.93 �1.34 �1.73

PF1 Biolitite T, rH, CO2, CGW 209.1 210.4 208.1 199.6 210.4 208.1 �4.54 0 0
PF2 T, rH, CO2, CRW 211.1 211.1 209.8 211.1 211.1 209.8 0 0 0

MA1 Marble T, rH, CO2, CGW N/A N/A N/A N/A N/A N/A N/A N/A N/A
MA2 T, rH, CO2, CRW N/A N/A N/A N/A N/A N/A N/A N/A N/A

BA1 Basalt T, rH, CO2, CSW 203.7 201.4 206.1 203.7 201.4 206.1 0 0 0
BA2 T, rH, CO2, CRW 200.6 198.2 198.4 200.6 198.2 198.4 0 0 0

AN1 Rhyodacite T, rH, CO2, CSW 205.2 204.2 203.1 205.2 204.2 203.1 0 0 0
AN2 T, rH, CO2, CRW 199.5 199.5 200.8 198.8 199.5 200.8 0 0 0

IGv1 Rhyolite green facies T, rH, CO2, CTW 201 199.5 195.3 201 199.5 195.3 0 0 0
IGv2 T, rH, CO2, CRW 198 204.5 194.4 194.4 200.6 194.4 0 0 0

IGr1 Rhyolite red facies T, rH, CO2, CTW 188.6 193.1 195.1 188.6 193.1 195.1 0 0 0
IGr2 T, rH, CO2, CRW 191.2 191 191.5 191.2 191 191.5 0 0 0

N/A = not available, photogrammetry cannot be done on crystalline rocks.
T = temperature, rH = relative humidity, CO2 = carbon dioxide air concentration, CRW = capillary rising with rainwater, CSW = capillary rising with seawater, CGW = capillary
rising with groundwater, CTW = capillary rising with thermal spring water.
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the variations are so small such that they cannot be identified by
photogrammetry.

In sandstones AT1 and AT2, a progressive loss mass for decohe-
sion also visible in Fig. 5a, causes the perimeter reduction especially
at the base of the samples (0.1z) more affected by capillary rise.

At 0.5 and 0.9z perimeter reduction in both samples is lower. It
is also observed that the decrease of perimeters at 0.1, 0.5 and 0.9z
is more relevant in AT2 sample subject to capillary rise with
seawater.

In PC1 and PC2 biomicrite, the decay process (Fig. 5b) causes a
progressive curvature of the sharp edges of the sample, in fact,
perimeters decrease at 0.1 and 0.9z. In PC2 sample subject to cap-
illary rise with groundwater, it is also observed that the decrease of
perimeters at 0.5 and 0.9z (Dp0.5z = �1.34% and Dp0.9z = �1.73%) is
more relevant than PC1 (Dp0.5z = �0.25% and Dp0.9z = -1.56%,
Table 6). On PF1 biolitite an exfoliation process at the lay face of
the sample caused a strong perimeter reduction (Dp0.1z = �4.54%,
Table 6).

The process of base perimeter and section reduction is in situ
extremely diffuse on sandstones colonnade at Tharros archaeolog-
ical area, on walls at San Saturnino Basilica and Forum Traiani. In
some case has been detected, a reduction of the structural element
base section up to 25% respect than the original one. This erosion
process induces reduction of the resistant surface and a worsening
of the static loads diffusion of the building, with consequent prob-
lems of loads eccentricity [84].

On monuments, the only capillary rising could be not the only
cause of base section erosion but, in the lower part of the wall, it
is often accentuated by the rebound water coming from the roof
that hits the soil.

Although no perimeter variations have been identified on rhyo-
lite samples in this work, at Forum Traiani the stone ashlars are
subject to strong morphological deformations of mainly coving
(single alveolus) [85] and rarely contour scaling [86].

5.3. Monitoring of physical-mechanical characteristics

The physical-mechanical properties were measured on the 5
15 � 15 � 15mm ± 2 mm specimens before and after FITOCLIMA
ageing test. Results are show in Tables 7 and 8.
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The physical-mechanical properties were measured on only sets
affected to saline water capillary rising (e.g. CSW, CGW, CTW, Table 2).
The values in Tables 7 and 8, therefore, represent an arithmetic
average of 5 measurements.

In physical properties, both decrease and increase are observed
in response to the physical-chemical changes occurred during
ageing.

A real density qR increase was observed on biolitite, basalt and
rhyolites (Table 7) probably be due to a mineral deposition inside
the inner pores together with a parallel decrease of water open
porosity.

Some authors [14] have observed that increase of real density
on samples subjected to F-T ageing and salt crystallization (UNI
EN 12370), is due to an overall decrease of porosity especially in
the pore range < 0.1–1 lm.

In this work, a real density decrease is observed on sandstones,
biomicrites, marbles and riodacites, also in this case correlated
with porosity increase trend. Decreases and increases of qR can
be also related to various processes as sulphation (especially on
limestone and sandstone) oxidations and formations of efflores-
cences [87].

Increases of the imbibition coefficient D CIw are observed on all
lithology but biolitite (�26.47%) and rhyolites (�9.4 and �0.44%).
The imbibition coefficient mainly increases due to a parallel
increase of water open porosity.

This is due to the crystallization pressure that probably
causes a general enlargement of open pores leading to the for-
mation of micro cracks, together with a changing of pores
tortuosity.

Salts crystallization/solubilisation on porous network, in fact,
occurs according to daily and seasonal temperature and relative
humidity cycles to which the samples are subjected during six
months of ageing test. It was observed that in the early stages of
the tests, especially on biomicrites, the decohesion residue adheres
to the surface of the sample forming a � 200 lm thickness ‘‘noble
patina” as observed to some authors [88,89] protecting the stone
from atmospheric agents and solution circulation. During the dry
season in FITOCLIMA, this patina dries up and becomes compact.
During the winter cycle, indeed, a general increase in relative
humidity wets the patina leading to its decohesion.



Table 7
Data of real density, imbibition coefficient and water open porosity measured before and after FITOCLIMA ageing test.

Lithology Reproduced
conditions

Pre test (TT = 0 days) Post test (TT = 180 days) DqR

(%)
DCIW
(%)

D/H2O
(%)

Real
density

Imbibition
coefficient

Water open
porosity

Real
density

Imbibition
coefficient

Water open
porosity

qR CIw /H2O qR CIw /H2O
(g/cm3) (%) (%) (g/cm3) (%) (%)

Sandstone T, rH, CO2, CSW M.
A.

2.67 19.95 32.76 2.66 20.75 33.13 �0.29 3.99 1.12

D.
S.

0.01 2.12 2.29 0.02 1.31 1.12

Biomicrite T, rH, CO2, CGW M.
A.

2.7 8.68 18.29 2.68 9.45 19.58 �0.62 8.88 7.14

D.
S.

0.01 0.97 1.61 0.01 1.02 1.6

Biolitite T, rH, CO2, CGW M.
A.

2.71 2.98 7.37 2.73 2.19 5.56 0.79 �26.47 �24.54

D.
S.

0.01 0.25 0.6 0.01 0.33 0.8

Marble T, rH, CO2, CGW M.
A.

2.72 1.15 2.99 2.71 1.26 3.27 �0.31 9.8 9.22

D.
S.

0.01 0.18 0.45 0.01 0.48 1.18

Basalt T, rH, CO2, CSW M.
A.

2.82 4.46 10.58 2.83 4.79 11.38 0.14 7.46 7.59

D.
S.

0.01 1.17 2.44 0.01 0.95 2

Rhyodacite T, rH, CO2, CSW M.
A.

2.67 11.1 22.02 2.66 14.09 26.97 �0.38 27 22.48

D.
S.

0.01 0.47 0.85 0.02 1.39 2.16

Rhyolite green
facies

T, rH, CO2, CTW M.
A.

2.56 18.94 30.58 2.57 17.16 28.51 0.64 �9.4 �6.77

D.
S.

0.03 3.45 3.61 0.01 2.35 3.31

Rhyolite
red facies T, rH, CO2, CTW M.

A.
2.57 20.55 32.57 2.59 20.46 32.52 0.74 �0.44 �0.17

D.
S.

0.04 3.11 3.36 0.03 3.09 2.83

Each value represents the arithmetic average of the 5 specimens 15x15x15mm ± 2 mm only belonging to the sample sets affected by capillary rising with saline waters (e.g.
marine water, groundwater and thermal water). M.A. = arithmetic average, D.S. = standard deviation. T = temperature, rH = relative humidity, CO2 = carbon dioxide air
concentration, CSW = capillary rising with seawater, CGW = capillary rising with groundwater, CTW = capillary rising with thermal spring water.
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A decreasing of the water open porosity observed on biolitite
(-24.54%) and green/red facies rhyolites (�6.77, �0.17 respectively)
could derive from a pore obstruction due to salt deposition on por-
ous network. Those salts mainly derive from capillary rising saline
water and secondly from stone leaching.

Mechanical characterization of rocks available in Table 8, shows
a general decrease of point load index and proportionally of the
compression and tensile strengths. Decreases are included in a
range �1.57 < D Is50 = D RC = D RT < –33.33% on sandstone, biomi-
crite, marble, basalt and rhyodacite, probably related to an increase
of water open porosity (Table 7).

In this work, as indicated in literature, ageing on stone causes,
in the majority of the stones, a decrease of mechanical resistances
[90]. Some authors indicate a model of prediction of uniaxial com-
pressive strength for deteriorated rocks due to freeze–thaw [91]. In
another work [92] seems that compression strength during F-T
cycle, C-H and W-T (wet and dry) of ageing is subjected to
increases. Also in our case the sample of biolitite show a mechan-
ical strength enhance (D Is50 = D RC = D RT = 0.4%) at the finish of
ageing test. It is probable that if the test had been continued
beyond six months we will have registered a probable decrease
mechanical parameters. Fluctuations of mechanical strengths
could be due to continuous modifications of pores size, distribu-
tions and degree of interconnections that could have create a
porosity optimum [93].
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5.4. Colour monitoring

CIELAB colour space (or CIE L*a*b*) variations were measured
on SOLARBOX samples at TT = 15 days interval (Fig. 6). Data about
pre/post lightness, a, b colours and colour distance D Eab are shown
in Table 9.

As in Fig. 6, some lithologies (e.g. biomicrite, biolitite, marble,
basalt and green facies rhyolite) show a discrete variation of L, a,
b parameters just at the early stages of the test (0 < TT < 30 days).
In all samples, the trend of L, a, b parameters (Fig. 6) is charac-
terised by fluctuations.

The same fluctuation trend has been documented on the paint-
ings by some authors [94] and it is due to a series of reaction that
take place inside the SOLARBOX chamber. Solar exposition of the
stone could also causes a gloss decrease [95].

In this works, increases of lightness are observed on sandstone,
biomicrite, basalt and rhyodacite corresponding to variations
towards whiter colours (Table 9). Lightness decreases are very evi-
dent on marble and rhyolites (DL% = �3.36, �3.36 and �4.15,
Table 9) corresponding to darkening. This last process had been
already identified on marble by some authors [96]. Marbles are,
in fact, prone to discoloration, turning into creamier colours [97].
On other limestones, and in particular in travertines, authors [96]
recorded a bleaching of the stone due to prolonged exposure to
sunlight.



Table 8
Data of point load, compressive and tensile strength measured before and after FITOCLIMA ageing test. Each value represents the arithmetic average of the 5 specimens
15x15x15mm ± 2 mm only belonging to the sample sets affected by capillary rising with saline waters (e.g. marine water, groundwater and thermal water). M.A. = arithmetic
average, D.S. = standard.

Lithology Reproduced
conditions

Pre test (TT = 0 days) Post test (TT = 180 days) DIs50 =DRC = DRT
(%)

Point load
strength

Compression
strength

Tensile
strength

Point load
strength

Compression
strength

Tensile
strength

Is50 RC RT IS50 RC RT

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Sandstone T, rH, CO2,
CSW

M.
A.

0.69 9.68 0.86 0.46 6.46 0.58 �33.33

D.S. 0.12 1.71 0.15 0.09 1.22 0.11

Biomicrite T, rH, CO2,
CGW

M.
A.

1.33 18.66 1.67 1.08 15.06 1.34 �18.79

D.S. 0.07 0.96 0.09 0.09 1.3 0.12

Biolitite T, rH, CO2,
CGW

M.
A.

7.43 104.05 9.29 7.46 104.43 9.32 0.4

D.S. 0.94 13.21 1.18 0.99 13.91 1.24

Marble T, rH, CO2,
CGW

M.
A.

3.18 44.52 3.97 3.13 43.78 3.91 �1.57

D.S. 0.35 4.93 0.44 0.29 4.05 0.36

Basalt T, rH, CO2,
CSW

M.
A.

7.04 140.76 8.8 6.91 96.7 8.63 �1.84

D.S. 0.9 17.96 1.12 0.26 3.59 0.32

Rhyodacite T, rH, CO2,
CSW

M.
A.

7.16 143.13 8.95 6.74 94.3 8.42 �5.86

D.S. 1.29 25.74 1.61 0.71 10 0.89

Rhyolite green
facies

T, rH, CO2,
CTW

M.
A.

2.49 34.81 3.11 2.27 31.83 2.84 �8.83

D.S. 0.25 3.45 0.31 0.38 5.28 0.47

Rhyolite red
facies

T, rH, CO2,
CTW

M.
A.

2.05 28.67 2.56 1.54 21.6 1.93 �24.87

D.S. 0.57 7.93 0.71 0.24 3.37 0.3

Deviation. T = temperature, rH = relative humidity, CO2 = carbon dioxide air concentration, CSW = capillary rising with seawater, CGW = capillary rising with groundwater,
CTW = capillary rising with thermal spring water
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Decreases of a colour, corresponding to variations towards red
tonalities, are detected on sandstone, biomicrite, biolitite,
rhyodacite and rhyolites. Increases of a colour are especially
noted on marble (Da% = 11.54%) and basalt (Da% = 46.15%,
Table 9, Fig. 6) corresponding to variations towards green
tonalities.

It has been demonstrated how a colour tends to decrease on
serpentinites exposed to solar light together with a decrease of
Chroma and Hue [98].

The opposite b colour decreases in all ours lithologies (Fig. 6,
Table 9), highlighting variations towards blue tonalities.

The solar radiation test demonstrates how the colour variation
results in a small range 1.41 < D Eab < 1.47 on sandstone, basalt,
rhyodacite and 2.38 < D Eab < 3.53 on biolitite, biomicrite, marble,
rhyolites (Table 9).

According to the CIE76 D Eab system, the human eyes can per-
cept a colour distance over to a determinate value of JND (just-
noticeable difference) over �2.37 [101]. Therefore, colour variation
according to perceptual acuity of people [66] can only seen on
biolitite, biomicrite, marble, and red facies rhyolite.

Some authors [99,100] indicate that the colour variations of the
stone exposed to sunlight, in particular to UV rays, are due to the
oxidation of organic matter, iron (from Fe+2 to Fe+3), pyrite (FeS2)
and chromite (FeCr2O4) when present.
6. Conclusions

Ageing test on stones, has caused a slight loss mass together
with a weakening of mechanical proprieties. The resistance of rock
to ageing is strictly related to mechanical characteristics, especially
in basalt, biolitite, marble and rhyodacite or to the welding degree
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of rhyolites. Other features inducing decay are given by the perme-
ability and moisture retention.

On biomicrite and sandstones ageing causes the strongest decay
mainly due to the rock fabric and texture. Even if these stones have
low resistance, were widely used as building materials because of
their workability and availability near the monuments.

Ageing together with capillary rising test show how the position
of the stone on monuments is crucial in the decay especially when
the stone is placed at the lower part of the walls. Here ashlars suf-
fer of capillary rising from soil or from thermal source in the case of
Forum Traiani. It has been demonstrated that rainwater, according
to its low salt content, seems to be less damaging, but in this case
experiments doesn’t reproduce the mechanical action of rain drop
on stones.

Today, at San Saturnino Basilica, and Tharros archaeological area
as well as in other building of Mediterranean area, biolitite and
sandstones need of consolidation interventions. For this reasons
it is crucial to predict the stone decay by ageing test.

It is important to underline that ageing test design proposed in
this research aims to detect some qualitative indications about
decay/chromatic alteration to which the materials would be sub-
ject in situ.

Although a hypothetical outdoor exposure have been formu-
lated, it is not possible to assume that D values of physical–me-
chanical, and morphologic properties after �18 years and DEab
chromatic values after �3.7 years of natural outdoor exposure
coincide with the ones reproduced in 6 months of test. As above-
mentioned, this happens because the accelerated and natural pro-
cesses are not parallel.

As in our case, also trying to fully reproduce all the characteris-
tics of a given climate, the biggest problem is the wide variability
and complexity of natural outdoor exposures.



Fig. 6. Trend of CIELAB lightness, a and b colour during 6 months of ageing test in SOLARBOX chamber.
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As above mentioned, although artificial cyclic exposures tend to
be more severe than natural exposures it is necessary to highlight
that for example, the experiment overlooks the damage of bio-
deterioration.

A possible way to verify, in terms of monitored properties:
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� If D values obtained after 6 months of accelerate ageing corre-
spond to D values obtained after �18 years or �3,7 years (test
confidence)

� In how much time D values obtained after 6 months of acceler-
ate ageing are reached in natural outdoor exposure



Table 9
Data of lightness, a/b colours and colour distance of SOLARBOX samples.

Lithology Reproduced
conditions

Pre test
lightness L

Post test
lightness L

DL (%) Pre test a
colour a

Post test a
colour a

Da (%) Pre test b
colour b

Post test b
colour b

Db (%) Colour
distance DEab

Sandstone Solar radiation 60.92 62.19 2.08 3.39 4 17.99 11.59 11.48 �0.95 1.41
Biomicrite 87.62 88.75 1.29 2.79 1.11 �60.22 18.59 17.33 �6.78 2.38
Biolitite 82.7 81.43 �1.54 0.55 0.48 �12.73 10 6.96 �30.4 3.3
Marble 81.77 79.02 �3.36 �1.04 �1.16 11.54 �2.22 �1.62 �27.03 2.82
Basalt 42.61 44 3.26 0.13 0.19 46.15 �0.79 �0.31 �60.76 1.47
Rhyodacite 55.43 56.44 1.82 2.03 1.81 �10.84 6.19 5.22 �15.67 1.42
Rhyolite

green
facies

74.9 72.38 �3.36 �2.16 �2.11 �2.31 5.9 5.37 �8.98 1.58

Rhyolite red
facies

71.11 68.16 �4.15 7.08 5.59 �21.05 10.32 9.07 �12.11 3.53
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Is to reproduce the experiment in real environment (practice of
‘‘test the test”) by monitoring the same properties before and after
the test.

Although the operation may take a long time, Dof some physi-
cal–mechanical parameters can be detect on stone materials
already in exercise on a building for 18 years. In a similar case, it
is possible to measure the ‘‘post-test” properties directly on build-
ing and the ‘‘pre-test” properties could be considered those of the
same material in the quarry of origin.
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