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Abstract: This paper presents the results of a laboratory simulation of a subarctic climate carried
out in climatic chamber. Realistic daily and seasonal cycles of temperature of a regular subarctic
continental climate without dry seasons (Dfc) were simulated and the physical/mechanical prop-
erties and performance of the slates were assessed. The slate was selected because of its use as
cladding and roofing material in cold regions. Mechanical performances before and after Dfc climate
simulation were evaluated through point load index, uniaxial compression, flexural strength and
anchor rupture load. A decrease in these mechanical features between 9 and 50% with respect to
the initial strengths has been registered. Other physical parameters such as apparent density, open
porosity and water absorption were evaluated. The tests showed an increase in open porosity (+72%)
and a decrease in bulk density (−0.7%). The results highlighted a predominantly physical decay
and mechanical performance decreasing with a relevant lowering in strength without the detection
of chemical–mineralogical alterations. Moreover, artificial sun exposure reproduced the weak solar
radiation that characterizes the Dfc climate. This was carried out to assess the aesthetic characteristics
of the slate, since discoloration under sun exposure was supposed to occur but the slates did not
exhibit substantial color changes.

Keywords: subarctic climate; weathering; solar radiation exposure; slate; cladding; roofing

1. Introduction

Natural stones and other commonly resistant construction materials can be damaged
in cold climatic conditions.

According to the Köppen classification [1], the subarctic climate (also identified as
subpolar or boreal; abbreviated Dfc) is characterized by long winters and cold and short
summers. This climate usually occurs on large intracontinental landmasses, often away
from the mitigating effects of oceans, mainly between 50◦ and 70◦ N latitude.

Subarctic climates are represented by the Köppen climate classification, and they are
divided into six categories: Dfc, Dwc, Dsc, Dfd, Dwd, and Dsd [1]. Based on Köppen’s
description, the first D letter indicates a continental climate where the temperature of the
warmest month is≥10 ◦C, and the temperature of the coldest month is≤−3 ◦C. The second
letter indicates: s = dry summer, w = dry winter, and f = without dry season. The third
letter denotes temperature: c = regular subarctic and d = severely cold subarctic.

The Dfc climate is by far the most common subarctic type and is the one selected in
this study (Figure 1). It has so far been found in the majority of Siberia, Fennoscandia, some
portions of central Romania and Germany, Alaska, Labrador, Ontario, and the Canadian
Prairies [2]. At middle latitudes, it can be found on the orogenic-like Alps and Pyrenees at
elevations of 1600 < Z < 2100 m a.s.l. [3,4].
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Canadian Prairies [2]. At middle latitudes, it can be found on the orogenic-like Alps and 
Pyrenees at elevations of 1600 < Z < 2100 m a.s.l. [3,4]. 

 
Figure 1. (a) Worldwide distribution of subarctic climate according to Köppen [1]; (b) Livigno (It-
aly); (c) Turku (Finland); (d) Les Angles (France); (e) Samedan (Switzerland) during winter. 

Most of the subarctic climate sites show little precipitation that never exceeds 380 
mm/year. Differently from hot–mild (Csa, Csb) or humid continental regions (Dfa, Dfb), 
in coastal areas with a subarctic climate and also in subarctic climate areas far from the 
coast, precipitation occurs mostly in the warmer summer months [3].  

Subarctic climate regions are normally considered unwelcoming even if ancient and 
contemporary human settlements are present in these zones [5]. Examples of extreme tem-
peratures in Dfc climate zones were registered in: Livigno, Italy (−37 °C); Tatra Mountains, 
Poland (−40 °C); Petropavlovsk-Kamchatskiy, Russia (−31.7 °C); and Old Crow, Canada 

Figure 1. (a) Worldwide distribution of subarctic climate according to Köppen [1]; (b) Livigno (Italy);
(c) Turku (Finland); (d) Les Angles (France); (e) Samedan (Switzerland) during winter.

Most of the subarctic climate sites show little precipitation that never exceeds
380 mm/year. Differently from hot–mild (Csa, Csb) or humid continental regions (Dfa,
Dfb), in coastal areas with a subarctic climate and also in subarctic climate areas far from
the coast, precipitation occurs mostly in the warmer summer months [3].

Subarctic climate regions are normally considered unwelcoming even if ancient and
contemporary human settlements are present in these zones [5]. Examples of extreme
temperatures in Dfc climate zones were registered in: Livigno, Italy (−37 ◦C); Tatra Moun-
tains, Poland (−40 ◦C); Petropavlovsk-Kamchatskiy, Russia (−31.7 ◦C); and Old Crow,
Canada (−59.4 ◦C). Such considerably low temperatures have a strong damaging effect on
stone building materials. In this paper, the results of a laboratory simulation of a subarctic
climate, carried out in a climatic chamber, are presented.
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Slate and Other Building Materials Performance at Low Temperatures

Slate is quarried in several European countries (e.g., England, France, Italy, Spain,
Belgium and Portugal) and is marketed all over the world. Together with quartzites,
hornfels, and gabbros, it is one of the most durable stones in cold climate regions and
used in mountain localities throughout Europe for roofing (Figure 2a), coverings, and wall
ashlars, thus representing a typical example of the use of local and traditional raw materials
in vernacular architecture [6,7].
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particularly prone to deterioration (Figure 2b,c), especially in cases of sand intercalation, 
microfractures, and a high presence of carbonates. These compounds may affect the slate’s 
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and resistance to mechanical stress; by making slate laying difficult and making the fit 
between slates imperfect; and by affecting the aesthetic appearance of the slab [10].  

  

Figure 2. (a,c) Examples of slates used for roofing applications and associated damage due to snow
accumulation; (b) damage due to frost action photo credits by Marco Argiolas.

Slates are formed by low- or very low-grade metamorphism that gives them slaty
cleavage, where phyllosilicate minerals are the predominant components of the rock. Slates
are relatively light and characterized by good fissility that allows them to split into tiles
and, most importantly, to have good waterproofing properties [8,9]. Some slates are
particularly prone to deterioration (Figure 2b,c), especially in cases of sand intercalation,
microfractures, and a high presence of carbonates. These compounds may affect the slate’s
physical, mechanical, and aesthetic quality in different ways: by reducing waterproofing
and resistance to mechanical stress; by making slate laying difficult and making the fit
between slates imperfect; and by affecting the aesthetic appearance of the slab [10].

The available standard test method to evaluate natural stone frost resistance is the
EN 12371 (determination of frost resistance). According to this standard, specimens are
subjected to controlled freezing and thawing conditions with temperatures ranging from
−20 ◦C to 20 ◦C and from 14 to 168 cycles according to the stone integrity. According to the
EN 12371 standard, two options are available to evaluate frost resistance: (i) A technological
test—in which frost resistance is assessed based on the mechanical performance changes
in compression or flexural strength or anchorage rupture load, before and after the cycles.
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A visual inspection can also be included. (ii) An identification test—initial and periodic
(after 14, 56, 84, 140, and 168 cycles, for example) visual inspection and dynamic Young’s
modulus assessment. There is also the option of apparent volume measurement comparison
before and after the selected number of cycles. This standard has been commonly used
by some authors [10–17] who have detected a loss in weight due to decohesion and an
overall reduction in mechanical properties (e.g., ultrasound wave velocity and uniaxial
compressive strength).

In our research, an innovative experimental climatic chamber setup was followed
based upon EN 12371 standard principles on freeze–thaw, but with added parameters
that are not included in this standard such as rain and temperature of a subpolar Dfc
climate, aiming to artificially reproduce the four seasons in the climatic chamber. As far
as the authors are aware, this is the first time the Dfc climate has been reproduced in the
laboratory with the aim of foreseeing the behavior of natural stone in buildings in extreme
weathering conditions.

Moreover, this study includes the analysis of aesthetic parameters, in terms of color
changes of the slate exposed to the Dfc climate solar radiation, by an aging test in a
SOLARBOX climatic chamber. According to the statements of the quarrymen and traders
of slate, its discoloration over time happens under solar radiation exposure. The aim of
this study is to verify these statements. However, the process of natural stone discoloration
when exposed to solar radiation is already known [18]. Dark-colored stones change to light
shades while the latter change to dark shades following exposure [19]. Overall, natural
stone color variation strictly depends on the color variation of the mineralogical phases
comprising the stone, as further discussed in [20].

To realistically reproduce in the laboratory the climatic conditions of Dfc climate
regions, the meteorological station data of Livigno, Italy (46◦32′17.42′′ N–10◦08′09.57′′ E,
Z = 1826 m s.l.m.) were selected as an example in terms of air temperature and precipitation.

To obtain reliable experimental data on natural stone aging under simulated conditions,
seasonal cycles with a total duration of one month for each of the four seasons were
programmed with temperatures and drying–wetting–frost conditions.

Point load, compression/flexural strength, anchor rupture load, apparent density, and
open porosity were evaluated before and after the complete sequence of winter, spring,
summer, and autumn in the climate chamber.

Aging tests on natural stones with realistic climatic conditions have already been
carried out mimicking the Mediterranean Csa [19,21,22], the humid continental (Dfb),
and the temperate oceanic (Cfb) [23] climates. All these studies aimed to investigate
the suitability of artificial climatic conditions on reproducing a particular climate in the
laboratory and to analyze the level of changes achieved in natural stone materials. The
authors had also carried out a study of the physical properties and mechanical performance
of slate materials with the objective of understanding the influence of anisotropy on flexural
and dowel–hole rupture loads [24].

In manufactured stone materials such as concrete and mortars, the action of low
temperature is well known in the literature and is similar to the stones [9,25]. Concrete and
mortars are heterogeneous systems consisting of an open and closed pore framework, and
due to this the ice crystallization pressure during freeze–thaw cycles is one of the main
degradation causes [26,27].

Ice crystallization inside the porous network is mainly regulated by open porosity,
permeability and pore tortuosity [12]. In general, in porous materials, the freeze–thaw
cycles are responsible for an increase in porosity mostly due to pore enlargement by the
volumetric expansion of the ice. The movement of water from smaller pores or unfrozen
areas to growing ice crystals in larger pores is also identified as the main cause of the
formation of stresses by capillary and hydraulic pressures [28]. However, it is accepted
as a basic requirement for the development of damage due to frost action in porous
media, that the stresses induced by ice crystallization exceed the tensile strength of the
material [28]. These stresses are aggravated when salts are dissolved in the solution and
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then can crystallize inside the porous framework [29,30]. As a result, porosity increasing
together with spalling and other physical decay processes reduce the resistant section of a
concrete artifact such as a column or a pillar. The same mechanisms act on natural stones
and mortars [31,32]. These effects successively lower the compression strength in the case
of a natural stone column and the flexure strength in the case of a cladding slab [33].

As mentioned above, the freeze–thaw effects on natural stone have been studied by
several authors in both laboratory simulations, strictly following the EN 12371 method, and
on-site analyses. The novelty of our study is the fact that a cold climate condition for a sub-
polar Dfc climate was simulated in a climatic chamber reproducing the four seasons based
upon available real climatic data on temperature and rain. Moreover, the aging evaluation
test was performed through other evaluation methods besides the ones recommended by
the European standard: roughness, point load index, and P-wave ultrasound speed. In ad-
dition, this study includes the analysis of aesthetic parameters, in terms of color changes of
the slate exposed to the Dfc climate solar radiation in SOLARBOX climatic chamber. To the
authors’ knowledge, this is the first time the Dfc climate has been realistically reproduced
in the laboratory with the aim of foreseeing the behavior of natural stones in buildings in
extreme conditions. With this study, the authors aimed to fill a gap in the climatic chamber
simulation aging test based upon real climatic parameters. This study could be replicated
in several other climates and also increases the knowledge of potential climate change
effects on natural stone performance.

2. Slate Materials in European Building Sector
2.1. Slate Employment in Building Sector: Yesterday and Today

Since antiquity, slate has been used with the aim of manufacturing small and medium-
sized artifacts up to large-scale use in ancient and contemporary buildings [34]. It is
believed that it was first used about two thousand two hundred years ago around northern
Italy. Although it was common in Roman times, its use is antecedent to the roman empire.
In Italy, there are necropolises made up of “box” tombs entirely made with this material
(VIII–VII century B.C.).

In the Fontanabuona Valley (Italy), the first slate deposits have been intensively
exploited starting from the XII century and the middle of the IX century. Other quarries
in Europe are located near Angers, Grenoble, Cherbourg (France), Wales in the United
Kingdom, Portugal, Norway, Belgium, Germany, and Spain [35].

The massive appearance of slate in Europe replaced the use of brick roof tiles [36]. At
the end of the XIV century A.D., slate with blue reflections was extracted in Italy, France,
and England [37]. This slate had the characteristic of shining under the sun on sunny days.
In England, where blue slate was exported, cyan was considered a pure and expensive
color [38]. In France itself, blue was also the color of royalty. Inevitably, this made blue
slate a semi-precious and expensive material.

Slate originating from Portugal, belonging to Valongo, is used for the most varied
applications. This region saw its exploitation advance due to an industrialized extraction
regime in the middle of the XIX century with the arrival of the English company VS&MQC
in this area [39].

In Germany, Hunsrück slate was quarried over several centuries. Archaeological
finds in the western part of Germany show that slate was used in Roman times [40]. The
first documented mining dates from the XIV century, and the production continued with
the Industrial Revolution at the end of the 1700s, but in 1846–1849 the industry faced a
serious crisis.

In Norway, traces of the use of slate in construction have been ascertained during the
Neolithic period from the north to the south of the country [41].

Although slate employment in Europe has never definitively faded, it had a slight
decline during the first Industrial Revolution. Its use today is mainly in mountain regions
(Figure 2). Here, slate is used as cladding and roofing material of ancient buildings
belonging to historic urban centers. Its application is due to the ease of dividing the material
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into thin, flat, light, and waterproof slabs that are sufficiently resistant to atmospheric agents.
Its black color also has an albedo close to zero and, in areas with cold climates, allows it
to absorb the sun’s heat and warm up in a convenient way. Typically, the criteria used
for damage assessment caused by frost are those described by the EN 12371 standard test
method. A possible damage classification can be performed following the visual inspection
criteria described in this document: 0—no visible damage; 1—very minor damage (small
rounding of vertices and edges) that do not compromise the integrity of the specimen;
2—one or several small cracks (≤0.1 mm wide) or small fragments detached (≤30 mm2

per fragment); 3—one or more cracks, holes, or detachment of fragments larger than those
defined for classification “2”, or a change in the material of the veins, or the test piece
shows important signs of disintegration or dissolution; and 4—specimen with large cracks
or broken into two or more pieces or disintegrated. Still, it is important to highlight that
currently there is no European standard for natural stone inspection and maintenance.

2.2. Petrographic Characteristics of Slate

The slate used in our research belongs to the Valongo region (Portugal), which has
an age of 350 million years (Carboniferous period) [42]. The physical–mechanical behav-
ior and the alteration modalities of Portuguese slate are common in the other slates of
European origin.

Slate is a metamorphosed rock of sedimentary origin (epidote–pumpellyite facies).
The metamorphism is regionally low-grade. The rock presents a porphyro-lepidoblastic
texture (Figure 3a–d). By polarized microscope (OM) observations, a large fraction of
black-colored organic matter was detected. The paragenesis shows phyllosilicates (e.g.,
muscovite and clinochlore), quartz, and opaques. Furthermore, semi-quantitative analyses
by X-ray diffraction (XRD) patterns (Figure 3e) highlighted the peaks corresponding to the
mineralogical composition: muscovite (22.3%), clinochlore (62%), quartz (9.6%), K-feldspar
(5.1%), and kaolinite (1%).
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Figure 3. Petrography and mineralogy of the Valongo slate: (a) thin section parallel to cleavage (PPL);
(b) thin section parallel to cleavage (NC); (c) thin section perpendicular to slaty cleavage (PPL); (d) thin
section perpendicular to cleavage (NC); (e) semi-quantitative X-ray diffraction data with peaks corre-
sponding to: Clinochlore (Chl, (MgFe)5Al(Si3Al)O10(OH)8), Muscovite (Mu, KAl2(AlSi3O10)(F,OH)2),
Kaolinite (Kao, Al2Si2O5(OH)4), Quartz (Qtz, SiO2), Potassium feldspar (Kf, KAlSi3O8).

3. Materials and Methods
3.1. Materials

All specimens were cut with a circular diamond saw and have a honed finishing.
Dimension of specimens needed for the physical properties and mechanical behavior
before and after the aging were:

(i) Prisms of 300× 50× 50 mm for flexural strength test (EN 12372, determination of flex-
ure strength under concentrated load), measurement of sound propagation velocity
(EN 14579, determination of sound speed propagation), and fundamental resonance
frequency for the calculation of the elastic modulus (EN 14146, determination of
dynamic elastic modulus);

(ii) Cubes of 50 × 50 × 50 mm for apparent density and open porosity (EN 1936, de-
termination of the real and apparent density and of the total and open porosity),
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water absorption test (EN 13755, determination of water absorption at atmospheric
pressure), and uniaxial compression test (EN 1926, determination of uniaxial compres-
sive strength);

(iii) Slab-anchored specimens with stainless-steel metallic pins of 200 × 200 × 30 mm.
In this last set, slabs had a 10 mm hole with 30 mm depth located in the center of
each side in which the metallic anchor was fixed with CEM I 52.5 R according to
EN 13364 (determination of the breaking load at dowel hole) standard test method
requirements. Slate anisotropy was considered for specimens used in the flexural,
compression, anchor rupture load, and capillary rising tests, and the specimens were
oriented perpendicular to bedding planes;

(iv) Prisms of 15 × 15 × 25 mm for the point load test (ASTM D 5731—determination of
the point load strength index of rock);

(v) Prisms of 20 × 20 × 8 mm for the accelerated aging from sunlight exposure in the
SOLARBOX chamber.

3.2. Methods

Stone paragenesis was identified through the analyses of 30 µm thin sections with the
optical polarized microscope Leica DM2500P and a Hirox-01 microscope.

For the XRD analyses, a Bruker AXS D8 Discover XRD with a CuKα source, operating
at 40 kV and 40 mA, and a Lynxeye 1-dimensional detector was used. Scans were performed
from 3 to 75◦ 2θ, with 0.05◦ 2θ step, and 1 s/step measuring time by point. Diffract-
Eva software from Bruker with PDF-2 mineralogical database (International Centre for
Diffraction Data—ICDD) was used to identify the peaks.

Regarding physical characterization, before the tests, all specimens were dried in a
ventilated oven at 70 ± 5 ◦C until constant mass was reached. After drying, specimens
were left in the desiccator for cooling for approximately 8 h at room temperature.

Compressive strength (σC) was assessed by uniaxial compression test in accordance
with the EN 1926 standard on cubic specimens (50 mm side) [43]. The equipment used
was an EL200 hydraulic press by PEGASIL with 1200 kN range capacity, accuracy of
0.01 kN, and a load rate capacity of 1 ± 0.5 MPa/s. Load was applied perpendicular to the
bedding planes.

Flexural strength (σF) tests under concentrated load were carried out in accordance
with standard EN 12372 in a CEI-ZIPOR flexural press with a 25 kN load cell, an accuracy of
0.001 N, at a constant crosshead displacement speed of 0.25± 0.05 MPa/s until rupture [44].
Load was applied normal to the bedding planes.

Anchorage rupture load (ARL) tests were performed in accordance with standard
EN 13364 in a CEI-ZIPOR press with a 25 kN load cell and an accuracy of 0.001 N [45].
Tests were carried out for the dowel–hole anchoring fixing system. Each slate slab had four
drilled holes, one at each side, allowing four anchorage strength tests per slab in a total of
twelve tests. Stainless-steel pins/dowels were placed and fixed inside the slate holes with
CEM I 52.5 R after the specimens were completely dried and prior to placing the specimens
in the climatic chamber.

Point load strength index normalized for a diametral test of 50 mm (Is50) was deter-
mined with a point load tester (mod. Controls D550 Instrument) with a load capacity of
56 kN and accuracy of 50 N, following the test procedure described in ASTM D 5731 [46].

Measurements of the P-wave speed (Vp) were carried out using a PUNDIT PL200
PROCEQ tool with transducers of 54 kHz and an accuracy of 0.1 µs; all measurements were
made according to EN 14579 standard and also perpendicular to the slaty cleavage [47].

Young’s modulus was calculated according to the reference standard EN 14146, from
the measurement of fundamental resonance frequency by the ERUDIY MKII resonant
frequency test system in longitudinal mode, coupled with an oscilloscope, OS-9000SRS
by GoldStar (“EN 14146—Natural stone test methods—Determination of the dynamic
modulus of elasticity (by measuring the fundamental resonance frequency)” 2004) [48].
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The apparent density (ρB) and open porosity (Φ) tests were performed according to
EN 1936 standard; each specimen was weighed and afterwards placed in a vacuum vessel
where the pressure was gradually lowered until it reached approximately 2.0 ± 0.7 kPa
(15 ± 5 mm Hg). Then, slowly, demineralized water was introduced into the vessel until
the specimens were completely immersed. Once submerged, the vacuum was maintained
for another 24 h. Afterwards, the pressure was changed to atmospheric, and specimens
were left submerged in water at atmospheric pressure for more than 24 h. After 24 h, each
soaked specimen was weighed in water and in air.

The mechanical tests: uniaxial compression, point load, and flexural strength have
been measured with load application perpendicular to the slaty cleavage.

To measure the roughness on polished samples, a rugosimeter, MITUTOYO SURFTEST
SJ-210, with a range of 0.001–10 µm and calibrated by standard ISO1997 was used. Rough-
ness Ra value (arithmetic mean value of the deviations (taken in absolute value) of the real
profile of the surface with respect to the mean line) was calculated according to the equation:

Ra = 1/L
∫

L
0 | Z (x) | dx

where L is the exploration length.
Color data were collected on the surface of the stone with a portable DataColor Check

Plus II spectrophotometer with an accuracy of 0.01 and range of 0–100 using CIEL*a*b*
color space.

3.2.1. Artificial Climatic Cycles—FITOCLIMA Chamber Setting

Specimens were exposed to artificial climatic cycles in an ARALAB FITOCLIMA
500EC45 climatic chamber (temperature range of −45–180 ◦C, humidity range of 10–90%,
and an accuracy of 0.1). The chamber was set up to reproduce four seasons of subpolar
climatic conditions. Setting data were obtained from a regional meteorological station
(Table 1). Slate specimens were exposed to one series of 30 days for each season following
the order described in Table 2 (from winter to fall). Each season included controlled
conditions of temperature and rainfall.

Table 1. Seasonal climatic data obtained from Livigno meteorological center (Italy) and selected for
each season simulation in the climatic chamber ARALAB FITOCLIMA 500EC45.

Season Average Min.
Temperature (◦C)

Average Max.
Temperature (◦C)

Average Rainfall
Accumulation (mm)

Winter −12.6 −4.2 362
Spring 0.9 6.7 723

Summer 5.9 13.1 581
Autumn −7.5 −0.5 417

Table 2. Detailed description of the selected temperatures and steps for each season simulation in the
climatic chamber ARALAB FITOCLIMA 500EC45.

Conditioning Step (i) Step (ii) Step (iii)

Winter—repeated for
1 month

Soaking and rainfall
for 1 h at 10 ◦C

2 h|−12.6 ◦C 1:30 h|−12.6 ◦C→−4.2 ◦C 2:30 h|−4.2 ◦C→−12.6 ◦C

Spring—repeated for
1 month 2 h|0.9 ◦C 1:30 h|0.9 ◦C→−6.7 ◦C 2:30 h|6.7 ◦C→0.9 ◦C

Summer—repeated
for 1 month 2 h|5.9 ◦C 1:30 h|5.9 ◦C→13.1 ◦C 2:30 h|13.1 ◦C→5.9◦C

Fall—repeated for
1 month 2 h|−7.5 ◦C 1:30 h|−7.5 ◦C→−0.5 ◦C 2:30 h|−0.5 ◦C→−7.5 ◦C
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Each cycle consisted of 6 h exposure according to Table 2 and Figure 4. Each season
simulation was automatically performed and consisted of a cycle repetition for 30 days that
combined preliminary soaking and rainfall for 1 h at 10 ◦C at the beginning of each cycle.
The conditioning step allowed soaking the slate specimens at the beginning of each cycle
through the combined action of simulated rainfall and complete immersion of the samples.
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The criteria to assess the simulated subarctic climate effect on slate were based on the
EN 12371 recommended tests, with the addition of other relevant properties: (i) initial and
final visual inspection (after the season simulation in the climatic chamber as described in
Table 2); (ii) initial and final uniaxial compressive strength and flexural strength under con-
centrated load, anchor rupture load, point load strength index, P-wave ultrasound speed,
Young’s modulus, apparent density and open porosity, color, and roughness measurement.

In the last 15 min of the conditioning step, the water was drained, the rain stops, and
the temperature started decreasing at a rate of approximately 2.8 ◦C/min until it reached
the initial temperature of each season. The same temperature rate was used after step (iii) at
every beginning of a new condition stage.

The cycle duration set by this experiment in the climatic chamber (6 h duration)
allowed the samples to reach a uniform temperature including the interior, confirmed
through continuous temperature monitoring with a mobile temperature sensor placed
inside the thicker specimen used (50 mm thickness—prismatic specimens). Although this
result has been achieved, many authors point out that the accelerated aging in the climatic
chamber is not perfectly parallel to natural degradation [49].

This test should be validated in a real outdoor environment considering also the
sunlight effect apart from thermal cycles. The sunlight effect will affect only one of the
sides of the roofing slab, and this might lead to other contributions such as differential
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thermal expansion between the exposed surface and the back of the slabs. The experiment
should have a duration of one year or rather the hypothetical period of exposure simulated
in the climatic chamber. Thus, the results obtained by natural aging can be compared with
data obtained in the laboratory.

3.2.2. Solar Radiation Simulation—SOLARBOX Chamber Setting

The solar radiation simulation was conducted with a SOLARBOX 1500 CO.FO.MEGRA
chamber equipped with a 295–800 nm UV outdoor filter. Specimens underwent 1 month of test-
ing with a fixed value of solar radiation of 1000 W/m2 (equipment range of 100–1000 W/m2).

During SOLARBOX aging, the solar irradiance was reproduced, and a relation between
test time (TT) and hypothetical outdoor exposure (TA) was defined. The test time (TT) is
the period in which the specimens are placed in the climatic chamber. In this study, the
experiments were conducted with TT = 1 month. The hypothetical outdoor exposure (TA)
is the time defined by the product of test time and a hypothetical acceleration factor. The
term “hypothetical” means that the reproduction of the outdoor exposure on a climatic
chamber is uncertain. This is because it is always recommended to test aging in a natural
environment in order to verify the reliability of the artificial aging [50].

As for the FITOCLIMA setting, the meteorological data of the Italian Alpine region
affected by Dfc climate were chosen in terms of average global solar radiation. The Alpine
Dfc areas present an average annual global solar radiation variable between 4200 and
4700 MJ/m2/year [51]. It is important to underline how this range of values is independent
of the type of climate but is mainly linked to the latitude. A value of 4500 MJ/m2/year has
been selected as reference for our test corresponding to 12.33 MJ/m2/day.

Only 6% of this radiation falls in the ultraviolet region between 295 nm and 400 nm,
or rather the wavelengths that create the most damage to materials’ surfaces.

A further correction of 67% is recommended and could be applied to allow the fact
that not all this radiation is acting at higher summer temperatures, and so it will be less
damaging to the affected surfaces [52]. This means that the Alpine Dfc area records a solar
radiation of 12.33 MJ/m2/day × 0.06 × 0.67 = 0.49 MJ/m2/day 295–400 nm.

The average daily solar radiation of the international standard place (Miami, FL,
USA) is 1 MJ/m2/day 295–400nm [53]. Therefore, average daily radiation in Miami is
(1 MJ/m2/ day 295–400 nm/0.49 MJ/m2/day 295–400 nm) = 2.04 times the average daily
radiation of Alpine Dfc areas. In this research, a radiation of 1000 W/m2 was selected in
the SOLARBOX.

According to the SOLARBOX manufacturer, the chamber set at 1000 W/m2 with a
295–800 nm UV outdoor filter for one day of testing (TT = 1 day) reproduces 9.60 MJ/m2

295–400 nm, corresponding to 9.6 days (TA = 9.6 days) of hypothetical outdoor exposure in
Miami and 9.6 days × 2.04 = 19.6 days (TA = 19.6 days) in Alpine Dfc areas. Therefore, the
relation TT–TA for Alpine Dfc areas is:

TA = F × TT (1000 W/m2 with 295-800 nm UV outdoor filter)

where F is the acceleration factor = 19.6.
It is essential to underline that the high temperature registered inside the SOLARBOX,

as indicated by the manufacturer CO.FO.MEGRA, can accelerate the aging speed. During
our experiments, the temperature inside the SOLARBOX was always in the range of
30 < T < 40 ◦C.

Considering a period of test duration TT = 1 month, with a radiation of 1000 W/m2,
the hypothetical solar outdoor exposure for a slate sample in the Alpine Dfc area is
TA = 19.6 months.

4. Results and Discussion

Visual observations after the four-season simulation in the FITOCLIMA climatic
chamber showed no changes in appearance regarding any discoloration due to oxidation
of metallic minerals and inclusions.
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The physical and mechanical properties before and after the aging are listed in Table 3.
As introduced in the above sections, the subarctic Dfc climate can cause deep damage
in most artificial and natural materials including natural stones. According to the decay
diagram [54] and based on the mean annual precipitation (2085 mm) and temperature
(0.2 ◦C), the weathering conditions on geomaterials of Dfc Alpine sectors are not specified.
However, the chemical decay (e.g., dissolution, hydration, hydrolysis oxidation, and
reduction) and the biological decay (e.g., wedge work of roots and burrowing and boring
of animals) is lower at average annual temperatures around zero or less, and in fact in this
research no chemical degradation was detected. Conversely, physical decay, in particular
the frost action, was naturally higher. The effects of freeze–thaw action are linked to pore
space and pore size distribution in stones (open porosity of >5%). However, damage is
also reported in low-porosity stone materials such as marbles, granites, and slates. In these
stones, damage can be related to other textural features (besides the characteristics of the
pore space) such as the presence of slaty cleavage planes, veins, or stylolites [55].

Table 3. Physical–mechanical properties of the slate selected to assess the impact of subarctic climatic
conditions through seasonal cycles with a total length of four months.

Physical and Mechanical Properties No. of Tested
Specimens

Before
Aging

After
Aging

Relative
Difference (%)

Uniaxial compressive strength
(MPa) 10 175 ± 13 133 ± 14 −24

Flexural strength under concentrated
load (MPa) 10 30.4 ± 9.2 14.9 ± 3.8 −50.9

Anchor rupture load
(N) 12 × 4 3141 ± 221 2420 ± 275 −22.9

Point load strength index
(MPa) 10 13.1 ± 3.1 12.5 ± 2.4 −4.5

P-wave ultrasound speed
(m/s) 10 6120 ± 410 5566 ± 146 −9

Young’s modulus
(GPa) 10 88.5 ± 13.1 72.3 ± 6.9 −18.3

Apparent density
(kg/m3) 6 2833.5 ± 6.5 2813.4 ± 3.8 −0.7

Open porosity
(%) 6 0.87 ± 0.1 1.5 ± 0.2 72

A similar type of damage was recorded in this study’s aging cycles, as the crystalliza-
tion of water inside the slate caused major longitudinal fractures, S1 parallel to S0 slaty
cleavage planes, visible in Figure 5. These fractures have openings varying between 50 and
150 µm with irregular spacing in the order of 5 cm (Figure 6a,c). Moreover, principles of
exfoliation and spalling are present in the samples following exposure to seasonal cycles
(Figure 6b,d). From Table 3, it is seen that the volumetric expansion caused an increase in
the porosity of the slate from a pre-aging value of 0.87 ± 0.1 to 1.5 ± 0.2%, indicating an
increase of 72%. Similarly to the information reported [56], this change in porosity was
caused by microfissures, some small amounts of debris, and some slaty cleavage planes’
partial and total detachment.

An irrelevant change in the apparent density was detected (−0.7%), shifting from
2833.5 ± 6.5 kg/m3 to a final value of 2813.4 ± 3.8 kg/m3, as shown in Table 3. The
increase in the porosity due to the opening of the fracturing planes causes a lower speed
of propagation of the compressional P-wave. The initial value of 6120 ± 410 m/s was
reduced by approximately 9 %, to 5566 ± 146 m/s. Following the aging test, the values of
VRI (Velocity Ratio Quality Index) [57] were assessed as 0.91 < VRI < 0.97. This parameter
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indicates the stone quality based on the ultrasonic velocity measurements before (Vpre) and
after the aging (Vpost).
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Figure 5. Results of aging test and mechanical characterization: (a) cubic slate, 50 mm side—rupture
after uniaxial compression test; (b) prismatic specimens, 15 × 15 × 25 mm—rupture after the
determination of point load strength index; (c) prismatic slate specimens, 50 × 50 × 300 mm
dimensions—rupture after flexure test; (d) slate specimens, 200× 200× 30 mm dimensions—rupture
after the anchorage test.

VRI was calculated as (Vpost/Vpre)0.5. These VRI values indicate a “very good” QBM
(Quality of Building Materials). A classification of “very good” means that, in terms
of ultrasonic speed, the samples withstood the accelerated degradation test excellently,
meaning that freeze–thaw decay mainly affected the external part of the specimens, leaving
the core relatively intact.

The compressive strength of the material, and the point load index, suffered a signifi-
cant decrease from 175 ± 13 MPa to 133 ± 14 MPa and 13.1 ± 3.1 MPa to 12.5 ± 2.4 MPa
(24 and 4.5% change, respectively). The difference between the decay determined by the
two methods is intrinsically linked to the test specification: (i) the uniaxial compression test
uses a load applied uniformly to the specimen (50 mm side), and all the bulk (interior and
exterior) contributes in a much more effective way to strength. Moreover, there is a higher
probability of finding a critical defect that causes rupture [58,59]. (ii) Conversely, in the
point load test, the load is applied to one point (located in the central area of the specimen),
and there is a lower contribution of the decayed external part of the sample. In this method,
the results are expected to present a lower change after the accelerated degradation test.
In a realistic situation, the achieved results will create a structural weakening. Over time
outdoors, the stone decreases its compressive strength due to microfracturing caused by
frost effect.
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Figure 6. Slate damaging after aging: (a,c) S1 fractures due to volumetric expansion of the ice oriented
parallel to the S0 slaty cleavage; (b,d) decay by spalling and exfoliation.

As seen in Figure 5a, the cubic specimens (tested for uniaxial compressive strength)
broke according to fracturing systems consistently oriented about 45◦. In the point load
test and in the flexure strength test (Figure 5b,c), the samples broke based on two fracturing
systems, perpendicular and parallel to the load application.

The flexural strength of the samples is again conditioned by the S1 fracturing system
and by the slaty cleavage itself, considering that the prisms tested cannot be the same
before and after the aging. During the application of the load, the sliding of the upper
and lower portions occurs along these fractures. This behavior is like a car leaf spring.
The fractures favor a ductile behavior of the specimen during the flexural test, probably
increasing its flexural curvature but simultaneously reducing the flexural strength. In fact,
flexural strength changed from an initial value of 30.4 ± 9.2 to 14.9 ± 3.8 MPa, reaching a
total decrease of −50.9 % (Table 2).

Fractures (S1) due to frost are once again responsible for the decrease in the anchorage
strength. In this test, the load was in fact perpendicularly applied to the slaty cleavage
planes and tends to widen the planes by increasing their opening (Figure 6a,c). The results
showed a relevant change from the anchorage rupture load, from 3141 ± 221 N in pre-test
to 2420 ± 275 N.

The solar simulation in the FITOCLIMA climatic chamber resulted in no relevant
change in color.

Figure 7a shows rather constant trends of the parameters L, a and b, although charac-
terized by normal fluctuations [60]. The color difference parameter ∆E has values between
2.34 and 0.45, and in any case always lower than the JND (just noticeable difference = 2.37),
the minimum value that the human eye can perceive (Figure 7b).

It is important to underline how the color changes of the slates certainly depends on
various factors.
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difference according to the JND limit (just noticeable difference = 2.37).

Slates can be affected by the weathering of the iron sulphides (mainly pyrite FeS2 and
pyrrhotite Fe1−XS, 0 < X < 0.2) that the stone may contain. This can lead to the formation of
brown/yellow/red iron crust compounds (Figure 8a,d) bearing limonite (2Fe2O3·3H2O)
and goethite (FeO(OH)). The fading toward white could be linked to sulphation of the
carbonates to gypsum or Na-sulphates. In this regard, we note that calcite (CaCO3) could
be present in the slate.
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Figure 8. Color change of slate slabs: (a) oxidation; (b) deposition corresponding to water runoff;
(c) dirty deposition of cement grouts; (d) oxidation. Photo credits by Fabio Sitzia.

In some cases, white stains could derive from adhesives and/or cements used to install
slate slabs in floors or claddings (Figure 8c). The presence of white depositions is also
identified as corresponding to water runoff (Figure 8b,d).
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Furthermore, the type of finish and therefore the roughness of the stone is closely
linked to the color, as shown in Figure 9. As detailed in these pictures, the greater the
surface roughness (Ra), the whiter the color of the slate. In this regard, we highlight that in
polished slate surfaces and in carbonate rocks exposed to rain and frost cycles, there may be
a decrease in gloss linked to microcorrosion and therefore an increase in roughness [22,61].
In Figure 9, in fact, a fading towards white is detected by Ra feature increases.
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Figure 9. Correlation between color and roughness of the slate: a lower roughness (Ra) corresponds
to a darker color with a progressive decreasing of L* parameter. (a) Cutting machine finishing;
(b) polishing by FEPA P400-mesh abrasive (35 mm, 0.0014′′); (c) polishing by FEPA P1000-mesh
abrasive (18.3 mm, 0.007′′); (d) polishing by FEPA P4000-mesh abrasive (5 mm, 0.0002′′).

5. Conclusions

Slates are common building stones that are used as roof coverings and cladding
because of their physical properties and mechanical performance making them suitable for
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application in cold climates. Slates represent a typical example of the use of traditional raw
materials in vernacular architecture like many other common stones.

In this paper, the results of a laboratory simulation of subarctic climate, carried out
in a climatic chamber, are presented with the aim of strengthening the awareness of
material quality and frost engineering performance. The setting data for the simulation
were obtained from a local meteorological station, and cycles consisted of accelerated
reproduction of the seasons automatically lasting 30 days each. Chamber settings starting
with realistic meteorological data are scarce in the literature and represent an innovative
procedure of a reliable freezing–thawing experiment.

The test results reveal a predominant degradation with different alterations due
to freeze–thaw intra-fracturing: (i) relevant changes in compressive strength, flexural
strength, and open porosity; (ii) moderate reduction in anchor rupture load and Young’s
modulus; (iii) relative lowering of P-wave velocity and point load strength index; (iv) no
relevant changes in apparent density and water absorption; and (vi) absence of chemical-
mineralogical alteration.

Physical mechanical data show how the loss in performance of the slate is rela-
tively fast.

In only one year of hypothetical outdoor exposure aging, we registered a worsening of
some parameters from 9 to about 50%. In particular, after this test, one of the most suscepti-
ble parameters to frost deterioration was the flexural strength. In this sense, architectural
elements such as architraves, facades, or balconies must be frequently monitored. Given the
achieved level of loss in flexural strength, it is recommended that slate elements should be
monitored and reinforced or replaced to avoid risks for users. Moreover, the compressive
strength of the rock suffered frost damage with a loss of about −24% in the performance.

In the sun exposure test, no substantial changes in the color of the slate were identified.
This basically debunks the belief that slate can lighten following exposure to the sun.

The purpose of our study was to perform a laboratory simulation that could help
anticipate the behavior of the stone material in a specific climate category. The improvement
of natural stone selection processes in construction projects is crucial today, especially in
cold regions.

However, nowadays, confirming the validity of an aging test by comparing it to an
outdoor environment is needed. This could be performed in future studies by placing
the samples outdoors in a Dfc area and verifying whether the relative percentage and
color differences obtained in the climatic chamber are the same or close to those obtained
outdoors. This will be carried out in future studies aiming to understand the real behavior
of materials in order to optimize production processes and the dimensioning of cladding
and roofing elements.
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