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In construction, the proper selection of natural building stones and the prediction of their pathology are sig-
nificant, with freeze-thaw action being a primary cause of deterioration. Testing for freeze-thaw durability, being
labour-intensive and time-consuming, often conflicts with construction timelines. The proposed methodology
estimates natural stone behaviour against frost damage using quicker laboratory tests (e.g., capillary water
absorption). The use of natural stones with an open porosity exceeding 2 % is not advisable, as exceeding this

threshold leads to losses in compressive strength of more than 10 % after 168 freeze-thaw cycles. This alter-
native evaluation through the capillary water absorption method provides a precise estimation of freeze-thaw
durability, proving to be an instrumental tool for architects when selecting natural stones.

1. Introduction

Natural building stones are extensively utilised in the field of ar-
chitecture, offering a wide array of choices with substantial differences
in intrinsic and mechanical properties, durability, and applications.

One of the primary factors impacting the long-term durability of
exterior building stone installations is Freeze-Thaw (FT) action [1].
When water freezes within stone pores, it initially increases the liquid
water volume by 9 %, raising both volume and pressure at lower
freezing temperatures [2]. Freezing initiates in larger pores and re-
distributes to adjacent ones if there is insufficient space for ice formation
locally [1,3,4]. Notably, not all water freezes at the same temperature,
with the freezing point of pore water decreasing with pore size [5-8].
Water in pores between 100 ym and 1000 pm, for instance, does not
freeze until around —20 °C due to interfacial free energy effects [4,9,10].
Conversely, water freezes at higher temperatures in larger pores,
resulting in more significant frost damage. Factors such as the initial
stone saturation coefficient also play a role, as higher saturation per-
centages lead to greater stone deterioration [2].

As the pressure exerted by this volume and the migration of unfrozen
water increase and reach the tensile strength of the stone, new micro-
cracks appear and existing ones deepen [4,6,11]. Repeated FT cycles
lead to material weakening, resulting in reductions in uniaxial
compression strength [12,13], increased porosity [14], weight loss [15],

* Corresponding author.
E-mail address: jvercher@csa.upv.es (J. Vercher).

https://doi.org/10.1016/j.conbuildmat.2024.136215

alterations in colour [16], exfoliation, and the formation of surface
layers [17], among other effects.

Several intrinsic stone properties, such as mineralogical composi-
tion, grain size, and porosity, are interconnected with the functional
properties relevant to their architectural applications. These properties
describe how the stone responds to environmental conditions, including
mechanical loads and FT cycles [18]. The vulnerability of a stone to ice
damage is influenced by various factors, including initial saturation [6,
19-21], the number of cycles, temperature, and applied stress [6,22].
Moreover, intrinsic properties like open porosity, pore size distribution,
grain size, and capillary water absorption significantly impact FT
weathering [23-30].

This suggests that intrinsic properties can serve as indicators for
assessing the functional characteristics of the stone [18,31]. The
objective of this research is to estimate the performance of 14 types of
natural stones (Fig. 1) against FT cycles based on various intrinsic
properties. Several studies have shown that the stone type (textural
properties) alone does not provide comprehensive insights into dura-
bility against FT cycles [1,3,23]. However, previous research has not
conducted a comprehensive examination of the behaviour against FT
cycles of principal building natural stones, typically concentrating on a
singular family in each instance. It is acknowledged that natural stones
sourced from the same origins can exhibit significant variations in
porosity and other textural attributes [32]. Nonetheless, a comparative
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study encompassing diverse stone families is essential. This paper fa-
cilitates the comparison of durability against frost damage among the
primary natural stones, enabling an evaluation of their behaviour
through the same methodology. The suitability of each stone for exterior
applications, considering the potential for frost damage, is evaluated
based on the capillary water absorption method, which considers
textural properties, open porosity, and compressive strength.
Moreover, the necessity to adhere to stringent construction schedules
is often not included when professional architects evaluate the methods
for assessing the suitability of various building materials. Specifically,
the freeze-thaw test is exceedingly time-intensive (requiring samples for
84 days in a climatic chamber with 2 cycles per day) [12,33]. The
development of a methodology that is both time-efficient and capable of
delivering pertinent and precise data regarding the freeze-thaw dura-
bility of natural stones would significantly broaden the applicability and
expedite the utilisation of this information in the construction sector.

2. Materials and methods

The methodology developed in this study aims to provide valuable
assistance to architectural professionals when selecting natural stones
for exterior areas exposed to rain and frost. The primary objective of this
research is to predict how different natural stones will behave in the
presence of frost using alternative laboratory tests that can be completed
within a few hours.

Fourteen distinct natural stones have been examined, covering the
principal groups commonly used in architectural construction (Fig. 1).
Table 1 presents the commercial names of these 14 stones, along with
their classifications and textural properties. Petrographical characteris-
tics provide insights into the origin and formation of each stone, proving
invaluable in the study and prediction of their durability against envi-
ronmental agents [26]. Among the samples, 14.3 % are igneous rocks
(A-B), 50 % are sedimentary rocks (C-I), and 35.7 % are meta-
morphic rocks (J-N). Within the sedimentary category, 42.9 % are
sandstone, 14.3 % are lumachelle limestone, 28.5 % are limestone,
and 14.3 % are alabaster. These 14 varieties of natural stone have been
sourced from renowned Spanish quarries that are prominent at both
national and international levels: Levantina (A-B-H-I-J-K-M-N), Olnasa
(C-D-E-F), Arastone (G), and Cupa Pizarra (L). Each of these companies
has provided a minimum of 9 samples for each stone, which have been
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identified with a corresponding letter and consecutive numbering. All
samples are cubic, measuring 50 + 5 mm per side, adhering to the
standards’ requirements for capillary water absorption, FT, and uniaxial
compressive strength tests. All finished surfaces have been sawn.

Out of the 9 samples, three were utilised to determine their physical
properties through laboratory tests, following the UNE-EN 1936:2007
standard [34]. The physical properties examined include real and bulk
density, open and total porosity, and compactness of each stone. The
actual density values represent the average obtained from the results of
three samples for each stone. These samples were not employed for other
tests due to the nature of the procedure.

Subsequently, the capillary water absorption test, in accordance with
the UNE-EN 1925:1999 standard [35], was conducted. This test, which
is simple, swift, and cost-effective, forms the methodological foundation
of this research for estimating frost damage, in conjunction with the
determination of other intrinsic properties. Six samples of each stone
were subjected to this test. These samples were immersed in a tank after
being dried to a constant mass, with the water level set at 3 + 1 mm.
Weighing was performed at nine intervals: 1, 3, 5, 10, 15, 30, 60, 480,
and 1440 minutes (24 hours). According to Ozcelik and Ozguven [36],
the first 24 hours are critical in terms of water absorption. The capillary
absorption coefficient (C) was determined, and the results are presented
in Fig. 2 in the form of a graph, illustrating the absorption coefficient
(g/mz) plotted against the square root of time (\/ t). The average values,
calculated from the results obtained for the six samples, were used for
analysis.

Lastly, the FT test is designed to replicate stress conditions typically
caused by the absorption of water and its subsequent freezing within the
stone’s capillary network. These mechanisms can induce both superfi-
cial and internal damage to the stone, altering its physical and me-
chanical properties, as well as degrading its aesthetic features. Once the
capillary water absorption for each stone is established, its durability to
FT cycles is analysed in accordance with UNE-EN 12371:2011 [37]. Of
the six available samples (e.g., A1-A2-A3-A4-A5-A6), three (e.g.,
A1-A2-A3) undergo the FT test to assess the resultant damage. An
additional set of three fresh samples (e.g., A4-A5-A6) is utilised to
determine the uniaxial compressive strength prior to the FT cycles, in
line with UNE-EN 1926:2007 [38] (using the Ibertest MEH series
compression testing machine, 1500 kN version).

Each FT cycle spans 12 hours and involves three samples. Initially,
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Fig. 1. Classification of the 14 types of stones under investigation.
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Table 1
Name, classification, and textural properties of the studied natural stone
samples.

STONE STONE TEXTURAL PROPERTIES

NAME CLASSIFICATION

A Silver White

B Negro
Sudafrica

C Uncastillo

D Azul Pirineo

E Rodeno Rojo
Moncayo

F Niwala
Yellow
G Alabaster

H Crema Marfil

I Travertine
Vallanca

J Rojo Alicante

K Blanco
Macael
L Slate

M Perla Venatta

N Cheyenne

Leucocratic plutonic;
Granite

Melanocratic plutonic;

Gabbro

Carbonate
Sandstone; Lithic
sandstone

Carbonate
Sandstone; Lithic
sandstone

Siliceous sandstone;
Feldspathic wacke

Lumachelle limestone

Gypsum

Litographic limestone

Travertinic limestone

Limestone slightly
metamorphized

Calcitic marble

Slate

Quartzite

Gneiss

Massive and grainy stone, medium
grain size (phaneritic rock). Low-
porosity building stone.

Massive and grainy uniform
composition, fine-medium grain
size (phaneritic rock), and high
compactness.

Clastic sedimentary rock, fine-
grained (average particle diameter
150 um). Clean sandstone (free of
matrix).

Clastic sedimentary rock, fine-
grained (average particle diameter
100 pm). Clean sandstone (free of
matrix).

Clastic sedimentary rock, with a
phyllosilicate matrix, and foliated.
The average size of quartz clasts is
0.18 mm, and feldspar is 0.13 mm.
Low-porosity building stone.
Calcareous-bioclastic sedimentary
rock, of marine origin. Clastic
structure, with high porosity.
Massive variety of gypsum
composed of fine-grained crystals,
translucent and soluble in water.
Carbonate sedimentary rock, fine
grain size (0,01-2 mm), and
granular massive texture.
Carbonate sedimentary rock, fine
grain size, and abundant fenestral
porosity (irregular, size

0,01-10 mm).

Metamorphism of carbonate
sedimentary rocks, slightly
metamorphized. Fine-grained, low
porosity, and vermilion with white
calcite recrystallized veins
distributed irregularly.
Metamorphism of carbonate
sedimentary rocks. Compact and
granular structure
(recrystallization), homogeneous,
and low porosity.

Metamorphism of sedimentary
rocks composed of clay. Compact
and foliated structure, fine-
grained, and low porosity.
Metamorphism of sedimentary
rocks, sandstone. Compact and
massive structure, fine-medium
grain size, and low porosity.
Metamorphism of igneous plutonic
rocks, granite. Schist and banded
gneiss. Medium-grained and low
porosity.

the samples were saturated by immersion in water within the climatic
chamber (Model: Controls CCK 480; Temperature range: —25 °C to 150

°C; Humidity range: 15-98

% RH, as per the psychrometric chart).

These samples were then frozen for 6 hours, attaining minimum tem-
peratures in the core of independently monitored samples (Fig. 3)
ranging between —8 and —12 °C, adhering to the standards set forth [37]
(Fig. 4). Following this, the samples were thawed to a temperature not
exceeding 20 °C and subsequently re-saturated. Both the filling and
draining system of the container holding the samples within the climatic
chamber and the temperature controls have been automated, enabling
the execution of two FT cycles every 24 hours.

For the samples subjected to the FT test, various parameters are
analysed after 14, 56, 84, 140, and 168 cycles. These parameters include
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dry weight, saturated weight, submerged saturated weight, bulk density,
P-wave velocity, and visual inspection. In context to the number of cy-
cles, Martinez-Martinez et al. [39] recommend a minimum of 100 FT
cycles to yield conclusive data.

The day following each set of cycles, the saturated and submerged
saturated weights of the samples are determined. This is followed by a
24-hour drying period to ascertain the dry weight, enabling the per-
formance of ultrasonic measurements and visual inspections. Although
ultrasonic testing is not a standard requirement for evaluating the state
of decay, monitoring the weathering process of the samples via ultra-
sonic measurements has been extensively employed in numerous studies
to augment the available data [5,21,39-46]. The P-wave velocity, as
determined by these measurements, provides insights into the varying
degrees of compactness as the cycles progress. This change in
compactness may correlate with the development of microcracks,
reduced continuity of the solid material, and losses in mechanical
strength. The portable ultrasonic tester used in this study is a Steinkamp
BP-5 equipped with 50 kHz exponential tip sensors.

Subsequently, the samples undergo a saturation process for a mini-
mum of 6 hours prior to the commencement of the new FT cycle. Prior to
this, a detailed study was conducted to ascertain the requisite drying and
saturation times for a sample of each stone type. This study concluded
that all stones required no more than 24 hours for drying and 6 hours for
saturation. At the conclusion of the testing period, the uniaxial
compressive strength of the samples is also determined after undergoing
168 FT cycles.

3. Results and discussion

Table 2 provides a summary of the principal values derived from the
various tests conducted in this research. The data presented in the table
represent average values from the tests performed on either 3 or 6
samples, as specified in the notes. With the exception of instances out-
lined in the table, the coefficient of variation (CV) remains below 30 %
(0.3).

Asindicated in Table 2, the capillary water absorption test and the FT
test, along with the measurements of open porosity and compactness,
have not been conducted for the alabaster samples (G). Alabaster, being
a water-soluble stone material primarily composed of CaSO4 2 H20,
exhibits mass loss when submerged. Consequently, it is determined that
alabaster is not a suitable material for exterior installation, where it is
likely to undergo mass losses owing to the solubility of its constituents.

Fig. 5 includes an outline illustrating the methodology proposed in
this study.

3.1. Open porosity and capillary water absorption

Fig. 6 depicts the various stones, arranged in order of increasing open
porosity. This research has revealed that when total water absorption
values are considered, the ranking remains largely consistent with that
of capillary water absorption. It is observed that a higher open porosity,
typically indicative of greater total porosity, correlates with increased
capillary water absorption noted at 24 hours. For open porosity values
less than or approximately 2 %, there is a modest rise in water ab-
sorption, with values ranging from 100 g/m? to 600 g/m?2.

These analyses underscore the variability in properties and charac-
teristics that sandstones (C-D-E) can exhibit, depending on intrinsic
properties such as grain size or the cementing materials. Notably, in this
instance, the sandstone with the lowest open porosity and water ab-
sorption is sample D (Azul Pirineo), which possesses the smallest
average grain size.

3.2. Open porosity and loss of compressive strength

Fig. 7 illustrates the relationship between the values of open porosity
and the reduction in compressive strength following the FT cycles. The
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Fig. 2. (a) Average capillary water absorption (g/m?) for each time interval (y/sec) of each stone; (b) Only the stones with capillary water absorption at 24 hours less

than 500 g/m2.

graph suggests that materials characterised by lower porosity values,
typically indicative of greater compactness, tend to exhibit a diminished
reduction in compressive strength.

For this graph, the loss of compressive strength (Rjoss) is calculated
based on the compressive strength of the fresh samples (Re) and the
samples after 168 FT cycles (R¢168). However, the compressive strength
of natural stones is influenced by their bulk density, with higher bulk
density typically resulting in greater compressive strength for the same
pore volume. Consequently, a preliminary study has been conducted on
the R/pp coefficient of both fresh samples and those after 168 FT cycles.
By comparing these coefficients, rather than the strength values, po-
tential errors arising from samples that may exhibit higher compressive
strength due to increased bulk density are mitigated. The comparative
analysis of these coefficients (R./pp) reveals a similar pattern to that
observed when examining the value of compressive strength loss after
the FT test (Rcjoss), thereby validating the use of the Rjoss values for
drawing conclusions.

Specifically, it is noted that for open porosity values less than 2 %
(C > 0.93), aloss in compressive strength after 168 cycles is recorded at
zero or below 10 % in most instances. In cases where the loss of
compressive strength (A-H-M) is not indicated, an increase in

compressive strength has been observed after 168 FT cycles. It is
important to acknowledge that stones are natural materials, and as such,
the potential variability in characteristics and properties is inherent to
their very nature. Numerous studies investigating the effects of water
absorption and weathering due to FT cycles have reported varied and
sometimes contradictory results, attributable to this inherent variability
of natural materials [47].

The aforementioned trend is not observed in the slate samples (L),
which can be attributed to the textural properties of this stone. Slate,
with its foliated structure, features minerals arrayed in thin layers. This
composition results in superior bending behaviour compared to
compressive strength, in contrast to other stone materials. Due to this
characteristic, the losses in compressive strength following FT cycles in
slate are proportionally greater relative to their initial values than in
other massive building stones with similar open porosity. Additionally,
despite being a natural stone with low porosity, water accumulation and
distribution in slate are predominantly concentrated between the
different layers. After FT cycles, an increase in porosity and microcracks
at specific points between the layers leads to a considerable reduction in
compressive strength.

Another studied stone with a foliated structure is the rodeno rojo
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Fig. 3. Monitoring of temperatures in independent samples at the top and
saturation tray at the bottom.

Moncayo sandstone (E). In this case, the E samples exhibit a loss of
compressive strength of 15.11 %, aligning with an open porosity
exceeding 2 %. Although this stone contains schists, its cementing
material is siliceous. The composition of the matrix (cementation type)
significantly impacts the degree of deterioration after FT cycles in
sandstones [40,48]. For the E stone, the siliceous cementing material
provides enhanced mechanical strength, resulting in lower losses of
compressive strength after FT cycles compared to slate.

It is also observable that the larger the porosity size in stones, the
more significant is the decline in compressive strength following the FT
cycles. In this context, the most substantial losses of compressive
strength are seen in samples I (Travertine Vallanca) and F (Niwala
Yellow). Owing to their formation and textural properties, both of these
natural stones exhibit larger porosity compared to other samples. This
larger porosity facilitates the attainment of freezing temperatures within
the pores, and the subsequent volume expansion due to ice crystalliza-
tion generates high internal tensions. These tensions are responsible for
the formation of microcracks, the reduction of mechanical strength, and
even superficial damage to the stone. Conversely, in samples H (Crema
Marfil), there is no loss of compressive strength. This is attributed to the
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fine grain of the stone and its massive granular texture, resulting in a
very fine capillary network. The durability of these samples under FT
cycles is higher, despite exhibiting water absorption values similar to
other building stones with comparable open porosity (J). As Rusin et al.
[27] indicate, fine-grained stones tend to offer more optimistic pre-
dictions than coarse-grained stones, as they possess smaller pores, which
in turn lower the freezing temperature.

3.3. Capillary water absorption and freeze-thaw

During the FT test, to which three samples of each stone type were
subjected, various properties were analysed after specific numbers of
cycles, with P-wave velocity and visual inspection being particularly
noteworthy. Initially, P-wave velocity (v,) was ascertained by calcu-
lating the ratio of the sample’s length to the pulse transit time [46]. This
metric provides insights into potential internal damage or deterioration
of the samples that might not be apparent during visual inspection, yet
could impact the stone’s mechanical strength (e.g., microcracking,
increased porosity, reduced compactness). As depicted in Fig. 8, it is
generally observed that most samples exhibit a decrease in vp, suggest-
ing a potential reduction in compactness due to internal microcracks or
an increase in porosity [49]. This reduction implies a loss of mass at the
same volume and discontinuities in the stone’s internal structure,
leading to diminished compressive strength after the FT cycles.

Some samples, however, demonstrate an increase in v, after 168 FT
cycles. It must be noted that, given the natural material’s inherent na-
ture, predicting its behaviour invariably involves exceptions and po-
tential errors in the ultrasonic test, which could stem from the precision
of the testing device or the sample’s relatively short length (approxi-
mately 50 mm). The natural variability of stones is distinctly evident in
the v}, of samples K and N. Despite originating from the same quarry,
these samples exhibit varied v, values, indicating differences in their
bulk density, porosity, and compactness.

Simultaneously, the evolution of the compactness of the tested
samples has been meticulously evaluated. Fig. 9 delineates this pro-
gression throughout the FT cycles. As anticipated and corroborated by
the ultrasound evolution analysis, natural stones exhibit deterioration
commensurate with an escalation in the number of FT cycles. This
decline is predominantly acute within the initial 14 cycles. However, as
has been reiterated in this document, owing to the inherent lack of ho-
mogeneity in these natural materials, individual samples may exhibit
variances. This general tendency does accommodate certain anomalies,

Temperature (°C)
OB

—@— Temp. sample core --@-- Upper limit temp.

Time (h)

Lower limit temp. —M — Water filling —a& — Water draining

Fig. 4. Control of the water-filling process and monitoring of the core temperatures of the samples during the freeze-thaw cycle, in compliance with the standard

UNE-EN 12371:2011.
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Table 2
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Initial real density, p, (g/cms); initial bulk density, py, (g/cm3); initial compactness, C (%); initial open porosity, n (%); initial compressive strength, Ry (MPa);
compressive strength after 168 freeze-thaw cycles, R.14g (MPa); compressive strength loss after 168 freeze-thaw cycles in relation to initial values, Rjoss (%); coefficient
initial compressive strength/initial bulk density coefficient, Reo/ppo; coefficient compressive strength after 168 cycles/bulk density after 168 cycles, Rc168/pPb16s;

capillary water absorption after 24 hours, A (g/m?).

P’ Py’ C n" Reo” Reies” Reloss Reo/Pro” Re168/Pbi6s” A

A 2.64 2.60 98.48 0.92 145.35 156.91 - 5633.2 6123.1 335.37
B 3.01 2.94 97.67 0.57 260.99 232.61 10.87 9101.2 8128.3 167.32
C 2.60 211 81.15 15.08 34.60 27.39 20.85 1660.8 1322.5 7568.19
D 2.67 2.62 98.13 1.73 106.60 99.52 6.64 4065.4 3803.4 312.70
E 2.67 2.44 91.39 4.75 118.28 100.41 15.11 4860.6 4133.7 2301.88
F 2.63 2.25 85.55 9.36 55.96 38.56 31.09 2485.2 1754.4 4560.31
G 2.72 2.34 - - - - - - - -

H 2.64 2.66 100.00° 0.83 150.87 179.78 - 5688.0 6763.5 205.35
I 2.68 2.48 92.54 2.41 91.83 58.74¢ 36.04 3723.8 2466.8 654.98"
J 2.68 2.65 98.88 0.79 137.03 125.81 8.18 5143.4 4746.7 163.50
K 2.70 2.67 98.89 0.42 80.14 74.32 7.27 2999.6 2776.4 125.63
L 2.81 2.80 99.64 0.52 240.14 186.66 22.27 8615.8 6689.6 139.93
M 2.73 2.57 94.14 1.44 126.65 130.28° - 4883.6 5008.0 391.51°¢
N 2.89 2.70 93.43 1.05 173.47 164.92 4.93 6455.4 6150.6 311.90

# Average value of 3 samples.
b Average value of 6 samples.

¢ A value exceeding 100 % is observed because the bulk density surpasses the real density. This result is implausible and is likely attributable to errors stemming
from the test procedure itself, such as the surface drying of the saturated samples, combined with the high precision of the balance (0.01 g).

4 The CV is approximately 0.5. This variation can be attributed to the intrinsic formation process of travertine, which involves the precipitation of carbonated waters
on algae. Over time, these algae biodegrade, resulting in a notably heterogeneous porosity within the stone. Consequently, this leads to a greater dispersion in the test

results across different samples.

¢ The CV stands at 0.38. This result is likely attributable to errors stemming from the test procedure itself, such as the surface drying of the saturated samples,

combined with the high precision of the balance (0.01 g).
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Fig. 5. Outline of the proposed methodology.

such as those observed in Perla Venatta (M) and Crema Marfil (H).

Regarding the visual inspection conducted after the FT cycles, no
apparent surface degradation was observed in most of the stones stud-
ied. Prior to the FT test, any pre-existing breaks, cracks, or damage on all
the tested samples were marked. After completing 168 cycles, only
samples I1 and I3 (Travertine Vallanca) exhibited visible damage on
their surfaces and edges. Sample I1 showed minor damage, character-
ized by the rounding of one of its corners, yet this did not compromise
the sample’s overall integrity. In contrast, I3 exhibited more significant
damage, including the breakage of one of its corners (fragment >
30 mm?), along with notable signs of disaggregation. This damage can
be attributed to the stone’s capillary network or porosity size. In the case
of travertine, its formation process, involving the precipitation of
carbonated waters on algae, results in a porosity with variable distri-
bution and size. Water in the larger pores freezes at a higher tempera-
ture, leading to more pronounced damage during the FT cycles. The
travertine samples subjected to FT cycles, despite being sourced from the
same quarry, had large and highly variable porosity. This variability is
reflected in the differing degrees of visual deterioration observed among
the samples: no visible deterioration in I2, minimal damage in I1, and
significant degradation in I3.

From an architectural standpoint, it can be concluded that the visual

appearance of most natural stones does not undergo significant degra-
dation after 168 FT cycles. However, stones with a larger capillary
network and irregularly distributed porosity are more prone to devel-
oping cracks, holes, or breaks, which can visually degrade the stone.
Therefore, the use of stones like travertine in exterior applications
should be avoided or restricted to pieces where the porosity has been
filled with resins or other durable lime-based materials.

In terms of uniaxial compressive strength, it has been established
that stones with higher capillary water absorption tend to suffer greater
losses in compressive strength after undergoing 168 FT cycles. Conse-
quently, the use of stones with an open porosity exceeding 2 % in
exterior applications is not advisable, especially in conditions suscepti-
ble to frost damage. The estimation of stone’s behaviour against FT
cycles through capillary water absorption tests and porosity studies is
validated by these findings. These tests are more time and cost-efficient
compared to the FT test and provide reliable information about the
mechanical compressive behaviour of natural stones by analysing their
capillary water absorption and open porosity.

It merits emphasis that this investigation was unable to procure
definitive outcomes for alabaster (G), attributing to the samples un-
dergoing mass diminution during the tests as a consequence of the sol-
ubility of its components. Notwithstanding this, while alabaster is
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considered unsuitable for exterior utilisations owing to its water solu-
bility, certain qualifications to this assertion are in order. Historically,
alabaster has been employed as a surrogate for glass in facades, attrib-
uted to its inherent translucency. Distinctly, alabaster does not succumb
to the same magnitude of mass erosion when positioned vertically
(where rainwater washes it) as it does when laid horizontally as flooring.
This is primarily due to its prolonged submersion in water when used
horizontally, culminating in dissolution and augmented mass loss.
Consequently, it is prudent to annotate within this research that
alabaster, when arrayed vertically, may be viable for exterior applica-
tions, albeit with the assumption of progressive mass loss over time.

4. Conclusions

The appropriate selection of natural stone for exterior applications,
particularly in environments prone to freeze-thaw cycles, is of vital
importance. Enhanced understanding of the characteristics and behav-
iours of natural stones will broaden the available information, thereby
aiding in informed decision-making regarding the most suitable appli-
cations for each type, ultimately enhancing the durability of the
materials.

Due to the scarcity of comparative studies encompassing various

natural stone families, the durability of the 14 primary building natural
stone families against frost damage is analysed in this research, based on
the capillary water absorption method. This method considers textural
properties, open porosity, and compressive strength. The evaluation
methodology proposed aims to adapt to stringent construction sched-
ules, offering professionals in the sector an efficient alternative to the
time-intensive freeze-thaw test. It is time-effective and capable of
delivering relevant and precise data regarding the freeze-thaw dura-
bility of natural stones.

Through the relationship between various intrinsic properties and
capillary water absorption, an accurate prediction of the potential
damage from freeze-thaw cycles is established. The proven relationship
between higher porosity values, also influenced by pore morphology,
and the increase in water absorption in the stone (both total and capil-
lary) is taken as a starting point. Consequently, the greater the water
absorption, the more susceptible the stone is to damage from freeze-
thaw cycles. Thus, the main conclusions of the research are as follows:

o The use of natural stones with an open porosity exceeding 2 % is
not advisable for exterior applications where there is a potential for
frost damage. In cases where the open porosity is greater than 2 %,
the natural stones studied in this research demonstrated losses in
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compressive strength after 168 freeze-thaw cycles exceeding 10 %
of their initial values. This finding is congruent with a criterion of
capillary water absorption exceeding 600 g/m? after approximately
24 hours. This constraint on exterior application is predominantly
pertinent to usage as flooring. Conversely, in instances of vertical
cladding, the compressive strength assumes a diminished level of
criticality. Moreover, when the natural stone is oriented vertically,
its capacity to absorb water is notably less compared to a horizontal
placement (as in flooring), where it can remain submerged for an
extended period of time. Consequently, the utilisation of natural
stone in outdoor applications (vertical cladding) is deemed consid-
erably less restrictive.

Behaviour deviating from this general trend is noted in certain nat-
ural stones, notably slate and travertine. Travertine, despite not
absorbing as much water as other stones with greater compressive
strength losses, is vulnerable due to its large cavities. The freezing of
even small amounts of water within these cavities can cause signif-
icant damage and reduction in strength. Generally, it can be deduced
that stones with finer porosity are more resistant to freeze-thaw cy-
cles compared to those with larger porosity. Slate represents a unique
case; although it has one of the lowest water absorptions, it un-
dergoes significant loss in compressive strength. This is attributed to
its foliated structure, where the small amount of water that does
penetrate and then freezes can easily separate and break the layers
through indirect traction in their plane, as they are not bonded with
the rest of the layers.

The P-wave velocity in most of the samples decreases as the number
of freeze-thaw cycles increases, suggesting progressive damage.
However, the data does not provide definitive information, largely
due to the small size of the samples (50 mm).

In analysing the behaviour of water expansion upon freezing, two
key factors must be considered: the structure of the material and the
environmental context. The risk associated with freeze-thaw cycles
depends on the water absorption capacity of the materials, which is
influenced by their location in the construction and their intrinsic
properties. From an architectural perspective, the visual appearance
of most natural stones does not significantly degrade after 168
freeze-thaw cycles. This holds true except for those stones charac-
terized by large porosity and a heterogeneous porous morphology,
which are more susceptible to visible deterioration.

The estimation of a natural stone’s durability against freeze-thaw
cycles can effectively be conducted through a capillary water

absorption test and a porosity study. This methodology presents a
considerable advantage in terms of reduced time and material costs.
However, it is crucial to have a thorough understanding of the textural
properties and mineralogical composition of the natural stone for ac-
curate interpretation. This understanding is particularly important in
the context of exceptional cases such as slate or travertine. Additionally,
it is essential to acknowledge the inherent variability in natural mate-
rials; consequently, stones sourced from proximate locations may
exhibit differing properties and yield varied results.
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