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Abstract

Limestones are of wide variety, namely with differences in the process of formation, mineralogical composition, grain size
and texture. Such variability leads to differences in weathering characteristics and behaviour under different environmental
conditions and applications. Therefore, detailed studies are mandatory to assess the main factors controlling the physical—
mechanical properties and durability to propose the best applications for limestones. This study presents the petrographic and
petrophysical data of 11 selected Portuguese limestones. Texture, mineralogy and porosity were identified as key parameters
for the durability of limestones. Two main groups were identified regarding the texture/petrography and weathering resist-
ance: the compact micritic limestones and with the sparitic grainstones. For the first time an outstanding bowing behaviour
was identified in a limestone, probably related with clay swelling minerals and iron oxides present in the micrite groundmass

around or in the stylolitic planes.

Keywords Limestones - Textural characteristics - Durability - Weathering resistance - Bowing

Introduction

Building stones have a high range of applications and world-
wide production show an increasing tendency based on
continuous research on several related topics (Yarahmadi
et al. 2018, 2019a; Montani 2017). In the past, aesthetic
properties were the first factor in building stone selection
(Sousa et al. 2016; Santos et al. 2018), while the petrophysi-
cal properties were of secondary importance. The knowledge
about the interference of the stone properties in weathering
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and durability behaviour when employed in buildings has
increased substantially in the last decades. Many researches
point out the problems raised by misinformation about
building stones and related conservation issues, especially
in highly porous materials (Unterwurzacher and Mirwald
2008; Siegesmund et al. 2010; Espinosa-Marzal et al. 2011;
Stiick et al. 2013; Wedekind et al. 2013; Molina et al. 2015;
Lépez-Doncel et al. 2016).

Limestone is probably a building stone type with a wide
variety range, namely with differences in the process of for-
mation, mineralogical composition, grain size and texture.
Such variability of the carbonate rocks leads to differences
in weathering characteristics and behaviour under different
environmental conditions and applications (Freire-Lista
et al. 2021). Textural and porous properties are the main
factors ruling stone behaviour, but weather conditions will
enhance the degradation of the highly porous materials. Bar-
noos et al. (2020) mention the presence of secondary calcite
veins and clay veins in the microstructure of a limestone
as cause for delamination and fragmentation and washing
out during exposure to water, respectively. Yagiz (2011)
identified random microcracks infilled with calcite, which
makes the rock weaker than anticipated. The abrasion resist-
ance is influenced by the internal structure of rock samples
being lower when cracks, gaps and large fossils are present
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(Ozvan and Direk 2021). Nasri et al. (2019) point out the
importance of bioturbation, fissures, micro- and macropo-
rosity in weathering characteristics and stone durability of
limestone and carbonate tufa. Korkang et al. (2021) studied
a monument where a hard and low porous limestone did not
appear to have sustained damage over thousands of years
due to environmental conditions. With increasing acidity, the
rate of weathering increases, and the mechanical properties
decrease as pointed out by Fereidooni and Khajevand (2019)
in accelerated weathering tests.

The physico-mechanical properties (PMP) reflect the
variability of the limestones, especially the porosity and the
compressive strength. Siegesmund and Diirrast (2014) in a
statistical evaluation mention values of uniaxial compres-
sive strength (UCS) in limestones ranging from 4.4 MPa to
265 MPa and porosity values from < 1% to>20%. Arman
et al. (2021) show data of rock strength of carbonate rocks
with a wide range of variability and propose the derived
correlation equations of the rock strength parameters.
Despite the wide range of values for the physical-mechani-
cal properties of limestones, some relationships are com-
mon. The P-wave, UCS and density change jointly, while
the thermal conductivity has a negative correlation with
porosity (Siegesmund and Diirrast 2014; Yasar et al. 2008).
These relationships help to select the best application (floor,
facade, inside, outside, ...) for each material to maximize the
properties in which the selection was made.

The knowledge of the PMP of stones used in heritage
monuments is a critical issue, both to know the constraint
factors dominating the evolution under specific environmen-
tal conditions and predict the durability and span of life of
the buildings, and to choose the best solution when repairing
works are necessary. The identification of the PMP of build-
ing stones can lead to their better maintenance and safekeep-
ing (Taghipour et al. 2017; Korkang et al. 2021), avoiding
the use of inappropriate restoration material (Barnoos et al.
2020). When repairing or replacement of damaged stones
is necessary, the best option is to use stones with similar
properties from the original ancient quarries (Taghipour
et al. 2017). Conservation based on artificial products should
always maintain the resistance and appearance of the origi-
nal material (Agan 2016).

The competitiveness in the building stone industry
demands a clear picture of the possibilities of the differ-
ent uses for each stone, point outing the qualities but also
the limitations (Carvalho et al. 2013; Mustafa et al. 2016;
Yarahmadi et al. 2019b). Different purposes such as new
construction or monument rehabilitation demand detailed
information to ensure the best choice. A wrong application
can have consequences for the image of a building stone that
are hard to revert. Decades of marketing diplomacy can be
destroyed by a single building where the stone was not judi-
ciously selected. The above-mentioned factors, from texture
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to mechanical properties, should always be considered as
critical information. In this line, in the present research 11
varieties of Portuguese limestones covering a wide range of
textures and PMP were used. The main objective is to high-
light the main factors controlling the physical-mechanical
and durability behaviour and propose the best applications
for limestones. The systematic evaluation of the factors con-
trolling Portuguese limestone behaviour has never been done
with such a number of samples. Besides the insights into
the rock properties, the results will be helpful to focus the
communication target of limestone producers and traders.

Materials and methods

The limestone samples used in this study were collected
from the Macico Calcéario Estremho (MCE), a Jurassic lime-
stone massif located in the Portuguese Lusitanian Basin,
except for one sample (LIOZ) collected from a Cretaceous
Unit near Lisbon (Silva 2017) (Fig. 1).

MCE is one of the world’s leading region producers of
limestone for ornamental purposes (Carvalho and Lisboa
2018). The quarries developed along the hillside, with sev-
eral benches, can reach depths around 50 m and are grouped
exploitation sites (Fig. 1) (Carvalho and Lisboa 2018). Sev-
eral lithostratigraphic units are exploited and give rise to
different ornamental varieties, from cream laminated cal-
carenites to grey calciclastic micritic limestones. The sam-
ples selected from MCE show this high variability. The
following commercial varieties were selected: Alpinina
(ALP), Atafja Azul (ATAZ), Ataija Creme (ATCR), Semi-
rijo Codagal (cut parallel to the sedimentary lamination,
CODFV), Lioz (LIOZ), Moca 4 M (cut perpendicular to the
sedimentary lamination, MCCT), Semi-rijo Branco Mais(i)
(SBM), Semi-rijo Branco Real (SBR), Vidraco Azul Val-
verde (VAV); Vidraco Portela Azul (VPAZ); Vidraco Portela
Creme (VPCR). From hereon, the designations used are the
ones indicated in brackets.

The limestones present different hues from beige to
brown, according to the size of the bioclast and intraclast
particles and cement constitution. Aleatory or laminated dis-
tribution of their constituents imprints a remarkable hetero-
geneity to some limestones. Most of the studied limestones
show a light beige hue, and only ATAZ, VPAZ and VAV
samples have dark hues (Fig. 2).

Thin sections were used to perform the petrographic stud-
ies. X-ray diffraction of whole-rock samples was used to
determine the mineralogical and geochemical composition.
The following properties of the studied limestones were
evaluated: density, porosity, capillary water absorption, pore
radii distribution, ultrasound velocity, thermal expansion,
bowing potential, thermal shock, and salt burst tests. The
general description of the methods is given below.
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Fig. 1 Location of the samples from the Macico Calcario Estremenho
(MCE) and LIOZ sample. Lithostratigraphic map of the MCE with
the locations of quarrying sites (map modified from Carvalho and

Open porosity and density were measured in 6.5 cm
cubic samples using the hydrostatic weighting method (DIN
52,102). The water-saturated mass and the buoyancy mass
of the samples were measured after water saturation under
vacuum and the dry mass was used to calculate the porosity.

Lisboa 2018). MCE samples were collected in the following quarry-
ing sites: 1, 2,7, 8, 10, 12 and 18

The capillary water absorption was measured on cubic
samples with dimensions of 6.5 cm in length. The bottom
plane of the cubes was placed in water (until a meniscus
formed surrounding the entire sample) and the weight
increase was measured.
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Fig.2 Macroscopic appearance of the studied limestones (honed surfaces; size of the pictures: 10 cmx 10 cm)
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The pore size distribution was measured by mercury
intrusion porosimetry (MIP; Pascal 140 and Pascal 440
from Thermo Scientific) using irregular samples (ca.
1.0-1.5 g). Pressures up to 400 MPa were used to evalu-
ate the pore radii measured at around 0.005 pm.

Ultrasound measurements were performed using the com-
pressional wave velocity. The Geotron Ultrasound generator
USG 40 and the Oscilloscope Fluke Scope Meter 192 were
used according to DIN EN 14,579:2004. The examinations
were carried out with a frequency of 350 kHz on 3 cubes
per sample for three orthogonal measurements and a mean
of nine measurements on dry and wet samples.

Thermal expansion measurements were performed in the
temperature range of 20 °C—90 °C using a pushrod dilatom-
eter (for details see Strohmeyer 2003; Koch and Siegesmund
2004). Heating and cooling were performed with a velocity
of 1 °C/min. The residual strain (¢RS) was determined during
seven heating—cooling cycles: three dry cycles 20-90-20 °C;
four wet cycles 20-90-20 °C. RS is determined by the ratio
between the sample length change after the heating—cooling
cycles and the initial length (for details see Weiss et al. 2004;
Zeisig et al. 2002; Shushakova et al. 2013).

To determine the bowing potential and its directional
dependence, slabs of 40 X 10X 3 cm were exposed to heat-
ing cycles (20-80-20 °C per day), according to DIN EN
16,306:2013-05, simulating in an extreme way the condi-
tions at the building. Additionally, specimens were exposed
to thermo-hygric cycles, moisture on one side (samples lying
on an mm-thick film of demineralized water) and cyclical
heat from a heating pad 3 cm above the slab surface on the
reverse side. One cycle included a heating period of 5 h,
where the surface finally reached 80 °C and a cooling period
of at least 12 h, so that the duration of one cycle was 1 day.
The bowing was measured using a measuring bridge with
an accuracy of 1 pm/35 cm every first to the fourth cycle
(see Koch and Siegesmund 2002, 2004; Grelk et al. 2004).
A total of 105 cycles were performed.

Thermal shock test was performed in cubic samples with
dimensions of 6.5 cm in length. After a period of about 16 h
in the oven at high temperatures (100 °C and 200 °C), the
samples were cooled in water at 10 °C for 8 h. A total of 34
cycles were completed, 18 at 100 °C and 16 at 200 °C. The
samples were visually examined after each cycle and moni-
tored with ultrasound measurements, performed after several
cycles, before the samples dried completely at 60 °C. One
cube per sample was used and the ultrasound value was taken
from the mean value of three orthogonal measurements.

The salt crystallization test was performed according to
the standard DIN EN 12,370. The samples (5 cm cubes) were
soaked in a 10% Na,SO, solution. The samples were sub-
merged for about 4 h in the solution and then dried in an oven
at 60 °C for 16 h. After cooling to room temperature for 4
h, the cubes were weighed to determine the loss of material.

Results and discussion
Petrography, mineralogy and geochemistry

The thin section observations allow the identification of
the main petrographic characteristics of the studied lime-
stones, which are summarized below and illustrated in
Fig. 3.

ALP—tectonized micritic limestone with oncolits;
slight recrystallized and red stylolitic planes and calcite
veins are remarkable features (Carvalho 2013).

ATAZ—this variety is very compact with a uniform
texture, presenting frequent bioclasts of small size (Car-
valho 2013).

ATCR—similar to ATAZ with a cream hue. When
impregnated by yellowish hydrated iron oxides, the peloids
can produce different hues (Carvalho et al. 2018).

CODFV—bioclastic and oolithoclastic grainstone with
abundant sparitic cement. A sedimentary lamination, vis-
ible by differences in grain size, is a common feature
(Fig. 3c). Large pores are frequent.

LIOZ—microcrystalline, bioclastic, fossiliferous lime-
stone. The fossil content of rudist is a remarkable feature
of this stone (Silva 2017).

MCCT—this sample is made of coarse intraclasts and
bioclasts and a variable amount of peloids, with abundant
sparitic cement (Carvalho 2013; Carvalho et al. 2014). It
shows evident lamination from alternating levels of differ-
ent grain sizes and compositions (Fig. 3a). Large spheroi-
dal or ellipsoidal pores are frequent.

SBR—biolithoclastic limestone, with fine to coarse
peloids and ooids. Large spheroidal or ellipsoidal pores
are frequent.

SBM—similar to SBR samples with a lighter hue. The
outermost part of the peloids are slightly impregnated by
yellowish hydrated iron oxides.

VPAZ—micritic limestone with some marl content,
occasionally oolitic, peloidal or intraclastic and bioclastic
rich.

VPCR—similar to VPAZ but with coarser bioclastic
content; consequently, has a lighter hue than the VPAZ
sample.

VAV—micritic limestone with ooids, oncoids and bio-
clasts. Alternating levels with a variable proportion of
allochemical components can be observed. Some iron-rich
lines are observed in the packstone levels (see right side
of Fig. 3f).

In Table 1 the main characteristics of the selected lime-
stones are presented, as well as their classification accord-
ing to Dunham (1962) and Folk (1962).

The pores are more frequent in the MCCT, CODFYV,
SBR and SBM samples, occurring dispersed in the thin
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Fig. 3 Microscope appearance of the studied limestones (a MCCT; b SBR; ¢ CODFV; d ATAZ; e ALP; f VAV, gVPAZ; hVPCR; i LIOZ)

sections. They are usually isolated spheroidal within
the sparry cement and sometimes arranged as a circular
crown around the allochemical components (Carvalho et al
2018). The mean pore size is between 50 pm and 200 pm
in limestones from MCE (Carvalho et al 2018); however
some larger pores were observed and could have originated
during the thin section preparation.

These observations, namely the porosity, grain size,
matrix and cement type (micrite/sparite) and allochems
allow a first approach to the strength of the stones. Micrite
and dolomite affect the mechanical parameters positively,
while sparite and allochems decrease the strength param-
eters (Akram et al. 2017). Limestones with small crystals
have a higher energy consumption during the wear than
a macrocrystalline limestone, because the crack needs to
pass more crystal boundaries which have a greater strength
compared to cleavage planes (Jensen et al. 2010). Impuri-
ties such as clay minerals decrease the strength and cause
sudden changes in the microporous network characteristics
and consequently vary the durability of the building stone

@ Springer

(Tugrul and Zarif 2000; Jensen et al. 2010; Zammit and
Cassar 2017).

The chemical composition of the studied limestones is
very similar, with small differences (Table 2). The VAV
limestone stands out showing a high quantity of magne-
sium and dolomite. In fact, VAV limestone shows a calcite
percentage of 90.9, whilst the other limestones have values
between 94.5% and 98.4%. With magnesium carbonate,
the opposite happens: VAV—4.8%; others—1.3%—2.6%.
These results are according to the information available in
the Catalogue of Portuguese Ornamental Stones (Leite and
Moura 2021).

Density, porosity, and pore radii

The bulk density varies slightly between 2.61 and 2.71 g/
cm’ in eight samples and is lower 2.22-2.39 g/cm® in four
samples because of the higher percentage of void space
(Table 3), in accordance with published data (Matovié

and Cali¢ 2016; Siegesmund and Diirrast 2014). Oolitic
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Table 1 General characteristics and classification of the selected limestones (according to Dunham (1962) and Folk (1962))

Sample General characteristics Classification

ALP Grey limestone composed of a micritic matrix (95%) and 5% of ~ Pelagic mudstone (after Dunham, 1962) and micrite (after Folk
components 1962)

ATAZ  Light cream limestone with 50% groundmass and 50% compo- Peloidal wackestone (after Dunham, 1962) and pelmicrite (after
nents Folk 1962)

ATCR  Cream coloured limestone with 60% groundmass and 40% Peloidal wackestone and packstone (after Dunham, 1962) and
components pelmicrite (after Folk 1962)

CODFV Light grey limestone composed of 60% sparry calcite cement and Ooid—peloid grainstone (after Dunham, 1962) and oopelsparite
40% components (after Folk 1962)

LIOZ Fully recrystallized limestone composed of dolomite microcrys-  Dolosparite (after Folk 1962)
tals (dolosparite and dolomicrosparite)

MCCT  Light cream limestones composed of 50% sparite cement and Bioclastic grainstone (after Dunham, 1962) and biopelsparudite
50% components (after Folk 1962)

SBM Light cream limestone composed of 40% groundmass and 60% Peloidal grainstone (after Dunham, 1962) and Pelsparite (after
components Folk 1962)

SBR Light cream limestone composed of 40% groundmass and 60% Ooid grainstone (after Dunham, 1962) and oosparudite (after Folk
components 1962)

VAV Light to medium grey limestone composed of 70% groundmass ~ Bioclastic packstone/grainstone (after Dunham 1962) and Bio-
and 30% components sparite/biodismicrite (after Folk 1962)

VPAZ  Medium grey limestone composed of a micritic matrix (>90%)  Pelagic mudstone (after Dunham, 1962) and micrite (after Folk
and less than 10% of components 1962)

VPCR  Light grey limestone composed of 60% groundmass and 40% Bioclastic floatstone (after Dunham, 1962) and biomicrudite (after

components

Folk 1962)

Table 2 Chemical composition of the limestones (values in percentage)

ALP ATAZ ATCR CODFV  LIOZ MCCT SBM SBR VAV VPAZ VPCR
CaO 55.47 54.53 54.42 55.33 55.22 55.43 55.34 55.42 52.39 53.79 54.34
MgO 0.23 0.33 0.31 0.33 0.26 0.29 0.34 0.31 1.04 0.57 0.51
SiO, 0.13 0.59 0.84 0.1 0.34 0.05 0.09 0.05 1.46 1.06 0.71
Fe, 05 0.05 0.18 0.16 0.05 0.05 0.05 0.07 0.04 0.3 0.14 0.13
Al,O4 0.08 0.38 0.45 0.06 0.12 0.03 0.05 0.03 0.42 0.38 0.3
K,0 0.02 0.03 0.03 0.01 0.01 0 0.01 0 0.08 0.03 0.03
Mn,0; 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01
Na,O 0.08 0.01 0.02 0.01 0 0 0.07 0 0.03 0.02 0.02
SO, 0.23 0.293 0.077 0.038 0.025 0.034 0.039  0.036 0.663 0.346 0.118
CoO, 433 42.86 42.83 43.47 43.54 43.59 43.54 43.7 42.26 42.69 43.09
H,0 0.37 0.55 0.75 0.39 0.34 0.3 0.3 0.29 1.24 0.82 0.57
Total 99.980  99.773 99.907 99.798 99.915 99.784 99.859 99.886 99.903 99.856  99.828
CaCO, 98.391 96.466  96.319 97.893 97.870  98.171 97.886  98.103 90.886  94.550  95.680
MgCO;, 1.052 1.509 1.418 1.509 1.189 1.326 1.555 1.418 4.757 2.607 2.333
CaCO;+MgCO;, 99.443 97.975 97.737 99.402 99.060  99.497 99.441 99.521 95.642  97.157 98.013

limestones show the lowest values as previously pointed
out by Siegesmund and Diirrast (2014). The real or matrix
density is close to the density of calcite, as is usual since it
is the main component of the limestones studied (Matovié
and Calié¢ 2016).

The values of porosity show a wide range, from 0.11% in
LIOZ limestone to 18.80% for the SBM variety, reflecting
the span of rock types and related textures. These values

of porosity are only valid for the studied samples and can
be used as an approximated value for the limestone varie-
ties, since changes in the microporous network character-
istics with depth of extraction have been reported (Tugrul
and Zarif 2000; Zammit and Cassar 2017). Some varie-
ties extracted in the MCE were previously studied and the
porosity values range from 1.8% to 17.7% (Alves et al. 2011;
Carvalho et al. 2018). Even the companies mention high
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Table 3 Obtained values of porosity, bulk density, matrix density and
capillary water absorption (CWA)

Stone Bulk density Mtx density  Porosity (%) CWA
(g/cm3) (g/cm3) (Kg/
m?h!”2)
ALP 2.70 2.71 0.55 0.55
ATAZ 2.69 2.70 0.47 0.37
ATCR 2.67 2.70 1.17 0.86
CODFV 2.28 2.71 16.11 2.94
LIOZ 2.71 2.71 0.11 0.38
MCCT 2.39 2.71 11.94 1.59
SBM 222 2.71 18.80 5.50
SBR 2.35 2.71 13.48 3.05
VAV 2.64 2.71 1.27 0.81
VPAZ 2.64 2.69 2.27 0.63
VPCR 2.61 2.71 3.87 0.39

values of porosity for some of the varieties exploited in MCE
(Solancis 2021).

Textural characteristics control the porosity, therefore
micritic varieties have lower values than the detritical vari-
eties, which display intergranular voids (Benavente et al.
2015; Ruffolo et al. 2017). Reflecting the textural proper-
ties in limestones, a wide range of values of porosity can
be found in literature, from values lower than 2% (Hashemi
et al. 2018; Majeed et al. 2020; Hu et al. 2020; Korkang
et al. 2021) to values higher than 30% (Turgut et al. 2008;
Eslami et al. 2010; La Russa et al. 2013; Szemerey-Kiss and
Torok 2017; Van Stappen et al. 2019; Zenah et al. 2020).
The high variability of the porosity of limestones indicates
their durability, because porosity is an excellent indicator of
weathering (Tugrul and Zarif 2000) and strength properties
(Nasri et al. 2019; Nabawy and El Aal 2019). As porosity is
the key factor controlling most of the petrophysical proper-
ties and durability, the samples CODFV, MCCT, SBM and
SBR probably will be less resistant to weathering.

The pore radii distribution, porosity and water absorp-
tion are important parameters in stone conservation studies,
being related to stone weathering resistance (Siegesmund
and Diirrast 2014). Results from mercury intrusion show
the pore access radii (Vazquez et al. 2013) meaning that
pores not interconnected will not be recognized, while the
cracks are accounted as pores. Furthermore, some distur-
bance occurs during the injection of the mercury and the
porosity values will be higher than those obtained by hydro-
static weighting (Freire-Gormaly et al. 2015; Anovitz and
Cole 2015; Sousa et al. 2017). From the several pore size
classification schemes (Vasquez et al. 2013; Siegesmund and
Diirrast 2014), the following was used: pores lower than
0.1 pm (micropores); pores higher than 0.1 pm (capillary
pores and macropores) (Klopfer 1985; Sousa et al. 2018).
The pore sizes show an unequal bimodal distribution (see
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Ruedrich and Siegesmund 2007) with most of the pores
distributed in the range between 0.01 pm and 0.8 pm and
some pores with 10-50 pm (Fig. 4). Some samples exhibit
a slight tendency to a polymodal pore size distribution as
pointed out by Nasri et al. (2019). According to Vasquez
et al. (2013), the smallest pores (< 0.1 pm) are related with
intragranular porosity, the largest pores (> 10 pm) repre-
sent the intergranular porosity and the intermedium size
(around 1 pm) is the matrix porosity. The values of the pore
access radii are low, with a mean value between 0.015 pm
and 0.298 pm, and mode values showing higher values from
0.08 pm to 0.53 pm (Table 4). Clastic and most porous vari-
eties (CODFV, MCCT, SBM and SBR) have larger pore
sizes, showing some intercrystalline porosity in the sparitic
groundmass. The same samples have a higher percentage of
macroporosity (82.7-90%), while the other samples show a
higher microporosity (73.1-95.4%). Besides a higher total
porosity, the most porous samples have a higher potential of
water absorption, with larger pores.

The values of pore access radii identified in previous
researches show a wide range of values, according to the
textural characteristics, pore network and methodology used
in the determination (Vasquez et al. 2013; Benavente et al.
2015; Freire-Gormaly et al. 2015; Torok and Szemerey-Kiss
2019; Hu et al. 2020).

Water absorption and hydric expansion

The dynamics of the absorption is similar for the stones
(Fig. 5), but only the most porous (e.g., CODFV, MCCT,
SBM and SBR) show high water absorption. Within the first
hours, the absorption of water is more evident and tends
to stabilize after 6-9 h, depending on the porous intercon-
nectivity. After 24 h the most porous samples show water
uptake values in the range of 8.1-11.2 kg/m? and the others
in the range of 0.2-0.6 kg/m?>. The sample SBM, with the
highest porosity, reaches 100% of the weight absorption in
4 h, revealing a good connection of the porous network. The
water absorption is connected to the porosity and similar
curves can be found in different types of rocks, but the size
and connectivity of the pores affect the rate of absorption
(Celik and Kagmaz 2016; Karagiannis et al. 2016; Feijoo
etal. 2017; Sousa et al. 2018; Barroso et al. 2018). Sedimen-
tary layering, stylolites, microfractures and heterogeneous
microfabric impact the kinetics of water absorption in lime-
stones (Tomasic et al. 2011; Siegesmund and Diirrast 2014;
Zenah et al. 2020). As mentioned for porosity, CWA values
show a wide range of values which are according to the pub-
lished results (Siegesmund and Diirrast 2014; Vasquez et al.
2013, 2015; Benavente et al. 2015). Capillary water absorp-
tion (CWA) is higher in the porous samples (e.g., CODFV,
MCCT, SBM and SBR) with values between 1.59 and
5.50 kg/m*h'2, and lower in the remaining samples, ranging
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Fig.4 The most frequent pore radii distribution of studied limestones is the unequal bimodal

from 0.37 to 0.86 kg/m>h'?. These samples have a high per-
centage of macroporosity (> 1 um), promoting the capillary
imbibition and the water absorption rates (Benavente 2011;
Benavente et al. 2015; Sousa et al. 2018; Nasri et al. 2019).

The values of hydric dilatation are lower than
0.09 mm/m, with the exception of the Valverde (VAV)
samples which reach 0.22-0.26 mm/m (Fig. 6). Usually,
limestones show low hydric dilatation because these rocks
have low clay content (Siegesmund and Diirrast 2014).
The presence of swelling clay is the cause for the dilation
behaviour of natural stones and contributes to degrada-
tion (Wedekind et al. 2013; Cherblanc et al 2016; Nasri
et al. 2019; Barnoos et al. 2020). Berthonneau et al. (2016)

mention the effect of a low clay content (< 1.3%) in the
macroscopic physical process of hydric dilation. Aly
et al. (2018) refer to the decaying forms related with the
stylolitic planes, namely the unequal thermal expansion
between the stone and the filling and/or the hydric expan-
sion of the clay content of the stylolites. Gutiérrez et al.
(2012) estimated a 12% clay content in samples of Azul
Valverde limestone, a variety similar to the VAV sample.
The VAV sample has a high content of aluminium and sil-
ica (Table 2), which probably denotes some clay content.
The dark material observed in microstylolites of the VAV
sample can have some clay minerals and further investiga-
tions must be performed to investigate this issue.
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Table 4 Pore radii distribution, mean pore radii and percentage of micropores (0.001 pum to 0.1 um; % Micr) and macropores (> 0.1 um; % Macr)

Stone 0.001- 0.01-0.1 um (%) 0.1-1 um (%) 1-10pum (%) 10-100 um (%) Mean (um) Mode (um) % Micr % Macr
0.01 pm
(%)
ALP 52.2 40.1 0.0 2.1 5.6 0.018 0.008 92.3 7.7
ATAZ 48.2 344 44 0.0 159 0.033 0.008 79.7 20.3
ATCR 48.2 47.1 0.0 0.0 4.7 0.016 0.008 95.3 4.7
CODFV 1.5 10.1 83.1 2.8 2.5 0.299 0.53 11.6 88.4
LIOZ 48.9 30.0 0.0 0.0 21.1 0.068 0.008 78.9 21.1
MCCT 1.3 15.2 80.5 1.8 1.2 0.218 0.33 16.5 83.5
SBM 3.1 6.9 83.2 2.6 34 0.298 0.33 10.0 90.0
SBR 0.0 17.3 78.7 2.3 1.7 0.258 0.53 17.3 82.7
VAV 25.5 61.1 5.1 22 6.1 0.030 0.013 86.6 134
VPAZ 37.0 58.4 2.4 0.0 22 0.015 0.013 95.4 4.6
VPCR 0.9 72.2 19.0 0.9 7.0 0.075 0.033 73.1 26.9
12 Table 5 Compressional wave velocities on dry and wet samples
10 A p—Ty Stone VP dry (m/s) VP wet (m/s)
£ e ALP 5692 6232
= —_Meer ATAZ 5960 6052
@ —VPCR
x 6 —vPAz ATCR 5600 5819
g, — CODFV 4373 4452
E ATCR LIOZ 5728 6014
S 5| - LI0Z
=  _ATAZ MCCT 4536 4855
0 — : ‘ ‘ ‘ SBM 4049 4110
0 1 2 3 4 5 6 SBR 4321 4459
Time (h'2) VAV 5014 5270
VPAZ 5555 5836
Fig.5 Evolution of the water uptake in the selected limestones VPCR 5408 5674
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Fig.6 Hydric expansion of the studied limestones

Ultrasonic wave velocity

The values of the compressional waves (VP) range between
4049 m/s and 5960 m/s for the samples SBM and ATAZ,

@ Springer

respectively (see Table 5). Porosity and textural characteris-
tics have a great effect on the ultrasonic wave velocities, and
values from less than 2000 m/s to more than 6500 m/s can
be found in literature, with significant variability among the
specimens with high porosities (Kamh et al. 2017; Hashemi
et al. 2018; Nina and Alber 2018; Freire-Lista et al. 2021).
The VP depends on the density and elastic properties of
the material (Rahman and Sarkar 2021). A good linear
relationship between ultrasonic waves and open porosity
in both dry and saturated conditions is found (Fig. 7), as
observed in several investigations (Nina and Alber 2018;
Nasri et al. 2019; Zenah et al. 2020). The UCS values are
usually related to VP (Cobanoglu and Celik 2008; Rahman
and Sarkar 2021), which indicates that low porous samples
(CODFV, MCCT, SBM and SBR) will have poor mechanical
properties in accordance with the results of similar varie-
ties (the commercial designation is usually different from
quarry to quarry) presented in the catalogues of Portuguese
ornamental stones (Leite and Moura 2021; Assimagra 2021;
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Table 6 Thermal dilatation coefficient (x) and residual strain (egg)
after three dry and four wet cycles

Limestone Condition Average o egs (Mm/m)
(x 105K
ALP Dry 4.47 -0.01
Wet 3.86 0.02
ATAZ Dry 4.86 0.01
Wet 6.46 0.28
ATCR Dry 4.32 0.00
Wet 3.90 0.12
CODFV Dry 4.85 -0.01
Wet 6.13 0.45
LIOZ Dry 4.17 0.03
Wet 4.35 0.35
MCCT Dry 5.64 0.11
Wet 4.13 0.39
SBM Dry 5.07 0.04
Wet 4.98 0.35
SBR Dry 4.24 0.08
Wet 4.20 0.35
VAV Dry 4.82 -0.03
Wet 4.65 0.15
VPAZ Dry 4.74 -0.01
Wet 3.65 -0.01
VPCR Dry 3.80 0.02
Wet 3.90 0.08
Fig. 8 Examples of thermal a=VAVxy
dilatation € (mm/m) shown for a=VAVZ
three dry cycles (20-90-20 °C) % e
€
£0.6
€
Co4
Tg 0.2
T
ﬁ 0 =
20 40 60
02 Temp[°C]

2000
2000

4000 6000
VP dry (m/s)

8000

Solancis 2021). In those catalogues, most varieties similar
to the porous limestones (CODFV, MCCT, SBM and SBR)
show values of compression break load between 50 and
70 MPa, whilst the other samples showed values between
105 and 150 MPa.

Thermal dilatation

The thermal dilatation coefficient o was calculated under
dry and wet conditions. The mean values range from
3.80x 107® K~! (VPCR) to 5.64x 107% K~! (MCCT) and
from 3.86x 107% K~! (ALP) to 6.46x107% K™ (ATAZ),
respectively, in dry and wet states (Table 6). The mean val-
ues under dry and wet conditions are 4.63 x 107 K~! and
4.56x 107 K™, respectively, being very similar. The overall
mean value of the thermal dilatation coefficient from the 22
determinations is 4.60 X 107° K~ Systematic investigations
of limestones are still missing, but the results are according
to the values previously obtained in this rock type and lower
than those obtained in marbles (Siegesmund et al. 2010;
Siegesmund and Diirrast 2014; Menningen et al. 2018).
The thermal dilatation € (mm/m) as a function of tem-
perature describes the expansion behaviour during thermal
exposure and is plotted for all limestones in Figs. 8 and 9
under dry conditions. The slopes of the hysteresis curves
are similar for all studied limestones and are almost linear.
The irreversible length change residual strain
(eRS) under dry conditions is almost zero, ranging
from —0.03 mm/m in the VAV sample to 0.11 mm/m
in the MCCT sample. The negative values of residual
strain near zero are not meaningful, but the lowest
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Fig.9 Progressive increase of residual strain for 20-90-20 °C cycles of the selected samples, investigated as a function of the number of heating
cycles under dry (3 cycles, blue background) and wet (4 cycles, red background) conditions

value is found in the VAV sample, which probably has
some clay content. Therefore, some dehydration reac-
tion can occur as water is present in the pores. Under
wet conditions, the residual strain is usually higher with
values from —0.01 mm/m for the VPAZ sample up to
0.45 mm/m for the CODFV sample. Five samples, which
include the most porous ones (CODFV, LIOZ, MCCT,
SBM and SBR), show a clear increase of the residual
strain under wet conditions, with values in the range of
0.35-0.45 mm/m. The remaining samples have a differ-
ent behaviour: ALP, VPAZ and VPCR show low vari-
ations (from —0.01 to 0.8 mm/m); ATAZ, ATCR and
VAV samples depict intermediate values (from 0.12 to
0.28 mm/m). As there are only a small amount of data
of the residual strain in limestones available, a compari-
son is difficult. The results are higher than the value of
0.07 mm/m found in Kuacker variety (Siegesmund et al.
2010) and lower than the results obtained for marbles
(Siegesmund and Diirrast 2014; Menningen et al. 2018).
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Bowing test

Previous results from a bowing test with 95 cycles show the
absence of permanent changes in the selected limestones,
except for the VAV sample (Sousa et al. 2020). During
the first 24 cycles, the bowing increases continuously and
reaches the value of 7 mm/m, remaining stable in the next
41 dry cycles. The next stage of the wet cycles showed a
new increase of the bowing with a maximum value around
9 mm/m (Fig. 10a). Marble is the rock most prone to undergo
such permanent deformation caused by the textural charac-
teristics together with thermal strain in calcite (Siegesmund
et al. 2000, 2008; Menningen et al. 2018). Weathered gran-
ites can also display bowing behaviour (Sousa et al. 2017;
Siegesmund et al. 2018). Although this phenomenon is
described in many rock types, there is scarce mention about
limestones (Siegesmund 2008).

To assess the bowing behaviour of the VAV sample, a
new bowing test was performed in three specimens, with 105
cycles, mixing wet and dry cycles. The results confirm the
bending of the VAV limestone, under the combined action
of heat and water (Fig. 10b). The tested specimens display

()

Bowing (mm/m)

——VAV-1 —+VAV-2 -+VAV-3

0 20 40 60 80 100
Number of cycles

120

Fig. 10 Results from bowing test. a Results from Sousa et al. (2020); b New results
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a similar evolution and the final bowing values range from
5.2 mm/m to 6.8 mm/m. During the first 6 dry cycles the
samples stay unchanged, then deformation increases until
the 13th cycle under wet conditions and finally a small
recovery occurs in the next 7 dry cycles. After two wet
cycles (21-22), a combination of wet/dry cycles was per-
formed until the 84th cycle. These combined wet/dry cycles
show an overall tendency of bowing increase proportional to
the number of wet cycles. In fact, between cycles 22 and 29
(2 wet/5 dry) and 66 and 70 (1 wet/3 dry), a small reduction
in the bending is perceived, whilst the remaining intervals
of measurements, where the number of wet cycles is higher
than the dry cycles, show a continuous increase of the defor-
mation. With the exceptions of two dry cycles (92-93), the
remaining cycles were performed under wet conditions and
once again the velocity of bowing increased. The results
reveal a clear influence of the water in the bowing evolution,
being faster during successive wet cycles and slower when
dry and wet cycles are interposed. It is also clear that the dry
cycles only allow a small recovery of the bending.

The results are according to the behaviour of VAV
limestone reported by several stoneworkers (Fig. 11).
High values of bowing are frequently observed in marbles
(Menningen et al. 2018), but are unknown in limestones.
Furthermore, the mineralogy and texture of the selected
limestones are very similar, which makes the bowing
behaviour of the VAV sample strange. This samples has a
residual strain value similar to the other studied limestones
(see Table 6). The only different factor in the VAV sample is
the microstylolites impregnated with iron oxides. The water
plays an important role, since no bending occurs when dry
cycles are running. Hydric expansion only is observed in
the VAV sample, which is the variety with higher water loss
and higher magnesium, silica, iron and aluminium content
(see Table 2). Probably, some clay and iron content associ-
ated with the stylolitic planes are the reasons for the unusual
bowing displayed by the VAV limestone. Gutiérrez et al.
(2012) noted the presence of montmorillonite, a swelling
clay mineral, in a similar limestone variety. Further studies
are necessary to assess if clay swelling minerals are present
in the micrite groundmass around or in the stylolitic planes.

Fig. 11 Visible bowing effect
on VAV samples. The bending
is visible when two specimens
are put together

As mentioned above, a small clay content can have a deep
impact on stone expansion (Berthonneau et al. 2016; Nasri
et al. 2019; Barnoos et al. 2020).

Thermal shock test

The thermal shock test causes a small diminution of the VP
values, which is more evident in the cycles at high tem-
peratures (200 °C) especially in the most porous samples
(Fig. 12). Fissures parallel to the cube faces and crossing
all the samples are the only visible change, which is prob-
ably the cause of a fast decrease in the VP in some samples.
Previous researches have shown that at temperatures up to
200 °C an adjustment process occurs, and the small cracks
gradually penetrate to form larger cracks (Meng et al. 2019).
Existing microcracks and open porosity are key factors for
the evolution of the limestones under increasing tempera-
tures, as well as in freezing—thawing tests (Meng et al. 2020;
Ugur and Toklu 2020). Grain size, texture, and sedimentary
layer can also affect the evolution of the limestones submit-
ted to increased temperatures; however, more evident effects
are mentioned for higher temperatures (Papay and Torok
2018). Wang et al. (2020) refer an increase of about 0.2%
and 0.7% when heated from 25 to 200 °C and 200 to 300 °C,
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Fig. 12 Evolution of compressional wave velocity during the thermal
shock test
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respectively, while Meng et al. (2019) mention more evident
changes after 500 °C. Bisai et al. (2020) have shown that the
combined process of heating followed by liquid nitrogen
quenching causes more effect at 600 °C with a reduction of
about 62% in the UCS values. The results obtained in this
experiment show that more massive and low porous lime-
stones (ALP, ATAZ, ATCR, LIOZ, VAV, VPAZ, VPCR)
seem to be more resistant to thermal shock, in accordance
with previous properties.

Salt crystallization test

The results from the salt crystallization test depict a normal
evolution of the samples weight (Fig. 13), with an increase
in the first cycles following a progressive diminution accord-
ing to the sample susceptibility (Nasri et al. 2019; Sousa
et al. 2018). Visual inspection, used for monitoring the decay
(Lubelli et al. 2018), denotes a progressive loss of material
in some samples. The damage of a few millimetres can be
very important when the stones are used for decorative pur-
poses (Alves et al. 2011) where the primary consideration
is the impact on aesthetic properties. After 16 cycles, only
the most porous samples (CODFV, MCCT, SBM and SBR)
show signs of erosion (Fig. 13), starting at the corners and
the edges, but less in the sample CODFV. The other sam-
ples only lose some material in previous cracks, stylolite
joints, and areas with heterogeneities as large elements or
marked sedimentary layering (Fig. 14). However, the loss of
material is balanced by the accumulation inside the porous
network (Nasri et al. 2019) and only after around the 40th
cycle weight diminution below the initial values is evident.
The most porous samples have a maximum weight increase
between 4 and 8%, whilst the others increase below 1%. The
maximum loss is shown by the samples with high porosity
as follows: SBR lost 80% on cycle 54, the SBM lost 57%
in 62 cycles, MCCT lost 53% in 99 cycles and COFV lost
only 1.5% in 99 cycles. The sample LIOZ lost 0.5% related
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Fig. 13 Weight variation during the salt crystallization test
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to detachment of small pieces, while the remaining samples
still have positive values at the end of the test (99 cycles),
ranging from 0.1% for the ATAZ sample to 0.9% for the
VPCR sample. The real weight loss is higher as the weight
of salt crystallized inside the samples and can be higher than
the weight decrease (see Vazquez et al. 2013).

A wide range of effects can be perceived from litera-
ture review, varying from high loss to small or any change
(Alves et al. 2011; Vazquez et al. 2013; Ruffolo et al 2017)
mainly as a consequence of porosity and pore network. The
effect of salt is related to porosity, indicating that stones
with a larger quantity of pores have more contact surfaces
between crystals and pore walls. In these surfaces, more
crystallization pressure is exerted and more damage occurs
(Espinosa-Marzal and Scherer 2008). The sample SBR starts
losing weight earlier than sample SBM, despite their lower
porosity (SBR 13.4%; SBM 18.8%). The high mode of pore
radii in SBR sample (SBM 0.33 pm; SBR 0.53 um) and the
slight impregnation by yellowish hydrated iron oxides of the
peloids in the SBM sample can justify the fast deterioration
of SBR. In this regard, the result of CODFV is surprisingly
better than expected considering its high porosity and pore
radii distribution. Possible causes are the abundant sparitic
cement, which prevents the detachment of grains and cemen-
tation of loose particles by salt (Lubelli et al. 2018). Sample
preparation could infill the pores by smaller particles from
the disaggregation of the limestone itself. Urosevic et al.
(2013) point out differences in sea spray ageing test as a con-
sequence of the reduction of the interconnectivity and open
porosity due to polishing. Such causes are not reasonable to
justify the results of CODFV and more studies are necessary
to understand the behaviour of this stone under salt action.

The stones can be ranked according to their response to
the salt crystallization in the test (Lubelli et al. 2014). How-
ever, not only the weight variation should be considered in
this evaluation of cases like the CODFV sample (see Lubelli
et al. 2018). Furthermore, when stones are used for their
aesthetic appeal, even small damages need to be considered.
So considering the results of the salt test, the most porous
stones (CODFV, MCCT, SBM and SBR) should be consid-
ered as susceptible to salt action, whilst the other samples
are resistant.

Summary and conclusions

Eleven commercial varieties of Portuguese limestones were
studied to assess the influence of the textural characteristics
in the physical-mechanical properties and durability behav-
iour. Some important conclusions can be drawn.

e The selected varieties have a wide range of petrographic
features, according to the grain size, matrix and cement
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MCCT 51
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Fig. 14 Evolution of selected samples during the salt test

type (micrite/sparite) and abundance of allochems. Two
main groups were identified regarding the texture/petrog-
raphy, one with the compact micritic limestones classi-
fied as pelagic mudstones or peloidal wackestones, and
the other with grainstones sparitic varieties such as the
peloidal, bioclastic and ooid grainstones. The chemical
composition of the studied limestones is very similar;
however, the Vidrago Azul Valverde (VAV) limestone
stands out showing a high quantity of magnesium. In

CODFV 70

CODFV 99

LIOZ 99

VPCR 70

fact, VAV limestone shows 90.9% of calcite, whilst the
other limestones have values between 94.5% and 98.4%.
With magnesium carbonate, the opposite happens; the
VAV limestone shows a value of 4.8%, while the other
limestones have values in the range 1.3%—2.6%.

The matrix density is close to the density of calcite, since
it is the main component of the limestones studied. The
bulk density varies slightly between 2.61 and 2.71 g/cm®
in eight samples and is lower with 2.22-2.39 g/cm’ in
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four grainstone varieties because of the higher percentage
of void space.

e The values of porosity show a wide range, from 0.11%
to 18.80%, reflecting the span of rock types and related
textures. Since the porosity is an excellent indicator of
weathering, the high values can be used as an alert for
the potentially low durability of the most porous vari-
eties in some applications/environmental conditions.
The interconnected porosity shows an unequal bimodal
distribution with most of the pores distributed in the
range between 0.01 pm and 0.8 pm and some pores
with 10-50 pm. The clastic and most porous varieties
(CODFV, MCCT, SBM and SBR) have larger pore sizes
and a higher percentage of macroporosity (>0.1 pm).
Besides a higher total porosity, the most porous samples
have a higher potential of water absorption, which has
been confirmed by the results of capillary water absorp-
tion. In fact, the most porous samples show values of
capillary water absorption between 1.59 and 5.50 kg/
m?h'”?, whilst the remaining samples have values in the
range 0.37-0.86 kg/m*h'/2.

e The values of hydric dilatation are lower than 0.09 mm/m,
with the exception of the Valverde (VAV) samples which
reach 0.22-0.26 mm/m (Fig. 6). The hydric expansion
of the VAV sample together with their high content of
aluminium and silica (when compared with other studied
limestones) show that some clay content is present.

e The compressional wave velocities range between
4049 m/s and 5960 m/s, having a good linear relationship
with the open porosity and the available data of uniaxial
compressive strength. Therefore, the compressional wave
velocity is a good and non-destructive index to assess the
suitability of limestone as building material.

e The values of the thermal dilatation coefficient under dry
and wet conditions are very similar, with mean values of
the 11 samples of 4.63x107° K=! and 4.56 x 107° K~ !,
respectively. Under dry conditions, the residual strain is
almost zero and increases under wet conditions especially
in the most porous varieties, reaching the highest value
(0.45 mm/m) in the CODFV sample.

e The results of the bowing test confirm the bending of
the VAV limestone, under the combined action of heat
and water, with final bowing values in the range 5.2—
6.8 mm/m. The results reveal a clear influence of the
water in the bowing evolution, being faster during suc-
cessive wet cycles and slower when dry and wet cycles
are intercalated. The residual strain of the VAV sample
is similar to the other studied limestones. Probably,
some clay and iron contents associated with the stylolitic
planes are the reason for the unusual bowing displayed.

e The thermal shock test causes a small diminution of the
VP values, which is more evident in the cycles at high
temperatures (200 °C) especially in the most porous sam-
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ples. For the normal applications, the limestones will not
be affected by the action of the temperature.

e The results from the salt crystallization test depict a nor-
mal evolution of the sample weight, with an increase in
the first cycle following a progressive diminution accord-
ing to the sample susceptibility. The most porous stones
(CODFV, MCCT, SBM and SBR) should be considered
as susceptible to salt action, whilst the other samples are
resistant.

From the main conclusions enumerated above, the impor-
tance of the texture and the petrographic features are obvious
in the porosity of limestones. The compact micritic samples
have lower porosities than the grainstone sparitic varieties.
Porosity is the key factor in the limestone behaviour, affect-
ing the water absorption and durability under salt action.

Notwithstanding the high values of porosity, the lime-
stones can be used as long as they meet the standards for
the several applications and resist the environmental condi-
tions of their application. This already has been done by
the extracting and processing companies. This is a decisive
factor as a wrong application can have serious consequences,
and decades of marketing diplomacy can be lost by a single
building where the stone was not judiciously selected.

Evidences of bowing in limestones are scarce and have
low values, but the bending shown by the VAV samples is
outstanding. Further studies are necessary to assess if clay
swelling minerals and iron oxides are present in the mic-
rite groundmass around or in the stylolitic planes which are
typical in the studied samples. Additionally, the study of
the sedimentary layering and their variation in the outcrops/
quarries is important to define the areas of rock mass more
prone to bowing. Meanwhile, it is suggested that this variety
should not be used in external applications under wet condi-
tions and effect of temperature.
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