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Abstract
Historically granite is one of the most applied building materials worldwide. Building stones should accomplish several 
properties required by different testing materials standards. Salt weathering affects the aesthetical properties of the stones 
and eventually diminish their durability. The use of weathered granites has increased in the last several decades, but their 
behavior under adverse environmental conditions requires continued investigation. The use of salt for the prevention of ice 
formation in colder climates can have harmful consequences on high-porosity stones. Twenty-eight different stones, mostly 
granitoids, all of them often used as dimensional building stones, were subjected to the salt bursting test. The porosity and 
the pore network are important parameters in salt weathering; therefore, the pore radii distribution and capillary water uptake 
were measured. The capillary pores and related porosity are the main factors controlling the behavior of the studied stones 
under salt action. However, the pore radii size and distribution also plays an important role. In some cases, the salt action is 
only visible after a high number of test cycles, thus making the actual salt test standards unrealistic.
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Introduction

Building stones begin undergoing alterations once they are 
emplaced for their specific purpose under the prevailing 
environmental conditions. These can become perceptible in 
a short time period after placement (Comite 2017). The rate 
of changes depends on both environmental conditions and 
rock properties (Viles 2013; Graue et al. 2013; Molina et al. 
2015; Abad et al. 2016). In the literature, it is common to 
find research papers on stone conservation and the weather-
ing of different rock materials such as sandstones (Ruedrich 
and Siegesmund 2007; Thomachot-Schneider et al. 2008; 

Stück et al. 2013; Molina et al. 2015), limestones (Laycock 
et al. 2008; Espinosa-Marzal et al. 2011; Siegesmund et al. 
2010), tuffs (Arıkan et al. 2007; Wedekind et al. 2013; López 
Doncel et al. 2016) and carbonate stones (Benavente et al. 
2004; Unterwurzacher and Mirwald 2008). Studies on the 
behavior of granites undergoing weathering are not very 
common, probably because this rock has low porosity and 
consequently the deterioration is less effective (Vázquez 
et al. 2013, 2016; Sousa et al. 2017).

Many decay features have been studied and classified. 
Some of the damages observed on many buildings are flak-
ing, scaling, alveolization, lamination, cracks, efflorescence 
and subflorescence. Figure 1 presents examples of weather-
ing forms found in granitoids. These and other deterioration 
forms can be better studied in ICOMOS-ISCS (2008) and 
Siedel and Siegesmund (2014).

Salt crystallization is a constant in the natural landscape 
as a geomorphological feature, especially in coastal areas 
(Cardell et al. 2003) and deserts. Archeological artifacts 
like ceramic amphoras also exhibit this process of deterio-
ration. However, when it comes to building materials used in 
ancient buildings and heritage monuments, the whole build-
ing architecture can be seriously compromised. Weathering 
caused by salt crystallization can be considered one of the 
most aggressive decay forms (Correns and Steinborn 1939; 
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Doehne 2002; Hosono et al. 2006; Begonha 2009; López-
Arce et al. 2011; Steiger et al. 2014). The results of its dam-
age is observable on different materials at different scales, 
places and times (Liu et al. 2014; Momeni et al. 2017). 
Therefore, studying salt crystallization and its behavior 
within the stone it becomes possible to gain a deeper under-
standing of the behavior of granites undergoing salt burst 
testing conditions. This will aid in verifying the influence 
of the pore size distribution, porosity, water vapor diffu-
sion (WVD) and water absorption, so that it can be possible 
to evaluate if existing heterogeneities could be responsible 
for the weathering of granite due to salt crystallization. At 
coastal and desert areas alveolar weathering is often found 
that can be traced back to the salt in sea- or rain-water that 
mainly contains chlorides (Fig. 1e). In urban environments, 
crusts are often formed due to soluble components in air 
pollution and to the creation of gypsum and other salts that 
contains sulphates. These crusts create weathering forms 
like contour scaling (Fig. 1b). At the rural areas weathering 

forms as flaking can be traced back to the crystallization of 
nitrate salts (Fig. 1a).

In a supersaturated solution, the growing crystals exert 
pressure as verified in the experiments of Correns and Stein-
born (1939) and Caruso and Flatt (2012). Supersaturation 
can be generated by a combination of variations in tempera-
ture and concentration: e.g., cooling under constant concen-
tration, concentration increase by evaporation with constant 
temperature, and changes in both temperature and concentra-
tion (Winkler 1973). The pore pressure from crystal growth 
can cause a lack of cohesion between the grains and is con-
trolled by saturation degree, pore structure and the energy 
difference between the pore wall and the salt crystal (see 
Benavente et al. 2004a, b; Steiger et al. 2014). Higher satu-
ration degrees will lead to high crystallization pressure and 
larger pores will have lower crystallization pressure. High 
energy is necessary to overcome the electrostatic forces and 
to develop a direct contact between the salt and the porous 
material (Steiger et al. 2014). Crystallization begins in the 

Fig. 1   Example of weathering 
forms on granitoids: scaling 
(a), black crusts (b), pitting (c), 
oxidation (d), alveolization (e), 
missing part (f) and graffiti (g)
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larger pores and the crystallization pressure is lower. When 
evaporation of salt-saturated material in solution occurs, it 
is characterized by two phases, the first phase is liquid and 
the second is gaseous. In the liquid phase the transport of 
the solution is faster, being dependent on the pore struc-
tures as a function of the forces exerted by the capillarity 
(Sawdy-Heritage et al. 2008). In the second phase, as the 
liquid evaporates, first from the macropores, the capillary 
flow becomes increasingly discontinuous and the transport 
becomes a vapor phase (Sawdy-Heritage et al. 2008). The 
crystals grow in the pores and, filling this space, continue 
to grow against the walls of the pores until the limit of the 
elastic resistance of the rock is exceeded by the pressure 
inside the pore, which leads to rock expansion and cracking 
(Correns and Steinborn 1939; Theoulakis and Moropoulou 
1997; Ruedrich and Siegesmund 2007). The crystallization 
pressures are high enough to cause damage in all the stones 
(Steiger et al. 2014).

Salts can enter the stone structure as saline solutions asso-
ciated with moisture (Winkler 1973) and are dragged into 
the pores by ground capillary uptake, saline spray, rainwa-
ter, leaking pipes, gutters and insufficient ventilation (see 
Steiger et al. 2014). When the solvent evaporates, the crys-
tals formed occupy a larger volume than the previous physi-
cal state as salt solution, breaking the cohesion between the 
grains. Therefore, to understand the behavior of the stone 
material under salt bursting conditions, it is necessary to 
have in mind that the salt crystallization effects depends 
on the presence of water (López Doncel et al. 2016). The 
available water depends on the environmental moisture 
and the stone porosity (Steiger et al. 2014). Efflorescence 
and subflorescence are two mechanisms which leads to salt 
weathering on stones, bricks and mortars (Flatt et al. 2017). 
The efflorescence is a visible white patch. It is evidence of 
salt growth on the surface of a porous material and occurs 
because the fluid moves during evaporation and migrates to 
the surface. The efflorescence causes color and roughness 
changes but normally do not harm the structure (Winkler 
1973). The subflorescence results from the crystals growing 
within the porous stone causing damage like cracks, scaling 
and granular disintegration (Flatt et al. 2017).

Research on the action of salt in granitoids is still rel-
atively new and not much has been published (Alonso 
et al. 2008; López-Arce et al. 2010; Vázquez et al. 2008, 
2013; Sousa et al. 2017). In granites, the consequence of 
salt weathering is visible with the naked eye on the stone 
surface. The detachment of mica from the surface and the 
existing cracks among quartz and feldspars causes physical 
damage (Vázquez et al. 2013; Sousa et al. 2017). Evaluating 
the influence of the factors controlling salt deterioration in 
a large number of different granitoids has never been sys-
tematically done. The present research contributes to this 
difficult undertaking.

Case of study

One interesting case study concerning the weathering effect 
of salt crystallization on granites is the Middle Ages tower 
located near Vila Real in northern of Portugal. The tower is 
designated a national monument and is known as the Quin-
tela Tower (http://museu​.cm-vilar​eal.pt/index​.php/torre​
-de-quint​ela). Although not much is known about its con-
struction, possibly in the eleventh century, the history of this 
building goes back to the time of the Christian Reconquest, 
when the borders of Portugal were being created and the bat-
tles against the Moors were coming to an end. This tower has 
resisted the forces of time, and apparently shows no changes 
to its original main shape. It was luckily preserved because 
its last owner sold it to a stonemason for the reuse of its 
stones. Fortunately, the stonemason could not find a practical 
way to remove the stone blocks and the building has been 
preserved until today.

The original structure is made from three different types 
of granites. These stones occur in several overlying rows sus-
taining the walls up to 30 m. The foundation has the shape of 
a square, and from the bottom to the top three floors are vis-
ible. The first pavement has one main door but no windows. 
The second has four very narrow vertical gaps, one on each 
side, which could be protected windows. The last floor has 
four balconies, one on each side and follows the same align-
ment of the previous gaps. The rooftop has four balconies, 
one on each corner, and two gargoyles, one to the east and 
the other to the north for drainage of rainwater.

Interesting features of decay are visible with a closer look 
at the granite walls of this building. The main weathering 
features observed are fractured surfaces, scaling, back-
weathering, biological colonization, color changing, cracks 
and efflorescence. Black crusts were not observed on this 
tower, which is a feature that is commonly seen on different 
monuments, and might be consequence of the rural environ-
ment where this monument is located (Fig. 2a). The indi-
vidual decay features at the tower will be described below.

Scaling due to bursting and chipping

This occurs as detachments on the surface of the granite 
blocks, especially on the medium-grained granite. Mean size 
of the scaling range from 0.5 to 8 cm. Visible is the existence 
of a progressive damage from the limit to the center of the 
stones blocks.

Efflorescence

This salt growth is commonly visible in the interior of the 
building. On the exterior, this is sporadically observable 
due to the washing effect of rain and is associated with the 
coarser granite type, which is the most weathered one. Only 

http://museu.cm-vilareal.pt/index.php/torre-de-quintela
http://museu.cm-vilareal.pt/index.php/torre-de-quintela
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on the east façade are salt efflorescences found (Figs. 2b, 
3a, b).

Cracks and fractures

These are widely observed on all four sides. Cracks can be 
seen at different locations on the stone blocks and fractures 
are mostly seen on the edge and have different orientations 
(Fig. 3e). Some pieces of the corner are even lost. Special 
attention is given to the west side where most of the cracks 
can be observed (Fig. 2b). At the same façade a vertical 
crack goes from the bottom up to the top, with an opening of 
2 cm on the bottom. Most of this crack contours the stones 
along its mortar joints, but also crosscuts some of the stone 
blocks.

Biological colonization

Different kinds of lichens grow widely over the stone sur-
faces, with the west façade showing 53% and the north 
façade exhibiting 32% (Fig. 2b). A major plant (identified 
as an olive tree) can be seen on the north-eastern edge at top 
of the tower (Fig. 2). The roots of this tree are also visible in 
the inside of the tower on the last floor.

Back weathering

This is visible all over the building as a loss of material, 
especially in the granite with the coarser mineral grains. 
However, most of the back-weathering effects are observable 
at the east side (7%), followed by the south side (4%), and 
the north and west side (around 2%).

Color changing

A brown reddish color is clearly observable on the east side, 
as well as on the north and south façade (Fig. 2b). It has a 
greasy aspect and a strong smell of oil derivate material 
(Fig. 3c). Color changes also occurs as a whitening of a 
specific area, where the rainwater flows down and washes 
the stone. Calcite crusts are found at the east side (Fig. 2b).

Each façade also has a predominate weathering form. A 
clear difference is seen at the east and west facades. The 
east side shows a high level of cracks, coloring and back-
weathering, while the west façade exhibits biological colo-
nization as the main feature.

Using the test pad method in combination with electrical 
conductivity measurements, detection of the most soluble 

Fig. 2   a The Quintela Tower within its environment, b decay mapping from the four façades and c a historical postcard from around 1900
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deposits like salts can be found at the east side of the tower 
(Fig. 4b). At the northern and southern façade, single ashlars 
with a high contamination by soluble deposits are concen-
trated at the areas of discoloration (Figs. 2b, 4b). The west 
side only shows a few spots of contamination (Fig. 4b).

The identification of the source of salt contamination 
is still under investigation and the studies on the Quintela 
Tower are in progress. One possible source for the site-spe-
cific salt contamination could be, that parts of the tower 
were once used as a stable and houses were built against the 
massive walls of the tower (Fig. 2c).

This example shows that stone decay in monuments has 
different origins and the salt action is only one of the causes 
which should be considered. Furthermore, the several factors 
(mineral composition, water, temperature, etc.) governing 
the decay process act together and the salt action can be a 
consequence and cause of other weathering processes.

Materials and Methods

Material

For this study 28 stones (Table 1; Fig. 5) with different char-
acteristics were considered. Samples selected come from 
Portugal (AR1, BR1, BM1, MB1, MB2, P1, P2, P3, P4 and 
TQ1), China (TT Black, G603, G654, G682, G603new, 
G341, Black Singoish and Puerto ALP), Vietnam (V1 and 
V2), India (Indian Black), Brazil (Verde Bahia and Can-
deias) and Germany (Flossenburg and Walenstien).

The selected stones show different grain sizes, textures 
and degrees of weathering. The yellow granites are used 
often as a building stone (Sousa et al. 2017). It is important 
to assess their behavior under salt action, and therefore, sev-
eral yellowish stones were selected for this research. Some 
metamorphic stones with similar compositions to granitoids 

Fig. 3   Observed decay forms and conditions on the Quintela Tower. 
a Salt efflorescence in a macro-scale and b in a micro-scale, c greasy 
derivate material that is creating massive discoloration also observ-
able in a and b, d scaling due to bursting and chipping, e cracks and 
fractures as well as partly colorful microbiological growth at the 

north site of the tower, f reddish and whitish lichens at the north site 
in a micro scale, g bigger whitish lichens are dominating the micro-
biological growth at the west site of the tower and i at the west site 
also greenish lichens can be found
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were also used in this study (e.g., Indian Gold, Paradiso and 
Viscount-India, all from India).

Methods

The open porosity and density were measured on 5 cm 
cubic samples using the hydrostatic weighting method (DIN 
52102). The water absorption under atmospheric condi-
tions (Watm) and the water absorption under vacuum (Wvac) 
were determined for calculating the saturation coefficient 
(Watm/Wvac) (see Siegesmund and Dürrast 2014).

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 into water (until a menis-
cus formed surrounding the entire sample) and the weight 
increase was measured.

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 evaluate the pore radii 
measured at around 0.005 µm.

The salt crystallization test was performed according to 
the standard DIN EN 12370. The samples (5 cm cubes) were 
soaked in a 10% Na2SO4 solution. The samples were sub-
mersed 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.

The WVD resistance value was assessed using the wet-
cup method on disc-shaped samples (40 mm × 10 mm). They 
were placed inside a controlled climate chamber at a tem-
perature of 20 °C and 50% humidity (see Siegesmund and 
Dürrast 2014).

Petrographic and scanning electron microscope analy-
sis were made to analyze the microfabrics and microcracks 
before and after the salt crystallization test. X-ray diffraction 
of whole rock samples was used to determine the mineral-
ogical and geochemical composition.

Results

Stone classification and description

The plutonic stones in this study are classified in general as 
monzogranites and granodiorites, with the exception of two 
gabbros (TT Black and Black Singoish) and one tonalite 
(Indian Black) (Table 1). With the exception of the P1, all 
are phaneritic and equigranular. The sample P1 can be clas-
sified as a porphyritic granite due to the bimodality between 
the matrix formed by quartz and feldspars (grain size of 

Fig. 4   a Performing the test pad method of the first 13 ashlar rows at the tower and b the electric conductivity at the different facades of the 
tower
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around 0.25 cm) and the orthoclase phenocrystals with a size 
around 1 cm. The samples MB1, MB2, AR1, BM1, BR1, 
Flo, Wal, P1, P2 and P4 are coarse grained. G603, G603new, 
V1, V2, G682, TT Black, P3, TQ1 and G654 are medium 
grained. Indian Black and Black Singoish are fine grained.

The main mineralogical constituents of these stones are 
quartz, plagioclase and alkali feldspar. Biotite and muscovite 
are also recognizable. Accessories minerals such as titanite 
and apatite are present. The secondary minerals mostly con-
sist of micas, like sericite, and iron oxides. Transgranular 
and intergranular cracks are common in the most weathered 
stones. Quartz is subhedral to anhedral and most of the mica 
and feldspars are euhedral to subhedral. The high weathering 
level in some samples is due to the alteration of feldspars by 
the formation of secondary white micas and also by micro-
cracks filled with iron oxide. Samples P1, P2 and MB1 are 

characterized by a large amount of transgranular and inter-
granular microcracks.

The petrographic analysis of the stone aids in identifying 
the main factors of importance in regard to the rock behavior 
with respect to weathering and crack characteristics. The 
most important mineralogical and microstructural charac-
teristics for some selected rocks are presented below. The 
mineralogical composition was assessed visually and is only 
a rough estimation.

MB1 and MB2

Stone with a dominate yellow color, equigranular with a 
coarse grain size. A porphyritic tendency is found in some 
samples. The mineral composition is quartz (35%), ortho-
clase (25%), plagioclase (25%), muscovite (8%), biotite (4%) 
and microcline (3%). Apatite, zircon, opaques, sericite and 
iron oxides are present in low quantities. The grain con-
tact with frequent cracks is irregular and lobate. The quartz 
crystals are anhedral to subhedral in shape, have a grain 
size between 2 and 4 mm and show an undulose extinction. 
A large amount of outlined intragranular and transgranular 
cracks are sometimes filled with iron oxide (Fig. 6a). Alkali 
feldspars are mainly orthoclase but microcline is also pre-
sent. They are predominately subhedral in shape with a mean 
grain size of 6 mm, show inclusions of opaque minerals 
and a high degree of intergranular sericitized cracks. The 
plagioclase has a mean grain size of 4 mm and biotite inter-
growth and intergranular cracks were observed on the grain 
boundaries. Biotites are subhedral, and mainly observed in 
sections perpendicular to the cleavage. The MB1 variety 

Table 1   Normalized composition (*based on CIPW norm) and 
respective Streckeinsen’s classification

Sample names Colors Normalized 
composition (%)

Streckeinsen’s 
classification

Q A P

Amarelo Real (AR1) Yellow 38.1 28.8 33.1 Monzogranite
Branco Micaela (BM1) Gray 30.8 40.7 28.5 Monzogranite
Branco Real (BR1) Gray 36.4 30.7 32.9 Monzogranite
Mondim de Basto 

(MB1)
Yellow 37.9 31.5 30.6 Monzogranite

Mondim de Basto 
(MB2)

Yellow 37.6 32.3 30.1 Monzogranite

P1* Gray 40.4 39.4 20.2 Syenogranite
P2* Yellow 41.7 30.4 27.8 Monzogranite
P3* White 37.8 32.5 29.7 Monzogranite
P4* Yellow 37.6 33.3 29.2 Monzogranite
Puerto ALP* Yellow 36.5 31.4 32.1 Monzogranite
Indian Gold* Yellow 35.2 23.7 41.1 Gneiss
Indian Black* Black 21.9 0.0 78.1 Tonalite
TT Black* Black 16.1 0.0 83.9 Gabbro
G603* Gray/pink 36.1 27.3 36.6 Monzogranite
G654* Black 25.3 10.3 64.4 Granodiorite
G682* Reddish 31.0 35.9 33.1 Monzogranite
G603new* Gray 29.5 23.3 47.2 Granodiorite
G341* Gray 26.4 23.7 49.9 Granodiorite
Black Singoish* Black 16.6 0.0 83.4 Gabbro
Paradiso* Red 28.9 7.6 63.5 Gneiss
Viscount* Gray 29.4 12.4 58.2 Gneiss
Verde Bahia* Green 32.1 33.7 34.3 Charnockite
Candeias* Green 31.4 23.5 45.1 Monzogranite
TQ1* Yellow Monzogranite
V2* Gray 28 22 49 Granodiorite
V1* Gray 34 34 33 Monzogranite
Flossenburg* Yellow 37.3 31.8 30.9 Monzogranite
Walenstein* Yellow 34.1 34.8 31.1 Monzogranite

Fig. 5   Petrographic classification according to Streckeisen (1976) of 
all studied plutonic rocks given in Table 1 (composition from CIPW 
norm)
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have the same characteristics as the MB2 sample, but shows 
a higher degree of weathering.

Puerto ALP

This stone has a dominate yellow color and is inequigranular 
with a medium grain size. The mineral composition is quartz 
(35%), plagioclase (27%), microcline (17%), orthoclase 
(14%) and biotite (6%). Apatite, zircon, opaques, sericite 
and iron oxides are present in low amounts. The contact 
between the grains is interlock, interlobate, with frequent 
cracks (Fig. 6b). Quartz is anhedral with a mean grain size of 
3 mm, shows inclusions of opaques, apatite and sometimes 
biotite. Plagioclase is subhedral in shape, often with mus-
covite. Some grains show vermiform quartz intergrowths 

(myrmekite) in contact with alkali feldspars. K-feldspars are 
subhedral in shape and orthoclase exhibits more inclusions 
of sericite than the microcline. Orthoclase is 3–4 mm in size, 
show typical Carlsbad twinning and intragranular cracks. 
Microclines are 2–3 mm in size, exhibit the typical tartan 
pattern, intragranular cracks and biotite inclusions. Biotites 
are subhedral to euhedral, have a mean grain size of 2 mm 
and inclusions like zircon and opaque minerals.

G654

Stone with a dominate black color, is inequigranular and 
fine- to medium-grained. The mineral composition is pla-
gioclase (57%), biotite (20%), quartz (15%), orthoclase (8%) 
and hornblende (3%). Low quantities of apatite, zircon, 

Fig. 6   The most weathered 
granites shows a high degree of 
cracking: MB2 (a), Puerto ALP 
(b), P1 (c), P2 (d, e) and P4 (f)
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opaque minerals, sericite and iron oxides are present as sec-
ondary and accessory minerals. The contact between the 
grains is linear and interlobate. Plagioclase is the main com-
ponent of the matrix, has a euhedral shape and a grain size 
of 2 mm, showing opaque inclusions, intragranular cracks 
subparallel to the cleavage and transgranular cracks. Biotite 
has a grain size of 2 mm, is subhedral in shape and displays 
inclusions of opaques and zircons. Quartz is anhedral in 
shape and has a mean grain size of 3 mm, with inclusions of 
opaque minerals and apatite and displays transgranular and 
intragranular cracks rarely filled with iron oxide. Orthoclase 
has a euhedral to subhedral shape with a low level of seric-
itization. Hornblendes are subhedral to euhedral in shape, 
contain opaque inclusions and cleavage planes filled with 
iron oxide.

V1

This stone shows a dominate gray color, is equigranular and 
medium grained. The mineral composition is quartz (31%), 
orthoclase (28%), plagioclase (31%) and biotite (8%). Apa-
tite, opaque minerals, sericite and iron oxides are present 
in low amounts. The contact between the grains is mainly 
interlobate and sometimes linear. Quartz has an anhedral 
shape and a mean grain size of 4 mm. It displays intragranu-
lar cracks sometimes with recrystallization in the border of 
other quartz grains. Quartz also has some opaque minerals 
and fluid inclusions, and shows intragranular and transgranu-
lar cracks occasionally filled with iron oxide. Orthoclase 
ranges in size from 3 to 4 mm and occasionally shows per-
thitic texture and rarely sericite. The crystals are subhedral 
in shape and contain intragranular cracks, mostly subparallel 
to the cleavage. Zoned minerals are also observable. Plagio-
clase is 2–3 mm in size, is subhedral to euhedral in shape 
and scarce biotite growth and weathering signals are visible. 
Biotites are 1–2 mm in size, normally euhedral to subhedral, 
with inclusions of opaque minerals and apatite.

P1

Gray to yellow colors dominate this stone, is porphyritic 
with phenocrystals of orthoclase and coarse- to medium-
grained. The mineral composition is quartz (38%), ortho-
clase (30%) plagioclase (10%), biotite (17%) and muscovite 
(5%). Low amounts of apatite, opaques, sericite and iron 
oxides are present. Besides the porphyritic texture, the high 
degree of weathering and cracking are the main features of 
this stone. The contact between the grains is mainly inter-
lobate and squeezed close to the phenocrystals. Anhedral 
quartz has a mean grain size of 2.5 mm and displays frequent 
transgranular, intragranular and intergranular cracks, which 
are mostly filled with iron oxide (Fig. 6c). Orthoclase is pre-
sent as phenocrystals with a mean grain size of 12 mm, but 

also with smaller grains of 1 mm. The phenocrystals show 
some perthite and opened cracks sub-perpendicular to the 
cleavage and medium to low sericitization. Plagioclase is 
subhedral in shape and is about 2 mm in size. Biotites usu-
ally show an anhedral shape, squeezed contacts surrounding 
the grains of quartz and shows alignment to the phenocryst 
growth.

P2

The dominant color of the stone is yellow and red, inequi-
granular, and coarse to medium in grain size. The mineral 
composition is quartz (40%), alkali feldspar (35%), pla-
gioclase (15%), biotite (5%) and muscovite (3%). Apatite, 
opaques, sericite and iron oxides are present as secondary 
and accessory minerals. This stone has a high degree of 
weathering and many cracks are present (Fig. 6d, e). Quartz 
has an anhedral shape and is 3–5 mm in size, heavily crossed 
by transgranular and intergranular cracks frequently filled 
with iron oxide. Orthoclase is subhedral in shape and dis-
plays sericite and intragranular and transgranular cracks. 
Plagioclase shows some muscovite overgrowth and intra-
granular cracks. Biotites are euhedral in shape and iron oxide 
deposition occurs around the grain boundaries.

P3

This stone is white to yellow in color, equigranular, and 
medium- to fine-grained. The mineral composition is quartz 
(34%), plagioclase (30%), orthoclase (22%), microcline 
(8%), biotite (4%) and muscovite (3%). Secondary white 
micas and iron oxides as well apatite and opaques are pre-
sent. It shows intermediate degrees of weathering and crack-
ing. The contact between the grains is mainly interlobate and 
interlock. Quartz has an anhedral shape and a mean grain 
size of 2.5 mm, displaying transgranular and intragranular 
cracks filled with iron oxide. Orthoclase shows a subhedral 
shape and is 2.5 mm in size, showing sericite, opaques and 
intragranular cracks. In the contact between alkali feldspar 
and plagioclase myrmekite intergrowth is often visible. 
Plagioclase is around 2 mm in size and is also weathered, 
showing many cracks. Biotites with a size of 1.5 mm are 
euhedral to subhedral in shape and displays inclusions of 
opaque minerals and apatite.

P4

The dominant color in this stone is yellow, is coarse grained 
and has a porphyritic tendency. Display intermediate weath-
ering features. The mineral composition is orthoclase (34%), 
quartz (31%), plagioclase (20%), microcline (5%), biotite 
(4%) and muscovite (4%). Sericite, iron oxides, chlorite, apa-
tite and opaques are present in low amounts. The contact 
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between the grains is mainly interlobate and interlock. 
Quartz has mean grain size average of 4 mm and is anhedral 
in shape, and displays intragranular cracks sometimes filled 
with iron oxide (Fig. 6f), which are more frequent than trans-
granular cracks. Orthoclase is subhedral and shows a grain 
size of about 8 mm. It exhibits transgranular cracks sub-
perpendicular to the cleavage and sericite overgrowths. Pla-
gioclase (3 mm in size) shows weathering features, is subhe-
dral in shape and has biotite overgrowths and intragranular 
cracks. Biotites are euhedral, with a size of 2–3 mm, and 
contain inclusions of apatite, zircon, iron oxide and opaques. 
Chlorite showing a low interference green–blue color is pre-
sent and indicates biotite weathering.

G603

Stone with a dominate gray and pinkish color, is inequigran-
ular and medium-grained. The mineral composition is ortho-
clase (35%), plagioclase (33%), quartz (25%), microcline 
(5%) and biotite (5%). Zircon, opaques, white micas and iron 

oxides are also present. The contact between the grains is 
mainly interlobate. Orthoclase has two main grain sizes, the 
first one is anhedral with a grain size of ca. 5 mm, sericitized 
and with intragranular cracks. The second has a grain size 
of ca. 3 mm with a rounded form and exhibits exsolutions 
of plagioclase. Plagioclase is subhedral to euhedral and has 
a grain size of around 3–4 mm, sometimes shows zonations 
and intragranular cracks. Quartz is anhedral with a size of 
4 mm, exhibiting intragranular cracks and few transgranular 
cracks. Biotite is euhedral in shape, has a grain size of ca. 
2 mm, and zircon and opaques as inclusions.

Porosity, density, saturation coefficient, water vapor 
diffusion resistance and pore radii distribution

The porosity is an important property which gives an indi-
cation of the amount of stone volume occupied by pores 
and cracks. For this reason, this property has a direct effect 
on the weathering characteristics (Table 2). A first group-
ing of studied samples can be generated by considering the 

Table 2   Obtained values of 
porosity, bulk density, matrix 
density, saturation coefficient 
(S), capillary water uptake 
(CWU) and water vapor 
diffusion (WVD) resistance

Stones Porosity (%) Bulk density 
(g/cm3)

Mtx density 
(g/cm3)

S (–) CWU (kg/
m2/h1/2)

WVD (–)

Black Singoish 0.10 2.95 2.95 0.61 0.39 881.01
Indian Black 0.11 3.05 3.05 0.93 1.60 474.39
Candeias 0.26 2.67 2.68 0.89 0.43 244.99
Viscount 0.27 2.64 2.65 0.88 0.09 162.90
Verde Bahia 0.27 2.66 2.67 0.74 0.34 411.14
G654 0.33 2.77 2.78 0.78 0.45 183.70
TT Black 0.35 2.85 2.86 0.79 0.72 182.53
Paradiso 0.54 2.68 2.70 0.75 0.33 155.85
V2 0.61 2.65 2.66 0.91 0.67
V1 0.70 2.67 2.69 0.78 0.58
BR1 0.72 2.62 2.64 0.99 0.79 179.28
Puerto ALP 0.90 2.64 2.67 0.79 1.48 134.90
BM1 0.91 2.60 2.63 0.72 0.35 329.54
Indian Gold 1.02 2.61 2.64 0.81 0.49 83.18
AR1 1.04 2.63 2.66 0.99 1.63 244.59
G603new 1.05 3.04 3.08 0.75 0.27 296.70
G603 1.37 2.59 2.63 0.62 1.11 273.23
P4 1.39 2.62 2.65 0.79 0.98 177.29
G341 1.41 2.65 2.69 0.52 0.31 149.33
P3 1.50 2.60 2.64 0.89 1.15 140.16
Flo 1.59 2.62 2.66 0.74 1.07 127.53
Wal 1.73 2.62 2.66 0.71 0.74 150.94
TQ1 1.86 2.61 2.66 0.94 1.70 284.01
G682 1.91 2.57 2.62 0.56 1.60 176.92
MB2 2.70 2.88 2.96 0.73 1.73 119.09
MB1 2.81 2.35 2.41 0.69 1.58 87.56
P1 4.30 2.56 2.67 0.67 1.83 79.58
P2 4.75 2.53 2.65 0.74 1.74 83.42
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total variation between a minimum value of 0.10% for Black 
Singoish and a maximum value of 4.75% for P2. The mean 
value obtained for all the stones is 1.3%. The bulk density 
is related to the mineral composition. In this collection, the 
bulk density ranges between a minimum of 2.35 g/cm3 for 
the stone MB1, and a maximum of 3.05 g/cm3 for the stone 
Indian Black, with an overall mean value of 2.68 g/cm3.

Although the porosity and density define the basic param-
eters of the stone physical properties, the saturation coeffi-
cient allows the frost resistance to be evaluated. It is directly 
related to the porosity, because it gives the relation between 
the water absorption under atmospheric conditions and the 
absorption under vacuum conditions. The samples studied 
have a saturation coefficient of 0.99 (maximum value) for 
the samples P1 and P2 and a minimum of 0.52 for the Black 
Singoish sample, with a mean value of 0.78.

The WVD provides a numerical value of the diffusion 
resistance of a building material when compared to a static 
air layer of the same thickness (Siegesmund and Dürrast 
2014). This figure is usually related to porosity and pore 
radii distributions, and therefore, is of great importance for 
the durability of the stones. The values of the WVD resist-
ance ranges from 79.6 (Paradiso) to 881.0 (Black Singoish), 
with a mean value of 223.6.

The pore radii distribution is one of the most impor-
tant parameters considered for stone conservation studies 
because of the association with porosity and water absorp-
tion (Siegesmund and Dürrast 2014). This property is valu-
able for rock characterization despite some disturbance 
occurring during the injection of the mercury (Anovitz and 
Cole 2015), with a slight increase in porosity values (Sousa 
et al. 2017). The distribution of pore sizes can be divided 
into three types: unimodal, unequal unimodal, and unequal 
bimodal (Ruedrich and Siegesmund 2006). The first one 
shows a distribution in a narrow pore size. In the second 
type, one unequal maximum is visible. The third one shows 
one sub-maximum (see Siegesmund and Dürrast 2014). The 
pore radii distribution also allows the identification of the 
relative importance of the micropores and capillary pores 
(macropores). The first one varies between 0.001 and 0.1 µm 
and the second one ranges from 0.1 µm and 1 mm (Klopfer 
1985). In this study two groups are defined: micropores (less 
than  0.1 µm) and macropres (more than 0.1 µm).

The mean value of pore size varies between a mini-
mum of 0.04 µm for the stone G603new and a maximum 
of 11.72 µm for the sample G682, with an overall mean of 
1.54 µm (Table 3). The more abundant size class for almost 
all the stones is located between 0.1 and 1 µm. As a com-
mon situation the percentage of macropores is higher than 
micropores. Only the samples MB1 and G645 have 100% of 
the volume of pores in the macropores field. Indian Gold, 
Viscount and Paradiso samples have a similar distribu-
tion of macropores and micropores. The only sample with 

percentage of micropores clearly higher than macropores 
is G603new, with 65.1 and 34.9%, respectively (Table 3).

The unequal bimodal distribution is the more common 
in the investigated stones, with the maximum located in the 
macropores field and the sub-maximum usually in the same 
field. The unimodal distributions are rare and they have low 
frequency. From our collection, 20 distributions were clas-
sified as unequal bimodal, three samples can be classified 
as unequal unimodal (G654, TQ1 and V1). Five samples do 
not have a distinguishable distribution due to the low poros-
ity (Black Singoish, Candeias, Indian Black, Verde Bahia 
and Viscount), but are between the unequal unimodal and 
the unequal bimodal. In Fig. 7 some examples of pore radii 
distributions are presented.

Capillary water absorption

The water absorption is related to the porosity, while the 
size and connectivity of the pores also controls the rate of 
absorption (Siegesmund and Dürrast 2014; Karagiannis 
et al. 2016). Usually the absorption curves have an initial 
portion where the absorption is fast, followed by the sta-
bilization on the curve on the graph water absorption-time 
(Siegesmund and Dürrast 2014; Çelik and Kaçmaz 2016; 
Karagiannis et al. 2016; Feijoo et al. 2017; Barroso et al. 
in press).

Generally, the more porous stones rich in micropores are, 
the more water they absorb and quickly. The dynamic of the 
absorption is similar for the stones presented in Fig. 8, but 
the most porous (e.g., P1, P2, MB1 and Flo) reach more than 
90% of the weight absorption in 2 h. The sound granites with 
a crack pattern, less dense and interconnected, needs much 
more time to reach the same weight proportion. The stones 
with porosity values between those two groups also present 
an intermediate behavior.

This dissimilar behavior can be easily seen in monu-
ments or buildings where stones with high porosity show 
a wet front located several meters above the floor. This is 
where the water source is located, stimulated by the cycles 
of capillary-rising moisture (Moreno et al. 2006; López-
Arce et al. 2011). In Fig. 9 is notorious the evolution of 
the capillary fringe when the stones are placed in a water 
table, with a more rapid evolution in porous ones. The stones 
MB2 (2.37%) and MB1 (2.57%) show the highest water suc-
tion, which took about 4 h to reach the top of the cubes. The 
less porous stones, G603 (0.53%) and G654 (0.15%) show a 
small capillary fringe as expected.

In the studied stones, the coefficient of capillary water 
uptake (CWU) ranges from 0.02 kg/m2 h− 1/2 in Indian Black 
to 1.83 kg/m2 h− 1/2 in P1, with an overall mean of 0.87 kg/
m2 h− 1/2. Are not identified differences in CWU among the 
three directions. Freire-Lista and Fort (2017) only mention 
significant differences in CWU values after a capillary test 



	 Environmental Earth Sciences (2018) 77:502

1 3

502  Page 12 of 29

during a period of 38 days. Vázquez et al. (2010) found sig-
nificant differences in granites with preferable and visible 
crack orientation.

Salt crystallization test

The dynamic between crystallization and dissolution 
cycles produce weight loss, especially detaching of the 
mica and quartz, a change in the size of the grains, change 
in the size of the pores and visible surface deteriora-
tion. For the most weathered stones, the evolution can be 
observed with the naked eye, by the increased roughness 
because of the loss of material, especially in the sample 
corners (Fig. 10). In sound granites, the salt action is more 
difficult to distinguish and the increase of the roughness 
is more evident than weight loss (Alonso et al. 2008). The 
most common way to visualize and access of these com-
plex effects is by measuring the weight loss of the samples. 

The number of salt tests carried out was at least 59, but 
for some samples 127 cycles were performed (Table 4).

Once the samples were submitted to different number 
of cycles the comparison can only be done for 59 cycles. 
The samples MB2, MB1, Puerto ALP, Flo, Wal, P1, P2, 
P3 and P4 have at least a diminution of 1% in their weight. 
The samples AR1, G654, G341, Indian Gold and TQ1 have 
measurable weight changes. All the rest of the samples 
do not show weight diminution at the 59th cycle. How-
ever, when we look for the evolution of the samples sub-
jected to a high number of cycles a more evident weight 
change occurs after the 80th cycle (Fig. 11). A close view 
(Fig. 12) of the samples with more weight loss in the first 
59 cycles show a similar evolution with the MB2 sample, 
one with the worst behavior after 127 cycles. Considering 
the evolution of the sample MB2 (see Fig. 11), the other 
weathered samples will have a worse evolution, i.e., with 

Table 3   Pore radii distribution, mean pore radii and percentage of micropores (0.001–0.1 µm; % Micr) and macropores (0.1 µm–1 mm; % Macr)

Stones 0.001–
0.01 µm 
(%)

0.01–0.1 µm (%) 0.1–1 µm (%) 1–10 µm (%) 10–100 µm (%) Mean (µm) % Micr % Macr

Black Singoish 0.0 17.7 23.6 8.4 50.3 2.6 17.7 82.3
Indian Black 0.4 13.0 39.5 8.4 38.8 1.6 13.4 86.6
Candeias 0.0 6.6 38.1 8.9 46.4 2.5 6.6 93.4
Viscount 35.0 20.3 18.2 5.5 21.1 0.1 55.3 44.7
Verde Bahia 16.1 19.2 26.7 9.8 28.3 0.4 35.3 64.7
G654 0.0 0.0 25.0 59.6 15.4 2.1 0.0 100.0
TT Black 0.0 23.9 40.9 14.3 20.9 0.5 23.9 76.1
Paradiso 33.7 14.4 31.2 2.9 17.8 0.1 48.1 51.9
V2 0.0 1.5 20.8 36.4 41.3 5.0 1.5 98.5
V1 0.0 6.5 24.8 52.9 15.8 1.0 6.5 93.5
BR1 0.0 3.4 33.7 24.3 38.6 3.1 3.4 96.6
Puerto ALP 0.0 0.0 39.9 43.4 16.7 1.8 0.0 100.0
BM1 0.0 5.2 24.5 37.8 32.5 2.8 5.2 94.8
Indian Gold 35.9 19.1 30.7 5.2 9.1 0.1 55.0 45.0
AR1 19.0 16.8 22.9 15.7 25.6 0.4 35.8 64.2
G603new 49.5 15.6 20.6 5.3 9.1 0.04 65.1 34.9
G603 0.0 5.2 58.1 29.4 7.3 0.7 5.2 94.8
P4 0.0 12.5 72.3 15.2 0.0 0.3 12.5 87.6
G341 10.8 26.3 47.5 4.2 11.2 0.2 37.1 62.9
P3 5.8 8.9 53.7 22.2 9.3 0.5 14.7 85.3
Flossenburg 1.0 31.6 22.4 37.0 7.9 0.5 32.6 67.4
Waldstein 0.0 11.1 53.3 35.7 0.0 0.6 11.1 88.9
TQ1 0.0 10.9 72.5 7.9 8.7 0.4 10.9 89.1
G682 0.0 2.8 19.4 5.0 72.9 11.7 2.8 97.2
MB2 0.0 5.7 54.8 19.7 19.9 1.2 5.7 94.3
MB1 0.0 0.0 39.9 43.4 16.7 1.9 0.0 100.0
P1 0.0 21.3 48.4 25.8 4.4 0.4 21.3 78.7
P2 3.5 11.6 49.7 21.0 14.3 0.6 15.1 84.9
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Fig. 7   Pore radii distribution of selected stones. The unequal bimodal is the most frequent pore radii distribution
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more weight loss. It means that after 130 cycles all these 
samples will have a weight loss higher than 15%.

Also evident is the increasing weight during the first 
10th–15th cycles resulting from the salt accumulation inside 
the pore network (Angeli et al. 2007; Thomachot-Schneider 
et al. 2016; La Russa et al. 2017). The less porous samples 
do not show this initial weight increase so clearly.

Discussion

Density, porosity, pore radii

The value of bulk density and the matrix density of plu-
tonic stones are normally similar, about 2.65 g/cm3 (Mosch 
2009) due to their expected natural low porosity (Sieges-
mund and Dürrast 2014). The density mainly depends on 
the mineralogical assembly as consequence of the atomic 
weight of each mineral. Therefore, acid rocks have lower 
density than intermediate and intermediate lower than mafic 
(Morales Demarco et al. 2011, 2013). In this sense, the val-
ues here obtained show a wide range, first, because some of 
the granites already show some weathering degree, second, 
because of the different mineralogical assembly. The results 
obtained in this study are a little higher than the expected 
for granites, but similar to the values obtained by Mosch 
(2008) in a study of several different stones types, including 
plutonic rocks samples (Fig. 13). Stones with mafic minerals 
obviously have highest values of bulk density (Mosch and 
Siegesmund 2007).

Samples with the same mineralogical composition 
have different bulk density values and the porosity plays 
an important role in these differences as referred in several 
research studies (Mielke et al. 2016; Khanlar and Naseri 
2016; Sousa et al. 2017). Sound granites usually have low 
porosity (0.5–1%) as observed by several authors (Strohm-
eyer 2003; Hoffmann 2007; Mosch 2009; Morales Demarco 

et al. 2013). It is well known that the porosity increases with 
the weathering degree (Tuğrul 2004). Dultz et al. (2013, b) 
found fragments of granite in soil with porosities ranging 
from 7.8 to 22.3%. In this study, the range is higher than the 
usual found in granitic building stones, since building stones 
with a high weathering degree were selected. For instance, 
the samples BR1 and AR1 are from the same quarry but 
were collected at different depth.

These weathered stones were used more frequently in the 
urban architecture, not only for the building rehabilitation 
works but also in new buildings (Sousa et al. 2017). Porosity 
plays a significant role when it comes to stone weathering 
and controls the mechanical properties (Siegesmund and 
Dürrast 2014; Vázquez-Nion et al. 2018; Jamshidi et al. in 
press). Moisture and fluids can accumulate and flow inside 
the pores and cause several types of damage (Berrezueta 
et al. 2017), especially salt decay (Steiger et al. 2014). When 
the relative humidity decreases, the capillary attraction 
forces increase and may harden porous rocks (Eslami et al. 
2010), but these phenomena do not occur in granitoids and 
only the negative ones are evident. Therefore, porosity is one 
of the most important petrophysical parameters and a special 
attention should be given.

In magmatic rocks, the porosity is related to cracks while 
the pores in feldspars have a lower contribution, with some 
exceptional decay weathering forms in basic rocks (Tuğrul 
2004; Ceryan 2005). Most available studies of intercon-
nected matrix porosity of magmatic rocks are based on 
laboratory investigations, i.e., work on samples that have 
undergone stress relaxation and were affected by drilling 
and sample preparation (see discussion in Schild et al. 2001 
or; Tullborg and Larson 2006). It was found that the uncon-
nected porosity increases in the thicker samples once the 
contribution of microfractures at the cutting ends is smaller 
(Tullborg and Larson 2006). Therefore, a special attention 
during the thin section evaluation is necessary to avoid mis-
leading interpretations. The microscope observations high-
light the crack-related porosity as the main impact for the 
overall porosity. In fact, the cracks containing iron oxides are 
the most common pore features that contributes to the poros-
ity. This observation is more evident in the most porous and 
weathered stones such as P2, P1, MB2 and MB1 (see Fig. 6). 
The texture of the stone, namely the grain size and the folia-
tion influences the intragranular porosity. Sammaljärvi et al. 
(2017) observed more tortuous and narrow intragranular 
porosity in a gneiss than in a pegmatite and Pazeto et al. 
(2017) mention larger cracks around mineral contacts. Some 
degree of connection between the cracks is a major condition 
for a water interaction in all the volume of the stone. When 
the pores are deficiently interconnected the stone absorption 
and desorption is slower (Feijoo et al. 2017).

Several classifications have been proposed to classify the 
stones according to their porosity.

Fig. 8   Different pattern curves of water absorption during the capil-
lary water uptake test
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Moos and De Quervain 1948 (in Siegesmund and Sneth-
lage 2014) used the effective porosity to classify the rocks 
as compact (< 1%), with few pores (1–2.5%), as slightly 
porous (2.5–5%), as significantly porous (5–10%), with 
many pores (10–20%) and with high amount of porous 
space (> 20%). According to this classification, the stones 

in this study are classified as compact (14 stones), with 
few pores (10 stones) and slightly porous (4 stones). Hen-
riques and Tello (2006) mentioned the following classi-
fication for the natural stone used in façades: very low 
(< 0.5%), low (0.5–1.0%), medium-to-low (1.0–3.0%), 
medium (3.0–6.0%), high (6–10%) and very high (> 10%). 

Fig. 9   Evolution of the capillary 
in some of the studied stones 
(5 cm cubes; wet limit marked 
by a red line)



	 Environmental Earth Sciences (2018) 77:502

1 3

502  Page 16 of 29

According to this classification, our set has stones with 
very low porosity (7), low porosity (6), medium-to-low 
porosity (13) and medium porosity (2). Also, in the indus-
try of dimension stones some authors mention the 1% of 
porosity as the suitable limit for the granite (Henriques 
and Tello 2006; Alencar 2013). Using the 1% of porosity 
as a limit, only about half of the studied stones (13) have 
characteristics to be used as building material.

Such classifications and limits should be used with cau-
tion because they were defined for different rock types 
and purposes. Stones carry the decay from the quarry and 
could be problematic to classify a granite of 2% of poros-
ity as a ‘few pores’ stone. In fact, in the last several dec-
ades weathered granites are widely used as building mate-
rial, however, severe damages were observed on granitoids 
with porosities higher than 2.0% (Sousa et al. 2017). As a 
rule, the stones can be used as long they keep the desired 
quality and durability under the environmental conditions 
and usage. Establishing a limit, i.e., 1% of porosity, can 
be misleading for the users given the idea of an unchange-
able material. Under special conditions and depending on 
the agent of decay, even the low porous stones can suffer 
weathering enough to change the mechanical properties 

Fig. 10   Evolution of the stones during the salt crystallization test

Table 4   Evaluation of the samples after the salt crystallization test

Stones Number of 
cycles

Loss (%) Loss at 59th 
cycle (%)

BM1 127 0.0 0.0
AR1 1.9 0.2
BR1 0.0 0.0
MB1 52.0 4.7
MB2 15.0 1.0
V1 0.3 0.0
V2 0.0 0.0
G682 0.2 0.0
G654 0.3 0.3
G603 1.6 0.0
Puerto ALP 70 3.1 3.1
G341 0.5 0.5
TT Black 0.0 0.0
G603new 0.0 0.0
Indian Gold 0.5 0.5
Paradiso 66 0.0 0.0
Verde Bahia 0.0 0.0
Candeias 0.0 0.0
Viscount 0.0 0.0
Black Singoish 0.0 0.0
Indian Black 0.0 0.0
Flossenburg 59 3.6 3.6
Waldstein 1.4 1.4
P1 7.3 7.3
P2 2.4 2.4
P3 3.0 3.0
P4 2.1 2.1
TQ1 0.1 0.1

Fig. 11   Behavior of stones during the salt crystallization test. The 
stones with high loss are marked (P1, MB2 and MB1)
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and cause irreversible deterioration, therefore, case by case 
analyses are necessary.

Pore radii

The pore radii distribution is also an important parameter 
when it comes to stone conservation studies, since it is 
related to porosity and water absorption and has an essen-
tial role in the stone decay (Siegesmund and Dürrast 2014). 
In this assessment, the detection limit of the MIP technique 

(about 0.002 µm) must be taken into consideration (Barbera 
et al. 2014; Anovitz and Cole 2015; Coletti et al. 2016), how-
ever, in granitoids such pore radii size is not frequent. In this 
study, two main pore radii groups were considered: pores 
lower than 0.1 µm (micropores); pores higher than 0.1 µm 
(capillary pores and macropores). The porosity associated 
to this groups is named microporosity and macroporosity, 
respectively. For others pore size classifications schemes see 
Siegesmund and Dürrast (2014).

Several research studies confirm the importance of 
pore radii distribution in the stones behavior, especially 
the macropores. In fact, pores with more than 0.1 µm can 
transport water easily in different phases with consequences 
on the weathering processes, namely freeze–thaw and salt 
crystallization (Siegesmund and Dürrast 2014; Çelik and 
Kaçmaz 2016). In contrast, high microporosity can increase 
the water retention and lead to dissolution of salt in pores 
(Wilhelm et al. 2016). The stones with the highest amount 
of macropores such as MB1, Puerto ALP, G654 and V2 will 
present a higher capacity to transport water and, therefore, 
a higher decay capacity. On the other hand, stones with less 
macropores, like G603new, Indian Gold, G341, Viscount 
and Paradiso, will have lower susceptibility for weathering.

The pore radii distribution is an important parameter but 
only when the amount of pores is enough to allow the water 
action (salt and ice). Considering the percentage of micropo-
res (< 0.1 µm) and macropores (> 0.1 µm), the microporosity 

Fig. 12   Weight variation of selected stones during the first 59 cycles 
of the salt crystallization test

Fig. 13   Values for density and 
porosity for plutonic stones and 
the ones in this study Modified 
from Mosch (2008)
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and macroporosity were computed as the respective percent-
age of the open porosity. As can be seen in Fig. 14, the vari-
ation of the porosity is mostly correlated to the macroporos-
ity, which have a mean value of 1.09%, while the mean of the 
microporosity is 0.22%. The maximum contribution of the 
microporosity is 0.92% in stone P1 (total porosity − 4.3%). 
Therefore, stones with higher porosity will also have high 
macroporosity and consequently more vulnerability to the 
water action.

The dimension of the pores has a wide range as a conse-
quence of the pore radii distribution and the samples with 
more macropores obviously will show a higher value of 
mean pore radii (Fig. 15). As mentioned above, the porosity 
in these type of stones is crack related (see Fig. 6), which 
means that the size and the interconnection of the crack net-
work will increase with porosity.

Saturation coefficient

The saturation coefficient defines the percentage of the total 
pore space accessible to water and is used to evaluate the 
frost resistance (Siegesmund and Dürrast 2014). As defined 
by Hirschwald (1912), values under 0.75 indicates a weath-
ering resistant stone, values between 0.75 and 0.9 are not 
conclusive and further evaluation is necessary, and for val-
ues over 0.9 the stone is not weathering resistant. According 
to this classification, it is possible to classify the samples 
from this study as is shown in Fig. 16. Thirteen stones are 
located in the weather-resistant field.

The mean value of the saturation coefficient (0.78) is 
similar to the mean values obtained by Poschlod (1990), 
Morales Demarco (2012), Hoffmann (2007) and Mosch 
(2009), respectively 0.81, 0.85, 0.8 and 0.70. The studied 
stones have a large range of S values; therefore, the mean 

Fig. 14   Contribution of the macroporosity and microporosity for the 
total porosity

Fig. 15   Relationship between mean pore radii and the percentage of macropores. The photos shows cracks in MB2 granite with oxides

Fig. 16   Classifications of the studied stones according the saturation 
coefficient (data from Poschlod 1990; Hoffmann 2007; Mosch 2009; 
Morales Demarco 2012)
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value could not give a clear image of the frost resistance and 
the comparisons will be meaningless. Furthermore, in low 
porous stones the ratio between the water absorption and the 
forced water absorption (both low values) will provide an 
inaccurate value. This will be more evident in stones with a 
bulk density higher than 2.6 g/cm³ (Siegesmund and Dür-
rast 2014; Morales Demarco 2012). Figure 17 shows there 
is no relationship between the S value and the bulk density, 
although the stones classified as weather resistant have a 
bulk density higher than 2.6 g/cm³.

Capillary water uptake

The CWU data of plutonic rocks from the literature (LNEC 
1990a, b, c; Pinto et  al. 1994; Pérez-Ortiz et  al. 1996; 
Vicente 1996; Begonha 1997; Mosquera et al. 2000; Rivas 
et al. 2000, 2010; Strohmeyer 2003; Bré 2008; Prieto and 
Silva 2005; Fojo 2006; Leite 2008; Vázquez et al. 2010; 
Ferreira 2011; López-Arce et al. 2011; Braga et al. 2012; 
Silva 2012; Morales Demarco et  al. 2013; Feijoo et  al. 
2013; Mendes 2013; Ribeiro 2013; Antão and Quinta-Fer-
reira 2015; Sousa et al. 2017) show a range from 0.003 to 
11.54 kg/m2 h− 1/2, with a mean of 0.83 kg/m2 h− 1/2. Despite 
the differences in the methodological procedures and units 
used (we have found six different units), the results are simi-
lar. The mean value of this study is 0.88 kg/m2 h− 1/2. The 
distribution of the values both in the literature data and new 
data show a high agglomeration of low CWU values, which 
is more important in the published data (median values of 
0.22 and 0.74 kg/m2 h− 1/2, respectively for published and 
new data) (Fig. 18).

In general, the samples show a higher absorption stage in 
the first minutes/hours according to the porosity and crack 
connectivity as observed among all the studies regarding 
capillary water absorption tests (Mosquera et  al. 2000; 
Karagiannis et al. 2016; Coletti et al. 2016). The stones 
with higher porosity show higher absorption and reach the 

maximum of absorption in a short period of time (Sieges-
mund and Dürrast 2014; Çelik and Kaçmaz 2016). The 
investigated stones are low porous, thereby they should pre-
sent a general pattern according to their low porosity. How-
ever, a closer view shows differences in capillary kinetics.

The capillary absorption curves are a consequence of 
the pore network and they can be related to the pore radii 
distribution. For instance, the samples P2 and P3 show 
two evident sections. The first quasi-vertical stage at the 
very beginning corresponds to the filling of the intercon-
nected porosity as a consequence of the capillary absorption 
(Thomachot-Schneider et al. 2008; Karagiannis et al. 2016; 
Coletti et al. 2016; Feijoo et al. 2017). The next stage is 
related to the filling of the trapped porosity (Fig. 19). This 
kind of absorption pattern is related to the bimodal network 
because the well-connected pores are filled first and the less 
connected ones are slowly filled (Thomachot-Schneider et al. 
2008). The samples MB1 and P1 shows a typical shape for a 
unimodal porous network, with one uniform stage of weight 
increase followed by a stable pattern without evident weight 
variation (Thomachot-Schneider et al. 2008). The arrival of 
the wet fringe at the top of the sample (see Fig. 9) corre-
sponds to the end of the filling of the free porosity, therefore, 
the shape of this curve represents a predominate range of 
well-connected pores. This behavior can also be explained 
by the amount of microcracks as observed in thin sections 
(see Fig. 6).

Other samples as Flo and G341 show a continuous 
increase of water absorption with several slope breaks 
(Fig. 19). This pattern can be related to the low porosity 
and the low porous network connection and the fringe does 
not reach the top of the sample after several hours of testing.

As expected, the CWU values increases with the poros-
ity (Fig. 20) since more space are available to be filled with 
water. However, the dynamic of absorption can be influenced 
by the microcrack network and the clay minerals, only to 

Fig. 17   Relationship between saturation coefficient and bulk density Fig. 18   Histogram of the capillary water uptake of literature data and 
for this study
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mention some of the possible factors (Sammaljärvi et al. 
2017). This relationship is found not only in granitoids but 
is generally confirmed in all rock types (Graue et al. 2011; 
Molina et al. 2011; Sengun et al. 2014). Çelik and Kaçmaz 
(2016) suggest that the combination of a high porosity 
and a high water uptake has a high damage potential. The 
macroporosity is the main component of the total porosity, 
consequently the CWU is also related to pores higher than 
0.1 µm (Fig. 21). Once again is emphasized the role of the 
capillary pores and the macropores on the water absorption 
and weathering processes.

Apparently, the mean pore radii have no influence on 
water absorption (Fig. 22). The tortuosity and the connec-
tions between the pore network also plays an important role in 
water absorption and the weathering process (Buj and Gisbert 
2010; Yu and Oguchi 2010; Dultz et al. 2013, b; Feijoo et al. 
2017). In addition, the pore radii distributions are not equal 

Fig. 19   Relationship between the capillary kinetics and the pore radii distribution

Fig. 20   Relationship between the capillary water uptake and the 
porosity

Fig. 21   Relationship between capillary water up take and microporo-
sity/macroporosity

Fig. 22   Relationship between the capillary water uptake and mean 
pore radii
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unimodal as mentioned above, consequently the value of the 
mean pore radii size is a parameter without a real significance 
and caution is needed when such values are considered.

Water vapor diffusion

This is an important durability factor and together with cap-
illary absorption represents the two main moisture transport 
mechanisms. The WVD gives information about the diffu-
sion resistance of a material when in contact with moisture. 
The highest values of vapor diffusion indicate the higher 
resistance of the rock to the transport of water in the vapor 
phase, consequently it also indicates the lowest perme-
ability. In stones with low porosity, the resistance to vapor 
movement will be high (see Morales Demarco et al. 2011), 
however, the range of this property on magmatic rocks is 
highly variable (Strohmeyer 2003; Hoffman 2008; Mosch 
2009; Siegesmund and Dürrast 2014). In this research the 
same occurs, with the high diffusion resistance values in low 
porous stones (Fig. 23). If the highest (anomalous?) pore 
radii value is excluded, a tendency for a WVD increase with 
the pore size can be established. Therefore, the motion of 
water molecules through the pore space is the preferential 
diffusion mode (see Siegesmund and Dürrast 2014). Other 
factors, like the textural and crack anisotropy also plays an 
important role in the vapor diffusion (Strohmeyer 2003; 
Hoffman 2008; Mosch 2009), and more detailed studies are 
necessary for consistent conclusions.

Salt test

Salt weathering as widely known have some typical quanti-
tative and qualitative consequences over the stones surface, 
namely scaling, flaking, alveolization, back weathering, loss 
of material (Warke et al. 2011; Vázquez et al. 2013; Siedel 
and Siegesmund 2014). In the specimens, the loss of mate-
rial is the most evident consequence of the salt action. The 
durability of the stones is ruled by important petrophysical 

properties, the porous media (porosity and pore size distri-
bution) and the resistance of the rock to pressure crystalliza-
tion, or simply, the coherence (Benavente et al. 2004, b; La 
Russa et al. 2017).

The tensile strength and uniaxial compressive strength 
(UCS) in granitoids are related in a ratio of about 1/10 
(Siegesmund and Dürrast 2014; Torkan et al. 2016; Fores-
tieri et al. 2017; Török and Czinder 2017). The published 
values of UCS for the studied stones have a range between 
100 and 200 MPa, therefore, the tensile strength should be 
between 10 and 20 MPa. The crystallization pressure of the 
thenardite can reach 13 MPa (Espinosa-Marzal et al. 2011) 
or even more when a mixture of thenardite and decahydrate 
occurs in the pores (Saidov et al. 2016). It is difficult to 
have a measured value of the crystallization pressure; how-
ever, the values can be higher than the tensile strength of the 
stones (Flatt et al. 2017). Consequently, our stones will have 
a different mechanical strength to salt pressure crystalliza-
tion. In fact, MB granite with a tensile strength of 12 MPa 
is more prone to damage than Verde Bahia (19 MPa). After 
59 cycles of the salt crystallization test, Verde Bahia have 
not shown any weight variation, while MB1 has lost 3.7% 
of material. This last stone loses 29% of material after 100 
cycles and 52% after 127 cycles. The more weathered and 
porous stones also have lower compressive strength, tensile 
strength and cohesion (Sousa 2004; Ceryan 2005; Momeni 
et al. 2017), and therefore, will be more affected by salt crys-
tallization (Benavente et al. 2004a, b).

The loss of weight during the salt crystallization test is 
related to the porosity (Fig. 24). The most porous stone have 
more cracks for crystal growth and the crystallization pres-
sure is applied commonly with more damage. This relation-
ship is detected in many research studies and is more evident 
in the high porous stones (Lopez-Doncel et al. 2013; Sousa 
et al. 2017; Pérez-Fortes et al. 2017). However, in some situ-
ations, the voids are larger and they allow crystals to grow 
without significant pressure on the pore walls (Espinosa-
Marzal and Scherer 2008, 2010; Lopez-Doncel et al. 2013; 

Fig. 23   Relationship between the water vapor diffusion (WVD) resistance and porosity (left) and mean pore radii (right)
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Steiger et al. 2014; Flatt et al. 2017). It is interesting that the 
most porous stone (P2) does not show the highest weight 
loss during the salt test (see Figs. 11, 12) and the low con-
nectivity as discussed above can justify this behavior (see 
Fig. 19).

Regarding macroporosity, capillary pores and micropo-
rosity it was verified that the pore radii distribution plays 
a considerable role in the most porous stones in this long 
period salt test (Fig. 24). Stones such as P1, P2, Flo and 
MB1 have the higher values of capillary pores, macroporos-
ity, and also the highest weight variation. This relationship 
is expected as a consequence of the relationship between the 
porosity and these pores (see Fig. 14). The stress is related 
to the supersaturation and in stones with large pores more 
salt must precipitate to exert pressure (Espinosa-Marzal and 
Scherer 2008), therefore, the stones with smaller pores are 
more susceptible to deterioration (Benavente et al. 2004, b; 
La Russa et al. 2013, 2017; Steiger et al. 2014; Coletti et al. 
2016; Flatt et al. 2017). There are some exceptions when the 
stones have low pore connectivity and high tortuosity or high 
porosity (Steiger et al. 2014; MacWilliam 2017). Granitoids 
have a low pore connectivity and high percentage of capil-
lary pores and macropores, hence the deterioration is mainly 
controlled by the total porosity, especially in the stones with 
a high degree of weathering. In our dataset, the porosity 
is related to the crack network rather than spherical pores 
as previously stated. The smaller cracks are mainly located 
inside the crystals (intragranular) and the width is smaller 
than the intergranular and transgranular ones (see Fig. 6).

Depending on the location in the quarry, weathered gran-
ites can have very different porosity values (Sousa et al. 
2017) with reflection in salt weathering. For instance, the 
AR1 granite has a loss of 2.11% after 217 cycles, while 
a loss of 3.14% after 100 cycles (Sousa 2014) and 4.59% 
after 70 cycles (Sousa et al. 2017) are mentioned in previ-
ous works. In such stones, small variations in the amount 

of porosity and in the crack pattern and connectivity will 
determine high differences in the salt weathering and then 
a special attention during the assessment of the results is 
required.

Stones with similar porosity show different susceptibility 
to the salt test according to the percentage of macropores. 
For instance, the samples Puerto ALP (porosity 0.9%) and 
G603new (porosity 1.05%) have different weight variations, 
3.6 and 0.0%, respectively. In these stones, the percentage of 
macropores could be the explanation: 100% in Puerto ALP 
and 34.9% in G603new. In our dataset, there is no relation-
ship between the mean pore radii and the weight loss.

It is interesting the weight loss pattern of some stones 
during the salt test. In fact some porous stones do not show 
evident weight variation after 59 cycles, however, the loos-
ening increases dramatically after 100 cycles probably due to 
catastrophic crack propagation (see Figs. 11, 12). Obviously, 
the comparison can only be done for the same number of 
cycles, but the pattern can be extrapolated for all the stones 
with similar porosities.

The samples G603 and G603new do not have weight loss 
after 59 cycles, however, after 127 cycles, G603 have a loss 
of 1.91%. The size of the pore radii, lower in G603new, 
the high percentage of capillary pores of G603 (94.8%) and 
the multimodal pore radii distribution are the reasons for 
further weight loss in G603. Another unexpected result is 
the lower weight loss of G682, which with a high porosity 
(2.7%) only lost 0.2% after 127 cycles. This stone has the 
higher pore radii size with a non-uniform pore radii distribu-
tion besides a high percentage of macropores (97.2%). The 
stone TQ1, also with high porosity (1.86%), does not lose 
weight probably because the cracks are sealed with sericite 
and argillaceous minerals, which makes the movement of 
free water difficult.

For these low porosity stones, a few number of cycles 
are not enough to perceive the changes (Alonso et al. 2008; 

Fig. 24   Relationship between the weight loss at 59th cycle and the porosity (left), microporosity and macroporosity (right)
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Vasquez and Alonso 2010; Zedef and Unal 2010), and only 
after a high number of cycles is the weight decrease noto-
rious. These cycles modify the porous media of the stone 
and, consequently their petrophysical properties (Benavente 
et al. 2001; Ludovico-Marques and Chastre 2012; Steiger 
et al. 2014; Martins et al. 2016; Sousa et al. 2017). Stones 
with small pores are more prone to clogging (Espinosa-
Marzal and Scherer 2013) and this delays the deterioration. 
The cracks will enlarge due to the crystallization pressure 
and after a critical number of cycles the internal cohesion 
decreases and the stones lose material quickly.

For granitoids, the number of cycles to assess the weath-
ering resistance should be at least 100. Lubelli et al. (2014) 
already suggested the classification of materials according 
to their durability to salt crystallization, but for low porous 
stones this cannot be achieved within a short time (see 
López-Arce et al. 2010). According to Angeli et al. (2007), 
the most resistant stones during the first cycles are not neces-
sarily the most resistant at the end (see Figs. 11, 12), requir-
ing long-term tests to have a clear illustration of the stone 
behavior.

Besides the weight loss and roughness increasing, salt 
action could be also identified by the increasing of poros-
ity. The porosity values of the samples AR1, MB1, MB2, 
G603, obtained by mercury intrusion, have increased from 
1.04, 1.37, 2.81 and 2.70 to 2.01, 2.13, 9.26 and 3.94%, 
respectively. It is evident that the shift of the pore radii 
distribution with the increasing percentage of macropores 
(Fig. 25). López-Arce et al. (2010) mention the increase of 
the porosity and pore radii size in granites subjected to arti-
ficial salt crystallization tests. The increase of macropores 
is a consequence of the propagation and widening of all the 
crack types, but especially the transgranular ones as well the 
development of new cracks (Fig. 25). The stones manifest 
the salt decay by the open cleavages in micas, pitting on the 
plagioclase surface, cracks, open grain boundaries, and open 
coated cracks with iron oxides. Martins et al. (2016) mention 
that coarse granites are more affected by the salt action, and 
the larger intergranular cracks in these stones can explain 
this increase. For the samples with higher porosity such as 
MB1, MB2, AR1, these features are more evident.

Salt weathering is stimulated by the crystallization of a 
saline solution absorbed from the outside to the inside of 
the stone, and what is required is a transport through the 
pore network by capillarity and diffusion (Sawdy-Heritage 
et al. 2008; Steiger et al. 2014). If the brine does not fill the 
porous media completely, the efficiency of pressure crystal-
lization decreases strongly, and therefore, the level of dam-
age will be different and focused on the first millimeters of 
the surface (Benavente et al. 2004, b; Vázquez et al. 2013). 
The transport capillary phenomena are more obvious in very 
porous stones because with large pores the air bubbles can 
be driven out easily, permitting the solution to completely 

fill the pores of the stone (Benavente et al. 2004, b). Thus, 
once studied stones have different water absorption, differ-
ences will occur in the absorption of the saline solution and, 
consequently, in the damage. For this reason, stones with 
higher capillary water absorption show a tendency for higher 
weight loss during the salt crystallization test, however, with 
a low coefficient of determination (Fig. 26). The connectiv-
ity plays an important role in the water absorption and the 
salt action in low porous stones only can be perceived after 
a high number of cycles.

Conclusions

To characterize the effect of salt on granite decay, a larger 
number of granitoid samples were collected and investi-
gated. The collected stones are different in mineralogical 
composition, microstructure and weathering degree, there-
fore, the influence of these factors on salt weathering can be 
assessed. In the recent European standards, the durability 
of the rocks subjected to salt action is now considered. Salt 
action is very important in monuments and buildings for 
heritage maintenance and restoration and wherever porous 
stones are used as building materials. The growing utiliza-
tion of porous granites demands a thorough knowledge of 
their behavior when they are used in wet and cold environ-
ments, especially where sodium chloride is used to mini-
mize the ice formation. Sodium chloride is more soluble 
than sodium sulfate and tends to migrate to the stone surface, 
causing mainly surface damage. The characterization of the 
porosity and the behavior of the stones when they interact 
with water improves the state of knowledge concerning the 
main factors governing salt action.

As a consequence of the weathering degree, the selected 
stones have a wide range of porosity, from 0.1 to 4.75%, 
which corresponds to the cracks. In fact, cracks stained 
with iron oxides are the most important characteristic of 
the porosity as observed in the porous and weathered stones 
(MB1, MB2, P1 and P2). The pore radii distributions are 
normally unequal bimodal, with the maximum sub-maxi-
mum located in the macropores (capillary pores). Thus, the 
macropores are also more abundant and the macroporosity 
is related to other parameters like CWU and weight loss 
during the salt test.

The kinetics of the CWU are related to the pore radii 
distribution and total porosity. Stones with a high pore con-
nectivity display a linear absorption of water until they reach 
the maximum absorption, while stones with low connectiv-
ity display an absorption curve with slope breaks. The WVD 
is directly related to porosity, while the influence of the pore 
radii size is not so evident.

During the salt crystallization test the stones undergo 
an increase of porosity with the shift of the pore radii 
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Fig. 25   Examples of the evolution of pore radii distribution and petrographic observations after salt test (from top to bottom: MB1, MB2 and 
G603)
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distribution towards the macropores field. The increase of 
macropores is a consequence of the propagation and widen-
ing of preexistent cracks as well as the development of new 
ones.

The resistance against salt action, assessed by weight loss 
during the salt crystallization test, is controlled by the total 
porosity with some exceptions related to the pore radii size 
and distribution as well as to the pore connectivity. When 
the stones have similar porosity, those with a high percent-
age of macropores will be more prone to lose weight. Stones 
with high porosity do not suffer the expected salt action if 
they have a high pore radii size. The yellow granites, more 
porous than the sound ones, will be more affected by salt 
action; however, the magnitude of this action is related to 
the pore radii size.

During the salt crystallization test stones undergo deep 
changes in the pore network, which are more evident after 
100 cycles. The actual standards do not have applicability in 
such low porous stones and a revision is necessary.

The evolution of granitoids in a more long-term trial 
should be done to assess the behavior of the less porous 
stones. Moreover, the influence of different environmental 
conditions needs to be investigated.
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