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This work discusses the results from a set of physical and mechanical test conducted on 46 cubic samples of a
granite from the north of Portugal widely used in local granite-built UNESCO World Heritage sites, heated in a
furnace at temperatures ranging from 105 to 700 ◦ C and cooled under different conditions. Then, the obtained
results are compared with an extensive database of published case studies, showing that porosity, unit weight,
ultrasonic waves velocities, elastic modulus and uniaxial compressive stress variations are mostly related to the
induced thermal-stress caused by the anisotropic thermal expansion of the mineral grains. Only mineralogy and
specific gravity do not exhibit changes for the studied range of temperatures. For specimens heated to above
500 ◦ C, degradation processes predominate due to alpha-beta phase transition in quartz grains, considerably
increasing the linear crack density, length and width and degrading the rock properties. Regarding the influence
of the cooling method, thermal effects are amplified when cooling is performed by water immersion because of
the inhomogeneous shrinkage and the subsequent tension stress between adjacent particles due to temperature
decrease that develop at different pace within the samples. Scanning electron microscopy confirms the increase
of damage and the negative effect on the granite properties caused by thermal treatment from 500 ◦ C and by
water cooling. For temperatures lower than 500 ◦ C a hardening effect slightly improving elastic modulus and
uniaxial compressive strength is observed in slowly and quickly cooled samples. The derived conclusions
considerably improve the knowledge about the behaviour against temperature of this type of granite, with the
purpose of evaluating the integrity level of granite-built UNESCO cultural heritage sites in northern Portugal.

1. Introduction
Granitoids are widely distributed all around the world (Fig. 1),
covering near 10% of the emerged Earth’s surface [1] and composing
about 20% of the continental Earth’s crust [2,3]. Igneous rocks have
been widely used in traditional and historical buildings and in
frastructures, such bridges, tunnels and dams, and therefore, the inter
action of human being with this material has developed since ancient
times. Some of these constructions are affected by high temperatures
during their service life that induce important physical and mechanical
changes in the granitoids, influencing the deformation and stability of
the structures built with or within this material. Specifically, fires are

major hazards affecting cultural heritage assets with catastrophic ef
fects. From a geomechanical point of view, fires induce changes in the
properties of the stones exposed to fire or fire-related temperatures [4].
Therefore, it is crucial to assess the effect of fire on the stone in terms of
reduction of strength, deformability parameters and changes in
appearance [5]. Consequently, the temperature-induced effects on
stones and the cooling method are considered as a hot topic in con
struction that has been widely studied in laboratory and that becomes
particularly important in the field of cultural built heritage. Table S1
(see supplementary material) summarizes a compilation of experiences
published in scientific literature in which this topic is addressed for
granites, including detailed information on rock type and mineralogical
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characteristics, experimental methods and physical and mechanical
properties. Most of these case studies compiled in this table are discussed
below.
The relationship between the microscopic damage caused by thermal
effect and the macroscopic physical and mechanical properties on rocks
is a growing topic in rock mechanics. Some of these studies are mainly
focused on the evaluation of thermal damage from a micro-level
perspective, and describe the internal mechanisms affecting rocks
after a temperature increase that cause the variation of the macroscopic
properties e.g. Refs. [6–20]. These works mainly use scanning electron
microscopy (SEM), porosimetry analysis X-ray computed tomography,
passive infrared thermography, or acoustic emission to evaluate the
degree of damage and microfracturing of the sample. Additionally, the
micro-structural changes induced by temperature and the impact of
cooling on fracturing process have been satisfactorily modelled by using
a bonded particle [6,21], finite element modelling [22,23] and finite
difference modelling [24].
Some works addressed the study of chemical and aesthetic changes
of granites, such as changes in mineralogical composition or surface
properties as colour [22,25], e.g. Ref. [26], which are indicative of the
internal mineralogical processes affecting the rock after heating.
Physical and mechanical changes induced by temperature in granites
also cover most of the existing publications since they have a direct
application for different construction purposes. Physical properties as
unit weight, porosity, P-wave velocity e.g. Refs. [14,27,28] and
permeability e.g. Refs. [11,29–31] are good indicators of the damage
induced by thermal effects, exhibiting also a high correlation with me
chanical properties of granites. Thermal properties of granites, as ther
mal diffusivity e.g. Refs. [31–34], heat capacity [32,33] and thermal
conductivity e.g. Refs. [31–33,35–37], usually vary considerably with
temperature [32] and have been extensively studied.
Many works have evaluated the effect of temperature on the tensile
stress of granites e.g. Refs. [31,38–45] because they can reach failure
much earlier under tensile stresses than under other stresses [46], and
critically affect some designs in rock mechanics. Some papers have been
also published focusing on the evolution of other mechanical properties
of granites for increasing temperature such as flexural strength [47] and

frictional strength e.g. Refs. [31,48–50]. High frequency fatigue loading
tests were also performed by Chen et al. [51] to evaluate the effect of
temperature on the fatigue life of a granite and its relationship with
thermal damage. Complementarily, some authors used energy features
(i.e. total absorbed energy, dissipated energy, and elastic strain energy)
of granite samples to evaluate these changes [52]. Chen et al. [53]
investigated the time-dependent behaviour of a granite by means of
series of multi-step and mono-step creep tests. However, among all
mechanical properties, uniaxial compressive strength (hereinafter
referred to as UCS) and static elastic modulus (hereinafter referred to as
Esta) are the key features in engineering design, focusing the attention of
most of the scientific literature. The variation of these parameters has
been systematically studied for geothermal energy systems, nuclear
waste disposal or construction. Figures S1 and S2 (see supplementary
material) show a plot with the evolution of UCS and Esta, respectively,
from an extensive database compiling and digitizing information from
papers published in scientific literature (Table S1) that will be used for
later comparison and discussion of results of the experimental campaign.
Most of the works compiled in Table S1 obtained the physical and
mechanical properties of rocks subjected to high temperatures by
heating the specimens to predetermined temperature levels and tested
them at room temperature after cooling. Some other scholars have also
tested the samples at target temperature (i.e. without cooling) e.g. Refs.
[26,54,55].
The effect of the cooling rate and the cooling method using different
coolants (i.e. natural cooling in air, cooling by immersion in water and
cooling in liquid nitrogen) on thermally treated granites damage and
physical-mechanical properties has been also studied by several authors
e.g. Refs. [26,50,56–64].
The thermal influence on physical and mechanical properties of a
granite from the north of Portugal is studied in detail in this paper and
compared with previous published experiences worldwide (Table S1).
The selected granite has been widely used locally since ancient times for
building purposes. Some cultural heritage buildings from the UNESCO
World Heritage cities of Guimarães and Porto [65] and other ancient
constructions in northern Portugal and Spain are built using the granites
studied in this work (Fig. 2). A specific study focused on the city of

Fig. 1. a) Worldwide distribution of granitoids (included quartz-diorites and quartz-monzonites) according to Hartmann and Moosdorf 1. b) Location of the granites
in northern Portugal analysed in this work.
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Fig. 2. Examples of use of granites in local architecture in northern Portugal: a) and b) Buildings from the historic centre of Guimarães (Middle Ages). c1) and c2)
House built with granite masonry load-bearing walls affected by a recent fire. d) Cluster of granite granaries perched on pillars in Espigueiros of Soajo (18th and 19th
centuries). e) Archeological ruins of Briteiros primitive settlement (locally called “castros”) of pre-roman origin, cataloged as National Monument. f) Ducal Palace of
Bragança (15th century). g) Castle of Guimarães, National Monument (11th century). h) Dolmen de Chã de Parada (Baião), National Monument, (3rd millennium b.
C.). i) Romanesque church of S. Miguel (12th century), National Monument. It is worth noting that the constructions shown in (a), (b), (c1), (c2), (f), (g) and (i) are
part of the UNESCO World Heritage sites of Guimarães.
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Guimarães specifically noted that a 67% of all the buildings in the
Historic Centre of the city presents a moderate to high fire risk [66].
Hence, the potential risk of fire and the extensive use of the studied
granite reveals the need of performing comprehensive characterization,
interpretation, rating and prediction of damage [67] on these granites
after a fire. Therefore, the main aim of this paper is to evaluate the in
fluence of temperature and of the cooling method on physical and me
chanical properties of a granite from Portugal widely used in cultural
built heritage. To this aim, dry unit weight, porosity, ultrasonic waves,
uniaxial compressive strength and Young’s modulus have been deter
mined for 46 rock samples following standard procedures before and
after heating at different temperatures and cooling under different
conditions. Mineralogical, textural and microstructural characterization
of the rock has then enabled to explain the observed changes in
macro-properties. Finally, the results are discussed and jointly compared
with those extracted from the scientific literature. The derived conclu
sions will be of paramount importance for the evaluation of the integrity
level of granite-built UNESCO cultural heritage sites and other tradi
tional constructions in northern Portugal and Spain made of this stone
when affected by high temperatures induced by a fire as well as for
defining less aggressive fire extinguishment methods.
The paper is structured in different sections: Section 2 shows the
methodology followed in the research work. The main results are pre
sented in section 3 and discussed on section 4. Finally, the main con
clusions are presented in section 5.

of the elements to mineralogical composition.
2.3. Microcracks evolution
SEM images obtained at 105, 500 and 700 ◦ C described in section
3.2. were performed to evaluate the evolution of microcracks. To this
aim, the images were scaled and cracks were traced manually using a
Computer Aided Design software. Then, the images were divided using a
gridline vertical and horizontal spacing of 0.5 mm. Thus, the number of
microcracks intersecting with the lines were counted and used to
calculate the linear crack density, which is the number of cracks per
millimetre [73].
Complementarily, cracks’ lengths were automatically calculated and
the maximum openings of wider fissures were also measured using the
image processing software JMicrovision [74].
SEM images used to evaluate the microstructural damage caused by
heating and cooling treatments for each heating temperature were
carefully selected. As they only represent a part of the whole volume of
this heterogeneous medium-coarse-grained granite [75], results must be
considered qualitatively rather than quantitatively.
2.4. Rock samples preparation
The specimens studied in this research were obtained from rock
blocks sampled from quarry and cut by means of a saw machine. For this
study, 46 cubic samples of 10 cm side were obtained to perform me
chanical tests (Table 1). Rift, grain and hardway planes were marked in
the quarry using a colour code for a better identification. The mechan
ical tests were performed with riff plane parallel to the axial force (i. e.
parallel to foliation plane).

2. Methods
2.1. Rock description
Granites studied in this work come from quarries placed near the city
of Vila Real, in the northern of Portugal. In a regional context, these
granites were emplaced between the ductile deformation phase (D3) and
brittle phase (D4) of the Variscan orogeny and mainly contain quartz,
microcline, plagioclase, biotite, muscovite, zircon, apatite, monazite
and ilmenite [68]. This granite of two micas with medium to coarse
grains and porfiroid texture exhibits a development of potassium feld
spar megacrystals (microcline) that generally show planar orientations
along with some deformation of the matrix [69–71]. The studied gran
itoids are syn-orogenic peraluminous two-mica/leucogranite suite and
crop out as broadly concordant mesozonal plutons in the core of a
NW-SE trending, D3 megascopic antiformal structure. Syntectonic
intrusion is inferred from the development of an early NW-SE trending
magmatic flow fabric evolving locally into a post-solidus foliation. The
main granite facies is a medium-grained (1–20 mm) equigranular
two-mica granite, hosting numerous metasedimentary xenoliths (mica
ceous restites with sillimanite) [72].

2.5. Heating and cooling processes
The heating process of the rock samples was performed at atmo
spheric pressure in a programmable high temperature furnace according
to the procedure proposed by Brotons et al. [76] from 105 ◦ C, in order to
reach the target temperature (Tt) in 1 h. Once target temperatures of
300, 500, 600, and 700 ◦ C were reached, they were kept for 1 h at
constant temperature. This procedure induces different heating rates
that vary from 1.6 to 9.9 ◦ C/min depending on the target temperature
although according to Wang et al. [77] and Garrido et al. [78] for such a
small range of heating rates the influence of the heating gradient can be
neglected. After the heating process was over, the specimens were
cooled in two different ways in order to study the influence of the
cooling method in the rock properties (Fig. 3 and Table 1), namely: a)
slow cooling in which the specimens were cooled at laboratory tem
perature; and b) rapid cooling at which the specimens were immersed in
tap water at laboratory temperature in a 10 l water container to simulate
the extinguishment by firefighters using water. Finally, the samples
were kept dry into a desiccator until the completion of subsequent tests.

2.2. Mineralogical and textural characterization
The mineralogical composition of granites before and after heating
was analysed by powder X-ray diffraction (XRD) on a powder of a
crushed sample (63 μm size) using a Bruker D8-Advance diffractometer
with mirror Goebel (non-planar samples) using the Cu Kα radiation.
Data were collected and interpreted using the X Powder software
package. The semi-qualitative search-matching procedure was based on
the ICDD-PDF2 database.
The petrographic characterization was performed in thin sections
under an Assioscop Zeiss transmitted light microscope. The micro
structure of studied granites was characterized using scanning electron
microscopy (SEM), which characterises the cracks evolution and
morphology induced by heating and cooling. Samples were cut and
polished in regular samples of approximately 1 cm2 surface, that permits
the observation of all rock-forming minerals, and were observed in lowvacuum mode (voltage of 5–30 keV) with a Hitachi S3000 N. EDX (en
ergy dispersive X-ray) was used to associate the basic chemical analysis

Table 1
Number of samples on which mechanical tests were conducted. All samples were
previously heated at 105 ◦ C and air cooled for the development of nondestructive tests and to obtain reference physical and mechanical values of the
different properties.
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Temperature
(◦ C)

Number of air cooled
samples

Number of water cooled
samples

Total

105
300
500
600
700
Total

6
5
5
5
5
26

–
5
5
5
5
20

6
10
10
10
10
46
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Fig. 3. Illustration of the different stages of the heating of the rock samples from room temperature (TR) up to each target temperature (Tt), and the subsequent
cooling processes adopted.

2.6. Measurement of physical properties

were removed to avoid their damage and the samples were brought to
failure.

Open porosity was measured using weights (i.e. dry, immersed and
saturated) and sample volume traditional techniques according to the
standard tests [79]. Additionally, total porosity was computed from dry
unit weight and the specific gravity of the rock, determined by the
pycnometers method [79].
Ultrasonic P- and S- compressional waves were measured in the three
directions of the samples using a signal emitting-receiving equipment
(Panametrics-NDT 5058 PR), following the Spanish Standard [80].
Then, dynamic Poisson ratio (νdyn) and Young’s modulus (Edyn) were
calculated as follows:
(
)(
)
 vp 2 1 − 2νdyn 1 + νdyn
Edyn = ρbulk
(1)
1 − νdyn
)
v 2 − 2v2s
)
2 v2p − v2s

3. Results
3.1. Mineralogical and petrological changes
The semiquantitative mineralogical analysis performed using
petrography and X-ray diffraction (Figs. 4 and 5) shows that tested
samples consist of 25% quartz, 34% plagioclase (albite), 18% K-feldspar
(microcline), 10% biotite and 13% muscovite. Clay minerals (illite),
sericite, zircon and ilmenite are also present as accessory phases.
Furthermore, this granite is characterized by an intense weathering that
induces a high secondary porosity and infers an anisotropic behaviour
that changes physical and mechanical properties along different di
rections [71] as shown by ultrasonic waves in section 4.3.
According to the semiquantitative results of X-ray diffraction (XRD),
the mineral composition of the granite did not change with increasing
temperature (Fig. 5).
Naked eyed description of the original colour of samples at room
temperature shows a slight general yellowish-ochre and quartz grains
exhibit a greyish hue (Fig. 6). At 105 ◦ C, ochre hues of the samples turn
into light pink and quartz grains adopt a strong grey hue. At 300 ◦ C,
pinkish and dark ochre colours are predominant and the quartz crystals
present a transparent vitreous aspect. Reddish hue is preserved while
ochre hue become into reddish when a temperature of 500 ◦ C is reached.
Quartz particles maintain a similar aspect than the one recorded for
300 ◦ C. Finally, when 600 and 700 ◦ C are achieved, reddish hues pre
dominate against pinkish ones and quartz crystals maintain a vitreous
aspect. It should be noted that these changes were observed for both
quick and slow cooled rock samples.

(

p
νdyn = (

(2)

where ρbulk is the bulk unit weight of the rock.
2.7. Measurement of mechanical properties
Mechanical tests were performed by using four columns hydraulic
press machine of 3000 kN capacity, applying a 0.5 MPa/s loading rate
up to failure. Two Linear Variable Differential Transformers (LVDT)
connected to a HBM Spider 8–600 Hz electronic measurement system
were used to measure the displacements of specimens and control the
test. Additionally, a Catman v.5.0 analysis software was used for data
visualization, automation and storage. Longitudinal strain values were
recorded for each loading cycle up to a maximum value equal to 70% of
the rock ultimate load, following the suggested test method for the
estimation of the average Young’s modulus [81]. After this point, LVDTs
5
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Fig. 4. Thin section microphotographs taken under (A) parallel light; and (B) crossed nicols of the studied granite. Kfs: K-feldspar; Bt: biotite; Qz: quartz; Ms:
muscovite; Pl: plagioclase.

the number of network microcracks also becomes denser (Fig. 7)
creating new cracks and enlarging the length of existing ones, although
over 500 ◦ C the fissures coalesce increasing their total length. The length
of microcracks at different temperatures follows a similar trend for both
cooling methods, although it is slightly longer for air cooled than water
cooled samples.
A slight microcrack closure due to thermal expansion is also
observed from 105 to 500 ◦ C. For higher temperatures, the width of the
microcracks drastically increases even doubling its original value at
105 ◦ C.
3.3. Unit weight and porosity
The summary of the physical and mechanical properties of granites is
presented in Table 2, considering the reference specimens dried at
105 ◦ C. Specific gravity slightly varied between 2.66 and 2.70 for tem
peratures ranging from 105 to 700 ◦ C and for both cooling methods
(Fig. 9a). The small variation observed (i.e. 1.48%) mainly results from
the heterogeneity of the granite samples selected and the instrumental
errors in the determination of the parameters involved in the calculation
of this property. These results agree with the mineralogical stability
mentioned in section 3.1.
Dry unit weight is slightly higher in the cases of the specimens
submitted to temperatures up to 500 ◦ C or water-cooled samples. After
this temperature, the dry unit weight is higher for air-cooling samples
(Fig. 9a).
The average open porosity of the studied samples was 3.64 ± 0.45%,
representing about 67.1% of total porosity (5.43 ± 1.22%) (Table 2). A
similar trend is observed for total porosity that varies from 5.4 to 9.7 and
10.5% for air and water-cooling methods, respectively, for the range of
temperatures 105-700 ◦ C, exhibiting a marked increase also at 500 ◦ C
(Fig. 9b). These changes in porosity are considered to be low in com
parison with those observed in other rocks because the fissures gener
ated by thermal treatment and cooling methods have a lower effect on
the total porosity than voids.
The high initial open porosity (i.e. 3.6%) increases up to 8.1 and
8.6% due to thermal exposition (700 ◦ C) and the subsequent air and

Fig. 5. X-ray diffraction patterns of the studied granites for different
temperatures.

3.2. Thermally induced microcracking
Fig. 7 shows the spatial distribution of microcracks obtained from the
analysed SEM images of samples of the studied granite. The evolution of
the linear crack density for the different temperatures and cooling
methods are plotted in Fig. 8b. As can be seen in these figures, the total
linear crack density gradually increases for both cooling methods with
temperature. In detail, linear density at 700 ◦ C double the values
measured at 105 ◦ C being higher in water cooled than in air cooled
samples (i.e. 2.1 and 2.3 for air and water cooling, respectively).
Fig. 8 shows the statistical distribution of crack lengths. The results
show that the number of microfissures increases with temperature and

Fig. 6. Colour changes observed in the studied granite in northern Portugal for the studied range of temperatures. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Microcracks traces plotted on SEM images of samples heated at different temperatures and water (W) or air cooled (A).

air-cooling samples, reaching 2.9, 10.5 and 1.2 m⋅s-1⋅◦ C-1 for the three
above defined temperature intervals, respectively. This fact highlights
that the decrease rate of primary wave velocity at 500-600 ◦ C is the most
significant among the studied temperature ranges. These results are in
good agreement with the evolution of the porosity and dry unit weight
for increasing target temperature, as well as, with previous published
works e.g. Refs. [14,27,29] summarized in Fig. 10b.
Unfortunately, only a few papers in scientific literature show and
analyse S-wave data. Consequently, a representative and significant
sample of data of this parameter has not been compiled and thus
compared with the obtained results.

water-cooling, respectively. In this case, the variation is also more
visible for specimens heated to above 500 ◦ C (Fig. 9b).
3.4. Ultrasonic waves
The values of P- and S- wave velocities (hereinafter referred to as Vp
and Vs) at 105 ◦ C were 3.20 ± 0.17 and 2.29 ± 0.13 km/s, respectively,
in the direction in which the mechanical tests were performed (i.e.
parallel to the foliation plane) (Table 2). In the orthogonal axis, the
values of Vp and Vs velocities were 3.09 ± 0.17 and 2.11 ± 0.17,
respectively, evidencing the existence of an anisotropy index of 31.7%
according to Ruedrich and Siegesmund [82].
P-wave velocity reduces continuously as temperature increases
(Fig. 10a). The tested specimens exhibited a total decrease of velocity
between 2.51 and 2.33 km/s (i.e. 72.8% and 78.5%) when temperature
exposition varies from 105 to 700 ◦ C for air and water cooling methods,
respectively. According to Fig. 10a, P-wave velocity evolution can be
divided into three different stages for both cooling methods according to
its decreasing rate, namely in the temperature ranges of 0-500 ◦ C, 500600 ◦ C and 600-700 ◦ C. For air cooling samples, the P-wave change rate
in the three mentioned ranges are 3.1, 10.9 and 1.8 m⋅s-1⋅◦ C-1. For watercooling samples, the P-wave change rates are slightly smaller than for

3.5. Uniaxial compressive strength
The mean UCS value obtained in the reference specimens in the di
rection of application of compression loading is 58.61 ± 11.63 MPa
(Table 2). Fig. 11a shows the evolution of the UCS of the studied granites
with temperature considering the two different cooling methods. UCS
values reduce up to 42.0 and 67.9% in relation to the reference values
for air and water cooling methods, respectively, taking into account the
maximum increase on the temperature.
The three different stages defined for P-wave can be also recognized
7
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Fig. 8. Distribution of crack lengths for thermal treatments of: (a) 105 ◦ C; (c) 500 ◦ C air cooling; (d) 500 ◦ C water cooling; (e) 700 ◦ C air cooling; and 700 ◦ C water
cooling; and (b) evolution of linear crack density, mean crack length and maximum crack width of the studied granites after heating and cooling.

in the descending trend of the compressive strength, although it is not as
gradual as for P-wave. Until 500 ◦ C, granites seem to undergo a slight
improvement of the UCS of 10.4 and 18.6% due to toughness for air and
water cooling samples, respectively. After this temperature, UCS pre
sents a strong fall of about 40.2 and 54.0% between 500 and 600 ◦ C for
slow and fast cooling, respectively. Finally, from 600 to 700 ◦ C UCS
slightly increases for air cooling samples. For this temperature range,
specimens submitted to water cooling samples present a lower
descending trend than for the previous temperatures.
The effect of the cooling method is higher for specimens heated to
above 500 ◦ C. Below this temperature (300 and 500 ◦ C), water cooling
samples show values 1.8 and 7.5% higher than the valued found for air

cooling samples, respectively. Beyond 500 ◦ C (600 and 700 ◦ C), watercooling considerably reduces the UCS values up to 17.2 and 38.2%,
respectively.
The evolution of normalized UCS for the studied granite is in
agreement with previous published works summarized in Fig. 11b.
3.6. Static and dynamic Young’s modulus
The reference value of static elastic modulus is 3.95 ± 0.31 GPa
(Fig. 12). The trend of static elastic or Young’s modulus (Esta) of tested
samples with temperature is very similar to the trend of UCS. The
samples exhibit an initial hardening between 105 and 500 ◦ C, reaching a
8
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4. Discussion

Table 2
Physical and mechanical properties of the northern Portuguese granite. (*)
Along the direction of application of the principal stress.
Parameter
Dry unit weight, γd (kN/m3)

Specific gravity, Gs
Open porosity, n₀ (%)
Total porosity, n (%)
P-waves velocity, Vp (km/s)*
S-waves velocity, Vs (km/s)*
Young’s modulus (GPa)

from ultrasonic waves (Edyn)*
from mechanical tests (Esta)*
Uniaxial compressive strength, σci (MPa)*
Anisotropy factor (from ultrasonic waves)

The variations of different physical and mechanical parameters after
thermal treatments and cooling methods of a granite widely used in the
UNESCO World Heritage sites in northern Portugal studied in this paper
have been evaluated from laboratory tests and compared with those of
published studies.
Most of the studied properties exhibit changes when temperature
increases, following different trends. However, the mineralogy deter
mined by XRD and the specific gravity do not present any substantial
change as previously observed by Yang et al. [18] and Sun [33] sup
porting the stability of the mineralogy.
Conversely, the abrupt change observed in total and open porosity,
as well as in dry unit weight between 500 and 600 ◦ C is caused by the
development of new microfissures and the connection of the disconti
nuities networks created during previous phases [29,59]. However, the
variations in porosity are not significant in comparison with those
observed for other rocks because the induced fissures have a lower in
fluence than voids in total porosity e.g. Ref. [83]. Dry unit weight
slightly decreases (i.e. 0.37%) from 105◦ up to 500 ◦ C, exhibiting a sharp
decline (i.e. 5.25%) from 500 ◦ C in accordance with other studies that
mainly relate the changes in dry density to the expansion of volume,
mostly caused by quartz transformation at 573 ◦ C e.g. Refs. [84–86].
Colour changes, detectable to naked eye, are produced by the
development of fissures and modification of the oxidation state of iron,
which does not imply a mineralogical change as mentioned above. The
colour of the studied granite samples changes due to the surface
roughness caused by high microfissuration of quartz that in turn causes a
rise of rock lightness [87] giving a whitish colour to the granite. How
ever, iron minerals oxidation is the main responsible of colour changes
into reddish-pinkish tones, when samples are heated to high tempera
tures. In this case, the high content in biotite group minerals and the
facility of plagioclase to continue their alteration may have been the
responsible of their disaggregation. Iron can be found in biotite group
minerals, alkali feldspar and clays. Biotite group minerals turned into
golden tones and alkali feldspar turned into pinkish colours. The original
yellow colour of clays changed into reddish colour. The colour change
sequence observed is similar to that exhibited by Golden Sky granite
described in Vazquez et al. [25].

Value
25.43 ± 0.12
2.68 ± 0.03
3.64 ± 0.45
5.43 ± 1.22
3.19 ± 0.17
1.97 ± 0.17
23.46 ± 3.33
3.95 ± 0.31
58.61 ± 11.63
1.5

maximum value at 300 ◦ C. Subsequently, Esta values decrease for higher
temperatures.
The reference value of static elastic modulus increases 5.7 and 10.7%
in air and water cooling samples, respectively, from 0 to 500 ◦ C and the
tested samples reach a maximum peak value at 300 ◦ C of 4.32 ± 0.33
and 4.42 ± 0.46 GPa for slow and fast cooling methods respectively.
Between 500 and 600 ◦ C, there is a sharp decrease of the values of the
static elastic modulus (47.5 and 36.7% for air and water cooling
methods, respectively). Finally, from 600 to 700 ◦ C, the fall of Esta values
is moderate and ranges from 6.6 to 35.0% for slow and fast cooling
methods. In summary, the total decrease of the static elastic modulus for
slow cooling method between 105 and 700 ◦ C is 37.5% and reach 62.2%
in case of quick cooling samples.
The comparison between air and water-cooling methods shows that
for 300 and 500 ◦ C, the differences are 2.1 and 4.8%, with higher Esta
values for water-cooling methods. Beyond 500 ◦ C water-cooling samples
have higher values than the air cooled samples, and the differences in
crease substantially up to 39.6% at 700 ◦ C.
Dynamic elastic modulus (Edyn) is calculated from P- and S- velocities
and, consequently, its evolution follows a similar trend (Fig. 12a),
exhibiting a continuous decreasing and showing three different stages
for the temperature intervals 105-500 ◦ C, 500-600 ◦ C and 600-700 ◦ C.
The higher decrease on the Edyn modulus occurs between 500 and
600 ◦ C, remaining practically stable after this temperature.

Fig. 9. Evolution of (a) specific gravity and dry unit weight; and (b) total and open porosity, after heat treatment.
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Fig. 10. Evolution of: (a) P-wave velocities and (b) normalized P-wave velocity of the studied granites against temperature. The shadowed area in (b) corresponds to
the envelope of the cases from Table S1. n is the number of samples extracted from scientific literature. SD: Standard deviation.

Fig. 11. Evolution of (a) UCS and (b) normalized UCS of the studied granites against temperature. The shadowed area in (b) corresponds to the envelope of the cases
from Table S1. n is the number of samples extracted from scientific literature. SD: Standard deviation.

P-wave velocity allows the evaluation of overall damage occurred in
the rock due to unconnected and connected porosity [11,29]. Fan et al.
[84] explained the observed gradual decay as a result of the filtering out
of the harmonic component wave with higher frequencies by micro
cracks, which reduces the dominant frequency of the incidence wave
providing a lower P-wave velocity. The observed role of the cooling
method is revealed through P-wave. Samples cooled by water immersion
become more damaged, since the density of cracks increases, exhibiting
average P-wave velocities of about 88.9% of the values corresponding to

air-cooling samples.
The evolution of the UCS (Fig. 11) agrees the results published in
previous published works e.g. Refs. [50,60,85,88](Figure S1). The
reduction of UCS (i.e. 58.0 and 32.1% for water and air cooled samples,
respectively) between 105 and 700 ◦ C suggests that the load bearing
elements made of this granite can reduce their strength by the same
percentage after a fire, endangering their stability, mainly if the fire
extinction is performed using water.
Deformational properties of load bearing elements made of rock after
10
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Fig. 12. Evolution of: a) dynamic and static elastic modulus; and b) normalized static modulus of the studied granites against temperature. The shadowed areas
correspond to the envelopes of the three different recognized behaviours (Type 0, I and II). n is the number of samples extracted from scientific literature. SD:
Standard deviation.

a fire are very relevant. Published studies compiled in this work
(Figure S2) show that static elastic modulus can exhibit three different
behaviours, being the granites grouped in this work as Type 0, I and II
(Fig. 12). Granites of Type 0 present an evident increase of elastic
modulus between 105 and 300-400 ◦ C due to hardening. Granites of
Type I are characterized by a mostly stable behaviour of Esta from 105 to
400-500 ◦ C. Both types of granites present a sharp drop from 400 to
500 ◦ C onwards. Finally, there is a group of granites (Type II) that ex
hibits a continuous and gradual decrease of elastic modulus that
considerably smooths from 600 ◦ C onwards. The granite studied in this
work match the group of granites classified as type I but with a small
hardening component between 105 and 500 ◦ C (Type 0). However, the
values of Esta for 700 ◦ C for water and air cooled samples decrease up to
62.2 and 37.5%, respectively, in comparison to the values measured at
105 ◦ C. As a consequence, the structures made of this granite could in
crease their deformations by the same percentage after a fire, exceeding
the deformation limits and not to fulfil their service level.
Edyn is generally higher than static elastic modulus [89] although, for
the samples tested in this work at temperatures higher than 500 ◦ C this
relationship is inverse, i.e. Edyn is slightly lower than Esta, as already
observed by other authors e.g. Ref. [90].
The results obtained for UCS and Esta suggest that microcracks play a
dual role in the mechanical properties of the studied granites, causing
both thermal hardening and degradation, as described by other authors
[59,91,92]. Thermal hardening causes an increase of strength (Fig. 11)
and a deformational improvement of the studied granite samples be
tween 105 and 500 ◦ C (Fig. 12). This hardening, that is more evident for
rapidly cooled by water due to the strong temperature gradient, arises
due the generation of local compressive stresses that cause a
non-uniform plastic strain field [59] that even cause the closure of
cracks [93,94] and increase the resistance for crack initiation and
propagation [92]. For higher temperatures, microcracking gradually
increases (Fig. 8) and predominates against hardening, as indicated by
P-wave velocity data, causing their link and coalescence [95] (Fig. 7)
increasing the linear crack density, length and width and reducing the
impact of thermal hardening and the mechanical properties (compres
sive strength and elastic modulus).

Observed changes in physical and mechanical properties of the
studied granites are strongly conditioned by stresses induced by thermal
and cooling processes. These stresses depend on fabric parameters such
as the proportion, elastic properties and anisotropy in thermal expansion
of each mineral, as well as grain size, texture, crystal orientation and
their related thermal properties [96]. When polycrystalline materials
with crystalline thermal expansion anisotropy or with more than one
phase are heated, internal thermal strains and residual stresses develop
within the microstructure affecting the properties of the rock [23].
Conversely, stresses induced by subsequent cooling methods also affect
the properties of the rock [26,50,56,76]. Transgranular and intergran
ular cracks have formed mainly during heating and cooling as a new
cracks or as the result of the growth of preexisting cracks (Figs. 7, 13 and
14). Vázquez et al. [23] reported that there are three cracking mecha
nisms in this kind of rocks: widening of preexisting discontinuities (such
as crystal borders or cleavage planes), propagation of preexisting cracks
and nucleation of new cracks from inclusions or cleavage planes. They
also noted mica’s cleavage planes are a very effective seed for new
cracks being formed in adjacent minerals as observed in Fig. 13 a and c,
and feldspar–feldspar unions are the ones showing the least cracking.
Intergranular cracks are more frequent in quartz–feldspar (both alkaline
and plagioclases) borders than in quartz–mica or feldspar–mica as seen
in Fig. 13.
For the tested samples, the common abrupt change observed in
porosity, dry unit weight, uniaxial compressive strength and static
elastic modulus can be explained by the quartz transition. This inflexion
point is smoother for ultrasonic waves, since they reflect the overall
damage of the rock instead of just the connected porosity. Gómez-Heras
et al. [97] noted α to β quartz transition at 573 ◦ C, β quartz to α cris
tobalite at 870 ◦ C and the possible paramorphism of α quartz after
cooling have been noticed as a factor generating strong crystalline
deformation in rocks affected by temperature effect. Quartz thermal
expansion is anisotropic, while feldspar exhibits a low and isotropic
linear thermal expansion [98]. Therefore, quartz content will influence
deterioration due to both, high and anisotropic thermal expansion, even
at temperatures below α to β transition. In both model and experimental
findings, Vázquez et al. [23] highlighted mica crystal boundaries
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Fig. 13. Scanning electron microscope (SEM) images of: a) Transgranular (dashed arrows) and intergranular (continuous arrows) cracks after 700 ◦ C heating and
water cooling. b) Microcracks coalescence after 700 ◦ C heating and water cooling. c) and d) presence of clay (illite). Qtz: quartz; Kfs: K-feldespar; Bt: biotite; Ms:
Moscovite; Ill: Illite.

concentrate all the stresses produced by mineral expansion. The stresses
do not affect the mica itself but the surrounding minerals. Microscopic
observations confirmed these stresses since cracks propagate mainly
from mica boundaries towards other minerals (Figs. 13 and 14). Mica
deformation was also observed (Figs. 13 and 14), which means high
stress concentration. For specimens heated to above 500 ◦ C, all the
physical and mechanical properties undergo the most intense changes.
The first and most noticeable is that cracks are more developed due to
the α to β transition at 573 ◦ C (Figs. 7 and 8). Fig. 13 shows scanning
electron microscopy (SEM) images of samples heated at different tem
peratures and cooled using different methods. At 105 ◦ C no relevant
microcracks are observed (Figs. 1, 7, 14a and b) in agreement with Sun
et al. [33]. Those samples heated at 500 ◦ C show some isolated persis
tent microcracks (Fig. 14c and d). Finally, the samples heated at 600 and
700 ◦ C exhibit a drastic increase in the number and length of micro
cracks, as well as in their connections (Figs. 7, 8 and 14 e to h).
The influence of the cooling method on the properties of the rocks
has been also studied. Water cooling specimens present a better me
chanical behaviour than air-cooling samples for temperatures lower
than 500 ◦ C. Therefore, since P-wave velocity is the most sensitive
technique describing the degree of damage provides information about
the overall porosity, the orientation and the size of micro-cracks [29],
the observed improvement of properties seems to be contradictory with
the decrease of ultrasonic velocity caused by the gradual generation of
microcracks (i.e. thermal cracking) during heating and cooling (Figs. 7,
8 and 14). However, the observed toughening is actually related to the
domination of plastic hardening caused by local stress concentration and
the induced plastic strain field in water cooled samples against thermal
cracking. A lower hardening is also observed in air cooled samples
heated up to temperatures of 500 ◦ C probably because, even though the
generated gradients are not as strong as those caused by water

immersion, the opening of the oven door after the thermal treatment
could also induce some local stress concentration and the subsequent
induced plastic strain field and hardening. From 500 ◦ C an acceleration
in the decrease of the mechanical properties is observed for both, water
and air cooling samples due to the domination of thermal heating
against thermal hardening, probably caused by the α-β transformation of
quartz. Therefore, a clear threshold is observed in the studied granites at
500 ◦ C. It should be noted that a similar limiting temperature is also
observed in other studied granites exhibiting a similar hardening before
400-500 ◦ C and a strong fall of the mechanical properties after these
temperatures (Figures S1 and S2).
As seen from the above discussion, high-temperature and cooling
damage alters the microstructure of granites and their macroscopic
physical properties. These thermal damage mechanisms can be
explained from a microstructural point of view as follows. In a first
stage, the rock samples are mainly affected by thermal stress caused by
the anisotropic thermal expansion of the constituent minerals during
heating [62,64,94]. Moreover, at 573 ◦ C quartz changes from the α to β
phases, involving a considerable volume increase. Then, when the
specimens are cooled, initially they are affected by inhomogeneous
shrinkage and deformation of particles due to temperature decrease
causing tensile stress between adjacent minerals [62,64,94]. Further
more, when the temperature decreases below 573 ◦ C quartz trans
formation is reversed, reducing the volume of the quartz particles. It is
worth mentioning that these volume changes do not develop at the same
pace throughout the rock causing important internal thermal stress [62,
95,96]. Therefore, in those parts of the rock samples in which these
stresses caused during heating and cooling are too large new cracks
develop or enlarge the existing ones. In accordance with this under
standing, water cooled samples are affected by greater internal thermal
stress than air cooled samples, and as a consequence they suffer more
12
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Fig. 14. Scanning electron microscope (SEM) images taken on samples subjected to different temperatures and cooling methods: a) and b) reference sample dried at
105 ◦ C. c) 500 ◦ C and air cooled. d) 500 ◦ C and water cooled. e) and f) 600 ◦ C and water cooled. g) 700 ◦ C and air cooled. h) 700 ◦ C and water cooled. Some
transgranular (dashed arrows) and intergranular (continuous arrows) cracks have been identified in the figure.
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severe damage (Figs. 7, 8, 13 and 14).
Finally, it is worth mentioning that the results derived from this
study could be of special importance for the evaluation of the structural
health of constructions made of this stone after fires, since the decay in
the macro-properties of the materials could be incorporated into the
calculation models through the rock failure criteria. In this regard, the
colour of the rock after a fire could assist structural engineers to estimate
the maximum reached temperatures in every structural element, and
hence, to assess their more realistic macro-properties after the fire.
Additionally, a critical temperature threshold of 500 ◦ C has been iden
tified. After this temperature, the thermal cracking predominates
against thermal hardening and the mechanical and deformational
properties of the studied granites are drastically reduced making the
structure less resistant and more deformable, mostly when water is used
for firefighting. Therefore, no important internal damage is expected in
those structures affected by temperatures lower than 500 ◦ C made of this
granite.
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[69] Ávila PHMCMF, Dispersão de elementos vestigiais na envolvente da mina
abandonada do Vale das Gatas (Sabrosa, Norte de Portugal): implicações de ordem
ambiental, Universidade de Aveiro, Aveiro, Portugal, 2003, p. 223.
[70] I. Santos, L. Sousa, J. Lourenço, Granite resource evaluation: example of an
extraction area in the north of Portugal, Environ. Earth Sci. 77 (17) (2018) 608.
[71] L. Sousa, J. Barabasch, K.-J. Stein, S. Siegesmund, Characterization and quality
assessment of granitic building stone deposits: a case study of two different
Portuguese granites, Eng. Geol. 221 (2017) 29–40.
[72] M. Azevedo, B. Valle Aguado, J. Nolan, M. Martins, J. Medina, Origin and
emplacement of syn-orogenic Variscan granitoids in Iberia the Beiras massif,
J. Virtual Explor. 19 (7) (2005) 1–18.
[73] R.L. Kranz, Microcracks in rocks: a review, Tectonophysics 100 (1) (1983)
449–480.
[74] N. Roduit, JMicroVision: Image Analysis Toolbox for Measuring and Quantifying
Components of High-Definition Images, 2021. Version 1.3.1, https://jmicrovision.
github.io. (Accessed 19 April 2021).
[75] F. Vagnon, C. Colombero, C. Comina, et al., Relating physical properties to
temperature induced damage in carbonate rocks, Géotech. Lett. 11 (2) (2021)
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