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Abstract

Microcracking induced by wide fluctuations in temperature affects granite quality and durability, making the stone more vulnerable to decay.
Determining the extent of that effect is not always straightforward, however, given the excellent durability of these materials.

Four types of construction granite quarried in the region of Madrid, Spain, and frequently used in both the built heritage and in de novo
construction (Alpedrete, Cadalso de los Vidrios, Colmenar Viejo and Zarzalejo) were exposed to 42 thermal cycles (105-20° C; UNE-EN, 14066,
2003). Petrographic and petrophysical properties were analysed using both destructive and non-destructive techniques. Microcracking generated in
the granite stones by 42 thermal cycles had barely any impact on their petrophysical properties, which are the parameters normally assessed to
establish material quality and durability. Their petrographic properties, which are not generally assessed in this type of studies, were affected,
however. This study contends that petrographic analysis is needed to objectively quantify the actual quality and durability of the most highly
resistant materials when petrophysical studies are inconclusive. Petrographic and fluorescence microscopy, along with fractography, are among the
most prominent techniques for petrographic exploration. Thanks to the deployment of these techniques, mineral microcracking could be monitored
throughout the present tests conducted.

The microscopic findings revealed substantial micro-textural and microstructural change in and around the granite minerals, which play a
prominent role in decay. The findings showed that pre-existing microcracks coalesced and generated further microcracking as decay progressed.
Microcracking was most intense in Zarzalejo granite due to its textural characteristics determined by its high feldspar content. Microscopic
observation revealed that the microstructure of feldspar minerals, with their crystallographic anisotropies and secondary mineral phases, favoured
microcrack development. Zarzalejo granite exhibited lower quality and durability than Colmenar Viejo and Cadalso de los Vidrios granites, which

were more resistant to heat treatment.

Keywords: granite, microcracks, petrography, petrophysics, decay.
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1 Introduction

The granite in historic and contemporary buildings is exposed to thermal changes that may induce stone decay. When thermal stress is high and the
material is unable to adapt quickly enough to accommodate the strain generated during cooling, microcracks appear due to differences in the
expansion coefficients between constituent minerals or even within the same mineral (Hall, 1999; Hale and Shakoor, 2003; Yavuz, 2011;
Demirdag, 2013). The effects of thermal changes on granite have been studied by a number of authors (Heuze, 1983; Homand-Etienne and Troalen,
1984; Homand-Etienne and Houpert, 1989; Iiigo et al., 1999, 2013; Sousa., 2005, Nasseri, et at., 2007; Takarli, et al., 2008) in experiments in
which temperatures and number of heating cycles differed. The temperatures generating stone decay range widely: granite exposed to heating-
cooling cycles over a range of 30 °C to 80 °C exhibited significant decay (Graf et al., 2013). Lin (2002) established a threshold temperature of
100 °C to 125° C for microcracking in Inada granite.

The procedure described in Spanish and European standard UNE-EN 14066, 2003 for accelerated ageing in natural stone calls for heating the

material to 105 °C in air followed by cooling in water to 20 °C.

Exposing the stone to such temperatures at short (24 h) cycles simulates the effects of fire extinction (Pires et al., 2014; Mambou et al., 2015),
indoor heating, abrupt cooling by frequent rain after intense solar radiation (tropics) or the significant differences in day and night time
temperatures in desert climates, such as found in the Middle East and certain continental regions of Asia, Australia, Europe and the United States

(Erguler and Shakoor, 2009).

To ensure high performance under any circumstances, building stone must meet high quality standards (Siegesmund and Torok, 2011). Such
performance is normally determined on the grounds of petrophysical properties and mechanical strength (UNE-EN 771-6, 2012).

This study determined the thermal effect of accelerated ageing as specified in Spanish and European standard UNE-EN 14066, 2003 on four types
of granite widely used in heritage construction on the Iberian Peninsula and more recently in other areas of the world (Freire-Lista et al., 2015a, b,
¢, d; Freire-Lista and Fort, 2015). This study aimed primarily to establish a new analytical method for ascertaining the quality and durability of
building stones exposed to variations in temperature when their petrophysical properties remain largely unaffected. That method is based on
assessing variations in their petrographic properties.

The assessment of the physical and mechanical properties of building stone has been amply addressed in the literature (Dearman et al., 1978; Fort
etal., 2010, 1011, Siegesmund and Diirrast, 2011). These studies examine fundamental properties such as apparent density and porosity (Benavente

et al., 2004). Other trials that furnish information on ultrasonic wave velocity, Young’s modulus, colour and surface hardness are imperative to



10
11
12
13
14
15

16

predicting stone performance under environmental conditions that may drastically reduce its service life (Smith and Prikryl, 2007). Such trials are

also essential in restoration studies prior to or conducting stability analyses on, conserving or cleaning granite structures.

Despite the significant role of petrographic properties such as particle size and shape and microstructural features such as microcracks (Tugrul et
al., 1999, 2004; Seo et al., 2002; Upadhyay, 2012; Sousa 2013; Sajid et al., 2016),in the long-term behaviour of granite, very little research has
been conducted on these parameters under varying construction and environmental conditions.

As thermally induced propagation of microcracks (Alm et al., 1985; Taboada and Garcia, 1999; Iiiigo et al., 2000, Akesson et al., 2003, Nasseri et
al., 2007; Anders et al., 2014) affects the constituent minerals in granite differently (Miskovsky et al., 2004), it may cause physical and chemical
changes in the internal texture of the stone, associated on occasion with changes in its physical and mechanical properties (Kern et al., 1997;
Tugrul, 2004; Schubnel et al., 2006). Microcrack propagation and stone colour change (Ozcelik et al., 2012) are the most common symptoms of
thermally induced decay.

Since granite massifs are regarded, worldwide, as a reservoir of suitable building stone, granite durability and its determination are a major concern
when choosing a construction material (Sousa et al., 2005; Chaki et al., 2008; Dwivedi et al., 2008; Takarli et al., 2008; Wanne and Young, 2008;
Franzoni et al., 2013; and Shao et al., 2014). Microcrack coalescence and the thermally induced generation of further cracking induces decay in
building granite that may be intensified by the action of other agents of decay, such as lichen colonies (De la Torre et al., 2010, Scarciglia et al.,

2012), pollution-related grime (Schiavonma, et al., 1995) and graffiti (Rivas et al., 2012).
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2 Materials and methods

The decay caused by the thermal treatment test was monitored in four types of granite building stones with nine analytical techniques: effective
porosity (Pe), bulk density (pb) ultrasonic pulse velocity P (V) and S (¥;), dynamic Young's modulus (£,,), mercury intrusion porosimetry (MIP),

surface hardness (L), spectrophotometry and microcracking calculating linear crack density (LCD).

2.1 Rock samples

The Spanish Central System comprises primarily Variscan granitoids (344 Ma to 285 Ma; Villaseca et al, 2012). The stone forming the Sierra de
Guadarrama, located on the northeastern edge of the system, includes four major types of monzogranite: biotitic monzogranites containing some
cordierite, biotitic monzogranites containing some amphibole, biotitic monzogranites with no cordierite or amphibole, and leucogranites (see Figure
1).

The four monzo- and leucogranite stones selected for this study, Alpedrete (AL), Cadalso de los Vidrios (CA), Colmenar Viejo (CO) and Zarzalejo
(ZA) (Figure 2), were quarried in the Sierra de Guadarrama (Spanish Central System). These stones, popularly called ‘Piedra Berroquefia’, have
been traditionally used in construction in Madrid and surrounds (Gémez-Moreno et al., 1995; Fort et al., 2013; Freire-Lista et al., 2015b, c; Freire-

Lista and Fort, 2015), where they are still used today, while some are also exported for construction.
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Fig. 1. Site map for Alpedrete, Cadalso de los Vidrios, Colmenar Viejo and Zarzalejo granites

Fresh, poorly fractured blocks located far from fault systems were selected from four outcrops close to the old quarries and extracted along the
quarry orientation. Quarry locations are shown in Figure 1. Following extraction, seven cubic (5 x 5 x 5+ 0.5 cm) specimens of each of the four
types of granite were cut at low speed (120 rpm) and low strain. Surface areas were rejected to minimise the effect of possible extraction-induced
cracking. No fissures were visible in any of the samples tested.

AL, a medium-grained, hypidiomorphic, equigranular monzogranite with cordierite, has been used in the construction of prominent heritage
buildings, including the Royal Palace (1738-1764) and the Puerta de Alcala (1770-1778) in Madrid. This granite has been nominated as a ‘Global

Heritage Stone Resource’ (Freire-Lista et al., 2015b) for its significance in the built heritage.
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CA, a fine-to-medium-grained hypidiomorphic, equigranular leucogranite (Gonzalez-Casado et al., 1996), can be seen on heritage buildings such as
the Palacio de Villena (15" century). Much more recently, under the trade name Blanco Cristal, it has been used in places such as Cork Airport in
Ireland, and shopping centres in China (Guangzhou, Shanghai).

CO is a medium-to coarse-grained, heterogranular monzogranite with no cordierite or amphibolite. It has been found in archaeological sites dating
from the 6™ to the 7™ century and forms part of much more recent structures, including prominent government buildings such as the Nuevos
Ministerios complex in Madrid (1933-1942).

ZA is a coarse-grained, hypidiomorphic, heterogranular monzogranite with no cordierite or amphibolite, used in historic construction (San Lorenzo
de El Escorial Royal Monastery outside Madrid, 1563-1584), restoration (Royal Palace, 1945), as well as in modern building (shopping centres,
enlargement of the Reina Sofia Museum, 2001-2005) in Madrid. Nominated as a ‘Global Heritage Stone’”, this granite is presently exported,
mainly in blocks, to Turkey and Italy.

The four regions from which the samples were extracted exhibit a similar tectonic history (De Vicente et al., 2007; Mejias et al., 2009; Villaseca et
al., 2012). The four types of granite share a similar mineralogy (quartz, plagioclase, K-feldspar and biotite) (Figure 2) and their crystal size, in
ascending order, is CA<AL<CO<ZA. Isotopic data suggest that they derived from similar sources (Vilaseca 2012). Some areas of the Guadarrama
Mountains are characterised by Lower Permian regional hydrothermal processes (Caballero, et al., 1996; Mejias et al., 2009). The granite quarried

was taken from areas with no signs of hydrothermal damage.
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Fig. 2. Alpedrete granite (AL), Cadalso de los Vidrios granite (CA), Colmenar Viejo granite (CO) and Zarzalejo granite (ZA); above: hand samples; below:
crossed Nicol microscopic images

2.2 Thermal cycles

Seven cubes of each granite were subjected to thermal cycles lasting 24 hours (UNE-EN, 14066, 2003). The samples were first placed in an oven at

105 + 5° C for 18 hours, then immersed in water at 20 °C for 6 hours. This cycle was repeated 42 times.
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2.3 Effective porosity (Pe)

To obtain information on the number of microcracks generated during the thermal cycles, Pe was found before and after 42 thermal cycles.

The granite samples were tested for this parameter using the natural stone method described in Spanish and European standard UNE-EN 1936,
2007. After the granite samples had reached a constant weight, they were placed in a vacuum chamber at 2 kPa for 2 hours, then slowly submerged
in water (room temperature) and soaked at atmospheric pressure for 24 hours to induce water saturation. The Pe values were calculated from

Equation (1)

Pe (%) = (Ws—Wd)/(Ws—Wh)) x 100 (%) (1)

Where Ws is the weight of the 24 hour water-saturated sample, Wd is the dry weight of the sample and Wh is the weight of the sample submerged

in water.

Weight rises in the post-test water-saturated samples denote higher sample porosity, an indication of microcracking. Hydric properties such as Pe

and pb are indicative of granite resistance to water, one of the major agents of decay in buildings (Garcia-del-Cura et al., 2008).

2.4 Bulk density (pb)

Bulk density (pb) was found further to Spanish and European standard UNE-EN 1936, 2007 as the ratio between specimen mass and its bulk
volume, from equation (2):

pb (kg / m’ ) = ((Wd) / (Ws-Wh)) x 1000 kg / m’ )

This parameter furnishes information on the microcracks generated during thermal cycles (Shao et al., 2014; Sousa, 2014). Small variations are

construed to mean only minor microcracking.

2.5 Ultrasonic pulse velocity (V, and V)

V, ultrasonic pulse measurements were taken on a CNS Electronics PUNDIT analyser (precision: £0.1 ps) pursuant to Spanish and European
standard UNE-EN, 14579, 2007. One MHz transducers (11.82 mm in diameter) were attached to the granite surface with Henkel Sichozell Kleister
(a carboxymethyl cellulose) paste and water to enhance the transducer-stone contact.

V, was measured on four cubes of each granite in the three orthogonal directions, using the mean of four consecutive measurements on each face of
the cube as the accepted value. ¥, was determined before and after the 42 thermal cycles.

A Panametrics High Voltage pulser-receiver (Model 5 058 PR) connected to a Tektronix digital phosphorous oscilloscope (Model TDS 3 012 B)

was used to measure the V; ultrasonic pulse.
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Round, smooth (Panametrics V151, 25.4 mm in diameter) 0.5 MHz transducers were affixed to the granite sample surfaces with a coupling gel
consisting in 80 % sugar (primarily fructose and glucose) and about 20 % water to enhance the transducer-stone contact and bond. The test
conditions were: pulse repetition rate, 20 Hz and damping, 200 Q.

V, was measured once on each face of the seven samples of the four granites, i.e., in the three orthogonal directions, using the mean V; reading

taken in the three axes of each cubic specimen of each granite as the accepted value. V; was determined before and after the 42 thermal cycles

Ultrasonic pulse velocity provides an accurate measurement of total decay in granite exposed to thermal processes (Reuschlé et al., 2006). It has
been used to characterise thermal microcracking in rock and predict the degree of granite weathering (Fredrich and Wong, 1986; Chen et al., 2008;
Gokceoglu et al., 2009; Inserra et al., 2013). Slower ultrasonic P-wave (¥),) and S-wave pulse (V) velocity denotes microcrack generation. Given

the portability of this non-destructive technique, granites can be compared in situ to establish reference values.
2.6 Young's modulus (E)

Weathering-induced changes in the form of internal microcracks often invisible on the surface can be identified with the aid of mechanical modules
(Moses et al., 2014). Young’s modulus is conventionally determined with destructive tests (Takarli and Prince-Agbodjan, 2008). In historic
buildings it is not always possible to test mechanical strength directly, for it involves breaking the specimens. In such cases the dynamic modulus

must be obtained using non-destructive techniques (Christaras et al., 1994; Murphy et al., 1996; Svahn, 2006; Brotons et al., 2013)

V, and V; values were used to compute the Young’s dynamic modulus (Eg,), as per Darracott and Orr (1976) (Eq. (3)). The V,/V; ratio was also

found.
Edyn:pb [3 Vp2'4vs]/[(vp/vs)2'1] (3)

Where: V, is ultrasonic P-wave pulse velocity (m/s) and V; the ultrasonic S-wave pulse velocity (m/s); Eg, is Young's dynamic modulus (MPa);
and pb is bulk density (kg/m’). Declines in E4n denote structural alteration associated with a rise in weathering-induced microcracking
(Vasconcelos et al., 2007, 2009). The Young's modulus values given in this paper were obtained for each granite studied before and after the
thermal cycles. E,, represents the experimental data compiled and needed as input in advanced non-linear numerical analysis of granite members

in heritage structures.
2.7 Mercury intrusion porosimetry (MIP)

MIP was studied on a single prismatic specimen (12 + 2 mm in diameter and 20 + 2 mm high) cut from an upper corner of one of the cubic granite
specimens. The analysis was run before and after 42 cycles on samples oven-dried at 70 °C to a constant weight. This test was conducted to obtain
information on microcrack size. Pore distribution, defined as macropores (diameter >5 um) and micropores (diameter < 5 um), was determined on a
Micromeritics Autopore IV 9520 porosimeter (maximum pressure, 414 MPa (60 000 psi); pore throat diameter measuring range 0.001 pum to

400 um) (Russel, 1927; Rodriguez and Sebastian, 1994; Fort et al., 2011).
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2.8 Surface hardness (L)

Prior to the thermal test, four cubes, each cut from the four granites, were dried to a constant weight. Surface hardness was measured before and
after the thermal test on an Equotip 3 (D) electronic rebound hardness testing electronic device (Kawasaki et al., 2002; Aoki and Matsukura, 2007,
2008; Viles et al., 2011), with an impact energy of 11 N mm to prevent the impact from affecting the samples. This tester has been used to measure
the effects of weathering on rock hardness (Verwaal and Mulder, 1993; Kawasaki and Kaneko, 2004). Ten measurements were performed on each
face of the samples (6 x 25 cm?). The instrument was held vertically face down and perpendicular to the flat surface within 5 mm of the edge of the
cube to avoid edge effects and care was taken not to select testing points close to the vicinity of voids visible on the rock surface.

A total of 60 hardness measurements per sample were taken and an average was calculated for each type of granite. The hardness value was
expressed as the Leeb number (L value), which is the ratio of the rebound velocity at impact velocity multiplied by 1000. L values are interpreted to
be indicative of rock strength (Viles et al., 2011).This is a particularly significant property in building granite, in which lower surface hardness may

lead to colonisation by microorganisms and pose cleaning problems.

2.9 Colour

Colour change is a common type of decay in granite exposed to thermal stress (Gomez-Heras, 2006a; Vazquez, 2010; Idigo et al., 2013). Colour
change was measured on a Minolta CM-700d / 600D with a CM-S100 W COLOR DATA Software SpectraMagic NX spectrophotometer. Once
each cubic sample had reached a constant mass, 10 colour measurements were taken on each face of the cubic specimens. Measurements were

averaged for each granite.
The CIELAB system (CIELAB, 1976) colour parameters were used: luminosity (L *), red to green coordinate (a *) and blue to yellow coordinate
(b *). The Spanish and European standard UNE-EN 15886, 2011 yellow (YI *) and white (WI *) indices as well as overall colour change (AE *)

were also obtained.

Colour variation in the samples before and after the thermal test was numerically compared on the grounds of the overall colour change,

AB*=V{(AL*)? + (Aa*)* + (Ab*)%.

2.10 Microscopy and Fractography

Petrographic (PM) and fluorescence (FM) microscopy to determine rock texture and composition are essential to identifying the early development

of microcracks generated by the thermal test. Sousa et al. (2005) used these techniques to quantify and assess microcracks in ornamental granite.
A 30 x 20 + 3 mm thin section measuring 30 um thick was sectioned from one specimen each of the AL, CA, CO and ZA granites before thermal

testing and after 21 and 42 cycles. These thin sections were cut from the exposed parallel faces of the specimens to ensure that the microcrack

propagation observed involved cracks running in the same direction.

10
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Sawing was performed at a low speed (120 rpm) and a low strain so as not to generate microcracks. All thin sections were impregnated with
fluorescence and characterised under an Olympus BX 51 polarized light microscope (PM) fitted with a DP 12-coupled (6 V/2.5 A) Olympus digital
camera and Olympus DP-Soft software (version 3.2). Microcracks were characterised with the same instrument, as well as with the same set-up

using an Olympus U-RF-T mercury lamp fluorescence microscope (FM).

Micrographs were taken to study the microcracks (Laubach, 1997; Akesson et al., 2004; Gale et al., 2010).
PM and FM micrograph mosaics were generated for nearly all the thin sections to monitor microcrack development during the thermal cycles and

ensure that the microcrack count was representative.

Each mosaic comprised 40 micrographs from the same 4.5 cm?” area. The cross-Nicols micrograph mosaics were used for mineral quantification and

the fluorescence mosaics to study microcracks.

The FM micromosaic was overlaid on the PM micromosaic to establish a 1x2 cm network divided into 5x5 mm squares (linearly, a total of

110 mm). The sides of this network were drawn parallel to the two sides of the original thermally tested cubic specimen (Figure 3).

The number of microcracks intersecting with the lines defining this network were measured. Microcracks affecting quartz (Qz), potassium feldspar
(K-Fsp), plagioclase (PI) and biotite-group minerals (Bt) were classified as intracrystalline (if contained within a single crystal), intercrystalline (if
between lines bordering the edges of the crystal) or trans-crystalline (if affecting more than one crystal). The number of microcracks was divided by
the total length of the lines in the network (110 linear mm) to calculate the number of microcracks per linear millimetre (Linear Crack Density -

LCD) Wang et al. (1989), Sousa (2005), Ismael and Hassan (2008) and Vazquez et al. (2010) successfully used LCD to count microcracks.

The response of each mineral to thermal test-induced microcracking was calculated on the grounds of the percentage of area occupied by the
minerals in each granite (Figure 2). In other words, the number of microcracks in each mineral was divided by the percentage of the area occupied

by this mineral in each granite.

11
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Fig. 3. Thin section of an Alpedrete granite specimen: FM micrograph mosaic overlaid on the same area of a PM micrograph mosaic (crossed Nicols) and
20x10 mm rectangle divided into 5%5 mm squares

3 Results

3.1. Petrophysical properties

Heating and subsequent water cooling affected the bulk density (pb) and effective porosity (Pe) of the granites studied. The initial pb was similar in
the four granites prior to testing, ranging from 2 602 =+ 16 kg/m’in CA to 2 668 + 18 kg/m® in AL, and varied very little throughout the thermal test.
The steepest decline in °pb (0.3 %) was recorded for ZA, whose post-thermal test effective porosity was 1.78 %. The initial Pe was lowest in CO
(0.71 %) and highest in ZA (1.72 %), with Al (0.83 %) and CA (1.21 %) exhibiting intermediate values. The pre- and post-heating Pe varied only
scantly, although the sharpest rise in this parameter was observed for CO (4.2 %).

Table 1. Ultrasound wave velocity (¥, and V;) in the four granites studied before and after 42 thermal cycles

12
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! V], (m/s) Vs (m/'s)
Granite
Imitial Final A(%0) Initial Final A(%0)
AL 4678 £ 172 4396 187 6.0 (3816 +£ 101 3078 + 151 -19.3
CA 3604 £ 151 3439 + 130 -69 |2500 £ 108 2204 + 110 -11.4
CO 5051 £ 149 4895 £+ 103 -3.1 |3489 &+ 106 3251 £ 258 -6.8
LA 3319 £ 104 3084 £ 170 -T1 2110+ 92 2062 £ 113 -2.3

AL: Alpedrete granite; CA: Cadalso de los Vidrios granite; CO: Colmenar Viejo granite; ZA: Zarzalejo granite; A: variation
The 12 P-wave velocity measurements for the four granite specimens (means of 12 readings) are listed in Table 1.

The test findings confirmed that exposure to a temperature of 105 °C followed by water cooling induced a decline in V), and V; in all four varieties

of granite.

Young’s dynamic modulus (E,,) found as per Equation 3 was initially highest in CO (66 637 MPa), followed by AL (47 260 MPa), CA (34 673
MPa) and ZA (27 488 MPa). E,, declined after the 42 cycles in all four varieties of granite: --6.2 % in CO, -9.5% in AL, -10.2 % in ZA

and -13.0 % in CA. CO had the highest (623 293 MPa) and ZA the lowest (24 686 MPa) post-test Eg,,.

The four granites exhibited low initial MIP. Figure 4 shows the pore diameter distribution for the four granites in cycles 0 and 42 as determined by
MIP. Pre- and post-heating MIP findings on the micro- and macroporosity of the granites studied are given in Table 2.

Table 2. Mercury intrusion porosimetry (MIP)-based micro- and macroporosity for the four granites studied before and after thermal testing

Cratiite MIP (%) Macroporosity (%) Microporosity (%)
Initial (%) Final (%) A(%) [nitial (%) Final (%) A(%) [Initial (%) Final (%) A(%)
AL 0.4 0.7 75.0 0.1 0.3 200 0.3 0.4 333
CA 1.0 1.5 50.0 0.3 0.4 333 0.7 1.1 -1
CcO 0.5 0.6 20.0 0.3 0.2 -33.3 b 3 0.3 50.0
ZA 1.4 1.8 28.6 0.3 0.7 133.3 1.1 1.1 0

AL: Alpedrete granite; CA: Cadalso de los Vidrios granite; CO: Colmenar Viejo granite; ZA: Zarzalejo granite; A: variation

13
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Fig. 4. Pore size distribution determined by MIP for four thermally tested granites
Further to the pre- and post thermal cycle colour measurements listed in Table 3, the four granites exhibited similar colour coordinates. This
quantification denoted the existence of lightly hued, matte colours, with greyish-white tones as a result of the presence of smoke grey Qz, grey-

white K-Fsp, yellowish white P1 and very few biotite-group minerals. Slight colour changes were quantified after accelerated thermal ageing.

Table 3. Colour parameters before and after 42 thermal test cycles

L* a* b* YI WI AE*

Initial Final Initial Final Initial Final Initial Final Initial Final
AL 68.2 70.4 -0.5 -0.6 1.0 0.1 1.7 -0.1 35.8 41.5 24
CA 78.8 7] b -0.5 -0.5 23 22 4.0 3.8 46.1 44.7 )2
CcO 71.1 (e -04 -04 29 3.6 5.4 6.6 33.5 343 29
ZA 130 1.5 -0.3 -0.5 22 24 4.0 4.3 38.2 40.9 25

Granite

AL: Alpedrete granite; CA: Cadalso de los Vidrios granite; CO: Colmenar Viejo granite; ZA: Zarzalejo granite; A: variation; L *: lightness; a * red-green value; b
*: blue-yellow value; WI: whiteness index; YI: yellowness index; AE*=V(AL *)2+(Aa *)2+(Ab *)2: overall colour change

The four granites exhibited high initial surface hardness, which declined slightly after the 42 thermal cycles. The pre- and post-thermal test

hardness data are given in Table 4.
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Table 4. Surface micro-hardness (L) before and after 42 thermal cycles

, L

CENE e Final A (%)
AL 861 843 2.1
CA 869 843 3.0
co 871 848 556
ZA 802 761 5.1

AL: Alpedrete granite; CA: Cadalso de los Vidrios granite; CO: Colmenar Viejo granite; ZA: Zarzalejo granite; A: variation

3.2 Fractography

The number of microcracks rose in all four granites after the thermal cycle test. The micrographs for all four stones after 0, 21 and 42 cycles are
reproduced in Figure 5. Figure 6 shows the variations in granite linear crack density (LCD). CO had the smallest number of microcracks
(LCD=0.7) at the outset and was the rock in which the smallest number was generated, LCD=1.3. While the largest number of pre-existing
microcracks (LCD=1.4) was found for CA, this was the granite with the smallest post-test increase (A LCD=61 %). ZA ended the thermal test with

the largest number of microcracks, at LCD=2.5, for a 96 % increase.
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AL
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ZA

Fig. 5. Polarised petrographic (crossed Nicols) micromosaics overlaid on fluorescence micrographs; from the top down: AL: Alpedrete granite, CA: Cadalso de
los Vidrios granite, CO: Colmenar Viejo granite, ZA: Zarzalejo granite; left: before thermal testing; centre after 21 cycles; right: after 42 cycles; Bt: biotite-group
minerals; K-Fsp: potassium feldspar; Qz: quartz, Pl: plagioclase
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Fig. 6. Variation in linear crack density (LCD) during the thermal test; AL: Alpedrete granite, CA: Cadalso de los Vidrios granite, CO: Colmenar Viejo granite,
ZA: Zarzalejo granite

The data in Table 5 show the thermal test-induced proliferation of inter- and intra-microcracks in the Qz, K-Fsp, Pl and Bt crystals in the granites

studied.

In AL, K-Fsp had the highest percentage of initial microcracks, followed by Qz, Pl and Bt. The steepest rise in thermal microcracking was observed
in K-Fsp, followed by Pl, Qz and Bt.

In CA, Qz had the highest percentage of initial microcracks, followed by PI, K-Fsp and Bt.

In CO, Qz had the highest percentage of initial microcracks, followed by K-Fsp, Pl and Bt. The rise in microcracking due to thermal change
affected the minerals in the following order: K-Fsp > P1 > Qz > Bt.

In ZA, Qz had the highest percentage of initial microcracks, followed by Pl, K-Fsp and Bt. After thermal treatment, microcracking increased most
steeply in PI, followed by Bt, K-Fsp and Qz.

The microscopic analysis of the thin sections prior to the thermal test showed that the four granites began the test with a larger number of inter-
than intracrystalline microcracks. As the thermal test progressed, more intracrystalline microcracks appeared and after 42 cycles, all the stones had
more intra- than inter-crystalline microcracks. The highest inter- to intracrystalline microcrack ratio was observed in CA, followed by CO, ZA and
AL. Granites CO and CA ended the test with a ratio of 1.6, and AL and ZA with 1.1.

Transcrystalline microcracking was infrequent throughout the thermal test.

Table 5. Number of inter- and intra-crystalline microcracks (MC) in 110 linear mm before thermal testing and after 21 and 42 thermal cycles by

type of crystal affected
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AL: Alpedrete granite; CA: Cadalso de los Vidrios granite; CO: Colmenar Viejo granite; ZA: Zarzalejo granite; A: variation; Bt: biotite-group minerals; K-Fsp:
potassium feldspar; Qz: quartz, Pl: plagioclase

4 Discussion

The pre- and post-cycle petrophysical and petrographic properties (especially) showed that pre-existing microcracks coalesced and new
microcracks were generated as decay progressed (Figure 5).

The PM + FM micrographs of the mosaics were essential to quantifying both the pre-existing microcracks and the ones generated. Their analysis
led to an understanding of the mechanisms generating decay, such as coalescence of pre-existing microcracks and the development of new
unconnected intracrystalline microcracks inside Qz, K-Fsp, Pl and Bt crystals. Thermal expansion is directly proportional to mineral size and also
depends on crystal shape, orientation and anisotropy (Ollier, 1984; Warke et al., 1996; Gomez-Heras et al., 2006a, 2008; Vazquez et al., 2010,

2015). ZA, for instance, with larger oriented minerals than the other three granites studied, exhibited the most intense microcracking.

In Qz, pre-existing intracrystalline microcracks appeared in different directions due to the lack of cleavage or twinning in this mineral (Figure 7).
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1 Both K-Fsp and PI crystals exhibited two right-angled cleavage planes. Cleavage was perfect along plane (001) and good along plane (010).
2 Microcrack inter- and intracrystalline propagation in feldspar (K-Fsp and Pl) is largely governed by its microtexture, in turn the outcome of mineral
3 phase exsolution, for instance, and the respective planes of weakness: macles, cleavage, perthites or pre-existing microcracks. CO, with a larger
4 crystal size than AL and more perthites and macles in its K-Fsps (Figure 7), exhibited a steeper rise in K-Fsp intracrystalline microcracking (271 %
5 wversus 186 % in AL), which ran in the same direction as the macles and perthites.
6  Microcrack propagation in plagioclases is conditioned by their chemical composition and high degree of alteration. Compositional zoning in this
7  mineral may potentially generate porosity in Ca-high crystal interiors due to the ready alterability of their nuclei (Catlos et al., 2011). That zone
8  decayed during the test, generating microcracks that propagated from there to the rest of the crystal. Microcracks also commonly run parallel in the
9  direction of the edges in perthitic textures.

10  In biotite grains, the planes of basal cleavage split along axis ¢ due to expansion and contraction (Figure 7), leading to concentrated stress and strain

11  along the edges of the crystal (Vazquez et al., 2015) that affected the surrounding minerals.

12
13 Fig. 7. Micrographs of Zarzalejo granite exposed to 42 thermal cycles: left, PM (crossed Nicols); right, FM; quartz (Qz), potassium feldspar (K-Fsp), plagioclases

14 (PI) and biotite-group minerals (Bt)

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

LCD indicated that inter-, intra- and transcrystalline microcracking varied in the minerals in each granite. In the present study, the ratio of inter- to
intra-crystalline microcracks depended largely on rock texture and mineralogy (Table 5). CA, which had the smallest size minerals, had a higher
ratio than ZA, which bears larger minerals. The decline in this ratio as the thermal cycles progressed was an indication that microcracks developed

more intensely inside the crystals.

Another aspect to be borne in mind is that ZA has more oriented crystals (Freire-Lista et al., 2015d). Adjacent crystals oriented along the expansion
axis generate anisotropy as they expand in the same direction, creating higher pressure areas where more microcracks may arise. The more oriented

a stone’s crystals, then, the more intense is its decay with thermal cycles.

The proportion of intercrystalline microcracks was especially high at the Qz-Qz, and Qz-K-Fsp and Qz-Pl boundaries, much lower between
feldspars (K-Fsp-K-Fsp, PI-Pl and Pl-K-Fsp) and even lower across the boundaries of the biotite-group minerals. As observed in other granites
(Wang et al., 1989; Lin, 2002), this was due to the fact that the thermal expansion coefficient for Qz is substantially higher than for K-Fsp and Pl

(Skinner, 1966).

As the MIP analyser used operated at 0.001 um to 400 um, it was unable to detect larger diameter pores. The thermal test induced a small rise, on
the order of hundredths of a percentage point, in Pe in the four granites due to the appearance of microcracks. The highest Pe was observed in ZA,

the most intensely weathered of the granites studied, which also had the highest final MIP value.

The porosity values found with Pe and MIP were very similar, although the former were somewhat higher, with one exception: in CA granite the
final MIP was higher than the final Pe value, an indication that the microcrack size after thermal treatment was under 400 pm and that in this
granite, most of the newly generated microcracks were under 5 pm. In other words, the pre-existing microcracks did not widen but rather may have

coalesced, while new microcracks appeared.

MIP revealed that the thermal test induced a steeper rise in macroporosity than in microporosity in AL and ZA. Inasmuch as the PI crystals

observed in these granites had nuclei exhibiting sericite alterations that may have been washed out by the cooling water, larger pores would form in

these than in the other two stones (Figure 7).
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MIP values remained essentially unaltered in CO. Microporosity grew in this granite because decay increased the size of its microcracks, although
not to above the 5 um macroporosity threshold. Its macroporosity in fact declined. The chemical alteration of plagioclases and potassium feldspars
(Taboada and Garcia, 1999) by the thermal test favoured the formation of microparticles that may have been carried to the pores by any water
present, reducing pore size. The decline in macroporosity observed may have also been an instrumental artefact, however, for pores with diameters
greater than 400 um would lie outside the range detectable by MIP (Figure 4). CO, along with ZA, exhibited the steepest rise in effective porosity.

That rise was related to the increase in LCD during thermal cycle-induced decay.

The mean V), declined by 6 % to 7 % for AL, CA and ZA. Despite the high standard deviation this decline is an indication of a trend toward lower
V, values after thermal cycles. A clear downturn was observed in ¥V, where the difference in the pre- and post- heating values was much greater

than the standard deviation in all the types of granite except ZA, which exhibited the lowest V.

In the present study, E,, declined slightly but remained high in all the granites after the thermal test. Ef/Einirias ratios ranging from 0.87 to 0.94
were found (in CA and CO, respectively), an indication that the test deployed here caused no severe internal damage, although E,,, was affected by

the slight proliferation of microcracking observed.

ZA, with the largest feldspars and largest number of initial microcracks (LCD), had low V), and V¥ values. It was also the granite with the lowest
pre- and post-test £,,,. CO exhibited the highest pre- and post-test £, due to its lower LCD and Pe and higher pre- and post-test V), than the other
three granites. £, was low in CA because of the large numbers of intercrystalline microcracks in this granite. Moreover, the microcrack proximity
attendant upon a smaller crystal size would generate a lower Ej,,. While the relative decline in £, was smallest in CA, it had the lowest E,./Einitiai

ratio, possibly as a result of the smaller increase in its LCD, for its LCDfina/LCDjyiriar Tatio was smaller than in the other three stones.
CA, a leucogranite, was found to have higher initial L* and WI values due to its lower mica content. The AE* values recorded revealed slight post-

test variations in colour in all four granites that would have been extremely difficult to detect with the naked eye.

Parameter b* rose most in CO, with a shift toward slightly more yellow tones, perhaps as an outcome of the alteration of its biotites and feldspars
due to the early stage diffusion of thermally oxidised Fe*" through the microcracks. That would have caused some dying and a rise in YI. As CA

had more biotite-group minerals, it was the granite exhibiting the lowest AE*.
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In this study L was observed to decline after the thermal cycles. ZA exhibited lower initial surface hardness due to its greater initial porosity, the
larger size of its K-Fsp and Pl crystals and its more numerous intracrystalline Qz microcracks. Surface hardness declined more in ZA than in the

other granites after thermal treatment due to its greater post-test LCD.

4 Conclusions

The initial and final condition of the specimen, its petrographic (composition, texture and microestructurea) and petrophysical properties must be
ascertained to understand thermal decay mechanisms in granite.

The use of polarising petrographic and fluorescence microscopic techniques to study the development of microcracks in four building granites lent
insight into the objective variation in the petrophysical parameters of these materials after 42 thermal cycles (20 °C to 105 °C). The technique
proved to be very useful for choosing granites apt for use as building materials in environments and climates characterised by thermal stress. The
declines in pb, V,, V,, Ey, L and the rises in Pe and MIP values observed in the microscope images of the granites denoted the coalescence of pre-

existing and the generation of new, primarily intracrystalline microcracks.

Nonetheless, the fairly minor changes observed in the petrophysical properties of the granite before and after heat treatment attested to its thermal
durability within the temperature range tested. Ultrasonic wave velocity, which assessed decay most accurately, yielded the widest variation in the
properties analysed. In contrast, microscopic observation furnished valuable information on the behaviour of each mineral during microcracking,

determining the decay mechanism more accurately in granites that exhibited scantly varying petrophysical properties.

Intracrystalline microcracking was more intense in K-Fsp and Pl and less so in Qz and Bt. Qz exhibited mainly intragranular microcracks with
irregular cracking patterns. In feldspars, the microcracks ran across altered areas, including macles, perthites and cleavage planes. Greater decay
and concentrated microcracking were observed at the centre of highly calcareous, zoned plagioclases. In K-Fsp, in turn, microcracking tended to
develop in the direction of macles, cleavage planes or the edges of perthites. Microcracks propagated along the cleavage planes in biotite-group

minerals.

Ultrasound findings corroborated the existence of the microcracking detected with other techniques and determined granite durability. LCD rose
with the number of thermal cycles. All four granites had a high E,,, before and after the 42 cycles and showed no significant colour change after the

test.
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CA and CO were the most thermal cycle-resistant of the four granites studied. ZA was the lowest quality and lowest thermal-resistant stone. It also
had the highest LCD and Pe and the lowest V,,, L and Eg,. Inasmuch as it also housed the largest and most numerous K-Fsp particles, it should be
used with caution as a building material.

Overall, these stones performed well under the thermal test, with scant variation in their petrophysical properties, thanks primarily to their high
initial pb, V), V;, Ez,, L and low initial Pe, MIP and LCD values.

The ability to predict (de novo or restoration) building granite behaviour in climates or sites characterised by temperature change will help choose
the most suitable material and prevent surface microcracking, which favours the frequent appearance of surface crystal disintegration and
detachment, as well as facade scaling and flaking. Inasmuch as thermally-induced decay affected the granite surface, the petrophysical properties of
the stone as a whole scantly varied. Microcracking, which is perfectly visible under a microscope, is the form of decay prompted by temperature
fluctuations. These microcracks may develop over time, ultimately impacting the petrophysical properties and hence the quality and durability of

the material.
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