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Abstract

The purpose of this paper is to demonstrate the influence porosity and fissuration exert on the physico-mechanical properties

and durability of nine Portuguese ornamental granites with different petrographical and physical characteristics. Scanning

electron microscopy (SEM) allows the type of cracks (intergranular, intragranular and transgranular) to be identified. A

microfracture index was calculated based on the collected data. This index is called linear crack density (LCD) and is defined by

the number of cracks per length unit. The results reveal that intragranular cracks are the most frequent and represent between

62.9% and 82.3% of all the cracks observed. A physical weathering classification system based on linear crack density values of

the studied granites is presented. The voids included in these types of rocks are predominantly microfractures and correlate

closely with open porosity and linear crack density. Uniaxial compressive strength and P-wave velocity (VP) appear to decrease

as linear crack density increases, albeit with low correlation coefficients. This may be due to the fact that linear crack density

does not take into account possible preferential crack orientation and both properties are strongly dependent on this preferential

orientation. Other textural characteristics, such as grain size and preferential orientation of certain minerals, may contribute to

these low correlation coefficients. In ageing tests, the salt crystallization test demonstrated greater material loss in granites with

higher linear crack densities and thermal shock testing proved that thermal cracks have a greater influence on VP in rocks with

lower linear crack densities. In light of the ageing tests results, precaution is recommended when using granites with effective

porosities greater than 3% as dimension stone out-of-doors in polluted continental or marine areas.
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1. Introduction

The study of the physical properties of rock

materials and their respective petrographic interpreta-

tion, on the bintact rockQ or brock matrixQ level, are
important in many areas of the Earth Sciences. In

these petrophysical studies, petrographic components

are quantified according to their relative importance:

voids (pores and cracks), texture and minerals

(Álvarez-Calleja et al., 1993).

The presence of voids in the rock, especially

microcracks, affects its physical and mechanical

Fig. 1. Location of the granites contemplated in this study (adapted from Serviços Geológicos de Portugal, 1992).
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properties and is responsible for the anisotropy found

in many granites (McWilliams, 1966; Engelder and

Plumb, 1984; Almeida et al., 1998). Furthermore, for

certain studies (e.g., radionuclide migration through

the brock matrixQ), the location of the cracks is of the

utmost importance, since some minerals are capable

of binding certain ions. Cracks can be studied on the

basis of the data obtained under both optical and

electronic microscopy (Schedl et al., 1986; Montoto et

al., 1994).

Mineralogical composition, texture and character-

istics of the voids are the main factors involved in

controlling the intensity of the physical and chemical

damages suffered by rocks (Hudec, 1998) when

subjected to new environmental conditions. If we

consider that water is the main weathering agent and

that open microcracks are the natural way for it to

penetrate inside the rock, the relevance of under-

standing microcrack characteristics and the physical

properties related to them (e.g., effective porosity)

becomes clear. Rocks undergo measurable weathering

as a result of environmental conditions (Halsey et al.,

1998), although it is more difficult to observe in low

porosity granites. The objective of ageing tests is to

reproduce the slow, natural processes of weathering at

a more accelerated pace in the laboratory (Dearman,

1982; Martin et al., 1992; Aslam, 1992; Grossi et al.,

1997; Rivas et al., 1998; Park et al., 1998).

The physico-mechanical properties of the rocks are

essential when assessing their suitability for use as

dimension stone, as well as their durability. These data

provide appropriate conclusions regarding the proper

use of different materials: tiled floors, indoor or

outdoor cladding, etc. In this study, we have measured

some of the properties of several Portuguese granites

used as dimension stones or having the potential for

this type of use. The quantification of microfractures

in the ornamental granites under study has served as

the basis upon which to evaluate the impact of natural

microcracks on physico-mechanical properties, as

well as on their resistance to certain weathering

agents (salt crystallization and thermal shock).

2. Granites under study

The granites evaluated in this study are located in

the NE of Portugal and belong to two different types:

post-tectonic and sin-tectonic granites of the third

phase of Hercynian orogeny (Fig. 1). These granites

are rocks with a medium to coarse grain size and some

of them have a porphyritic texture (Sousa, 2000)

(Table 1).

Modal analysis of the granites has been performed

using the point counter, following the methodology

commonly used in petrological studies that is widely

described in the literature, for example in Roubault

(1963). Table 2 presents the results of the modal

analysis of all these granites. Biotite is more abundant

than muscovite in the Chaves, Pedras Salgadas and

Table 1

General petrographical characteristics of the granites studied

Name Grain size Texture Petrological classification (Streckeisen, 1976) Type

Chaves (CH) Coarse Porphyritic tendency,

hypidiomorphic granular

Biotitic monzogranite Biotitic

Pedras Salgadas (PS) Medium to coarse Slight porphyritic tendency,

hypidiomorphic granular

Biotitic monzogranite Biotitic

Telões (TE) Coarse Slight porphyritic tendency,

hypidiomorphic granular

Biotitic granodiorite Biotitic

Águas Santas (AS) Medium to coarse Hypidiomorphic granular Two micas monzogranite Muscovitic-biotitic

Vale das Gatas (VG) Medium to coarse Slight porphyritic tendency,

hypidiomorphic granular

Two micas monzogranite Muscovitic-biotitic

Mourão (MO) Medium Hypidiomorphic granular Two micas monzogranite Muscovitic-biotitic

Lousa-Larinho (LL) Medium Hypidiomorphic granular Two micas monzogranite Muscovitic-biotitic

Campelos (CA) Medium to coarse Slight porphyritic tendency,

hypidiomorphic granular

Two micas monzogranite Muscovitic-biotitic

Zedes (ZE) Medium to coarse Porphyritic tendency,

hypidiomorphic granular

Two micas monzogranite Muscovitic-biotitic
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Telões granites; all other granites have a slightly

higher proportion of muscovite versus biotite.

3. Microfracture analysis

Several microscopic techniques exist that are

useful in crack studies: optical petrographics, fluo-

rescence, laser confocal and scanning electron micro-

scopy (SEM). Optical petrographic microscopy is not

the optimal technique in these cases, since some of the

cracks are very difficult to detect, particularly those

located between minerals (intergranular cracks). Even

intragranular (cracks inside a mineral) and trans-

granular (affecting more than one mineral) cracks

can be difficult to observe when not highlighted by

iron oxides or other filling minerals (Fig. 2). A

combination of both optical petrographic and fluo-

rescence microscopy (after filling the cracks with a

fluorescent dye, such as rhodamine B dissolved in

resin) can overcome this problem (Montoto et al.,

1987), but it is a complex, time-consuming procedure

that hinders quantification of crack density and

characteristics. Laser confocal microscopy is a rather

useful procedure since it permits a 3D-reconstruction

of the crack network, but it must be combined with

optical petrographic microscopy in order to study the

crack location with respect to the minerals. Nonethe-

less, this technique has not frequently been used in

rock studies.

For these reasons, linear crack density (LCD;

defined as the number of cracks per millimeter) has

been calculated by counting the number of cracks in

several scanning lines with a total length of 50 mm

using a scanning electron microscope. Surfaces for

study were obtained after polishing granite slabs

sawed with a low deformation, low speed diamond

blade saw (Isomet) so as to prevent creating morpho-

logical artifacts, mainly microfractures.

The characteristics of the cracks were also consid-

ered, although the results of intra-, inter- and trans-

Fig. 2. The same area of a granite as observed (a) under optical

polarizing microscopy (cross-polarized light); (b) under fluores-

cence microscopy, where only the cracks are observed; and (c)

under a combination of both microscopy techniques.

Table 2

Modal composition of the granites under study (abbreviations can

be found in Table 1)

Mineral Granite

CH PS TE AS VG MO LL CA ZE

Quartz 32.5 33.4 27.8 35.8 33.0 33.6 31.8 31.6 33.6

Potassium feldspar 29.0 28.4 20.0 23.6 27.3 24.3 26.4 27.0 25.9

Plagioclase 30.2 33.2 41.7 29.3 24.4 27.7 27.8 25.0 27.5

Biotite 8.2 4.3 10.5 3.3 5.4 4.8 3.8 4.8 3.5

Muscovite 0.1 0.7 7.9 9.5 9.3 9.8 11.1 9.2

Apatite 0.1 0.3 0.2 0.1 0.1 0.1

Chlorite 0.1

Tourmaline 0.3

Others 0.1 0.3 0.1 0.2

L.M.O. Sousa et al. / Engineering Geology 77 (2005) 153–168156



granular cracks must be interpreted with care given

that the magnification used (�400) does not always

allow us to see if a crack affects more than one

mineral. In fact, transgranular cracks have not been

quantified, since they can be considered to be a

combination of inter- and intragranular cracks (Fig. 3).

Table 3 shows the relative data of the identified

cracks. It is clear that intragranular cracks represent

the majority of all cracks observed. The incidence of

this type of crack ranges from 62.9% in the Águas

Santas granite to 82.3% in the Pedras Salgadas

granite. The intragranular cracks inside feldspars

represent more than half of the intragranular cracks

detected with the exception of the Águas Santas

(37.9%) and Telões (47.5%) granites. Álvarez-Calleja

et al. (1993) also assessed the preponderance of

microfractures in feldspars with respect to the other

mineral phases in El Berrocal granite (Toledo, Spain).

Intergranular cracks, representing less than one-

third of all microfractures in all the granites, are

predominantly located in the quartz-feldspar bounda-

ries, except in the Chaves and Telões granites.

The microfracture data obtained (Table 4) reveal

that the granites under study have a linear crack

density that varies from 1.4 cracks/mm in the Telões

granite to 5.9 cracks/mm in the Campelos granite. As

expected, the soundest biotitic granites (Chaves and

Telões) have the lowest values of LCD, since the

presence of cracks tends to be a key factor in

increasing the weathering rate, at least in the presence

of water (in any state). Lousa-Larinho (4.8 cracks/

mm) and Campelos (5.9 cracks/mm) granites have the

highest values, despite the fact that the Águas Santas

granite is the most weathered of all those studied.

In papers dealing with the weathering of granitic

rocks, various classifications have been proposed. The

most common classifications are based on simple

geological descriptions (macroscopic observations

such as discoloration, staining and mineral alteration)

(Clayton and Arnold, 1972; Durgin, 1977; IAEG,

1981; ISRM, 1981a,b; Anonymous, 1995; Gupta and

Rao, 1998, 2000; Ehlen, 2002). Lan et al. (2003)

reported the following methods for classifying

degrees of weathering: (1) a geological description-

based method including visual observations, (2) a

single index method with a point load test and wave

velocity, and (3) a comprehensive method; that is, an

integrated quantitative index based on various factors.

Weathering indices have been categorized as chem-

ical, mineralogical–petrographical and engineering

(Gupta and Rao, 2001). Chemical weathering indices

evaluate the chemical processes associated with

weathering so as to understand their influence on

geotechnical behavior. Several mineralogical and

Table 3

Different crack percentages relative to total microfractures

Granite name Intragranular cracks (% of total) Intergranular cracks (% of total)

All Feldspars Quartz All Quartz-feldspar

Chaves 69.8 65.2 0.9 30.2 7.8

Pedras Salgadas 82.3 64.2 18.1 17.7 12.8

Telões 78.8 47.5 27.5 21.2 7.5

Águas Santas 62.9 37.9 20.3 37.1 20.7

Vale das Gatas 66.9 54.9 11.4 33.1 28.6

Mourão 71.9 60.8 8.7 28.1 15.6

Lousa-Larinho 67.8 53.8 13.5 32.8 19.2

Campelos 75.6 51.5 18.1 24.4 12.3

Zedes 74.0 66.7 4.0 26.0 20.3

Fig. 3. A granite as observed under scanning electron microscopy.
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petrographical parameters can be evaluated in weath-

ering processes. These parameters include the per-

centage of unsound minerals or secondary minerals

and the number of fractures. Engineering-based

indices take into account key engineering properties

such as water absorption, ultrasonic wave speed, slake

durability or unconfined compressive strength.

Irfan and Dearman (1978) proposed a weathering

classification known as the Microfracture Index (If),

based on rock microfractures. These authors attributed

weathering classes depending upon the Microfracture

Index, defined as the number of cracks observed in a

1-cm line under optical petrographical microscopy.

This classification is not applicable when observations

are performed under scanning electron microscopy.

The value thus determined (SEM) is more representa-

tive than that obtained under optical microscopy, as

previously explained. We therefore propose a new

classification based on linear crack density, obtained

by means of SEM (Table 5). Thus, the studied granites

are classified as sound (TE), slightly weathered (CH),

moderately weathered (PS, VG, ZE and MO) and

weathered (LL, CA and AS). However, weathering

indices based solely on the number of cracks are

incapable of providing useful information as to the

rock’s true microfracture network because crack width

and length (as well as orientation) are not accounted

for. The use of a microfracture index based on crack

area, as proposed by Al-Qudami et al. (1997) may

overcome this limitation.

4. Physico-mechanical properties

Although other physical properties have been

measured, only the values of effective porosity,

uniaxial compressive strength and P-wave velocity

are presented. The RILEM (1980) recommendations

for test No. I.1 have been followed and cubes

measuring 5�5�5 cm3 were used for determining

effective porosity. The specimens were placed under

vacuum for 24 h; water was then slowly introduced

into the vacuum vessel until the specimens were

covered. The vacuum was maintained for another 24 h

and, after releasing the vacuum, the specimens

remained submerged in water at atmospheric pressure

for 24 h.

Uniaxial compressive strength was determined

following ISRM (1981a,b) suggestions on five cylin-

drical samples (49.8 mm in diameter and 123–125

mm in length). The propagation rate of seismic waves

was calculated on the basis of determinations per-

formed on six specimens of each rock type identical to

those used in the uniaxial compressive strength test,

using an ultrasonic NEW SONIC VIEWER, model

5217A from OYO (Japan). The test specimens were

obtained from the same block of rock in order to

decrease the effect of the naturally occurring varia-

tions in the intrinsic characteristics of the granites and

so as to compare the values for the various properties

in the different granites, thereby allowing a coherent

petrophysical interpretation to be made. The physical

properties appear in Table 6.

The studied granites have a low degree of porosity,

a characteristic that is frequently found in this type of

rock in sound conditions. The Águas Santas granite

(with the highest porosity: 3.72%) is the most

weathered one. This can render it unsuitable for use

in external claddings, at least in wet or polluted areas

and/or in continental or marine climates. Overall, the

sound granites present high uniaxial compressive

Table 4

Fissuration index of the granites under study

Granite name Linear crack density (cracks/mm)

Chaves 1.9

Pedras Salgadas 3.3

Telões 1.4

Águas Santas 4.6

Vale das Gatas 3.0

Mourão 4.3

Lousa-Larinho 4.8

Campelos 5.9

Zedes 3.1

Table 5

Classes of weathering based on linear crack density and classi-

fication of the granites included in this study (abbreviations can be

found in Table 1)

Rock weathering

class

Degree Linear crack

density (cracks/mm)

Granite name

Sound I b1.5 TE

Slightly

weathered

II 1.5–3.0 CH

Moderately

weathered

III 3.0–4.5 PS VG, ZE, MO

Weathered IV 4.5–6.0 LL, CA, AS

Highly weathered V N6.0
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strengths. Pedras Salgadas, with 197.0 MPa, stands

out as it is slightly higher than the other sound

granites, such as Chaves and Telões. This difference

may be attributable to the smaller grain size of the first

and to the heterogeneities of the last two (Wong et al.,

1996). On the other hand, the Águas Santas granite

stands out with a very low value of uniaxial

compressive strength (62.4 MPa), due to the high

degree of weathering as indicated by the high

effective porosity value, which can limit its use in

certain conditions.

P-wave velocity results (VP) range from 5735 m/s

(Chaves granite) to 2339 m/s (Águas Santas granite).

With the exception of the Águas Santas granite, all the

others present VP values greater than 3700 m/s, which

is consistent with the values obtained by several

authors for granitic rocks that are not highly weath-

ered (Suárez del Rı́o, 1982; Delgado Rodrigues, 1983;

Calleja, 1985; Eze, 1997; Begonha, 1997; Neiva et al.,

2000).

5. Durability tests

Two durability tests were performed: salt crystal-

lization and thermal shock. In these tests, seven cubic

specimens (5 cm edge) of each granite were used in

accordance with the proposed RILEM (1980) recom-

mendations. Compressional wave speed was meas-

ured in the three orthogonal axes of the cubes using

the previously mentioned equipment.

According to the RILEM recommendations (1980),

there are three different stages in the salt crystalliza-

tion test: in the first stage, the samples are immersed

into a salt solution; the second is a drying stage, and

the third stage consists of cooling. The duration of

each stage was established following the recommen-

dations for these tests, as well as on the basis of the

suggestions made by Alonso et al. (1987): samples

were immersed in a Na2SO4d 10H2O 14% solution at

20 8C. They were then held in a 60 8C oven for drying

for 16 h, before being cooled at room temperature (20

8C) for 4 h. Weight variation measurements and

surface observations were made after the last stage. At

the end of the test, the samples are washed in fresh

water to remove all the salt crystals contained inside

the specimens. One hundred cycles were performed in

this test. An increase in weight of the specimen weight

is generally observed during the first 15–20 cycles, as

a result of the salt accumulation inside the specimens

(Martı́nez Hernando and Suárez del Rı́o, 1989;

Ihalainen and Uusinoka, 1994), followed by a period

during which weight loss is observed (Table 7). The

Chaves, Pedras Salgadas and Telões granites behave

quite similarly, with very low weight losses, whereas

the Águas Santas granite presents the most adverse

behavior.

The methodology used to conduct the thermal

shock test did not follow any established standard and

was designed to verify the impact of an abrupt change

in temperature on the granites. To do so, the speci-

mens were placed inside a 105 8C oven for 2 h, after

which time they are immersed in water at a temper-

ature of 20 8C. The two stages that were carried out

consisted of: immersion—during which time the

specimens remained immersed in water for 2 h

(during the test interruptions the samples remained

immersed in water); heating—the specimens were

Table 7

Weight variation following the crystallization salt test

Granite name Weight variation (%)

With salts Washed specimens

Chaves �0.06 �0.16

Pedras Salgadas �0.07 �0.25

Telões �0.06 �0.14

A. Santas �3.14 �3.74

V. Gatas �0.15 �0.29

Mourão �0.19 �0.32

Lousa-Larinho �0.16 �0.33

Campelos �0.53 �0.71

Zedes �0.40 �0.54

Table 6

Mean open porosity (no), uniaxial compressive strength (UCS) and

P-wave velocity (VP) values

Granite name no (%) UCS (MPa) VP (m/s)

Chaves (CH) 0.76 158.5 5753

Pedras Salgadas (PS) 0.94 197.0 4516

Telões (TE) 0.64 153.0 4338

Águas Santas (AS) 3.72 62.4 2339

Vale das Gatas (VG) 0.88 107.4 3787

Mourão (MO) 1.00 126.2 4258

Lousa-Larinho (LL) 1.00 140.1 3916

Campelos (CA) 1.30 87.0 3700

Zedes (ZE) 1.00 99.3 3877
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placed inside a 105 8C oven for 2 h. A total of 125

cycles were performed at this test. The induced

damages were evaluated by surface observations and

by the change in P-wave velocity at 24, 54, 80 and

125 cycles in dry specimens. Surface damage or

losses of material were not observed, with the

exception of a slight chromatic darkening due to the

heating. In contrast, all the studied granites showed a

reduction in VP; this decrease is more pronounced

before cycle 54. The significant decrease in VP during

the initial cycles has to do with the physical alterations

in the external portion of the sample, consisting of the

development of intergranular cracks (Ruiz de Argan-

doña et al., 1988; Suzuki et al., 1995) and the

increased width of previous intergranular cracks

(Suzuki et al., 1998). The second phase, during which

VP values are reduced at a lower rate or may even

stabilize, is more closely related to thermal fatigue

than to new crack formation. An in-depth analysis of

VP variation allows us to verify that during the first 54

cycles, the highest variation occurs in the least

weathered granites (CH, TE and PS) and vice versa

(Table 8).

6. The influence of porosity and microfractures on

other physical properties

The relationship between two value sequences can

be established by the correlation coefficient (R). The

best fit curves for both sequences is obtained by the

least-squares method and the fitting quality is given

by the determination coefficient (R2). This value,

ranging from 0 to 1, must be high if the curve is to be

representative of the relationship between variables

(Davis, 1986).

The significant relationships between obtained

properties are indicated in an attempt to reveal the

Fig. 4. Relationship between uniaxial compressive strength (UCS) and effective porosity (no) (abbreviations can be found in Table 1).

Table 8

Decrease in VP during thermal shock testing

Granite name VP decrease (%)

Cycle 54 Cycle 125

Chaves 10.2 10.8

Pedras Salgadas 12.5 12.7

Telões 12.9 14.0

Águas Santas 5.9 8.1

Vale das Gatas 9.3 10.2

Mourão 10.2 12.1

Lousa-Larinho 9.6 11.3

Campelos 5.1 7.2

Zedes 5.9 7.4
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influence of porosity in general and of micro-

fractures, in particular. Best fit curves and R2

values are only indicative of the relationship

between the properties because porosity distribution

cannot be accurately represented by means of

mathematical equations. When comparing some of

the results of the physical properties measured, we

can first conclude that uniaxial compressive strength

decreases as the porosity increases (Fig. 4), as

previously stated by several authors with respect to

Fig. 5. Relationship between the velocity of compressional waves (VP) and effective porosity (no) (abbreviations can be found in Table 1).

Fig. 6. Relationship between uniaxial compressive strength (UCS) and P-wave velocity (VP) (abbreviations can be found in Table 1).
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granitic rocks (Suárez del Rı́o, 1982; Begonha,

1997; Tugrul and Zarif, 1999). Fig. 5 shows the

relationship between VP and effective porosity in

the granites under study, establishing the inverse

relationship between both, as has also been pre-

viously proven by several authors in different

litological types (Calleja et al., 1989; Marques and

Vargas, 1998; Jermy and Bell, 1998). As porosity

increases, ultrasonic velocity decreases; however,

rocks with the same porosity but that have a

Fig. 7. Relationship between effective porosity (no) and LCD; not including AS granite (abbreviations can be found in Table 1).

Fig. 8. Relationship between the uniaxial compressive strength (UCS) and the LCD (abbreviations can be found in Table 1).
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persistent network of microfractures present a

propagation velocity that is inferior to that of rocks

with a greater prevalence of pores vs. microfractures

(Kelsall et al., 1986). The relationship between

uniaxial compressive strength and compressional

wave velocity appears in Fig. 6. As expected, the

lower the uniaxial compressive strength, the lower

the P-wave velocity and vice versa. The presence of

Fig. 9. Relationship between P-wave velocity (VP) and LCD (abbreviations can be found in Table 1).

Fig. 10. Relationship between weight difference (Dw) in the specimens with and without salt and effective porosity (no) (abbreviations can be

found in Table 1).
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pores and cracks makes the rock less continuous,

thereby decreasing ultrasonic velocity and increasing

breakability under compression.

Good correlation has been established between

effective porosity and linear crack density, with the

exception of the Águas Santas granite (Fig. 7). In this

Fig. 11. P-wave velocity reduction during thermal shock testing (abbreviations can be found in Table 1).
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type of rock, the voids are predominantly micro-

fractures; therefore, the direct relationship between

effective porosity and microfracture content is deemed

normal. Due to its high degree of weathering, the

Águas Santas granite does not fit the trend line that the

rest of the granites follow. In Figs. 8 and 9, the LCD is

plotted against the uniaxial compressive strength and

P-wave velocities, respectively. Although it would

appear that there is an inverse correlation (as

demonstrated by Richter and Simmons, 1977, and

Wong et al., 1996), the determination coefficient (R2)

is very low, which means that there are other factors

affecting both properties. In the case of uniaxial

compressive strength, texture (particularly grain size

and the preferential orientation of some minerals) is a

petrographic characteristic that influences the results

(Suárez del Rı́o, 1982). The P-wave velocity is also

affected by the orientation of microfractures and

minerals and by grain size (Suárez del Rı́o, 1982).

These characteristics have not been considered in this

paper.

In the salt crystallization test, weight variations

before and after the specimen washing is due to the

removal of the salt deposited in the specimen voids

and this difference will increase as the effective

porosity increases (Fig. 10). The results obtained

present a correlation between effective porosity, the

amount of salt crystallized inside the specimens and

the damage caused. These observed trends would

corroborate in a more intelligible way if the granites

under study had broader values of effective porosity.

The VP decrease observed in thermal shock tests is

also related to porosity and linear crack density; the

more porous and highly cracked granites present

lower variations and vice versa (Figs. 11 and 12).

Weathered granites have some space that allows for

mineral expansion and contraction; in the less

weathered granites abrupt contraction leads to the

formation of mainly intergranular cracks. However,

the quality of the sound granites after thermal shock

testing, evaluated in terms of P-wave velocity, is

higher than that of granites already weathered prior to

testing.

7. Conclusions

Most of the physical properties of granites

destined for ornamental use are mainly influenced

by the voids in the bintact rockQ. Inverse correla-

Fig. 12. Decrease of P-wave velocity (DVP) following thermal shock testing (125 cycles) and its relationship with LCD (abbreviations can be

found in Table 1).

L.M.O. Sousa et al. / Engineering Geology 77 (2005) 153–168 165



tions between effective porosity and uniaxial com-

pressive strength, as well as with P-wave velocity,

have been established. Taking into account that the

voids found in sound granites are largely micro-

fractures, the same inverse correlations were

expected between those properties and linear crack

density. However, low correlation coefficients were

obtained, which means that some other petrograph-

ical characteristics not considered in this paper, such

as preferential crack and mineral orientation, grain

size, etc., affected the results. Nonetheless, the trend

in the relationship between these properties for

sound granites changes as they become weathered.

The good correlation obtained between effective

porosity and linear crack density for sound or not

highly weathered granites suggests that the micro-

fracture width is more or less similar in these rocks.

Weathering processes increase the width of micro-

fractures and, hence, the amount of pore-shaped

voids, particularly in feldspars, since the weathered

granites do not follow the tendency of the sound

ones. The different behavior observed in Águas

Santas granite versus the other sound granites is

striking. If the rocks had presented a homogeneous

variation of effective porosity, the relationships

detected would have been more intelligible.

The damage caused by the ageing tests (salt

crystallization and thermal shock) is also conditioned

by the voids. After 100 cycles of salt crystallization,

granites with an effective porosity of less than 1.5%

were practically unaffected and remained sound;

however as porosity increases, material loss becomes

more significant. In the thermal shock test, the

generation of thermal cracks is greater in the first

cycles and has a greater effect on those granites with

low effective porosity, since the P-wave velocity

decrease is more significant in those rocks. The

volumetric expansion of minerals due to heating is

babsorbedQ by the microfractures in the granites with

high porosity and fewer thermal cracks are produced

than in the low porosity granites.

The physico-mechanical properties obtained for the

granites under study lead us to conclude that all the

granites studied are suitable for any application as

dimension stones with the exception of Águas Santas

granite, which is not suitable as ornamental rock,

especially in outdoor applications, because of its high

porosity and low durability.
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rocks. Memória, vol. 583. LNEC.

L.M.O. Sousa et al. / Engineering Geology 77 (2005) 153–168166



Durgin, P.B., 1977. Landslides and the weathering of granitic rocks.

Geological Society of America. Rev. Eng. Geol. 3, 127–131.

Ehlen, J., 2002. Some effects of weathering on joints in granitic

rocks. Catena 49, 91–109.

Engelder, T., Plumb, R., 1984. Changes in in situ ultrasonic

properties of rock on strain relaxation. Int. J. Rock Mech. Min.

Sci. Geomech. Abstr. 21 (2), 75–82.

Eze, E.O., 1997. Geotechnical assessment of some charnockites

from Nigeria as construction materials. Q. J. Eng. Geol. 30,

231–236.
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Ruiz de Argandoña, V.G., 1987. Methodology for microscopic

studies of alteration of Building stones. In: E. Galán y M.A.

Vázquez (Eds.), Sixth Meeting of the European Clay Groups,

Euroclay’ 87 (Round Table on: The Decay of Building Stone).

Depósito legal: SE-921-87. pp. 45–48.

Montoto, M., Rodrı́guez-Rey, A., Menéndez, B., Martı́nez-Nistal,

A., Ruiz de Argandoña, V.G., Suárez del Rı́o, L.M., Calleja, L.,
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