
 
 
 
 
 
 
 

Jan Erik Lindqvist 
Urban Åkesson 
Katarina Malaga 
Björn Schouenborg 
Mattias Göransson 
 
Assessment of mechanical 
durability properties of rock 
materials using quantitative 
microscopy and image analysis 
 
SP Report 2003:6 
Building Technology and Mechanics 
Borås 2003 
 
 



2 
 
 
 
 

Abstract 
 
This report presents a project that focuses on the assessment of mechanical durability 
properties using quantitative microscopy. The project was financed by SGU under grant 
03-1174/98. The aim has been to develop methods for assessment and presentation of 
rock quality data. Both optical and SEM/BSE microscopy were applied and combined 
with computerised image analysis and manual methods for the quantitative analysis. The 
first part of the project was to produce a literature overview of image analysis as applied 
to rock materials. A method for assessment of resistance to fragmentation of granitic 
rocks comparable with the Los Angeles test has been developed. By means of a 
quantitative description of foliation using a foliation index, FIX, it is possible to assess 
the potential length-thickness ratio of the crushed aggregate. Methods developed in the 
main part of the project have been applied in related areas. These include crack initiation 
and propagation under cyclic loading and cyclic thermal stress. 
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Preface 
 
This project was originally initiated by Björn Schouenborg, from the Swedish National 
Testing and Research Institute, and Lars Persson, from the Geological Survey of Sweden. 
The project was financed by SGU under grant 03-1174/98. As it was considered difficult 
to apply quantitative microscopy to rock materials and because little was known about the 
influence of texture and microstructure on mechanical durability properties, it was 
decided to begin with a pilot project, which commenced in 1998. The project continued 
until 2002 with Jan Erik Lindqvist as project leader. In July 1999 Urban Åkesson became 
involved in the project as a research student at the Department of Earth Sciences at 
Göteborg University, with Professor Jimmy Stigh as supervisor. The work has been 
performed in cooperation with Mattias Göransson at SGU. Methods developed in the 
main part of the project have been applied in projects dealing with related issues. This 
was done in cooperation with Jan Hansson at the Geological Department at Chalmers 
University of Technology and Katarina Malaga at the Institute of Inorganic Chemistry at 
Göteborg University.  
 
Borås, March 2003 
Jan Erik Lindqvist 
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Sammanfattning 
 
För att beskriva en bergarts egenskaper kan man dela in dem i inneboende egenskaper så 
som kemisk och mineralogisk sammansättning, kornstorlek, porositet och de 
funktionsegenskaper som beskriver hur bergarten reagerar på förhållanden i den 
omgivande miljön exempelvis i form av mekanisk belastning, frys tö cykler. 
Funktionsegenskaperna är en funktion av de inneboende egenskaperna. Det innebär att 
om man kan identifiera och kvantitativt mäta de inneboende egenskaper som är kritiska 
för den eller funktionsegenskaper man är intresserad av kan dessa inneboende egenskaper 
användas för bedömning av materialets funktion i praktisk användning. För exempelvis 
metaller och keramiska material är detta arbetssätt väl etablerat, för bergmaterial är 
däremot mycket lite gjort med inriktning på dessa frågeställningar. I denna rapport 
sammanfattas resultaten från en studie inriktad på bedömning av mekaniska 
beständighetsegenskaper genom kvantitativ mätning av mikrostrukturer med hjälp av 
mikroskopi och bildanalys. Projektet har drivits som ett samarbete mellan Sveriges 
Provnings- och Forskningsinstitut och Sveriges Geologiska Undersökning samt 
Geovetarcentrum vid Göteborgs Universitet. Projektet har finansierats av SGU anslag 03-
1174/98. Projektet är en del av satsningen på undersökning av mikrostrukturens inverkan 
på materialens beständighet och prestanda i praktisk användning samt satsningen på 
bergmaterialprovning på SP´s enhet för Bygg och Mekanik. 
 
Syftet har varit att utveckla metoder för bedömning och presentation av bergkvalitet 
baserade på kvantitativ mikroskopi. Både ljusmikroskopi och svepelektronmikroskopi i 
kombinerades med datoriserad bildanalys och manuella metoder för kvantitativ analys 
användes i projektet. Inledningsvis gjordes en litteraturstudie inom området bildanalys 
tillämpat på bergmaterial. I det andra steget utvecklades en metod för bedömning av 
graniters motstånd mot fragmentering. Metoden har en korrelationskoefficient på –0.94 
jämfört med Los Angelestalet. Metoden baseras på antagandet att sprickor kan initieras 
vid korngränser mellan olika mineral och att stora aggregat med flera korn av samma 
mineral har större inverkan än enskilda eller små grupper av mineral. I mätningen mätes 
omkretsen, perimetern på dessa mineralaggregat och resultatet anges som mm perimeter 
per mm2 analysyta. Eftersom även en bergarts foliation inverkar, utvecklades en metod 
för kvantitativ bedömning av foliationens inverkan med hjälp av ett foliationsindex, FIX. 
Denna metod kan även användas för prognos av slutproduktens partikelform. 
Korrelationen mot LT-index hos den krossade slutprodukten var i denna studie –0.96. 
 
De metoder som utvecklats i projektets huvuddel har i modifierad form även använts 
inom andra områden. Så som en studie av sprickinitiering och sprickpropagering orsakad 
av cyklisk belastning av granitiska bergarter. Dessutom en studie av hur cyklisk termisk 
stress påverkar marmor och kalksten i de inledande stadierna av hållfasthetsförlust hos 
fasadplattor. Denna studie visade att uppvärmning kan leda till korngränsförsvagning 
redan vid 80 oC och i ett senare skede till sockring av marmor.  
 
Dessa metoder ger förutom den tekniska bedömningen även en större förståelse för vilka 
egenskaper som är kritiska för en bergarts beständighet och sambandet mellan dessa 
inneboende egenskaper och funktion i praktisk användning av materialet. Eftersom 
mätningarna kan utföras på polerade tunnslip kan dessa integreras i framställandet av 
regionala bergkvalitetskartor. Ytterligare en mycket viktig slutsats är att det är möjligt att 
från mikrostrukturella egenskaper bedöma beständighetsegenskaperna hos en bergart. Det 
innebär att bedömningar baserade på denna typ av iakttagelser kan öka värdet av 
petrografiska analyser för bergmaterialindustrin.  
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1 Introduction 
 
1.1 Background 
 
This report presents a synopsis of a project on image analysis as applied to rock materials. 
The Geological Survey of Sweden, SGU, financed the project. This project is a part of a 
research programme conducted at the department of Building Technology and Mechanics 
at SP, which focuses on the relationship between the microstructure and function of 
inorganic building materials such as natural stone, concrete and bricks. The aim of the 
programme is two-fold, to increase knowledge of the relationship between critical 
properties versus function, and to formulate new test methods using quantitative 
microscopic methods. The strength of this approach to material testing is that the test 
results can give wider spectra of information than the numerical results, and thereby 
increase the understanding of critical parameters for material behaviour. The intention has 
not been to introduce methods for petrography as applied to petrology or structural 
geology. 
 
The central issue for the present project has been to study the influence of microstructural 
parameters on the mechanical properties of rocks used as unbound aggregate. These 
properties are currently assessed using mechanical tests that have remained essentially 
unchanged for a long time, for example the Los Angeles test is eighty years old. 
However, modern society calls for a more sustainable use of natural resources, and this 
involves many aspects such as knowledge about the available resources and their proper 
use. It also includes knowledge that can be used to give material specifications for 
structures that will ensure a long service life without over-specification. It can be foreseen 
that the tests used today will not give sufficient information for the needs of maintaining 
and developing the infrastructure in the society of tomorrow. SGU has an important role 
through its regional mapping work and the development of bedrock quality maps. It is in 
this context that the project has its main emphasis. One goal has been to develop 
assessment techniques that can be used in microscopic analysis and used as a routine tool, 
as well as improving our understanding of rock properties to provide factual information 
and thereby increase the value of the analyses that are performed.  
 
During the project, methods for the assessment of mechanical durability were developed. 
The method for assessment of resistance to fragility has a very good correlation with the 
Los Angeles test. The results of the present project show that a skilled petrographer can 
obtain much more information from microscopic petrographic analysis than is the case 
today. 
 
Problems that were central to the project have been solved and assessment techniques are 
applied by SGU in bedrock quality assessment. The project has also shown that 
techniques developed in the present project can be applied to related fields in geology and 
provide new information. 
 
This report gives an overview of the project and all results presented in this report have 
been published separately or submitted for publication. The project has also been 
presented orally on several occasions, by Urban Åkesson at SGU´s yearly research 
seminar, the IAEG´s meeting in Borås in 2000, the European Seminar on Microscopy 
Applied to Building Materials in Athens in 2001, the 9th Nordic Aggregate Research 
Conference in Reykjavik in 2002 and by Jan Erik Lindqvist at an internal SGU seminar in 
1999.  
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2 Condensed literature outline 
 
As it was considered that little was known about the relationships that form the main focus 
for the project it was decided that the initial step of the project was to write a literature 
overview of what had been published in the field of image analysis as applied to geological 
materials (Lindqvist & Åkesson 2001). One result of the literature review was to confirm 
that relatively little was known concerning these relationships for aggregates. A critical 
problem for optical microscopy in image analysis of rocks on the microscopic scale is the 
identification of the individual mineral grains. Several different problems are encountered in 
this task, such as colour variations that depend on the orientation of the light in relation to 
the crystal lattice of the minerals. The operator uses several different methods, such as 
optical properties, shape, texture and paragenetical relationships in order to identify the 
minerals. This makes it difficult to formulate a general algorithm for computerised 
identification. 
 
This type of task can be performed using backscatter electron (BSE) mode and micro-
chemical analysis with a scanning electron microscope (SEM/EDS or WDS). The objects 
may be distinguished through grey-scale variations in the image. The objects can 
subsequently be identified through micro-chemical point analysis or element mapping 
(Petruk 1989, Dilks & Graham 1985, Celland & Fens 1991). This can give quantitative data 
about the mineral composition (Tovey & Krinsley 1991) or textural data. An example of the 
latter is Goodchild & Feuten (1998) who used digital filtering in order to enhance grain 
boundaries in images taken with an optical microscope using polarised light with different 
orientations.  
 
Analysis of cracks and porosity can be performed using fluorescence techniques in optical 
microscopy. In this case the sample is impregnated with fluorescent dye in epoxy resin or 
alcohol (Hornian et al 1995). This technique makes it possible to identify cracks finer than 
the optical resolution of the microscope due to the spread of light in the material. The 
measurement can also be performed using SEM/BSE on polished samples. The cracks and 
pores are seen as dark lines and areas in the images. This can be applied to both soil and rock 
samples (Bodziony et al 1993, Tovey & Hunslow 1995). Meng (1996, 1997) has described 
the fractal dimension of porosity in sandstone through a combination of gas adsorption, 
mercury porosimetry and image analysis performed using SEM/BSE and optical microscopy. 
Similar studies have been applied in the study of oil reservoir rocks by Anselmetti, Luthi and 
Eberli (1998). They combined optical microscopy with environmental electron microscopy 
(ESEM). This type of combined study can cover the nanometre to millimetre scale. There are 
other techniques for imaging porosity such as NMR, neutron radiography and computerised 
tomography. It is also possible to impregnate the sample with low melting point Woods 
metal in order to enhance cracks and pores (Yadev et al. 1984, Zheng 1989). 
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3 Mechanical analyses 
 
The mechanical analyses used in this project are mainly related to the determination of a 
rock’s suitability as an aggregate. The parameters that were determined were the 
aggregate’s resistance to fragility and abrasion by using the Los Angeles test method (EN 
1097-2, European Committee for Standardization, 1997) and the Studded Tyre test 
method (FAS Method 259-95, Swedish Asphalt Pavement Association 1995). The 
geometry of the aggregates was also determined through the length-thickness index (LT 
index) (FAS Method 244-98, Swedish Asphalt Pavement Association, 1998) on the 
crushed material. The samples in this project were collected by SGU from unweathered 
outcrops using sledgehammer and crowbar. The rock material was crushed with a 
gyratory crusher (Svedala Arbro 50-26-64) and a laboratory jaw crusher 
(Morgårdshammar A23) to achieve the desired fraction.  
 
Two other mechanical analyses used in this study were uniaxial cyclic loading on granite 
cylinders and cyclic thermal stress on samples of marble. These analyses were done in 
order to evaluate how microcrack propagation occurs in the rock material during cyclic 
stress. 
 
3.1 Los Angeles test (LA) 
 
The Los Angeles test measures the fragility of a rock, which is its resistance to 
fragmentation. The analyses were undertaken according to the EN 1097-2 method. The 
method is a European standard and is normally used for determination of aggregate 
quality for railways and road pavement. The analysed material consists of 5000 g of 10–
14 mm aggregates. The aggregates are rotated in a steel drum with 11 steel bullets with a 
diameter of 47–49 mm and rotated 500 times at a speed of 31–33 r/min. After the test, the 
crushed material is sieved through a 1.6 mm sieve, and the Los Angeles value is 
calculated according to the formula:  
 
LA = (5000 - m) / 50    (3:1) 
 
Where m is the weight of the material retained after sieving through a 1.6 mm sieve. 
 

3.2 Studded Tyre test (STT) 
 
The studded tyre test measures a rock aggregate’s resistance to abrasion. The analyses 
were performed according to the FAS Method 259-95 (Swedish Asphalt Pavement 
Association 1995) which corresponds to the EN 1097-9 (European Committee for 
Standardization, 1997b) method. The samples consisted of approximately 1000 g of 
sieved rock aggregate (depending on the rock density), of which 65 % was 11.2-14.0 mm 
and 35 % between 14.0 and 16.0 mm. The samples were placed in a steel cylinder with an 
inner diameter 206.5±2 mm and inner length of 335±1 mm together with 7000±10 g of 
steel bullets (around 500 bullets with a diameter of 15 mm) and 2000±10 ml of water. 
The cylinder was rotated at a speed of 90±3 r/min for 60 min. The material was then 
sieved through 2, 8 and 14 mm sieves. The Studded Tyre test value (STT) is calculated 
according to the formula: 
 
STT = 100(mi – m2)/mi   (3:2) 
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Where mi is the weight of the material before analysis and m2 is the part of the analysed 
material that is larger than 2 mm. 
 
3.3 Length-thickness index (LT) 
 
The LT index (length-thickness index) is a measure of the shape of the aggregate 
particles, and the fraction used was 11.2–16.0 mm. The LT-3 values used in this project 
give the percentage of aggregate particles that are less than 3 times longer than they are 
thick. For example, a foliated granite tends to break preferentially into plate-like slabs and 
thus has a LT-3 of 64% (meaning that 36% of the aggregates are highly elongated), while 
an isotropic granite has values of 8095%, meaning that very few of the crushed particles 
are highly elongated. 
 
3.4 Uniaxial cyclic loading of granite 
 
During repeated loading, rock material becomes fatigued because new microcracks are 
created and existing microcracks are extended (Haimson, 1974). This cracking causes the 
volume of the rock material to increase. In this study different loading levels were used 
on samples of a granite in order to find a fatigue limit where an infinite number of loading 
cycles can be applied to the rock sample without failure. For each test, the number of 
loading cycles until failure was counted. For low levels of loading, failure of the sample 
did not occur at all. The fatigue process can be analysed by measuring the increase in 
volume due to the growth of microcracks. In this study two axial and two radial strain 
gauges were used in order to measure the strain. In order to calculate the volumetric strain 
(εv), the following equation was used:  
 
εv = 2εr + εa,     (3:3) 
 
Where εr = radial strain and εa = axial strain.  
 
3.5 Thermal stress on marble 
 
The samples analysed in this study were thermally cycled in a climatic chamber. 
The temperatures chosen for the experiment ranged from -15 oC (12 h) to 20 oC (ca 6 h) and 
up to 80 oC (6 h). One cycle lasted for 24 h and the total experiment time for 50 days. The 
selection of the temperatures between -15 oC and 80 oC was aimed to imitate the climatic 
conditions that could be found on natural stone claddings outdoors. In order to exclude the 
influence of freezing and thawing the marble was conditioned at 40 oC for one week before 
exposure in the climatic chamber and the thermal cycling started with heating to 80 oC. 
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4 Theoretical background 
 
4.1 Influence of phase and grain interfaces 
 
Several parameters influence the mechanical properties of a rock. Limiting factors are 
properties such as E modulus and hardness of the individual minerals. The texture and 
structure, which include cracks and porosity, have a strong influence. An example of this 
is the work by Erkan (1971) that showed that the compressive strength of granites 
increased with increasing mineral grain surface area (mm2) per volume (mm3), which is 
the specific surface area.  
 
The strength of a rock may also be limited by discontinuities in the structure. These may 
be cracks, pores and mineral interfaces. There is a change in several properties such as E 
modulus, strength and surface energy at a phase boundary, which is not the case with 
other mineral interfaces. A consequence is that interfaces between the same types of 
minerals, such as quartz – quartz, have less influence than phase interfaces such as quartz 
– feldspar. The type of minerals in the phase interface has a significant influence. A phase 
boundary where there is a large difference between the minerals imposes a more 
significant limitation. Mineral interfaces with large differences in the modulus of 
elasticity may induce local stress concentrations. The general relationship between tensile 
strength and the size of the limiting flaw can be described by the following equation: 
 

σt = θ
α

EGc
    (4:1) 

 
The tensile strength, σt, is influenced by the surface energy per area, Gc, the modulus of 
elasticity E and the size of the limiting flaw α, while the term θ is a material-specific 
constant. The surface energy is the energy used to replace a solid / solid interface with a 
solid / air / solid interface or solid / water / solid interface when the crack is created. The 
energy needed for a crack to propagate, Klc is given by: 
 

Clc EGK =     (4:2) 
 
A consequence of the relationships described by equations 2 and 3 is that the orientation 
of the minerals also has a significant influence on the mechanical properties of a rock. 
The chemical bond within a mineral grain is stronger than the bond over a grain 
boundary. The bond over a grain boundary in a silicate rock is covalent and its strength 
has a strong directional dependence. The atoms in the grain boundary are in a non-ideal 
position, which gives a weak bond. The grain boundaries are however more elastic than 
the interiors of the mineral grains, which may obstruct crack propagation at grain 
boundaries. This is also dependent on the geometry of the grain boundary. Sutured, 
cuspate and grain boundaries with abundant sub-grains may also obstruct crack 
propagation. Micro-voids may result from plastic deformation in textural domains with 
high stress. This may occur within mineral grains but is more common at grain 
boundaries. Continued stress may cause continued growth and initiation of cracks.  
 
This shows that cracks are likely to be initiated at textural flaws and areas of stress 
concentration. Micro-textural disturbances, pores, existing cracks, grain boundaries and 
micro-domains with high stress concentrations may thus be sites of crack initiation and 
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propagation. It is possible to identify the textural positions that provide a basis for 
quantitative measurement. Equation 4:1 shows that the size of these disturbances is 
important. They furthermore influence the crack propagation that will follow zones of 
weakness and stress concentrations. The local stress field on the microscopic scale may 
however differ significantly from that on the macroscopic scale. 
 
4.2 Influence of porosity 
 
As discussed above, pores may act as flaws where cracks can initiate, and it requires no 
energy for a crack to propagate through a pore. Porosity decreases the strength and the 
influence of total porosity, and tensile strength can be described as: 
 
σ = σo(1-vp)n     (4:3) 
 
Where σ is the strength of the porous material and σo is the strength of the same material 
without pores, vp is the porosity and n is a material constant. The porosity of most 
crystalline rocks is low and the influence on mechanical properties is not significant. 
 
This project has focused on the relationship between microstructure, texture and 
mechanical properties, but there is a significant influence from other properties that 
govern the durability of a rock material in different applications. The change in porosity 
that may occur before failure or grain boundary decohesion leads to a change in the 
moisture properties of the rock, which in turn are important for the durability of rock 
material exposed to moisture in different environments. Moisture may act as a solvent or 
transport medium, increase reaction rates or make the rock susceptible to frost damage. 
 
Cyclic stress due to cyclic load or thermal variations causes initial damage that opens up 
the structure through microcracking, which in turn creates a secondary open porosity in 
the rock. This may also induce the concentration of voids in grain boundaries that may 
interact as larger disturbances, or limiting flaws, in the structure and cause failure at a 
lower stress than indicated by the total porosity. This changes the mechanical and 
moisture properties of the rock and accelerates the deterioration of the material. Moisture 
may be transported by diffusion, capillary transport or permeability through the open 
pores. In the finest pores the water molecules are strongly adsorbed and do not contribute 
to the transport, but from about 100 nm upwards water can be transported by capillary 
action. The driving force in a hydrophilic material is the energy gain when the solid / air 
interface is replaced by a solid / water interface. Finer pores give higher suction force and 
higher capillary attraction, while the mass transfer is higher in coarser pores. For pores 
larger than about 0.1 mm, permeability is the main fluid transport mechanism and this is 
influenced by external factors such as gravity. 
 
In a dry material, moisture is adsorbed on to the walls of the pores. This water is not 
mobile and water transport occurs mainly in the gas phase. Increased water content 
creates connected water-filled pores where transport occurs in the liquid phase, which is 
more efficient. When the rock is exposed to mechanical stress leading to crack initiation 
and propagation the connectivity and total porosity will increase, which will change the 
moisture properties. A consequence is that increased porosity decreases the durability of 
the material even if it does not cause failure.  
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4.3 The working hypothesis 
 
Resistance to fragmentation. A prerequisite for making a quantitative description of the 
texture that can be used to predict mechanical properties is that the positions where cracks 
may initiate can be identified and quantified. It is furthermore necessary that the 
quantified positions are equivalent in all the analysed samples. This means that the cracks 
are initiated in similar textural positions. Granitic rocks fulfil this, while mafic rocks vary 
too much in mineralogy and textural relationships. The porosity can be assumed to play a 
minor role in granitic rocks, while grain and phase boundaries can be assumed to be of 
importance. Automatic identification of phase boundaries using optical microscopy is a 
complicated task, whereas the same process applied to SEM/BSE images is far less 
complicated. 
 
The methods that have been developed within the main part of the project have also been 
applied to other tasks where optical fluorescence microscopy has been applied. These 
include detecting early signs of grain boundary decohesion in marble initiated by 
temperature variations comparable with those that occur on a facade. They have also been 
used in quantitative studies of crack initiation in granites exposed to cyclic loads and 
identifying lamina in slates. In both these cases it has been possible to identify the 
textural features that should be measured. 
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5 Quantitative microscopy  
 
5.1 SEM/BSE 
 
Phase boundary analyses were performed on images obtained using Jeol 5310LV low-
vacuum SEM in BSE mode. The scanning of the primary beam was controlled by an 
external computer that also digitised the images. Each pixel in the images was obtained as 
an average of ten readings in order to reduce the noise in the images. The images cover an 
area of 1.75*1.75 mm2.  
 
The physics behind the BSE image is that primary electrons from the beam hit the atoms 
in the sample and are scattered back with an energy that is proportional to the mean 
atomic weight of the sample. Phases with heavy atoms are imaged as light grey while 
lightweight atoms show up as darker grey. Quartz is lighter than feldspar, which in turn is 
lighter than iron-rich, annitic biotite. Minerals that are a solid solution will show a 
variation in grey scale. Calcium-rich, plagioclase anorthite is lighter grey than sodium-
rich, plagioclase albite.  
 
5.2 Optical microscopy  
 
Polarisation and fluorescence microscopy were applied on thin sections. The samples 
were vacuum-impregnated with epoxy resin containing a fluorescent dye that fills open 
cracks and pores. When illuminated with blue light the sample will fluoresce and when 
viewed through wavelength filters the sample reveals an image of cracks and pores. For 
crack analysis, fluorescence and polarisation images were combined in order to give 
information on cracks and micro-textures in the same image. Using a Maertzhauser 
computer-controlled motorised stage with a precision of 1 µm, attached to the 
microscope, it was possible to obtain mosaic images composed of 3*4 images edge by 
edge. This gives images covering a large area and having high resolution. Through the 
spreading of light around the cracks it is also possible to observe those that are finer than 
the resolution of the image. 
 
5.3 Image analysis 
 
The human eye is very accurate at making qualitative observations but not so good at 
quantitative estimates. It is easy to determine if there are inclusions in a garnet, but a 
quantitative estimate of volume percentage or orientation requires quantitative methods. 
In geology, linear traverse and point counting has been the most commonly used 
quantitative method for microscopic analysis. With this method it is simple to quantify 
complex objects, which would have been difficult to identify using computer-based 
methods. Line traverse analysis has been applied to the present project for the 
measurement of mineral orientation. The analyses were performed on a Leitz Ortoplan 
polarisation microscope equipped with a Swift point counter. 
 
Computerised image analysis is applied to digital images built up of image points, or 
pixels. For each pixel the position and grey-scale value, or RGB value, are known. It is 
then possible for the program to identify objects based on criteria given by the operator. 
An area with light pixels may be identified as a certain type of mineral. An advantage 
with computerised image analysis is the possibility to obtain information on several 
different parameters in one measurement. These can include size, shape, number or grey-
scale value. If the microscope is equipped with a motorised stage it is possible to take and 
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analyse images automatically in a pre-defined meander. This makes it possible to analyse 
a large number of images and parameters. 
 
5.3.1 Image analysis procedure for SEM/BSE images 
 
The images taken with SEM/BSE were used in order to numerically describe the texture, 
which was done by measuring the perimeter of each mineral phase. The images must be 
treated with several digital filters before the measurements and the operations used in the 
image analysis can generally be described as follows. The same procedure was followed 
for all investigated images. 
 

 
 
Fig. 1. (a and c) SEM/BSE image of two foliated granites after lowpass filtration. (b and 
d) Binary image of the biotite phase and the K-feldspar phase after the last operation 
(scrap) when objects less than 200 pixels are removed. The treated, binary images are the 
basis for the perimeter measurements. 
 
Step 1. Lowpass filtration. Filter size: 3x3 pixels, with 1 repetition. This reduces the 
statistical variation of grey-scale values in the image, which makes it easier for the 
computer to differentiate the mineral phases (Figs. 1a and c). 
 
Step 2. Grey-scale thresholding. Creates binary images of each mineral phase. 
 
Step 3. Close and open. Close: square kernel with 9 pixels, 2 repetitions. Open: square 
kernel with 9 pixels, 1 repetition. These operations will fill holes within the minerals and 
remove some objects that do not represent minerals. 
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Step 4. Scrap. This operation removes objects that have an area less than 200 pixels, 
which correspond to an object smaller than 0.61 x 10-4 mm2. These are considered to be 
artefacts in the image (Fig 1b and d). 
 
Step 5. Measurements. The perimeter of each mineral phase is measured. 
 
5.3.2 Perimeter measurements 
 
The perimeter is the circumference of an object, and by using this parameter it is possible 
to describe the shape of a mineral phase (Figs. 2a and b). For mineral phases with similar 
areas, the perimeter will increase with increasing complexity of the grain boundaries, 
such as interfingering, cuspate, or sutured boundaries. The size of the mono-mineral 
agglomerates that constitute the phase objects is also included. Because all analysed 
images have the same area, if the number of objects increase (decreasing grain size) the 
total perimeter will increase, assuming similar shape of the mineral phases (Figs. 2c and 
d). The SEM cannot identify boundaries between minerals of the same phase, and 
adjacent grains will be measured as one object. For this reason, the spatial dispersion of 
the mineral is also taken into consideration when the perimeter is measured (Figs. 2e and 
f). The perimeter has a fractal dimension and the measured perimeter will increase with 
increasing resolution of the measurement. Therefore the SEM must be similarly set up for 
all analysed samples. The measurements are expressed as length of the mineral phase 
boundary per analysed surface. 
 

 
 

Fig. 2. Schematic images of how size, shape and spatial dispersion change the perimeter. 
See text for discussion. 
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5.3.3 Image analysis procedure for fluorescent and polarised 
images  

 
The main objective of this procedure is to describe where the microcracks occur in a rock, 
and also to measure the length and orientation of the different cracks. In order to do this 
the fluorescent images were treated according to the following operations: 
  
Step 1. Lowpass, shading correction and normalisation. This operation is done in order to 
flatten uneven light intensity in the image. 
 
Step 2. Local contrast enhancement. Some of the microcracks do not produce enough 
contrast from the fluorescent light and must therefore be regionally enhanced. By 
defining a smaller region in the image, the weak areas are selected and by using regional 
thresholding, these areas become binary and highlighted. 
 
Step 3. Regional deletion. This operation follows the same procedure as in step 2, except 
the object is deleted instead of highlighted. This operation is done in order to remove 
fluorescent areas that do not represent microcracks. 
 
Step 4. Grey-scale thresholding. A binary image is created. 
 
Step 5. Scrap. Objects less than 30 pixels are removed. 
 
Step 6. Fill holes and dilation. This step links open cracks. 
 
Step 7. Thinning. This is done because some of the microcracks are cut oblique to the 
sample surface and appear wider than they actually are (Fig 3b). 
 
Step 8. Combining the two images. For determination of the crack-type distribution the 
processed fluorescent binary images were combined with the images taken with polarised 
light to produce a new image containing information from both techniques (Fig. 3c). This 
procedure makes it possible to identify the microstructural position of each individual 
crack. 
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Fig. 3. a. Grey-scale fluorescent image of a granite. b. Binary fluorescent image after 
image processing. c. Image formed by the combination of the binary fluorescent and 
polarised images. The surface area of each of these images is 62.4 mm2.  
 
5.4 Stereology 
 
The thin section constitutes a two-dimensional surface cut through the analysed rocks. It 
is possible to study objects such as points, lines and surfaces on this sample. The aim of 
quantitative analysis is generally to describe the rock in three dimensions. Stereology is a 
tool for recalculating from two to three dimensions using statistical and trigonometrical 
methods in order to describe properties such as orientation, size distribution and shape 
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(e.g. Underwood 1970). An example of a relationship that is important in petrology is that 
the area percentage in a two-dimensional surface equals the volume percentage in a three-
dimensional space (Delesse 1848). In this project stereology has been used for 
determination of grain size and the degree of foliation using the methods for 
determination of the specific surface developed by Saltykov (1958). Specific surface is 
the amount of surface area in a given volume. The specific surface may be a true two-
dimensional feature unrelated to other features of the microstructure, or to the boundaries 
between space-filling cells or the interfaces between particles in a matrix. In this 
investigation the specific surface is taken as the area of the mineral boundaries and is 
calculated according to the following formula: 
 
Sv = (PL)II + (PL)⊥ mm-1   (5:1) 

 
Where (PL)II and (PL)⊥ are the number of grain boundaries on 1-mm line transects 
oriented parallel and perpendicular to the mineral fabric. Measurements were made on 
thin sections with a polarisation microscope. Two hundred line transects were counted on 
each thin section. The results of the measurements were also the basis for the calculation 
of foliation index. To calculate the mean grain size from the linear-traverse 
measurements, the total traverse length is divided by the total number of grain 
boundaries. French et al., (2001) found out experimentally that the mean grain size (in 
mm) could be determined by multiplying the average chord length by 1.75.  
 
5.4.1 Foliation 
 
To quantify foliation, Tsidzi (1986) developed a foliation index based on the modal 
percentage of the plate-like prismatic grains and their corresponding shape factors. For 
the present study a different technique was applied in order to quantify the degree of 
foliation that is based on Saltykov’s ((1958) reported in Underwood 1970) calculation of 
the degree of orientation (Ω) by using the results from the linear-traverse measurements. 
The method is mainly used in metallurgy (e.g., Gokhale and Deshpande, 1993). Saltykov 
proposed four different fabrics: isotropic, linear, planar and planar-linear, which 
correspond to elongation, flattening and plain strain. All investigated rock types in this 
study showed flattening and no elongation, and therefore the degree of orientation was 
calculated on the basis of Saltykov’s model for planar orientation: 
 
Ω =(Σ(PL)⊥ - Σ(PL)II) / (Σ(PL)⊥ + Σ(PL)II) x 100  (5:2) 

 
A foliation index (FIX) was calculated using the following formula: 
 
FIX= Σ(PL)⊥ / Σ(PL)II    (5:3) 

 
where Σ(PL)II and Σ(PL)⊥ are the sums of the number of grain boundaries parallel and 
perpendicular to the mineral fabric from all measured line transects. A FIX near 1 
corresponds to an isotropic rock and will increase with increasing foliation.  
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6 Results 
 
6.1 Relationship between texture and the resistance 

to fragmentation 
 
The investigation showed that grain size to some extent influences the resistance of rock 
to fragmentation. However, what seems to be more important is the shape of the grain 
boundaries and whether the minerals occur as mono-mineral aggregates or are dispersed 
as individual grains. These parameters are included when the mineral phase perimeter is 
measured. The perimeter values range between 9 and 50 mm/mm2 and the relationship 
between the perimeter and the LA value is shown in figure 4, demonstrating that it is 
possible to assess resistance to fragmentation for granites using quantitative microscopy 
and image analysis. 
Foliation is another parameter that influences the mechanical properties, because the 
plane of foliation can form mechanically weak discontinuities. The results of Åkesson et 
al. (2003) showed that it is possible to quantify the degree of foliation by using the 
foliation index (FIX). Additionally, by correcting the measured perimeter with the FIX 
for foliated rocks it was even possible to assess the fragility properties of foliated rocks. 
The FIX can also be used in order to assess the shape of the crushed material. It gives a 
good correlation (-0.96) compared to manual measurement of the length to thickness ratio 
of crushed rocks, and may thus be used as a method to predict the result of a crushing 
process. 

 
 
Fig. 4. Relationship between the perimeter and the LA values when the influence of 
foliation is taken into account. The correlation coefficient is -0.94. 
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6.2 Characterisation of microcracks in granite 

caused by uniaxial cyclic loading 
 
The main objective of this part of the project was to investigate how microcrack 
propagation occurs in a rock material due to brittle deformation. The use of cyclic loading 
gives a unique opportunity to study this feature because the rock is not destroyed by the 
test. The strain gauges that are placed on the sample indicate a volumetric expansion of 
the rock caused by an increase in the number of microcracks. The results show that most 
new microcracks formed within feldspars and quartz minerals and they were mainly 
oriented parallel to the cyclic loading axis. There was also an increase in transgranular 
cracking (cracks that cross more than one mineral grain). These cracks were to a large 
extent a product of growth of existing intragranular and grain boundary cracks. One 
interesting observation was that when the feldspars are sericitised the cracks were less 
abundant. This is probably due to the fact that the sericitised feldspar grains are more 
flexible than unaltered feldspar grains, indicating that this alteration process can to some 
extent increase the rock’s resistance to brittle deformation. 
 
6.3 Influence of thermal cycling on marble 
 
Thermal expansion of marble could be a significant problem when it is used as dimension 
stones. On several well-known buildings the marble claddings have started to bow and 
have therefore been replaced. Two different types of marble were investigated, one 
calcitic and one dolomitic. These marbles were impregnated with two different agents 
containing amorphous SiO2 in order to investigate whether the impregnation can decrease 
the effect of temperature changes. The results indicated that the thermal cracking caused 
by expansion mainly occurs along grain boundaries. Most expansion occurred in the 
calcitic marble, and the impregnation showed a mitigating effect on the material. What 
seems to be more important is the grain size and mineral texture. An increasing 
complexity of the grain boundaries such as interfingering, cuspate sutures and the 
occurrence of sub-grains, will restrain the expansion of the material compared to a 
granoblastic equilibrium texture.  
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7 Conclusions  
 
The results from the different sub-projects demonstrate that it is possible to identify and 
quantify textural and microstructural features that limit the mechanical durability and 
functional properties of rock materials in different technical applications. The results 
show that the assessment of resistance to fragmentation can be performed with 
approximately the same reliability as the Los Angeles test. This method is presently 
applied by the SGU in their regional investigations of bedrock quality. The developed 
techniques can be implemented and applied in petrographic analysis of aggregates. This 
could be done through a full quantitative analysis or an estimate based on knowledge 
concerning the influence of critical parameters. Both approaches would give added value 
to petrographic analysis using microscopy. Furthermore, the results from an analysis of 
texture and microstructure give information in addition to the direct assessment of 
technical properties. 
 
The project has developed methods to solve the different problems addressed. It may be 
pointed out that this is only a limited part of the rock material field. This demonstrates 
that image analysis has a significant potential for quantitative analysis of rock textures. 
The obtained results show that a high degree of dispersion of similar phases gives better 
mechanical properties than the occurrence of agglomerates of similar minerals. Complex, 
sutured or cuspate mineral and phase boundaries and the formation of sub-grains along 
the phase boundaries hinder crack initiation and propagation. A polygonal equilibrium 
texture interlayered with foliation planes defined by micas gives a low resistance to 
mechanical stress. In addition to the test methods that were developed, the project has 
given an increased understanding of the influence of inherited textural and 
microstructural properties on the mechanical durability properties of rock materials. 
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